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ABSTRACT 

The development of nuclear power has significantly contributed to the progress of 

productivity in modern society. However, it has also brought forth formidable challenges. 

Issues such as nuclear fuel back-end disposal, radioactive waste management, and nuclear 

accident response pose inevitable hurdles, resulting in the generation of numerous 

radionuclides. Effectively containing these radionuclides is crucial to prevent environmental 

pollution and ensure a safe ecosystem for living organisms. Certain radionuclides, both 

cationic (e.g., 137Cs, 90Sr, and 60Co) and anionic (e.g., 131I and 79Se), present significant 

environmental risks when it comes to the storage or disposal of nuclear waste. This is 

primarily due to their relatively long half-life and high mobility in soil and aqueous systems.  

Geopolymer materials, emerging as a potential alternative to conventional Portland cement, 

have garnered widespread attention as a potential waste form for immobilising radionuclides. 

However, research in the field of radionuclides immobilisation within geopolymers is still in 

its early stages, necessitating further systematic and in-depth studies. This thesis focuses on 

investigating the adsorption behaviour of alkali-activated metakaolin geopolymers on both 

cationic and anionic radionuclides. Predictive models based on thermodynamics are 

developed to better understand and forecast this behaviour. Moreover, efforts are made to 

address the lack of anionic radionuclide immobilisation capacity in alkali-activated 

metakaolin geopolymers. By tailoring the materials, their capability to immobilize anionic 

radionuclides is enhanced. Additionally, the study explores the immobilisation of anions 
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using phosphoric acid-activated metakaolin geopolymers, providing valuable insights into 

the surface chemistry and electrostatic properties of acid-activated geopolymer materials. 

In Chapter 1, background information of the study was presented, including the stages of 

nuclear power development, opportunities, and challenges. In addition, the application 

scenarios of geopolymer materials in the disposal of radionuclides methods are presented. 

Finally, based on the presented background, the research objectives and structural 

organization of this thesis are discussed. 

In Chapter 2, a literature review of geopolymer materials was presented, including basic 

properties, different activation pathways, and their hydration processes. In addition, basic 

information on radionuclides is presented, including chemical properties, toxicity, isotopic 

properties of radionuclides, and their general disposal methods. 

In Chapter 3, two types of metakaolin-based geopolymers (Metastar501 and Sobueclay) 

were synthesized. They were evaluated for their binding capacity and interaction with Cs+, 

Sr2+, Co2+, I-, IO3
-, SeO3

2-, and SeO4
2-. Results showed that both geopolymers effectively 

immobilized cationic radionuclides, while neither of the geopolymers could effectively 

incorporate anionic radionuclides. Cs+ uptake involved a one-to-one exchange with K+, while 

Sr2+ and Co2+ exhibited one-to-two and one-to-one exchanges with K+. Co2+ binding was 

influenced by the formation of cobalt blue (CoAl2O4). Thermodynamic modelling predicted 

low-concentration binding of Cs+ and Sr2+ based on the ion exchange mechanism. 
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In Chapter 4, a modification to metakaolin-based geopolymers to enhance their uptake 

capabilities for selenium oxyanions was proposed. Through co-precipitation experiments, 

binding analysis, and structural analysis, it was discovered that the in-situ formation of 

ettringite enables effective uptake of SeO3
2- and SeO4

2-. The modified geopolymer, with its 

in-situ ettringite, not only retains its capacity to uptake cationic radionuclides but also 

acquires the ability to uptake SeO3
2-. In addition, the developed thermodynamic modelling 

accurately predicts the uptake of SeO3
2- at low concentrations. 

In Chapter 5, the study explored the electrostatic properties and anion immobilisation 

potential of PGPs. Results indicate that acid activation triggers geopolymerisation, forming 

Alx-PO units that control surface charge. PGPs exhibit extreme zeta potential values in water. 

In acidic conditions, leaching of AlVI-PO units decreases zeta potential, while loss of a proton 

from AlVI/Si-OH group decreases zeta potential in alkaline conditions. PGPs effectively 

immobilize SeO3
2-, SeO4

2-, I-, and IO3
- anions through stabilization/solidification.  

Finally, Chapter 6 presents the key findings and conclusions of this thesis. It offered valuable 

insights into the immobilisation of Cs+, Sr2+, Co2+, I-, IO3
-, SeO3

2-, and SeO4
2- in both alkaline-

activated and acid-activated metakaolin geopolymers. Additionally, a summary of the surface 

chemistry and electrostatic properties of the newly proposed acid-activated geopolymers was 

provided. Furthermore, suggestions are made for future in-depth studies on geopolymers for 

radionuclide immobilisation. 
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概要 

原子力発電は、現代社会の生産性向上に大きく寄与してきたが、核燃料の後処理

や放射性廃棄物の管理、原発事故への対応など、解決すべき課題も多く抱えてい

る。原子力利用に伴って発生する放射性核種を効果的に制御することは、環境汚

染を防ぎ、生物にとって安全な生態系を確保するために極めて重要である。特に、

放射性廃棄物の貯蔵や処理においては、半減期が比較的長く、土壌や水系での移

動性が高い 137Cs、90Sr、60Co などの陽性核種や 131I、79Se などの陰性核種の固定化

法を確立することが重要である。 

 

ジオポリマーは、ポルトランドセメントの代替材料として注目されており、廃棄

物中の放射性核種の固定化にも利用できる可能性があるものと期待されている。

しかし、ジオポリマー中の放射性核種の固定化に関する研究はまだ初期段階で、

より体系的かつ詳細な研究が必要である。本研究は、アルカリ活性化メタカオリ

ンジオポリマーに対する陽性および陰性放射性核種の吸着挙動に焦点を当てて検

討している。また、これらの核種の吸着挙動をよりよく理解するため、熱力学に

基づく予測モデルを開発している。さらに、アルカリ活性化メタカオリンジオポ

リマーの陰性放射性核種の固定化能力を向上させることに取り組み、調製方法の

工夫により陰性放射性核種の固定化能力を向上させることができることを見出し

ている。また、リン酸活性化メタカオリンジオポリマーを用いた陰イオンの固定

化についても検討し、本材料の表面化学と静電特性に関する貴重な知見を得てい

る。 

 

第 1章では、原子力発電の開発プロセスや課題など、本研究の背景に関する情報を

まとめている。また、放射性核種の処分にジオポリマー材料を適用する際のシナ

リオや方法について紹介している。最後に、本論文の研究目的と構成を述べてい

る。 
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第 2章では、ジオポリマー材料の基本的な特性、さまざまな活性化経路、およびそ

れらの水和プロセスを含む先行研究の成果をまとめている。また、放射性核種に

関する化学的性質、毒性、同位体特性、一般的な処分方法などの基本情報を紹介

している。 

 

第 3 章では，2 種類のメタカオリン系ジオポリマー（Metastar501 と Sobueclay）を

合成し、Cs+, Sr2+, Co2+, I-, IO3
-, SeO3

2-, SeO4
2-との結合能力および相互作用を評価し

ている。いずれのジオポリマーもカチオン性放射性核種を効果的に固定化するこ

とができたが、アニオン性放射性核種を効果的に取り込むことはできなかった。

Cs+は K+と 1対 1の交換により、また，Sr2+と Co2+ は K+と 1対 2および 1対 1のイ

オン交換により取り込まれるが、Co2+の結合にはコバルトブルー（CoAl2O4）の形

成も関わっていることを示している。熱力学モデリングにより、Cs+と Sr2+は、イ

オン交換メカニズムに基づき、低濃度で固定化できることを示している。 

 

第 4章では、メタカオリン系ジオポリマーの陰性核種に対する取り込み能力を向上

させる新たな方法を提案している。提案された方法では，ジオポリマー形成時に

エトリンガイトをその場生成させる。共沈実験、結合解析、構造解析により、こ

の改質ジオポリマーは、陽性核種の取り込み能力を維持するだけでなく、陰性の

SeO3
2-や SeO4

2-に対する取り込み能力も獲得していることを確認している。また，

熱力学モデリングにより低濃度での SeO3
2-の取り込みを正確に予測できることも確

かめている。 

 

第 5章では、陰性核種の取り込みに有効な別の方法としてリン酸活性化ジオポリマ

ー（PGP）の利用について検討している。リン酸による活性化でポリマー化を開

始させると、表面電荷を支配する Alx-PO ユニットが形成された。PGP のゼータ電
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位は、ｐH４付近で最大となり，酸性条件下では AlVI-PO ユニットが溶出してゼー

タ電位が低下し、アルカリ性条件下では AlVI/Si-OH 基からのプロトン乖離により

ゼータ電位が低下する。PGPのゼータ電位は pH0-6の領域では正の値を取り，種々

の陰性核種（SeO3
2-、SeO4

2-、I-、IO3
-）を効果的に固定できた。 

 

第 6章では、本論文の主要な成果と結論をまとめ、アルカリ活性化およびリン酸活

性化メタカオリンジオポリマーにおける Cs+、Sr2+、Co2+、I-、IO3
-、SeO3

2-および

SeO4
2-の固定化に関する知見を要約している。また、ジオポリマーを利用した放射

性核種の固定化に関する今後の研究への提案も行っている。 
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General background 

Nuclear power generation has emerged as a significant source of clean energy, with the 

potential to meet increasing global energy demands while reducing greenhouse gas emissions 

[1,2]. The development of nuclear power has presented both opportunities and challenges for 

the industry [3,4]. On the one hand, it offers a low-carbon alternative to fossil fuels, which is 

particularly crucial as the world seeks to transition to renewable energy sources. Moreover, 

nuclear power plants have a long lifespan and can provide a stable and reliable source of 

energy, making them particularly attractive for countries with high energy demand. 

However, nuclear power also poses significant challenges, particularly with regards to the 

handling of radioactive waste [5]. The safe handling and disposal of radioactive waste is a 

crucial aspect of nuclear power generation. Radioactive isotopes emitted by nuclear reactors 

can have harmful effects on human health and the environment. Exposure to radiation can 

cause radiation sickness, cancer, and other illnesses. Radioactive waste also poses a long-

term threat to the environment, as it can contaminate soil, water, and air for thousands of 

years [6]. The risk of nuclear accidents is another significant challenge associated with 

nuclear power. While the probability of such accidents is relatively low, the consequences 

can be devastating. The Fukushima Daiichi disaster in 2011 was a stark reminder of the 

potential risks associated with nuclear power generation [7]. The disaster was caused by a 

massive earthquake and tsunami, which damaged the plant's cooling system, leading to 

multiple reactor meltdowns and the release of radioactive material into the surrounding 

environment [8]. The disaster resulted in widespread contamination and forced the 
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evacuation of tens of thousands of people. Given the significant challenges associated with 

the handling and disposal of radioactive waste, there has been ongoing research and 

development of new technologies for the safe and effective management of nuclear waste [9, 

10]. When it comes to the disposal of nuclear waste, one of the key considerations is the need 

for long-term isolation and containment of radioactive materials [11, 12]. Several strategies 

have been proposed for achieving this, including space isolation, glacier isolation, deep-sea 

isolation, and geological disposal [13]. Among these selections, geological disposal has 

emerged as the most promising option [14].  

 

Figure 1-1. Schematic diagram of the geological disposal of radioactive waste [22]. 

Geological disposal involves the placement of nuclear waste in deep geological formations, 

where it is isolated from the surface environment by layers of rock and other materials [15]. 

The geological formation must be stable, geologically isolated, and have a low potential for 

water flow, in order to ensure that the waste is contained and isolated over the long term. One 

Engineering BarrierNatural Barrier

Over-pack
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of the most promising options for geological disposal is deep borehole disposal [16]. This 

involves drilling a deep borehole into suitable geological formations and placing the waste 

in canisters at the bottom of the borehole [17]. The borehole is then sealed with a series of 

barriers, including a cement plug, a bentonite clay buffer, and a steel casing. The waste 

canisters are surrounded by additional layers of clay and rock, providing additional barriers 

against water flow and potential contamination. Deep borehole disposal offers several 

advantages over other disposal options [18]. It allows for the disposal of waste in a relatively 

small footprint, making it ideal for densely populated areas. It also minimizes the risk of 

human intrusion, as the waste is placed at a depth of several kilometers and can only be 

accessed using specialized equipment. Finally, deep borehole disposal is a highly engineered 

and monitored process, ensuring that the waste is safely and securely contained over the long 

term. Indeed, the success of geological disposal of nuclear waste hinges on the effectiveness 

of the engineered barriers used to contain the waste and prevent its release into the 

environment [19]. These barriers must be designed to prevent the migration of radionuclides 

into the surrounding geological environment and to protect against potential exposure to 

humans and ecosystems. Effective buffer materials for nuclear waste disposal must possess 

properties such as low aqueous solubility, stable phases, reasonable mechanical properties, 

and chemical resistance to ensure long-term containment and prevent environmental 

contamination [20, 21]. 

Glass and ceramic materials have been widely used for the immobilisation of high-level 

radioactive waste, such as spent nuclear fuel [23]. These materials are highly durable and can 

provide excellent long-term stability for nuclear waste [24]. However, their production 
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process can be complex and expensive, making them less attractive for low-level waste 

management [25]. On the other hand, cement-based materials, such as Portland cement, are 

often used for immobilising low-level radioactive waste due to their accessibility and 

relatively low cost [26, 27]. Portland cement is widely available and can be easily produced, 

making it a practical option for waste management [28]. However, it should be noted that 

cement-based materials may not provide the same level of long-term stability as glass or 

ceramic materials [29, 30]. This is because cement can degrade over time due to factors such 

as radiation exposure, chemical reactions, physical stress and even the high free water content, 

which may cause problematic hydrogen generation, potentially leading to the release of 

radioactive materials into the environment [31, 32, 33]. As such, it is important to carefully 

consider the specific properties and requirements of the waste being immobilized when 

selecting a suitable buffering material for waste management purposes. 

 

Figure 1-2. Diffusion and immobilisation of radionuclides in buffer materials. 
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One promising approach is the use of geopolymer materials for the immobilisation of 

radionuclides. Geopolymers are a class of eco-friendly type of inorganic polymer that are 

widely regarded as sustainable [34, 35]. They are synthesized by activating aluminosilicate 

precursors with an activator solution at specific temperatures [36]. Geopolymers can be 

produced from a range of aluminosilicate precursors, including clays [37, 38], as well as 

industrial by-products like fly ash [39], concrete waste [40], and blast furnace slag [41], 

among others. The activator solution used for synthesis can be either alkaline (such as 

sodium/potassium hydroxide or silicate) or acidic (such as aluminium phosphate/phosphoric 

acid), which determines the two main routes for geopolymer production, as shown in Figure 

1-3 [42, 43, 44]. The resulting slurry, comprising precursors and activators, is then poured 

into molds, and cured in a suitable environment. The properties of obtained geopolymers are 

highly dependent on the selection of the aluminosilicate precursor, activator solution, and 

curing temperature, and should be optimized for the intended application [46, 47, 48]. 

Additionally, geopolymer composites have been demonstrated to be more environmentally 

sustainable than cement-based composites, due to their lower energy requirements and 

reduced carbon emissions [49]. Industrial waste-based geopolymer composites, such as those 

made from fly ash, slag, and other aluminosilicate materials, have been reported to reduce 

carbon emissions by up to 80%, making geopolymers a greener alternative to cement [50, 

51].  
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Figure 1-3. Synthesis of geopolymers by different types of activators [45]. 

Compared to other candidate materials, geopolymer materials offer several advantages for 

the immobilisation of radionuclides. Geopolymer materials can be produced from a wide 

range of industrial waste materials, making them a more sustainable and cost-effective option 

for waste management [52]. They also offer excellent chemical and thermal stability and can 

effectively encapsulate radioactive isotopes, preventing their release into the environment 

[53, 54, 55]. Furthermore, geopolymer materials can be tailored to specific waste types, 

making them a versatile option for nuclear waste management [56]. Therefore, the use of 

geopolymer materials for the immobilisation of radionuclides presents a promising solution 

to the challenges associated with nuclear waste management. 
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Recent research has focused on the development of geopolymer-based waste forms for the 

immobilisation of various types of nuclear waste, including spent nuclear fuel, high-level 

waste, and low-level waste [57, 58]. These waste forms have shown promising results in 

laboratory and field tests [59], and their potential application in nuclear waste management 

has been the subject of ongoing investigation. 
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1.1  Scope and objectives of the research 

The overarching objective of this thesis is to comprehensively evaluate and investigate the 

application of geopolymer materials in the nuclear safety field of radionuclide adsorption and 

solidification, utilizing a multifaceted perspective of thermodynamics and surface chemistry. 

From a material science perspective, a range of geopolymer materials have been synthesized 

through alkali activation, acid activation, and admixture addition, with significant efforts 

focused on comprehending the synthesis, hydration, and other fundamental aspects of 

geopolymers. Moreover, diverse types of geopolymers have been evaluated for their 

adsorption and solidification capacities for different radionuclides, resulting in an extensive 

understanding of the underlying mechanisms, and predictive thermodynamic models have 

been developed to explain and forecast these processes. 

Figure 1-4 summarises the specific scope of this research work. Initially, the study explores 

the adsorption and immobilisation capacity and mechanism of alkali-activated geopolymers, 

which currently receive widespread attention. Both cationic and anionic radionuclides are 

evaluated, and their ion exchange processes are explained and predicted by thermodynamic 

modelling. Next, the research focuses on addressing the lack of immobilisation capacity for 

anionic radionuclides of alkali-activated geopolymers by generating in-situ ettringite with 

sufficient immobilisation capacity. This is accomplished by adjusting the composition and 

controlling the maintenance conditions, and it effectively modifies alkali-activated 

geopolymers. Finally, the study delves into understanding the structure, surface chemistry, 

and electrostatic properties of acid-activated geopolymers, which have great potential for 
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immobilising anionic radionuclides. This is the first time that these properties have been 

thoroughly explored and understood. 

 

 

Figure 1-4. Outline of the scope of this research work. 
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1.2  Originality and significance of the work 

With the development of technology level, society will inevitably enter the 5.0 era. The 

revolution in productivity and the awakening of people's environmental awareness will lead 

to a significant optimization of the energy structure. Nuclear energy as an efficient energy in 

the new era takes an important role in saving energy. This technology can help reduce CO2 

emissions and prevent environmental pollution. Thus, it is generally considered to be of great 

strategic importance in terms of national development. However, the accident of FDNPS has 

had a profound impact on the nuclear power sector in Japan and the world. Concerns on 

nuclear safety and discussions about how to perfect the radioactive waste generated by the 

nuclear industry have held back the development and application of nuclear energy. Further 

nuclear energy development in the future should take this accident as a starting point and 

cooperate with many parties to carry out professional assessment and control from different 

disciplines to ensure that the highly radioactive waste generated in this accident is effectively 

disposed of, providing valuable practical experience for the future upgrading of the energy 

structure and optimization of the nuclear power industry.  

Geopolymers have been proven to be effective in adsorbing and immobilising heavy metals, 

making them a promising alternative to traditional materials like cement. However, there is 

a lack of research on the immobilisation of high-content cationic radionuclides such as Cs+, 

Sr2+, and Co2+ from the FDNPS accident. The limited understanding of the incorporation 

mechanisms for Cs+ and Sr2+ further highlights the need for more research in this area. 

Furthermore, it is important to explore the interaction of alkali-activated geopolymer with 
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anionic radionuclides, including I-, IO3
-, SeO3

2-, and SeO4
2-. This has been largely ignored in 

previous studies, despite the urgency and importance of this issue. The permanent negative 

surface potential of geopolymers makes them less favorable for the adsorption and 

immobilisation of anionic radionuclides. Therefore, research should be conducted to modify 

the structure and composition of geopolymer materials to develop their adsorption capacity 

for anionic radionuclides. In addition, a more promising solution may be the development of 

geopolymer materials with positive surface charges. Another important issue is the lack of 

sufficient development in thermodynamic modeling of radionuclide adsorption by 

geopolymers. This hinders both the deeper understanding of the underlying mechanisms of 

radionuclide adsorption and immobilisation by geopolymers and limits the efficiency and 

economy of safe radionuclide disposal. Therefore, more research in this area is needed to 

improve the understanding of the processes involved and to develop more efficient and 

economical methods for the safe disposal of radionuclides. 

The present research, under this circumstance, is endeavouring to fulfill the following points 

of significance:  

1) Thoroughly understanding of the mechanism of radionuclides uptake by alkaline based 

geopolymers provides a theoretical basis for the application of alkaline based geopolymers 

in the treatment of nuclear waste.  

2) The composition and preparation conditions of metakaolin-based geopolymers are 

proposed to be modified so as to form in-situ ettringite to develop its absorption capacity for 

anionic radionuclides (selenium oxyanions).  
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3) The thermodynamic model of geopolymer-radionuclide interaction based on ion exchange 

mechanism was developed, which can explain and predict the adsorption behaviour and 

ensure the safety of long-term radioactive waste disposal.  

4) For the first time, the structural and environmental factors leading to the surface charge 

properties of phosphate activated metakaolin geopolymer materials are revealed. And its 

positively charged surface in a specific pH range has great potential for the immobilisation 

of anionic radionuclides. 
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1.3  Organization of Dissertation 

This dissertation is organized into a total of six chapters. 

Chapter 1 describes the objective, scope and significance of this study. 

Chapter 2 presents a review of relevant literature on various aspects. Early sections of this 

chapter discuss the fundamentals of geopolymer materials, microstructure and hydration 

products for the basic understanding. Latter sections discuss the chemistry properties of 

multiple radionuclides and methods of disposing of them by applying geopolymers. Finally, 

the details and limitation of the previously developed approach of adsorption and 

immobilisation for radionuclides through the geopolymer and other potential materials are 

discussed. 

Chapter 3 analyzes the immobilisation capacities of alkaline metakaolin-based geopolymers 

to cationic radionuclides (Cs+, Sr2+, and Co2+) and anionic radionuclides (I-, IO3
-, SeO3

2-, and 

SeO4
2-). The uptake mechanism is evaluated using zeta potential, binding of radionuclides, 

and leaching of alkalis. Additionally, a thermodynamic model is developed to predict the 

binding of Cs+ and Sr2+ in the geopolymer. 

Chapter 4 proposes compositions and sets of preparation conditions to modify the alkaline 

metakaolin-based geopolymers with the aim of enhancing its uptake capabilities for anionic 

radionuclides (Se oxyanions) through the in-situ ettringite formation. The uptake behaviour 

and mechanism of ettringite, and geopolymer with in-situ ettringite, are evaluated through 

co-precipitation experiments, binding investigation, and structural analysis. Finally, the 



Chapter 1 

15 

 

thermodynamic modelling is developed according to the ion exchange mechanism which 

effectively predicts the uptake of SeO3
2- at low concentrations. 

Chapter 5 aims to analyze the surface chemical properties of phosphoric acid activated 

metakaolin-based geopolymers, which possesses a positively charged surface in a certain pH 

range. This chapter investigates the structure-related surface electrostatic properties and the 

behaviour of structural and surface electrical properties under various pH conditions. 

Furthermore, this study demonstrates, for the first time, the potential of using phosphoric acid 

activated metakaolin-based geopolymers as a waste form for immobilising anionic 

radionuclides (SeO3
2-, SeO4

2-, I- and IO3
-) in solidification/stabilization (S/S) processes.  

Chapter 6 presents the overview of the findings and conclusions drawn in this work, along 

with the recommendations for the future works. 
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2.1  Geopolymer 

2.1.1 Definition and concept 

Geopolymer has been a subject of research and development for more than thirty years, and 

it has shown great potential as a substitute for traditional cement-based materials due to its 

environmentally friendly properties and wide range of applications [1]. Geopolymer is most 

commonly referred to as an inorganic aluminosilicate material that can react with an alkaline 

solution or an acidic phosphate component to form a binder through a polycondensation 

reaction [2, 3]. 

With the continuous advancement of research and development in the field of geopolymer 

technology, it has become evident that various types of aluminosilicate materials can be used 

as precursors for the synthesis of geopolymers [1]. These precursors can originate from a 

variety of sources, including but not limited to, natural minerals, industrial wastes, and 

byproducts [71]. Each precursor type possesses unique mineral compositions, morphologies, 

and chemical properties, which ultimately affect the resulting properties of the final 

geopolymer product [1, 2, 71]. For instance, metakaolin, fly ash, and slag are commonly used 

as precursor materials in geopolymer research. Metakaolin is a type of calcined kaolin clay 

that is rich in aluminium and silica and possesses a high pozzolanic activity [1, 10]. Fly ash 

is a byproduct of coal combustion and contains a significant amount of amorphous silica and 

alumina [1, 10]. Slag, on the other hand, is a byproduct of iron and steel production and 

contains a high concentration of calcium, silicon, and aluminium [72]. Other precursor 

materials, such as volcanic ash, rice husk ash, and natural clays, have also been investigated 



Chapter 2 

24 

 

for their potential use in geopolymer synthesis [1]. These materials offer unique mineral 

compositions and properties that may result in desirable geopolymer characteristics, such as 

improved mechanical strength and durability. 

The formation of geopolymer generally involves several stages, including dissolution, 

nucleation, oligomerization, and polymerization [2, 3]. Take the process of alkali-activated 

geopolymerization as instance, the aluminate and silicate are dissolved from the raw material 

under alkali conditions. The dissolved Al and Si tetrahedrons undergo gelation, 

reorganization, and polymerization to form the hardened geopolymer paste [1]. The 

incorporation of alkali cations, such as Na+ and K+, is necessary to achieve charge balance 

due to the negative charges generated from Al tetrahedrons. Additionally, geopolymer is an 

amorphous substance with a zeolite-like structure, allowing for the exchange of alkali metals 

(Na+ and K+) with other cations, such as Cs+, Cd2+, and Pb2+ [4]. 

Geopolymer can be used in a wide range of applications, including ceramics, casting, cement, 

concrete, fireproof materials, refractory products, decorative stones, building materials, 

adhesives, radiation, and the curing of toxic waste [9]. It offers several advantages over 

traditional cement-based materials, such as a lower carbon footprint, higher durability, better 

fire resistance, and resistance to acid and sulfate attacks [1].  

2.1.2 Alkaline based geopolymer materials 

In general, geopolymer refers to the alkaline-based variety, which is formed through 

depolymerisation, polycondensation, and gel networking of aluminosilicate industrial waste 

or activated aluminosilicate precursor mineral in a strong alkaline solution (such as 
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sodium/potassium hydroxide or silicate) [2]. The continuous occurrence of the 

depolymerization-polycondensation reaction promotes the continuous strengthening of 

geopolymer materials, gradually showcasing excellent properties such as high-temperature 

resistance and acid and alkali corrosion resistance [6, 7]. 
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Figure 2-1. (A) Semi-schematic structure for Na–geopolymer. (B) Three-dimensional 

framework structure based on a suggested model for K–geopolymer. ⊗, SiQ4(3Al) site; *, 

SiQ4(2Al) site; ⊕, SiQ4(1Al) site; ∅, AlQ4(4Si) site [5].  

 

Compared to cement materials, alkaline based geopolymers have a much higher degree of 

polymerization [1]. Cement materials contain a large amount of amorphous materials and 

hydrated crystals, making it difficult to withstand high temperatures [8]. In contrast, the 

three-dimensional network structure of geopolymer (shown in Figure 2-1) can maintain its 

structural integrity even at high temperatures, highlighting superior heat resistance. 

Davidovits' theory divides the formation process of alkaline based geopolymer into four 

stages [9]:  

(1) Dissolution of aluminosilicate mineral powder in alkaline solution. 

(2) Diffusion of silicon tetrahedron and aluminium tetrahedron from the surface of solid 

particles to the liquid phase. 

(3) Polymerization of the alkali silicate solution with the aluminosilicate to form a gel phase. 

(4) Rearrangement of the gel phase particles through dissolution, diffusion, and dehydration 

hardening to form an alkaline based geopolymer. 

The procedure of alkali-activated geopolymerisation is illustrated in Figure 2-2 [10]. 

Aluminosilicate precursors dissolve and form a gel, and the silicon tetrahedron and 

aluminium tetrahedron polymerize to form an amorphous or semi-crystalline three-

dimensional spatial structure. During the polymerization process, aluminium converts from 
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the initial IV-coordinate, V-coordinate, and VI-coordinate states to IV-coordinate aluminium, 

which reacts with silicon oxide to form a network structure. The rest forms structural water 

or is adsorbed in the nanopores inside the material. After the gel solidifies, some of the water 

evaporates. 

 

Figure 2-2. Reaction process of forming alkaline based geopolymer [10]. 

 

2.1.3 Acid based geopolymer materials 

Acid-based geopolymers are becoming an attractive alternative to the popular alkaline-based 

geopolymers. They are either activated by phosphate-based acids or humic acids [10]. 

However, the use of humic acids in this area of research is limited due to the complexity of 

their composition. Therefore, acidic activation has been mainly limited to phosphate-based 

activators [10]. According to literature, the most commonly used phosphoric acid activator 

is pure commercial phosphoric acid H3PO4 85% after its dilution with distilled water [11, 12, 

13].  

(Si2O5, Al2O3)n+nSiO2+nH2O 
NaOH/KOH 

n(OH)3-Si-O-Al-O-Si- (OH)3 
(-) 

(OH)2 

NaOH/KOH 
n(OH)3-Si-O-Al-O-Si- (OH)3 

(-) 

(OH)2 

 (Na, K)(+) –(-Si-O-Al-O-Si-O) + nH2O 

O O O 

(-) 
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Unlike alkali-activated geopolymers, acid-activated geopolymers are affected by their acidity 

and P concentration due to the introduction of P in the reaction process, which can be 

summarized as follows [13]: 

(1) In an acidic environment, the Al in metakaolin dissolves, resulting the process of 

dealumination. 

a) Under the relatively low P/Al ratio condition (0.52), the dissolved Al ions first 

react with PO4
3- to form the Al-O-P structure, where the [PO4] units occupy the 

position of [AlO4] in MK and are linked together with the silicate units through 

bridging oxygen to form the Si-O-P structure. In addition, the silicate tetrahedra 

in MK after dealuminisation may be linked together by condensation reactions to 

form the Si-O-Si structure. 

b) Under relatively high P/Al ratio conditions (0.64-0.84), the sub-stable 

intermediate P-O-P structure may be formed. With the depletion of PO4
3-, the P-

O-P structure is converted to the P-O-Al structure. In addition, the AlVI structure 

in MK disappeared completely after the reaction. 

(2) The dissolved Al is mainly attached to the P structural unit, forming tetrahedral and 

octahedral structures of AlIV-OP and AlVI-OP. With the increase of P/Al molar ratio, the 

AlIV-OP structure transforms into AlVI-OP structure, indicating that Al prefers to be 

present in the AlVI structure. 

(3) The P atom exists as a tetrahedral structure of P(OAl)x(H2O)4-x, mainly located at defects 

in the matrix network or connected to Si and Al structural units, forming P-O-Al, Si-O-

P-O-Al and Si-O-Al-O-P structural units. 
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Figure 2-3. Geopolymerization mechanism of the Phosphoric acid activated geopolymers 

[13]. 

 

Phosphoric acid-based geopolymers exhibit impressive mechanical properties, with observed 

compressive strength values ranging from 10 MPa to 149 MPa [14, 15]. The wide variation 

in compressive strength values can be attributed to several factors such as the use of different 

aluminosilicate precursors [16], different Al/P molar ratios [17], different acidic 

concentrations [12, 13], different curing temperatures [18], and different aluminosilicate 

particle sizes [19]. 

Compared to alkaline-based geopolymers, phosphoric acid-based geopolymers demonstrate 

superior mechanical performance, dielectric performance, and thermal stability [20, 22]. A 

comparative study showed that the mechanical resistance of a metakaolin-based geopolymer 
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material obtained through phosphoric acid-activation can reach 93.8 MPa, while the same 

material obtained by alkali-activation does not exceed 63.8 MPa under the same synthesis 

conditions [21]. The difference in mechanical performance can be explained by suggesting 

that the compressive strength increases with the absence of alkaline ions and the increase in 

the number of bridging oxygens, which is more marked in the acid-based route [14].  

Alkaline-based activators, such as sodium hydroxide or silicate solutions, have been 

questioned for their production and environmental impact. These activators require high 

temperatures above 1000°C for production, which results in a significant amount of energy 

consumption [23]. In contrast, phosphoric acid-based activators can be produced at a lower 

temperature below 300°C, making them more cost-effective. The manufacturing of alkaline-

based activators also results in significant CO2 emissions [23], while phosphoric acid-based 

activators have modest CO2 emissions controlled by the use of sulfuric acid in their 

production. Additionally, aluminium phosphate-based activators do not emit any harmful 

gases. Hence, phosphoric acid-based activators are considered to be environmentally friendly 

compared to alkaline-based activators [24, 25]. Phosphoric acid-based activators are widely 

available globally, especially in countries with abundant deposits of operating phosphate 

rocks [26], making them a feasible choice for activators. 

2.2  The chemistry of radionuclides 

2.2.1 Cesium, strontium, and their radioisotopes 

Cesium (Cs) and strontium (Sr) are two radioactive isotopes that are rarely found in nature 

and are typically caused by human activities [27, 28]. They are the radioactive isotopes of 
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the elements cesium and strontium, respectively, with Cs-137 having a long half-life of 30.17 

years and Sr-90 having a half-life of 28.8 years [29, 30]. They are widely present in various 

human activities such as nuclear accidents, nuclear tests, medical radiation use, radioactive 

waste, industrial pollution, and agricultural pollution, causing serious impacts on humans and 

the environment [31]. The radioactive properties and toxicity of Cs and Sr pose a threat to 

both humans and the environment [32]. Cs-137 produces gamma rays and beta particles 

during radioactive decay, which can damage and mutate human cells, leading to diseases 

such as cancer [33]. Similarly, Sr-90 produces beta particles and can accumulate and harm 

human organs when inhaled or ingested [34]. 

One of the main sources of Cs and Sr contamination is nuclear accidents, such as the 

Chernobyl disaster in 1986 and the Fukushima disaster in 2011 [35, 36]. These accidents 

resulted in the release of large amounts of Cs and Sr into the environment, contaminating the 

air, water, and soil. As a result, many people were exposed to high levels of radiation, leading 

to various health problems. 

Apart from nuclear accidents, Cs and Sr are also present in nuclear waste and the use of 

nuclear energy. Researchers have discovered the content of Cs and Sr on the Earth's surface 

and atmosphere is closely related to human activities [37]. The increase in human activities 

has significantly increased the content of Cs and Sr on the Earth's surface and atmosphere. 

In addition, researchers have also found some mechanisms for biological accumulation of 

these isotopes, such as certain marine organisms that can accumulate Sr-90, which has an 

important impact on ecosystem health [38]. 
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2.2.2 Cobalt and its radioisotopes 

Cobalt (Co) is a naturally occurring element widely used in various industrial and medical 

applications. However, anthropogenic activities have significantly increased the amount of 

Co in the environment, causing potential health and environmental risks [39]. Cobalt-60 is a 

radioactive isotope of Co with a half-life of 5.27 years, widely used in medical radiation 

therapy, industrial radiography, and food irradiation [40]. It produces gamma rays during 

radioactive decay, which can damage human cells and cause mutations, leading to cancer and 

other health problems [41]. 

Sources of radioactive cobalt isotopes include nuclear accidents, nuclear weapons testing, 

and nuclear power plant operations. The Chernobyl nuclear disaster in 1986 and the 

Fukushima nuclear disaster in 2011 released significant amounts of radioactive cobalt 

isotopes into the environment, leading to high levels of contamination in the air, water, and 

soil, with severe health and environmental impacts [35, 36]. Moreover, industrial processes, 

such as mining, refining, and manufacturing of batteries, alloys, and magnets, can also 

contribute to the release of radioactive cobalt isotopes into the environment. Workers 

involved in these processes are at risk of exposure to cobalt-60, leading to health problems, 

including radiation sickness and cancer [42]. 

It is crucial to take effective measures to mitigate the effects of cobalt contamination and 

ensure the safe handling and disposal of radioactive cobalt isotopes, especially to ensure the 

development of long-lasting and rational technologies in the disposal of fuel back-end of the 

nuclear power industry to protect human health and the environment. 
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2.2.3 Selenium and its radioisotopes 

Selenium (Se) was discovered in 1817 by the Swedish chemist Jöns Jacob Berzelius [43]. It 

is a nonmetallic element that is commonly found in the Earth's crust and is widely distributed 

in the environment [43]. Selenium is an essential micronutrient for living organisms and is 

involved in several biological processes, including the functioning of the immune system, 

thyroid hormone metabolism, and antioxidant defense [44]. Selenium has six stable isotopes, 

including 74Se, 76Se, 77Se, 78Se, 80Se, and 82Se. However, some isotopes of selenium, such as 

79Se and 79Se, are radioactive and have long half-lives, making them hazardous to human 

health and the environment [45, 46]. 

Radioactive selenium isotopes are mainly produced by nuclear fission in nuclear reactors and 

nuclear weapons testing. During nuclear fission, unstable nuclei of certain isotopes, including 

79Se and 75Se, are produced and released into the environment as part of the nuclear waste 

[47, 48]. Furthermore, selenium can exist in different forms in solution, including selenate 

(SeO4
2-) and selenite (SeO3

2-), which are the most common forms in the environment [49]. 

Both selenate and selenite are dominant under oxidizing conditions and are not only more 

bioavailable and toxic than reduced forms, but also more soluble granting them greater 

mobility [54]. They can form stable complexes with various metal ions, such as copper, lead, 

and zinc, leading to the accumulation of selenium in aquatic systems [50]. Figure 2-4 

displays the stability of inorganic selenium species in an aqueous solution.  
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Figure 2-4. Eh-pH diagram for Se at 10 mM, 25 °C [55]. 

 

In addition, the SeO4
2- and SeO3

2- ions can also form salts with cations, such as ammonium, 

potassium, and sodium, to produce ammonium selenate ((NH4)2SeO4), potassium selenate 

(K2SeO4), and sodium selenite (Na2SeO3) [51]. These compounds can also become 

contaminated with radioactive isotopes of selenium during nuclear fuel and waste disposal, 

further contributing to the release of radioactive selenium into the environment [52]. When 

these isotopes are released into the environment, they can be ingested by plants and animals 

and eventually enter the food chain, potentially exposing humans to radiation [52]. The 

toxicity of radioactive selenium isotopes is mainly due to their emission of high-energy 

radiation during decay, which can damage human cells and lead to various health problems, 

including cancer [53]. 
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To minimize the release of radioactive selenium isotopes into the environment, strict 

regulations and safety measures should be in place to control and monitor the operation of 

nuclear power plants. The safe management and disposal of nuclear waste are also critical to 

preventing the release of radioactive isotopes into the environment. 

2.2.4 Iodine and its radioisotopes 

Iodine (I) is a common non-metallic element with a rich history and wide distribution in 

nature. It is primarily present in the form of iodides and iodates in the oceans, soil, and rocks. 

The discovery of iodine is attributed to the French chemist Bernard Courtois in 1811 [43]. 

Since then, iodine has been widely used in a variety of applications, including medicine, 

photography, and agriculture [56]. 

Iodine is a chemical element with only one stable isotope, 127I, but it also has 37 radioactive 

isotopes and isomers, ranging from atomic numbers 108 to 144 [57, 58]. Most of these 

radioactive isotopes have very short half-lives, ranging from minutes to a few hours [59]. 

Iodine is a chemical element that is characterized by only one stable isotope, namely, 127I. 

However, it also possesses 37 radioactive isotopes and isomers, spanning atomic numbers 

108 to 144 [57, 58]. Most of these radioactive isotopes have short half-lives, lasting from a 

few minutes to a few hours [59]. Nonetheless, two particular radioactive isotopes, namely, 

129I and 131I, are of significant concern due to their extended half-lives and high mobility in 

soil and aqueous systems [60, 61]. 131I has a half-life of approximately 8.02 days and is 

primarily generated from anthropogenic activities, with a yield of approximately 3% from 

235U and 239Pu [62]. Notably, severe nuclear power plant accidents such as Chernobyl and 



Chapter 2 

36 

 

Fukushima released substantial quantities of 131I [35, 36]. In contrast, 129I has a relatively 

long half-life of 1.57 × 107 years and is an important fission product with a yield of 0.9% 

from 235U and 1.9% from 239Pu [62]. 129I is the only naturally occurring radioactive isotope 

of iodine, produced by cosmic-ray interactions with xenon in the upper atmosphere and by 

spontaneous fission of 238U in the geosphere [63]. The total naturally occurring 129I in the 

surface environment is approximately 80 kg, with only 5 × 10−4 kg found in the atmosphere 

[64].  

The presence of both stable and radioactive isotopes of iodine in the environment can pose 

potential risks to human health [65]. Radioactive iodine isotopes, such as 129I and 131I, can 

cause various health problems including cancer, radiation sickness, and thyroid gland 

dysfunction [66, 67]. 131I is particularly dangerous due to its relatively short half-life and high 

mobility in the soil and water systems, making it easily transported over long distances and 

affecting a wide range of organisms [68]. In addition, the release of large amounts of 

radioactive iodine isotopes from nuclear accidents can lead to the contamination of food 

sources and water supplies, potentially leading to long-term health effects for humans and 

other organisms [69]. Even the stable isotope, 127I, can be toxic to the thyroid gland in 

excessive amounts and can affect its normal function [70]. Therefore, a deep understanding 

of the interaction of radioiodine nuclides with buffer materials in nuclear waste disposal is 

necessary for proper management and monitoring of radioiodine isotopes to minimize 

potential risks to the environment and human health. 

2.3  Radionuclides treatment 
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2.3.1. Application of geopolymer in adsorption 

Geopolymers are materials with a three-dimensional mesh structure that provides them with 

high porosity and a significant number of mesopores, which increases their specific surface 

area and enhances their adsorption capacity [1, 2, 4, 9, 10]. Alkaline based geopolymers have 

strong cationic adsorption performance and high contact sites benefit from the presence of 

negatively charged aluminium oxygen tetrahedra in the structure, making them advantageous 

in adsorption applications [2, 9, 10, 73]. One potential application of geopolymers is in heavy 

metal adsorption, as they have a strong cation exchange capacity and three-dimensional 

structure [74]. Adsorption experiments of Cu2+ using fly ash and iron ore tailing to synthesize 

porous amorphous geopolymer showed a total porosity of 74.6%, and the uptake capacity 

reached the highest value of 113.41 mg/g at 40 °C [75]. The pH of the solution is an important 

factor affecting the adsorption capacity of the adsorbents, and pH regulation is often required 

to obtain the best adsorption effect [76]. Geopolymer adsorbent materials can also adsorb 

other cationic pollutants, such as NH4+ [77]. Geopolymers can be modified to increase their 

adsorption rates for negatively charged species such as SO4
2- and anionic dyes [78, 79]. In 

research on the extraction of methylene blue from synthetic wastewater by fly ash-based 

geopolymer spheres, the removal efficiency of methylene blue uptake reached 79.7 mg/g and 

remained up to 83% after eight cycles of regeneration [79]. Geopolymers show promise in 

adsorption applications due to their unique properties, making them a potential solution for 

water pollution problems (Figure 2-5). 
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Figure 2-5. Application of geopolymer adsorption [73]. 

Geopolymers have been studied as a potential material for radioactive waste disposal 

facilities in industrialized countries [80, 81, 82]. Among the different types of geopolymers, 

metakaolin-based geopolymers have been shown to have a high capacity to adsorb heavy 

metal ions through ion exchange [83]. The adsorption behaviour of metakaolin-based 

geopolymers for heavy metals has been described using the Langmuir model, which indicates 

that there are various binding sites on the surface of metakaolin-based geopolymers that can 

immobilize different types of heavy metals [84]. 

Cs+ and Sr2+ are the most commonly investigated radionuclides in geopolymer wasteform 

studies, and have been extensively studied [85, 86]. Other radionuclide cations, such as Pb, 

Cu, Cd, Th, U, and Ca, found in radioactive wastewater, have also been successfully 

incorporated into geopolymers [87]. Despite this progress, there are limited studies on the 
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immobilisation mechanism of Co2+, which is a high-content cationic radionuclide released in 

the FDNPS accident [88], along with Cs+ and Sr2+ in metakaolin-based geopolymers [83]. 

Metakaolin-based geopolymers has been identified as a potential material for adsorption of 

cations, but further investigation is needed to determine its effectiveness in immobilising 

Co2+, Cs+, and Sr2+. Future research on this topic may help provide important insights into 

the development of safer and more effective radioactive waste disposal technologies. 

2.3.2. Application of geopolymer in stabilization/solidification (S/S) 

Solidification/stabilization (S/S) technology is a popular approach for converting hazardous 

waste into a stable, non-reactive, and impermeable material [89, 90, 91]. This technique 

involves mixing hazardous waste with a binding agent, such as cement, lime, or gypsum, to 

create a solid block that minimizes the environmental risks associated with hazardous waste 

[92, 93]. In recent years, the application of S/S technology for disposing of nuclear waste has 

gained significant attention. Low to intermediate-level radioactive waste (LLW and ILW) can 

be effectively stabilized and immobilized with S/S technology [94, 95]. This approach offers 

several benefits over other disposal methods, including waste volume reduction and density 

increase, which facilitate transportation and storage [96]. 
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Figure 2-6. S/S mechanisms of heavy metals in geopolymer [97]. 

As Figure 2-6 illustrates. Alkaline based geopolymers can stabilize and solidify certain 

species in waste modes by physical encapsulation, ion exchange, and co-precipitation 

processes, as well as through heat treatment and crystallization [98]. The geopolymer's 

physical encapsulation function can provide a strong mechanical structure to protect 

immobilized waste from solutions [99]. The negative charges generated by Al tetrahedrons 

allow for cation exchange with Na+ or K+ [100]. Thermal treatment can transform the 

amorphous structure of geopolymer into crystals, which can improve its S/S performance 

[101]. During geopolymerisation, some cations can be linked with Si directly by replacing 

Al [102]. The precipitation of cations is also an important role in geopolymer-based S/S [103].  

Geopolymers have been extensively utilized for stabilizing and solidifying pollutants such as 

lead (Pb), zinc (Zn), and cadmium (Cd) [97]. Various raw materials, including fly ash, tailings, 
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drinking water, and lead-zinc smelting slags, have been used to synthesize geopolymers-

based waste forms for the S/S [104, 105]. Pb2+ can form covalent bonds in the Pb–O structure 

and can exchange with Na+ or K+ in the geopolymer's structure [106]. While geopolymers 

from diverse sources have been utilized for the adsorption of Pb2+, zeolite-based adsorbents 

exhibit superior performance [107, 108, 109]. For Zn, the application of alkaline based 

geopolymers is effective for S/S, but Zn can dissolve in alkaline conditions [110]. The main 

reaction mechanisms for the geopolymer-based S/S of Zn involve physical encapsulation and 

electrostatic adsorption [111, 112]. However, research on the understanding of geopolymers 

for S/S of Cs and Sr is limited, which are the most hazardous radionuclides, possesses a long 

half-life (30 years and 28.8 years) and strong radioactivity [100].  

In addition, studies on the curing ability of anions have also received attention, particularly 

chromium and selenium [97]. Chromium exists in both cationic and anionic forms, with 

Cr(VI) exhibiting higher toxicity than Cr(III) [113]. The S/S of Cr has been found to be 

restricted in geopolymer-based immobilisation [114]. Nonetheless, a more efficient strategy 

of reducing Cr(VI) to Cr(III) before solidification, followed by sorption and ion exchange in 

the geopolymer, has been suggested [115, 116, 117]. The studies on solidifying/stabilizing 

selenium have also been developed, which exists in several oxidation states, has been found 

to leach out from geopolymers in limited studies. Sodium silicate-activated geopolymers can 

reduce the leaching of Se [118], and electrostatic interaction is the primary association of 

SeO3
2- and SeO4

2- in geopolymers. However, based on previous research [100], it has been 

found that the negatively charged surface of alkaline-based geopolymers permanently limits 

the capacity for anion adsorption, including elements such as selenium or iodine. As a result, 
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the reliability and longevity of using alkaline-based geopolymers as a method of solidifying 

anionic nuclides such as selenium (79Se) or iodine (131I) is a cause for concern. Therefore, 

further investigation is required to determine the effectiveness of this approach for the long-

term immobilisation of these hazardous materials. 

2.3.3. Other immobilisation materials 

2.3.3.1 Ettringite 

Ettringite is a hydrous calcium aluminate sulfate mineral that forms through the reaction of 

aluminate with sulfate [119]. According to previous literature [120, 121, 122], ettringite has 

a complex crystal structure that consists of columnar parts made up of Al(OH)6
3- octahedra 

and Ca-O8 polyhedra, which are held together by SO4
2- ions and H2O molecules occupying 

the intercolumn space through electrostatic forces. Each Ca in the columnar parts is 

coordinated by four H2O molecules and four OH- groups, and the Al(OH)6
3-  octahedra and 

Ca-O8 polyhedra share OH- groups. The hydrogen bonding network in ettringite is also 

precisely arranged, contributing to its structural stability. These unique structural features of 

ettringite allow it to exhibit remarkable anion exchange properties, particularly for 

immobilising hazardous waste, such as selenium oxyanions, which are toxic pollutants. 

According to Solem-Tishmack et al. [123], Se oxyanions can be effectively adsorbed from 

aqueous solutions by ettringite derived from high-calcium coal combustion by-products. 

Another group of hydrous calcium aluminates commonly observed in cement hydration 

products, hydrocalumite, shows a lower Se oxyanion adsorption capacity, as reported by 

Zhang et al. [124]. Gou et al. [125, 126] discovered that ettringite can immobilize SeO4
2- by 
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forming SeO4
2--substituted ettringite, while SeO3

2- can be immobilized through ligand 

exchange with the Ca-OH2 at the edges of its channels, leading to the formation of an inner 

sphere complex (Figure 2-7).  

 

Figure 2-7. Mechanism of ettringite immobilising the oxyanions of Se [126]. 

Moreover, ettringite can form not only in Portland cement but also in alkali-activated 

reactions (geopolymerisation) when calcium and sulfur-rich additives are present, offering 

potential applications in the immobilisation of hazardous waste [127, 128, 129]. In addition, 

substitution of other anions or cations for Ca2+, Al3+, and SO4
2- in ettringite can result in 

compositional varieties, such as partial substitution of borate with sulfate and complete 

substitution of selenate or chromate with sulfate [130, 131, 132]. Ettringite is also found in 

natural alkaline environments associated with other minerals such as portlandite, gypsum, or 

afwillite [133]. The remarkable capacity of ettringite for anion exchange makes it a promising 

material for immobilising hazardous waste. Ettringite has shown promise in wastewater 

treatment due to its ability to immobilize selenium oxyanions through adsorption or ligand 



Chapter 2 

44 

 

exchange. Additionally, the formation of ettringite during alkali-activated reactions rich in 

aluminium offers a potential solution for immobilising hazardous waste. Hence, exploring 

the applications of ettringite and its integration with geopolymers in waste management could 

provide valuable insight into the potential of metakaolin-based geopolymers for anion 

immobilisation. 

2.3.3.2 Layered double hydroxides (LDHs) 

Layered double hydroxides (LDHs) are a group of minerals characterized by a layered 

structure derived from the hexagonal close-packed lattice structure of Mg(OH)2, also known 

as brucite [134, 135]. The introduction of trivalent cations through partial substitution of 

divalent cations in the brucite-like structure leads to a positively charged layered arrangement 

[136]. The general formula for LDHs, which can vary depending on the specific elements 

involved, is expressed as [M2+
1–xM

3+
x(OH)2]

x+[Am–]x/m·nH2O [137]. 

Layered double hydroxides (LDHs) and their thermally treated forms, known as calcined 

LDHs (CLDH), exhibit remarkable potential for removing anions from aqueous solutions. 

This ability is intricately linked to the chemical composition of the brucite-like layer, which 

encompasses the presence of different M2+ elements (such as Cu, Zn, Ca, Mg), M3+ elements 

(such as Fe, Al), the ratios between M2+ and M3+, and the initial anions occupying the 

interlayer space [138, 139, 140]. 

In the field of alkali-activated materials, two types of LDH that are commonly formed as 

reaction products are Mg-Al-LDHs (resembling hydrotalcite-like phases) and Ca-Al-LDHs 

(such as calcium aluminate monosulfate, referred to as AFm), which exhibit a hydrocalumite-
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like structure (e.g., hemicarboaluminate, monocarboaluminate, or monosulfoaluminate) 

[141]. According to previous literature [2, 142, 143], the physicochemical properties of these 

LDHs are influenced by the composition of the precursor and the type of applied activator. 

LDHs have been demonstrated significant potential in the immobilisation of anions, 

particularly in the solidification of major radionuclides like selenium (Se) and iodine (I). 

Extensive experimental and modeling evidence supports interlayer anion exchange as the 

dominant sorption mechanism for iodide (I-) on AFm phases [144]. Furthermore, 

geopolymer-based materials, including layered double hydroxide/geopolymer (LDH/GEO) 

composites, exhibit promise in immobilising anionic species. Notably, geopolymer matrices 

retain their Cs+ immobilisation ability while developing SeO4
2- immobilisation capabilities 

[145]. These findings highlight the suitability of LDHs and LDH/GEO composites for 

advanced anion immobilisation, thereby offering potential applications in environmental 

remediation and waste management. 
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ADSORPTION BEHAVIOUR OF SIMULANT RADIONUCLIDE 

CATIONS AND ANIONS IN METAKAOLIN-BASED GEOPOLYMER 
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3.1 Introduction 

The contamination of cooling water with radionuclides and the radioactive waste generated 

from water is a serious concern in the decommissioning process of the Fukushima Daiichi 

Nuclear Power Station (FDNPS) [1, 2]. The Tokyo Electric Power Company (TEPCO) has 

been removing radionuclides from cooling water with several types of adsorbents and plans 

to safely store the generated radioactive waste for a long time. Selection of the most suitable 

host material, with high solidification and immobilisation capacity for radioactive waste, is 

necessary for safe disposal. Moreover, the sealing materials should have low aqueous 

solubility and should provide stable phases for radionuclides immobilisation [3, 4]. Cement-

based materials have been considered to solidify and encapsulate radioactive waste for a long 

time owing to their low cost and high durability [5, 6, 7]. Although cement-based materials 

show a good immobilisation capacity for some radionuclides, their incompatibilities with 

several other radionuclides and high free water content, which may cause problematic 

hydrogen generation, limit their usage in some applications [8, 9, 10]. Moreover, high CO2 

emissions and high-energy consumption are unavoidable during the Portland cement 

manufacturing process [11]. Therefore, it is important to develop an environmentally friendly 

solidification material for safe disposal and environmental remediation of nuclear waste. 

Geopolymer materials are a class of alkaline-activated materials that can be produced from a 

chemical process of depolymerisation, polycondensation, and gel networking of an 

aluminosilicate part commonly referred to as ‘precursor’ in strong alkaline solution or the 

activator [12, 13]. Recently, geopolymers have attracted attention as alternative materials for 
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traditional Portland cement in concrete [14]. Compared with cement-based materials, 

geopolymers can have superior chemical durability characteristics which are often attributed 

to their increased degree of silicate polymerisation [15, 16]. Since geopolymers have a three-

dimensional framework structure of oxygen-linked silicon and aluminium, the negative 

charge associated with the tetrahedral Al sites is typically balanced by alkali cations, 

including Na+ or K+ from the activator. A geopolymer can also be regarded as a disordered 

pseudo-zeolite [15, 17]. There are active sites on the surface of geopolymers owing to the 

presence of metal oxide groups and thus, they have increased potential in adsorbing heavy 

metal ions [18, 19]. The types of precursors, water/solid ratio, Si/Al ratio, alkalinity of alkali 

activation solution, and the curing temperature affect the geopolymerisation and could 

influence the adsorption property [20, 21].  

The use of geopolymers for the proposal of radioactive waste disposal facilities has been 

considered in industrialised countries [22, 23, 24]. Metakaolin-based geopolymers (MK-GPs) 

have been proven to have a high ability to incorporate heavy metal ions through ion exchange 

[19]. The Langmuir model has been used to describe the adsorption behaviour of MK-GP for 

heavy metals and shows that there are multiple types of binding sites on the surface of MK-

GP that can immobilise different types of heavy metals [25]. Cs+ and Sr2+ are the most 

common radionuclides investigated in geopolymer wasteform studies and have been 

investigated for many years [26, 27, 28]. Furthermore, some other radionuclide cations, 

including Pb, Cu, Cd, Th, U, and Ca, existing in radioactive wastewater can be incorporated 

into geopolymers [29, 30]. Currently, MK-GP is considered a potential material to solidify 

waste from FDNPS. However, there are few studies on the immobilisation of Cs+, Sr2+, and 
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Co2+, which is also a high-content cationic radionuclide from the FDNPS accident [31], in 

the MK-GP [19]. Most studies on the immobilisation capacity of geopolymers for Cs+ and 

Sr2+ have mainly focused on the confirmation of incorporation, and the associated 

mechanisms are limited [9, 16, 26, 28, 29, 32]. On the other hand, understanding the 

interaction of MK-GP with anionic radionuclides, including I-, IO3
-, SeO3

2-, and SeO4
2- is 

urgent and important, but this has rarely been discussed in previous studies. In addition, there 

is limited geochemical modelling studies in the geopolymer system compared with 

cementitious materials [33, 34]. Moreover, to the best of authors knowledge, the 

thermodynamic data on ion-exchange reactions in metakaolin-based geopolymer is still 

missing. Therefore, it is of great significance to explore and evaluate the potential ability of 

MK-GP to incorporate both cationic and anionic radionuclides. In this context, the main 

purpose of this study was to analyse the immobilisation capacity of MK-GP for both cationic 

radionuclides (Cs+, Sr2+, and Co2+) and anionic radionuclides (I-, IO3
- , SeO3

2-, and SeO4
2-). 

The zeta potential, binding of radionuclides, and leaching of alkalis were used to evaluate the 

uptake mechanism. Finally, a thermodynamic model was used to predict the binding of Cs+ 

and Sr2+ in the geopolymer. 
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3.2 Materials and methods 

3.2.1 Materials and geopolymer preparation 

Metakaolin from IMERYS-Metastar (hereafter referred to as MS) and Sobueclay, Japan 

(hereafter SC) were used to prepare the geopolymer, and the average particle size of the 

metakaolin was 2194.9 nm and 577.4 nm representatively for Metastar and Sobueclay. The 

chemical composition of metakaolin determined by X-ray fluorescence (XRF) is listed in 

Table 3-1, and the ratios of SiO2:Al2O3 of MS and SC were 1.04 and 1.01 respectively. A 

potassium silicate alkali solution was used as an activator for the synthesis of geopolymers. 

The solutions of the composition SiO2/K2O = R (R = 1.0 and 2.1) and H2O/K2O = 11 and 13 

were prepared by mixing an aqueous potassium silicate solution (WAKO, originally 

containing 29.1 wt% SiO2, 21.9 wt% K2O, 49.0 wt% H2O) into potassium hydroxide 

solutions of the required concentration until the solution become homogenous and clear. 

Potassium hydroxide solutions were prepared by dissolving KOH (WAKO 85 wt% KOH) in 

ultrapure wate. The prepared solutions were stored in a laboratory environment (20 °C and 

RH ≈ 60%) for 24 h to allow equilibration in the solution. The alkaline solutions used for the 

synthesis of the geopolymer samples are thus defined as K2O: SiO2: H2O (molar ratio) 1:1:11, 

1:1:13, 1:2.1:11.7, and 1:2.1:13. Geopolymer samples were prepared by mechanically mixing 

stoichiometric amounts of metakaolin (Metastar/Sobueclay) with a sufficient quantity of 

alkaline silicate solution to give Al2O3/K2O = 1. The mixture was kneaded for 15 min to form 

a homogeneous slurry followed by an additional 15 min of vibration to remove entrained air 

before sealing into a mould [20]. The geopolymer slurry was sealed and cured at 40 °C for 
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28 days. Subsequently, the hardened geopolymer was demoulded and ground to powder with 

particle sizes less than 150 μm, and the powder particles were cured for another 3 days at 

40 °C before the experiments. 

Table 3-1. Chemical composition (wt%) of the MS-metakaolin and SC-metakaolin, as 

determined by X-ray fluorescence.  

Component MS-Metakaolin SC-Metakaolin 

SiO2 52.54 48.59 

Al2O3 44.81 43.11 

Fe2O3 0.38 0.54 

CaO 0.04 0.21 

MgO 4.03 3.66 

Na2O 2.69 2.25 

K2O 0.12 0.13 

TiO2 0.79 1.27 

P2O5 0.48 1.08 

L.O.I.* 0.49 1.74 

*: L.O.I. is loss of ignition at 1100℃ for 12h. 

3.2.2 Experimental procedure 

The slump flow experiment specified in JASS15M-103 (which used a cylindrical Φ50 mm× 

H50 mm mould) was conducted at four different composition ratios (1:1:11, 1:1:13, 

1:2.1:11.7, and 1:2.1:13) to select the most suitable composition for the alkaline activator, 
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while achieving a high workability of the geopolymer to meet the requirements for large-

scale wasteform production. The slump flow value was measured at 0, 20, 60, and 120 min 

after mixing. The synthesised geopolymers were characterised by a Rigaku X-ray 

diffractometer with CuKα radiation, and the measurement conditions were a tube voltage of 

40 kV, scanning range of 5°–70° 2θ, step size of 0.02° 2θ, and scan speed of 6.5°/min.  

A geopolymer suspension with a solid to liquid ratio of 1 g/L was prepared for zeta potential 

measurements using a zeta potential and particle size analyser apparatus (ELSZ-1000ZS). 

The zeta potential of the geopolymer was determined in the presence of CsNO3, Sr(NO3)2, 

Co(NO3)2 , KI, KIO3, K2SeO3, and K2SeO4 solutions with ionic strengths of 10 and 100 

mmol/L. In each case, KNO3 solution was selected to adjust the ionic strength, whereas KOH 

was used to adjust the pH., To determine the equilibrium time for the adsorption of ions on 

geopolymer, the geopolymer was equilibrated with 2 and 4 mmol/L of CsNO3, Sr(NO3)2 or 

Co(NO3)2 solutions (0.05 g geopolymer powder per 50 mL solution). The solution was 

filtered with the use of a syringe filter (φ = 0.45 μm) after 1, 3, 5, 7, and 14 d of immersion 

time, and the concentrations of dissolved ions were measured using inductively coupled 

plasma-mass spectroscopy (ICP-MS, iCap Q ICP-MS, Thermo Scientific, USA, detection 

limit 0.01ppb-10ppb). Batch experiments were performed with CsNO3, Sr(NO3)2, Co(NO3)2, 

KI, KIO3, K2SeO3, and K2SeO4 solutions at 0.1, 1, 3, 5, and 10 mmol/L with a solid-to-liquid 

ratio of 1 g/L. After equilibration for 7 d, the liquid phase was filtered with a 0.45 μm syringe 

filter. The concentrations of the target ion and K+ in the filtered solution were measured by 

ICP-MS. The amount of bound target ions and leached K+ were calculated by eqs. 3.1 and 

3.2: 
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                                          𝐴𝑏 = (𝐶𝑖 − 𝐶𝑡)/𝑅                                                          （3.1） 

                                          𝐴𝑙 = (𝐶𝑘 − 𝐶𝑝𝐻)/𝑅                                                        （3.2） 

where 𝐴𝑏 is the binding amount of the target ion (mmol/g), 𝑅 is the solid to liquid ratio (g/L), 

𝐶𝑖 is the initial concentration (mmol/L), 𝐶𝑡 is the concentration of the target ion (mmol/L), 

𝐴𝑙 is the amount of leached K+ (mmol/g), 𝐶𝑘 is the concentration of K+ at time t (mmol/L), 

and 𝐶𝑝𝐻 is the leached K+ concentration in the blank solution in the absence of radionuclides 

at the target pH (mmol/L). 

3.2.3 Modelling approach 

The ion-exchange model available in the geochemical code PHREEQC was used for ion-

exchange reactions between the geopolymer and radionuclide cations [35]. The activity 

coefficients were calculated based on the extended Debye–Huckel approach, whose 

parameters are available in the Phreeqc.dat database. The simulant radionuclides Cs+, Sr2+, 

and Co2+ can be exchanged with the K+ present in the geopolymer as: 

𝑋 − 𝐾 + 𝐶𝑠+ ↔ 𝑋 − 𝐶𝑠 + 𝐾+, 𝐾𝐶𝑠 =
[𝑋−𝐶𝑠][𝐾+]

[𝑋−𝐾][𝐶𝑠+]
                                                                    (3.3) 

2𝑋 − 𝐾 + 𝑆𝑟2+ ↔ 𝑋2 − 𝑆𝑟 + 2𝐾+, 𝐾𝑆𝑟 =
[𝑋2−𝑆𝑟][𝐾+]2

[𝑋−𝐾]2[𝑆𝑟2+]
                                                                  (3.4) 

2𝑋 − 𝐾 + 𝐶𝑜2+ ↔ 𝑋2 − 𝐶𝑜 + 2𝐾+, 𝐾𝐶𝑜 =
[𝑋2−𝐶𝑜][𝐾+]2

[𝑋−𝐾]2[𝐶𝑜2+]
                                                                   (3.5) 
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where X is the exchange site, and 𝐾𝐶𝑠, 𝐾𝑆𝑟, and 𝐾𝐶𝑜 are the exchange coefficients for Cs+, 

Sr2+, and Co2+, respectively. The model can be implemented in PHREEQC using the keyword 

data block of EXCHANGE_MASTER_SPECIES, EXCHANGE_SPECIES, and 

EXCHANGE.  

3.3 Results and discussion 

3.3.1 Characteristics of geopolymer 

The workability or flowability of the geopolymers was evaluated by slump flow experiments, 

as shown in Figure 3-1. The flow of the SC-geopolymer was higher than that of the MS-

geopolymer. The difference likely to be related to particle size and/ or calcination condition 

of the metakaolin. Furthermore, an increase in the SiO2 mole fraction in the alkali activator 

solution decreased the flow due to increased activator viscosity at higher silica content. Based 

on the slump flow testing, the geopolymer with a K2O:SiO2:H2O mole ratio of 1:1:13 had the 

highest flow and was selected for further analysis in this study.  

X-ray diffraction (XRD) measurements were performed to confirm the synthesis of the 

geopolymer. Figure 3-2 shows the XRD patterns of the metakaolins used for the synthesis 

and the geopolymer after the synthesis. Both MS and SC metakaolin have structures which 

are close to amorphous, as reported in previous studies [36, 37], but the patterns have 

confirmed the presence of kaolinite and quartz. Conversely, the XRD patterns of both 

geopolymers did not show any peaks of kaolinite, but a small amount of quartz remained in 

the geopolymer. Moreover, the geopolymers yielded a hump in the range of 2θ = 27°–29° 
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which indicates amorphous products, and the results are consistent with those reported in 

many previous studies on metakaolin [38]. Prior to the evaluation of ionic interactions with 

the geopolymer, the surface electrostatic characteristics were evaluated using zeta potential 

measurements. It is worth to note that the prepared geopolymer suspension shows slightly 

basic pH in water and thus, the alkaline pH was selected for zeta potential experiment. Figure 

3-3 shows the results of the zeta potential of MS-and SC-based geopolymers in different pH 

solutions. The zeta potential of the geopolymer is negative and independent of pH, thus 

indicating the presence of a permanent charge on the surface of the geopolymer which is 

believed to be derived from the replacement of SiO4 by AlO4 in the tetrahedral framework 

structure [39], and the permanently charged surface can take up cations via electrostatic 

interactions. The decrease in ionic strength increases the absolute value of the zeta potential 

due to the formation of a thicker electrical double layer, which is consistent with the results 

obtained in other studies [40]. 

 

Figure 3-1. Slump flow diameters with time for (A) MK-based and (B) SC-based 

geopolymers (the ratios indicated in the figure legends are K2O:SiO2: H2O). 
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Figure 3-2. X-ray diffraction (XRD) patterns for MS and SC metakaolin and their 

geopolymers.  

 

Figure 3-3. Zeta potential of geopolymer as a function of pH at the ionic strengths of (A) 

10 mmol/L, (B) 100 mmol/L (MS-GP: Metastar metakaolin based geopolymer, SC-GP: 

Sobue clay metakaolin based geopolymer). 

3.3.2 Experimental results on uptake of ions 

The measured zeta potential of the geopolymers in the cation-containing solutions are shown 

in Figure 3-4. The effect of Cs+ concentration on the zeta potential is insignificant compared 
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with that of Sr2+ or Co2+ solutions, consistent with the differences in the charge states of these 

respective ions. Moreover, the zeta potential of the geopolymer (for both types of metakaolin) 

in the Cs+ solution was nearly equal to the value obtained for the sample without Cs+ ions 

(Figure 3-3), thus implying that partial replacement of K+ by Cs+ does not contribute to the 

surface charge variation on the geopolymer. By contrast, the zeta potential of the geopolymer 

in the Sr2+ and Co2+ solutions increases towards a positive value, which indicates that the 

variation in surface charge is caused by the divalent cations. This effect is prominent in the 

Co2+ solution, which shows charge reversal in both geopolymers, even at low concentrations 

of Co2+ ions (Figure 3-4(E) and Figure 3-4(F)). It should also be noted that a blue precipitate 

was observed in the geopolymer with Co2+ solution, identified as cobalt blue (CoAl2O4). The 

effect of cobalt blue formation on the adsorption of Co2+ ions on the geopolymer surface 

needs to be studied in the future, as there are possible competing pathways here, but the 

formation of cobalt blue does require some degree of extraction of Al from the geopolymer 

structure and so may have implications for the matrix stability. 
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Figure 3-4. Zeta potential of geopolymer suspension in (A) Cs+ solution with an ionic 

strength of 10 mmol/L, (B) Cs+ solution with an ionic strength of 100 mmol/L, (C) Sr2+ 

solution with an ionic strength of 10 mmol/L, (D) Sr2+ solution with an ionic strength of 100 

mmol/L, (E) Co2+ solution with an ionic strength of 10 mmol/L, and (F) Co2+ solution with 

an ionic strength of 100 mmol/L. 

The measured zeta potentials in the presence of the anionic radionuclide simulant I-, IO3
-, 

SeO3
2-, and SeO4

2- are independent of the anion concentration, and equal to the zeta potential 

in the blank solution of corresponding pH (Figure 3-3). These stable zeta potential results 

indicate that these ions do not appear to be specifically adsorbed on the surface of the 

geopolymers (Figure 3-5), consistent with the results of other researchers [41]. 
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Figure 3-5. Zeta potential of geopolymer suspension in (A) I- or IO3
- solutions with an ionic 

strength of 10 mmol/L. (B) I- or IO3
- solutions with an ionic strength of 100 mmol/L. (C) 

SeO3
2- or SeO4

2- solutions with an ionic strength of 10 mmol/L. (D) SeO3
2- or SeO4

2- solution 

with an ionic strength of 100 mmol/L. 
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3-6. The results show that the bound amount reached 90% of the total binding in 1 d, and 

then slowly increased and became constant after 7 d of immersion. Similar results were 
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were required to reach an equilibrium of bound ions on the geopolymer, and this is considered 

as the equilibration time for the binding experiment. The binding of Cs+, Sr2+, and Co2+ after 

equilibrium for 7 d was determined, and the results are shown in Figure 3-7 (A), (B) and (C) 

as a function of concentration for both geopolymers. The total amount of bound cations on 

the geopolymer increased as a function of concentration, and a higher binding capacity was 

observed for divalent cations compared with monovalent ions. The maximum concentration 

of Sr2+
 (10.0 mmol/L) during the binding experiments was lower than it required for the 

saturation of Sr(OH)2 (17.8 mmol/L) in the solution, and therefore it is believed that Sr2+ was 

removed from solution only due to binding by the geopolymers. Moreover, the binding 

capacity of both types of geopolymers for Sr2+ was higher than that for Co2+. The type of 

metakaolin had an insignificant effect on the binding capacity. A similar experiment was 

conducted on anions, and the results for I-, IO3
-, SeO3

2-, and SeO4
2- are shown in Figure 3-7 

(D), (E) (F)and (G). Regardless of the metakaolin type or the concentration of anions, the 

geopolymer does not take up any anion from the aqueous solution. This was in good 

agreement with the zeta potential results (Figure 3-5).  
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Figure 3-6. Binding of (A) Cs+, (B) Sr2+, and (C) Co2+ on SC-geopolymer as a function of 

time.  
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Figure 3-7. Binding of (A) Cs+, (B) Sr2+, (C) Co2+, (D) I-, (E) IO3
-, (F) SeO3

2- and (G) SeO4
2 

on geopolymer as a function of concentration. 

The geopolymer releases K+ ions upon the uptake of cations from the aqueous environment, 

and it is important to understand the mechanisms by which this happens. To determine the 

K+ (𝐴𝑙) released in Eq. (2), 𝐶𝑝𝐻 should be obtained from a batch of control experiments. 𝐶𝑝𝐻 

is the leached concentration of K+ from the geopolymer in the blank solution without 

simulant radionuclides, and this reflects the washing-out of alkaline pore fluid from the 

geopolymers during the tests which is not connected to ion exchange processes. Figure 3-8 

shows that the leaching of K+ from the geopolymer strongly depends on the solution’s pH, 

where acidic and basic solutions enhance the leaching of K+. According to the measured 
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initial pH of each cationic radionuclide solution (as marked in Figure 3-8), the values of the 

parameter 𝐶𝑝𝐻 were determined to be 2.151, 0.84, and 1.498 mmol/L for Co2+, Cs+, and Sr2+, 

respectively. 

The amounts of leached K+ and bound Cs+, Sr2+, and Co2+ can be estimated from the 

coefficients for each ion and Eqs. (1) and (2), respectively. The relationship between the 

released K+ and the bound cations is shown in Figure 3-9. As shown in Figure 3-4, the 

presence of Cs+ in the solution did not affect the surface charge of the geopolymer. 

Furthermore, as shown in Figure 3-9(A), the leaching amount of K+ was almost equal to the 

binding amount of Cs+ at each concentration. This indicates a one-to-one ion exchange 

process taking place between Cs+ and K+. Thus, the main mechanism for Cs+ binding is ion 

exchange, which is consistent with the results reported in previous studies [42, 43, 44]. The 

same approach has been considered for Sr2+ and Co2+ (where one mole of divalent cation 

would replace two moles of K+), and the results are shown in Figure 3-9(B) and 9(C). At low 

concentrations of Sr2+, the uptake of Sr2+ is governed by ion exchange although there is some 

discrepancy at 0.1 and 0.5 mmol/g of Sr2+. However, a higher uptake of Sr2+ than the release 

of stoichiometric K+ was observed at high concentrations, which suggests that another 

mechanism, in addition to ion exchange, contributes to Sr2+ binding in geopolymers. The 

uptake of Co2+ and the release of K+ was lower than that of Sr2+ (Figure 3-9(C)), and the 

relationship between the released K+ and bound Co2+ was far from the y = 2x line. This 

implies that the binding mechanism for Co2+ in the geopolymer is not dominated by ion 

exchange, as observed for Cs+ and Sr2+. It is worth to discuss the formation of SrOH+ or 
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CoOH+ ion pair, which can effectively act as a monovalent cation for one-to-one ion 

exchange [45, 46]. The thermodynamic speciation calculation was performed in PHREEQC 

under the similar condition as adopted for binding experiment, and it was found that the 

formation of SrOH+ or CoOH+ was negligible compared to Sr2+ or Co2+. Therefore, the 

deviation of leaching/binding ratio of K+ to Sr2+ and Co2+ is attributed to charge-unbalanced 

ion exchange between Sr2+ or Co2+ and K+ as well as the formation of cobalt blue in the case 

of Co2+ solution. In this study, there was not a significant difference between the two types of 

metakaolin-based geopolymers in terms of cation binding and K+ leaching. 

  

Figure 3-8. Leached concentration of K+ from the geopolymer as a function of pH.  
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Figure 3-9. Relationship between released K
+
 and bound cations for geopolymers exposed 

to (A) Cs+, (B) Sr2+, and (C) Co2+. 
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for Cs+ and Sr2+ are shown in Figure 3-10(A) & (B). The type of metakaolin had no 

significant effect on leaching of K+ (Figure 3-9), and thus the fitting was conducted to the 

two sets of data (both MK sources) all together. A high correlation between the experimental 

data and modelling results was obtained for both ions in the geopolymers. The estimated 

equilibrium constants (log_K) for the ion exchange reaction between Cs+ and K+, and Sr2+ 

and K+, were -1.275 and -2.025, respectively. Figure 3-10(C) & (D) shows the predicted 

amount of bound Cs+ and Sr2+ using the estimated log_K as a function of concentration. The 

model prediction shows good agreement with the experimental data for Cs+, but it 

underestimates the experimental data at high concentrations of Sr2+. It should be noted that 

the predictions are based on a pure ion exchange reaction which may not consider the 

complete incorporation mechanism. At low concentrations of Sr2+, the binding can be 

considered as pure ion exchange: uptake of one mole of Sr2+ releases two moles of K+ (Figure 

3-9(B)), and the proposed ion exchange model predicts the binding of Sr2+ well. This is 

consistent with the results reported in previous studies [29]. At high concentrations (> 5 

mmol/L), more Sr2+ ions are incorporated compared with the predicted result due to one-to-

one ion exchange and surface complexation (as shown in Figure 3-4), thus limiting the use 

of the proposed ion-exchange model. It should be noted that the concentration of Sr2+ in the 

nuclear waste under discussion here (polluted water) is in the order of parts per million, and 

the proposed pure ion-exchange model would thus be applicable. Meanwhile, the ion 

exchange model performed for Cs+ and Sr2+ cannot be used for Co2+ because its uptake is not 

only controlled by the ion exchange mechanism (Figure 3-9(C)) but also the formation of 
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cobalt blue and surface complexation. Therefore, it is necessary to consider other 

mechanisms to predict their incorporation more precisely in geopolymers. 

   

   

Figure 3-10. Fitting of experimental data with modelling results for (A) Cs+ and (B) Sr2+, 

and the comparison of the predicted and measured (C) Cs+ and (D) Sr2+ as a function of 

concentration. 
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constant zeta potential of the geopolymer after binding of Cs+ ions (Figure 3-4) and a one-

to-one exchange between Cs+ and K+ ions (Figure 3-9(A)) suggest that Cs+ ions are 

incorporated by a pure ion-exchange mechanism, as illustrated schematically in Figure 3-

11(A). However, in the case of Sr2+ and Co2+, the ion exchange between K+ and Sr2+ or Co2+ 

partially or fully compensated for the negative charge of the geopolymer, and eventually 

produced a positive charge (Figure 3-4). This suggests that one mole of K+ may be replaced 

by up to one mole of Sr2+ or Co2+, which is significant in the Co2+ solution as well as at high 

concentrations of Sr2+ solution, wherein more Sr2+ and Co2+ ions are incorporated than the 

release of K+ (Figure 3-9). Therefore, it is believed that both one-to-two and one-to-one ion 

exchanges between K+ and Sr2+ or Co2+ occur. It has been reported that the SrCO3 is the main 

form of Sr2+ suppression in ion-exchanger encapsulated by geopolymer [47]. It is confirmed 

by thermodynamic modelling as well. However, in the present study, the carbonation of Sr2+ 

in the geopolymer can be negligible and did not consider in the calculation. The binding 

mechanisms for Sr2+ and Co2+ are schematically shown in Figure 3-11(B) and Figure 3-

11(C), respectively. The formation of cobalt blue also contributed to the removal of Co2+ 

from the aqueous solution. As shown in Figure 3-9(B) and 9(C), the leached amount of K+ 

from the geopolymer in the presence of Co2+ was much lower than in the presence of Sr2+, 

even at low concentrations, thus suggesting low binding of Co2+ despite the formation of 

cobalt blue (Figure 3-7). 
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Figure 3-11. Proposed binding mechanism for (A) Cs+, (B) Sr2+, and (C) Co2+ on geopolymer. 
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3.4 Conclusion 

Metakaolin-based geopolymers with the composition of K2O:SiO2:H2O of 1:1:13 have a high 

capacity to uptake cationic radionuclides such as Cs+, Sr2+, and Co2+; however, the 

geopolymer does not have the ability to directly uptake anions of I-, IO3
-, SeO3

2-, and SeO4
2-. 

Specific findings from this work include: 

➢ The geopolymers framework held a permanent negative charge in an aqueous solution. 

➢ Ion exchange is the main mechanism for the uptake of radionuclide cations, wherein a 

one-to-one exchange was observed between Cs+ and K+ whereas both one-to-two and 

one-to-one exchanges were possible in the cases of Sr2+ and Co2+. The formation of 

cobalt blue (CoAl2O4) also contributed to the incorporation of Co2+. 

➢ Thermodynamic modelling was conducted based on an ion exchange mechanism, which 

accurately predicts the binding behaviour of Cs+ and Sr2+ at low concentrations. However, 

the model requires modification such as inclusion of precipitation and non-charge 

balanced ion exchange mechanism for better prediction at high concentrations of Sr2+ 

and Co2+.  
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SELENIUM OXYANIONS UPTAKE THROUGH IN-SITU 
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4.1 Introduction 

Selenium (Se) is a widely occurring oxyanion-forming element. While it is considered a vital 

trace mineral in biological systems, it can pose a significant environmental and health hazard 

when its concentration surpasses certain levels. The aggregation of Se in high concentrations 

can be attributed to anthropogenic activities, and its cytotoxicity and carcinogenicity in 

animals have been demonstrated [1]. Among the various sources of Se aggregation, the 

nuclear industry is a particularly noteworthy contributor, as it has the potential to generate 

substantial amounts of the anionic radionuclide 79Se. This isotope, 79Se, is linked to fission, 

reprocessing, and accidents within the nuclear industry [2]. It is considered to be a high-

priority radionuclide due to its long half-life of nearly 3.27 × 105 years and the presence of 

highly mobile oxidised forms, selenite (SeO3
2-) and selenate (SeO4

2-), which are regarded as 

particularly challenging species due to their high mobility in aqueous environments and 

severe toxicity [3,4]. Numerous techniques have been developed to mitigate the presence of 

selenium in wastewater effectively. Uptake methods utilising easily accessible sorbents, such 

as activated carbon, zeolites, resins, and iron-based materials, have demonstrated remarkable 

efficacy in removing selenium. These techniques have been successfully employed in the 

treatment of wastewater following the Fukushima Daiichi nuclear power plant accident 

[5,6,7,8,9]. In addition, emerging technologies such as membrane filtration [10], 

electrochemical processes [11,12], cationic layered rare earth hydroxide (LRHs) [13], 

tailored cationic polymeric [14], and cationic metal organic frameworks [15,16] have great 

potential for the effective immobilisation of many radioactive anions, including selenium 
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oxyanions. However, it is crucial to acknowledge that these treatment approaches may lead 

to accumulating medium to high concentrations of selenium aggregates, posing a potential 

risk of secondary contamination [17]. Hence, it is imperative to promptly develop 

encapsulate materials with low water solubility to ensure the formation of stable phases. Such 

materials can effectively immobilise selenium oxyanions and securely isolate selenium-

bearing contaminants for long-term disposals, such as geological disposal [9]. 

Geopolymer materials (GP) are a well-known class of alkaline-activated materials. The 

geopolymerisation process can be succinctly described as the depolymerisation, 

polycondensation, and gel network formation of an aluminosilicate precursor in the presence 

of a strongly alkaline solution or activator [18,19]. As an alternative to Portland cement that 

is under assessment for nuclear waste management, the use of geopolymer has garnered 

interest worldwide [20]. Compared to conventional cementitious materials, the three-

dimensional framework structure derived from oxygen-linked aluminium and silicon and the 

higher degree of silicate polymerisation, yield geopolymer materials with superior chemical 

durability [21,22].  

The use of metakaolin-based geopolymers as a potential matrix for managing radionuclide-

containing waste generated from the nuclear industry has received significant attention in 

recent years [23,24]. The nuclear industry is known to produce large quantities of 

contaminated wastewater containing radionuclides from various sources such as operation, 

maintenance, and accidents [2,25]. Extensive research has been conducted to explore the 

capabilities of metakaolin-based geopolymers as a disordered pseudo-zeolite for the 
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immobilisation of radionuclides. In their spatial structure, the tetrahedral aluminum sites 

present possess a negative charge, which can be effectively neutralised by alkali cations 

derived from activator solutions [26]. These negative sites impart a permanent net negative 

framework charge to the metakaolin-based geopolymers, creating many sites capable of 

binding cations [27]. The uptake behaviour of metakaolin-based geopolymers for heavy 

metal ions has been confirmed and studied extensively [28,29]. These geopolymers have also 

demonstrated remarkable efficiency in immobilising 137Cs and 90Sr, which are the most 

prevalent cationic radionuclides found in water contaminated by nuclear activities [30-33]. 

In our previous study [33], the mechanisms of 137Cs, 90Sr and 60Co uptake by metakaolin-

based geopolymers were clarified, and a thermodynamic model based on ion exchange 

mechanisms was proposed. However, the permanently negatively charged surface of 

metakaolin-based geopolymers restricts the potential for uptake of anionic radionuclides such 

as selenium (79Se) or iodine (131I). Hence, modifying the composition of metakaolin-based 

geopolymers to endow them with both cations and anions uptake capacities while retaining 

their chemical stability remains a topic of great interest in the field. 

Ettringite (3CaO·Al2O3·3CaSO4·32H2O) can be found as a naturally occurring mineral and 

is also one of the hydration products of Portland cement. It predominantly forms during the 

initial stages of cement hydration through the reaction between aluminate and sulphate, 

which can either be naturally present in the cement paste or intentionally added to the system 

[34]. Ettringite possesses a column-like structure wherein the Al(OH)6
3-  octahedral units are 

interconnected with three adjacent Ca atoms. Each Ca atom demonstrates square 

antiprismatic coordination, involving eight surrounding entities consisting of 4 H2O (-OH2) 
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molecules and 4 OH− ions. Notably, the OH− ions are shared between the Al(OH)6
3- octahedra 

and the Ca-O8 square antiprismatic polyhedra, facilitating their structural connectivity [35]. 

The column-like structure saturated with sulphate ions and water molecules, and these 

columns are held together by the electrostatic attraction of the occupying species [36]. The 

abundant exchangeable sulphate (SO4
2-) species in the inter-channels of its column-like 

structure endow ettringite with a remarkable capacity for anion exchange [37,38]. For this 

reason, ettringite has been extensively studied for its ability to immobilise selenium 

oxyanions. Solem-Tishmack et al. [39] found that ettringite derived from high-calcium coal 

combustion by-products can effectively adsorb Se oxyanions from aqueous solutions. Zhang 

et al. [40] reported that ettringite demonstrates a higher adsorption capacity for Se oxyanions 

than does hydrocalumite, which represents another family of hydrous calcium aluminates 

that is often observed among cement hydration products. Gou et al. found that ettringite can 

immobilise SeO4
2- through the formation of SeO4

2- -substituted ettringite, while it can 

immobilise SeO3
2- through a ligand exchange with the Ca-OH2 at the edges of its channels, 

forming an inner sphere complex [41,42]. Moreover, ettringite can form in environments that 

are alkaline and rich in calcium, aluminium, and sulphur. Thus, it is feasible to form ettringite 

during aluminium-rich, alkali-activated reactions (geopolymerisation) in the presence of 

calcium and sulphur-rich additives, such as slag [43,44], which hold the potential for 

immobilising hazardous waste [45]. 

Several studies have examined ettringite formation in geopolymers made from multi-

aluminosilicate precursor sources [46,47]. Few researchers also explored the potential of 

geopolymers based on different precursors to adsorb or immobilise anions including I-, 
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AsO4
3- and Cr2O7

2- [48,49]. Tian et al. [50] developed the uptake capability for Se oxyanions 

using layered double hydroxides (LDHs) based on geopolymer gel. However, to our 

knowledge, the effectiveness of incorporating ettringite into metakaolin-based geopolymers 

for the immobilisation of selenium oxyanions has not been reported and studied in detail. 

 The present study addresses this gap by synthesising and evaluating a metakaolin-based 

geopolymer with in-situ ettringite. The capacity and feasibility of ettringite to uptake Se 

oxyanions were evaluated through aqueous co-precipitation experiments, and the uptake 

mechanism of the modified ettringite-in-situ geopolymers was explored through a binding 

experiment. A combination of X-ray diffraction (XRD), zeta potential, scanning electron 

microscopy (SEM), and Raman spectroscopy was used to evaluate the solid-phase 

characteristics, while inductively coupled plasma mass spectrometry (ICP-MS) and ion 

chromatography (IC) were used to analyse the aqueous phase. Finally, a thermodynamic 

model was developed to understand selenite uptake in both synthetic ettringite and modified 

geopolymer with in-situ ettringite. This comprehensive analysis provides valuable insights 

into the synthesis of ettringite-in-situ metakaolin-based geopolymers and their ability to 

uptake Se oxyanions. 

4.2 Experimental 

4.2.1 Materials 

Metakaolin obtained from Sobueclay (Japan), tricalcium aluminate (Taiheiyo Consultancy, 

Japan. 3CaO·Al2O3, abbreviated as C3A), gypsum (WAKO, 98 wt.%, CaSO4·2H2O, 
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abbreviated as Gyp), and ground granulated blast furnace slag (Ceramento A, Taiheiyo 

Cement Sales Co., Ltd., Japan) were used for the synthesis of geopolymer with in-situ 

ettringite. The chemical composition of metakaolin and slag determined by X-ray 

fluorescence (XRF) is listed in Table 4-1. The calcium content (in the form of CaO) in slag 

is approximately 0.01032 mol/g, and the molar ratio of SiO2:Al2O3 of metakaolin is 1.01. An 

aqueous potassium silicate solution (WAKO, originally containing 29.1 wt.% SiO2, 21.9 wt.% 

K2O, 49.0 wt.% H2O), a potassium hydroxide (WAKO, 86 wt.% KOH), and ultrapure water 

(TRUSCO, Japan) were used for making a potassium silicate alkali solution, which was used 

as an activator for the synthesis of geopolymers. Al2(SO4)3·16-18H2O and Ca(OH)2 were 

used to synthesise ettringite. In addition, K2SeO3, K2SeO4 and Sr(NO3)2 were selected as the 

simulated radionuclide sources, purchased from WAKO (Japan).  

Table 4-1. Chemical composition (wt%) of the metakaolin and slag as determined by X-ray 

fluorescence. 

Component Metakaolin Slag 

SiO2 48.59 23.43 

Al2O3 43.11 10.85 

Fe2O3 0.54 0.50 

CaO 0.21 51.70 

MgO 3.66 4.11 

Na2O 2.25 2.54 

K2O 0.13 0.62 
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TiO2 1.27 0.51 

P2O5 1.08 1.23 

SO3 - 4.00 

L.O.I.* 1.74 2.40 

*: L.O.I. is loss on ignition at 1100℃ for 12h [33,57]. 

4.2.2 Ettringite synthesis and co-precipitation 

The process for the ettringite synthesis with and without Se oxyanions is shown in Figure 4-

1(a). Initially, 10 mmol/L Al2(SO4)3·16-18H2O and 60 mmol/L Ca(OH)2 were mixed with 

water at a liquid/solid ratio of 10 to give a Ca2+ / SO4
2- molar ratio of 2. The suspension was 

continuously magnetically stirred for 24 hours at room temperature, followed by vacuum 

filtration and then drying at 40 ℃ for one day. In addition, co-precipitation of ettringite in 

the presence of Se oxyanions was conducted. The raw materials for the ettringite formation 

of 10 mmol/L Al2(SO4)3·16-18H2O and 60 mmol/L Ca(OH)2 were introduced into 100 mL 

K2SeO3 or K2SeO4 aqueous solution, where the concentration of Se oxyanions was from 0 

to10 mmol/L. Experimental groups in the presence of geopolymers were also set up in co-

precipitation experiments. The synthetic geopolymer was added at a ratio of 1 g per 100 mL 

solution (Figure 4-1(b)), and they were subsequently mixed using a magnetic stirrer for 24 

hours at room temperature. Then, the solid and liquid phases were separated by vacuum 

filtration for further analysis. All co-precipitation reactions were carried out in nitrogen-filled 

PE bottles to avoid CO2 contamination. Table 4-2 summarises the components included in 
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each group. In addition, all solid samples were dried at 40 °C for 24h in a thermostat before 

being ground to a particle size of less than 150μm. 

 

 

Figure 4-1. Schematic illustration of the procedure to conduct the co-precipitation 

experiment and to prepare the samples of (a) synthetic/Se-doped ettringite, (b) geopolymer 

with superficial ettringite, (c) pure geopolymers and (d) geopolymers with in-situ ettringite. 

Table 4-2. Components contained in each group of co-precipitation experiment. 

Groups SeO3
2- SeO4

2- Ettringite (raw material) Geopolymer 

1. SeO4-AFt-GP 
 ✓ ✓ ✓ 

2. SeO4-AFt 
 ✓ ✓  

24h

20℃

Co-precipitation

Stirrer

GP with superficial ettringite

Synthetic/Se-doped ettringite

GP with in-situ ettringite

Pure water/Solution

Casting

Grinding

Vacuum Filtration
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Smash

a

b

c

d
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Grinding

7d/28d
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Grinding

Grinding

Liquid-phase analysis
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3. SeO3-AFt-GP 
✓  ✓ ✓ 

4. SeO3-AFt 
✓  ✓  

✓ indicates the presence of the component. 

4.2.3 Ettringite in-situ geopolymer synthesis 

The alkali-activated solution for synthesising the geopolymers samples was prepared from 

potassium silicate solution, potassium hydroxide and ultrapure water. Figure 4-1(c) and 

Figure 4-1(d) demonstrate the synthesis procedure of pure geopolymers and modified 

geopolymers with in-situ ettringite, respectively. Pure geopolymers were prepared by 

mechanically mixing stoichiometric amounts of metakaolin with a sufficient quantity of 

alkali-activated solution (Figure 4-1(c)), giving a final chemical composition of geopolymers 

(in ceramist nomenclature) of 1K2O: 1Al2O3 :1SiO2: 13H2O. The detailed synthesis 

procedure, the preparation of materials and the curing method were reported in our previous 

study [33]. Various additives such as C3A, Gyp and blast furnace slag with different doses 

and curing conditions were tested to form the in-situ ettringite in geopolymer (Table 4-3). 

For simplicity, the samples were named according to the additives and the content added to 

the system. For instance, Gyp 10 wt% + 3Slag corresponds to the sample synthesised by 

externally adding 10 wt% gypsum and slag, the amount of slag added was determined as the 

molar amount of calcium in the slag was three times the molar amount of sulphate in added 

gypsum. After curing under specified conditions, the samples were characterised by XRD to 

identify ettringite formation. The only group for which in-situ ettringite could be detected  
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was Gyp 10 wt% + 3Slag, that had been kept at either 20 or 40 ℃ for 28 days.  

Table 4-3. Compositions and conditions adopted for the formation of in-situ ettringite in 

geopolymer. 

×: No Ettringite was detected by XRD ; ✓: Ettringite was detected by XRD 

Specimens with different additives 

20℃    

7 days 

20℃  

28 days 

40℃    

7 days 

40℃  

28 days 

1. Synthetic ettringite    × 

2. Ettringite raw materials: Al2(SO4)3·16-18H2O and Ca(OH)2    × 

3. C3A 5 wt% + Gyp 5wt%   × × 

4. C3A 5wt% + Gyp 5wt% + 1Slag   × × 

5. C3A 5wt% + Gyp 10wt%   × × 

6. C3A 5wt% + Gyp 10wt% + 1Slag   × × 

7. C3A 10wt% + Gyp 5wt%   × × 

8. C3A 10wt% + Gyp 10wt%   × × 

9. Gyp 5wt%    × 

10. Gyp 5wt% + 1Slag    × 

11. Gyp 5wt% + 3Slag  × × × 

12. Gyp 5wt% + 5Slag  ×  × 

13. Gyp 10wt%    × 

14. Gyp 10wt% + 1Slag  ×  × 

15. Gyp 10wt% + 3Slag × ✓ × ✓ 
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4.2.4 Experimental procedure 

A X-ray diffractometer (MultiFlex, Rigaku, Japan) was used to characterise the synthetic 

samples with CuKα radiation, scanning from 2θ=5-45° with a scan speed of 6.5° per min and 

a step size of 0.02°. The microstructure of the geopolymer with in-situ ettringite was 

examined by scanning electron microscopy (SEM: JSM-IT200, JEOL, Japan) with a 25kV 

acceleration voltage. A zeta potential & particle size analyser apparatus (ELSZ-1000ZS) was 

used to measure the zeta potential of the suspensions where the solid/liquid ratio of 

suspension was set to 1 g/L. In each case, KNO3 was selected to adjust the ionic strength, 

whereas KOH was used to adjust the pH. The Raman spectra of the samples, including the 

structural variation of synthetic ettringite and geopolymer with in-situ ettringite after uptake 

of SeO3
2-, were obtained using an XploRA PLUS Confocal Raman Microscope (HORIBA, 

Japan). The experimental parameters applied were a laser power of 532 nm, an x50 VIS 

objective lens, a 50-100% filter, a 100 μm slit, a 300 μm hole, an 1800 grating (450-850 nm), 

a measurement time of 40 seconds, and 6 accumulations. The water content change in 

ettringite samples after uptake of SeO3
2- was examined by a TG/DTA7220 (SEIKO, Japan), 

and the analysis was conducted by gradually increasing the temperature from 20 ℃ to 800 ℃ 

at a rate of 10 ℃/min, while maintaining a nitrogen flow rate of 200 mL/min. The 

suspensions of ettringite were equilibrated with 0.01, 0.1, 1, and 10 mmol/L of K2SeO3 and 

K2SeO4 solutions to measure the equilibrium time for the uptake of ions by ettringite (1g 

synthetic ettringite powder per 100 mL solution). After 7, 14, 21 and 35 days of immersion, 

the solution was filtered using a syringe filter (0.45 μm), and the concentrations of Se 
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oxyanions were assessed using inductively coupled plasma-mass spectrometry (ICP-MS, 

iCap Q ICP-MS, Thermo Scientific, USA, detection limit 0.01-10ppb), with the application 

of Yttrium internal standard method. A batch of binding experiments of synthetic ettringite 

and modified geopolymer with in-situ ettringite were performed with K2SeO3 solutions at 

0.01, 0.05, 0.1, 0.5, 1, 5, and 10 mmol/L with an ettringite (in-situ ettringite) to solution ratio 

of 1g/100 mL. After equilibration, the liquid phase was filtered with a 0.45 μm syringe filter. 

The concentrations of Se oxyanions in the filtered solution were measured by ICP-MS, and 

the concentrations of SO4
2- were measured through ion chromatography (ICS-90, DIONEX, 

USA). In addition, the uptake capacity of geopolymer with in-situ ettringite for Cs+ and Sr2+ 

with in-situ ettringite was measured in the same way as given in our previous study [33]. It 

is important to note that a glove box filled with N2 gas and a sealed wide-mouth flask were 

employed in the experiment. Therefore, the influence of oxygen was negligible. In addition, 

the redox state regions expressed by Eh-pH according to the boundary conditions set in terms 

of pH and initial concentration of SeO3
2- are shown in Fig. S4-1. The result illustrates that all 

the data points fall within the range dominated by SeO3
2-. Hence, the oxidation of SeO3

2- to 

SeO4
2- in this study was found to be insignificant. Furthermore, it is known that SeO4

2- 

represents the highest oxidation state of selenium and is considerably more stable compared 

to SeO3
2-, and it will rarely be actively reduced to SeO3

2- in the absence of a suitable reducing 

agent [51]. Given this understanding, it can be inferred that throughout this study, SeO3
2- and 

SeO4
2- retained their respective oxidation states without undergoing any notable redox 

reactions. 

The amounts of bound Se oxyanions and leached SO4
2- were calculated by Eqs. 4.1 and 4.2: 
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𝐴𝐵 = (𝐶𝑆𝑒_𝑖 − 𝐶𝑆𝑒)
𝑉

𝑚
 (𝑚𝑚𝑜𝑙/𝑔)                                                                                           (4.1)  

𝐴𝐿 = (𝐶𝑆 − 𝐶𝑆_𝑏)
𝑉

𝑚
 (𝑚𝑚𝑜𝑙/𝑔)                                                                                                   (4.2) 

The distribution ratio (Rd) was determined from Eq. 4.3: 

𝑅𝑑 = 𝐴𝐵/ 𝐶𝑆𝑒_𝑖  (𝐿/𝑔)                                                                                                                      (4.3) 

where 𝐴𝐵  is the bound amount of the Se (mmol/g), 𝐴𝐿  is the leached amount of SO4
2- 

(mmol/g), 𝐶𝑆𝑒_𝑖 is the Se initial concentration (mmol/L), 𝐶𝑆𝑒 is the equilibrium concentration 

of the Se (mmol/L), 𝐶𝑆 is the equilibrium concentration of SO4
2- (mmol/L), and 𝐶𝑆_𝑏 is the 

SO4
2- concentration when the synthetic ettringite or geopolymer with in-situ ettringite is 

immersed in pure water until reaching equilibrium (mmol/L). 𝑉 is the volume of the liquid 

phase (L), and 𝑚 is the mass (g) of the crystalline ettringite detected by XRD. 

4.2.5 Modelling approach 

The ion-exchange reaction between synthetic ettringite or in-situ ettringite and radionuclide 

anions of SeO3
2- was fitted and explained based on the ion-exchange module available in the 

geochemical code PHREEQC Version 3 [52]. The activity coefficients were calculated based 

on the extended Debye–Huckel equation, whose parameters are available in the database of 

WATEQ4F.dat [53]. The simulant radionuclide anion SeO3
2- can be exchanged with the SO4

2- 

present in the ettringite interlayers as: 

𝑋𝑔 − 𝑆𝑂4 + 𝑆𝑒𝑂3
2− ↔ 𝑋𝑔 − 𝑆𝑒𝑂3 + 𝑆𝑂4

2−, 𝐿𝑜𝑔𝑘 =
[𝑋𝑔−𝑆𝑒𝑂3][𝑆𝑂4

2−]

[𝑋𝑔−𝑆𝑂4][𝑆𝑒𝑂3
2−]

                                 (4.4) 
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where 𝑋𝑔  are the exchange sites, simplifying the representation of ettringite interlayers. 

𝐿𝑜𝑔𝑘 is the exchange coefficients for SeO3
2-. The module can be implemented in PHREEQC 

using the keyword data block of EXCHANGE_MASTER_SPECIES, 

EXCHANGE_SPECIES, and EXCHANGE. Also, the keyword data block of PHASES and 

EQUILIBRIUM_PHASES was used to introduce the ettringite phase into the reaction to 

simulate the pH changes and the SO4
2- environment in the solution. To obtain the best-fitting 

𝐿𝑜𝑔𝑘, a Python-coded loop was implemented to continuously adjust the parameter 𝐿𝑜𝑔𝑘  in 

incremental steps. This iterative process involved comparing the quality of the fit controlled 

by 𝐿𝑜𝑔𝑘 with the experimental data until the desired level of accuracy is achieved. 

4.3 Results and discussion 

4.3.1 Characterisation 

X-ray diffraction (XRD) measurements were conducted to characterise the formation of in-

situ ettringite in modified geopolymers. Figure 4-2 shows the XRD patterns of pure 

geopolymer, synthetic ettringite, and geopolymer with in-situ ettringite cured at 20 ℃ and 

40 ℃ for 28 days. A small amount of gypsum was found as an impurity in the synthetic 

ettringite, less than 2 % as determined using a corundum internal standard. The synthetic 

geopolymer XRD pattern exhibits a broad hump in the range of 2θ = 27°-29°, indicating 

disordered products. A faint signal of quartz was also detected in the XRD pattern of pure 

geopolymer, attributed to a very minor impurity in the metakaolin used. These findings are 

in line with earlier investigations on metakaolin-based geopolymers [33]. The characteristic 
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peaks of ettringite were detected in the XRD pattern of the geopolymer samples with in-situ 

ettringite; however, the presence of peaks of potassium sulphate was also identified, which 

could be a result of the precipitation of saturated sulphate with potassium ions in the pore 

solution of the geopolymer. It is believed that the presence of the sulphate ions would favour 

the formation of in-situ ettringite, although there may be some delay in this process [54]. The 

sample containing Gyp 10 wt% + 3Slag-40°C exhibited a significantly stronger ettringite 

peak, measuring 2.65% according to the internal standard method. Additionally, a calcite 

peak was observed in this sample, unlike in the Gyp 10% + 3Slag-20°C sample. These 

findings indicating that a relatively higher temperature favours crystallisation of these 

crystals and that the higher temperature used here is sufficiently low not to induce thermal 

destabilisation of the ettringite.  

Figure 4-3 shows the SEM images of pure geopolymers, synthetic ettringite and the Gyp 10 

wt% + 3Slag-40℃ samples. These images provide insights into the significant morphological 

changes prior and after in-situ ettringite formation in geopolymers. An amorphous 

geopolymer matrix is shown in Figure 4-3 (a), the EDS analysis of which indicates that its 

main constituent elements are O, Al, Si in the structural and K balancing the negative charge 

sites. The characteristic needle-like hexagonal crystal structure of ettringite is clearly 

depicted in Figure 4-3 (b). Notably,  the EDS analysis reveals a slight elevation of 

approximately 3.5% in the S and Ca as compared to the anticipated theoretical values. This 

discrepancy can likely be attributed to the presence of CaSO4 impurities, which may have 

influenced the detection results. Moving on to the modified geopolymers shown in Figure 4-

3 (c), the presence of in-situ ettringite embedded within the geopolymer matrix is evident. 
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The EDS analysis performed at specific points confirms the corresponding elemental 

composition of the substances. Although Ca was detected in the geopolymer matrix and Si 

in the in-situ ettringite, this occurrence might be attributed to their interaction during the 

detection process. Significantly, the in-situ ettringite within the geopolymer matrix is not 

observed in aggregated clusters, as typically observed in cementitious materials [55]. Instead, 

it appears as a distinct crystal structure, embedded within the geopolymer matrix. This 

phenomenon is likely a consequence of the electrostatic attraction between the positive 

charge on the surface of ettringite and the negative charge of the geopolymer matrix. This 

electrostatic interaction is further addressed in the subsequent sections of this paper, 

specifically in the discussion on zeta potential. It is therefore hypothesised that the in-situ 

ettringite present in the geopolymer matrix may have distinct properties compared to 

synthetic ettringite. 
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Figure 4-2. X-ray diffraction (XRD) patterns of synthetic ettringite, pure and modified 

geopolymers. 
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Figure 4-3. SEM micrographs of a (a) pure geopolymers (b) synthetic ettringite and (c) 

modified geopolymer and EDS analysis of the corresponding sites. 

The zeta potential of each solid phase is demonstrated in Figure 4-4. Since those solid phases 

were in an alkali-activated environment, basic solutions were selected for zeta potential 

measurement at constant ionic strengths of 10 and 100 mmol/L. Synthetic ettringite shows a 

positive zeta potential that is independent of pH, indicating the presence of a permanent 

charge on its surface (Figure 4-4 (a)). The positive charges are considered to be derived from 

the unit cell of ettringite consisting of columnar {Ca6[Al(OH)6]2·24H2O}6+ [35]. Conversely, 

the zeta potential of pure geopolymer shows a consistent negative charge independent of pH 

(Figure 4-4 (b)). However, as the ionic strength decreased, a thicker electrical double layer 

formed, increasing the absolute magnitude of the zeta potential of the pure geopolymer. It is 

worth noting that the zeta potential of ettringite was independent of ionic strength, which 
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could be a significant characteristic difference in its behaviour compared to the zeta potential 

of geopolymer. Both the geopolymer with superficial ettringite from the co-precipitation 

process and the geopolymer with in-situ ettringite after modification demonstrated a reduced 

absolute value of zeta potential due to the positive surface of ettringite partially compensating 

the negatively charged geopolymer matrix (Figure 4-4 (c) & (d)). Moreover, due to the 

variation in the state of the space filled by ettringite, the zeta potential of the geopolymer 

with superficial ettringite exhibited a trend more like that of ettringite, while the surface of 

geopolymer with in-situ ettringite behaved similarly to pure geopolymer. 

 

 

(a) (b)

(c) (d)
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Figure 4-4. Zeta potential as a function of pH for (a) synthetic ettringite, (b) pure geopolymer, 

(c) geopolymer with superficial ettringite and (d) geopolymer with in-situ ettringite (legend 

entries indicate ionic strengths of 10 and 100 mmol/L). 

The synthetic ettringite was characterised by Raman spectroscopy (Figure 4-5a). The peak 

at 989, 450, 1118 and 615 cm-1 are (respectively) the 𝑣1 , 𝑣2 , 𝑣3  and 𝑣4  sulphate anion 

vibration modes and the peak at 549 cm-1 is due to the bending vibration mode of Al(OH)6 

[56]. In addition, the Raman spectroscopic analysis of pure geopolymer and geopolymer with 

in-situ ettringite indicates the change of structure and components after modification (Figure 

4-5 (b) and Figure 4-5 (c)). Previous studies have reported that the most sensitive and typical 

bands of geopolymer structure in Raman spectroscopy were in the range of 350-750 cm-1 

[57]. The peaks at 395(396), 509(507) and 635 cm-1 are assigned to the vibration modes of 

the representative ring structures of aluminosilicate tetrahedra in geopolymers. The 

broadband at 372-421 cm-1 (marked as light blue in Figure 4-5) is assigned to 8-membered 

rings (8R), the broadband in the region of 421-604 cm-1 (marked as light green) represents 

double 6-membered rings (D6R), and the broadband at 604-712 cm-1 (marked as light red) 

corresponds to 4-membered rings (4R). These are the main basic building units that constitute 

the three-dimensional network of the geopolymer, which is a disordered pseudo-zeolite [58]. 

It is important to note that the 8R, D6R, and 4R vibration modes of the modified geopolymer 

containing in-situ ettringite remained unaltered from the pure geopolymer (Figure 4-5 (b) 

and Figure 4-5 (c)); intensities and frequencies were nearly constant, indicating that the 

geopolymer matrix was not structurally altered by the addition of slag and gypsum to form 

in-situ ettringite. No evidently new chemical linkages were observed that would have 
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suggested a chemical connection between the geopolymer matrix and the ettringite. 

Additionally, the sample containing in-situ ettringite shows a minor calcium carbonate 

impurity due to adding calcium (as slag and gypsum) into the geopolymer (Figure 4-5 (c)). 

 

Figure 4-5. Raman spectra of (a) synthetic ettringite, (b) pure geopolymer, and (c) modified 

geopolymer with in-situ ettringite. 

4.3.2 Co-precipitation analysis 

The equilibrated Se oxyanions and sulphate concentration of co-precipitation groups 1-4 (as 

defined in Table 4-2) are shown in Figure 4-6. As the initial Se concentration increased, the 

removal of both SeO3
2- and SeO4

2- from the solution grew, and the difference between each 

group became more pronounced (Figure 4-6 (a)). According to a previous study [42, 59], 
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ettringite has been shown to immobilise SeO3
2- more effectively than SeO4

2-, resulting in the 

formation of Se-doped ettringite and the results presented here are broadly consistent with 

that past study. The addition of geopolymer reduces the Se removal due to the charge 

repulsion caused by the negatively charged surface of the geopolymer (Figure 4-4). As the 

amount of immobilised Se increased (Figure 4-6 (a)), the concentration of sulphate (SO4
2-) 

in the solution also rose correspondingly (Figure 4-6 (b)). This results from replacing 

sulphate as the free anion within the ettringite columnar structure by the Se oxyanions. Given 

that the original sulphate concentration was 30 mmol/L, the decrease in sulphate can be 

interpreted as an indication of the extent of ettringite formation. It is found that the presence 

of geopolymer hindered the formation of ettringite in a co-precipitation system to some extent. 

 Comparing the deviation in equilibrated concentrations of each species with the blank group 

(without Se) is crucial for understanding the uptake of ettringite during the co-precipitation 

process with Se oxyanions. The difference between the initial and equilibrated Se 

concentration for groups 1-4 at 10 mmol/L Se initial concentration (Figure 4-6 (a)), which 

could be regarded as the amount of Se taken up by the solid, were 1.81, 2.17, 6.94 and 9.36 

mmol/L, respectively. Correspondingly, the differences in sulphate concentration between 

the blank and the equilibrated samples were 1.59, 2.16, 6.3 and 7.24 mmol/L, respectively 

(Figure 4-6 (b)), which could be regarded as the amount of SO4
2- displaced from ettringite. 

A very close relationship was thus found between the uptake amount of Se oxyanions and 

the displaced amount of SO4
2- in groups 1, 2, and 3, but there is a significant difference in 

group 4. It is believed that SeO4
2- and SeO3

2- uptake in groups 1-3 was primarily facilitated 

by the formation of Se-doped ettringite, in which Se oxyanions were immobilised as 
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interlayer anions through electrostatic forces. However, the immobilisation of Se in group 4 

is not solely attributed to anion exchange with inter-column sulphate, suggesting another 

mechanism appears to play a role. A previous research study [42] suggested that ligand 

exchange with the -OH2 groups at the channel edges to form complexes could be one of the 

dominant mechanisms for SeO3
2- uptake in ettringite, and it is possible that this is taking 

place in group 4. This mechanism will be discussed in more detail in the following section. 

The results of Rd with an increasing initial concentration of Se are shown in Figure 4-6 (c). 

The Rd of ettringite for SeO3
2- is much higher than that of SeO4

2- and gradually decreases 

with an increasing initial concentration of Se. However, while the Rd for SeO4
2- exhibits a 

slight decrease with higher initial Se concentration, it is comparatively negligible when 

compared to the notable alterations observed in the SeO3
2- system. It can be observed that 

despite some negative effects of the presence of geopolymer on the immobilisation of Se 

oxyanions, ettringite still exhibits a significant ability to immobilise Se oxyanions. 

 

(a) (b)
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Figure 4-6. Concentration of (a) Se oxyanions, (b) SO4
2- at equilibrium, and (c) calculated 

distribution ratio (Rd) as a function of initial Se concentration (The pH range of systems with 

only ettringite was 10.5±0.1, and the pH range of systems with geopolymer was 11±0.1). 

The XRD patterns of the solid phases resulting from the co-precipitation systems were 

analysed, and the interplanar distance at (100) crystal planes, d100, was obtained by applying 

the Bragg formula to the 2θ angle of the (100)-plane peak. Table 4-4 presents the d100 values 

for synthetic ettringite, serving as a control, and the d100 values of Se-doped ettringite 

equilibrated in a system containing an initial concentration of 10 mmol/L Se. The d100 of 

ettringite in the control group had no significant difference in the presence or absence of 

geopolymer. After uptake of SeO4
2- and SeO3

2-, the d100 of ettringite increased and decreased, 

respectively. The state of the intercolumn free water has no impact on the size of a unit cell 

or crystal structure [60]; thus, the variation of the interplanar distance can be attributed to the 

uptake of Se oxyanions. The replacement of SO4
2- by the Se oxyanions appears to increase 

in the interplanar distance due to the larger size of SeO3
2- and SeO4

2-, as the Se-O bond length 
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is longer than the S-O bond length [61]. However, the uptake of SeO3
2- did not increase d100; 

the difference between the uptake behaviour of ettringite toward SeO3
2- and SeO4

2- can be 

attributed to the structural distinction between the two species [42, 62, 63].  

It is noteworthy that the presence of geopolymer may significantly impact the change in d100 

of ettringite after the uptake of SeO3
2-,  while having a relatively small impact on the change 

in d100 after the uptake of SeO4
2-. This outcome suggests that geopolymer may impede the 

formation of complexes through ligand exchange, but the capacity of ettringite to immobilise 

Se oxyanions through interlayer electrical attraction is not significantly affected. In addition, 

it is important to note that the d100 value of synthetic ettringite is influenced by various factors, 

such as the Ca/Al ratio, differences in crystallinity resulting from the growth environment of 

the crystals, and changes in orientation caused by cutting and grinding during sample 

preparation. Previous studies have reported d100 values of ettringite ranging from 9.67 to 9.75 

Å [35, 64-66]. Therefore, the d100 value obtained for the synthetic ettringite in this study is 

considered to be within a reasonable range. 

Table 4-4. The shift in the d100-spacing of ettringite at a concentration of 10 mmol/L Se in 

each group, and the percentage change compared to synthetic ettringite. 

 d100, ettringite 

control sample (Å) 

 d100, ettringite equilibrated 

at 10 mmol/L Se (Å) 

d100, change after uptake 

Se (10mmol/L) (%) 

1. SeO4-AFt-GP 

9.733 ± 0.01 

9.815 + 0.842 

2. SeO4-AFt 9.812 + 0.812 
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4.3.3 Uptake behaviour from solution 

Prior to determining the Se oxyanion uptake from the solution onto the synthetic ettringite 

and the geopolymer with in-situ ettringite, the time required to attain equilibrium was 

determined. Figure 4-7 presents the Rd values of SeO3
2- and SeO4

2- on synthetic ettringite as 

a function of time in solutions with concentrations ranging from 0.1 to 10 mmol/L. The Rd 

of SeO3
2- attained more than 95% of its highest value after 7 days and more than 99% of its 

highest value after 14 days. Similar trends were observed across all concentrations. As such, 

14 days is considered as the equilibration time for the isothermal uptake experiment. On the 

other hand, little SeO4
2- could be immobilised even after 35 days of immersion, which 

indicates ettringite has a limited capacity to immobilise SeO4
2- from solution (as distinct from 

the co-precipitation route discussed in the previous section). Therefore, the primary emphasis 

of the isothermal uptake in this study is on SeO3
2- uptake by geopolymers with in-situ 

ettringite, and by synthetic ettringite. 

3. SeO3-AFt-GP 9.697 - 0.369 

4. SeO3-AFt 9.676 - 0.586 
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Figure 4-7. Relationship between distribution ratio (Rd) and immersion time for synthetic 

ettringite in (a) SeO3
2- and (b) SeO4

2- solutions of different concentrations (marked in the 

legends, in units of mmol/L, and the pH range of all concentration systems was 10.5±0.1). 

The relationship between the quantity of leached SO4
2- ions from synthetic ettringite and 

from the modified geopolymer with in-situ ettringite, and the amount of bound SeO3
2- ions, 

is presented in Figure 4-8. The relationship between leached SO4
2- and bound SeO3

2- at initial 

SeO3
2- concentrations below 1 mmol/L displays a direct (1:1) linear correlation onto both 

synthetic ettringite and geopolymer with in-situ ettringite. However, at high SeO3
2- 

concentrations (5 and 10 mmol/L), both geopolymer with in-situ ettringite and synthetic 

ettringite exhibit correlations that deviate somewhat from the expected direct linear 

relationship. In particular, there is a slight deviation for geopolymer with in-situ ettringite 

and a significant deviation for synthetic ettringite. This suggests that the amount of bound 

SeO3
2- exceeded that of released SO4

2-. Based on a previous study [67], the quantity of SO4
2- 

available for ion exchange in the ettringite is estimated to be 0.04 mmol SO4
2- per gram of 

ettringite, representing approximately 2-3% of the total sulphate present in the solid. The 

(a) (b)
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results of the current study indicate that the experimental uptake of SeO3
2- and leaching of 

SO4
2- at an initial SeO3

2- concentration of 1 mmol/L (considered the maximum concentration 

for ion exchange) were approximately 0.037 mmol/g and 0.036 mmol/g, respectively. These 

findings are in good agreement with the estimated results and support the mechanism of ion 

exchange. 

 

Figure 4-8. The relationship between bound SeO3
2- and released SO4

2- from synthetic 

ettringite (blue triangle) and geopolymer with in-situ ettringite (red squares), expressed in 

mmol of the oxyanions per g solids (The pH range of systems with ettringite was 10.5±0.1, 

and the pH range of systems with modified geopolymer was 11.5±0.2). 

Figure 4-9 displays the evaluation of Rd and the leaching/binding ratio (L/B) as a function 

of increasing initial SeO3
2- concentration. The L/B ratio represents the molar ratio between 

the amount of leached SO4
2- and the amount of bound SeO3

2-. The Rd of geopolymer with in-

situ ettringite continuously decreased with increasing SeO3
2- initial concentration, whereas 
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the L/B ratio remained close to 1 for concentrations below 1 mmol/L and showed a slight 

decline for concentrations greater than 1 mmol/L. Despite the fact that the L/B ratio 

significantly deviated from 1 at 0.01 mmol/L, possibly due to measurement uncertainty. As 

opposed to that, the Rd of synthetic ettringite showed a “U”-shaped relationship with different 

initial SeO3
2- concentrations: in the concentration range from 0.01 to 1 mmol/L, the Rd of 

synthetic ettringite decreased with increasing initial SeO3
2- concentration similar to the 

geopolymer with in-situ ettringite, while the Rd sharply increased when the concentration 

was elevated to around 5 mmol/L, (approaching the same high Rd as at 0.01 mmol/L), and it 

then remained constant up to 10 mmol/L initial concentration. The L/B ratio of SeO3
2- on 

synthetic ettringite fluctuated around 1 in the concentration range between 0.01 and 1 mmol/L 

SeO3
2-, but rapidly decreased when the initial SeO3

2- concentration reached 5 mmol/L. These 

fluctuations suggest that the SeO3
2- uptake in ettringite, both synthetic form and in-situ form, 

is primarily controlled by anion exchange with SO4
2- from the interlayer at concentrations 

below 1 mmol/L. When the concentration of SeO3
2- exceeds 1 mmol/L, the uptake 

mechanism for SeO3
2- shifts to ligand exchange, which acts in conjunction with ion exchange. 

However, this mechanism is considerably impeded in the in-situ form of ettringite. 
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Figure 4-9. Rd values and leaching/binding (L/B) ratios of SeO3
2- on synthetic ettringite, and 

on geopolymer with in-situ ettringite, as a function of initial SeO3
2- concentration (The pH 

range of systems with ettringite was 10.5±0.1, and the pH range of systems with modified 

geopolymer was 11.5±0.2). 

The Cs+ and Sr2+ uptake capacities of pure geopolymer and geopolymer with in-situ ettringite 

were also analysed and compared, as depicted in Figure 4-10. It was observed that the 

capacity of pure geopolymer for both Cs+ and Sr2+ was consistently higher than that of the 

geopolymer with in-situ ettringite, with a more significant difference in capacity towards Sr2+ 

as compared to Cs+. While both pure geopolymer and geopolymer with in-situ ettringite 

exhibited an increase in cation uptake with increasing initial cationic concentration until a 

concentration of 5 mmol/L, the pure geopolymer continued to uptake more cations even when 

the initial concentration exceeded 5 mmol/L. However, the uptake capacity of geopolymer 

with in-situ ettringite appeared to reach saturation at around 5 mmol/L, unable to 
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continuously uptake more cations. This disparity can be attributed to the positive surface 

charge of the in-situ ettringite, which reduces the electrostatic attraction and leads to a partial 

loss of chemical sites available for cation exchange. However, it is important to note that the 

actual concentrations of cations like Cs+ and Sr2+ in pollutants are in the order of parts per 

million, thus even with the modification, geopolymer with in-situ ettringite still possesses a 

very useful uptake capacity for Cs+ and Sr2+. 

 

Figure 4-10. Uptake capacity of pure geopolymer (dotted lines) and geopolymer with in-situ 

ettringite (solid line) for Cs+ and Sr2+. 

4.3.4 Structural change after uptake 

The structural changes in synthetic ettringite, and geopolymer with in-situ ettringite, after 

SeO3
2- uptake can be characterised using Raman spectra, as shown in Figure 4-11. The 
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spectra in Figure 4-11(a) depicts the Raman spectra of synthetic ettringite before and after 

14 days of immersion in solutions with varying SeO3
2- initial concentrations. As previously 

discussed (Figure 4-5), the peaks at 989, 450, 615, and 1118 cm-1 correspond to the vibrations 

of SO4
2-, while the peak at 549 cm-1 is due to the bending vibration mode of Al(OH)6. These 

peaks remained stable after 14 days of immersion and showed no significant changes with 

changes in the initial SeO3
2- concentration. The broad band between approximately 3000 cm-

1 to 3650 cm-1 is caused by the overlapping bands of channel water, crystal water, and 

coordinated -OH2 vibrations in the columnar unit of ettringite. Synthetic ettringite, and 

ettringite immersed in solutions with initial SeO3
2- concentrations ranging from 0 to 0.5 

mmol/L exhibited identical spectra in the 3000 cm-1 to 3650 cm-1 range, but the intensity in 

this region decreased gradually with increasing initial SeO3
2- concentration, reaching a 

significant reduction when the initial SeO3
2- concentration reached 10 mmol/L. It is also 

worth mentioning that with increasing initial SeO3
2- concentration, new peaks attributed to 

SeO3
2- became gradually revealed at 829 cm-1 and 773 cm-1.  

Figure 4-11 (b) shows the Raman spectra of the geopolymer with in-situ ettringite after 14 

days of immersion. A comparison between the pure geopolymer and the geopolymer with in-

situ ettringite demonstrates that the peaks associated with the typical geopolymer structure, 

situated between 371 cm-1 and 712 cm-1, remain unaltered. Conversely, vibrational peaks 

representing SO4
2- (989 cm-1) and calcite (1085 cm-1) were observed to emerge, as previously 

discussed (as depicted in Figure 4-5). When the geopolymer with in-situ ettringite was 

immersed in a solution, no significant alterations were observed as a function of the initial 

SeO3
2- concentration. However, there was a noticeable weakening in the intensity of the peak 
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associated with SO4
2- at 989 cm-1, which may be attributed to the dissolution of potassium 

sulphate present in the geopolymer with in-situ ettringite. Nevertheless, it was still possible 

to observe peaks attributed to SO4
2- vibrations in the geopolymer with in-situ ettringite that 

are considered to be derived from the in-situ ettringite, and there was no significant change 

in these peaks. Unlike the synthetic ettringite, it had no significant change of the broadband 

between 3000 cm-1 and 3650 cm-1, especially the peak representing O-H (around 3620 cm-1), 

as a function of the initial concentration of SeO3
2-. 

  

Figure 4-11. Raman spectra of (a) synthetic ettringite, and (b) geopolymer with in-situ 

ettringite, after 14 days of SeO3
2- uptake at various initial concentrations (as marked in the 

dataset labels; values in mmol/L). The vibration of each main functional group is marked in 

the figure by text annotations, and the vibrations of OH- and SO4
2- are marked in the ribbons 

of light blue and light yellow, respectively.  
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In order to gain a deeper understanding of the alteration of -OH2 groups in the synthetic 

ettringite structure following the incorporation of SeO3
2-, thermo gravimetric analysis (TG) 

was carried out. Figure 4-12 presents the TG profiles of synthetic ettringite after being 

immersed in various SeO3
2- solutions. The most substantial weight loss of the synthetic 

ettringite was observed between 90 and 108 ℃ and increased progressively with increasing 

temperature. The maximum weight loss was reached when the temperature rose to 

approximately 800 ℃, which can be attributed to the quantity of water present in the ettringite 

structure [68]. As the initial SeO3
2- concentration increased, the water content in the ettringite 

structure after the uptake of SeO3
2- decreased, with a notably significant reduction observed 

at an initial SeO3
2- concentration of 10 mmol/L. The results are consistent with those obtained 

from the previous liquid phase analysis (represented in Figure 4-8 and Figure 4-9) and 

provide evidence from the solid phase structure that the uptake of SeO3
2- into ettringite 

through anion exchange at low SeO3
2- concentrations does not alter the vibrational bond in 

the range of 3000 cm-1 to 3650 cm-1. However, ligand exchange in the intercolumn edge site 

can reduce the amount of -OH2 groups coordinated with Ca, which decreases the water 

content in synthetic ettringite and weakens the vibrational bond in the range of 3000 cm-1 to 

3650 cm-1. 
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Figure 4-12. TG curves of synthetic ettringite after immersion in various concentrations of 

SeO3
2- solutions (as marked in the legend, in mmol/L) for 14 days. 

4.3.5 Thermodynamic modelling and verification 

The ion exchange model was used to predict SeO3
2- uptake at concentrations below 1 mmol/L, 

where uptake is primarily controlled via the ion exchange mechanism. The best fit of log_𝐾 

was obtained through python-code fitting results with experimental data for SO4
2- leaching 

(Figure 4-13 (a) and Figure 4-13 (c)). A high correlation between experimental data and 

modelling results was observed for both cases. The estimated log_𝐾  for ion exchange 

reaction in the synthetic ettringite and modified geopolymers are 1.049 and 0.222, 

respectively. The estimated log_𝐾 indicates that the ion exchange capacity of in-situ ettringite 

present in modified geopolymers is somewhat weakened by the geopolymer matrix, 

supporting the results shown in the previous sections. Figure 4-13 (b) and Figure 4-13 (d) 
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depict the predicted amount of bound SeO3
2- corresponding to estimated log_𝐾 as a function 

of concentration. The model prediction displays a good agreement with the experimental data, 

which describes and demonstrates the ion exchange mechanism at this concentration range. 

It is worth noting that radionuclide ionic concentration in nuclear waste is in parts per million 

order; thus, the proposed ion exchange model would be applicable. 

 

 

(a) (b)

(c) (d)
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Figure 4-13. Fitting of experimental data with modelling results for (a) synthetic ettringite 

and (c) modified geopolymers, and the comparison of the predicted and measured (c) 

synthetic ettringite and (d) modified geopolymers as a function of concentration. 

4.3.6 Mechanism of SeO3
2- uptake in geopolymer with in-situ ettringite 

The uptake mechanism of the geopolymer with in-situ ettringite for SeO3
2- is schematically 

demonstrated in Figure 4-14. As discussed above, the mechanism for uptake of SeO3
2- by 

ettringite strongly depends on the concentration of SeO3
2- in the solution. At low 

concentrations (< 1 mmol/L), the uptake of SeO3
2- is primarily dominated by ion exchange 

with inter-channels SO4
2-. However, as the initial SeO3

2- concentration increases, ettringite 

immobilises SeO3
2- through a ligand exchange with -OH2 coordinated with Ca located on the 

channel edges. According to the bond valence theory [42], the preferred structure of 

complexes formed is shown in Figure 4-14. The reason for such a mechanistic shift may be 

attributed to the variation in the chemical potential generated by the concentrations of SeO3
2- 

in solution [69]. When the concentration of a SeO3
2- in a reaction system increases, the 

corresponding increase in its chemical potential can facilitate its exchange with coordinated 

hydroxyl through a ligand exchange mechanism [70]; this property of chemical potential is 

a critical factor that determines the selectivity and controllability of chemical reactions 

involving ligand and ion exchange mechanisms. However, when ettringite is present in its 

in-situ form in the geopolymer matrix, the positively charged embedded ettringite could be 

attracted by the negatively charged geopolymer matrix by electrostatic forces. Due to the 

polarity of the linked oxygen atoms, the proton in the channel edge functional group (Ca-
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OH2) in the ettringite structure may form hydrogen bonds with Al in the negatively charged 

tetrahedral AlO4 on the geopolymer surface, thus rendering these -OH2 ligands somewhat 

more stable. At the same time, the geopolymer matrix also covers most of the ettringite 

surface, physically obscuring to some degree the sites on the ettringite surface where ligand 

exchange with SeO3
2- can occur. Thus, the uptake capacity of in-situ ettringite in modified 

geopolymer to SeO3
2- through ligand exchange is sterically shielded by geopolymer matrix 

to some extent; as a result, ion exchange with inter-channels SO4
2- becomes the controlling 

uptake mechanism of geopolymer with in-situ ettringite for SeO3
2-. The ion exchange 

capacities of ettringite and geopolymer, for anions and cations, respectively, are influenced 

by each other due to the compensation of mutually opposite charges. Nonetheless, it is 

noteworthy that the geopolymer incorporating in-situ ettringite continues to exhibit a 

reasonable capacity for immobilising both cationic and anionic radionuclides. These 

radionuclides are typically encountered in waste streams at concentrations ranging from parts 

per million.  
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Figure 4-14. A proposed mechanism for SeO3
2- uptake in geopolymer with in-situ ettringite.  

4.4 Conclusion 

Modified geopolymers with in-situ ettringite were successfully synthesised with the addition 

of gypsum and ground granulated blast furnace slag (Gyp 10wt% + 3Slag). Ettringite was 

observed to have a high uptake potential for Se oxyanions, and so its in situ synthesis endows 

geopolymer with a greatly enhanced uptake capacity for Se oxyanions. Specific findings of 

this study include: 

➢ Either in the in-situ form or by co-precipitation, the generated ettringite can act in 

combination with the permanently negatively charged geopolymer due to its positively 

charged surface, and this interaction compensates for the partial negative charge. 
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➢ The basic structure and cation uptake capacity of the geopolymer are retained after the 

modification by ettringite synthesis. 

➢ Synthetic ettringite can immobilise both SeO3
2- and SeO4

2- through co-precipitation but 

can only uptake SeO3
2- through the binding process. The immobilisation of SeO3

2- during 

the binding process is primarily achieved through ion exchange with SO4
2- at low 

concentrations (<1 mmol/L), with a maximum ion exchange capacity of around 0.037 

mmol/g observed at approximately 1 mmol/L. However, at higher concentrations (>1 

mmol/L), the dominant mechanism shifts to ligand exchange with Ca-OH2. A maximum 

Rd value of approximately 0.092 was obtained in the concentrations of 0.01, 5, and 10 

mmol/L. 

➢ The uptake mechanism of ligand exchange to SeO3
2- is partially shielded by the 

electrostatic interaction and hydrogen bonding with the geopolymer matrix. However, the 

modified geopolymer retains the capacity to adsorb cationic radionuclides (Cs+ and Sr2+) 

and has developed significant uptake capacity for SeO3
2- by ion exchange as the 

controlling mechanism. The maximum immobilisation capacities for Cs+, Sr2+ and SeO3
2- 

were approximately 0.597, 0.974 and 0.096 mmol/g, respectively. 

➢ Thermodynamic modelling was conducted based on an ion exchange mechanism, which 

predicts the uptake behaviour of both synthetic ettringite and modified geopolymers for 

SeO3
2- at low concentrations (< 1 mmol/L). 
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5.1 Introduction 

The rapid development of contemporary society has brought about remarkable progress in 

industry and technology, but it has also resulted in a series of significant environmental 

problems. Among them, the development of the nuclear industry is a prominent example [1, 

2, 3]. While the nuclear industry has brought tremendous energy and technological 

advancements to humanity, it has also produced vast quantities of contaminations, including 

radionuclides, which are not only released during nuclear accidents [4, 5, 6] but are also 

generated during normal nuclear facilities operations, posing a significant threat to the natural 

environment and human health through their diffusion and accumulation in groundwater [7, 

8, 9]. At present, an important issue worldwide is how to handle and control the large number 

of radionuclides generated by the nuclear industry in an efficient, economical and 

environmentally friendly manner. 

Stabilisation/solidification (S/S) technology is widely used for solidifying hazardous waste 

into a stable, inert, and impermeable material [10, 11, 12]. This process involves mixing the 

waste with a binder, such as cement, lime, or gypsum, to form a solid block that reduces the 

environmental threat posed by hazardous waste [13, 14]. Applying S/S technology to nuclear 

waste disposal has become an essential research topic in recent years. Low to intermediate-

level radioactive waste (LLW and ILW) can be stabilised and immobilised using S/S 

technology [15, 16]. This method has advantages over other disposal methods, such as 

reducing the volume of waste and increasing its density, making it easier to transport and 

store [17]. 
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Geopolymer materials are a well-known class of inorganic polymer materials that has gained 

significant attention due to their low density, excellent thermal and mechanical properties, 

outstanding fire resistance, excellent chemical resistance, and strong resistance to 

permeability [18]. Using geopolymer as a potential substitute for Portland cement in nuclear 

waste management, especially in applying S/S, has gained global attention [19]. Compared 

to conventional cementitious materials, geopolymer materials have demonstrated superior 

chemical durability due to their three-dimensional framework structure derived from oxygen-

linked aluminium and silicon as well as their higher degree of silicate polymerisation [20].  

The common geopolymers that have been extensively studied are alkali-activated 

aluminosilicate materials (AAMs). The geopolymerisation process involves the 

depolymerisation, polycondensation, and formation of a gel network of an aluminosilicate 

precursor when exposed to a highly alkaline solution or activator [21, 22]. AAMs are being 

explored as a potential solution for the long-term storage of wastewater contaminants, 

including used absorbent materials such as zeolites, which can encapsulate radionuclides [23]. 

Due to the large number of tetrahedral aluminium sites, AAMs have a permanent negative 

framework charge [24, 25]. This surface electrical property makes AAMs of great application 

in the uptake and adsorption of cationic nuclides [26-30]. Cs+ in AAMs would form 

complexes with zeolites under an alkaline environment and eventually be firmly immobilised 

in the AAMs [31]. Soonthornwiphat et al. [18] reported that the AAMs have an excellent S/S 

performance to encapsulate Sr2+-loaded titanate ion exchangers. Tian et al. [32] successfully 

immobilised SeO3
2- and SeO4

2- into AAMs and found that electrostatic interaction is the 

primary association mode of selenium in geopolymer. However, according to the findings in 
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our previous study [26] that the permanently negatively charged surface of AAMs restricts 

the potential for adsorption of anionic radionuclides such as selenium (79Se) or iodine (131I). 

Therefore, it raises concerns about the reliability and longevity of AAMs as a solidification 

method for anionic nuclides, including selenium (79Se) or iodine (131I). 

Acid-activated geopolymers provide an intriguing alternative to AAMs. Among them, 

phosphoric acid-activated geopolymers (PGPs) are the most well-known and widely used 

[33]. The acid activators used in PGPs, such as phosphoric acid, have been found to require 

lower temperatures and emit less CO2 when compared to traditional alkaline activators, such 

as sodium hydroxide or silicate solutions [34]. Moreover, PGPs exhibit superior mechanical 

properties in comparison to AAMs [35-37]. Recently, the application of PGPs in the disposal 

of environmentally hazardous substances is also gaining increasing attention [30]. Liu et al. 

[38] introduced a new type of porous phosphoric acid-activated metakaolin-based 

geopolymer foam material and its application in the removal of mixed pollutants (Pb(II), 

Cd(II), and Ni(II)) from aqueous. Tome et al. [39] reported that phosphoric acid-activated 

volcanic ash-based geopolymers have the adsorptive potential for anionic (Eriochrome Black 

T/EBT) and cationic (methylene blue/MB) dyes from water. And in terms of S/S applications, 

PGPs have also received attention recently. Pu et al. [40] found that acid-activated 

geopolymers better stabilise Pb2+ than cement or alkali-activated geopolymer. However, to 

our knowledge, the study on the S/S of radionuclides by PGPs is limited, especially of anionic 

radionuclides such as selenium (79Se) or iodine (131I). An area that requires significant 

attention in the field of anionic radionuclide stabilisation and solidification is the surface 

chemistry and electrical properties of PGPs. While AAMs have been extensively researched 
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and acknowledged for their permanently negatively charged surface [16], there is a noticeable 

lack of comprehensive studies in understanding these aspects for PGPs. This knowledge gap 

poses a significant disadvantage in exploring the potential of PGPs for the immobilisation of 

anionic radionuclides, highlighting the need for further research in this area. 

This study aims to understand the surface chemistry and structure-associated electrostatic 

properties of PGPs and explore their viability in the field of stabilisation/solidification for 

SeO3
2-, SeO4

2-, I-, and IO3
2-. Notably, this is the first instance where these specific substances 

are being considered for S/S implementation utilising PGPs. The surface properties of PGPs 

were evaluated using a combination of X-ray photoelectron spectroscopy (XPS), zeta 

potential, X-ray diffraction (XRD), nuclear magnetic resonance spectroscopy (NMR), and 

inductively coupled plasma optical emission spectroscopy (ICP-OES). The S/S capacity of 

PGPs towards SeO3
2-, SeO4

2-, I- and IO3
2- was evaluated using a combination of XRD, 

inductively coupled plasma mass spectrometry (ICP-MS), and Fourier-transform infrared 

spectroscopy (FTIR). By conducting this thorough analysis, a deeper understanding of the 

surface chemistry of PGPs is attained. Moreover, the findings presented in this study furnish 

compelling evidence that supports the secure disposal of PGPs, especially those containing 

radionuclides or other potentially harmful environmental substances.  

5.2 Experimental 

5.2.1 Materials 
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Metakaolin (MK) obtained from Sobueclay (Japan) was used to synthesise PGPs. The 

chemical composition of metakaolin determined by X-ray fluorescence (XRF) is listed in 

Table 5-1; the molar ratio of SiO2:Al2O3 of metakaolin is 1.01. An analytical-grade pure 

commercial phosphoric acid (WAKO (Japan), 85 wt.% H3PO4), and ultrapure water 

(TRUSCO, Japan) were used for making a phosphoric acid solution, which was used as an 

acidic activator for the synthesis of PGPs. KNO3 (KANTO, >99%), KOH (KANTO, >86%), 

and HNO3 (KANTO, 61%) were used for the adjustment of pH and ionic strength in solutions. 

In addition, K2SeO3, K2SeO4, KI and KIO3 were selected as the simulated radionuclide 

sources, purchased from WAKO (Japan).  

Table 5-1. Chemical composition (wt. %) of the metakaolin as determined by X-ray 

fluorescence. 

Component Metakaolin 

SiO2 48.59 

Al2O3 43.11 

Fe2O3 0.54 

CaO 0.21 

MgO 3.66 

Na2O 2.25 

K2O 0.13 

TiO2 1.27 

P2O5 1.08 
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SO3 - 

L.O.I.* 1.74 

*: L.O.I. is loss on ignition at 1100℃ for 12h. 

5.2.2 PGPs synthesis 

PGPs were prepared by mechanically mixing stoichiometric amounts of metakaolin with a 

sufficient quantity of acidic-activated solution giving a solid to liquid mass ratio of 1. Those 

acidic-activated solutions were prepared by dilution from an 85 wt.% phosphoric acid, and 

detailed information on PGPs sample compositions is shown in Table 5-2, where Si and Al 

were determined through the molar content of SiO2 and Al2O3 in metakaolin (Table 5-1), and 

P represented the molar of H3PO4 from phosphoric acid. To achieve efficient curing while 

mitigating thermal cracking, a two-stage curing protocol was employed following the 

acquisition of a homogeneous slurry, as per a prior investigation [41]. This procedure 

involved an initial pre-curing phase at 40°C for 24 hours, succeeded by a subsequent 24-hour 

curing phase at 60°C. Afterwards, PGPs were ground to a particle size of less than 150 μm 

and stored in vacuum bags for further analysis. 

Table 5-2. The molar ratio of the Si, Al and P in the PGPs, and the concentration and mass 

fraction of acid activator solutions. 

Samples Si/Al P/Al P/H2O H3PO4 (mM) H3PO4 (wt. %) 

PGP1 0.956 1.025 1.042 14.659 85 

PGP2 0.956 0.821 0.391 10.305 68 
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PGP3 0.956 0.615 0.191 6.893 51 

PGP4 0.956 0.410 0.094 4.147 34 

 

5.2.3 Surface chemical properties experiments 

5.2.3.1 Structural characterisation of PGPs 

A Rigaku X-ray diffractometer (MultiFlex, Rigaku, Japan) was used to characterise the 

synthetic samples with CuKα radiation, scanning from 2θ=5-70° with a scan speed of 6.5° 

per min and a step size of 0.02°. Solid-state magic angle spinning (MAS) nuclear magnetic 

resonance (NMR) spectra of the PGPs were acquired using a Bruker 500 MHz spectrometer 

equipped with an 11.74T magnet. 29Si MAS NMR spectra were collected at 99.4MHz using 

a φ3.2mm probe with a pulse width of 1.5 μs (30°), a spinning speed of 5 kHz and a total of 

2800 scans were recorded with 20 s recycle delay for each sample. For 27Al MAS NMR 

experiments, a φ2.5mm probe operating at 130.4MHz with a pulse width of 5.8 μs (90°), 

spinning at 30 kHz, was used to record a total of 3600 scans, with a 5 s recycle delay for each 

sample. Chemical shifts for both 29Si and 27Al nuclei were referenced to 

hexamethylcyclotrisiloxane (C6H18O3Si3) and AlCl3 solution (1 mol/L). 

5.2.3.2 Zeta potential measurement 

A zeta potential & particle size analyser apparatus (ELSZ-1000ZS) was used to measure the 

zeta potential of the PGPs in neutral (pH = 7) and acidic/alkaline (pH: 2~12) solutions with 

ionic strength of 10 and 100 mM, and the solid/liquid ratio of suspension was set to 1 g/L. 
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Moreover, the zeta potential of PGP2 changes with time in SeO3
2-, SeO4

2-, I-, and IO3
- 

solutions were determined. The initial concentrations of anions were 1 mM, and the pH and 

ionic strength were set as 4 and 10 mM, respectively. Solutions of the same ionic strength 

and pH without any SeO3
2-, SeO4

2-, I-, and IO3
- were used as controls. The zeta potential was 

measured after immersion of 1, 3, 7, 14, 21, and 28 days. Among the various solutions for 

examining zeta potential, KNO3 was selected to modulate the ionic strength, whereas KOH 

and HNO3 were employed to regulate the pH. 

5.2.3.3 Component changes of PGPs in the aquatic environment 

The quantity of P, Si, and Al that dissolved from PGP 1-4 in water, acid, and alkaline solutions 

was determined using inductively coupled plasma-atomic emission spectroscopy (ICP-OES, 

SPECTROBLUE, Hitachi, Japan). The ICP-OES analysis covered a wavelength range of 165 

nm to 770 nm. The pH values of the solutions were measured using a pH meter from AS 

ONE Ltd. in Japan, specifically the AS800 model. The solid/liquid ratio of all suspensions 

was set to 1 g/L, the ionic strength of acidic and alkaline solutions was set to 10 mM by 

KNO3, and the pH was controlled through KOH and HNO3.  

5.2.3.4 XPS measurement 

X-ray photoelectron spectroscopy (XPS) analysis was performed using a JPS-9200 (JEOL, 

Japan) for detailed chemical composition characterization of PGPs before and after 

immersion treatment in water or pH solutions, using X-ray-induced photoelectron 

spectroscopy. Photoelectron emission was excited by the monochromatic Mg Kα line with a 
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photon energy of 1253.6 eV. Detailed spectra of every sample were taken through a narrow 

scan with an energy step of 0.1 eV, and a dwell time of 100 ms. Charging compensation was 

performed using a neutralizing electronic gun under constant current and voltage. The 

binding energy axis was adjusted according to the position of the carbon C 1s line. 

5.2.4 Stabilization/solidification (S/S) and leaching experiment 

5.2.4.1 Preparation of solidified wasteform   

PGP2 samples were selected as the matrix to solidify SeO3
2-, SeO4

2-, I- and IO3
-. The 

calculated amount of K2SeO3, K2SeO4, KI and KIO3 was dissolved in an acid activator 

solution before mixing with metakaolin to obtain 1 mmol target anions per 100 g of PGPs 

paste. The fresh mixture was cast into a cylindrical mould with a height of 1.5 cm and an 

inner diameter of 1.3 cm after stirring, obtaining a 3.6 g (± 0.02g) specimen containing 

approximately 36 μmol of target anions. These specimens were sealed with parafilm and 

underwent 2-stage curing as original PGPs.  

5.2.4.2 Leaching experiments 

Leaching experiments were subsequently conducted after curing, referencing the 

ANSI/ANS-16.1-2003 standard test (American Nuclear Society, 2004). Each specimen was 

immersed in an 88 mL deionised water as leachant (the ratio of leachant volume to specimen 

surface area is 10 mL/cm2) as shown in Figure 5-1. The leachant was replaced entirely after 

cumulative leach times of 2 hours, 9 hours, and 1, 2, 3, 4, 5, 7, 14, 21and 28 days under room 

temperature from the onset of the test. The leachate was then analysed at each time point to 
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determine the released SeO3
2-, SeO4

2-, I- and IO3
- from the PGP2 matrix . The specimens were 

recovered after 28 days of leaching experiment and then ground into powder less than 150 

μm for solid analysis after 3 days dry in a 40℃ thermostat.  

 

Figure 5-1. Schematic of leaching experiments. 

5.2.4.3 Analytical methods of leaching result 

The leachates obtained from the leaching experiments were analysed by inductively coupled 

plasma-mass spectroscopy (ICP-MS, iCap Q ICP-MS, Thermo Scientific, USA, detection 

limit 0.01-10ppb). The measurement of SeO3
2- and SeO4

2- was conducted with the application 

of the Yttrium internal standard method and using ultrapure water as a solvent; all solutions 

used for ICP-MS measurements were spiked with 1% HNO3 (~60 wt.%) for sample 

protection. The measurement of I- and IO3
- was conducted with the application of the 

Caesium internal standard method and using 0.5% Tetramethylammonium hydroxide 

(TMAH) as a solvent; all solutions used for ICP-MS measurements were spiked with 1% 

Na2SO4 (1 wt.%) for sample protection. The anions-solidified PGP2 samples before and after 

the leaching experiment were characterised via Fourier transform infrared (FTIR) 

88mL

1.3cm

1.5cm 1.99cm3



Chapter 5 

150 

 

spectroscopy (JASCO670, Japan) at a constant spectral resolution of 4 cm−1. Solid samples 

were recorded in the wavenumber range of 400–2000 cm−1 after dilution with KBr and 

pressing into tablets. In addition, X-ray diffraction (XRD) measurements were conducted 

using the same method for all solid samples before and after leaching experiments. 

5.3 Results and discussion 

5.3.1 Microstructure characterisation 

5.3.1.1 XRD 

Figure 5-2 shows the X-ray diffraction pattern of the metakaolin precursor and the PGPs 

obtained after a 2-stage curing process using different concentrations of phosphoric acid as 

the activator. The XRD pattern of the metakaolin precursor exhibits a broad hump in the 2θ 

range of 15-30°, along with minor crystalline phase peaks of mullite and quartz, which are 

retained in all concentrations of acid-activated PGPs as an inert phase. Upon activation with 

acidic activators, the broad hump of all samples shifted towards 17-35°, indicating that the 

PGPs have a more disordered short-range structure with relatively shorter interatomic 

distances compared to the metakaolin precursors. Among the four types of PGPs, PGP2 

exhibits the highest reactivity and the densest structure, as evidenced by the largest relative 

variation and the fullest hump in the high diffraction angle region. This suggests that a 

concentration of approximately 10.3 mM may be the optimal concentration for the 

phosphoric acid-activated activator, consistent with previous findings [44]. 
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Figure 5-2. X-ray diffraction (XRD) patterns of metakaolin and PGPs. 

5.3.1.2 29Si NMR 

In cementitious materials, silicon sites are often labelled using the notation Qn(mAl), where 

Q represents silicon in tetrahedral coordination, and n and m denote the number of tetrahedral 

atoms and aluminium atoms bonded to the silicon, respectively. The range of values for n 

and m is from 0 to 4, indicating that the silicon is connected to n other tetrahedral atoms, out 

of which m are aluminium, through oxygen bridges. Based on this labelling system [40], 

Figure 5-3(a) illustrates the correspondence between the 29Si nuclei in different chemical 

environments of cementitious materials and their respective typical ranges of chemical shifts. 

As the number of bridged oxygen atoms around silicon increases, the chemical shift gradually 

shifts toward the high field region. This suggests that there is an enhancement of 
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electromagnetic shielding. Likewise, when more aluminium atoms are substituted around the 

silicate tetrahedrons, the silicon is exposed to more electromagnetic shielding, causing the 

Q4(mAl) chemical shift to shift toward the high field. 

Figure 5-3(b-f) displays the 29Si NMR spectra along with their corresponding individual 

Gaussian peaks after the deconvolution process. The main chemical environment of Si in 

phosphoric acid-activated metakaolin PGPs are reported to include Q0, Q1, Q2(1Al), Q3(1Al), 

Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al) and Q4(0Al), which are positioned at chemical shifts 

approximately around −68 ± 5 ppm, −76 ± 5 ppm, −85 ± 3 ppm, −86 ± 4 ppm, −88 ± 3 ppm, 

−94 ± 4 ppm, −100 ± 5 ppm, −105 ± 4 ppm, and −115 ± 4 ppm, correspondingly [41]. 

However, it is important to note that the structural units, such as Q4(4Al), Q4(3Al), Q4(2Al), 

Q4(1Al) and Q4(0Al), may not necessarily correspond to a single chemical shift peak due to 

significant overlap between broad resonances in disordered solid phases, particularly for the 

silicate tetrahedrons. As a result, multiple deconvolution techniques have been utilised to 

achieve a more accurate fit. 
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Figure 5-3. The typical ranges of the 29Si chemical shift variation in most classes of solids 

(a) and deconvolution results of 29Si NMR spectra for MK and the PGPs after curing: (b) 

MK, (c)-(f) PGP1, PGP2, PGP3, and PGP4, respectively. 

Figure 5-4 shows the molar fraction of silicon in different chemical environments in the 

metakaolin and PGPs, which were derived from 29Si NMR spectra deconvolution results. The 

Q4(0Al) units are found to be the dominant species for a given PGPs sample, and their 

proportion increases with the concentration of the acid activator. In contrast, the remaining 

silicate tetrahedrons decrease as the concentration of the acid activator increases. This is 

(c) (d)

(e) (f)
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because higher concentrations of acid activator cause more significant dealumination of 

metakaolin. This dealumination process will promote the condensation of silicate 

tetrahedrons, increasing Q4(0Al). It is also noteworthy that the Q4 (1Al) units of all PGPs 

increase to varying degrees compared to metakaolin. This is because Q4(1Al) is also the 

product of the dealumination of higher aluminium content silicate tetrahedrons, and higher 

concentrations of acid activator will further enable the process of dealumination of Q4(1Al), 

resulting in more Q4(0Al). 

 

Figure 5-4. Molar proportions of Si structural units in MK and PGPs quantified through the 

29Si NMR deconvolved spectra. 
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Figure 5-5(a) illustrates the primary features of the 27Al chemical shift variation observed in 

most types of porous aluminosilicate solids, where aluminium (Al) typically exists in IV-, V-, 

and VI-fold coordination structures [46]. As the number of coordination structures around 

the Al atom increases, the chemical shift gradually shifts to higher fields. However, the 

chemical shifts of Al with the same coordination number can vary depending on the type of 

atom connected to Al via a bridging oxygen atom. In general, Alx-OP has a chemical shift 

closer to the high field range than Alx-OSi/OH because phosphorus (P) is less electronegative 

than oxygen (O) and silicon (Si). The deconvolution strategy for 27Al in the PGPs sample is 

different from that for 29Si because 27Al (S = 5/2) is a class of quadrupolar nuclei (S > 1/2), 

and quadrupolar interactions must be taken into account in the process of simulating the 

spectra [45]. As a result, the deconvolution and simulation of 27Al NMR spectra in this study 

were achieved by combining multiple Pearson IV functions [47].  

The deconvolution results of 27Al NMR spectra for metakaolin and PGPs are shown in Figure 

5-5(b-f). The chemical environment of Al in metakaolin is mainly composed of IV- and V-

coordinated structures, with a small fraction of VI-coordinated structures. Upon activation 

with an acid activator, the original VI-coordinated Al species linked to Si/OH in metakaolin 

disappears, and the V-coordinated Al species decrease significantly. Meanwhile, new IV-, V-, 

and VI-coordinated Al species linked to -OP are generated. The intensity corresponding to 

the VI-coordination Al species linked to -OP increases significantly with the increasing 

concentration of acid activator. 
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Figure 5-5. The typical ranges of the 27Al chemical shift variation in most classes of solids 

(a) and deconvolution results of 27Al NMR spectra for MK and the PGPs after curing. (b) 

MK, and (c)-(f) PGP1, PGP2, PGP3, and PGP4, respectively. 

AlO4

Aluminosilicates & Zeolite

AlO4

AlO5

AlO6

AlO5

AlO6
AlPOx

(a) (b)

(c) (d)

(e) (f)



Chapter 5 

157 

 

Figure 5-6 shows the molar proportion of Al in metakaolin and PGPs for each chemical 

structural unit based on 27Al NMR deconvolution. Upon activation of metakaolin to form 

PGPs, the AlVI-OSi/OH component is eliminated, while there also are notable reductions in 

the AlV-OSi/OH and AlIV-OSi/OH components. The reduction of the latter two is positively 

correlated with the concentration of the acid activator. The proportion of AlVI-OP, a novel 

structural unit generated in PGPs, increases significantly with elevated activator 

concentration. In contrast, the proportion of the other two newly formed structure units, AlIV-

OP and AlV-OP, decreases with higher acid activator concentration. Although PGP4 with the 

lowest concentration of acidic activator exhibited the lowest percentage of AlV-OP of all 

PGPs, which may be attributed to the insufficient concentration of acid activator, which 

hinders the effective progress of dealumination and thus the formation of AlV-OP to some 

extent. These findings indicate that higher concentrations of acid activators facilitate the 

dealumination process of metakaolin but only favour the formation of new structural units of 

AlVI-OP. 
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Figure 5-6. Molar proportions of Al coordination structural units in MK and PGP 1-4 

quantified through the 27Al NMR deconvolved spectra. 

5.3.2 Zeta potential 

The pH plays a critical role in influencing the surface electrostatic properties of materials. To 

investigate the zeta potential behavior of PGPs under different pH conditions, PGP powder 

was immersed in solutions spanning a pH range from acidic to basic (pH: 2~12). The pH and 

zeta potential values for PGP1 to PGP4 after reaching equilibrium in a neutral solution (pH 

= 7) are presented in Table 5-3. At equilibrium, the pH values exhibited varying degrees of 

reduction, gradually decreasing with increasing concentrations of the acid activator (PGP4 

to PGP1), while the zeta potential showed a corresponding gradual increase. The influence 

of pH on the zeta potential of PGPs in acidic and basic solutions is depicted in Figure 5-7. 

Similar to the neutral solution (Table 5-3), an overall decrease in solution pH was observed 

after equilibrium, in comparison to the initial pH setting. This decrease can be attributed to 

the acidic nature of the PGPs activated by the acid activator. The magnitude of pH reduction 

upon introducing these materials to the solution depended on the concentration of the acid 

activator. The zeta potential values of PGPs demonstrated an initial increase followed by a 

subsequent decrease with variations in pH, which was observed in both 10 and 100 mM ionic 

strength solutions. The zeta potential curve of PGPs in the solution with 100 mM ionic 

strength appeared flatter compared to that in the 10 mM ionic strength solution. This 

flattening can be attributed to the formation of a thinner electrical double layer (EDL) on the 
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surface of PGPs particles in the higher ionic strength solution, resulting in a lower absolute 

value of zeta potential for the same charge amount [42]. A progressive rightward 

displacement of the zeta potential peaks was observed across PGP1 to PGP4 in both ionic 

strength solutions. These peaks exactly correspond to the pH and zeta potential values of 

PGPs at equilibrium in a neutral solution with an initial pH of 7. This consistency implies 

that PGPs constantly exhibit the highest positive zeta potential value at the pH where 

equilibrium is achieved in a neutral environment. The zeta potential will progressively 

decrease in either direction as the pH deviates from this level.  

Table 5-3. pH and zeta potential of PGPs at equilibrium in neutral solution. 

 PGP1 PGP2 PGP3 PGP4 

pH-10 mM 3.76 4.05 4.29 4.53 

Zeta potential 

(mV)-10 mM 

40.02 36.98 33.64 25.18 

pH-100 mM 3.66 3.98 4.24 4.41 

Zeta potential 

(mV)-100 mM 

24.95 20.08 19.55 14.88 
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Figure 5-7. Zeta potential of PGPs in NO3
- solutions of ionic strength (a) 10 and (b) 100 mM 

at various pH values after equilibrium. 

The coordination state of Al significantly impacts the surface charge of aluminosilicate 

materials in their surface structure. For example, the surface is negatively charged in zeolites 

and AAMs where IV-coordinated Al dominates [48][49]. This is because the tetrahedral AlIV 

sites always provide Brønsted acidity, resulting in a negatively charged surface [50]. In 

contrast, octahedral AlVI sites exhibit an amphoteric nature. In acidic environments, they can 

provide Brønsted basicity and a positive charge after binding to protons, whereas in alkaline 

environments, they can provide Brønsted acidity and a negatively charged surface [51]. 

Figure 5-8 shows the zeta potential of PGPs as a function of the AlVI/AlIV ratio determined 

using 27Al NMR analysis in a neutral solution. The surface charge of the PGPs sample is 

positively correlated with the AlVI/AlIV ratio in its structure, which can be well explained by 

the above theories. 

(a) (b)
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Figure 5-8. Zeta potential of PGPs in neutral solution with ionic strengths of (a) 10 mM and 

(b) 100 mM as a function of AlVI / AlIV molar ratio. 

Figure 5-9 presents the time-dependent zeta potential of PGP2 in four different anion 

solutions. Following a day of immersion, only the zeta potential of PGP2 in SeO4
2- exhibited 

a significant decrease compared to the control group. Subsequently, the zeta potentials 

gradually decreased to varying extents, with a noticeable distinctions observed after 7 days, 

demonstrating a significant electrostatic attraction of PGP to all anions. The equilibrium was 

achieved approximately after 14 days, with only a slight decrease observed at 28 days. The 

reduction in zeta potential after reaching equilibrium followed the order of 

SeO4
2->SeO3

2->I->IO3
-. The charge density plays a crucial role in the variation of zeta 

potential upon adsorption onto colloidal surfaces. Even among ions with the same valence, 

those with larger ionic size and lower charge density exhibit a relatively limited influence on 

the zeta potential [43]. While the ionic size of SeO4
2- and SeO3

2- are comparable, the latter 

acquires protons in acidic surroundings, forming HSeO3
-, thus exhibiting a lower charge 

(a) (b)
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density than SeO4
2-. On the other hand, the charge density of IO3

- with oxygen atoms is 

considerably lower than that of I-, resulted in a change in the relatively low zeta potential. 

 

Figure 5-9. Zeta potential of PGP2 in anionic solutions of 1 mM concentration with the time 

change (All solutions have a pH of approximately 3.6 ± 0.2). 

5.3.3 Surface changes in the aqueous environment 

5.3.3.1 Component changes 

To study the surface behaviours of the PGPs in the aqueous environment, the change in the 

surface composition of the PGPs after being immersed in water was investigated. Figure 5-

10(a) presents the percentage and relative proportions of Al, Si, and P in the raw materials. 

In all PGPs, the proportions of Al and Si remain consistent, given that metakaolin is the 

source. However, the proportion of P declines as the concentration of acid activator decreases. 

The composition of the ground PGPs powder is depicted in Figure 5-10(b), the surface of 

the PGPs shows a higher Si content and lower P and Al content with decreasing concentration 

Blank
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of acid activator, except for PGP1, which has the second-lowest Al content after PGP4. In 

comparison to the raw material, as determined by the experimental design composition (Fig. 

10(a)), it is evident that all PGPs, with the exception of PGP4, exhibit reduced levels of Al 

and increased levels of P on their surfaces.  This can be attributed to the dealumination and 

penetration of P during the geopolymerisation process, which resulted in a significant number 

of defective sites in the original Si-O-Al structure. During the grinding process, these sites 

were easily fractured, thus becoming the surface of the obtained powder. Upon water 

immersion (Figure 5-10(c)), significant amounts of Al and P leached from the surface of the 

PGPs, while little Si was detected in the leachate. This indicates the inability of the acid 

activator to dissolve Si in metakaolin and the presence of large amounts of extra-framework 

Al (EFAL) and free PO4
3- on the surface of the PGPs. Furthermore, the analysis of surface 

Al, P, and Si contents after water immersion reveals that the relative Al and P content on the 

surface of all PGPs is similar after water immersion (Figure 5-10(d)), which may be 

attributed to the preference of Al and P for the formation of Al-O-P in the structure [41]. 

Moreover, the Si content exhibits a rising trend from PGP2 to PGP4, with PGP1 displaying 

comparable Si content to that of PGP4. This can be explained by the fact that a suitable 

concentration acid activator (PGP2) can facilitate the geopolymerisation process, resulting in 

more Al-O-P units forming within the structure. In contrast, excessive concentration of acid 

activator (PGP1) may promote a rapid dealumination process and the accumulation of Al3+ 

around the metakaolin particles, causing an impediment to the reaction. Therefore, 

combining the XRD and NMR analysis results, PGP2 was selected as the sample in this 

context for further study. 
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When PGP2 was immersed in an acidic environment, the leaching of Al increased 

significantly as the pH decreased (Figure 5-10(e)). Conversely, in an alkaline environment, 

the leaching of Al remained consistently low and was independent of pH, with any 

fluctuations presumably due to Al3+ precipitation from the basic pH.. Correspondingly, as 

demonstrated in Figure 5-10(f), the concentrations of Si, Al, and P on the surface of PGP2 

exhibited distinct trends when exposed to an acidic solution at different pH levels. 

Specifically, as solution pH decreased, the proportion of Si increased gradually, while the 

proportion of Al and P decreased alongside. In contrast, the the individual compositions 

remained stable after immersion in an alkaline solution. 

   

(a) (b)
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Figure 5-10. Proportion and the relative molar ratio of Al, Si and P in (a) raw materials, 

(b) PGPs before water immersion, (c) PGPs after water immersion. (d) Leaching of Al, 

Si and P from PGPs into the washing water. (e) Proportion and the relative molar ratio of 

Al, Si and P in the PGP2 sample with pH variation, and (f) the leaching of Al in the 

corresponding pH solution. 
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5.3.3.2 XPS spectroscopy analysis 

X-ray photoelectron spectroscopy (XPS) was employed to examine the alterations in surface 

chemistry of PGP2 samples following their immersion in aqueous solutions with varying pH. 

The resulting XPS spectra changes of Al 2p, Si 2p, O 1s, and P 2p of PGP2 samples in acidic 

and alkaline solutions are shown in Figure 5-11(a) and (b), respectively, to the progressive 

pH modification. In acidic solutions (Figure 5-11(a)), the intensity of Al 2p and P 2p 

decreases gradually with decreasing pH, which is attributed to the dissolution and leaching 

of Al and P from the surface of PGP2 in acidic conditions (Figure 5-10). Furthermore, as pH 

levels decrease, the binding energies of Si 2p and O 1s displays a gradual increase. This trend 

can be attributed to the dissolution of Al and P from the surface structure of PGP2, resulting 

in a higher electron cloud density around Si and O atoms. In alkaline solutions (Figure 5-

11(b)), no significant changes in chemical composition or structure are observed from any 

XPS spectra with increasing pH. The results are in line with prior compositional analyses 

(Figure 5-10(f)) and suggest that PGP2 can maintain a more stable surface chemical structure 

in an alkaline environment than in an acidic environment. 

To fulfil a more comprehensive analysis of the changes in the surface chemical structure of 

PGP2 under different pH conditions, high-resolution X-ray photoelectron spectroscopy (XPS) 

spectra at three initial pH values (pH 2, pH 7, and pH 12) were deconvoluted through 

Gaussian amp function and compared (Figure 5-11(c)). Furthermore, a quantification of the 

different chemical states of the PGP2 sample was conducted, and the results are presented in 

Table 5-4. The Al 2p spectra of PGP2 exhibit two peaks located at 75.15 and 76 eV, 
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respectively. As established in previous studies [52, 53], the peak at 75.16 eV is attributed to 

AlPO4 linkages, while the peak at 76 eV corresponds to Al-O-Si bonds. In neutral and 

alkaline solutions, no significant difference in the Al 2p contributes to both chemical 

environments. However, in acidic solutions, both peaks are significantly weakened, but the 

relative intensity of the Al-O-Si peak is dominant. These results indicate that the Al-O-P bond 

in AlPO4 is more vulnerable to breakage in acidic environments than the Al-O-Si bond. 

Consequently, the dealumination of the PGP2 surface is primarily caused by the breakage of 

the Al-O-P bond. 

The Si 2p spectra can be deconvoluted into three components. The peak at a binding energy 

of 102 eV is associated with Si-O-Al [51], while the peaks at around 103.1 and 104 eV are 

attributed to Si-O-P and Si-O-Si, respectively [54, 55]. The presence of these three stable 

peaks in neutral and alkaline environments indicates the relative stability of the chemical 

environment and composition of Si on the PGP2 surface, similar to the behaviour observed 

for Al. However, in an acidic environment, the Si 2p peak of Si-O-P disappears, leaving only 

a faint Si-O-Al peak. This suggests that the dealumination of the PGP2 surface in an acidic 

environment is more plausible to occur through the removal of P-linked Al from Si-O-P-Al, 

rather than Si-O-Al. 

The O 1s spectra of PGP2 can be decomposed into 4 main components. The peak at 531 eV 

can be attributed to P-O-P bonds from the network structure or P=O bonds from the PO4
3- 

functional groups [55, 56]. The binding energy peaks at 532.1 and 533 eV correspond to 

bridging oxygen in Si-O-Al and Si-O-Si, respectively [51, 57]. The peak at 534 eV 
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corresponds to the O 1s binding energy of terminal Si (Si-OH) groups [58].The O 1s peaks 

of Si-O-Si in the PGP2 surface exhibit relatively stable content in both neutral and alkaline 

environments, while an increase in acidic environments is due to dealumination. 

Correspondingly, the O 1s contributing to Al-O-Si decrease significantly in acidic 

environments while remaining almost constant in neutral and alkaline environments. 

Although the O 1s peak corresponding to P-O-P (P=O) is relatively weak, a reduction can 

still be observed in acidic environments. The O 1s peak corresponding to Si-OH gradually 

decreases from low to high pH, which can be attributed to the decreasing of Si-OH at the 

defective sites or terminal Si resulting from broken P-O-Si and Al-O-Si.  The Si-O- at these 

fracture points have a strong affinity to accept protons from the acidic environment to form 

Si-OH. While in an alkaline environment, hydroxyl radical ions in the solution react with the 

Si-OH on the surface of PGP2, which is a common reaction observed in silicate materials in 

alkaline environments [59]. This reaction leads to a weakening of the O 1s XPS peak intensity 

of Si-OH. Notably, as the intensity of the O 1s peak corresponding to Si-OH decreases, a new 

peak appears at a binding energy of around 534.5 eV, which has been previously identified 

as O 1s in Si-O- [60]. This result also provides evidence that the Si-OH groups on the surface 

of PGP2 undergo deprotonation to form Si-O- in an alkaline environment. 

In the P 2p spectra, only one component can be discerned on the PGP2 surface in natural and 

alkaline environments. This component is likely a mixture of Si-O-P bonds, Al-O-P bonds, 

and variations in the content of O-P-O and P=O bonds [61]. In such cases, P exists in a 

crosslinking-type chemical environment, connecting Al and Si in a tetra-coordinated 

phosphorous [62]. Consequently, it becomes difficult to distinguish the individual 
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contributions of each bond. However, in the acidic environment, although the intensity of the 

XPS peak of P 2p is relatively low, a shift of binding energy can still be observed. After 

deconvolution, a new peak is obtained at approximately 136.18 eV, which is believed to 

represent the component of terminal-type P. This type of P is only linked on one side with Al 

or a tiny portion of Si after the breakage of the Al-O-P bond in an acidic environment. 

 

 

 

(a)

(b)
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Figure 5-11. XPS survey spectra of PGP2 after the immersion in (a) acidic solution and (b) 

alkaline solution. High-resolution XPS analysis of PGP2 after immersion in water and 

original pH 2 and 14 solutions: Al 2p, Si 2p, O 1s and P 2p. 

Table 5-4. X-ray photoelectron spectroscopy of functional groups of PGP2 sample. 

Peak 
name 

Functional 
group 

Binging 
energy （eV） 

Proportion 
(%)  

pH 2 

Proportion 
(%)  

pH 7 

Proportion 
(%)  

pH 12 

Al 2p 
AlPO4 
Al-O-Si 

75.15 
76 

18.82 
81.18 

26.26 
73.74 

27.89 
72.11 

Si 2p 
Si-O-Al 
Si-O-P 
Si-O-Si 

102 
103.1 
104 

5.32 
- 

94.68 

17.16 
36.02 
46.82 

15.03 
34.44 
50.53 

O 1s 

P-O- (P=0) 
Al-O-Si 
Si-O-Si 
Si-OH 
Si-O- 

531 
532.1 
533 
534 

534.5 

2.97 
4.68 
67.25 
25.10 

-  

4.98 
17.55 
62.76 
14.71 

- 

7.40 
19.08 
63.15 
7.13 
3.24 

P 2p 
Crosslinking-P 

Bridging-P 
135.12 
136.18 

77.54 
22.46 

100 
- 

100 
- 

 

 

pH 12

pH 2

pH 7

pH 12

pH 2

pH 7

pH 12

pH 2

pH 7

pH 12

pH 2

pH 7

Al-O-Si AlPO4
Si-O-Al

Si-O-PSi-O-Si

P-O-P

Si-OH

Si-O-Si

Si-O-

PCrosslinking

PTerminal

Al-O-Si

(c)
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5.3.4 Evaluation of S/S capacity for anions 

The leaching of SeO3
2-, SeO4

2-, I- and IO3
- from PGP2 is shown in Figure 5-12. All anions 

were leached consistently from PGP2-based samples and reached leaching extents of 2.14%, 

3.04%, 3.55% and 4.23% for SeO3
2-, SeO4

2-, I- and IO3
- respectively after 28 days. It is 

evident that PGP exhibit high capability in stabilising Se oxyanions compared to I- and IO3
-, 

which perform a lower total leaching amount and a flatter upward curve. Taking electrostatic 

effect into account, this result is consistent with previous speculations based on zeta potential 

(Figure 5-9). However, the high solidification capacity of PGP2 for SeO3
2- compared to 

SeO4
2- appears to contradict the zeta potential results (Figure 5-12(a)). It should be noted 

that SeO3
2- in PGP is typically present in the form of HSeO3

- due to the acidic environment 

[63]. Therefore, despite having a greater amount of electrostatic attraction, its impact on the 

zeta potential of the PGP surface is not as strong as that of SeO4
2-. On the other hand, it is 

noteworthy that the PGPs sample containing I- after the 28-day leaching experiment showed 

a brownish-yellow substance with a distinctly irritating odour (Figure 5-12(b)), which was 

considered to be KI. Thus, the high solidification ability of PGP for I- is also favoured by the 

precipitation of KI in addition to ionic electrostatic attraction, which shows a more 

pronounced effect on the zeta potential of PGPs than IO3
- (Figure 5-9). 
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Figure 5-12. Cumulative fraction of (a) Se oxyanions (SeO3
2- and SeO4

2-), and (b) I- and IO3
- 

leaching from PGP2 for 28 days. 

Table 5-5 compares previous studies on solidifying SeO3
2-, SeO4

2-, I- and IO3
- into the 

alkaline-activated materials. In a study by Tian et al. [32], Na2SiO3 and NaOH were used as 

alkali activators to activate geopolymer materials to solidify Se oxyanions. After an 18-hour 

leaching procedure, it was determined that the Na2SiO3-activated geopolymer exhibited 

superior efficiency in solidifying SeO3
2-

 and SeO4
2-, as compared to NaOH-activated 

geopolymers, even when enhanced with calcined hydrotalcite (CHT). The former resulted in 

a leaching percentage of 10% and 18%, respectively. The ability of alkali-activated 

geopolymer to solidify I- was ineffective, as over 80% of I- was leached out during a 21-day 

leaching process [64]. In addition, due to the lack of studies and data on the immobilisation 

of IO3
- by alkali-activated geopolymers, the capacity of typical alkali-absorbent ettringite and 

layered double hydroxides (LDHs) to immobilise IO3
- is compared here [65, 66]. Although 

both ettringite and LDH have demonstrated some capacity for immobilisation, a considerable 

amount of IO3
- was still observed to leach out after the leaching process. By comparison, the 

PGP studied here exhibits a much better capacity for solidification and immobilisation for all 

(a) (b)
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four anions. To the best of our knowledge, this study showcases the highest level of 

effectiveness compared to all published reports on the solidification capacity of alkaline-

activated metakaolin geopolymer substrates for SeO3
2-, SeO4

2-, I- and IO3
-. 

Table 5-5. Leaching of four anionic radionuclides SeO3
2-, SeO3

2-, I- and IO3
- from alkaline-

activated materials in literature: alkali-activated geopolymer matrices for Se oxyanions and 

I-, and other adsorbents for IO3
-, compared with employment of PGPs. 

Condition SeO
3

2- SeO
4

2- I
- IO

3

- reference 

S/S in Na2SiO3-based GPs 10% 
(18 h) 

18% 
(18 h) 

  [32] 

S/S in the NaOH-based 
GPs with calcined 
hydrotalcite (CHT) 

50% 
(18 h) 

60% 
(18 h) 

  [32] 

S/S in the alkaline-activated 
metakaolin-based GP 

  >80% 
(21 days) 

 [64] 

Iodate substituted ettringite    31% 
(35 days) [65] 

Iodate doped Mg/Al LDHs    21% 
(21 days) [66] 

S/S in phosphoric acid 
activated metakaolin-based 

geopolymer  

2.14% 

（28 

days） 

3.04% 

（28 

days） 

3.55% 

（28 

days） 

4.23% 

（28 

days） 

This 
study 

 

To study the structural changes occurring during the solidification of anions and the leaching 

procedure in the PGP2 samples, X-ray diffraction (XRD) was employed. Figure 5-13(a) 

displays the XRD patterns of the original PGP2 sample and the PGP2 samples that underwent 

solidification with anions. The results indicate that the XRD pattern of the PGP2 sample 



Chapter 5 

174 

 

remains unchanged with the anion solidification after the 2-stage curing process, displaying 

the same broad hump in the 2θ range of 15°-35° as the original PGP2 sample. The XRD 

patterns of the PGP2 samples solidifying anions after 28 days of leaching experiments are 

shown in Figure 5-13(b). It is obvious that after 28 days of the leaching process, the PGP2 

samples with solidified anions still maintain the same XRD pattern as previously. These 

results indicate that the crystalline structure of PGP2 did not undergo any changes after 

solidifying the anions and was able to maintain its structural stability even after 28 days of 

leaching. 

 

Figure 5-13. XRD pattern of pure PGP2 and PGP2 samples incorporated with anions of 

SeO3
2-, SeO4

2-, I- and IO3
- (a) before and (b) after leaching. 

The PGP2 samples with incorporated anions before and after leaching were characterised by 

FTIR spectroscopy (Figure 5-14). The assignments of PGP2 samples absorption peak are 

determined according to previous studies [41, 67, 68, 69, 70, 71, 72]. The absorption peaks 
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located at the wavenumber of 1600–1700 cm–1 are due to the bending vibration of the OH 

groups. The peaks at 900-1200 cm-1 and 720 cm-1 are assigned to the asymmetric and 

symmetric stretching of Si–O–Si and Al–O–Si, respectively. The peaks at 912 cm-1, 800 cm-

1, 630 cm-1 and 450 cm-1 are assigned to the stretching and bending vibration of Si-O-P, Si-

O-Si, O-P-O, and Si-O, respectively. Moreover, it can be found that there is a faint peak of 

CO3
2– vibration mode at 1405 cm–1. This is because phosphoric acid-activated geopolymers 

expose active hydroxyl groups on their surfaces during the geopolymerisation (Figure 5-3), 

which can easily absorb carbon dioxide from the air and produce carbonation, disappearing 

after 28 days of leaching. Notably, all vibration modes of the PGP2 remained unaltered after 

incorporating anions (Figure 5-14(a)). Both the intensities and frequencies remained nearly 

constant, indicating that the PGP2 matrix retained their structural integrity even after anion 

incorporation. No new chemical linkages were observed that could have suggested a 

chemical connection between the PGP2 matrix and the anions. Furthermore, consistent FTIR 

spectra were observed for all PGP2 samples before and after leaching, indicating that the 

PGP2 maintained its structural stability even after 28 days of leaching (Figure 5-14(b)).  
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Figure 5-14. FTIR spectra of PGP2 samples (a) before and (b) after leaching. 

5.4 Conclusion 

The surface chemistry and structure-related electrostatic properties of phosphoric acid 

activated metakaolin-based geopolymers (PGPs) and their potential in 

stabilisation/solidification (S/S) applications have been studied and evaluated through zeta 

potential, microstructure characterisation, immersion behaviour and leaching experiment. 

The conclusions could be drawn as follows. 

1) PGPs develop AlVI-OP and AlIV-OP structural units after undergoing the 

geopolymerisation reaction, whose ratio controls the surface electrostatic properties of 

PGPs. Increasing concentrations of acid activators lead to a higher ratio of these units, 

resulting in more sites of positive charge. An optimal concentration of approximately 10.3 

mM of the phosphoric acid activator is recommended when activating metakaolin. This 
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concentration effectively supports the geopolymerisation process without inducing 

excessive dealumination, which could hinder the reaction. 

2) The surfaces of PGPs demonstrate a zeta potential that initially increases and then 

decreases as pH levels rise. Typically, the zeta potential reaches its peak value at the 

equilibrium pH in neutral solutions. Within a certain equilibrium pH range of about 2-5, 

the surfaces of PGPs carry a positive charge and possess electrostatic adsorption 

capabilities for anions such as SeO3
2-, SeO4

2-, I- and IO3
-. 

3) When PGPs come into contact with an acidic aqueous environment, the surface structure 

of PGPs experiences preferential fracture of the AlPO4 units, which contributes to the 

dealumination process. This phenomenon becomes more prominent as the pH decreases, 

leading to a decreased ratio of AlVI-OP and AlIV-OP and subsequently causing a decline 

in the positive electrical properties of the PGPs surface. Conversely, PGPs show a 

relatively stable structure in an alkaline aqueous environment. However, a large number 

of Si-OH structural units in the surface structure, along with VI-coordination Al, which 

exhibits Brønsted acidity in an alkaline environment, lose their protons and generate 

negative charges. This process intensifies with pH, leading to an increase in the negative 

charge of the PGPs surface. 

4) The immobilisation of SeO3
2-, SeO3

2-, I- and IO3
- anions within the PGPs matrix is highly 

effective, without any significant changes in the matrix structure observed after 

solidification of these anions, even after 28 days of leaching experiments. This effective 

immobilisation is primarily attributed to the electrostatic attraction between the anions 
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and the positively charged structural unit, AlVI-OP, located at the PGPs matrix interface. 

Remarkably, this association leads to a significant enhancement in the retention of the 

anions, compared to previous studies that utilised different matrix. 

 

Figure 5-15. Schematic illustration of the anion-immobilisation in PGPs and surface 

behaviour of PGPs in acidic/alkaline aquatic environments. 
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6.1 Introduction 

This thesis presents a comprehensive study on the immobilisation and adsorption of 

radionuclides using geopolymer materials in the process of nuclear waste disposal. The 

primary objectives of this research are to gain a deep understanding of the mechanisms and 

capabilities of geopolymer materials in immobilising and adsorbing cationic and anionic 

radionuclides from nuclear waste. Additionally, the study aims to develop new materials 

based on geopolymer substances that can enhance the broad and reliable immobilisation and 

adsorption capabilities of radionuclides. There are several factors that affect the 

immobilisation of radionuclides by geopolymers, with the surface properties of the 

geopolymer being the dominant factor. From a materials engineering perspective, the main 

factors controlling the surface properties of geopolymers include different aluminosilicate 

precursors, alkaline or acidic activators, and different curing conditions. Additionally, 

external factors such as the nature of the radionuclide and the chemical environment in which 

the geopolymer is in service can also cause variations in the curing and adsorption capacity. 

This work includes the following main sections: (i) An overview of the literature review, 

synthesis methods, and basic properties of geopolymer materials (described in Chapter 2). 

(ii) An overview of the chemical properties and the common treatments of radionuclides 

(described in Chapter 2). (iii) A study of the immobilisation capacity of alkali-activated 

geopolymer materials, the in-depth understanding of mechanism, and a developed 

thermodynamically based cationic radionuclides ion-exchange model (described in Chapter 

3). (iv) Screening of suitable admixtures and maintenance conditions for the introduction of 
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in-situ ettringite during the geopolymerisation of alkali-activated geopolymers to develop 

anionic radionuclides uptake ability while retaining cationic radionuclides immobilisation 

capacity (described in Chapter 4). and (v) A study of surface chemistry and electrostatic 

properties of phosphoric acid-activated metakaolin-base geopolymer to determine their 

immobilisation capacity for anionic radionuclides (described in Chapter 5). 

6.2 Conclusions 

6.2.1 Adsorption of radionuclides by alkali-activated geopolymer 

In Chapter 3, the geopolymer with alkali activation of the metakaolin was determined to have 

a final formulation of 1:1:13 composition of K2O:SiO2:H2O, exhibiting a remarkable ability 

to absorb cationic radionuclides such as Cs+, Sr2+, and Co2+. Nevertheless, these geopolymer 

materials do not possess the direct capacity to uptake anions such as I-, IO3
-, SeO3

2-, and 

SeO4
2-. Noteworthy findings from this study reveal that the framework of the geopolymers 

maintains a permanent negative charge when immersed in an aqueous solution. Ion exchange 

emerges as the primary mechanism responsible for the uptake of radionuclide cations. 

Specifically, a one-to-one exchange was observed between Cs+ and K+, while both one-to-

two and one-to-one exchanges were feasible in the cases of Sr2+ and Co2+. Furthermore, the 

incorporation of Co2+ was facilitated by the formation of cobalt blue (CoAl2O4). To 

accurately predict the binding behaviour of Cs+ and Sr2+ at low concentrations, 

thermodynamic modeling was conducted based on an ion exchange mechanism. However, 

for improved predictions at high concentrations of Sr2+ and Co2+, the model requires 
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modification, such as incorporating precipitation and non-charge balanced ion exchange 

mechanisms. 

6.2.2 In-situ ettringite enhanced anionic radionuclide immobilisation 

In Chapter 4, a modified geopolymer containing in situ ettringite was successfully 

synthesized by introducing gypsum and ground blast furnace slag (Gyp 10wt% + 3S). This 

modification greatly enhances the geopolymer's ability to uptake Se oxyanions, as ettringite 

demonstrates a high affinity for Se oxyanion adsorption. The study reveals that the generated 

ettringite, whether in the in-situ form or through co-precipitation, effectively interacts with 

the geopolymer, which carries a permanent negative charge, due to its positively charged 

surface. This interaction compensates for the partial negative charge and maintains the 

geopolymer's basic structure and cation uptake capacity following ettringite synthesis. In 

terms of Se oxyanion immobilisation, synthetic ettringite can immobilize both SeO3
2- and 

SeO4
2- through co-precipitation, while only SeO3

2- can be uptaken through the binding 

process. The binding process primarily involves ion exchange with SO4
2- at low 

concentrations (< 1 mmol/L), while at higher concentrations (> 1 mmol/L), the dominant 

mechanism shifts to ligand exchange with Ca-OH2. In the case of in-situ ettringite, its uptake 

mechanism for SeO3
2- is partially shielded by electrostatic interaction and hydrogen bonding 

with the geopolymer matrix. Despite these modifications, the modified geopolymer retains 

its capacity to adsorb cationic radionuclides such as Cs+ and Sr2+, and it exhibits a significant 

uptake capacity for SeO3
2- through ion exchange as the controlling mechanism. Moreover, 

thermodynamic modeling based on an ion exchange mechanism proves to be accurate in 
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predicting the uptake behaviour of both synthetic ettringite and modified geopolymers for 

SeO3
2- at low concentrations (< 1 mmol/L). 

6.2.3 Surface chemical properties and anions immobilisation of PGPs 

In Chapter 5, the surface chemistry and structure-related electrostatic properties of 

phosphoric acid activated metakaolin-based geopolymers (PGPs) were investigated for their 

potential in stabilization/solidification (S/S) applications. The evaluation included zeta 

potential measurements, microstructure characterization, immersion behaviour analysis, and 

leaching experiments. The zeta potential of PGPs surfaces exhibited an initial increase 

followed by a decrease as pH levels rose, with the maximum value observed at neutral pH. 

Within a specific pH range, the surfaces of PGPs carried a positive charge and demonstrated 

electrostatic adsorption capabilities for anions such as SeO3
2-, SeO4

2-, I-, and IO3
-. The 

geopolymerization reaction of PGPs resulted in the development of AlVI-OP and AlIV-OP 

structural units, with the ratio of these units influencing the surface electrostatic properties. 

Increasing concentrations of acid activators led to a higher ratio of these units, resulting in a 

higher zeta potential in neutral aqueous environments. A phosphoric acid activator 

concentration of around 10.3 mM was found to be optimal, facilitating the geopolymerization 

process without causing excessive dealumination. In acidic aqueous environments, the AlPO4 

units in the PGPs surface structure preferentially fractured, contributing to the dealumination 

process. This effect became more pronounced as the pH decreased, leading to a reduced ratio 

of AlVI-OP and AlIV-OP and a decrease in the positive electrical properties of the PGPs 

surface. Conversely, in alkaline aqueous environments, a large number of Si-OH structural 
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units and VI-coordination Al lost protons, generating negative charges and increasing the 

negative charge of the PGPs surface. The immobilisation of SeO3
2-, SeO4

2-, I-, and IO3
- anions 

within the PGPs matrix was highly effective, with no significant changes in the matrix 

structure observed even after 28 days of leaching experiments. This effective immobilisation 

was primarily attributed to the electrostatic attraction between the anions and the positively 

charged structural unit, AlVI-OP, located at the PGPs matrix interface. Importantly, this 

association resulted in a significant enhancement in anion retention compared to previous 

studies using different types of matrices. 

6.3 Suggestions for future works  

6.3.1 Further development of geopolymer in radionuclides immobilisation 

Previous studies have shown that geopolymer, as a substitute for Portland cement, exhibits 

adsorption and immobilisation capabilities for cationic radionuclides (Cs+, Sr2+, and Co2+), 

as well as for the modified cationic radionuclides (SeO3
2-). Based on this, further exploration 

of geopolymer materials for the disposal of nuclear waste is carried out. There are two 

specific directions: 

1) Research on the adsorption and immobilisation of radioactive nuclides in geopolymer 

with varying porosity (specific surface area) based on computer-aided material design, 

3D printing technology, and other techniques (foaming agents or organic solution 

porous membrane plates). Compared to densely packed block materials and finely 

powdered materials after solidification, porous geopolymer materials have a 
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continuous structure, higher mechanical strength, and sufficient specific surface area, 

making them suitable for the adsorption and immobilisation of radioactive nuclides 

in various waste disposal scenarios. However, there are apparent technical challenges 

to be addressed: how to adjust the material composition to make it suitable for 3D 

printing or achieve good contact and effects with foaming agents. Additionally, a 

suitable set of equipment needs to be designed for material printing and design. 

Ultimately, the obtained porous materials should have higher adsorption capacity and 

stability compared to traditional high-density block products. 

2) Application of geopolymer materials in the solidification of organic waste. During the 

operation of nuclear power, decommissioning of nuclear facilities, and application of 

nuclear technology, a large amount of organic radioactive waste, especially organic 

liquid waste, inevitably accumulates. The hydration process of traditional 

cementitious materials is affected by this organic waste, leading to a decrease in 

strength and solidification capability. In contrast, geopolymer materials can 

effectively immobilize this organic waste during the hydration process without 

compromising the structure. Therefore, geopolymer materials are highly promising 

for the solidification of organic waste. However, the development of solidification for 

organic liquid waste has been slow, especially in the absence of previous research on 

the application of water-hardened gel materials as guidance. The solidification 

capacity, stability, and safety of the process need to be systematically studied and 

analyzed. Gel materials corresponding to different functional groups of organic liquid 

waste should be further developed. Direct geological disposal of solidified organic 
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liquid waste can conserve energy, minimize secondary pollution, and possess 

significant application value. 

6.3.2 Application of other inorganic materials in radionuclides treatment 

Geological disposal of nuclear waste generally involves isolating radioactive waste in deep 

underground repositories, where the waste is encapsulated in buffer materials. After several 

decades or even hundreds of years, the surface-contacting buffer materials will evolve into 

stable mineral materials under the influence of thermodynamics and kinetics. The commonly 

used Portland cement typically transforms into a C-A-S-H structure, while geopolymer 

materials transform into more stable zeolites. Therefore, exploring and researching different 

inorganic materials as buffer materials, as well as their stability and durability, are of 

significant importance for the sustainable development of nuclear fuel backend disposal. 

Subsequent research can include the synthesis, manufacturing, and mechanism investigation 

of different types of zeolites, various types of cement (including their mineral components: 

C-S-H, AFt, AFm, etc.), and other high-performance mineral adsorbents such as layered 

double hydroxides (LDH), which are naturally occurring or artificially synthesized minerals. 

In addition, for a wide range of nuclides, including difficult-to-adsorb anionic nuclides such 

as SeO3
2-, SeO4

2-, I-, and IO3
-, which cannot be effectively adsorbed by alkali-activated 

geopolymers, there is a need to conduct research on the synthesis of high-performance 

ceramic adsorbents based on aluminosilicate material design. 
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6.3.3 Machine learning based adsorption model informatisation 

Adsorption energy is a key parameter for evaluating the adsorption performance during the 

adsorption process and can be estimated or calculated using various methods. Currently, 

density functional theory (DFT) is widely accepted in computational chemistry for 

calculating the energy difference between the pre- and post-adsorption states. However, for 

complex molecular structures, precise theoretical calculations require significant 

computational resources. In recent years, machine learning (ML) has emerged as a powerful 

tool to establish targeted adsorption models that address the challenges in describing and 

predicting adsorption reaction performance. By combining existing databases and necessary 

experimental results in subsequent research, effective predictive models for material design 

and adsorption energy can be established using a variety of machine learning algorithms. 

This research is of significant importance in reducing the need for extensive experimentation, 

conserving resources, and facilitating the long-term disposal of nuclear waste.
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Supporting Information 

 

1. Thermodynamic ion exchange model and its fitting method 

 

Python-written best 𝑳𝒐𝒈𝒌 fitting code template 

 

The following Python-IPhreeqcCOM template code simplifies the search for the best fitting 

𝑳𝒐𝒈𝒌 values between the results obtained from Phreeqc and experimental data. The search 

is automated using the least squares method, which gradually narrows down the range of 

values based on the parameters provided. 

 

Initially, the experimental data is imported into the process, and the 𝑳𝒐𝒈𝒌 value is determined 

based on the provided boundary conditions. Next, the phreeqc module is utilised to calculate 

the leaching of SO4
2-. A range of Se initial concentration-SO4

2- leaching curves corresponding 

to different 𝑳𝒐𝒈𝒌 values is obtained, and the closeness of these curves to the experimental 

data is evaluated using the Root Mean Squared Error (RMSE). The least squares method is 

then applied to determine the best-fitting 𝑳𝒐𝒈𝒌  value within the given range, which 

corresponds to the smallest RMSE. 

 

The code: 
from win32com.client import Dispatch 

import pandas as pd 

import numpy as np 
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from scipy.stats import pearsonr 

import matplotlib.pyplot as plt 

 

# Creating PHREEQC objects 

def GetResult(input_string, db_path = 'WATEQ4F.DAT'): 

 dbase = Dispatch('IPhreeqcCOM.Object') 

 dbase.LoadDatabase(db_path) 

 dbase.RunString(input_string) 

 output = dbase.GetSelectedOutputArray() 

 return output 

 

# Calculate the RMSE between two arrays 

def calculate_rmse(a, b): 

 return np.sqrt(np.mean((a - b)**2)) 

 

# Create a function that compares two sets of data 

def calculate_correlation(a, b): 

    corr, _ = pearsonr(a, b) 

    return corr 

 

# Calculate RMSE from log_k 

def get_fit(K_fitting, Con, SO4_leaching_ex, SeO3_binding_ex): 

                           # Make sure experimental data has been imported  

 SeO3_binding_f=[] 

 SO4_leaching_f=[] 

 for Se_con in Con: 

  input_str = f''' 

   Phase 

Ettringite   # In order to simulate the pH change and  

  #SO42- environment in the experiment 

     Ca6Al2(SO4)3(OH)12:26H2O + 12H+ = 2Al+++ + 6Ca++ + 38H2O + 3SO4-- 

     log_k 57.730 



Appendix A 

197 

 

     delta_h -389.36 

   SOLUTION 1 

    units mmol/kgw  

    Temp 20  

    ph 7 charge 

    water   1 

    Se(4) {Se_con} 

   EQUILIBRIUM_PHASES 1 

    Ettringite 0 0.000797 #Indicates the amount of  

    Save solution 1   #ettringite in the system at 1  

    End                   #mol/L 

   EXCHANGE_MASTER_SPECIES 

    Xg Xg+2 

 

   EXCHANGE_SPECIES 

    Xg+2 = Xg+2 

    log_k = 0 

    

    Xg+2 + SO4-2 = XgSO4 

    log_k = 0 

 

    XgSO4 + SeO3-2 = XgSeO3 + SO4-2 

    -gamma 3.5 0.015 

    log_k = {K_fitting} 

 

   USE SOLUTION 1 

   EXCHANGE 1 

    XgSO4 4e-5     #ettringite contains 0.004 mol/kg of  

   CALCULATE_VALUES   #exchangeable SO42- 

   SeO3(binding)  

   -start 

   10 m_Se = MOL("XgSeO3") *1000 
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   100 SAVE m_Se 

   -end 

   SO4(leaching) 

   -start 

   10 m_S = (4e-5-MOL("XgSO4")) *1000 

   100 SAVE m_S 

   -end  

 

   SELECTED_OUTPUT 

      -reset false 

   -calculate_values SeO3(binding) 

   -calculate_values SO4(leaching) 

 

  ''' 

  output = GetResult(input_str) 

  XgSeO3, SO4 = output[1] 

  SeO3_binding_f.append(XgSeO3) 

  SO4_leaching_f.append(SO4) 

     

 fit = calculate_rmse(SO4_leaching_ex, SO4_leaching_f) 

 return fit 

 

#setting parameters  #Arbitrary starting conditions and boundaries can be set 

min_fit = 1 

K_fitting=0 

best_fit=0 

left = 0 

right = 20 

epsilon = 0.0001 

 

# Loop calculation of fit  

while right - left > epsilon: 
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    mid = (left + right) / 2 

    fit = get_fit(mid) 

    if fit < min_fit: 

        min_fit = fit 

        K_fitting = mid 

    if fit < get_fit(mid+epsilon): 

        right = mid 

    else: 

        left = mid 

 

best_K_fitting = K_fitting 

best_fit = get_fit(best_K_fitting) 

 

plt.plot(x, y) 

 

2. SeO3
2- redox state  

   

Fig. S4-1. Eh-pH diagram at 298.15 K, 105 Pa [71]. The redox state of SeO3
2- in this study 

is marked in the red area. 

redox 

state
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