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Field na"turgl» rubber Jatex was concentrated by creaming method via
addition of screaming / agents, namely | carboxymethyl cellulose (CMC),
hydroxyethyl ccllulnst (HEC) and hydrox}'pmp}fl methyl cellulose (HPMC). The
effects of créamml agent cuncentrauon creaming fime and temperature on dry
rubber content (PRC) were studied to determine the optimum condition for latex
creaming process. Creamed latex was cured by vulcanization in a stirred reactor
with sulfur elements and tetramethylthiuram disulfide as curing agent. Pree-
vulcanized latex obﬂiinaﬁ. from the reaction with varying temperature, cure time
and curing agent conceniration were made into films and dried at room
temperature. Tensile properties, elongation at break; hardness of the film products
were measured. Crosslink density, chloroform number and swelling index of latex
were also "inv.clstigated. It was found that optimum cendition for latex concentrate
was using HPMC as creaming agent at 0.6% concentration, at room temperature,
for 24 hours. Fer vulcanization of creamed latex, the maximum tensile strength
was obtained from TMTD 2 phr at vulcanization temperature of 50°C and cured
time of 3 hours. At lower vulcanization temperatures, longer cured time was
required. Chloroform number and swelling index showed that the latex compounds

were not completely vulcanized.
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CHAPTER|

INTRODUCTION

1.1 The Purpose of the Investigation

Natural rubber is“one of the most important"Commaodities of Thailand that it
has become the world’s-largest-producer and-exportersince 1991. Especially natural
rubber latex, Thailand produees.about 600,000 tons annually={1]. Natural rubber latex
is normally concentrated. to remove excess water and.so"“increase its rubber contents.
Latex concentrate is'sedsas a raw material for many.dipped. products such as gloves,
balloon, condom, ete:” The jproduction’ of natural rubber latex concentrate usually
employs centrifugations” Although,-this-method can.achieve high dry rubber content in
latex but the disadvantages are high.energy used, complex process and therefore high
cost.

Creaming process is an alternative method for the concentration of natural
rubber latex that is performed by adding water=soluble hydrocolloid called creaming
agents to increase the buoyant density of latex, such as alginate and cellulose type
polymers. The rubber particles in latex rise slowly to the top to form a creamed
rubber layer on the liquid. This method is not as commonly. used industrially as
centrifugation but the requisite equipment is simple and easy to operate, i.e. labor cost
is low, power requirement is negligible, and the proportion of rubber lost in the skim
latex is small.

Use anly natural rubber latex concentrate can not achieve products that have a
desire mechanical property. \ulcanizing agents are needed to [initiate.reaction at
appropriate time and temperature yielding chemical crosslink between rubber
molecules. In this research work, natural rubber latex‘is‘eoncentrated with the‘use of
creaming’ agent. and followed by ‘vulcanization for improved properties of ‘rubber

products.



1.2 Objectives
The objectives of this research can be summarized as follows:
1. To investigate the creaming of natural rubber latex and the effect of
operating parameters on such creaming.
2. To study the effect,of vulcanization parameters on properties of free-

vulcanized rubber latex.

1.3 Scopes of the Investigation
1. Literature survey-and‘in-dept study for this.research work.
2. The design and préparation of experimental procedure.
3. Preparation -of natural rubber latex coneentration by. creaming method with
varying parameters as follows:
a) Type of creaming agent: carboxymethyl cellulose (CMC), hydroxy
ethyl cellulose (HEC) and hydroxypropyl methy!l cellulose (HPMC).
b) Concentration.of creaming agent: 0.2 — 1.0%.
c) Timeof creamingprocess: 12— 72 hours.
d) Temperature.of creaming process: room temperature to 60°C.
4. Determination of dry-rubber content (DRC) of creamed latex.
5. Preparation-of free-vulcanized rubber latex-film by varying parameters as
follows:
a) Source of curing agent: sulfur and TMTD.
b) Vulcanization temperature: 40-70°C.
¢) Vulgcanization time: 1 — 6 hours.
6. Measurement,ofrthe, mechanical propertiesiof free-vulcanized rubber film:
tensile strength, elongation at breakiand hardness.
7. Determination of the crosslink in free-vulcanized rubber by chloroform
test, swelling index.and degree of crosslinks:
8. Determination of free sulfur in sulfur free-vulcanized rubber film:

9. Summarization of the results and suggestion for future work.



CHAPTER I

THEORY AND LITERATURE REVIEWS

W

tained from-th k

2.1 Natural Rubber Latex

2.1.1 Properti

cretion (latex) of various
plants, but the only i ommercia atural rubber is the tree,
Hevea brasili . la x ) tapping from Heavea
rubber trees, i i ior | Of ru obe icle n aqueous phase. The
latex exuding fro i c? '. \ es \~ al rubber latex or fresh

field latex. F
content (DRC)

oximately 25-40% dry rubber

esesnon-rubber components

are including protei wydrates, lipids é \ janic salts. The chemical and
physical properti atex ar Iuen by clone, age of rubber [1],
tapping intension [2 d,@ _ The composition of typical fresh

field latex is presented in Ta ble 2.1

=l J;i:-'f
Table 2.1 ._., jon of fresh NRL [3].

Compositioin'-j

v

erce tage
(byﬂight)
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Water Add to 100




In general, fresh latex is density between 0.975 and 0.980 g/cm?® with pH
ranging from 6.5 to 7.0 and a refractive index of 1.5910. The viscosity is depending
on total solid content in NR Latex. Rubber does not dissolved in water, alcohol, or
acetone but it swells and dissolves or partly solubilizes in benzene, toluene,
gasoline, carbon disulfide, turpentine, chloroform, carbon tetrachloride and other
halogen containing solvents.

For the preservation of field latex, ammentia is normally added at levels of 0.3
to 0.8% by weights based on.the weight of latex, depending on such thing as the
length of time preservation s required, the condition.of the latex when the ammonia is

added, and the like, when used in.combination:with other bactericides, as follows:

Formaldehyde

Formaldehyde ié an excellent bactericide; a combination of formaldehyde pre-
treatment to sterilize the latex, followed by ammoniation is the basis of the so-called
McGavack system ofipreservation. Typically, fresh natural rubber latex is treated with
0.15-0.2% w/w formaldehyde, at-the collecting station, ‘as soon as possible after
tapping. This quickly-killssall the bacteria. The latex is then allowed to stand for a
period of 15-30 hours at the-factory, during which time the formaldehyde interacts
with the proteins in the latex, and a consequent fall in pH.occurs. Ammonia is added
to bring the pH up to a little above 6. Formaldehyde has afso been used as an
anticoagulant at-the cup and bucket stage. The usual amount used for this purpose is

about 0.02% w/w added as 1% w/v aqueous solution.

Sodium sulfite

Sodium sulfite 1s used as an anticoagulant at the cup and bucket stage,
especially when the latex is to betused for the production of a form of dryfnatural
rubber! knewntas pale crepe. As the name of this product implied, it is essential to
keep discoloration of this type of natural rubber to a mimimum. In"this connection, it
may be noted that sodium bisulfite is used as an enzyme inhibitor in the manufacture
of pale crepe; the objective is to minimize discoloration. About 0.05% w/w of sodium

sulfite on the whole latex is recommended as an anticoagulant, added as 3% w/v



aqueous solution. Of this amount, a few drops are added in the cup at the time of

tapping, and the balance is added to the buckets during collection.

Potassium hydroxide

The only practically-important alternative to ammonia as a sole preservative
for natural rubber latex is petassium hydroxide. Jt'is an effective bactericide by virtue

of its high alkalinity. Forthe.same reason, it givesdatex'which is colloidal very stable.

2.1.2 Chemical-Str ucture of Natural Rubber

Natural rubber is a" high meolecular-weight hydrocarbon. The chemical
structure of rubber is'mainly,composed of isoprene units;.CsHs, linked at C1 and C4
carbon atoms, as'shown iniFigure 2:1. Here, the double.bond can be either in the cis-
or trans-configurations. In the" early stage of X-ray.diffraction studies, the double
bonds of isoprene units in rubber chain were oriented in.the ¢is-configuration, known

as cis-1,4-polyisoprene [4].

H3C H H3C H2C_
\c—c/ \czc/
N\
_CH2 H2C_ _CHZ H
cis1,4 trans-1,4

Figure 2.1 Structure of cissand trans- in polyisoprene.

In“fact, “the natural rubber" molecules is‘not a=pure ‘cis-1,4 polyisoprene.
Besides, it contains very small amount of functional groups in rubber chain termed as
abnormal-groups; such «@s aldehyde ‘groups, ester,or lactone group «and epoxides.
Structural studies using *C-NMR spectroscopy disclosed that the.rubber ‘malecule
contains about two to three trans- isoprene unit. Recently, the detailed structure
characterization of natural rubber was investigated by means of *C-NMR and ‘H-

NMR spectroscopy. From the relative intensity of the signal and the degree of



polymerization of highly purified natural rubber, the number of trans- isoprene
existing at the initial terminal of the rubber molecule is estimated to be two.

Accordingly, the structure of natural rubber is assumed to be as shown in Figure 2.2.

ly t ped latex can be separated into
orange or yellow layer containing

Frey-Wyssling particles, a col ;;?ﬂ =3 g 4, and a bottom fraction consisting of

mainly IutoLlar ;

Figure 2.3 Four main fractions of fresh NRL obtained by using high speed

centrifugation [8].



a) Rubber Matters Composition
(1) Rubber Particles

Rubber particles in natural rubber latex are spherical droplets of

hydrocarbon, which are stabili 9‘ /\ ative charge of surface-absorbed proteins
and lipids [6] as shown i |n /

Flgur 2.4 chemgﬁg& ations of rubber particles [6].
‘/ﬁg}txi

2\ s : é}nainly concentrated
in the rubb& ) r;ttij)n and in the Frey-

Wyssling partiq‘,l . Lipi ral an'_'olar lipids. The neutral

(2) Lipids .=

lipids such as ster? sterol esters, tocotrienols and others lipids are able to dissolve in

BORALIEaEILAN bk )L o

neutrﬂjantloxmant in NR [9,10]. It is reported that the polar lipids, phosphollplds and

TR

claimed to be an activator in sulfur vulcanization [12].




(3) Proteins

Proteins coating at the outer layer of rubber particle is about 25% of all
proteins in latex. In addition, 50 and 25% of proteins are in water and lutoid fraction,
respectively. Almost all proteins atithe outer layer of rubber particle are known as
alpha-Globulin, and the residual proteins are known as Hevien alpha-Globulin [13]. It
does not dissolve in-distilled water, 'yet' it“dissolves in acid, alkali and salt;
furthermore, its iso-electric_point is pH 4.8, SO rubber particles always coagulate at
this pH. On the_othershand, Hevien dissolves-in distilled water, and its iso-electric
point is pH 4.5. Hevien protects, coagulation.when dehydration occurs like filling
either alcohol or aceti€ acid intodatex. -

The effect of proteins.on raw rubber.had long been studied in the past.
It has been repaorted that proteins at the, outer layer.of rubber particle consists of
crystine disulfide linkage; which'is sulfur’compound about.5 percent. Therefore, when
coagulation occurs, pratein at this-‘part degrades into hydrogen sulfide and mercaptan
compound giving /bad i 'smell *[14]. In " addition, amino acids derived from
decomposition of proteins cause storage hardening of NR by crosslinking reaction of
amino acids and the abnormal groups on NR molecules, such as carbonyl and epoxide
groups [15,16]. For the effects onvulcanizates, the neutral and basic amino acids give
certain improvements in properties such as modulus, compression set and heat build-
up compared to purified NR, while proteins and acidic amino acids improve only the

heat build-up properties [17].

b) Non-Rubber Matters Compositions
() Water and Serum

This fraction consists of two types of substances, carbohydrates; proteins
and amino acids.

Carbohydrates are sugar and starch substances, and they present in latex
about 1 percent. Almost sugars in serum fraction are called quebrachitol as illustrated

in Figure 2.5 and the residual sugars are glucose, fructose and sucrose, respectively.



OH

HO

Figure2.5Chemical ‘structure of quebrachitol sugar.

Furthermore, these sugars can be.fed by bacteria causing degradation
of sugar into shortschain/fatty acids ealled volatile fatty acid (VFA) such as formic,
acetic and propionicsacidywhich brings coagulation to latex.

Almostiprotein'in serum fraction is.alpha-globulin which is between

water-air and oil-water interface.

(2) Lutoid and Others

This fraction‘ls composed of two types, which are lutoid and Frey-

Wyssling.
L utoid

The lutoid particles are almost numerous of-the large organelles in
latex next to rubber particles. They are vacuoles, which are usually between 0.5-3
um in diameter, boundito a unit membrane of.about 80 A in thicknesses [18]. The
pH ©of lutoid 1s. 5.5. Inside of .utoid particle, there.is an agueous containing
substances such as acids, mineral salts, proteins, sugar and polyphenol oxidase,
which causes rubber more yellow ar brown when it is.@xidized by oxygen in air.

Besides, "0smosis can. occur - easily” on ‘lutoid because .ef both
encapsulations by “one thin "layer and" hot weather."When" lutoid swells,” latex
viscosity increases, and when lutoid breaks down, latex viscosity decreases.
Furthermore, breaking down of lutoid releases positive charge colloids and metal

ions such as calcium and magnesium. These ions, coming out from lutoid to latex,



q
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causes coagulation. Moreover, adding ammonia into latex causes brown or purple
precipitate at the bottom layer of latex because both magnesium ion and residual

pieces of breaking lutoid combine with ammonia.

Frey-Wysding '
The size o *‘1& is blgger than rubber particles.

However, its densi ess tha rubber Frey Wyssling is spherical

with encapsulation by two @ake rubber to be dark
yellow or oraﬁF’-’ca can ine with ammonia and

precipitates i

any constituents as

shown in Table 2.

Table 2.2 Non-ru

Constituents - /J\& tage by weight of latex

Fatty acid soap (e.g. ) , ' 0.5

Sterols and sterol esters 0.5
Proteins 0.8
Quebrac{% 7 “C:‘ 3
Choline & A A 0.1
Glycerophoslma T 0.1
Water-solubte‘carboxylicacid salts 0.3

AR RININYINT

Inq’anlc salts (ammonium and
potassium carbonate and phosph‘e etc.) =9 Q/f
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2.1.4 Particle Size of Natural Rubber

The particle size of rubber particles in the fresh field latex depends on the age
and clone of rubber trees. Natural rubber latex from the mature trees was found to

contain large and small rubber icless The average size of large rubber particles

fa of 1.03 um. On the other hand, the
i serum phase ranging between
imi ize distribution to that of the

LRP rubbers as

(B)

) Cream rubber
Serum rubber

| .r
215 MJec lar Weight (MW) and Molecular-Weight Distribution

A ANS....

welght and wide MWD. The variation of MWD deperﬂ)n the clone from w

A RIRID AU TNED Y

the use of size exclusion chromatography (SEC or GPC) was reported by
Subramaniam [20]. The distribution of all clonal rubbers can be classified into one of

three types as shown in Figure 2.7.
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Figure2.7T ([ of natural rubber [20].
Type A./Disti I \\ eak height in the low
molecular-weight r :‘ i an the peak height at the

high molecular-weight ' E' ‘_
Type B. Bimoda |str|b ion where of the low molecular-weight
peak is only half or less :,,;;.,:._:. he hig lar-weight peak.
Type C. Skewed un ..... : distribut rith a “shoulder” or a “plateau” in the
low molecular-weight regio 7-'!;'-, -r' >

d 1
Mﬁe is extremely high

ar- Wepg?t is approximately the

same in rubber rom all clones, although the shapes of D curve are different,

b4 W‘#‘I W aNDARE,

peak@ appeared between 1 x 10° and 2 x 10°. The high molecular-weight rubber

q frictlon has been presumed to be garlved from branching, iresumably founM the

“oftagld N1 IVIE e E

in NR ranglng'f'
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2.2 Manufacturing of Natural rubber latex

Natural rubber latex exudes from the Hevea brasiliensis tree having rubber
content between 25 and 40% wl/v, the average being 33%. The remainder of the latex
is mainly water. There are four principal reasensavhy it has become common practice
to concentrate natural rubber latex before transportation:

1. It is uneconomical to transport preserved field natural rubber latex over
large distances, because“this would necessitate-transporting.a mass of water equal to
approximately twicesthe mass of the'dry rubber.

2. Several ofsthe ipdustrial’ processes which use'natural rubber latex require it
in a more concentratedform than 33%.

3. Naturalrubber latex concentrates tend to be. more.uniform in quality than
the field lattices from which they.were obtained. This is mainly a consequence of the
bulking and concomitant ‘blending which precede and “follow the concentration
process. Differences between batches of field latex therefare tend to be mitigated.

4. The ratio of non-aqueous non-rubber. substances to dry rubber is reduced in
the course of some of the cencentration processes, because the non-rubber substances
are preferentially eliminated. The product is in consequence a closer approximation to
a colloidal dispersion of natural rubber in water than is preserved field natural rubber
latex. As such; it more closely approximates to what is perceived to be ideally
required in several industrial processes. :

The various methods which have been proposed fer concentrating natural
rubber_latex, have received serious attention.a@s practicable processes. These are

evaporation, electro-decantation, centrifugation and creaming.

2.2.1 Concentration by Evaporation

The ‘coneentrating (naturalrubber. latex by evaporation appears to have been
patented by the K.D.P. Ltd [22]. One particular way of carrying out this process is

illustrated schematically in Figure 2.8.
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In a typical example of this process, the latex to be concentrated is heated to
90°C and introduced through suitable nozzles into an evaporation chamber in which
the air pressure has been reduced to about 10 kPa. The corresponding boiling-point of
water at such a pressure is 46°C. At the moment of entering the evaporator, a rapid
fall in temperature of about 44°C accurs, and at the same time the water content of the
latex is reduced by 7%. In.this case, the operation.must be repeated about 11 times if

it is required to increase the toetal solids content.ef'the latex from 35% to 75%.

I s

Air-Stream

Water Jacket

___lron'Roller

il . 4 A = ~/
T : '\\\Late \\"

Figure 2.8 Schematic illustration of typical equipment for concentrating natural

rubber by evaporation [22].

2.2.2 Concentration by Electro-decantation

The*-principle of the concentration of natural rubber latex by electro-
decantation “is”illustrated in Figure 2.9 [23]. An electrical potential difference is
applied between the two electrodes. Being negatively-charged, the rubber particles
tend to move towards the anode. The separation rate of latex into the cream and skim
is accelerated 'by increasing semi-permeable ‘membrane ‘unit+<between the two
electrode compartments. In‘practically, anionic surface-active substances increase the
magnitude of the negative charge.carried by rubber particles, so the efficiency of

process is'impraved:
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Figure 2.9 Concentration of natural rubber latex by electro-decantation [23].

2.2.3 Concentration by Centrifugation

Centrifugation is by far the:most important methed currently used for the
concentration of natural rubber latex.-Very roughly about 90% of the natural rubber
latex concentrate used Industrially “is produeed by centrifugation, most of it by
subjecting the latex to a single stage of centrifugation. Centrifugation is in effect a
type of accelerated creaming process, in which the motion of the rubber particles
relative to the'aqueous phase is affected by means of a centriftgal field rather than a
gravitational field. The successful concentration by centrifugation depends upon there
being a significant difference between the density of the rubber particles and that of
the aqueous phase.  The centrifuge concentrate is also known as cream, and the
dilute latex obtained-as a by-product is kmown as skim. Skim rubber contains
about 5 -10% of.the total rubber after centrifugation. Other non-rubbers remain in
the serum phase. The product process of concentrated latex by centrifugation is

shown in Figure 2.10.
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Field Latex

Chemical

A 4

Sulfuric acid Chemical

\4

Standard Concentrated Latex

THARINYIAY

Figure 2.10 Commercial production of concentrated latex, skim latex and skim
rubber [20].
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According to theory of centrifugation, the motion of a centrifuging latex
particle relative to its serum is confined to the radial direction, while the lateral
movement relative to the serum may be neglected. The equilibrium radial
velocity of a particle is determined by the balance between two forces,
centrifugal buoyancy and viscous drag. The rate of movement of a suspended
spherical particle under.centrifugal field is"predicted by Stokes’ law [21], as

shown in equation (2.1)

V =lp.=p,)0’Rp 1187 (2.1)
where V. particle velocity
p.i density of sertm (1.02.g/cm®)
p, -/density.of particle (0.93 gicm®)
o : angular velocity
¢ & particle diameter

R : radius path of centrifugator
n & viscosity of serum

The type, de Alfa "Laval, is the most common commercial type of
centrifugation. The important factors affecting the composition of the cream phase

are as follows:

Feed:rate: The reduction of feed rate Increases the efficiency of

concentration and rubber content.

Angular velocity of centrifugation:«The increasing centrifugation speed

prometes the efficiency of the separation.

Length of the regulating screw: The regulating screws of various
lengths into the skim discharge orifice can _contraol the. equilibrium
difference between the density of the discharging skim ‘and 'cream

phases.
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2.2.4 Concentration by Creaming

Particles dispersed in a fluid medium and subjected to a gravitational field
have a tendency to move relative to the dispersion medium if the density of the
particles differs from that of the dispersion medium. If particles are less than the
dispersion medium, as it is:for.natural rubberslatex, then the latex particles will
move upwards with the passage of time: This proeess is known as creaming, and
the concentrate as cream. The diluteilatex which forms as the lower layer when
latex cream is known-as skim-as-shown in Figure 2:14.. The rate of movement of a
suspended sphericalparticle under/gravity. is predicted-by Stokes’ law, as shown in

equation (2.2)

Vi=(p, =p,)a¢s° 118y (2.2)

where _ g : gravitational force

In practice, the rate of .creaming of natural rubber latex can be markedly
increased by small additions of“water-soluble hydrocolloids to the latex, e.g.
sodium alginate. Various explanations. of mechanism by which creaming agents
operated have been propbsed, but it seems, likely that loose and reversible
aggregation.of the particles occurs. This leads to anincrease-in particle size, and
then the Brownian movement and the intensity of the negative electric charge on
the particle sufface are reduced remarkably. Thus the effective size of particles
size increases, favoring faster creaming. This evidence is resulting in a creaming
rate. A wide range of water-soluble hydrocollpids will act as creaming agent in
NR latex, if (theywere added at' the eptimum conditions The-method of
concentration has'several iImportant advantages over other methods. The requisite
equipment is simple and easy .to operate, i.e., labor costs are low, power

requirements are negligible, and the loss of rubber.inthe skim latex is'small:
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Cream

—

Skim

Figure2.11 Creaming process ofnatural-rubber latex.

After centrifugation or ereaming to concentrate the latex, the concentrated
latex is then preserve_d by further  additions. of ‘ammonia, usually at 0.60 to 0.75%
weight based ongthe weight of latex, If used alone to preduce what is called high
ammonia (HA) latex orfat 0.15"0r-0.25% if. usedin combination with secondary

bactericides to.produce is low/ammonia (LA) latex.

2.3 Destabilization of Natural Rubber Latex
2.3.1 Chemical Destabilization [28]
Chemical coacervants-function mainly bysreducing the zeta-potential, which is

associated with the electrical double layer surrounding the latex particle.

— neutralization of electrical charge of latex particle, e.g.,-acid, metallic ions,

cationic-surface-active substances
— compression of the electrical double layer, e.g. electrolyte
= dehydration of rubber:molecule;e.g. acetone, ethyl alcohol

— _“surface phase separation ofpolymer and aqueous'phase, e.g., toluene, benzene,

carbon tetrachloride
— | heat-sensitizing effect, e.g., polypropylene glycols, zinc amide
— viscosity induced gelation, e.g., salt of hydrofluorosilicic acid

— radiation induced photochemical oxidation, e.g., UV light
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2.3.2 Physical Destabilization [29]

Physical factors are able to destabilize the latex, if they increase either

frequency or/and violence of the collision between particles.

— maturation of latex

— electrical field

— high concentration of latex

— dilution of latex (desorption afistabilizing substance)

— high temperature of latex

— low freezingstemperature of aqueous phase

— evaporation of aqueous phase

— vigorous mechanical agitation

2.4 Vulcanization of Natural Rubber Latex

Useful rubber articles, such as tyres and mechanical dipped goods, cannot
be made without wvulcamization because raw rubber (unvulcanized) is in general
mechanically weak, ~deficient “in elastic recovery, sensitive to temperature
(becoming stiff when cold and seft when hot) and greatly swollen or dissolved by
many organic liquids. Also all rubbers require vulcanization.to improve strength
and elastic recovery, reduce temperature sensitiveness and-improve resistance to
liquids. Vuleanization is carried out by using sulfur, peroxide or high energy
radiation. The most widely used method for vulcanization of natural rubber latex

is sulfur vulcanization.

Sulfur Vulcanization

Vulcanization process of NR latex using sulfur-as crosslinking agent'can be
made In two ‘ways; prevulcanization and post-vulcanization. Insthe first ' method,
natural rubber latex is vulcanized with the rubber still remaining in the dispersed
phase. Prevulcanized latex may be carried out by mixing suitably stabilized latex with
vulcanization ingredients (sulfur, accelerators and activators). The crosslink reaction

takes place over maturation at temperature 20°C to 90°C for appropriate periods. The
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rate of prevulcanization varies with different vulcanization systems and the extent of
prevulcanization has influence on the final vulcanization properties. After drying the
latex, a vulcanized film with good strength properties is obtained without further
heating because the rubber particles in prevulcanized latex have already chemically
crosslinked.

For the latter method, the.compounded latex is vulcanized after it has been
dried down to give a film with better resistanee to oils, greases and solvents when
compared to prevulcanized film. Furthermore, the mechanical properties of post-
vulcanized latex film arg~simitar to, or better than.those of the film prepared from
prevulcanization®n additi’on, the thickness, of the.compoeunded latex film has
influence on the température and vulcanization, time to achieve the required degree of
crosslinking.

Variousstypes of chemical grouping which have been so far deduced to be
present in sulfur vllcanizates of NR-are shown in Figure 2.12 of course not all the
grouping are present in every, case and the relative concentrations of each may vary
widely, depending particularly on'the -molar ratio of accelerator to sulfur (A/S) used
which can be classified as in Table 2.3 [43]. The first is conventional (CV) or high
sulfur vulcanizing system, which-polysulfidic Crosslink combined in the network for
each chemical crosslink. Whereas disulfidic linkages are predominantly form in this
rubber vulcanized by using semi-EV system. Finally, the efficient vulcanizing system

(EV) presents.monosulfidic crosslink.

Figure2.12 Diagrammatic representation of network structure of sulfur vulcanizate
(x,y, aand b = 1-9, x = accelerator fragment, curly arrow denotes cis-,
trans-isomerized double bond, and downward arrow denotes main

chain scission) [43].
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Table 2.3 Classification of sulfur vulcanization systems [50].

Class Sulfur (S) Accelerator (A) A/S

(phr)” (phr)” ratio
Conventional (CV) ' 0.1-0.5
Semi-EV 0.6-2.5
Efficiency (EV) 3.0-25.0

(a) to facilitate proce ¥-ﬁfve
J f ’
(b) to ensure a rap| hroughput w imal rejection rate.

(c) to achieve the --‘""ﬁ"'ﬂ- ",4.;

(@) to provi
W

251 Afﬂalera EJ.

The vulcadzlgn process can gene&*y be accelerated by adding small

ﬂﬂ & ﬂﬂﬁﬁﬂlﬁl o 1§ e N

show n Table 2.4.

qumnsmummmaﬂ

nizate properties.
o;ﬁf [241.
\J
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Table 2.4 Classification of accelerator groups and their relative curing speeds [25].

Type Example Relative curing speed

Guanidines DPG Slow

Dithiocarbamates , ;

Thiurams %& / Very fast

Thioureas % ET /‘* Fast
————

Thlophosphates

j & Very fast

Semi-fast
Thioazoles Moderate

Sulfenamides ast with delay-action

\

" - .'
Functionally;, accelera - 0 as primary or secondary
accelerators. The fopmersus ')&l '-v des cc -._. e medium to fast cure and
n ‘ orchy, very fast curing

good modulus development. The *:-5 uall
bl i e
\ \h e, but generally are found

stocks. The secondary ac elﬁ(a{;ﬁ"
in a combination with primary ra;
properties. ' !@;;’

e

2.5._13cti prsii=r =L # ,
A £

Actiyator gjfull potential from
the organic aﬁlera me@ oxides (usually zinc

oxide; ZnO), fatty acids and nitrogen containing bases. ZnO is the most widely

used inorganic acmﬁ(lead and magnesium-Oxides are also used, but less often).
Stk R

the a@lerators system [26]

5.to g2 \ as r cures or greater product

=)

qumnsmummmaﬂ
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2.5.3 Antidegradants

Antidegradants are commonly used to protect rubber both in uncured and
cured states. Normally, there are many kinds of antidegradants widely used in the
rubber industries. The types of antidegradant can be classified by their duties,
namely antiozonants and antioxidants, whieh are used to protect the rubber from
ozone attack and oxidation-of rubber, respectively. Types and applications of

elastomer are the principle factor in cansidering the antidegradant used.

2.5.4 Reinforeing Filler's

Reinforcing fillers are used to reinforee or enhance properties of elastomer
while reduce cost.the compounds.-in black-filled compounds, carbon blacks are
used. For non-black cdmpounds, silicas, blays, calcium, carbenate, etc. can be used
depending on the joroperties required. The most commonly known reinforcing
fillers are carbon blacks and.silicas. Silicates, clays, whiting (calcium carbonate),
and other mineral fillers are <used extensively where a high degree of

reinforcement is not essential.

2.5.50rganic Peroxides

Organic peroxides are curing agents that posses oﬁe or more oxygen-
oxygen (R-OO-=R) bonds. These chemicals are used commercially to produce free
radicals, yielding" the=desired crosslinked ‘networks in elastomer via hydrogen
abstraction and/er addition at double bonds. The structure of the peroxides affects
strongly their thermal and chemical stabilities, as well as the energy level of the
free radicals generated [27]. These are generally seven major classes of arganic

peroxidesas shown in Table 2.5.
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Table 2.5 Major commercial organic peroxide classes [30].

Organic peroxide 10 h half life
Diacyl peroxides 21-75°C
Peroxydicarbonates ’ / 49-51°C
t-Alkyl peroxyesters /// 38-107°C
Peroxyketals ________.r 92-112°C
Dialkyl perOX|des 15 13°C

Tert-Alkyl hydroperOX| Npp“mb'e
pplicable

Ketone peroxi

rou e of 7% f’ ’\\

crosslinking and polyme ﬂi "" .x- e
AN

peroxides [31,32]. Each class of

sed commercially for
ne and elastomers: diacyls,

peroxyesters, peroxyketals, ndt alky! type
aa | 1

peroxide has a distinetive gll( el stab The most common peroxide

used in the crosslink industry k 1¢ ~’1 sJ’ 0 IIy been, the! dialkyl classes. However,
there are several other er@g} ide"distinctive advantages, such as
aromatic odorless, non-bloom, and-liquid fc n many manufacturing operations.

o

2.6 Latex F NS

|

—
| |

‘latex film” normally refers to a fiImLfered from soft latex

particles where thgfﬂs accompanying thé eva oration of water are sufficient to
coﬁs% E’ ﬁtra p% - |I sihree steps

can lq,jlstlngmshed in the process of f|Im formation from latex conS|der|ng only

The te

pure, unfilled polymeric films as ‘own in Figure 2.13.

qumnsmummmaﬂ



26

In the first‘te& water evaporates at wstant rate until the particles from a

BTN TNETDT

colloall stability. ¢

QRBINIUUMIINYINE

At the beginning of the second step, particles appear at the surface of latex,
and the rate of water evaporation decreased. Forces start to act and ensure the

deformation of the particles in such a way that polymeric materials fill all the space.
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The forces acting have to overcome the mechanical resistance of the particles to
deformation. Later, the spherical particles are transformed into rhombic dodecahedra.

At this stage, interfaces between particles still exist.

Step 111
The final step corresponds to evolution of the interfaces between particles.

They tend to disappear by interdiffusion -of.the" macremolecular chains from one
particle to its neighbors. It is-sometimes called maturation. A film property like

mechanical strength Is altered.duringthis step.
2.7 Literature Reviews

Dafaderset al. J33]sstudied the creaming of field\natural rubber latex by using
sodium alginate as/Creaming agent.'lt was found that.64.37% of total solid contents
(TSC) in creamed rubber latex was obtained by.using concentration of creaming agent
as 6 parts per hundred of rubber (phr),- creaming time.of'24 hours and temperature of
40°C. The physico-chemical properties of creamed latex were consistent with ASTM

specification.

Loykulnant et al. [34] studied the recovery of skim ‘natural rubber latex
(SNRL) by-.cusing water-soluble biopolymers and their derivatives, N,O-
carboxymethyl chitosan (CMCh) and hydroxypropylcellulese (HPC), as creaming
agent. It was foundsthat creaming of skim natural rubber latex could be achieved by
using“both agents: Phase /separation jbetween-cream and jserumphases=depend on
concentration of creaming agents_and' creaming time. The concentration of CMCh
between 7.34 to 10.3 g/L provided the recovered skim rubber more than 90%. Using
ofvariousseoncentrations.of-HPC, 3.37,-11.8.g/L., the phase separation 0f=SNRL could
be occurred, similar to the-case of 'using CMCh. HPCscould be recovered from the
serum phase by heating at 50°C. More than 90% of HPC could be recovered and

reused effectively.
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Moonprasith et al. [35] studied the recovery of residual rubber from skim
natural rubber (SNR) latex, based on using hydroxypropyl methyl cellulose (HPMC)
as a thermo-responsive flocculants. The SNR particles were completely separated to
form high concentrated latex as cream phase within only 5 hours. Almost 100% of
SNR was recovered when using HPMC 0.7%w/w. HPMC could be precipitated from

the serum phase by heating the serum phase/at.about 70°C.

Werathirachot et al. [36]} studied the ereaming of skim natural rubber latex by
using water soluble chitosan as‘creaming agent. When adding chitosan solution to the
neutral skim rubber latex*with arubbericontent of 5.3% w/vuntil the concentration of
chitosan in the dispersion was 0.107%, the phase.separation between rubber particles

and yellow serum was clearly observed.

Gorton and'Pendle [37] reported ithe effect of particle size of sulfur, zinc
diethyl dithiocarbamate (ZDEC), and zinc oxide (ZnQ).dispersions upon the sulfur
vulcanized ammonia-preserved NR latex at vulcanization temperature of 60°C for
period of time 1 to 6 heurs. It was found that over. the range of particle sizes of sulfur,

ZDEC and ZnO appeared to have-almost no effect upon the tensile properties.

Claramma et al. [38] studied the sulfur vulcanization of natural rubber latex at
60, 70, 80 and“90°C for different period. For the ratio of S : ZDEC : ZnO dispersion
in formulation of latex compound as 3 2: 0.4 phr, maximum of crosslink density of
latex film was achieved when the vulcanized rubber latex was conducted at 80°C for
2 hours or:90°Cfor L-hours At lower temperatures, the rate of vulcanization was slow.
At each temperature, the tensile strength andelongation at'break decreased when the

vulcanization time increased.

Ho.et ali [39] studied the effect.of maturation duration of vulcanized natural
rubber latex on the properties and morphology of latex films by atomic force
microscopy. It was found that crosslink density of latex films increased when

maturation duration was increased. The maximum crosslink density of 6.14 x 10°
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mol/cm® was achieved under maturation for 8 days. The results of surface
morphology of latex films presented the vulcanization mechanism controlled by the
relative rates of the diffusion of vulcanizing reagents and the crosslink reaction within

the latex particle as shown in Figure 2.14.

Transport through the Reaction in latex particles. Film formation mechanism
aqueous phase

Sulphur (8) {1} Reaetion much faster than diffosion (i) Evaporation of water
ZDEC '
Zn0 (optional) T : y : 5 4 ;
&=
S, ZDEC, Zn0 " i) o " - b
Highly
Crosshinked
Dizsolution in shell
aqueaus phase
NR
particle \ _ _ w :
Q (ii) Diffusion much faster than reaction (i1} Further gradual coalescence

Indentation
- struciure
’ﬂ&\ |

Ra R

F ) | — s RSN
l R
R R %
Homogeneously

OO

R B partigles
K 13

Interdiffusion of rubber
molecules hindered by
R : crosslinking reagents crosslinked shell

Figure 2.14 Proposed mechanisms of vulcanization of latex and its film
formation [39].

Sasidharan et al. [40] studied effect of vulcanization time and storage on the
stability and physical properties of sulfur-vulcanized natural rubber latex. It was
found.that, as vulcanizationstime dncreased, the. mechanieal stability-time.(MST), the
tensile strength'and medulus increased and the elongation at break' deereased. The
change in the stability and physical properties were due to the crosslinking of rubber
particle during vulcanization. At periods of storage between 0.to 300 days, the"MST.
values of all vulcanized latex.increased during storage.for 120 days, and thereafter

MST gradually decreased.
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EXPERIMENTALS

3.1 Materialsand Ch

311Mma|
Field n

Chonburi, Tha‘l/

3.1.2 Chemicals -;ﬂ, "'"

. Rubber Company in

No. Chemicals l l M ﬂ\\\\m li Grade
1 Ammonia j%:_.r = icals Ltd. Analytical
2 Carboxymethyl ce uloseﬁg ﬁ d Ltd. Commercial
3 Hydroxyethy! ce qu e ghuad Ltd. Commercial
4 Hydroxypropyl metht ----f' SR Lab Commercial
5 Lauric acid -~ 7 hemical Ltd. Analytical
6 Potqi" | cal -}I Analytical
7 Sulftk /| Commercial
8 Zinc oxrﬁj (Zn Ltd Commercial
9 Zinc diet yI dlthlocarbamate Pan Innovatlon Ltd. Commercial
P IAE N TN T

S(TMTD)
cetic acid

QTN IO U W A
q 13 Toluene Analytical

14 Sodium sulfite SR Lab Analytical
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3.2 Procedures

3.2.1 Creaming of Natural Rubber Latex

v d.in deionized water. Field natural rubber
/ as charged in a beaker then

|um Iau d The mixture was gently

The creaming agent was

latex preserved with O
creaming agent and 0. (
stirred for 1 hour™t oro h m@tem The mixture was
transferred to a sep N 8

(Figure 3.1). cr nd t phase were eparated. Dry rubber
content (DRC < ‘ \\

Creamed ex Was weighed approximately 5 g into a watch

picked up with th in'bo ‘= 0 _ : coagulum was washed with
running water for 10 i Ul ,r odl betwee rollsito a thickness of 2 mm and
dried at 70+20°C in a hot air-oven atm ere. The dried rubber was cooled in
desiccator to room temp ng.and weighing was repeated
until the ma 'v_'ur:-----nc ------- -_;_-;_;,,_—-: Iculated by using

equation (3.2 e,

oot .
SU 47 INUNINBINT

Wo = welghIGf creamed latex sample (g)

QW’]MﬂiﬂJﬁMTA HIA
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Transfer to
separating
funnel

Stand for

phase separation

Figure 3.1 Procedure for creaming process of creamed latex.
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3.2.2 Free-vulcanized Rubber L atex

Free-vulcanized rubber latex was prepared by using creamed natural rubber

latex and ingredients according to the formulation given in Table 3.1. The procedure

was shown in Figure 3.2. The insolubl ynding ingredients such as vulcanizing

\.\“\\ /’)ared in dispersion. The materials
ater by grinding actio Wpersing agent prevented the
- . :

dispersed particles from egating. Asha% Il was used for making the

dispersions for 48 h. ium luarate was eutralizing lauric acid with

ammonium hydroxi et amed latex and stirred in
water bath s erature, for 1 to room temperature.

Films were pre he % glass substrates to a

Potassi l 25
Potassium p@rate ? 2.0

Sulfur dispersion (50%)/TMTD dispersion (33%) © 1.0-3.0

Creamgg)j ural

- " [l &
*phrqrart per hundred

ARIANTANNIINYAY
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Creamed natural rubber latex

~
KOH
K-laurate A T
S i
ZDEC b L :
ZnO - -
J

““Heated at various
). temperature and time

Cooled at rog
temperature

Evap 0 F aatroom | (|

temperatuire €

|

Free-vulcanized rubber film M

ﬂ‘HEJ’mEWI‘iWEI’m’a'

Flgure3 2 Production of f .;ee -vulcanized rubber film.

ammmmwnwmaﬂ
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3.3 Measurement of Mechanical Properties
3.3.1 Tensile Properties

The free-vulcanized film samples were cut into tensile specimens using a
C \- i into dumbbell test piece as shown in
nples s ﬂgauge length, 25 mm in width

. The crosshead speed of 500

ecimens were used for each

The har |

to D22 q’ st temperature a‘% erature. The surements
we ken from five ﬂ Q;Wrﬁed rngjsﬁp ﬁe reported

vaIuQJVere based on an average of five measurements.

ARIANTANNIINYAY

ess testing was measured using Durometelréhore-type-A according
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3.4 Determination of Chloroform Number

The chloroform test was performed by mixing equal part (ca. 5 g) of free-
vulcanized latex and chloroform and then stirring with a glass rod until coagulation is
complete. The coagulum was allowed: to stand for 2-3 minutes. The state of
vulcanization could therefore.be judged from the appearance of the coagulum. An
arbitrary number, known_ as the chloroform number, is assigned to the latex on the
basis of appearance. Four stages of latex vulcanization are usually distinguished by
this test, and are assigned as_chloroform numbers asfollows, the perceived degree of

vulcanization increased with increasing chloroform number as follows:

State Coagulum form
No.1 _uncrosslinked rubber ' tacky lump
No.2 Iightly vulcanized rubber tender lumps, breaks short
No.3 moderately vulcanized rubber non-tacky crumbs
No.4 fully'vulcanized rubber fine dry crumbs

3.5 Determination of Equilibrium Swelling

The equ-ilibrium swelling of a vulcanized rubber in a solvent is dependent on
the density of crosslink, the nature of the solvent, and the rubbeﬁr. With a given rubber
solvent system, therefore, the equilibrium swelling value beComes a measure of the
crosslink density of the'vulcanizate. Equilibrium swelling values are determined by
immersing a thin*film of the rubber (10 x 10 x 20 mm) in‘the solvent, usually toluene,
for 48/ hours and measuring the increase in weight at equilibrium. Equilibrium

swelling ratios are usually calculated in the following equation (3.4)

3.4)
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where Q = swelling index
w, = initial weight
W, = equilibrium swelling weight

7 was evaluated in terms of
crosslink density‘Usi ili ‘ —"," method. The specimens
in toluene and allowed to

swell in close vessels ‘a:?....- surface, of the swollen samples was
at 40°C for 48 h, the dried rubber

e amount of absorbed toluene inside

Il;_gﬁ;jpecimens (v) was
| J
! NG w)t U

W (6) 7+ (W )(0.)

LU I ANHNINLDT....

den3|ty of the specimens was calculated based on the F -Rhener equation (

qRIANNIU um:m 18

samples were Welghed aga w 0 de !{
the samplei-:ih

(3.5)
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where n is the number of elastically active chains per unit volume (mol/cm?). V,
is the molar volume of the solvent (106.3 cm®/mol for toluene) and y is the Flory-

Huggins polymer solvent interaction term (0.39 for NR-toluene).

p //(W for further wvulcanization is

extractable by sodium sulfite. This sulfur imy titrating, the thiosulfate

resulting from W i L - 50 g/dm?®). It represents
essentially the ele ! ill | \\I amounts of coordinately bound
Ifidejsul \ anically bound sulfur in some

cases, particu i hiuram, d i mpounds. Free sulfur shall

sulfur (such as so t

be determined i
Free-vulcani sulfite solution; sodium
sulfite reacted h'was, in turn, determined

idiomatically.
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CHAPTER IV

RESULTS AND DISSCUSSION

V 4

| Y F g
4.1 The Effect of Oper ating Parameter s on €t eaming

o -

Three different.cellulose derivatives were used.inthis process; carboxymethyl
cellulose (CMC),. hydroxy‘ét_hyl cellulase (HEC)-and hydroxypropyl methyl cellulose
(HPMC). The |anuences *these crearnlng agents were. studied by varying their

concentrations, creamiﬁg trme anq temperature Details are described below:

r r r

il . F ‘,

4.1.1 Characterrstlcs of Cream’rng with Type and Concentration of the

y r » -

d

Chemicals ‘&1 [ i

Natural ru’bber Iatax |s a drspersmn of rubber, particles in water. In the
experiment, field Iatex was mlxed W|th a,creammg agent and left standing to allow
phase separation. The cream and serum phases separated to the top and bottom

layers, respectively as shown in Flgure 4.1, — 3

C_reahﬂing agent C_ream.ing agent

Low. Concentration » High Concentration

Figure 4.1 Varying separations with creaming agent concentration

(using HPMC as creaming agent).
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The creaming latex was left standing at room temperature for 24 h; the rubber

particle formed the cream phase and floated to the top since the density of NR

e serum. The effect of creaming agent

% ed was studied over the range of 0.2
__/_./-—"

.2 indicate fha:..bg‘ her BRC of the cream phase was

particles (0.93 g/cm®) is lower

concentration on dry rubber

to 1.0 %. H::\\‘

T ———
Results shown in F

achieved with higher

CMC, respectively. ' ot 1 at the high: olecular weight of alkyl
group in HPM , be ' particles resulting in larger
aggregates than ot ; he aggregates of rubber

% DRC of creamed latex

| ' Creé—*_ng agent:

204 —— HPMC

0.2 0.4 0.6 0.8 1
{ concentration (%)

] m ) EGMWH’N] QY

concentrations (creaming time 24 h, at room temperature).
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All creaming agents showed similar results at lower concentration of 0.2 to
0.6% that the DRC of creamed latex increased with the increasing concentration to the
maximum value at 0.6%. The dry rubber contents of creamed latex obtained from
CMC, HEC and HPMC were 50.35%, 54.98 and 56.78%, respectively.

On further increase of creaming agent; concentration, DRC of creamed latex
decreased slightly. At higher. concentration-of 0.8 to 1.0%, the high amount of
creaming agent would increase ‘the viscosity-of the mixture thus possibly hinder
movement of smaller aggregates upward to cream phase resulting in less compaction,

and therefore such decrease of-DRC.

4.1.2 Creaming, fime

From the previous section, it is cencluded.that HPMC is the most efficient
among creaming agents used, and it'works best at a concentration of 0.6%. The next
important parameter is creaming ‘time.  The effect of.creaming time on DRC was
studied by analyzing samples taken at an interval of 12'up to 72 h of settling at room

temperature. The results were shown in Figure 4.3.

80
« 60
[ f———a—a =1
R A ——A————A
o
(]
£
S 40 1
(&)
S
2 Creaming agent:
; 20 - —®— HPMC
—8— HEC
—&— CMC
0
12 24 36 438 60 72

Time (h)

Figure 4.3 Variation of DRC with creaming time (creaming agent concentration

0.6%, at room temperature).
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It can be seen that DRC of creamed latex increases with settling time. At 72 h,
the final DRC observed is highest for HPMC being 57.07%. Furthermore, it exhibits
a faster recovery of rubber particles with higher DRC than other agents. The rapid

settling rate was observed up to 24 h, after that the increment was slight. It is obvious

aming agent at 0.6%

ring of latex viscosity,

: e ,
5 A, < : .i
%2 . £rLaming agent:
2
A7 ?ﬂﬂﬂiﬂﬂiﬁ%
13

T ‘40

Elgure4] Inlluence o: temperature on creamlng agent perlformances

(creaming agent concentration 0.6%, creaming time 24 h).

_')e
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It has been observed by Peethambaran et al. [44], that when heating the
mixture of latex with CMC, the viscosity of the mixture was reduced. Coupling with
the difference of phase densities, this will affect creaming in such a way that the

aggregates of rubber particles move upward easier thus facilitate the phase separation.

For CMC, the lowest. molecular weightsof creaming agents used, DRC of
creamed latex increases.steadily with temperature which indicates that lowering of
viscosity prevail. As for HEC, with a slightly higher molecular weight, DRC changes
in similar manner._as*CMC_but- with less prominenee.. Hence lowering of latex
viscosity was not eneugh te markedlytake effect on settling rate. Whereas HPMC,
with its superior hipdranee effect on aggregate forming,. exhibits the temperature

influence differently. JDRC obtained with HPMC decreases with temperature.

Kita et.al’ [46]) réported that HPMC has a cloud-point'temperature about 55°C
and phase separatioh of HPMC and water nearly ‘occurred. In this research it is
postulated that temperature reduces polymer’s hindranece effect due to the kinetic
energy of water molecules surreunding it, thus the high"molecular weight polymer
tends to group away from water resulting in cloud paint. In turn, soluble polymer
available for rubber particle aggregate formation is less resulting in smaller
aggregates. _The settling rate Is retarded. Therefore, DRC exhibits a gradual decrease
toward the ¢cloud point of the creaming agent. Evidently, it is-noted that temperature
may not exceed.70°C or degradation of NR will commence and eventually impair

rubber product properties.

The conclusion=for this section is that ereaming is suitably performed at room
temperature and-additional heating in the process Is unnecessary. [For process design
pointiof view, it is worth to mention that heating may be required in later stage when
recovery of the polymer from the serum is needed. Itds-also noted that, for industrial
practice, ;several creaming: aids may be employed together with other means. of
creaming techniques to shorten production time while attaining the latex concentrate

with 65% DRC. The product is used in rubber thread manufacture.
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4.1.4 Properties of Creamed L atex

In this work, the best conditions chosen for creaming is by using HPMC at
0.6% as creaming agent with creaming time 24 h and operating at room temperature.
Properties of the creamed latex can be campared to 1SO 2004-1997 specifications, as
presented in Table 4.1 and Figure 4.5./ The 1SO standard is for commercial latex

concentrate produced by.centrifugation.

Table 4.1 Properties of'Creamed latex as compared.to1SO limits requirement

Properties ' Values ISO limits*
Total solid content (% by wt.) 59.24 61.50°
Dry rubber content (% by 'wt.) 56.59 60.00°
Non rubber content (% by wt.) 2.65 2.0°
Ammonia content (on total weight) (% by wt.) 0.26 0.29"
Ammonia content (on water phase) (% by wt.) 0.54

Mechanical stability time @50% TS ,second 667 650°
Volatile fatty acid number.(VEA number) 0.046 0.20°
Potassium hydroxide number (KOH number) 0.84 1.0°
pH of latex 9.80

Specific gravity at 25°C 0.96

Sludge content, % 0.28 0.1°
Coagulum content, % 0.003 0.05%

a =iminimum, b = maximum

Even though,. a field latex of similar properties (Appendix A),/with/0.95 and
0.08 for "‘non-rubber content “and .sludge content, ‘respectively, lis<used! as. starting
materials. It is not unexpected that TSC, DRC, non rubber content and sludge content
are lower than 1SO standard since creaming process differs from centrifugation in that

there is no magnesium removal and washing of latex in the process. In centrifugation
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process, more NH3z, TMTD and ZnO are added prior to processing to preserve the
field latex; di-ammonium phosphate (DAP) is also added to remove phosphate,
follows by washing in the first centrifuge. Non rubber content such as protein and

carbohydrate will be removed along as well. Further removal of protein can be

achieves, if so required, by addi \ N "' onia solution in further centrifugation
stage. \\S | //;

"E"-—-.. ] i .
Such purifi&ed for Iate@ use in glove production.

However, it is

materials for othe I It is suggested also that
creaming is econo d transportation to other
factories maki : ugation [45]
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Flgure 4.5 Properties of creamed latex as compared:to 1SO specifications oflatex
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For creamed latex, the contribution of residual HPMC in creamed latex would
also add to a higher non rubber content, all other properties are within ISO limits.
Although the values of TSC and DRC may be less than ISO specifications, the
creamed latex with DRC about 50-55% are, in practice, produced for mattress,
rubberized coir, balloon and adhesives manufacturing manufacturers in India [47,48].

The creamed latex obtained inthis\work'is equally.suitable for those products.

4.1.5 Cost Estimation

The cost'of production for any product will need.to be considered whether it is
worthwhile for investment. /The cost-estimation 1s.a simple calculation of the cost per
kilogram of creamed latex. The cost-of creamed latex.withwarious creaming agents is

presented in Table 4.2/

Table 4.2 Cost calculation of ecreamed-latex with different creaming agents.

Creaming agent Cost of creaming agent Cost of creamed latex”
(Baht per kg.) (Baht per kg.)

CMC 90 35.40

HEC 180 35.80

HPMC 230 36.10

*Based on field rubber_latex cost of 58.50 Baht/kg.

A Creaming agent costs more with increasing number of alkyl group resulting
in higher production cost of creamed latex. Although.the cost of creamed latex with
HPMC is-highest, the polymer can be recovered from remaining serum phase after
separation. “Moonprasith ‘et al. [35] 'has reported that*HPMC' can precipitate from
serum phase at a temperature about 70°C. Loykulnant et al. [34] has also investigated
HPMC recovery by heating serum phase at about 80°C and obtained more than 90%

recovery. Therefore, the manufacturing cost of creamed latex can be reduced as such.
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4.2 Free-vulcanized Rubber Latex

In order to facilitate product manufacturing, creamed latex need free-
vulcanization for long storage and ean be used without further vulcanization. The
vulcanization of latex .involves: 'chemicals reaction taking place in the
heterogeneous system.«.lIn the experiment,latex was mixed with vulcanizing agent
and reaction was conducted by heating at various vulcanization temperatures for a
range of 1 to 6 h. The“free-vuleanized products Were.made into films for testing.
Films were cast onsglass-rimmed plate and allowed“to dry at room temperature.
The effect of vulcanization parameters such.as, concentration of curing agent, time

and temperature on properties of free-vulcanized rubber were investigated.

4.2.1 Mechanical Properties
(1) Sulfur vulcanization

Mechanical properties_of free-vulcanized rubber film were measured in
term of tensile strength-according to ASTM method. The variations of tensile
strength of sulfur vulcanized rubber films from various operating parameters were

shown in Figure 4.6.

Generally, all tensile strength variations of rubber.films cured by sulfur
concentration of 4 te,3 phr exhibit a similar trend, however, the curves with
vulcanization at 70°C interestingly stand out from the rest. At this temperature,
tensile strength=shows high“value at short reaction=time, "and ‘drops off with
prolong heating. This implies that'one hour or less is sufficient for vulcanization.
Forslong’ heating, “natural. rubber! latex' will only degrade: = Degradation_is also
observed for vulcanization at' 60°C ‘that after 4 h the'tensile strength’ appears.to
drop as well. For vulcanization temperature of 40°C and 50°C, tensile strength
steadily increased suggesting that better cross-linking of rubber chain takes longer

time to achieve.
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Figure 4.6 Variation of tensile strength of sulfur vulcanized rubber film using sulfur

concentration: (a) 1 phr, (b) 2 phr, (c) 3 phr.
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Claramma et al. [38] has reported that the rate of NR latex vulcanization,
with sulfur elements as curing agent, was slow at low vulcanization temperature
and the process required more reaction time to achieve a higher value of tensile
strength. Natural rubber latex can be over-cured and loose its strength if
vulcanization takes place at.high\temperature [43].

Due to a limitation on operating-time with cost involved, it would be
desirable to keep.reaction.time as short as.possible,.though the highest tensile
strength (21.16 MPa) Was obtained for 60°C heating for4-h and sulfur 2 phr. It is
therefore concluded that,for sulfur. cure, a suitable. production of free-
vulcanized latex#i§ at/70%C/with-vulcanization time of 1- 2 h using sulfur
concentration 2 phi” For application where long time 'may be required, such as in
adhesive, it would be on'the safe side to use\vulcanization temperature of 60°C

and sulfur concentration of 2 phr.

(2) TMTD wulcanization

Sulfur donor ssuch’as- TMTD .cans also the effectively used for free-
vulcanization of latex. Variations of tensile strength of rubber films, using
TMTD as curing agent is shown in Figure 4.7.

Generally, for all concentration of TMTD used (1-3 phr), the variations
exhibit similar-pattern that tensile strength of rubber films for vulcanization
temperature of'50°C is superior than at 40°C, 60°C and 70°C, respectively. This
is duesto_the behavior of vulcanization system using TMTD. Kurien et al. [41]
has reported that TMTD, will farm complex with: ZnO and the complex is
unstable at 45°C resulting in decomposition to ZnO which causes a thickening
effect,on datex ,compound. TFhusyhigh value, ofstensile strength was=observed-at
50°C but prolong heating or higher yulcanization temperature resulted in‘inferior
mechanical properties. For vulcanization temperature of 40°C, TMTD slowly
released sulfur available for cross-linking, therefore prolong heating steadily

improved tensile strength.
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Comparison of the concentration of TMTD indicated that 2 phr offer
better results, however, the best tensile strength was observed to be heating at
50°C for 3 h (22.86 MPa). In light of the evidence, a conclusion can be drawn
that this vulcanization system is best obtained at between 40°C to 50°C and 2

phr.

When compared with sulfur. curing,.TMTD being released from a complex
with ZnO offers bettertensile strength than“sulfurwhich is not readily dissolved
in the system. This is because vulcanization with.sulfur donors entails a splitting of
Sx (X = predominantly.2-or 2) from the sulfur. donors,.resulting in sulfur crosslink of
shorter average lengths than classical sulfur.vulcanizations (Sg). This leads to better
mechanical properties of the rubber films. The'mechanism'of TMTD curing has been

proposed in Figure4.8 [49].
M I
+ fu\ﬁ/s\ N/
|
e

‘VwRi\j:’\’/\l\Nh
S
Ry
and = \‘N—J:L—
R ot

Figure4.8 Mechanism of TMTD vulcanization [49].

Elongatien at.break. (EB) is another mechanical property. of interest. ltis
normally expressed as a-pereentage of the original Jength of test sample upon
straining until it breaks. Results are shown in Figures 4.9 and 4.10 for sulfur and

TMTD curing, respectively.
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Figure 4.9 Elongation at break of sulfur vulcanized rubber film using sulfur

concentration: (a) 1 phr, (b) 2 phr, (c) 3 phr.




54

800 === ————F === ————B—————a
g ? """" = SR S — o TS
§ 600
< 400 - 5 \\’ Y/
S ' \ ' . —e—40C
S 200 A — - s50C
. \\\ /// ' — A 60C

< 7 . e 70C
0 ‘M :

Elongation at break (%)

ﬁﬁwaw%’wﬂmz

— 4 60°C
# 70T

QW’]Mﬂ‘iﬂJﬁMW’J Mg

Figure 4.10 Elongation at break of TMTD vulcanized rubber film using TMTD

&mu break (%)
N
j 1 1 IP .

concentration: (a) 1 phr, (b) 2 phr, (c) 3 phr.



55

All conditions exhibit a similar pattern that EB appears to be about 700-
800% with little change with vulcanization time. The value is slightly less than
rubber glove made from latex concentrate reported in literature. This is probably
due to the inclusion of non rubber content in the creamed latex.

EB results confirm same\caonclusions as that of tensile strength that best
conditions result in relatively high values of EB. However, high vulcanization
temperature, 70°C, yields inferior EB owing-to degradation of rubber particularly
upon prolong heating. EB of sulfur cured films is generally less than TMTD cured.
For TMTD, high value of*EB.iS observed forvulcanization temperature of 40°C and

50°C and concentfation.of 2 phr.

4.2.2 Har dness

Hardness of rubber: is*-defined, as. the resistance to indentation under
conditions which"do not puncture the rubber. Test results of rubber films, formed
from free-vulcanized cream latex, are presented in Figures 4.11 and 4.12 for sulfur

curing and TMTD curing, respectively.

The hardness of film rubber made from sulfur curing is generally higher for
vulcanization temperature of 70°C and 60°C than lower temperatures, as shown in
Figure 4.11. However, prolong heating time reduced hardness slightly due to
degradation:*Whereas, longer heating time improved hardness for vulcanization

temperature of 40 and 50°C owing to better curing.

On the other hand, TMTD curing offers better hardness with vulcanization
temperature of 50 and 40°C than higher temperature,”as shown in Figure 4.12.
Thisindicates better cured films. Prolong heating also favors 40°C results, similar

to other mechanical properties disecussed previously.

It should be noted also thatia concentration of 2 phr curing agent shows

better hardness for both vulcanization systems, though the difference is marginal.
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Figure 4.11 Hardness of sulfur vulcanized rubber film using sulfur concentration:
(@) 1 phr, (b) 2 phr, (c) 3 phr.
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Figure 4.12 Hardness of TMTD vulcanized rubber film using TMTD concentration:
(@) 1 phr, (b) 2 phr, (c) 3 phr.
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4.2.3 Crosslink Density

The total crosslink density of the vulcanized rubber films were determined by
using the toluene swelling method ideveloped by Flory-Huggins. Results are
presented in Figures 4.13 and.4.14 for sulfurand TMTD vulcanization, respectively.

Crosslink densities confirm vuleanization conditions.ef both systems.

Sulfur vulcanization..system -indicated. that crosslink density was better
obtained with high vulcanization temperatures, particularly at 60°C. Prolong heating
impairs crosslink den_sity fdr vulcanization temperature.of 70°C due to degradation
of rubber, but improves'those/from Tower vulcanization temperatures. Results also
indicate that high crosslink density is-achieved under:the 'same condition as for tensile

strength.

TMTD wulcanization system shows.better erosslinkdensity for 50°C but the
vulcanization time mustnot be longer than 3 h. Prolong heating improves crosslink
density of 40°C though after=3-4-h. At high vulcanization temperature degree of
crosslink is all inferior. The‘curing agent concentration of 3 phr appears to be suitable

for this system.

It should be noted also that tensile strength of sulfur’ vulcanized film is
governed not or-ll,y by the introduction of crosslink but also by the ability of particles
to coalesce among them. When latex is vulcanized, the rubber particles are internally
cross-linked. By dncreasing vulcanization temperature or heating time, the rubber
particles lbecome more and more link up by attaching on others, and hence, become
bigger'aggregates-and harder. Thus; when'the film'is formed from highly‘eross-linked
latex, Joining of the rubber aggregates becomes more and more difficult, resulting in

lower tensile strength [38].
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Figure 4.13 Effect of parameters on crosslink density of sulfur vulcanized rubber film

using sulfur concentration: (a) 1 phr, (b) 2 phr, (c) 3 phr.
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Figure 4.14 Effect of parameters on crosslink density of TMTD vulcanized rubber
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4.2.4 Chloroform Number

Chloroform number is used to indicate the extent of crosslink in compound
latex. To determine such number the free-vulcanized latex was mixed with
chloroform in equal part and observed the appearance of coagulum to which a

chloroform number could be assigned. 'Results are shown in Figures 4.15 and 4.16.

For sulfur vulcanization System, it"Can“be_seen-that the chloroform number
ranges from 1 to 3. At vuleanization temperature of 40°C, chloroform number
reached up to a level of-2"which .indicates that the-latex was lightly vulcanized. At
higher vulcanization t_empefature of 50, 60 and 70°C, chloroform number increased
with increasing jof time. Howeyer, -as™ curing, agent.is increased high chloroform

number could be reachediin a shorter-time, as in Figure 4.15.

For TMTD wulcanization system, shown in Figure.4.16, the pattern is similar
to that of sulfur vulcanization. Atlow vulcanization temperature of 40°C, chloroform
number increased when, time until it reached” number 8. At higher vulcanization
temperature, however, ehloroform-number reached number 3 at shorter time of 1 h,

indicating a quick vulcanization.

Nevertheless, the highest chloroform numbers of free-vulcanized latex in this
experiment ‘was only. 3, a moderately vulcanized. Sasidharan-et-al. [41] reported that
the chloroform number of vulcanized latex reached a maximum of number 4, a fully

vulcanization, for a vulcanization time not less than 10 hours.

It _is _advisable therefore_that, if storage .of free-vulcanized latex is not
contributing.to appreciable cost, the vulcanization shouldbe carried out at40°C using

only 1 phr curing agent and the latex stirred at all time for more than 10 h before use.
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Figure 4.15 Chloroform number of sulfur vulcanized latex using sulfur concentration:

(@) 1 phr, (b) 2 phr, (c) 3 phr.
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Figure 4.16 Chloroform number of TMTD vulcanized rubber film using TMTD
concentration: (a) 1 phr, (b) 2 phr, (c) 3 phr.
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4.2.5 Swelling Index

Swelling index also indicates the extent of vulcanized rubber. The results are

shown in Figures 4.17 and 4.18 for sulfur and TMTD curing, respectively.

n be seen from Figure 4.17 that at
P)[Z index decreased as heating time
increased. It can be explained il at low v mperature, the crosslinking
increases with vulcal 7 . ion ten perature of 70°C, however,
the value of swelling in _' _;"Non time of 1 h indicating

no further vulc tio

For sulfur vulcanizati

L

For T 0°C decreased with

increasing vulcanization'time. higher i perature, low swelling
lightly changed with

\ ization temperature the

\

Results of swel ,‘ workisupport the previously found from the

4‘ .t ) )
results of chloroform numbe [ canization of rubber film does not

occur because of a maximum ﬂ;’ swell 2x should be more than 5.0.
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Figure 4.17 Swelling index of sulfur vulcanized rubber film using sulfur

concentration: (a) 1 phr, (b) 2 phr, (c) 3 phr.
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Figure 4.18 Swelling index of TMTD vulcanized rubber film using TMTD
concentration: (a) 1 phr, (b) 2 phr, (c) 3 phr.
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4.2.6 Free sulfur

Free sulfur is residual sulfur in rubber film that is not used up in the crosslink
reaction. The results on the percentage of free sulfur are shown in Figure 4.19. At

vulcanization time of 40 and 50°C, f e sulfur decreases with increasing vulcanization

time. It can be mentioned th /t e of vulcanization at low temperature,
the consumption of sul§ / ues on [50]. This leads to the
reduction of free sulfl 1 anges

e —

At vulcaW _

the percentages of

acentration of 1 and 2 phr,
-;, from1to4h. The
strength. For ecreased with time. At
Ifur slightly decreased

sulfur consumption was

ntage d

vulcanization te \ \
Sh VLSRR teT)
N

percentage of free sulfur is
nat all sulfur molecules have not
ous results of tensile strength that high
ilm products.
-
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|
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Figure 4.19 Free sulfur in vulcanized rubber film using sulfur concentration:
(a) 1 phr, (b) 2 phr, (c) 3 phr.
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CHAPTER YV

CONCLUSION AND SUGGESTION

5.1 Conclusion

The major conclusions of this study can be highlighted and further elaborated

as follows:

1) The natural rubber latex concentrate.was-prepared by creaming method.
The most suitablesereaming /agent for ¢reamed latex. in“this.study was HPMC. The
optimum condition for creaming ‘was ‘0.6% creaming agent concentration at room
temperature forg24 heurs of creaming time. The. reduction:of cost of production
creamed latex can be achieved by recovery of HPMC by heating the serum phase at

approximately 70°C.

2) For free-vulcanization' of creamed rubber latex with sulfur curing system,
the maximum mechanical properties of rubber films were achieved under conditions
of sulfur concentration of 2»phr, temperature of 60°C and reaction time of 4 hours. At
vulcanization temperature of 40 and 50°C with all sulfur concentrations, the rate of
vulcanization required longer time to react. At vulcanization-temperature of 60 and
70°C, the mechanical properties increased after appropriate vulcanization time and

then decreased due to overvulcanization.

3) For TMTDseuring system, the maximum mechanical properties of rubber
filmawere achieved under conditions of TMTD, concentration of 2 phr, Vulcanization
temperature ‘of 50°C and curing time 3‘hours. At vulcanization temperature of 50, 60
and 70°C, high tensile strength? needed short vulcanization time to prevent

destabilized of creamed rubber latex.
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4) The crosslink density increased with increasing vulcanization time at low
vulcanization temperature. For higher vulcanization temperature, crosslink density
did not change at longer curing time. Chloroform number and swelling index of

rubber in this research indicated that h vulcanization of rubber was not complete.

! f/{ vulcanization caused the reduction

th the aim of using less

reamingagent of other cellulose
AW

amount of agent, s _ aining higher DR creamed latex.

\

se of other accelerators, such as
'sﬁ ilm products or the

Investigations sho éjﬂw ’,3"
binary or ¢ Eﬂm

use of potas&

Jo reduce energy and

ﬂUEJ’JVIEI‘VI?"Wﬂ?ﬂ‘i
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APPENDIX A

Properties of Field Natural Rubber L atex

77

Dry rubber

Non rubber

Values

31.95
30.48
1.47
0.25
0.47
Cannot test
0.036
0.84
9.08
0.97
0.0005

ﬂ‘HEJ’mEWI‘iWEI’m’a'

ammmmwnwmaﬂ
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APPENDIX B

Specification of Creaming Agents

S Results
Viscosity 1%, T g BT 1580
Degree of substituti 0.71
pH 7.3
Moisture as p 6

.._-)

|ﬂ

|
L]

AU ANENINETS

Figure B-1 Chemlcal structure o carboxymethyl cellulose

ammmmwnwmaﬂ
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Table B-2 Specification of hydroxyethyl cellulose.

Characteristics pecification Results
/ ‘Max

Viscosity 1%, mPa - 2960

Degree of substltutlo ﬁ"‘“= 0_35 __._-:—_OQ 0.71

pH - 6.2

Hydration tmem}@/ 7

-

R=H or C H20H

ﬂummm QLN
ammmmumqwmaﬂ
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Table B-3 Specification of hydroxypropyl methyl cellulose.

Characteristics Specification Results
Max
Viscosity 2%, mPa.s 760000 90000 74297
Degree of substitution \\ Lt /ﬂo 0.71
Moisture as packed, é 3 ___-—-_#7 2.9
—I'n

AU INENINGINg
ARIANIAUUNINIAY
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APPENDIX C

Determination of Free Sulfur

Reagentsand Materials.

o~ w0 D

Cadmium Acetate Solution (30 g/dm>)

Cadmium Acétate-'Wash Solution (1.2 9/dm?)

Formaldehyde Solution (40%)

Glacial Acetic Acid,

lodine, “Standard” Solution (0.05 N).— "Add«6.35 g of iodine and 20 g of
potassium#iodide (KI)'to a beaker and just coverwith water. Let stand with
occasional stirring until dissolved, adding a small additional amount of water
if necessary. When'dissolvéd, dilute to 1 dm?, filter through a filter crucible,
and store the solution'in a stoppered, brown glass hottle.

Paraffin.

6
7. Sodium Stearate Suspension-in-Water (1 g/dm®).
8.

9. Starch Solution (10 g/dm?).

Sodium Sulfite Solution (50 g Na;SOsfdm®).

10. Strontium Chloride Solution (5.g SrClo/dm?®).

Procedur esi

1. Place 2 g of a sample thinly sheeted (0.5 to 0.75 mm (0.02 to 0.03 in.)) in a 400

cm®, thin“walled, chemically resistant glass flask. Add 100 cm® of Na,SOs
solution, 5'¢cm®6f a sodium stearate suspension in water, and approximately 1
g of paraffin. Cover the flask with a small watch glass and gently hoil for 4 h,
or digest just below the boiling point for 16 h. Remove the flask and add 100
cm® of SrCl, solution and 40 cm® of cadmiumeacetate solution. Separate the
rubber and precipitate by filtration, using @ Buchner funnel with suction. \Wash

with two 75'to 100'em? poftions of cadmium acetate wash selution.

2. To the filtrate add, while stirring, 10 cm® of formaldehyde solution, 10 cm® of

glacial acetic acid, and 5 cm® of starch solution. Add enough crushed ice to
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bring the temperature of the solution below 15°C, and titrate with 0.05 N

iodine solutions to a blue end point.

Calculate the percentage of free sulfur as follows:

(C-1)

AU INENINGINT
QRIANIUNRIINYIAY
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APPENDIX D

Data of Creamed Natural Rubber Latex

J
Table D-1 Effect of types N\ E %/ eaming agent on DRC of creamed
latex.

Creaming agent DRC
(%)

CMC 32.58
CMC 40.55
CMC 50.35
CMC 49.36
CMC 49.02
HEC 39.85
HEC 50.78
HEC 54.98
53.85

? «:r:f,;s 52,10

42.78

54.97

56.78

55.99

HPMC @ 4, 10 24y RT 53.97

ARIANIAUUNINIAY
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Table D-2 Effect of creaming time on DRC of creamed latex.

Creaming Concentratio Time Temp* DRC
agent (°C) (%)
CMC 37.23
CMC 50.35
CMC 51.85
CMC 52.06
CMC 52.55
CMC 53.26
HEC 40.58
HEC 54.98
HEC 55.02
HEC 56.02
HEC 56.08
HEC RT 56.42
HPMC 49.85

06 _ 56.84

HPMC [Ciokaay 56.78
HPMC =06 56.92
HPMC = : 56.99
HPMC “l ' 57.07

AUTINYNINGINT
ARIANTAUNAINGAE
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Table D-3 Effect of temperature on DRC of creamed latex.

Creaming Concentration Time Temp* DRC
agent (%) (h) (°C) (%)
cMC 0.6 E RT 50.35
CMC *\ | ?/ J 40 52.25
cMC & ;_é_jo 53.85
I e A — 53.98

HEC 54.98
HEC 55.72
HEC 55.96
HEC - 7[5 a3 A\ 55.94
HPMC o et W\ TR 56.78
HPMC a4\ N\ 3 56.92
HPMC i [ 54.21
Heme 4 Jos e N ey 53.48

AU INENINGINT
QRIANIUNRIINYIAY



APPENDI X E

Data of Propertiesof Free-vulcanized Rubber Films

Table E-1 Effect of vulcanization parameters on properties of free-vulcanized rubber films.
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Curing Conc Temp Time Tensile Elongation at Hardness Crosslink Chlorofor Swelling Free
agent  (phr) (°C) (h) Strength Break (Shore A) density m index sulfur

(MPa) (%) (molicm® x10™®)  number (% x10™)
S 1 40 1 7.28+1.75 774.33+12.35 36.0£0.00 1.06+0.06 1+0.00 15.79+2.24  6.46+0.15
S 1 40 2 8.37+0.14 772.2552,:85 . 38.2+0.29 1.23+0.03 1+0.00 14.96+1.02  5.24+0.08
S 1 40 3 8.96+2.05 773.15+20.36 ", 40.3+0.58 1.78+0.06 1+0.00 14.82+0.87  5.29+0.45
S 1 40 4 10.26+0.48 756.35%3.58 42.0+0.00 2.25+0.18 2+0.00 10.64+0.34  4.83+0.26
S 1 40 5 11.44+0.09 750.36+£19.28 ~ 42.2+0.29 2.75+0.34 2+0.00 10.39+1.52  4.04+0.40
S 1 40 6 11.68+1.59 749.25+75.24 — 42.5+0.00 3.37+0.02 2+0.00 8.25+0.95 4.13+0.17
S 1 50 1 8.99+0.56 770.52+£20.17 -~ 38.0+0.00 2.05+0.06 1+0.00 15.85+2.36  5.01+0.30
S 1 50 2 9.15+0.78 771.36+£36.28  38.5+0.00 2.46+0.00 2+0.00 13.53+1.05  4.56+0.85
S 1 50 3 9.41+0.02 752542510  41.0+0.00 3:48+0.06 2+0.00 9.22+0.87 4.52+0.95
S 1 50 4 11.26+1.74 758:25+10.36  42.5+0.00 3.91+0.12 3+0.00 8.99+0.47 3.69+0.24
S 1 50 5 13.99+0.96 742,96+£20.36  43.0+0.00 4.52+0.03 3+0.00 8.26+0.69 3.55+0.10
S 1 50 6 15.59+1.44 750.36+19.87  46.0+0.00 4.32+0.17 3+0.00 7.85+1.04 3.03+0.24
S 1 60 1 12.26+2.58 731.58%37.58, .. 43,0+0.00 4.02+0.08 2+0.00 12.26+£0.12  3.03%0.17
S 1 60 2 15.36+0.48 738.25+86.54, ~ 45.0£0.00 4.83+0.56 2+0.00 9.85+2.08 2.91+0.29
S 1 60 3 17.89+0.47 752777+24.87" "46.0£0.00 5.41+0.00 2+0.00 8.52+0.15 2.16+0.47
S 1 60 4 18.03+0.95 769.24+10.69  ,47.0+0.00 6.55+0.50 3+0.00 6.29+0.47 2.06+0.08
S 1 60 5 16:26+:1:63 752.5743:86 45,0:+0.00 6.48+0.06 3+0.00 6.99+1.36 2.85+0.28
S 1 60 6 15,351.24 750:55£70,14. | ~43.0+0/00 6.59+0.08 3+0.00 7.13+0.95 2.97+0.08

98
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Curing Conc Temp  Time Tensile Elongation.at Hardness Crosslink Chloroform Swelling Free
agent  (phr) (°C) (h) Strength Break (Shorg"A) density number index sulfur

(MPa) (%) ¢mol/cm?® x10™) (% x10%)
S 1 70 1 16.36£0.58  730:52120.57 45.0£0.00 5.87+0.13 2+0.00 9.36+£0.74  2.46+0.42
S 1 70 2 17.20£0.07  740.28164°36 /, /45.5£0.00 5.41+0.08 3+0.00 9.03+1.06  2.52+0.18
S 1 70 3 15.37£1.45  745.54%17:25// 45.3%0.58 5.10+0.40 3+0.00 8.75+0.47  2.35+0.92
S 1 70 4 14.77£1.04  740.85x23/98 / 43.0£0.00 5.25+0.09 3+0.00 8.57+0.35  2.21+0.75
S 1 70 5 13.56+£0.12  742,58+73.15 + .42.0%0.00 4.75+0.00 3+0.00 8.25+1.17  2.25+0.47
S 1 70 6 11.26£0.58  735.68+15.47 -40.0+0.00 4.41+0.52 3+0.00 7.99+0.95 2.26%0.19
S 2 40 1 8.37+0.69 760,58+52.04" '40.2+0.29 1.66+0.07 1+0.00 16.25+2.74  7.25+0.32
S 2 40 2 9.53+0.07 755.344#36.96 +40.7£0.29 1.79+0.38 1+0.00 15.24+1.69 7.03+0.05
S 2 40 3 9.82+0.35 775.94+74.21° - 41.0£0.00 1.96+0.09 2+0.00 13.52+0.74  6.75+0.25
S 2 40 4 11.33+0.07  780:52+26.85+ "< 42.0+0.00 2.25+0.13 2+0.00 10.26+£0.53  6.75+0.63
S 2 40 5 12.37£0.64  778.75£14.26 = 42.0+0.00 3.01+0.13 2+0.00 8.52+0.24  6.52+0.14
S 2 40 6 14.24+0.85  791.29+26:35 — 43.0+0.00 3.52+0.06 3+0.00 6.37£0.96  6.13£0.19
S 2 50 1 8.91+0.11 784.65+85.24 . 41.0£0.00 2.75+0.20 1+0.00 15.33£0.41  7.03+0.25
S 2 50 2 10.57£0.30 (76.66+12.30 42.0+0.00 2.96+0.05 2+0.00 14.53+1.69 6.97+0.52
S 2 50 3 14.56+0.07 = ¥60.28+37.39 _ 42.5+0.00 3.51+0.22 2+0.00 13.03+0.84  6.46+0.18
S 2 50 4 17.52+0.12 ~765.58+28.34  46.0+0.00 3.1640.05 2+0.00 10.26+£0.14  6.05+0.20
S 2 50 5 17.53+0.14  798.25+17.24  46.0£0.00 4,26+0.02 3+0.00 7.29+0.96  5.63+0.05
S 2 50 6 18.67£0.41  795.65+38.24  48.2+0.29 5:26+0.02 3+0.00 6.13+0.24  5.85+0.32
S 2 60 1 14.70£1.04  80158+31.05  45.5+0:00 5.80+0.12 2+0.00 13.52+1.05 5.26+0.12
S 2 60 2 16.59+0.75% [805.68+52.96 (. |46/0+0.00 5.85+0.36 2+0.00 10.26+£1.92  4.48+0.17
S 2 60 3 19.26+0.17 [41785.:36£41.75 [ 48.0£0:00 6.42+0.25 3+0.00 8.94+0.65  3.95+0.62
S 2 60 4 21.16£210  795.36+60.78  49.0£0.00 7.06+0.06 3+0.00 5.96+0.84 3.76%0.21
S 2 60 5 17.54+£0.95  800.28+20.39 “47.0+0.00 6.50+0.13 3+0.00 7.26+£0.72  4.21+0.02
S 2 60 6 15:060.77 -~ 804:58+23.47 | © 45.5+0.00 6.53+0.22 30.00 7.37£2.36  4.86+0.51
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Curing Conc Temp Time Tensile Elongationat . ‘Hardness Crosslink Chloroform Swelling Free
agent  (phr) (°C) (h) Strength Break (Shore A) density Number index sulfur
(MPa) (%) (mot/cm?® x10™) (% x10%)
S 2 70 1 18.25+£1.16 714.,26%41:36 / 47.0+0.00 5.24+0.06 1+0.00 7.26+0.60 5.70+0.20
S 2 70 2 19.52+0.62 719.584#21.39 / 47.5+0.00 5.24+0.20 1+0.00 6.02+0.45 5.21+0.75
S 2 70 3 16.85+0.31 720:58+85.32" / 47.0+0.00 5.97+0.55 2+0.00 8.24+0.85 5.03+0.14
S 2 70 4 15.46+0.08 690.58+70.14 / *46.0+0.00 5:15+0.02 2+0.00 8.97+1.08 5.05+0.20
S 2 70 5 13.26+0.96 668.48£32:58 43.0+0.00 5.15£0.00 2+0.00 8.24+0.17 5.03+0.32
S 2 70 6 13.28+0.47 672.25+38.45 " 43.0+£0.00 5:26+0.13 2+0.00 8.21+0.95 5.05+0.04
S 3 40 1 7.03+0.04 779148+9532 37.8+0.29 2.02+0.08 1+0.00 15.59+3.14  10.25+0.57
S 3 40 2 8.37£0.14  780.00£75.27 - 39.0+0.00 2.42+0.23 2+0.00 14.85+0.44  10.42+0.21
S 3 40 3 11.24+0.06 781.26+62.36 + 42.0+£0.00 2.41+0.07 3+0.00 11.57#0.93  9.85%0.33
S 3 40 4 12.03+0.51 750.24+27.54  42.0+0.00 3.16+0.09 3+0.00 10.59+3.57  9.75%0.05
S 3 40 5 12.13+0.30 725.66+39.52 ~42.8+0.00 3.55+0.12 3+0.00 9.53+0.42 8.49+0.12
S 3 40 6 12.96+0.07 713.26+19.05 44.0+0.00 3.85+0.04 3+0.00 8.21+1.28 8.15+0.23
S 3 50 1 7.26+£0.07 765.26+64.21 38.5+0.00 2:26+0.20 2+0.00 14.86+£0.18  8.24+0.04
S 3 50 2 9.25+0.54 760.36+80.47 41.0+0.00 2.30+0,31 3+0.00 14.99+3.02  8.02+0.54
S 3 50 3 11.03+0.04 “760.28+36.54 43.0+0.00 3.01+0.17 3+0.00 12.58+0.44  7.25%0.27
S 3 50 4 13.96+£0.41 736.26+16.35  44.0+0.00 3.52:+0.06 3+0.00 8.69+0.69 6.25+0.33
S 3 50 5 14.30+0.23 748.70+36.24 44.0+0.00 3.65+0.14 3+0.00 8.02+0.82 6.69+0.62
S 3 50 6 16.50+0.02 756:35+76.31 46.2+0.29 3.65+0.02 3+0.00 7.97+0.27 6.02+0.17
S 3 60 1 12.26+0.07' 745.24+28.47 (43:0+0.00 4.7910.15 3+0.00 13.59+0.71  8.59+0.84
S 3 60 2 15.46£0.13 4 765.58+31.05 [44.0+0.00 4,59+0.30 3+0.00 9.26+0.95 8.55+0.29
S 3 60 3 17.37£0.14 771.94+29.27 46.5+0.00 5.75+0.41 3+0.00 8.35+1.36 8.20+0.35
S 3 60 4 18.96+0.27 774.77+40.21 47.0+0.00 5.85+0.22 3+0.00 7.59+0.28 8.26+0.26
S 3 60 5 16.53+0.16+,1753.78148:22 | 46.0+0.00 5.69+0/15 3+0.00 7.29+0.88 7.24+0.04
S 3 60 6 16.12+0.06" 1769.85+£17.08" "46!0+0.00 5.21+0.05 3+0.00 7.48+0.59 7.15+0.11
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Curing Conc Temp  Time Tensile Elongation at Hardness Crosslink Chloroform Swelling Free
agent  (phr) (°C) (h) Strength Break (Shore-A) density Number index sulfur
(MPa) (%) (mol/cm?® x10™) (% x10%)
S 3 70 1 18.03£0.10  670.25%30:96" /, /46.3£0.00 5.75+0.04 3+0.00 6.59+0.93  8.95+0.03
S 3 70 2 17.37+0.05 623.48+#41:88 // 46.0%£0.00 5.75+0.18 3+0.00 7.03+0.12  8.22+0.10
S 3 70 3 13.03£0.41  624'50+20,34 /| 44.0£0.00 5.15+0.22 3+0.00 6.85+0.09  8.03%0.35
S 3 70 4 11.99+0.09 617.87+26.38' +.43.5%0.00 5.24+0.08 3+0.00 6.87+0.52  7.97+0.17
S 3 70 5 11.70+0.12  582.54#32:63 ~43.3+0.58 5:13+0.16 3+0.00 7.03+0.11  7.26+0.09
S 3 70 6 10.81+0.10  600.54+75.14" 43.2+0.29 5.01+0.09 3+0.00 7.26£0.39  7.86%0.15
TMTD 1 40 1 10.52+0.17  782715#56.31 .41.5+£0.00 3.56+0.31 1+0.00 15.09+0.17 -
TMTD 1 40 2 12.45+0.36  788.70+13.42 " - 42.0+0.00 3.66+0.17 2+0.00 12.55+1.85 -
TMTD 1 40 3 13.44+0.08  790.66+34.85 + " 42.0+0.00 4.56+0.21 2+0.00 12.99+0.47 -
TMTD 1 40 4 14.52+0.17  795.06£25.54 ~ 44.0+0.00 5.75+0.06 3+0.00 7.68+0.69 -
TMTD 1 40 5 14.99+0.04  790.26+20:14 — 46.0+0.00 6.85+0.30 3+0.00 6.99+0.44 -
TMTD 1 40 6 16.23+0.42  794.02+3.18 46.5£0.00 7.13+0.02 3+0.00 6.16+039 -
TMTD 1 50 1 14.85+0.13 ¥92.35+92.22  44.0+0.00 5.66+0.11 3+0.00 7.99+1.33 -
TMTD 1 50 2 16.01+0.21 810.24+16.20  46.0+0.00 6.25+0.19 3+0.00 7.15+0.29 -
TMTD 1 50 3 16.42+0.06 *807.37+£45.74  46.0£0.00 8.36+0.27 3+0.00 5.69+0.26 -
TMTD 1 50 4 16.02+0.01  800.42+35.24  46.5£0.00 7.96+0.00 3+0.00 7.37+£0.54 -
TMTD 1 50 5 16.85+0.32  798.02+19.54  46.5+0.00 8:03+0.08 3+0.00 7.16+0.15 -
TMTD 1 50 6 15.90+0.14  78554+36.45  46.0+0:00 6.90+0.14 3+0.00 7.52+0.07 -
TMTD 1 60 1 11.59+0.09% [745.,66+25.47 (. |44/,0+0.00 4.53+0.09 3+0.00 7.90+0.14 -
TMTD 1 60 2 11.02+0.30 [4731.06£82.01 | 43.0£0:00 4.03+£0.27 3+0.00 7.25+0.42 -
TMTD 1 60 3 10.95+004 758.37+£17.41  42.5+0.00 4.85+0.11 3+0.00 7.32+0.63 -
TMTD 1 60 4 10.84+£0.06  760.79+29.45 “41.5+0.00 4.75+0.08 3+0.00 7.48+0.27 -
TMTD 1 60 5 8.24+0:31 +,1 726.96227.88 « | 40.5+0.00 4,10%0.35 3+0.00 7.78+0.18 -
TMTD 1 60 6 7.88+0.11 "1730.4535.28 " 39:0+0.00 4.85%0.02 3+0.00 7.59+0.53 -
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Curing Conc Temp  Time Tensile Elongation at Hardness Crosslink Chloroform Swelling Free
agent  (phr) (°C) (h) Strength Break (Shore"A) density number Index sulfur
(MPa) (%) ¢mol/cm?® x10™) (% x10)
TMTD 1 70 1 0.26+£0.18  702:41+12.65 40.0+0.00 4.86+0.24 3+0.00 8.03+0.85 -
TMTD 1 70 2 9.02+0.04  698.65%38:24 , /40.5+0.00 4,25+0.71 3+0.00 7.49+0.13 -
TMTD 1 70 3 8.95+0.03  705.62#64:27 / / 40.0x0.00 4.26+0.25 3+0.00 7.63+0.37 -
TMTD 1 70 4 9.15+0.14  685"15£52,422 /| 40.3+0.58 4.36+0.06 3+0.00 7.52+0.44 -
TMTD 1 70 5 9.03+0.09  688.15+18.27/ + .39.0%0.00 4.25+0.24 3+0.00 7.59+0.08 -
TMTD 1 70 6 7.99+0.52  697.524#25.75 +39.5+0.00 5.02+0.14 3+0.00 7.49+0.36 -
TMTD 2 40 1 12.05£0.74  811.21+60.85" 44.5+0.00 3.86+0.39 1+0.00 14.40+0.45 -
TMTD 2 40 2 13.54+0.04  803:73+44.15 ..45.0£0.00 3.96+0.17 2+0.00 13.59+0.18 -
TMTD 2 40 3 13.41+£0.15  786.38+38.74" - 45.0£0.00 3.69+0.14 3+0.00 9.49+0.96 -
TMTD 2 40 4 16.15+£0.13  776.48+14.02 + '~ 46.0+0.00 5.16+0.19 3+0.00 8.02+0.41 -
TMTD 2 40 5 18.02+0.09  779.674£85.27 ~ 46.0£0.00 7.49+0.39 3+0.00 6.79+0.69 -
TMTD 2 40 6 19.03+0.41  753.85+36:18 — 47.3+0.58 8.02+0.55 3+0.00 6.25+0.30 -
TMTD 2 50 1 16.94+0.36  835.10+38.42 .~ . 45.0£0.00 5.73+0.18 3+0.00 8.75+0.45 -
TMTD 2 50 2 19.55+0.14 802.11+15.52  47.0+0.00 7.16+0.28 3+0.00 8.96+1.58 -
TMTD 2 50 3 22.86+0.05 +799.00+38.17  48.5+0.00 9.15+0.41 3+0.00 6.25+0.18 -
TMTD 2 50 4 17.66+£0.85 +804.00+64.74  48.0+0.00 5:25+0.34 3+0.00 6.90+0.00 -
TMTD 2 50 5 15.44+0.53  804.24+9.74 47.5£0.00 5.02+0.95 3+0.00 7.48+0.95 -
TMTD 2 50 6 15.17£0.14  796.41+29.25  46.0+0.00 4:86+0.22 3+0.00 7.99+0.47 -
TMTD 2 60 1 13.26£0.52  763i20+£43.85  43.0+0:00 3.85+0.74 3+0.00 9.53+0.39 -
TMTD 2 60 2 12.95+0.06 ¢ [7#7.85%36.15 (' [43/0+0.00 4:25+0.63 3+0.00 8.12+0.85 -
TMTD 2 60 3 10.44+0.18 [4762.52+£27.33 | 42.0£0:00 3.93+£0.14 3+0.00 8.06+0.24 -
TMTD 2 60 4 10.97£034  759.85+46.58  41.0+0.00 4.03+0.20 3+0.00 7.65+0.74 -
TMTD 2 60 5 9.82+0.25  755.97+52.07 “41.0+0.00 4.56+0.32 3+0.00 7.46+0.18 -
TMTD 2 60 6 9.73+0796 ») 743.26236,25 | | 40.5+0.00 4,00%0.13 3+0.00 7.57+0.25 -

06



91

Curing Conc Temp  Time Tensile Elongation at Hardness Crosslink Chloroform Swelling Free
agent  (phr) (°C) (h) Strength Break (Shore A) density number index sulfur
(MPa) (%) (mol/cm®:10%) (%)
TMTD 2 70 1 10.35£0.36  732:02+40.15 41.0+0.00 3.90+0.42 3+0.00 8.15+0.28 -
TMTD 2 70 2 10.85+£0.08  740,57+23:87 41.5+0.00 4.07£0.05 3+0.00 8.04+0.74 -
TMTD 2 70 3 9.26£0.55  700.57+42:19 40.5+0.00 4.15+0.09 3+0.00 7.45+0.23 -
TMTD 2 70 4 9.45+0.04  706.54+26,40 40.31£0.58 3:93+0.13 3+0.00 7.70+0.52 -
TMTD 2 70 5 9.52+0.32  695.54+38.52 40.5+0.00 4.2240.13 3+0.00 7.49+0.21 -
TMTD 2 70 6 9.25£0.20  709.55+21.07 40.0+0.00 4.04+0.02 3+0.00 7.27+0.07 -
TMTD 3 40 1 11.02+0.05  788.75+68.21 37.8+0.58 2.99+0.37 1+0.00 14.99+0.33 -
TMTD 3 40 2 12.04+£0.17 778283541 39.0+0.00 3.45+0.11 2+0.00 13.79+1.07 -
TMTD 3 40 3 13.85£0.09  780.54+96.18 42.0£0.00 3.04+0.06 2+0.00 10.36+0.36 -
TMTD 3 40 4 15.81+0.12  783.33+60.14 42.0£0.00 4.57+0.35 3+0.00 8.56+0.22 -
TMTD 3 40 5 16.98+0.58  769.69+85.32 42.8+0.58 5.02+0.15 3+0.00 7.22+0.41 -
TMTD 3 40 6 16.69+0.41  759.92+39:27 44.0+£0.00 4.85+0.09 3+0.00 7.53+0.25 -
TMTD 3 50 1 17.06£0.36  807.65+25.64 38.5+0.00 5.29+0.52 3+0.00 8.46+0.36 -
TMTD 3 50 2 17.54+£0.05 +809.25+3.42 41.0£0.00 5.96+0.04 3+0.00 8.03+0.12 -
TMTD 3 50 3 17.84+0.09 792.00+29.47 43.0£0.00 6:21+0.06 3+0.00 7.86+0.05 -
TMTD 3 50 4 17.66+0.24 %810.96+52.04 44.0+£0.00 6:55+0.13 3+0.00 7.74+0.61 -
TMTD 3 50 5 14.65+£0.18  804.97+21.38 44.0£0.00 4.85+0.44 3+0.00 6.90+0.22 -
TMTD 3 50 6 14.53+0.65 795.00£106.25  46.2+0.29 4.13+0.20 3+0.00 7.63+0.14 -
TMTD 3 60 1 12.01£0.05  730:69+17.78 43.0+0:00 4.26+0.17 3+0.00 7.45+0.69 -
TMTD 3 60 2 11.49+0.35% | 719.5816.48 44/0+0.00 4.15+0:50 3+0.00 7.96+0.41 -
TMTD 3 60 3 9.15+1.02 ' #720.64+27.85 46.5+0.00 3.90£0:12 3+0.00 6.15+0.22 -
TMTD 3 60 4 8.99+0.54  700.57+42.21 47.0+£0.00 4.03£0.06 3+0.00 7.00+0.51 -
TMTD 3 60 5 8.42+0.06  705.65+42.15 46.0£0.00 3.74+0.12 3+0.00 7.49+0.63 -
TMTD 3 60 6 8.07x0'41 +,1682.66320.58 46.0+0.00 3.99+0.08 3+0.00 5.85+0.24 -
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Curing Conc Temp Time  Tensile Elongation at Hardness Crosslink Chloroform Swelling Free
agent  (phr) (°C) (h) Strength Break (Shore A) density number index sulfur
(MPa) (%) (mol/cm*:10% (%)
TMTD 3 70 1 9.02+0.14 687.25%18.35.~ 46.3+0.00 3:56+0.10 3+0.00 6.85+0.15 -
TMTD 3 70 2 7.99+0.30 694.16432.,52 - /,46.0+£0.00 3.78+0.27 3+0.00 7.03+0.96 -
TMTD 3 70 3 8.12+0.07  650.52+45.65 / /44.0+0.00 3.22+0.04 3+0.00 7.52+0.71 -
TMTD 3 70 4 7.62+0.28  658/54+35.57 / / 43.5+£0.00 3.69+0.33 3+0.00 6.46+1.52 -
TMTD 3 70 5 7.56+0.22 642.02440:2Y / +43.3+0.58 3:99+0.06 3+0.00 7.55+0.25 -
TMTD 3 70 6 7.01+0.14 640/47+£53.69, 43.2+0.29 3.12+0.42 3+0.00 7.06+0.28 -
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