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ABSTRACT

Natural rubber (NR) is a renewable elastomer with excellent mechanical
properties. Modification of NR via many chemical-based methods has been widely
received much attention as it can improve the physical and chemical properties of NR
and extend its application. This thesis research has demonstrated a method for
introducing a pH-responsive function to NR using 4-vinylpyridine (4VP).
Functionalization of 4VP onto NR via two methods: crosslinking and graft
copolymerization, was described. The effects of varying the monomer/polymer
concentration, initiator concentration, emulsifier concentration, reaction time, and
reaction temperature on the reaction efficiency were investigated. It was found that the
gel content of the crosslinking reaction reached 90% when using a P4VP concentration
of 150 phr and a BPO concentration of 10 phr for 24 h at 90 °C. The grafting ratio of
the grafting reaction achieved 31% when using a 4VP concentration of 100 phr, KPS
concentration of 8 phr, and SDS concentration of 10 phr for 3 h at 90 °C. The 4VP-
functionalized NRs were characterized using Fourier-transform infrared spectroscopy,
proton nuclear magnetic resonance spectroscopy, and X-ray photoelectron
spectroscopy techniques. The thermal properties of the resultant products were
determined using thermogravimetric analyzer and differential scanning calorimeter.

The pH-responsiveness of the obtained materials was studied using the water swelling
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experiments and water contact angle measurement. The results showed that unlike the
unmodified rubber, the 4VP-functionalized NRs were pH responsive in an acidic
condition at pH below 4. Subsequently, the adsorption isotherm and the controlled-
release behavior were studied to gain the mechanistic insights and explore the potentials
for drug release applications. It was found that the dye adsorption on modified NR
showed the Langmuir adsorption isotherm, suggesting a monolayer coverage of the
dye. Moreover, the indigo carmine and carbon dot could also be released upon
decreasing the pH of solution below 4. In summary, this research led to produce a new
responsive rubber-based materials that can be used in biomedical and sensing

applications.

Keywords: Natural rubber, 4-(vinylpyridine), Crosslinking, Grafting, pH-responsive

materials
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CHAPTER 1
INTRODUCTION

1.1 Statement of the problem

Natural rubber (NR) from Hevea brasiliensis tree is one of the most valuable
renewable resources and sustainable materials. It has been attracting significant
interests and used in many fields, including the automobile, consumer products, and
medical sectors, mainly due to its outstanding elasticity and good mechanical properties
[1]. In addition to its excellent properties, Thailand is ranked as the world leading
producer and exporter because it produces and exports of raw and final products from
NR with a production capacity of 3.1 — 3.2 million tons per year in which 88-90 percent
of total production capacity is exported to foreign markets [2].

Although NR is a good supply in Thailand and possesses many excellent
properties, at present, many countries including Thailand have been steadily facing the
problem of rubber prices due to the oversupply and the falling demand [3, 4]. Moreover,
the export of unmodified rubbers has had the tendency to decrease [5]. Therefore, it is
necessary to find a new approach to produce and use more NR products. This motivates
researchers to work on improving and modifying the NR properties for increasing its
values and extending its applications.

Cis-1,4-polyisoprene, the main polymeric material of NR, consists of unsaturated
double bonds on the main chain, which are considered to be similar to a simple olefin
or alkene. As a result alkene-based reactions can be applied to NR. Nowadays, the
modification for improving the properties of NR via many chemical-based methods,
such as hydrogenation [6, 7], chlorination [8, 9], epoxidation [10, 11], bromination [12],
sulfonation [13], crosslinking [14, 15], and grafting [16-22], have been reported, but
the crosslinking and grafting methods have received most attention as they not only can
improve the properties of NR and also add new properties to NR for producing a range
of new rubber-based materials.

Among these modified rubber materials, the preparation of NR with stimuli-

responsive functions providing smart materials is rare [23]. Stimuli responsive
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materials are unique because they can sense to external stimuli or changes in ambient
conditions, such as pH, temperature, light, ionic strength, electric field, and magnetic
field [24-26], and then respond by changing in theirs physical or chemical properties,
such as their size, shape, hydrophobicity/hydrophilicity, and degradation rate.
Accordingly, adding responsive functions to the unique properties of NR will not only
provide new stimuli-responsive elastomer materials, but also expand a range of
applications of NR, for example to sensing devices and drug delivery systems.

In this thesis research, the methods for functionalizing 4-vinylpyridine (4VP) onto
NR as pH responsive materials were demonstrated. Generally, 4VP-based polymers are
known as pH-responsive materials that can potentially be used in many sensing and
biomedical applications, such as in drug delivery and biosensors [27]. Furthermore, 4-
vinylpyridine is a good ligand for the formation of complexes with metal ions, thereby
allowing P4VP-based polymers to be used as metal absorbents [28-31] and catalyst
ligands [32, 33]. To the best of our knowledge, no research to date has been carried out
on functionalizing 4VP onto NR. Thus, integration of 4VP and NR will provide the
responsive function to NR and expand the range of applications of rubber-based

materials.

1.2 Research objectives

1.2.1 To synthesize 4VP-functionalized NRs as pH responsive materials via
crosslinking and grafting methods.

1.2.2 To study the effect of reaction conditions on reaction efficiency, such
as the monomer/polymer concentrations, initiator concentration, emulsifier
concentration, reaction time, and reaction temperature.

1.2.3 To characterize the chemical structure, chemical elements, and
thermal property of 4VP-functionalized NRs.

1.2.4 To investigate the pH responsiveness of the resulting materials.
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1.3 Scope and limitations of the study

1.3.1 Preparation of 4VVP-functionalized NRs as pH-responsive materials
by using two approaches: crosslinking and graft copolymerization methods.

Z

=z

X
N

Figure 1 A structure of 4-vinylpyridine (4VP).

1.3.2 Study the effect of the following parameters on reaction efficiency.
(@) Polymer/monomer concentration
(b) Initiator concentration
(c) Emulsifier concentration
(d) Reaction temperature

(e) Reaction time

1.3.3 Characterize the chemical structure and the chemical elements of the
functionalized materials by the following techniques.
(@) Fourier Transform Infrared Spectroscopy (FT-IR)
(b) Proton Nuclear Magnetic Resonance Spectroscopy (*H-NMR)
(c) X-ray Photoelectron Spectroscopy (XPS)
(d) CHN Elemental analysis

1.3.4 Evaluate the pH responsiveness property of the functionalized
materials by the following experiments.
(@) The water swelling experiment in pH solutions

(b) The water contact angle measurement
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1.3.5 Evaluate the thermal stability of the functionalized materials by
Thermal Gravimetric Analysis (TGA).

1.3.6 Evaluate the glass transition temperature (Tg) of the functionalized
materials by Differential Scanning Calorimetry (DSC).

1.3.7 Study the controlled release behavior of the obtained pH-responsive
materials in a different of pH media solutions by using an indigo carmine and carbon
quantum dots (CQDs) as a loading chemical substance and measuring by UV-Visible

spectroscopy and Fluorescence spectroscopy, respectively.
1.3.8 Study the adsorption isotherms of the functionalized materials, which

included Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (DR) adsorption

isotherms.
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CHAPTER 2
REVIEW OF LITERATURE

2.1 Natural rubber

Natural rubber (NR), consisting of cis-1,4-polyisoprene as a major polymeric
material, is a useful material with a high amount of production and consumption
throughout the world. NR is considered as a valuable renewable resource and
sustainable elastic materials. It has been using as raw material in many industries,
particularly for the manufacture of rubber tire industry, mainly due to its possessing of
excellent mechanical properties including high elasticity, high tensile strength, and
fatigue resistance and consumer products and medical sectors, such as footwear, rubber

band, rubber toys, medical gloves, etc.[34].

Figure 2 Photographic images of natural rubber latex from Heavea brasiliensis tree.
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Figure 3 Examples of products made from NR [35-38].

Nowadays, it is known that NR has significantly become one of the most economic

agricultural products of Thailand, due to the large production capacity [2].

2.1.1 Rubber plants

More than 2,000 species of plants have been found to produce the
polymeric product such cis-1,4-polyisoprene or NR [39]. However, the NR, which
obtained from Heavea brasiliensis or the Para rubber tree, is the most used available
natural rubber resource. This plant produces NR in the milky white latex form.

The Heavea brasiliensis tree is a tropical hardwood tree with 30-40
meters of tall and native to the Amazon River basin in Brazil [40]. However, most of
the world’s natural rubber production mainly comes from the plantation in Southeast
Asia, including Thailand, Indonesia, and Malaysia.

This type of rubber tree can be planted in the regions that have a
tropical climate. It requires a 20 to 35 °C of temperature with a high humidity and well
distributed rainfall. The rubber tree will grow up to 25-30 meter of tall. After they
passed an initial growth phase to yield latex, generally from 5 to 7 years, the rubber tree
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was harvested by the rubber tapping process. They could be tapped to give the latex for
15 to 30 years [41].

2.1.2 Exploitation

The freshly NR latex, obtained from Heavea brasiliensis tree by
rubber tapping process, has a yield of approximately 30 % dry rubber content. After
harvesting, an ammonia solution or ammonium hydroxide is usually added into fresh
NR latex for inhibiting the bacteria growth. Furthermore, the ammonia can also prevent
the premature coagulation of natural rubber latex at pH values closer to acid prior to
transportation to the industries.

In general, NR could be served as a raw polymeric material to the
processing industries through two forms of raw materials, including a latex form and
coagulum or solid rubber form. For a latex form, almost all of the world’s NR
consumption is preferred to use a latex concentrate, which is usually carried out by
centrifugation of the freshly latex (commonly containing of 30% dry rubber content).
The commercial concentrated latex is shipped to the manufacturer as latex concentrate
containing 60% dry rubber content, which is commonly called high-ammonia
concentrated natural rubber latex (HANR latex). For a solid rubber raw material, the
latex is processed into a sheet rubber, ribbed smoke sheet (RSS), crepe rubber, or block
rubber, in which these types of conventional rubber material will further be converted

to new forms or shapes for the desired applications [42].

2.1.3 Compositions

Natural rubber latex (NRL) from Heavea brasiliensis tree, also called
Hevea latex, is obtained by rubber tapping process. The NRL is a colloid system,
containing the rubber and non-rubber particles dispersed in water media (Table 1). The
freshly Hevea latex has a pH of 6.5-7.0 and a density of 0.98 g/cm?®. The total solids of
fresh latex vary typically from 30 to 40%, depending on the clone, weather, simulation,

tapping frequency, and other factors.
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The freshly latex can be distributed into mainly three fractions, using
ultracentrifugation. They contain the top fraction or rubber fraction, the C-serum
fraction, and the bottom fraction as shown in Figure 4 [43]. The rubber fraction
typically contains rubber hydrocarbon particle (cis-1,4-polyisoprene), proteins, lipids,
and along with trace amounts of minerals. And the other fractions are dilute aqueous
solutions which contain only non-rubber particles in many different classes of
compounds, including carbohydrates, protein, amino acids, enzymes, and nitrogenous
bases.

The rubber particles are generally found to be a spherical shape with
a diameter ranging from approximately 50 nm to 2 um [44-46]. In addition to rubber
particles, non-rubber particles components, such as proteins and phospholipids, play an
important role in term of stabilizing the latex particles and contributing to the
outstanding properties of NR [47].

Table 1. Compositions of fresh NR latex and HANR latex [48].

- Content, % w/w
Constituents

Fresh NR latex HANR latex

Total solid content 36 61.74
Dry rubber content 33 59.67
Proteinaceous substances 1-15 1.67
Resinous substances 1-2.5 <1
Inorganic salts (mineral, mainly K,

P, and Mg) 0.5 <1

Ash <1 0.4
Carbohydrates (Sugars) 1 <1
Ammonia - 0.68

Water 60 37.49
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Figure 4 Fractions of natural rubber latex after centrifugation [43].

2.1.4 Chemical formula

NR consists of cis-polyisoprene as the main polymeric material.

Polyisoprene consists of isoprene repeating units as the formula of CsHg (Figure 5). The

isoprene repeating units are linked together at carbon atoms 1 and 4 in a head-to-tail

arrangement, which the head of one isoprene mol

ecule connected with the tail of

another isoprene molecule, to assemble a polymer chain.

CHj;
C 7 CH,
H,C \C =
H
| 2 3 4
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Figure 5 A structure of isoprene and the arrangement of polyisoprene.

Cis-polyisoprene contains double bonds along their backbone. The
double bonds are prone to degradation upon exposure to heat, light, oxygen, and ozone
[49, 50]. Upon exposure to these stimuli, undesirable reactions such as crosslinking and
chain scission occur to the double bonds of cis-polyisoprene [51]. However, the
chemical reactivity of the carbon—carbon double bond of NR is considered to be similar
to that of simple olefins or alkene (C=C). Therefore all reactions with alkene may be
applied to NR, including electrophilic addition at the carbon—carbon double bond and
substitution reaction at the allylic position [52]. Hence, a means of improving the

physical and chemical properties of NR can be achieved.

/CH3 CH; CH,

HC—=C HC—=C HC—=C

+c{12 Hzc—cﬁ2 H\zc—cﬁ2 H}C*]:

Figure 6 Chemical structure of natural rubber (cis-1,4-polyisoprene).

2.1.5 Physical properties

Macromolecules of NR are long chains and flexible. By considering
the structure of NR, it comprises of carbon and hydrogen atoms, which are non-polar.
As a result, the intermolecular interactions between chains are weak Van der Waals

force. Furthermore, these interactions are further weakened because the cis-
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configuration of all the double bonds do not permit the close interaction of polymer
chains [53]. Thus, NR exhibits excellent elastic properties (Tg ~ -70 °C) and
spontaneously crystallizes (maximum crystallization rate of approximately at -25 °C)
also under influence of deformation forces already at relative prolongation of more than
80% [54]. In addition to excellent elasticity, NR has many other features as follow:

- Excellent dynamic properties with a low hysteresis loss.

- Good low temperature properties.

- Strong bonding to metal parts.

- High resistance to tear and abrasion.

- Ease of processing.

2.2 Deproteinization of natural rubber

Many of previous structural studies of NR showed that the rubber molecules
mainly comprise of long chain of cis-1,4-polyisoprene surrounded by layer of proteins
and phospholipids (Figure 7) [55, 56]. The surrounding proteins or phospholipids
present a charged layer covering the rubber latex particle, accordingly stabilizing the

latex particles against aggregation [57].

r Polyisoprene

Protein

Phospholipid

Figure 7 A model of rubber latex particle.

Unfortunately, the presence of these non-rubber components in the latex affects the

utilization of NR. Firstly, the protein allergy risk in using NR products for some allergic
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users has increased [58]. As a result, they created a demand for removing the protein or
deproteinization from NR latex.

Several techniques have been reported for removing proteins from NR latex,
depending on the substance and procedure that were used. The amount of proteins
present in natural rubber latex after deproteinization can be investigated by determining

the nitrogen content.

Table 2 Nitrogen content of treated-NR latex derived from several techniques of
deproteinization.

Incubation  Incubation Nitrogen

Samples time temperature content Ref.
(min) Be) (Wt%o)
Fresh NR latex (FNR) - - 0.650 [58]
Urea-treated NR latex
60 30 0.014-0.020 [44]
(U-DPNR)
Enzymatic-treated NR latex [44, 58,
720 82 0.017-0.020
(E-DPNR) 59]
Saponified NR latex
180 70 0.120 [58]

(SPNR)
Surfactant-washed NR latex

- - 0.020-0.028  [44, 58]
(WSNR)
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Figure 8 A schematic representation of the proposed deproteinization mechanism by

(a) enzymatic treatment and (b) surfactant washing or physical treatment [58].

Aside from the allergy, many researchers have noted that the presence of proteins
in NR latex may disturb the modification process of NR, such as graft
copolymerization. They presumed that proteins affected the free-radical species by
terminating the free radicals during grafting copolymerization, leading to lower grafting
efficiency. Thus, they have verified these presumption by using the treated-DPNR latex
to prepare graft copolymerization with various types of vinyl monomers. For example,
Kawahara et al. prepared the deproteinized natural rubber latex (DPNRL) by using
enzyme with surfactant. They found that the DPNR might be possible to achieve not
only high conversion but also high grafting efficiency of monomer for the NR graft
copolymerization in the latex form [60]. Nakason et al. reported that removing protein
by enzymes can improve grafting efficiency of DPNR. Grafting efficiency of DPNR
with MMA was higher than that of NR [61]. Pukkate et al. reported the use of urea

and surfactant to reduce the nitrogen content. The grafting of urea-treated DPNR (U-
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DPNR) with styrene has been carried out with tert-BuHP/TEPA as an initiator in latex
state. The highest conversion for U-DPNR-g-PS copolymer were achieved at 1.5
mol/kg-rubber feed of styrene and grafting efficiency was more than 90%w/w [59].
Kreua-ongarjnukool et al. reported the preparation of DPNR by washing the HANR
with SDS. It was found that DPNR was successfully prepared with the lowest
nitrogeneous content, and the grafting efficiency of DPNR-g-S/MMA was higher than
that of NR-g-S/IMMA [62].

From these studies, it can be concluded that the removing proteins from natural
rubber latex should be considered as a process before modifying the natural rubber to

achieve the high performance.

2.3 Chemical modification of NR

The chemical modification of NR can be carried out under various reaction
conditions, such as in organic solution, aqueous, solid, and surface modifications. The
reaction may be by one- or several-step modification to obtain the required properties
[52]. Nowadays, many chemical-based methods for improving the properties of NR
have been reported, such as hydrogenation [7], chlorination [8, 9], epoxidation [10, 11],
bromination [12], sulfonation [13], crosslinking [14], and grafting [7, 17-22, 45, 62-
66]. However, the crosslinking and grafting methods have received most attention as
they can improve the properties of NR and also add new properties for producing a

range of new rubber-based materials as mentioned earlier.
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Figure 9 A schematic representation of the chemical modification of NR.

2.3.1 Crosslinking of NR

Crosslinking is a chemical process where long chains of rubber
molecules are crosslinked or generated a network structure and transform the soft or
weak plastic-like material into a strong elastic product with high and reversible
deformability and good mechanical properties. The formation of network structure is
one of the essential conditions for generating the elastomeric materials with good
mechanical properties. It is now well known that many types of reaction can take place
with unsaturated rubbers. NR can also be modified through crosslinking reaction,
forming chemical bonds between the polymer chains and resulting in a network
structure.

Charles Goodyear accidentally discovered the vulcanization process
in 1839, by observing that NR can be crosslinked by using sulfur and heat. After the
vulcanization process, the rubber loses its tackiness, becoming insoluble in solvents and
more resistant to heat, light and aging processes. As a result, sulfur vulcanization has

been the most widely used as a curing technique for rubbers, preferably for unsaturated
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ones. However, the other curing methods can be used likewise, including resin,

moisture, urethane, metal oxide, and radiation crosslinking [67].

Uncrosslinked state Crosslinked state

Figure 10 A Schematic representation of uncrosslinked and crosslink states [67].

\S
H, st o BE S, H, H
—(—L —C—C—C—( —C —C=C—C —C 9—
| i
5\§
S—§ =S
W N T
E H H H H H
e | | 5 +E—C—( —(l —C—C —C —C=C—C +
Y L
g
H g S
C—C=C—C —C—C—0C —C —c=c+
i | H H H
S
S8

Figure 11 A Schematic representation of vulcanization of NR with sulfur.

The use of free radical initiators such as peroxide compounds as a
crosslinker for the crosslinking reaction has been reported, which is an interestingly
alternative way due to a relatively simple chemistry. The advantage of using this type
of initiators for crosslinking is that polymers having saturated and unsaturated
hydrocarbon structure can be possibly crosslinked. For example, polyethylene (PE) is
one type of polymers that many researchers have studied with peroxides [68]. In
addition to PE, NR can be crosslinked by peroxides. The mechanism of this crosslinking
reaction can be explained that the alkoxy radical derived from peroxide dissociation

will abstract the hydrogen of NR via hydrogen abstraction reaction, followed by
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pairwise combination of the resultant polymer radicals to give a crosslink structure, as
shown in Figure 12. For saturated polymers, the reaction occurs through mainly two-
step reactions: the chain scission reaction giving a polymer chain radicals and then the
crosslinking between a pair of polymer chain radicals [69]. At present, many of
peroxide compounds were employed for the crosslinking of polymers, such as dicumyl

peroxide, di-tert-Butyl peroxide, dibenzoyl peroxide, etc.

ROOR ——= 2RO
H;C H H;C H
\ a7 /
/c=c + RO —_— c—c\ + ROH
v CH H,Covn v CH, HC v
H;C H HyC H
2 C—C/ A \ /
S C=C
B\ /e
ek 7 A (S WArCH,  HCwan
wvwnrCH H,Cvvin
e
C=CcC
yen e,
H CH

Figure 12 A peroxide crosslinking in NR.

In addition to self-crosslinking via vulcanization, NR can be
crosslinked by generating a network structure with other polymers resulting in hybrid
materials that can extend its applications. Examples of polymers that have been
crosslinked or have formed interpenetrating network structures with NR including
polystyrene [70], poly(methyl methacrylate) [71], poly(zinc dimethacrylate) [72],
poly(vinyl alcohol) [73], poly(acrylic acid) [74], poly(carbonate urethane) [75], and

polypropylene [76].
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2.3.2 Graft copolymerization of NR

Besides crosslinking of NR with other polymers, NR can be modified
through the graft copolymerization process. In general, graft copolymerization has
attracted considerable attention as they can combine a variety of functional components
into a single material. The graft copolymerization of a vinyl monomer onto NR is one
of the most interesting and widely studied fields of research into adding value to NR.
The thermal and chemical stability of NR is also improved due to the saturation of
double bonds [77].

Graft copolymerization of NRs is usually carried out via free radical
methods, which can be initiated by chemical initiators, high energy radiation, or UV
illumination, under various conditions [78]. Both solid NR and NR latex have been
used as precursors for modification, depending on the solubility of initiators and
monomers. Moreover, several types of monomers, which were used to graft onto NR,

have been reported.

Table 3 Various types of monomers grafted onto NR.

Monomers Initiators Application Ref
To improve the
t-BHP/TEPA, i
Styrene resistance of heat and [59, 63]
CHPO/TEPA i )
weathering ageing
2-Hydroxyethyl ]
To improve plywood
methacrylate CHPO/TEPA ) [65]
adhesion
(HEMA)
To improve the physical
Methyl methacrylate CHPO/TEPA, ) [19, 66,
properties and reduced
(MMA) K2S20g/ Na2S203 ) 79]
the tackiness of rubber
Dimethylaminoethyl To provide strong
Methacrylate CHPO/TEPA interactions with [64]

(DMAEMA) inorganic fillers.
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2.4 pH responsive polymer

The pH responsive polymers are materials which can respond to the changes in the
pH of the surrounding medium by varying their dimensions. These materials will
increase their size or collapse, depending on the pH of their environment. This behavior
is exhibited due to the presence of functional groups in the polymer chain. In general,
pH-sensitive polymers are polyelectrolytes that bear the weak acidic or basic groups in
their structure that either accept or release protons in response to changes in
environmental pH [80]. Thus, they can be divided based on their structure into two
types as follows.

First, polyacidic polymers will be unswollen at low pH, since the acidic groups will
be protonated. When increasing the pH, they will deprotonate and generate negatively
charges, leading to a swelling behavior. The opposite behavior is found in polybasic
polymers in which they will be swollen at low pH, since the basic groups will be
protonated [81]. The pH-responsiveness at different pH varies with the type of polymers

or copolymer compositions, depending on the pKa or pKp value of them.

=mme=—l
pH change
—

pH-responsive polymer

pH-responsive polymer in particle in compact,
swaollen, hydrated ionic form dehydrated neutral form
B S

base o

A ‘N’"_/_o acid R N _/_o

R* R
weak polybase at acidic pH weak polybase at basic pH
C o acid =
S —
0 « 0
-0 base HO
weak polyacid at basic pH weak polyacid at acidic pH

Figure 13 (a) Schematic representation of the swelling and unswelling of pH-
responsive polymer particles, and compositional reversibility of: (b) weakly basic and,

(c) weakly acidic methacrylic polymers in response to solution pH changes [82].
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Common pH-sensitive polymers with anionic groups are poly(carboxylic acids)
as poly(acrylic acid) (PAA), poly(methacrylic acid), poly(2-ethylacrylic acid), and
poly(2-propylacrylic acid). Well-known examples of cationic polyelectrolytes are
poly(N-vinylimidazole) (PVI), polylysine (PL), polyethylenimine (PEI), chitosan,
poly(2-vinylpyridine) (P2VP) and poly(4-vinylpyridine) (P4VP).

Polyacidic polymers

Poly(acrylic acid) Poly(methacrylic acid) Poly(2-ethylacrylic acid) Poly(2-propylacrylic acid)
(PAA)

Polybasic polymers

OH

Chitosan Polylysine (PL)
Polyethylenimine Poly(N-vinylimidazole) v(2-vinylpyridine) Poly(4-viny pyr]dme)
(PED) (PVD) (P2VP) (P4VP)

Figure 14 Chemical structures of pH responsive polymers.

2.4.1 Poly(4-vinylpyridine)

In this work, we focused on poly(4-vinylpyridine), due to its
outstanding pH responsive properties. P4VP is one of interesting responsive polymers
that can change their chemical and morphological properties when the pH of the
surrounding was changed. Naturally, P4VP is a weak base with a pKa value of 4.7 [83].

The P4VP will present a hydrophilicity in an acidic environmental (pH < 4.7) due to its
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protonated state. This event promotes the P4VP polymeric chains to straighten up due
to the electrostatic repulsion forces, resulting in the change of its physical properties
such an increasing in their size. In contrast, when it was in neutral or basic
environmental (pH > 4.7), leading to deprotonated (uncharged) state. P4VP becomes
less hydrophilicity and presents an un-swollen behavior.

P4VP-based polymers are known as pH-responsive materials that can
potentially be used in many applications, such as in drug delivery and biosensors [84].
Furthermore, 4-vinylpyridine is a good ligand for the formation of complexes with
metal ions, thereby allowing P4VP-based polymers to be used as metal absorbents [85-
88] and catalyst ligands [89, 90].

\

X
N

Figure 15 A chemical structure of poly(4-vinylpyridine) (P4VP).

Different of P4VP-based copolymer were observed for providing a
pH-responsive materials. For example, Kan et al. reported the synthesis of poly(4-
vinylpyridine)-grafted cellulose nanocrystals (P4VP-g-CNCSs). Then, they investigated
the pH responsiveness by the water contact angle measurement. It was found that, the
obtained materials showed the pH-responsiveness by controlling of wettability,

depending on pH of environment [91].
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Figure 16 (a) lllustration of protonated and deprotonated pyridyl groups on P4VP-g-
CNC, and (b) contact angle measurement [91].

Wen et al. prepared poly(N,N’-methylenebisacrylamide-co-4-
vinylpyridine) (P(MBA-4VP)). They observed the responsiveness using water swelling
experiment in strong acid and base environment. The studies revealed that when
immersing P(MBA-4VP-4) 1D nanostructures into buffer solutions of pH 2.2 and 11,
the size of the P(MBA-4VP-4) gel decreased as the pH was increased from 2.2 to 11,
due to the deprotonation of the 4VP pyridine groups. That means that P(MBA-4VP-4)
1D nanostructures became swollen in acidic environment, not in basic surroundings

[92]. This result confirmed the pH-responsive behavior of P4VP.

Figure 17 Photographs of pH-responsive behavior of P(MBA-co-4VP) 1D
nanostructures immersed into buffer solutions of (a) pH 2.2 and (b) pH 11
respectively. (c) Dried sample and the same sample saturated by buffer solutions of
(d) pH 2.2 and (e) pH 11, respectively [92].

Ref. code: 25595809040073GBP



23

In addition, Ozay et al. prepared a copolymer of 4-vinyl pyridine (4-
VP) based hydrogels with 2-hydroxyethylmetacrylate (HEMA) via a redox
polymerization technique. They tested the pH responsiveness of the obtained product
via water swelling experiment in difference of pH solutions from 2 to 12. The study
showed that as expected, P4VP based copolymer was susceptible to the pH of the
environment, so the obtained copolymer was affected by changing its dimensions or

degree of swelling when the pH of the surroundings was below 4 [28].

6000
m P(4-VP)
4000 o p(4-VP-c-HEMA)(1:1)
¥ A P(HEMA)
2000 |
0

Figure 18 The swelling percentage (%S) values of prepared hydrogels at different
pHs (pH was adjusted by the addition of 0.1 M HCI, 0.1 M. NaOH) [28].

From this literature review, the introducing of 4VP into NR can
provide the pH-responsive functions to NR and expand the range of applications of
rubber-based materials.
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Materials

3.1.1 Chemical reagents

High-ammonia NR latex (60% dry rubber content) was purchased
from Department of Agriculture, Thailand. Indigo carmine and 4-Vinylpyridine (4VP,
C7H7N, Assay 95%) were purchased from ACROS Organics™. 4VP was purified prior
to polymerization by passing through a column containing aluminum oxide to remove
the inhibitors and stabilizer, which were added for storage purposes. The purified 4VP
was stored in a blown bottle and kept in refrigerator at -5 °C. Acetic acid glacial
(CH3COOH, Assay 99.5%), Formic acid (HCOOH, Assay 99.5%), Potassium
persulfate (KPS, K2S20g, Assay 99%), Sodium dodecyl sulfate (SDS, Assay 98%),
Toluene (Assay 99.5%), and Urea (NH2CONH>, Assay 99.0£100.5%) were supplied
from CARLO ERBA Reagent. Bis (a,a-dimethylbenzyl) peroxide (BPO, C;gH;,0,,
Assay 98%) was obtained from Merck Millipore Corporation and it was recrystallized
using methanol before used. Chloroform (CHCls, Assay 98%) were purchased from
RCI Labscan, Thailand, and deuterated chloroform (CDCls-d) as an analytical grade
was obtained from Cambridge Isotope, the United States. Diethyl ether ((CH3CH>)-0,
Assay 99.7%) was purchased from Panreac AppliChem ITW Companies. Acetone
(C3HeO), Dichloromethane (CH2Clz), Methanol (CHsOH), Potassium hydroxide
(KOH) are commercially available. The distilled and deionized water (DI water) was
used throughout experiments.

3.1.2 Glassware

Beaker 100, 250, 600 mL
Round bottom flask 100, 250 mL

Condenser

A W Dd e

Stirring rod
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5. Glass funnel

6. Watch glass

7. Cylinder

8. Centrifuge tube
9. Dropper

10. Dropping funnel

3.1.3 Instrument and Apparatus

1. pH meter (Model: C860, Consort, TU)

2. Centrifuge (Model: Velocity 14R refrigerated centrifuge
(Dynamica), TU)

3. Fourier transform infrared spectrometer (Model: Spectrum GX,
Perkin Elmer, TU)

4. Nuclear magnetic resonance spectrometer (Model: AVANCE IlI
HD NanoBay 400 MHz, BRUKER, TU)

5. X-ray photoelectron spectrometer (Model: AXIS Ultra DLD,
Kratos Analytical Ltd., CMU)

6. CHN elemental analyzer (Model: CHN-2000 LECO instrument,
CU)

7. Thermal gravimetric analyzer (Model: SDTA851e, Mettler
Toledo, METC)

8. Differential scanning calorimeter (Model: DSC822e, Mettler
Toledo, MTEC)

9. Contact angle instrument (Model: TL100 Theta Lite
tensiometer, TU)

10. UV-Visible spectrometer (Model: UV-1700 PharmaSpec,
SHIMADZU, TU)

11. Fluorescence spectrometer (Model: FP-6200, JASCO, TU)
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In this thesis research, the method for modifying of natural rubber as pH responsive

materials was divided into two approaches: crosslinking and grafting methods.

3.2.1 Synthesis of P4VP-crosslinked NR
3.2.1.1 Preparation of Dried NR

Dried natural rubber (Dried NR) was prepared by coagulating

HANR latex in 5 wt% formic acid and

till the coagulated product was neutral.

washing with distilled water for several times
The coagulated rubber was dried in an oven at

60 °C overnight. Then, the dried rubber was purified by soxhlet extraction using acetone

as solvent for 24 h to remove any contaminants before being dried again at 60 °C

overnight.

HANR latex

(60% DRC)

Coagulation

Washing

l«——— Formic acid (5 wt%)
y

«——— Distilled water

X

4

Coagulum rubber

Soxhlet extraction (24 h)
A

Drying (60 °C, 24 h)

«——  Acetone
y

A\ 4

Dried NR

Figure 19 A schematic representation of the preparation of dried NR.
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3.2.1.2 Preparation of poly(4-vinylpyridine) (P4VP)

Poly(4-vinylpyridine) (P4VP) was prepared by using 4-
vinylpyridine (4VP) and benzoyl peroxide (BPO) as a monomer and initiator,
respectively. First, the 4VP (10 g) and BPO (0.1 g) were placed in a 100-mL beaker
under continuous agitation until the mixture became homogeneous mixture. The
reaction mixture was then allowed to polymerize in a domestic microwave oven at 850
W for 8 min. Next, the resulting polymer was dissolved with dichloromethane, and the
obtained polymer solution was subsequently precipitated with diethyl ether for
purification. Finally, P4VP was filtered using vacuum filtration, followed by drying in

a vacuum oven at 55 °C overnight to yield an orange-brown solid.

/
n
\ BPO »
MW, 850 W, 8 min \
= -
N N
4VP P4VP

Figure 20 Synthesis of poly(4-vinylpyridine) from 4-vinylpyridine (4VP) and
benzoyl peroxide (BPO) as a monomer and initiator, respectively.

3.2.1.3 Preparation of P4VP-crosslinked NR (P4VP-NR)

A solution polymerization process was used to prepare the
crosslinked materials between P4VP and NR. The preparation procedure of P4VP-NR
was shown in Figure 21.

The as-prepared dried NR (1 g) was cut into tiny pieces and
dissolved in chloroform (30 mL) in a 250-mL round bottom flask. A solution of P4VP
(50-100 phr with respect to NR) in chloroform (15 mL) was then added. The reaction

mixture was continuously stirred to obtain a homogeneous mixture, followed by heating
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to approximately 60 °C. The BPO (5-10 phr with respect to NR) in chloroform (5 mL)
was gradually added to the reaction while stirring. Then, the temperature was increased
to a predetermined temperature (80-100 °C) for a specific amount of time (12-36 h) to
obtain a gelatinous product. After finished the reaction, the reaction was cooled to room
temperature. The gelatinous polymer product was separated, washed with plenty of
chloroform, and dried under vacuum oven at 60 °C for 24 h. Subsequently, the resulting
polymer was purified by soxhlet extraction in acetone for 24 h to remove the residue
P4VP and any contaminants, followed by drying in an oven at 60 °C overnight until the

weight was constant.

e Gel content (%)

In this work, the efficiency on this reaction was determined by
the gel content, which is defined as the percentage of the weight of gel content polymers
or the crosslinked polymers with respect to the weight of main polymeric substrate. In
general, the gel content is used to determine the existence of branched or network
structures in NR [58]. Based on this experiment, the obtained products had been
extracted with acetone before being measured because acetone is a great solvent for
dissolving the P4VP homopolymer. As a result, the remaining product would be only
the crosslinked material between P4VP and NR. Accordingly, the gel content values
can be likewise assumed as the ratio between crosslinked P4VP chains and NR. The

gel content can be calculated from the following equation (1):

Wo-W
Gel content (%) = \ZN L x 100 1)
1

where W1 and W> are the weight of the dried rubber and the functionalized rubber,

respectively.
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Dried NR

P4VP

Dissolving

¢ Chloroform —

L J b

Reaction mixture

Heating (60 °C)

Heating (80-100 °C. 12-36 h)

L J

L J

L

The gelatinous polymer product

Isolation

Drying (60 °C. 24 h)
Soxhlet extraction (24 h)

Drying (60 °C. 24 h)

<« BPO(5-15 phr)

Figure 21 A schematic representation of the preparation of P4VP-NR.
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Table 4 Formulation and the range of investigated parameters in crosslink reaction

(P4VP-NR).

Ingredients

Amount

phr g

Main components
Dried NR
Poly(4-vinylpyridine), P4VP

Initiators

Benzoyl peroxide, BPO
Solvent

Chloroform (mL)
Reaction time (h)

Reaction temperature (°C)

100 1
50, 100, 150 051,15
9, 10MS 0.05,0.1,0.15
50

12, 24, 36
80, 90, 100

30

& parts per hundred of rubber
3.2.1.4 Determination of the crosslink density

To calculate the crosslink density of the P4VP-NR, each
crosslinked rubber sample was immersed in toluene solution and kept in the dark at
room temperature (25-30 °C) for a week. After reaching swelling equilibrium, the
swollen gel samples were then isolated and weighed. Then, the weight of the sample
was determined again after drying in a vacuum oven at 60 °C for 24 h. The crosslink
density was calculated using the Flory-Rehner Equation (2) [93].

1 In(1—=V2) + V2 + x(V9)?

Pc = —57 1 0 (2)
Mo -

where pc is the crosslink density (mol m™), Vs is the molar volume of toluene (1.069x10"
*m3mol?) at 25 °C, y is the interaction parameter (0.44 + 0.18V?), and V? is the fraction

of rubber in the swollen gel, which is calculated as follows equation (3):

Ref. code: 25595809040073GBP



31

Ve = Pr (Ws — WD) (3)

where ps and pr are the densities of toluene (0.87 g mL™) and rubber (0.92 g mLY), and
Ws and Wp are the weights of the swollen and dried rubber, respectively [94].

3.2.2 Synthesis of 4VP-grafted DPNR (4VP-g-DPNR)
3.2.2.1 Preparation of deproteinized natural rubber latex (DPNR

latex)

The deproteinized natural rubber latex (DPNR latex) was
prepared from the high-ammonia NR latex (HANR latex) using urea treatment [44],
surfactant washing [58] and centrifugation methods as shown in Figure 22.

Firstly, the high-ammonia NR latex (HANR latex, 60% DRC)
was incubated with 0.1 wt% urea in the presence of 1 wt% sodium dodecyl sulfate
(SDS) at room temperature (25-30 °C) for 30 min. Then, the incubated rubber latex was
centrifuged at 10,000 rpm at 25 °C for 60 min. The recovered cream fraction (top layer)
was collected and then re-dispersed in 1 wt% of SDS solution for further washing the
rubber particles. The washing procedure with surfactant was repeated twice using
centrifugation methods. After collecting the last cream fraction, the DPNR was finally
kept in 1 wt% SDS solution to prevent the aggregation of the rubber particles and obtain
the DPNR latex with the final dry rubber content (DRC) of 28%.

e Dry rubber content (DRC, %)

The final dry rubber content (DRC, %) was measured by
coagulating a known amount of as-prepared DPNR latex with 5 wt% formic acid,
washing with distilled water for several times. The weight of the dried rubber was then
determined after drying in an oven at 60 °C for 24 h. The dry rubber content (DRC, %)
was calculated from the following equation (4):
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W
The dry rubber content (DRC, %) = Wz x 100 4)
1

where W1 and W; are the weight in grams of DPNR latex taken for the test and the

weight of dry coagulum, respectively.

HANR latex (60% DRC)

< Urea (0.1 wt%), SDS (1 wt%)
v Distilled water

Incubation (1 h, room temp.) l

Urea-treated DPNR latex

Centrifugation (10,000 rpm, 60 min,
25 °C) v

Cream fraction

l«—— Distilled water, SDS (1 wt%)
b J

Re-dispersion

Centrifugation (10,000 rpm, 60 min,
25 °C) v

Cream fraction

Re-dispersion <«— Distilled water, SDS (1 wt%)
A\ J
Centrifugation (10,000 rpm, 60 min,

25 °C) v

Cream fraction

Re-dispersion <«+— Distilled water, SDS (1 wt%)
A4

DPNR latex

Figure 22 A schematic representation of the preparation of DPNR latex.
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3.2.2.2 Preparation of graft copolymerization between 4VP and
DPNR latex (4VP-g-DPNR)

An emulsion polymerization process was used to prepare the
graft copolymerization between 4VP and DPNR. The preparation procedure of 4VP-
g-DPNR was shown in Figure 23.

The DPNR latex (5 g) was firstly introduced into a 250 mL two-
neck round-bottom flask equipped with a dropping funnel and reflux condenser,
followed by dilution with DI water (5 mL). A solution of potassium hydroxide (KOH,
0.1 g) to maintain the pH of the latex above 10 and sodium dodecyl sulfate (SDS, 5-15
phr with respect to dry rubber content) as an emulsifier were then added. Subsequently,
the 4VP (50-150 phr with respect to dry rubber content) monomer was slowly dropped
into the reactor while stirring to prevent the aggregation of monomer. The reaction
mixture was continuously stirred at a stirring speed of 900 rpm for 30 min in order to
allow the rubber particles to swell with 4VP monomer and almost homogeneous
mixture. When the reaction was heated up to approximately 70 °C, a solution of
potassium persulfate (KPS, 8-12 phr with respect to dry rubber content) in distilled
water as an initiator was added. The reactions were allowed to proceed the graft
copolymerization under continuous stirring at a predetermined temperature (80-100 °C)
for a specified amount of time (1-5 h). After finishing the reaction, the reactor was
discharged. The grafted latex was coagulated with 5 wt% acetic acid, and the coagulum
was washed with plenty of distilled water for several times before being dried up in an
oven at 60 °C overnight. The obtained product was purified by soxhlet extraction in
acetone for 24 hours to remove the residue 4VP monomer, P4VP homopolymer, and

any contaminants, followed by drying again in a vacuum oven at 60 °C for 24 hours.

e Grafting ratio (%GR)
In this work, the efficiency on this reaction was determined by
the grafting ratio (%) that is the ratio of the number of grafted polymer chains onto

backbone chains. The grafting ratio was calculated from the following equation (5):
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Is.s/2
Grafting ratio (%GR) = is x 100 ®)
5.1

where lgs and s are the integrated area under a signal that derived from *H-NMR of
the unsaturated proton of pyridine ring of 4VP unit (N=C-H) and the unsaturated

methyne proton of polyisoprene unit (C=C-H), respectively.

DPNR latex (28% DRC)
Dilution KOH (0.1 g). SDS (5-15 phr).

l‘— -
v Distilled water (25 mL)

+———— 4VP (50-150 phr)

L4

Stirring (900 rpm. 30 min)

¥

Reaction mixture

Heating (70 °C) l

KPS (8-12 phr).
Distilled water (5 mL)

Refhux (80-100 °C, 1-6 h)

Grafted latex

Coagulation +— Acetic acid (5 wit%a)

¥

Coagulum rubber

Drying (60 °C, 24 h)
L J

Soxhlet extraction (24 h) 4—— Accetone
L

Drying (60 °C. 24 h)

L

4VP-g-DPNR

Figure 23 A schematic representation of the preparation of 4VP-g-DPNR.
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Table 5 Formulation and the range of investigated parameters in graft copolymerization

(4VP-g-DPNR).

Ingredients

Amount

phr g

Main components
DPNR latex
4-vinylpyridine, 4VP

Initiators

Potassium persulfate, KPS
Emulsifier

Sodium dedocyl sulfate, SDS (g)
Others

Potassium hydroxide, KOH (g)
Distilled water (mL)

Reaction time (h)

Reaction temperature (°C)

100 1.4°
50, 100, 150 07,14,2.1

8, 10, 12 0.1,0.14,0.17

S, 15 0.07,0.14,0.21
0.1
30

s, 5

80, 90, 100

& parts per hundred of rubber

b weigh of dry rubber calculated from 5 g of deproteinized natural rubber latex

(DPNR latex) with 28 %DRC

3.3 Characterization

3.3.1 Determination of the chemical structure and chemical elements

of the functionalized products

3.3.1.1 Fourier Transform Infrared (FT-IR) spectroscopy

The Fourier Transform Infrared (FT-IR) spectroscopy is a

technique that basically and widely used to prior determine the chemical structures of

the materials. Since the characteristic adsorption of infrared irradiation and the

vibration frequency in each molecules is rather different, the structural characterization

of functional groups of analyzed materials are obtained [95]. All of FT-IR spectra were
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recorded using a Perkin Elmer FT-IR spectrometer (Spectrum GX model) with a
resolution of 4 cm™, measured in the range of 4000-400 cm™. The P4VP sample was
mixed with KBr and pressed to a plate for measurement, and the rubber samples were
prepared by dissolving them with deuterated chloroform (CDCls-d) followed by casting

the obtained solution as a thin film onto NaCl salt windows before the measurement.

Figure 24 A photograph of a Perkin Elmer FT-IR (Spectrum GX model)

spectrometer.

3.3.1.2 Nuclear Magnetic Resonance (NMR) spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a potential
technique that commonly used to determine a unique structure of compounds through
the magnetic properties of certain nuclei of atoms [96]. In this study, a proton nuclear
magnetic resonance spectroscopy (*H-NMR) was chosen to confirm the structure of the
obtained products. All of H-NMR spectra were obtained using a Bruker Avance IlI
HD NanoBay 400 MHz spectrometer. The rubber samples were prepared by dissolving
them with deuterated chloroform (CDClz-d) to a concentration of 5-10 %w/w solution

before measurement.
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Figure 25 An image of NMR spectrometer.

3.3.1.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface
characterization technique. It is extensively used to analyze the elemental composition
of the surface in many fields of research study. Generally, the XPS spectra are obtained
by irradiating a material with a beam of X-rays and measuring the kinetic energy and
number of electrons that escape from the analyzed materials. This technique is used to
analyze many of substrates and materials, such as inorganic compounds, metal alloys,
polymers, catalysts, glasses, ceramics, and many others [97].

In this study, the surface elements of the samples were obtained using
an X-ray photoelectron spectrometer (XPS; AXIS ULTRAPLP, Kratos analyticle,
Manchester, UK). The samples were cut into approximately of 1.0x1.0 cm? and kept in
desiccator to prevent a moisture before measured. The base pressure in the XPS analysis
chamber was about 5x107° torr. The samples were excited using X-ray hybrid mode at
a 700x300 pm spot area with a monochromatic Al K> radiation at 1.4 keV. The X-
ray anode was run at 15 kV 10 mA 150 W. The photoelectrons were detected with a
hemispherical analyzer positioned at an angle of 45° with respect to the sample surface.
The chemical composition of the samples was measured using a PANalytical X-ray

fluorescent spectrometer in semi-quantitative analysis mode.
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Figure 26 An image of an X-ray Photoelectron Spectrometer (AXIS ULTRAPP,
Kratos analyticle).

3.3.1.4 CHN Element Analysis

CHN Analyzer is an instrument that used to determine the
elemental concentrations, such as carbon (C), hydrogen (H) and nitrogen (N) in an
analyzed sample. It works by using a combustion process to oxidize the sample into
any simple compounds, and then those compounds were detected with a thermal
conductivity detection or infrared spectroscopy [98]. The CHN element analysis was
obtained using a CHN-2000 LECO instrument. The samples were prepared by casting
the NR and DPNR latex into a watch glass, and leaving at room temperature (25-30 °C)
for 24 h. After that, the samples were peeled off and cut into approximately of 1.0x1.0
cm?, followed by keeping in desiccator to prevent a moisture before measured.

Figure 27 An image of a CHN-2000 LECO analyzer.
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3.3.2 Determination of the thermal properties of the functionalized
products
3.3.2.1 Thermal Gravimetric Analysis (TGA)

In this study, the TGA was used to determine the thermal
stability of the functionalized products. TGA thermograms of the samples were carried
out using a Mettler Toledo SDTAB851e analyzer. The samples were prepared by cutting
them into a small piece of 1.0x1.0 cm?. The samples were heated at a rate of 10 °C min™*

under a nitrogen atmosphere and measured in the range of 30-600 °C.

Figure 28 An image of a Mettler Toledo SDTA851e analyzer (TGA).

3.3.2.2 Differential Scanning Calorimetry (DSC)

The glass transition temperatures (Tg) of the samples were
obtained using a Mettler Toledo DSC822e differential scanning calorimeter. Before
being measured, the rubber samples were prepared by cutting them into a small piece
of 1.0x1.0 cm?. The samples were heated at a rate of 10 °C min™* under a nitrogen

atmosphere and measured in the range from -60 °C to 170 °C.
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B .

Figure 29 An image of a Mettler Toledo DSC822e differential scanning calorimeter
(DSC).

3.4 Determination of the pH responsiveness

3.4.1 The water swelling measurements

The samples were cut into small pieces of approximately 1.0x1.0 cm?

and compressed by sandwiching them between two glass slides in order to remove air
bubbles and reduce the roughness, followed by heating in an oven at 60 °C overnight.
Then, the samples were weighed and immersed in different pH solutions from 2 to 12,
which were adjusted by using 0.1 M HCI and 0.1 M NaOH, at ambient temperatures
(25-30 °C) for 24 h. After withdrawing the samples from those pH solutions, the excess
water on the surface was removed with filter paper by gently compression. The weight
of swollen samples were measured, and the degree of swelling (%S) was calculated to

determine the pH responsiveness as follow equation (6):

. Wa-W
The degree of swelling (%S) = W X 100 (6)
1

where W1 and W> are the weight of samples before and after water immersion,

respectively.
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3.4.2 The contact angle measurement

The samples were cut into a piece of approximately 2.0x2.0 cm?and
compressed by sandwiching them between two glass slides to remove air bubbles and
reduce the roughness, followed by heating in an oven at 60 °C overnight. Then, the
samples were immersed in a range of different pH solutions from 2 to 12 at ambient
temperatures (25-30 °C) for 24 h. After withdrawing the samples from those pH
solutions, the excess water on the surface was gently blotted dry with filter paper. Then,
the distilled water from syringe was dropped on surface of the sample and the angle of
droplet was subsequently determined. Based on this experiment, the size of each water
droplet was 8 pL, and it was dropped on 5 positions of each sample in order to calculate
the average, as shown in Figure 30. In this study, the water contact angle was measured

using a TL100 Theta Lite tensiometer instrument.

2 cm.

o O
e lem. @ — Water droplet

Samples

Figure 30 An image demonstration of the determination of water contact angle in

each samples.

Figure 31 An image of a water contact angle instrument.
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3.5 Demonstration of the pH responsive releasing behavior of the functionalized

products
3.5.1 Release of indigo carmine

The unmodified and modified rubber samples were cut into a piece
of approximately 1.0x1.0 cm? and compressed by sandwiching them between two glass
slides to remove air bubbles and reduce the roughness, followed by heating in an oven
at 60 °C overnight. The samples were then immersed in an aqueous solution of indigo
carmine (20 ppm), a model water-soluble anionic drug, at room temperatures (25-30
°C) for 2 weeks. After reaching an equilibrium adsorption, the rubber samples were
withdrawn and dried in a vacuum oven at 60°C for 24 h. To investigate the releasing
behavior, the rubber samples were placed in a range of different pH solutions from 2 to
10 at room temperature (25-30 °C) for a specified amount of time (0.5-3 h) and those
of pH solutions containing dye were withdrawn for measurement using UV-visible
spectrometer at a Amax corresponding to the maximum adsorption for the dye solution
(Amax= 610 nm).

Figure 32 An image of a UV-Visible spectrometer (UV-1700 PharmaSpec,
SHIMADZU).
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3.5.2 Release of carbon quantum dots

In this experiment, the 4VP-g-DPNR/CQDs and DPNR/CQDs
nanocomposites were firstly prepared. The 4VP-g-DPNR and DPNR sample (10 g)
were dissolved with chloroform (50 mL). Carbon quantum dots* (CQDs, 0.1 g),
prepared from water hyacinth, were then dispersed in each of the as-prepared polymer
solutions under continuously stirring for 24 h to obtain an evenly dispersed mixture.
The resultant polymer solutions were poured onto a glass plate and left to gradually
evaporate at ambient temperature (25-30 °C). When the polymer mixture was dried, the
obtained polymer sheets with the embedded CQDs were peeled off and cut into small
pieces of rectangle shape (1.5 g/piece). The 4VP-g-DPNR/CQDs and DPNR/CQDs
nanocomposites were placed in a range of pH solution from 2 to 12 at room temperature
(25-30 °C) for 24 h. To investigate the releasing properties of CQDs in each of pH,
those pH solutions were withdrawn for measurement using fluorescence spectrometer.
The Xexcitation OF this CQDs was 320 nm that corresponded to the suitable absorbance of
CQDs.

Figure 33 An image of a fluorescence spectrometer (FP-6200, JASCO).

% The CQDs was prepared using the following procedure. In brief, water hyacinth was pre-
treated by washing, sun drying, and groundling. After that, the obtained water hyacinth powder was
refluxed with nitric acid for 24 h, followed by pyrolysis at 250 °C. The resulting crude product was

filtered. Then, the product was purified by dialysis, centrifuged, and freeze-dried.
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3.6 Adsorption experiment

An indigo carmine stock solution of 1000 ppm was firstly prepared by dissolving
indigo carmine (1 g) in deionized water (1 L). The working solutions (10-200 ppm)
were prepared by dilution the stock solution with deionized water. The equilibrium
adsorption of indigo carmine was carried out by introducing 0.25 g of the samples with
10 mL of different concentration of dye solutions from 10 to 200 ppm. Then, the bottles
were sealed and placed in a laboratory shaker at room temperature (25-30 °C) for 2
weeks in order to reach the equilibrium adsorption. The concentration of the residual
dye was subsequently measured using UV-visible spectrometer at a Amax, COrresponding
to the maximum adsorption for the dye solution (Amax= 610 nm). Calibration curve was
constructed between absorbance and concentration of the dye solution to obtain
absorbance-concentration profile.

The amount of adsorbed indigo carmine was calculated based on a mass balance

equation as given by the following equation (7) [99, 100]:

(CO i Ce)v (7)
w

Qe =
where Qe (mg/g) is the equilibrium adsorption capacity of dry weight of the adsorbent,
Co (mg/L) is the initial concentration of indigo carmine in the solution, Ce (mg/L) is the
final or equilibrium concentration of indigo carmine in the solution, V (L) is the volume

of the solution, and W (g) is the dry weight of rubber sample.

3.6.1 Adsorption isotherms

In this study, the Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich adsorption isotherms were used to investigate an adsorption process
between the adsorbate molecules and the adsorbent surface, such as the adsorption
process of indigo carmine onto the obtained products. The mathematical equations of
these four models were summarized as shown in Table 6 [100-102]. The description of

those isotherms were also mentioned at below.
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Table 6 Mathematical equations for the isotherms and their linear forms.

Isotherm Equation Linear form

Langmuir QKL Ce L:LJF 1

¢ 1+K C, Qe Qo QOKLCe
Freundlich 1 1

Q,=KC" log Q. =log K¢+ Hlog C.
Temkin RT

Q= E In(A7C,) Q. =B In At+BInC,
Dubinin-

=(q.)exp-(K,q€* InQ =1In(q)-(K,qe
Radushkevich R (qs) P-(Kqqe?) Q. (q ) -(Kaqg”)

3.6.1.1 Langmuir adsorption isotherm

The Langmuir adsorption isotherm is commonly used to
describe the formation of monolayer coverage on the surface of the adsorbent, where
the adsorbent contains a certain number of active sites. From these basic assumptions,

this isotherm can be represented by the following equation (8):

_ QoKiCe 8)
® 1+K.Ce

Then, the Langmuir equation (8) can be converted into a linear form (9) for plotting the

data and determining of their parameters easily:

1 1 1 9)

Q% Qo QoKiCe

where Ce = the equilibrium concentration of adsorbate (mg/L)
Qe = the amount of dye adsorbed per gram of the adsorbent at equilibrium (mg/g)
Qo = the maximum monolayer coverage capacity (mg/g)

KL = the Langmuir isotherm constant (L/mg)
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The values of Qo and K. were calculated from the slope and
intercept of the linear regression equation of Langmuir plot (9) between 1/Qe and 1/Ce.
Moreover, the significant characteristic of this isotherm can be expressed in terms of a
separation factor or equilibrium factor (R.) which was computed from the following

equation (10):

1
v (10)
R K.Co)

where Co = the initial concentration of adsorbate in solutions (mg/L)

KL = the Langmuir isotherm constant (L/mg)

The R value or the equilibrium factor was used to indicate the

adsorption nature or probability of adsorption process, which was defined in Table 7.

Table 7 The nature of adsorption process.

RL value Adsorption process
RL>1 Unfavorable
RL=1 Linear

O0<RL<1 Favorable
R.=0 Irreversible

3.6.1.2 Freundlich adsorption isotherm

The Freundlich adsorption isotherm describes the adsorption
characteristics based on multilayer adsorption. From this assumption, the data can be
fitted by the empirical equation proposed by Freundlich as given in the following

equation (11):

; (11)
Q.=K(CY
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Then, the Fleundlich equation (11) can be changed into linear form (12) for plotting the

data and determining their parameters:

1
log Q. =log K+ Hlog C. (12)

where Kr = the Freundlich isotherm constant (mg/g)
n = the adsorption intensity
Ce = the equilibrium concentration of adsorbate (mg/L)

Qe = the amount of dye adsorbed per gram of the adsorbent at equilibrium (mg/qg)

Based on this isotherm, the values of Krand n can be examined
from the intercept and slope of the linear regression equation that derived by plotting
of log Qe versus log Ce, respectively. These constants are the essential characteristic
parameters of the adsorbent-adsorbate system, in which Ks is an indicator of adsorption
capacity. In addition, 1/n or n are known as a heterogeneity parameter that is an
indicator of a function of the strength adsorption in the system and the favorability of

adsorption. The indication of 1/n and n value are assigned in Table 8.

Table 8 The nature of adsorption process [100, 103-105].

n value Adsorption process
b >yl Cooperative adsorption
1/n<1 Normal adsorption

The partition between the two

n=1 phases are independent of the
concentration

n>1 Favorable adsorption condition

1<n<10 Beneficial adsorption
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3.6.1.3 Temkin adsorption isotherm

The Temkin adsorption isotherm is used to describe the indirect
effects on adsorbate/adsorbent interaction, such as heat, which can influence the
interaction of adsorption isotherm. This model can be represented by the following

equation (13):

Q= I(ALC,) 1)

Then, the equation (13) can be rearranged into linear form as shown in equation (14):

Q=B In Ar+BInC, (14)
RT

B=— 15

b (15)

where At = the Temkin isotherm equilibrium binding constant (L/g)
bt = the Temkin isotherm constant

R = the universal gas constant (8.314J/mol K)

T = the absolute temperature at 301K

B = the constant related to heat of sorption (J/mol)

Ce. = the equilibrium concentration of adsorbate (mg/L)

Qe = the amount of dye adsorbed per gram of the adsorbent at equilibrium (mg/qg)
In this isotherm, the characteristic constants were obtained by

plotting the Qe versus In Ce and then each of constants were determined by the slope

and intercept from the given linear regression equation.
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3.6.1.4 Dubinin-Radushkevich adsorption isotherm

Lastly, the Dubinin-Radushkevich (DRK) can be applied to
express the adsorption model on both homogeneous and heterogeneous surfaces based

on pore filling mechanism. This model can be expressed by the following equation (16):

Q.=(q,)exp-(Kue?) (16)
Then, the equation (16) can be rewritten into linear form as shown in equation (17):
InQ, =In(q,)-(Kyae®) (17)

where s = the theoretical isotherm saturation capacity (mg/g)

Kag = the Dubinin—Radushkevich isotherm constant (mol?/J?)

Qe = the amount of dye adsorbed per gram of the adsorbent at equilibrium (mg/g)

¢ = the Dubinin—Radushkevich isotherm constant, which can be calculated from the

given equation below (18):
1
e=RTIn [1 + —] (18)
Ce

where R = the universal gas constant (8.314 J mol* K1)
T = the absolute temperature (301 K)
C. = the adsorbate equilibrium concentration (mg L)

From the DRK adsorption isotherm, the constant values of Kag
and gs were estimated from the slope and intercept of the linear regression equation
obtained from the plotting of In Q. against 2. However, the important characteristic
parameter, which is often used to determine the physical and chemical adsorption
behaviors, is the apparent mean free energy (E). It is reported that if the E value is less

than 8 kJ mol™?, it can be indicated as the physical adsorption. On the other hand, if it is
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found to be in the range between 8 to 16 kJ mol™, it will be considered as the chemical
adsorption or ionic exchange [106, 107]. The E value can be calculated from the

following equation (19):

1
; l 2K g (49)
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CHAPTER 4
RESULTS AND DISCUSSION

In this thesis research, the 4-vinylpyridine-functionalized natural rubbers as pH
responsive materials including P4VP-NR and 4VP-g-DPNR were prepared via two
chemical-based methods, which were the crosslinking and grafted copolymerization
methods, respectively. The functional groups and chemical elements of the resulting
polymers were characterized using Fourier transform infrared spectroscopy (FT-IR),
X-ray photoelectron spectroscopy (XPS), proton nuclear magnetic spectroscopy (*H-
NMR), and CHN elemental analysis. After characterization, the effect of influential
parameters on both reactions, which consisted of the monomer/polymer concentrations,
the initiator concentration, the emulsifier concentration, the reaction temperature, and
the reaction time, were studied. For the crosslinked material, the crosslink density was
further determined. In addition, the thermal properties such as decomposition
temperature and glass transition temperature (T) of the resulting polymers were also
characterized using thermal gravimetric analyzer (TGA) and differential scanning
calorimeter (DSC), respectively. Finally, the pH responsiveness of the obtained
products were determined by the water swelling experiment and the water contact angle
measurement, and the controlled-release of indigo carmine and carbon quantum dots in
a different pH solutions had been further verified in order to demonstrate the pH

responsive releasing behavior before the adsorption isotherms were studied.

4.1 Synthesis and characterizations of P4VP-crosslinked NR (P4VP-NR)
4.1.1 Preparation of P4AVP-NR

In this method, a crosslinked polymer (P4VP-NR) between poly(4-
vinylpyridine) (P4VP) and natural rubber (NR) was prepared via a solution
polymerization method in which the using of organic solvent system. Before the
crosslinking, dried NR was firstly prepared by coagulating natural rubber latex in an
acidic solution, followed by purification with acetone. After that, P4VP was

subsequently prepared by polymerization of 4-vinylpyridine in the presence of benzoyl
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peroxide (BPO) as an initiator to yield an orange-brown solid (Figure 35c¢) with a
conversion of 60%. The obtained P4VP was characterized using *H-NMR and FT-IR
spectroscopy. It was found that *H-NMR of pure P4VP showed signals at around 6.5
and 8.5 ppm which belonged to the aromatic protons of the pyridine rings. Moreover,
the FTIR spectrum of the P4VP showed signals at 2927, 1604, and 1417 cm, which
corresponded to C-H stretches, C=N stretches, and C=C stretches, respectively. These
results from *H-NMR and FT-IR are consistent with a previous report [108].
Afterwards, the as-prepared P4VP and dried NR were introduced to
the reaction using BPO as an initiator for crosslinking and chloroform as a solvent,
which both P4VP and NR are readily soluble in this solvent. When the reaction finished,
an insoluble polymer was formed, indicating the formation of a gel or crosslinked
material (Figure 34a, b). From this phenomenon, it can be explained by the followings.
In general, the crosslinking turned a polymer solution to a solid or insoluble product,
because the polymer chains in the reaction are tied together by covalent bond, which
lead to the extension of polymeric chain in multidimensional directions, giving a
network structure. Therefore, the ability of polymeric chains to freely move is restricted

as well as the gel-like feature and insolubility of polymer have formed [109].

Figure 34 Photographic image of (a) the gel formation, (b) crosslinked material, and
(c) the insoluble of product in organic solvents, included toluene, chloroform, hexane,
and tetrahydrofuran (THF).
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It is known that free radical initiators such peroxide compounds can
be used as crosslinking agents in NR because they can create free radicals on polymer
chains via hydrogen abstraction processes [110-113]. And the formation of those free
radicals on polymer chain leads to the crosslinking reaction between that polymer
chains (Figure 35a). After purification by soxhlet extraction, photographs of the P4VP-
NR were taken and compared with the pure NR and P4VP samples as shown in Figure
35b, ¢, and d. The NR sample was slight yellow and the P4VP powder was light orange-
brown. In contrast, the P4VP-NR sample was found to be darker than both samples,
initially indicating that P4VP-NR was not the same material as P4VP or NR.
Furthermore, P4VP and NR are soluble in some organic solvents, for example
chloroform and toluene, but the P4VP-NR sample did not dissolve in any solvents, but
could only be swollen in some organic solvents, such as chloroform and toluene as
shown in Figure 34c. This swelling event also suggested the formation of crosslinked

material as mentioned above.

(a) <
m )(r—T;‘Q\y
7 BPO \ r(\ 2
B/, 20, S
4 CHCY, A% .
= T
N = crosslinked point

(b) (c) (d)

Figure 35 A schematic representation of (a) the crosslinking reaction between natural
rubber (NR) and poly(4-vinylpyridine) (P4VP), and photographic image of (b) NR,
(c) PAVP, and (d) P4AVP-NR, respectively.

In this approach, the using of dried NR instead of latex is
advantageous for the production of crosslinked materials because it can be processed

and controlled easily, which does not require surfactants and stabilizers to maintain the
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latex state. In addition, P4VP can be only dissolved in organic solvent such as
chloroform and toluene, as a results the P4VP cannot proceed in latex form. Another
advantage is that a pure product is obtained after removal of the solvent because the
resulting polymer is an insoluble product, which will precipitate out of the medium
easily.

The functionalized product was subsequently investigated via FT-IR
and XPS techniques. Moreover, due to the lower of solubility of crossliked product in
organic solvents, hence the nuclear magnetic resonance (NMR) could not be used to

characterize the crosslinked product.

4.1.2 FT-IR characterization of P4AVP-NR

To verify the functional groups or structural characterization, the FT-
IR spectrum of the crosslinked material (P4VP-NR) was obtained after purification and
compared with that of the unmodified NR and P4VP as shown in Figure 36. Moreover,
the comparison of the characteristic IR absorption bands of all samples at a specific
wavenumber (cm™) was shown in Table 9.

It was found that the unmodified NR sample (black line) showed the
main signals which located at 3000 to 2850, 1661, and 835 cm™ corresponding to C-H
stretching, C=C stretching, and olefinic C-H bending, respectively. However, the FT-
IR spectra of the crosslinked material (blue line) showed signatures of both P4VP and
NR, especially the signals at 1604 cm™, 1420 cm™, and 1000 cm%, which corresponded
to C=N stretching, C=C stretching, and pyridine ring deformation, respectively.
Therefore, this confirmed the presence of P4VP in the crosslinked material as these

three signals are not present in the spectra of the unmodified NR.
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Figure 36 FT-IR spectra of NR (black line), P4VP (red line), and P4VP-NR (gel

content = 63%, blue line).

Table 9 The comparison of the characteristic IR absorption bands of NR, P4VP, and

the crosslinked material at a specific wavenumber (cm™) [114].

Wavenumber (cm™)

Type of bonds
NR P4VP P4VP-NR

O-H stretching (broad,
3600-3300 3600-3300 3600-3300

moisture)

N-H stretching (protein) 3360 - N/A
=C-H stretching 3037 3034 2995
CHz asymmetric stretching 2960 2927 2932
CH2 asymmetric stretching 1917 N/A 1948
CH2 symmetric stretching 2851 2854 2851
C=C stretching 1661 - 1661

CH> scissoring 1446 1452 1451
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CHs asymmetric
deformation

CH2 wagging

CH> twisting

CH: wagging

C-CHz stretching

C-CHg stretching

CHs rocking

CHs wagging

=C-H wagging

CH: rocking

C=C stretching of aromatic
pyridine ring

C=N stretching of aromatic
pyridine ring

Pyridine ring deformation

1375

1308
1261
1126
1093
1040
927
888
835
743

N/A
N/A
1069
N/A
N/A
N/A
824
744

1604

1417

1000

56

1376

1312
1272
N/A
1070
N/A
924
854
824
733

1600

1420

993

*N/A means not available
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4.1.3 XPS characterization of P4VP-NR

Apart from the FT-IR, the chemical compositions at the surface of
P4VP-NR and NR samples were further characterized using X-ray photoelectron
spectroscopy (XPS).

From the survey spectra as shown in Figure 37, it was found that most
of chemical compositions of the unmodified NR and P4VP-NR samples were carbon
atoms which showed up at 284 eV. The reason is due to the intrinsic polymeric
hydrocarbon. In addition, the other signals which located at 532 eV, 153 eV, and 102
eV corresponded to Oss, Sizs, and Sizp, respectively. The silicon signals arose from the
silicon substrate used for the measurement, and the presence of the small oxygen signal
is because the oxygen is always presence on samples that exposed to the atmosphere
and silica substrate also contains oxygen [115]. However, only the P4AVP-NR sample
obviously showed the nitrogen signal at 399 eV, which was clearly observed by the
XPS high-resolution in N region as presented in Figure 38. The appearing of N signal
in the product after purification resulted from the existence of P4VP in the crosslinked
material, as confirmed that the P4VP was crosslinked to NR chains.

Therefore, the results from FT-IR and XPS confirmed the successful

crosslinking reaction.
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Figure 37 XPS survey scan spectra of NR and P4VP-NR (gel content = 63%).
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Figure 38 XPS high-resolution spectra of Nis region of NR and P4VP -DPNR (gel
content = 63%).
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4.1.4 Effect of influential parameters on gel contents

In this study, the effects of reagent concentrations and reaction
conditions on gel content were investigated.

4.1.4.1 Effect of P4VP concentration

Firstly, to study the effect of P4AVP concentration on the gel
content (%) of the crosslinking reaction, the P4VP concentration was varied from 50 to
150 phr with respect to NR. The other reagent concentrations and reaction condition
were kept constant in which using a BPO concentration of 10 phr, reaction time of 24
h, and reaction temperature of 90 °C.

In Figure 39, it was found that as the P4VP concentration was
increased from 50 to 150 phr, the gel content increased from 35% to 90%. The increase
in P4VP concentration led to an increase in the gel content on the crosslinking reaction.
From this result, it can be explained that when the concentration of polymer was

increased due to the availability of precursors required for the reaction [116].
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Figure 39 Gel content as a function of P4VP concentration.
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4.1.4.2 Effect of BPO concentration

The effect of BPO concentration on the gel content (%) was
also studied. The reaction was carried out by varying the BPO concentration from 5 to
15 phr with respect to NR, while the other reagent concentrations and reaction
conditions were fixed constant in which using a P4VP concentration of 100 phr,
reaction time of 24 h, and reaction temperature of 90 °C.

It was found that when the BPO concentration was increased
from 5 to 15 phr as shown in Figure 40, the gel content increased rapidly from 22% to
63% and then seemed to be unchanged at the highest concentration. First, the initial
stage of increasing the BPO concentration increased the gel content, possibly because
the higher amount of initiators might promote the formation of free radicals on both
P4VP and NR chains, resulting in the effective formation of macroradicals and
consequently a gel or network structure between the polymer chains. However, the
increasing of BPO concentration above these point (10 phr) can cause a reduction of
the free radical concentration possibly due to a termination reaction, and as a result the

gel content did not increase further.
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Figure 40 Gel content as a function of BPO concentration.
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4.1.4.3 Effect of reaction temperature

The effect of reaction temperature on the gel content (%) was
investigated by varying the reaction temperature in a range of 80 °C — 100 °C, whereas
the other reagent concentrations and reaction time were fixed constant in which using
a P4VP concentration of 100 phr, BPO concentration of 10 phr, and reaction time of 24
h.

In Figure 41, it was found that when the reaction temperature
was increased from 80 to 100 °C, which is an optimum working range for benzoyl
peroxide [117], the gel content increased from 55% to 77%. This result indicated that
increasing the reaction temperature increased the gel content. It is well known that the
reaction temperature is an essential parameter, which directly affects to the rate of

decomposition of an initiator and crosslink process, leading to high gel contents.
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Figure 41 Gel content as a function of reaction temperature.
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4.1.4 .4 Effect of reaction time

Lastly, the effect of reaction time on the gel content (%) was
also studied. The reaction was carried out by varying the reaction time in a range of 12-
36 h. Meanwhile, the other reagent concentrations and reaction temperature were kept
constant which used a P4VP concentration of 100 phr, BPO concentration of 10 phr,
and reaction temperature of 90 °C.

In Figure 42, it was found that when the reaction time was
increased from 12 to 36 h, the gel content increased from 58% to 77%. This result
indicated that increasing the reaction time increased the gel content. From the obtained
results, it can be explained that a prolonged reaction time is desirable for effective
crosslinking reaction, leading to high gel contents [115].
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Figure 42 Gel content as a function of reaction time.
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4.1.5 Determination of crosslink density of P4AVP-NR

In this experiment, the determination of crosslink density was carried
out via an equilibrium swelling of the crosslinked product in toluene solvent. The
crosslink densities of the P4AVP-NR samples were subsequently calculated using the
Flory-Rehner equation.

As shown in Figure 43a, it was found that at the higher of the
crosslink density, the lower of the solvent swelling of the crosslinked materials was
obtained. As expected, the crosslink density is inversely proportional to the swelling
behavior, because the increasing crosslink density leads to an increase of the restriction
of the polymeric chain mobility [118]. As a result, less amount of solvent can be
absorbed by the materials. In addition, the crosslink density was dependent on the gel
content as shown in Figure 43b. At a gel content of 42%, the crosslink density was 13%.
This increased to 24% at a gel content of 96%. Therefore, a greater amount of P4VP in
the crosslinked products led to an increase in crosslink density but a decrease in solvent
swelling degree as shown in Figure 43b and c. The higher of gel content means that the
greater amounts of P4VP was immobilized to the samples, leading to more chain

restriction.
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Figure 43 Crosslink density as a function of (a) degree of swelling in toluene and (b)

gel content, and (c) the degree of solvent swelling as a function of gel content.

Ref. code: 25595809040073GBP



65

4.1.6 Determination of thermal properties of P4VP-NR
4.1.6.1 Thermal Gravimetric Analysis (TGA)

The thermal stability as a decomposition temperature of the
materials was measured by thermal gravimetric analyzer. The TGA thermograms of all
samples are shown in Figure 44. The initial temperature of weight loss (T;), the final
temperature of weight loss (Tf), and the decomposition temperatures of the materials
(Tq) are shown in Table 10.

It was found that P4AVP-NR was only slightly more thermally
stable than NR, but both of them were obviously less stable than pure P4VP. In addition,
the TGA thermogram of pure NR showed a single-step thermal decomposition at a
range of 300-480 °C, whereas the P4VP and the P4VP-NR showed two-step thermal
decompositions. The first step at below 150°C was attributed to the loss of moisture and
possibly the remaining organic solvent. Moreover, the second-step at the higher
temperatures, which started to lose weight at about 300 °C, was related to the
degradation temperature of natural rubber and P4VP. However, the decomposition
temperatures of the polymers, which were determined from the intersection of two
tangents at the onset of the decomposition temperatures, were found to be about 386
°C, 403 °C, and 388 °C for the NR, P4VP, and P4VP-NR, respectively. The results of
P4VP and NR are corresponded to the previous work [119, 120].

Ref. code: 25595809040073GBP



120

100

|

80

60

Weight (%)

40

20

66

—NR
——P4VP
—P4VP-NR

0 100 200

300 400

Temperature (°C)

500 600

Figure 44 TGA thermograms of NR, P4VP and P4VP-NR (gel content = 63%).

Table 10 Decomposition temperatures of P4VP-NR sample, in comparison with those

of NR and P4VP.

Thermal degradation (°C)

Samples
iy T Td"
NR 300 480 386
P4VP (1% step) 50 110 72
(2" step) 300 460 403
P4VP-NR (1% step) 50 150 110
(2" step) 300 490 388

4 Ti: the initial temperature of weight loss

® T¢: the final temperature of weight loss

¢ Tq: the decomposition temperature, which determined from the intersection of two

tangents at the onset of the decomposition temperatures
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4.1.6.2 Differential Scanning Calorimetry (DSC)

The glass transition temperature (Tg) of the materials was
examined by differential scanning calorimeter. The DSC thermograms of all samples
are shown in Figure 45, and the Tgs value are shown in Table 11.

From DSC thermograms, it was found that the NR showed a
single glass transition temperature at -58.9 °C, which is higher than those reported in
the previous studies. They reported the truly T4 of NR around -65 °C [18, 116] and -70
°C [17]. These differences of T4 values might be due to many reasons, including the
difference in sample preparation, the molecular weight of measured polymer, the
pretreatment, and the measuring conditions used. Meanwhile, the PAVP-NR gave two
different Tqvalues in which the first at -57.8 °C is related to NR. The other one at 140.5
°C corresponded to P4VP, because the pristine P4VP has a Tq closely located at 137.2
°C [121]. This suggested that the obtained material still consists of two phase regions
including NR and P4VP phases. However, the higher shift of T4 values of both NR and
P4VP phases in the P4AVP-NR sample was possibly due to the crosslinked structure
restricting the mobility of polymer chains, so it required the higher temperature to phase

transition.
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Figure 45 DSC thermograms of NR, P4VP and P4VP-NR (gel content = 63%).

Table 11 Glass transition temperatures (Tg) of P4VP-NR sample, in comparison with
those of NR and P4VP.

Transition temperature (°C)

Samples
19 Ty 2" Tg
NR -58.9 -
P4VP 137.2 -

P4VP-NR -57.9 140.5
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4.1.7 Determination of pH responsiveness of P4VP-NR
4.1.7.1 The water swelling of P4AVP-NR in pH solutions

The pH responsiveness of NR and P4VP-NR were investigated
via the water swelling experiment. The experiment was carried out by immersing the
samples in an aqueous solutions of a pH range from 2 to 12 for 24 h.

As shown in Figure 46, it was found that P4VP-NR became
more swollen than the pristine NR due to the presence of hydrophilic 4-vinylpyridine
unit. The P4VP-NR samples with highest swelling degree showed the hydrogel-like
behavior as shown in Figure 47. By further considering the P4VP-NR samples (both of
blue and red lines), it was observed that the degree of swelling obviously increased
when the pH of the solution was below 4 whereas that of the NR sample did not change.
From the obtained results, it can be explained by the followings. As pyridine is a weak
base, in which the pKa of its conjugate acid, pyridinium salt, is 4.7 [83]. When the pH
of solution is below 4.7, pyridine is protonated and converted into pyridinium salt form,
which contains a positive charge representing on their structure. Due to the electrostatic
repulsion of their positive charges between the polymer chains, the materials become
swollen. Another reason is that the presence of those ions led to an increasing the
hydrophilicity of the materials, and as a result the materials could absorb more water.
On the other hand, when the pH was increased above 4, the pyridine groups were
deprotonated and become neutral, and accordingly the lower of swelling percentage
was obtained. In addition, it was also found that the P4VP-NR sample with higher gel
content (blue line) was more swollen than the sample with lower gel content (red line)

because of the greater amount of P4VP (Figure 46).
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Figure 47 Swelling behavior of PAVP-NR (gel content = 63%) in aqueous solutions
with pH 2 for 30 min.
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4.1.7.2 The water contact angle of P4AVP-NR

To confirm the pH responsiveness of the P4VP-NR, the
samples were subsequently investigated by water contact angle measurement. The NR
and P4VP-NR samples were immersed in a range of pH aqueous solutions from 2 to 12
for 24 h before measurement.

In Figure 48, it was found that the NR sample showed contact
angles of around 95-110° through the pH range used in this experiment, consistent with
the previous reports [9, 23]. The slight increase in contact angle was possibly due to the
interaction with the surface protein or the non-rubber compositions of the latex [122].
In addition, the P4VP-NR samples showed an abrupt increase in contact angle from 28°
to 80° when the pH was changed from 2 to 4, and the contact angles remained steady
after that point. As mentioned earlier, since the positive charge of pyridine unit was
generated when the pH of surroundings was below 4, the surface of the P4VP-NR
became more polarity. Due to its high hydrophilicity, the water droplet gradually passed
through the materials that wetted with pH 2 as shown in Figure 49. Consequently, a
decrease in water contact angle and swelling behavior of P4AVP-NR were obtained.
Moreover, the affinity of water towards the P4VP-NR also indicated that the P4VP
could improve the hydrophilicity of NR.

The result from water swelling experiment and water contact
angle measurement confirmed that the obtained P4VP-NR was pH-responsive under

acidic conditions in which the pH of surroundings is below 4.
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4.1.8 Demonstration of the pH responsive releasing behavior of P4VP-
NR
4.1.8.1 Study the controlled release of indigo carmine from the
resultant products

In order to demonstrate the pH responsive behavior and as
responsive releasing materials, the absorption and desorption of indigo carmine dye
from P4VP-NR and NR were studied. Indigo carmine was chosen to represent a water-
soluble anionic drug. The samples were incubated in indigo carmine solution for two
weeks at room temperature.

It was found that P4VP-NR could absorb more dye than NR,
observing by an obvious reduction of absorbance intensity as shown in Figure 50. Based
on this result, it suggested that the P4VP in the crosslinked material play a crucial role
which affected the loading and releasing behaviors, because the nitrogen atom of
pyridine ring unit interacted with indigo carmine molecules by hydrogen bonding
interaction, leading to a greater decreasing of dye concentration.

After dye absorption, the samples were taken out, dried up and
then immersed in aqueous solutions with different pH values from 2 to 10. The
absorbance was measured to monitor the release of the indigo carmine. As shown in
Figure 51, the absorbance of the NR samples did not change significantly as the pH was
increased from 2 to 10, indicating that the NR was not pH responsive. For the P4VP-
NR samples, more dyes were significantly released when the pH value of the solution
were below 6. At a pH below 6 (pH<4.7), the dye release was possibly due to the
material becoming highly protonated, leading to the chain elongation and straightening
out to expand its polymer size. This event caused the loss of hydrogen bonding
interactions of the entrapped indigo carmine at the external surface of P4VP-NR, and
then the dye could be released after that [123]. Moreover, a large free volume that
occurred from the expansion of the material was thereby allowed the water to diffuse
in and out easily, as a result the occupying dye inside could be likewise taken away. At
a pH above 6, the small amounts of dye release might result from the release of surface
dye. In addition, dye release was also studied as a function of immersion time. As

shown in Figure 52, when the immersion time was increased, the relative absorbance
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gradually increased. These pH response studies suggested that P4VP-NR material has

potential applications in responsive drug release.
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Figure 50 UV-visible spectra of NR and P4VP-NR (gel content = 63%) after

immersion in dye solutions compared with standard dye solution.
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Figure 51 Absorbance values of NR and P4VP-NR samples.
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4.1.9 Study of adsorption isotherms

To predict the absorption process of indigo carmine (adsorbate) onto
P4VP-NR (adsorbent), the adsorption isotherm was studied. In this work, the
experimental data from adsorption study were analyzed using four models of adsorption
isotherms which included the Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich isotherms as shown in Figure 53, and the linear regression analysis was
employed to determine the best fit of those theoretical models for the experimental data.
Moreover, the characteristic parameters of all isotherms were subsequently clarified in
Table 12.

From the linear regression analysis (Figure 53), it was found that the
Langmuir adsorption isotherm represented the highest linear regression coefficient
value (R?=0.9988) and hence the best fit model of experiment. This study indicates that
the adsorption process of indigo carmine onto P4VP-NR likely took place as a
monolayer adsorption with the maximum monolayer coverage capacity (Qo) of 21.51

mg/g. Since the assumption of Langmuir equation indicates the surface of adsorbent is
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a homogeneous surface, so it can be further concluded that the P4VP-NR surface is
homogeneously distribution of active sites [124]. In addition, the affinity of adsorption
behaviors can be revealed by a dimensionless parameter (RL) that is also an evidence
on adsorption mechanism. As presented in Table 12, the R. value of this experiment
was found to be in a range of 0-1 indicating the favorable adsorption process of the dye
and P4VP-NR.

By considering to the other isotherms, it was found that the
Freundlich, Temkin, and Dubinin-Radushkevich isotherms did not fit well to the
experimental data when compared to the Langmuir isotherm. There were ranked as the
second, third, and fourth order with respect to the linear regression coefficient (R?)
values, respectively.

However, the characteristic parameters of the Freundlich can also be
used to identify the favorability of adsorption process. It was found that the value of
adsorption intensity (n) from the Freudlich isotherm is larger than 1 (1.27), indicating
that the adsorption of dye onto P4VP-NR is favorable. Additionally, the value of mean
sorption energy (E) from Dubinin-Radushkevich isotherm gives information about
chemical and physical adsorption. In Table 12, the E value (0.5 kJ/mol) is found to be
less than 8 kJ/mol, revealing that the type of adsorption of indigo carmine on P4VP-

NR was a physical adsorption.
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Figure 53 Linear adsorption isotherms based on (a) Langmuir, (b) Freundlich, (c)
Temkin, and (d) Dubinin-Radushkevich models.

Table 12 Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm

constants for the adsorption of indigo carmine onto P4VP-NR.

Adsorption Isotherm

The constant values from

Models Parameters Linear transform

Langmuir Qo (mg/g) 21.51
KL (L/mg) 0.02

RL 0.2-0.9

R? 0.9988
Freundlich 1/n 0.781
n 1.27
Kt (mg/g) 0.428
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0.9831
0.457
943.42
2.653
0.9371
6.208
2x10°
0.5
0.8547
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4.2 Synthesis and characterizations of 4VP-grafted DPNR (4VP-g-DPNR)

4.2.1 Preparation of deproteinized natural rubber latex

Prior to grafting reaction, the NR latex was deproteinized for
removing the surrounding proteins in order to increase grafting efficiency on the
reaction. In this work, the DPNR latex was prepared using urea treatment and surfactant
washing, respectively. After preparation, the total nitrogen content of the as-prepared
DPNR latex was evaluated using the CHN elemental analyzer, and the obtained data

have been reported as shown in Table 13.

It was found that total nitrogen content of the DPNR decreased to
approximately 50 %, compared with untreated NR. Generally, the urea is often used to
denature the proteins by forming interaction such as hydrogen bonding with proteins
leading to a changing of their conformation. As expected, if the interaction between the
surrounding proteins and the rubber particles are only the physical interaction, it may
be possible to remove the proteins from NR latex after denaturation the proteins [44].
From the obtained results, most of surrounding proteins are bound to the rubber
particles by a weak attraction force, which can be discharged by denaturation with urea.
Moreover, the proteins are also solubilized with SDS from the surfactant washing
process [125], as a result the proteins could be effectively separated from the rubber
phase after centrifugation. Therefore, it can be noted that the urea and SDS were able
to remove protein from fresh NR latex, corresponding to the previous reports [44-45,
58].

Table 13 The C, H, and N data of NR and DPNR.

Composition (Y%w/w)
Sample Name

Carbon Hydrogen Nitrogen
NR 84.79 12.68 0.76
DPNR 84.19 12.88 0.43
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4.2.2 Preparation of 4VP-grafted DPNR

In this approach, the graft copolymerization of 4VP onto natural
rubber was performed via an emulsion polymerization method which started from the
4VP monomer and DPNR latex. This method was carried out in a latex or water
medium in which the potassium persulfate (KPS) and sodium dedocyl sulfate (SDS)

were employed as an initiator and emulsifier, respectively.

Although many types of initiators have reported for using in grafting
of natural rubber. The KPS is an effective water soluble initiator. We believe that if it
can dissolve well in a water medium, it will disperse well in the reaction mixture. As a
result, the use of KPS may possibly promote the graft copolymerization between DPNR
and 4VP. Moreover, from the experimental, it was found that only KPS has given the
successful reaction and higher grafting ratio compared with the other initiators such as
couple of CHP/TEPA, AIBN and BPO, which did not dissolve well in water at the same

conditions.

Normally, it is commonly known that the KPS thermally dissociates
to generate free radicals as shown in Figure 54. Those free-radicals usually reacted with
the surface of DPNR particles at the a-methylenic hydrogen atom via hydrogen
abstraction processes to give polyisoprene radicals [19, 126]. The polyisoprene radicals
then reacted with 4VP monomer during propagation to obtain 4VP-g-DPNR. The
proposed mechanism is presented in Figure 55. During the reaction, the change of color
was observed as the reaction mixture turned from white latex to orange latex due to the

color of propagating P4VP.
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Figure 55 The proposed mechanism of the grafting reaction between 4VP and DPNR.
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After the reaction, the soxhlet extraction with acetone was chosen to
purify the grafted materials because it can remove any residue of ungrafted 4VP
monomer or P4VP homopolymer, which could be observed from a decrease in the
grafting ratio after extraction. The photograph of the obtained 4VP-g-DPNR was taken,
presenting a yellowing solid rubber as shown in Figure 56.

In this approach, the use of NR latex and emulsion polymerization
method has some advantages. Although it requires many of chemical substances to
carry out the reaction, but this reaction proceed in the water medium which is an
environmental friendly and low cost solvent. Another advantage is that the water shows
an excellent heat transfer that will prevent the problem of heat accumulation in the
system, suitable for the industrial scale. The functionalized product was subsequently
investigated using FT-IR, XPS, and *H-NMR techniques.

Figure 56 Photograph of 4VP-g-DPNR. Sample size is approximately 1x1 cm?,

4.2.3 FT-IR characterization of 4VP-g-DPNR

The FT-IR technigue was used to investigate the functional groups
and chemical structure of the grafted materials. The comparison of the characteristic IR
absorption bands of all samples at a specific wavenumber (cm™) was shown in Table
14.

In Figure 57, after purification process, the 4VP-g-DPNR sample still
showed the signatures of both P4VP and DPNR. The important characteristic bands for
the grafted material appeared at 1599 cm™, 1417 cm™, and 995 cm, corresponding to
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C=N, C=C, and pyridine ring deformation of 4VP unit, respectively [27]. Meanwhile,
the signal at 3000-2850 cm?, 1451 cm™, 1377 cm®, and 827 cm™* corresponded to CH3
stretching, CH> bending, CHs bending, and CH> wagging of the polyisoprene unit,
respectively. This result suggested that the grafting process of 4VP onto DPNR was
successfully achieved.

Furthermore, the decrease in characteristic band at 1661 cm
consistent with C=C stretching of NR after grafting process suggested that this reaction
could likely occur via the addition reaction at the double bond of the DPNR backbone

as well as the abstraction reaction took place.

—DPNR  —P4VP  —4VP-gDPNR
1661 ¥
e/} |
Stretch (NR): |/
5 i W
E .
2 !
B h
= Wy
>3000-2350 | | N\
C-H / 995
stretch 1599" T b idine ring
C=N > c{efbrmation
e stretch

3600 3200 2800 2400 2000 1600 1200 800 400

Wavemumber (cml)

Figure 57 FT-IR spectra of DPNR (black line), P4VP (red line), and 4VP-g-DPNR
(grafting ratio = 45%) (blue line).
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Table 14 The comparison of the characteristic IR absorption bands of DPNR, P4VP,

and 4VP-g-DPNR at a specific wavenumber (cm™).

Wavenumber (cm™)

Type of bonds
DPNR P4VP 4VP-g-DPNR

O-H stretching (broad,

) 3600-3300 3600-3300 3600-3300
moisture)
N-H stretching (protein) 3360 - N/A
=C-H stretching 3037 3034 2995
CHs asymmetric stretching 2960 2927 2932
CH2 asymmetric stretching 1917 N/A 1948
CH2 symmetric stretching 2851 2854 2851
C=C stretching 1661 - weak
CHq> scissoring 1472 1452 1451
CHz asymmetric

) 1376 - 1376

deformation
CH: wagging 1308 - 1312
CH> twisting 1261 N/A 1272
CH2 wagging 1126 N/A N/A
C-CHz stretching 1093 1069 1070
C-CHg stretching 1040 N/A N/A
CHs rocking 927 N/A 924
CHs wagging 890 N/A 854
=C-H wagging 838 824 824
CH> rocking 745 744 733
C=C stretching of aromatic

o - 1604 1599
pyridine ring
C=N stretching of aromatic

- . - 1417 1417
pyridine ring
Pyridine ring deformation - 1000 995

*N/A means not available
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4.2.4 XPS characterization of 4VP-g-DPNR

In addition, the elemental compositions at the surface of the grafted
material were also evaluated using an XPS technique.

Figure 58 showed the XPS wide scan spectra of all samples. It was
found that signals of Ogs, Cis, Sizs, and Sizp were found in both NR and 4VP-g-DPNR.
The carbon signal came from the intrinsic hydrocarbon polymeric material, and the
silicon signal resulted from the sample preparation for measurement. However, an
appearance of a nitrogen signal at 399 eV of the grafted material (Figure 59) suggested
that the 4VP had been grafted onto the DPNR [127]. The results both of FTIR and XPS

were similar to the as-prepared crosslinked material.
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Figure 58 XPS survey scan spectra of DPNR and 4VP-g-DPNR (grafting ratio =
45%).
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Figure 59 XPS high-resolution spectra of Nis region of DPNR and 4VP-g-DPNR
(grafting ratio = 45%).

4.2.5 'H-NMR characterization of 4VP-g-DPNR

The 'H-NMR technique was used to characterization the graft
copolymer and calculate the grafting efficiency. The *H-NMR spectra of DPNR, P4VP,
and 4VP-g-DPNR are shown in Figure 60. It was found that the characteristic peak of
4VP-g-DPNR (Figure 59c) appeared at 1.7, 2.0 and 5.1 ppm, which were assigned to
methyl (-CHs), methylene (-CH»-), and unsaturated methyne (=C-H) protons of
isoprene units, respectively. Moreover, broad signals at around 6.5 and 8.5 ppm were
attributed to the aromatic protons of the pyridine ring units [108].

Therefore, the results of FT-IR, XPS, and *H-NMR on 4VP-g-DPNR
sample indicated that the 4VP was successfully grafted onto the DPNR backbone via
an emulsion polymerization process.
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Figure 60 *H-NMR spectra of (a) DPNR, (b) P4VP, and (c) 4VP-g-DPNR (grafting
ratio = 45%)
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4.2.6 Effect of influential parameters on grafting ratio

In this study, the effects of reagent concentrations and reaction

conditions on grafting ratio were evaluated.

4.2.6.1 Effect of 4VP concentration

At first, to study the effect of 4VP concentration on the grafting
ratio (%GR) of the grafting reaction, the 4VP monomer concentration was varied from
50 to 150 phr, while the concentration of other reagents and reaction conditions were
kept constant in which a 10 phr of KPS concentration, 10 phr of emulsifier
concentration, 3 hours of reaction time, and 90 °C of reaction temperature were
employed.

Figure 61 showed the grafting ratio as a function of 4VP
concentration. It was found that increasing of 4VP concentration led to an increase in
the grafting ratio. When the 4VP concentration was increased from 50 to 150 phr, the
grafting ratio also increased from 7.11% to 29.76%. From this result, it can be explained
that the higher amounts of monomer concentration might increase the probability of

reaction with the active sites of the macroradicals of DPNR [20].
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Figure 61 Grafting ratio as a function of 4VP concentration.
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4.2.6.2 Effect of KPS concentration

The effect of KPS or initiator concentration on the grafting ratio
(%GR) was also studied. The reaction was carried out by varying the concentration of
KPS from 8 to 12 phr. Meanwhile, the concentration of other reagents and reaction
conditions were kept constant in which a 100 phr of 4VP concentration, 10 phr of
emulsifier concentration, 90 °C of reaction temperature and 3 hours of reaction time
were used.

From Figure 62, it was observed that when the KPS
concentration was increased from 8 to 12 phr, the grafting ratio substantially decrease
from 31.05% to 7.84%. As expected, at the higher concentration of initiator, a plenty
of active sites on DPNR could be generated as well as in the 4VP monomer, due to the
higher level of produced free radicals. However, it is possible that only 4VP free
radicals preferentially reacted with themselves and produce an only free homopolymer
rather than grafting onto DPNR backbone [128]. Moreover, the excess amount of free
radical concentration can cause a termination reaction which led to the depletion of
active species, and hence the grafting ratio did not increase at the higher of initiator

concentration [20].
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Figure 62 Grafting ratio as a function of KPS concentration.
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4.2.6.3 Effect of emulsifier concentration

It is well known that the emulsifier is an essential parameter in
an emulsion polymerization method, so the effect of emulsifier concentration, SDS, on
the grafting ratio (%GR) was then investigated. The reaction was carried out by varying
the concentration of SDS from 5 to 15 phr, while the concentration of other reagents
and reaction conditions were kept constant in which a 100 phr of 4VP concentration,
10 phr of KPS concentration, 90 °C of reaction temperature and 3 hours of reaction time
were used.

Figure 63 presented the grafting ratio as a function of emulsifier
concentration. It was found that increasing emulsifier concentration resulted in an
increase in the grafting ratio. As the emulsifier concentration was increased from 5 to
15 phr, the grafting ratio continually increased from 2.63% to 24.01%. From this result,
it can be indicated that the adding of SDS to the system is not only to maintain the
colloidal stability of the rubber particles for preventing the early event of coagulation
during the reaction, but also to increase a possibility to form micelles. Thus, a poor
water-soluble monomer such a 4VP can be dispersed well in water phase in the presence
of emulsifier, and they will reach extensively to the active sites on the DPNR backbone,

leading to higher grafting ratio.
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Figure 63 Grafting ratio as a function of emulsifier concentration.
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4.2.6.4 Effect of reaction temperature

The effect of reaction temperature on the grafting ratio (%GR)
was subsequently studied. The reaction was carried out by varying the temperature in a
range of 80-100 °C. Meanwhile the reagent concentrations and reaction time were kept
constant in which a 100 phr of 4VP concentration, 10 phr of KPS concentration, 10 phr
of emulsifier concentration, and 24 hours of reaction time were employed.

As shown in Figure 64, it was found that when the reaction
temperature was increased from 80 to 100 °C, which is an optimum working range for
potassium persulfate (KPS), the grafting ratio increased from 13.22% to 18.32%. This
result indicated that increasing the reaction temperature increased the grafting ratio. In
fact, the reaction temperature is an essential parameter which significantly affects the
rate of decomposition of an initiator. At higher reaction temperatures, more free radicals
were produced, and those of produced free radicals could transfer to react with 4VP
monomer and DPNR backbone to generate active sites or macroradicals. As a result,

there was a greater possibility to proceed a graft copolymerization of 4VP onto DPNR
backbone.
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Figure 64 Grafting ratio as a function of reaction temperature.
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4.2.6.5 Effect of reaction time

Finally, the effect of reaction time on the grafting ratio (%GR)
was evaluated. The reaction was carried out by varying the reaction time in a range of
1-5 h. Meanwhile, the reagent concentrations and reaction temperature were fixed
constant in which a 100 phr of 4VP concentration, 10 phr of KPS concentration, 10 phr
of emulsifier concentration, and 90 °C of reaction temperature were employed.

It was found that when the reaction time was increased from 1
to 5 h, the grafting ratio gradually decreased from 19.69% to 13.16% as shown in Figure
65. For a prolonged reaction time, the competition between the polymerization of only
4VP and the grafting of 4VP onto DPNR backbone occurred in the system. Based on
this result, the decrease in grafting ratio suggested that the free P4VP homopolymer
was readily formed rather than grafting onto DPNR backbone. The reasons are possibly
due to the limited active sites available on the DPNR backbone as well as the
recombination of 4VP radical under the longer reaction time [19]. Furthermore, the use
of high temperature (90 °C) and longer time for the reaction might lead to the

degradation of the grafted product.
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Figure 65 Grafting ratio as a function of reaction time.
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4.2.7 Determination of thermal properties of 4VP-g-DPNR
4.2.7.1 Thermal Gravimetric Analysis (TGA)

The thermal stability of the materials was measured to
determine the decomposition temperature by using thermal gravimetric analyzer. The
TGA thermograms of all samples are shown in Figure 66. The values of the initial
temperature of weight loss (Ti), the final temperature of weight loss (Tf), and the
decomposition temperatures of the materials (Tq) are shown in Table 15.

It was found that 4VP-g-DPNR was slightly less thermally
stable than DPNR. A single-step thermal decomposition at a range of temperature of
300-480 °C was observed in NR, whereas both the P4VP and the 4VP-g-DPNR showed
several steps of thermal decompositions. For the P4VP, it has two-step thermal
decompositions, resulting from the removal of moisture, remaining organic solvent and
its polymer structure. For the grafted material, it has a three-step thermal decomposition
in which the first step at below 160 °C was attributed to the loss of moisture and other
impurities. Additionally, the second step and third step at the higher temperatures,
which started to lose weight at about 300 °C, were expectedly due to the degradation of
natural rubber and P4VP. However, the decomposition temperatures of the polymers,
which were determined from the intersection of two tangents at the onset of the
decomposition temperatures, were found to be about 385 °C, 403 °C, and 384 °C for the
DPNR, P4VP, and 4VP-g-DPNR, respectively.
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Figure 66 TGA thermograms of DPNR, P4VP and 4VP-g-DPNR (grafting ratio =

45%).

Table 15 Degradation temperatures of 4VP-g-DPNR sample, in comparison with

those of DPNR and P4V/P.

Thermal degradation (°C)

Samples 2 7 7
DPNR 300 490 385
P4VP (1% step) 50 110 72
(2" step) 300 460 403
4VP-g-DPNR (1% step) 100 160 130
(2" step) 256 318 304
(3" step) 318 490 386

4 Ti: the initial temperature of weight loss

® T¢: the final temperature of weight loss

¢ Tq: the decomposition temperature, which determined from the intersection of two

tangents at the onset of the decomposition temperatures
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4.2.7.2 Differential Scanning Calorimetry (DSC)

The glass transition temperature (Tg) of the materials was
examined by differential scanning calorimeter. The DSC thermograms of all samples
are shown in Figure 67, and the T4 values are presented in Table 16.

From DSC thermograms, it was found that the pure DPNR and
P4VP showed single glass transition temperatures at -63 °C and 137.2 °C, respectively,
which is slightly different from the previous reports. Form those studies, they reported
that the Tq of DPNR were around -61.8 °C and -65 °C [18, 116], and that of P4VP was
around ~140 °C [121]. The differences of T4 values might be caused by the different
sample preparation methods, the molecular weight of polymer, the pretreatment before
measurement, and the measurement conditions used. On the contrary, the 4VP-g-DPNR
provided two different T4 values in which the first at -64.1 °C was related to DPNR,
and the other one at 139.5 °C expectedly corresponded to P4VP. This suggested that
the grafted material consisted of two phase regions including DPNR and P4VP.

Although it is commonly known that the T4 of copolymer would
be located between Ty values of both constituent homopolymers. However, some
reports stated that the block or graft copolymers, which have an adequately long chain
portion of their homopolymers, can possibly show their characteristic Tq for each
polymers instead of exhibiting a new single value at the intermediate value [129].
Moreover, from the obtained result, the shift of the first Tq in the grafted material to the
lower temperature indicated that the grafting of 4VP onto DPNR backbone may
increase the free volume of the material, owing to the steric effect from the structure of
P4VP unit.
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Figure 67 DSC thermograms of DPNR, P4VP and 4VP-g-DPNR (grafting ratio =
45%).

Table 16 Glass transition temperature (Tg) of 4VP-g-DPNR sample, in comparison
with those of NR and P4VP.

Transition temperature (°C)

Samples
P 19Ty 2M Ty
DPNR -63 -
P4VvP 137.2 -

4VP-g-DPNR -64.1 139.5
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4.2.8 Determination of pH responsiveness of 4VP-g-DPNR
4.2.8.1 The water swelling of 4VP-g-DPNR in pH solutions

After the characterization parts, the pH responsiveness of
DPNR and 4VP-g-DPNR with different grafting ratios were investigated via the water
swelling experiment. The experiment was carried out by immersing the samples in an
aqueous solutions of a pH range from 2 to 12 for 24 h.

In Figure 68, it was found that 4VP-g-DPNR became more
swollen than the DPNR due to the presence of hydrophilic portion of 4-vinylpyridine
unit as expected. In addition, the 4VP-g-DPNR sample with a higher grafting ratio (blue
line) was found to be more swollen than the sample with a lower grafting ratio (red
line). By further considering to the 4VP-g-DPNR samples (both of blue and red lines),
it is noted that the degree of swelling (%) explicitly increased when the pH of the
solution was below 4 while that of the DPNR sample did not change in any pH
solutions. When the pH of solution was below 4.7, pyridine is protonated generating
positive charges on their structure, resulting in the formation of electrostatic repulsion
between the polymer chains. Hence, the materials became swollen, and also the increase
in the hydrophilicity due to the presence of positive charges led to more water
absorption of the materials. The swelling behavior of the 4VP-g-DPNR sample with a
grafting ratio of 45% in a pH 2 solution was also observed by taking a photograph as
shown in Figure 69.

Furthermore, when compared to the P4VP-NR sample, the
4VP-g-DPNR was found to be more swollen than that crosslinked product, even if the
P4VP ratio with respect to NR is smaller than P4VP-NR. The reason is mainly due to
the difference in their structures. The PAVP-NR is a crosslinked material which has a
restriction between the polymer chains due to the network structure. Meanwhile, the
polymer chains of grafted product is more flexible and freely to accommodate water

molecules.
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Figure 69 Swelling behavior of 4VP-g-DPNR (grafting ratio = 45%) in aqueous

solutions with pH 2 for 30 min.
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4.2.8.2 The water contact angle of 4VP-g-DPNR

To further confirm the pH responsiveness of the grafted
material, the samples were subsequently examined by water contact angle
measurement. The DPNR and 4VP-g-DPNR samples were wetted with different pH
aqueous solutions before measurement.

As shown in Figure 70, it was found that the DPNR sample
showed contact angles of around 95-110° through the pH range used in this experiment.
The negligible increase in contact angle was possibly due to the interaction with the
surface of non-rubber compositions of the latex. On the other hand, the 4VP-g-DPNR
samples showed an instantaneous increase in contact angle from 24° to 90° when the
pH was changed from 2 to 4. After that point, the contact angles seemingly remained
steady. As mentioned in the water swelling experiment, when the pH of the
surroundings was below 4, the protonation or positive charges of pyridine unit in the
sample were produced. As a result, the surface of the materials became more
hydrophilic. Therefore, the water can be absorbed towards the materials, exhibiting a
decrease in water contact angle (Figure 71). This result definitely confirms that the
4VP-g-DPNR is pH-responsive under acidic conditions in which the pH of solution was
below 4, similar to the crosslinked sample.
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Figure 70 Water contact angles of DPNR and 4VP-g-DPNR (grafting ratio = 45%) at

different pH values.
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Figure 71 (a) An image representation of protonated and deprotonated pyridyl groups
on 4VP-g-DPNR and (b) water contact angles of 4VP-g-DPNR (grafting ratio = 45%)
atpH 2 and 4.
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4.2.9 Demonstration of the pH-responsive releasing behavior of 4VP-
g-DPNR

To display the pH responsive behavior of pH responsive releasing
materials, the release of indigo carmine dye and carbon quantum dots of 4VP-g-DPNR
and DPNR were studied.

4.2.9.1 Study the controlled release of indigo carmine from the

resultant products

In this study, the absorption and desorption of indigo carmine
dye from 4VP-g-DPNR and DPNR were analyzed. Indigo carmine was chosen to
represent a water-soluble anionic drug. The samples were immersed in indigo carmine
solution (20 ppm) for two weeks at room temperature.

It was found that the 4VP-g-DPNR could absorb more dye than
the pure DPNR, as shown by a greater reduction of absorbance intensity in Figure 72.
Based on this result, it suggested that the 4VP in the grafted material may involve in
the loading and releasing behaviors. Since the nitrogen atom of pyridine ring unit can
interact with indigo carmine molecules by hydrogen bonding interaction (Figure 73),
and therefore the dye concentration obviously decreased after immersion as also
mentioned in P4VP-NR.

After dye absorption, the samples were withdrawn, dried up and
then immersed in aqueous solutions with different pH values, and the absorbance was
subsequently measured to monitor the release of the indigo carmine. As shown in
Figure 74, the absorbance of the DPNR samples did not change significantly as the pH
was increased from 2 to 10, indicating that the DPNR was not pH responsive. In
contrast, the 4VP-g-DPNR samples showed that the dye could be released when the pH
value of the solution were below 6. The reason is possibly due to the 4VP-g-DPNR
becoming swollen when the pH below 4.7. Moreover, a large free volume inside that
came from the swollen of the material was thus allowed the water to diffuse in and out
easily, and as a result the dye inside could also be allowed to diffuse out. Apart from

that, the dye release as a function of immersion time was further studied (Figure 75).
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As the immersion time was increased, the relative absorbance gradually increased in
any of pH solutions at a period of 0.5-3 h and remained steady after that. However, the

release of indigo carmine at pH 2 was found to be the highest, similar to the crosslinked

material.
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Figure 72 UV-visible spectra of DPNR and 4VP-g-DPNR (grafting ratio = 45%) after

immersion with dye solution compared with standard dye solution.
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Figure 73 Interaction between 4VP-g-DPNR and indigo carmine molecule.
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4.2.9.2 Study the controlled release of carbon quantum dots from

the resultant nanocomposites

In order to further confirm the pH responsive releasing behavior
of the 4VP-g-DPNR, the release of carbon quantum dots (CQDs) from DPNR/CQDs
and 4VP-g-DPNR/CQDs nanocomposites were also analyzed. The CQDs, a type of
carbon nanoparticles, was used because it is a fluorescent material.

Prior to the study of the releasing behavior, the CQDs were
embedded in the 4VP-g-DPNR and DPNR samples via polymer nanocomposite method
(Figure 76a). The nanocomposite samples were subsequently immersed in different pH
solutions from 2 to 12. From Figure 76b, it was found that the pH 2 solution that
contained 4VP-g-DPNR/CQD nanocomposite showed the highest fluorescence
intensity under the UV light when compared to other pH solutions. Meanwhile, the
DPNR/CQD nanocomposite did not significantly display the difference in fluorescent
intensity in any of pH solutions. As expected, the fluorescence intensity came from the
release of CQDs. In acidic solution (pH < 4), it is already known that the protonation
of pyridine ring unit led to the straightening up of the polymer chains due to the
repulsive interaction between the same charges. As a result, the water can diffuse into
the materials and dissolve the embedded CQDs particles out from the swollen material.
Therefore, the CQD particles, which has an excellent water solubility, could be released
from the materials to the solution and the solution displayed the fluorescence. In
addition, the release of CQDs of 4VP-g-DPNR/CQD nanocomposite was subsequently
confirmed using fluorescence spectroscopy. It was found that the pH 2 solution used to
immerse the 4VP-g-DPNR/CQD nanocomposite exhibited the highest fluorescent
intensity in a region of blue wavelength (400-450 nm) as shown in Figure 77. This
result corresponded to the solution observed under UV light. However, the small
amount of fluorescence intensity that presented in other pH solutions might results from
the trace amount of remaining CQDs on the surface of the samples, which did not
embed in the materials. Consequently, these pH responsive studies suggested that 4VP-
g-DPNR material can potentially be used as a pH responsive releasing materials in the

field of releasing applications, including drug delivery.
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Figure 76 (a) A schematic of preparation of 4VP-g-DPNR/CQDs nanocomposite, and
(b) a photograph of fluorescence intensity of DPNR/CQDs and 4VP-g-DPNR/CQDs

nanocomposites after immersion in aqueous solutions at a range of pH 2-12 under the

UV light.
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Figure 77 Fluorescence spectra of the pH solutions from 2-12 after immersion with
4VP-g-DPNR/CQDs nanocomposite samples.
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4.2.10 Study of adsorption isotherms

Finally, to determine the adsorption process of indigo carmine
(adsorbate) onto 4VP-g-DPNR (adsorbent), the adsorption isotherm was studied. In this
study, the experimental data from adsorption studies were computed using four models
of adsorption isotherms which included the Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich isotherms as shown in Figure 78. The linear regression analysis
was employed to determine the best fit of those theoretical models with respective the
regression coefficient (R?) that should be close to unity (R?=1). Moreover, the
characteristic parameters of these isotherms were subsequently enumerated as
presented in Table 17.

It was found that the Langmuir adsorption isotherm represented the
highest linear regression coefficient value (R?=0.9584) and therefore the best fit model
of experiment for the 4VP-g-DPNR sample. This study indicated that the uptake
process of indigo carmine onto the 4VP-g-DPNR likely took place as a monolayer
adsorption, and also suggested that the 4VP-g-DPNR is a homogeneous surface. The
maximum monolayer coverage capacity (Qo) of dye onto the functionalized material is
5.67 mg/g. In addition, the affinity of adsorption behaviors can be revealed by a
dimensionless parameter (RL). As presented in Table 17, the R, value of this experiment
was found to be in a range of 0-1, indicating the favorable adsorption of the dye onto
4VVP-g-DPNR.

By considering to the other isotherms, it was found that the
Freundlich, Temkin, and Dubinin-Radushkevich isotherms did not fit well to the
experimental data when compared to that of the Langmuir isotherm, due to lower R?
values. There were ranked as the second, fourth, and third with respect to the linear
regression coefficient (R?) values, respectively.

However, the characteristic parameters of the Freundlich isotherm
can also be used to identify the favorability of adsorption process. It was found that the
value of adsorption intensity (n) from the Freudlich isotherm is larger than 1 (n =2.321),
indicating that the adsorption of dye onto 4VP-g-DPNR is favorable. Additionally, the
value of mean sorption energy (E) from the Dubinin-Radushkevich isotherm gives

information about chemical and physical adsorption. In Table 17, the E value (2.236

Ref. code: 25595809040073GBP



107

kJ/mol) is found to be less than 8 kJ/mol, revealing that the type of adsorption of indigo

carmine onto 4VP-g-DPNR is a physical adsorption.
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Figure 78 Linear adsorption isotherms based on (a) Langmuir, (b) Freundlich, (c)
Temkin, and (d) Dubinin-Radushkevich models.

Table 17 Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm

constants for the adsorption of indigo carmine onto 4VP-g-DPNR.

Adsorption Isotherm

The constant values from

Models Parameters Linear transform
Langmuir Qo (Mg/g) 5.666
KL (L/mg) 0.785
RL 0.01-0.1
R? 0.9584
Freundlich 1/n 0.431
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2.321
1.594
0.9197
4.336
1705.87
1.467
0.6484
5.856
1x107
2.236
0.7634
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CHAPTER S
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this thesis research, the 4-vinylpyridine-functionalized natural rubbers as pH
responsive materials were prepared via two chemical-based methods: crosslinking and

graft copolymerization methods.

5.1.1 Synthesis and characterization of P4VP-crosslinked NR (P4VP-
NR)

In this approach, the crosslinking reaction between P4VP and NR was
carried out via solution polymerization method using BPO as an initiator for
crosslinking. The obtained product was characterized by FT-IR and XPS techniques, in
which the results showed the existence of P4VP in the materials after purification,
confirming the success of this crosslinking reaction. After that, the determination of
crosslink density showed that the presence of P4VP increase the crosslink density of
the materials observed from the increase in the crosslink density as the gel content
increased. In addition, the P4VP concentration, BPO concentration, reaction
temperature, and reaction time all affected the reaction efficiency or the gel content,
which the increase in P4VP concentration, reaction temperature, and reaction time
increased the gel content. In contrast, the higher amount of initiator concentration did
not provide an advantage for this reaction. The highest gel content from this study was
found to be around 90 % when using a P4VP concentration of 150 phr and a BPO
concentration of 10 phr at 90 °C for 24 h. For the thermal properties, the P4VP-NR was
slightly more thermally stable than pure NR, and had a two differences of T4 values
which indicated the P4VP and NR portions were present in the material.

As anticipated, the resultant product was a pH responsive material in
acidic solution at pH below 4, compared to the pristine NR, which had been confirmed
by the water swelling experiment and water contact angle measurement. Moreover, it

showed a pH responsive releasing behavior that the absorbed indigo carmine on the
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surface could be released in acidic condition (pH < 4). Finally, the adsorption isotherm
study indicated that the Langmuir isotherm was the best fit for describing the adsorption
process of dye onto the P4VP-NR, in which the process took place via a monolayer
adsorption.

5.1.2 Synthesis and characterization of 4VP-grafted DPNR (4VP-g-
DPNR)

In this approach, the graft copolymerization of 4VP onto DPNR was
carried out via an emulsion polymerization method using KPS as an initiator and SDS
as an emulsifier. The deproteinization of NR latex was carried out to increase the
grafting efficiency. It was found that the urea treatment and surfactant washing
processes effectively removed the surface proteins from the rubber particles, confirmed
by the decrease in nitrogen content. After the grafting reaction, the resultant product
were characterized by FT-IR, XPS, and *H-NMR techniques, in which the characteristic
signal of 4VP after purification was still observed, confirming the success of this
reaction. Furthermore, the 4VP concentration, KPS concentration, SDS concentration,
reaction temperature, and reaction time all influenced the reaction efficiency or the
grafting ratio, in which the increasing 4VP concentration, SDS concentration, and
reaction time increased the grafting ratio. Meanwhile, the increase in KPS concentration
and reaction time were found to reduce the grafting ratio. The highest grafting ratio of
this study was found to be around 31 % when using a 4VP concentration of 100 phr and
a KPS concentration of 8 phr for 3 h at 90 °C. For the thermal properties, the 4VP-g-
DPNR was slightly less thermally stable than pure DPNR, and had two different Ty
values which indicated the presence of P4VP and NR segments in the material.

Also, the resultant product was a pH responsive materials similar to
the product obtained from the crosslinked reaction. When the pH of the environment
was below 4, the resultant product became swollen and decreased the water contact
angle (more hydrophilicity), which was confirmed by the water swelling experiment
and water contact angle measurement. Additionally, the graft copolymer showed its
potentials to be used as a pH responsive releasing material because it could release the
absorbed dye and embedded CQDs in only acidic condition (pH < 4). Lastly, the
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Langmuir isotherm was found to be the best fit of this experimental data, indicating the

monolayer adsorption process of dye onto 4VP-g-DPNR.

Based on this thesis research, the prepared pH-responsive materials, including the
P4VP-NR and 4VP-g-DPNR, will potentially be useful for a variety of biomedical
applications such a drug delivery system in a certain area, i.e. stomach. Other potential
applications are consumer products, such as smart bandages that can release a loaded
drug during a bacterial infection because of the acidic surroundings. Moreover, the
method developed in this work can be applied to other types of stimuli-responsive
rubbers, which will not only extend the properties of the NR, but also add a value to

NR and expand the range of applications of the rubber-based materials.

5.2 Recommendations

5.2.1 Other crosslinkers and initiators can be used to increase the

crosslinking and grafting efficiencies, respectively.

5.2.2 The study of pore volume, pore size and surface area should be
considered, because these affects the absorption process. This can be done using

Brunauer—-Emmett-Teller (BET) analysis.
5.2.3 In order to further apply in biomedical applications, the resultant

products including P4VP-NR and 4VP-g-DPNR should be tested for their toxicity using

bacteria dish method, for example.
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PREPARATION OF CROSSLINKED MATERIALS (P4VP-NR)

The effect of influential parameters on the gel content (%)

Batch NR  P4VP BPO  Temperature Time Gel content
No. (g)  (phr)  (phr) °C) (h) (%)
1 1 50 10 90 24 35.03
2 1 100 10 90 24 63.39
3 i 150 10 90 24 89.93
4 1 100 5 90 24 22.04
5 1 100 15 90 24 64.98
6 1 100 10 80 24 55.31
7 1 100 10 100 24 63.39
8 1 100 10 90 12 58.35
9 i 100 10 90 36 77.36

Determination of crosslink density

Gel content crosslink density Degree of swelling
(%) (mol m™) (%)
42 12.76 679.63
58 14.57 632.21
63 16.32 594.53
92 21.19 516.37
96 24.49 477.71
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FT-IR characterization
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APPENDIX B
PREPARATION OF GRAFTED MATERIALS (4VP-g-DPNR)

The effect of influential parameters on the grafting ratio (%)

Batch DPNR 4VP KPS SDS Temperature Time G:g';tg”g
no. (@)  (phr) (phr) (phr) (°C) (h) %)
1 5 50 10 10 90 3 7.1
2 5 i ) | 90 3 16.0
3 B _50) B0 Kig 90 3 2976
4 W T e 90 3 311
5 B ™ 0\, 125810 90 3 7.8
6 5 100 10 5 90 3 2.6
7 o5 S0k, 7). g 415 90 3 240
8 el 00 1odl Jie 80 3 13.2
9 5 100 10 10 100 3 18.3
10 Bl e 00 I ) 90 1 19.7
11 o N T N, i) 90 5 13.2

The 'H-NMR of 4VP-g-HANR (4VP 100 phr, KPS 10 phr, SDS 10 phr,
90°C, 3h.)
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The *H-NMR of 4VP-g-DPNR (4VP 100 phr, CHP/TEPA 10 phr, SDS 10
phr, 90 °C, 3 h.)

The 'H-NMR of 4VP-g-DPNR (4VP 100 phr, BPO 10 phr, SDS 10 phr,
90°C, 3h.)

ppm
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The 'H-NMR of 4VP-g-DPNR (4VP 100 phr, AIBN 10 phr, SDS 10 phr,
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APPENDIX C
DETERMINATION OF PH RESPONSIVENESS OF THE
MATERIALS

The water swelling experiments

NR
pH 1 2 3

AVG SD

W1 W2 %S W1 W2 %S W1 W2 %S
0.0966 0.0984 186 0.0245 0.025 2.04 0.0545 0.0601 10.28 4.73 4.81
0.1040 0.1078 3.65 0.0261 0.0268 2.68 0.0529 0.0584 10.40  5.58 4.20
0.0886 0.0920 3.84 0.0313 0.0322 2.88 0.0715 0.0794 11.05 5.92 4.47
0.0974 0.1014 411 0.0214 0.0231 7.94 0.0730 0.0811 11.10 @ 7.72 3.50
10 0.0769 0.0850 10.53 0.0292 0.0298 2.05 0.0592 0.0640 8.11 | 6.90 4.37
12 0.0795 0.0830 4.40 0.0288 0.0297 3.13 0.0380 0.0408 7.37 | 497 218

co oo A~ DN

DPNR
pH 1 2 g

AVG SD

W1 W2 %S W1 W2 %S W1 W2 %S

2 0.0966 0.0974 0.83 0.0909 0.098 7.81 0.0969 0.0987 1.86 3.50 3.77
4 01040 0.1088 4.62 0.0979 0.0992 1.33 0.0974 0.1055 8.32 4.75 3.50
6 0.0886 0.1000 12.87 0.0839 0.0902 7.51 0.0834 0.0898 7.67 9.35 3.05
8 0.0974 0.1114 1437 0.0924 0.0978 5.84 0.0938 0.1002 6.82 9.01 4.67
10 0.0769 0.0890 15.73 0.0740 0.0785 6.08 0.0745 0.0796 6.85 9.55 5.37
12 0.0795 0.0899 13.08 0.0753 0.0806 7.04 0.0753 0.0796 5.71 8.61 3.93

Ref. code: 25595809040073GBP



131

P4VP-NR (34%)

pH 1 2 3
AVG SD
W1 W2 %S W1 W2 %S W1 W2 %0S
2 0.1786 0.2788 56.10 0.1050 0.1392 3257 0.1866 0.2449 31.24 39.97 13.99
4 0.1367 0.1595 16.68 0.1334 0.1487 11.47 0.1353 0.1480 9.39 1251 3.76
6 0.1586 0.1848 16.52 0.1569 0.1725 9.94 0.1594 0.1678 5.27 10.58 5.65
8 0.1197 0.1368 14.29 0.1183 0.1295 9.47 0.1195 0.1232 3.10 895 561
10 0.1722 0.1942 12.78 0.1716 0.1883 9.73 0.1735 0.1806 4.09 8.87 441
12 0.1150 0.1243 8.09 0.1723 0.1823 5.80 0.1165 0.1241 6.52 6.80 1.17
P4VP-NR (63%)
pH 1 2 3
Avg SD
W1 W2 %0S W1 W2 %S W1 W2 %0S

0.1375 0.2531 84.07 0.1369 0.2378 73.70 0.137 0.2663 94.38 84.05 10.34
0.1263 0.1536 21.62 0.1292 0.1484 14.86 0.1294 0.1417 9.51 15.33 6.07
0.0839 0.0984 17.28 0.0835 0.0983 17.72 0.0813 0.0877 7.87 1429 5.57
0.1068 0.1241 16.20 0.1071 0.1231 1494 0.1066 0.1171 9.85 13.66 3.36
0.0718 0.0894 24.51 0.0760 0.0903 18.82 0.0738 0.0811 9.89 ' 17.74 7.37
0.0747 0.0876 17.27 0.0731 0.0952 30.23 0.0755 0.0792 4.90 17.47 12.67
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4VP-g-DPNR (16%)

pH 1 2 3
AVG SD
W1 W2 %S W1 W2 %S W1 W2 %S
2 0.0921 0.2211 140.07 0.0788 0.2039 158.76 0.0792 0.1273 60.73 119.85 52.04
4 0.0858 0.0993 15.73 0.0843 0.0965 14.47 0.0867 0.0931 7.38 | 1253 45
6 0.0833 0.0964 15.73 0.0826 0.0923 11.74 0.0825 0.0882 6.91 1146 4.42
8 0.0844 0.0983 16.47 0.0831 0.0956 15.04 0.0836 0.0909 8.73 1341 4.12
10 0.0784 0.0925 17.98 0.0774 0.0908 17.31 0.079 0.0845 6.96 14.09 6.18
12 0.0773 0.0864 11.77 0.0762 0.0865 13.52 0.0775 0.0831 7.23  10.84 3.25
4VP-g-DPNR (45%)
pH 1 2 3
AVG SD
W1 w2 %S W1 W2 %S W1 W2 %S
2 0.0587 0.2164 268.65 0.0588 0.2469 319.9 0.1119 0.3923 250.58 279.71 35.96
4 0.0565 0.0663 17.35 0.0587 0.069 17.55 0.1413 0.1963 38.92 24.61 124
6 0.0609 0.0692 13.63 0.0611 0.0703 15.06 0.14 0.1945 38.93 2254 1421
8 0.0588 0.0673 14.46 0.0596 0.0691 15.94 0.1393 0.1976 41.85 24.08 1541
10 0.0515 0.0613 19.03 0.0526 0.0638 21.29 0.1319 0.1834 39.04 @ 26.46 10.96
12 0.0459 0.0555 20.92 0.046 0.0556 20.87 0.1248 0.1779 4255 @ 28.11 125
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pH WCA of NR (°) AVG )
2 10119 98.69 88.03 101.59 89.52 | 95804  6.5334
4 10355 10357 84.03 97.02 101.41 97.916  8.2089
6 108.20 9757 99.42 108.25 86.69 100.026  8.9260
8 110.35 103.25 104.62 103.28 10554 105408 29261
10 112.86 108.85 108.45 110.89 108.49  109.908  1.9323
12 11018 105.17 117.40 101.71 116.15 110.122 = 6.7933
pH WCA of DPNR (°) AVG sD
2 9799 9886 88.10 98.68 9327 = 9538  4.6707
4 9839 9419 8867 96.88 97.99 95224  4.0137
6 9107 9839 10039 9757 89.15 95314  4.9072
8 9574 98.38 110.77 11035 97.93 102.634 = 7.3055
10 106.13 103.11 105.99 108.00 108.85 106.416 22151
12 11044 10950 119.83 108.71 110.89 111.874 4.5268
pH WCA of P4VP-NR (°) AVG SD
2 1599 31.74 2843 2846 2953 = 2683  6.2073
4 8605 79.92 7995 7949 79.08 80.898  2.9020
6 8011 90.09 8191 8785 80.88 84168  4.5001
8 7979 9266 8127 8121 90.71 85.128  6.0543
10 87.86 8859 89.18 8452 87.56 87.542  1.8038
12 90.64 9212 90.60 9020 76.87 = 88.086  6.3124
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pH WCA of 4VP-g-DPNR (°) AVG SD
3349 2459 2591 1545 2428 @ 2474 @ 6.412284
4 90.77 9468 98.61 9430 83.28 9233 5.770136
97.96 80.26 9545 96.92 9281 | 92.68 7.20767/3
8 89.20 91.39 9264 10331 97.29 9477 5.618454
10 9039 97.00 99.26 93.84 100.01 ' 96.10 3.993601
12 9257 10520 94.20 101.24 98.64 9837 5.147514
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THE STUDY OF CONTROLLED RELEASE OF INDIGO

CARMINE

Calibration curve for calculating the amount of release indigo carmine

0.80 -
0.60 y =0.039x - 0.0009
R2=0.9999
3
=
5 040
a8
<
0.20
0.00 . . . .
0 4 8 12 16
Concentration (ppm)
For the P4VP-NR sample
H Loaded Released (ppm)
p
(ppm) 05h 1h 15h 2h 25h 3h
2 1010 295 548 561 588 577 588
4 10.12 0.04 173 324 421 442 466
6 9.53 031 057 089 126 168 1.79
8 8.34 031 055 094 102 115 131
10 9.98 034 055 073 092 107 121
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For the 4VP-g-DPNR sample

136

Loaded Released (ppm)
PH (ppm) 05h 1h 15h 2h 25h 3h
2 1609 492 907 929 972 955 972
4 16.07 016 294 541 701 736 7.75
6 1599 060 104 156 217 286 3.04
8 1617 059 098 162 175 197 223
10 15.17 069 105 137 170 197 220

Calculation of relative absorbance
Relative absorbance = A
LEE

where; Ar = the absorbance of release indigo carmine

Ao = the absorbance of 20 ppm indigo carmine

AL = the absorbance of loaded indigo carmine

Ref. code: 25595809040073GBP
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THE STUDY OF ADSORPTION ISOTHERMS

For the adsorption of indigo carmine onto P4VP-NR

w
1

Absorbance
N

Calibration

y =0.0339x + 0.0332
R2=0.9978

1
0 . . . . .
0 20 40 60 80 100
Concentration (ppm)
SN "y (i) Cemgll) W(g) Q(mgig)
(mg/L) (mg/L)
1 10 10 10 2147 01133 0693
2 50 10 50 9139  0.1389  2.942
3 100 10 100 21.646  0.1584  4.947
4 150 10 150 41351 01272 8542
5 200 10 200  60.260  0.1505  9.285
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For the adsorption of indigo carmine onto 4VP-g-DPNR

Calibration

138

2.0 1
15 A
[<B]
=
£
2 1.0 A
o)
<
y =0.0387x + 0.0009
0.5 R?=0.9999
00 T T T 1
0 10 20 30 40 50
Concentration (ppm)
& Conc. \Y/ Ci Ce W Q
(mg/L) (m)  (mg/L)  (mg/L) (9) (mg/g)
1 10 10 10.0 0.261 0.1008 0.966
2 50 10 50.0 9.693 0.1316 3.063
3 100 10 100.0 15.326 0.1544 5.484
4 150 10 150.0 36.876 0.178 6.355
5 200 10 200.0 37.522 0.1495 10.868
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Preparation of pH-responsive crosslinked
materials from natural rubber and
poly(4-vinylpyridine)

Chanon Sansuk, Sopitcha Phetrong and Peerasak Paoprasert”

Abstract

Stimull-responsive elastomers are smart materials for sensing applications. Matural rubber (NR) k5 a renewable elastomer
with excellent elasticity and fatigue resistance. in this work, a straightforward method for the preparation of pH-responsive
crosslinked materials from MR and poly{4-vinylpyridine) (P4VP) via free radical crosslinking reaction using benzoyl perowide
[BFO) as an Initiator Is described. The effects of PAVP and BPO concentrations, reaction time and reaction temperature on
Immobllization percentage were Investigated. it was found that the iImmobilization percentage reached 90% when using a
P4AVP concentration of 150 phr and a BPO moncentration of 10 phr for 24 h at 90 *C. The pH responsiveness of the crosslinked
materials was studied via water swelling, water contact angle and dye release measurements. Unlike unmodified rubber, the
PaVP-crosslinked NRwas found to be pH-responsive in addic solution. indigo carmine adsorption studies showed the Langmulr

coverage of dye on the rubber surface. The dye could also be released upon mw

Isotherm suggesting monolayer
solution abowve 4. Based on these results, the

introduction of pH responsiveness to MR will lead to novel responsive ru

materials that can be used in blomedical and sensing applications.

© 2016 Sodety of Chemicl iIndustry

Keywords: natural rubber; poly{2-vinylpyridine); pH-responsive matertal, crosslinking

INTRODUCTION
Natural rubber (NR) from Heveo brostlensis |5 one of the most
valuable renewable materials due to its outstanding elasticity and
good mechanical properties.! However, MR |s prone to degrada-
thon upon exposure to heat, light, axygen, ozone and hydrophobic
sohvents, because it consists of os-polylsoprene®® Upon exposure
to these stimull, undesirable reactions such as crosslinking and
chaln scsslon ooowr fo the double bonds of ds-polylsoprene®
Many chemical-based methods for iImproving the properties of
NR have been reported, such as hydrogenation ** chiornation,™
epnddation™®  bromination,!  sulfonation,*?  grafting™—®
and crosslinking, ™" producing a range of novel rubber-based
materials. However, among these materials, NR with responsive
Fusnecthoms Is rare.

stimull-responsive materials are wnique because they can
sense and respond to changes In ambilent conditions, such as
pH, temperature, light, lonic strength, electric field and mag-
netic field @~ Chamges In environmental conditlions can
trigger a change In the physical and chemical properties of
stimull-responsive materials, such as thelr stze, shape, hydropho-
bicity, hydrophilictty and degradation rate. The Tiller group
found that the shape-memory properties of crosslinked MR can
be triggered using solvent vapour, temperature or mechank-
cal force™* Recantly, our group reported the prepartion of
temperature-responsive MR wa crosslinking reaction between
polyin-sopropylacrylamide] and MR These stimull-responsive
materials @n be used In numerus potential applications, for
example In blomedical and sensing devicas. Nonetheless, to the
best of our knowledge, pH-responsive MR materials have newver
been reported.

In the work reported here, pH-responsive oosslinked mate-
rials were prepared from polyl4-vinylpyndine) (P4VP] and NR.
PavP-based polymers are known as pH-responsive materals that
have been used in many sensing and blomedical applications,
such as in drug delivery and blosensors™ The pendant pyrl-
dine groups are profonated In ackdic conditions and thelr electro-
static repulsion affects the physical properties of the polymer. For
example, P4YP-based materials have been used fior taste-masking
and achieving high bioavallability of drugs because of their low
wiztar solubllity In the oral cavity and high sclubility In the stom-
ach. This can mask the unpleasant taste of drugs (pH of the oral
cavity Is 5.8-7.41™ Furthermore, 4-vinylpyridine 15 a good ligand
that can form complexes with various metal lons, theraby allow-
Ing P4vP-based polymers to be wsed as metal absorbents™ 2%
and catalyst ligands.™* Despite these attractive properties of
PavP-based materials, to the best of our knowledge, no research
to date has been camled out on functionalizing P4VP onto MR

Herein, crosslinked matenials were prepared from P4WP and NR
wsing free radical crosshinking reaction In the presance of benzoyl
peraxide (EPO). The crosslinking strateqy was chosen because it
produces a stable structure and the resulting does not
collapse In solution. The Immobllization percentage was studled
as a function of BPO concentration, PAVP concentration, reaction

* (Comspondimoe tor P Aoopser, mrﬂmmﬂyﬂsﬂ-
mﬂmﬂ MMWIHMW.
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temiperature and rezction tme. The P4YP-crossiinked MR was char-
actertzed using Fourer transform Infrared (FTIR) spectroscopy,
MMR spectroscopy, X-ray photoelectron (%Ps), D&C
and TGA. The pH responsiveness of the materlal was character-
1zed wia water swelling, water contact angle and dye release mea-
surements. Dye adsorption experiments were carmed out and
four adsorption sotherms, the Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich isotherm models, were used to Investig ate
the adsorption characteristics of the dye onto the modified NR
materials. Based on these results, cosslinked polymers based on
PavP and rubber elastomers have a great potential in many appli-
cations such as sensing devices, drug dellvery, lon exchange resins,
gas separation membranes and catalyst supports.

EXPERIMENTAL

Materials

High ammonla preserved MR latex with 605 dry rubber con-

tent was obtalned from the Department of Agriculture, Thailand.

4vinylpyridine monomer {05%, Acros) was purified by passing

throwgh silica gel columns prior to use. BPO (75%, AcCros) was
lized using methanol Formic a0d, chiooform, acetone,

diethyl ether, toluene and Indigo carmine (Sigmia-Aldrich] were

used as received,

Preparation of solid NR

MR latex was coagulated In formic acld solution (5% vivi The

coagulated rubber was washed several times with delontzed water,

and then dried in an owen at 60 “C for 24 h Then, the dried
nubrber was purified by Soxhlet extraction using acetone

for 24 h and dried again at 60 °C for 24 h.

Synthesis of PAVP

4¥inylpyrdine (10 g} and BPO (0.1 g) were placed In 3 100 mL
rownd-bottom flask. The reaction mixture was placed In a domestic
microwawe oven (Electrohux EM523275) at 800 W for & min. The
solution was then precipitated In dietivyl ether, and the polymer
was filtered and dried In vacuum at 55 *C ovemnight to yleld 2
yelliow solid (4.5 gl. ' H MMR (ODC),, 400 MHZ; 5, ppam- 8.5 (aromatic
CH), 5 (aromatic CH), 1.3 (CH, L

Synthesis of crosslinked material from PaVP and NR
[PAVIP—MR]
Solid NR(1 g) was dissohved In chloroform (30 mL) followed by the
addition of P4VP (50— 100 phr) and BPO (5- 10 phrl. The reaction
mbture was heated to a predetermined temperature (B0- 100 *C)
for a specified amount of time (12-36 h). The reaction mixbure was
then coolied to room temperature and filtered. The solid polymer
product was washed with chioroform and dried under vacuum at
&0 °C for 24 h. The resulting was subsaq purifiad
by Saxhlet extraction In acetone for 24 h and dried overnight
ate0*C.

Immobllization percentage s used to determine the ratio
betwesan PP and MR In the orosslinked materal. The Immobi-
lizatlon percentage was caboulated from the following eguation:

W, — W,

immabilization (%)= ——
1

= 100

whene W, and W, are the welghts of the unmodified and modified
rubbers, respactively.

Determination of crosslink density

Thim PP - MR samiples [0.75 = 0.75 om?) were prepared. The rub-
ber samples were then iImmersed In toluene at room tempera-
ture for one wesk. The crossiink density was calculated using the
Flory—Rehiner equation== ">

1 In(1-v)+vee g (V)
o eV - (wey2)

where p_ b5 the crossliink density (mol m—], v, Is the molar volume
of toluene (1.060 107" m® mol™'} at 25 “C, y Is the Interaction
parameter {044+ 018V,% and v ° Is the fraction of rubber in the
swollen gel, which can be calculated as follows:

_ 1
= + (md o) [(We— W) /W]

where p, and g, are the densites of toluene (067 gmL—") and
rubber (0.2 gmL™"), ,and W, and W, are the welghts
of swollen and dried nubbers, respectively.

Determination of degree of swelling

Thilm P4VP— MR samples {075 0.75 am?) were Immersed in aque-
ous solutions with pH values mnging from 2 to 12 at room temper-
ature fior 24 h. After removing the surface liquid gently with tissue
paper, the welght of materials was measured and the degres of
swelling was calculated using the following equation:

W, - W,
Degres of swelling (%)= %xlm
1
where W, and W, are the welghts of the materials before and after
Immershon.

Dye adsorption and desorption studies

A thin rubber sample (0.75 x0.75 om?] was Immersed In an agque-
ous solution of Indigo carmine (20 ppm), 2 model water-soluble
anilonikc drug, at 30 °C for one wesk. The rubber sample was then
placed In aqueous solution (pH=2-10) for 24 h. Allquots were
withdrawn fior absorbance measurement using Un-visible spec-
trosCopy.

Adsorption isotherm studles
Frve Indigo carmine solutions (10, 20, 30, 40 and 50 ppm) were pre-
pared using delonized water. The absorbance of these solutions
wias measured using a UV-visible spectrophatometer and a calibra-
tion curve was constructed. The P4VP-NR samiples (025 g) were
Immersed in the indigo carmine solutions (10 mL), which were
then placed on a shaker for one week. The rubber samples were
remaowved and the absorbance of solutions was measured. Concen-
tration of Indigo cammine remaining In the solution was then cl-
culated from the absorbance using the callbration curve.

The amount of Indigo carmine adsorbed on P4YP-NR sample
was caloulated using the following equation:

o ezl

where O, imgg™) Is the adsorption capacity of the nubber, C,
{mig L") s the Initial concentration of indigo carmine in the solu-
tion, C, (mig L") Is the concentration of Indigo cammiine remalning
In the sodution, ¥ (L] 1s the volume of the solution and W ig) Is the
dry welght of rubber sample.
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Figura 1. FTIR spectra of PAVR NR and PAVE-NRL

Characterization

"H MM |#00 MHz) spectra were obtalned using a Bruker AVANCE
NMR spectrometer with chiormform-d as solvent. FIIR spectra were
obtained wsing a PeridnElmer FTIR spectrometer (Specinum GX
meodel) and Nl salt windows. TGA of the polymers was camied
out using a Mettler Toledo SOTASS1e analyser. The samples wera
heated at a rate of 10“Cmin~" under a nitrogen atmosphere. The
glass transition temperatures (T ) of the polymers were obtained
using a Mettler Toledo DSCE22e differential scanning calioimeter.
The samples were heated at a rate of 10 *Cmin~" under a nirogen
atmosphere. The surface elements of samples were Investigated
using XRS5 [AXIS ULTRA™, Kratos Analytical, Manchester, LK), The
samples were excited wsing X-ray hybrid mode at a 700 300
wm spot area with monochromatic Al K,, ; radiation at 1.4 kev.
Unv-visible spectra were obtained using a UV-1700 Pharmaspec
Uv-visible spectrometer. The water contact angle was measured
using a TL10O Theta Lite tenslometer. The stze of each water

droplet was 8 pL.

RESULTS AND DISCUSSION

Analysis of crosslinked material

Crosslinked polymer (P4WP-NR) was prepared from crossiinking
reaction between P4VP and MR First, PP was peepared by

solution polymerization of 4-vinylpyridine In the presence of BPO
as Initiator. The P4VP was characterized using NMR and FTIR

speciroscoples. NMR signals of PAVP at 65 and B5 ppm are

Figura 2. Schematic representation of orossinking reaction and photo-
graphic images of NR, PAVF and PAYP-NR. Sample size is appraximatehy

T Tem®

Fgura L. XPS specira of PAVP-NR and ML The inset shows the
muhtiplex-scan spectra in the M, region.

[

z

H —HNA

o —P4¥P-NR
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e
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Tempesatura [C}

Figura 4. D5C thermograms of MR and P4YP-NEL

attributed to the aromatk protons of the pyridine rings. The FTIR
spectrum of P4VP shows signals at 2927, 1604 and 1417 am?,
which comespond o C—H stretches, C=MN stretches and C=C
stretches, respectively (Flg. 1), consistent with a previous report @

Solid MR was prepared by coagulating MR latex In an ackiic
solution. P4VP and the solid NR were crosslinked using BPO as
Inittiator and chloroform as solvent, as both P4VP and MR are readily
soluble In this solvent. After the reaction, an Insoluble polymer Is
formed, Indicating the formation of a gel or crosslinked matenal. it
Iswell known that free radical Inltiators can be usad as crosslinking
agents In MR because they can create free radicals on polymer
chailns via hiydrogen abstraction processes. ™ The formation of
free radicals on polymer chains leads to cosslinking reactions
between polymer chains. After purification by Soxhlet extraction,
photographs were taken of PAYP-MNR and NR. The MR samiple and
P4WP powder are yellow and light brown, respectively (Fig. 2).
The P4WP - MR samiple & fiound to be darker than both constituent
materlals, Indicating that P4YP-MR Is not the same material as
P4WF or MR P4WP and MR are soluble in some onganic solvents,
for example chloroform and toluene, but the P4VP-NR sample
does not dissolve In any solvents, but can only be swollen In, for
example, chloroform and toleene. The formation of insoluble gel
also suggests the formation of crosslinked materal

The FTIR spectra show signals of both P4VP and MR. Signals at
1604, 1420 and 1000 cmr” comespond o C—N, C—C and pyri-
dine fing deformation of P4WR™ whereas the signal
at 1451 am' comesponds to C—C stretching of the polylsoprene.
P4YP-NR and MR were abso characterized using XP5. ¥XPS spectra
of PHVP-NR and MR samples show signals of 0, C,,, Sk, and 5,
at 532, 284, 153 and 102 eV, respectively (Fig. 3. The silicon signals
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Figura 5. TGA thermograms of MR and P4YP-RNEL

anse from the silicon substrate used for sample preparation. How-
ever, only the PAVP- NR sample shows a nitrogen signal at 309 eV,
Hence, the XPS results also confirm the presence of P4VP In the
crosslinked materal. A blend sample between MR and P4VP was
prepared and subjected to Sowhlet extraction In acetome in onder
to further confirm the formation of crosslinked material. From the
MMR characterization, no P4VP signals are observed, suggesting
that a physical mixing of the blend sample i unable to retain the
P4WE: Hence, the presence of both P4VP and MR In the PAVP-MNR
sample must be due to the formation of a crosslinked or network
structure Inseparable by solvent extraction. The formation of insol-
uble products, the FTIR and XP5 resulis and the polymer blend
experiment thus confirm the formation of a crosslinked material
between P4VP and MR throwgh free radical crosslinking reaction.

The thermal properties of MR and P4VP- NR were charactenzed
using DSC and TGA (Ags 4 and 5). The DSC thermograms show
T, of NR and P4VP at — 569 and 1372 °C, L PVP-MNR
;ﬁMT!EfIﬂIdPWmnmnmEat—S?.Eand 1405 “C. This
suggests that the P4VP-NR sample stll comprised amorphous
domains of MR and P4VP In the crosslinked samiple. The shightly

. 5
=

higher T, values of P4VP-NR are due to the crosslinked structure
restricting chaln motions. From the TGA thermograms, It Is found
that MR 15 only slightly more thermally stable than PAVP-NR, a5
both start to lose welght at about 300 “C. The decomposition
temperatures of the polymers, which were determined from the
Intersection of two angents at the onset of the decomposition
temperatures, are found to be about 352 *C for MR and 348 “C fior
P4VP-NR. NR Is thus ondy slightly more stable than PAVP-NRL

I this study, the effects of reaction conditions and rezgent con-
centrations on iImmobillization percentage wene Investigated. First,
the Immebilization percentage as a function of P4VP concentra-
tion was measured using a BPO concentration of 10 phrand reac-
tion time of 24 h at 90 °C (Fig. 6(2)). it 1s found that, as the P&VP
concentration Is Increased from 50 to 150 phr with respect to NR,
the iImmaobilization percentage Increases from 35 to 90%. Second,
the effect of BFO concentration on Immobilization percentage was
studied using a PAVP concentration of 100 phrand reaction time of
24 hi at 90 *C (Ag. 6(b]L. When the BRO concentration Is Increased
from 5 to 15 phr, the Immobilizztion percentage Increases from 22
o 63% and then flattens out. Third, the effect of reaction tempera-
ture on iImmobilization percentage was Investigated using a P4WVP
concentration of 100 phr, BPO concentration of 10 phr and reaction
time of 24 h (Fig. 6(c)). It s found that when the reaction tempera-
ture Is Increased from 80 to 100 *C, whidch 1s an optimum working
range fior BP0, the iImmobilization percentage increases from 55
to 77%. Lastly, the effect of reaction time on iImmobilization per-
centage was Investigated using a PAVP concentration of 100 phr,
BPO concentration of 10 phr and reaction temperature of 90 *C
{Fig. 6(d)). when the reaction time 1s Increased from 180 36 h, the
Immobilization percentage increases from 58 to 77%.

Determination of crosslink density
Thiecrosslink density of the P4VP - MR samples was measured using
the Flory-Rehner method. Crosslink density can be determined

(b}

100 100 =
Z - # a0
2w, £ eo-
A a
g 407 g 17
E a0 E 20 -
D T T T 1 ﬂ T 1
o B0 100 160 200 o 0 20
P4VP concantrafion [phr) BPO concentrabion (phry
) Ly
Z w0 % oo
E ’—-/" £ an- '-""
g a
3 3 4
E o0 E 20
u T T T 1 D T T T 1
™ B0 B0 100 110 ] 12 42 48
Temparature °C) Reaction Ime )

Figurs & Immiobdization percentage a5 & function of (2) PAVP concentration, (b} BPO concentration, (o) resction temperature and [d) reaction time.
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Figura 7. {a] Degree of sweliing and {b) crosslink density 25 a function of immobilization percentage.
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Figura B. Degree of swelling of NR and PAVP-NR [immobilimSon percent-
age = 34 and 63%) in agueous solutions with warious pH values.

via equilibrium swelling In toluene solvent. It 15 found that the
higher the immobilization percentage, the lower the degree of
swelling. in addition, the crosslink density Is proportional to the
Immobilization percentage. At an Immobilization percentage of
42%, the crosslink density 1s 13%. This Inreases to 249 at an
Immobilization percentage of 6% (Fg. 7). The crossiink density
Is thas dependent on the proportion of PAVP In the oosslinked
material

pH responsiveness
The pH responsivensess of P4VP- MR was characterized In aqueous
solutions for pH In the range 2-12. It & found that PAP-NR
shows hydrogeHlike behaviour. It becomes more swollen than
the pristine NR due to the presence of hydrophilic vinylpyridine
units (Fg. 8). In addition, the P4VP-MR sample with higher
Immobllization percentage 15 more swollen than that with
lower Immobilization percentage. The degree of swelling of
the P4VP- MR samples Increases when the pH of the solution Is
below 4, whereas that of the NR sample does not change. Pyridine
Is a weak base in which the p&, of is conjugate adid, pyridinium
salt, 15 4.7.* When the pH of solution Is below 4.7, pyridine s con-
wverted Into pyridinium salt containing positive charges. Due to the:
electrostatic repulsion of posttive changes, the materials become
swollen and absorb more water ™ When the pH Is Increased above
4, the pyridine groups are deprotonated and become newtral,
leading to less adsonption of water and a lower degree of swelling.
The pH resporsiveness of P4VP-NR was confirmed by water
contact angle measurements (Fig. 9). 1t 1s found that the MR sample

::. {_._i,_._ —_—-.———._}_l
7/ Buofea
. i, ot
pHz

14

Figura 10, UN-visible spectra of standand indigo carmine solution and
solutions after immersion of MR and P4YP-NR samples.

shiows contact angles of around 95-110° through the pH range
used In this expedment, consistent with previows reports.®* The
slight Increase In contact angle s possibly due to the Interaction
with the surface protein of the latex. The P4VP-NR samples show
an abrupt increase In contact angle from 28 to 80° when the pH1s
changed from 2 to 4. The contact angles ramain steady after that.
Thils result confirms that PAVP-NR Is pH-responsive under acidic
conditions.

Adsorption and desorption of Indigo carmine
In this study, the absorption and desorption of Indigo carmine
dye from P4YP-NR and NR were analysed. indigo carmine was
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Figure 11. UV-visible spectra of solutions after desorption of indigo camine from NR ard PAVP-NR. The ins=t shows the absorbance values at

vamious pHL

chosen to represent a3 water-soluble anlonic model drug. The
rubber samples were Incubated In indigo carmine solution for one
week at room temperature. it Is found that PAVP-NR can adsorb
mae dye than MR, as shown by a greater reduction of absorption
Intensity {Fig. 10). After dye adsorption, the rubber samiples were
taken out and then Immersed In agueows solutions with varous
pH valees and the absorbance was measured o monftor the
release of the Indigo carmine. The absorbance of the MR samples
does not change significantly as the pH & Increased from 2 to
10, Indicating that the NR Is not pH-responsive (Fig. 11). For the
P4VP— MR samiples, significantly more dye Is released when the pH
wvaluas of the solution are 2, 8 and 100 A% a pH of 2, the dye release Is
possibly due to the material becoming highly protonated, leading
to 3 large free volume Inside the material, thereby allowing the
dye to be released. At a pH of 8 and 10, the dye release Is due to
the vinylpyridine groups becoming nevtral, which s unfavourable
for Interactions between neutral rubber and anlonic dye. These
pH-response stdies suggest that P4VP- MR material has potential
applications In responsive drug release, separation membranes
and activators for enzymes %~

Adsorption isotherm studles
In this stedy, the Langmul, Freundlich, Temkin and
Dubinin-Radushkevich sotherm models were wsed to Investigate
the Interaction between adsorbate molecules and adsorbent sur-
face, Le. the interaction between Indigo carmine and PAVP-NR,
. The Langmulr adsorption ksotherm |5 commeonly
used to describe the formation of coverage on the
surface of an adsorbent. The Freundlich adsorption isotherm
describes the adsorpiion characteristics based on multilayer
adsorption. The Temkin adsorption lsotherm considers the Indl-
rect effects on adsorbate-adsorbent Interaction, such as heat,
which can Influence the adsorption mechanism. Lastly, the
Dubinin-Radushkevich model describes the adsorption on both
homogeneous and heterogeneous surfaces based on pore filling
mechanism. The mathematical equations of these four modeals
are summartzed in Table 1.7 Linear regresston analysis shows
that the Langmuir adsorption Isotherm yields the highest linear

Tabla 1. Mathematical equations for the Langmuar, Freundfich,
Temikin ard Dubinin- Radushievich otherm modek®

Isothemm Linear fom
begmic  O-RE I-dreic
Freunalich Q- K™ kg d, - logh; + S kg,
Temikin Q.--Elnl.h{,:l Q,=Bln 4 +BInC,
Dhubsinin- 0, =g lerpi—K g™} Il = Inig,)— Kpn™)

Radushkevich

8(C, is the equiibium concentraion of adsorbate (mgl-1}, Q, &
the amaunt of dye adsorbed per gram of adsorbent at equilibium
img g "), (0, is the maximum nmrula'pm\u’age (mgg "1,
K, is the Langmuir |mlhl:rm corstant (Lmg™" I, Ky is the Freundlich
isatherm constant (mgg "1, n is the adsorption o Ay s the
Temkin isotherm equilibrium binding constant (Lmg "1, by is the
Temkin isotherm constant, B is the universal gas constant (2314
Jmol" K-'L, T is the temperature at 30115 K, B is a constant rebated
hhzatn[m-ptmunml"hq.isﬂ'uﬂ'mreﬁnlbuﬂ'umumrlim
capacity (mg g '], Ky is the Dubinin-Radushkevich isotherm con-
stant (molf ¥} and & is the Dubinin-Radushieyich isotherm oon-
stant.

A value of 0.8 (Ag. 13). This study Indicates that the Interac-
tion between Indigo carmine and P4VP-NR lkely takes place
as monolayer adsorption. The maximum monolayer coverage
capacity (Q,) and Langmulr Isotherm constant (K} determined
from slope and Intercept are 155 mgg " and 025 Lmg ",
respectively.

Thie sotherm constants provide evidence about the adsorption
mechanizm. The Freundlich sotherm gives a value of adsorption
Intensity (n) of larger than 1, Indicating that the adsorption of dye
onto P4VP-MR Is favourable (Table 209 In addition, the value
of mean sorption energy (E) from the Dubinin-Radushkevich
ksotherm gives Information about chemical and physical adsorp-
tion. The E value of 1 kdmol" s In the r—nge of 1-8 kKWmol7,
revealing that the type of adsorption of Indigo carmine on
P4VP-NR Is physical adsorption 55455
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Figura 12 Linear adsonption isotherms based on (a) Langmuir, (b) Freundlich, (g} Temkin and (d) Dubinin - Radushkevich modeks.

TableZ. Langmuir, Freurdlich, Temkin and Dubinin-Radushkeich matherm constants for adscrption of indigo carmine onto PAVE-NR
Langmuir isctherm Freundlich isotherm
Qoimg g7} EyLmg~") B L3 Wn n Kimgg ) L
1552 0252 0284 08 04924 10 034 LT |
Temkin isctbem Dubinin-Radushkevich izctherm

AriLmg "} by E L g,4mgg ) K imal® ) E k] mad1) I3
1585 TOFE 03537 05632 1.068 S 107 1 0553

CONCLUSIONS (TRG5E80195). The authors acknowledge the Central

Crosslinked materals of P4WP and MR were successfully prepared
via free radical crosshinking reaction. The crosslinked mater-
als were rubber-like with thermal properties dose to those of
unmodified MR. The matenals showed pH responsiveness in addic
conditions, as confirmed by water swelling, water contact angle
and dye release studies. Dye adsorption revealed monolayer
adsorption characteristics. These pH-responsive, hydrogekHike
rubbers will be wseful for a varlety of biomedical and sensing
applications. Future work Includes Increasing the release rate of
the crosslinked materials. Based on our work, itwill also be possible
to prepare other types of responsive or mult-stmull-responsive
rubbers through the reactions of multiple responsive matert-
als, which will extend the properties and expand the range of
applications of these rubbers.
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Abstract: Natural rubber iz one of the renewable materialz with excellent properties, including kigh elasticity
and fatigue resistance. This work reports a method fo miroduce a pH-responzive lmction to natural rubber. 4-
vimylmridine was fmctionalized onto deproteinized natural rubber loter via gragft copolymarization in the water
madium. The grgfed copobmer GFP-p-DPNR) was characterized using Fourter-trangform  infrored
Speciroscopy, Mucledar maEnetic resonance spectrometer, and X-ray photoeleciron speciroscopy. The pH-
responsiveness af the flincrionalized materials war studied in aqueous solutions via water swelling experimant. It
wizs found that the 4FP-g-DFNR sample became swollen under acidic condifions wherens the unmodiffed rubber
did not change in any pH solutions. Based on these results, this work thus demonstrated a method to add the pH
responsive function to nafural rubber. The introduction of pH responsiveness info natural rubber will lead fo
maw responsive rubber-based materials and widen their applications.

Keywords: Grafting pH-responsive material, Natural rubber, Deproteinization, 4-vinylpyridine

1. Imtroduction

Matural rubber (WE} from Hevea brasihensis 15 one of the mest valuable renewable resources. It has
attracted sigmficant mberest n many fields, meluding the autemobile, consumer, and medical sectors, mainly
due to its outstanding elasherty and good mechameal properfies [1]. Thaland 15 the larpest producer and
exporter m the werld [2].

The graft copolymenzation of a vinyl monomer onto NE 15 cne of the most mteresting and widely studied
fields of research mto adding value and funchion to ME. Graft copolymerization of NR 15 usually carmed cut via
free radical method wihich can be mitiated by chemical mitiator, ligh energy radiation, or UV illlummation,
under vanous conditions [3]. Several types of monomer have been reported producing a range of new rubber-
based materials [4-9]. However, among these matenals, NE. with responsive functions is rare. Adding responsive
functions to the unique properties of MR will expand the range of applications, for example, sensing devices and
smart biomedical matenials. Stouli responsive materials are umgue because they can semse and respond to
changes in ambient condifions, such as pH, temperafure, light, 1omc strength, electric field and magnetic field
[10-12]. Changes m environmental condifions can trigger a change in the physical and chemical properties of
stimubi-responsive materials, such as thewr size, shape, hydrophobicrty/hydrophilicity, and degradation rate. The
stimub-responsive materials bave numerous potential applications.

4-Vinylpymdine (4VP)-based polymers are known as pH-responsive materials that can potentially be used 1m
many sensing and bomedical applications, such as m dmg delvery and beosensors [13]. In addibon
4vinvipynidine 15 a good hgand for the formation of complexes with metal 1ons, thereby allowing P4VE -based
polymers to be used as metal absorbents [14, 15].
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Therefore, m this work, a method for functiomalizing 4-vinylpyndine (4VF) onto deprotenized natural rubber
latex (DPMNER) was demonstrated 4VP was grafied onto DPNE via emmlsion polymerization m the presence of
potassmm persulfate (EPS) as intiator and sodium dedocyl sulfate (SDS) as emmlsifier. Thus, intesration of
4VP and DPFNE will expand the range of apphcations of rubber-based materials.

2. Materials and Methods

1.1. Materials

High-ammonia NE latex (80% dry rubber content) was purchazed from Department of Apneulture
Thailand All chemmeals were purchased from Sigrma-Aldnch 4-vmylpynidine monomer (4VP) (95%, Acros) was
punfied by passmg through silica zel colomns pror to use. Deiomzed (DI) water was uwsed throughout all
experiments.
2.1, Preparation of Deproteinized Natural Rubber Latex

The deproteimzed natural rabber latex (DPNR) was firstly prepared by meubation of the igh-ammeonia NE
latex (0% dry rubber content) with 0. 1% w'w urea in the presence of 1% wi'w sodium dedocyl sulfate (SDS) for
30 pun. Then, the meubated nrea natural mbber latex was centrifuoged at 10,000 rpm for 60 min The recoverad
cream fraction (top layer) was re-dispersed mn 1% wi'w 5D5 to further wash the rubber particles. The washing
process was repeated twice and then the recovered cream was re-dispersed mn 1% wiw SDS to make DFNE latex
[16].
1.3. Grafting of 4VF on DPNR

The DPNE. latex (5 g} was fustly placed into a 250 ml. two-neck round-bottom flask equipped with a
mechanical storer and reflux condenser, followed by dilufion wath DI water (Sml). A soluhon of potassmm
bydrosade (0.1 2) fo mamntain pH of the system and sodmm dodecyl sulfate (0.1 g) as an enmlsifier was then
added The 4VP ({150 pbr with respect to dry mabber contenf) monomer was then gradually dropped The reachion
mxiure was cophmously stired for 30 min to allow rubber particles to swell with 4VP monomer and become
homogeneous. After that, the reaction was heated to appromimately 70 °C and a solution of potassium persulfate
(10 phr wath respect to dry rubber confent) in distilled water was added The reactions were allowed to proceed
under agitation at 30 °C for 3 hours and then the reactor was discharged. The grafted latex was coagulated with 5
wi%s acetic acid, washed several times with distilled water, and dned up in an oven at 60 *C for an overmght.
The obtained product was purified by soxhlet extrachion in acetone for 24 bhowrs to remove the residoe free
monomer, bomopolymer, and any contaminants, followed by dry at 60 *C for 24 hours.

The graftimg ratio was calculated from the following equation:

Grm‘}fngmtia{%}=%xlﬂﬂ. (W
where Izs and Isy are the infegrated mignal area of the proton of pyndme nng offVP umt and the unsaturated
24, Water swelling experiment

The P4VP-MR and dry NE. were cuf into small pieces {1zl cm’). The samples were immersed in aqueous
solntions with pH rangmg from 2 to 12 for 24 howrs at room temperatre. The pH of the sohiton was adusted

using 0.1 M HC] and 0.1 M NaOH deionized water. After removing the surface haquid gently with tissue paper,
the weight of materials was measured and the swelling percentage was according to the following equation:

F-F;

Swelling (%) = —— x 100 . )]

where W; and W: was the weight of the material before and after immersion respectively.
1.5, Characterization

'H {400 MHz=) Muclear Magnetic Resonance (NMR) spectra were obtained using an AVANCE Bruker NME.
Spectrometer with chloroform-d as a solvent. The Founer transform mfrared (FT-IE) spectra were obtamed
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using 2 Perkin Elmer FT-IR )Spectrum GX model) and NaCl salt windows. The CHN analyzer was obtamed
using Perkon-Elmer 2400 senes CHNS/0 Analyzer. The surface elements of the sample were imestigated using
an X-ray photoelectron spectrometer (XPS; AXIS ULTEA™", Eratos amalytical, Manchecter UE.) The base
pressure in the XPS analysis chamber was about 5x107 torr. The samples were exeited using X-ray hybrid mode
at a 700300 um spot area with a monochromatic A1E,, ; radiation at 1.4 ke'V.

3. Results and Discussion
3.1. Analysis of grafted material

In this work, the graft copolymenzaton of 4VP onto natural rubber latex (WE) was prepared by enmlsion
polymenzahon Prior to grafhng reachon, ME was deprotemized to remove surface proteins m order to merease
grafting efficiency. The DPNE waz prepared using urea as surfactant From CHN analvzer, the total nifropen
content in the as-prepared DFNE. was reported as shown in Table 1. It was found that total mirogen confent of
the as-prepared DPME. decreazed compared with unfreated NE. Thms, m this work, urea and SDS were able to
remwwe protem from NE, consistent with previous reports [17-19].

TABLEL C, H, and N data of NR and DPNE.

Samgle Composition (aww)

Hame Carbon ~ Hydrogen  Nimogen
KR 8479 12.68 0.76

DPHE 8419 12.28 043

The graft copolymenzaton of 4VP and DFNE m water medmm was camed cut i the presence of
potassmum persulfate (EPS) as inthator and sodmm dedocy] sulfate (SDS) as enmlsifier. It = well-known that
EPS thermally dissociates to generate free radicals as shown m Figure 1. Those free-radicals reacted with DFNE.
at the a-methyleme hydrogen atom via hydrogen abstrachon processes to give polyisoprene radicals [6, 16]. The
polyisoprene radicals then react with 4VP monomer durning propagation to obtamn 4VP-g-DFNE (Figure 2a).
After the graft copolymenrzafion and purification process, the photograph of the obtamed 4VP-g-DPFMNE. was
taken, showing a yellowing sohid mbber (Figure Xb).
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Fig. 1: Thermal decomposition of potassinm persulfate
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Fig. 1: Schematic representation of (3) grafting reaction between 4VP and DPNE. using EPS
and (b) photograph of DPME.-grafted 4VP. Sample size is spproximately 1x1 m’.
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The FT-IE spectrum of the DPNE m Figure 3. exhabited the wibration bands of C=C stretching and bending
at 1662 em™ and 841 em™, CH, stretching at 2961 em™', CH, strefching at 2816 em™, CH, bending at 1451 em™,
CH, bending at 1376 cm”, and =C-H bending at 835 cm™ [20] After the graft copolyvmerization and soxhlet
extraction by acetone, the 4VP-g-DPFME showed the signatures of both PAVP and DFNE. The mmportant
characteristic bands for the grafted materials appearsd at 1604 em™, 1420 em™, and 1000 em™, comresponding to
=N, C=C, and pyridine rinz deformation, respectively, [13], whereas the signal at 1451 em™ corresponded to
CH, bending of the polyisoprens, sugpesting the cecwrrence of prafting process of 4VP onto DFME.

The confirmation of the chemical structore was then imvestizated using "H-NME. Figure 4. shows "H-NME.
spectrums of 4VP-g-DFNE. The sipnal charactersstic peak of DFNE appeared at 1.7, 2.0 and 5.1 ppm whach
nrere.assigm!dtu methyl (-CH.), methylens (-CH,-), and unsaturated methans (=C-H-) protons of 1soprens units,

respectively. Moreover, broad sipnals around 6.5 and .5 ppm were atinbuted to the aromahe protons of the
pyrdime nings [21, 27]. These confirmed that 4VE was grafted onto DPNE. The grafting efficiency determined
from the "H-NME. spectrum was 45%.

In addrion, the chermeal composthion at the surface of the graft copolymer usmg an XPS techmique 1s shown
mn Figywe 5. Signals of Oy, Cy,, Sy, and 51y, were observed on DFNR. sample at binding energes of 532 eV, 285
eV, 153 eV, and 102 &V, respectively. It can be seen that the chemical composihon of the DPME. sample mainly
consisted of carbon atoms and the presence of the small oxygen confent may resulted from the impurities 1o the
rubber latex [23]. Moreover, the sihcon signals arose from the silicon substrate used for the measurement
Unbke the DPNE sample. only the 4 VP-g-DPNE sample showed a nitrogen signal at 399 &V, which owning to
the presence of nitrogen atom of pynidine nng in the grafted maternal [24] Hence mn thes work, the results from
FT-IF. 'H-NME., and ¥PS on 4VP-g-DPNE. sample indicated the successful graft copolymerization of 4VP on
DPNE via using emulsion polymenzation.
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Fig. 4: '"H-NMR spectrum of $VE-gs-DENE.
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Fig 5: XPS spectra of 4VP-g-DFME and DPFNE. The inset shows the multiplex-scan specira in the M), region.

3.1, pH responsiveness

The pH responsmveness of DFNE. and 4VP-g-DPNE samples was characterzed m agueous solitions for a
pH range of 2-12. It was found that 4VP-g-DFNE sample became more swollen than the pristine DPFNE. sample
due to the presence of hydrophilic vinvlpyndine wmits (Figare 6). The swelling percentage of the 4VP-g-DPNE
samples increased when the pH of the aqueous solition was below 4 whereas that of the DPNR sample did not
change in any pH of the aqueous solufion. Smee, pynidine 15 2 weak base in which the pEa of 4.7 [25]. When the
pH of solotion 1= below 4.7, pyrnidme 1= protonated and comverted into pyndidiom salt contaimng positive
charges. Simre the alectrostatic repulsion of postive charges, the materials become swollen and absorb more
water. When the pH was higher than 4, the pyndine groups were deprotonated or became neutral leading to a
lower swelling percentage. In addition, #t was also found that the swelling ratio mereased as the grafimg ratio

increased owing to the greater amount of 4VF onto the samples.
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Fig. 6 Degres of swelling of DFE. and 4VP-g-DFNE (grafting ratio =34 and 45 %) in aqueons solutions
‘with various pH values.

4. Conclusions

In this work, 4VP-g-DPNE. was successfully prepared via emmlsion polymenzation The matenals showed
pH respensiveness mm acidic condibions when pH was below 4, as confirmed by water swelling. Based on our
work, 1t will also be possible to prepare other types of responsive or mmbti-stinmliresponsive rubbers through
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the reactions of mmltiple responsive materals, which will esdend the properties and expand the range of
apphcations of these rublbers.

5. Acknowledgement

This weak 15 financially supported by the Thailand Research Fund (TRF) and the Faculty of Science and
Technology, Thammasat University (TRG5830199) The authors acknowledge the Ceniral Sciennfic Instrument
Center (CSIC), Department of Chemmistry, Faculty of Science and Technology, and Thammasat Unversity. In
addibion, the authors would hike to thank the reviewers and jownal editors for useful comments and suggestions.

6. References

[11 5.EKochjiya, and Y. keda, Chemizry, Mamfacnure and Applications of Natural Rubber: Woodhead publishing., 2014

[21 C.Saempruksawong, 5. Ehamyonz, M. Anongrak ef af., “Growths and Carbon Stocks of Para Fubber Plantations on
Phonpisai Seil Series in Northeastern Thailmd ® RUBEER THATJOURNAL, vol. 1, pp. 1-18, 2012

31 M Yezeneh-Ghotbi, and V. Haddadi-As], “Surface Modification of SER and NE by Hydrophilic Monomers (T):
Effect of Structural Parameters and Inhibitars,” Jranian Polbmer Jounal, vol. 8, ne. 3, pp. 183-189, 2000.

[4] W.Emgwmsupamonkon B G. Gilbart, and 5. Kistkamjornwong, “Modification of Natural Rubber by Grafting with
Hydrophilic Vinyl Monomers.™ Macromolecular Chemistry and Physics, val. 207, no. 6, pp. 2450-2460, 2006

[5]1 C.Nakason. A. Kaesamsn, and P. Supasanthitikul, “The grafting of maleic anhydride onto natural rubber,” Polymer
Testing, vol. 23, pp. 35-41, 2004.

[6] T. Eochthongrasames, P. Prasassaraskich, snd 5 Eistkamjormwong, “Effects of Fedox Initistor on Graft
Copolymerization of Methyl Methacrylate onte MNatoral Bubber, ™ Jouwrnal of Appiied Pohwmer Sciamce, wol. 101, pp.
25ET-2601, 20046,

[71 5 Apmuaypanich and P. Ratpolsan, “Pervaporation membranes from natoral rubber latex prafted with pobyn(2-
bydroxyethyl methacrylate) (MNE-z-PHEMA) for the sepamation of waler—acetone mixbares,” Journal of Appiied
Polymer Science, vol. 113, pp. 3313-3321, 2000,

[§] P Tonmek C. Fuksakulpiwat, P Chumsamroeng & al, “Glycddyl methacylate grafied natoral rubber: Synthesis,
characterization, and mechanical property,” Jowrmal gf Applied Polymer Science, wol. 122, pp. 3152-3150, 2011.

[¥] A Pisurtsap, M. Hinchiranan G. L. Fempel of al., “ABS modified with hydrogenated polystyrene-grafted-natural
rubber,™ Jorrmal of Applied Polymer Science, 2013.

[10] T-E. Chen snd C.-J. Chang, “Fabrications snd Applications of Stimulus-Fesponsive Polymer Films and Patterns on
Surfaces: A Review,” Materials, vol. 7,no. 2, pp. 805-875, 2014,

[11] ¥. T,L. TC,E G5 aral, “pH- and ion-sensitive polymers. for dmg delivery.,” Exparr Opinion on Drug Delivery, vol.
10, 0. 11, pp. 1487-1513, 2013.

[12] H Almeida, M H Amaral and P. Lobdo, “Temperatore and pH stimuli-responsive polymers and their applications in
conirolled and selfrezmlated dmg delivery,” Jowrmal gf Applied Pharmaceutical Science, wol_ 2, no. 6, pp. 01-10, 2012,

[13] T. Eavitha, I-E. Esng snd 5.-Y. Park, “Poly(4-vinyl pyridine)-grafted graphene omide for dmg delivery and
antimicrobial applications,™ Pelymer Infermatonal, vol 64, no. 11, pp. 1660-1666, 2015,

[14] ©. Ozay, 5. Ekici, M. Aktas & ai, “P(4-vinyl pyridine) hydrogel use for the remowval of U022+ and Thd+ from
aquecns environments,” Journal gf Emironmental Manggemenit, vol. 92 no. 12, pp. 3121-3128, 2011,

[13] H. El-Hamshary, M. El-Garawany, F. M. Assubaie f ai., “Synthesis of poly{acrylamide-co-4-vinylpyridine) hydrogels
and their application in heavy metal removal,” Jowrmal af 4oplied Polymer Science, vol. 89, pp. 2532-2524, 2003

[16] M. Pukkate, Y. Yamamoto, and 5 Eawashara “Mechanism of zraft copolymerization of styrene omto deproteinized
natural rubber,” Colloid and Polymer Science, vol 286, no_ 4, pp. 411-416, 2008.

Ref. code: 25595809040073GBP



153

[17] E Mawamawat, J. T. Sakdapipanich and C. C. Ho, “Effect of Deproteinized Methods on the Proteins and Properties
of Nanmal Fubber Latex dwring Storage,” Macromolecular Symposia, wvol. 288, pp. 95-103.

[18] ¥. Yemamoto, P. T. Nghia, W. Elnklsi & al, “Femowval of Proteine from Wamural Bubber with Uresand Bs
Application to Contimuous Processes ™ Jownal gf Applied Polymer Science, wol. 107, pp. 2329-2332, 2008,

[19] M. Pukkate, T. Kitai, ¥ Yamamoto f al., “Nano-matrix stuchre formed by prafi-copolymerization of styrene onto
natural rubber,” Eurapean Polymer Journal, vol. 43, no. 8, pp. 3208-3214, 2007.

[20] 5. Moclsin, P. Chaimese, and C. Predapattarachai “EFFECTS OF THERMAL IMITIATORS ON METHYL
METHACEYLATE POLYMERIFATION IN MATURAL RUBBER LATER" Pure and dppied Chemistry
International Coryerence, 2015.

[21] W. MNuogzay, Z. Engikymwuz, and 5. EKiqikyavaz, “Aniomic synthesis and characterization of poly(4-vimylpyridine])-
poly(dimethylsiloxane) block copolymers,” Polymer International, vol 32, no. 1, pp. 95394, 2007.

[22] T-1. Yuan, B. Ma, (. Gao e al, “Synthesis and Characterization of Polystyrene/Poly(4-vinylpyridine) Triblock
Copolymers by Eeversible Addition-Fragmentation Chain Transfer Polymerization and Their Self-Assembled
Apzregates in Water,” Jowrnal gf dpplied Polymer Science, vol. 39, pp. 1017-1025 2003.

[23] P Wongthong, C. Makason, (). Pan et al | “Modification of deproteinized natural rubber via graftiing polymerization
with maleic anhydride ™ European Polymer Jowrnal, vol. 49, no. 12, pp. 40353044, 2013.

[24] 5. H Goh, 5. Y. Lee, X. Fhou & al., “X-ray Photoelectron Spectroscopic Smdies of Interactions between Poly(4-
vinyipyridine) and Poly(styrenesulfonate) Salts,™ Macromolecules, vol. 31, pp. 42604264, 1998

[25] A Arizaga G. Ibarz, and B Pifiol, *“Stimmli-responsive poly (4-vinyl pyridine) hydrogel nanoparticles: Synthesis by
nanoprecipitation and swelling behavior,” Jowrnal qf Colloid and Interfice Science, vol. 348 pp. 668-672, 2010.

Ref. code: 25595809040073GBP



154

BIOGRAPHY
Name Mr. Chanon Sansuk
Date of Birth July 2, 1992
Educational Attainment 2014: Bachelor degree of Science, Major of

Chemistry, Thammasat University

Work Position Graduate student

Scholarship Year 2015-2016: The scholarship for Talent
student, Faculty of Science and Technology,
Thammasat University

Extracurricular activities

1. Participate and present poster in topic “Synthesis and characterization of
poly(4-vinylpyridine)-functionalized natural rubber as pH responsive
materials” at Pure and Applied Chemistry International Conference 2016
(PACCON2016), Bangkok, Thailand (9-11 February 2016)

2. Participate and present poster in topic “ Preparation and pH responsive
behavior of poly(4-vinylpyridine)-crosslinked natural rubber”at The 42"
Congress on Science and Technology of Thailand (STT 42), Centara grand
at Central Plaza Ladprao, Bangkok, Thailand (30 November — 2 December
2016)

3. Participate and present poster in topic “ Preparation and pH responsive
behavior of poly(4-vinylpyridine)-crosslinked natural rubber” at the 3rd
International Congress on Advance Materials (AM 2016), Centara grand at
Central Plaza Ladprao, Bangkok, Thailand (27-30 November 2016)

4. Participate and oral presentation in topic “Preparation and Characterization
of Deproteinized Natural Rubber Grafted with 4-Vinylpyridine as pH
responsive materials at the 5" International Conference on Advances in
Chemistry, Biological & Environmental Engineering (ACBEE-17), Ibis
Singapore on Bencoolen, Singapore (29-30 March 2017)

Ref. code: 25595809040073GBP



155

Publications

1. Chanon Sansuk, Sopitcha Phetrong, and Peerasak Paoprasert. Preparation of
pH-responsive crosslinked materials from natural rubber and poly(4-
vinylpyridine). Polymer International, 2017(66), pages 787-794. (Impact
factor: 2.414)

2. Chanon Sansuk, Sopitcha Phetrong, and Peerasak Paoprasert. Preparation and
Characterization of Deproteinized Natural Rubber Grafted with 4-
Vinylpyridine as pH responsive materials. 5" International Conference on
Advances in Chemistry, Biological & Environmental Engineering (ACBEE-
17), March 29-30, 2017, Ibis Singapore on Bencoolen, Singapore. (oral

presentation)
Work Experiences Teaching assistant in chemistry laboratory at

Faculty of Science and Technology

Thammasat University

Ref. code: 25595809040073GBP



