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Summary 

Coal serves as the second largest energy source worldwide and its world total consumption has 

reached about 5459 Mtce in 2018. Its dominant role is very likely to remain for the foreseeable 

future due to its low cost and broad availability. The large quantities of coal consumption 

generates a large amount of coal ashes, which is a hazardous solid waste produced from coal 

combustion facilities for electricity and heat generation. Fly ashes are widely used as additives 

in construction industry such as concrete and cement. However, the world average of utilization 

rate of coal ashes is only around 25% with a substantial quantity of coal ashes being disposed 

in landfills, which has contributed and will potentially cause many environmental problems 

both past and future. Therefore, not only the appropriate disposal but also effective utilization 

of fly ash is required. This PhD project mainly focused on the alternative utilization of coal fly 

ash as feed stock for zeolite synthesis and additives in replace of OPC (Ordinary Portland 

Cement) for geopolymer production. 

Given the compositional similarity between coal fly ash and zeolite, conversion of fly ash into 

zeolite is a promising pathway to relieve the waste accumulation in landfills while also 

producing high value-added products. First the high quality zeolite 4A (471 m²/g surface area) 

was successfully synthesized from fly ash via a two-step high temperature fusion followed by 

hydrothermal treatment. More importantly, the migration of heavy metals from fly ash to 

product zeolites and wastewater during the synthesis process, which was rarely found in the 

open literature, was deeply investigated. As and Se and Mo were found highly mobile and 

mostly presented in the wastewater, while less than 20% of the Cu, Cr and Pb went to the 

wastewater, the rest along with almost all cadmium, iron and nickel were fixed into the product 

zeolites. Despite the existence of heavy metal elements in zeolites, there was no noticeable 

leaching under various pH conditions, hence deemed safe for applications. 
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The wastewater generated from fly ash zeolitization process usually contains a high level of 

NaOH and trace amounts of several heavy metals, therefore requiring careful treatment before 

disposal. Three modified processes based the two-step synthesis route with integration of 

alkaline wastewater recycling are designed and investigated in order to reduce the volume of 

wastewater generated thus enhance the feasibility of scale-up of the fly ash zeolitization 

process. As much as 20% of the NaOH input can be reduced via alkaline waste recycling, as it 

provides the reagent (NaOH) needed for zeolite synthesis. More sodalite was observed in 

replace of zeolite A when 100% wastewater was recycled continuously, and the mechanism of 

the phase transformation was also examined. Reducing the hydrothermal treatment time and 

partial recycling were found effective in controlling the phase purity of product. 

Zeolite synthesis using fly ash generated from Circulating fluidized bed combustion (CFBC) 

was also investigated. CFBC is an advanced and clean coal technology that can meet the strict 

environment regulations due to its low NOx and SO2 emission. Both simple hydrothermal 

method and two-step method were evaluated and various synthesis conditions were 

systematically investigated to optimize the process. Low-temperature hydrothermal method led 

to formation of mixture of zeolite A and X, while pure phase zeolite A can be formed by two-

step method with fusion temperature only of 300 ℃. 

The application of fly ash derived zeolite A, as an ion exchanger, for strontium and cesium 

removal was evaluated. Batch experiments were carried out to investigate the influence of 

process variables such as temperature, initial concentration and contact time on metal ion 

uptake. 80 - 100% removal efficiency of both strontium and cesium were observed at lower 

initial concentrations. Moreover, high temperature calcination was evaluated and found to be 

effective on converting Sr and Cs containing zeolite A into Sr-feldspar, pollucite and nepheline, 

which as suitable for long-term storage of strontium and cesium avoid further leaching into 

environment. 
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Fly ash is also an attractive additives in replace of ordinary Portland cement for synthesis of 

Geopolymer, which is a popular construction material derived from different sources of 

aluminosilicates known for its environmental benefits and excellent durability in harsh 

conditions. However, the curing of fly-ash based geopolymer normally requires a thermal 

treatment that increases the manufacturing cost and carbon footprint. Hereby we explored a 

new economical and environmentally-friendly alternative, i.e. solar curing, that harnesses solar 

radiation to achieve accelerated geopolymerization process. With solar curing, the surface 

temperature can easily reach 65°C under the sun and substantially improved the compressive 

strength especially at the early age by 17.8% at 28-day. This was largely attributed to the higher 

conversion of activators (NaOH) and subsequently accelerated geoplymerization rate caused 

by solar curing. Accordingly, more calcium aluminate silicate content was detected in the solar 

cured specimens hence leading to a higher mechanical strength.  
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Chapter 1: Introduction 

1.1 Coal Fly Ash Generation  

There are an estimated 1.1 trillion tonnes of proven coal reserves worldwide, which is enough 

to last 150 years at current rates of production, in contrast to oil and gas whose proven reserve 

can last for 50 and 52 years [1]. China has been the world’s biggest coal producer for the past 

three decades, producing 3,874 Mt of coal in total in 2019, while the US comes in second. 

Other major coal producers are India and Australia [2]. As shown in Figure 1 [3], in 2000, the 

US and Europe accounted for around half of the coal demand worldwide, while Asian countries 

overall accounted for less than half. By 2017, however, Asia accounted for about 80% of the 

total coal demand, with the coal demand in many advanced economies experiencing deep 

structural decline, mainly due to the competition from natural gas in the US and higher CO2 

price in Europe. Such declines is likely to continue in the next few years. Coal demand drops 

too in China, the main player in the global coal market, largely due to the stringent policy push 

to improve air quality. However, the global coal demand will still set stable due to the expected 

growing use of coal in India and other Asian countries.  

 
Fig. 1. Coal demand in selected countries/regions in 2000, 2017, and 2023 [3]. 

0

500

1000

1500

2000

2500

3000

US Europe
(EU28)

Japan &
Korea

China India Southeast
Asia

C
o

al
 d

em
an

d
, M

tc
e

2000 2017 2023



2 

 

The demand for coal is closely related to the electricity demand and the share of coal in power 

generation sector. Ever since the beginning of widespread electricity use, coal has been playing 

a vital role in electricity generation worldwide. Currently, about 66.5% of primary coal is being 

used for electricity generation [4], and coal firing power plants fuel 38% of global electricity 

and in some countries, such as China and India, coal fuels a higher percentage of electricity 

[5]. Figure 2 displayed the world coal consumption from 1971 to 2018 [4]. By 2018, the world 

total coal consumption has reached about 5459 Mtce, which was mostly contributed by non-

OECD member countries. China is largest coal consumer in the world and accounts for 

accounting for half of the global coal consumption.  

 
Fig. 2. World coal consumption, 1971-2018 [4]. 

The substantial consumption of coal generates a large amount of coal combustion products 

(CCPs) in power plants, including mainly fly ash (>85%), bottom ash (<15%) but can also 
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refers to the ash that falls down through the airflow to the bottom of the boiler and is 

mechanically removed, while fly ash is captured from flue gas and collected by electrostatic or 

mechanical precipitation [6]. The annual emission of CCPs is in the order of billion tons 

globally, among which the global production of fly ash is estimated around 800 Mt annually 

[7], [8]. As listed in Table 1, the largest CCPs producing countries were China, India, Europe 

and the USA. The utilization rate of CCPs, however, has varied widely from 10% to 99% with 

an overall utilization rate of 63.9%.  

Table 1. 2016 Annual Production and utilization rates of CCPs by country [8]. 

Country/Region 
CCPs 

Production/Mt 

CCPs 

Utilization/Mt 

Utilization 

Rate/% 

Australia 12.3 5.4 43.5 

Asia    

-Chian 565 396 70. 1 

-Korea 10.3 8.8 85.4 

-India 197 132 67.1 

-Japan 12.3 12.3 99.3 

-other Aisa 18.2 12.3 67.6 

Europe (140)   

-EU15 40.3 38 94.3 

Middle East & 

Africa 
32.2 3.1 10.6 

Iseral 1.1 1 90.9 

The United States 107.4 60.1 56.0 

Canada 4.8 2.6 54.2 

Russia 21.3 5.8 27.2 

Total 1221.9 677.7 63.9 

 

1.2 Properties of Coal fly ash 

Understanding the chemical, physical and mineralogical properties of coal fly ash is of 

fundamental importance in the disposal and development of utilization methods of fly ash.  

1.2.1 Physical Properties  

Fly ash normally occurs as fine, powdery particles with an average size of less than 20 μm, 

bulk density ranging from 0.54 to 0.86 g/cm3, surface area varying from 170 to 1000 m2/kg 
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and light texture. The colour of fly ash is dependent on the content of unburned carbon left in 

ash, varying from yellow to grey to black [6], [9]. The particle shape of fly ash also varies with 

the different combustion conditions applied. Fly ash produced from pulverized coal 

combustion (PCC), which usually operates at high firing temperature at 1300 – 1700 ℃ [10], 

is predominantly spherical in shape either solid or hollow. However, fly ash produced from 

circulating fluidized-bed combustion (CFBC), a clean coal technology known for its low NOx 

emission, is commonly with irregular shapes, mainly due to the relatively low combustion 

temperature (800 – 950 ℃) [11]–[13]. 

1.2.2 Mineralogical Properties  

The mineralogical composition of fly ash is heavily dependent on the silica content and cooling 

process after combustion. Fly ash is mostly glassy (amorphous) in nature and also contains a 

relatively small amount of crystalline phases, predominantly quartz (SiO2) and mullite 

(3Al2O3.2SiO2). Less predominant minerals in the unreacted coals, such as calcite, pyrite and 

hematite, can also occur [9], [14]. Anhydrite (CaSO4) and calcite (CaCO3) are the crystalline 

phases commonly found in fly ash obtained from CFBC [6]. 

1.2.3 Chemical Properties 

The chemical composition of fly ash are greatly influenced by the type of coal and the 

combustion techniques. There are basically four types of coal, namely anthracite, bituminous, 

sub-bituminous and lignite, however, anthracite coal is rarely burned in utility boilers. The 

typical composition of fly ash originated from bituminous, sub-bituminous and lignite coal are 

listed in Table 2 [9]. Fly ash essentially consists of SiO2, Al2O3 and Fe2O3, other components, 

such ash CaO, MgO, K2O, Na2O, SO3, are also commonly found in fly ash but with lower 

content. It needs to be mentioned that not all these elements exists in basic oxide forms, they 

are presented in oxide form for simplicity.  
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Table 2. Normal range of chemical composition for fly ash produced from different coal 

types [9]. 

Component (wt%) Bituminous Sub-bituminous Lignite 

SiO2 20–60 40–60 15–45 

Al2O3 5–35 20–30 10–25 

Fe2O3 10–40 4–10 4–15 

CaO 1–12 5–30 15–40 

MgO 0–5 1–6 3–10 

SO3 0–4 0–2 0–10 

Na2O 0–4 0–2 0–6 

K2O 0–3 0–4 0–4 

LOI 0–15 0–3 0–5 

Fly ash can be briefly classified into Class C and Class F type according to the amount of 

calcium and the silica, alumina, and iron content in the ash. Class F fly ash normally contains 

more than 70% of SiO2, Al2O3 and Fe2O3 content and less than 5% of CaO content, displaying 

good pozzolanic properties (hardening when reacted with Ca(OH)2 and water). In contrast, 

class C fly ash is normally found having CaO content higher than 20%, having cementitious 

properties (self-hardening when reacted with water) [9], [15]. 

Fly ashes are also found containing a broad array of trace elements such as As, Mo, Se, Cr, Pb, 

Cu, Ni, Ba, Sr, V and Zn, many of which are with great environmental concern [15], [16]. 

Depending on the source of the coal, the heavy metal concentration in fly ash varies from 2.3 

to 6300 ppm for arsenic, 0.02 – 0.36 ppm for mercury, 1.2 – 236 ppm for molybdenum, and 

0.2-134 ppm for selenium, approximately 4 -10 times higher than those in the parent coal in 

most cases [16]. Therefore care must be taken no matter fly ash is landfilled or recycled for 

other purpose. Detailed discussion on the occurrence of hazardous trace elements in fly ash 

and their leaching behaviour can be found in Chapter 2.  
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The pH values of fly ash vary from 1.2 to 12.5, with most ashes in the pH range between 8 and 

12 (alkaline in nature) [6], [14]. The pH value of the ash–water system is mainly controlled by 

the Ca/S ratio in fly ash, although other minor alkalis or alkaline earth cations such as Mg may 

also contribute to the balance [17]. Generally, fly ash can be classified into three main groups 

based on the Ca/S ratio and pH value,: strongly alkaline ash (pH 11–13, Ca/S>>1), mildly 

alkaline ash (pH 8–9, low Ca level) and acidic ash (depleted in CaO and MgO) [17].  

1.3 Conventional Utilization of Coal Fly Ash 

Utilizing coal fly ash can not only minimize the disposal cost and free more lands that are 

reserved for fly ash disposal, but also can be financially beneficial from the sale of ash-derived 

products or at least offset the disposal cost. Currently, the fly ash utilization strategies can be 

classified into three main groups: 

 Non-beneficial use – fly ash is dumped into landfills, which is viewed as an economic 

burden to producer.  

 Simple utilization strategies – fly ash directly used as a final product, e.g.  application 

of fly ash in agricultural soil modification, waste encapsulation, mine  backfill etc., or 

requires limited processing to produce value added products, e.g cement and concrete 

production, structural fill and cover material, roadway and pavement utilization, 

addition to construction materials as a light weight aggregate etc. 

 Advanced utilization strategies – significant processing is required to extract a high 

value added products, e.g metal recovery, zeolites etc. 

Fly ash is predominantly used in construction sectors, which account for around 70% to 84% 

of fly ash applications and less than 1% of fly ash was applied in agriculture and soil 
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modification and stabilization [15]. Recent reviews by Ahmaruzzaman [9] and Yao [6] have 

presented details of currently possible applications of fly ash.  

Although several options are available for fly ash application, the global utilization rate is at 

around 67%, and in some countries, can be as low as 10% -20% (Table 1), which means a 

significant proportion of coal fly ash is still left untreated and disposed in landfill. The 

increasing load of toxic metals in the landfill increases the potential for ground water 

contamination and thus pose threats to human health. From the perspective of clean coal 

energy, fly ash is a waste material requiring immediate attention for appropriate and effective 

disposal, while from a waste utilization perspective, fly ash is a resource yet to be fully 

exploited. Alternative approaches to effectively use fly ash is urgently needed, especially 

production of high value added products in a more economic and environmental-friendly way.  

This PhD project will focus on the utilization of fly ash for zeolite synthesis and geopolymer 

production. 

1.4 Zeolite Synthesis from Coal Fly Ash 

Synthesis of zeolites, as one of the effective uses for coal fly ash, is gaining more attention, 

due to the compositional similarity between fly ash and zeolites.  Converting fly ash into zeolite 

can not only reduce the waste landfills but also producing high value-added products. Ever 

since the first study conducted by Holler and Wirsching [18], many methods and process have 

been proposed for zeolite synthesis using fly ash and all those aim at the digestion of Si – Al 

containing insoluble glass phase and crystalline phases such as mullite and quartz and 

subsequent crystallization of zeolite [19]. 
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1.4.1 Background of Zeolites 

Zeolites are crystalline alumino-silicate with a structure containing SiO4 and AlO4
¯ tetrahedron 

(see Figure 4), linked together with adjacent tetrahedron sharing oxygen to form distinctive 

crystalline structures, contain large vacant cages (see Figure 5) that can accommodate cations. 

e.g. Na+, K+, Ba2+, Ca2+, as well as large molecules and cation groups (H2O, NH4+) [14]. With 

such peculiar three-dimensional porous structure, zeolites have wide range of applications: 

 
Fig. 4. An illustration of Si and Al tetrahedral. [14] 

 
Fig. 5. Cage structure formed by the orientation of AlO4¯and SiO4 tetrahedron. [20] 

Heavy metal removal  

Hydrated cations within the zeolite pores are bound loosely to the zeolite framework, and can 

readily exchange with other cations when in aqueous media. [21] Various natural zeolites 

around the world have shown good ion-exchange capacities for cations, such as ammonium 

and many other heavy metal ions. The use of natural zeolites in wastewater treatment is one of 

the oldest and the most perspective areas of their application [22]. Many studies have been 

done on their usage in wastewater treatment [23]–[28]. Today, heavy metals are most serious 

pollutants, becoming a severe public health problem [29], [30]. Among various methods of 

heavy metal and metalloid removal from aqueous solutions, such as chemical precipitation, 

solvent extraction, ion exchange, reverse osmosis or adsorption etc. the adsorption process is 

viewed as a relatively simpler, more economical and more effective technique. 
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Gas separation  

Due to its large variations in pore dimension and geometry, zeolites are widely used as 

molecular sieves for gas separation [31], [32]. On one hand, zeolites have many polar sites, 

such as surface cationic sites. Thus, zeolites can also be used as an adsorbent for the separation 

of gases with different polarities [31], such as capture of SO2, NH3, CO2  from flue gases [33], 

[34]. On the other hand, for separation of gases present in low concentrations, the 

chemisorption effect of zeolites can be especially effective. The important zeolite properties 

include pore size, Si/Al ratio and charge balance species, which all affect the interactions 

between molecules and zeolite [14].  

Catalyst  

Another important use for zeolites is as catalysts in pharmaceutical manufacturing and in the 

petroleum refinery industry, where they're used in catalytic crackers to break large hydrocarbon 

molecules into gasoline, diesel, kerosene, waxes and all kinds of other byproducts of petroleum 

[35]. This can also be attributed to the porous structure of zeolites. The pores in a zeolite's open 

structure are like millions of tiny test tubes, in which atoms and molecules are trapped and 

chemical reactions proceed. Moreover, other features such as the tunable acidity and the 

possibility of inserting additional metals to their framework also make zeolites increasingly 

attractive as catalyst in regards to the efficiency and selectivity of reactions [36].  

1.4.2 Existing Synthesis Route of Zeolite from CFA 

Direct Hydrothermal Synthesis 

 Direct hydrothermal synthesis, as the name implies, is where the fly ash in its solid particle 

form, without any previous treatment, reacts with other reactants and treated by hydrothermal 

reaction to produce zeolitic materials [14]. In terms of mechanism (shown in Figure 3)[37], 

[38], the hydrothermal process basically has three stages: firstly dissolution of silica and 

alumina contained in in fly ash, primarily glassy phase for this method; secondly, the deposition 
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or condensation of aluminosilicate gel on the surface of partially dissolved fly ash particles; 

then with nucleation and following crystallization from the aluminosilicate gel, zeolites are 

eventually formed. Typically, NaOH or KOH solutions with different concentration, act as 

activators, are directly mixed with fly ash at atmospheric or water vapor pressures, temperature 

ranging from 80 to 200℃ and treatment time up to 48 hours, enabling synthesis of up to 13 

different zeolites from the same fly ash, namely Faujasite, type X, Y, Linde Type A, Zeolite P, 

Zeolite PI, etc. [14]. The method is usually time-consuming and low in conversion rate. 

 

Fig. 3. Mechanism of hydrothermal conversion of fly ash into zeolite [37], [38]. 

Microwave-assisted Synthesis 

Microwave assisted method utilises microwave in the hydrothermal process. The microwave 

assists the zeolite synthesis at earlier stage due to the stimulated dissolution of SiO2 and Al2O3 

from CFA and reduce its reaction time. However, it will retard the formation of zeolite in the 

middle to later stage. Therefore, by utilising microwave in the earlier hydrothermal process can 

effectively shorten the reaction time of zeolite synthesis from CFA [39]. In the study done by 

Querol [40], application of microwave to the conventional synthesis can lead to the significant 

reduction of reaction time from 24 hours to 30 min.  

Dry or Molten-salt Conversion 

Dry or molten-salt conversion can be carried out under molten conditions, therefore, no water 

is added to the reaction. The mixture contains fly ash and base, where the base can be KOH, 
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NaOH or NH4F, is heated in molten state at 350 °C [41]. This method effectively avoids the 

generation of waste water from synthesis process. However, so far only low CEC zeolites are 

produced at high temperature condition, which restricts utilization of this method [42]. 

Two-step Synthesis Involving Silicate Extract 

Silicate extract is the method that can be used for synthesis of pure zeolite products by the 

extraction of silica from fly ash and the subsequent combination of silica leachate with 

aluminate solutions [43]. High pore volume zeolites such as NaP1, NaX and NaA zeolites can 

be produced from this method. 

Two-step Synthesis Involving Alkali Fusion 

For a two-step synthesis involving alkaline fusion, the fly ash are pre-treated by undergoing 

fusion with sodium hydroxide at high temperature. By having the fusion prior to hydrothermal 

process, the dissolution of crystalline phases is greatly enhanced and most of the Si and Al 

bearing phases are converted to sodium silicate and sodium aluminate. With the present of 

sodium salts, the hydrothermal reaction will favour the formation of zeolite [44]. This method 

enables the synthesis of >99% pure zeolite products. In 2000, Chang and Shih and co-workers 

produced zeolite X, Y and A by using alkali fusion method [45].  

1.4.3 Factors Affecting Zeolite Synthesis from Coal Fly Ash 

Fly Ash Composition  

As the source of Si and Al for zeolite synthesis, the chemical and mineralogical composition 

of fly ash determined the type and yield of synthesized zeolite to large extent. As the major 

element Si and Al can exist in both amorphous phase and crystalline phase, the crystalline 

process can be separated into two stages, where primary crystallization is fuelled by amorphous 

aluminosilicate glassy phase, whereas the secondary crystallization is fuelled by the Si and Al 

extracted from crystalline phase [46]. This has well explained why fly ashes with same bulk 
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Si/Al ratios could lead to different types of zeolites under same synthesis conditions. Typically, 

high glass content in fly ash results in high synthesis yields (larger than 80wt%), and larger 

contents of non-reactive phases (hematite, magnetite) in fly ash, and larger content of 

crystalline aluminosilicate phases (mullite, quartz) usually result in lower yields [47]. The Si/Al 

ratio also has significant influence on the formation of zeolite. Higher Si/Al ratio generally 

favours the production of zeolite P, whereas lower Si/Al ratio favours production of zeolite A 

and faujasite [48], [49]. An interesting finding on the effect of calcium content in fly ash on 

zeolites synthesis was discovered by Catalfamo et al. [50] that when calcium content exceeding 

3-5wt%, the crystallization of zeolites, especially zeolite A will be suppressed to some extent. 

Alkalinity  

It was proved that NaOH has shown higher dissolution efficiency for quartz and mullite than 

that of KOH solutions [51]. Moreover, increased pH will increase reactant concentrations in 

solution, such as aluminate ions, silicate ions and hydroxyl ions, which will accelerate the rate 

of crystallization [52]. Higher NaOH concentrations favour the dissolution of mullite. It was 

also found that the dissolution rate of SiO2 from coal fly ash during hydrothermal reaction is 

much higher than that of Al2O3 with a wide NaOH concentration range, especially at higher 

NaOH concentrations [38], [53], [54]. The NaOH concentration was also found having 

influence on the crystal size of synthesized zeolite, that the crystal size can be reduced with the 

increasing NaOH concentration [55]. 

Fusion Conditions  

The initial NaOH/fly ash ratio is essential as the amount of sodium hydroxide employed in 

fusion affects not only the conversion of fly ash into sodium silicate and aluminate but also the 

alkalinity of the solution in hydrothermal treatment. The fusion temperature can affect the 

properties of synthesized zeolites. The optimum fusion temperature for zeolitization of FA 
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produced from conventional combustion normally ranges from 550 to 700 ℃ [19], [44], [56], 

[57].  

Hydrothermal Time and Temperature  

Reaction time also affect the purity of zeolites product. Firstly, the least stable crystalline phase 

is formed and would transformed into more stable phase with prolonged time following the 

Ostwald’s rule of phase transformation. With longer reaction time, zeolite A tend to convert 

into the more stable zeolite hydroxylsodalite [55], [58].  In the study done by Liu et al., reaction 

time from 6 to 12 hrs all resulted in highly crystalline and pure zeolite X, while longer reaction 

time led to the transformation of zeolite X into sodalite [59]. Crystallization temperature 

strongly affects the nucleation process and crystal growth process, specifically, higher the 

temperature, bigger the energy therefore shorter the crystallization time will be [60]. However, 

higher temperature could also result in the transformation of desired zeolitic phase into more 

thermodynamically stable zeolite phase, such as sodalite, which is in agreement with Ostwald’s 

law of successive transformation [60], [61]. 

Ageing and Seeding  

Ageing effects in zeolites synthesis have long been recognized. Essentially, ageing and related 

two temperature treatments enables the separation, or partial separation, of the nucleation and 

crystal growth stages of the synthesis [62]–[66]. Differing to crystal growth that occurs 

throughout the synthesis process, nuclei formation dominates in the initial stage of the process. 

Also, it is known that the nucleation can be effectively halted with a sudden increase of 

temperature during the synthesis. Thus, having an ageing period could enable the amorphous 

gel to generate sufficient nuclei, which would subsequently lead to a rapid crystallization 

during the hydrothermal treatment. However, ageing time should also be carefully designed. 

In the study done by Liu and co-workers [59], aging time 24 obtianed pure zeolite X with high 
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crystallinity, while with the prolonging the time to 48, zeolite X was heavily contaminated with 

zeolite P impurity. Ageing at room temperature is most frequently carried out [67]. 

The addition of seed crystal can effectively reduce the synthesis time and also direct the 

synthesis toward desired phase. This is due to the surface area provided readily by the seed 

crystals, on which the product crystal can grow, as a result, the induction time (generation of 

primary nuclei) can be reduced [67].  

1.5 Geopolymer Production from Coal Fly Ash 

1.5.1 What is Geopolymer? 

Geopolymer is a product of alkali activation of any inorganic aluminosilicate based materials 

that looks like and performs a similar function to ordinary Portland cement (OPC). It is named 

because it can be considered as an amorphous equivalent of geological feldspar and its 

synthesis process is similar to that of organic polymers. Materials rich in Si (e.g. fly ash, slag 

and rice husk) and materials rich in Al (e.g. clays like kaolin, bentonites) are the prerequisite 

for geopolymerization [68], among which fly ash is the most important staring material. Ever 

since it was first coined by J. Davidovits [69], geopolymer is considered as most promising 

and important alternative construction material due to its environmental and technical benefits, 

including 80 - 90% reduction in CO2 emission relative to OPC production and improved 

resistance to heat and other harsh conditions [70].  

1.5.2 Geopolymerization Mechanism 

Similar to zeolites, geopolymers consist of aluminum and silica tetrahedron linked together by 

sharing all the oxygen atoms. Correspondingly, geopolymerization is also in close resemblance 

to zeolite synthesis. The alkali hydroxide plays an important role not only as an activator to 

dissolve silica and alumina from source material but also as media that favour the 

polymerization reaction. Generally, the process can be divided into four stages namely 
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dissolution, nucleation, oligomerization and polymerization. Firstly, with the dissolution of the  

aluminosilicate, -Si-O-Si- or -Si-O-Al- bonds break and release active AlO2
- and SiO3

2- species, 

which then react to form nuclei and aluminosilicate oligomers consisting [SiO4] and [AlO4]
- 

tetrahedral. With polymerization, varying aluminosilicate structures can be formed, including  

poly (sialate) type (–O–Si–O–Al–O–), the poly (sialate-siloxo) type (–O–Si–O–Al–O–Si–O–) 

and the poly (sialate-disiloxo) type (–O–Si–O–Al–O–Si–O–Si–O–), mainly dependent on the 

Si/Al ratio of original material [68]. The empirical formula can be written as Mn[-(SiO2)z-

AlO2]n·wH2O, where z is the Si/Al molar ratio, M is an alkali cation that can be Na+ or K+ 

depend on the alkaline solution applied, n refers to the polymerization degree, and w denotes 

the water content [71]. It needs to be mentioned that there steps can occur almost 

simultaneously and may also overlap. A geopolymerization process using fly ash as 

aluminosilicate material is graphically illustrated in Figure 6. 

Nevertheless, geopolymerization is still different from zeolite synthesis from some aspects. 

Specifically, zeolites formation usually occurs in closed hydrothermal systems but 

geopolymers do not. Also zeolites are normally crystalline in nature as zeolites are synthesized 

in diluted alkaline solution so that precursor species are highly mobile and have enough time 

to undergo proper orientation and alignment before bonding into a crystal structure. 

Geopolymer, however, are usually found in structures from amorphous to semi-crystalline 

because the amorphous phase of fly ash dissolves very quickly in concentrated alkaline 

solution, leaving insufficient time and space for nuclei to grow into a well-crystallized structure 

[68]. 
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Fig. 6. Illustration of geopolymer production from fly ash [71]. 

1.5.3 Fly Ash Based Geopolymer Concrete 

As mentioned earlier in Section 1.3, fly ash is conventionally used as pozzolanic material in 

concrete industry due to its low cost and easy access. The Al – Si species contained in fly ash 

react with Ca(OH)2 and produce calcium silicate hydrate (C-S-H) gel, calcium aluminate 

hydrate (C-A-H) gel and calcium aluminosilicate hydrate (C-A-S-H) gel, which effectively 

improve the concrete compressive strength [71]. Also, substitute OPC with fly ash greatly 

improves the workability and reduces the bleeding of freshly mixed concrete, therefore reduces 

the water usage due to the smooth and spherical morphology of fly ash. Moreover, fly ash, 

particularly Class F type, leads to lower heat of hydration and therefore reduces the risk of 

cracking in concrete in its early stage [9], [72]. 

Using fly ash as source material in geopolymer composites provides a promising and green 

pathway to further expand the utilization of fly ash in construction industry. By this way, the 

hazardous trace elements from fly ash can also be effectively fixed in the geopolymer structure 

[71]. Fly ash based geopolymer is an environmental-friendly binder that can completely replace 

cement binder to mix with aggregate and other additives such as slag to produce fly ash based 

geopolymer concrete.  
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However, replacing the cement completely with fly ash caused new challenges such as the 

early age strength deficiency. Conventionally, this was resolved by curing under elevated 

temperature in an oven, which in turn will impose new challenges, such as increased 

manufacturing cost and carbon footprint. A novel and simple solar curing method for fly ash 

based geopolymer production is proposed. Detailed literature review and methodology are 

present in Chapter 6.   

1.6 Outline of This Thesis 

This PhD thesis is organized in accordance with The University of Western Australia’s Doctor 

of Philosophy Rules for the content and format of a thesis and is presented as a series of papers. 

This implies that the thesis contains papers that have been published, manuscripts that have 

been submitted for publication but not yet accepted, and future manuscripts that could be 

submitted, or any combination of these. This thesis is presented in seven chapters, with Chapter 

2, 3, 4, 5, 6 each containing a relevant background and literature review. This thesis aims to 

present a coherent story by firstly introducing the background of coal fly ash problems and two 

promising pathway to further exploit the potential of fly ash as industrial resource:  zeolites 

synthesis and geopolymer production. Then the development and optimization zeolite 

synthesis route for fly ash produced from PCC and most importantly the migration of heavy 

metals during the synthesis process are described in Chapter 2. Following that, Chapter 3 deals 

with the alkaline wastewater problem associated with zeolitization of fly ash, investigating 

three options for recycling of wastewater. In Chapter 4, the feasibility of producing high quality 

zeolites from CFBC-derived fly ash are investigated. The application of fly ash derived zeolite, 

as an ion exchanger, for strontium and cesium removal are present in Chapter 5. Finally, 

application of fly ash for geopolymer production, specifically a novel solar curing method are 
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described in Chapter 6. Chapter 7 summarizes the research findings and provides some 

recommendations for future work. 
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Chapter 2: Synthesis of High Quality Zeolites 

from Coal Fly Ash: Mobility of Hazardous 

Elements and Environmental Applications 

Abstract: 

Converting fly ash into zeolite is an alternative way to reduce the waste landfills while also 

producing high value-added products. However, hydrothermal synthesis of zeolite from fly ash 

in alkaline media could also induce mobilization of toxic heavy metals, possibly causing 

environmental contamination. Systematic research into this subject is rare in the open literature 

and the mobility of heavy metals from fly ash derived zeolites is yet to be understood.  In the 

present contribution, we investigated the migration of heavy metals and quantified their 

distribution from fly ash to product zeolites and waste water during the synthesis of high-

quality type A zeolites (471 m²/g surface area). High conversions of major elements (98.2% 

aluminium and 96.5% silicon) were achieved, with zero secondary solid waste. Metalloid 

elements including arsenic and selenium, and those with strong amphoteric properties e.g. 

molybdenum were found highly mobile and mostly presented in the wastewater. In 

comparison, less than 20% of the heavy metals with weak amphoteric nature including copper, 

chromium and lead from the fly ash went to the wastewater; the rest along with almost all 

cadmium, iron and nickel were fixed into the product zeolites. Despite the existence of heavy 

metal elements in zeolites, there was no noticeable leaching under various pH conditions, hence 
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deemed safe for applications. Furthermore, the effective removal of trace strontium and 

caesium cations from contaminated water using such zeolites was demonstrated.  
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2.1 Introduction 

More than 40% of the global electric power generation relies on the burning of coal [71], 

producing a significant amount (typically, 10~15% wt) of solid waste, also known as coal 

combustion by-products. Currently, the annual production of coal fly ash worldwide is 

estimated around 780 million tonnes (Mt) [7]. A dominant form of the coal combustion by-

products is fly ash, namely, the coal ash collected from the flue gas by dust collectors in the 

form of glassy fine grey powder. Depending on the source of the coal, the heavy metal 

concentration in fly ash varies from 2.3 to 6300 ppm for arsenic, 0.02 – 0.36 ppm for mercury, 

1.2 – 236 ppm for molybdenum, and 0.2-134 ppm for selenium, approximately 10 times higher 

than those in the original coal in most cases [16]. Therefore, fly ash is sometimes classified as 

a hazardous waste, and the disposal of the gigantic amount of fly ash has become a serious 

environmental challenge [72]. Currently, most of the fly ash is disposed of in landfills, a 

practice that occupies valuable lands, generates airborne particulate pollutants and 

contaminates soils, and both surface and underground water systems. Numerous environmental 

pollution incidents due to fly ash have been documented, costing billions of dollars [73]. 

Fly ash is widely used in civil engineering applications as construction materials, e.g. additives 

for cement and feedstock for geopolymer [6]. However, the present recycling rate of fly ash is 

still low, only 25% on average globally [6]. From the perspective of clean coal technology 

development, fly ash is a waste material requiring immediate attention for appropriate and 

effective disposal, while from the perspective of waste utilization, fly ash is a resource yet to 

be fully exploited. All fly ash essentially contains SiO2 and Al2O3 (in both amorphous and 

crystalline form) and some calcium [9], which are compositionally similar to zeolites – a 

valuable material used as adsorbent or catalyst for environmental and industrial applications 

such as wastewater treatment, soil remediation, and gas separations [74]. Therefore, converting 
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fly ash into zeolites has received increasing attention given it has the potential to not only 

alleviate the problem of waste disposal but also generate high value products. 

Synthesis of zeolite from coal fly ash requires digestion of the insoluble glass phase and 

crystalline phases such as mullite and quartz in order to transform the building blocks into 

aluminosilicate zeolitic frameworks by a hydrothermal treatment [75]. One-step hydrothermal 

process in alkaline solutions was frequently used for direct synthesis of zeolites due to the 

simplicity of the procedure [36], [76]. However, this method usually requires a high alkaline/fly 

ash ratio (~2:1 by weight) and long reaction time (24-48 hrs), but incurs a low conversion (< 

75%) leaving a significant amount of fly ash residual in the products [29]. In comparison, a 

two-step synthesis method, where fly ash undergoes an alkali fusion pre-treatment first, 

followed by hydrothermal treatment, has been reported to produce high crystalline zeolite 

products with a potentially lower alkaline consumption [42], [55]. Therefore, the two-step 

method would be the preferred procedure for the conversion of fly ash to zeolites. 

Zeolite synthesis usually requires a strong alkaline medium regardless the method used, leading 

to release of hazardous elements from fly ash. With the stringent environmental regulations 

and growing public concern about the exposure to heavy metals, many studies have been 

undertaken on the dissolution of various elements from fly ash [16]. Note that conversion of 

fly ash to zeolite not only involves a dissolution reaction but also generates a new solid product. 

However, the migration of hazardous elements from fly ash to zeolite products and discharged 

wastewater does not seem to have received sufficient attention it deserves. Furthermore, 

considering zeolites are known to adsorb heavy metal cations and other toxic substances [26], 

it is necessary to understand the loading of the elements of concern in fly ash based zeolites 

and their mobility during applications for wastewater treatment and soil remediation. Such 

knowledge will help to evaluate the environmental impacts of zeolitization of fly ash. 
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In this work, the conversion of a coal fly ash into type A zeolite using the two-step fusion and 

hydrothermal process was systematically studied, and the synthesis procedure was optimized 

with reduced NaOH consumption. The structure, morphology and quality of synthesized 

zeolites were verified using powder X-ray diffraction, scanning electron microscopy and BET 

surface area analysis, respectively. In addition, X-ray fluorescence, inductively coupled plasma 

mass spectrometry and inductively coupled plasma optical (atomic) emission spectroscopy 

were applied to investigate the migration of hazardous elements and leachability of those 

elements from zeolite products. Furthermore, an environmental application of the zeolites 

obtained from this study was demonstrated by removing heavy metal cations Cs+ and Sr2+ from 

simulated industrial wastewater under different ion concentration and temperature conditions. 

2.2 Experimental 

2.2.1 Materials 

The coal fly ash used for zeolite synthesis in this study was sourced from Datong Power Plant 

II of China Guodian Corporation (3,720 MW) using a black coal supplied locally from Datong 

Coal Field, one of the largest of its kind in China with a total reserve of 35 Gt and an annual 

production of 70 Mt. The particle size of fly ash shows a bi-modal distribution, ranging from 

0.05 to 48 µm, with peaks at 0.3 µm and 12 µm (Supportive Information* Figure S1). As shown 

in Table 1, this fly ash is high in Al2O3 (40.26 wt%) and SiO2 (48.9 wt%) but low in CaO (2.29 

wt%), along with a small fraction of metallic oxides, giving it a slight alkalinity (pH = 9-10). 

The silicon-to-aluminium ratio (molar ratio Si/Al = 0.97) was found close to 1, which is 

suitable for the synthesis of aluminium-rich zeolites such as type A and type X zeolites 

(typically with Si/Al = 1) [77]. Such zeolites are known for their large ion exchange capacity 

that is essential for the removal of heavy metal ions [29].  

 

*See support information at the end of Chapter 2. 
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Table 1 Elemental analysis of coal fly ash in wt% determined using XRF. 

Element Al2O3 SiO2 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SO3 TiO2 LOI* 

wt% 40.26 48.97 2.29 3.07 0.49 0.4 0.02 0.11 0.3 0.27 1.52 2.26 

*Loss on ignition 

2.2.2 Synthesis  

Zeolites were synthesized from fly ash, sodium hydroxide and water without adding any 

template or seed. The two-stage fusion and hydrothermal procedure was employed, as 

schematically illustrated in Figure 1. Briefly, sodium hydroxide and fly ash were mixed 

together with a weight ratio ranging from 0.87 to 2 in a crucible and heated at different 

temperatures (300 and 600 °C) in a muffle furnace for 1 or 2 hrs, as summarized in Table 2. 

After cooling down to room temperature, the solid mixture was transferred to a polypropylene 

bottle containing deionized water (water/ash 12:1) and vigorously stirred for 20 min. The 

resultant slurry was hydrothermally treated in a Teflon autoclave at 80 °C for 24 hrs. 

Afterwards, the solid zeolitic product was filtrated, rinsed with deionized water three times and 

dried at 70 °C overnight. It must be noted zero solid waste was discharged during this 

procedure. The filtration water was retained for further analysis of migration of elements of 

interest. 

The conversion C of the two major elements silicon and aluminium is an important parameter 

that signifies the fly ash utilization efficiency which can be calculated from: 

𝐶𝑖% =
𝑚𝐹𝐴∙𝑥𝑖−𝑉𝑊∙𝑐𝑖

𝑚𝐹𝐴∙𝑥𝑖
× 100%     Eq. (1) 

Where i denote the element of concern, mFA (kg) is the mass of fly ash, xi (mg/kg) is the 

concentration of the element in fly ash, VW (l) is the volume of the wastewater, ci (mg/l) is the 

concentration of element i of interest in the wastewater. 



29 

 

 

Fig. 1 High temperature fusion - hydrothermal treatment process for the synthesis of zeolites 

from fly ash. 

Table 2 List of zeolite products and corresponding synthesis conditions 

No. NaOH/fly 
ash (g/g) 

 

Fusion H2O/fly ash 
(g/g) 

Hydrothermal  

T/°C  Time/hr T/°C  Time/hr 

I-1 2 600 1 

12 80 24 

I-2 1 600 1 

I-3 2 600 2 

I-4 1 600 2 

I-5 2 300 1 

I-6 1 300 1 

I-7 2 300 2 

I-8 1 300 2 

II-1 0.5 600 2 

II-2 0.6 600 2 

II-3 0.7 600 2 

II-4 0.8 600 2 

II-5 0.9 600 2 

II-6 1.3 600 2 

II-7 1.5 600 2 

  



30 

 

2.2.3 Measurement and Characterization 

The elemental composition of fly ash and zeolitic products were determined using X-ray 

fluorescence (XRF). The morphology of the fly ash samples and the synthesized zeolites were 

examined using scanning electron microscope (SEM) with a Zeiss 1555 VP-FESEM 

instrument. The crystallography of the ash and zeolite samples was examined using X-ray 

diffraction (XRD) using a Rigaku Ultima X-ray diffractometer with Cu K alpha radiation (λ= 

1.5404 Å) and benchmarked against library data. For quantitative analysis, the XRD data of 

the synthesized zeolites was firstly analysed and refined by “profile fitting” algorithm in the 

Highscore Plus software. Then the purity (relative weight fraction) of the synthesized zeolites 

was obtained by the quantification function in Highscore Plus, which used an RIR method 

(Reference Intensity Ratio). The RIR method is based upon scaling all diffraction data to the 

fraction of standard reference materials (corundum as the international reference)  [78]. BET 

surface areas were measured on a Micromeritics ASAP2020 using nitrogen gas as the probe 

molecule at 77 K. Prior to measurement, all samples were degassed under vacuum at 300 °C 

for 8 hrs. 

For comparison, the BET surface area of Ca2+ exchanged zeolite products were also measured 

on ASAP2020. Calcium ion exchange was conducted by leaving a synthesized zeolite in a 

calcium chloride (CaCl2) aqueous solution (0.5 M) with a ratio of 2.0 g zeolite/40 ml CaCl2 

solution in a shaking water bath at 40 °C for 24 hrs. The resultant solid product was separated 

by filtration, washed with deionized water three times and dried in an oven at 70 °C overnight. 

2.2.4 Leaching Test and Elements Migration Test 

The mobility of the elements of environmental concern was investigated via leaching in 

aqueous solutions at various pH. The acidic and alkaline environments were represented by 

hydrochloric acid and sodium hydroxide solutions, with pH values of 1, 2, 12 and 13, 
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respectively. Neutral conditions and natural weak acidic conditions were simulated using 

deionized water and carbonated water, with pH 7 and 6, respectively. 

Suspensions containing 5.0 g of fly ash in 30 ml of the aforementioned solutions were kept in 

a shaking bath at 30 °C for 48 hrs. 20 ml of the supernatant was collected from the mixture by 

filtration to remove floating particles. The pH of the leachate was measured using Universal 

Test Paper strips and the elemental composition was analysed via inductively coupled plasma 

mass spectrometry (ICP-MS, Agilent ICP 7700 and 7900) and optical (atomic) emission 

spectroscopy (ICP-OES, Thermo iCAP Duo 6500). The elements of interest and their analysis 

method as well as corresponding detection limits are shown in Supportive Information Table 

S1. 

2.2.5 Heavy Metal Removal Test 

The zeolite product with the highest surface area was selected for further tests to remove heavy 

alkaline and alkaline earth metal cations Cs+ and Sr2+. Suspensions containing 100 mg of the 

zeolite adsorbent in 40 ml of the respective ionic adsorbate solution were isothermally mixed 

in a shaking water bath for 3 hrs, deemed to be sufficient time for the cation adsorption process 

to reach equilibrium [79]–[82]. The heavy metal adsorption isotherms were obtained at 25 and 

30 °C, respectively, with an initial ion concentration ranging from 50 to 1000 mg/l (SrCl2.6H2O 

and CsCl). The initial and equilibrium ionic solutions were analysed using ICP-MS (Agilent 

7500 and 7700) with detection limits of 0.002 and 0.001 mg/l, respectively. The results of the 

changes in concentrations of the ionic solutions were transcribed to obtain two parameters 

describing the extent of sorption. The first parameter η is the heavy metal removal efficiency 

of the adsorbent, defined by equation (2), where Co and Ce are the initial and equilibrium ion 

concentrations (mg/l), respectively [80]. 

𝜂 =  
𝐶𝑜−𝐶𝑒

𝐶𝑜
× 100%     Eq. (2) 
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The second parameter is the equilibrium sorption capacity qe (mg/l), which measures the 

quantity of ions removed (mg) per unit mass of an adsorbent (g). qe can be calculated using 

equation (3), where V (l) is the volume of the aqueous phase and m (g) is the quantity of 

adsorbent applied. 

𝑞𝑒 =
(𝐶𝑜−𝐶𝑒)𝑉

𝑚
      Eq. (3) 

2.3 Results and Discussion 

2.3.1 Structural and Morphological Changes under Different Reaction Conditions 

The structures and morphologies of the raw material fly ash, the intermediates and the zeolites 

products were characterized by using XRD and SEM, respectively, to probe into the 

progression of the synthesis reaction and monitoring the type and quality of the products as 

they formed. Figure 2a shows that the fly ash consisted of predominantly spherical particles 

ranging from submicrons to more than 10 microns in size, consistent with the particle size 

distribution in Supportive Information Figure S1. High resolution SEM revealed needle-like 

crystal structures encapsulated by spheres. These crystalline phases were reflected by the 

strong XRD peaks corresponding to mullite and quartz (Figure 3, fly ash sample). After the 

alkaline fusion process at high temperatures, the microspheres broke up and the characteristic 

XRD peaks of the crystal phase disappeared (Figure 3, intermediates), suggesting digestion of 

quartz and mullite.  
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Fig. 2 Typical SEM images of (a) fly ash, with the inset showing the surface of the sphere, (b) 

intermediates, (c) zeolite I-4, (d) zeolite I-8. 
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Fig. 3 Powder XRD patterns of products synthesized under different conditions with varying 

fusion temperature (oC), fusion time (hr), and NaOH/fly ash ratio, where A = zeolite A, X = 

zeolite X, S = sodalite, M = mullite, Q = quartz. 

All the hydrothermal reaction products showed characteristic XRD peaks of zeolites, though 

in different types and purities. Briefly, the peaks at 7, 10, 12, 24, 27 and 30° are attributed to 

characteristic diffraction patterns typical of zeolite 4A, which is found in almost all products 

but more pronounced in I-4. The peak at 6° is typical of the X type zeolite, which is found in 

products I-8, II-4 and II-5. The peaks at 14, 24, 35, 42.5° are characteristic of sodalite, which 

is found in products I-1, I-5, I-6 and I-7.  
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Fusion temperature plays a critical role in determining the type of zeolites formed. Zeolite 4A 

was obtained at the high fusion temperature of ~600 °C, from the batches of I-1, I-2, I-3, and 

I-4. Among them, I-4, operating at 600 °C and 2 hrs fusion, and 1:1 alkaline to fly ash weight 

ratio, produced the best A zeolites (higher crystallinity). In comparison, at the low fusion 

temperature (300 °C), the primary product was sodalite in batches of I-5, I-6, and I-7, when 

shorter fusion time (1 hr) and/or higher NaOH/fly ash ratio (2:1) were applied. Interestingly, a 

mixture of zeolite X and zeolite A was found to also form with longer fusion times but with 

intermediate NaOH/fly ash ratios, as shown by the intergrowth of cubic and pyramidal-

octahedral particles found on the SEM image in Figure 2d. 

The NaOH/fly ash ratio and fusion time also regulate the type and purity of the zeolite products. 

At 600 °C, a moderate ratio of 1:1, which resulted in a concentration of 1.2 mol/L for 

hydrothermal treatment,  was sufficient to produce high purity and high crystalline zeolite 4A 

(sample I-4, and I-2 in Figure 3). It was further evidenced by the near-perfect cubic 

morphologies seen on the SEM images in Figure 2c. Increasing NaOH/fly ash ratios above 1:1 

allowed the formation of sodalite. For example, batch I-1, II-6 and II-7 with a NaOH/fly ash 

ratio of 2:1, 1.3:1 and 1.5:1, respectively, showed distinct XRD peaks of sodalite (see Figure 

3). This observation is consistent with the literature that a high concentration of NaOH in the 

hydrothermal stage (1.5 mol/L) favoured sodalite formation [83]. Considering the two stage 

fusion-hydrothermal processing employed in this work, a shorter fusion time (1 hr) or lower 

fusion temperature (300 °C) would lead to incomplete digestion of fly ash, and hence leaving 

some excess of NaOH dissolved in the aqueous solution during hydrothermal treatment stage 

and giving rise to the formation of sodalities. However, when the fusion time was increased to 

2 hrs (zeolite I-3), sodalite formation was substantially supressed and high purity zeolite 4A 

was obtained, indicating longer fusion time is essential to consume more NaOH during fusion 

stage for batches started with higher NaOH/fly ash ratios. Batches I-2, I-4 and II-5 showed 
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advantages of high product crystallinity with less alkali consumption. Even though zeolite II-

5 was synthesized with a slightly lower NaOH/fly ash ratio (0.9) than zeolite I-4 (ratio 1), I-4 

was still considered as the best 4A product due to its relatively high crystallinity and high purity 

(95% as determined by the aforementioned RIR method). 

2.3.2 BET Surface Area 

BET analysis was applied to determine the surface area of product zeolites, which is an 

essential physical property to determine the extent of adsorption of zeolite. As can be seen from 

Table 3, compared to fly ash (0.1 m2/g), the N2 BET surface areas of the as-synthesized zeolites 

all showed significant increase, but still in the very low end for zeolites, e.g. less than 30 m2/g 

for products I-2, 3 and 4. This seems to contradict the aforementioned SEM and XRD 

observations of high crystalline A zeolite phase. One possible explanation is that the pores of 

the synthesized A zeolite (in sodium form) was inaccessible to the probing N2 molecules. It is 

anticipated that the property of NaA zeolite was akin to the molecular trapdoor effect found in 

a number of small pore zeolites [84], where the centre of the eight-member ring in Linde Type 

A (LTA) structure [31], i.e. the access point for N2 molecules, was partially blocked by its 

cations at 77 K hence little measurable BET surface area.  

 

Table 3 BET surface areas before (4A) and after Ca2+ exchange (5A) of synthesized zeolites 

Items I-1 I-2 I-3 I-4 I-5 I-6 I-7 I-8 II-4 II-5 II-6 II-7 

SBET-4A 

(m²/g) 
25 27 26 27 38 115 44 161 33 28 26 25 

SBET-5A 

(m²/g) 
124 440 376 471 34 117 30 331 341 408 405 360 
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Fig. 4 Adsorption and desorption isotherms of nitrogen at 77 K on zeolite I-4 before Ca2+ ion 

exchange (zeolite 4A) and after Ca2+ ion exchange (zeolite 5A). 

Further evidence can be found from the BET adsorption and desorption curves illustrated in 

Figure 4, from which the type of pores in adsorbent [85] may be qualitatively predicted. The 

isotherm of sample I-4 (Figure 5a) has a general shape typical of Type IV [86], featuring with 

a hysteresis loop, due to capillary condensation taking place in interparticle mesopores. 

However, the absence of a plateau at high relative pressure in the typical Type IV isotherm 

indicates this material was not purely mesoporous. Moreover, the low pressure segment (P/P0 

< 0.3) of the adsorption branch of the I-4 isotherm can be classified as TypeⅡ, which is 

normally associated with monolayer-multilayer adsorption on open and stable external surface 

of a powder, usually non-porous or macroporous [86], which is in line with the low surface 

areas measured on “molecular trapdoor” materials. 

Nevertheless, by exchanging Na+ cations with Ca2+, the NaA (zeolite 4A) became CaA (zeolite 

5A), and the measured BET surface areas increased significantly to more than 300 m2/g. This 

increase was largely due to the fact that the number of cations in zeolite 5A is approximately 

half of that in zeolite 4A; therefore none of the windows are blocked by a cation [87]. 



38 

 

Quantitatively speaking, zeolite I-4 (fusion time 2 hrs and NaOH/fly ash ratio 1/1) stood out as 

the best product due to its highest BET surface area (471 m²/g), which was comparable to that 

of commercial zeolite 5A we measured (486 m²/g) and those reported in other literature (450 

– 600 m²/g) [88]–[91], further indicating the high purity of our zeolite I-4. Therefore, this 

zeolite has been chosen as a benchmark for subsequent discussion in the following sections. 

Notably, the isotherm shape of sample I-4 after Ca2+ ion exchange (Fig. 6b) presents as Type 

I, corresponding to monolayer adsorption in microporous solids [92]. 

2.3.3 Conversion 

The conversion of fly ash in this zeolite synthesis process is an important indicator of the 

effectiveness of this waste recycling process, and it was calculated using a mass balance. The 

full elemental analysis of the fly ash and wastewater is shown in the Supportive Information 

Table S2. For the zeolite I-4 case, according to Eqn. (1), the conversions of the two major 

elements Si and Al were determined as 96.5% and 98.2%, respectively, indicating a high 

efficiency of this optimized zeolite synthesis procedure. The significance for a high conversion 

is to ensure the maximization of atomic economy, as well as minimization of secondary wastes. 

2.3.4 Migration of Heavy Metals 

2.3.4.1 Toxic heavy metals 

Arsenic, chromium, lead, cadmium, mercury and nickel are considered as top heavy metals of 

great public health concern with the ability to generate a myriad of severely toxic effects on 

terrestrial and aquatic life from very small dosages [93]. Therefore, the migration of these toxic 

heavy metals from the fly ash during the zeolite synthesis was the focus of this study. Figure 

5a shows the possible routes for the migration of various elements from the raw fly ash and 

from the synthesized zeolite products upon leaching, with relevant results compared in Figure 

5b & c. It needs to be mentioned that, in the following discussion, comparing the elements 



39 

 

concentration in the leachate with the safe drinking limit may not be the best way to examine 

the toxicity, rather than an indicative of the potential environmental hazard if the respective 

materials are not properly handled.  

 
Fig. 5 (a) Leaching test method; leaching behaviour of arsenic, chromium, lead, cadmium, 

nickel and mercury from (b) the fly ash and (c) zeolite product I-4 at pH = 1, 2, 6, 7, 12 and 

13. Missing data points suggest signal below the detection limits (refer to Table S1).   

The mobility of various toxic elements from the original fly ash is summarised in Figure 5b. 

The most concerning one is arsenic. It can be found that the relative amount of arsenic leached 

out from fly ash was higher than that of any other element at all pH levels tested. Generally 

speaking, arsenic is enriched in coal, primarily through the As-bearing pyrite (FeS2) phase [94], 

which decomposes easily during the combustion of coal and becomes sparingly soluble 

arsenate (AsO4
3-) complexes in fly ash [16], [95], [96]. From Figure 5b, it can be seen that the 

arsenic leachability of fly ash clearly exhibits an increasing trend with an increasingly acidic 

environment, indicating the alkaline nature of the ash [97]. Further evidence towards the 
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alkaline nature of fly ash came from the observation that the pH of the leachate solutions 

increased relative to the pH of the initial neutral solutions (Supportive Information Table S3). 

Also, no arsenic was detected in the leachate under neutral condition as evident from Figure 

5b. This pH-dependent leaching behaviour is also related to the oxyanionic nature of fly ash 

[16], [98]. The high leachability of As at pH<2 could be attributed to the dissolution of part of 

the fly ash particles under highly acidic conditions, resulting in an increased release of neutral 

As species, which are often considered non-adsorbable to fly ash [99]. At high pH levels, the 

decrease in arsenic leaching might be due to the arsenic oxyanions forming precipitates with 

calcium or substituting sulphur in the formation of ettringite [27]. All the detected leachates in 

Figure 5b exceeded the safe drinking water limit of 0.01 mg/l for arsenic [100]. Hence, this fly 

ash should be considered hazardous in either acidic or alkaline environment, demanding cares 

for its safe disposal.  

Chromium exists in various oxidation states, with hexavalent chromium being the most severe, 

a highly soluble potential carcinogen [16]. Normally Cr is either in the trivalent oxidation state 

Cr(III), as a component in clay (e.g. in illite) associated with coal, or in the form of chromium 

oxides (Cr2O3) or oxyhydroxide (CrOOH) [101]–[103]. During coal combustion, Cr(III) can 

be further oxidized to Cr(VI), firstly by reacting with oxygen to form gaseous CrO3, which can 

be stabilized by free lime (CaO) or other metal oxides (e.g. FeO or MgO) ending up in the form 

of soluble chromates such as CaCrO4(s). However, the occurrence of hexavalent chromium in 

fly ash can be limited [101], [102], due to reduction by SO2 in the flue gas [16]. It can be seen 

from Figure 5b that, similar to arsenic, the fly ash demonstrates a maximum in chromium 

leaching under the acidic conditions, indicating a trivalent form of chromium [16], whereas the 

amount of leachable chromium reaches the minimum point at pH 6, above which the release 

steeply increases and then levels off at a stable plateau under the alkaline condition. The pickup 

in leachability towards the higher pH levels may be attributed to the release of hexavalent 
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chromium occurring in the form of chromate (CrO4
2-), because the conjunction of high sulphate 

concentrations and alkaline pH can significantly depress its adsorption on fly ash [104]. The 

chromium concentration in the acidic fly ash leachates (pH= 1 and 2) greatly excessed the safe 

drinking water limit of 0.05 mg/l [100], indicating again that this fly ash is a hazardous source 

of chromium under acidic conditions. 

Lead is normally associated with the pyrite phases in coal, therefore tends to accumulate in fly 

ash [16], [105]. However, according to leaching studies of a variety of fly ashes [106], [107], 

the available lead was highly insoluble and virtually immobile, therefore, generally not 

considered to be a major hazard. Nevertheless, in this study, the leaching of Pb from the fly 

ash was more obvious than generally observed in other fly ash studies. As can be observed 

from Figure 5b, Pb was detected in both acid and alkaline environments, except for the neutral 

region, owing to the amphoteric nature of lead [108]. The Pb concentration in the leachate 

exceeded the safe drinking water limit of 0.01 mg/l, giving rise to a greater concern to the 

disposal of this fly ash. In comparison, the leaching of nickel ions from the fly ash was only 

detected in acidic solutions.  

Cadmium and mercury are considered extremely toxic, particularly to humans and aquatic life, 

warranting a much lower safe drinking water limit, of 0.003 mg/l and 0.006 mg/l, respectively, 

as recommended by the WHO [100], [109]. Figure 5b shows that leaching of cadmium from 

the fly ash was only detectable under acidic conditions and declined steeply with increasing 

pH, most likely linked to the pH dependency of the solubility of cadmiums [110]. For mercury, 

similarly, only one data point of 0.011 mg/l was observed at pH 1, which is above the safe 

drinking water limit.  

In comparison, the migration behaviour of these toxic heavy metals from the synthesized 

zeolite (I-4) is shown in Figure 5c. It is obvious that, apart from arsenic (mostly below the safe 

drinking water limit), none of the above major toxic elements were detected in the leachate, 



42 

 

suggesting the zeolitization process substantially reduced the mobility of these elements 

inherited from fly ash.  

2.3.4.2 Other heavy metals 

In addition to the aforementioned heavy metals, some other heavy metal elements, such as iron, 

magnesium, copper and molybdenum, are usually considered essential to living organisms at 

appropriate levels. However, these elements can become bio-toxic at excessive levels [111]. 

There is usually a very narrow concentration gap from beneficial to toxic [93]. Therefore, tests 

were also performed to compare the leachability of these elements from the fly ash and 

synthesized zeolites, with results summarized in Figure 6.  

 

Fig. 6 Leaching behaviour of copper, iron, aluminium, magnesium, selenium and molybdenum 

from a) the fly ash and b) zeolite I-4 at pH = 1, 2, 6, 7, 12 and 13. Missing data points suggest 

signal below the detection limits (refer to Table S1) 

For the fly ash, it can be seen from Figure 6a that the leachability of Fe, Cu and Mg is pH-

dependent, showing maxima under aggressively acidic conditions but declining rapidly as the 

pH increased. These elements are hardly soluble in alkaline conditions. Since copper presents 

an extremely low level of threat to the environment and therefore is governed by a relatively 

higher maximum drinking water level of 2 mg/l [100]. This limit was not reached by any of 

the noted leachates. Similarly, the taste threshold for magnesium in water is lower than that for 

calcium (100-300 mg/l, depending on the associated anions), for example, the magnesium 
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content in water exceeding 170mg/l together with the presence of chloride and sulphate ions is 

responsible for the bitter taste of water [100], but since the leachates tested all fell well below 

this threshold, the leaching of magnesium is not of any concern. For iron, even though the taste 

threshold (0.3 mg/l) was violated by all the fly ash leachates analysed, the non-anthropogenic 

iron concentrations in fresh water have been allowed to be as high as 50 mg/l according to 

WHO [100]. This value was only exceeded by the fly ash leachate at pH 1, indicating that the 

potential risk of breaching the limit by this fly ash under acidic environment.  

In contrast, the leachability of Se and Mo was rather unaffected by the pH of the environment. 

Selenium is enriched in coal, occurring mainly in sulphide associations and organo-selenium 

compounds, which decompose easily during combustion of coal and present in the form of 

selenate oxyanion in fly ash (Izquierdo et al. 2011; Izquierdo & Querol 2012; Dubikova et al. 

2006; van der Hoek et al. 1994). The results shown in Figure 6a suggest that all the detected 

leachates exceeded the maximum limit for drinking water (0.01 mg/l) [100], therefore this fly 

ash should be considered hazardous in terms of Se contamination. On the other hand, despite 

the high mobility of molybdenum in the fly ash, it is not considered to be a high risk 

environmental pollutant to the extent that WHO does not deem it necessary to define a formal 

guideline. However, the suggested no-observed-adverse-effect level (NOAEL) for 

molybdenum in drinking water is 0.2 mg/l [112], which is not exceeded by any of the leachates 

tested.  

The leachability results of the fly ash derived zeolite are presented in Figure 6b.It is clearly 

evident that copper and selenium were not detected in the leachates of zeolites. In addition, the 

concentrations of all other leachable trace elements including Fe, Mg, Mo were dramatically 

lower than that for the parent fly ash (by 1 - 2 orders of magnitude) and, most importantly, all 

below the WHO’s permissible health thresholds.  
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The aforementioned leaching test results have confirmed that the fly ash employed in the 

present work is prone to releasing various heavy metals above the safety levels, especially 

when leached under acidic or alkaline conditions, whereas the fly ash derived zeolite was much 

cleaner and environmentally safe in all aspects. Obviously, except Na, which mostly came from 

NaOH, all elements in the zeolite were inherited from the parent fly ash. The discrepancy 

between the amounts of the heavy metals in the parent fly ash and the finished zeolite products 

begs the question as to where those hazardous elements went during the zeolite synthesis 

process. This is discussed below.  

2.3.4.3 Migration of heavy metals 

The migration of the heavy metals from fly ash to zeolites was examined by analysing the 

partitioning and quantifying the distributions of these elements in the product zeolites and the 

wastewaters. It is known the synthesis procedure of zeolite involves high temperature fusion 

of fly ash and subsequent hydrothermal treatment in strong alkaline solutions. This procedure 

breaks down the hard crystalline phases of mullite and quartz in the fly ash, making the Si, and 

Al available for zeolite synthesis. Meanwhile, all other elements trapped in fly ash would have 

been liberated and made mobile. They could then be either re-trapped and fixed in the zeolite 

framework structure during zeolite synthesis or released and ended up in the wastewater 

(Figure 7a). To aid discussion, a new term, namely, the fixation rate r is defined here to describe 

how much of a specific element inherited from the parent fly ash was immobilized in the zeolite 

product after leaching (leaching value at pH = 1 was considered as the worst case scenario, 

thus used for calculation):  

𝑟𝑖 = (1 −
𝑐𝑖𝑉𝑊

𝑥𝑖𝑚𝐹𝐴
−

𝑧𝑖𝑚𝑧

𝑥𝑖𝑚𝐹𝐴
) × 100% 

Eq. (4) 

where i denotes element i of interest; 𝑧𝑖  (ppm), the leachable content of this element in the 

zeolite product; 𝑚𝑧 , the mass of product zeolite; 𝑚𝐹𝐴 , the mass of fly ash; 𝑥𝑖  (ppm), the 
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concentration of element i in the original fly ash; 𝑉𝑊 (l) is the volume of wastewater (l); and 𝑐𝑖 

(mg/l), the concentration of element i in wastewater. 

 
Fig. 7 (a) An overview of trace element distribution and migration paths. (b) Migration and 

distribution of trace elements from fly ash to synthesized zeolites and waste alkaline water 

during hydrothermal process and, further leachable portion from the zeolites in an acid 

medium. 

The migration and distribution of various elements examined in this work are shown in Figure 

7b with their fixation rates presented in descending order. The results may be classified into 

three groups according to the fixation rate r data. Group 1 includes Ni, Cd, Fe and Mg, which 

have fixation rates close to 100% (the blank area in Figure 7b). Group 2 are amphoteric 

elements, namely, Pb, Cr, and Cu, showing 80~90% fixation rates. For example, around 8% 

Pb had migrated to the alkaline wastewater. The occurrence of Pb in the waste may be attributed 

to the formation of soluble anionic hydroxo-complexes such as [Pb(OH)4]
2- or [PbO2]

2- due to 
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the reaction between concentrated alkali and amphoteric Pb(II) in the fly ash, mainly present 

as PbCl2 [113]–[115]. The multivalent cations in the two groups above can be strongly 

adsorbed through ion exchange by the anionic zeolite framework hence high fixation rates. 

The third group contains Mo, Se, and As, all being metalloids. In particular, more than 60% 

Mo, and more than 90% Se and As had ended up in the wastewater, resulting in the least 

fixation rates. The migration of arsenic can mainly be attributed to the dissolution of arsenate 

complexes (AsO4
3-) contained in fly ash under the strong alkaline condition during 

hydrothermal reaction. Similarly, for selenium, it can be released in the form of  selenium 

oxyanions by oxidative dissolution of elemental Se0 [116], during the alkaline fusion and 

eventually dissolve in the wastewater (1.7 mg/l). Molybdenum usually presents in fly ash in 

the form of molybdenum trioxide (MoO3) on the surface of fly ash particles [117]. It is thought 

that MoO3 could have reacted with sodium hydroxide during the alkaline fusion step to form 

sodium molybdite (Na2MoO4), which is readily soluble in water, thus remaining in the 

wastewater in high concentration (1.5 mg/l).  

Note that the concentrations of As, Cr, Pb and Mo in the wastewater all exceeded the respective 

safe drinking limits, and hence such wastewater from the synthesis of zeolites from this fly ash 

must be treated before disposal. It is also noted that a noticeable amount of Si (842.3 mg/l) and 

Al (198 mg/l) were also discharged into the wastewater along with a considerable amount of 

Na, indicating excessive alkaline residuals. Therefore, recycle and reuse of the alkaline 

wastewater are highly recommended not only for environmental concerns but also economic 

incentives but this is a subject beyond the scope of the present work. 

2.3.5 Strontium and Caesium Removal 

Strontium and caesium are heavy metal contaminants frequently found in water discharges 

from oil production[118]. Their isotopes 137Cs and 90Sr are two signature nuclear fission 
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products that can contaminate the environment through the discharge of nuclear waste 

effluents, nuclear weapon testing and nuclear accidents such as that occurred in Fukushima 

[82]. A zeolite product synthesized in this work, namely, zeolite 4A was subjected to a set of 

simulated tests and subsequently shown to possess high performance in the removal of 

strontium and caesium from contaminated water. As shown in Figure 8a & b, the removal 

efficiency reached nearly 100% for strontium around 90% for caesium when the ions 

concentrations were lower than 100 mg/l. For both Sr2+ and Cs+, at low ion concentrations, an 

increase in the ion concentration incurred a rapid rise in the equilibrium uptake. At high 

concentrations, the sorption slowly approached the saturation capacity and the sorption curves 

levelled off (Figure 8c & d) and, correspondingly, the ion removal efficiency decreased, calling 

for larger adsorbent dosages at high ion concentrations. Moreover, with an increase in 

temperature from 25 °C to 30 °C, the removal efficiency and adsorbed quantity also increased 

for both Sr2+ and Cs+, indicating that the sorption process of Sr2+ and Cs+ onto the synthesized 

zeolite 4A was endothermic in nature. This observation is consistent with the findings of 

previous ion exchange studies when a divalent cation replaces a monovalent one (such as Sr2+ 

replacing Na+) or when a relatively larger monovalent cation replaces a smaller one (such as 

for Cs+ replacing Na+) [119]. 
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Fig. 8 Removal efficiency of (a) Sr2+ and (b) Cs+ by synthesized zeolite 4A (batch I-4) at 25 

and 30 °C. The adsorption isotherms of (c) Sr2+ and (d) Cs+ by synthesized zeolite 4A (batch 

I-4) at 25 and 30 °C. 

 

2.4 Conclusions 

High quality type A zeolite was successfully synthesised from coal fly ash using a two-step, 

thermal fusion and hydrothermal treatment method. The optimal synthesis conditions are: fly 

ash and sodium hydroxide (1/1 by weight) and 2 hrs fusion at 600 °C followed by a 

hydrothermal treatment at 80 °C for 24 hrs, which produced a high crystalline zeolite A with 

typical cubic micro-morphology. Leaching tests showed noticeable mobility of toxic arsenic, 

selenium, lead, chromium and cadmium from fly ash under acidic or alkaline conditions. In 

contrast, the mobility of those the toxic heavy metals in the synthesized zeolite was 

substantially reduced, generally below the limits considered safe for the environment. The 
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reduction was attributed to the role of zeolitization process in which those heavy metal 

elements were immobilized in the zeolite structure, and in the meantime, part of the metalloid 

elements migrated into the wastewater. The high performance of this fly ash derived zeolite in 

removing caesium and strontium from a set of simulated contaminated water was 

systematically demonstrated showing the great potential of this zeolite adsorbent for 

environmental applications.  
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Supportive information: 

 

Fig. S1 Particle size distribution of coal fly ash. 

 

 
Table S1 Methods and detection limits for the analysis of the leachates 

 Elements As Se Cr Pb Cd Hg 

FA Analysis 

Units mg/l mg/l mg/l mg/l mg/l mg/l 

Detection 0.005 0.02 0.01 0.01 0.002 0.002 

ICP Method /MS /MS /MS /MS /MS /MS 

Synthesis 

Products 

Analyses 

Units mg/l mg/l mg/l mg/l - mg/l 

Detection limit 0.005 0.02 0.1 0.01 - 0.002 

ICP Method /MS /MS /OE /MS - /MS 

 
Elements Al Mg Mo Fe-

Sol 

Ni Cu 

FA Analysis 

Units mg/l mg/l mg/l mg/l mg/l mg/l 

Detection limit 1 0.5 0.01 0.5 0.05 0.005 

ICP Method /OE /OE /MS /OE /MS /MS 

Synthesis 

Products 

Analyses 

Units mg/l mg/l mg/l mg/l mg/l mg/l 

Detection 1 0.5 0.01 0.5 0.1 0.1 

ICP Method /OE /OE /MS /OE /OE /OE 

 

 

 

 

 

 

 

 

 



55 

 

Table S2 Elemental analysis of the fly ash and waste water collected from the synthesis of 

zeolite I-4 

Elements Fly ash (mg/g) Waste water (mg/l) 

Al 106570 198 

Si 228527 842.3 

Na 408 35719 

Ca 16357 1.1 

Fe 10745 4.9 

K 2033 191 

Mg 2400 - 

Cu 76.7 0.3 

Se 22 1.7 

Mo 16.6 1.5 

As 16 1.3 

Pb 157.4 0.4 

Ni 26.8 - 

Cr 54 1.8 

 

Table S3 Changes in the pH values of the fly ash leachates from the initial pH of the solutions 

used in the test, as determined using a universal indicator 

Leach Solvent HCl HCl Carbonate
d water 

Deionized 
Water 

NaOH NaOH 

Initial pH 1 2 6 7 12 13 

Final pH 1 4 7-8 10 13 12-13 
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Chapter 3: Waste Minimization for Zeolites 

Synthesis from Coal Fly Ash by Recycling 

Alkaline Waste 

Abstract 

Successful synthesis of zeolite A from fly ash on a lab-scale via a two-step synthesis process, 

with high temperature fusion followed by the hydrothermal treatment, has been reported. 

However, the wastewater generated from zeolitization process contains a high level of NaOH 

and trace amounts of several heavy metals, therefore requiring careful treatment before 

disposal. In this paper, three alkaline wastewater recycling processes based on previously 

developed two-step synthesis route are presented in order to reduce the volume of wastewater 

generated thus enhance the feasibility of scale-up of the fly ash zeolitization process. The 

results of the study demonstrate that the NaOH input can be reduced by 20% when re-

introducing the alkaline wastewater into the process as it provides the reagent (NaOH) needed 

for zeolite synthesis. When 100% of wastewater is reused successively, the proportion of 

hydroxylsodalite continuously increases due to the accumulation of OH- over batches and pure 

hydroxylsodalite can be obtained when alkalinity up to 3.7mol/L. Whereas, the transformation 

of zeolite A into hydroxylsodalite can be effectively alleviated by gradually reducing the 

hydrothermal treatment time with the increase of alkalinity. In this way, for five batches, the 

conversion of OH- and Na+ significantly increases, the volume of wastewater and the water 

consumption are reduced by 80% and 62%, respectively. Lastly, high purity of zeolite products 

can be obtained via consecutive partial recycling, which aims to maintain a constant alkalinity. 

Moreover, under the studied conditions, it was found that the hydroxylsodalite product was 

formed from two sources: aluminosilicate species from dissolution of amorphous phase in fly 

ash and aluminosilicate species generated from dissolution of zeolite A.   



57 

 

3.1 Introduction  

From the beginning of the widespread use of electricity, coal has become and continues to be 

the largest source of electricity generation worldwide, with its share anticipated to be 46% by 

2030 [6]. As a by-product derived from coal-fired power plants, around 750 million tonnes of 

fly ash is generated annually worldwide [16]. Fly ash is a fine glassy grey powder and mainly 

consists of SiO2, Al2O3, Fe2O3 and CaO [37], [120], which can exist in both amorphous phases 

and crystalline phases such as quartz and mullite [9]. Currently, fly ash is conventionally used 

in construction industry as an additive in cement and concrete [121], but there is still a great 

proportion of fly ash left untreated on open land [122]. It is known that coal contains various 

trace metals, and fly ash is found with the metal concentrations 4-10 times higher than that of 

in coal [6]. Therefore, irregular accumulation and inappropriate disposal of fly ash will 

potentially pose hazards to both human health and environment. Due to the high content of Si 

and Al in fly ash, it has been deemed as a viable starting material for the synthesis of zeolites, 

which are valuable materials with wide range of applications such as ion exchange, molecular 

sieving, adsorption and catalysis. Therefore, zeolitization of fly ash not only alleviates the 

disposal problem but also produces useful products. Considerable efforts have been devoted to 

the research of conversion of fly ash into zeolites [29], [41], [43], [47], [59], [123], [124]. 

However, commercialization of the zeolite production process from fly ash still faces several 

technical and economic problems [125], [126]. High alkali consumption and long hydrothermal 

treatment time are commonly required to produce zeolites in high yield, a large volume of 

wastewater discharge is generated from the zeolitization processes, several toxic elements are 

present in the synthesized zeolites, and fly ash derived zeolites are darker in color compared to 

commercial zeolites synthesized from other Si and Al sources. 
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In our previous work, it has been shown that high quality zeolite 4A, with its color comparable 

to commercial zeolite 4A in the market, can be synthesized from fly ash using a two-step 

method, namely high-temperature fusion followed by hydrothermal treatment [127]. Similar to 

all other processes of converting fly ash into zeolite [29], the developed synthesis process also 

produces a stream of wastewater. As the elemental composition results shown in Table 1, this 

alkaline waste consists mainly of sodium hydroxide, silicate, aluminate, and trace amounts of 

metal cations, especially As, Pb, Cr, Mo, whose concentrations all exceeded their respective 

safe drinking limits. Considering the facts that treatment of such wastewater is required before 

its disposal and sodium hydroxide is the raw material used in this synthesis process, reusing 

the alkaline wastewater in the synthesis process may effectively reduce the consumption of 

alkali, minimize the waste discharge and therefore lower the overall cost. So far, only a few 

works have been found on the wastewater minimization for zeolitization of coal fly ash. Du 

Plessis et al. [128] and Behin el al. [126] have investigated the feasibility of consecutive one-

step zeolitization of coal fly ash with recycled wastewater from the synthesis process and 

showed the use of recycled wastewater has no adverse effect on the quality of products.. 

Moriyama et ak. [125] proposed a method to reduce the wastewater generation by increasing 

the pressure to vapor pressure of water and remove the steam via a steam line after 

hydrothermal treatment. The above mentioned methods are either designed for one-step 

synthesis or with higher design complexity and requirement for the facility. No study has been 

notice by the author on wastewater recycling for two-step synthesis. 

Table 1. Elemental composition of a typical alkaline waste after the fusion-hydrothermal 

process for zeolites synthesis. 

Element Na OH- Si Al K Others 

Conc. (mg/l) 35,719 20,918 842 198 191 13 
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In this study, three methods of alkaline wastewater recycling were investigated in terms of 

water consumption and atomic efficiency of overall process, and quality of zeolitic products, 

namely consecutive full recycling, consecutive recycling with reduced hydrothermal treatment 

time and partial recycling. The respective products were evaluated by means of several 

characterization techniques including X-ray diffraction, scanning electron microscopy and 

BET surface area analysis. The phase transformation from zeolite A to sodalite caused by 

increase in alkalinity was also studied in details.  

3.2 Experimental Methods 

3.2.1 Materials 

The coal fly ash applied in this study was collected from Datong Power Plant II of China 

Guodian Corporation (2×108  MW, pulverized black coal). The chemical composition was 

determined by fluorescent X-ray spectroscopy and the data is listed in Table 2. The silicon-to-

aluminum ratio (molar ratio Si/Al = 0.97) was found close to 1, which is suitable for the 

synthesis of aluminum-rich zeolites such as type A and type X zeolites [77]. Such zeolites are 

known for their large ion exchange capacity that is essential for the removal of heavy metal 

ions [29]. Analytical grade sodium hydroxide pellets (>98%, Chem-supply) were used and 

deionized water was applied throughout the zeolitization process. 

Table 2. Chemical composition of coal fly ash in wt%. 

Element Al2O3 SiO2 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SO3 TiO2 LOI* 

wt% 40.26 48.97 2.29 3.07 0.49 0.4 0.02 0.11 0.3 0.27 1.52 2.26 

*Loss on ignition 

3.2.2 Method to Recycle Alkaline Wastewater 

The synthesis procedure in this study was adapted from a well demonstrated fusion-

hydrothermal process developed in our previous study [127], as illustrated in Figure 1. The 

procedure was modified by collecting the alkaline discharge of the filtration step and reusing 

it for the hydrothermal step of next batch (the material flow marked in green dashed line). In 
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previously established process, the NaOH/fly ash ratio of 1:1 was found optimum for 

synthesizing zeolite 4A. In order to determine the minimum NaOH/fly ash ratio required for 

next batch when reusing alkaline waste, which could serve as a supplementary alkali source, 

various NaOH/fly ash ratios 0.5:1, 0.6:1, 0.7:1, 0.8:1, 0.9:1 and 1:1 were investigated. 

Specifically, six batches of wastewater collected from six baseline experiments (NaOH/fly ash 

1:1, fly ash/water 1g/12ml) were all made up by deionized water to keep the fly ash/water ratio 

same as that of baseline experiment. Then, the mixture of NaOH and fly ash with varying 

NaOH/fly ash ratios firstly went through high-temperature fusion treatment, following which 

each fused product was mixed with one of those diluted wastewaters. The rest of the procedure 

was same as shown in Figure 1. The resulting products were labeled as B1, B2, B3, B4, B5 and 

B6. A group of blanks (series A) with the same NaOH/fly ash ratios (no wastewater recycling) 

were also prepared for comparison.  

 

Fig. 1. Block diagram of full recycling process for alkaline wastewater. 
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Once the minimum NaOH/fly ash ratio is determined, consecutive recycling was conducted to 

investigate the influence of successive reusing the alkaline waste on the quality of products. 

Three recycling methods were investigated , namely consecutive fully recycling (10 batches), 

where 100% of wastewater was successively reused for 10 batches and all the other conditions 

were kept the same; consecutive fully recycling with reducing hydrothermal treatment time (5 

batches), which was the same as the former except that the hydrothermal reaction time of each 

batch was continuously decreased from 24 hrs to 3 hrs from batch 1 to batch 5; and consecutive 

partial recycling (5 batches), where only part of the wastewater was reused to keep the 

alkalinity of hydrothermal treatment the same with that of the baseline experiment. The 

products generated from the above three methods were labelled as C1-C10, D1-D5 and E1-E5, 

respectively.   

3.2.3 Characterization 

The elemental composition of fly ash and wastewater were determined by XRF and ICP 

respectively. The morphology of the fly ash samples and the synthesized zeolites were 

examined by SEM with a FEI Verios instrument. The crystallography of the ash and zeolite 

samples was examined by XRD using a Rigaku Ultima X-ray diffractometer with Cu K alpha 

radiation (λ= 1.5404 Å) and benchmarked against library data. BET surface areas were 

measured on a Micromeritics ASAP2020 using nitrogen gas as the probe molecule at 77 K. 

Since the pores in the zeolite 4A was partially blocked by its cations (Na+) at 77 K, therefore 

inaccessible to the probing N2 molecules, cation exchange of Na+ by Ca2+ was carried out.  

Ca2+-exchanged zeolite samples were prepared by dispersing synthesized zeolites in a calcium 

chloride (CaCl2) aqueous solution (0.5 M) with a ratio of 2.0 g zeolite/40 ml CaCl2 solution  in 

a 40 °C shaking water bath for 24 hrs. The resultant solid products were separated by filtration, 

washed with deionized water for three times and dried in an oven at 70 °C  overnight. 
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3.2.4 Atom Conversion Efficiency 

The atom mass balance in this study can be expressed by: 

𝑚𝐹𝐴 ∙ 𝑥𝑖𝐹𝐴 + 𝑚𝑁 ∙ 𝑥𝑖𝑁 = 𝑚𝑝 ∙ 𝑥𝑖𝑝 + 𝑉𝑤 ∙ 𝑐𝑖   Eq. (1) 

Where i denotes the element of concern, mFA (g) is the mass of fly ash, mN (g) is the mass of 

NaOH; mp (g) is the mass of product; xiFA (mg/kg), xiN (mg/kg) and xip (mg/kg) stand for the 

concentration of the atom i in fly ash, NaOH and product, respectively; Vw (l) is the volume of 

the wastewater, ci (mg/l) is the concentration of atom i in the wastewater. With the knowledge 

of atom mass balance, the atom conversion ei can be calculated by. 

𝑒𝑖 =
𝑚𝑝∙𝑥𝑖𝑝

𝑚𝐹𝐴∙𝑥𝑖𝐹𝐴+𝑚𝑁∙𝑥𝑖𝑁
× 100%    Eq. (2) 

 

3.3 Results and Discussion 

3.3.1 Atom Conversion of Established Zeolite Synthesis Procedure 

The atom economy is an important concept of green chemistry philosophy [129] and one of 

the most widely used metrics for measuring the “greenness” of a synthesis process. In this 

study, Si, Al, Na and OH- are the major atoms/groups involved in zeolite synthesizing, 

therefore their conversion can be a good indicator of the atom economy of the synthesis 

process. The atom conversion of established zeolite synthesis procedure has been calculated 

by Equation (2) and listed in Table 3. It can be seen that even Si and Al showed high atom 

conversion, while only 42% Na and 54% OH- have been involved into zeolite synthesis, with 

the rest all going to wastewater. Therefore, reusing the wastewater into synthesis system might 

bring a good opportunity to increase the atom conversion of the overall process. 

Table 3. Conversion of major atoms involved in established zeolite synthesis procedure. 

 Fly ash NaOH Wastewater Atomic efficiency 

Total mass 

/volume 
4g 4g 37.5ml 

 

 Concentration   
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Atom mg/g mg/g mg/l % 

Si 228.5 - 842.3 96 

Al 106.6 - 198 98 

Na 0.4 575 35719 42 

OH- - 425 20918.2 54 

 

3.3.2 Determination of the Waste Flow Loop for Recycling 

Then where about should the alkaline wastewater be fed into the synthesis process? Given solid 

sodium hydroxide was used as starting material in established process, it is not possible to send 

the wastewater directly back to the beginning of the process. Therefore, in this study, the waste 

flow was designed to enter the process together with the distilled water before hydrothermal 

treatment, as the green dashed line shown in Figure 1. Another option could be recovering the 

solid sodium hydroxide by evaporating the alkaline wastewater and reuse it for fusion step, 

which, however, requires extra energy input and won’t be studied in this work.  

3.3.3 Determination of the Minimum Initial NaOH/Fly Ash Ratio 

Since it was decided to feed the alkaline wastewater into the system after fusion step, which 

would provide more alkali for hydrothermal treatment, the initial NaOH input could probably 

be reduced to reduce the alkali consumption. However, there must be a least amount of NaOH 

required to break down the crystalline phase in a certain amount of fly ash at fusion stage. Two 

sets of experiments A and B were conducted to determine the minimum NaOH /fly ash ratio 

for fusion step. The series A and B products were characterized by X-ray diffraction (XRD) 

and scanning electron microscope (SEM). From the XRD patterns shown in Figure 2, the 

crystalline phases in fly ash were mainly mullite and quartz. Also, it can be clearly seen that 

without adding recycled alkaline wastewater, zeolite A was hardly formed and almost none of 

the mullite and quartz were dissolved when the initial NaOH/fly ash ratio was less than 0.7/1 

(A1, A1 and A3). This is because the sodium hydroxide employed in fusion was insufficient 

to convert fly ash into sodium aluminate and sodium silicate and provide proper alkalinity of 

solution in hydrothermal treatment [42]. In comparison, with same initial NaOH/ fly ash ratios, 
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B1, B2 and B3, which were synthesized with utilizing recycled wastewater as supplementary 

alkali source, showed evidence of zeolite formation, with the typical peaks for zeolite 4A, 

namely 7, 10, 12, 24, 27 and 30°, appearing in their XRD patterns. This can be attributed to the 

stronger alkaline condition provided by the wastewater from previous batch. It can also be 

observed that the peak at 6°, typical of the zeolite X, appeared in products B1, B2 and B3. This 

is believed due to the introduction of the Si and Al elements from the wastewater, which altered 

the Si/Al ratio at hydrothermal treatment stage.  

When the initial NaOH/ fly ash ratio was higher than 0.8, all three products synthesized without 

adding recycled wastewater (A4, A5 and A6) showed characteristic XRD peaks of zeolites, 

though in different types and purities. From their XRD patterns shown in Figure 2, both A4 

and A5 had their major peaks corresponding to zeolite 4A and the peak at 6° indexed to zeolite 

X. The diffraction peaks of A6 exhibited good alignment with zeolite 4A and were the sharpest 

and most intense among all these products, indicating the highly crystalline nature and higher 

purity. In comparison, XRD patterns of B4 and B5 still matched with that of zeolite A, 

however, it seemed adding recycled wastewater suppressed the formation of zeolite X and 

introduced a slight amount of hydroxylsodalite, which was indicated by the peak at 14°. This 

was consistent with their corresponding SEM images (Figure 3a & c), where some particles 

with thread-ball-like morphology appeared in the bulk cubic phase. Moreover, high-

magnification SEM images showed sharper edge cubes in B4 (Figure 3b), whereas chamfered-

edge cubes in B5 (Figure 3d), which was due to the higher alkalinity at hydrothermal treatment 

stage of B5 [53]. With initial NaOH/ fly ash ratio of 1/1, adding recycled alkaline waste seemed 

largely retarded the formation of zeolite 4A and encouraged the formation of hydroxylsodalite, 

indicated by the lower intensity of zeolite 4A peaks and more pronounced hydroxylsodalite 

peaks shown in B6 than others. From above XRD and SEM results, B4 was considered better 

due to less initial NaOH consumed compared to B5 and B6 and comparable peak intensity 
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compared to B5. Further evaluation was conducted by analysing the BET surface area, from 

which B4 had BET surface area of 298 m2/g, only slightly lower than B5 (303 m2/g). Therefore, 

in the following sections, the initial NaOH/ fly ash ratio of 0.8 will be applied when 

investigating the consecutive reusing of the alkaline wastewater. 

 

Fig. 2. Powder XRD patterns of products synthesized with (B series) and without (A series) 

reusing the wastewater, with NaOH/ fly ash ratio varying from 0.5/1 to 1/1, where A=zeolite 

A, X=zeolite X, HS=hydroxylsodalite, M=mullite, Q=quartz. 
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Fig. 3. Typical SEM images of (a) zeolite B4 under magnification of 6.5 K X, (b) zeolite B4 

under magnification of 35 K X, (c) zeolite B5 under magnification of 8 K X, (d) zeolite B5 

under magnification of 35 K X. A = zeolite A, HS = hydroxylsodalite. 

3.3.4 Consecutive Full Recycling  

In order to investigate the feasibility of reusing of alkaline waste in consecutive basis, 10 

batches of consecutive full recycling (Series C) was conducted, where the alkaline waste 

collected from each batch was fully reused into next batch for all 10 batches. NaOH/fly ash 

ratio of 0.8:1 was applied starting from Batch 2. The XRD results shown in Figure 4a indicated 

that once again all fly ash converted to zeolite 4A in Batch1. After the first reusing of the 

alkaline waste (Batch 2), the main phase in product was still zeolite 4A, just with some small 

peaks corresponding to hydroxylsodalite appearing in its XRD pattern. Evidently, the intensity 

of hydroxylsodalite peaks in Batch 3 product (C3) became even higher, indicating that the 

hydroxylsodalite gradually became predominant phase with the increase of alkalinity. This 

correlated with the SEM images (Figure 5b), where less cubic zeolite 4A particles can be 
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observed, whereas the thread-ball-like hydroxylsodalite particles increased. With further 

accumulation of hydroxyl in waste solution, the OH- concentration exceeded 3.7 mol/l at batch 

7 (Figure 4b), accordingly, the product has completely transformed to hydroxylsodalite and so 

in the rest of batches, with no characteristic peaks of zeolite 4A showing in their diffraction 

patterns [130]. Accordingly, SEM images in Figure 5c and 5d showed solely hydroxylsodalite 

particles with cluster of nanostrip with bristles morphology and cluster of nanoplate 

morphology, respectively. It suggested that hydroxylsodalite gradually transformed into a more 

stable (less surface area) morphology with increasing alkalinity at hydrothermal treatment, 

which was in agreement with the literature [131].  

Hydroxylsodalite is a type of  zeolite with very small aperture size (2.7 Å), which is however   

large enough to allow small molecules, namely ammonia (2.55 Å), helium (2.6 Å) and water 

(2.65 Å) to permeate through, therefore ideal for separation of those small molecules from gas 

or liquid mixtures. It has been proved by several studies that absolute separation of water from 

hydrogen streams and dehydration various organic alcohols can be achieved by using 

hydroxylsodalite membranes [132]–[134].  

Consecutive full recycling provided a way to produce pure hydroxylsodalite, meanwhile 

effectively reduced the total volume of wastewater and the overall water consumption by 80% 

and 62%, respectively. Moreover, the conversion of Na and OH- showed significant increase 

to 80% and 82% (Figure 6), indicating a higher incorporation of reactant materials into zeolite 

products via this method. 
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Fig. 4. (a) Powder XRD patterns of products C1 (Batch 1) baseline batch using fresh distilled 

water for hydrothermal treatment; C2 (Batch 2) to C10 (Batch 10) synthesis using wastewater 

from previous batch and distilled water for hydrothermal treatment, where A=zeolite A, 

HS=hydroxylsodalite; (b) alkalinity of wastewater from batch 1, 3, 5, 7 and 10.  
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Fig. 5. Typical SEM images of (a) C2, (b) C3, (c) C5 and (d) C10, showing the morphological 

transformation along with consecutive full recycling. A=zeolite A, HS=hydroxylsodalite. 
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Fig. 6. Overall conversion of Si, Al, Na and OH- for single batch and 10-batch consecutive full 

recycling. 

 

3.3.5 Consecutive Full Recycling with Reducing Hydrothermal Treatment Time 

The consecutive full recycling of alkaline waste would certainly lead to the excess of OH- for 

crystallization. According to Ostwald’s rule of successive transformation, the zeolite A tend to 

convert into the more stable zeolite hydroxylsodalite after long reaction times [53], [56]. It was 

obvious that higher alkalinity increased the transformation rate, therefore, gradually decreasing 

the hydrothermal treatment time with the increasing alkalinity might be an effective way to 

avoid or minimize the transformation from zeolite A to hydroxylsodalite.  
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Fig. 7. (a) Powder XRD patterns of products D1 (Batch 1) baseline batch using fresh distilled 

water for hydrothermal treatment, with hydrothermal treatment time of 24 hrs; D2 (Batch 2) to 

D5 (Batch 5) synthesis using wastewater from previous batch and distilled water for 

hydrothermal treatment, with hydrothermal treatment time of 18, 12, 6 and 3, respectively, 

where A=zeolite A, HS=hydroxylsodalite; (b) alkalinity of wastewater from Batch 1 to Batch 

5. 
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In this set of experiments (Series D), once again the baseline batch indicated the formation of 

zeolite 4A (see Figure 7a). Same as Series C, 100% of the wastewater collected from first batch 

was reused for second batch, the second batch for the third batch and so on, but the 

hydrothermal treatment time was reduced to 18 hrs, 12 hrs, 6 hrs and 3 hrs for the Batch 2, 3, 

4 and 5, respectively. As shown in Figure 7a, although the evidence of the formation of 

hydroxylsodalite was observed from Batch 2 to Batch 5, zeolite 4A was formed as dominant 

phase in all four batches even when the alkalinity was as high as 3.5 mol/L at Batch 5 (Figure 

7b). Accordingly, crystalline cubes were consistently observed and their edges became rounded 

as alkalinity increased (Figure 8). Compared to the Series C, controlling the hydrothermal 

treatment time has largely inhibited the transformation of zeolite A into hydroxylsodalite. 

Moreover, as plotted in Figure 9, there was notable rise in the conversion of both OH- and Na+ 

with the increase of the number of recycling batches. With the accumulation of OH- along with 

the consecutive full recycling of wastewater, higher alkalinity shortened the time required for 

nucleation and accelerated the crystallization rate. This could result in the reduction in crystal 

size in order to maintain the crystallinity of zeolite. It is believed that the slight decline of the 

intensity observed from the XRD patterns was caused by the extinction effects of small zeolite 

A crystals, rather than the reduction in crystallinity [53]. However, due to the existence of the 

hydroxylsodalite in products, the BET surface area of them was found lower than that of 

baseline experiment (470 m2/g) and decreased from 246 m2/g for Batch 2 to 160 m2/g for Batch 

5. 

With applying this recycling method, for five batches, 80% of the alkaline wastewater could 

be recycled back into synthesis process and the water consumption was effectively reduced by 

62%, while the quality of the synthesized zeolite was compromised.  
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Fig. 8. Typical SEM images of series D products (a) D2 -18 hrs, (b) D3 – 12 hrs, (c) D4 – 6 

hrs and (d) D5 – 3 hrs. 
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Fig. 9. Overall conversion of Si, Al, Na and OH- for consecutive full recycling with reducing 

hydrothermal treatment time. 

 

3.3.6 Consecutive Partial Recycling 

With the purpose of maintaining the quality of synthesized zeolite, consecutive partial 

recycling of the wastewater was applied to keep the alkalinity of hydrothermal treatment 

constant. Refer to the OH- concentration of wastewater from baseline experiment shown in 

Table 3, ideally, when starting with the NaOH/ fly ash ratio of 0.8, it was calculated that around 

22% of wastewater was needed to compensate the reduced alkali at fusion stage, so that the 

alkalinity of hydrothermal treatment was expected to be maintained at 1.2 mol/L (the optimum 

alkalinity for hydrothermal treatment in developed process).  
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Fig. 10. (a) Powder XRD patterns of products E1 (Batch 1) baseline batch using fresh distilled 

water for hydrothermal treatment; E2 (Batch 2) to E5 (Batch 5) synthesis using part of the 

wastewater from previous batch and distilled water for hydrothermal treatment, where 

A=zeolite A; (b) alkalinity of wastewater from Batch 1 to Batch 5. 
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However, as shown in Figure 10b, by partially recycling the alkaline wastewater to make the 

overall NaOH/ fly ash ratio equivalent to 1:1, the resulting alkalinity of wastewater from the  

 

Fig. 11. Typical SEM image a) zeolite E2 and b) zeolite E5. 
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Fig. 12. Overall conversion of Si, Al, Na and OH- for consecutive partial recycling. 

following batches was higher than that of the baseline experiment, at around 1.5 mol/L. This 

was probably due to more residual NaOH left after fusion when lower NaOH/fly ash ratio was 

applied. As a result, the conversion of OH- slightly dropped from 53.9% to 52.0%, but Na still 

showed increasing trend. Nevertheless, from Figure 10a, peaks of zeolite A appearing in the 

XRD patterns of products from Batch 1 to Batch 5 were all sharp and intense, indicating the 

highly crystalline nature of them, which can be further proved by cubic morphology in the 
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SEM images of both E2 and E5 (Figure 11). The existence of hydroxylsodalite, evidenced by 

the peak at 14o, can also be observed in products from all five batches, but negligible compared 

with zeolite A phase. By applying partial recycling method, the volume of wastewater and 

water consumption were effectively reduced by 20% and 12% (Figure 12). Meanwhile, the 

high purity zeolite A was continuously produced, with the BET surface area of E2 and E5 

comparable to that of baseline experiment (470 m2/g), 427 m2/g and 347 m2/g, respectively. 

3.3.7 Mechanism of Zeolite A to Hydroxylsodalite Transformation 

From above results, it’s clear that the increase in alkalinity accelerated the formation of 

hydroxylsodalite. It’s also been found that reducing the hydrothermal treatment time and 

controlling the level alkalinity could effectively restrain the formation of hydroxylsodalite. The 

question here is how was hydroxylsodalite formed under above synthesis conditions, directly 

formed from amorphous aluminosilicate or transformed from zeolite A? If it’s via phase 

transformation, how does the transformation take place step by step? Therefore, a series of 

experiments were conducted to investigate the mechanism behind it. According to the XRD 

results obtained from 10 consecutive full recycling batches (Figure 4a), products of Batch 5 

and 6 (C5 and C6) showed mainly the hydroxylsodalite phase, with only tiny peaks 

corresponding to zeolite A appearing in their XRD patterns. Therefore, there might be higher 

possibility to find out the mechanism of the phase transformation by closely examining the 

products obtained at different stages of the synthesis. C6 was chosen and its alkalinity was 

adjusted by adding fresh NaOH before hydrothermal treatment, whose quantity was equivalent 

to NaOH contained in the wastewater collected from C5 and added into C6. Specifically, a 

series samples were prepared, with hydrothermal treatment time of 0.5, 1, 2, 3, 6, 10, 20, 40, 

60 and 80 hrs, respectively. Then the same washing and drying procedures were followed 

afterwards. The products were evaluated by XRD, SEM. The fraction of hydroxylsodalite in 
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the products was calculated from the XRD data using the Rietveld refinement function in 

Highscore Plus software. 

From the XRD patterns shown in Figure 13, it can be seen that hydroxylsodalite wasn’t formed 

until 1 hour hydrothermal treatment time was reached. Also, the diffraction intensity of both 

zeolite A and hydroxylsodalite continued increasing up to 2 hrs, and the crystallization rate of 

zeolite A seems faster than that of hydroxylsodalite. However, from 3 hrs, the intensity of 

hydroxylsodalite continued to grow while the intensity of zeolite A showed decreasing trend 

until hydroxylsodalite completed replaced zeolite A at 60 hrs. Thus, conclusion can be made 

that under such hydrothermal conditions, both zeolite A and hydroxylsodalite can be directly 

formed from amorphous aluminosilicate at the first stage, with the nucleation of zeolite A 

occurred only slightly ahead of hydroxylsodalite. The second stage was the phase 

transformation, where the zeolite A gradually transformed into hydroxylsodalite. It needs to be 

mentioned that, in the consecutive full recycling experiments (C series), C6 was dominant by 

hydroxylsodalite phase with 24 hrs hydrothermal treatment, whereas in this set of experiments, 

hydroxylsodalite was not the major phase until 40 hrs. This is due to the fact that the alkaline 

waste added to C6 batch contains hydroxylsodalite residue from last batch (C5), which could 

serve as the seed crystal to accelerate the nucleation and crystallization of hydroxylsodalite, 

while only pure NaOH solutions were added in this set of experiments.  
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Fig. 13.  XRD patterns of samples prepared with different hydrothermal treatment times: 0.5, 

1, 2, 3, 6, 10, 20, 40, 60 and 80 hrs, where A=zeolite A, HS=hydroxylsodalite. 

XRD results enabled us to understand some sodalite was not formed through phase 

transformation, but direct crystallization from the beginning. More technique is still required 

to investigate how the phase transformation occurs. Fortunately, some great phenomena were 

observed in the SEM images. Figure 14 shows the SEM images taken at similar location of 

samples with hydrothermal treatment time ranging from 0.5 to 3 hrs. Small particles with 

irregular shape were found on the amorphous spherical surface after hydrothermal treatment 

for 0.5 hr (Figure 14a). When the reaction time proceeded to 1 hr, obviously more particles 

appeared and the shape of most of particles turned into round shape, indicating the crystal 

growth.  After reaction time increased to 2 hrs, both cubic particles with sharp edges (1-2 μm) 
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and thread-ball particles (less than 1 μm) were observed, which are corresponding to zeolite A 

and hydroxylsodalite, respectively. Similar morphology was observed after 3 hrs hydrothermal 

treatment, but the particle size of zeolite A became more evenly distributed at around 2 μm and 

hydroxylsodalite particles increased to around 1.5 μm, in agreement with the increase in 

intensity from XRD results. All above observation further proved the simultaneous 

crystallization of zeolite A and hydroxylsodalite at the beginning of crystallization. 

 

Fig. 14. SEM images taken at similar location of samples with different hydrothermal treatment 

time: (a) 0.5 hr, (b) 1 hr, (c) 2 hrs and (d) 3 hrs, where A=zeolite A, HS=hydroxylsodalite. 

Different stages of the transformation from zeolite A to hydroxylsodalite were observed from 

SEM images of samples with reaction time from 2 to 20 hrs. After reaction for 2 hrs (Figure 

15a), a cubic particle with broken corners was found and small thread-ball particles appeared 

adjacent to the cubic particle, indicating the dissolution of some zeolite A particles already 

started at this point while crystallization still proceeding.  When hydrothermal treatment time 

increased to 6 hrs, more particles with partially cubic and partially thread-ball morphology as 
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indicated by arrows in Figure 15b appeared.  The size of hydroxylsodalite particles also 

appeared to be larger. After 20 hrs treatment, the proportion of the partially dissolved cubic 

particles increased and hydroxylsodalite particles with different degree of crystallization were 

found, some are half thread-ball (Figure 15c) and some appeared as almost whole thread-ball 

(Figure 15d). Accordingly, the cubic particles next to them were found with half left and 

completed dissolved, respectively. From above observations, it can be concluded that the 

hydroxylsodalite was formed via two routes: direct crystallization from the amorphous 

aluminosilicate formed by the dissolution of fly ash and phase transformation from zeolite A. 

The phase transformation was found not through a solid phase transformation but could be 

described by the following steps: 1. dissolution of zeolite A particles; 2. Supersaturation of the 

liquid phase with aluminosilicate ions; 3. Nucleation of hydroxylsodalite from the solution 

supersaturated with aluminosilicate ions; 4. Crystal growth of primary formed particles 

(nuclei). This is similar to the mechanism proposed by Subotić et al. [130], where zeolite A 

was used as starting material and hydrothermally treated it in the sodium hydroxide solution.  
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Fig. 15. Typical SEM images of samples with different hydrothermal treatment time: (a) 2 hr, 

(b) 6 hr, (c) 20 hrs and (d) 20 hrs, showing the phase transformation, where A=zeolite A, 

HS=hydroxylsodalite. 

3.4 Conclusion  

This work investigated three methods to recycle alkaline wastewater for continuous 

zeolitization of coal fly ash in a lab scale. Recycling of the wastewater back into the 

zeolitization process not only effectively reduce the NaOH consumption, total volume of 

wastewater and the overall water consumption up to 20%, 80% and 62%, respectively, but also 

greatly enhanced the conversion of major atoms involved in the reaction (Na, OH-), thereby 

increased the scale-up feasibility of the process for synthesizing high-quality zeolites from coal 

fly ash. In terms of zeolite products, it was found, with the increasing alkalinity as a result of 

consecutive full recycling of wastewater, more hydroxylsodalite was formed in replace of 

zeolite A and pure phase hydroxylsodalite was obtained when [OH-] above 3.7 mol/L. On the 

other hand, as higher alkalinity would accelerate the crystallization rate, the transformation of 

zeolite A into hydroxylsodalite can be effectively alleviated by gradually reducing the 

hydrothermal treatment time from batch to batch to cope with the increase in alkalinity. The 

high purity of zeolite A could be consistently produced via consecutive partial recycling in an 

attempt to maintain a constant alkalinity for hydrothermal treatment. Moreover, when coal fly 

ash was applied as raw material for zeolite synthesis, it was found the transformation from 

zeolite A to hydroxylsodalite took place by firstly the dissolution of zeolite A in alkaline media 

and then the nucleation and crystal growth of hydroxylsodalite from the supersaturated solution 

of aluminosilicate ions generated by the dissolution of zeolite A.   
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Chapter 4: Synthesis of Zeolite from Circulated 

Fluidized Bed Coal Fly Ash 

Abstract:  

Circulating fluidized bed combustion (CFBC) is known for its ability to significantly reduce 

the emission NOx and SO2 from coal combustion, the fly ash produced from CFBC (CFBFA), 

however, is impractical to be used as construction materials due to its low pozzolanic 

activity. The present work evaluated two methods for zeolite synthesis from CFBFA, namely 

low-temperature hydrothermal method and alkali fusion followed by hydrothermal method, 

in order to provide another method to recycle CFBFA. Various synthesis conditions were 

systematically investigated to optimize the process. Low-temperature hydrothermal method 

led to formation of mixture of zeolite A and X, and the proportion of zeolite X increased with 

the increase in NaOH/CFBFA ratio. However, with assist of ageing and seeding techniques, 

zeolitization of CFBFA was enhanced and zeolite A with a little zeolite X as impurity was 

obtained. Alkali fusion followed by hydrothermal method, on the other hand, enabled the 

formation of high-quality and pure phase zeolite A (497 m2/g BET surface area) when 

NaOH/CFBFA ratio of 0.9 and fusion at 300 ℃ for 1 hr was applied. 



86 

 

4.1 Introduction 
Coal is the dominant energy source for electric power generation and it will still be for the 

foreseeable future due to its low cost and broad availability. Currently, pulverized coal 

combustion (PCC) is the most common technology used in coal-fired power plant. Due to its 

high firing temperature at 1300 – 1700 ℃ [1], fly ash (PFA) produced from this process 

normally has high content of glass phase with spherical morphology and also high pozzolanic 

activity , as a result, it is widely used in cement and construction industry [2]. However, high 

combustion temperature also results in high emission of NOx and SO2, for which addition of 

expensive flu gas emissions control system is usually required [3]. To meet increasingly 

stringent limits for air pollution, the power industry has progressively improved its coal firing 

technology. Circulating fluidized-bed combustion (CFBC), as an advanced and clean coal 

technology, allows solid fuels with wide range of qualities and sizes to be burnt at lower 

temperature (800 – 950 ℃) with high combustion efficiency, which results in considerably 

reduction in NOx emission compared to PCC [4]–[6]. Around 90% - 95% SO2 reduction can 

also be achieved by injecting limestone in the furnace to capture the sulphur in the coal. Given 

all these environmental and economic benefits, CFBC has been growing steadily all over the 

world since its commercialization in the late 1970s [4], [7], resulting in large amount of waste 

fly ash (CFBFA) discharge.     

However, CFBFA has long posed more challenges to waste management than PFA [7]. Due 

to the low combustion temperature, CFBFA usually possesses low pozzolanic activity and the 

particle shape is quite irregular [1], [8]. When burning high-sulphur fuels such as petroleum 

coke and high-sulphur coal, CFBFA usually contains high percentage of CaO as a result of 

the limestone addition for desulphurization [9]. These factors largely limits the use of 

CFBFA as additives in cement and concrete. Besides, even disposal of CFBFA as landfill is 

more problematic due to the highly exothermic reactions with water, high-pH leachates, and 
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excessive expansion of solidified materials [10]. Therefore, alternative ways to recycle 

CFBFA should be developed. Fly ashes essentially consists of SiO2 and Al2O3 (in both 

amorphous and crystalline form) [11], which have great similarity with the composition of 

zeolites, a valuable material widely applied in many fields related to radioactive waste 

management, petroleum refining, purification of gases, agriculture etc. [12]. Thus, production 

of zeolites using fly ash not only convert waste into a relatively higher added value product, 

but also potentially constitutes one important issue of waste management. Ever since the first 

study conducted by Holler and Wirsching [13], many methods and process have been 

proposed for zeolite synthesis using fly ash and all those aim at the digestion of Si – Al 

containing insoluble glass phase and crystalline phases such as mullite and quartz and 

subsequent crystallization of zeolite [14]. Simple hydrothermal process was most commonly 

used for direct synthesis of zeolites, where fly ash mixed with in alkaline solutions such as 

sodium hydroxide with different concentration at temperature from 80 to 200 ℃ for up to 96 

hrs. However, this method usually leads to a low conversion (<75%) leaving a significant 

amount of fly ash residual in the products (Querol et al., 2002). In comparison, a two-step 

synthesis method proposed by Shigemoto et al. [15], where an alkali fusion stage is 

introduced prior to the hydrothermal treatment, demonstrated significant improvement on 

zeolitization process and high crystalline zeolite products were produce. Nevertheless, all the 

studies mentioned above mainly focused on pulverized coal combustion derived fly ash and 

limited research can be found in the field of CFBFA utilization. 

In the present study, two synthesis method namely low-temperature hydrothermal method 

and alkali fusion followed by hydrothermal method were both assessed for zeolite synthesis 

from CFBFA. Various synthesis conditions such as NaOH/CFBFA ratio, hydrothermal 

treatment time, seeding, ageing, fusion temperature and fusion were systematically 

investigated in order to optimize the process to produce pure phase and high crystalline 
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zeolite from CFBFA. The products were compared in terms of structural and morphological 

characteristics and adsorption property using powder X-ray diffraction, scanning electron 

microscopy and BET surface area analysis, respectively. 

4.2 Experimental Methods 

4.2.1 Materials 

The coal fly ash used in this study was obtained from Yuyuan power plant of China Energy 

Group. The particle size of CFBFA was determined on a Mastersizer 2000 laser analyser 

(Malvern). As shown in Figure 1, the particle size covered the range from 0.05 to 120 µm, with 

a mean diameter of 24 µm. The chemical composition of CFBFA was analyzed by X-ray 

fluorescence (XRF) and is listed in Table 1. Apparently, this CFBFA is high in alumina, 

containing 51.71% Al2O3 and 38.95% SiO2, with an Al/Si ratio of 1.56. Unlike typical fly ash 

derived from CFB boiler, which contains relatively larger fraction of CaO as the result of the 

addition of lime to absorb sulphur during the combustion [1], the CFBFA used in this study 

has low content of CaO. This is very largely due to the low content of sulphur in the original 

coal, for which the addition of lime during the combustion is not necessary. This can also be 

proved by the small fraction of SO3 (0.3%) in the CFBFA. Analytic grade sodium hydroxide 

pellets (>98%, Chem-supply) was used in the experiments. 

 

Table 1. Elemental analysis of coal fly ash in wt% determined using XRF. 

Element Al2O3 SiO2 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SO3 TiO2 LOI* 

wt% 51.71 38.95 1.09 1.91 0.41 0.23 0.02 0.06 0.22 0.30 2.27 2.89 

*Loss on ignition 
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Fig. 1. Particle size distribution of CFBFA. 

4.2.2 Synthesis 

Two methods were adopted to zeolite synthesis from CFBFA, namely low-temperature 

hydrothermal synthesis and two-step alkali fusion followed by hydrothermal synthesis.  

Low-temperature hydrothermal synthesis 

The mixtures of CFBFA and sodium hydroxide with weight ratio ranging from 0.5 to 1 were 

firstly prepared. To investigate the effect of seeding on zeolitization of CFBFA, solid mixtures 

with addition of two types of crystal seeds, namely zeolite 4A (S1) and zeolite X (S2), were 

also prepared. The mixtures were then transferred into 100ml polypropylene bottles containing 

deionized water (water/CFBFA 12:1). Following a thorough mixing by magnetic stirrer for 20 

min, the bottles were kept in oven at 80 ℃ for 24 and 48 hrs. In order to study the effect of 

ageing, a comparison group that underwent a 24 hrs ageing at room temperature before the 

hydrothermal treatment was also conducted. After the synthesis, the solid products were 

separated from solutions, washed with deionized water three times and dried in oven at 70 ℃ 

overnight. All the synthesis conditions are listed in Table 2. 

Two-step high temperature fusion followed by hydrothermal synthesis 
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To compare with the hydrothermal synthesis described above, two-step method which was well 

demonstrated in previous study was also applied in this study [16]. The comparison of these 

two methods is illustrated in Figure 2. In order to optimize the process while minimizing the 

alkali and energy consumption, several fusion conditions were set as control variables, 

specifically, NaOH/CFBFA ratio ranging from 0.4 to 1, fusion temperature of 300, 400 and 

600 ℃ and fusion time of 1 and 2 hrs were used. See detailed synthesis conditions in Table 3. 

 

Fig. 2. Zeolite synthesis from CFBFA by low-temperature hydrothermal method and alkali fusion 
followed by hydrothermal treatment method, where the dash line indicates optional steps. 

 

Table 2. Low temperature synthesis conditions. 

Samples 
NaOH 

/CFBFA 
Seeding 

H2O/FA 

ratio 

Ageing 

time /hr 

Hydrothermal 

time /hr 

Hydrothermal 

temperature/℃ 

A24H24-

S1 

1  Zeolite 

4A 0.1g 

12 24 24 80 

A24H24 1   12 24 24 80 

H24-S1 1 Zeolite 
4A 0.1g 

12 - 24 80 
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H24-S2 1 Zeolite X 
0.1g 

12 - 24 80 

H24 1 - 12 - 24 80 

H48 1 - 12 - 48 80 

H24-0.5 1 - 12 - 24 80 

H48-0.5 1 - 12 - 48 80 

H24-0.6 1 - 12 - 24 80 

H48-0.6 1 - 12 - 48 80 

H24-0.7 1 - 12 - 24 80 

H48-0.7 1 - 12 - 48 80 

H24-0.8 1 - 12 - 24 80 

A24H48-

0.5-S1 

0.5 Zeolite 

4A 0.1g 

12 24 48 80 

A24H48-

0.5 

0.5 - 12 24 48 80 

A24H48-
0.6-S1 

0.6 Zeolite 
4A 0.1g 

12 24 48 80 

A24H48-
0.6 

0.6 - 12 24 48 80 

 

Table 3. Two-step synthesis conditions. 

Samples NaOH/FA Fusion 

temperature 

/℃ 

Fusion 

time 
/hr 

H2O/FA 

ratio 

Hydrothermal 

time/hr 

Hydrothermal 

temperature/℃ 

F2H24-0.2 0.2 600 2 12 24 80 

F2H24-0.3 0.3 600 2 12 24 80 

F2H24-0.4 0.4 600 2 12 24 80 

F2H24-0.5 0.5 600 2 12 24 80 

F2H24-0.6 0.6 600 2 12 24 80 

F2H24-0.7 0.7 600 2 12 24 80 

F2H24-0.8 0.8 600 2 12 24 80 

F2H24-0.9 0.9 600 2 12 24 80 

F2H24-1 1 600 2 12 24 80 

F1H24-0.4 0.4 600 1 12 24 80 

F1H24-0.5 0.5 600 1 12 24 80 

F1H24-0.6 0.6 600 1 12 24 80 

F1H24-0.7 0.7 600 1 12 24 80 

F1H24-0.8 0.8 600 1 12 24 80 

F1H24-0.9 0.9 600 1 12 24 80 

F1H24-1 1  600 1 12 24 80 

LF1(300)H24-

0.4 

0.4 300 1 12 24 80 
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LF1(300)H24-
0.5 

0.5 300 1 12 24 80 

LF1(300)H24-

0.6 

0.6 300 1 12 24 80 

LF1(300)H24-
0.7 

0.7 300 1 12 24 80 

LF1(300)H24-

0.8 

0.8 300 1 12 24 80 

LF1(300)H24-

0.9 

0.9 300 1 12 24 80 

LF1(300)H24-
1 

1 300 1 12 24 80 

LF1(200)H24-

0.6 

0.6 200 1 12 24 80 

LF1(200)H24-
0.9 

0.9 200 1 12 24 80 

LF1(400)H24-

0.6 

0.6 400 1 12 24 80 

LF1(400)H24-

0.9 

0.9 400 1 12 24 80 

 

4.2.3 Characterization 

The elemental composition of CFBFA and zeolitic products were determined by XRF. The 

morphology of the CFBFA and the synthesized zeolites were examined by SEM with a FEI 

Verios instrument. The crystallography of the ash and zeolite samples was examined by XRD 

using a Rigaku Ultima X-ray diffractometer with Cu K alpha radiation (λ= 1.5404 Å) and 

benchmarked against library data. BET surface areas were measured on a Micromeritics 

ASAP2020 using nitrogen gas as the probe molecule at 77 K. Since the pores in the zeolite 

4A was partially blocked by its cations (Na+) at 77 K, therefore inaccessible to the probing N2 

molecules, cation exchange of Na+ by Ca2+ was carried out. Ca2+-exchanged zeolite samples 

were prepared by dispersing synthesized zeolites in a calcium chloride (CaCl2) aqueous 

solution (0.5 M) with a ratio of 2.0 g zeolite/40 ml CaCl2 solution  in a 40 °C shaking water 

bath for 24 hrs. The resultant solid products were separated by filtration, washed with 

deionized water for three times and dried in an oven at 70 °C overnight.  
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To study the relationship between consumption of NaOH and the synthesis conditions, 

titration was used to measure the [OH-] concentration of the post-synthesis wastewater. 

Specifically, after synthesis, 0.5 ml of the resultant waste solutions were collected and 

filtrated with Acrodisc® 25mm syringe filter from Pall Corporation, USA (0.45μm Supor® 

Membrane, Pall Corporation, USA) and titrated by diluted HCl solution (0.1mol/L). 

Phenolphthalein was chosen as the indicator to detect the end point, which turns from pink to 

colorless when pH=8.2. 

4.3 Results and Discussion 

4.3.1 Characterization of CFBFA 

Figure 3a presents the morphology of CFBFA used in this study. As can be seen, CFBFA were 

coarse grains with highly irregular shape and different sizes, which was proved to be typical 

morphology of CFB-boiler derived fly ash according to the research conducted by other authors 

[7], [17], [18]. However, such morphology differed distinctly from PCC-generated fly ashes 

which typically contain predominantly spherical particles. This is very largely due to the 

difference between the combustion temperatures at which the CFBFA and PCCFA are 

produced. The XRD pattern shown in Figure 3b exhibits a generally amorphous feature of the 

CFBFA, which can be proved by a pronounced broad hump in the background around 20° (2θ). 

Besides the amorphous phase, the presence of some crystalline phases such as mullite , quartz 

and anhydrite can also be identified by those small peaks present in the pattern.  
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Fig. 3. (a) Typical SEM image of CFBFA, (b) XRD pattern of CFBFA, where M – mullite, Q – 

quartz, A – anhydrite. 

 

4.3.2 Low-temperature Hydrothermal Synthesis 

It is known that amorphous phase (aluminosilicate glasses) of fly ash is dissolved readily in 

NaOH solution compared with crystal phases such as the quartz and mullite [19]. Given the 

substantial amount of silica and alumina contained in the CFBFA used in this study (Table 1) 

and its amorphous feature, it’s reasonable to deduce that the majority of silica and alumina 

existed in amorphous phase, therefore a simple hydrothermal treatment (without fusion) alone 

might be enough to activate CFBFA for zeolite synthesis. To verify this, hydrothermal method 

was firstly adopted. It is known that synthesis of zeolite depends on the rate of gel dissolution, 

the amount and distribution of initial nuclei formed in the gel and crystal growth rate during 
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the hydrothermal treatment. All these depend further on synthesis conditions such as synthesis 

time, synthesis temperature, alkalinity, etc. [20]. Thus various synthesis conditions were 

systematically investigated. Details are discussed as below. 

Effect of NaOH/CFBFA ratio  

The XRD patterns of products obtained from hydrothermal treatment with various 

NaOH/CFBFA ratios at 80 ℃ for 24 hrs are shown in Figure 4. It can be seen that the diffuse 

scattering disappeared in all the products, indicating the dissolution of amorphous phase in 

CFBFA after the hydrothermal treatment. Some quartz and mullite phase, however, still 

remained in the final products due to the difficulties in dissolution of these crystalline phase 

through hydrothermal treatment. Meanwhile, zeolite A could be formed when the 

NaOH/CFBFA ratio was only 0.5, as shown by the emerging of characteristic peaks 

corresponding to zeolite A in XRD pattern of H24-0.5. Also, the intensity of its diffraction 

peaks increased with an increase of NaOH/CFBFA ratio below 0.6. When the NaOH/CFBFA 

ratio increased to 0.7, the diffraction intensity of zeolite A weakened along with the formation 

of zeolite X. As the NaOH/CFBFA ratio further increased above 0.7 and up to 1, the intensity 

of zeolite X peaks continued increasing while the diffraction intensity of zeolite A firstly 

experienced a slight drop and then rebounded when the NaOH/CFBFA ratio reached 1. 

Such effect of NaOH/CFBFA ratio on the type of zeolites formation is the reflection of the 

dependence of Si/Al ratio of initial gel on the alkalinity. Specifically, during the hydrothermal 

treatment, the Al2O3 and SiO2 from the aluminosilicate amorphous phase dissolve into alkali 

solution and convert into aluminate ions and silicate ions. It needs to be mentioned that, under 

alkaline condition, a range of [SiO3]
2− ions with various degrees of oligomerization may appear 

in resultant gel while the dominant ion of silicate always remains as [Al(OH)4]
− [21]. Many 

studies have found that the dissolution rate of SiO2 from coal fly ash during hydrothermal 

reaction in NaOH solutions with various concentration is much higher than that of Al2O3 [22]–
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[24]. Therefore, it’s reasonable to infer that, although high alumina CFBFA was used in this 

work, higher solubility of SiO2 than Al2O3 led to a desirable Si/Al ratio (around 1) for the 

formation of zeolite A when the NaOH/CFBFA ratio was up to 0.6. With the NaOH 

concentration increasing, solubility of silica increase exponentially, resulting in a higher Si/Al 

ratio that favours the formation of zeolite X. Moreover, along the hydrothermal reaction, the 

[SiO3]
2− oligomers firstly combined with [Al(OH)4]

− to form the nuclei then the nuclei 

gradually grow into zeolite. An increase in alkalinity will shorten the induction time before 

viable nuclei are formed and accelerate crystal growth caused by an enhanced the reactant 

concentration (silicate and aluminate) [21]. This explained the increasing intensity of zeolites 

diffraction peaks with the increase of the NaOH/CFBFA ratio. 
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Fig. 4. XRD patterns of products synthesized from CFBFA with NaOH/CFBFA ratio ranging 

from 0.5 to 1 at 80 ℃ for 24 and 48 hrs, where X – zeolite X, A – zeolite A, M – mullite, Q – 

quartz. 

Effect of hydrothermal treatment time 

As shown in Figure 4, at the condition of hydrothermal treatment at 80 ℃ for 48 hrs, the 

XRD patterns of products synthesized with various NaOH/CFBFA ratios all present the 

formation of zeolite A and X, with characteristic peaks of zeolite X being detected even when 

NaOH/CFBFA ratio was only 0.5. Compared to 24 hrs of hydrothermal treatment, the XRD 

intensity of both zeolite A and X increased when hydrothermal treatment time was prolonged 

to 48 hrs. Accordingly, more NaOH participated in dissolution of fly ash and zeolitization 

process at longer synthesis time, with its conversion increased from 21% (H24) to 24% (H48) 

(Figure 7). The increase in peaks intensity of zeolite X was more pronounced at higher NaOH 

concentration. For one thing, higher NaOH concentration provided more suitable Si/Al ratio 
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for the formation of zeolite X.  Besides, the structure formation of zeolite X requires longer 

crystallization time due to its more complex and larger polymeric silicate units (DR6) and 

sparser structure [25]. Such positive effect of hydrothermal time on crystallinity was further 

evidenced by the changes in product morphology with a prolonged synthesis time. 

Specifically, as shown in Figure 5a and b, both cubic and octahedral particles were observed, 

corresponding to zeolite A and zeolite X, respectively. In H24 (Figure 5a), most of zeolite A 

crystals were in the range of 5-6 µm while there were also some small cubes (2 µm) with 

coarse surface, as indicated by the red arrow, demonstrating a relatively lower degree of 

crystallization. In contrast, more evenly distributed crystal size and cubes with smooth 

surface were shown when hydrothermal treatment prolonged to 48 hrs (Figure 5b). Moreover, 

the noticeable increase in the size of octahedron (indicated by the write arrows) from 2 µm to 

4 µm were found when comparing H24 and H48, corresponding to the increased diffraction 

intensity of zeolite X with longer synthesis time. 

 
Fig. 5. Typical SEM images of four zeolitic products synthesized from CFBFA by low-temperature 

hydrothermal method, (a) H24, (b) H48, (c) A24H24 and (d) A24H24-S1. 
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Effect of ageing & seeding 

Ageing effects in zeolites synthesis have long been recognized. Essentially, ageing and 

related two temperature treatments enables the separation, or partial separation, of the 

nucleation and crystal growth stages of the synthesis [26]–[30]. Differing to crystal growth 

that occurs throughout the synthesis process, nuclei formation dominates in the initial stage 

of the process. Also, it is known that the nucleation can be effectively halted with a sudden 

increase of temperature during the synthesis. Thus, having an ageing period could enable the 

amorphous gel to generate sufficient nuclei, which would subsequently lead to a rapid 

crystallization during the hydrothermal treatment. The room temperature ageing was also 

adopted in this study in an attempt to improve the zeolitization of fly ash. As shown in Figure 

6, higher diffraction intensity of both zeolite A and zeolite X were observed in A24H24 than 

H24 and the increase of intensity was more pronounced for zeolite A, indicating a rapidly 

growing zeolite – zeolite A was more sensitive to ageing effects at low temperature than a 

slow-growing zeolite – zeolite X. As discussed earlier that lower NaOH/CFBFA ratio (0.5) 

could lead to the formation of single phase zeolite A but with low crystallinity even at longer 

synthesis time (48 hrs), whereas with the assist of ageing (A24H48-0.5), not only higher level 

of crystallinity of zeolite A was obtained, but the product phase purity was well maintained.  

As the zeolitic products obtained via low temperature hydrothermal method were mainly the 

mixture of zeolite A and zeolite X, attempts were also made to direct the synthesis towards a 

single phase by introducing a small amount of seed crystal to the reaction mixture prior to the 

hydrothermal treatment. Both zeolite 4A (S1) and zeolite X (S2) were used as seed crystals. 

Figure 6 includes the products formed in the presence or absence of seeds. In the absence of 

seeds (H24), zeolite A and zeolite X almost equally existed in the resulting product. In the 

presence of zeolite 4A (1wt% of total mixture) as seed crystal, however, zeolite A was 

selectively synthesized, and the formation of zeolite X was largely suppressed. When zeolite 
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X (1wt% of total mixture) was added as seeds, both formation of zeolite A and zeolite X was 

boosted. Given the outstanding effect that seeding has shown as a direction of synthesis, the 

seeding was also applied on top of ageing technique. As displayed in Figure 6, by comparing 

A24H24-S1 with H24-S1, it was obvious that the increase in the degree of zeolitization 

caused by ageing was mild when seeding was applied. This is probably because the added 

seed crystals (zeolite 4A) has served as nuclei to provide surface area on which more zeolite 

A can grow, thus largely reduced the necessity for ageing to promote the nucleation [31]. 

Differently, more marked changes between A24H24-S1 and A24H24 were found, 

specifically an increase in zeolite A proportion and a decrease in zeolite X proportion as 

trade-off, due to the direction effect of seeding. When the synthesized product was already 

single phase zeolite A (A24H48-0.5), however, the seeding effect was not obvious especially 

with ageing and longer synthesis time being adopted here (A24H48-0.5-S1). Nevertheless, 

the highest level of zeolitization was still achieved by using the combination of ageing and 

seeding (A24H24-S1), accordingly the conversion of NaOH increased to around 40% (Figure 

7) and its BET surface area (as listed in Table 4) was the highest among the group (307 

m2/g). Apart from those, the addition of zeolite 4A as seeds has effectively controlled the 

crystal size at around 3 µm as shown in Figure 5d. 



101 

 

 
Fig. 6. XRD patterns of products synthesized from CFBFA at various conditions, showing the effect 

of ageing and seeding, where X – zeolite X, A – zeolite A, M – mullite, Q – quartz. (Ageing 

conditions: room temperature, 24 hrs) 

 

Fig. 7. The effect of hydrothermal time, ageing and seeding on the conversion of NaOH. 

 

4.3.3 Alkali Fusion + Hydrothermal Treatment 

Alkali fusion is a conventional method for chemical analysis to decompose materials 

containing silicon and/or aluminum [32]. During the fusion process, silica and alumina 

components in both amorphous and crystalline phase of fly ash can be activated by NaOH 
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powder to form sodium silicate and sodium aluminate, which further take part in zeolite 

formation during hydrothermal process. Simple hydrothermal treatment, however, has 

difficulties in dissolving the crystalline phase such as quartz and mullite etc. Thus, using 

fusion could increase the dissolved Si and Al species from fly ash and further increase the 

yield of zeolites synthesized from fly ash. To compare with low-temperature hydrothermal 

method, the two-step alkali fusion followed by hydrothermal treatment method that 

developed in our previous study was also evaluated in this study [16]. While keeping the 

hydrothermal treatment conditions the same at 80 ℃ for 24 hrs, the influence of fusion 

conditions on zeolitization of CFBFA was investigated in order to optimize the synthesis 

process.  

 

Effect of NaOH/CFBFA  

The amount of sodium hydroxide employed in fusion affects not only the conversion of fly 

ash into sodium silicate and aluminate but also the alkalinity of the solution in hydrothermal 

treatment. The XRD patterns of samples obtained from fusion at 600 ℃ for 2 hrs are shown 

in Figure 8 as a function of NaOH/CFBFA ratio. It can be seen that pure phase zeolite A was 

synthesized at all NaOH/CFBFA ratio above 0.4. It was believed that, with the assist of 

fusion, more aluminate ions were supplied due to the dissolution of mullite crystals in 

CFBFA, resulting in lower Si/Al ratio (close to 1), which favoured the formation of zeolite A 

only. Also, the diffraction intensity of zeolite A was found increasing with increase in 

NaOH/CFBFA ratio up to 0.9, indicating the enhanced dissolution of both Si and Al 

containing species and accelerated crystallization caused by the increase in alkalinity. 

However, the peaks intensity slightly dropped when NaOH/CFBFA ratio further increased to 

1. Excess alkali during fusion leads to a higher concentration of sodium hydroxide in the 

hydrothermal treatment, which could supress the crystallization of zeolite A, and formation 
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of more stable hydroxysodalite can be expected if higher NaOH/CFBFA ratio was applied 

[15]. 

Effect of fusion time 

The influence of fusion time was investigated in this study. As shown in Figure 9, the XRD 

patterns of products obtained at 600 ℃  for 1 hr fusion exhibited same dependence on 

NaOH/CFBFA ratio as products obtained with 2 hrs fusion. Also, zeolite A with slightly higher 

crystallinity, indicated by diffraction intensity, was obtained with 1 hr fusion than 2 hrs fusion 

(an example is shown in Figure 10). As expected, the BET surface area of F1H24-0.9 (456 

m2/g) was found higher than F2H24-0.9 (432 m2/g). The conversion rate of alkali was also 

enhanced with reduced fusion time under various NaOH/CFBFA ratios (Figure 11). Therefore, 

a fusion time of 1 hr was assumed to be optimum considering its low energy consumption and 

better results. 

 
Fig. 8. XRD patterns of products synthesized from CFBFA with NaOH/CFBFA ratio ranging from 

0.4 to 1, where A – zeolite A. (Fusion conditions: 600 ℃ for 2 hrs, hydrothermal treatment conditions: 

80 ℃ for 24 hrs) 
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Fig. 9. XRD patterns of products synthesized from CFBFA with NaOH/CFBFA ratio ranging 

from 0.4 to 1, where A – zeolite A. (Fusion conditions: 600 ℃ for 1 hrs, hydrothermal 

treatment conditions: 80 ℃ for 24 hrs) 

 
 

Fig. 10. XRD patterns of products synthesized from CFBFA with fusion time of 1 and 2 hrs, 

respectively, where A – zeolite A. (Fusion conditions: 600 ℃, NaOH/CFBFA: 0.9, hydrothermal 

treatment conditions: 80 ℃ for 24 hrs) 
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Fig. 11. The effect of fusion time on the conversion of NaOH. 

 

Effect of fusion temperature  

The fusion temperature can also affect the properties of synthesized zeolites. The optimum 

fusion temperature for zeolitization of FA produced from conventional combustion normally 

ranges from 550 to 700 ℃ [14], [15], [33], [34]. In light of the small proportion of crystalline 

phase in CFBFA, it’s assumable that a lower fusion temperature might be more satisfactory. 

300 ℃ was firstly applied, which is close to the melting point of NaOH (318 ℃). In order to 

compare with high fusion temperature (600 ℃), the influence of NaOH/CFBFA ratio on 

zeolite formation under 300 ℃ was studied in the range 0.4 to 1. As the XRD patterns shown 

in Figure 12, pure zeolite A was found in all obtained products. Also, the crystallinity of 

synthesized zeolite A, as indicated by the intensity of diffraction peaks, increased with 

NaOH/CFBFA ratio up to 0.9, after which no obvious increase was noticed. This has proved 

600 ℃ was not necessary for zeolite synthesis from CFBFA used in this study.  

The zeolitization of CFBFA under low temperature fusion with different NaOH/CFBFA 

ratios were further investigated by SEM. The morphological changes of products obtained 

with varying NaOH/CFBFA ratios are presented in Figure 13. Zeolite A synthesized with 

lower NaOH/CFBFA ratio (0.4) was in the form of cubic crystal with chamfered edges 
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(Figure 13b), as NaOH/CFBFA ratio increased, however, a mixture of cubic crystals with 

both sharp edges and chamfered edges were obtained (Figure 13d & f), differing to the 

zeolite A formed by low-temperature hydrothermal method, appearing as sharp-edged cubes 

only. It is believed that the chamfered-edged cubes morphology was due to the both alkalinity 

and batch molar ratio SiO2/Al2O3, which in turn is also affected by the alkalinity of get 

solution [35]. In the study done by Basaldella et al., it was found zeolite A having sharp-

edged cubes are obtained with SiO2/Al2O3 ratio of 2.69, the crystals with chamfered edges are 

obtained in the SiO2/Al2O3 range from 1.48 to 1.99 and a mixture of both of the morphology 

are obtained in the SiO2/Al2O3 from 2.18 to 2.41 [36]. Such findings well coincided with our 

work. As discussed earlier, due to the enhanced dissolution of mullite in fly ash by fusion 

process, batch molar ratio SiO2/Al2O3 was generally lower than that of hydrothermal method, 

therefore, chamfered-edged cubes were obtained. With the increase of alkalinity, the 

dissolution rate of SiO2 from coal fly ash increased faster than that of Al2O3 [22]–[24]. As a 

result, SiO2/Al2O3 ratio increased and fell into the range that the mixture of both chamfered-

edged and sharp-edged cubes can formed. Zeolite A with chamfered-edged cubic 

morphology are suitable for substituing detergent builder as cubes with chamfered edges will 

not lead to excessive incrustation of fibers during the laundry process [37], [38]. Moreover, 

by comparing Figure 13a, c and e, a decrease in the average crystal size from 5 to 3 µm with 

NaOH/CFBFA ratio increasing from 0.4 to 0.9 was observed. This could explained by 

increased number of nuclei formed in the gel solution induced by the increased concentration 

of structure-forming Na+ ions [39]. 
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Fig. 12. XRD patterns of products synthesized from CFBFA with NaOH/CFBFA ratio ranging from 

0.4 to 1, where A – zeolite A. (Fusion conditions: 300 ℃ for 1 hrs, hydrothermal treatment conditions: 

80 ℃ for 24 hrs) 
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Fig. 13. SEM images of zeolitic products synthesized from CFBFA by fusion and subsequent 
hydrothermal treatment, with NaOH/CFBFA ratio of (a) – (b) 0.4, (c) – (d) 0.7, (e) – (f) 0.9. (Fusion 

conditions: 300 ℃ for 1 hrs, hydrothermal treatment conditions: 80 ℃ for 24 hrs) 

Given the highest product crystallinity was achieved by the NaOH/CFBFA ratio of 0.9, and 

0.6 was also preferred due to its satisfactory performance and relatively lower NaOH 

consumption, NaOH/CFBFA ratio of 0.9 and 0.6 was chosen to further investigate the effect 

of fusion temperature on zeolite synthesis from CFBFA. The XRD patterns of zeolitic 

products synthesized in temperature range 200 – 600 ℃ with NaOH/CFBFA ratio of 0.6 and 

0.9 are shown in Figure 14. As can be seen, a mild influence of temperature on the zeolite 

formation was found when NaOH/CFBFA ratio of 0.9 was applied, whereas the influence of 

temperature on zeolitization was more marked at lower NaOH/CFBFA ratio 0.6. 

Accordingly, as shown in Figure 15, the increase in the conversion of alkali was found more 

noticeable at NaOH/CFBFA ratio of 0.6 than 0.9. Specifically, with NaOH/CFBFA ratio of 

0.6, the diffraction intensity of zeolite A increased with fusion temperature and the maximum 

was reached at 400 ℃ then decreased. As for NaOH/CFBFA ratio of 0.9, the diffraction 

intensity seemed unchanged with fusion temperature, 300 ℃ stood out as its product 

LF(300)H24-0.9 was found having highest BET surface area (497 m2/g), which was 

comparable to that of commercial type A reported in literature (450 – 600 m2/g) [40]–[42]. It 

also needs to be mentioned that the BET surface area of products made from alkali fusion 

followed by hydrothermal method were found higher than those made from low-temperature 

hydrothermal method, indicating higher purity of was achieved with assist of fusion process.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
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Fig. 14. XRD patterns of products synthesized from CFBFA with 1 hr fusion with temperature 

ranging from 200 to 600 ℃ and NaOH/CFBFA ratio of 0.6 and 0.9, where A – zeolite A. 

(hydrothermal treatment conditions: 80 ℃ for 24 hrs) 

 

 
Fig. 15. The effect of fusion temperature on the conversion of NaOH. 

 
Table 4. BET surface area of products synthesized from CFBFA. 

Samples BET surface area (m2/g) Samples BET surface area (m2/g) 

F1H24-0.6 392 A24H48-0.5 191 

LF1(400)-0.6 379 A24H48-0.5-S1 209 

LF1(300)-0.6 401 A24H48-0.6-S1 209.4 

F1H24-0.9 456 A24H24-S1 307 

LF1(400)-0.9 460 H24-S1 246 

LF1(300)-0.9 497 H48 310 

F2H24-0.9 432   
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LF1(300)-0.7 432   

LF1(300)-0.8 454   

 

4.4 Conclusion  

CFBFA was found to be very good raw material for zeolite synthesis. Two methods have 

been evaluated for synthesis of zeolites using CFBFA. The low-temperature hydrothermal 

method led the mixture of zeolite A and X especially at higher NaOH/CFBFA ratio (1), 

where zeolite A was in the shape of sharp-edged cubes, whereas pure phase zeolite A with 

chamfered-edged cubic morphology was obtained using alkali fusion followed by 

hydrothermal method. The zeolitic products obtained by the low-temperature hydrothermal 

method were found having BET surface area at 307 m2/g when both ageing and seeding 

technique were applied to improve the formation of the single phase zeolite A. In 

comparison, commercial-level zeolite A was obtained with addition of fusion process, having 

highest BET surface area 497 m2/g when optimum conditions were applied: 1 hr fusion at 

300 ℃ followed by 24 hr hydrothermal at 80 ℃. Although low-temperature hydrothermal 

could result in lower energy consumption, fusion followed by hydrothermal was still 

considered as a better option due to the higher purity and cyrstallinity of products it produced 

even at lower NaOH/CFBFA ratio (0.6). 
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Chapter 5: Immobilization of Sr2+ and Cs+ Ions 

from Aqueous Solutions Using Zeolite A 

Synthesized from Coal Fly Ash 

Abstract:  

Efficient removal and permanent disposal of strontium and cesium is a challenging task for 

nuclear waste treatment. In this study, the zeolite A synthesized from coal fly ash was tested 

for its ability to remove strontium and cesium ions from aqueous solutions. Batch 

experiments were carried out to investigate the influence of process variables such as 

temperature, initial concentration and contact time on metal ion uptake. 80 - 100% removal 

efficiency of both strontium and cesium were observed at lower initial concentrations. The 

sorption equilibrium observed was best described by the Langmuir and Freundlich models. It 

was found from the values of thermodynamic parameters ΔG0 and ΔH0 that the sorption of 

strontium onto the synthesized zeolite A is feasible, spontaneous, while the cesium sorption is 

also spontaneous but exothermic. The sorption of strontium and cesium ions was found very 

fast and efficient with 80 – 90% removal efficiency obtain within 5 min, and their kinetic 

data follows pseudo-second-order model. Moreover, high temperature calcination was 

evaluated and found to be effective on converting Sr and Cs containing zeolite A into Sr-

feldspar, pollucite and nepheline, which as suitable for long-term storage of strontium and 

cesium avoid further leaching into environment. 

 

5.1 Introduction 

Radioactive isotopes of cesium (Cs) and strontium (Sr), owing to their relatively long half-

life of about 30 years and high fission yield, are considered the most hazardous radionuclides 

found in waste stream of nuclear facilities [1], [2]. The severe incident of Fukushima Daiichi 
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Nuclear Power Station has caused leakage of nuclear waste into environment and even 

contamination of drinking water, which again attracted people's attention to nuclear safety 

and treatment [3]. Therefore, it is essential to efficiently remove radionuclides from nuclear 

waste, such as 90Sr and 137Cs, and also safely store them to prevent them from entering into 

environment.  

Different approaches such as adsorption, chemical precipitation, ion exchange, and 

evaporation have been extensively investigated and applied for treatment of the aqueous 

waste solutions containing these radionuclides [2], [4], [5]. Among them, ion exchange seems 

to be the best method to move radionuclides because of its simplicity, high efficiency and 

treatment capacity and relatively low cost [1]. Zeolites are crystalline aluminum-silicates 

with cage-like structure, suitable for ion exchange due to isomorphous replacement of Al3+ 

with Si4+ in the structure, giving rise to a deficiency of positive charge in the framework, 

which is balanced by mono or divalent exchangeable cations such as Na+, Ca2+, K+ and Mg2+ 

[6]. Zeolite has presented many advantages over organic resin, especially in the field of 

radioactive waste treatment, due to its lower cost, higher ion selectivity and good resistance 

to radiation and heat [7]–[9]. Several researchers have studied the removal performance of Sr 

and Cs ions by Natural zeolites [7], [10]–[12] as well as synthetic zeolites [9], [13]–[17]. The 

uptake of metal ions onto zeolites, however, is not just ion exchange process but a complex 

process due to the porous structure, inner and outer charged surfaces, mineralogical 

heterogeneity, existence of crystal edges, broken bonds, and other imperfections on the 

surface etc., mainly consisting of ion exchanger and adsorption, and could be accompanied 

by precipitation at higher initial concentrations [18].  

Coal fly ash, a waste product generated from coal firing power plant, essentially consists of 

SiO2, Al2O3 and other metal oxides [19], which is compositionally similar to zeolites, making 
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coal fly ash a desirable starting material for synthesis of zeolites. In our previous work 

(Chapter 1) [20], optimized synthesis route has been developed for converting as-received 

coal fly ash into zeolite A, whose Sr and Cs removal performance are investigated in this 

study. 

After ion exchange, it is also essential to fix the Sr and Cs ions into zeolite matrix and 

prevent them from releasing into environment when in contact with water body. Several 

methods have been used to avoid Sr and Cs leaching from zeolite, such as incorporation of Sr 

and Cs loaded zeolites into borosilicate glass or cement [21], [22], and using barium to block 

the pores of zeolites [23]. However, these approaches still cannot reach permanent fixation of 

these radioactive ions. An alternative way to safely store radio-nuclides after entrapping them 

in a zeolite framework is by high temperature calcination that destroys the zeolite structure 

and forms non-exchanging crystalline phase that may be suitable for long term disposal [14], 

[24]. 

The aim of this work is therefore to evaluate the performance of zeolite A synthesized from 

coal fly ash for Sr and Cs removal from aqueous solutions. The removal capacity, 

thermodynamic nature and the kinetics of the process of the synthesized zeolite A were 

determined in relation to the effects of various factors, including initial concentration of 

metal ions, temperature and contact time. More importantly, the high temperature calcination 

method was investigated in order to prevent the release of Sr and Cs from as-synthesized 

zeolites. The leaching behavior of Sr and Cs under various salt solutions before and after the 

high temperature calcination were compared. 
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5.2 Experimental methods 

5.2.1 Zeolite A Synthesis and Characterization 

The zeolite A used in this work was synthesized from coal fly ash sourced from Datong Power 

Plant II of China Guodian Corporation (3,720 MW) via two-step alkali fusion followed by 

hydrothermal treatment. The chemical composition, crystalline structure and morphology were 

analysed by X-ray fluorescence (XRF), X-ray diffraction (XRD) and scanning electron 

microscope (SEM). Detailed synthesis process and material characterization can be found in 

our previous work (Chapter 1) [20]. 

5.2.2 Adsorbate (Sr2+ and Cs+) and Other Chemicals 

All the chemicals used in this study were of analytic reagent grade and were used without 

further purification. Stock Sr2+ and Cs+ solutions were prepared by dissolving strontium 

chloride (SrCl2∙6H2O) and caesium chloride (CsCl) in deionized water, respectively. The 

stock solution was then diluted to obtain the solutions with specific concentrations. In 

irreversibility study, Na+, Ca2+ and Mg2+ salt solutions were prepared by dissolving sodium 

chloride (NaCl), calcium chloride (CaCl2) and magnesium chloride (MgCl2·6H2O) in 

deionized water, respectively.  

5.2.3 Sorption Experiments 

5.2.3.1 Sorption procedure 

Batch experiments were carried out for metal sorption study of synthesized zeolite A. 

Basically, suspensions containing 100 mg of the zeolite and 40 ml of the respective ionic 

solution at specific concentration were mixed in 50 ml falcon tubes and isothermally agitated 

in a shaking water bath at 200 rpm for a given time. The initial pH was adjusted using diluted 

sodium hydroxide (0.1 M). The suspension were then centrifuged to separate the solid from 

liquid phase. The initial solutions and obtained liquid phase were analyzed using ICP-MS 

(Agilent 7500 and 7700 with detection limits of 0.002 and 0.001 mg/l for Sr and Cs, 
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respectively). The quantity of ions removed per unit mass of zeolite, qt (mg/g), can be 

calculated using Eqn. (1), where Co and Ce are the initial and equilibrium ion concentrations 

(mg/L), respectively, V (L) is the volume of the aqueous phase and m (g) is the quantity of 

zeolite applied. 

𝑞𝑡 =
(𝐶𝑜−𝐶𝑒)𝑉

𝑚
          (1) 

 

5.2.3.2 Kinetic experiments  

The kinetics were conducted at 298 K and Sr2+ and Cs+ solutions with concentration of 200 

ppm and no pH adjustment (original pH at around 5.5) were used. Specifically, several 

suspensions were prepared with zeolite A being contact with ionic solutions for different 

period of time (between 5 min to 90 min). For fast solid/liquid separation to stop the metal 

uptake, the suspension obtained at different time were immediately collected and filtrated 

with Acrodisc® 25mm syringe filter from Pall Corporation, USA (0.45μm Supor® 

Membrane, Pall Corporation, USA).  

5.2.3.3 Equilibrium isotherm experiments 

To investigate the sorption isotherms, 40ml of Sr2+ and Cs+ ion solutions of varying 

concentrations range from 50 ppm to 1000 ppm were agitated with 100mg synthesized zeolite 

A at three different temperatures, 298 K, 313 K and 333 K, in the water shaking bath for 3 

hrs at initial pH of 7. Such pH was chosen as the highest Sr2+ and Cs+ ion was found at the 

range from 6 to 8 [1], [16]. The quantity of metal ions retained in zeolite A when equilibrium 

reached qe (mg/g) was estimated by analyzing the remaining metal ions in resultant 

supernatant Ce (mg/L). The Sr2+ and Cs+ removal efficiency of the zeolite η, can be 

calculated by Eqn. (2), where Co and Ce are the initial and equilibrium ion concentrations 

(mg/l), respectively. 

𝜂 =  
𝐶𝑜−𝐶𝑒

𝐶𝑜
× 100%        Eq. (2) 
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5.3 Results and Discussion 

5.3.1 Sorption Isotherms 

An sorption isotherm describes the relationship between the amounts of adsorbate on the 

adsorbent and its equilibrium concentration in solution at a certain temperature. By fitting the 

sorption equilibrium data into isotherm equations, some important information that can be 

used for design purpose can be obtained, such as adsorbent properties and mechanism of 

sorption process etc. [25]. Langmuir and Freundlich models were used to evaluate the 

experimental data of Sr2+ and Cs+ ions uptake from aqueous solution onto synthesized zeolite 

A. As can be seen in Figure 1, the experimental data and fitted isotherms by Freundlich and 

Langmuir isotherm models at 298K, as representative, present to be positive and concave to 

the concentration axis for both Sr2+ and Cs+ ions. It can be observed that sorption increases 

rapidly with the increase in ion concentration at lower initial ion concentration range and 

slowly reaches a plateau at higher concentration.  

 

Fig. 1. Sorption isotherms of Sr2+ and Cs+ ions onto synthesized zeolite A at 298 K. 

5.3.2 Langmuir isotherm model 

The Langmuir sorption model assumes that the adsorbent has limited sorption capacity and 

all sorption sites are identical and energetically and sterically independent of the sorption 

quantity [26]. The linearized form of Langmuir isotherm model is expressed as Eqn. (3), 



121 

 

where b and k represent the maximum monolayer sorption capacity (mg/g) and the constant 

related to free energy of sorption (mg-1), respectively. 

𝐶𝑒

𝑞𝑒
=

1

𝑘𝑏
+

𝐶𝑒

𝑏
 (3) 

The graphic presentations of (Ce/qe) versus Ce are given in Figure 2. The determined 

correlation coefficient (R2) for both were Sr2+ and Cs+ at three different temperatures was 

found satisfying (Table 1), indicating that the sorption of Sr2+ and Cs+ ions onto synthesized 

zeolite A obeys the Langmuir isotherm throughout the entire range of sorption concentration 

studied. The numerical value of constants k and b calculated from the slope and intercept of 

linear plots are tabulated in Table 1. The maximum sorption capacities (b) for Sr2+ and Cs+ 

ions are found in the ranges of 138.89 – 161.29 mg/g and 142.86 – 163.93 mg/g, respectively. 

The values are considerably less than the theoretical cation exchange capacity (CEC) of 

zeolite A (5.45 meq/g). This, on one hand, could due to the difference between the window 

size of zeolite A and radius of Sr2+ and Cs+ ions, which makes the ion exchange difficult and 

thus lower experimental values were obtained [27]. On the other hand, relatively low zeolite 

dosage applied in this study could also results in lower sorption capacity. Moreover, the value 

of constant b and k of Sr2+ sorption increases with elevated temperature, suggesting sorption 

capacity and the intensity of sorption are boosted at higher temperature. The sorption 

capacity of Cs+ ion, however, presents the opposite trend, and its intensity of sorption seems 

not affected by temperature.  
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Fig. 2. Linear plot of Langmuir isotherms of Sr2+ and Cs+ ions sorption onto synthesized A 

zeolites at 298 K, 313 K and 333 K. (40 mL solutions/ 100 mg zeolite A, initial solution pH = 

7, shaking water bath speed = 200 rpm) 

To further analyze the Langmuir model, one of important coefficients, called separation 

factor/dimensionless equilibrium constant RL, can be obtained by [16], [28]: 

𝑅𝐿 =
1

1 + 𝑘𝐶0
 (4) 

where C0 is the initial amounts of adsorbate, k is Langmuir constant. The value of RL gives 

whether the sorption is irreversible (RL < 0), favorable (0 < RL < 1), linear (RL = 1) or 

unfavorable ( RL > 1) [10], [29]. All RL values (Table 1) were found within the range of 0 to 

1, proving favorable sorption of both Sr2+ and Cs+ ions onto synthesized zeolite A. 

 

Table 1. Langmuir isotherm parameters for Sr2+ and Cs+ ions sorption onto synthesized 

zeolite A. 

Metal ion 
T (K) 

Langmuir model parameters  

b (mg/g) k (L/mg) R2 RL 

 298 138.89 0.12 0.9958 0.0083 

Sr2+ 313 147.06 0.42 0.9976 0.0025 

 333 161.29 0.42 0.9987 0.0025 
      

Cs+ 298 163.93 0.020 0.9781 0.0475 

313 142.86 0.025 0.9940 0.0393 

333 142.86 0.020 0.9898 0.0478 
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5.3.3 Freundlich Isotherm Model 

The Freundlich isotherm model assumes the sorption is multilayer and occurs on 

heterogeneous surfaces, where the sorption energy varies exponentially with surface coverage 

[10], [16]. The logarithmic form of Freundlich isotherm can be written as:  

log(𝑞𝑒) = log(𝐾𝑓) +
1

𝑛
log (𝐶𝑒) 

(5) 

where Kf is a constant that indicates the zeolite relative sorption capacity (mg/g) and n is the 

constant related to surface heterogeneity/sorption intensity (L/g). As shown in Figure 3, the 

plots of log(qe) versus log(Ce) give straight lines for both metal ions sorption onto 

synthesized zeolite A, confirming the process of the Sr2+ and Cs+ ions sorption onto 

synthesized zeolite A follows Freundlich isotherm model. The values of n and Kf calculated 

from the slope and intercept are also listed in Table 2, from which we can find the value of 

intensity constant (n) are greater than 1 for both Sr2+ and Cs+ ions, implying favorable 

sorption conditions and also indicating the synthesized zeolite A would show an increase in 

tendency of sorption with increasing solid phase concentration [16], [30]. This could be 

attributed to the fact that with progressive surface coverage of adsorbent, the attractive forces 

between the adsorbate ions such as van der Waals forces, increases more rapidly than the 

repulsive forces, exemplified by short-range electronic or long-range Coulombic dipole 

repulsion, and, consequently, the metal ions manifest a stronger tendency to bind to the 

adsorbent sites [27]. The value of Kf was greater for Sr2+ than for Cs+, indicating the 

synthesized zeolite A had larger affinity for Sr2+.  

Table 2. Freundlich isotherm parameters for Sr2+ and Cs+ ions sorption onto synthesized 

zeolite A. 

Metal ion T (K) 
Freundlich model parameters  

n Kf (mg/g) R2 

Sr2+ 298 6.18 52.38 0.9635 
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313 5.98 57.17 0.9546 

333 5.66 61.64 0.9344 

     

Cs+ 

298 2.73 16.15 0.9804 

313 2.77 15.19 0.9661 

333 2.66 13.42 0.9730 

 

 
Fig. 3. Linear plot of Frendlich isotherms of Sr2+ and Cs+ ions sorption on synthesized zeolite 

A at 298 K, 313 K and 333 K. (40 mL solutions/ 100 mg zeolite A, initial solution pH = 7, 

shaking water bath speed = 200 rpm) 

5.3.4 Thermodynamics for Sorption and Effect of Temperature  

The effect to temperature on the removal efficiency depicted in Figure 4 gives preliminary 

information about the thermodynamic nature of Sr2+ and Cs+ ions sorption on synthesized A 

zeolites. Specifically, the removal efficiency for Sr2+ ion increases with an increase in 

temperature, indicating the process to be endothermic, whereas for Cs+ ion sorption appears 

to be exothermic and the influence of temperature on Cs+ ion sorption seems not as 

significant as that on Sr2+ ion. 
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Fig. 4. The effect of temperature on Sr2+ and Cs+ ions removal using synthesized A. (40 mL 

solutions/ 100 mg zeolite A, initial solution pH = 7, shaking water bath speed = 200 rpm) 

To further investigate the thermodynamic nature of the sorption process, experimental data 

obtained with temperature of 298, 313 and 333 K and initial ion concentration of 200 ppm 

were analyzed. The distribution coefficient, Kd was firstly determined by [10], [29], [31] 

𝐾𝑑 =
𝑞𝑒

𝐶𝑒
 (6) 

From the distribution coefficient, the Gibbs Free Energy Change ΔGo can be calculated by 

Eqn. (7), the thermodynamic parameter that expresses the spontaneity of a particular process 

and therefore the favorability towards it. ΔGo is given by  

𝛥𝐺𝑜 = −𝑅𝑇𝑙𝑛(𝐾𝑑) (7) 

where T is the absolute temperature (K) and R is the idea gas constant (8.314 J/mol K). Other 

thermodynamic parameters such enthalpy change (ΔH0) and entropy change (ΔS0) can be 

determined from slope and intercept of the linear plot of lnKd against 1/T, respectively (figure 

not shown) using:  



126 

 

𝑙𝑛(𝐾𝑑) =
∆𝑆𝑜

𝑅
−

∆𝐻𝑜

𝑅𝑇
 (8) 

Table 3. Values of thermodynamic parameters for the sorption of Sr2+ and Cs+ by the 

synthesized zeolite A. 

Metal ions T (K) 
Thermodynamic parameters 

Kd ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (J/(mol.K)) 

Sr2+ 

298 17.93 -7.15 

44.178 171.202 313 29.51 -8.81 

333 114.45 -13.12 

Cs+ 

298 2.22 -1.97 

-7.910 -19.940 313 1.90 -1.66 

333 1.59 -1.28 

All these thermodynamic parameters are summarized in Table 3. The negative value of ΔG0 

was found negative for both metal ions, indicating the feasibility and spontaneous nature of 

the sorption process. It was noticed that the distribution factor Kd of Sr2+ sorption increases 

with temperature, which signifies stronger adsorbent-adsorbate interactions under higher 

temperature [16]. The positive value of ΔH0 further confirms that Sr2+ sorption on 

synthesized zeolite A is endothermic process, which is consistent with the findings of 

previous ion exchange studies that have observed an endothermic behavior when a divalent 

cation replaces a monovalent one (such as Sr2+ replacing Na+) [32]. The absolute value of 

ΔG0 also increases with increase in temperature, corresponding to the endothermic nature that 

higher temperature is more favorable for sorption process. Cs+ ions sorption on as-

synthesized zeolite A, on the contrary, exhibits exothermic nature with value of ΔH0 being 

negative, and both distribution factor Kd and absolute value of ΔG0 decreases with 

temperature. Moreover, ΔS0 value was found positive for Sr2+ and negative for Cs+, which 

probably due to the difference between the relative mobility of metal ions and Na+ ions 

present on synthesized zeolite A. The randomness of the system would increase when more 

mobile ions are exchanged into solution during the process and vice versa [16]. 

5.3.5 Kinetics of Strontium and Cesium Ions Sorption 

To minimize the potential harm radioactive waste poses on environment and eventually 

living things, fast and efficient treatment of such waste is considered important. Therefore, it 

is also necessary to investigate the sorption kinetics of Sr2+ and Cs+ ions sorption. The 

sorption amount of both cesium and strontium ions onto synthesized zeolite A as a function 
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of contact time for fixed concentration of 200 ppm at 298 K are plotted in Figure 5. It can be 

clearly seen that a rapid sorption with 80 – 90 % of the equilibrium sorption value occurred 

within the first 5 min and then the amount of sorption gradually increased with contact time 

until equilibrium was attained in about 70 – 90 min. Such kinetic behavior indicates that the 

sorption of cesium and strontium metal ions on synthesized zeolite A is somewhat two-step 

process, specifically a fast sorption of Sr2+ and Cs+ ions on the external surface followed by a 

possible slow intraparticle diffusion within the zeolite to the exchangeable sites in the 

channels of the porous structure [33]. The rapid kinetics has significant practical importance, 

as it facilitates smaller sorption column volumes, ensuring high efficiency and economy. 

To further investigate the sorption of Sr2+ and Cs+ ions on synthesized zeolite A, kinetic data 

was analysed using pseudo-first-order and pseudo-second-order kinetic models. As per 

Lagergren pseudo-first-order model, which corresponds to a diffusion-controlled process 

[34], is expressed by Eqn. (9) [1], where qe and qt (mg/g) represent the amount of metal ion 

sorbed on synthesized zeolite A at equilibrium and time t. The plot of log(𝑞𝑒 − 𝑞𝑡) versus t 

shall give a straight line, from which the rate constant K1 (min-1) can be obtained.  

log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒 −
𝐾1

2.303
𝑡   (9) 

As shown in Figure 6a, the kinetic data was poorly fitted by the pseudo-first-order model, 

with linear regression coefficient R2 of 0.8 for both Sr2+ and Cs+ ions (Table 4). The 

equilibrium sorption capacity qe predicted from the pseudo-first-order model is much lower 

than the experiment value, indicating the inapplicability of this model.  
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The pseudo-second-order model assumes that the process is controlled by the adsorption 

reaction at the liquid/solid interface in the adsorbent [34]. Its expression is written as [1], 

[35]: 

𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2

+
1

𝑞𝑒
𝑡 (10) 

By plotting t/qe versus t, the rate constant K2 (g mg-1 min-1) and equilibrium sorption capacity 

qe (mg/g) can be calculated. The initial sorption rate h can be obtain by: 

ℎ = 𝐾2𝑞𝑒
2 (11) 

Compare to pseudo-first-order model, the pseudo-second-order model (Figure 6b) more 

appropriately describes the kinetics of the sorption process with high correlation coefficient 

(R2 = 0.9999). Also, the calculated qe value from the pseudo-second-order model is consistent 

with the experimental data. These results suggests that the pseudo-second-order sorption 

mechanism is predominant and the Sr2+ and Cs+ ions uptake process is mainly chemisorption 

[36].  

Table 4. Kinetic parameters of the pseudo-first-order and pseudo-second-order kinetic 

models for Sr2+ and Cs+ ions sorption onto synthesized zeolite A. 

Metal 

ion 

First-order kinetic parameters Second-order kinetic parameters 
qe, exp. 

(mg/g) K1 (min-1) 
qe, calc. 

(mg/g) 
R2 K2 (g mg-1 min-1) 

qe, calc. 

(mg/g) 
h (mg g-1 min-1) R2 

Cs+ 0.068 3.05 0.807 0.029 65.36 125.00 0.9999 65.33 

Sr2+ 0.090 3.85 0.805 0.020 76.92 119.05 0.9999 76.56 
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Fig. 5. Effect of contact time on Sr2+ and Cs+ ions sorption on synthesized zeolite A. (40 mL 

solutions/ 100 mg zeolite A, initial solution pH = 5.5, temperature = 298 K, shaking water 

bath speed = 200 rpm) 
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Fig. 6. (a) Pseudo-first-order model and (b) Pseudo-second-order model for Sr2+ and Cs+ ions 

sorption on synthesized zeolite A. (40 mL solutions/ 100 mg zeolite A, initial solution ph = 

5.5, temperature = 298 K, shaking water bath speed = 200 rpm) 

5.3.6  Irreversibility Study 

It is important to make sure the sorption of radioactive nuclides is irreversible in order to 

prevent their leaching into the environment and causing secondary pollution. In this work, 

experiments were conducted to investigate the release of entrapped Sr2+ and Cs+ from 

synthesized zeolite A. Three Sr2+ containing and three Cs+ containing zeolite A samples were 

prepared following the sorption procedure (initial solution concentration of 200 ppm were 

used). After washing with a small amount of water to remove excessive metal ions, the 
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obtained samples were soaked in aqueous solutions (100mg/40mL) with pH value of 3 and 5, 

and NaCl solution (0.459 mol/L, Na+ concentration in seawater) for 1 day. The resultant 

solutions were then separated from solid and analysed by ICP. The leaching rate of Sr2+ and 

Cs+ ions were calculated by dividing the amount of metal ions leached into solution (mg) by 

the amount of metal ions attained in zeolite A (mg). Given the same solid to solution ratio 

applied for leaching test, the simplified equation can be written as:  

𝐿𝑒𝑎𝑐ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒% =
𝐶𝑖

(𝐶0 − 𝐶𝑒)
 (12) 

Where Ci is the concentration of leached metal ions in solutions, Co and Ce are the initial and 

equilibrium ion concentrations (mg/L) of sorption process. As illustrated in Figure 7a, under 

acidic condition (pH 3), around 1% of Sr2+ and 6% of Cs+ ions were released from 

synthesized zeolite A. Only a little of Cs+ ions (1%) were released and no Sr2+ ions were 

detected when solution was close to neutral conditions (pH 5). However, 84% of Cs+ ions and 

32% of Sr2+ ions were leached out in salt solution, indicating unsafe disposal into similar 

environment, such as seawater.  

It is known that pollucite (CsAlSi2O6) and strontium-feldspar (SrAl2Si2O8) are suitable 

phases for the fixation of Cs and Sr on the basis of their refractory nature and leach resistance 

[14], which can be obtained by heating Cs-exchanged zeolite and Sr-exchanged zeolite [14], 

[23].  Thus, another set of experiments were carried out to convert Sr2+ and Cs+ exchanged 

zeolite A into more stable minerals by calcination at 900℃ for 0.5 hr (900℃ is the highest 

temperature the available muffle furnace can achieve). Figure 8 shows the XRD patterns of 

Cs and Sr forms of zeolite A and their respective products after calcination at 900℃. It is 

obvious that the structure of zeolite A was destroyed after the calcination and recrystallized 

to new phases. Specifically, namely Nepheline (NaAlSiO4), pollucite (CsAlSi2O6) and Cs-
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exchanged nepheline (CsAlSiO4) were identified in calcined zeolite CsA, and strontium-

feldspar (SrAl2Si2O8) and Nepheline (NaAlSiO4) were found to be main composite of 

calcined zeolite SrA. The existence of the nepheline phase (NaAl(SiO4)) is as expected and 

justified by the fact that a certain amount of Na+ ions was not exchanged with Cs+ ions and 

remains in the zeolite structure. Consequently, as shown in Figure 7b, dramatic reduction was 

found on released Sr and Cs from calcined products in different salt solutions, namely MgCl2 

(0.052 mol/L), CaCl2 (0.01 mol/L) and NaCl (0.459 mol/L), which are the major salts in 

seawater and their corresponding concentrations in seawater were applied. This can be 

attributed to the non-porous nature of the calcined products which is confirmed by its CO2 

adsorption behaviour shown in Figure 9. The released Cs and Sr are likely due to the 

limitation of the calcination temperature can reached in this study, as it is believed more 

pollucite, which is considered better host for Cs, can be obtain in replace of Cs-exchanged 

nepheline, and the Hexagonal phase of SrAl2Si2O8 can transform to more stable trigonal 

phase above 1000℃ [14]. 

 
Fig. 7. The leaching rate of Sr2+ and Cs+ ions under various environment (a) before and (b) 

after calcination at 900℃. 
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Fig. 8. XRD patterns of Sr2+ and Cs+ ions containing zeolite A before and after calcination at 

900℃. 

 

 
Fig. 9. CO2 adsorption isotherms at 273 K on synthesized zeolite A and Sr-saturated zeolite 

A after calcination. 

5.4 Conclusion  

The present study evaluated the application of zeolite A derived from coal fly ash for 

immobilization of strontium and cesium ions from aqueous solutions. Equilibrium isotherms 
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have been determined and the sorption data presented good fitting to Langmuir and 

Freundlich isotherm models. The RL value obtained from Langmuir model was found within 

the range of 0 – 1, indicating the sorption process is favored. Both the strontium and cesium 

ions uptake processes are spontaneous in nature given the negative ΔGo. However, the 

sorption of Sr2+ was found to be endothermic whereas the exothermic nature of Cs+ sorption 

was observed. The removal of strontium and cesium ions exhibited the highest efficiency at 

lower initial concentration (100% for Sr2+ ion and >80% for Cs+ ion), therefore it is suggested 

that higher zeolite dosage could be applied at higher initial concentration. The kinetics of 

strontium and cesium ions sorption were also investigated, rapid sorption rate (80 – 90%) was 

observed within the first 5 min. The pseudo-second-order sorption mechanism is predominant 

and the strontium and cesium ions uptake process is mainly chemisorption. More 

importantly, high temperature calcination method was performed to convert Sr and Cs 

exchanged zeolite A into Sr-feldspar, pollucite and nepheline with significantly improved 

resistance to Sr and Cs leaching, providing a way to permanently store hazardous strontium 

and cesium. 
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Chapter 6: Development of a High Strength 

Geopolymer by Novel Solar Curing 

Abstract: 

Geopolymer is a popular construction material derived from different sources of 

aluminosilicates known for its environmental benefits and excellent durability in harsh 

conditions. However, the curing of fly-ash based geopolymer normally requires a thermal 

treatment that increases the manufacturing cost and carbon footprint. This paper explored a 

new economical and environmentally-friendly alternative, i.e. solar curing, that harnesses solar 

radiation to achieve accelerated geopolymerization process. Geopolymer mortars coated in two 

different greyscales namely solar curing black (SCB) and 40% black (grey, SCG) were 

prepared to study the effect of solar radiation absorption ability on the strength of the 

specimens, along with ambient cured specimens (ATC) for comparison. Mechanical properties 

such as workability, compressive strength, stress-strain relationship from 1 day to 28 days were 

tested. The SCB specimens that can easily reach 65°C under the sun showed a substantial 

improvement of the compressive strength especially at the early age, i.e. 49.2 MPa at 1-day 

compared with 25.5 MPa for the ATC ones. At 28-day, SCB reached 92 MPa in compressive 

strength which is 17.8% (13.9 MPa) higher than that of ATC. SCG showed a moderate 

enhancement in strength. Through in-depth physical and chemical characterizations, the 

structure and morphology of geopolymers were identified through X-ray diffraction (XRD), 

scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDX). It was 

found that geopolymer cured by solar radiation had more calcium aluminate silicate content 

hence leading to a higher mechanical strength. Furthermore, a titration study that determines 
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the conversion rate of the activators inside geopolymers suggested a faster geopolymerization 

process in the solar cured specimens.  
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6.1 Introduction 

Geopolymer was termed to describe the polymerization reaction of alkaline liquid (activator) 

and aluminosilicate of geological origin [1]. It was considered to replace the ordinary Portland 

cement as the third generation of cementitious materials [2]. The usage of fly ash as the source 

material (binder) in geopolymer composites was examined extensively for its advantages such 

as low cost and easy access. However, replacing the cement completely with fly ash caused 

new challenges such as the early age strength deficiency. Conventionally, this was resolved by 

elevating the curing temperature in an oven, which in turn imposed new challenges, such as 

high equipment cost and difficult synthesis. This negated the advantages of geopolymers in 

terms of cost and environment footprint. The novel solar curing method will be introduced in 

this paper to produce high strength geopolymers while lowering the greenhouse gases emission 

from the curing process.   

The main constituent fly ash is the combustion residue collected from pulverized coal fired 

power plants. It is classified as ASTM Class C [3] to represent high calcium content and ASTM 

Class F [3] to represent low calcium content. Spherical fly ash particles reduce water demand 

and improve the workability of the geopolymer [4]. However, fly ash based geopolymer 

composite develops strength very slowly at early age due to the lack of calcium content. At 

room temperature, fly ash is not completely dissolved [5] and the low reactivity of the fly ash 

increases the setting time of the geopolymer. Therefore, to maintain an acceptable early age 

strength, methods that accelerate the curing process or modify the chemical reactions, which 

are heating curing and incorporating high calcium additives respectively, should be applied. 

Traditionally, oven curing at 60-120°C for an extended period [6]–[8], was introduced to 

accelerate early age strength. The duration was usually 24 hours [7], after which point the rate 

of increase in strength reduced to an uneconomical level [8]. Ultra-high strength specimens 
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(120 MPa compressive strength) were obtained by heat curing at 115°C for 24 hours [9]. 

However, this method was only suitable for producing precast concrete structures, which were 

limited in size, cost and proximity to its designated location. Furthermore, despite of the slow 

polymerization process, the 56-day compressive strength of the ambient cured mixes is 

comparable to the ones that are heat cured [7]. Jang, Lee and Lee [10] produced fly ash based 

geopolymer in ambient environment with the binder, activator and superplasticizer only. 

However, the 28-day strength ambient-cured specimen was considerably lower than that of its 

oven-cured counterpart. More recently, to overcome the low reactivity of fly ash and reduce 

synthesis complexity, additives such as slag and various types of fibers were added to the 

geopolymer mix. Earlier researches were done to investigate the effect of adding slag on the 

chemical composition of the product. In 2003, Yip and Van Deventer [11] discovered that 

geopolymeric aluminosilicate hydrate (A-S-H) gel and calcium silicate hydrate (C-S-H) gel 

were formed simultaneously and independently. The feasibility of ambient curing of low 

calcium (Class F) fly ash was tested and it was concluded that the addition of ground granulated 

blast-furnace slag (GGBS), ordinary Portland cement (OPC) or Ca(OH)2 accelerated early age 

strength development therefore enabled the method of ambient curing [12]. In the contrary, an 

adverse impact of adding granulated lead smelter slag (GLSS) on geopolymer strength was 

also discovered [13]. However, finer GLSS would reduce the impact. Ultra-high strength 

geopolymer mortars (108 MPa) were produced in the ambient conditions by replacing 50% of 

fly ash with slag [14]. Slag proved to provide additional calcium content that accelerated the 

polymerization process. Fast microwave curing was introduced using household microwave 

ovens [15]. 1 minute of high microwave output (850W) accelerated the formation of 

aluminosilicate bonds. Combined with higher concentration of NaOH, porous structures 

formation was seen in the fly ash based geopolymer paste. In Table 1, a summary of the mix 

designs and their curing methods are shown. Some of which only specified the mixing ratios 
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of the constituents. Thus, the weights were adjusted based on the assumption that the 

geopolymer mortar had a density of 1800 𝑘𝑔/𝑚3.  

Recently, more questions were posed on the actual environment benefits of the geopolymers. 

A study stated that a mere 9% margin existed between the carbon emission between OPC and 

fly ash based geopolymers [16]. A huge proportion of emission occurred in elevating the curing 

temperature and the use of the alkaline solutions. On average 12.5% of CO2 was released during 

the curing phase for the geopolymer in contrast to less than 1% for the OPC. The activator 

solution accounted for up to 59.4% of the total emission  [16]. The addition of slag proved to 

reduce the demand for the activator solution [17]. The novel solar curing method is aiming to 

reduce the cost and carbon emission by raising temperature. Utilizing the solar energy as a 

replacement of high temperature curing of geopolymers can provide a green way to produce 

high strength concrete at almost no additional cost. Combining the two approaches, the fly ash 

based geopolymer will have an accelerated strength development as well as reduced carbon 

emission. Another important advantage of this mix design that cannot be overlooked is the 

utilization of waste materials such as slag and fly ash. The risk of toxic leakage and the cost of 

disposal can be significantly reduced [17]. This method is potentially beneficial to the 

production of structures that have large surface areas such as airport runways, rigid pavements 

for industrial floors [18], wall panels and floor slabs in regions with large solar energy reserves. 

The fast acceleration in strength development from the solar heat can potentially benefit 

various applications. Similarly, the outcomes from this study will also benefit the study of 

geothermal curing, e.g. shotcrete in hot and humid deep underground mine sites.  
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Table 1. A review of mix designs and their curing methods. 

Author Binder Activator SP Water CA FA n/s MNaOH Curing 
Max Comp 

Strength (MPa) 
Comments 

Lloyd, N. A., & Rangan, B. V. 
(2010) 

408 144 6 0 1294 554 2.50 8 HC 60 24h -  

Albitar, M., Visintin, P., 
Mohamed Ali, M. S., & 

Drechsler, M. (2014) 
424.8 158.4 0 - 48 0 - 60 

1168.8 - 
1200 

580.8 - 
600 

1.50 14 HC 70 24h 3-day: 74.5 

Albitar, M., Mohamed Ali, M. 
S., Visintin, P., & Drechsler, M. 

(2015) 
424.8 156.7 31.2 9.84 1180.8 595.2 1.50 14 HC 70 24h 7-day: 66.78 

Binder FA GLSS, Fine aggregates 
WRS GLSS 

Jang, J. G., Lee, N. K., & Lee, 
H. K. (2014) 

1176.6 - 
1291.1 

588.3 -  
645.6 

0 - 51.6 0 0 0 2.00 4 AC 20 24h 28-day: 61 
SP: naphthalene-based and 

polycarboxylate-based 

Chindaprasirt, P., & Chareerat, 

T. (2010)** 
415.7 207.9 0 33.3 0 1143.2 1 10 

HC 30-90 48h, delayed for 

one hour 
28-day: 84 Fine high-calcium fly ash 

Khan, M. Z. N., Shaikh, F. 
uddin A., Hao, Y., & Hao, H. 

(2016)** 

562.5 337.5 0 0 0 900 2.5 12 AC 23 24h 28-day: 108 Fly ash, Slag, Ca(OH)2, UFFA 

Onutai, S., Jiemsirilers, S., 
Thavorniti, P., & Kobayashi, T. 

(2016)*** 
- - - - - - 2.5 2-15 

Microwave 200 - 850 W, 
Heat Curing 80 24h 

-  

Atiş, C. D., Görür, E. B., 
Karahan, O., Bilim, C., 

İlkentapar, S., & Luga, E. (2015) 
450 - 0 150 0 1350 - - HC 45 - 115 24 - 72 h 1-day: 120 Na is 14% of mix weight 

 
* SP: superplasticizer; CA: coarse aggregate; FA: fine aggregate; n/s sodium silicate to sodium hydroxide ratio; MNaOH: molar concentration of NaOH; HC: heat curing; AC: ambient curing; 
GLSS: granulated lead smelter slag; WRS: washed river sand; UFFA: ultra-fine fly ash. 
** Mix design adjusted based on the assumption that geopolymer mortars have a density of 1800 kg/m3. 
*** Mix design not disclosed. 
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6.2 Testing Program 

6.2.1 Material properties 

In this study, the main constituent fly ash was acquired from Gladstone Power Plant, QLD 

Australia. GGBS was from Builder’s Choice, WA Australia. D-grade sodium silicate solution 

(specific gravity = 1.53, SiO2/Na2O modulus ratio = 2.0) was acquired from PQ Australia. The 

fine aggregate was AFS 45/50 Bassendean sand belt dune sand originated from Gaskell Quarry, 

WA Australia. The sodium hydroxide powder was from Redox Pty Ltd. based in Perth, which 

was used to make sodium hydroxide solution one day prior to the experiment. Fig 1 shows the 

particle size distribution of fly ash, GGBS and sand. The chemical composition of raw 

materials is shown in Table 2. The basicity coefficient (𝐾𝑏 = (𝐶𝑎𝑂 + 𝑀𝑔𝑂)/(𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3) 

[19]) of the fly ash was 0.19 and the hydration modulus (𝐻𝑀 = (𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝐴𝑙2𝑂3)/𝑆𝑖𝑂2 

[19]) was 0.84. In contrast, Kb of GGBS was 1.03 with HM being 1.87. The high calcium 

content of GGBS was beneficial for geopolymer hardening. Fig 2 shows the scanning electron 

micrographs (SEM) of fly ash and GGBS. The fly ash consisted of spherical particles with 

smooth surface, while the GGBS consisted of irregular and angular particles similar to the 

previously published results [20], [21].  

 

Fig. 1. Particle size distribution of fly ash, slag and sand. 
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Fig. 2.  SEM images of the (A) fly ash and (B) slag. 

Table 2. Oxide composition of fly ash and GGBS. 

Oxide (weight %) Al2O3 BaO CaO Cr2O3 Fe2O3 K2O MgO MnO Na2O P2O5 SO3 SiO2 TiO2 Total 

Fly ash 25.31 0.07 12.25 0.01 9.9 0.64 1.14 0.14 0.32 0.51 0.57 46.04 1.46 99.64 

GGBS 13.8 0.06 42.13 0 0.58 0.32 5.76 0.27 0.2 0.034 3.33 32.92 0.57 96.63 

6.2.2 Mix design and mixing procedures 

The binder, which consisted of 50% fly ash and 50% GGBS, accounted for 31.2% of the total 

weight while the activator accounted for another 18.8%. The fine aggregates made up 50% of 

the total weight. The nominal density was 1800 𝑘𝑔/𝑚3. The activator solution was obtained 

from mixing lab-made 12 M sodium hydroxide solution with the pre-made sodium silicate 

solution at a ratio of 1:2.5. 
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The sodium silicate solution and sodium hydroxide solution were mixed in a PVC bucket at the given 

ratio. The mixture was shaken and vibrated for a minimum of half an hour to ensure complete 

reactions and a good consistency. In the meantime, the dry ingredients including fly ash, GGBS and 

sand were weighed and poured into another bucket at the required ratio. The dry mixture was then 

transferred to the Hobart A200 mixer from Hobart Food Equipment Co. Ltd., USA and mixed for 3 

minutes at low speed (61 rpm). The well-mixed activator solution was slowly poured into the mixing 

bowl. The wet mixing took up to 1 minute at low speed. Afterwards, the mixture was taken to a 

workbench for workability tests and molding. The molds were made of heat resisting PVC with 

internal diameter of 52 mm and internal height of 108 mm.  

6.2.3 Curing methods 

Three curing methods were compared in this research. The ambient cured specimens were categorized 

as the control group. The temperature and humidity in the ambient curing room were kept constant at 

21°C and 95% humidity. Two solar curing methods, namely SCB and SCG, were developed to 

simulate different testing environments. The SCG cylinders were painted with a shade of grey 

specifically matched to the color of the oven-cured specimens, corresponding to 40% black on the 

grey scale chart (0% represents paper white and 100% represents solid black) [22]. The SCB cylinders 

were painted black (100% black) and covered with a layer of bubble warp that had the bottom side 

painted black. The bubble side was facing towards the sun to create a greenhouse effect, which 

maximized the heat input. This was the ideal scenario to determine the maximum potential of the 

solar power in curing. In contrast, SCG, intended as an economical alternative to SCB, was analyzed 

for its energy absorption ability in the geopolymer’s natural color hence the feasibility of solar curing 

the unpainted and exposed geopolymers. The sample preparation of the three curing methods are 

shown in Fig 3. The solar cured specimens were positioned directly towards the sun. A low profile 

reduced the temperature fluctuations caused by wind.  



148 

 

 

Fig. 3.  The sample preparation for each curing method. 

6.2.4 Testing methods  

The main focus of this research was the benefits of solar curing on the hardening of the geopolymers. 

The cylinders were grouped into 1, 3, 7, 14 and 28-day specimens and tested accordingly. Each group 

had sub-groups in terms of the curing method and each sub-group had 3 cylinders. Each cylinder was 

attached with a Kyowa KFGS-30 30 mm strain gauge from Kyowa Electronic Instruments Co., Ltd., 

Japan in the vertical direction, except the 1-day specimens. Additionally, a horizontal strain gauge 

was attached to the selected 28-day specimens to obtain the Poisson’s ratio. Another 3 specimens 

were produced with two thermocouples located on the surface and inside the specimen at mid height. 

The temperature was captured once every hour throughout the curing duration with Omega HH378 

thermometer, Omega Engineering, Inc., USA. In total, 48 geopolymer mortar cylinders were 

synthesized.  

6.2.4.1 Workability 

The workability test was performed prior to molding in each batch. In total, 4 measurements from 4 

different batches were taken. The custom made mini cone used for testing was manufactured with the 
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same aspect ratio of the standard cone given in AS 1012.3.1 [23]. Its top and bottom inner diameters 

are 38 mm and 76 mm respectively. The height is 116 mm.  

6.2.4.2 Unconfined compression test (UCS) 

After carefully polishing the top surface of the specimens, the density of all the specimens were taken 

under the procedures specified in ASTM C20-00 [24]. The UCS test was carried out according to AS 

1012.9 [25] using the 600 kN capacity Baldwin compression/tension machine, Baldwin Lima 

Hamilton Corp., USA. The specimens were loaded at a constant rate of 20 MPa/min. The readings 

from the vertical strain gauges were used to produce stress-strain curves. The static chord modulus 

of elasticity and the Poisson’s ratios were calculated based on AS 1012.17 [26].  

6.2.4.3 Titration 

The purpose of this study was to quantify the relationship between consumption of alkaline activator 

(sum of NaOH and Na2SiO3) and the curing conditions and time. Immediately after each strength test, 

1g of grounded geopolymer sample was soaked into 40ml of deionized water for 2 days at 30°C, then 

10ml of the resultant supernatants were collected and filtrated with Acrodisc® 25mm syringe filter 

from Pall Corporation, USA (0.45µm Supor® Membrane, Pall Corporation, USA) and titrated by 

diluted HCl solution (0.1mol/L). Phenolphthalein was chosen as the indicator to detect the end point, 

which turns from pink to colorless when pH=8.2. 

6.2.4.4 XRD 

Powder samples were prepared immediately for XRD analysis by grinding dried tested specimens. 

The X-ray diffraction patterns were recorded by using a PANalytical Empyrean X-ray Diffractometer 

made in Netherlands with Cu K radiation (λ= 1.5404Å), 40 kV and 40 mA and scanning at 4-80° in 

2θ at rate of 2° per minute. 
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6.2.4.5 SEM and EDX 

The chips from the representative ATC, SCB and SCG specimens at 28 days were obtained after the 

compressive strength test and prepared for SEM analysis right away. Firstly, the chips were fixed on 

aluminum stubs with carbon tapes, followed by a thin layer of gold coating for microstructure 

imaging. The SEM imaging was performed by using Verios XHR SEM, FEI Company, USA, which 

was equipped with Oxford Instruments X-Max EDS Detector made in UK for microanalysis to better 

identify the main microstructural features of geopolymer specimens. 

6.3 Mechanical Test Results  

Table 3 summarizes the key mechanical parameters of the mix design that are being investigated. 𝑓𝑐𝑚 

refers the mean compressive strength of the sub-group while 𝑓𝑐
′ is the characteristic compressive 

strength with 95% confidence level. 

6.3.1 Workability 

The recorded flow diameters were 189 mm, 200 mm, 190 mm and 195 mm respectively. As the 

bottom-inner diameter (∅𝑏) of the testing mini cone is 76 mm, the average flow diameter was 2.54 

times (193.5 mm) of ∅𝑏 . Despite of the good workability obtained in the lab environment, 

superplasticizer is recommended to be added to allow extra time for mixing, transporting and molding 

on site.   

6.3.2 Density 

The average density of the 45 specimens was 2188 𝑘𝑔/𝑚3 with a standard deviation of 17 𝑘𝑔/𝑚3. 

A good coefficient of variation of 0.78% was achieved. The real density was 21.5% higher than the 

nominal density. 
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Table 3. A summary of key experiment outcome including predicted Ec with Eqn. 7, 8 and 9. 

Specimen 
Density 

(kg/m^3) 
Failure Stress 

(MPa) 
Ec (GPa) 

Ec (Eqn. 7, 
GPa) 

Ec (Eqn. 
8, GPa) 

Ec (Eqn. 
9, GPa) 

fcm (MPa) σ (MPa) f 'c (MPa) 

1 Day 

1ATC1 2195.47 26.72 - - - - 

25.5 2.5 20.6 1ATC2 2174.30 22.70 - - - - 

1ATC3 2197.56 27.14 - - - - 

1SCB1 2178.03 51.19 - - - - 

49.3 2.7 43.9 1SCB2 2166.17 50.48 - - - - 

1SCB3 2164.70 46.19 - - - - 

1SCG1 2196.09 43.73 - - - - 

43.4 2.6 38.2 1SCG2 2200.07 45.91 - - - - 

1SCG3 2185.40 40.70 - - - - 

3 Day 

3ATC1 2213.00 44.29 22.696 29.793 33.610 28.996 

43.7 0.6 42.5 3ATC2 2188.00 43.11 18.541 28.895 33.157 28.698 

3ATC3 2186.00 43.78 - - - - 

3SCB1 2161.00 70.36 24.253 36.234 42.360 34.748 

68.6 2.0 64.7 3SCB2 2168.00 68.86 25.944 36.020 41.906 34.450 

3SCB3 2167.00 66.49 26.797 35.369 41.178 33.971 

3SCG1 2189.00 58.30 24.566 33.625 38.558 32.249 

59.1 3.0 53.2 3SCG2 2181.00 62.44 25.082 34.607 39.903 33.133 

3SCG3 2210.00 56.64 - - - - 

7 Day 

7ATC1 2191.53 54.43 28.583 32.548 37.259 31.395 

53.5 3.2 47.2 7ATC2 2201.71 56.17 29.149 33.295 37.849 31.783 

7ATC3 2184.41 50.03 - - - - 

7SCB1 2176.97 85.53 - - - - 

85.5 0.9 83.7 7SCB2 2195.53 86.36 - - - - 

7SCB3 2184.78 84.58 - - - - 

7SCG1 2162.57 61.66 31.935 33.957 39.655 32.970 

66.9 4.6 57.8 7SCG2 2162.53 69.58 - - - - 

7SCG3 2163.89 69.59 - - - - 

14 Day 

14ATC1 2220.08 71.46 - - - - 

69.4 3.8 61.9 14ATC2 2170.93 65.10 - - - - 

14ATC3 2201.27 71.76 - - - - 

14SCB1 2186.26 88.57 - - - - 

87.0 1.5 84.1 14SCB2 2195.00 86.77 32.293 41.190 47.040 37.825 

14SCB3 2194.57 85.67 - - - - 

14SCG1 2169.51 73.63 - - - - 

72.6 2.0 68.6 14SCG2 2175.18 70.33 - - - - 

14SCG3 2202.35 73.96 31.092 38.219 43.429 35.451 

28 Day 

28ATC1 2221.44 80.04 31.950 40.279 45.180 36.603 

78.1 3.5 71.0 28ATC2 2185.52 80.17 36.396 39.339 45.218 36.627 

28ATC3 2175.08 73.98 31.135 37.518 43.436 35.456 

28SCB1 2203.63 95.16 39.703 43.391 49.262 39.286 

92.0 2.7 86.5 28SCB2 2214.92 90.57 34.466 42.658 48.061 38.496 

28SCB3 2208.96 90.26 26.793 42.414 47.979 38.442 

28SCG1 2218.14 85.96 - - - - 

80.4 4.8 70.8 28SCG2 2180.32 77.66 31.047 38.579 44.504 36.158 

28SCG3 2196.21 77.61 30.637 38.990 44.490 36.149 

6.3.3 Temperature profiles 

The temperature in the ambient curing room was set at a constant 21°C as the reference temperature. 

The temperatures around, inside and on the surface of the SCB and SCG specimens were recorded 

with respect to time. The variations of the maximum daily temperatures in the duration of the 

experiment for each category are shown in Fig 4. The temperature in SCG cylinders was on average 
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37% more than the ATC cylinders while SCB cylinders led SCG cylinders by another 6.5%. The first 

three days of curing is crucial in the development of the geopolymers. The activity of the fly ash 

increases when the temperature rises. The geopolymerization reactions are almost complete when the 

temperature reaches 60–90°C [27]. Although the overall temperature difference was small, the 

temperatures during the peak hours of the black cylinders were substantially higher than those of the 

grey cylinders. As shown in Fig 5, only the black cylinders passed the 60°C threshold. The solar 

exposure data taken from Australian Government Bureau of Meteorology [28] were amended to the 

figure. During summer, this is a green and cost-effective way to maintain a high temperature in the 

specimens thus a high level of activity of the materials.  

 

Fig. 4. Records of daily peak temperatures in relation to solar exposure level. 
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Fig. 5. The temperature variation for the first three days. 

6.3.4 Compressive strength 

A fundamental parameter being investigated was the effect of solar curing on geopolymer strength 

and its development. In this study, a good consistency in strength was observed. All the sub-groups 

satisfied the favorable standard deviation of the compressive strength being less than 5 MPa. The 

geopolymer specimens at early age exhibited ductile behaviors under load while the later age 

specimens exhibited brittle behaviors. This can be seen in Fig 6, which shows the failures occurred 

in two examples. Such behavior was expected and resembled the typical failure modes of the OPC 

[29].  
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Fig. 6. Images taken from the compressive strength test. A: 3ATC1 before test; B: 3ATC1 after test; 

C: 28SCB2 before test; D: 28SCB2 after test. 

 

Fig. 7. The hardening curves of the geopolymer specimens compared against the modified hardening 

curves (Eqn. 1) with coefficients a and b found in Table 4. 
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stronger than the control ATC cylinders. The SCG cylinders showed 70.2% (17.9 MPa) increase 

when compared with the control group. The respectable early age performance of 49.3 and 43.4 MPa 

for black and grey cylinders will enable new possibilities for applications that require quick setting 

and fast strength gain.   

Table 4. Proposed coefficient a and b of Eqn. 1 for ATC, SCG and SCB geopolymers. 

 Coefficient a Coefficient b 

OPC 4 0.85 

ATC 2.5 0.95 

SCB 1 0.95 

SCG 1 1 

The previous trend continued after 3 days, where at 7 days, the difference between the SCB cylinders 

and ATC cylinders was the largest at 32 MPa (59.8%). In the meantime, the difference in strength 

between SCG and ATC cylinders was continuing to reduce as the development rate decreased. 

However, a 25.0% (13.4 MPa) strength increment above the SCG specimens still existed. The SCB 

specimens achieved 85.5 MPa in compressive strength after 7 days of solar curing. After 7 days, the 

rate of geopolymerization slowed down. As a result, the strength development curves of all the 3 

groups flattened out and all the specimens were hardened at a similar gradual rate. At 28 day, 

specimen 28SCB1 reached 95.16 MPa while specimen 28SCG1 reached 85.96 MPa. The reference 

ambient curing group had the highest reaching 80.17 MPa (28ATC2).  

Solar curing is a green way to accelerate early age geopolymerization process hence the hardening 

rate. It also greatly improved the strength of the SCB cylinders due to the high peak temperature 

during the early age. The more economically feasible SCG cylinders showed a maximum of 17.9 

MPa (70.2% at 1-day) increment over the control group and the increment gradually diminished as 

curing time increases. However, the early age strength advantages still allowed this curing method to 

be potentially applied to fast track constructions.  

AS3972 [30] provides a hardening model for the OPC in the form of: 
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𝑓 =
𝑡

𝑎+𝑏𝑡
𝑓𝑐𝑚                                                          (1) 

where 𝑡 refers to the curing time and the coefficient a and b govern the shape of the hardening curve. 

For OPC, a = 4.0 and b =0.85 [30]. 

It was found that such model was not suitable for geopolymer examined in this study. By running the 

least square method, 3 new sets of coefficients for the geopolymers cured by 3 different ways were 

introduced. In Table 4, a comparison between the coefficients for OPC and geopolymers is given. It 

is seen that a close resemblance between the SCB and SCG coefficients existed, which was expected 

due to the nature of the two methods. The higher overall strength of the SCB specimens was reflected 

by a smaller 𝑏. The ATC specimens had a weaker initial strength, as suggested by a. After the early 

age, the strength of the ATC cylinders resembled that of the SCG cylinders, which was reflected by 

𝑏. Because of the same nature of geopolymer mixes, the equations can be simplified and generalized 

to suit a broader application. Fig. 7 shows a comparison between the measured hardening curves and 

those predicted using Eqn. 2 and 3 with the only difference being the parameter (a) to compensate 

for the early age strength difference found for solar cured geopolymer.  

𝑓𝑎𝑚𝑏𝑖𝑒𝑛𝑡 =
𝑡

2.5+𝑡
𝑓𝑐𝑚                                                       (2) 

𝑓𝑠𝑜𝑙𝑎𝑟 =
𝑡

1+𝑡
𝑓𝑐𝑚                                                          (3) 

6.3.5 Stress-strain and Poisson’s ratio 

A comparison between the stress-strain curves in each curing stage is shown in Fig 8. It is clearly 

seen that higher compressive strengths correlated with larger strains at the peak loads are obtained 

when heat supply was induced through solar radiation. 
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The stress-strain relationships of the three curing methods at 28 days were compared with the two 

existing approximation methods for OPC. Eqn. 4 was proposed by Desayi and Krishnan [31] and 

Eqn. 5 was proposed by Hognestad [32]. 

𝜎 =
𝐸𝑐𝜀

1+(
𝜀

𝜀0
′ )

2                                                          (4) 

𝜎 = 𝑓𝑐𝑚[2 (
𝜀

𝜀0
′ ) − (

𝜀

𝜀0
′ )

2

]                                                (5) 

where 𝜀0
′  is the strain at the peak stress and 𝑓𝑐𝑚 is the mean compressive strength. 

 

Fig. 8. The stress-strain relationships of the various geopolymer specimens. 

The comparison is shown in Fig 9. It is obvious to notice that the approximations tend to take a 

broader and smoother shape whereas the geopolymers possess a different failure pattern. For the same 

strain, Eqn. 4 and Eqn. 5 tend to overestimate the stress of the geopolymer. Because the equations 

were intended for OPC, they may not be used for the prediction of the stress-strain relationships for 

geopolymers.  

Therefore, we propose the following modification to Eqn. 4: 

𝜎 =
0.65𝐸𝑐𝜀

(1+(
0.091𝜀

𝜀0
′ )

4

)

3                                                      (6) 
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The new expression Eqn. 6 appears more satisfactory than the standard equations for OPC that exhibit 

large discrepancies when applied to geopolymers. 

The Poisson’s ratio was obtained by 𝜈 = 𝜀𝑎/𝜀ℎ, where 𝜀𝑎 is the measured axial strain and 𝜀ℎ is the 

measured lateral strain. The average Poisson’s ratio of the specimens at 28 days was 0.2273 with a 

coefficient of variation of 13%, which is in the typical range (0.15 – 0.25) for OPC [29].  

 

 

 

Fig. 9. The stress-strain relationships of (A) ATC, (B) SCG and (C) SCB as compared with Eqn. 4, 

Eqn. 5 and the proposed Eqn. 6. 
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6.3.6 Elastic modulus 

The static chord moduli of elasticity of the specimens are shown in Table 3. Three equations for the 

OPC from various standards were used to predict the elastic modulus based on the compressive 

strength (𝑓𝑐𝑚) and the density (𝜌). Eqn. 7 and Eqn. 8 are two models found in AS 3600 [33] and Eqn. 

9 was found in ACI 318 [34].  

𝐸𝑐 = 0.043𝜌1.5√𝑓𝑐𝑚                                                     (7) 

𝐸𝑐 = 5050√𝑓𝑐𝑚                                                       (8) 

𝐸𝑐 = 3320√𝑓𝑐
′ + 6900                                                (9) 

From the comparison shown in Table 3 between the measured and predicted elastic modulus, it may 

be concluded that using Eqn. 9 provides more accurate predictions when compared to Eqn. 7 and 8.  

6.4 Chemical test results  

6.4.1 XRD analysis 

Fig 10 shows the X-ray diffraction patterns of major components of geopolymer: Gladstone fly ash 

and GGBS. The broad hump in the 2θ range of 28-35° for as-received GGBS and 18-28° for as-

received fly ash indicate that the original materials were mostly in amorphous phase. In addition, 

some crystalline peaks corresponding to quartz (SiO2), mullite (Al6Si2O13), magnetite (Fe2O3) and 

hatrurite (Ca3Si1O5) are present in the fly ash, while crystalline peaks of gypsum (CaSO4∙2H2O) and 

basanite (CaSO4 ∙0.5H2O) are present in the GGBS. Powder samples of three different curing 

conditions at 28 days were also analyzed using XRD to evaluate the changes in crystalline peaks and 

amorphous humps. The XRD patterns of 28-day geopolymer products are shown in Fig 11. In 

comparison with fly ash and GGBS in Fig 10, it can be noticed that some of the predominant peaks 
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in fly ash and GGBS, such as peaks at 2θ angle of 11.6° of GGBS and 29° and 33.2° of fly ash have 

disappeared in synthesized geopolymers. Moreover, the intensity of peaks at 2θ angle of 16.4°, 33.2° 

and 40.8° is shown to be much lower after geopolymerization. These indicate that GGBS and fly ash 

have been dissolved in the geopolymerization process and formed an amorphous gel phase.  

 

Fig. 10. XRD patterns of Gladstone fly ash and slag (B- Basanite; Q-Quartz low; M-Mullite; G-

Magnetite; H- Hatrurite; C-Gypsum).  

 

Fig. 11. XRD patterns of geopolymer specimens synthesized by ambient curing (ATC) and solar 

curing (SCG and SCB) at 28 days (S- calcium silicate hydrate). 

It is also important to note that peaks at 30° were detected in all of the 28-day geopolymer specimens, 

which are very closely associated with C-S-H [35], [36]. As both the fly ash and GGBS were mixed 

as a binder in the present study, calcium from GGBS react to form calcium silicate hydrate (C-S-H) 

or calcium aluminate silicate hydrate (C-A-S-H), which coexist with geopolymer sodium aluminate 
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silicate hydrate gel (N-A-S-H) due to complex reaction mechanism [37], [38]. C-S-H gel and C-A-S-

H gel can decrease the porosity, thus usually improves the compressive strength of final products 

when coexist with NASH gel [39]. When comparing intensity of peaks at 30°  for these three 

specimens, it can be observed that intensity from high to low is in the order of: 28SCB, 28SCG, 

28ATC, indicating more C-S-H and C-A-S-H gel formed under solar heat curing than ambient curing. 

This could explain the highest compressive strength shown by 28SCB (92.0 MPa), followed by 

28SCG (80.4MPa) and 28ATC (78.1MPa) in this study. The presence of C-S-H and relatively high 

compressive strength is in line with the previous research[21], [40]. 

6.4.2 SEM and EDS analysis 

The SEM images and EDS spectrums of geopolymer specimens 28ATC, 28SCG and 28SCB are 

shown in Fig 12. Geopolymers with solar heat curing (28SCG, 28SCB) showed less number of 

unreacted fly ash particles (marked as symbol “F”) but more partially reacted hollow fly ash sphere 

(marked as “H”) and the matrix appeared denser and more homogeneous than 28ATC, implying fly 

ash is relatively slow to react at ambient temperature, and with solar heat curing the strength 

development was effectively accelerated [37], [41].  
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Fig. 12. SEM/EDS spectrum of final geopolymer products (A) 28ATC, (B) 28SCG and (C) 28SCB. 

From the EDS spectrum, it can be deduced that the curing temperature of the mixtures has no 

substantial effect on the mineralogical composition of the products. Since the calcium, sodium, silicon 

and aluminum were present in all three geopolymer specimens, indicating for different curing 

conditions that the two main reaction products are amorphous sodium aluminosilicate gel (N-A-S-H) 

and calcium silicate hydrate (C-A-S-H or C-S-H) [37], [42]. However, the EDS diagrams of 28SCG 
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and 28SCB show a relatively higher count especially for calcium element together with and silicon, 

aluminum and oxygen elements, which can be attributed to more dissociation of Al, Si and Ca ions 

from fly ash and GGBS under higher curing temperature in alkaline medium and their further 

participation in the C-A-S-H gel formation. Moreover, the N-A-S-H and C-A-S-H are also confirmed 

by EDS quantification study. The major elements ratio is shown in Table 5. The average atomic ratios 

were close to Ca/Si ~0.7-0:8, Al/Ca ~0.5-0.55, Si/Al ~2–3, corresponding to a calcium silicate 

hydrated, rich in Al, includes Na in its structure [37]. The increase in Al and Ca content further proved 

more C-A-S-H formed under solar heated curing. 

Table 5. EDS element analysis of 28-day geopolymer specimens. 

 Si (atomic%) Al (atomic%) Na (atomic%) Ca (atomic%) Si/Al Ca/Si Ca/Na Al/Ca 

28ATC 9.07 2.97 7.39 6.00 3.05 0.66 0.81 0.50 

28SCG  11.33 4.23 5.58 7.72 2.68 0.68 1.38 0.55 

28SCB 10.95 4.62 4.56 8.60 2.37 0.79 1.89 0.54 

 

6.4.3 Titration analysis 

The activator conversion rate of respective geopolymer specimens are present in Fig 13, which was 

calculated by: 

Activator conversion rate% =
𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦−𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦
× 100%      (10) 

 

Fig. 13. Activator conversion rate after 1 day, 3 days, 7 days and 14 days of curing for both ambient 

(ATC) and solar curing (SCG and SCB) specimens. 
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According to mass ratio of NaOH and Na2Si2O5 (1:2.5), we could calculate, for each cylinder (average 

weight of 500g), the original total alkalinity was equal to 1 mol of OH-. The residual total alkalinity 

(see Table 6), which represents the unreacted activator in each specimen at each stage, was obtained 

by the amount of HCl consumed (mol) during titration. It can be noticed that the activator conversion 

rate gradually increased from 1 day to 14 days, meaning more and more NaOH and Na2SiO3 

participated into geopolymer formation along with curing process, contributing to the higher 

compressive strength. Moreover, no matter at which stage, when comparing solar heated curing and 

ambient curing, the former always presents higher activator conversion rate than the latter, further 

supporting the conclusion obtained from XRD and SEM-EDX analysis that higher curing temperature 

accelerated the reaction between fly ash, slag and alkaline activator. A marginal higher or comparable 

activator conversion rate has been observed for SCB than SCG due to the small temperature 

difference between these two. 

Table 6. Residual total alkalinity of 1, 3, 7 and 14-day specimens. 

Specimen 1ATC 1SCG 1SCB 3ATC 3SCG 3SCB 7ATC 7SCG 7SCB 14ATC 14SCG 14SCB 

Residual total 

alkalinity (mol) 
0.38 0.36 0.34 0.4 0.28 0.28 0.3 0.26 0.22 0.26 0.18 0.18 

 

6.5 Conclusion 

The purpose of replacing OPC with geopolymer is to reduce carbon footprint, pollution and cost while 

benefiting from better durability and strength. To further improve strength and reduce cost, the novel 

solar curing method was proposed. Conclusions can be drawn on this new method of curing. (1)When 

compared with the control (ATC) group, both solar cured (SCB and SCG) groups exhibited faster 

early age strength development. The different reduced as curing duration prolonged. (2) The 

greenhouse effect treated SCB group still maintained a 17.8% (13.9 MPa) increment at 28-day over 

the ATC specimens (14.4% or 11.6 MPa over the SCG group). The average compressive strength 

was 92 MPa at 28-day. (3) SCG, which represents the performance of geopolymer products in their 

natural color under solar curing, had significantly higher early age strength (17.9 MPa or 70.2% at 1-
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day) than the ATC specimens. Applications such as shotcrete can be examined further in the future. 

(4) The solar radiation accelerated geopolymer displayed distinctive characteristics and required its 

own set of standards. A new hardening curve was proposed to compensate for the high early age 

strength. Additional experiments can be carried out to model the elastic modulus.  (5) The XRD 

analysis, SEM and EDX results for as-synthesized geopolymers all confirmed the formation of 

mixture of C-A-S-H and N-A-S-H gel. More C-A-S-H gel was proved to be produced under solar 

heated curing, which can reduce the porosity therefore improve the compressive strength, agreeing 

with observed mechanical behavior. (6) Titration method was introduced to analyses the relationship 

between activator conversion rate and curing duration and temperature. As a result of the elevated 

curing temperature, a larger amount of sodium hydroxide and sodium silicate was involved in the 

geopolymerization process of SCB and SCG, which ultimately contributed to the higher strength. 
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Chapter 7: Conclusions and Future Work 

Recommendations 

Ever since the widespread use of electricity, coal has been one of the most important fuels for power 

generation and also resulted in a large quantity of coal fly ash emission from the coal combustion 

annually. Given the hazardous nature of fly ash, the insufficient utilization of fly ash not only 

increases the occupation of land for disposal but also would potentially deteriorate the environment 

and ecology. Therefore, economic and green utilization technology is desired. This project has mainly 

focused on two promising fly ash utilization technologies: zeolite synthesis and geopolymer 

production, aiming to provide more understanding and create greener method for these processes.  

In this project, the feasibility of using two major types of fly ash, produced from pulverized coal 

combustion (FA) and circulated fluidized bed combustion (CFBFA), respectively, for zeolite 

synthesis were firstly investigated. For FA, high quality type A zeolite (471 m2/g) was successfully 

synthesised from it using a two-step, alkali fusion followed by hydrothermal treatment method. The 

optimal synthesis conditions are: fly ash and sodium hydroxide (1/1 by weight) and 2 hrs fusion at 

600 °C followed by a hydrothermal treatment at 80 °C for 24 hrs. Whereas, for CFBFA, due to its 

amorphous feature, relative lower fusion temperature (at 300 ℃) and lower initial NaOH/CFBFA 

ratio of (0.9) were found enough to synthesize commercial-level zeolite A with BET surface area of 

497 m2/g. CFBFA could also be converted into mixture of zeolite A and X when simple hydrothermal 

method was used or into pure phase zeolite A when ageing and seeding techniques were both applied 

on simple hydrothermal method. Thus, the mineralogical composition of fly ash determines the 

synthesis conditions especially fusion step to large extent.  Moreover, compared to fly ash, the 

mobility of toxic heavy metals from synthesized zeolite was negligible, which can be attributed to the 

immobilization of some heavy metals in zeolite framework during the synthesis as well as the 

migration of heavy metals into wastewater. Besides the heavy metals, the resultant wastewater was 

also found containing high NaOH content.  
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Therefore, following that, recycling of wastewater for continuous zeolite synthesis were carried out. 

Three methods were investigated. When wastewater was 100% recycled continuously, more 

hydroxylsodalite was formed in replace of zeolite A with increasing alkalinity and pure phase 

hydroxylsodalite was obtained when [OH-] above 3.7 mol/L. However, gradually reducing the 

hydrothermal treatment time from batch to batch while wastewater is continuously reused and also 

partial recycling in order to control the alkalinity over consecutive batches both demonstrated their 

effectiveness on controlling the product phase to maintain as zeolite A.  Overall, recycling the 

wastewater that containing NaOH, the essential raw material for zeolite synthesis, from process 

aspect, could effectively reduce the NaOH consumption, total volume of wastewater and the overall 

water consumption up to 20%, 80% and 62%, respectively, and from reaction aspect, could enhance 

the conversion of major atoms involved in the reaction (Na, OH-) to large extent. The outcome would 

increase the scale-up feasibility of the process for synthesizing high-quality zeolites from coal fly ash. 

To evaluate the application of the synthesized zeolite A, its performance on removal of strontium and 

cesium ions from aqueous solutions was investigated. Rapid sorption rate (80 – 90%) was observed 

for both strontium and cesium within the first 5 min, and when equilibrium was reached,  high 

efficiency was achieved especially at lower initial concentration (100% for Sr2+ ion and >80% for Cs+ 

ion). In order to permanently fix the hazardous strontium and cesium in zeolite, high temperature 

calcination method was performed to convert Sr and Cs-exchanged zeolite A into Sr-feldspar, 

pollucite and nepheline, which showed significantly improved resistance to Sr and Cs leaching. 

Using fly ash as source material for geopolymer production was also investigated. Fly ash based 

geopolymer usually requires a soft thermal curing to gain strength at early age, which will lead to 

increase in the production cost and carbon footprint. Hereby solar energy was utilized as a 

replacement of high temperature curing of geopolymers and the solar cured specimens, in its natural 

grey colour (SGC) or pained in black (SCB), both exhibited faster early age strength development 

compared to the specimens with ambient temperature curing (ATC). This was mainly attributed to 
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the higher activator conversion and higher C-A-S-H gel formed under solar heated curing, which can 

reduce the porosity therefore improve the compressive strength.  The proposed solar curing method 

provided a green way to produce high strength geopolymer concrete at almost no additional cost. 

Based on the findings of the current work, some recommendations for future work can be given to 

take this work to a next level.  

(1) It has been found that metalloid elements such as As and Se, and those with strong amphoteric 

properties like Mo were found highly mobile and mostly presented in the wastewater, and the 

heavy metals with weak amphoteric nature, such as Cu, Cr, Pb were also noticed with less than 

20% going to the wastewater. Therefore, with consecutive recycling of wastewater, these heavy 

metals will keep accumulating within the system and end up in the last batch of wastewater. 

Effective removal of these elements should be investigated. Except these heavy metals, fly ash 

also contains valuable metals, such as vanadium (V), titanium (Ti) etc. [1]. Their migration during 

the continuous zeolite synthesis process should also be investigated. If these valuable metals went 

to wastewater, it is worth to develop process to economically recover these valuable metals.  

(2) Zeolite can be used as filler for preparing fly ash based geopolymer and this material is gaining 

more interests recently. It has been shown that the presence of zeolites could enhance the 

compressive of strength when the zeolites content is controlled at a certain level [2]. On top of 

that, fly ash based geopolymer also exhibited good performance on immobilization of radioactive 

element Cs [3]. Therefore, using Cs and Sr exchanged zeolites as additives for geopolymer 

production could possibly provide an cost-effective way to achieve permanent fixation of 

strontium and cesium. Experiments should carried out to investigate the feasibility of this method. 

(3) In order to scale up the zeolite synthesis process, stirring would be necessary to ensure the 

homogeneity of synthesis and the uniform heat distribution. Thus the effective stirring speed and 

the impeller design on zeolite synthesis should be investigated.  



172 

 

 

Reference  

[1] Z. T. Yao et al., “A comprehensive review on the applications of coal fly ash,” Earth-Science 

Rev., vol. 141, pp. 105–121, 2015, doi: 10.1016/j.earscirev.2014.11.016. 

[2] A. Nikolov, I. Rostovsky, and H. Nugteren, “Geopolymer materials based on natural zeolite,” 

Case Stud. Constr. Mater., vol. 6, no. August 2016, pp. 198–205, 2017, doi: 

10.1016/j.cscm.2017.03.001. 

[3] Q. Li et al., “Immobilization of simulated radionuclide 133Cs+ by fly ash-based 

geopolymer,” J. Hazard. Mater., vol. 262, pp. 325–331, 2013, doi: 

10.1016/j.jhazmat.2013.08.049. 
 

 
 

 

 

 

 

 




