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ABSTRACT 

Fly ash-based geopolymer were synthesized from Class-F fly ash and slag with an alkaline 

activating solution and characterized for their physical-chemical properties. The geopolymer 

samples were tested to investigate their environmental impacts when used for environmental 

applications. Batch adsorption studies were conducted using fly ash-based geopolymer as a 

reactive material or an adsorbent for heavy metals (Cu2+, Cd2+ and Pb2+). The removal capacities 

for Cu2+, Cd2+ and Pb2+ ranged from 20.66 – 35.21, 28.74 – 42.02, and 116.28 – 121.95 mg/g for 

initial pHs ranged from 2.5 to 4.0, respectively, at room temperatures of 21 – 23 oC. Fixed bed 

column studies were carried out using fly ash-based geopolymer as a filtration medium for removal 

of metal (Cu2+, Cd2+, and Pb2+) in low pH solutions. Breakthrough curves showed that the 

adsorption affinity of the geopolymer for metals was in the order of Pb2+ > Cd2+ > Cu2+ for a single 

metal solution and in the order of Pb2+ > Cu2+ > Cd2+ for a multi-metal solution which shows that 

there was a competition for adsorption sites on the geopolymer. The geopolymer can be used to 

neutralize the pH of acidic waste streams and at the same time adsorb or precipitate metal 

pollutants. In addition, magnetic geopolymers were synthesized by incorporating magnetic Fe3O4 

particles to modify the fly ash-based geopolymer. Magnetic fly ash geopolymer showed similar 

adsorption properties as fly ash-based geopolymer with a maximum adsorption capacity of 111.1 

mg/g. The magnetic fly ash geopolymer has a saturation magnetization of 18 emu/g and was found 

to separate out from an aqueous solution within 2 minutes by using a magnetic field of 0.48 Tesla. 

Applications of the magnetic fly ash geopolymer include using it as a powdered adsorbent to 

maximize heavy metals removal and recovery in wastewater treatment. 
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 CHAPTER 1. GENERAL INTRODUCTION 

1.1. Background 

Proper waste management and maintaining good water quality are essential to a sustainable 

environment. Accumulation of waste from urbanization and industrialization have resulted in 

release of pollutants such as organic compounds and heavy metals in the environment. Heavy 

metals such as copper (Cu2+), cadmium (Cd2+), and lead (Pb2+) pose serious health threats to 

humans and animals and must be removed from the environment. Besides industrial discharges, 

heavy metals in water can be derived naturally though soil erosion or from contact with subsurface 

minerals. Removal of heavy metals from water and wastewater include but not limited to chemical 

precipitation, ion exchange, adsorption, membrane filtration, and electrochemical process. 

Although many of treatment processes are adequate, some of them are unable to meet the stringent 

disposal concentration limits. One widely used treatment process is adsorption. Common 

adsorbents used include activated carbon, zeolite, and specially prepared proprietary materials. 

With the recent emphasis on sustainability, researchers have taken an approach in using abundant 

waste materials from industrial, agricultural and food production to produce suitable adsorbent. 

This helps to reduce the waste products produced and at the same time produce a material that can 

remove pollutants.  

Coal-fine power plants produce a large quantity of waste fly ash, bottom ash and slag which 

must be disposed of safely (Wang and Wu, 2006). Fly ash and slag are rich in silicon (Si) and 

aluminum (Al) which can be activated using alkaline solution to obtain cementitious properties. 

Depending on the preparation steps, the geopolymer may have a porous structure and large surface 

area which are similar to clay materials and zeolite. In addition, these fly ash-based geopolymers 

exhibit mechanical properties (compressive strength, flexural strength, and tensile strength), fire 
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resistance that are similar to that of concrete and can be used for solidification of hazardous waste 

(Davidovits, 2002). Some researchers have classified geopolymer as a kind of novel green 

cementitious materials similar to concrete (Duxson et al., 2007). Several researchers have 

investigated geopolymer as a potential material for removal of pollutants such as Cd2+, Ni2+, Pb2+, 

Cu2+, ammonium, and dyes (Ahmaruzzaman, 2010; Al-Harahsheh et al., 2015; Zhang and Liu, 

2013; Ariffin et al., 2017; Zhang et al., 2011). Results of these research showed that geopolymers 

can be used for environmental applications such as removal of heavy metals and other pollutants 

in contaminated waters. The properties of geopolymer can be modified by using different amounts 

and types of materials to optimize their surface characteristics for environmental applications. Due 

to the alkaline nature of the geopolymers, one particular application is to treat acid mine drainage, 

where the acidic drainage can be neutralized along with removal of heavy metals. The potential of 

geopolymer as a material for environmental applications needs further investigation.  

By adding different specialized materials such as nanoparticles or magnetic iron materials, 

the properties of the geopolymer can be modified. For example, adding magnetic iron oxide 

(Fe3O4) to fly ash-based geopolymer can make the geopolymer magnetic which will allow for 

rapid separation from wastewaters. Consequently, the material can be collected, regenerated and 

reused (Zhang et al., 2011). The ability to separate treatment materials from the treated wastewater 

is essential as it will improve the operational efficiency and reduce the cost of the materials for 

water/wastewater treatment (Lin et al., 2012).  

1.2. Problem Statement  

Metals such as lead, cadmium, copper, arsenic, nickel, chromium, zinc and mercury have 

been recognized as hazardous heavy metals. Unlike organic wastes, heavy metals are non-

biodegradable and can accumulate in living tissues and organs, causing various diseases and 
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disorders. Precipitation and adsorption are some of the most effective processes for removal of 

heavy metals from aqueous solutions. For example, activated carbon is a widely used adsorbent 

with good metal ions removal and adsorption capabilities. However, the high cost of adsorption 

materials and the need for pretreatment of the waste streams limit the widespread utilization of 

adsorption materials in wastewater treatment. Thus, low-cost treatment materials or adsorbents 

with high efficiencies for removal of heavy metals are desired.  

Treatment materials or adsorbents can be made from various waste materials. One of the 

waste materials is fly ash produced by coal-fired power plants. Due to the large amounts of fly ash 

produced, power plants are continuously finding innovative ways to safely dispose and/or reuse 

the fly ash. Fly ash has been used as a source material to make geopolymer, a binder or cement-

like material roughly comparable to hydrated cement in appearance, reactivity and properties. 

Some researchers have indicated that fly ash-based geopolymer may be considered as a kind of 

novel green cement for infrastructure and environmental applications. Finding new applications 

for fly ash-based geopolymer will help to reduce the existing large piles of fly ash at power plants 

and will minimize future land disposal of fly ash.  

1.3. Objectives 

The overall goal of this research is to develop and investigate fly ash-based geopolymer 

for environmental applications such as for treatment of industrial wastewaters.  The specific 

objectives of this study are: 

1) Synthesize and characterize fly ash-based geopolymer and investigate its environmental 

impact and applications. 

2) Investigate fly ash-based geopolymer for removal of heavy metals from acidic solutions. 
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3) Investigate the feasibility and application of fly ash-based geopolymer as filtration media 

in fixed-bed column for removal of heavy metals. 

4) Synthesize magnetic fly ash-based geopolymer and investigate its environmental 

applications. 

1.4. Organization 

This thesis consists of seven chapters and several appendices. Chapter 1 provides the 

research background, problem statement, and the research objectives. Chapter 2 presents a review 

of current literature on synthesis and characterizations of geopolymer, magnetic modification of 

geopolymer and its applications for heavy metals in wastewaters. Chapter 3 describes the synthesis 

method of geopolymers and the physical-chemical characterization and environmental impact 

results of Objective 1. Batch experimental studies on metal removal for Objective 2 are presented 

in Chapter 4. Chapter 5 describes the fixed-bed column studies using geopolymer as a filtration 

media for Objective 3. Chapter 6 investigates the synthesis of magnetic iron oxide geopolymer 

materials and its environmental applications (Objective 4). Chapter 7 summarizes the conclusions 

of the entire study, discusses the applicability of novel synthesized adsorbent materials, and 

provides recommendations for future work.  

Appendix A presents the procedures and results of the physical-chemical characterization 

of the geopolymer.  

Appendix B presents experimental data conducted with fly ash-based geopolymer for 

removal of metals in Chapter 3.  

Appendix C presents experimental data of batch studies by fly ash-based geopolymer for 

removal of metals in Chapter 4.  
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Appendix D presents experimental data of fixed-bed column studies by fly ash-based 

geopolymer for removal of metals in Chapter 5.  

Appendix E presents experimental data of magnetic fly ash-based geopolymer for removal 

of metals in Chapter 6.  
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 CHAPTER 2. LITERATURE REVIEW 

2.1. Introduction 

With rapid industrialization and lack of environmental enforcement in many countries, 

industrial wastes and wastewaters containing toxic organic compounds and heavy metals are 

increasingly released into the environment. To protect human health and the environment, 

desirable treatment systems are needed to remove pollutants from the contaminated water and 

wastewater effectively and reliably before they are discharged. Different technologies are available 

for different conditions with varying degree of effectiveness and cost. Adsorption technology is 

one of the effective methods for removal of pollutants in particular heavy metals. Researchers have 

developed different adsorbents to increase their effectiveness and reduce costs of treatment. This 

work studies an innovative material, fly ash-based geopolymer, and evaluates its environmental 

impacts. This material can be also modified to incorporate various properties, such as magnetic 

properties, to enhance pollutant removal and separation from wastewater after use. The overall 

goal of this dissertation is to develop a successful environmental-friendly product and understand 

the import operational parameters for effective heavy metals removal by geopolymer. The aim of 

this chapter is to review the current knowledge of environmental issue in water/wastewater 

treatment and effects of fly ash-based geopolymer, i.e. its synthesis methods, physical-chemical 

properties, potential for pollutant removal and magnetic modifications. 

2.2. Environmental Issue and Methods 

2.2.1. Heavy Metals Pollution 

Drainage from mines and discharges from industrial activities may contain high 

concentrations of heavy metals. Some of these wastewaters may be discharged without proper 

treatment, which can directly impact the receiving waters such as river waters and groundwater 
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(EPA, 2002). Surface waters and groundwaters are also impacted by nonpoint sources pollutants 

contributed by human activities, where the chemicals leach into runoffs and groundwaters. Metals 

such as lead, cadmium, copper, arsenic, nickel, chromium, zinc and mercury have been recognized 

as hazardous heavy metals. Unlike organic wastes, heavy metals are non-biodegradable and they 

can be accumulated in living organisms, causing various diseases and disorders.  

Removal of metal ions from wastewaters in an effective manner are desired globally. There 

are various treatment processes available for metal contaminated waste waters, such as, chemical 

precipitation, coagulation, extraction, ultra-filtration, biological uptake systems, electrolytic 

processes, reverse osmosis, oxidation or reduction followed by precipitation, membrane filtration, 

ion exchange, and adsorption. Many of these conventional methods for treating wastewater have 

not been widely applied on large scale due to their high cost of operation and secondary 

disadvantages such as production of large amounts of sludge. Adsorption has been found to have 

certain specific advantages as compared to other techniques in terms of initial cost, flexibility and 

simplicity of design, ease of operation and insensitivity to toxic pollutants. Adsorption can be used 

to concentrate a particular pollutant and recycle the pollutant, if needed. 

2.2.2. Heavy Metals in Acid Mine Drainage 

Acid mine drainage (AMD) is an unavoidable by-product of the mining and mineral 

industry, which is mainly caused by oxidation of sulfide minerals in the presence of water and 

oxygen (Langmuir, 1997). Acid mine drainage typically contains high concentrations of dissolved 

heavy metals and sulfate with a pH in the range of 2.5 to 6 (Kleinmann, 1990). For example, iron 

pyrite, FeS2, is the most widespread of all sulfide minerals and can be found in many ore bodies. 

In the process of mining operations, particularly coal mining, iron pyrite in the ore is exposed to 
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air and water, causing it to oxidize to sulfuric acid and ferrous iron. These dissolved ferrous iron 

can be oxidized by dissolved oxygen to ferric iron which is dependent on acidity of water. When 

below the pH 4 and in presence of iron oxidizing bacteria, the rate of oxidation is greatly 

accelerated. On the other hand, the reaction sequence is rate limited-step when pH above 4 and 

without iron-oxidizing bacteria (Weiner, 2012). The generated ferric iron can further oxidize 

pyrite, where ferric iron is reduced back to ferrous iron and more acidity is released. The ferric 

iron precipitates out as insoluble ferric hydroxide causing more protons to be released into solution. 

The ferric hydroxide coats the streambeds with the yellow-orange deposits known as yellowboy. 

The overall reactions scheme for generation of acid mine drainage by pyrite oxidation is shown in 

Figure 2-1.  

 

Figure 2-1. Reaction scheme of generation of acid mine drainage by pyrite oxidation 

(Weiner, 2012) 

Similar to pyrite oxidation, other metal sulfides, such as CuS (covellite), ZnS (sphalerite), 

PbS (galena), and CuFeS2 (chalcopyrite), can be oxidized to dissolved cations, but does not 

generate significant amounts of acidity. For example,  

𝐶𝑢𝑆(𝑠) + 2𝑂2 ↔ 𝐶𝑢2+(𝑎𝑞) + 𝑆𝑂4
2−(𝑎𝑞) 
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2𝐻+ + 𝐹𝑒2+ + 2𝑆𝑂4
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accelerated below pH 4 by 

certain bacteria. 𝐹𝑒3+ + 3 𝐻2𝑂
(𝟒)
  𝐹𝑒(𝑂𝐻)3(𝑠) + 3𝐻
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Fast, generates 
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𝑍𝑛𝑆(𝑠) + 2𝑂2 ↔ 𝑍𝑛2+(𝑎𝑞) + 𝑆𝑂4
2−(𝑎𝑞) 

𝑃𝑏𝑆(𝑠) + 2𝑂2 ↔ 𝑃𝑏2+(𝑎𝑞) + 𝑆𝑂4
2−(𝑎𝑞) 

𝐶𝑢𝐹𝑒𝑆2(𝑠) + 4𝑂2 ↔ 𝐶𝑢2+(𝑎𝑞) + 𝐹𝑒2+(𝑎𝑞) + 2𝑆𝑂4
2−(𝑎𝑞) 

Also, the ferric iron can oxidize these minerals, which is similar to its oxidation of FeS2, 

releasing metal cations into water without generating acidity. Apparently, the constituents of AMD 

are highly variable depending on many factors, such as location, mineral types, weather, that 

influence its formation (Force, 1989).  

As a result, acid mine drainage contains high concentrations of acid and dissolved metals. 

Those toxic mixtures can flow and pollute groundwater, streams and rivers. The concentration of 

heavy metals and pH of several AMDs from different locations are given in Table 2-1.  

Table 2-1. Metal concentration (mg/L) and pH for different locations in the world 

Constituent 
Tinto 

river a 

Odiel 

River 
a 

South 

African 

gold mine b 

Silver 

Peak 

mine c 

Afon 

Goch d 

Lake 

Hope e 

Avoca 

Mine f 

Elizabeth 

Copper 

Mine g 

pH 2.89 3.76 1.65 3.7 2.4 5.8 2.67 3.26 

Fe 123 4.9 942 140 193.24 40.4 996 123 

Cu 15.7 5.4 1.8 35.9 19.23 11.6 185 4.6 

Mn 6.8 8.1 113 7.35 10.8 832 N/A 2.6 

Zn 24.1 11.5 10.1 362 30.03 9.8 229 1.47 

As 147 4 N/A 30.6 N/A N/A 0.223 N/A 

Ba 15 21 0.075 N/A N/A N/A N/A 0.01 

Cd 107 52 0.26 11 N/A < 0.001 0.916 0.011 

Co 476 269 1.94 N/A N/A 0.7 N/A 0.147 

Cr 11 5 4.85 N/A N/A 5.9 N/A N/A 

Li 113 58 N/A N/A N/A N/A N/A 0.031 

Ni 135 145 5.75 0.37 N/A 3.7 N/A 0.038 

Pb 121 45 0.349 0.87 N/A 0.6 N/A 0.0006 

Sr 257 114 1.77 N/A N/A N/A N/A 0.46 

SO4 1221 643 6305 N/A N/A 45 10203 1200 

 (a: Nieto et al., 2007; b: Feng et al., 2000; c: Archer et al., 2004; d: Boult et al., 1994; e: López, et 

al., 2010; f: Gray, 1998; g: Balistrieri et al., 2007) 

Table 2-1 clearly shows the wide variation of mineral content and dissolved metal ions in 

AMD as a result of the different geological properties of mining areas. The released heavy metals 
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from the mines in acid mine drainage can persist in natural ecosystems for an extended period and 

accumulate in successive levels of the biological chain, which can cause acute and chronic 

diseases. Cadmium, copper, and lead are metals of particular concern because of their severe 

toxicity to plants, animals and human (Dudka and Adriano, 1997).  

In addition, high acidity in mine drainage can have direct and indirect and devastatingly 

effect on the physiological functions of aquatic organisms. Most of freshwater lakes, streams, and 

ponds are maintained at pHs between 6 – 8, which is safe for fish and for maximum productivity 

(Simate & Ndlovu, 2014). Therefore, desired long-term environmental sustainability will require 

effective and efficient technology that can minimize the negative impacts of AMD.  

2.2.3. Treatment of Heavy Metals in AMD 

A lot of research has been dedicated to the development of remediation techniques 

consisting of source control and migration control of AMD (Johnson, & Hallberg, 2005). Source 

control directly prevent the formation of AMD by removal of oxygen and/or water from the 

system, to eliminate or minimize metal sulfides oxidation. For example, removing water by 

pumping before it contacts pyrite minerals could minimize the formation of acidic products. 

However, this method has proven to be practically difficult. Instead migration controls are 

considered as a major approach for minimizing the transport of AMD. Migration treatment 

technologies are divided into two categories: active and passive treatment. For active treatment, it 

is more appropriately used in mines under operation, since fast remediation of enormous amounts 

of water is needed. Passive treatment is a more realistic treatment for abandoned mine sites in the 

absence of any accountable entity and the remote area requires the use of a long lasting, low cost 

and environmentally sustainable treatment option.  
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Active treatment is a widespread method such as the addition of a chemical – neutralizing 

agent to AMD, i.e. alkaline materials, which can raise the pH, accelerate the rate of chemical 

oxidation of ferrous iron and cause the majority of dissolved metals to precipitate out as hydroxides 

or carbonates (Coulton et al., 2003). Some alkaline materials used in the treatment of AMD are 

presented in Table 2-2.  

Table 2-2. Chemical – neutralizing agent for AMD active treatment (Coulton et al., 2003) 

Agent Chemical Advantages Disadvantages 

Limestone CaCO3 Simple operation, low cost, 

and formation of a dense, 

easily handled sludge 

Slow reaction, loss in efficiency due 

to limestone chips are easily coated 

rendering them useless; Periodic 

replacement is necessary 

Hydrated 

lime 

Ca(OH)2 Economically favorable 

alkaline reagent 

Require mixing operation, difficult to 

handle as a slurry 

Pebble 

Quick 

Lime 

CaO Very reactive Require hopper and feeder 

Soda Ash 

Briquette 

Na2CO3 Reactive, effective for 

treating small AMD flows in 

remote areas 

Expensive, poor settling properties of 

the sludge 

Caustic 

soda 

NaOH Very highly soluble, 

relatively easy to handle, 

effective for treating low 

flows in remote locations 

High cost, the dangers involved with 

handling the chemical, poor sludge 

properties, and freezing problems in 

cold weather 

Ammonia NH3 or 

NH4OH 

Very reactive and soluble Difficult and dangerous to use and 

can affect biological conditions 

downstream from the mining 

operation; require permission and 

monitoring 

Fly ash CaO, 

SiO2, 

Al2O3 

Low cost Efficiency varies with different 

product 

 

In addition to precipitation, other techniques of active treatment include adsorption (Fu and 

Wang, 2011; Motsi et al., 2011) and ion exchange (Gaikwad et al., 2010; Feng et al., 2000). Even 

though active treatment is the most common method used to treat AMD due to its simple operation 
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and effective removal of heavy metals and acidity, it has several drawbacks such as high initial 

capital costs, expensive chemicals used in process, and the disposal of metal laden sludge.  

Compared to active treatment, passive treatment option as an economic alternative does 

not require continuous chemical inputs but are subjected to high cost of sludge disposal (Johnson 

and Hallberg, 2005). Some common passive systems include constructed wetlands, limestone 

drains, vertical flow system, and permeable reactive barrier (PRB) (Jamal, 2015). Passive 

treatment has lower environmental impacts since environmentally relevant materials are used 

during the process, such as alkaline industrial by-products, neutrally available resources, plant and 

animal-based wastes (Kefeni et al., 2017). However, there are several drawbacks, such as requiring 

longer process time for effective remediation of AMD, investment and maintenance costs, and 

initial construction costs (Kefeni et al., 2017; Jamal, 2015).  

The metals seldom precipitate directly in solution if the concentrations are low and are far 

below the solubility limit. In this case, metals tend to co-precipitate, e.g. metal ion precipitate in 

the presence of other metal precipitates or coalesce into solid phase of substances and are removed 

from solution. Also, the behavior of different metal ions are depended on their solubility, valence 

state, tendency to form complexes with other substances, and affinity for the solid phases formed 

from the precipitation of the major metal ions (Freeze & Cherry, 1979). Even when the major 

metals such as iron is precipitated out, other toxic metal ions may remain in solution that may 

continue to impact the water quality (Smith et al., 2001).  

In order to meet all treatment goals, it is necessary to develop a treatment material or an 

AMD remediation structure that can not only reduce the acidity and improve the pH of the water, 

but also provide adequate removal of metals on the site. 
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2.3. Adsorption Technology 

Adsorption is a phase transfer process that is widely used to remove substances from fluid 

phases (gases or liquids). In water treatment, adsorption is a proven technology for efficient 

removal of organic and inorganic pollutants.  

2.3.1. Adsorption Processes in Water/wastewater Treatment 

Adsorption processes are widely used in water/wastewater treatment, and they are either a 

batch or fixed bed process. 

In the batch process, the adsorbent is mixed with a solution of adsorbate (pollutants). The 

mixture is mixed for a predetermined time and the adsorbent separated from the solution by 

sedimentation and/or filtration for disposal or reuse (Crittenden and Thomas, 1998). Sufficient 

time is required to reach the steady state conditions. Either powdered or granular adsorbents are 

used to form slurry to allow adequate dispersion of the adsorbent. After separation of the fluid 

from the adsorbent, the fluid can be treated further with another fresh batch of adsorbent.  

Fixed-bed systems are carried out with the solution moving through a stationary bed of 

adsorbent particles. Advantages of a fixed bed system is that the adsorbent can be easily be 

separated, if needed, form the fluid, the column can be simple and minimal attrition of adsorbent 

occurs. However, despite the apparent simplicity of fixed beds, the fixed bed processes are difficult 

to design accurately because of the progress of the mass transfer zone (MTZ) which increases the 

complexity of the design. Several short-cut design techniques have been proposed such as Rapid 

Small Scale Column Test (RSSCT). 

2.3.2. Adsorbents and Characterization 

Currently, activated carbon is the most popular engineered adsorbent which is widely used 

to remove heavy metal and organic substances from different types of water such as drinking water, 
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wastewater, groundwater, and landfill leachate. Other adsorbents (such as zeolite, silica gel, and 

activated alumina) are less often applied, because their application are restricted to special 

adsorbates or types of water or wastewaters. Typical requirements for commercial adsorbents 

include high porosity and high internal surface, hydrophobic chemical structure, thermal stability 

unaffected by a cyclic regeneration, mechanical stability during handling, and low cost for 

acquisition and eventually disposal of adsorbents (Worch, 2012). As an example, activated carbon 

can be applied as powdered activated carbon (PAC) in slurry reactors or as granular activated 

carbon (GAC) in fixed-bed column. The particle sizes of powdered activated carbons are in the 

medium micrometer range (< 200 μm), whereas the GAC particles have diameters in the lower 

millimeter range (0.4 – 5 mm) (Baker et al., 2000).  

Since adsorption is a surface process, the surface area of the adsorbent is of great 

importance for the extent of adsorption and therefore a key quality parameter. Also, the porosity 

of the materials allows for internal pore surfaces which will further contribute to the overall 

surfaces area. In contrast, the external surface is typically less than 1 m2/g and therefore of minor 

relevance. As an example, the external surface of powdered activated carbon with a particle density 

of 0.6 g/cm3 and a particle radius of 0.02 mm has only 0.25 m2/g (Worch, 2012). 

Adsorbents used for water treatment are either of natural origin or the result of an industrial 

production and/or activation process. Typical natural adsorbents are clay minerals, natural zeolites, 

and oxides. Engineered adsorbents can be classified into carbonaceous adsorbents, polymeric 

adsorbents, silica or alumina oxidic adsorbents, and zeolite molecular sieves. In general, natural 

adsorbents have much smaller surface areas than highly porous engineered adsorbents. 

The properties of several engineered adsorbents are shown in the Table 2-3.  
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Table 2-3. Properties of engineered adsorbents (Buekens and Zyaykina, 2001) 

Adsorbent Nature Average pore 

diameter, nm 

Particle 

porosity, % 

Surface area, 

m2/g 

Sorption 

capacity, g/g 

Activated 

carbon 

Hydrophobic, 

amorphous 

1-4 40-85 200-1200 0.3-0.7 

Molecular 

sieve zeolites 

Hydrophilic, 

crystalline 

0.3-1 20-50 600-700 0.12-0.42 

Polymeric 

adsorbents 

Hydrophobic, 

amorphous 

4-25 40-60 80-700 0.45-0.55 

Silica gel Hydrophilic, 

amorphous 

2-5 47-71 300-850 0.35-0.5 

Activated 

alumina 

Hydrophilic, 

amorphous 

4-14 50 320 0.1-0.33 

Molecular 

sieve carbon 

Hydrophobic, 

structured 

0.3-0.6 35-50 400 0.2-0.5 

 

Activated carbon produced from carbonaceous material are the most widely applied 

adsorbents in water treatment due to high surface area (200 – 1200 m2/g). Polymeric adsorbents 

made by copolymerization of nonpolar or weakly polar monomers show adsorption affinities due 

to large pore size (4 – 25 nm), but the high material costs and costly regeneration have prevented 

a broader application to date. Molecular sieve zeolites and silica or alumina oxides are adsorbents 

with stronger hydrophilic surface properties, which can contribute to removal of polar, in particular 

ionic, compounds. However, engineered adsorbents are relatively expensive. In recent decades, an 

increase interest in using wastes and by-products as alternative low-cost adsorbents (LCAs) can 

be observed. 

Currently, there is a huge amount of solid waste materials and by-products generated from 

industrial activities. Some of these materials have not been utilized and are dumped in landfills 

when it can be available for almost free of cost. These solid waste materials can be made into low-

cost adsorbents with some advantages such as partial reduction of the volume of waste materials 

disposed and reduce pollution of wastewater at a reasonable cost (Ahmaruzzaman, 2010). Thus, a 
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number of industrial waste materials have been investigated with or without treatment as 

adsorbents for the removal of pollutants from water and wastewaters.  

Many investigations have been reported in the literature on the utilization of fly ash for 

adsorption of different pollutants in an aqueous solution. The results of removal of heavy metals 

and organics from wastewater are presented in Table 2-4. Also, other industrial wastes, such as 

blast furnace slag, activated slag, and modified basic oxygen furnace slag, are listed in Table 2-4. 

Panday et al. (1985) used fly ash without any pretreatment for the removal of Cu2+ and 

found that adsorption followed the Langmuir model. Sen and Arnab (1987) investigated the 

potential of fly ash for Hg(II) removal and found that adsorption capacity was 2.82 mg/g. The 

removal of lead and copper from aqueous solution by fly ash under various experimental 

conditions, such as contact time, pH and temperature, were investigated by Alinnor, 2007. The 

adsorption capacities of Pb2+ and Cu2+ on fly ash were found to increase at higher pH and lower 

temperature. The main mechanisms involved in the removal of heavy metal ions form solution 

were adsorption at the surface of the fly ash and precipitation. Li et al. (2009) used iron-abundant 

fly ash as a novel adsorbent for arsenic (V) removal from wastewater. The inherent iron in the fly 

ash was rearranged and loaded on the surface of the fly ash by using a dissolution and precipitation 

process. The results showed that the adsorption capacity for arsenic removal was 19.46 mg/g.  

Wang et al. (2005a) investigated low calcium fly ash for methylene blue adsorption in 

wastewater. Results showed that low calcium fly ash exhibits adsorption capacity (2.5×10-4 mol/g) 

that is higher than raw fly ash (5×10-5 mol/g). Wang et al. (2005b) studied the heat treatment and 

chemical treatment of fly ash (1.4×10-5 mol/g) and found that heat treatment reduces the adsorption 

capacity of fly ash (2.5×10-6 mol/g) and nitric acid treatment resulted in an increase in adsorption 

capacity of fly ash (2.5×10-5 mol/g). Wang and Zhu (2005) studied fly ash samples modified by 
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NaOH solution and sonochemical treatment on (methylene blue) adsorption in aqueous solution. 

They found that sonochemical treatment of fly ash can significantly increase the adsorption 

capacity depending on the concentration of NaOH and treatment time. The untreated fly ash and 

the sonochemically treated sample exhibited adsorption capacities of 6 × 10−6 mol/g and 1.2 × 10−5 

mol/g at 30 ◦C. Viraraghavan and Ramakrishna (1999) investigated the use of coal fly ash from 

the Shand power plant in Canada for removal of dyes from wastewater. The negative values of 

free energies indicate the feasibility and spontaneous nature of the process, and the positive heats 

of enthalpy suggested the endothermic nature of the process. Other studies using fly ash for dyes 

removal include Rao & Rao (2006), Vasanth (2003), Dizge et al. (2008), Ramakrishna and 

Viraraghavan (1997), and Hsu (2008). 

Table 2-4. Application of industrial wastes as adsorbent in pollutants adsorption 

Adsorbent Adsorbate Adsorption capacity, mg/g Reference 

Fly ash Cu2+ 1.39 Panday et al., 1985 

Fly ash Hg2+ 2.82 Sen and Arnab, 1987 

Fly ash 
Pb2+ 5.5 - 22 

Alinnor, 2007 
Cu2+ 4.5 - 21.5 

Fly ash As5+ 19.46 Li et al., 2009 

Unburned carbon 
Methylene blue 

0.08 
Wang et al., 2005a 

Fly ash 0.016 

FA treated with HNO3 
Methylene blue 

7.996 
Wang et al., 2005b 

FA heated at 800 oC 4.478 

FA after sonochemical 

treatment with NaOH 
Methylene blue 5.12 – 12.79 Wang and Zhu, 2005 

Fly ash Methylene blue 4.61 
Viraraghavan and 

Ramakrishna, 1999 

Fly ash Methylene blue 3.07 
Rao, V. B., & Rao, S. R. 

M.,2006 

Fly ash Methylene blue 2.85 Vasanth, 2003 

Coal fly ash 
Reactive Yellow 84 37.26 

Dizge et al., 2008 
Reactive Blue 19 133.69 

Fly ash 
Acid red 91 1.46 Ramakrishna and 

Viraraghavan, 1997 Acid Blue 9 4.31 

Coal fly ash 
Acid red 1 

92.59 
Hsu, 2008 

Coal fly ash - NaOH 12.66 
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2.3.3. Adsorption Isotherms 

Generally, solid-liquid adsorption system is dependent on equilibrium isotherm models. 

The mechanistic models are based on the mechanism of metal ion adsorption and are able to 

explain and predict the observed experimental behavior.  

For the single solute adsorption systems, Langmuir and Freundlich models are found to be 

the most widely used isotherm models reported in the literature. The Brunauer–Emmett–Teller 

(BET) model describes multi-layer adsorption at the adsorbent surface while it assumes that the 

Langmuir isotherm applies to each layer.  

All of these models can provide information on the adsorption capacity of metals from their 

aqueous solution, which were described as follows:  

 Langmuir model (Langmuir, 1917): 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

 

where qe is the equilibrium metal sorption capacity (mg/g); Ce is the equilibrium solute 

concentration in solution (mg/L); qmax and KL are the Langmuir constants (L/mg) related to 

maximum sorption capacity (monolayer capacity) and bonding energy of adsorption (or 

“affinity”), respectively.  

The Langmuir isotherm assumes that adsorption happens at specific homogeneous sites 

within the adsorbent, and there is no interaction between the adsorbate molecules.  

 Freundlich model (Freundlich, 1906): 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1
𝑛⁄  



www.manaraa.com

19 

 

 

 

where KF is the adsorption equilibrium constant, representative of the sorption capacity; and n is a 

constant indicative of adsorption intensity. KF and n are indicative of the extent of the adsorption 

and the degree of non-linearity between solution concentration and adsorption, respectively. 

The Freundlich isotherm is an empirical equation used to describe heterogeneous systems.  

 BET model: 

𝑞𝑒 =
𝑞𝑠𝐶𝐵𝐸𝑇𝐶𝑒

(𝐶𝑠 − 𝐶𝑒)[1 + (𝐶𝐵𝐸𝑇 − 1)(𝐶𝑒/𝐶𝑠)]
 

where CBET, Cs, qs and qe are the BET adsorption isotherm (L/mg), adsorbate monolayer saturation 

concentration (mg/L), theoretical isotherm saturation capacity (mg/g) and equilibrium adsorption 

capacity (mg/g), respectively (Brunauer et al., 1938; McMillan & Teller, 1951). 

2.3.4. Fixed-bed Column 

The dynamic column adsorption method allows the solute solution to flow continuously 

through a fixed bed packed with the adsorbent. The bed height, the rate of flow and the 

concentration of the solute can be varied, and column adsorption can be monitored by continuously 

measuring the concentrations of the solute in the eluent with time or volume flowing out of the 

column.  

The experiment normally aims at determination of the breakthrough point at which the 

concentration of the solute in the eluent becomes equal to the initial concentration and the 

adsorbent bed becomes saturated with the solute. 

Typical breakthrough curves are shown in Figure 2-2 (Tchobanoglous et al., 2003, Ahamad 

and Jawed, 2011). 
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Figure 2-2. Typical breakthrough curve for column study (Tchobanoglous et al., 2003) 

At first, the adsorbent in the column is fresh with all its adsorption sites. As time passes, 

some of the adsorption sites are used up and concentration in the effluent rises with time. The 

efficiency of the column can be explained by means of the breakthrough curves. A breakthrough 

curve is obtained by plotting column effluent concentration versus volume treated or time of 

treatment (Moreno-Piraján et al., 2006). The shape of the graph may vary considerably for different 

situations. However, in general an S-shaped breakthrough curve is obtained. Breakthrough is 

deemed to have occurred at some time tb, breakthrough time, when the concentration of the 

adsorbate leaving the bed increases to an arbitrarily defined value, Ce, breakthrough concentration, 

which is often the minimum detectable or maximum allowable concentration of the component to 
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be removed. In other words, the breakthrough point can be defined as the point at which the 

effluent concentration increases rapidly (Nidheesh et al., 2012). 

Breakthrough capacity, exhaustion capacity, degree of column utilization and mass transfer 

zone (MTZ) are the important features of the breakthrough curves. The breakthrough capacity is 

defined as the mass of sorbate removed by the sorbent bed at breakthrough concentration or 

breakthrough time. The exhaustion capacity is defined as the mass of the sorbate removed by unit 

weight of the sorbent at saturation point and the degree of column utilization is defined as the mass 

sorbed at breakthrough point divided by the mass sorbed at complete saturation. The mass transfer 

zone (MTZ) in a packed bed system is defined as the zone of the packed column where the active 

adsorption happens (Patel, 2019). 

In packed-bed column, since the feed solution is introduced through the inlet of the column, 

the solute is sorbed most rapidly and effectively by the upper few layers of the fresh sorbent during 

the initial stages of the operations. The mass transfer zone is concentrated near the top or influent 

end of the column. As the polluted feed water continues to flow into the column, the top layers of 

the sorbent become practically saturated or in other words becomes exhausted with the incoming 

solute and then the mass transfer zone starts moving downward to a region of fresher sorbent in 

the column. When the MTZ moves across the adsorbent bed, it leaves behind a section of adsorbent 

bed, which is completely exhausted, and in front of MTZ, there exists only fresh adsorbent. The 

MTZ will continue to move through the packed bed until it hits its breakthrough point, when a 

preset concentration of the adsorbate in the effluent is reached. When breakthrough occurs, the 

adsorbent will need to be replaced to keep excessive concentrations of impurities out of the 

effluent. 



www.manaraa.com

22 

 

 

 

Several models have been proposed to describe the breakthrough curves of fixed bed 

adsorption process. These models can be complex, requiring extensive computation and needing 

thorough verification. For this purpose, the essential requirements are: (a) accurate and available 

fundamental data; and (b) the number and importance of the assumptions and approximations that 

have been made to arrive at the data. For the simplest case, in which many simplified assumptions 

and approximations are made, the solution may be analytical. The events occurring in the MTZ 

during adsorption are, 

 Transfer of adsorbate molecules from the bulk fluid to the solid surface by convection or 

diffusion across the fluid film which is external to the solid surface. 

 The adsorbate penetrates the fluid film through surface diffusion mechanisms, and adsorb 

onto the internal surface with release of the heat of adsorption. 

An additional complexity during sorption is that the flow through a packed bed may not be 

uniform across its entire cross-sectional area. This may be due to channeling of the fluid at the 

wall or because of temperature gradients created when the heat of adsorption is released. 

Empty bed contact time (EBCT) method is generally used by the water industry for 

designing large-scale columns. In this method, numbers of pilot scale columns in series are used 

to obtain breakthrough curves with desired flow rates. Three or more columns are usually used to 

represent different bed depths and different contact times. The empty bed contact time (EBCT) is 

defined as, 

𝐸𝐵𝐶𝑇 =
𝑏𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
 

The range of EBCT in fixed-bed adsorption process was normally ranged from 5 to 60 min, 

in particular for granular activated carbon (Crittenden et al., 2012).  
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Generally, the smaller, scaled-down fixed bed can be used to predict the performance of 

full-scale column. It is called rapid small-small column test (RSSCT), which own several 

advantages including: 

 RSSCT can be conducted in a fraction of the time required to conduct pilot studies. 

 It does not require extensive isotherm or kinetic studies. 

 RSSCT requires a small volume of water for evaluation. 

 Instead of pilot studies, RSSCT significantly reduces the time and cost of a full-scale design. 

Thus, the RSSCT test can be used to evaluate important design variables such as EBCT. 

The relationship between the empty bed contact time of the full-scale column (EBCTLC) and the 

empty bed contact time of rapid small-scale column (EBCTSC) is obtained by the following 

equation (Crittenden et al., 2012):  

𝐸𝐵𝐶𝑇𝑆𝐶
𝐸𝐵𝐶𝑇𝐿𝐶

=
𝑑𝑆𝐶
2

𝑑𝐿𝐶
2 =

𝑡𝑆𝐶
𝑡𝐿𝐶

 

where dSC and dLC are the diameters of the columns, and tSC and tLC are the operating times. And it 

is assumed the intra-particle pore and surface diffusivities of adsorbent particles are identical. 

2.3.5. Column Analysis and Models 

The information obtained from column analysis is important for estimating the probable 

column applications. The breakthrough curves were obtained from the experimental data and 

prepared by plotting the values of C/C0 ratio as a function of the pore volume, effluent volume 

(Veff, L) or time (t, min) for a given bed height. These parameters could determine the feasibility 

of the fixed-bed column. Thus, it is necessary to calculate the column parameters by mathematical 

analysis (Hasan et al., 2009). 
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The total mass of adsorbed metal (mads, mg) in column for a given influent metal 

concentration and flow rate was calculated the area (A) under the mass transfer curve (or above 

the breakthrough curve) which is obtained by integrating the adsorbed metal concentration (Cads, 

mg/L) by functioned with time as following equation: 

𝑚𝑎𝑑𝑠 =
𝑄𝐴

1000
=

𝑄

1000
∫ 𝐶𝑎𝑑𝑠𝑑𝑡

𝑡=𝑡𝑡𝑜𝑡𝑎𝑙

𝑡=0

 

The uptake capacity (q0, mg/g) was calculated by the known amount of the geopolymer 

particles (ms, g) packed in column using equation: 

𝑞0 =
𝑚𝑎𝑑𝑠
𝑚𝑠

 

In order to determine the maximum adsorption capacity of column process, various models 

have been developed to predict the dynamic behavior of the fixed-bed column. In this study, 

breakthrough curves were analyzed using three models to characterize the adsorption of heavy 

metals in a fixed bed column, which include the Bohat-Admas’s model (Bohart & Adams, 1920), 

Thomas model (Thomas, 1944), and Yan model (Yan et al., 2001).  

 Bohat-Admas model 

The Bohart-Admas model was proposed by Bohart and Adams in 1920 for design of the 

adsorption column. The Bohart–Adams model has a great significance in terms of its simplicity. 

The basic assumptions of this model is that intra-particle diffusion and external mass resistance 

are negligible, and that adsorption kinetics is controlled by the surface chemical reaction between 

the solute and the adsorbent. Although these assumptions are usually not validate in real systems, 

it is easy to make some simplifications from this model that lead to the equations showed as below. 

This simple equation can describe the breakthrough curves with accuracy in most of the cases, and 
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also can provide important system parameters such as rate constant, uptake capacity, etc... 

Moreover, it can be used to predict the service time of the column for the scale up of the 

experiments. (Lodeiro, et al., 2006) 

ln (
𝐶0
𝐶𝑡
) = 𝑘𝐵𝐴𝐶0𝑡 − 𝑘𝐵𝐴𝐶𝐵𝐴

𝐻

𝑣
 

where C0 is initial solute concentration (mg/L), Ct is effluent solute concentration (mg/L), kBA is 

rate constant (mL/mg min), CBA is removal capacity (mg/L), H is bed depth (cm), v is linear flow 

velocity (cm/min) and t is service time (min). 

The removal capacity qBA in mg/g is calculated as following equation: 

𝑞𝐵𝐴 = 
𝐶𝐵𝐴𝐵𝑉𝑠
𝑚

= 
𝐶𝐵𝐴
𝜌

 

where qBA is removal capacity (mg/g), BVs is fixed bed volume (L), m is mass of the bed (g) and 

p is apparent density of the adsorbent in the fixed bed (g/L). 

The values describing the characteristic operational parameters of the column (kBA and qBA) 

can be determined from the plot of In (C0/Ct) versus t at a given bed depth, initial concentration 

and flow rate through the column. 

 Thomas model 

Thomas model is one of the most general methods among these models, and is applied to 

the experimental data of the column studies for the evaluation of the breakthrough results. This 

model assumes that the adsorption isotherm and kinetics obey from Langmuir model and second 

order kinetics, respectively. In addition, it suggests that the sorption is not limited by the chemical 

reaction and is controlled by the mass transfer at the interface (Ghasemi et al., 2011). The 

linearized form of the Thomas model is expressed as (Biswas & Mishra, 2015): 
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ln (
𝐶0
𝐶𝑡
− 1) =

𝑘𝑇ℎ𝑞𝑇ℎ𝑚

𝑄
− 𝑘𝑇ℎ𝐶0𝑡 

where kTh is the Thomas kinetic coefficient (mL/min mg), t is the total flow time (min), and Q is 

the volumetric flow rate (mL/min). Adsorption capacity and mass of the adsorbent are denoted as 

qTh (mg/g) and m (g). Plot of ln [(C0/Ct) − 1] versus t gives the value of kTh and qTh.  

 Yan’s model 

Yan model is an empirical model which is frequently used to describe the adsorption 

process in a fixed-bed system. The mathematical description of this model is given as: 

log (
𝐶𝑒

𝐶0 − 𝐶𝑒
) = 𝑎 log(𝑉) − 𝑎 log (

𝑞𝑌𝑚𝑠
𝐶0

) 

The model parameters a, and adsorption capacity, qY can be estimated by non-linear fitting 

to the experimental data of breakthrough curves as presented as: 

𝐶𝑒
𝐶0
= 1 −

1

1 + (
𝑉𝑒𝑓𝑓𝐶0
𝑚𝑠𝑞𝑌

)
𝑎 

Even if Yan model can generally describe the complete breakthrough curves with great 

accuracy, the model has an empirical parameter a, which is specific to the experimental conditions 

(Lodeiro, et al., 2006). Thus, it cannot be used to scale up the system, but an indicator to estimate 

the properties of the column and to compare the parameters with other models. 

2.4. Fly Ash-based Geopolymer 

Davidovits (1988; 1994) proposed that an alkaline liquid could be used to react with the 

silicon (Si) and the aluminum (Al) in a source material of geological origin or in by-product 

materials such as fly ash and rice husk ash to produce binders. Because the chemical reaction that 
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takes place is a polymerization process, he coined the term ‘Geopolymer’ to represent these 

binders. 

Geopolymers are members of the family of inorganic polymers. The chemical composition 

of the geopolymer material is similar to natural zeolitic materials, but the microstructure is 

amorphous. The polymerization process involves a substantially fast chemical reaction under 

alkaline condition on Si-Al minerals, that results in a three-dimensional polymeric chain and ring 

structure consisting of Si-O-Al-O bonds (Davidovits, 1994). A schematic diagram of typical 

geochemical reactions associated with mineral polymer (polysialate) and geopolymer formation is 

provided in Figure 2-3. 

 

Figure 2-3. Schematic diagram of geopolymerization reactions (Davidovits, 1991). 

There are two main constituents of geopolymers, namely the source materials and the 

alkaline liquids. The source materials for geopolymers based on alumina-silicate should be rich in 

silicon (Si) and aluminum (Al). These could be natural minerals such as kaolinite and clays. 

Alternatively, by-product materials such as fly ash, silica fume, slag, rice-husk ash, and red mud, 
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could be used as source materials. The choice of the source materials for making geopolymers 

depends on factors such as availability, cost, type of application, and specific demand of the end 

users.  

Among the by-product materials, fly ash and slag are commonly used to be potential source 

materials for making geopolymers. Because of its high reactivity that comes from its finer particle 

size, fly ash is a more favorable source material than slag. Moreover, low-calcium fly ash is more 

desirable than slag for geopolymer feedstock material. Some low-calcium fly ash with chemical 

composition are listed in Table 2-5.  

Table 2-5. Examples of chemical composition of precursor and its synthesized geopolymer 

Oxide Composition (%) Raw Ash Geopolymer Raw Ash Geopolymer 

Si 50.73 39.90 42.03 51.15 

Al 28.87 19.70 27.51 28.23 

Fe 11.93 7.50 4.37 4.78 

Ca 1.73 2.43 3.42 3.37 

Mg 1.39 1.13 0.48 0.53 

K 0.74 1.08 1.66 1.67 

Na 0.30 11.72 0.26 4.70 

Ti 1.41 0.50 1.09 0.94 

S 0.35 0.25 -- -- 

L.O.I 2.53 14.69 19.19 4.63 

Reference 
Al-Zboon et al., 2011; 

Al-Harahsheh et al., 2015 
Zhang and Liu, 2013 

 

The alkaline liquids are from soluble alkali metals that are usually sodium or potassium 

based. The most common alkaline liquid used in geopolymerization is a combination of sodium 

hydroxide (NaOH) or potassium hydroxide (KOH) and sodium silicate or potassium silicate. 

More recently, fly ash has been used as a component in geopolymers, where the reactivity 

of the fly ash glass is used to generate a binder comparable to a hydrated Portland cement in 

appearance and properties but with dramatically reduced CO2 emissions (Duxson et al., 2007).  
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In future, the binders activated by alkalis may offer the possibility to process inorganic 

wastes because the properties of the bodies on the basis of binders activated by alkalis are often 

better than those of the materials prepared on the basis of current Portland cements. For instance, 

the resistance to acids or the ability to immobilize heavy metals is improved. 

2.4.1. Synthesis Method 

The process of converting fly ash into geopolymers has been studied in many researches 

recently (Table 2-6). Distinct from group of ceramic materials, geopolymers are formed by a 

geopolymerization of aluminosilicate minerals in the presence of an alkali solution (sodium 

hydroxide and/or sodium silicate) at low temperatures (<100 °C) (Davidovits, 1991 and Xu and 

VanDeventer, 2000).  

Palomo et al. (1999) used different types of alkaline liquid to form geopolymer. They found 

that use of sodium or potassium silicate solution can cause high reaction rate of geopolymerization, 

compared to the use of only sodium or potassium hydroxide solution. Xu and Van Deventer (2000) 

made alkaline activator by adding sodium silicate solution to the sodium hydroxide solution, and 

they found this mixed solution can improve the geopolymerization and sodium hydroxide solution 

has a higher extent of dissolution of aluminosilicate minerals than the potassium hydroxide 

solution. 

The reaction of alkaline solution (NaOH and Na2SiO3) and aluminosilicate minerals (e.g. 

fly ash) results in the disintegration of bonds of the Si-O-Si type and in the subsequent formation 

of hydrates of alkaline calcium aluminosilicates similar to zeolites. The molar ratio (Ms) of SiO2 

to Na2O, named “Modulus”, is an important factor in geopolymerization. It represents alkaline 

activator that can be adjusted by NaOH addition to the soluble Na2SiO3 (“water glass”) with value 

of Ms in a range 1.0 to 1.6 (Škvára et al., 2005). 
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In general, Class-C fly ash-based geopolymer was found to have a short setting time within 

1-2 hours at room temperature (Rattanasak et al., 2011). High content of calcium in Class-C fly 

ash can hydrate rapidly and form calcium aluminum silicate hydrate (C-A-S-H) gel and calcium 

silicate hydrate (C-S-H) gel, and rapid formation of gel results in a short setting time and decreases 

the porosity (Geetha and Ramamurthy, 2013).  

In addition, the high concentration of NaOH from activator can prolong the setting time by 

limiting the leaching of calcium and allows normal geopolymerization process to control the 

setting of geopolymer paste (Hanjitsuwan et al., 2014). Most of the studies focused on the effect 

of sodium (Na+) and potassium (K+) hydroxide solution used in geopolymerization reaction (Van 

Jaarsveld et al., 2002). The difference of NaOH and KOH used in activation process is that the 

extent of dissolution was higher when NaOH was used. The reason is that smaller size of Na+ 

which can better stabilize the silicate monomers and dimmers present in the solution and enhance 

the minerals dissolution rate, compared to K+ (Bakharev, 2006).  

However, the dissolution of fly ash cannot be completed at a room temperature. Hardjito 

and Rangan (2005) found that the curing temperature increases from 30 to 50 oC, the reactivity of 

fly ash increases significantly, and the geopolymerization is almost complete when the curing 

temperature ranged from 60 to 90 oC.  

In addition, Van Jaarsveld et al. (2003) found that fly ash with higher amount of CaO 

produced higher compressive strength, due to the formation of calcium-aluminate-hydrate and 

other calcium related crystals, especially in the early ages. Thus, small amount of slag, chitosan, 

fiber, and rice husk-bark ash can be added into mixture of geopolymer to improve the mechanical 

properties of fly ash-based geopolymer. 
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Table 2-6. Examples of synthesis methods and physical properties of fly ash-based geopolymer 

Type of 

fly ash 
Alkaline solution 

Liquid to 

Fly ash ratio 

Curing 

time 

Temperature 

(oC) 

28-day Compressive 

strength (MPa) 

Particle 

size, μm 

Pore size, 

nm 
Reference 

Class C 
Na2SiO3 +  NaOH 

(10 M) 
-- 48 hr 65 26.9-32.2 -- -- 

Rattanasak et 

al., 

2011 

Class C 9.5–14.0 M NaOH  0.3  25-28 20-23 -- -- 
Somna et al., 

2011 

Seeded 

FA 

Na2SiO3 + NaOH  

(4, 8, and 12 M) 
-- 

36 hr 

– 28 

day 

25-90 14.8-55.6 -- -- 
Bohlooli et 

al., 2012 

Class F 
Na2SiO3 + NaOH  

(5-12 M) 
-- 

2 – 7 

day 
25-90 12.6-35.1 -- -- 

Riahi and 

Nazari, 

2012 

Class F Na2SiO3 ·9H2O  0.11 
1-27 

day 
25-60 20 120-425 3−10,000 

Zhang and 

Liu, 2013 

Class F NaOH (14M) 0.75 -- 105 -- <200  

Al-

Harahsheh et 

al., 2015 

Class F NaOH (14M) 0.8 
1-3 

day 
25 - 105 -- <200  

Al-Zboon et 

al., 2011 

Class F 
Na2SiO3 + NaOH 

(16M) 
0.4 

1-3 

day 
25-85 -- 71-90 -- 

Muzˇek et 

al., 2014 

 

 
3
1
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2.4.2. Characterization 

The compressive strength of fly ash-based geopolymer is mostly depending on alkali 

solution, Si/Al ratios, calcium content, curing conditions and the various additives. During the 

geopolymerization, the release of Si4+ and Al3+ from fly ash were affected by the type and 

concentration of the alkaline solution. High concentration of sodium hydroxide solution (greater 

than 10 M) can achieve the high compressive strength in an optimal range (De Vargas et al., 2011). 

In addition, Na2SiO3 solution is used with NaOH to increase the compressive strength (Criado et 

al., 2005). The Na2SiO3 helps with the formation of geopolymer gels and achieves a compact final 

fly ash-based geopolymer micro-structure. 

The Si/Al ratios area determined by the source materials and alkali solution. High Si/Al 

ratios increase the amount of –Si–O–Si– bonds to get a higher compressive strength of fully 

condensed structural matrix of geopolymer, since the –Si-O-Si- bonds area stronger than –Si–O–

Al– and –Al–O–Al– bonds. Calcium content can interfere with the gelation of silica and alumina 

in geopolymerization process and alter the microstructures of fly ash-based geopolymer and the 

compressive strength (Schmucker and Mackenzie, 2005). Also, longer curing time (6 hour to 28 

days) can generate high compressive strengths of fly ash-based geopolymer. The higher 

temperature curing increases the compressive strength by removing water from the fresh 

geopolymer, which can cause the collapse of the capillary pores with a denser structure (Leung 

and Pheerapha, 1995). Usually, fly ash-based geopolymer can be cured at room temperature, and 

the compressive strength develops slowly and need prolonged curing time (Somna et al., 2011). 

However, Palomo et al. (1999) prolonged curing at higher temperatures (85 oC) to break down the 

granular structure of geopolymer. This resulted in the dehydration of the geopolymer and excessive 

shrinkage, which decreased the compressive strength.  
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Davidovits (2002) point that the use of Na2SiO3 or K2SiO3 with NaOH  for the activation 

of fly ash can increase the Si/Al ratios of the geopolymer system, thereby leading to a more 

compact structure with higher compressive strength. Moreover, the presence of calcium in fly ash 

is beneficial for forming the amorphous C-S-H gel and C-A-S-H gel and decrease the porosity and 

obtains geopolymer with a higher compressive strength. Similar results were found by Oltulu & 

Şahin (2013). 

In addition to increase in compressive strength, the fly ash-to-NaOH ratio has influence on 

adsorption capacity efficiency. The lower fly ash-to-NaOH ratio results in lower adsorption 

capacity. Li et al. (2006) found that the adsorption capacity on dye removal would be stable for 

NaOH-to-Fly ash ratio greater than 1.2. Lower fly ash-to-NaOH ratio will result in lower 

conversion of fly ash to geopolymer, resulting in low adsorption capacity. 

Adsorption capacity is also dependent on the porous structure and their surface properties. 

Higher surface area will generally result in higher adsorption capacity. Li et al. (2006) investigated 

the surface area and pore volume of different fly ash-based geopolymers (31.8 – 56 m2/g), natural 

zeolite (16 m2/g), and fly ash (8.4 m2/g), and their results of adsorption followed the same order 

of surface area, i.e., geopolymer > natural zeolite > fly ash. 

In addition to physical properties, Lee et al. (2017) found that cation exchange capacity of 

geopolymer was 202.04 cmol/kg, which is similar to the zeolites. However, they found that the 

disadvantage of geopolymer was that it was unstable in acidic environment at pH 2. Also, point of 

zero charge (pHpzc) as an important factor can determines the linear range of pH sensitivity and 

indicates type of charges on the surface (Poghossian, 1997). The values of pHpzc were found to be 

8.7, 10.2 and 9.7 for three geopolymers GP-1, GP-2 and GP-3, respectively (Maingi et al., 2017). 

At higher solution pH (pH ≥ pHpzc), the geopolymers were possibly negatively charged and this 
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may enhance adsorption of the positively charged dye cations through electrostatic forces of 

attraction (Ebrahimian et al., 2014).  Li et al. (2006) reported that the synthesized geopolymer 

exhibited strong basicity (pH = 11.48), and they suggested that the negative charge on the solid 

surface and the surface hydroxyl groups of the adsorbent have the main effect on the adsorption of 

cationic pollutants. 

The geopolymer strength characteristics especially fly ash is dependent on the nature of 

surface charges over the reactive component generally amorphous/glassy content. During the 

alkali activation, surface layer of the fly ash particles gets deprotonated forming soluble form of 

SiO- species. 

Normally surface layer fly ash particles contain a significant amount of readily leachable 

elements mostly anionic groups of silicates [-O-SiO2- ] and aluminates [-O-AlO-]. Zeta potential 

value of fly ashes is in the negative range of -20 to -25 mv (López et al., 2014; Revathi, et al., 

2017; Ghosh & Ghosh, 2018). The negative zeta potential indicates that activator solution (sodium 

hydroxide and sodium silicate) help prevent agglomeration of fly ash particles to facilitate 

geopolymerization reaction. Increased concentration of NaOH could decrease the zeta potential 

and impact the compressive strength. 

During the geopolymerization reaction, the OH- from activator solution can react with the 

aluminate species on the surface of fly ash to form [Al(OH)4]
- and react with silicate species to 

form either [SiO(OH)3]
-or [SiO2(OH)2]

2-, so that negatively charged double layer was 

established. Also, Na+ from alkaline activator was involved into reaction to form a sodium-

alumino-silicate-gel layer [Naz(AlO2)x(SiO2)y · nNaOH  ·mH2O] (Schmücker & MacKenzie, 

2005). This reaction step is very important to achieve desirable mechanical strength. While 
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forming Na-Al-Si-H gel the accumulation of more Na+ ions in the double layer decrease the zeta 

potential. 

2.4.3. Adsorption Properties of Fly Ash-based Geopolymer 

As summarized above, the chemical structure of geopolymer is composed of a negatively 

charged aluminosilicate framework balanced by alkali metals (i.e., Na+ and K+). These ions could 

be exchanged with heavy metals cations in aqueous solution. Therefore, the geopolymer could be 

used for the removal of heavy metals cations from water chemically.  

Geopolymers have newly come into use as an effective alternative for the adsorption of 

heavy metals from wastewater. Geopolymer defines amorphous alkali alumina-silicates derived 

from alkali activation of amorphous aluminosilicates, such as metakaolin and fly ash, by alkali 

silicate solutions (Rangan, 2010). Amorphous aluminosilicates dissolve in alkali silicate solution 

and form 3D network of alumina and silica building blocks by polymerization (Cheng et al., 2012; 

Comrie and Davidovits, 1988 and Davidovits et al., 1990). 

 Heavy metals 

Currently, there is limited number of studies dealing with the use of geopolymers for heavy 

metal removal from aqueous solutions. Some of the studies are summarized in Table 2-7. For 

example, adsorption capacities (Qm) of different metals reported were 48.78 mg/g, 98.4 mg/g, 

79.11 mg/g of Cu2+ (Cheng et. al., 2012; Wang et al., 2007; Mužek et al., 2014; Al-Harahsheh et 

al., 2015), 147.06 mg/g and 166.55 mg/g of Pb2+ (Cheng et. al., 2012; Al-Zboon et al., 2011), and 

67.57 mg/g of Cd2+ (Cheng et al., 2012). It can be assumed that the adsorption behavior of 

geopolymer are partially depended on the source of the fly ash or metakaolin, preparation 

conditions and adsorption conditions. As reported, the adsorption process can sometimes be slow 

(30 hours equilibrium time) (Wang et al., 2007) or fast (15 – 30 min) (Al-Zboon et al., 2011). 
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Wang et al. (2007) studied Cu2+ ions removal by using a fly ash based geopolymer and reported 

an adsorption capacity of 92 mg/g much higher than natural zeolites and fly ash (0.1 mg/g). In 

addition after geopolymerization, the surface area increased from 8.4 m2/g in fly ash to 56 m2/g in 

the geopolymer. These evidences indicate that geopolymerization contributed towards creating 

new surface for adsorption. Mužek et al. (2014) reported an adsorption capacity of 79.11 mg/g for 

Cu2+ for fly ash based geopolymer. They also found that Na+, K+, Ca2+, Mg2+, Al3+, and Si2+ ion 

were leached out from the fly ash-based geopolymer as a result of adsorption of Cu2+ ions. The 

reason provided by the researchers was that Na+ ion was not the only cation contributing towards 

the ion exchange of Cu2+ ion. They also found that the amounts of leached Al and Si were small 

(less than 3%) because of the stability of the geopolymer (Mužek et al., 2016).  

Besides using fly ash source, other aluminosilicate source such as metakaolin or zeolite 

were considered to prepare geopolymer. Cheng et al. (2012) demonstrated the effectiveness of 

metakaolin-based geopolymer as adsorbent for the removal of heavy metal ions Cu2+, Pb2+, Cr3+, 

and Cd2+ ions.  López et al. (2014) also reported that the metakaolin-based geopolymer with 

composition of Si/Al = 2 is optimum for the heavy metal ions adsorption. They found that 

adsorption capacities increased in the following order: Cs+ > Pb2+ > Cu2+ > Cd2+ > Ni2+ > Zn2+ for 

a mixture of the multicomponent (metal) system, while the individual experiment showed higher 

adsorption for Pb2+ relative to Cs+. Ge et al. (2015; 2017) used different alkali activator to 

functionalize metakaolin geopolymer for copper removal. Their results suggested that the 

geopolymer spheres as an adsorbent was not only environmentally friendly, cost-effective but also 

could be applied for the continuous treatment of heavy metals containing water. 

El-Eswed et al. (2012) added various amounts of zeolitic tuffs to kaolin-based geopolymers 

and investigated the adsorption properties of Cu2+, Ni2+, Zn2+, Cd2+ and Pb2+ ions. Both isothermal 
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and kinetic studies revealed that increasing the zeolitic tuff: kaolin ratio improved the adsorption 

capacity of geopolymer toward metal ions. The adsorption process of metal ions onto geopolymers 

was observed to be reversible.  

Liu et al. (2016) found that fly ash-based geopolymer has the similar adsorption properties 

to faujasite zeolite. They prepared geopolymer and then modified it to zeolite by in situ 

hydrothermal method, i.e. soaking in 1 M NaOH solution at 70 oC. The results showed that the 

synthesized zeolite had higher surface area of 174.35 m2/g and adsorption capacity 143.3 mg/g for 

removal of Pb than that of geopolymer (surface area of 20.48 m2/g and adsorption capacity 118.6 

mg/g), and much higher than that of fly ash (surface area of 16.45 m2/g and adsorption capacity 

49.8 mg/g).  

 Other pollutants 

In addition to heavy metals, geopolymer can be used as the adsorbent for dyes, as 

summarized in Table 2-8. Only a few researches have been reported on adsorption of organic 

pollutants using geopolymer. Li et al. (2006) studied adsorption of methylene blue and crystal 

violet on fly ash-based geopolymer using sodium hydroxide as an activator. The adsorption 

capacity was 32.0 and 40.8 mg/g, respectively. The adsorption capacities on geopolymer were 

much higher than that on unreacted fly ash, (Li et al., 2006). Zhang and Liu (2013) reported about 

93% degradation of methylene blue (MB) dye from wastewater when using fly ash-based 

geopolymer used as a novel photo-catalyst. Wang et al. (2006) reported synthesis of fly ash with 

NaOH solution that would significantly enhance the adsorption capacity depending on the 

treatment temperature and time, and the base concentration. The adsorption capacity of methylene 

blue would increase with the pH of the dye solution and the sorption capacity of geopolymer could 

reach 5x10−5 mol/g. 
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Table 2-7. Application of geopolymer as adsorbent for heavy metals 

Geopolymer 

materials 
Precursors 

Alkali 

activator 

Particle 

size, mm 

Surface 

area, m2/g 

CEC, 

cmol/kg 
Metal pH 

Dosage, 

g/L 

Contact 

time, hr 

Adsorption 

capacity, mg/g 
Reference 

Fly ash-based 
Class F fly 

ash 

14 M 

NaOH 
0.2 -- -- Cu2+ 6 2 2 152.31 

Al-

Harahsheh 

et al., 2015 

Fly ash-based 
Class F fly 

ash 
NaOH 0.045 56 -- Cu2+ 6.2 1.5 72 98.4 

Wang et 

al., 2007 

Fly ash-based 
Class F fly 

ash 

16 M 

NaOH, 

Na2SiO3 

0.071-0.09 -- -- Cu2+ -- 5 2 79.11 
Mužek et 

al., 2014 

Fly ash-based 
coal fly 

ash 

14M 

NaOH 
0.2 -- -- Pb2+ 5 1.4 2 174.34 

Al-Zboon 

et al., 2011 

Fly ash and iron ore 

tailing-based 

Class F fly 

ash /iron 

ore tailing 

10 M 

NaOH and 

Na2SiO3 

0.03 -- -- Cu2+ 6 3 1.5 69.11 
Duan et 

al., 2016 

Zeolite-based 

(600oC) 

Class F fly 

ash 

Solid 

NaOH 
0.075 8.22 -- Cd2+ 5 0.08 7 26.246 

Javadian et 

al., 2015 

Porous 

geopolymeric sphere 
Metakaolin 

 Na2SiO3, 

H2O2, K12 
2-4 53.95 -- Cu2+ 5 1.5 72 52.63 

Ge et al., 

2015 

Geopolymer/alginate 

hybrid spheres 
Metakaolin 

NaOH, 

Na2SiO3, 

Alginate  

hybrid 

spheres 
16.2 -- Cu2+ 5 1.5 42 62.5 

Ge et al., 

2017 

Metakaolin-based Metakaolin 

10 M 

NaOH and 

Na2SiO3 

1.19-1.41 
50.9 – 

65.7 
129.5 

Pb2+ 

4 20 24 

147.06 

Cheng et. 

al., 2012 

Cu2+ 48.78 

Cr3+ 19.94 

Cd2+ 67.57 

Metakaolin-based Metakaolin 
NaOH and 

Na2SiO3 
0.15 39.24 -- 

Zn2+ 
4 

2 
1.5 

74.53 Kara et al., 

2017 Ni2+ 3.2 42.61 

Metakaolin-based Metakaolin 
8 M 

NaOH 
0.125 3.3 -- 

Cs+ 

5 0.00125 -- 

43 

López et 

al., 2014 

Pb2+ 35 

Cu2+ 15 

Cd2+ 3 

Ni2+ 1 

Zn2+ 2 

3
8
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Table 2-8. Application of geopolymer as adsorbent for dye and ammonium in aqueous solution 

Geopolymer 

materials 
Precursors 

Alkali 

activator 

Particle 

size, 

mm 

Surface 

area, 

m2/g 

CEC, 

cmol/kg 

Target 

pollutant 
pH 

Dosage, 

g/L 

Contact 

time, hr 

Adsorption 

capacity, 

mg/g 

Removal 

% 
Reference 

Fly ash-based 
Class F 

fly ash 

sodium 

hydroxide 
-- 56 -- 

methylene 

blue 
6.3 0.2 

-- 38.38 85 
Li et al., 

2006 Crystal 

violet 
-- 97.92 90 

Fly ash-based 
Class F 

fly ash 

500 g/L 

NaOH 
0.045 25.7 -- 

methylene 

blue 
> 9 

1 

-- 17 -- 
Wang et 

al. 2006 rhodamine 

B 
> 6 -- 1.9 -- 

Fly ash-based 
Class C 

fly ash 
3 M NaOH 0.09 28.5 -- 

Thionine 

(TH) 5-

10 
10 24 

0.008 

-- 
Atun et 

al., 2011 safranine T 

(ST) 
0.006 

Fly ash-based 
Class F 

fly ash 
12 M NaOH < 0.2 -- -- 

methylene 

blue 
5 1 2 37.04 -- 

Alouani 

et al., 

2018 

Fly ash-based 

without UV Class F 

fly ash 
Na2SiO3•9H2O 

0.12-

0.45 
-- -- 

methylene 

blue 
11.1 2 

-- 0.669 89.15 Zhang 

and Liu, 

2013 
Fly ash-based 

with UV 
-- 0.696 92.79 

Zeolite-based 

Class F 

fly ash 

(600oC) 

NaOH powder < 0.15 27.015 279 ammonium 8 4 1.25 37.45 -- 
Zhang et 

al., 2011 

3
9
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2.4.4. Factors Affecting Adsorption of Heavy Metals 

 Contact time and initial concentration 

The initial concentrations of heavy metals have a strong effect on the adsorption capacities 

of various adsorbents. Generally, adsorption capacity increased with increased concentrations of 

the heavy metals. However, several investigations have shown that the removal efficiency of heavy 

metals is concentration dependent and there is a decreasing trend with an increase of initial 

concentration. Al-Harahshah et al. (2015) reported the effect of contact time and initial 

concentration of heavy metals on the adsorption of Cu2+ on fly ash-based geopolymer. They 

showed that increasing the contact time from 5 min to 15 min enhanced significantly the percent 

removal of Cu2+, and only a slight change in removal efficiency occurred from 15min to 180min. 

Cu2+ removal efficiency remained higher than 80% when the initial concentration were less than 

140 mg/L. Similar results were found by Wang et al. (2007), indicating that Cu2+ adsorption 

efficiency on geopolymer were found to be dependent on concentration, i.e., the higher the initial 

concentration, the lower was the removal efficiency. Al-Zboon et al. (2011) found that adsorption 

of Pb2+ ions on geopolymer increased with an increase in contact time and then reached a 

maximum value after 120 min and remained constant. The removal efficiency remained at high 

level (>80%) with initial concentration less than 140 mg/L. With low initial concentration, the 

available pores in the adsorbent surface were sufficient to adsorb most of heavy metals, which had 

filled the possible available sites so that the adsorption efficiency increases to a certain level. When 

the initial concentration increases, the accessible sites become inadequate to adsorb them, 

therefore, a major part of heavy metals remain in the solution without being adsorbed by the 

adsorbent. Lee et al. (2017) found that the adsorption process for granular solids was slow where 

24 hours is required to reach equilibrium time, however for pulverized samples, the equilibrium 
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time was 30 min. They suggested that considerable time is required for diffusion of metal ion 

through the bulk of mesoporous geopolymer and the adsorption mechanism was considered to be 

ion exchange and electrostatic adsorption of metal ion on the negatively charged Al tetrahedral of 

the geopolymer matrix.  

 pH of solution 

The pH of solution has a pronounced influence on the adsorption of heavy metals on 

various adsorbents. In the certain pH range, heavy metals adsorption increases with increasing pH 

up to a certain value and then decrease with further increase in pH. The effect of pH may also be 

accounted in terms of the pH at point of zero charge, at which the surface charge of adsorbent is 

at zero charge. The surface charge of the adsorbent is positive when the media pH is below the 

pHzpc value, while it is negative at a pH over the pHzpc. On the other hand at pH below the pHzpc, 

the predominant metal species (i.e. M2+ and M(OH)+) are positively charged and therefore, the 

uptake of metals in the pH range below pHzpc is H+―M2+ (or M(OH)+) exchange process. With an 

increase in pH above pHzpc, the surface of the adsorbent is negatively charged with an increase in 

adsorption as long as the metal species are still positively charged or neutral. When both the surface 

charge of the adsorbent and metal species charge become negative, adsorption will decrease 

significantly. According to the mechanism and the discussion of pH effect, the adsorption will lead 

to a decrease in pH as equivalent H+ will be released along with adsorption. However, other 

interactions may be stronger than purely electrostatic forces, making the effect of surface charge 

not so important. Additionally, a cation is often complexed with ligands such as, some of them are 

being possibly negatively charged. Therefore, in such a case, the cation is in fact a negative 

complex, which may adsorb very well on a positively charged surface. 
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Table 2-9 shows that the selected heavy metals (Cu2+, Cd2+, and Pb2+) were dominating 

species at various pH ranges (acidic, neutral, and basic) in typical natural water from Yousef et al. 

(1985).  

Table 2-9. Dominating inorganic speciation of selected heavy metals at various pH ranges 

in typical natural surface (Yousef et al., 1985) 

Heavy Metal pH < 6.5 6.5 < pH < 7.5 pH > 7.5 

Copper, Cu Cu2+ Cu2+ Cu(OH)2 

  CuCO3  

  Cu(OH)2  

Cadmium, Cd Cd2+ Cd2+ Cd2+ 

   CdCO3 

   Cd(OH)2 

Lead, Pb Pb2+ Pb2+ PbCO3 

  PbCO3 Pb(CO3)2
2- 

   Pb(OH)3
- 

   Pb(OH)4
2- 

 

Ibrahim (2011) evaluated synthetic zeolite for permeable reactive barrier application. He 

found that the change of solution pH can influence the sorption of Zn+ and Cd2+ ions from aqueous 

solution using synthetized zeolite, which is due to its influence in metal speciation and integrity of 

the zeolite. Free metal ions were predominant up to pH = 7 for Zn2+ ions and pH=8 for Cd2+ ions. 

Zinc is present mainly as Zn2+ and Zn(OH)2 and in lesser quantity as Zn(OH)+ at pH between 7-

10 and cadmium is present as Cd2+ and Cd(OH)2, and in lesser quantity as Cd(OH)+ and CdCl+ at 

pH between 8-11. At low pH values, excess H+ present in solution competes with Zn2+ and Cd2+ 

ions for active sites leading to less metal ion removal. At near neutral or neutral pH values, the 

surface has a low net negative charge due to increase in positively charged surfaces. As the solution 

pH increases, the number of negatively charged sites increases which would favor the sorption of 

metal cations and their hydroxides, forming surface metal complexes. Al-Harahsheh et al. (2015) 

reported that geopolymer sorption effectiveness increased from 5.6% to 88.21% when the pH of 
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the solution increased from 1 to 6. The expected trend for the effect of pH on metal sorption were 

sorption increase with increasing pH values up to a certain value, and then decreased with further 

increase in pH (>12) (lBrahim, 2011). Similar results showed increasing pH to values higher than 

6 will favor the precipitation of Cu2+ as Cu(OH)2 (Goyal et al.,2001). Also, Al-Zboon (2011) 

suggested that for pH value is greater than 5.0, lead hydroxide such as Pb(OH)3
1− begins to form 

resulting in the decrease of Pb(II) adsorption on geopolymer. Li et al. (2006) reported that the pH 

of fly ash, natural zeolite and fly ash-based geopolymeric adsorbents. The results showed that fly 

ash slurry exhibits acidity (pH=5.35) while natural zeolite showed weak basic property (pH=8.5). 

The fly ash-synthesized geopolymers exhibited strong basicity (pH=10-11), suggesting the 

presence of negative charges on the solid surface. Therefore, the produced hydroxyl function 

groups on the surface adsorbent have the main effect on the adsorption of cationic dyes. 

 Particle size 

Particle size is one of the important physical properties in determining the effectiveness as 

a material for treatment medium. In general, fine particles (0.177 – 0.024 mm) is used more often 

due to the low initial cost and to the flexibility of dosage which allows the fine particle dose to be 

adjusted to deal with changing contaminant levels (Crittenden et al., 2012).  However, fine particle 

has a high operating cost if used continuously, as it cannot be regenerated, and produces large 

quantities of sludge. In addition, the dust resulting from the small particles make handling difficult, 

as does the flammability of the particles. Granular particles (0.42 – 2.36 mm) is a more economical 

choice in larger systems or where pollutants must be controlled continuously.  Disadvantages of 

granular particles include a high initial cost to buy the filter or contactor, and the tendency of 

granular particles filters to grow bacteria. Also, the particle size influences the head loss on a bed 

of column.  If smaller particles are used, the head loss will be higher and media in the bed may be 
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crushed. Intra-particle diffusion study shows that particle size of the adsorbents greatly influences 

the adsorption rate. Decrease in particle size would lead to increase in surface area and therefore 

increase in the adsorption opportunity at the outer surface of the adsorbents. There is also a 

possibility of intra-particle diffusion from the outer surface into the pores of the material. The 

diffusional resistance to mass transfer is higher for large particles. Due to various factors, such as 

diffusional path length or mass transfer resistance, contact time, and blockage of some diffusional 

path, most of the internal surface of the particle may not be utilized for adsorption. Consequently, 

the adsorption efficiency may become low. The adsorption capacity of waste materials is 

dependent on the specific surface area available for solute surface interaction. It is expected that 

adsorption capacity will increase with a larger surface area. In other words, smaller particle size 

increases the adsorption capacity.  

Al-Zboon et al. (2011) crushed the fly ash-based geopolymer paste and reduced the size 

down to 0.2 mm as adsorbent. López et al. (2014) crushed the metakaolin-based geopolymer 

sample and sieved by the 120 mesh (0.125mm) to control the particle size range. Kara et al. (2017) 

ground metakaolin-based geopolymer samples and sieved to obtain 150 μm particle size for 

adsorption of Zn(II) and Ni(II) ions. Mužek et al. (2014) used the fly ash-based geopolymer 

particles with size ranging from 0.071 to 0.09 mm as an adsorbent for copper ion. Zhang and Liu 

(2013) obtain a fly ash-based geopolymer sample with particle size in the range of 120−425 μm. 

2.4.5. Parameters of Isotherm Model  

Three isotherm models were listed in Section 3.3, which have been applied and reported in 

some research work related to geopolymer. The parameters of the isotherm models used are 

presented in Table 2-10. For example, Al-Harahsheh et al. (2015) showed both Langmuir and 

Freundlich models could explain the adsorption of Cu2+ on synthesized geopolymer. They found 
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that the Langmuir model is slightly better than Freundlich model. Similar results were obtained by 

Wang et al. (2007), Duan et al. (2016), and Ge et al. (2015; 2017). Also, Al-Zbooon et al. (2011) 

found that Langmuir model was more applicable than the Freundlich model to describe the 

adsorption of Pb2+ on geopolymer. Similar results of Zn2+ and Ni2+ were reported by Kara et al. 

(2017).  

In addition to metals, Li et al. (2006) found that for the adsorption isotherm of dye by 

geopolymers Freundlich model was better than single-site Langmuir model while the two-site 

Langmuir model was the better model of the three. This suggests that some heterogeneity on the 

surface or pores of the adsorbents played a role in dye adsorption. Geopolymer adsorbent may 

contain minor unconverted fly ash that contain mineral oxides and unburned carbon which provide 

heterogeneous active sites for dye sorption. As such, the two-site Langmuir isotherm model fit the 

experimental data. 

2.4.6. Application of Fixed-bed Column 

Table 2-11 summarizes some studies that are focused on fixed-bed column packed with 

different adsorbents for heavy metals removal. And also, Table 2-11 presents the parameters of 

Thomas model from these studies. Hasfalina et al. (2012) used Kenaf fibres as adsorbent in a fixed-

bed column for copper removal from aqueous solution. They found that either a deeper bed (15 – 

30 cm) or a slower flow rate (4 – 9 mL/min) would increase the copper adsorption. The Thomas 

model was successful into evaluating the column performance. Similarly, Yahaya et al. (2011) 

found that copper adsorption increased for lower inlet concentration (5 – 15 mg/L), slower flow 

rate (10 – 30 mL/min), and deeper bed depth (3 – 8 cm). They found that the Thomas and Yoon-

Neson models fitted well with the data compared to Adam-Bohart model. Similar results were also 

found by Futalan et al. (2010). Trgo et al. (2011) reported Thomas model was the most suitable 
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model as compared to Bohart-Adams and Yoon-Nelson models to model the breakthrough curve 

of lead adsorption of natural zeolite for EBCT ranging from 1 – 13 mins. Similar model analysis 

was investigated by Biswas & Mishra (2015), and the Thomas was found to be a good predictor 

for the entire breakthrough curve. They also reported that the breakthrough curve and adsorption 

capacity was influenced by pH, and pH 5.2 gave the highest adsorption capacity (35.36 mg/g) as 

compared to adsorption capacities of 12.95 and 31.034 mg/g at pH 3.1 and 6.4, respectively. Han 

et al. (2009) synthesized Iron oxide-coated zeolite for copper removal and reported that the 

Thomas model could describe all the breakthrough curve for different bed depths, flow rates, and 

initial concentrations. Han et al. (2006) also synthesized manganese oxide coated zeolite for copper 

and lead removal. They found removal by columns followed the following order of Pb2+ > Cu2+. 

Similar competitive adsorption was reported by Shahbazi et al. (2011) where they modified 

mesoporous silica (SBA-15) with melamine-based dendrimer amines (MDA) and investigated 

metals adsorption by fixed-bed column. The breakthrough curves show that decreasing flow rate, 

increasing bed height, and decreasing initial metal concentration would increase the adsorption 

capacity. In addition, they found the adsorption capacity was in order of Pb2+> Cu2+> Cd2+.  

There are not many reported literatures on fixed-bed column studies packed with 

geopolymer as adsorbent. Ge et al. (2015) investigated the column test for geopolymeric spheres 

to evaluate copper removal by three different bed heights, i.e. 0.5, 2.2, and 3 cm. Ge et al. (2017) 

reported that all three models (Thomas, Adams-Bohart, and Yoon-Nelson) have moderate fitness 

for the breakthrough curves.   
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Table 2-10. Parameters of Isotherm models for metal ions adsorption on geopolymer 

Metal 
Temperature, 

oC 
pH 

Langmuir isotherm Freundlich isotherm 
Reference 

KL, L/mg Qm, mg/g R2 KF 1/n R2 

Cu2+ 30 6.2 0.13 99 0.75 41 0.17 0.67 
Wang et al., 

2007 

Cu2+ 25 

4 0.062 50.81 0.9844 6.09 0.48 0.9815 
Al-Harahsheh 

et al., 2015 
5 0.032 83.13 0.9903 4.73 0.63 0.9787 

6 0.061 96.84 0.9941 8.47 0.61 0.9855 

Cu2+ 20 

4 0.058 63.36 0.9882 5.51 0.52 0.9890 
Duan et al., 

2016 
5 0.049 69.11 0.9859 6.12 0.53 0.9802 

6 0.060 81.55 0.9936 9.35 0.55 0.9639 

Pb2+ 25 

3 0.0298 40.76 0.9700 3.19 0.51 0.9791 
Al-Zboon et 

al., 2011 
4 0.0163 166.55 0.9773 4.47 0.73 0.9715 

5 0.0607 134.95 0.9719 11.73 0.61 0.9350 

Cu2+ 25 5 0.1359 52.63 0.9971 8.08 0.45 0.8289 
Ge et al., 

2015 

Cu2+ 25 5 0.11 62.5 0.997 27.5 0.24 0.843 
Ge et al., 

2017 

Zn2+ 
25 4 

0.0346 74.75 0.999 1.59 0.059 0.807 Kara et al., 

2017 Ni2+ 0.196 150 0.996 3.35 0.287 0.991 
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Table 2-11.  Parameters of different fixed-bed columns on heavy metal removal 

Adsorbent Size, mm 
Height, 

cm 

Inter 

diameter, 

cm 

Flow 

rate, 

mL/min 

EBCT, 

min 
Metal pH 

Initial 

Con., 

mg/L 

Uptake 

capacity, 

mg/g 

Thomas model 

Reference kTh, mL/min 

mg 

qTh, 

mg/g 
R2 

MDA-SBA-15 powder 8 0.6 0.6 3.77 

Cu2+ 

4 50 

-- 2.9 37.6 0.993 Shahbazi 

et al., 

2011 

Cd2+ -- 3.1 27.6 0.975 

Pb2+ -- 2.8 39.6 0.988 

Kenaf Fibres 1 20 10 4 392.5 Cu2+ 5 100 -- 24.7 45.86 0.91 

Hasfalina 

et al., 

2012 

Rice husk 

activated 

carbon 

1-2 6 1.2 10 0.68 Cu2+ -- 10 -- 0.44 29.42 0.98 
Yahaya et 

al., 2011 

Chitosan 

immobilized on 

bentonite 

0.21-0.5 4.3 1.2 0.2 24.3 Cu2+ 4 500 -- 0.0008 32.93 0.9758 
Futalan et 

al. 2011 

Zeolite 0.1-0.5 11.5 1.2 1 13 Pb2+ -- 84 -- 0.232 43 0.938 
Trgo et 

al., 2011 

Carbonized 

rubber wood 

sawdust 

0.5-1 5 2.54 15 1.69 Pb2+ 5.2 20 -- 0.73 35.36 0.92 

Biswas & 

Mishra, 

2015 

Manganese 

oxide coated 

zeolite 

0.42-0.84 15 1 7.69 1.53 

Cu2+ 

5 

62.45 -- 0.115 7.296 0.943 
Han et al. 

2006 Pb2+ 260.82 -- 0.026 71.62 0.98 

Iron oxide-

coated zeolite 
0.42-0.84 11 0.95 11 0.71 Cu2+ 6.5 60 -- 0.37 11.1 0.917 

Han et al. 

2009 

Metakaolin-

based 

geopolymer 

Spheres 

2 – 4 
1 1 1 0.785 Cu2+ 5 50 -- 0.02 26.1 0.943 

Ge et al., 

2017 

Metakaolin-

based 

geopolymer 

0.15 -- 1.1 0.5 -- 

Co2+ 

-- 100 

24.33 

-- -- -- 
Kara et 

al., 2018 Mn2+ 32.32 

4
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2.5. Magnetic Assistance on Water/wastewater Treatment 

As mentioned earlier, adsorption plays an important role in water and wastewater 

treatments. Water is commonly contaminated with pollutants from industrial activities, runoff from 

polluted sites, and from various other sources. These pollutants, which can range from heavy 

metals and various organic molecules, must be removed to render the water safe and to comply 

with environmental regulations. This is often accomplished by contacting the polluted water with 

an adsorbent. The treated water and adsorbent are then separated, and the adsorbent is treated to 

dispose of the pollutants. The water is often contacted with the adsorbent by passing the water 

through fixed beds of the carbon. However, some operational efficiencies may be derived by 

mixing the water and adsorbent in, for example, a stirred tank. However, this requires separation 

by mechanical screening, or a separation process to separate the adsorbent particles from the 

treated water.  

Even though fine particle adsorbents have proven to be effective in the removal of 

pollutants from wastewater, they suffer one inherent disadvantage, which is difficult to separate 

from wastewater in a continuous flow system. Separation of adsorbent from the slurry phase by 

screening has significant problems. The screens may be plugged or clogged, requiring considerable 

horsepower to operate, and need frequent maintenance and screen replacement. In general, a 

method to separate adsorbent particles from a liquid solution that avoids the problems of 

mechanical screening would be desirable. Since screening depends upon the particles having a 

relatively large size, abrasion or other unintended comminution, produces small particles which 

defeats the screening. Hence, an alternative to screening would be magnetic separation, using a 

magnetic media or adsorbent. Magnetic technology is a physical treatment technique that has been 

reported to affect the coagulation of various particles in suspension, such as iron or other particles 
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in electrolyte solutions (Okada et al., 1991; Wang et al., 1994). Some studies have been conducted 

to explore the use of magnetism as an effective means of separating the suspended adsorbents from 

water (Ambashta & Sillanpää, 2010). Use of magnetic adsorbents offers a significant advantage 

over other adsorbents which has the ability to separate them from an aqueous solution on 

application of a magnetic field.  

Recently, utilization of iron oxide nanomaterials with novel characteristics and 

functionality has been widely studied due to their small size, high surface area, and magnetic 

property (Oh and Park, 2011; Laurent et al., 2008). Iron oxide nanoparticles can be synthesized 

using includes physical, chemical, and biological methods. Chemical methods are well known and 

widely accepted, such as chemical so-precipitation, thermal decomposition, and electrochemical. 

The main advantage of thermal decomposition method is that, it improves control over the size 

and shape of iron oxides nanoparticles. The size and shape of iron oxides nanoparticles depend on 

the precursor and temperature (Belaïd, et al., 2013).  

Synthesis of iron oxides can result in magnetic phase-magnetite (Fe3O4) and maghemite 

(γ-Fe2O3) and non-magnetic, hematite (α-Fe2O3). This section only reviews the magnetite (Fe3O4) 

nanoparticles, with different synthesis methods, surface modifications, and forming composites 

with other material.  

2.5.1. Synthesis Methods of Magnetic Iron Oxides (Fe3O4) 

Currently, magnetic Fe3O4 nanoparticles are generated by various chemical-based 

synthesis methods, including co-precipitation, reverse micelle method, microwave synthesis, sol–

gel techniques, freeze drying, ultrasound irradiation, hydrothermal methods, laser pyrolysis, and 

thermal decomposition (Blaney, 2007; Carlos et al., 2013, Wieczorek-Ciurowa & Kozak, 1999). 

The different synthesis method determines the properties of the iron oxide, such as particle size, 
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morphology, magnetization, and surface functionality. Many methods have been studied and 

developed. In this section, a few methods will be reviewed including co-precipitation, 

hydrothermal or solvothermal synthesis, and thermal decomposition.  

Co-precipitation is the simplest and most efficient synthesis method to generate magnetic 

particles. In this synthesis method, a stoichiometric mixture of ferrous and ferric precursors in 

solution phase are used as an iron source (Massart, 1981). The mixture is reacted under alkaline 

conditions to generate superparamagnetic nanoparticles (Matei et al., 2011). Two ways are used 

for this reaction procedure, one is that the alkaline solution, i.e. ammonia hydroxide (NH4OH) or 

sodium hydroxide (NaOH), is introduced into the mixed Fe2+ and Fe3+ iron solution. Another way 

is titration hydrolysis, which consists of gradually adding mixed Fe2+ and Fe3+ iron solution into 

the alkaline solution. Precipitation is desirable to control at pH ranging from 8 to 14. The particle 

size, shape, and composition of the magnetic iron oxides are dependent on the type of salts used 

(e.g. chlorides, sulfate, nitrates), the mass ratio of Fe2+/ Fe3+, reaction temperature, types of 

stabilizing agent, pH value of solution, and ionic strength of the reaction media (Laurent et al., 

2008; Gupta & Gupta, 2005). Generally, the particles size of Fe3O4 made by this method ranged 

from 5 to 100 nm.  

Hydrothermal is another popular synthesis method which has been widely used to prepare 

magnetic iron oxides. Due to the successful and better formation of crystalline under this process, 

the properties of magnetic iron oxides can be improved with narrow size distribution and shape 

control. This method is used 100 – 300 oC calcination temperature for a mixture of ferrous salts 

(e.g., chloride, sulfate, and nitrates) and sodium hydroxide solution. In addition, in some particular 

cases, organic solvent can be used as a medium instead of water, such as diamine hydrate (Wang 

et al., 2003), 2-methoxyethanol (Chen & Xu, 1998), sodium thiosulfate (Fan et al., 2001), 
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polyethylene glycol (Yan et al., 2008). The process called solvothermal synthesis and the solvent 

could expand the range of hydrothermal method. The selection of solvent, type of ferrous salts, 

reaction temperature, and reaction time are important factors to control the particle size and shape. 

Another advantage of the solvothermal method is that it can avoid surface contamination compared 

to hydrothermal and co-precipitation methods (Li et al., 2011). However, this method requires long 

time for the reaction and more energy is consumed as compared to the fast co-precipitation method 

with low-cost precursors. 

Recently, thermal decomposition is considered as the synthesis method due to the 

avoidance of harmful sodium hydroxide or external organic solvents. Some mesoporous method 

oxides with high surface and well controlled pore structure, i.e. α-Fe2O3, has already been 

successfully synthesized (Yu et al., 2008). However, it is still insufficient compared to the well-

developed co-precipitation and hydrothermal methods. The existing deficiencies of this method 

need to be further overcome by improving the time consumed and making it favorable for large 

scale production. Cui et al. (2015) used the thermal decomposition of Fe(NO3)3 · 9H2O to form the 

α-Fe2O3 particles, and the results indicated that the surface area of prepared α-Fe2O3 would 

dramatically decreased when the crystallinity is continuously improved by increasing the 

crystallizing temperature. As similar results were found by Gao et al. (2010).  The properties of 

prepared iron oxides were highly depending on the heating rate, calcination time, and calcination 

temperature (Guo et al., 2013). Also, the thermal decomposition method usually forms γ-Fe2O3 

from the Fe3O4 as a precursor which is prepared by co-precipitation, due to the limited successful 

pure crystalline formation (Aliahmad & Moghaddam, 2013). Thus, the calcination temperature 

ranged from 300 to 600 oC were used to provide homogeneous and pure phase specimens with a 

narrow size particle. However, this thermal decomposition was commonly used to prepare α-Fe2O3 
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and γ-Fe2O3, which is rarely used in Fe3O4 preparation compared to faster and simpler co-

precipitation method.  

For the environmental application, iron oxides have limitations including poor recovery 

(i.e., α-Fe2O3) and the size of the particle can be a factor on its overall performance. For the 

magnetic iron oxides, if the size is too small (<12 nm) magnetic separations would require large 

external magnetic fields to overcome opposing forces, which can lead to high cost separator. There 

are no investigations mentioned on the possibilities of scaling up the synthesis for the iron oxides 

nanomaterials in order to demonstrate their real-world application to remove heavy metals from 

wastewater effluent. Most of researches were studying adsorption capacity of pollutants. Also, 

research done applied simple magnet separation, which lack a comprehensive magnetic separation 

system, such as magnetic field, size, shape, and placement of designed magnet. For example, Zhao 

et al. (2014) investigated prepared S-doped Fe3O4 by hydrothermal for copper adsorption and 

found that the adsorption capacity of 54.7 mg/g and the magnetic Fe3O4 particles could be 

magnetically separated and regenerated.  

However, iron oxide is abundant, relatively non-toxic and low-cost product. Iron oxides 

can be an effective and specific adsorption of heavy metals as reviewed in the literature. 

Nevertheless, they often lead to problems such as activity loss due to agglomeration, difficult 

separation, and excessive pressure drops when applied in flow-through systems, since they are 

usually present as fine or ultrafine particles (Cumbal & SenGupta, 2005).  

 Synthesis methods and adsorption properties of iron oxides are summarized and presented 

in Table 2-12. 
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Table 2-12. Comparison of Fe3O4 on synthesis method, properties and adsorption on heavy metals 

Materials Precursors 
Method of 

synthesis 

Size, 

nm 

Surface 

area, 

m2/g 

Magnetization, 

emu/g 
Pollutant 

dose, 

g/L 
pH 

Time, 

hr 
Adsorption Reference 

Fe3O4 
FeCl2, FeCl3, 

and 1M NaOH 

Chemical co-

precipitation 
17 -- -- As3+ 2 6 24 5.68 mg/g 

Luther et al. 

2012 

Fe3O4 
FeCl2, FeCl3, 

and 1M NaOH 

Chemical co-

precipitation 
8 190 -- 

Cu2+ 

25 4 24 

99.8% 

Shen et al., 

2009 

Cr2+ 97.6% 

Cd2+ 84.7% 

Ni2+ 88.5% 

Fe3O4 
FeCl2, FeCl3, 

and 2M NaOH 

Chemical co-

precipitation 
20 -- 32.9 Cu2+ 1.07 5.5 1 97.8% Kanthimathi 

et al., 2013 Co2+ 2.7 5.4 0.17 99.2% 

Fe3O4 
FeCl2, FeCl3, 

and 5M NaOH 

Chemical co-

precipitation 
19.3 60 -- As3+ 0.1 8 1 1.13 mg/g 

Shipley et 

al. 2010 

n-Fe3O4 
FeCl2, FeCl3, 

and 5M NaOH 

Chemical co-

precipitation 
12 100.52 -- 

As5+ 
10 5 24 

66.53 mg/g 

Iconaru et 

al. 2016 

Cu2+ 10.67 mg/g 

c-Fe3O4 Sigma Aldrich (CAS no. 637106) 80 6.81 -- 
As5+ 

10 5 24 
39.26 mg/g 

Cu2+ 9.06 mg/g 

S-doped 

Fe3O4 

FeCl2, FeCl3, 

NaOH (433 K, 

6 h) 

Hydrothermal 5-20 Fail 14.8 Cu2+ 0.625 5 24 54.7 mg/g 
Zhao et al. 

2014 

Fe3O4 

FeCl3, Citric 

acid (200 oC, 

24 h) 

Hydrothermal 120 123 82.5 
Cr5+ 

0.6 5 5.5 
4.16 

Han et al., 

2011 Hg2+ 10 

α-Fe2O3 
FeSO4 • 7H2O 

(200 oC) 

Thermal 

decomposition 
9.8 111 -- Congo Red 1.5 -- 2 53 mg/g 

Yu et al., 

2008 

urchin-

like α-

Fe2O3 

Fe(NO3)3•9H2O 

(200 oC, 20 

min) 

Thermal 

decomposition 

10-

130 
38 0.72 -- -- -- -- -- 

Cui et al, 

2015 

NiFe2O4 

FeSO4 • 7H2O,  

NiCl2 • 6H2O, 

AOT (300 oC, 

60 min) 

Thermal 

decomposition 
2.5 301.6 4 AO7 1.5 -- 2 61.3 mg/g 

Gao et al., 

2010 

5
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2.5.2. Surface Modified Iron Oxide Adsorption of Heavy Metals from Aqueous Solution 

Currently, there is a challenge to separate and recover sorbent materials from contaminated 

water. The magnetic iron oxide nanomaterials provide a viable solution to collect and remove toxic 

species. This advantage is that materials can be easily removed from the system by simply applying 

an external magnetic field. There have been many studies reported using these materials for 

cleanup of heavy metals including arsenic, chromium, cobalt, copper, lead, and nickel from the 

aqueous synthetic solutions and natural water systems. Table 2-13 summarized heavy metal ions 

adsorption by modified magnetic Fe3O4.  

For copper ion (Cu2+), Lin et al., (2011) modified the surface of magnetic Fe3O4 with SiO2 

and N-[3-(trimethoxysilyl)propyl]-ethylenediamine (TPED) to generated a new adsorbent, which 

has a higher surface area then Fe3O4. They found that the maximum adsorption capacity was 10.41 

mg/g at pH 5.5. The adsorption process was rapid initially but gradually became slower due to the 

decreasing active sites. Also, they found 0.1 M of HNO3 would be a great desorbing agent and 

there was a 13.6% loss in adsorption capacity from the regeneration test. Hao et al. (2011) modified 

the surface Fe3O4 with 1,6-hexadiamine to synthesize MNP-NH2 nanoparticles. They found that 

the maximum adsorption capacity was 25.77 mg/g and no difference was observed in desorption 

capacity of the adsorbent during 15 sorption–desorption cycles indicating that the nano-adsorbent 

had good reusability. Peng et al. (2010) modified the surface of magnetic chitosan particles which 

was an effective adsorbent to remove copper from aqueous solution. They found that the maximum 

adsorption capacity was 144.9 mg/g which was due to the hydroxyl and amino groups on the 

adsorbent surface. Badruddoza et al. (2011) used the carbodiimide method to graft the 

carboxymethyl-β-cyclodextrin (CM-β-CD) onto the magnetite surface. They found that the 

maximum adsorption capacity is 47.2 mg/g which is due to the oxygen atoms on the adsorbent 
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surface as the main binding sites for copper removal. Liu et al. (2013) investigated EDTA 

functionalized magnetic nanoparticles for removal of copper with adsorption capacity of 

46.27 mg/g. Lan et al. (2013) synthesized magnetic hyaluronic acid (Fe3O4@SiO2-HA) 

microspheres and they found that adsorption capacity increased from 6 to 12.2 mg/g as pH 

increased from 2 to 6.8 and slowly decreased to 11.6 at pH 8.  

For cadmium ion (Cd2+), Yang et al. (2014) used synthesized chitosan combined with 

Fe3O4 nanoparticles to remove Cd2+ ion. The maximum removal efficiency of 93% occurred at pH 

6 with initial Cd2+ concentration of 100 mg/L. They also found that Cd2+ removal capacity 

increased with initial concentration and the maximum adsorption capacity reached 201.2 mg/g for 

an initial concentration of 1000 mg/L. They suggested that this adsorption behavior was impacted 

by surface charge and proton competitive adsorption. Tu et al. (2012) used magnetic CuFe2O4, 

manufactured from industrial sludge, as green low-cost adsorbent to remove Cd2+ ion. From their 

results, Cd2+ adsorption capacity was 13.9 mg/g at an initial concentration of 100 mg/L and pH of 

6.0.  Gong et al. (2012) synthesized the shellac coated iron oxide particles to adsorb Cd2+ ion 

chemically. They found that the maximum adsorption capacity was 18.8 mg/g and was due to the 

surface charge and carboxyl groups on the adsorbent surface interacting with Cd2+ ion. 

For lead ion (Pb2+), Han and Wei (2012) fabricated Fe3O4 microroses and explored the 

possibility of (Pb2+) removal during water treatment. The Fe3O4microroses with surface area of 

43 m2/g and maximum adsorption capacity was 46.5 mg/g occurred at pH of 5.5 and initial (Pb2+) 

concentration of 80 mg/L.  Peng et al. (2014) synthesized magnetic Fe3O4 with silica xanthan gum 

to remove Pb2+ ion from aqueous solution. They found the maximum adsorption capacity was 

21.32 mg/g and the order of adsorption was in the order of: Pb2+ > Cu2+> Cd2+.  

https://www.sciencedirect.com/topics/chemical-engineering/hyaluronic-acid
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Table 2-13. Modified magnetic Fe3O4 for heavy metal ions adsorption 

Surface 

modification 

Size, 

nm 

Surface 

area, m2/g 

Magnetization, 

emu/g 
Metal 

Dosage, 

g/L 
pH 

Equilibrium 

time, hr 

Adsorption, 

mg/g 
Reference 

SiO2 and 

TPED 
-- 72.89 61.8 Cu2+ 10 5.5 24 10.41 

Lin et al., 

2011 

1,6-

hexadiamine 
78.7 -- 90.6 Cu2+ 0.1 6 0.08 25.77 

Hao et al., 

2010 

chitosan 98 -- -- Cu2+ 1.5 4.5 1 144.9 
Peng et al. 

2010 

CM-β-CD -- 110.9 -- Cu2+ 12 6 0.5 47.2 
Badruddoza 

et al. 2011) 

EDTA 312.3 -- 81.42 Cu2+ 0.1 6 0.08 46.27 
Liu et al. 

2013 

SiO2-HA 32 -- 44.59 Cu2+ 0.6 6.8 2.5 29.42  
Lan et al. 

2013 

chitosan -- -- 26.42 Cd2+ 1.3 6 0.5 201.2 
Yang et al. 

2014 

CuFe2O4 20-90 69.06 62.52 Cd2+ 5 6 0.5 13.87 
Tu et al. 

2012 

shellac 25 56.95 39.1 Cd2+ 41.6 8 1 18.8 
Gong et al. 

2012 

microroses 500 43 -- Pb2+ 1.67 5.5 1.3 46.5 
Han and 

Wei, 2012 

silica–XG 20-50 137.48 32.84 Pb2+ 2.5 6 2 21.32 
Peng et al. 

2014 

5
7
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2.5.3. Magnetic Iron Oxides Composites with Porous Support 

An effective approach to overcome these technical drawbacks is to fabricate hybrid 

adsorbents by impregnating or coating iron oxides particles into/onto porous supports of larger 

size (Hua et al., 2012). Some widely used supports include natural materials such as bentonite 

(Oliveira et al., 2003), sand (Hansen et al., 2001), zeolite (Oliveira et al., 2004; Faghihian et al., 

2013), and synthetic polymer materials (Pan et al., 2010). Some host-supported iron oxides for 

heavy metal removal are summarized in Table 2-14. 

Trakal et al. (2016) reported impregnating biochar with magnetite to improve the 

adsorption of Cd2+ and Pb2+ ions. Oliveira et al. (2003) investigated metals adsorption behavior of 

a composite of clay (bentonite) combined with magnetic iron oxides in a mass ratio of clay/iron 

oxide of 0:1, 1:1, 1.5:1, and 2:1. The results showed that magnetization decreased as follows: 62, 

27, 18, and 8 emu/g with the iron oxide content decreased as follows: 95%, 55%, 40%, and 33% 

wt. Oliveira et al. (2004) investigated the adsorption of a composite made of NaY-zeolite and 

magnetic iron oxides in a mass ratio of 3:1. They found magnetization is 18 emu/g with an iron 

oxide content 8% wt, as compared to 62 emu/g of pure iron oxide. Both studies showed that 

adsorption capability of magnetic composites were not reduced but the magnetization could 

improve the magnetic separation of the adsorbent from its medium. Also, Faghihian et al. (2013) 

used different zeolites as support materials to impregnate iron oxide by direct liquid precipitation 

and thermal method (Pan et al., 2010), and obtained magnetization of 19.5 emu/g. Jang et al. (2008) 

used similar synthesis method to prepare iron oxide-coated granular activated carbon. Maleki et 

al. (2019) investigated that use of geopolymer combined with magnetic iron oxide of different 

mass ratios for heavy metals removal. Their results showed that the adsorbent has high removal 

efficiency for heavy metals.
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Table 2-14. Comparison of magnetic composites' properties and adsorption on heavy metals. 

 

Host material 
Method of 

synthesis 
Size 

BET 

surface 

area, m2/g 

CEC, 

cmol/kg 

Ms, 

emu/g 
Pollutants 

dose, 

g/L 
pH 

Time, 

hr 

Adsorption 

capacity  
Reference 

Nut shield 

biochar  

Chemical co-

precipitation 

25-100 

nm  
356 366 -- 

Pb2+ 
2 5 24 

179 mg/g Trakal et 

al., 2016 Cd2+ 50.6 mg/g 

bentonite 
Chemical co-

precipitation 
-- 58 -- 8 

Ni2+ 

2 3 24 

40 mg/g 

Oliveira et 

al., 2003 

Cu2+ 50 mg/g 

Cd2+ 74 mg/g 

Zn2+ 75 mg/g 

NaY-Zeolite 
Chemical co-

precipitation 
16 nm 381 -- 18 

Cr3+ 

1.67 5 24 

49 mg/g 
Oliveira et 

al., 2004 
Cu2+ 87 mg/g 

Zn2+ 114 mg/g 

Zeolite A 
Chemical co-

precipitation   

65.8 

nm 
-- 

81.4 – 

95.2 
19.5 

Cs+ 
10 8 2 

229.3 mg/g Faghihian 

et al., 2013 Sr2+ 89.05 mg/g 

Porous 

cation-

exchange 

resin D-001 

Direct liquid 

precipitation 

and thermal 

treatment 

0.4 – 

0.6 μm 
28200 430 -- 

Pb2+ 

0.5 4.5-6 2 

332 mg/g 
Pan et al., 

2010 
Cu2+ 89 mg/g 

Cd2+ 157 mg/g 

granular 

activated 

carbon 

Direct liquid 

precipitation 

and thermal 

treatment 

126 μm 300 – 600  -- -- As5+ 0.1 7.5 8 60 mg/g 
Jang et al., 

2008 

Geopolymer 
Chemical co-

precipitation 
-- 2.32 -- -- 

Cu2+ 

5 7 2 

99% 

Maleki et 

al., 2019 

Ni2+ 99% 

Pb2+ 92-94% 

Cd2+ 96-97% 

Hg2+ 92% 

5
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2.5.4. Application of Magnetic Field in Water/wastewater Treatment 

As in above sections, the magnetic iron oxides or its composites can be used as adsorbent 

for the removal of heavy metals in aqueous solution. However, there is still a drawback in its 

application for water/wastewater treatment, if it is in fine particle or powdered form. The additional 

separation step to remove such materials from solution is inevitable.  

A problem with these materials is that the magnetic material is widely dispersed in the host 

material particle or upon its surface. This is inherent in their compositions, since powdered 

magnetic material (magnetite) is used and in only a minor amount to impart the magnetic property. 

Thus, depending on the particular composition, the magnetic material is dispersed throughout a 

matrix as small particles of the host material, or concentrated on the surface.  

When these magnetic materials are comminuted, host fines are usually formed that free the 

magnetic material cannot be magnetically separated. Thus, magnetic separation requires the 

particles to be relatively large to maintain their magnetic properties. Accordingly, the non-

magnetic fines formed cannot be recovered. Thus, the recovery requires relatively large host 

particles.  

Another problem with some magnetic compositions, is that their magnetic properties are 

not sufficiently “soft” compared to the Fe3O4. It is desired that the host become magnetic only 

during exposure to the magnetic field used to separate the carbon particles from the solution. Any 

residual or “hard” magnetism that remains only complicates the separation process since the host 

particles stick together and foul the process machinery. 

Table 2-15 presents the several researches studying the effects of magnetic field on the 

wastewater treatment.  
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For instance, magnetic field were applied for removal of heavy metals (Kamariah, 2006; 

Bée et al., 2011; Girginova et al., 2010, Xu et al., 2009) and organic dyes (Hao et al., 2009; Fang 

et al., 2010; Hu et al., 2010).  

Turbidity and suspended solids have also been significantly removed by the application of 

magnetic field (Kamariah, 2006, Chin et al., 2006, Zularisam et al., 2007).  

Chin et al. (2006) used magnetic nanoparticles as an adsorbent to reduce the turbidity of 

wastewater. In treating chemical polishing wastewater, turbidity was reduced from 9500 to 1.07 

NTU under an 80 mT magnetic separator with further decreased to 1.04 NTU under 130 mT at 30 

min (Chin et al., 2006). This reduction differs greatly from that achieved by the process without 

magnetic treatment, in which a smaller reduction in turbidity, 9500 to 6.3 NTU, was obtained even 

within a longer period (60 min) (Chin et al., 2006).  

In this particular modified magnetic treatment of a coagulation system, magnetite seeding 

was employed, and a magnetic separator of the specified intensity was used in the later stage. This 

was achieved by electrostatic attraction arising from the fact that they are highly oppositely 

charged. Collisions between magnetite seeds and silica nanoparticles eventually enhanced the 

coagulation process, thus improving turbidity reduction. 

In general, significant enhancements were observed when wastewater treatment systems 

are coupled with magnetic application. This technique shortens the start-up time and removal 

performance of the systems. In addition, physical treatment systems are remarkably improved with 

the implementation of a magnetic field. 
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Table 2-15. Applications of magnetic field on the wastewater treatment 

Treatment Magnetic material Magnet type Magnetic intensity, mT Removal Reference 

Pb2+ magnetic beads NdFeB magnet 80 or 4.5 × 10−5 N 50% Bée et al., 2011 

Fe2+ 

-- Permanent magnet 550 

98.7% 

Kamariah, 2006 Mn2+ 92.5% 

Turbidity 94.3% 

Hg2+ silica coated magnetite NdFeB magnet 1480 74% Girginova et al., 2010 

Cr5+ Magnetic powder Magnetic pieces 6 84.73 Xu et al., 2009 

Turbidity -- 
Electromagnetic 

system 
67 49% Zularisam et al., 2007 

Turbidity 
Magnetite 

nanoparticles 
Permanent magnets 80 

110 NTU to 

7 NTU 
Chin et al., 2006 

organic dyes 
ferromagnetic 

particles 
Permanent magnet 200 80% Fang et al., 2010 

Methylene 

blue 

magnetite 

nanoparticles 
NdFeB magnet 300 95.3% Hu et al., 2010 

Methylene 

blue 
magnetic piece Permanent magnet 80 – 320  

> 10% with 

increased 

intensity 

Hao et al., 2009 

6
2
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2.5.5. Advantages and Limitations of Magnetic Adsorbent in Water/wastewater Treatment 

Many studies have been conducted on the potential application of magnetic field in various 

environmental engineering systems, specifically, in water and wastewater treatment systems. As 

mentioned earlier, the application of a magnetic field as an aid would facilitate the system 

significantly due to its ability to overcome the constraints of conventional treatment processes. 

The advantages of magnetic field implementation in water and wastewater systems can be 

summarized as follows: 

 Use of permanent magnets as an aid in the system is its low initial cost. The strength of the 

magnet can last for many years (Higashitani & Oshitani, 1997).  

 The operation time is potentially shortened with magnetic field exposure towards a 

treatment system, since the effect of magnetic field can speed up the treatment processes 

(Chin et al., 2006). 

 The operation is simple as it is applied directly to the influent or sludge requiring treatment. 

When a magnetite or magnetic adsorbent is used as the mode of magnetization, the 

adsorbent can be recycled and regenerated for further use, while maintaining higher 

adsorption efficiency (Girginova et al., 2010).  

Nevertheless, there are also limitations that need to be considered in the implementation of 

magnetic field in water and wastewater treatment systems. In terms of practical use, exposure to 

magnetic intensity is the most critical aspect that has to be considered. Also, the adsorption 

capacity of the adsorbent maybe limited by the magnetite as compared the adsorbents with 

magnetite. To prolong the efficiency of magnetite, proper synthesis method is required to form the 

large surface area so that the life of magnetite can be extended. In addition, using an effective 
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adsorbent as support or host material (i.e. geopolymer materials) with magnetic aid could be 

developed to be used as the magnetic separator.  

Based on the advantages and limitations of the magnetic field applications, it can be 

inferred that this technology can be reliable and beneficial for the enhancement of water and 

wastewater treatment systems. The limitations are challenges that can be overcome through further 

research and improvement. 

2.6. Knowns and Unknowns 

The role of fly ash-based geopolymer in removal of heavy metals from wastewater has 

been investigated. Adsorption can be affected by a number of factors, such as adsorbent dosage, 

particle size, contact time, initial concentration, pH, temperature of the aqueous solution. 

Generally, percent adsorption increased with increased adsorbent dose, contact time, and agitation 

speed. However, favorable conditions may be different for different materials and adsorptions. For 

each type of material, there is a neutral pH beyond at which the material will be either positively 

or negatively charged. For every heavy metal, there is a favorable pH range in which maximum 

adsorption was observed.  

Adsorption of heavy metal ions from aqueous solutions using fly ash-based geopolymer as 

an adsorbent has been studied. However, there are several issues and drawbacks that need to be 

addressed. These can be summarized as shown below: 

 In most studies, little attempts were made to relate the characterization results with the 

performance of the adsorbents for the removal of heavy metals. 

 Metal ion adsorption is known to be pH dependent. In most of the cases, the pH effect was 

invariably investigated in terms of the initial pH of the solution. However, there were no 

mention in these studies the change in the solution pH during the course of exposure. 
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 Competitive metal adsorption on various adsorbents was reported in a few cases. However, 

there is scarce of data on the adsorption of heavy metals in presence of organic and other 

contaminants. 

 Selection and identification of an appropriate low-cost adsorbent is one of the key issues 

in the development of adsorption technologies. 

 Leaching of fly ash-based geopolymer in water is very important in order to see the 

dissolution of the various substances present in the wastes. This interference will lead to 

erroneous results in the adsorption experiments. However, very few authors studied the 

leaching of geopolymer when used as an environmental material such as an adsorbent.  

 Adsorption mechanisms of heavy metals from wastewater need to be studied in detail such 

as the binding mechanism of heavy metals with fly ash-based geopolymer. This can be 

done by blocking the functional group responsible for the adsorption of heavy metals. 

However, in very few cases the binding mechanism is reported. 

 To promote the adsorption capacities, composite materials with a mixture of geopolymer 

and other materials can be developed. 

 The cost of the fly ash-based geopolymer compared to other adsorbents is seldom reported 

in any of the publications. However, the expense of individual adsorbents varies, depending 

on the processing conditions and local availability. In spite of the scarcity of consistent cost 

information, the widespread uses of low-cost adsorbents for wastewater treatment 

applications today strongly shows the research efforts in this area. If low-cost adsorbents 

such as fly ash-based geopolymer can perform well in removing heavy metals at a low cost, 

they can be adopted and widely used in industries. Therefore, a cost–benefit analysis of 
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using low-cost adsorbents for heavy metal removal needs to be conducted to judge the 

economic feasibility of its practical use in wastewater treatment applications today. 

Some future work is proposed below.  

 To control the production and improve the performances of fly ash-based geopolymer, 

reaction mechanisms of the silica-aluminate polymer need to be explored in detail. 

 Changes in preparation and curing conditions to create improved fly ash-based geopolymer 

with high stability and of high porosity is still needed. 

 Stabilizing the fly ash-based geopolymer by changing the recipes so that toxic metals 

adsorption or just exposure to aqueous conditions will minimize release of secondary 

cations.  

 Instead of using fly ash-based geopolymer as alternative cement, it is also possible to create 

fly ash-based geopolymer with more functionalities or unique properties. Consequently, 

new applications of fly ash-based geopolymer are worth exploring and can be found. 

 Fly ash-based geopolymer with addition of magnetic iron oxides is an improvement in 

terms of adding more functionalities to the geopolymer. However, it is possible that further 

refinements can be made to the magnetization properties such as tunable properties to 

optimize separation, recycle and regeneration of the magnetized particles.   
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 CHAPTER 3. SYNTHESIS OF FLY ASH-BASED GEOPOLYMER AND ITS 

ENVIRONMENTAL IMPACT AND APPLICATIONS 

3.1. Abstract 

In this study, fly ash-based geopolymer were synthesized from Class-F fly ash and slag 

with an alkaline activating solution consisting of SiO2/Na2O. The geopolymer samples were 

characterized for their physical-chemical properties and their surface properties using XRD and 

SEM imaging. The geopolymer samples were also tested to investigate their environmental 

impacts when used for environmental applications. Results showed that the geopolymer samples 

can achieve compressive strength of about 50 MPa at the age of 7 days which is comparable to 

concrete materials. In an aqueous solution, the geopolymer samples increased the pH of the 

solution due to the alkaline nature of the activator solutions and fly ash. The geopolymer samples 

exhibited removal of copper from solution with specific removal capacity as high as 29 mg/g, 

which was comparable or larger than other materials and adsorbents such as zeolite or activated 

carbon. With its good physical-chemical properties, the geopolymer can be used in neutralizing 

acid waste streams and act as a reactive material for removal of heavy metals.  

3.2. Introduction 

Currently, there is a significant trend in recycling of waste materials (i.e., plastic, plant 

materials, fly ash and slag) and converting them to usable and valuable materials in support of a 

sustainable economy. These materials such as sewage sludge ash (Pan et al., 2003), fly ash (Panday 

et al., 1999), slag (Dimitrova, 1996), tree bark (Mulgund et al., 2011), and plant leaves (Al-Subu 

et al., 2011), are low cost or available at no cost and may be available in large quantities. One 

particular waste material which has drawn much attention recently is fly ash from coal-fired power 

plants.  
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Recently, fly ash has been widely used as the main material to produce geopolymer 

(Davidovits at 1989) as an alternative building or structure material. Geopolymer is produced by 

the reaction of alumina-silicate oxides in the fly ash and an alkali silicate solution under highly 

alkaline conditions. Geopolymer is generally used as a possible building material but recently it is 

also promoted for environmental applications, such as an adsorbent for heavy metals and 

environmental remediation. Some recent researches include batch adsorption of Cu2+ using fly ash-

based geopolymer (Wang et al., 2007; Mužek et al., 2014; Al-Harahsheh et al., 2015) and 

metakaolin-based geopolymer (Ge et al., 2015; López et al., 2014; Kara et al., 2017). Cheng et al. 

(2012) reported adsorption capacities of 48.78 mg/g for Cu2+, 147.06 mg/g for Pb2+, and 67.57 

mg/g for Cd2+ using metakaolin-based geopolymer. Using fly ash-based geopolymer, Al-Zboon et 

al. (2011) reported an adsorption capacity of 166.55 mg/g for Pb2+ for their batch adsorption 

experiments.  

The aim of this study is to use different amounts of Class-F fly ash and slag to synthesize 

geopolymer with different concentrations of alkaline solution. The synthesized materials were 

characterized for their physical-chemical properties and the environmental impact of the 

geopolymer as an environmental material was investigated. The impact of geopolymer is an 

aqueous environment and as an adsorbent for a metal pollutant (Cu2+) were studied. Environmental 

impact studies include pH change in aqueous system for different contact times, initial pHs, and 

initial copper concentrations. 

3.3. Methods and Materials 

3.3.1. Raw materials 

Class F fly ash with a specific gravity of 2.61 g/cm3 and a total specific area of 426 m2/kg 

was used in the synthesis of geopolymer. Slag used was ground granulated blast-furnace slag 
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(GGBFS) with a specific gravity of 2.50 g/cm3 and a total specific area of 455m2/kg. Both raw 

materials were obtained from Ash Grove Cement Co., Overland Park, Kansas. 

The chemical compositions of Class F fly ash and slag are shown in Table 3-1 (from Ash 

Grove Technical Center, 2016). Fly ash mainly consisted of SiO2 (57.06%) and Al2O3 (18.82%). 

Its CaO content was less than 15% which was in compliance with ASTM C618 (2004). The main 

constituents in slag were SiO2 (36.5%) and CaO (41.1%). As such, using slag to partially replace 

the fly ash in geopolymer mixture would affect the strength, due to the higher content of CaO and 

MgO in the geopolymer. The calcium in the system is known to shorten the setting time which 

could increase the rate of strength gain of geopolymer (Van Jaarsveld et al., 2002). Some studies 

have shown that the presence of calcium resulted in an increase in the compressive strength of the 

geopolymer (Dombrowski et al., 2007; García‐Lodeiro et al., 2010; Oh et al., 2010). 

Table 3-1. Chemical compositions of fly ash and slag from Ash Grove Technical Center, 

2016 

Major oxides compositions (wt %) Fly ash (Class-F) Slag 

Si 57.06 36.5 

Al 18.82 8.54 

Fe 5.43 0.83 

Ca 11.8 41.1 

Mg 2.89 9.63 

S 0.45 0.6 

Na 0.64 0.29 

K 1.12 0.44 

Ti 1.22 1.32 

P 0.22 0.32 

Mn 0.06 0.16 

Sr 0.24 0.27 

LOI 0.03 2.46 

Note: All values in mass %, expressed on an oven-dry basis; LOI: loss on ignition at 1000 oC. 
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The activator used in making the geopolymer consisted of NaOH (solid) and Na2SiO3 

(water glass, liquid). Their specifications are listed in Table 3-2. 

Table 3-2. Specifications of sodium silicate solution and sodium hydroxide. 

Product Sodium silicate solution (Na2SiO3) Sodium hydroxide (NaOH) 

Company Sigma-Aldrich Fisher Scientific 

Grade Reagent Certified ACS 

Composition Na2O: 10.6%, SiO2: 26.5% NaOH Solids (≥97%) 

Density 1.39 g/mL 2.13 g/mL 

Formula (NaOH)x (Na2SiO3)y · zH2O NaOH 

 

3.3.2. Synthesis of the fly ash-based geopolymer 

The process for synthesizing fly ash-based geopolymer is shown in Figure 3-1.   

A specified quantity of fly ash sample was mixed with the alkaline activating solution 

(activator). The activator consisted of sodium silicate solution with solid NaOH giving a desired 

modulus (molar ratio SiO2:Na2O) of 1.0. Deionized water was used to dilute the concentration of 

the alkaline activating solution. The activator was allowed to equilibrate to room temperature prior 

to use. The ratio of alkaline liquid to fly ash used was 0.33. The obtained paste was mixed for 5 – 

10 min, placed in 2”×2”×2” cubic molds according to ASTM (C 109, 2013) and then pre-cured 

for 24 hours at room temperature (22 – 25 oC). This process induced significant dissolution of 

silica and alumina from the fly ash resulting in a continuous matrix phase and an increase in the 

homogeneity of the geopolymer. The samples were demolded, placed in a closed cylindrical glass 

container and cured at a temperature of 50 oC in an oven for 7 days. The curing process was found 

to be beneficial in developing the strength of the geopolymer (Bakharev, 2006). The geopolymer 

samples were then washed at least 3 times with 200 mL of water to remove the excess sodium 

hydroxide. The samples were then crushed and grounded to obtain a particle size in the range of 
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0.42 – 2 mm by using a U.S. Standard Mesh Size No. 10 sieve (2 mm) (generally specified as 85% 

passing) and a U.S. Standard Mesh Size No. 40 sieve (0.42 mm) (generally specified as 95% 

retained). The sieved particles were washed several times with distilled water to remove any 

crushed fine. The sieved samples were then dried overnight at 105 ◦C in a vacuum oven and then 

stored in a desiccator. 

 

Figure 3-1. Procedure for synthesis of fly ash-based geopolymer 

Washed 3 times with 200 mL of water 

Crushed to obtain particles size of 0.4 – 2 mm 

Washed to remove fines 

Dried 24 hours at 105◦C 

Demold and cured 7 days at 50◦C 

Mix 5 – 10 mins 

2” cubic mold and cured 24 hours at room temperature 

Fly ash (Class F) 
Alkaline activating solution 

Na2SiO3 (aq) + NaOH (s) + H2O 
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Table 3-3 presents the five different mixing ratios of geopolymer to investigate the 

influence of alkaline activator dosage (Na/Al) and Si/Al on compressive strength. The names of 

the samples in Table 3-3, for instance, G50, means geopolymer with alkaline concentration of 50% 

(by mass), and 10%S, means 10% of replacement of fly ash by slag in the mixture. In this study, 

the Si/Al molar ratio of the sample ranged from 2.74 to 2.90. Some studies performed on 

geopolymer with varying Si/Al ratios (Xu and Van Deventer, 2000; Fletcher et al., 2005; De et al., 

2007), indicated that the optimum Si/Al molar ratios were around 2 – 3 and Si/Al ratio lower or 

higher than the optimum ratio would significantly impact the compressive strength. In addition, 

the high alkaline activator dosage would not only enhance the polymerization of the geopolymer 

structure but also create more pores (De Silva et al., 2007). Davidovits (2008) indicated that for 

fly ash-based geopolymer with a Si/Al ratio in the range of 2 to 3, the geopolymer may have the 

presence of both (poly) sialate-siloxo (-Si-O-Al-O-Si-O-) and (poly) sialate-disiloxo (-Si-O-Al-O-

Si-O-Si-O-) polymer structures.  

Table 3-3. Synthesis of fly ash-based geopolymer 

Fly ash-

based 

geopolymer 

Samples 

Molar 

conc. of 

NaOH 

(mM) 

Alkaline activator 

solution (Mass 

ratio of Na2SiO3 : 

NaOH : H2O) 

Mass ratio of 

alkaline 

solution : 

solids 

Module of 

water glass 

(Molar ratio of 

SiO2:Na2O) 

Molar 

ratio of 

Si/Al 

Molar 

ratio of 

Na/Al 

Molar 

ratio of 

H2O/Na 

G50 4.45 0.41 : 0.09 : 0.50 0.33 1 2.74 0.38 7.83 

G60 6.68 0.49 : 0.11 : 0.40 0.33 1 2.77 0.45 4.46 

G70 10.38 0.58 : 0.12 : 0.30 0.33 1 2.80 0.51 2.50 

G60+10%S 6.68 0.49 : 0.11 : 0.40 0.33 1 2.83 0.47 4.49 

G60+20%S 6.68 0.49 : 0.11 : 0.40 0.33 1 2.90 0.49 4.52 

Note: G – geopolymer; 50, 60, and 70 – alkaline concentration in liquid activator; S – slag. 
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3.3.3. Characterization 

The physical properties of the fly ash-based geopolymer samples measured were particle 

density and the compressive strength (ASTM C 109, 2013). Scanning electron microscopy (SEM) 

and X-ray diffraction (XRD) were conducted to characterize the surface and crystallization of the 

geopolymer. Other physical-chemical properties such as specific surface areas, cation exchange 

capacity, and pH at point of zero charge can be found in Appendix A which included method 

procedures and results. All samples used in the characterization were oven dried at 105 oC for 4 

hour and cool to room temperature in a desiccator.  

3.3.4. Environmental impact 

Due to its alkaline nature, experiments were carried to investigate the environmental impact 

of geopolymer particles (0.42 – 2 mm) in an aqueous solution and their ability to adsorb metal 

ions. This study investigated the pH change of the aqueous solution and the amount of Cu2+ ion 

removed for different dosages of geopolymer, contact times, and initial pHs of the aqueous 

solutions. The geopolymer selected for this part of the study was based on the results of the 

physical-chemical characterization of the geopolymer samples.  

All the experiments were performed using 100 mL Erlenmeyer flasks containing the 

desired mass of geopolymer and 50 mL of a solution with Cu2+ ion. The flask was shaken gently 

with speed of 200 rpm at room temperature (22 – 25 oC) for about 48 hours. The reacted suspension 

was filtered, and the pH of filtrate measured with a pH meter. The residual concentration of copper 

ion in the filtrate was analyzed using an inductively coupled plasma (ICP) atomic emission 

spectrometer (ICPE-9800 Series, Shimadzu Corporation, Kyoto, Japan).  

Stock solutions of Cu2+ (1 – 300 mg/L) were prepared from analytical grade CuSO4.5H2O 

(Fisher Scientific, Pittsburgh, PA, USA). In this study, the initial pH of solution used was adjusted 
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to pH values of 2.5, 3.0, and 4.0 by using 1 M concentration of H2SO4. All experiments were 

carried out in duplicates.  

The amount of Cu2+ removed by the geopolymer at the end of the experiment (Qt) was 

estimated using:  

𝑄𝑡 = (𝐶0 − 𝐶𝑡) × 𝑉/𝑚 

where C0 and Ct (mg/L) are the liquid-phase metal ion concentrations at initial and final conditions, 

V is the volume of the solution (L) and m is the mass of geopolymer used (g). 

3.4. Results and Discussions 

3.4.1. Physical-chemical characteristics of fly ash-based geopolymer 

The physical properties of geopolymer including particle density and compressive strength 

are shown in Table 3-4. The particle density of the five prepared samples were similar at about 2.1 

g/cm3, even for the materials with 20 % substitution of slag.   

Table 3-4. Properties of fly ash-based geopolymer (size: 0.42 - 2 mm) 

Fly ash-based 

geopolymer Samples 
Particle density, g/cm3 

Compressive strength for 2” cubic paste 

(7-days), MPa 

G50 2.13 ± 0.56 36.57 ± 0.36 

G60 2.09 ± 0.41 49.44 ± 2.45 

G70 2.11 ± 0.47 35.68 ± 0.85 

G60+10%S 2.10 ± 0.38 45.72 ± 3.45 

G60+20%S 2.12 ± 0.35 51.09 ± 2.66 

 

The compressive strength of the five samples were different. For the three sample without 

slag addition, the G60 has the highest strength (49.44 MPa) compared to other two samples. G60 

has a Na/Al ration of 0.45 and Si/Al ration of 2.77. G60 results were similar to those reported by 

Zheng et al. (2010), where the high compressive strength (8 - 17 MPa) were reported for a 
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geopolymer with alkaline activator dosage of Na/Al: 0.98-2.07 and Si/Al ratio 1.8-2.7. A low alkali 

content in the activating solution in the mixture cannot promote the dissolution of Si and Al from 

fly ash particles. In contrast, a high alkaline content resulted in low compressive strength, as found 

in other studies by raising the alkali content of activating solution (Komljenović et al., 2010; 

Kupaei et al., 2014; and Rashidian et al., 2018). One reason is that soluble Si from the sodium 

silicate solution in the activator could negatively impact the solubility of fly ash particles resulting 

in a decrease in compressive strength.  

For the sample with 10% slag, the compressive strength (45 MPa) was comparable to that 

of G60, However, with 20% of slag replacement the sample (G60+20%S) exhibited a compressive 

strength of 51 MPa. One possible reason is that the 41% wt of CaO in slag could have resulted in 

the formation of CaOH, aluminosilicate hydrate and C-S-H gels (Chi et al., 2012). Similar results 

were obtained by Ling et al. (2019). Due to the alkaline and reactive nature of geopolymer surfaces, 

the standard test methods for physical-chemical properties such as specific surface area, cation 

exchange capacity, and pH at point of zero charge may not be appropriate for geopolymer. As 

such, these physical-chemical properties are reported in Appendix A. 

3.4.2. SEM-EDX analysis and XRD analysis 

Figure 3-2 shows the SEM images (500x) and EDX spectra for the fly ash (Figure 3-2a) 

and geopolymer samples (G60) (Figure 3-2b), and G60+20%S (Figure 3-2c). The SEM image of 

the fly ash showed the presence of fine spherical particles while both G60 and G60+20% showed 

presence of layer spherical particles and continuous cementation paste which may be the main 

contributor to the compressive strength of the geopolymer. The EDX spectra showed a higher C 

content in the raw fly ash when compared to that of G60 and G60+20%S samples, while G60 and 

G60+20%S samples had higher Na and Si contents due to the addition of the activating solution.  
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Figure 3-2. SEM images (500x) and EDX spectra of (a) Class-F fly ash, (b) geopolymer G60 

and (c) G60+20%Slag 
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Figure 3-3. SEM image (3000x) of matrix of two geopolymer particle samples (G60 and 

G60+20%S). 
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Two SEM images (3000x) were taken for samples G60 and G60+20%S, as presented in 

Figure 3-3. The alkali aluminosilicate hydrate pastes were located at where the hydrates were 

bound to the un-hydrated fly ash particles. Hydrates seemed to form a dense structure with low 

porosity. The integrated structure of non-hydrated cores of fly ash particles shown had a relatively 

high density and hardness that were bounded by relatively dense binders which may explain the 

compressive strength of fly ash–based geopolymer (Liu et al., 2016). 

For geopolymer G60+20%S, some calcite crystals with rhombohedral morphology were 

observed on sample surface, which probably due to carbonation of the sample. Micro-cracks were 

also observed in Figure 3-3, which were probably formed due to the drying of geopolymer particles 

during preparation and pretreatment.  

Both samples G60 and G60+20%S had similar matrix spectra with relatively high Na 

content and low content of Al and Si. The G60+20%S samples had higher Ca content while G60 

has higher content of Al, when compared to each other. From the morphology, there were some 

hydration reactions on the G60 sample surface as shown by the needle shape structures. For 

G60+20%S, there were some rhombohedral shapes which may be assumed as calcite crystals. The 

higher compressive strength of G60+20%S sample as compared to G60 sample may be due to the 

higher content of Ca in slag which can form calcite crystals. 

Figure 3-4 presents the XRD patterns of raw Class-F fly ash and fly ash-based geopolymer 

(G60). Except for several small peak intensity variations, the overall XRD pattern of G60 sample 

was close to that of Class F fly ash, which were mainly quartz (SiO2), mullite (3Al2O3•2SiO2), and 

calcite (CaCO3) crystalline phase as shown in Figure 3-4. It can be implied that the main reasons 

for the variation in the compressive strength of the samples may be attributed to their different 

micro-structures including geopolymer reactions, effect of cracks, and unreacted fly ash particles.  
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Figure 3-4. XRD patterns of Class-F fly ash and fly ash-based geopolymer G60 sample. 

3.4.3. Environmental impact of geopolymer 

Based on the physical-chemical characterization of the five geopolymer, geopolymer G60 

was selected as a geopolymer sample to study its impact on aqueous solution and its ability to 

remove a pollutant such as Cu2+ ion.  

 Effect on solution pH over time 

Experiments with two masses of geopolymer (0.1 g and 0.5 g) in 50 mL of solution at an 

initial pH of 3.0 with 20 mg/L or 100 mg/L of Cu2+ were conducted. Figure 3-5 shows the changes 
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in pH and Cu2+ concentration with time. For experiments with 0.1 g of geopolymer, the pH of the 

solution increased to above pH 6 within 48 hours. For a higher dosage of 10 g/L, a pH of 6.0 was 

reached at slightly more than 4 hours. The increased in pH was due to the release of OH- ions from 

the unreacted activator and from the interaction of H+ ions in solution and calcite. The Cu2+ 

concentration in the experiments decreased with time while the pH increased with time. Plotted on 

Figure 3-5 is the theoretical solubility of copper ion (Stumm and Morgan, 1981). Solubility 

products for copper sulfate and copper hydroxides are pKsp = 2.64 and pKsp = 19.34, respectively. 

For Cu2+ concentration of 100 mg/L, there were a steep decline in the Cu2+ concentration for a pH 

approximately greater than 5.5. Based on the solubility curve for Cu2+, it was likely that for the 

100 mg/L Cu2+ solution, Cu2+ precipitated out from solution around that pH.  

For an initial Cu2+ concentration of 200 mg/L, the color of geopolymer changed from gray 

(original material) to blue, which may indicate a certain level of Cu2+ precipitation as copper 

sulfate or hydroxide (data not provided). 

For the 20 mg/L of Cu2+ solution with 0.1 g of geopolymer, it is also probable that the 

removal of Cu2+ may be due to adsorption onto the surfaces of the geopolymer.  

The above results showed that use of geopolymer for environmental applications will have 

an impact on the pH of an aqueous solution if there are insufficient buffering capacity. However, 

the results also showed that geopolymer can be a useful environmental remedial material for 

solution with low pH and high metal contents such as acid mine drainage, industrial wastewaters 

from metal plating industries, and metal manufacturing industries. The geopolymer can be used to 

neutralize the pH of these wastewaters and at the same time remove the metal ions.   
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Figure 3-5. Change of pH and Cu2+ concentrations with time (50 mL Cu2+ solution; initial 

pH=3.0; Experimental time = 48 hours) (Bold line – theoretical solubility of Cu2+). 

 Effect of solution pH and different initial Cu2+ concentration  

Experiments were conducted using 0.1 g of geopolymer in 50 mL solution with initial 

pHs of 2.5, 3.0, and 4.0 and with Cu2+ concentrations ranging from 5 to 300 mg/L. The final pH 

and Cu2+ concentration in the solution were measured after a contact time of 48 hours. As in the 

earlier experiments (section 3.3.1), the final pH of the solution increased with the addition of 

geopolymer. However, the final pH of the solution exhibits a decreasing trend for increasing 

initial Cu2+ concentration (Figure 3-6). This may be due to the concentration driving force which 

favors the surface affinity for Cu2+ ions in preference to H+ ions, giving a descending trend of the 

final pH for higher initial Cu2+ concentrations.  

Figure 3-6 also indicates a general increase in Cu2+ removal for a higher initial solution 

pH value. This may be attributed to hydrogen ions which act as competitors for available reactive 

sites on the geopolymer surface, and hence at low pH levels, H+ ions are more concentrated, 

resulting in lower Cu2+ removal or increasing Cu2+ solubility. The higher Cu2+ removal for 

concentrations in the range of 300 mg/L could be due to possible precipitation of Cu2+.  
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Figure 3-6. Effect of initial solution concentration on (a) removal of Cu2+ from solution and 

(b) final pH of solution (0.1 g of geopolymer in 50 mL Cu2+ solution with concentrations 

from 5 to 300 mg/L, and contact time 48 hours) 

 Release of alkaline cations and other cations. 

Experiments were conducted to investigate the extent of alkaline cations present in the final 

solution of a solution containing geopolymer with various Cu2+ concentrations. Experiments were 

conducted with a solution with an initial pH of 3.0, reaction time of 48 hours and Cu2+ 

concentrations of 0 to 300 mg/L. As shown in Figure 3-7, the concentration of total alkaline cations 

including Ca2+, Mg2+, K+ and Na+ ions increased with an increase in the initial Cu2+ concentration. 

Possible reasons for the increase are that Ca2+, Mg2+, K+ and Na+ ions were displaced from the 
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geopolymer through dissolution of their solids or an increase in Cu2+ concentration resulted in 

more Ca2+, Mg2+, K+ and Na+ ions being displaced from the surface of the geopolymer by the Cu2+ 

ions. However, from Figure 3-8 total mill-equivalents of Cu2+ removed by geopolymer (G60) was 

1.73 meq/g at initial Cu2+concentration of 300 mg/L. It is possible that some of the alkaline cations 

on the geopolymer surface were displaced by the copper but the majority may be due to dissolution 

of the solids.    

 

Figure 3-7. Amount of released cation in solution at different initial Cu2+ concentrations. 

 

Figure 3-8. Total cation released in solution and removed Cu2+ at different initial Cu2+ 

concentrations. 
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 SEM-EDX after treated with Cu2+ solution 

Figure 3-9 shows the SEM images (1500x) and EDX spectra for the geopolymer (G60) 

after removal of Cu2+. The SEM image of the treated G60 showed the presence of a layer of solid 

(removed Cu2+) and the presence of spherical particles (fly ash). The EDX spectra showed a higher 

Cu2+ content (~20%) on the surface of geopolymer (G60) after treated Cu2+ solution as compared 

to original G60 sample (Figure 3-2b).  Also, the lower Na, Ca, Al and Si content were found on 

the surface of treated G60, which was due to the dissolution of the solids and the geopolymer 

surfaces were occupied by Cu2+ content. In addition, EDX spectra showed a high sulfur content 

(~4.6%) in the G60 after Cu2+ removal, which indicated copper sulfate may have precipitated on 

the surface of geopolymer.  

 

Figure 3-9. SEM images (1500x) and EDX spectra of geopolymer (G60) after Cu2+ removal. 
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3.4.4. Geopolymer in environmental application 

Based on the above properties of the geopolymers, geopolymer can be made into particles 

with various sizes for removal of metals in acidic solution. Experiments of Cu2+ removal were 

conducted to assess the amount of Cu2+ removed by the geopolymer (G60) for two particles size 

0.42 – 2 mm and 2 – 5 mm. The results of this study are presented in Figure 3-10.  

 

Figure 3-10. Effect of geopolymer (G60) particle size on removal of Cu2+ vs. zeolite (0.1 g of 

geopolymer mass, 0.5 g of zeolite mass, initial pH at 3.0; 50 mL of 0-200 mg/L Cu2+ 

solution; contact time = 48 hours). 

Results from Figure 3-10 show that geopolymer (G60) particles of 0.42 – 2 mm size 

resulted in higher removal of Cu2+ than that of geopolymer particles size of 2 – 5 mm.  

Also, geopolymer (G60) with particles size of 0.42 – 2 mm was compared with zeolite 

(0.42 – 2 mm) for removal of Cu2+, which was presented in Figure 3-10. Results show that a 

geopolymer mass of 0.1 g removed more Cu2+ than that of 0.5 g zeolite under the same 

experimental conditions. The estimated removal capacity for the geopolymer was 29.41 mg/g 

while the zeolite value was 4.48 mg/g.  
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In comparison to other-adsorbents and geopolymer-based materials, the removal capacity 

of Cu2+ for this study were similar or better as shown in Table 3-5.  

Table 3-5. Comparison of removal and adsorption capacities of various materials for Cu2+. 

Adsorbent 
Particle 

dimeter, mm 

Dosage, 

g/L 
pH 

Contact 

time, hours 

qmax, 

mg/g 
Reference 

Class-F Fly ash-

based geopolymer 
0.42-2 

0.1 g in 50 

mL 
3 48.00 29.41 This study 

Activated carbon 0.045-0.15 4 5.00 0.75 54.00 
Patnukao et 

al., 2008 

Modified activated 

carbon 
0.5-0.85 10 4.9 48.00 14.92 

Chen et al., 

2003 

Natural zeolite 1-3 37 2.5-4.5 6.00 3.37 
Motsi et 

al., 2009 

Metakaolin-based 

geopolymer 
1.19-1.41 20 4.00 24.00 48.78 

Cheng et 

al., 2012 

Metakaolin-based 

geopolymer 
2-4 1.5 5.00 48.00 52.63 

Ge et al., 

2015 

Fly ash 0.0048 20 8.00 2.00 1.39 
Panday et 

al., 1985 

Fly ash derived 

geopolymer 
0.045 0.15 6.20 72.00 90.00 

Wang et 

al., 2007 

 

For example, the removal capacity for the geopolymer samples in this study was higher 

than the maximum adsorption capacity of activated carbon (14.92 mg/g with a particles size of 0.5 

– 0.85 mm) (Chen et al., 2003). However, the removal capacity for this study was generally lower 

than metakaolin-based geopolymers with reported maximum adsorption capacities of 48.78 mg/g 

(Cheng et al., 2012) and 52.63 mg/g (Ge et al., 2015). Overall, by making the fly ash into a 

geopolymer, the removal capacity of copper was at least 20 times more than the fly ash itself.  
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Although the geopolymer sample has an impact on the pH of the solution, the geopolymer 

itself can be a useful material with environmental applications for treatment of acidic wastewaters 

with heavy metal contamination. Categories of wastewaters include acid mine drainage, metal 

processing industrial wastewaters, and electroplating wastewaters. Because of the high 

compressive strength of the geopolymer, the geopolymer can be made into particle sizes that are 

suitable as a filtration medium for wastewaters. In addition, the geopolymer can be made into pellet 

or gravel-sized material that can be placed in the path of acid mine drainage to neutralize the pH 

and to remove heavy metals in the drainage. 

3.5. Conclusion 

Several fly ash-based geopolymer mixes were made using an alkaline activator solution of 

SiO2/Na2O, Class-F fly ash, and slag. The fly ash-based geopolymer had good compressive 

strength properties and specific surface areas that are comparable to concrete. The geopolymer 

samples were tested for their environmental impact and was found to increase the pH of the 

solution they were exposed to. 

The geopolymer samples were found to have good Cu2+ removal from acidic solution. Cu2+ 

removal efficiency of geopolymer was greater than 98% for an initial concentration of 20 mg/L. 

In addition, Cu2+ precipitations were found when the pH of the solution increased above 6.5.  

The fly ash-based geopolymer could be a potential low-cost material to treat and neutralize 

acid mine drainage or acidic industrial wastewater and as for removal of heavy metals such as 

copper and lead.  
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 CHAPTER 4. FLY ASH-BASED GEOPOLYMER FOR HEAVY METALS 

REMOVAL IN ACIDIC SOLUTION APPLICATIONS 

4.1. Abstract 

Five different geopolymer samples made with different mix proportions were used for 

removal of heavy metals (Cu2+, Cd2+ and Pb2+). In a single metal solution, batch study results 

showed that Pb2+ was favorably removed than Cu2+ and Cd2+, while Cu2+ was the least removed 

of the three metals. In a multi-metal solution, Cd2+ removal was significantly affected due to 

competition while Cu2+ removal was marginally affected. For a single metal solution with an initial 

metal concentration between 5 to 500 mg/L, the asymptotic removal (maximum) capacities found 

for Cu2+, Cd2+ and Pb2+ ranged from 20.66 – 35.21, 28.74 – 42.02, and 116.28 – 121.95 mg/g for 

initial pHs of 2.5, 3.0, and 4.0, respectively, at room temperature of 21 – 23 oC. The geopolymer 

can be used to neutralize the pH of acidic waste streams, such as acid mine drainage and acidic 

industrial waste waters, and at the same time, precipitate and adsorb metal pollutants.  

4.2. Introduction 

Acid mine drainage (AMD) is a global environmental problem and is commonly found in 

old and new mines in the mining industry (Johnson & Hallberg, 2005). Acid mine drainage is 

formed by the oxidation of sulfide such as pyrites to sulfate resulting in an acidic solution which 

in turn causes the release of heavy metals from the overburden.  Common heavy metals found in 

AMD are arsenic, cadmium, zinc, copper and lead, which can ultimately contaminate surface 

waters and groundwaters, and accumulate in soil (Kalin et al., 2006).  

To minimize environmental impact of AMD, the drainage is treated by removing metals 

and neutralizing the acidity. The most common method to treat AMD is by chemical precipitation 

using alkaline materials (Kaur et al., 2018), such as limestone (Iakovleva et al., 2015), caustic 
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soda, and hydrated lime (Skousen et al., 1996). Even through these materials are low cost and have 

high removal efficiencies, some of major disadvantages include needing a large amount of the 

material during treatment, difficulty in separation of the precipitates from liquid, and disposal of 

excess sludge (Feng et al., 2000). Other methods to treat AMD include use of low cost adsorbents 

made from natural materials or waste products. Adsorbents include activated carbon (Baskaran et 

al., 2010), clay (Yavuz et al., 2003), mud (Nadaroglu et al., 2010), and zeolite (Motsi et al., 2009). 

In addition, certain waste products from manufacturing industries or agriculture may have the 

potential to be made into inexpensive adsorbents, such as sewage sludge ash (Pan et al.,2003), fly 

ash (Panday et al., 1999; Gupta & Torres, 1998), slag (Dimitrova, 1996; Dimitrova & Mehandgiev, 

1998), bark (Mulgund et al., 2011), and plant leaves (Al-Subu et al., 2011). However these 

materials tend to have low adsorption capacities and unable to neutralize the acidic pH of AMD. 

Currently, there is a trend in recycling of fly ash and slag from coal-fired power plants and 

cement plants to usable and valuable materials by reacting solid aluminosilicate in the fly ash with 

an alkaline solution. The material formed is identified as geopolymer (Davidovits, 2005). This 

material is easy to make at room temperature and at a low cost. In addition, it can be used as an 

adsorbent for heavy metals. Several researchers have investigated geopolymer as a potential 

material for removal of Cd2+ (Javadian et al., 2015), Ni2+ (Kara et al., 2017), Pb2+ (Al-Zboon et 

al., 2011; López et al., 2014), Cu2+ (Wang et al., 2007; Al-Harahsheh et al., 2015; Ge et al., 2015), 

ammonium (Zhang et al., 2010), and dyes (Atun et al., 2011; Li et al., 2006; and Alouani et al., 

2017). Table 4-1 summarizes the results of above researchers using geopolymer as an adsorbent. 

The adsorption capacities for various geopolymers presented in Table 4-1 show that geopolymer 

has the potential material to remove heavy metals in aqueous solutions. 
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Table 4-1. Geopolymer as adsorbent on removal of pollutants 

Precursors Alkali activator 
Particle size, 

mm 
Pollutants 

Adsorption 

capacity, mg/g 
Reference 

Class-F fly ash 14 M NaOH 0.2 Cu2+ 152.31 
Al-Harahsheh 

et al., 2015 

Class-F fly ash NaOH 0.045 Cu2+ 98.4 
Wang et al., 

2007 

Class-F fly ash NaOH and Na2SiO3 0.071-0.09 Cu2+ 79.11 
Mužek et al., 

2014 

Coal fly ash 14M NaOH 0.2 Pb2+ 174.34 
Al-Zboon et 

al., 2011 

Class-F fly ash Solid NaOH 0.075 Cd2+ 26.246 
Javadian et 

al., 2015 

Metakaolin 
 Na2SiO3, H2O2 and 

K12 
2-4 Cu2+ 52.63 

Ge et al., 

2015 

Metakaolin NaOH and Na2SiO3 0.15 
Zn2+ 74.53 Kara et al., 

2017 Ni2+ 42.61 

Metakaolin 8 M NaOH 0.125 

Cs+ 43 

López et al., 

2014 

Pb2+ 35 

Cu2+ 15 

Cd2+ 3 

Ni2+ 1 

Zn2+ 2 

Class-C fly ash 3 M NaOH 0.09 
thionine  0.008 Atun et al., 

2011 safranine 0.006 

Class-F fly ash NaOH -- 
methylene blue 38.38 

Li et al., 2006 
crystal violet 97.92 

Class-F fly ash 12 M NaOH 0.12-0.45 methylene blue 0.669 
Alouani et 

al., 2018 

Class-F fly ash  
NaOH powder 

(600oC) 
< 0.15 ammonium 37.45 

Zhang et al., 

2011 

 

The objective of this study is to investigate fly ash-based geopolymer (FAG) as a reactive 

material or adsorbent for removal of heavy metals (Cu2+, Cd2+, and Pb2+) in an acidic solution such 

as acid mine drainage. Several fly ash-based geopolymers were synthesized using different ratios 

of alkaline solution to fly ash and slag. The effect of initial pH solution on individual heavy metals 

removal was investigated. Experiments were also conducted with all metals in the solution to 

assess the competitive removal of the metals by the geopolymer.  
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4.3. Methods and Materials 

4.3.1. Fly ash-based geopolymers 

Five fly ash-based geopolymers were synthesized as presented in Table 4-2. They were 

labeled as G50, G60, G70, G60+10%S, and G60+20%S. A specified quantity of fly ash (Class F) 

with or without slag were reacted with certain mass of alkaline solution. The alkaline activating 

solution was formulated by blending sodium silicate solution and different concentrations of 

NaOH solution. The physical properties of the five geopolymers are presented in Table 4-2. 

Because of the alkaline and reactive nature of geopolymer surfaces and the standard test methods 

used may not be appropriate for the geopolymers, the cation exchange capacity, specific surface 

area and pH at point of zero charge of the five samples are reported in Appendix A.  

Table 4-2. Synthesized fly ash-based geopolymer and its characterization** 

Fly ash-based 

geopolymer 

samples 

Molar conc. 

of NaOH 

(mM) 

Alkaline activating 

solution (Mass ratio of 

Na2SiO3 : NaOH : H2O) 

Particle 

density, 

g/cm3 

Compressive 

strength for 2” cubic 

paste (7-days), MPa 

G50 4.45 0.41 : 0.09 : 0.50 2.13 ± 0.56 36.57 ± 0.36 

G60 6.68 0.49 : 0.11 : 0.40 2.09 ± 0.41 49.44 ± 2.45 

G70 10.38 0.58 : 0.12 : 0.30 2.11 ± 0.47 35.68 ± 0.85 

G60+10%S 6.68 0.49 : 0.11 : 0.40 2.10 ± 0.38 45.72 ± 3.45 

G60+20%S 6.68 0.49 : 0.11 : 0.40 2.12 ± 0.35 51.09 ± 2.66 

* Mass ratio of alkaline solution to fly ash/slag = 0.33:1 

** Other properties (cation exchange capacity, specific surface area and pH at point of zero 

charge) are presented in Appendix A. 

4.3.2. Preparation of synthetic acid mine drainage 

Solutions of Cu2+ (0.5 – 300 mg/L), Cd2+ (0.5 – 500 mg/L), and Pb2+ (0.5 – 200 mg/L) 

were prepared from analytical grade CuSO4.5H2O, CdSO4.5H2O, and PbSO4.5H2O, respectively 

(Sigma-Aldrich, St. Louis, MO, USA). For single metal removal studies, the initial metal 
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concentrations were 20 mg/L of Cu2+, 10 mg/L of Cd2+, and 10 mg/L of Pb2+ simulating acid mine 

drainage (Motsi et al., 2009). Generally, acid mine drainage lacks a bicarbonate buffer system and 

has an acidic pH ranged from 2.5 to 4.0 (Thorsten, 2013). In this study, the initial pH of solution 

was adjusted to three different pH values (2.5, 3.0, and 4.0) by using 1 M concentration of H2SO4. 

4.3.3. Batch study 

Batch experiments were performed using 100 mL Erlenmeyer flasks with 0.1 g and 0.05 g 

of geopolymer and 50 mL of metal solution, shaken gently at a speed of 180 rpm at room 

temperature (21 – 23 oC). The solution was then filtered, and the final pH of filtrate measured by 

a pH meter and the finial equilibrium concentration of the metal analyzed using an inductively 

coupled plasma (ICP) atomic emission spectrometer (ICPE-9800 Series, Shimadzu Corporation, 

Kyoto, Japan). All experiments were carried out in duplicate and the average concentrations were 

reported. The first set of batch experiments were conducted using 20 mg/L of Cu2+, 10 mg/L of 

Cd2+ and 10 mg/L of Pb2+ individually in a simulated acid mine drainage solution (single metal 

solution). The initial pH of the simulated acid mine solution was adjusted to three different values 

(2.5, 3.0, and 4.0) by using 1 M concentration of H2SO4. The metal concentrations and pHs selected 

were in the range where precipitation of the metals were minimized as determined in Chapter 3. 

The experimental matrix for the five geopolymers are presented in Table 4-3. The second set of 

experiments were conducted with all three metals in one solution. The multi-metal solution had an 

initial pH of 3.0 and with 0.05 g of geopolymer sample G60. The metal concentrations were the 

same as the first set of single metal experiments. The third set of experiments were conducted at 

higher initial concentrations of Cu2+, Cd2+ and Pb2+ in the range of 5 to 500 mg/L. Geopolymer 

G60 was used as the material/adsorbent for the third set of experiments and the initial pH of the 

solutions were 2.5, 3.0, and 4.0.  
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Table 4-3. Matrix of batch experiments 

Geopolymer 

samples 
Metals Mass, g pH 

Initial Conc., 

mg/L 

Contact Time, 

hours 

G50 

Cu2+ 0.1 2.5, 3, 4 0 – 20 48 

G60 

G70 

G60+10%S 

G60+20%S 

Zeolite 

G50 

Cd2+ 0.05 2.5, 3, 4 0 – 10 48 

G60 

G70 

G60+10%S 

G60+20%S 

Zeolite 

G50 

Pb2+ 0.05 2.5, 3, 4 0 – 10 48 

G60 

G70 

G60+10%S 

G60+20%S 

Zeolite 

 

4.3.4. Analysis of data from batch studies  

The experimental data for the removal of the heavy metals were analyzed using adsorption 

isotherms by assuming that removal was by adsorption (for low concentration) even though the 

mechanism of removal may be due to reaction of the metals such as precipitation on the 

geopolymer surface (for high metal concentrations). The isotherms used were Langmuir, 

Freundlich, and BET as present in Table 4-4.  
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Table 4-4. Adsorption isotherm models 

Isotherm Equation Reference 

Langmuir model 𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

 Langmuir, 1917 

Freundlich model 𝑞𝑒 = 𝐾𝐹𝐶𝑒
1
𝑛⁄  Freundlich, 1906 

BET model 
𝑞𝑒 =

𝐾𝐵𝐶𝑒𝑄𝑀

(𝐶𝑠 − 𝐶𝑒)[1 +
(𝐾𝐵 − 1)𝐶𝑒

𝐶𝑠
]
 

Brunauer et al., 1938 

Ce = equilibrium concentration (mg/L), Qe = amount of ion adsorbed (mg/g), Qm = equilibrium capacity 

obtained from the isotherm model or monolayer equilibrium adsorption capacity (mg/g), KL = Langmuir 

adsorption equilibrium constant (L/mg), KF = Freundlich adsorption capacity (mg/g)(L/mg) 1/n, n = 

adsorption intensity, Cs = saturation (solubility limit) concentration of the solute. (mg/L), KB = a 

parameter related to the binding intensity for all layers. 

4.4. Results and Discussions 

4.4.1. Batch experiments for initial metal concentration < 20 mg/L 

Figure 4-1 shows the removal of Cu2+, Cd2+ and Pb2+ for all five geopolymer samples and 

zeolite. Results showed that the G60 geopolymer, with 60% alkaline solution (6.68 mM of NaOH), 

showed slightly better removal of Cu2+, Cd2+ and Pb2+, in comparison with G50 (50% alkaline 

solution with 4.45 mM of NaOH) and G70 (70% alkaline solution with 10.38 mM of NaOH). The 

metal removal for G50 was found to be higher than that of G70, which indicates that higher alkaline 

concentration in geopolymer mix did not improve the metal removal due to the lower surface area 

produced as shown in Appendix A. For the G60 with 20% slag, removal of metals was slightly 

higher than G60 with 10% slag, but both samples had lower metal removal than G60. As before, 

this may be due to the low surface areas of G60+20%S and G60+10%S  as compared to G60 

(Appendix A).  
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Figure 4-1. Removal of Cu2+ (a), Cd2+ (b) and Pb2+ (c) by geopolymer samples at initial 

pH 3.0, geopolymer mass 0.1 g for Cu2+ and 0.05 g for Cd2+ and Pb2+, contact time 48 

hours. 

From Figure 4-1, all geopolymer samples showed higher metal removal than that of zeolite 

for the same conditions. This can be explained by the low surface area of zeolite (14 – 15 m2/g) as 

compared to the geopolymer samples and the reactive nature of the geopolymer surfaces. 

Using the geopolymer sample G60 (with highest metal removal of all five geopolymers, 

the effect of solution pH on metal removal was investigated for three different initial solution pH 
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(2.5, 3.0, and 4.0). Results are presented in Figure 4-2. The removal of the three metals seemed to 

increase for an increase in the initial pHs. One possible reason is that the higher H+ ions 

concentration in the lower initial pH solution would compete with the metal ions. However, it may 

be possible that some precipitation may occur at higher pH due to excess hydroxide ion from the 

activation solution (Albrecht et al., 2011).  

 

 

  

Figure 4-2. Removal/adsorption isotherms of G60 sample (0.05 g) with initial concentration 

of (a) Cu2+ (0 – 20 mg/L), (b) Cd2+ (0 – 10 mg/L), and (c) Pb2+ (0 – 10 mg/L) at three 

different initial pH 2.5, 3.0, and 4.0. 
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The data from batch tests were modeled using both Freundlich isotherm model and linear 

model as presented in Table 4-5. Both model gave R2 value greater than 0.9. The 1/n value for all 

three metals and three initial pH were slightly less than 1. A 1/n value of less than 1 indicates that 

removal/adsorption was favorable for all three metals. Also a 1/n value close to 1 would indicate 

that removal/adsorption was on fairly homogeneous over the surface of the geopolymer. With 1/n 

close to a value of 1, the Freundlich model is similar to that of a linear model. Comparing the 

removal/adsorption capacities (KF) for all three metal, the removal of Pb2+ was more favorable 

than Cd2+, followed by Cu2+. 

Table 4-5. Isotherm parameters for three metals on geopolymer (G60) at three initial pHs. 

Freundlich model 

Initial 

pH 

Copper (Cu2+) Cadmium (Cd2+) Lead (Pb2+) 

KF,  

mg(1-n)g-1Ln 
1/n R2 

KF,  

mg(1-n)g-1Ln 
1/n R2 

KF,  

mg(1-n)g-1Ln 
1/n R2 

2.5 0.487 0.963 0.989 1.171 0.958 0.993 28.879 0.883 0.994 

3.0 1.078 0.902 0.991 1.721 0.975 0.996 75.432 0.980 0.969 

4.0 1.395 0.953 0.982 2.491 0.871 0.998 114.910 0.993 0.997 

Linear model 

Initial 

pH 

Copper (Cu2+) Cadmium (Cd2+) Lead (Pb2+) 

KLinear, L/g R2 KLinear, L/g R2 KLinear, L/g R2 

2.5 0.438 0.970 1.176 0.989 36.389 0.994 

3.0 0.841 0.981 1.681 0.998 81.042 0.987 

4.0 1.263 0.989 2.250 0.998 114.930 0.995 

 

4.4.2. Competitive metals removal 

Using geopolymer G60 and an initial pH of 3.0, batch studies were conducted with all three 

metals present in acidic solution. Figure 4-3 shows the adsorption isotherm for each of the metal 

in the multi-metal solution and the removal/adsorption isotherm of the metal in a single metal 

solution. Figure 4-3 shows that the removal of Cu2+ was slightly affected by the presence of other 

competing ions. The KF (mg(1-n)g-1Ln) of the Freundlich model decreased from a value of 1.075 to a 
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value of 0.763 in the multi-metal solution.  Removal of Cd2+ were significantly affected as shown 

in Figure 4-3. The KF (mg(1-n)g-1Ln) of the Freundlich model for single metal solution for Cd2+ was 

about 6 times (1.721) larger than the KF value (0.304) for the multi-metal solution. Removal of 

Pb2+ in the multi-metal solution decreased as compared to a single metal solution but the decrease 

was not as severe as that of Cd2+. The results showed that the metals affected most in the multi-

metal solution were in the order of Cd2+ > Pb2+ > Cu2+.  

 

 

   

Figure 4-3. Comparison of removal of metals from multi-metal and single metal solutions 

containing (a) Cu2+ (0 – 20 mg/L), (b) Cd2+ (0 – 10 mg/L), and (c) Pb2+ (0 – 10 mg/L) 

respectively, at initial pH 3.0. 
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4.4.3. Removal of heavy metals at higher metals concentration 

Experiments conducted in Section 3.1 and 3.2 were for metal concentration ranges from 0 

– 20 mg/L, which are typically found in acid mine drainage. To determine the maximum 

removal/adsorption capacity of the geopolymer, a higher metal concentration range was used 

(Cu2+: 0 – 300 mg/L; Cd2+: 0 – 500 mg/L; Pb2+: 0 – 200 mg/L). Batch experimental data are 

presented in Figure 4-4 for Cu2+, Cd2+, and Pb2+. Isotherms for Cu2+ and Cd2+ follow that of a Type 

II isotherm, which is common for physical adsorption if adsorption is occurring but may also 

correspond to multilayer adsorption or precipitation of the metal. As in the earlier experiments on 

the effect of initial pH, similar results were obtained here as shown in Figure 4-4, where a higher 

initial pH resulted in higher removal of the metals.  

The full experimental data were modeled using Langmuir, Freundlich, and BET model. 

For Langmuir and Freundlich models, the data modeled were for initial metal concentrations of 0 

– 200 mg/L of Cu2+, 0 – 300 mg/L of Cd2+, 0 – 200 mg/L of Pb2+, respectively and where the mass 

removed have reached an asymptotic value. The values of the asymptotic removal capacity 

(maximum) (Qmax), (which is similar to monolayer equilibrium adsorption capacity, if adsorption 

is occurring) and the Langmuir adsorption equilibrium constant, KL, are presented in Table 4-4 for 

the removal of Cu2+, Cd2+ and Pb2+ by geopolymer at pH 2.5, 3.0, and 4.0. The coefficient of 

determination (R2), obtained with the Langmuir model was the highest among the three isotherm 

models (note range of data modeled as explained above). Unlike the results of low metal 

concentration in Section 3.1 where the isotherms were generally linear, the 1/n values of Cu2+, 

Cd2+ and Pb2+, for example at an initial of pH 3.0, were 0.41, 0.222, and 0.695, respectively which 

was an indication of favorable removal/adsorption of these metal ions by the geopolymer samples. 

In addition, the BET model was used since it is probable that precipitation and/or multilayer 
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adsorption may occur at initial metal (Cu2+ and Cd2+) concentrations over 200 mg/L and 300 mg/L, 

respectively.  

   

 

 

Figure 4-4. Removal of (a) Cu2+ (0 – 300 mg/L), (b) Cd2+ (0 – 500 mg/L) and (c) Pb2+ (0 – 

200 mg/L) on 0.1 g of geopolymer (G60) at pH 2.5, 3.0, and 4.0 (50 mL of Cu2+ solution and 

contact time 48 hours) (Models fit are shown for one initial pH for each metal) 
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Table 4-6. Isotherm parameters for removal of Cu2+, Cd2+ and Pb2+ on geopolymer (G60). 

Metals Isotherm Parameter Initial pH 2.5 Initial pH 3.0 Initial pH 4.0 

Cu2+ 

Langmuir* 

Qm, mg/g 20.66 29.41 35.21 

KL, L/mg 0.08 0.07 0.11 

R2 0.987 0.981 0.986 

Freundlich* 

KF, mg(1-n)g-1Ln 3.47 4.1 5.28 

1/n 0.36 0.41 0.43 

R2 0.982 0.981 0.959 

BET 

Qm, mg/g 10.4 18.25 21.65 

KBET 481 68.5 231 

CS, mg/L 320 270 230 

R2 0.978 0.967 0.953 

Cd2+ 

Langmuir* 

Qm, mg/g 28.74 35.59 42.02 

KL, L/mg 0.112 0.095 0.138 

R2 0.995 0.995 0.997 

Freundlich* 

KF, mg(1-n)g-1Ln 10.46 10.60 13.89 

1/n 0.185 0.222 0.210 

R2 0.923 0.992 0.981 

BET 

Qm, mg/g 19.04 22.98 30.11 

KBET 5251 2176 3321 

CS, mg/L 750 725 830 

R2 0.999 0.998 0.999 

Pb2+ 

Langmuir 

Qm, mg/g 116.28 119.05 121.95 

KL, L/mg 0.528 0.966 1.745 

R2 0.993 0.985 0.971 

Freundlich 

KF, mg(1-n)g-1Ln 30.981 47.643 74.114 

1/n 0.659 0.695 0.736 

R2 0.952 0.938 0.944 

BET 

Qm, mg/g 91.74 104.17 109.89 

KBET 36 48 91 

CS, mg/L 53 47 45 

R2 0.988 0.982 0.970 

* Data modeled for concentration range of Cu2+: 0 – 200 mg/L, Cd2+: 0 – 300 mg/L.    

From Table 4-6, the asymptotic removal (maximum) capacity of Cu2+ ions based on 

Langmuir model for geopolymer (G60) were 20.66, 29.41, and 35.21 mg/g for an initial pH of 2.5, 

3.0, and 4.0 respectively. Based on the asymptotic removal capacity, Pb2+ was more favorably 

removed than Cu2+ and Cd2+ for all three initial pHs. Cu2+ had the lowest asymptotic removal 
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capacity of three metals tested. Possible mechanisms of metal removal include surface adsorption, 

surface complexation and precipitation at high metal concentrations.  

4.5. Conclusion 

Experiments on removal of heavy metals from acidic solution onto geopolymer were 

conducted. In a single metal solution, for metal concentrations less than 20 mg/L, removal of 

metals from the most favorable to the least favorable followed the sequence of Pb2+ > Cu2+ > Cd2+. 

The extent of metal removal was found to be directly proportional to the pH value of the solution, 

where removal of metal decreased in more acidic solution, which may be due to the presence and 

effect of hydrogen ion competition. In a multi-metal solution, Cd2+ was the most affected by the 

presence of the other two metals, Cu2+ and Pb2+. Cu2+ was minimally affected by the other two 

metals in a multi-metal solution. For the single metal solution experiments, the asymptotic removal 

(maximum) capacity of Cu2+, Cd2+ and Pb2+ were found to range from 20.66 – 35.21, 28.74 – 

42.02, and 116.28 – 121.95 mg/g for initial pH 2.5 to 4.0 respectively. Removal of heavy metals 

was not only due to adsorption to the geopolymer surfaces but also due to precipitation of metal 

from the solution.  

These results confirm that geopolymer can be used as a material for pH neutralizing acidic 

waste streams such as acid mine drainage and acidic industrial wastewaters in addition to removal 

of heavy metals. It can be a substitute for more expensive adsorbents such as zeolite or activated 

carbon.  
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 CHAPTER 5. USE OF THE GEOPOLYMER AS MEDIA IN FIXED-BED 

COLUMN FOR REMOVAL OF HEAVY METALS 

5.1. Abstract 

Fixed bed column studies were carried out using fly ash-based geopolymer as the filtration 

medium for removal of metal (Cu2+, Cd2+, and Pb2+) in low pH solutions. Breakthrough curves 

showed that the uptake affinity of the geopolymer for metals were in the order of Pb2+ > Cd2+ > 

Cu2+ for a single metal solution. In a multi-metal solution (with all three metal ions Cu2+, Cd2+, 

and Pb2+), the uptake affinity of the geopolymer was in the order of Pb2+ > Cu2+ > Cd2+ showing 

that there were competition for alkaline sites on the geopolymer. Of the three models (Bohart-

Admas, Thomas, and Yan models) used, Thomas model gave the best fit of the experimental data. 

The experimental results showed that geopolymer can be used as a filtration medium in a fixed 

bed column for the uptake of metals from acidic waste stream such as acid mine drainage and 

industrial wastewaters. 

5.2. Introduction 

Several strategies have been reported for the removal and recovery of metal ions from acid 

mine drainage and acidic industrial wastewaters. These strategies include ion-exchange (Gaikwad 

et al., 2010), membranes filtration (Ricci et al., 2015), chemical precipitation (Olds et al., 2013; 

Tolonen et al., 2014), and adsorption (Motsi et al., 2009).  Among these, chemical precipitation is 

the most common and the lowest cost. Adsorption is considered as a promising treatment method 

due to its high removal efficiency, simplicity, availability of low-cost adsorbents, elimination of 

low level concentration of target pollutant, and its environmental-friendly characteristics 

(Bhatnagar & Sillanpää, 2010). To treat the waste stream, a continuous flow system is the most 

efficient where the media can be easily replaced and regenerated, if needed. Fixed-bed columns or 
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placement of media in the path of the flow are some of the more common continuous flow 

treatment methods used. For continuous flow system, the contact time of the media with the 

contaminated waste stream is an important factor which determines the efficiency of removal.  

The potential of geopolymer made by alkaline-activated fly ash has been demonstrated for 

removal of heavy metals in batch studies. However, limited studies have been reported in the 

literature on fixed-bed column packed with geopolymer. Some of the studies include removal of 

dyes using fly ash-based geopolymer (EI Alouani et al., 2018) and metakaolin-based geopolymer 

(Barbosa, et al., 2018), heavy metals in removal of Cu2+ using fly ash-based geopolymer (Ge et 

al., 2015 and 2017) and Zn2+, Ni2+, Co2+ and Mn2+ using makaolin-based geopolymer (Kara et al., 

2017; 2018). Makaolin-based geopolymer was used in fixed-bed column for the removal of Zn2+ 

and Ni2+ (Kara et al., 2017) and removal Co2+ and Mn2+ (Kara et al., 2018) with flow rates ranging 

from 0.5 – 6 mL/min and adsorbent amount ranging from 0.4 – 0.6 g/L. However, the researchers 

did not conduct breakthrough analysis and modeling of the data.  Ge et al. (2015) investigated 

column packed with geopolymeric spheres (2 – 4 mm) on Cu2+ removal for three different bed 

heights (0.5, 2.2, and 3 cm). The breakthrough curves data were analyzed using three different 

models (Thomas, Bohart-Adams, and Yoon-Nelson models) (Ge et al., 2017). They found the 

uptake rate constants decreased with increasing bed heights (1, 2, and 3 cm), while the uptake 

capacities were in the range of 10 – 26 mg/g.  

The objective of this study is to assess the use of geopolymer particles as a filtration media 

in a fixed bed column for the treatment of acidic waste streams with metal ions. Single metal 

experiments were conducted along with a multi-metal (three metals) experiment. The flow rate 

and the bed depth were varied and the metal uptake capacities estimated based on the breakthrough 

curves.  
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5.3. Materials and Methods 

5.3.1. Materials and geopolymer preparation 

The material used as the media for the fixed bed column was a fly ash-based geopolymer. The 

geopolymer was made of Class F (as defined in ASTM C618) fly ash and an alkaline activator 

solution. The alkaline activator consisted of sodium silicate solution (water glass, 3Na2O·3SiO2), 

solid NaOH, and water in a mass ratio of 0.49:0.11:0.40. The mass ratio of the alkaline activator 

to the fly ash and the activator was 0.33:1. The geopolymer was prepared by mixing the fly ash 

and the activator for 5 – 10 mins and placing the paste in a mold to cure for 24 hours at room 

temperature (21 – 23 oC). It was then demold and cured in an oven for 7 days at 50 oC. The 

geopolymer was then washed 3 times with water and crushed to the appropriate particles size. 

Particles size used for the column experiments ranged from 0.42 – 2 mm. 

5.3.2. Fixed bed column setup 

Fixed bed column experiments were conducted using polypropylene columns with an inner 

diameter 1 cm and a length of 15 cm. Wire meshes were placed at both ends (inlet and outlet) to 

hold the fly ash-based geopolymer in the column. The fixed bed column set up is shown in Figure 

5-1, which was considered as the rapid small-small column test. 
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Figure 5-1. Schematic diagram of fixed bed column setup. 

Acidic solution simulating acid mine drainage was fed into the column in a down flow 

direction by using a variable flow rate peristaltic pump. Solution leaving the bottom of the column 

was collected at regular intervals and analyzed for the target metal using an inductively coupled 

plasma (ICP) atomic emission spectrometer (ICPE-9800 Series, Shimadzu Corporation, Kyoto, 

Japan). Experiments were conducted until there were a breakthrough of the metal in the effluent 

and the effluent concentration was approximately equal to the influent concentration. To study the 

metal uptake capacity of the geopolymer, the depth of the media in the column and solution flow 

rate were varied.  
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5.3.3. Feed solution  

Low pH solution (pH 4.0) were prepared with analytical grade CuSO4, CdSO4, and PbSO4 

to obtain individual solution with 10 mg/L of Cu2+, Cd2+ and Pb2+, respectively. To simulate acid 

mine drainage, a mixture of Cu2+, Cd2+ and Pb2+ at 10 mg/L was prepared (multi-metal solution). 

Solutions were adjusted to pH 4.0 with 1 M of sulfuric acid. Typical pH of acid mine drainage 

ranged from 2.5 to 6 (Kleinmann, 1990) with concentration of Cu2+, Cd2+ and Pb2+ in the range of 

1.8 – 35.9 mg/L, 0.01 – 11 mg/L, and 0.6 – 45 mg/L, respectively (Feng et al., 2000; Archer et al., 

2004; López, et al., 2010; Nieto et al., 2007). Higher pH solution (greater than 5.0) was not 

investigated due to the possible precipitation of the metals on the media which may clog the 

filtration process and impact the flow.  

5.3.4. Column operation 

The first set of experiments were conducted with feed water containing individual metal at 10 

mg/L in the solution. Hydraulic loading of the columns was investigated by using flow rates of 5 and 

10 mL/min with bed depth of 2, 5, and 10 cm, giving empty bed contact time of between 0.31 to 1.57 

minutes. The second set of column experiment was conducted with the simulated acid mine drainage 

with all three metals in the solution (multi-metal solution) at concentrations of 10 mg/L for each metal. 

Column bed depth was 5 cm and the flow rate was 5 mL/min giving an EBCT of 0.79 minutes. The 

experimental matrix for the column experiments are presented Table 5-1. 

Table 5-1. Experimental conditions for column studies 

Column 

No. 
Sample 

Bed depth, 

cm 

Flow rate, 

mL/min 

EBCT, 

min 
pH Metals 

Initial Conc., 

mg/L 

C1 

G60 

2 10 0.16 

4 

Cu2+ 

10 

C2 2 5 0.31 Cu2+ 

C3 10 5 1.57 Cu2+ 

C4 5 5 0.79 Cu2+ 

C5 5 5 0.79 Cd2+ 

C6 5 5 0.79 Pb2+ 

C7 5 5 0.79 Cu2+, Cd2+, Pb2+ 
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5.3.5. Analysis of data 

The breakthrough curves obtained from the experiments were used to assess the 

performance of the column as an uptake bed for metals. For our analysis, the time when the metal 

concentration in the effluent reaches 5% of the influent value (Ct = 0.05 C0), was defined as the 

breakthrough time (tb). When the metal ions concentration in the effluent exceeds 95% of that in 

the influent (Ct = 0.95 C0), it was assumed exhaustion time (te) has been established (Patel, 2019).  

The total mass of metal removed (mads, mg) in the column for a given influent metal 

concentration and flow rate was estimated based on the area (A) above the breakthrough curve or 

under the mass transfer curve which is obtained by integrating the removed metal concentration 

(Cads, mg/L) over time in the following equation (Hasan et al., 2009).: 

𝑚𝑎𝑑𝑠 =
𝑄𝐴

1000
=

𝑄

1000
∫ 𝐶𝑎𝑑𝑠𝑑𝑡

𝑡=𝑡𝑒

𝑡=0

 

The uptake capacity (q0, mg/g) was calculated by dividing the total mass removed with the 

known amount of the geopolymer particles (ms, g) packed in the column: 

𝑞0 =
𝑚𝑎𝑑𝑠
𝑚𝑠

 

Three models, Bohart-Admas’s model (Bohart & Adams, 1920), Thomas model (Thomas, 

1944), and Yan model (Yan et al., 2001) were used to analyze and model the breakthrough curves. 

From the models, the maximum uptake capacities were estimated and compared with the uptake 

capacity, q0.  

 Bohart-Adamas model 

The basic assumptions of Bohart–Adams model is that intra-particle diffusion and external 

mass resistance were negligible, and that-adsorption kinetics was controlled by the surface 
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chemical reaction between the solute and the adsorbent. Although these assumptions are usually 

not validated in real systems (Bohart & Adams, 1920), the equation can be simplified to a form 

which is easy to use. The equation is  

ln (
𝐶0
𝐶𝑡
) = 𝑘𝐵𝐴𝐶0𝑡 − 𝑘𝐵𝐴𝐶𝐵𝐴

𝐻

𝑣
 

where C0 is initial solute concentration (mg/L), Ct is effluent solute concentration (mg/L), kBA is 

rate constant (mL/mg min), CBA is removal capacity (mg/L), H is bed depth (cm), v is the linear 

flow velocity (cm/min) and t is the service time (min). It can be used to predict the service time of 

the column for the scale up of the experiments. (Lodeiro, et al., 2006) 

The removal capacity qBA in mg/g is estimated using: 

𝑞𝐵𝐴 = 
𝐶𝐵𝐴𝐵𝑉𝑠
𝑚

= 
𝐶𝐵𝐴
𝜌

 

where qBA is the removal capacity (mg/g), BVs is the fixed bed volume (L), m is the mass of the 

bed (g) and p is the apparent density of the adsorbent in the fixed bed (g/L). 

The values describing the characteristic operational parameters of the column (kBA and qBA) 

can be determined from the plot of In (C0/Ct) versus t for a given bed depth, initial concentration 

and flow rate through the column. 

 Thomas model 

The Thomas model assumes that adsorption and kinetics obey the Langmuir model and 

second-order kinetics, respectively (Thomas, 1944). In addition, the model assumes sorption is not 

limited by the chemical reaction, and it also controlled by the mass transfer at the interface 

(Ghasemi et al., 2011). The linearized form of the Thomas model is as (Biswas & Mishra, 2015): 

ln (
𝐶0
𝐶𝑡
− 1) =

𝑘𝑇ℎ𝑞𝑇ℎ𝑚

𝑄
− 𝑘𝑇ℎ𝐶0𝑡 
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where kTh is the Thomas kinetic coefficient (mL/min mg), t is the total flow time (min), and Q is 

the volumetric flow rate (mL/min). Uptake capacity and mass of the adsorbent are denoted as qTh 

(mg/g) and m (g). A plot of ln [(C0/Ct) − 1] versus t gives the value of kTh and qTh.  

 Yan’s model 

Yan model is an empirical model used for describing the adsorption process in a fixed-bed 

system (Yan et al., 2001). The mathematical description of this model is given as: 

log (
𝐶𝑒

𝐶0 − 𝐶𝑒
) = 𝑎 log(𝑉) − 𝑎 log (

𝑞𝑌𝑚𝑠
𝐶0

) 

The model parameters a, and adsorption capacity, qY can be estimated by fitting the 

experimental data to the adjusted model: 

𝐶𝑒
𝐶0
= 1 −

1

1 + (
𝑉𝑒𝑓𝑓𝐶0
𝑚𝑠𝑞𝑌

)
𝑎 

Yan’s model can generally describe the complete breakthrough curves but has an empirical 

parameter a, which is dependent on experimental conditions (Lodeiro, et al., 2006). As such, Yan’s 

model may not be used to scale up the system.  

5.4. Results and Discussions 

5.4.1. Effect of flow rate on the breakthrough curves 

Results showing the effect of flow rate (5 and 10 mL/min) with a fixed-bed of 2 cm bed 

depth on the uptake of copper are presented in Figure 5-2. These are equivalent to an empty bed 

contact time (EBCT) of 0.31 and 0.16 minutes for the rapid small-small column test.  
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Figure 5-2. Breakthrough curves for uptake of Cu2+ onto geopolymer (G60) for flow rate 5 

and 10 mL/min (influent concentration 10 mg/L, pH 4.0, bed height 2 cm). 

As expected, the breakthrough curve for the columns with the higher flow rate (10 mL/min) 

appeared earlier than the breakthrough curve for a flow rate of 5 mL/min. The breakthrough time 

(tb) for a flow rate of 10 mL/min was 5 min and for a flow rate of 5 mL/min it was 30 min. The 

estimated uptake capacities (total mass removed per gram of sample) were 17.20 mg/g and 2.15 

mg/g for a flow rate of 5 mL/min and 10 mL/min, respectively (Table 5-2). Even though the flow 

rate was doubled, i.e., the contact time was halved, the mass removed was not reduced 

proportionately, but by eight times. As in many column experiments, diffusion of the metal ions 

to the surface may be the limiting step (Vijayaraghavan et al., 2005). Since the reduction in mass 

removed was more than 50% for a doubling of the flow rate, it is probable that diffusion was 

involved in the metal uptake.  

5.4.2. Effect of bed height on breakthrough curves 

Results of bed depth on the uptake of heavy metals are presented in Figure 5-3. The bed 

depths were for 2, 5 and 10 cm and the influent concentration was Cu2+ of 10 mg/L and the flow 

rate was 5 mL/min. As expected, the column with the shallowest bed depth (2 cm) experienced 
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breakthrough first followed by the 5 cm bed depth and then the 10 cm bed depth. Breakthrough 

times were 30 min, 270min, and 1080 min for 2, 5, and 10 cm bed depth, respectively. The uptake 

capacities (q0) were 17.20 mg/g, 19.26 mg/g, and 24.04 mg/g for 2 cm, 5 cm and 10 cm, 

respectively (Table 5-2). The masses removed per gram of sample were of similar magnitude 

indicating that at the flow rates tested the mechanism of metal uptakes were similar and was 

probably diffusion limited.  

 

Figure 5-3. Effect of bed depth on uptake of Cu2+ onto geopolymer (G60) (influent 

concentration 10 mg/L, flow rate 5 mL/min, pH 4.0). 

5.4.3. Comparison of heavy metals uptake in single-metal solution 

The breakthrough curves for Cu2+, Cd2+ and Pb2+ ions for single-metal solutions at a flow 

rate of 5 mL/min through a 5 cm bed depth column and an influent concentration of 10 mg/L for 

each metal are shown in Figure 5-4. The breakthrough curve for Cu2+ was the earliest of the three 

metals followed by Cd2+ and Pb2+. The uptake capacities (total mass removed per gram of sample) 

were in the following order: Pb2+ (59.41 mg/g) > Cd2+ (28.74 mg/g) > Cu2+ (19.26 mg/g), which 

suggests that Pb2+ was removed more than Cu2+ and Cd2+. The higher uptake of Pb2+ may be due 

to the physico-chemical properties of Pb2+ with a higher atomic weight, ionic radius of Pb2+ and 
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smaller Z/R (charge/radius) ratio than those of Cu2+ and Cd2+ (Jing et al., 2009) and the low 

solubility of Pb2+ as compared to the other metals based on lead solubility products. The column 

results are in the agreement with the findings of the batch experiments in Chapter 4. 

 

Figure 5-4. Breakthrough curves of geopolymer (G60) in fixed-bed column (5 cm height) 

for single metal (Cu2+, Cd2+ and Pb2+) solution with influent concentration 10 mg/L at flow 

rate 5 mL/min and pH 4.0. 

5.4.4. Comparison of heavy metal uptake in multi-metal solution 

Breakthrough curves for Cu2+, Cd2+ and Pb2+ for a multi-metal solution are presented in 

Figure 5-5. The influent concentration was 10 mg/L for each metal ion, the influent pH was 4.0 

with a flow rate of 5 mL/min and a bed depth of 5 cm. In comparison to the single metal results, 

the breakthrough curves showed that there were competition for metal uptake sites on the 

geopolymer. Unlike the single metal results, Cd2+ was found to breakthrough first instead of Cu2+. 

Pb2+ was shown to breakthrough last which indicates that the geopolymer has a stronger metal 

uptake affinity for Pb2+ than the other two metals, Cu2+ and Cd2+. The breakthrough curves for all 

three metals showed a gradual increase instead of a steep increase as for a single metal solution. 

This shows that there were competition among the three metals for uptake sites.  
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Figure 5-5. Breakthrough curves of geopolymer (G60) fixed-bed column (5 cm height) for 

multi-metal (Cu2+, Cd2+ and Pb2+) solution with influent concentration 10 mg/L at flow rate 

5 mL/min and pH 4.0. 

The uptake capacity (mass removed per gram of sample) were 10.85, 3.39 and 19.99 mg/g 

for Cu2+, Cd2+, and Pb2+, respectively, which were less than those for the single metal solutions. In 

a competitive condition, the metal uptake affinity for the metals was in the order of Pb2+ > Cu2+ > 

Cd2+, which was different for non-competitive condition, which was in the order of Pb2+ > Cd2+ > 

Cu2+.  

5.4.5. Application of models 

Modeling results of the three models for all the column studies are presented in Table 5-2. 

Included in Table 5-2 are the observed breakthrough times, exhaustion times, and the uptake 

capacities from the experimental breakthrough curve data. For the single metal experiments, the 

masses removed per gram of sample estimated by Thomas model were the closest to uptake 

capacities estimated from the breakthrough curves. Estimated values by the Bohart-Adams model 

were at least 2 times higher than the estimated uptake capacity. On the other hand, Yan model 

reported masses removed per gram of sample that were 2 or 3 times lower than the uptake 

capacities. The R2 values for Bohart-Adams model ranged from 0.35 to 0.68. Both Thomas and 
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Yan models had R2 values which were greater than 0.8. The kBA values for the Bohart-Adams 

model and the kTh values for the Thomas model for experiments column C2, C3 and C4 were very 

different even though the flow rates were similar at 5 mL/min. Since kTh and kTh are rate constants, 

these values for experiments C2, C3 and C4 should be similar as the flow rate was the same.  

For the multi-metal experiments, the mass removed per gram of sample (qTh) for the 

Thomas model was similar to that of the uptake capacity estimated from the area of the 

breakthrough curve data. As in the single metal experiment, Bohart-Adams model overestimated 

while Yan model underestimated the mass removed per gram of sample. Of the three models 

considered, the Thomas model appeared to be a more suitable and appropriate model to describe 

metal uptake in the fixed-bed column with geopolymer as the media. As an example, the three 

models were plotted against the experimental results for column C3 (Figure 5-6). It can be seen 

that Thomas model gave a better fit to the experimental data than Bohart-Adams and Yan models.  

 

Figure 5-6. Breakthrough curve data and fit of three models (Bohart-Adams, Thomas, and 

Yan model) for a single metal (Cu2+) solutions. (Influent concentration of 10 mg/L, initial 

pH of 4.0, flow rate of 5 mL/min, and of 10 cm bed depth) 
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Table 5-2. Column data and parameters obtained from breakthrough analysis, Bohart-Admas, Thomas, and Yan models for 

different column 

Column 

No. 

Metal 

ions 

Final 

pH 

Breakthrough analysis Bohart-Admas model Thomas model Yan model 

Tb, 

min 

Te, 

min 

Uptake 

capacity (q0), 

mg/g 

kBA, 

mL/min-

mg 

qBA, 

mg/g 
R2 

kTh, 

mL/min-

mg 

qTh, 

mg/g 
R2 a 

qY, 

mg/g 
R2 

C1 Cu2+ 4.62 5 360 2.15 0.29 16.10 0.36 1.20 3.27 0.87 4.28 0.72 0.90 

C2 Cu2+ 5.81 30 2880 17.20 0.12 40.55 0.43 0.23 20.60 0.74 1.85 4.73 0.97 

C3 Cu2+ 7.44 1080 15840 24.04 0.02 45.82 0.66 0.04 25.64 0.91 0.30 7.74 0.83 

C4 Cu2+ 6.69 270 6480 19.26 0.06 39.36 0.62 0.11 21.86 0.89 0.70 6.22 0.86 

C5 Cd2+ 6.92 720 10080 28.74 0.03 65.89 0.64 0.07 36.08 0.90 0.81 13.06 0.83 

C6 Pb2+ 6.77 2880 17280 59.41 0.03 91.99 0.68 0.05 62.31 0.87 0.83 35.58 0.84 

C7 

Cu2+ 6.28 60 5040 11.58 0.05 35.22 0.47 0.12 15.03 0.86 0.64 3.00 0.84 

Cd2+ 6.28 10 2160 1.98 0.05 23.57 0.35 0.16 7.00 0.80 0.84 1.26 0.94 

Pb2+ 6.28 360 7920 19.98 0.06 41.90 0.56 0.11 24.65 0.83 0.80 7.60 0.89 

 

 

1
3
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5.5. Conclusion 

For single metal experiments with the same flow rate and bed depth condition, Cu2+ was 

found to be the least removed as compared to Cd2+ and Pb2+ and had the earliest breakthrough 

time. The geopolymer had a stronger affinity for Pb2+ which resulted in a longer breakthrough time 

and a higher uptake capacity than Cd2+ and Cu2+. In a multi-metal solution, competition for metals 

uptake was observed whereby Cd2+ was the least removed instead of Cu2+. Pb2+ continued to be 

strongly removed in the multi-metal solution experiment. The metal uptake affinity in a single 

metal solution was in the order of Pb2+ > Cd2+ > Cu2+, but the metal uptake affinity was in the 

order of Pb2+ > Cu2+ > Cd2+ for a multi-metal solution. Of the three metals tested, Bohart–Adams, 

Thomas, and Yan models, Thomas model fitted the experimental data better and gave values of 

mass uptake per gram of sample that was similar to the uptake capacity estimated using the 

experimental results. The results of the column experiments showed that fixed-bed column with 

geopolymer as the filtration media can be used for the treatment of acidic waste streams such as 

acid mine drainage, industrial wastewaters and landfill leachates.  
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 CHAPTER 6. MAGNETIC FLY ASH-BASED GEOPOLYMER AND ITS 

ENVIRONMENTAL APPLICATION 

6.1. Abstract 

Magnetic geopolymers were synthesized by incorporating magnetic Fe3O4 particles to 

modify fly ash-based geopolymer. Two different synthesis methods were investigated. For the 

method where prepared magnetic Fe3O4 was incorporated into the geopolymer, the magnetic 

properties of the final material was only slightly reduced in the synthesis process as compared to 

the added magnetic Fe3O4. Magnetic fly ash geopolymer of less than 0.177 mm was made and 

characterized for its physical properties and environmental applications. Magnetic fly ash 

geopolymer showed similar metal removal properties as fly ash geopolymer with a maximum 

uptake capacity of 111.1 mg/g. The magnetic fly ash geopolymer has a saturation magnetization 

of 18 emu/g and was found to separate out from an aqueous solution within 2 minutes by using a 

magnetic field of 0.48 Tesla. Applications of the magnetic fly ash geopolymer include using it as 

a fine powder material to maximize heavy metals removal and recovery in wastewater treatment. 

6.2. Introduction 

Heavy metals in industrial waste waters are of special concern, since they can accumulate 

in different components of environment (Nordberg et al., 2014). Removal of heavy metals from 

wastewaters before they are discharged are desired for both human health and aquatic ecosystems. 

Conventional technologies for heavy metals removal from aqueous solutions involve physical-

chemical treatments such as precipitation, adsorption, membrane filtration and ion exchange (Aziz 

et al., 2008; Shipley et al., 2013). Some challenges with these technologies include, for instance, 

generating of a large amount of sludge from precipitation which may increase treatment cost. 

Membrane system has high treatment cost owing to the high energy cost and frequent change of 
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membranes. Adsorption is the most popular method among the above-mentioned technologies 

(Bereket et al., 1997). Depending on the type of waste waters, it may be an economic and effective 

treatment technology for industrial wastewaters. Suitable selection of the adsorbent is one of the 

key points in developing a proper adsorption system as specific type of adsorbent may play a 

dominant role in the adsorption process. 

Geopolymer has been categorized as an environmentally friendly material due to its low 

temperature manufacturing process and low CO2 emission as compared to producing standard 

cementitious materials (Duxson et al., 2007). Most studies related to geopolymer are focused on 

the field of concrete building materials applications. However, recently it was reported as an 

effective material for removal of pollutants in water/wastewater treatment. Geopolymer can be 

used to remove heavy metals from aqueous solutions with some advantages such as low cost, high 

efficiency, and simple production (Wang et al., 2007; Mužek et al., 2014; and Al-Harahsheh et al., 

2015).  

Researchers have studied the use of the granular geopolymer particles (size: 0.6 – 2 mm) 

for environmental applications such as adsorption or precipitation. The granular particles can be 

used in a column treatment system or as a media placed in the path of the waste streams. Use of 

fine geopolymer particles have some advantages in that they have large surface areas and can be 

easily dispersed to maximize contact with the pollutants in an aqueous solution, such as in a slurry 

form. However, this treatment suffers from some drawbacks such as the need to separate out the 

geopolymer, if it needs to be regenerated and, as in precipitation, can produce large quantities of 

residual sludge (Peng et al., 2010). To overcome these drawbacks, a magnetic signature can be 

applied to the geopolymer to generate a novel magnetic reactive/adsorbent material which can be 

separated from the aqueous phase. Rapid separation of the materials from solution by using an 
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external magnetic field without filtration or centrifugation, allows the magnetic materials to be 

recovered and reused (Foroughi et al., 2015) or for the metals removed to be recovered. 

The objective of this study is to synthesize magnetic geopolymer by using two methods to 

incorporate different amounts of magnetic Fe3O4 in fly ash-based geopolymer. The synthesized 

materials were characterized for its magnetization properties and other physical-chemical and 

environmental properties. Based on the initial characterization, a magnetic geopolymer was 

selected and investigated further for its environmental impact and uptake capacity for a heavy 

metal in contaminated wastewater. This investigation is expected to shed light on the mix of 

magnetic Fe3O4 as a magnetic material to create magnetic composite materials for various 

application including environmental application.  

6.3. Materials and Methods 

6.3.1. Magnetic iron oxide synthesis 

Magnetic iron oxide particles (Fe3O4) were synthesized by using iron (III) nitrate non-

ahydrate (Fe(NO3)3·9H2O) as the starting material. A solution of 1 g/mL of iron nitrate was 

prepared by dissolving iron nitrate. Batches of magnetic iron oxide were prepared by placing 4 mL 

of iron nitrate solution in quartz crucibles and the solution calcined at a temperature of 500 °C for 

20 min in a gas stream with Argon and 5% H2 gas. The samples were then cooled in the same gas 

stream inside the furnace to room temperature. About 0.6 g of pure magnetic Fe3O4 particles (size 

of 10 – 100 nm) were collected from each crucible. Preliminary calcining temperature at 450 °C, 

500 °C and 550 °C were tested and 500 °C was found to be the preferred calcine temperature.  

6.3.2. Geopolymer preparation  

The geopolymer was made of Class F (as defined in ASTM C618) fly ash and an alkaline 

activator solution. The alkaline activator consisted of sodium silicate solution (water glass, 
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3Na2O·3SiO2), solid NaOH, and water in a mass ratio of 0.49:0.11:0.40. The mass ratio of the 

alkaline activator to the fly ash and the activator was 0.33:1. The geopolymer was prepared by 

mixing the fly ash and the activator for 5 – 10 mins and placing the paste in a mold to cure for 24 

hours at room temperature. It was then demold and cured for 7 days at 50oC. The geopolymer was 

then washed 3 times with water and crushed to the appropriate particles size. Particles sizes used 

for preparation of magnetic fly ash-based geopolymer ranged from 0.6 – 2 mm. 

6.3.3. Preparation of magnetic fly ash-based geopolymer 

To prepare a geopolymer with magnetic properties, two methods were used in this study. 

The purpose is to add magnetic properties to the geopolymer which can allow the geopolymer to 

be separated easily in an aqueous environment. 

 Method 1 

In the first method, about 3, 6 and 9 gram of fly ash-based geopolymer (FAG) particles 

(0.6 – 2 mm) were added to 4 mL of ferric nitrate solution (1 g/L) for 24 hours to ensure optimal 

coating of the geopolymer with iron nitrate. The saturated solid materials were loaded in quartz 

crucibles and calcined at 500 °C for 20 min in Argon with 5% H2 gas. The solids were then cooled 

in the same gas inside the furnace to room temperature. The fly ash-based geopolymer coated with 

iron oxide (MC-FAG) were collected and sieved through a 30 mesh (0.6 mm) sieve 3 times to 

remove extra and weakly-bonded Fe3O4 particles on the surface of the geopolymer. The MC-FAG 

granular particles retained in the sieve were grounded to fine particles to a size of less than 0.177 

mm by passing through an 80 mesh sieve. The synthesis of MC-FAG is illustrated in Figure 6-1. 

The particles were identified as MC-FAG1, MC-FAG2, and MC-FAG3. In addition to the above, 

MC-FAG were prepared using 0.25 g/mL and 0.5 g/mL of iron nitrate and 3 gram of geopolymer. 

These samples were identified as MC-FAG1-1 and MC-FAG1-2. For comparison purpose, zeolite 
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coated with magnetic Fe3O4 was also prepared. These samples were identified as MC-Z1 and MC-

Z2. Table 6-1 presents the conditions for the prepared MC-FAG and MC-Z.   

 

Figure 6-1. Synthesis process (Method 1) for magnetic coated fly ash-based geopolymer 

(MC-FAG). 

Table 6-1. Mixture proportions to synthesize magnetic coated fly ash-based geopolymer 

and zeolite (MC-FAG and MC-Z). 

Sample No. 

Calcine 

temperature, 

°C 

Conc. of 

Fe(NO3)3 

solution, 

g/mL 

Volume of 

Fe(NO3)3 

solution, mL 

Mass of 

FAG or 

zeolite, g 

Mass ratio of 

FAG or zeolite 

to Fe(NO3)3 

solution 

Fe3O4 

wt% 

Magnetic 

Fe3O4 

450 1 4 0 -- 100 

500 1 4 0 -- 100 

550 1 4 0 -- 100 

MC-FAG1 500 1 4 3 0.75 16.67 

MC-FAG2 500 1 4 6 1.5 9.09 

MC-FAG3 500 1 4 9 2.25 6.25 

MC-Z1 500 1 4 3 0.75 16.67 

MC-Z2 500 1 4 6 1.5 9.09 

MC-FAG1-1 500 0.25 4 3 3 9.09 

MC-FAG1-2 500 0.5 4 3 1.5 4.76 

 

 Method 2 

The second method of synthesizing magnetic fly ash geopolymer (MFAG) is shown in 

Figure 6-2. In this method, various amounts (3, 6 and 10 g) of prepared magnetic Fe3O4 were 

evenly mixed with the fly ash (30 g). The mixed materials were then reacted with 12 mL of alkaline 

Prepared FAG         

particle (size 

0.6 - 2 mm) 
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solution (6 mL of sodium silicate solution + 6 mL of 6.68 M of NaOH solution). The ratio of liquid 

to solid was fixed at about 0.4. The obtained paste was mixed for 5 min and was subjected to 

ultrasound for 5 min to enhance dispersion. The obtained paste mixture was poured into a 

1”×1”×1” cubic mold and pre-cured for 24 h at room temperature (21 – 23 oC). The samples were 

then demolded, placed in a cylindrical glass container which was closed, and cured at a temperature 

of 50 oC in an oven for 7 days. The MFAG cubes were crushed and grounded to obtain a MFAG 

sample with particle size of less than 0.177 mm. The MFAG sample were washed several times 

with distilled water to remove surface alkalinity, and oven dried overnight. A magnet was used to 

separate the MFAG and any nonmagnetic fines.  Table 6-2 presents the different samples prepared 

and the mix proportions of the raw material.  

 

Figure 6-2. Synthesis process (Method 2) for magnetic fly ash-based geopolymer (MFAG). 

Table 6-2. Mixture proportion of magnetic fly ash-based geopolymer (MFAG). 

Sample No. 
Mass of 

FA, g 

Volume of alkaline 

solution, mL 

Mass of 

Fe3O4, g 

Mass ratio of FA to 

Fe3O4 solids 
Fe3O4 wt% 

FAG 30 12 0 -- 0 

MFAG1 30 12 10 3 18.40 

MFAG2 30 12 6 5 11.92 

MFAG3 30 12 3 10 6.34 
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6.3.4. Characterization 

Initial screening of all the samples were conducted by measuring the magnetic properties, 

the pH change in aqueous solution and the single point batch experiments of the samples for metal 

removal.  

The magnetic behavior of the samples was measured at 298 ± 1K by a Superconducting 

Quantum Interference Device (SQUID, MPMS-XL7, Quantum Design, USA). The results were 

reported in terms of 8.06 emu/g.  

Solution pH changes and single point batch experiments were conducted using 50 mL of 

metal (Cu2+) solution and a fixed amount of powder (0.1 g) in 50 mL centrifuge tubes and capped. 

The tubes were then agitated on a rotary shaker for 24 hours, a speed of 30 rpm. The initial Cu2+ 

concentration was 100 mg/L. The final pH of the solution was measured and the metal uptake qt 

(mg/g) was determined by the following equation: 

𝑞𝑡 =
𝐶0 − 𝐶𝑡
𝑚

 𝑉 

where C0 and Ct (mg/L) are the metal concentration in liquid phase at the initial and at time t, 

respectively; m is the sample mass (g); V is volume of the metal solution (L).  

The initial pH of the solution was adjusted 3.0 ± 0.1 by adding 1M H2SO4 solutions. The 

solid and liquid phases were magnetically separated using a magnet with a magnetic field strength 

of 0.48 Tesla. The metal concentrations in the filtrate were determined by ICP atomic emission 

spectrometry (ICPE-9800 Series, Shimadzu Corporation, Kyoto, Japan). 

Based on the initial screening, a magnetic fly ash-based geopolymer was selected for 

further testing. This geopolymer was characterized for its physical-chemical properties. The 

specific surface area of the magnetic fly ash-based geopolymer was determined using nitrogen 
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BET method. Compressive strength was determined by using the method from ASTM C 109 

(2013). SEM images were taken using a scanning electron microscopes (Quanta FEG 250, 

Hillsboro, Oregon, USA).  

6.3.5. Batch experiments 

Batch experiments were conducted using 50 mL of metal (Cu2+) solution and various 

masses of magnetic geopolymer powder in 60 mL centrifuge tubes and capped. The initial pHs of 

the solutions for all the tests were adjusted to 3.0 ± 0.1 by adding 1M H2SO4 solutions. The tubes 

were agitated on a rotary shaker at a speed of 30 rpm at room temperature (21 – 23 oC). The 

solution was then filtered and the final pH of filtrate measured by a pH meter and the final 

equilibrium concentration of the metal analyzed using an inductively coupled plasma (ICP) atomic 

emission spectrometer (ICPE-9800 Series, Shimadzu Corporation, Kyoto, Japan). All experiments 

were carried out in duplicate and the average concentration reported.  

The first set of experiments were conducted to assess the effect of MFAG dosage and initial 

Cu2+ concentration on the pH of the solution by using masses of MFAG ranging from 0.01 to 0.1 

g and initial Cu2+ concentrations ranging from 0 to 200 mg/L. The second set of experiments were 

conducted to assess the kinetics of removal by MFAG using contact time ranging from 0 – 2 hours 

and a MFAG mass of 0.1 g and Cu2+ concentration of 100 mg/L.  Two kinetic models, pseudo-

first-order and pseudo-second-order, were used for the analysis. In addition, the experimental data 

were fitted using two isotherm models, Langmuir and Freundlich models, to obtain the maximum 

uptake capacity.  
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6.3.6. Magnetic separation and settling tests 

Preliminary magnetic separation tests were conducted using 0.1 g of fine sample mixed 

with 50 mL copper solution for 5 min. The turbidity (NTU) and suspended solids of the mixture 

were measured with and without a magnetic field of 0.48 Tesla.  

Further tests were conducted using a standard settling test (White, 1975). A 1 liter 

measuring cylinder was used with different concentrations of the magnetic particles (100, 500, and 

1000 mg/L) uniformly distributed. Figure 6-3 shows that a magnetic field of 0.11 Tesla was fixed 

at the bottom of cylinder, and another magnetic field of 0.48 Tesla was placed on side of cylinder 

for 10 seconds at each descending position. The turbidity and the suspended solids of the 

suspensions were measured with and without a magnetic field.  

 

Figure 6-3. Settling test with magnetic field placement. 

0.11 Tesla 

magnetic field 

0.48 Tesla 

magnetic field 
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6.4. Results and Discussions 

6.4.1. Initial characterization and screening 

 Magnetization of samples 

The saturation magnetization of all prepared samples are presented in Table 6-3. The 

saturation magnetization of Fe3O4 at high field yield (90 kOe) was found to be between 89 and 92 

emu/g for the three different calcine temperatures. The calcine temperature of 500 oC seemed to 

give a slightly better saturated magnetization.  

For the coated samples from Method 1, the saturation magnetization was found to be 

between 0.93 and 1.52 emu/g at a high field yield of 30 kOe. The relative level of magnetization 

for samples prepared using Method 1 (geopolymer coated with Fe3O4 were in the range of 1 – 2%). 

As a comparison, the zeolite materials were found to have a relative level of magnetization of (4 

– 6 %). Although the amount of Fe3O4 were not measured, it can be assumed that the relative level 

of magnetization reflects the level of Fe3O4 coating on the surface of the geopolymer assuming 

that the Fe3O4 did not lose its magnetization during the preparation process. 

For Method 2, the magnetic fly ash-based geopolymer showed high saturation 

magnetizations ranging from 6.8 to 15.81 emu/g (Table 6-3). Assuming no reduction in the 

magnetization of the Fe3O4 (92.47 emu/g), the estimated masses of Fe3O4 based on magnetization 

fraction was 7 – 17% (Table 6-3). These were close to the 6.34 to 18.4% by weight of Fe3O4 added 

to prepare the MFAG samples. 

The fly ash-based geopolymer itself had a saturation magnetization of 0.94 emu/g while 

raw material Class-F fly ash had a saturation magnetization of 1.07 emu/g. This indicates that the 

fly ash contained small amounts of magnetic iron oxide which may come from the 5.43% by 
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weight of Fe as per the chemical composition provided by the manufacturer (Ash Grove Technical 

Center, 2016).  

Table 6-3. Saturation magnetization with magnetic field. 

Method type Sample H, kOe M, emu/g Level of Magnetization 

Prepared Fe3O4 

450oC Fe3O4 90.01 89.42 97% 

500oC Fe3O4 90.01 92.47 100% 

550oC Fe3O4 90.00 92.12 100% 

Method 1 

MCFAG1 30.00 1.52 2% 

MCFAG2 30.00 1.10 1% 

MCFAG3 30.00 0.85 1% 

MCZ1 30.00 5.31 6% 

MCZ2 29.99 4.14 4% 

MCFAG1-1 30.00 0.93 1% 

MCFAG1-2 30.00 1.13 1% 

Method 2 

MFAG1 30.00 15.81 17% 

MFAG2 30.00 8.06 9% 

MFAG3 30.00 6.80 7% 

Fly ash-based 

geopolymer 
FAG 29.97 0.94 1% 

Class-F fly ash Fly ash 30.00 1.07 1% 

 

 Single point removal of Cu2+ by different samples 

All the prepared particles, magnetic samples and non-magnetic samples, were used for 

copper removal. The results of the single point test are shown in Figure 6-4(a).  

The results indicated that the synthesized MFAG2 from Method 2 had the highest uptake 

of Cu2+ (49.81 mg/g) which was slightly higher than that of non-magnetic geopolymer (49.79 

mg/g). From Method 2, MFAG1 had the uptake of Cu2+ (45.08 mg/g) which was less than that of 

MFAG2 and non-magnetic geopolymer. A possible reason is that addition (18.4% wt) of Fe3O4 

into the geopolymer can impact the removal of the metal. The uptake of Cu2+ (49.68 mg/g) for 

sample MFAG3 was close to that of MFAG2 and non-magnetic geopolymer.  



www.manaraa.com

152 

 

 

 

The raw fly ash removed about 21.40 mg/g of Cu2+. Thus, the results indicated that the 

metal removal properties by the geopolymer were not affected by the presence of the magnetic 

Fe3O4 (≤ 11.9% wt).  

Except for MC-FAG3, the magnetic-coated geopolymer particles from Method 1 gave a 

lower uptake of Cu2+ than that of Method 2. The Cu2+ removed by the MCFAG-3 was 48 mg/g, 

which was comparable to MFAG2. A possible reason is that reactive sites were reduced by the 

high concentration of iron during the synthesis process, or iron precipitation may have occurred 

and accumulated on the surface reducing the surface area.  

All the synthesized magnetic geopolymer showed improved metal uptake behavior 

compared to the magnetic Fe3O4 which had limited uptake of Cu2+ ion (1.40 mg/g). As a 

comparison, zeolite showed a Cu2+ uptake of 2.55 mg/g which was higher than the magnetic-coated 

zeolite (MCZ-1: 0.85 mg/g and MCZ-2: 1.35 mg/g). The decreased metal uptake was due to the 

low metal uptake affinity of the magnetic iron oxide which reduced the metal uptake affinity of 

the zeolite.  

Figure 6-4(b) shows the pH change when the samples were added to acidic solution. The 

magnetic fly ash-based geopolymer all gave pH changes that were less than the fly ash-based 

geopolymer.  
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Figure 6-4. Comparison of different magnetic geopolymer and zeolite on single point of 

copper removal (a) and pH of solution (b). Condition: 100 mg/L of initial concentration, 

initial pH 3.0, and 24 hour of contact time. 

6.4.2. Magnetization of MFAG2 samples 

Magnetization curves of Fe3O4 and MFAG2 sample are shown in Figure 6-5.  
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Figure 6-5. Magnetization curve of a single (a) 500oC Fe3O4 particles (mass = 15.57 mg) and 

(b) MFAG2 sample (mass = 6.2 mg). 

The magnetization curve showed a hysteresis loop meaning that the magnetic behavior of 

magnetic Fe3O4 particles in the geopolymer was preserved when they were fixed in the geopolymer 

matrix. The magnetization saturates at a value of 8.06 emu/g for a high field yield of 30 kOe (Table 

6-3). 

6.4.3. Physical-chemical properties of MFAG2 

For MFAG2 sample, the nitrogen BET surface area was 36.46 m2/g and compressive 

strength was 34.5 MPa, which were comparable to the fly ash-based geopolymer with surface area 

of 32.39 m2/g and compressive strength of 33.8 MPa. Figure 6-6(a) shows the SEM image (5000x) 

and EDX spectra data of prepared MFAG2 from Method 2. The MFAG2 sample contained Fe 

content based on Fe X-ray map and spectra data. Figure 6-6(b) shows the SEM image (5000x) and 

spectra data of MFAG2 after treatment in the Cu2+ solution. Based on Cu X-ray map and spectra 

data, Cu was found on the surface of MFAG2.  

 

-100

-80

-60

-40

-20

0

20

40

60

80

100

-10 -5 0 5 10

M
ag

n
et

iz
at

io
n
 (

M
),

 e
m

u
/g

Magnetic field (H), kOe

500oC-Fe3O4

MFAG2



www.manaraa.com

155 

 

 

 

 

 

Figure 6-6. SEM images (5000x) and EDX spectra of MFAG2 (a) before and (b) after 

treated with Cu2+ solution. 
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6.4.4. Effect of MFAG2 mass and initial concentration of Cu2+ on pH of solution 

Figure 6-7 shows the impact of mass (0.01 – 0.1 g) of MFAG2 on the pH of the solution 

when different masses were added to the copper solution. The final pH of solution increased with 

increased addition of MFAG2 which was expected. For the low Cu2+ concentration of 10 mg/L, 

0.1 g of MFAG2 gave a final pH of 7.68 which was higher than the pH of 6.04 from single point 

test with 100 mg/L of Cu2+ concentration. Fine FAG (< 0.177 mm) particles showed similar trend 

of final pH of solution and its final pH was slightly higher than that of MFAG2.  The alkaline sites 

of geopolymer can contribute towards the pH of the solution and to metal uptake. 

As a comparison, the mass (0.01 – 0.1 g) of FAG (0.6 – 2 mm) added into 20 mg/L of Cu2+ 

solution also increase the pH of solution as shown in Figure 6-7. For FAG with size 0.6 – 2 mm, 

the final pH change was less than that of MFAG2 and FAG (< 0.177 mm). A possible reason is 

that larger particle size (less surface area) of FAG (0.6 – 2 mm) was used as compared to MFAG2 

and FAG (< 0.177 mm) along with the higher Cu2+ concentration (20 mg/L) used. 

    

Figure 6-7. Effect of mass of MFAG2 on final pH of solution. Condition: 50 mL of Cu2+ 

solution, and initial pH 3, and 24 hour contact time. MFAG2 (< 0.177 mm) and FAG (< 

0.177 mm): 10 mg/L of initial Cu2+ concentration. FAG (0.6 – 2 mm): 20 mg/L of initial 

Cu2+ concentration. 

0

1

2

3

4

5

6

7

8

9

10

0.00 0.02 0.04 0.06 0.08 0.10 0.12

F
in

al
 p

H

Mass, g

MFAG2 (< 0.177 mm)

FAG (< 0.177 mm)

FAG (0.6 - 2 mm)



www.manaraa.com

157 

 

 

 

Figure 6-8 shows the effect of initial Cu2+ concentration (0 – 200 mg/L) on final pH of 

solution. The final pH decreased with increased Cu2+ concentration. This may be due to the initial 

metals concentration providing an important driving force to overcome the mass transfer resistance 

of metal ions between the aqueous and solid phases (Ibrahim et al., 2010). As such, the more mass 

of Cu2+ in solution can compete with H+ ion (acidity) for available reactive sites on the solids.  

Also, as a comparison, FAG (< 0.177 mm) resulted in higher final pH of the solution than 

that of MFAG2, and FAG (0.6 – 2 mm) resulted in lower final pH of the solution than that of 

MFAG2, even though the mass of FAG (0.6 – 2 mm) used was twice larger than MFAG2. The 

possible reason may be due to the larger particle size (less surface area) of FAG (0.6 – 2 mm) as 

compared to that of MFAG2 (< 0.177 mm) and FAG (< 0.177 mm).  

  

Figure 6-8. Effect of initial Cu2+ concentration on final pH of solution. Condition: 50 mL of 

Cu2+ solution, initial pH 3, and 24 hour contact time. 0.05 g of MFAG2 (< 0.177 mm) and 

FAG (< 0.177 mm) and 0.1 g of FAG (0.6 – 2 mm). 

6.4.5. Kinetics of metal uptake on MFAG2 

The kinetics of metal uptake for MFAG2 are presented in Figure 6-9 for initial pHs of 2.5, 

3.0, and 4.0. The copper solution used was 50 mL with an initial concentration of 100 mg/L and 

the mass of MFAG2 used was 0.1 g. Figure 6-9 shows a rapid uptake within the first two hours, 
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and then the uptake gradually slowed down. Steady state conditions were reached at about 24 

hours. The time taken to reach steady state conditions decreased with increasing the initial pH of 

solution. This behavior may be connected to the competitive uptake process of Cu2+ ion and H+ 

ion in acidic solution.  

 

Figure 6-9. Effect of contact time on copper uptake rate. Condition: 100 mg/L of initial 

copper concentration, 50 mL of solution volume, and 0.1 g of sample mass. 

Two kinetic models, pseudo-first-order and pseudo-second-order, were used to fit the data 

as shown in Figure 6-10. Eq. (1) and (2) present the linear forms of the pseudo-first-order 

(Lagergren, 1898) and the pseudo-second-order kinetics (Ho & McKay, 1999), respectively: 

log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 −
𝑘1 𝑡

2.303
            (1) 

𝑡

𝑞𝑡
=

1

𝑘2
𝑞𝑒
2 +

𝑡

𝑞𝑒
                                 (2) 

where t is the contact time (min), qe (mg/g), and qt (mg/g) are the amounts of Cu2+ uptake at steady 

state conditions and at any time t, k1 (min−1) and k2 (g/mg min) is the rate constant of the pseudo 

first-order and the pseudo-second-order kinetics, respectively. Figure 6-10(a) represents the plot 

of ln(qe − qt) versus t. It shows good linearity with an R2 = 0.9506. The plot of t/qt versus t is given 

in Figure 6-10(b) where the pseudo-second-order model fits the data well (R2 = 0.999). Table 6-4 
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summarized the results of the modelling. These results indicate that the pseudo-second-order 

kinetic model yielded a better fit and suggests that Cu2+ uptake kinetic using MFAG can be 

described by the pseudo-second-order equation. Other researchers (Mobasherpour et al., 2014; 

Venkatesan & Rajagopalan, 2016; Rabelo et al., 2012) reported similar results where a pseudo-

second-order model was a better fit for Cu2+ uptake onto different adsorbents a first-order-model. 

    

Figure 6-10. Kinetic models of Cu2+ uptake on magnetic geopolymer: (a) Pseudo-first-

order, and (b) pseudo-second-order. Conditions: 50 mL of Cu2+ solution, initial pH of 3.0, 

and MFAG2 mass of 0.1 g. 

Table 6-4. Kinetic parameters for uptake of Cu2+ on MFAG2. 

Kinetic model Parameters 
Initial pH of solution 

2.5 3.0 4.0 

Pseudo-first 

order 

qe, mg/g 26.51 22.57 13.13 

k1, hr-1 0.11 0.20 0.21 

R2 0.892 0.951 0.874 

Pseudo-second 

order 

qe, mg/g 47.85 50.25 50.25 

k2, g/mg·hr 6.60E-06 3.48E-06 1.39E-06 

R2 0.995 0.999 0.999 
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Figure 6-11 illustrated the release of cations (Ca, Mg, K, and Na) in solution. Na+ 
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used in the synthesis process. Calcium ion released from MFAG may come from calcium 

compounds dissolving into the solution due to its acidity. Concentrations of aluminum and iron 

ions in solution were found to be below the detection limit of the ICP. This results may suggest 

that the synthesized MFAG was stable in fixing the aluminum and iron ions in its structure and 

was not impacted by the acidic solution.  

 

Figure 6-11. Release of cation in solution. Condition: 50 mL of 100 mg/L Cu2+ solution, 

initial pH of 3.0, and 24 hour contact time. 0.05 g of MFAG2 (< 0.177 mm) and FAG (< 

0.177 mm), 0.1 g of FAG (0.6 – 2 mm) and 0.05 g of raw fly ash (Class-F). 

As a comparison, FAG (< 0.177 mm) resulted in higher release of cations in solution than 

that of MFAG2. A possible reason may be due to the addition of Fe3O4 into geopolymer which 

may reduce cation release. FAG (0.6 – 2 mm) resulted in lower final pH of solution than that of 

MFAG2, even though the mass of FAG (0.6 – 2 mm) used was twice larger than MFAG2. A 

possible reason may be due to the larger particle size (less surface area) of FAG (0.6 – 2 mm) as 

compared to that of MFAG2 (< 0.177 mm) and FAG (< 0.177 mm). 
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In addition, as a comparison, raw fly ash (Class-F) resulted in higher release of Ca2+ and 

less Na+ in solution than that of the other three geopolymers. Other cations were not detected in 

solution as they may be below the detection limits of the ICP.  

6.4.7. Isotherm studies 

Two isotherms, Langmuir and Freundlich models, were used to fit the data of the batch 

experiments. The isotherms are mathematically expressed as follows. The Langmuir isotherm 

model is shown below: 

𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿𝑞𝑚
+
𝐶𝑒

𝑞𝑚
         (3) 

where qm is the maximum adsorption capacity (mg/g); qe is the amount of Cu2+ uptake at 

equilibrium (mg/g); and KL is the Langmuir constant (L/g). 

The Freundlich isotherm model displays the relationship between the amount of Cu2+ 

uptake by MFAG (qe, mg/g) and the equilibrium concentration of Cu2+ (Ce, mg/L) in solution: 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

              (4) 

where KF and n are Freundlich constants that were related to the adsorption capacity and the 

adsorption intensity respectively.  

Figure 6-12 shows uptake of Cu2+ for 0.05 g of MFAG2 (< 0.177 mm) in solution.  As a 

comparison, Cu2+ uptake onto 0.05 g of FAG (< 0.177 mm) and 0.1 g of FAG (0.6 – 2 mm) were 

plotted as shown in Figure 6-12. The KL, Qm, n, KF values and the regression correlation 

coefficients (R2) for Langmuir and Freundlich isotherms are given in Table 6-5. The R2 correlation 

indicate that experimental data was better fitted using the Langmuir model (R2 = 0.981 – 0.999) as 

compared to the Freundlich model (R2 = 0.901 – 0.981). The maximum uptake capacity (Qm) for 

Cu2+ was 111.11 mg/g for MFAG2 (< 0.177 mm) which was slightly higher than uptake capacity 
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(102.04 mg/g) for FAG (< 0.177 mm). A possible reason may be due to the higher BET surface 

area (36.46 m2/g) of MFAG2 as compared to that (32.39m2/g) of FAG. In addition, both fine 

geopolymer particles showed much higher uptake capacity as compared to 29.41 mg/g for gravel-

sized FAG (0.6 – 2 mm) at initial pH 3.0.  

 

Figure 6-12. Isotherms for uptake of Cu2+. Condition: 50 mL of Cu2+ solution, initial pH 3, 

and 24 hour contact time. 0.05 g of MFAG2 and FAG (<0.177 mm), and 0.1 g of FAG (0.6 – 

2 mm).   

Table 6-5. Isotherm parameters for Cu2+ ion uptake on MFAG2 and FAG (particle size < 

0.177mm), and FAG (particle size: 0.6 – 2mm). 

Model Parameters 

Samples 

MFAG2 (< 0.177 

mm) 

FAG (< 0.177 

mm) 

FAG (0.6 – 2 

mm) 

Langmuir 

Qm, mg/g 111.11 102.04 29.41 

KL, L/mg 0.44 0.28 0.07 

R2 0.999 0.999 0.981 

Freundlich 

KF, mg(1-n)g-1Ln 17.85 20.49 4.10 

1/n 0.51 0.40 0.41 

R2 0.945 0.901 0.981 
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6.4.8. Settling of MFAG2 particles with and without a magnetic field 

Compared to traditional solid-liquid separation method, such as gravity and centrifugal 

technique, magnetic separation can be more effective and can separate the solids rapidly. A 

preliminary magnetic separation test (Figure 6-13) was performed with fine MFAG2 particles and 

separated using a magnet (magnetic field of 0.48 Tesla). The particles was separated within 10 s. 

More than 95% of the fine particles were recovered from solution by the magnet (Figure 6-13). 

When the external magnetic field was removed, the fine particles could be dispersed again in 

solution by physical shaking. Without the magnet, the fine particles settled to the bottom of the 

tube in 20 min.  

 

Figure 6-13. Magnetic separation of synthesized MFAG2. Left: before and right: after. 

Conditions: 50 mL of Cu2+ solution, initial pH of 3.0, and MFAG2 mass of 0.1 g. 
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Figure 6-14. Settling MFAG2 particles in solution (a) mixture, (b) without magnetic field (2 

hours), (c) with magnetic field (5 min). 

Figure 6-14 shows the standard settling test of MFAG2 particles in 1 liter measuring 

cylinder with and without a magnetic field. The concentration of MFAG2 solids were 100, 500, 

and 1000 mg/L (left to right). The settling with the magnetic field showed denser accumulation of 

particles at the bottom of cylinder as compared to that of gravitional settling without a magnetic 

field. 

Table 6-6 shows the turbidities and suspended solids concentrations in solution with and 

without magnetic settling. The magnetic settling showed significantly lower turbidities from 68.3 

to 0.655 NTU within 5 min of settling for 100 mg/L of fine MFAG2 solids. For gravitational 

settling, the turbidity reached in 2 hours was 6.15 NTU from a starting turbidity of 68.3 NTU. The 

suspended solids for the magnetic settling was 35.1 mg/L after 5 mins for a starting suspended 

solids of 1000 mg/L. In contrast, the suspended solids was 158.3 mg/L after 2 hours of gravitational 

settling. The results from Table 6-6 showed the magnetic geopolymer particles can be rapidly 

separated from water solution by a magnetic field. 

(a) (b) (c) 

100 mg/L     500 mg/L     1000 mg/L 100 mg/L     500 mg/L     1000 mg/L 100 mg/L     500 mg/L     1000 mg/L 
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Table 6-6. The turbidity and suspended solids with and without magnetic settling. 

Settling Parameters 
Total solids concentration 

100 mg/L 500 mg/L 1000 mg/L 

Mixture  Turbidity, NTU 68.3 376 745 

Without magnetic field 

10 mins - Turbidity, NTU 10.9 56.4 114 

2 hours - Turbidity, NTU 6.15 29.5 49.5 

Suspended solids, mg/L 29.2 104.6 158.3 

With magnetic field 

1 min Turbidity, NTU 8.2 27.1 50.6 

5 mins - Turbidity, NTU 0.655 4.53 8.16 

Suspended solids, mg/L 2.8 16.3 35.1 

 

6.5. Conclusion 

Two methods for preparing magnetic geopolymer were presented. Method 2 incorporated 

pre-prepared magnetic Fe3O4 particles in the synthesis of the geopolymer while Method 1 

synthesized the magnetic Fe3O4 particles on the surface of the geopolymer by soaking the 

geopolymer with iron nitrate and calcining the prepared material. Method 2 was found to be a more 

effective method than Method 1. With Method 2, the magnetic properties of the Fe3O4 particles 

was found to be preserved in the synthesis process. The prepared magnetic fly ash-based 

geopolymer (MFAG2) in this study can be applied to neutralize the pH and at the same time 

remove heavy metals from industrial acidic wastewater or drinking water system. Experimental 

results showed that fine MFAG2 particles (< 0.177 mm) had an uptake capacity of Cu2+ (111.11 

mg/g) and the initial acidic pH (3.0) was increased to pH of 7.68. The magnetic geopolymer was 

effectively separated with a magnetic field within minutes as compared to gravitational settling 

which requires about two hours for comparable results.  

The magnetic geopolymer fine particles may be used in applications where removal of 

heavy metals is required followed by separation of the geopolymer with the possibility of recovery 

of metals and reuse of the geopolymer.  
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Since the magnetic geopolymer were made from an industrial waste (fly ash) and iron 

nitrate, the cost to manufacture is low and at the same time helps to reduce fly ash waste. 
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 CHAPTER 7. GENERAL CONCLUSIONS 

Fly ash-based geopolymers were made using an alkaline activator solution and fly ash. 

Some of the advantages of making geopolymers include use of fly ash waste products to reduce 

the amount of fly ash that are need to be disposed of, the process of making geopolymer does not 

require specialized equipment, and fly ash is low cost materials. The synthesized fly ash-based 

geopolymer has good compressive strength properties and comparable specific surface areas. It 

could be used as a potential low-cost substitute for more expensive adsorbents such as zeolite or 

activated carbon. 

Some of the applications of fly ash-based geopolymer include making pellet or gravel-

sized material as filtration media and as materials that can be placed in the path of acidic waste 

stream, such as acid mine drainage and acidic industrial wastewaters, to neutralize the pH and 

remove heavy metals. Of the three metals tested, the uptake behavior of fly ash-based geopolymer 

followed the following sequence of Pb2+ > Cu2+ > Cd2+ in single metal solution for metal 

concentrations less than 20 mg/L. In a multi-metal solution, Cd2+ was the most affected by the 

presence of the other two metals Cu2+ and Pb2+. Cu2+ was minimally affected by the other two 

metals in a multi-metal solution. For the single metal solution experiments, the maximum uptake 

capacity of Cu2+, Cd2+ and Pb2+ were found to range from 20.66 – 35.21, 28.74 – 42.02, and 116.28 

– 121.95 mg/g for initial pH 2.5 to 4.0 respectively. Removal of heavy metals was probably due 

to precipitation and adsorption on the geopolymer surface.  

Fly ash-based geopolymer can be used as a filtration media in fixed-bed columns for the 

treatment of acidic waste streams contaminated with heavy metals such as acid mine drainage, 

industrial wastewaters and landfill leachates. Fly ash-based geopolymer shows a stronger affinity 

for Pb2+ which resulted in a longer breakthrough time and a higher uptake capacity than Cd2+ and 
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Cu2+ for single metal solution with the same flow rate and bed depth condition. In a multi-metal 

solution, competition for uptake was observed whereby Cd2+ was the least uptake instead of Cu2+. 

Pb2+ continued to be strongly uptake in the multi-metal solution experiment. The uptake affinity 

in a single metal solution was in the order of Pb2+ > Cd2+ > Cu2+, but the uptake affinity in a multi-

metal solution was in the order of Pb2+ > Cu2+ > Cd2+.  

In addition, the fine fly ash-based geopolymer particles were magnetized by incorporating 

magnetic Fe3O4 into the geopolymer. The magnetic fly ash-based geopolymer can neutralize the 

pH and remove heavy metals from industrial acidic wastewater or drinking water system.  The 

magnetic geopolymer can be used in applications where removal of heavy metals is required 

followed by separation of the adsorbent with the possibility of recovery of metals and reuse of the 

adsorbent.  
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 APPENDIX A. CHARACTERIZATION: METHOD AND PROCEDURE 

 Cation exchange capacity 

The total cation exchange capacity (CEC) of prepared samples was determined by the 

standard method of ion exchange with ammonium chloride (Sumner et al., 1996). The mass of 1 g 

sample was left to stand for 24 h in 100 ml of ammonia chloride solution, at pH 7, with occasional 

shaking. After completion of ion exchange, the suspension was filtered and the concentration of 

exchangeable Ca2+, Mg2+, K+ and Na+ was determined in the filtrate, whose sum calculated per kg 

of sample is the total CEC. The concentrations of Ca2+, Mg2+, Na+ and K+ were determined by an 

inductively coupled plasma (ICP) atomic emission spectrometer (ICPE-9800 Series, Shimadzu 

Corporation, Kyoto, Japan).  

Table A-1. Experimental data and calculations of cation exchange capacity 

Laboratory Record for CEC Data Calculations 

Sample 
Mass of 

sample, g 

Ca, 

mg/L 

Mg, 

mg/L 

K, 

mg/L 

Na, 

mg/L 

Ca, 

cmol/kg 

Mg, 

cmol/kg 

K, 

cmol/kg 

Na, 

cmol/kg 

CEC, 

cmol/kg 

G50 1 104 7.9 3.8 194 52.00 6.58 0.97 84.35 143.91 

G60 1 117 5.6 3.1 198 58.50 4.67 0.79 86.09 150.05 

G70 1 97.4 8.8 4.2 218 48.70 7.33 1.08 94.78 151.89 

G60+10%S 1 129 9.5 4.7 186 64.50 7.92 1.21 80.87 154.49 

G60+20%S 1 156 10.2 5.48 157.7 78.00 8.50 1.41 68.57 156.47 

 

 Specific surface area 

The specific surface area (SSA) were determined by measuring the amount of a liquid 

required to cover the surface of the prepared samples (Blake and Hartge, 1965). The method in 

this study was based on the weight of ethylene glycol adsorbed as monomolecular layer on the 

sample surface.  
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Figure A-1. Experimental apparatus of specific surface area by using ethylene glycol 

Weigh approximately 120 g of calcium chloride (CaCl2) into a 1-L beaker and place the 

beaker in oven (105 oC) for 2 hour to remove all traces of H2O. Then, weigh 20 g of glycol into a 

400 mL beaker. Remove the CaCl2 from the oven and weigh out 100 grams without cooling, and 

add it to the beaker containing the glycol. Mix the contents immediately and thoroughly with a 

spatula. After mixture has cooled, place it in a culture chamber and spread it uniformly over 

bottom. Store the culture chamber in sealed desiccator. 

Place approximately 1 gram of oven dried sample in the bottom of a clean dry aluminum 

tare.  Determine the mass of the sample to the nearest 0.001 g. Use a small pipette, gently place 

approximately 1 mL of laboratory grade ethylene glycol over the surface of sample by distributing 

the liquid dropwise from a pipette. Gently mix the sample and ethylene glycol together using a 

slow swirling motion of the hand until the mixture forms a slurry and the appearance of the slurry 

is uniform. Swirling the mixture in the aluminum tare with a circular hand motion allows for no 

sample loss and a uniform coverage of all sample particles by the ethylene glycol. Place the tare 

into a vacuum desiccator and place a small lid over the tare, leaving a gap of 2 to 3 mm between 
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the lid and the tare. Cover the chamber and place it in a desiccator. Attach the desiccator to a 

vacuum pump and begin evacuating using a vacuum of at about 550 mm Hg, close the stopcock 

and allow the desiccator to stand at a temperature of 22 ± 1°C.  After 12 to 16 hours, apply the 

vacuum pump again for 30 minutes to remove any foreign vapors which may have reduced the 

vacuum. 

When the sample has been in the desiccator for about 48 hours, and determine the mass of 

the sample/glycol mixture. Repeat this step again at approximately 24 hours. The weight of the 

mixture should not vary more than 0.001 g. If the weight varies by more than 0.001 g, place the 

tare back in the desiccator and weigh it again in approximately 4 hours. Then the surface area of 

the sample, SSA in m2/g, was calculated as: 

𝑆𝑆𝐴 =  
𝑊𝑎

0.00031 𝑊𝑠
 

where SSA is specific surface area in m2/g, Wa is weight of ethylene glycol retained by the sample 

in grams (final slurry weight – Ws), 0.00031 is the Dyal-Hendricks value for the weight of glycol 

required to form a monomolecular layer on a square meter of surface (g/m2), Ws is oven dry weight 

of sample (g) 

It is recommended that periodically a “control” sample be tested to monitor the accuracy 

of the tests. 

 Point of zero charge 

The point of zero charge (pHpzc) of the prepared samples were determined by solid addition 

method (Balistrieri and Murray, 1981) using KNO3 (0.01 M) solution. Initial pH of (0.01M) KNO3 

solutions (pHi) was adjusted from pH 2 to 12 by adding either (0.01 M) HCl or 0.01 M (NaOH). 
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Weigh 0.1g of prepared sample and add into 100 mL of 0.01 M KNO3 solution in 200 mL conical 

flasks and stirred for 24 h of contact time and final pH (pHf) of solution was measured. The 

difference between the initial and final pH (pHi–pHf) was plotted against the initial pH (pHi) and 

the point where pHi – pHf = 0 was taken as the pHpzc. The result of sample G60 is shown in below. 

 

Figure A-2. Results of pH at point of zero charge (ΔpH vs. pHi) 

Results of CEC, SSA, pHpzc for prepared fly ash-based samples are shown in Table A-2. 

Table A-2. Results of characteristics of geopolymers 

Fly ash-based geopolymer Samples CEC, cmol/kg SSA, m2/g pHpzc 

G50 144 123 10.16 ± 0.21 

G60 150 135 10.28 ± 0.16 

G70 152 129 10.29 ± 0.43 

G60+10%S 154 120 10.22 ± 0.32 

G60+20%S 156 114 10.25 ± 0.33 

 

These three properties (CEC, SSA, and pHpzc) are important factor for removal of heavy 

metals on geopolymer. The methods of these characterization are commonly used for soil analysis, 

the results from these analysis can provide an indicator for these properties. But their effectiveness 

need be developed in further. Because geopolymer solids show the reactivity in aqueous phase due 

to the alkaline nature.   
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 Scanning Electron Microscope/ Energy Dispersive X-Ray  

Scanning electron microscope (SEM) micrographs of the geopolymer samples were taken 

using FEI Quanta 250 FE-SEM. SEM was performed to show the ash particles morphology and 

topography before and after the geopolymerization process. For this analysis, the images are 

observed at 50 – 5000X magnification. The SEM is equipped with an EDX which was used to 

characterize the microstructure and the chemical compositions of geopolymer samples.  

The raw fly ash (Class-F) particles and geopolymer particles (< 0.177 mm and 0.42 – 2 

mm) prepared in this study are cast in epoxy so as to get a smooth surface finish.  

The microstructure, EDX chemical distribution and elemental mapping of fly ash-based 

geopolymer samples are shown in below figures (A-3 to A-9). The corresponding EDX analysis 

confirms the presence of silicon, calcium, aluminum, sodium, potassium, magnesium, iron, 

titanium, sulfur, oxygen and carbon. 

From these figures (A-3 to A-9), it is obvious that the main chemical species present is 

silicon, aluminum, sodium and calcium. From the elemental mapping, it is clear that there are some 

zones that are present which include a silicon rich zone, a calcium enriched zone and a complex 

zone which contains all species including calcium, silicon, aluminum, iron, sodium, oxygen, 

magnesium and carbon. Some crystalline layers contain phosphorus, tin, antimony, molybdenum, 

which may due to the raw fly ash. Some iridium were found because samples were coated with 

iridium for conductivity. It should lead to a featureless map unless there is severe topography. 
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Figure A-3. SEM (500x) of Raw fly ash particles (Class-F) 
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Figure A-4. SEM (500x) of Fly ash-based geopolymer particles (G60) (size: 0.42 – 2 mm) 
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Figure A-5. SEM (500x) of Fly ash-based geopolymer particles (G60+20%Slag) (size: 0.42 – 

2 mm) 
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Figure A-6. SEM (1500x) of Fly ash-based geopolymer particles (G60) (size: 0.42 – 2 mm) 

after treated with Cu2+ solution 
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Figure A-7. SEM (5000x) of Fly ash-based geopolymer particles (G60) (size: 0.42 – 2 mm) 

after treated with Cu2+ solution 
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Figure A-8. SEM (5000x) of Magnetic fly ash-based geopolymer particles (MFAG2 from 

Method 2) (size: < 0.177 mm) 
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Figure A-9. SEM (5000x) of Magnetic fly ash-based geopolymer particles (MFAG2 from 

Method 2) (size: < 0.177 mm) after treated Cu2+ solution 
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 X-Ray Diffraction 

XRD data was obtained using a Siemens D500 x-ray diffractometer that is equipped with 

a diffracted beam monochromator (carbon) and a sample spinner. The medium resolution slits 

were 0.15 DS. The XRD patterns were obtained by a scanning rate of 1 degree per minute from 10 

to 80 degrees (2θ) and steps of 0.05 degrees (2θ). The wavelength selected was 6.065 X 10-7 in 

(15.40562 nm) (Cu).  

Approximately 5g of the geopolymer is collected after carrying out the compressive test 

for the cast cylinder. The collected pieces of geopolymer are grounded to a fine powder by using 

a hammer to it. The powder consists of particles with sizes of 100µm or less by passing the ground 

powder through a sieve shaker with a 100µm sieve. The fine powder is then collected and fit into 

a sample holder of 0.5 in radius and 0.1 in height. The Class-F fly ash, is presented as a fine 

powder, and is used as it is for the X-ray analysis.  

 

Figure A-10. XRD results of Class-F fly ash 



www.manaraa.com

183 

 

 

 

  

Figure A-11. XRD results of geopolymer (G60) 

 

Figure A-12. XRD results of geopolymer (G60) after treated copper solution 
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All the crystalline phases were identified by the X-Ray diffraction method. Above figures 

illustrate the XRD pattern for raw fly ash (Class-F), fly ash-based geopolymer (G60), and G60 

treated with Cu2+ solution. The major components of this raw Class-F fly ash are Quartz (SiO2) 

and sodium-aluminum-silica complex like Mullite. The main peaks correspond to Calcite (CaCO3) 

were found in G60 which is formed due to the interaction between the CaO present in fly ash and 

the alkaline solution. A deduction can be made regarding this complex amorphous phase. It seems 

to have formed a reaction zone around the unreacted silica particles. The calcium enriched zone 

from SEM could be from the calcite identified by the X-Ray diffraction. There are some crystalline 

phases originally existent in the fly ash (quartz and mullite) which have not been transformed by 

the activation reaction. This relatively large amount of fly ash still present in the hardened samples 

is an indicator of incomplete geopolymerization reaction. 
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 APPENDIX B. EXPERIMENTAL DATA OF CHAPTER 3 

 

Table B-1. Batch adsorption data (20 mg/L of Cu2+, initial pH at 3.0, 0.1 g of geopolymer) 

 

 

Table B-2. Batch adsorption data (100 mg/L of Cu2+, initial pH at 3.0, 0.1 g of geopolymer) 

 

 

 

Table B-3. Batch adsorption data (100 mg/L of Cu2+, initial pH at 3.0, 0.5 g of geopolymer) 

Time, hr Final pH Conc., mg/L Q, mg/g 

0 3.00 100 0 

0.5 4.79 85.6 1.44 

1 5.13 84.5 1.55 

2 5.29 77.7 2.23 

4 5.69 68.8 3.12 

8 5.82 45.5 5.45 

16 5.92 36.7 6.33 

24 6.25 17.8 8.22 

36 6.67 6.53 9.347 

48 7.83 1.01 9.899 

 

Time, hr Final pH Conc., mg/L Q, mg/g 

0 3.00 20 0 

0.5 4.05 18.9 0.55 

1 4.60 17.53 1.235 

2 4.66 15.66 2.17 

4 4.79 12.3 3.85 

8 5.16 10.67 4.665 

16 5.60 8.71 5.645 

24 5.79 6.41 6.795 

36 5.98 5.71 7.145 

48 6.20 4.56 7.72 

Time, hr Final pH Conc., mg/L Q, mg/g 

0 3.00 100 0 

0.5 4.45 98.35 0.825 

1 4.60 97.71 1.145 

2 4.66 94.43 2.785 

4 4.79 92.12 3.94 

8 4.86 90.93 4.535 

16 4.98 88.22 5.89 

24 5.13 80.21 9.895 

36 5.38 63.62 18.19 

48 5.64 53.57 23.215 
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Table B-4. Batch adsorption data for cation release (contact time 48 hours, initial pH at 3.0, 

and 0.1g of geopolymer) 

 

 

Table B-5. Batch adsorption data for different particle size of geopolymer and comparison 

with zeolite (contact time 48 hours and initial pH at 3.0) 

FAG (G60) 

(size: 0.42-2 

mm) 

Initial Cu conc., mg/L Ce, mg/L Solution volume, L Mass of FAG, g Qe, mg/g Final pH 

0 0 0.05 0.1 0 6.9 

5 0.28 0.05 0.1 2.36 6.69 

20 4.7 0.05 0.1 7.65 6.2 

50 21 0.05 0.1 14.5 5.78 

75 34 0.05 0.1 20.5 5.76 

100 51 0.05 0.1 24.5 5.64 

150 100 0.05 0.1 25 5.5 

200 145 0.05 0.1 27.5 5.15 

FAG (G60) 

(size: 2-5 mm) 

Initial Cu conc., mg/L Ce, mg/L Solution volume, L Mass of FAG, g Qe, mg/g Final pH 

0 0 0.05 0.1 0 5.86 

10 2.22 0.05 0.1 3.89 5.88 

50 26.1 0.05 0.1 11.95 5.96 

100 62.2 0.05 0.1 18.9 5.61 

200 155.8 0.05 0.1 22.1 5.51 

Zeolite (size: 

0.42-2 mm) 

Initial Cu conc., mg/L Ce, mg/L Solution volume, L Mass of zeolite, g Qe, mg/g Final pH 

0 0 0.05 0.5 0 3.1 

10 2.28 0.05 0.5 0.772 3.05 

50 23.4 0.05 0.5 2.66 3.11 

100 65.9 0.05 0.5 3.41 3.21 

150 112 0.05 0.5 3.8 3.18 

200 158 0.05 0.5 4.2 3.19 

Initial Cu2+ Conc., mg/L Q, mg/g Final pH Ca, mg/L Mg, mg/L K, mg/L Na, mg/L 

0 0 6.9 0.13 0.08 0.23 21 

5 2.36 6.69 0.11 0.08 0.27 21 

20 7.65 6.2 0.45 0.15 0.28 24 

50 13.5 5.78 0.58 0.27 0.28 25 

75 20.5 5.76 0.59 0.32 0.28 25 

100 24.5 5.64 0.65 0.36 0.29 27 

150 25 5.5 0.78 0.39 0.31 27 

200 27.5 5.15 0.87 0.57 0.36 30 

300 55 5.09 0.95 0.63 0.41 33 
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 APPENDIX C. EXPERIMENTAL DATA OF CHAPTER 4 

Table C-1. Batch adsorption data of three metals for different geopolymers (contact time 

48 hours and initial pH at 3.0) 
    Single Cu2+ solution Single Cd2+ solution Single Pb2+ solution 

Sample V, L 

Initial 

conc., 

mg/L 

Ce, 

mg/L 

Mass of 

sample, 

g 

Qe, 

mg/L 

Initial 

conc., 

mg/L 

Ce, 

mg/L 

Mass of  

sample, 

g 

Qe, 

mg/L 

Initial 

conc., 

mg/L 

Ce, 

mg/L 

Mass of  

sample, 

g 

Qe, 

mg/L 

G50 

0.05 0.00 0.00 0.10 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.05 0.00 

0.05 1.00 0.37 0.10 0.32 0.50 0.26 0.05 0.24 0.50 0.01 0.05 0.49 

0.05 5.00 1.30 0.10 1.85 1.00 0.40 0.05 0.60 1.00 0.04 0.05 0.96 

0.05 10.00 2.01 0.10 4.00 5.00 1.25 0.05 3.75 5.00 0.23 0.05 4.78 

0.05 20.00 3.13 0.10 8.44 10.00 2.38 0.05 7.62 10.00 0.46 0.05 9.54 

G60 

0.05 0.00 0.00 0.10 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.05 0.00 

0.05 1.00 0.11 0.10 0.45 0.50 0.07 0.05 0.43 0.50 0.01 0.05 0.50 

0.05 5.00 0.90 0.10 2.05 1.00 0.30 0.05 0.70 1.00 0.02 0.05 0.98 

0.05 10.00 1.40 0.10 4.30 5.00 1.10 0.05 3.90 5.00 0.09 0.05 4.91 

0.05 20.00 2.55 0.10 8.73 10.00 1.80 0.05 8.20 10.00 0.16 0.05 9.85 

G70 

0.05 0.00 0.00 0.10 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.05 0.00 

0.05 1.00 0.44 0.10 0.28 0.50 0.29 0.05 0.21 0.50 0.02 0.05 0.48 

0.05 5.00 1.70 0.10 1.65 1.00 0.45 0.05 0.55 1.00 0.09 0.05 0.91 

0.05 10.00 2.40 0.10 3.80 5.00 1.91 0.05 3.09 5.00 0.33 0.05 4.68 

0.05 20.00 3.94 0.10 8.03 10.00 2.74 0.05 7.26 10.00 0.76 0.05 9.24 

G60+10

%S 

0.05 0.00 0.00 0.10 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.05 0.00 

0.05 1.00 0.41 0.10 0.30 0.50 0.27 0.05 0.23 0.50 0.01 0.05 0.49 

0.05 5.00 1.41 0.10 1.80 1.00 0.42 0.05 0.58 1.00 0.09 0.05 0.92 

0.05 10.00 2.30 0.10 3.85 5.00 1.71 0.05 3.29 5.00 0.27 0.05 4.73 

0.05 20.00 3.77 0.10 8.12 10.00 2.61 0.05 7.39 10.00 0.63 0.05 9.37 

G60+20

%S 

0.05 0.00 0.00 0.10 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.05 0.00 

0.05 1.00 0.39 0.10 0.31 0.50 0.16 0.05 0.34 0.50 0.01 0.05 0.49 

0.05 5.00 1.11 0.10 1.95 1.00 0.38 0.05 0.62 1.00 0.09 0.05 0.91 

0.05 10.00 1.66 0.10 4.17 5.00 1.23 0.05 3.77 5.00 0.23 0.05 4.77 

0.05 20.00 2.85 0.10 8.58 10.00 2.24 0.05 7.76 10.00 0.51 0.05 9.49 

Zeolite 

0.05 0.00 0.00 0.10 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.10 0.00 

0.05 1.00 0.90 0.10 0.05 0.50 0.41 0.10 0.05 0.50 0.48 0.10 0.01 

0.05 5.00 4.41 0.10 0.30 1.00 0.89 0.10 0.06 1.00 0.87 0.10 0.07 

0.05 10.00 8.77 0.10 0.62 5.00 4.56 0.10 0.22 5.00 4.44 0.10 0.28 

0.05 20.00 17.53 0.10 1.23 10.00 8.98 0.10 0.51 10.00 8.32 0.10 0.84 
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Table C-2. Batch adsorption data of three metals with low concentration in single-

component solution (contact time 48 hours) 
  Experimental condition Initial pH at 2.5 Initial pH at 3.0 Initial pH at 4.0 

  
Initial Cu conc., 

mg/L 

Solution 

volume, L 

Mass of 

sample, g 

Ce, 

mg/L 

Qe, 

mg/g 

Ce, 

mg/L 

Qe, 

mg/g 

Ce, 

mg/L 

Qe, 

mg/g 

Single 

Cu2+ 

solution 

0 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 

0.5 0.05 0.05 0.33 0.17 0.21 0.29 0.18 0.32 

1 0.05 0.05 0.67 0.33 0.51 0.49 0.47 0.53 

5 0.05 0.05 3.58 1.42 2.40 2.60 2.13 2.87 

10 0.05 0.05 6.42 3.58 5.07 4.93 4.05 5.95 

20 0.05 0.05 14.13 5.87 11.10 8.90 9.02 10.98 

Single 

Cd2+ 

solution 

0 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 

0.5 0.05 0.05 0.21 0.29 0.17 0.33 0.11 0.39 

1 0.05 0.05 0.48 0.52 0.39 0.61 0.27 0.73 

5 0.05 0.05 2.47 2.53 1.80 3.20 1.50 3.50 

10 0.05 0.05 4.50 5.50 3.76 6.24 3.10 6.90 

Single 

Pb2+ 

solution 

0 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 

0.5 0.05 0.05 0.01 0.49 0.01 0.50 0.00 0.50 

1 0.05 0.05 0.02 0.98 0.02 0.98 0.01 0.99 

5 0.05 0.05 0.15 4.85 0.05 4.95 0.04 4.96 

10 0.05 0.05 0.26 9.74 0.13 9.88 0.09 9.91 

 

Table C-3. Batch adsorption data of three metals in multi-component solution (contact time 

48 hours) 

Multi-

metal 

solution 

Solution 

volume, L 

Mass of 

sample, g 

Initial Conc., mg/L Ce, mg/L Qe, mg/g 

Cd2+ Cu2+ Pb2+ Cd2+ Cu2+ Pb2+ Cd2+ Cu2+ Pb2+ 

0.05 0.05 0 0 0 0 0 0 0 0 0 

0.05 0.05 0.5 1 0.5 0.34 0.54 0.02 0.16 0.46 0.49 

0.05 0.05 1 2 1 0.73 1.17 0.04 0.28 0.83 0.96 

0.05 0.05 5 10 5 4.28 6.08 0.38 0.72 3.92 4.62 

0.05 0.05 10 20 10 9.11 13.8 1.46 0.89 6.2 8.54 
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Table C-4. Batch adsorption data of three metals with high concentration in single-

component solution (contact time 48 hours) 

  Experimental Conditions Initial pH 2.5 Initial pH 3.0 Initial pH 4.0 

Single 

Cu2+ 

solution 

Initial 

conc., 

mg/L 

Solution 

volume, L 

Mass of 

sample, 

g 

Ce, 

mg/L 

Qe, 

mg/g 

Final 

pH 

Ce, 

mg/L 

Qe, 

mg/g 

Final 

pH 

Ce, 

mg/L 

Qe, 

mg/g 

Final 

pH 

0 0.05 0.1 0.00 0.00 6.11 0.00 0.00 6.90 0.00 0.00 7.31 

5 0.05 0.1 0.34 2.33 6.05 0.28 2.36 6.69 0.53 2.24 7.04 

20 0.05 0.1 6.80 6.60 5.77 4.70 7.65 6.20 1.30 9.35 6.73 

50 0.05 0.1 28.00 11.00 5.50 23.00 13.50 5.78 9.30 20.35 6.33 

75 0.05 0.1 43.50 15.75 5.23 34.00 20.50 5.76 28.00 23.50 5.98 

100 0.05 0.1 64.00 18.00 5.18 51.00 24.50 5.64 45.00 27.50 5.92 

150 0.05 0.1 114.00 18.00 4.78 100.00 25.00 5.50 91.00 29.50 5.73 

200 0.05 0.1 161.00 19.50 4.59 145.00 27.50 5.15 130.00 35.00 5.61 

300 0.05 0.1 220.00 40.00 4.05 190.00 55.00 5.09 160.00 70.00 5.50 

Single 

Cd2+ 

solution 

0 0.05 0.1 0.00 0.00 6.47 0.00 0.00 6.77 0.00 0.00 7.27 

10 0.05 0.1 0.17 4.92 6.24 0.13 4.94 6.44 0.10 4.95 6.91 

50 0.05 0.1 16.50 16.75 6.13 12.90 18.55 6.27 8.03 20.99 6.54 

100 0.05 0.1 52.30 23.85 5.66 49.40 25.30 5.70 38.30 30.85 6.13 

200 0.05 0.1 149.00 25.50 5.27 135.00 32.50 5.36 121.00 39.50 5.74 

300 0.05 0.1 243.00 28.50 5.17 231.00 34.50 5.13 218.00 41.00 5.56 

500 0.05 0.1 411.00 44.50 5.04 394.00 53.00 5.11 385.00 57.50 5.23 

Single 

Pb2+ 

solution 

0 0.05 0.1 0.00 0.00 8.31 0.00 0.00 8.70 0.00 0.00 8.89 

10 0.05 0.1 0.09 4.96 8.11 0.05 4.97 8.30 0.04 4.98 8.56 

20 0.05 0.1 0.18 9.91 7.89 0.11 9.95 8.14 0.07 9.96 8.31 

50 0.05 0.1 0.62 24.69 7.52 0.32 24.84 7.62 0.19 24.91 8.02 

100 0.05 0.1 1.29 49.35 7.12 0.68 49.66 7.33 0.38 49.81 7.74 

150 0.05 0.1 2.33 73.83 6.67 1.13 74.43 6.91 0.71 74.64 7.22 

175 0.05 0.1 5.16 84.92 6.42 2.05 86.48 6.68 1.13 86.94 6.79 

200 0.05 0.1 9.45 95.28 6.31 5.36 97.32 6.42 2.69 98.66 6.55 
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 APPENDIX D. EXPERIMENTAL DATA OF CHAPTER 5 

Table D-1. Column data for first set of experiment (flow rate and bed depth) 

Single Cu2+ solution, bed 

depth 2 cm, flow rate 

10mL/min 

Time, min Volume, L Conc., mg/L C/Co 

0 0 0 0 

1.00 0.01 0.35 0.035 

5.00 0.05 0.93 0.093 

10.00 0.1 1.94 0.194 

20.00 0.2 3.14 0.314 

30 0.3 4.95 0.495 

60 0.6 6.87 0.687 

180 1.8 8.97 0.897 

360 3.6 9.54 0.954 

720 7.2 9.99 0.999 

1440 14.4 10 1 

Single Cu2+ solution, bed 

depth 2 cm, flow rate 5 

mL/min 

Time, min Volume, L Conc., mg/L C/Co 

0 0 0 0 

1.00 0.005 0.011 0.0011 

5.00 0.025 0.052 0.0052 

10.00 0.05 0.13 0.013 

20.00 0.1 0.45 0.045 

30 0.15 0.95 0.095 

60 0.3 1.68 0.168 

180 0.9 2.83 0.283 

360 1.8 3.76 0.376 

720 3.6 5.88 0.588 

1440 7.2 7.56 0.756 

2160 10.8 8.91 0.891 

2880 14.4 9.55 0.955 

3600 18 9.86 0.986 

4320 21.6 10 1 

Single Cu2+ solution, bed 

depth 5 cm, flow rate 5 

mL/min 

Time, min Volume, L Conc., mg/L C/Co 

0 0 0 0 

1.00 0.005 0.01 0.001 

5.00 0.025 0.046 0.0046 

10.00 0.05 0.071 0.0071 

20.00 0.1 0.098 0.0098 

30 0.15 0.11 0.011 

60 0.3 0.5 0.05 

180 0.9 0.86 0.086 

360 1.8 1.3 0.13 

720 3.6 1.9 0.19 

1440 7.2 2.4 0.24 

2160 10.8 3.78 0.378 

2880 14.4 4.56 0.456 

3600 18 5.67 0.567 

4320 21.6 6.34 0.634 

5040 25.2 7.54 0.754 

5760 28.8 8.45 0.845 

6480 32.4 9.51 0.951 

7200 36 9.79 0.979 

7920 39.6 9.89 0.989 

8640 43.2 9.97 0.997 

9360 46.8 10 1 

   Continuing on next page 
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Table D-1. (Continued) 

Single Cu2+ solution, bed 

depth 10 cm, flow rate 5 

mL/min 

Time, min Volume, L Conc., mg/L C/Co 

0 0 0 0 

1.00 0.005 0.011 0.0011 

5.00 0.025 0.042 0.0042 

10.00 0.05 0.087 0.0087 

20.00 0.1 0.143 0.0143 

30 0.15 0.181 0.0181 

60 0.3 0.227 0.0227 

180 0.9 0.42 0.042 

360 1.8 0.51 0.051 

720 3.6 0.88 0.088 

1440 7.2 1.17 0.117 

2160 10.8 1.66 0.166 

2880 14.4 2.25 0.225 

4320 21.6 2.88 0.288 

5760 28.8 3.77 0.377 

7200 36 4.88 0.488 

8640 43.2 5.59 0.559 

10080 50.4 6.85 0.685 

11520 57.6 7.46 0.746 

12960 64.8 8.29 0.829 

14400 72 9.01 0.901 

15840 79.2 9.57 0.957 

17280 86.4 9.72 0.972 

18720 93.6 9.81 0.981 

20160 100.8 9.98 0.998 

21600 108 10 1 

 

 

Table D-2. Column data for second set of experiment (single metal solution) 

Single Cd2+ solution, 

bed depth 5 cm, flow 

rate 5 mL/min 

Time, min Volume, L Conc., mg/L C/Co 

0 0 0 0 

1.00 0.005 0 0 

5.00 0.025 0 0 

10.00 0.05 0.012 0.0012 

20.00 0.1 0.039 0.0039 

30 0.15 0.086 0.0086 

60 0.3 0.13 0.013 

180 0.9 0.35 0.035 

360 1.8 0.61 0.061 

720 3.6 0.97 0.097 

1440 7.2 1.33 0.133 

2160 10.8 1.79 0.179 

2880 14.4 2.91 0.291 

4320 21.6 3.65 0.365 

5760 28.8 5.88 0.588 

7200 36 7.71 0.771 

8640 43.2 8.42 0.842 

10080 50.4 9.51 0.951 

11520 57.6 9.65 0.965 

12960 64.8 9.78 0.978 

14400 72 9.99 0.999 

15840 79.2 10 1 

   Continuing on next page 
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Table D-2. (Continued)  

Single Pb2+ solution, 

bed depth 5 cm, flow 

rate 5 mL/min 

Time, min Volume, L Conc., mg/L C/Co 

0 0 0 0 

1.00 0.005 0 0 

5.00 0.025 0.001 0.0001 

10.00 0.05 0.005 0.0005 

20.00 0.1 0.008 0.0008 

30 0.15 0.013 0.0013 

60 0.3 0.052 0.0052 

180 0.9 0.081 0.0081 

360 1.8 0.106 0.0106 

720 3.6 0.139 0.0139 

1440 7.2 0.22 0.022 

2160 10.8 0.51 0.051 

2880 14.4 0.97 0.097 

4320 21.6 1.68 0.168 

5040 25.2 2.42 0.242 

5760 28.8 2.78 0.278 

7200 36 3.22 0.322 

8640 43.2 3.77 0.377 

10080 50.4 4.88 0.488 

11520 57.6 5.59 0.559 

12960 64.8 6.85 0.685 

14400 72 7.46 0.746 

15840 79.2 8.29 0.829 

17280 86.4 9.46 0.946 

18720 93.6 9.87 0.987 

20160 100.8 9.99 0.999 

21600 108 10 1 

 

 

Table D-3. Column data for second set of experiment (multi-metal solution) 

Second set of experiment (multi-metal solution) 

Multi solution of Cd2+, 

bed depth 5 cm, flow 

rate 5 mL/min 

Time, min Volume, L Conc., mg/L C/Co 

0 0 0 0 

1.00 0.005 0 0 

5.00 0.025 0.047 0.0047 

10.00 0.05 0.11 0.011 

20.00 0.1 0.89 0.089 

30 0.15 1.36 0.136 

60 0.3 2.21 0.221 

180 0.9 4.93 0.493 

360 1.8 6.12 0.612 

720 3.6 6.93 0.693 

1440 7.2 8.32 0.832 

2160 10.8 9.47 0.947 

2880 14.4 9.68 0.968 

3600 18 9.77 0.977 

4320 21.6 9.89 0.989 

5760 28.8 9.99 0.999 

7200 36 10 1 

7920 39.6 10.043 1.0043 

8640 43.2 10.192 1.0192 

9360 46.8 10.258 1.0258 

   Continuing on next page 
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Table D-3. (Continued) 

Multi solution of Pb2+, 

bed depth 5 cm, flow 

rate 5 mL/min 

Time, min Volume, L Conc., mg/L C/Co 

0 0 0 0 

1.00 0.005 0.004 0.0004 

5.00 0.025 0.009 0.0009 

10.00 0.05 0.016 0.0016 

20.00 0.1 0.028 0.0028 

30 0.15 0.051 0.0051 

60 0.3 0.213 0.0213 

180 0.9 0.69 0.069 

360 1.8 1.08 0.108 

720 3.6 2.42 0.242 

1440 7.2 3.09 0.309 

2160 10.8 3.97 0.397 

2880 14.4 4.68 0.468 

3600 18 5.23 0.523 

4320 21.6 6.41 0.641 

5040 25.2 7.66 0.766 

5760 28.8 8.45 0.845 

7200 36 9.11 0.911 

7920 39.6 9.56 0.956 

8640 43.2 9.87 0.987 

9360 46.8 9.99 0.999 

Multi solution of Cu2+, 

bed depth 5 cm, flow 

rate 5 mL/min 

Time, min Volume, L Conc., mg/L C/Co 

0 0 0 0 

1.00 0.005 0.013 0.0013 

5.00 0.025 0.097 0.0097 

10.00 0.05 0.28 0.028 

20.00 0.1 0.43 0.043 

30 0.15 0.76 0.076 

60 0.3 1.17 0.117 

180 0.9 2.09 0.209 

360 1.8 2.3 0.23 

720 3.6 3.72 0.372 

1440 7.2 4.68 0.468 

2160 10.8 6.31 0.631 

2880 14.4 7.47 0.747 

4320 21.6 8.75 0.875 

5040 25.2 9.56 0.956 

5760 28.8 9.72 0.972 

7200 36 9.95 0.995 

7920 39.6 9.97 0.997 

8640 43.2 10 1 

9360 46.8 10 1 
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 APPENDIX E. EXPERIMENTAL DATA OF CHAPTER 6 

Table E-1. Batch Cu2+ adsorption data of different magnetic samples for initial screening 

test (initial pH 3.0 and contact time 24 hours) 

Initial 

screening, 

particle size 

< 0.177 mm 

Sample Co, mg/L Ce, mg/L Volume, L Mass, g Qe, mg/g Final pH 

Fe3O4 100 86.00 0.01 0.10 1.40 3.13 

Fly ash 100 57.2 0.05 0.10 21.40 7.36 

FAG 100 0.413 0.05 0.10 49.79 6.31 

Method 2 

MFAG1 100 9.85 0.05 0.10 45.08 5.86 

MFAG2 100 0.386 0.05 0.10 49.81 6.04 

MFAG3 100 0.632 0.05 0.10 49.68 6.28 

Method 1 

MCFAG1 100 39.7 0.05 0.10 30.15 4.45 

MCFAG2 100 24.2 0.05 0.10 37.90 4.51 

MCFAG3 100 4 0.05 0.10 48.00 5.02 

MCFAG1-1 100 34.1 0.05 0.10 32.95 5.57 

MCFAG1-2 100 36.4 0.05 0.10 31.80 5.53 

MCZ1 100 98.3 0.05 0.10 0.85 3.93 

MCZ2 100 97.3 0.05 0.10 1.35 4.05 

Zeolite 100 94.9 0.05 0.10 2.55 3.09 

 

Table E-2. Batch Cu2+ adsorption data of magnetic geopolymer compared to non-magnetic 

geopolymer with different mass (initial pH 3.0 and contact time 24 hours) 

Sample Co, mg/L Ce, mg/L Volume, L Mass, g Qe, mg/g Final pH 

MFAG2 (< 0.177 

mm) 

10 0.015 0.05 0.10 4.99 7.68 

10 0.168 0.05 0.05 9.83 7.02 

10 4.6 0.05 0.025 10.80 6.79 

10 7.8 0.05 0.01 11.00 6.25 
       

FAG (< 0.177 mm) 

10 0.1 0.05 0.10 4.95 8.81 

10 0.5 0.05 0.05 9.50 7.86 

10 5.98 0.05 0.025 8.04 7.44 

10 9.53 0.05 0.01 2.35 6.43 
       

FAG (0.6 -2 mm) 

20 18.9 0.05 0.01 5.50 4.05 

20 17.15 0.05 0.025 5.70 4.86 

20 13.85 0.05 0.05 6.15 5.05 

20 6.49 0.05 0.1 6.76 5.9 

 

Table E-3. Batch Cu2+ adsorption data of magnetic geopolymer at different initial pHs 

Experimental Conditions Initial pH 2.5 Initial pH 3.0 Initial pH 4.0 

Time, hr Co, mg/L Volume, L Mass, g Ct, mg/L Qt, mg/g Ct, mg/L Qt, mg/g Ct, mg/L Qt, mg/g 

0.00 100.00 0.05 0.10 100.00 0.00 100.00 0.00 100.00 0.00 

0.17 100.00 0.05 0.10 62.60 18.70 52.60 23.70 42.60 28.70 

0.50 100.00 0.05 0.10 47.40 26.30 37.40 31.30 27.40 36.30 

1.00 100.00 0.05 0.10 33.70 33.15 23.70 38.15 13.70 43.15 

2.00 100.00 0.05 0.10 28.00 36.00 18.00 41.00 8.00 46.00 

6.00 100.00 0.05 0.10 24.10 37.95 14.10 42.95 3.10 48.45 

12.00 100.00 0.05 0.10 13.87 43.07 3.87 48.07 1.37 49.32 

18.00 100.00 0.05 0.10 10.77 44.62 1.77 49.12 0.57 49.72 

24.00 100.00 0.05 0.10 3.39 48.31 0.39 49.81 0.29 49.86 

36.00 100.00 0.05 0.10 1.06 49.47 0.06 49.97 0.16 49.92 

48.00 100.00 0.05 0.10 0.13 49.94 0.01 49.99 0.00 50.00 
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Table E-4. Batch Cu2+ adsorption data of magnetic geopolymer for cation release 

Release Cation Conc., mg/L Ca(II) Mg(II) K(I) Na(I) 

MFAG2  (< 0.177 mm) 9.1 0.77 0.67 38 

FAG (< 0.177 mm) 10.4 0.83 0.74 43 

FAG (0.6 - 2 mm) 0.65 0.36 0.29 27 

Raw fly ash (Class F) 17 0.63 0.6 0.19 

 

 

Table E-5. Batch Cu2+ adsorption data of magnetic geopolymer compared to non-magnetic 

geopolymer (initial pH 3.0) 

MFAG2 (< 0.177 mm) 

Co, mg/L Ce, mg/L Volume, L Mass, g Qe, mg/g Final pH 

0 0 0.05 0.05 0.00 7.45 

1 0.01 0.05 0.05 0.99 7.31 

5 0.075 0.05 0.05 4.93 7.15 

10 0.168 0.05 0.05 9.83 7.02 

50 2.843 0.05 0.05 47.16 6.65 

100 9.47 0.05 0.05 90.53 6.34 

150 47.89 0.05 0.05 102.11 5.93 

200 90.12 0.05 0.05 109.88 5.31 

FAG (< 0.177 mm) 

Co, mg/L Ce, mg/L Volume, L Mass, g Qe, mg/g Final pH 

0 0 0.05 0.05 0.00 7.98 

10 0.3 0.05 0.05 9.70 7.43 

50 4.1 0.05 0.05 45.90 6.98 

100 13.21 0.05 0.05 86.79 6.59 

150 56.2 0.05 0.05 93.80 6.37 

200 101.1 0.05 0.05 98.90 5.61 

FAG (0.6 - 2 mm) 

Co, mg/L Ce, mg/L Volume, L Mass, g Qe, mg/g Final pH 

0 0 0.05 0.1 0.00 6.9 

5 0.28 0.05 0.1 2.36 6.69 

20 4.7 0.05 0.1 7.65 6.2 

50 23 0.05 0.1 13.50 5.78 

75 34 0.05 0.1 20.50 5.76 

100 51 0.05 0.1 24.50 5.64 

150 100 0.05 0.1 25.00 5.5 

200 145 0.05 0.1 27.50 5.15 

300 190 0.05 0.1 55.00 5.09 
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