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Abstract 

Fatbergs have become an increasing problem with the increase in demand and use of 

products that contain fats oil and grease (FOG) formed when FOG and sanitary products lump 

together forming huge masses in sewers thus creating problems such as sewer overflows. 

This poses a danger as sewage making its way into water streams contaminates water. To 

address the problem, the adsorption of fatty acids identified in sewer systems i.e. palmitic acid 

, oleic acid and linoleic acid by He et al. (2013) onto polystyrene, aluminium oxide, and silicon 

dioxide was investigated using Quartz crystal microbalance with dissipation (QCMD). The 

emphasise of the study was to minimize the impact of the FOG deposits by prevention hence 

the study focuses exclusively of adsorption of free fatty acids (FFA).  

Pseudo first order and pseudo second order models revealed that experimental results were 

a good fit for the PSO model with R2 > 0.93 thereby suggesting that the fatty acids chemically 

adsorbed to the sensors and formed a monolayer. Chemical adsorption was confirmed by 

Xray photoelectron spectroscopy (XPS). Competitive adsorption studies revealed that palmitic 

acid introduced rigidity to the adlayer and the extent of this dependent on its position in the 

sequence. Linoleic acid adsorbed in an extended state while oleic acid adsorbed parallel to 

the quartz sensors (Lundgren et al., 2006). This effect was affected by the position of linoleic 

acid and oleic acid in the sequence thus resulting in different conformational changes within 

the adlayers. The effect of pH determined that adsorption of the FFA was highest around the 

pKa values of 9.85, 9.24 and 8.6 respectively with palmitic acid forming the thickest layer. 

Calculation of the thermodynamic parameters revealed that the adsorption of the fatty acids 

onto a gold sensor was an endothermic process with a great degree of spontaneity. 
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𝜏0   Decay time 

∆D   Dissipation Change 

∆F   Frequency Change 

∆G   Change in the Gibbs free energy 

∆H   Enthalpy Change 

∆m   Adsorbed mass,  

∆S°   Change in Entropy 

a and m  Constants 

A   Electrode area. 

B   Concentration of the bound guest  

C   Mass sensitivity constant 

F   Concentration of free guest 

FOG   Fats oils and grease 

G   Gibbs free energy 
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n   Overtone /harmonic number 

QCM   Quartz crystal microbalance 

QCM-D  Quartz crystal microbalance with dissipation 

R2   Correlation Coefficient 

T   Temperature 

t   time  

Δ𝑓   Complex frequency shift sensor  

ΔΓ   Energy loss due to dampening  

𝐷   The dissipation factor 

𝑓   Resonance frequency 

𝑚   Mass of sample 

 𝜌   Density of the sensor 

𝜐    Shear wave velocity in the quartz sensor 

𝜔   Angular frequency  
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Abbreviations 

AFM   Atomic Force Microscopy 

ATR   Attenuated Total Reflectance 

FFA   Free fatty acids 

FOG   Fats oils and grease 

FTIR   Fourier transform infrared spectroscopy 

FWHM   Full width half maximum 

IPA   Isopropyl alcohol 

L   Linoleic Acid 

O   Oleic Acid 

P, PA   Palmitic Acid 

PFO   Pseudo first order 

PSO   Pseudo second order  

QCM   Quartz crystal microbalance 

QCM-D  Quartz crystal microbalance with dissipation 

SEM   Scanning electron microscopy 

ss   Stock solutions 

XPS   Xray photoelectron spectroscopy 
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Chapter 1 Introduction 

The blockage of sewers by fats oil and grease (FOG) together with other sanitary products 

like wet wipes, cotton pads etc has resulted in the formation of what is termed FATBERGS. 

These ‘fatbergs’ are formed when FOG and sanitary products lump up together forming a 

huge mass in sewers and thus creating a problem. The issue remains unknown or forgotten 

as these products are usually thrown down sinks and toilets. Since things out of sight are 

usually forgotten the scale of the problem only becomes evident when these fatbergs have 

caused blockages resulting in overflow of sewers either in homes or businesses. At the 

community level, overflow from sewers results in sewage making its way into water streams 

and thus contaminating water as it brings bacteria, disease causing pathogens and 

contaminated solids (Wallace et al., 2017). This is when maintenance teams are usually 

required to physically remove these fatbergs to unblock the sewer systems and get the system 

running smoothly again until the next blockage is discovered.  

The problem of FOG in sewer systems dates to the 1940’s (Wallace et al., 2017). However 

not much has been done to address the problem. Governments and companies have come 

up with strategies to either prevent the formation of fatbergs. Failing which, reduction of the 

impact of the FOG is done by encouraging proper disposal (Figure 1.1), re-cycling the FOG to 

make biodiesel or to investing in alternative recovery methods such as bioaglumeration. This 

was usually done by community education encouraging people not to pour oils and grease 

down their drains but rather to dispose them in refuse bins (Wallace et al., 2017). However, 

since a large contributor to the Fatberg crisis is restaurants, the FOG is usually washed down 

drains when cleaning utensils. The amount of fats and oils used cannot be reduced as they 

are part of the 5 main food groups that are needed to keep people healthy (Wittcoff et al., 

2012). According to Wallace et al. (2017), ‘FOG consumption per capita was 50kg/annum in 

developed countries as compared to 20kg/annum in developing countries.’ As such this 

problem is mainly a crisis in the developed countries. An example would be the FATBERG 

found in Whitechapel in London which was 250 meters long and weighing 130 tonnes (BBC 

News, 2017). 
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Figure 1.1 Oliobox collection box at a supermarket in Belgium to recycle frying cooking oil. 

(Seanneng, 2025) photo taken outside a local supermarket. 

Existing work on the management of FOG deposits it mainly focused on used cooking, waste 

from oil and grease in food service outlets as well understanding how FOG deposits build up 

in sewers. However ,the limitations of this are that experiments are done under controlled 

laboratory conditions which do not replicate real sewer conditions. They are unable to account 

for the impact of microbial activity on FOG deposits in sewers, effect of temperature , flow 

rates, time ,pH etc. While the study by He et al. (2013) attempted to give materials that prevent 

release of calcium ions into wastewater, no tests have been performed to verify this.  

The aim of this research as a response to finding a sustainable way of prevention of fatbergs 

was to investigate the adsorption of fatty acids found in FOG deposits onto surfaces. The 

focus was however on understanding the kinetics of adsorption of the fatty acids onto the 
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substrate materials. An attempt was also made to coat the QCM sensors with silica particles 

due to the ease of its synthesis and a well-documented study around its synthesis and 

functionalisation. The Quartz crystal microbalance with dissipation (QCM-D) was identified as 

one of the tools that could be used to study the kinetics of adsorption of a material along with 

other analytical and characterization techniques such as contact angles measurements, SEM, 

XPS etc. The terms QCM and QCMD are used interchangeably in this work. 

The work in this thesis explored the adsorption of FFA identified in literature using QCMD. The 

effect of concentration, temperature, pH on the adsorptions of oleic acid, linoleic acid and 

palmitic acid were investigated to study the kinetics. Pseudo first order and second order 

kinetic models were applied to investigate whether chemisorption or physisorption where the 

driving force behind these adsorptions. Competitive adsorption of the fatty acids was also 

investigated as well as the effect of introducing a secondary surface by using inserts on 

adsorption. 

Thus far, silica particles have been synthesised using the Stober method. The particles 

produced have then been characterized using SEM. These are unfunctionalized silica 

particles. Functionalization of the silica nanoparticles is beyond the scope of the research. 

Attempts to modify the quarts sensors by spin coating unfunctionalized silica were 

unsuccessful as such further work is required as this could potentially prolong the lifespan of 

the quartz sensors and give control to tailor the surface properties such as the surface’s 

reusability hence the recovery of the adsorbed fatty acids. 

To prove the validity of QCM-D being a viable method to understanding adsorption kinetics, a 

gold-plated quartz crystal was used to test if an alkane, octadecane can be adsorbed and 

desorbed from the crystal before being extended to free fatty acid adsorption. This method 

was chosen as it has already proven successful in a study of wettability of oil and adsorption 

kinetics for recovery of oil in the petroleum engineering sector as discussed by (Erzuah et al., 

2018). Erzuah et al. (2018) was able to demonstrate that oil recovery was possible by testing 

using a gold-plated quartz sensor and kaolinite and testing its adsorption tendencies with 

different quantities of formation water, brine, and stock tank oil and n-decane to mimic an 

actual reservoir for crude oil recovery.  

Competitive adsorption of the free fatty acids (FFA) was investigated by studying the impact 

of sequential addition of the FFA into the system. The effect of increasing concentration from 

25mg/ml to 150mg/ml on different substrate sensors was also investigated as well as the effect 

of pH and temperature on adsorption. One of the characterization methods of choice for many 

researchers using QCMD is atomic force microscopy (AFM) particularly determining surface 
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topography coverage and heterogeneity (Adamczyk et al., 2020; Westwood et al., 2012; 

Reimhult et al., 2008). AFM is usually chosen as it is non-destructive to the quartz sensors. 

However, in this work X-ray photoelectron spectroscopy (XPS) and Raman microscopy were 

used to study effect of substrate surface chemistry on the sensors. Both techniques were 

found to be non-destructive under conditions discussed later in this work. They also provide 

an image of the sensors hence it is possible to determine the surface coverage. This was 

however outside the scope of this work as the focus was on studying the surface chemistry of 

the sensors. 

1.1 Literature Review 

1.1.1 Fatberg Formation 

Metallic salts of fatty acids have been identified to be a contributing factor to the formation of 

FOG deposits in sewer systems. Calcium has been identified to be the dominant metal as it 

can be found in concrete which is used to line the sewer systems (He et al., 2013; Iasmin et 

al., 2016). Calcium leaching from concrete was investigated and it was found that leaching of 

calcium is high at low pH values, and this greatly contributed to concrete corrosion. In fact, the 

presence of oil from wastewater provides free fatty acids resulting in an interface 

saponification reaction where calcium salts of fatty acids are formed thus resulting in the 

formation of FOG deposits along the sewer as shown in Figure 1.2. Palmitic, oleic, and linoleic 

acid are the three major free fatty acids that were found present in FOG deposits (He et al., 

2013). Oil acts as a grease interceptor thus facilitating transport of hydrolysed free fatty acids 

to the interfaces and this is also encouraged by their hydrophobicity. FOG deposits tend to 

form along the pipeline cross-section above the water level (He et al., 2013). Palmitic acid has 

been identified as the most prominent free fatty acid in FOG solids (Iasmin et al., 2016). Given 

the rising problem with FOG deposits, high costs are associated with their removal highlighting 

the environmental, health and financial impact of the FOG deposits (Stein & Miller, 2019). 
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Figure 1.2 Mechanism by which Fatbergs are formed. Reprinted from (He et al., 2013) 
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1.1.2 Silica 

Silica has been used in this work to investigate adsorption kinetics of palmitic acid, oleic acid 

and linoleic acid using QCMD. The sensors used are made of quartz (a form of silica) with 

different materials coated onto them. The sensors are the centre of the QCM technique. Hence 

it was important to investigate silica synthesis in the amorphous form and to determine if both 

forms amorphous and crystalline form (in the form of the quartz sensors) can be used in the 

QCM technique. 

Silica occurs naturally in mineral such as quartz, flint and even in plants such as barley and 

rice. The conditions under which silica forms greatly affect the phase in which it will exist e.g. 

whether it will exist in crystalline form or amorphous form (Vansant et al., 1995). Factors that 

influence this are temperature, hydration level, and the pressure during its formation. Most 

silica occurs in crystalline form in nature and as a result the active surface able to take part in 

chemical reaction is limited to the outside surface due to its densely packed nature (Vansant 

et al., 1995).  

Silica is highly used in many industries such as in the pharmaceutical and catalysis industries 

to name a few. Its widespread use is mainly too due to its preparation and the fact that the 

particle size and shape can easily be controlled to give the desired output (Rao et al., 2005). 

Further the synthesis of silica nanoparticles is widely documented.  

1.1.2.1 Characterisation of nanoparticle 

The design or synthesis of silica nanoparticle is very important. Properties such as the particle 

size, shape, pore size, and surface area will in turn affect the particles’ performance (Vansant 

et al., 1995). It has been already established that the desire is to design an amorphous silica 

to increase its overall surface area. The preparation as already mentioned is most important. 

1.1.2.2 Sols and gels 

The preparation of the sol-gel form of silica results in Si(OH)4 condensing and thereby forming 

a siloxane network (Vansant et al., 1995). However, this happens in a two-step process 

involving hydrolysis into silanol groups followed by condensation thereby forming the siloxane 

network (Rao et al., 2005). These processes occur simultaneously during a reaction. The 

reaction path is as shown in Figures 1.2 and 1.3. Over time, a turbid suspension will be 

observed. As a result of the reactions, the sol will have progressed to become a gel. This is 

accompanied by an increase in the viscosity of the reaction medium (Vansant et al., 1995). 

The result of this will be formation of a hydrogel. As mentioned before, reaction conditions 
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such as temperature, pH, the solvents used in the reaction and the alkoxide determine the 

properties of the formed particles (Zulfiqar et al., 2016). A xerogel is formed upon further drying 

of the particles. The liquid that occupied the pore of the particles is expelled by the capillary 

forces because of the drying process. As a result, the conditions under which drying or aging 

occurs determine characteristics such as the porosity and the total surface area of the particles 

(Vansant et al., 1995).  

Hydrolysis 

𝑆𝑖 − (𝑂𝑅)4 + 𝐻20 ⇌ 𝑆𝑖 − (𝑂𝐻)4 + 4𝑅 − 𝑂𝐻 

Equation1.1 

Condensation 

2𝑆𝑖 − (𝑂𝐻)4 → 2(𝑆
𝑖

− 𝑂 − 𝑆𝑖) + 4𝐻2𝑂 

Equation1.2  

 

Figure 1.3 shows the sequential addition method for synthesis of silica. Reprinted from (Rao et 

al., 2005)  

1.1.2.3 Mechanism of particle formation 

Particles can be formed via the sol-precipitation method. Particles nucleate in the 

supersaturated solution. As a result of the growth of the particles, stable primary particles are 
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formed (Ibrahim et al., 2010). The period in which particles form in the supersaturated solution 

is called the induction time. As such with time, more primary particles will be formed which will 

then be used for growth of the primary particles already formed resulting in increase of their 

stability. These can be observed or seen as the turbid suspension referred to in Figure 1.3.The 

formation of these particles can also be observed by an increase in viscosity of the reaction 

mixture. This is how mono-disperse particles are formed.  

Another way the particles are formed is via aggregation. This occurs when the consumption 

of primary particles for growth resulting in stable particles is exceeded. When this happens, 

particles will then be spontaneously formed via aggregation. However, for such a suspension, 

a multi-modal particle size distribution will be observed (Chen et al., 1997).  

1.1.2.4 Factors that affect the characteristics of silica 

1.1.2.4.1 Effect of pH 

Tetraethyl orthosilicate (TEOS) is usually used as a precursor in the synthesis of silica in either 

an acid or basic medium. This will be dependent on the properties of the desired particle as 

the pH plays a major role on the aggregation of particles formed hence affecting the size 

(Zulfiqar et al., 2016). Another precursor that can be used in the synthesis of silica is sodium 

silicate solution. The factors affecting choice of the precursor include but are not limited to, the 

cost, the uniformity of particles produced, concentration of particles as well as the 

agglomeration tendencies of particles. Usually, a precursor used in an acidic medium result in 

particles with high agglomeration while a basic medium results in less agglomeration (Zulfiqar 

et al., 2016). From the various studies conducted, it can be found that the pH has a direct 

impact on the agglomeration but also on the overall particle size.  

The initial pH of the TEOS-water phase directly affects the particle size. To fine tune the pH 

of the system, the concentration of the base catalyst would need to be altered. In a study 

comparing the use of n-butylamine and lysine catalysed systems, it was found that increasing 

the pH resulted in a decrease in the particle size. Zulfiqar et al. (2016) also came to the same 

conclusion. In their case, the pH was varied mainly by changing the ratio of ethanol to 

ammonia as shown in Figure 1.4. The key difference between the n-butylamine and lysine 

reactions is that lysine acts as a buffer. The hydrolysis rate of the n-butylamine catalysed 

reactions is higher at high pH e.g. 11 as compared to a lower pH e.g. 9. However, at these 

low pH values, the hydrolysis is faster for the lysine system as compared to the n-butylamine 

system (Wang et al., 2011). This can give a conclusion that for specific species of catalyst at 

specific pH values, generally the reaction rate increases with an increase in pH. It should be 

noted that in the lysine system, no alcohols were used. As a result, silicate species are 
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released slowly into the water phase and as such are immediately used up. There is also less 

contact between the water and TEOS surface. Hence the hydrolysis of TEOS is slow while 

the condensation rate is quick. This is what provides the buffering for the reaction (Wang et 

al., 2011). 

1.1.2.4.2 Size distribution 

The Stober method has been used widely in the synthesis of colloidal silica. This method is a 

single-phase technique that involves a reaction between TEOS, ethanol and a catalyst which 

can either be a base or an acid. Examples of some catalysts that have been used include 

sodium hydroxide, lysine etc. Figure 1.3 shows a sequential method that can be used to make 

silica. However, this method has a limit to the tuning of the particle size below 30nm (Wang et 

al., 2011). To control the particle size distribution, Wang et al. (2011) designed a two-phase 

experiment that would ensure that as the particles were synthesised, the pH was relatively 

constant throughout the experiment. In this experiment, a base catalyst lysine was used which 

acted as a buffer in the reaction resulting in only a slight in pH decrease (9.8 - 9.2). However, 

upon investigation of other unbuffered reactions, it was established that uniform sized particles 

can also be achieved (Wang et al., 2011). Figure 1.4 shows another study on the effect of the 

particle size distribution. It was found that though increasing ammonia may decrease the 

particle size, it also resulted in a decrease in the particle size distribution (Zulfiqar et al., 2016). 

The inverse effect was observed for ethanol which resulted in an increase in particle size and 

particle size distribution when the ratio of ethanol to ammonia was increased.  

 

Figure 1.4 The variation of particle size with change in ammonia/ethanol ratio. Reproduced 

from (Zulfiqar et al., 2016) 
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Silica nanoparticles were synthesized using the Stober method in this work and the effect of 

pH on the particle size distribution was studied. 

1.1.2.4.3 Temperature 

Temperature plays a major role in many reactions. It influences the rate at which silica is 

formed and the structure of the pores hence affecting the pore size distribution and inevitably 

the size and shape of the formed silica (Li et al., 2016). Figure 1.6 and Figure 1.5 demonstrate 

the effect of temperature on the structure of the pores of silica. From these two figures it can 

be deduced that at temperatures lower than 130ºC, the pore structure is well ordered. This is 

also observed at 150ºC, and the structure is further distorted beyond this temperature. Figure 

1.5 shows 3 main peaks (100, 110 and 200). The strength of these peaks is shown at 

temperatures below 130ºC and again at 150ºC. These peaks are weak at 130ºC and at 180ºC, 

the 100 peak is very weak while the other two peaks cannot be seen, meaning that their 

structure is not ordered. In Figure 1.6 the pores at these two temperatures appear cracked 

while the others are smooth (Li et al., 2016). 

 

Figure 1.5 The results of small x-ray scattering for mesoporous ordered silica synthesised at 

different temperatures. Reproduced from (Li et al., 2016) 



11 

 

 

Figure 1.6 Scanning Electron Microscopy images of mesoporous silica synthesized at different 

temperatures. Reproduced from (Li et al., 2016) 

In a different study by Rao et al. (2005) on the synthesis of spherical silica nanoparticles, the 

effect of temperature was also investigated. It was found that increase in temperature resulted 

in an increase in particle size. However, the reverse was also observed in the study. The 

determining difference was the concentration of ethanol used. It was found that between 4-

6M, an increase in particle size was observed while above 14M a decrease in particle size 

was seen. Electrostatic repulsive forces from silanol groups are responsible for insuring 

stability of the particle. However, they dissolve in ammonia and when temperature increase, 

ammonia evaporates thereby resulting in increase in the amount of water present hence the 

size of particle increases (Rao et al., 2005). A balance needs to thus be found which will not 

result in collapse of the silica pore and results in a stable structure (pore stability and structure) 

(Li et al., 2016). 

1.1.2.4.4 Concentration  

Concentration of various regents can be varied to control the morphology of the synthesised 

silica particles. Various studies have been made on how changing concentration of regents 

such as ammonia, ethanol or even the water content can affect the silica particles. Zeng et al. 

(2015) studied how varying the concentration of ammonia affected silica particles formed via 

the Stober method. In this study it was found that increasing the concentration of ammonia 

resulted in an increase in the particle size. In another study conducted by Rao et al. (2005) 

the reverse was the case with a decrease in particle size with increasing ammonia 

concentration as shown in Figure 1.7. These results are supported by the work done by 

Zulfiqar et al. (2016) as shown in Figure 1.4. In the same study by Rao et al. (2005) it was 

found that increasing the water content resulted in smaller particle sizes being formed. Ethanol 

influences the monodispersity of particles being formed. If ethanol is low in concentration, 

more aggregation could be seen resulting from a decrease in pH (Rao et al., 2005). Figure 1.4 

also shows that increasing ethanol concentration also results in large particles being formed. 



12 

 

 

Figure 1.7 shows effect of increasing concentration of ammonia on the particle size. Reprinted 

from (Rao et al., 2005). 
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Methods that can be used for synthesis of silica nanoparticles are as shown in Figure 1.8. 

 

Figure 1.8 Methods used to synthesise silica nanoparticles; Reproduced from (Liberman et al., 

2014). 

  



14 

 

1.1.3 Quartz Crystal Microbalance with Dissipation 

The quartz crystal microbalance (QCM) is a surface phenomenon technique which can be 

used to study the interactions occurring on the surface of the quartz crystal and study the thin 

film material on the surface (Biolin Scientific, 2020). It can be used to study if a material can 

adsorb onto the surface of the quartz crystal. The change in mass is always accompanied by 

a shift in the frequency and energy dissipation as shown in Figure 1.9. The energy dissipation 

can sometimes be used to tell more information about the type of material that is on the surface 

i.e. it gives information about the structural and viscoelastic changes of the material (Anderson 

et al., 2007). This change in dissipation gives information about surface free energy changes 

due to film formation during adsorption, degradation of a material or desorption. As such, the 

QCM-D can be used to measure changes in the bulk density of a solution (Irwin et al., 2005). 

 

 

Figure 1.9 shows frequency and dissipation shifts when a mass is applied onto a quartz sensor. 

Adapted from (Biolin Scientific, 2020). 
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1.1.3.1 Quartz sensor 

The quartz sensor (crystal) is thin and located in-between a pair of electrodes. The quartz 

crystal has a piezoelectric effect as such will oscillate on application of AC voltage across the 

electrodes (Biolin Scientific, 2020). The most common material for this sensor is gold as shown 

in Figure 1.10, however the sensor can be made from any material e.g. silver, aluminium, 

copper etc. 

Figure 1.10 also shows different shapes and sizes for the sensor. The shape size and 

geometry of the flow cell in which the sensor is used greatly affect the performance of the 

sensor (Anderson et al., 2007). Anderson et al. (2007) conducted a study on the performance 

of the quartz crystals shown in Figure 1.10. They found that in an air medium, the crystals 

were very sensitive as compared to when operating in a liquid. This was observed by a large 

reduction in the energy lost (dissipation). The study showed that the smaller crystals had a 

higher sensitivity and overall, the rectangular sensor was the most sensitive as it has a higher 

response to any change as shown in Figure 1.11. 

 

Figure 1.10 shows different shapes of quartz sensors. Reproduced from (Anderson et al., 2007). 
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Figure 1.11 shows the average frequency response for circular and rectangular quartz sensors. 

Reproduced from (Anderson et al., 2007). 

According to Biolin Scientific, 2020 the sensors are most sensitive at the centre of the crystal. 

This is because a higher amplitude is always detected at the centre of the crystal. In addition 

to this, the Qsense software that is used to record the changes in oscillatory behaviour the 

crystal always assumes that when measurements are taken, the surface of the crystal has 

been homogeneously coated (Biolin Scientific, 2020).  

1.1.3.2 Measurement Models 

Many authors have used and reviewed different analysis methods to interpret data measured 

using the QCM-D. Some of the methods include but are not limited to ; the Sauerbrey model, 

the Maxwell model, Kelvin-Voigt model, Hydrodynamic model, and the Mason model. The 

Sauerbrey model is used for thin evenly distributed and rigid layers on the sensor surface 

(Lundgren et al., 2006). However, depending on the system, this is not always the case. To 

account for this, other models such as the Mason model, Maxwell model etc can be used 

alongside other complimentary techniques such as AFM (atomic force microscopy), 

ellipsometry, SEM (scanning electron microscopy) and XPS (X-ray photoelectron 

spectroscopy) to confirm the surface morphology and surface coverage. The complimentary 

characterization techniques can be used regardless of whether the film adsorbed follows 

Sauerbrey or any other Visco-elastic model.  
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1.1.3.2.1 Sauerbrey Model 

If the adsorbed film follows Sauerbrey, the mass adsorbed can be determined by:  

∆𝑓 = −
2𝑓2∆𝑚

√𝜌𝜐𝐴
 𝑜𝑟 ∆𝑚 = −

𝜌𝑞𝑡𝑞Δ𝑓

𝑓0𝑛
= −

𝜌𝑞µ𝑞Δ𝑓

2𝑓0
2𝑛

= −
𝐶∆𝑓

𝑛
 

Equation1.3 

Where: 𝑓 is the resonance frequency, 𝑚 is mass of sample, 𝜌 is the density of the sensor, 

𝜐 shear wave velocity in the quartz sensor, A is the electrode area. ∆m is the adsorbed mass, 

C is the mass sensitivity constant is 17.7 𝑛𝑔 𝑐𝑚−2𝐻𝑧−2 when the fundamental resonance 

frequency, 𝑓0 = 5𝐻𝑍 and n =1, where n is the harmonic number (1,3,5,7) (Cho et al., 2010). 

The drawback of the Sauerbrey model is that it does not consider the effect of the surrounding 

fluid as well as multilayer adsorption since Sauerbrey only hold for thin films (Lapidot et al., 

2016). Therefore, it is not applicable for systems exploring adsorption of lipids, proteins, 

polymers, or any others that may have a viscous or elastic nature.  

1.1.3.2.2 Mason Model 

The Mason model is used for addressing viscoelastic effects involving crystalline point contact 

loads which result in non-uniformity of deposits (Lapidot et al., 2016). It addresses any 

changes in the frequency as a complex number thus having a real part which represents 

energy stored and the imaginary part for any energy lost (Lapidot et al., 2016). The Maison 

model uses a complex function to better understand the frequency and dissipation data at 

multiple overtones. The model accounts for nucleation and the growth of the crystal clusters 

but it also considers the entrapped fluid in between the growing crystals. The complex 

frequency shift (energy stored and energy lost) is determined by:  

Δ𝑓

𝑓𝑓
=

Δ𝑓 + 𝑖ΔΓ

𝑓𝑓
=

𝑖

𝜋𝐴𝑞𝑍𝑞
𝑍𝑙𝑜𝑎𝑑 

Equation1.4 

Where Δ𝑓 is the complex frequency shift made of Δ𝑓 the real part (stored energy with the 

sensor) and the imaginary part (energy loss due to dampening) is represented by ΔΓ. 𝐴𝑞 is 

the area of the sensor, 𝑍𝑞 the impedence on the sensor, 𝑍𝑙𝑜𝑎𝑑  the load on the sensor (Lapidot 

et al., 2016). While the Mason model does well for systems that consider constant nucleation 

and crystal growth it cannot be used for systems where the driving mechanism is not 
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crystallization but is adsorption. This of course is determined by the nature of the material that 

is being measured.  

1.1.3.2.3 Kelvin-Voigt Model and Maxwell-Wiechert Model 

The Voigt and Maxwell models are commonly used to model materials that exhibit viscoelastic 

behaviour. The Voigt Model is commonly used to represent a spring, and dashpot is parallel 

while the Maxwell model represents the spring and dashpot in series (Chindam et al., 2013). 

The Maxwell model is usually applied to solutions that are liquid like while the Voigt model is 

usually applied to model films that do not change shape/deform or flow upon application of a 

stress (Voinova et al., 1999; Lapidot et al., 2016). The Voigt model assumes that the 

viscoelastic film deposited on the quartz sensor is of uniform thickness, homogenous ,covers 

the whole sensor surface and is operating in a Newtonian liquid under no-slip boundary 

conditions (Voinova et al., 1999; Paul et al., 2008; Qsense DFind, 2024). The equations for 

viscoelastic modelling have been described elsewhere in literature (Voinova et al., 1999; 

Johannsmann, 2015). Another important parameter which helps in deciding which model to 

apply is the acoustic ratio. 

The acoustic ratio which is given by: 

= −
∆𝐷𝑛

∆f𝑛

𝑛

 

Equation 1.5 

The acoustic ratio is a purely material property and is important as it helps to determine 

whether changes observed in the frequency and dissipation when applying a viscoelastic 

model are due to adsorption or are the results of the effect of the bulk fluid. ∆𝐷𝑛 is the 

dissipation change at nth overtone and ∆fn is the frequency shit at the nth overtone. The 

acoustic ratio is 0.4 for a purely viscous fluid in a 5MHz quartz sensor for all overtones 

(Reviakine et al., 2011; Gopalakrishna et al., 2021; Fredrik Pettersson, 2022). However, for 

acoustic ratio ∆𝐷𝑛/(−∆𝑓𝑛/𝑛) ≪ 4 ×10-7 Hz-1 the Sauerbery equation can be recovered and 

used for determining the areal mass (Reviakine et al., 2011). This may be because even 

though the adsorbed film is soft, it could be considered rigid in comparison to the bulk fluid 

(Johannsmann, 2015). Cho et al. (2010) suggested that viscoelastic modelling can be used if 

the dissipation change is large i.e. if | ∆𝐷𝑛/∆𝑓𝑛| > 1×10-8 Hz-1. 

Measurements of frequency shifts are taken at four separate fundamental frequencies as 

these are the ones that cause the quartz crystal to oscillate. These four overtones are the 
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fundamental overtone n=1 at 5MHz, n=3 at 15MHz, n=5 at 25MHz and n=7 at 35MHz. The 

corresponding dissipation factors are as such good for taking measurements (D1,D3,D5 and 

D7) (Irwin et al., 2005).To take measurements of frequency and dissipation, the piezoelectric 

quartz sensor is switched off, the voltage over the resonator then oscillates as an exponentially 

damped sinusoidal wave. This is the main principle by which these measurements are made. 

When taking measurements, stability of the measurement taken is far more important in 

comparison to the initial offset that will be observed (Rodahl & Kasemo, 1966). 

1.1.4 Adsorption kinetics on QCM-D 

Adsorption kinetics are studied by observing the changes in frequency and dissipation as 

mentioned above. If a material is adsorbed and is rigid and evenly distributed, then the change 

in frequency would be equivalent to the mass adsorbed hence following the Sauerbery model. 

The energy dissipated is thus negligible. However, the dissipation energy is observed in cases 

where the viscoelastic materials have adsorbed onto the sensor surface. This then introduces 

an important factor called the dissipation factor/energy which is used to give information about 

the material (Liu & Ki, 2009).   

The dissipation factor is: 

𝐷 =
1

𝜋𝑓0𝜏0
=

2

𝜔𝜏0
 𝑜𝑟 𝐷 =

𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
 

Equation1.6 

Where: 

𝑓0= resonance frequency, 𝜏0= decay time, 𝜔= angular frequency and 𝐷 = the dissipation factor. 

To understand the viscoelastic properties of the adlayer, a theoretical model needs to be 

developed. Two models as mentioned above can be used. Either the Kelvin-Voight (the 

storage and loss moduli affect the frequency of oscillation) or the Maxwell model (Liu & Ki, 

2009). These two models would first need to be individually tested and the one representing 

the results from the QCM-D for that specific material chosen. Hence an understanding of 

characteristics of any material used is important (Regmi et al., 2014). The Maxwell model is 

represented by a spring and dashpot connected in series was used to determine the molecular 

weight of ionic liquids with varying concentrations. The Maxwell model agreed with results 

obtained from the QCM-D technique (Regmi et al., 2014). The Kelvin-Voigt model has been 

used to show how changes in solution concentration affected the mechanics and catalytic 

activity of the adsorbed layer on the sensor (McArdle et al., 2015). 
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The chemical composition of the adsorbed layer is usually studied by using a spectroscopic 

technique. Some of the techniques that have been used are FRAP (fluorescence recovery 

after photo bleaching). This technique was used to study the kinetics of binding or diffusion of 

planar supported lipid bilayer molecules on the surface (Weng et al., 2006). Another technique 

that can be used is X-ray photo electron spectroscopy which has been used to study how a 

cationic polymer and anionic surfactant affected the adsorbed layer in a study to on how 

adsorption and viscoelasticity were affected by polyelectrolyte-surfactant on the hydrophilic 

surface. The quartz sensor in this case was coated with amphoteric alumina and the charge 

on the hydrophilic surface controlled by changing the pH (Dhopatkar et al., 2015). The study 

of adsorption kinetics can be studied by optimising the process. Examples including changing 

pH, temperature, or the surface on the material. The QCM-D hence assesses changes in 

hydrated sample mass thus giving information on adsorption, desorption, and binding of 

adsorbate onto the adsorbent. It can further give information about surface and structural 

changes of molecules such as crosslinking, collapsing of a membrane as well as degradation 

or corrosion at the surface of the sensors (Biolin Scientific, 2018).  

The QCM technique has also been used in a study of unsaturated fatty acid (oleic acid, linoleic 

acid, and linolenic acid) adsorption onto a steel surface (Lundgren et al., 2007). The study 

found that the chain length, the structure (whether it is linear or branched) of the fatty acids as 

well as whether a chemisorption or physisorption was occurring, affected the amount of the 

fatty acids being adsorbed. Figure 1.12 showed that oleic acid was adsorbed however it 

reached a plateau and no more could be adsorbed even if the concentration was increased. 

Linoleic acid and linolenic acid on the other hand never reached a plateau. This suggests more 

of the adsorption of the fatty acids could occur. However, since the number of binding sites on 

the steel surface is limited, it was suggested that multilayer adsorption of the fatty acids 

occurred (Lundgren et al., 2007). For oleic acid only monolayer adsorption occurred as shown 

in Figure 1.12. Since oleic acid is a linear fatty acid, it was also suggested that is adsorbed 

parallel to the surface hence a physisorption occurring as compared to the other fatty acids 

where a chemisorption is suggested to have taken place (Lundgren et al., 2007). 
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Figure 1.12 shows proposed mechanisms by which adsorption occurred for the fatty acids 

under test. Adapted from (Lundgren et al., 2007). 

1.1.5 Adsorption 

Attractive forces existing between the adsorbate (substance being adsorbed) and the 

adsorbent surface result in a process called adsorption just as shown in Figure 1.13. The 

attractive forces that can exist between the adsorbent surface and the adsorbate are van der 

Waals’ forces, electrostatic forces as well as chemical bonding. These forces are highly 

dependent on the types of the materials that are interacting. As a result of these interactions, 

adsorption can be classified as either a physical adsorption (physisorption) or chemical 

adsorption. The main difference between the two is that physisorption is because of weak 

forces (van der Waals’ or electrostatic forces of attraction) and in chemisorption (covalent 

bonding, metallic or ionic bonding), the attractive forces result in chemical bonding 

(Ramaswamy et al., 2013; Saleh, 2021). Hence physisorption is reversible (bonds can be 

broken). Chemisorption on the other hand is surface specific. It has been described in 

literature as irreversible or dissociative (Saleh, 2021). An example is in the formation of rust 

where the surface is changed due to the redox reaction involving the reaction of iron, oxygen 

and water to for iron oxide (Britannica, 2025). However, this is not always the case as 

chemisorption can be reversed with sufficient energy input to overcome the energy barrier of 

the specific reaction e.g. pressure-swing manipulation has been used to prove the reversible 

chemisorption of carbon monoxide on nickel (o) complexes (Yamauchi et al., 2022). 



22 

 

 

Figure 1.13 Shows a depiction of the adsorption process. Reproduced from (Butt et al., 2003) 

1.1.5.1 Adsorbents 

Table 1.1 shows different types of commercial adsorbents. Some of the factors to be 

considered when choosing an adsorbent for a process are the cost of adsorbent, its ability to 

regenerate, its adsorption capacity, the kinetics and selectivity (Ramaswamy et al., 2013). 

Silica was chosen for this work as it is quite easy to vary its characteristics by simply varying 

the pH, temperature, and concentration. The main factors supporting the desirability of silica 

in use in this work are as discussed in section 1.1.2.4.  

Table 1.1 shows different types of adsorbents. Reproduced from (Da̧browski, 2001) 

 

1.1.5.2 Adsorption Isotherms 

An adsorption isotherm is a graphical representation of the quantity of adsorbate adsorbed as 

a function of pressure at a constant temperature (Toppr, 2020). There are three main 

adsorption isotherms which are Freundlich, Langmuir and BET theory (XAmplified, 2009). The 

basic principle of an isotherm is as shown:  
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𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 + 𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒
𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

⇌
𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 

Equation1.7 

                                                                  (XAmplified, 2009) 

Figure 1.14 shows a broader list of some of the isotherms that have been observed in various 

literature studies. However, the discussion will focus on the three main isotherms which are 

listed above. 

 

Figure 1.14 Shows different types of isotherms. Reproduced from (Butt et al., 2003) 
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1.1.5.2.1 Freundlich Adsorption Isotherm 

The Freundlich adsorption isotherm gives a relation of the amount of gas adsorbed as a 

function of pressure at a constant temperature. It tries to relate the number of atoms adsorbed 

from a gaseous phase onto a solid surface. The amount of gas adsorbed is also dependent 

on the surface geometry, presence of binding sites as well as the interactions that the 

adsorbed gaseous atoms have with each other (Appel, 1973). The Freundlich isotherm 

assumes that the adsorbent surface is heterogeneous (e.g. activated carbon, silica etc) thus 

having different binding energies for the binding sites (Appel, 1973; Umpleby II et al., 2001). 

The equation below describes the isotherm: 

𝐵 = 𝑎𝐹𝑚 

Equation1.8 

                                                        (Umpleby II et al., 2001)  

Where: 

The constants are a and m, concentration of the bound guest is B, and the concentration of 

free guest is represented by F. 

 

Figure 1.15 shows the binding isotherm for polymer Ethyl adenine-9-acetate. Reproduced from 

(Umpleby II et al., 2001) 

Figure 1.15 shows the data/ binding isotherms in a study of non-covalently bonded molecular 

imprinted polymers in this case of ethyl-9-acetate. The data shows a good fit of data. However, 

a disadvantage of this method is that data usually shows a good fit at concentrations below 
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the saturation point and therefore fails to represent data at low concentrations (Umpleby II et 

al., 2001). 

1.1.5.2.2 Langmuir Adsorption Isotherm 

Figure 1.16 shows the Langmuir adsorption model. It assumes that the area of the adsorbent 

has a restricted number of binding sites. It also assumes a homogeneous surface of 

adsorption with identical binding sites and that there are no interactions between the adsorbed 

atoms (Liu, 2006; Appel, 1973). 

 

Figure 1.16 Shows the Langmuir adsorption model. Reprinted from (Butt et al., 2003). 

𝑄 = 𝑄𝑚𝑎𝑥

𝐾[𝐴]

1 + 𝐾[𝐴]
 

Equation1.9 

                                                                     (Liu, 2006) 

The equation above the Langmuir equation. Where Q is the adsorption capacity, Qmax the 

maximum adsorption capacity, K is the equilibrium constant and [A] is the molar concentration 

of adsorbate (Liu, 2006). The adsorption free energy is represented as: 

∆𝐺°𝑎𝑑𝑠 = −𝑅𝑇𝑙𝑛𝐾𝐴 

Equation1.10 

                                                               (Bayrak, 2006) 
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∆𝑮°𝒂𝒅𝒔 is the adadsorption free energy. 

 R is the universal gas constant 

T is the temperature in Kelvin 

The Langmuir equation was used to measure the adsorption of saturated fatty acids on 

montmorillonite (clay mineral) as shown in Figure 1.17. It was found that the Langmuir 

isotherm was a good representation of the equilibrium adsorption data collected. The 

monolayer formation/ coverage, the absence of interactions between adsorbed atoms and the 

adsorption site equivalence are the three main parameters that are the basis of the validity of 

the Langmuir equation (Bayrak, 2006). The Langmuir isotherm also proved that physisorption 

occurred and that montmorillonite can be used for adsorption of the fatty acids shown in Figure 

1.17. 

 

Figure 1.17 shows the results adsorption of lauric acid (●) , stearic acid (Δ), palmitic acid (♦), 

myristic acid (◊) and capric acid (○) q (m/g) is the amount of adsorbate adsorbed (mg/g) of 

adsorbent and xe (mg) is the adsorbate in solution at equilibrium. Reproduced from (Bayrak, 

2006). 
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1.1.5.2.3 BET Adsorption Isotherm 

BET (Brunauer, Emmett, and Teller, 1938) adsorption is well suited for multilayer adsorption 

of gas onto a solid surface as shown in Figure 1.18 unlike with the Langmuir adsorption which 

focuses on just monolayer adsorption (Hunter , 2001). The model is suitable for systems 

involving physisorption where the main forces of attraction are van der Waal’s forces of 

attraction (Saevels et al., 2004). The are no forces of attraction between the adsorbed layers 

and the Langmuir adsorption equation can be applied to each individual adsorbed layer.  

The BET equation is as shown below: 

𝑥

𝑞(1 − 𝑥)
=

1

𝑞𝑚𝑐
+ (

𝑐 − 1

𝑞𝑚𝑐
) 𝑥 

Equation1.11 

                                            (Rangabhashiyam et al., 2014) 

Where x = BET adsorption constant, q =adsorbate per unit adsorbent (mg/g), c = constant 

and qmc = adsorption capacity of monolayer (Rangabhashiyam et al., 2014).  

 

Figure 1.18 Shows BET multilayer adsorption. Reprinted from (Wang & Guo, 2020)  

1.1.5.3 Alternative Techniques 

To be able to fully identify the kinetic of adsorption at the surface interface, it is imperative that 

a microscopic technique is used in conjunction with the QCM-D. While QCM-D gives indication 

of the adsorbed material e.g. viscoelastic properties, and the adsorption capacity of the quartz 

crystal, it does not give enough information on interactions happening between the adsorbent 
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and the adsorbate. Hence the spectroscopic and analytical techniques and are important in 

nanoscale characterization. Below are a few techniques that can be used.  

Table 1.2 shows other techniques that can support the study of the kinetics of adsorption. 

Technique Description 

 

 

 

Atomic Force 

Microscopy 

AFM belongs to a group of instruments called scanning probe 

microscopes (SPM) (Johnson et al., 2009). The SPM uses a sharp 

probe to scan the area of interest. In the case of AFM, the result of 

force measurements between the stylus probe and the surface 

results in a high-resolution three-dimensional image topography 

(Mai, 2020; Westwood et al., 2012). E.g. the method has been 

used to give information of surface roughness in a study about 

adsorption of unsaturated fatty acids onto steel surfaces 

(Lundgren et al., 2007). 

 

 

 

Scanning Electron 

Microscopy 

Like AFM, SEM scans the surface of interest however instead of 

using a probe it uses electron beams to interact with the surface. 

Thus, gives a two-dimensional image which gives information 

about the topography and composition of the sample under test 

(Nanoscience Instruments , 2020). The advantage of the SEM is 

the resolution power as well as that it gives a chemical analysis of 

the sample. The downside of it is that is limited to solid samples 

(Mathias, 2020). 

Fourier Transform 

Infrared Spectroscopy 

It is a technique used to identify chemical properties of materials 

(organic and inorganic). Infrared radiation that is adsorbed by 

samples causes the molecules to vibrate, these vibration signals 

result in production of a spectra image representing individual 

chemical species/groups (RTI Laboratories, 2015). 
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X-ray Photoelectron 

Spectroscopy 

XPS is used for compositional analysis of materials. Like SEM it 

uses photo electrons to scan samples to give information. XPS has 

three resolution levels, the first being the energy resolution which 

refers to the equipment’s ability to differentiate chemical states and 

bonding for elements by measuring at the full width of the half 

maximum intensity (FWHM) of the Ag 3d5/2 peak (Thermo Fisher 

Scientific, 2008) (Kratos Analytical Ltd, 2025). The second is the 

lateral spatial resolution which is dependent of the spot size of the 

area that is analysed. This is also equipment specific e.g. it is about 

7.5μm for Physical Electronics, Inc XPS instruments Physical 

Electronics Inc (2020) and 10 μm for Thermo Scientific Nexsa 

Surface Analysis System (Thermo Fisher Scientific Inc, 2006). 

Another source stated that the lateral resolution is between 5-50 

μm (Drummond et al., 1996). The last is the depth resolution in 

which ion sputtering is used on the sample to expose new layers 

at various depths. This can result in the surface roughening and 

atomic mixing Hofmann et al. (2017) which can compromise the 

resolution depending on the desired outcome (it is important to 

consider the charge compensation steady state at the different 

layers). The depth of analysis is thus affected by the material being 

analysed as well as the etch rate of the ion gun (CasaXPS, 2008).  

 

 

Inverse Gas 

Chromatography 

IGC is used to determine surface properties/measurements of 

solid materials. The measurements that can be determined by this 

technique include surface energies, solubility parameters e.g. 

cohesion and adhesion, diffusion kinetics, polar/ acid /basic nature 

of material, phase transition temperatures etc (Surface 

Measurement Systems Ltd, 2015). 
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Contact Angle 

Goniometer 

This instrument is used to determine the wettability of solid 

materials i.e. if the material is hydrophilic or hydrophobic. Contact 

angle below 30° is said to be hydrophilic and super hydrophilic if 

the angle is below 10°. A material with a contact angle greater than 

90° is referred to as hydrophobic and superhydrophobic if the 

measured contact angle is above 150° (Arkles, 2006). 

 

 

 

  



31 

 

1.2 Chemistry of fats and oils 

Triglycerides are esters of glycerol which can either contain saturated or unsaturated fatty 

acids. Hence the fatty acids which are liquid at room temperature are called oils while those 

that are solids are called fats. The chain length of the fatty acid hence the molecular weight 

greatly affects the melting point of the fats or oils. The presence of a double bond as well as 

the structural conformation (cis or trans) of the fatty acids will also affect the ability of the fats 

or oils to melt as shown in Table 1.3 (Wittcoff et al., 2012). 

Table 1.3 shows examples of common fatty acids. Reproduced from (Wittcoff et al., 2012) 

Formula Trivial Name Melting Point 

(°C) 

Double-Bond 

Position and 

Stereochemistry 

Source 

n-C13H23COOH Lauric acid 44.2  Coconut oil, 

palm kernel oil 

n-C13H27COOH Myristic acid 53.9  Coconut oil, 

palm kernel oil 

n-C15H31COOH Palmitic acid 63.1  Most 

vegetable oils 

and animal 

fats 

n-C17H35COOH Stearic acid 69.6  Most 

vegetable oils 

and animal 

fats 

n-C17H33COOH Oleic acid a 16.0 cis-9 Most 

vegetable oils 

and animal 

fats (olives, 

nuts, beans, 

tall oil) 
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n-C17H31COOH Linoleic acid a -9.5 cis-9, cis-12 Tall oil, most 

vegetable oils 

(safflower, 

sunflower, 

soy) 

n-C17H29COOH α-Linoleic acid a -11.3 cis-9, cis-12, 

cis-15 

Linseed oil 

n-C17H29COOH γ-Linoleic acid  cis-6, cis-9, cis-

12 

Evening 

primrose oil 

n-C17H29COOH α-Eleostearic 

acid  

48.5 cis-9, trans-11, 

trans-13 

Tung oil 

n-C17H29COOH β- Eleostearic 

acid 

71.5 trans-9, trans-

11, trans-13 

Tung oil 

n-

C17H32(OH)COOH 

Ricinoleic acid a 5.0 cis-9 Castor oil 

n-C19H29COOH Eicosapentaenoic 

acid 

 cis-5, cis-8, cis-

11, cis-14, cis-

17 

Fish oil 

n-C19H29COOH Arachidonic acid -49.5 cis-5, cis-8, cis-

11, cis-14 

Animal fats 

and organs 

n-C21H41COOH Erucic acid 33.5 cis-13 Rapeseed 

(canola oil) 

n-C21H31COOH Docosahexaenoic 

acid 

22.6 cis-4, cis-7, cis-

10, cis-13, cis-

16, cis-19 

Fish oil 

aOleic acid : CH3(CH2)7CH=CH(CH2)7COOH; Linoleic acid: 

CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH; Linolenic acid: 
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CH3CH2CH=CHCH2CH=CHCH2CH=CH(CH2)7COOH; Ricinoleic acid: 

CH3(CH2)4CH2CH(OH)CH2CH=CH(CH2)7COOH. 

The longer the chain length and the presence of a double bond (unsaturated) in a fatty acid 

result in an increase in the melting point. Other important factors affecting the behaviour of a 

fatty acid include the position of the double bond and the amount of the trans-form of an 

unsaturated fatty acid present (Crowther, 2008). Fatty acids undergo a process called 

esterification where a glycerol molecule reacts with the fatty acid in the presence of an acid 

catalyst to form the ester (Clark , 2015). The main difference between saturated and 

unsaturated fatty acid is that unsaturated fatty acids have a double bond. This allows for 

carbon atoms to be bonded to other groups of atoms which allows the molecule to bend, hence 

unsaturated fatty acid chains are not tightly packed together making them a liquid at room 

temperature. On the other hand, saturated fatty acid chains have carbon atoms bonded to just 

hydrogen atoms. They are straight chains causing them to be tightly packed together hence 

the characteristic solid nature of such fatty acids at room temperature (Soult et al., 2019). 

Fatty acids play a key role in this work. The aim was to investigate how palmitic acid, linoleic 

acid and oleic acid adsorb onto different surfaces under different conditions (concentration, 

pH, temperature) using QCM. Palmitic acid has been proven to be the most prevalent of the 

fatty acids in the FOG deposits as it reacted faster with calcium ions in sewers to form soap 

while oleic acid contributed to harder FOG deposits (He et al., 2013; Del Mundo & 

Sutheerawattananonda, 2017). The systems in this work do not contain calcium ions however 

the hypothesis is that palmitic acid would adsorb more onto all surfaces. This is because 

previous work by Calvo et al. (2008) found that palmitic acid had a low solubility is pure 

solvents such as ethanol. With this information, it would mean palmitic acid has higher 

tendency to form aggregates due to the low solubility in ethanol thereby influencing the amount 

sensed by the QCMD. 

1.3 Conclusions 

This chapter highlights the problem that brought about the need for the purpose of this thesis. 

An understanding of the adsorption behaviour of FFA is essential in being able to design 

systems that aid in the recovery of the fatty acids from FOG deposits in wastewater. Silica and 

its synthesis and characterization were explored with the aim of being able to use the 

synthesised particles to coat quartz sensors (as shown in chapter 6) . This would allow for 

flexibility in tailoring the adsorbent surface to different needs. However, this was beyond the 

scope of this work. The focus of this work as highlighted in this work by the proof of concept 

(section 6.1), is the use of the QCM technique to study adsorption of fatty acids. The literature 
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review also highlighted that the QCM technique can be used to study adsorption of fatty acids. 

This method compared to other techniques is quick and requires very little sample. Hence the 

waste produced from this work would have very little impact to the environment. To the best 

of my knowledge, not much work has been done using QCM to study adsorption of fatty acids 

particularly oleic acid, linoleic acid and palmitic acid using QCM. The next chapters would thus 

explore factors such as concentration, pH, temperature, and effect of sequential addition of 

the FFA on adsorption using QCM. All the experiments were conducted in batch mode hence 

this work does not consider the impact of flow rates on adsorption using QCM. 
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Chapter 2 Investigating adsorption of palmitic acid using 

Quartz crystal Microbalance with Dissipation 

2.1 Abstract  

The quartz crystal microbalance with dissipation was used to investigate the adsorption of 

palmitic acid onto polystyrene, aluminium oxide, and silicon dioxide. Application of pseudo first 

order (PFO) and pseudo second order (PSO) models revealed that experimental results were 

a good fit for the PSO model thereby suggesting palmitic acid chemically adsorbed to the 

sensors thereby forming a monolayer. Chemical adsorption of palmitic acid was confirmed by 

Xray photoelectron spectroscopy (XPS) were the -COOH group on C1s was found on the 

surface of all sensors following the QCMD experiments indicating that the fatty acids had been 

adsorbed. This supports the results obtained from the QCMD experiments. This shows that 

all the materials studied are suitable adsorbents for palmitic fatty acid. The QCMD technique 

has been previously used to study adsorption of unsaturated fatty acids from alkane solutions 

onto steel surfaces with results indicating only slight amounts of the fatty acids (oleic acid, 

linoleic acid and linolenic acid) adsorbed from the alkane solutions (Lundgren et al., 2007). 

This work extended the work by (Lundgren et al., 2007) by exploring the adsorption of a 

saturated fatty acid.  

2.2 Introduction 

Palmitic acid is a saturated fatty acid that can be found in many things like meats, dairy 

products, palm oil, cocoa butter, olive oil as well as in the human body (Carta et al., 2017). 

Breast milk as an example contains about 20-30% palmitic acid while most traditional formula 

milk for infants have less than 20% palmitic acid (from vegetable fats) (Carta et al., 2017). 

However, the palmitic acid residues in formula milk tend to be excreted as calcium salts by 

infants affecting the stool making it harder. This in turn affects an infant’s ability to digest and 

absorb nutrients (Wittcoff et al., 2013). This is due to the position of palmitic acid in the glycerol 

chain (palmitic acid is located at the end of the chain). Palmitic acid is located at the centre of 

the glycerol chain in breast milk while the end chains are occupied by oleic acid and linoleic 

acid residues (Carta et al., 2017). This demonstrates that human start interacting with fatty 

acids from early on in life. These fatty acids have also been found in many consumer products 

such as vegetable oils, body creams, cleansers etc.  

Due to their prevalence in everyday life, palmitic acid, oleic acid and linoleic acid have been 

found to contribute to the formation of large masses of fat that have resulted in the blockage 
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of sewer systems. Apart from these free fatty acids, other contributing factors to this include 

oil, grease, nappies, hair etc as they tend to be thrown down toilets or in the case of oil and 

grease washed down sinks in lots of kitchens around the world (He et al., 2013).This 

seemingly simple and convenient method of disposing sanitary products and grease/ oils has 

resulted in huge blockages of sewer systems. He et al. (2013) has already explored the role 

of FFA including palmitic acid on the saponification reaction at the interface (FFAs ,water, 

concrete and air) and proved that this resulted in the formation of the FOG deposits. Their 

study focused on the role of calcium leaching under different pH conditions to extend the 

understanding on the mechanisms involved in FOG formation. Palmitic acid (shown in Figure 

2.1) has also been used in the form of sodium palmitate as a surfactant to produce soap, 

cosmetics etc in the saponification of palm oil (Punvichai & Pioch, 2019). Lundgren et al. 

(2007) has already explored the adsorption of unsaturated fatty acids from alkane solution 

onto steel surfaces using QCMD with applications in tribology as fatty acids have applications 

in fuels and oils as friction modifiers. This demonstrates that the role of FFA is vast. Previous 

studies explored the mechanisms and kinetics for FOG formation in wastewater (He et al., 

2013; Iasmin et al., 2016; Williams et al., 2012).  

Saponification has extensively been explored as the main driving force for FOG formation in 

wastewater (He et al., 2013; Iasmin et al., 2016). The need for different materials in sewers to 

minimize calcium leaching has been suggested in previous studies but much exploration still 

remains (He et al., 2013; Kusum et al., 2025). As FFA are present in wastewater and contribute 

to FOG formations, their interactions i.e. of un-reacted FFA with different surfaces needs 

exploration. FOG deposits have been confirmed to not adhere to granite, porcelain ceramic 

and polyvinyl chloride (Kusum et al., 2025).To address this gap, this chapter explored the 

interactions of palmitic acid at the interface with different surfaces using the QCMD. The aim 

of this chapter was to investigate the adsorption kinetics of palmitic acid onto silicon dioxide, 

polystyrene and aluminium oxide by application of pseudo first order and pseudo second order 

models to experimental results obtained through QCMD. This helped extend the knowledge 

on the adsorption of palmitic acid. Characterization of the adsorbents was done through X-ray 

photoelectron spectroscopy. This was of great importance as it could help in minimizing the 

role of palmitic acid in the formation of FOG through understanding which material(s) could be 

well suited for its removal from wastewater. 

To the best of my knowledge, the exploration of the adsorption kinetics of palmitic acid on a 

sensor electrode coated with different materials (aluminium oxide, silicon dioxide and 

polystyrene) has yet to be explored. Sewer like conditions were not accounted for in this study 

as the interest was on the adsorption of palmitic acid onto quartz sensors under laboratory 

https://www.sciencedirect.com/topics/materials-science/polyvinyl-chloride
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conditions. Consideration of sewer like conditions such as presence of concrete or calcium 

ions using QCMD was beyond the scope of this work and remains for future exploration.  

 

Figure 2.1 Shows the structure of Palmitic acid. 

2.2.1 Review of Literature 

2.2.1.1 Quartz Crystal Microbalance with Dissipation 

The quartz crystal microbalance with dissipation is a surface phenomenon that uses changes 

is resonance frequency due to an applied stress on a sensor surface to determine the 

interactions of the adlayer onto the sensor surface (Biolin Scientific, 2020). During an 

adsorption event, molecules adsorbed from the aqueous solution onto the sensor result in a 

negative shift in frequency which is accompanied by a positive shift in the dissipation energy. 

This is particularly important as this can give information about the adlayer morphology or give 

information on conformation changes of the layer. The dissipation energy gives information 

about the material properties i.e., whether the material is a thin rigid film, or the material is 

viscoelastic (Anderson et al., 2007). Such shifts in frequency and dissipation make it possible 

to also trace material degradation or desorption from the surface (Irwin et al., 2005). The 

QCMD technique has been used in many studies involving crystallisation and adsorption. A 

model for understanding crystallisation on the surface of the sensor has been previously 

developed by studying crystallisation of calcium sulfate on the surface of a sensor (Lapidot et 

al., 2016). Kinetic studies involving different systems can be also studied using QCMD. For 

example, water adsorption in Nafion thin films Krtil et al. (2001), adsorption and equilibrium 

characteristics of organic vapours and liquids in Matrimid Stanford et al. (2016) and 

conformation studies of adsorbed dodecylamine onto zinc sulfide (Kou & Xu, 2016). 

The quartz crystal microbalance with dissipation is a technique that is used in a wide variety 

of adsorption studies. The key is in the A-T cut piezoelectric sensor. To determine the 

interaction between any material and the sensor surface, the quartz sensor allows for 

frequency (∆F) and dissipation (∆D) shifts to be traced. As a general principle, the shift in 

frequency shows whether an adsorption or desorption event is taking place. A negative shift 

indicates an adsorption event as stated above while a positive shift indicates that a layer is 

being desorbed from the surface. This information allows for the approximation of the mass of 
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the adlayer to be calculated. It should be noted that this calculated mass is the hydrated or 

wet mass of the adlayer (Edvardsson, 2018). This phenomenon happens because the solvent 

will either be surrounding the adsorbed film or entrapped within the film (Edvardsson, 2018). 

Thus, the sensed mass (∆m) of the QCMD is always that of the film and the solvent. An 

understanding of the adsorbed film is required to calculate the sensed/adsorbed mass. For 

thin rigid films with no deformation or slip with low dissipation of less than 1𝑥10−6, the 

Sauerbrey model can be used (Kou & Xu, 2016). In addition to this the adlayer must also be 

evenly distributed on the sensor. Apart from the low dissipation energy, another indication that 

the adlayer follows Sauerbrey model is that no spread between the harmonics of the frequency 

shifts will be observed.  

2.2.1.2 Kinetics models of adsorption  

Different models have been used in the past to model the adsorption of different materials 

onto different surfaces. Some of the kinetic models that have been used to model adsorption 

have been pseudo- first order (PFO), pseudo-second order (PSO), Elovich model, mixed 

surface reaction and diffusion and Bangham just to name a few (Revellame et al., 2020). The 

PFO and PSO tend to be used the most with much preference to the PSO as most data fits 

tend to favour this model. This chapter explored experimental data fits of both the PFO and 

PSO models. 

The pseudo first order model is usually presented as follows: 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘1[𝑞𝑒 − 𝑞𝑡]  

Equation2.1 

When integrating for the boundary conditions 𝑞𝑡= 0 at t=0 and 𝑞𝑡 = 𝑞𝑡 at t=t. The equation is 

re-written as: 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)    

Equation2.2 

Where 𝑞𝑡 is the amount of adsorbate adsorbed at time t and 𝑞𝑒 is the amount of adsorbate 

adsorbed at equilibrium. 𝑘1 is the rate constant and t is time. 

The integrated and linearized form as given by Revellame et al. (2020) is:  

ln[𝑞𝑒 − 𝑞𝑡] = −𝑘1𝑡 + 𝑙𝑛𝑞𝑒   
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Equation2.3 

The pseudo-second order rate expression is: 

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1+ 𝑞𝑒𝑘2𝑡
            

Equation2.4 

The linearized form upon integrating is (Revellame et al., 2020): 

𝑡

𝑞𝑡
= (

1

𝑞𝑒
) 𝑡 +

1

𝑘2𝑞𝑒
2            

Equation2.5 

2.3 Materials and methods 

2.3.1.1 Materials 

The interactions between palmitic acid (≥99% purchased from Merk) and the adsorbent 

sensors were studied using the Biolin scientific Qsense explorer (shown in Figure 2.2) from 

Biolin Scientific. The sensors (silicon dioxide (QSX 303), polystyrene (QSX 305), and 

aluminium oxide (QSX 309) also from Biolin Scientific were used unmodified. The sensors 

consisted of a 5MHz quartz crystal coated with the three materials mentioned. Ethanol (≥99%) 

was used for making the stock solutions. De-ionised water was provided by ELGA water 

treatment system PURELAB Chorus 1. 

2.3.1.1.1 Preparation of Stock solutions 

Palmitic acid was dissolved in ethanol to make concentration within the range of 25mg/ml to 

150mg/ml. The upper limit was chosen as the point when no more palmitic acid dissolved in 

ethanol at room temperature (25°C). The solubility of palmitic acid in ethanol has already been 

described elsewhere and was beyond scope of this work (Calvo et al., 2008).  

2.3.2 Adsorption of palmitic acid using QCM-D 

The Qsoft 401 software was used to capture experimental data i.e. changes in frequency and 

dissipation while the Dfind software (from Biolin Scientific) was used for analysis of the data. 

The experiments consisted of three steps. The first step was the establishment of a stable 

baseline (around 0Hz) on a bare surface (nanoScience Instruments, 2024). This ensured that 

any differences of an adlayer due to adsorption or desorption could be clearly determined from 

a reference point (Biolin Scientific, 2023). A clean 5MHz sensor operated at room temperature 
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is expected to have a frequency and dissipation drift of <0.5Hz/h and 0.2×10-8/h in air while 

water these are <1.5Hz/h and <2×10-8/h (Biolin Scientific, 2023; Easley et al., 2022). This was 

measured at the 3rd, 5th and 7th harmonic. Once the baseline had been established, the second 

step was the addition of ethanol solvent. The signal was allowed to stabilize within this layer 

after which the last step of addition of palmitic acid stock solutions followed. The QCMD 

measured changes in frequency and dissipation with time. Once the final step frequency had 

stabilized, the experiment was terminated. All experiments were conducted at room 

temperature and pressure. Before use, all sensors were washed with absolute ethanol in an 

ultrasonic bath for 30minutes. This was followed by drying with nitrogen gas.  

 

Figure 2.2 QCMD experimental set up made up of the Qsense explorer, batch module and user 

interface. 

2.3.3 Characterization by XPS 

Xray photoelectron spectroscopy has sometimes been referred to as ESCA (electron 

spectroscopy chemical analysis) (HEIDE, 2012; Kumar et al., 2023). XPS is a surface 

sensitive technique that can detect atoms on the outermost 10nm of a surface (Li et al., 2023). 

The surface is made up of different elements. An experiment starts with an X-ray source firing 

X-rays (photons) at a sample where electrons that adsorbed the energy are ejected from the 

core of an atom. These electrons emitted have a kinetic energy which is detected by a detector 

Cover Slip 

Batch Module 

Palmitic acid layer 

on sensor  

Qsense explorer chamber 
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in the XPS machine. This kinetic energy is a function of the binding energy which is very 

specific to different elements and their environment. This is how XPS helps identify elements 

on the surface. Once an electron is emitted, a de-excitation process occurs which results in 

emission of electrons. Electrons emitted from this process result in the formation of Auger 

peaks which are important in identifying the elements on the surface (HEIDE, 2012). 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 

represents the energy of electrons that are attracted to the nucleus of an atom, 𝐸ℎ𝑣 is the 

energy of X-ray photons for the specific equipment being used, 𝜙 is the work function of the 

equipment which is the minimum amount of energy needed for electrons to be ejected from 

the surface. The 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 is the measured kinetic energy of the ejected electrons as they follow 

a specific path. This allows for differentiating different atoms as they are ejected with different 

kinetic energies (Good & Facey, 2018). 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸ℎ𝑣 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 +  𝜙)  

 (Good & Facey, 2018) 

It was important to understand what functional groups were on the sensor surface before and 

after the QCMD experiments. Once sensors were received from the manufacturer, they were 

tested to obtain a survey spectrum of the elements on the surface. The Thermo Scientific K-

Alpha+ X-ray Photoelectron Spectrometer was used to take these measurements. Post the 

QCMD experiments, the first step involved preparation of the sensors by allowing them to dry 

in glass petri dishes. Once this was done, the sensor samples were mounted onto a standard 

sample holder which consisted of a stainless-steel top and a main part of the holder which 

was made of copper. The sensors were then secured onto the central part of the stainless-

steel plate using clips (the clips were positioned such that they were flat and were not in the 

way of the X-ray/flood gun). Lastly, the optimum height of the sample holder was determined 

to ensure it could be transferred safely into the spectrometer.  

Avantage software from ThermoFisher Scientific was used for surface analysis. The software 

came already integrated with the K-Alpha XPS equipment. This made it possible to collect 

process and analyse the data all within one system. In the sample window of the software user 

interface, the load lock was closed, and the pumping down initiated which took on average 

about 45minutes. The sample holder was then transferred into the analysis chamber once the 

pressure in the load lock had reached 5 × 10−7 𝑚𝑏𝑎𝑟. The pressure in the analysis window 

was below 8 × 10−8 𝑚𝑏𝑎𝑟 before the experiment could begin. The experiment started with 

running an initial survey scan followed by the finals scans which included core levels auger 

lines and valence bands. The X-ray spot size used was the largest at 400µm. The smallest 

that could be used was 30µm. Pass energy was typically about 20eV. The type of source gun 
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was the Al K- Alpha. Depending on the peak intensity, the number of scans for each element 

of interest were determined to obtain a good spectrum/ peak. The main elements of interest 

were carbon oxygen and silicon. The chemical states were identified to determine if the acidic 

group of palmitic acid could be identified to determine if adsorption had taken place. 

2.3.4 Statistical Analysis 

All experiments were repeated twice and the results for ∆F vs Concentration reported as the 

means ± standard deviations. The results were processed with a two-way analysis of variance 

(ANOVA) with OriginPro 2026. A probability of P < 0.05 was considered significantly different 

(Yang et al., 2024). In addition to this, a correlation coefficient R2 analysis was performed to 

assess how well the model (PFO and PSO) fit experimental data. For R2 ≈ 0, there was no 

correlation, R2 closer to +1 or -1 showed that there was a strong relationship between the 

model and the experimental data (Ahmed et al., 2025). 
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2.4 Results and Discussion 

2.4.1 QCM-D 

    

  

Figure 2.3 The third overtone QCMD response when palmitic acid ss was added onto different 

substrate sensors (a) Aluminium Oxide , (b) Polystyrene and (c) Silicon Dioxide at a 

concentration of 150mg/ml. The plots show ∆F (blue line) and ∆D (red line) before addition of 

ethanol (1) during addition of ethanol (2) and after the addition of palmitic acid (3). 

A stable baseline was established with the frequency at 0hz as shown in step 1 of Figure 2.3. 

The addition of ethanol to the substrate sensors in step 2 was accompanied by a negative 

shift frequency and simultaneously a positive shift in the dissipation. ∆F was about 380Hz and 

∆D 170ppm for the addition of ethanol for all surfaces. The addition of palmitic acid in step 3 

was accompanied by different shift pattern for both ∆F and ∆D. A change of about 40.45Hz 

was observed between step 2 and 3 for silica with the frequency remaining stable once this 

layer was added. A much larger ∆F of 72.09Hz was recorded for the polystyrene for the same 

step with both frequency and dissipation remaining stable thereafter. The maximum ∆F 

recorder for the aluminium oxide sensor was 64.31Hz which continued to reduce until ∆F for 
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this step was 54.34Hz by the end of the experiment. ∆D for aluminium oxide increased to 

183.51ppm and then reduced steadily to 176.0ppm.   

 Early studies on the adsorption of ethanol onto aluminium oxide reported that ethanol had 

adsorbed physically onto aluminium oxide and then transitioned to be dissociatively 

chemisorbed upon heating from 77K to room temperature (Shklyarevskii et al., 1976). This 

was later confirmed in another study where spectra analysis showed presence of aluminium 

ethoxide (Evans & Weinberg, 1979). The experiments were conducted in a vacuum with 

vapourised ethanol and different exposure levels from 0.01 Torr-sec to above 100 Torr-sec. 

These conditions may have facilitated the adsorption of ethanol onto aluminium oxide. 

Generally, aluminium oxide is very stable and does not react with ethanol unless at high 

temperatures and in the presence of a catalyst. In this study, experiments were conducted at 

room temperature and pressure. The experiments were also short hence there was not 

enough time to be able to determine if ethanol could form any physical bonds with the 

aluminium oxide sensor surface. Despite this, a negative shift was observed owing to the 

sensitivity of the QCMD. The surface free energy is an important parameter in understanding 

adsorption behaviour. While the QCMD does not directly measure the surface energy, the 

surface energy could be derived through contact angle measurements. This could help 

determine the relationship between frequency change due to adsorption and the surface free 

energy. However, determination of the surface energy through contact angle measurements 

was not explored here as the focus was rather on the adsorption kinetics of palmitic acid. 

Once the alumina-ethanol layer was stabilized, palmitic acid stock solutions were added. 

Palmitic acid formed hydrogen bonds with ethanol. This was formed between the hydrogen 

from the carbonyl group and oxygen of hydroxyl group of ethanol. Calvo et al. (2008) reported 

in their work that ethanol tends to associate with itself rather than palmitic acid. This suggests 

that the solubility of palmitic acid in ethanol reduced as the concentration increased. This 

occurrence was observed as a white aggregate on the sensor surfaces. However, this 

contradicts the work by Beula & Sai (2013) where they suggested that reactions of organic 

acids such as palmitic acid with alcohols could take days in the absence of an acid catalyst. 

Frequency and dissipation measurements happened quickly when palmitic acid was added. 

Dissolved palmitic acid in ethanol also formed covalent bonds with aluminium oxide. The 

COOH end of palmitic acid then attacks the Al-O thereby forming a covalent bond (Karaman 

et al., 2001). On polystyrene, van der Waals forces between the surface and palmitic acid 

resulted in the frequency change. Palmitic acid is saturated and hence the fatty acid chains 

are packed closely together (Kanicky & Shah, 2002). This resulted in ethanol being expelled 
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between the chains resulting in the positive shift in frequency observed in step 3 for adsorption 

onto aluminium oxide.  

Table 2.1 Acoustic Ratio for palmitic acid adsorption at concentration of 150mg/ml 

Surface Ethanol  Palmitic Acid 

Silicon Dioxide -0.403 -0.404 

Polystyrene -0.403 -0.408 

Aluminium oxide -0.403 -0.404 

The acoustic ratio given by Equation 1.6 was calculated using Qsense Dfind software using 

the third harmonic. The acoustic ratio is given by ∆Dn/(-∆Fn) where n is the overtone number 

(Fredrik Pettersson, 2022; Reviakine et al., 2011; Gopalakrishna et al., 2021). The importance 

of the acoustic ratio is that it assists in determining if the frequency changes observed were 

due to adsorption or due to viscous loading. The acoustic ratio is a purely material property 

relating to the ability of the molecules at the interface to dissipate acoustic energy (BioNavis, 

2024).For a purely viscous liquid, the acoustic ratio is -0.4. Table 2.1 shows the acoustic ratios 

for palmitic acid and ethanol. The acoustic ratios are very close to that of a purely viscous 

fluid. However, even though the acoustic ratio is close, Reviakine et al. (2011) suggested that 

if the acoustic ratio is ≪ 4 ×10-7 Hz-1 then the Saubery approximation can be used for mass 

estimation. Again Fredrik Pettersson (2022) acknowledged that while the acoustic ratio is good 

at giving quantitative clues as to whether the changes in frequency and dissipation are due to 

influences by the bulk shift or not, an acoustic ratio of -0.4 does not always rule out the 

presence of an adsorption event. Owing to this, I have used XPS to analyse the surfaces to 

gain more clarity. 
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Figure 2.4 Adsorption isotherms for all the different surfaces with increasing concentration of 

palmitic acid. The experiments were repeated twice. The mean frequency change is plotted 

against changing concentration. The error bars represent the standard deviation (Seanneng, 

2023).  

Table 2.2 Standard deviation of ∆F presented as error bars in Figure 2.4. 

Concentration Silicon Dioxide 

(Standard deviation) 

Aluminium Oxide 

(Standard deviation) 

Polystyrene 

(Standard deviation) 

25 1.72958 0.86055 0.34295 

50 2.55266 2.39709 2.7365 

75 0.80257 0.87328 2.74428 

125 1.11016 0.53033 7.78525 

150 0.18173 1.68574 4.3084 

Figure 2.4 shows an isotherm of frequency change with concentration. Each experiment had 

two repeats with frequency changes determined directly on the QSoft401 software. The 

general trend shows that increasing the concentration of palmitic acid resulted in increased 
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frequency change for all surfaces i.e. there is a positive correlation between the frequency 

change and concentration for all surfaces with correlation coefficients of 0.971 for aluminium 

oxide, 0.985 for silicon dioxide and 0.947 for polystyrene.  

Based on the frequency change alone, the results suggests that as the concentration of 

palmitic acid increased, dispersive forces became more prevalent especially because ethanol 

tends to self-associate (Calvo et al., 2008). This resulted in palmitic acid forming aggregates 

thus resulting in increased frequency changes particularly at high concentrations.  

2.4.1.1 Mass adsorbed 

    

  

Figure 2.5 Mass adsorbed with time calculated using Sauerbrey equation at the third overtone.  

A key feature of the quartz crystal microbalance with dissipation is in the ability for the 

piezoelectric sensor to detect changes in the stress applied on the sensor surface which in 

some cases may be due to adsorption. When deciding on which model best fits the raw data, 

there were two main parameters that where considered. The first was whether or not the 
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experimental data showed a spread across all harmonics (this was the case for my results) as 

this is very characteristic of viscoelastic materials. The second was if ∆D > 0 which was also 

the case. Various sources in literature suggest that if both conditions are met then viscoelastic 

modelling should be used (Malin Edvardsson, 2023; Easley et al., 2022; Reviakine et al., 

2011). After assessing the acoustic ratio, it was determined that the data could not be 

modelled by Sauerbrey since the acoustic ratio was >> 4 ×10-7 Hz-1. The experimental results 

also showed that ∆D >1×10-6. This also reinforces that viscoelastic modelling must be used 

as ∆D > 1×10-6 is characteristic for non-rigid films that can dissipate acoustic energy (Paul et 

al., 2008; Setiowati et al., 2021). It is important to note is that Sauerbrey model is not 

recommended for viscoelastic modelling as it gives an underestimation of the mass adsorbed 

(Paul et al., 2008).  

Despite this, the Sauerbrey equation through its simplicity in equating changes in the 

resonance frequency to the mass adsorbed is still useful for mass estimation (Paul et al., 

2008). Figure 2.5 shows the Sauerbrey mass adsorbed at different concentrations of FFA for 

the three materials used. The results showed that increasing concentration resulted in 

increased sensed mass. The graphs suggest that adsorption is quick with equilibrium being 

reached quickly. The quick saturation suggests that palmitic acid has a high affinity to the 

sensors. The mass calculated by Sauerbrey are significantly smaller than that determined by 

Voight as ∆F was determine manually from Qsoft 401 as the difference between the frequency 

of the last period (palmitic acid ss) and the second period (ethanol).  

Earlier Figure 2.3 showed large changes for both frequency and dissipation. Lundgren et al. 

(2006) explored introducing a correction factor to the Sauerbrey equation to account for 

changes due to the bulk effects of the adsorbed material. However, this method had its 

limitations which included that it only worked for polymers where adsorption was irreversible 

with respect to dilution and that low molecular weight systems could easily desorb from the 

surface during rinsing (Tiberg, 1996; Lundgren et al., 2006). The use of a correction factor was 

not explored here but rather Dfind software was used to calculate the Voight mass using 

Smartfit. 
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Table 2.3 Mass and thickness of Palmitic acid onto Silicon dioxide calculated using Dfind 

SmartFit model and based on the 3rd to 7th overtone. 

Concentration (mg/ml) Voight mass (ng/cm2) Voight thickness (nm) 

25 21978.134 ± 2.174 256.749 ± 0.021 

50 114323.024 ± 23.956 1340.246 ± 0.281 

100 115311.699 ± 24.755 1351.837 ± 0.290 

125 107069.023 ± 69.218 1255.205 ± 0.811 

150 127779.252 ± 48.120 1497.998 ± 0.564 

Table 2.4 Mass and thickness of Palmitic acid on Aluminium Oxide based on the 3rd to 7th 

overtone. 

Concentration (mg/ml) Voight mass (ng/cm2) Voight thickness (nm) 

25 99772.522 ± 26.233 1169.666 ± 0.308 

50 99513.474 ± 36.793 1166.629 ± 0.431 

100 184178.242 ±15.688 2159.182 ± 0.184 

125 189106.74 ± 34.491 2216.961 ± 0.404 

150 111026.781 ± 40.912 1301.604 ± 0.480 

When modelling experimental data, the DFind software uses a traffic light system where green 

represents that the data fits the model well , amber is for medium fit and red shows that the 

model does not fit the data. Table 2.3 and Table 2.4 data showed that the results were a good 

fit as determined on the DFind. However, it is important to note on application on the Voight 

model, ∆F used was from a combination of the accumulated frequency shift caused by ethanol 

and the palmitic acid ss. As such naturally the mass calculated shown in the tables is an 

overestimation of the singular effect of palmitic. Most studies using this model operate using 

a flow cell which means there is no accumulation of e.g. ethanol molecules at the sensor 

surface in this case as this will be followed by another period which in this case would introduce 

palmitic acid to the system. In such a case ∆F calculated in each period is a result of the 

singular interaction of the components in that period. The method usually includes a rinsing 

stage done in situ to remove any loosely bound adsorbate. The drawback of this method is 

that large volumes of materials are used. The use of a flow cell also means that the effect of 



50 

 

flow rate on adsorption can be studied which was not possible when using a batch module. 

Different authors in literature employed the use of a flow cell for deposition of adsorbate onto 

the quartz sensors (Easley et al., 2022). Easley et al. (2022) identified that this method is 

particularly preferred in studies involving sequential addition of charged polymers. In another 

study, Hu et al. (2020) used a flow cell with a set flowrate of 100 μL/min to study the adsorption 

of methylene blue dye molecularly imprinted polymers coated sensor. They also used DFind 

smart for mass estimations like what was done in this work. 

 

Figure 2.6 Adsorbed mass obtained from DFind SmartFit. 

The results for Voight mass suggest that increasing the concentration results in increased 

sensed mass up to 125mg/ml and then reduces at 150mg/ml for palmitic acid on aluminium 

oxide. The amount adsorbed onto silicon dioxide plateaued at 50mg/ml and then increased 

again at 150mg/ml (Figure 2.6).The plateau starting at 50mg/ml for silicon dioxide suggests 

that the number of binding sites on the sensor were saturated, beyond 125mg/ml the amount 

of palmitic acid adsorbed began to increase (Alsharif, 2025). The isotherm for silicon dioxide 

follows the Langmuir isotherm. Alsharif (2025) reviewed the shapes of the Langmuir isotherm 

and from the results , the Silicon dioxide isotherm follows the LS shape. The isotherm for 

aluminium oxide follows the S shape Langmuir isotherm up 125mg/ml beyond this the mass 

of palmitic acid adsorbed starts to reduce. This is shown by the mass loss after 125mg/ml for 

aluminium oxide. This might be because the quartz resonator senses hydrated mass (Malin 
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Edvardsson, 2025).The rearrangement/expulsion of the solvent trapped between the fatty acid 

molecules in the monolayer as shown in Figure 2.7 (A) shows the point at which the solvent 

in between palmitic acid molecules is expelled from the adsorbed layer causing the dissipation 

to reduce by 5.5 ppm thus making it more rigid/ less soft in relation to the bulk fluid. Figure 2.7 

(B) the frequency increased by 4Hz (positive shift) suggesting mass lost from the monolayer. 

Malin Edvardsson (2025) and Lind & Cárdenas (2016) reported that the formation of lipid 

bilayers via vesicle fusion. Their adsorption fusion and spreading resulted in a profile like that 

shown in Figure 2.7 (A) and (B). They attributed this ‘mass loss’ to expulsion of water from the 

vesicle. Earlier it was discussed that ethanol tends to self-associate. This resulted in palmitic 

acid chains packing close together via van der Waals forces of attraction. The results here 

show that silicon dioxide is a better adsorbent at concentrations above 125mg/ml. However, 

below this concentration aluminium oxide is a better adsorbent. This is crucial in removing 

palmitic acid from e.g. wastewater (and for use in biodiesel production) as it can help in the 

selection of suitable adsorbents. Adsorption of palmitic acid onto Polystyrene data was not 

presented here as the data did not fit the Voight model. As such the Sauerbrey approximation 

was used for mass estimation for adsorption of palmitic acid onto polystyrene.  

 

Figure 2.7 Frequency and dissipation shift at the 3rd overtone for palmitic acid adsorption. 
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2.4.1.2 Kinetic data 

Suitable kinetic models were needed to be able to determine the mechanism of adsorption 

e.g., chemisorption or mass transfer onto the surface of the sensor etc. Many models exist 

which can be categorised as adsorption reaction models (Pseudo-first-order rate equation, 

Pseudo-second-order rate equation, Elovich’s equation and Second-order rate equation) and 

adsorption diffusion models (Liquid film diffusion model, Intraparticle diffusion model and 

Double-exponential model (DEM)) (Ebelegi et al., 2020; QIU et al., 2009). In this work, only 

PSO and PFO where applied. The assumption of the PSO equation is that chemisorption is 

the rate limiting step (QIU et al., 2009). The PFO model was used with the assumption that 

the adsorption rate is dependent on the number of unoccupied binding sites and follows the 

Langmuir equation (Largitte & Pasquier, 2016).  

The diffusion models where not explored as they are generally used to describe to film 

diffusion or interparticle diffusion with the drawback that for such systems the adsorption can 

be rapid thus not suitable for kinetic study (QIU et al., 2009). For these models, diffusion is 

assumed at the rate limiting step (Largitte & Pasquier, 2016). Lastly the Elovich’s equation 

was not suitable as it is usually applied for kinetics involving chemical reactions on 

heterogenous surfaces which was not the case in this work as all sensor surfaces are 

assumed to be homogenous (QIU et al., 2009). 

PFO, PSO and intraparticle diffusion kinetic model equations have been used to explain the 

kinetics of adsorption for hemicellulose onto nanofibril cellulose following the use of QCMD for 

estimation of mass adsorbed (Yao et al., 2021). However, they determined that their results 

were best represented the by intraparticle diffusion kinetic model. Hu et al. (2020) in their work 

where a magnetic imprinted polymer was coated onto a quartz sensor to study the adsorption 

of methylene blue dye. They were able to determine that the PSO equations best described 

their results based on R2 > 0.99. These two studies demonstrate that there is relevance for 

the application of PFO and PSO equations to effectively describe experimental results 

obtained from QCMD. The successful application of these models is dependent on using 

correct mass estimations. Improper application of both Sauerbrey and Voigt equations can 

result in wrong interpretation of the kinetic equations. PSO and PFO models were used after 

determining the areal mass density. 
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2.4.1.2.1 Pseudo Second Order 

  

 

Figure 2.8 PSO models for palmitic acid adsorption on different surfaces. 

The interaction of palmitic acid at different concentrations was studied further using PFO and 

PSO equations. Figure 2.8 shows the linearized PSO rate equation kinetics. The slopes for all 

concentrations on the different surfaces show a linear correlation. This facilitated the 

estimation of the amount of palmitic acid adsorbed at equilibrium (qe) and the PSO equilibrium 

rate constant k2 from the slope and the y-intercept (Revellame et al., 2020). These values are 

present in Table 2.5 to Table 2.7 alongside the correlation coefficient R2. The values of R2 for 

the PSO equation were greater than 0.99 suggesting that there was chemisorption played a 

crucial role in the adsorption of palmitic acid onto all sensors (Ho & Mckay, 1999). Talebi et 

al. (2020) in their study of adsorption of acetic and butyric acids from fermented landfill 

leachate where able to determine that the controlling mechanism was chemisorption by 
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obtaining a value of R2 greater than 0.9. In another study (Phetrungnapha et al., 2023) where 

FFA where adsorbed from cooking oil using casava peels proved that both PSO and PFO 

models were a good fit for their results, however concluded that PSO was a better fit at the 

amount of FFA adsorbed at equilibrium was close those obtained from their experiment. While 

the application of PFO and PSO equations to data obtained from QCMD data has been done 

before, the application of these models to palmitic acid adsorption using QCMD presented 

here for the first time is very valuable in assisting to choose adsorbents that could potentially 

be used to adsorb fatty acids from wastewater. 

Table 2.5 Equilibrium rate constant for Al2O3. 

Aluminium Oxide 

Concentration 

(mg/ml) 

25 50 100 125 150 

qe (mg/ml) 65.36 107.53 185.19 294.12 384.62 

k2(mg.sec) 

(× 10−4) 

6.38 6.00 5.34              4.62 4.15 

R2 0.9918 0.9972 0.9995 0.9992 0.999 

Table 2.6 Equilibrium rate constant for Silicon dioxide 

Silicon Dioxide 

Concentration 

(mg/ml) 

25 50 100 125 150 

qe (mg/ml) 47.39 133.33 181.82 212.77 333.33 

k2 (mg.sec) 4.68 × 10−3 7.00 × 10−4 7.80 × 10−4 5.74 × 10−4 2.14 × 10−4 

R2 0.9992 0.9988 0.9999 1 0.9941 
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Table 2.7 Equilibrium rate constant for Polystyrene 

Polystyrene 

Concentration 

(mg/ml) 

25 50 100 125 150 

qe (mg/ml) 51.55 120.48 227.27 277.78 454.55 

k2 (mg.sec) 

(× 10−4) 

7.15 

 

7.78 4.61 3.12 1.62 

R2 0.9989 0.9993 0.9995 0.999 0.9987 

 

 

Figure 2.9 shows plot of the areal mass density at equilibrium versus concentration for the PSO 

adsorption kinetics of Palmitic acid onto Polystyrene, Aluminium oxide, and Silicon Dioxide. 
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Figure 2.9 shows the amount of palmitic acid adsorbed at equilibrium for all sensors. The 

results show qe increased with concentration for all the substrate sensors. The results suggest 

that at 150mg/ml, polystyrene was a better adsorbent. Based on the adsorption capacity at 

equilibrium the surfaces performance at low concentrations is similar (below 50mg/ml) 

however at concentrations increase polystyrene outperforms the other substrate sensors. The 

R2 values of PSO suggest that this is a good model fit. Statistical analysis showed that P < 

0.05 for the mean of qe at different concentrations, therefore there was no significant difference 

in the amount adsorbed at equilibrium at different concentrations. 

2.4.1.2.2 Pseudo First Order 

Figure 2.10 to Figure 2.12 present linearized plots for PFO equation. The same process was 

followed in determining qe and k1 as in the PSO model where k1 the rate constant was found 

by plotting ln[qe-qt] vs time (sec) and plotting the line of best fit and finding the trend line. k1 

and qe were calculated by k1= -m where m is the slope of the equation of the line and qe = 

exp(c) where c is the intercept (Revellame et al., 2020). The value of R2 was determined to be 

< 0.9 (Table 2.8). The values of R2 suggested that the PFO model was not a good fit for the 

data. Chu et al. (2025) and Revellame et al. (2020) suggested that the PFO model is only 

correctly applied when used in its linearized form (Equation2.3) which was the case in this 

work. Ho & Mckay (1999) suggested that PFO is only valid at the onset of adsorption which 

the PSO being more applicable over a wide range. Revellame et al. (2020) and Nascimento 

et al. (2023) on analysing the linearized equation reported that the limitation of the PFO was 

purely mathematical as when qe=qt the left-hand side of Equation2.3 becomes undefined. 

Therefore, is a limitation of the PFO model not being applicable at any time which the PSO 

does not have. One in fitting PFO identified in literature was the use of different time intervals 

when determining qe (Nascimento et al., 2023). This was not the case in this work. The 

advantage of the QCMD in adsorption studies is that it measures frequency and dissipation 

changes with time which were used to calculate the mass. This made it easier to have 

predetermined time interval when applying both PSO and PFO models. 
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Figure 2.10 Linearized plot for modelling pseudo-first-order kinetics for adsorption of Palmitic 

acid onto Aluminium Oxide at different concentrations. 

 

Figure 2.11 Linearized plot for modelling pseudo-first-order kinetics using experimental data 

for adsorption of Palmitic acid onto Silicon Dioxide at different concentrations. 
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Figure 2.12 Linearized plot for modelling pseudo-first-order kinetics from experimental data for 

the adsorption of Palmitic acid onto Polystyrene at different concentrations. 
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Table 2.8 Equilibrium rate constant and R2 

Sensor Concentration 

(mg/ml) 

k1 R2 

 

 

 

Aluminium Oxide 

25 

50 

75 

100 

125 

150 

7.60E-03 

9.00E-03 

7.70E-03 

1.04E-02 

9.20E-03 

1.24E-02 

0.7592 

0.7742 

0.7889 

0.7870 

0.6862 

0.6397 

 

 

 

Silicon Dioxide 

25 

50 

75 

100 

125 

150 

1.16E-02 

9.80E-03 

1.07E-02 

1.21E-02 

1.07E-02 

7.70E-03 

0.5919 

0.8958 

0.8238 

0.8644 

0.8507 

0.6560 

 

 

 

Polystyrene 

25 

50 

75 

100 

125 

150 

7.80E-03 

1.00E-02 

7.90E-03 

1.06E-02 

1.03E-02 

8.20E-03 

0.8896 

0.7858 

0.8501 

0.7831 

0.7835 

0.7986 
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Figure 2.13 Areal mass density at equilibrium with increasing concentration for the PFO 

adsorption kinetics of Palmitic acid onto Polystyrene, Aluminium oxide, and Silicon Dioxide. 

Figure 2.13 is a plot of the areal mass density at equilibrium as determined by the PFO model 

equation. However, as the R2 was less than 0.9, the estimation of the mass of palmitic acid at 

equilibrium by this fit was unreliable. Figure 2.9 for qe as determined from application of PSO 

model was much closer to the mass adsorbed experimentally. Despite the PFO model being 

a better fit for the experimental data, comparison of the amount adsorbed at equilibrium by the 

two-way Anova using the Turkey and Bonferroni method both yielded the same results that 

there was no significant difference in the means of the amount of palmitic acid adsorbed at 

equilibrium at different concentrations for the three surfaces. 
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2.4.2 Xray photoelectron Spectroscopy of Palmitic acid adsorption  

     

 

Figure 2.14 XPS surveys for silica surface. (a) shows a survey for a new silica surface (b) shows 

a survey for the same sensor after use for palmitic acid adsorption studies. 

 

(a) 

(b) 
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XPS allows for the surface composition and chemical states on the surface to be determined 

(Watts & Wolstenholme, 2003). This makes it possible to determine the elements on a surface 

and their chemical states/ environments of a sample by first performing a survey scan followed 

by an elemental scan. This secondary analysis makes it important to understand the peak 

shape and peak intensity as it will give further details on the type of bonds between elements, 

and the concentration of the functional groups present on the surface. Three types of surfaces 

were examined in this work: silicon dioxide, aluminium oxide, and polystyrene. A survey scan 

was performed for three surfaces. 

 

Figure 2.14 (a) is a survey spectrum of a silicon dioxide sensor before and (b) after adsorption 

of palmitic acid ss using QCMD. The first apparent difference between the two survey 

spectrums of the silicon dioxide sensors was the change in peaks intensities at 284.62eV and 

532.53eV corresponding to C1s and O1s respectively. The used silicon dioxide sensor 

exhibited higher peak intensities for the C1s peak and a reduced peak intensity for O1s after 

50mg/ml palmitic acid ss interacted with the surface. This increased intensity of the C1s peak 

suggests that palmitic acid had adsorbed onto the surface. The silicon peaks Si2p also showed 

a slight decrease in peak intensity although the difference was not as large as the C1s and 

O1s peaks. This will be explained further in section 2.4.2.1. Survey spectra peak intensities 

have been compared in literature to determine the evolution C1s and O1s peaks (Yang et al., 

2014; Fraxedas et al., 2021). Jensen et al. (2013) reported low quantities nitrogen and fluorine 

in addition to low amounts of C1s with the SiO2 predominantly made up of oxygen and silicon. 

Comparison of the survey spectrum of Jensen et al. (2013) with the those shown in Figure 

2.14 revealed that the was no presence of contaminants i.e. nitrogen and fluorine. 

 

        

Figure 2.15 XPS survey spectra for rinsed silicon dioxide sensors following QCMD experiments 

with 125mg/ml of palmitic acid ss. (A) rinsed with deionised water (B) rinsed with ethanol.  

(A) (B) 
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Figure 2.15 presents the results of effect of rinsing the sensor substrate surfaces with two 

different solvents. QCMD experiments were performed in batch mode. Experiments using a 

flow cell were able to perform the rinsing step in situ (Easley et al., 2022). Rinsing of loosely 

bound palmitic acid molecules was done at the end of each experiment. The survey spectra 

for Figure 2.15 (A) and (B), C1s showed higher intensities when ethanol was used for rinsing 

as opposed to deionised water. The O1s intensity is also slightly reduced in the case of the 

sensor rinsed with ethanol. Results for the thickness of the measured layer (Table 2.3 and 

Table 2.4) showed thicknesses above the 10nm limit that applies for XPS measurements 

(Thermo Fisher Scientific, 2008; Jablonski & Zemek, 2009). This would have meant the 

sensors would not have been measured by XPS thus the rinsing step was necessary. The 

thickness of the adsorbed film after rising was not determined as this was outside the scope 

of this work. Jablonski (2019) reported overlay thickness of in literature was in the range of 

0.3 nm to 7.1nm while Gunter & Niemantsverdriet (1995) reported much lower thickness of 

between 0.8nm (flat) and 1.6nm (water roughened side) for SiO2 depending on the orientation 

of the sensor.  

2.4.2.1 XPS spectra of Silicon dioxide  

Following the survey scan, elemental scans were done to understand the chemical states of 

the elements by using the peak fitting technique. Smart fit analysis on the Avantage software 

was used to account for any background corrections. The smart background follows the 

Shirley background correction. However, it has an additional constraint in that it ensures that 

the background used is not larger than the peak area as such ensures all calculations are 

within the peak region which was suitable for samples used. 

  



64 

 

2.4.2.1.1 New Silica sensor 

  

 

Figure 2.16 Full XPS Spectrum for unused QSX 303 SiO2 from Qsense (a) O1s (b) C1s and (c) 

Si2p 

Figure 2.16 presents three regions O1s, C1s and Si2p. Following peak fitting on Avantage 

software, two peaks were found for the Si2p spectra at 103.29 and 103.82 eV. These 

correspond to SiO (SiO2) and SiO (SiO2) respectively. While the O1s spectra had one peak at 

532.63 eV which was assigned SiO2 as shown in Figure 2.16 (a). The C1s spectra also had 

two peaks at 284.60 and 286.22 eV corresponding to C-C and C-O-C. The presence of the 

C1s spectra showed the presence of naturally occurring silanols on the silicon dioxide sensor 

which might have been introduced when rinsing the sensor with DI water before QCMD 

experiments.  

 

(a) (b) 

(c) 
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2.4.2.1.2 XPS spectra for Palmitic acid adsorption on SiO2 

 

 

 

Figure 2.17 XPS Spectra following palmitic acid adsorption onto SiO2 sensor (a) C1s (b) O1s (c) 

Si2p 

(a) 

(b) 

(c) 
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Elemental scans after palmitic acid experiments are as shown in Figure 2.17. Si2p has three 

peaks which suggest palmitic acid adsorbed onto SiO2. The most pronounced difference was 

the appearance of a third peak observed for the Si2p spectra with the Si peak bound to a 

carbon atom at 101.69eV. The O1s spectra also had two peaks showing that a siloxane bond 

formed (530.78eV) from a condensation reaction with the one oxygen atom lost. The other 

peak shows that the oxygen atom was bonded to the carbon atom of the palmitic acid at 

532.33eV. The appearance of the acid group COOH at 288eV for the C1s spectra suggest the 

chemisorption of palmitic acid onto the surface. Earlier in Table 2.1 the acoustic ratios alone 

suggested that ∆F was caused purely by viscous effects of the bulk. However, the results from 

XPS verifying the presence of the acid group confirm that the acoustic ratio alone was not 

enough to conclude that ∆F was not because of adsorption measured using QCMD on SiO2. 

This supports work by Fredrik Pettersson (2022) where they reported that an acoustic ratio of 

0.4 does not always mean there is no adsorption. SiO2 is thus a good adsorbent for palmitic 

acid. Further studies involving evaluation of the thickness of the adsorbed layer using XPS 

could be beneficial in extending knowledge on a possible adsorbent for FFA in wastewater. 

Again, complex systems involving impurities in wastewater using QCMD for SiO2 sensors 

remains for further exploration. 
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2.4.2.2  XPS Spectra of Aluminium oxide after adsorption of palmitic acid. 

 

  

Figure 2.18 Results of aluminium oxide substrate sensor after 125mg/ml palmitic acid has been 

adsorbed.  

Figure 2.18 shows the characterization of aluminium oxide following the adsorption of palmitic 

acid. The results present four spectra i.e. a survey scan of aluminium oxide, O1s , C1s and Al 

2p. The Al2p spectra revealed one peak at 74.46eV which was assigned aluminium silicate. 

This was not surprising as the QCMD sensors are made of a quartz crystal coated with 

different materials (Biolin Scientific, 2019). In this case was coated with aluminium oxide. 

Following monitoring of the O1s region, a slight change in shape of the region accompanied 

by four peaks were observed at 530.33eV ,531.96eV,533.31eV and 534.31eV (FWHM 

=1.44eV for all). These were assigned Al-O-Al, C-O, C=O and SiO2 respectively. (Bournel et 

al., 1996) reported that the assignment of the O1s peak at 531.90eV corresponded to oxygens 

in aluminium oxide when studying adsorption of acrylic acid on aluminium. Much more 

recently, Wang et al. (2024) investigated the assignment of O1s between 531eV and 532eV 

and reported that a common mistake made in literature was associating this peak with oxygen 
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vacancies which is not possible as an XPS signal is only generated in the presence of 

electrons. They suggested that this peak generally arises from adsorbed oxygen species such 

as hydroxyls onto an oxide surface. Lim et al. (2007) previously studied adsorption of steric 

acid onto aluminium oxide and assigned the 533.31eV region carboxylate oxygen (Al-O-C). 

Bournel et al. (1996) assigned it the same but at 533.80eV. Similar results were observed in 

this work assigning the same region C=O thus confirming the adsorption of palmitic acid onto 

aluminium oxide. The C1s region had five peaks. Their assignment is in Table 2.9. At 

289.07eV, the carboxyl was observed. Similar results were observed by Bournel et al. (1996) 

at 290.60eV and Lim et al. (2007) at 290eV. The C1s region also supports the that palmitic 

acid adsorbed onto aluminium oxide during the QCMD experiments.  

Table 2.9 XPS Binding energy assignment of C1s 

 C1s Binding energy (eV) Assignment 

283.58 

284.50 

284.86 

286.61 

289.07 

SiC 

C-C 

C-C 

C-O-C 

COO- 

 

 

 

 

 

 

 

 



69 

 

2.4.2.3 XPS spectra of Polystyrene 

2.4.2.3.1 NEW/unused surface 

 

 

Figure 2.19 XPS Spectra of polystyrene (a) Survey (b) O1s (c) C1s 

XPS analysis was performed on a polystyrene sensor as shown in Figure 2.19. Polystyrene is 

a polymer of styrene and has a benzene ring. By nature, is hydrophobic. A survey scan on the 

polystyrene coated sensor showed that there was a lot of background noise. However, even 

with this the key peaks of C1s and O1s were identified and the focus was on these two regions. 

A scan of the C1s showed that two aliphatic carbon was detected in the range 282.21eV to 

286.61eV. The results closely mirror the work by Girardeaux & Pireaux (1996) on their analysis 

of polystyrene. The slight differences in the binding energy are attributed to the fact that they 

had used a Shirley background correction whereas the smart background correction was used 

(a) (b) 

(c) 
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in this work. The shake-up satellite (π-π*) at 291.18eV is characteristic of polystyrene because 

of the aromatic group found in polystyrene (Adam Bushell, Paul Mack,East Grinstead, 2019). 
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2.4.2.3.2 Used surface. 

 

 

 

Figure 2.20 shows 125mg/ml palmitic acid ss on polystyrene. 



72 

 

Figure 2.20 shows the difference in the XPS spectra once palmitic acid has adsorbed onto the 

surface. The most obvious difference observed was the reduction in background noise 

between 250eV and 1300eV of the survey spectra. On of the challenges of measuring 

polystyrene via XPS was because of the background noise. Sputtering of the sample to get a 

better shift only resulted in destruction of the polystyrene surface. However, following palmitic 

acids adsorption studies with QCMD a more defined survey spectra was observed. Four peaks 

were observed in the C1s region assigned in Table 2.10. The inelastically scattered electron 

from the C1s in Figure 2.19 which resulted in the shake up satellite peak at 290.66eV was 

replaced by the O-C=O carboxyl group at 289eV. There was also the appearance of C-O peak 

at 285.07eV. Three peaks were observed in the O1s region. Palmitic acid adsorption resulted 

in the appearance of C-O at 531.85eV and C=O at 533.61eV. Many studies involving 

polystyrene are limited to its role in microplastics in wastewater (Zheng et al., 2025; Li et al., 

2025). The results observed here suggest that polystyrene has the potential to be used as an 

adsorbate for palmitic acid. Protein (albumin) adsorption studies onto polystyrene have 

already been done by Browne et al. (2004) where they found that unoxidized polystyrene 

adsorbed more protein than oxidized polystyrene. This demonstrates the potential of 

polystyrene as an adsorbent of palmitic acid. Applications of polystyrene in wastewater 

conditions for palmitic acid adsorption is still an area that needs further research. This work 

reported here for the first time the adsorption of palmitic acid onto a polystyrene coated quartz 

sensor. 

Table 2.10 XPS Binding energy assignment for polystyrene following palmitic acid adsorption 

Binding energy (eV) Assignment FWHM (eV) 

C1s           284.17 

284.51 

285.07 

289.03 

C-Si 

C-C  

C-O 

O-C=O 

0.87 

0.81 

0.8 

0.97 

O1s           531.85 

                  532.66 

                  533.61 

C-O 

SiO2 

C=O 

1.13 

1.75 

1.61 
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2.4.2.4 Atomic Percentage 

 

Figure 2.21 Atomic % of C1s on different substrate sensors  

 

Figure 2.22 Atomic % of O1s on different substrate sensors.  
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Figure 2.21 and Figure 2.22 show the changes in atomic % of C1s and O1s. The results show 

that the concentration/ atomic percentage of C1s on polystyrene substrate decreases with 

increasing concentration of palmitic acid adsorbed while the atomic percentage of O1s 

increases. The results for aluminium oxide and silicon dioxide fluctuate. For silicon dioxide 

C1s starts off with an increase and then a steady decrease in atomic % with increasing 

concentration. The reverse is observed for O1s. The increase in O1s atomic percentage 

suggests that more palmitic acid is adsorbed as the acid group concentration increases. The 

trend of the atomic % of C1s and O1s on polystyrene also show to what extent the surface 

was modified by addition of the palmitic acid. The atomic % on aluminium oxide supports the 

results from the adsorption isotherm from QCMD in Figure 2.4. At 75mg/ml a high frequency 

shift was observed suggesting more palmitic acid adsorbed on aluminium oxide. This 

corresponded with the decrease in atomic % of C1s and an increase in O1s %. At 125mg/ml 

O1s atomic % decrease while that of C1s increases. Although palmitic acid concentration 

increased less was adsorbed onto the substrate particularly less than on polystyrene. Silicon 

dioxide shows at 125mg/ml the highest atomic % for O1s despite having lowest frequency 

change than the other substrates at the same concentration. This suggest that the Si-O groups 

on the silicon dioxide were also measured during analysis by XPS hence why the higher 

oxygen atomic percentage. 

2.5 Conclusions 

The results from QCMD confirmed the adsorption of palmitic acid while XPS confirmed surface 

modification before and after the experiments thereby confirming the adsorption of palmitic 

acid to the surface through identification of the -COOH at 289eV. Krishna & Philip (2022) in 

their review on XPS suggested that XPS can be used for surface analysis which includes 

obtaining information on chemical composition (which has been done in this chapter), 

confirming surface functionalization, presence of adsorbates and in some case determining 

the thickness of the layer. The application of the PFO and PSO models revealed chemisorption 

played a crucial role in the adsorption of palmitic acid at room temperature. The equilibrium 

rate constants for PSO and PFO kinetic models showed that the rate of adsorption was fastest 

with increasing concentrations for all three surfaces. Both the Sauerbrey and Voight models 

were applied for mass estimation. The Voight model perfectly described the results from silicon 

dioxide and aluminium oxide while the experimental results on polystyrene were not a good 

fit. It remains unclear why palmitic acid adsorption onto polystyrene could not fit the Voight 

model and therefore is an area for exploration for future research. The adsorption of palmitic 

acid at different concentrations appeared to follow the Langmuir isotherm for Silicon dioxide 

and Aluminium oxide thereby suggesting palmitic acid formed a monolayer on the sensor 
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surface. The chemical adsorption of palmitic acid on the sensors was followed by aggregation 

which was observed during the experiment. Bere et al. (2025) reported aggregation following 

the adsorption of undecafluorohexanoic acid on amidine-functionalized polystyrene. However, 

this phenomenon was observed also on silicon dioxide and aluminium oxide.  
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Chapter 3 Investigating adsorption Kinetics of Oleic and 

Linoleic acid using Quartz crystal Microbalance with 

Dissipation 

3.1 Abstract 

The PSO equations were used to model experimental results of oleic acid and linoleic acid 

onto silicon dioxide, aluminium oxide and polystyrene. The correlation coefficient R2 >0.997 

for all surface involved in the adsorption of linoleic acid suggested that chemisorption was the 

rate limiting step. R2 > 0.93 for the adsorption of oleic acid also confirmed chemisorption as 

the rate limiting step. This excluded the adsorption of oleic acid at 25mg/ml where the 

correlation coefficient was low. The rate constants were able to valuable information about the 

adsorption of both fatty acids. Characterization of the surfaces revealed the presence of 

adsorbed fatty acid. The contact angle measurements of polystyrene were 77.7ᵒ ± 2ᵒ after 

adsorption of the fatty acids. The kinetics data from this work is important in helping to predict 

the behaviour of the fatty acids that were under study as it could help advance the 

development of suitable adsorbents for various application including the removal of FFA from 

wastewater. 

3.2 Introduction 

Chapter 2 explored the adsorption of saturated fatty acid palmitic acid using QCM which is 

usually found as part of the constituents in fats and oils in food (Orsavova et al., 2015). 

However, alongside palmitic acid, unsaturated fatty acids such as oleic and linoleic acid have 

also been confirmed to form part of the FOG deposits and sewage sludge in wastewater in 

various studies by (Wang et al., 2008; Grosser et al., 2017; Long et al., 2012). One of the 

primary contributions to FOG deposits in wastewater is naturally from food waste as 

determined by Neves et al. (2009) and Zhang et al. (2014). A study by Williams et al. (2012) 

reported that there was more FOG consumption in developed countries (50 kg/annum) as 

compared to developing countries (less than 20kg/annum) with this having both an impact on 

health and the environment. While Lundgren et al. (2006) did explore adsorption of oleic acid 

and linoleic acid from alkane solutions using QCMD, the investigation was limited to just 

stainless steel. This work to extends this study by investigating their adsorption on three new 

surfaces i.e. silicon dioxide , polystyrene and aluminium oxide for potential applications in 

wastewater. While their study involved adsorption from 2,2,4,4,6,8,8-heptamethylnonane, 

ethanol was used in this work to keep the solvent used the same as for investigations done in 

the previous chapter. 
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The purpose of this work was to extend the investigation done in the previous chapter to 

unsaturated fatty acids. However, this was restricted to oleic acid and linoleic acid. Better 

understanding of the interaction of the unsaturated fatty acids with different materials may help 

in controlling the formation of FOG deposits and their recovery thereby reducing their 

contribution to FOG in wastewater. Increased knowledge of this may also influence 

behavioural change particularly in food waste and waste cooking oil disposal.  

Oleic acid is a straight chain fatty acid with one cis double bond whereas linoleic acid has two 

cis double bonds as shown in Figure 3.1. The Prescence of two double bonds in linoleic acid 

means it is not as straight as oleic acid hence tends to have bends (Kanicky & Shah, 2002). 

Apart from the obvious difference of degree of unsaturation, the adsorption of these fatty acids 

was also investigated at different concentrations. The results were then modelled using 

pseudo second order equations to determine adsorption capacity at equilibrium of the fatty 

acids onto the substrate sensors. X-ray photoelectron spectroscopy was used to confirm the 

adsorption of the fatty acids onto the substrates. Information of atomic percentages and fit of 

the atoms of interest e.g. C1s can be found in the appendix 8.1. To the best of my knowledge, 

the adsorption of oleic and linoleic acid from ethanol using QCMD with the application of PSO 

and PFO models is reported here for the first time. 

 

 

Figure 3.1 structure of oleic acid and linoleic acid 

3.2.1 Materials and Methods 

3.2.1.1 Characterization of unsaturated fatty acids 

See section 2.3 for detailed methodology on QCM and XPS. All fatty acids were dissolved in 

absolute ethanol (99%) to make the stock solution of different concentrations. All QCM 

experiments were repeated twice under the same conditions. Figure 3.4 shows the substrates 

under analysis using Xray photoelectron spectroscopy captured during some of the 

measurements. The stock solutions were made using oleic acid ≥99% (GC) CAS: 112-80-1 

and linoleic acid ≥99% CAS:60-33-3. Both fatty acids where from Merck Chemicals Limited, 
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Millipore (UK) Limited. A 10ml ±1 volumetric cylinder was used for measuring out the volume 

of ethanol. The mass of the fatty acids was measured using an analytical balance. The Ramé-

hart 590 goniometer/tensiometer was used to conduct static water contact angle 

measurements to study the wettability of polystyrene following adsorption by fatty acids. The 

experiment was conducted at room temperature. The method used was as previously reported 

by Chen et al. (2021) with a slight difference. Two hundred measurements were taken in 20 

seconds. Surface chemistry was determined using the K-Alpha XPS spectrometer as 

previously reported in section 2.4.2 

3.2.1.2 Pseudo second order kinetics 

To model experimental data, the pseudo second order equation was applied. The form of the 

pseudo second order equation written in Equation 3.1 by Ho & Mckay (1999) is well known. 

However upon integrating and application of the boundary conditions (t=0 to t=t and qt=0 to 

qt=qt, Ho & Mckay (1999); Revellame et al. (2020) the non-linear form results in Equation 3.2 

which is rearranged to the linear form in Equation 3.3 (Revellame et al., 2020; Canzano et al., 

2012; Azizian, 2004).  

𝑑𝑞𝑡

𝑑𝑡
= 𝑘2[𝑞𝑒 − 𝑞𝑡]2 

Equation3.1 

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1 +  𝑞𝑒𝑘2𝑡
 

Equation3.2 

𝑡

𝑞𝑡
= (

1

𝑞𝑒
) 𝑡 +

1

𝑘2𝑞𝑒
2
 

Equation3.3 

The linear equation shows qt (ng/cm2) which is the areal mass density adsorbed at time t , qe 

(ng/cm2) areal mass density at equilibrium , t (seconds) is time and k2 is the pseudo second 

order rate constant. The slope of t/qt was used to calculate qe and k2 from the line of best fit 

(Huang et al., 2018; Kumar, 2006). Given a straight-line equation y=mx+ c, qe was determined 

by m-1 and the rate constant k2 by 
𝑚2

𝑐
 (Revellame et al., 2020; Robati, 2013). 
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3.2.1.3 Mass estimation of adsorbed fatty acids 

The Voight model was used to estimate the mass adsorbed as ∆D>0 and there was there was 

a spread across all harmonics (Easley et al., 2022). These two conditions justified the use of 

the Voight model. This was discussed earlier in section 2.4.1.1 when discussing mass 

changes for palmitic acid adsorption. Three overtones were used to model the data at the 

3rd,5th and 7th overtone to improve accuracy (Schönwälder et al., 2014). 

Voight mass is given by : 

∆𝑚 = 𝜌𝑓 × ℎ𝑓 

Equation 3.4 

Where ∆𝑚 𝑖𝑠 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑚𝑎𝑠𝑠 ,𝜌𝑓 𝑖𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑖𝑙𝑚 , ℎ𝑓 𝑖𝑠 𝑓𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠    

(Setiowati et al., 2021) 

∆𝑓

𝑛
= −

1

2𝜋𝜌𝑜ℎ𝑜
{

𝜂3

𝛿3
+ ℎ𝑓𝜌𝑓𝜔 − 2ℎ𝑓 (

𝜂3

𝛿3
)

2 𝜂𝑓𝜔2

𝜇𝑓
2 + 𝜔2𝜂𝑓

2} 

Equation 3.5 

∆𝐷 =
1

𝜋𝑓𝜌𝑜ℎ𝑜
{

𝜂3

𝛿3
+ 2ℎ𝑓 (

𝜂3

𝛿3
)

2 𝜂𝑓𝜔

𝜇𝑓
2 + 𝜔2𝜂𝑓

2} 

Equation 3.6 

Where 
∆𝑓

𝑛
 was the normalised frequency change at a specific overtone 𝑛, 𝜌𝑜 and ℎ𝑜 were the 

density and thickness of the quartz sensor. The viscosity of the bulk liquid was given by 𝜂3 

while 𝜂𝑓 and 𝜇𝑓 were the viscosity and shear elasticity of the film. The viscous penetration of 

the bulk liquid was given by 𝛿3 = √
2𝜂3

𝜌3𝜔
 where 𝜔 was the angular frequency of the oscillation. 

Lastly ∆D was the dissipation change and ∆𝑓 the frequency change of a 4.95 MHz quartz 

sensor. 

(Setiowati et al., 2021 ; Voinova et al., 1999) 
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3.2.1.4 Statistical Analysis 

Normality testing was done using the Kolmogrov-Smirnov on OriginPro 2026 for all k2 values 

for linoleic acid. Hypothesis testing was performed using two sample t-tests were a probability 

of P < 0.05 meant the null hypothesis was rejected. The null hypothesis was that there was 

no difference between the k2 values. A probability of P < 0.05 was considered significantly 

different (Yang et al., 2024). In addition to this, a correlation coefficient R2 analysis was 

performed to assess how well the model (PSO) fit experimental data. For R2 ≈ 0, there was no 

correlation, R2 closer to +1 or -1 showed that there was a strong relationship between the 

model and the experimental data (Ahmed et al., 2025). 
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3.2.2 Results and Discussion 

Frequency changes were investigated to determine the impact of increasing concentration of 

unsaturated FFA onto different substrate sensors. Oleic and linoleic acid are investigated in 

this chapter. Oleic acid has a cis double bond at position 9 along the carbon chain while linoleic 

acid has two cis double bonds at positions 9 and 12 along the carbon chain (Kanicky & Shah, 

2002). Both fatty acids have the same chain length (C18). Apart from the increase in 

concentration, another factor that was determined was whether the degree of unsaturation of 

the fatty acids at the same concentration affected adsorption.  

3.2.2.1 QCM-D 

 

Figure 3.2 shows adsorption isotherm of oleic acid adsorbing onto different substrate sensors. 

Adsorption isotherms in Figure 3.2 and Figure 3.3 show that increasing concentration of fatty 

acids results in increasing change in frequency. The results suggest that as the number of 

fatty acid particles available at the interface between the substrate sensor and the bulk solution 

increases, hence increased interaction with the substrate, the amount adsorbed also 

increases. This is registered by the overall change in frequency recorded by the resonator.  
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Looking at each individual substrate material, at the lowest concentration (25mg/ml), in the 

case of oleic acid as shown in Figure 3.2, silicon dioxide is the most favourable substrate 

sensor followed by polystyrene and lastly aluminium oxide. The same results were observed 

at 100mg/ml and 125mg/ml. The results also suggest that for aluminium oxide substrate 

sensor , there is a linear relationship between the amount adsorbed onto the sensor and the 

concentration of oleic acid and linoleic within the tested range of 25mg/ml to 150mg/ml (Figure 

3.3). The results suggest the same is true for silicon dioxide and polystyrene substrate sensors 

up until 125mg/ml. Beyond this concentration the frequency reduces with increased 

concentration (also shown in Figure 3.3 for linoleic acid). The reduction in frequency change 

of silicon dioxide and polystyrene show that beyond 125mg/ml, the substrate sensor is 

saturated from adsorption of either oleic or linoleic fatty acid. The reduced frequency change 

suggests that diffusion effects influence the reduction in frequency change as more of the fatty 

acid diffuses back into the bulk solution from the interface. Another factor might be because 

the quartz resonator senses hydrated mass, the rearrangement of the solvent trapped in 

between the fatty acid molecules and the fatty acid molecules adsorbed results in less solvent 

trapped in the adsorbed layer thus reducing the overall stress on the sensor thus the reduction 

in frequency change. Figure 3.3 also highlights that on average, linoleic acid adsorbed more 

onto the different substrate sensors than oleic acid, suggesting that more fatty acids are 

adsorbed with increasing unsaturation. Mass estimation using Equation 3.4 was used as qt 

for the PSO model. 
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Figure 3.3 shows adsorption isotherm of linoleic acid adsorbing onto different substrate 

sensors. 

3.2.2.1.1 Kinetics of Linoleic Acid Adsorption  

 Adsorbate and solvent density have been assumed to be similar thus Sauerbrey equation 

was used to determine qt (Setiowati et al., 2021). The linear version of the pseudo second 

order equation was used to plot t/qt on the Y-axis against time on the X-axis. Nonlinear 

regression modelling was applied directly to experimental data to estimate the values qe, k2 

and R2 (Huang et al., 2018). Nonlinear regression modelling has been highly recommended 

for adsorption data (Zhang, 2019). Six different concentrations were plotted for each material 

as shown in Figure 3.4 for Aluminium oxide , Figure 3.5 for Silicon Dioxide and lastly Figure 

3.6 for Polystyrene. Table 3.1 presents the values of R2. The correlation coefficient, R2 was > 

0.97 at all concentrations indicating that the pseudo second order equation was a good fit for 

experimental data obtained through QCMD experiments for contact times of 250 seconds. 

This meant that the PSO model was suitable for predicting the kinetics of linoleic acid on the 

tested materials. Ho & Mckay (1999) reported that a correlation coefficient > 0.996 for PSO 

equations suggested that the rate limiting might be chemical adsorption. For linoleic acid this 

meant that electrons were transferred or shared between the carboxylic acid group -COOH 

and polystyrene or Si-O-Si for silicon dioxide. Ionic bonding would dominate between the 

carboxylic acid group and Al-O of aluminium oxide.  
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Table 3.1 R2 values for different plots of t/qt vs time for pseudo second order equation for 

Linoleic Acid. 

Adsorbent 

 

Concentration 

(mg/ml) 

25 50 75 100 125 150 

Al2O3 R2 0.9977 0.9747 0.9951 0.9974 0.9942 0.9975 

SiO2 R2 0.9965 0.9975 0.9976 0.9979 0.9986 0.9999 

Polystyrene R2 0.9980 0.9867 0.9774 0.9961 0.9981 0.9964 

 

Figure 3.4 Pseudo-second-order adsorption kinetics of linoleic acid onto Aluminium Oxide at 

different initial concentrations. 
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Figure 3.5 Pseudo-second-order adsorption kinetics of linoleic acid onto Silicon Dioxide at 

different initial concentrations. 

 

Figure 3.6 Pseudo-second-order kinetics of Linoleic acid on Polystyrene at various initial 

concentrations. 
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Figure 3.7 Plot of the adsorption capacity versus time for the effect of concentration on the 

adsorption kinetics of Linoleic acid onto Aluminum Oxide. 

Figure 3.7, Figure 3.8 and Figure 3.9 presents the adsorption capacity of linoleic acid at qt = t 

until qt=qe for all the three substrates. Figure 3.7 showed that linoleic acid reached adsorption 

equilibrium faster at 25mg/ml and 75mg/ml initial concentrations. Equilibrium was reached with 

8 seconds at 25mg/ml and 16 seconds at 75mg/ml. It took 24 seconds to reach equilibrium at 

50mg/ml. The time required to reach equilibrium increased with increasing concentration. This 

suggests that linoleic acid at these initial concentrations had a higher affinity for aluminium 

oxide. The equilibrium time here was the time at which the fluctuations in qt started. Tran 

(2023) reported that the initial region before the plateau gives useful information the adsorption 

rate and the rate constant.  

 Linoleic acid was also adsorbed in larger quantities on aluminium oxide at higher initial 

concentrations. This highlights the importance of initial concentration of linoleic acid for 

adsorption onto aluminium oxide. Lundgren et al. (2006) had reported that linoleic acid never 

reached a plateau i.e. equilibrium in the concentration range between 0 and 1.2 weight 

percent. However, the linoleic acid did reach equilibrium in the concentration ranges here 

where the smallest concentration by weight percent (3.1%) was much higher than the highest 

concentration they tested. Another reason for this might be that aluminium oxide was a better 
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adsorbent for linoleic acid than steel. However, it is not possible to conclude this as testing 

with their concentration range was outside the scope of this work. 

 

Figure 3.8 Plot of the adsorption capacity versus time for effect of concentration on the 

adsorption kinetics of linoleic acid onto Silicon dioxide. 

Fast kinetics were observed for adsorption of linoleic acid onto silicon dioxide within the first 

10 seconds were the rate of adsorption increased with the concentration of linoleic acid. Much 

slower kinetics were observed at low concentrations e.g. it took. Linoleic acid reached 

adsorption equilibrium with qe values decreasing in the order 150mg/ml > 75m/ml > 25mg/ml> 

50mg/ml> 100mg/ml. The results showed that at 125mg/ml, linoleic acid never reached 

equilibrium. Dissipation data from QCMD showed a positive shift followed by a gradual 

negative shift at 125mg/ml. Lundgren et al. (2006) already mentioned that linoleic acid adsorbs 

in an extended state thereby coupling solvent, however, the continued negative shift in the 

dissipation and positive shift in the frequency until the experiment was terminated after 2 hours 

suggested that linoleic acid was desorbing from the surface. The fluctuations at equilibrium 

highlight possible conformation changes in the adsorbed monolayer. Linoleic acid tends to 

extend perpendicular to the surface thereby coupling more solvent. Another possible 

explanation for this is that linoleic acid was reordering on the surface as equilibrium, this was 

recorded as fluctuations in frequency and dissipation change by the QCMD. 
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Figure 3.9 Plot of the adsorption capacity versus time for effect of concentration on the 

adsorption kinetics of linoleic acid onto Polystyrene. 
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Figure 3.10 Pseudo second order rate constant of linoleic acid adsorption at different 

concentrations. 

Figure 3.10 reports the rate constants k2 determined for the linear plots t/qt vs t for linoleic acid 

at different concentrations. k2 represents how quickly linoleic acid was adsorbed onto the three 

surfaces as the adsorption progressed to equilibrium. The results show that the smaller the 

value of k2, the faster it took for linoleic acid to reach equilibrium. The rate constants were 

important as they provided insight into the adsorption of linoleic acid. The overall rate of 

adsorption fluctuated as the concentration increased for polystyrene and silicon dioxide. The 

lowest rate of adsorption was also recorded at 75mg/ml for linoleic acid onto aluminium oxide. 

The rate of adsorption at 50mg/ml was similar for both silicon dioxide and aluminium oxide.  

P-values for normality testing were > 0.15 for k2 values for all materials. Therefore, the 

normality assumption could not be rejected. Two sample t-tests revealed that there was no 

significant difference between the mean of k2 values on all materials. However, Figure 3.10 

indicates that at 75mg/ml Aluminium oxide exhibits a higher k2 value. The number of samples 

were less than 30 for each data set therefore the validity of the t-test relied on the assumption 

of normality. 
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Figure 3.11 shows plot of the areal mass density at equilibrium versus concentration for the 

adsorption kinetics of linoleic acid onto Polystyrene, Aluminium oxide, and Silicon Dioxide. 

Figure 3.11 shows the adsorption capacity /areal mass density of linoleic acid of the different 

substrate sensors at different concentrations. Below 75mg/ml, the data suggests that 

aluminium oxide is the better substate having overall a higher adsorption capacity than silicon 

dioxide and polystyrene. The performance of silicon dioxide was competitive to aluminium 

oxide at 50mg/ml as shown by the overlap in Figure 3.11. At 100mg/ml and 125mg/ml, 

polystyrene is a better adsorbent shown by the higher adsorption capacity in this range. Silicon 

dioxide was a better adsorbent than aluminium oxide only at 100mg/ml. At 150mg/ml, 

aluminium oxide has the best adsorption capacity followed by polystyrene and lastly silicon 

dioxide. The results also suggest that multilayer adsorption occurs for aluminium oxide as it 

never reaches a plateau within the concentration range tested as compared to silicon dioxide 

and polystyrene. The graphs of polystyrene and silicon dioxide also start to slightly decrease 

suggesting desorption of linoleic acid from the surface with the dip occurring much faster on 

the polystyrene substrate. Based off this, the results suggest that the maximum adsorption 

capacity of linoleic acid on polystyrene is approximately 333.33 ng/cm2 while it is much lower 

for silicon dioxide at 227.78 ng/cm2. Two sample t-test revealed there was no significant 

difference in the mean of qe for linoleic acid adsorption onto the surface. 
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3.2.2.1.2 Kinetics of Oleic Acid adsorption 

 

Figure 3.12 Adsorption kinetics (PSO) of Oleic acid on Aluminium Oxide at different 

concentrations from experimental data. 

Figure 3.12, Figure 3.14 and Figure 3.16 show the application of the pseudo second order 

equation t/qt onto the experimental adsorption data of oleic acid onto the substrate sensors 

aluminium oxide, silicon dioxide and polystyrene. The data fit shows linear profiles all 

concentrations however more fluctuation in the data is observed compared to adsorption of 

linoleic acid onto the same substrates. Concentrations of 25mg/ml, 50mg/ml and 75mg/ml all 

show the most fluctuations in the model fit for all substrates. Despite the fluctuations, the PSO 

model can be used to explain the results due to a high correlation coefficient R2. However, the 

data from the plot of polystyrene for 25mg/ml was excluded as it did not fit the pseudo second 

order equation well with an R2 of 0.0011 and qe of 43.29ng/cm2 and k2 constant of 0.000372 

sec-1. Figure 3.12 showed that at 100mg/ml and 125mg/ml the data fit is similar shown by the 

overlap of the plots for all concentrations. However, Figure 3.14 shows that the difference is 

the model fit is not that different for silicon dioxide at 125mg/ml and 150mg/ml.  

Apart from the model fit of concentration of 25mg/ml on polystyrene, most of the data has a 

good fit with R2 values above 0.9358. Table 3.2 also suggests that R2 increases with increasing 
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concentration and Figure 3.18 supports this by showing that higher areal mass density/ 

adsorption capacity has better model fits. Figure 3.19 shows that 75mg/ml has the highest 

rate constant when oleic acid was adsorbed onto aluminium oxide which is consistent with the 

results obtained for linoleic acid adsorption onto the same substrate sensor. However, overall, 

in the case of oleic acid adsorption, silicon dioxide appears to be a better adsorbate although 

based on the rate constant k2 the performance of all substrates is very similar although second 

after silicon dioxide aluminium oxide has a better performance.  
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Figure 3.13 Adsorption capacity versus time for effect of concentration on the adsorption 

kinetics of Oleic acid onto Aluminium oxide (A) Experimental (B) Theoretical. 
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Figure 3.13, Figure 3.15 and Figure 3.17 (A) show experimental data plots of qt the areal mass 

density/ adsorption capacity of oleic acid onto the three substrate sensors. The plots shows 

that qt increases with time. When qt = qe, a lot of fluctuations are observed for the model fit on 

all the substrate sensors. This differs from linoleic acid particularly for adsorption onto silicon 

dioxide sensor where the graphs were smooth for all concentrations for the same time. 

Figure 3.13, Figure 3.15 and Figure 3.17 (B) show the theoretical plots of qt versus time. 

Theoretical values of qt were calculated using Equation 3.2, the non-linear pseudo second 

order equation and by using the values obtained from k2 and R2 from the linear pseudo second 

order Equation 3.3. The graphs suggests that the difference between the theoretical and 

experimental data for qt is very small despite the experimental data showing much more 

fluctuations than the theoretical data which is smooth. Figure 3.18 also highlights that 

increasing concentration on oleic acid increases the amount adsorbed thereby suggesting that 

multi-layer adsorption of oleic acid occurs on the different substrates. Lundgren et al. (2007) 

found similar results when investigating effect of concentration on adsorption of oleic acid from 

alkane solutions onto stainless steel surfaces. Aluminium oxide shows that increasing 

concentration beyond 125mg/ml results in more adsorption while Silicon dioxide and 

Polystyrene show a decrease in the amount adsorbed at equilibrium as concentration 

surpasses 125mg/ml suggesting that desorption from the surface is triggered as the sensors 

have reached capacity for adsorption. 
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Figure 3.14 Adsorption kinetics (PSO) of Oleic acid on Silicon Dioxide. 
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Figure 3.15 Adsorption capacity versus time for effect of concentration on the adsorption 

kinetics of Oleic acid onto Silicon dioxide oxide (A) Experimental (B) Theoretical. 
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Figure 3.16 Adsorption kinetics (PSO) of Oleic acid on Polystyrene. 

Figure 3.15 presents graphs of theoretical and experimental qt vs time. The experimental qt 

was obtained from experimental results while the theoretical qt was obtained from 

Equation3.3. Figure 3.17 showed that values of qt fluctuated a lot particularly after reaching 

equilibrium. Oleic acid adsorption onto polystyrene had particularly high fluctuations. This 

might suggest that a more complex mechanism occurred. This was supported by R2 being 

very low and not suitable to be presented by PSO equations. This suggests that potential 

physical adsorption of oleic acid through van der Waals forces of attraction with polystyrene 

at 25mg/ml were the driving force for adsorption. The limitation of this work was that only PSO 

kinetics were considered. While they modelled the rest of the data well, outliers such as the 

one discussed cannot be explained by it. It remains for future research to explore the 

adsorption mechanisms of adsorption of oleic acid onto polystyrene at low concentrations 
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Figure 3.17 shows plot of the adsorption capacity versus time for effect of concentration on the 

adsorption kinetics of Oleic acid onto Polystyrene (A) Experimental (B) Theoretical. 
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Figure 3.18 Plot of the areal mass density at equilibrium versus concentration for the 

adsorption kinetics of Oleic acid onto Polystyrene, Aluminium oxide, and Silicon Dioxide. 

Given that at 25mg/ml oleic acid adsorption onto polystyrene could not be explained by the 

PSO model, the value of qe presented in Figure 3.18 cannot be taken as accurate. Zhang 

(2019) argued that nonlinear regression models were more trusted and recommended for 
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was evident that this method has its limitations. It was highlight that the physical meaning of 

the PSO and PFO equations need more understanding.  

Many researchers in literature opt to apply PSO model over PFO model. They reason being 

that the PFO model only effective at the start of adsorption. The flexibility to apply PSO model 

at any time makes it much more preferred. Revellame et al. (2020) argued the use of R2 is not 

enough to explain linearly transformed results especially when using them as a measure to 

confirm a nonlinear model fit. However, while this point has its merits, in this case, QCMD data 

is inherently nonlinear. Therefor application of the PSO model equation to understand the 
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Figure 3.19 Pseudo second order rate constant (Oleic acid) at different concentrations on the 

three substrate sensors. 

Table 3.2 shows R2 values for the different plots of t/qt vs time for the pseudo second order 

equation for Oleic Acid. 
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3.2.2.2 Xray photoelectron Spectroscopy 

   

 

Figure 3.20 Shapes of oleic acid adsorbed onto (a) polystyrene (b) Silicon dioxide (c) 

Aluminium Oxide shown of the measurement window of the K-Alpha XPS Machine and operated 

using the Avantage software. 

Images taken from the analysis chamber of the K-alpha XPS machine are presented here. 

The image shows the quartz sensors was secured onto the sample holder while the bottom 

(a) (b) 

(c) 
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image shows the measurement point (spot size 400µm) on all surfaces. Figure 3.20 shows 

oleic acid formed different shapes when adsorbed to the three materials. Irregular shapes 

were formed on polystyrene and silicon dioxide however more spherical islands were 

observed on aluminium oxide (although it appears the size of the molecule was different at 

each site). Garland et al. (2008) reported observing islands formed due to the self-associating 

nature of oleic acid onto silica and polystyrene surfaces. They proposed that strong hydrogen 

bonding between chains as well as dispersion forces along the alkane chain many have been 

responsible for the island formations. It was unclear what caused the mix of shapes adsorbed 

of oleic acid on silicon dioxide (Figure 3.20 (b)) (spherical and irregular shapes were 

observed). However, Garland et al. (2008) found that when oleic acid molecules did not cover 

the surface evenly, molecules /formed islands congregated. Surface morphology of oleic acid 

on different materials is important as this can affect the adsorption kinetics particularly when 

designing adsorbents to remove fatty acids from wastewater. This remains an area for future 

research. 

3.2.2.2.1 Oleic acid 

3.2.2.2.1.1 Polystyrene  

Figure 3.21 shows survey spectra of polystyrene sensors at 25mg/ml and 125mg/ml of oleic 

acid ss adsorbed onto the substrate. Improved signal to noise ratio resulted in increased peak 

intensity of C1s and O1s and reduced background noise as more oleic acid was adsorbed on 

polystyrene (comparison between unused polystyrene sensor in section 2.4.2.3.1 and Figure 

3.21).The intensity of the C1s peaks showed a decrease in the count number/ intensity with 

increasing amount of oleic acid adsorbed. This corresponded to a transition from four to three 

peaks in the C1s region. Figure 3.22 shows the deconvolution of Si2p , C1s and O1s regions. 

The Si2p region at 25mg/ml has three peaks at 101.49eV , 102.02eV and 102.61eV 

respectively while the same region at 125mg/ml of oleic acid had two peaks at 101.47eV and 

102.11eV. The increased intensity of Si2p peaks suggest that covalent bonding resulted in the 

siloxane bond at 102.11eV.  

Figure 3.21 and Figure 3.22 showed the presence of the COOH- group from the adsorption of 

oleic acid. Deconvolution of the O1s at 125mg/ml revealed peaks at 531.72eV and 533.31eV 

corresponding to has C-O and C=O (FWHM 1.35 for both). The same peaks were found at 

531.70eV and 533.21eV (FWHM 1.29 for both). Adsorption onto polystyrene confirmed the 

presence of COOH- , C-O and C=O peaks on C1s. This region revealed three peaks (FWHM 

1.03 for all) at 289.03eV corresponding to COOH (from oleic acid) and C-C at 284.46eV and 

284.24eV for adsorption at 125mg/ml oleic acid. The COOH peak was at 288.94eV (FWHM 
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0.89) while three C-C peaks were resolved at 283.50eV , 284.16eV and 284.65Ev with FWHM 

of 1.33,1.02 and 1.21 respectively. The disappearance of the peak at 283.5eV might be due 

reduction due to charging effects (accumulation of positive charge due to emission of electrons 

from an insulating material) by the adventitious carbon which is particularly common in 

insulating materials such as polystyrene (Goodson et al., 2022). Higher concentrations of oleic 

acid meant that electrons were emitted from the oleic acid layer and not polystyrene thus 

resulting in ‘loss’ of the 283.5eV. Because of this, charge calibration of shifting the 283.5eV 

C-C/ C-H to 284.8eV was not done. The objective was investigating whether increasing the 

concentration of oleic acid resulted in more adsorption. The results showed that the atomic 

percentage of the -COOH group increased from 0.93% to 1.64% as more oleic acid was 

adsorbed via van der Waals forces of attraction between the -COOH end of the fatty acid and 

polystyrene corresponding to a larger ∆F measured in QCMD experiments (Peter Esser , 

2014). Hence oleic acid was adsorbed onto polystyrene with more oleic acid adsorbed at 

125mg/ml. 
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Figure 3.21 Survey spectra of 25mg/ml and 125mg/ml oleic acid adsorbed on polystyrene. 
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Figure 3.22 Deconvolution of Si2p, C1s and O1s scans of 25mg/ml oleic acid on polystyrene. 
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Figure 3.23 Deconvolution of Si2p, C1s and O1s scans of 125mg/ml oleic acid on polystyrene. 
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3.2.2.2.1.2 Silicon Dioxide 

 

Figure 3.24 Silicon dioxide substrates and survey scan for adsorption of 125mg/ml oleic acid on 

SiO2. 

Figure 3.24 shows survey scans as well as C1s, O1s, Si2p scans. The results suggest oleic 

acid had adsorbed onto the surface as can be seen by the presence Si-O-Si peaks in the Si2p 

scan and COOH- group in C1s and C=O, C-O peaks in O1s scan. 
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Figure 3.25 Deconvolution of O1s , C1s and Si2p scans or adsorption of 125mg/ml oleic acid on 

SiO2. 
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3.2.2.2.1.3  Aluminium oxide 

 

Figure 3.26 Deconvolution of O1s , C1s and Si2p scans and of aluminium oxide substrate sensor 

at 125mg/ml oleic acid adsorption.  



110 

 

Aluminium oxide substrate sensors were tested, and the result show the presence of COOH- 

group, C=O , C-O and Alumina silicate confirming the presence of oleic acid absorbed by the 

substrate sensors. The intensity of C1s and O1s peaks reduced with increasing concentration 

of oleic acid in the QCMD experiments. Figure 3.20 shows that oleic acid adsorbed onto 

aluminium oxide has circular shapes while onto polystyrene it appears to form a variety of 

shapes. 
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3.2.2.2.2 Linoleic acid 

3.2.2.2.2.1 Polystyrene 

   

 

Figure 3.27 Deconvolution of peaks on polystyrene substrate. (A) analysis window of silicon 

substrates with linoleic acid adsorption (B) Survey scan with 75mg/ml linoleic acid adsorbed 

(C) C1s scan (D) O1s scan (E) Si2p scan. 

A 

B 

C 
D 

E 
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3.2.2.2.2.2  Silicon Dioxide 

Figure 3.28 shows deconvolution of peaks on silicon dioxide substrate. (A) analysis window of 

silicon substrates with linoleic acid adsorption (B) Survey scan with 75mg/ml linoleic acid 

adsorbed (C) C1s scan (D) O1s scan (E) Si2p scan. 

(C) 

(A) 
(B) 

(D) 

(E) 



113 

 

3.2.2.2.3 Aluminium Oxide 

Figure 3.29 deconvolution of peaks on aluminium oxide substrate. (A) analysis window of 

silicon substrates with linoleic acid adsorption (B) Survey scan with 75mg/ml linoleic acid 

adsorbed (C) C1s scan (D) O1s scan (E) Si2p scan. 

  

(C) (D) 

(E) 
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Figure 3.27, Figure 3.28 and Figure 3.29 show the XPS surveys and peaks deconvolutions of 

C1s, O1s and Si2p.The deconvolution of the C1s scan shows the presence of three peaks C-

C at 284eV to 284.34eV, C-O-C at 258.56eV to 286.09eV and O-C=O at 288.61eV to 

290.68eV. The C1s peak shows all peaks shifted depending on the adsorbent as shown in 

Figure 3.32. The Si2p scans shows the presence of siloxane bonds from the silicon present 

in the substrates with the fatty acid. O1s scan shows the presence of C-O and C=O between 

531.5eV and 533eV (Thermo Fisher Scientific Inc. , 2024). The atomic percentages of the O-

C=O peak is 0.66% for polystyrene,2.48% in silicon dioxide and 1.36% in aluminium oxide. 

More detail of the atomic percentages and fit data is in the appendix section 8.1.3.  

 

Figure 3.30 C1s region of linoleic acid adsorbed onto different materials.  

XPS characterization of polystyrene was previously reported by (Goodson et al., 2022). Apart 

from the slight chemical shift at 284.17eV of the C-C/C=C region, there is a shift of the O-C=O 

peak particularly in polystyrene to 290.88eV (Thermo Fisher Scientific Inc., 2006). The shift of 

this peak from 291.18eV discussed in section 2.4.2.3.1 290.88eV confirms the adsorption of 

linoleic acid onto the polystyrene.  
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3.2.2.3 Contact Angle 

 

Figure 3.31 static contact angle measurement on an unused Hydrophobic polystyrene sensor  

 

Figure 3.32 static contact angle measurement on used Hydrophobic polystyrene sensor 

Contact angle measurements of the sensors before and after the experiments were measured 

to further determine if the fatty acids adsorbed onto the surface modified the substrate’s 

surface properties. Before the experiment, the mean contact angle of the hydrophobic 

polystyrene was 95. 2 ᵒ ± 2 ᵒ. This reduced to 77.7ᵒ ± 2 ᵒ after fatty acid adsorption. The 

reduction in the contact angle may have been caused by van der Waals interaction between 

the fatty acid and polystyrene (Peter Esser , 2014). During contact angle measurement, 

carbonyl groups from the fatty acid formed hydrogen bonds with the water molecules (Farmer 

et al., 2024). This resulted in increasing the wettability of polystyrene. Shen et al. (2020) has 

already studied the adsorption and wettability of unsaturated fatty acids such as oleic acid and 

linoleic acid on Rhodochrosite. They were able to determine that Rhodochrosite 

hydrophobicity increased as concentration increased. They suggested that oleic and linoleic 

acid showed a higher maximum contact angle as compared to the saturated stearic acid 

however their results showed this value decreased as the number of double bonds increased. 

They argued this is of importance particularly in flotation processes. An extensive study of 
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contact angle measurements on polystyrene , aluminium oxide and silicon dioxide sensors 

was not covered in this work and remains for future research. Given the role of the adsorbents 

if FFA adsorption such a study could extend knowledge in removal of FFA from wastewater 

and potentially how the FFA could be recovered. 

3.3 Conclusion 

The PSO equations were able to predict that chemisorption was the rate limiting step and that 

oleic and linoleic acid adsorbed to the surfaces (onto silicon dioxide, aluminium oxide and 

polystyrene) forming a monolayer (Liu, 2006).The correlation coefficient R2 was >0.997 for all 

surfaces involved in the adsorption of linoleic acid while R2 was > 0.93 for the adsorption of 

oleic acid. Different concentrations had different rate constants k2 for all materials at different 

concentrations. This confirms that linoleic acid and oleic acid adsorbed to the different 

surfaces at different rates. However, the results showed that linoleic acid adsorbed to 

aluminium oxide and polystyrene at the same rate at 50mg/ml before reaching adsorption 

equilibrium. At 75mg/ml the rate constants for aluminium oxide higher than the rest. It remains 

unclear why this was the case.   

XPS was able to confirm the adsorption of the unsaturated fatty acids onto the sensors. The 

deconvolution of C1s region revealed the presence of adventitious carbon at 2835. eV which 

is common in insulating materials such as polystyrene (Goodson et al., 2022). The presence 

of the C-O,C=O groups in O1s suggested that oleic acid and linoleic acid had formed chemical 

bonds with polystyrene. XPS analysis of the same C1s region revealed that the adventitious 

carbon disappeared when more oleic acid was adsorbed. Silicon dioxide and aluminium oxide 

also had the presence of the acid group. This confirms that the PSO model was able to predict 

the adsorption of the fatty acids through use of R2. The low R2 of 0.0011 (Table 3.2) value for 

25mg/ml of polystyrene also highlighted that at 25m/ml, oleic acid had only adsorbed to 

polystyrene in very low amounts. Hence the presence of background noise and the 

adventitious carbon when the surface was characterized. The same was not observed for 

silicon dioxide and aluminium oxide. This means that at low concentrations of oleic acid, silicon 

dioxide and aluminium oxide were better adsorbents.  
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Chapter 4 Investigation of Palmitic acid, Oleic Acid and 

Linoleic adsorption using QCMD: effect of sequencing 

4.1 Abstract 

This work explored the competitive adsorption of palmitic acid , linoleic acid and oleic acid 

onto silicon dioxide, aluminium oxide and polystyrene. The results showed that palmitic acid 

introduced rigidity to the adlayer and the extent of this dependent on its position in the 

sequence. Linoleic acid was reported to adsorb in an extended state while oleic acid adsorbed 

parallel to the quartz sensors, however, this effect was affected by the position of both fatty 

acids in the sequence thus resulting in different conformational changes of the adlayers. 

Raman microscopy and FTIR characterised the surfaces following adsorption and showed the 

increased intensity of C=C in Raman microscopy and -C=H in FTIR suggest increased 

adsorption of the unsaturated fatty acid. However, the presence of C=C at about 3009 cm-1 

suggested increased linoleic acid adsorption while at 1656 cm-1 suggested presence of both 

oleic acid and linoleic acid.  

4.2 Introduction 

Free fatty acids are often found forming parts of oils such as olive oil and other oil/fat-based 

products. Different authors have studied the role of FFA in many different applications. Crespo 

et al. (2018) explored how different degrees of unsaturation of FFA affected adsorption and 

their ability to form films on different surfaces. Lundgren et al. (2006) studied the effect of 

degree of unsaturation from alkane solutions onto steel surfaces using QCMD. Other studies 

explored how fatty acid adsorption onto minerals such as calcium affected their flotation 

(Filippova et al., 2018). He et al. (2013), Sultana et al. (2022) and Hu et al. (2025) studied 

mechanisms involved in the formation of fats oils and grease deposits in sewers and 

highlighted the role played by FFA.   

The aim of this work was to explore competitive adsorption of fatty acids (oleic acid, linoleic 

acid and palmitic acid) and how sequencing of the fatty acids affected their interaction with 

each other as well as other surfaces (polystyrene , silicon dioxide and aluminium oxide) using 

QCMD. This could assist in the adsorbent designs for removing FFA from wastewater.  

This work involved the use of a confocal Raman microscope to identify the structure and bands 

intensities of the free fatty acids on different substrate sensors. Generally, confocal 

microscopes have the added advantage to conventional microscopes in that they have a high 

intensity laser beam and a scanner which allows the beam to move in a rectangular area (i.e. 
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movement in the x-y directions of all related planes as well as all vertical directions) while 

taking measurements of the sample (microscopic area). This ensures that 3D images of the 

sample are formed and displayed to the user on the interface (computer screen) Leng (2013) 

as was shown in this chapter. 

Berezina et al. (2018) as part of their work were able to determine the concentration of oleic 

and linoleic acid by correlating this to the intensities of the bands from sunflower seed oil and 

olive oil. They however reported that they found Raman spectroscopy to be a non-destructive 

method of analysis, however in this work, given the sensitive nature of the quartz sensors, 

some destruction was observed during measurements and analysis owing to the use of the 

Raman microscope as shown in Figure 4.16 (B). As such the laser power had to be adjusted 

appropriately (typically kept below 12.5mW) to avoid destruction of the sample and the sensor. 

To the best of my knowledge, the competitive adsorption of Palmitic acid, oleic acid and linoleic 

acid onto silicon dioxide, aluminium oxide and polystyrene sensors studied with QCMD is 

reported here for the first time. This work did not consider sewer like conditions as it was 

beyond scope. 

4.2.1 Materials and Methods  

4.2.1.1 Stock solutions. 

Table 4.1 Shows proportions used to make Oleic Acid stock solutions. 

Sample 1 2 3 4 

Oleic Acid (mg) 500 1000 1204 1400 

Ethanol (ml) 10.00 10.00 10.00 10.00 

Concentration 

(mg/ml) 

50.00 100.00 120.40 140.00 

 

Table 4.2 Shows proportions used to make Linoleic Acid stock solutions. 

Sample 1 2 3 4 

Linoleic Acid (mg) 502 1006 1200 1200 

Ethanol (ml) 10.00 10.00 10.00 8.00 

Concentration 

(mg/ml) 

50.200 100.600 120.00 150.00 
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Table 4.3 Shows proportions used to make Palmitic Acid stock solutions. 

Sample 1 2 3 4 

Palmitic Acid 

(mg) 

500 1000 1200 1500 

Ethanol (ml) 10.00 10.00 10.00 10.00 

Concentration 

(mg/ml) 

50.00 100.00 120.00 150.00 

 

4.2.1.2 QCMD Sequencing Tests 

Competitive adsorption experiments were conducted on the hydrophobic polystyrene, 

aluminium oxide, and silicon dioxide sensors. The free fatty acids (FFA) stock solutions were 

prepared as presented in Table 4.1, Table 4.2 and Table 4.3. 0.2 ml of the FFA stock solutions 

were added sequentially to the system and the frequency shift observed to determine which 

FFA adsorbed more onto the sensor surface. Six sequencing experiments were conducted in 

the orders; OLP, LPO, PLO, POL, OPL and LOP. At the start of the experiment, an unused 

sensor was run for 30 minutes to determine the initial resonance frequency (baseline 

determination). After 30 minutes, 0.2ml of ethanol was added and the frequency allowed to 

stabilize for a further 30 minutes after which 0.2ml FFA stock solution of each FFA was then 

added every 10 minutes. This was done to observe the interaction of each fatty acid with the 

surface of the sensor and with other fatty acids using the Qsoft 401 software.  

The experimental procedure for sequence Oleic acid Linoleic acid and Palmitic acid is shown 

below. 
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Figure 4.1 Oleic acid Linoleic acid and Palmitic acid injection sequence on a Polystyrene 

substrate sensor. 

Figure 4.1 presents a plot of changes in frequency and dissipation for injection sequence oleic 

acid, linoleic acid and palmitic acid on a polystyrene sensor. The plots for order of injection 

are in the Appendix 8.2.1. 

4.2.1.3 Characterization of samples 

The surfaces were further characterized using Raman microscopy and Fourier transform 

infrared spectroscopy (FTIR). The confocal Raman microscope SENTERRA II was used with 

a wavelength of excitation laser beam of 532nm and laser power of 12.5mW and the 

magnification varied between 10 and 20. The settings were also adjusted to allow for better 

resolution and magnification depending on the sample. The spectral resolution of 4cm-1 and a 

spectral range of 50 – 4260 cm-1 were used to carry out the Raman measurements. 18 

samples (6 for each material of the quartz sensor as shown in Appendix 8.2.1) were selected 

after QCM experiments for further testing and characterization of the evolution of the functional 

groups on the surface.  

FTIR was also used for testing of fatty acids adsorption on a polystyrene substrate and 

assessing the evolution in the functional groups. The Agilent technologies Cary 630 FTIR 

spectrometer with an attenuated total reflectance (ATR) accessory was used. The spectral 

range was from 650-4000 cm-1 with a scan resolution of 2 cm-1. The surface of the sample 

stage was wiped with wipes or Isopropyl alcohol (IPA) to ensure it was clean before and after 
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loading each sample for measurement. The FTIR tests involved a cocktail of the FFA in equal 

portions of 100mg/ml. Following this, the substrate sensors were rinsed with ethanol to remove 

any loosely bound FFA and allowed to dry in a petri dish. The sensors were characterized 

following drying in the petri dishes at room temperature and pressure. The waste solvent from 

rinsing of the sensor was also tested to confirm if any fatty acids were removed. 

4.2.2 Results and Discussion 

4.2.2.1 Effect of sequencing on different substrates 

4.2.2.1.1 Polystyrene 

The Figure 4.2 below presents ∆F measurements for the different FFA sequences. The 

experimental results showed that oleic acid gave the greatest change in resonance frequency 

indicating that more oleic acid adsorbed onto polystyrene than the other two fatty acids as 

shown in Figure 4.2. Palmitic acid was only adsorbed more onto the sensor only when it was 

added after oleic acid, otherwise linoleic acid is the second highest FFA to be adsorbed onto 

the surface of the sensor. The change in frequency was determined as follows: 

∆𝐹 = 𝐹𝑒𝑡ℎ𝑎𝑛𝑜𝑙 − 𝐹𝐹𝐹𝐴 

Equation 4.1 

Appendix 8.2.1.1 presents the raw data for experiments involving polystyrene. The experiment 

with sequence PLO showed a step change with each addition of the fatty acids. However, for 

experiments with sequence OPL and LPO, a decrease in frequency was observed followed 

by and a positive shift in frequency. This shows that when palmitic acid was the second layer 

of fatty acid added, it started to displace some of the ethanol in the adsorbed film. This was 

accompanied by reduction in the dissipation for OPL and in LPO the dissipation and frequency 

remained the same. Oleic and linoleic acid are unsaturated hence were more fluid whereas 

palmitic acid is saturated and was more rigid (Kanicky & Shah, 2002). The physical interaction 

(van der Waals forces, hydrogen bonding, hydrophobic interactions) between palmitic acid 

and either oleic or linoleic acid in these sequences resulted in palmitic acid introducing its 

rigidity to the system. The third layer upon interacting with palmitic acid also had a reduction 

in dissipation and positive shift in frequency which suggested that the FFA were being 

desorbed from the surface. The same was not observed when palmitic acid was the last to be 

added in which very small changes in frequency was observed in the positive direction as 

when as small reductions in the dissipation. This meant the number of adsorption sites had 

already been filled hence addition of more fatty acid resulted in very negligible change/ no 
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change in the adsorption. This suggested that the interaction between fatty acids also affected 

adsorption as studied using QCMD.  

 

Figure 4.2 Shows ∆F for sequential addition tests of FFA on Polystyrene sensor substrate.  
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Figure 4.3 shows total mass adsorbed on Polystyrene sensor substrate at the end of each 

experiment 

The Voight model was used to fit the data shown in Figure 4.2 to calculate the total mass 

adsorbed onto the polystyrene sensor at the end of each experiment. The results showed that 

sequence OPL and LOP adsorbed the most onto the sensor surface. However, during 

modelling, it was important to understand how well the data fit the Voight model. Some 

assumptions made by this model is that the adsorbed film formed a single homogeneous layer 

and had the same thickness. This may not clearly represent data where multilayer adsorption 

had taken place. The mass adsorbed shown in Figure 4.3 is the sensed mass not the absolute 

or dry mass of the fatty acids. This is because QCMD measures mass as hydrated mass which 

included the mass of ethanol coupled in between the fatty acid chains. 
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4.2.2.1.2 Silicon dioxide 

 

Figure 4.4 shows the total change in frequency of sequential addition of FFA onto Silicon 

Dioxide 
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Figure 4.5 shows the total mass adsorbed due to sequential addition of FFA onto Silicon Dioxide. 

The results for sequencing tests on a silicon dioxide surface have shown that on average, the 

frequency change is below 60Hz except for the sequence LPO as shown in Figure 4.4. The 

concentration used for silicon dioxide and polystyrene was 100mg/ml for each fatty acid. 

Hence as shown is the previous work on effect of concentration on adsorption, it was expected 

that reduced concentration would result in a decreased overall frequency change. The raw 

experimental results can be found in Appendix 8.2.1.2. The baseline for these tests was 

determined by starting the experiment with a clean sensor, this was followed by the addition 

of ethanol. Once the frequency of ethanol had stabilised, the experiment was reset to establish 

the baseline of ethanol as 0Hz. This shift in the position of ethanol enabled the change in 

frequency to be calculated from the baseline.  

The stock solutions are made by dissolving fatty acids in ethanol. However, the fatty acids are 

amphiphilic i.e., having a carboxyl group which is hydrophilic and a hydrocarbon chain that is 

hydrophobic. This meant that fatty acids were only partially soluble in ethanol. The mixing and 

solubility of ethanol was promoted by hand shaking the mixture. Higher concentration of the 

fatty acids required more mixing time particularly palmitic acid as it is a solid at room 

temperature. For the esterification reaction in Equation 4.2 to occur, high temperatures e.g. at 

80ºC and a catalyst would be needed (Cannilla et al., 2018). This was not the case for this 

work. The experiments were operated at room temperature and without the presence of a 

catalyst. It is assumed that there was no presence of any esters in the system.  
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𝐶8𝐻17𝐶𝐻 = 𝐶𝐻(𝐶𝐻2)7𝐶𝑂𝑂𝐻 +  𝐶𝐻3𝐶𝐻2𝑂𝐻 ↔  𝐶8𝐻17𝐶𝐻 = 𝐶𝐻(𝐶𝐻2)7𝐶𝑂𝑂𝐶2𝐻5 + 𝐻20  

(Cannilla et al., 2018) 

FFA + Ethanol ↔ Ethyl Esters + Water 

Equation4.2 

LPO results were particularly interesting as they showed frequency change never stabilized 

after addition of each fatty acid. It also had the highest change in both overall frequency and 

dissipation as shown in Figure 4.6. On addition of linoleic acid, the fatty acid chain started to 

stretch out. This allowed it to trap more solvent(ethanol) between the chain thus making the 

layer softer. The addition of palmitic acid showed a similar profile. The fatty acid interacted 

with linoleic acid however since palmitic acid is a bit rigid ∆F for this step was not as large as 

for step 1 when linoleic acid was added. Addition of oleic acid showed a very large change in 

frequency and showed that the fatty acid chain was also stretching out and coupling more 

solvent creating a softer/thicker layer. All these were supported by the mirroring results of the 

dissipation. Increases in energy losses showed that the film became thicker and softer (Biolin 

Scientific, 2020). This was the reason for higher frequency changes as opposed to the other 

sequences because of more coupling of solvent contributing to the stretching out of the fatty 

acid chain to form brush-like conformation. Similar results have been obtained in polymer 

grafting studies onto surfaces (Biolin Scientific, 2020). Three slopes indicated the three steps 

with each fatty acid addition onto the previous layer (multilayer coverage). 
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Figure 4.6 Shows sequencing of Linoleic acid Palmitic acid and Oleic acid QCMD experimental 

results. 

The sequences OLP and OPL also showed a step increase in frequency change on addition 

of each fatty acid into the system. The last fatty acid added was found to contribute to the 

largest change in frequency thus mass adsorbed. Depending on the order of addition, all three 

free fatty acids (including LPO) had a significant impact on the adsorption onto the silicon 

dioxide surface. The results suggest that given a longer time, more adsorptions would take 

place. LOP has two layers. The addition of palmitic acid did not result in frequency change 

suggesting oleic acid and palmitic were just reordering themselves in that layer. POL has two 

layers followed by a desorption. The desorption was because of the expelling of ethanol 

trapped within the adlayer. This caused the film to collapse, and this was measured as the 

positive shift in frequency and a reduction in dissipation energy. This also meant the top layer 

was less soft that the previous layer. PLO had a single layer (monolayer coverage). The signal 

fluctuated by about 10Hz for the entire experiments which also suggested the fatty acids just 

reordered themselves on the substrate surface. Bearing in mind palmitic acid is relatively rigid, 

this also contributed to less of the other fatty acids being adsorbed.  
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4.2.2.1.3 Aluminium Oxide 

  

Figure 4.7 shows ∆F for sequential addition of FFA onto Aluminium Oxide. 
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Figure 4.8 Total mass adsorbed due to sequential addition of FFA onto Aluminium Oxide.  

Aluminium oxide sensor substrate was used to examine the sequential addition of oleic acid 

linoleic acid and palmitic acid and how this would affect the adsorption/binding of the fatty 

acids to the surface and to the adlayer. A step increase in the total frequency change was 

observed for sequences OPL and LPO as shown in Figure 4.7. Sequence LPO exhibited a 

different step change to OPL as shown in Appendix 8.2.1.3. The frequency decreased rapidly 

on addition on linoleic acid for sequence LPO. Within the 10min before addition of palmitic 

acid, linoleic acid started to reorganize on the surface as shown by a positive shift in frequency. 

This suggested that the layer was less soft. Addition of palmitic acid and oleic acid saw the 

signal also exhibiting the same behaviour as linoleic acid. Sequences LOP and POL showed 

that addition of the last layer of FFA did not result in a change in the total frequency while 

sequences OLP and PLO showed that addition of the second layer of FFA resulted in a 

desorption as shown by a positive shift in frequency (the mechanism for this has already been 

explained with silicon dioxide substrate tests). 
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Figure 4.9 shows Changes in dissipation energy for LPO. 

The dissipation energy losses of the sequence LPO on addition of each fatty acid are shown 

in Figure 4.9. Changes in frequency do not always directly correlate to information about the 

materials properties such as viscosity, elasticity , density etc. It was important to then focus 

on the dissipation energy as it tends to be more sensitive and can give a better insight about 

changes within each adlayer particularly for layers falling outside of the Sauerbrey model as 

shown Dunér et al. (2013) on their work on growing Poly(acrylic acid) films where the Voight 

model was used to study the changes from the QCM data obtained. Like this work, the spread 

in the overtones (Figure 4.10) indicated that the layer was soft and required different approach 

from Sauerbrey. 

D-find software was used to model changes in the adlayers using experimental data and 

application of the Voigt model. The software was configured using Table 4.4. The baseline 

and bulk fluid were set to that of ethanol at room temperature and pressure. Period borders 

were placed when the first change in frequency and dissipation was observed for the 3rd, 5th 

and 7th overtone. The period borders represent the point at which a change occurred. Changes 

in frequency and dissipation do not always indicate adsorption or desorption i.e. for thick 

hydrated films, ∆F can be nonlinear therefore it is much better to monitor changes in 

dissipation due to its sensitivity to thick films (Dunér et al., 2013; Poitras & Tufenkji, 2009).  
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Figure 4.10 shows frequency and dissipation over different harmonics for sequence LPO. 

Table 4.4 shows configuration settings for LPO on D-find. 

Period Name Type Layer Bulk Liquid 

1 Ethanol Reference No layer changes  

2 0.2ml 100mg/ml Linoleic 

acid  

Fit Linoleic acid (902g/L) Ethanol 25ºC 

(784g/L) 

3 0.2ml 100mg/ml 

Palmitic acid 

Fit Palmitic acid (853g/L) Ethanol 25ºC 

(784g/L) 

4 0.2ml 100mg/ml Oleic 

acid 

Fit Oleic acid (890g/L) Ethanol 25ºC 

(784g/L) 

Figure 4.10 showed that an instantaneous decrease (∆F 60.0Hz) in frequency was observed 

upon the addition of linoleic acid ss. The fast change in ∆F might suggest fast kinetics however, 

a positive shift frequency to about 45.0Hz was observed. The initial sharp decrease in 

frequency at the start of each period suggests that the linoleic acids had a high affinity to the 

surface. At 45.0Hz, the frequency continued to shift gradually in the positive direction to 

30±0.0426Hz.The dissipation energy also increased (∆D 19.0ppm) rapidly upon addition of 

linoleic acid and then gradually decreased to a ∆D value of 13.2±0.0172ppm. This suggests 

that while linoleic acid had initially quickly adsorbed to the surface forming a formed thick soft 

viscoelastic and solvent rich layer (Nanoscience Instruments, 2025), the decrease in ∆D 

indicated that the layer became less soft as reordering of linoleic acid chains gradually resulted 

in the expulsion of the ethanol coupled between the chains. Kou et al. (2010) reported that 
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change in orientation of molecules may result in expulsion of solvent resulting in a more rigid 

layer thus explaining the changes in frequency and dissipation.  

 Addition of palmitic acid saw ∆D increase to 15.4±0.0185pmm and then to 16.8±0.0169ppm 

once oleic acid was added. The dissipation energy remained relatively stable within the layers 

for both palmitic acid and oleic acid layers while a slight increase in frequency within the layers 

was observed. Kou et al. (2010) at the end of the remaining periods, ∆F was 35.0±0.0416Hz 

for palmitic acid and ∆F 38.6±0.0428Hz for oleic acid. The ∆D between layers of fatty acid 

added became smaller with each fatty acid layer added e.g. ∆D between palmitic acid and 

oleic acid was 1.47±0.03ppm suggesting that the adsorbed layers became increasingly more 

rigid.  

The changes described above meant that the classic Sauerbrey could not be used to explain 

or calculate these changes. Thus, the more complex Voigt model was used through D-find 

Smartfit. The fitting of this model has already been described elsewhere in literature (Voinova 

et al., 1999).The mass adsorbed when linoleic acid ss was added was 12637.1±45.6ng/cm3 

which then reduced to 11862.4±41.1ng/cm3 for the palmitic acid layer. The adsorbed mass 

increased further to 12141.4±35.7ng/cm3 once the third layer of oleic acid was adsorbed. The 

mass calculated in D-find is the hydrated mass and not the absolute dry mass of the fatty acid 

films. As explained above, the structure of the fatty acids affected the sensed mass. Linoleic 

acid was very flexible due to the presence of two double bonds; this made it easier for ethanol 

to be trapped in the monolayer, hence having the highest sensed mass. Palmitic acid is a 

saturated fatty acid hence was tightly packed together (Kanicky & Shah, 2002). This expelled 

solvent from the adsorbed film resulting in a lower sensed mass than before. When Oleic acid 

ss was added, the mass increased indicating again that the adsorbed layer became more fluid.  

For most sequences, palmitic acid was adsorbed the least to the surface, the exception being 

when it was added first in the sequence as shown in appendix 8.2.2.3. Figure 4.8 compares 

the total mass adsorbed from all sequences and confirms that sequences starting with palmitic 

acid ss had the lowest mass adsorption as compared to when an unsaturated fatty acid started 

the sequence. One of the main concerns when calculating the mass adsorbed of viscoelastic 

materials using QCMD is whether the sensed mass is because of viscous effects caused by 

the bulk fluid or the mass of the adsorbed film onto the substrate sensor. Hodges et al. (2020) 

in their work were able to show that when the measured frequency shifts for multiple overtones 

were there the same, the bulk fluid was being measured and not the adsorbed species at the 

sensor surface. This of course was not the case in this work where the frequency 

measurements over multiple overtones were not the same as shown in Figure 4.10. This 
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helped to assert that the measured frequency and dissipation shifts were because of the 

adsorbed fatty acid layers at the surface. 

 

 

Figure 4.11 Dissipation vs Frequency plots for sequence LPO and OPL on aluminium oxide. 

Figure 4.11 shows the graph for dissipation vs frequency. They provide information on the 

energy dissipated per unit mass added to the sensor (Paul et al., 2008; Kou et al., 2010). 

These graphs are important for explaining conformational change that occurred during the 

experiments (Paul et al., 2008; Yang et al., 2024). The slope of the graphs has been defined 

as K where K=∆D/∆F. A small K value is associated with a more rigid layer while a large K 

value is associated with a soft hydrated layer. From literature, it is understood that one slope 

is associated with the adsorption process. More slopes are indicative of a change in the 

orientation or coupled solvent to the adsorbed layer (Rodahl et al., 1997; Paul et al., 2008; 
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Kou et al., 2010). The results show three slopes on the graphs. Each line represents each 

fatty acid during the sequential addition of the fatty acid for LPO and OPL. The first slope 

showed the adsorption of the fatty acid onto aluminium oxide. The value of K was larger for 

the first slope in sequence OPL than LPO. This was expected as the dissipation data showed 

gradually reduced following the adsorption of linoleic acid onto aluminium oxide. Lundgren et 

al. (2006) reported that oleic acid adsorbed parallel to a steel sensor while linoleic acid 

adsorbed perpendicular. This meant more solvent was expelled from the adlayer as linoleic 

acid re-ordered on the surface. This explains why the K value was slightly lower for linoleic 

acid than oleic acid thus oleic acid had a more dissipated layer than linoleic acid. The K value 

for Oleic acid was slightly higher than for linoleic acid as oleic acid adsorbed parallel to the 

sensor making it less flexible to expel or couple more ethanol than linoleic acid. The K values 

of the second slope showed palmitic was less rigid when added to oleic acid than linoleic acid. 

Lastly, the K value was largest for slope three in the sequence OPL than LPO suggesting 

linoleic acid coupled more solvent than oleic acid resulting in a softer layer more dissipated 

layer.  

Table 4.5 K values calculated from the slope of ∆D /∆F at the 3rd overtone. 

Sequence Slope 1 Slope2 Slope3 

LPO 0.39 0.29 0.27 

OLP 0.40 0.09 0.32 

LOP 0.38 0.38 O.40 

POL 0.40 0.44 0.35 

PLO 0.40 0.29 0.34 

OPL 0.40 0.33 0.38 
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Figure 4.12 Viscosity changes of the sequences LPO and OPL as calculated by Voight. 

Table 4.6 Total Viscosity of Adsorbed layer calculated using the average viscosity of shift of the 

last fatty acid added. 

Sequence Viscosity (µPa*s) 

OLP 45.590 ± 0.045 

PLO 19.066 ± 0.256 

POL 5.864 ± 0.104 

OPL 30.371 ± 0.037 

LOP 6.825 ± 0.073 

LPO 18.374 ± 0.068 

Application of the Voight model to analyse changes in frequency and dissipation during film 

formation on the quartz sensors has been used in literature for extracting information of the 

shear viscosity and elastic modulus of the adsorbed film (Dunér et al., 2013; Hodges et al., 

2020; Setiowati et al., 2021). Figure 4.12 showed the viscosity changes within the adlayer as 

a function of time during FFA addition. The results presented here show that viscosity changes 

followed the same trend as the dissipation from the measurements of sequential addition of 

the FFA. The viscosity did not remain the same throughout the experiments which was 

expected due to the presence of fatty acids which behave as non-Newtonian fluids. This 
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change in viscosity also suggests that the measured mass was primarily due to the influence 

of the fatty acids and not the bulk.  

The acoustic ratio was 0.45 for LPO and remained relatively constant throughout the 

experiment. Suggesting that soft hydrated layers were adsorbed onto the surface. The highest 

viscosity was measured for sequences starting with oleic acid reported in Table 4.6 with the 

lowest viscosity of the layer measured when oleic acid was second in the sequence. Lundgren 

et al. (2007) had suggested that oleic acid having a higher viscosity than linoleic acid affected 

the corrections they made to bulk effects by a greater extent allowing for calculation of the true 

sensed mass. In this case it remains unclear why the total viscosity of the adsorbed layers 

was highest for sequences starting with oleic acid as palmitic acid has the highest viscosity 

followed by oleic acid and lastly linoleic acid. However, I was able to deduce that the order of 

adsorption of the fatty acids affects the overall viscosity by varying amounts. Why specific 

orders resulted in higher measured viscosity remains for future research. 
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Figure 4.13(A) and (B) show the Voigt thickness of the adlayer for sequence LPO and OPL 

A 

B 
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The thickness of the adsorbed layer as calculated by Voight it presented in Figure 4.13. The 

results shows that three layers have been added onto aluminium oxide sensor. For sequence 

LPO, the average thickness within each layer was 146.21±0.60nm , 143.62 ±0.42nm and 

140.79±0.41 nm. Figure 4.13 (B) showed that the thickness within each layer was 

137.24±0.23nm, 131.76±0.22 and 125.60±0.22nm for oleic acid, palmitic acid and linoleic acid 

respectively. The total thickness (Figure 4.140 of the adsorbed layers showed that more fatty 

acid was adsorbed for sequence OLP and LPO with the lowest thickness recorded for 

sequences starting with palmitic acid probably due to its tendency to pack closely together. 

Lundgren et al. (2007) reported that linoleic acid at high concentrations had adsorbed 

perpendicular to the surface thus forming and extended layer while oleic acid on extended 

slightly from the surface influencing more mass to be measured for linoleic acid than oleic 

acid. However, when the unsaturated fatty acids are adsorbed sequentially, sequence OLP 

formed a thicker layer than LOP. When linoleic acid was first in the sequence, the effect of 

palmitic acids nature for close packing was much less than when palmitic acid followed oleic 

acid in the sequence. This was because of linoleic acids ability to form a more extended layer 

coupling more solvent than oleic acid. Generally, the results showed that when unsaturated 

fatty acids started the sequence, a thicker layer was formed on aluminium oxide than when 

palmitic acid started the sequence because of more solvent (ethanol) being coupled in 

between the fatty acid chains.  

 

Figure 4.14 Total thickness of FFA adsorbed calculated as the average shift of the last period i.e. 

fatty acid added. 
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Figure 4.15 shows Sauerbrey mass for LPO and OPL. 

Table 4.7 Total thickness of adsorbed layer calculated by Sauerbrey equation at the 3rd 

overtone. 

Fatty Acid Sequence Thickness (nm) 

OLP 9.363 ± 0.006 

PLO 9.054 ± 0.006 

POL 8.275 ± 0.007 

OPL 7.759 ± 0.002 

LOP 9.414 ± 0.003 

LPO 7.75 ± 0.006 

The Sauerbrey model was used to calculate the thickness of the layer to compare with the 

thickness calculated by the Voight model. From the results shown in Figure 4.15, it was evident 

that Sauerbrey model underestimated the thickness (Table 4.7). Many authors in literature 

reported that the Sauerbrey model is not suitable for modelling measurements where ∆D > 0 

and the layers are soft thick and hydrated (Setiowati et al., 2021; Dunér et al., 2013; Plikusiene 

et al., 2022). As this was the case in this work, the application of Sauerbrey to model the data 

was abandoned.   
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4.2.2.2 Raman microscopy 

Raman microscopy was used to investigate the surface heterogeneity and composition of 

silicon dioxide and aluminium oxide following the sequencing tests. The ‘Fingerprint’ method 

was used by comparing the Raman spectra obtained from the sample to a reference spectrum 

which was possible as the energy of the light is proportional to the wavenumber hence the 

vibrational states of a molecule (Anton Paar, 2024).  

4.2.2.2.1 Silicon dioxide 

 

Figure 4.16 Images taken by the Raman microscope during analysis of Silicon dioxide sensor 

flowing sequencing experiment OLP (A) before analysis (B) shows degradation of the sample 

after analysis. 

 

Figure 4.17 Raman microscope image of sequence POL on Silicon dioxide surface  

The microscopic images were captured by the Raman microscope during analysis of silicon 

dioxide. It was determined in section 2.4.1.1 that palmitic acid adsorbed to surfaces via 
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chemisorption of -COOH from palmitic acid with the surface. At higher concentrations, 

aggregates of palmitic acid were observed on the sensor. Analysis of silicon dioxide during 

sequencing experiments revealed palmitic acid aggregates formed hills on the surface 

appearing as platelike structures alongside round deposits (oleic and linoleic acid). They 

highlight how the topography of the substrate sensor changes owing to the adsorption of the 

fatty acids. Figure 4.16 shows that the plate like structures dominated when palmitic acid was 

added last in the sequence as compared to Figure 4.17 where irregular shapes of fatty acids 

and some spherical shaped droplets are observed on the sensor. The morphology of silica 

nanoparticles modified by adsorption of oleic acid has been presented elsewhere in literature 

(Li & Zhu, 2003). While the shape of the adsorbed film was able to be observed using Raman 

microscopy, studies of the surface roughness owing to adsorption were beyond scope of this 

work. To the best of my knowledge, the chemical composition of silicon dioxide and aluminium 

oxide modified by adsorption of oleic acid linoleic acid and palmitic acid in competitive 

adsorption studies is presented here for the first time.  

 

Figure 4.18 Raman spectra for adsorbed sequences on silicon dioxide sensor. 

Figure 4.18 shows the Raman shift measurements of the silicon dioxide substrates sensors. 

Key bands identified were the 1440 cm-1 indicating a CH2 bend peak for the saturated parts of 
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the fatty acid chains. The shape of this bend was dependent on the environment/ fatty acid 

being adsorbed. For example, pure palmitic acid tablet Raman spectra had this moiety 

present, however, the shape of the band was different compared to when the fatty acid was 

part of the sequencing test and adsorbed onto silicon dioxide surface as shown by the yellow 

region in Figure 4.19.The region 1400-1500cm-1 also has 3 peaks for palmitic acid but only 

has 1 peak for the sequencing test.  

All sequences contained the 1440cm-1 peak excluding the PLO sequence where the intensity 

of this peak is very low. Bands 1656 cm-1 and 3009 cm-1 are also well-known fatty acids 

markers with vibrational modes relating to the C = C double bond (HORIBA Jobin Yvon , 2017; 

Traces Centre, 2021). In the case of adsorption onto silicon dioxide, the bands were not 

present again for sequence PLO. The other peaks 486 cm-1 which the Si-O-Si peak and 706 

cm-1 C-C aliphatic were present in PLO and not in the other sequences. Using the palmitic 

acid spectrum as a ‘fingerprint’ , it is evident from the green highlighted regions that some 

bands present in pure palmitic acid are not present when all the fatty acids are adsorbed onto 

silicon dioxide substrates as shown in Figure 4.19. 

The intensity of all the spectrum from the sequencing test were also very low compared to the 

pure fatty acid. Chiu et al. (2017) argued that the 2850cm-1 band (CH2) is a better reliable 

indicator for a fatty acid however, considering the nature of the substrate (solid silicon dioxide 

sensor with oleic acid and linoleic acid (liquid) and palmitic acid which comes out of ethanol 

solution upon contact with a surface (solid), the band was slightly shifted and also considering 

that the carbonyl band tends to be a lot weaker in Raman than in the Infrared spectra, the 

peak is usually found between 1625cm-1 to 1687cm-1 (C=O) in Raman (Lin-Vien et al., 1991). 

The presence of bands 2853 cm-1, 1656cm-1 and 1440 cm-1, are indicators of the presence of 

fatty acid chains especially in this case when their intensity was weaker compared to the pure 

fatty acid. The OH stretching is typically found between 2800 and 3100cm-1 in this case.  
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Figure 4.19 Raman Spectra of Palmitic Acid with those of the sequencing tests. 

4.2.2.2.2 Aluminium Oxide 

 

Figure 4.20 Raman shift sequencing plots on Aluminium oxide sensor substrates. 
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Figure 4.21 shows the Raman microscope image sequence POL. 

 

Figure 4.22 shows the Raman microscope image sequence LPO. 

LPO 

POL 
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Figure 4.23 shows the Raman microscope image sequence OPL.  

Figure 4.20 shows the Raman shifts of all sequences when adsorbed onto aluminium oxide 

while figures Figure 4.21 to Figure 4.23 show the Raman microscope images of 3 sequences 

studied. As with those for silica we can see the surface topological changes due to adsorption 

of the fatty acids. Some spherical particles can be seen as well as the bulkier mass of particles 

that appear to have formed hill like structures on the surface of the aluminium oxide substrate. 

Figure 4.20 shows that band 1650cm-1 and 1435.5 cm-1 are present for all sequences although 

the intensity of these bands is slightly higher for sequences OLP and POL. Another difference 

is that sequence LOP has a slightly broader band with two peaks as shown in Figure 4.24 in 

the range 1400 cm-1 to 1500 cm-1 compared to silica which had 1 band in that region. The 

band at 1650cm-1 is associated with a cis C=C stretching from oleic acid. However, the higher 

intensity of this band has been associated with increased degree of unsaturation (Jamieson 

et al., 2018). The Raman shift at 1435.5 cm-1 is associated with CH2 which shows a shift of 4.4 

cm-1 as compared to the 1440 cm-1 reported by Jamieson et al. (2018), Canzano et al. (2012) 

and Reitzenstein et al. (2007) for oleic acid for the same assignment. The Raman spectra 

reported here confirms that all fatty acid were adsorbed onto the sensors due to the presence 

of C=C between 3005 and 3010 cm-1 and C=O at 1656 cm-1 for palmitic acid while the same 

peak is C=C for oleic acid. 

Aluminium oxide was a better adsorbent for palmitic acid in sequence LOP. This is because 

the Raman spectra does not show the presence of the C=C at about 3009 cm-1. However, it 

is also known that this peak exists at 1656cm-1. However, as this peak was very low in this 

sequence it led to conclusion that for sequence LOP, palmitic acid had the highest contribution 

to the adsorbed mass measured using QCMD. Silicon dioxide showed it was overall the better 

OPL 
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adsorbent due to the presence of C=C (at 3009cm-1 and 1656cm-1) while the other peaks are 

contributions from the aliphatic chain. The intensity of the C=C group higher in all sequences 

was very low for sequence PLO at 1656cm-1 and no peak at 3009cm-1.  

 

Figure 4.24 shows the Raman spectra between 1400 and 1500cm-1 in sequence LOP. 

4.2.2.2.3 Raman Peak Area 

The Raman peak area was used to give a quantitative representation of the concentration of 

specific molecular vibrational states (Renishaw plc, 2025). This was done through 

deconvolution of Raman band in the range 2500 and 3500 cm-1 to resolve overlapping peaks 

contributing to the broad bands. The Lorentzian distribution was used on Origin Pro to do the 

deconvolution. The is Lorentzian distribution a continuous probability distribution with a bell-

shaped curve that has broader wings (Statistics How To, 2025). The gaussian distribution was 

usually suitable for dealing with solids while Lorentzian distribution was suitable for gases and 

liquids. Given that the sequencing test involved both solid (palmitic acid) and liquids (linoleic 

acid and oleic acid), the Voigt distribution would have been suitable. However, the Voigt 

distribution in Origin Pro is not the sum on the Lorentzian and Gaussian distribution but a 
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convolution (Lassègues et al., 2006). The other issue encountered while attempting to fit Voigt 

is that the half-width and area were not defined/fixed, thus making it unsuitable for use in this 

case. The Lorentzian fit however gave more favourable results and thus proceeded with this 

method of deconvolution.  

The deconvolution showed the number of peaks fitted under the bands of interest and the R2 

values for the band of each sequence are given in the corresponding tables. Figure 4.25 and 

Table 4.7 show the results of the deconvolution of the peaks in range 2600 to 3100cm-1 for 

sequence LOP on aluminium oxide. The area under the peaks corresponds to the intensity of 

the peaks fitted with the value of R2 as 0.94287. These are CH2 peaks associated with a CH2 

stretch in the region between 2800 and 2958cm-1. The Figure 4.26 shows the 

intensity/concentration of the Raman peaks based of the calculated peak areas. The most 

intense peak is found at 2882 cm-1 which is symmetric and broad. Kaneko et al. (1994) found 

similar results with their most intense and broad peak for CH2 stretching of between 2850 and 

2950 cm-1 in their work on using IR and Raman techniques to study polymorphism of erucic 

and palmitoleic acid.  

The correlation of the Raman peak area with the degree of unsaturation has already been 

described elsewhere for peaks at 3013 cm-1, 1663 cm-1 and 1264 cm-1 (Baeten et al., 1998). 

While Jamieson et al. (2018) correlated the peak are ratios with structural properties 

specifically the chain length and degree of unsaturation. Deconvolution of the Raman peaks 

with the range 2500 and 3100 cm-1 for sequencing tests on aluminium oxide was done to 

investigate what contributed to the broadening of the peak in this range. It is known from 

literature that the peak at 1656cm-1 is a cis C=C bond in oleic acid (Jamieson et al., 2018; 

Reitzenstein et al., 2007).  

Figure 4.27 presents the deconvolution of sequence LOP on aluminium oxide substrate 

sensor. The results presented here in the region 2800-3100 cm-1 show the presence of 7 

bands with different Raman shifts: 2958 ,2924, 2904, 2882, 2886, 2842 and 2836 cm-1 which 

are characteristic of the symmetric and asymmetric v(C-H) vibrations of the CH2 and CH3 

groups in the fatty acid (Baeten et al., 1998; Jamieson et al., 2018). Baeten et al. (1998) 

presented four shifts in this region. The main difference is that the Raman spectral 

measurements were for edible oils rather than pure fatty acids. Another contribution could be 

the presence of more than one type of fatty acid influencing varied concentrations of different 

moieties due to their interaction with each other. The contribution of the band at 2721cm-1 was 

from palmitic acid as shown in Figure 4.19. The C=C bond that is usually at 3010 cm-1 was 

not present in this region for sequence LOP, suggesting purely aliphatic chain contributions to 

the broadening of the Raman peak in that region. 
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Figure 4.25 shows the number of peaks fitted for LOP. 

 

Figure 4.26 shows Intensity of Raman peaks for sequence LOP.  
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Table 4.8 Show deconvolution of bands between 2600 cm-1 and 3100 cm-1 for LOP. 

Model Lorentz 

Equation y = y0 + (2*A/pi)*(w/(4*(x-xc)^2 + w^2)) 

Plot Peak1 Peak2( Peak3 Peak4 Peak5 Peak6 Peak7 Peak8 Peak9 

y0 

754.57137 

± 13.14449 

754.57137 

± 13.14449 

754.57137 

± 13.14449 

754.57137 

± 13.14449 

754.57137 

± 13.14449 

754.57137 

± 13.14449 

754.57137 

± 

13.14449 

754.57137 

± 

13.14449 

754.5713

7 ± 

13.14449 

xc 

2958.63621 

± 0.23014 

2924.42311 

± 0.62773 

2904.69086 

± 0.5299 

2882.22374 

± 0.37043 

2866.87724 

± 0.47958 

2842.55853 

± 2.64676 

2836.1257

2 ± 1.4183 

2721.7076

7 ± 

1.35316 

2656.305

26 ± 

7.20823 

w 

22.95861 ± 

0.73593 

18.00274 ± 

2.31241 

23.44267 ± 

3.14564 

22.19404 ± 

2.18855 

13.03291 ± 

2.06695 

13.16004 ± 

4.39996 

10.46584 

± 3.25205 

21.34932 

± 3.96559 

16.17464 

± 

20.96308 

A 

539276.876

17 ± 

14540.2554

7 

224233.755

97 ± 

42133.3910

9 

472634.687

87 ± 

90086.0333

2 

687759.590

55 ± 

95878.1914

7 

173255.569

77 ± 

43008.3180

4 

104837.005

36 ± 

90207.4037

5 

98170.600

24 ± 

81310.864

26 

74141.496

46 ± 

9915.3874

7 

9170.530

88 ± 

8550.977

96 

Reduce

d Chi-

Sqr 

436944.0173 

R-

Square 

(COD) 

0.94287 

Adj. R-

Square 

0.94231 

Figure 4.27 and Table 4.8 present the deconvolution of sequence LPO which had a broader 

peak than LOP. As mentioned above the region 2800-3100 cm-1 presented symmetric and 

asymmetric v(C-H) vibrations of the CH2 and CH3 groups. LPO has six Raman shifts at : 3009, 

2931,2906, 2890,2871 and 2852 cm-1. The peak at 3009 cm-1 is associated with (=C-H) stretch 

due to the presence of C=C from linoleic acid (Jamieson et al., 2018; Traces Centre, 2021). 

Sequences POL and OPL have 6 Raman shifts in this region while OLP has 5 Raman peaks 

in this region. All sequences presented the presence of C=C bond at around 3005-3010 cm-1 

excluding sequence LPO where the broad peak was purely because of the aliphatic chains of 

the fatty acids. Jamieson et al. (2018) reported that increased unsaturation resulted in 

increased intensity of the C=C. This suggests that more linoleic acid had chemically adsorbed 

during QCMD experiments for these sequences. The identification of which fatty acid 

adsorbed more by using peak area ratios was outside scope of this work and remains for 

future research.
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Figure 4.27 shows the number of peaks fitted for LPO. 

Table 4.9 Show deconvolution of bands between 2600 cm-1 and 3100 cm-1 for LPO. 

Model Lorentz 

Equation y = y0 + (2*A/pi)*(w/(4*(x-xc)^2 + w^2)) 

Plot Peak1(LPO) Peak2(LPO) Peak3(LPO) Peak4(LPO) Peak5(LPO) Peak6(LPO) 

y0 
816.27082 ± 

4.88206 

816.27082 ± 

4.88206 

816.27082 ± 

4.88206 

816.27082 ± 

4.88206 

816.27082 ± 

4.88206 

816.27082 ± 

4.88206 

xc 
3009.50157 ± 

0.67184 

2931.09325 ± 

2.3021 

2906.24164 ± 

6.90135 

2890.65398 ± 

3.51483 

2871.48166 ± 

2.62117 

2852.49078 ± 

0.43465 

w 
17.27399 ± 

2.11325 

44.7711 ± 

3.35469 

32.39698 ± 

23.78243 

27.28223 ± 

20.44902 

26.94226 ± 

12.98349 

18.12837 ± 

1.68525 

A 
40429.75939 ± 

3883.97113 

328122.29755 ± 

84799.3998 

136648.80663 ± 

255864.57879 

136299.22883 ± 

245094.99564 

106126.69608 ± 

103152.37332 

147412.42878 ± 

25786.19007 

Reduced 

Chi-Sqr 

59827.25254 

R-Square 

(COD) 

0.93996 

Adj. R-

Square 

0.93958 
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 Figure 4.28 shows the number of peaks fitted for OLP. 

Table 4.10 Show deconvolution of bands between 2600 cm-1 and 3100 cm-1 for OLP 

Model Lorentz 

Equation y = y0 + (2*A/pi)*(w/(4*(x-xc)^2 + w^2)) 

Plot Peak1(OLP) Peak2(OLP) Peak3(OLP) Peak4(OLP) Peak5(OLP) Peak6(OLP) 

y0 
1030.4484 ± 

9.25352 

1030.4484 ± 

9.25352 

1030.4484 ± 

9.25352 

1030.4484 ± 

9.25352 

1030.4484 ± 

9.25352 

1030.4484 ± 

9.25352 

xc 
3010.12696 ± 

0.71629 

2927.02479 ± 

0.72951 

2901.18735 ± 

0.91676 

2880.74213 ± 

0.41637 

2851.57311 ± 

0.17316 

2719.22282 ± 

2.05367 

w 
17.30868 ± 

2.19673 

42.7768 ± 1.4632 21.97769 ± 

4.69924 

28.10131 ± 1.669 19.55483 ± 

0.64015 

34.27961 ± 

5.9554 

A 
71363.6018 ± 

6918.90777 

773675.93581 ± 

40058.21178 

176289.0539 ± 

61299.50609 

702780.89805 ± 

59774.94327 

466148.42244 ± 

18830.4183 

69116.32691 ± 

8668.40983 

Reduced 

Chi-Sqr 

211926.47714 

R-Square 

(COD) 

0.96625 

Adj. R-

Square 

0.96603 
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 Figure 4.29 shows the number of peaks fitted for OPL. 

Table 4.11 Show deconvolution of bands between 2600 cm-1 and 3100 cm-1 for OPL. 

Model Lorentz 

Equation y = y0 + (2*A/pi)*(w/(4*(x-xc)^2 + w^2)) 

Plot Peak1(OPL) Peak2(OPL) Peak3(OPL) Peak4(OPL) Peak5(OPL) Peak6(OPL) Peak7(OPL) 

y0 
712.10184 ± 

19.9114 

712.10184 ± 

19.9114 

712.10184 ± 

19.9114 

712.10184 ± 

19.9114 

712.10184 ± 

19.9114 

712.10184 ± 

19.9114 

712.10184 ± 

19.9114 

xc 
3011.09396 ± 

0.51878 

2962.09387 

± 2.58292 

2926.4222 ± 

1.8561 

2893.20128 ± 

1.54168 

2867.35803 ± 

2.1366 

2851.05284 ± 

0.84226 

1630.50804 ± 

20.27867 

w 
16.23741 ± 

1.75045 

4.99792 ± 

8.95447 

62.65812 ± 

3.57699 

34.63953 ± 

8.34068 

26.73657 ± 

11.55299 

18.52235 ± 

2.85962 

2088.33232 ± 

135.29093 

A 

44583.19168 

± 4091.78341 

1519.63224 

± 2348.3643 

401635.8133 

± 

44065.67652 

146994.99749 

± 60922.56645 

80873.67881 

± 

59421.87287 

89839.74972 

± 

28950.16939 

1824543.44108 

± 159609.77172 

Reduced 

Chi-Sqr 

52177.51166 

R-Square 

(COD) 

0.91621 

Adj. R-

Square 

0.91558 
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Figure 4.30 shows the number of peaks fitted for POL. 

Table 4.12 Show deconvolution of bands between 2600 cm-1 and 3100 cm-1 for POL. 

Model Lorentz 

Equation y = y0 + (2*A/pi)*(w/(4*(x-xc)^2 + w^2)) 

Plot Peak1(POL) Peak2(POL) Peak3(POL) Peak4(POL) Peak5(POL) Peak6(POL) Peak7(POL) 

y0 
1441.63722 ± 

205.12606 

1441.63722 ± 

205.12606 

1441.63722 ± 

205.12606 

1441.63722 ± 

205.12606 

1441.63722 ± 

205.12606 

1441.63722 ± 

205.12606 

1441.63722 ± 

205.12606 

xc 
3010.57173 ± 

0.55929 

2928.78901 ± 

1.29716 

2894.42607 ± 

2.06253 

2871.81162 ± 

1.8993 

2855.62162 ± 

1.25211 

2847.49653 ± 

1.0014 

1858.33365 ± 

10.59222 

w 
17.34675 ± 

1.75305 

50.30559 ± 

2.84633 

42.62504 ± 

7.77761 

25.66126 ± 

13.38261 

14.41195 ± 

5.9238 

11.10295 ± 

2.64711 

3615.34741 ± 

160.39708 

A 

125298.76805 

± 9907.21112 

978504.40499 

± 

126233.60521 

811783.51503 

± 

292792.51908 

252792.74342 

± 

246249.80731 

203491.02542 

± 

157334.33627 

135068.63009 

± 81472.4507 

2.68152E7 ± 

2267393.1401 

Reduced 

Chi-Sqr 

393907.6149 

R-

Square 

(COD) 

0.95211 

Adj. R-

Square 

0.95175 
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4.2.2.3 Fourier Transform Infrared Spectroscopy 

FTIR was used to characterize a polystyrene substrate sensor following adsorption of a 

cocktail of all three fatty acids in QCMD experiments. The sensor was washed with ethanol to 

remove loosely bound fatty acids. The solvent i.e. the ‘waste wash’ and polystyrene before 

and after washing were characterized to detect the presence of FFA. 

 

Figure 4.31 shows FTIR spectrum from sequencing tests on polystyrene substrate sensor. 

The results from Figure 4.31 presents a spectrum of a palmitic acid tablet. The results showed 

a peak at 3337 cm-1 which is not present on the polystyrene substrate after drying. From 

Nandiyanto et al. (2019) it shows that the 2500-4000 cm-1 is a single bond region. The is a 

broad peak between 3084–3576 cm-1 which shows the presence of the OH group from alcohol 

functional group (LibreTexts, 2015; Bradley, 2015; Kim, 2024). This is because ethanol is the 

solvent used in cleaning the sensors and it is also a component is making the fatty acid stock 

solutions which is why the peak was not present after the polystyrene substrate sensor has 

dried off and not present in the pure palmitic acid. There are also C-H stretching peaks 

between 2500-3000 cm-1. A sharp and narrow peak at 1709 cm-1 and 1695 cm-1 in the case 

for palmitic acid was identified. The 1709 cm-1 peak was not as intense/ sharp for polystyrene 

after wash. All the spectra apart from the wash waste have the peak between 2000-2500 cm-

1 which corresponds to the C=O for the carboxylic acid (Kim, 2024; Ibarra et al., 2016). 
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The region below 1500 cm-1 is described as the fingerprint region from literature (Nandiyanto 

et al., 2019). In this region, the region circled in the orange dashed line has near identical 

peaks in this region. The same was observed for the palmitic acid spectrum and polystyrene 

substrate after drying. There was a peak at 939 cm-1 for palmitic acid and polystyrene 

substrate after drying. This peak was the -OH group out of plane (Krishna et al., 2020). The 

peak at 880 cm-1 in the other three spectra are C-H bending peaks. 1045 cm-1 and 1090 cm-1 

are C-O stretching. The peak at 3011cm-1 showed presence of =C-H from the unsaturated 

region of oleic and linoleic acid. Azmi et al. (2022) in their work also found a similar peak at 

3010cm-1 for oleic acid spectrum. The presence of the =C-H , C=O CO confirmed the 

adsorption of the FFA onto polystyrene using QCMD. This suggests that polystyrene could 

potentially be used as an adsorbent for FFA. Currently, there are concerns of polystyrene 

microplastics in wastewater Falco et al. (2024), however, these results highlight that 

polystyrene has the potential to be recycled and repurposed for FFA adsorption.  

4.3 Conclusions 

This work explored the interactions of sequential addition FFA with each other and different 

substrate sensors which was achieved using the QCMD. By exploring changes in the 

dissipation, conformational changes were explored. The results showed that palmitic acid 

introduced rigidity to the adlayers with the extent of the effect dependent on where it appeared 

in the sequence. The total mass adsorbed for each sequence was determined by the Voight 

model with sequence OPL and LOP having the highest recorded mass adsorbed in 

polystyrene. Sequence OLP and LPO had the highest mass adsorbed on aluminium oxide 

while in silicon dioxide sequence OLP and OPL had the highest mass adsorbed. 

Raman microscopy and FTIR were used to study the modifications on the substrate sensors 

which showed the changes such as the presence of C=C, OH and C=O groups reaffirming the 

adsorption of these FFA onto the different sensors. Exploration of the Raman peak area 

revealed that some groups such as CH3,CH2 were more intense for sequences LOP, OLP and 

POL on aluminium oxide. The C=C group was most intense in sequences POL on aluminium 

oxide. Increased intensity of C=C at about 3009 cm-1 and 1656 cm-1 was associated with 

increased adsorption of unsaturated fatty acids i.e. oleic acid and linoleic acid. 
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Chapter 5 Effect of pH, Temperature and Inserts on 

adsorption using QCM  

5.1 Abstract 

The effect of pH, temperature and presence of inserts was investigated using QCMD. It was 

determined that adsorption of oleic acid, palmitic and linoleic acid was highest around the pKa 

values of 9.85, 9.24 and 8.6 respectively with palmitic acid forming the thickest layer. 

Calculation of the thermodynamic parameters revealed that the adsorption of all FFA onto a 

Gold quartz sensor was an endothermic process with a great degree of spontaneity. The 

introduction of secondary surface (pure copper and tinned copper) to the QCMD batch system 

resulted in increased adsorption of palmitic acid particularly for pure copper. Introducing the 

inserts altered the surface chemistry and surface area in the system thus affecting adsorption 

of the FFA by different degrees. This helped understand the behaviour of FFA under 

conditions discussed in this chapter. 

5.2 Introduction 

The effect of temperature was explored using QCMD. The Gibbs free energy (G) is a 

thermodynamic parameter that defines the spontaneity of a reaction in a closed system at 

constant temperature and pressure. It is defined by: 

𝐺 = 𝐻 − 𝑇𝑆 

Equation 5.1 

Where H is the enthalpy ,T is the temperature in Kelvin at S is the entropy. The change in the 

Gibbs free energy (∆G°) of the system for each experiment was calculated as : 

∆𝐺° = −𝑅𝑇𝑙𝑛(𝐾𝑒𝑞°) 

Equation 5.2 

(Himawan et al., 2006) 

Where R is the universal gas constant [8.3144 J/(mol×K)], T is temperature in Kelvin, Keq° is 

the thermodynamic equilibrium constant. 

Keq° was determined by: 
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𝐾𝑒𝑞° =
𝑞𝑒

𝑐𝑒
 

Equation 5.3 

Where qe is the adsorption capacity of the pseudo second order kinetics (Langmuir isotherm) 

(Romero-González et al., 2005). The equilibrium concentration after adsorption 𝑐𝑒 ≈ 𝐹𝑒 after 

adsorption where Fe is the frequency at equilibrium where no more change is the resonance 

frequency is observed. The enthalpy change ∆H° and the change in entropy ∆S° of the system 

was determined as shown in Equation 5.4. ∆H °and ∆S° were assumed to be independent of 

temperature (Tran et al., 2021). 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆° 

Equation 5.4 

The effect of pH was explored using QCMD as well as the impact of inserts. The pH is defined 

by: 

𝑝𝐻 = − log10[𝐻+] 

(Katoch, 2022) 

Equation 5.5 

 The ionization of fatty acid chains is affected by the pH which affects the distance between 

the fatty acid chains thereby affecting adsorption and the sensed mass by QCMD. This is 

because, ionization refers to the process by which electrons from molecules (fatty acids in this 

case) or atoms are gained or lost thereby resulting in a net positive or negative charge. The 

electrostatic forces of repulsion thereby influenced the distance between the fatty acid chains 

(Kanicky & Shah, 2002; Lowe et al., 2022).   

The aim of this work is to determine the effect of pH on adsorption of fatty acids on different 

materials and determination of the thermodynamic parameters. The other aim was to also 

explore the impact of foreign inserts on adsorption of the fatty acids. Characterization on the 

inserts and sensor surface after adsorption experiments was beyond the scope of this work.  
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5.2.1 Materials and methods 

5.2.1.1 Effect of pH experiments 

0.1M sodium bicarbonate-sodium carbonate buffer were prepared using sodium carbonate 

(≥99.5) CAS: 497-19-8 from Sigma- Aldrich and sodium hydrogen carbonate CAS: 144-55-8 

from Avantor VWR International. Buffer solutions resist pH changes upon addition of an 

eternal components which may be either basic or acidic in nature (Katoch, 2022; Beynon & 

Easterby, 1996). This buffer was chosen as it has a buffering range within 2 pH units of the 

fatty acids e.g oleic and linoleic acid pKa in this work (Salwan et al., 2023). The other benefits 

of this buffer were that it was easy to prepare, very cost effective and had an excellent shelf 

life reducing the amount of time required to prepare a fresh buffer. A weighing boat and scale 

were used to measure out the powder buffer constituents which were dissolved in DI water 

(PURELAB Chorus 1 (ELGA LabWater) to make the buffer solutions. The SciQuip pH meter 

was calibrated for applicable ranges to the buffer pH which was used to determine the final 

pH of each buffer. 0.1 M hydrochloric acid and sodium hydroxide were used to adjust the 

buffer pH accordingly (drop at a time). The pH range tested was based on the pKa (referenced 

from literature) (Kanicky & Shah, 2002) of the FFA (oleic acid, palmitic acid, and linoleic acid). 

Table 6.1 shows the ranges tested for the FFA. The green areas highlight the testing range 

while the red slash (/) symbol shows the pKa of the specific fatty acid tested. Another test was 

done to test well below the pKa of all the fatty acids as shown on the first row of Table 6.1. 

The buffer used was 0.1M Citric Acid – Sodium Citrate Buffer. The buffer was made from citric 

acid monohydrate (≥99%) CAS:5949-29-1 and Sodium citrate tribasic dihydrate (≥99%) CAS: 

6132-04-3 both from Merk. 

For sodium bicarbonate-sodium carbonate buffers, the QSX 301 Gold sensors from Biolin 

scientific were used in this work. The sensors were used as received and no modification was 

done to the surface before the experiments. A batch module was used for these experiments. 

To start, a stable baseline of the gold sensor substrate was determined at the start of the 

experiment followed by addition of 0.1ml of the buffer solution. Once the frequency was stable, 

0.1ml of 50mg/ml of the fatty acid stock solution was added, and the experiment allowed to 

run until the substrate sensor was saturated with no more significant changes in the final 

resonance frequency. 

The substrate sensors used for Citric Acid – Sodium Citrate Buffer were QSX 301 Gold, QSX 

303 Silicon Dioxide and QSX 309 Aluminium Oxide. 0.1ml of 100mg/ml of FFA stock solution 

was used. All experiments were conducted at 25 ± 0.04 ºC.  
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Table 5.1 Shows the pH ranges tested for the FFA. 

pH Linoleic acid Oleic acid Palmitic acid 

3.75 ⁄ ⁄ ⁄ 

8.20 
  

⁄ 

8.40  
 

⁄ 

8.60  
 

⁄ 

8.80 ⁄ 
 

⁄ 

9.00 ⁄ 
 

⁄ 

9.24 ⁄ 
  

9.40 ⁄ ⁄ 
 

9.60 ⁄ ⁄ 
 

9.85 
 

⁄ 
 

10.00 
 

⁄ 
 

10.20 
 

⁄ 
 

 

5.2.1.2 Temperature Experiments 

The effect of temperature on adsorption of fatty acid stock solutions was investigated using 

the QCMD. A Gold QSX 301 sensor from Biolin scientific was used throughout these 

experiments. To start the experiment, the temperature of the sensor was set to 15 ºC, 25 ºC 

or 35ºC using the Qsoft401 software. The temperature of the bulk solution was controlled 

using a water bath circulator from Julabo and set to the same temperature as the sensor. 

Once the temperature was set, the baseline was determined followed by addition of 0.2ml 

absolute ethanol ≥99.8% from Sigma Aldrich (CAS:64-17-5). Once the frequency was 

constant, 0.2ml of 50mg/ml stock solution was added. The experiment was terminated once 

no significant change in frequency was observed for the last step. The fatty acids tested 

remain the same (Oleic acid, Linoleic acid, and Palmitic acid). The experimental setup is 

shown in Figure 5.1. The experiments were repeated twice, and all conducted using a batch 

module which is double walled. 
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Figure 5.1 shows the QCMD setup for temperature experiments. 

5.2.1.3 Contact Angle Measurements 

Contact angle measurements were conducted using the Contact Angle Goniometer with 

DROPimage (Rame-Hart). Following adsorption on FFA at pH 3.75, contact angle 

measurements conducted on the sensor substrates. The sample was mounted on the sample 

stage and the stage levelled. The focus on the sample was also adjusted to ensure a sharp 

image is taken during the measurement and a suitable baseline for measurement is 

established. A water droplet placed on the sample by an auto syringe using controls from the 

DROPimage software was measured to determine the contact angle of the surfaces.  

5.2.1.4 Experiments Involving Use of Inserts 

Tinned copper wire TWC 20 from Rowan Cables Products Ltd was used in this work. Two 

inserts were used. A pure tinned copper insert used as provided by the manufacturer and one 

which processed to expose the inner copper layer. The inserts were used as a secondary 

surface to investigate the impact of this on adsorption of the fatty acids. For the second insert, 

tinned copper was smoothed down by sanding using sanding paper to expose the inner copper 

layer. The wire diameter is 0.91mm inches ± 0.1%. The wires were then coiled using a Ball-

Plus 5/32 inches Allen key by Allen®. The size of the coils of the wires was assumed to be of 

Water Bath 

Qsense 

Explorer 

Batch Module 

Sensor 

Cover Slip 
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the same size as the Allen key. The setup involving the inserts is as shown in Figure 5.2. The 

cross-sectional area of the wire is given by: 

𝐴 = 𝜋𝑟2 = 𝜋 × (
0.91

2
)

2

= 0.650𝑚𝑚 

Equation 5.6 

The experiment follows the same procedure for QCM experiments with ethanol ≥99.8% added 

once a stable baseline has been established. The fatty acids are added to the system as the 

last step. 

        

Figure 5.2 shows copper and tinned copper inserts used as secondary surface. 
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5.2.2 Results and Discussion 

5.2.2.1 Effect of pH on adsorption of FFA  

A gold substrate sensor was used to investigate the impact of changes in pH on the amount 

on the adsorption of FFA using QCMD. The pKa value of the fatty acid is dependent on the 

solution environment and is identified as the point where half the hydrogen ions from the 

carboxyl group of the fatty acid have been removed. Previous studies highlighted the effect of 

unsaturation of fatty acids on the pKa i.e. more saturated fatty acids presented with higher 

pKa values due to closer packing distance between fatty acid chains (Kanicky & Shah, 

2002).The study also highlighted that the presence of a C=C double bond results in bends in 

the chain (near the position of the double bonds) (Clayden et al., 2012) making it difficult to 

tightly pack the fatty acid chains (Kanicky & Shah, 2002; Kanicky et al., 2000). Linear saturated 

fatty acids i.e. palmitic acid in this case would have closely packed chains in a monolayer thus 

increasing the pKa of fatty acid. The closely packed nature of linear fatty acids prevents 

deprotonation by the hydroxide ions in the fatty acid monolayer (Kanicky et al., 2000). 

Short chain fatty acids (those with carbon chain length between 2 and 6) normally have a low 

pKa values between 4.5 and 5 (Quast, 2016). As an example, some factors affecting this value 

include: the ionic environment of the solution , presence of an oxidising or reducing agent and 

the carboxylic acid chain length. Kanicky et al. (2000) in their work explored the effect of chain 

length on the pKa where they determined that beyond a chain length of 4 carbons, electronic 

effects between the carboxylate ion on the carbon chain and the rest of the alkyl group were 

not significant resulting in the pKa values remaining relatively stable. Therefore, increasing 

the chain length from 5 to 7 carbons increases the pKa from 4.82 to 4.83 (Kanicky & Shah, 

2002). This phenomenon however did not apply to longer chain fatty acids as the increase in 

chain length did in fact affect the pKa. The driving factor being that increasing the chain length 

increased the van der walls forces in the fatty acid monolayer thus resulting in reduced 

distance between fatty acid chains due to closer packing. 

For Oleic (cis double bond is located in position 9) and Linoleic acid some bending was 

expected due to the presence of the unsaturated double bond with linoleic acid having two 

C=C double bonds located at position 9 and 12 thus affecting the packing in a monolayer and 

fluidity (Spector & Yorek, 1985; Kanicky & Shah, 2002; Arisawa et al., 2016). As such linoleic 

acid molecules had larger packing distance than oleic acid hence having a lower pKa. The 

lowest pKa was for palmitic acid due to its chain length. Previous work explored the effects of 

the saturation or unsaturation of fatty acids on factors such as packing density, fluidity, chain 

flexibility however to the best of my knowledge, non-have explored the effect of pH on 
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adsorption of the fatty acids using QCM. It is also important to note that the previous work by 

other researchers on the behaviour of the fatty acids will help explain some of the patterns 

observed as the FFA adsorbed onto the gold quartz substrate sensor. 

The thickness of the layer adsorbed was calculated by dividing the Sauerbrey mass by the 

effective density, 𝜌𝑒𝑓𝑓 of the FFA as shown in Equation 5.7. 

Thickness, 𝛿𝑓 : 

∆𝛿𝑓 =
∆𝑚

𝜌𝑒𝑓𝑓
 

(Irwin et al., 2005) 

Equation 5.7 

 

Figure 5.3 Shows the effect of pH on the thickness of the fatty acid layer adsorbed onto Gold.  

The thickness of the adsorbed layers of the FFA are as shown in Figure 5.3. The testing range 

of the distinct FFA was close to the pKa of the respective FFA. Figure 5.3 showed that palmitic 
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acid formed the thickest layer during adsorption followed by linoleic acid and the lastly oleic 

acid. The thickest layer recorded for palmitic acid was at pH 8.6 while linoleic acid formed the 

thickest layer at pH 9. Oleic acid had the thickest layer recorded at pH 9.4. The plot for palmitic 

acid showed that the thickness of the adsorbed layer increases rapidly until pH 8.6 beyond 

this pH the amount adsorbed reduces hence thickness of the layer reduces. Previous studies 

have found fatty acid monolayers/ bilayers became ionized with increasing pH (Lowe et al., 

2022). At pH values below the apparent pKa of the fatty acid, the fatty acids were not ionized. 

However, as the pH increased to a value near the pKa of the fatty acid, 50% of the fatty acid 

molecules were ionised leading to ion dipole interactions between the polar group of the fatty 

acid resulting in reduced intermolecular distances between adsorbed fatty acid chains. This 

suggests that a stable layer at the sensor- fatty acid interface was formed as this phenomenon 

supported closer packing resulting in a thicker adsorbed layer. However, previous studies also 

showed that this layer weakens with further increase in pH due to the fatty acid being 

completely ionised. Hence increasing pH beyond the pKa of the fatty acids results in ionic 

repulsion forces between the polar group leading greater distances between fatty acid chains 

thus allowing the solvent from solution in between the chains (Lowe et al., 2022; Kanicky et 

al., 2000). This may have led to instability resulting in breakdown of the adsorbed palmitic acid 

layer which was observed by the reduced thickness of the adsorbed layer. This supports the 

results of work by Kanicky & Shah (2002) where they determined that the closest packing of 

fatty acids is close to the pKa value. Palmitic acid thus favoured more adsorption at pH 8.6. 

Also, because it is linear more palmitic acid molecules could be adsorbed from the bulk 

solution.  

As pH increases, the thickness of linoleic acid adsorbed increases. As the pH increases past 

9, the amount of linoleic acid reduces which is shown in Figure 5.3 by reduction in the 

thickness of the layer with the lowest thickness of 15.98nm at pH 9.60. Oleic acid shows no 

clear trend as pH is increased in Figure 5.3. It starts off with a reduction in the thickness of the 

layer as pH is increased to 9.60 followed and increase in adsorption leading up to the pKa 

(9.85) and beyond this pH the thickness of the layer adsorbed decreases. Ionic repulsion 

between fatty acid molecules tends to increase at high pH values. This coupled with the 

presence of the double bonds in both oleic and linoleic acid explains why the thickness of the 

adsorbed layers were considerably lower than that of palmitic acid. 

Linoleic acid has two double bonds while oleic acid has one. Looking at the structural 

differences, the distance between linoleic acid chains is larger than distance between oleic 

acid chains (Kanicky et al., 2000). This allows for more solvent to couple between the 

molecules of the monolayer thus resulting in a thicker recorded layer as QCMD measures 
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hydrated mass. This will result in an overestimation of the actual thickness of the adsorbed 

layer. At pH 9.24, Figure 5.3 and Figure 5.4 showed a decrease in thickness of the adsorbed 

layer and a decrease in the dissipation. This is indicative of a collapse in the monolayer thereby 

expelling any coupled solvents resulting in reduced viscosity of the adsorbed monolayer. This 

can be seen by a change in the dissipation of the experimental data in Figure 5.5 and in the 

appendix 8.3 at pH 9.24 to pH 9.60. Upon addition of the linoleic acid to the system, the 

dissipation increased in all three instances followed by a decrease at which the dissipation 

remained constant at pH 9.24. Following the decrease in dissipation for pH 9.40 and pH 9.60, 

the dissipation increased further indicating the change in viscosity of the adsorbed layer as 

the experiment progressed. 

 

Figure 5.4 Effect of pH on Dissipation for adsorption onto gold substrate sensors. 
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The dissipation changes due to changes in pH are highlighted in Figure 5.4. Palmitic acid 

showed that the dissipation or rather the extent of the viscoelastic nature of palmitic acid is 

dependent on the pH. The flexibility of the adsorbed palmitic acid monolayer increases as the 

pH increases from 8.2 to 8.6. Further increase in the pH results in a reduction in the dissipation 

energy meaning the layer becomes more rigid. At pH 9, the dissipation energy increases again 

indicating that the layer becomes more fluid again however the thickness of the layer still 

reduces as shown in Figure 5.3. Oleic acid shows a gradual increase in dissipation with pH in 

Figure 5.4 however, the dissipation remains constant beyond pH 9.85. This shows that for 

oleic acid, changes thickness of the oleic acid monolayer is not proportional to the dissipative 

energy losses. Thickness of the linoleic acid monolayer is proportional to the energy 

dissipation. Experimental data of all FFA are in the appendix 8.3. 
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5.2.2.2 QCM experimental results 

  

  

 

Figure 5.5 shows frequency and dissipation plots for Palmitic acid (pH 8.6), Oleic acid (pH 9.85) 

and Linoleic acid (pH 9.24). The plots show different overtones and (A) Baseline (B) buffer 

added (C) Fatty acid ss added  
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Figure 5.6 Rate of palmitic acid adsorbed at different pH. 

Figure 5.5 shows the negative changes in frequency and positive shift in dissipation for the 3rd 

, 5th and 7th overtones. This is true for the tested pH range. The results found in Figure 5.5 and 

appendix 8.3 shows time it takes for the gold substrate sensor to be fully saturated at different 

pH. The highest rate of adsorption was observed at pH 8.6 as it took 33 min for the sensor to 

be saturated. This is supported by the frequency and dissipation graphs in Figure 5.5 where 

in the third phase C, between 20 and 30 minutes the rate of adsorption is higher seen by a 

steep curve both in F and D. The curves then level out.  

Frequency and dissipation plots of palmitic acid at the third, fifth and seventh overtone. 

Measurement at multiple overtones allows for the best signal which are more to be analysed. 

In the case of palmitic acid , the third overtone is the most sensitive as it has the highest 

change in both frequency and dissipation during the adsorption of palmitic acid. The 

adsorption kinetics in Figure 5.9 and Figure 5.6 show that the rate of frequency change for 

palmitic acid was higher at pH 9 within the first 8 minutes. However, beyond this time, while 

the frequency appeared to stabilise at other pH, the adsorption rate increased at pH 8.6. At 

pH 8.8, the frequency continues to increase and never stabilises, suggesting that although the 

rate of adsorption was slowest, more palmitic acid can be adsorbed at this pH although not 

exceeding the other pH values. Oleic acid has the fastest adsorption rate at pH 9.0 as shown 

in Figure 5.7 while linoleic acid has the fastest adsorption at pH at both pH 8.8 and pH 9.0. 

The capacity of adsorption is reached very quickly with approx. 2.5 minutes (Figure 5.8) for 

linoleic acid at the pKa of 9.24 with the frequency remains stable after this suggesting that the 

capacity of adsorption has been reached. The other pH values within this time show 
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fluctuations in the frequency suggesting adsorption and desorption during this time while at 

pH 9.24 linoleic acid has reached the adsorption equilibrium capacity. 

 

Figure 5.7 Rate of adsorption of Oleic acid on Gold at different pH. 

0

50

100

150

200

250

300

0 2 4 6 8 10 12 14 16 18 20 22 24

∆
F 

(H
z)

∆Time (min)

9.40

9.60

9.85

10.00

10.20



170 

 

 

Figure 5.8 Rate of adsorption of Linoleic acid on Gold at different pH. 

 

Figure 5.9 Rate of adsorption of Palmitic acid on Gold at different pH values 
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5.2.2.3 Contact Angle 

  

Figure 5.10 Oleic acid on aluminium oxide (A) and silicon dioxide (B) 

Table 5.2 shows contact angle measurements after adsorption of FFA using QCM at pH 3.75 

 Palmitic Acid Oleic Acid Linoleic acid 

Gold 71.20 ± 0.56 135.00 ± 0.00 38.05 ± 1.48 

Silicon dioxide 90.00 ± 0.00 77.40 ± 1.84 88.05 ± 2.75 

Aluminium oxide 83.95 ± 0.35 30.95 ± 0.21 90.50 ± 0.71 

 

Figure 5.11 Effect of pH 3.75 on FFA 

Table 5.2 and Figure 5.10 show contact angle measurements of the different FFA on different 

sensors. Contact angle measurements give an idea of the wettability of the sensors after the 

experiments. Figure 5.11 shows how the FFA interact with the citrate buffer used. The figure 

show that Oleic acid and linoleic acid separated from the bulk solution while palmitic acid 

formed precipitates with the citrate buffer. This led to the abandonment of testing for 

adsorption at very low pH. The results obtained from QCM of frequency change might have 

A B 
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been misleading for this pH as changes in frequency would not be only due to adsorption of 

the fatty acids but also formation of precipitates on the surface of the sensor. In the case of 

oleic and linoleic acid, the efficiency of adsorption would be hindered by non-polar nature of 

the fatty acids. The fatty acid chains at such low pH are not ionised contributing further to the 

already existing energy barrier between water molecules in the citrate buffer and the oleophilic 

fatty acid chain. This explains the discontinuity in the testing range seen in Table 5.1 as the 

new focus was testing adsorption around the pKa of the fatty acids. 

5.2.2.4 Effect of Temperature 

The temperature-dependence of adsorption of FFA was investigated using QCMD. The 

temperatures tested were 15ºC, 25ºC and 35ºC. Figure 5.12 shows that the temperature of 

the sensor surface was set to 15ºC however the experimental data shows that the Qsense 

explorer struggled to reach the set temperature as such, an external water bath was used to 

try to get the temperature as close as possible to the desired temperature. After a few repeats, 

the water bath was set to 5ºC as this was the lowest temperature that could be reached by 

the water bath without it freezing. Temperatures higher than this failed to get than 18ºC. The 

viscosity of ethanol was reported to decrease with temperature (Kaye & Laby, 2024). However 

as shown in Figure 5.12 by the dissipation of all plots of the three fatty acids, the dissipation 

remained the same thereby suggesting the viscosity of ethanol remained the same within the 

temperature range 16ºC and 18.4 ºC and ∆T < 2.5ºC for all the experiments because of 

interactions with the FFA. 
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Figure 5.12 Effect of temperature on adsorption of 50mg/ml ss of fatty acid onto gold sensor at 

15ºC (A) Palmitic Acid (B) Oleic Acid (C) Linoleic Acid  

(A) 

(B) 

(C) 
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Figure 5.13 Shows influence of temperature on ∆F (Hz) of FFA.  

 

Figure 5.14 Effect of temperature on ∆Dissipation (ppm) of FFA.  
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Figure 5.13 shows the effect of temperature on changes in frequency during adsorption of the 

FFA. At 15ºC, Oleic acid has the highest frequency change of 35Hz followed by palmitic acid 

at 20Hz and linoleic acid at about 13Hz. Linoleic acid adsorption on gold only caused a 11Hz 

frequency change making it the least adsorbed at 25ºC. However, at 35ºC, the results suggest 

more linoleic acid was adsorbed more (∆F at 19.3Hz) as compared to oleic acid (∆F at 18.6Hz) 

and palmitic acid (∆F at 12.7Hz). Palmitic acid showed a reduction in frequency change as the 

temperature was increased while oleic acid showed an increase in adsorption highlighted by 

an increase in frequency change between 25ºC and 35ºC.  

Figure 5.14 shows that the dissipation change reduces with increasing temperature for 

adsorption of all the fatty acids suggesting the fatty acid become less viscous as temperature 

increases. Gusain et al. (2021) reported that increasing temperature resulted in reduction in 

the viscosity due to changes in the diffusion of the adsorbate thus resulting in a shift in the 

position of equilibrium of adsorption. However, oleic acid has the highest change in dissipation 

changes implying larger changes in viscosity at all the temperatures tested as compared to 

palmitic and linoleic acid.  

Table 5.3 Thermodynamic parameters for FFA on Gold. 

Adsorbate Temp (K) Keq° ∆G° 

(KJ mol-1) 

∆H° 

(KJ mol-1) 

∆S° 

(KJ-1 mol-1) 

R2 

Palmitic 

Acid 

288.15 3.9907 -3.3156 304.6765 

 

991.2782 

 

0.9846 

 298.15 3.1719 -2.8614 

308.15 3.1552 -2.9438 

       

Oleic Acid 288.15 3.7753 -3.1826 274.1209 884.2770 0.9235 

298.15 3.6337 -3.1983 

308.15 3.1847 -2.9677 

       

Linoleic 

Acid 

288.15 4.9295 -3.8217 364.7518 1197.2160 0.7666 

298.15 3.2258 -2.9032 

308.15 3.2092 -2.9873 
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Figure 5.15 Endothermic reaction as calculated by Van´t Hoffs equation FFA adsorption on Gold.  
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Figure 5.15 is a plot of LNKeq° against 1/T. The entropy of the system ∆S° and enthalpy ∆H° 

are calculated by (Romero-González et al., 2005): 

∆𝑆° = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 × 𝑅 

Equation 5.8 

∆𝐻° = −𝑠𝑙𝑜𝑝𝑒 × 𝑅  

Equation 5.9 

Table 5.3 show the thermodynamic parameters of the FFA on a gold surface. Figure 5.15 

shows that the adsorption the was endothermic as shown by the positive enthalpy values. The 

values of the enthalpy also suggest that chemisorption was favoured at all the temperatures 

as the enthalpies were all above ±80𝐾𝐽 (Savara et al., 2009). The enthalpy of the systems 

ranged from 274.12KJ mol-1 to 364.75KJ mol-1. This suggests that chemisorption was due to 

the hydrogen bonds (Au-O=C) between the COOH- and the Au from the sensor surface (Maity 

et al., 2024; Schmidbaur et al., 2014). This also supports that monolayer adsorption occurred 

during all instances. The entropy also suggests that there was increased randomness in the 

adsorption at the interface between the bulk solvent and the sensor surface thereby promoting 

adsorption (Sahmoune, 2019).  

The entropy is highest for linoleic acid followed by palmitic acid. The Gibbs free energy was 

found to be -ve and decreased with increasing temperature thereby also supporting the 

adsorption of the FFA on gold. R2 was found to be higher than 0.9235 for oleic acid and palmitic 

acid. However, a lower R2 of 0.7666 for linoleic acid was determined. This is because the 

highest frequency change measured for linoleic acid was at 35°C and below this temperature 

the results from Figure 5.3 suggest at lower temperature less linoleic acid is adsorbed. 

However, the values of entropy and enthalpy are the highest suggesting greater disorder/ 

spontaneity and thereby increased adsorption. This is contrary to the results obtained from 

QCM experiments. The application of Langmuir isotherm (used to determine qe and therefore 

Keq°) for linoleic acid was not as favourable as seen for palmitic and oleic acid. The raw data 

for all fatty acids can be found in appendix 8.3. 
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5.2.2.5 Effect of inserts on adsorption 

  

 

Figure 5.16 Effect of inserts on palmitic acid adsorption [A] Frequency (Hz), [B] Dissipation 

(ppm). 

A 

B 
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Figure 5.17 Effect of inserts on adsorption of oleic acid.  
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Figure 5.18 Effect of inserts on adsorption of linoleic acid. [A] Frequency (Hz), [B] Dissipation 

(ppm). 

B 
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Figure 5.16, Figure 5.17 and Figure 5.18 showed the effect of introducing inserts on adsorption 

of FFA on Gold. Figure 5.16 shows that the highest frequency change was for tinned copper 

followed by copper. This suggest that there was less adsorption when the was no insert and 

that tinned copper promoted the adsorption of palmitic acid. The dissipation change was 

highest for copper and lowest for tinned copper. For oleic acid adsorption, having no inserts 

supported more adsorption while tinned copper supported more adsorption than the pure 

copper insert. The difference in frequency for linoleic acid for both inserts is very small (∆F 

=1.1Hz) with the copper insert having a slightly higher frequency change. The system with no 

inserts had the least adsorption in this case. For linoleic acid, the change in frequency is 

proportional to the change in dissipation while there is no clear correlation between frequency 

and dissipation changes for oleic acid and palmitic acid systems with inserts. 

The results showed that introducing inserts has an impact on adsorption due to the difference 

in the surface chemistry and surface area in the system (Yang et al., 2017). The increased 

surface area and number of adsorption sites affected the amount adsorbed. Tinned copper is 

protected from corrosion whereas the copper insert had ionic interactions with the bulk 

solution. The dissipation also suggests copper forms ionic bonds with palmitic acid thereby 

resulting in a change in the viscosity of the adlayer. The results of both frequency and 

dissipation for all the fatty acids suggest that a different mechanism is present as well as 

different species. The exploration of the mechanism at the sensor-solvent interface and at the 

insert-solvent interface have not been explored in this work as the focus was to establish 

whether introduction of foreign inserts affect the adsorption. 

5.2.3 Conclusion 

The investigation of pH on adsorption of FFA has highlighted that the adsorption of the FFA 

in highest around the pKa values of individual fatty acids. Testing for adsorption at very low 

pH with a citrate buffer resulted in repulsion forces between water molecules in the buffer and 

the hydrophobic fatty acid tail resulting in the unsaturated fatty acid forming a layer above the 

buffer. Palmitic acid formed precipitates with the citrates buffer. The observations were not 

observed where testing was done near the pKa, and a different buffer (sodium bicarbonate-

sodium carbonate) used. Calculation of the thermodynamic parameters determined that the 

adsorption of all FFA was an endothermic process with a great degree of spontaneity. This 

was supported by the -ve ∆G° which decreased with increasing temperature for all the fatty 

acids and that monolayer adsorption was favoured. The addition of inserts to the batch system 

affected adsorption with tinned copper performing better than pure copper inserts. The 

viscoelastic properties of the adlayer were greatly affected by the presence of inserts due to 
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introduction of new species such as Cu2+ into the system. This was observed by the extent of 

change in dissipation using QCM.  
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Chapter 7 Main conclusion  

Adsorption of palmitic acid linoleic acid and oleic acid have been investigated using the QCM. 

The advantage of this method is that it is quick and does not require lots of materials thereby 

being an environmentally friendly method of investigating adsorption. The drawback of this 

method is that the quartz sensors are expensive (a pack of five cost approximately £500.00) 

and as recommended by the manufacturer the sensors can only be used once. The sensors 

were cleaned with ethanol before and after the experiments as it was effective at dissolving 

any physiosorbed fatty acids as highlighted by the results from X-ray photoelectron 

spectroscopy.  

The quartz sensor is the centre of this work. By using this method, it was possible to determine 

the areal mass capacity of adsorbed FFA onto different materials. The effect of pH, 

concentration and temperature were all investigated, and it was determined that the adsorption 

was an endothermic process, which was very spontaneous as shown by the Gibbs free energy 

of the systems at different temperatures. By changing the concentration, adsorption isotherms 

of frequency against concentrations were determined. The general trend being adsorption 

increased with increasing concentration however, there were some slight variations depending 

on the adsorbent.  

It was found that the influence of pH on adsorption of the fatty acids onto the sensors was 

more favoured around the pKa of the fatty acids. Another phenomenon was the effect or order 

of injection on adsorption. This was studied by tracing both frequency and dissipation shifts. 

Oleic acid in this case proved to contribute to higher adsorption. The other fatty acids were 

adsorbed more depending on whether they were injected first or last and on the substrate 

sensor used. The introduction of inserts also highlighted that adsorption increased when either 

tinned copper or copper inserts were introduced into the system.  

The quartz sensor as mentioned is highly sensitive, hence the difficulty was finding a suitable 

method for characterizing the surface. In-situ methods of characterization are always desirable 

as it is possible to measure the change in real time as adsorption occurs. However, due to the 

associated high cost the sensors were analysed either before or after the QCM experiments. 

X-ray photoelectron spectroscopy proved invaluable as it was possible to determine the 

surface modification by looking for the COOH group to confirm adsorption. Raman microscopy 

was also used however, as contact is required between the probe and the sensor, extra care 

was required. It should be noted that high power settings above 12.5mW can degrade the 

sample as shown in this work. Despite this, the bonds formed on the surface were determined 

successfully without causing damage to the sensor in most cases. FTIR was also used 



184 

 

however, the extent of use was limited to end-of-life sensors as greater force between the 

probe and sensor was required which resulted in breakage of the sensor in most cases. The 

thesis discussed the adsorption kinetics of adsorption of the FFA with application of the 

Langmuir model. The adsorption kinetics together with the application of the Vant Hoffs 

equation resulted in determination of the adsorption equilibrium constants K, and the 

thermodynamic constant Keq° resulting in confirmation of monolayer adsorption in various 

instances. 
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Chapter 6 Further Work 

In this work, the densities of the adsorbate and solvent have been assumed to be similar for 

ease of calculation, thus Sauerbrey model used for calculating ∆m which would be the same 

as ∆m for the Voight model under this assumption. 

For increased accuracy, 

𝑚𝑓𝑖𝑙𝑚= 𝑚𝑎𝑑𝑠 + 𝑚𝑠𝑜𝑙𝑣𝑒𝑛𝑡 

Equation6.1 

where a secondary technique such as ellipsometry could be used to determine the mass of 

the adsorbent.  

This could then be used to calculate the thickness of the film ℎ𝑓. 

ℎ
𝑓=

1

𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡
[𝑚𝑓𝑖𝑙𝑚−𝑚𝑎𝑑𝑠(1−

𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝜌𝑎𝑑𝑠

)]
 

Equation6.2 

(Reviakine et al., 2011) 

Characterization of the adsorbent sensors by Raman microscopy revealed the presence of 

FFA. However, quantifying which fatty acid adsorbed more by using peak area ratios was 

outside scope hence for future research. That would help in being able to predict which fatty 

acids could more during sequencing as well support the results from QCMD presented in this 

work. 

QCMD experiments were conducted under laboratory conditions described in this work. To 

increase relevance in the field of adsorbents for FFA removal from wastewater, real life sewer 

conditions could be explored to assess how well the materials investigated in this work perform 

as adsorbents. 

Application of different adsorption isotherms e.g. Langmuir, Freundlich etc to QCMD data from 

adsorption of oleic and linoleic acid could help extend the work presented in this thesis thereby 

helping predict adsorption capacities of the adsorbents.  
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6.1 Spin Coating 

Attempts were made to spin coat synthesised silica particle however this was unsuccessful as 

shown in Figure 6.1. More work is required in the method development of coating the quartz 

sensor. Much research has been done in control the properties such as particle size, and 

functionalization of the silica particles in literature. Combined with QCM and successful 

coating/ formation of a top layer for use in QCM experiments for FFA adsorption could help in 

tailoring the highest adsorption and recovery of the fatty acids. Because of the sensitivity of 

the quartz crystal microbalance, it is important to consider best practices to achieve this such 

as effect of sensor mounting, temperature etc (Fredrik Pettersson, 2025). This method might 

be more cost effective than ordering sensors of different materials from the supplier. More 

work is required to develop a robust method of coating the quartz sensors. Exploration of other 

techniques for characterizing the quartz sensor such as AFM could also be used for surface 

coverage studies for adsorption of fatty acids. Kenneth Olesen (2024) had already created an 

standard operating procedure for spin coating materials onto the quartz sensors. This 

highlights increased need for researchers to control surface properties including those offered 

by the QCMD. 
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Figure 6.1 Spin coating of particles with different functional groups on quartz sensors. 

6.2 Proof of concept 

The first objective of this work was to synthesize silica particles and to determine whether the 

QCM-D was a good technique for determining the kinetics of adsorption. The synthesis of 

silica nanoparticles was done following the Stober method of synthesis. SEM was used to 

determine if spherical particles were synthesised. The ability of the gold-plated quartz crystal 

to be used for adsorption was investigated by using octadecane. 
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6.2.1 Experimental Methods 

6.2.1.1 Silica Synthesis and particle size distribution 

The Stober method was followed to synthesize silica nanoparticles. The experimental 

procedure is as shown in Figure 6.2. This method was adapted from the work done by Rao et 

al. (2005) as shown in Figure 1.3. However, in this work, the ultra-sonicator was replaced by 

using a magnetic stirrer. Ethanol was mixed with deionised water in a round bottom flask and 

put on a magnetic stirrer for 10 minutes. Tetraethoxysilane (TEOS) was then added to the 

mixture of ethanol and DI water. The pH was then measured using a pH meter which was then 

washed with DI water after use. After 10 minutes, 28% ammonium hydroxide solution was 

added dropwise to the mixture. Table 6.1 shows the quantities of each substance used in the 

experiments conducted. The mixture was left overnight on a magnetic stirrer set to 750rpm at 

room temperature. The mixture was then centrifuged for 10 minutes at 6000rpm to recover 

synthesised Stober nanoparticles. The recovered particles were then dried at room 

temperature in a fume hood. 

Image J was used to measure the diameter of particles generated from the SEM images. 

Minitab was then used for plotting the histogram of average length (diameter) of the 

synthesised particles. 
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Table 6.1Shows the material and Equipment list needed for Experiments 

Experiment Materials and Equipment 

 

 

 

 

Silica Synthesis 

• TEOS from Aldrich 

• De-ionised (DI) Water 

• Ethanol 

• 28% ammonium hydroxide  

• Magnetic stirrer 

• pH meter 

• scale 

• round bottom flask 

• centrifuge 

 

 

 

 

QCM-D 

• Gold plated quartz crystal (QSX 301) from Qsense. 

• Octadecane from Acros organics, CAS: 593-45-3 

• Spatula 

• Tweezers 

• Soft tissue paper 

• Cyclohexane 

• Qsense Explorer 

• Qsense open module 
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Table 6.2 shows the amounts of each regent used in the experiment 

Experiment pH Ammonia 

(ml) 

TEOS 

(ml) 

DI 

Water 

(ml) 

Ethanol 

(ml) 

Mass of 

ammonia 

(g) 

Total 

Volume 

(ml) 

Molarity 

1 13.76 8.00 6.00 14.00 96.00 7.20 124.00 1.66 

2 13.65 3.80 6.00 14.00 96.00 3.42 119.80 0.81 

3 13.65 10.00 6.00 14.00 96.00 9.00 126.00 2.04 

 

 

Figure 6.2 Procedure for synthesis of silica nanoparticles using the Stober method.  

6.2.2 QCM-D 

An alkane, Octadecane was used to test if the quartz crystal microbalance (QCM-D) could be 

used to measure adsorption on a gold-plated quartz crystal. The first step was to prepare the 

quartz crystal by cleaning and drying. After which it was mounted onto the QCM-D flow cell. A 

simple method of cleaning was used which involved washing the quartz crystal in hexanol then 

rinsing it with deionised water. Since the quartz crystal is extremely sensitive, it was dried with 

a soft paper towel to avoid scratches and then further dried with nitrogen gas. To test if no 

damage to the crystal was made during cleaning, the empty crystal was loaded onto the QCM-

D flow cell and the experiment conducted to assess whether any resonance frequencies could 

be picked up. After the crystal was deemed fit for use, a sample in this case octadecane was 
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loaded onto the centre of the crystal. A small sample is used as the QCM-D sensor is very 

sensitive to any change mass. The experiment is then run following the standard operating 

procedure set as described below. 

6.2.2.1.1 Standard Operating Procedure 

Octadecane is a solid at room temperature. To test how temperature affects adsorption, a 

procedure was devised involving heating octadecane from 27°C to above its melting point of 

28°C and then cooling it back from 31°C to the start temperature. The temperature was 

increased by 1°C in each step. The time increments at each step were set to 10 minutes 

except at the end of the experiment where the sample was cooled for 20 minutes to ensure it 

fully solidifies. 

In the second stage of investigations, the temperature was increased from 25°C to 31°C to 

ensure the sample was fully melted before cooling it back to room temperature. The 

temperature was increased by 1°C in each step just as in the previous test. The time 

increments at each step remain the same at 10minutes and at the end of the experiment where 

the sample was cooled for 20 minutes. The same experiment was then repeated multiple times 

to test if the octadecane polymorph does not change on subsequent heating cooling and 

reheating. 

6.2.3 Results and Discussion 

6.2.3.1 Silica Synthesis 

The Stober method was used to synthesise silica nanoparticles. Concentration of ammonium 

hydroxide(28%) solution was varied to see the effect this would have on the synthesised 

particles. Figure 6.3 and Figure 6.5 shows the results of the SEM images. SEM is a 

characterization technique used for morphological studies of materials giving information of 

the size, pore structure, shape and particle size distribution of the material under test (Seetala 

et al., 2013; Abdelaal et al., 2014). Figure 6.3 shows silica particles synthesised at 0.81M and 

Figure 6.5 shows particles synthesised at 1.66M. It is seen that in both figures, spherical 

particles were synthesised. Table 6.3 showed that the mean diameter of the 0.81M particles 

is 0.4575μm while the diameter of the 1.66M particles is 1.0409 μm. The particle size 

increased with increasing concentration of ammonium hydroxide(28%) which is contrary to 

the results obtained by Zulfiqar et al. (2016) described in section 1.2.2.4.2. This may be 

because while the particles were synthesised and the experiment being run overnight, 

evaporation occurred. Ethanol may have evaporated resulting in a decrease in its 

concentration hence reducing the particle size as shown in Figure 6.3. Another factor that is 
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observed is that sub particles also formed resulting in having different sized particles in Figure 

6.3. Figure 6.5 on the other hand shows spherical particles and in some cases the particles 

seemed to have been nucleating thus affecting the shape of some of the particles. Figure 6.4 

and Figure 6.6 show histograms of particle size distribution of the sober particles. Figure 6.4 

shows a bimodal particle size distribution. This is highlighted by the two peaks indicating that 

there are two main modal particle sizes which are particles of diameters 0.452μm and 

0.575μm. This also suggests that the particles were formed via aggregation as suggested in 

section 1.2.2.3. Figure 6.6 on the other hand shows a normal distribution of particles with 

modal diameter being about 1.05μm. 

 

Figure 6.3 shows the Scanning Electron Microscopy image of silica made at 0.81M of 

ammonium-hydroxide(28%) 



193 

 

 

Figure 6.4 A histogram of the particle size distribution of silica made at 0.81M of ammonium-

hydroxide(28%) 
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Figure 6.5 Scanning Electron Microscopy image of silica made at 1.66M of ammonium-

hydroxide(28%) 
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Figure 6.6 A histogram of the particle size distribution of silica made at 1.66M of ammonium-

hydroxide(28%) 

Table 6.3 shows the statistical output from Minitab of the SEM images 

Length (microns) Silica (0.81M) Silica (1.66M) 

Minimum (μm) 0.1020 0.4290 

Maximum(μm) 0.9900 2.1020 

Mean(μm) 0.4575 1.0409 

Median(μm) 0.4690 1.0230 

St Deviation 0.1527 0.1542 

Standard Error of the mean 0.0108 0.0080 
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6.2.3.2 Quartz Crystal Microbalance 

Figure 6.7 shows the output of the adsorption of Octadecane onto a gold-plated quartz crystal. 

Octadecane melts between 26°C and 28.2°C (European Chemicals Agency, 2020). The 

temperature is gradually increased until Octadecane is fully melted. While the temperature is 

increased and Octadecane begins to melt, a frequency shift is observed. At about 23min, a 

sharp drop in the resonance frequency is observed which is the time at which Octadecane will 

have fully melted. The temperature profile showed that the temperature at this point will be 

about 28°C.This change in frequency from -50Hz to -400Hz shows that physical adsorption of 

Octadecane will have occurred. The frequency and dissipation remain constant for about 

50min. During this time the temperature is increased to 31°C to ensure it has fully melted and 

then the temperature is reduced until fully solid again.  

The frequency and dissipation do not return to the original values at the start of the experiment 

but rather remain constant further supporting the theory that octadecane has been adsorbed 

onto the surface. This is like results obtained by Erzuah et al. (2018) when studying adsorption 

on crude oil using the QCM-D technique. This experiment was repeated over 5 loops to study 

if adsorption and desorption occur in the system. Figure 6.8 clearly shows the results of this 

system. Figure 6.8 shows that adsorption and desorption both occur in the system. Adsorption 

is indicated by the negative shift in frequency and by the positive shift in the dissipation. 

Desorption is shown by the increase in the frequency which occurs once Octadecane has fully 

solidified. The first three cycles show that adsorption and desorption remain the same in each 

cycle. This suggests that as Octadecane melts, chemisorption does not occur with the gold 

surface of the quartz crystal. Hence this method can be extended to other alkanes and fatty 

acids to test if the same would apply for them and thus enabling the kinetics of adsorption to 

be studied. Since QCM-D can only give details of physical changes e.g. change in mass of a 

system, other techniques such as X-ray Photoelectron Spectroscopy and Raman microscopy 

would need to be used to fully study what happens at the interface between the crystal surface 

,air and the fatty acids. 
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Figure 6.7 shows the QCM output for adsorption of Octadecane 

 

Figure 6.8 shows the adsorption behaviour of Octadecane when melted then cooled and the 

process repeated. 
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Chapter 8 Appendices 

8.1 Appendix for Chapter 3 

8.1.1 Oleic Acid 

8.1.1.1 Polystyrene 

8.1.1.1.1 25mg/ml oleic acid ss on polystyrene 
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O1s 

 

 

C1s 

 

 

8.1.1.1.2 125mg/ml oleic acid on polystyrene 
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8.1.1.2 Silicon Dioxide 

8.1.1.2.1 25mg/ml SiO2 
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8.1.2 Aluminium Oxide 

 

8.1.2.1 25mg/ml oleic acid ss on aluminium oxide 
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8.1.2.2 125mg/ml oleic acid ss on aluminium oxide 
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8.1.3 Linoleic Acid 

8.1.3.1 Polystyrene 
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8.1.4 Silicon Dioxide 
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75 silica 

8.1.5 Aluminium Oxide 

75 linoleic acid 
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8.2 Appendix for Chapter 4 

8.2.1 Raw data for Sequencing Experiments 

8.2.1.1 Polystyrene 

OPL 

 

Shows OPL sequence. 

 LPO 



229 

 

  

Shows LPO sequence. 

LOP 

 

Equation shows LOP sequence. 

PLO 
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Shows PLO sequence. 

POL 

 

Shows POL sequence. 

8.2.1.2 Silicon Dioxide 

OLP 
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Shows OLP sequence on SiO2. 

OPL 

  

Shows OPL sequence on SiO2. 

LOP 

  

Shows LOP sequence on SiO2. 
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LPO 

  

Shows LPO sequence on SiO2. 

PLO 

 

Shows PLO sequence on SiO2. 

POL 
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Shows POL sequence on SiO2.  
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8.2.1.3 Aluminium Oxide 

OLP 

 

Shows OLP sequence on Al2O3. 

OPL 

 

Shows OPL sequence on Al2O3. 

LOP 
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Shows LOP sequence on Al2O3. 

 

LPO 

 

Shows LPO sequence on Al2O3. 

PLO 
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Shows PLO sequence on Al2O3. 

POL 

 

Shows POL sequence on Al2O3. 

8.2.2 Effect of sequencing : Mass Adsorbed  

8.2.2.1 Polystyrene 
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8.2.2.2 Silicon Dioxide 

8.2.2.3 Aluminium oxide 
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8.3 Appendix for Chapter 5 

8.3.1 Palmitic Acid 
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8.3.2 Oleic Acid 
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8.3.3 Linoleic Acid 
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