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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 oC. 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 oC. 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 4VP-functionalized NRs as pH-responsive materials 

by using two approaches: crosslinking and graft copolymerization methods. 

 

 

 

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

 

1.3.2 Study the effect of the following parameters on reaction efficiency. 

(a) 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. 

(a) Fourier Transform Infrared Spectroscopy (FT-IR) 

(b) Proton Nuclear Magnetic Resonance Spectroscopy (1H-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. 

(a) 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 Pará 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 oC 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/cm3. 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 μm [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]. 

Constituents 
Content, % w/w 

Fresh NR latex HANR latex 

Total solid content 36 61.74 

Dry rubber content 33 59.67 

Proteinaceous substances 1-1.5 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 C5H8 (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 molecule connected with the tail of 

another isoprene molecule, to assemble a polymer chain. 
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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. 

 

 

 

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]. 

 

 

 

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. 

Samples 

Incubation 

time 

(min) 

Incubation 

temperature 

(oC) 

Nitrogen 

content 

(wt%) 

Ref. 

Fresh NR latex (FNR) - - 0.650 [58] 

Urea-treated NR latex 

(U-DPNR) 
60 30 0.014-0.020 [44] 

Enzymatic-treated NR latex 

(E-DPNR) 
720 32 0.017-0.020 

[44, 58, 

59] 

Saponified NR latex 

(SPNR) 
180 70 0.120 [58] 

Surfactant-washed NR latex 

(WSNR) 
- - 0.020-0.028 [44, 58] 
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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/MMA [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]. 

 

 

 

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

 

 

 

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. 

 

 

 

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 

Styrene 
t-BHP/TEPA, 

CHPO/TEPA 

To improve the 

resistance of heat and 

weathering ageing 

[59, 63] 

2-Hydroxyethyl 

methacrylate 

(HEMA) 

CHPO/TEPA 
To improve plywood 

adhesion 
[65] 

Methyl methacrylate 

(MMA) 

CHPO/TEPA, 

K2S2O8/ Na2S2O3 

To improve the physical 

properties and reduced 

the tackiness of rubber 

[19, 66, 

79] 

Dimethylaminoethyl 

Methacrylate 

(DMAEMA) 

CHPO/TEPA 

To provide strong 

interactions with 

inorganic fillers. 

[64] 
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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 pKb value of them. 

 

 

 

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). 

 

 

 

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]. 

 

 

 

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-CNCs). 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) Illustration 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]. 
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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]. 

 

 

 

Figure 18 The swelling percentage (%S) values of prepared hydrogels at different 

pHs (pH was adjusted by the addition of 0.1 M HCl, 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 oC. Acetic acid glacial 

(CH3COOH, Assay 99.5%), Formic acid (HCOOH, Assay 99.5%), Potassium 

persulfate (KPS, K2S2O8, Assay 99%), Sodium dodecyl sulfate (SDS, Assay 98%), 

Toluene (Assay 99.5%), and Urea (NH2CONH2, Assay 99.0±100.5%) were supplied 

from CARLO ERBA Reagent. Bis (α,α-dimethylbenzyl) peroxide (BPO, C₁₈H₂₂O₂, 

Assay 98%) was obtained from Merck Millipore Corporation and it was recrystallized 

using methanol before used. Chloroform (CHCl3, Assay 98%) were purchased from 

RCI Labscan, Thailand, and deuterated chloroform (CDCl3-d) as an analytical grade 

was obtained from Cambridge Isotope, the United States. Diethyl ether ((CH3CH2)2O, 

Assay 99.7%) was purchased from Panreac AppliChem ITW Companies. Acetone 

(C3H6O), Dichloromethane (CH2Cl2), Methanol (CH3OH), Potassium hydroxide 

(KOH) are commercially available. The distilled and deionized water (DI water) was 

used throughout experiments. 

  

3.1.2 Glassware 

 

1. Beaker 100, 250, 600 mL 

2. Round bottom flask 100, 250 mL 

3. Condenser 

4. 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 III 

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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3.2 Methods and Preparation 

 

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 washing with distilled water for several times 

till the coagulated product was neutral. 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. 

 

 

 

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. 

 

 

 

 

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 ºC overnight until the 

weight was constant. 

 

 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): 

 

 Gel content (%) = 
W2-W1

W1
 x 100 (1) 

 

where W1 and W2 are the weight of the dried rubber and the functionalized rubber, 

respectively. 
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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 

phra g 

Main components   

Dried NR 100 1 

Poly(4-vinylpyridine), P4VP  50, 100, 150 0.5, 1, 1.5 

Initiators   

Benzoyl peroxide, BPO  5, 10, 15 0.05, 0.1, 0.15 

Solvent   

Chloroform (mL) 50 

Reaction time (h) 12, 24, 36 

Reaction temperature (oC) 80, 90, 100 

a 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]. 

 

 pc = −
1

2Vs

ln(1 − Vr
0) + Vr

0 + χ(Vr
0)2

(Vr
0)

1
3 −

Vr
0

2

 (2) 

 

where pc is the crosslink density (mol m-3), Vs is the molar volume of toluene (1.069x10-

4 m3 mol-1) at 25 °C, χ is the interaction parameter (0.44 + 0.18Vr
0), and Vr

0 is the fraction 

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

0 =  
1

1 +
ρr

ρs
(

WS − WD

WD
)
 (3) 

 

where ρs and ρr are the densities of toluene (0.87 g mL-1) and rubber (0.92 g mL-1), and 

WS and WD 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 oC 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%. 

 

 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 oC for 24 h. The dry rubber content (DRC, %) 

was calculated from the following equation (4): 
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 The dry rubber content (DRC, %) = 
W2

W1
 x 100 (4) 

 

where W1 and W2 are the weight in grams of DPNR latex taken for the test and the 

weight of dry coagulum, respectively. 

 

 

 

 

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 oC, 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 oC 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 oC for 24 hours. 

 

 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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 Grafting ratio (%GR) = 
I8.5/2

I5.1
 x 100 (5) 

 

where I8.5 and I5.1 are the integrated area under a signal that derived from 1H-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. 

 

 

 

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 

phra g 

Main components   

DPNR latex 100 1.4b 

4-vinylpyridine, 4VP  50, 100, 150 0.7, 1.4, 2.1 

Initiators   

Potassium persulfate, KPS  8, 10, 12 0.1, 0.14, 0.17 

Emulsifier   

Sodium dedocyl sulfate, SDS (g) 5, 10, 15 0.07, 0.14, 0.21 

Others   

Potassium hydroxide, KOH (g) 0.1 

Distilled water (mL) 30 

Reaction time (h) 1, 3, 5 

Reaction temperature (oC) 80, 90, 100 

a 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-1, measured in the range of 4000-400 cm-1. 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 (CDCl3-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 (1H-NMR) was chosen to confirm the structure of the 

obtained products. All of 1H-NMR spectra were obtained using a Bruker Avance III 

HD NanoBay 400 MHz spectrometer. The rubber samples were prepared by dissolving 

them with deuterated chloroform (CDCl3-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 ULTRADLD, Kratos analyticle, 

Manchester, UK). The samples were cut into approximately of 1.0x1.0 cm2 and kept in 

desiccator to prevent a moisture before measured. The base pressure in the XPS analysis 

chamber was about 5×10-9 torr. The samples were excited using X-ray hybrid mode at 

a 700×300 μm spot area with a monochromatic Al Kα1,2 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 45o 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 ULTRADLD, 

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 oC) 

for 24 h. After that, the samples were peeled off and cut into approximately of 1.0x1.0 

cm2, 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 SDTA851e analyzer. The samples were prepared by cutting 

them into a small piece of 1.0x1.0 cm2. The samples were heated at a rate of 10 ∘C min−1 

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

 

 

 

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 cm2. The samples were heated at a rate of 10 ∘C min−1 under a nitrogen 

atmosphere and measured in the range from -60 oC to 170 oC. 
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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 cm2 

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 oC overnight. 

Then, the samples were weighed and immersed in different pH solutions from 2 to 12, 

which were adjusted by using 0.1 M HCl and 0.1 M NaOH, at ambient temperatures 

(25-30 oC) 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): 

 

 The degree of swelling (%S) = 
W2-W1

W1
 x 100 (6) 

 

where W1 and W2 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 cm2 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 oC overnight. Then, the 

samples were immersed in a range of different pH solutions from 2 to 12 at ambient 

temperatures (25-30 oC) 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 µL, 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. 

 

 

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 cm2 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 oC 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 60oC 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 λmax corresponding to the maximum adsorption for the dye solution 

(λmax= 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 dotsa (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 λexcitation 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). 

 

a
 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 oC. 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 λmax, corresponding 

to the maximum adsorption for the dye solution (λmax= 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]: 

 

 Qe =
(C0 − Ce)V

W
 (7) 

 

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 
Q

e
=

Q
0
KLCe

1+KLCe

 
1

Q
e

=
1

Q
0

+
1

Q
0
KLCe

 

Freundlich 
Q

e
=KfCe

1
n log Q

e
= log Kf+ 

1

n
log Ce 

Temkin 
Q

e
=

RT

bT
ln(ATCe) Q

e
=B ln AT+B ln Ce 

Dubinin-

Radushkevich 
Q

e
=(q

s
)exp-(Kadε2) ln Q

e
= ln (q

s
) -(Kadε2) 

 

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): 

 

 Qe =
Q0KLCe

1 + KLCe
 (8) 

 

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

data and determining of their parameters easily: 

 

 
1

Qe
=

1

Q0
+

1

Q0KLCe
 (9) 

 

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

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

Q0 = the maximum monolayer coverage capacity (mg/g) 

KL = the Langmuir isotherm constant (L/mg) 
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The values of Q0 and KL 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 (RL) which was computed from the following 

equation (10): 

 

 RL=
1

(1+KLC0)
 (10) 

 

where C0 = the initial concentration of adsorbate in solutions (mg/L) 

KL = the Langmuir isotherm constant (L/mg) 

 

The RL 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 

0 < RL < 1 Favorable 

RL = 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): 

 

 Q
e
=KfCe

1
n 

(11) 

 



Ref. code: 25595809040073GBP

47 

 

Then, the Fleundlich equation (11) can be changed into linear form (12) for plotting the 

data and determining their parameters: 

 

 log Q
e
= log Kf+ 

1

n
log Ce 

(12) 

 

where Kf = 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/g) 

 

Based on this isotherm, the values of Kf and 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 Kf 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 

1/n > 1 Cooperative adsorption 

1/n < 1 Normal adsorption 

n = 1 

The partition between the two 

phases are independent of the 

concentration 

n > 1 Favorable adsorption condition 

1 < n <10 Beneficial adsorption 

 

 

 



Ref. code: 25595809040073GBP

48 

 

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
e
=

RT

b
ln(ATCe) 

(13) 

 

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

 

 Q
e
=B ln AT+B ln Ce 

(14) 

 

 B =
RT

bT
 (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/g) 

 

In this isotherm, the characteristic constants were obtained by 

plotting the Qe versus ln 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
e
=(q

s
)exp-(Kadε2) (16) 

 

Then, the equation (16) can be rewritten into linear form as shown in equation (17): 

 

 ln Q
e

= ln (q
s
) -(Kadε2) (17) 

 

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

Kad = the Dubinin–Radushkevich isotherm constant (mol2/J2) 

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

ε = the Dubinin–Radushkevich isotherm constant, which can be calculated from the 

given equation below (18): 

 

 ε = RT ln [1 +
1

Ce
] (18) 

 

where R = the universal gas constant (8.314 J mol-1 K-1) 

T = the absolute temperature (301 K) 

Ce = the adsorbate equilibrium concentration (mg L-1) 

 

From the DRK adsorption isotherm, the constant values of Kad 

and qs were estimated from the slope and intercept of the linear regression equation 

obtained from the plotting of ln Qe against ε2. 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-1, 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-1, it will be considered as the chemical 

adsorption or ionic exchange [106, 107]. The E value can be calculated from the 

following equation (19): 

 

 E = [
1

√2Kad

] (19) 
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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 (1H-

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 (Tg) 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 P4VP-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 1H-NMR and FT-IR 

spectroscopy. It was found that 1H-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-1, which 

corresponded to C-H stretches, C=N stretches, and C=C stretches, respectively. These 

results from 1H-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, c, 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. 

 

 

 

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) P4VP, and (d) P4VP-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 P4VP-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-1) 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-1 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-1, 1420 cm-1, and 1000 cm-1, 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-1) [114]. 

Type of bonds 
Wavenumber (cm-1) 

NR P4VP P4VP-NR 

O-H stretching (broad, 

moisture) 
3600-3300 3600-3300 3600-3300 

N-H stretching (protein) 3360 - N/A 

=C-H stretching  3037 3034 2995 

CH3 asymmetric stretching  2960 2927 2932 

CH2 asymmetric stretching 1917 N/A 1948 

CH2 symmetric stretching 2851 2854 2851 

C=C stretching 1661 - 1661 

CH2 scissoring 1446 1452 1451 
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CH3 asymmetric 

deformation 
1375 - 1376 

CH2 wagging 1308 - 1312 

CH2 twisting 1261 N/A 1272 

CH2 wagging 1126 N/A N/A 

C-CH2 stretching 1093 1069 1070 

C-CH3 stretching 1040 N/A N/A 

CH3 rocking 927 N/A 924 

CH3 wagging 888 N/A 854 

=C-H wagging 835 824 824 

CH2 rocking 743 744 733 

C=C stretching of aromatic 

pyridine ring 
- 1604 1600 

C=N stretching of aromatic 

pyridine ring 
- 1417 1420 

Pyridine ring deformation - 1000 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 O1s, Si2s, and Si2p, 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 P4VP-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%). 

 

 

 

Figure 38 XPS high-resolution spectra of N1s 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 P4VP 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]. 

 

 

 

Figure 39 Gel content as a function of P4VP concentration. 

 

0

20

40

60

80

100

0 50 100 150 200

G
el

 c
o
n
te

n
t 

(%
)

P4VP concentration (phr)



Ref. code: 25595809040073GBP

60 

 

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.  

 

 

 

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 oC – 100 oC, 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. 

 

 

 

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]. 

 

 

 

Figure 42 Gel content as a function of reaction time. 
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4.1.5 Determination of crosslink density of P4VP-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 P4VP-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. 
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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 (Ti), the final 

temperature of weight loss (Tf), and the decomposition temperatures of the materials 

(Td) are shown in Table 10. 

It was found that P4VP-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 oC, whereas the P4VP and the P4VP-NR showed two-step thermal 

decompositions. The first step at below 150oC 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 oC, 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 

oC, 403 oC, and 388 oC for the NR, P4VP, and P4VP-NR, respectively. The results of 

P4VP and NR are corresponded to the previous work [119, 120]. 
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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. 

Samples 
Thermal degradation (oC) 

Ti
a Tf

b Td
c 

NR 300 480 386 

P4VP (1st step) 50 110 72 

(2nd step) 300 460 403 

P4VP-NR (1st step) 50 150 110 

(2nd step) 300 490 388 

a Ti: the initial temperature of weight loss 

b Tf: the final temperature of weight loss 

c Td: 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 oC, which is higher than those reported in 

the previous studies. They reported the truly Tg of NR around -65 oC [18, 116] and -70 

oC [17]. These differences of Tg 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 P4VP-NR gave two 

different Tg values in which the first at -57.8 oC is related to NR. The other one at 140.5 

oC corresponded to P4VP, because the pristine P4VP has a Tg closely located at 137.2 

oC [121]. This suggested that the obtained material still consists of two phase regions 

including NR and P4VP phases. However, the higher shift of Tg values of both NR and 

P4VP phases in the P4VP-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. 

Samples 
Transition temperature (oC) 

1st Tg 2nd 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 P4VP-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 46 Degree of swelling (%) of NR and P4VP-NR (gel content = 34% and 63%) 

in aqueous solutions with different pH values. 

 

 

 

Figure 47 Swelling behavior of P4VP-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 P4VP-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 95-110o 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 P4VP-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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Figure 48 Water contact angles of NR and P4VP-NR (gel content = 63%) at different 

pH values. 

 

 

Figure 49 Water contact angles of P4VP-NR (gel content = 63%) sample after wetted 

with pH 2. 
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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 1 0 , 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. 

 

 

Figure 50 UV-visible spectra of NR and P4VP-NR (gel content = 63%) after 

immersion in dye solutions compared with standard dye solution. 

 

 

Figure 51 Absorbance values of NR and P4VP-NR samples. 
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Figure 52 Relative absorbance as a function of immersion time. 
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0.0

0.1

0.2

0.3

0 1 2 3

R
el

at
iv

e 
ab

so
rb

an
ce

Time (h.)

pH 2

pH 4

pH 6

pH 8

pH 10



Ref. code: 25595809040073GBP

76 

 

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 RL 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 (R2) 

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 

Models 
Parameters 

The constant values from 

Linear transform 

Langmuir Q0 (mg/g) 21.51 

KL (L/mg) 0.02 

RL 0.2 - 0.9 

R2 0.9988 

Freundlich 1/n 0.781 

n 1.27 

Kf (mg/g) 0.428 
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R2 0.9831 

Temkin AT (L/mg) 0.457 

bT 943.42 

B 2.653 

R2 0.9371 

Dubinin-Radushkevich qs (mg/g) 6.208 

Kad (mol2/J2) 2 x 10-6 

E (kJ/mol) 0.5 

R2 0.8547 

 



Ref. code: 25595809040073GBP

79 

 

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. 

Sample Name 
Composition (%w/w) 

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 α-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 54 Thermal decomposition of potassium persulfate. 

 

 

 

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 1H-NMR techniques. 

 

 

 

Figure 56 Photograph of 4VP-g-DPNR. Sample size is approximately 1x1 cm2. 

 

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

 

The FT-IR technique 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-1) 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-1, 1417 cm-1, and 995 cm-1, 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-1, 1451 cm-1, 1377 cm-1, and 827 cm-1 corresponded to CH3 

stretching, CH2 bending, CH3 bending, and CH2 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-1 

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. 

 

 

 

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-1). 

Type of bonds 
Wavenumber (cm-1) 

DPNR P4VP 4VP-g-DPNR 

O-H stretching (broad, 

moisture) 
3600-3300 3600-3300 3600-3300 

N-H stretching (protein) 3360 - N/A 

=C-H stretching  3037 3034 2995 

CH3 asymmetric stretching  2960 2927 2932 

CH2 asymmetric stretching 1917 N/A 1948 

CH2 symmetric stretching 2851 2854 2851 

C=C stretching 1661 - weak 

CH2 scissoring 1472 1452 1451 

CH3 asymmetric 

deformation 
1376 - 1376 

CH2 wagging 1308 - 1312 

CH2 twisting 1261 N/A 1272 

CH2 wagging 1126 N/A N/A 

C-CH2 stretching 1093 1069 1070 

C-CH3 stretching 1040 N/A N/A 

CH3 rocking 927 N/A 924 

CH3 wagging 890 N/A 854 

=C-H wagging 838 824 824 

CH2 rocking 745 744 733 

C=C stretching of aromatic 

pyridine ring 
- 1604 1599 

C=N stretching of aromatic 

pyridine ring 
- 1417 1417 

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 O1s, C1s, Si2s, and Si2p 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. 

 

 

 

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 N1s region of DPNR and 4VP-g-DPNR 

(grafting ratio = 45%). 

 

4.2.5 1H-NMR characterization of 4VP-g-DPNR 

 

The 1H-NMR technique was used to characterization the graft 

copolymer and calculate the grafting efficiency. The 1H-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 (-CH3), methylene (-CH2-), 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 1H-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 1H-NMR spectra of (a) DPNR, (b) P4VP, and (c) 4VP-g-DPNR (grafting 

ratio = 45%) 



Ref. code: 25595809040073GBP

88 

 

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 oC 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]. 

 

 

 

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 oC 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]. 

 

 

 

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 oC 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. 

 

 

 

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 oC. 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. 

 

 

 

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 oC 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 oC) and longer time for the reaction might lead to the 

degradation of the grafted product. 

 

 

 

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 (Td) 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 oC 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 oC 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 oC, 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 oC, 403 oC, and 384 oC 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 P4VP. 

Samples 
Thermal degradation (oC) 

Ti
a Tf

b Td
c 

DPNR 300 490 385 

P4VP (1st step) 50 110 72 

(2nd step) 300 460 403 

4VP-g-DPNR (1st step) 100 160 130 

(2nd step) 256 318 304 

(3rd step) 318 490 386 

a Ti: the initial temperature of weight loss 

b Tf: the final temperature of weight loss 

c Td: 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 Tg 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 oC and 137.2 oC, respectively, 

which is slightly different from the previous reports. Form those studies, they reported 

that the Tg of DPNR were around -61.8 oC and -65 oC [18, 116], and that of P4VP was 

around ~140 oC [121]. The differences of Tg 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 Tg values in which the first at -64.1 oC was related to DPNR, 

and the other one at 139.5 oC 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 Tg of copolymer would 

be located between Tg 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 Tg 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 Tg 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. 

Samples 
Transition temperature (oC) 

1st Tg 2nd Tg 

DPNR -63 - 

P4VP 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 P4VP-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 68 Degree of swelling (%) of DPNR and 4VP-g-DPNR (grafting ratio = 16% 

and 45%) in aqueous solutions with different pH values. 

 

 

 
 

 

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 95-110o 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. 

 

 
 

 

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%) 

at pH 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.  

 

 

 

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

immersion with dye solution compared with standard dye solution. 

 

 

Figure 73 Interaction between 4VP-g-DPNR and indigo carmine molecule. 
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Figure 74 Absorbance values of DPNR and 4VP-g-DPNR samples. 

 

 

 

Figure 75 Relative absorbance as a function of immersion time.

0.0

0.1

0.2

0.3

0.4

0 2 4 6 8 10 12

A
b
so

rb
an

ce

pH

4VP-g-DPNR DPNR

0.00

0.20

0.40

0 1 2 3

R
el

at
iv

e 
ab

so
rb

an
ce

 

Time (h.)

pH 2
pH 4
pH 6
pH 8
pH 10



Ref. code: 25595809040073GBP

104 

 

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. 

 

 

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 (R2) that should be close to unity (R2=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 (R2=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 (Q0) 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 RL value of this experiment 

was found to be in a range of 0-1, indicating the favorable adsorption of the dye onto 

4VP-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 R2 

values. There were ranked as the second, fourth, and third with respect to the linear 

regression coefficient (R2) 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 
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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. 

 

 

 

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 

Models 
Parameters 

The constant values from 

Linear transform 

Langmuir Q0 (mg/g) 5.666 

KL (L/mg) 0.785 

RL 0.01 - 0.1 

R2 0.9584 

Freundlich 1/n 0.431 
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n 2.321 

Kf (mg/g) 1.594 

R2 0.9197 

Temkin AT (L/mg) 4.336 

bT 1705.87 

B 1.467 

R2 0.6484 

Dubinin-Radushkevich qs (mg/g) 5.856 

Kad (mol2/J2) 1 x 10-7 

E (kJ/mol) 2.236 

R2 0.7634 
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CHAPTER 5 

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 oC for 24 h. For the thermal properties, the P4VP-NR was 

slightly more thermally stable than pure NR, and had a two differences of Tg 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 1H-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 oC. For the thermal properties, the 4VP-g-

DPNR was slightly less thermally stable than pure DPNR, and had two different Tg 

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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APPENDIX A 

PREPARATION OF CROSSLINKED MATERIALS (P4VP-NR) 

 

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

 

Batch 

No. 

NR 

(g) 

P4VP 

(phr) 

BPO 

(phr) 

Temperature 

(oC) 

Time 

(h) 

Gel content 

(%) 

1 1 50 10 90 24 35.03 

2 1 100 10 90 24 63.39 

3 1 150 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 1 100 10 90 36 77.36 

 

Determination of crosslink density  

 

Gel content  

(%) 

crosslink density 

(mol m-3) 

Degree of swelling  

(%) 

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 

no. 

DPNR 

(g) 

4VP 

(phr) 

KPS 

(phr) 

SDS 

(phr) 

Temperature 

(oC) 

Time 

(h) 

Grafting 

ratio 

(%) 

1 5 50 10 10 90 3 7.1 

2 5 100 10 10 90 3 16.0 

3 5 150 10 10 90 3 29.76 

4 5 100 8 10 90 3 31.1 

5 5 100 12 10 90 3 7.8 

6 5 100 10 5 90 3 2.6 

7 5 100 10 15 90 3 24.0 

8 5 100 10 10 80 3 13.2 

9 5 100 10 10 100 3 18.3 

10 5 100 10 10 90 1 19.7 

11 5 100 10 10 90 5 13.2 

 

 

The 1H-NMR of 4VP-g-HANR (4VP 100 phr, KPS 10 phr, SDS 10 phr, 

90 oC, 3 h.) 
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The 1H-NMR of 4VP-g-DPNR (4VP 100 phr, CHP/TEPA 10 phr, SDS 10 

phr, 90 oC, 3 h.)  

 

 

 

 

The 1H-NMR of 4VP-g-DPNR (4VP 100 phr, BPO 10 phr, SDS 10 phr, 

90 oC, 3 h.)  
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The 1H-NMR of 4VP-g-DPNR (4VP 100 phr, AIBN 10 phr, SDS 10 phr, 

90 oC, 3 h.) 
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APPENDIX C 

DETERMINATION OF PH RESPONSIVENESS OF THE 

MATERIALS 

 

The water swelling experiments 

 

pH 

NR 

1 2 3 
AVG SD 

w1 w2 %S w1 w2 %S w1 w2 %S 

2 0.0966 0.0984 1.86 0.0245 0.025 2.04 0.0545 0.0601 10.28 4.73 4.81 

4 0.1040 0.1078 3.65 0.0261 0.0268 2.68 0.0529 0.0584 10.40 5.58 4.20 

6 0.0886 0.0920 3.84 0.0313 0.0322 2.88 0.0715 0.0794 11.05 5.92 4.47 

8 0.0974 0.1014 4.11 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 4.97 2.18 

 

pH 

DPNR 

1 2 3 
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 0.1040 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 14.37 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 

 

 

 

pH 

P4VP-NR (34%) 

1 2 3 
AVG SD 

w1 w2 %S w1 w2 %S w1 w2 %S 

2 0.1786 0.2788 56.10 0.1050 0.1392 32.57 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 12.51 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 8.95 5.61 

10 0.1722 0.1942 12.78 0.1716 0.1883 9.73 0.1735 0.1806 4.09 8.87 4.41 

12 0.1150 0.1243 8.09 0.1723 0.1823 5.80 0.1165 0.1241 6.52 6.80 1.17 

 

pH 

P4VP-NR (63%) 

1 2 3 
Avg SD 

w1 w2 %S w1 w2 %S w1 w2 %S 

2 0.1375 0.2531 84.07 0.1369 0.2378 73.70 0.137 0.2663 94.38 84.05 10.34 

4 0.1263 0.1536 21.62 0.1292 0.1484 14.86 0.1294 0.1417 9.51 15.33 6.07 

6 0.0839 0.0984 17.28 0.0835 0.0983 17.72 0.0813 0.0877 7.87 14.29 5.57 

8 0.1068 0.1241 16.20 0.1071 0.1231 14.94 0.1066 0.1171 9.85 13.66 3.36 

10 0.0718 0.0894 24.51 0.0760 0.0903 18.82 0.0738 0.0811 9.89 17.74 7.37 

12 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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pH 

4VP-g-DPNR (16%) 

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 12.53 4.5 

6 0.0833 0.0964 15.73 0.0826 0.0923 11.74 0.0825 0.0882 6.91 11.46 4.42 

8 0.0844 0.0983 16.47 0.0831 0.0956 15.04 0.0836 0.0909 8.73 13.41 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 

 

pH 

4VP-g-DPNR (45%) 

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 12.4 

6 0.0609 0.0692 13.63 0.0611 0.0703 15.06 0.14 0.1945 38.93 22.54 14.21 

8 0.0588 0.0673 14.46 0.0596 0.0691 15.94 0.1393 0.1976 41.85 24.08 15.41 

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 42.55 28.11 12.5 
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The water contact angle measurement 

 

pH WCA of NR (o) AVG SD 

2 101.19 98.69 88.03 101.59 89.52 95.804 6.5334 

4 103.55 103.57 84.03 97.02 101.41 97.916 8.2089 

6 108.20 97.57 99.42 108.25 86.69 100.026 8.9260 

8 110.35 103.25 104.62 103.28 105.54 105.408 2.9261 

10 112.86 108.85 108.45 110.89 108.49 109.908 1.9323 

12 110.18 105.17 117.40 101.71 116.15 110.122 6.7933 

 

 

pH WCA of DPNR (o) AVG SD 

2 97.99 98.86 88.10 98.68 93.27 95.38 4.6707 

4 98.39 94.19 88.67 96.88 97.99 95.224 4.0137 

6 91.07 98.39 100.39 97.57 89.15 95.314 4.9072 

8 95.74 98.38 110.77 110.35 97.93 102.634 7.3055 

10 106.13 103.11 105.99 108.00 108.85 106.416 2.2151 

12 110.44 109.50 119.83 108.71 110.89 111.874 4.5268 

 

 

pH WCA of P4VP-NR (o) AVG SD 

2 15.99 31.74 28.43 28.46 29.53 26.83 6.2073 

4 86.05 79.92 79.95 79.49 79.08 80.898 2.9020 

6 80.11 90.09 81.91 87.85 80.88 84.168 4.5001 

8 79.79 92.66 81.27 81.21 90.71 85.128 6.0543 

10 87.86 88.59 89.18 84.52 87.56 87.542 1.8038 

12 90.64 92.12 90.60 90.20 76.87 88.086 6.3124 
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pH WCA of 4VP-g-DPNR (o) AVG SD 

2 33.49 24.59 25.91 15.45 24.28 24.74 6.412284 

4 90.77 94.68 98.61 94.30 83.28 92.33 5.770136 

6 97.96 80.26 95.45 96.92 92.81 92.68 7.207673 

8 89.20 91.39 92.64 103.31 97.29 94.77 5.618454 

10 90.39 97.00 99.26 93.84 100.01 96.10 3.993601 

12 92.57 105.20 94.20 101.24 98.64 98.37 5.147514 
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APPENDIX D 

THE STUDY OF CONTROLLED RELEASE OF INDIGO 

CARMINE 

 

Calibration curve for calculating the amount of release indigo carmine 

 

 

 
 

For the P4VP-NR sample 

 

pH 
Loaded 

(ppm) 

Released (ppm) 

0.5 h 1 h 1.5 h 2 h 2.5 h 3 h 

2 10.10 2.95 5.48 5.61 5.88 5.77 5.88 

4 10.12 0.04 1.73 3.24 4.21 4.42 4.66 

6 9.53 0.31 0.57 0.89 1.26 1.68 1.79 

8 8.34 0.31 0.55 0.94 1.02 1.15 1.31 

10 9.98 0.34 0.55 0.73 0.92 1.07 1.21 
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For the 4VP-g-DPNR sample 

 

pH 
Loaded 

(ppm) 

Released (ppm) 

0.5 h 1 h 1.5 h 2 h 2.5 h 3 h 

2 16.09 4.92 9.07 9.29 9.72 9.55 9.72 

4 16.07 0.16 2.94 5.41 7.01 7.36 7.75 

6 15.99 0.60 1.04 1.56 2.17 2.86 3.04 

8 16.17 0.59 0.98 1.62 1.75 1.97 2.23 

10 15.17 0.69 1.05 1.37 1.70 1.97 2.20 

 

 

Calculation of relative absorbance 

 

 

 Relative absorbance =
AR

A0 − AL
  

 

where; AR = the absorbance of release indigo carmine 

A0 = the absorbance of 20 ppm indigo carmine 

AL = the absorbance of loaded indigo carmine 
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APPENDIX E 

THE STUDY OF ADSORPTION ISOTHERMS 

 

For the adsorption of indigo carmine onto P4VP-NR 

 

 

 

S/N 
Conc. 

(mg/L) 
V (ml) 

Ci 

(mg/L) 
Ce (mg/L) W (g) Q (mg/g) 

1 10 10 10 2.147 0.1133 0.693 

2 50 10 50 9.139 0.1389 2.942 

3 100 10 100 21.646 0.1584 4.947 

4 150 10 150 41.351 0.1272 8.542 

5 200 10 200 60.260 0.1505 9.285 

y = 0.0339x + 0.0332

R² = 0.9978
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For the adsorption of indigo carmine onto 4VP-g-DPNR 

 

 

 

S/N 
Conc. 

(mg/L) 

V 

(ml) 

Ci 

(mg/L) 

Ce 

(mg/L) 

W 

(g) 

Q 

(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 

 

 

 

 

 

 

 

 

y = 0.0387x + 0.0009

R² = 0.9999

0.0

0.5

1.0

1.5

2.0

0 10 20 30 40 50

A
b
so

rb
an

ce

Concentration (ppm)

Calibration



Ref. code: 25595809040073GBP

139 

 

 

APPENDIX F 

PUBLICATION 
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