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ABSTRACT

This thesis focuses on studying the curing mechanism and
characterization of low-temperature cured natural rubber (NR) latex using bifunctional
aldehydes as curing agents. The research is divided into four main parts, each
addressing specific aspects of the study. In the first part, the influence of protein
content in NR latex on the properties of cured NR using glutaraldehyde (GA) is
investigated. The results reveal that higher levels of protein content in NR latex lead
to significant improvements in the overall properties of NR vulcanizates. This
indicates that GA not only crosslinks NR molecular chains but also forms crosslinks
with proteins present in NR latex. The second part explores the properties of GA-
cured grafted-NR with different acrylic monomers. The vulcanizates of grafted-NR
exhibit enhanced overall properties, demonstrating the efficacy of the grafting process.
Additionally, it is found that the chemical interaction between GA and rubber can
facilitate crosslinking through the active ester groups of grafted-NR molecules. In the
third part, the properties of NR vulcanizates using different types of bifunctional
aldehyde curing agents are studied. The findings highlight that the molecular structure
of the bifunctional aldehyde plays a significant role in determining the properties of
NR vulcanizates. Furthermore, the use of phthaldialdehyde (PA) as a curing agent
results in the production of transparent NR films, showcasing its potential applications.
Lastly, the fourth section investigates the properties of NR latex mixed curing systems
with varying ratios of sulfur (S) and GA. The study reveals that the S70/GA30 ratio
yields superior mechanical properties, while higher levels of GA content in NR
vulcanizates exhibit enhanced thermal properties. This suggests that tailoring the

composition of the curing system enables the attainment of desired material



characteristics. Overall, this thesis provides comprehensive insights into the curing
mechanism and characterization of low-temperature cured NR latex using bifunctional
aldehydes. The findings emphasize the importance of protein content, grafted-NR,
molecular structure of curing agents, and curing system ratios in determining the
properties of NR vulcanizates. These results offer promising opportunities for the
application of low-temperature cured NR latex using bifunctional aldehydes in various

rubber industries.

Keywords Natural rubber latex, Low-temperature vulcanization, Bifunctional

aldehyde, Grafted NR

vi



YaInginwus N13AN¥INALNNIIAIIULAL AMEN YL VBIUNEN9ETTUTIA Tan budi

gaumngiion aeldueadlanndaomyilsiduluansasgy

AR WNEATITING WIS
A19713%1 AnenFanswazalulagneaias
Un1s@nen 2566

% a o =

NITeliingUsrasavantunsistdunsnyinalnnisasguuasandnune

10311895 5sUR Taaludfgaumgdnlasldueadlenn dasmyilsiduduaisaagy 39

9 Y

miAdeiannsoutsenidudussiundn Wun duiinis AnvdvdnavesUSualusiud
dmaroantivotsssumafianludiengndailes wui Viinadusiuluihensiigsty
anunsaUiuUsananTRvetessTsuRtanludld Gsanunsausdliiingansarledlifies
uAiiansBouszmrianelienssssned wiannsnfamadensnssnindusiuluendd
Snée dauiiaes AnwanlfivesenssssunAnswdseeyaianueusiuedinsiafiagy
Mengansanten nuiinisanuUsluanaeesIsuRnen1sNIINdausaUsuUTIaudRs
7 v038195350A LS nenandl wudn ngandarledfiannnfinnindonrnsseninamy

HIATULDALMDSVDILINTINALS AIUNAINVDINUINY YINTAEN W ANTRVDI1955TUVIRTAAN

saa 1

ludheonoadlesidaomilsitusisviatu wui dnvazlasehaiunnieiuvestoadles
fistlaesiterdu funumddylumasinunnuantivesensiaalud uonand wuii eng
s55uT AT a1 luddaenniadles (Phthaldialdehyde, PA) Ml duenafi ddnwasla 34
anunsnthluuszgndlfidundnfasionsidiosnisaialald wazgavne dmsudndidvesns

I8l A ANwANURVDIUIYEITUV AN MI2UUNITIAAN UL UUNANSENIN9ANE T ULAS

namsadlanfndadiunig q #an1sAnwinudn esssumAianludndadiu S7T0/GA30 &

a
auvAgenaganan luvugidndiuveangasanlediiuiu dwmaliaudmgnnuiouves

L4 Y
¢ a =% = Y

gravamlud gty 93 liiulIn1sianludaessuunanausatiunUssena gy

Y 9

.

ymadendmiunmsivuaaadnvuzesersianludld fafu unaguveseidded Wy
mATeRliTeyanseunquiiBaiunalnnsasgULazANANYAILIANNZ YD1 555 3T A Taa
lusigamglishlaglfusatlediiaomyilsituduasagy dnsfunuiladoddayiidamasio
nstmuanadnvazvetssianlud ldun Usinalusiuluiens nsfauusluanasis

'
[y ] =

5I5UYIANINITNIINA Snwaizlasasiavesansasl uazdndrunmuivauvesaisaguly

vii



viii

SPUUNAN Benadnsviavuatl anansadinleniadniunisiiessssuniianludngumaiinm

meueanlaaniaemyilsiduduasasgululssandldnulugaamnssuensselula

1%
o a

AEAY W8195TINA NsTaanludNaamglion woadlanndasmyileidy s19s35uA

v

AR



X

ACKNOWLEDGEMENTS

I would like to express my deepest gratitude and appreciation to all
those who have contributed to the completion of this thesis. Their support, guidance,
and encouragement have been invaluable throughout my research journey.

First and foremost, I am indebted to Assoc. Prof. Dr. Ekwipoo
Kalkornsurapranee, my esteemed advisor, for his unwavering encouragement, expert
guidance, continuous inspiration, and valuable suggestions. He has been with me
every step of the way during my Ph.D. study, and I cannot thank him enough for his
unwavering support. This thesis would not have been possible without his mentorship.

I would also like to extend my sincerest thanks and appreciation to my
co-advisors, Asst. Prof. Dr. Yeampon Nakaramontri and Prof. Dr. Claudia
Kummerléwe, for their invaluable guidance and insightful suggestions. Their expertise
and input greatly enriched the quality of this research.

I am immensely grateful to the members of my thesis committee,
Assoc. Prof. Dr. Nitinart Saetung, Assoc. Prof. Dr. Jobish Johns, and Asst. Prof. Dr.
Prachid Saramolee, for their dedicated involvement and valuable feedback. Their
critical evaluation and suggestions have significantly enhanced the rigor and depth of
this thesis.

I would like to acknowledge the Faculty of Science at Prince of
Songkla University and the Rubber Product, Innovation Development Unit
(SCIRU63002) and the Royal Golden Jubilee (RGJ) Ph.D. Program (grant no. PHD/
0180/2561), the National Research and Innovation Information System (NRIIS) for
providing me with the opportunity and resources to conduct my research. I am
particularly grateful to all the staff and technicians in the Division of Physical Science
for their assistance and support throughout the experimental work.

Furthermore, I wish to express my heartfelt appreciation to my
colleagues in the Polymer Science and Technology program and my friends who have
been a source of cooperation and support. Their camaraderie and intellectual exchange
have enriched my academic experience and made this journey more fulfilling.

Lastly, but most importantly, I am deeply thankful to my beloved

family, especially my parents and my brothers, for their unconditional love,



unwavering support, and endless encouragement. Their belief in my abilities and their
sacrifices have been the cornerstone of my success. I would also like to express my
gratitude to my feline companions for providing both entertainment and emotional
support during the challenging moments.

To all those who have contributed, directly or indirectly, to the
completion of this thesis, I extend my sincerest gratitude. Your support has been

invaluable, and I am forever grateful for your contributions.

Rawiporn Promsung



CONTENTS

Content

Abstract (English)
Abstract (Thai)
Acknowledgements
Contents
List of Tables
List of Figures
List of Abbreviations
List of Publications
Reprints were made with permission from the publishers/submitted
manuscript
Chapter 1 Introduction
1.1 Background and rationale

Chapter 2 Objectives

2.1

2.2

Objectives

Scope of the thesis

Chapter 3 Results and Discussion

3.1

The effects of protein content in NR latex with different

forms on properties of cured NR using GA as a curing agent

3.1.1
3.1.2

3.1.3

Protein content in different forms of NR latexes
Confirming the formation of crosslinks in NR latex
upon vulcanizing with GA from ATR-FTIR
Mechanical properties of NR latex vulcanized with
GA

Thermo-mechanical properties of NR latex
vulcanizates by TSSR technique

Thermal stability of NR latex vulcanizates by TGA

technique

Page

vii
X
X1
X1v
XV
XVl
XVii

Xviii

12
12
12
15

16

17

17

18

20

Xi



Content

32

33

3.4

CONTENTS (Continued)

The effect of grafting NR with different acrylic-monomers on

the properties of cured NR using GA

3.2.1

322

323

The formation of chemical modification of NR
molecules

Mechanical properties of grafted-NR vulcanizates
cured using GA

Thermo-mechanical properties

The effect of different types of bifunctional aldehydes as

low-temperature curing agents including GA, glyoxal (GX)
and phthaldialdehyde (PA) on the properties of cured NR

3.3.1

332
333
334
335

3.3.6

Confirmation of crosslink formation in NR latex
vulcanized with bifunctional aldehyde by ATR-FTIR
technique

Crosslink density of NR vulcanizates

Mechanical properties of NR vulcanizates

Thermal properties of NR vulcanizates
Thermo-mechanical properties of NR vulcanizates
using TSSR measurement

Colorimetric parameters

The effect of synergistic curing system, including sulfur and

glutaraldehyde on the properties of cured NR

3.4.1

342

343

Mechanical properties of NR vulcanizates with
different curing system ratios

Thermal stability of NR vulcanizates with different
ratios of curing systems

Thermo-mechanical properties of NR vulcanizates

with different ratios of curing systems

Page

20

21

22

23

26

26

27
27
28
29

30
31

31

33

33

Xii



Content

Chapter 4 Conclusions

Suggestions

References

Appendices

Vitae

Appendix A
Appendix B
Appendix C
Appendix D
Appendix E
Appendix F

CONTENTS (Continued)

Page

36
37
38
47
48
62
74
84
95
102
123

Xiii



X1V

LIST OF TABLES

Tables Page

1. Comparison of vulcanization system of rubber latex 2

2. Literature review of the possibility of GA crosslinking 11



LIST OF FIGURES

Figures

1. NR latex particle dispersed in water

2. The molecular structure of cis-1,4-polyisoprene

3. The general design of a bifunctional cross-linking agent

4. The proposed vulcanization mechanism of NR via GA curing agent
through ene reaction

5. The proposed model of inter-particle crosslink of the vulcanizates by
the Protein-GA-Protein linkages

6. Several ways to modify the NR molecules

7. Proposed mechanism of rubber-GA-rubber and PVA-GA-PVA
crosslinks

8. The proposed cross-linking reaction (a) between the ketone carbonyl
groups on the NR-g-PAAEM molecules with GA, and (b) between
the DAAM group present in NR-g-PDAAM with GA

0. Proposed model of chemical and intermolecular interaction in
NR-g-P(S-co-MMA)

10. Scheme of the TSSR protocol

XV

Page

D W N

10

16



Abbreviations

'H-NMR
ATR-FTIR
CenNR

CreNR

DMTA
FNR
GA

GX

HA

IPN

IR

NR

PA
PAAEM
PBA
PBMA
PCHMA
PMMA
PS
P(S-co-MMA)
PVA

S
SynNR
TGA
TSSR

XVvi

LIST OF ABBREVIATIONS

Proton nuclear magnetic resonance

Attenuated total reflectance-fourier transform infrared
Centrifuged-NR, high concentrated latex produced by
centrifugation technique

Creamed-NR, high concentrated latex prepared from fresh
latex by creaming technique

Dynamic mechanical thermal analysis

Fresh natural rubber latex

Glutaraldehyde

Glyoxal

High ammonia concentrated latex

Interpenetrating polymer network

Isoprene rubber

Natural rubber

Phthaldialdehyde

Poly(acetoacetoxyethyl methacrylate)

Poly(butyl acrylate)

Poly(butyl methacrylate)

Poly(cyclohexyl methacrylate)

Poly(methyl methacrylate)

Polystyrene

Poly(styrene-co-methyl methacrylate)

Poly(vinyl alcohol)

Sulfur

Synthetic-NR (polyisoprene latex)
Thermogravimetric analysis

Temperature scanning stress relaxation



Xvil

LIST OF PUBLICATIONS

This thesis is based on the following publications:

1. Review article I:

Promsung, R., Nakaramontri, Y., Johns, J., Kalkornsurapranee, E. (2021). A review of
low-temperature cured natural rubber latex using glutaraldehyde as curing
agent. Science and Innovation of Advanced Materials, 1(1), 64002/1-
64002/13. https://ph02.tci-thaijo.org/index.php/SIAM

2. Paper I:

Promsung, R., Nakaramontri, Y., Uthaipan, N., Kummerlowe, C., Johns, J.,
Vennemann, N., Kalkornsurapranee, E. (2021). Effects of protein contents in
different natural rubber latex forms on the properties of natural rubber
vulcanized with glutaraldehyde. Express Polymer Letters, 15(4), 308— 318.
https://doi.org/10.3144/expresspolymlett.2021.27

3. Paper II:

Promsung, R., Nakaramontri, Y., Kummerlowe, C., Johns, J., Vennemann, N.,
Saetung, N., Kalkornsurapranee, E. (2021). Grafting of various acrylic
monomers on to natural rubber: Effects of glutaraldehyde curing on mechanical
and thermo-mechanical properties. Materials Today Communications, 27,
102387/1-102387/9. https://doi.org/10.1016/j.mtcomm.2021.102387

4. Paper I1I:

Promsung, R., Nakaramontri, Y., Kummerlowe, C., Johns, J., Vennemann, N.,
Kalkornsurapranee, E. Mechanical, thermal and optical properties of natural
rubber films with different types of bifunctional aldehydes as curing agents.
Express Polymer Letters, 16(8), 871-880.
https://doi.org/10.3144/expresspolymlett.2022.63

5. Paper 1V (Manuscript):

Promsung, R., Nakaramontri, Y., Kummerlowe, C., Johns, J., Vennemann, N.,
Kalkornsurapranee, E. Improvement of sulfur-cured natural rubber properties
using Glutaraldehyde system: Mechanical, thermal and thermo-mechanical

properties. Chinese Journal of Polymer Science, (Submitted manuscript).



Xviii

REPRINTS WERE MADE WITH PERMISSION FROM THE
PUBLISHERS/SUBMITTED MANUSCRIPT



Review article I:

N Gmail

Asking for permission to reprint my review article in my PhD thesis from SIAM
journal.

R. Promsung <rawiporn402@gmail.com> 20 Jgunau 2566 11a1 01:07
fi: chitnarong.siri@gmail.com

Dear Assoc. Prof. Dr. Chitnarong Sirisathitkul

| am Rawiporn Promsung, PhD student under supervision of Assoc. Prof. Dr. Ekwipoo Kalkornsurapranee, Faculty
of Science, Prince of Songkla University.

I'm writing to ask for permission to reprint the review article in my PhD thesis from the Science and Innovation of
Advanced Materials (SIAM) journal.

Here is information of the review article:
Review Title: A Review of Low-temperature Cured Natural Rubber Latex using Glutaraldehyde as Curing Agent.
Authors: Rawiporn Promsung, Yeampon Nakaramontri, Jobish Johns, Ekwipoo Kalkornsurapranee

Publication: Science and Innovation of Advanced Materials (SIAM)
Date: February, 2020

DOI: https://ph02.tci-thaijo.org/index.php/SIAM

If you need any further information for the permission, please feel free to contact me in this e-mail:
rawiporn402@gmail.com

Best regards,
Rawipom Promsung

Chitnarong Sirisathitkul <chitnarong.siri@gmail.com> 20 fguneu 2566 1an 12:44
fia: "R. Promsung" <rawiporn402@gmail.com>
aun: Ekwipoo Kalkornsurapranee <ekwipoo.k@gmail.com>

Dear Rawiporn Promsung,

Thank you for informing the journal about the matter.

You are entitled to use the article's content in Ph.D. thesis.

{Unlike articles in the journal, the thesis is not classified as a publication.)
Best Regards,

Managing Editor

SIAM: Science and Innovation of Advanced Materials

Assoc. Prof. Dr. Chitnarong Sirisathitkul
School of Science
Walailak University

XiX



XX
Paper I:

Permission request form express
pOlymer letters

Your contact information

Budapest, 09.06.2023
Name: Rawiporn Promsung
Email: rawiporn402@gmail.com
Institution: Prince of Songkla University
Department: Division of Physical Sciences
Address: 15 Karnjanavanich Rd., Hat Yai,
City: Songkhla
Postcode: 90110
Country: Thailand
State:

Information about the Express Polymer Letters article you would like to use material from:

DOI: 10.3144/expresspolymlett.2021.27
Figure number(s): All Figures
Table number(s): All Tables

Your publication details

Type of publication: Book

Your publisher: Thesis, Prince of Songkla University

Title of your publication: Study on the Curing Mechanism and Characterization of Low-temperature Cured
Natural Rubber Latex using Bifunctional Aldehyde as Curing Agent

Author/Editor of your publication: Rawiporn Promsung

Publication date: August 2023

Will you publish in electronic form? No

Here we grant permission for the use of the material requested above. You are kindly requested to refer to
the source, i.e. to Express Polymer Letters in the list of references.

Sincerely yours
3L

Tamds Bardny
Editor-in-chief of Express Polymer Letters

Express Polymer Letters
Web: www.expresspolymlett.com
E-mail: expresspolymlett@pt.bme.hu



XX1

Paper II:

{ \cc A ? fa 2 2
V Home Help v Live Chat

Signin Create Account
RightsLink

Grafting of various acrylic monomers on to natural rubber:
Effects of glutaraldehyde curing on mechanical and thermo-
mechanical properties

Author:
Rawiporn Promsung,Yeampon Nakaramontri,Claudia Kummerléwe,Jobish
Johns,Norbert Vennemann,Nitinart Saetung,Ekwipoo Kalkornsurapranee

Publication: Materials Today Communications
ELSEVIER Publisher: Elsevier
Date: June 2021

© 2021 Elsevier Ltd. All rights reserved.

Journal Author Rights

Please note that, as the author of this Elsevier article, you retain the right to include it in a thesis or dissertation,
provided it is not published commercially. Permission is not required, but please ensure that you reference the
journal as the original source. For more information on this and on your other retained rights, please

visit: https://www.elsevier.com/about/our-business/policies/copyright#Author-rights

© 2023 Copyright - All Rights Reserved |  Copyright Clearance Center, Inc. | Privacy statement | Data Security and Privacy
| For California Residents | Terms and ConditionsComments? We would like to hear from you. E-mail us at
customercare@copyright.com



XXii
Paper III:

Permission request form express
pOlymer letters

Your contact information

Budapest, 27.05.2023
Name: Rawiporn Promsung
Email: rawiporn402@gmail.com
Institution: Faculty of Science, Prince of Songkla University
Department: Division of Physical Sciences
Address: 15 Karnjanavanich Rd., Hat Yai,
City: Songkhla
Postcode: 90110
Country: Thailand
State:

Information about the Express Polymer Letters article you would like to use material from:

DOI: 10.3144/expresspolymlett.2022.63
Figure number(s): All figures
Table number(s): All tables

Your publication details

Type of publication: Book

Your publisher: Thesis, Prince of Songkla University

Title of your publication: Study on the Curing Mechanism and Characterization of Low-temperature Cured
Natural Rubber Latex using Bifunctional Aldehyde as Curing Agent

Author/Editor of your publication: Rawiporn Promsung

Publication date: August 2023

Will you publish in electronic form? Yes

Here we grant permission for the use of the material requested above. You are kindly requested to refer to
the source, i.e. to Express Polymer Letters in the list of references.

Sincerely yours
R ISR &

Tamds Bardny
Editor-in-chief of Express Polymer Letters

Express Polymer Letters
Web: www.expresspolymlett.com
E-mail: expresspolymlett@pt.bme.hu



ScholarOne Manuscripts™

Chinese Journal of

POLYMER SCIENCE

# Home # Author

Author Dashboard

Author Dashboa

1 Submitted Manuscripts >

1 Manuscripts | Have Co-Authored
Start New Submission
Legacy Instructions

5 Most Recent E-mails

Ekwipoo Kalkornsurapranee v | Instructions & Forms = Help = Log Out

Submitted Manuscripts

STATUS

ADM: CJPS, Admin

« Awaiting Admin
Processing

&3 Contact Journal

D

CJPS-
2023-0225

TITLE

Improvement of sulfur-cured natural rubber properties using
Gl yde system: M thermal and thermo-
mechanical properties

View Submission

CREATED SUBMITTED

20-Jun-2023  20-Jun-2023

XX111



CHAPTER 1

INTRODUCTION

1.1 Background and rationale

Natural rubber (NR) is an important elastomeric material obtained from
renewable resources [1]. NR latex is a colloid system consisting of rubber particles
dispersed in water [2]. Moreover, NR latex contains a small amount of non-rubber
components such as, proteins, lipids, hydrocarbons and mineral substances that
physically linked with NR particles [3]. The NR latex particle along with other non-

rubber constituents is shown in Figure 1.
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Figure 1 NR latex particle dispersed in water (APPENDIX A, Figure 2)

NR is derived from Hevea Brasiliensis containing cis-1,4-polyisoprene
(more than 99% of cis-1,4 structure units) [4]. The molecular structure of cis-1,4-
polyisoprene is shown in Figure 2. According to the long molecular chain backbone
of cis-1,4-polyisoprene, high molecular weight and existence of non-rubber
component, NR exhibits various outstanding properties; for example, elasticity,
flexibility, mechanical properties and abrasion resistance [2]. However, referring to
unsaturated non-polar NR molecules, its products are sensitive to oxygen and ozone,
shows poor aging properties and easy to dissolve in hydrocarbon solvents [3].

Moreover, uncured NR cannot be used to produce NR products with high performance



due to its sticky nature at warm conditions and brittle nature at cold conditions [5].
Therefore, chemical modification or vulcanization is essential to design NR products
with high performance. This process is related to the formation of crosslinks between
the NR molecules in the presence of curing agent [6]. In general, there are three
conventional types of rubber curing systems, namely, sulfur, peroxide and radiation,
which are generally active at high temperature and they must be used along with other
chemicals such as activators and accelerators [7]. Nevertheless, it was recently found
that the NR molecules can be vulcanized by using a bifunctional reagent so-called
glutaraldehyde (GA). The process of GA crosslinking occurs at a temperature below
50°C [7] which can be vulcanized NR at lower temperature than other vulcanization

system as summarized in Table 1.
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Figure 2 The molecular structure of cis-1,4-polyisoprene (APPENDIX A, Figure 1)

Table 1 Comparison of vulcanization system of rubber latex [6—11].

Vulcanization system Sulfur Peroxide Radiation  Glutaraldehyde

Combine with other chemicals

- activator v v - -
- accelerator v - - -
- sensitizer - - v -
- stabilizer v v v v

Temperature (°C)
- pre-vulcanization 30-70 100 30-50 -
- vulcanization 100-140 100-160 100 50




Bifunctional aldehyde crosslinking agent has been specifically used
due to the molecular design of the long carbon chain called “Spacer arm” connecting
the two identical reactive end groups as shown in Figure 3 [12—13]. These reagents
could tie one protein to another by covalently reacting with the same common groups
on both molecules. Therefore, aldehyde end-groups might be the one that has been
used to originate cross-linking in NR. It is generally synthesized by the single-carbon
formaldehyde through two-carbon; glyoxal, three-carbon; malondialdehyde, four-
carbon; succinaldehyde, five-carbon; GA, six-carbon; adipaldehyde, and a-hydroxy
derivative with several pyridoxal-polyphosphate derivatives that are internally
cleavable with acid or base [12—15]. The two most popular bis-aldehyde reagents are
formaldehyde and GA [12-13]. Thus, modification of GA by extending the long chain
of spacer arm and changing end-group from aldehyde to ester might be the great
challenge in NR manufacturing. This curing is a promising one, and therefore it is
noticeable to study the real effects and in-deep chemistry mechanism to encourage

vulcanization reaction in NR molecules.

Functional Spacer arm Functional
group 1 group 2

Figure 3 The general design of a bifunctional cross-linking agent (APPENDIX A,
Figure 3)

GA can react with several functional groups of protein, such as amine,
thiol, phenol, and imidazole because the most reactive amino acid side-chains are
nucleophiles [16]. In addition, the crosslinking of protein-protein using GA was
reported by Migneault ef al. [17] and Wang et al. [18]. It was observed that the GA
can react with amino groups of protein, carried out by aldol condensation of GA.
Furthermore, Kongkaew et al. [19] studied the cross-linking of proteins in NR by
treating fresh NR latex with various amounts of the GA and vulcanized with sulfur. An
increasing amount of proteins in treated NR accelerates the sulfur vulcanization. The
tensile strength of vulcanizates prepared from treated NR was greater than that of the

vulcanizates prepared from untreated NR.



In 2012, low-temperature vulcanization of NR using GA as a curing
agent was initially reported by Johns et al. [7]. It was found that NR can be vulcanized
using GA as a curing agent with two successive steps. Firstly, the generation of
pentane-1,5-diylidenediamine by reacting of GA molecule and ammonia present in
NR latex. Secondly, the formation of NR molecules crosslinking via ‘ene’ reaction
between pentane-1,5-diylidenediamine and NR molecules [20-22]. The proposed
vulcanization mechanism is shown in Figure 4. In addition, it was observed that the
properties of the NR, particularly mechanical strength and thermal stability, were
enhanced by increasing the crosslink density upon the addition of GA as a curing
agent. In 2015, Johns et al. [23] studied again the ratio between GA and ammonia that
existed in the NR latex to improve the mechanical properties of the NR vulcanizates.
It was found that 15 mL of 10 wt% GA solution with 0.9 wt% ammonia in NR latex
performed the best combination to prepare high-performance NR vulcanizates.
Furthermore, to improve the mechanical properties and thermal stability of the NR
vulcanizates, Kalkornsurapranee et al. [20] studied the processability of vulcanizing
NR using GA in terms of mole ratio of ammonia and GA, processing parameters such
as curing time and temperature and compared with sulfur curing system. It was found
that the NR vulcanizate using GA at 50CC for 24 h showed the highest tensile
properties and exhibited better 100% modulus, hardness, and thermal properties than
that of NR cured from conventional sulfur system. It clearly clarifies the formation of
crosslinking of rubber molecules using GA at low temperature with comparatively

better mechanical and thermal properties.
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ene reaction (APPENDIX A, Figure 5)

Moreover, it was reported that the GA molecule have not only reacted
with ammonia, but also reacted with the amide groups present on the protein surfaces
[19, 22]. Thongnuanchan et al. [21] reported that the active ketone groups of grafted
poly(diacetone acrylamide) chains could be crosslinked with the aldehyde groups of
GA molecules. Additionally, it was also proposed that the GA might be reacted
through amino groups (NH2) of protein present in NR. The proposed model of inter-
particle crosslink of the vulcanizates by the Protein-GA-Protein linkages is shown in
Figure 5. Therefore, it is challenging to compare the properties of GA cured NR
latexes collected from different clones in order to find out the side reaction of GA to
the non-rubber constituents in NR latex and also difficult to apply in case of designing

the final product with better performance.
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Figure 5 The proposed model of inter-particle crosslink of the vulcanizates by the

Protein-GA-Protein linkages (APPENDIX A, Figure 7)

In general, to obtain the desired properties and make the rubber useful
for a variety of applications, adding of fillers as reinforcements is widely applied in
the rubber industry. Improving the properties of NR vulcanizates by the addition of
fillers into NR using GA as curing agent was reported by Lehman et al. [24]. The
effect of loading levels of nano-clay on the properties of GA cured NR and poly(vinyl
alcohol) (PVA) blends were studied. Addition of nano-clay into cured NR enhanced
their swelling, mechanical and thermal properties. Moreover, Anand et al. [25]
prepared the composites of NR and Zinc oxide (ZnO) nanoparticles by a latex blending
method with various ZnO weight percentages using GA as a curing agent. It was found
that the addition of ZnO nanoparticles into the cured NR matrix exhibited the highest
tensile strength and elongation at break with the 0.02% of ZnO. Therefore, addition of
filler into NR vulcanizates using GA as curing agent exhibited better mechanical
properties at the optimum level of filler.

As well-known, NR is an interesting polymer from a biological source
and has been widely used in the rubber and thermoplastic elastomeric manufacturing,
since NR contains high elasticity, flexibility and several advantageous properties.

However, NR has also some drawbacks, such as poor oil resistance and sensitive to



environmental weather. Therefore, one way to overcome the drawback of NR is
modifying NR molecules by adding other radicals at C=C for changing unsaturated
NR to be saturated. Several methods have been chemically and physically applied,
including processes of chlorination, epoxidation, hydrogenation, grafting

copolymerization, and blending of NR molecular chains [22—-25] as summarized in

Figure 6.
§ hooo®
H(IB—(l:H \C/H Functional group
CH  CH I
HC-—I(I) (g—CH /C\
X RS HeC~ CH,
H,C  CH, Q‘}(& ,5\\
] C. &
o&&/ &
/’74_/ Qo\\\
’)0 00
: H,C_ H
H CH 7
HC M K 2 \C/\
(o} Isomerization 1 Epoxidation | 20
ﬂ C /C\
H
HaC/ \cgHZ HaC / \CH2 Ho,C~ - CH,4
(\
\\0 6}%
‘&o‘\ Natural Rubber &
HC_ " H
s
| Vi
C—H CH
XN
e \CHs i CHs

Figure 6 Several ways to modify the NR molecules (APPENDIX A, Figure 9)

Blending of NR with other polymers is one of the simple ways to
improve the properties of NR vulcanizates. A fully interpenetrating polymer network
(IPN) based on NR and PVA using GA as a curing agent was prepared by Johns ef al.
[30]. It was observed that the addition of GA cured NR and PVA chains simultaneously
forming a fully interpenetrating polymer network. Consequently, IPN samples exhibit
higher tensile strength and modulus but lower elongation at break compared to the
uncured blends. Also, the IPN with higher PVA content showed the least solvent
absorption. Later, Kalkornsurapranee et al. [31] studied the blend composition of

NR/PVA using GA as a curing agent. It was found that the blend with NR/PVA (90/10)



recommended the most appropriate combination, which exhibited better mechanical
properties than the other blend compositions. Also, Lehman et al. [24] demonstrated
that GA not only generated the crosslinking between rubber-rubber molecules but also
crosslinks through the PVA-PVA chains, as shown in Figure 7. This elucidated that
the IPN based on NR and PVA improves the properties of NR vulcanizates using GA

as a curing agent.
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Figure 7 Proposed mechanism of rubber-GA-rubber and PVA-GA-PVA crosslinks
(APPENDIX A, Figure 10)

Generally, graft copolymerization of NR molecules with a vinyl
monomer is one of the most interesting and widely studied. This grafted NR has been
widely used as a thermoplastic elastomer or compatibilizer for various blending
systems. In 2017, Kalkornsurapranee et al. [5] developed NR grafted onto methyl
methacrylate monomer (NR-g-PMMA) and attempted to cure NR-g-PMMA with
different grafting levels compared to ungrafted NR using GA as a curing agent. It was
observed that the cured NR-g-PMMA prepared by using GA exhibited better
mechanical properties, thermal stability and oil resistance than that of cured NR. Later,
Thongnuanchan ef al. [32] synthesized NR latex grafted with poly(acetoacetoxyethyl
methacrylate) (NR-g-PAAEM) and further the grafted NR was vulcanized using GA

as a curing agent. It was found that tensile strength of the vulcanizate increased upon



the addition of GA. Moreover, this system leads to form cross-linking through the
reaction between ketone carbonyl groups of grafted NR with GA crosslinker via aldol

condensation as shown in Figure 8.
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Figure 8 The proposed cross-linking reaction (a) between the ketone carbonyl groups
on the NR-g-PAAEM molecules with GA, and (b) between the DAAM group present
in NR-g-PDAAM with GA (APPENDIX A, Figure 11)

Besides, Lehman et al. [6] grafted styrene (S) and styrene-co-methyl
methacrylate (S-co-MMA) monomers onto NR molecules using emulsion
polymerization. The cured NR-g-PS and NR-g-P(S-co-MMA) prepared using GA as a
curing agent exhibited better mechanical and thermal properties than that of the cured

ungrafted NR. This is due to the unique properties of its functional groups present in



the grafted NR and the polar-polar interaction of PMMA between its functional
groups, as shown in Figure 9. Thus, it is interested to study the modification procedure
of NR molecules by grafting with different acrylic monomers and cured using GA as a
curing agent. According to all previous works, it is found that the GA molecule
possible to crosslink with the different functional groups including, amino, ketone,
hydroxyl groups and so on as summarized in Table 2. This is a promising in NR
application where the GA can perform chemical crosslinking through the grafted chain
on the NR molecules. It is expected that this process could enhance some properties

from different unique functional groups through different NR grafted functional forms.

NR-g-P(S-co-MMA)

————————— )

—2.— Rubber chain = = = - Crosslinking
S & Polar-polar interaction . PMMA . PS

AN
Figure 9 Proposed model of chemical and intermolecular interaction in NR-g-P(S-co-

MMA) (APPENDIX A, Figure 12)

Overall, according to the literature review, it can be seen that
vulcanization of NR and modified NR molecules with GA is the great challenge for
extending NR applications which is still promising in NR manufacturing. Therefore,
in this work, it is interested to investigate more about the mechanism of this system
(low-temperature cured NR latex), influence of protein contents in different NR forms,
influence of grafted NR with different monomer types and influence of cured NR
using different types of bifunctional aldehydes. The influence of NR curing with
different curing systems on the physical and chemical properties of NR will also be

studied.
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Table 2 Literature review of the possibility of GA crosslinking

Researchers

GA crosslinks with other groups

Reaction

Migneault et al.
[17]

GA reacts with amino groups of protein

aldol condensation
or Michael-type

addition

Wang et al. [18].

GA reacts with amino groups of soy protein

aldol condensation

Johns et al. [7]

(1) GA reacts with ammonia present in NR
latex to generate pentane-1,5-
diylidenediamine

(i1) Then, pentane-1,5-diylidenediamine

crosslinks between NR molecules

ene reaction

Kongkaew et al.

GA reacts with amino groups of proteins in

Maillard reaction

[19] NR latex
Thongnuanchan  GA reacts with active ketone groups of NR- aldol condensation
etal [21] g-PDAAM
GA reacts with amino groups of proteins in Maillard reaction
NR-g-PDAAM
Thongnuanchan  GA reacts with acetoacetoxy groups in NR- condensation
et al. [32] g-PAAEM

Lehman ef al.

[24]

GA crosslinks with NR molecular chains

ene reaction

GA reacts with hydroxyl groups of PVA in
the NR/PVA blend

condensation

Lehman ef al.

[6]

GA crosslinks with NR molecular chains in

NR-g-PS and NR-g-P(S-co-MMA)

ene reaction

polar-polar interaction between functional

groups in the grafted NR

polar-polar

interaction
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CHAPTER 2

OBJECTIVES

2.1 Objectives

This work is mainly aimed to study the curing mechanism and

characterization of low-temperature cured NR latex using bifunctional aldehyde as

curing agent. The objectives of the present thesis are as follows:

1.

To study the effects of protein content in NR latex with different forms
including fresh latex (FNR), high ammonia concentrated latex (HA) and
isoprene rubber (IR) on the properties of cured NR using GA as a curing agent.
To study the effect of grafted NR by grafting NR with different monomer types
including butyl acrylate (BA), methyl methacrylate (MMA), n-butyl
methacrylate (BMA) and cyclohexyl methacrylate (CHMA) monomers on the
properties of cured NR using GA as curing agent.

To study the properties of NR latex using different bifunctional aldehyde as a
curing agent including GA, glyoxal (GX) and phthaldialdehyde (PA) on the
properties of NR.

To study the properties of NR latex cured by using different curing systems of
sulfur, GA, and its hybrid curing system (i.e., sulfur together with GA).

To extend the application of NR to develop useful elastomeric materials as

value added products by using low-temperature curing system.

2.2 Scope of the thesis

Low-temperature vulcanization using bifunctional aldehyde has been

applied to vulcanize NR latex without any specific activator and accelerator, which is

highly favorable to the environment. This method is easy to process and uses less

energy to prepare vulcanized rubber. It has to be noted that this curing process occurs

at 50°C to vulcanize the NR molecules. This curing is an attractive challenge for

understanding and exploring the NR latex industries to find out and minimize the

processing times of the final product. Therefore, the scope of this project is to explore

12



the curing mechanism and characterization of low-temperature cured NR latex using
bifunctional aldehyde as a curing agent.

The present thesis is divided into four parts. In the first part of the
thesis, an attempt has been done to prepare three different forms of latexes, including
creamed-NR (high concentrated latex prepared from fresh latex by creaming
technique), centrifuged-NR (high concentrated latex produced by centrifugation
technique) and synthetic-NR (polyisoprene latex). Furthermore, the crosslinking
propagation using GA as a curing agent was clarified and discussed the possible
reaction between GA and protein molecule present in NR latex. The main objectives
of this section are to confirm the reaction between protein exist in NR with GA as a
curing agent and to study the effects of protein contents in NR latex on the properties
of cured NR using GA.

Modification of NR molecules by grafting vinyl monomer is an
interesting method to overcome the drawback of NR. The second section focuses on
the preparation of grafted NR with different monomers including, butyl acrylate (BA),
methyl methacrylate (MMA), n-butyl methacrylate (BMA) and cyclohexyl
methacrylate (CHMA) monomers. To enhance the mechanical and thermal properties
of the grafted-NR, GA has been used as a crosslinking agent and the reaction between
functional group on the grafted NR with GA curing agent was confirmed. The
properties of grafted-NRs were compared with the ungrafted-NR to confirm the
interaction in this curing system.

The third part of the thesis attempts to prepare cured NR using different
bifunctional aldehyde types as curing agent with different carbon atoms in the
chemical structure including, glyoxal (GX) with 2 carbon atoms, glutaraldehyde (GA)
with 5 carbon atoms and phthaldialdehyde (PA) with 8 carbon atoms. The main
intended objective of this part is to elucidate the possible reaction of bifunctional
aldehyde with NR molecules, and its properties. This study might be expanding and
applying for NR products with varieties of properties and applications.

As well-known, sulfur curing occurs at high temperature and curing
reaction takes place in the presence of many specific chemicals such as, activators and
accelerators. These are the drawbacks of sulfur curing system. To overcome these

drawbacks, the fourth section of this thesis is aimed to prepare the NR vulcanizates
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using the GA, sulfur and mixed curing systems at different ratios of sulfur/GA. The
main objective of this section is to study the possibility of synergistic effect on the
properties of NR vulcanizates using hybrid curing system and also compared with

pure sulfur and GA curing systems.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 The effects of protein content in NR latex with different forms on properties
of cured NR using GA as a curing agent

In this part, study on the topic of "Effects of protein content in different
natural rubber latex forms on the properties of natural rubber vulcanized with
glutaraldehyde" which has been published in the journal of eXPRESS Polymer Letters
as attached in APPENDIX B. Therefore, the results and discussion in this part
correlates to the APPENDIX B.

The different forms of NR latex forms namely creamed-NR (CreNR),
centrifuged-NR (CenNR), and synthetic-NR (SynNR) or polyisoprene latexes were
prepared to study on the effect of protein contents in NR latex on the properties of
cured NR using GA as curing agent at low temperature. The existence of protein inside
each rubber latexes was characterized using Kjeldahl method according to Association
of Official Analytical Chemists (AOAC) and Official Methods of Analysis of
Fertilizers (OMAF). The dried samples were mixed with a catalyst mixture and diluted
with 50 ml of sodium hydroxide solution. Then, the obtained solution was titrated with
0.1 N H2SOq4 for evaluating the ammonia content and calculating of the nitrogen
content. The formation of crosslinks in the latex vulcanized with GA has been
confirmed using the attenuated total reflectance-fourier transform infrared (ATR-
FTIR) using a wide range of wavenumber 4000-650 cm™! with a resolution of 4 cm’!
and 32 scans. Mechanical properties were investigated using universal testing machine
according to the ASTM D412 and Shore A durometer as per ASTM D2240. Thermal
decomposition properties were evaluated using thermogravimetric analysis (TGA). A
small amount of 10 mg of the sample was weighted in a crucible and placed inside the
TGA chamber. Then, analysis in the conditions of 40-600°C with heating rate of
10°C/min in nitrogen atmosphere. During the test, the samples were held at 600°C for

10 min before continuing the heating to 800°C under oxygen flow and until the
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measurements are completed. The thermo-mechanical properties were estimated using
temperature scanning stress relaxation (TSSR). The samples were prepared as a
dumbbell-shaped and it was initially strained for 100% and pre-conditioned for 2 h at
room temperature. Then, the non-isothermal heating was done by raising the
temperature from 23°C until the sample was ruptured with a constant heating rate of
2°C/min. The TSSR test protocol is shown in Figure 10. In addition, the crosslinking
density of each vulcanizate samples were analyzed using TSSR technique and
compared with the swelling ratio measured using the conventional swelling studies.
The samples were elucidated by soaking in toluene for 24 h at room temperature and

then calculated as swelling ratio.
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Figure 10 Scheme of the TSSR protocol.

3.1.1 Protein content in different forms of NR latexes

The protein content in different forms of NR latexes were estimated by
detecting the amino functional groups and calculated through the Kjeldahl method [32—
33] in order to evaluate the protein content in each latex (APPENDIX B, Figure 3). It
was observed that the fresh NR latex (FNR) without any processing exhibited the
highest protein content following by CreNR and CenNR, respectively. This is due to
CreNR and CenNR were produced by the creaming and centrifuging processes for
highly concentrated NR latex led to decrease the non-rubber component in NR latex.
On the other hand, SynNR has no nitrogen content in the system as it is free of proteins

[35-38].
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3.1.2 Confirming the formation of crosslinks in NR latex upon vulcanizing
with GA from ATR-FTIR

The formation of crosslinks in cured NR was confirmed from the FTIR
spectra of uncured and cured NR using the FTIR spectrometer over a range of
wavenumber 4000-650 cm™!' with a resolution of 4 em™ and 32 scans. ATR-FTIR
spectra of different forms of NR latex vulcanizates are compared with uncured NR.
Also, the absorption peaks of NR are summarized in APPENDIX B, Figure 4 and
Table 1. It is found that the absorption which corresponding to —C—H stretching
vibrations, —C=C stretching vibrations, -C—H bending vibrations, and —-C-H out of
plane bending vibrations of NR at 2924, 1670, 1446, and 831 cm™!, respectively. In
addition, the new peaks are appeared after GA vulcanization that corresponds to —C—N
stretching and -N—H bending vibrations of a secondary amine at 1090-1020 and 1558
cm! respectively, which are originated from the ene reaction [7]. Therefore, this clearly
confirms the crosslinking of NR molecules by using GA as a curing agent.

3.1.3 Mechanical properties of NR latex vulcanized with GA

Mechanical properties of the vulcanizated NR latex using GA as a curing
agent are investigated in terms of tensile strength, elongation at break, moduli, and
hardness as summarized in APPENDIX B, Table 2. In addition, APPENDIX B,
Figure 5 shows the stress-strain curves of latex vulcanizates from the tensile testing
following the ASTM D412. It is observed that the latex vulcanizates show different
stress behaviors upon the application of load up to the fracture point. A drastic increase
in stress is observed when the strain lies below 5%. This is due to the chain
entanglement of NR molecules following the Neo-Hookean theory. SynNR showed the
maximum stress at only about 1 MPa and further decreases until the fracture point.
Nevertheless, the non- and vulcanizated SynNR were studied the stress-strain curves to
compare the mechanical behavior as shown in APPENDIX B, Figure 5b. It is observed
that the tensile strength and elongation at break of SynNR are increased after
vulcanization up to 64.3% and 74.03 %, respectively. On the other hand, the stress of
CreNR and CenNR are slowly increased after 5% strain and drastically increased again
after 300% strain. This is due to the strain-induced crystallization of rubber. In addition,

mechanical properties in terms of moduli and tensile strength of the latex vulcanizates
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at different protein content are represented in APPENDIX B, Figure 7. It is found that
the CreNR with the highest protein content exhibited the highest mechanical properties
in terms of moduli and tensile strength. For hardness of the vulcanizates are showed in
APPENDIX B, Table 2, it is observed that the hardness value correlated well with the
modulus that the CreNR with the highest protein content exhibited the highest hardness
property following by CenNR and SynNR, respectively. This might be attributed to the
combination of crosslinking propagation of GA with ammonia and GA with amino
groups in protein as shown in the proposed model (APPENDIX B, Figure 6). This
clarifies that, increasing the amount of protein content in the latex leads to increase the
mechanical properties.

In order to confirm the formation of crosslinks in the latex vulcanizates
using GA as a curing agent with different protein contents, crosslink density of the latex
vulcanizates is measured from TSSR studies and the swelling ratio from the swelling
studies as shown in APPENDIX B, Table 3. The crosslink density is correlated with
the swelling ratio of latex vulcanizates. It is noted that, in case of SynNR, the crosslink
density could not be determined from the swelling and TSSR experiments. However,
increasing of protein content of the latex vulcanizates lead to increase the crosslink
density. In addition, CreNR showed higher crosslink density than CenNR with a lower
degree of swellability. It clearly confirms the occurrence of inter-particle crosslinks
between GA molecules and proteins as proposed in the model shown in APPENDIX
B, Figure 6.

3.1.4 Thermo-mechanical properties of NR latex vulcanizates by TSSR

technique

The thermo-mechanical properties of latex vulcanizates are investigated
by the TSSR measurement [39—40]. This technique provides the information about the
NR molecular chain behavior by investigating the stress relaxation as a function of
temperature under a constant heating rate. It is to be noted that, during the test, the
sample has been pre-conditioned in the isothermal condition by strained at 100% for 2
h at room temperature to decay the short-term stress history of the sample. Then, the
non-isothermal tests are conducted for the sample by increasing the temperature from

23-220°C with a constant heating rate of 2°C/min. As the results obtained from TSSR,
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the initial stress, crosslinking density and thermal stability are examined from the
normalized force against the temperature curves (APPENDIX B, Figure 8). It is
observed that the normalized force-temperature curves exhibited different behavior
upon raising the temperature. In the temperature range 23-30°C, the normalized force
of CreNR and CenNR are found to be slightly increased with increasing temperature.
This might be contributed from the entropy effect of the rubber vulcanizates. Then, the
normalized force decreased above the temperature of 30°C until the completion of
experimental procedure. In addition, the increased initial normalized force has been
used to evaluate the crosslink density of the latex vulcanizates (APPENDIX B, Table
3). Moreover, the thermal stability of latex vulcanizates are evaluated from the
temperature at which the normalized force decreased to 10, 50, and 90% (70, T’50, and
T99) as summarized in APPENDIX B, Table 3. It is observed that, the CreNR
exhibited a slightly lower degradation temperature than CenNR, which might be due
to the higher amount of independent protein-crosslinked GA linkages in CreNR than
CenNR. These linkages are detached from the NR molecules, and the thermal stability
caused by crosslinking the NR molecules is therefore decreased.

In order to clarify the molecular phenomenon, the relaxation spectrum
(H(T)) was plotted with respect to the temperature as shown in APPENDIX B, Figure
9. Two different region peaks of the relaxation spectrum can be noticed. It has to be
noted that the peak at low temperature corresponding to the physical relaxation
spectrum and the peak at higher temperature region corresponding to the chemical
relaxation spectrum. For the physical relaxation peak in the temperature range of 30—
90°C, is attributed to the de-bonding of the hydrogen bonding of protein molecules
and w-terminal group, also ionic bonding of phospholipids and a-terminal group in
NR molecules, respectively [41]. In this region, CreNR showed the broader peak than
CenNR. It clearly correlates with the higher amount of proteins in the latex
vulcanizates. The peak in the temperature beyond 100°C corresponds to the chemical
relaxation peak that indicates the thermo-oxidative decomposition of NR molecules

under stress.
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3.1.5 Thermal stability of NR latex vulcanizates by TGA technique

The thermal stability of latex vulcanizates are evaluated using TGA. The
testing condition was performed in the temperature range of 40-600°C with a heating
rate of 10°C/min in nitrogen atmosphere. Then, the samples are held at 600°C for 10
min before continuing the test by switch the gas flow to oxygen flow and heat up to the
heating to 800°C. From the TGA results, the decomposition degrees of each vulcanizate
in terms of onset decomposition temperature (7y), the maximum rate of decomposition
temperature (7)), and the termination decomposition temperature (7r) are summarized
in APPENDIX B, Figure 10 and Table 4. It is observed that the 7p of CreNR, CenNR,
and SynNR vulcanizates are found to be higher than pure NR (7p =352°C) [5]. For the
Ty and Ty of CreNR showed slightly lower than that of CenNR, which is related to the
thermal stability obtained from TSSR technique.

Therefore, it can be summarized that NR vulcanizates with a higher level
of protein content exhibited effective improvements in mechanical and dynamic
mechanical properties, crosslink density, and thermal stability. This is attributed to the
fact that the CreNR vulcanizate, with the highest protein content, led to higher chain
entanglement, thereby enhancing its ability to propagate chemical crosslinking with GA
molecules. This clarifies that the protein generates new linkages between rubber
molecules through the GA molecule.

3.2 The effect of grafting NR with different acrylic-monomers on the properties
of cured NR using GA

The second part focuses on the topic “Grafting of various acrylic
monomers on to natural rubber: Effects of glutaraldehyde curing on mechanical and
thermo-mechanical properties” This research work has been published in the journal
of ‘Materials Today Communications’ as attached in APPENDIX C. Therefore, the
result and discussion in this part correlates to the APPENDIX C.

NR grafted with different acrylic-monomers, namely butyl acrylate
(BA), methyl methacrylate (MMA), n-butyl methacrylate (BMA) and cyclohexyl
methacrylate (CHMA) are prepared via emulsion polymerization with the ratio of
90:10 (NR : monomer by weight). Chemicals involved in the grafting reaction are

summarized in APPENDIX C, Table 1. Grafting of acrylic-monomers onto NR
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molecular chains is clarified using ATR-FTIR and proton nuclear magnetic resonance
('H-NMR). The sample was dissolved in CDCl3 before characterization by using the
500 MHz Fourier Transform NMR spectrometer. To improve the mechanical and
thermal properties of the grafted NRs, it has been vulcanized using GA as curing agent
at low temperature. Mechanical and thermo-mechanical properties of the grafted NR
vulcanizates are investigated using tensile testing and TSSR measurements,
respectively. Moreover, to confirm the formation of chemical crosslinks between GA
and rubber molecules, the oil swelling experiment and crosslink density TSSR
measurement are carried out.

3.2.1 The formation of chemical modification of NR molecules

The grafting efficiency values of grafted-NR samples are determined
and the results are shown in APPENDIX C, Figure 2. It is observed that all grafted-
NR samples exhibited grafting efficiency above 90%. It clarifies well that the graft
copolymerization using redox initiator is an effective technique to prepare grafted-NR
[5,42].

ATR-FTIR technique has been used to confirm the grafting of monomers
onto NR molecular chains compared with the ungrafted NR as summarized the results
in APPENDIX C, Figure 3 and Table 2. It is found that the grafted and ungrafted NR
showed the specific absorption peaks of NR at 2975 cm™! for —-C—H stretching, 1670
cm! for —-C=C stretching, 1448 cm™! for -C—H bending and 835 ¢cm™! for -C—H out of
plane bending vibrations of the existing isoprene units. In addition, after grafting of
NR-g-PBA, NR-g-PMMA, NR-g-PBMA and NR-g-PCHMA, the new peaks appeared
at 1732 cm™! which corresponds to —C=0 stretching vibrations of the existing acrylate
functional groups [5-6, 43]. Moreover, 'H-NMR is employed to elucidate clearly the
chemical grafting of monomers onto NR molecular chains (APPENDIX C, Figure 4
and Table 3). It is observed that the pristine NR showed the specific signals of isoprene
at 5.1, 2.0 and 1.7 which referred to =CH, —CH, and —CH3 groups in isoprene,
respectively [43]. As expected, new signals can be seen for NR-g-BA and NR-g-BMA
at 4.0 ppm which is assigned to the existence of -OCH: groups in the BA and BMA
molecular chains [44]. In case of NR-g-CHMA, a new signal is appeared at 4.6 ppm

due to the existence of —OCH functional groups in CHMA monomer [45]. In the case
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of NR-g-PMMA, the signal at 3.6 ppm reveals the -OCH functional groups in MMA
monomer [43]. It clearly confirms the successful grafting of acrylic monomers onto NR

molecular chains from ATR-FTIR and 'H-NMR results.

3.2.2 Mechanical properties of grafted-NR vulcanizates cured using GA

Mechanical properties of the grafted-NRs are measured by the tensile
testing measurement following the ASTM D412. The stress-strain curves are shown in
APPENDIX C, Figure 5. It is observed that the stress-strain behavior is different for
the grafted-NR vulcanizates during extension. Tensile properties in terms of 100, 300
and 500 % moduli, tensile strength and elongation at break are measured from the
stress-strain plots. The surface hardness properties of the grafted-NR vulcanizates are
measured according to the ASTM D2240. The results as summarized in APPENDIX
C, Table 4. It is clearly seen that the grafted-NRs vulcanizates exhibited the higher
100, 300 and 500% moduli than the ungrafted NR. In case of the modulus below
300%, it is attributed to the rubber chain entanglement and the high polarity of
functional groups of grafted-NR cured with GA [46]. It also exhibits higher modulus
compared to the ungrafted-NR without any polar functional groups. The highest 100
and 300% moduli are observed in case of NR-g-PBMA. This is due to the long linear
side chain of BMA molecules, which leads to the formation of chain entanglements of
the NR-g-PBMA molecules [47]. In addition, the NR-g-PBMA exhibited the highest
tensile strength and elongation at break among the series of grafted-NR vulcanizates.
This is also the effect of long side chain of BMA that can easily induce GA to crosslink
among rubber molecules [7]. Moreover, the crosslinking of GA curing system not only
occurs through the GA-rubber crosslinking but also develops from polar-polar
interaction of carbonyl functional groups, GA-ester crosslinking between ester groups
of grafted poly acrylic chains and aldehyde groups of GA molecules as explained in
APPENDIX C, Figure 6 [6, 21, 48]. Therefore, according to the superior chain
entanglement and ease of formation of GA cross-linking, the NR-g-PBMA exhibited
the highest tensile properties compared to the other grafted-NRs. On the other hand,
NR-g-PBA vulcanizate showed the lowest values of tensile strength and elongation at
break. This is due to the NR-g-PBA molecular structure has no methyl groups (~CHz)

on the a—carbon atom of the a— and f—unsaturated carbonyl systems [37]. Whereas,



NR-g-PCHMA shows low tensile properties despite it consists of —CH3. This might be
attributed to the aromatic ring in monomeric CHMA prevented the crosslinking of GA
through the rubber molecular chain. On the other hand, the modulus above 300%
corresponds to the degree of strain-induced crystallization. In case of NR-g-PBA
vulcanizate without any —CH3 groups showed the highest 500% modulus. It indicates
that the monomeric PBA is easy to arrange and make the strain induced crystallization
in NR-g-PBA molecules than the others with —CH3 groups that can prevent strain
induced crystallization in NR molecules.

In case of the hardness properties of the vulcanizates the trend correlate
with the tensile properties. The hardness values can be divided into two ranges as
below and above 51 Shore A. It is observed that NR-g-PMMA, NR-g-PBMA and NR-
g-PCHMA showed the hardness values above 51 Shore A. It clearly indicates the hard
segment of —CHj3 group on the grafted-NR molecular chains that hinder chain mobility
of the grafted-NR. On the other hand, NR-g-PBA showed the lowest hardness value
that lies below 51 Shore A as PBA consists of no —CHj3 groups on the polymeric chain
that leads to more flexible and low hardness of NR-g-PBA [6, 49].

The swellability of NR vulcanizates has been evaluated from swelling
experiments in engine oil by soaking for 24 h at room temperature. The swelling
degree of samples with and without grafting are shown in APPENDIX C, Figure 7. It
is observed that the grafted sample exhibited lower oil swelling degree than the one
without grafting. It indicates the presence of polar functional groups in the grafted-
NR. NR-g-PBA shows the lowest oil swelling degree due to the NR-g-PBA has no
methyl groups in its structure and it can be easily caused the polar-polar interaction.
Thus, high polar-polar interaction of NR-g-PBA might prevent the diffusion of oil
molecules [42, 47].

3.2.3 Thermo-mechanical properties

TSSR measurement has been applied to examine the thermo-
mechanical properties of ungrafted- and grafted-NR vulcanizates characterized by
isothermal and non-isothermal relaxation processes at 100%strain and increasing the
temperature until the sample gets ruptured under a constant heating rate of 2°C/min
[39-40]. In order to clarify the crosslink density of rubber, an increase in the

normalized force with temperature can be found at the beginning of force versus

23



24

temperature according to the entropy effect of rubber vulcanizates as shown in
APPENDIX C, Figure 8 and the crosslink densities are summarized in APPENDIX
C, Table 5. It is observed that the NR-g-PBA shows the highest crosslink density
compared to the others as expected. It is related to the nonexistence of methyl group
on the NR-g-PBA chains which can be easily cured. This correlates well with the
mechanical properties in case of 500%modulus and oil swellability. On the other hand,
it is observed that NR-g-PMMA and NR-g-PBMA show no significant differences
compared to the crosslinking of ungrafted-NR, whereas the NR-g-PCHMA shows the
lowest value. This is due to the existing —CH3 groups effectively affect the crosslink
formation via GA curing system [37]. Moreover, it is due to the hydrocarbon ring in
CHMA molecules which hinders the crosslinking reaction of GA to the rubber chains
lead to the lowest crosslink density value of NR-g-PCHMA.

The thermo-oxidative degradation of NR vulcanizates are determined
through the plot of relaxation spectrum (H(7)) versus temperature as shown in
APPENDIX C, Figure 9. It is seen that the two decomposition peaks are clearly
distinguished at 50—100°C (Period I) and 140—200°C (Period II). Period I might be
attributed to the de-bonding and/or elimination of the physically interacted non-rubber
components such as protein and phospholipids with the terminal groups of NR and
also the polar-polar interaction of the carbonyl groups of the grafted-NR as shown in
the proposed model (APPENDIX C, Figure 10) [34, 41]. Period II is assigned to the
chemical relaxation process that occurs due to the thermo-oxidative degradation of
rubber molecules under stress including the decomposition of GA-rubber crosslinks
and GA-ester crosslinks as shown in the proposed model (APPENDIX C, Figure 10).
Considering the Period I, the NR-g-PBMA showed the highest peak than the others
because of the presence of methylene long chain and methyl groups together with the
de-bonding of polar-polar interaction of the PBMA functional groups. The ungrafted-
NR showed slightly higher peak at Period I than NR-g-PMMA, NR-g-PCHMA and
NR-g-PBA might be due to the relaxation of strong molecular chain entanglement in
the ungrafted-NR. For Period II, the grafted-NR vulcanizates showed the higher peak
than the ungrafted-NR due to the relaxation of GA-ester crosslinks together with GA-
rubber crosslinks. In case of NR-g-PCHMA, a lower peak is observed when compared

to the other grafted-NRs due to the lower level of crosslinking and chain entanglement
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in the vulcanizate that correlates well with the crosslink density value as shown in
APPENDIX C, Table 5.

Furthermore, the thermal stabilities of NR vulcanizates are investigated
in terms of 79, T50 and Top which are the responding normalized force for 10, 50 and
90%, respectively [22]. The thermal stabilities of NR vulcanizates are summarized in
APPENDIX C, Table 5. It is seen that the thermal resistance of grafted-NRs improved
when compared to the ungrafted-NR. This is assigned to the existing polar functional
groups in rubber main chain that leads to strong ester-rubber and GA-rubber
crosslinks. Moreover, the 799 value referred to the thermal resistance during the
decomposition of the vulcanizate and the NR-g-PBA vulcanizate exhibited the highest
Too. It is well correlated with the highest crosslink density of NR-g-PBA which
requires more energy during the thermal decomposition process [50]. It indicates the
formation of strong GA-rubber and ester-rubber crosslinks. Also, this is due to the
existence of —CH3 groups and linear side chain of NR-g-PMMA, NR-g-PBMA and
NR-g-PCHMA leading to lower the crosslink density and increases the free volume in
the curing system. It results in the poor thermal resistance than the NR-g-PBA
vulcanizate. This is also correlated with the height of the peak in Period II
(APPENDIX C, Figure 9) that corresponds to the thermo-oxidative degradation of
GA-rubber crosslinks. The grafted-NR including NR-g-PMMA, NR-g-PBMA and
NR-g-PBA, showed the higher peak height than NR-g-PCHMA and ungrafted-NR. It
clearly clarifies the superior crosslink density originated from the chemical GA-rubber
linkages in the rubber vulcanizates. On the other hand, the lower peak height,
particularly in ungrafted-NR and NR-g-PCHMA, might be due to lower crosslink
density.

Therefore, it can be summarized that ungrafted- and grafted-NR cured
with GA are successfully prepared and their properties can be explained by the
proposed chemical and physical interactions: (I) the chemical GA-rubber crosslinking
through the C—C bonds and through the active ester groups of grafted-NR molecules
(ester-rubber crosslinks) and (II) the physical polar-polar interactions through the
existence of carbonyl groups (polar-polar interaction). Overall, the NR-g-PBMA
vulcanizate exhibited the highest mechanical properties due to the benefit of methyl

groups (—CH3) and long linear side chain on the grafted-NR molecular chains, while



the NR-g-PBA showed superior thermal stability and oil resistance owing to the

formation of highest crosslink density in the system.

3.3 The effect of different types of bifunctional aldehydes as low-temperature
curing agents including GA, glyoxal (GX) and phthaldialdehyde (PA) on the
properties of cured NR

This part focuses on the topic “Mechanical, thermal and optical
properties of natural rubber films with different types of bifunctional aldehydes as
curing agents” which has been published in the journal of eXPRESS Polymer Letters
as attached in APPENDIX D. Therefore, the results and discussion in this part
correlates to the APPENDIX D.

The NR vulcanizates are prepared using three bifunctional aldehydes
with different number of carbon atoms in the chemical structure as low-temperature
curing agents including glyoxal (GX) with 2 carbon atoms, glutaraldehyde (GA) with
5 carbon atoms and phthaldialdehyde (PA) with 8 carbon atoms. Curing of NR with
three types of bifunctional aldehyde is confirmed from the ATR-FTIR spectra and the
crosslinking density is determined by using the TSSR technique. Mechanical, thermal
and optical properties of the resulting NR vulcanizates are also investigated from
tensile test, dynamic mechanical thermal analysis (DMTA), TGA, TSSR and color
spectrophotometer. The DMTA experiment was conducted in a dual cantilever bending
mode at a frequency of 1 Hz and strain magnitude of 0.1% with a heating rate of 5
K/min over the range of temperature of =100 to 80°C/min. For color analysis, the
sample was analyzed under Reflectance Specular Included (RSIN) mode.

3.3.1 Confirmation of crosslink formation in NR latex vulcanized with
bifunctional aldehyde by ATR-FTIR technique

The cured NRs with different types of bifunctional aldehydes are
characterized by using ATR-FTIR technique to compare the functional groups to the
pure NR. The ATR-FTIR spectra is shown in APPENDIX D, Figure 1. Also,
APPENDIX D, Table 1 summarizes the absorption peaks gained in the spectra. It is
observed that the peaks at 2924, 1659, 1446 and 839 cm™! are assigned to —-C-H
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stretching vibrations, —C=C stretching vibrations, -C—H bending vibrations and -C—H
out of plane bending vibrations of NR, respectively. In addition, a new peak appears
upon vulcanization at 1589 ¢cm™! which corresponds to the -N-H bending vibration of
secondary amine. Also, a peak appears at 1090-1020 cm ! assigned to the -C-N
stretching vibrations of secondary amine. It clearly confirms the formation of
crosslinks between NR molecules with pentane-1,5-diylidenediamine by ene reaction
[5-6]. In case of PA cured NR, the absorption peak of —C=C aromatic secondary
stretching at 1615 cm™! is vanished/overlapped with a new peak at 1659 ¢cm™!
corresponds to —C=C stretching vibration of NR. The PA cured NR also shows a peak
at 1045 cm™! corresponding to —C—H in-plane bending vibrations of the aromatic ring
[51].
3.3.2 Crosslink density of NR vulcanizates

The crosslink density values of cured-NR with different bifunctional
aldehydes are evaluated by using TSSR measurement. In order to calculate the crosslink
density, the initial slope of the normalized force-temperature curve is to be determined.
The crosslink density value of NR cured with different bifunctional aldehydes obtained
from the TSSR measurement is shown in APPENDIX D, Figure 2. It is observed that
the GA cured-NR exhibited the superior crosslink density compared to the other cured-
NRs. This is due to the existence of five linear carbon atoms in the GA molecule, which
might have a great opportunity to produce crosslinking between GA and rubber
molecules. On the other hand, GX and PA cured-NRs show lower crosslink density
value because of the short-chain in its structure which might reduce the opportunity to
produce the crosslinking between the rubber chains and GX/PA molecules.
Furthermore, in case of PA cured-NR which consists of an aromatic ring in the structure
might be prevented since the generating of PA-rubber crosslinks. The crosslinking of
the GX, GA and PA cured-NRs are explained in the proposed model as shown in
APPENDIX D, Figure 3.

3.3.3 Mechanical properties of NR vulcanizates

The mechanical properties of cured-NR with different types of
bifunctional aldehydes are investigated in terms of modulus, tensile strength and

elongation at break according to the ASTM D412 and hardness according to the ASTM



D2240. The overall mechanical properties of cured-NRs are summarized in
APPENDIX D, Table 2 and the stress-strain curves are shown in APPENDIX D,
Figure 4. The stress-strain curve or elastic deformation behavior of GA cured-NR is
entirely different from the others two cured-NRs. Superior elastic modulus and
hardness are observed in case of the GA cured-NR. It has to be noticed that 100%
modulus indicates the stiffness of cured-NRs, while 300 and 500% moduli indicate the
strain-induced crystallization that leads to self-reinforcement of the cured-NRs [52]. It
is found that the GA cured-NR exhibited the highest moduli and hardness when
compared to the other cured-NRs. This is attributed to the chain entanglement together
with the highest crosslink density of GA cured-NR vulcanizate. On the other hand, GX
cured-NR and PA cured-NR exhibited the lower stress compared to GA cured-NR. This
also correlates well with the crosslink density value of the cured-NR vulcanizates [53].
In case of the tensile strength of cured-NR, the GX cured-NR shows the lowest tensile
strength while GA cured-NR and PA cured-NR exhibited the same value of tensile
strength about 6 MPa. This is also due to the crosslink density of the cured-NRs.
Moreover, PA cured-NR with an aromatic ring in its molecule led to the higher tensile
strength [6]. GA cured-NR with the highest crosslink density shows the lowest
elongation at break among the cured-NRs. This is due to the increased crosslink density
inhibits the movement of the NR molecule chains under stress [53].

3.3.4 Thermal properties of NR vulcanizates

The thermal properties of cured-NRs are analyzed using DMTA and
TGA techniques. The tan delta based on DMTA characterization of cured-NRs is shown
in APPENDIX D, Figure 5 and the glass transition temperature (7%) of the cured-NRs
are summarized in APPENDIX D, Table 3. It is found that GA cured-NR showed the
lowest T, at —62.02°C, while PA cured-NR and GX cured-NR enhanced higher 7, at —
59.40 and —58.77°C, respectively. This is due to the GA cured-NR having the lengthiest
linkage between rubber chains as shown in APPENDIX D, Figure 5. The linkage
between rubber chains in case of GA cured-NR exhibits the higher mobility than the
linkages in PA and GX cured-NRs. Also, the higher mobility of the rubber chains
attribute to the increasing of free volume and 7, of GA cured-NR. On the other hand,
GX and PA cured-NRs with shorter linkages exhibit lower mobility of rubber molecular
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chains by decreasing the free volume that leads to increase the 7, of GX and PA cured-
NRs [6].

Furthermore, the thermal stability of cured-NRs has been evaluated
using TGA. The TGA thermograms are shown in APPENDIX D, Figure 6 and also the
onset temperature (7,), temperature corresponding to the maximum rate (7,) and
termination temperature (77) are summarized in APPENDIX D, Table 3. It is observed
that PA cured-NR exhibited the highest 75, due to the stability of aromatic ring in PA
molecule. It is noticed that the C=C bond has an energy 579 kJ/mol higher than that of
the C—C bond energy (357 kJ/mol) of GX and GA molecules. However, the thermal
stability of cured-NRs is increased due to the formation of crosslinks by the addition of
curing agents into NR as reflected in 7, and 7y values of cured-NRs.

3.3.5 Thermo-mechanical properties of NR vulcanizates using TSSR
measurement

The cured-NRs have been characterized under isothermal and non-
isothermal relaxation processes. In order to investigate the thermal stability of the
cured-NRs in terms of 779, T50 and T are summarized in APPENDIX D, Table 4 and
the normalized force-temperature curves are shown in APPENDIX D, Figure 7. It is
observed that PA cured-NR exhibited the highest 779 and 7’5o when compared to the
other cured-NRs as observed the similar trend with 7, from the TGA analysis. This is
assigned to the better thermal stability of the aromatic ring in PA molecular structure.
However, GA cured-NR shows the highest 79y at 145.4°C due to the higher level of
the crosslink density caused by the formation of entanglements and crosslinks led to
higher thermal stability of GA cured-NR.

To clarify the molecular phenomenon, the relaxation spectrum H(7) as
a function of temperature for different cured-NRs is shown in APPENDIX D, Figure
8. Two significant peak periods are observed in the plot. Period I at 50-75°C might be
attributed to the physical molecular chain relaxation, including de-bonding of physical
interaction of NR molecules including the decomposition of branch points of the a-
terminal group in NR molecules [26, 56]. Period II at 90-150°C assigns to the
chemical relaxation of cured-NRs. It is attributed to the decomposition of rubber

crosslinks by aldehyde curing agents. In this period, GA cured-NR shows the higher



broad peak in the relaxation behavior when compared to others. This relaxation
behavior correlates well with the crosslink density of cured-NRs. Higher crosslink
density leads to raise the relaxation in NR.

3.3.6 Colorimetric parameters

Color and transparency are the evident properties of NR films while
manufacturing products including medical devices, packaging film, and so on.
Therefore, in this work the color of the cured-NRs has been studied. The color analysis
of the cured-NRs can be characterized according to CIE (Commission Internationale
de I’Eclairge), which defines different colors in the form of numbers or color
components by color model as shown in APPENDIX D, Figure 9. The L* value
attributed to the lightness axis that shows the color range from white (L*=100) to
black (L*=0) through gray at the center. The a* value represented the red-green axis
that shows the color range from red (+a*) to green (—a*). For the b* indicates to the
yellow-blue axis which describes the color range from yellow (+5%*) to blue (—b%)
[54-58]. The color parameter and physical appearance of the cured-NRs are
summarized in APPENDIX D, Table 5. It is observed that GA cured-NR and PA
cured-NR exhibited more transparent films than GX cured-NR. In addition, the PA
cured-NR and GA cured-NR enhanced higher L* value than that GX cured-NR. This
can be attributed to the NR samples with high brightness value as a result of its higher
optical transparency. On the other hand, GX cured-NR showed the lowest L* value at
26.86 approaches to zero, indicating its black color. For a* values of GX, GA and PA
cured NR films are 5.81, 9.88 and —3.70, respectively. All these values might not be
significantly different from the red-green color. In case of b* value of the cured-NRs,
the GA cured-NR showed the highest value that is related to the high yellow saturation
of the NR film. The transparent films of PA cured-NR and GA cured-NR that has been
observed might be due to the chemical reaction of PA and GA with the protein present
in NR latex that inhibited the reaction between quinone and protein lead to reducing
of discoloration on the NR films [59-60]. However, the yellowish of NR films still
appears due to existence of natural carotenoids in NR latex [61].

In summary, the vulcanization of NR latex using GX, GA and PA

bifunctional aldehydes as the curing agents are successfully carried out at low
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temperature without any specific activators and accelerators. It is found that the GA
cured-NR exhibited superior mechanical properties in terms of modulus, tensile
strength and hardness. For the thermal stability of cured-NR, GX cured-NR and PA
cured-NR showed higher thermal stability than GA cured-NR. Furthermore, PA cured-
NR shows superior mechanical properties (tensile strength and elongation at break),
thermal stability and observed the most transparent NR film, which expands the
application of NR products. Moreover, PA cured-NR films exhibited superior
mechanical properties, thermal stability and transparency. This research work has been

filed as the Thai Petty Patent to cover this invention as shown in APPENDIX E.

3.4 The effect of synergistic curing system, including sulfur and glutaraldehyde
on the properties of cured NR

This section focuses on the topic “Improvement of sulfur-cured natural
rubber properties using Glutaraldehyde system: Mechanical, thermal and thermo-
mechanical properties.” which is in the submitting process to the journal as attached in
APPENDIX F. Therefore, the result and discussion in this section correlates to the
APPENDIX F.

Natural rubber (NR) vulcanizates using synergistic curing system of
sulfur (S) and glutaraldehyde (GA) as curing agent are studied at different ratio as
given in APPENDIX F, Table 2. Mechanical properties, thermal stability and
relaxation behavior of the resulting vulcanizates are investigated using tensile testing,
hardness testing, tension set testing, aging testing, TGA and TSSR measurement.
Moreover, the NR vulcanizates with the hybrid system are compared with the pristine
S and GA curing systems.

3.4.1 Mechanical properties of NR vulcanizates with different curing
system ratios

Mechanical properties of NR vulcanizates with different ratios of curing
systems are studied in terms of 100, 300 and 500% moduli, tensile strength, elongation
at break and hardness as summarized in APPENDIX F, Table 3 and stress-strain curves

of the NR vulcanizates are shown in APPENDIX F, Figure 1. It is found that the NR



vulcanizates with various S/GA curing ratios showed different stress behavior during
extension. At strain lower than 100%, the NR vulcanizates with higher S latex content
including S100/GAO, S70/GA30 and S50/GAS50 exhibited lower stress than the other
vulcanizates. This is due to the effect of sulphidic linkages in sulfur curing led to low
stiffness of the vulcanizates while, the one with high level of GA latex compound
(S30/GA70 and SO/GA100) showed higher 100%modulus that raise up to 1.67 and 2.13
MPa, respectively. This is due to the specific superior young’s modulus of the NR
vulcanizate from GA curing system that consists of short linkages of GA-rubber
between NR molecular chain together with GA-protein linkage between protein
molecule present in the NR as explained in APPENDIX F, Figure 2 [20, 22, 62]. The
short GA-protein linkage in GA curing system can be induced the higher chain
entanglement of NR molecules which led to higher young’s modulus of NR vulcanizate.
In case of the strain above 300%, the stress of S100/GAO0, S70/GA30 and S50/GA50
vulcanizates rises again at 500% strian until the fracture point. On the other hand, the
stress corresponds to the NR vulcanizates with higher GA-latex compound is increased
at approximately 350% strain. This is also the shorter linkage effect GA crosslinking
than that sulphidic linkage from the S curing system. Moreover, it is clearly seen that
the 100, 300 and 500% moduli of NR vulcanizates had increased upon increasing the
ratio of GA-latex compound. Furthermore, the effect of different S/GA latex compound
ratio on the mechanical properties are observed for the tensile strength and elongation
at break. It is observed that the S70/GA30 vulcanizate exhibited the highest tensile
strength (14.19 MPa) and elongation at break (1,010%) compared to pristine S
(S100/GAO0), pristine GA (S0/GA100) and other synergistic vulcanizates. This is due to
the combination of several crosslinking types such as sulphidic crosslinks from S curing
system and GA crosslinks (GA-rubber and GA-Protein linkages) from GA curing
system, which led to superior tensile strength and elongation at break of NR
vulcanizates [20]. In addition, hardness properties of the NR vulcanizates correlate with
the modulus which has been increased upon increasing the ratio of GA latex compound.

Furthermore, the tension set properties of NR vulcanizates with different
curing systems at various ratios are investigated to study the ability of rubber to recover
after being stretched as reported in APPENDIX F, Figure 3. It is found that the NR

vulcanizates with high S-latex content showed low tension set. This is due to the elastic
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properties caused by the polysulphidic linkage of S curing system led to higher ability
to recover after being stretched [20]. While, increasing of GA-latex compound ratio
induces an increase of stiffness which correlates well with 100% modulus, resulting in
permanent deformation after being stretched.

3.4.2 Thermal stability of NR vulcanizates with different ratios of curing
systems

The thermal stability of NR vulcanizates with different S/GA latex
compound ratios is determined using TGA including the onset temperature (75,), the
temperature corresponding to the maximum rate (7,) and the termination temperature
(Ty) as shown in APPENDIX F, Table 4 and the thermograms of NR vulcanizates
showed in APPENDIX F, Figure 4. It is observed that the thermal stability of NR
vulcanizates increased on increasing the ratio of GA-latex compound due to the higher
bond energy of —-C-C- bond (~351 kJ/mole) in GA curing system than that of
—C—Sx—C- bond (285 kJ/mole) in S curing system [20, 62]. Therefore, higher content
of GA cured NR exhibited the higher thermal stability than that of the one cured with
higher amount of S.

3.4.3 Thermo-mechanical properties of NR vulcanizates with different
ratios of curing systems

The thermal stability and relaxation behavior of NR vulcanizates are
evaluated by the TSSR measurement. For thermal stability, the normalized force-
temperature curves of the NR vulcanizates are plotted as shown in APPENDIX F,
Figure 5 and the 7% »reqk Which indicates the temperature at the sample gets ruptured as
summarized in APPENDIX F, Table 4. It is observed that the SO/GA100 vulcanizate
exhibited the highest 7us sreak value at 220°C compared to the other NR vulcanizates.
This is due to the higher bond energy of GA linkages which correlates with the thermal
stability measured from TGA.

The relaxation spectrum (H(7)) as a function of temperature of NR
vulcanizates is showed in APPENDIX F, Figure 6. Two significant regions are
observed in the relaxation spectrum. The region I at 50-100°C attributed to the

molecular chain relaxation of the de-bonding from the physical interaction of non-



rubber components such as, protein and phospholipid with terminal groups of NR
molecules. It is seen that increasing of GA-latex compound ratio in NR vulcanizates
enhanced the broader peak of the physical spectrum relaxation (region I). This might
be due to the higher amount of physical chain entanglement caused by GA-Protein
linkage from GA curing system [52]. For the region II at 120—180°C corresponds to the
chemical relaxation of the NR vulcanizates due to the thermo-oxidative decomposition
including, the decomposition of the NR molecules [52]. The relaxation spectrum peak
at region II of NR vulcanizates using the synergistic curing system (S70/GA30,
S50/GAS0 and S30/GA70) showed the slightly broader peak than the pristine curing
system (S100/GAO and S0/GA100). This is due to the synergistic system existing of
several linkages including, sulphidic linkages from S curing system together with GA-
rubber and GA-protein linkages from GA curing system which lead to occur different
decomposition of the NR molecules under stress. In addition, it is clearly seen that the
peak of relaxation spectrum of pristine GA vulcanizate (SO/GA100) was shifted to
higher temperature. This clarified that the higher thermal stability of NR vulcanizate
occurs when higher amount of GA-rubber linkages [63].

Furthermore, the thermal aging properties of the NR vulcanizates were
studied by investigating the mechanical properties of the vulcanizates after thermal
aging at 70°C for 72 h and compared with unaged-NR as shown in APPENDIX F,
Figure 7. It is observed that the NR vulcanizates with higher level of GA-latex
compound showed the lower %change of modulus, tensile strength and elongation at
break. This is due to the higher thermal stability of the NR vulcanizates using GA curing
system. On the other hand, there is a significant change in the mechanical properties
after thermal aging of NR vulcanizates with higher ratio of S latex compound. It is due
to the weakening of sulphidic linkages present in S curing system caused by the chain
scission reaction occurred during thermo-oxidative aging [64—65].

Thus, it can be summarized that the synergistic NR vulcanizate using S
and GA as curing agent has been successfully developed and the one with S70/GA30
exhibited superior mechanical properties in terms of tensile strength and elongation at
break. On the other hand, the NR vulcanizates with high level of GA latex compound

exhibited superior modulus, hardness and thermal stability. In addition, the synergistic
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NR vulcanizates observed different relaxation behavior, which depends on different

types of linkages in the NR vulcanizates.
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CHAPTER 4

CONCLUSIONS

In summary, this thesis investigates the use of bifunctional aldehydes
as a curing agent for NR latex, demonstrating efficient vulcanization at lower
temperatures compared to traditional sulfur curing. Key findings and implications
include:

1. High protein content in NR vulcanizates enhances mechanical properties and
thermal stability by creating new linkages between rubber molecules through
the GA molecule.

2. Grafted-NR cured with GA exhibits improved performance through chemical
and physical interactions resulting from functional groups on the molecular
chain.

3. Variations in carbon atoms within bifunctional aldehydes lead to distinct
properties in NR vulcanizates.

4. The properties of NR vulcanizates depend on the levels of S/GA curing,
incorporating different linkages.

Furthermore, bifunctional aldehyde curing offers multiple reaction
possibilities, including:

- Bifunctional aldehydes reacting with ammonia present in latex and crosslinking
NR molecules through ene reactions.

- Crosslinking of bifunctional aldehydes through the amino groups of proteins
present in NR molecules via the Maillard reaction.

- Crosslinking of GA-vinyl groups of monomers via aldol condensation in the
case of NR grafted copolymer vulcanizates.

- Polar-polar interactions between functional groups in grafted-NR.

Overall, this low-temperature curing method broadens NR applications
in various fields, such as replacing polyurethane flooring, creating transparent sensors,
and waterproof fabric coatings. Its advantages include energy efficiency and simplified

processing, facilitating rubber product scaling in the industry.

36



37

SUGGESTIONS

In light of the findings presented in the current thesis, the following

recommendations for further research on the examined curing system are proposed:

Exploration of cure characteristics: To enhance the preparation parameters of
NR vulcanizates using this curing system, it is advisable to delve into the cure
characteristics of the NR vulcanizate. This investigation should encompass key
parameters such as gel time and cure time, thereby enabling a more thorough
understanding of the curing process and its optimization.

Investigation of crosslinking reaction rates: In order to gain deeper insights
into the curing mechanism and its control over the properties of NR
vulcanizates using this curing system, a comprehensive study on the reaction
rates involved in the crosslinking between GA molecules and other functional
groups is recommended. This research would provide invaluable information
for the precise manipulation of vulcanizate properties.

Confirmation of GA crosslinking: For the validation of the ene reaction within
this curing system, it is advisable to employ additional analytical techniques,
such as Raman spectroscopy and proton nuclear magnetic resonance ('H-
NMR). These supplementary methods will serve to confirm the occurrence of
GA crosslinking within the NR vulcanizate, offering a more comprehensive

view of the curing process.
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