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Abstract 

Oral diseases have always been a challenge to contend with in the modern world, 

especially with the adoption of unhealthy lifestyles. These habits have contributed to 

the growth of S. mutans, P. gingivalis, and H. pylori, among other oral bacteria that 

encourage the development of dental caries, periodontal diseases, and cancer. To battle 

these diseases, conventional methods such as toothpastes and mouthwashes have been 

used and unconventional methods such as carbon compounds and nanoparticles have 

been developed. The complexation of cationic surfactants and smectite clays has been 

explored and an example of such an organoclay is the one made of cetylpyridinium 

chloride (CPC) and montmorillonite (Mt). In this study, the aforementioned organoclay 

was prepared and optimized with respect to CPC uptake by varying the contact time 

between 1 hour and 3 days, varying the CPC concentration between 5.11 × 10&'M and 

4.52 × 10&*M, and varying the temperature between 25°C and 55°C. The experiments 

showed that shaking the complex was a better approach to intercalation than using the 

magnetic stirring plate, and that a 24-hour contact period at a moderate concentration 

of 1.44 × 10&*M at 25°C provided the highest level of intercalation and relatively low 

levels of desorption. Additionally, UV radiation had no effect on the intercalation extent 

of CPC with montmorillonite. The prepared solids were then tested on saliva samples 

plated in nutrient agar. These experiments showed that the prepared complex retained 

its antibacterial behavior through a likely combination of adsorption and lysis.   

Search Terms: Cetylpyridinium chloride, quaternary ammonium compound, 

montmorillonite, organoclay, oral diseases, dental hygiene.   
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Chapter 1: Introduction 

1.1 Background and Research Objectives 

The presence of microorganisms in the environment is an inescapable reality, 

and humans inadvertently increase their risk of bacterial encounters through unhealthy 

diets and inefficient self-care practices. Bacteria can enter the human body through any 

of the existing external orifices, one of which is the oral cavity. Upon entering the oral 

cavity, microorganisms may travel further into the rest of the body, wreaking havoc 

and increasing the likelihood of serious health risks [1]. On the other hand, 

microorganisms may also remain within the oral cavity, which has a dynamic 

ecosystem and, as a result, is capable of housing millions of microorganisms, including 

bacteria and fungi [1]. While some of these microorganisms are relatively benign, 

others are potentially harmful and may cause a multitude of diseases. The Middle East 

has been experiencing a rise in oral diseases due to low levels of awareness regarding 

dental hygiene and self-care practices, high levels of sugar consumption, and increased 

levels of smoking and tobacco usage [2]. This has contributed to the development of 

common dental ailments in the region, including dental caries, periodontal diseases, 

oral precancerous lesions, and cancer [2]. In fact, a study was conducted on 5-year-old 

children in the UAE to determine the level of dental caries in primary teeth and it was 

concluded that 83% of the children experienced dental caries and 52% suffered from 

tooth decay [3].  

Most people resort to the traditional methods of toothpaste and mouthwash to 

fight oral bacteria, and in some cases, antibiotics are put to use. However, these methods 

have several shortcomings such as decreasing efficiency and negative side-effects and, 

as a result, new methods of combatting oral diseases have been looked into. These 

include the use of nanoparticles, graphene, and organoclays. These methods will be 

described with a focus on organoclays, specifically a complex created through the 

intercalation of cetylpyridinium chloride (CPC) with montmorillonite (Mt). The 

objective of this study was to optimize the complex by determining the ideal contact 

time, solution concentration, temperature, and UV exposure, as well as determine its 

antibacterial effects on oral bacteria. Additionally, the stability of the complex, which 

was only touched upon in previous studies, will be explored in depth. 
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1.2 Thesis Organization 

This thesis is divided into four chapters. The first chapter briefly touches upon 

oral diseases and common pathogenic oral bacteria, as well as the common methods of 

treating them. It also investigates novel methods of battling oral diseases, and 

specifically considers the organoclay prepared using cetylpyridinium chloride and 

montmorillonite. The second chapter explores the materials, instrumentation, and 

methodology adopted in the experimental procedure to optimize the organoclay 

complex and ensure its stability. The third chapter discusses the results obtained from 

the experimental work while the fourth chapter concludes the thesis by summarizing 

the results and suggesting several recommendations for future work.  

1.3 Literature Review 

1.3.1 Predominant oral bacteria and diseases. There are over 700 bacterial 

phylotypes present in the oral cavity and while some of them are subject specific, some 

are site specific [4]. Most bacterial families in the oral cavity are anaerobes or 

facultative anaerobes, allowing the bacterial strains to exist in the presence or absence 

of oxygen [4]. Bacteria known to cause dental diseases are not found in the normal 

bacterial flora of a healthy oral cavity. Bacteria can be grouped into Gram-positive or 

Gram-negative strains. The difference between them is the absence of a cell wall in 

Gram-positive bacteria which increases their sensitivity, making them easier to kill than 

Gram-negative bacteria [5]. Figure 1.1 illustrates the difference between Gram-positive 

and Gram-negative bacteria. 

 

Figure 1.1 Differences between Gram-positive and Gram-negative bacteria [6]. 
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Dental caries is the scientific term used to describe tooth decay, which happens 

when the enamel of the tooth undergoes decomposition and threatens to expose the 

sensitive dentin tissue [1]. The presence of excess sugars in the oral cavity provides a 

supply of nutrients to cariogenic bacteria, allowing them to carry out anaerobic 

respiration. This produces organic acids which provide an ideal environment for these 

bacteria. The conglomeration of the bacteria on tooth surfaces forms an acidic biofilm 

layer known as dental plaque [1]. The acidity of the biofilm eventually eats away at the 

enamel and results in dental caries, leading to weaker tooth structure and ultimately to 

tooth loss [1]. S.mutans is a Gram-positive cariogenic bacterium, meaning that it 

contributes to the development of dental caries [7]. It is unique in its highly adaptive 

nature where it can survive through extreme dietary changes and native conditions [7]. 

In fact, it can easily out-compete other types of bacteria, especially non-cariogenic 

bacteria, if the pH of the mouth becomes too acidic [7].  

Periodontal disease is a general term used to describe the inflammation of tooth 

supporting tissue, or the gingivae. It is mainly brought about by excessive smoking and 

tobacco usage, as well as the combined action of multiple bacteria, including P. 

gingivalis, that thrive in anaerobic and acidic conditions [8, 9]. Gingivitis and 

periodontitis are different forms of periodontal diseases [1]. While gingivitis only 

causes inflammation of the gingival tissue, periodontitis also causes the irreversible 

inflammation of the gums and associated alveolar bone. The dental plaque then 

accumulates between the tooth surface and the gums, hardens to form tartar, and sinks 

deeper into the tissue [10]. This causes the formation of periodontal pockets which 

provide an ideal environment for tartar buildup and the growth of associated 

microorganisms due to the lower oxygen and sugar levels [10]. In turn, periodontitis 

weakens the tooth structure and promotes teeth loss. Generally, P. gingivalis binds to 

the biofilm present on the tooth and causes the inflammation of stabilizing structures, 

including the cementum and gingivae [9]. This can lead to the weakening and eventual 

tooth loss from the oral cavity. P. gingivalis is a Gram-negative, anaerobic bacterium 

[9]. Additionally, it is an antiapoptotic bacterium and hence uses different chemical 

means to inhibit the apoptosis stage in the cell cycle [11]. This stops the process of 

programmed cell death put in place by the body to maintain cell populations and to 
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eliminate damaged cells [12]. Moreover, it can also accelerate cell division by limiting 

the amounts of p53 tumor suppressor proteins in the body [11].  

The promotion of carcinogenesis by oral bacteria is possible due to a simple 

metabolic reaction. Some bacterial strains have the ability to metabolize ethanol into 

acetaldehyde, a common carcinogen [13]. Acetaldehyde can induce DNA cross-linking 

and damage, which can lead to chromosomal abnormalities and mutations [13]. The 

consumption of alcohol increases the availability of ethanol for metabolism into 

acetaldehyde [13]. Moreover, since tobacco smoke contains small quantities of 

acetaldehyde, regular smoking may increase bacterial tolerance to acetaldehyde and 

speed up its metabolism [13]. These relationships are further described in Figure 1.2. 

 

Figure 1.2 Interrelationship of oral microflora, alcohol, and oral carcinogenesis [13]. 

The actual relationship between most oral bacteria and cancer is still unknown. 

Oral bacteria may promote carcinogenesis by encouraging inflammation and hindering 

apoptosis, but also potentially, precancerous tumors may promote the growth of oral 

bacteria by providing them with an ideal environment [11]. For instance, periodontitis 

has been shown to increase the risk of cancer in organs that fall along the 

gastrointestinal tract and some studies show that the level of P. gingivalis is related to 
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increased cancer mortality rates [11]. Helicobacter pylori, a Gram-negative bacterium 

which is not normally found in the healthy oral flora, is among the only types of bacteria 

recognized by the World Health Organization as a carcinogen and its presence in the 

oral cavity doubles the risk of gastric cancer [13]. The concentrations of certain 

pathogenic bacterial strains were found to be significantly higher in the saliva of oral 

squamous cell carcinoma (OSCC) patients compared to healthy patients [13]. P. 

gingivalis may also have a role in OSCC initiation in many patients [11]. Additionally, 

tumorous mucous membranes have a different bacterial composition compared to their 

non-tumorous counterparts, indicating the selective growth of certain types of bacteria 

[13].  

H. pylori s a microaerophile, and hence requires only 2-5% of oxygen, 5-10% 

of carbon dioxide, and high levels of humidity in its surrounding habitat [14]. The 

slightly acidic nature of the gastric lining provides ideal growth conditions for H. pylori 

despite its neutralophilic nature. Upon ingestion through the oral cavity, H. pylori 

produces urease which breaks urea down into ammonia and carbon dioxide, increasing 

the pH of the surrounding region and allowing the bacteria to survive in the acidic 

atmosphere [15]. Upon infection, the immune system produces antibodies that can often 

target body tissues instead of the invading H. pylori [15]. This reaction may ultimately 

lead to the development of an auto-antibody response in some patients, increasing the 

risk of organ degeneration [15].  

The presence of H. pylori in the digestive tract escalates the risk of developing 

certain diseases, including chronic and acute gastritis, peptic ulcer disease, and 

ultimately, gastric cancer [14]. In fact, approximately 60% of worldwide gastric 

carcinoma cases would disappear if H. pylori is eliminated [15]. However, the 

elimination of this bacterial strain is relatively difficult due to its ability to reside in an 

acidic and fairly viscous mucous membrane [14].  

1.3.2 Traditional methods of preventing and fighting oral diseases. Despite 

the overwhelming statistics, there are many methods through which oral diseases such 

as caries and periodontitis can be exterminated, if not entirely prevented. The common 

practice to prevent oral bacteria from surviving in the mouth is to resort to brushing the 

teeth, flossing, and using mouthwash [16].  
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Most toothpastes, mouthwashes, and sources of public drinking water contain 

traces of fluoride. The fluoride anion is known to prevent the development of dental 

caries as it protects the enamel from decomposing by enhancing its remineralization 

[16]. However, upon contacting dental caries, dental sealants may be adopted to prevent 

further development of the disease. The thin material may be made of plastic or glass, 

and it is often smeared on the surface of fully-grown molars and premolars [16]. In this 

way, the microorganisms are prevented from digging deeper into and eating away at 

the tooth structure [16].  

Other preventive measures are mainly limited to personal behavior and habits. 

For instance, the consumption of food rich in carbohydrates and sugars provides an 

ideal source of nutrition for oral bacteria [16]. In turn, the microorganisms thrive and 

produce acids which eat away at the tooth enamel and form dental plaque on teeth 

surfaces. Carbonated drinks have a similar effect due to their containment of sugars and 

carbonic acid [16]. Another example of personal behavior would be high levels of 

tobacco consumption which can lead to bad breath, tooth discoloration, an increased 

build-up of dental plaque, and periodontal diseases, in addition to increasing the risk of 

oral cancers [17]. Alcohol has an impact similar to that of tobacco and, when paired 

with it, can cause precancerous lesions and injuries to the oral tissue [16]. Hence, it is 

common practice to limit sugar consumption as well as tobacco and alcohol usage in 

order to sustain a healthy oral cavity. 

1.3.3 Antibiotics for oral diseases. As the oral flora consists of a huge number 

of bacteria, antibacterial agents and antibiotics are often used to battle microorganisms 

in case of progressive oral diseases. Initially, upon their introduction by Alexander 

Flemming and their subsequent optimization by a number of great scientists, antibiotics 

were very popular, and their usage strongly encouraged [1]. Antibiotics have been 

prescribed by professionals to directly treat oral diseases. Penicillin, aminopenicillin, 

tetracycline, and erythromycin are the most commonly prescribed antibiotics for oral 

diseases as they are capable of annihilating most of the bacteria in the oral flora [18]. 

Nevertheless, there is a number of antibacterial agents which target specific locations 

and diseases in the oral cavity. For example, professionals prescribe penicillin to battle 

S. mutans and dental caries, clindamycin in the presence of dental abscesses or 
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inflammations, and chlorhexidine, clindamycin, or tetracycline to counter the buildup 

of plaque in the case of periodontal infections [18].  

Oral and specifically gingival related diseases are also linked to cardiac 

disorders such as endocarditis. Upon gum infection, the bacterial count in the mouth 

rises, increasing the risk of cardiac infection through the oral cavity [19]. Gingival 

related diseases may be treated using a variety of methods including scaling to remove 

dental plaque and accumulated tartar, gum grafting, and surgery [20]. However, these 

treatment methods induce the presence of bacteria in the blood stream and may thus 

provide a passage for the bacteria to the heart [19]. For this reason, it is often advised 

to use antibiotics during these procedures in an effort to eliminate the risk of cardiac 

infection while simultaneously protecting the oral cavity.  

Antibiotics do not necessarily have the same elimination mechanism, and their 

activities usually vary between interrupting the cell wall and disrupting nucleic acids 

or protein synthesis [21]. All bacteria, whether Gram-positive or Gram-negative, have 

a peptidoglycan layer of varying thickness [22]. This layer consists of sugar polymers 

and peptide chains, and its firm structure is a result of the penicillin binding proteins 

(PBP), which promote the cross-linking of the peptide chains through glycine residues 

at the D-alanyl-alanine end [21]. Penicillin is one of the antibiotics that target the cell 

wall and it is categorized as a b-lactam antibiotic due to the presence of a b-lactam ring. 

The b-lactam in penicillin mirrors the structure of D-alanyl-alanine and attaches itself 

to the PBP, restricting it from promoting cross-linking in the peptidoglycan layer and 

thus encouraging cell lysis [21]. Protein synthesis is another important process that 

occurs inside a cell in order to produce amino acids and proteins required for the cell’s 

growth and functioning. Messenger RNA (m-RNA) is formed inside the nucleus by 

transcription and is transported to the cytoplasm where it attaches to the ribosomes for 

translation to take place [21]. The bacterial ribosome (70S) is a structure consisting of 

RNA and proteins and is divided into two main subunits: 30S and 50S. Some 

antibiotics, such as tetracycline, target the 30S subunit and prevent the binding of the 

transfer RNA (t-RNA) to the A site of the ribosome [21]. Other antibiotics, such as 

clindamycin, target the 50S subunit and overlap with the binding sites, preventing 

protein synthesis from taking place [21].  
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And yet, antibiotics have not lasted for long as an effective tool against oral 

bacteria. Due to the overuse and misguided prescription of many antibacterial agents, 

many bacteria have become resistant to Penicillin and similar antibiotics [19]. In fact, 

S. mutans, P. gingivalis, and some species of Prevotella, Actinomyces, and other 

families of bacteria that inhabit the oral cavity have developed antibiotic resistance 

against these common medicines [19]. This can occur in a multitude of ways. For 

example, some bacteria have started producing b-lactamase, an enzyme which breaks 

down the b-lactam ring in antibiotics such as penicillin and amoxicillin [23]. Other 

bacterial strains have adapted by producing proteins that protect their ribosomal 

structure against antibiotics such as tetracycline [23]. Hence, antibiotics can be 

relatively useless if used in an improper fashion and are thus no longer considered as 

efficient oral care practice. Due to this reason, other synthetic options have been 

explored.     

1.3.4 Novel antibacterial treatments. The drawbacks of antibiotics could not 

be ignored, and researchers have turned towards synthetic materials and their 

antibacterial properties. The most common areas of study are those pertaining to 

nanoparticles, carbon compounds, and micelle complexes.  

Inorganic and organic nanoparticles. Nanomaterials are small-sized particles 

with dimensions that exist on the nanoscale and it has been deduced that their organic 

and inorganic counterparts have antibacterial properties. As opposed to antibiotics, 

nanoparticles are not required to enter bacterial cells to disrupt their functions, 

preferring to bind to the cell wall and act upon it directly [24]. In doing so, nanoparticles 

disturb the potential of the bacterial cell membrane, leading to polarization of the 

membrane and a reduction in its integrity which can ultimately lead to cell lysis [24]. 

Additionally, nanoparticles can also catalyze the release of reactive oxygen species 

(ROS), which are normally produced during metabolism. However, these species are 

detrimental to the cell in large quantities and are capable of destroying DNA, deterring 

protein functions, and leading to the production of more ROS [24]. 

Inorganic nanoparticles include metal and metal oxide nanomaterial structures. 

The most common inorganic nanoparticles with antibacterial properties are silver, gold, 

titanium oxide, zinc oxide, iron oxide, magnesium oxide, copper oxide, aluminum 
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oxide, and nitric oxide [24]. Of the mentioned nanoparticles, the ones most often 

employed to fight oral bacteria are titanium and its oxide as their mechanical properties 

make them suitable for dental implants. Titanium oxides are generally effective against 

most Gram-positive and Gram-negative bacteria, making them powerful antibacterial 

agents [24]. They have a photocatalytic activity, implying that their antibacterial 

properties are activated upon exposure to light, and their combination with other 

nanomaterials makes them more potent [24]. In some cases, titanium oxide even 

promoted oral cell activity and growth, especially the osteoblastic cells which produce 

bone substance [24]. However, the biocompatibility and toxicity of titanium and 

titanium oxide is variable and dependent on the vertically aligned nanoporous surfaces 

[24]. In fact, most metal oxide nanoparticles have been found to be toxic to living cells, 

often causing genetic mutations and posing carcinogenic threats [24].  

Organic nanoparticles, on the other hand, are relatively less stable than their 

inorganic counterparts, especially at harsh environmental conditions [24]. Quaternary 

ammonium compounds, including polyethyleneimine, are organic nanoparticles that 

are often used in the treatment of oral diseases [24]. The positively charged 

nanoparticles act by attaching to the negatively charged bacterial cell membrane and 

bringing about an electrostatic interaction. The hydrophobic end of the compound 

invades the hydrophobic cell membrane and breaks its structure down [24]. While 

shorter chains (12-14) are more effective against Gram-positive bacteria, the longer 

chains (14-16) are more effective against Gram-negative strains [24]. 

Polyethyleneimine is a non-biodegradable, synthetic ammonium compound that has 

strong antibacterial properties, killing bacterial cells by rupturing their cell membrane 

[24]. However, based on toxicity tests, it was concluded that organic nanoparticles are 

also toxic to living cells, despite the fact that the extent of their toxicity varies based on 

the compound’s shape and size [24].  

Carbon compounds. Another synthetic antibacterial agent is graphene, which 

provides the basis for various carbon allotropes [25]. Graphene consists of closely 

packed layers, and each layer has a two-dimensional hexagonal lattice structure, 

otherwise known as a benzene ring [25]. The carbon atoms forming the hexagonal 

lattice have a sp2 hybridization, implying that each carbon atom has one free electron 

and the overall structure is thus a good conductor of electricity [25]. Graphene oxide 



 20  

(GO) is a derivative of graphene, formed by graphite oxidation and its treatment using 

specific solvents [26]. The oxygen can be present in multiple functional groups, mainly 

as hydroxyl and epoxy groups, and it can bring about deformities to the thin graphene 

layer [26]. For instance, the oxygen-containing group reduces the electrical 

conductivity of graphene but introduces a polar element to the structure, giving it new 

hydrophilic properties that increase its solubility in polar solvents [26]. Additionally, 

the existence of the new functional groups provide regions where chemical 

modification may be carried out on the graphene oxide, allowing the oxide’s physical 

and chemical properties to undergo alteration [26]. Another form of graphene is 

reduced graphene oxide (rGO), a product that results from the reduction of graphene 

oxide through thermal or chemical means. Reduced graphene oxide often has more sp2 

hybridization and holds greater resemblance to graphene than GO [26]. The chemical 

structure of all three forms is shown in Figure 1.3.    

 

Figure 1.3 a) Graphene b) Graphene oxide c) Reduced graphene oxide [27]. 

Graphene, graphene oxide, and reduced graphene oxide have all been used in 

medical applications as antibacterial agents and have been deemed effective against 

bacterial strains such as E. coli, S. aureus, and B. subtilis [28]. However, the main focus 

regarding antibacterial efficiency is graphene oxide which is often in the form of thin 

nanosheets. It has been proven to have antibacterial action against S. mutans and P. 

gingivalis, implying that it might be effective against other dental pathogens [28]. The 

GO nanosheets act by destroying the bacteria’s cell wall and cell membrane, allowing 

the cytoplasm and other intracellular structures to leak out of the cell [28]. In this 

manner, GO is capable of inhibiting biofilm growth in the oral cavity as it overcomes 

the problem of antibiotic resistance and resorts to physical means of cell destruction 

[28].  
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It has also been discovered that, while graphene oxide nanosheets have a more 

prominent effect on Gram-negative bacteria, graphene structures have a higher 

antibacterial effect with regards to Gram-positive bacteria [28]. Nevertheless, GO 

displays toxicity towards human fibroblast cells at concentrations below 20 µg/mL and 

toxicity towards human cells in general at concentrations above 50 µg/mL [29]. This 

implies that a balance must be considered when using GO to insure minimal biological 

drawbacks while maintaining high antibacterial action [29].     

Micelle-clay complexes. Clays have always been a subject of great interest due 

to their dynamic physical and chemical properties. Their various characteristics allow 

them to be used in a multitude of applications [30]. Not only are they used in the 

pharmaceuticals and cosmetics industries, but they have also proved to be very valuable 

in the medical, food, and biotechnology industries among many others [30]. The key 

characteristics that determine the usage of clay are its surface properties, such as cation 

exchange capacity (CEC) and adsorption, and its rheological properties, such as 

plasticity [30].  

Kaolin and smectite represent two of the most common clay groups, and both 

of them have their own set of defining features. The kaolin group is usually 

characterized by a low CEC and small specific surface area; hence kaolin clays do not 

have a high adsorption capacity. In other words, when in contact with water or any 

polar solvent, kaolin clays do not swell [30]. On the other hand, smectite clays such as 

montmorillonite (Mt) have a tendency to swell in polar solvents, displaying 

pseudoplastic behavior [30]. Additionally, they have a considerably high CEC, a much 

larger surface area, and are nontoxic [30, 31]. 

In most cases, clays cannot be used in their natural form and must be processed 

prior to their incorporation in different applications [30]. Chemical processing of clays 

is one method of highlighting a specific property, as in the case of homoionic clays, or 

changing a clay’s overall behavior, as in the case of organoclays [30]. There are many 

ways through which clays can be chemically modified such as ion exchange, acid 

reactions, and polymerization [31]. Ion exchange is the most common method used to 

prepare organoclays [31]. Inorganic cations are exchanged with naturally occurring 

clays to improve upon their physical and chemical properties and the inorganic ions are 
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then exchanged with organic cations to form organoclays [31]. The strong bond from 

the intercalation of smectite clays with organic compounds results in a relatively stable 

complex and the longer the carbon chain, the more stable the complex [5]. On the other 

hand, bulky cations in the carbon chain create empty spaces which increase the 

organoclay’s adsorption capacity [5]. Some organic compounds include quaternary 

alkylammonium salts and biomolecules [31].  

Quaternary alkylammonium salts are the most widely used compounds because 

of their stable nature and the fact that they do not undergo hydrolysis [5, 31]. 

Hexadecyltrimethylammonium chloride (HDTMA), trimethylphenylammonium 

bromide (TMPA), and cetyltrimethylammonium bromide (CTAB) are all organic 

quaternary ammonium cations (QACs) that have been intercalated with naturally 

occurring clays in order to modify their physical and chemical properties [32, 40]. 

These compounds have also been put to use in the medical industry due to their 

antibacterial activity [5].  

Experimental studies performed by Bujdáková et al. (2018) have revealed that 

QACs with longer carbon chains have a higher antibacterial efficiency due to their 

lipophilicity [5]. Additionally, QACs have very low toxicity levels, as opposed to 

inorganic cations, such as heavy metals, which may accumulate in human organs and 

pose toxicity risks [33]. Permanently charged QACs are also classified as surfactants, 

and their critical micelle concentration (CMC) is a significant property as it indicates 

the limiting concentration below which the micelles are incapable of aggregating [34].  

Organoclays are in high demand in many industries. For instance, organoclays 

are used to create polymer nanocomposites, adsorb organic compounds and heavy 

metal pollutants, control rheology, and are also incorporated into personal care products 

and cosmetics [31]. They are also used in medicinal applications as they have the 

capability to adsorb drugs such as antibiotics and disinfectants [5]. This is further 

reinforced by the affinity of the complex to biopolymers which improves the ability of 

the positively charged cations on the organoclay to attract the negatively charged 

bacteria and consequently kill them [5]. In fact, Bujdáková et al. (2018) concluded that 

organoclays are capable of altering the biological properties of bacteria by changing the 

shape of the cell [5].   
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Organoclays have better adsorption properties than naturally-occurring clays, 

and the large surface areas improve the antibacterial efficiency of antibacterial agents 

[5, 35]. Their tendency to swell in polar solvents also improves their absorption 

capacity, especially when the organoclays are created using long-chain QACs [5]. 

Furthermore, once the antibacterial agent is immobilized inside the clay structure, it 

becomes less of an irritant [36]. Bujdáková et al. [5] report that the long-chain QAC 

1,12-dodecanedioic acid (DDA) has a very high biological activity and intercalating it 

with clay did not have a severe effect on its antibacterial efficiency. However, this effect 

may vary based on the type of quaternary ammonium compound used, as some 

organoclays prepared with short-chain or bulky QACs displayed a much lower 

antibacterial efficiency than the QACs alone in solution [5].  

HDTMA-Mt and TMPA-Mt have both been tested against bacteria and have 

proven to be effective against pests, but TMPA-Mt has not been tested on humans or 

against oral bacteria [32]. The addition of CTA+ forms a monomolecular or a 

bimolecular structure, depending on its concentration [37]. The properties of CTA+-

MT are similar to those of CP+-Mt which will be discussed in the following section 

[37]. Octadecyltrimethylammonium (ODTMA) chloride is another organic cation that 

has been intercalated with clay to form an organoclay [38]. The surfactants alone were 

capable of killing the bacterial strains P. putida, S. aureus, and E. coli by reducing the 

media’s pH levels, whereas the organoclay also displayed antifungal properties and was 

more user friendly [38].  

Lobato-Aguilar et al. [33] performed a similar study using the organic cation 

chlorhexidine diacetate and concluded that the organoclay kills bacteria by slowly 

releasing the antibacterial agent into the microbial medium. However, not many details 

were reported regarding the stability of the complex, meaning that unbound organic 

cations may be the ones that were performing bacterial elimination during the biological 

testing procedure. Additionally, Banik et al. [39] intercalated cetylpyridinium chloride 

(CPC) with bentonite clay and concluded that this process has modified the hydrophilic 

clay surface into one with organophilic properties. Moreover, they reported that 

increasing the initial concentration of surfactant used to create the organoclay resulted 

in higher levels of intercalation [39]. 
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1.3.5 CP+-Mt antibacterial complex. The following section will delve deeper 

into the properties of montmorillonite clay, cetylpyridinium chloride, and the complex 

resulting from their intercalation.  

Cetylpyridinium chloride. Cetylpyridinium chloride, commercially known as 

CPC, is an amphipathic molecule, containing both a hydrophilic, polar region (head) 

and a hydrophobic, nonpolar region (tail) [40]. The hydrophilic portion of the structure 

consists of an aromatic benzene ring containing a quaternary ammonium cation, or a 

nitrogen atom that forms four bonds, while the hydrophobic portion is simply a long 

carbon chain [40]. CPC is often in the form of a dry, white powder with a melting point 

of approximately 80°C [41]. The compound’s polar and nonpolar regions imply that it 

is soluble in water—but not other polar solvents such as acetone—and nonpolar 

solvents [41].  

QACs are not only active against bacteria, but may also help eliminate viruses, 

fungi, and yeasts [42]. Additionally, CPC is a surfactant with a positively charged 

surface that has the ability to reduce the surface tension between different or similar 

entities [40]. Like all surfactants, CPC has a critical micelle concentration above which 

micelles start to form and below which micelles are incapable of forming [34]. Micelles 

are conglomerations of surfactant molecules, and their formation is vital to cleaning 

processes. The hydrophobic CPC tails gather around nonpolar entities and completely 

surround them, ensuring that the hydrophilic CPC heads are pointed towards the 

solvent, forming a micelle [34]. The micelle is soluble in water and carries the nonpolar 

entities away. The critical micelle concentration of CPC is 1.2 × 10&+𝑀 [43]. Figure 

1.4 displays the chemical structure of CPC. 

 

Figure 1.4 Chemical structure of cetylpyridinium chloride [40]. 

Cetylpyridinium chloride has been used regularly as an antibacterial agent and 

is commonly used in dental applications. As mentioned previously, CPC is a cationic 
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compound and, since bacterial cell walls are negatively charged, the positively charged 

CPC attracts the negatively charged bacteria and acts upon it [44]. Similar to graphene 

oxide, CPC breaks through the bacteria’s cellular mucous membrane and ruptures it, 

causing intracellular structures to leak out along with the cytoplasm [45]. This initially 

leads to interruptions in the cell’s regular metabolic behavior and eventually causes its 

destruction [45]. In this way, CPC is capable of preventing the formation of dental 

plaque and resolving cases of gingivitis [44].  

CPC has been added as the active ingredient in some toothpastes and 

mouthwashes in an attempt to increase their antibacterial effect [44]. Some mouthwash 

brands have been traditionally employing essential oils, which interfere with bacterial 

reproduction and the activity of energy-producing enzymes such as ATPase, amylase, 

and protease [45, 46]. Essential oils act on Gram-positive bacteria by inhibiting their 

accumulation and on Gram-negative species by releasing their endotoxins, the 

chemicals which bring about the symptoms that characterize a disease [45]. Both 

essential oils and CPC have been found to have similar gingival indices of 0.53 and 

0.52 respectively, indicating a normal and healthy gingiva [45]. Additionally, they both 

resulted in a steady decrease of bleeding sites in the mouth, although CPC decreased 

the bleeding sites down to 8.7% while essential oils decreased them down to 9.3% [45]. 

Adding CPC to essential oils had no substantial benefit and the difference between both 

agents was not statistically significant [45]. Furthermore, it has been discovered that 

the addition of alcohol to CPC does not inhibit or encourage its antibacterial activity, 

allowing it to still prevent the action of most oral bacteria [44]. 

The stability of CPC is also a subject of great importance. CPC displays high 

levels of thermal stability at regular storage conditions [47]. However, when the 

temperature exceeds 130°C, it may undergo thermal degradation to form hexadecane 

and cetylchloride [47]. Additionally, the compound exhibits negligible dissociation 

over a long storage period (i.e. five years) [47]. Similarly, aqueous CPC solutions that 

were refrigerated or maintained at room temperature remained stable when tested ten 

days after their creation [47].   

CPC has been classified by the US FDA as a Class 1 drug, implying that it poses 

no serious health risks but must be subjected to dosage control [44]. Its presence at low 
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concentrations of 0.07% in over-the-counter oral care products has been met with 

favorable reviews [48]. However, prescription rinses have been often reported to cause 

oral staining and slight taste alteration [48]. Furthermore, the bacteria which QACs are 

active against may potentially develop resistance, creating an impending problem in the 

industries that depend on the use of QACs as antibacterial agents [42].  

Montmorillonite. Montmorillonite is classified as a dioctahedral smectite, or 

phyllosilicate, clay with small-sized crystals [35]. It has a 2:1 tetrahedral to octahedral 

ratio, meaning that it is composed of one octahedral sheet inserted between two 

tetrahedral sheets [49]. The lattice structure has an overall negative charge brought 

about by the substitution of the existing Al3+ by Mg2+, and this is balanced out by the 

addition of exchangeable cations between the different layers of the clay [35, 49]. The 

layers are mainly composed of positively charged ions fixed within a lattice of 

negatively charged oxygen ions [35].  

The existence of exchangeable cations within the structure allows it to have a 

high cation exchange capacity (CEC), also defined as a high capacity for cation 

adsorption [49]. Literature sources present multiple CEC values for montmorillonite 

clay, which were seen to reach up to approximately 121cmol kg-1, depending on the 

clay variation [49]. This value implies that 121cmol of the quaternary ammonium 

cation CPC can be exchanged onto 1kg of montmorillonite clay. In light of its high 

CEC, montmorillonite is incapable of adsorbing anions as efficiently as it can adsorb 

cations [49]. In addition to that, montmorillonite has a large surface area which allows 

it to react in a more effective manner [35].   

Montmorillonite is known as a polymer clay nanocomposite, or a nanoclay, 

which consists of “nanoparticles of layered mineral silicates” [42, 50]. Moreover, 

montmorillonite is highly hydrophilic due to the region between the structure’s layers 

having an uncharacteristic amount of water, giving it unique hydration properties [35, 

42]. However, this property deems the clay unsuitable for the preparation of 

nanocomposites with commercial polymers and thus, the clay’s surface must be 

modified to improve its properties [42]. Organic modification through the addition of 

variously charged surfactants results in the formation of organoclays [49]. The structure 

of montmorillonite clay is displayed in Figure 1.5. 
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Figure 1.5 The structure of montmorillonite clay [51]. 

The use of clays in antibacterial applications is not a particularly novel concept, 

and montmorillonite happens to be the most commonly used clay in this particular field 

[33]. Montmorillonite itself is not particularly effective as an antibacterial agent. This 

is mainly due to the fact that the surface of montmorillonite is negatively charged, and 

this causes it to repel the negatively charged functional groups, such as carboxylates, 

present in bacterial structures [42]. However, montmorillonite is capable of adsorbing 

Gram-negative bacteria onto its surface due to the presence of fimibrae on their cell 

walls, in addition to adsorbing Gram-positive bacteria but to a lesser extent [32]. The 

adsorbing nature of montmorillonite has encouraged the introduction of antibacterial 

agents such as QACs, which are adsorbed onto the clay’s surface [32].  

When it comes to cationic surfactants, the process of adsorption occurs 

irreversibly by ion exchange, as the positive ions are attracted to the negative surface, 

and afterwards continues reversibly through hydrophobic interactions between both 

entities [36]. This forms clay-mineral based materials that are capable of maintaining 

their antibacterial effects for extended periods of time [32]. Furthermore, the 

immobilization of the antibacterial agents within a fixed structure alters its chemical 

properties and reduces its potential to be an irritating material [36]. Moreover, it has 

been concluded that the addition of inorganic cations is significantly less beneficial than 

the adsorption of organic cations onto the clay [36]. The presence of organic cations 

within the clay increase the complex’s affinity to other organic frameworks, i.e. its 
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organophilicity [36]. In turn, they have a long-lasting effect against natural and 

synthetic pollutants [36]. 

Intercalating CPC and Mt. The intercalation of CPC with montmorillonite clay 

has been performed previously in an attempt to study the combination’s unique 

properties. Meleshyn and Bunnenberg [37] created a simulation in order to model the 

behavior of CPC and montmorillonite upon their intercalation. Figure 1.6 displays the 

different complex structures.  

 

Figure 1.6 a) Monomolecular b) bimolecular and c) pseudotrimolecular arrangements 
of interlayer CP+ ions in montmorillonite [37]. 

When CPC was added to montmorillonite, the CPC formed a monomolecular 

layer [37]. Upon increasing the CPC concentration to 58% of the CEC, the 

monomolecular structure become bimolecular, and when it increased to 92% of the 

CEC, the bimolecular structure transformed to a pseudotrimolecular structure [37]. This 

occurred because as CPC concentration increased, the distance between the CP+ ions 

decreased causing the ions to rotate and bend in order to adjust their chemical 

conformation [37]. In fact, some of the structural elements and functional groups may 

have stuck out of the layer, increasing its thickness [37]. Eventually, as the first layer 

reached completion and the interlayer space increased, another layer started forming 

[37]. As mentioned earlier, adsorption occurs primarily through ion exchange and 

proceeds through hydrophobic interactions [36]. The CP+ ions that were adsorbed 
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through the latter manner could easily be desorbed by the addition of water, allowing 

free CPC to float in the water [36].  

The modified complex had several improved properties compared to the 

individual species.  For instance, the complex had an increased water mobility and 

fewer hydrogen bonds, in addition to higher thermal stability, with the monomolecular 

structure having the highest thermal stability among the three structures [37]. At the 

same time, a higher concentration of CPC within the complex was shown to introduce 

more order into the structure as the CP+ cations became more organized [36]. When the 

CPC took on a pseudo-trimolecular structure, it promoted the adsorption of inorganic 

ions onto its surface [37]. Additionally, the complexation of CPC with clay was shown 

to reduce the irritant characteristics possessed by CPC alone [36]. Matsuo et al. [52] 

created an organoclay using CPC and montmorillonite coupled with an adhesive, and 

their results indicated that the complex retained its antibacterial effects, carried forward 

from the use of CPC alone. The complex containing a higher weight percentage of CPC 

had better antibacterial abilities [52]. Additionally, similar to Lobato-Aguilar et al. [33], 

it was concluded that the complex killed bacteria through the release of CPC into 

solution but, once again, the complex was not washed of free CPC thoroughly enough 

to ensure its stability [52].  

Nevertheless, the complexation procedure had a few setbacks. For instance, the 

complex showed reduced antibacterial action in terms of concentration when compared 

to the free CPC surfactant [32]. This was confirmed through minimum inhibition 

concentrations (MIC) required to inhibit the action of E. coli, where the MIC of free 

CP+ ions was 1.85mgL-1 while that of the complex was 4.30mgL-1 [32]. Nevertheless, 

the fact that the complexation of CPC with the clay makes the surfactant less irritating 

implies that it is relatively suitable for in vivo applications. However, the antibacterial 

mechanism of the organoclay is not definite. According to some of the previous studies, 

the complex slowly releases CPC into the environment and results in lysis of bacterial 

cell membrane. At the same time, Özdemir et al. [36] discussed the ability of the 

complex to adsorb bacteria onto its surface where CPC can carry out lysis.   

There are many considerations that must be taken into account when creating 

the organoclay. Özdemir et al. [36] analyzed the effect of varying the initial 
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concentration of CPC solution corresponding to different CEC values used to prepare 

the CP+-Mt complex. This was done by adding Na-montmorillonite clay to a CPC 

solution and shaking it for 24 hours. Özdemir et al. [36] also conducted a desorption 

study to test the stability of the complex at different pH values. The procedure used to 

wash the complex free of CPC was not clarified and it was thus undetermined whether 

or not there were unbound CPC particles on the clay’s surface [36]. Additionally, the 

complex was dried at 60°C but the effect of temperature on the structure and stability 

of the complex was not discussed [36]. Alternatively, Matsuo et al.  [52] prepared the 

organoclay by dispersing Na-montmorillonite in water, adding a mass of CPC 

corresponding to 4 times the CEC, and shaking the mixture for 24 hours. The resulting 

complex was washed and dried in the same manner described previously. This study 

focused on the antibacterial effect of the complex, which was found to successfully 

eliminate the bacterial strain S. mutans [52]. Other organoclays were prepared in a 

different manner. For instance, Lobato-Aguilar et al. [33] created an organoclay by 

preparing a Na-montmorillonite suspension using an ultrasonic bath and adding an 

antibiotic solution to it. The mixture was stirred using a magnetic stirrer for 3 hours at 

70°C and the concentration of the antibiotic was varied based on different CEC values 

[33]. The organoclay was washed to an unknown extent and dried at 80°C in a vacuum 

oven [33]. Banik et al. [39] used a similar procedure where they created a separate 

bentonite suspension and CPC solution before mixing them together by stirring for 4 

hours at 80°C. The complex was washed thrice with distilled water and once with 

ethanol before being dried in an over at 80°C [39]. In this study, the effect of CPC 

concentration as a variant of bentonite CEC was investigated [39]. In all the 

aforementioned experiments, the resulting complexes were characterized using either 

one or a combination of the following tests: scanning electron microscopy (SEM), 

Fourier transform infrared radiation (FTIR), X-ray diffraction (XRD), 

thermogravimetric analysis (TGA), and energy dispersive X-ray (EDS). However, none 

of these studies explored the stability of the complex on a deeper level. 

The present study focuses on optimizing the complex by taking into account 

some of the parameters used previously and introducing a number of new variables. 

The contact time between montmorillonite and CPC will certainly account for the 

extent of intercalation, as will the method through which the two different chemicals 
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interact with each other. For instance, allowing intercalation to take place in the 

presence of a magnetic stirrer as opposed to inside an industrial temperature-controlled 

shaker will result in products with different characteristics. This is mainly due to the 

fact that incorporating a magnetic stirrer into the mix would result in mechanical 

abrasions which may or may not negatively affect the adsorption of CP+ ions onto the 

montmorillonite. However, when a shaker is used instead of mechanical stirring, no 

external factors affect the intercalation process. In addition to that, the concentration of 

CPC in the solution had an effect on the process according to Meleshyn & Bunnenberg, 

where increasing the CPC concentration to different levels with regard to the CEC of 

montmorillonite impacts the number of moles intercalated into the clay [37]. This 

structural testing has only been carried out using molecular dynamics and simulations 

[37].  However, the physical experiment has been carried out by Özdemir et al., where 

CPC concentrations corresponding to different CEC values were created and their 

impact on complexation was tested [36].  

Any external factors such as temperature may also contribute to intercalation 

levels and even to the stability of the complex. Furthermore, the effect of ultraviolet 

radiation must be explored further.  UV radiation is sometimes used in an attempt to 

increase the stability of a resulting solid. According to literature, UV radiation can be 

used to induce crosslinking through the formation of covalent intermolecular bonds 

[53]. UV light has been used to enhance the bonding between molecules, namely 

polymers such as gelatin and collagen, and promote their stability [53]. Some studies 

claim that QAC polymers are significantly more active than their monomer 

counterparts with regards to antibacterial action [54].  

The polymerization of quaternary ammonium compounds can occur through a 

number of techniques, one of which is the use of UV radiation [55]. UV light causes 

the formation of a free radical which, in turn, collides with monomers and forms more 

free radicals. When two free radicals combine, the reaction is terminated, and a polymer 

is formed. Figure 1.7 describes the steps through which UV radiation can induce 

polymerization. A natural conclusion would be that exposing the complex to UV 

radiation would improve its stability and antibacterial properties. The effect of UV 

radiation can be determined in a multitude of ways. One method would be to place the 

CPC and clay mixture in an enclosure exposed to UV radiation while the complex is 
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forming. The other method would be to place the CPC solution under UV radiation and 

then allow the modified solution to interact with the clay particles. The former method 

will be the one explored further in this study.  

 

Figure 1.7 UV-initiated free radical polymerization [56]. 

 The procedure used to wash and dry the complex will also by refined during 

this study. The organoclay must be washed very thoroughly to ensure that any 

antibacterial action observed is contributed specifically to the complex and not to any 

free CPC particles. Additionally, since the effect of temperature on the organoclay is 

not yet known, the complex will not be dried using an oven. Instead, different drying 

procedures will be explored.     
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Chapter 2: Materials and Methods 

2.1 Materials 

 The materials used in the experiments were provided by Sigma-Aldrich. The 

clay used in the trials was Montmorillonite K 10 with a surface area of 220-271 m2/g 

(CAS: 1318-93-0). The surfactant, provided by the same company, was 

cetylpyridinium chloride monohydrate C21H38ClN•H2O, with a molecular weight of 

358 g/mol (CAS: 6004-24-6). Nutrient Agar for microbiology was also provided by 

Sigma-Aldrich for the experiments related to microbiology. Distilled water was also 

used throughout the experiments. 

2.2 Instrumentations 

 Water Still Aquatron A4000D (UK) was used to obtain distilled water. 0.45µm 

Chrom Tech syringe filters (Membrane Solutions, USA were used to filter the complex. 

PC 420D Digital Hotplate Stirrer (Corning, USA) was used to stir the samples with a 

magnetic stirrer. Multi-stack refrigerated shaking incubator (Daihan Scientific, South 

Korea) was used to shake the samples. An EL Series handheld UV lamp with a 

wavelength of 302nm (230V, 0.12A) (VWR Scientific Inc, USA) was used to provide 

UV radiation. 55 mm ash-less Whatman filter paper (Schleider & Schuell, Germany) 

were used with a Buchner funnel to dry the complex. A Z 206A centrifuge (Hermle 

Labortechnik GmbH, Germany) was used to wash the different samples. The Cary 50 

UV-Vis (Agilent Technologies, USA), which has a wavelength range between 190nm 

to 1100nm), is used to measure the absorbance of the samples and thus the CPC 

concentration. The Spectrum One FTIR Spectrophotometer (Perkin Elmer, USA) is 

used to characterize the final complex. A Thermolyne Type I42300 incubator 

(Barnstead Thermolyne Corporation, USA) is used to incubate the bacteria.  

2.2.1 FTIR spectrophotometer. To test the bonds within the dried complex, 

the Perkin Elmer Spectrum One FTIR Spectrophotometer was used. A small fraction 

of the dry solid was added to potassium bromide in a ratio of 1 to 50 (i.e. 0.01g of solid 

and 0.5g of KBr) and the solid mixture was mixed thoroughly. Using a pellet press die, 

the resulting powder was pressed into a thin disk which was placed in the machine and 

the FTIR spectrum of the complex was obtained. The solids resulting from using 

different contact times were compared to each other, as well as to the spectra of both 
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CPC and montmorillonite to determine whether a complex has been formed or not and 

to study the extent of complexation. The crests and troughs signify bonds and the 

disappearance and appearance of peaks in the spectra implies the breaking of old bonds 

and the formation of new ones.  

2.2.2 UV spectrophotometer. To determine the level of free unbound CPC in 

solution, a device manufactured by Agilent Technologies, namely Cary 50 UV-Vis, 

was used. This machine works by emitting a beam of ultraviolet light (with a 

wavelength ranging between 190 to 1100nm) through the liquid sample and measuring 

the amount of light absorbed by it [57]. A calibration curve was constructed to develop 

a relationship between the concentration of CPC in solution and the measured 

absorbance. Note that due to the high concentration of CPC in most of the samples, 

dilution of the samples must take place. The samples were diluted based on their 

predicted concentration, but a dilution factor of 40 was used for most of the trials. To 

achieve this dilution level, 1mL of the sample was mixed with 9mL of distilled water 

in a glass bottle, after which 1mL of the diluted sample was added to 3mL of distilled 

water in another glass bottle. When other dilution factors were used, the volumes of the 

CPC solutions and distilled water were adjusted accordingly.  

The absorbance of the collected samples was measured and compared to the 

absorbance of the CPC solution before the clay was added. Using the measured 

absorbance and the concentrations, a calibration curve was obtained and an equation 

relating the aforementioned values was developed. The CPC concentration of the 

samples was calculated from the resulting linear equation and the number of moles in 

the solution was determined using equation (2.1). In this case, n represents the number 

of moles present in solution, C represents the concentration of CPC in solution, and V 

represents the volume of the solution in liters. 

𝑛 = 𝐶 × 𝑉	 (2.1) 

Comparing the number of moles present in the initial CPC solution with the 

number of moles left in the filtered solution after complex formation gave an accurate 

estimate of the number of CPC moles intercalated into the montmorillonite. The 

calculations required for this procedure are present in Appendix A. The concentration 
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of CPC in both solutions was measured spectrophotometrically as described above. 

Accordingly, the number of moles present in solution before and after intercalation was 

calculated and was thus able to provide information regarding the effect of different 

parameters on CPC uptake by montmorillonite the stability of the resulting complex. In 

most cases, the number of CPC moles adsorbed per gram of clay (Q) was calculated to 

account for concentration changes. This was done by using equations (2.2) and (2.3). 

𝑄	 5
𝑚𝑚𝑜𝑙
𝑔 : =

𝑛;<;	=>=?=@AAB	@CDEFGHC
𝑚IA@B

	 (2.2) 

𝑞FHAH@DHC 	5
𝑚𝑚𝑜𝑙
𝑔 : =

𝑛;<;	FHAH@DHC	=>	DEAK?=E>
𝑚IA@B

	 (2.3) 

2.3 Method 

2.3.1 Preparing the organoclay. Approximately 0.408g of CPC was measured 

out and added to 100mL of distilled water to prepare a solution with a concentration of 

0.0114M (approximately ninety-five times the CMC of CPC which is 0.00012M to 

ensure micelle formation) [34]. To avoid excessive bubbling while creating the 

solution, some of the distilled water was poured into the flask prior to the addition of 

CPC. The volumetric flask was shaken until the CPC was fully dissolved in the water. 

It is recommended to prepare a stock solution of CPC with a concentration of 0.0114M. 

This can be done by adding 1.02g of CPC to 250mL of distilled water in a volumetric 

flask and shaking it thoroughly.  

The CPC solution was poured into a 250mL Erlenmeyer flask, after which 1g 

of montmorillonite clay was measured out and transferred gradually to the CPC 

solution. This allowed the clay to always be the limiting reagent and ensuring maximum 

complexation. The flask was shaken between each addition to ensure the even 

distribution of particles. When smaller batches were prepared, 0.25g of montmorillonite 

clay was added to 25mL of the CPC stock solution. A set of control flasks that 

exclusively contained CPC solution were prepared and placed under identical 

conditions to the experimental flasks. Afterwards, the flasks were placed in the shaker 

which was set to a speed of 125rpm in a temperature-controlled environment set to 

25°C.  
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To determine the concentration of CPC by UV spectrophotometry, 2mL of 

sample was withdrawn using a syringe and then filtered by 0.45µm syringe filter. The 

absorbance was then measured at the selected wavelength of 259nm.  To obtain the 

samples required for the FTIR spectrophotometer, the complex was separated from the 

solution by vacuum filtration using a ceramic Buchner funnel and filter paper. Distilled 

water was added as needed in order to gather all the complex sediments from the beaker, 

and so the compound was very lightly washed. The gathered solid was then scraped off 

the filter paper and transferred into a 15mL centrifuge tube. The centrifuge tube was 

filled up with approximately 10mL of distilled water. The tubes were then placed in a 

balanced setup inside an HERMLE centrifuge, and the centrifuge speed was set to 

5000rpm for 10 minutes.  

For the first set of trials, the concentration of CPC in the water after every 

centrifuge run was measured and it was found that after washing the complex with 

approximately 250mL of distilled water, the CPC concentration was insignificant. 

Experimentally, it was determined that washing the complex twenty-five times with 

10mL of water each time gave negligible concentrations of CPC in the washing 

solutions.  The resulting solid was dried once again through vacuum filtration and the 

set up was covered with parafilm to prevent contamination. After approximately one 

hour, the muddy solid became a completely dry powder.  All of the experiments 

performed in the following sections were replicated at least three times. 

2.3.2 Effect of contact time. The steps in section 2.3.1 were repeated and the 

flasks were placed in a temperature-controlled shaker set at 25°C for periods of time 

ranging between 1 hour and 3 days (1h, 2h, 6h, 14h, 24h, 48h, & 72h). The number of 

CPC moles that remained in solution was compared to the initial number of moles in 

the solution using the UV spectroscopy procedure in section 2.2.1. The bonds in the 

organoclay were tested using the FTIR spectroscopy procedure in section 2.2.2. 

2.3.3 Effect of using stirring vs. shaking. The steps in section 2.3.1 were 

repeated and the only difference was that the complex was created through stirring 

rather than shaking. The flasks were prepared and left to stir on top of a magnetic 

stirring plate set to 450rpm at room temperature (~25°C) for varying time periods. 

Similar to section 2.3.2, the time periods ranged between 1 hour and 3 days (1h, 2h, 6h, 
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14h, 24h, 48h, & 72h). Once again, the steps listed in sections 2.2.1 and 2.2.2 were 

applied for UV and FTIR spectroscopy. 

2.3.4 Effect of initial CPC concentration. The steps in section 2.3.1 were 

repeated with the exception of changing the initial concentration of CPC used to prepare 

the complex. A stock solution with a CPC concentration of 4.5 × 10&*M was prepared 

and diluted by varying volumes of water to give different CPC solutions. The 

calculations used to prepare these solutions are present in Appendix A. The mixtures 

were left to shake for 24 hours at 25°C and the steps listed in sections 2.2.1 and 2.2.2 

were applied for UV and FTIR spectroscopy. 

2.3.5 Effect of temperature. The intercalation process in section 2.3.1 was 

repeated with the exception of using three different temperatures, and these were 25°C, 

40°C, and 55°C. The CPC solutions had a concentration of 1.14 x10-2M and the 

mixtures were left to shake for 24 hours. Again, the steps listed in sections 2.2.1 and 

2.2.2 were applied for UV and FTIR spectroscopy. 

2.3.6 Effect of exposure to UV radiation. Two CPC solutions of the same 

concentration were prepared as in section 2.3.1 and a sample was taken from each 

solution. A simple cardboard box with a long gap was used to isolate the sample from 

white light present in the laboratory and the handheld UV lamp was placed inside this 

gap to allow the entry of UV light into the isolated box. Afterwards, the two CPC 

solutions were placed in conical flasks and covered with parafilm. One of the flasks 

was placed on a stirrer at ambient conditions while the other one was placed on a stirrer 

which holds the cardboard box with UV light. The CPC solutions were left to stir for 

24 hours to ensure that the particles did not settle at the bottom of the flask and were 

constantly exposed to radiation. Once the 24 hours were up, samples were taken from 

the two flasks and compared to those taken before exposure to UV light. The same 

procedure was also carried out on the CP+-Mt mixture. UV spectroscopy was used to 

test the samples as in section 2.2.1.  

2.3.7 Investigating complex stability. The organoclay samples prepared using 

sections 2.3.2 to 2.3.5 were tested for stability. To do so, 0.2g of the dry complex was 

placed in a beaker with 100mL of water and was placed in a shaker at 25°C. Initially, a 
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sample of the solution was extracted at different time points over a five-day period (30 

seconds, 30 minutes, 1 hour, 2 hours, 1 day, 2 days, and 5 days). However, to model 

the stability of the complex throughout the standard teeth-brushing duration (i.e. two 

minutes), the short-term release of CP+ ions was also studied. A sample was extracted 

from the mixture and filtered through a syringe filter every 30 seconds (i.e. at 30s, 60s, 

90s, and 120s). After collecting all four samples, the UV spectra of the resulting fluids 

were determined.  

2.3.8 Effect of organoclay on bacteria. (The microbiology testing procedure 

was performed by Elias Djilali for his BIO 491 course). An agar solution was prepared 

by adding 23g of nutrient agar powder to 1L of distilled water [58]. The mixture was 

brought to a boil and the solution was then poured into a number of test tubes that were 

covered with aluminum foil and autoclaved to ensure sterilization [58]. Additionally, a 

number of empty bottles and a minimum of six dilution bottles filled with 99mL of 

distilled water were autoclaved as well. 

At the start of the run, the tubes filled with solid agar were placed in a hot water 

bath at a temperature of 350-400°C to ensure that they were in a purely liquid state 

upon plating. A saliva sample was taken from three healthy subjects and was placed in 

the empty dilution bottle. 1mL of saliva was transferred to 99mL of distilled water in 

the previously filled dilution bottle. The concentration of saliva in this bottle was 

approximately 10-2M. To ensure equal distribution, the bottle was shaken 25 to 30 times 

very thoroughly. A control set of bottles was prepared along with the experimental set 

to ensure appropriate comparison. In the experimental set, 0.2g of the CP-Mt complex 

was added and, once again, the bottles were shaken 25 to 30 times to distribute the 

particles evenly. Different doses of the complex (0.2g, 0.1g, and 0.05g) were tested. 

At different time intervals, 1mL of each sample was extracted. The first time 

point was immediately after the bottle was shaken, whereby 1mL of the resulting liquid 

from both the control jar and the experimental jar was collected using a pipette and 

placed in two previously filled 99mL bottles, creating a saliva concentration of 10-4M. 

This concentration was chosen for the tests as it was able to produce a statistically 

significant number of bacterial colonies between 50 and 250. The two bottles were 

shaken thoroughly once again to ensure even distribution. 1mL of the diluted saliva was 
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then taken from both (experimental and control) 10-4M bottles and placed in two 

separate petri dishes. The agar tube was removed from the hot water bath and placed in 

a cold-water beaker until the temperature was approximately 48°C. The lid was 

removed and the mouth of the tube was passed over the Bunsen burner’s flame to ensure 

its sterilization. Afterwards, molten agar was poured over the sample inside the petri 

dish. The lid was immediately placed over the petri dish and the dish was moved in a 

figure-8 manner to ensure the homogeneity of the mixture.  

The previous procedure was repeated after 2 minutes, 5 minutes, 10 minutes, 

and 30 minutes, where 1mL of solution was taken from the dilution bottle with the 

complex and the dilution bottle without the complex, after which bacteria were plated. 

The entire procedure was repeated twice to ensure reproducibility. This resulted in three 

control plates and three experimental plates for each time point. The plates were then 

placed inside a Thermolyne Type I42300 incubator set at 37°C to mimic oral conditions 

and were left to incubate for 48 hours, after which the bacterial colonies were counted.  
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Chapter 3: Results and Discussion 

3.1 Complex Characterization Using FTIR 

After washing the organoclay to make sure that no free CPC particles existed 

within the complex, the FTIR spectra of the obtained solids was measured to confirm 

that a complex has been formed and to determine the extent of complexation. To do 

this effectively, the spectra of the solids were compared to that of the CPC and 

montmorillonite clay separately. The solid to be tested was added in a prespecified ratio 

to KBr (1g solid: 50g KBr). Figure 3.1 shows the percentage transmittance in relation 

to the wavelength for the montmorillonite and CPC samples (in green and blue, 

respectively). Evidently, the two spectra are very different, with the montmorillonite 

displaying very few peaks and the CPC displaying multiple peaks. If a complex does 

form, the spectrum of the complex would predictably display peaks that were 

characteristic of both solids.  

 

Figure 3.1 FTIR spectrum of (a) montmorillonite clay and (b) CPC. 

 Figure 3.2 shows the FTIR spectra of samples created using different contact 

times of 1h, 2h, 24h. 48h, and 72h. There is evidence of complexation as the clay peaks 

shifted slightly to the left and since many of the CPC peaks disappeared into the 

montmorillonite spectrum, which is very evident in the wavelength range between 1800 

and 2800 cm-1. The new peaks that appeared in the organoclay curve are the ones at 

wavelengths 2926cm-1, 2855cm-1, 1489cm-1, and 1469cm-1. The first two peaks 

correspond to C-H stretching while the third peak represents C=C stretching and the 

last one conveys C-H bending within the complex [60]. The presence of those peaks on 

the montmorillonite spectrum signifies the existence of CP+ ions on the clay’s surface, 
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further emphasizing that the complexation of CPC with montmorillonite clay was a 

success [36]. 

 

Figure 3.2 FTIR spectrum of complex prepared using contact time of 1 hour. Initial 
[CPC] = 1.14×10-2 M, Mt dosage = 1g/100mL, T = 25�C, Stirrer speed = 450rpm. 

The appearance of peaks indicates the formation of a complex but in order to 

determine the extent of complexation using FTIR spectra, the heights of the different 

peaks must be measured and compared. However, since the quantity used was very 

small (0.01g) compared to the large amount of KBr (0.5g), any slight error in 

measurement can have a drastic effect on the peak heights. Thus, to avoid any errors in 

comparison, the FTIR spectra was only used as a qualitative measure to determine 

whether or not any intercalation has taken place.    

3.2 Ultraviolet Spectroscopy  

In the UV spectra obtained, the peak occurring at a wavelength of 259nm 

corresponds to the presence of CPC in the tested sample, i.e. 𝜆N@O = 259𝑛𝑚 [59]. A 

calibration curve was prepared by creating five CPC solutions of different 

concentrations (0.0114M, 0.0057M, 0.00285M, 0.00143M, & 0.00018M) and 

measuring their maximum absorbance at 259nm. However, the solutions were diluted 

prior to testing to ensure that the resulting absorbance was within the acceptable range. 

The resulting UV spectra are depicted in Figure 3.3, where the curve with the highest 

peak represents the most concentrated sample.  
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Multiple calibration curves were prepared for different stock solutions to 

account for changes in solution preparation and concentration. The calibration curve 

obtained in Figure 3.4 represents the general trend. The equation of the resulting 

trendline can be used to estimate the CPC concentration in the different sample sets.  

 

Figure 3.3 UV spectra of different CPC concentrations ranging between 2.28×10-4 M 
and 3.56×10-6 M. 

 

Figure 3.4 Calibration curve describing the relationship between absorbance and 
concentration of CPC at λ = 259nm. 

3.2.1 Effect of contact time. The effect of contact time on intercalation of CPC 

onto montmorillonite clay was investigated by shaking the mixture for 1h, 2h, 24h, 48h, 

and 72h and measuring the concentration of CPC in solution before and after 
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intercalation took place. As depicted in Figure 3.5, the number of CPC moles adsorbed 

per gram of clay was calculated (using the equations shown in Appendix A) and plotted 

against contact time.  

 

Figure 3.5 The effect of varying contact time within the range of 1 hour to 3 days on 
CPC uptake by montmorillonite clay. Initial [CPC] = 1.14×10-2 M, Mt dosage = 

1g/100mL, T = 25°C, Shaker speed = 125rpm. 

Figure 3.5 shows that the number of CPC moles adsorbed per gram of clay 

increased drastically between 1 hour and 2 hours, going from 0.33mmol/g to 

0.57mmol/g and peaking at 24 hours (0.63mmol/g). The number of CPC moles 

adsorbed per gram of clay then slightly decreased to 0.44mmol/g, implying that shaking 

the organoclay mixture may result in desorption of CPC moles from montmorillonite. 

Additionally, this also indicates that a 24-hour contact time results in the highest level 

of CPC uptake by montmorillonite.   

3.2.2 Effect of using stirring vs. shaking. The two intercalation methods, i.e. 

stirring and shaking, were then compared. Adding a magnetic stirrer to the flask 

introduces more disturbance to the liquid and this can break the bonds between the CPC 

and the clay.  To test which one is best for intercalation, the effect of contact time is 

tested using the magnetic stirring plate, and the results are displayed in Figure 3.6. 

Initially, the CPC solution contained 1.14 × 10&* moles and, after stirring the mixture 

for 1 hour, approximately 50% of the CPC moles was intercalated with the clay. Upon 

stirring the mixture further for 72 hours, the increase in adsorbed moles was much less 

pronounced, only going up to 0.77mmol/g on average. 
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Figure 3.6 The effect of varying contact time within the range of 1 hour to 3 days on 
CPC uptake by montmorillonite clay while using a magnetic stirring plate. Initial 
[CPC] = 1.14×10-2 M, Mt dosage = 1g/100mL, T = 25°C, Stirrer speed = 450rpm. 

 Stirring the CPC solution with the clay for a longer period of time was shown 

to have a significant effect compared to when the stirring time was shorter. Unlike 

shaking the mixture, stirring the mixture does not seem to result in desorption. 

Nevertheless, the peak average CPC adsorption of 0.63mmol per gram of clay resulting 

from shaking the solution is equivalent to the average uptake (also 0.63mmol/g) 

obtained upon stirring the mixture. This, and the presence of a secluded, temperature-

controlled environment set to 25°C, makes shaking the better intercalation method 

among the two alternatives. 

3.2.3 Effect of initial CPC concentration. In this case, 25mL of each solution 

was prepared, implying that the measured number of moles will be significantly less 

than in the previous case. All other conditions were kept constant, i.e. the temperature 

was set to 25°C and the contact time for the trials was 24 hours.  

Since the experiment was replicated five times, there was a slight difference in 

the concentrations prepared for each CEC, but the difference in concentrations was 

accounted for. Table 3.1 displays the average concentrations and cation exchange 

capacities of the six different CPC solutions that were used to determine the effect of 

initial concentration on CPC uptake and Figure 3.7 shows the average trend obtained 

when the CPC concentration was varied. 
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Table 3.1 The concentrations of different CPC concentrations and their relation to Mt 
CEC 

 

 

 

 

 

As the initial concentration of the CPC solution gradually rose, the number of 

CPC moles adsorbed onto the clay increased.  When the initial concentration was 

between 1 and 2 times the CEC, i.e. between 0.014M and 0.026M, the trendline reached 

a plateau and varying the initial concentration between these two values resulted in no 

change in CPC uptake by montmorillonite. Afterwards, any increase in CPC 

concentration beyond 0.026M resulted in a significant increase in CPC uptake. 

 

Figure 3.7 The effect of varying CPC solution concentration between 5×10-3 M and 
4×10-2 M on CPC uptake by montmorillonite clay. Contact time = 24h, Mt dosage = 

0.25g/25mL, T = 25°C, Shaker speed = 125rpm. 

 This can be contributed to the formation of layers, as discussed by Meleshyn 

and Bunnenburg [37]. CPC forms a bimolecular layer when it exceeds 58% of the CEC, 
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and this layer transforms into a pseudotrimolecular structure when the CPC 

concentration exceeds 92% of the CEC [37]. Hence, the plateau observed represents a 

transition stage between two different layer types, most likely the bimolecular and 

pseudotrimolecular layers [37].  

Another experiment was carried out by Özdemir et al. relating CPC solution 

concentration to the moles of CPC adsorbed per gram of clay [36]. The graph obtained 

by Özdemir et al. shows that the CPC uptake increases with an increasing CPC 

concentration until a plateau is reached, after which any increase in concentration will 

not impact CPC uptake. Afterwards, past a certain point, an increase in CPC 

concentration will result in an increase in CPC uptake. The discrepancies in numbers 

between the previously executed experiment from literature and Figure 3.6 may be 

contributed to varieties in the used clay, as there are different variations of 

montmorillonite clay, and thus differences in the CEC values used to carry out the 

calculations.  

3.2.4 Effect of temperature. UV spectroscopy was utilized to determine the 

effect of temperature on the extent of intercalation. The industrial shaker was operated 

at the three different temperatures 25°C, 40°C, and 55°C, and three runs were carried 

out at each temperature. The average overall trend is represented in Figure 3.8.  

 

Figure 3.8 The effect of varying the temperature between 25°C and 55°C on CPC 
uptake by montmorillonite clay. Contact time = 24h, Initial [CPC] = 1.14×10-2 M, Mt 

dosage = 0.25g/25mL, Shaker speed = 125rpm. 
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 Figure 3.8 indicates that the number of CPC moles adsorbed per gram of clay 

drops before increasing once again with an increasing temperature. Increasing the 

temperature from 25°C to 40°C decreased adsorption from 0.35mmol/g to 0.22mmol/g, 

on average, whilst increasing the temperature to 55°C increased the adsorption to 

0.25mmol/g.  

There is a high probability that this behavior is closely related to the properties 

of CPC. CPC is an amphipathic molecule that is soluble in water. When the 

intercalation of montmorillonite with itraconazole, an antifungal drug with 

hydrophobic properties, is observed at different temperatures, the opposite trend is 

obtained [61]. This implies that higher temperatures encourage intercalation of 

montmorillonite with hydrophobic species up to a certain temperature, whereas higher 

temperatures discourage intercalation with more water-soluble species, also up to a 

certain temperature.  However, there are no sources which can directly confirm this 

hypothesis and thus, further tests must be carried out.  

3.2.5 Effect of exposure to UV radiation. The following experiment was 

carried out to determine whether UV rays will improve the intercalation of CPC with 

montmorillonite. The results are displayed in Figure 3.9. 

 

Figure 3.9 The effect of ultraviolet radiation on a) a free CPC solution and b) CPC 
uptake by montmorillonite. Contact time = 24h, Initial [CPC] = 1.14×10-2 M, Mt 
dosage = 0.25g/25mL, Stirring speed = 460rpm, T = 25°C, UV power = 302nm, 

230V. 
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 Figure 3.9 shows that introducing UV radiation does not have a defined impact 

on CPC-Mt intercalation. In some runs, the samples exposed to UV displayed higher 

levels of intercalation, whereas in other runs they either displayed lower levels of 

intercalation or no difference at all compared to the unexposed samples. Nevertheless, 

since UV is often used for crosslinking, the radiation might impact the stability of the 

resulting complex, perhaps making it more stable in aqueous conditions. However, this 

was not tested experimentally in this procedure and can thus not be confirmed. No 

literature sources were found regarding the effect of UV radiation of CP+-Mt stability. 

3.2.6 Investigating complex stability. Testing for stability is an important part 

of the procedure since it is essential to determine the method through which the 

complex kills oral bacteria. Initially, the test was carried out over the span of five days 

using four complexes prepared using solutions with different CPC concentrations. 

However, the results displayed in Figure 3.10 show that any drastic changes in 

desorption take place as soon as the complex is added to water and the concentration of 

CPC in solution remains relatively constant across the span of five days.  

 

Figure 3.10 The stability of the organoclays prepared by varying the CPC solution 
concentration between 5×10-3 M and 4.5×10-2 M. Preparation contact time = 24h, 
Preparation temperature = 25°C, Complex dosage in water = 0.2g/100mL, Contact 

time of complex with water = 5 days, Temperature during reversibility tests = 25°C. 

The samples were then extracted and filtered at 30-second intervals (i.e. 30s, 

60s, 90s, 120s) after which they were collected, and their absorbance measured. The 
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shorter period of time was adopted in order to model the standard teeth-brushing 

duration of 2 minutes. The stability test was carried out for the samples created at 

various contact times (1, 2, 24, 48, and 72h), various concentrations (5.11 ×

10&',	1.11 × 10&*, 1.44 × 10&*, 2.30 × 10&*, and 4.52 × 10&*M), and various 

temperatures (25, 40, and 55°C). A minimum of three trials was carried out for each 

point. For ease of comparison, the number of moles intercalated with the clay at 

different points throughout the two-minute time span is calculated.  

Figure 3.11 shows the general trend obtained when samples created at different 

contact times were shaken in water for two minutes by displaying the number of moles 

(in mmol) that remained attached to the clay with respect to time. Since all five samples 

were prepared using the same CPC solution, the effect observed is purely contributed 

to contact time. 

 

Figure 3.11 The stability of the organoclays prepared by varying the contact time 
between 1 hour and 3 days. Initial [CPC] = 1.14×10-2 M, Complex dosage in water = 
0.2g/100mL, Preparation temperature = 25°C, Contact time of complex with water = 

2min, Temperature during reversibility tests = 25°C. 

The trends shown on the figure are all straight lines, implying that the number 

of moles that was still intercalated with the clay remained constant for all five samples 

despite the constant contact of the complex with water for two minutes. In other words, 

the complex did not experience any concrete change during the 2-minute duration and 

may thus be considered stable.  Additionally, the contact time used to create the samples 
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had a clear impact on the extent of dissociation. Increasing the intercalation contact 

time from 1 hour to 1 day resulted in an increase in the number of CPC moles attached 

to the complex from 0.33mmol/g for the 1-hour sample to 0.57mmol/g for the 2-hour 

sample to 0.63mmol/g for the 1-day sample. Increasing the intercalation contact time 

further to 2 and 3 days resulted in a reduction in the number of moles attached to the 

clay to 0.41mmol/g. This implies that synthesizing the compound using a longer contact 

time results in a stable complex only if the contact time is not increased beyond 1 day. 

If this contact period is exceeded, lower levels of CPC will remain attached to the clay. 

The concentrations of CPC in the leachate after two minutes were within the order of 

magnitude of 10-5M for all five samples.  

Figure 3.12 describes the difference in stability between samples created using 

CPC solutions of different concentrations. Once again, the amount of CPC that 

remained on the clay remained relatively constant in all five samples, further 

emphasizing that the complex is stable and does not dissociate when in contact with 

water for a short time period. 

 

Figure 3.12 The stability of the organoclays prepared by varying the CPC solution 
concentration between 5×10-3 M and 4×10-2 M. Preparation contact time = 24h, 

Preparation temperature = 25°C, Complex dosage in water = 0.2g/100mL, Contact 
time of complex with water = 2min, Temperature during reversibility tests = 25°C. 

The initial CPC concentration used to create the complex had a clear impact on 

the stability of the complex. However, it must be noted that the number of moles that 
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were initially adsorbed in C1 were higher than that initially adsorbed in C7 due to the 

use of a more concentrated CPC solution (4.52 × 10&*M which is three times the CEC 

was used for C1 and 5.11 × 10&'M which is half of the CEC was used for C7). Since 

it was concluded that increasing the initial CPC solution concentration increases the 

number of CPC moles intercalated with the clay, it is expected that the number of CPC 

moles remaining in the complex C1 is higher than that remaining on C7. Figure 3.12 

confirms that creating the complex using a CPC solution with a high concentration 

discourages CPC dissociation from the clay. While 0.61mmol/g of CPC were retained 

on sample C1, only 0.37mmol/g were retained on sample C7. Samples C3, C5, and C6 

displayed intermediate retention of CPC moles of approximated 0.43mmol/g.  

However, despite the fact that C7 displayed the lowest levels of CPC retention 

onto its surface, its leachate contained the lowest concentration of CPC of around 

9.0 × 10&QM, implying that it did not leach as much CPC as the other compounds did. 

This can be contributed to the different methods through which CPC can be intercalated 

with clay. As mentioned by Meleshyn and Bunnenberg, CPC was initially adsorbed by 

the clay through ion exchange, a relatively irreversible process, but continued to form 

layers through hydrophobic interactions which are much more reversible [37]. Thus, 

the complex created using the most dilute CPC solution (C7) will result in a 

comparatively dilute leachate with a concentration in the order of 10-5M because most 

of the CPC moles were attached irreversibly. The other complexes created a leachate 

of a concentration in the order of 10-4M due to the likely presence of reversible 

hydrophobic interactions. The stability of the samples created at the different 

temperatures of 25°C, 40°C, and 55°C was then explored further. Since all three 

samples were prepared using the same CPC solution, the effect observed is purely 

contributed to temperature variations. Figure 3.13 displays the results obtained upon 

testing the stability of the samples created at different temperatures.  

Similar to the previous graphs, the trends displayed in Figure 3.13 consist of 

straight lines where there was no change in the number of CPC moles retained per gram 

of clay across a two-minute timespan. The complex prepared at 25°C displayed the 

highest level of CPC retention at 0.45mmol/g. Increasing the temperature to 40°C 

decreased the number of CPC moles retained by the complex to 0.25mmol/g but 
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increasing the temperature further to 55°C increased the CPC retention to 0.30mmol/g. 

Thus, to achieve high levels of CPC retention by the clay complex, a highly 

concentrated CPC solution must be intercalated with montmorillonite using a moderate 

contact time at room temperature.  

 

Figure 3.13 The stability of the organoclays prepared by varying the shaker 
temperature between 25°C and 55°C. Initial [CPC] = 1.14×10-2 M, Preparation 

contact time = 24h, Complex dosage in water = 0.2g/100mL, Contact time of complex 
with water = 2min, Temperature during reversibility tests = 25°C. 

3.3 Effect of Organoclay on Bacteria 

(The microbiology tests were all carried out by Elias Djilali for the BIO 491 

course.) The complex was tested on oral bacteria to compare its action with free CPC. 

The complex leachate was also preserved and used to determine the method through 

which the complex eliminates bacteria. In this part of the experiment, complex C1 

which was prepared using a CPC solution concentration of 4.52 × 10&*	M at 25°C and 

had a contact time of 24h was used. It is important to note that the concentration of CPC 

in the leachate was determined through UV spectroscopy and was found to be 

1.67 × 10&Q ± 5.14 × 10&U M. The obtained results indicate that the minimum 

adsorption dosage of the complex that can be used to kill bacteria is 0.05g/L, below 

which there seems to be no bacterial elimination. Additionally, the complex leachate 

displayed a higher bacterial efficiency than a free CPC solution of the same 

concentration, implying that the bacterial efficiency of CPC increases when it is 
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intercalated with clay. Using a higher dosage of the organoclay (0.1 & 0.2 g/L) resulted 

in complete bacterial elimination, as seen in Tables 3.2 and 3.3. 

Table 3.2 Plate bacterial count for saliva & saliva + washed complex. Initial [CPC] = 
4.52×10-2 M, Preparation contact time = 24h, Preparation temperature = 25°C, 

Complex dosage in water = 0.2g/L, Temperature of incubator = 37°C 

Control 
 

Experiment 

35 s > 250  35 s 1 

2 min > 250  2 min 0 

5 min > 250  5 min 0 

10 min > 250  10 min 0 

30 min > 250  30 min 0 

60 min > 250  60 min 0 

Table 3.3 Plate bacterial count for saliva & saliva + washed complex. Initial [CPC] = 
4.52×10-2 M, Preparation contact time = 24h, Preparation temperature = 25°C, 

Complex dosage in water = 0.1g/L, Temperature of incubator = 37°C 

Control 
 

Experiment 

35 s > 250  35 s 1 

2 min > 250  2 min 0 

5 min > 250  5 min 0 

10 min > 250  10 min 0 

30 min > 250  30 min 0 

60 min > 250  60 min 0 

 
Table 3.4 compares the bacterial count in the control plate (which was always 

above 400 colonies) to the experimental plate (saliva sample and 0.05g/L of the 

organoclay). However, the complex in this case was only lightly washed. Bacterial 

action was clearly detected as soon as the complex and the bacteria were in contact 

meaning that the clay did not hinder the antibacterial properties of CPC. Within 5 

minutes, the bacterial count decreased to 93 colonies, which is more than a quarter of 

the original count, and within 1 hour, the cultured bacteria were entirely eradicated. 

Since the complex was not thoroughly washed, there is a possibility that there were free 

CPC particles that were unbound to the clay surface. The bacterial action may be 
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contributed to these free particles. The slow antibacterial action can be contributed to 

the low complex dosage of 0.05g/L in this run compared to the higher dosage of 0.1 

and 0.2g/L in the previous runs.  

Table 3.4 Plate bacterial count for saliva & saliva + lightly washed complex. Initial 
[CPC] = 4.52×10-2 M, Preparation contact time = 24h, Preparation temperature = 

25°C, Complex dosage in water = 0.05g/L, Temperature of incubator = 37°C 

Control 
 

Experiment 

35 s > 250  35 s 230.6 ±19.7 

2 min > 250  2 min 142.7 ±17.9 

5 min > 250  5 min 93 ±9 

10 min > 250  10 min 29.3 ±6.5 

30 min > 250  30 min 0.7 ±1.2 

60 min > 250  60 min 1 ±1.7 

 
The results displayed in Tables 3.5 and 3.6 indicate that the bacterial count was 

high in the control samples (exceeding 250 bacterial colonies) but, similar to the 

previous run, dropped significantly upon using either the thoroughly washed complex 

or its leachate.  

Table 3.5 Plate bacterial count for saliva & for saliva + washed complex. Initial 
[CPC] = 4.52×10-2 M, Preparation contact time = 24h, Preparation temperature = 

25°C, Complex dosage in water = 0.05g/L, Temperature of incubator = 37°C 

 

 
 
 
 
 
 
 

From these results, one can conclude that the complex seemed to remain 

effective even after thorough washing. Moreover, the results indicated that both the 

leachate and the complex resulted in bacterial elimination. However, while the bacterial 

Control 
 

Experiment 

35 s >250 
 

35 s >250 

2 min >250 
 

2 min >250 

5 min >250 
 

5 min >250 

10 min >250  10 min >250 

30 min >250  30 min 53.3 ±10 

60 min >250  60 min 11 ±9.8 
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count in Table 3.5 went down from above 250 to 11 in 1 hour using the complex, the 

bacterial count in Table 3.6 only dropped to 116 using the leachate. The behavior of the 

complex in water also indicates that very few of the initially adsorbed moles dissolved 

back in solution, meaning that the resulting CPC solution was very dilute. Nevertheless, 

the leachate had a CPC concentration in the order of magnitude of 10-5M and still 

possessed the ability to eliminate bacteria. 

Table 3.6 Plate bacterial count for saliva & for saliva + complex leachate. Initial 
[CPC] = 4.52×10-2 M, Preparation contact time = 24h, Preparation temperature = 
25°C, Leachate concentration = 1.67×10-5 M, Temperature of incubator = 37°C 

Control 
 

Experiment 

35 s >250  35 s >250 

2 min >250  2 min >250 

5 min >250  5 min >250 

10 min >250  10 min >250 

30 min >250  30 min >250 

60 min >250  60 min 116.3 ±8.3 
 

Figure 3.14 represents the bacterial plate count as a function of contact time 

between the diluted saliva samples and the complex dosage.  

 

Figure 3.14 Rate of bacterial elimination when adding 0.2, 0.1, and 0.05g/L of washed 
complex, 0.05g/L of lightly washed complex, and leachate of 0.05g/L of complex to 

diluted salivary samples.  Incubation time: 48h, Dilution factor: 10-3. 
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From the figure, it is evident that a complex dosage of 0.1-0.2g/L results in 

immediate and effective killing and that the complex leachate results in slow and 

ineffective bacterial elimination. At the same time, using 0.05g/L of the washed 

complex results in effective but slow killing of saliva bacteria while the same dosage 

of the lightly washed complex displays faster antibacterial action. 

However, to prove this assumption, further tests have to be performed on the 

leachate and saliva mixture to determine whether bacterial DNA is present in solution 

and on the used complex to detect the presence of adsorbed bacteria. Additionally, it 

must be noted that the type of bacteria that was incubated, i.e. whether they were Gram-

positive or Gram-negative, was not confirmed and that the agar used in this experiment 

did not allow the growth of anaerobic bacteria and only contributed to the development 

of a number of aerobic bacteria.   
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Chapter 4: Conclusions and Recommendations 

This study presented the different ways currently used to battle the ongoing 

issue of dental disorders and focused on organoclay complexes, specifically the one 

created through the intercalation of cetylpyridinium chloride, a cationic surfactant, with 

montmorillonite, a smectite clay. Organoclay complexes were proven to have several 

advantages and drawbacks. Multiple literature sources have discussed the improved 

physical and chemical characteristics of the organoclay as well as its antibacterial 

properties. This was done using FTIR spectra, which indicated that the intercalation 

process resulted in the breakage of several bonds and the formation of new ones that 

were uncharacteristic of CPC and montmorillonite alone. The studies also proved that 

the complex retained the antibacterial properties possessed by CPC. However, these 

studies did not optimize the complex nor did they look into the stability of the complex, 

which can contribute greatly to the antibacterial action of the complex. 

This aim of this study was to optimize the micelle-clay complex, or the 

organoclay, by varying the contact time (1, 2, 24, 48, and 72h), CPC solution 

concentration (5.11 × 10&',	1.11 × 10&*, 1.44 × 10&*, 2.30 × 10&*, 3.42 × 10&*, 

and 4.52 × 10&*M), temperature (25, 40, and 55°C), and exposure to UV radiation. 

Using an industrial shaker rather than a magnetic stirring plate proved to be the more 

ideal method of intercalation as the magnetic stirrer was less dependable due to external 

disturbances and the inconsistent movement of the stirring magnets. Thus, the 

temperature-controlled industrial shaker was used for the remainder of the experiments. 

A contact time of 24 hours resulted in the highest level of CPC absorbance and was 

also chosen as a default time when varying other conditions. Additionally, increasing 

the CPC concentration in the solution used to prepare the complex improved 

intercalation but only up to 0.014M. At that point, the molar uptake was no longer 

affected by an increase in concentration. However, increasing the concentration beyond 

0.026M resulted in higher levels of intercalation. Furthermore, among the three 

temperatures of 25°C, 40°C, and 55°C, the mixture left to shake at 25°C showed the 

highest level of CPC adsorption onto the clay, proving that a temperature of 25°C was 

the most suitable. Moreover, introducing UV radiation to the samples did not have any 

significant impact upon the extent of intercalation.  
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When it comes to stability, the results showed that intercalation using a 

moderate contact time of 24 hours, a concentrated CPC solution of 4.52 × 10&*M, and 

a low temperature of 25°C resulted in the lowest levels of CPC desorption across a 

period of two minutes. However, to optimize the complex, intercalation levels and 

stability were considered and thus it was concluded that a contact time of 24 hours, a 

concentration of 1.44 × 10&*M, and a temperature of 25°C were the most optimal 

conditions. While the effect of UV radiation on intercalation was studied, its impact on 

stability is yet to be determined. On a microbiological level, 0.05g/L was the lowest 

complex dosage in that would still result in bacterial elimination. Furthermore, this 

complex displayed better antibacterial properties compared to its leachate, meaning that 

the organoclay does have improved antibacterial efficiency compared to free CPC at 

the concentration of 1.67 × 10&QM. However, using a higher complex dosage of 1g/L 

resulted in complete eradication of oral bacteria from human saliva. Using a lightly 

washed form of the complex resulted in gradual bacterial elimination, whereas the 

thoroughly washed complex also resulted in similar results across a timespan of one 

hour, but at a slower pace where bacterial elimination started after 10 minutes and there 

were still 11 bacterial colonies after 1 hour. Additionally, the leachate that resulted from 

allowing the washed complex to sit in water for 2 minutes also caused bacterial 

elimination but at a slower rate and resulted in a significant bacterial count after one 

hour. This implies that the complex is most likely removing bacteria through a 

combination of adsorption and lysis. In other words, the organophilic nature of the clay 

attracts the bacteria to its surface where the CPC particles perform lysis and destroy the 

bacteria. 

Nevertheless, more experiments must be carried out in order to reach final 

conclusions regarding the CP+-Mt complex. Initially, further tests should take place to 

characterize the resulting CP+-Mt complex more extensively, from a physical and 

chemical perspective. These tests include: 

• Thermal gravimetric analysis (TGA) to determine the thermal stability of the 

complex  

• Scanning electron microscopy (SEM) to obtain detailed images of the structure  



 59  

• Brunauer-Emmett-Teller (BET) isotherm testing to determine the surface area 

and the porosity of the complex  

• Zeta potential measurement to obtain the surface charge as a function of pH  

Additionally, the effect of UV radiation on the stability of the complex should 

be studied further to investigate if it has the potential to stabilize the organoclay. 

Moreover, the complex must be tested for its ability to eliminate bacteria extracted from 

the teeth and gingivae. Different types of agar must also be studied in order to determine 

which agar represents the ideal growth media for anaerobic oral bacteria. This is one of 

the biggest limitations in the current study since the nutrient agar used to plate the saliva 

bacteria did not encourage the growth of anaerobic bacteria. In turn, the effect of the 

modified complex on the anaerobic malignant bacteria remains undetermined. There 

also remains the issue of confirming that the complex uses a combination of both 

adsorption and lysis to eliminate bacterial presence. This can be accomplished by using 

SEM to test the used complex for nitrogen bonds. In addition to that, a DNA analysis 

may be performed to determine whether there is DNA in a solution containing bacteria 

and the CP+-Mt complex, in turn indicating lysis. On the other hand, the FTIR spectrum 

of the bacteria-saturated complex must be obtained to determine whether adsorption 

occurs on the clay surface. In case the complex acts by adsorption, a toothpaste 

formulation would be the best way to proceed whereas if it acts by slowly releasing 

CPC into solution, a mouthwash would be the more reasonable way to go. Furthermore, 

Na-montmorillonite can be looked into as an alternative clay as it might contribute to 

higher levels of cation exchange.  
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Appendix A 

𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙	𝑚𝑖𝑐𝑒𝑙𝑙𝑒	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝐶𝑃𝐶 = 1.2 × 10&+	𝑀 

𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙	𝑚𝑖𝑐𝑒𝑙𝑙𝑒	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝐶𝑃𝐶	𝑚𝑜𝑛𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒 = 1.14 × 10&+	𝑀 

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟	𝑤𝑒𝑖𝑔ℎ𝑡	𝑜𝑓	𝐶𝑃𝐶	𝑚𝑜𝑛𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒 = 358	𝑔/𝑚𝑜𝑙	 

𝐶𝑎𝑡𝑖𝑜𝑛	𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦	𝑜𝑓	𝑚𝑜𝑛𝑡𝑚𝑜𝑟𝑖𝑙𝑙𝑜𝑛𝑖𝑡𝑒 = 121	𝑐𝑚𝑜𝑙/𝑘𝑔 

Preparation of Calibration Curve 
Preparation of 1L CPC stock solution 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑢𝑠𝑒𝑑 = 100 × 𝐶𝑀𝐶 = 1.14 × 10&*	𝑀	 (𝐴. 1) 

𝐶 =
𝑛
𝑉 =

𝑚
𝑀𝑉 → 𝑚 = 𝐶𝑀𝑉 = (1.14 × 10&*) × 358 × 1 = 4.081	𝑔	 (𝐴. 2) 

To prepare the stock solution, 4.081g of CPC monohydrate is added to 1L in a 

volumetric flask. To create more dilute 50mL solutions of the stock solution (1), the 

following procedure is observed. The concentration of each solution will be half the 

one preceding it. 

𝐶k𝑉k = 𝐶*𝑉* → 𝑉k =
𝐶*𝑉*
𝐶k

		 (𝐴. 3) 

𝑉k =
5.7 × 10&' × 0.05
1.14 × 10&*	

= 0.025𝐿 = 25𝑚𝐿	 (𝐴. 4)	 

Add 25mL of solution (1) into 50mL of distilled water to create solution (2). 

𝑉k =
2.85 × 10&' × 0.05

1.14 × 10&*	
= 0.0125𝐿 = 12.5𝑚𝐿	 (𝐴. 5)	 

Add 12.5mL of solution (1) into 50mL of distilled water to create solution (3). 

𝑉k =
1.425 × 10&' × 0.05

1.14 × 10&*	
= 0.006𝐿 = 6.25𝑚𝐿	 (𝐴. 6) 

Add 6.25mL of solution (1) into 50mL of distilled water to create solution (4). 
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𝑉k =
7.125 × 10&+ × 0.05

1.14 × 10&*	 = 0.003𝐿 = 3.125𝑚𝐿 (𝐴. 7) 

Add 3.125mL of solution (1) into 50mL of distilled water to create solution (5). 

Effect of CPC Solution Concentration 

121
𝑐𝑚𝑜𝑙	𝐶𝑃m

𝑘𝑔	𝑀𝑡 = 1.21 × 10&'
𝑚𝑜𝑙	𝐶𝑃m

𝑔	𝑀𝑡 	 (𝐴. 8) 

In this part of the procedure, the experiment is scaled down. Instead of adding 1g of 

clay to 100mL of CPC solution, 0.25g of clay will be added to 25mL of CPC solution, 

implying that the cation exchange capacity would be 3.025 × 10&+	𝑚𝑜𝑙	𝐶𝑃m per 0.25g 

of clay. Different solutions are prepared as multiples of the CEC, as shown below. 

1
2 ×

𝐶𝐸𝐶
0.25𝑔	𝑀𝑡 = 1.50 × 10&+	𝑚𝑜𝑙	𝐶𝑃m → 𝐶 =

1.5 × 10&+	
0.025 = 6.05 × 10&'𝑀	 (𝐴. 9) 

1 ×
𝐶𝐸𝐶

0.25𝑔	𝑀𝑡 = 3.03 × 10&+	𝑚𝑜𝑙	𝐶𝑃m → 𝐶 =
3.03 × 10&+	

0.025 = 1.21 × 10&*𝑀	(𝐴. 10) 

3
2 ×

𝐶𝐸𝐶
0.25𝑔	𝑀𝑡 = 4.54 × 10&+	𝑚𝑜𝑙	𝐶𝑃m → 𝐶 =

4.54 × 10&+	
0.025 = 1.82 × 10&*𝑀	(𝐴. 11) 

2 ×
𝐶𝐸𝐶

0.25𝑔	𝑀𝑡 = 6.05 × 10&+	𝑚𝑜𝑙	𝐶𝑃m → 𝐶 =
6.05 × 10&+	

0.025 = 2.42 × 10&*𝑀	(𝐴. 12) 

3 ×
𝐶𝐸𝐶

0.25𝑔	𝑀𝑡 = 9.08 × 10&+	𝑚𝑜𝑙	𝐶𝑃m → 𝐶 =
9.08 × 10&+	

0.025 = 3.63 × 10&*𝑀	(𝐴. 13) 

4 ×
𝐶𝐸𝐶

0.25𝑔	𝑀𝑡 = 1.21 × 10&'	𝑚𝑜𝑙	𝐶𝑃m → 𝐶 =
1.21 × 10&'	

0.025 = 4.84 × 10&*𝑀	(𝐴. 14) 

To prepare the above solutions, a stock solution with a concentration of 4.84 × 10&*𝑀 

is prepared. Afterwards, volumes of this solution will be added to distilled water in a 

25mL volumetric flask to create solutions with the required concentrations. 

1
2 ×

𝐶𝐸𝐶
0.25𝑔	𝑀𝑡 → 𝑉D?EIo =

6.05 × 10&' × 0.025
4.84 × 10&* = 3.125𝑚𝐿	 (𝐴. 15) 
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1 ×
𝐶𝐸𝐶

0.25𝑔	𝑀𝑡 → 𝑉D?EIo =
1.21 × 10&* × 0.025

4.84 × 10&* = 6.25𝑚𝐿	 (𝐴. 16) 

3
2 ×

𝐶𝐸𝐶
0.25𝑔	𝑀𝑡 → 𝑉D?EIo =

1.82 × 10&* × 0.025
4.84 × 10&* = 9.4𝑚𝐿	 (𝐴. 17) 

2 ×
𝐶𝐸𝐶

0.25𝑔	𝑀𝑡 → 𝑉D?EIo =
2.42 × 10&* × 0.025

4.84 × 10&* = 12.5𝑚𝐿	 (𝐴. 18) 

3 ×
𝐶𝐸𝐶

0.25𝑔	𝑀𝑡 → 𝑉D?EIo =
3.63 × 10&* × 0.025

4.84 × 10&* = 18.75𝑚𝐿	 (𝐴. 19) 

4 ×
𝐶𝐸𝐶

0.25𝑔	𝑀𝑡 → 𝑉D?EIo =
4.84 × 10&* × 0.025

4.84 × 10&* = 25𝑚𝐿	 (𝐴. 20) 

Data Processing  
Since the solutions resulting from creating the complex are often highly concentrated, 

the samples must be diluted before they are processed through the UV device. This 

often take place by diluting the samples by a factor up to 160 times or not at all (in the 

case of the stability tests). The most commonly used dilution factor was 40. To obtain 

the actual concentration of the sample, the following equation was used.  

𝐶@I?K@A = 𝐶C=AK?HC × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟	  

Afterwards, to find the number of CPC moles adsorbed onto montmorillonite, the 

following series of equations is applied.  

𝑛=>?=?=@A = 𝐶=>=?=@A × 𝑉=>=?=@A	 (𝐴. 22) 

𝑛p=>@A = 𝐶p=>@A × 𝑉p=>@A	 (𝐴. 23) 

𝑛@CDEFGHC = 𝑛=>=?=@A − 𝑛p=>@A	 (𝐴. 24) 

To compare the stability of different complexes, one can use the leachate 

concentrations, the number of CPC moles desorbed relative to the mass of clay, or the 

percentage of moles desorbed relative to the initial number moles intercalated. The 

latter is calculated using the following equation. 
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%	𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝑛CHDEFGHC
𝑛=>=?=@A

	 (𝐴. 25) 

In most cases, the moles of CPC adsorbed per gram of clay (Q) is calculated in order to 

compare the results obtained in this experiment to those presented in different studies.  

𝑄	 5
𝑚𝑚𝑜𝑙
𝑔 : =

𝑛;<;	=>=?=@AAB	@CDEFGHC
𝑚IA@B

(𝐴. 26) 

The number of CPC moles retained per gram of the complex is calculated similarly. 

𝑞FHAH@DHC 	5
𝑚𝑚𝑜𝑙
𝑔 : =

𝑛;<;	FHAH@DHC	=>	DEAK?=E>
𝑚IA@B

(𝐴. 27) 

𝑞FH?@=>HC 	5
𝑚𝑚𝑜𝑙
𝑔 : = 𝑄 − 𝑞FHAH@DHC =

𝑛;<;	=>=?=@AAB	@CDEFGHC
𝑚IA@B

−
𝑛;<;	FHAH@DHC	=>	DEAK?=E>

𝑚IA@B
	(𝐴. 28) 
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