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This work aims to evaluate the effectiveness of fly ash and metakaolin based 
geopolymer powder and fly ash and metakaolin based geopolymer composite fiber as an 
adsorbent for removal of heavy metal ions from aqueous solution. The fly ash and 
metakaolin used as raw materials in this research was from Thailand. Fly ash based 
geopolymer (FAG) was synthesized by mix with an alkali solution. After that, the 
geopolymerization process was occurred and then cured geopolymer samples at 60oC for 
24 h and left at 25 oC for 6 days. The fly ash based geopolymer was ground, washed and 
sieved through 100 mesh to obtain geopolymer powder. The process of metakaolin based 
geopolymer (MKG) powder was synthesized as same as that of fly ash based geopolymer 
powder. In addition, the geopolymer composite fiber was fabricated by mixing geopolymer 
powder with Polyethersulfone (PES)/ N-Methyl-2-pyrrolidone (NMP) solution and then being 
extruded through a nozzle to coagulation bath. The geopolymer composite fiber was formed 
to be fiber by phase inversion method. After synthesis of geopolymer powder and fabrication 
of geopolymer composite fiber, the effect of contact time, adsorbent amount, pH of a 
solution, temperature and initial concentration of solution on the adsorption efficiency were 
studied. Furthermore, the multi- and mono- Pb2+, Cd2+, Cu2+ and Ni2+ solutions were 
demonstrated to compare the efficiency of each metal ions. The adsorption isotherm and 
kinetics study were also studied. The results showed that the geopolymer powder had the 
semi-crystalline phases and mainly composed of silica and alumina. The surface area of FAG 
powder, MKG powder, FAG composite fiber and MKG composite fiber were 85.31, 20.36, 
71.67 and 53.11 m2/g, respectively. The results showed that metal ions in aqueous solution 
are effectively removed by geopolymer powder and geopolymer composite fiber.         
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CHAPTER 1 
INTRODUCTION 

 

1.1 BACKGROUND AND MOTIVATIONS 

 

The rapid growths of an industrial society are producing progressively more 

industrial waste and wastewater. They have a detrimental effect on the environment. 

For example, elimination of improper waste treatment can probably lead to 

contaminated soil, specifically waste consist of heavy metal has a significantly negative 

impact on the environment. The heavy metals in waste are mostly derived from a 

battery, electroplating, printed circuit board and metal surface coating treatment. 

There is a variety of methods that can be able to eliminate heavy metal from industrial 

waste such as coagulation, ion exchange, adsorption, immobilization and solvent 

extraction. Recently, it seems that the adsorption technique is widely known and 

focused due to its efficiency, uncomplicated protocol, and low cost.  

 Adsorption technique for industrial wastewater treatment mostly used zeolite 

in this process because zeolite possesses adsorbent properties that can remove heavy 

metals from wastewater. Adsorption of wastewater by zeolite is feasible due to its 

unique three-dimensional network structure, with fixed-sized pores and paths that 

allow the only heavy metal to pass through. With this, geopolymer also consists of 

three-dimensional polymeric structure and pores formed by the condensation of 

alumino-silicate mineral powder in addition to an alkali solution at a temperature 

below 100 oC which is similar to zeolite. The geopolymer synthesis process is simpler 

than zeolite. Geopolymer could be composed of metakaolin or wastes, such as fly 

ash, slag, and tailing. Therefore, geopolymer is one of the candidate materials for 

adsorption application because it is easier to syntheses, low cost and can use industrial 

wastes as raw materials. Then, wastewater treatment using a geopolymer as an 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 

adsorbent should be more feasible, and it can be applied for treatment of industrial 

wastewaters in the future. 

  The purpose of this study is to synthesize fly ash and metakaolin based 

geopolymer in powder and composite fiber forms and to use the produced materials 

as adsorbent for removal of heavy metal from aqueous solution. Moreover, adsorption 

of heavy metal are studied as a function of the geopolymer dosage, heavy metal initial 

concentration, contact time, pH and temperature. In addition, to study adsorption 

isotherm of on the synthesized geopolymer is carried out by using equilibrium 

technique. Based on the experimental results many indicators are determined and two 

isotherm models are examined using obtained data. 

1.2 OBJECTIVES OF THIS RESEARCH 
 

1.2.1 To prepare geopolymer powder and geopolymer composite fiber by using 

fly ash and metakaolin as raw materials 

1 . 2 . 2  To study factors that affect the heavy metal adsorption of prepared fly 

ash and metakaolin based geopolymer powder and geopolymer composite fiber 

1.2.3 To obtain adsorption model for explain adsorption mechanism of 

geopolymer   

1.3 SCOPE OF STUDY 
 

Firstly, this research focused on the success of synthesis geopolymer powder 

and geopolymer composite fiber from fly ash and metakaolin. Secondly, the good 

conditions for adsorption ability of heavy metal of these materials. 

1.4 EXPECTED BENEFIT 
 

Obtain geopolymer materials for heavy metal adsorption applications.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

CHAPTER 2 
LITERATURE REVIEW 

 
Nowadays, the rapid development of an industrial society made a critical level 

of heavy metal pollution. This pollution affects human health, animals, and ecological 

environment. Geopolymer is one of the materials that can be used to treat wastewater 

containing heavy metal ions. Geopolymer can be synthesized by natural mineral or 

industrial waste as raw materials. Fly ash based and metakaolin based geopolymer 

were synthesized for heavy metals adsorption in wastewater. Also, geopolymer can 

apply new type of composite adsorbent with polymer. This chapter reviews each 

materials which is concerned with geopolymer adsorbents.   

2.1 GEOPOLYMER 
 

2.1.1 Background and definition 
 

In the 1950s, soil silicate was described for alkaline alumino-silicate 

cementitious systems which were contained calcium silicate hydrated and alumino-

silicate phases and used to build a tall building by Victor Glukhovsky et al [1]. In 1972, 

Joseph Davidovits [2-4] called “Geopolymer” which is the new material, has 

cementitious property using silicon and aluminum activated with a high alkali solution 

and has a three-dimensional structure alumino-silicates. Geopolymer has amorphous 

to a semi-crystalline structure. Moreover, geopolymer has the three-dimensional Si-O-

Al polymeric structure which has SiO4 and AlO4 tetrahedral are linked together by 

sharing all oxygen atoms, with the Al in four-fold coordination. Geopolymer has three 

basic forms depending on Si/Al ratios, namely poly(sialate), poly(sialate-siloxo) and 

poly(sialate-disiloxo) [5] as shown in Fig.  2.1.       
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Fig.  2.1 Chemical structure of polysialates 
 

Geopolymer produced by a polymeric reaction of alumino-silicate and alkali 

activators. Furthermore, geopolymer is able to synthesis at low pressure and low 

temperature using alumino-silicate sources which can be prepared from natural 

minerals and industrial wastes such as fly ash, metakaolin, blast furnace slag with a 

high alkaline concentration solution [6, 7]. Table 2.1 shows summarized experimental 

reports of geopolymer which have been reported.  
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Table 2.1 Main classes of currently developed geopolymer 
 

Class of geopolymer materials References 

- Metakaolin MK-750-based geopolymer, poly(sialate-siloxo) 

Si:Al=2:1 
[8, 9] 

- Waterglass-based geopolymer, poly(siloxonate), soluble 

silicate, Si:Al=1:0 
[10] 

- Rock-based geopolymer, poly(sialate-multisiloxo) 1< Si:Al<5 [11, 12] 

- Calcium-based geopolymer, (Ca, K, Na)-sialate, Si:Al=1, 2, 3 [13] 

- Fly ash-based geopolymer [14, 15] 

- Silica-based geopolymer, sialate link and siloxo link in 

poly(siloxonate) Si:Al>5 
[16, 17] 

  - Phosphate-based geopolymer, AlPO4-based geopolymer [18, 19] 
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2.1.2 Geopolymer structure  
 

As mentioned before, geopolymer structure composed of sialate (silicon-oxo-

aluminate) network in the chemical framework consisting of SiO4 and AlO4 tetrahedral 

linked alternately by sharing all oxygen atoms. Positive ions or alkali cations, for 

example, Ca ++ , Na+ and K+ are charge-balanced of the negative charge of Al3+ in four-

fold coordination [20]. A polymeric structure of (poly)sialate formed becomes the main 

chain of the geopolymeric structure and the formula of polysialates is presented as 

follow [21]: 

Mn [(-Si-O2)z-Al-O2-]n, wH2O    (1) 

where  M is monovalent cation such as sodium or potassium 

 n is degree of polycondensation 

 z is amount of Si-O2 (1, 2, 3 or higher) 

            w is amount of water  

Geopolymerization starts from oligomer which is a small unit of the three-

dimensional macromolecular structure which reacts at room temperature or at curing 

temperature. Geopolymerization process can be estimated into three stages: (I) 

deconstruction, (II) polymerization and (III) stabilization [22-24]. In geopolymer, the 

polymerize linkages are connected together in a type of sialate (Si-O-Al) and siloxo (Si-

O-Si). The classified of polysialate in the chemical structure of geopolymer are 

separated into four units from the term of Si/Al atomic ratio[3, 4, 20]. The first unit is 

sialate and poly(sialate) at Si: Al = 1. For second units, the ratio of Si: Al at 2 is sialate- 

siloxo and poly(sialate- siloxo). Third, at Si: Al at 3 is sialate link and poly(sialate- 

multisiloxo) unit. The last elementary unit is sialate link and poly(sialate- multisiloxo) 

unit at Si: Al > 3 which are chains from connected Si-O-Al between two poly(siloxonate), 
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poly(silanol) or poly(sialate). Finally, in geopolymer framework, the elementary units 

(poly(sialate) chain and ring) are coordinated together with an oxygen atom to build a 

3D network.       

 

2.1.3 Geopolymerization reaction 
 

 As mentioned before, the geopolymerization process includes 3 steps as shown 

in Fig.  2.2. At first in (I) deconstruction process, the solid alumino-silicate materials are 

leached on the surface by alkali hydrolysis which produced aluminate and silicate 

species [25]. The Al-O-Al, Si-O-Si, and Si-O-Al of alumino-silicates source are dissolved 

in strong alkali solution [26]. The metal cations from alkali solution could balance the 

charge of aluminium in form of four-fold coordination with oxygen [27]. After that (II) 

polymerization process occurs in the solution. The neighboring reactive groups are 

formed as Si-O-Na and O-H-Al and silicate molecules from alkali silicate are reacted 

together and further polycondensation reaction to get a 3D framework of geopolymer. 

The (III) Stabilization is the last step, the formation of the preliminary units via 

polycondensation reaction at room temperature to 90 oC could form rigid chains or 

network of oxygen bonded with aluminate and silicate tetrahedral. When curing at a 

higher temperature, the stronger geopolymers are received, therefore, the hydroxyl 

groups in macromolecules are more capable of condensing with a neighboring 

molecules.       

. 
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Fig.  2.2 A sketched model of the geopolymerization process. M+ refers to alkali 
cations (usually Na+ and/or K+). SiO4

4- refers to dissolved silicate 
 

 

 

 

 

(I) Deconstruction 

(II) Polymerization 

(III) Stabilization 
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2.1.4 Synthesis of geopolymer 
 

The starting materials are very important in geopolymer preparation. (I) Raw 

materials and inactive filler and (II) Geopolymer liquor are the sources for synthesis 

geopolymer. One important property of the suitable raw material and inactive filler 

are pozzolanic property [28]. Raw materials used for synthesis geopolymer could be 

alumino-silicate natural minerals or industrial wastes for example slag [29], rice husk 

ash [30], waste glass [31] and fly ash [32]. Furthermore, kaolinite or metakaolinite [33] 

is an inactive filler which is used for supply Al3+ ions. The main composition of the 

pozzolanic materials are SiO2, Al2O3, and CaO. Each raw materials contain different 

oxide composition which affect the potential of the reaction. Moreover, the particle 

size of raw materials or in active filler also affect the geopolymerization reaction [34].  

The (II) Geopolymer liquor is a chemical activator such as alkali hydroxide and/or 

silicates solutions. An alkali hydroxide solution desired for the dissolution of raw 

materials and sodium or potassium silicate conducted as an alkali activator, binder and 

dispersant or plasticizer [35, 36]. The alkali hydroxide solution used as an activator for 

the geopolymer synthesis is sodium hydroxide solution (NaOH) or potassium hydroxide 

solution (KOH) with high concentration solution [37-40]. The NaOH solution is the most 

widely used as hydroxide activator because Si and Al ions from raw materials could be 

leaching by NaOH solution and getting high reaction rate compared with KOH solution 

[41]. The geopolymer paste transforms to be solid which has higher strength after the 

raw materials were mixed with alkali solutions. Many factors affect the strength of 

geopolymer samples such as alkali concentration and curing temperature. The strength 

of geopolymer sample increased with an increase of NaOH concentration due to a high 

concentration of NaOH could increase dissolving rate of Si and Al ions from raw 

materials [42]. The compressive strength of geopolymer was increased resulting from 

a dense matrix in microstructure when high concentration of NaOH was used [21, 43]. 
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Geopolymer prepared by using 10 M NaOH as alkali activator has highest compressive 

strength [44]. However, the strength of geopolymer was decreased when the 

concentration of NaOH was used over 14 M. The polycondensation was quick reacted 

in over hydroxide ion concentration [44, 45]. This result confirmed that a high alkali 

concentration improved the dissolution of Si and Al on the surface of raw material 

particles and developed the geopolymer strength, however, excess hydroxide ions 

produced fast alumino-silicate species precipitation at the early stage, resulting in a 

lower strength on geopolymer sample [27, 46]. In addition, the curing temperature is 

one of the factor for geopolymerization process. The curing temperature affects the 

setting time and hardening time of geopolymer sample, the strength increased with an 

increase in the curing time [47] and the curing temperature [48]. Nevertheless, at a 

temperature higher than 80 oC, the strength of geopolymer sample was decreased due 

to the over hydration and over shrinkage was occurred in geopolymer sample curing 

at over 100oC [7, 43, 49]. 
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2.1.5 Geopolymer applications 
 

Geopolymer has many attractive properties such as high temperature 
resistance, high chemical resistance, long durability, low shrinkage and fast solidification 
with high-strength etc. The geopolymer materials can be used for many applications 
as shown in Table 2.2. Furthermore, Fig.  2.3 shows the geopolymer applications 
divided by the Si/Al ratio in the poly (sialate) structure. A higher ratio of Si/Al 
demonstrated very rigidly in the 3D network. Several reports studied and synthesized 
geopolymer for a specific application such as P. Pavithra et al. studied the geopolymer 
for concrete from fly ash [50]. In addition, Y. Park et al. developed the geopolymer 
concrete from fly ash and crumb rubber [51]. Moreover, geopolymer can be used as 
an adsorbent for adsorption heavy metal or dye from aqueous solution and 
wastewaters. Recently, Cu and Pb ions were removed from aqueous solution by fly 
ash based geopolymer. The adsorption capacity of fly ash based geopolymer for 
removal reached to 80 mg/g and 92 mg/g of Pb and Cu ions, respectively [52, 53]. L. 
Li et al. studied the capacity of fly ash based geopolymer for removal dye in solution 
[54]. Moreover, the geopolymer has been studied and used for immobilization heavy 
metal and radioactive waste [55]. The fly ash based geopolymer had a high potential 
for immobilize Pb ions [56] because hazardous waste or ions are locked in a 3D 
framework of geopolymer. Geopolymer not only used for adsorption or immobilizing 
hazardous waste or ions but also applied for composites materials. The hybrid 
composite materials from geopolymer with epoxy melamine resin have been 
produced, the result showed that this material had high temperature resistant to use 
for kitchen tools and plates, coatings and flooring [57]. The potassium based 
geopolymers (K-geopolymer) was formed by mixing ferronickel (FeNi) slag, doped with 

pure alumina for excellent fire protection material [58].             . 
 

 

 
 

http://www.sciencedirect.com/science/article/pii/S0959652616304966
http://www.sciencedirect.com/science/article/pii/S0950061816307115


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12 

 
 
 
Table 2.2 Summary of geopolymer applications 
 

Geopolymer applications References 

Concrete and cement [50] [51] 

Adsorbent for heavy metal ion [54]  

Immobilisation of toxic and radioactive waste [40] 

Composites [57] 

Fire resistant and protection matrix [58] 
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Fig.  2.3 Applications of geopolymer materials based on the Si:Al ratio 
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2.2 RAW MATERIALS USED TO SYNTHESIS GEOPOLYMER 
 

The various raw materials that can be used for synthesis geopolymer such as 

mineral clay, fly ash or industrial wastes. The investigation of materials sources for 

producing geopolymer are shown in Table 2.3    
 

Table 2.3 Raw materials for synthesis geopolymer 
 

Raw materials References 

Metakaolin  [59]  

Fly ash [60] 

Rice husk ash  [36]  

Blast furnace slag [61] 

Waste glass, waste ceramics  [62, 63]  

Mine tailing, Iron ore tailing [64, 65] 

Aluminium and grey cast iron slags [66] 
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2.2.1 FLY ASH  
 

From industrial furnaces burning solid fuels, the precipitated of any fine 

particles materials from the stack gases is used in term of fly ash. Fly ash is generated 

in a large amount in coal thermal power plant. Fly ash is commonly known as a 

supplementary cementitious material to enhance rheological properties and reduction 

of alkali-aggregate reaction in cement industry.  Moreover, fly ash has a potential to 

be a raw material for geopolymer because fly ash composed of silica and alumina 

which are major constituents for geopolymer reaction [67]. The production, types, 

microstructure, and properties of are described as following [2]: 

  

2.2.1.1 Production of fly ash 
 

At electricity generating power plants, finely ground coal is high speed injected 

into the furnace with a stream of hot air. The coal is burnt immediately on entry into 

the boiler where the temperatures are around 1250-1800 oC. The remaining matter in 

a coal such as clays and shales which consisting of silica, alumina and iron oxide are 

rapidly cooled down by the flue gases and then the remaining matter solidifies into 

fine particles. About 80 % of coal as in the boiler must be removed before the flue 

gases are discharged to the atmosphere. Generally, the fly ash particles are removed 

from the flue gases by electrostatic precipitators. This material is called pulverized fuel 

ash or fly ash. Some matter of the coal ash which sinters to form a coarser materials 

falls to the bottom of the furnace is called bottom ash. The collection process of fly 

ash and bottom ash from power station as shown in Fig.  2.4.       
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Fig.  2.4 The collection of fly ash and bottom ash from power station 
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2.2.1.2 Types of fly ash 
 

Type of fly ash is classified based on its chemical composition. American 
Society for Testing and Materials (ASTM) Specification C 618 defines the chemical 
composition of Class C and Class F fly ash as following: 

 

- Class C: This is generally derived from sub-bituminous coals and consists 
primarily of calcium alumino-sulfate glass, as well as quartz, tricalcium aluminate, and 
free lime (CaO). The class C of fly ash is also referred to as high calcium fly ash because 
it typically contains more than 10 % CaO. 

- Class F: The ashes are typically derived from bituminous and anthracite coals 
and consist primarily of an alumino-silicate glass, with quartz, mullite, and magnetite 
also present. The low calcium fly ash is less than 10 % in CaO content. 

The oxides values for both types is given in Table 2.4. The composition of fly 
ash can vary depending on the composition of the coal fuel which stuck after 
combustion.    

 
Table 2.4 Range of chemical composition for class C and class F of fly ashes. 
 

Composition % Class C Class F 

SiO2 18-24.8 47.2-54 
Al2O3 12.1-14.9 27.7-34.9 
Fe2O3 6.3-7.8 3.6-11.5 
CaO 13.9-49 1.3-4.1 
MgO 1.9-2.8 1.4-2.5 
SO3 5.5-9.1 0.1-0.9 
Na2O 0.5-2 0.2-1.6 
K2O 1-3 0.7-5.7 
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2.2.1.3 Morphology and physical properties of Fly ash 
 

Fly ash consists of glassy, hollow, spherical particles which have thin wall 
hollow spheres (cenospheres). Fly ash particle occur in round to angular shape, smooth 
and dense surface. Fly ash consists of silt-sized particles which are generally spherical, 
typically ranging in size between 10 and 100 µm as shown in Fig.  2.5. The specific 
gravity of coal fly ash usually ranges from 2.1 to 3.0 and its bulk density is around 0.9-
1.6 g/cm3, while its specific surface area varies from 1 to 2 m2/g. The color of fly ash is 
usually dark gray in color, depending on its chemical and mineral constituents. Tan 
and light colors are typically associated with the high lime content. A brownish color 
is typically associated with the iron content. A dark gray to black color is typically 
attributed to an elevated unburned carbon content. Fly ash color is usually very 
consistent for each power plant and coal source. 

 
 

    
 

Fig.  2.5 Morphology of fly ash 
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2.2.1.4 Utilization of fly ash 
 

A large number of technologies have been studied and developed for 
productive utilization of fly ash. Fly ash can be used as a raw material for many 
industries and construction. The example of fly ash utilization are presented as follows 
[68-70]: 

- Back filling/stowing of mines: fly ash can be used for stowing of underground 
mines and backfilling of open cast mines for saving of top fertile soil and precious river 
sand.  

- Building materials such as bricks, blocks, and tiles: fly ash based 
bricks/blocks/tiles are as well as clay-based conventional building products which 
result in saving of topsoil. Fly ash bricks are lighter and have higher compressive 
strength than the clay bricks. 

- Cement and concrete: fly ash can enhance the performance of cement and 
concrete. Moreover, the fly ash improving concrete durability which increase the life 
of concrete. Portland cement can be replaced by fly ash around 15-30 %. 

- Fly ash in agricultural:  the advantage of fly ash in agricultural is moisture 
retaining capacity, soil modifier, nutrients uptake, soil binding, stores carbohydrates 
and stores carbohydrates. The fly ash is mixed less than 10 % in the soil.     

- Water and wastewater treatment: fly ash can be used for adsorbing toxic 
metal or dyes in domestic and industrial wastewater. Fly ash is able to remove toxic 
metal by 98-100 %. In addition, fly ash combined with metakaolin can be used to 
remove chromium in wastewater.      
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2.2.1.5 Fly ash from Mae Moh coal fired power plant, Lampang, Thailand 
 

Mae Moh coal power plant is a lignite coal-fired thermal power plant 
generating 2500+ megawatt (MW) per day, consisting of ten 300 MW units. The fly ash 
and bottom ash are by-products of the process. From total ten of units, six units of 
the fly ashes are supplied to cement manufacturing companies. Four left units of fly 
ash are dumped in a disused mine. Summary of consumption and production for the 
coal power plants is shown in Table 2.5 [71]. 

Fly ash from Mae Moh Lignite fly ash is class C type following the chemical 
constituents of ASTM C618 [72]. The maximum sulfur content (SO4) is 4.0% and the 
maximum free calcium content is 2.0%. The coal used in power plant is from a natural 
material which makes the chemical composition of fly ash unstable. The Chemical 
composition of Mae Moh lignite fly ash from 1985-2001 are presented in Table 2.6 [73-
75].  
 
 
Table 2.5 Summary of consumption and production of Mae Moh coal fired power 
plant  
 

 units 

Energy production (MW)  2500+ 
Coal consumption 
(tonnes/unit/day) 
(thousand tonnes/year)  

 
4100 
15000 

Fly ash production 
(tonnes/day/unit)  
(thousand tonnes/year)  

 
1200 
4380 
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Table 2.6 Chemical composition of Mae Moh lignite fly ash from 1985-2001. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

year composition % 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 LOI 
1985 12.0 5.9 17.3 39.5 4.6 2.0 0.8 11.5 6.3 
1990 37.8 20.5 14.2 17.4 3.3 0.9 2.1 3.9 0.8 
1992 40.3 24.0 15.0 11.2 2.8 1.0 2.6 3.1 0.5 
1997 41.5 28.1 12.3 10.0 1.2 0.6 3.3 2.0 0.8 
2001 39.9 18.2 13.6 17.2 2.4 1.3 2.7 1.5 0.1 
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2.2.2 METAKAOLIN 
 

Kaolin is a mineral which widely used in paper, filler, and ceramics industries. 

Kaolin transforms to pozzolanic materials called metakaolin by suitable thermal 

treatment. Metakaolin can be used to improve mortar and concrete properties. 

Moreover, metakaolin can be also used for cement in cementitious materials and 

geopolymer.          
 

2.2.2.1 Dehydroxylation of metakaolin 
 

Metakaolin (MK; Al2Si2O7) is a pozzolanic material which is obtained from 

dehydroxylated of the kaolin clay at temperatures between 500-900 oC. The clay 

minerals lose most of the water at temperature around 100-200 oC and kaolinite 

becomes calcined due to losing water through dehydroxilization. The dehydroxilization 

of metakaolin from kaolin is an endothermic process because of the energy required 

to break the chemically bond of hydroxyl ions. The obtained metakaolin properties 

and compositions depend on kaolin purities and temperature of the dehydroxylated. 

To produce a pozzolanic property of metakaolin, the dehydroxilization must be 

obtained without overheating. Therefore, the temperature for calcined the kaolin is 

important. The reactions of kaolin clay with different calcined temperature are 

concluded as following equations [76];    
 

At   500 oC : Al2O3· 2SiO2· 2H2O (kaolinite)   Al2O3· 2SiO2 + 2H2O (MK)         

At   925 oC : 2[Al2O3 ·2SiO2]   2Al2O3 · 3SiO2+ SiO2 (silicon-spinel) 

At   1100 oC : 2Al2O3 ·3SiO2    2[Al2O3 · 2SiO2] + SiO2 (1:1 mullite-type phase) 

At   1400 oC : 3[Al2O3 ·3SiO2]   3Al2O3 · 2SiO2 + SiO2 (3:2 mullite) 
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The optimum calcination temperature to produce metakaolin is still different 

from one research to another. It depends on the raw kaolin for calcination. Normally, 

the metakaolin prepared by calcination at 500 to 800 oC. The kaolin transforms into 

metakaolin at a temperature above 500 oC by the structural loss of OH groups and 

rearrangement of Al and Si atoms. The flakes of kaolinite become more deformed and 

condensed at 650oC and 800 oC. Metakaolin recrystallizes to octahedral -Al2O3 and 

flakes had sintered at a temperature above 900 oC. At 925 oC, kaolin transforms to 

silicon-spinel and mullite is generated when the temperature above 1400 oC.  

2.2.2.2 Morphology and physical properties of metakaolin 
 

The microstructure of metakaolin is plate-like and stacks particle shape. 

Metakaolin particles size is generally 0.25-5 µm as shown in Fig.  2.6 [76]. Metakaolin 

color is white to light yellow. Metakaolin contains of 50-55% SiO2 and 40-45% Al2O3 as 

a major component and other oxides include Fe2O3, TiO2, CaO and MgO are the minor 

component. The specific gravity of metakaolin is usually 2.6, while its bulk density 

varies from 0.3-0.4 g/cm3. The specific surface area of Metakaolin is 15 m2/g [77].        

 
 

  
 

Fig.  2.6 Morphology of Metakaolin 
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2.2.2.3 Utilization of metakaolin 
 

Metakaolin find its usage in several of concrete applications [77] for example 

in glass fiber reinforced concrete, in precast concrete for architectural, industrial, civil, 

and structural purposes, in ferro-cement products and fiber cement, add to improved 

finish ability, appearance and color, add in pool plasters, mortars, repair material, 

stuccos and add to get high strength, high performance in lightweight concrete. 

Furthermore, metakaolin is added in concrete for improved workability, enhanced 

compressive strength, increased flexural and tensile strengths, improved durability, 

reduced permeability, increased chemical attack resistance, increased particle packing, 

reduced efflorescence potential and reduction in alkali–silica reactivity (ASR). 

 
2.2.2.4 Kaolin from Thailand  

 

Kaolin is generally found in mountainous or plateaus from the original source 

of feldspar. After the rock is eroded from the air, the kaolin is formed in the area. In 

Thailand, Kaolin is used as raw materials for ceramics industry including pottery, 

tableware, sanitary ware and refractory.  Kaolin resources in many provinces from 

Thailand such as Ranong, Prachinburi, Lumpang, Narathiwat, Uttaradit, Chiang Rai. 

Kaolin from each province has different chemical compositions as shown in Table 2.7 

[78]. 
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Table 2.7 Chemical compositions of kaolin from various sources in Thailand  

 

Chemical 

composition 

(wt %) 

Ranong Narathiwat Prachinburi Uttaradit 
Chiang 

Rai 
Lumpang 

SiO2 48.75 47.30 48.10 68.56 44.50 59.70 

Al2O3 34.58 35.72 36.10 19.32 38.20 27.60 

Fe2O3 0.71 0.38 1.47 2.21 0.80 0.85 

TiO2 0.02 0.20 0.79 0.21 0.20 0.07 

CaO 0.07 0.11 0.20 0.05 0.10 0.13 

MgO 0.34 1.01 0.14 0.53 - 0.25 

K2O 2.52 1.76 0.16 4.99 0.80 5.85 

Na2O 0.48 0.39 0.13 0.22 - 0.15 
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2.2.3 POLYETHERSULFONE 
 

In recent years, study of inorganic - polymer composite materials have been 
developed. Polyethersulfone (PES) was one of polymer to use for fabricate a 
membrane and fibrous materials with many techniques. In this study, the PES polymer 
was chosen with phase inversion techniques because it is easily preparation procedure, 
cheap and use room temperature in the process.  

The geopolymer–PES composite is suitable for new adsorbents. It is know that 

polyethersulfone (PES) [79] is transparent and amorphous in nature. PES is a 

thermoplastic polymer and classified as a sulfone plastic. In XRD peak of PES, one 

prominent of amorphous phase shows at 2θ = 19.9o. PES polymer has high glass 

transition temperature (Tg) due to PES has sulfone group in a structure that are so stiff 

(Tg = 190-230oC). PES structure has a softer ether bond and a harder benzene ring as 

shown in Fig.  2.7  

 

 
 

Fig.  2.7 Chemical structure of Polyethersulfone (PES) 

 

Additional properties of PES as following [80, 81]: excellent toughness, 

thermal stability, dimensional stability, resistance to steam, mineral acids and boiling 

water, moderate chemical resistance in many alkalis, excellent biology and blood 

compatibility, good gas permeability and selectivity values, high critical pressure of 

plasticization, high mechanical strength and low cost  and commercially available. 
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Among the polymers, PES is widely used as a membrane material in many 

processes for example blood purification, sterilization and pharmaceutical, protein 

separation, water purification and pre-treatment of reverse osmosis. Nevertheless, PES 

membrane has limitation about membrane fouling because PES membrane has a high 

hydrophobic property which can adsorb bacteria and hydrophobic particles or 

nonpolar solutes onto its surface. Phase inversion method was used for the 

preparation of membrane. The produced membrane is always symmetric. The 

membrane structure is related to the composition of PES, solvent and additive, PES 

solution temperature, and the mixture of non-solvents. The phase inversion method 

has a variety of general different techniques. Immersion precipitation or non-solvent 

induced phase inversion is the one of a common method for prepare the PES 

membrane. In the procedure, the PES was dissolved by a solvent. Then the 

homogenous polymeric solution was cast or extruded and immersed in a coagulation 

bath containing methanol or deionized water. The exchange between non-solvent and 

solvent occurred in the precipitation process. The structure of the membrane is 

obtained from a combination of phase separation method and mass transfer. This 

precipitation method can also be called a dry/wet method. The membrane was 

fabricated in many shapes which used different technique depending on applications 

such as hollow fiber membrane (extruding, spinning), flat sheet membrane (casting), 

and composite membrane (dip coating). 
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2.3 ADSORPTION 
 

Wastewater from domestic household, agricultural and industrial is one of the 
most pollution which affect environmental factors and humanity [82]. The heavy 
metals contaminated water has been a serious and long-lasting environmental 
problem released from a battery, metal plating and smelting manufacturing [83]. 
Several methods are applied for removal of heavy metal ions including chemical 
precipitation, reverse osmosis, ion exchange, electrochemical treatment, and 
adsorption [82]. Adsorption is one of the techniques that are relatively easy and low-
cost to use for wastewater treatment [84]. 
 

2.3.1 Terms and definitions 
 

Adsorption is one of the basic and main surface phenomena. Adsorption is 
found to occur in many biological, natural physical, and chemical systems.  Adsorption 
is the adhesion of adsorbate (atoms, ions or molecules) from a gas, liquid or dissolved 
solid to adsorbent (a surface). The solid which adsorption occurs at the surface is called 
adsorbent. The adsorbent is usually a porous material with a large specific surface area. 
The atoms, ions or molecules which adsorbed on an adsorbent surface is called 
adsorbate. Moreover, desorption is the reverse process of adsorption. The definition 
of the basic terms of adsorption is shown in Fig.  2.8.  

 

 
 

Fig.  2.8 The definition of the basic terms of adsorption 
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2.3.2 Types of adsorption process 
 

The basic of attractive forces existing between adsorbent and adsorbate, 
adsorption can be divided into two types: Physical adsorption or Chemical adsorption. 

 

2.3.2.1 Physical adsorption or Physisorption 
 

The force of attraction between adsorbate and adsorbent is intermolecular 
forces (Van der Waals forces) which is weak and long-range bonding. Physisorption 
observed multilayer adsorption on a homogeneous surface at equilibrium pressure (Fig.  
2.9). BET isotherm can be used to model adsorption equilibrium. This adsorption has 
low enthalpy about 5-50 kJ/mole and takes place between all molecules on any 
surface at a lower temperature than the boiling point of adsorbate. Moreover, this 
adsorption process is reversible and not specific.  The process of physisorption 
decreases when the temperature increases.  

 
 

 
 

Fig.  2.9 Physical adsorption process  
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2.3.2.2 Chemical adsorption or Chemisorption 
 

The force of attraction between adsorbate and adsorbent is chemical forces 
of attraction or chemical bond which has strong and short-range bonding. 
Chemisorption observed monolayer adsorption on a homogeneous surface at 
equilibrium pressure (Fig.  2.10). Langmuir isotherm can be used to model adsorption 
equilibrium. This adsorption has high enthalpy about 50-500 kJ/mole and takes place 
with the formation of adsorbate monolayer on adsorbent at all temperature. 
Furthermore, this adsorption process is irreversible and highly specific. The process of 
chemisorption at first increases and then decreases with the temperature increases. 
 

 

 
 

Fig.  2.10 Chemical adsorption process  
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2.3.3 Factors affecting adsorption 
 

- Surface area 
 

Adsorption occurs on a surface, therefore, the total surface area which is 
available for adsorption can be defined by the specific surface area of adsorbent. The 
solid is more finely and more porous make a greater adsorption amount. 
 

- Nature of adsorbate and adsorbent 
 

The number of ions or gas adsorbed depends on the nature of adsorbate and 
adsorbent. For example, the liquefiable gas (CO2, NH3, Cl2, HCl, SO2 etc.) are more 
adsorbed than permanent gases (H2, O2, N2 etc.) because the liquefiable gas has greater 
Van Der Waals force or attraction of molecule force.     
 

- Pressure or concentration 
 

In the reversible adsorption, the concentration of solute increases or pressure 
of a gases vapor increase affected higher adsorption in most cases.  

 

- Hydrogen ion concentration 
 

The hydroxide ions and hydrogen ions are quite strongly adsorbed affected 
the adsorption of other ions. 

 

- Temperature 
 

The removal of heavy metal increases at a higher temperature. Very different 
temperature affected on adsorption in water and wastewaters. 

 

- Mixed solutes 
 

In purification water and wastewaters, the adsorbed materials will be the 
mixture of many compounds. The compounds may enhance or may interface or may 
act independently with each other which effect to adsorption. 
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2.3.4 Adsorption isotherm 
 

The adsorption technique is generally used for removal of pollutant in 

aqueous media. The most important information for an understanding of an adsorption 

process is adsorption equilibrium information. An understanding of adsorption 

isotherms is important critical to improving adsorption system design and adsorption 

mechanism pathways. Linearization is created from inherent bias, several error 

functions have been studied to fix the problems. The evolution of computer 

technology is also used for nonlinear isotherm modeling [85].   
 

2.3.4.1 Langmuir adsorption isotherm 
 

One of the most common isotherm equations in solid-liquid systems is 

Langmuir adsorption equation. This equation is valid for monolayer adsorption onto a 

surface with a finite number of identical sites which are homogeneously distributed 

over the adsorbent surface. The general form of the Langmuir equation is as follow: 
  

 𝑞𝑒 =  
𝑞𝑚𝐾𝐿𝐶𝑒

(1+𝐾𝐿𝐶𝑒)
     (1) 

 

where Ce is the equilibrium concentration of heavy metal ions (mg/L)  

qe is the amount of heavy metal ions adsorbed per unit mass of the adsorbent 

(mg/g)  

KL is the Langmuir adsorption constant (L/mg) 

qm is the maximum amount of per unit mass of adsorbent to form a complete 

monolayer on the surface (mg/g) 

The linear form of this equation is as follow: 
 

 𝐶𝑒

𝑞𝑒
 =  

1

𝑞𝑚𝐾𝐿
+  

𝐶𝑒

𝑞𝑚
      (2) 
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Langmuir isotherm can be expressed using a dimensionless constant called 

the separate factor (RL) as follow: 

RL = 
1

1+𝐾𝐿𝐶0
      (3) 

 

where CO is initial concentration of adsorbate (mg/g) 

 KL is Langmuir adsorption constant (L/mg) 

 The RL values indicates the adsorption to be linear when RL=1, unfavorable 

when RL>1, favorable when 0<RL<1 and irreversible when RL=0. 
 

2.3.4.2 Freundlich adsorption isotherm 
 

The Freundlich isotherm is an empirical model which is used for non-ideal 
sorption process and relate to heterogeneous adsorption surface. It can be expressed 
by the following equation: 

 

qe = KFCe 1/n     (4)   
 

where qe is the quantity of the solute adsorbed per unit weight of adsorbent (mg/g) 
Ce is the equilibrium concentration of the adsorbing compound (mg/L) 
KF (mg1−(1/n) g−1 L1/n) is the adsorption capacity when metal ion equilibrium 
concentration equals to 1 
n is the degree of dependence of adsorption on equilibrium concentration 

When this equation is expressed in logarithmic form, a linear relationship is obtained 
equation: 

ln(qe) = ln(KF) + 1

𝑛
 lnCe    (5) 

 

2.3.4.3 Redlich-Peterson (R-P) adsorption isotherm 
 

Redlich-Peterson adsorption isotherm is a combine of Langmuir and 
Freundlich isotherms. This isotherm model is an empirical isotherm and combines the 
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element from both Langmuir and Freundlich equations; so the adsorption mechanism 
is not followed ideal monolayer adsorption. This isotherm is expressed as follow: 

 

qe = 𝐾𝑅𝑃 𝐶𝑒

1+𝑎𝐶𝑒
𝑔     (6) 

 
 

where qe is the quantity of the solute adsorbed per unit weight of adsorbent (mg/g) 
 Ce is the equilibrium concentration of the adsorbing compound (mg/L)  
 KRP is Redlich constant (L/g) 
 a is Redlich constant [(L/mg)g] 
 g is exponent which lies between 1 and 0    
The linear form can be expressed as follow: 
 

ln 𝐶𝑒

𝑞𝑒
 = 𝑔𝑙𝑛𝑐𝑒 − 𝑙𝑛 𝐾𝑅𝑃    (7) 

 

2.3.4.4 Dubinin-Radushkevish (D-R) adsorption isotherm 
 

D-R isotherm is an empirical adsorption model that is generally applied to 
express adsorption mechanism onto heterogeneous surfaces. D-R isotherm used to 
describe the physical adsorption and this isotherm is more general than Langmuir 
isotherm. It rejects the homogeneous surface or constant adsorption potential. 
Moreover, D-R isotherm is based on Polanyi’s potential theory. The form of D-R 
equation is expressed as follows: 

lnqe = lnqm-2      (8) 
 

 = RTln(1 +
1

𝐶𝑒
)     (9) 

 

where qe  is the quantity of the solute adsorbed per unit weight of adsorbent (mg/g) 
 qm is the adsorption capacity (mol/g) 
   is the D-R constant (mol2/kJ) 
   is the Polanyi potential  
 R  is ideal gas constant (8.31 J/mol-k)  
 T is absolute temperature (K) 
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2.3.5 Modelling of kinetic study 
 

The systems of kinetics can reveal the adsorption mechanism. Modelling of 
kinetic was study of determine the mechanism which is include external diffusion, 
internal diffusion and chemical reactions. To identify the mechanism, the pseudo first 
order, pseudo second order and intraparticle diffusion models were used to evaluate 
of time dependent data [82, 86, 87].       
 

2.3.5.1 Pseudo first order model and Pseudo first order model 
 

The pseudo first order rate equation by the following expression is expressed 
as:  

ln(qe-qt) = lnqe-k1t     (10) 
 

Pseudo second order model, if the rate of sorption in linear form is a second 
order chemisorption mechanism kinetic and equation is expressed as:  

 
𝑡

𝑞𝑡
 = 

1

𝑘2𝑞𝑒
2 + 

1

𝑞𝑒
𝑡    (11) 

 

where qe is adsorption capacity at equilibrium (mg/g) 
 qt is adsorption capacity at any time (mg/g) 
 t is time (min) 
 k1 is rate constant of pseudo first order sorption (min-1) 
 k2 is rate constant of pseudo second order sorption (g/mg min) 
 

2.3.5.2 Intraparticle diffusion model 
 

The intraparticle diffusion model can be written equation as: 
 

qt =Kpt1/2 + C      (12) 
where qt is adsorption capacity at any time (mg/g) 
 kp is intraparticle diffusion rate constant (mg/g h1/2) 
 t is time (h) 
 C is the intercept in linear graph (mg/g) 
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2.4 RELATED RESEARCH 
 

M.S. Al-Harahshen et al.[87] evaluated the capacity of a highly amorphous 

geopolymer for removing copper ions from aqueous solution. The amorphous 

geopolymer was synthesized from waste fly ash. The raw fly ash was collected from 

Rajhi Cement plant, Jordan.  The fly ash powder was mixed with NaOH (14 M) at a 

mass ratio of FA: NaOH = 4:3. Then the paste was mixed until homogeneity for 5-10 

min, poured into a plastic cylinder and cured at 105 oC for 2 h. After that, the 

synthesized geopolymer was left at room temperature for 3 days. The geopolymer 

sample was crushed, ground and sieved to particle size less than 200 µm. The phases 

of geopolymer powder was examined by XRD analysis. The XRD pattern of raw material 

and geopolymer were shown in Fig.  2.11. From XRD pattern, the original fly ash 

contained major phases of quartz, hematite and mullite, and cristobolite, plagioclase 

was found as minor phase. Moreover, the main chemical composition of both fly ash 

and the geopolymer are silica, alumina, iron oxide, calcium oxide, and magnesium 

oxide. For study removal of Cu2+ ions, the effect of pH, geopolymer dose, contact time, 

temperature and initial Cu2+ concentration were evaluated. For effect of pH (Fig.  2.12-

a), when pH was increased from 1 to 6, the geopolymer adsorbed more Cu2+ from 5.6% 

to 88.21%. Furthermore, the dosage amount from 0.03 g to 0.15 showed the removal 

efficiency increased from 45% to 88.2% as seen in Fig.  2.12-b. The contact time varies 

from 5 to 180 was considered to study the effect of contact time on Cu2+ ions removal. 

A contact time at 120 min was used in this study. The effect of temperature on Cu2+ 

removal was studied at 25-45 oC. The result indicated that the adsorption of Cu2+ on 

the geopolymer reached to the maximum value at 45 oC. For the last factor that affects 

removal Cu2+ ions was initial concentration of Cu2+ ions (Fig.  2.12-c). The result showed 

that the adsorption efficiency dropped when the initial concentration of Cu2+ was 

increased. Moreover, the kinetics data were fitted well to the pseudo-second order 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

37 

and Langmuir isotherm model was given to be more applicable than Freundlich 

isotherm model.       

    

 
 

Fig.  2.11 XRD patterns of raw fly ash (upper graph) and fly ash based  
geopolymer (lower graph) 

(Q-quartz, M-mullite, H-hematite, Zeo-zeolite, Plag-plageoglase, Crist-Cristobolite) 
 
 

 
 

Fig.  2.12 (a) Effect of pH, (b) adsorbent dose, (c) the initial concentration  
on Cu2+ removal efficiency 
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I. Kara et al.[86]  studied metakaolin based geopolymer (MKG) as an adsorbent 

for removal Zn2+ and Ni2+ from aqueous solution. Geopolymer with compositions of 

SiO2/Al2O3 = 3.2, Na2O/SiO2 = 0.2, Na2O/Al2O3 = 0.7 and H2O/Na2O = 13.8 were 

synthesized. Metakaolin was added in alkali solution and mixed for 15 min. The 

geopolymer paste was poured into HDPE mold and cured at 80 oC for 2 days. After 

that geopolymer sample was left at room temperature for 3 days and kept at 80 oC 

for 2 days. Then the geopolymer was ground and sieved to obtain particle size at 150 

µm. The MKG specific surface area was found to be 39.24 m2/g by BET analysis. The 

XRD pattern of MKG is shown in Fig.  2.13. The XRD pattern showed board hump peak 

which is characteristic of the amorphous material and had a minor peak of quartz. For 

adsorption tests, the effect of pH, geopolymer dose, contact time, temperature and 

initial concentration were studied as a parameter. The geopolymer amount affected 

the adsorption of Zn2+ and Ni2+ ions onto MKG. The result was seen that the Zn2+ and 

Ni2+ ions removal increased with an increase in the dose of MKG (Fig.  2.14). Over 2.0 

g/L in Zn2+ solution and  3.2 g/L of an amount of MKG, the adsorption efficiency was 

not significantly changed. The effect of pH on MKG adsorption efficiency was 

investigated and shown in Fig.  2.15-a. The pH of the solution was varied from 2 to 8. 

It was seen that the removal of Zn2+ and Ni2+ ions was increased until pH = 4 and after 

this value, no significant change was found. In order to determine the effect of 

temperature, the solution was carried out at 10-25 oC and the adsorption capacity as 

illustrated in Fig.  2.15-b. The adsorption of Zn2+ and Ni2+ ions onto MKG slightly 

increased when the temperature of the solution was increased from 10 to 25 oC. In 

addition, the adsorption capacity of Zn2+ and Ni2+ ions on the effect of contact time 

was determined in Fig.  2.15-c. At the initial stage, the adsorption was rapidly adsorbed 

and it became slower at neat the equilibrium. For kinetics and model of adsorption, 

the pseudo-second order kinetics model and the Langmuir isotherm model were fitted 

well to the equilibrium data for Zn2+ and Ni2+ ions.       
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Fig.  2.13 XRD pattern of metakaolin based geopolymer (MKG) 
 

 
 

Fig.  2.14  Effect of MKG amount on the adsorption of (a) Zn2+ and (b) Ni2+ ions 
 

 
 

Fig.  2.15 Effect of (a) pH solution, (b) temperature and (c) contact time on  
the adsorption of Zn2+ and Ni2+ ions 
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K. Nakamoto et al.[88] developed mordenite zeolite-polyethersulfone 

composite fiber. The polyethersulfone (PES) was dissolved by N-Methyl-2-pyrrolidone 

(NMP) as a solvent to prepare the solvent containing 30% of PES. Then, the mordenite 

zeolite powder was added to PES-NMP solution at concentration 10, 20, 30 and 40 

wt%. After the mordenite zeolite-polymer mixed solution was stirred for 24 h, the 

solution was extruded into a coagulation bath to be a composite fiber. The PES, CF-

27, CF-46, CF-59 and CF-69 were used to call the amount of mordenite zeolite powder 

in fibers at 0, 27.0, 45.5, 58.8 and 69.0 wt%, respectively. The BET surface area of the 

fibers increased with an increased loading of mordenite zeolite powder. The maximum 

surface area value (145 m2/g) was showed in CF-69 fiber. For microstructure of fiber, 

the finger-like structure appeared in PES fiber and this structure decreased with the 

higher amount of mordenite zeolite powder. Moreover, the board hump peak 

indicated an amorphous polymer was seen at 18 deg in 2θ of PES and a crystalline 

phase of mordenite zeolite following JCPDS: 00-006-0329 was a minor phase in others 

fiber (Fig.  2.16). A removal of Pb2+, Cd2+, Cu2+ and Ni2+ ions in aqueous solution on 

mordenite zeolite powder and composite fibers were measured and shown in Fig.  2.17. 

The adsorption amount of heavy metal on mordenite zeolite powder was rapidly 

increased at the early stage and became constant after 6 h (Fig.  2.17-a). The Pb2+ ions 

in aqueous solution were highly adsorbed with mordenite zeolite powder. In 

composite fiber, the adsorption capacity increased with an increasing amount of 

mordenite zeolite powder in fiber. The CF-69 fiber was the most excellent adsorbed 

Pb2+, Cd2+, Cu2+ and Ni2+ ions in aqueous solution. Furthermore, all of the mordenite 

zeolite composite fiber adsorbed metal cations in order Pb2+>Cu2+>Cd2+>Ni2+. 

Langmuir adsorption isotherm was fitted well with experimental adsorption isotherms 

of heavy metal on to mordenite zeolite powder and composite fibers.                                 
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Fig.  2.16 XRD pattern of mordenite zeolite powder and composite fibers 
 

 
 

Fig.  2.17 The adsorption capacity of (a) mordenite zeolite powder, (b) CF-27, (c) CF-
46, (d) CF-59 and (e) CF-69 for Pb2+, Cd2+, Cu2+ and Ni2+ ions in aqueous solution   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

CHAPTER 3 
EXPERIMENTAL PROCEDURE 

 

In this study, the fly ash from Mae Moh power plant, Lumpang province and 

kaolin from Ranong province in Thailand were chosen as a pozzolanic material to 

synthesize fly ash based geopolymer and metakaolin-based geopolymer. After 

synthesized geopolymer, fly ash based geopolymer and metakaolin based geopolymer 

powder were fabricated to be composite fiber with PES polymer. PES polymer was 

used to form the geopolymer powder to be the fibrous adsorbent materials. The 

powder and composite fiber geopolymer were studied as an adsorbent for adsorption 

of heavy metal ions in wastewater. The materials and experimental procedure were 

explained as the followings: 

3.1 MATERIALS AND CHEMICALS 
 

- Fly ash, Mae Moh power plant, EGAT 

- Ranong Kaolin, MRD-ECC Co., Ltd. 

- Sodium silicate solution- CT-38 (Na2SiO3), Chemmin Co. Ltd. 

- Sodium hydroxide pellet (NaOH), Ajax Finechem Pty Ltd. 

- Polyethersulfone - Ultrason E2010 (PES, MW=50,000), BASF Co. Ltd. 

- N-Methyl-2-pyrrolidone (NMP), Nacalai Tesque Inc.  

- Lead (II) Nitrate (Pb(NO3)2)), Nacalai Tesque Inc.  

- Copper (II) Nitrate (Cu (NO3)2 · 3H2O), Nacalai Tesque Inc.  

- Nickel (II) Nitrate Hexahydrate (Ni (NO3)2 · 6H2O), Nacalai Tesque Inc.  

- Cadmium (II) Nitrate Tetrahydrate (CdH8N2O10), Nacalai Tesque Inc. 

- Distilled water 
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3.2 PREPARATION OF MATERIALS 
 

- Fly ash 
 

Fly ash is use as received. 
 

- Metakaolin 
 

 Metakaolin was obtained by calcination of Ranong kaolin which is from the 

local kaolin mines in Ranong province, Thailand.  Ranong kaolin was ground and then 

dried at 110 °C to dehydrate water for 24 h. After that, the kaolin was screened through 

sieve size No.100 (aperture of 150 µm) and calcined at 700 °C for 6 h to transform 

kaolin to metakaolin completely. 
 

- Alkali Solution 
 

 Sodium hydroxide pellet was dissolved in distilled water with a concentration 

of 10 molars and left the solution for 24 h. Then, sodium hydroxide solution and 

sodium silicate solution with 31.38% SiO2, 10.15% Na2O and 58.47% H2O were mixed 

together with the 2.5 ratios of Na2SiO3: NaOH and left the solution until reached room 

temperature.  
  

- PES/NMP solution 
 

The polyethersulfone (PES) was added in N-Methyl-2-pyrrolidone solution 

(NMP) with containing 30 wt% of PES concentration and stirred for 24 h until PES was 

clearly dissolved in NMP solution.  
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3.3 GEPOLYMER PREPARATION FOR HEAVY METAL ADSORPTION 
 

3.3.1 Geopolymer powder 
 

- Fly ash based geopolymer powder 
 

The composition to synthesis geopolymer of this study was related with our 

previous research [89]. Fly ash was mixed with the prepared alkali solution for 5 mins 

to achieve good homogeneity. The solid fraction in geopolymer mixture was 65 wt%. 

After mixing, the liquid paste was poured into a plastic mold. Then the fly ash 

geopolymer was cured at 60 oC for 24 h and left at 25 oC for 6 days. The geopolymer 

sample was ground, sieved through 100 mesh and washed with distilled water until 

the pH of wash water was kept at 7±0.5. Afterward, geopolymer powder was cured in 

a conventional oven at 80 oC for 24 h.      
 

- Metakaolin based geopolymer powder 
 

Metakaolin and alkali solution were mixed for 5 mins (solid/liquid = 1.86). After 

that, the obtained paste was cast into cube mold. The geopolymer was formed after 

curing at 60 oC for 24 h and keeping at 25 oC until the 7th curing day. Upon removal 

from the mold, the geopolymer was crushed and sieved through 100 mesh to control 

a particle size range. Then the geopolymer powder was washed several times until 

washed water was reached to pH 7±0.5. The washed geopolymer powder was cured 

at 80 oC for 24 h in a conventional oven.       
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3.3.2 Geopolymer composite fiber 
 

- Fly ash based geopolymer fibers 
 

The phase inversion method was used to fabricate the geopolymer composite 

fiber. The PES (Polyethersulfone) was dissolved by a NMP (N-Methyl-2-prrolidone) 

which was a solvent and mixed with the powder. Then the homogenous polymeric 

solution was extruded and immersed in a coagulation bath containing deionized water. 

The exchange between NMP and water occurred in the precipitation process. The 

phase of solution was changed from liquid to solid phase. In this study, the Fly ash 

based geopolymer powder was added at concentrations of 20, 40, and 60 wt% and 

stirred with PES/NMP solution for 24 h until the slurry was homogeneity. After preparing 

the fly ash based geopolymer-polymer mixed slurry, the slurry was extruded through 

a cylindrical needle with 0.6 cm needle diameter of air pressure at 0.42 MPa. The 

extruded slurry of each batch was dropped into a 25 oC of water in coagulation bath 

and then the composite fiber was immersed in water coagulation bath for 24 h. After 

that, the composite fiber was boiled at 80 oC for 8 h to remove residual NMP. Finally, 

the composite fiber was dried vacuum at 60 oC for 24 h. The fabrication process of 

geopolymer fiber is shown in Fig.  3.1.               
 

- Metakaolin based geopolymer fibers 

Metakaolin based geopolymer composite fibers were also fabricated the same 

process as fly ash based geopolymer composite fibers. The sample of PES and 

geopolymer composite fiber as shown in Fig.  3.2. 
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Fig.  3.1 The fabrication process of geopolymer fiber 
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Fig.  3.2 The sample of (a) PES fiber, (b) FAG composite fiber and  
(c) MKG composite fiber 
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3.4 CHARACTERIZATION OF RAW MATERIALS AND GEOPOLYMER SAMPLES 
 

3.4.1 Particle size distribution analysis 
 

Laser light scattering technique was used to investigate the particles size of raw 

materials and geopolymer powder by Mastersizer 2000; Malvern Instruments Corp, 

United Kingdom. The powder was dispersed in a liquid media before a test. In a media, 

the laser beam passes through the particles and the angle scatter light of the particles 

is inversely proportional to their size. The Fraunhofer theory and Mie theory were 

approximated of large and small particles size, respectively. 
 

3.4.2 Chemical composition analysis  
 

The composition of raw materials and geopolymer powder were performed by 

X-ray fluorescence (XRF) spectrometer (ZSX Primus II; Rigaku Corp., Japan). The powder 

was pressed into aluminium ring to be a pellet. XRF spectrometry detects X-ray 

fluorescence which is released from elements of a sample. X-ray tube generates X-ray 

and then passes through the sample. The photons discharging (fluoresced) in different 

energy which can indicate the element occur and detect by a detector.    

 

3.4.3 Phase analysis  
 

The mineral phases were analyzed by X-ray diffraction (Smart lad; Rigaku Corp., 

Japan) of Cu-Kα radiation at 10-60o 2θ deg with 40 kv, 30 mA and a rate of 2 degree/min. 

X-ray diffraction pattern was recorded by using Bragg’s law and matched the peak of 

each mineral with Joint Committee on Powder Diffraction Standard files (JCPDS).   
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3.4.4 Morphology 
 

Morphological structures of samples were investigated using scanning electron 

microscopy (SEM, JSM-6480LV; JEOL Ltd., Japan) at 15 kV of accelerating voltage. The 

element distribution of fibers was also studied by an Energy dispersive X-ray 

spectroscopy (EDX, INDA x-sight). The morphology of starting materials and geopolymer 

powder were observed. For geopolymer composite fiber, the fibers were dipped into 

liquid nitrogen to freeze it and were broken at a half of fiber to observe the cross-

sectional surface.   

X-ray computed tomography (X-ray CT) is a 3D imaging technique that has been 

used to investigate morphology inside of materials. For the high-resolution micro-CT 

(HRM-CT), the geopolymer fibers were cut to 3 cm and were measured using scanning 

rotation steps of 0.1 deg. HRM-CT was used to observe morphology in geopolymer 

fibers. 
 

3.4.5 Tensile strength 
 

For the study the resistance of fibers to breaking while being pulled, the 

composite fibers were measured by a load measurement device (LTS-500N-S20; 

Minebea Co. Ltd., Japan). The gauge length of samples was 30 mm with crosshead of 

1.5 mm/s. Each sample was tested with five specimens and each specimen had 5mm 

of length. The diameter of the sample was measured by using a micrometer. The 

tensile strength is calculated by following; 
 

Tensile strength (Pa) = 
Load (N)

Area of a cross section (m2)
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3.4.6 Surface area analysis 

 

The surface area of samples was analyzed by BET analysis (Tristar II 3020; 

Micromeritics Instrument Corp., Japan) with a nitrogen gas adsorption. The samples 

were evacuated for 12 h at 80 oC for 24 h before measurements. Measurements were 

performed at -196 oC and the N2 gas adsorption data of the samples were evaluated 

surface area using the Brunauer-Emmett-Teller (BET) equation.    

 

3.5 HEAVY METAL ADSORPTION TEST OF GEOPOLYMER POWDER AND 
GEOPOLYMER COMPOSITE FIBERS 
 

3.5.1 Preparation of heavy metal ion solutions 
 

 Stock solutions of Pb (II), Cu (II), Cd (II) and Ni (II) at concentration of 1000 mg/L 

were prepared by dissolving appropriated amounts of Pb(NO3)2, Cu (NO3)2 · 3H2O, 

CdH8N2O10 and Ni (NO3)2 · 6H2O in distilled water. The concentrations at 10, 20, 40, 60, 

80, 100 and 120 mg/L multi- and mono – heavy metal solution were prepared by 

diluting from the stock solutions. Nitric acid (HNO3) solution at 0.1 M was used to adjust 

the pH values for each batch experiments. 
 

3.5.2 Batch adsorption studies 
 

- Effect of geopolymer dosage 
 

Variable geopolymer powder masses (0.02-0.14 g) and geopolymer composite 

fiber masses (0.05-0.5 g) were added to a 40 ml of 20 mg/L multi- and mono - heavy 

metal solutions containing Pb2+, Cd2+, Cu2+ and Ni2+ at a fixed temperature (25 oC), pH 

of the solution (5) and shaking time (120 min). The uptake percentage and adsorption 

capacity are calculated for each dose.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

51 

- Effect of pH 
 

In order to study effect of pH on the adsorption of heavy metal ions, 40 ml of 

20 mg/L multi- and mono - heavy metal solutions containing Pb2+, Cd2+, Cu2+ and Ni2+ 

is used at different pH values (1-5) at a temperature of 25 oC, 0.1 g of sample and 

shaking for 120 min. For each pH, the uptake percentage and adsorption capacity are 

determined.  
 

- Effect of contact time 

 

The effect of contact time on the adsorption of 20 mg/L multi- and mono - 

heavy metal ions was investigated by different shaking time of heavy metal solution 

from 5 to 180 min (geopolymer powder) and 5 min to 72 h (geopolymer fiber) at 5 pH 

value, 0.1 g of sample and the solution temperature of 25 oC. For each contact time, 

then the uptake percentage and adsorption capacity are calculated. 
 

- Effect of temperature 

 

A 40 ml of 20 ppm multi- and mono - heavy metal solution containing Pb2+, 

Cd2+, Cu2+ and Ni2+  was shaken at a temperature of 25 oC for 120 mins with 0.1 g of 

sample and at different temperature ( 25, 35 and 45 oC). The uptake percentage and 

adsorption capacity are calculated for each temperature. 
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- Effect of initial concentration  
 

The effect of the different initial concentration (10-120 mg/L) of multi- and 

mono - heavy metal ions was investigated. The 0.1 g of sample was added to the 

solution. The solution was then shaken for 120 mins at 5 pH values with a temperature 

of 25 oC. The uptake percentage and adsorption capacity are determined for each 

initial concentration.  

After tested, the solution was characterized by using atomic absorption 
spectroscopy (AAS). The removal efficiency (E) was calculated using the equation:  

 

Removal efficiency (E, %) = 𝐶𝑖−𝐶𝑒𝑞

𝐶𝑖
 × 100%    

 

where  Ci   is initial concentration of the heavy metal solution (mg/L) 
Ceq is remaining equilibrium concentration (mg/L) 
 

Moreover, the amount of metal ions adsorbed at equilibrium (qe) was 
calculated using equation: 

 

qe (mg/g) = 
(𝐶𝑖−𝐶𝑒𝑞) 𝑉

𝐶𝑖
  

 

where  Ci   is initial concentration of the heavy metal solution (mg/L) 
Ceq is remaining equilibrium concentration (mg/L) 
V   is the volume of solution (L) 
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3.6 EXPERIMENTAL DIAGRAM  
 

3.6.1 Synthesis fly ash based geopolymer powder 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
  Characterizations 

- Particle size by PSD 
- Phases by XRD 
- Composition by XRF 
- Morphology by SEM 
- Surface area by BET 
compared with raw material 

 

Alkali solution 35 wt% 

Fly ash 65 wt% NaOH solution 10 Molar Na2SiO3 solution 

Geopolymer slurry 

Geopolymer sample 

Geopolymer powder 

Geopolymer washed powder 

Na
2
SiO

3
/NaOH =2.5 

Mixed and left solution until  
reached room temperature 

Mixed 5 mins 

Poured into plastic mold, cured in 60 oC for 24 h  
and 25 oC for 6 days 

Crushed, ground and sieved through 100 mesh  

Washed with distilled water until the pH of wash 
water was kept at 7±0.5 and dried at 80 oC for 24 h   
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3.6.2 Synthesis metakaolin based geopolymer powder 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Characterizations 
- Particle size by PSD 
- Phases by XRD 
- Composition by XRF 
- Morphology by SEM 
- Surface area by BET 
compared with raw material 

 

Alkali solution 35 wt% 

Kaolin NaOH solution 10 
Molar 

Na2SiO3 solution 

Geopolymer slurry 

Geopolymer sample 

Geopolymer powder 

Geopolymer washed 
powder 

Na
2
SiO

3
/NaOH 

=2.5 Mixed and left solution until  
reached room temperature 

Mixed 5 mins 

Poured into plastic mold, cured in 60 oC for 24 h  
and 25 oC for 6 days 

Crushed, ground and sieved through 100 mesh  

Washed with distilled water until the pH of wash 
water was kept at 7±0.5 and dried at 80 oC for 24 h   

Metakaolin 65 wt% 

Calcined at 700 oC for 6 h  
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3.6.3 Synthesis fly ash and metakaolin based geopolymer composite fiber 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 

 
 

Characterizations 
- Phases by XRD 
- Composition by XRF 
- Morphology by SEM, X ray-CT 
- Surface area by BET 
- Pulled resistance by tensile 
strength 

PES/NMP solution 

Geopolymer powder 
(Fly ash geopolymer powder 
or Metakaolin geopolymer 

powder) 
0, 20, 40, and 60 wt% 

PES 30 wt% NMP solution 70 wt% 

Geopolymer composite slurry 

Geopolymer composite fiber 

Stirred for 24 h 

Stirred for 24 h 
 

Extruded through a cylindrical needle, immersed and 
boiled in water 24 h and dried at 60 oC for 24 h 
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3.6.4 Adsorption test of geopolymer powder and geopolymer composite 

fiber 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Prepared heavy metal solution containing  
multi- and mono - Cd

2+
,
 
Pb

2+
, Cu

2+
, and Ni

2+
 ions  

Contact time 
(5-180 min) 

(15 min -72 h)  
pH (1-5) 

Geopolymer dosage 
(0.02-0.14 g) 
(0.05-0.5 g) 

Temperature 
(25-45 

o
C) 

Initial concentration 
(10-120 mg/L) 

Analyzed by Atomic absorption spectrophotometer 

Studied adsorption isotherm 
and kinetics model  

Geopolymer powder or 
Geopolymer composite fiber 

Studied factors affecting the adsorption of heavy metals 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

CHAPTER 4  
RESULTS AND DISSCUSSION  

 

4.1 FLY ASH BASED GEOPOLYMER POWDER 
 

4.1.1 Characterizations  
 

4.1.1.1 Chemical composition 
 

The chemical compositions of fly ash supplied from Mae Moh power plant and 

washed fly ash based geopolymer powder are present in Table 4.1. The main 

compositions of fly ash and fly ash based geopolymer powder are silica (SiO2), alumina 

(Al2O3), iron oxide (Fe2O3) and calcium oxide (CaO). According to the American Society 

for Testing Materials (ASTM C618) of coal fly ash and raw or calcined natural pozzolan, 

the total mass of silica, alumina and iron oxide represented 64.20 wt% which can be 

classified as class C of fly ash. Moreover, the class C is also contained a high calcium 

oxide component (more than 10 %). In addition, the silica content of washed fly ash 

based geopolymer powder increased because sodium silicate solution which contains 

silica content was added for geopolymerization process. However, the other oxide 

contents of washed fly ash based geopolymer powder was lower than raw fly ash due 

to oxide contents were released with water in washing geopolymer powder process. 
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Table 4.1 Chemical compositions of fly ash and fly ash based geopolymer powder 
 

Chemical compound Fly ash (%) Washed Fly ash geopolymer (%) 

SiO2 30.80 44.80 
Al2O3 19.10 16.30 
Fe2O3 14.30 12.40 
CaO 18.40 7.64 
MgO 2.31 1.49 
SO3 5.78 0.10 
Na2O 1.39 10.80 
K2O 2.63 1.98 
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4.1.1.2 Phases 
 

The XRD patterns of fly ash and washed fly ash based geopolymer powder are 

shown in Fig.  4.1. The crystalline peaks of quartz (JCPDS, 01-087-2096), magnetite 

(JCPDS, 01-087-0245), mullite (JCPDS, 01-082-0037) and hematite (JCPDS, 00-033-0664) 

in the XRD patterns of raw fly ash are predominantly displayed. In addition, the non-

crystalline phase of the raw fly ash was demonstrated as the broad hump at 2θ = 20-

35o. After geopolymerization process, the crystalline phases were decreased and the 

broad hump peak was increased. This result might indicated that the crystalline phases 

were transformed to an amorphous structure and some of crystalline phases were 

released with water through washing process of geopolymer.  

 

 
 

Fig.  4.1 XRD patterns of fly ash and washed fly ash based geopolymer powder 
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4.1.1.3 Microstructure 
 

Fig.  4.2 showed SEM micrograph of the raw fly ash and washed fly ash based 

geopolymer powder at 1000× and 3000x magnification. The raw fly ash has spherical 

particles which occurred in round to angular shape, smooth and dense surface with 

high ranging in size between 10 and 100 µm (Fig.  4.2 a-b). After geopolymerization 

process, the surface fly ash particles was dissolved by alkali solution and sodium 

silicate solution acted as binder to connect between particles. From Fig.  4.2 c-d, fly 

ash particles has rougher surface than raw fly ash and small and large size of fly ash 

particles were combined together.      

 

 

 
 
Fig.  4.2 SEM micrograph of (a-b) fly ash and (c-d) washed fly ash based geopolymer 

powder 
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4.1.1.4 Particle size distribution and surface area 
 

Particle size distribution of fly ash and washed fly ash based geopolymer 

powder was measured by laser light scattering technique (Fig.  4.3). The laser-scattered 

particle distribution of raw fly ash showed the powder size distribution in the range of 

0.8–300 µm and showed tri-modal particle size distribution at average particle size of 

1.66, 11.48 and 91.20 µm. Moreover, the particle distribution of washed fly ash based 

geopolymer powder was 1–200 µm. Particle size distributions of fly ash and washed 

fly ash based geopolymer powder in the median were 41.30 and 45.76, respectively. 

After geopolymerization process, geopolymer sample was washed and sieved pass 

through 100 mesh. The particle size of geopolymer powder less than 10 µm was 

decreased and particle size in the rage of 20-100 µm was increased because the small 

particle was reacted and agglomerated with a large particles during the reaction.   

The raw fly ash powder has lower specific surface area compared to the 

washed fly ash based geopolymer powder with specific surface area of 0.83 and 85.01 

m2/g, respectively.   

 

 
Fig.  4.3 Particle size distribution of fly ash and washed fly ash based geopolymer 

powder 
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4.1.2 Adsorption test 
 

4.1.2.1 Effect of contact time 
 

The effect of contact time on heavy metal ions solution (Pb2+, Cu2+, Cd2+, Ni2+) 

in multi- and mono- cations solution was considered by varying the contact time from 

5-180 min and the results are shown in Fig.  4.4 and Fig.  4.5. The initial concentration 

of each heavy metal ions was fixed at 20 mg/L with 0.1 g of geopolymer in 40 mL of 

solution and initial pH of 5. Heavy metals of Pb2+, Cu2+, Cd2+, and Ni2+ were adsorbed 

by geopolymer powder.  The adsorption efficiency increased with an increase of the 

contact time in both solution systems (Fig.  4.4). 

 The removal efficiency of Pb2+, Cu2+, Cd2+, and Ni2+ ions at 5 mins of contact 

time was 87.17, 40.83, 19.90, and 9.43%, respectively in multi-cations solution as 

shown in Fig.  4.4 (a). Morover, the adsorption efficiency of Pb2+, Cu2+, Cd2+, and Ni2+ 

ions was 95.07, 46.65, 31.92, 24.01% at 120 mins of contact time. For calculate 

adsorption capacity of geopolymer on different time, FAG geopolymer powder could 

adsorbed a cations (Pb2+, Cu2+, Cd2+, and Ni2+) up to 7.60, 3.73, 2.55, 1.92 mg/g at 120 

mins of contact time as displyed in Fig.  4.5(a). 

 In mono-cations solution, significant removal efficiency occurred after 5 mins 

contact time (97.55, 67.97, 67.45,  and 54.38%, respectively) and a slightly change in 

longer contact time Fig.  4.4 (b). After 120 min, the removal efficiency of Pb2+, Cu2+, 

Cd2+, and Ni2+ ions was also slightly increased (99.92, 85.91, 76.33, 56.55%). In addition, 

the adsorption capacity on Pb2+, Cu2+, Cd2+, and Ni2+ ions of FAG powder was 7.99, 6.87, 

6.11, 4.52 mg/g (Fig.  4.5 (b)). Therefore, a contact time of 120 min was used in all 

following tests. 
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Fig.  4.4 Effect of contact time on heavy metal ions removal efficiency of FAG 

powder in (a) multi-cations solution and (b) mono-cations solution 
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Fig.  4.5 Effect of contact time on adsorption capacity of FAG powder  
(a) multi-cations solution and (b) mono-cations solution 
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4.1.2.2 Effect of geopolymer dosage 
 

The effect of geopolymer dosage on the adsorption was considered at 25 oC, 

initial concentration of Pb2+, Cu2+, Cd2+, and Ni2+ of 20 mg/L and a pH value of 6 using 

the following dosage: 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, and 0.14 g/40 mL (Fig.  4.6 and 

Fig.  4.7). The results showed that the adsorption efficiency and the adsorption capacity 

of heavy metal ions increased with an increase of adsorbent dose because the active 

site for adsorbing ions is increased.  

Increasing of geopolymer dosage from 0.02 g to 0.14 g, the adsorption efficiency 

increased of Pb2+, Cu2+, Cd2+, and Ni2+ ions from 46.68, 23.40, 6.51, and 6.20% to 96.60, 

56.36, 39.28, and 28.67%, respectively in multi-cations solution as given in Fig.  4.6 (a). 

Effect of adsorbent dose on adsorption capacity of FAG powder is calculated. Fig.  4.7 

(a) showed the adsorption capacity of Pb2+, Cu2+, Cd2+, and Ni2+ ions with increasing 

geopolymer dose from 0.02 g to 0.14 g was changed from 3.83, 1.87, 0.52, and 0.50 

mg/g to 7.72, 4.51, 3.14, and 2.29 mg/g.      

The adsorption efficiency increased of Pb2+, Cu2+, Cd2+, and Ni2+ ions from 84.93, 

54.14, 33.51, and 0.25 % to 98.24, 89.98, 72.56, and 59.95 %, respectively with an 

increasing of geopolymer dosage from 0.02 g to 0.14 g in mono-cations solution (Fig.  

4.6 (b)). The adsorption capacity of geopolymer dosage on Pb2+, Cu2+, Cd2+, and Ni2+ 

ions was studied. The adsorption capacity values increasing from 6.79, 4.33, 2.68, and 

0.02 mg/g to 7.93, 7.72, 6.75, and 4.93 mg/g with geopolymer dose from 0.02 g to 0.14 

g.  
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Fig.  4.6  Effect of adsorbent dose on heavy metal ions removal efficiency of FAG 
powder (a) multi-cations solution and (b) mono-cations solution 
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Fig.  4.7 Effect of adsorbent dose on adsorption capacity of FAG powder  
(a) multi-cations solution and (b) mono-cations solution 
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4.1.2.3 Effect of solution pH 
 

From Fig.  4.8 and Fig.  4.9, the effect of varying pH values (1-5) of heavy metal 

ions in solution on removal efficiency was evaluated at a temperature of 25 oC using 

a geopolymer dosage of 0.1 g/ 40 mL for 120 mins contact time and initial 

concentration of Pb2+, Cu2+, Cd2+, and Ni2+ of 20 mg/L. The adsorption efficiency 

increased when pH was increased from 1 to 5 because at low pH values, the excess 

of positive H3O+ ions could compete with heavy metal ions on available adsorption 

geopolymer surface.  

The sorption effectiveness of Pb2+, Cu2+, Cd2+, and Ni2+ ions increased from 1.05 

to 95.07% of Pb2+, 0 to 46.66% of Cu2+, 0 to 31.93% of Cd2+, and 0 to 24.01% of Ni2+ 

when pH of multi-cations solution was increased from 1 to 5 as seen in Fig.  4.8 (a). 

Moreover, a maximum adsorption capacity values of Pb2+, Cu2+, Cd2+, and Ni2+ ions on 

FAG powder was found to be 7.60, 3.73, 2.55, and 1.92 mg/g at pH 5 (Fig.  4.9 (a)). 

Fig.  4.8 (b) and Fig.  4.9 (b) showed the adsorption efficiency and adsorption 

capacity of FAG powder on Pb2+, Cu2+, Cd2+, and Ni2+ ions in mono-cations solution 

system. When pH of multi- cations solution was increased from 1 to 5, the adsorption 

efficiency increased up to 95.92% of Pb2+, 85.90% of Cu2+, 76.32% of Cd2+, and 56.55% 

of Ni2+ and adsorption capacity values increased up to 7.99 mg/g of Pb2+, 6.87 mg/g of 

Cu2+, 6.11 mg/g of Cd2+, and 4.52 mg/g of Ni2+.     
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Fig.  4.8 Effect of pH on heavy metal ions removal efficiency of FAG powder  
(a) multi-cations solution and (b) mono-cations solution 
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Fig.  4.9 Effect of pH on adsorption capacity of FAG powder 
(a) multi-cations solution and (b) mono-cations solution 
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4.1.2.4 Effect of temperature 
 

For the effect of temperature (Fig.  4.10 and Fig.  4.11), the adsorption efficiency 

was studied at 25, 35, and 45 oC at a pH value of 5, 0.1 g/ 40 mL geopolymer dosage, 

a contact time of 120 mins and initial concentration of Pb2+, Cu2+, Cd2+, and Ni2+ of 20 

mg/L. The adsorption of heavy metal ions on geopolymer powder increased with an 

increasing of temperature in all kind of heavy metal ions. The vaporization of water 

was found as a result to the micro-cavities was improved in geopolymer powder so 

adsorption capacity was increased at high temperature. 

The removal efficiency values of Pb2+, Cu2+, Cd2+, and Ni2+ were found to be 

100, 88.68, 79.28, 39.28% at 25 oC, 98.94, 90.14, 80.09, 40.11% at 35 oC, and 99.54, 

93.39, 83.30, 46.08% at 45 oC in multi-cations solution as shown in Fig.  4.10 (a). The 

adsorption capacity of Pb2+, Cu2+, Cd2+, and Ni2+ increased up to 7.96, 7.47, 6.66, and 

3.69 mg/g when temperature was increased from 25 to 45 oC (Fig.  4.11 (a)). 

  The removal efficiency values  and adsorption capacity values of Pb2+, Cu2+, 

Cd2+, and Ni2+ were found up to  99.68, 96.22, 82.85, 65.18% and 7.97, 7.70, 6.63, 5.21 

mg/g at 45 oC in mono-cations solution as shown in Fig.  4.10 (b) and Fig.  4.11 (b), 

respectively. 
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Fig.  4.10 Effect of temperature on heavy metal ions removal efficiency of FAG 
powder (a) multi-cations solution and (b) mono-cations solution 
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Fig.  4.11 Effect of temperature on adsorption capacity of FAG powder 
(a) multi-cations solution and (b) mono-cations solution 

 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

74 

4.1.2.5 Effect of initial concentration 
 

The initial concentration was studied using a geopolymer dosage of 0.1 g/ 40 

mL at pH 5 and a temperature of 25 oC for 120 min contact time. The initial 

concentration of heavy metal solution was varied from 20-120 mg/L. The results 

indicated that at low initial concentration, the removal efficiency was increased due 

to the available pores on adsorbent surface. When the initial concentration of Pb2+, 

Cu2+, Cd2+, and Ni2+ ions increased, the accessible sites become insufficient to adsorb 

ions, for this reason, some ions still remain in the solution without being sorbed by the 

adsorbent.   

Fig.  4.12 (a) and Fig.  4.13 (a) displayed the adsorption efficiency and adsorption 

capacity of Pb2+, Cu2+, Cd2+, and Ni2+ on FAG powder at various concentrations in multi-

cations solution. The initial concentrations less than 20 mg/L, the removal efficiency 

remained a higher percentage than 95.07, 46.66, 31.92, and 24.11% of Pb2+, Cu2+, Cd2+, 

and Ni2+. The maximum adsorption capacity values of Pb2+, Cu2+, Cd2+, and Ni2+ were 

found as 47.24 mg/g of Pb2+ at 120 mg/L, 9.40 mg/g of Cu2+ at 120 mg/L, 8.34 mg/g of 

Cd2+ at 120 mg/L and 4.09 mg/g of Ni2+ at 80 mg/L.  

    The adsorption efficiency and adsorption capacity of Pb2+, Cu2+, Cd2+, and 

Ni2+ on FAG powder at various concentrations in mono-cations solution were presented 

in Fig.  4.12 (b) and Fig.  4.13 (b). The initial concentrations less than 20 mg/L, the 

removal efficiency remained a higher percentage than 99.91, 76.33, 85.90, and 56.55 

% of Pb2+, Cu2+, Cd2+, and Ni2+. The maximum adsorption capacity values of Pb2+, Cu2+, 

Cd2+, and Ni2+ were found as 42.95 mg/g of Pb2+ at 120 mg/L, 12.79 mg/g of Cd2+ at 

120 mg/L, 14.14 mg/g of Ni2+ at 120 mg/L and 9.50 mg/g of Cu2+ at 80 mg/L.    
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Fig.  4.12 Effect of initial concentration on heavy metal ions removal efficiency of 
FAG powder (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.13 Effect of initial concentration on adsorption capacity of FAG powder 
(a) multi-cations solution (b) mono-cations solution 
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4.1.3 Adsorption isotherm 
 

The equilibrium data isotherm analysis for heavy metal adsorption on to FAG 

powder can be expressed in terms of adsorption isotherm models. Langmuir, 

Freundlich, Redlich-Peterson and Dubinin-Radushkevish isotherm models were used 

to describe the adsorption equilibrium. The objective is to evaluate the most 

appropriate correlations from the curves and then optimize the sorption systems. 

The adsorption data of Pb2+, Cu2+, Cd2+, Ni2+was fitted with the equation in each 

isotherm to obtain the graph and affinity of adsorption of the FAG powder in multi- 

and mono-cations solution as shown in Fig.  4.14 to Fig.  4.17. The model parameters 

and summary of adsorption isotherm are presented in Table 4.2 and Table 4.3. 

Moreover, the diagram of adsorption isotherm which were fitted with each ions are 

shown in Fig.  4.18. 

In multi-cations solution, Pb2+ and Ni2+ were fitted well with Langmuir 

adsorption isotherm and Cu2+ and Cd2+ were fitted well with Freundlich adsorption 

isotherm. The results indicated that Pb2+ and Ni2+ could adsorb on FAG powder in 

monolayer and Cu2+ and Cd2+ could adsorb on FAG powder in multilayer. The 

maximum capacities of Pb2+, Cu2+, Cd2+, Ni2+ on the Langmuir model was in the order 

Pb2+>Cu2+>Cd2+>Ni2+. From the Langmuir model, the value of RL was indicated the 

favorability of the adsorption process; unfavorable (RL>1), favorable (0<RL<1) or 

irreversible (RL=0). The calculated RL values of Pb2+, Cu2+, Cd2+, Ni2+ were 0.886, 0.054, 

0.024, and 0.143, indicating that the adsorption process is favorable. Moreover, the 

values of the Freundlich constant (1/n) were between 0.1 and 1, indicating a favorable 

adsorption.   

 In mono-cations solution, all of Pb2+, Cu2+, Cd2+, Ni2+ were fitted well with 

Langmuir adsorption isotherm. The results conclude that Pb2+, Cu2+, Cd2+, Ni2+could 
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adsorb on FAG powder in monolayer. The calculated RL values of Pb2+, Cu2+, Cd2+, Ni2+ 

were 0.094, 0.051, 0.011, and 0.254, indicating that the adsorption process is favorable.  

 

 
 

Fig.  4.14 The adsorption isotherms of Pb(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models of FAG adsorbent 

(a) multi-cations solution (b) mono-cations solution 
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Fig.  4.15 The adsorption isotherms of Cd(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models FAG adsorbent 

(a) multi-cations solution (b) mono-cations solution 
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Fig.  4.16 The adsorption isotherms of Cu(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models FAG adsorbent 

(a) multi-cations solution (b) mono-cations solution 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

81 

 

 

 
 

Fig.  4.17 The adsorption isotherms of Ni(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models FAG adsorbent 

(a) multi-cations solution (b) mono-cations solution 
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Table 4.2 Summary of adsorption isotherm of metal ions with FAG adsorbent 
 

Solution system Metal ion Isotherm model 

Multi-cations Pb2+ Langmuir model 
Cd2+ Freundlich model 
Cu2+ Freundlich model 
Ni2+ Langmuir model 

Mono-cations Pb2+ Langmuir model 
Cd2+ Langmuir model 
Cu2+ Langmuir model 
Ni2+ Langmuir model 
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Table 4.3 Parameters on Langmuir, Freundlich, Redlich-Peterson and Dubinin-
Radushkevish isotherm of FAG adsorbent  
 

Solution system Isotherm model Parameter Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 

Multi-cations Langmuir qm 142.857 4.655 7.047 4.914 

KL 0.068 0.178 0.423 0.050 

R2 0.9725 0.6753 0.6831 0.9709 

RL 0.886 0.054 0.024 0.143 

Freundlich KF 9.951 10109 2.574 0.512 

1/n 1.168 0.361 0.275 0.496 

R2 0.9509 0.8572 0.8530 0.9341 

Redlich-Peterson KRP 88.952 3441 97.667 0.240 

a 7.126 36093 37.579 0.047 

g 0 0.600 0.717 1 

R2 0.8273 0.7289 0.6197 0.8397 

Dubinin–Radushkevich qm 27.978 4.810 7.148 3.369 

 2  10-7 3  10-6 7  10-7 9  10-6 

R2 0.7838 0.3969 0.5385 0.8210 

E 1581.138 408.248 845.154 235.702 

Mono-cations Langmuir qm 36.232 12.407 9.017 18.018 

KL 0.767 0.212 0.886 0.035 

R2 0.8904 0.9947 0.9701 0.9900 

RL 0.094 0.051 0.011 0.254 

Freundlich KF 15.170 3.350 2.090 1.080 

1/n 0.228 0.312 0.341 0.599 

R2 0.6770 0.9168 0.5615 0.9782 

Redlich-Peterson KRP 2.711106 7.800 10.593 0.969 

a 0.218106 0.244 1.387 0.271 

g 0.483 0.985 0.950 0.632 

R2 0.8509 0.90380 0.8844 0.9729 

Dubinin–Radushkevich qm 27.547 10.548 8.569 10.475 

 110-8 910-7 210-7 610-6 

R2 0.6929 0.8707 0.9193 0.8184 

E 7071.068 745.356 1581.139 288.675 
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Fig.  4.18 The diagram of adsorption isotherm of metal ions with FAG adsorbent in 
multi-cations solution (upper) and mono-cations solution (lower) 
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4.1.4 Kinetics study 
 

4.1.1.1 Pseudo first order model  and pseudo second order model 
 

Kinetic adsorption data was model by using the pseudo first order model and 

pseudo second order model where the aims were determined the best model that 

describes the adsorption data and understood the mechanism of adsorption. The 

kinetics of Pb2+, Cd2+, Cu2+ and Ni2+ by FAG powder in multi- and mono-cations solution 

are shown in Fig.  4.19. The rate constants of the kinetic models with the regression 

(R2) are given in Table 4.4. The results show that the second order model fitted better 

than first order model with the experimental data based on R2 and the adsorption 

capacities (qe) of calculated values compared with experimental values (qm). The 

second order kinetics with respect to availability of surface sites on FAG powder rather 

than the metal concentration in the solution. Moreover, this model based on 

assumption that the rate limiting step which might be a chemical adsorption involving 

the valance forces through exchange or sharing of electrons between the adsorbate 

and adsorbent [90, 91].          

 
Table 4.4 Parameter values for batch kinetic adsorption models of FAG powder 
 

Solution  
system 

Metal  Pseudo first order Pseudo second order Experimental 
value  
qm(mg/g) 

k1  
(min-1) 

qe 
(mg/g) 

R2 k2 

(g/mg 
min) 

qe 
(mg/g) 

R2 

Multi-cations Pb2+ 0.012 0.791 0.6597 0.082 7.846 0.9996 7.847 
 Cd2+ 0.017 1.027 0.9533 0.053 2.760 0.9982 2.701 
 Cu2+ 0.005 1.227 0.8354 0.035 4.385 0.9856 4.498 
 Ni2+ 0.014 1.629 0.9481 0.016 2.372 0.9556 2.175 

Mono-cations Pb2+ 0.079 0.132 0.7899 1.131 7.893 0.9999 7.993 
 Cd2+ 0.009 0.643 0.7720 0.262 5.907 0.9989 6.106 
 Cu2+ 0.015 2.151 0.9475 0.024 7.294 0.9966 7.198 
 Ni2+ 0.004 0.354 0.3264 0.152 4.750 0.9988 4.796 
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Fig.  4.19 Kinetics of Pb2+, Cd2+, Cu2+ and Ni2+ adsorption on FAG powder and model’s 
fit to the data (a) multi-cations solution (b) mono-cations solution 

(Pseudo first order: solid line, Pseudo second order: dash line) 
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4.1.1.2 Intraparticle diffusion model 
 

From Fig.  4.20, Intraparticle diffusion plots of the adsorption by FAG powder 

in multi-cations solution and mono-cations solution were seen. Table 4.5 showed 

Intraparticle diffusion parameters for the adsorption. The fast rate of adsorption 

occurred in the adsorption process of metal ions and surface of FAG powder, therefore, 

the trend of the lines had only single line. It is indicated that the intraparticle diffusion 

was not occurred in the adsorption process of FAG powder and metal ions. 

 
 
Table 4.5 Intraparticle diffusion parameters for the adsorption by FAG powder 
 

Solution  
system 

Metal  Intraparticle diffusion 

kp  
(mg/g h0.5) 

C 
(mg/g) 

R2 

Multi-cations Pb2+ 0.555 6.901 0.9214 
 Cd2+ 0.722 1.536 0.9667 
 Cu2+ 0.759 2.948 0.9341 
 Ni2+ 1.004 0.414 0.9878 
Mono-cations Pb2+ 0.042 7.856 0.4048 
 Cd2+ 0.336 5.399 0.8186 
 Cu2+ 1.325 4.880 0.9864 
 Ni2+ 0.233 4.325 0.8710 
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Fig.  4.20 Intraparticle diffusion plots of the adsorption by FAG powder  
(a) multi-cations solution (b) mono-cations solution 

  
 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

89 

4.2 METAKAOLIN BASED GEOPOLYMER POWDER 
 

4.2.1 Characterizations  
 

4.2.1.1 Chemical composition 
 

From Table 4.6, the chemical composition of metakaolin and washed 
metakaolin based geopolymer were listed. The results showed that the main 
composition of metakaolin consisted of 50.30 % SiO2, 41.60 % Al2O3, 1.48 % Fe2O3, 
and 2.80 % K2O. After geopolymerization process, the main composition of metakaolin 
geopolymer composed of 47.20 % SiO2, 31.00 % Al2O3, 1.10 % Fe2O3, 2.10 % K2O, and 
10.50 % Na2O. In addition, the amount of SiO2, Al2O3 were decreased when compared 
with raw metakaolin because metakaolin geopolymer sample was washed with 
distilled water until pH 7. In the washing process, some of the elements in geopolymer 
powder could be released with water. Furthermore, the Na2O in metakaolin 
geopolymer has high values due to the alkali solution composed of the Na2O 
component which uses for reacting with raw materials in geopolymerization reaction. 
 
Table 4.6  Chemical compositions of metakaolin and metakaolin based geopolymer 

powder 
 

Chemical compound MK (%) Washed MK geopolymer (%) 

SiO2 50.30 47.20 
Al2O3 41.60 31.00 
Fe2O3 1.48 1.10 
CaO 0.05 0.06 
MgO 0.10 0.08 
Na2O 0.11 10.50 
K2O 2.80 2.10 
MnO 0.12 0.10 
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4.2.1.2 Phases 
 

The metakaolin and metakaolin geopolymer powder were characterized by 

XRD as shown in Fig.  4.21. The crystalline minerals of metakaolin and metakaolin 

geopolymer were muscovite (JCPDS, 00-007-0042), quartz (JCPDS, 01-089-8934), alunite 

(JCPDS, 00-003-0616) and kaolinite (JCPDS, 01-089-6538). However, the metakaolin 

geopolymer showed a broad hump peak between 2θ=18 - 32o which provided 

amorphous phase. The crystalline peaks intensities decreased after geopolymerization 

process in geopolymer phases as metakaolin was dissolved by alkali solution and 

transformed to an amorphous structure and some minerals could be released in the 

washing process. For this reason, it could be confirmed that the geopolymerization of 

alumino-silicate materials was successfully synthesized. 

 

 
 

Fig.  4.21 XRD patterns of metakaolin and washed metakaolin based geopolymer 
powder 
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4.2.1.3 Microstructure 
 

SEM micrograph of metakaolin and washed metakaolin based geopolymer 

powder at 1000× and 3000x magnification as shown in Fig.  4.22. The metakaolin 

showed the coarser aggregates with irregular particles in the range size of 10-100 µm 

(Fig.  4.22 a-b). The surface metakaolin particles after geopolymerization process was 

rougher surface than unreacted metakaolin because the surface of particles was 

dissolved by alkali solution and sodium silicate solution to produced aluminate and 

silicate species for geopolymerization reaction (Fig.  4.22 c-d). 

 

 

 
 

Fig.  4.22 SEM micrograph of (a-b) metakaolin and (c-d) washed metakaolin based 
geopolymer powder 
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4.2.1.4 Particle size distribution and surface area 
 

Particle size distribution of metakaolin and washed mtakaolin based 

geopolymer powder was measured by laser light scattering technique (Fig.  4.23). The 

laser-scattered particle distribution of metakaolin showed the powder size distribution 

in the range of 1–100 µm. Moreover, the particle distribution of washed metakaolin 

based geopolymer powder was 1–200 µm. and showed bi-modal particle size 

distribution at average particle size of 11.48 and 52.48 µm. Particle size distributions of 

metakaolin and washed metakaolin based geopolymer powder in the median were 

20.97 and 29.43, respectively. The particle size of geopolymer powder in the range 10-

80 µm was decreased and particle size higher than 100 µm was increased because the 

small particle was reacted and agglomerated to be a large particles during the reaction.   

The metakaolin powder has lower specific surface area compared to the 

washed metalakolin based geopolymer powder with specific surface area of 9.84 and 

20.36 m2/g, respectively.   

 
Fig.  4.23 Particle size distribution of metakaolin and washed metakaolin based 

geopolymer powder 
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4.2.2 Adsorption test 
 

4.2.2.1 Effect of contact time 
 

The effect of contact time of Pb2+, Cu2+, Cd2+, Ni2+ in multi- and mono-cations 

solutions was determined between 5-180 min and the results were presented in Fig.  

4.24 and Fig.  4.25. The initial concentration of each heavy metal ions was fixed at 20 

mg/L with 0.1 g of geopolymer in 40 mL of solution and initial pH of 5. Heavy metals 

of Pb2+, Cu2+, Cd2+, and Ni2+ were adsorbed by geopolymer powder. The results showed 

that the adsorption was fast at initial stage of contact period and it became slower 

near equilibrium. Therefore, 120 and 180 min were determined as the equilibrium time 

with the adsorption efficiency of and the adsorption capacity values of 100, 88.67, 

79.27 and 39.08% and 8, 7.09, 6.34 and 3.13 mg/g for Pb2+, Cu2+, Cd2+, Ni2+, respectively 

in multi-cations solution. Moreover, the adsorption efficiency of and the adsorption 

capacity values of 97.17, 85.12, 80.22 and 72.21% and 7.77, 6.81, 6.41 and 5.77 mg/g 

for Pb2+, Cu2+, Cd2+, Ni2+, respectively in mono-cations solution were shown. 
 

4.2.2.2 Effect of geopolymer dosage 
 

Adsorbent dosage is an important parameters due to it determines the 

adsorption capacity of an adsorbent for given initial concentration of the adsorbate. 

Therefore, the effect of geopolymer amount on the adsorption of Pb2+, Cu2+, Cd2+, Ni2+ 

ions onto MKG powder is investigated and the results are shown in Fig.  4.26 and Fig.  

4.27. It was seen that the percentage of metal removal increased with an increase in 

the adsorbent dose. Pb2+, Cu2+, Cd2+, Ni2+ removal efficiency from 75.23% (6.01 mg/g), 

23.41% (1.87 mg/g), 18.19% (1.45 mg/g) and 1.55% (0.12 mg/g) to 100% (8 mg/g), 

88.67% (7.09 mg/g), 79.27% (6.34 mg/g) and 39.08% (3.13 mg/g), respectively when the 

adsorbent dose was increase from 0.02 to 0.10 g/ 40mL in multi-cations solution. In 

addition, the percentage of metal removal increased with an increase in the adsorbent 
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dose. Pb2+, Cu2+, Cd2+, Ni2+ removal efficiency from 77.61% (6.21 mg/g), 73.92% (5.91 

mg/g), 68.11% (5.45 mg/g) and 52.47% (4.20 mg/g) to 97.17% (7.77 mg/g), 85.12% (6.81 

mg/g), 80.22% (6.41 mg/g) and 72.21% (5.77 mg/g), respectively when the adsorbent 

dose was increase from 0.02 to 0.10 g/ 40mL in the case of mono-cations solution. 

Further increase in the adsorbent up to 0.12 g/ 40mL, the removal efficiency and the 

adsorption capacity was not significantly changed. It might be explain by the increase 

surface area and active sites on the adsorbent surface with increased adsorbent dose. 

Accordingly, the optimum dose of MKG powder to achieve the highest removal 

efficiency and highest adsorption capacity for Pb2+, Cu2+, Cd2+, Ni2+ was determined as 

0.1 g/ 40mL.          
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Fig.  4.24 Effect of contact time on heavy metal ions removal efficiency of MKG 
powder (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.25 Effect of contact time on adsorption capacity of MKG powder  
(a) multi-cations solution (b) mono-cations solution 
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Fig.  4.26 Effect of adsorbent dose on heavy metal ions removal efficiency of MKG 
powder (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.27 Effect of adsorbent dose on adsorption capacity of MKG powder  

(a) multi-cations solution (b) mono-cations solution 
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4.2.2.3 Effect of solution pH 
 

The pH of aqueous solution is one of parameter for controlling an adsorption 

process. The effect of pH on Pb2+, Cu2+, Cd2+, Ni2+ adsorption onto MKG powder was 

investigated by ranging the solution pH from 1 to 5 at 25 oC and the removal efficiency 

and the adsorption capacity of MKG powder with multi- and mono-cations solution as 

a function of pH are plotted in Fig.  4.28 and Fig.  4.29. An apparent increase in Pb2+, 

Cu2+, Cd2+, Ni2+ removal effiecncy and adsorption capacity of MKG powder was 

observed until pH 5. The adsorbent tends to select H+ when the concentration of H+ 

ions in solution is higher. Therefore, the adsorption efficiency and the adsorption 

capacity of heavy metals decresed in low pH. As a results, the removal efficiency and 

the adsorption capacity of MKG powder were carried out at original pH values of the 

metal solution (pH around 5).  
 

4.2.2.4 Effect of temperature 
 

In order to investigate the effect of temperature on the adsorption efficiency 

and the adsorption capacity of Pb2+, Cu2+, Cd2+, Ni2+ onto MKG powder, the experiments 

were carried out at different temperatures. The relationship between the temperature 

and adsorption efficiency and the adsorption capacity values are illustrated in Fig.  4.30 

and Fig.  4.31. Adsorption efficiency and the adsorption capacity values were slightly 

increased when the temperature was increase from 25 to 45 oC. It can also be seen 

from the figures that adsorption efficiency and the adsorption capacity values were 

not significantly changed by the temperature after 25 oC. Accordingly, further 

adsorption studies were conducted at 25 oC for Pb2+, Cu2+, Cd2+ and Ni2+ ions.           
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Fig.  4.28 Effect of pH on heavy metal ions removal efficiency of MKG powder 
(a) multi-cations solution (b) mono-cations solution 
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Fig.  4.29 Effect of pH on adsorption capacity of MKG powder 
(a) multi-cations solution (b) mono-cations solution 
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Fig.  4.30 Effect of temperature on heavy metal ions removal efficiency of MKG 
powder (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.31 Effect of temperature on adsorption capacity of MKG powder 
(a) multi-cations solution (b) mono-cations solution 
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4.2.2.5 Effect of initial concentration 
 

The initial concentration was studied using a geopolymer dosage of 0.1 g/ 40 

mL at pH 5 and a temperature of 25 oC for 120 min contact time. The initial 

concentration of heavy metal solution was varied from 20-120 mg/L. the removal 

efficiency and the adsorption capacity of MKG powder with multi- and mono-cations 

solution as a function of initial concentration are plotted in Fig.  4.32 and Fig.  4.33. 

The removal efficiency decreased with an increase of initial concentration. The 

maximum adsorption capacity values of Pb2+, Cu2+, Cd2+, and Ni2+ were found as 39.49 

mg/g of Pb2+ at 120 mg/L, 9.38 mg/g of Cu2+ at 60 mg/L, 7.03 mg/g of Cd2+ at 40 mg/L 

and 3.18 mg/g of Ni2+ at 10 mg/L in multi-cations solution. Moreover, the maximum 

adsorption capacity values of Pb2+, Cu2+, Cd2+, and Ni2+ were seen as 42.67 mg/g of 

Pb2+ at 120 mg/L, 31.62 mg/g of Cu2+ at 120 mg/L, 29.83 mg/g of Cd2+ at 120 mg/L and  

29.33 mg/g of Ni2+ at 100 mg/L in mono-cations solution.       
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Fig.  4.32 Effect of initial concentration on heavy metal ions removal efficiency of 
MKG powder (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.33 Effect of initial concentration on adsorption capacity of MKG powder 

(a) multi-cations solution (b) mono-cations solution 
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4.2.3 Adsorption isotherm 
 

The isotherm analysis on MKG powder of Pb2+, Cu2+, Cd2+, Ni2+ is shown in Fig.  

4.34 to Fig.  4.37. The four model as Langmuir, Freundlich, Redlich-Peterson and 

Dubinin-Radushkevish isotherm models were adopted to fit for the experimental data 

and the fitting results are given in Table 4.7. In addition, the model parameters of 

adsorption isotherm is presented in Table 4.8. Moreover, the diagram of adsorption 

isotherm which were fitted with each ions are shown in Fig.  4.38. 

In multi-cations solution, the isotherms of Pb2+, Cd2+, Cu2+, and Ni2+ by MKG 

powder were Langmuir isotherm, Redilich-Peterson isotherm, Freundlich isotherm and 

Redilich-Peterson isotherm, respectively. Pb2+ was fitted well with Langmuir adsorption 

isotherm. The results indicated that Pb2+ could adsorb on MKG powder in monolayer. 

Cd2+ and Ni2+ was fitted well with Redilich-Peterson isotherm which is combined the 

Langmuir and Freundlich isotherm. Cu2+ was fitted well with Freundlich adsorption 

isotherm. It meant that Cu2+ was adsorbed on MKG powder in multilayer on 

heterogeneous surface.                 

 In mono-cations solution, all of Pb2+, Cu2+, Cd2+, Ni2+ were fitted well with 

Redilich-Peterson adsorption isotherm. The results concluded that Pb2+, Cu2+, Cd2+, 

Ni2+ were adsorbed on MKG powder in multi- and mono-layer on heterogeneous which 

is combined the Langmuir and Freundlich isotherm. 
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Fig.  4.34 The adsorption isotherms of Pb(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models MKG adsorbent 

(a) multi-cations solution (b) mono-cations solution 
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Fig.  4.35 The adsorption isotherms of Cd(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models MKG adsorbent  

(a) multi-cations solution (b) mono-cations solution 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

110 

 

 

 
 

Fig.  4.36 The adsorption isotherms of Cu(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models MKG adsorbent 

(a) multi-cations solution (b) mono-cations solution 
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Fig.  4.37 The adsorption isotherms of Ni(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models MKG adsorbent 

(a) multi-cations solution (b) mono-cations solution 
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Table 4.7 Summary of adsorption isotherm of metal ions with MKG adsorbent 
 

Solution system Metal ion Isotherm model 

Multi-cations Pb2+ Langmuir model 
Cd2+ Redlich-Peterson model 
Cu2+ Freundlich model 
Ni2+ Redlich-Peterson model 

Mono-cations Pb2+ Redlich-Peterson model 
Cd2+ Redlich-Peterson model 
Cu2+ Redlich-Peterson model 
Ni2+ Redlich-Peterson model 
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Table 4.8 Parameters on Langmuir, Freundlich, Redlich-Peterson and Dubinin-
Radushkevish isotherm of MKG adsorbent  
 

Solution system Isotherm model Parameter Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 

Multi-cations Langmuir qm 33.670 2.256 7.479 1.230 

KL 2.517 0.045 1.819 0.110 

R2 0.9287 0.4208 0.6903 0.3071 

RL 0.018 0.137 0.005 0.071 

Freundlich KF 21.565 13.007 4.860 5.054 

1/n 0.165 0.293 0.170 0.263 

R2 0.7627 0.4264 0.8244 0.4696 

Redlich-Peterson KRP -1.4108 37..549 15.673 4.329 

a -4.58106 7.051 1.992 1.870 

g 0.858 1 1 1 

R2 0.3976 0.5017 0.1599 0.8301 

Dubinin–
Radushkevich 

qm 31.900 4.482 7.428 1.863 

 610-8 210-8 110-7 610-7 

R2 0.8130 0.0115 0.6154 0.1431 

E 2886.751 5000 2236.067 912.870 

Mono-cations Langmuir qm 37.453 25.907 17.422 19.194 

KL 0.450 0.137 1.150 0.169 

R2 0.9569 0.9464 0.8267 0.8810 

RL 0.143 0.139 0.021 0.112 

Freundlich KF 5.384 3.253 6.045 2.546 

1/n 0.731 0.623 0.436 0.622 

R2 0.9701 0.9777 0.9515 0.9643 

Redlich-Peterson KRP 79.935 2.359 488577 4544.74 

a 6.981 0.054 95524 5457.450 

g 0.472 1 0.497 0.272 

R2 0.986 0.9855 0.9741 0.9825 

Dubinin–
Radushkevich 

qm 29.294 18.948 18.571 16.595 

 210-7 710-7 110-7 810-7 

R2 0.7512 0.6690 0.5791 0.5773 

E 1581.139 845.154 2236.068 790.570 
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Fig.  4.38 The diagram of adsorption isotherm of metal ions with MKG adsorbent in 
multi-cations solution (upper) and mono-cations solution (lower) 
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4.2.4 Kinetics study 
 

4.2.4.1 Pseudo first order model and pseudo second order model 
 

For multi- and mono-cations solutions, the kinetic parameters are presented in 
Table 4.9. The kinetics of Pb2+, Cd2+, Cu2+ and Ni2+ by MKG powder in multi- and mono-
cations solution are shown Fig.  4.39. Adsorption cations of multi- and mono-cations 
systems could be modelled using pseudo second order model. This mechanism 
indicated a comparable concentration of metal ions in solution with high energy which 
was important of interaction between MKG surface and metal ions species [82, 90].     
 
 
Table 4.9 Parameter values for batch kinetic adsorption models of MKG powder 
 

Solution  
system 

Metal  Pseudo first order Pseudo second order Experimental 
value  

qm(mg/g) 
k1  
(min-1) 

qe 
(mg/g) 

R2 k2 

(g/mg 
min) 

qe 
(mg/g) 

R2 

Multi-cations Pb2+ 0.013 0.152 0.1398 0.630 8.094 0.9999 8.149 
 Cd2+ 0.021 2.371 0.8559 0.151 6.637 0.9970 6.500 
 Cu2+ 0.023 1.649 0.7925 0.137 7.275 0.9992 7.188 
 Ni2+ 0.011 1.441 0.6488 0.026 3.567 0.9891 3.498 

Mono-cations Pb2+ 0.063 1.153 0.9928 0.169 7.810 1 7.688 
 Cd2+ 0.212 0.919 0.4864 0.076 6.625 0.9997 6.584 
 Cu2+ 0.029 0.780 0.9321 0.122 6.866 0.9999 6.830 
 Ni2+ 0.029 1.307 0.9319 0.068 5.900 0.9999 5.825 
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Fig.  4.39 Kinetics of Pb2+, Cd2+, Cu2+ and Ni2+ adsorption on MKG powder and 
model’s fit to the data (a) multi-cations solution (b) mono-cations solution 

(Pseudo first order: solid line, Pseudo second order: dash line) 
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4.2.4.2 Intraparticle diffusion model 
 

From Fig.  4.40, Intraparticle diffusion plots of the adsorption by MKG powder 

in multi-cations solution and mono-cations solution were seen. Table 4.10 showed 

Intraparticle diffusion parameters for the adsorption. The fast rate of adsorption 

occurred in the adsorption process of Pb2+metal ions and surface of MKG powder in 

multi-cations solution, only single line are observed. For other metal ions with multi- 

and mono-cations solution system, two portion lines were observed. The first portion 

lines are attributed the diffusion of metal ions onto the surface of MKG powder. The 

second region lines are the intraparticle diffusion of metal ions. It is indicated that the 

metal ions diffused into the MKG powder pores.  

 
 
Table 4.10 Intraparticle diffusion parameters for the adsorption by MKG powder 
 

Solution  
system 

Metal  Intraparticle diffusion 
kp  
(mg/g h0.5) 

C 
(mg/g) 

R2 

Multi-cations Pb2+ 0.074 7.894 0.1406 
 Cd2+ 2.327 3.530 0.7801 
 Cu2+ 2.109 4.806 0.7981 
 Ni2+ 1.706 1.289 0.6559 
Mono-cations Pb2+ 1.049 6.759 0.9705 
 Cd2+ 2.685 4.163 0.8766 
 Cu2+ 0.888 5.848 0.7745 
 Ni2+ 1.925 3.880 0.9276 
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Fig.  4.40  Intraparticle diffusion plots of the adsorption by MKG powder  
(a) multi-cations solution (b) mono-cations solution 
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4.3 FLY ASH BASED GEOPOLYMER COMPOSITE FIBER 
 

4.3.1 Characterizations  
 

4.3.1.1 Chemical composition 
 

In Table 4.11, PES fiber and fly ash based geopolymer composite fibers with 

different fly ash based geopolymer powder amount were characterized by XRF. PES 

fiber composed of SO3 and CO2 because PES structure has sulfone group and a 

benzene ring. The amount of fly ash based geopolymer powder increased in composite 

fibers, the compositions of SiO2, Al2O3, Fe2O3, CaO, MgO and Na2O were increased.    

 
Table 4.11 Chemical compositions of PES fiber and fly ash based geopolymer 

composite fibers 
 

Chemical 
compound 
(%) 

PES  Washed Fly ash 
Geopolymer 
powder  

20 wt% FAG 
fiber 

40 wt% FAG 
fiber 

60 wt% FAG 
fiber 

SiO2 - 44.80 5.44 25.30 52.40            
Al2O3 - 16.30 2.13 6.36 9.89 
Fe2O3 - 12.40 1.15 3.89 6.39 
CaO - 7.64 0.44 1.65 2.65 
MgO - 1.49 0.16 0.57 0.77 
SO3 20.70 0.10 20.30 18.10 13.20 
Na2O - 0.80 0.12 0.23 0.42 
CO2 79.10 13.80 69.90 52.40 40.00 
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4.3.1.2 Phases 
 

XRD patterns of fly ash based geopolymer powder, PES and the composite 

fibers are presented in Fig.  4.41. The board hump peak indicating amorphous of PES 

polymer is presented at 2θ = 12-25o. The sharp crystalline peaks attributed to quartz 

(JCPDS, 01-087-2096), magnetite (JCPDS, 01-087-0245), mullite (JCPDS, 01-082-0037) 

and hematite (JCPDS, 00-033-0664) were observed for fly ash based geopolymer 

powder and in composite fibers. The crystalline peaks were apparently seen in 

composite fibers and was not shift peaks. This result indicated that the crystalline 

structure and phases not changed in composite fibers.      

 

 
 

Fig.  4.41 XRD patterns of PES fiber and fly ash based geopolymer composite fibers 
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4.3.1.3 Microstructure 
 

The porous morphology of fiber in microstructure was compared in each 

sample with different amount of fly ash based geopolymer powder amount. Fig.  4.42 

showed cross section of PES and composite fibers. The PES fiber (Fig.  4.42 (a)) and 

20wt% of FAG composite fiber (Fig.  4.42 (d)) had diameter about 500 µm. In addition, 

the cross section of composite fiber a little decreased when increased the FAG powder 

amount more 40wt% in the composite fiber. The cross section of 40 and 60wt% of 

FAG composite fiber (Fig.  4.42 (g, j)) had diameter about 400-450 µm. Geopolymer 

composite fiber composed of porous structure and fly ash geopolymer powder was 

surrounded by PES. The outer round of geopolymer fiber appeared the finger-like 

structure of pore. When FAG powder amount increased, the finger like structure was 

disappeared. Moreover, the core of geopolymer fiber are shown the sponge structure 

of pore.  

The micro X-ray CT technique was applied to observe inside of the fibers. Fig.  

4.43 showed the structure of PES and composite fiber with different amounts of FAG 

powder. The FAG powder was uniformly distributed in the fiber network with a sponge 

structure. The fiber was denser when added more amount of FAG powder. In addition, 

when FAG powder was added more amount than 40 wt%, some FAG powder was 

agglomerated in the fiber. 
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Fig.  4.42 Microstructure of PES fiber and fly ash based geopolymer composite fibers 
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Fig.  4.43 X-ray micro CT images of PES fiber and fly ash based geopolymer 
composite fibers: (a) PES (b) 20wt% FAG (c) 40wt% FAG and (d) 60wt% FAG 
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4.3.1.4 Tensile strength and surface area 
 

The tensile strength of PES fiber and fly ash based geopolymer composite fibers 

is shown in Table 4.12. The tensile strength values decreased with increased FAG 

powder loading due to the FAG powder was obstructed the connecting of PES polymer 

in the fibers.  

Table 4.12 also listed the specific surface area of the fibers. The values of BET 

surface area of PES, 20, 40 and 60wt% of FAG powder in composite fiber were 27.39, 

50.05, 57.50 and 71.67 m2/g, respectively. From the results, the FAG powder loading 

increased, the increased of surface area values occurred because the FAG powders has 

the rough surface which has higher surface area than flat surface. Form the specific 

surface area results, the 60wt% of FAG powder in composite fiber was chosen for 

adsorption test.    

  
Table 4.12 Tensile strength and surface area of PES fiber and fly ash based geopolymer 

composite fibers  
 

Samples Tensile strength (MPa) Surface area (m2/g) 
PES 5.83 27.39  
20wt% FAG 4.17 50.05 
40w% FAG 2.35 57.50  
60wt% FAG 1.40 71.67 
FAG powder - 85.01 
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4.3.2 Adsorption test 
 

4.3.2.1 Effect of contact time 
 

The time dependence behavior of Pb2+, Cu2+, Cd2+, Ni2+ adsorption was studied 

in the range of 5 min – 72 h and concentration of Pb2+, Cu2+, Cd2+, Ni2+ was kept at 20 

mg/L at fixed geopolymer fiber dose (0.1 g) and pH of 5 at 25 oC in multi- and mono-

cations solution systems and the results are illustrated in Fig.  4.44 and Fig.  4.45. It 

can be seen that the adsorption efficiency  and the adsorption capacity of Pb2+, Cu2+, 

Cd2+, Ni2+ on FAG geopolymer composite fiber increases with increasing of contact time. 

The rate for adsorption of geopolymer composite fiber was slower than FAG powder 

because the metal ions could adsorbed by powder directly.  The adsorption efficiency 

and the adsorption capacity of metal ions increased rapidly in early stage of contact 

time. In multi-cations solution, the adsorption of Cu2+, Cd2+, and Ni2+ became 

equilibrium after 12 h and the adsorption of Pb2+ became equilibrium after 48 h. 

Moreover, the adsorption of Pb2+ became equilibrium after 48 h and the adsorption of 

other metal ions still increasing with an increase of contact time in mono-cations 

solution. A contact time of 120 min still was used in all following tests because the 

results of adsorption efficiency and adsorption capacity at 120 min were used to 

compare with FAG powder adsorbent in the same of contact time. 
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Fig.  4.44 Effect of contact time on heavy metal ions removal efficiency of FAG 
composite fiber (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.45 Effect of contact time on adsorption capacity of FAG composite fiber  
(a) multi-cations solution (b) mono-cations solution 
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4.3.2.2 Effect of geopolymer dosage 
 

The effect of FAG composite fiber dosage on the adsorption efficiency and the 

adsorption capacity of Pb2+, Cu2+, Cd2+, and Ni2+ was investigated at 25 oC with pH=5, 

initial concentration 20 mg/L and contact time 120 min and the results are shown in 

Fig.  4.46 and Fig.  4.47. The results showed that the adsorption efficiency increased 

up to 74.09, 45.95, 54.81, and 32.40 for Pb2+, Cu2+, Cd2+, and Ni2+ as the dose increase 

at 0.5g/ 40mL with multi-cations solution. The results in mono-cations solution showed 

that the adsorption efficiency increased up to 100, 56.88, 63.22, and 52.75 for Pb2+, 

Cu2+, Cd2+, and Ni2+ as the dose increase at 0.5g/ 40mL with multi-cations solution. 

From the results meant that the available active site at low dosage are not enough to 

adsorb all of metal ions in solution. 

 

4.3.2.3 Effect of solution pH 
 

The results provided in Fig.  4.48 and Fig.  4.49 presents the effect of pH values 

of metal ions solution on the adsorption efficiency and the adsorption capacity of FAG 

composite fiber with initial concentration of 20 mg/L at 25 oC with geopolymer dosage 

0.1 g/40 mL and contacting time of 120 min. The results suggest that the sorption 

effectiveness increased when pH values of solution increase from 1 to 5. The 

adsorption efficiency and the adsorption capacity of FAG composite fiber decreased in 

lower pH values of solution because the concentration of H+ is high in solution, the H+ 

could competition with metal ions on available site adsorption on geopolymer 

composite fiber.  
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Fig.  4.46 Effect of geopolymer dosage on heavy metal ions removal efficiency of FAG 
composite fiber (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.47 Effect of geopolymer dosage on adsorption capacity of FAG composite fiber 

(a) multi-cations solution (b) mono-cations solution 
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Fig.  4.48 Effect of pH on heavy metal ions removal efficiency of FAG composite fiber 
(a) multi-cations solution (b) mono-cations solution 
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Fig.  4.49 Effect of pH on adsorption capacity of FAG composite fiber  
(a) multi-cations solution (b) mono-cations solution 
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4.3.2.4 Effect of temperature 
 

The temperature dependence behavior of Pb2+, Cu2+, Cd2+, and Ni2+ adsorption 

was studied by changing the temperature in the range of 25-45 oC and the 

concentration of metal ions was kept at 20 mg/L at fixed geopolymer composite fiber 

dosage (0.1 g) with contact time of 120 min at pH value of 5 and the results are list in 

Fig.  4.50 and Fig.  4.51. It can be noticed that the adsorption efficiency and the 

adsorption capacity of Pb2+, Cu2+, Cd2+, and Ni2+ on FAG composite fiber increased with 

an increasing temperature. The uptake efficiency values for FAG composite fiber in 

multi-cations solution increased up to 60.43, 23.89, 36.11, and 22.20% with adsorption 

capacity as 4.83, 1.91, 2.88, and 1.78 mg/g of Pb2+, Cu2+, Cd2+, and Ni2+, respectively. 

The uptake efficiency values for FAG composite fiber in mono-cations solution 

increased up to 100, 69.14, 80.34, and 42.79% with adsorption capacity as 8, 5.53, 6.40, 

and  3.42 mg/g of Pb2+, Cu2+, Cd2+, and Ni2+, respectively. The uptake of Pb2+, Cu2+, 

Cd2+, and Ni2+ on FAG composite fiber in both solution systems reaches a maximum 

values at 45 oC. Evaluating the temperature of solution increased the extent and rate 

of adsorption, shown through increased in pore volume which enhance adsorption 

process because the water vaporization and formation of micro-cavities inside the fiber 

in high temperature.         
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Fig.  4.50 Effect of temperature on heavy metal ions removal efficiency of FAG 
composite fiber (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.51 Effect of temperature on adsorption capacity of FAG composite fiber 
 (a) multi-cations solution (b) mono-cations solution 
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4.3.2.5 Effect of initial concentration 
 

Fig.  4.52 and Fig.  4.53 presented the adsorption efficiency and adsorption 

capacity of FAG composite fiber at different initial Pb2+, Cu2+, Cd2+, and Ni2+ 

concentration at 25 oC with pH=5, geopolymer dosage of 0.1 g/40mL and contacting 

time of 120 min. As it was expected, the removal efficiency of Pb2+, Cu2+, Cd2+, and 

Ni2+ declined as the initial concentration increased.  The uptake efficiency is about 

57.90, 38.27, 52.74, and 35.70% in multi-cations solution and about 100, 51.45, 63.13, 

and 48.25% in mono-cations solution when the initial concentration of Pb2+, Cu2+, Cd2+, 

and Ni2+ is 10 mg/L. After tested, the adsorption capacity also was calculated. The 

results showed that The maximum adsorption capacity values of Pb2+, Cu2+, Cd2+, and 

Ni2+ were found as 7.70 mg/g of Pb2+, 4.39 mg/g of Cu2+, 5.93 mg/g of Cd2+ and 2.91 

mg/g of Ni2+ at 120 mg/L in multi-cations solution. Moreover, the maximum adsorption 

capacity values of Pb2+, Cu2+, Cd2+, and Ni2+ were seen as 11.78 mg/g of Pb2+ at 100 

mg/L, 9.64 mg/g of Cu2+, 10.50 mg/g of Cd2+ and 8.42 mg/g of Ni2+ at 120 mg/L in 

mono-cations solution. 
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Fig.  4.52 Effect of initial concentration on heavy metal ions removal efficiency of 
FAG composite fiber (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.53 Effect of initial concentration on adsorption capacity of FAG composite fiber 
(a) multi-cations solution (b) mono-cations solution 
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4.3.3 Adsorption isotherm 
 

The adsorption data of Pb2+, Cu2+, Cd2+, Ni2+ was fitted with the equation in 

each isotherm to obtain the graph and affinity of adsorption of the FAG composite 

fiber in multi- and mono-cations solution as shown in Fig.  4.54 to Fig.  4.57. The model 

parameters and summary of adsorption isotherm are presented in Table 4.13 and 

Table 4.14. Moreover, the diagram of adsorption isotherm which were fitted with each 

ions are shown in Fig.  4.58.   

In multi-cations solution, Pb2+ and Ni2+ were fitted well with Langmuir 

adsorption isotherm and Cu2+ and Cd2+ were fitted well with Freundlich adsorption 

isotherm. The results indicated that Pb2+ and Ni2+ were adsorbed on FAG composite 

fiber in monolayer and Cu2+ and Cd2+ were adsorbed on FAG composite fiber in 

multilayer. The maximum capacities of Pb2+, Cu2+, Cd2+, Ni2+ on the Langmuir model 

was in the order Pb2+>Cd2+>Cu2+>Ni2+. From the Langmuir model, the calculated RL 

values of Pb2+, Cd2+, Cu2+, Ni2+ were 8.299, 5.650, 4.216 and 2.519, indicating that the 

adsorption process is favorable. Moreover, the values of the Freundlich constant (1/n) 

were between 0.1 and 1, indicating a favorable adsorption.   

In mono-cations solution, Pb2+ was fitted well with Redlich-Peterson adsorption 

isotherm which is combined with Langmuir and Freundlich adsorption isotherm model 

on FAG composite fiber. Cu2+, Cd2+, Ni2+ were fitted well with Freundlich adsorption 

isotherm. The results concluded that Cu2+, Cd2+, Ni2+ could adsorb on FAG composite 

fiber in multilayer.  
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Fig.  4.54 The adsorption isotherms of Pb(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models FAG composite fiber 

adsorbent (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.55 The adsorption isotherms of Cd(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models FAG composite fiber 

adsorbent (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.56 The adsorption isotherms of Cu(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models FAG composite fiber 

adsorbent (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.57 The adsorption isotherms of Ni(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models FAG composite fiber 

adsorbent (a) multi-cations solution (b) mono-cations solution 
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Table 4.13 Summary of adsorption isotherm of metal ions with FAG composite fiber 
adsorbent 
 

Solution system Metal ion Isotherm model 

Multi-cations Pb2+ Langmuir model 
Cd2+ Freundlich model 
Cu2+ Freundlich model 
Ni2+ Langmuir model 

Mono-cations Pb2+ Redlich-Peterson model 
Cd2+ Freundlich model 
Cu2+ Freundlich model 
Ni2+ Freundlich model 
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Table 4.14 Parameters on Langmuir, Freundlich, Redlich-Peterson and Dubinin-
Radushkevish isotherm of FAG composite fiber adsorbent  
 

Solution system Isotherm model Parameter Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 

Multi-cations Langmuir qm 8.299 5.650 4.216 2.519 

KL 0.091 0.114 0.081 0.175 

R2 0.9596 0.8541 0.8060 0.7467 

RL 0.098 0.077 0.102 0.048 

Freundlich KF 1.634 1.150 0.650 0.877 

1/n 0.354 0.365 0.419 0.237 

R2 0.7911 0.9471 0.9376 0.8204 

Redlich-Peterson KRP 0.861 0.651 0.346 1806.190 

a 0.104 0.202 0.180 2072.850 

g 1 0.846 0.790 0.760 

R2 0.6241 0.9304 0.9210 0.6767 

Dubinin–
Radushkevich 

qm 6.652 4.858 3.519 2.307 

 410-6 410-6 710-6 410-6 

R2 0.7912 0.6413 0.5865 0.5434 

E 353.553 353.553 267.261 353.553 

Mono-cations Langmuir qm 11.574 9.343 7.246 6.068 

KL 0.123 0.098 0.076 0.082 

R2 0.6669 0.9328 0.8817 0.8507 

RL 0.082 0.098 0.120 0.110 

Freundlich KF 5.249 1.497 00.835 0.762 

1/n 0.162 0.428 0.505 0.485 

R2 0.7014 0.6996 0.9335 0.9272 

Redlich-Peterson KRP 8.40106 27493.8 11319.9 5640.06 

a 1.15106 20586.1 26018 14686.6 

g 0.920 0.540 0.329 0.342 

R2 0.8289 0.8989 0.9220 0.8904 

Dubinin–
Radushkevich 

qm 10.710 7.752 5.964 5.105 

 210-5 310-6 510-6 610-6 

R2 0.4810 0.6996 0.5649 0.5303 

E 158.114 408.248 316.228 288.675 
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Fig.  4.58 The diagram of adsorption isotherm of metal ions with FAG fiber adsorbent 

in multi-cations solution (upper) and mono-cations solution (lower) 
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4.3.4 Kinetics study 
 

4.3.4.1 Pseudo first order model and pseudo second order model 
 

The kinetic parameters and the correlation coefficients calculated from the 
linear form for heavy metal adsorption of both solution systems are presented in Table 
4.15.  The kinetics of Pb2+, Cd2+, Cu2+ and Ni2+ by FAG composite fiber in multi- and 
mono-cations solution are shown in Fig.  4.59. In multi-cations solution, the 
linearization (R2) proved that the pseudo second order model well described the 
adsorption mechanism of Cd2+, Cu2+ and Ni2+ , while the pseudo first order model 
could described the adsorption mechanism of Pb2+. In addition, the linearization (R2) 
proved that the pseudo second order model well described the adsorption 
mechanism of Pb2+ and Cd2+, while the pseudo first order model could described the 
adsorption mechanism of Cu2+ and Ni2+ in mono-cations solution. However, the model 
predicted values for the adsorption capacities were close to the experimental values 
only for pseudo second order model. In the pseudo first order model, the differences 
between model predicted and experimental values were approximately 10-20%. 
Therefore, the pseudo second order model is better predicator of the adsorption 
kinetics than pseudo first order model for Pb2+, Cd2+, Cu2+ and Ni2+ ions.           
 

Table 4.15 Parameter values for batch kinetic adsorption models of FAG composite 
fiber 
 

Solution  
system 

Metal  Pseudo first order Pseudo second order Experimental 
value  
qm(mg/g) 

k1  
(min-1) 

qe 
(mg/g) 

R2 k2 

(g/mg 
min) 

qe 
(mg/g) 

R2 

Multi-cations Pb2+ 0.0007 5.767 0.9501 0.0003 6.826 0.9354 6.571 
 Cd2+ 0.0015 1.615 0.8253 0.0040 2.772 0.9993 2.769 
 Cu2+ 0.0012 1.700 0.9531 0.0021 2.286 0.9892 2.230 
 Ni2+ 0.0008 1.493 0.9239 0.0020 2.158 0.9877 2.118 

Mono-cations Pb2+ 0.0001 6.794 0.9501 0.0004 9.327 0.9977 8.899 
 Cd2+ 0.0001 3.856 0.8960 0.0005 6.208 0.6878 6.192 
 Cu2+ 0.0003 4.908 0.9775 0.0002 5.550 0.9125 5.551 
 Ni2+ 0.0004 3.806 0.9506 0.0005 4.670 0.9157 4.840 
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Fig.  4.59 Kinetics of Pb2+, Cd2+, Cu2+ and Ni2+ adsorption on FAG composite fiber and 
model’s fit to the data (a) multi-cations solution (b) mono-cations solution 

(Pseudo first order: solid line, Pseudo second order: dash line) 
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4.3.4.2 Intraparticle diffusion model 
 

From Fig.  4.60, Intraparticle diffusion plots of the adsorption by FAG composite 

fiber in multi-cations solution and mono-cations solution were shown. Table 4.16 listed 

Intraparticle diffusion parameters for the adsorption. The fast rate of adsorption still 

occurred in the adsorption process of Pb2 ions in multi-cations solution, only single 

line are observed. It was conclude that diffusion of Pb2+ to FAG powder in the fiber 

through PES scaffold was rate limiting step. For other metal ions with multi- and mono-

cations solution system, two portion lines were observed. The first portion lines 

showed the diffusion of metal ions onto the surface of FAG powder through PES. The 

next region lines attributed diffusion of metal ions into FAG pores. 

 
 
Table 4.16 Intraparticle diffusion parameters for the adsorption by FAG composite 
fiber 
 

Solution  
system 

Metal  Intraparticle diffusion 

kp  
(mg/g h0.5) 

C 
(mg/g) 

R2 

Multi-cations Pb2+ 0.723 0.506 0.9868 
 Cd2+ 0.665 0.270 0.9660 
 Cu2+ 0.314 0.345 0.9499 
 Ni2+ 0.350 0.287 0.9344 

Mono-cations Pb2+ 1.684 0.1204 0.9907 
 Cd2+ 0.681 0.932 0.9527 
 Cu2+ 0.596 0.034 0.9869 
 Ni2+ 0.404 0.063 0.9618 
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Fig.  4.60 Intraparticle diffusion plots of the adsorption by FAG composite fiber 
(a) multi-cations solution (b) mono-cations solution 

 
 
 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

151 

4.4 METAKAOLIN BASED GEOPOLYMER COMPOSITE FIBER 
 

4.4.1 Characterizations  

4.4.1.1 Chemical composition 
 

PES fiber and fly ash based geopolymer composite fibers with different fly ash 

based geopolymer powder amount were characterized by XRF as shown in Table 4.17. 

PES fiber composed of SO3 and CO2 because PES structure has sulfone group and a 

benzene ring. The compositions of SiO2, Al2O3, Fe2O3, CaO, MgO and Na2O were 

increased when the amount of metakaolin based geopolymer powder increased in 

composite fibers. 

 
Table 4.17 Chemical compositions of PES fiber and metakaolin based geopolymer 

composite fibers 
 

Chemical 
compound (%) 

PES  Washed MK 
Geopolymer 
powder  

20 wt% MKG 
fiber 

40 wt% MKG 
fiber 

60 wt% MKG 
fiber 

SiO2 - 47.20 7.67 19.30 24.50 
Al2O3 - 31.00 5.78 14.20 18.10 
Fe2O3 - 1.10 0.17 0.43 0.73 
CaO - 0.07 0.32 0.33 0.41 
MgO - 0.08 0.10 0.14 0.14 
SO3 20.70 - 24.10 19.40 12.80 
Na2O - 10.50 0.76 2.60 3.11 
K2O - 2.10 0.31 0.89 1.30 
MnO - 0.10 0.01 0.04 0.06 
CO2 79.10 7.79 60.60 42.60 38.60 
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4.4.1.2 Phases 
 

In Fig.  4.61, XRD patterns of metakaolin based geopolymer powder, PES and 

the composite fibers are displayed. The board hump peak indicating amorphous of 

PES polymer is presented at 2θ = 12-25o. The sharp crystalline peaks composed with 

muscovite (JCPDS, 00-007-0042), quartz (JCPDS, 01-089-8934), alunite (JCPDS, 00-003-

0616) and kaolinite (JCPDS, 01-089-6538) were component in metakaolin based 

geopolymer powder. The crystalline peaks of metakaolin based geopolymer powder 

showed in composite fibers and the peaks was not shift. It meant that the crystalline 

structure and phases not changed after added to fabricate composite fibers.      
 

 
 

Fig.  4.61 XRD patterns of PES fiber and metakaolin based geopolymer composite 
fibers 
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4.4.1.3 Microstructure 
 

The morphology of the fibers with different amount of metakaolin based 

geopolymer powder amount were compared in Fig.  4.62. The PES fiber (Fig.  4.62 (a)) 

had diameter about 500 µm. Moreover, when increased the MKG powder amount more 

20wt% in the composite fiber, the cross section of composite fiber decreased due to 

the fibers was close packed when added more MKG powder. The cross section of 20, 

40 and 60wt% of MKG composite fiber (Fig.  4.62 (c, g, j)) had diameter about 400-450 

µm. The composite fibers had porous structure with finger-like structure of pore (outer) 

and sponge structure of pore (core).  The finger like structure was disappeared after 

increased geopolymer amount. 

The micro X-ray CT technique was used to observe structure inside of the PES 

and MKG composite fibers as shown in Fig.  4.63. The FAG powder was uniformly 

dispersed in the fiber network with a finger-like and sponge pore structure. MKG 

powder in the fibers was agglomerated, therefore, the varying from small to big 

particles of MKG powder in fibers was seen. Furthermore, the fiber was denser when 

added more amount of MKG powder.  
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Fig.  4.62 Microstructure of PES fiber and metakaolin based geopolymer composite 
fibers 
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Fig.  4.63 X-ray micro CT images of PES fiber and metakaolin based geopolymer 
composite fibers: (a) PES (b) 20wt% MKG (c) 40wt% MKG and (d) 60wt% MKG 
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4.4.1.4 Tensile strength and surface area 
 

Table 4.18 showed, the tensile strength of PES fiber and metakaolin based 
geopolymer composite fibers. The tensile strength values decreased with increased 
MKG powder amount because the MKG powder was inserted in the middle of the 
bonding of PES polymer in the fibers. 

From Table 4.18, the surface area values of PES and 20, 40 and 60wt% of MKG 
powder composite fibers were 27.39, 15.74, 32.11 and 53.11 m2/g, respectively. The 
surface area of MKG composite fiber was higher than PES fiber resulted from 
metakaolin geopolymer powders having small particle and the surface of powder was 
a rough surface. Form the specific surface area results, the 60wt% of MKG powder in 
composite fiber was chosen for adsorption test.      
 
Table 4.18 Tensile strength and surface area of PES fiber and metakaolin based 

geopolymer composite fibers 
 

Samples Tensile strength (MPa) Surface area (m2/g) 
PES 5.83 27.39 
20 wt% MKG 2.68 15.74  
40 w% MKG 1.56 32.11  
60 wt% MKG 1.43 53.11  
MKG powder - 20.36 
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4.4.2 Adsorption test 
 

4.4.2.1 Effect of contact time 
 

The effect of contact time of Pb2+, Cu2+, Cd2+, Ni2+ in multi- and mono-cations 

solutions was determined between 5 min – 72 h and the results were displayed in Fig.  

4.64 and Fig.  4.65. The initial concentration of each heavy metal ions was fixed at 20 

mg/L with 0.1 g of MKG composite geopolymer fiber in 40 mL of solution and initial 

pH of 5 and  heavy metals of Pb2+, Cu2+, Cd2+, Ni2+ were adsorbed. The results showed 

that the adsorption efficiency increased with increasing of contact time. In multi-cations 

solution, the adsorption of Cu2+, Cd2+, and Ni2+ became equilibrium after 12 h and the 

adsorption of Pb2+ still increased with an increasing of contact time. Moreover, the 

adsorption of Pb2+, Cu2+, Cd2+, Ni2+ also increasing with an increase of contact time in 

mono-cations solution. 

 
4.4.2.2 Effect of geopolymer dosage 

 

Adsorbent dosage is an important parameters due to it determines the 

adsorption capacity of an adsorbent for given initial concentration of the adsorbate. 

Therefore, the effect of geopolymer amount on the adsorption of Pb2+, Cu2+, Cd2+, Ni2+ 

ions onto MKG composite fiber is investigated and the results are shown in Fig.  4.66 

and Fig.  4.67. It was seen that the percentage of metal removal increased with an 

increase in the adsorbent dose. Pb2+, Cu2+, Cd2+, Ni2+ removal efficiency up to 46.84% 

(3.74 mg/g), 25.89% (2.07 mg/g), 33.60% (2.69 mg/g) and 19.72% (1.58 mg/g), 

respectively when the adsorbent dose was increase up to 0.5 g/ 40mL in multi-cations 

solution. In addition, the percentage of metal removal increased with an increase in 

the adsorbent dose. Pb2+, Cu2+, Cd2+, Ni2+ removal efficiency up to 66.28% (5.30 mg/g), 
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57.57% (4.60 mg/g), 61.92% (4.95 mg/g) and 48.50% (3.88 mg/g), respectively when the 

adsorbent dose was increase up to 0.5 g/ 40mL in the case of mono-cations solution.  

 

 
 

 
 

Fig.  4.64 Effect of contact time on heavy metal ions removal efficiency of MKG 
composite fiber (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.65 Effect of contact time on adsorption capacity of MKG composite fiber  
(a) multi-cations solution (b) mono-cations solution  
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Fig.  4.66 Effect of geopolymer dosage on heavy metal ions removal efficiency of 
MKG composite fiber (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.67 Effect of geopolymer dosage on adsorption capacity of MKG composite 

fiber (a) multi-cations solution (b) mono-cations solution  
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4.4.2.3 Effect of solution pH 
 

The pH of aqueous solution is one of parameter for controlling an adsorption 

process. The effect of pH on Pb2+, Cu2+, Cd2+, Ni2+ adsorption onto MKG composite 

fiber was investigated by ranging the solution pH from 1 to 5 at 25 oC and the removal 

efficiency and the adsorption capacity of MKG composite fiber with multi- and mono-

cations solution as a function of pH are plotted in Fig.  4.68 and Fig.  4.69. An apparent 

increase in Pb2+, Cu2+, Cd2+, Ni2+ removal efficacy and adsorption capacity of MKG 

composite fiber was observed until pH 5. The adsorption efficiency and the adsorption 

capacity of heavy metals decreased in low pH. As a results, the removal efficiency and 

the adsorption capacity of MKG composite fiber were carried out at original pH values 

of the metal solution (pH around 5). 

 
4.4.2.4 Effect of temperature 

 

In order to investigate the effect of temperature on the adsorption efficiency 

and the adsorption capacity of Pb2+, Cu2+, Cd2+, Ni2+ onto MKG composite fiber, the 

experiments were carried out at different temperatures. The relationship between the 

temperature and adsorption efficiency and the adsorption capacity values are 

illustrated in Fig.  4.70 and Fig.  4.71. Adsorption efficiency and the adsorption capacity 

values were increased when the temperature increased from 25 to 45 oC. It can also 

be seen from the results that adsorption efficiency and the adsorption capacity values 

were not significantly changed by the temperature after 25 oC in the case of multi-

cations solution. Nevertheless, the adsorption efficiency and the adsorption capacity 

values were significantly changed when the temperature increased in the case of 

mono-cations solution. 
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Fig.  4.68 Effect of pH on heavy metal ions removal efficiency of MKG composite fiber 

(a) multi-cations solution (b) mono-cations solution 
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Fig.  4.69 Effect of pH on adsorption capacity of MKG composite fiber  
(a) multi-cations solution (b) mono-cations solution  
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Fig.  4.70 Effect of temperature on heavy metal ions removal efficiency of MKG 
composite fiber (a) multi-cations solution (b) mono-cations solution  
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Fig.  4.71 Effect of temperature on adsorption capacity of MKG composite fiber  
(a) multi-cations solution (b) mono-cations solution  
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4.4.2.5 Effect of initial concentration 
 

The initial concentration was studied using a geopolymer dosage of 0.1 g/ 40 

mL at pH 5 and a temperature of 25 oC for 120 min contact time. The initial 

concentration of heavy metal solution was varied from 20-120 mg/L. the removal 

efficiency and the adsorption capacity of MKG composite fiber with multi- and mono-

cations solution as a function of initial concentration are plotted in Fig.  4.72 and Fig.  

4.73. The removal efficiency decreased with an increase of initial concentration. The 

maximum adsorption capacity values of Pb2+, Cu2+, Cd2+, Ni2+ were found as 5.76 mg/g 

of Pb2+ at 120 mg/L, 4.15 mg/g of Cu2+, 4.33 mg/g of Cd2+, 3.56 mg/g of Ni2+ at 100 

mg/L in multi-cations solution. Moreover, the maximum adsorption capacity values of 

Pb2+, Cu2+, Cd2+, Ni2+ were seen as 4.17 mg/g of Pb2+, 3.97 mg/g of Cu2+, 4.07 mg/g of 

Cd2+ and  3.69 mg/g of Ni2+ at 120 mg/L in mono-cations solution. From the Fig.  4.73, 

it was found that the adsorption capacity of Cu2+ and Cd2+ remained constant values 

after 100 mg/L in multi-cations solution and the adsorption capacity of Pb2+, Cu2+, Cd2+, 

Ni2+ remained constant values after 100 mg/L in mono-cations solution. This suggested 

that the geopolymer composite fiber reached the saturation level at initial 

concentration above 100 mg/L.   

 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

168 

 

 
 

 
 

Fig.  4.72 Effect of initial concentration on heavy metal ions removal efficiency of 
MKG composite fiber (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.73 Effect of initial concentration on adsorption capacity of MKG composite 
fiber (a) multi-cations solution (b) mono-cations solution  
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4.4.3 Adsorption isotherm 
 

The isotherm analysis on MKG composite fiber of Pb2+, Cu2+, Cd2+, Ni2+ is shown 

in Fig.  4.74 to Fig.  4.77. The four model as Langmuir, Freundlich, Redlich-Peterson 

and Dubinin-Radushkevish isotherm models were adopted to fit for the experimental 

data and the fitting results are given in Table 4.19. In addition, the model parameters 

of adsorption isotherm is presented in Table 4.20. Moreover, the diagram of adsorption 

isotherm which were fitted with each ions are shown in Fig.  4.78.  

In multi-cations solution, the isotherms of Pb2+, Cu2+, Cd2+, Ni2+ by MKG 

composite fiber were Redilich-Peterson adsorption isotherm. The results indicated that 

all of metal ions was adsorbed in monolayer and multilayer on heterogeneous surface.                  

In mono-cations solution, the isotherms of Pb2+, Cd2+, Cu2+, and Ni2+ by MKG 

composite fiber were Langmuir isotherm, Langmuir isotherm, Dubinin-Radushkevish 

isotherm, Freundlich isotherm, respectively. Pb2+, Cd2+ was fitted well with Langmuir 

adsorption isotherm. The results indicated that Pb2+, Cd2+could adsorb on MKG 

composite fiber in monolayer. Cu2+was fitted well with Dubinin-Radushkevish isotherm 

which is occurred physical adsorption on heterogeneous surface of MKG composite 

fiber. Ni2+ was fitted well with Freundlich adsorption isotherm. It meant that Ni2+ was 

adsorbed on MKG composite fiber in multilayer on heterogeneous surface.                 
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Fig.  4.74 The adsorption isotherms of Pb(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models MKG composite fiber 

adsorbent (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.75 The adsorption isotherms of Cd(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models MKG composite fiber 

adsorbent (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.76 The adsorption isotherms of Cu(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models MKG composite fiber 

adsorbent (a) multi-cations solution (b) mono-cations solution 
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Fig.  4.77 The adsorption isotherms of Ni(II) by applying Langmuir, Freundlich, 
Redlich-Peterson and Dubinin–Radushkevich isotherm models MKG composite fiber 

adsorbent (a) multi-cations solution (b) mono-cations solution 
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Table 4.19 Summary of adsorption isotherm of metal ions with MKG composite fiber 
adsorbent 
 

Solution system Metal ion Isotherm model 

Multi-cations Pb2+ Redlich-Peterson model 
Cd2+ Redlich-Peterson model 
Cu2+ Redlich-Peterson model 
Ni2+ Redlich-Peterson model 

Mono-cations Pb2+ Langmuir model 
Cd2+ Langmuir model 
Cu2+ Dubinin-Radushkevish model 
Ni2+ Freundlich model 
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Table 4.20 Parameters on Langmuir, Freundlich, Redlich-Peterson and Dubinin-
Radushkevish isotherm of MKG composite fiber adsorbent  
 

Solution system Isotherm model Parameter Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 

Multi-cations Langmuir qm 4.273 3.894 3.643 3.112 

KL 0.070 0.050 0.055 0.043 

R2 0.6259 0.8281 0.7777 0.6104 

RL 0.118 0.155 0.141 0.169 

Freundlich KF 0.442 0.330 0.340 0.850 

1/n 0.5316 1.828 1.882 3.565 

R2 0.8913 0.9557 0.9374 0.4511 

Redlich-Peterson KRP 18996 2040.79 1548.79 0.106 

a 61795.7 7943.11 5549.23 0.024 

g 0.375 0.390 0.418 1 

R2 0.9547 0.9591 0.9414 0.7420 

Dubinin–
Radushkevich 

qm 3.651 3.032 2.919 2.437 

 710-6 110-5 110-5 110-5 

R2 0.4305 0.5561 0.5230 0.4836 

E 267.261 223.607 223.607 223.607 

Mono-cations Langmuir qm 3.932 4.068 4.539 3.545 

KL 1.159 0.346 0.073 0.092 

R2 0.9980 0.9768 0.9133 0.9462 

RL 0.008 0.026 0.111 0.089 

Freundlich KF 2.986 2.105 0.998 0.722 

1/n 0.0629 0.1467 0.3044 0.3466 

R2 0.7971 0.8633 0.7875 0.9837 

Redlich-Peterson KRP 4.601 1.488 -319882 3181.35 

a 1.145 0.380 -254502 4504.48 

g 1 0.991 0.753 0.647 

R2 0.7773 0.9209 0.7194 0.9736 

Dubinin–
Radushkevich 

qm 3.813 3.832 3.623 2.991 

 410-7 210-6 810-6 710-6 

R2 0.9878 0.9154 0.9746 0.7326 

E 1118.034 500 250 267.231 
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Fig.  4.78 The diagram of adsorption isotherm of metal ions with MKG fiber adsorbent 

in multi-cations solution (upper) and mono-cations solution (lower) 
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4.4.4 Kinetics study 
 

4.4.4.1 Pseudo first order model and pseudo second order model 
 

The kinetic parameters and the correlation coefficients calculated from the 
linear form for heavy metal adsorption of both solution systems are presented in Table 
4.21.  The kinetics of Pb2+, Cd2+, Cu2+ and Ni2+ by MKG composite fiber in multi- and 
mono-cations solution are shown in Fig.  4.79. In multi-cations solution, the 
linearization (R2) showed that the pseudo second order model was fitted well with the 
adsorption mechanism of Cd2+, Cu2+ and Ni2+, while the pseudo first order was fitted 
the adsorption mechanism of Pb2+. In addition, the linearization (R2) also proved that 
the pseudo second order model was the best described the adsorption mechanism of 
Cd2+, while the pseudo first order model could described the adsorption mechanism 
of Pb2+, Cu2+and Ni2+ in mono-cations solution. However, the model predicted values 
for the adsorption capacities were close to the experimental values only for pseudo 
second order model. In the pseudo first order model, the differences between model 
predicted and experimental values were approximately 5-20%. Therefore, the pseudo 
second order model is better predicator of the adsorption kinetics than pseudo first 
order model for Pb2+, Cd2+, Cu2+ and Ni2+ ions.           

 

Table 4.21 Parameter values for batch kinetic adsorption models of MKG composite 
fiber 
 

Solution  
system 

Metal  Pseudo first order Pseudo second order Experimental 
value  
qm(mg/g) 

k1  
(min-1) 

qe 
(mg/g) 

R2 k2 

(g/mg 
min) 

qe 
(mg/g) 

R2 

Multi-cations Pb2+ 0.0005 3.521 0.8749 0.0003 3.935 0.7516 3.916 
 Cd2+ 0.0011 0.821 0.7972 0.0005 1.574 0.9958 1.571 
 Cu2+ 0.0008 0.880 0.9241 0.0045 1.469 0.9966 1.456 
 Ni2+ 0.0003 0.403 0.5553 0.0104 0.921 0.9878 0.960 

Mono-cations Pb2+ 0.0005 5.167 0.9673 0.0004 6.502 0.9508 6.526 
 Cd2+ 0.0006 3.635 0.8498 0.0006 5.241 0.9741 5.072 
 Cu2+ 0.0004 4.141 0.9546 0.0002 4.888 0.9348 4.605 
 Ni2+ 0.0009 2.868 0.9589 0.0006 3.256 0.9591 3.029 
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Fig.  4.79 Kinetics of Pb2+, Cd2+, Cu2+ and Ni2+ adsorption on MKG composite fiber and 
model’s fit to the data (a) multi-cations solution (b) mono-cations solution 

(Pseudo first order: solid line, Pseudo second order: dash line) 
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4.4.4.2 Intraparticle diffusion model 
 

From Fig.  4.80, Intraparticle diffusion plots of the adsorption by MKG composite 

fiber in multi-cations solution and mono-cations solution were presented. Table 4.22 

summarized Intraparticle diffusion parameters for the adsorption. The intraparticle 

diffusion occurred only adsorption of Pb2+ in multi-cations solution system. For other 

metal ions with multi- and mono-cations solution system, only single line are 

observed. It was conclude that diffusion of metal ions to MKG powder in the fiber 

through PES scaffold was rate limiting step. It might be because of MKG powder was 

agglomerated in the fiber during fiber fabrication process which made adsorption rate 

is slower and less adsorption capacity. 

 
Table 4.22 Intraparticle diffusion parameters for the adsorption by MKG composite 
fiber 
 

Solution  
system 

Metal  Intraparticle diffusion 
kp  
(mg/g h0.5) 

C 
(mg/g) 

R2 

Multi-cations Pb2+ 0.178 0.527 0.9867 
 Cd2+ 0.173 0.506 0.9416 
 Cu2+ 0.144 0.392 0.9220 
 Ni2+ 0.066 0.425 0.8221 
Mono-cations Pb2+ 0.688 0.652 0.9952 
 Cd2+ 0.565 0.620 0.9790 
 Cu2+ 0.551 0.190 0.9941 
 Ni2+ 0.374 0.051 0.9919 
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Fig.  4.80 Intraparticle diffusion plots of the adsorption by MKG composite fiber 
(a) multi-cations solution (b) mono-cations solution 
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4.5 COMPARISON OF ADSORPTION CAPACITIES FOR Pb2+, Cu2+, Cd2+ and Ni2+ 
ONTO DIFFERENT ASORBENTS 
 

From Table 4.23 to Table 4.26, comparison between this published adsorption 

capacity of various powder adsorbents and highest metal ions adsorption in this work 

for Pb2+, Cu2+, Cd2+ and Ni2+are summarized. The geopolymer powder and geopolymer 

composite fiber obtained in this study had the higher and lower adsorption capacity 

with the other adsorbents. In this study, the geopolymer powder adsorbed metal ions 

higher than geopolymer composite fiber because the metal ions were directly 

adsorbed with the powder. For adsorption Pb2+, Cu2+, Cd2+ and Ni2+, the fly ash based 

geopolymer powder lower adsorbed metal ions than metakaolin based geopolymer 

powder because metakaolin had smaller size than fly ash therefore, in same weight 

metakaolin geopolymer had higher surface area than fly ash geopolymer. However, in 

fly ash based geopolymer composite fiber could adsorb more values than metakaolin 

based geopolymer composite fiber because the agglomerated of metakaolin in the 

fiber occurred which could effect to the adsorption capacity of the fiber. To compare 

with other adsorbents, the initial concentration, the amount of adsorbent and the 

solution volume should be focus because the adsorption capacity values depended 

on the conditions for adsorption study to calculate the adsorption capacity values. 

Considering the availability and cost of raw materials in this study, as well as the ease 

and the cost and the process of geopolymer preparation, it can be modified, applied 

and can be used geopolymer powder and geopolymer composite fiber in packed beds 

in the future.  
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Table 4.23 Lead adsorption capacity of various adsorbents 
 

Material qm (mg/g) Ref. 

Coconut 4.4 [92] 
Bagasse fly ash 3.8 [93] 
Cashew nut shell 17.8 [94] 
Chitosan 8.3 [95] 
Corn chaff 6.7 [96] 
Cereal chaff 12.5 [97] 
Rice husk 5.7 [95] 
Natural hen egg shell 1.5 [98] 
Natural duck egg shell 1.6 [98] 
Biomass FA-geopolymer monolith 6.3 [99] 
Mordenite zeolite 151.1 [88] 
Fly ash based geopolymer (powder) 118.6 [100] 
Metakaolin based geopolymer (powder) 58 [101] 
Fly ash based geopolymer (powder) 42.9 This work 
Metakaolin based geopolymer (powder) 42.7 This work 
Fly ash based geopolymer composite fiber 11.8 This work 
Metakaolin based geopolymer composite fiber 4.2 This work 
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Table 4.24 Copper adsorption capacity of various adsorbents 
 

Material qm (mg/g) Ref. 

Activated carbon 54 [102] 
Modified activated carbon 12.1 [103] 
Chitosan flakes 21 [104] 
Anatase-type titanium 1.5 [105] 
Prawn shell 16.9 [106] 
Blast furnace residue 34 [107] 
Lignite 6.4 [108] 
Phosphate rock 10.8 [109] 
Sewage sludge ash 3.8 [110] 
Kaolinite 10.8 [111] 
Mordenite zeolite 31.8 [88] 
Fly ash based geopolymer (powder) 96.8 [87] 
Metakaolin based geopolymer (powder) 45 [101] 
Fly ash based geopolymer (powder) 9.5 This work 
Metakaolin based geopolymer (powder) 31.6 This work 
Fly ash based geopolymer composite fiber 9.6 This work 
Metakaolin based geopolymer composite fiber 4 This work 
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Table 4.25 Cadmium adsorption capacity of various adsorbents 
 

Material qm (mg/g) Ref. 

Modified sewage sludge 14.7 [112] 
Magnetic chlorapatite nanoparticles 73.1 [113] 
Biochar from biogas residues 76.3 [114] 
Alkaline treated algae waste 41.8 [115] 
Nalco Plant Sand 58.1 [116] 
Waste FGD gypsum 43.1 [117] 
Mesoporous calcium-silicate material 5.52 [118] 
Hydrothermally modified fly ash 87.7 [119] 
Sodium tetraborate-modified kaolinite clay 44.1 [120] 
Zeolite-based geopolymer from coal fly ash 26.3 [121] 
Mordenite zeolite 61.6 [88] 
modified circulating fluidized bed fly ash 183.7 [122] 
Metakaolin based geopolymer (powder) 12 [101] 
Fly ash based geopolymer (powder) 12.8 This work 
Metakaolin based geopolymer (powder) 29.8 This work 
Fly ash based geopolymer composite fiber 10.5 This work 
Metakaolin based geopolymer composite fiber 4.1 This work 
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Table 4.26 Nickel adsorption capacity of various adsorbents 
 

Material qm (mg/g) Ref. 
Orange peel 62.8 [123] 
Composite chitosan 78.1 [124] 
Black carrot residue 5.7 [125] 
Natural clinoptilolite 6.9 [126] 
Natural bentonite 25 [127] 
Montmorillonite 28.4 [128] 
Modification kaolinite 8.4 [128] 
Kaolin 1.67 [111] 
Zeolite 1.9 [129] 
Kaolinite 7.1 [130] 
Mordenite zeolite 21.4 [88] 
Modified ash (powder) 30.3 [131] 
Metakaolin based geopolymer (powder) 42.6 [86] 
Fly ash based geopolymer (powder) 14.1 This work 
Metakaolin based geopolymer (powder) 29.3 This work 
Fly ash based geopolymer composite fiber 8.4 This work 
Metakaolin based geopolymer composite fiber 3.7 This work 

 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

CHAPTER 5 
CONCLUSIONS AND RECOMMENDATION 

5.1 CONCLUSIONS 
The fly ash and metakaolin based geopolymer were synthesized and the fly 

ash and metakaolin based geopolymer composite fiber were fabricated. All of 

geopolymer and geopolymer composite fiber were characterized and studied the 

factors affect adsorption ability. Moreover, the adsorption isotherm and adsorption 

kinetics were demonstrated.    

 The fly ash and metakaolin based geopolymer composed mainly of silica and 

alumina. Moreover, the geopolymer powder had a semi-crystalline structure. The 

metakaolin based geopolymer powder had higher volume of small particle size than 

fly ash based geopolymer powder. For the surface area, the fly ash based geopolymer 

powder had lower specific surface area compared to metakaolin based geopolymer 

powder with specific surface area of 85.01 and 20.36 m2/g, respectively.   

 After that, the fly ash and metakaolin based geopolymer powder were mixed 

with PES polymer and fabricated to be the composite fiber. The fly ash and metakaolin 

based geopolymer composite fiber had porous structure with finger-like structure of 

pore (outer) and sponge structure of pore (core) and the geoplymer powder was 

uniformly dispersed in the fiber network. The maximum specific surface area of fly ash 

and metakaolin based geopolymer composite fiber were 71.67 and 53.11 m2/g, 

respectively. 

 The geopolymer powder and geopolymer composite fiber were test to study 

the factors affect adsorption capacity and adsorption efficiency. The effect of contact 

time, geopolymer dosage, solution pH, temperature and initial concentration were 

studied. The removal of metal ions increased with an increasing of contact time 

geopolymer dosage, solution pH and temperature and with a decreasing of metal ions 

in solution. Moreover, the adsorption of metal ions from multi-metal cations solution 
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could be reduced adsorption capacity and adsorption efficiency in each cation owing 

to the competitive mechanism of each metal ions on active site. The geopolymer 

powder had higher adsorption efficiency than geopolymer composite fiber in the same 

contact time. From all parameter, the geopolymer powder adsorbed metal ions in 

order Pb2+>Cu2+ >Cd2+ >Ni2+ and the geopolymer fiber adsorbed metal ions in order 

Pb2+>Cd2+ >Cu2+ >Ni2+. 

 The four model as Langmuir, Freundlich, Redlich-Peterson and Dubinin-

Radushkevish isotherm models were adopted to fit for the experimental data. The 

Pb2+, Cd2+, Cu2+, Ni2+ in mono- and multi-cations solution were fitted well with 

Langmuir, Freundlich and Redlich-Peterson model. However, only Cu2+ ions in mono-

cation solution adsorbed by MKG composite fiber was fitted with Dubunin-

Radushkevish model. 

 For kinetics study, the pseudo second order model was well explained the 

metal ions kinetics. In addition, the intrapraticle diffusion occurred in MKG powder 

adsorb.   

 The geopolymer powder and geopolymer composite fiber had good adsorption 

ability. It could be applied as a low cost and good alternative for wastewater treatment 

in the future.  

5.2 RECOMMENDATION 
- For adsorption of composite fiber, more amount of fiber and contact time 

should be consider and study.  

- Desorption and leaching test should be study for the stability of geopolymer 

after adsorbed and different condition of water.  

- More challenging for setting geopolymer powder and geopolymer composite 

fiber up on column bed pack test to study the continuous adsorption ability of 

geopolymer.  
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APPENDIX A 
 

Table A-1 2θ, intensity and hkl values of quartz from 2003 JCPDS-International Center 
for Diffraction Data number: JCPDS 01-087-2096 
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Table A-2 2θ, intensity and hkl values of magnetite from 2003 JCPDS-International 
Center for Diffraction Data number: JCPDS 01-087-0245 
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Table A-3 2θ, intensity and hkl values of mullite from 2003 JCPDS-International Center 
for Diffraction Data number: JCPDS 01-082-0037 
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Table A-4 2θ, intensity and hkl values of hematite from 2003 JCPDS-International 
Center for Diffraction Data number: JCPDS 00-033-0664 
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Table A-5 2θ, intensity and hkl values of muscovite from 2003 JCPDS-International 
Center for Diffraction Data number: JCPDS 00-007-0042 
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Table A-6 2θ, intensity and hkl values of kaolinite from 2003 JCPDS-International Center 
for Diffraction Data number: JCPDS 01-089-6538 
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Table A-7 2θ, intensity and hkl values of quartz from 2003 JCPDS-International Center 
for Diffraction Data number: JCPDS 01-089-8934 
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Table A-8 2θ, intensity and hkl values of alunite from 2003 JCPDS-International Center 
for Diffraction Data number: JCPDS 00-003-0616 
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APPENDIX B 

 

Table B-1 Adsorption values of FAG powder on effect of contact time 
 

Solution 
system 

Time 
(min) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

5 87.173 6.974 87.173 1.592 40.832 3.267 9.429 0.754 

10 91.031 7.282 91.031 1.899 40.412 3.232 10.671 0.853 

15 88.379 7.0703 88.379 1.910 41.501 3.320 12.201 0.976 

30 90.322 7.225 90.322 2.035 43.554 3.484 12.686 1.014 

60 95.774 7.662 95.774 2.429 46.250 3.670 16.071 1.285 

120 95.074 7.6059 95.073 2.554 46.657 3.732 24.012 1.920 

180 98.085 7.847 98.085 2.701 56.217 4.497 27.188 2.175 

Mono-
cations 

5 97.550 7.804 67.970 5.438 67.452 5.396 54.381 4.350 

10 98.597 7.888 68.997 5.519 67.077 5.366 55.646 4.452 

15 98.882 7.910 70.533 5.642 70.244 5.619 55.204 4.416 

30 98.618 7.88943 69.637 5.571 71.201 5.696 56.965 4.557 

60 98.821 7.907 71.887 5.751 75.387 6.031 57.392 4.591 

120 99.919 7.993 76.329 6.106 85.907 6.872 56.554 4.524 

180 98.242 7.859 72.564 5.805 89.979 7.198 59.953 4.796 
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Table B-2 Adsorption values of FAG powder on effect of geopolymer dose 
 

solution 
system 

Dose 
(g) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

0.02 46.687 3.735 6.513 0.521 23.402 1.8721 6.201 0.496 

0.04 73.634 5.890 13.611 1.089 32.866 2.629 16.812 1.345 

0.06 88.263 7.061 22.209 1.777 37.370 2.990 19.268 1.541 

0.08 89.033 7.122 23.634 1.890 43.610 3.489 23.679 1.894 

0.1 95.074 7.606 31.929 2.554 46.657 3.732 24.011 1.920 

0.12 94.540 7.563 31.252 2.500 46.701 3.736 24.889 1.991 

0.14 96.606 7.728 39.279 3.142 56.367 4.509 28.672 2.294 

Mono-
cations 

0.02 84.939 6.795 33.508 2.680 54.142 4.331 0.248 0.020 

0.04 97.500 7.800 49.250 3.940 69.995 5.599 37.982 3.039 

0.06 99.085 7.927 60.645 4.851 78.913 6.313 42.483 3.399 

0.08 99.624 7.970 68.225 5.458 85.122 6.810 50.330 4.026 

0.1 99.919 7.993 76.329 6.106 85.907 6.872 56.554 4.524 

0.12 99.034 7.922 80.727 6.458 92.876 7.430 61.769 4.941 

0.14 99.116 7.929 84.396 6.751 96.552 7.724 61.622 4.930 
 

Table B-3 Adsorption values of FAG powder on effect of solution pH 
 

solution 
system 

pH Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

1 1.054 0.084 0 0 0 0 0 0 
2 10.010 0.801 0 0 0 0 0 0 

3 60.050 4.804 6.577 0.526 21.094 1.687 9.238 0.739 
5 95.073 7.606 31.929 2.554 46.657 3.732 24.011 1.921 

Mono-
cations 

1 0 0 0 0 0 0 15.064 1.205 
2 8.811 0.705 0 0 2.132 0.170 17.641 1.411 
3 77.398 6.192 26.190 2.095 34.561 2.765 37.416 2.993 
5 99.919 7.993 76.329 6.106 85.907 6.873 56.554 4.524 
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Table B-4 Adsorption values of FAG powder on effect of temperature 
 

solution 
system 

Temperature 

(oC) 
Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

25 95.074 7.606 31.929 2.554 46.657 3.732 24.012 1.921 

35 96.181 7.694 36.390 2.911 54.620 4.370 31.905 2.552 

45 96.632 7.730 35.893 2.871 62.191 4.975 38.676 3.094 

Mono-
cations 

25 99.919 7.993 76.329 6.106 85.907 6.873 56.554 4.524 

35 98.895 7.912 80.690 6.455 92.532 7.402 62.390 4.991 

45 99.685 7.975 82.852 6.628 96.225 7.698 65.184 5.215 

 

Table B-5 Adsorption values of FAG powder on initial concentration 
 

solution 
system 

Initial 
concentration 

(mg/L) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

10 96.177 3.847 55.255 2.210 81.204 3.248 31.808 1.272 

20 95.073 7.606 31.929 2.554 46.657 3.732 24.011 1.920 

40 95.784 15.325 18.766 3.002 47.121 7.539 21.785 3.486 

60 96.336 23.121 18.617 4.468 31.834 7.640 13.423 3.221 

80 96.989 31.036 16.851 5.392 24.407 7.810 12.781 4.090 

100 97.345 38.938 16.191 6.477 19.569 7.827 0 0 

120 98.430 47.246 17.390 8.347 19.594 9.405 0 0 

Mono-
cations 

10 97.012 3.880 82.874 3.315 92.080 3.683 57.330 2.293 

20 99.919 7.993 76.328 6.106 85.907 6.873 56.554 4.524 

40 97.627 15.620 61.713 9.874 48.089 7.694 41.841 6.695 

60 94.377 22.650 43.161 10.359 38.756 9.301 42.326 10.158 

80 87.609 28.035 32.253 10.3209 29.232 9.354 36.340 11.629 

100 87.553 35.021 30.881 12.352 23.745 9.498 33.052 13.221 

120 89.490 42.955 26.649 12.791 16.422 7.883 29.458 14.140 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

214 

APPENDIX C 

Table C-1 Adsorption values of MKG powder on effect of contact time 
 

solution 
system 

Time 
(min) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

5 98.0534 7.844 45.680 3.654 62.646 5.011 12.627 1.010 

10 99.441 7.955 55.878 4.470 69.690 5.575 29.436 2.354 

15 99.643 7.971 64.126 5.130 77.613 6.209 32.592 2.607 

30 99.200 7.936 72.269 5.781 85.818 6.865 35.238 2.819 

60 100 8.061 67.168 5.373 81.1533 6.492 32.522 2.601 

120 100 8.149 79.279 6.342 88.678 7.094 39.083 3.126 

180 100 8.058 81.229 6.498 89.850 7.188 43.721 3.497 

Mono-
cations 

5 88.054 7.044 55.680 4.454 72.646 5.812 52.628 4.210 

10 89.441 7.1553 65.878 5.270 79.691 6.375 59.435 4.755 

15 90.917 7.273 75.089 6.007 80.941 6.475 61.089 4.887 

30 95.321 7.626 79.504 6.360 81.737 6.539 69.209 5.536 

60 96.788 7.743 81.530 6.522 82.701 6.616 70.053 5.604 

120 97.175 7.774 80.216 6.417 85.120 6.810 72.215 5.777 

180 97.106 7.768 82.297 6.583 85.377 6.830 72.811 5.825 
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Table C-2 Adsorption values of MKG powder on effect of geopolymer dose 
 

solution 
system 

Dose 
(g) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

0.02 75.231 6.018 18.194 1.455 23.417 1.873 1.552 0.124 

 0.04 94.393 7.551 30.435 2.435 39.393 3.151 6.067 0.485 

 0.06 99.952 7.996 49.243 3.939 54.606 4.369 12.063 0.961 

 0.08 100 8 53.106 4.249 69.292 5.543 14.973 1.198 

 0.1 100 8 79.279 6.342 88.678 7.094 39.083 3.127 

 0.12 100 8 81.597 5.728 89.146 6.652 40.508 2.121 

 0.14 100 8 84.827 6.786 95.722 7.658 45.661 2.853 

Mono-
cations 

0.02 77.610 6.209 68.112 5.449 73.915 5.913 52.477 4.198 

 0.04 79.277 6.342 74.7590 5.981 76.511 6.121 53.709 4.297 

 0.06 83.3232 6.666 79.272 6.342 80.837 6.470 57.160 4.573 

 0.08 89.297 7.144 79.582 6.367 83.213 6.657 62.542 5.003 

 0.1 97.175 7.774 80.216 6.417 85.120 6.810 72.215 5.777 

 0.12 100 8 80.761 6.461 88.936 7.115 74.474 5.958 

 0.14 100 8 81.207 6.496 88.667 7.093 74.890 5.991 
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Table C-3 Adsorption values of MKG powder on effect of solution pH 
 

solution 
system 

pH Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

1 7.505 0.600 2.615 0.209 0 0 0 0 

2 14.094 1.128 5.094 0.407 3.176 0.254 0.247 0.020 

3 100 8 43.088 3.447 56.364 4.509 15.309 1.225 

5 100 8 79.279 6.342 88.678 7.094 39.083 3.127 

Mono-
cations 

1 0 0 0 0 0 0 0 0 

2 53.183 4.254 45.064 3.605 52.132 4.171 37.640 3.011 

3 77.510 6.201 66.648 5.331 66.737 5.339 52.470 4.198 

5 97.175 7.774 80.216 6.417 85.120 6.810 72.215 5.777 

 

Table C-4 Adsorption values of MKG powder on effect of temperature 
 

solution 
system 

Temperature 

(oC) 
Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

25 100 8 79.280 6.342 88.678 7.094 39.083 3.127 

35 98.950 7.916 80.094 6.168 90.138 6.811 40.108 2.969 

45 99.547 7.964 83.299 6.663 93.386 7.471 46.085 3.687 

Mono-
cations 

25 97.175 7.774 80.216 6.417 85.120 6.810 72.215 5.777 

35 98.556 7.884 82.390 6.591 87.300 6.984 76.054 6.084 

45 100 8 85.173 6.814 89.530 7.162 79.426 6.354 
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Table C-5 Adsorption values of MKG powder on initial concentration 
 

solution 
system 

Initial 
concentration 
(mg/L) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

10 100 4.045 95.922 3.837 94.116 3.764 79.400 3.176 

20 100 8.149 79.280 6.342 88.678 7.094 39.082 3.127 

40 99.133 15.861 43.944 7.031 48.874 7.820 16.860 2.698 

60 97.640 23.433 24.516 5.884 39.100 9.384 9.735 2.336 

80 96.821 30.983 18.276 5.848 27.849 8.911 8.254 2.641 

100 84.875 29.950 7.699 3.080 15.659 6.263 2.187 0.875 

120 82.278 39.494 3.601 1.728 11.041 5.300 2.011 0.965 

Mono-
cations 

10 100 4 88.920 3.557 97.562 3.902 87.561 3.502 

20 97.175 7.774 80.216 6.417 85.120 6.810 72.215 5.777 

40 94.167 15.067 79.557 12.730 83.281 13.325 67.446 10.791 

60 92.450 22.188 77.723 18.653 77.834 18.680 67.176 16.122 

80 92.884 29.723 73.751 23.600 74.890 23.964 66.190 21.180 

100 90.293 36.117 70.192 28.077 72.264 28.906 64.859 25.943 

120 88.907 42.675 62.160 29.837 65.888 31.626 61.097 29.326 
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APPENDIX D 

Table D-1 Adsorption values of FAG composite fiber on effect of contact time 
 

solution 
system 

Time 
(h) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

0.25 15.713 1.257 3.953 0.316 6.008 0.481 1.998 0.160 

0.5 14.197 1.136 9.447 0.756 6.047 0.484 4.334 0.347 

1 18.444 1.476 13.988 1.119 8.760 0.701 8.643 0.691 
3 18.624 1.490 18.817 1.505 13.796 1.104 13.319 1.066 

6 23.544 1.883 26.360 2.109 12.386 0.991 15.292 1.223 
12 33.293 2.663 29.639 2.371 17.959 1.437 17.219 1.378 

24 47.751 3.820 31.728 2.538 21.047 1.684 19.016 1.521 

48 75.726 6.058 34.617 2.769 27.308 2.185 25.125 2.010 
72 82.143 6.571 33.651 2.692 27.878 2.230 26.476 2.118 

 
solution 
system 

Time 
(h) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Mono-
cations 

0.25 9.616 0.769 11.866 0.949 4.609 0.369 8.014 0.641 

0.5 14.126 1.130 15.670 1.254 5.059 0.405 8.989 0.720 
1 16.171 1.294 27.561 2.205 7.231 0.578 15.541 1.243 

3 30.272 2.422 27.561 2.205 13.441 1.075 18.481 1.478 
6 55.361 4.429 33.264 2.661 13.674 1.094 22.816 1.825 

12 77.960 6.237 35.441 2.835 24.992 1.999 23.552 1.884 

24 96.570 7.726 55.814 4.465 37.830 3.026 31.888 2.551 
48 100 8 67.515 5.401 48.584 3.887 46.405 3.712 

72 100 8 77.404 6.192 69.385 5.550 60.501 4.840 
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Table D-2 Adsorption values of FAG composite fiber on effect of geopolymer dose 
 

solution 
system 

Dose 
(g) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

0.05 29.990 2.399 25.771 2.0617 14.212 1.137 13.975 1.118 
0.1 47.751 3.820 31.728 2.539 21.047 1.684 19.016 1.521 

0.25 55.768 4.461 41.882 3.351 39.238 3.139 14.222 1.138 

0.5 74.092 5.927 54.816 4.385 45.946 3.676 32.395 2.592 
Mono-
cations 

0.05 65.417 5.233 42.180 3.374 37.492 2.999 21.052 1.684 

0.1 96.570 7.726 55.814 4.465 37.830 3.0263 31.888 2.551 

0.25 98.699 7.896 56.975 4.558 48.584 3.887 46.405 3.712 
0.5 100 8 63.225 5.058 56.885 4.551 52.751 4.220 

 

Table D-3 Adsorption values of FAG composite fiber on effect of solution pH 
 

solution 
system 

pH Metal 
Efficiency (%) Capacity 

(mg/g) 

Efficiency (%) Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

1 5.619 0.449 4.289 0.343 3.240 0.259 1.383 0.110 
2 9.451 0.756 9.337 0.747 3.769 0.302 11.264 0.901 
3 22.824 1.826 13.049 1.044 7.400 0.592 12.761 1.020 
5 47.751 3.820 31.728 2.538 21.047 1.684 19.016 1.521 

Mono-
cations 

1 56.936 4.555 5.904 0.472 0 0 2.285 0.183 
2 62.652 5.012 5.954 0.476 1.142 0.091 2.587 0.207 
3 68.470 5.478 9.412 0.753 6.966 0.557 14.768 1.181 
5 96.570 7.726 55.814 4.465 37.830 3.026 31.888 2.551 
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Table D-4 Adsorption values of FAG composite fiber on effect of temperature 

 
solution 
system 

Temperature 

(oC) 
Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

25 47.751 3.820 31.728 2.538 21.047 1.684 19.016 1.521 

35 57.076 4.566 32.426 2.594 21.993 1.759 20.191 1.615 

45 60.439 4.835 36.109 2.889 23.897 1.912 22.197 1.776 
Mono-
cations 

25 96.570 7.726 55.814 4.465 37.830 3.026 31.888 2.551 

35 100 8 75.066 6.005 70.447 5.636 39.718 3.177 

45 100 8 80.039 6.403 69.136 5.531 42.792 3.423 
 

Table D-5 Adsorption values of FAG composite fiber on initial concentration 
 

solution 
system 

Initial 
concentration 

(mg/L) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

10 57.904 2.316 52.741 2.110 38.267 1.530 35.407 1.416 

20 47.751 3.820 31.728 2.538 21.047 1.683 19.016 1.521 

40 36.412 5.826 26.790 4.286 17.816 2.850 13.509 2.161 

60 30.126 5.910 21.849 5.243 15.718 3.772 10.808 2.593 

80 18.363 5.876 17.189 5.500 13.043 4.174 6.342 2.029 

100 17.430 6.972 13.829 5.531 10.330 4.132 6.185 2.474 

120 16.054 7.706 12.367 5.936 9.156 4.395 6.069 2.913 

Mono-
cations 

10 100 4.196 63.125 2.525 51.447 2.057 48.252 1.930 

20 96.570 7.726 55.813 4.465 37.829 3.026 31.888 2.551 

40 50.154 8.025 31.3676 5.018 23.704 3.792 21.763 3.482 

60 40.044 9.611 27.852 6.684 20.178 4.842 18.523 4.445 

80 26.369 8.438 29.811 9.540 21.701 6.944 16.094 5.150 

100 29.460 11.784 25.270 10.108 21.193 8.477 18.610 7.444 

120 23.830 11.438 21.871 10.498 20.084 9.640 17.551 8.424 
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APPENDIX E 

Table E-1 Adsorption values of MKG composite fiber on effect of contact time 
 

solution 
system 

Time 
(h) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

0.25 7.208 0.576 4.948 0.395 1.693 0.135 2.174 0.173 

0.5 8.825 0.706 6.175 0.494 4.518 0.361 5.319 0.425 

1 8.945 0.715 7.948 0.635 8.592 0.687 8.007 0.640 
3 9.959 0.796 8.970 0.717 9.071 0.725 7.542 0.603 

6 11.656 0.932 13.650 1.092 10.615 0.849 8.796 0.703 
12 15.251 1.220 15.053 1.204 13.341 1.067 9.231 0.738 

24 17.128 1.370 16.044 1.283 15.333 1.226 9.611 0.768 

48 41.676 3.334 18.495 1.479 16.999 1.359 10.045 0.803 
72 48.952 3.916 19.642 1.571 18.198 1.455 12.004 0.960 

 
solution 
system 

Time 
(h) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Mono-
cations 

0.25 14.062 1.125 5.434 0.434 2.855 0.228 2.755 0.220 

0.5 13.808 1.104 9.230 0.738 2.673 0.213 3.881 0.310 
1 14.062 1.125 19.952 1.596 3.523 0.281 6.569 0.525 

3 22.192 1.775 23.954 1.916 8.523 0.681 6.569 0.525 
6 34.502 2.760 23.188 1.855 13.182 1.054 12.836 1.026 

12 35.276 2.822 35.861 2.868 21.219 1.697 15.927 1.274 

24 49.822 3.985 41.049 3.283 35.183 2.814 24.529 1.962 
48 67.606 5.408 60.746 4.859 41.706 3.336 36.004 2.880 

72 81.580 6.526 63.405 5.072 57.569 4.605 37.869 3.029 
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Table E-2 Adsorption values of MKG composite fiber on effect of geopolymer dose 
 

solution 
system 

Dose 
(g) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

0.05 17.025 1.362 12.809 1.024 15.118 1.209 8.814 0.705 
0.1 17.128 1.370 16.044 1.283 15.333 1.226 9.611 0.768 

0.25 26.287 2.102 22.736 1.818 17.567 1.405 16.291 1.303 

0.5 46.846 3.747 33.600 2.688 25.893 2.071 19.725 1.578 
Mono-
cations 

0.05 30.254 2.420 28.353 2.268 21.219 1.697 11.592 0.927 

0.1 49.822 3.985 41.049 3.283 35.183 2.814 24.529 1.962 

0.25 55.101 4.408 54.011 4.320 41.706 3.336 32.795 2.623 
0.5 66.280 5.302 61.923 4.953 57.569 4.605 48.504 3.880 

 

Table E-3 Adsorption values of MKG composite fiber on effect of solution pH 
 

solution 
system 

pH Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

1 4.121 0.329 0 0 0 0 0 0 
2 7.534 0.602 7.038 0.563 6.680 0.534 1.441 0.115 
3 15.04 1.203 9.707 0.776 9.133 0.730 4.407 0.352 
5 17.128 1.370 16.044 1.283 15.333 1.226 9.611 0.768 

Mono-
cations 

1 54.738 4.379 4.026 0.322 2.314 0.185 2.217 0.177 
2 55.919 4.473 5.377 0.430 3.104 0.248 2.772 0.221 
3 58.168 4.653 7.831 0.626 5.037 0.402 8.098 0.647 
5 62.322 4.985 41.049 3.283 35.183 2.814 24.529 1.962 
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Table E-4 Adsorption values of MKG composite fiber on effect of temperature 

 
solution 
system 

Temperature 

(oC) 
Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 
Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

25 17.128 1.370 16.044 1.283 15.333 1.226 9.611 0.768 

35 24.790 1.983 16.286 1.302 15.703 1.256 10.296 0.823 

45 28.952 2.316 19.683 1.574 16.973 1.357 12.925 1.034 
Mono-
cations 

25 49.822 3.985 41.049 3.283 35.183 2.814 24.529 1.962 

35 96.493 7.719 66.485 5.318 59.782 4.782 32.022 2.561 

45 99.524 7.961 70.067 5.605 61.975 4.958 46.656 3.732 
 

Table E-5 Adsorption values of MKG composite fiber on initial concentration 
 

solution 
system 

Initial 
concentration 

(mg/L) 

Metal 

Pb2+ Cd2+ Cu2+ Ni2+ 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Efficiency 
(%) 

Capacity 

(mg/g) 

Multi-
cations 

10 37.634 1.505 28.316 1.132 28.760 1.150 22.962 0.918 

20 17.128 1.370 16.044 1.283 15.333 1.226 9.6118 0.768 

40 16.460 2.633 13.339 2.134 12.486 1.997 13.506 2.160 

60 15.469 3.712 11.500 2.760 11.813 2.835 10.625 2.550 

80 13.492 4.317 10.899 3.487 10.762 3.443 9.826 3.144 

100 12.283 4.913 10.821 4.328 10.391 4.156 8.908 3.563 

120 12.011 5.765 8.983 4.312 8.382 4.023 5.481 2.631 

Mono-
cations 

10 73.272 2.930 59.370 2.374 34.395 1.375 34.274 1.370 

20 49.822 3.985 41.049 3.283 35.183 2.814 24.529 1.962 

40 21.368 3.418 23.659 3.785 20.211 3.233 14.283 2.285 

60 18.182 4.363 15.991 3.838 14.951 3.588 11.546 2.771 

80 11.181 3.577 11.335 3.627 10.435 3.339 10.445 3.342 

100 9.260 3.704 10.193 4.077 9.212 3.684 8.677 3.471 

120 8.697 4.174 8.4745 4.067 8.279 3.974 7.687 3.689 
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