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Abstract

Year il 20085 4

Photooxidative degradation of naiuréi-'ﬁibl:mr by of titanium dioxide (Ti0;)
under accelerated ultraviolet hght‘ and sunlight was investigated. Degradation of
unvulcanized natural rubber both in solution phase and solid phase was determined by
following numh%:,mniecu weight using gel permeation chromatography.

The degradation v;di:aﬁiieﬂ “natural rubber was determined as a function of

mechanical pr Exu&nl of ccutar weight feduction of natural rubber in
solution phase w aﬁed wh,en anmunt of TiO, was increased. In contrast, the
degradation of nanl;é bber i:n 5ﬁ!id‘fpliase (both as vulcanized and unvulcanized
form), was inversely ;ﬁ‘upoma! to ﬁg‘noum of TiO; incorporated indicating that
TiO; plays a major mIc—‘aﬂ as-a stahifgg.‘lnslcad of a photocatalytic agent. The
agglonwratmn of TiO, as_beﬁpvcd to #qamt—fer its poor photocatalytic activity. As

demnnstral:d_h}' SEM analysis, TiO; ﬁlicdmsuﬁhdna&@l rubber tended to aggregate

into pamcles’#avmg the diameter of 1-2 pm whiéhuE/ large enough to reflect UV
light. The appearance of fracture all over the surface of natural rubber sheets despite
the presence of TiO, after UV exposure suggested that the degradation of natural
rubber i Solid\phasé did novpredominantly n&ur 4 the interface between TiO; and
natural rubber. According to “viscosity-average molecular weight data, controlled
degradation of cunvulcanized | natural rubber, cannot , be achieved by TiO;
microparticles. An incorporation) 6f TiO; 'microparticles.insignificantly increase the

extent of degradation instead of delaying the degradation as originally expected.
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CHAPTER 1

INTRODUCTION

1.1 Statements of Problem

The global consumption of vulcamized elastomers has grown 1o a yearly
production level of about 17.2 million tons: Approximately 40% of that is natural
rubber with the remaining 60% consisting ﬂf-varibuses}rnlhetic rubbers. Vulcanization
is required to give rubber its characteristics such as igh elasticity and strength. Once
rubbers are crossvlinfeﬂ I, they do not melt or dissolve. The presence of these networks
thus creates a trr:mm'iduus problem at 111{: end of a pmduct s life. The recycling and
reutilization of cmss»hnknﬂ :Tastomem‘nn: difficult prcpﬂsumn because of these three
dimensional cherical ﬁchvhrk B 4

Wastes from nattiral rubber products have become increasingly problematic
due to their non-degraﬂabﬂuy in gnwrm'aj‘e:;t Gloves are non-recycled garbage after

being used. While expired tircs m:e us i ardmd by an incineration which in turn

causes air pollution. The dwclupmanr:uFﬁalural rubber that can degrade under
ambient sunlight Irradlauun is believed ti:t’ Be‘an unvlmnmentaluf'nendly approach for
disposal ﬂfnafm'ai, gi-wastes.-1n-add -Such-a.c
value-added rubber. products that can be used for sumr:.appllcatmns requiring a short

n ’_pt offers an alternative to

lifetime rubber sueh as soil cover sheet used in agricultore.

Titanium dioxide (TiO;)-is a well-known-inorganic pigment. It cannot only
exhibit a protectiye effect but also behaves as amoxidation catalyst sensitizing the
photochemical breakdown of organic matters. As a result of its chemical inertness,
1wnnephatuéarr'&5'ivitg'- agid, némtexicity) TiQ; is-<Considered a5 one\of theiniost suitable
phatocatalyst used for waste treatment and controlled degradation of polymers.

This research aims to control degradation of natural rubber by incorporating
TiQ,. The photocatalytic degradation under accelerating condition 1s investigated. The
ability of TiO; to enhance the durability or to catalyze the photo-oxidation of natural

rubber in solution and unvulcanized natural rubber sheet is monitored by following



molecular weight decay as a function of time and TiO; composition. To assess the
feasibility of developing photodegradable vulcanized natural rubber, mechanical
properties of vulcanized natural rubber incorporated with TiO; are investigated. The
chemical composition and morphology of the degraded natural rubber are

characterized by FT-IR and SEM, respectively.

An attempt to incorporate microparticles containing TiO; is also carried out.
The microparticles are prepared by compléx €oacervation of gelatin and gum arabic,
which are natural water ~ soluble polymers. It is anticipated that the polymer matrix
would act as a prmmn‘ﬁg coating 'that can prevent the premature degradation of
natural rubber. And ﬂm «egradation can be triggered when encapsulated TiO; is
released due to theswelling of mm%pamclm in the presence of water, oxygen and
UV light. Microparti€les are characterized by scanning electron microscopy (SEM)
and electron dispersiye Xe-my (EDX). \DJgdntwc degradation of unvulcanized rubber
is studied under ultraviolet light [accﬂeramd condition) and sunlight by following
viscosity-average molecular wmght usn_fg solution viscometry method. Degradation of
vulcanized rubber canla,i‘ningﬂ"iﬂ; miéi:éuniclcs- under ultraviolet light and sunlight

15 monitored by determination of nmch&mﬁa}{pmpcmcs

,J/_‘\- -

1.2 Objectives ~ - — —

1. To 51ud3,t-lhe degradation of natural rubber in mhuan and as a solid form in
the presence of TiO; under ultraviolet light

2. To study an @ffect of TiO, composition on the rate of natural rubber
degradation

3. To determine an ability to control degradation by incorporating TiO;

miicroparticles

1.3 Scope of the Investigation
1. Literature survey for related research work
2. To swudy the degradation of natural rubber in the presence of TiO; in solution

by following number-average molecular weight using gel permeation



chromatography (GPC) after exposure to UV light under accelerated
condition

3. To prepare unvulcanized natural rubber sheets filled with TiO; or TiO;
microparticles

4. To study the degradation of unvulcanized natural rubber sheet filled with

TiO; by fuilu}wing number-average molecular weight using gel permeation

by following wviscosity-average

after exposure to UV light under

AOUUINBUINT )
ANRINITUNINE AL



CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1 Natural Rubber [2,3]

On tapping the Heavea bms:‘ffﬂwﬁr tree, natural rubber latex exudes, which
has a rubber content between 25 and 40-percent by weight. The variation is due to
factors such as the type of m:e.u;hc tapping method, the soil conditions, and the
percent by weight_ This/material is not utilized in its original form due to its high
water content and susceptibility tn‘:ba:cterial attack. It is necessary to preserve and
concentrate it, §§"1E§1 the end p}nd;ﬂ 15 stable and gontains 60 percent or more of
rubber. All the im?ﬂnaﬁt pm{:essc:s oéf:;’t;&rication of latex articles begin with latex that
has a 60 percent mé:i'i“in_]_;un} mﬁbcr ﬂlil;lﬁql Extensive blending of the concentrated
latex ensures a consistent high qualifj@;;nateﬁal meeting national and intemnational

specifications. a5 7222k

. o f i
Latex concentrate is differentiated by the method of concentration and the type

cneral typ: of latex, there are special
forms such asﬁapble centrifuged latex, i:rclmedfcenﬁf'i‘ﬁiged latex and modified types
such as prevuicanized latex. Three methods of concentration are employed,
centrifugation, evapotation apd creaming; centrifugation is the preferred method and
accountsfor 93 percent of total production, Details of the preservation systems used
in centrifuged concentrate are given in Table 2.1. The predominant lattices are the HA
and) LATZ t}?p&b Latex<concentrale prepared by evaporation is Usudlly stabilized by
potassium hydroxide, whilst creamed latex is normally preserved with 0.7 percent

ammonia.
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Table 2.1 Types of preservation system used in centrifuged NR latex concentrate.

Designation Abbreviation Preservation system ( % by weight)
High or Full Ammonia HA 0.7 % ammonia
Low ammonia TZ LA-TZ 0.2% ammonia, 0.025 % zinc oxide,

0.025 % tetramethylthiuram disulphide
0.2% ammonia, 0.2% sodium
pentachlorphenate ' entachlorophenate

Low ammonia

Low ammonia boric ac % ammonia , 0.24% boric acid

AOUUANLUIANS
o s .t B M 8L,
ARSIV TINENAE

Most commercial natural rubber contains 93-94%w1 of cis-1,4-polyisoprene.
In this configuration, carbon atoms 1 and 4 are both on the same side of double bond.



Hjc\c: C/H
H c/ \cH

Figure 2.3 Cis - polyisoprene
/.
Molecular weight of natural mhﬁf:; 4§ about 1.0 — 1.3 x 10° with broad
molecular weight distribution {WD}. “The broad MWD of natural rubber is’

presumed to denve frgm'the' branching and cresslinking by certain special functional

/-"’
groups in mhherf?utﬁbe There sﬁre two components called sol and gel in natural
a

rubber. The soléphase’is a mbbf:r pan that dissolves easily in good solvent such as
toluene, cyclohex ,Thf gtl Rhasq_ﬁwells without 'dissolving. Commercial natural

rubber contains 5 —/ﬁﬂf ggl phase. 3 4

| ¥ 7
F) A ol
2.2 Natural Rubber t;bmpqsﬁﬂﬂ "_/j;
e 2

2.2.1 Dispersed Ph':;j?? Ty

The @b_b&r in natural latex is cis-1 #pulmsupr@ with a molecular weight in
the region oflvaﬁg million. The molecular weight mrym-“bc known precisely because
there is always a proportion of the rubber which is insoluble. This proportion, the gel

content, steadily increases as the latex is stored, presumably due to a process similar
to the ‘stafage hardening’ which aceursqin) dry jubber. cAfter about two to three
months storage the hardening ceases'and the-gel'content may be as high as 50 percent
in toluene. The measurement of gel content is comiplicated by the fact that the amount
of gel'is solvent-dependent, which suggests thatemuch of the apparent cross-linking
does not involve covalent bond. As a result of storage hardening the rubber in mature
latex concentrate has a Mooney Viscosity greater than 100. Increases in rubber
hardness, however, do not produce any discernible change in the film-forming

properties of latex.



The molecular weight of the “sol fraction’ of the rubber in mature concentrated
latex can be determined, for example, by gel permeation chromatography. Results of
such measurements are shown in Figure 2.4. For a LA-TZ latex, the rubber from

which was dissolved in tetrahydrofuran. The gel content in the solvent was about 40

percent and the average molecular weight ( E,,} of the sol fraction was 880,000,

Figure 2.4 The molecular weight ibution of NR latex rubber (LA-TZ).

The nonstubber-mails ::._.'..'!..; 7 rm-from-ldlex concentrates cumprise a
wide variety of cl '

|

their decompositio

uents are known to be proteins and
products, fatty acid soaps, and a range of organic and inorganic

 ARMANELANNT. . s
HN RN I T2k ikt e

mofe research needs to be done before a precise composition can be established.



Table 2.2 Overall compositions in percentage by weight of lattices and total solids

HA LA-TZ
Latex T8C Latex T5C
Rubber 59.67 97.61 59.61 97.62
Protein,etc 1.06 1.73 1.03 1.69
Soaps 0.23 0.38 0.23 0.38
Salts 0.40 0.28 0.38 0.32
Ammonia 0.68 2 0.21 -

Water 37.96 - 38.54 -

. /3
2.2.3 Adsorbed Non-rubber Materials
When in'the gree, the pa'i'licl?s in natural latex are presumed to possess an
adsorbed layer of a protein-lipid complex, similar to the membranes of many
biological cells. As @ consequence uf_j]i‘e*idditjun' of ammonia to preserve the latex
concentrate, the lipid materials are belﬁ:d to hydrolyze slowly, releasing fatty acid

.

soaps which can later ads’drbfﬁmo the plﬂ.%éfc surface. The adsorption of these soaps
accounts for the spomfaneous rise im mechanical stability when ammoniated

concentrate i stored.

Nevertheless, little direct knowledge of the materials adsorbed on the latex
particles exists. The surface proteins have never been isolated as such and they are

often presumed to be~similérto those identified in the serum but they may be

different,

2.3 Prevuleanization of Natural Rubber (NR) Latex [4]

2.3.1 Definition and Importance

Prevulcanization of NR latex is defined as a process in which chemical

crosslinking of rubber chains takes place inside each particle disperse in aqueous latex



serum. Drying of prevulcanized latex produces a crosslinked film without the need for
further heating. One of the principle advantages of prevulcanized latex is that
effective control of the physical properties can be exercised before manufacturing
those articles. For this reason, the prevulcanized NR latex is the most industrially
important type of chemically-modified latex. It is especially useful for being directly
employed in the dipping operation in small to medium sized factory. It is also applied

i other fields such as adhesives, Isttcxﬂ"?am. carpet backing and textile combining.

= 9 o
2.3.2 Sulfur Prevulcanization

Mineral sulfi 1dé1:f used as an ngredient to provide crosslink between
;._ pon :prﬁccss In sulfur prevulcanization, vulcanized
E.,ia;g;, mixed with the dispersions of sulfur and an
feljginr .\&nﬂoy:d in latex mixture is usually ultra-fast
dithiocarbamate, Such as qu}@fcth , ';}g?cs;hamatt (ZDEC), due to the fact that
reaction in latex p s nj?fh mmﬁ_gﬁpidly than that in dry rubber at the same
temperature with the m;’,@ﬁanizing‘_i@’;ﬁiem The speed of the prevulcanization
reaction seems to be aamcmleﬁ’ prlmaw the presence of non-rubber constituents

it

S Ny ~
which also act\ar acr.:eieramr in latex. Ch;.mmal nr.tworg(struclure of sulfur vulcanized

rubber can be W i J
AN

s

Figure 2.5 A diagrammatic representation of network structure of sulfur vulcanized
rubber (x, y, a and b = 1-9, x = accelerator fragment).
2.4 Vulcanization [5]



Useful rubber articles, such as tires and mechanical goods, cannot be made
without vuleanization. Unvulcanized rubber is generally not very strong, does not
maintain its shape aflter a large deformation and can be very sticky. In shor,

unvulcanized rubber can have about the same consistency as chewing gum.
2.4.1 Definition of Vulcanization

The term vulcanization 1s generally applied to rubbery or elastomeric
materials. These materials forcibly retract Lo their approximately original shape after a
rather large mechanically imposed f’lefunﬂﬁﬁén. Vulcanization can be defined as a
process which increases the retractile force and reduces the amount of permanent
deformation remaining afier removal of the deforming force. Thus, vulcanization
increases elasticity while.it ;iacmasc; plasticity, It is generally accomplished by the
formation of a cm'ssli.ﬁﬁ;d molecular network, (Figure 2.6)

Suifur

Se

Figure 2.6 Network formation after vulcanization

2.4.2 Effects of Vulcanization on Vulcanizate Properties



1

At the molecular level, vulcanization causes profound chemical changes. The
long rubber molecules (molecular weight usually between 100,000 and 500,000)
become linked together with junctures (crosslinks) spaced along the polymeric chains,
with the average distance between junctures corresponding to a molecular weight
between crosslinks of about 4,000 to 10,000, As a result of this network formation,
the rubber becomes essentially insoluble in any solvent and it cannot be processed by
any means which require it ta flow, €.2., in a mixer, in an extruder, on a mill, on a
calendar, or during shaping, forming, or molding. Thus it is essential that

vulcanization occurs only after the rﬂbbr:r atlicleds in its final form.

Major effects of sileanization on use-related properties are illustrated by the
idealization of Figl,_lr:: 2. i shouijd be noted that static modulus increases with
vulcanization to/a greater extent ti;ap. does the _d}rnamic modulus. The dynamic
modulus is a composite of viscous @]d elastic behavior, whereas static modulus is

largely a measure of only the elastic n@up‘uncnt of rheological behavior.

/N
Vulcanizate 4 ; i’,r'jﬁﬁlﬁgnm !
Property r . | Fatipue Life |

- ?Tﬂﬂl‘n_!

; / i [Tensite Strangth)
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/
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/
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Figure 2.7 Mechanical properties as a function of the extent of vulcanization



Hysteresis is reduced with increasing crosslink formation. Hysteresis is the
ratio of the rate-dependent or viscous component to the elastic component of
deformation resistance. It is also a measure of deformation energy which is not stored
(or borne by the elastic network) but which is converted to heat. Vulcanization then
causes a trade-off of elasticity for viscous or plastic behavior. Tear strength, fatigue
life, and toughness are related to the breaking energy. Values of these properties
increase with small amounts of cmss]iuk@pg but they are reduced by further crosslink
formation. Properties related to the energy-to-break increase with increases in both the
number of network chains and hyst:}:rcsis. Since-hysteresis decreases as more network :
chains are developed, ihe energy-ip-bmak related properties are maximized at some

intermediate crosslink density.

)

It shouldibe noted that the properties given in Figure 2.7 are not only functions
of crosslink density. They _,are_rélmi?:gdffected by the type of crosslink, the type of

polymer and the type and amount of ﬁliﬂ.
. 4
Reversion 15 @ temm fgenmlly'??j&]iﬁd ta the loss of network structures by non-
oxidative thermal aging. It iﬁ-‘-_ﬂjﬂuall?}é&;iated with isoprene rubbers vulcanized by
Tazadd.

sulfur. It can be the result of too Ioﬁjgjaf—a' vulcanization time (overcure) or of hot

aging of thick section. l{-i5 most Sr:wré)ﬁtimemtures above about 155 "C. It occurs
in vulcanizates containing a large number of Bp{g&jﬁkﬁdic crosslinks. Though its
mechanism is complex, a good deal about the ch&ni%;i-éhanges which occurs during

the reversion of natural rubber has been deduced.

Sometimes the-term “Feversion is applied to other types of non-oxidative
degradation, especially with, respect to' rubbers niot based on isoprene. For example,
thermal aging of SBR, which can.cause increased-crosslink density and hardening, has

becn called reversion because it can be the result of overcure.
2.4.3 Sulfur Vulcanization [4]

Sulfur is the main curing agent for most crude rubbers that contain enough
uouble bond in their macromolecules, The sulfur-only vulcanization proceeds via a

polar or ionic mechanism, where species of the type RS," ( R = rubber chain) added



onto the double bond. Sulfur is combined in the vulcanization network of rubber
similar to the network structure of sulfur-prevulcanized latex as illustrated in Figure
2.5.

Since the vulcanization of rubber by heating with sulfur alone is a relatively
slow process and exhibits a poor efficiency, it is necessary to add accelerators to
increase the rate of vulcanization. These accelemtnrs are usually complex sulfur-
containing organic compounds  such @/ /;,etraalkylthluram disulfide, zinc
dialkyldithiocarbamate, and related Lnrnp!junﬁ/ as well as a few non-sulfur
compounds such as aryl guanidines. Many accelerators function best in the presence

of activators, like ZW

solubility of the accele and acfivator, a rubber-soluble soap, e.g., the zinc salt of a

acid, i u}gn'aﬂj.rﬁi,nteréclpd with molecular sulfur (Ss) to form a
In "niu sall (XS,ZnS,X). This salt reacts with the rubber

#

n0) and stearic acid. Due to the importance of

long chain fatty

sulfurating reagent

bﬂrvbuué:l intermediate (RS,X) which subsequently
,’l;n:,r;‘ hydr_o;c;gb-qp (RH), or itself, to give polysulfide
clefator iﬂf@gﬂﬂ&gﬁ”ﬁi The polysulfide (RS, R) in tumn can
lose sulfur to give mono lﬁ.djcl’éﬁd disﬁﬁﬂijﬁmss‘]inks or can give cyclic sulfide
with loss of crosslink. With a l‘;:r:gglatccleﬁfﬁ%su]ﬁ.lr ratio, most of the polysulfidic is
transformed into z’@nosulﬁda crosslink, and the undes:rab}e cyclic sulfide formation
is suppressed. Thh" gEne ' i

shown in Figure 2,3?'J

J S

hydrocarbon (RH) to give a
reacts with a molecule

crosslink, and more

d J sulfur vulcanization is
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Accelerator + Activator
Active Accelerator Complex
Sy — Sulfur-donor +Activator

Sulfuraing reaTmt (XS5,Zn8,X)

Rubber-bound Int

) (R-SKXJ
Inita - 'é-'-n- de Cro : R}
| T ——

ink shortening with
jonal crosslinking
ing destruction  with

in modification

Molecular weight-6f polymer is generally.very high, ranging from about

2o 5§ P, A B o e o s s

compounds in that they are polydispersed or heterogeneous in mwlecular weight.

VR S ) e i

is average molecular weight.
2.5.1 Molecular Weight Average

There are three molecular weight averages in common use.



1. Number — average molecular weight, M,

Number-average molecular weight invelves a count of the number of

molecules of each species divided by the total number of molecules. M ., was defined

g,

of \;nﬁnigm is M,

dasc

The meth ing M , are tho: colligative properties of
solution-vapor pres “{vapo : ometry), freezing point
depression (cryoscopy metry) and osmolic pressure
(membrane osmom : membrane osmometry and
Vapor pressure 0smo ‘apor e osmometry, which measures vapor

pressure indirectly by m rature of a polymer solution on

dilution by solvent vapor. It is generally us | r polymers with M , below 10,000 -

15,000. Membrane,o mometry is limitec M , above about 20,000 —
30,000 and below 50,000, '

2. Weight ﬂverage r[ecular weight, M ,, Iﬂ
o AT
‘“ﬁWﬁN“ﬁ'ﬂﬁmuw’nw daNE

M. = EINM?
ENi,Mi
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The lower limit of A, by the light scattering method is close to 5,000 —
10,000. Below this molecular weight, the amount of scattered light is too small to

measure accurately.
3. Viscosity — average molecular weight, M ,

Solution viscesity measures the viscosity — average molecular weight,

Where a 45 ell as on the distribution of

molecular weight —20% below M ,, .

For a polydis [yIIeT v : differences between the various average

Wi

Figure 2.9 Distribution of molecular weights in a typical polymer sample

Molecular waight, M,
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1.5.2 Molecular Weight Measurement [7]

Size exclusion chromatography (SEC), also referred to gel permeation
chromatography (GPC) is the method most widely used today for determining the

molecular size and molecular weight distribution.

Gel permeation chromatography (GPC) makes use of the size exclusion

d by its hydrodynamic radius, can or cannot

linke &r articles, the most common form
w&' e into the pores via Brownian
e e ———

ecules pass by and continue

SR e )
ARINITUUVNINEIRL

 The instrumentation most commonly used in GPC work is illustrated in Figure
2.11. The stationary phase consists of small, porous particles. While the mobile phase
flows at a specified rate controlled by the solvent delivery system, the sample is
injected into the mobile phase and enters the columns. The length of time that a

particular fraction remains in the columns is called the retention time. As the mobile
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phase passes the porous particles, the separation between the smaller and the larger
molecules becomes greater (see Figure 2.12). While separation of polymer chains
according to size remains the most important experiment, there are many other
aspects, as described below.

Figure 2.11 An illustratior 1e modules that make up GPC instrumentation.

Figure 2.12 lllustration of the GPC experiment.
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With the exception of proteins and a very few other macromolecules, most
polymers exhibit some form(s) of heterogeneity. The most important is the molecular

weight distribution (MWD), sometimes called a molar mass distribution, or

polydispersity index (PDI), equal toM /M ., Another type of heterogeneity involves
a distribution of chemical composition, including statistical, alternating, block, and
graft copolymers. Still another type of heterogeneity relates to functionality,
particularly end groups. Macromolecules wi,th‘ terminal functional groups are usually
called telechelics or macromonomers, Moleculap architecture provides yet another
type of heterogeneity, dietated by the shape of the chain. While most synthetic
polymers form random coils;-an 111r:rv::as1ng number Gf polyrncrs are rod shaped, or
form rings. Many polymers aze'branched. Each of these types of heterogeneity must

be taken into account when measuring méle{:ular weight by relative methods.

There are two ytryyapular relative methods of characterizing polymers with
one or more of the above hélcfh‘gcnﬂitic% Gel permeation chromatography (GPC),
also known as size exélusion chmmatograp(liy {SEC} or gel filtration chromatography,

is one of several chromatographic methuqis/ avaﬂa‘hle for molecular weight (molar

o

mass) and molecular weight drslﬁhutmn ‘While GPC has its greatest value for
measuring the molecular wclgfﬂ and pulyﬁtts"f"c:rf:ll}r of synthetic polymers, a closely
related method, hlgh perfnnnancc liquid ch#uma%mphy (HPLC) is more useful for
separating and charammg:pulmmmmmg functional gmups such as proteins

and pharmaceutical palymers containing special active greup Both of these methods

depend on distribution coefficients.

2.6 Degradation of Polymer [8]

‘Degruduliﬂﬂ may happen during ‘every phase ofa polymer’s life sueh‘as during
its synthesis, processing and use. Macromolecules are composed of monomeric units
that are joined by chemical bonds to each other. The monomeric units contain
chemical bonds, which either are in the main chain of macromolecule or connect

various atoms or side groups to it. The dissociation energy of carbon — carbon bonds
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in the middle is 75 — 85 kcal/mol. The most important types of energy that causes
degradation are that of the ultraviolet (UV) of sunlight. The wavelength is 300 nm and
energy is about 95 kcal/mol, which is higher than most bond dissociation energy in
polymers. UVB radiation that is in the range of 290 — 315 nm, is important in the

degradation of polymers.

Chain scission and crosslinking lead to a change of molecular weight
: : tions in the side chains also, cause
changes in chemical compe tion, whick n discoloration. The dissociation
energies of the varia » jay determine the course of

degradation. Table 2.2 of various single bonds.

Bond dissociation
Bond

energies (kcal/mol)
C;Hs—-H 94
n-C;H; - 72
1-CqHs— H k:). ' 84
CH; —CHCH:EA 81
CsHs - i 65

Sedouiiinging
AR NI 1 b
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2.6.1 Random Chain Scission and Crosslinking

Typical examples for degradation processes with random chain scission
character are hydrolysis, thermal degradation and degradation by radiation.

Degradation by UV radiation usually occurs by a mechanism involves free radical

formation, as follows;

terminal active site capable of

o macroradicals are formed

depropagation. In initiation by random
T —— TEee————
with different teminy \
T T
’W\-'HZC_T‘—'—'EHI ¥y o .‘_ ; __1 -:» c. El-tl_-il:m
Y Y
b) The terminal step or in the depropagation
steps must be stable enou 15 side reactions such as chain

W'-.-T—-—mza—u s, VWWH,C——C—CH;wvw

& Sy
NENUUINBUINIT

QW’]@\? ﬂﬁnj{ﬂ\l‘lﬁﬂaﬂ tNRY

CH; X .  AnuH,c—C—CH

“— ) —x
e —— Ty —

Y
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¢) Termination can be a uni—or bimolecular reaction for example:
Disproportionation:

X X ‘ X b4

wWAH; C—C* 4+ *C—CHwvwww — vWH C—C—H + C=—Cwvwv

| . '/// |

X Y Y ¥
or re:cmnbi’mfﬁ?y
X X
L
WUVH,LC T T C
¥ Y
The termination praducts-are of hig ecular weight, they can participate in

further reactions.

~g

',‘

e 1

A very important wc of pnlymn:r d:gndatmn consists of those processes,
which take gﬁem "A m ﬂ H aracteristic of this
kind of de is up u th ction. For example,

i Q/
RS A T ™
eliminat sﬁe 5 tﬁ ﬁ EII ﬁu

9

VU, c—--TH-—- —_— AMAHC =—=CH——  + HX

2.6.2 Degra

X
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The elimination of side groups from polymer likes the elimination of HX from
low molecular weight compounds, usually proceeds via a nonradical mechanism.
Reactions of the polymer side groups are important not only with respect to
degradation but also for intentional alteration of some polymers such as preparation of
poly(viny! alcohol) from poly(vinyl acetate) that is carried out by alcoholysis of the
acetate groups by methanol.

“ !
| /o
2.6.3 Oxidative Degradation [9] -~
.
Although all pelymers. dr,gtade‘ at_high temperatures in the absence of air,

degradation is almaa/ﬂ/f s i,'as‘tx:rig1 ‘the presence of oxygen. Oxidation if
u;m:x:glcm

hydrocarbons is no g 1.e. the rate is slow or even negligible at

first but gradually accel . afkn 10 a constant value, The addition of an initiator

normally removes ‘ -acae]egnq}g induction time and antioxidants and

SiLie

" f;A : 7;5" J

is uwﬁual in gat it exists in the triplet state, i.e, itis a
Atxmt@d nnglr:t ﬂmen {II) can be important as an

stabilizers extend it,

Ground state oxygen
diradical (I). Although
autooxidation initiator undcr cﬁﬁmn mrcumsta‘nccs, oxygen normally reacts with
organic mmpound‘sﬁm a radical cl';alyn reactlun m\rolvmgthcﬁmund state.

"j,: ;\JJ
5ﬁ~5 Q== -
) an

Each cyclical sequence of reactions (I1I) and (IV) absorbs ene molecule of

oxygen and lead§+a thie formatiof of hydropéroxide.

R + 0, ROO» [N

ROO* 4 RH —*" ROOH + PRe ()
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Since reaction (II1) is a radical pairing process 1t has a low activation energy
and occurs with high frequency. The second step (IV) on the other hand involves the
breaking of a carbon-hydrogen bond and has a higher activation energy. In most
polymers at normal oxygen pressures, the rate of this step in the chain reaction

determines the overall rate of oxidation.

The radical chain reaction can be initiated by any radical generators. Initiation

chain reaction,

2RO0H (Vi
ROOH i)
Since both e cfficient hydrogen abstracting

agents, they effectiv

(VII).

al chain (I11), (IV) by reaction

RO =
OR —a— R4 R , v

HO

N EUINNT

Polymers have different photodegradative gsitivities to ulggayiolet light at

i 1 MG b (LRI
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Tables 2.4 Wavelength of ultraviolet radiation at which various polymers have

maximum sensitivity.

Wavelength
Polymer keal/mol
(nm)
Styrene - acrylonitrile copolymer 290, 325 99, B8
| Polycarbonate 17 / 295, 345 97, 83
Polyethylene // 300 96
2

Polystyrene 2 e 118 S0
Poly(vinyl chlu@t, ? 320 89
Polyester 325 88
Vinyl chlundt - cop lymer | 327, 364 87,79
Pnlypmp:-.fl / / b ” 370 77

~l

A%
il

II" J‘

2.6.4.1 Photo-oxi

The term ‘weathering’ 1s.md as m&ampn:henswc description of all possible
changes which may occur m’é}fﬁmrs Mdﬂﬂr exposure. It thus embraces not
only changes in mechamcali;hg‘;‘iﬂr {ten{ﬂg:&pngth impact strength, etc.) but also
aesthetically ul@lmblc changes such as dlsmlnmtjmlf ~loss of gloss. Although
moisture and hum.ldlty can have secondary effects in- wﬂ_&ul‘mg, the primary process

occurTing 1s phomﬂkldanon or perhaps more accurate \_ﬂ photo-initiated oxidation,

since, as has already been seen, the effect of light is primarily on the generation of
free radicalse nght has fﬂiitﬂ‘ﬂ]}l lﬂﬂﬁ effect on, lllf- pmpagaung steps of the radical

chain reaction,

| The navdre) of the irftiating fedtrion i ‘the phoig bxidation’of polymers has
aroused considerable scientific controversy in recent years since ‘pure’ polymers do
not normally contain functional groups capable of acting as sensitizing species. For
example, pure hydrocarbons show no UV absorption in the spectral region found in

sunlight (i.e. > 285 nm) and yet all the commercial polymers photo-oxidize readily.
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It was noted that a variety of oxygen-containing groups are formed during the
processing of polymers even under nominally oxygen-free conditions, due to oxygen
dissolved in the polymer. By far the functional groups that are easily detected are the
group of carbonyl compounds absorbing in the IR in the region 1710-1735 e¢m™.
Some of these compounds have strong absorbance in the sun’s special region and
show characteristics luminescence associated with the exciation to the triplet state.
The triplet states of c;-lrbuny! compounds are highly chemically reactive species and

can undergo transformation in polymers as shown below

-
R ‘ R
‘“;a—a L IR “;c. sl s
Rn 7. } RH

The alkyl ..l:dﬁ‘ic;{slprqdumd e;n react with oxygen as in reaction (III).
Polymers have to be pmcﬁa@ﬂ i;;ery sevéfcfy before applicable quantities of carbonyl
compounds appear since they care formed by thermolysis or photolysis of
hydroperoxides. Pniyﬁ"tcr&"‘whighﬁa% @g subjected to very severe processing in
order to produce carbonyl caaiﬁbimds in:ti_?gélymér chain photo-oxidise much more

rapidly than mildly pmcess;ﬁ;_gqumers. 7‘ y

el
S

2.64.2 Senﬂ;tir,atiun by Pigments

A photosensitizerusuallyhas a high absorption coefficient for ultraviolet light.
The excited’@ompaund both decompases into free radicals and ihitiates degradation or
oxidation of polymer or transfers the excitation energy to polymer opoxygen. A good
sensitizer should, be easily admixed with pelymer and must not decempose thermally
or in the dark. Examples of photosensitizer are polycyclic aromatic compounds,
guinones, nitrogen containing chromophores, inorganic metal oxides and salts such as

zinc oxide (Zn0) and titanium dioxide (TiO;).
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2.7 Titanium (1V) oxide, titanium dioxide (TiOy) [10, 11]

Pigments are widely used in polymer matenials to provide characteristics to
suit a particular commercial application. Inorganic and organic pigments are used
primarily to impart color to the polymer while others such as silica is used to impart
haze or act as an antiblocking agent. In many cases pigments can have a marked
influence on the thermal and photochemical stability of the polymer material . For
example, by absorbing and/or screening light energy, they can exhibit a protective
effect or alternatively they may be photodctive and sensitize the photochemical
breakdown of the polymer, One of the most wi'&:‘!y used pigments in this regard is
titanium dioxide, often referred to -as-sirnﬁiy “Tiania™

The ability of T1C1«;‘10 caialyze LI‘Se photo-oxidation of polymer systems has
received much attention |n L Lers of their mzchamsm behavior. In this regard much of
the information ﬂngmgt‘és from Mrkan‘md out on TiO: in polymers, coatings and
model systems. To date ﬁerz are three z&rrehl mechanisms of the photosensitized
oxidation of polymers b;-,f T:Dz | W

4

/
I. The formation of an oxygcn mﬁtcal amcm:jﬁy }:I:ﬂtmn transfer from photoexcited

TiO; to molecular oxygen. A recenimod.tﬁcaﬁﬁuﬁ of this scheme involves a process of

ion-annihilation to form smgteraxygcn whﬂﬁh ﬂicﬁ attacks any unsaturation in the

polymer. N——
hV e
TO, + 0, — TiO,* 0;* (1)
.(IJ' — TiD; + 102 {ion-annihilatian)
{I:l = ‘H 20 — "riD 2 + HO = + HD':

RCH,==cHR! [®V0) | ——=—= |/ ROH==CHCH({OOH)R!
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2. Formation of reactive hydroxyl radicals by electron transfer from water catalyzed
by photoexcited TiO,. The Ti'" ions are reoxidised back to Ti*" ions to start the cycle

over again.

(TiOZ)hv

1 R il H . e(Aqu) + HO*
. e —— s M
[P « Oy (11

/
9 )

3. Irradiation of TiO; cfeﬁfé'sign;ﬂﬂimr* (pl which reacts with the surface hydroxyl
groups to form a hyds /c;ﬂ Oxjrggn anions which are also produced which are
adsorbed on the surf; gfgmcn[ 113:11{:1&. Th::}' generate active perhydroxyl

v %

radicals, =
_—
94
1 dd
E;.ﬁt 4:
ﬁ‘/_"' e+ (p)
———= fo-
’:’J’J'{fj
e —— T
':‘J.\:- -
34 -
Ti + U'z e — [ﬂﬁ'.'.“..zgj dsorbed
it + H0 —= Ti** +\j|0 + Hy0
4 <

TiO; exists in three morphological crystalline forms, modifications; anatase,
brookite and rutile.-Brookite,is rarg-and arthorhombic. The ather.two are tetragonal
but are not isomerphous! They are also of different crystal habit; futile forms slender,
prismatic crystals that are frequently”iwinned, but anatase usually octurs in near
regulan uc_taljﬁcdral, Strugture fu[;;utijd&:md}anatas{: are shown in Fig. 2.1} A summary

of the crystallographic properties of the three varieties is shown in Table 2.5.

Brookite is the least stable and has never been used commercially as a
pigment. Anatase and rutile exhibit different photo-activities when incorporated into a

number of commercial polymers and coatings. Differences in the photo-activities of
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the two modifications of titania depends markedly upon the manufacturing history of
the TiO,. Anatase is generally more photo-active than rutile type. During the
weathering of commercial polymers and coatings containing white pigments such as
Ti0,, oxidation occurs at the surface layers of the material which eventually erodes
away, leaving the pigment particles “chalking”. TiO; pigments absorb strongly in the
near UV region with anatase having a cut-off point at 340 nm and rutile at 370 nm.

ag
7

Figure 2.13 Structures ﬁ

AONUUIMNYUINNS )
RN TOININENAY
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Table 2.5 Crystallographic properties of anatase, brookite and rutile.

Mineral Anatase Brookite Rutile
Crystalline tetragonal |  Orthorhombic tetragonal
Optically uniaxial, negative Biaxial, positive uniaxial,

positive

Density, g/ml 19 I 4.0 4.23
Hardness, Moh'’s scale 5%-6 /A// 5%-6 6 - 6%
Unit cell Dy%4Ti0, ~ D S8 TIO, Dy *2TiO;,
Dimensions, A s T 1 -

A _j/ 758 9.166 4.584

B // £ 5.436 .

c ///-éf;;ag 54 5.135 2.953

2.8 Literature Revie

Cho and Choi [13] vts_gi_tsd tht!‘éhhd-phasc photocatalytic degradation of
poly(vinyl chloride) (PV -Tiﬁ@pasiﬁﬁ%ndﬂ the ambient air. TiO;-embeded
PVC showed highly enhanced phnt,oa degr@ugt;lrmdmtmg the composite film for
300 hours under mﬁ‘educed its average molecular weight b{ two-thirds and weight by
27%. The SEM mnﬁes of the irradiated composite films Mcd the development of
cavities around the g}bﬂdded TiO; particles and implitdf{hal active oxygen species

which were photo-generated on TiO; surface desorb and diffuse across a few

micromelers todeact with TJ'IE polymermatoix,

Chen and coworkers [14] investigated titanium dioxide mediated photo-
catalylic degradation ‘of pﬂ]}wm}r!‘ alcohol (F"u’A.} under UV ° lamp& The results
indicated that the optimum dosage of TiO; in the photo-degradation of PVA was 2.0
g/l. For extremely few of TiO,, the degradation rates were lower because that the
limiting factor for the low rate was the lack of required amount of the catalyst. In
superfluous TiO,, the UV was diflused by TiO; particles. The results also indicated

that it was more effective for PVA to be degraded under acidic or alkaline condition.




31

Under different pH conditions, the main pathways of producing hydroxyl radical are
probably different, therefore, producing rate of hydroxyl radical are different. As well
as TiO; concentration, there was an optimum peroxide concentration on the rate of

PV A destruction.

Allen and coworkers [10] studied thermal and photochemical activities of
nano and micron particle grade anatase and rutile TiO; in monomodal metallocene
polyethylene and alkyd paint film. Photo-oxidatien studies on PE containing nano-
particle and pigmentary grade. TiO; showed that in general the former are more
photo-active with anatase.and ruiile formis exhibiting high activity. Photo-oxidation
studies showed a clear"demareation beiwe:en nano-particle and pigmentary grade.
TiO; with the anataseform _was more aet’ilvm SEM analysis showed the formation of
pits and holes formed @s a consequence of oxidation of the polymer at the particle
surface and subscquenﬂfiﬁrﬁdmg"ﬂm'frni'EJi‘he pani{:_lc.'

" 4 y
Gesenhues [15] studied the éffcct o& Pffumdegradatiun catalyst and ultraviolet
protection of TiO; on phmodegradaimn OPM(wn}'l chloride) with and without
moisture. Moisture or water Wwas. an accefeﬂh‘or to oxidation reaction because the
surface of TiO; can release hydmxyl mdmals wméh are more active oxidizing species

than oxygen anions. S f\ -

Allen and | Kmn {1} -studied the- degradation ﬂf linear low density
polyethylene with Ttm pigments under ultraviolet light and heal At 90°C and under
ultraviolet light, all pigments (rutile, anatase) were oxidative degradation catalysts.
Oxidative catalytic property-of pigment was enhanced at wavelength of 365 nm.
Rutile can scatter ultraviolet light at 254 nm. It does behave as UV screener and

stabilize the polymer.

Angulo-Sanichez, 'Ortega—-Ortiz Cand. Sanchez-Valdes. [16] Oreported  the
photodegradation of low-density polyethylene (LDPE) films formulated with
titanium (IV) oxide acetylacetonate (TAc) and titanium dioxide pigment (TiO;).
Number-average molecular weight (M , ) of LDPE with TAc decreased rapidly at

short ultraviolet exposure with a tendency to level off later. LDPE with TiO; behaved
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in a similar way but showed higher values of A, for the same exposure time.
Molecular weight results suggested that there was some chain recombination at short
exposure time. Elongation at break decreased when the time of ultraviolet exposure

increased.

Kurian and coworkers [17] studied the degradation of natural rubber latex
thread under ultraviolet radiation. The thread samples were exposed to ultraviolet
radiation in the region of 290 - 350 nm E};&Zﬂ» 48 and 96 hours. Tensile strength of
thread samples decreased when UV c*{p-usm.’eﬁm increased. The tensile strength of
the thread having zinc  diethyl dithiocarbamate (ZDEC) and  zinc
mercaptobenzothiazole (ZMBT) ‘comf:inatian 15 lower than the thread having zinc
dibutyl dEthiocarhamﬂE}ZﬂBC}r'ZMEBT and ZDBC/ZDEC. Ultraviolet light caused
considerable dctmgﬂf urwf the tensile strength of the thread.

AJ‘,

Menon, Jd{ aqd' Nauj:lo [‘Hil mdmd thermal degradatmn of natural rubber
vulcanizates nmdtf’;d \;ﬁth_ phu&tph Iated cashew nut shell liquid. Thermal
degradation of natural rg‘bbﬁ‘ gccprrcd amM?S“C Degradation of natural rubber in
air showed the two- sfagwﬁdccumpnsumme first stage of degradation occurred in
the temperature range of' EWT The S&iaﬁi stage occurred in temperature range
of 460-560°C. Under nitragen atnmsph%Jhe degradatmn occurred only in the
temperature rartgqf:ﬂf 300-420°C.

4
Y J

Phetphasit ‘and Phinyocheep [19] studied degradauun of purified natural

y |

%.U-

rubber. There were better degradation results for natural rubber which was purified by
the elimination of ‘pmteins, than‘thie unpurified natural rubber. This may be due to the
presence of, Mon-rubber constituents which act as antioxidapt, or the presence of
microgels, which retard the oxidative-degradation in-the system. It was’found that the
radicalinitiator; Ko S;0y4. propanol and the temperature played important roles in the

degradation .

Riyajan and coworkers [20] studied controlled photodegradation of natural
rubber glove by encapsulated benzophenone (BPY and 2,6-di-r-butyl-p-cresol toluene

(BHT). The efficiency of controlling photodegradation was improved by encapsulated
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BP or BHT/BP. It was clearly observed that the photodegradation of NR in the
presence of BP was faster than that of BHT/BP. It was found that the optimum ratio
of BP:BHT for both raw and cured NRs was 1:2. It can be explained that BP
accelerated photodegradation of NR films, while BHT retarded the degradation. In the
case of cured NR, the encapsulated BHT/BP can effectively control the
photodegradation b-em_zr than the unencapsulated BHT/BP, especially, at the initial
stage.
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CHAPTER III

EXPERIMENTAL

3.1 Materials

: Analytical g
3. Sulfur

8. Toluen
: Analytical grade; Carlo Erba

ﬁﬁaduwmammi

10. Tewahydrofuran
PRSI 18) ﬂ
G?i 11 ;}aun ﬁnﬂ:mc skin ’] V.I ’] E]
: Chemical grade; Fluka

12. Gum Arabic
: Chemical grade; Fluka
13. Formaldehyde solution



: Analytical grade; Lab-Scan
14, Soybean oil was obtained commercially

3.2 Equipments

I Ultraviolet light

9. Gel P:nnl:atimbgmmgﬂgmphy {(’.EPC}Q

fcawin)v e
AN TRRVINENRY

: Malvem , model Mastersizer 5, UK

12. X-ray Diffractometer

: JEOL, model IDX-8030

13. Attenuated Total Reflection Infrared Spectrophotometer (ATR-IR)

i5
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: Bruker, model Vector 33
14. Ubbelhode Viscometer
: Sibata, model 2613-001

3.3 Procedure

3.3.1 Preparation of Microparticles Containing TiO, Powder

Gelatin and gum arabic solution 5%[wﬁ&.}:*fy§m prepared separately at 47°C by
dissolving 2.5 g gelatin or.gum-arabic in 50 mL deiomzed water. TiO; powder (1.5 g)
was mixed with 10 mL"soybean ol in ﬁh{] mL beaker at room temperature. Gelatin
solution 5%(w/v) 50-mL auﬁ“c was mflded into the mixture. The emulsion was
homogenized at 14 ﬂﬂ#ﬁ‘pn}fur 2 mm Gum arahh: solution 5%(w/v) 50 mL at 47°C
was added into the suaptnguﬁn pl-l of lhg,suspensmrn was reduced to 3.5 by 10%
acetic acid followed by au‘addﬂmn of 80 mh warm water (47°C). The suspension was
homogenized at 14, 000 rpri fm:: 30 ml,ﬂ Th;}'.ys;em was cooled down to 5°C and left
for 30 min before 3 mL fuuhaldeh}rde mssjpdded 10% NaOH was added to the

was increased to 50°C. M:crﬂyamﬂiﬂs mesnl:ng{l to free.ae—dmng for 1 day

before characterized b‘y scanning electron microscopy.

3.3.2. Purification and Determination of Gel Content of Natural Rubber

HANR 4dtex”s mL Gvas poured into adglass mold gnd-Covered with aluminum
foil. The latex was dried in the dark at'ambient temperature for 2 days. The dried latex
sheet wascdissolved-in toluene-The-solution was kepi-without-stiring-n the dark at
ambient temperaturé ‘for 3" days’- The pel fraction collected as-a bottom fraction by
vacuum filtration. The solution fraction of rubber was collected as a sol fraction,
which was later precipitated with an excess amount of methanol. The dried solid

rubber obtained after precipitation was called fractionated rubber.
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3.3.3 Degradation of Natural Rubber Solution in the Presence of Ti0; under

Accelerated Condition

The rubber solution (5.0 x 10” g/mL) was prepared by dissolving 1.0 g of
fractionated rubber in 200 mL toluene, which was stirred for 2 days in the dark at
ambient temperature, TiO; powder was added into 100 mL beaker containing 30 mL
rubber solution and a ﬁnagnctic stirrer to obtain 0.5, 1, 10, 20 %w/w. The solution was
kept stirring continuously while exposed toulwaviolet light for a desired period of
time. The solution was then centrifuged and filiered to separate TiO; powder. Solid
rubber was obtained by pw:_ipiialing the rubber solution in an excess amount of

methanol and dried under vaguum for 24 h.

3.3.4 Degradation of Unvulcanized Natural Rubber Sheet Filled with TiO; or
TiO; Micruparticln:s‘um;_lér Acceleratcli!':unditinn

TiO; powder or TiD; n!__ig:;oparticigisﬂwas mixed with 100 g HANR latex by
stirring for 2 h. The mixture was peured ﬁ:t;higiass mold and covered with aluminum
foil. The latex was dried in the dark at ﬁiﬁ,;i@;pjhtemptramm for 2 days. The rubber
sheets were tested for degradability by UV simulator. machine and sunlight for a
desired period of time. The irradiated rubber sheet was dissolved in 200 mL toluene.
The solution was kept without stirring in the dark at ambient temperature for 2 days.
The solution was then filtered by vacuum filtration to remove Ti0O; powder along with
the gel fractigh.-Afier the removal of TiDz er TiO- mvicreparticles, the solid rubber
was obtained by precipitating the‘rubber solutien in an' excess amount of methanol

and driedunder vacuum for 24 h,

3.3.5 Molecular Weight Determination of Natural Rubber by Gel Permeation

Chromatography
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15.0 mg of irradiated solid rubber was dissolved in 5 mL of tetrahydrofuran
(THF) and shaken for 24 h. Rubber solution was then subjected to molecular weight
determination using Gel Permeation Chromatography fitted with PL gel column. The
column set was calibrated using polystyrene standard. Tetrahydrofuran was used as

the solvent with a flow rate of | mL/min at 30°C.

3.3.6 Molecular Weight Determination -nff Natural Rubber by Solution
Viscometry 4

The stock rubber solution {E.d x 107 g/mL)Y was prepared by dissolving
fractionated rubber O« f’g"ifg, 100'mL dried toluene, whichwas stirred for 2 days in the
dark at ambient ternpu‘ﬁtum ‘Gl of the stut:k rubber solution and 2 mL toluene (1.6
x 107 g/mL) were addﬁ! 1o Ubbclhﬂdehbr. at 25°C. The time at which the solution
moved down with a prad’étr:mlmad d:star[ye‘was measured. The same procedure was
repeated for each coﬁccng‘auﬁns by a stcﬁwme addition of 2 mL toluene to obtain
rubber concentration of 1.3 x Hl‘:I 11 éf/lﬂz‘ 9 x 10" and 8 x 10 * g/mL,

respectively. Vmcﬂm}r—avﬁragﬂ mufccular Vv

Y

Houwink equation where K 5{} % 10’ mE‘E;a 0.667, T = 25°C.

- 4 J T

it (M,) was determined using Mark-

-

3.3.7 Prcparntiori‘ifﬁ’ulcanized Natural Rubber Sheet filled with TiO;

Prcﬁm.ticanizéé natural rubber latex was prrparcdwfrum concentrated HANR
latex having..60%. dry tubber content. (DRC). Ingredients used for sulfur pre-
vulcanizationowere obtained i dispersion. form. Eﬁt:h ingrediént was prepared by
grinding its.original form in water for24 h in a ball mill. The formulafion is shown in
TabIe"B;[
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Table 3.1 Formulation for sulfur pre-vulcanization

Ingredient Composition (phr)
60 % HANR 100
10 % Potassium hydroxide 0.50
20 % Potassium laurate 0.25
50 % Sulfur 7 0.75
50 % Zinc diethyl dithiocarbamate (ZDEC) // > 1.00
50 % Zinc oxide (Zn0) - 1.00

ﬁ»ﬁv the t"o\jm of 50% dispersion were added to a 1-L
beaker containing :::; at ﬁﬂ“C undgr continuous stirring for 2 h. 25% TiO;
dispersion was then adde finte s“lhc latr.x. mixture. The pre-vulcanized latex was

_ /ﬂ mat;rml\&mﬁ left overnight in the dark at ambient

—_—

filtered to remove non-

temperature. ‘g 41K 7]‘;} 4
¢ £

A

A test tube with 2 c|¥ dt;ltﬂcﬂ:r wits agspcd inta the pre-vulcanized latex for 45

lrl/
Y

cumpuunded rubt:-qr sheet was ﬂned in Tﬁh ﬂaﬁ: at amfjent temperature. The
v prepaied-by hieating the-compounded sheet at 100°C for 1 h.
The vulcanized sheets) were exposed to UV for a deswed;pennd of time (4-24 h).

Photooxidative dﬂgmﬂﬁtmn was studied by monitoring mechanical properties.

3.3.8 Mechanical Testing

The tensilestrength and“elongation at break ‘of vulcanized rubber sheets were
measured using a tensile tester according to ASTM D 412-87. The condition for
tensile testing is illustrated in Table 3.2. A dumbbell test piece (type C) has a

dimension as shown in Figure 3.1,



40

(@)1
AR
J‘l‘-df ‘17"

DGR

*

77
Dime I

£ .
alls &

(A) Width of ends AN SN 25+1
‘:Jf\"_’}“‘(&‘f.-fﬁ 2
(C) Overall length (minimml'l} = 115

\

TR )6

(G) Transition radius ot 4+ 1

(H) Transition radius insid 252

(L) Length ofn &
Table 3.3 m¢ﬁﬂf}g‘ﬂ?ﬂlﬂ d U% 1 i_&’

* .\ ., 1 TR ‘; — " .- 'r. .y‘p;' \
M y D O o]e 0 k Fg 0
9 Crosshead speed 500.00 mm/min

Gauge length 20.0 mm




CHAPTER IV

RESULTS AND DISCUSSION

4.1 Preparation of Microparticles Containing TiO;

Microparticles were prepared by microencapsulation utilizing phase separation
from an aqueous solution system. When pH is lower than 4.8, there is an interaction
between polycationic gelatin and pﬁiyaniorﬁc gum arabic resulting in the formation of a
coacervate. We found that wery high stirring speed is necessary to achieve even
distribution of TiO; powdegduring coacervation process. For this experiment, the speed
of 14,000 rpm was chosen./Afier being recovered by freeze-drying, TiO;-containing
particles were characterized by SEM-EDX. As can be seen from SEM micrograph
(Figure 4.1), a particle with an average diameter of 30 pun appeared as agglomeration of
smaller particles. From the micrograph in Fi'g‘{;rf 4.2 with higher magnification, each
agglomerated particle consists of snﬁ;al"ler ]}arﬁdi@iwith an average diameter of 0.3 - 0.5
um. This data agree with the previous work r:pﬁﬁéd earlier by Palmieri and coworkers
about the fact that freeze-drying is not an effective drying process.2! It is then difficult to
obtain single microparticles since the process cannot bréak down the particle cluster. It 1s
uncertain to assume that all particles in the agglomerates confain TiO,. It is also plausible
that some particles are uncoacervated excess of colloidal polymers without TiO;. In order
to estimate the amount (%w/w) of TiO; in the particles quantitatively, it is necessary to
determine ash content of the particles: The result suggested that the'particles contain 1.13

Sowiw, ;



Figure 4.1 SEM micrograph of an agglomerated microparticle containing Ti0O; obtained

after freeze-drying (x 5,000).

Figure 4.2 SEM micrograph of an agglomerated microparticle containing Ti0O, obtained
after freeze-drying (x 15,000).

The existence'of TiOy-in the microparticles was also confirmed qualitatively by
EDX data as indrcated in Figure 4.3. A characteristic-peak.of titanium appeared around
4.25 eV. The atom© composition resdit Gndicated that the ‘particles contained 0.1% of
titanium. The principal crystalline structure of TiO; used in this study was proven to be
anatase as confirmed by X-ray diffractogram structure shown in Figure 4.4. This form of

Ti0; is the most active form that exhibits oxidative catalytic behavior.
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4.2 Degradation of Natural Rubber Solution in the Presence of TiO;

Oxidative degradation of natural rubber in the presence of TiO» was studied under
accelerated condition after exposure to UV light having wavenumber in the range of 290-

315 nm (UVB) to which most polymer are sensitive. Sol fraction of natural rubber
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dissolved in toluene was exposed to UV light and kept stirring in order to have TiO;

dispersed evenly throughout the solution.

Figure 4.5 shows number-average molecular weight H—J o) of natural rubber after

exposed to UV light for 5-150 min. Initial molecular weight (M ,) of controlled natural
rubber was about 160,000 -290,000. Malecular weight of natural rubber containing TiO,
was decreased approximately 25-50% within 15/min of exposure. The molecular weight
of natural rubber in the presence of TiO; deercased more rapidly than that of the
controlled sample. M ,, continued to decr.ease as the exposure time was increased. This
data suggested that the degradation in solution can be effectively accelerated in the

presence of TiO;.

100 P 4 E B . L% LR AN S

90 —0— controlled NR soldticn » L 4

g0 | —®—05%Tio T
—0— 10% Ti02

01 —m—20%TiO2

% M - 60
Reduction

—&— 100%: TiO2

135 30 is 60 90 120 150
Timeol UV exposure (min)
Figure 4.5 "% Reduétion of number-average molecular weight-of nataral rubber solution

after UV exposure under accelerated condition.
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Figure 4.5 also indicated that the extent of degradation is proportional to the
amount of TiO; added. Afier 45 min exposure, molecular weight of natural rubber
solution containing 10 %w/w TiO, was about 73% decreased while that of the rubber
solution containing 0.5 %w/w TiO; was only 53% reduced. The rate of degradation
seems to depend upon the exposure time. The rubber solution containing 0.5 %w/w TiO;
showed a higher rate of molecular weight reduction than that of the rubber solutions
containing 10, 20 and 100% w/w TiO; within the first 10 nmun. This is probably implied
that TiO, was not distributed evenly during the first 10 minutes. TiO; powder may
agglomerate and resulted in an incmase&}sim: of Ti0; particles. These agglomerates maj,:r
diffuse UV light and proteet natural rubber from degradation. After 10 min, the particle
size of TiO; agglomerates should be reduced due to a better distribution throughout
natural rubber solution. /Thus, ‘higher %TiO; tended to give a greater extent of
degradation when exposurctime was increi&aﬂ.

IR spectrum of controlled natural rﬁbb'cr in Figure 4.6 (a) showed a peak at 1660
em’ as an indication of (;'?C:_stmtching, TE(}%;péEtra of natural rubber and natural rubber
containing TiO; powder after exposure to {}*Ehght for 30 min are shown in Figures 4.6
(b) and (c), respectively. Both T&.wecméﬁ&%m peaks at 1760 em™ indicating the
existence of carbonyl group whiich should Eé"i‘;‘ﬁhinpnsitiqn of products from oxidative
degradation. This data-suggested-that-natural-rubber-eveti without TiO; showed some
extent of degradation.

4.3 Degradation of Unvulcanized Natural Rubber Sheets Containing TiO,

The effect 6f Ti0, ‘on oxidative degradation of nafural rubbér, in'salid phase was

also investigated. As shown in Figure 4.7, En of natural rubber sheet containing 0.5
%w/w Ti0O; was approximately 39% decreased within 4 h of UV exposure whereas that
of controlled natural rubber sheet was only 31% reduced. The molecular weight

continued to decrease when time of UV exposure was increased.
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Figure 4.6 FT-IR spectra of (a) controlled natural rubber solution before UV exposure,
(b) controlled natural rubber solution without TiO; and (c) natural rubber solution with

TiO; after UV exposure for 30 min under accelerated condition,

46
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Interestingly, no solid rubber can be precipitated from the solution after 12 h of UV
exposure implying that the degradation was so extensive that the molecular weight of
natural rubber became very low. The degradation of natural rubber sheets containing
TiO: was less extensive than the controlled natural rubber when the amount of TiOs

added was more than 0.5 %w/w. More importantly, the rate of degradation was declined

when the amount of TiO; was increased.ﬁﬁ_m‘fﬁ.h of UV exposure, M » of natural rubber
sheet containing 10 %wiw TiO» was j.'llﬂ}f 3%, decreased, while those of natural rubber

sheets containing 1% and 5 %w/w Ti0; were 28% and 27 % decreased, respectively.

This data clcaf—iﬂx jﬂ(ﬁcatad that i!‘i(); acts as a stabilizer rather than a photocatalyst
when a certain amount nf"Tqu was, mmrpurated (> 0.5 %w/w). Sensitizing effect of TiO;
was suppressed due tprmu pasqghleo;easans Firstly, agglomeration of TiO; in solid phase
reduced interfacial arw*hcw.rﬂen T;Bz ‘hatural. rubber matrix. Photooxidative species
generated on TiO, surface which< mciu&sv oxygen anion and hydroxyl radical cannot
sufficiently desorb from TJD; urface//.m natural rubber matrix. Consequently,
photocatalytic process was mhlhltcd Sccandlgf the higher amount of TiO;, the better it

can scatter out the incident l;ght As aresult, the T :D;—natural rubber sheet was somewhat
protected from dn:gmdatmn by UV irradiation.

Stahlllzmg efﬁcmnc}r of TiO, was directly pmﬁ‘uﬂional to the amount of TiO:.
After 12 h of UV exposure, M , of natural rubber with 10 %w/w TiO, was only 22%
decreased, whereas, thawof matural qubber) sheet=comprising- 1 %w/w TiO; was 45%
reduced. According to Figure 4.8, a similar trend was observed when natural rubber

sheets-filledwith FiOwere exposed to, sunlight-for-20-h,
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Figure 4.8 % Reduction of number-average molecular weight of natural rubber sheet as a
function of TiO; after 12 h of UV exposure (O), 20 h of sunlight exposure (@).
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SEM micrographs in Figure 4.9 showed that the aggregated size of TiO;
embedded in natural rubber sheet was about 1-2 pm in diameter which is large enough to
be able to reflect the UV light having the wavelength in the range of 290-315 nm (0.29-
0.32 pm). It is worth noting that TiO; particles do not homogeneously appear on the
surface of the surface of natural rubber sheets containing 0.5 %w/w. Some area is lack of
TiO; particles. In contrast, TiO; particles appeared all over the surfaces of natural rubber
sheets containing 20 %w/w, Presumablf,f;' stabilizing effect of TiO; can also be
demonstrated by the appearance of the surface-of natural rubber sheets. If the surface
crack is regarded as a sign of degrarciat'i:un, the extent of degradation of natural rubber
sheet containing 20% W.f"‘_;_‘;i TiOy1s apparently less than that containing 0.5 %w/w TiO;
and the controlled natura] siibber sheets.

The other evidence that ‘can bt‘._.;,_,’l‘.IS‘.‘.‘d to su-pp-urt the assumption that TiO,
incorporated in natural rubber sheet helps‘re‘ﬂecting the light and stabilizes the sheet 1s
the opacity of the unvulcanized natural rubbg.r sheels filled with TiO,. Figure 4.10 shows
the physical appearance of unvu]mnlzod _natural rubber sheets containing different
amount of TiO, as compared ‘With the contmli,ed rubber sheet. Obviously, the sheets

became less transparent as the higher mmem OfT]U; was incorporated.

To determine the influence of Ti0; particle size on an efficiency of photo-
catalytic degradation, natural rubber sheets with 0.5% and 1% w/w TiO; were prepared

from two different sizes of TiO;. The first one purchased from Riedel having a diameter

of 1 um. The other one supplied by Degussa P25 has a diameter of 20 nm. The
percentages reduction’of H“ of natural rubber sheets are showny'in Figure 4.11. After 8 h

of UV.expostre; M of natural-rubber sheet-with-0.5% wiw TiOz-Degussa-P25 was 33%
reduced but that of natural rubber sheet with TiO,-Riedel was54 % decreased. Difference
in catalytic efficiency between two types of TiO; was reduced when the amount of TiO,
was increased to 1% w/w. This data suggested that the catalytic activity of TiO; -Degussa

P25 whose size supposed to be very small was not better than that of TiO,-Riedel.
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Unvulcanmized NR before Unvulcanized NR after

UV exposure UV exposure for 8h

Unvulcanized NR with 0.5% ThO, b Unvulcanized NR with 0.5% TiO;
before UV exposure

Unvuleanized NR. with 20%Ti10; Unvulcanized NR with 20% TiO,
before UV exposure after' UV exposure for 8 h

Figure 4.9 SEM micrographs of unvulcanized natural rubber sheets with and without

TiO; before and after UV exposure under accelerated condition.
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Unvuleanized NR with 5% Ti01 Unviléanized NR with 10 % TiO;

Figure 4.10 Physical appearance of unvulcanized natural rubber sheets with and without

TiO; before UV exposure.
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gy —0O—controlled NR sheet

20 —8— 0, 5% Ti02 (Riedel)

10 —0— 0.5% Ti02 (Degussa P25)
60 —— | % TiO2 (Ricdel)

i H . Reduction

—d&— 1% Ti02 (Degussa P25)

Time of UV exposure (h)

Figure 4.11 % Reduction of nﬁmber.-wcfﬁgé melecular weight of natural rubber sheets
containing TiO;-Riedel or T’iDz-Bégussi}iPZS after UV exposure under accelerated

condition. =

As determined by Malvern Mastersizer, it tumed out that the aggregated size of
TiOz-Degussa P25 and Ti0;-Riedel was about 6 and 4 pm, respectively. Their particle
size distributions are shown in Figure 4.12. This implies that the TiO;-Degussa P25 is
highly susceptible to agglomeration in solution. Perhaps, this is the reason why TiO,-
Degussa P25 was not so effective in catalyzing photodegradation of natural rubber. The
aggregation of both TiO;-Riedel and TiQ,-Degussa P25 in natural rubber matrix was
demonstrated by SEM micrographs. (Figure'4.13) The average aggregated size of TiO;-
Degussa P25 appears slightly larger than that of TiO; - Riedel. This evidently agrees well

with the data obtained from particle size analysis.
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Figure 4.13 SEM micrographs of natural rubber sheets with (a) 0.5% w/w TiO; -Riedel
and (b) 0.5% w/w Ti0,-Degussa P25.

4.4 Degradation of Unvulcanized Natural Rubber Sheets Containing TiO;
Microparticles ;

Because the degradation of natural rubber in solid phase is most efficient in the
presence of 0.5%w/w TiO,, we desire to conduct a comparative study to investigate the
degradation of natural rubber sheet containing 0.5%w/w TiO, microparticles. From
Figure 4.14, vi‘s»ecsi!:}ga-averagc molecular weight of ‘natural rubber, natural rubber
containing Ti0; pﬂwder and natural rubber containing TiO; microparticles were reduced
after 1 h exposure. Marginally greater extent of degradation was observed for natural
rubber sheets containing,0.5%w/w TiO; powder (50% decreased) and 0.5%w/w TiO;
microparticlés (45% deécreased)” as compared 16-the controlled natural rubber without
TiO; (40% decrease). Interestingly, it was observed that the extent of degradation of
natural ‘rubbeér) containing) TiO# micraparticles became greater) than he one containing
TiO; powder after 2 h. This indicated that the encapsulation of TiO; suppressed the rate
of degradation as compared to the direct addition of TiO; powder only at an early stage.
We explain the degradation of natural rubber containing TiO, powder being lower than
the one containing Ti0; microparticles as a result of ultraviolet reflectiun of TiO; powder

as previously described.
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cposure to sunlight (Figure 4.15) was
0.5%w/w TiO; powder and 0.5%w/w TiO;

0 be more stable than the ones

observed for natural rubber sheets ¢

~
microparticles. hl sheets conta

containing TiO; flection of TiO, powder than

the encapsulated TJ‘D: especially after long caposﬂ The molecular weights of all

samples were unexpectedly dccreascd to ap.q:lr{:-:urmn:«t:]}r the same value (M, = 80,000)

after 4 days ﬂjﬁﬂ Hjamp]c.s were unvulcanized.
It is then pussm {Hu such a trcn;g?!c 10 th:rllmage eJnaturai rubber by a
cow ¢ me independent
of Ti0, nco u@m%;ﬂm u:a‘:rcnce etween nEIa] rubber sheets

containing 0.5%w/w TiO; powder and 0.5%w/w TiO; microparticles, we desire not to
conduct any further experiments using TiO; microparticles in vulcanized natural rubber

which will be discussed in the next section.
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Figure 4.15 Viscnsity;avgm,ggt'nmicpulaé weight of natural rubber sheets after exposed to
sunlight for 1 — 4 day&:"’ﬁa;ﬁrﬂ" rubber (0}; natural rubber + 0.5%w/w TiO; powder (O),
natural rubber + 0.5%w/w Im;'ni'écmmﬁégigs (x).
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4.5 Degradation of V ult‘aq\tﬁied Natural é_@héber Sheets Containing TiO;

Vulcanized natural rui:iﬁéﬁ_shcets cﬁ/_ﬁaﬁlmg 0.5-5 %w/w TiO; were exposed to
UV under accelerated condition for 4-24 hT‘l&ig‘lﬂre 4.16 and 4.17 illustrate the tensile
strength and elongation at break QWz;ﬂnammImbber sheets after UV exposure,
respectively. All sﬁm'i;ﬂcs showed a decrease in tensile stre'ﬁgth and elongation at break as

the time of UV exposure was longer.

The tensile-strength cof; »ulcamzed; mawral subbercsheet without TiO, was
decreased fronm’21.2 MPa to'1.5 MPa within8 hrof UV exposufe, whilst 12 h of exposure
was required)to-achieve the similar degree-of tensile strength.reduction, for vulcanized
rubber sheet containing 3% w/Ww TiOz Considering the elongation at break, the reduction
from 1025 % to 563 % took place within 8 h of UV exposure for controlled vulcanized
rubber sheet. Vulcanized natural rubber sheet containing 3 %w/w TiO; showed the

similar reduction with longer UV exposure.
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Figure 4.16 obviously indicated that the higher content of TiO; increased the
stability of vulcanized natural rubber sheet. 12 h and 20 h of UV exposure time were
required to reduce the original tensile strength (21 MPa) to about 2 MPa for vulcanized
rubber sheet containing 3.0 % w/w and 5.0 % w/w TiO,, respectively. This result agrees
very well with what was observed in the case of unvulcanized rubber sheets. However,
neither the stabilizing role nor the catalytic role of TiO; was clearly seen if only small
amount of Ti0; was incorporated into na'tumf mbber sheet. The tensile strength and
elongation at break of vulcanized natural rubber sheets containing 0.5% w/w TiO; was
insignificantly different from that of the t}}nmmlltd vileanized natural rubber sheet. The
results from mechanical properties clearly indicated that the stabilizing role of TiO;

outweighed the photocatalytic character Qf TiO; in solid phase degradation of natural

rubber. , 2 &
’ e
40.0 F FF Lo 188 A
dd
35.0 1 4 144 o
= 500" ‘.ﬁg—cuntm!!td vulcanized MR
= -7 ?l;—‘u.sw'r.m
E 25.0 — - —O—3% Tio2
& s i- T8
£ 200 S ataa 1102
=
= 1540 4
W
c
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0 4 3 12 20 24
Time ol UY exposure(h)

Figure 4.16 Tensile strength of vulcanized natural rubber sheet after exposed to UV

under accelerated condition.
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Figure 4.17 Elongation a;'i::rnak of mI@ﬁizcd natural rubber sheet after exposed to UV

under accelerated condition.

The vulcanized natural rubber shctts were analyzed by SEM. Figure 4.18
demonstrated the surface morphology of "nihil‘n] rubber sheets containing TiO; before
and after UV expesure. These micrographs suggested that the controlled vulcanized
rubber sheet showed the greater extent of degradation as compared with those containing
TiO;. Some cavities began to appear on the surface of the controlled sheet indicating the
deterioration of polymer‘matrix.after UV exposure for 8 h. Unlike the controlled sheet,
the holes and pits began to appear on the surface bf vulcanized rubber sheet containing

T10; after UV exposure for 12 h.

Degraded natural rubber 'sheets were also characterized by ATR-IR. The results
are shown in Figure 4.19. As expected, ATR-IR spectra of both vulcanized natural rubber
with and without Ti0; after UV exposure exhibited carbonyl peaks in the region of 1700
~1760 em™ and hydroxyl stretching in the region of 3500-3000 ¢cm™ which are the

characteristic peaks of oxidized products.
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Vulcamized NR Vulcanized NR with 3% w/w TiO;
before UV exposure before UV exposure

Vulcanized NR Vulcanized NR with 3% w/w TiO;
after UV exposure for 8h after UV exposure for 8h

Vulcanized NR Vuleanized NR with 3% w/w TiO;
after UV exposure for12h after UV exposure-for 12h

Figure 4.18 SEM micrographs of vulcanized natural rubber sheets with and without TiO;

before and after UV exposure under accelerated condition.
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Figure 4.19 ATR-IR spectra of (a) controlled vulcanized natural rubber sheet before UV

exposure, (b) controlled vulcanized natural rubber sheet after 8 h UV exposure and (c)
vulcanized natural rubber with 0.5 %w/w TiO; after 8 h UV exposure.



CHAPTER V

CONCLUSIONS AND SUGGESTION

TiO; - encapsulated microparticles recovered by freeze — drying were
agglomerated having 30 pm. in diameter. SEM-EDX suggested that there was 0.1%
atomic concentration of titanium within the particles. X - ray diffraction confirmed
that TiO; is in the form of anatase, which was the most active form of TiO, to
accelerate oxidation. Therash content indi&:aft:ﬁd r'thg_l there is 1.1 % w/w of titanium
dioxide in particles. J

\

Phomdcgmda&ﬁn of natural rubber in the presence of TiO; under UV light
was investigated. Th&ﬁlm‘lt of dﬁgm:&nun of unvuleanized natural rubber in solution
phase is varied as a_ﬁﬁinr;;inn of LIV tﬁposum time and the content of TiO; under
accelerated mndi&iﬁﬁ. FT -IR m;ci'mm"f degraded patural rubber solution showed a
peak corresponding. ;ﬁ_cal"baﬁ}fI‘ group i&iéﬂtiﬂg that a decay of molecular weight is a
consequence of photosoxidative ti::g:adﬁ’ﬁoh The extent of degradation of natural
rubber in solid phase {huﬂi unuuleamzeti_ﬁﬂ‘yulcamzed sheets) is proportional to UV
exposure time. Unlike the: d@adauoﬁ_@,—namfa] rubber in solution phase, the
degradation of natural rubberin suild phas&:is.:lmcrscly pmpunmnal to the amount of
TiO; mcurpura_td. The higher content of TiO; added, 1!1; greater stability against

degradation of naiura[ rubber is observed. This wtmnmﬂggests that TiO; acts as a

stabilizer rather than a sensitizer. As demonstrated by SEM and particle size analyses,
TiO; tended to aggregate into larger particles having a diameter of 1-2 pm which can
reflect the TV 4ight TAc 0.295032 Qo). (AS G conséqucnce of particle agglomeration,
the interfacial drea betwéen TiO; and rubber matrix is also décreased leading to the

lower phiotecatalyticefficieney.

The incorporation of TiO; in the form of microparticles do not significantly
delay the degradation as initially expected. The control release of solid TiO; in the
solid matrix of natural rubber may not be easily achieved. The controlled degradation

of natural rubber by TiO; microparticles is thus not successful.
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The appearance of surface fracture of both unvulcanized and vulcanized
natural rubber sheets implied that the degradation of natural rubber in solid phase do
not predominantly occur at the interface between TiO; and natural rubber matrix. This
research study strongly suggests that the distribution of TiO; throughout the matrix is

a key factor in controlling the degradation and stability of natural rubber.

Although the degradation of natural rubber cannot be successfully controlled
by TiO; incorporation, TiO; ean be usedias a nontoxic agent that can effectively
enhance the natural rubber stalﬁ[it}.r agai 7\_;_@]10m~uxida!ive degradation 1n solid
phase. Besides, TiO; ¢an be very usefulfor some applications requiring low
molecular weight natural ru_hbcr f\lalum! rubber can be effectively degraded in
solution within a jhd’( ) ud ﬂfbit. Since the degradation is carried out under

asﬂ}r removed at the end of the process.

order to increase the 1 rfa’wﬁf area hemgmr 105 and the natural rubber matrix, and
thereby enhancing the extent Uﬁhuwoﬁaitm: degradation.
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APPENDIX

Table A.1 Number-average molecular weight of natural rubber solution

‘ NR
Time of
uw
exposure
(min) M
]
5
10 200239
15 196618
30 180983
45 180500
G0 181226
90 129339
120 120256
150
Table A.2 Nu

containing 0-0.

20% wiw

100% wiw

%o
Redue
tion

M,

%
Reduc
tion

M,

284569 0

269863 | 5.2
245896 | 13.6
214628 | 24.6
132985 | 53.3
139450 | 51.0

158232 0O

154126| 2.6
110258 30.3
83459 | 47.3
24053 | 81.5
29262

.

Wil

NERIFNG osn

~
Time of ﬂ
uv .
¢

AN

ASRIEY BN

E Reduction

0

12

182910
126310
101557
76058

0
30.9
44.5

584

249022
178135
86735

ND

0
28.47
33.47

ND

214991
104845
97843

81719

0
39.2
54.5
62.0
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Table A.3 Number-average molecular weight of unvulcanized natural rubber sheets

containing 1-10 %w/w Ti0;

1% wiw 3% wi'w 10% wiw
Time ol
Uv
Cxposure o
(h M N % Reduction | % Reduction A, % Reduction
0 161586 241510 0
159683 231153 43
10 115701 234974 2.7
15 B8100 ~ 187355 224
Table A.4 Number-average / ; 9‘}\\ i ized natural rubber sheets
as a function of TiOy afte ﬁ\\\
% wiw of TiO; 2 % Reduction of M,
0 58.4
1.0 455
5.0 8.5
10.0 22.4

Table A5 Numbﬁvemge nolecu 0 unvu@.nized natural rubber sheets
as a function of TiO; al‘le-brj{} h of sunlight exposure
=N =\

— AIUUINUUSNIS
0 w0 O w ol o
%o wiw of TiO; Initial M o~ Final M5 % Redliefion of M ,

B s g n aktal T el

9 10 322766 139361
5.0 246421 210986
10.0 241510 223098
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Table A.6 Tensile strength of vulcanized natural rubber sheets after UV exposure

under accelerated condition

Tensile
Time to UV (s PA 3" strength | Standard
exposure (h) Experiment | Experiment | Experiment | average | deviation
(MPa)
NR
0 22.2 1.7 19.8 21.2 1.3
- 12.7 12.5 0.6
8 1.8 1.5 0.4
NR + 0.5 %w/w
TiO; powder
313 0.9
9.5 0.8
1.2 0.2
NR + 3.0 %w/w _{&
214 0.9
18.0 0.6
7.6 0.7
12 1.5 0.2
NR + 5.0 %ow/w
TiO; powder
0 23.7 0.4
- 19.5 0.5
8 9.5 0.6
12 5.4 0.6
24 | [ LS 1.7 0.2
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Table A.7 Elongation at break of vulcanized natural rubber sheets after UV exposure

under accelerated condition

Time to UV 1 2% 3" Elongation | Standard
exposure (h) | Experiment | Experiment | Experiment | atbreak | deviation
(%)
NR
0 1056 1011 1009 1025 26.2
4 899 \ 900 889 18.8
8 570 \ 574 563 16.3
NR + 0.5
Yow/w TiO,
powder
0 11 80 1165 15.0
4 ‘ 7 1096 15.0
8 621 18.5
NR + 3.0 ‘\
Sowiw TiO, A 4
powder =
0 N~ 1 1036 15.8
4 1 AN 7 996 12.5
8 1L 962 10.8
12 6 2 K (2) 9 685 21.7
NR + 5.0 NAZL
Y%wiw TiO, & ;—"ui/‘
powder o e
0 10 Euw 1038 1059 21.0
4 ZH A 030 1020 26.5
8 988 10.0
12 888 23.6
24 794 11.8
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