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ABSTRACT 

 

Kaolin has impurities such as iron which led to reduced quality, brightness and 

viability in industrial applications. Therefore, iron extraction was developed to 

increase the quality of kaolin. The bioleaching method could be an alternative 

to produce good quality kaolin as bacteria, being an organic compound is 

environmental friendly. But before bioleaching can be implemented as an 

alternative, it needs to be optimised to a feasible efficiency of at least 80 %. 

Hence, optimisation of bioleaching of kaolin is necessary. It was found that the 

optimum nutrients condition for bioleaching kaolin with B. cereus is 8 g/L of 

glucose concentration while for B. megaterium and B. aryabhattai the 

optimum glucose concentration is 10 g/L. Iron reduction ability of Bacillus 

bacteria was measured and reduction of iron was clearly visible in 

phenanthroline analysis and ICP-OES analysis whereby the Fe(II) 

concentration increased during the period of 10 days of bioleaching. The EDX 

analysis revealed that a slightly higher bioleaching efficiency was achieved as 

compared to the previous studies. Malaysian kaolin treated with B. cereus, B. 

megaterium and B. aryabhattai was found to be 57.4 %, 60.3 % and 65.9 % 

respectively. Whereas for Chinese kaolin treated with B. cereus, B. 

megaterium and B. aryabhattai, the bioleaching efficiency was found to be 

41.6 %, 54.7 % and 62.8 % respectively. Optimum glucose concentration used 

for the bioleaching experiment could be the contributing factor to the small 

increase in the bioleaching efficiency. Malaysian and Chinese kaolin 

experienced changes in terms of structure and surface morphology after 

bioleaching with Bacillus spp. bacteria based on the SEM analysis. The 

surface structure of both Malaysian and Chinese kaolin changed from 

amorphous to a more crystalline structure while the chemical composition and 

bonds of both Malaysian and Chinese kaolin remains unchanged after 

bioleaching as determined in the XRD and FTIR analysis. The results showed 

improvements in the bioleaching efficiency, contributing to the studies of 

implementing bioleaching in the industrial scale. With more laboratory scale 

experiments of optimisation, bioleaching will be able to replace chemical 

leaching with a lower cost and sustain and protect the environment. 
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CHAPTER 1 

 

1 INTRODUCTION 

 

1.1 General Introduction 

Kaolin is a type of clay naturally found on earth (Hubadillah, et al., 2018). 

Kaolinite, the dominant mineral in kaolin has the chemical formula of 

Al2(Si2O5)(OH)4 and has an uncharged dioctahedral layer structure of 1:1 

whereby each layer has single alumina octahedral sheet and single silica 

tetrahedral sheet (Abdullahi, Harun and Othman, 2017). According to Murray 

(2006), it is estimated that some 40,000,000 tons are mined and processed 

annually. There are various applications that uses kaolin such as coating and 

filling of paper, pigments in paint, ceramics production, filler in plastics, 

fertilizers, detergent and production of fiberglass (Buyondo, Kasedde and 

Kirabira, 2022; Huang, et al., 2019).  

However, there are impurities such as iron oxides found in kaolin 

which reduces the quality, brightness, refractions and viability of kaolin 

application. Iron oxides or iron hydroxides impart red to yellow color onto the 

kaolin. The quality of non-metallic raw materials was decreased by iron 

minerals (Štyriaková, et al., 2010). There is certain standard of iron content in 

kaolin to be met in the industry because iron-bearing impurities affects the 

commercial value of kaolin raw materials, due to the detrimental effect on the 

refractoriness and whiteness of products manufactured from kaolin that 

contains iron impurities (Zegeye, et al., 2013). For example, the kaolin used in 

fiberglass production must meet stringent chemical specification of maximum 

0.6 % Fe2O3 (Murray, 2006), kaolin with 0.48 % of Fe2O3 will be able to fit for 

applications in paper, plastic and rubber industries (Gougazeh, 2018). 

Therefore, many physical, chemical and biological methods have been 

developed to extract iron from raw kaolin in the recent decades.  

Physical method refers to magnetic separation and gravity separation 

while chemical methods uses chemicals such as acids and alkaline and strong 

chemical reducers to leach kaolin which can extract up to 80 % to 98 % of iron 

from kaolin (Hernández, et al., 2013). However, chemical leaching requires 

high cost of storage and transport and cause environmental harm (Fakharpour 
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and Hajihoseini, 2021). Furthermore, chemical leaching becomes impractical 

when large amount of kaolin need to be leached as a large amount of reagent 

will need to be used. There is a lower efficiency by physical method as iron in 

kaolin may exist in complex form. Hence, bioleaching has been studied by 

previous researchers to overcome the disadvantages of both physical and 

chemical means of iron extraction from kaolin. Bioleaching method is more 

economical and environmental friendly in extracting iron from kaolin (Wang, 

et al., 2017; Roy, et al., 2021; Kaksonen, et al., 2018) but it has a lower 

efficiency. Therefore, optimisation of bioleaching of kaolin will be 

investigated in this study. 

 

1.2 Importance of the Study 

This study may provide the optimization of the bioleaching process of the 

Bacillus species bacteria. The effectiveness of the Bacillus bacteria and its 

optimum condition for bioleaching may provide a solution to a higher 

extraction of iron from kaolin or valuable insight for further research on 

Bacillus bacteria bioleaching. This will result in a better quality kaolin from 

bioleaching to be used in different industrial applications. The bioleaching 

method may become an alternative to produce good quality kaolin as organic 

compound such as bacteria is environmental friendly (Hernández, et al., 2013).  

It is necessary to provide research results based the increased in 

quality of kaolin to add value to the bioleaching method, therefore this report 

presents the investigation of iron extraction from kaolin clay through 

bioleaching to obtain the optimum experimental conditions for future 

implementations of bioleaching in the industry. 

 

1.3 Problem Statement 

Low iron composition kaolin is highly demanded, which led to high quality 

kaolin on verge of being exhausted (Lee, Cho and Ryu, 2002). Extraction of 

iron from kaolin brings better commercial value of kaolin but physical 

methods and chemical methods of extracting iron from kaolin has not meet the 

cost and efficiency requirements of the industry. The chemical leaching of 

kaolin produces a kaolin with approximately 2 wt.% of iron(III) oxide, which 

is still far from required commercial quality (Sanchez-Palencia, et al., 2022).  
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Even though bioleaching has been studied by previous researchers, it 

is not optimised to be use in a large scale in the industries. The bioleaching of 

kaolin takes longer time than other methods which makes it not suitable in 

various industries. This is because in the manufacturing and fabrication 

industry, time is one of the main concern of production. A higher production 

yield in a short time may increase the commercial revenue in the industry. This 

project aims to address this issue by bringing bioleaching a step closer to be 

implemented in the industry through improving the bioleaching efficiency. 

While there are many parameters that could be optimised, this project focus on 

the optimisation of nutrients concentration as it was not done in detailed 

research in previous studies. Due to time and resources limitation, the other 

parameters that could be optimised are listed in Chapter 3 for further studies. 

The inconsistent amount of iron extracted through bioleaching has not been 

clarified in detail in previous studies. Hence, some of the mechanisms of 

bioleaching will be discussed in the literature review of this report and the 

optimum nutrient condition for bioleaching will be investigated.  

In some of the previous works, the kaolin samples were not sterilized 

prior to the experiments, so any influence of natural microbiota was not taken 

into account (Sanchez-Palencia, et al., 2022). Therefore, in this experiment the 

transfer of sub-culture and equipment are done in condition to avoid 

contamination such as using the aseptic technique.  

Although bacterial species showed that high quality of kaolin may be 

produced in certain experimental method described in the literature, a recent 

study by Sanchez-Palencia, et al. (2022) leached only 0.83 % of iron. Thus, in 

order to develop a method with consistent and high efficiency leaching of iron, 

more attempts and research is needed.  

 

1.4 Aim and Objectives 

The objective of this study is to optimise the bioleaching of Malaysian and 

Chinese kaolin through: 

(i) Determine the optimum nutrients concentration for 

bioleaching. 

(ii) Measure and compare the iron reduction ability of Bacillus 

cereus, Bacillus megaterium and Bacillus aryabhattai in 
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Malaysian and Chinese kaolin using phenanthroline, EDX and 

ICP-OES analysis. 

(iii) Determine the morphological and structural changes of kaolin 

particles during bioleaching through SEM, FTIR and XRD 

analysis. 

 

1.5 Scope and Limitation of the Study 

This research focus on optimization of bioleaching to enhance quality 

of kaolin, in terms of colour properties by leaching Fe(III) iron impurities from 

Malaysian and Chinese kaolin. Morphological analysis was carried out on the 

kaolin before and after bioleaching as described in Chapter 3. Bacillus spp. 

bacteria are easily available in the nature, an average of 1.9 % of Bacillus was 

detected in soil with and relative increase of 3.2 % in the dump soil (Puglisi, et 

al., 2019). Bacillus has a relative abundance of 6 % in garden soils and 5 % in 

saline soils. Bacillus is particularly predominant in the sludge, due to their 

their ability to resist desiccation that ultimately increase their abundance 

(Mhete, et al., 2020). Hence, Bacillus sp. was used in previous studies and the 

amount of iron impurities extracted from previous studies will be able to be 

compared with the current study to optimise the bioleaching of Malaysian and 

Chinese kaolin.  

Limitation of the study is the amount of Fe(III) impurities differs 

from kaolin to kaolin, it varies based on the deposit origin and geological 

processes (Zegeye, et al., 2013). Since the kaolin used in this study is from 

different origin which is Malaysian kaolin and Chinese kaolin, the comparison 

of the bioleaching process between the two different origin kaolin may not 

reflect on other kaolin. 

Furthermore, there are others bacteria that might be more effective 

than Bacillus cereus, Bacillus megaterium and Bacillus aryabhattai. However, 

due to the limited resources, only these three bacteria will be investigated in 

this study.  

 

1.6 Contribution of the Study 

This study contributes to the sustainability of environment by reducing 

chemical waste and investigate the viability of replacing the extraction of iron 
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from kaolin by bioleaching method. A study also suggest that the acidic waste 

generated from chemical leaching process brings harm to the natural 

environment (Ribeiro, et al., 2007). In the European Union and many other 

places, kaolin waste dumps represent an environmental and economic problem 

because of the presence of iron minerals as contaminants within the kaolin that 

cause them to be commercially unviable (Sanchez-Palencia, et al., 2022). The 

bioleaching of kaolin using Bacillus bacteria also aligns with conserving and 

sustaining the life below water in Sustainable Development Goals (SDGs) as 

the chemical waste from chemical leaching will pollute and endanger 

organisms in lakes and rivers.  

 This study also provides the ability of Bacillus species bacteria to 

leach iron as an alternative with lower cost compared to the conventional 

method. This study may also contribute to the study of leaching mechanism in 

future research since the mechanism can allow us to adjust when the bacteria 

bind to the iron impurities in kaolin and hence allow us to control the leaching 

time. 

 

1.7 Outline of the Report 

This report consists of five chapters, Chapter 1 discuss the introduction and 

background, importance of study, problem statement, aim and objectives, 

scope and limitations along with contribution of the study to provide basic 

understanding of bioleaching, the need for alternatives to conventional iron 

leaching methods and the benefits of bioleaching to environment. 

Chapter 2 is the literature reviews which covers the literature reviews 

of the previous research and provide a basis for the study and experiments. 

The factors and ways to optimise bioleaching as well as the methods involved 

in bioleaching were discussed.  

Chapter 3 explains the methodology of the experiment with the flow 

of the experiment, chemicals and materials required and their usage. 

Equipment and the required settings for the experiments are also stated.  

Chapter 4 presents the findings and discussion of the results from the 

various analysis conducted. The results are also compared with the previous 

studies to provide readers with a clearer understanding. 
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Lastly, Chapter 5 concludes the findings from the experiments and 

recommendation for future work.  
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CHAPTER 2 

 

2 LITERATURE REVIEW 

 

2.1 Introduction 

There are different methods of extracting iron (Fe) from kaolin such as 

chemical leaching and magnetic separation before bioleaching is being studied 

as an alternative to the conventional methods.  

Chemical leaching refers to the extraction using acids or alkaline and 

potent reducers in reductive leaching, for example sodium dithionite plus 

aluminum sulphate, hydroxyl ammonium acid sulphate. The composition of 

kaolin changed considerably after the acid treatment (Kumar, Panda and Singh, 

2013). The chemical leaching improved the brightness to an average of 85.6. 

There is a high percentage of iron-oxide removal and produce a kaolin 

containing 0.48% Fe2O3, which satisfy the industrial’s applications standard. 

After reducing the Fe2O3 contents with sodium hydrosulphite (dithionite, 

Na2S2O4) by using the chemical leaching, it is obvious that iron oxides are not 

present in the pattern obtained as compared to the peaks representing Fe2O3 

that the X-Ray Diffraction (XRD) pattern obtained for untreated samples 

(Gougazeh, 2018). 

Chemical leaching alters the composition of kaolin, affecting the 

properties of kaolin (Hosseini, et al., 2007). Serious environmental threat was 

pointed out on the chemical leaching method and may become serious during 

rainy season (Hussain, et al., 2013). In chemical leaching, the chemical waste 

has to be well handled to avoid any harm to the environment. An alternative to 

the chemical leaching would be better as it completely removes the possibility 

of having harmful chemical waste from extraction of Fe from kaolin. 

Other than chemical leaching method, magnetic separation is also one 

of the Fe extraction method. White color and high quality of raw materials 

could be achieved through biological leaching of Fe and subsequent 

electromagnetic separation (Štyriaková, Štyriak, Malachovský and Lovás, 

2006). By adding electromagnetic separation after bioleaching, the 0.13 % iron 

oxide content of the quartz sand decreased to 0.02 % (Štyriaková, et al., 2007). 

Magnetic separation can remove iron-bearing minerals but disadvantage of 
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conventional mineral processing methods is ultra-fine Fe particles are difficult 

to treat (Štyriaková, Štyriak and Malachovský, 2007). On top of that, 

electromagnetic separation will require continuous supply of electricity and if 

permanent magnet is used, replacement of the magnet is costly.  A previous 

study also reported that the amount of Fe mineral in high gradient magnetic 

separated kaolin has not met the required paper industry Fe grade (Tahli, 

2008). Therefore, bioleaching is a better alternative for the extraction of Fe 

from kaolin.  

This chapter covers the literature review on bioleaching of kaolin as 

well as the effects after kaolin is leached. Besides, the two different method of 

bioleaching which are in-situ and two stage bioleaching is also covered in this 

chapter. Lastly, the ways to enhance the bioleaching process is reviewed at the 

last part of the chapter. 

 

2.2 Bioleaching of kaolin 

The red color of kaolin becomes more prominent as the iron oxide amount 

increases, resulting in the reduction of the refractory property and lead to the 

cracks formation during firing caused by impurities (Arslan and Bayat, 2009). 

The most important factor to determine the quality of the clay is, therefore, the 

color of kaolin as whiteness of the clay classify the quality of kaolin. There are 

various methods to improve the quality of kaolin by extracting Fe impurities 

from natural kaolin. These methods include froth floatation, gravity separation, 

bioleaching, chemical leaching and magnetic separation to separate Fe from 

kaolinite (Guo, Lin, Xu and Chen, 2010). The method of bioleaching is 

environmental friendly and relatively low cost. Colour analyses of the 

bioleached kaolin showed that after five days of incubation at 30 °C, there is a 

remarkable increase in brightness and whiteness compared to the untreated 

kaolin (Zegeye, et al., 2013). Hence, bioleaching of kaolin becomes the main 

alternative to the conventional way of Fe extraction from kaolin using 

chemicals.  

Bioleaching of kaolin refers to the extraction of Fe impurities from 

kaolin using microorganism such as iron-reducing bacteria (IRB) or fungi. 

There is no secondary mineral phase formation and structural changes when 

Fe was selectively leached from kaolin, but there was improvement in terms of 
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the structure crystallinity (Guo, Lin, Xu and Chen, 2010). Fungus is able to 

leach Fe through the organic acid excretion. However, toxins are often 

produced from fungus which could be a risk factor of technological process 

and products quality might be affected (Štyriaková, Štyriak and Kušnierová, 

1999). Therefore, fungus is not preferred in the industry.  

There are various bacteria discovered to be able to leach Fe from 

kaolin. X-Ray analysis confirmed the biodegradation ability of the bacterial 

strains and the removal of individual metal cations from the samples was 

determined by atomic absorption spectrometry (Štyriaková, Štyriak and 

Kušnierová, 1999). Yap, et al. (2020) found that Fe (III) oxide impurities 

present in kaolin could be reduced by Bacillus cereus. In another study by 

Štyriaková, Štyriak, Nandakumar and Mattiasson (2003), B. cereus growth and 

metabolic activities after 3 months of bioleaching were found to extract 49 % 

Fe from the kaolin sample in the octahedral position in mica and 17 % in the 

quartz sands sample. Selim and Rostom (2017) discovered B. cereus bacterial 

strain selectively separates hematite from its mixture with silica as a sole 

flocculating agent, it successfully removed 98 % of Fe2O3 with 82 % 

flocculated by weight and recovery of 89.20%. Bioleaching with Bacillus spp. 

bacteria removed 60% of the Fe content in quartz sands (Štyriaková, et al., 

2007) as Bacillus spp. are effective secretors of metabolites (Abdel-Shafi, 

Reda and Ismail, 2017). Arslan and Bayat (2009) also found that 77.13% of 

the total Fe was removed from the result of bioleaching of kaolin by 

Aspergillus niger, suggesting that this strain is effective at removing Fe 

impurities from kaolin. Another study showed that after 1 month of 

bioleaching, bacteria of Bacillus species are able to leach 43 % of free Fe in 

kaolin in amorphous form of oxyhydroxides and approximately 15 % of bound 

Fe in mica (Štyriaková and Štyriak, 2000). In a study by Zegeye, et al. (2013), 

all tested IRB of the Shewanella sp. bacterial strains were able to improve the 

color properties of kaolin by reducing and leaching of ferric iron present in the 

industrial kaolin. 

Growing heterotrophic bacteria are able to dissolve Fe in feldspar raw 

materials (Štyriaková, Štyriak, Malachovský and Lovás, 2006). The 

bioleaching of quartz sand dissolve coating of Fe(III) impurities on quartz 

grains surface (Štyriaková, et al., 2010). It was suggested that the biological 
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and chemical destruction of quartz after bacterial leaching was more effective 

than chemical leaching (Štyriaková, Štyriak and Kušnierová, 1999). 

 

2.3 Effects of Bioleaching 

Micro-organisms leached out insoluble Fe(III) as water-soluble Fe(II) as 

shown in Equation 2.1, either adsorbed to the kaolin surfaces or admixed as 

amorphous forms (Guo, et al., 2010). The leached Fe(II) are found in the 

medium and identified through experimental methods such as the 

Phenanthroline method. 

  

 Fe3+ (Ferric ion) + e-→Fe2+ (Ferrous iron, aq) (2.1) 

 

Some of the studies observed that there is alteration of surface 

chemistry of minerals results of adhesion of microorganisms to minerals 

(Abdel-Khalek, et al., 2013). Kaolin undergone textural and mineralogical 

changes, resulted in a decrease in kaolin particle size after bioleaching (Guo, et 

al., 2010). A granulometric analysis of dispersed kaolin showed that the 

bioleaching resulted in reduced particle size (Guo, et al., 2010). A similar 

result was obtained by Štyriaková, et al. (2012) showing that after bioleaching, 

the finest fraction was destructed in grain size analyses.  

Štyriaková, Štyriak, Nandakumar and Mattiasson (2003) also found a 

different morphology before and after bioleaching in the boundary region of 

mica grains, there was presence of silica indicating silicate destruction during 

bioleaching (Štyriaková, Štyriak, Malachovský and Lovás, 2006). After 

bioleaching, calcium oxalate dehydrates (weddellite) was identified as a new 

mineral, found within the fine grain fraction of samples as shown in Figure 2.1 

represented by ‘W’ (Štyriaková, Štyriak, Malachovský and Lovás, 2006). X-

ray analysis by Štyriaková and Štyriak (2000) confirmed the iron 

oxyhydroxides biodegradation and partial structure destruction of mica. 

Štyriaková, Štyriak and Kušnierová (1999) confirmed morphological changes 

by the ability of bacteria to destroy some silicates and to produce the release of 

several metal cations from their structure.  
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Figure 2.1: X-ray Diffraction Spectrum After bioleaching (Štyriaková, Štyriak, 

Malachovský and Lovás, 2006). 

 

However, some studies found that there is no new band in Fourier 

Transform Infrared spectroscopy (FTIR) of the kaolin sample after bioleaching 

as shown in Figure 2.2, suggesting that the structural composition has no 

major change (He, Huang and Chen, 2011). 

 

 
Figure 2.2: Spectrum of FTIR analysis (a) Before Bioleaching and (b) After 

bioleaching (He, Huang and Chen, 2011). 
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Moreover, Guo, Lin, Xu and Chen (2010) also observed that there are 

no significant changes of either the structure or major mineral compositions 

from microbial refinement, but the degree of crystallinity did improve. Kaolin 

samples that were more amorphous in structure are transformed to a more 

crystalline structure and formed finer particles after bioleaching (Guo, Lin, Xu 

and Chen, 2010). Zegeye, et al. (2013) suggest that XRD and infrared 

spectroscopy shows neither crystal-chemical alteration nor secondary mineral, 

Energy-dispersive spectroscopy (EDS) analysis indicated that there is no 

significant chemical composition change in the kaolin after bioleaching.  

Although there is no mineralogical or chemical alteration, it was 

observed that the initial hexagon shape of the biotreated kaolin particles 

became less regular as compared to the original particles, indicating that the 

particles became more crystalline from an amorphous structure. A recent study 

supports this observation as shown in Figure 2.3, the structures of the 

untreated kaolin particles are more amorphous. However, in Figure 2.4 the 

SEM image revealed that the structure is more crystalline after bioleaching. 

The particles specific surface area also decreased as compared to the original 

sample after the samples are treated with bacteria of Bacillus spp. that 

produces organic acids and indigenous heterotrophic bacteria (Štyriaková, et 

al., 2012). 

 

 
Figure 2.3: SEM image of Kaolin Particles Before Bioleaching (Yap, et al., 

2020). 
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Figure 2.4: SEM image of Kaolin Particles After Bioleaching (Yap, et al., 

2020). 

 

After the Fe impurities are removed, mica with phengite composition 

are biologically destructed and led to the development of illite, illite 

development enriched the kaolin sample by fine-grained fraction (Štyriaková, 

Štyriak, Nandakumar and Mattiasson, 2003). The silica particles were more 

dispersed in the pulp as a degree of aggregation for iron oxide surface was 

caused by successful adsorption of B. cereus (Selim and Rostom, 2017).  

 

2.4 Techniques of bioleaching 

The bioleaching of kaolin is generally conducted in two different ways. First is 

the “in-situ” technique whereby the process of microbial growth and 

bioleaching is done simultaneously in which the metabolism of 

microorganisms occurs in the presence of clay. Nevertheless, microbial 

fermentation is first carried out in the two-stage bioleaching method, followed 

by clay bioleaching stage that is performed using the separated metabolites 

from the bacteria cells. 

 

2.4.1 In-situ Bioleaching Method 

According to Cameselle, et al. (2003), “In situ” leaching technique is 

dependent on the bacteria and bacterial strain used. There is a lower Fe 

removal by A. niger CBS 246-65 strain, but strain 1120 leached Fe efficiently. 
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This is due to strain 1120 has a greater capacity to produce oxalic acid as 

compared with CBS 246-65.  

Addition of carbon source to the mineral to grow the selected strain or 

strains could bioleach heavy metal by “in-situ method”. Microorganism 

cultivation take place together with the leaching of heavy metal for in-situ 

method. This technique could be performed easily, but the microorganism 

metabolism and growth may be affected by the dissolved metal ions, limiting 

the efficiency of bioleaching process. Moreover, there may be different 

optimum operating conditions for leaching and culture (Cameselle, et al., 

2003). A previous study came to the conclusion that “in-situ” leaching has 

many disadvantages which make this technique not suitable for large scale 

bioleaching (Cameselle, et al., 2003). The Fe dissolution rate of in-situ 

leaching is lower when compared to the two-stage technique, changing any 

other variables or performing the process at higher temperature may improve it 

but will cause damage to the microorganism. 

 

2.4.2 Two Stage Bioleaching Method 

As an alternative to overcome the drawbacks of the “in-situ” method, the 

bioleaching may be conducted in two stages. In this case, the cultivation of the 

bacteria and bioleaching are performed at their optimum working conditions 

separately. In the first stage, the microorganism should be grown with a 

substrate, nitrogen and phosphorus sources enriched medium under suitable 

culture conditions to increase the active production and maximise the acid 

production as preparation for the second stage leaching process. Jing, et al. 

(2021) found that in their research study, out of the five microbes they 

investigated under nitrogen-rich condition, Bacillus cereus and Staphylococcus 

aureus outperformed other microbes. During the second stage of the 

bioleaching process, spent culture medium will then be used as the leaching 

agent of the mineral (Cameselle, et al., 2003). 

The implementation of more a vigorous leaching conditions such as 

lower pH and optimum temperature for bioleaching are permitted in the 

absence of a growing microorganism during the second stage (Arslan, 2021), 

therefore acquired a higher dissolution rate and extent of Fe removal. Because 
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the organic oxalic acid in the sample is only active at about pH 2, the higher 

the pH value, the lower the activity of oxalic acid (Cameselle, et al., 2003).  

 

2.5 Factors Affecting Bioleaching 

There are various factors that affects the efficiency of bioleaching of 

kaolin. Many studies including a study by Jing, et al. (2021) suggest that iron-

reducing ability of a microorganism to dissolve ferric(III) oxide in the kaolin is 

attributed to its organic acids production. A reducing environment was 

expected as a result of the bacterial metabolic activities which could generate 

organic acids (Sanchez-Palencia, et al., 2022). Studies by Hosseini and 

Ahmadi (2015) concluded that oxalic acid was much more effective and 

capable of removing and complexing Fe than citric acids. Saeid, et al. (2018) 

outlined that gluconic, acetic, lactic, succinic and propionic acids were 

produced by B. cereus and B. subtilis in which lactic and acetic acids has the 

highest amount. It is the same for B. megaterium with an exception of not 

producing propionic acid. The Fe contained in minerals are solubilized by 

organic acids that were produced by Bacillus spp. thus reducing the impurities 

in clay minerals (Yong, et al., 2022). A similar result was observed in a study 

by Arslan and Bayat (2009); He, Huang and Chen (2011) whereby the Fe 

impurities removal were increased with the presence of oxalic acid in the 

leaching medium.  

Besides, the higher cell concentration will result in a higher removal 

of Fe(III) as shown in Figure 2.5, the concentration of Fe(II) dissolution 

increases with increased bacteria concentration as more organic acid are 

produced which led to an increase in both the brightness and whiteness of the 

kaolin (Zegeye, et al., 2013). However, higher pulp density produces a lower 

concentration of organic acids by bacteria. The Fe reduction rates increased 

with lower pulp density because the Fe reduction rate depends on the amount 

of organic acids produced by bacteria (Arslan and Bayat, 2009).  
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Figure 2.5: Dissolution of Fe at various bacteria concentration (Yap, et al., 

2020). 

 

It was also found in a study that during the first 15 days of 

bioleaching, the Fe dissolution rate of the samples was higher when kaolin was 

added on the third day (Hosseini, et al., 2007). This is because during the first 

15 days, the microorganisms are going through the adaptation process. After 

that, the microorganisms that were adapted can perform better since the strains 

are adapted to the environment they are placed in after 15 days. The Gram-

positive bacteria Fe reduction properties very much rely on the media 

composition. Iron-reducing capabilities of the microbes are impacted by 

different culturing conditions of the bacteria (Jing, et al., 2021). The removal 

of Fe impurities from the kaolin depend significantly on inoculation with the 

Fe(III) reducing bacteria and the initial population of the organisms with 

particular nutrients included in the culture medium (Guo, et al., 2010). As 

demonstrated by Lee, et al. (2002), the ferric iron reduction only becomes 

significant when inoculated with IRB.  

 

2.6 Ways to Enhance the Bioleaching Process 

There are various ways discovered throughout the years to enhance the 

extraction of Fe through bioleaching in order to increase the efficiency and 

improve the Fe extraction from kaolin. The Fe(III) reduction rates depends on 

microbe to clay ratio, surface area of clay minerals, pH of medium, aqueous 

medium chemistry, temperature and the presence of electron-shuttling 

compounds (Peng, et al, 2019).  
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Arslan and Bayat (2009) found that there is a positive influence on 

the degree of success in the bacterial leaching of kaolin by increasing the 

proportion of fine-grained fraction. But Hosseini, et al. (2007) found that the 

percentage of Fe removal was lower when the particle loading is higher. This 

is because the increased amount of clay will produce a highly viscous culture 

media. It was suggested that for organic bacteria to be effective, increased 

viscosity would change the clay particle aggregation and decrease the 

available surface area.  

An increase of the pH value from 6 to 7.5 decreased removal of Fe 

impurities from kaolin and reached a minimum between pH 7.5 and 7.9 (Guo, 

et al., 2010). Study by He, Huang and Chen (2011) had a different result 

whereby the leaching of Fe(III) was enhanced at higher pH in the medium. 

Štyriaková, Štyriak and Malachovský (2007) also found that low pH during 

the incubation result in Fe(III) not reduced during abiotic reduction of Fe(III) 

because the uninoculated medium was acidified. 

But in some research where glucose is added to the bacteria to 

monitor the activity of the bacteria, glucose concentration gradually decreased 

when the pH was maintained in the range of pH 6 – 7. The bacterial activity 

was reduced when pH values were lower than 6 and at pH values 5 and below, 

the consumption of glucose were eventually stopped and therefore indicating 

that the bacterial activity were stopped (Štyriaková, Štyriak, Nandakumar and 

Mattiasson, 2003). This is because the bacteria require optimum condition to 

cultivate, when the bacteria are under acidic condition, the bacterial activity 

becomes low and consumes less glucose. However, if sufficient time is given, 

bacteria might adapt to the acidic condition and continue to consume glucose. 

Since an increase in pH value reduce the removal of Fe and low pH inhibit the 

microbial activity, an optimum condition is required to maintain microbial 

activity and Fe removal rate.  

The rate of Fe reduction and dissolution in the bioleaching process 

could be enhance by the presence of yeast extract, addition of nitrate and 

sulphate in the medium (Štyriaková, Štyriak and Malachovský, 2007). 

Increased sucrose concentration would also increase the removal of Fe 

impurities (Guo, et al., 2010). This is because glucose or sucrose has carbon as 
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an energy source for biological metabolism such as fermentation for 

heterotrophic bacteria (Štyriaková, et al., 2010). 

The indigenous microorganisms could remove Fe(III) impurities but 

addition of bacteria B. cereus, B. megaterium strains and chelator Na2EDTA 

greatly enhanced the process (Štyriaková, et al., 2010). The bioleaching rate 

was accelerated with addition of different nitrate such as (NH4)2SO4 and the 

bioleaching medium added with Co(NH2)2 and (NH4)2SO4 enhanced the 

sample Fe dissolution (Guo, Lin, Xu and Chen, 2010). In a study by He, 

Huang and Chen (2011), Fe dissolution was also enhanced by addition of 

chelator nitrilotriacetic acid (NTA). The addition of organic feedstock during 

bioleaching promoted the growth of inoculated Bacillus spp. and indigenous 

heterotrophic bacteria while the Na2EDTA chelator contributed to the higher 

Fe dissolution in anaerobic condition, Bacillus strains clearly produced the 

highest yield of Fe reduction and dissolution in the experiment with the 

presence of chelators (Štyriaková, et al., 2010). This is in agreement with a 

study made by Blodau and Gatzek (2006), chelators such as NTA influence 

Fe(III) to be more readily available to microorganisms. Furthermore, oxalic 

acid could be utilized as electron donors and carbon source for 

microorganisms because Fe leaching from kaolin was enhanced by the oxalic 

acid added to the leaching solution. It was also found that addition of metals 

such as Fe(II) and Mn(II) ameliorated the dissolution of Fe (He, Huang and 

Chen, 2011). The dissolution rate of Fe varied with different Bacillus spp. and 

increased upon the addition of 9,10-anthraquinone-2,6-disulphonic acid 

(AQDS) (Štyriaková, et al., 2007). Adding the known AQDS electron shuttle 

led to an initial higher reduction rate of Fe(III) than the rate of reduction 

without AQDS but has a similar extent of Fe(II) formation (Kappler, et al., 

2014), indicating that the dissolution of Fe does not have a big difference after 

the addition of AQDS. 

A study noticed that soil biogeochemistry could be influenced by 

biochar addition to soils, not only biogeochemistry but potentially soil 

physicochemical properties by directly mediating the processes of electron 

transfer (Kappler, et al., 2014). Addition of biochar at low concentrations has 

lower rates and extents of reduction than those with AQDS, it is even lower 

than those reductions without an electron shuttle, indicating that low biochar 
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concentrations has an inhibiting effect on microbial mineral reduction of 

Fe(III). But addition of higher concentrations of redox-active biochar particles 

at 5 gL-1 and 10 gL-1 stimulated electron transfer and it indicates that electron 

transfer can be stimulated by biochar itself functioning as an electron acceptor 

and transfer electrons to the Fe(III) mineral ferrihydrite through microbially 

reduced biochar. In an electron micrographs study of the rough surface of 

biochar particles by Kappler, et al., (2014), the cells and biochar particles 

distance including biochar and ferrihydrite particles distance are mostly larger 

than the 20 Å maximal distance essential for direct electron transfer. This 

justify why the presence of a combination of AQDS and biochar has the 

highest ferric reduction rate, because the gaps between biochar and cells or 

between biochar and ferrihydrite are bridged by AQDS (Kappler, et al., 2014). 

Besides addition of chelators, carbon source and metals, pulp density 

is also one of the variable studied to enhance the bioleaching of iron. It was 

found that the lower amount pulp density, and clay added in the beginning of 

cultivation, achieve the highest Fe removal percentage (Hosseini, et al., 2007). 

The bacterial leaching activity increase as glucose concentration decreased 

continuously during the bioleaching time when the bacteria concentration is 

increased incrementally from 3 × 108 cfu to 9 × 109 cfu. The amount of Fe(II) 

in the solution also increased progressively, indicating the extraction of Fe 

corresponds with increase in bacteria count (Yap, et al., 2020). 

According to Hosseini, et al. (2007), the most significant factor to 

affect the Fe leaching response is strain type. Different strains of bacteria may 

have different efficiency in leaching Fe from kaolin (Yap, et al., 2020), 

UKMTAR-4 strain of B. cereus had a higher percentage of Fe removal 

(53.9 %) as compared to B. cereus procured externally (33.9%). Jing, et al. 

(2021) illustrated that B. cereus is the most efficient bacteria in reducing Fe 

impurities and ferric(III) oxide in kaolin, followed by S. aureus which only 

remove Fe contaminants of kaolin. Štyriaková, et al. (2012) also found that the 

dissolution of Fe was higher when Bacillus species is present in the medium 

compared to indigenous heterotrophic bacteria. There was a 36.7% difference 

in amount of Fe removed after 31 days of bioleaching between indigeneous 

bacteria and inoculated Bacillus samples, but it decreased to 3.3% after 63 

days of bioleaching (Štyriaková, et al., 2012). Although in long period of 
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bioleaching the difference is much smaller, industrial bioleaching normally 

does not take 2 months to remove impurities so the inoculated Bacillus will 

have great impact to the bioleaching method. 

 

2.7 Microbial Fe Reduction of Impurities in Kaolin 

Bioleaching utilise the acids secreted by fungi or IRB to leach Fe from kaolin 

with the original composition of kaolin conserved. Bacteria secrete organic 

acids and dissolution of Fe impurities from clay minerals is a result of organic 

acids production by bacterial metabolisms. The Fe on minerals was solubilized 

by organic acids secreted by Bacillus spp. thus reducing impurities in clay 

minerals (Yong, et al., 2022). Bacteria are able to extract Fe from different 

clay as Fe(III) may become the terminal electron acceptor for IRB but the 

local octahedral sheet Fe conditions determines the reversibility and 

magnitude of the reaction (Finck, Schlegel and Bauer, 2015). The dissolution 

of iron oxides known as redox reactions is the reductive mechanisms by 

organic acids. The organic acids undergo oxidation and electrons are released 

then iron oxides accept electrons through reduction to form soluble Fe(II) (Lee, 

et al., 2006). A reducing environment was expected as a result of the bacterial 

metabolic activities which could generate organic acids (Sanchez-Palencia, et 

al., 2022). 

In either a growth or non-growth medium, electron acceptor is usually 

the structural Fe (III) in clay minerals while the electron donor is organic 

matter (Yong, et al., 2022). 

 

2.8 Microbial Reduction Mechanisms in Clay Minerals 

Two mechanisms are identified in microbial reduction of Fe in clay minerals, 

the solid-state reduction and dissolution-precipitation. Bonding and/or the 

symmetry properties change of octahedral and tetrahedral sheets are involved 

in solid state reduction mechanism while clay minerals dissolution and 

successive formation of biogenic minerals are observed in dissolution-

precipitation mechanism.  
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2.8.1 Solid State Reduction 

Microbial reduction of Fe(III) occurring in solid state reduction mechanism 

has no dissolution of minerals as biogenic minerals were not formed 

(Seabaugh, et al., 2006). In the solid state reduction mechanism, Fe-bearing 

smectites crystal structures are modified in terms of symmetry properties 

and/or bonding, but reoxidation can fully reverse the changes (Yong, et al., 

2022).  

 

2.8.2 Dissolution-precipitation 

In dissolution-precipitation microbial reduction mechanism, a certain degree 

of dissolution was implied from the biogenic products formation, release of a 

substantial fraction of Fe(III) as well as changes in cation exchange capacity 

(CEC) and specific area changes during reduction and reoxidation (Yong, et 

al., 2022).  

During Fe(III) reduction, CEC of minerals was increased and it will 

not restore to the initial CEC upon reoxidation due to permanent K+ fixation 

and the secondary phase minerals formation within the mineral structure (Koo, 

et al., 2014).  

 

2.9 Inconsistency of Iron (Fe) Reduction Mechanism  

The inconsistency of Fe reduction mechanism may be due to the type of 

medium that affect the Fe reduction mechanisms such as the presence of 

different carbon sources, for example glucose in growth medium promotes 

better efficiency of removal of Fe from kaolin for Fe(III)-reducing bacteria 

(Guo, et al., 2010). There are a few possibilities for bacteria to adhere to 

minerals surface, which includes hydrophobic and electrostatic interactions as 

well as biofilms formation, which is a result of bacterial cells aggregation on 

minerals surface. Cation-bridges between clay and bacteria may form through 

the released cations such as Na(I) and Ca(II) while adhesion of cells to clay 

minerals are assisted by the chelating effect of extracellular polymeric 

substances (EPS).  
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2.10 Primary Adhesion of Bacteria 

The reversible bacterial adhesion in the first stage will be determined by 

hydrophobic and electrostatic interactions. Clay particles surfaces are 

negatively charged and will bind onto cations and attach on surface of 

minerals. Next, on mineral surface the negatively charged ions are attracted by 

the remaining positive charges on cations to form double diffuse layers. The 

electro-repulsive forces between minerals and bacterial cells suppressed cell 

adhesion in EPS-poor strain because of the electrical double layers. But the 

polymeric interaction will enhance cell adhesion when there is a large amount 

of EPS (Yong, et al., 2022). A study proposed that the decisive factor for cell 

adhesion is electrical force as the polymeric interaction is weak and van der 

Waals force depends on distance (Tsuneda, et al., 2003). 

The electrostatic repulsive forces effect between mineral surface and 

bacterial cell decreases due to the hydrophobic character of bacterial cell. A 

less hydrophobic character is exhibited from cell surfaces that are having more 

charges. Therefore, higher hydrophobicity bacterial cells are easier to adhere 

to mineral surface (Natarajan, 2018). Furthermore, the hydrophobicity and 

electrostatic attraction decreases at high pH of the solution which leads to 

hindrance of bacteria adhesion onto mineral surface.  

 

2.11 Second Stage Adhesion of Bacteria 

Second stage of interaction between microbe and mineral is an irreversible 

process and occurs through EPS secretion (Yong, et al., 2022). Bacteria 

produce EPS to fill the intercellular space of microbial aggregates which bring 

about the biofilm formation (Vu, et al., 2009). Other than entanglement of EPS 

which contributes to the stability of matrix, hydrogen bonds, electrostatic 

interactions as well as van der Waals interactions between EPS components 

are the types of binding forces that affects the stability of biofilm matrices. 

 

2.12 Summary 

Generally, bioleaching is considered as a preferred alternative over the 

conventional way of extracting Fe through chemical leaching and magnetic 

separation. Each studies had different amount of leached Fe from kaolin and 

the amount of leached and solubilized Fe is dependent on the geochemical 
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transformation processes of rocks, not proportional to the initial Fe content of 

kaolin samples. This is because each sample of kaolin has slightly different 

mineralogical composition and distribution of Fe minerals in silicate matrix 

(Štyriaková, Štyriak, Malachovský and Lovás, 2006). The efficiency of Fe 

extraction and dissolution is also dependent on different condition the samples 

are placed in, geographical source and methods of kaolin processing affects 

their specific physical and chemical properties (Hernández, et al., 2013). The 

different mechanism of microbial reduction and its inconsistency was also 

discussed.  

From the literature review of previous studies, it can be concluded 

that Bacteria of Bacillus spp., Aspergillus spp. and Shewanella spp. can reduce 

the content of free Fe as well as of Fe bound in mica that contaminates kaolin. 

Bioleaching does not only extract Fe but the kaolin samples are also enriched 

by fine-grained fraction and transitioned from a more amorphous form to 

crystalline form without affecting the mineralogy. This process is more time 

consuming from technological view and requires optimisation but is more 

advantageous in ecology and economical cost aspects (Štyriaková and Štyriak, 

2000). 
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CHAPTER 3 

 

3 METHODOLOGY AND WORK PLAN 

 

3.1 Introduction 

The overall methodology of the project can be separated into several sections 

as summarized in Figure 3.1 which includes preparation of reagents and sub-

culture, nutrient optimisation, bioleaching experiment and analysis of the 

results. Gantt chart in Picture B-26 and Picture B-27 of appendix shows the 

overall project planning. 

 

 
Figure 3.1: Overall methodology. 

 

The experiment was carried out in the two stages method whereby the 

bacteria cultures were prepared and placed into the conical flask after 

incubation to bioleach both the Malaysian and Chinese kaolin. Next, the 

supernatant of the bioleached kaolin was analysed with photospectrometer 

through the phenanthroline analysis for day 0, 5 and 10. Then, the bioleached 

kaolin was filtered with 11 µm filter paper and the residues were dried in 

drying oven at 80 °C for approximately 24 hours to be analysed under SEM-

EDX, X-ray Diffraction, FTIR and ICP-OES analysis for day 0 and day 10. 
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The methodology of the experiment was referenced from the 

spectrophotometric method for the ferrous iron determination in the presence 

of ferric iron by Herrera, et al., 1988; Muir and Andersen, 1977 and other prior 

methodologies done by other researches.  

 

3.2 Chemical and Materials 

There are various materials and chemical required for the bioleaching 

experiment. Table 3.1 shows the list of materials and chemicals that were used 

in the experiment with the estimated quantity and their usage. The chemicals 

and equipment for analysis are shown in Appendix B. 

 

Table 3.1 List of Materials and Chemicals. 

Material / chemical Estimated quantity Usage  

Malaysian kaolin 100 g Clay sample. 

Chinese kaolin 100 g Clay sample. 

Aluminium foil - Cover samples for autoclave, 

avoid contamination of 

samples. 

1,10 – Phenanthroline 

monohydrate 

0.8 g O-phen solution. 

Distilled water - Preparation of reagents. 

Hydrochloric acid 200 µL To dissolve phen powder. 

Lb broth 10 g LB broth solution. 

Ammonium acetate  12.33 g Stabilize pH for 

phenanthroline assay. 

Glacial acetic acid 30 mL To dissolve ammonium 

acetate. 

Ammonium iron (II) 

sulphate hexahydrate 

0.1755 g Preparation of standard 

solution for ICP analysis. 

Concentrated 

sulphuric acid 

93 mL Preparation of standard 

solution for ICP analysis, 

acid digestion and 

Preparation of NaF.  
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Nitric acid 270 mL Dilution of standard solution.  

Glucose  35 g Carbon source. 

Sodium fluoride 0.168 g Make sure phenanthroline 

assay identify Fe(II) ions. 

Deionized water 300 mL Dilution of digested kaolin. 

Filter papers 20 pieces Filtration for samples and 

filtration sterilization of 

glucose. 

 

3.3 Preparation of Kaolin Sample 

10 g of Malaysian kaolin was measured and filled into a 500 mL conical flask 

using spatula and weighing boat. The conical flask was then covered with 

aluminium foil and autoclaved. After autoclave, the kaolins were left to dry in 

drying oven at 60 °C. The same steps were repeated for Chinese kaolin. 4 sets 

for each types of kaolin were prepared for three types of bacteria and an 

abiotic control.  

 

3.4 Preparation of Reagents 

The reagents that were prepared includes phenanthroline assay, sub-culture, 

nutrients, carbon source for the bacteria to grow and other reagents that 

improves the results of the experiment.  

 

3.4.1 O-phen Solution (0.8 %) preparation 

The O-phen solution is the colorimetric solution to show the presence of Fe(II) 

in the medium. First, 30ml of distilled water was measured and poured into a 

100 mL beaker, then 0.8 g of 1,10-Phenanthroline monohydrate powder was 

weighed and added to the distilled water followed by 200 µL of hydrochloric 

acid (HCl) using pipette. After all the 1,10-Phenanthroline monohydrate 

powder had dissolved, distilled water was added up to total volume of 100 mL. 

Next, stirrer was placed into the beaker and the mixture was stirred at 60 °C. 

Throughout the process, the o-phen solution was covered with aluminium foil 

to avoid exposure to light as it is light sensitive. 
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3.4.2 Lysogeny Broth (Luria-Bertani Broth) preparation 

The LB broth was prepared in a 500 mL glass bottle. Firstly, 10 g of LB broth 

was weighed and added into the glass bottle. Then, distilled water was added 

up to 500 mL. 

 

3.4.3 Ammonium acetate preparation 

The ammonium acetate solution was prepared by first producing the master 

stock. Then, the working stock was prepared from the master stock. The 

master stock was prepared in a concentration of 3.2 M in a 50 mL falcon tube 

while the working stock was prepared in a 100 mL glass bottle with a 

concentration of 1.28 M. 

Number of moles for 3.2 M of ammonium acetate (NH₄CH₃CO₂) was 

computed with Equation 3.1, then the required mass of ammonium acetate 

powder was calculated using Equation 3.2 as shown below. The required 

volume of master stock to prepare 100 mL of 1.28 M ammonium acetate was 

calculated using the dilution equation as shown in Equation 3.3. 

 

 𝑛𝑛 = 𝑀𝑀𝑀𝑀 (3.1) 

 

where  

n = mole 

M = molarity, mol/L 

V = volume, L 

 

 
'M

mn =  (3.2) 

where  

n = mole 

m = mass, g 

M’ = molar mass, g/mole 
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 𝑀𝑀1𝑀𝑀1 = 𝑀𝑀2𝑀𝑀2 (3.3) 

 

where 

𝑀𝑀1 = Concentration of stock solution, mol/L 

𝑀𝑀1 = Volume of stock solution, mL 

𝑀𝑀2 = Concentration of diluted solution, mol/L 

𝑀𝑀2 = Volume of diluted solution, mL 

 

Firstly, the 50 mL falcon tube was filled with 10 mL of distilled water. 

Next, 12.33 g of ammonium acetate powder was weighed and added into the 

falcon tube followed by 30 mL of glacial acetic acid for the ammonium acetate 

powder to dissolve. After it is dissolved, 10 mL of distilled water was added to 

top up to a total volume of 50 mL ammonium acetate solution. 

After the solution is thoroughly mixed, the working stock was 

prepared by adding 40 mL of master stock into a 100 mL glass bottle. Next, 

distilled water was topped up until the glass bottle has volume of 100 mL. 

 

3.4.4 Glucose solution (10 g/L) preparation 

The glucose solution was prepared by filling up some water in a 1 L glass 

bottle. Then, 10 g of glucose powder was weighed and added into the distilled 

water. After the powder had dissolved, distilled water was topped up to total 

volume of 1 L.  

In order to make sure there is no bacteria within the glucose, a 0.22 

nm filter paper and vacuum pump was used to carry out filtration sterilization 

on the glucose solution as shown in appendix Picture B-12.  

 

3.4.5 Sodium fluoride (NaF) solution (0.4 M) preparation 

Sodium fluoride, NaF solution was prepared and added into the phenanthroline 

assay to ensure the phenanthroline assay identify Fe2+, giving a more reliable 

results in phenanthroline analysis. Equation 3.1 was used to compute number 

of moles for 0.4 M of NaF, and Equation 3.2 was used to compute the mass of 

NaF powder required.  
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The 0.4 M NaF was prepared by filling a 15 mL falcon tube with 5 

mL of distilled water. Then 0.168 g of NaF powder was added to dissolve in 

the distilled water. After the NaF powder dissolve, 200 µL of sulphuric acid 

(H2SO4) was added and the falcon tube was filled with distilled water until it 

reached total volume of 10 mL. The NaF solution was prepared each day for 

day 0, 5 and 10 to ensure each analysis uses a freshly prepared NaF.  

 

3.4.6 Sub-culture preparation 

Sub-culture was prepared to ensure that the bacteria is active for the 

bioleaching process. First of all, 10 mL of the previously prepared LB broth 

was measured and poured into a 50 mL falcon tube. Then, a scope of single 

colony bacteria that was stored in glycerol stock at -80 °C was taken and 

added into the falcon tube using sterilised pipette tip. The mixture was 

vortexed and incubated at 250 rpm and 37 °C for 16 to 18 hours. The steps 

were repeated for all the three types of bacteria. 

 

3.5 Nutrients Optimisation 

The optimum nutrients required for the bioleaching process was determined by 

using different concentration of glucose and comparing the results after 5 days 

of bioleaching. The different nutrient condition for the bioleaching process by 

previous studies are list in Table 3.2 below.  

 

Table 3.2: Various nutrient condition for microbial reduction of kaolin. 

Štyriaková 

and Štyriak, 

2000 

100 ml of modified Bromfield medium (KH2PO4 0.5 g/l, 

MgSO4.7H2O 0.5 g/l, (NH4)2 SO4 1.0 g/l, NaCl 0.2 g/l, 

glucose 20 g/l), anaerobic condition. 

Guo, et al., 

2010 

100 mL of 10 g/L glucose medium, 5 mL of mixed culture 

broth. 

Zegeye, et al., 

2013 

10mM of HCOONa and kaolin (10 g to 20 g) as electron 

donor and final electron acceptor, 0.9% of NaCl and 100 μM 

of AQDS. Incubate 20 to 30 °C in the dark, rotate 320 rpm. 

Yap, et al., 

2020 

80 mL of glucose solution, kaolin (10 g), 30 °C, rotate at 250 

rpm. 
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In this experiment, the different nutrient concentration used were 60 

g/L, 80 g/L and 100 g/L of glucose, incubated at 30 °C 250 rpm. The optimum 

glucose concentration that was determined from the nutrient optimisation 

experiment was then used to conduct the bioleaching of both Malaysian and 

Chinese kaolin. 

 

3.6 Bioleaching of kaolin 

The bioleaching process took place for 10 days. The sub-cultures were diluted 

first by a ratio of 1:3, 2 mL of LB broth was mixed with 1 mL of bacteria 

culture in micro-centrifuge tubes using pipette. The sub-culture was replaced 

with distilled water for ‘blank’ sample. The dilution was performed using the 

aseptic technique to avoid any contamination and the diluted mixture was 

vortexed to ensure it is fully mixed. Next, two cuvettes were prepared with one 

filled with ‘blank’ and the another cuvette filled with the diluted bacteria 

culture. To find the volume of bacteria sub-culture to be added for bioleaching, 

the cuvettes was placed in the cell density meter (Ultrospec 10) to determine 

the optical density (OD) value, the optical density value was taken from the 

average of three readings for better accuracy. Then the actual OD value was 

calculated with the Equation 3.4 below. 

 

 A = Y × 3 (3.4) 

 

where  

A = actual OD value 

Y = average OD value of the cell density meter 

 

The amount of each bacterium from the sub-culture required to be 

added to the kaolin samples was calculated by Equation 3.5 below. And the 

volume of bacteria to be added into kaolin was determined from Equation 3.6. 

 

 c =  𝐴𝐴 ×  (5 × 108  𝑐𝑐𝑐𝑐𝑢𝑢
𝑚𝑚𝑚𝑚

) (3.5) 
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where  

c = actual concentration of bacteria, cfu/mL 

A = actual OD value 

 

 
c

109 8 cfuV ×
=  (3.6) 

 

where 

V = volume of bacteria to be added to kaolin, mL 

c = actual concentration of bacteria, cfu/mL 

 

The kaolin samples in the conical flask was first added with 100 mL 

glucose. Next, the volume of bacteria culture as determined from the above 

Equation 3.6 was added into the kaolin. Lastly, the kaolin was placed into the 

incubator for incubation at 30 °C and 250 rpm for bioleaching.  

 

3.7 Centrifugation  

Centrifugation of the sample was done to obtain the supernatant for 

phenanthroline analysis. Firstly, 1 mL of the sample was pipetted into a micro 

centrifuge tube. Next, the micro centrifuge tube was placed into centrifuge 

(Eppendorf) to separate the suspension into supernatant and precipitate. The 

conical flask containing the sample was placed back into incubation at 30 °C 

and 250 rpm. There was a total of 8 centrifuge tubes which includes the three 

bacteria-clay sample for both Malaysian kaolin and Chinese kaolin, one 

abiotic control sample for both Malaysian kaolin and Chinese kaolin.  

 

3.8 Phenanthroline assay  

Phenanthroline assay was carried out to analyse the Fe(II) concentration in the 

supernatant. A new set of micro centrifuge tubes was prepared and 500 µL of 

NaF was added followed by 200 µL of o-phen solution. Similarly, 200 µL of 

ammonium acetate was added to the mixture to stabilize the pH. Lastly, 100 

µL of the sample supernatant was added, distilled water was used to replace 

the supernatant for ‘blank’ sample. The mixture was vortexed after each 

addition of new reagents for even mixture. All the micro centrifuge tubes 
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containing the supernatant and phenanthroline assay were incubated in dark 

for an hour.  

After incubation, the phenanthroline assay was transferred into 

cuvettes to measure the absorbance value in Nanodrop 2000 spectrometer at 

492 nm. A total of ten sets of results will be obtained for Malaysian kaolin and 

Chinese kaolin to calculate the average absorbance value. The concentration of 

Fe(II) in the phenanthroline assay was determined by the relationship between 

the Fe(II) concentration and absorbance values for different Fe(II) values. The 

standard curve relationship was developed by Yong (n.d.) using a Fe(II) salt 

with different concentration and measuring the absorbance value of each 

concentration. The developed relationship y = 0.01x was shown in appendix 

Graph A-1. 

 

3.9 Scanning Electron Microscopy (SEM) analysis 

The effect of iron removal was observed on the morphology change of kaolin 

by using SEM (Hitachi, S-3400N). The dried bioleached kaolin samples were 

coated with gold prior to the analysis. The morphology changes of kaolin 

before and after the experiment was analysed and discussed in the results and 

discussion section.  

 

3.10 Energy Dispersive X-Ray Spectroscopy (EDX) analysis 

EDX (Hitachi, S-3400N) is a microchemical analysis technique used in 

conjunction with SEM. The mineral composition of the kaolin such as O, K, 

Al and Fe was analysed before and after the experiment. In EDX analysis, 

bioleaching efficiency was calculated by the changes of Fe composition before 

and after bioleaching as shown in Equation 3.7.  

 

 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵ℎ𝐵𝐵𝑛𝑛𝑖𝑖 𝐵𝐵𝑒𝑒𝑒𝑒𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝑒𝑒 (%)  =  �𝑋𝑋𝑖𝑖−𝑋𝑋𝑓𝑓
𝑋𝑋𝑖𝑖

�× 100% (3.7) 

 

where  

Xi = weight percentage of Fe composition in kaolin before bioleaching, wt % 

Xf = weight percentage of Fe composition in kaolin after bioleaching, wt % 
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3.11 X-ray diffraction (XRD) analysis 

XRD (Shimadzu, XRD6000) is an analysis technique to determine the 

crystalline structure of the kaolin particles before and after bioleaching process. 

The kaolin sample was placed into sample holder and analysed by using X-ray 

diffractometer. The XRD pattern was collected over a range of 10° to 80° 2θ 

using Cu Kα radiation (40 kV, 40 mA), with a 0.05° step width and a nominal 

collecting time of 30 seconds per 1°. Then the XRD pattern of the treated 

kaolin samples was compared with the untreated samples to analyse the effect 

of bioleaching on the structural changes of kaolinite. 

 

3.12 Fourier Transform Infrared Spectroscopy (FTIR) analysis 

FTIR is a technique used to study the bond formation between the mineral 

surface and bacteria during bioleaching process. The dried treated sample was 

placed on the sample holder of FTIR (Nicolet, IS10) to record the infrared 

absorption spectra. Since the organic structure of bacteria composed mainly of 

polysaccharides and lipids (protein), this analysis was used to determine the 

adsorption of bacteria onto the Fe(III) on surface of mineral through the OH 

and/or the COOH of both of the polysaccharides or the bacteria’s protein 

fractions. The formation of hydrogen bond, if any, will allow us to elucidate 

the attachment mechanism of the bacteria cell onto the kaolin particles. The 

analysis was repeated with both treated and untreated Malaysian and Chinese 

kaolin to observe the difference before and after bioleaching.  

 

3.13 Acid digestion using microwave digester  

The acid digestion using the microwave digester (Berghof 'Speedwave four') 

was carried out on all the dried treated and untreated kaolin samples before 

conducting Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES). First, the digester vessels are filled with approximately 9 mL of 

concentrated nitric acid and placed into the microwave digester for pre-

digestion cleaning set at 200 °C for 35 minutes. After pre-cleaning, the vessels 

are still in high temperature and pressure, thus are left to cool down before 

opening it in the fume hood and disposing the nitric acids into labelled 

chemical waste bottles. Next, for the digestion of the dried kaolin powder, 9 

mL of concentrated sulphuric acid was carefully added into the vessels 
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followed by 100 mg of dried kaolin powder samples. The vessels are then 

placed into the microwave digester and tightened to prevent leakage. Then the 

digester was set to temperature of 240 °C, 35 bar pressure, ramp up time of 1 

minute and duration of 45 minutes digestion with 60 % power for step 1, while 

for step 2 the digester was set to temperature of 50 °C, pressure of 25 bar, 

ramp up time of 1 minute and 10 minutes digestion duration at 0 % power. 

When the microwave digester stopped, the vessels were left to cool down for 

around 30 minutes. Post-cleaning was also done with the same procedure and 

settings of pre-cleaning after the acid digestion to make sure there is no 

leftover samples or acid in the vessels. Then, the digested kaolin was diluted in 

the ratio of 5 mL of digested kaolin solution to 145 mL of deionized water as 

the digested kaolin was mixed with concentrated sulphuric acid during the 

digestion which is not suitable for ICP analysis unless diluted.  

 Since V1 is 5 mL of the digested kaolin solution of and V2 is the total 

volume after deionized water was added for dilution, which is 200 mL, the 

dilution factor was calculated to be 40 using Equation 3.2.  

 Lastly, the diluted kaolin solution was filtered with filter paper and 

syringe filter with 0.45 µm membrane filter to make sure the samples for ICP 

was free from any micro-precipitate. All the procedures were done in fume 

hood for safety purposes. 

 

3.14  Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES) analysis 

The ICP-OES analysis requires a standard solution to build the calibration 

curve to determine the amount of Fe in kaolin. Firstly, the standard solution 

was prepared in 100 ppm by adding 100 mL of deionised water to 0.1755 g of 

ammonium iron(II) sulphate hexahydrate. Then, add with 2.5 mL of sulphuric 

acid for ammonium iron(II) sulphate hexahydrate to dissolve and topped up 

with deionised water to 250 mL. Since 100 ppm = 100 µg/m/L, required 

volume of 100 ppm standard solution is 250 mL, molar mass of Fe is 55.845 

g/mole and molar mass of ammonium iron(II) sulphate hexahydrate is 392.14 

g/mole. The mass required for ammonium iron(II) sulphate hexahydrate 

powder for preparation of 100 ppm standard solution was calculated using 

Equation 3.2. 
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 In this experiment, the standard solution was prepared in 50 mL 

centrifuge tubes at concentration of 0 ppm to 100 ppm in increments of 20 

ppm through dilution of the 100 ppm 250 mL standard solution prepared, the 

required volume of deionised water for dilution to obtain 0 ppm, 20 ppm, 40 

ppm, 60 ppm, 80 ppm and 100 ppm standard solution was calculated using the 

dilution equation which is Equation 3.3. 

 The wash time for the before and after each analysis is 120 seconds to 

ensure there is no leakage of the samples or standard solution that might affect 

the results. After assigning new method, position of the standard solution and 

samples, the plasma was turned on and analysis was started with the 

calibration curve generation as shown in Graph A-2 in the appendix followed 

by the sample analysis to analyse the composition of Fe elements in both 

Malaysian and Chinese kaolin by using ICP-OES with wavelength of 238.2 

nm. The calibration curve obtained was shown in part 4.8 in Figure 4.26 under 

Chapter 4 Results and Discussions. After the analysis, the Fe concentration of 

raw and bioleached kaolin from the results were multiplied with the dilution 

factor calculated previously in section 3.13 to obtain the actual concentrations, 

and the results were compared. The standard solutions and sample solutions 

are disposed into labelled waste bottles after analysis was done.   

 

3.15 Summary 

In a nutshell, there are two main parts in this experiment work plan 

which are bioleaching of kaolin from the prepared reagents and nutrients, and 

analysis of kaolin before and after bioleaching. One of the objective of this 

experiment is to determine the optimum nutrient (glucose) condition of 

bioleaching by analysing the Fe reduction of the sample and structural changes 

of Malaysian and Chinese kaolin. The milestones achieved in the first part of 

this project includes literature research, understanding basic concepts, 

phenanthroline method analysis was learnt in laboratory and the procedures, 

chemical preparation required as well as steps and settings for the analysis 

were recorded for the experiment to be carried out in second part of the project.  

Table 3.3 below describe the parameters that may be optimized to 

attain higher iron removal from kaolin.  
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Table 3.3: Optimization Parameters. 

Parameters  Method  

Cell concentration/bacteria count Change cell concentration added 

to the kaolin samples 

Pulp density Increase w/v % 

Cell adaptation Adding bacteria at different day 

but start day (Day 0) remains the 

same 

Clay surface area Use different proportion of fine-

grained fractions 

pH values Change pH using acid/alkali and 

monitor using pH meter 

Presence of yeast extract, addition of 

nitrate and sulphate 

Add (NH4)2SO4 and Co(NH2)2 

Addition of chelators Addition of Na2EDTA or 

nitrilotriacetic acid (NTA) 

Addition of metals Addition of Mn(II) or Fe(II), may 

cause inaccurate measurement due 

to addition of iron 

Addition of AQDS Additrion of AQDS at 

predetermined concentration into 

bioleaching medium 

Addition of biochar Low concentration may have 

inhibiting effect 

Types of strain Use different types of bacterial 

strains (Already implemented with 

use of B. cereus, B. megaterium 

and B. aryabhattai) 

Temperature Different temperatures may yield 

different results for bioleaching 
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In FYP Part 2, the feasibility and practicality to study effects of each 

parameter was assessed based on availability of laboratory equipment and 

duration required. It was concluded that the selected parameter to be used to 

optimize the bioleaching experiment was nutrient (glucose) concentration.  
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CHAPTER 4 

 

4 RESULTS AND DISCUSSION 

 

4.1 Introduction 

The results of the analytical techniques employed to characterise kaolin such 

as the SEM-EDX, XRD, FTIR as well as ICP-OES are presented in this 

chapter. The results of these work were also compared with latest studies 

involving bioleaching of kaolin with Bacillus species and other bacteria. The 

main difference of Malaysian and Chinese kaolin is the mineral composition in 

the kaolin as Malaysian kaolin has potassium (K) and magnesium (Mg) 

content as compared to Chinese kaolin. This difference in composition is also 

reflected on the XRD results. The Chinese kaolin also has a different structure, 

it is more elongated and narrow as compared to the Malaysian kaolin. The 

comparison between the kaolin from different origins, namely Malaysian 

kaolin and Chinese kaolin is further discussed in terms of surface morphology, 

structural changes, mineral composition and crystallography.  

 

4.2 Nutrient optimisation 

The nutrient optimisation experiment was conducted using the same 

methodology as the bioleaching experiment and the Fe reduction was 

measured using the phenanthroline analysis method with varying glucose 

concentration. This was conducted in order to determine the optimum glucose 

concentration for the actual bioleaching experiment. Due to time restrictions, 

only Malaysian kaolin was used as the basis of the optimum nutrient 

concentration for bioleaching. From the results shown in Figure 4.1, the 

optimum glucose concentration for bioleaching with B. cereus at day 5 was 6 

g/L with the highest concentration of Fe(II) in the supernatant. While on the 

other hand, Figure 4.2 and Figure 4.3 depicted the optimum glucose 

concentration for bioleaching with both B. megaterium and B. aryabhattai was 

10 g/L.  

Due the optimum glucose concentration found in the nutrient 

optimisation experiment with kaolin bioleached with B. cereus had a different 

result compared to the two other species, the experiment was carried on for 10 
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days for further observations. On day 10, the optimum glucose concentration 

for bioleaching with B. cereus was found to be 8 g/L with a small difference of 

Fe(II) concentration between glucose concentration of 6 g/L and 8 g/L. Since 

the difference between using 6 g/L and 8 g/L glucose concentration was 

marginal, having a longer duration of 10 days bioleaching with glucose 

concentration of 8 g/L in the application of bioleaching may be less practical 

and costlier, should the process be scaled-up for industry. Hence, in the actual 

bioleaching experiment, the 6 g/L glucose concentration was used.  

 

 
Figure 4.1: Fe(II) concentration of Malaysian kaolin bioleaching with B. 

cereus at different glucose concentration. 
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Figure 4.2: Fe(II) concentration of Malaysian kaolin bioleaching with B. 

megaterium at different glucose concentration. 

 

 
Figure 4.3: Fe(II) concentration of Malaysian kaolin bioleaching with B. 

aryabhattai at different glucose concentration. 

 

4.3 SEM analysis of Malaysian and Chinese kaolin 

The following SEM images shows the morphology and structures of both 
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more amorphous structure which could be seen circled in red whereby the 
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edges are much rounder and less sharp before bioleaching. The SEM image of 

abiotic control sample shown in Figure 4.5 has similar traits of a more 

amorphous structure with rounder edges. However, the SEM images of 

Malaysian kaolin bioleached with B. cereus, B. megaterium and B. aryabhattai 

are displayed in Figure 4.6, Figure 4.7 and Figure 4.8 respectively exhibit 

sharper edges and appears to be chipped or damaged in their structures as 

circles in red. This suggests that the Malaysian kaolin that were treated with 

the Bacillus bacteria had a more crystalline structure after bioleaching. In a 

previous study, SEM images also revealed a transformation of the kaolin 

surface from a more amorphous structure before bioleaching with bacteria, to a 

more crystalline structure after bioleaching (Yap, et al, 2020).  

 In the same way, it could be noted that in Figure 4.9 the Chinese 

kaolin had a more amorphous structure with rounder edges before bioleaching 

in the SEM image at magnification of 4000. In contrast, the SEM image of 

Chinese kaolin bioleached with B. cereus, B. megaterium and B. aryabhattai 

shown in Figure 4.10, Figure 4.11 and Figure 4.12 with 3500, 4000 and 5000 

magnifications respectively appear to have visibly sharper and chipped edges 

in addition to the finer particles formed as indicated in red circles. This reveals 

that the structure of Chinese kaolin changed from amorphous to a more 

crystalline structure. It was evident in a research that the surface of the kaolin 

structure transitioned from a more amorphous structure before bioleaching to a 

more crystalline structure along with formation of finer particles (Guo, Lin, 

Xu and Chen, 2010). The structure of Chinese kaolin has long and narrow 

shapes as indicated in Figure 4.9, Figure 4.10, Figure 4.11 and Figure 4.12 

before and after bioleaching which makes the identification of the changes to 

the structure difficult to be identified as the sharp edges of the structure are 

less noticeable, this was also observed and described as nanorod-like 

kaolinites structure in a study by Li, et al. (2015) and irregular elongated 

tubular shapes by Senoussi, et al. (2016). However, the narrow structure of the 

Chinese kaolin could be plausibly being made thin (leached) by the acid 

produced by the Bacillus bacteria (Brindley and Comer, 1955) as there are 

more narrow shape structure after bioleaching as shown in Figure 4.11 below. 
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Figure 4.4: Untreated Malaysian raw kaolin. 

 

 
Figure 4.5: Malaysian kaolin without bacteria (control). 

 

 
Figure 4.6: Malaysian kaolin treated with B. cereus. 
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Figure 4.7: Malaysian kaolin treated with B. megaterium. 

 
Figure 4.8: Malaysian kaolin treated with B. aryabhattai. 

 

 
Figure 4.9: Untreated Chinese raw kaolin. 
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Figure 4.10: Chinese kaolin treated with B. cereus. 

 

 
Figure 4.11: Chinese kaolin treated with B. megaterium. 

 

 
Figure 4.12: Chinese kaolin treated with B. aryabhattai. 
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4.4 Fe Reduction (Phenanthroline Analysis) 

In bioleaching of both Malaysian and Chinese kaolin, insoluble Fe(III) in the 

kaolin is reduced to soluble Fe(II) (Zegeye, et al., 2013). This will lead to the 

supernatant of the bioleached kaolin having a higher Fe(II) concentration. 

Thus, the samples with higher Fe(II) concentration indicates a higher Fe(III) 

removal and efficiency in bioleaching. The concentration of Fe(II) was 

measured on day 0, 5 and 10 using the spectrometer as shown in Figure 4.13 

and Figure 4.14. 

Based on the results in Figure 4.13, the Malaysian kaolin has an 

overall increasing trend of Fe(III) reduction but the rate of Fe reduction 

reduced after day 5. The Fe(II) concentration of abiotic control surged from 

0.30 µg/mL on day 0 to 1.47 µg/mL on day 5, then it increases slowly to 1.6 

µg/mL on day 10. Additionally, Malaysian kaolin bioleached with B. cereus 

started with a Fe(II) concentration of 0.17 µg/mL on day 0 and then escalated 

to 1.57 µg/mL on day 5, it was then further increased to 2.63 µg/mL on day 10. 

For Malaysian kaolin bioleached with B. megaterium, the reduced Fe(II) 

concentration started with 0.07 µg/mL on day 0 and reached its peak at 2.10 

µg/mL on day 5, however, it dropped to 1.83 µg/mL on day 10. And lastly, the 

Malaysian kaolin treated with B. aryabhattai increased from 0.03 µg/mL to 

1.8 µg/mL on day 5 and then slightly increased to 2.13 µg/mL on day 10.  

The Fe reduction in Chinese kaolin had a similar increasing trend as 

the Malaysian kaolin but with a higher concentration of Fe(II) on all day 0, 

day 5 and day 10 probably due to higher Fe dissolution as the structure of 

Chinese kaolin has smaller and narrower particle size as noted in the SEM 

images in section 4.5. It is evident that that the dissolution rate increases with 

decreasing particle size (Adekola, et al., 2017). It is also worth noting that 

kaolin that possess different surface morphologies varies in surface charge 

distribution (Li, etal., 2015) thus affecting the substitution of cations. As 

displayed on the graph in Figure 4.14, the Chinese kaolin abiotic control had a 

Fe(II) concentration of 1.6 µg/mL on day 0, and it increased to 2.9 µg/mL on 

day 5 before steadily increased to 3.47 µg/mL on day 10. Next, the Fe(II) 

concentration of Chinese kaolin treated with B. cereus rose from 1.67 µg/mL 

to 3.07 µg/mL from day 0 to day 10, it then remained almost constant up to 
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day 10 with a 3.17 µg/mL Fe(II) concentration. The Chinese kaolin bioleached 

with B. megaterium and B. aryabhattai also showed an increase of Fe(II) 

concentration from 1.57 µg/mL and 2.03 µg/mL respectively on day 0 to 3.6 

µg/mL on day 5. Nevertheless, the Chinese kaolin bioleached with B. 

megaterium decreased slightly to 3.4 µg/mL while the Chinese kaolin 

bioleached with B. aryabhattai increased slightly to 3.8 µg/mL on day 10.  

Generally, the bioleaching rate is highest from day 0 to day 10 for all 

the samples, the bioleaching rate will then slow down after day 5 showing 

barely any signs of bioleaching or even deteriorate. This result is in agreement 

with a study by Adekola, et al. (2017), whereby the rate of leaching was 

initially fast when kaolin is leached by acid, which in this experiment was 

referred to the acid produced by Bacillus species bacteria. However, the curves 

become almost flat in a very short period of time, after which the increase in 

the dissolution of Fe is almost negligible.  

 

 
Figure 4.13: Graph of concentration of Fe(II) against day for Malaysian 

kaolin. 
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Figure 4.14: Graph of concentration of Fe(II) against day for Chinese 

kaolin. 

 

4.5 Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES) analysis 

Inductively coupled plasma (ICP) analysis is used to identify the amount of Fe 

in the Malaysian and Chinese kaolin before and after bioleaching to verify that 

there is Fe reduction through bioleaching of kaolin. The effectiveness of the 

bioleaching of kaolin could also be shown through the ICP analysis. Firstly, 

from the calibration curve obtained through the standard solution shown in 

Graph A-2 in appendix, the linear regression has a coefficient of determination, 

R2 of 0.999916 which provides that the results are reliable.  

 Next, based on the analysis results as shown in Table 4.1, Malaysian 

kaolin had a concentration of 40.84 mg/L of Fe before bioleaching which is 

very close to the amount of Fe in abiotic control of 37.88 mg/L. After 

bioleaching with B. cereus, B. megaterium and B. aryabhattai, the Fe 

concentration drops to 22.60 mg/L, 28.64 mg/L and 30.88 mg/L respectively. 

On top of that, Chinese kaolin had a Fe concentration of 35.04 mg/L before 

undergoing bioleaching. After bioleaching with B. cereus, B. megaterium and 

B. aryabhattai, the Fe concentration was reduced to 14.92 mg/L, 14.64 mg/L 

and 15.40 mg/L respectively.  

Furthermore, the amount of Fe leached also known as the bioleaching 

efficiency was calculated using Equation 3.7, which is the bioleaching 
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efficiency equation from EDX analysis. The calculated values that are 

tabulated in Table 4.1 showed that the Fe removed from Malaysian kaolin 

bioleached with B. cereus, B. megaterium and B. aryabhattai are 44.7 %, 30.0 % 

and 24.4 % respectively. Besides, the amount of Fe leached for Chinese kaolin 

bioleached with B. cereus, B. megaterium and B. aryabhattai are 57.4 %, 58.2 % 

and 56.1 % respectively. 

 

Table 4.1: ICP-OES results of Malaysian and Chinese kaolin. 

 

 Diluted Fe(II) 

concentration 

(mg/L) 

Actual Fe(II) 

concentration 

(mg/L) 

Fe 

removed 

(%)  

Malaysian 

kaolin 

Raw 1.021 40.84 - 

Abiotic control 0.947 37.88 - 

B. cereus 0.565 22.60 44.7 

B. megaterium 0.716 28.64 30.0 

B. aryabhattai 0.772 30.88 24.4 

Chinese 

kaolin 

Raw 0.876 35.04 - 

Abiotic control 0.968 38.72 - 

B. cereus 0.373 14.92 57.4 

B. megaterium 0.366 14.64 58.2 

B. aryabhattai 0.385 15.40 56.1 

 

4.6 EDX results and bioleaching efficiency 

The EDX analysis identifies the composition of each element within the kaolin 

sample. Based on Table 4.2 and Table 4.3, the weight percentage of the 

elements has small change before and after bioleaching for Malaysian and 

Chinese kaolin except for Fe which shows an obvious decrease in weight 

percentage. It implies that there was Fe reduction from bioleaching without 

affecting the composition of the Malaysian and Chinese kaolin. The untreated 

Malaysian kaolin had 1.41 % of Fe before bioleaching and was dropped to 

0.60 % for after treated with B. cereus while the weight percentage of 

Malaysian kaolin treated with B. megaterium and B. aryabhattai dropped to 

0.56 % and 0.48 % respectively. As for the Chinese kaolin, it had 1.37 % of Fe 
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before bioleaching and after treated with B. cereus, it was reduced to 0.80 % 

while the weight percentage of Chinese kaolin bioleached with B. megaterium 

and B. aryabhattai dropped to 0.62 % and 0.51 % respectively.  

 The effectiveness of the Bacillus bacteria in bioleaching could be 

calculated as the bioleaching efficiency using Equation 3.5, the bioleaching 

efficiency of B. cereus, B. megaterium and B. aryabhattai with Malaysian 

kaolin was found to be 57.4 %, 60.3 % and 65.9 % respectively as listed in 

Table 4.2. Apart from Malaysian kaolin, bioleaching efficiency of B. cereus, B. 

megaterium and B. aryabhattai with Chinese kaolin are also calculated and 

listed in Table 4.3 as 41.6 %, 54.7 % and 62.8 % respectively. The B. 

aryabhattai has the highest bioleaching efficiency for both the Malaysian 

kaolin and Chinese kaolin, resembling the phenanthroline analysis results. The 

experimental results concurred with a study done by Yap, et al. (2020) in 

which the kaolin bioleached with B. cereus strain had a 53.9 % bioleaching 

efficiency and a previous study by Jing, et al. (2021), in which the kaolin 

bioleached with B. cereus removed 38.7 %. The bioleaching efficiencies were 

able to be optimised to a slightly higher value than the results from previous 

bioleaching research of B. cereus with kaolin, which had an efficiency yield of 

50 % to 53 % (Štyriaková & Štyriak, 2000). A study by Guo, et al. (2010) had 

a similar result of bioleaching efficiency on Chinese kaolin with a 45 % 

efficiency by using IRB. The slightly higher efficiency of the bioleaching 

could be due to the bioleaching were conducted by using the optimum glucose 

concentration. For instance, the glucose concentration used by Yap, et al. 

(2020) to achieve a 53.9 % bioleaching efficiency for Malaysian kaolin treated 

with B. cereus was 10 g/L. However, in the nutrient optimisation experiment it 

was found that bioleaching Malaysian kaolin with B. cereus at glucose 

concentration of 10 g/L had the lowest Fe(III) removal and the optimum 

glucose concentration was 8 g/L. 

 The Fe weight percentage of raw kaolin is close to the Fe weight 

percent of the abiotic control, which means the EDX results are reliable. The 

inconsistency of the results between the raw and control may be due to human 

error during the experiment. It could also be due to the small amount of kaolin 

sample used for analysis were taken from different portion of the whole dried 

kaolin powder which may result in having a certain degree of inconsistency as 
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the distribution of Fe in the kaolin dried powder is not homogeneous. The 

errors could be reduced by repeating the experiment with different portion of 

the kaolin sample to obtain an average Fe concentration. 

 

Table 4.2: Weight percentage of each element in Malaysian kaolin.  

 

Wt % Efficiency 

(%) 

 

O Mg Al Si K Fe 

Raw 45.68 1.17 20.08 27.26 4.4 1.41 -  

Control 48.07 1.57 18.77 25.51 4.56 1.52 - 

B. cereus 49.03 0.98 19.74 26.03 3.62 0.60 57.4 

B. megaterium 49.63 1.72 19.19 24.75 4.15 0.56 60.3 

B. aryabhattai 50.49 1.77 19.22 24.17 3.87 0.48 65.9 

 

Table 4.3: Weight percentage of each element in Chinese kaolin. 

 

Wt % Efficiency 

(%) 

 

O Mg Al Si K Fe 

Raw 46.06 0.4 23.49 27.13 1.55 1.37 - 

Control 46.77 0.51 20.1 31.11 0.53 0.98 - 

B. cereus 50.59 0.65 21.44 25.26 1.26 0.80 41.6 

B. megaterium 50.34 0.23 22.26 25.84 0.71 0.62 54.7 

B. aryabhattai 50.35 0.63 20.1 27.68 0.73 0.51 62.8 

 

4.7 XRD spectra of Malaysian and Chinese kaolin  

The XRD results of both Malaysian and Chinese kaolin has several peaks such 

as the angles 12°, 25° and 27° that characterize the kaolinite were detected 

(Daou, et al, 2020; Xue, et al., 2023). The XRD pattern from the analysis post 

little to no mineral composition changes or structural changes in both the 

Malaysian and Chinese kaolin as the peaks coincides as shown in Figure 4.15 

and Figure 4.16. The same results were observed by Győrfi, et al. (2020) in 

which there is negligible changes in the peak positions, the kaolinite structure 

was not affected by Fe minerals removal. This results are also in agreement 

with a study by Li, et al. (2015) in which the structure of kaolins was 

maintained. There is also no formation of secondary minerals from the XRD 
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results as the peaks are all in the same angles. However, there are different 

intensities of diffraction lines identified for Malaysian kaolin at 12°, 25°, 27°, 

38° and 46°. Similarly, for Chinese kaolin at 12°, 25°, 27°, 38° and 62° has 

different intensities. The intensities of the peaks of Malaysian kaolin treated 

with B. cereus and B. megaterium is higher than the untreated Malaysian 

kaolin as shown in Figure 4.15a and Figure 4.15b respectively whereas the 

intensities of Malaysian kaolin treated with B. aryabhattai is lower than 

untreated Malaysian kaolin as shown in Figure 4.15c. But for Chinese kaolin, 

all the bioleached kaolin XRD pattern in Figure 4.16a, Figure 4.16b and 

Figure 4.16c has lower intensities as compared to untreated Chinese kaolin. 

The different intensities could be inferred as the change of crystallite size, the 

decrease of the mean lattice strain (Kumar, Panda and Singh, 2013) and having 

different amount of clay minerals in the Malaysian and Chinese kaolin before 

and after bioleaching. The other low intensity or less pronounced asymmetry 

of the peaks were likely a result of the disorder of the kaolin structure 

(Senoussi, et al., 2016).  
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Figure 4.15: XRD patterns of Malaysian kaolin before and after (a) 

bioleached with B. cereus, (b) bioleached with B. megaterium and 

(c) bioleached with B. aryabhattai.  
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Figure 4.16: XRD patterns of Chinese kaolin before and after (a) 

bioleached with B. cereus, (b) bioleached with B. megaterium and 

(c) bioleached with B. aryabhattai. 
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4.8 FTIR results before and after bioleaching 

From the FTIR results before bioleaching took place, there were 2 bands that 

was identified from the wavenumbers generated. Each band is associated with 

one hydroxyl group of the kaolinite structure (Van der Marel and Zwiers, 

1959). Based on previous studies, there are usually 4 O-H bands in kaolin 

which are 3695 cm-1, 3670 cm-1, 3650 cm-1 and 3620 cm-1 (Kloprogge, 2019) 

but occasionally there is a fifth band at around 3686 cm-1 in the presence of 

transverse optical (TO) and longitudinal optical (LO) vibrations (Farmer, 

2000). The identified bands of Malaysian kaolin before bioleaching were 3689 

cm-1 and 3618 cm-1 as shown in Figure 4.17. While the raw Chinese kaolin 

FTIR peaks that was identified in Figure 4.18 were 3687 cm-1 and 3618 cm-1.  

The 3689 cm-1 band of Malaysian kaolin and the 3687 cm-1 band of Chinese 

kaolin was identified as the fifth band, interpreted as the TO mode relating to 

the in-phase OH stretching vibration. The fifth band has different intensities 

depending on the nature and origin of the clay (Johnston, et al., 1985). An 

uncoupled inner surface hydroxyl stretching mode will cause the occurrence of 

this band (Michaelian, et al., 1987).  Moreover, the 3618 cm-1 FTIR band of 

both the Malaysian and Chinese kaolin is identified as related to the 3620 cm-1 

band, interpreted as the inner hydroxyl group pointing towards the tetrahedral 

sheet (Kloprogge, 2019). Although kaolinites usually show four bands, 3670 

cm-1 and 3652 cm-1 bands of less ordered kaolinite were very poorly developed 

and in some cases only a single band was observed at 3652 cm-1 (Van der 

Marel and Krohmer, 1969). There are only 2 bands from the experimental 

FTIR results because bands at around 3693 cm-1 and 3620 cm-1 are sharp and 

intense although each samples has different relative intensities. In this 

particular experiment, both the 3670 cm-1 and 3650 cm-1 bands were not 

visible in the results which revealed that the Malaysian and Chinese kaolin 

used are less ordered kaolin. 

FTIR spectra of the Malaysian and Chinese kaolin after bioleaching is 

very similar to the raw Malaysian and Chinese kaolin. The Malaysian kaolin 

has the same observed bands of 3689 cm-1 and 3618 cm-1 after bioleaching 

with B. cereus, B. megaterium and B. aryabhattai as indicated in Figure 4.19, 

Figure 4.20 and Figure 4.21 respectively. The Chinese kaolin also has the 
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observed bands of 3688-3689 cm-1 which is very close to the untreated 

Chinese kaolin 3687 cm-1 and 3618 cm-1 band as shown in Figure 4.22, Figure 

4.23 and Figure 4.24 respectively. This indicates that the bioleaching of both 

the Malaysian and Chinese kaolin does not affect the observed bands since the 

bands are very similar before and after bioleaching. A previous study also had 

similar observation, the surface modified kaolin did not change the FTIR 

peaks and it was suggested that the basic crystal structure of kaolinite 

remained constant (Li, et al, 2015).  

 Other than the 5 common bands that are usually found in kaolin, there 

are also the 1113 cm-1 band in both untreated and treated Malaysian and 

Chinese kaolin that are identified as the 1115 cm-1 band that was assigned to 

the apical Si-O stretching vibration. Furthermore, the 909-910 cm-1 band of the 

Malaysian and Chinese kaolin was identified as the 915 cm-1 band assigned to 

the vibration of inner Al–OH groups (Li, et al, 2015; Mbey, et al., 2019). 
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Figure 4.17: FTIR spectrum of raw Malaysian kaolin. 
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Figure 4.18: FTIR spectrum of raw Chinese kaolin. 
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Figure 4.19: FTIR spectrum of Malaysian kaolin treated with B. cereus. 
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Figure 4.20: FTIR spectrum of Malaysian kaolin treated with B. megaterium. 
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Figure 4.21: FTIR spectrum of Malaysian kaolin treated with B. aryabhattai. 
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Figure 4.22: FTIR spectrum of Chinese kaolin treated with B. Cereus. 
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Figure 4.23: FTIR spectrum of Chinese kaolin treated with B. megaterium. 
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Figure 4.24: FTIR spectrum of Chinese kaolin treated with B. aryabhattai
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4.9 Summary 

In short, morphological changes were observed in the Malaysian and Chinese 

kaolin after treatment with Bacillus spp. bacteria through bioleaching but the 

bonds of both Malaysian and Chinese kaolin remained the same as revealed in 

the SEM and FTIR analysis. There is a significant reduction in Fe weight 

percentage observed across several analytical techniques before and after 

bioleaching for all three bacteria species. Reduction of Fe was affirmed in the 

phenanthroline analysis, ICP-OES and EDX analysis. The difference between 

the bioleaching efficiency of ICP-OES analysis results and EDX analysis 

results may be due to the sensitivity of the technique as well as Fe distribution 

in the kaolin sample tested. Generally, ICP-OES analysis has a higher 

accuracy because the EDX analysis can only analyse a sample area as large as 

the size of the electron beam, only local concentrations of sample taken into 

account and distribution of Fe on kaolin surface is not homogenous by nature 

but an ICP-OES analysis can identify an average concentration of the sample 

because the samples are mixed evenly and dissolved with acid (Michalak, 

Chojnacka and Marycz, 2010). Lastly, XRD analysis revealed that the 

mineralogy of kaolin was not altered by bioleaching.  
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CHAPTER 5 

 

5 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

This study analysed the morphological, chemical and structural changes of 

kaolin bioleaching using Bacillus species. From the analysis of the 

experimental results, the objective of the experiment was achieved as it was 

found in phenanthroline analysis that the optimum nutrients condition for 

bioleaching kaolin with B. cereus is 6 g/L of glucose concentration with Fe(II) 

concentration of 1.7 µg/mL on day 5 while for B. megaterium and B. 

aryabhattai the optimum glucose concentration is 10 g/L with highest Fe(II) 

concentration of 1.63 µg/mL and 1.57 µg/mL respectively. 

The objective to measure the Fe reduction ability of Bacillus bacteria 

was also achieved as reduction of Fe was clearly visible in phenanthroline 

analysis and ICP-OES analysis whereby the Fe(II) concentration increase 

during the period of 10 days of bioleaching. The EDX analysis revealed that 

the bioleaching efficiency was slightly higher than the previous studies as 

Malaysian kaolin treated with B. cereus, B. megaterium and B. aryabhattai 

was found to be 57.4 %, 60.3 % and 65.9 % respectively. Whereas for Chinese 

kaolin treated with B. cereus, B. megaterium and B. aryabhattai, the 

bioleaching efficiency was found to be 41.6 %, 54.7 % and 62.8 % 

respectively. Optimum glucose concentration used for the bioleaching 

experiment could be the contributing factor to the small increase in the 

bioleaching efficiency.  

From the analysis, it was obvious that the Malaysian and Chinese 

kaolin experienced changes in terms of structure and surface morphology after 

bioleaching with Bacillus spp. bacteria. From the SEM analysis, it was 

revealed that the surface structure of both Malaysian and Chinese kaolin 

increased in crystallinity. The chemical composition and bonds of both 

Malaysian and Chinese kaolin remains unchanged after bioleaching as 

determined in the similar 12°, 25°, 27° and 38° peaks of XRD analysis as well 
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as the 3620 cm-1 and 3686 cm-1 bands of FTIR analysis. Therefore, the third 

objective was also achieved in this project.  

Bioleaching of kaolin could be applied in the industry by mixing the 

kaolin powder in water with active IRB and nutrients solution in a bioleaching 

reactor. The results of this study can be used to scale-up the bioleaching 

process to industrial scale once a meaningful and feasible percentage Fe 

reduction is achieved (>80% Fe reduction). Further optimisation of the process 

on a laboratory scale will be useful to render scaling-up a reality.  

 

5.2 Recommendations for future work 

Several improvements can be recommended for future studies of bioleaching. 

Due to time constraints, it was not possible to try the acid digestion with 

different strong acids to determine the suitable acid for complete digestion of 

kaolin. Since kaolin contains silica, it will only be fully digested in 

hydrofluoric (HF) acid. However, HF acid is very corrosive, highly toxic and 

will dissolve the glassware available. Hence, it is prohibited in laboratory and 

instead of using HF acid, sulphuric acid was used. The ICP-OES analysis 

could be improved by using a two stage acid digestion with strong 

concentrated acid such as nitric acid and sulphuric acid. 

 Future work could aim to get consistent results of bioleaching 

efficiency between the ICP-OES analysis and EDX analysis, more 

experiments with an improved ICP-OES analysis using a more suitable acid or 

the suggested two-stage acid digestion method might yield a consistent 

bioleaching efficiency result. 

Furthermore, other parameters such as pH condition and cell 

adaptation could be optimised to improve the bioleaching efficiency to achieve 

a higher Fe reduction within a shorter period of time. From optimising various 

parameters from laboratory scale, the data will be useful in scaling up to 

industrial scale bioleaching. With the implementation of bioreactor, multiple 

parameters will be able to be controlled at the same time under controlled 

condition. For ease of quality control and monitoring, batch process will be 

preferred before scaling up to a faster pace using continuous process.  
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APPENDICES 

 

Appendix A: Graphs 

 

 
Graph A-1: Phenanthroline standard curve (Yong, n.d.). 

 

 
Graph A-2: Calibration curve of standard solution for ICP-OES. 
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Appendix B: Pictures 

 

 
Picture B-1: XRD analysis results strongest 3 peaks. 

 

 
Picture B-2: EDX results of raw Malaysian kaolin. 

 

 
Picture B-3: EDX results of Malaysian kaolin treated with B. cereus. 
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Picture B-4: EDX results of Malaysian kaolin treated with B. megaterium. 

 

 
Picture B-5: EDX results of Malaysian kaolin treated with B. aryabhattai. 

 

 
Picture B-6: EDX results of raw Chinese kaolin. 
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Picture B-7: EDX results of Chinese kaolin treated with B. cereus. 

 

 
Picture B-8: EDX results of Chinese kaolin treated with B. megaterium. 

 

 
Picture B-9: EDX results of Chinese kaolin treated with B. aryabhattai. 
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Picture B-10: Sub-culture of B. cereus, B. megaterium, B. aryabhattai. 

 

 
Picture B-11: Magnetic stirrer (Thermolyne Cimarec). 
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Picture B-12: Filter sterilization set up. 

 

 
Picture B-13: Bioleaching of kaolin incubated at 30 °C 250 rpm. 
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Picture B- 14: Incubator (INFORS HT Ecotron) to incubate Bacillus 

bacteria at 37 °C 250 rpm. 

 

 
Picture B-15: Filtration of bioleached samples. 

 

 
Picture B-16: Dried kaolin powder sample. 
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Picture B-17: Leftover residues from acid digestion. 

 

 
Picture B-18: ICP-OES spectrometer (Perkin Elmer Optima 7000). 

 

 
Picture B-19: Sample preparation for XRD. 



82 

 

 
Picture B-20: Shimadzu XRD machine (XRD6000). 

 

 
Picture B-21: Sample preparation for SEM-EDX. 
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Picture B-22: SEM-EDX (Hitachi, S-3400N). 

 

 
Picture B-23: UV-VIS spectrophotometer (Nanodrop 2000c).  
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Picture B-24: Cell density meter (Ultrospec 10).  

 

 
Picture B-25: Centrifuge (Eppendorf).  
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Picture B-26: Project plan of FYP 1. 

 

 
Picture B-27: Project plan of FYP 2. 
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