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ช่ือวิทยานิพนธ์ การดดัแปลงพอลิซัลโฟนเมมเบรนส าหรับการแยกสารในซีร่ัมน ้ ายาง

ธรรมชาติ 
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บทคัดย่อ 

น ้ ายางธรรมชาติและผลิตภณัฑ์แปรรูปจากยางพาราเป็นสินคา้ส่งออกส าคญัของไทย ซ่ึง

สามารถสร้างรายไดเ้ขา้สู่ประเทศอยา่งมหาศาล แต่น่าเสียดายท่ีกระบวนการแปรรูปนั้นส่งผลเสียต่อ

ส่ิงแวดลอ้ม เน่ืองจากกระบวนการแยกเน้ือยางออกจากน ้ ายางพารานั้น จะมีของเหลือทิ้งคือ หางน ้ า

ยางพารา (ซีร่ัม) โดยซีร่ัมนั้ นประกอบด้วยสารประกอบอินทรีย์ต่างๆ เช่น โปรตีน ไขมัน 

คาร์โบไฮเดรต และน ้ า เป็นตน้ องคป์ระกอบสารอินทรียเ์หล่าน้ี เม่ือปล่อยทิ้งออกสู่ส่ิงแวดลอ้มจะ

เกิดการยอ่ยสลายโดยธรรมชาติ ซ่ึงจะก่อใหเ้กิดกล่ินเหมน็ และเป็นมลพิษต่อส่ิงแวดลอ้ม ดงันั้นการ

แยกสารประกอบอินทรียอ์อกจากซีร่ัมจึงเป็นอีกทางเลือกหน่ึงท่ีสามารถช่วยแกปั้ญหาดงักล่าว และ

หากสามารถแยกองค์ประกอบอินทรียอ์อกจากซีร่ัมได้โดยไม่มีการท าลายสารประกอบเหล่านั้น 

ย่อมสร้างมูลค่าเพิ่มจากของเหลือทิ้งได้ ดังนั้นเทคโนโลยีเมมเบรนจึงเป็นเทคนิคท่ีเหมาะสม 

เน่ืองจากกระบวนการทางเมมเบรนสามารถแยกองค์ประกอบของสารไดโ้ดยไม่ท าลายหรือย่อย

สลายสารตั้งต้น แต่อย่างไรก็ตามการแยกซีร่ัมโดยเมมเบรนนั้น มีความท้าทายเน่ืองจากซีร่ัมมี

องคป์ระกอบของเน้ือยาง ซ่ึงเน้ือยางเหล่าน้ีมีความเหนียว และง่ายต่อการอุดตนัผิวเมมเบรน ดงันั้น

งานวิจยัน้ีจึงมุ่งเนน้การปรับปรุงคุณสมบติัของเมมเบรนให้มีความเหมาะสมต่อการแยกน ้ายางพารา 

โดยอาศยักลไกของแรงผลกัทางประจุไฟฟ้าของโมเลกุลท่ีมีขั้ว (คุณสมบติัชอบน ้ า) และไม่มีขั้ว 

(คุณสมบติัไม่ชอบน ้ า)  ซ่ึงไดป้รับปรุงเมมเบรนให้ชอบน ้ าโดยอาศยัรังสีอลัตราไวโอเลต (รังสียูวี) 

ร่วมกบัการกราฟต้ิงสาร poly (ethylene glycol) (PEG) พบว่ารังสียูวีความยาวคล่ืน 312 นาโนเมตร

ส่งผลต่อการกราฟต้ิงและความชอบน ้ าดีกว่าความยาวคล่ืน 254 นาโนเมตร และสามารถเพิ่มอตัรา

การซึมผ่านของน ้ าผ่านเมมเบรนได้ดีกว่าเมมเบรนท่ีไม่ได้ปรับปรุงผิว และอีกแนวทางหน่ึงของ

การศึกษาคือ ศึกษาผลของล าอิเล็กตรอนท่ีส่งผลต่อการกราฟต้ิงสาร acrylic acid / sodium styrene-

sulfonate (AAc/SSS) โดยศึกษาผลของความแตกต่างของพลังงานและปริมาณรังสีของล า

อิเลก็ตรอนท่ีส่งผลต่อการกราฟต้ิงสารและคุณสมบติัชอบน ้า ส่งผลต่อการกราฟต้ิงไดดี้ท่ีสุดในการ
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ศึกษาน้ี และเม่ือน าเมมเบรนท่ีผ่านการปรับปรุงด้วยเง่ือนไขดังกล่าวมาทดสอบการแยกซีร่ัมน ้ า

ยางพาราพบว่า ประสิทธิภาพของเมมเบรนดีขึ้นโดยให้อตัราการน ากลบัของการซึมผ่านของรอบท่ี

สองมีค่าสูงถึง 95.9 เปอร์เซ็นต์ ค่าการกักกันปริมาณของแข็งทั้ งหมดในซีร่ัมน ้ ายางคือ 72.1 

เปอร์เซ็นต ์และค่ากกักนัโปรตีนทั้งหมดในซีร่ัมน ้ ายางพาราคือ 91.5 เปอร์เซ็นต์ ซ่ึงผลการทดลอง

ดงักล่าวแสดงให้เห็นวา่ การปรับปรุงเมมเบรนใหมี้ความชอบน ้ าโดยใชล้ าอิเลก็ตรอนเพื่อการกราฟ

ต้ิงสาร AAc/SSS สามารถปรับปรุงเมมเบรนให้มีความเหมาะสมต่อการแยกซีร่ัมน ้ ายางพาราได้

อยา่งมีประสิทธิภาพ 

คําสําคัญ: รังสีอลัตราไวโอเลต, ล าอิเลก็ตรอน, ความชอบน ้า, เมมเบรนเทคโนโลยี, การแยกหางน ้ า

ยางพารา, พอลิซลัโฟนเมมเบรน 
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ABSTRACT 

Natural rubber product is the one significant exporting products of Thailand. 

Nevertheless, bad smells and wastewater from latex and rubber processing pollute the 

environment. Since the usable rubber particles in natural rubber latex are collected by 

chemical processing, the wastewater from the operation comprises the beneficial 

components in the residual fraction (NR serum). The NR serum consists of proteins, 

carbohydrates, fats, residual rubber particles, water, and other compounds. That 

compound will be transformed into products in the future, and value might be added to 

NR serum waste when it is separated from rubber particles and increased the 

concentration of the proteins and other components. Membrane technology is one 

popular technique that does not degrade organic molecules, and presents a more viable 

solution to the problem of separating NR serum from water. Nonetheless, membrane 

filtering of NR serum has been difficult due to tiny residual rubber particles in the 

serum, which are sticky and tend to clog the membrane, blocking pores and causing 

irreversible fouling. Improving the hydrophilic characteristics of the membrane surface 

is an essential factor in anti-fouling and preventing the accumulation of hydrophobic 

rubber molecules on the membrane surface. Thus, this research has the objective to 

enhance the hydrophilicity of the membrane surface by ultraviolet irradiation (UV-ray) 

with poly (ethylene glycol) (PEG) grafting, and by an electron beam to induce the 

acrylic acid/sodium styrene-sulfonate (AAc/SSS) grafting on the membrane surface. 

The results showed that the difference in wavelength of UV-ray had a different grafting 

effect. The UV-ray at a wavelength of 312 nm had better grafting and hydrophilic than 

254 nm. Moreover, UV at treatment with 312 nm and the PEG grafting on the 

membrane showed a higher water flux than the untreated membrane. The electron beam 

energy at 10 MeV and dose of 50 kGy had shown the best condition for AAc/SSS 

grafting on the membrane surface. The modified membrane had been used for NR 

serum filtration, and the results showed after 2nd cycle filtrations of NR serum had the 

flux recovery ratios of 95.9 %, the rejection rates of the total solid content (TSC), and 

total protein in NR serum were 72.1 % and 91.5 %, respectively. So, the modified 

membrane had good anti-fouling properties toward the natural rubber particles and 

organic molecules found in NR serum. 

 

Keywords: Ultraviolet irradiation, Electron-beam irradiation, Hydrophilicity, 

Membranes technology, Natural rubber filtration, Polysulfone membrane. 
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CHAPTER 1 

INTRODUCTION 

1. Introduction 

Natural rubber product is the one significant exporting products of Thailand. 

Thailand's rubber industries had concentrated latex factories, smoked rubber factories, 

and processing sectors including tires and rubber gloves, and others. The rubber 

industry generates revenue for the country's citizens, yet also harms the environment. 

Because the fresh rubber latex comprises approximately 25-45% dry rubber component 

(DRC) was processed, and others were a waste [1]. The rubber waste is composed of 

small rubber molecules, protein, sugar, and others, released from the factory that cause 

odors, wastewater, and pollution due to the degradation of protein, and others. The 

unusable components in the remaining fraction (NR serum) consist of small rubber 

particles, carbohydrates, proteins, Lutoid, Frey-Wyssling particles, and others [2]. Such 

components in the serum should not be left without benefits. Devaraj et al. deployed 

membrane technology to reduce waste and recover value-added goods from waste in a 

rubber manufacturing facility for water recycling [3]. So, the membrane process is an 

attractive alternative technique for separating the substances from serum. However, 

membrane filtration of NR the serum has challenges owing to the combination of tiny 

residual rubber particles in the serum, which are sticky and tend to clog the membrane, 

blocking pores and causing irreversible fouling [4], [5]. Furthermore, improving the 

hydrophilic characteristics of the membrane surface is one technique to reduce the 

accumulation of hydrophobic rubber molecules.  

Polysulfone (PSF) is a high-potential and widely used polymer for membrane 

development because of its advantages, including excellent chemical, mechanical, and 

thermal resistance [6]. On the other hand, the PSF membrane has a hydrophobic 

characteristic that reduces water flux and increases fouling which is a disadvantage. 

Many studies have increased the hydrophilic property of the membrane surface by 

modifying the PSF membrane surface. Physical technologies such as ultraviolet 

irradiation (UV) and plasma treatment are also commonly used to improve membrane 

surfaces. The UV irradiation with hydrophilic polymer grafting is inexpensive, basic, 



2 

 

and well effective [7], [8]. The common additive in membrane composition is Poly 

(ethylene glycol) (PEG). It has low toxicity and is inexpensive, as well as the ability to 

dissolve in water and organic solvents. PEG has been shown to have useful properties 

such as increased hydrophilicity and permeability [9]. Nevertheless, the PEG has low 

mechanical and thermal properties making it difficult to graft onto the PSF membrane 

surface [10]. Thus, the PEG grafting on the PSF membrane by the different UV 

wavelengths was studied in this work. 

Another highly efficient alternative for the PSF membrane improvement is 

electron beam (e – beam) irradiation. Xi et al. [11] examined the influence of monomer 

concentration and e-beam irradiation dose on the formation of hydrophilic groups on a 

membrane surface. The hydrophilicity of the membrane was improved by grafting a 

binary monomer of sodium styrene-sulfonate and acrylic acid (AAc/SSS). The surface 

grafting of sodium styrene-sulfonate (SSS) is an exciting method due to the 𝐒𝐎𝟑
− group 

is a strong hydrophilic group [12]. However, SSS has been successfully grafted onto 

various polymeric membranes with the aid of acrylic acid (AAc) [13]. Therefore, this 

research focuses on using the e-beam energy to assist AAc/SSS grafting, then 

investigates the antifouling property of the modified membrane during NR serum 

filtration. 

 

2. Objectives 

The research project aims to modify the PSF membrane surface for separation 

the components of natural rubber serum (NR serum), natural rubber latex and enhance 

the following properties: 

1. To prepare ultrafiltration polysulfone membrane. 

2. To improve PSF membrane surface by UV-assisted grafting of Poly 

(ethylene glycol) (PEG)). 

3. To improve hydrophilic properties of PSF membrane surface by using the 

electron beam technique with AAc/SSS. 

4. To apply the modified membrane for separation of a compound substance 

from the NR serum.  
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CHAPTER 2 

BACKGROUND 

1. Natural Rubber Latex 

1.1  Components of natural rubber latex 

 Natural rubber (NR) is a colloidal suspension of rubber particles in an aqueous 

phase obtained from a rubber plant, acquired by cutting from Heavea brasiliensis 

rubber plants. Depending on the type of the planting material, fresh field latex has 

around 25-45 % dry rubber content (DRC) and 5-10% non-rubber components. 

Proteins, carbohydrates, lipids, and inorganic salts are among the non-rubber 

components, shown in Table 1 [1], [13]. 

Table 1 Composition of fresh natural rubber latex [14].  

Composition Latex Dry rubber 

Fresh latex 

(%w/v) 

Dry matter of 

latex (%w/v) 

Dry matter 

(%w/w) 

Rubber hydrocarbon 35.0 87.0 94.0 

Protein 1.5 3.7 2.2 

Carbohydrate 1.5 3.7 0.4 

Lipids 1.3 3.2 3.4 

Organic solutes 0.5 1.1 0.1 

Inorganic substances 0.5 1.2 0.2 

 

Natural rubber is a hydrocarbon with a high molecular weight. Rubber's 

molecular structure is comprised of C5H8 isoprene units connected at the C1 and C4 

carbon atoms as shown in Figure 1 [15]. 

 

Figure 1 Chemical structure of cis-1, 4-polyisoprene from natural rubber [16]. 

 The size of rubber particles in fresh latex varies according to the age of the 

rubber trees. Large and micro rubber particles were discovered in the natural rubber 

latex of mature plants. The average size of rubber particles is shown in Figure 2, with 

concentrated latex and skim latex having sizes around 3-0.1 μm and 0.3-0.05 μm, 
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respectively [17]. Hevea brasiliensis natural rubber is a polymer with a very high 

molecular weight (MW) and a wide molecular weight distribution (MWD). 

 

Figure 2 Particle size distribution of fresh field latex [18]. 

1.2 Rubber matters composition 

Fresh latex can be separated into four main fractions by centrifugation: a top 

layer of rubber, an orange or yellow layer containing Frey-Wyssling particles, a 

colorless serum phrase, and a bottom fraction containing lutoid particles, shown in 

Figure 3.  

 

Figure 3 The fraction after centrifugation of natural rubber latex [19]. 

Rubber particles in natural rubber latex are spherical hydrocarbon droplets that 

are stabilized by the negative charge of surface absorbed proteins and lipids, shown in 

Figure 4. [20]. 
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Figure 4 The structure models of the rubber latex particle surface [21]. 

 Lipids are water-insoluble components found mostly in the rubber phase, with 

modest amounts in the bottom fraction and Frey – Wyssling particles, neutral and polar 

lipids are the two types of lipids that exist. The most important neutral lipid in natural 

rubber is tocotrienol, which is a vitamin E derivative [22]. About 25% of all proteins in 

latex are found on the outer layer of rubber particles. Alpha-globulin is almost of the 

proteins found in the outer layer of rubber particles and Hevien alpha-globulin is the 

remaining protein [2]. 

 

1.3 Non Rubber matters composition 

Non-rubber solutions are mainly composed of water and serum, which are 

comprised of carbohydrates, proteins, amino acids, and other substances.  

Approximately 1% carbohydrate content is sugar and starch. The other components as 

Quebrachitol, glucose, fructose, sucrose and the protein content of alpha-globulin are 

in the serum fraction [23]. 

The lutoid particle is vacuoles in latex next to rubber particles. Inside of lutoid 

particle consists of aqueous containing components such as acids, mineral salts, 

proteins, sugar, and polyphenol oxidase [23].   

 The Frey-Wyssling particle is bigger than the rubber particles. However, it has 

a lower density than rubber particles. Lipid and carotenoid particles comprise the Frey-

Wyssling particles. The Non-rubber constituent in latex is shown in Table 2. 
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Table 2 Non-rubber constituent in latex [24].  

Constituents Percentage by 

weight of the latex 

Fatty acid soap (e.g. ammonium oleate) 0.5 

Sterols and sterol esters 0.5 

Proteins 0.8 

Quebrachitol 0.3 

Choline 0.1 

Glycerophosphate 0.1 

Water-soluble carboxylic acid salts (acetate, citrate, etc.) 0.3 

Amino acid and polypeptide 0.2 

Inorganic salts (ammonium and potassium carbonate and 

phosphate, etc.) 

0.2 

  

2. Membrane 

 The membrane is a selective barrier that permits some selective matters to 

penetrate but blocks some others. The membrane is made from organic or inorganic 

material. Membranes made from inorganic materials have higher separation properties 

than that organic materials, but it is more expensive than organic material [25]. 

Nowadays, there is an interest in developing membranes from organic materials such 

as polymers to have a higher separation property [26]. Polymer membrane is a popular 

material because it can be modified and can be made in various forms, such as hollow 

fiber and flat sheets. The membrane structure can be classified into 2 types, asymmetric 

and symmetric structure. There are many types of symmetric membrane classified by 

using porosity properties such as microfiltration, ultrafiltration, nanofiltration, and 

reverse osmosis [27] as shown in Figure 5.  

 

Figure 5 Cut-offs of different liquid filtration techniques.  
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 The filtration process can be classified based on the flow direction of suspended 

materials. The two types of filtration processes are dead-end and cross-flow filtration, 

as shown in Figure 6. 

 In dead-end filtration, the solution is forced perpendicularly over the membrane 

by external pressure. This approach has the advantage of allowing the solution to move 

quickly through the membrane. On the other hand, the ease with which fouling and cake 

layers build on the surface membrane is a disadvantage of this approach.  

 In cross-flow filtration, the solution is fed parallel through the membrane. This 

filtration technique is well suited for the use of a highly concentrated solution because 

it reduces membrane fouling and pore blockage [28]. 

 

Figure 6 Membrane process. (a) Dead-end filtration, (b) Cross -flow filtration [28].  

 The diffusion of a solvent through a permeable membrane from a dilute solution 

to a concentrated solution by the driving force of chemical potential is known as 

osmosis [29].  

 Polysulfone (PSF) polymer has excellent mechanical, biological, and chemical 

stability, a wide operating range at temperature, and pH value [30]. PSF is one of the 

most important polymeric materials used in the biomedical. The chemical structure of 

PSF is shown in Figure 7. PSF membranes are used as hemodialysis hollow fiber with 

high permeability for low-molecular-weight proteins [31]. Moreover, the PSF polymer 

is popular for membrane technique, but it has hydrophobic properties. The hydrophobic 

membrane cause membrane fouling. So, a lot of research has been done to improve the 

membrane to be hydrophilic property, for anti-fouling [32]–[34]. 

 

Figure 7 Chemical structure of polysulfone (PSF) [35]. 
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3. Membrane modification  

3.1 Hydrophilic property 

The polymer used in the production of membranes is mostly hydrophobic 

polymers because most structures are composed of C-H. Improving the membrane for 

hydrophilicity has attracted many research groups. Ding et al. modified the membrane 

by a coating of Lignocellulose nanofibrils (LCN) and cellulose nanofibrils (CNF) on 

the surface of polysulfone membranes; the result showed an increase in hydrophilic and 

pure water flux [36].  

Contact angle (θ) is the angle at which the liquid-gas interface meets the solid-

liquid interface. The contact angle is determined by the resultant between adhesive and 

cohesive forces. So, the contact angle provides an inverse measurement of 

hydrophilicity. The contact angle between a solid and a liquid depends on the surface 

tension between solid and gas (SG), the surface tension between solid and liquid (SL), 

and the surface tension between liquid and gas (LG), as shown in Figure 8. A contact 

angle (θc) less than 90° and greater than 90° indicates that wetting of the surface is 

hydrophilic and hydrophobic, respectively [37], [38]. 

 
Figure 8 Contact angle between a solid and a liquid.  

 

The contact angle is used to calculate the surface energy of the membrane 

surface. The polar and dispersive components are responsible for the hydrophilic and 

hydrophobic properties. The surface energy can be calculated by equation (2) 

 

𝜸𝑳𝑽(𝟏 + 𝒄𝒐𝒔𝜽) = 𝟐( 𝜸𝑳
𝒅 ∙  𝜸𝑺

𝒅)𝟏/𝟐 + 𝟐(𝜸𝑳
𝒑

∙ 𝜸𝑺
𝒑

)𝟏/𝟐           (2) 

 

The liquids that will be used for calculating surface energies of membranes are 

water Formamide and Ethylene glycol with known 𝜸𝒑 (polar component) and 

𝜸𝒅(dispersive component) [39], [40].  

Many significant polymer applications necessitate good adhesion to other 

molecules. Adhesion is a manifestation of the attractive forces that exist between all 

atoms and which fall into broad categories: primary quasi-chemical (hydrogen bond) 

and secondary (van der Waals) [39]. That can be estimated as the polar components and 

dispersive components in equation (2)[38]. The surface energy of the membrane surface 
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is the significant result of decreasing the water contact angle and then attracting the 

water molecule passing the membrane and increasing the flux. 

 

3.2 The PEG grafting by UV-ray 

Polyethylene glycol (PEG) is a versatile polyether utilized in various 

applications, particularly in medicine. Polyethylene oxide (PEO) is another name for 

PEG, the formulation is shown in Figure 9 [41]. The PEG is the most common additive 

used in membrane formulation. It can be dissolved in water and organic solvent, with 

low toxicity, and cost. PEG has shown promising potential in increased hydrophilicity 

[39]. Chittrakarn et al. [42] studied the PSF surface grafting by PEG grafting with Ar/O2 

plasma. The modified membrane was permanent hydrophilic properties. 

 
Figure 9 Chemical structure of polyethylene glycol [41]. 

 

UV irradiation technique is widespread use to improve the membrane surface 

properties because it can work at atmospheric pressure and can change membrane 

surface properties without adverse influence on the bulk properties [41].  

 

 
Figure 10 UV-free radical polymerization process [43] 

 

UV can generate free radicals on the membrane surfaces by cutting chemical 

bonds of atoms or molecules. UV-ray interaction with polymers, the polymer absorbs 

light energy and creates a radical species. In the initiation step, the radical species will 

react with the bonds of the polymer such as C-H, C-C, and others. In the propagation 

step, the reactive species will respond with others to form a new radical where the 

polymerization process has occurred. This process will be terminated when two 

growing polymer chains react with each other, as Figure 10 [43], [44]. However, the 

reaction depends on the polymer's structure and UV energy due to the difference in 

bond dissociation energies in diatomic molecules such as C-H (338.4 kJ mol-1), C-C 
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(618.3 kJ mol-1), C-O (1,076.38 kJ mol-1) [45], [46]. The UV wavelength energy was 

calculated using Planck's equation (3) [47], [48]. UV wavelength, UV treatment time, 

and polymer type all influence the activity of UV energy on polymer surfaces [49], 

[50].  

 

                                    𝑬 = 𝒉𝝂 =  𝒉𝒄

𝝀
                                      (3) 

 

Chemical changes by UV exposure result in bond dissociation, the result is 

chain scission and/or crosslinking; subsequent reactions with oxygen result in the 

formation of functional groups such as carboxyl (COOH), or carbonyl (C=O) [51], [52]. 

The UV affects photo-degradation, which usually affects only the top few micrometers 

of the surface (50 - 100 μm) [53]. The effect of UV is dependent on the action of 

temperature, moisture, exposures time, wavelength, and others [51]. Bormashenko et 

al., [54] reported that when polymers are exposed to electromagnetic radiation, 

experience chemical, and physical modification. It was revealed that PSF was subjected 

to UV irradiation in an atmosphere of oxygen release, the short-chain of the polymer 

contained most of the oxygen absorbed by the polymer which significantly decreased 

the contact angle. Moreover, the result had shown decreasing in water contact angle 

when increasing the UV treatment time. Konruang et al. [7] investigated the effects of 

UV for surface modification of asymmetric PSF membranes.  The PSF membranes 

were prepared by the phase inversion method. The surface of membranes was modified 

by UV with 254 and 312 nm wavelengths. The results were shown that the PSF 

membranes were hydrophilicity on the surface after the UV treatment indicated by the 

reduction of water contact angle with increasing treatment time.  The different 

wavelengths were shown in the different water contact angles (WCA). The UV at 312 

nm had a lower WCA than the UV at 254 nm, which represents higher hydrophilicity. 

Homayoonfal et al. [55] studied the polysulfone membranes that were prepared by 

phase inversion and modified by UV-induced polymerization of AAc and PEG of 

different molecular weights. The results show that by increasing irradiation time and 

monomer concentration in the photo-grafting process, pure water flux declines, and salt 

rejection increases. Because of the pore size and high surface charge density, the 

developed membranes show a promising capability for water desalination. 

A PSF membrane surface irradiated with UV and PEG grafting was found to 

have enhanced hydrophilicity and water flux [56]. PEG has been used in numerous 

studies to reduce the problem of free radical disintegration on membrane surfaces, 

which causes reversal back to hydrophobicity because it is hydrophilic with long chains. 

Due to its poor mechanical and thermal properties, grafting PEG on membrane surfaces 

is challenging. As a result, PEG grafting using UV has been considered as a possible 

proper solution. PSF membrane surfaces exposed to high-energy UV radiation may 

suffer to find a balance between crosslinking and chain scission [57]. As a result, the 
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duration of the treatment and the wavelength of the UV light was critical in improving 

the membrane surface. 

 

 

3.3 The SSS/AAc grafting by electron beam 

Sodium styrene-sulfonate (SSS) has been used in many fields, including 

biomedical and electrical applications [58]. The sulfonate group (𝐒𝐎𝟑
−) in SSS, shown 

in Figure 11(A), a hydrophilic monomer has good anti-fouling properties, because of 

its high electrostatic force and hydration sphere around the sulfonate group [8], [59]. 

However, the SSS is hardly grafted on the PSF membrane because their hydration 

spheres are disagreeable with a hydrophobic PSF membrane and cannot diffuse into the 

membrane bulk, and the incompatibility of the highly ionized and hydrophilic sulfonate 

group with hydrophobic polymers [60]. However, the SSS has been successfully 

grafted onto PSF membranes by acrylic acid (AAc) [13], [61]. The AAc grafted into a 

polymer membrane has previously improved the compatibility of the membrane with 

SSS [59], due to the AAc having both hydrophilic and hydrophobic sites on the 

structure, shown in Figure 11(B). So, AAc and SSS will be used as hydrophilic 

substances to modify the PSF membrane surface. Moreover, many researchers used the 

irradiation method to induce AAc/SSS grafting on the membrane surfaces, presenting 

a good grafting yield [12], [59]. 

    

Figure 11 Chemical structure of acrylic acid (AAc) [62] and sodium styrene-

sulfonate (SSS) [63]. 

 

The use of physical techniques such as UV irradiation and plasma treatment to 

enhance membrane surfaces is popular. UV irradiation is low-cost, but it takes a long 

time to set up [8]. Low-pressure plasma treatment is highly efficient, but the low-

pressure setup required limits the area of the membrane and takes a long time to develop 

the required pressure [64]. Irradiation with an electron beam (e – beam) is a highly 

efficient technique. Despite traditional low-pressure plasma treatment, this method 

does not necessitate the use of expensive vacuum equipment. Large-scale industrial 

applications are available due to the process's simplicity and low cost [11]. The 

electron-induced mechanism can be stated in the following method. When ionizing 

radiation activates polymer molecules, the electrons cause chain scissions and hydrogen 

abstractions in the polymer chains, resulting in the formation of free radicals. Cleavage 

of carbon-hydrogen bonds produces radicals that are extremely unstable and quickly 
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disappear, resulting in cross-linking or recombination with other monomers, whereas 

cleavage of main chain carbon-carbon bonds produces chain-end radicals [65], [66]. 

The electron beam irradiation has many advantages for modification of 

membrane. The radiation-induced process is temperature independent. It is free from 

contamination as no catalyst or additives are required. The electron beam can produce 

a free radical in the bulk membrane while penetrating the polymer membranes. And 

this method produces fewer homopolymers since the monomers are not directly 

exposed to radiation. The electron beam irradiation treatment requires no expensive 

vacuum equipment, on the other hand, the plasma treatment must use the vacuum 

system for making a low-pressure plasma. So, the electron beam technology is a simple 

and low-cost treatment [11], [67]. 

The electron beam interactions have been a discrepancy in regard to the 

interpretation of the mechanisms of chain-scission and cross-linking for electron 

irradiated. The energy deposited per unit ion path length is measured in linear energy 

transfer (LET), which is frequently given in SI units of eV/nm/ion or eV/nm. When a 

high-energy particle reaches a polymer medium, it releases energy in two ways: by 

interacting with atomic nuclei and by interacting with target electrons. The former is 

referred to as nuclear stopping, whereas the latter is referred to as electronic stopping. 

Collisions between the energetic particle and the target nuclei cause nuclear energy 

loss, which is nuclear energy loss due to inelastic collisions (nuclear reactions). The 

momentum transfer from electron or ion to target atom and the interatomic potential 

between two atoms are used to quantify nuclear stopping. Electronic stopping has been 

mostly determined by the ion's charge state and velocity. When an electron passes 

through a material, its valence electrons are stripped away in variable levels depending 

on the electron or ion velocity (Vion) and Bohr (orbital electron) velocity (VB), as 

equation (4). Where, Z is atomic number, a and b are fitting constants. Moreover, a 

maximum in the electronic stopping occurs around the Bohr velocity, which is LET 

given by equation (5) when N is the atomic density of target [68], [69]. 

𝒁𝒆𝒇𝒇
∗ = 𝒁 [𝟏 − 𝒂𝒆𝒙𝒑 (−𝒃

𝑽𝒊𝒐𝒏

𝑽𝑩
𝒛−𝟐/𝟑)]              (4) 

                      𝐍𝐒(𝐄) =  
𝐝𝐄

𝐝𝐱
                                 (5) 

 From the equation, the interaction depends on the type of target or polymer type 

due to different atomic numbers, atomic density, and electrons beam energy. Thus, the 

modification of the PSF membrane was the different conditions of the electron energy, 

electron dose, and the polymer membrane. 
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CHAPTER 3 

PAPER I 

Polysulfone (PSF) is one of the popular polymer membranes due to its good 

chemical and mechanical properties. However, the PSF has natural hydrophobicity and 

is easy to have severe fouling. Poly(ethylene glycol) (PEG) grafting on the PSF 

membrane is one technique to improve the property of the membrane and decrease 

fouling because the PEG is natural hydrophilicity. Nevertheless, PEG has low thermal 

properties and poor mechanical results in difficulty grafting PEG on the PSF membrane 

surface. Physical treatment with gamma, plasma, and ultraviolet radiation (UV) has 

high efficiency for inducing the grafting process to polymer membrane. The UV is a 

basic technique, low cost, and doesn't require a low-pressure system in processing. 

Furthermore, UV has a broad wavelength range, with each wavelength having unique 

energy and different effect on the membrane surface. So, this study aims to investigate 

the effect of the 312 nm and 254 nm wavelengths of UV on the PEG grafting of the 

PSF membrane. The wettability of the modified membrane surfaces was investigated 

by interpreting the results of surface morphology, water contact angle (WCA), surface 

energy (SE), functional groups, water flux, and salt rejection. The results indicated that 

when exposed to UV light for up to 72 hours, the 312 nm wavelength produced lower 

WCA than the 254 nm wavelength. The treated PSF membrane was effectively 

enhanced and retained increased hydrophilicity for up to thirty days after being 

irradiated at 312 nm for 72 hours and then PEG grafted. 
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PAPER I 

Enhance hydrophilicity of polysulfone membrane surface by UV irradiation of 

different wavelengths and by PEG grafting. 

Jurnal Teknologi. 83:4 (2021) 111-117. 

https://doi.org/10.11113/jurnalteknologi.v83.1638. 
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CHAPTER 4 

PAPER II 

Thailand is the world's biggest producer and exporter of natural rubber. Unfortunately, 

the production of latex and the processing of rubber results in foul smells and effluent, 

which have a negative impact on the environment. Because of the unusable components 

in the remaining fraction (NR serum) from the chemical processing of rubber latex, 

which consists of many organic compounds, membrane technology is one of the 

wastewater treatment techniques that do not degrade organic molecules. However, the 

membrane filtration of NR serum has been proved challenging because the serum 

contains minute residual rubber particles that are sticky and easy to clog the membrane, 

blocking pores and causing irreversible fouling. A high-efficiency technique to reduce 

the membrane fouling is the modification membrane to hydrophilicity on the membrane 

surface. So, in this work focuses on modification of the membrane surfaces by electron 

beam irradiation and sodium styrene-sulfonate (SSS) grafting for anti-fouling of NR 

serum separation. X-ray photoelectron spectroscopy (XPS), Fourier transform infrared 

spectroscopy (FTIR), Water contact angles (WCA), surface energy (SE), scanning 

electron microscopy (SEM), and atomic force microscopy (AFM) were used to evaluate 

the surfaces of the modified membrane. Bovine serum albumin (BSA) and NR serum 

were used to test filtration performance. After acrylic acid and sodium styrene-sulfonate 

(AAc/SSS) grafting, a membrane irradiated at 10 MeV and 50 kGy had the greatest 

hydrophilicity. This membrane showed high flux recovery ratios after 2nd cycle of BSA 

and NR serum filtrations. Moreover, total solid content (TSC) and total protein rejection 

rates in NR serum were high percentages. 
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PAPER II 

E-beam induced grafting of binary monomer on polysulfone membrane for the 

separation of skim natural rubber latex 

Journal of Environmental Chemical Engineering, 10:3 (2022), 107862. 

https://doi.org/10.1016/j.jece.2022.107862. 
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CHAPTER 5 

CONCLUSION 

1. Conclusions 

The research was the modification of polysulfone membrane for separation of the 

components of natural rubber serum (NR serum), natural rubber latex and enhanced 

filtration properties by the following: 

• UV irradiation can be increasing the hydrophilicity of a PSF membrane, which 

can be following by PEG grafting. The UV radiation has the ability to break 

down chemical bonds of the PSF polymer membrane, resulting in the formation 

of polar functional groups on the membrane surface. Varying on UV 

wavelengths produce different photon energy levels, which influences 

membrane surface processes and reactions, leading to different surface 

hydrophilicity responses to treatment time. Furthermore, PEG grafting 

following UV irradiation was found to extend hydrophilicity for at least 30 days 

after treatment. Importantly, according to the polar functional groups of PEG 

on the treated membrane surfaces, the membrane enhanced by the PEG and UV 

treatment provided good permeability and selectivity at the same time. 

 

• A high-energy electron beam was also used to irradiate a polysulfone 

membrane, which had been reacted membrane surface and AAc/SSS binary 

monomers grafting. A membrane that was irradiated with the energy at 10 MeV 

with a dose of 50 kGy exhibited the maximum degree of grafting (%DOG) and 

surface hydrophilicity. % DOG, water contact angle, surface energy, FTIR 

spectra, and XPS surveys all supported this conclusion. Water, BSA protein, 

and NR serum fluxes have been induced by electrostatic interactions at the 

membrane surface, which resulted in a low flux decay rate, high flux recovery, 

and high fluxes of water, BSA protein, and NR serum. The membrane showed 

a high ratio of flux recovery for BSA and NR serum in the second of three 

filtration cycles, indicating good antifouling properties. However, total solid 

content and total protein rejections were slightly lower at the modified 

membrane than at the original membrane in NR serum filtration. The modified 

membrane exhibited good anti-fouling characteristics against the natural rubber 

particles and organic compounds in the NR serum. 

Interaction between UV reaction and E-beam has different effects on the polymer 

membrane surface. The UV irradiation transfer energy to the polymer bonding, and 

then the surface occurs the active area and grafted with other monomers. However, the 

UV treatment must use for a long time to treat. The e-beam was momentum transfer 
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from electron or ion to polymer atom, which created an active area on the polymer 

membrane surface due to easy grafting of other monomers on the membrane surface. 

Moreover, the e-beam treatment has a short time to treat and doesn't limit the treated 

membrane area. Thus, the UV and E-beam treatments have different vantage depending 

on polymer type, monomer grafting type, application, etc.   

In this research, the PSF membrane had better separation performance than the 

untreated membrane. The modifying PSF with e-beam and AAC/SSS binary monomer 

showed a good anti-fouling property on the membrane surface. Thus, our results could 

provide a practical solution for the development of membrane surfaces that can be used 

for the filtration of natural rubber-based compounds. 

 

Figure 12 The anti-fouling of modifying membrane. 

 

2. Suggestions 

The modification membrane has high anti-fouling properties, but the membrane still 

has low flux. In the future, we hope to improve our membrane flux to get good for 

practical use by many techniques such as improving support membrane structure, 

changing the polymer type of support membrane layer, mixing the hydrophilic additive 

particles, and so on. 

In the future, if the membrane can improve for suitable use in the industries, that 

can be added-value such as the added value from the range of 4-8% rubber particles 

recovery from membrane separation techniques. Furthermore, the membrane technique 

can separate other components such as proteins, carbohydrates, lipids, carotenoids, and 

inorganic and organic salts from NR serum. These organic molecules from Nature 

rubber are suitable substrates for the growth of bacterial algae or plankton culture in 

aquaculture [70]. Some of the research use concentration of the organic molecules in 

NR serum for fertilizer production. Because all of the products of the concentration 
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process have economic value, this method might reach "zero discharge." [5]. Although 

no exact valuation is currently available, this research is expected to be a starting point 

for future improvements in membranes for NR serum separation. 
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