
ABSTRACT 

YU, YANG. High Performance Ion Exchanger Prepared by Surface Sulfonation of Poly Styrene-

Ethylene/Butylene-Styrene (SEBS) Nonwovens for Water Filtration. (Under the direction of Dr. 

Eunkyoung Shim). 

 

Ion exchange is a widely used method in industry to remove or recover heavy metal ions 

from water or wastewater or eliminated toxic gases from the air. In the market, the ion exchange 

resin beads is the dominant product for the above application for many years. However, it has a 

couple of disadvantages that cannot be ignored such as multiple toxic chemicals used during 

manufacturing, high pressure drop and low regeneration rate. In recent years, fibrous base ion 

exchangers have been considered as a potential alternative to the resin beads because of the low 

pressure drop, high efficiency, and high regeneration rate. In this research, a high capacity fibrous 

ion exchange material was made by a simpler method. Poly styrene-ethylene/butylene-styrene 

(SEBS), which is a thermoplastic elastomer, was used to made meltblown nonwovens. Because 

the lack of studies on SEBS meltblown nonwovens, the process-structure-property relationship 

was established. This material can be easily functionalized to become a cation exchanger by 

sulfonation reaction because of the existing phenyl rings. The method of surface sulfonation of 

SEBS meltblown nonwovens was adopted from previous researchers’ work. The SEBS sample 

was functionalized in the solution of 98% H2SO4 (sulfonate agent) and Ag2SO4 (catalyst) for a 

period of time at 60°C. The reaction condition (reaction time and bath ratio) to achieve the 

maximum ion exchange capacity was determined by weight gain, FT-IR and back titration tests. 

The S-SEBS meltblown materials showed high performance of removal of Cu2+. The relationship 

between fiber size of raw meltblown fabric and removal efficiency of metal ions was investigated. 

The results revealed the smaller fiber size can provide higher ion exchange capacity because larger 

surface area containing more ion exchange groups. The regeneration study proved the high 



regeneration efficiency. This research confirmed that the S-SEBS meltblown fabric is a reusable 

high efficient ion exchange material that can be potentially used for ion exchange. 
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CHAPTER 1. INTRODUCTION 

1.1 Introduction 

Since entering the 21st century, with the fast development of technology, people are more 

and more caring about solving environmental problems and improving the quality of life. Water 

pollution is one of the most important problems that people are dedicating to find a better method 

to deal with. A cost effective, easy-to-operate and high efficient process for water filtration is 

highly sought after. 

Ion exchange materials, also called ion exchanger, were developed in recent decades. 

Those ion exchangers are insoluble polymer matrices which contain positively or negatively 

charged functional groups or both connecting with exchangeable ions. [1] Those charged groups 

are usually introduced onto the polymer chain by different treatments according to the type of 

target ions need to be captured. Those exchangeable ions are called counter ions which are used to 

exchange the target ions in the water. During the ion exchange process, the equivalent quantities 

of ions are exchanged between the ion exchanger and water solution. [1]–[3] Ion exchange capacity 

is used to describe the total quantity of exchanged groups in ion-exchanger when dealing with ion 

solutions. According to the charge type of counter ions, ion exchanger can be classified into cation 

exchanger, positively charged counter ions; anion exchanger, negatively charged counter ions. 

Cation exchangers are commonly used to remove metal ions (Ca2+, Mg2+, Cu2+, Zn2+, Pb2+). Anion 

exchanger are commonly used for acidity reduction. [2] Both cation and anion exchangers are 

widely used many application areas, such as water purification/softening, waste-water treatment, 

metal recovery, pharmaceutics and medicine manufacturing, sugar purification, etc.  

Ion exchange resin bead is currently the most commonly used form of ion exchangers. 

Each bead contains a number of micropores to let ions pass and be captured on the surface. Those 
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micropores increase the surface area of the bead. High surface area and packing density provide a 

high ion exchange capacity to ion exchange resin beads. It is considered as an efficient product for 

ion exchange. However, there are some limitations and disadvantages of resin beads and these 

limit its usage and development. For an ion exchanger, ion exchange capacity, adsorption rate, 

regenerability and pressure drop during filtration are the most important. Even though the resin 

beads can provide high ion exchange capacity, it is difficult and complicated to regenerate to high 

percentage of the original capacity which is because of the limitation of micropores. Also the 

pressure drop is high. As a product, the production method of ion exchange resin beads is 

complicated and has many chemicals involved which can cause high expense and environmental 

problems. [4], [5] 

Based on those limitations and disadvantages, ion exchange fibers successfully attract the 

attention of the industry to be considered as an alternative to the traditional ion exchange resin 

beads. The fiber diameter can be controlled to make fine fiber with large surface area to increase 

the contact efficiency so that increase the ion exchange capacity. The media/fabrics made of ion 

exchange fibers have smaller packing density which can cause lower pressure drop. Because the 

ion exchange reaction only happens on the surface of the fiber, it has shorter transit distance and 

easier to be regenerated back to the high level of the original ion exchange capacity. [4]–[6] The 

simpler and greener production method is applied in manufacture of ion exchange fibers. [4] Some 

studies have been done on developing ion exchange fibers but the capacity, stability and surface 

area still need to be improved. [7]–[9] There are some companies have already commercialized 

ion exchange fiber products, such as FIBAN™ and Spomex®. However, the fiber diameters are 

large, in the range of 30 - 50μm, which leads to low surface area. [10] That ion exchange capacity 
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is lower than the resin beads. The researches on ion exchange fibers show great potential of it to 

replace the resin beads in the future.  

1.2 Objectives and Research Approach 

In this study, sulfonated SEBS meltblown fabrics with high ion exchange capacity and 

regenerability were made and the process-structure-property relationship was established. 

The main objective can be divided into 2 objectives: Objective 1, establish the process-

structure-property relationship of the elastic meltblown fabrics. Objective 2, define good reaction 

condition for surface sulfonation of SEBS fabrics to achieve high ion exchange capacity. The 

adsorption performance (isotherm and kinetics), regenerability and the influence of fiber size of 

raw SEBS fabrics on the ion exchange performance of S-SEBS are investigated. 

The pathway, requirement and approaches of the experiment for the whole study is shown 

in Figure 1. 1. 

 

 

Figure 1. 1. Pathway, Requirement and Approaches of the Experiment 

 

Chapter 2 of this dissertation is a review of related literature. It discusses about SEBS, ion 

exchange technology and functionalization methods. 
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Chapter 3 is an investigation into the process-structure-property relationship of SEBS 

meltblown fabrics. 

Chapter 4 discusses the surface sulfonation reaction of SEBS meltblown fabrics and 

defines the reaction condition of maximizing the ion exchange capacity of sulfonated SEBS 

fabrics. 

Chapter 5 investigates the adsorption performance of Cu2+ ion. The adsorption isotherm 

and kinetics are studied. The regenerability of sulfonate SEBS meltblown fabrics is also discussed. 

The influence of fiber size of raw SEBS fabrics on the ion exchange performance of S-SEBS 

fabrics is investigated. 

Chapter 6 summarizes the conclusions of previous chapters and discusses the 

recommendations for the future study.  
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CHAPTER 2. LITERATURE REVIEW 

2.1 Introduction of Styrene-ethylene/butylene-styrene block copolymer (SEBS) 

Styrene-ethylene/butylene-styrene block copolymer, also known as SEBS, was first 

synthesized and commercialized by Kraton Polymer in the early 1970s. It is synthesized by 

selectively hydrogenating the unsaturated mid-dine blocks in styrene-butadiene-styrene copolymer 

(SBS). The unstable diene blocks were converted into stable ethylene/butylene blocks without 

sacrificing strength and flexibility. SEBS shows better thermal and processing stability, weathering 

resistance, UV resistance, and chemical resistance. The SEBS block copolymer was considered as 

the wonderful alternative of rubber industry instantly when it (Kraton G) became commercialized 

in1970s. The first automotive component based on SEBS (Kraton G – thermal plastic rubber) 

became commercial in 1974.[1] Passing the “five mph bumper law” meant the success of the first 

commercial automotive application – bumper which became a fascia for the 1974 AMC Matador. 

SEBS is one of the styrene block copolymers (SBCs). According to the type of mid-blocks 

(polybutadiene, polyisoprene or their hydrogenated equivalents), there are three main kinds of 

SBCs: styrene-butadiene-styrene copolymer (SBS), styrene-isoprene-styrene (SIS) and styrene-

ethylene/butylene-styrene (SEBS), Figure 2. 1. [2] SBS is synthesized by anionic polymerization 

of the monomer of butadiene and styrene. Because of the influence of the structure, SBS block 

copolymers are a combination of high strength, wide range of hardness and low viscosity for easy 

thermoplastic melt processing. This kind of material is widely used in footwear, the modifier for 

asphalt, adhesives, packaging and etc. SIS block copolymer possesses all advantages of SBS as 

well as better adhesive performance. The SIS is the softest SBC with low modulus. It is the 

polymer of choice for pressure-sensitive applications, typically used to make double-sided tape, 

oil-resistant labels, and elastic attachment adhesives. However, according to the chemical 
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structure, both SBS and SIS have unsaturated carbon-carbon double bonds which are unstable and 

limit the application of both materials. The existing carbon-carbon double bonds are prone to the 

oxidation and weathering causing degradation when exposed to high temperature, UV light or 

other chemicals. Comparing with SBS and SIS, SEBS has a more stable structure and better 

properties which provide wide application areas to it. 

 

 
Figure 2. 1. Chemical structures of polystyrene-polybutadiene-polystyrene (SBS), polystyrene-

polyisoprene-polystyrene (SIS) and polystyrene-polyethylene/bututylene-polystyrene (SEBS) [2] 

 

2.1.1 Properties of SEBS Block Copolymer 

The SEBS is an important thermoplastic elastomer (TPE) which possesses properties of both 

thermoplastics and rubbers. It is attributed to the duality of the structure. TPE copolymers have 

both the crystalline domain and rubber domain, shown in Figure 2. 2. [2], [3] For the structure of 

SEBS, the polystyrene domains are the crystalline regions, known as hard blocks in the copolymer 

chain, are highly ordered serving as physical crosslinks. Those crystalline regions hold molecular 

chains together and give the thermoplastic properties to SEBS. The poly(ethylene/butylene) 

domains are amorphous regions, which are the soft blocks in the copolymers, are disordered and 
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flexible providing the rubbery feeling. The soft and rubbery blocks are held together by hard 

crystalline blocks giving the flexibility and recovery to SEBS. The glass transition temperature 

(Tg) of the polystyrene blocks and poly(ethylene/butylene) blocks are +100°C and -90°C 

respectively. Because of that, SEBS will perform as a physically cross-linked elastomer in the 

temperature range between -90°C ~ +100°C. Therefore SEBS can be used at a wide temperature 

range. When above the Tg of polystyrene, the hard block will be disordered, the molecular chains 

will not be held together anymore. Finally the polymer will flow, exhibiting thermoplastic 

behaviors.[4] These properties make SEBS a highly processable material to be molded or extruded 

into a desired form, even made into fabrics. During cooling, the new form of SEBS can resume its 

elastomeric character. This is the reason why such a material is called thermoplastic elastomer. 

The SEBS copolymer is commonly processed at around 230°C. For the fiber spinning process 

which requires high melt flow rate, the SEBS can be processed at above 300°C. It shows good 

thermal stability. It has good fire resistance because one of the combustion products is water and 

no toxic gas generated. The chemical structure also gives SEBS good chemical resistance, UV 

resistance, aging resistance, and recyclability. The properties of SEBS is influenced by the content 

of polystyrene and poly(ethylene/butylene). The content of styrene can be controlled in the range 

10-70% while only SBC with the content of styrene lower than 50% can be called thermoplastic 

elastomer.[5] The SEBS copolymer has been considered as an important alternative of rubbers. 
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Figure 2. 2. Comparison of the structure of TPE copolymers [2], [3] 

 

2.1.2 Application of SEBS Products 

SEBS block copolymers possess many good properties including strength, elasticity, 

softness, flexibility at the wide range of temperature, good weathering resistance, aging resistance, 

UV resistance, heat resistance, compression resistance, good processability and recyclability. 

Since the good properties of SEBS materials were revealed, scientists and industry showed strong 

interest in studying and developing SEBS materials to find potential applications. A number of 

products made of rubbers and thermoplastics are replaced by SEBS materials. There are some 

important applications like hot-melt sensitive adhesives, toy products, shoe soles, modifiers for 

asphalt products, and compatibilizer for polymer mixtures. Also, SEBSs are steam sterilizable so 

that they become good alternatives for PVC to produce medical products, such as tubing for 

peristaltic pumps. The market of SEBS materials keeps expanding since 1975 which motivated 

many companies founded (Kraton, TSRC, Dynasol, etc) for developing the applications of SEBS 

materials. 

Currently, the major part of SEBS applications still focuses on adhesives, covers, molding 

products, modifiers/additives for polymers. Those applications only take advantages of the 

physical and mechanical properties of SEBS. However, the two phases: polystyrene and 

poly(ethylene/butylene) blocks offer the opportunities to modify or functionalize to enhance or 
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introduce new performances to SEBS which give more potential to SEBS materials.[6] Therefore, 

how to modify or functionalize SEBS materials to make it more versatile and expand new 

commercial area has become a new task in industry.  

2.1.3 Sulfonation of SEBS 

The sulfonation reaction the most commonly used method to produce a strong cation 

exchanger by introducing sulfonic acid groups onto the polymer chain or transforming other 

function groups into sulfonic acid groups on the polymer chain. According the chemical structure 

of SEBS block copolymer, the polystyrene is much easier to sulfonated than the chemically inert 

poly(ethylene/butylene) region. The sulfonation reaction can produce sulfonic acid groups 

substituted to the para-position of the aromatic rings on the polystyrene chains of the SEBS. [7] 

Makowski et al, determined a detailed guide of sulfonation of unsaturated polymer: [8] 

1) Prepare a solution of the unsaturated polymer with nonreactive solvent 

2) The reaction temperature is -100°C~+100°C 

3) The sulfonating agent is prepared from a mixture of acyl sulfate, carboxylic acid 

anhydrides or carboxylic acid halides 

4) The sulfonating agent has to be prepared prior to the reaction 

The sulfonation method for SEBS polymer determined by Makwoski was adopted by 

following researchers. [9]–[12] 

In Hwang’s work [9], the acetyl sulfate (sulfonating agent) was prepared before the 

reaction by adding concentrated sulfuric acid in acetic anhydride at -30°C and kept the temperature 

lower than 0°C. 20 g of SEBS polymer was dissolving in 300 mL of 1,2-dichloroethane (DCE), 

then the acetyl sulfate was slowly added into the SEBS solution. The solution was heated to 55°C 

and stirred for 3 h under nitrogen ambient following by the addition of isopropyl alcohol (IPA) to 
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stop the reaction. The sulfonated SEBS was washed with deionized water until the neutral pH 

value and dried in oven. The obtained S-SEBS was in the powder form.  

Lee et al [10], produced S-SEBS composite as an electrolyte for polymer battery. During 

the experiment, 10 wt% SEBS was dissolved in DCE at room temperature. The chlorosulfonic acid 

was the sulfonating agent and slowly added with stirring under nitrogen ambient. The reaction was 

completed in 1 h. The S-SEBS powder was obtained by precipitated by boiling water and vacuum 

dried for 12 h. 

Weiss et al [11], used a similar method to produce S-SEBS. In the research, the acetyl 

sulphate was used as the sulfonation agent added into SEBS solution at 50°C. The reaction was 

terminated by the addition of 2-propanol. The S-SEBS was obtained by steam stripping, washed 

with boiling water for 2 h, filtered, rewashed with ethanol and vacuum dried at 50°C for 5 days. 

The sulfonation degree reached 11.7%. Kim et al [13], sulfonated SEBS copolymer same as Weiss 

did. But in their research, the solubility of S-SEBS at high sulfonation efficiency (22% in) in water 

and methanol was monitored. They pointed out that the better way to precipitated S-SEBS from 

solution is evaporating DCE followed by washing with deionized water and vacuum dried. 

All the above studies about sulfonation of SEBS are in the bulk level. The ion exchange 

capacity of those S-SEBS samples was tested by titration with NaOH solution. The substitution of 

new functional groups on the polymer chain by sulfonation reaction was confirmed by FTIR test. 

The results showed that the sulfonation degree/ion exchange capacity increases with the increase 

of concentration of sulfonating agent until a specific point. 
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2.2 Ion Exchange 

2.2.1 Ion Exchange 

Ion exchange is a process about an exchange of ions between two electrolytes (mostly solids 

and solutions) or between an electrolyte solution and a complex. For a solid-solution ion exchange 

system, during processing, cations or anions of solid sorbent are exchanged with cations or anions 

from the solution. In the system equivalent quantities of ions with the same change are exchanged 

and the electroneutrality is always kept in both solid sorbent and solution.[14]–[17] Ion exchange 

is a reversible process and the ion exchanger can be regenerated or loaded with desirable ions by 

washing with an excess of these ions. 

Ion exchange is widely used in the food and beverage processing, hydrometallurgy, heavy 

metals and chemical purification, pharmaceutical uses, sugar processing, waste treatment, 

softening and deionization of water, etc. [18] Among those applications, water softening and 

deionization is the primary application for ion exchange. [15] The products with ion exchange 

ability used in industry or daily life are called ion exchangers. Ion exchangers can be divided into 

two groups, cation exchangers and anion exchangers, by differently charged ions exchanged. Ion 

exchangers whose cations are replaced are called cation exchangers. [14]–[17] Ion exchangers 

whose anions are exchanged are anion exchangers. According to materials, ion exchangers consist 

of two main parts, inorganic ion exchange materials and polymeric ion exchange resins. Inorganic 

ion exchange materials like zeolite, stannic oxide, molyphosphate and clays, are highly selective 

for specific ion or similar ions, and commonly used at high temperature which is much higher than 

temperature polymeric ion exchangers operating at. [19] But compared to inorganic ion exchange 

materials, polymeric ion exchange resins are more widely used in industry.  
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2.2.2 Ion Exchange Resin 

Ion exchange resin is a kind of resin with the ability to exchange ion/ions with equal amount 

of charge from solutions. Ion exchange resins were first described in late 1930s by Adams and 

Holmes with the introduction of phenolic-type products by condensation. The first commercial 

deionization system was installed in 1939. [20] In next decades, numbers of ion exchange resins 

were synthesized. The phenolic resins were replaced by styrenic and acrylic resins generally. [18] 

Ion exchange resins are insoluble polyelectrolytes, formed by crosslinking polymer 

substrates with fixed charged functional groups distributed uniformly on the surface and 

throughout the bulk. [18], [19] The ion exchange resins are commonly in the form of insoluble 

porous granular solid beads. Those ion exchange resins contain fixed charged functional groups, 

on the backbone of the polymer substrate, attaching to mobile counter ions with opposing charges. 

[19] In the ion exchange process, those mobile counter ions of ion exchange resins are replaced by 

those ions with same charge in the electrolyte solution. Counter ions easily move in and out of the 

micropores of resin by diffusion. If anions are fixed to resin and cations are counter ions for 

exchange, it is called cation exchanger. On the contrary, it is known as anion exchangers. [16], 

[19] Here are two examples of ion exchange reactions of cation (1) and anion (2) exchangers: 

Resin – SO3
-H+ + Na+OH- ↔ Resin – SO3

-Na+ + HOH        (1) 

Resin – N+(CH3)3OH- + H+Cl- ↔ Resin - N+(CH3)3Cl- + HOH        (2) 

As described previously, ion exchange resins can be categorized as cation and anion 

exchangers by the nature of functional groups attached to the polymeric matrix or charge of ions 

replaced during processing. These two categories can be separated into four types: strong acid and 

weak acid cation exchangers; strong base and weak base anion exchangers. [21] 
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Cation exchangers are usually in the form of insoluble polymeric acids, with acid groups 

attached to the polymer matrix. The strong acid cation exchangers show strongly acidic and contain 

strong acid groups (mostly –SO3H). The weak acid cation exchangers show weakly acidic 

attaching to weak acid groups (mostly -COOH). When removing heavy ions, cation exchangers 

are used in salt form for greater selectivity, for example, -SO3Na+. The strong acid cation 

exchangers are good at removing salts and all bases at wide range of pH. The weak acid cation 

exchangers are not used as widely as strong ones but they are good at cleaning salts of strong bases 

and weak acids and easier to regenerate. During processing, when encountering the cations in the 

electrolyte solution, the counter ions leave the resin phase to the solution and exchanged by the 

cations from the solution. [19] 

Anion exchangers are commonly in the form of insoluble polymeric bases, with base groups 

crosslinked on the polymer backbone. The strong base anion exchangers contain quaternary 

ammonium groups (-N+(CH3)3OH-) as functional groups. The weak base anion exchangers 

attaching to tertiary amine groups (-N(CH3)2) are more preferred than those with primary and 

secondary amine groups. The strong base anion exchangers are capable of eliminating the acidity 

of electrolyte solutions by releasing OH- attaching to H+ in solution to form H2O. The weak base 

anion exchangers are more preferred when removing strong acid because of the easier regeneration 

of exchangers. The salt form of anion exchangers makes them highly selective to specific salts. 

The processing mechanism of anion exchangers is similar to cation exchangers. [19] 

In addition to cation and anion exchangers, there is a new kind of amphoteric ion exchangers 

also be developed which contain both weak acid and weak base functional groups. These 

bifunctional exchangers are good at removing both positively and negatively charged ions in the 

electrolyte solution. [22] 
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2.2.3 Factors of the kinetics of Ion Exchange Resins 

The commonly used ion exchange resin in the industry are supplied in the form of round 

porous beads. Those beads are made of polymeric matrixes crosslinked with functional groups on 

the polymer backbone, uniformly distributed through the resin and on the surface. Three-

Dimensional structures of cation and anion exchanger are shown in Figure 2.3. From the figure, it 

shows the ion exchange beads are porous, and counter ions can move out from those pores with 

electrolyte solution. The pore size closely relates to the degree of crosslinking of polymer matrix. 

The overall bead size is determined by manufacturing method. The larger size can cause longer 

contact time to process. The smaller size needs shorter time but pressure drop increases 

dramatically. Thus, the best range of size of ion exchange beads supplied is spanning 0.3-1.2 mm 

in diameter, which reasonably balances kinetics and pressure drop. [16], [19] 

 

 
Figure 2. 3. Schematic framework of functional cation exchange resin: (left) resin initially 

immersed in an aqueous solution containing B+ cations and X− anions and (right) cation 

exchange resin in equilibrium with aqueous solution of B+ cations and X− anions. 

 

The degree of ion exchange reaction depends on a number of factors, including contact time, 

the concentration of functional groups, degree of cross-linking of polymeric matrix, and operating 

temperature. Among these factors, the contact time and the concentration of functional groups are 

the most important for processing. Both factors determine the utilization of the capacity of resins. 
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If the contact time is too short or the flow rate of electrolyte solution is so high, it can cause low 

utilization of capacity of resins. If concentration of functional groups decreases, the capacity of 

resins to exchange target ions decreases obviously. The degree of crosslinking of polymeric 

matrixes determines the pore size and overall size of resin beads which can directly influence the 

flow rate of solution in beads and amount of functional groups can be accessed. [19] Pore size 

increases with the decrease of degree of crosslinking of polymeric matrixes. So larger pore size 

makes solution easier to pass through. Also, larger pore size means larger specific surface area and 

more functional groups for solution to contact, increasing the utilization of resin’s exchange 

capacity. But lower degree of crosslinking causes resins swell easier with aqueous or organic 

solutions and reduces pore size of resins which can block the way solution passes through resins 

and lower the mobility of counter ions. [16], [19] 

Even though ion exchange beads have good efficiency, their drawbacks cannot be ignored. 

During manufacturing, different toxic solvents (toluene, carbon tetrachloride) could be used and 

undesired odors could remain in resins. [23] The resin beads are easily broken or fractured by the 

impact of osmotic shock. Because of short working life, resin beads need to be changed from time 

to time which increases the cost. The desire for improved ion exchange materials with better 

contact efficiency, capabilities for rapid regeneration, much longer service lifetime and selectivity 

to target ions is growing stronger and stronger. The ion exchange resins in fibrous state are 

considered as an ideal alternative. [24] 

2.2.4 Ion Exchange Fibers 

Ion exchange fibers have a number of advantages than ion exchange beads. The most 

important properties are controllable size, deformability (fabricated into different structures) and 

higher contact efficiency (surface to volume ratio) and capacity (number of functional groups). 
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These advantages make ion exchange fibers more attractive in the market. The concept of ion 

exchange fiber was first illustrated by Economy et al. in 1970s. [25] This concept raised more 

interest in making ion exchange fibers. Since then, an increasing number of materials were found 

as cost-efficient materials for making effective ion exchange fibers. The most attractive one is 

polymer based ion exchange fibers. 

In industry, manufacturing ion exchange fibers is much simpler than beads. Those beads are 

made by a complicated procedure. [24] The beads are first form by suspension polymerization in 

an organic solvent for macroporosity, then remove the solvent for pore formation. The following 

step is functionalization of the beads to introduce desired groups. The beads have to be swollen 

before the reaction. The final product is obtained after washing and drying. However, the ion 

exchange fiber is produced in a greener and simpler method. The raw fiber is easier to make than 

resin beads and fewer chemicals were used. [24] If there are functional groups on the surface of 

the raw fiber that can be reacted with, the fiber can be functionalized directly. If not, the fiber can 

be coated with material with desired functional groups or modified the surface to introduce 

functional groups, then transform those groups into ion-exchange groups. The ion exchange fiber 

is obtained after washing and drying. This method is commonly applied to functionalize grafted 

copolymer on polymer-based fibers to produce highly cost-efficient products. This method can be 

carried out both in melt systems [26] and directly on solid polymer fibers. [27], [28] 

The function of fiber is determined by coated monomer, introduced functional groups and 

functionalization step. The selection of monomer, functional groups, and polymeric base depend 

on the purpose and processing method. 

The commonly selected polymer bases can be natural, as well as synthetic polymers with 

qualified physical, chemical properties, and low cost. Those typically used polymer bases are 
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polypropylene (PP) [29]–[34], polyethylene terephthalate (PET) [35]–[42], polybutylene 

terephthalate (PBT) [43]–[49], cellulose and derivatives [50], [51], etc. 

The proper monomers are grafted by proper grafting methods on these fibers for wettability 

or hydrophilicity, providing desired functional groups for further functionalization. These 

monomers are usually maleic anhydride (MA), glycidyl methacrylate (GMA), acrylic acid (AA) 

and styrene divinylbenzene (DVB). The proper grafting methods can be classified into reactive 

extrusion systems and surface modification. The reactive extrusion systems graft monomer in melt 

state of polymer and monomer. The surface modifications are applied in solutions and solid state, 

including photo- and plasma-induced radiations and chemical initiations.  

The last step is functionalizing the grafted monomer to impart desired properties. It is 

typically treated by sulfonation or amination for applications of cation exchangers and anion 

exchanger, respectively. By introducing some metal ions can increase the selectivity for heavy 

metal ions or those ions contaminating water, thus provide a better quality of water. [33] 

There are some examples of ion exchange fibers. FIBAN fibers are famous ion exchange 

fibers. The FIBAN fibers are produced by a direct graft copolymerization of the desired monomer 

with functional groups on different fiber base under 60Co γ-irradiation. [52] It is considered as a 

universal method for fiber with different polymer base such as PP, PE, PAN and etc. FIBAN K-1 

is a cation-exchange fiber made by sulfonation of PP fiber with grafted styrene-divinylbenzene 

copolymer. It can be made into nonwoven fabrics. [53] FIBAN K-4 is a multifunctional 

carboxylated cation exchanger which is produced by graft copolymerization of acrylic acid onto 

the surface of preirradiated PP fiber. [54] 

Dominguez et al [55], successfully developed an ion exchange fiber by coating styrene-

divinylbenzene copolymer on the surface of glass fiber followed by sulfonation. This research 
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provided a choice of lowering the cost of manufacturing and comparable even better ion exchange 

capacity and strength. 

2.2.5 Evaluation of Ion Exchange Properties 

The batch operation is well suited for the lab-scale experiment because of the easy use of 

the experimental apparatus. Experiments at different conditions can start in parallel. [56] There are 

important parameters that can influence the performance of ion exchange materials such as ion 

concentration in solution, pH and temperature of solution and agitating speed. The ion exchange 

performances of materials are evaluated by studying adsorption isotherms and kinetics. 

2.2.5.1 Adsorption Isotherms 

Adsorption isotherms are used to describe the metal ion adsorption behavior of the 

substrate surface in a solution with different ion concentration at a fixed condition (pH, 

temperature, agitating speed. The adsorption isotherms can be classified into several models: 

Langmuir isotherm model, Freundlich isotherm model, Dubinin–Radushkevich isotherm model, 

Temkin isotherm model, Flory–Huggins isotherm model and etc. [57] Among those models, the 

Langmuir and Freudlich isotherm model are suitable for the purpose of this study. 

2.2.5.1.1 Langmuir Isotherm Model 

The Langmuir isotherm model, Equation (3), assumes 1) monolayer adsorption; 2) the 

number of active sites for adsorption is finite; 3) all adsorption sites are identical and equivalent; 

4) no interactions between adsorbed molecules, even on adjacent sites. This empirical model, 

graphically, is characterized by the plateau of the curve, the equilibrium saturation point where all 

the adsorption sites are occupied by adsorbate molecules. 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                          (3) 
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In its deviation, the Langmuir isotherm model can be expressed in the linear form, Equation 

(4). The homogeneous adsorption is described, in which all adsorption sites on the (homogeneous) 

surface of adsorbent have equal affinity for the adsorbate. 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝐾𝐿
+

𝐶𝑒

𝑞𝑚
                                (4) 

In the equation, where qe refers to the amount of adsorbed ions per unit mass (mg/g), Ce is 

the concentration of metal ions in solution at equilibrium (mg/L), qm is the Langmuir constant 

describing the maximum number of metal ions per unit mass that can be removed after complete 

coverage (mg/g), and KL represents the Langmuir constant describing the energy of adsorption of 

the metal ions (L/mg). qm and KL can be calculated by plotting specific adsorption (Ce/qe) versus 

the equilibrium concentration (Ce). 

A dimensionless constant, separation factor (SF), derived from the Langmuir model can be 

expressed as Equation (5). C0 is the initial concentration of absorbate. RL reflects the adsorption 

nature of the ion exchanger: unfavourable (SF > 1), linear (SF = 1), favourable (0 < SF <1) or irre- 

versible (RL = 0). [57] 

𝑆𝐹 =
1

1+𝐾𝐿𝐶0
                                       (5) 

2.2.5.1.2 Freundlich Isotherm Model 

The Freundlich isotherm model is used to describe the multilayer adsorption, with non-

uniform distribution of adsorbed abstrate molecules onto the heterogeneous surface. [58] 

Therefore it fits the data on rough surfaces better than the Langmuir's equations. The Freundlich 

isotherm model can be expressed as Equation (6) and a linear form, Equation (7): 

𝑞𝑒 = 𝐾𝑓𝐶𝑒

1
𝑛⁄
                                     (6) 

ln𝑞𝑒 =
1

𝑛
𝐶𝑒 + ln𝐾𝑓                          (7) 
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where qe refers to the amount of copper removed per unit mass of sample (mg/g), Kf represents the 

Freundlich constant related to the adsorption capacity, n represents the Freundlich constant related 

to the adsorption intensity, and Ce refer to the concentration of the solution at equilibrium. Kf and 

n can be calculated by plotting lnqe versus lnKf. 

2.2.5.2 Adsorption Kinetics 

The adsorption isotherm models are used to study how ion exchanger performs in solutions 

with different ion concentration defining the saturation point and ion exchange capability. 

Adsorption kinetics as used to study performance of the ion exchange at different time periods to 

study the ion exchange efficiency. The pseudo first and second order models are used to describe 

the behavior of ion exchange fibers ion the solution. 

The pseudo first order model can be expressed as Equation (8) or rewritten after integration 

as Equation (9): 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡)                                     (8) 

ln(𝑞𝑒 − 𝑞𝑡) = ln𝑞𝑒 − 𝑘1𝑡                         (9) 

where qt refers to the amount of adsorbate adsorbed per unit of material (mg/g) at time t, t is the 

contact time and k1 represents the pseudo first order rate constant (L/min). According to the 

Equation 7, the ion adsorption speed of the pseudo first order model keeps constant which is not 

influenced by the concentration of the solution. 

The pseudo second order model has been widely used for describing the adsorption 

behavior of ion exchanger to heavy metals from wastewater. [59] The model can be expressed as 

Equation (10) or rewritten after integration as Equation (11-12): 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2                                  (10) 

𝑡

𝑞𝑡
=

1

ℎ
+

1

𝑞𝑒
𝑡                                             (11) 
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ℎ = 𝑘2𝑞𝑒
2                                                  (12) 

where k2 is the pseudo second order rate constant (g/mg*min) and qe is the theoretical maximum 

adsorption (mg/g), qt refers to the amount of adsorbate adsorbed at time t, h refers to the initial 

adsorption rate (mg/g*min). According to Equation 9 and 10, the initial adsorption rate of 

adsorbate is influenced by the ion concentration. Therefore, for the pseudo second order model, 

the ion adsorption rate will decrease with the decrease of ion concentration. This is more matched 

with the real process of ion exchange. 

2.3 Surface Modification for Ion Exchange - Grafting 

2.3.1 Introduction of Grafting 

Polymers like PP, have great potential in versatile applications. However, the extremely low 

chemical reactivity, hydrophobicity, low surface energy, which are results of a lack of polar/active 

groups like hydroxyl, carboxyl and epoxy groups in molecular structure, limit their applications. 

To improve the surface properties of these polymers, introduce specific functional groups on the 

surface to obtain desired properties and broaden their applications, different techniques, physical 

and chemical, have been studied. Among all these methods, grafting techniques are the most 

effective which can introduce desired functional groups on the rubber chains. [41], [60] This kind 

of surface modification method is a high efficient pretreatment that can easily be carried out in the 

lab. 

Surface grafting process is a technique that chemically modifies the surface of a polymer by 

grafting a desired polymer onto surface or generating active sites or radicals that can lead to the 

initiation of a graft polymerization. [61] By grafting specific functional groups, it can increase or 

impart desired properties such as hydrophilicity, wettability, interfacial mobility, dyeability, 
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biocompatibility, mechanical properties, as well as adhesion to polar polymer, metal and glass 

fibers. [62]–[65] 

Polymer surface modification (grafting) can be performed by different methods based on 

different initiation process. During recent decades, there are typical techniques such as plasma 

treatments, electron beam radiation, X-/-ray radiation, UV radiation, and melt grafting. The main 

difference among all these techniques is the mechanism of generation of free radicals which start 

the grafting copolymerization.  The grafting system consists of polymer base, monomer, initiator 

(may need) and coagent (may need). The selection of monomers, initiators, and coagents is based 

on the grafting techniques, compatibility with polymers, reaction conditions, grafting degree and 

the intended applications (functional groups). Commonly used monomers for grafting 

polymerizations are maleic anhydride, methacrylate acid, acrylics, styrene, and the derivatives of 

these monomers. Initiators and coagents are used to increase the reaction speed and grafting 

degree. After grafting, those grafted monomers will be functionalized typically by sulfonation to 

attach negative charged sulfonic acid groups or amination to attach positively charged amine 

groups for intended applications such as ion exchanger. [14] Among those grafting methods, the 

plasma treatment and UV induced grafting are the most commonly used. 

2.3.2 Plasma treatment 

Gas plasma is a reactive treatment allowing molecular re-engineering of materials to tailor 

the surface properties without changing the bulk properties of materials. Plasma created by electric 

glow discharge is an ionized medium consisting of electrons, ions, radicals and possibly of 

neutrons and photons which are chemically active to cause chemical reactions. [66], [67] 

For gas plasma treatment of polymers, the reactions can be classified into (1) direct reaction 

of activated gas plasma and (2) formation of free radicals and the subsequent reaction of free 
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radicals (e.g., graft copolymerization, degradation). Which reaction will predominate in the plasma 

treatment depends on the combination of the type of gas and chemical structure of polymer. [67] 

The main processes in plasma are electron-induced excitation, ionization, and dissociation. 

Therefore, the accelerated electron from the plasma has sufficient energy to break the chemical 

bonds (e.g. C-H) in the polymer backbones to form free radicals, which subsequently initiate graft 

copolymerizations. [68] 

Figure 2. 4 represents the reactions may occur in the plasma treatment. The glow discharge 

is created by sending an electric current through a gas at low pressure between two electrodes. The 

bombardment of positive ions and incident radiation can cause secondary electrons released from 

the surface of the polymer substrate. These secondary electrons increase to high degrees of energy 

as they pass through the electric field ionizing the gas atoms. 

 

 
Figure 2. 4. The interaction of plasma with a polymer surface [67] 

 

Low pressure and low temperature plasmas are universal tools for long last surface treatment. 

In low temperature plasma, the heat generation is almost prevented. So, it a suitable choice for 
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heat sensitive materials. The plasma chemistry of polymer can be categorized into two main types 

of reactions, surface reaction between polymers and monomers, and polymerization of monomers 

on polymer surface. It is similar to other grafting methods, such as UV radiation, X-/-ray and high 

energy electron beam radiation. However, the plasma treatment has its own characteristics. The 

plasma treatment is a low energy technique and the plasma created has little penetrating energy. 

Therefore, the modification is just limited at the surface typically no deeper than a few molecular 

layers, while the bulk properties of materials remain unchanged. Because of lower penetrating 

effect, the higher intensity at surface provides an ideal means of surface modification. [67] A 

multitude of gas can be used such as hydrogen, helium, argon, or nitrogen. Each gas can generate 

unique plasma composition resulting in different surface properties. Based on this property, a wide 

range of surface properties can be achieved by low pressure plasma treatment with different gas 

plasma. Plasma treatment generates lower amount of toxic byproducts than other methods. [66] 

However, the plasma technique has disadvantages. The high vacuum is necessary, so the 

plasma applications are expensive. Even though the plasma treatment can provide a uniform 

modification, it is still difficult to control the amount of functional groups attaching to the material 

surface. [69] Because plenty of elementary reactions happens simultaneously during treatment, 

undesired functional groups can form. [66] 

2.3.3 UV Grafting 

UV grafting is an effective grafting technique which utilizes a UV source to induce grafting 

between the polymer substrate and the monomer containing the desired functional group(s) for 

specific purposes. The reaction is based on the photochemistry and the photo initiator is required. 

Based on the different initiation mechanism, UV grafting can be classified into cation-induced and 

free radical-induced grafting. For ion-induced grafting, during initiation, after the photo-initiator 
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absorbs enough UV light, the initiator converts the light energy into chemical energy and 

transforms into a reactive intermediate, reactive cation. For free radical-induced grafting, it is the 

same procedure but the free radical is generated. Now, in industry, the free radical-induced grafting 

is more popular than cation-induced grafting because of the more mature technique. [70]  

As mentioned above, the free-radical UV grafting is initiated by direct photolysis of a photo-

initiator to generate free radicals by hemolytic bond cleavage. So, in order to start the grafting, 

there two important elements should be satisfied; UV light and photo-initiator. From the 

electromagnetic spectrum, it is clear that UV light has a wavelength range of 100 – 400 nm, lower 

than that of visible light but higher than -ray and X-ray. The UV spectrum can be further divided 

into three more specific groups: UVA, UVB and UVC with different wavelengths of 315 - 400 

nm, 280 – 315 nm and 100 – 280 nm, respectively. UV light with different wavelengths can 

activate different photo-initiator to the maximum extent. That means the photo-initiator is 

wavelength-sensitive. So the selection of a UV light bulb for UV grafting is determined by the 

photo-initiator used in grafting. 

 

 
Figure 2. 5. Electromagnetic spectrum [71] 

 

A photo-initiator can be defined as a molecule which can directly or indirectly absorb light 

energy from photons and be activated to initiate grafting. [70] It is unlike the thermally activated 
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initiators, photo-initiators can react at room temperature and the reaction can be finished at a very 

high rate. The vital role of a photo-initiator is to accelerate the reaction speed and improve the 

efficiency of the initiation process. After activated by UV light, the initiator can transform into 

free radicals or reactive cations, as shown in Figure 2. 6. When absorbing enough photons, the 

photo-initiator is promoted to singlet state and then converts into triplet state by fast intersystem 

crossing. The triplet state can only remain less than 10-6 s before generating free radicals or reactive 

cations. Then, those free radicals or reactive cations will cause polymerization of monomers.  

 

 
Figure 2. 6. Scheme of initiation and polymerization [70] 

  

According to the basic reaction mechanism, photo-initiators for free radical grafting can be 

split up into two categories, Norrish Type I and Type II photo-initiators. The Norrish Type I photo-

initiators are unimolecular photo-initiators which undergo hemolytic fragmentation during 

initiation and generate free radicals. [72] Hydroxyacetophenone (HAP) and phosphineoxide (TPO) 

are two common Type I photo-initiators. The Type II photo-initiators are biomolecular photo-

initiators which experience two different mechanisms: the activated initiators can abstract 

hydrogen from polymer backbone to form free radicals or undergo photo-induced electron 

transfers, followed by fragmentations. [70], [72] The aromatic ketones are commonly used Type 

II photo-initiators, especially benzophenone, shown in Figure 2. 7, because of the low price and 

the ease of synthesis. The Type II photo-initiators are more popular than Type Is used in industry. 
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Figure 2. 7. Chemical Structure of Benzophenone 

 

The properties of photo-initiators, either physical or chemical, are obviously influencing the 

reactivity. Therefore, when selecting a photo-initiator, it should meet the following requirements: 

[73] 

(1) High absorptivity and reactivity in the region of activation which depends on the 

application and light source. 

(2) High quantum yield for free radical formation 

(3) Adequate solubility in the resin system 

(4) High storage stability 

(5) Odorless and non-yellowing 

(6) Non-toxic, cheap and handled easily 

There are some factors that need to be noticed that can influence the rate or efficiency of 

grafting/polymerization. By properly adjusting these factors, high grafting efficiency can be 

achieved: [70] 

(1) The adequate concentration of photo-initiators  

(2) UV light with a suitable wavelength 
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(3) The high quantum yield of radical generation 

(4) Controlling the amount of present oxygen which can stop initiation by quenching the triple 

state of initiator 

(5) Generated radicals with high reaction efficiency  

To improve the grafting efficiency, there is another method, pretreatment of polymer before 

grafting. Kyung et al, immobilized the photo-initiator, 4-Hydroxybenzophenone, onto the cotton 

fabric by using butyl tetracarboxylic acids (BATC), and the graft polymerization initiated from the 

immobilized initiators. [74] The grafting efficiency was successfully improved and increased with 

increasing concentration of benzophenone and photo-radiation time. 

In many cases, to achieve high grafting efficiency, the photo-initiator needs support from 

other additives called co-initiators, synergists or sensitizers. They are a part of bimolecular 

initiating system and can enhance the initiating efficiency. Amines are the most important co-

initiator for aromatic ketone. The combination of benzophenone is the favorite in industry. [70] 

Comparing with other grafting techniques, the UV grafting has many outstanding 

advantages. The grafting only happens on the surface of the polymer substrate and remain the bulk 

properties because of the least penetration of UV light than plasma, electron beam and -ray. The 

UV grafted products have longer durability because of the strong covalent bonds between 

monomers and polymer substrate. [74] The reaction can finish in a very short time with no 

byproduct generated. Only the simple equipment is required and the cost is low. 
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CHAPTER 3. Effects of Meltblowing Process Parameters on Structure and Properties of 

Styrene-ethylene/butylene-styrene (SEBS) Meltblown Nonwovens 

Abstract 

In recent years, the demands of elastomeric nonwoven materials are growing day by day. 

It has been widely used in disposable products such as hygiene (diapers, face masks) and medical 

(surgical gowns, bandages) and apparels (training suits, waistbands). Studies about elastomeric 

nonwovens are launched. However, most of current reports are related to elastomeric nonwovens 

made by adding elastomer binder in the web or making bicomponent fiber with thermoplastic 

elastomer. Except for patents, there is rarely reports about studying on elastomeric meltblown 

fabric made of TPU materials. In this study, a new elastomeric meltblown fabric was successfully 

made. The Styrene-ethylene/butylene-styrene (SEBS) block copolymer is used as raw material. 

The relationship between structure (fiber diameter, solidity, pore size) and tensile properties of the 

SEBS fabric and meltblowing process parameters are studied. The process-structure-property 

relationship of meltblown SEBS is first discussed in this study. 

Keywords: Elastomeric, nonwovens, SEBS, process-structure-property relationship 

3.1 Introduction 

During recent decades, nonwoven materials have become one of the fastest-growing textile 

branches, which is driven by the demands of disposable products of hygiene and medical and the 

use in automotive, filtration and etc. In the field of nonwovens materials, good elasticity or stretch-

recovering property has been a requirement. This type of elastic nonwoven materials is required 

by wearable products, either disposable such as disposable diapers, face masks and 

medical/surgical gowns or non-disposable such as pants and sporting wear. [1] It can also be used 

in upholstery, insulation and covering applications.  
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To meet the demands of the market, many research groups focused on developing new 

elastic nonwoven materials. Because commonly used nonwoven materials, for example, are made 

of PE or PP lack of elasticity, researchers tried to improve elasticity of the materials by adding 

thermoplastic elastomers (TPE) in the materials. TPE can be added as raw materials to make 

bicomponent fibers with different structures (sheath-core, segmented pie) and the elasticity is 

provided by the TPE fibers. [2-5] Another way is adding TPE as binder fibers in the fabrics. After 

binding process, the elasticity of the fabric is improved by the elastic binding points. [6-8] Terezie 

et al, even successfully made meltblown nonwovens with thermoplastic polyurethane and studied 

the process-property relationship.[9 ] Based on the study of elastic nonwoven materials, Srinivas 

et al., pointed out that molecular parameters such as molecular weight, molecular weight 

distribution, composition, melting temperature/glass transition temperature and crystallization 

degree influence the elastic behavior of the polymer. The elasticity of the fabric is directly affected 

by the molecular weight and the specific elastomeric composition. [10] By using a proper TPE 

material, the nonwoven products can keep both elastomeric and plastic properties. 

Since the TPE materials introduced into the nonwoven industry, a great effort has been 

made to utilize this type of materials in nonwoven materials. Companies like Kraton Polymer and 

Kimberly-Clark have reported the commercial uses of meltblown elastic nonwoven materials and 

offer commercial products.  

Styrene-ethylene/butylene-styrene (SEBS) block copolymer is an important thermoplastic 

elastomer (TPE) which possesses properties of both thermoplastics and rubbers. It is attributed to 

the duality of the structure. TPE copolymers have both the crystalline domain and rubber domain. 

[11], [12] For the structure of SEBS, the polystyrene domains are the crystalline regions, known 

as hard blocks in the copolymer chain, are highly ordered serving as physical crosslinks. Those 
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crystalline regions hold molecular chains together and give the thermoplastic properties to SEBS. 

The poly(ethylene/butylene) domains are amorphous regions, which are the soft blocks in the 

copolymers, are disordered and flexible providing the rubbery feeling. The soft and rubbery blocks 

are held together by hard crystalline blocks giving the flexibility and recovery to SEBS. The glass 

transition temperature (Tg) of the polystyrene blocks and poly(ethylene/butylene) blocks are 

+100°C and -90°C respectively. Because of that, SEBS will perform as a physically cross-linked 

elastomer in the temperature range between -90°C ~ +100°C. Therefore, SEBS can be used at a 

wide temperature range. When above the Tg of polystyrene, the hard block will be disordered, the 

molecular chains will not be held together anymore. Finally, the polymer will flow, exhibiting 

thermoplastic behaviors.[13] These properties make SEBS a highly processable material to be 

molded or extruded into a desired form, even made into fabrics. During cooling, the new form of 

SEBS can resume its elastomeric character. This is the reason why such a material is called 

thermoplastic elastomer. The SEBS copolymer is commonly processed at around 230°C. For the 

fiber spinning process which requires high melt flow rate, the SEBS can be processed at above 

300°C. It shows good thermal stability. It has good fire resistance because one of the combustion 

products is water and no toxic gas generated.[14] The chemical structure also gives SEBS good 

chemical resistance, UV resistance, aging resistance, and recyclability. The properties of SEBS is 

influenced by the content of polystyrene and poly(ethylene/butylene). The content of styrene can 

be controlled in the range 10-70% while only styrene block copolymers with the content of styrene 

lower than 50% can be called thermoplastic elastomer.[14] The SEBS copolymer has been 

considered as an important alternative of rubbers. 

The meltblowing process is widely used when making nonwovens with fine fiber range 

from 1 to 20μm. This type of nonwoven materials has small fiber diameter and large specific 
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surface area which make it a good choice for barrier layers and filter media. During meltblowing, 

when the molten polymer extruded out of the die tip, it will be drawn by the hot air stream form 

fibers and collected on the collecting belt forming the web. The die-to-collector distance (DCD) 

and hot air speed determine the time of fiber in the air which influences the bonding and the 

thickness of the web. The polymer mass throughput, air temperature, belt speed, and extrusion 

temperature have influence on the structure and property of the meltblown nonwoven.  

The meltblowning process requires the raw material has a high melt flow rate which is 

related to low molecular weight or high processing temperature. Except for patent literature, 

meltblown SEBS nonwovens have rarely been reported. One of the reasons is melt viscosities of 

commercially available SEBS polymer is too high to process in regular melt-blowing system. In 

this research, biax-meltblown die configuration is used to try to make SEBS fabrics (the grade of 

SEBS used in this study is not a meltblown grade).  

The objective of this study is to determine the relationship between meltblowing processing 

conditions and fabric performance properties of meltblown nonwoven fabrics made with the 

meltblown grade SEBS. This paper is the first discussing the process-structure-property 

relationship of meltblown SEBS nonwovens. 

3.2 Materials and Methods 

3.2.1 Production of SEBS Meltblown Nonwovens  

The SEBS polymer pellet, provided by Kraton MD-1653 (30%wt of polystyrene, 

MFR=25g/10min, ρ=0.88~0.95g/cm3 at 20°C), was used as raw material to make meltblown 

nonwoven fabrics. SEBS meltblown nonwovens were produced with a lab scale meltblown 

machine equipped with two rows of biax type (die capillary diameter = 508µm) in the Nonwoven 

Institute at North Carolina State University (Raleigh, NC). To investigate effects of process 
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parameters on nonwoven structure and properties, three processing parameters, polymer mass 

throughput, processing air pressure, and die-to-collector distance DCD) were selected and 3X2X2 

full factorial experimental design were used (Table 3. 1). The die temperature and the processing 

air temperature were 285°C for all samples and the basis weights of samples were set at 100gsm. 

 

Table 3. 1. Design of Experiment of SEBS Meltblown Nonwoven Production 

Run# 
Air Pressure 

(psi) 

Throughput 

(ghm) 
DCD (cm) 

1 11 0.145 25 

2 14 0.145 25 

3 11 0.253 25 

4 14 0.253 25 

5 11 0.348 25 

6 14 0.348 25 

7 11 0.145 40 

8 14 0.145 40 

9 11 0.253 40 

10 14 0.253 40 

11 11 0.348 40 

12 14 0.348 40 

 

3.2.2 Scanning Electron Microscopy (SEM) and Fiber Diameter Measurement 

The Hitachi Scanning Electron Microscope (SEM), available in the Analytical 

Instrumentation Facility at North Carolina State Univeristy, was employed to investigate the fiber 

diameter distribution of SEBS meltblown samples. Ten images of each sample were taken and 

diameter of ten different fibers in each image were measured. The Image J software was used to 

measure the diameter. 
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3.2.3 Basis weight, thickness and Solidity  

5 round samples were cut with 0.1m2 of area for each type of fabric. The weight of each 

sample was measured and recorded. The basis weight (g/m2) of each sample equals to the weight 

of each sample product 10. The basis weight of each type fabric was calculated from the average 

of 5 samples. 

The thickness test was done with an AMES 99-0697 thickness tester in Nonwovens 

Institute Physical and Mechanical Testing laboratory. Five measurements were recorded for each 

sample.  

Solidity, also known as packing density or volume fraction, ia calculated by by Equation 

(1): 

𝑆 =
𝑉𝑓𝑖𝑏𝑒𝑟

𝑉𝑓𝑎𝑏𝑟𝑖𝑐
=

𝑉𝑓𝑖𝑏𝑒𝑟

𝑉𝑓𝑖𝑏𝑒𝑟+𝑉𝑝𝑜𝑟𝑒
=

𝐵𝑎𝑠𝑖𝑠 𝑊𝑒𝑖𝑔ℎ𝑡

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠×𝜌𝑓𝑖𝑏𝑒𝑟
                             Equation 1  

Where, S: Solidity and ρ: Density of polymer = 0.92 g/cm3 

3.2.4 Pore Size 

The small, mean, and bubble point pore diameters of the samples were measured using a 

PMI, Inc. Capillary Flow Porometer, model CFP-1100-Ax, in the Analytical Lab of the 

Nonwovens Institute. GalwickTM (surface tension 15.9 dynes/com) was applied to the samples. 

Three replications of each sample were done. 

3.2.5 Tensile Properties  

The mechanical strength of the nonwovens was tested using the strip tensile tester available in 

the Nonwovens Institute’s Testing Services lab. 1” by 8” samples were cut in the machine direction 

(MD) and cross-machine (CD) direction of the nonwovens. 5 strips in both directions of each 

sample were tested to failure. The tensile test followed the ASTM D5053-06 standard (gage length, 

3 ± 0.05’; loading rate, 12 ± 0.5’). 
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3.3 Results and Discussions 

3.3.1 SEM and Fiber Diameter Distributions of SEBS Meltblown Nonwovens 

Figure 3. 1 shows typical SEM images of SEBS meltblown nonwovens and their fiber 

diameter distributions. Regardless of processing conditions, fiber diameters in SEBS meltblown 

nonwovens are not uniform. Fiber diameter distributions of most samples follow log-normal 

distribution like typical meltblown nonwovens and median fiber size is affected by processing 

conditions. It also worth to note that some amount of fused fiber (or rope formation) presents, in 

particular at higher throughput. This is not unique for SEBS meltblown, but observed frequently 

in common meltblown nonwovens. It is typically caused by fiber collisions due to whipping action 

before fibers are completely solidified in meltblown process. Larger fiber diameter and tackiness 

of SEBS polymer may contribute to fiber fusion.  
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                    (a) 

  

                   (b) 

  

                   (c) 

  

Figure 3. 1. Typical SEM image (300X) of SEBS meltblown nonwoven and their fiber diameter 

distributions. Polymer mass throughput were (a) 0.145ghm, (b) 0.253ghm, and (c) 0.348ghm. 

DCD was 25cm and air pressure was 14 psi for all samples shown.  
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Summary statistics of fiber diameters of all meltblown samples are given in Figure 3. 1. 

Fiber diameters of SEMS meltblown nonwovens tend to larger than typical polypropylene (PP) 

meltblown nonwoven (ranges 1-10m) [15] and it can be attributed to high melt viscosity of SEBS. 

The melt flow rate of the SEBS used was 25g/10min (230°C/2160g) while a MFR of typical PP 

meltblown grade was 500-2000g/10min. Higher melt viscosity, indicated by low melt flow rate, 

inhibit attenuation of polymer melt strands by hot airflow during the meltblowing process and 

results in larger fiber.  

Figure 3. 2 illustrates the effect of different meltblowing processing conditions on fiber 

diameter distributions. It is clear that the fiber diameter increases with the throughout and 

decreases with air pressure, as expected. Fiber diameters and their distribution of meltblown 

fabrics are determined by complex interactions between viscoelastic polymer strands and 

surrounding high-speed air stream. The molten polymer is melt-extruded into high speed hot air 

stream where it rapidly accelerates and undergoes extreme attenuation. Throughput determines the 

amount of the polymer extruded out of the die and airflow provides force for this polymer melt 

strands to attenuate. Therefore, higher polymer throughput results in larger fiber diameter as more 

volume of polymer was extruded out of the spinneret at same airflow conditions. Increasing airflow 

rate obtained by high air pressure provides more attenuations of a given volume of melt strands 

and results in smaller fiber diameter. Little difference observed between two DCD used as most 

attention occurs closed to die in meltblowing process.  
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(1) 

 
(2) 

Figure 3. 2. Fiber diameter distribution of SEBS meltblown web at different air pressure and 

throughput at (1) DCD=25cm and (2) DCD=40cm (The × in each box represents the mean value) 

 

3.3.2 Solidity 

Solidity, the ratio the volume occupied by fiber to the total volume of nonwoven fabric, is 

a measure of nonwoven density and influences many nonwoven properties, including pore 

structures, permeability, filtration efficiency, fluid absorption, and so on. Meltblowing process is 
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the one-step process where fiber formation and web bonding occurs simultaneously, and 

processing parameters impact meltblown nonwoven solidity.  

The effects of meltblowing processing parameters on the solidities of SEBS nonwovens 

are shown in Figure 3. 3. As expected, DCD greatly influences solidity.  Meltblown nonwovens 

produced at lower DCD has higher solidity than those produced at higher DCD. In the meltblowing 

process, molten polymer is extruded from the die capillary into the hot air stream, and this polymer 

stream attenuates as well as cools down and solidifies as it travels away from the die to the 

collector. If the web is made at low DCD, fibers are still hot when they reach the collector and 

more bonding points are generated. If the web is made at higher DCD, fibers have longer time for 

cooling. When fibers reach the collector, less bonding points are generated, and the web structure 

becomes more open. So, webs made at DCD=25 cm are thinner and denser than those made at 40 

cm. 

The effects of airflow and throughput on the solidity are more complex. Solidity slightly 

increases with airflow in most cases, and this may be explained by fiber diameter differences. As 

previously shown in Figure 3. 2, increasing airflow reduces fiber diameter. A web with finer fibers 

tends to collapse more easily and forms denser structures as fiber bending rigidity and compression 

resistance of the web rapidly decreases with fiber diameter. Therefore, nonwovens produced with 

higher air pressure have higher solidity. Decreasing throughput also reduces fiber diameter, but it 

does not result in higher solidity in some cases. At low throughput level, the polymer cools faster 

than that at high throughput simply because it has less mass to cool down. It would create less 

bonding and more open structures at same DCD. Since solidity is result of these two contracting 

effects and it is hard to find clear trends of effects of throughput on solidity.  
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Figure 3. 3. Solidities of SEBS meltblown nonwovens 

 

3.3.3 Pore size  

Another essential structural characteristic of nonwovens is a pore structure, and it 

influences wicking, absorption, fluid flow, permeability, and barrier properties. The effects of 

processing parameters on pore size distribution were studied with PMI capillary porometer. Bubble 

point pore (largest pore) diameter, mean flow pore diameter, smallest pore diameter of SEBS 

meltblown nonwovens are summarized in Figure 3. 4. The pore size increases with throughput and 

decreases with air pressure. It is because the fiber diameter increases with the increase of 

throughput and decrease of airflow (Figure 3. 2). The relationship between mean pore diameter 

and fiber diameter are given Figure 3. 5. The pore size of the meltblown webs has previously been 

found to increase with fiber diameter.[16] At the given DCD, mean pore diameter almost linearly 

increases with fiber diameter which can be attributed to the coarser structure between lager 
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fibers.[16,17] At the given fiber diameter, higher DCD results in larger pore sizes. This can be 

explained by solidity. At higher DCD, metlblown nonwoven showed lower solidity which 

indicates higher pore volume fraction or porosity and it will result in larger pore size if fiber 

diameter is identical. It has been proved that the pore size of meltblown fabric is influence by both 

fiber diameter and solidity (packing density). Large pore size can be attributed to large fiber 

diameter or small solidity. [16-18] 

 

 
Figure 3. 4. The effect of processing parameters on pore size of SEBS meltblown nonwovens 
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Figure 3. 5. The mean flow pore diameter and fiber diameter relationship of SEBS meltblown 

nonwoven 

 

3.3.4 Fabric Tensile Properties  

By changing the process parameters, the structure of the fabric will be changed so that the 

properties of the fabric will be influenced. The tensile properties (tensile strength, strain at break 

and tensile modulus) of the SEBS meltblown fabrics in both machine and cross direction were 

tested. The tensile properties of 12 samples produced are summarized in Figure 3. 6.  
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(a) 

 
(b) 

 
(c) 

Figure 3. 6. Effects of processing parameters on tensile properties on SEBS meltblown 

nonwovens (a) tensile strength (b) strain to break and (c) tensile modulus 
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All SEBS nonwovens showed strain at break higher than 400% both in MD and CD 

direction (Figure 3. 6a) and it indicates SEBS elastomer successfully impart excellent stretchability 

to meltblown fabrics. Strains at break, as well as other tensile properties were highly influenced 

by meltblowing processing conditions. We also observed anisotropic tensile behavior arise from 

fiber orientation distributions. All samples exhibit higher tensile strength and modulus and slightly 

lower strain at break at MD direction than those at CD direction and these indicate more fibers are 

oriented to MD direction than that of CD.  

To further evaluate the effects of each meltblowing process parameters and their 

interactions, we carried out 3X2X2 3-way ANOVA test. Six tensile properties (MD& CD tensile 

strength, MD & CD strain at break and MD & CD initial tensile modulus) are analyzed separated 

and all results are summarized in Table 3. 2 and Table 3. 3. The F-ratios of all tensile properties 

tested given in ANOVA Table (Table 3. 2) and it indicates they are significantly influenced by 

processing parameters investigated. The significance of individual processing parameter 

(throughput, air pressure, DCD) and their interactions are shown in Table 3. 3. The DCD effects 

found significant for all tensile properties, and throughput did except CD tensile modulus. But air 

pressure only significantly influences CD tensile strength, CD strain at break, and MD tensile 

modules. Several two-way interactions were found significant too.  
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Table 3. 2. ANOVA Table for Meltblown Processing Conditions Effects on Tensile Properties 

Source DF Tensile Strength Strain at break Tensile Modulus 

MD CD MD CD MD CD 

Sum of 

Squares 

Mean 

Square 

F Ratio Sum of 

Squares 

Mean 

Square 

F Ratio Sum of 

Squares 

Mean 

Square 

F Ratio Sum of 

Squares 

Mean 

Square 

F Ratio Sum of 

Squares 

Mean 

Square 

F Ratio Sum of 

Squares 

Mean 

Square 

F Ratio 

Model 9 716.2 79.6 10.2505 110.5 12.3 17.2618 3102.2 344.7 3.7776 7277.2 808.6 9.9126 542.1 60.2 80.7939 17.0 1.9 11.9735 

Error 50 388.1 7.8 Prob> F 35.6 0.7 Prob> F 4562.3 91.2 Prob> F 4078.6 81.6 Prob> F 37.3 0.7 Prob> F 7.9 0.2 Prob> F 

C.Total 59 1104.3  <.0001* 146.1  <.0001* 7664.6  0.0011* 11355.8  <.0001* 579.4  <.0001* 24.9  <.0001* 

 

Table 3. 3. Effects Test of Meltblown Processing Conditions Effects on Tensile Properties 

  Tensile Strength Strain at break Tensile Modulus 

Source DF MD CD MD CD MD CD 

Sum of 

Squares 

F Ratio Prob > F Sum of 

Squares 

F 

Ratio 

Prob > F Sum of 

Squares 

F Ratio Prob > 

F 

Sum of 

Squares 

F Ratio Prob > 

F 

Sum of 

Squares 

F 

Ratio 

Prob > F Sum of 

Squares 

F 

Ratio 

Prob > F 

Throughput 2 277.7 17.9 <.0001* 18.3 12.9 <.0001* 955.2 5.2 0.0086* 1601.2 9.8 0.0003* 36.8 24.6 <.0001* 0.4 1.3 0.2847 

Air Pressure 1 11.0 1.4 0.2392 3.3 4.6 0.0359* 174.7 1.9 0.1726 471.3 5.8 0.02* 20.6 27.6 <.0001* 0.0 0.0 0.9346 

DCD 1 80.0 10.3 0.0023* 28.8 40.5 <.0001* 1472.5 16.1 0.0002* 1328.7 16.3 0.0002* 109.8 147.2 <.0001* 3.1 19.6 <.0001* 

Throughput*

Air 2 6.5 0.4 0.6603 4.8 3.4 0.0411* 187.6 1.0 0.3651 564.7 3.5 0.0391* 71.2 47.7 <.0001* 2.6 8.2 0.0008* 

Throughput*

DCD 2 71.4 4.6 0.0147* 4.2 2.9 0.0625 778.6 4.3 0.0195* 616.7 3.8 0.0296* 16.2 10.9 0.0001* 0.2 0.6 0.5736 

Air*DCD 1 32.0 4.1 0.0475* 4.1 5.8 0.0202* 488.9 5.4 0.0248* 141.8 1.7 0.1933 13.0 17.4 0.0001* 0.3 1.9 0.1799 

* indicates significant effects 5 % significance
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(a) 

 
(b) 

 
(c) 

Figure 3. 7. Main effects of processing parameters on least square means of tensile properties. 

Error bars indicate standard error 
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To clearly show the impacts of each processing parameter, least-square means of tensile 

properties are given in Figure 3. 7. To eliminate complications arisen from possible changes in 

fiber orientation, average values of MD and CD tensile properties are also shown in Figure 3. 7. 

Tensile strengths are mainly affected by throughput while DCD and airflow also slightly 

increases tensile strength. This can be attributed to nonwoven structures. When polymer 

throughput increases, the fibers become larger (Figure 3. 2). At the give basis weight, the 

nonwoven consisting of larger fibers would have smaller fiber surface area and less number of 

fiber-fiber contact points where bonds forms. Then, it leads to less cohesive forces and less 

fiber/fiber bonding that provide web integrity. The effects of fiber diameter on tensile strength 

illustrate in Figure 3. 8. It shows negative correlation between fiber diameter and tensile strength. 

The correlation is not strong, as other factors such as the strength of each bond points which is 

influenced by polymer cooling profiles and strength of each fiber strands also play some role.     

 

 
Figure 3. 8. Effects of fiber diameter on tensile strength 

  

15

20

25

30

5 10 15 20

P
e

ak
 L

o
ad

 (
M

D
-C

D
 a

ve
ra

ge
)(

N
)

Fiber Diameter (m) 

25cm, 11psi 25cm, 14psi 40cm, 11psi 40cm, 14psi



58 

 

This can also explain the effect of throughput on strain at break (Figure 3. 7b). Nonwovens 

consisting of larger fibers produced at high throughput would have less bonding points, so fibers 

have more freedom to move when tensile deformation occurs. It is known that fibers in nonwoven 

are re-oriented to the direction of the load when it undergoes tensile deformation [19]. When there 

are fewer bonding points, fiber can be reoriented more and absorb more strain before it reaches a 

failure point. Another factor that influences the fiber mobility is solidity; the denser the fabric, the 

harder to fiber to move and reoriented. It can explain why nonwoven produced with high DCD 

shows higher strain at break. Higher DCD would create bulkier, low solidity nonwoven and 

provide more fiber mobility. This would result in a higher strain at break. As the pore size can be 

used as a combined measure of fiber size and solidity [17], we have related strain at break to mean 

flow pore diameter (Figure 3.9). Larger pore size indicates the open structure with fewer fiber/fiber 

contact points and fibers in these structures would be easier to re-oriented when it is subjected to 

tensile load. Therefore, higher strain at break was obtained with structures that have larger pores.  

 

 
Figure 3. 9. Effects of mean flow pore diameter on strain at break 
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Tensile modulus decreases with throughput, air pressure and DCD (Figure 3. 7c). Again, 

reduction of tensile modules at higher throughput attributed to the higher number of fiber-fiber 

contact points due to reduction of fiber diameters. Increasing DCD leads to open structure where 

fibers can be easy to reorient when exposed to tensile force and lower the tensile modulus.  

3.4 Conclusions 

Fiber diameter distributions of meltblown SEBS fabrics follow log-normal distribution like 

typical meltblown nonwovens and median fiber size is affected by processing conditions. The fiber 

diameter increases with the throughout and decreases with air pressure, as expected. Little 

difference of fiber diameter observed between fabrics made at two DCD. DCD has significant 

influence on solidity because fabrics made at low DCD has denser structure. Higher air pressure 

slightly increases the solidity of the fabric which can be attributed to the smaller fibers. However, 

the solidity is not significantly influenced by throughput. The pore size of the fabrics, which is 

influenced by fiber diameter and packing density, has a positive relationship with processing 

parameters. All SEBS nonwovens showed strain at break higher than 400% both in MD and CD 

direction and it indicates SEBS elastomer successfully impart excellent stretchability to meltblown 

fabrics. The DCD effects found significant for all tensile properties, and throughput did except CD 

tensile modulus. But air pressure only significantly influences CD tensile strength, CD strain at 

break, and MD tensile modules. Several two-way interactions were found significant too. 
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CHAPTER 4. Surface Sulfonation of SEBS Meltblown Nonwovens 

Abstract 

Styrene-ethylene/butylene-styrene block copolymer (SEBS) is a good alternative of rubber 

and thermoplastics because it possesses properties of both types of materials. It has already been 

used in many areas. The chemical structure of SEBS makes itself easily functionalized by 

sulfonation, amination, and grafting. Among these methods, sulfonation is the most widely used 

to make cation exchange materials. One of the important applications of ion exchange material is 

water filtration. The meltblown SEBS materials show a great potential to become ion exchange 

materials by surface sulfonation because of the structure (small pores, large surface area) and 

substituted points (benzene groups) for ion exchange groups. This study defined the surface 

sulfonation condition of meltblown SEBS materials to achieve high ion exchange capacity. Weight 

gain, Fourier-transform infrared spectroscopy and back titration tests were applied to study the 

sulfonation degree and ion exchange capacity of sulfonated SEBS materials. 

Keywords: SEBS, sulfonation, nonwovens, reaction condition, ion exchange, water filtration 

4.1 Introduction 

Styrene-ethylene/butylene-styrene block copolymer, also known as SEBS, was first 

synthesized and commercialized by Kraton Polymer in the early 1970s. It is synthesized by 

selectively hydrogenating the unsaturated butadiene blocks in styrene-butadiene-styrene 

copolymer (SBS).[1] SEBS possesses many good properties including good strength, elasticity, 

softness, flexibility at wide range of temperatures, good weathering resistance, aging resistance, 

UV resistance, heat resistance, compression resistance, good processability, and recyclability.[2,3] 

According to the structure of SEBS (Figure 4. 1), it consists of polystyrene (PS) and 

ethylene/butylene (EB) building blocks. PS blocks provide thermoplastic properties (mechanical 
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strength) and EB blocks offer rubbery properties to the material. Those useful properties make 

SEBS a good alternative to rubbers and thermoplastics.[4] This material has been widely used in 

commercial products such as shoe soles, toys, gloves, adhesives, compatibilizers and tubing for 

peristaltic pumps.  

 

 

Figure 4. 1. Chemical Structure of SEBS 

 

Scientists and industry engineers show strong interest in functionalizing SEBS to make it 

versatile and can be utilized in more areas. The functionalization of SEBS is achieved by 

introducing specific functional groups. From the chemical structure of SEBS, desired groups can 

be added on both PS (benzene group) and EB blocks.[5] Sulfonation and amination modifications 

are applied to add acidic and basic groups on benzene groups while grafting is the method that 

adding groups on EB blocks. Among these methods, the sulfonation reaction is the most commonly 

used method to produce strong cation exchanger. Sulfonic acid groups are substituted to the para-

position of the aromatic rings on the polystyrene chains of the SEBS.[6] The sulfonated SEBS 

(SSEBS) has shown a great potential to be used in HAVC systems, fuel cells, ion exchangers and 

desalination systems.[7-9] Makowski et al, determined a detailed guide of sulfonation of 

unsaturated polymer which has been adopted and developed by other researchers.[10]  

Hwang[8] used acetyl sulfate as a sulfonating agent to sulfonate SEBS. SEBS was 

dissolving in 1,2-dichloroethane (DCE) before reaction. Then the acetyl sulfate was slowly added 
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into the SEBS solution. The reaction was occurred at 55°C and stirred for 3 h under nitrogen 

ambient following by the addition of isopropyl alcohol (IPA) to stop the reaction. The sulfonated 

SEBS was obtained after washing and drying. Lee followed the same process but used 

chlorosulfonic acid as the sulfonating agent for sulfonation reaction.[11] Weiss and Kim used 2-

propanol as a terminator to stop the reaction.[9,12] In their study, the solubility of S-SEBS at a 

high sulfonation degree in water and methanol was monitored.  

Previous studies on sulfonation of SEBS show SSEBS is a good ion exchanger. One of the 

important applications of the ion exchanger is as filter media for water filtration. Currently, the 

dominating water filter media in the market is in beads form. It has good ion exchange capacity 

but their drawbacks cannot be ignored. Costly and toxic organic solvents, which can cause 

environmental problems, are required during manufacturing those beads. Before using the bead it 

will take a few hours to pre-swell. The micro-pores in the beads which are used to increase the ion 

exchange capacity can lead to high pressure drop and low regeneration rate. The porous structure 

makes beads are easily broken or fractured by the impact of osmotic shock.[13] 

Ion exchange fibers have plenty advantages than ion exchange beads. The most important 

properties are controllable size, deformability (fabricated into different structures), and higher 

contact efficiency (surface to volume ratio) and capacity (number of functional groups). The ion 

exchange fiber is produced in a greener and simpler method.[13] These advantages make ion 

exchange fibers become an alternative of beads products in the market. FIBAN is a famous 

trademark of commercial ion exchange fibers. FIBAN fibers are made by coating or grafting 

specific functional groups on the surface of base fibers (PP, PE, PAN) with following sulfonation 

or amination reaction to make cation or anion exchangers.[14-16]  
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The previous chapter discussed the process-structure-property relationship of meltblown 

SEBS nonwovens. Meltblown SEBS can be a good base material for ion exchanger because 

meltblown materials are commonly used as filter media (small pores, large surface area) and SEBS 

can be easily sulfonated (phenyl groups).  

In this present chapter, the sulfonation reaction on the surface of meltblown SEBS material 

is studied. The processing method is developed from former researches. Weight gain, FTIR and 

back titration tests are applied. The ion exchange capacity of SSEBS fabric is investigated and the 

reaction condition of surface sulfonation of meltblown SEBS is determined. 

4.2 Experimental 

4.2.1 Materials   

The SEBS polymer was provided by Kraton, MD 1653 (30 wt% of polystyrene). SEBS 

meltblown fabric were made by the Nonwoven Institute at NC State University. It has  100gsm of 

basis weight, 0.61mm of thickness and 7.1±3.2 μm of fiber diameter. The concentrated H2SO4 

(98%) was used as the solvent and reactant, which was provided by Fisher Scientific; Ag2SO4 

(99.9996%), which was provided by Sigma Aldrich, was used as a catalyst 

4.2.2 Sulfonation of SEBS Nonwoven Fabrics  

The reaction occurred under the heating condition. The three-neck-flask is heated in the 

silicon oil bath. The reaction temperature is set at 60 ºC.  

Before sulfonation, SEBS meltblown nonwoven fabrics were washed and dried. For the 

sulfonation reaction, the solution was prepared with 98% H2SO4 (reaction bath) and 0.6g Ag2SO4 

(catalyst). The solution must be prepared before each experiment. The solution was preheated and 

kept stirring at 60°C. The silicon oil bath was used to heat the solution. When the solution was 

ready (Ag2SO4 is totally dissolved), the 1g of the prepared sample was put and submersed in the 
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solution and stirred with a magnetic stirring bar during the whole reaction. When the reaction was 

completed, the sulfonated sample was washed by stepped-dilution rinse in 50%, 25%, 10%, 5% 

H2SO4 solution and DI water until the pH of the water is neutral. During the sulfonation experiment, 

two variables, time and bath ratio, were studied to determine the good condition for sulfonation of 

the surface of SEBS fabric. The design of the experiment is shown in Table 4. 1 and 4. 2. 

 

Table 4. 1. Experiment for the Influence of Sulfonation Time 

Identification Time (min) 

Bath Ratio 

(H2SO4/Ag2SO4/Fabric) 

Temperature 

(°C) 

Time 1 (T1) 10 300ml/0.6g/1g 60 

Time 2 (T2) 20 300ml/0.6g/1g 60 

Time 3 (T3) 30 300ml/0.6g/1g 60 

Time 4 (T4) 60 300ml/0.6g/1g 60 

Time 5 (T5) 120 300ml/0.6g/1g 60 

Time 6 (T6) 240 300ml/0.6g/1g 60 
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Table 4. 2. Experiment for the Influence of Bath Ratio 

Identification 

Bath Ratio 

(H2SO4/Ag2SO4/Fabric) 

Temperature 

(°C) 

Time (min) 

Bath 1 (B1) 300ml/0.6g/1g 60 30 

Bath 2 (B2) 200ml/0.6g/1g 60 30 

Bath 3 (B3) 100ml/0.6g/1g 60 30 

 

Then the sulfonated samples were carefully dried. Sulfonated samples are dried at room 

temperature for 1 day and moved into oven and dried at 50°C for another 3 days.  

4.3 Analytic Methods  

4.3.1 Weight Gain 

Weight gain (weight percent change) of samples before and after sulfonation was measured. 

It is reported as a function of the weight change of the sample after treatment, Equation 1: 

Weight Gain =
𝑊sul−𝑊0

𝑊0
× 100%                                          (1) 

Wsul - the weight of fabric after sulfonation 

W0 - the weight of fabric before sulfonation 

4.3.2 Fourier-Transform Infrared Spectroscopy 

The change of functional groups on the samples after sulfonation was detected by fourier-

transform infrared spectroscopy (FTIR). The introduction of the functional groups related to 

H2SO4 was monitored. The Thermo Electron FTIR with a Nexus 470 bench in the Analytical Lab 

of the College of Textiles of NCSU was used for the analysis. 
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4.3.3 Scanning Electron Microscopy 

The Hitachi Scanning Electron Microscope (SEM), available in the Analytical 

Instrumentation Facility at NCSU, was employed to investigate the surface morphology change of 

the sample before and after sulfonation. 

4.3.4 Back Titration 

The sulfonated samples were soaked in 100 mL of 0.25 mole NaOH (excess) aqueous 

solution for 24 hours. Remove and wash the sample in DI water until neutral pH and dried 

completely at 40º C in the oven. Prepare 10 mL aliquots of NaOH and titrate to phenolphthalein 

end point with 0.5 mole/L HCl aqueous solution. Three repetitions are done for each sample. 

The titration schematic is as follows: 

SO3H
+ + NaOH = SO3Na++ NaOH + H2O 

NaOH + HCl = H2O + NaCl 

The amount of NaOH in excess from the titration is determined by calculating the amount 

of HCl added in the solution. 1 mole NaOH reacts with 1 mole HCl, so the amount of the HCl 

added is the same as the amount of excess NaOH. The amount of -SO3H is the same as the amount 

of reacted NaOH. The amount of total NaOH is known, so, from the balanced equation, the 

concentration of –SO3H is the difference of the amount of NaOH before and after neutralization.  

The ion exchange capacity (IEC) of the material is calculated as: 

IEC (
𝑚𝑒𝑞

𝑔
) =  

𝑛𝑁𝑎𝑂𝐻 × 𝑉𝑁𝑎𝑂𝐻 − 𝑛𝐻𝐶𝑙 × 𝑉𝐻𝐶𝑙

𝑊𝑠𝑎𝑚𝑝𝑙𝑒 (𝐻+)
× 1000 =

𝑚𝑚𝑜𝑙𝑒 𝑜𝑓 𝑆𝑂3𝐻+

𝑊𝑠𝑎𝑚𝑝𝑙𝑒 (𝐻+)
 

where nNaOH is the total amount of added NaOH, VNaOH is the volume (L) of added NaOH, nHCl is 

the total amount of added HCl, VHCl is the volume of added HCl for titration, Wsample (H+) is the 

weight (g) of the sulfonated sample. 
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4.4 Results and Discussion 

4.4.1 Confirmation of –SO3H Related Groups on the Surface of S-SEBS 

The functional group change on the surface of the samples after sulfonation was detected 

by fourier-transform infrared spectroscopy (FTIR). The introduction of the functional groups 

related to H2SO4 was monitored. Comparing with the FTIR curves of raw SEBS fabrics, after 

sulfonation, new peaks appear on the absorbance spectra representing functional groups related to 

H2SO4 (Figure 4. 2).[17] The absorbencies at 1034 and 1127 cm-1 can be ascribed to the vibrations 

of phenyl rings substituted with sulfonate groups and sulfonate anions (-SO3
-) attached to phenyl 

ring. [8-10] The peaks appear at adsorption band 1200 cm-1 indicating the asymmetric stretching 

vibration of sulfonate groups (O-S-O) caused by sulfonation. There is a broad peak at around 3400 

cm-1 representing that there were a significant number of –OH groups due to the hydrogen bonding 

between the -SO3H groups with absorbed water molecules.[8-10] Those sulfuric acid related 

functional groups introduced on the SEBS indicate the SEBS copolymer can be sulfonated.  
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(1)                                                                         (2) 

 
                                    (3)                                                                         (4)                               

 
                        (5)                                                                         (6) 

Figure 4. 2. FTIR absorbance spectra of (1) unsulfonated SEBS fabric and sulfonated SEBS 

fabric at condition: (2) Bath ratio: 300ml/1g, 30 min; (3) Bath ratio: 200ml/1g, 30 min; (4) Bath 

ratio: 100ml/1g, 30 min; (5) Bath ratio: 300ml/1g, 20 min; (6) Bath ratio: 300ml/1g, 10 min 

 

The FTIR result verified the conclusion from the weight gain test (Figure 4. 3) and proved 

the desired functional groups successfully introduced onto the surface of the SEBS nonwoven 

fabrics. However, those results can only qualitatively support the functional groups are introduced 
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on the surface. It is necessary that quantitatively describe the amount of functional groups 

introduced on the surface of SEBS nonwoven fabric.  

4.4.2 Measurement of Extent of Sulfonation 

 
(1) 

 
(2) 

Figure 4. 3. Weight gain of sulfonated SEBS fabric influenced by (1) time (Bath ratio: 300ml 

H2SO4/0.6g Ag2SO4/1g Fabric) and (2) bath ratio (reaction time: 30min) 

 

Weight change of samples before and after the reaction, to some extent, can prove the 

reaction happened. The reaction time is 10, 20, 30, 60, 120 and 240 min. All samples were 
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weighted right after drying. Figure 4. 3 (1) shows the relationship between weight gain and the 

reaction time. The weight of sulfonated SEBS fabric increases fast in the first 30 min then the 

weight keeps stable. It maybe because all benzene rings on the surface are already reacted with at 

around 30 min. The final weight gain of the sulfonated SEBS is around 29%. Figure 4. 3 (2) shows 

the weight gain increases with the bath ratio. The higher ratio of H2SO4 can positively push the 

reaction and introduce more functional groups on the surface. The weight gain result shows the 

reaction occurred and proves the result of FTIR test.  

4.4.4 Ion Exchange Capacity  

The FTIR result verified the conclusion from the weight gain test and proved the desired 

functional groups successfully introduced onto the surface of the SEBS nonwoven fabrics. 

However, those results can only qualitatively support the functional groups are introduced on the 

surface. It is necessary that quantitatively describe the amount of functional groups introduced on 

the surface of SEBS nonwoven fabric. Back titration is an efficient method to test the amount of 

active functional groups on the surface of SEBS. After back titration and calculation by Equation 

(2), the results are shown in Figure 4. 4 and 4. 5. From Figure 4. 4, from the 10 to 30 min, the IEC 

value increases obviously. After 30 min, the IEC shows no increase which is close to the IEC of 

30min sample. So, 30 min is the optimum time for the sulfonation of SEBS. Figure 4. 5 shows that 

ion exchange capacity of sulfonated SEBS fabric increases from 5 to 7 meq/g then decreases down 

to 6.7 meq/g when bath ratio changes follow 100→200→300 ml/g. According to these two sets of 

experiments, the optimum reaction condition for sulfonation of SEBS is bath ratio: 200 ml/g, 

reaction time: 30 min. The highest ion exchange capacity that can be achieved is 7 mg/g. The result 

was confirmed by a group of the repeated experiment at the same reaction condition. 
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Figure 4. 4. Ion exchange capacity of sulfonated SEBS fabric influenced by time (Bath ratio: 

300ml/1g) 

 
Figure 4. 5. Ion exchange capacity of sulfonated SEBS fabric influenced by bath ratio (Reaction 

time: 30 min) 

 

4.4.5 Surface Morphology-SEM 

The FTIR and weight gain test proved that the sulfonation reaction occurred on the SEBS 

samples. Therefore, it is necessary to check whether the surface morphology of the fabric changed 
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or not. To study whether the surface morphology of the sample changed or not, the SEM was 

applied to observe the surface of sulfonated samples. According to the previous studies, the sample 

sulfonated at the condition: reaction time: 30min and bath ratio: 300ml/g, should have the surface 

with the highest reaction degree. Therefore, the surface of those samples should be the roughest. 

The SEM figures of SEBS samples before and after sulfonation at the condition: reaction time: 

30min and bath ratio: 300ml/g are compared in Figure 4. 6. It is clear that there is no obvious 

damages or change can be observed on the fiber surface. So, we can assume that there is no obvious 

dissolution of sulfonated SEBS fabrics during washing step. 

 

   
                                                     (1)                                        (2) 

 

Figure 4. 6. SEM figures of SEBS fabric (1) before and (2) after sulfonation (200ml H2SO4/0.6g 

Ag2SO4/1g Fabric, 30min) 

 

4.5 Conclusion 

The surface SEBS meltblown fabric can be successfully sulfonated by concentrated H2SO4. 

After sulfonation, the –SO3H groups were substituted on benzene rings which was confirmed by 

the FTIR. The weight gain also proved the sulfonation reaction occurred on the SEBS fabrics. 

During the reaction the weight of fabrics increased fast in the first 30min, after 30min, the reaction 

reached the equilibrium. The higher bath ratio provided a higher weight gain. The quantitative test 

on the number of –SO3H groups (ion exchange capacity) on the surface of the fabrics was tested 
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by the back titration method. The SEBS sample sulfonated at the condition: 200ml/1g bath ratio 

and 30min reaction time, showed the highest ion exchange capacity around 7mg/g which was 

confirmed by repeated experiment. There is no obvious dissolution of sulfonated SEBS fabrics 

during washing step which was proved by the SEM test. According to the above results, the 

sulfonated SEBS meltblown fabrics showed good potential to become an ion exchanger. 

  



76 

 

4.6 References 

[1] D. Whelan, Thermoplastic Elastomers. Elsevier Ltd, 2016. 

[2] K. E. Kear, Developments in Thermoplastic Elastomers.  

[3] B. J. Jansen, “Comparing Thermoplastic Elastomers and Thermoset Rubbers,” no. April, 

pp. 36–38, 2016. 

[4] Chakraborty, Pinka, et al. "Influence of phase modifiers on morphology and properties of 

thermoplastic elastomers prepared from ethylene propylene diene rubber and isotactic 

polypropylene." Polymer Engineering & Science 48.3 (2008): 477-489. 

[5] “SMA ® Resins Improve Properties of SEBS Thermoplastic Elastomers,” pp. 1–3. 

[6] Y. A. Elabd and E. Napadensky, “Sulfonation and characterization of poly(styrene-

isobutylene-styrene) triblock copolymers at high ion-exchange capacities,” Polymer 

(Guildf)., vol. 45, no. 9, pp. 3037–3043, 2004. 

[7] Wang, Qinzhuo, Yunyun Lu, and Na Li. "Preparation, characterization and performance 

of sulfonated poly (styrene-ethylene/butylene-styrene) block copolymer membranes for 

water desalination by pervaporation." Desalination 390 (2016): 33-46. 

[8] H. Y. Hwang, H. C. Koh, J. W. Rhim, and S. Y. Nam, “Preparation of sulfonated SEBS 

block copolymer membranes and their permeation properties,” Desalination, vol. 233, no. 

1–3, pp. 173–182, 2008. 

[9] J. Kim, B. Kim, and B. Jung, “Proton conductivities and methanol permeabilities of 

membranes made from partially sulfonated polystyrene-block-poly(ethylene-ran-

butylene)-block-polystyrene copolymers,” J. Memb. Sci., vol. 207, no. 1, pp. 129–137, 

2002. 



77 

 

[10] H. S. Makowski, R. D. Lundberg, and J. Bock, “Process for the sulfonation of an 

elastomeric polymer,” United States Pat., 1978. 

[11] W. J. Lee, H. R. Jung, M. S. Lee, J. H. Kim, and K. S. Yang, “Preparation and ionic 

conductivity of sulfonated-SEBS/SiO 2/plasticizer composite polymer electrolyte for 

polymer battery,” Solid State Ionics, vol. 164, no. 1–2, pp. 65–72, 2003. 

[12] C. L. Willis and L. A. Pottick, “Block copolymer ionomers : 1 . Synthesis and physical 

properties of sulphonated poly(styrene-ethylene/butylene-styrene),” vol. 32, no. 10, pp. 

1867–1874, 1991. 

[13] K. Dorfner, Ed., Ion exchangers. Walter de Gruyter, 2011. 

[14] G. V. Medyak, A. A. Shunkevich, A. P. Polikarpov, and V. S. Soldatov, “Features of 

preparation and properties of FIBAN K-4 fibrous sorbents,” Russ. J. Appl. Chem., vol. 

74, no. 10, pp. 1658–1663, 2001. 

[15] V. S. Soldatov, “Syntheses and the main properties of fiban fibrous ion exchangers,” 

Solvent Extr. Ion Exch., vol. 26, no. 5, pp. 457–513, 2008. 

[16] P. Polikarpov, A. A. Shunkevich, V. I. Grachek, and G. V. Medyak, “FIBAN fibrous ion 

exchangers: Synthesis, modification, application,” Russ. J. Gen. Chem., vol. 87, no. 6, 

pp. 1418–1427, 2017. 

[17] Sangeetha, D. "Conductivity and solvent uptake of proton exchange membrane based on 

polystyrene (ethylene–butylene) polystyrene triblock polymer." European polymer 

journal 41.11 (2005): 2644-2652. 

  



78 

 

CHAPTER 5. Ion Exchange Capacity of Sulfonated SEBS Nonwovens and the Influence of 

Fiber Size on Ion Exchange Capacity 

 

Abstract 

Meltblown SEBS fabrics with small, medium and large fiber diameter were sulfonated to 

become ion exchangers. The effects of the initial fiber size on ion exchange capacity after 

sulfonation were investigated. It was found that smaller fiber size provides higher surface area 

which can offer more position for the substitution of –SO3H groups so that higher ion exchange 

capacity was achieved. The weight change and Fourier-transform infrared (FT-IR) spectroscopy 

were used to confirm -SO3H groups on the surface of S-SEBS fabrics. S-SEBS fabrics with higher 

surface area gained more weight and showed higher intensity of –SO3H group related peaks in FT-

IR spectra. The study of adsorption isotherm and kinetics proved that the ion exchange process of 

S-SEBS fabrics can be well described by the Langmuir model and the pseudo second order model 

which indicated that the monolayer adsorption occurred on the fabric surface and the adsorption 

rate was limited by the concentration of Cu (II) solutions. The results proved that higher surface 

area increased the adsorption efficiency and capacity. The regeneration study indicated that after 

three cycles of regeneration, the S-SEBS fabrics kept ion exchange capacity above 81%. This study 

proved that S-SEBS meltblown materials are reusable and high efficient ion exchanger which can 

be used to make ion exchange products. 

Keywords: Sulfonated SEBS, ion exchange, meltblown, adsorption isotherm, adsorption kinetics, 

regenerability 

5.1 Introduction 

During recent years, the environmental contamination caused by heavy metals has caught 

a special attention because of their high toxicity and non-biodegradability. There are conventional 
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methods, such as membrane separation, chemical precipitation, and ion exchange, widely used to 

remove heavy metal ions from various industrial effluents. [1-3] Among these conventional 

methods, the adsorption process, especially ion exchange, is more preferred when the enrichment 

of trace metal amounts or a high selectivity for a certain metal are required.[4-7]  

In the market, ion exchanger products are commonly made of a functionalized polymer 

which is in a bead shape containing micropores. It has good ion exchange efficiency but their 

drawbacks cannot be ignored. Costly and toxic organic solvents, which can cause environmental 

problems, are required during manufacturing those beads. Before using the beads it will take a few 

hours to pre-swell. The micro-pores in the beads which are used to increase the ion exchange 

capacity can lead to high pressure drop and low regeneration rate. The porous structure makes 

beads are easily broken or fractured by the impact of osmotic shock.[5,6] Comparing with resin 

beads, fibrous ion exchangers have been considered as a potential alternative to the beads because 

of their advantages such as controllable size, deformability and higher contact efficiency, capacity 

and regenerability.[6] Currently, there are some ion exchanger products in the market, for example, 

FIBAN fibers which are made by coating or grafting specific functional groups on the surface of 

base fibers (PP, PE, PAN) with following sulfonation or amination reaction to make cation or 

anion exchangers. [7-9] For making fibrous ion exchanger, it is important to choose a proper 

polymer which is melt-spinnable and has capability to be functionalized into an ion exchanger. PE 

and PP fiber have been functionalized by coating or grafting followed by sulfonation or amination 

reaction to make ion exchangers. However, this method is a long-time process and chemical 

required which can cause environmental contaminations.  

It is valuable to use a polymer with functional groups that can be directly functionalized to 

become ion exchange groups. Styrene-ethylene/butylene-styrene (SEBS) block copolymer has 
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been studied to functionalize to become an ion exchanger for years.[10-12] It consists of 

polystyrene (PS) and ethylene/butylene (EB) blocks. According to the chemical structure of SEBS, 

desired groups can be substituted to the para-position of phenyl rings.[13,14] Sulfonation is a 

widely used method to substitute -SO3H groups on phenyl rings of SEBS to make strong acid 

cation exchangers.  

For fibrous ion exchangers, both adsorption and desorption (regeneration) processes occur 

on the fiber surface.[5,6] A high surface area is an important requirement of a high performance 

ion exchanger. A Meltblown nonwoven is a fibrous structure known for high surface area and 

small pores which commonly utilized in filter media. The SEBS meltblown nonwovens have been 

successfully made and the process-structure-property relationship has been investigated in the 

previous study. It showed good elasticity and tensile strength. The surface of SEBS meltblown 

fabric can be effectively sulfonated in concentrated H2SO4 (Ag2SO4 as catalyst) at reaction 

condition, 30min and bath ratio of 200ml H2SO4/1g fabric. The sulfonated SEBS (S-SEBS) fabrics 

showed good ion exchange capacity. 

This study focuses on the application S-SEBS meltblown fabrics to remove Cu (II) from 

aqueous solutions and the regenerability. The influence of the fiber size of raw fabrics on ion 

exchange capacity after sulfonation was also investigated. Weight change and Fourier-transform 

infrared (FT-IR) spectroscopy were used to confirm the sulfonation degree on S-SEBS fabrics. 

The adsorption isotherm and kinetics were studied using different models. The results show that 

the S-SEBS meltblown fabric is a reusable and high efficient ion exchange material. Smaller fiber 

size (higher surface area) can provide higher ion exchange capacity after sulfonation reaction. 
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5.2 Experimental 

5.2.1 Materials 

SEBS meltblown fabrics with three different fiber diameter level, 7.09 (sample a), 12.54 

(sample b) and 15.88μm (sample c), were made of Kraton G1653. The concentrated H2SO4 (98%) 

was used as the solvent and reactant, which was provided by Fisher Scientific; Ag2SO4 (99.9996%), 

which was provided by Sigma Aldrich, was used as catalyst. Copper (II) sulfate pentahydrate (99%) 

from ACROS was used to prepare copper ion solution. 

Table 5. 1. Sample Information 

Sample ID 
Fiber Diameter 

(μm) 

Basis Weight 

(gsm) 

Thickness 

(mm) 
Solidity 

Processing 

Condition 

a 7.09 105 0.61 0.18 
30min, 

200ml/g 
b 12.54 99 0.59 0.18 

c 15.88 96 0.53 0.2 

 

5.2.2 Prepare Sulfonated SEBS Nonwoven Samples 

The reaction happens under the heating condition. The three-neck-flask is heated in the 

silicon oil bath. The reaction temperature is set at 60 ºC. Before sulfonation, square samples SEBS 

nonwoven fabric with 1g weight were prepared after washing and drying to remove the 

contaminations.For the sulfonation reaction, the solution was prepared with 300ml of 98% H2SO4 

(reaction bath) and 0.6g Ag2SO4 (catalyst). The solution must be prepared before each experiment. 

The solution was preheated and kept stirring at 60°C. The silicon oil bath was used to heat the 

solution. When the solution was ready (Ag2SO4 is totally dissolved), the prepared sample was put 

and submersed in the solution and stirred with magnet stirring bar during the whole reaction. The 

reaction was finished in 30min. When the reaction was completed, the sulfonated sample was 
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washed by stepped-dilution rinse in 50%, 25%, 10%, 5% H2SO4 solution and DI water until the 

pH of the water is neutral. Then the sulfonated samples were careful dried at room temperature for 

1 day and moved into the oven and dried at 50°C for another 2-3 days. Extra weight is applied on 

the top of fabric during drying to prevent wrinkles of the samples. Because after sulfonation, the 

SEBS becomes hydrophilic so that the sample can shrink and change shape. The obtained samples 

were going to be tested by SEM, FTIR, weight gain and back titration. 

5.2.2 Ion Exchange Performance  

5.2.2.1 Adsorption Isotherm 

The adsorption isotherm of copper ion was studied based on the performance of maximum 

copper ion removal at varying copper concentrations. The concentration of copper ion solution 

was prepared at 50, 100, 200, 300, 400, 500, 600, 700 and 800mg/L. 100ml of the solution was 

prepared by dissolving copper sulfate pentahydrate (99%) in HPLC water. For the preparation of 

the copper ion solution, the concentration of copper ions (g/L), CCu2+, was calculated based on the 

ratio of the copper ion in the copper sulfate pentahydrate molecule, which is the ratio of the 

molecular weight of Cu (63.54 g/mol) in copper sulfate pentahydrate (249.68g/mol), as shown in 

Equation (1): 

𝐶𝐶𝑢2+ = 𝐶𝐶𝑢𝑆𝑂4∙5𝐻2𝑂

𝑀𝑊
𝐶𝑢2+

𝑀𝑊𝐶𝑢𝑆𝑂4∙5𝐻2𝑂
× 100%            (1)  

where the CCuSO4·5H2O represents the concentration of the copper sulfate pentahydrate (g/L); 

MWCu2+ represents the molecular weight of copper (63.54 g/mol) and MWCuSO4·5H2O is the 

molecular weight of copper sulfate pentahydrate (249.68g/mol).  

The dried sulfonated samples were cut into small square pieces with the weight of 0.1g. 

Then the samples were immersed and agitated in the preheated (60°C) copper ion solution in a 

water shaker bath at 150 rpm. The ion exchange reaction completed after 24 h. 2/1/0.5 ml aliquots 
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or the solution before and after ion exchange were extracted and diluted in a 50/100ml volumetric 

flask with 50 µl of 35 wt% nitric acid and HPLC water. The copper concentration after ion 

exchange was tested by Flame Atomic Absorption (FAA) in the Analytical Technique Laboratory 

at North Carolina State University. A calibration curve with an R2 value of 0.9999 was prepared 

with a standard copper solution. The ion exchange capacity of the sample, qe (mg/g) was calculated 

by the Equation (2): 

𝑞𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑊𝐹𝑎𝑏𝑟𝑖𝑐
                            (2) 

where C0 and Ce are the concentration of the initial and equilibrium copper solutions respectively; 

WFabric represents the weight of the sample (0.1g); V represents the volume of the solution (100mL). 

5.2.2.2 Adsorption Kinetic 

The study of the kinetics of the ion exchange performance was based on the removal of the 

copper from the solution during 12h. 100ml of copper ion solutions were prepared with HPLC 

water. The concentration was the one that ion exchange capacity of sulfonated sample reached the 

maximum. Samples were immersed in the solution in a 250ml flat bottom boiling flask in a water 

bath shaker at shaking speed of 150 rpm, 60°C. 2ml aliquots of the solution were extracted after 

1/3/5/10/30/60/120/1440min and diluted with 50 µl of 35 wt% nitric acid and HPLC water in a 

100ml volumetric flask. The diluted solutions were tested by Flame Atomic Absorption (FAA) in 

the Analytical Technique Laboratory at North Carolina State University. A calibration curve with 

an R2 value of 0.9999 was prepared with a standard copper solution. The amount of removed 

copper ion was calculated by Equation (2). 

5.2.2.3 Regeneration of Ion Exchange S-SEBS Fabric 

The samples after back titration were washed by DI water several times until the pH kept 

neutral. Then the wash samples were immersed in 100ml of 1mol/L HCl solution for 1h to reverse 



84 

 

the ion exchange reaction. The recovered samples were then washed with DI water; the counter 

ions on the surface became H+ as the initial stage. After dried, the ion exchange capacity of 

recovered samples was tested by back titration in 100ml of 0.5 mol/L NaOH (excess) aqueous 

solution for 24h.  

5.3 Analytic Methods 

5.3.1 Weight Gain 

Weight gain (weight percent change) of samples before and after sulfonation was tested. It 

is reported as a function of the weight change of the sample after treatment, Equation (3): 

Weight Gain =
Wsul−W0

W0
× 100%                                          (3) 

Where, Wsul represents the weight of fabric after sulfonation and W0 represents the weight of fabric 

before sulfonation. 

5.3.2 Fourier-Transform Infrared Spectroscopy 

The surface chemistry change of the samples after sulfonation was detected by fourier-

transform infrared spectroscopy (FT-IR). The introduction of the functional groups related to 

H2SO4 was monitored. The Thermo Electron FTIR with a Nexus 470 bench in the Analytical Lab 

of the College of Textiles of NCSU was used for the analysis. 

5.3.3 Back Titration 

The sulfonated sample in the proton from is equilibrated in 100 mL of 0.25 mole NaOH 

(excess) aqueous solution for 24 hour. Remove and wash the sample in DI water until neutral pH 

and dried completely at 40°C in the oven. Prepare 10 mL aliquots of NaOH and titrate to 

phenolphthalein end point with 0.5 mole/L HCl aqueous solution. Three repetitions are done for 

each sample. 

The titration schematic is as follows: 
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SO3H
+ + 2NaOH = SO3Na++ NaOH + H2O 

NaOH + HCl = H2O + NaCl 

The amount of NaOH in excess from the titration is determined by calculating the amount 

of HCl added in the solution. 1 mole NaOH reacts with 1 mole HCl, so the amount of the HCl 

added is same as the amount of excess NaOH. The amount of -SO3H is same as the amount of 

reacted NaOH. The amount of total NaOH is known, so, from the balanced equation, the 

concentration of –SO3H is the difference of the amount of NaOH before and after neutralization.  

The ion exchange capacity (IEC) of the material is calculated as Equation (4): 

IEC (
𝑚𝑒𝑞

𝑔
) =  

𝑛𝑁𝑎𝑂𝐻×𝑉𝑁𝑎𝑂𝐻−𝑛𝐻𝐶𝑙×𝑉𝐻𝐶𝑙

𝑊𝑠𝑎𝑚𝑝𝑙𝑒 (𝐻+)
× 1000 =

𝑚𝑚𝑜𝑙𝑒 𝑜𝑓 𝑆𝑂3𝐻+

𝑊𝑠𝑎𝑚𝑝𝑙𝑒 (𝐻+)
            (4) 

Where nNaOH is the total amount of added NaOH, VNaOH is the volume (L) of added NaOH, 

nHCl is the total amount of added HCl, VHCl is the volume of added HCl for titration, Wsample (H+) is 

the weight (g) of sulfonated sample. 

5.3.4 Flame Atomic Absorption 

The concentration of copper solutions was tested by a Perkin Elmer Flame Atomic 

Absorption 300 machine in the Analytical Services Laboratory at the College of Textiles at NC 

State University. Three readings were done for each solution. A calibration curve with an R2 value 

of 0.9999 was prepared with a standard copper solution. 

5.4 Results & Discussion 

5.4.1 Measurement of Extent of Sulfonation  

After the sulfonation reaction, the weight of samples will change because of –SO3H groups 

introduced onto the surface. The weight gain (%) of S-SEBS fabrics with increasing fiber diameter 

of raw fabrics is shown in Figure 5. 1. The weight gain of S-SEBS fabrics decreases with fiber 

diameter. All samples were sulfonated from fabrics with 1g of weight. SEBS is not soluble or 
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destroyed in concentrated H2SO4 which indicates the gained weight belongs to –SO3H groups. 

With the same weight of raw fabrics, smaller fiber has larger surface area which can provide more 

phenyl rings to be substituted by –SO3H groups.[18,19] Therefore, sample with smaller diameter 

can contain more –SO3H groups causing higher weight gain (%). 

 

 
Figure 5. 1. Weight Gain of S-SEBS Fabrics Sulfonated from Fabrics with Increasing Fiber 

Diameter, 7.09 (sample a), 12.54 (sample b) and 15.88μm (sample c) 

5.4.2 Confirmation of –SO3H Related Groups on the Surface of S-SEBS  

A series of sulfonated SEBS nonwoven fabrics were prepared by reacting with the 

sulfonating agent, concentrated H2SO4 (98%), and catalyst, Ag2SO4. To qualitatively confirm new 

functional groups belonging to H2SO4, raw SEBS fabric and sulfonated SEBS fabrics were 

characterized by FT-IR. 

FT-IR absorbance spectra of raw SEBS and S-SEBS fabrics with different fiber sizes are 

shown in Figure 5. 2. Comparing the spectra of SEBS and S-SEBS fabrics, there are new 
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absorbencies shown on S-SEBS spectra indicating the sulfonation of the phenyl ring.[20] The 

strong band of S-SEBS at 1003 and 1034cm-1 can be ascribed to the vibration of phenyl ring 

substituted with sulfonate groups (S=O) and the band at 1127cm-1 represents the sulfonate anions 

attached to phenyl ring.[20-23] The absorption band shown at 1200cm-1 indicates the asymmetric 

stretching vibration of sulfonate groups (O-S-O) produced by sulfonation.[21,23-25] In addition, 

there is a broad absorption peak shown at around 3400cm-1 in the spectra of S-SEBS indicates that 

there are a great number of  -OH groups on the surface of  S-SEBS fabrics. Those –OH groups are 

caused by the hydrogen bonding between –SO3H groups and absorbed water molecules. This broad 

peak is only observed in S-SEBS spectra due to the –SO3H groups attached on the phenyl rings 

which means after sulfonation, the surface of hydrophobic SEBS became hydrophilic. 

Comparing the FT-IR spectra between S-SEBS fabrics, the peak intensities are consistent 

with the degree of sulfonation which is influenced by fiber size. In the spectra of S-SEBS fabric 

with small fibers, the intensity of peaks related to sulfonation reaction (at 1034, 1127, 1200 and 

3400 cm-1) are larger than those of mid and larger fibers. It can be explained by that with the same 

weight, fabric with smaller fiber has larger surface area which can contain more –SO3H groups 

after sulfonation. [26,27] 
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Figure 5. 2. FT-IR Spectra of Raw SEBS Fabric and S-SEBS Fabrics Sulfonated from Fabrics 

with Increasing Fiber Diameter, 7.09 (sample a), 12.54 (sample b) and 15.88μm (sample c) 

 

5.4.3 Back Titration 

The weight gain and FTIR tests studied the extent and degree of sulfonation on S-SEBS 

fabrics. It is necessary to know the actual number of –SO3H groups on the fabric surface after 

sulfonation. Back titration is an efficient method to test the amount of active functional groups on 

the surface of SEBS. 3 samples of each type of S-SEBS fabrics were titrated. After calculation by 

Equation (4), the number of –SO3H groups, which is also described as ion exchange capacity (IEC), 

of each type of sample are recorded in Figure 5. 3. It shows that samples sulfonated with fabrics 

with smaller diameter have the highest ion exchange capacity (3.27meq/g). It can be attributed to 

that small fiber provided large surface area for sulfonation reaction to hold more –SO3H 

groups.[28,29] Therefore, with the increasing fiber diameter, specific surface area of the nonwoven 
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fabric decreases, less –SO3H groups are contained on the surface, so that the IEC of S-SEBS fabrics 

decreases (from 3.27meq/g to 2.9meq/g). 

  

  
Figure 5. 3. Ion Exchange Capacity of S-SEBS Fabrics Sulfonated from Fabrics with Increasing 

Fiber Diameter, 7.09 (sample a), 12.54 (sample b) and 15.88μm (sample c) 
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exchanger). Both Langmuir and Freundlich model are defined by a set of assumptions based on 

the characteristics of the surface of the material and the interaction between the ions in the solution 

and on the surface of the material. The adsorption isotherms reveal the relationship between ion 

exchange capacity and the solution concentration. 

The ion exchange efficiency of the sulfonated SEBS fabrics was tested by soaking samples 

in vary copper concentrations, from 100 ~ 800mg/L for 24h, and then testing the change of copper 

ion concentration. The ion exchange capacity of S-SEBS fabrics, sulfonated from fabrics with 

small, mid and large fiber diameter, at increasing initial solution concentration is recorded in 

Figure 5. 4. The concentrations were calculated based on the copper ion concentration in the 

solution, not the concentration of the copper sulfate pentahydrate. According to the Figure 5. 4, 

the ion removal capacity is influenced by the concentration of the solution. With the increase of 

the solution concentration, the ion removal efficiency increases first and tends to reach an 

equilibrium at 700mg/L which represents the maximum of the ion exchange capacity of the ion 

exchanger (sample a, 99.7mg/g; sample b, 93.4mg/g; sample c, 88.4mg/g). From Figure 5. 5, the 

Cu2+ removal (%) of S-SEBS fabrics decreases from around 55% to around 15% when Cu2+ 

concentration is increased to 800mg/L. The S-SEBS fabrics show a great capacity of Cu2+ removal. 

In the solution with the same Cu2+ concentration, the largest surface area containing the most –

SO3H groups (sample a) shows the highest ion exchange capacity.  
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Figure 5. 4. Copper Ion Removal Capacity of S-SEBS Fabrics, Sulfonated from Fabrics with 

Increasing Fiber Diameter, 7.09 (sample a), 12.54 (sample b) and 15.88μm (sample c), in Vary 

Initial Concentration of Solutions  

 

 
Figure 5. 5. Cu2+ Removal (%) of S-SEBS Fabrics, Sulfonated from Fabrics with Small, 

Medium and Large Fiber Diameter, in Vary Initial Concentration of Solutions. 
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5.4.4.1 The Langmuir Isotherm 

The Langmuir model is applied based on the assumptions that the adsorbent has a 

homogenous surface; the monolayer adsorption happens on the surface; each functional group on 

the surface reacts with only one ion; no interactions between adsorbed ions on the surface. The 

Langmuir model can be described as Equation (5) and be rewritten into a linear form as Equation 

(6): 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                 (5) 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝐾𝐿
+

𝐶𝑒

𝑞𝑚
            (6) 

In the equation where qe refers to the amount of adsorbed ions per unit mass (mg/g), Ce is 

the concentration of metal ions in solution at equilibrium (mg/L), qm is the Langmuir constant 

describing the maximum number of metal ions per unit mass that can be removed after complete 

coverage (mg/g), and KL represents the Langmuir constant describing the energy of adsorption of 

the metal ions (L/mg). qm and KL can be calculated by plotting specific adsorption (Ce/qe) versus 

the equilibrium concentration (Ce) as shown in Figure 5. 6. The Langmuir constants qm and KL are 

calculated by the slope and intercept of the regression line fit to the data and shown in Table 5. 2. 

The Langmuir model is usually used to estimate the maximum adsorption capacity of the adsorbent 

when the monolayer adsorption is completed. For sample a, the value of qm, 112.36mg/g, describes 

the maximum amount of the copper ion that can be adsorbed. KL represents the affinity of the 

copper ions to the sulfonic acid groups. The positive value means the good affinity between copper 

ions and the sulfonic acid groups. The R2 value is 0.994 which means the Langmuir model is 

suitable model to describe copper ion adsorption of S-SEBS nonwoven fabrics. 
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Figure 5. 6. Langmuir Adsorption Isotherm of the S-SEBS Fabrics 

Table 5. 2. Linear Langmuir Constants 

S-SEBS Sample qm KL R2 

a 112.4 0.0129 0.994 

b 101 0.0124 0.993 

c 97.1 0.012 0.991 

 

A dimensionless constant, separation factor (SF), derived from the Langmuir model can be 

expressed as Equation (7). C0 is the initial concentration of absorbate. RL reflects the adsorption 

nature of the ion exchanger: unfavorable (SF>1), linear (SF=1), favorable (0< SF<1) or irreversible 

(RL = 0). [33] 

𝑆𝐹 =
1

1+𝑅𝐿𝐶0
                 (7)                 

a: Ce/qe = 0.0089Ce + 0.6896
R² = 0.9941

b: Ce/qe = 0.0098Ce + 0.7431
R² = 0.9929

c: Ce/qe = 0.0103Ce + 0.8555
R² = 0.9911
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Figure 5. 7. Separator Factor at Vary Concentration of Cu2+ Solutions 
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0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 100 200 300 400 500 600 700 800 900

Se
p

a
ra

ti
o

n
  F

ac
to

r

Initial Concentration (mg/L) 

Sample a Sample b Sample c



95 

 

5.4.4.2 Freundlich Isotherm Model 

The Freundlich isotherm model is used to describe the multilayer adsorption, with non-

uniform distribution of adsorbed molecules onto the heterogeneous surface.[35,36] Therefore it 

fits the data on rough surfaces better than the Langmuir's equations. The Freundlich isotherm 

model can be expressed as Equation (8) and a linear form, Equation (9): 

𝑞𝑒 = 𝐾𝑓𝐶𝑒

1
𝑛⁄
                                    (8) 

ln𝑞𝑒 =
1

𝑛
𝐶𝑒 + ln𝐾𝑓                          (9) 

where qe refers to the amount of copper removed per unit mass of sample (mg/g), Kf 

represents the Freundlich constant related to the adsorption capacity, n represents the Freundlich 

constant related to the adsorption intensity, and Ce refers to the concentration of the solution at 

equilibrium. Kf and n can be calculated by plotting lnqe versus lnKf, shown in Figure 5. 8. All three 

samples show a similar trend. 

 

  
Figure 5. 8. Freundlich Adsorption Isotherm of the Sulfonated SEBS Fabric 
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R² = 0.9884
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Table 5. 3. Linear Freundlich Constants 

Freundlich Model n Kf (mg/g) R2 

a 4.18 3.812 0.986 

b 4.48 3.811 0.987 

c 4.45 3.694 0.988 

 

The Freundlich constants n and Kf are calculated by the slope and intercept of the 

regression line fit to the data and shown in Table 5. 3. The n value describes the ease of the copper 

ions adsorbed from the solution. The n values (sample a, 4.18; sample b, 4.48; sample c, 4.45) are 

less than 10 which means that they are favorable adsorptions and the copper ions are easily 

removed from the solution.[33,37] The constant Kf reflects the approximation of the maximum 

amount of copper ions that can be adsorbed. The Kf values of three samples are lower than the 

results obtained from experiments and the R2 values are around 0.98 which lower than that of 

Langmuir model which means the Langmuir model is more suitable to describe the ion adsorption 

of S-SEBS fabrics. It indicates that a homogenous monolayer surface is a better assumption than 

a heterogeneous surface. This also means that the functionalization and ion exchange is primarily 

occurring on the surface of the samples. 

5.4.5 Adsorption Kinetic Study 

The adsorption isotherm models reflect how an ion exchanger performs in different 

concentration of solutions and help determine the maximum ion exchange capacity. The ion 

exchange rate of the ion exchanger at different time stages is another important part of 

understanding the ion exchange mechanism. It can be revealed by the study of adsorption kinetic. 

The pseudo first and second order models are used to describe the behavior of ion exchange fibers 

ion the solution. 
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In order to study the rate of ion exchange at different time stages, batch experiments were 

applied. For example, samples were immersed in the copper sulfate pentahydrate solutions and 

aliquots of the solution were extracted at different time periods, over a 120mins period.  

 

 
Figure 5. 9. Ion Exchange Efficiency of the S-SEBS Fabrics in 700mg/L Copper Ion Solution at 

Increasing Contact Time 

 

According the curve in Figure 5. 9, the ion exchange efficiency of three types of the sample 

shows a similar trend during time from 0 to 120mins. During the first 10 minutes, the speed of 

Cu2+ ion adsorption is very fast. After 10 minutes, the adsorption speed decreases. After 20 minutes, 

the adsorption reached equilibrium. Sample a show the highest absorption rate during ion exchange 

because of the largest surface area which provides higher contact efficiency. It can also be 

explained by the highest separation factor. The larger surface area of the fabric also causes a higher 

efficient of Cu2+ removal. 
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5.4.5.1 Pseudo First Order Model 

The pseudo first order model can be expressed as Equation (10) or rewritten after 

integration as Equation (11): 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡)                                     (10) 

ln(𝑞𝑒 − 𝑞𝑡) = ln𝑞𝑒 − 𝑘1𝑡                         (11) 

where qt refers to the amount of adsorbates adsorbed per unit of material (mg/g) at time t, t is the 

contact time and k1 represents the pseudo firt order rate constant (L/min). According to the 

Equation 7, the ion adsorption speed of the pseudo first order model keeps constant which is not 

influenced by the concentration of the solution. 

5.4.5.2 Pseudo Second Order Model 

The pseudo second order model has been widely used for describing the adsorption 

behavior of ion exchanger to heavy metals from wastewater. The model can be expressed as 

Equation (8) or rewritten after integration as Equation (12-14): 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2                                   (12) 

𝑡

𝑞𝑡
=

1

ℎ
+

1

𝑞𝑒
𝑡                                              (13) 

ℎ = 𝑘2𝑞𝑒
2                                                   (14) 

where k2 is the pseudo second order rate constant (g/mg*min) and qe is the theoretical maximum 

adsorption (mg/g), qt refers to the amount of adsorbate adsorbed at time t, h refers to the initial 

adsorption rate (mg/g*min). According to Equation 9 and 10, the initial adsorption rate of 

adsorbate is influenced by the ion concentration. Therefore, for the pseudo second order model, 

the ion adsorption rate will decrease with the decrease of ion concentration. This is more matched 

with the real process of ion exchange.  
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Figure 5. 10. Pseudo First Order Reaction for Cu2+ Ion Adsorbed onto S-SEBS Fabrics 

  
Figure 5. 11. Pseudo Second Order Reaction for Cu2+ Ion Adsorbed onto S-SEBS Fabrics 
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The pseudo first and second order rate plots of the S-SEBS nonwovens are shown in Figure 

5. 10 & 5. 11. These plots were used to calculate the adsorption rate constants, k1 and k2 and 

theoretical adsorption capacities, qe,th. All constants of pseudo first and second order adsorption 

are recorded in Table 5. 4 

 

Table 5. 4. Constants for the first and second order kinetic models 

    Pseudo First Order Pseudo Second Order 

S-

SEBS 

Fabrics 

qexp k1 qe,th R2 K2 qe,th h R2 

a 100.4 0.009 2.705 0.2723 0.02 100 200 0.9998 

b 92.6 0.008 2.666 0.3159 0.019 91.743 256.4 0.9999 

c 88.2 0.014 2.156 0.4446 0.043 88.496 163.9 0.9999 

 

For the high R2 values (>0.999) of the pseudo second order model of all three types of S-

SEBS fabrics, the data fits this model very well and can explain the adsorption behavior as a 

function of time. All related constants can be explained by pseudo second order model. This model 

is based on the assumption that the rate of chemical adsorption is limited by the concentration in 

the ion exchange process and metal ions (Cu2+) form ionic bonds with functional groups (-SO3H) 

on the surface. These bonds are formed to maximize the coordination number of the ions with the 

surface of the material. [38]. This explained the adsorption behavior in Figure 5. 9. The adsorption 

rate is very high in the first 10 minutes because the concentration of Cu2+ is high, Cu2+ ions have 

a great chance to find –SO3H groups and form ionic bonds. With the increasing contact time, less 

Cu2+ ion is left in solution and less –SO3H groups are available on the surface. Therefore, the 

adsorption rate drops until reaches equilibrium. 

The adsorption constants of pseudo first and second order model, k1 and k2, are low 

indicates the removal of Cu2+ by S-SEBS fabrics is a favorable reaction in both models. However, 
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the theoretical adsorption capacities, qe,th, calculated with the pseudo first order model are far from 

the experimental value which means this model cannot describe the ion exchange behavior of S-

SEBS fabrics. For many adsorption processes, the pseudo first order model was only suitable for 

the initial 20 to 30min of the interaction, not of r the whole range of contact times. [39] The qe,th 

of the pseudo second order model match with the experimental data. This indicates that the pseudo 

second order model is a good model to be used to predict the behavior of the S-SEBS meltblown 

materials. The adsorption rate constant, h, shows extremely high value indicates the adsorption 

rate of Cu2+ ions is extremely high in the beginning which also explained the adsorption rate 

decreases with time in Figure 5. 9. With the increase of fiber diameter, the surface area of the 

fabric decreases which leads to less –SO3H groups on the surface and lower contact efficiency so 

that the adsorption rate, h, drops.  

5.4.6 Regenerability of Sulfonated SEBS Nonwovens 

In the present study, because of the acidic functional groups (-SO3H) on sample surface, a 

base solution (0.5mol/L NaOH) was used to exhaust the -SO3H groups and then regenerated those 

groups using a high concentration of acid solution (1mol/L HCl). The exhausted S-SEBS fabrics 

can be effectively regenerated by rinsed in HCl solution with high concentration, Figure 5. 12. The 

ion exchange capacity of S-SEBS fabrics remained above at least 81% of the initial value during 

three regeneration cycles. The sample show the highest ion exchange capacity and the best 

regenerability (82% during 3 cycles) which can be attributed to the largest surface area providing 

high contact efficiency and more functional groups. The decrease of ion exchange capacity can be 

explained by the fiber degradation during regenerations. [40,41] The weight change of S-SEBS 

fabrics were decreasing during regeneration, Figure 5. 13, which can be considered as a proof 

supporting the explanation. Nonetheless, the results indicate that the S-SEBS meltblown fabrics 
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have an excellent ion exchange capacity and reusability for ion exchange and this material can be 

used as a cost-effective and affordable ion exchange product for Cu2+ removal and regeneration. 

 

 
Figure 5. 12. Remained Ion Exchange Capacity of Sulfonated SEBS Fabric after 2 Rounds of 

Regeneration 
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Figure 5. 13. Remained Weight of Sulfonated SEBS Fabric after 2 Rounds of Regerneration 

 

5.5 Conclusion 

SEBS meltblown fabrics with increasing fiber diameter, 7.09, 12.54 and 15.88μm, have 

been successfully sulfonated in 98% H2SO4 (Ag2SO4 as catalyst) at 60°C for 2h. The weight gain 

test showed the sulfonation extent of fabric with small, medium and large fiber diameter: 26.2%, 

24.97% and 23.53%. The FT-IR test confirmed the –SO3H related absorbency peaks on the surface 

of S-SEBS samples confirming the surface sulfonation of SEBS fabrics. The real number of –

SO3H group was calculated with the data of back titration test. The ion exchange capacity of 

sample a, sample b and sample c samples were 3.27meq/g, 3.02meq/g and 2.9meq/g respectively. 

The adsorption performance of removal of Cu2+ was investigated to learn the performance of the 

S-SEBS meltblown materials in the real metal ion solution. The adsorption isotherm was studied 

with the Langimuir and Freudlich model. The data fitted Langmuir model very well indicating that 

the Langmuir model is more suitable to describe the ion adsorption of S-SEBS fabrics. It indicates 
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that a homogenous monolayer surface is a better assumption than a heterogeneous surface. This 

also means that the functionalization and ion exchange is primarily occurring on the surface of the 

samples. The pseudo first and second order model were applied to study the adsorption kinetics. 

The adsorption data fitted in the pseudo second order model indicating this model can be used to 

predict the behavior of the S-SEBS meltblown materials. The adsorption rate is limited by the 

solution concentration. Regenerability is an important property as an ion exchanger. After 3 times 

exhaustions, the ion exchange capacity still kept above 81%. Each time of regeneration just took 

1h which is faster than that of ion exchange beads. It can be attributed to the reaction is occurred 

on the surface, not through the body. 

The initial fiber size of meltblown SEBS fabrics showed a significant influence on the ion 

exchange capacity of S-SEBS fabrics after sulfonation. Smaller fiber size can provide the larger 

surface area which provides more phenyl rings on the surface for –SO3H groups to substitute to. 

Therefore, after sulfonation, more –SO3H groups are on the surface of S-SEBS fabrics. So, with 

the increase of fiber diameter of SEBS meltblown fabrics, after sulfonation, the weight gain, the 

absorbency peaks related to –SO3H group and ion exchange capacity decrease. It can also influence 

the ion adsorption performance. Larger surface area and more –SO3H groups increase the 

adsorption rate and adsorption capacity.  

The results of this study showed the sulfonated SEBS meltblown fabrics possess high ion 

exchange capacity. It makes it a potential choice to make a reusable high capacity ion exchange 

product. 
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CHAPTER 6. Conclusions and Future Work 

6.1 Conclusion 

For this study, ion exchange nonwovens were developed by sulfonating the surface of 

SEBS meltblown nonwovens. The specific objectives were to: (1) establish the process-structure-

property relationship of SEBS meltblown nonwovens; (2) define the reaction condition for 

sulfonation reaction on the surface of SEBS fabrics to maximize the ion exchange capacity of 

sulfonated SEBS fabrics; (3) investigated the metal ion adsorption isotherm and kinetics and 

regenerability of S-SEBS and the influence of fiber size of SEBS fabrics on ion exchange 

performance after sulfonation reaction.  

The 100% SEBS meltblown nonwovens were successfully made by the lab-scale 

meltblown machine equipped with two rows of biax type (die capillary diameter = 508µm). Three 

processing parameters, polymer mass throughput, processing air pressure, and die-to-collector 

distance (DCD) were selected and 3X3X2 full factorial experimental design was used.  The 

process-structure-property relationship was established. The fiber diameter increases with the 

increase of throughput and the decrease of air pressure but not significantly influenced by DCD. 

It is because the throughput controls polymer extruded out of the die and air pressure provides 

force for this polymer melt strands to attenuate. The solidity of SEBS meltblown nonwovens 

significantly decreases with increasing DCD and slightly increases with air pressure. At lower 

DCD, fibers are still hot when reach the collector and easy to collapse to form denser structure. At 

higher DCD, fibers have longer time for cooling so that less bonding points and opener structure 

can form. The pore size of the fabric increases with fiber size and decreases with solidity which 

can be controlled by higher throughput and DCD. The meltblown SEBS nonwovens show good 

tensile properties, in both MD and CD directions, especially strain at break (above 420%). The 
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increase of throughput and DCD can lead to less bonding point and provides more freedom for 

fibers to move and re-oriented during strain so that decrease of tensile strength and initial modulus 

and increase of strain at break. The air pressure only significantly influences the tensile modulus 

which can be explained by finer fiber size and more bonding points. 

The sulfonated SEBS meltblown fabrics were successfully made by surface sulfonation. 

The reaction was occurred in a solution of 98% H2SO4 (agent) and Ag2SO4 (catalyst) at 60°C for 

a period of time. The sulfonation method was developed from the method of bulk sulfonation 

reaction of SEBS. The reaction time and bath ratio (solution/fabric ratio) were important 

parameters for this reaction. The ion exchange capacity of S-SEBS fabrics made at different 

reaction time and bath ratios were tested by weight gain, FT-IR and back titration tests. The results 

show that the highest ion exchange capacity (7meq/g) is achieved at the condition, 30min (reaction 

time) and 200ml/g (bath ratio). This reaction condition for surface sulfonation of SEBS meltblown 

fabrics was used to further study. 

The SEBS meltblown fabrics with small, medium and large fiber diameter have been 

successfully sulfonated in 98% H2SO4 (Ag2SO4 as catalyst) at 60°C for 2h. The adsorption 

performance of removal of Cu2+ was investigated to learn the performance of the S-SEBS 

meltblown materials in the real metal ion solution. For the adsorption isotherm, the data fits 

Langmuir model very well indicating that the Langmuir model is more suitable to describe the ion 

adsorption of S-SEBS fabrics. It indicates that a homogenous monolayer surface is a better 

assumption than a heterogeneous surface. This also means that the functionalization and ion 

exchange is primarily occurring on the surface of the samples. For the adsorption kinetics, the 

adsorption data fits in the pseudo second order model indicating this model can be used to predict 

the behavior of the S-SEBS meltblown materials. The adsorption rate is limited by the solution 
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concentration. Regenerability is an important property as an ion exchanger. After 3 times 

exhaustions, the ion exchange capacity kept above 81%. Each time of regeneration just took 1h 

which is faster than that of ion exchange beads. It can be attributed to the reaction is occurred on 

the surface, not through the body. The initial fiber size of meltblown SEBS fabrics showed 

significant influence on the ion exchange capacity of S-SEBS fabrics after sulfonation. Smaller 

fiber size can provide the larger surface area which provides more phenyl rings on the surface for 

–SO3H groups to substitute to. Therefore, after sulfonation, more –SO3H groups are on the surface 

of S-SEBS fabrics. So, with the increase of fiber diameter of SEBS meltblown fabrics, after 

sulfonation, the weight gain, the absorbency peaks related to –SO3H group and ion exchange 

capacity decrease. It can also influence the ion adsorption performance. Larger surface area and 

more –SO3H groups increase the adsorption rate and adsorption capacity.  

The results of this study showed the sulfonated SEBS meltblown fabrics possess high ion 

exchange capacity. It makes it a potential choice to make a reusable high capacity ion exchange 

product. 

6.2 Future Work 

The results of this research suggest that the sulfonated SEBS meltblown fabrics have the 

potential to become an alternative of ion exchange resin beads used to remove metal ions from 

water solution and should be studied further. 

Further research should focus on the adsorption behaviors (isotherm and kinetics) and 

improving the ion exchange capacity of sulfonated SEBS meltblown materials. 

For the further study of adsorption behaviors, there are different factors, such as solution 

pH, temperature and agitation speed of the ion exchange, which can influence the adsorption 

behaviors should be investigated. It will help to define the ideal operating condition for the S-
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SEBS meltblown materials. The S-SEBS materials developed through this research have been 

proved that possess high ion exchange capacity to Cu2+ ions in a batch type experiment. In this 

research, the ion exchange capacity was tested by soaking the material in the solution and shaking 

for 24h. It should mimic the real use condition that makes the material into a column or pleated 

shape and test the ion exchange capacity by letting the solution pass through. Cu2+ ion is a material 

that commonly used in labs for the initial study of ion exchange materials. Ion exchangers are 

usually not only work for one kind of ions. Therefore, it is worthy to study how this S-SEBS 

meltblown material performs in different metal ion solutions such as lead, zinc, arsenic etc. 

For the further study of improving the ion exchange capacity, pretreatment to add 

functional groups on the surface of the fabric for further sulfonation reaction is a possible method. 

Grafting is a widely used method to introduce desired functional groups on the surface. SEBS 

consists of polystyrene (PS) blocks and ethylene/butylene (EB) blocks. Sulfonation reaction can 

directly substitute -SO3H groups on the para-position of phenyl rings but do nothing on the EB 

blocks. While surface grafting can grow functional groups on EB blocks. Epoxy group and maleic 

groups are commonly used groups for surface grafting. These two groups are easily sulfonated. 

Therefore, it is possible to increase ion exchange capacity by grafting more functional groups, 

which are easily sulfonated on the surface of SEBS meltblown fabrics to increase the number of 

ion exchange groups. 

  

  

 

  

 

 


