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Abstract 

 

Silk sericin, a protein obtained from cocoons, is a highly hydrophilic 

macromolecular material with many hydroxyl, carboxyl and amino acid groups. Sericin 

has been used for cosmetics, medical, polymer materials and other applications due to 

its antioxidative, antibacterial, UV resistant and moisture-absorbing and -desorbing 

properties. On the other hand, polyvinyl alcohol (PVA) has been used as a membrane 

material because of its good film forming properties. In this study, sericin was blended 

with PVA to form membranes that are permselective to gases. Due to their hydrophilic 

properties a novel water-swollen sericin / PVA membrane was investigated for the gas 

permeation of carbon dioxide and nitrogen.  

Silk sericin with molecular weights 26 - 170 kDa was obtained from cocoons by 

extraction with water. At 95 Co  the yield of sericin was found to be 22.8% after 9 hrs of 

extraction. The sericin / PVA membranes were prepared by blending sericin and PVA 

followed by crosslinking with glutaradehyde. After drying, the membranes were heat 

treated at 120 Co  for 1 hr. The membranes containing 0 to 30.3% sericin showed that 

the permeability was 2.7-4.0 Barrer for O2, 1.3-2.3 Barrer for N2 and 66.5- 28.8 Barrer 

for CO2, corresponding to a separation factor in the range of 48.3 to 60 for CO2/N2 and 

1.4 to 2.2 for O2/N2. The membranes showed a favourable selectivity for CO2/N2 

separation, which is relevant to CO2 capture from flue gas for green house gas emission 

control.  

In addition, the effects of water in the membrane on the membrane properties 

were evaluated. It was shown that the swelling of the membranes with water tended to 
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improve the permeability and selectivity of the membranes due to the increased free 

volume available for gas transport in the membrane. The water vapor sorption and 

desorption were also studied, and the diffusion coefficient was determined. It was found 

that the membrane permeability depended on the water sorption uptake in water-swollen 

membranes. 
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Chapter 1 

Introduction 

 

 

Greenhouse effect is nowadays a big issue with a worldwide concern due to water 

vapor and carbon dioxide gas, which cause global warming of the earth, from different 

emission sources, particularly from flue gas in power stations, steel works and chemical 

industries. Because of their molecular structures theses gases absorb mainly reflected 

solar radiation from the earth’s surface so that the heat at atmosphere is entrapped. 

Interest in the separation and recovery of carbon dioxide has increased to develop clean 

and energy-efficient separation processes since the production of carbon dioxide, a 

major component among the greenhouse gases, is an environmental issue worldwide. 

The use of polymeric gas separation membranes can be applied to separate carbon 

dioxide from flue gas. 

Gas separation is a major operation in the chemical industry, and the 

oxygen/nitrogen separation is one of the main applications. In many industrial processes 

oxygen enriched air is required for, e.g. combustion of natural gas, coal gasification, as 

well as in the production of peroxides, in sewage treatment and glass production. 
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Traditional methods are cryogenic distillation and pressure swing adsorption. Due to the 

highly intensive energy cost of these techniques, a less costly process is required. As an 

alternative process, membrane gas separation for the production of oxygen enriched air 

has been investigated over the last 30 years based on polymeric membranes and carrier 

mediated transport. Although polymeric membranes systems have been proven to be 

less cost intensive to operate, they are still not suitable to produce highly oxygen 

enriched air, i.e. air with an oxygen content in excess of 50-60 vol.% for large scale 

commercial production. [1]  

Membrane gas separation has become a remarkable industrial application of 

membrane technology during the past three decades. It offers a number of advantages in 

terms of energy consumption and capital cost. The process equipment is simple, 

compact, and relatively easy to operate and control. In order to be used economically, 

the membrane performance should exhibit high permeability and selectivity for the 

components to be separated. However, permeability and selectivity of common 

polymeric membranes are generally inversely related. Typical nonporous polymeric 

membranes exhibit CO2/CH4 and CO2/N2 selectivities around 15-35. [2]  

 To improve the permeability and/or selectivity, facilitated transport mechanism 

was studied. For the case of facilitated carbon dioxide transport (See Figure 1-1), the 

carrier is specific to carbon dioxide. The carrier is dissolved into the membrane to 

preferentially permeate carbon dioxide over nitrogen. As a result, the flux of carbon 

dioxide is enhanced which results in a higher carbon dioxide concentration on the 

permeate side. The transport of carbon dioxide through facilitated membranes can be 

considered to be a 3 step process: First, carbon dioxide and the carrier present in the 

membrane form a complex at the feed side. Then, the CO2-carrier complex diffuses 
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through the membrane. Finally, carbon dioxide is released to the permeate side, and the 

carrier is restored or regenerated to its original forms. A detailed discussion with an 

example of oxygen facilitated transport mechanism is reviewed in Section 2.1.3. 

 

 

Figure 1-1 Facilitated transport of CO2 in the presence of a carrier in the membrane, 

along with transport of CO2 and N2 by ordinary solution-diffusion mechanism  

 

In this study, a novel membrane comprising of sericin and polyvinyl alcohol 

(PVA) was investigated for the permeation of carbon dioxide, oxygen and nitrogen. By 

using water-swollen membranes, the gas permeability is expected to be higher than a 

dry membrane because of the flexible polymer chains and large free volume in water-

wet state. [3] Silk sericin is a protein obtained from cocoons by extraction with boiling 

water and it is a highly hydrophilic macromolecular material due to its many hydroxyl, 

carboxyl, and amino acid groups. Thus, silk sericin was used in this study to make 

polymeric membranes. On the other hand, PVA also has many hydroxyl groups so that it 

was easy to make water-swollen membranes with both materials because of their 
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hydrophilic properties. Water-swollen sericin / PVA membranes were prepared, and the 

membrane properties were evaluated for carbon dioxide, oxygen and nitrogen 

permeation. By measuring water swelling ratio and water vapor sorption/desorption it 

was found that the effect of water on membrane was related with the gas permeation 

rates. 

 

The specific objectives of this study are to: 

1. Select a suitable extraction method for silk sericin from the silkworm cocoons. 

2. Choose a suitable membrane system in terms of sericin and PVA composition. 

3. Evaluate the membrane properties by conducting gas permeation experiments. 

4. Analyze the results from the gas permeation experiments. 

5. Evaluate the water effect on membranes by measuring water swelling ratio and water 

vapor sorption/desorption in the sericin / PVA membranes. 

 

This thesis work will address the following aspects: 

 
Chapter 1 gives an introduction of this research. The basis of membrane gas separation 

and objectives of this study are briefly introduced. 

Chapter 2 reviews the background of membrane gas separation and transport 

mechanisms of membrane process. This chapter also reviews the background of silk 

sericin. 

Chapter 3 deals with the extraction of silk sericin, and membrane preparation. The 

experimental procedure for gas permeation is described, and the characterization of 

membrane property is introduced. 

Chapter 4 presents and discusses the experimental results. 
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Finally, the conclusions drawn from this study and recommendations for future work are 

presented in Chapter 5. Moreover, sample calculations and raw data are presented in the 

appendix. 
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Chapter 2 

Literature review and background 

 

 

Membrane gas separation process is an important unit operation widely employed 

in the chemical industries. Membrane-based gas separation offers a number of 

advantages compared to other traditional methods for certain applications. Most notable 

features of membrane processes are low capital and operating costs, low energy 

requirements, and moderate operating conditions. Membrane gas separation appeared as 

a commercial process on a large scale during the 1980s. Since then, significant progress 

has been made in membrane technology, including improvements in membrane 

formation processes, chemical and physical structures, and applications. Table 2-1 lists 

the current status of membrane gas separation processes. The established processes 

represent more than 80% of the current gas separation membrane market: nitrogen 

production from air, hydrogen recovery and air drying. All have been used on a large 

commercial scale for over 10 years with dramatic improvements in membrane 

selectivity, flux and process designs. The second group of applications is developing 

processes which include carbon dioxide separation from natural gas, organic vapor 

separation from air and nitrogen, and recovery of light hydrocarbons from refinery and 
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Table 2-1 Status of membrane gas separation processes [4]  

Process Application Comments 

Established processes   

Oxygen/nitrogen Nitrogen from air Processes are all well developed. 

Only incremental improvements in 

performance expected 

Hydrogen/methane; 

hydrogen/nitrogen; hydrogen/carbon 

monoxide 

Hydrogen recovery;  

ammonia plants and refineries 

 

Water/air Drying compressed air  

Developing processes   

VOC/air Air pollution control applications Several applications being 

developed. Significant growth 

expected as the process becomes 

accepted 

Light hydrocarbons from nitrogen 

or hydrogen 

Reactor purge gas, petrochemical 

process streams, refinery waste gas 

Application is expanding rapidly 

Carbon dioxide/methane Carbon dioxide from natural gas Many plants installed but better 

membranes are required to change 

market economics significantly 

To be-developed processes   

C3+ hydrocarbons/methane NGL recovery from natural gas Field trials and demonstration 

system tests under way. Potential 

market is large 

Hydrogen sulfide, water/methane Natural gas treatment Niche applications, difficult for 

membranes to compete with 

existing technology 

Oxygen/nitrogen Oxygen enriched air Requires better membranes to 

become commercial. Size of 

ultimate market will depend on 

properties of membranes developed. 

Could be very large 

Organic vapor mixtures Separation of organic mixtures in 
refineries and petrochemical plants 

Requires better membranes and 

modules. Potential size of 

application is large 
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petrochemical plant purge gases. Theses processes are being developed on a commercial 

scale, and the process performance has been improved with the development of better 

membranes and process designs. In addition, organic vapor separation membranes are 

currently being developed for petrochemical and refinery applications. The ‘to be 

developed’ membrane processes represent the future development of gas separation 

technology. Natural gas treatment by membranes is being carried out at field tests and 

early commercial stage by several companies. Another large potential application for 

membranes is the production of oxygen-enriched air, and the market size is expected to 

depend largely on the properties of the membranes. [4]  

 

Figure 2-1 Schematic diagram of the basic membrane gas separation process  

 

2.1 Transport mechanism 

The membrane can be simply defined as a permselective barrier that will favor 

the transport of one component over the others. The separation occurs as a result of the 

differences in permeabilities of the species through the membrane. In gas separation, 

when a gas mixture at a pressure higher than the other side contacts a membrane which 

is selectively permeable to one component of the feed mixture, that species will be 
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enriched on the permeate side. The basic process of gas separation membranes is 

illustrated in Figure 2-1. In general, as shown in Figure 2-2, gas separation can be 

performed using membranes based on one of the mechanisms. There are generally two 

types of membranes: porous and dense membranes. Both porous and dense membranes 

can be used as selective gas separation barriers, although porous membranes are 

normally not selective enough for efficient separations. 

 

Figure 2-2 Mechanisms for permeation of gases through porous and dense membranes 

[4]  

In porous membranes, three different transport mechanisms may occur depending 

on the pore size. If the pores are relatively large (0.1 to 10 mµ ), separation does not 

occur and gases permeate across the membrane by convective flow. When the mean free 

path of the gas molecules is same as or greater than the pore size, Knudsen diffusion 

takes place. In this transport mechanism, the collisions of the gas molecules with the 

pore wall are more frequent than the collisions among molecules. The transport rate of 

the gas through the pores is inversely proportional to the square root of its molecular 

weight. This relationship is called Graham’s law of diffusion. When the pores are 
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(Surface diffusion)
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extremely small, the feed gases are separated by molecular sieving, and large molecules 

can hardly pass through the membrane. This type of mechanism is complex due to the 

diffusion in the gas phase and the diffusion of adsorbed species on the surface of the 

pores, and such membranes have not been used on a large scale. [4, 5]  

 

2.1.1 Solution-diffusion mechanism 

The mechanism of gas separation by dense membranes is quite different. In dense 

polymeric membranes, solution-diffusion is generally accepted to be the main 

mechanism of transport. Moreover, these membranes are commercially available. An 

important feature of dense membranes is the ability to control the permeation of 

different species. Based on solution-diffusion mechanism, gas permeation is generally 

considered to be a three-step process : [6]  

(1) The gas molecules are sorbed on the membrane surface at the upstream side, 

(2) The sorbed gas molecules diffuse through the polymer to the downstream side, 

(3) The gas molecules desorb on the downstream side. 

 

2.1.2 Theory of gas transport through membranes 

In this section a simplified development of the gas transport theory across a 

membrane is discussed. To simplify, pure gas permeation is considered. The total flux of 

a gas across the membrane can be expressed by Fick’s first law: 







−=

dx
dCDJ                           (2.1) 

where D  is the diffusion coefficient and dxdC /  is the concentration gradient of the 

gas through the membrane. The flux is a constant at steady state. Equation (2.1) can be 
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integrated, if D  is assumed to be constant, to give 

l
CC

DJ fp −=                           (2.2) 

where pC  and fC  are the concentration of the gas in the membrane on the feed and 

permeate sides, respectively, and l  is the thickness of the membrane. The 

concentration of the gas in the membrane can be expressed by the Henry’s law: 

SpC =                             (2.3) 

where S  is the solubility coefficient and p  is the gas pressure. Combining equations 

(2.2) and (2.3), the flux can be presented in terms of the diffusion and solubility 

coefficients: 

l
pp

P
l

pp
DSJ pfpf −

=
−

=                     (2.4) 

where P  is permeability of the gas defined as: 

DSP =                             (2.5) 

The permeability is a product of the diffusivity and solubility coefficients. Thus, it 

can be seen that two parameters describe the solution-diffusion model: solubility and 

diffusivity. The permeability is a product of a thermodynamic factor (the solubility 

coefficient S ) and a kinetic parameter (the diffusion coefficient D ). In real systems, 

both diffusion and solubility coefficients may be a function of concentration.  

Selectivity is defined by the ratio of the individual gas permeabilities. Based on 

pure gas permeabilities, the “ideal selectivity” for gas species “A” and “B” can be 

defined as: 

















==

B

A

B

A

B

A
AB S

S
D
D

P
Pα                     (2.6) 
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which shows that the overall selectivity is determined by the differences in both the 

diffusivity and solubility coefficients, and measure the contributions of diffusivity and 

solubility aspects of the gas permeation, respectively. 

 

2.1.3 Facilitated transport mechanism 

Facilitated transport is a promising approach to enhancing permeability and 

selectivity with long-term durability. However, the membrane instability with the 

commonly used facilitated transport liquid membranes is a major obstacle for industrial 

applications. Two types of transport can be distinguished: mobile and fixed carriers. 

Facilitated transport is a coupled transport process which can be described with a 

(chemical) coupling reaction and a diffusion process. Firstly, the solute reacts with the 

carrier to form a solute-carrier complex. Then it diffuses across the membrane to release 

the solute at the permeate side. The entire process can be considered as a passive 

transport because the solute molecules are transported under the chemical potential 

gradient. In the case of solid membranes with fixed carriers, the carrier can be 

chemically or physically bound to the membrane, whereby the solute hops from one site 

to the other. In immobilized liquid membranes with mobile carriers which consist of a 

solid membrane (support) and a liquid phase containing the carrier molecules, the 

carrier molecules function as a shuttle to transport the solute from feed side to the 

permeate side. Figure 2-3 is a schematic showing the facilitated transport with mobile 

and fixed carriers in the membranes. [1]  
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Figure 2-3 Facilitated transport of gaseous molecules: (A) liquid membrane with a 

mobile carrier; (B) solid membrane with a fixed carrier. [1]  

 

Both types of facilitated transport systems are sometimes referred to as dual-mode 

transport, which was first proposed to explain the transport of gases, such as carbon 

dioxide, in glassy polymers. The solution-diffusion transport is one mode of transport 

through the membrane. The second mode concerns with chemical facilitation of 

permeation. Thus, the total flux is not proportional to the driving force because of the 

dual mechanisms. [1]  

The facilitated transport membranes can be used to improve the selectivity and 

permeation flux. However, as shown in Table 2-2, where the requirements, advantages 

and disadvantages of both types of carrier systems are listed, there are some problems 

related to the loss of solvent and carrier, and temperature limitations. 
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Table 2-2 The pre-requisites, advantages and disadvantages of mobile and fixed carrier 

facilitated transport systems with respect to oxygen permeation [1]  

 Mobile carrier (liquid) Fixed carrier (polymer film) 

Requirements Membrane: low effective thickness 

Liquid medium: low viscosity, low 

volatility, high compatibility with 

polymeric material 

Carrier: high concentration in the liquid 

medium, high selectivity for O2 

Membrane: low thickness 

Carrier: high concentration in the 

polymer matrix, high selectivity for O2, 

high carrier-oxygen binding constant 

Advantages High selectivity 

High diffusivity of the permeant molecule 

High selectivity 

Disadvantages Loss of membrane solvent and carrier 

Low carrier concentration 

Carrier inactivation due to oxidation 

Inactivation of the carrier after fixation in 

the solid state  

Non-uniformity in chemical reactivity of 

the fixed carrier 

Defect formation in the solid membrane 

Low diffusivity of the permeant molecule 

 

2.1.3.1 Literature review of facilitated transport mechanism 

Ward’s [7] work provided a general understanding of facilitated transport. He 

carried out a mathematical and experimental investigation of facilitated transport. 

Nitrous oxide/ferrous transport was modeled as a basic facilitated transport reaction 

scheme. A mathematical model was developed for steady state permeation. 

Donaldson and Quinn [8] also studied facilitated transport in liquid membranes 

for carbon dioxide separation. The model was developed for determining diffusional 

and kinetic parameters, but the derivation of the model equations was not clearly 

explained. Their work was used in later works on CO2-amine systems for CO2 capture. 

Smith et al. [9] published a review on facilitated transport and provided a 

comprehensive summary of the research on facilitated membrane at that time. The 



 15

review covered facilitated transport of oxygen, carbon dioxide, and nitric oxide. They 

also provided a comprehensive documentation of the governing equations and the 

formulation of facilitation factor. Two years later, Smith and Quinn [10] also studied the 

facilitation factors in nitric oxide-ferrous ion facilitated transport systems with 

comparable results to the other studies and a CO2-MEA system that had more complex 

chemistry. Meldon et al. [11] developed a model based on the standard reaction 

mechanism, and the permeation across the membrane was studied with an emphasis on 

the permeation time lag. 

Matsuyama et al. [12] prepared poly(acrylic acid) / poly(vinyl alcohol) membrane 

for the facilitated transport of carbon dioxide. They introduced an ion-exchange 

membrane and used the monoprotonated ethylenediamine as the carrier of carbon 

dioxide. The highly swollen membrane by the aqueous solution had much higher 

CO2/N2 selectivity and CO2 permeability than the Nafion membrane due to its higher 

ion-exchange capacity and solvent content. When the carbon dioxide partial pressure in 

the feed gas was 0.061 atm, a selectivity of more than 1900 was obtained. Teramoto et 

al. [13] studied the facilitated transport of CO2 based on the amines MEA and DEA 

through supported liquid membranes. They found that the DEA system performed 

slightly better than the MEA system. A set of algebraic equations were used to solve the 

facilitation factor, and the mathematical model matched reasonably well with the 

experimental data.  

Kavvali and Sirkar [14] used glycerol carbonate as a new physical solvent for 

carbon dioxide separation from CO2/N2 mixtures. The CO2-selective behavior of the 

glycerol carbonate was investigated in an immobilized liquid membrane. They reported 

that the pure glycerol carbonate yielded a CO2/N2 selectivity of about 80-130 at various 



 16

CO2 partial pressures. The selectivity was not affected by the humidity in feed and 

sweep streams. The CO2 permeability across the membranes was about 100 barrer when 

the membranes were exposed to dry feed gas conditions. However, when the feed 

streams were humidified the permeability was increased to about 350 barrer. In addition, 

CO2 facilitation at low CO2 partial pressures was significantly increased by adding 

small amounts of facilitating carriers such as poly(amidoamine) dendrimer and sodium 

glycinate.  

In case of facilitated oxygen transport, much of recent interest has been 

encouraged by the study of Scholander [15] on biological systems. He demonstrated 

that hemoglobin could accelerate the transport of oxygen in a liquid membrane with 

oxygen carriers. An eightfold increase in oxygen flux was obtained by using an aqueous 

solution of hemoglobin to replace pure water. The oxygen/nitrogen selectivity was about 

14. However, hemoglobin was highly unstable in aqueous solutions outside of the body. 

Bassett and Schultz [16] used synthetic oxygen carriers which were 

bis(histidine)cobalt(II) as a complexing agent in an aqueous medium. The best results 

obtained were an approximate doubling of the oxygen flux compared to water and the 

selectivity was 3.5. Even though it was a successful demonstration of facilitated oxygen 

transport, the carrier has two limitations. (1) even a saturated solution of the carrier 

shows only a limited increase in oxygen flux because it is not very soluble in the 

solvents. (2) it was quickly oxidized irreversibly, which makes it useless for facilitated 

oxygen transport. Therefore, much improvement is needed before it can become a 

useful process even though the concept of facilitated transport of oxygen has been 

demonstrated. 
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Johnson et al. [17] studied facilitated transport membranes for the production of 

oxygen-enriched air using membranes consisting of a transition-metal complex (Co(3-

MeOsaltmen)) dissolved in a suitable solvent ( γ -butyrolactone) and immobilized 

within the pores of a microporous membrane. An oxygen/nitrogen selectivity of over 20 

was reported. In permeate stream, the oxygen purity was in the range of 80-90 mole% at 

1 atm feed and a low pressure permeate. However, the oxygen permeability was about 

cmHgscmcmSTPcm ⋅⋅⋅× − 239 /)(1026 , which was only about one-half that of silicone 

rubber. The lifetime of membrane was measured in weeks. 

Nishide et al. [18] studied fixed cobalt porphyrin complex carriers over the last 15 

years. They found that sorption and desorption of oxygen to and from the fixed carrier 

complexes in the membranes are very rapid and reversible. The oxygen permeability 

was enhanced by decreasing the feed stream pressure, and the oxygen transport was 

analyzed by dual mode transport. The selectivity of oxygen and nitrogen was more than 

10.  

 

2.1.4 Free-volume theory 

Several theories had been proposed to describe the diffusion behavior, and Fujita 

proposed the free-volume theory. [19] Later, Vrentas and colleagues developed the 

theory to correlate accurately with the self-diffusion and binary mutual-diffusion 

coefficients at various temperatures and over a wide concentration range. [20] For the 

self-diffusion coefficient, it has been shown that the predictions of the free-volume 

theory are good for temperatures above the glass transition temperature of the polymer. 

[21] However, some difficulties may be encountered for systems at temperatures below 
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the pure polymer glass transition temperature. [22, 23] These difficulties are caused by 

uncertainties in the nature of the temperature dependencies of the various expansion 

coefficients of the theory. 

The first proposed free-volume was for liquid media. However, in case of solid 

media, the state of the material has an influence on the gas permeability whether a 

polymer is in the glassy or rubbery state. The different permeability is due to the 

difference in thermal energy available for the mobility of the chain segment in the 

polymer. In glassy polymers, the mobility is limited, and the free-volume between 

polymer chains is frozen in the polymer matrix. Only a few segments of the chain have 

sufficient thermal energy for mobility. At high temperatures the polymer is in the 

rubbery state. The free-volume (i.e. some unoccupied space) exists between the polymer 

chains because they do not pack perfectly. As the temperature of the polymer decreases, 

the free volume also decreases. Above the glass transition, however, the mobility is 

increased and the “frozen” microvoids disappear inside the structure when the polymer 

is at the rubbery state. [4, 5]  

The total polymer volume is viewed to consist of (1) the volume occupied by the 

molecular chain, (2) the interstitial free-volume, and (3) the hole free-volume. Generally, 

the empty space is considered as the free volume. The interstitial free-volume is small 

and uniformly distributed within the polymer structure, and the hole free-volume can 

randomly migrate through the polymer matrix. The approach of the hole free-volume is 

useful for describing transport of gas molecules through polymer matrix. The basic 

concept in the free-volume theory is that a molecule can diffuse from one place to 

another place if there is sufficient empty space or free-volume. If the size of the 

penetrant is increased, the amount of free-volume needed must be increased. In the case 
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of non-interacting systems, e.g. polymer with inert gas such as helium, hydrogen, 

oxygen, nitrogen or argon, the penetrant has no or little influence on the free-volume. 

Therefore, the free-volume is influenced mainly by temperature. [5]  

 

2.1.5 Effect of temperature and pressure on permeability 

The gas permeability and selectivity of polymer membranes are affected by the 

temperature. When the operating temperature is increased, the permeability is increased 

but the selectivity of membranes is often decreased due to the increased polymeric chain 

mobility. [24] The diffusion of gases through polymer membranes is an activated 

process and can be described using Arrhenius type equations. The relationships for D , 

S , and P  as a function of temperature can be expressed as: [25]  

( )RTEDD d /exp −= o                        (2.7) 

( )RTHSS s /exp ∆−= o                        (2.8) 

( )RTEPP p /exp −= o                         (2.9) 

where constant oD  , oS  and oP  are the pre-exponential factors. dE  is the activation 

energy of diffusion, sH∆  is the heat of sorption, and )( sdp HEE ∆+=  is the 

activation energy of permeation. Theses equations indicate strong temperature 

dependencies of permeability and selectivity. However, for different gases temperature 

will influence the various transport parameters differently. 

Plasticization can occur at a high pressure of gas in both glassy and rubber 

polymers. The permeability is increased with the feed pressure when the gas acts as a 

plasticizer for the polymer. The permeability coefficient would not change with the feed 

pressure for non-interacting gases such as N2 and He. The permeability coefficient is 
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found to be pressure or concentration dependent in an exponential or linear fashion for 

larger and condensable gases such as CO2. [26] The effect of the feed pressure can be 

more complicated due to the dual-sorption effect in glassy polymers; In this case, 

depending on the type of the polymer and penetrant, the feed pressure can cause the 

permeability to increase or decrease at a high pressure because of the competing effect 

of the penetrant in the polymer. 

 

2.2 Carbon dioxide/nitrogen separation 

The supported liquid membrane (SLMs) containing a mobile carrier in membrane 

pores have been studied due to their high selectivity toward carbon dioxide for the 

separation of carbon dioxide. However, it is still difficult to apply the liquid membrane 

for practical use because the carrier is unstable. [3, 27] The gel-type swollen membrane, 

an intermediate between liquid and solid phase, can be made by swelling a polymer film 

in a solvent. The solvent-swollen membrane can be used as a gas separation membrane 

if the solvent used to swell the polymer film is a good physical solvent for the gas of 

interest. 

Ito et al. [28] used a wet chitosan membrane to permeate N2, CO2, and CH4.  The 

influence of the membrane preparation and operating conditions on the separation 

performance of the wet chitosan membrane was studied. In their study, carbon dioxide 

preferentially permeated through the swollen chitosan membrane with a permeability of 

)/()(105.2 238 cmHgcmscmSTPcm ⋅⋅× −  and a CO2/N2 separation factor of 70 at room 

temperature. 
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Matsuyama et al. [29] prepared an ion exchange membrane by grafting acrylic 

acid onto a microporous polypropylene by the plasma-grafted polymerization technique. 

They studied the facilitated transport of CO2 through the grafted membrane carried out 

by using various diamines, diethylenetriamine and triethyleneteramine as the carrier. 

The grafted acrylic acid membrane containing ethylenediamine as the carrier showed 

the highest selectivity of CO2 over N2. 

Park et al. [27] studied a water-swollen hydrogel membrane for gas separation by 

dip-coating a poly (vinyl alcohol) solution containing glutaraldehyde as a crosslinking 

agent on an asymmetric porous polyetherimide support. The study was successfully 

applied to the carbon dioxide separation over a long period. The gas permeation 

behavior through the water-swollen hydrogel membranes was discussed. The behavior 

of gas permeation through the membrane was parallel to the swelling behavior of the 

membrane in water. Through the water-swollen hydrogel membranes the permeance of 

carbon dioxide was ( )cmHgscmcm ⋅⋅235 /10  and a CO2/N2 separation factor was about 

80 at room temperature. The influence of the additive and catalyst on the permeation of 

gases through the membranes was also studied. 

Yeom et al. [30] investigated the permeation of mixed CO2/N2 gases through 

poly(dimethylsiloxane) (PDMS) at various operating conditions. They evaluated the 

permeation and separation behavior in terms of permeability, diffusion and solubility 

coefficients. The effects of operating temperature and feed pressure on the permeation 

were studied. The solubility coefficients of CO2 and N2 were found to be affected by 

feed pressure and temperature. Increasing feed pressure increases CO2 solubility 

coefficient and decreases N2 solubility coefficient, and on the other hand, increasing 

temperature favors only N2 sorption. 



 22

Kim et al. [3] prepared water-swollen membrane for gas permeation using Na-

alginate and poly (vinyl alcohol) blend membranes. They investigated the influences of 

water content and crystallinity of the membranes on the gas permeation performance. 

Using the water-swollen membranes, the permeation rates of nitrogen and carbon 

dioxide were in the range of 710)6.74.0( −×−  to 

610)5.87.3( −×− )/()( 22 cmHgscmcmSTPcm ⋅⋅⋅ , which were 10,000 times higher than 

those of dry-state membranes. They found that the gas permeance of the water-swollen 

membranes increased with increasing the Na-alginate content in the membrane and the 

gas permeation rates of the membranes increased with increasing the water content in 

the membrane. 

 

2.3 Oxygen/nitrogen separation  

Oxygen and nitrogen separation is one of the main applications as commodity 

chemicals. Generally, they are produced from air by pressure swing adsorption or 

cryogenic distillation. Since these processes are highly energy intensive, the number of 

current applications is limited and a less costly process is desirable. As a possible 

alternative, gas separation membranes have been considered for the production of 

oxygen and nitrogen. However, the production of nitrogen from air using membranes is 

limited to moderate purities and the production of oxygen-enriched air is only at a 

relatively small scale. Extensive effort has been made in the last 30 years to overcome 

low permeability and selectivity of conventional membranes. 

Lehermeier et al. [31] examined the permeation of nitrogen, oxygen, carbon 

dioxide and methane in amorphous films of poly(lactic acid). Comparing with other 
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commodity plastics, the properties of the membranes closely resembles that of 

polystyrene membranes. At Co30 , nitrogen and oxygen permeability were 

)/()(103.1 2310 cmHgscmcmSTPcm ⋅⋅⋅× −  and )/()(103.3 2310 cmHgscmcmSTPcm ⋅⋅⋅× − , 

respectively. In addition, the permeability of carbon dioxide and methane was 

)/()(102.1 2310 cmHgscmcmSTPcm ⋅⋅⋅× −  and )/()(100.1 2310 cmHgscmcmSTPcm ⋅⋅⋅× − , 

respectively. The separation factor of carbon dioxide and methane was measured at 

different temperatures (0-50 Co ).  

Wang et al. [32] prepared ethylene-diamine-teraacetic acid disodium salt (EDTA)-

methyl metacrylate butyl acrylate copolymer by radical polymerization in an aqueous 

solution. EDTA, which chelated cobalt ions (Co2+) and was at the chain end of 

compolymer, was used as an oxyphilic carrier. The prepared chelated compolymer 

membranes with different cobalt contents showed a good oxygen permeability of 

)/()(1010 239 cmHgscmcmSTPcm ⋅⋅⋅× −  and an oxygen/nitrogen selectivity of 10. The 

separation factor was increased with an increase in Co2+ contents in the membrane. The 

relationship between the oxygen or nitrogen permeability and temperature follows the 

Arrhenius equation, and the diffusion activation energies of oxygen and nitrogen were 

estimated to be 7.4-11.4 and 12 molkcal / , respectively. 

Morisato and Pinnau [33] prepared a poly(4-methyl-2-pentyne) film, which is an 

amorphous and glassy polymer, for oxygen and nitrogen permeation. Oxygen and 

nitrogen permeabilities of 10102700 −×  and )/()(101330 2310 cmHgscmcmSTPcm ⋅⋅⋅× − , 

were observed at 25 Co , respectively. It was found that the high gas permeabilities were 

related with the very high free volume, and probably the interconnectivity of the free 

volume elements as well. 
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2.4 Background of silk sericin 

Sericin, the second major B. mori silk protein, has excellent properties, 

antioxidative, antibacterial, UV resistant and moisture-absorbing and -desorbing 

properties. It can be applied to many fields such as cosmetic, medical and polymer 

materials. Silk obtained from silkworm Bombyx mori is a natural protein which is made 

of sericin and fibroin proteins. Sericin generally constitutes 25% of silk protein. It glues 

the fibroin fiber with successive sticky layers in the formation of a cocoon. From the 

silkworm Bombyx mori, there are two kinds of proteins in silk filament: sericin (the 

outer coating) and fibrioin (the inner core), which are both natural macromolecular 

biopolymers, as shown in Figure 2-4. [34-36]  

 
Figure 2-4 Structure of Silk [34] 

Sericin is removed by degumming process in the silk industry and the waste water 

is mostly discarded from silk processing. Sericin is a water soluble glue protein, unlike 

silk fibroin which is an oriented fiber protein. During raw silk production at the reeling 

Sericin 

Fibroin 
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mill, most of the sericin must be removed. The fresh weight of the cocoon production is 

about 1 million tons worldwide and it is equivalent to 400,000 tons of dry cocoon. 

About 50,000 tons of sericin is produced from the process of the raw silk production. It 

represents significant economic and social benefit if this sericin protein is recovered and 

recycled. [37]  

During the degumming treatments in boiling water or an alkaline solution, sericin 

is easily isolated from the inner core, fibroin, and degraded into sericin peptides, 

ranging widely from about 10 to over 300 kDa in molecular weight, depending on 

operating temperature, pH, and the processing time. [38] Peptide is a compound that is 

made up of two or more amino acids joined by covalent bonds which arise by 

elimination of H2O from the carboxyl group of one amino acid and the amino group of 

the other amino acid. The general structures of protein and polypeptides are shown in 

Figures 2-5 and 2-6, respectively. [39, 40] The structures of amino acids of sericin are 

shown in Table 2-3. [40] The sericin protein has 18 amino acids which mostly constitute 

serine and aspartic acid (approximately 33.4% and 16.7% of sericin, respectively). The 

sericin peptides having a lower molecular weight of less than 60 kDa, commonly less 

than 5 kDa, are soluble in cold water and can be recovered at early stages of raw silk 

production. This sericin can be characterized by excellent moisture absorption and 

release, and biological activities such as antioxidation, tyrosinase activity inhibition, and 

pharmacological functions (e.g., anticoagulations, anticancer activities, cyroprotection 

and promotion of digestion). The rest portion, a higher range of molecular weight from 

60 to over 300 kDa, is poorly soluble in cold water but soluble in boiling water and can 

be obtained at the later stages of silk processing or silk degumming. Due to its 

properties, sericin is particularly useful for improving polymer materials such as 
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polyesters, polyamide, polyolefin, and polyacrylonitrile. Moreover, it can also be 

applied to degradable biomaterials, biomedical materials, functional bio-membrane 

materials and functional fibers. [37, 41]  

 

 

 

Figure 2-5 Structure of primary protein [39] 

 

 

 

Figure 2-6 Structure of polypeptide [40] 
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Table 2-3 Structures of amino acids of silk sericin [40] 

Amino acid Structure Amino acid Structure 

Aspartic acid 
 

Methionine 
 

Threonine 

 

Isoleucine 

 

Serine 
 

Leucine 

 

Glutamic acid Tyrosine 
 

Proline 

 

Phylalanine 

 

Glycine 
 

Lysine 
 

Alanine 
 

Histidine 

 

Cysteine 

 

Arginine 

 

Valine 

 

Tryptophane
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2.4.1 Extraction methods  

Removal of the sericin from silk fibroin is accomplished by a process called 

“degumming”, usually by one of the following methods: (1) extraction with water at a 

high temperature, (2) extraction with water at a high temperature and under pressure, (3) 

extraction with a soap solution, (4) extraction with a synthetic detergent, (5) extraction 

with an acid, and (6) removal by enzymes. [42, 43] The degumming process is generally 

used to remove the silk sericin from the fibers in the silk industry. [43] 

 

(1) Extraction with water treatment 

This is the easiest extraction method to get sericin solution and it is also used for 

this study. The cocoon shells of Bombyx Mori were cut into pieces (about 21cm ) or so 

and thoroughly washed with water. The cocoon shells were then boiled with water at 

95-100 Co  for different periods of time. To remove fibroin, it is filtered by using 

filtration methods such as non-woven fabrics and glass microfiber filter. [44-47]  

 
(2) Extraction with water under pressure at 120 Co  

Sericin can not be dissolved in room temperature water, but it is highly susceptible 

to dissolution in boiling water. For this reason, there is a risk that fibroin may be 

damaged when the treatment is sufficiently long. In the silk industry, autoclaves 

(commonly at 120 Co  and 2 atmospheres for 1-2 hr) are normally used to treat the fiber. 

[41, 48-53] However, incomplete degumming may occur. That is why sometimes soap 

or synthetic detergent is added to improve the degumming effect. This process, 

therefore, is very difficult to control and it is not widely used in the silk industry 

nowadays. 



 29

(3) Extraction with soap solutions 

Marseilles soap is an outstanding soap for sericin extraction. This process, for 

example, can be carried out using 10-20 g/l soap at 92-98 Co  for 2-4 hours at pH 10.2-

10.5. Generally, alkali causes hydrolysis of the polypeptide chains in the fibers. In 

addition, alkali hydrolysis can attack the end of a peptide chain easily. [29] Due to the 

sensitive nature of fibroin itself and the chemical similarity of fibroin and sericin, this 

process tends to attack both sericin and fibroin at high temperatures. Moreover, the most 

important requirement for this process is that soft water should be used to avoid the 

formation of calcium soap. [49, 54] Nowadays, soap solution is replaced by synthetic 

detergents because they have some advantages over soap such as reducing the extraction 

time and damage of the fiber. [29] 

 

(4) Extraction with synthetic detergents 

Synthetic detergent can be used to minimize the fiber damage and reduce the time 

of treatment (e.g., 30-40 min at 98 Co ) compared with soap. Non-ionic synthetic 

detergent can reduce the impact on the tensile strength of the fiber in the extraction 

process of sericin. Normally, efficient degumming can be achieved using 2.5 g/l non-

ionic synthetic detergent at pH 11.5 for 30 minutes. A problem of this process, however, 

is the still relatively high temperature (e.g., at 98 Co ) and high pH (e.g., at pH 11.5). 

Therefore, the operating temperature, time of treatment and amount of detergent should 

be properly controlled to prevent damage to the fibroin. [49, 54-57]  
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(5) Extraction with acids 

Some acids (such as sulphuric, hydrochloric, tartaric and citric acids) can be used 

as degumming agents. Because the alkaline solutions are safer to fibroin degradation 

than acid solutions, this process has not received much attention in the silk industry. 

Strong mineral acids (e.g., sulphuric and hydrochloric acids) cannot be used to achieve 

complete degumming without damaging fibroin. [55]  

 

(6) Removal with enzymes 

Enzymes appear in living cells, catalyzing a specific chemical reaction as bio-

catalysts. They can be used at atmospheric pressure and in mild conditions (e.g., at 

40 Co , pH 8.0). Different enzymes may cause hydrolysis, reduction, oxidation, 

coagulation and decomposition reactions. Hydrolytic enzymes are commonly used in 

the textile industry: e.g., cellulase, trypsin and papain. [58]  

 

Among the various processes discussed above, soaps or synthetic detergents are 

used for degumming on an industrial scale. These methods are good for silk processing, 

but it is difficult to get high quality sericin. Water treatment at over 90 Co appears to be 

one of the best ways to extract the sericin with molecular weights 20-200 kDa. Using 

the water treatment method, there is no need to remove the chemicals and treat the 

waste water generated. Due to its economic advantage, sericin extraction with water is 

widely used nowadays. The yields of silk sericin extracted using different methods are 

listed in Table 2-4. 
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Table 2-4 Yield of sericin extracted with different methods 

Extraction methods Yield Reference 

14.3% [44] 
Water (at 95-100 Co ) 

22.5% [59] 

Acid (6N HCl at 110 Co ) 23.18% [60] 

Enzyme (Protease) 19% [38] 

 

2.4.2 Characteristics of silk sericin 

The amino acids in sericin consist of 18 amino acids, among which the polar 

amino acids with hydroxyl and amino groups such as aspartic acid, serine and lysine 

account for 72%, as shown in Table 2-5. [41] The amino acid classification for silk 

sericin is shown in Table 2-6. [61] The first group is polar uncharged amino acids that 

possess oxygen, sulphur and/or nitrogen in the side chains. The polar nature of the side 

chains means that these amino acids readily interact with water, i.e. they are hydrophilic. 

The second group, polar amino acids with positively charged side chains, is not only 

polar but can also carry a positive charge and are therefore also hydrophilic. Another 

group is polar amino acids with negatively charged side chains that there are only two 

amino acids, Asparate (Aspartic acid) and Glutamate (Glutamic acid), with negatively 

charged (i.e. acidic) side chains. Figure 2-7 shows the hypothetical intermolecular 

interactions between silk fibroin and silk sericin. If silk fibroin and silk sericin are 

considered as the primary structure, each protein has a repeated amino acid sequence 

that is capable of forming the β -sheet structure. The silk sericin has the repeat 

sequence of GSVSSTGSSNTDSST, and the silk fibroin has the sequence of 

[GAGAGS]n, where G, A, S, T, V, N and D denote glycine, alanine, serine, threonine, 
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valine, asparagines and aspartic acid, respectively. Sericin has the hydroxyl groups 

regularly on one side of the peptide backbone (see the arrow). There are hydrogen 

bonds (dotted lines) formed between the oxygen of the C=O in the silk fibroin and the 

OH and NH hydrogens in silk sericin if silk fibroin and silk sericin approach each other. 

[54, 62]  

 

Table 2-5 Amino acid composition of water-soluble sericin (mol%) [41]  

Amino acid Content Amino acid Content 

Aspartic acid 20.55 Methionine 0.00 

Threonine 7.96 Isoleucine 0.88 

Serine 25.28 Leucine 1.36 

Glutamic acid 7.90 Tyrosine 4.47 

Proline 0.00 Phylalanine 0.91 

Glycine 10.51 Lysine 4.68 

Alanine 3.97 Histidine 1.75 

Cysteine 0.72 Arginine 5.26 

Valine 3.79 Tryptophane 0.00 
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Table 2-6 Classification for amino acid of silk sericin [61] 

Classification Amino acid 

Polar uncharged  

amino acid 

 

Polar amino acids 

with positively 

charged side chains 

 

Polar amino acids 

with negatively 

charged side chains 

 
 

 
Figure 2-7 Schematic representation of the intermolecular hydrogen bonding at the 

boundary of silk fibroin and silk sericin [54]  
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The secondary structure of silk sericin is various due to its preparation conditions, 

but it mostly constitutes of random coil structure and little amount of β -sheet structure. 

Generally, as sericin is close to fibroin, the amount of β -sheet structure is increased. 

Extracted sericin solution is turned to gel state after certain period of time due to 

increased amount of β -sheet structure. However, it can be returned to sol state upon 

heating. The sol state is a colloidal suspension that can be gelled to form a solid. The 

sol-gel state change involves the transition of a system from a liquid (the colloidal 

“sol”) into a solid (the “gel”) phase. This characteristic of sol-gel transition is different 

from fibroin. Alcohol generally changes fibroin to β -sheet structure, but sericin can 

not be perfectly changed. Lee [63] studied whether alcohol, acetone and water at 110 Co  

can affect the structure of sericin. After being treated with those solutions, some of 

random coil structure is found to have changed to β -sheet structure.  

Kweon et al. [45] found that the gelation time of silk sericin decreased with an 

increase in poloxamer concentration and temperature, and the structure change of silk 

sericin from random coil to β -sheet structure was accelerated by adding poloxamer 

because the hydrophilic parts of poloxamer absorbed the water surrounding the sericin 

molecules. Gelation of silk sericin is thermo-reversible by itself, but in the presence of 

poloxamer the gelation became irreversible with temperature change. Interestingly, the 

gelation of silk fibroin in the presence of poloxamer is reversible, whereas that of silk 

fibroin is irreversible by itself. Because of the differences in chemical composition 

between silk sericin and silk fibroin, sol-gel transition of silk sericin in the presence of 

poloxamer was completely different from that of silk fibroin.  
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It is generally acknowledged that thermal treatment of sericin especially in the 

presence of organic solvents or water affect the sericin structural changes from random 

coil to β -sheet. Sericin transformed into an aggregated state by water and organic 

solvent. Aggregated strands contain strong hydrogen bonds. The strong interchain 

interaction might result from the abundance of polar side chains such as hydroxyl and 

carboxyl groups, which can form interchain hydrogen bonds with other polar side 

chains or amide groups in peptide backbone. Sericin can be transformed into a β -sheet 

structure having strong intermolecular hydrogen bonds. [64] Teramoto et al [64] found 

that using ethanol for β -sheet formation of silk proteins is more effective than using 

methanol. In addition, using ethanol is less toxic than methanol, which is advantageous 

for sericin’s application as a biomaterial. 

 

2.4.3 Literature review of sericin / PVA blend 

The structure and physical properties of silk sericin have been studied by many 

researchers as mentioned before. Some studies have focused on the extraction methods 

applied to the waste solution from the textile manufacturing process. Broader uses of 

sericin are expected for efficient utilization of sericin. On the other hand, PVA is widely 

employed in fiber, film, and adhesive production, and is also used in paper making. 

Even though it has a high melting point and viscosity for molding of PVA, it is a 

promising polymeric material due to its high tenacity and modulus.  

Miyake et al. [65] developed an injection molding plastic blend of PVA and sericin, 

and studied its physical properties and structure with various content rates of sericin. In 

their study, the stress and strain were increased at a sericin content rate of 2 wt%. 



 36

However, the stress and strain values were decreased at 5 wt% sericin, and increased 

again above 10 wt% sericin. The blended material at a sericin content of below 20 wt% 

has random coil structure. On the other hand, at a sericin content of 30 wt%, both 

structures, random coil and β -sheet structures, are present. 
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Chapter 3 

Experimental methods 
 

 

The main objective of the study was to prepare suitable water-swollen sericin / 

polyvinyl alcohol (PVA) membranes for gas separation. Water-swollen membranes are 

expected to be more effective than dry membranes in terms of selectivity and 

permeability. The extraction of sericin from cocoons was carried out and the molecular 

weight of sericin was evaluated. Due to the hydrophilicity of sericin and PVA, water-

swollen membranes were easily prepared by using crosslinking agent. Different sericin / 

PVA compositions in the blend membranes were studied. In addition, water swelling 

and water vapor sorption/desorption characteristics of the membranes were studied.  

 

3.1 Materials 

Sericin was extracted from cocoons, Bombyx mori., using hot water. Polyvinyl 

alcohol powder (Mw ~133,000, 99 mole% hydrolyzed) was purchased from 

Polysciences. Glutaraldehyde solution (C5H8O2) (25 wt% aqueous solution) was 

purchased from Sigma. Deionized water was supplied by the Department of Chemical 

Engineering. 
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3.2 Sericin extraction and characterization 

3.2.1 Extraction of silk sericin 

In this study, water extraction was used to obtain sericin from silkworm cocoon. 

The cocoon shells of Bombyx Mori were cut into pieces (about 21cm ) and washed with 

deionized water with air flotation. After removal of impurities by filtration, the washed 

cocoon shells were dried. The dried cocoon shells (1g) were immersed in water (50g of 

total weight) to initiate sericin extraction. The samples were kept in a glass bottle placed 

in a water bath. After extraction at a given temperature (25-95 Co ) for a given period of 

time (0.1-9 hr), the undissolved cocoons were filtered by non-woven fabrics. The 

solution was dried and the sericin sample powder was yellowish in color. The yield of 

sericin and the concentration of sericin solution were calculated. 

Yield of sericin [%] = 100×
c

d

W
W                    (3.1) 

Concentration of sericin solution [%] = 100×
s

d

W
W                    (3.2) 

where, dW  and sW  are the weight of dried silk sericin and the weight of silk sericin 

solution after the filtration, respectively. cW  is the weight of dried cocoon shells.  

 

3.2.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis test 

The sericin solution after filtration was mixed with sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (0.1 M Tris-HCl 

(BioShop, CA) of pH 6.8, 4% SDS (EM Science, Germany), 12% 2-mercaptoethanol 

(Sigma, Germany), 20% glycerol (Fischer Biotech)) and boiled for 5 min. The sample 
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was adjusted to pH 6.8 with dilute HCl (Fischer Scientific) solution immediately before 

electrophoresis. The range of molecular weight of sericin was determined by SDS-

PAGE according to the method of Laemmli. [66] Samples (20 Lµ ) were electrophoresed 

in running buffer (1% SDS; 192 mM glycine (BioShop, CA); 25 mM Tris-base 

(BioShop, CA); pH 8.3) on a 10% resolving gel (10% acrylamide/bisacrylaminde 

(BioBasic, CA), 375 mM Tris-HCl, 0.1% SDS, pH 8.8) at 100-130V for 1.5h using a 

Mini-PROTEAN II vertical cell system (Bio-Rad, CA). The molecular weights of the 

sample were estimated using a molecular weight marker (Precision Protein Standards, 

range 11-170 kDa; Bio-Rad, CA) The gels were stained with Coomassie Brilliant Blue 

R 250 dye (BDH, CA) and destained with 45% methanol, 10 acetic acid (BioShop, CA) 

to visualize the proteins. 

 

3.2.3 UV/vis spectroscopy 

Silk sericin solution obtained from the extraction was examined by using UV/vis 

spectrophotometer (UV mini 1240, SHIMADZU).  
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3.3 Membrane preparation 
3.3.1 Pure PVA membranes 
1. 10 wt% of PVA solution was prepared with dry PVA and deionized water. The pre-

weighed dry PVA was dissolved in water and stirred at 90 Co  for 6 hrs on a tightly 

capped glass container. 

 
2. When the solution was transparent, it was filtered under vacuum with a porous glass 

filter. After the solution was cooled down, small amount of glutaraldehyde (as a 

crosslinking agent) was added into the solution and stirred for 3 hours.  

 
3. The membrane was cast onto a glass plate using a glass rod. The casting thickness 

was controlled to be 268 mµ  using copper wires. 

 
4. The membrane was dried in a clean fume hood at room temperature for at least 1 day. 

 

5. After drying, the membrane was heat treated at 120 Co  for 1 hour in order to 

crosslink PVA. 

 

3.3.2 Sericin / PVA membranes 

1. Sericin and PVA solutions were prepared first, then they were mixed in various ratios 

and stirred for one day. Glutaraldehyde was added into the solution and stirred for 3 

hours. The mass ratio of glutaraldehyde to sericin and PVA solution was 1 to 100. 

 
2. The membrane was cast on a glass plate, as described before. 

 
3. Once the membrane was dried, it was heat treated at 120 Co  for 1 hour to crosslink 

the membrane. 
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3.4 Permeation experiments 
3.4.1 Experimental set-up 

The schematic diagram of experimental set-up for gas permeation is shown in 

Figure 3-1. The membrane was first swollen with deionized water. Then, the membrane 

was mounted in the membrane cell (permeation area 15.2 2cm ). Feed gas at a low 

pressure (<5 psi) was flushed to remove the air inside the permeation cell. The feed 

pressure was gradually adjusted to an operating pressure (in the range of 30-60 psi) until 

steady-state was reached, which could be assumed when the flow rate no longer 

changed with time. The permeate flow rates were measured using a bubble flow meter. 

The steady-state permeation was reached in 3 hours. All measurements were tested at 

room temperature and repeated at least twice.  

The feed gas, pure carbon dioxide oxygen and nitrogen, was supplied by Praxair 

and the feed pressure was monitored using a Cole-Palmer pressure gauge. The feed gas 

was saturated with water before entering the permeation cell in order to keep the 

membrane continuously swollen during the experiments.  

 
Figure 3-1 Schematic diagram of experimental set-up for permeation tests 
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3.5 Characterization of the membrane properties 

Permeability and selectivity 

From the experiments the permeability and selectivity can be evaluated. The 

permeability iP  can be calculated from: 

pA
FlPi ∆

=                           (3.3) 

where iP  is the permeability of the gas (conventionally expressed in Barrer, 1 Barrer = 

)/()(10 2310 cmHgscmcmSTPcm ⋅⋅− ), F  is the permeation rate through the membrane 

( sSTPcm /)(3 ), and l  and A  are the thickness of the membrane ( cm ) and the area 

( 2cm ) of membrane for permeation, respectively. p∆  is the pressure different across 

the membrane. 

Selectivity is expressed by the ratio of the individual gas permeabilities. It is a 

measure of the ability of a membrane to separate two gases. Based on permeabilities of 

pure gases “ i ” and “ j ”, the ideal selectivity can be calculated: 

j

i
ij P

P
=α                             (3.4) 

 

A sample calculation of the permeability and selectivity can be found in Appendix A. 

 

Swelling ratio 

The swelling ratio of a membrane can be defined as water uptake per mass of dry 

membrane weight. 

Swelling ratio 100×
−

=
d

dw

W
WW                   (3.5) 
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where wW  and dW  are the weight of water-wet membrane and dry membrane, 

respectively.  

 
The swelling ratio was determined as follows: 

1. The membrane sample was washed and put into deionized water for 2 days to make 

sure that the membrane was fully saturated with water. 

2. The wet membrane surface was blotted quickly with a clean tissue paper and the 

weight of the wet membrane ( wW ) was measured.  

3. After the weight was measured, the water-wet membrane was dried in a vacuum oven 

at 25 Co . 

4. The weight of the dry membrane ( dW ) was measured, and then the swelling ratio was 

calculated using equation (3.5). 

 
Because water sorption in the membrane was very quick, it was difficult to 

measure the water sorption rate using the above method. Therefore, water vapor 

sorption/desorption experiments were also conducted in order to evaluate the water 

diffusion in the membrane. 

 

Water vapor sorption and desorption 

In this experiment, the membrane samples were exposed to water vapor and the 

changes in the mass of the membrane with time were monitored using an analytical 

balance. Therefore, the mass gain due to sorption can be used to determine the diffusion 

coefficient of water in the membrane. Similarly, the mass loss due to desorption of 

water vapor was also performed. For the water vapor sorption test, a washed membrane 
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by deionized water was placed in vacuum oven at 25 Co  to be dried. After dried, the 

membrane is exposed to the water vapor, 55% RH at 25 Co . Then, the weight of 

membrane was measured in different time until the weight of membrane was not 

changed. Water vapor uptake in the membrane is represented by 

0

0

WW
WW

M
M tst

−
−

=
∞∞

                         (3.6) 

where tsW  is the weight of the membrane at time t , 0W  is the initial weight of the 

dry membrane, ∞W  is the weight of membrane at sorption equilibrium ( ∞=t ). 

∞MM t /  represents the fractional quantity of water sorbed in the membrane at time t . 

Similarly, for the water vapor desorption test, a membrane was washed and fully 

swollen in deionized water. The swollen membrane surface was blotted as quickly as 

possible by clean tissue and it was exposed to the water vapor, 55% RH at 25 Co , to be 

desorped to the air. Then, the weight of membrane was measured in different time until 

the weight of membrane was not reduced at all. For the desorption of water vapor from 

the membrane, the following equation can be used to represent the fractional quantity of 

water remaining in the membrane at time t : 

0

0

WW
WW

M
M tdt

−
−

=
∞∞

                        (3.7) 

where tdW  is the weight of the membrane at time t .  

From the ∞MM t /  versus t  data, if the diffusion follows Fick’s law, the 

diffusion coefficient D  can be calculated using the equation (3.8): [67]  

( )
( )∑

∞

=∞ 




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




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



 +−
+







−=

0
2

22

22
12exp

12
181

n

t

l
tnD

nM
M π

π
             (3.8) 
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where l  is the thickness of the membrane.  

In the early stage of sorption and desorption, i.e. for small t  values, the above 

equation can be approximated by a linear relation between ∞MM t /  and 2/1t : [68, 69]  

2/1

24 





=

∞ l
Dt

M
M t

π
                        (3.9) 

Thus, the diffusivity coefficient can also be estimated from the slope of ∞MM t /  vs 

lt /2/1  plots. 
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Chapter 4 

Results and discussion 

 

 

As mentioned in chapter 1, separation of carbon dioxide from flue gas is 

important for greenhouse gas emission control. Moreover, oxygen enriched air is 

required in many applications. In this study, the property and performance of the sericin 

/ PVA membranes for gas permeation were evaluated. The effects of sericin content in 

the membrane were studied. The water-swollen membranes were prepared using sericin 

and PVA as hydrophilic materials. The silk sericin extracted from cocoons at 95 Co  for 

9 hours was used to blend with PVA to prepare blend membranes. However, it was too 

brittle to use as a membrane for gas permeation when the sericin content was more than 

31 wt%. In addition, the effects of water in the membranes were studied by water 

swelling and water vapor sorption/desorption experiments, and diffusion coefficient 

could be determined from the experimental data. 
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4.1 Extraction of silk sericin 

Figure 4-1 shows the yield of sericin obtained by extraction with water at a given 

temperature (25-95 Co ) for a given period of time (0.1-9 hours). From the experimental 

data, the highest yield of sericin (22.8%) was obtained at 95 Co  for 9 hrs. Generally, 

cocoon shell has 25% of silk sericin [34-36], which means that most silk sericin was 

extracted (22.8%) from silkworm cocoons in this study. For a given period of extraction, 

the yield of sericin did not improve significantly when the temperature changed from 25 

to 75 Co . However, increasing the temperature to 85-95 Co , the extraction became much 

more efficient. It can be thought that the lower molecular weight of sericin can be 

extracted at lower temperatures and the higher molecular weight sericin started to be 

dissolved in water at higher operating temperatures (85-95 Co ). To quantatively study 

the yield of sericin at various operating temperatures and time, Equation (4.1) was 

proposed to correlate the sericin yield with extraction time at different temperatures:  

( )nt bt
Y
Y

−−=
∞

exp1                       (4.1) 

where tY  is the yield of sericin at time t  and ∞Y  is the total sericin content in the 

cocoon (which is assumed to be 25%). Parameters b  and n  are a function of 

temperature of extraction. Equation (4.1) can be rewritten as 

nt bt
Y
Y

=







−−

∞

1ln                       (4.2) 

or          tnb
Y
Yt loglog1lnlog +=
















−−

∞

               (4.3) 

From the equation (4.3), parameters b  and n  can be found by plotting 
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( )[ ]∞−− YYt /1lnlog  versus tlog , which shows a linear relation as shown in Figure 4-2. 

The parameters at different temperatures are shown in Table 4.1. 

 

Table 4.1 Value of parameter b  and n  at different temperatures 

Operating temperature [ Co ] Parameter b  Parameter n  

25 21032.7 −×  21043.18 −×  

50 21073.7 −×  21043.23 −×  

75 21014.11 −×  21041.19 −×  

85 21092.7 −×  21066.40 −×  

95 21008.12 −×  21041.47 −×  

 

It can be seen that both b  and n  tend to increase as the extraction temperature 

increases, except for an extraction temperature of 75 Co . The reason for this is still 

unclear. It could be caused by the experimental error in thermostat setting as well as the 

variation in the cocoon samples. Further study is needed to clarify this. Nevertheless, it 

is shown that the sericin extraction rate can be described by the 2-parameter equation 

(Eqn 4.1). 

 

4.2 Molecular weight 

The silk sericin samples obtained by water extraction for 9 hours at various 

temperatures (25 Co ~95 Co ) were examined. Figure 4-3 shows the molecular weights of 

the silk sericin as defined by SDS-PAGE. As the operating temperature was increased, 
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the molecular weight was larger. Additional work is needed to evaluate the molecular 

weight more accurately. When the temperature is high, some of the sericin proteins may 

be thermally degraded. Figure 4-4 shows the molecular weight of the silk sericin 

extracted using boiling water at 120 Co  in autoclave [48]; the degumming solution was 

filtered with activated carbon filter in order to remove impurities or precipitates. 

25 Co   50 Co  75 Co  85 Co  95 Co  
 

 

Figure 4-3 SDS-PAGE (10% gel) of silk sericin 

 

 

Figure 4-4 SDS-PAGE (12% gel) of silk sericin [48] 
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4.3 UV/vis spectroscopy 

Figure 4-5 shows the absorbance at various wave lengthes. It can be compared 

with the results (Figure 4-6) of Kato et al. [56] who studied wool fabrics dyed with 

different natural and chemical dyestuffs. They found that an alkali degummed cocoon 

sample was removed almost all of the cocoon filament sericin and the sample showed 

the same level of damage by insect feeding as that of natural cocoons. In their study, the 

absorption spectra of the solutions, extracted from cocoons treated in different ways, 

were measured in the wavelength range of 200-700nm. They found that the absorption 

peak of sericin was at around 280nm, which means the absorption peaks of peptides and 

amino acids in sericin are at around 280nm. They extracted the sericin by boiling 1 L of 

water for 1 hour with 20 g of cocoons, and the solution was filtrated through a micro-

filter paper (5 and 1.2 mµ ). Moreover, they also used different extraction methods (such 

as autoclave, ethanol, and alkali treatment), and the same absorption peak (280nm) of 

sericin was observed. They reported that using water extraction, there was less damage 

to the fabrics than using the other chemical treatments (such as enthanol and alkali 

degumming processes). In this study, the sericin was extracted with water at 35~95 Co  

for 6 hours. After extraction and filtration of the sericin solution, the solution was tested 

for absorption spectra. As shown in Figure 4-5, the silk sericin showed a peak 

absorbance at around 280nm of wavelength. When the extraction temperature was lower 

(35 and 50 Co ), the absorbance peak at around 280nm was unclear. On the other hand, 

the peak was more apparent when the temperature was higher (75-95 Co ). This may be 

attributed to the fact at a higher extraction temperature, bigger molecules will be 

extracted from the cocoon shell.  
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Figure 4-1 Effect of extraction time on the yield of silk sericin at different temperatures 
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Figure 4-5 Absorption spectra for silk sericin at Co95~35  for 9 hr, 1 atm 
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Figure 4-6 Absorption spectrum of cocoon [56] 

(The sericin solution was extracted by boiling 1 L of water for 1 hour with 20 g of cocoons.) 
(The solution was filtrated through micro-filter papers (5 and 1.2 mµ )). 

Silk sericin 
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4.4 Membrane crosslinking 

     The membranes were chemically crosslinked with glutaraldehyde to improve 

their mechanical strength and chemical stability. The mechanism of chemical 

crosslinking is discussed below. 

 

Pure PVA membranes 

Yeom et al. [70] studied the crosslinking reaction of PVA membranes with 

glutaraldehyde. In their work, PVA films were crosslinked with different reaction 

solutions each of which contained a different content of glutaraldehyde (GA) solution, 

acetone and a catalyst, HCl, to see how the crosslinking agent content affects the 

pervaporation performance of the membrane to separate acetic acid-water mixtures. The 

corsslinking reaction between the hydroxyl groups of PVA and the aldehyde groups of 

glutaraldehyde (GA) was characterized by IR spectroscopy. From IR spectra analysis, it 

was found that as the glutaraldehyde (GA) solution content in the reaction solution 

increases, more hydroxyl groups are reacted and more acetal rings and ether linkages 

are formed. Three possible reaction schemes have been proposed:  

 

 

PVA     +    GA

C C +
nOH 

2 

H

H H

C (CH2)3 O

H

C O 

H
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or 

 

 
I. Acetal ring group or ether linkage formation 

 

 

 
II. Aldehyde formation by monofunctional reaction 

 

 

Sericin / PVA membranes 

     The crosslinking reaction of sericin and glutaraldehyde has not been well studied 

yet because silk sericin has 18 amino acids, which means there may be lots of possible 

reactions for the crosslinking. Little work can be found in the literature on the 

crosslinking of sericin. Polypeptides have amine and carboxyl groups at the end of the 

chain. However, -OH from the carboxyl group at the end of the polypeptide chain can 
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react with glutaraldehyde. Considering that the hydroxyl groups in PVA are readily 

crosslinked by glutaraldehyde, it can be thought that the hydroxyl groups in sericin are 

highly likely to react with the crosslinker. The hypothetical reaction of PVA / sericin 

blend with glutaraldehyde (GA) is shown below:  

 

 

 

The detailed crosslinking mechanism, which is beyond the scope of the present 

study, is yet to be determined. 
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4.5 Permeability and selectivity of pure gases 
The sericin / PVA membranes had a thickness in the range of 23-30 mµ . Sericin / 

PVA membranes were tested for permeation of carbon dioxide, oxygen and nitrogen. 

For the purpose of comparison, membrane permeability (which is a thickness-

normalized quantity) was evaluated. In addition, pure PVA membranes were also 

evaluated. Pure sericin membranes could not be tested because they were too brittle to 

use as a membrane for gas permeation. For the sericin / PVA membranes tested, the 

carbon dioxide permeability was found to increase with an increase in the silk sericin 

concentration up to 6.6%, as shown in Figure 4-7, and then the CO2 permeability 

remained approximately the same when sericin concentrations were over 6.6%. Figures 

4-8 and 4-9 show, respectively, the permeabilities of nitrogen and oxygen. Similar 

trends as carbon dioxide permeation were observed. It can be thought that the free 

volume in water-swollen sericin / PVA membranes increased with increasing sericin 

concentrations in the membranes since water made the polymer chains more flexible. 

Free volume is the fraction of total polymer volume which is unoccupied by polymer 

molecules. When sericin content is higher than 6.6%, the free volume does not seem to 

increase any more, as will be judged based on the swelling data shown latter. Lin et al. 

[71] investigated the effect of changing the upstream pressure for permeability of pure 

gas through poly(ethylene oxide) membranes. The permeability of carbon dioxide and 

oxygen increase with pressure, indicating plasticization of the membrane, while on the 

other hand, nitrogen permeability decreases slightly with increasing pressure, as 

expected from the dual-mode sorption model. However, plasticization refers to an 

increase in penetrant diffusivity due to the increased polymer local segmental motion 

caused by the presence of penetrant molecules in the polymer matrix. [26] As penetrant 
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pressure increases, the tendency of plasticization in a polymer matrix increases, 

particularly for strongly sorbing penetrants (e.g. carbon dioxide). A high penetrant 

pressure acting on the membrane can slightly compress the polymer matrix so that the 

amount of the free volume available for penetrant transport can be reduced. Therefore, 

the diffusion coefficient is reduced as well. In this study, for the permeation of carbon 

dioxide and oxygen through the sericin / PVA membranes, the gas permeability slightly 

increased with an increase in the feed pressure. On the other hand, as shown in Figure 4-

8, the nitrogen permeance is slightly reduced when the pressure differential (30-60psi) 

is increased. It can be thought that when the larger pressure differential is applied to the 

polymer membrane, the polymer matrix is slightly compressed and the amount of free 

volume available for penetrate transport is reduced so that the permeability of nitrogen 

is decreased as a higher pressure is applied. 

The selectivity is defined as the ratio of the individual gas permeabilities. Figures 

4-10 and 4-11 show the CO2/N2 and O2/N2 selectivities of the membrane with different 

sericin / PVA compositions. The selectivity is the ability of the membrane material to 

separate one component from the others. The results obtained with the pure PVA 

membrane and with the sericin / PVA membranes are not much different. It seems that 

the sericin contents did not affect the selectivity of CO2/N2 and O2/N2 significantly even 

though the permeability of the pure gases is influenced by the membrane composition. 

As the penetrant pressure is increased, the selectivity of gases is increased, as shown in 

Figures 4-10 and 4-11. Adding sericin in the membrane helps speed up humidification 

and swelling of the membrane because of the excellent moisture retention properties of 

sericin. This aspect was studied further in the following work on membrane swelling 

and water uptake rate. 
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Figure 4-7 Permeability of carbon dioxide at 25 Co , 30-60 psi. Membrane thickness mµ30~23 . 
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Figure 4-8 Permeability of nitrogen at 25 Co , 30-60 psi. Membrane thickness mµ30~23 . 
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Figure 4-9 Permeability of oxygen at 25 Co , 30-60 psi. Membrane thickness mµ30~23 .
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Figure 4-10 Selectivity of carbon dioxide and nitrogen at 25 Co , 30-60 psi. Membrane thickness mµ30~23 . 
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Figure 4-11 Selectivity of oxygen and nitrogen at 25 Co , 30-60 psi. Membrane thickness mµ30~23 . 
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4. 6 Effects of water in sericin / PVA membranes  

Swelling ratio 

When water sorbs to the membrane, water molecules diffuse to the inside and 

cause membrane swelling. The hydroxyl groups of PVA chains and the carboxyl and 

hydroxyl groups of sericin contribute to the excellent hydrophilicity of the membrane. 

The addition of water in the polymer matrix increases the segmental mobility of the 

polymer and free-volume within the structure. As a result, the gas transport is enhanced 

with membrane swelling. The significantly high permeability of the sericin-containing 

membrane in water-wet state is due to the membrane swelling. Figure 4-12 shows the 

swelling ratio of sericin / PVA membranes at different sericin contents. The swelling 

ratio increased with an increase in the sericin content in the membrane until the sericin 

concentration reached about 6.6%, thereafter the swelling ratio remained the same. 

Probably at this concentration, the polymer matrix is completely stretched. 

In addition, it is worth noting that the membrane swelling was observed to be 

extremely fast; water sorption equilibrium can be reached soon after immersing the 

membrane in water. In fact the sorption rate is so fast that the membrane swells as soon 

as contacting water. For this reason, water vapor sorption/desorption experiments were 

conducted to evaluate the diffusivity of water molecules in the membrane. 

 

Water vapor sorption and desorption 

It was found that water in the swollen membrane plays an important role in the 

gas transport. When the membrane is swollen by water, the permeant as a dispersed 

component can move to and swell the membrane so that gases can permeate through 
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membrane. Water is a good swelling agent and possibly a moving carrier for the gases 

(especially CO2). The mobility of water in the membrane is of interest to study. Water 

vapor sorption and desorption of the membranes were studied and the diffusion 

coefficient of water in the membrane could be calculated from the experimental data. 

The kinetics of water vapor sorption and desorption in the sericin / PVA membranes are 

shown in Figures 4-13 - 4-14, respectively. The plots of ∞MM t /  versus lt /2/1  for 

both the sorption and desorption can be drawn on a single graph to compare with water 

vapor sorption and desorption rates, as shown in Figure 4-15. It can be seen that the 

water vapor desorption rate is much faster than the sorption rate. This is understandable 

because of membrane swelling by water molecules. It is expected that as sorption 

proceeds, the membrane becomes increasingly swollen, leading to an increased 

diffusivity. The same argument also applies to the desorption process. In general, pure 

PVA membrane has lower sorption and desorption rates than sericin containing 

membranes. This may be attributed to the good moisture retention properties of sericin. 

The diffusion coefficients were evaluated from the sorption and desorption data by 

fitting equation (3.8) to the experimental data using polymath. The diffusion coefficients 

so determined are shown in Table 4-2, which shows that the water vapor diffusivity in 

pure PVA membrane is smaller than that in the sericin-containing PVA membranes. This 

is more clearly shown in Figure 4-16 where the diffusivity coefficient of water vapor in 

the membrane is plotted against the sericin content in the membrane. 

As mentioned previously, sericin is used as a water retention agent. It can be seen 

that diffusion coefficients of water vapor in the membrane generally increased when the 

sericin concentration in the membrane increased. Interestingly, the diffusion coefficient 

determined from both sorption and desorption at 6.6% of sericin concentration appear to 
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Figure 4-12 Degree of swelling of the membrane in water at 25 Co . Membrane thickness mµ30~23 . 
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Figure 4-13 Water vapor sorption kinetics at 25 Co . Humidity 55% RH. Membrane thickness mµ30~23 . 
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Figure 4-14 Water vapor desorption kinetics at 25 Co . Humidity 55% RH. Membrane thickness mµ30~23 . 
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Figure 4-15 Water vapor sorption/desorption at 25 Co , 1atm. Membrane thickness mµ30~23 . 
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be the highest. This trend is similar to the swelling ratio. Due to the excellent moisture-

absorbing and –desorbing properties of sericin, sericin affects the humidification and 

swelling of the membrane, and it is clear that water vapor sorption and desorption is 

related to the swelling of membrane, which in turn affects the gas permselectivity. 

 

Table 4-2 Diffusion coefficient determined from sorption and desporption data using 

Eqn (3.8) 

Sericin 
concentration in 

membrane 
[%] 

Membrane 
thickness 

][ mµ  

Diffusivity 
determined from 

sorption  
1210×sD ]/[ 2 scm  

Diffusivity  
determined from 

desorption  
1210×dD ]/[ 2 scm  

0% 23 1.7 253 

1.3% 25 2.5 285 

3.9% 25 2.5 292 

6.6% 30 10.7 377 

15.7% 25 6.4 363 

21.5% 25 6.1 337 

30.3% 27 8.3 326 

 

Note that as shown in Figure 4-16, (especially for the sorption data), the ∞MM t /  

vs t  data do not follow a strict linear relationship in the early stage. This means the 

diffusivity coefficient varies as the membrane is gradually saturated with water and 

becomes swollen. This is why equation (3.9), which is a simplified version of equation 

(3.8) applicable to early stage of Fickian diffusion with constant diffusivity, was not 

used to determine the diffusion coefficient. Instead, the more general equation (equation 

(3.8)) was used to evaluate the diffusivity by data fitting, covering a wide range of 
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sorption uptake. Therefore, the diffusivity data so obtained are the apparent overall 

diffusivity. Murray [72, 73] studied water vapor sorption and desorption in ultrathin 

chitosan films and similar observation can be made. 

 

 

Sample calculations of the diffusion coefficient using Polymath can be found in 

Appendix I. 
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Figure 4-16 Diffusion coefficient of water vapor in membranes containing different amount of sericin. 
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Chapter 5 

Conclusions and recommendations 

 

 

Conclusions 

Extraction of silk sericin from silkworm cocoons was studied. The effect of 

operating conditions in extraction on the molecular weight of sericin extracted was 

evaluated. Sericin / PVA membranes were prepared and tested for gas permeation. To 

our knowledge, this was the first time that sericin was used as a membrane material for 

gas separation. The following conclusions can be drawn from the studies: 

 

1. Silk sericin can be obtained by extraction with hot water. This is the simplest way to 

extract sericin from silkworm cocoons.  

2. During the extraction, the yield of silk sericin increases with an increase in extraction 

time and temperature. The highest yield of silk sericin obtained in the study was 

22.8%. This means that most silk sericin proteins were extracted. Generally there is 

25% of silk sericin in cocoons. 

3. Adding 6.6% silk sericin to PVA will increase the membrane permeability. At 6.6%, 

sericin in the sericin / PVA blend membrane, the permeability of carbon dioxide, 
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nitrogen and oxygen was 126-129, 1.31-2.34 and 3.9-4.0 Barrer, respectively, and 

the selectivity of CO2/N2 and O2/N2 was 54.1-57.9 and 1.7-1.8, respectively. 

4. The gas permeability through the membrane increased with an increase in sericin 

concentration in the membrane until the sericin content in the membrane reached 

6.6%, and thereafter a further increase in sericin content in the membrane did not 

affect the membrane permselectivity significantly. 

5. The high permeability of the silk sericin-containing membranes was primarily due to 

the increased membrane swelling.  

6. The experiment of water vapor sorption and desorption in the membranes was tested 

and the diffusion coefficient was determined. It was shown that water vapor 

diffusivity during desorption from a pre-saturated membrane was much higher than 

the diffusivity during sorption into a pre-dried membrane. 

   

Recommendations 

The following are recommended for further investigation: 

1. Different silk sericin extraction methods should be evaluated to compare with water-

treatment method. The molecular weights and extraction yield of sericin by using 

the different extraction methods may be different.  

2. By controlling the conditions such as pH and temperature, the molecular weight of 

silk sericin could show clear bands in SDS-PAGE. Constituents of amino acids of 

silk sericin should be evaluated by amino acid analysis. 

3. Filtration of silk sericin solution after the extraction should be carried out using, for 

example, ultrafiltration and microfiltration membrane processes to fractionate the 
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sericin proteins. Using sericin components with a narrow molecular weight 

distribution is expected to improve the sericin / PVA membrane properties. 

4. The reaction mechanism of sericin, PVA and glutaraldehyde should be studied to 

better understand the network structure of the sericin / PVA blend membranes. 

5. Experiments with mixture gases may be carried out, especially for CO2/N2 system 

where the membrane showed favorable permselectivity, in order to investigate the 

membrane potential for real applications. 

6. Effect of diffusivity and solubility of carbon dioxide, oxygen and nitrogen in water-

swollen sericin / PVA membranes should be investigated in order to get an insight 

into the transport mechanism. 
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List of symbols 
 

A  Area of permeation ][ 2cm  

C  Concentration ]/[ cmmole  

D  Diffusion coefficient ]/[ 2 scm  

dE  Activation energy of diffusion ]/[ moleJ  

pE  Activation energy of permeation ]/[ moleJ  

F  Permeation rate ]/[ 3 scm  

J  Flux ]/[ scm  

l  Membrane thickness ][cm  

tM  Weight change of membrane 

at time t  

][g  

∞M  Weight of membrane 

at equilibrium 

][g  

P  Permeability ]/)([ 23 cmHgscmcmSTPcm ⋅⋅⋅  

p  Partial pressure ][cmHg  

S  Solubility coefficient ]/[ 33 cmHgcmcm ⋅  

t  Time ][s  

W  Weight of membrane ][g  
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tY  Yield of sericin at time t  [%] 

∞Y  Total sericin content [%] 

α  Selectivity ][−  

sH∆  Heat of sorption ]/[ moleJ  
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Appendix A  Sample calculations 
 

Gas permeability  
 
The permeability of a gas can be calculated using equation (3.3): 

pA
FlP
∆

=                             (3.3) 

where P  is the permeability, F  is the permeation rate of the gas through the 

membrane, l  and A  are the thickness of the membrane and the area of permeation, 

respectively, and p∆  is the pressure difference across the membrane. 

 

For example, it took 5 min and 50 s for 0.1 mL of nitrogen to be transported through a 

membrane of thickness 0.003 cm  at 25 Co  and 1 atm. The pressure difference across 

the membrane was 60 psi. The area of permeation was 15.2 2cm . First, the permeate 

flow rate can be corrected to standard temperature and pressure (STP), based on ideal 

gas law 

)(092.0
298
2731.0 33

298

273
298 STPcm

K
Kcm

T
TVV

K

K
KSTP =×==  

The permeation rate of nitrogen (STP) is: 

sSTPcm
s

STPcmFN /)(1063.2
350

)(092.0 34
3

2

−×==  

The permeability of nitrogen can be calculated to be: 

)76696.14/60(2.15
003.0/)(1063.2

2

34

2

2

2 cmHgcm
cmsSTPcm

pA
lF

P
N

N
N ××

××
=

∆
=

−

 

           BarrercmHgscmcmSTPcm 67.1)/()(1067.1 2310 =⋅⋅⋅×= −  
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If it took 1 min and 30 s for 1 mL of carbon dioxide to be transported through the same 

membrane at the same conditions, the permeability of carbon dioxide can be calculated. 

)(92.0
298
2730.1 33 STPcm

K
KcmVSTP =×= ,  

sSTPcm
s

STPcmFCO /)(1002.1
90

)(92.0 32
3

2

−×==  

)76696.14/60(2.15
003.0/)(1002.1

2

32

2

2

2 cmHgcm
cmsSTPcm

pA
lF

P
CO

CO
CO ××

××
=

∆
=

−

 

BarrercmHgscmcmSTPcm 60)/()(100.6 239 =⋅⋅⋅×= −  

 

Membrane selectivity 

The pure gas permeability ratio of carbon dioxide over nitrogen is calculated to be 

9.35
1067.1
100.6

10

9

/
2

2

22
=

×
×

== −

−

N

CO
NCO P

P
α  

Thus, the membrane selectivity is 35.9 for this example. 
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Appendix B  Yield of sericin 

 

 

Effect of extraction time on the yield of silk sericin [%] at different temperatures 

( Co95~25 ), 1 atm 

Temperature

Time 25 Co  50 Co  75 Co  85 Co  95 Co  

0.1 hr 2.3 2.7 3.8 4.3 5.9 

0.25 hr 3.1 3.5 4.2 5 9.6 

0.5 hr 3.3 3.9 4.8 6.2 11.1 

1 hr 3.4 4.7 5.5 8.4 14.2 

3 hr 4.2 5.7 6.1 11.4 18.3 

6 hr 4.7 6.4 7.3 15 21.7 

9 hr 5.5 7.3 8.4 16.6 22.8 
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Effect of extraction temperature ( Co95~25 ) on the yield of silk sericin at different 

time (0.1~9 hr), 1 atm ( ∞YYt /  vs temperature [ Co ]) 

 

Temperature 
 

Extraction 
Time  

25 Co  50 Co  75 Co  85 Co  95 Co  

0.1 hr 0.092 0.108 0.152 0.172 0.236 

0.25 hr 0.124 0.14 0.168 0.2 0.384 

0.5 hr 0.132 0.156 0.192 0.248 0.444 

1 hr 0.136 0.188 0.22 0.336 0.568 

3 hr 0.168 0.228 0.244 0.456 0.732 

6 hr 0.188 0.256 0.292 0.6 0.868 

9 hr 0.22 0.292 0.336 0.664 0.912 
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Appendix C  Membrane Permeability 
 
 

 

Permeability of Carbon dioxide (Figure 4-7) 

 

Volume of gas permeate   2.75 3cm  

Operating temperature    298 K  

Permeation area         15.2 2cm  

 

Concentration of sericin in membrane 
 

0% (Pure PVA) 1.34% 

Pressure 
differential 

[psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 526.07 375.72 288.36 239.91 339.21 241.96 190.78 160.49 

Thickness 
[ cm ] 0.003 0.003 0.003 0.003 0.0025 0.0025 0.0025 0.0025 

Permeability 
[ Barrer ] 66.46 69.80 72.75 72.87 85.90 90.32 91.64 90.78 
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Concentration of sericin in membrane 
 

3.91% 6.6% 

Pressure 
differential 

[psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 250.37 181.23 144.28 121.59 230.34 170.44 135.71 114.61 

Thickness 
[ cm ] 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 

Permeability 
[ Barrer ] 116.38 120.58 121.17 119.82 126.50 128.21 128.82 127.62 

 9.92% 15.68% 

Pressure 
differential 

 [psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 243.37 174.98 139.91 116.71 193.84 142.59 113.85 96.5 

Thickness 
[ cm ] 0.0025 0.0025 0.0025 0.0025 0.002 0.002 0.002 0.002 

Permeability 
[ Barrer ] 119.72 124.89 124.95 124.83 120.25 122.61 122.84 120.78 
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Concentration of sericin in membrane 
 

21.50% 30.30% 

Pressure 
differential 

 [psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 241.73 177.66 141.44 118.38 266.35 194.55 150.89 127.88 

Thickness 
[ cm ] 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 

Permeability 
[ Barrer ] 120.54 123.00 123.60 123.07 109.39 112.33 115.86 113.92 
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Permeability of Nitrogen (Figure 4-8) 
 

Volume of gas permeate   2.75 3cm  

Operating temperature    298 K  

Permeation area         15.2 2cm  

 

Concentration of sericin in membrane 
 

0% (Pure PVA) 1.34% 

Pressure 
differential 

 [psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 2541.44 1948.06 1575.28 1337.57 1689.97 1299.05 1036.03 896.37 

Thickness 
[ cm ] 0.003 0.003 0.003 0.003 0.0025 0.0025 0.0025 0.0025 

Permeability 
[ Barrer ] 1.38 1.35 1.33 1.31 1.72 1.68 1.69 1.63 
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Concentration of sericin in membrane 
 

3.91% 6.6% 

Pressure 
differential 

 [psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 1334.28 1023.59 839.41 710.28 1247.04 948.16 783.34 661.68 

Thickness 
[ cm ] 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 

Permeability 
[ Barrer ] 2.18 2.13 2.08 2.05 2.34 2.30 2.23 2.20 

 9.92% 15.68% 

Pressure 
differential 

 [psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 1336.56 1033.12 835.37 700.08 1024.06 804.52 659.47 552.97 

Thickness 
[ cm ] 0.0025 0.0025 0.0025 0.0025 0.002 0.002 0.002 0.002 

Permeability 
[ Barrer ] 2.18 2.12 2.09 2.08 2.28 2.17 2.12 2.11 
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Concentration of sericin in membrane 
 

21.50% 30.30% 

Pressure 
differential 

 [psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 1290.22 984.12 809.24 702.07 1443.37 1044.75 861.48 734.59 

Thickness 
[ cm ] 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 

Permeability 
[ Barrer ] 2.26 2.22 2.16 2.08 2.02 2.09 2.03 1.98 
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Permeability of Oxygen (Figure 4-9) 
 

Volume of gas permeate   2.75 3cm  

Operating temperature    298 K  

Permeation area         15.2 2cm  

 

Concentration of sericin in membrane 
 

0% (Pure PVA) 1.34% 

Pressure 
differential 

 [psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 1321.9 901.69 725.5 599.75 1154.07 802.49 633.64 517.47 

Thickness 
[ cm ] 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 

Permeability 
[ Barrer ] 2.65 2.91 2.89 2.91 3.03 3.27 3.31 3.38 
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Concentration of sericin in membrane 
 

3.91% 6.6% 

Pressure 
differential 

 [psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 633.56 459.51 355.25 301.69 750.21 564.38 433.38 365.36 

Thickness 
[ cm ] 0.002 0.002 0.002 0.002 0.0025 0.0025 0.0025 0.0025 

Permeability 
[ Barrer ] 3.68 3.80 3.94 3.86 3.88 3.87 4.03 3.99 

 9.92% 15.68% 

Pressure 
differential 

 [psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 857.47 620.56 468.02 401.79 2033.31 1367.88 1035.91 858.38 

Thickness 
[ cm ] 0.0025 0.0025 0.0025 0.0025 0.0055 0.0055 0.0055 0.0055 

Permeability 
[ Barrer ] 3.40 3.52 3.74 3.63 3.15 3.51 3.71 3.73 
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Concentration of sericin in membrane 
 

21.50% 30.30% 

Pressure 
differential 

 [psi] 
30 40 50 60 30 40 50 60 

Time 
[s] 1088.47 771.38 605.71 510.1 730.47 537.24 420.48 347.59 

Thickness 
[ cm ] 0.003 0.003 0.003 0.003 0.002 0.002 0.002 0.002 

Permeability 
[ Barrer ] 3.21 3.40 3.46 3.43 3.19 3.25 3.33 3.35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 100

 

Appendix D  Membrane Selectivity 
 

 

 

Selectivity of carbon dioxide and nitrogen ]/[
22 NCO PP  (Figure 4-10) 

Pressure difference across membrane [psi] Sericin 
concentration 
in membrane 

30 40 50 60 

0% 
(Pure PVA) 48.31 51.85 54.63 55.75 

1.34% 49.82 53.69 54.30 55.85 

3.91% 53.29 56.48 58.18 58.42 

6.6% 54.14 55.63 57.72 57.96 

9.92% 54.92 59.04 59.71 59.98 

15.68% 52.83 56.42 57.92 57.30 

21.50% 53.37 55.39 57.21 59.31 

30.30% 54.19 53.70 57.09 57.44 
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Selectivity of oxygen and nitrogen ]/[
22 NO PP  (Figure 4-11) 

Pressure difference across membrane [psi] Sericin 
concentration 
in membrane 

30 40 50 60 

0% 
Pure PVA 1.92 2.16 2.17 2.23 

1.34% 1.76 1.94 1.96 2.08 

3.91% 1.68 1.78 1.89 1.88 

6.6% 1.66 1.68 1.81 1.81 

9.92% 1.56 1.66 1.78 1.74 

15.68% 1.39 1.62 1.75 1.77 

21.50% 1.42 1.53 1.60 1.65 

30.30% 1.58 1.56 1.64 1.69 
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Appendix E  Degree of swelling of the membrane in water 
 
 

 

Swelling ratio at 25 Co  (Figure 4-12) 

Sericin 
concentration 

[%] 
0 1.34 3.91 6.6 9.92 15.68 21.5 30.3 

Swelling ratio 
[%] 106.14 113.59 130.28 152.08 139.60 144 141.81 144.10 
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Appendix F  Water vapor sorption data 
 
 

 

Water vapor sorption (at 25 Co , 1atm) in membranes with different content of 

sericin (Figure 4-13) 

0% (Pure PVA) 1.34% 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.00 0.00 

0.08 10649.96 0.07 9797.96 

0.08 15061.31 0.07 13856.41 

0.17 21299.91 0.14 19595.92 

0.17 26086.96 0.14 24000.00 

0.17 31949.87 0.14 29393.88 

0.25 45183.93 0.21 41569.22 

0.33 58332.21 0.21 53665.63 

0.33 78260.87 0.29 72000.00 

0.42 133017.90 0.43 122376.47 

0.50 149858.16 0.50 137869.50 

0.50 182608.70 0.57 168000.00 

0.58 200377.72 0.64 184347.50 

0.58 225919.67 0.71 207846.10 

0.67 234782.61 0.71 216000.00 

0.75 292825.36 0.86 269399.33 

0.83 344110.59 0.93 316581.74 
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3.91% 6.6% 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.00 0.00 

0.18 9797.96 0.10 8164.97 

0.18 13856.41 0.10 11547.01 

0.18 19595.92 0.10 16329.93 

0.27 24000.00 0.10 20000.00 

0.27 29393.88 0.20 24494.90 

0.36 41569.22 0.30 34641.02 

0.36 53665.63 0.30 44721.36 

0.45 72000.00 0.40 60000.00 

0.64 122376.47 0.70 101980.39 

0.73 137869.50 0.80 114891.25 

0.82 168000.00 0.90 140000.00 

0.82 184347.50 1.00 153622.91 

0.91 207846.10 1.00 173205.08 

0.91 216000.00 1.00 180000.00 

0.91 269399.33 1.00 224499.44 

1.00 316581.74 1.00 263818.12 
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9.92% 15.68% 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.00 0.00 

0.09 9797.96 0.14 9797.96 

0.18 13856.41 0.14 13856.41 

0.27 19595.92 0.14 19595.92 

0.27 24000.00 0.14 24000.00 

0.27 29393.88 0.29 29393.88 

0.36 41569.22 0.29 41569.22 

0.45 53665.63 0.43 53665.63 

0.45 72000.00 0.43 72000.00 

0.73 122376.47 0.57 122376.47 

0.82 137869.50 0.71 137869.50 

0.91 168000.00 0.86 168000.00 

0.91 184347.50 0.86 184347.50 

0.91 207846.10 1.00 207846.10 

1.00 216000.00 1.00 216000.00 

1.00 269399.33 1.00 269399.33 

1.00 316581.74 1.00 316581.74 
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21.50% 30.30% 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.00 0.00 

0.11 9797.96 0.00 9797.96 

0.11 13856.41 0.10 13856.41 

0.11 19595.92 0.10 19595.92 

0.11 24000.00 0.20 24000.00 

0.11 29393.88 0.30 29393.88 

0.22 41569.22 0.30 41569.22 

0.33 53665.63 0.30 53665.63 

0.44 72000.00 0.40 72000.00 

0.67 122376.47 0.70 122376.47 

0.78 137869.50 0.80 137869.50 

0.78 168000.00 0.90 168000.00 

0.89 184347.50 0.90 184347.50 

0.89 207846.10 0.90 207846.10 

1.00 216000.00 1.00 216000.00 

1.00 269399.33 1.00 269399.33 

1.00 316581.74 1.00 316581.74 
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Appendix G  Water vapor desorption data 
 
 
 
Water vapor desorption (at 25 Co , 1atm) from pre-saturated membranes with 

different content of sericin (Figure 4-14) 

0% (Pure PVA) 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.57 16498.84 
0.05 3367.81 0.59 16839.06 
0.09 4762.80 0.61 17172.54 
0.12 5833.22 0.62 17499.66 

0.15 6735.62 0.64 17820.78 

0.18 7530.66 0.66 18136.22 

0.21 8249.42 0.67 18446.26 
0.23 8910.39 0.69 18751.18 
0.26 9525.61 0.70 19051.22 
0.28 10103.43 0.71 19346.60 

0.30 10649.96 0.73 19637.55 
0.33 11169.77 0.74 19924.24 

0.35 11666.44 0.76 20206.87 
0.37 12142.82 0.77 20485.60 

0.39 12601.20 0.78 20760.59 
0.41 13043.48 0.79 21031.98 
0.43 13471.25 0.81 21299.91 
0.45 13885.84 0.83 21825.91 
0.47 14288.41 0.85 22339.53 
0.48 14679.95 0.87 23088.55 

0.50 15061.31 0.89 23814.02 
0.52 15433.25 0.91 24976.36 

0.54 15796.44 0.93 26086.96 

0.56 16151.46 0.97 36892.53 
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1.34% 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.58 15178.93 

0.03 3098.39 0.59 15491.93 

0.06 4381.78 0.60 15798.73 

0.09 5366.56 0.62 16099.69 

0.12 6196.77 0.63 16395.12 

0.14 6928.20 0.65 16685.32 

0.17 7589.47 0.66 16970.56 

0.20 8197.56 0.67 17251.09 

0.23 8763.56 0.68 17527.12 

0.26 9295.16 0.70 17798.88 

0.29 9797.96 0.71 18066.54 

0.32 10276.19 0.72 18330.30 

0.35 10733.13 0.73 18590.32 

0.37 11171.39 0.74 18846.75 

0.40 11593.10 0.75 19099.74 

0.41 12000.00 0.76 19349.42 

0.44 12393.55 0.77 19595.92 

0.46 12774.98 0.79 20079.84 

0.48 13145.34 0.81 20552.37 

0.50 13505.55 0.84 21241.47 

0.51 13856.41 0.86 21908.90 

0.53 14198.59 0.89 22978.25 

0.55 14532.72 0.91 24000.00 

0.56 14859.34 0.96 33941.13 
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3.91% 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.57 15178.93 

0.05 3098.39 0.59 15491.93 

0.09 4381.78 0.61 15798.73 

0.12 5366.56 0.62 16099.69 

0.15 6196.77 0.64 16395.12 

0.18 6928.20 0.65 16685.32 

0.21 7589.47 0.67 16970.56 

0.23 8197.56 0.68 17251.09 

0.26 8763.56 0.69 17527.12 

0.28 9295.16 0.71 17798.88 

0.30 9797.96 0.72 18066.54 

0.32 10276.19 0.73 18330.30 

0.35 10733.13 0.74 18590.32 

0.37 11171.39 0.75 18846.75 

0.39 11593.10 0.77 19099.74 

0.41 12000.00 0.78 19349.42 

0.43 12393.55 0.79 19595.92 

0.45 12774.98 0.80 20079.84 

0.47 13145.34 0.82 20552.37 

0.49 13505.55 0.85 21241.47 

0.50 13856.41 0.86 21908.90 

0.52 14198.59 0.89 22978.25 

0.54 14532.72 0.92 24000.00 

0.56 14859.34 0.97 33941.13 
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6.6% 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.53 12649.11 

0.03 2581.99 0.55 12909.94 

0.06 3651.48 0.57 13165.61 

0.09 4472.14 0.58 13416.41 

0.12 5163.98 0.60 13662.60 

0.14 5773.50 0.62 13904.44 

0.17 6324.56 0.63 14142.14 

0.19 6831.30 0.64 14375.91 

0.22 7302.97 0.66 14605.93 

0.24 7745.97 0.67 14832.40 

0.26 8164.97 0.68 15055.45 

0.29 8563.49 0.70 15275.25 

0.31 8944.27 0.71 15491.93 

0.33 9309.49 0.73 15705.63 

0.35 9660.92 0.74 15916.45 

0.37 10000.00 0.75 16124.52 

0.39 10327.96 0.76 16329.93 

0.41 10645.81 0.78 16733.20 

0.43 10954.45 0.81 17126.98 

0.45 11254.63 0.84 17701.22 

0.47 11547.01 0.86 18257.42 

0.49 11832.16 0.90 19148.54 

0.50 12110.60 0.93 20000.00 

0.52 12382.78 1.00 28284.27 
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15.68% 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.66 15178.93 

0.05 3098.39 0.68 15491.93 

0.08 4381.78 0.69 15798.73 

0.12 5366.56 0.71 16099.69 

0.14 6196.77 0.73 16395.12 

0.18 6928.20 0.74 16685.32 

0.21 7589.47 0.75 16970.56 

0.24 8197.56 0.76 17251.09 

0.27 8763.56 0.77 17527.12 

0.31 9295.16 0.78 17798.88 

0.35 9797.96 0.79 18066.54 

0.38 10276.19 0.80 18330.30 

0.42 10733.13 0.81 18590.32 

0.44 11171.39 0.82 18846.75 

0.47 11593.10 0.82 19099.74 

0.49 12000.00 0.83 19349.42 

0.51 12393.55 0.84 19595.92 

0.53 12774.98 0.84 20079.84 

0.56 13145.34 0.85 20552.37 

0.57 13505.55 0.86 21241.47 

0.59 13856.41 0.87 21908.90 

0.61 14198.59 0.88 22978.25 

0.63 14532.72 0.89 24000.00 

0.64 14859.34 0.90 33941.13 
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21.5% 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.61 15178.93 

0.04 3098.39 0.63 15491.93 

0.08 4381.78 0.65 15798.73 

0.11 5366.56 0.66 16099.69 

0.15 6196.77 0.68 16395.12 

0.17 6928.20 0.70 16685.32 

0.20 7589.47 0.72 16970.56 

0.23 8197.56 0.74 17251.09 

0.26 8763.56 0.75 17527.12 

0.29 9295.16 0.77 17798.88 

0.31 9797.96 0.78 18066.54 

0.33 10276.19 0.80 18330.30 

0.35 10733.13 0.81 18590.32 

0.37 11171.39 0.83 18846.75 

0.39 11593.10 0.84 19099.74 

0.42 12000.00 0.85 19349.42 

0.44 12393.55 0.86 19595.92 

0.46 12774.98 0.88 20079.84 

0.49 13145.34 0.90 20552.37 

0.51 13505.55 0.92 21241.47 

0.53 13856.41 0.93 21908.90 

0.55 14198.59 0.95 22978.25 

0.57 14532.72 0.95 24000.00 

0.59 14859.34 0.99 33941.13 
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30.3% 

∞MM t /  ][/ 2/12/1 cmslt  ∞MM t /  ][/ 2/12/1 cmslt  

0.00 0.00 0.56 14054.57 

0.03 2868.88 0.58 14344.38 

0.06 4057.20 0.60 14628.46 

0.10 4969.04 0.61 14907.12 

0.13 5737.75 0.62 15180.67 

0.16 6415.00 0.64 15449.37 

0.19 7027.28 0.65 15713.48 

0.22 7590.33 0.67 15973.23 

0.24 8114.41 0.68 16228.82 

0.27 8606.63 0.69 16480.44 

0.29 9072.18 0.71 16728.28 

0.32 9514.99 0.72 16972.50 

0.34 9938.08 0.72 17213.26 

0.36 10343.88 0.74 17450.69 

0.38 10734.35 0.75 17684.94 

0.40 11111.11 0.76 17916.13 

0.42 11475.51 0.77 18144.37 

0.44 11828.68 0.79 18592.45 

0.46 12171.61 0.81 19029.97 

0.48 12505.14 0.83 19668.03 

0.49 12830.01 0.85 20286.02 

0.51 13146.84 0.88 21276.16 

0.53 13456.22 0.91 22222.22 

0.55 13758.65 1.00 31426.97 
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Appendix H  Diffusion coefficient 
 

 
 

Diffusion coefficient determined from sorption and desorption experiments at 

25 Co , 1atm (Figure 4-16) 

Sericin concentration  
in membrane [%] ]/[ 2 scmDs  ]/[ 2 scmDd  

0 1.699E-12 2.534E-10 

1.34 2.488E-12 2.852E-10 

3.91 2.488E-12 2.923E-10 

6.6 1.068E-12 3.770E-10 

15.68 6.413E-12 3.631E-10 

21.5 6.075E-12 3.368E-10 

30.3 8.319E-12 3.258E-10 
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Appendix I  Sample of polymath report 
 

- Polymath report for water vapor sorption coefficient in 6.6% of 

sericin contents in membrane 

 

POLYMATH Results 
No Title  05-11-2007 
 
Nonlinear regression (L-M)  
 
 Model: M =  1-0.81057*exp(-A*t)-1/9*0.81057*exp(-9*A*t) -1/25*0.81057*exp(-25*A*t) -
1/49*0.81057*exp(-49*A*t) -1/81*0.81057*exp(-81*A*t)-1/121*0.81057*exp(-121*A*t)-1/169*0.81057*exp(-
169*A*t)-1/225*0.81057*exp(-225*A*t)-1/289*0.81057*exp(-289*A*t)-1/361*0.81057*exp(-361*A*t)-
1/441*0.81057*exp(-441*A*t)-1/529*0.81057*exp(-529*A*t)-1/625*0.81057*exp(-625*A*t) 
 
 Variable     Ini guess     Value    95% confidence  
 A            1.0E-06     1.172E-05    4.203E-10 
 
 Nonlinear regression settings  
 Max # iterations = 64 
 
 Precision  
 R^2       =  0.9934242 
 R^2adj    =  0.9934242 
 Rmsd      =  0.0076846 
 Variance  =  0.0010666 
 
 General  
 Sample size   = 17 
 # Model vars  = 1 
 # Indep vars  = 1 
 # Iterations  = 8 
 
 
 

 

 

 

 

 

Note:  
∞

=
M
MM t  and  D

l
A 2

2π
=  
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Water vapor sorption (at 25 Co , 1atm) in membranes with 6.6% of sericin 

6.6% 

∞MM t /  ][st  

0.00 0 

0.10 600 

0.10 1200 

0.10 2400 

0.10 3600 

0.20 5400 

0.30 10800 

0.30 18000 

0.40 32400 

0.70 93600 

0.80 118800 

0.90 176400 

1.00 212400 

1.00 270000 

1.00 291600 

1.00 453600 

1.00 626400 
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POLYMATH Results 
POLYMATH Report              05-11-2007,   Rev5.1.225  
 
Explicit Algebraic Equations Solution  
 
 Variable    Value       
 t           200       
 A           1.172E-05 
 M           0.0353603 
 L           0.003     
 D           1.069E-11 
 
Explicit Algebraic Equations Report  
 
 Explicit equations  
 [1] t = 200 
 [2] A = 1.172E-05 
 [3] M = 1-0.81057*exp(-A*t)-1/9*0.81057*exp(-9*A*t) -1/25*0.81057*exp(-25*A*t) -1/49*0.81057*exp(-
49*A*t) -1/81*0.81057*exp(-81*A*t)-1/121*0.81057*exp(-121*A*t)-1/169*0.81057*exp(-169*A*t)-
1/225*0.81057*exp(-225*A*t)-1/289*0.81057*exp(-289*A*t)-1/361*0.81057*exp(-361*A*t)-
1/441*0.81057*exp(-441*A*t)-1/529*0.81057*exp(-529*A*t)-1/625*0.81057*exp(-625*A*t) 
 [4] L = 0.003 
 [5] D = A*L^2/3.14159/3.14159 
 
 General 
 number of implicit equations: 0 
 number of explicit equations: 5 
 Data file: \\ecfile1\sj2kim\My Documents\My eBooks\6.61% sorption(D) report.pol 
 
 

 

 

 

 

 

 

 

 

Note: 2

2

π
lAD ⋅

=  
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- Polymath report for water vapor desorption coefficient in 6.6% of 

sericin contents in membrane 

 

POLYMATH Results 
No Title  05-11-2007 
 
Nonlinear regression (L-M)  
 
 Model: M =  1-0.81057*exp(-A*t)-1/9*0.81057*exp(-9*A*t) -1/25*0.81057*exp(-25*A*t) -
1/49*0.81057*exp(-49*A*t) -1/81*0.81057*exp(-81*A*t)-1/121*0.81057*exp(-121*A*t)-1/169*0.81057*exp(-
169*A*t)-1/225*0.81057*exp(-225*A*t)-1/289*0.81057*exp(-289*A*t)-1/361*0.81057*exp(-361*A*t)-
1/441*0.81057*exp(-441*A*t)-1/529*0.81057*exp(-529*A*t)-1/625*0.81057*exp(-625*A*t) 
 
 Variable     Ini guess     Value    95% confidence  
 A            1.0E-06     4.134E-04    3.382E-05 
 
 Nonlinear regression settings  
 Max # iterations = 64 
 
 Precision  
 R^2       =  0.9292545 
 R^2adj    =  0.9292545 
 Rmsd      =  0.0099179 
 Variance  =  0.0048219 
 
 General  
 Sample size   = 48 
 # Model vars  = 1 
 # Indep vars  = 1 
 # Iterations  = 7 
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Water vapor desorption (at 25 Co , 1atm) from pre-saturated membranes with 

6.6% of sericin 

6.6% 

∞MM t /  ][st  ∞MM t /  ][st  

0.00 0 0.53 1440 

0.03 60 0.55 1500 

0.06 120 0.57 1560 

0.09 180 0.58 1620 

0.12 240 0.60 1680 

0.14 300 0.62 1740 

0.17 360 0.63 1800 

0.19 420 0.64 1860 

0.22 480 0.66 1920 

0.24 540 0.67 1980 

0.26 600 0.68 2040 

0.29 660 0.70 2100 

0.31 720 0.71 2160 

0.33 780 0.73 2220 

0.35 840 0.74 2280 

0.37 900 0.75 2340 

0.39 960 0.76 2400 

0.41 1020 0.78 2520 

0.43 1080 0.81 2640 

0.45 1140 0.84 2820 

0.47 1200 0.86 3000 

0.49 1260 0.90 3300 

0.50 1320 0.93 3600 

0.52 1380 1.00 7200 
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POLYMATH Results 
POLYMATH Report              05-11-2007,   Rev5.1.225  
 
Explicit Algebraic Equations Solution  
 
 Variable    Value       
 t           200       
 A           4.134E-04 
 M           0.2065543 
 L           0.003     
 D           3.77E-10  
 
Explicit Algebraic Equations Report  
 
 Explicit equations  
 [1] t = 200 
 [2] A = 4.134E-04 
 [3] M = 1-0.81057*exp(-A*t)-1/9*0.81057*exp(-9*A*t) -1/25*0.81057*exp(-25*A*t) -1/49*0.81057*exp(-
49*A*t) -1/81*0.81057*exp(-81*A*t)-1/121*0.81057*exp(-121*A*t)-1/169*0.81057*exp(-169*A*t)-
1/225*0.81057*exp(-225*A*t)-1/289*0.81057*exp(-289*A*t)-1/361*0.81057*exp(-361*A*t)-
1/441*0.81057*exp(-441*A*t)-1/529*0.81057*exp(-529*A*t)-1/625*0.81057*exp(-625*A*t) 
 [4] L = 0.003 
 [5] D = A*L^2/3.14159/3.14159 
 
 General 
 number of implicit equations: 0 
 number of explicit equations: 5 
 Data file: \\ecfile1\sj2kim\My Documents\My eBooks\6.61% desorption(D).pol 
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