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SYNTHESIS OF PALM OIL-DERIVED BIOCOMPATIBLE POLYMERIC

SURFACTANTS FOR NATURAL RUBBER LATEX APPLICATION

ABSTRACT

Surfactant is important for NR latex applications. It serves as latex preservative to preserve
latex and promote good NR film formation. However, some surfactants are toxic and skin
irritant. Hence, this study aims to develop alternative green, specifically bio-based surfactant
from palm oil for natural rubber latex applications. The objectives of this study are to (i)
synthesize a series of biocompatible palm oil-derived polymeric surfactants and characterize
the physicochemical properties of the surfactants, (ii) evaluate the in vitro cytotoxic and
antimicrobial properties of surfactants, (iii) compound surfactants into natural rubber (NR)
latex and investigate the rheological properties of the latex, and (iv) study the mechanical
properties of NR latex films incorporated with the synthesized palm oil-derived polymeric
surfactants. Four palm oil-derived polymeric surfactants, namely palmitic acid anionic
surfactant (PAS), stearic acid anionic surfactant (SAS), oleic acid anionic surfactant (OAS)
and oleic acid non-ionic surfactant (ONS), were synthesized using polyesterification method.
The chemical structures of the surfactants were then confirmed using FT-IR and '"H-NMR.
ONS experienced the highest extent of polyesterification, followed by PAS, SAS and OAS.
Consistent with the extent of reaction completion, ONS exhibited the highest M and My
values among all four surfactants. One of the highlights of this project is to develop a
polymeric surfactant which is biocompatible for NR latex application. It is therefore crucial
to evaluate the cytotoxicity of the developed product. All four surfactants, PAS, SAS, OAS,
and ONS were subjected to cytotoxicity study using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assays. SDS and Tween 80 were included in the study



as controls. The cytotoxicity of these four surfactants were evaluated in terms of cell viability
against four cell lines, including human keratinocytes (HaCaT), mouse fibroblasts (3T3),
mouse hepatocytes (H2.35) and canine kidney cells (MDCK). Comparative cytotoxicity test
revealed that the cell viability of these four surfactants were well above 80 %, except for SAS
which exhibited low cytotoxicity on fibroblasts after prolonged exposure at high
concentration. Antimicrobial test was conducted on OAS and ONS using minimum
bactericidal concentration (MBC) assay against bacterial strains methicillin-sensitive S.
aureus (MSSA), methicillin-resistant S. aureus (MRSA), K. pneumoniae, and A. baumannii.
Subsequent results revealed that OAS is the most effective surfactant in inhibiting the growth
of those tested bacteria. The synthesized OAS and ONS were also compounded into NR latex
at five various concentrations and subjected into rheological study. From the study, OAS
exhibited better outcome with longer linear viscoelastic region (LVR), signifying its potential
usage for long term latex stabilization. Mechanical properties of unaged and aged NR films
compounded with OAS and ONS in five varies concentrations were also evaluated. Based on
the results obtained, it is suggested that NR films incorporated with OAS could form softer

films and exhibited anti-aging properties.

Keywords: Antimicrobial, cytotoxicity, NR latex, palm fatty acids, polymeric surfactant



SYNTHESIS OF PALM OIL-DERIVED BIOCOMPATIBLE POLYMERIC

SURFACTANTS FOR NATURAL RUBBER LATEX APPLICATION

ABSTRAK

Surfaktan adalah penting untuk kegunaan susu getah asli. la digunakan sebagai pengawet
susu dan membantu pembentukan filem getah asli. Namun, sesetengah surfaktan adalah
toksik dan perengsa kulit. Oleh demikian, kajian ini bertujuan untuk membangunkan
biosurfaktan yang bersifat hijau yang dapat dihasilkan daripada minyak sawit untuk
kegunaan susu getah asli. Objektif kajian ini adalah untuk (i) mensistesis satu siri
biosurfaktan polimer berasaskan minyak sawit dan mencirikan sifat-sifat fizikokimia
surfaktan, (ii) menilai sifiat-sifat sitotoksik dan antimikrob surfaktan polimer, (iii) menambah
surfaktan ke dalam susu getah asli (NR) dan menyiasat sifat-sifat rheologi susu getah dan (iv)
mengkaji sifat-sifat mekanikal filem susu getah asli yang dihasilkan. Empat surfaktan
polimer berasaskan minyak sawit, iaitu surfaktan anionik asid palmitic (PAS), surfaktan
anionik asid stearik (SAS), surfaktan anionik asid oleik (OAS) dan surfaktan asid oleik bukan
ionik (ONS), telah disintesiskan dengan penggunaan kaedah poliesterifikasi. Struktur kimia
surfaktan polimer disahkan dengan menggunakan analisis FT-IR dan 'H-NMR. ONS
menunjukkan darjah poliesterifikasi tertinggi, diikuti dengan PAS, SAS dan OAS. Selaras
dengan tahap penyelesaian reaksi, ONS mempunyai nilai Mn dan Mw tertinggi. Salah satu
sorotan projek ini adalah untuk membangunkan surfaktan polimer biokompatibel untuk
aplikasi susu getah asli. Oleh itu, penilaian kesitotoksikan terhadap produk adalah penting.
Keempat-empat surfaktan, PAS, SAS, OAS dan ONS tertakluk kepada kajian sitotoksisiti
dengan menggunakan ujian 3-(4,5-dimetitiazol-2-yl)-2,5-difenilltetrazolium bromida (MTT).

Natrium dodesil sulfat (SDS) dan Tween 80 telah dimasukkan ke dalam kajian berfungsi

\



sebagai kawalan eksperimen. Sitotoksisiti keempat-empat surfaktan ini dikaji atas empat
jenis sel, termasuk sel keratinosit manusia (HaCaT), sel fibroblas tikus (3T3), sel hepatosit
tikus (H2.35) dan sel buah pinggang anjing (MDCK). Keputusan ujian sitotoksisiti
mendedahkan bahawa kehidupan dan pertumbuhan bagi keempat-empat surfaktan adalah
melebihi 80%, kecuali SAS menunjukkan sitotoksisiti rendah terhadap sel fibroblas tikus
setelah pendedahan lama pada kepekatan tinggi. Ujian antimikrob juga telah dijalankan
antara OAS dan ONS melalui kaedah kepekatan bakteria minimum (MBC) terhadap strain
bakteria S. aureus (MSSA yang sensitif methicillin), S. aureus (MRSA) yang tahan
methicillin, K. pneumoniae, dan A. baumannii. Keputusan seterusnya mendedahkan bahawa
OAS adalah paling berkesan dalam menghalang pertumbuhan kelima-lima bakteria yang
diujiankan. Kemudian, OAS dan ONS dicampurkan ke dalam susu getah asli dalam lima
kepekatan yang berlainan untuk kajian rheologi. Daripada kajian rheologi, OAS
menunjukkan hasil yang lebik baik dengan bahagian viskoelastik (LVR) yang panjang serta
linear, menandakan potensinya untuk menstabilkan susu getah. Sifat mekanikal bagi NR
filem yang mempunyai OAS dan ONS juga telah dinilaikan. Keputusan yang diperoleh
menunjukkan bahawa NR filem yang mempunyai OAS membentuk filem yang lebih lembut

dan menunjukkan sifat anti-penuaan.

Kata kekunci: Antimikrob, sitotoksisiti, susu getah asli, asid lemak sawit, surfaktan

polimer

\



ACKNOWLEDGEMENTS

First and foremost, a deepest appreciation expressed to whomever for helping me
from all of the aspects to accomplish this research project on time. Particularly express my
profound gratitude towards Dr. Lee Siang Yin, one of the supervisors of this research project,
for spending her precious time in guiding me for the selection of the title of the research

project.

I would like to appreciate Dr. Desmond Ang Teck Chye, my dearest supervisor for
guiding me with tons of patience throughout the research. He had helped me to understand
the purpose of doing this research, the flow of the procedure as well as precaution required

to be taken while conducting this research.

In addition to that, I would like to highly indebt Dr. Koh Ryun Yan and Dr. Liew Yun
Khoon, the biologist and microbiologist from International Medical University (IMU), for
providing all the cell lines and hospital acquired bacteria so that my research project can be

carried on fluently.

Apart from that, I would like to show my grateful to my teammate, which is Heng Y1
Xin for supporting me and helping with each other throughout the research project in

managed to complete the research on time.

Last to mention, I would like to appreciate my parents for their financial support as
well as infinity encouragement given to me to complete the research as well as my research
thesis. Once again, thanks for their full support and the accomplishment would not be

achieved without them.

VI



TABLE OF CONTENTS

ABSTRACT ..utiiiiiiiiiiiiiiiiiiiiiitiiiiitiettttttiettsttectttatssssssatessssssssmmmmosmsseoes 11
ABSTRAK . ...utiiiiiiiiiiiiiiiiiiiiiiitiiiiettettttatiastesntsatsesssssssssasessnssnssnsnsss \%
ACKNOWLEDGEMENT....ciitiiiiiiiiiiiiiiiiieiiiiiieiietitsisatseseesatsassssesssssnsams A1
TABLE OF CONTENTS...ctitiitiiiiiiiiiiiieiieiiiiiietietittnisatsessesnssassssssssnsans VIII
LIST OF FIGURES. ....uttitiiiiiiiiiiiiiiiiiitiiiiitiiietietitenitestecesassssnssnmmmmmoses X
LIST OF TABLES....ccutitiiiiiitiiiiiiiiiiiiiiiiiiiieiietitiatietietttassssnscnscnsensassne XIIT
LIST OF SYMBOLS AND ABBREVIATIONS.....ccciitiiiieiieiiiiiiniiecieininaceenn XIv
CHAPTER 1: INTRODUCTION....uiitiitiiiuiierieriinieesessssassessssnssssssssasases 1
1.1 Research background.......... ..o 1
1.2 Problem Statement. .........o.ouuenii it 4
1.3 Research ObJECtIVE. ... . cuuetie e e 6
1.4 Thesis OUtIING. . .....uon e e 7
CHAPTER 2: LITERATURE REVIEW....ciiiiiiiiiiiiiiiiiiiiiiniiecnesnisnscnssasenn 9

2.1 Natural rubber (NR) and film formation process..............ccoovvviiiiiiiiiiniiiiniieens. 9

2.2 Surfactants: Definition, classification and application in rubber industry............... 13
CHAPTER 3: METHODOLOGY ...cctiuiiiiiuiieiiiiiiieiieiiiiiiniietietiiatsescnesass 21
Bl MaAtErIaAlS. . oo 21
3.2 MethOdOlOgY .. .ot e 22

3.2.1 Synthesis of palm oil-derived polymeric surfactants ......................oooeien. 22

3.2.2 Characterization of palm oil-derived polymeric surfactants surfactants.......... 23
3.2.2.1 Fourier transform resonance spectroscopy (FT-IR).............ccccceeeeeee. 23
3.2.2.2 Nuclear magnetic resonance spectroscopy ('H-NMR)..........ccccoceeee. 23
3.2.2.3 Thermogravimetric analysis (TGA)......cccocoviiiiiiiiiiiiiiii e, 23

3.2.2.4 Differential scanning calorimetry (DSC)............cooiiiiiiiiiiiiiiininn.. 24

Vil



3.2.2.5 Gel permeation chromatography (GPC)..............coiiiiiiiiiiiinnnn. 24

3.2.2.6 Acid number determination. ... ......eeeuuneeeeeeeeeieaaeeeeeeeeeeeeiireaannnnnnn 24

3.2.3 In vitro cytotoxicity study on palm oil-derived polymeric surfactants........... 25
3.2.4 Antimicrobial StUAY ........ooviiiiii s 26
3.2.5 Natural rubber latex compounding .............cccooiiiiiiiiiiiiiiiiiiieee 27
3.2.6 Rheological study of natural rubber latex..................oooiiiiiiiiiii i, 27
3.2.7 Preparation of natural rubber latex films...................ooooiiiiiiiiin, 28
3.2.8 Characterization of natural rubber latex film properties........................... 28
CHAPTER 4: RESULTS AND DISCUSSIONS....ctiiiiiiiiiiiiiiiieiieiiininecennnn 30

4.1 Synthesis of palm oil-derived polymeric surfactants................ccccccecvevcvenveeveenenee. 30

4.1.1 Acid number determination ..............co.iveiiiiiintiiiiii e 33
4.1.2 FT-IR analysis of palm oil-derived polymeric surfactants.......................... 34
4.1.3 '"H-NMR analysis of palm oil-derived polymeric surfactants...................... 37

4.1.4 TGA analysis of palm oil-derived polymeric surfactants................cccceceenee. 40
4.1.5 DSC and GPC analysis of synthesized palm oil-derived polymeric surfactants... 43

4.2 In vitro cytotoxic study on palm-oil derived polymeric surfactants........................ 45

4.3 Antimicrobial study .........ooiiiiii s 53

4.4 Rheological behavior of natural rubber latex (NRL) concentrate incorporated with
synthesized polymeric surfactants...............oooiiiiiiiiiii i 56

4.5 Mechanical properties of NR films incorporated with palm oleic-acid polymeric

surfactants (OAS and ONS) ..o e 63
CHAPTER 5: CONCLUSION AND FUTURE WORK.....c.civtiiiiiiiiiiniieienninn 72
) 23 D1 35 D1 2 0\ 8 N 74

LIST OF PUBLICATIONS AND PAPERS PRESENTED.......ccccccceviviiiinniinninne. 90



Figure 2.1
Figure 2.2

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

LIST OF FIGURES

Film formation process.........o.ovueerieiienrieieeniiieeneanneann

Chemical structure of selected examples of (a) Anionic
surfactant, (b) Non-ionic surfactant, (c) Cationic surfactant, and
(d) Zwitterionic surfactant...............ccooiiiiiiiiiiii i,

Proposed chemical reactions of palm-palmitic acid anionic
polymeric surfactants (PAS)..........c.oooiiiiiiiiiiiii

Proposed chemical reactions of palm-stearic acid anionic
polymeric surfactants (SAS).......ccoiiiiiiiiiii

Proposed chemical reactions of palm-oleic acid anionic
polymeric surfactants (OAS).........cooiiiiiiiiiiiii,

Proposed chemical reactions of palm-oleic acid non-ionic
polymeric surfactants (ONS)...........oooiiiiiiiiiiii,

FT-IR spectrum of palm-palmitic acid anionic polymeric
surfactant (PAS). ..o

FT-IR spectrum of palm-stearic acid anionic polymeric
surfactant (SAS). ..o

FT-IR spectrum of palm-oleic acid anionic polymeric
surfactant (OAS).....oiiii e

FT-IR spectrum of palm-oleic acid non-ionic polymeric
Surfactant (ONS). ..o

'H-NMR spectrum of synthesized palm-oil derived polymeric
surfactant, PAS. ...,

"H-NMR spectrum of synthesized palm-oil derived polymeric
surfactant, SA S . .. ...

"H-NMR spectrum of synthesized palm-oil derived polymeric
surfactant, O A S . ... o

"H-NMR spectrum of synthesized palm-oil derived polymeric
surfactant, ON S . .. ...

TGA thermograph of synthesized palm-palmitic anionic
surfactants, PAS. ...,

14

31

31

32

32

35

36

36

37

38

39

39

40



Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

TGA thermograph of synthesized palm stearic acid anionic
SUITaCtantS, SA S . ..o,

TGA thermograph of synthesized palm oleic acid anionic
surfactants, OAS. .. ..ot

TGA thermograph of synthesized palm oleic acid non-ionic
surfactants, ONS ... ..ot .

Effect of palm oil-derived polymeric surfactants (a) PAS; (b)
SAS; (c) OAS; (d) ONS and reference (e) SDS; (f) Tween 80
on the cell viability of HaCaT cell lines after treatment
exposure of 24, 48 and 72 hours. Cell viability was expressed
in term of percentage of absorbance with 100 % representing
of vehicle control cells (V.Ctrl). Result data was expressed in
mean £ SD (n=3). The symbol * denotes significant differences
between control and treatment group at p <0.05...................

Effect of palm oil-derived polymeric surfactants (a) PAS; (b)
SAS; (¢) OAS; (d) ONS and reference (e) SDS; (f) Tween 80
on the cell viability of 3T3 cell lines after treatment exposure
of 24, 48 and 72 hours. Cell viability was expressed in term of
percentage of absorbance with 100 % representing of vehicle
control cells (V.Ctrl). Result data was expressed in mean + SD
(n=3). The symbol * denotes significant differences between
control and treatment group at p <0.05..............coieiiiinn.l.

Effect of palm oil-derived polymeric surfactants (a) PAS; (b)
SAS; (c) OAS; (d) ONS and reference (e) SDS; (f) Tween 80
on the cell viability of hepatocytes (H 2.35) cell lines after
treatment exposure of 24, 48 and 72 hours. Cell viability was
expressed in term of percentage of absorbance with 100 %
representing of vehicle control cells (V.Ctrl). Result data was
expressed in mean £ SD (n=3). The symbol * denotes
significant differences between control and treatment group at

Effect of palm oil-derived polymeric surfactants (a) PAS; (b)
SAS; (c) OAS; (d) ONS and reference (¢) SDS; (f) Tween 80
on the cell viability of MDCK (NBL-2) canine kidney cell lines
after treatment exposure of 24, 48 and 72 hours. Cell viability
was expressed in term of percentage of absorbance with 100 %
representing of vehicle control cells (V.Ctrl). Result data was
expressed in mean £ SD (n=3). The symbol * denotes
significant differences between control and treatment group at

Flow sweep analysis of NRL compounds, HA NRL; control
(KOH) as reference and HA NRL compounded with

42

42

42

47

49

51

52

Xl



Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

synthesized palm oleic acid anionic polymeric surfactant, OAS,
at concentration of 0.1, 0.3, 0.5, 0.8 and 1.0 phr...................

Flow sweep analysis of NRL compounds, HA NRL; control
(KOH) as reference and HA NRL compounded with
synthesized palm oleic acid non-ionic polymeric surfactant,
ONS, at concentration 0of 0.1, 0.3, 0.5, 0.8 and 1.0 phr............

Oscillation sweep analysis of NRL compounds, HA NRL;
control (KOH) as reference and HA NRL compounded with
synthesized palm oleic acid anionic polymeric surfactant, OAS,
at concentration of 0.1, 0.3,0.5,0.8 and 1.0 phr...................

Oscillation sweep analysis of NRL compounds, HA NRL;
control (KOH) as reference and HA NRL compounded with
synthesized palm oleic acid non-ionic polymeric surfactant,
ONS, at concentration 0of 0.1, 0.3, 0.5, 0.8 and 1.0 phr............

Mechanical properties (a) Tear strength, (b) Elongation at break
(EB), (c)Modulus 500 (M500), and (d) Tensile strength of
unaged natural rubber (NR) films incorporated with control
(KOH), and palm oleic-acid polymeric surfactants, OAS and
ONS in five varies loading (phr)................oooii..

Mechanical properties (a) Tear strength, (b) Elongation at break
(EB), (c)Modulus 500 (M500), and (d) Tensile strength of aged
natural rubber (NR) films incorporated with control (KOH),
and palm oleic-acid polymeric surfactants, OAS and ONS in
five varies loading (phr).............oooiiii

The percent retention (%) of tensile properties of NR films
incorporated with control (KOH), and palm oleic-acid
polymeric surfactants, OAS and ONS in five varies loading

58

59

61

62

67

69

Xl



Table 3.1
Table 3.2
Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

LIST OF TABLES

Composition of palm oil-derived polymeric surfactants..........
Formulation for latex compounding...................ccoevvinnnnne.

Acid value and extent of polyesterification of palm oil-derived
polymeric surfactants..............coooviiiiiiiiiiiiiii

Tg and GPC analysis of finished palm oil-derived polymeric
surfactants, PAS, SAS, OASand ONS............ccoiiin

The MBC result of synthesized palm oleic acid polymeric
surfactants, OAS and ONS.......ooiiiiiii e,

Mechanical properties of unaged NR films incorporated with
control (KOH), and palm oleic-acid polymeric surfactants
(OAS) in five varies loading (phr)..........ccoovviiiiiiiiniinnnnn.

Mechanical properties of unaged NR films incorporated with
control (KOH), and palm oleic-acid polymeric surfactants
(ONS) in five varies loading (phr).............ccooeiiiiiiiiin....

Mechanical properties of aged NR films incorporated with
control (KOH), and palm oleic-acid polymeric surfactants
(OAS) in five varies loading (phr)............cocoiiiiiiiiiiian

Mechanical properties of aged NR films incorporated with
control (KOH), and palm oleic-acid polymeric surfactants
(ONS) in five varies loading (phr)............cocoviiiiiiiiin

34

45

56

65

66

68

Xl



LIST OF SYMBOLS AND ABBREVIATIONS

'"H-NMR : Proton Nuclear Magnetic Resonance
AFM : Atomic force microscopy

ASTM : American Society for Testing and Materials
CHDM : Cyclohexanedimethanol

CLSI : Clinical Laboratory Standards Institute
CMC : Critical micelle concentration

COz : Carbon dioxide

DMEM : Dulbecco’s Modified Eagle’s medium
DMPA : Dimethylolpropionic acid

DMSO : Dimethyl sulfoxide

DSC : Differential scanning calorimetry

FBS : Fetal bovine serum

FT-IR : Fourier transform infrared spectroscopy
GPC : Gel permeation chromatography

HA latex : High ammoniated latex

LVR : Linear viscoelastic region

MBC : Minimum bactericidal concentration

XV



MePEG

MFFT

MHA

MHB

MRSA

MSSA

MTT

NASS

NH3

NR

NRL

OA

Oo/W

PA

SA

SDS

SME

Methoxy poly(ethylene glycol)

Minimum film formation temperature

Mueller Hinton agar

Mueller Hinton broth (MHB)

Methicillin resistant Staphylococcus Aureus

Methicillin sensitive Staphylococcus Aureus

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide) tetrazolium reduction assay

Sodium styrene sulfonate

Ammonia

Natural rubber

Natural rubber latex

Oleic acid

Oil in water

Palmitic acid

Sebacic acid

Sodium dodecyl sulfate

Sulfonated methyl esters

XV



StA

TGA

TMP

TSC

Tween 80

VOCs

ZDMC

Stearic acid

Thermogravimetric analysis

Trimethylolpropane

Total solid content

Poly(ethylene glycol) sorbitan monooleate

Volatile organic compounds

Zinc dibutyl dithiocarbamates

XVI



CHAPTER 1: INTRODUCTION

1.1 Research background

Natural rubber (NR) is a natural occurring polymer, particularly obtained from Hevea
brasiliensis species. It is a vital agricultural commodity which is engaged in a wide range of
applications, and it has been used most extensively in latex-dipped products, especially in
rubber glove manufacturing. Amongst the known benefit of NR is its protective quality, ease
of accessibility, and good elasticity and mechanical strength (Yip & Cacioli, 2002; Vijayaram,

2009).

Generally, NR is commercially available in latex concentrates or dry rubber forms.
NR latex is a milky fluid that can be obtained naturally from the sap of rubber tree. It can be
processed into gloves, condoms, catheters, rubber thread etc. by dipping, extruding, or
coating. Production of rubber articles from NR latex concentrate are usually via dipping or
coating. Dry NR on the other hand refers to rubber produced from NR latex via the use of
organic acid for coagulation to form dried or milled sheets of rubber. Field coagula also
accounts for up to 20% of the dry rubber produced. The products formed by dry NR involve
processes such as compression, molding, and extrusion (Naphon et al, 2018). Examples of
products produced from dry rubber are syringe pluggers, tires, vial stoppers, and so on (Boo,

2014).

Rubber gloves sector is the largest contributor to the Malaysian rubber industry. The
export of rubber gloves amounted to 56,522 tonnes in November 2021 as reported by
Department of Statistics Malaysia (DOSM) (Xia, 2021). Despite the impact from COVID-
19 pandemic, the Association of Natural Rubber Producing Countries (ANRPC) anticipated

the recovery of world NR production in January 2021 (Premadasa, 2021). This trend has



indirectly demonstrated a high demand for good quality gloves, particularly those of NR, in
major emerging markets. Despite competition from synthetic rubber, demand for NR glove
remains strong due to the unique and intrinsic properties of the NR article, and this includes

its outstanding elasticity, softness, and high elongation at break %.

NR latex mainly composed of two major components, 1,4-cis-polyisoprene which is
the rubber, as well as non-rubber components constituted by a mixture of carbohydrates,
lipids and proteins which retain the NR in an aqueous serum phase (Puskar et al., 2014).
Fresh NR latex has high tendency to undergo spontaneous coagulation after it was collected.
This occurs naturally as the non-rubber components are subjected to bacterial attack, leading
to a decrease in latex pH and subsequently coagulation of rubber particles (Stamberger, 1939).
Thus, a preservative is generally required to be added into the NR latex and this is especially
important for industries or applications that require the NR latex to remain fluid. The most
common preservatives used in NR latex is ammonia (NH3) because it is effective in inhibiting
the growth of bacteria due to its relatively high pH, and due to its ability to act as a stabilizer
to maintain the colloidal system of the NR latex (Riyajan & Santipanusopon, 2010).
Nevertheless, there are some concerns relating to the use of NH3 due to its high volatility,

odor, and toxicity (Ahonen et al., 2009; Quinn et al., 2015; Yari et al, 2016; Lee et al., 2021).

Surfactants are usually added into the NR latex. They are molecules comprising
hydrophilic heads and hydrophobic tails which are capable to lower the free energy of a phase
boundary to make two immiscible phases miscible. It can also be defined as a surface-active
agent which has the tendency to adsorb at interfaces, and it is a very important ingredient in
the NR latex compounding. To date, there are numerous studies that reported the benefits
and importance of introducing surfactants into NR latex (Manroshan, 2007; Ardvani et al.,

2019; Lim & Misni, 2018). Not only does surfactant helps to maintain the stability of the

2



latex, but it also affects the properties of film produced from the latex, including the film

permeability and mechanical properties (Steward et al., 2000).

Latex film formation is a process where the particle in an aqueous latex comes to the
closest packing and eventually form a polymer film due to particle deformation from the
continuous drying process. Depending on the compatibility between surfactant and particles,
surfactant will dissolve into the polymer, remain in the interfaces between particles, or phase-
separate from the polymeric solution and migrate to the interfaces (Kientz & Holl, 1993).
Hence, the distribution of surfactants after coalescence of latex films is important in
determining the performance of the film. Less than optimal latex formulation, including the
use of unsuitable amount and type of surfactant may eventually results with higher percentage
of products with defects or poor mechanical strength. One example of main defect in dipped
products is pinholes formation. Single dips are prone to defects like pinhole, and this has
been a major problem for products which require thin film formation. Pinhole is a very small
hole which resulted from bubbles formation in the latex tank, and this usually happens during
latex dipping process (Joseph, 2013). Surfactant in the latex could reduce surface tension and

ensure even spreading of latex on ceramic former to reduce the occurrence of such defect.



1.2 Problem statement

There are allergy concerns pertaining to the use of latex glove, and those allergic
responses are usually due to the presence of latex allergens or latex additives added during
compounding of NRL. Commonly, delayed Type IV hypersensitivity is caused by chemical
additives used. Examples of chemical additives including accelerators, antioxidant,
vulcanizing agents, stabilizers and coagulants. Delayed Type IV hypersensitivity, generally
induce contact dermatitis allergy to users. On top of that, some of the chemical additives used
are carcinogens, which might release nitrosamine compounds that induce human health
hazard concerns. (Crowther et al., 1998; Lushniak, 2000; Ruhida & Amir-Hashim, 2012). On
top of that, another notable problem is the over-reliance on petroleum-based raw materials in
the production of NR latex additives is always a global trend where many industries have
shifted to utilize natural or bio-based raw materials in the development of their products.

Henceforth, development of biocompatible or bio-based additive is advisable.

To produce a natural rubber latex glove, the natural rubber obtained from sap of
rubber tree need to maintain in aqueous dispersion medium form then subject to dipping
process. However, spontaneous coagulation of filed latex after it leaves the rubber tree is a
well-known fact. The airborne bacterial tend to attack the cell membrane of the natural rubber
particles, lowering down the pH of the latex by producing acid, subsequently neutralize the
negative charges of rubber latex and coagulation occurred. As such, ammonia is the most
common stabilizer used by industry to preserve and stabilizer the natural rubber latex in
dispersion phase. Nevertheless, the use of ammonia presents several concerns. One of the
major challenges is the gradual evaporation of highly volatile ammonia over a period of
preservative time. This requires repetitive addition of ammonia in order to maintain the pH

of the latex system at the desired value. On top of this, ammonia can induce health hazard
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associated problems as it is irritant and corrosive (Bousquet et al., 2006). Therefore, synthesis
of a biocompatible bio-based surfactant as a potential additive to preserve and stabilize the

natural rubber latex system is worth investigating.

There are several defects that may occur in the manufacturing of gloves which affect
the quality of the gloves being manufactured and lead to rejection of the products. Defects
will lead to production loss which is undesired. Therefore, minimization of defects is an
important factor ensuring the quality of products. Defects including beading defects, torn-
tearing, sticky defects, weak spots and latex coagulum have occasionally seemed (Kirti,
2016). Nonetheless, one of the major problems for products which require thin film formation
is pinholes, particularly for single dip products. A pinhole is a very small hole which resulted
from bubbles formed in the latex tank, especially happened during latex dipping process
(Joseph, 2013). Conventional surfactant is one of the key factors resulting in porous film,
particularly attributed to its foaming properties (Lim & Misran, 2013). Conventional organic
surfactants are prone to leaching out from the film and thus induce environmental concerns
(Zhu et al., 2014). As such, development of a polymeric surfactant seems promising as it has
longer chain length which postulate to entangle with the rubber particles during curing

process and not subjected to migration, blooming and leaching out from cured films.

The present study aims to develop alternative green additives, specifically bio-based
surfactant from palm oil for natural rubber latex application. Rheology tests is carried out to
study the flow behavior and linear viscoelastic properties of NRL compounds and mechanical
properties is to identify the quality of the films incorporated with the bio-based polymeric
surfactant synthesized. Taken together, the results obtained could provide a solid foundation
for follow-on studies on the potential biocompatible palm oil-based polymeric surfactants for

natural rubber latex applications.



1.3 Research objectives

Developing latex additives synthesized entirely from renewable materials presents an
attractive alternate option to address the above-mentioned concerns on environmental and
toxicity issues associated with the use of conventional additives and petroleum-derived
chemicals in NR latex. This project aims to develop bio-based polymeric surfactants from

palm oil for NR latex application, and the breakdown of the project objectives include:

1. To synthesize and characterize a series of biocompatible palm oil-derived polymeric
surfactants from entirely bio-sourced materials.

2. To compound surfactants into NR latex and investigate the rheological properties of
the latex.

3. To study the mechanical properties of NR latex films incorporated with the

synthesized palm oil-derived polymeric surfactants.



1.4 Thesis outline

Chapter 1: Introduction

This chapter describes the background of this research project, comprising of the
introduction to subject matter and problem statement of this research study. The objectives

of the study are clearly spelt out in this chapter.
Chapter 2: Literature review

The general introduction and historical development of NR, NR latex film formation
process, types of surfactants, classification and applications, surfactants derived from natural
products, polymeric surfactants as well as surfactants in rubber industry are discussed in

detail in this chapter.
Chapter 3: Experimental

In Chapter 3, the chemicals and materials involved in the study are listed out, and the
methodology adopted in the synthesis of palm oil-derived polymeric surfactants as well as
characterization techniques are elaborated in detail. Some of the instrumental
characterization of the surfactants include Fourier transform infrared spectroscopy (FT-IR),
proton nuclear magnetic resonance spectroscopy ('"H-NMR), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC) and gel permeation chromatography (GPC).
In addition to that, general procedures for the cytotoxicity and antimicrobial tests performed
on the synthesized palm oil-derived polymeric surfactants are included as well. Lastly,
procedure on compounding of NR latex with the surfactants, rheological study of NR latex
compounds, preparation of NR latex films and evaluation on film characteristics are also

included.



Chapter 4: Results and discussions

In this chapter, the outcome from the synthesis of four palm oil-derived polymeric
surfactants (PAS, SAS, OAS and ONS) were discussed. The structures of synthesized palm
oil-derived polymeric surfactants were corroborated with the results of FTIR and '"H-NMR.
Other characterization results discussed include those from DSC, GPC and TGA analysis.
Biocompatibility of the synthesized polymeric surfactants were evaluated using cytotoxicity
test against four cell lines (HaCaT, 3T3, H2.35 and MDCK), while the antimicrobial
properties of synthesized polymeric surfactants were tested against four bacterial strains
(MSSA, MRSA, K. pneumoniae, and A. baumannii). This chapter also presents the results
from the rheological study of the NR latex compounded with the polymeric surfactants.
Lastly, the mechanical properties of the unaged and aged dipped films prepared from

compounded NR latex were presented in detail.
Chapter 5: Conclusion

This chapter summarizes the significant findings of this research project.



CHAPTER 2: LITERATURE REVIEW
2.1 Natural rubber (NR) and film formation process

Historically, the earliest use of NR can be tracked back to the era of the Aztecs, 1,600
BC, where rubber was extracted from the tree and formed into a ball solely using heat energy
from hands and the rubber ball was used during Aztec ceremonial game. This was reported
by Christopher Columbus during his second voyage to the New World in 1496 (Umar et al.,
2017). It is only until the 17" century when the first scientific report on rubber was published
by a Frenchman named Charles Marie de La Condamine (Reisz, 2007). Then, in 1763,
Macquer and Herissant reported the use of turpentine as solvent to dissolve rubber and they
found that the texture of rubber products behaved differently when subjected to distinct
environment (Porritt, 1919). Seven years later, Joseph Priestley, an English chemist, gave the
name “rubber” when he found it could be used to rub out pencil marks, who unintentionally
become the first person who added carbon black in rubber (Yikmis & Steinbuchel, 2012). In
1820, Thomas Hancock discovered mastication and the use of rubber in gloves, shoes and
stockings. However, the final landmark in the historical development of rubber was the
discovery of vulcanization process by Charles Goodyear in 1839 and patented in year 1844,
making a big leap in rubber manufacturing and contributes to commercial production of NR

(Guise-Richardson, 2010).

Natural rubber (NR) (also known as cis-polyisoprene) is of plant origin which can be
obtained from families of Euphrobiacea, Apocynacea, Moracea and many more. From the
Euphrobiacea family, Hevea brasiliensis species originating from Brazil is the one that is
being exploited for commercial purposes (Tanaka & Sakdapipanich, 2001). NR obtained

from Hevea brasiliensis is practically consists of more than 99 % of cis-1,4 isoprene units.



NR latex tapped from rubber tree is a colloidal suspension of rubber particles and can be
treated differently depending on the intended applications of the rubber (Verhaar, 1959). NR
latex can either undergo coagulation with acids and compressed into dried sheets to produce
dry rubber products, or the NR latex can be stabilized using ammonia (NH3) to maintain its
colloidal liquid form to produce latex products by dipping process (Sakdapipanich &

Roirythai, 2012).

Apart from the isoprene units, NR also constituted of approximately 6 % of non-
isoprene structural units including protein, phospholipids, glycolipids, fatty acids, and
carbohydrates (Ho et al., 1996; Tarachiwin et al., 2003). Parts of these non-rubbery
constituents, particularly proteins and lipids serve as a protective layer on the surface of
rubber particles by forming negative charge on it to preserve the latex stability
(Sansatsadeekul et al, 2011). However, when in contact with air, bacteria tend to attack and
neutralize the protective layer, leading to coagulation and deterioration of the NR latex. Thus,
ammonia is often used in the industry to maintain the colloidal suspension of the latex.
Maximum of 0.7% of ammonia is used to produce HA latex (high ammoniated latex) or 0.2%
ammonia in combination with other secondary stabilizers such as dithiocarbamates
(Haldemann, 1984), zinc oxide or tetramethylthiuram disulfide (Santipanusopon & Rivajan,

2009) to produce LA latex (low ammoniated latex) (Rivajan & Santipanusopon, 2010).

One of the main applications of NR is to produce rubber glove. In fact, rubber gloves
export is one of the largest commercial opportunities for Malaysia rubber industry due to the
abundant rubber resources available in the country and vicinity (Ibragimov & Arshad, 2017).
It was analyzed that the growth in healthcare industry worldwide is one of the driving key
factors for the exponential growth of rubber gloves industry. Recently, Malaysian Rubber

Glove Manufacturers Association (MARGMA) has reported that Malaysia supplied 63 % of
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the global demand of rubber gloves, amounting to RM 18.8 billion for the year 2018, and
rubber glove make up more than 70 % of all the rubber goods export (Televisory, 2019). The
rubber glove industry is expanding in both terms of production capacity as well as

manufacturing processes to meet the growing market demand.

Many are not aware that the manufacturing of the seemingly simple and primitive
rubber glove in fact involves a series of complex processes, and many aspects of the processes
must be fine-tuned to produce a good pair of gloves. Good understanding of the rubber film
formation process from the latex is important to ensure that the film produced is of desirable
quality. Film formation is a process that involves transformation of particles in latex
dispersion that meets each other, fuse, and forms a continuous film through evaporation of
the water medium. Film formation process is also an important aspect in many other
industries and applications including paints, coatings, adhesive, sealants and caulks etc.
(Keddie, 1997). Over the years, many studies were conducted to better understand the film
formation process (Chen et al., 2011; Felton, 2007), and various techniques have been
employed for the study. This includes the use of atomic force microscopic (AFM) (Lin &
Meier, 1996), scanning electron microscopy (SEM) (Setua et al., 2010) and small angle
neutron scattering (Chen et al., 2011). It was reported that the physical and mechanical
properties of the films produced are mainly dependent on minimum film formation
temperature (MFFT) (ASTM, 1993; Myers & Schultz, 1994), which is the temperature limit
at which coalescence of the particles in the system can take place. It is noteworthy that film

formation arises from the inter-diffusion and coalescence of the particles in the system.

Many have carried out detailed study on the mechanism of latex film formation
(Bradford & Vanderhoff, 1966; Brown, 1956; Dillon et al., 1951; Voyutskii, 1958), film

modification and subsequent improvements in the quality of films produced have also been
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reported over the years (Frenkel, 1943; Kendall, 1982; Mason, 1973). Generally, film
formation can be divided into three consecutive major physical stages, namely consolidation,
compaction, and coalescence (Eckersley & Rudin, 1994; Ma et al., 2005; Steward et al.,
2000). Initially, consolidation stage mainly involves higher rate of water evaporation from
latex surface, followed by ordering of particles. This stage is the longest stage among the
three and it will proceed until the polymer had reached around 60-70 % of volume fraction
of water. Next, during compaction stage, the polymer latex sphere particles tend to undergo
deformation and fill in the free void space by continuous water evaporation. Coalescence
happened when further drying process proceed, allowing polymer chains to interpenetrate

and finally a continuous polymer film is formed.

Figure 2.1: Film formation process.
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2.2 Surfactants: Definition, classification, and application in rubber industry

Surfactants are surface-active substance that comprised of hydrophilic heads and
lipophilic tails in a molecule, making them amphiphilic in nature. This dual affinity
characteristic allows surfactants to function as emulsifier, suspending agent, stabilizer,
foaming and defoaming agent, and many more in various industrial applications. Surfactant
molecules have the tendency to form aggregates at critical micelle concentration (CMC), or
in another term, micellization (Al-Soufi & Novo, 2021). This is an important feature that
allows the formation of stable emulsion or dispersion for various applications. The global
revenue of surfactants demand is expected to grow at a rate of 4.80% during the forecast
period 2021-2026 (Research and markets, 2021). From the many types of surfactants, anionic
surfactant accounts for about half of the production value particularly in cleaning products
due to its ease and low cost of manufacturing (Farn, 2008; Gecol, 2006). Fundamentally,
surfactants are classified based on the type and ionic charge that held by hydrophilic groups.
Based on this classification, surfactants can be divided into four types, namely anionic,
cationic, non-ionic, and amphoteric surfactants. Selective examples of the four types of

surfactants are shown in Figure 2.2.
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Figure 2.2: Chemical structure of selected examples of (a) Anionic surfactant, (b) Non-

ionic surfactant, (¢) Cationic surfactant, and (d) Zwitterionic surfactant.

Anionic surfactants carry a negative charge on their hydrophilic end. Their good
cleansing power and wettability properties allow them to be the most widely used among all
types of surfactants, especially in cosmetics and detergents industries (L1, 2020). Some of the
commonly used anionic surfactants include sulfates, sulfonates, phosphates, and carboxylate
salts (Myers, 2006). However, anionic agents are considered a potent irritant to skin, as
reported by Effendy & Maibach (1995) and Effendy & Maibach (1996). They reported that
sodium lauryl sulphate (SLS) and ethoxylate sodium lauryl sulphate (SLES) are found to be
potentially responsible for skin irritation. Additionally. Loffler & Happle (2003) have

reported similar findings in detergent application.

Non-ionic surfactants represent the second most produced surfactants by volume, and
are particularly used in cleaning products (Steber, 2007). They are non-dissociable types and
are often used as emulsifier agents and in detergent formulation. One of the advantages of
non-ionic surfactant is its relatively low toxicity (Corazza et al., 2009). The most common

non-ionic surfactants are of alkyl, fluoroalkyl or silica-based (Bajpai & Tyagi, 2010). They
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have less hydrophobic moieties but more varieties in hydrophilic groups, allowing them to

be available in vesicle-forming surfactants.

Another ionic surfactant is the cationic surfactant which comprised of positive charge
at the hydrophilic head. They are not usually present in cleaning products, but highly practical

in biotechnology application (Mao et al., 2020).

Lastly, amphoteric (zwetterionic) surfactants are slightly different that the rest of the
surfactants as they carry both positive and negative charges simultaneously on the same
molecule. The net charge distribution of the surfactant is zero, and these charges can either
be pH sensitive or non-pH sensitive (Sarkar et al., 2021). Amphoteric surfactants are not
commonly used by itself, but usually used in combination with others such as ionic or non-
ionic surfactants. Examples of amphoteric surfactants are betaine, amino acid, and sultaine
(Sarkar et al., 2021). However, the high price of amphoteric surfactants compared to the rest,

tend to limit its industrial application.

Other than classification based on charge, surfactants can also be classified based on
the type of raw materials used in their production. They can be classified into petroleum-
based and bio-based surfactants. The conventional surfactants are produced from petroleum-
based substances and are widely used in cleaning, personal care, elastomers, plastics, oilfield
chemicals, leather, paper, and paints and coatings industries. However, the depletion of non-
renewable resources and environmental concern over the years have restricted their growth
in the market (Das & Mukherjee, 2007; Olasanmi & Thring, 2018). These have eventually
encouraged the development of bio-based surfactants. Bio-based surfactants are synthesized
from renewable raw materials such as oleochemical feedstocks. They are usually produced

through sustainable green chemical processes as compared to that of synthetic surfactants.
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Due to their high biocompatibility, bio-based surfactants are usually safer to be formulated
in cosmetics, pharmaceuticals (Bhattacharya et al., 2017), food industry (Nitschke & Costa,
2007), agriculture (Sachdev & Cameotra, 2013), petroleum industry (Silva et al., 2014), and

environmental remediation (Olasanmi & Thring, 2018).

In recent years, the use of bio-based surfactants is gradually replacing the
conventional petroleum-based surfactants, and this is largely attributed to some of the
advantages of the former, which includes environmentally friendly, high availability, as well
as low toxicity. The term “bio-based” refers to the use of ingredients derived from a living
organism, for example, plants, animals or even microbes (Ana et al., 2021). Amongst the
natural ingredients, palm oil, soybean oil, coconut kernel oil, castor oil, cashew nutshell oil,
and fish oils are some of the more commonly used resources to prepare polymeric products
encompassing polyester, polyether, polyolefin, and polyurethane (Chiellini et al., 2002;
Takahashi et al., 2008; Yeoh et al., 2020). Not all bio-based materials exist as polymers
naturally, but most of them are precursors to monomers and polymers. Triglycerides which
are the main components present in plant oil comprise of long alkyl chains, making it suitable
to be used to synthesize hydrophobic polymer. Many researchers have reported excellent
properties of polymers derived from vegetable oil, and the performance of the products are
not at all inferior compared to those derived from petroleum. This suggests that vegetable
oil-monomers present great potential of substituting petroleum-based monomers (Miao et al.,

2014).

Plant oil is one of the widely used starting materials to synthesize bio-based polymers
because it is non-exhaustible and is renewable. In this study, palm oil is chosen as the
renewable raw material to produce polymeric surfactant due to its abundance and easy

accessibility in Malaysia. Palm oil is a type of vegetable oil and is considered a versatile raw
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material that can be used to produce vast range of products including coatings, foams,
surfactants and many more. Palm oil is widely used in chemical industry to produce biofuels
and a range of palm-based for further processing to fit their end-applications. Fatty acids
present in the oil provide two sites for chemical reaction to take place, at the carboxylic group,
-COOH and/or at the unsaturation, C=C. Some of the chemical reactions involving the
carboxylic group include reduction, esterification, amination, and deoxygenation.
Esterification is perhaps the most reported reaction involving fatty acid (Otera, 2006).
Maurad et al. reported successful synthesis of palm-based alpha-sulfonated methyl esters

(SME) to serve as a surfactant in detergent (Maurad et al., 2006).

Fatty acid derivatives can also be found in many other applications such as food,
cosmetic, pharmaceutical, petroleum and other chemistry industry applications (Kenar et al.,
2017). Particularly in the cosmetic and pharmaceutical applications, one of the primary use
of fatty acid derivatives is as surfactants. In Saxena et al.’s study, they have synthesized and
characterized surfactant from palm oil for enhanced oil recovery application (Saxena et al.,
2017). Slamet and Pangiastika have also synthesized methyl ester sulfonate surfactant
derived from crude palm oil for laundry liquid detergent application (Slamet & Pangiastika,
2017). Other than the environmentally friendly advantage, palm fatty acids were proven to
be non-cytotoxic and exhibit antimicrobial properties (Roy, 2017). Rodriguez-Lopez et al.
(2020) have reported a series of biosurfactants with fatty acid composition that exhibit
remarkable antimicrobial properties by subjecting to cytotoxic study against mouse fibroblast
cells. Zhang et al. (2014) reported effective antimicrobial properties of fatty acid sugar ester-
based surfactants against gram positive bacteria. Furthermore, Karlova et al. (2010) have also

reported findings consistent with the above-mentioned studies. They reported the
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antimicrobial properties of fatty acid fructose esters which are dependent on the chain length

and concentration of the fatty acid ester.

Regardless of the types of surfactants, they have been used for various applications
due to their outstanding functional diversity. Surfactants are used as emulsifiers or wetting,
foaming, thickening agents for cleansing and cosmetic formulations (Milica et al., 2016). In
pharmaceutical field, surfactant has been used as a solubilizer to improve water-based drug
formulation (Sekhon, 2013). Savjani et al. (2012) have reported the use of surfactant to
improve drug solubility. In the coating industry, surfactant is usually introduced to serve as
emulsifier in a waterborne coating formulation. They are also added into the aqueous coating
formulations to improve wetting of both substrate and dry pigment (Mahli et al., 2003;
Makarewicz & Michalik, 2014). Surfactants are generally non-volatile and they remain in
the coating during the drying process. Some researchers have ingeniously exploited this
property and functionalized the surfactants to also serve as plasticizers for the coating,
enabling the dried coating film to be softer and more flexible. Using suitable surfactants may
also allow the reduction of volatile organic compounds (VOC's) in a coating formulation
(Kong et al., 2015; Kronberg et al., 2014). For instance, Collins et al. (2004) have
demonstrated the use of non-ionic surfactants to reduce or eliminate the need for co-solvent
in the conventional coating compositions.

In glove application, addition of surfactants into latex dispersions could alter the final
properties of the film, including the film terms of permeability, and mechanical properties.
Surfactants serve as wetting agents to facilitate even spreading of latex on the surface of the
former (Yip & Cacioli, 2001). There are several interesting findings on the interaction of
surfactant with latex and the resultant rubber latex film properties (Juhue & Lang, 1993;

Peethambaran et al., 1990; Tadros, 2009). Butler et al. (2003) had investigated the effect of
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ionic, polymeric and electrostatic stabilizers on the water-sensitive rubber latex films.
Manroshan & Lim (2013) have also discussed the usage of surfactants in latex technologies.
Birgin et al. (2017) also studied the effect of sodium styrene sulfonate (NaSS) concentration
on emulsifier free waterborne poly(methyl methacrylate/butyl acrylate) based rubber latex
and film properties. They have reported that there was a proportional relationship between
film properties with the concentration of NaSS. Presence of surfactant was also found to
influence the properties of the polymer film formed upon drying. Distribution of surfactants
throughout the drying process can implicate the polymer latex film properties and
performance (Keddie & Routh, 2010). Despite of surfactants have an overall advantage on
latex dispersion and film properties, in fact, surfactants are not chemically bonded to rubber
particles during film formation, they can migrate through a film and be leached out. Leaching
out of surfactants has induced a worldwide concern on the surfactant’s toxicity,
biodegradability and the level of surfactant pollution which jeopardize to aquatic organisms.

(Ivankovic & Hrenovic, 2010; Yuan et al., 2014)

Polymeric surfactants have gained much attention in recent decades (Raffa et al, 2015;
Xia et al., 2008) Polymeric surfactants refer to molecules with higher structural complexity
and at the same time able to promote surfactant properties (Raffa et al., 2015). They can be
either natural or synthetic in origin. Unlike conventional surfactant, polymeric surfactant is
the association of one or several macromolecular structures exhibiting hydrophilic and
lipophilic characters, in which its physiochemical behavior can vary depending on whether
the architecture of polymer is linear, branched or blocks (Kelsch et al., 2012; Kulkarni &
Shaw, 2016; Qiang et al., 2014). One notable advantage or distinguished feature of polymeric
surfactant is the high degree freedom to tailor its structure and chemical composition. The

overall polymeric surfactant size, location of hydrophilic/hydrophobic groups, as well as
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distribution of those groups can be manipulated to a certain extent. This allows the polymeric
surfactant to exhibit different properties and can be used for different widespread applications
(Gelardi et al, 2016). Wibowo’s team have successfully synthesized a polymeric surfactant
from palm methyl ester and vinyl acetate that was able to reduce the oil and water interphase
while increasing viscosity of the solution to fit the usage for chemical flooding in enhanced
oil recovery application (Wibowo et al., 2021). Yang et al. (2017) reported the synthesis of
chitosan derived polymeric surfactant with high surface activity. Polymeric surfactants are
also heavily involved in emulsion polymerization process as a stabilizer, as reported in
numerous studies (Asua, 2004; Lovell & Schork, 2020; Meuldijk et al., 2003; Tadros, 2013).
Polymeric surfactants offer many performance advantages over conventional surfactants
attract interest in different important applications not limited to agriculture, pharmaceutical,
cosmetics, enhanced oil recovery, coating etc. (Mahmoud, 2018). Despite the applications of
polymeric surfactants are widespread, there are less studies in natural rubber latex
applications. A such, the present study is to synthesis a series of biocompatible palm oil-
based polymeric surfactants and investigate its properties and explore the potential use in

natural rubber latex application.

20



CHAPTER 3: METHODOLOGY

3.1 Materials

Palm oleic acid (OA) and palmitic acid (PA) were kind gifts from Southern Acids
Industries Sdn. Bhd., Klang, Malaysia, whereas stearic acid (StA) was kindly given by Moi
Foods Malaysia Sdn Bhd. Dimethylolpropionic acid (DMPA), methoxy poly(ethylene glycol)
(MePEGQG), trimethylolpropane (TMP), cyclohexanedimethanol (CHDM), sebacic acid (SA),
sodium dodecyl sulfate (SDS), polyethylene glycol sorbitan monooleate (Tween 80) and
polysorbate 20 (Tween 20) were supplied by Merck Sdn. Bhd., Selangor, Malaysia. Four cell
lines including HaCaT human keratinocytes, (ATCC PCS-200-010™), NIH/3T3 mouse
fibroblasts (ATCC CRL 1658™), H2.35 mouse hepatocytes (ATCC CRL-1995™) and
canine kidney cells MDCK (NBL-2) (ATCC CCL-34) were purchased from the American
Type Culture Collection (ATCC), Manassas, USA. MTT agent, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, was purchased from Biobasic, Markham, Canada.
Fetal bovine serum (FBS) and dimethyl sulfoxide (DMSO) were supplied by Sigma-Aldrich
Sdn. Bhd., Selangor, Malaysia. Dulbecco’s Modified Eagle’s medium (DMEM) was
purchased from Gibco, Gran Island, New York, USA. Three types of bacteria strains (MSSA,
E. coli and K. pneumonia) were provided by multi-disciplinary laboratory, International
Medical University (IMU), Malaysia, while the pure culture of MRSA and A. baumannii
were- kind gifts from Dr Vasanthakumari Neela from Universiti Putra Malaysia (UPM). High
ammonia (HA) preserved NR latex with dry rubber content 60 wt % was purchased from
Getahindus (M) Sdn. Bhd., crosslinking agents and compounding additives including sulfur,
zinc oxide, zinc dibutyl dithiocarbamates (ZDMC), Wingstay-L were purchased from Bayer
Co. Sdn. Bhd., Malaysia. These chemicals were reagent grade and were used without further

treatment.
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3.2 Methodology

3.2.1 Synthesis of palm oil-derived polymeric surfactants

Four palm oil-derived polymeric surfactants, PAS, SAS, OAS and ONS were in-
house synthesized using poly-esterification reaction by one pot synthesis method and details
were published elsewhere (Lee et al., 2018; Lee et al., 2019; Ling et al., 2021). The
composition of each surfactant is listed in Table 3.1. The reaction was carried out under at
200 = 5 °C in a three-necked reaction round bottom flask, equipped with a mechanical
agitator and thermometer probe. Throughout the reaction, water produced from the
condensation reaction between hydroxyl and carboxyl groups was collected with a Dean-

stark decanter.

Table 3.1 Composition of palm oil-derived polymeric surfactants.

Polymeric Code Amount (% w/w)
surfactants

OA PA StA SA MePE TMP CHD DMPA

G M

Palmitic acid PAS - &0. - - - - - 19.2
surfactant 8
Stearic acid SAS - - 80. - - - - 19.2
surfactant 8
Oleic acid anionic OAS  80.8 - - - - - - 19.2
surfactant
Oleic acid non- ONS 16.0 28. 28.0 10.0 18.0 -
ionic surfactant 0
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At the end of reaction, the finished product was subjected to acid number test to
evaluate the completion of the reaction. The extent of polyesterification (P) was calculated

using Eq. (3.1).

p= %Atxmo 3.1)
0

where, P is the extent of the reaction, Ag is the initial acid number taken at time zero, and At

is the final acid number taken at the end of reaction.
3.2.2 Characterization of palm oil-derived polymeric surfactants
3.2.2.1 Fourier transform resonance spectroscopy (FT-IR)

Surfactant samples were subjected to FT-IR analysis using Thermo Scientific FTIR
Nicolet 6700 series spectrometer. The FTIR spectrum and the results were recorded from 32
scans, ranging from 4,000 to 600 cm™ at resolution of 2 cm™!. The analysis was conducted at

ambient temperature.
3.2.2.2 Nuclear magnetic resonance spectroscopy (‘H-NMR)

Surfactant samples were dissolved to 2 % w/v concentration in deuterated chloroform
(CDCl3). The '"H-NMR spectra of the samples were recorded at ambient temperature using
BRUKER 500 FTNMR spectrometer, with 32 scans recorded at a frequency of 500 MHz.
Tetramethylsilane (TMS) was used as internal standard with peak appearing at 0 ppm, and

peak from CDCl; appeared at 7.26 ppm.
3.2.2.3 Thermogravimetric analysis (TGA)

TGA analysis was carried out using Perkin Elmer Thermal Analyzer (STA) 6000.

About 10 mg of sample was weighed and loaded into a sample pan and subjected to heating
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from 30 °C to 850 °C. A flow rate of 20 °C/ min was set, under a nitrogen atmosphere. Data

analysis was then performed using Pyris software.

3.2.2.4 Differential scanning calorimetry (DSC)

The glass transition temperature (Tg) of the surfactants samples was evaluated using
differential scanning calorimetry (DSC) analysis. The DSC analysis was performed using
Mettler Toledo DSC 1, whereby solvent cyclohexane was used for temperature calibration.

Data was then analyzed using STARe SW 13.00 software.

3.2.2.5 Gel permeation chromatography (GPC)

About 0.2 % w/v of surfactant sample solution in tetrahydrofuran (THF) was prepared
for GPC analysis. The sample solution was then filtered using polytetrafluoroethylene (PTFE)
filters with a pore size of 0.45 um. About 100 pL of sample solution was then injected into
a Malvern GPC Viscotek gel permeation chromatography (GPC) instrument operated with
organic GPC/SEC columns, at a flow rate of 0.8 mL/min, using 3 x CLM3005-T5000 column.
Calibration was performed using polyisoprene standards. The number-average molecular
weight (M), weight-average molecular weight (Mvw) and dispersity (D) of the samples were

recorded accordingly.

3.2.2.6 Acid number determination

Acid number determination of the synthesized polymeric surfactants was carried out
in accordance with ASTM D7253-16 (ASTM, 2016). Results were taken in triplicates and

the average values were reported.
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3.2.3 In vitro cytotoxicity study

The in vitro biocompatibility of four synthesized polymeric surfactants, PAS, SAS,
OAS and ONS were assessed by measuring the cell viability of HaCaT human keratinocytes,
(ATCC PCS-200-010TM), NIH/3T3 mouse fibroblasts (ATCC CRL 1658TM), H2.35 mouse
hepatocytes (ATCC CRL-1995TM) and MDCK canine kidney cells (NBL-2) (ATCC CCL-
34TM) using MTT assay (Meerloo et al., 2011). Initially, the cells were cultured in DMEM
and were maintained in a humidified incubator at 37 °C. Subsequently, the cell suspensions
were transferred into 96-well plates and cultured for 24 hours. The culture medium was then
replaced with a fresh medium containing of six varied concentrations of the surfactant
samples accordingly (3.125, 6.25, 12.5, 25, 50 and 100 pg/mL). The cells were then
continued subject to the treatment for 24, 48 and 72 hours. At the end of each time interval,
10 pL of MTT dye solution was added to each well and incubated for another 4 hours at
37 °C. The absorbance of each well was read using microplate reader (Dynex Opsys MR
24100) at 570 nm. The relative cell viability was then calculated using Eq. (2) with
comparison to the control wells containing cell culture medium without the surfactant
samples. The experiment was conducted in triplicates to obtain an average value of results in
both dose- and time-dependent manner. Meanwhile, SDS and Tween 80 were also subjected
to this in-vitro cytotoxic test as controls for comparison purpose. It is noteworthy that SDS
and Tween 80 are widely used surfactants and they are available commercially. The
differences of cytotoxicity of each pair were compared using Student’s t-test by Microsoft
Excel 2016. Analysis outcomes with a confidence level of 95 % (p> 0.05) were considered
statistically significant. Mean value was calculated together with the standard deviation for

each surfactant sample.
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[A]test

Cell viability=p3 e e

X 100 (3.2)

where [Alwst represents the absorbance of the test sample and [A]control represents the

absorbance of the control sample.
3.2.4 Antimicrobial study

The agar dilution method was carried out in accordance to the Clinical Laboratory
Standards Institute (CLSI) guideline with some minor modification (CLSI, 2012). After
taking into consideration of the literature background studies and the state of matter of the
synthesized surfactants, only two polymeric surfactants, OAS and ONS are subjected to this
antimicrobial test. Initially, surfactant samples were dissolved in 9 % aqueous DMSO with
Tween 20 (5 % v/v). A serial dilution was then prepared on these two surfactants and added
to molten and tempered Mueller Hinton agar (MHA). The mixtures were mixed immediately
and vigorously to give desired final concentrations. The control tube consisted of MHA

without surfactant samples but with the presence of DMSO and Tween 20.

Before that, four different types of bacteria strains (MSSA, MRSA, K. pneumoniae
and A. baumannii) were cultured in the Mueller Hinton broth (MHB) until its exponential
phase at 37 °C. They were then diluted to reduce the concentration to 10® cfu/mL (equal to
0.5 McFarland). Next, the bacterial suspensions were further adjusted to 107 cfu/mL.
Precisely 2 puL of the bacterial suspension was dropped on the surface of agar in each tube,
followed by incubation at 37 °C for 20 hrs. Subsequently, the tubes were re-suspended
thoroughly with fresh MHB and the number of bacteria in the suspension was determined by
plate counting upon completion of the incubation. Minimum bactericidal concentration

(MBC) of surfactant sample against each bacteria was evaluated by comparing to the control
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tube, where the lowest concentration of surfactant mixtures that results in > 3-logio reduction

cfu/mL was considered as effective MBC (Ling et al., 2021).

3.2.5 Natural rubber latex compounding

Two surfactant solutions (OAS and ONS) were compounded with high ammonia (HA)
NR latex at five different concentrations. The formulation for the latex compounding is

shown in Table 3.2. The final total solid content (TSC) of the compound was adjusted to 30

wt %.
Table 3.2 Formulation for latex compounding.
Compounding ingredients Parts by weight (dry)
HA NR latex (60 wt%) 100
Polymeric surfactant (20 wt%) 0.1,0.3,0.5,0.8,1.0
Potassium hydroxide (10 wt%) 0.3
Potassium laurate solution (20 wt%)! 0.2
Sulfur (S) dispersion (50 wt%) 0.5
Zinc dibutyldithiocarbamate (ZDBC) dispersion (33 wt%) 0.8
Zinc oxide (ZnO) dispersion (50 wt%) 0.3
Wingstay-L dispersion (50 wt%) 0.5

! Potassium laurate (20% wt) added as a commercial surfactant to act as control benchmark.

3.2.6 Rheological study of natural rubber latex

The rheological properties of NR latex compounds incorporated with OAS and ONS

at five varied concentrations were measured using Discovery Hybrid Rheometer (DHR-2)
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from TA instrument, USA, with a concentric cylinder geometry measurement. An
approximate of 23 mL of surfactant sample was used for every measurement at a set
temperature of 25 + 0.1 °C. In this study, the rheological behavior of HA NR latex, control
(HA NR latex compounded with 0.3 phr of KOH), and NR latex compounded with OAS and

ONS were evaluated and discussed. The average of triplicate readings was reported.

Initially, the viscosity data of the samples were obtained using a flow sweep method,
with shear rate ranging from 0.001 to 1000 s'. Meanwhile, the viscoelastic properties of the
NR latex compounds were evaluated using oscillation sweep analysis at an angular frequency
of 10 rad/s, and the oscillation strain was set from 0.001 — 100 %. The fixed parameters were

applied logarithmically with 10 points collected per decade.

3.2.7 Preparation of natural rubber latex films

The NR latex films with thickness of 0.2-0.4 mm was produced via dipping method.
The films were left to dry at ambient temperature and subsequently cured in thermal oven

(Memmert UFB 400) at 100 °C for 30 minutes.
3.2.8 Characterization of natural rubber latex film properties

The mechanical properties of NR latex films were evaluated in both aged and unaged
forms. The aged films were obtained after treating the natural rubber latex films at 100 °C for
22 hours. All film samples were cut into dumbbell-shape with a width of 3.933 mm. The
tensile strength of the films was measured using an Instron testing machine (model 5565)
compliance to ISO 37:2011 method, with a 500 N loaded cell at the crosshead speed of 500

mm/min. The average of five readings per sample formulation was reported.
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The percent retention (%) of tensile properties can be calculated using following Eq.

(3.3).

Aged value

% Retention = Unaged vale

X 100 (3.3)

Where aged value represents tensile value after aged, and unaged value represent tensile

value before subject to aging.
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CHAPTER 4: RESULTS AND DISCUSSIONS

4.1 Synthesis of palm oil-derived polymeric surfactants

In this study, four polymeric surfactants derived from palm fatty acids, namely PAS,
SAS, OAS, and ONS were synthesized via polyesterification. This reaction involved the
formation of ester linkages from the hydroxyl and carboxyl groups of the monomers,
resulting with water as by-product. The water produced can be used to gauge the progression
of the reaction, as well as the amount of functional groups that has reacted. The hydrophobic
part of the surfactant is formed by the long alkyl hydrocarbon chains of palm fatty acid, and
the proposed chemical reactions involved in the synthesis of the surfactants are shown in
Figures 4.1 to 4.4. As displayed in Figures 4.1 to 4.3, the three anionic polymeric surfactants
(PAS, SAS, and OAS) have very similar chemical structures. The reaction involves two
molecules of palm fatty acids (PA, StA, and OA) with their primary acid groups react with
alcohol functional groups of one molecule of DMPA. Meanwhile, for the synthesis of ONS
in Figure 4.4, the formation of ester linkages is from the reaction between hydroxyl group of
polyol monomers with carboxyl groups of sebacic acid and oleic acid. By considering the
structure of the synthesized surfactants, the anionic polymeric surfactants (PAS, SAS, and
OAS) comprised of distinguished hydrophilic and lipophilic parts. Contrastingly, ONS is a
non-ionic surfactant with a more complex structure, where it constituted a block type
hydrophilic polyester that serves as a polymer backbone which is available for grafting by

both hydrophiles and lipophiles at both ends of the chain.
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Figure 4.1: Proposed chemical reactions of palm-palmitic acid anionic polymeric

surfactants (PAS).

Figure 4.2: Proposed chemical reaction of palm stearic acid anionic polymeric

surfactant (SAS).
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Figure 4.3: Proposed chemical reaction of palm oleic acid anionic polymeric

surfactant (OAS).

Figure 4.4: Proposed chemical reaction of palm oleic acid non-ionic polymeric

surfactant (ONS).
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4.1.1 Acid number determination

The extent of polyesterification (P) and acid numbers of the surfactants are recorded
in Table 4.1. The ester linkages were formed from the reaction between hydroxyl groups of
DMPA with carboxyl groups of palm fatty acids. The three anionic surfactants achieved
equivalent extent of polyesterification, P in the range of 78 — 79 %. It is noteworthy that the
P value was calculated from the changes in the acid number of the product, as per Eq. (1) in
Section 3.2. The moderate P value experienced by anionic surfactants are anticipated since
majority of carboxyl groups of DMPA were intentionally left unreacted. The carboxyl group
serves as hydrophiles, while the hydrocarbon fatty acid chain serves as lipophiles. Presence
of DMPA in their formulation explains the relatively high acid value observed in PAS, SAS
and OAS. FT-IR spectra of the anionic surfactants in Figures 4.5 to 4.7 provide evidence of
the esterification that took place, specifically the presence of intense peak observed in the
range of 1737 — 1742 cm’! which indicates the splitting of carbonyl group (C=0) of ester
linkages. In contrast, an appreciably high P value of 97 % corresponding to the low acid value
(6.4 mg KOH/g) was recorded for ONS. This indicates that ONS achieved nearly 100 % of
the reaction conversion rate for a possible reason, in which the primary oleic acid carboxylic
functional groups and primary hydroxyl groups of MePEG tend to be grafted readily to both
hydroxyl and carboxylic free ends of the block-type polyester backbone. In this case, ONS is
a rather linear non-ionic polymeric surfactant, with a high affinity to undergo self-assembly
into an oil-in-water (O/W) micelle. The non-ionic polymeric surfactant is thus having a
higher packing density with hydrophobic groups packed more tightly inside the micelle, and

vice versa. This helps to improve the surfactant efficacy stability (Tan & Birge, 1996).
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Table 4.1: Acid value and extent of polyesterification of palm oil-derived polymeric

surfactants.
Polymeric Extent of polyesterification, P / (%)  Acid value / (mg KOH/g)
surfactants
PAS 79 80.1
SAS 78 85.3
OAS 78 88.2
ONS 97 6.4

4.1.2 FT-IR analysis of palm oil-derived polymeric surfactants

FT-IR analysis was conducted to confirm the chemical composition of the four
synthesized polymeric surfactants, and the FTIR spectra of the surfactants are shown in
Figures 4.5 to 4.8. Overall, the FTIR spectra of the surfactants are similar to each other
except relatively more intense shoulder peaks observed in the range 1708 — 1710 cm™ in the
FT-IR spectra of the three anionic surfactants, OAS, PAS and SAS, and a broader band
appeared at a range of 3400 — 3500 cm™! in the spectrum of non-ionic surfactant, ONS. The
FTIR band at 1708 — 1710 cm™! in anionic polymeric surfactants is due to the carbonyl groups
(-C=0) of the unreacted -COOH of DMPA which served as the hydrophilic site of the
surfactants. Meanwhile, the broad band observed at 3400 — 3500 cm™ in ONS is from the
excess free hydroxyl group (-OH) available in the non-ionic surfactant. The characteristic
band of carbonyl groups (-C=0) in ester linkage is prominent in all four polymeric surfactants,
and appear as strong band at 1732 — 1742 cm’!. Bands observed at 2849 — 2949 c¢m’!

1

correspond to aliphatic C-H stretching, whereas 1349 — 1465 cm™ is from C-H bending.
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Moreover, the peak observed at 1012 — 1239 cm™ is from the C-O-C stretching of ester.
Lastly, at 720 — 724 cm!, these are peaks that corresponds to C-H out-of-plane stretching of
palm aliphatic fatty acid chains. Conclusively, these characteristic absorption bands provide
further confirmation of the proposed polyester chemical structure presented in Figures 4.1 —
4.4, and reassure the success of the synthesis of the palm fatty acid ester-based polymeric

surfactants.

Figure 4.5: FT-IR spectrum of palm-palmitic acid anionic polymeric surfactant (PAS).
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Figure 4.6: FT-IR spectrum of palm-stearic acid anionic polymeric surfactant (SAS).

Figure 4.7: FT-IR spectrum of palm-oleic acid anionic polymeric surfactant (OAS).
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Figure 4.8: FT-IR spectrum of plam-oleic acid non-ionic polymeric surfactant (ONS).

4.1.3 "TH-NMR analysis of palm oil-derived polymeric surfactants

The chemical structure of the synthesized surfactants was studied using 'H-NMR, and
the spectra are displayed in Figures 4.9 — 4.12. From the figures, all the surfactants have
similar peaks in the chemical shifts: (i) peaks at 0.8 — 0.9 ppm that corresponds to methyl
proton, -CHj3; from palm fatty acid, (ii) peaks in the region 1.3 — 1.6 ppm attributed to
methylene protons, R-CH»-R and tertiary alkyl protons, R3-CH, (iii) peaks at 2.0 — 2.3 ppm
from the methylene protons attached to the ester groups, R-CH>COO-, and (iv) peaks in the
region 4.0 — 4.2 ppm from methylene protons attached to the hydroxyl group, RCH,OH. Peak
observed at 7.3 ppm in all the spectra is from the deuterated solvent, CDCIls. Detailed analysis
shows that there are additional peaks appeared in the region 3.4 — 3.9 ppm in the '"H-NMR
spectrum of ONS, presumably from the alkyl proton, ROCH>R which is adjacent to the ester
linkages found in the chain between TMP and SA that forms the hydrophilic part of ONS.
Apart from that, the vinylic protons of unsaturated fatty acid, oleic acid OAs, RCH=CHR,

were found at 5.3 ppm, and are only observed in OAS and ONS. PAS and SAS were
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synthesized using saturated fatty acid, and this explains the absence of vinylic proton in their
spectra. Taken together, result of 'H-NMR analysis agrees with the proposed chemical

structures in Figures 4.1 —4.4.

Figure 4.9: '"H-NMR spectrum of synthesized palm-oil derived polymeric surfactant,

PAS.
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Figure 4.10: "H-NMR spectrum of synthesized palm-oil derived polymeric surfactant,

SAS.
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Figure 4.11: "H-NMR spectrum of synthesized palm-oil derived polymeric surfactant,

OAS.
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CDCls

Figure 4.12: "H-NMR spectrum of synthesized palm-oil derived polymeric surfactant,

ONS.

4.1.4 TGA analysis of palm-oil derived polymeric surfactants

TGA thermographs of synthesized surfactants are shown in Figures 4.13 — 4.16. In
general, the TGA curves of all four polymeric surfactants displayed similar pattern of
decomposition, with all of them experienced seemingly single-stage decomposition between
150 — 500 °C. However, the presence of shoulders in the derivatives curves suggests non-
distinct multi-stage of thermal decomposition of the sample. The anionic surfactants (PAS,
SAS and OAS) have relatively higher onset of degradation, in the range of 196 — 205 °C,
while the non-ionic polymeric surfactant (ONS) on the other hand reflected a comparatively
lower onset degradation temperature of 168 °C. ONS has the highest dispersity index of 2.4
among all surfactants, as shown in Table 4.2. Thus, the lower than expected onset of

degradation of ONS surfactant can be attributed to the presence of low molecular weight
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components in the polymeric surfactant. Despite the relatively low onset of degradation
shown by ONS, all four surfactants are thermally stable enough to be used for NR latex
application, as the curing and processing temperatures is about 100 °C

First derivative curves of the TGA analysis provide insight on the rate of thermal
decomposition. Based on the result, the three anionic surfactants experienced the highest rate
of weight loss in the region 335 — 339 °C. Comparatively, ONS exhibited the highest weight
loss peak at 432 °C, significantly higher than those of anionic surfactant. This temperature
range is presumably higher than those of anionic surfactants when bulk of the bonds in ONS
are broken. This signified that ONS has the highest thermal stability compared to other
anionic surfactants, which require higher amount of energy before extensive bond

dissociation can take place.

Figure 4.13: TGA thermograph of synthesized palm palmitic anionic surfactants, PAS.
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Figure 4.14: TGA thermograph of synthesized palm stearic acid anionic surfactants,

SAS.

Figure 4.15: TGA thermograph of synthesized palm oleic acid anionic surfactants, OAS.
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Figure 4.16: TGA thermograph of synthesized palm oleic acid non-ionic surfactants,

ONS.

4.1.5 DSC and GPC analysis of synthesized palm-oil derived polymeric surfactants

The glass transition temperatures, Tq and GPC results of the synthesized palm-oil
derived polymeric surfactants were tabulated in Table 4.2. From the GPC analysis, ONS
exhibited the highest number-average-, M, and weight-average molecular weight, My among
all four surfactants. This is within expectation as the non-ionic surfactant was synthesized
using more polyfunctional monomers which are capable for progressive extension of its
polymer chain during the polyesterification stage. The same reason explains the relatively
low molecular weight of the anionic surfactants which were largely synthesized from the

reaction between monofunctional fatty acids and DMPA.
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Among the surfactants, OAS has the lowest Tg value, -94.4 °C and SAS has the
highest Ty value, 32.9 °C. The glass transition temperature can be affected by few factors
such as molecular weight, chain stiffness, pendant groups, intermolecular forces, crosslinking,
etc. (Jadhav et al., 2004). The difference in chemical structure may contribute to the
difference in Tg value. In terms of anionic polymeric surfactants, SAS and PAS are saturated
polymers while OAS 1is an unsaturated polymer. The saturated chains in the surfactants
enable the molecules to experience closer packing with each other, resulting in reduced chain
mobility and consequently higher amount of heat energy is needed to reach the glass
transition (Barnes et al., 1988; Corkhill et al., 1987). SAS has higher Ty than PAS mainly due
to the longer linear alkyl hydrocarbon chain in its polymer backbone that further restricts its

mobility (Sugiyama et al., 2018).

For the non-ionic surfactant, ONS, although it has the highest molecular weight, the
Ty of the surfactant is surprisingly lower than expected. The possible reason could be the
presence of flexible and bulky pendant polar groups in ONS that prevents its molecules from
packing closely to each other. The voids between the chains derive greater mobility and
flexibility (Jadhav et al., 2004). Besides that, ONS has the largest dispersity among all four
synthesized surfactants, suggesting it contains widest distribution of both small and large
particles in its structure. The small particles may occupy the space between the large particles
and exhibit plasticizing effect. Having high dispersity is not necessarily undesirable as the
low molecular weight fraction could function as a plasticizer, while the high molecular
weight fraction may induce rapid drying during the film coating. (Ngem & Mohamed, 2004;

Hreczuch et al., 2016).
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Table 4.2: Tg and GPC analysis of finished palm oil-derived polymeric surfactants, PAS,

SAS, OAS and ONS.

Polymeric T, !/ °C GPC result

surfactants M.2 M. -

PAS (14) 0.5 1000 2100 2.1

SAS (16) 329 1000 1600 1.6
OAS -94.4 2000 1000 2.0
ONS -67.7 20001993 4800 2.4

!'T, is glass transition temperature
2 Mn is number-average molecular weight
3 Mw is weight-average molecular weight

4P is dispersity

4.2 In vitro cytotoxic study on palm-oil derived polymeric surfactants

The biocompatibility of the synthesized palm-oil derived polymeric surfactants is
evaluated based on the result of the cytotoxic study using MTT assay. Four cell lines chosen
for this study includes human keratinocytes (HaCaT), mouse fibroblasts (3T3), mouse
hepatocytes (H2.35), and canine kidney cells (MDCK). The experiment focuses on
evaluating the cell viability of synthesized surfactants against the four cell lines. SDS and
Tween 80 are commercially available surfactants, and they were included in this cytotoxic
study to serve as benchmark references. SDS is a conventional anionic surfactant which is
often used in many cleaning and hygiene products (Arslan et al., 2018; Tadros, 2005). There
are several published studies on the effectiveness of SDS in protein removal to produce

deproteinized natural rubber (DPNR) latex application (Chaikumpollert et al., 2012;
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Yamamoto et al., 2008; Yooyanyong et al., 2015). On the other hand, Tween 80 is a
recognized biocompatible non-ionic surfactant that was found to be used extensively in the
pharmaceutical field (Cristina & Lourdes, 2013). The cytotoxicity test in this study was rated
according to ISO 10993-5 standard, by evaluating the cell viability relative to controls. For
the interpretation of the result, percentage of cell viability above 80% is considered as non-
cytotoxic; within 80 — 60 % as weakly cytotoxic, 60 — 40 % as moderately cytotoxic, and <

40% as strongly cytotoxic (Lopez-Garcia et al., 2014; ISO, 2009).

HaCaT cells or keratinocytes are predominant cell types that could be found in the
layer of the skin epidermis. Skin is viewed as the first defense line against the penetration of
foreign toxic matters into our bodies. Thus, the HaCaT cell was chosen for cytotoxicity study
against the synthesized palm-oil derived polymeric surfactants as it could be affected first by
toxic substances through direct contact. The effect of the surfactants and references towards
the viability of HaCaT cells following exposure for 24, 48, and 72 hours were compared with
the viability of vehicle control (V.Ctrl) cells and the results are shown in Figures 4.17 (a) —
(f). The percentage of cell viability in PAS, SAS, OAS, and ONS well exceeded 80 %,
indicating that they are all non-toxic towards HaCaT cell lines. The palm-oil derived
polymeric surfactants can therefore be considered safe to be used for short and prolonged
skin contact. Similar result was obtained for reference Tween 80 (Figure 4.17(f)), but drastic
difference is observed for reference SDS (Figure 4.17 (e)). The result suggested that SDS
exhibited strong cytotoxicity, in both time-dependent and dose-dependent manner. Figure
4.17 (e) revealed that at 50 ug/mL SDS, the cell viability decreased exponentially below 80 %
particularly after 48 hours. When the concentration of SDS increased further to 100 pg/mL,
the cell viability fell below 10 % following exposure for 24, 48 and 72 hours. This result is

consistent with some of the reports on skin irritation caused by SDS. Marrakchi & Maibach
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(2006) have reported SDS could cause chronic skin hypersensitivity issues in individuals.
Likewise, study by Robinson et al. recommended maximum concentration limit of SDS of

1% 1s applied in products intended for prolonged skin contact (Robinson et al., 2010).

Figure 4.17: Effect of palm-oil derived polymeric surfactants (a) PAS; (b) SAS; (c) OAS;
(d) ONS and reference (e) SDS; (f) Tween 80 on the cell viability of HaCaT cell lines
after treatment exposure of 24, 48 and 72 hours. Cell viability was expressed in term of
percentage of absorbance with 100 % representing of vehicle control cells (V.Ctrl).
Result data was expressed in mean = SD (n=3). The symbol * denotes significant

differences between control and treatment group at p < 0.05.
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3T3 was extensively used as a model system to study mitogen-related cell cycle
progression (Gospodarowicz et al., 1975). The in vitro cytotoxicity test of the finished
polymeric surfactants was also performed on 3T3 cell lines, and the results are displayed in
Figures 4.18 (a) — (f). The MTT results of synthesized PAS, OAS, ONS, and reference Tween
80 are like those of HaCaT cells, where they are considered non-toxic with cell viability
above 80 %. However, SAS demonstrated a significant decline in 3T3 cell viability following
exposure at 100 ug/mL of surfactant concentration. This suggests that SAS exhibits moderate
cytotoxicity on the fibroblasts, at an extremely high concentration of 100 pg/mL, with the
cell viability remaining at 50.4 % after 72 hours exposure. There are several studies found
consistent with our findings on the cytotoxic properties of stearic acids (Fermor et al., 1992;
Gleeson et al., 1990). Harvey et al. (2010) have studied the growth inhibitory and pro-
inflammatory of saturated fatty acids against human aortic endothelial cells and have reported
that stearic acid could induce growth inhibition in human aortic endothelial cells (HAEC),
and at higher concentration, it may invoke cytotoxicity. Likewise, Nordin et al. (2018) have
reported that their synthesized compounds with stearic acids reflected a relatively moderate
cytotoxicity against tumor cells. The results of the MTT assay for SDS (Figure 4.18 (e)) were
very similar to the previous results with HaCaT cells. With these results obtained, PAS, OAS,
and ONS in the present study demonstrated good biocompatible properties and it can be
recommended for pharmaceutical applications, but SAS should only be used for similar

application at lower concentration, preferably less than 100 pg/mL.
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(d) ONS and reference (e) SDS; (f) Tween 80 on the cell viability of 3T3 cell lines after

treatment exposure of 24, 48 and 72 hours. Cell viability was expressed in term of

percentage of absorbance with 100 % representing of vehicle control cells (V.Ctrl).

Result data was expressed in mean = SD (n=3). The symbol * denotes significant

differences between control and treatment group at p < 0.05.
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The liver is one of the vital organs in the human body which has a recognized function
in xenobiotic metabolism in all vertebrates. Hepatocytes (H2.35) were used to determine the
hepatic toxicity of palm oil-derived polymeric surfactants. In Figures 4.19 (a) — (d), all four
surfactants demonstrated high biocompatibility with cell viability above 80%. The MTT
results of reference Tween 80 in Figure 4.19 (f) are equally good. As for the commercial
anionic surfactant SDS shown in Figure 4.19 (e), it is highly cytotoxic against hepatocytes
particularly at a concentration of 50 pg/mL and 100 pg/mL, in both time-and dose-dependent
manners. At these two concentrations, cell viability fell well below 20 %. The acquired data
indicates that the palm oil-based surfactants are non-toxic to liver cells and is safe for oral
consumption. Therefore, all four synthesized polymeric surfactants demonstrated high

potential to be utilized in oral drug formulations.

To provide comprehensive overview of the cytotoxicity of the surfactants, the last
cells used in this study is canine kidney cells. Kidney is susceptible to xenobiotics due to its
high blood supply and its ability to concentrate toxins. In this study, canine kidney cells
MDCK (NBL-2) were used for to this cytotoxic study and served as a renal model to screen
the nephrotoxicity of palm oil-derived polymeric surfactants. As shown in Figures 4.20 (a) —
(d), exposing MDCK cells to the synthesized surfactants did not result in any apparent
reduction in the cell viability even after 72 hours of treatment at concentration ranging from
3.125 — 100 pg/mL. As for SDS (Figure 4.20 (e)), it showed significant toxicity at high

concentrations, especially at surfactant concentration of 100 pg/mL.
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Figure 4.19: Effect of palm-oil derived polymeric surfactants (a) PAS; (b) SAS; (c) OAS;
(d) ONS and reference (e) SDS; (f) Tween 80 on the cell viability of hepatocytes (H.2.35)
cell lines after treatment exposure of 24, 48 and 72 hours. Cell viability was expressed
in term of percentage of absorbance with 100 % representing of vehicle control cells
(V.Ctrl). Result data was expressed in mean + SD (n=3). The symbol * denotes

significant differences between control and treatment group at p < 0.05.
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Figure 4.20: Effect of palm-oil derived polymeric surfactants (a) PAS; (b) SAS; (c) OAS;

(d) ONS and reference (e) SDS; (f) Tween 80 on the cell viability of MDCK (NBL-2)

canine kidney cell lines after treatment exposure of 24, 48 and 72 hours. Cell viability

was expressed in term of percentage of absorbance with 100 % representing of vehicle

control cells (V.Ctrl). Result data was expressed in mean £ SD (n=3). The symbol *

denotes significant differences between control and treatment group at p < 0.05.
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Taken together, the above cytotoxicity test findings against four cell lines (HaCaT,
3T3, H 2.35, and MDCK) suggests that the palm oil-derived surfactants are highly
biocompatible and can be considered for applications such as additives in the pharmaceutical
application, as well as for biomedical application. The use of SAS is however limited to
concentration of less than 100 pg/mL. All four surfactants comprised of ester linkages which
can be hydrolyzed inside the human body into non-toxic metabolites, and subsequently
excreted out from the human body. This further suggests that the surfactants are harmless

and reasonably safe to be used in pharmaceutical formulations.

4.3 Antimicrobial study

The antimicrobial study is conducted to explore the potential biomedical application
of the palm oil-derived synthesized surfactants, particularly in medical glove application.
There are numerous studies that have proven antimicrobial properties delegated by palm fatty
acids (Agoramoorthy et al., 2007; Kabara et al., 1972; Knapp & Melly, 1986; Zheng et al.,
2005). Desbois & Smith (2009) discussed the potential biomedical exploitation of free fatty
acids. Souza et al. (2014) have also reported significant MIC result observed in fatty acids
and its esters derivatives against Candida species. It is therefore interesting to investigate the
antimicrobial property of the newly developed palm fatty acid-based surfactants in the
current study. The antimicrobial property of two of the polymeric surfactants, OAS and ONS
were evaluated using MBC assay. The other two surfactants, PAS and SAS were omitted
from this study after considering the solid physical state of the surfactants at ambient
temperature that may restrict their application in NR latex. According to visual observation,

SAS appeared to be solid state at room temperature, with is in consistent with T, value (32.9
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°C) as shown in Table 4.2. Furthermore, PAS with T, value of 0.5 °C appeared to be gel-like

appearance and tends to be participated out upon 3 months of storage in ambient temperature.

MBC assay is a technique commonly used to determine the bactericidal activity of a
particular chemical (a potential antibacterial agent) against different bacteria. A high MBC
value indicates that more drug is needed to affect the organism’s function or replicability,
and vice versa. Three types of bacteria were evaluated in this study, namely Staphylococcus
aureus (S. aureus), Klebsiella pneumoniae (K. pneumoniae) and Acinetobacter baumannii
(A. baumannii). These bacteria were chosen because they were “superbugs” or antibiotic-
resistant bacteria that could cause serious health associated infections (HAIs) and surgical
site infections (SSIs) (Anestopoulos et al., 2020). The antimicrobial activities of the
synthesized palm oil-derived polymeric surfactants were reported in log reduction values as
clearer indication of at least 99.9% effect of reduction induced by bioactive compound (Ling

etal., 2021).

Results from the antimicrobial test is summarized in Table 4.3. According to the
bactericidal activity screening, OAS confers antimicrobial efficacy at concentration of 6 %
v/v which significantly reduce Gram-positive bacterial S. aureus, including both MRSA and
MSSA strains in more than 3-logio reduction. Chen et al. (2011) have also indicated that
anionic surfactants have antimicrobial properties towards Gram-positive bacteria which is in
consistent with our findings. According to Kabara et al. (1972), fatty acid derivatives
compounds demonstrate antimicrobial properties against both gram-positive and gram-
negative microorganisms. Similar bactericidal effect of OAS could be observed against
Gram-negative bacteria strains, including A. baumannii as well. However, a relatively higher
concentration of about 15 % v/v of OAS was observed to adequately reduce at least 99 % of

the growth of K. pneumoniae. Oppositely, ONS does not demonstrate antimicrobial activity
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for tested bacterial, except for Gram-negative A. baumannii, which exhibits an antimicrobial

efficacy at a concentration of 2 % v/v.

Based by the MBC results observed, it can be concluded that OAS exhibits better
antimicrobial properties than ONS. Despite Gram-negative bacteria have a thinner cell wall,
it consists of outer lipid membrane which forms an additional protective layer, making it
more resistant to be penetrated. (Kapoor et al., 2017). The MBC results showed that OAS
exhibits promising inhibition of broad spectrum of bacteria, with more significant
antimicrobial effect against Gram-positive bacteria (MRSA and MSSA). Yoon et al. (2018)
have reported that unsaturated fatty acid with 18 carbon long chains have potent antimicrobial
activity against different types of Gram-positive bacteria. Interestingly, the data highlighted
that ONS exhibited antimicrobial effect against A. baumannii only. Oleic acid was reported
to be interfere the cell membrane in an indirect manner, eventually leading to cell membrane
disruption and lysis (Lee et al., 2017). The antimicrobial properties of these surfactants might
presumably derived from the presence of unsaturated palm oleic acid in which constructs the
hydrophobe moieties of the synthesized polymeric surfactants which potentially inhibit the
growth of the tested bacteria as reported elsewhere (Anestopoulos et al, 2020; Khan et al,
2015; Perinelli et al, 2019). Taken together, the synthesized palm-oil derived polymeric
surfactants might be useful in biomedical applications, particularly in the medical glove

industry (Lee et al., 2021).
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Table 4.3: The MBC result of synthesized palm oleic acid polymeric surfactants, OAS

and ONS.
MBC! (% v/v)
Bacteria
OAS ONS

MSSA? 6.0 >2.0
MRSA3 6.0 >2.0
Klebsiella 15.0 >2.0
pneumonia
Acinetobacter 6.0 2.0
baumannii

1 MBC is based on log reduction of at least 3-logio CFU/mL, where each value was reported as mean of independent triplicates.
2 MSSA is methicillin-sensitive Staphylococcus aureus

3 MRSA is methicillin-resistant Staphylococcus aureus

4.4 Rheological behavior of natural rubber latex (NRL) concentrate incorporated with

synthesized polymeric surfactants

Figures 4.21 and 4.22 are plots of shear viscosity of pure NRL, control (HA NRL
compounded with 0.2 phr of potassium laurate), and NRL compounded with OAS and ONS
ranging from the shear rate of 0.001 s™' to 1000 s™!. In general, shear-thinning behavior was
observed in all the samples (HA NRL, control and NRL compounded with OAS and ONS)
where the latex viscosity decreased when the applied shear rate increased gradually (Tadros,
2009). This phenomenon reflects the pseudoplastic behavior of latex. Initially, when NRL
was subjected to a low shear rate, the latex particles moved in a Brownian motion of rotation

and tend to collide and interfere with each other, thus contributing to high viscosity. As the
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shear rate increased accordingly, the rubber latex particles started to deform and align with
the direction of the flow. Hence, less interference between the rubber latex particles and a
decrease trend in viscosity was observed. The addition of surface-active agents can modify
the flow properties of latex, and this is crucial in latex applications since viscosity of the latex
could greatly affects the properties of the final product (Peethambaran et al., 1990; Correa et
al., 2015).

NRL compounded with OAS, particularly at higher concentration of 0.8 and 1.0 phr,
displayed a comparatively higher viscosity than HA NRL in low shear rate. This could be
attributed to the stronger intermolecular forces of attraction experienced between the particles
(Franks et al., 2000). However, when shear stress was applied, the increasing shear force
pushed the charged particles closer together, inducing a repulsive force that repel the particles
to a larger separation distance, and Van der Waals forces becomes the dominant force. This
explained latex exhibited more liquid-like behavior and lower viscosity, implied that NRL
compounded with surfactants were easily disturbed under applied stress (Franks et al., 2000).

On the other hand, NRL compounded with ONS offered less shear thinning behavior
where the reduction in viscosity is rather small with increasing shear rate as compared to
those in OAS-compounded latex. Without charge, the repulsive forces between the particles
at high shear rate is expected to be significantly lower and this explains the minimal reduction
in the viscosity of the latex compounded with the non-ionic surfactant. The inter-molecular
forces of attraction derived from its complex chemical structure could have made ONS-
compounded latex to have higher shear-resistance as well, leading to insignificant viscosity
loss at high shear rate. The shear thinning behavior of the ONS-compounded latex is however
comparable to the control. In summary, the viscosity behavior as displayed in Figures 4.21
and 4.22 implied that a more fluid-like behavior could be observed in NRL with the addition

of the palm oil-derived polymeric surfactants. Between the two, NRL incorporated with OAS
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demonstrated a more pseudo-plastic behavior than that with ONS, particularly at higher

surfactant loading.

Figure 4.21: Flow sweep analysis of NRL compounds, HA NRL; control as reference
and HA NRL compounded with synthesized palm oleic acid anionic polymeric

surfactant, OAS, at concentration of 0.1, 0.3, 0.5, 0.8 and 1.0 phr.
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Figure 4.22: Flow sweep analysis of NRL compounds, HA NRL; control as reference
and HA NRL compounded with synthesized palm oleic acid non-ionic polymeric

surfactant, ONS, at concentration of 0.1, 0.3, 0.5, 0.8 and 1.0 phr.

The plots of oscillation sweep analysis of pure HA NRL, control and NRL
compounded with OAS and ONS in five varied concentrations are illustrated in Figures 4.23
and 4.24. Generally, almost all NRL compounds showed dominancy of loss modulus (G”)
values throughout the entire strain ranges, suggesting that these NRL compounds were easily
disturbed and exhibited liquid-state behaviour. However, NRL compounded with OAS,
particularly at 0.8 phr and 1.0 phr behaved contrastingly, where the compounded latex
demonstrated viscoelastic behaviour. As shown in Figure 4.23, NRL compounded with 0.8

and 1.0 phr OAS displayed dominancy of G’ over G values instead. The circumstances have
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recommended that NRL compounded with higher content of OAS experienced a more solid-
like behaviour. OAS is an anionic surfactant which was anticipated to have strong
electrostatic interactions with surrounding which facilitate its retention and integration within
the latex system and contributed to the formation of network structure of ordered chain
segments. This network structure subsequently stabilizes the latex system until a yield stress
is achieved, which is the value where there is a crossover between G’ and G”. Eventually,
inducing strain greater than critical yield stress will destroy the internal structures, leading to
an abrupt change of the latex properties.

On top of that, the linear viscoelastic region (LVR) was found to be lengthen in NRL
incorporated with OAS, particularly with increased content of OAS. Basically, LVR is the
measurement of stability and usually is at the region where stress and strain waves are set at
such low values that stress is proportional to strain. By referring to both figures, comparison
made across pure HA NRL and control, NRL incorporated with OAS were found to have
more prolonged stability, especially with a higher content at 0.8 phr and 1.0 phr. In contrast,
NRL compounded with ONS observed insignificant difference in the length of LVR across
all five concentrations. The LVR of latex compounds containing ONS were almost in similar
length as the LVR of latex compounds with low content of OAS. As ONS is a non-ionic
surfactant, it is expected that it has less interactions with surrounding compared to OAS. This
resulted the formation of less network structure of ordered network structure within the latex
system.The analysis suggested that NRL samples incorporated with OAS, especially at a
higher concentration have shown better viscoelastic properties and higher stability, and these

outcomes are desirable especially for NRL processing and applications.
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Figure 4.23: Oscillation sweep analysis of NRL compounds, HA NRL; control as
reference and HA NRL compounded with synthesized palm oleic acid anionic

polymeric surfactant, OAS, at concentration of 0.1, 0.3, 0.5, 0.8 and 1.0 phr.
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Figure 4.24: Oscillation sweep analysis of NRL compounds, HA NRL; control as
reference and HA NRL compounded with synthesized palm oleic acid non-ionic

polymeric surfactant, ONS, at concentration of 0.1, 0.3, 0.5, 0.8 and 1.0 phr.
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4.5 Mechanical properties of NR films incorporated with palm oleic-acid polymeric

surfactants (OAS and ONS)

The mechanical properties including tensile strength, elongation at break (EB),
modulus 500 (M500) and tear strength of NR films incorporated with OAS or ONS at five
different concentrations under unaged curing condition were studied, and the results were
tabulated in Tables 4.4 and 4.5 and sketched in Figure 4.25. Generally, tear strength is to
measure the ability of a material to withstand from a tearing effect. EB is to measure how far
a film can be stretched before it breaks, while tensile strength measures the force needed to

break the film.

As displayed in Table 4.4 & Figure 4.25, NR films compounded with OAS in unaged
curing condition exhibited a significant overall reduction in mechanical properties as
compared to control. The reduction in tear strength, tensile strength and M500 can be clearly
observed in all five different surfactant loadings. These might be due to the plasticizing effect
exhibited by OAS that made the NR film softer. This phenomenon is dictated by the
mechanism governing the film formation of the NR latex film. During firm formation stage,
the latex particles tend to align to form ordering arrangement and undergo deformation and
compaction to eventually form a coherent film. However, addition of surfactants can disturb
this orderly packing arrangement and creates some free voids in the structure (Geurts et al.,
1996; Steward et al., 2000). In addition to the void, the presence of OAS molecules in the
system may also weakens cohesive bonds between the latex particles throughout the film
formation process (Heng et al., 2021). Consequently, reduction in mechanical properties of
the OAS compounded NR film was observed. However, the mechanical properties improved
with the increasing concentration of OAS. This indicated that the presence of hydrophilic

material (ionic surfactant) could facilitate film drying (Feng, 1997) and thus higher
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concentration of OAS could have presumably improved the coalescence of films, leading to

slightly increase in mechanical properties at 1.0 phr of OAS.

Interestingly, as shown in Table 4.5 & Figure 4.25, NR films incorporated with ONS
revealed an insignificant difference in mechanical properties as compared to the control
throughout the five varied concentration of surfactant loading, particularly 0.3 phr and 0.5
phr. The high molecular weight ONS could have presumably undergone physical
entanglement with the latex particles, and this might compensate some losses in mechanical
strength that could arise from the weaker cohesive bond between latex particles (Namsheer
& Chandra, 2021). At the same time, no significant improvement was observed as the system
could have already achieved optimum crosslinking to derive the maximum strength to the

films (Dazylad et al., 2007; Roslim et al., 2018; Sasidharan et al., 2005).

Tables 4.6, 4.7 and Figure 4.26 demonstrated the mechanical properties of aged NR
films compounded with OAS and ONS, respectively. In the context of material science, aging
can be perceived as a degradation process that takes place when a product or material is
subjected to high storing temperature, and the change on the product is usually reflected on
its mechanical properties (Ngolemasango, et al., 2008; Woo & Kim, 2006). Referring to the
mechanical properties of the aged and unaged control NR films incorporated with KOH in
Tables 4.4 to 4.7, there is apparent reduction in tear strength, M500 and slightly decrease in
tensile strength of the film after aging. This clearly indicates that there was a loss of strength
and structural integrity of the control NR films, presumably from the oxidative degradation
(Li & Koenig, 2005) that took place when stored under high temperature for prolonged period.
NR films compounded with OAS, particularly at 0.1 — 0.8 phr however revealed higher
tensile strength after it was aged. The slight increase in tensile properties of NR films loaded

with OAS could be due to the formation of new cross-linkages during thermal aging with
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available of free sulfur in the latex system. This phenomenon also known as post-curing

(Manaila, et al., 2018).

Table 4.4: Mechanical properties of unaged NR films incorporated with control, and

palm oleic-acid polymeric surfactants (OAS) in five varies loading (phr).

OAS Tear strength EB (%) MS500 (MPa) Tensile strength

loading (N/mm) (MPa)

(phr)

Control 19.0£0.3 920£2 23+£0.1 29.0+£0.6

0.1 12.0+£0.6 860 + 1 1.9+£0.1 18.0£0.8
0.3 15.0+£0.4 860 + 1 20£0.1 18.0+£0.6
0.5 13.0+£0.2 920+ 1 1.9+£0.1 19.0+£0.3
0.8 12.0+0.3 900 +2 20+0.2 21.0+£0.6
1.0 12.0+0.2 920 + 1 2.1+£0.1 23.0+£0.2

!'Unaged curing condition at 100 °C for 30 minutes; EB is elongation at break; M500 is modulus 500.
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Table 4.5: Mechanical properties of unaged NR films incorporated with control, and

palm oleic-acid polymeric surfactants (ONS) in five varies loading (phr).

ONS Tear strength  Elongation at Modulus 500, Tensile strength

loading (N/mm) break, EB (%) MS500 (MPa) (MPa)

(phr)

Control 19.0+£0.3 920+2 23+0.1 29.0+£0.6

0.1 17.0+0.1 930+3 1.7+0.1 21.0+0.3
0.3 18.0+0.4 920 £ 1 2.1+0.1 28.0+0.5
0.5 18.0+0.3 930 +£2 2.3+0.1 28.0+0.8
0.8 18.0+0.2 930+ 1 2.1+0.1 25.0+0.3
1.0 17.0+0.8 920 +£2 2.3+0.1 26.0+0.3

!'Unaged curing condition at 100 °C for 30 minutes; EB is elongation at break; M500 is modulus 500.
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Figure 4.25: Mechanical properties (a) Tear strength, (b) Elongation at break (EB), (c)
Modulus 500 (M500), and (d) Tensile strength of unaged natural rubber (NR) films
incorporated with control, and palm oleic-acid polymeric surfactants, OAS and ONS in
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Table 4.6: Mechanical properties of aged NR films incorporated with control, and palm

oleic-acid polymeric surfactants (OAS) in five varies loading (phr).

OAS loading Tear strength EB (%) M500 (MPa) Tensile strength
(phr) (N/mm) (MPa)
Control 10.0+0.2 1080 + 1 1.7+0.1 28.0+£0.6
0.1 9.0+0.3 1060 £ 1 1.5+0.1 23.0+04
0.3 9.0+0.2 1030+ 1 1.5+0.1 23.0+0.3
0.5 8.0+0.2 1050 £2 1.3+0.1 22.0+0.6
0.8 10.0+0.1 1060 +2 1.4+0.1 23.0+0.3
1.0 8.0=+0.2 990 + 2 1.6 +0.1 21.0+0.6

! Aged curing condition at 100 °C for 22 hours; EB is elongation at break; M500 is modulus 500.

Table 4.7: Mechanical properties of aged NR films incorporated with control, and palm

oleic-acid polymeric surfactants (ONS) in five varies loading (phr).

ONS loading Tear strength EB (%) MS500 (MPa) Tensile strength
(phr) (N/mm) (MPa)
Control 10.0£0.2 1080 + 1 1.7+0.1 28.0+ 0.6
0.1 10.0+0.3 1070 £2 1.5+0.1 28.0+0.2
0.3 10.0+0.3 1090 + 2 1.5+0.1 27.0+0.2
0.5 10.0+0.4 1020 £3 1.6+0.1 26.0+0.3
0.8 11.0+0.1 1080 £3 1.5+0.1 27.0+0.5
1.0 10.0+0.3 1010 £2 1.7+0.1 27.0+0.6

! Aged curing condition at 100 °C for 22 hours; EB is elongation at break; M500 is modulus 500.
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The percent retention (%) of tensile properties was calculated and recorded in Figure
4.27 to further quantify the performance of NR films incorporated with OAS and ONS upon
subjection to thermal aging for 22 hours. At 22 hours, NR films compounded with OAS
exhibited a remarkable higher retention value throughout five varies loading concentrations
as compared to ONS, indicating that OAS demonstrated a better aging resistance property
than ONS. This is more likely due to enhance rubber particle integration during the aging
process (Ramli et al., 2014). The presence of unsaturated alkyl chain of the oleic fatty acid
in the surfactant could have contributed to the improved integration during the aging process.
The result suggests that OAS may derive some anti-aging properties to the NR films. There
is however no significant difference in the mechanical properties of the NR films
compounded with ONS as compared to the control in Table 4.7 & Figure 4.26, indicating

there is less aging resistance properties derived from incorporating ONS.
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CHAPTER 5: CONCLUSION AND FUTURE WORK

In a nutshell, all polymeric surfactants in this work have been synthesized from
naturally sourced starting materials, specifically palm fatty acids. PAS, SAS, and OAS have
similar chemical structures as confirmed by FT-IR and "H-NMR analysis. ONS tends to have
a block-type polyesters backbone which is readily grafted by hydrophiles and lipophiles at
both ends of the chain. ONS exhibited the lowest glass transition temperature and has the
highest prospect to be used as a plasticizer, whereas SAS with the highest glass transition
temperature can then be used to produce a hard film. The cytotoxic study revealed all
synthesized polymeric surfactants have high biocompatibility and non-toxic against many
cell types in both doses- and time-dependent manners. Thus, all of them are highly considered
safe to be used in biomedical applications. However, it is recommended that the
concentration of SAS shall not exceed 100 pg/mL if it were to be used for pharmaceutical
applications. Apart from that, antimicrobial study showed that OAS presented better
antimicrobial properties than ONS surfactant. The rheological study suggesting that NRL
compounded with OAS tends to lengthen the LVR region and presented a better viscoelastic
behavior and stability which beneficial to natural rubber latex (NRL) application. Mechanical
properties of the NR films incorporated with OAS indicated that the film produced is

relatively softer with some extent of anti-aging property.

This study has achieved the desired objectives of producing a series of biocompatible
polymeric surfactants from entirely bio-sourced starting materials. The subsequent
characterization that has suggested their potential to be exploited for biomedical application.
The softness and better stability of OAS compounded NR latex glove tackle the glove

common defects and toxicity concerns of chemical additives used in NR latex application
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greatly presented the potential of the synthesized polymeric surfactants to be used in natural

rubber latex application.

Nevertheless, it is worth investigating the potential usage of the synthesized
surfactants for synthetic rubber gloves as well. There is notable shift in demand from NR
gloves to synthetic ones following the limitation in the NR latex supply. The switch from NR
to synthetic rubber has been particularly evident in medical gloves. Another factor that driven
the switch in medical glove is to avoid the risk of type I hypersensitivity associated with NR.
Apart from that, it is a known fact that synthetic rubber such as NBR exhibit better abrasion
resistance and solvent resistance. However, it tends to have lower flexibility which reduces
the user’s tactility and dexterity. To address this, the investigation on the incorporation of
synthesized palm oil-derived polymeric surfactants into those synthetic rubbers is of interest

and highly relevant.
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