Investigating the sorption phenomena of
free fatty acids using the Quartz Crystal

Microbalance

By Kebonyetsala Aobakwe Laurel Seanneng

A thesis submitted to Imperial College London for the degree of Doctor

of Philosophy
Department of Chemical Engineering, Imperial College London

South Kensington Campus, London, SW7 2AZ, United Kingdom

December 2025



Declaration of Originality

| hereby declare that this thesis is a result of my own work and that any information or ideas

from other people’s work has been appropriately referenced.

Kebonyetsala Seanneng, 2025



Copyright Declaration

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are
licensed under a Creative Commons Attribution-Non-Commercial-No Derivatives 4.0
International Licence (CC BY-NC-ND). Under this licence, you may copy and redistribute the
material in any medium or format on the condition that; you credit the author, do not use it for
commercial purposes and do not distribute modified versions of the work. When reusing or
sharing this work, ensure you make the licence terms clear to others by naming the licence
and linking to the licence text. Please seek permission from the copyright holder for uses of

this work that are not included in this licence or permitted under UK Copyright Law.



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 R? > 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.



Dedication

This thesis is dedicated to my family, whose unwavering love and support have been my
foundation. To my husband, Mr. Clint N. O. Okeyo, my mother, Mrs. Otsilegape Seanneng,
my sister, Phenyo N. C. Seanneng, and my grandmother, Ntesang Keitebetse, | express my
deepest gratitude for your care and encouragement which have been my constant source of

strength.

To my daughter Komie Botshelo Thelma Okeyo whom | love. | express my deepest gratitude

for your presence in my life. Thank you for the motivation to keep going.



Acknowledgements

I would like to extend my gratitude to the Department of Tertiary Education Financing
Botswana for sponsoring my PhD. | also extend my thanks to my dear friend, Mbabi Tema, for
her support throughout this journey. | also extend my gratitude to Dr Gwilherm Kerherve , Ms
Patricia Carry, Mr Andrew C. Macey, Dr Umang V. Shah and Dr James |. Campbell for their
assistance during this PhD and offering me training on various analytical techniques some of
which are used in this thesis. Finally, | am grateful to my supervisor, Prof. Jerry Heng, for his

invaluable guidance and support during my PhD.



Table of contents

Declaration of Originality ...........cc.ooviviiiiiii e, i
Copyright Declaration..............cccoviiiii e i
ADSIIACT ... e ii
DedIiCAtiON ...ceeieieee e \Y
Acknowledgements ..o Y
List Of FIQUIES .. .o X
LiSt Of TABIES ... XiX
NOMENCIALUIE .. ..o XXI
ADBDIreviations .......oveiei XXiil
Chapter 1 Introduction..............cooiiiii e 1
1.1 LILErature REVIEW........oeeieeeeeee et e e e e e eans 4
1.1.1 Fatberg FOrmation............ooo e 4
182 SHICA 1.ttt 6
1.1.3 Quartz Crystal Microbalance with Dissipation..............cccccoieiiiiiiiii 14
1.1.4 Adsorption kinetics on QCM-D ........coooiiiiiiiie 19

P PR 37 Yo £ ] T o PRSPPI 21

1.2 Chemistry of fats @nd OIS ..........oooiiiiiiii e 31
LIRS O] o 1o [UE=] o] 1= 33

Vi



Chapter 2 Investigating adsorption of palmitic acid using Quartz

crystal Microbalance with Dissipation ...........ccccooovvviiiiiinnnne, 35
2.0 ADSIIACT ... e e e e 35
2.2 INTFOTUCTION. ...ttt e e e e ettt e e e e e e st n e e e e e e e aaaaa 35

2.2.1 Review Of LIErature ... 37
2.3 Materials and Methods ... 39
2.3.2 Adsorption of palmitic acid using QCM-D ... 39
2.3.3 Characterization by XPS ... 40
2.3.4 Statistical ANAIYSIS .....cuuuuiiiiieii e a e aaaaa 42
2.4 Results and DISCUSSION ..........coiiiiiiiiiiiiiiiiiiiiieeeeee ettt 43
2. 4.1 QCM-D..ceeee e n e e e enna e e anreeeenneas 43
2.4.2 Xray photoelectron Spectroscopy of Palmitic acid adsorption.............................. 61
2.5 CONCIUSIONS ...t 74

Chapter 3 Investigating adsorption Kinetics of Oleic and Linoleic

acid using Quartz crystal Microbalance with Dissipation ........ 76
ST ADSIIACT ... e e e 76
3.2 INTrOTUCTION.....ceeeeieee e e e e e e e e e e e e e e e e e e aaas 76

3.2.1 Materials and Methods ............ooiiiiiiiiiii e 77
3.2.2 Results and DiSCUSSION ........ceuiiiiiiiiiiiiiiiie et 81
3.3 CONCIUSION. ...ttt ettt e e e e e e e e e e e e e e e e eeeeeeaaaas 116

Vii



Chapter 4 Investigation of Palmitic acid, Oleic Acid and Linoleic

adsorption using QCMD: effect of sequencing...................... 117
41 ADSIFACE ... 117
4.2 INTrOAUCTION. ... e e e e s e e e e e e e ens 117

4.2.1 Materials and Methods ..o 118
4.2.2 Results and DiSCUSSION ..........cuuiiiiiiiiie e 121
4.3 CONCIUSIONS ...ttt et e e e e e e e e s e e e e e senneeaens 155

USING QCM ..o 156
5.1 ADSIraCt ... 156
5.2 INTrOUCTION. ..o 156

5.2.1 Materials and MethOdS ...........uuuiiiiiiiiiiiii e 158
5.2.2 Results @nd DiSCUSSION .........uuuuuuiiiiiiiiiiiiiiiiiiiiie e 162
5.2.3 CONCIUSION ...ttt 181

Chapter 7 Main conclusion.............ccccoeeeiiiiiiiiie e, 183

Chapter 6 Further Work ..........cooiiiiiiiiiieeeeeee e, 185
6.1 SPIN COAtING ....ciiiiiiiiii e 186
6.2 Proof of CONCEPL ......cooiiiiiii 187

6.2.1 Experimental Methods ... 188
B.2.2 QCM-D ... a e e e e anees 190
6.2.3 Results and DiSCUSSION .........uuuiiiiiiiiiiiiiiee et 191

viii



Chapter 7 References .........cooeeiiiiiiiiiiiie e 198

Chapter 8 AppendiCes........ccoovuiiiiiiiiiiieeee e, 220
8.1 Appendix for Chapter 3. e 220
8.1.1 OlEIC ACIT ...ttt e e 220
8.1.2 ATUMINIUM OXIAE .....eeeiiieiiiiitee et e e e e e 223
S IR T o =Y o o ORI 225
8.1.4 SHlICON DIOXIAE .....eeeieiiiieie ettt e e et e e e e e nr e e e e nees 226
8.1.5 AlUMINIUM OXIAE ....ceeiiiiiiieiiiieii ettt e e e e e e e e snnae e e e anees 227
8.2 Appendix for Chapler 4. e 228
8.2.1 Raw data for Sequencing EXperiments ..........cccoooeiiiiiiiiiiiiii e 228
8.2.2 Effect of sequencing : Mass AdSorbed ...........oooooieiiiiiiiii 236
8.3 AppendiX for Chapler 5... ... 244
8.3.1 PalMIitiC ACIH ...t e e 244
8.3.2 OlEIC ACIA. ....eeieeiiiiiee ettt e e e et r e e e e e eee e nees 245
8.3.3 LINOIBIC ACIT ...ttt ettt e et e et a e 246
Copyright Permission Table. ... 249



List of Figures

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

(Seanneng, 2025) photo taken outside a local supermarket............ccooovvviiiiiiiii e 2

Figure 1.2 Mechanism by which Fatbergs are formed. Reprinted with permission from (He et

Figure 1.3 shows the sequential addition method for synthesis of silica. Reprinted from (Rao
B AL, 20008 .. i e a e e e e e e e e aaaaaaaaas 7

Figure 1.4 The variation of particle size with change in ammonia/ethanol ratio. Reproduced
from (Zulfigar et al., 2016) ........oooiiiiiiii e aaaeeaaaa 9

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

different temperatures. Reproduced from (Li et al., 2016) .........ccccoeeiiiiiiiiiiiiiiin e, 10

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

temperatures. Reproduced from (Li et al., 2016) ........ccooiimiiiiiiiii e 11

Figure 1.7 shows effect of increasing concentration of ammonia on the particle size. Reprinted
from (R0 €t @l., 2005). ...ceeiieiiiiiiieeeeeeeee et 12

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

Figure 1.9 shows frequency and dissipation shifts when a mass is applied onto a quartz
sensor. Adapted from (Biolin Scientific, 2020). .........coooiiiiiiii 14

Figure 1.10 shows different shapes of quartz sensors. Reproduced from (Anderson et al.,
20007 ). e e e e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaas 15

Figure 1.11 shows the average frequency response for circular and rectangular quartz

sensors. Reproduced from (Anderson et al., 2007). ........ccooiiiiiiiiiiiieeeeeee e 16

Figure 1.12 shows proposed mechanisms by which adsorption occurred for the fatty acids
under test. Adapted from (Lundgren et al., 2007). .......cc.uuiiiiiiiiiiii e 21

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



Figure 1.14 Shows different types of isotherms. Reproduced from (Butt et al., 2003) ......... 23

Figure 1.15 shows the binding isotherm for polymer Ethyl adenine-9-acetate. Reproduced
from (Umpleby Il et al., 20071 ) ....ccoiiiiiiiiiiiiiiieeie e 24

Figure 1.16 Shows the Langmuir adsorption model. Reprinted from (Butt et al., 2003). ...... 25

Figure 1.17 shows the results adsorption of lauric acid (e) , stearic acid (A), palmitic acid (#),
myristic acid (¢) and capric acid (o) q (m/g) is the amount of adsorbate adsorbed (mg/g) of

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

12010 PRSP 26
Figure 1.18 Shows BET multilayer adsorption. Reprinted from (Wang & Guo, 2020).......... 27
Figure 2.1 Shows the structure of Palmitic acid. ... 37

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

UTY (0] (= = (o < TP 40

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 AF (blue line) and AD (red line) before addition of

ethanol (1) during addition of ethanol (2) and after the addition of palmitic acid (3). ............ 43

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............... 46

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

Figure 2.6 Adsorbed mass obtained from DFind SmartFit. ... 50
Figure 2.7 Frequency and dissipation shift at the 3™ overtone for palmitic acid adsorption.. 51
Figure 2.8 PSO models for palmitic acid adsorption on different surfaces. ..........ccccccoco...... 53

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
Do) (o = TP TP P PP PP PSP PPPPPPPPPPPP 55

Xi



Figure 2.10 Linearized plot for modelling pseudo-first-order kinetics for adsorption of Palmitic

acid onto Aluminium Oxide at different concentrations. .........oooveve i i 57

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.................... 57

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................... 58

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 2.14 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. ............ 61

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
<1 = o ) PSS 62

Figure 2.16 Full XPS Spectrum for unused QSX 303 SiO, from Qsense (a) O1s (b) C1s and

Figure 2.18 Results of aluminium oxide substrate sensor after 125mg/ml palmitic acid has

DEEN AASOMDEA. ... 67
Figure 2.19 XPS Spectra of polystyrene (a) Survey (b) O1s (C) C1S ..covvvvvviviiiiiiiiiiiiiiiieeee 69
Figure 2.20 shows 125mg/ml palmitic acid ss on polystyrene. ........cccccccevvvieiiiiiiiiiiiiiieennne. 71
Figure 2.21 Atomic % of C1s on different substrate sensors .........cccccccvvvvveiiiiiiiiiiiiiiiiieinnne. 73
Figure 2.22 Atomic % of O1s on different substrate sensors. ............ccccccoiiiiiiiiiiiiis 73
Figure 3.1 structure of oleic acid and linoleic acid ...............ccoiiiiiiiiiiiiiie e 77

Figure 3.2 shows adsorption isotherm of oleic acid adsorbing onto different substrate sensors.

Xii



Figure 3.3 shows adsorption isotherm of linoleic acid adsorbing onto different substrate

oY= 11T 5= T TP 83

Figure 3.4 Pseudo-second-order adsorption kinetics of linoleic acid onto Aluminium Oxide at

different initial CONCENITAtIONS. ... ..o e eens 84

Figure 3.5 Pseudo-second-order adsorption kinetics of linoleic acid onto Silicon Dioxide at

different initial CoONCENTIAtIONS. ... coe i 85

Figure 3.6 Pseudo-second-order kinetics of Linoleic acid on Polystyrene at various initial

(oo ] aToT=] 011 =1 (0] 1T 85

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. .........ccccoooiiiiiiiiiiiin e, 86

Figure 3.8 Plot of the adsorption capacity versus time for effect of concentration on the

adsorption kinetics of linoleic acid onto Silicon dioxide.............ccccooiiiiiiiiiiiiiii . 87

Figure 3.9 Plot of the adsorption capacity versus time for effect of concentration on the

adsorption kinetics of linoleic acid onto Polystyrene. ... 88

Figure 3.10 Pseudo second order rate constant of linoleic acid adsorption at different

(o0 lo1=) 011 = L 1[0] o - TH TR P RPN 89

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.90

Figure 3.12 Adsorption kinetics (PSO) of Oleic acid on Aluminium Oxide at different

concentrations from experimental data.............ooooeiiiiii s 91

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. .................... 93
Figure 3.14 Adsorption kinetics (PSO) of Oleic acid on Silicon Dioxide. ............cccccvveeeeeenne. 95

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. .............. 96
Figure 3.16 Adsorption kinetics (PSO) of Oleic acid on Polystyrene..............ccccovveeeiiiinnnns 97

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. .... 98
Xiii



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. .. 99

Figure 3.19 Pseudo second order rate constant (Oleic acid) at different concentrations on the

TNrEE SUDSIIAtE SENSOIS. . ..o 100

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. ..o 101

Figure 3.21 Survey spectra of 25mg/ml and 125mg/ml oleic acid adsorbed on polystyrene.

Figure 3.26 Deconvolution of O1s , C1s and Si2p scans and of aluminium oxide substrate

sensor at 125mg/ml oleic acid adsorption. .........coooioiiiiii 109

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. .....uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeneeeneeennnennes 111

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. ......cc.uuveiiiiiiiiiiiiiiiieeeee e 112

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. .....cccoeeeeeeeiiieieiieeeeeeeeeeeeeeeeeeeeeeee 113

Figure 3.30 C1s region of linoleic acid adsorbed onto different materials. ........................ 114

Xiv



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. 115

Figure 4.1 Oleic acid Linoleic acid and Palmitic acid injection sequence on a Polystyrene

YU = L (oY1= A 1T ] (TR 120

Figure 4.2 Shows AF for sequential addition tests of FFA on Polystyrene sensor substrate.

Figure 4.3 shows total mass adsorbed on Polystyrene sensor substrate at the end of each

L2 (o T=T 4T 0= o | S 123

Figure 4.4 shows the total change in frequency of sequential addition of FFA onto Silicon
Do) (Lo = S SOSPRERRP 124

Figure 4.5 shows the total mass adsorbed due to sequential addition of FFA onto Silicon
19T ) (o[- P 125

Figure 4.6 Shows sequencing of Linoleic acid Palmitic acid and Oleic acid QCMD experimental
LTS U USRS 127

Figure 4.7 shows AF for sequential addition of FFA onto Aluminium Oxide....................... 128

Figure 4.8 Total mass adsorbed due to sequential addition of FFA onto Aluminium Oxide.

Figure 4.9 shows Changes in dissipation energy for LPO. ..........ccoovviiiiiiiiiiiiiiiiiiiiiiiiiieee, 130

Figure 4.10 shows frequency and dissipation over different harmonics for sequence LPO.

Figure 4.12 Viscosity changes of the sequences LPO and OPL as calculated by Voight. . 135

Figure 4.13(A) and (B) show the Voigt thickness of the adlayer for sequence LPO and OPL

XV



Figure 4.14 Total thickness of FFA adsorbed calculated as the average shift of the last period
i.e. fatty @Cid @dded. ...........uuiiiiiiiii e 138

Figure 4.15 shows Sauerbrey mass for LPO and OPL. ..., 139

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

ATEEI ANAIYSIS. ...oeiiiei e 140
Figure 4.17 Raman microscope image of sequence POL on Silicon dioxide surface ........ 140
Figure 4.18 Raman spectra for adsorbed sequences on silicon dioxide sensor................. 141
Figure 4.19 Raman Spectra of Palmitic Acid with those of the sequencing tests............... 143
Figure 4.20 Raman shift sequencing plots on Aluminium oxide sensor substrates............ 143
Figure 4.21 shows the Raman microscope image sequence POL.............cccccoeeeeiiiiiiniinn, 144
Figure 4.22 shows the Raman microscope image sequence LPO.............cccccceeeeiiiiinniinn, 144
Figure 4.23 shows the Raman microscope image sequence OPL..........ccccccvvvvvvivveeeennnnne. 145

Figure 4.24 shows the Raman spectra between 1400 and 1500cm™ in sequence LOP. ... 146

Figure 4.25 shows the number of peaks fitted for LOP.............ooociiiiiiiiiiiiiis 148
Figure 4.26 shows Intensity of Raman peaks for sequence LOP.............ccccevviiiiiiiieenenn, 148
Figure 4.27 shows the number of peaks fitted for LPO..............ccciiiiiiiiiiiis 150
Figure 4.28 shows the number of peaks fitted for OLP..............cccciiiiiiiiiiiiii, 151
Figure 4.29 shows the number of peaks fitted for OPL.............ooocoiiiiiiiiiiiiiiee, 152
Figure 4.30 shows the number of peaks fitted for POL..............cccoiiiiiiiiiiiiiiiees 153

Figure 4.31 shows FTIR spectrum from sequencing tests on polystyrene substrate sensor.

......................................................................................................................................... 154
Figure 5.1 shows the QCMD setup for temperature experiments. ...........ccccccvvveveviiiiinennnnen. 160
Figure 5.2 shows copper and tinned copper inserts used as secondary surface. .............. 161

XVi



Figure 5.3 Shows the effect of pH on the thickness of the fatty acid layer adsorbed onto Gold.

Figure 5.4 Effect of pH on Dissipation for adsorption onto gold substrate sensors. ........... 165

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 ............ccooooiiiiiiiiiiiii e 167
Figure 5.6 Rate of palmitic acid adsorbed at different pH. ..........cccccccoiiiiiiiiii 168
Figure 5.7 Rate of adsorption of Oleic acid on Gold at different pH. ...........cccccccceeei. 169
Figure 5.8 Rate of adsorption of Linoleic acid on Gold at different pH. .............................. 170
Figure 5.9 Rate of adsorption of Palmitic acid on Gold at different pH values ................... 170
Figure 5.10 Oleic acid on aluminium oxide (A) and silicon dioxide (B)............cccceeeeerrennnnn. 171
Figure 5.11 Effect of pH 3.75 ON FFA ..o 171

Figure 5.12 Effect of temperature on adsorption of 50mg/ml ss of fatty acid onto gold sensor

at 15°C (A) Palmitic Acid (B) Oleic Acid (C) Linoleic ACId........cccoeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeee 173
Figure 5.13 Shows influence of temperature on AF (Hz) of FFA. ... 174
Figure 5.14 Effect of temperature on ADissipation (ppm) of FFA..........cooiiiiiiiiii e, 174

Figure 5.15 Endothermic reaction as calculated by Van't Hoffs equation FFA adsorption on
[CTo] (o FRU ORI 176

Figure 5.16 Effect of inserts on palmitic acid adsorption [A] Frequency (Hz), [B] Dissipation
0] 0 0 ) 178

Figure 5.17 Effect of inserts on adsorption of oleic acid. .............ccccvviviiiiiiiiiiiiiiis 179

Figure 5.18 Effect of inserts on adsorption of linoleic acid. [A] Frequency (Hz), [B] Dissipation
0] 0 0 ) 180

Figure 6.1 Spin coating of particles with different functional groups on quartz sensors. .... 187

Figure 6.2 Procedure for synthesis of silica nanoparticles using the Stober method. ........ 190

XVii



Figure 6.3 shows the Scanning Electron Microscopy image of silica made at 0.81M of

ammONIUM-NYArOXiAE(28%0) ..o 192

Figure 6.4 A histogram of the particle size distribution of silica made at 0.81M of ammonium-
NYAFOXIAE(2890) ..ttt 193

Figure 6.5 Scanning Electron Microscopy image of silica made at 1.66M of ammonium-
RYArOXIAE(28Y0) ...ttt e e as 194

Figure 6.6 A histogram of the particle size distribution of silica made at 1.66M of ammonium-
()0 o) (Lo L= (22 T 195

Figure 6.7 shows the QCM output for adsorption of Octadecane .........cccccceevvevvvvvvveennnnnnn. 197

Figure 6.8 shows the adsorption behaviour of Octadecane when melted then cooled and the

ProCESS FEPEALEA. .....e i e e e e e 197

Xviii



List of Tables

Table 1.1 shows different types of adsorbents. Reproduced from (Dabrowski, 2001) ......... 22
Table 1.2 shows other techniques that can support the study of the kinetics of adsorption. 28
Table 1.3 shows examples of common fatty acids. Reproduced from (Wittcoff et al., 2012) 31
Table 2.1 Acoustic Ratio for palmitic acid adsorption at concentration of 150mg/ml............ 45
Table 2.2 Standard deviation of AF presented as error bars in Figure 2.4........................... 46

Table 2.3 Mass and thickness of Palmitic acid onto Silicon dioxide calculated using Dfind

SmartFit model and based on the 3™ to 7 OVErtoNe. .......oooveee oo 49

Table 2.4 Mass and thickness of Palmitic acid on Aluminium Oxide based on the 3™ to 7

[0}V =Ty (o] o [T PP U P PP TP PPTPPRPPRPPP 49
Table 2.5 Equilibrium rate constant for Al2Os.........oiiiiiiiiiiiicii e, 54
Table 2.6 Equilibrium rate constant for Silicon dioxide ..., 54
Table 2.7 Equilibrium rate constant for Polystyrene ............ccccco 55
Table 2.8 Equilibrium rate constant and R? .............ocoueeiiiieicie e 59
Table 2.9 XPS Binding energy assignment of C1s..........cccooiiiii 68

Table 2.10 XPS Binding energy assignment for polystyrene following palmitic acid adsorption

Table 3.1 R? values for different plots of t/q:vs time for pseudo second order equation for
I oo ] (=T (o3 AN (o RSP 84

Table 3.2 shows R? values for the different plots of t/q: vs time for the pseudo second order

equAation fOr OlEIC ACIH. .....ooiiieii et a e e e e aar s 100
Table 4.1 Shows proportions used to make Oleic Acid stock solutions. ...........ccccceeeeee. 118
Table 4.2 Shows proportions used to make Linoleic Acid stock solutions.......................... 118
Table 4.3 Shows proportions used to make Palmitic Acid stock solutions. ........................ 119

XiX



Table 4.4 shows configuration settings for LPO on D-find. ..., 131
Table 4.5 K values calculated from the slope of AD /AF at the 3™ overtone....................... 134

Table 4.6 Total Viscosity of Adsorbed layer calculated using the average viscosity of shift of
the last fatty acid added. ... 135

Table 4.7 Total thickness of adsorbed layer calculated by Sauerbrey equation at the 3™

(o) =T (o] o 1T OO PP PP PPPPPPR 139
Table 4.8 Show deconvolution of bands between 2600 cm™ and 3100 cm™ for LOP. ....... 149
Table 4.9 Show deconvolution of bands between 2600 cm™ and 3100 cm™ for LPO. ....... 150
Table 4.10 Show deconvolution of bands between 2600 cm™ and 3100 cm™' for OLP ...... 151
Table 4.11 Show deconvolution of bands between 2600 cm™ and 3100 cm™' for OPL. ..... 152
Table 4.12 Show deconvolution of bands between 2600 cm™ and 3100 cm™' for POL. ..... 153
Table 5.1 Shows the pH ranges tested forthe FFA. ... 159

Table 5.2 shows contact angle measurements after adsorption of FFA using QCM at pH 3.75

......................................................................................................................................... 171
Table 5.3 Thermodynamic parameters for FFA on Gold............ccoovviiiiiiiiiiiiecee e, 175
Table 6.1Shows the material and Equipment list needed for Experiments ........................ 189
Table 6.2 shows the amounts of each regent used in the experiment ............................... 190
Table 6.3 shows the statistical output from Minitab of the SEM images ............................ 195

XX



Nomenclature

Aq Area of the sensor

Zioad Load on the sensor

Zq Impedence on the sensor

fo Fundamental resonance frequency
kq, ko Rate constants

qe Amount of adsorbate adsorbed at equilibrium
q: Amount of adsorbate adsorbed at time t
7o Decay time

AD Dissipation Change

AF Frequency Change

AG Change in the Gibbs free energy
AH Enthalpy Change

Am Adsorbed mass,

AS° Change in Entropy

aandm 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

XXi



n Overtone /harmonic number

QCM Quartz crystal microbalance

QCM-D Quartz crystal microbalance with dissipation
R? Correlation Coefficient

T Temperature

t time

Af Complex frequency shift sensor

AT Energy loss due to dampening

D The dissipation factor

f Resonance frequency

m Mass of sample

p Density of the sensor

v Shear wave velocity in the quartz sensor
1) Angular frequency

XXii



Abbreviations

AFM
ATR
FFA
FOG
FTIR
FWHM

IPA

P, PA
PFO
PSO
QCM
QCM-D
SEM
SS

XPS

Atomic Force Microscopy

Attenuated Total Reflectance

Free fatty acids

Fats oils and grease

Fourier transform infrared spectroscopy
Full width half maximum

Isopropyl alcohol

Linoleic Acid

Oleic Acid

Palmitic Acid

Pseudo first order

Pseudo second order

Quartz crystal microbalance

Quartz crystal microbalance with dissipation
Scanning electron microscopy

Stock solutions

Xray photoelectron spectroscopy

XXiii



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; lasmin 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 (lasmin 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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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
S;—(OR),+ H20 = S; — (OH), + 4R — OH
Equationl1.1
Condensation
Equation1.2
Ethanol + water
1= Step: After 10 min, THOS was added
Ultrasonication
l. Hydrolysis 2 Step: After 20 min, 28% NH.OH
2. Polymerization was added dropwise

(condensation)

White turbid suspension

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
(Zulfigar 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 (Zulfigar
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. Zulfigar 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
8



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 (Zulfigar 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.
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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 130°C, the pore structure is well ordered. This is
also observed at 150°C, 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 130°C and again at 150°C. These peaks are weak at 130°C and at 180°C,
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).
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different temperatures. Reproduced from (Li et al, 2016)
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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
Zulfigar 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.

11
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Methods that can be used for synthesis of silica nanoparticles are as shown in Figure 1.8.

1. Stober Method

Alcohol
Ammonia Optional
Water Calcination
TEOS — | —
Mixing ? Heating
2. Mesoporous Particles '
0
Alcohol £ 80 -
_ 0000, .
Ammonia ‘go 9 200, Calcination/
TEOS + Water ; [#] Dissolution
—_— —_—
CTAB/Polymer Mixing 00 00T Heating/
Mixing
3. Hollow/Core Shell Particles
Ammonia/HCI Calcination/
TEOS + Water/PBS Dissolution
Polyelectrolye + =i e
Template/Core Mixing Heating/
Mixing
4. Shaped Particles
Ammonia/HCI Calcination/
TEOS + Water/PBS Dissolution
Excess Surfactant/ = e—
Shaped Template/ Mixing Heating/
Mixing
5. Etched Particles Hydrothermal
y - Treatment/
Ammonia/HCl -
TEOS + Water/PBS | " Borohydride
Polyelectrolye + =i | ——
Optional Core Mixing Heating/
Mixing

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

2014).
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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).
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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.
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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:

2f2Am t,A A CA
Af:_f OrAm:_pqqf:_pququ:_ f
+/ pvA fon 2fo"n n

Equation1.3

Where: f is the resonance frequency, m is mass of sample, p is the density of the sensor,
v shear wave velocity in the quartz sensor, A is the electrode area. Am is the adsorbed mass,
C is the mass sensitivity constant is 17.7 ng cm~2Hz~? when the fundamental resonance
frequency, f, = 5H; 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:

Af Af+iAl i ,

Equationi.4

Where Af is the complex frequency shift made of Af the real part (stored energy with the
sensor) and the imaginary part (energy loss due to dampening) is represented by Al'. 4, is
the area of the sensor, Z, the impedence on the sensor, Z,,, 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:

AD,,
T

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. AD,, is the
dissipation change at nth overtone and Af, 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 AD,,/(—Af,/n) < 4 x107 Hz"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 | AD, /Af,,| > 1x108 HZ .

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 26MHz 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:

1 _ 2 or D = Edissipation
nfOTO WTg 2T Estorea

Equation1.6
Where:
fo=resonance frequency, t,= decay time, w= 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).

20



o] Monolayeradsorption 5 Multilayer adsorption
8 E

o 0

2] 7]

o ge!

< <

E = ) }}}
3 S

o 0o

< <

Concentration Concentration

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 (0) complexes (Yamauchi et al., 2022).
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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 (Dabrowski, 2001)

Carbon adsorbents Mineral adsorbents Other adsorbents
Active carbons Silica gels Synthetic polymers
Activated carbon fibres Activated alumina Composite adsorbents:
Carbon molecular sieves Oxides of metals (complex mineral carbons,
Mesocarbon microbeads Hydroxides of metals X-elutrilithe; X = Zn, Ca)
Fullerenes Zeolites
Heterofullerenes Clay minerals Mixed sorbents
Carbonaceous nanomaterials Pillared clays Metal organic frameworks
Porous clay IMOF)
hetero-structures
(PCHs)

Inorganic nanomaterials

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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Adsorption
Adsorbent + Adsorbate = Adsorption
Desorption

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.
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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 Il et al., 2001).

The equation below describes the isotherm:
B =aF™
FEquation1.8
(Umpleby Il 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.

505 _ -
B = 19.029F0.531 loghB = 0.531logF + 1.279
40 - R? =0.991 |,5_| R? =0.991
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g 30— = 1 <
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Figure 1.15 shows the binding isotherm for polymer Ethyl adenine-9-acetate. Reproduced from
(Umpleby Il 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 Il 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).

O ® O
Q e

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

_ K4]
Q= Qmaxm

Equation1.9
(Liu, 2006)

The equation above the Langmuir equation. Where Q is the adsorption capacity, Qmax the
maximum adsorption capacity, Kis the equilibrium constant and [A] is the molar concentration

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

AGoadS = —RTanA

Equation1.10

(Bayrak, 2006)
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AG° .4, 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.

30

gimg/z)
o
|

X, (mg)

Figure 1.17 shows the results adsorption of lauric acid (®), stearic acid (A1), palmitic acid (¥),

myristic acid (0) and capric acid (0) q (m/g) is the amount of adsorbate adsorbed (mg/g) of

adsorbent and x. (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 _ 1 4 (c — 1)
q—x  gqme " \gme)”
Equation1.11

(Rangabhashiyam et al., 2014)

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

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

O Adsorbate

Adsorbent

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

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
Atomic Force force measurements between the stylus probe and the surface
Microscopy 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).

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
Scanning Electron about the topography and composition of the sample under test
Microscopy (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 It is a technique used to identify chemical properties of materials
Infrared Spectroscopy | (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 3ds 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.qg. it is about
7.5um for Physical Electronics, Inc XPS instruments Physical
Electronics Inc (2020) and 10 ym for Thermo Scientific Nexsa
Surface Analysis System (Thermo Fisher Scientific Inc, 2006).
Another source stated that the lateral resolution is between 5-50
pm (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 ftransition 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).

30




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 (Wittcoffet al, 2012)

Formula Trivial Name Melting Point | Double-Bond Source
(°C) Position and

Stereochemistry

n-C13H23COOH Lauric acid 442 Coconut oil,

palm kernel oil

n-C43H27COOH Myristic acid 53.9 Coconut oil,

palm kernel oil

n-C4sH31COOH Palmitic acid 63.1 Most
vegetable oils
and animal

fats

n-C417H35COOH Stearic acid 69.6 Most
vegetable oils
and animal

fats

n-C47H33COOH Oleic acid @ 16.0 cis-9 Most
vegetable oils
and animal
fats (olives,
nuts, beans,
tall oil)
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acid

10, cis-13, cis-
16, cis-19

n-C47H31COOH Linoleic acid @ -9.5 cis-9, cis-12 Tall oil, most
vegetable oils
(safflower,
sunflower,
soy)
n-C17H29COOH a-Linoleic acid @ -11.3 cis-9, cis-12, Linseed oil
cis-15
n-C17H29COOH y-Linoleic acid cis-6, cis-9, cis- | Evening
12 primrose oil
n-C17H29COOH o-Eleostearic 48.5 cis-9, trans-11, | Tung oll
acid trans-13
n-C17H29COOH B- Eleostearic 71.5 trans-9, trans- Tung oil
acid 11, trans-13
n- Ricinoleic acid @ 5.0 cis-9 Castor oil
C17H32(OH)COOH
n-C19H29COOH Eicosapentaenoic cis-5, cis-8, cis- | Fish oil
acid 11, cis-14, cis-
17
Nn-C+19H29COOH Arachidonic acid | -49.5 cis-5, cis-8, cis- | Animal fats
11, cis-14 and organs
n-C21H41COOH Erucic acid 33.5 cis-13 Rapeseed
(canola oil)
n-C21H31COOH Docosahexaenoic | 22.6 cis-4, cis-7, cis- | Fish oll

a0Oleic acid : CH3(CHz),CH=CH(CH;),COOH; Linoleic acid:
CH3(CH3)sCH=CHCH:CH=CH(CH),COOH; Linolenic acid:
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CHsCH:;CH=CHCH,CH=CHCH,CH=CH(CH.,),COOH; Ricinoleic acid:
CHs(CHz)sCH:CH(OH)CH:CH=CH(CHz),COOH.

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; lasmin 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; lasmin 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

36


https://www.sciencedirect.com/topics/materials-science/polyvinyl-chloride

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.
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Palmitic Acid

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 (AF) and dissipation (AD) 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 (Am) 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 1x107°, 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:
d

% = k1lqe — q¢]

EquationZ.1

When integrating for the boundary conditions g,= 0 at t=0 and q; = q; at t=t. The equation is

re-written as:
qr = qe(1 —e7Fat)
Equation2.2

Where q; is the amount of adsorbate adsorbed at time t and q, is the amount of adsorbate

adsorbed at equilibrium. k, is the rate constant and t is time.
The integrated and linearized form as given by Revellame et al. (2020) is:
In[ge — q¢] = —kqt + Ing,
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Equation2.3

The pseudo-second order rate expression is:

q; = qe’kat
t 1+ qekzt
EquationZ.4

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

t (1) 1
Lo(H)e+
qdt de k>qe?

Equation2.5

2.3 Materials and methods

2.3.1.1 Materials

The interactions between palmitic acid (299% 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 5SMHz quartz crystal coated with the three materials mentioned. Ethanol (299%)
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 OHz) 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 0.2x10%/h in air while
water these are <1.5Hz/h and <2x10®/h (Biolin Scientific, 2023; Easley et al., 2022). This was
measured at the 3, 5" and 7" 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.

| Palmitic acid layer

on sensor

Chamber platform
and batch module

Interface and
electronics unit

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
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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). Epinging
represents the energy of electrons that are attracted to the nucleus of an atom, Ej, is the
energy of X-ray photons for the specific equipment being used, ¢ is the work function of the
equipment which is the minimum amount of energy needed for electrons to be ejected from
the surface. The Eyinetic 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).
Epindging = Env — (Exinetic + @)
(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 x 10~7 mbar. The pressure in the analysis window
was below 8 x 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 400pm. The smallest

that could be used was 30um. 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 AF 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 R? analysis was performed to
assess how well the model (PFO and PSO) fit experimental data. For R?= 0, there was no
correlation, R? 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
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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/mi. The plots show AF (blue line) and AD (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 Ohz 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. AF was about 380Hz and
AD 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 AF and AD. 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 AF of 72.09Hz was recorded for the polystyrene for the same
step with both frequency and dissipation remaining stable thereafter. The maximum AF

recorder for the aluminium oxide sensor was 64.31Hz which continued to reduce until AF for
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this step was 54.34Hz by the end of the experiment. AD 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 AD./(-AF,) 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 x107 Hz" 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, | have used XPS to analyse the surfaces to

gain more clarity.
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Adsorption of Palmitic Acid onto Different Surfaces Using QCMD
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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 AF presented as error bars in Figure 2.4.

Concentration Silicon Dioxide Aluminium Oxide Polystyrene
(Standard deviation) | (Standard deviation) | (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
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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 AD > 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 x107 Hz'. The experimental results
also showed that AD >1x10¢. This also reinforces that viscoelastic modelling must be used
as AD > 1x10%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 AF 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 3 to 74 overtone.

Concentration (mg/ml) Voight mass (ng/cm?) 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 3 to 7%

overtone.
Concentration (mg/ml) Voight mass (ng/cm?) 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, AF 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 AF 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
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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 uL/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.
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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 & Cardenas (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.
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Figure 2.7 Frequency and dissipation shift at the 3 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 R? > 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
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Figure 2.8 PSO models for palmitic acid adsorption on difterent 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 k. 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 R? 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 R? 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 Al>0;.

Aluminium Oxide

Concentration 25 50 100 125 150
(mg/ml)

Qe (mg/mi) 65.36 107.53 185.19 294.12 384.62
K2(mg.sec) 6.38 6.00 5.34 4.62 4.15

(x 10™%)
R? 0.9918 0.9972 0.9995 0.9992 0.999
Table 2.6 Equilibrium rate constant for Silicon dioxide
Silicon Dioxide

Concentration | 25 50 100 125 150
(mg/ml)

e (mg/mi) 47.39 133.33 181.82 212.77 333.33
K2 (mg.sec) 468x 1073 | 700x107™* | 7.80x10™* | 574 x10™* 214 x 107%
R? 0.9992 0.9988 0.9999 1 0.9941
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Table 2.7 Equilibrium rate constant for Polystyrene

Polystyrene

Concentration | 25 50 100 125 150

(mg/ml)

e (mg/mi) 51.55 120.48 227.27 277.78 454 .55

k2 (mg.sec) 7.15 7.78 4.61 3.12 1.62
(x107™%)

R? 0.9989 0.9993 0.9995 0.999 0.9987

PSO Sorption Capacity at Equilibrium of Palmitic Acid on
Different Materials and Concentrations
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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 ge 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
R? values of PSO suggest that this is a good model fit. Statistical analysis showed that P <
0.05 for the mean of ge 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 ge and k; as in the PSO model where k; the rate constant was found
by plotting In[ge-qi] vs time (sec) and plotting the line of best fit and finding the trend line. k;
and ge were calculated by ki= -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 R? was determined to be
< 0.9 (Table 2.8). The values of R? 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=q: 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 ge (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.
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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 R?

Sensor Concentration K1 R?
(mg/ml)
25 7.60E-03 0.7592
50 9.00E-03 0.7742
75 7.70E-03 0.7889
Aluminium Oxide 100 1.04E-02 0.7870
125 9.20E-03 0.6862
150 1.24E-02 0.6397
25 1.16E-02 0.5919
50 9.80E-03 0.8958
75 1.07E-02 0.8238
Silicon Dioxide 100 1.21E-02 0.8644
125 1.07E-02 0.8507
150 7.70E-03 0.6560
25 7.80E-03 0.8896
50 1.00E-02 0.7858
75 7.90E-03 0.8501
Polystyrene 100 1.06E-02 0.7831
125 1.03E-02 0.7835
150 8.20E-03 0.7986
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PFO Sorption Capacity at Equilibrium of Palmitic Acid on

Different Materials and Concentrations
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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 R? was less than 0.9, the estimation of the mass of palmitic acid at
equilibrium by this fit was unreliable. Figure 2.9 for ge 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
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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.
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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.

smesas
N a

s : i &
smesns i
z‘n:m;J/J/]f
1.00E405 J"‘,/\ )
ame

m me nm e e W se am we m  w o

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.
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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 SiO, 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.
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2.4.2.1.1 New Silica sensor

Q1s Scan

C1s Scan
1.20E+05 5000
1.10E+05 /\
1.00E+05 7000 " N
QO1s Si0:
- 9.00E+04 = Cis C
* 8 00E+04 X 000
2 (a) “ (b)
3 7.00E+04 k=
in o
¥ 6.00E+04 © 5000
» w
~ 5.00E+04 =
@ £
5 4.00E+04 3 4000
8 © C1s C
3.00E+04
2. 00E+04 2000
1.00E+04
2000
0.00E+00 208 206 204 202 200 288 286 284 282 280
544 542 540 538 536 534 532 530 528 526 Binding Energy (V)
Binding Energy (eV)
Si2p Scan
260E+04
2.40E+04 (\
2. 20E+04
2.00E+04
Y 1.80E+04
o
T 160E+04
k=]
2 1.40E+04
i’
~ 120E+04
®
2 100E+04
C
3 800E+03
6.00E+03
4.00E+03
2.00E+03
0.00E+00

110 109 108 107 106 105 104 103 102 101 100 99 98 97 96
Binding Energy (eV)

Figure 2.16 Full XPS Spectrum for unused QSX 303 SiO: from Qsense (a) O1s (b) C1s and (c)
SiZp

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 (SiO-) respectively. While the O1s spectra had one peak at
532.63 eV which was assigned SiOz 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.
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2.4.2.1.2 XPS spectra for Palmitic acid adsorption on SiO2
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Figure 2.17 XPS Spectra following palmitic acid adsorption onto SiO:sensor (a) C1s (b) O1s (c)
SiZp
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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 AF 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 AF was not because of adsorption measured using QCMD on SiO-.
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. SiO; 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.
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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=0 and SiO- 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=0 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 SiC
284.50 C-C
284.86 C-C
286.61 C-0-C
289.07 COO-
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2.4.2.3 XPS spectra of Polystyrene
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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
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in this work. The shake-up satellite (11-17%) 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.
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Figure 2.20 shows 125mg/ml palmitic acid ss on polystyrene.
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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=0 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=0 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 C-Si 0.87
284.51 C-C 0.81
285.07 C-O 0.8
289.03 0-C=0 0.97
O1s 531.85 C-O 1.13
532.66 SiO2 1.75
533.61 C=0 1.61
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2.4.2.4 Atomic Percentage
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Figure 2.21 Atomic % of C1s on difterent substrate sensors
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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 R?>0.997
for all surface involved in the adsorption of linoleic acid suggested that chemisorption was the
rate limiting step. R? > 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 77.7¢ £ 20 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.

0O
\/\/\/\/;/\/\/\)J\OH
Oleic Acid

O

/\/\/:WVV\)J\OH

Linoleic Acid

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 299% (GC) CAS: 112-80-1
and linoleic acid 299% 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 q=0 to
gi=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).

dq:

ar kzlqe — q:°
Equation3.1
_ qe’kot
e 1+ gkt
Equation3.2
t ( 1 ) - 1
A \Ge/  kaqe?
Equation3.3

The linear equation shows q: (ng/cm?) which is the areal mass density adsorbed at time t , ge
(ng/cm?) areal mass density at equilibrium , t (seconds) is time and k: is the pseudo second
order rate constant. The slope of t/q: was used to calculate g and k2 from the line of best fit

(Huang et al., 2018; Kumar, 2006). Given a straight-line equation y=mx+ ¢, ge was determined

by m™ and the rate constant k. by mTZ (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 AD>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

3 5" and 7" overtone to improve accuracy (Schonwalder et al., 2014).

Voight mass is given by :

Equation 3.4

Where Am is change in mass ,py is density of film , hs is film thickness

(Setiowati et al., 2021)

Af 1 (s n3\2 N’
i Ty heprw — 2k (—) _ e
{ T pprw f U2 + w2

Equation 3.5

1 (n3 n3\*  Npw }
D= =4 2h (—) —
fpoho {53 4 83/ ps? + w?ng?

Equation 3.6

Where % was the normalised frequency change at a specific overtone n, p, and h, were the

density and thickness of the quartz sensor. The viscosity of the bulk liquid was given by 7;

while n; and uy were the viscosity and shear elasticity of the film. The viscous penetration of

the bulk liquid was given by §; = /ZLZ where w was the angular frequency of the oscillation.
3

Lastly AD was the dissipation change and Af 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 k. values. A probability of P < 0.05 was considered significantly
different (Yang et al., 2024). In addition to this, a correlation coefficient R? analysis was
performed to assess how well the model (PSO) fit experimental data. For R?= 0, there was no
correlation, R? 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 (C+). 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

Adsorption of Oleic Acid onto Different Surfaces Using QCMD

——Silicon dioxide
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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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Adsorption of Linoleic Acid onto Different Surfaces Using
- QCMD
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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 q:(Setiowati et al., 2021). The linear version of the pseudo second
order equation was used to plot t/q: on the Y-axis against time on the X-axis. Nonlinear
regression modelling was applied directly to experimental data to estimate the values qe, ko
and R? (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 R?. The correlation coefficient, R?> 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. lonic bonding would dominate between the

carboxylic acid group and Al-O of aluminium oxide.
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Table 3.1 R? values for different plots of t/q: vs time for pseudo second order equation for

Linoleic Acid.
Adsorbent Concentration 25 50 75 100 125 150
(mg/ml)
Al2O3 R? 0.9977 | 0.9747 0.9951 0.9974 0.9942 0.9975
SiO, R2 0.9965 | 0.9975 0.9976 0.9979 0.9986 0.9999
Polystyrene R? 0.9980 | 0.9867 0.9774 0.9961 0.9981 0.9964
Aluminium Oxide
4.00
——25 mg/ml
3.50 A
50 mg/ml
3.00 - 75 mg/ml
100 mg/ml
2.50 A
——125 mg/ml

———150 mg/ml

Figure 3.4 Pseudo-second-order adsorption kinetics of linoleic acid onto Aluminium Oxide at

50.00

different initial concentrations.
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Silicon Dioxide
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100 mg/ml
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Figure 3.5 Pseudo-second-order adsorption kinetics of linoleic acid onto Silicon Dioxide at

different initial concentrations.
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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 q: = t
until gi=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 q; 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.

Silicon Dioxide
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Figure 3.8 Plot of the adsorption capacity versus time for eftect 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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Rate constant vs Concentration of Linoleic Acid on Different Materials
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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 k. determined for the linear plots t/q: vs t for linoleic acid
at different concentrations. ko 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 ko, 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 k> 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 k. 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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Sorption Capacity at Equilibrium of Linoleic Acid on Different
Materials and Concentrations

—m—Aluminium Oxide
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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/cm? while it is much lower
for silicon dioxide at 227.78 ng/cm?. 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
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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/q: 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 R?. However, the
data from the plot of polystyrene for 26mg/ml was excluded as it did not fit the pseudo second
order equation well with an R? of 0.0011 and ge of 43.29ng/cm? and k; constant of 0.000372
sec™. 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 R? values above 0.9358. Table 3.2 also suggests that R? 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 k; the performance of all substrates is very similar although second

after silicon dioxide aluminium oxide has a better performance.
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Amount of Oleic acid adsorbed with increasing concentration on

400 Aluminium Oxide Sensor

350 { | A

150 A
100 - A
50 A
O T T T T T T T T T T T T T T T T T T T T T T T T
0.00 50.00 100.00 150.00 200.00 250.00
Time(s)
——25 mg/m| =50 mg/ml 75 mg/ml 100 mg/ml =——125 mg/m| —— 150 mg/ml
Theoratical Amount of Oleic acid adsorbed with increasing
concentration on Aluminium Oxide Sensor
350.00
B
300.00 A
250.00 A
~ N
c 200.00
<
o0
£
& 150.00 -
100.00 -
50.00 A
000 T T T T T T T T T T T T T T T T T T T T T
0.00 50.00 100.00 150.00 200.00 250.00
Time(s)
=25 mg/m| =50 mg/ml 75 mg/ml 100 mg/m| =125 mg/ml| =150 mg/ml

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 q; the areal mass
density/ adsorption capacity of oleic acid onto the three substrate sensors. The plots shows
that gtincreases with time. When q: = 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 g: versus time.
Theoretical values of gq: were calculated using Equation 3.2, the non-linear pseudo second
order equation and by using the values obtained from k. and R? from the linear pseudo second
order Equation 3.3. The graphs suggests that the difference between the theoretical and
experimental data for q: 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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Linearized plot for modeling adsorption kinetics (PSO) of Oleic acid on

Silicon Dioxide
5.00

4.50

t/q, (sec.cm?/ng)
N
w
o
| T T T T I T T T T T S T T T T T T T T I A A |

2.00

1.50

1.00

0.50 M

——
0-00 T T T T T T T T T T T T T T T T T T T T
0.00 50.00 100.00 150.00 200.00 250.00
Time(s)
———25 mg/m|l =50 mg/ml 75 mg/ml 100 mg/ml =——125 mg/m| —— 150 mg/ml

Figure 3.14 Adsorption kinetics (PSO) of Oleic acid on Silicon Dioxide.
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Amount of Oleic acid adsorbed with increasing concentration on Silicon

Dioxide Sensor (A)
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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.

96



Linearized plot for modeling adsorption kinetics (PSO) of Oleic acid on

Polystyrene
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Figure 3.16 Adsorption kinetics (PSO) of Oleic acid on Polystyrene.

Figure 3.15 presents graphs of theoretical and experimental q; vs time. The experimental gt
was obtained from experimental results while the theoretical qt was obtained from
Equation3.3. Figure 3.17 showed that values of gt 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 R? 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

particularly at 25mg/ml to extend the work presented here.
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Amount of Oleic acid adsorbed with increasing concentration on
Polystyrene (A)
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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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Sorption Capacity at Equilibrium of Oleic Acid on Different
Materials and Concentrations

350

300 - —m— Aluminium

Oxide
250 - Silicon Dioxide

200 1 “~—/'/
Polystyrene

150 - /.//
100 A

50

d (ng/cm?)

25 50 75 100 125 150

Coleic acig (mg/ml)

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 g presented in Figure 3.18 cannot be taken as accurate. Zhang
(2019) argued that nonlinear regression models were more trusted and recommended for
fitting kinetic and isotherm data. While this was true for most of the results presented here, it
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 R?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

kinetics of adsorption in this work was appropriate.
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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 R? values for the different plots of t/q: vs time for the pseudo second order

equation for Oleic Acid.

Substrate | Concentratio | 25 50 75 100 125 150
Sensor n (mg/ml)

Material

Aluminium | R? 0.9358 | 0.9719 | 0.9730 | 0.9918 | 0.9921 0.9931
Oxide

Silicon R2 0.9359 | 0.9689 | 0.9820 | 0.995 0.9936 0.9922
Dioxide

Polystyren | R? 0.0011 | 0.9507 | 0.9844 | 0.9888 | 0.9897 0.9892
e
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3.2.2.2 Xray photoelectron Spectroscopy
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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
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image shows the measurement point (spot size 400um) 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=0 (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=0 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 AF 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 SiZp, C1s and O1s scans of 25mg/ml oleic acid on polystyrene.
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Figure 3.23 Deconvolution of SiZp, C1s and O1s scans of 125mg/ml oleic acid on polystyrene.
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3.2.2.2.1.2 Silicon Dioxide
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Figure 3.24 Silicon dioxide substrates and survey scan for adsorption of 125mg/ml oleic acid on

Si02.

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=0, C-O peaks in O1s scan.
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Figure 3.25 Deconvolution of O1s, C1s and SiZp scans or adsorption of 125mg/ml oleic acid on
SioZ.
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3.2.2.2.1.3 Aluminium oxide
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Figure 3.26 Deconvolution of O1s, C1s and SiZ2p scans and of aluminium oxide substrate sensor

at 125mg/ml oleic acid adsorption.
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Aluminium oxide substrate sensors were tested, and the result show the presence of COOH-
group, C=0, 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
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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) SiZp scan.
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3.2.2.2.2.2 Silicon Dioxide
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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) SiZp scan.
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3.2.2.2.3 Aluminium Oxide
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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) SiZp scan.
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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=0 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=0 between
531.5eV and 533eV (Thermo Fisher Scientific Inc. , 2024). The atomic percentages of the O-
C=0 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.
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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=0
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 77.7° + 2 © 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 R> was > 0.93 for the adsorption of
oleic acid. Different concentrations had different rate constants k» 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=0 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 R? 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""
suggested increased linoleic acid adsorption while at 1656 cm™' 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 50.00 100.00 120.40 140.00
(mg/ml)

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 50.200 100.600 120.00 150.00
(mg/ml)
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Table 4.3 Shows proportions used to make Palmitic Acid stock solutions.

Sample 1 2 3 4
Palmitic ~ Acid | 500 1000 1200 1500
(mg)

Ethanol (ml) 10.00 10.00 10.00 10.00
Concentration 50.00 100.00 120.00 150.00
(mg/ml)

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 Il 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 magpnification depending on the sample. The spectral resolution of 4cm™and a
spectral range of 50 — 4260 cm™ 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™ with a scan resolution of 2 cm™. 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 AF 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:

AF = Fethanot — Frra

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.
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Figure 4.2 Shows AF 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
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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 OHz. 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
80°C 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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CgH,,CH = CH(CH,),CO0H + CH3CH,0H < C(CgH,,CH = CH(CH,),C00C,Hs + H,0
(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 AF 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
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Figure 4.7 shows AF 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 3™, 5%
and 7" 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, AF 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 | Fit Linoleic acid (902g/L) | Ethanol 25°C
acid (7844g/L)
3 0.2ml 100mg/ml | Fit Palmitic acid (853g/L) | Ethanol 25°C
Palmitic acid (7844g/L)
4 0.2ml 100mg/ml Oleic | Fit Oleic acid (890g/L) Ethanol 25°C
acid (784g/L)

Figure 4.10 showed that an instantaneous decrease (AF 60.0Hz) in frequency was observed
upon the addition of linoleic acid ss. The fast change in AF 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 (AD 19.0ppm) rapidly upon addition of
linoleic acid and then gradually decreased to a AD 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 AD
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 AD 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, AF was 35.0£0.0416Hz
for palmitic acid and AF 38.6+0.0428Hz for oleic acid. The AD between layers of fatty acid
added became smaller with each fatty acid layer added e.g. AD 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/cm?®
which then reduced to 11862.4+41.1ng/cm? for the palmitic acid layer. The adsorbed mass
increased further to 12141.4+35.7ng/cm? 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.
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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=AD/AF. 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 AD /AF at the 31< 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 0.40
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 (uPa*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, | 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
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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.
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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 34

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 AD > 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.

Raman Sequencing Plots on Silicon Dioxide
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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™ 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™ also has 3 peaks for palmitic acid but only

has 1 peak for the sequencing test.

All sequences contained the 1440cm™' peak excluding the PLO sequence where the intensity
of this peak is very low. Bands 1656 cm™ and 3009 cm™ 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™ which the Si-O-Si peak and 706
cm™ 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™" band (CH) 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™ to 1687cm™ (C=0) in Raman (Lin-Vien et al., 1991).
The presence of bands 2853 cm™, 1656cm™ and 1440 cm™, 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™ in this case.
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Raman Sequencing Plots on Silicon Dioxide
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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

Raman Sequencing Plots on Aluminium Oxide
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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.
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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™ and 1435.5 cm 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™ to 1500 cm™ compared to silica which had 1 band in that region. The
band at 1650cm™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 is associated with CH, which shows a shift of 4.4
cm™as compared to the 1440 cm™ 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™ and C=0 at 1656 cm™' 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'. However, it

is also known that this peak exists at 1656cm™'. 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
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adsorbent due to the presence of C=C (at 3009cm™' and 1656cm-") 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™ and no peak at 3009cm-.

Raman Sequencing Plots on Aluminium Oxide
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Figure 4.24 shows the Raman spectra between 1400 and 1500cm 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 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 (Lasségues 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 R?
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 for
sequence LOP on aluminium oxide. The area under the peaks corresponds to the intensity of
the peaks fitted with the value of R? as 0.94287. These are CH; peaks associated with a CH;
stretch in the region between 2800 and 2958cm™. 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™ which is symmetric and broad. Kaneko et al. (1994) found
similar results with their most intense and broad peak for CH; stretching of between 2850 and
2950 cm™ 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™, 1663 cm™ and 1264 cm™' (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™ 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™ 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™ show the presence of 7
bands with different Raman shifts: 2958 ,2924, 2904, 2882, 2886, 2842 and 2836 cm™' which
are characteristic of the symmetric and asymmetric v(C-H) vibrations of the CH, 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™"was
from palmitic acid as shown in Figure 4.19. The C=C bond that is usually at 3010 cm™" 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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Raman LOP Plot on Aluminium Oxide
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Figure 4.25 shows the number of peaks fitted for LOP.
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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! and 3100 cm! for LOP.

Model Lorentz
Equation y =y0 + (2*A/pi)*(W/(4*(x-xc)"2 + wh2))
Plot Peak1 Peak2( Peak3 Peak4 Peak5 Peak6 Peak7 Peak8 Peak9
754.57137 | 754.57137 | 754.57137 | 754.57137 | 754.57137 | 754.57137 |754.57137|754.57137|754.5713
y0 + 13.14449 |+ 13.14449|+ 13.14449 |+ 13.14449 |+ 13.14449|+ 13.14449 + + 7t
13.14449 | 13.14449 |13.14449
2958.636212924.423112904.69086[2882.22374{2866.877242842.55853(2836.1257|2721.7076|2656.305
XC +0.23014 | £ 0.62773 | £0.5299 |+ 0.37043 |+ 0.47958 | + 2.64676 2+1.4183| 7+ 26 +
1.35316 | 7.20823
22.95861 +|18.00274 +|23.44267 +|22.19404 +|13.03291 +£|13.16004 +| 10.46584 | 21.34932 |16.17464
w 0.73593 | 2.31241 | 3.14564 | 2.18855 | 2.06695 | 4.39996 |+ 3.25205 |+ 3.96559 +
20.96308
539276.876[224233.755[472634.687/687759.590[173255.569|104837.005/98170.600(74141.496|9170.530
17 £ 97 + 87 55 + 77t 36+ 24 + 46 88
& 14540.2554142133.3910/90086.0333/95878.1914/43008.3180/90207.4037|81310.864(9915.3874(8550.977
7 9 2 7 4 5 26 7 96
Reduce 436944.0173
d Chi-
Sqr
R- 0.94287
Square
(COD)
Adj. R- 0.94231
Square

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™ presented symmetric and
asymmetric v(C-H) vibrations of the CH, and CHs groups. LPO has six Raman shifts at : 3009,
2931,2906, 2890,2871 and 2852 cm™. The peak at 3009 cm 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™*
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! and 3100 cm! for LPO.

Model Lorentz
Equation y = y0 + (2*A/pi)*(W/(4*(x-xCc)"2 + wh2))
Plot Peak1(LPO) Peak2(LPO) Peak3(LPO) Peak4(LPO) Peak5(LPO) Peak6(LPO)
J0 816.27082 + | 816.27082 + 816.27082 + 816.27082 + 816.27082 + 816.27082 +
4.88206 4.88206 4.88206 4.88206 4.88206 4.88206
3009.50157 + | 2931.09325+ | 2906.24164 + | 2890.65398 + | 2871.48166 + | 2852.49078 +
X 0.67184 2.3021 6.90135 3.51483 2.62117 0.43465
17.27399 + 447711 ¢ 32.39698 + 27.28223 + 26.94226 + 18.12837 +
" 2.11325 3.35469 23.78243 20.44902 12.98349 1.68525
A 40429.75939 +|328122.29755 +|136648.80663 +|136299.22883 +|106126.69608 +|147412.42878 +
3883.97113 84799.3998 | 255864.57879 | 245094.99564 | 103152.37332 | 25786.19007
Reduced 59827.25254
Chi-Sqr
R-Square 0.93996
(COD)
Adj. R- 0.93958
Square
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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? and 3100 cm! 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)
1030.4484 + | 1030.4484 + 1030.4484 + 1030.4484 + 1030.4484 + 1030.4484 +

& 9.25352 9.25352 9.25352 9.25352 9.25352 9.25352
3010.12696 + | 2927.02479 + | 2901.18735+ | 2880.74213 + | 2851.57311 %+ | 2719.22282 +

X 0.71629 0.72951 0.91676 0.41637 0.17316 2.05367
17.30868 + 42.7768 + 1.4632| 21.97769+ [28.10131+1.669] 19.55483 + 34.27961

" 2.19673 4.69924 0.64015 5.9554

A 71363.6018 * | 773675.93581 + | 176289.0539 + | 702780.89805 + |466148.42244 +|69116.32691 +
6918.90777 | 40058.21178 | 61299.50609 | 59774.94327 18830.4183 8668.40983

Reduced 211926.47714

Chi-Sqr

R-Square 0.96625

(COD)

Adj. R- 0.96603

Square
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Figure 4.29 shows the number of peaks fitted for OPL.

2600

Table 4.11 Show deconvolution of bands between 2600 cm! and 3100 cm-! for OPL.

Model Lorentz

Equation y =y0 + (2*A/pi)*(w/(4*(x-xc)"2 + wr2))

Plot Peak1(OPL) [Peak2(OPL)| Peak3(OPL) | Peak4(OPL) | Peak5(OPL) | Peak6(OPL) | Peak7(OPL)
712.10184 £+ |712.10184 +| 712.10184 + | 712.10184 + | 712.10184 + | 712.10184 £ | 712.10184 +

& 19.9114 19.9114 19.9114 19.9114 19.9114 19.9114 19.9114
3011.09396 *|2962.09387 | 2926.4222 + | 2893.20128 + |2867.35803 +(2851.05284 +| 1630.50804 +

X 0.51878 +2.58292 1.8561 1.54168 2.1366 0.84226 20.27867

16.23741+ | 499792+ | 62.65812+ | 34.63953 + | 26.73657 + | 18.52235+ | 2088.33232

" 1.75045 8.95447 3.57699 8.34068 11.55299 2.85962 135.29093
44583.19168 | 1519.63224 [401635.8133|146994.99749 |80873.67881|89839.74972 | 1824543.44108

A +4091.78341|+ 2348.3643 t + 60922.56645 t + + 159609.77172

44065.67652 59421.87287 |28950.16939

Reduced 52177.51166

Chi-Sqr

R-Square 0.91621

(COD)

Adj. R- 0.91558

Square
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Intensity (a.u)

Raman POL Plot on Aluminium Oxide
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Figure 4.30 shows the number of peaks fitted for POL.

T
2700

2600

Table 4.12 Show deconvolution of bands between 2600 cm! and 3100 cm! 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)
1441.63722 £|{1441.63722 +|1441.63722 +|1441.63722 £|1441.63722 +|{1441.63722 +|1441.63722 +

& 205.12606 | 205.12606 | 205.12606 | 205.12606 | 205.12606 | 205.12606 | 205.12606
3010.57173 +£(2928.78901 +|2894.42607 +|2871.81162 +|2855.62162 +|2847.49653 +|1858.33365 +

e 0.55929 1.29716 2.06253 1.8993 1.25211 1.0014 10.59222

17.34675+ | 50.30559 + | 42.62504 + | 25.66126+ | 14.41195+ | 11.10295 + (3615.34741 ¢

" 1.75305 2.84633 7.77761 13.38261 5.9238 2.64711 160.39708
125298.76805978504.40499|811783.51503[252792.74342203491.02542|135068.63009| 2.68152E7 +

A +9907.21112 t t t * + 81472.4507 [2267393.1401

126233.60521[292792.51908(246249.80731(157334.33627

Reduced 393907.6149

Chi-Sqr

R- 0.95211

Square

(COD)

Adj. R- 0.95175

Square
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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.

—._—‘_\k\ W Palmitic acid | WWW\W UI
/
350 | |
T o N Ve e
—_ H\J\‘ A PS after drying || il
2 300 ﬁ' |
3 )
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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™ which is not present on the polystyrene substrate after drying. From
Nandiyanto et al. (2019) it shows that the 2500-4000 cm™' is a single bond region. The is a
broad peak between 3084—-3576 cm™' 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™. A sharp and narrow peak at 1709 cm™ and 1695 cm™' in the case
for palmitic acid was identified. The 1709 cm™ 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-
"which corresponds to the C=0 for the carboxylic acid (Kim, 2024; Ibarra et al., 2016).
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The region below 1500 cm™ 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™ 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™ in the other three spectra are C-H bending peaks. 1045 cm™ and 1090 cm™
are C-O stretching. The peak at 3011cm™ 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™ for oleic acid spectrum. The presence of the =C-H , C=0O 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=0 groups reaffirming the
adsorption of these FFA onto the different sensors. Exploration of the Raman peak area
revealed that some groups such as CHs,CH,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™ and 1656 cm™ 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 (AG°) of the system for each experiment was calculated as :
AG®° = —RTIn(Keq®)
Equation 5.2

(Himawan et al., 2006)

Where R is the universal gas constant [8.3144 J/(molxK)], T is temperature in Kelvin, Keq® is

the thermodynamic equilibrium constant.

Keqg® was determined by:
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Keq® ===
¢4 ce

Equation 5.3

Where qe is the adsorption capacity of the pseudo second order kinetics (Langmuir isotherm)
(Romero-Gonzalez et al., 2005). The equilibrium concentration after adsorption ce ~ E, after
adsorption where F.is the frequency at equilibrium where no more change is the resonance
frequency is observed. The enthalpy change AH° and the change in entropy AS° of the system
was determined as shown in Equation 5.4. AH °and AS° were assumed to be independent of

temperature (Tran et al., 2021).
AG®° = AH° — TAS®
Equation 5.4

The effect of pH was explored using QCMD as well as the impact of inserts. The pH is defined
by:

pH = —logyo[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
(299.5) 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 (299%) CAS:5949-29-1 and Sodium citrate tribasic dihydrate (299%) 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 °C.
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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

NN N N[ N

9.00

9.24

9.40

NN N N N

9.60

9.85

10.00

AN N N N TN

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 °C, 25 °C
or 35°C 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 299.8% 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
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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:

Equation 5.6

The experiment follows the same procedure for QCM experiments with ethanol 299.8% 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, p, ¢, of the FFA as shown in Equation 5.7.

Thickness, Of -

(Irwin et al., 2005)

Equation 5.7

24.0

23.0 A —f— Oleic Acid

Linoleic Acid

22.0 1 Palmitic Acid
21.0 -

20.0 A

19.0 A

Thickness nm

18.0 A

17.0 \

16.0

15-0 T T T T T T T T T
8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8 10.0 10.2

pH

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. lonic 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.
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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 sitill
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
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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 3™
, 5"and 7™ 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.
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Figure 5.7 Rate of adsorption of Oleic acid on Gold at different pH.
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Figure 5.8 Rate of adsorption of Linoleic acid on Gold at different pH.
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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
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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 15°C, 25°C and 35°C. Figure 5.12 shows that the temperature of
the sensor surface was set to 15°C 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 5°C 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 18°C. 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 16°C and 18.4 °C and AT < 2.5°C 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
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Figure 5.14 Effect of temperature on ADissipation (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 15°C, 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 25°C. However, at 35°C, the results suggest
more linoleic acid was adsorbed more (AF at 19.3Hz) as compared to oleic acid (AF at 18.6Hz)
and palmitic acid (AF 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 25°C and 35°C.

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® AG° AH?® AS° R?
(Kd mol") | (KJ mol") | (KJ" mol™)

Palmitic 288.15 3.9907 -3.3156 304.6765 | 991.2782 0.9846
Acid 298.15 3.1719 -2.8614

308.15 3.1552 -2.9438
Oleic Acid | 288.15 3.7753 -3.1826 2741209 | 884.2770 0.9235

298.15 3.6337 -3.1983

308.15 3.1847 -2.9677
Linoleic 288.15 4.9295 -3.8217 364.7518 | 1197.2160 0.7666
Acid 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 AS°® and enthalpy AH®

are calculated by (Romero-Gonzalez et al., 2005):

AS° = intercept X R

Equation 5.8

AH° = —slope X 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 +80K] (Savara et al., 2009). The enthalpy of the systems
ranged from 274.12KJ mol' 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. R2was found to be higher than 0.9235 for oleic acid and palmitic
acid. However, a lower R? 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
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Figure 5.16 Effect of inserts on palmitic acid adsorption [A] Frequency (Hz), [B] Dissipation
(ppm).
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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 (AF
=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 AG°® 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 Cu?* 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
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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 Am which would be the same

as Am for the Voight model under this assumption.
For increased accuracy,

Mgiim™= Mads + Mgoyent

Equationé. 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 h.

h 4

_ Psolvent
)
Psolvent fitm ads Pads

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

o De-ionised (DI) Water

e Ethanol

e 28% ammonium hydroxide
e Magnetic stirrer

e pH meter

e scale

e round bottom flask

e centrifuge

QCM-D

e Gold plated quartz crystal (QSX 301) from Qsense.
e Octadecane from Acros organics, CAS: 593-45-3

e Spatula

o Tweezers

o Soft tissue paper

e Cyclohexane

o Qsense Explorer

e Qsense open module
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Table 6.2 shows the amounts of each regent used in the experiment

Ethanol+ DI Water

TEOS after 10min
——

Magnetic Stirrer
used overnight

.E’

Turbid Suspension

28% NH40H

after 20min

6000rpm for 10min

Drying

Figure 6.2 Procedure for synthesis of silica nanoparticles using the Stober method.

6.2.2 QCM-D

Experiment | pH Ammonia | TEOS | DI Ethanol Mass of | Total Molarity
(ml) Water | (ml) ammonia | Volume
mi
(mD) )
(ml) (ml)
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
Centrifuge at

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 0.4575um while the diameter of the 1.66M particles is 1.0409 um. The particle size
increased with increasing concentration of ammonium hydroxide(28%) which is contrary to
the results obtained by Zulfigar 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 0.452um and
0.575um. 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 1.05um.

;;

Figure 6.3 shows the Scanning Electron Microscopy image of silica made at 0.81M of

EHT = 500 kV Signal A= InLens Date 28 Feh 2020
— WD= 3.8 mm Mag= 2114KX Time :14:39:21

ammonium-hydroxide(28%)
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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 (um) 0.1020 0.4290
Maximum(um) 0.9900 2.1020
Mean(um) 0.4575 1.0409
Median(um) 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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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

Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) | Tail Tail Tail
BE CPs Ratio CPSs.eV Ratio |param (V) |Product Mline (5] Height (%) |Exponent

A [si2p3 sic 101.49 2225.75 1.00| 302213 1.00 1.30 i) 24.67 J4| 10000 § 0.00 §| 00000 §
0.5:3.5 0:100 fixed fixed fixed
B |SiZpl Organic Si 102.02 | 113550 % 051 1541.79 0.51 130 Ry 24.67 Ry| 100,00 Ry 0,00 S| 0.0000 Ry
A+0.63 (£0.1) A0.51 A A A A A
C |SiZp oxide 102.61 452.16 020 613.94 0.20 1.30 % 24.67 % | 100.00 § 0.00 §| 00000 §
A A fixed fixed fixed
Mame Start Peak End Height (FWHM |Area (P) |Area (M) |Atomic |Peak |O

BE BE BE CPs elf CP5.eV [TPP-ZM (% Type
5i2p3 SiC 104.08| 101.49| 9943 223575 1.26| 302213 63.71 46.84 | Fitted
5i2p1 Organic 5i 104,08 102.02) 99.43| 1135.50 1.26( 1541.79 63.73 46.85 | Fitted
5i2p oxide 104,08 102.61| 99.48 452.16 1.26 £13.94 8.58 .31 |Fitted
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O1s

Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) |Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (eV] |Product Mix (35) Height (%) |Exponent
& |01 C-0 531.70 15034.20 1.00] 2143160 1.00 135 i) 43.26 | 100,00 & 0.00 §| 0.0000 §
0.5:3.5 0:100 fixed fixed fixed
8 |01=C=0 533.21 1356.55 0.09 1933.79 0.09 135 @ 4826 % | 100,00 0.00 ﬁl 0.0000
A A fixed fixedl fixed

Mame Peak FWHM |Area (P) |Atomic |O
BE eV CPS.eV %

s C-0 331.70 1.29| 2143160 91.71[A|
01s C=0 533.21 1.29) 193379 4.29

C1s
Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) | Tail Tail Tail
BE CPsS Ratio CPS.eV Ratic |param (V) |Product Ml (%) Height (%) |Exponent
A |Clsc-C 284,16 34143.66 1.00| 36375.24 1.00 1.02 1] 3145 [l 10000 § 000 §| o0o0000 §
0.5:3.5 0:100 fixed fixed fixed
B |ClsC-C 284,65 2343.21 0.26) 12729.08 0.35 1.21 [ 2372 | 10000 § 000 §| o.0000 &
0.5:3.5 0:100 fixed fixed fixed
C [ClsC-C 283.50 1658.31 0.05 2330.25 0.06 133 ,],I]_ 4591 ,Ll,]_ 100.00 ﬂ 0.00 ﬁ 0.0000 ﬂ
0.5:35 0:100 fixed fixed fixed
D [C1s0-C=0 | 28834 512.28 002 48387 0,01 089 1] 0.02 )| 10000 & 000 §| 00000 &
0.5:3.5 0:100 fixed fixed fixed
Mame Peak |FWHM |[Area(P] |Atomic (O
BE eV CP5.eV %
Cls C-C 284.16 0,98 3637524 T0.06 | ¢
Cls C-C 284.65 119 12729.08 24.52 [«
Cls C-C 283.50 1.27 2330.25 4,49\~ 7
Cls0-C=0 | 23304| 089 48387 093

8.1.1.1.2 125mg/ml oleic acid on polystyrene

Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) |Tail Tail Tail
BE CPS Ratio CPS.eV Ratic |param (eV) |Product Mix (%6) Height (%) |Exponent
A |ClsC-C 284.24 25260.77 1.00) 27229.50 1.00 1.03 | 14.55 4| 10000 § 0.00 §| 00000 §
0.5:3.5 0:100 finwed fixed finwed
B |ClsC-C 284.46 12876.26 0,51 19986.19 073 130 N 84.55 N 100.00 § 0.00 §| 00000 §
A1 (=0.7) A1 (=0.7) fixed fixed finwed
C |Cls0-C=0 289.03 1143.50 0.05 1232.64 0.05 1.03 % 14.55 % | 10000 § 0.00 §| 00000 §
A A finwed fixed finwed
Ref.|Mame Peak Height Height |Area Area |FWHM fit L/G Mix (%) | Tail Tail Tail
BE CPS Ratio CPS.eV Ratic |param (eV] |Product Mix (%) Height (%) |Exponent
D (01sC-0 531.72 2025727 1.00| 25649854 1.00 1.20 Ji| 4568 || 10000 § 000 & oooo0 §
0.5:3.5 0:100 fiseed fiseed fiseed
E |[01sC=0 533.31 2450.12 0.2 3108.24 012 1.20 Ry 4568 %y | 10000 § 000 & ooo00 §
D*1 D*1 fixed fixed fixed
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Ref.|Name Peak Height Height |Area Area |PWHMfit  |L/G Mix (%) |Tail Tail Tail
BE CPS Ratic CPS.eV Ratic |param (eV] |Product iz (36) Height (%) |Exponent
£ |si2p3si 101.47 4518.74 1.00| 488275 1.00 1.00 1 50.99 ||| 10000 # 0.00 §| 00000
0.5:3.5 0:100 fised fixed fixed
5 |5i2p1 Si-polysyloxane 10211 Ry| 230531 % 0.51| 2649.65 0.54 1.05 Ry 64.99 R{| 100.00 % 0.00 | 0.0000 S
F+0.63 (£0.1) F*0.51 F*1(:0.05)| F*1 (20.05) F*1 F*1 F*1
Mame Peak FWHM |Area (P) |Atomic |Q
BE eV CP5.eV %
Cl1s C-C 284.24 1.01) 27220.90 36.05 '
Cls C-C 284.46 1.27| 19986.19 Eﬁ.-fl-ﬁ
Cls 0-C=0 289.03 1.0 1232.64 1.64
O1s C-0 531.72 115 25698.54 14.08 ‘
O1s C=0 5333.31 1.15 3108.24 1.70 ‘
5i2p3 Si 101.47 (.96 4882.75 0.72 |1
5i2p1 Si-polysyloxane 102,11 1.01 2649.65 10.35(6
8.1.1.2 Silicon Dioxide
8.1.1.2.1 25mg/ml SiO2
Mame Peak FWHM |Area (P |Atomic |[C
BE eV CP5.eV %
Cls C-C 284.51 1.13] 18572.57 24,96
Cls 0-C=0 289.00 0.95 1373.39 'I.ES
5i2p3 5i 101.45 1.01 4201.88 849 i
5i2p1 5i 102.12 1.01 2143.66 849~
Ols C-0 5331.63 1.01) 1307312 7.27 ‘
s 5102 5332.50 2.40 2860.70 493
M= C-0 331.89 1.47 4679.43 2.60
Ref.|Mame Peak Height Height |Area Area |FWHMfit  |L/G Mix (35) |[Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (eV) |Product Mine (%6) Height (%) |Exponent
A [C1sc-C 284.18 29324.25 1.00| 30820.75 1.00 0.98 Ji| 5434 || 10000 & 0.00 §| 00000 §
0.5:3.5 0:100 fixed fixed fixed
B [C1sC-C 28451 13387.90 0.46| 1857257 0.60 1.15 Ry 8582 R{| 10000 § 0.00 | 00000 §
A1 (22) A (£2) fixed fixed fixed
C |C1s0-C=0 | 289.00 1363.54 0.05 1373.39 0.04 0.95 Ry 0.00 R{| 100.00 § 0.00 §| 00000 §
A1 (22) A1 (22) fixed fixed fixed
Ref. | Name Peak Height Height |Area fArea  |FWHMfit  |L/G Mix (%) |Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (eV] |Product ] Height (%) |Exponent
G (01sC-0 331.63 12214.81 1.00) 130732 1.00 1.01 Ji 0.00 Ji| 10000 & 000 §| oo000 §
0.5:3.5 0:100 fixed fined fixed
H |01s5i02 532.50 3468.75 0.28|  8860.70 0.68 240 i 0.00 Ji| 100,00 § 0.00 ﬁ| 0.0000 £
0.5:3.5 0:100 fixed fixedl fixed
| |otsc-o | 53188 277837 023 4679.43 0.36 152 i 67.94 Wl 10000 § 0.00 §| 00000 §
0.5:35 0:100 fixed fixed| fixed
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Ref.|Name Peak Height Height |Area Area  |FWHM fit L/G Mix (35) | Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (eV) |Product Mixe (36) Height (%) |Exponent
D |5i2p3 Si 101.45 3e47.87 1.00) 4201.88 1.00 1.05 i 63.91 [ [ 10000 § 0.00 & 00000 §
0.5:3.5 0:100 fixed fined fined
E |5i2pl Si 10212 Ry| 186102 Ry 0.51) 2143.66 0.51 1.05 %y 63.91 Ry | 100.00 % 0.00 % | 0.0000 %
D+0.63 (+0.1) D*0.51 D™ D*1 D*1 D™ D™
8.1.2 Aluminium Oxide
R LS T B sesaom o 2| (A —a [0 R O
BB seosermi w0z (A |90
———— 080
8.1.2.1 26mg/ml oleic acid ss on aluminium oxide
Ref.|Name Peak Height Height |Area Area  |FWHM fit L/G Mix (%) | Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (eV) |Product Mix (36) Height (%) |Exponent
A |Si2p3 (CEH5)35i05i(CEH5)3 101.35 1837.05 1.00| 2094.29 1.00 1.05 [kl 59.43 || 10000 & 0.00 §| 00000 §
0.5:3.5 0:100 fixed fixed fixed
B |Si2p15i 101.88 N 937.20 % 051 1068.44 0.51 1.05 % 50.43 % | 100.00 % 0.00 S| 0.0000 %
A+0.63 (£0.1) A0.51 A A A A A
C |Si2p 5i02(A1203)0.22 102.05 1067.59 0.58| 1655.02 0.79 147 b 34 | 10000 & 0.00 §| 00000 §
0.5:3.5 0:100 fixed fixed fixed
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Mame Peak |PWHM |[f&rea(P) |Atomic (O
BE eV CP5.eV %
| |si2p3 (CEH3)3Si0SI(CEHS)2 10135] 101 209429 412
5i2p1 5i 101.88 1.01 1068.44 412
SiZp 5i02(A1203)0.22 102.05 1.46 1655.02 216
Cls C-C 28412 0.94] 35674.73 46.63
Cls C-C 284.46 1.18| 18446.03 24,12 1
Cle (-CH2C[CH3)N(CHFO)OCH2CH2ZCHZCH3)-)n 288.89 0.94 1405.41 1.24(
Ms C-0 531.57 1.12] 23111.05 12.50(1
M= C=0 532.85 1.95 6162.06 3.34
AlZp3 Al 73.80 1.80 162.02 0.59
Al2p1 Al 7414 1.81 96.27 0.59
Ref.[Name Peak Height Height |Area Area  |FWHM fit L/G Mix (%) | Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (V) |Product M (35) Height (%) |Exponent
D |ClsC-C 28412 34195.10 1.00| 3567478 1.00 098 i 50.00 Wi | 10000 & 0.00 §| oo000 §
0.5:3.5 0:100 fixed fixed fixed
E |clsccC 20446 1254812 037 18446.03 052 1.21 Ry 773 Rd| 10000 § 000 §| 0.0000 §
D*1(+0.5) D*1(0.5) fiseed fixeed fised
F  |Cls (-CH2C(CH2)(C*(0)OCH2CH2CH2CH3)-In 23289 141423 0.04) 140541 0.04 0.93 R 0.00 Rf| 10000 & 0.00 §| oo000 §
D*1 (£0.5) D*1 (£0.5) fixed fixed fixed
Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) | Tail Tail Tail
BE CPs Ratio CPS.eV Ratic |param (V] |Product Mz (%) Height (%] |Exponent
G |01sC-0 531.57 1811238 1.00) 23111.05 1.00 1.16 Jh| 64.06 | 10000 § 0.00 §| 0.0000 §
05:3.5 0:100 fixed fined fixed
H |01sC=0 532.85 2065.98 06|  6162.06 0.27 1.96 i 149 Ji| 10000 & 000 & 0.0000 §
0.5:3.5 0:100 fixed fixed fixed
Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (35) | Tail Tail Tail
BE CPS Ratio CPS.eV Ratic |param (eV) |Product Mine (%) Height (%) |Exponent
I |AlZp3 Al 73.80 100.71 1.00] 192.02 1.00 1.79 [ 045 4| 10000 § 0.00 §| 00000 §
0.5:3.3 0:100 fixed fixed fixed
1 |AR2pl Al 7414 M 5049 0,50 9627 0.50 1.79 % 045 | 100,00 %y 0.00 % | 0.0000 %
1+0.44 (£0.1) 1*0.501 "1 "1 "1 "1 "1
8.1.2.2 1256mg/ml oleic acid ss on aluminium oxide
MName Peak FWHM |Area (P) |Atomic |(Q
BE eV CP5.eV %
1= C-0 531.69 112 20038.79 12,66 ([~
M= C=0 532.88 1.96 5669.57 3.58
Cls C-C 284,29 1.00( 40657.90 61.92
Cl= C-C 284.1M 2.09 T546.85 11.50
Cle 0-C=0 288.98 0.90 1010.79 1.54 ([
5i2p3 Si 101.61 1.30 1707.93 3.91
5i2p1 Si 102.14 1.30 87.33 3.01
Al2p3 Aluminosilicate 74.08 1.74 135.96 0.49
Al2p1 Aluminesilicate 74.42 1.74 6216 0.49
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Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) |Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (eV]) |Product Mz (%) Height (%) |Exponent
A |01=C-0 531.69 16093.23 1.00| 20088.79 1.00 116 Ji| 55.55 Jh| 100,00 f§ 000 §| ooo00 &
0.5:3.5 0:100 fixed fixed fixed
B |01sC=0 532.88 272267 0,17 5660.57 028 1.96 [k 0.25 || 10000 § 0.00 §| 00000 §
0.5:3.5 0:100 fixed fixed fixed
Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) [Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (V) |Product Mine (35) Height (%) |Exponent
C |ClsC-C 28429 36908.36 1.00| 40657.90 1.00 1.04 J 43.04 || 10000 § 0.00 | 0.0000 §
0.5:3.5 0:100 fixed fixed fixed
D |Clsc-C 284,71 3305.24 0.09] 7546.85 0.19 ERERT 37.83 || 10000 § 000 §| 00000 §
0.5:3.5 0:100 fined fimed fimed
E |c1so-cz0 | 28398 1062.33 003 101079 0.02 0.89 [/ 0.00 Wi | 10000 § 000 §| 0.0000 §
0.5:3.5 0:100 fined fimed fimed
Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) | Tail Tail Tail
BE CPS Ratio CPS.eV Ratic |param (V] |Product Mz (%6) Height (35} |Exponent
F |Si2p3 Si 101.61 1167.67 1.00| 1707.93 1.00 1.35 i 59.37 || 10000 § 0.00 §| 00000 §
0.5:3.5 0:100 fiwed fiwed fixed
G |Si2plSi 102.14 R 505.70 051 87.33 0.51 135 % 5037 Q| 100,00 % 0.00 | 0.0000 %
F+0.63 (0.1} F*0.51 F*1 F*1 F*1 F*1 F*1
Ref.|Mame Peak Height Height |Area Area |FWHM fit L/G Mix (%) |Tail Tail Tail
BE CPs Ratio CPS.eV Ratic |param (eV) |Product Mz (%) Height (%) |Exponent
H |Al2p3 Aluminosilicate 74.08 73.85 1.00( 135.96 1.00 174 J,IL 0.21 _m, 100.00 ﬂ 0.00 ﬂ 0.0000 3
0.5:3.5 0:100 fixed fixed fixed
I |Al2p1 Aluminosilicate 7442 N 36.92 % 0530 68.16 0.50 174 @ 0.21 Ry| 100,00 S 0.00 | 0.0000 %
H+0.44 (+0.1})| H*0.501 H*1 H*1 H*1 H*1 H*1
8.1.3 Linoleic Acid
8.1.3.1 Polystyrene
XP5 Knowledge View TS5 LINON PS x
Mame Peak |FWHM |[Area(P] |Atomic |O
BE eV CP5.eV %
Cle C-C 28419 112 44357.58 61.85
Cl= C-0-C 285.70 112 1836.84 2.63
Cl1s 0-C=0 290.68 1.12 473.35 0.66 |1
1= C-0 531.1 112 12525.63 7.23
s H-0-C 532.10 1.73| 13728.07 7.92
| |si2p3si-0 101.70] 140 4178.87 8.76
|5-i?_p'l 5i-0 102.43 1.73 2660.64 10,94
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XPS Knowledge View

T5LINONPS

Ref.|Mame Peak Height Height |Area Area |FWHM fit L/G Mix (%) | Tail Tail Tail
BE CPS Ratio CPS.eV Ratic |param (eV) |Product Mixe (36) Height (35} |Exponent
A | ClsC-C 28419 35710.88 1.00) 44357.58 1.00 117 i) 5201 | 10000 § 0.00 §| 00000 §
05:3.5 0:100 fiwed fiwed fixed
B |C1sC-0-C 285.70 1519.04 0.04 1886.84 0.04 117 S 5201 % | 10000 § 0.00 §| 00000 §
A At fiwed fiwed fixed
C |C1s0-C=0 290.68 381.08 0.01 473.35 0.01 117 S 5201 % | 10000 § 0.00 §| 00000 §
A A finwed fiwed fixed
¥PS Knowledge View  75LINONPS X
Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) | Tail Tail Tail
BE CPs Ratio CPS.eV Ratic |param (eV] |Product Mz (92) Height (%) |Exponent
D |01sC-0 3317 10482.29 1.00) 1252563 0.9 113 i) 1.76 [ | 10000 § 0.00 §| 00000 §
0.5:3.5 0:100 fixed fixed fixed
E |01sH-0-C 532.10 7103.57 0.68| 13728.07 1.00 1.80 Ji| 5718 4| 10000 § 0.00 &| o.o0000 §
0.5:3.5 0:100 fixed fined fixed
XPS Knowledge View  75LINONPS =
Ref.|Name Peak Height Height |Area Area  |FWHM fit LG Mix (%) |Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (V) |Product Mix (%) Height (%) |Exponent
G |[5i2p3 Si-0 101.70 2801.26 1.00| 4173.87 1.00 143 || 11.96 Jhl| 10000 § 0.00 & 00000 §
0.5:3.5 0:100 fixed fixed fiwed
H [Si2p1Si-0 10243 N 142911 % 051 2660.64 0.64 1.79 N 20,39 N 100.00 S 0.00 | 0.0000 %
G+0.63 (£0.1) G*0.51 G*1 (0.9 G*1(£0.9) @™ G*1 G*1
8.1.4 Silicon Dioxide
75 lin silica =
Mame Peak |FWHM |[Area(P) |Atomic |O
BE eV CP5.eV %6
Cls C-C 28427|  1.33| 39960.61] 42.80[1
Cl= C-0-C 285.56 2.28 2663.55 0.20
Cls 0-C=0 288.90 1.08 2305.33 2.43[kA2
O1= C-0 531.75 1.15( 26821.73 11.89 [~
s H-0-C 33247 202 2299633 10.20
[ |si2p3sic 101.63] 1.21| 660598  10.64
|5i2p1 SiC 102.36 1.40 A025.34 12.72
Sed A3 MIIMNLA s AP RIUVICUYE VISV 60 00 AILNnNG  Laia ang o
Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) |Tail Tail Tail
BE CPS Ratio CPS.eV Ratic |param (eV) |Product Mix (%) Height (%) |Expenent
A |C1sC-C 284.27 28226.44 1.00|  39960.61 1.00 133 |4 032 | 100,00 & 000 &| ooo00 &
0.5:3.5 0:100 fined fixed fixed
B |C1sC-0-C 285.56 3295.79 012 8663.55 0.22 236 | 69.50 4| | 100.00 § 0.00 §| 0.0000 §
0.5:3.5 0:100 fined fisced fisced
C |C1s0-C=0 288.90 1896.50 0.07| 2305.83 0.06 113 | 56.61 4| | 100:00 § 0.00 §| o.0000 §
0.5:3.5 0:100 fined finced fixed
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Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) [Tail Tail Tail
BE CPs Ratio CPS.eV Ratic |param (e¥] |Preduct Mix (%) Height (%) |Exponent
D |0MsC-0 33175 214979.73 1.00| 26821.73 1.00 115 Jh| 0.00 Jhl| 10000 § 0.00 §| o0.0000 §
05:35 0:100 fisced fined fisced
E |01sH-0-C 53247 10477.71 048 2299633 0.86 210 i 37.70 || 10000 & 0.00 &| oo000 §
05:3.5 0:100 fisced fined fisced
75 lin silica =
Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mixe (%) |Tail Tail Tail
BE CPs Ratio CPS.eV Ratic |param (eV] |Product Mz () Height (%) |Exponent
F|5i2p3 SiC 101.63 5100.88 1.00| 660598 1.00 1.24 || 1035 | 10000 § 000 &| o.0000 §
0.5:3.5 0:100 fiwed fiwed fined
G |Si2pl SiC 10236 Rf| 2602.29 % 051 402534 0.61 146 R 49,60 R | 100,00 R 000 % | 0.0000 %
F+0.63 (£0.1) F0.31 F*1 (£0.5) F*1 (0.5) F1 F*1 F*1
75 silica
8.1.5 Aluminium Oxide
75 linoleic acid
¥PS Knowledge View 75 lin alumina 2 >
Mame Peak FWHM |Area (P) |Atomic |Q
BE el CP5.eV %
5i2p3 5i0 101.73 142 4431.22 0,65(+
Sidp1 50 102.30 142 228617 9,65 |1
Sidp Si02 103.14 1.28 585.74 0.84 (04
s C=0 532.14 202 16339.92 0.68 ‘
s C-0 531.73 112 15433.03 9.14 l
Cl=0-C=0 288.61 1.27 048,21 1.36(«]
Cl1s C-0-C 286.00 1.27| 286930 411\
CleC-C 284.31 1.27| 3883940 55.58
XPS Knowledge View 75 lin alumina 2 =
Ref.|Mame Peak Height Height |Area Area  |PWHM fit L/G Mix (%) [Tail Tail Tail
BE CPS Ratio CPS.eV Ratic |param (V) |Product M (Fe) Height (%) |Exponent
A |C1sC-C 28431 278795 1.00| 38839.40 1.00 133 || 41.02 || 10000 § 000 §| o0.0000 §
0.5:3.5 0:100 fiwed fied fiwed
B |ClsC-O-C 286.09 2059.05 007 286930 0.07 133 % 41.02 % | 10000 § 000 §| o0.0000 §
A A fiwed fied fiwed
C |C1s0-C=0 288.61 680.45 0.02 948.21 0.02 133 % 41.02 % | 10000 § 000 §| o0.0000 §
A A fiwed fied fiwed
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XPS Enowledge View

75 lin alumina 2 =

Ref.|Mame Peak Height Height |Area Area  |FWHM fit L/G Mix (%) [Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (V) |Product Mix (%) Height (35) |Exponent
E |01sC-0 | 53173 12956.00 1.00| 15438.03 0.94 112 ] 0.04 | 10000 § 000 §| ooooo §
0.5:3.5 0:100 fined fined fined
F [01sc=0 | 53214 7323.52 0.57] 16339.92 1.00 211 i 4732 | 10000 § 000 &| o000 §
0.5:3.5 0:100 finwed fixed fixed
=
si25 75 lin silica XP5 Knowledge View 75 lin alumina > Data Grid 5
Ref.|Mame Peak Height Height |Area Area  |FWHM fit LG Mix (36) | Tail Tail Tail
BE CPS Ratio CPS.eV Ratio |param (V) |Product Mix (%) Height (%) |Exponent
H |5i2p3 50 101.73 296858 1.00 448122 1.00 142 m 0.00 m 100,00 ﬂ 0.00 ﬂ 0.0000 ﬂ
0.5:3.5 0:100 fixed fixed fixed
| 5i2p1 50 102.30 N 1514.47 % 0.51 2286.17 0.51 142 R 0.00 S| 100,00 Ry 0.00 9| 0.0000 Ry
H+0.63 (0.1} H*0.51 H*1 H*1 H*1 H*1 H*1
1 |5i2p 5i02 103.14 430.01 014 58574 013 1.23 b 0.00 |kl | 100,00 & 000 §| 00000 &
0.5:3.5 0:100 fixed fixed fixed
8.2 Appendix for Chapter 4
8.2.1 Raw data for Sequencing Experiments
8.2.1.1 Polystyrene
OPL
015 PS Hydrophobic sensor
3121 added 0.25ml of ethanol
1:04:13 added 0.25ml 140mg/ml oleic acid ss
1:18:38  added 0.25ml 140mg/ml palmitic acid ss ( slight force when adding ss)
1:34:48 added 0.25ml 140mg/ml linoleic acid ss
e € Cok 1 Modified
-s:- e q"""""—'—-—I-l (BB B = . z ::o@
100 Frers
180 &5
: sssssscmsEsEEEEW tad ;:Z
e -+ Fa
7 123 I+ 08
30 1o v
.ﬂ: . rvon
400 W 60 ;:E;
450 40
.SWIIIIIIIIII-IIIIII 0
1:00: :00:

10:00 20:00

000 40:00

Shows OPL sequence.

LPO
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T

o
a
0:15 Hydrophobic Polystyrene sensor
3221 added 0.25ml ethanol
1:07:25 added 0.25ml of 140mg/ml linoleic acid
1:20:06 -24:20 added 0.25ml of 140mg/ml palmitic acid
1:38:10 added 0.25ml of 140mg/ml oleic acid
e 7 ok 1 vodifed
o [ Far
o Sesssssssmmmnmn =D Emo
100 = Fers
180 reos
Ll 160 &
-200. raor
-250] . r+F
7 122 r+0
L 1008 v
-350 revom
100 | peo < F3
450 <0 oo
500 po
550} &
600 0
20:00 40100 1:00:00 1:20:00 1:40:00 2:00:00 2:20:00
Time (hres)
Shows LPO sequence.
0:07 PS Hydrophobic sensor
36:54 added 0.25ml ethanol
1:12:19 added 0.25ml 140mg/ml linoleic acid ss
1:29:42 added 0.25ml 140mg/ml| oleic acid ss
1:49:52 added 0.25ml 140mg/m| palmitic acid ss
e 1 cot 18 modfied
LR B N pr i seenesssEEun P 2 1
0 f n ~ m D3
.10 20 reFs
=t P ——— ey reDs
T FT
200 | = & o7
250 ", r+F
Eam 120 L)
w o reFr
ot W reon
-400- o0 & Fi3
0 feo o o3
500 40
550 2
600 0
000 00 A0 1:2000 1:40:00 2:00:00

1:00:00
Teme (rvmes)

Equation shows LOP sequence.

PLO
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0:04 PS hydrophobic sensor

47:51 added 0.25ml ethanol

12311 added 0.25ml 140mg/ml palmitic acid ss
¥ added 0.25ml 140mg/ml linoleic acid ss

1:50:38 added 0.25ml 140mg/ml oleic acid ss

mne: 1 Cok 24 Modfied
200
o - e— apn & 5 =N .
s0
100 T o
150 ssssssgtiEsEE’ 100
2 160
_ 250 o5
380
400 e
s &
500 £
550 22
600 =
0:00 20i00 40:00 1:00:00 1:20:00 1:40:00 2:00:00
Tine thims)
Shows PLO sequence.
005 PS hydrophobic sensor
46:00 added 0.25ml ethanol
1:23:22 added 0.25ml 140mg/ml palmitic acid ss
1:36:36 added 0.25ml 140mg/ml oleic acid ss
1:50:58 added 0.25ml 140mg/mi linoleic acid ss
Jne: 6 Coi: 1 Modified
0| m-uu - ([ASsssssssssasns 220
4 [ 200
100 |
150- AR ] ::
o 140
280 o
e 100%:
400 [0
450 60
-500- 0
550 20
-600- i
0:00 00 40i00 1100 1:20:00 140:00 2:00:00
Tine grus)
Shows POL sequence.

8.2.1.2 Silicon Dioxide

OLP
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0:05 silica with ethanol OLP (0.2ml)
10:16 100mg/ml oleic acid ss (0.2ml)
20:59 100mg/ml linoleic acid ss (0.2ml)
31:39 100mg/ml palmitic acid ss (0.2ml)

e 1 ook 18 Wodfes
10 o
5 e B B R
o r.“l-l“‘-”l'l-ll ssmsl :
5 e
g 24
0 J= - 22
15 FEE S o RS [
0]
2] S ssamgy :ig
£ ug
35 12
40 10
5
50 s
55 it - £
=a 5
2 gueeaaan i
-2
100 20:00 50100 40:00 0:00 1:00:00 110:00
Time (hm s}
Shows OLP sequence on SiOy.
0:01 0.2ml ethanol on silica OPL
11:06 0.2ml 100mg/ml oleic acid ss
28:15 0.2ml 100mg/ml palmitic acid ss
43:43 0.2ml 100mg/m! linoleic acid ss
s 4 col Moafied
. . 2
3 .,..)l—l-l L g-a-5-u-i-EE-u-a-g-a -
5 Ssssesguunssa’ :
-10 18
15 16
20 o
o) Ho
= 123
2 10
0 K
45 5
<5 2
z 0
o o w0 o o s T ‘
Time (hims)
Shows OPL sequence on SiOz.
001 0.2ml ethanol on silica LOP
1017 0.2ml 100mg/ml linoleic acid ss
2537 0.2ml 100mg/ml oleic acid ss
42:13 0.2ml 100mg/ml palmitic acid ss
Line: 6 Cok 1 odified
10
= 20
: siassesenetiens- ::
-10 14
T 2
T m';
T S
5 b
0] |«
a5 -
= { 2
slpatabegsese o
<0

0:00 10:00 20:00 m;l.l:l‘“m 5 40:00 50:00 1:00:00
Shows LOP sequence on SiOy.
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LPO

0:01 ethanol buffer silica LPO 0.2ml each
8.06 100mg/ml linoleic acid ss

29:30 100mg/ml palmitic acid ss

55:20 100mg/ml oleic acid ss

ner 4 Cob 31 Moarned
[ ‘aewaeaEE 65 e
. g-uE e R o o
L £ rers
S - - reos
&0 - Fas C&F
0] b &
= P it ©, rin
g E I+ s
B spsssaal o) v
L4 - 25 rvon
, 2 n refs
- Fad ™ ro o
pates sm
S e = o
2400
1000 20100 0100 40:00 50:00 1:00:00 L1000 1:20:00 1:3000
Tme (hms)
Shows LPO sequence on SiO:.
0:04 ethanol on silica 0.2ml PLO
10:58 0.2ml 100mg/ml palmitic acid ss
21:55 0.2ml 100mg/ml linoleic acid ss
32:33 0.2ml 100mg/ml oleic acid ss
Lne: 1 Cok: 17 Modfied
a0
2 I A
2 25 v mos
e s
o reos
C&F
rao

(e300

30:00 40100 50100
Ties: (M Sec)

Shows PLO sequence on SiOz.

POL
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0:01 0.2ml ethanol on silica POL
10:57 0.2ml 100mg/ml palmitic acid ss
2706 0.2ml 100mg/ml oleic acid ss
43:11 0.2ml 100mg/ml linoleic acid ss

ne: 1 Cok 17 Modified

[re]

SAbHBALA8REL 0.

L R

sssnEeeSagaasall

oo 10:00 20100

Shows POL sequence on SiOy.

Tone (hims)
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8.2.1.3 Aluminium Oxide

OLP

0:01 0.2ml ethanol on alumina
8:33 0.2ml 100mg/ml oleic acid ss
19:42 0.2ml 100mg/mi linaleic acid ss

35:50 0.2ml 100mg/ml palmitic acid ss

e s cai 1 Sadred
10
o o [ B SR -
g L
Eieaggy
5 f L = i
= i Sy ssssmaspgsannanang
Ee
2
£
S
s - -»w
0 LS —
457 V =
=
=
P
e
o0 100 2000

Shows OLP sequence on Al 0.

OPL

000
Time (e sec)

P
Vo
e

&
a0
4+

rvem
v ol
o m
o o3

0:01 0.2ml ethanol on Alumina OPL
11:51 0.2ml 100mg/ml oleic acid ss
25:55 0.2ml 100mg/ml palmitic acid ss
41:55 0.2ml 100mg/ml linoleic acid ss
Lne: & Cok %0 vodited
10
E
:_ et s sssssssmmaan
5 = P_...—-—- S
18 St sesnmmmnam
_a
0
%
-40 - s aseeaaa
a5
: ssssssmEmssm
23 1000 )

20:00
Teve (emcs)

Shows OPL sequence on Al>0s.

LOP
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0:01

0.2ml ethanol on alumina LOP

12:10 0.2ml 100mg/ml linoleic acid ss
29:48 0.2ml 100mg/ml oleic acid ss
46:43 0.2ml 100mg/ml palmitic acid ss
e 1 Col: 18 Modfied
1o 22
’ . a
. =
= s Ssssesngggn O sssmmEmas ::
15 =
2 Fesnna L = IH-I—T "
s 129
Z-30 =
T %
40
45 poma—— 6
50
= i
80
ey R R R 0
70 z
0:00 10:00 20:00 30:00 T 40:00 50:00 1:00:00
Shows LOP sequence on Al>0:.
0:01 0.2ml ethanol on alumina LPO
10:42 0.2ml 100mg/ml linoleic acid ss
23:30 0.2ml 100mg/ml palmitic acid ss
37:03 0.2ml 100mg/ml oleic acid ss
e 1 0ok 17 Modfed
10+ 22
: 20
g Lo i
| B-8-5.8
10 B : -i-sasnneegs 1
.15 B 1
20 8-8- 120
s e
£ 0f
5 6
0 s
5
= 4
57 1 2
Rag B B B R
£5° 2
0:00 10:00 20i00 - ?s.laﬂsﬁ) 40:00 S0:00
me.

Shows LPO sequence on Al>0s.
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0:01 0.2ml ethanol on alumina PLO
10:28 0.2ml 100mg/mi palmitic acid ss
24:23 0.2ml 100mg/ml linoleic acid ss
37:29 0.2ml 100mg/ml oleic acid ss

ne: 1 Cob: 24 Modified
107 o
B
= a-ma ] -
5 / -~ mg N R
109 Ei R - "‘IL.! Rl o B B RO .‘.J.. Sesmssessssa ::
15 '
=20 i
-i—-ﬁ 122
-
0] P
5 e o ] I
807
ot 2
60
65 0
7 -2
om0 10:00 20100 3000 40:00 s0:00
Time (MinSec)
Shows PLO sequence on Al>0:.
0:01 0.2ml ethanol on alumina POL
11:08 0.2ml 100mg/ml palmitic acid ss
24:22 0.2ml 100mg/ml oleic acid ss
37:47 0.2ml 100mg/ml linoleic acid ss
e 1 Cok 18 Vodfed
10 o
: oS 1
2 & gne088aaea — i
10 i T N a—| "
15 1z
el a2

-

8
©

4

A g0 8 >

0

Shows POL sequence

8.2.2 Effect of sequencing : Mass Adsorbed

8.2.2.1 Polystyrene

T Linolelc acld s Palmilic acid 53

70000

60000

50000

40000

Mass [ngier'2]

30000

20000

10000

4000 4500 5000 5500

2 2]
v m 03
reFs
reos
& F7
rao?
r+r
r+oe
v
rvom
e FM
Mo o3

2000 3000 40100 000
Tine (Min:Sec)
Oleic acid s Linoleic acid s Oleic acid ss
20000
15000
)
&
= 10000
5000
6000 6500 7000 7500 000 4000 4500 5000 5500 6000 6500 7000
Time. Time [s]
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Mass ogkem'2)

Mass [ngiam'2]

Palmitic acid 55 Uinoleic acid =5 Oleic acid 55 Paimiic sd 33 TR Tinoic acid 37
12000
12000 M
10000
10000
8000
8000
g 6000
6000 g
=2
4000
4000
3600 2008
0
5000 5500 6000 6500 7000 7500 5000 5500 5000 500 7000 7500
Time (5] Time (5]
Oleic acid 55 Paimiic acid 5 Linaleic acid 5
20000 12000 Olelc acid 55 Linaleic acid 55 Paimilic acid 55
10000)
15000
8000
F
10000] c000
H
4000
5000
2000
4000 4500 5000 5500 6000 6500 7000 4500 5000 5500 6000 £500 7000 7500 8000 8500 5000
Time [s] Time [s]
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8.2.2.2 Silicon Dioxide

8.2.2.3 Aluminium oxide

Mass Adsorbed onto Aluminium oxide

oLP
@
12000
10000
8000
o
E
5 13153.212 £ 60.256n 12997.192 + 41.898n
£ 6000 12160.152 + 26.107n
4000
2000
0 :
Initial 0.2ml 100mg/ml oleic acid 0.2ml 100mg/ml linoleic aci 0.2ml 100mg/ml palmitic ac
OLP
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[ng/em’2]

Mass Adsorbed onto Aluminium oxide
oPL

12000 T%E;FT
10000

8000

6000 12213.872 £ 19.998n

11239.088 + 18.739n 11328.779 % 19.952n

4000

2000

0 !

Initial 0.2ml 100mg/ml oleic acid  0.2ml 100mg/ml palmitic ac  0.2ml 100mg/ml linoleic aci
OPL
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[ng/em*2]

Mass Adsorbed onto Aluminium oxide
LPO

fForr

12000
10000
8000

6000 —— 11862.406 + 41.071n R
4000
2000
0

Initial 0.2ml 100mg/ml linoleic atI:-in.zml 100mg/ml palmitic ac  0.2ml 100mg/ml oleic acid
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[ngfem'2]

Mass Adsorbed onto Aluminium oxide
LOF

10000 pol
8000
6000
10347.445 £ 13.611n 10039.788 + 9.391n
9543.704 + 12.728n
4000
2000
0 ;
Initial 0.2ml 100mg/ml linoleic aci 0.2ml 100mg/ml oleic acid 0.2ml 100mg/ml palmitic ac
LOP
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[ng/em"2]

Mass Adsorbed onto Aluminium oxide

PLO
10000

8000

6000

9985.739 + 47.880n
9248.371 + 44.166n
4000 8189.664 + 31.902n
2000
0 "
Initial 0.2ml 100mg/ml palmitic ac  0.2ml 100mg/ml linoleic aci  0.2ml 100mg/ml oleic acid
PLO
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[hg/em’2]

Mass Adsorbed onto Aluminium oxide
POL

POl (
10000
8000
6000
10680.979 +42.235n 10569.173 + 37.327n 10293 050 + 28 339N
4000
2000
0
Initial 0.2ml 100mg/ml palmitic ac  0.2ml 100mg/ml oleic acid 0.2ml 100mg/ml linoleic aci
POL
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8.3 Appendix for Chapter 5

8.3.1 Palmitic Acid
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Figure 2: The bottom
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Figure 2. A schematic
depiction of Sauerbrey’s
findings: (a) the quartz
crystal oscillates at a
constant frequency
when appropriate
voltage is applied, (b) the

oscillation frequency

[Technology Note] 1
Quartz Crystal Microbalance
with Dissipation (QCM-D)

(Nanoscience Instruments,

2020)

Biolin Scientific AB,
2020

01.10.2024

Yes

Eva Ekerot (Marketing and
Communications Director)
Qsense Organisation: Biolin

Scientific AB

254



https://doi.org/10.1016/j.chemosphere.2020.127279
https://doi.org/10.1016/j.chemosphere.2020.127279

starts to decrease as
molecules  begin to
deposit on the crystal
surface, and (c)
frequency further
decreases as more
molecules deposit.
(Mustration copyright
belongs to Biolin
Scientific/Q-Sense.

Reproduced with

permission.)

21

figure

Abstract figure

Unsaturated Fatty Acids in
Alkane Solution: Adsorption
to Steel Surfaces.

Langmuir, Volume 23, Issue
21, 2007

Pages 10598-10602

ISSN 0743-7463
https://doi.org/10.1021/la700
909v

Copyright © 2007,
American Chemical

Society

09.09.2024

Yes

American Chemical Society

255



https://doi.org/10.1021/la700909v
https://doi.org/10.1021/la700909v

256



