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ABSTRACT 

Pervaporation membrane processes have been established as an important 

separation unit operation in chernical engineering processes. The pervaporation process is 

technologically mature for the dehydration of aqueous alcohol mixtures and is expected 

to find M e r  progress in the organiclorganic separations and the organic or water 

separation f?om water/organic mixtures. 

Various pervaporation membranes made from natural polyrners such as chitosan 

and alginate as well as EPDM rubber have been fabricated and investigated in terms of 

the permeahon flux and separation factor in pewaporation experiments. Dense and thin 

film composite membranes were extensively investigated for the separation of water fiom 

aqueous alcohol mixtures, the separation of alcohols fiom alcohoVtoluene mixtures, the 

separation of rnethanol fiom methanol/MTBE mixtures, and the separation of a mode1 

aroma compound fiom aqueous mixtures. 

Sodium alginate membranes are known to be hydrophilic and suitable for 

dehydration applications. However, since sodium alginate is water soluble and 

rnechanically brittle efforts to increase the mechanical strength of the alginate membrane 

have been made which include the metal ion crosslinking and the insolubilization 

reactions. 

As part of research effort to increase the mechanical strength of alginate 

membranes, two ply composite membranes consisting of sodium alginate and chitosan 



were prepared and the preparation parameters were analyzed by means of experimental 

design which lead to optimum membrane structure and preparation conditions. 

Composite chitosan membranes were a!so prepared for the separation of aqueous 

alcohol mixtures and the pervaporation characteristics of dense and composite 

membranes were compared. In addition, it was show that the coating of hydrophobic 

polysulfone substrate with hydrophilic polyrners such as pol--y1 alcohol could enhance 

structural stability of the composite membrane. 

The preparation and pervaporation performance study of the alginate composite 

membrane consisting of a chitosan layer sandwiched between the top alginate layer and 

polyvinylidene fluonde substrate layer were carried out for the separation of aqueous 

alcohol mixtures. 

Chitosan membranes were chernically modified in acetic anhydride solution. 

Modified membranes (N-acetylated chitosan (or chitin)) were found to be much stronger 

than the chitosan membranes. The N-acetylation reaction made the chitosan membrane 

robust for the pervaporation separation of organic/organic mixtures such as 

alcohoVtoluene mixtures whiIe keeping its polar property. 

Polyelectrolyte complex membranes with high hydrophilicity were developed fiom 

chitosan and anionic surfactants. The rheological properties of the casting solutions and 

also the pervaporation performance of the complex membranes for the separation of 

methanol/MTBE mixtures were extensively investigated. It was found that the resulting 

membrane thickness could be decreased because of a chain-coiling phenomenon induced 

by the interaction between cationic chitosan and anionic surfactant molecules. 



Ethylene propylene diene monomer (EPDM) membranes were prepared to separate 

a rnodel arorna cornpound fiom aqueous solution and the transport phenomenon of aroma 

compound was modeled based on the resistance-in-series rnodel. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Membrane technology has been considered as an efficient and economic separation 

process in chemical industry. Depending on the separation mechanism, it can be 

classified into three processes using 1) the sieving mechanism, e.g., microfiltration and 

ultrafiltration, 2) the electrochemical rnechanism, e.g., electrodialysis, and 3) the 

solubility mechanism, e.g., gas separation and pervaporation. In addition membrane 

modules are finding application niches in the fields of membrane distillation Pawson and 

Lloyd, 19971 or membrane emulsification [Joscelyne and Tragirdh, 20001. Arnong 

varÏous membrane processes, dense pervaporation membranes that use the preferential 

selectivity of a component to the membrane material have attracted special interest for 

the separation of liquid/liquid mixtures. 

Presently, the term pervaporation is widely used to designate a membrane process 

that rnakes liquid mixtures separated preferentially by phase change through the dense 

polyrneric membranes. The pewaporation separation process distinguishes itself fiom 

other membrane processes because of the phase transition occurring during the mass 

transport. As a consequence of the phase change, the process is limited to volatile liquids 
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at operating condition and requires the input of the heat of vaporization of the permeating 

species. This vaporization heat, however, is the major thermal requirement of the process 

and good energy efficiency can be obtained if membrane selectivity is high and the 

process is applied to the selective removal of the minor component of the mixture. 

Although the pervaporation process is a more expensive process than other membrane 

processes due to the phase change, its main importance lies in applications where 

conventional separation processes fail, such as the separation of azeotropic mixture and 

close boiling point mixture. The term ccpervaporation" was first coined by Kober [19 171, 

a researcher of New York State's Dept. of Health, to describe the fact that a liquid in a 

collodion (cellulose nitrate) bag, which was suspended in the air, evaporated, although 

the bag was tightly closed. The Grst extensive research of pewaporation for the 

separation of the Iiquid mixture was conducted by Binning et al. [1958a, 1958b, and 

19601. However, pervaporation has been limited to a lab scale tool or a research curiosity 

because of the Iow productivity through non-porous membrane. This situation was 

changed greatly when Loeb and Sourirajan [1962] developed a method of phase inversion 

for the preparation of asymmetric cellulose acetate reverse osmosis membrane with high 

flux. Since then, dnven by the need for environmentally sound, energy saving processes, 

great attention has been directed to the research and development of the pewaporation 

technology. The Sulzer Chemtech, fonnerly GFT Deutsche Carbon AG, of Germany 

launched the first commercial pervaporation process for the dehydration of ethanol in the 

sugar refinery of BethenviIle, Marne, France in 1987. The dehydration membrane of 

Sulzer generally consists of a 1-2 pn top layer of PVA, a 100 pm of PAN porous 
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substrate, and a 100 p of nonwoven textile. By changing the PVA crosslinking, 

membranes can be tailored to handle different solvents or feed concentrations. 

Thus pervaporation research should emphasize process development and the 

discovery of new application niche in chernical manufacturing and wastewater treatment 

industries. 

Two applications of pervaporation have been cornmercialized to date. The h t  ahd most 

important application is water removal f?om aqueous alcohol solutions. The economical 

feasibility of the dehydration application by evaluating the separation of water fiom 

aqueous ethanol has been demonstrated industrially. The second application is the 

separation of the dilute dissolved organics such as trichloroethylene and phenol fiom the 

wastewater Stream. Organic-organic separation is the most significant potential 

application for pervaporation membrane process. However no commercial systems have 

yet been reported for the separation of organic-organic mixtures with the exception of the 

pilot scale plant for the separation of methanol/MTBE by Air Products Co. and the 

production of high-octane gasoline by Exxon. Therefore, membrane matenals and 

process design remain to be further developed and the separation of a variety of more 

industrially significant organic-organic mixtures will be realized in the near future. 

Membrane performance is characterized by the permeation rate and separation 

factor. The permeation rate is a measure of amount of the preferentially separated amount 

that permeates through the dense membrane 

permeation flux is expressed as follows. 

per unit membrane area and unit time. The 



CHAPTER 1 4 

where Q is the amount of the permeate, A is the membrane area and t is the operating 

time. In some cases, permeability (P), which is obtained by multiplying the flux with the 

membrane thickness, may be used as a normaiized flux density (kglm-br). The separation 

factor, a, achieved by a pervaporation process c m  be defined in the conventional way as 

where X and Y are the weight fiactions of the feed and permeate, respectively. 

Although the pervaporation dehydration of ethanol-water mixtures is the most 

important application so far deveIoped among the three main applications, the 

dehyhtion of other solvents including isopropanoi, glycol, acetic acid, acetone, and 

pyridine has been aiso considered. In general, membrane materials can be elastomenc or 

glassy polymers. The choice of membrane material depends significantly on the intended 

application. Empirically, hydrophilic polyrners such as PVA, polyacrylonitrile, and 

cellulose acetate are being used for the dehydration of organic-water mixtures because 

the hydrophilic fimctiond group in the polymer backbone interacts with water moIecules 

selectively by forming hydrogen bonding or dipole-dipole interaction. Among them, 

polysaccharides such as chitosan, dginic acid, and celIulose sulfate are receiving special 

attentions and are suitable for the dehydration purpose. They are classified into two types 

of polysaccharide, anionic and cationic polyrners, and their ionic functional group of 

either anionic alginic acid or cationic chitosan cm be easily modified into 

polyelectrolytes. The problems related to the polysaccharide membranes are water 

solubility and excessive swelling of the membrane caused by the plasticization action of 

water molecule. Swelling by the interaction between the permeant and the polymer is 

obviously beneficial from the point of enhanced flux. Excessive swelling of the 
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membrane, however, results in the increased sorption and diaision of organic molecules, 

resulting in reduced separation efficiency. This c m  be solved by chemical crosslinking. It 

is worth pointing out that the proper choice of the membrane material and modifications 

such as crosslinking and heat treatments are cruciai to the development of irnproved 

pervaporation membrane. Thus, great care has to be paid to tSe proper selection of 

materials and crosslinking agents. It can be noted that for the sarne material, the 

performances after crossliriking are quite different due to the different chemical nature 

and crosslinked structure depending on the crosslinking agent used. In this shidy, 

chitosan and sodium alginate that are good candidates for the pervaporation dehydration 

[Uragarni et al., 1992, 19971 will be studied extensively by combining with other 

polymers and crosslinking. While uncrosslinked chitosan yields poor selectivity, chitosan 

membrane crosslinked with glutaraldehyde [Uragami et al., 19941 or sulfunc acid 

exhibited high separation factor with high permeation flux. In the applications of the 

pervaporation for organic/organic separation and organic separation from water the 

choice of membrane materials is critical. 

1.2 RESEARCH OBJECTIVES 

The broad objective of this research was to synthesize novel pervaporation 

membranes in the forms of dense and composite membranes for the dehydration of 

aqueous organic mixtures, the separation of organidorganic mixtures, the concentration 

or separation of aroma compound f?om water. The membrane materiaIs explored in this 

thesis were chitosan, sodium alginate and EPDM. 
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Specific objectives were as follows; 

- to synthesize sodium alginate membranes for the dehydration of aqueous aIcoho1 

mixtures 

- to synthesize novel two ply composite membranes consisting of chitosan and alginate 

for the dehydration of aqueous alcohol mixtures 

- to synthesize the chitosan composite membranes which were mechanically robust 

- to prepare composite membranes having two ply dense layers of alginate and chitosan 

for the dehydration of aqueous alcohol mixtures 

- to synthesize N-acetylated chitosan composite membranes for organidorganic 

separation 

- to prepare and characterize polyelectrolyte compIex membranes consisting of 

chitosan and anionic surfactants for organic/organic separation 

- to synthesize EPDM hydrophobic membranes for the separation of a mode1 aroma 

compound ftom water and to mode1 the transport phenomenon 

1.3 THE SCOPE OF THESIS 

Chap ter 1 presents an overview on pervaporation membrane technology and gives a 

brief introduction to membrane materials used in this research. 

Chapter 2 reviews the published literatures on pervaporation membrane processes and on 

the methods to measure the difision coefficients of the solute through the dense 

polyrneric membranes. 
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In Chapter 3 sodium alginate membrane is characterized for the separation of aqueous 

ethanol and isopropanol mixtures and is crosslinked by metal ions to prevent its 

dissolution in water. 

Cbapter 4 describes preparation of novel two ply membranes consisting of sodium 

alginate and chitosan. The preparation parameters are analyzed by mems of experimenta1 

design which lead to the optimum membrane structure and preparation conditions. 

In Chapter 5 composite chitosan membranes are prepared for the separation of aqueous 

alcohoI mixtures and the pervaporation characteristics of dense and composite 

membranes are studied. In addition, it is shown that the structural stability of composite 

membrane can be enhanced by the coating of hydrophobie polysulfone substrate with 

hydrophilic polyrners. 

Chapter 6 is devoted to the preparation and pervaporation performance study of the 

alginate composite membrane buffered 5y chitosan layer behveen top alginate layer and 

polyvinylidene fluoride substrate layer for the separation of aqueous aicohol mixture. 

Chapter 7 describes the synthesis of mechanically robust N-acetylated chitosan 

membranes for the separation of alcohol/toluene mixtures. 
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Chapter 8 presents synthesis and characterization of polyelectrolyte cornplex membranes 

of chitosan and anionic surfactants for the separation of methanol/MTBE mixtures. 

In Chapter 9, EPDM membranes were prepared to separate an aroma compound fiom 

aqueous solution and the transport phenomenon was modeled based on the resistance-in- 

senes model. 

Finally, Chapter 10 presents the original contributions of this research and makes some 

recommendations for friture work. 
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BACKGROUND STUDY ON PERVAPORATION 

Mmy reports and journal articles have been published extensively on the 

pervaporation membrane process sînce Binning et al. [1958ab, 19611 of Amencan Oil 

Company, Texas, U.S.A. pioneered pervaporation membrane research on the separation 

of hydrocarbon mixtures through polyethylene film. There are many books [Noble and 

Stem, 1995; Hwang and Kamrnerrneyer, 1975; Rautenbach and Albrecht, 1989; Huang, 

199 1; Wo and Sirkar, 19921 providing extensive theory and practical aspects of the 

various membrane processes. Although most of their books cover the pervaporation 

process in one of many chapters, the book edited by Huang [1991] is whoIly concerned 

with the pervaporation membrane process and incorporates almost al1 aspects of the 

pervaporation up to 199 1, including the basic pnnciples of pervaporation, thennodynamic 

principles, materials, transport mechanism, and applications in addition to the industrial 

plant design. 

The published papers before the early 1990's have been reviewed and well 

documented by Neel [I 99 11. A subsequent s w e y  of pervaporation study until 1994 has 

been covered intensively in the dissertation of Feng [1994]. Currently most of 

pervaporation studies in academia are related to the discovery of new membrane 

materials, the surface modification of membrane material by means of grafting, and the 
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crosslinking of membrane for the enhancement of pennselectivity and the new 

application of the pervaporation technology. In this section, significant membrane 

materials investigated for the pervaporation application will be reviewed and listed. 

2.1 CEFARACTERISTICS OF PERVAPORATION M E M B M  PROCESS 

Membrane separation is one of the most advanced separation processes. It is 

available for many applications ranging f?om the medical field such as hernodialysis used 

for artificial kidney to large-scale industrial uses such as reverse osmosis and 

ultrafiltration used for desalination. Pervaporation is a membrane separation process for 

separating liquid mixtures. A phase change fkom the liquid of the feed side to the vapor 

of the down Stream through the membrane makes the pervaporation unique arnong the 

relevant membrane processes. 

Thus, the pervaporation is an energy intensive process cornpared to the other membrane 

processes. The economic feasibility of dehydrating solvents by evaluating the separation 

of water £kom alcohols such as ethanol and isopropanol was demonsbated on an 

industrial scale. The driving force of the selective separation arises from the difference of 

chernical potential (e-g., concentration gradient) through the dense membrane in the result 

of the low pressure applied to the downstream side. There are four energy-consuming 

operations in the industrial pervaporation processes (Colman et al., 1990); liquid side 

pumping, feed heating, permeate condensation, and pemeate purnping. Under normal 

operating conditions pervaporation does not require feed side pressure. However, if the 

membrvles are to be operated in the turbulent mode in order to reduce concentration 
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polarization, theri there will be a feed side pumping requirements in order to overcome 

the pressure head loss. Permeating cornponent penetrates through the membrane, and is 

removed in the vapor phase at the downstream side of low pressure. It is well recognized 

that the pervaporation flux is increased at as high a feed temperature as possible. 

Permeate is recovered and disposed in the condenser of the temperature range O to 10 OC. 

Thus, the energy requirement for this step is significant. Permeate purnping is to create 

the low pressure of the permeate side, which is mandatory for maintaining continuous 

operation. It is heIpfÛ1 to review some important membrane processes in order to 

understand the nature of the pervaporation process more clearly. Characteristics of some 

membranes are listed in Table 2.1 with that of the pervaporation process. It is recognized 

that the driving forces for preferential separations are explicitly the differences of 

chernical potentids for the relevant membrane processes as shown in Table 2.1. 

Reverse osrnosis membranes have no pores but allow matenal to diffuse up to 

molecuiar weights of about 25 to 100 daltons ~ o w e l l ,  19901. Osmosis process is driven 

by the pressure, on the order of 200 to 1,000 psig and separates the ionic solutes or 

macromoIecules f h m  aqueous mixtures based on their sizes, shape, and charges as well 

as the interactions with the membrane materials. It is rnuch more energy efficient process 

compared to the energy intensivé distillation and ion exchange required the strong 

chemicals. Reverse osmosis membranes are now being rnanufactured by the phase 

inversion method that was discovered by Loeb and Sourirajan [1962] in early 19603, and 

salt removal fkom seawater is the main application. Reverse osmosis systems are being 

increasingly adapted for water softening where they are cornpetitive with ion exchange 
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for high salt content water- Other common materials for RO membranes are celIulose 

acetate, polyamide, sulfonated polysulfone, and polybenzimidazole etc. 

Table 2.1 Characteristics of some important membrane processes 

Process AppIication D r i v i n ~  force Permeating cornponent 
-For concentrating the 

-Pressure difference 
Nanofiltration solutions such as corn symp Solvent 

(around 100 psig) 
(more than 1000 dalton) 

-Aqueous low rnolecuiar 
Reverse -Pressure difference 

mass solutions 
osrnosis (100-800 psi) 

-Aqueous organic solutions 

Solvent 

-Pressure difference 

-Ga5 mixture 
Gas separation 

-Vapor-ges 

(1-80 psi) 

-Concentration 

Pre ferably permeating 

cornponent 

gradient 

Vapor -VoIatile vapor and gas -Concentration Preferably permeating 

permeation mixture gradient component 

-Water-organic mixture - Ap (concentration, Preferably penneating 
Pervaporation 

-Organic-organic mixture pressure, temperature) component 

Theoretically reverse osmosis may also be used for separating organic or aqueous- 

organic mixtures. In practice, the concentration of an aqueous organic mixture by reverse 

osmosis is limited by the high osmotic pressures of such mixtures [Rautenbach and 

Albrecht, 19891. Unlike reverse osmosis, pervaporation can concentrate aqueous-organic 

mixtures such as dehydration of alcohol. Thin film composite reverse osmosis membrane 

is exclusively reviewed by Perterson [1993] with ernphasis on the chemistry and 

composition of various commercial membranes. 
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Gas sepration is a membrane process to separate gas mixtures, unlike the 

pervaporation there is no phase change through the membrane. The separation is based on 

the fact that gases pass through thin membranes at different rates because their 

sohbilities into the membrane and diffusivities through the membrane differ. It is widely 

accepted that the thermodynamic interaction between the gas moIecules and the 

membrane is less pronounced than the case in pervaporation separation. Thin film 

composite membranes are widely used for the separation of gases on an industrial scale, 

which are similar to those used in pervaporation. Polymers for the gas separation must 

have their high permeability and selectivity for the gases to be separated. The polymers 

must also be processable into practical modules such as hollow fibers and spiral-wounded 

types. Preferable polymers include polysuIfone, polyimide, silicones, cellulose, 

pdycarbonate and their denvatives. Separation of gas mixtures is dependent on the 

molecular size and the solubility of the gas preferentially separated. Like the separation 

mechanism of pervaporation membranes, the gas separation membranes do not have any 

visible pores, however they continuously generate transient fiee volume to accommodate 

the molecule separated through the polyrner chain motion induced by thermal energy. 

Transport phenornena of gas separation and reverse osmosis as welI as pervaporation 

processes are commonly described by the solution-diffusion model. Currently gas 

separation is of interest for nitrogen enrichment in air, COa recovery fkom natural gas 

[Tabe-Mohamrnadi, 19991, hydrogen separation fiom amrnonia purge gas, and oxygen 

enrichment in air Koros and Fleming, 19931. 

Vapor permeation process is the newest membrane process, and is closely related 

to the pervaporation process. In both processes vacuum on the pemeate side is applied as 
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a driving force for the continuous separation. However, in vapor pemeation the feed 

mixture is in a vapor phase uniike the liquid phase of the pervaporation. It is clear that 

vapor permeation and pervaporation is sirnilar to each other fiom equation 2.1 and 2.2 

Kataoka et al., 19901. 

DCm Pervaporation: J = - p2x2 

6j" 
(Y+, --1 

pv 

DCm P,x, P2x, Vapor permeation: J = -(- - -) 
@" pv pv 

When the feed vapor of vapor permeation is equd to the concentration of feed Iiquid of 

pervaporation, XI ,  in theoretical relation both fluxes become the same because y1 which is 

the mole fraction in vapor permeation c m  be expressed as the follows: 

The special advantages of vapor permeation compared with pervaporation are the 

potential savings by the lower required membrane area as well as the higher safety with 

respect to damages of the composite membranes by impurities in the feed [Sander and 

Janssen, 19911. It was reported that the fnst commercial scale vapor perrneation was 

launched in 1989 at Bruggemam Co. in Gemany for the dehydration of ethanol. Vapor 

permeation and pervaporation were studied sirnultaneously [2irag&mi et al., 1988, 1990, 

199 1, 19921, and it is generally accepted that vapor permeation shows Iess permeation 

flux than that of pervaporation for most of applications. 

Another interesting vapor (gas) separation membrane was s~iccessfilly 

commercialized in order to recover expensive hydrocarbon from resin degassing vent 

streams of polymer rnanufacturing processes by MTR, Company based in Menlo Park, 
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Califonia although this process is close to the gas separation membrane. Their "reverse 

selective" membrane allows large hydrocarbon molecules to permeate much faster than 

smaller molecules such as nitrogen, hydrogen, or methane. The reverse selective effect is 

due to the higher solubility of large hydrocarbon molecules in the specific polymer. 

2.2 MATEFUALS FOR THE PERVAPORATION M E M B W  PROCESS 

As a good pervaporation material, the candidate material should have high 

permeation flux and separation factor for a particular application. However, shce the 

increase in the pemeability is fiequently encountered with a decrease of the separation 

factor (so-called, trade-off phenomenon), the simultaneous enhancement of both 

parameters has been a challenge for material selection. According to the principle of the 

pervaporation separation, the pemeability of component i is equal to the product of the 

solubility and diffusivity for cornponent i. 

pi = Di (c) .Si (c) (2-4) 

where P, D, and S are the permeability, the diffusivity (funchon of concentration) of 

component i through the membrane, and the solubility (funchon of concentration) 

therein, respectively. This equation means that a size difference in the feed components is 

favored for the fast diffusion of small molecules. In principle, small molecules, which 

have similar chernical property with the membrane material, are facilitated to penetrate 

through the fiee volume in the membrane compared to the large molecules that their 

bullcy structures act as physical barriers during diffusion. Also the shape and molecular 

weight of thc permeants are goveming factors for the diffusion process. The solubility 
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(sometime sorption) of specific component to be separated is govemed by the chemical 

affinity between the component and the polyrner although how this interaction is related 

to the selectivity and the permeability exactly is not clear yet due to the complex 

therrnodynamics. 

In summary, if the components to be separated have different size and shape, and 

the membrane has strong afnnity to the specific component, the separation efficiency 

couid be increased substantially. Currently, there is no b o w n  accurate method to select 

the membrane materiai. To obtain information and criterion conceming -matenal 

selection, empincal trial and error permeation experiments are comrnonly used but are 

time-consuming. Several systematic approaches are now the only methods used by 

membranologists to ded with the selection of the adequate membrane matenals for the 

specific separation system and are described in the following section. 

2.2.1 Approaches for the material selection in pervaporation membrane 

I) Solubility parameter approach. 

For the selection of a pervaporation membrane material capable of separating A 

and B components, the chemical nature of the membrane material M and the components 

A and B to be separated has been studied using solubility parameter approach for 

screening of various candidate materials Nulder et al., 1982; Lee et al., 19891, 

synthesizing novel materials vamaguchi et al., 1992 and 1993; Ray et al., 19991, and 

correlating of pervaporation and sorption properties [Jonquieres et al., 1996; Wei and 
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Huang, 19941, If two chernical species have strong finit-y and solubility mutually, the 

diEerence in their solubility parameters A, will be decreased. 

A, =[(6,-6,~+(&-6,,~+(&-b,~F 

Lloyd and Meluch [1985] stated that A, / A ,, c m  be used as a rneasure of preferential 

sorption and thus as a membrane material selection index. For example, if preferential 

sepmtion of component, B is desired while rejecting component, A, the membrane 

material should be selected to maximize the ratio A, /A,  by maximizing AAM and by 

rninimizing A,, . That is, it is desired that the membrane has a solubility parameter value 

close to that of the component separated. However, it m u t  be pointed out at this stage 

that the solubility parameter and its use for quantifjring physiochemical interactions is 

based on enthalpic considerations only; entropic considerations are neglected. 

Consequently, the solubility pararneter may be misleading when diffision contribution is 

compaiatively significant and when the interactions between a component and the 

membrane material are influenced by the presence of the other component. Good 

examples for solubility parameter approach can be found in the work of Dagaonkar et al. 

[1998] and in the new synthetic membrane study for benzene/cyclohexane sepmation 

[Ray et al., 29971. From the study of Dagaonkar et al. it was found that although 

organophilic membrane such as PDMS had high sorption selectivity to akyl piperazines 

against water, total selectivity for -1 piperazine was very low due to the fast diffusion 

of water and hindered diffusion of buky alkyl piperazines. However, it is important to 

remember that although water is highly diffisive compared to most of organics, the 

permeability of organic c m  be much higher than that of water due to the high 

contribution of organic solubility in the membrane [Hoshi et al., 19991. 
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In spite of these limitations, the solubility parameter appraach is still considered as a 

useful tool in the selection of polymer membrane materials and as far as the permeability 

prediction is concemed (selectivity cannot be predicted by solubility parameter). 

2) Surface themodynamic approach. 

Lee et al. [1989] has adopted s d a c e  thermodynamic approach Oss et al., 

19831 or preferential sorption approach to test polyrner materials which exhibit 

preferential organic permeation and compared the results with those of solubility 

parameter approach. The surface fiee energy difference between water, 1 and polyrner, 3 

in the presence of organic 2 is defined as equation 2.5. 

al, =y31 -Y12 -y23 (S.s) 

05  0.5 
Y ,  = - y y ) 2 / ( ~ - ~ . 0 1 5 y ,  y j  ) (2-6) 

where a negative AF,= implies preferential sorption of organic over water, hiterfacial 

tensions for the permeants and polymers were calculated fiom the equation 2.6 by 

Neumann et al. (1974). 

Large values of AI?,= imply high separation factor of water (1) and organic (2) mixtures 

through the membrane (3). However, after considering Lee et al.'s work [1989] carefully 

the surface thermodynamics approach did not appear to correctly predict the 

pervaporation separation characteristics. In case of ethanol separation, although al1 

matenals show the negative AF,, values, some of materials exhibit preferential water 

permeation tendency in real. Also in the separation of chloroform, the materials having 

large values did not necessarily indicate the high separation factors. Because this 

approach emphasizes the interfacial behavior of the system, it seems that there are some 
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difficulties to predict the diffiision phenornenon of the pervaporation membrane since the 

solubility and the diffusivity jointly contribute to the iramport of the component 

simultaneously. 

3) PoZun'ty approach. 

Polarity is an intrinsic characteristic of polyrnenc material, which results fiom a 

nonuniform electron density distribution. The intensity of interaction of the polymer with 

water molecules depends largely on the polarity and determines the difision mechanism 

in polyrners [Zaikov et al., 19881. It has been suggested by Shimidzu and Yoshikawa 

[ lW 11 and Yoshikawa et al. p986] that membrane polarity can be expressed in terms of 

Dirnroth's solvent polarity value (ET(25 OC)) that this is a good indicator for the 

membrane material sefection. They stated that when the membrane polarity is close to 

that of water (63.1 kcal/mol), the membrane tends to be water selective. Relationship 

between separation factor and membrane polarity already exists. The separation factors of 

water-various alcohol through poly(ma1eimide-CO-acrylonitrile) membranes tend to 

increase as the Ed25 O C )  value of the alcohol deviates frorn that of the membrane 

[Yoshikawa et al., 1984a], and the separation factor tends to decrease as the Ed25 OC) 

value of the membrane deviates fi-om that of water in the pervaporation of water-ethanol 

mixture through polymer membranes with maleimide functional group acting as a fixed 

carrier poshikawa et al., 1984bI. Although the solubility parameter approach is a good 

indicator for the material selection, one must know the precise polyrner structure in order 

to calculate solubility parameter, however no knowledge of the precise polymer structure 

is required by the use of membrane polarity approach. Thus, use of the ET (25 O C )  value 



might be one of the prornising parameters for use in the development of synthetic 

membranes for the separation of water-ethanol mixtures. 

4) Chronlatographic approach. 

The strength and nature of the interactions between the permeating component and 

the membrane material can be determined by rneasuring the sorption of permeant by the 

pol ymer in binary systems. Chromatography measures similar physicochemical 

interactions between the binary permeating components and the polymer. 1) Liquid 

chromatography: If the carrier or mobile phase is the solvent B, the solute A is injected 

into the mobile phase and the interaction sîrength of A and the polyrner is determined in 

the form of retention volume, VA by the detector. Strong a f i i t y  between A and the 

polymer will delay the elution of A. This method has been extensively studied by 

Matsuura and Sourirajan [1978] for the material selections of reverse osmosis and 

ultrafiltration, and applied to PVA for reverse osmosis [Lang et al., 19941 and celIulose 

acetate [Gao and Bao, 19891 membranes. 2) Inverse gas chromatography: If the carrier is 

a gas and the solute is injected as a mobile phase into a injector of GC, the interaction 

between mobile phase, the solute and stationary phase, the polymer can be determined by 

the retention time and eluted peak. Inverse gas chromatography has not yet been studied 

for the pervaporation material selection process, however it is one of new techniques used 

to study the diffusion coefficient of a sohte in a polymer pawlish, 1985, Bonifaci et al., 

19941. Therefore, this method might be an efficient way for the material selection of 

pervaporation separation membranes. 

5) Contact angle approach. 
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It has long been recognized that polymers are classified into hydrophilic 

(containing more than 10 wt% water under normal condition), hydrophobic (the 

equilibrium water content at room temperature and 100% relative humidity does not 

exceed 2%) and intermediate (intemediate water values). However it is very difficult to 

£ind out a quantitative method for assigning a polyrner to a specific class. Contact angle 

measurement can give rough idea at initial stage to select proper polymers for an intended 

separation. It must be pointed out that the surface properties of a polymer may not be 

same as its b d k  properties. Famard and Noh 119891 surveyed commercially available 

thin films in an effort to determine quickly which polymeric materials would give 

selective separation of the methano1 or the hydrocarbons by measuring the contact angle 

of methano1 with the surface o f  the membrane. This appears to be a sirnplified approach 

of the surface thermodynamics approach commonly used for characterizing the surface of 

modified or synthesized novel membranes. For example, this method was applied to the 

characterization of rnodified polysulfone ultrafiltration membranes P a b e  et al., 19971 

and polyelectrolyte complex membranes [Lukas et al., 19971 rather than a good matenal 

screenïng method for the pervaporation separation processes. 

2.2.2 Materials for pervaporation 

Potentially every available polymer including homopolymer, copolymer, and blend 

as well as modified polyrner c m  be used for pervaporation membrane separation 

purposes. The most important requirernents for a pervaporation membrane material are 

high flux, high separation efficiency, mechanical and chernical stability, and high 
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temperature resistance. Among the above requirements, high separation efficiency must 

be emphasized over the others since a low separation factor cannot be compensated for 

economically enough to compete with the conventional separation techniques in the 

separation market. It must be pointed out again that both the chernical nature and the 

physical structure of the membranes govern the permeation. Then are three strategies to 

prepare the membrane materials for pervaporation applications; A) synthesis of new 

polymers or copolymers, B) modification of rnother polymers using radiation graffing or 

plasma grafting, C) blending of mother polymers. Important membrane materials and 

characteristics of the materials according to the three main applications, namely 

dehydration of organics, organic removal from aqueous mixtures, and organic-organic 

separation will be reviewed in the folIowing section. 

I )  Dehydration of aqueous organic mixture- 

Currently dehydration is the major commercial application and research area for 

pervaporation. As industrial suppliers, crosslinked PVA composite membrane of Sulzer 

Chemtech, formerly GFT leads the market, and British Petroleum (Kalsep) is operating 

small plants mostly for water-isopropanol separation using the ion-exchange composite 

membranes. For the purpose of the dehydration of aqueous organic mixtures, candidate 

materials rnust have high water selectivity. In fact, since the molecular size of water (2 

A) is smaIler than that of most of organic molecules, the diffision of water through the 

membrane is less hindered sterically than that of organic moIecules even though the 

polyrner is a hydrophobie material. Thus, rnost of polymers available in the industry are 

preferentia1ly.water permeable. Polymers including hydrophilic groups such as -COOH, - 

OH, - S 0 3 - ,  0 S 0 3 - ,  R4N-, and -NI&) have shown high &ity to water in solubility 
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parameter study. One of the most important pervaporation matends is polyvinyl alcohol 

(FVA). Substantial studies have been carried out by many research groups for the 

dehydration of alcohols [Ohya et al., 1992; Will & Lichtenthaler, 1992; Gref et al., 19931, 

the dehydration of phenol Wrn et al., 19941, amines F e ,  et al., 19931, acetic acid 

puang  and Yeom, 199 1; Rhim et al., 19971, and ethylene glycol [Chen and Chen, 19981 

and even for organic-organic separation [Wesslein et al., 1990; Yamasaki et al., 19971. 

PVA has been favored as a polyrner to be modified such as PVAKD wamasaki et al., 

1994a, 1994b; Miyata et. al., 19941, PVA copolymer [Chiang & Huang, 1991, 1993, 

19981, sodium alginatelPVA Veom & Lee, 1998b; Jegal & Lee, 19961, and PVNpoly 

allyl amine [Park et al., 19941. However, due to its strong hydrophilicity, it becomes 

water-soluble at elevated temperature. As an alternative, PVA is crosslinked chemically 

with the possible sacrifice of flux but the increase of separation factor in order to 

suppress excessive swelling arising fi-om the plasticization action of water. Crosslinking 

agents, for example, amic acid B a n g  & Yeom, 19911, low MW PAA [Rhim et al., 

19941, rnonochloroacetic acid [Kang et al., 19901, glutaraldehyde [Yeorn & Lee, 1996a; 

Kusumocahyo et ai., 20001 have been tried to enhance the water permselectivity. 

In addition to nonionic PVA membrane, ionic polysaccharide membranes show 

fairly good permselectivity in the dehydration application. Carboxymethylcellulose and 

alginic acid as anionic polyelectrolytes and chitosan as cationic polyelectrolyte are 

particularly weIl recognized as highly water permselective materials. Since the 

development of asymmetric celluIose acetate membrane for reverse osmosis by Loeb and 

Sourirajan, it was adapted in the gas separation in the early 1980s. The flexibiiity of 

cellulose derivatives was applied to pervaporation membranes [Huang & Jarvis, 19701. 
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Carboxymethylcellulose, sodium salt (CMC), which is water-soluble, has been tested for 

the dehydration of ethanol-water mixture with crosslinking reaction by Reineke et al. 

[1987]. They found that the counter ion exchange of CMC membrane blended with 

polyacrylic acid (PAA) sodium salt resulted in the increase of f l u e s  while maintainhg 

high selectivities when CS+ and K+ replaced the sodium salt Although cellulose 

denvatives was studied for the purpose of dehydration [Balint et al., 1993; Kataoka et al., 

1991; Deng et al., 19901, it has been searching for its significant adaptation in the 

organic-organic separation [Yang et al., 1998; Nguyen, 1997; Luo et al., 19971- It is 

reported that cellulose acetate membrane of Air Products & Chemicals is suitable for 

recovering rnethanol fiom methyl t-butyl ether (MTBE) and butane in the production of 

MTBE as a high octane-enhancing agent in gasoline. 

Chitosan is a partially deacetylated polymer of acetal glucosamine. Chitosan is 

usually prepared IÏom chitin that bas been found in various natural sources Iike crabshell, 

crayfiish, and shrimp. It was shown that chitosan has excellent separation properties in 

pervaporation dehydration p o n g  et al., 1996; Qunhui et al., 1995; Nawawi & Huang, 

1997; Lee et al., 19971. However, due to its high degree of swelling property in aqueous 

system chitosan membrane should be crosslinked with proper agents such as 

glutaraldehyde, H2SO4, sulfosuccinic acid [Jegal and Lee, 19991, or bexamethylene 

diisocyanate. Uragarni et al. [1994] reported that the permeation rate and separation 

factor for water permselectivity through glutaraldehyde (GA) crosslinked chitosan 

membrane increased with GA content for aqueous ethanol mixtures. They stated that 

such an improvement was related to the inhibition of hydrogen bonds in the chitosan 

membrane due to the chernical modification. In a recent study, Lee at al. [1998] 
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examined the pervaporation characteristics of chitosan membranes having various 

deacetylation degrees. The pemeation flux of chitosan membranes increases and the 

separation factor decreases because the removal of large acevl group facilitates the 

mobiliq of the penetrants through the enlarged free volume. Chitosan having reactive 

hydroxyl and amho fllnctional group as a cationic polymer can form a polyelectrolyte 

cornplex membrane with polyacrylic acid for ethanol-water separation [Shieh & Huang, 

19971 and also can be  blended to make chitosan/PVA membrane for isopropanol-water 

mixture wawawi & Huang, 19971. Besides alcohol dehydration, studies for dirnethyl 

suIfoxide dehydration was carried out by Uragami & Shinomiya [1992], and 

pervaporation separation of benzene/cyclohexane mixture through benzoylchitosan 

membrane was reported recently @ h i  et al., 19981. 

The effect of chitosan membrane preparation conditions on its separation 

performance was studied recently, chitosan membrane dissolved in acetic acid solution 

rather than forrnic, nitric and hydrochloric acid solutions showed the highest permeability 

because of the Iower crystallinity watsuyama et al., 19991. In another study, it was found 

that one could control the optimum crystallinity of the chitosan membrane for the 

improved separation index with the drymg temperature [Ge et al., 20001. 

Alginic acid that is extracted from seaweeds and is one of the natural 

polysaccharide, consist of D-mannuronic and L-guluronic acids that are flat and buckled 

nbbon-like in shape, respectively. Mthough alginic acid has some drawbacks including 

water-solubility ~ o c h i z u k i ,  19901, mechanical weakness, and severe relaxation behavior 

v e o m  et al., 19961, it has high potential for the dehydration of aqueous organic mixtures 

when these obstacles are overcome using proper crosslinking. It is generally accepted that 
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the selective transport of water through most of hydrophilic polysaccharide membranes is 

achieved b y hydrogen bonding between the membrane material and water molecules. 

As another dehydration membrane, ion-exchange membranes that make use of 

c o I ~ b i c  interaction instead o f  hydrogen bonding have been applied for the separation of 

alcohol-water mixture. Cabasso and Liu Cl9851 reported that Nafion that is used for 

application in electrochemicd separation can be used to efficiently separate alcohol-water 

mixtures by loading the membrane with the proper counter-ions. Sirnilar results were 

obtained for CMV (cation exchange) and AMV (anion exchange) ion exchange 

membranes by Wenzlaff et al. [1985]. Significant pervaporation studies also were carried 

out for polyetherimide (PEI), Nylon, PAA, and PAN materials in dehydration 

applications. 

Recently, polyelectrolyte membranes are gaining much attention in pervaporation 

dehydration [Schwarz et al., 19911. PoIyelectrolyte complexes can be formed as a result 

of coulombic interactions between two oppositely charged polyions. The distinguishing 

and unique properties of polyelectrolyte complexes are as follows [Michaels, 19651: 1) 

insolubility in cornmon solvents, 2) infusibility, 3) plastisizability by water and 

electrolytes, 4) highly specific, but limited water absorptivity, 5) transparency of flexible 

solids (when wet), 6) selectivity of ion sorption and ion exchange properties. It was 

reported that when complex had significant adsorptivity for water and slight adsorptivity 

for organic component, the water absorbed formed hydration with the ion site m o k a w a  

et al., 19801. This exceptional water selectivity makes the polyelectrolyte complex 

membranes one of the most prornising membranes in the pervaporation dehydration. 

Richau et al. Cl9961 revealed that water molecules were transferred fiom one hydrogen 
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bonding site to another by fixed carrier rnechanism (although they did not use this term) 

through cellulose sulfate and different polycation compIexes, and the selectivity was 

govemed by d ias ion  not by the sorption mechanism. Polysaccharide polymers have 

been used to prepare the complex membranes because of their ionic functional groups. 

Shieh and Huang Cl9971 studied complex membranes consisting of cationic 

chitosan and anionic polyacrylic acid for the ethanovwater separation. In addition, 

several important relationships between membrane eficiencies or selectivities and 

s d a c e  characteristics using X-ray plïotoelectron spectroscopy (XPS) and contact angle 

measurements were found m a s  et al., 1995, 19971. A review paper extensively dealing 

with the hydrophilic membranes and relevant phenornena can be found elsewhere 

[Semenova et al., 19971. 

2) Materials for organic removal fmrn dilute organic aqueous mixtures. 

Pervaporation processes for organic (e-g., alcohols, ketones, esters, and chlorinated 

hydrocarbons etc.) and volatile organic compounds (VOC) (e.g., 1 , 1 , l-trïchloroethane 

(TCA), trîchloroethylene (TCE), CCL, chloroform, and phenol etc.) removal f?om water 

has attracted rnuch interest thesc days in tenns of energy savings, soIvent reuse, and 

environmental pollution control. Pervaporation is also a potential cost-compehtive 

alternative to traditionaI methods in this regard (e-g., air stripping or carbon adsorption, 

photolysis, and ozonization). In general, the more soluble and less volatile a permeant is 

in water, the lower its selectivity. Therefore, aromatics and chlorinated cornponents such 

as benzene, toluene, xylene, TCE etc. exhibit high separation factor, while water-soluble 

and Iess volatile components such as alcohols, acetone, aldehydes, acetic acid, and 

ethylene glycol have much lower selectivities. 
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For instance, Blume et al. [1990] reported that pervaporation is a potentially 

economic method to recover low concentrations of organic solvents fiorn aqueous 

streams. Dilute systems for pervaporation separation can be found in various industrial 

processes ïncluding continuous in situ removal of dilute aIcohols during fermentation of 

biomass and solvent recovery fkom the industrial effluents. When pervaporation 

technology is applied to the separation of aqueous organic solutions, the permselectivity 

is rnainly govemed by the interaction between the membrane polyrner and the component 

tends to be separated, Thus, for the purpose of organic removal, the polymers that have 

strong affinity with organic components (organophilic) should be selected. Elastomers as 

opposed to glassy polymers for the dehydration of organic-water mixtures may be 

suitable for the organic component removal due to their flexible polymer chain rnobility 

and high fiee volume. Several elastomers showing reasonable permeability as well as 

organophilicity include ethylene-propylene-diene-monomer (EPDM), nitrile-butadiene 

rubber (NBR), styrene-butadiene rubber (SBR), polyethylene (PE), polybutadiene (PB), 

pol yurethane (PU), polytetrafluoroethylene (PTFE), pol ydimethylesiloxane (PDMS), 

poly[l-eimethyl(sily1)- l -propyne] (PTMSP), poly[vinyl~methylsilane] (PVTMS), etc. 

Among them PDMS is the rnost well-known and extensively studied rnatenal 

because of its high vapor permeability, good thermal stability, and excellent film forming 

properties. Substantial studies have been carried out to preferentially separate ethanol 

fiom aqueous mixtures through PDMS membranes ~ ruschke ,  1990; Takegami et al., 

1992; Uragami and Monkawa, 1992; Lai et al., 1994; Mauz et ai., 1996; O'Brien & 

Craig, 19961, poly(1-trimethylsilyl-1 -propyne)mDMS copolymer Pagase et al., 19901, 

peroxide crosslinked polybutadiene mbber voshikawa et al., 19941, and 
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PDMS/polystyrene interpenetrating polymer network (IPN) wiyata et al., 1996 1, and this 

application is usefui in the fermentation process. As an example of non-alcohol 

separations, separation of acetic acid fiom water was attempted using PDMS p e n g  et al., 

19943 and silicone rubber P a i  et al., 19931. Drioli et al. 119931 studied pyridine 

separation eom pyridine/water mixtures using PDMS, cation-exchange material, and 

PVA, respectively, and revealed that only PDMS is preferentially permeable to pyridine. 

As one of efforts to enhance organic selectivity, hydrophobic fillers such as zeolite, 

silicalite, and carbon black etc. were incorporated into the PDMS membrane [Dotremont 

et al., 1995; Jia et al., 1992; Adnadjevlc et al., 1997; Vankelecom et al., 1995, 1997a, 

1997bI and silicone rubber membrane [Hennepe et al., 19871. The use of organic 

selective molecular sieves having organic transport channels through its pores resulted in 

the increase of the selectivity without any comrnon trade off phenomena or with the slight 

increase of the permeability. The performance of zeolite filIed membrane is influenced by 

the physicochernical properties of zeolite used, pnmmily the degree of hydrophobicity, as 

well as the sorption capacity for organic, the specific pore volume, specific area and 

mean crystallite size of the zeolite. Recently, Chen et al. 119981 reported silicone rubber 

membrane filled with more hydrophobic silicalite-1 filler through the treatrnent of 

silicalite 1 by acid or under stearn, which removed the remaining metallic impwities and 

resulted in enhanced selectivity to etfimol. Other studies were directed to VOC or 

dissolved organic removal pijhuis et al., 1991; Chandak et ai., 1997; Brooks and 

Livingston, 1995; Watson and Payne, 19901. Review paper exclusively dealing with 

pervaporation using adsorbent filled membrane can be found elsewhere [Ji & Sikdar, 

19961. 
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Another interesting approach to control the permselectivity of organophilic 

membrane is to add more hydrophobic polymer additives, mostly copolymers, to the 

membrane. Miyata et al. [1997] showed that the selectivity of PDMS to ethanol could be 

enhanced by the addition of copolymers containing PDMS component which was 

selectively localized at the surface of the PDMS membrane which then increased its 

hydrophobicity. Improvement of the hydrophobicity of PDMS membrane such as the 

graft polymerization of a hydrophobic polymer ont0 PDMS surface [Mishima and 

Nakagawa, 19991 and addition crosslinking reaction [Yeom et al., 19991 was investigated 

in recent publications. Yamaguchi et al. [1994] prepared filling polyrnerized membranes 

by plasma-graft polymerization. They filled the micropores of a porous high-density 

polyethylene substrate that is inert to organic with the grafting monomers that selectively 

permeate chloroform or TCE. Schnabel et al. [1998] studied the VOC separation 

improvement through PDMS hollow fiber membrane of the coiled configuration. h o t h e r  

promising matenal havÏng organophilicity is poly(1 -û-irnethylsilyl-1 -propyne) (PTMSP) 

that was onginally developed for the gas separation. PTMSP membrane has also been 

known to preferentially permeate ethanol at pervaporation of aqueous ethanol and to be 

more ethanol selective than PDMS pagase et al., 199 1 ; Ishihara et al., 19861. Another 

interesting organoselective polymer which has strong potential for this application is 

polyether block amide (PEBA) produced by ATOCHEM in 1981. Further published 

papers regarding organic removal fkom dilute mixtures are sumrnarized and listed in 

Table 2.2. 

MTR (Membrane Technology & Research) has sold several plants in the 5-10- 

thousand gallodday range for water pollution control based on the silicone mbber 
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composite membrane. As pointed out earlier in this part, the deveiopment of materials 

pemselective for the water-soluble solvents such as alcohol and acetic acid as well as 

VOCs is in great demand by industry. Future prospects and performance of organophilic 

membrane process for wastewater treatment was thoroughly reviewed in the article of 

Lipnizki et al. [1999a]. 

3) Materials for organic-organic separation. 

Organic-organic separation is the least developed application among pervaporation 

applications mostly due to the lack of membrane matenals and modules sustainable 

aggressive solvent mixtures under the severe operating conditions. In addition it is not 

easy to fmd the proper membrane materials which c m  pemeate an organic cornponent 

selectively over another organic component. However, for alcohoVorganic mixture 

relatively hydrophilic or polar membrane can be adopted for the separation of the alcohol 

component. Considenng commercialized processes, it is believed that the Separex 

Division of Air Products is operating a small pilot systern for methanoVMTBE separation 

based on cellulose acetate membranes. Also, Ho et al. Cl99 1, 19961 of Exxon Research & 

Engineering Co. reported hard/soft segment copolymer membranes for separating heavy 

catalytically cracked naphtha into arornatic-rich permeate and aromatic-lean retentate. In 

this membrane hard segments, which consist of polyimide, provide temperature stability 

and solvent resistance, while soft segments, which is polyadipate, govem selectivity and 

flux. They M e r  improved the flux and separation factor via incorporating the soft 

segments (polysuccinate) having higher polarity than that of polyadipate. Unlike 

elastomenc material favored in organic separation fiom water, most of materials having 

high affinity with the organic to be separated c m  be selected for this purpose regardless 
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Table 2.2 Recent pervaporation research relevant to organic removal from aqueous 

organic mixtures (1999-2000) 

COMPONENT TO BE 

SEPARATED 
RESE ARCHER 

Polyoctylmethyl siloxane (POMS- Olsson & Tragardh 
Aroma components 

PEI) [ 19991 

Mishima & 
FIuoroalkyl methacrylate grafed TCE, Benzene, Toluene, - 

PDMS Tetrachloroethylene etc. 
Nakagawa 

[1999,2000] 

Poly(n-butyl acrylate-CO-acrylic 

acid) and poly(BA-CO-2-hydroxy 

ethyl acrylate) 
TCE Hoshi et al, [!999] 

Almquist and Hwang 
PDMS Organophosphorus compounds 

Cl9991 

PDMS VOCs Yeom et al. [1999] 

Sulfonated phenylene oxide 
Boucher-Sharrna et 

al. [1999] 

PDMS, PDMS-zeolite and PEBA 

(commercial membranes) 
MeOH, MTBE, acetates Kujawski [2000] 

Polyurethane Phenol Hoshi et al, [2000] 

Styrene-butadiene-styrene block Dutta and Sirkar 
TCA, TCE, and toluene 

copolymer [ 19991 

Qureshi and 
PDMS Butanol 

Blaschek [1999b] 

Baudot and Marin 
PDMS 1070-GFT Ester flavor compound 

[19991 
- - -  

PDMS and PEBA- Aroma compounds Baudot et al. [1999] 

Silicalite filled PDMS Acetic acid Lu et al. [2000] 

Polysiloxaneimide VOCs Chang et al. [2000] 
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of glassy or mbbery polymer. However, it is hard to find good membranes for specific 

applications and get them to work economically on the industrial scale. Wytcherley and 

McCandless [1992] reported the separation of meta- and para xylene by polypropylene 

(PP) membrane in the presence of CBr4. At temperatures below 5 OC, the presence of 24 

mol% CBr4 that rnakes molecular complex with p-xylene in the feed results in 

polypropylene membrane very selective for m-xylene although PP membrane is selective 

for p-xylene. Polymer-metal complex membranes of low-density polyethylene-graft-poly 

(acrylic a c i d ) - ~ g  (LLDPE-g-AA-~g3 Wang and Hsiue, 19981, silicone rubber (SR-g- 

M-A~? Wang and Hsiue, 19971, and PTMSP-~-AA-A~+ pang and Hsiue, 19961 as 

well as PVA-AgN03 [Ho and Dalrymple, 19941 with homogeneous Agf distribution for 

olefidparaffin separation were extensively investigated. ~ g +  coordinated ont0 the 

carboxylic acid facilitated olefin transport. Among three membranes of Yang and Hsiue's 

work , P T M S P - g - ~ ~ - ~ g '  membrane possesses high gas permeability and high 

olefdparaffin selectivity. Although their work was for the gas separation, carrier 

facilitated transport membranes offer potential application possibility for the separation 

of organic/organic liquid mixtures fiom petroleum industry. It was found that the benzene 

permselechvity and permeability for a benzene/cycIohexane mixture were increased with 

the metal ion crosslinker in the MMA-MAA copolymer membranes [Inui et al., 19991. 

Incorporated metal ions ( ~ e ~ +  and co23 into the membranes increased the hydrophilicity, 

in other word, benzene selectivity (hydrogen solubility of benzene is much higher than 

that of cyclohexane). Tanihara et al. [1995] investigated poly (ether imide) segrnented 

copol ymer for the separation of benzenek yclo hexane, benzeneh-hexane, and 
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acetone/cyclohexane mixtures. They found that rubbery polyether domain contributed to 

selective sorption and diffusion and glass y pol yimide served for the rnatrix. Polyethylene 

oxide based copolymer showed good selectivity to benzene and acetone. 

Table 2.3 Recent pervaporation research relevant to organidorganic separation 

(except rnethanol/MTBE mixture) (1999-2000) - underlined component is the 

preferred permeant 

MEMBRANE MATERIAL 
MIXTUFWS TO BE 

SEPARATED 

Yoshikawa et al. 
CarboxyIated polysulfone benzenelcyclohexane 

[1999a) 

Copolyrner of acrylonitrile rnethanoVethylene glycol Ray et al. [1999] 

Poly(hexamethylene sebacate)-based Cao &k Kajiuchi 
stvrende thyl benzene 

polyurethane Cl9991 

Poly(hexameîhy1ene sebacate) stvrene/ethylbenzene Cao et al. 119991 

Poly(glycidy1 methacry1ate)-grafted PE benzene/cyclohexane Wang et al. [1999] 

Yoshikawa et al. 
Nylon 6-graft-poly(buty1 methacrylate) benzene/cyclohexane 

[ 19 Wb] 

Yoshikawa and 
Nylon 6-grafi-poly(hexy1 methacrylate) benzene/cyclohexane 

Tsubouchi [1999c] 

Poly[bis@henoxy)phosphazene] benzenelcyclohexane Sun et al- [1999] 

Methyl methacrylate-rnethacIylic acid 
benzene/cyclohexane Inui et al. [1999] 

copolymer 

PoIy(viny1 chloride)-g-poly@utyl Yoshikawa and 
benzenekyclohexane 

methacrylate) Tsubouchi [1999d] 

SBRhatural rubber blend -- CC14/acetone George et al. [2000] 
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Hao et al. [1997] reported that sulfonyl-containg polyimide membrane was preferentially 

permeable to aromatics over aliphatic with rather low flux and high separation factor 

because sulfonyl group reduced the swelling and enhanced the affinity to the arornatic 

cornponent. Extensive review papers for the benzene/cyciohexane mixture separation can 

be found with the ernphasis on the previous membrane performance pillaluenga and 

Tabe-Mohammadi, 20001. 

High methanol separation fkom methanoI/MTBE mixture through polystyrenesulfonate 

based membranes was reported by Chen and Martin [1995a]. Polystyrenesulfonate/Al203 

composite membrane shows extremely high separation factors (25,000 to 35,000 in the 

M~'' counter ion f o m  (PSS-M~~? for methanoVMTBE mixtures, and also the separation 

factor 400 was obtained at the azeotropic concentration of ethanolhrater mixture [Chen et 

al., 1995bI- As promising materials for the separation of rnethanol/MTBE mixture, 

cellulose acetate and triacetate have been known to have good methanol selectivities 

[Yang et al., 1998; Cao et al., 19991. Blend membranes of PAA and PVA were applied to 

separate alcohoVtoluene mixture [Park et al., 19941. Separation of toluene mixtures has 

been Iess studied due to the lack of polyrneric materials that could toterate the harsh 

chernical properties of toluene. In summary, rnethanol/MTBE is a well studied mixture 

among various organic/organic mixtures and other mixtures that have been studied are 

listed in Table 2.3. 

2.3 MASS TRANSPORT PHENOMENA IN PERVAPORATION MEMBEUNE 

PROCESSES 
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2.3.1 Solution-drffusion model 

As in reverse osmosis, vapor permeation, and gas separation, the solution-difision 

model was successfully applied to dense pervaporation membranes. The soluhon- 

diffusion model (see Figure 2.1) consists of three steps; 1) sorption of feed components 

into the swollen layer of the membrane at the Iiquid feed side; 2) diffusion of permeant 

through the unevenly swollen layer of the membrane; 3) desorption of permeant into the 

vapor phase at the vapor permeate side. One of the preconditions in solution-difision 

model is the existence of thermodynamic phase equilibrium at both membrane surfaces 

being in contact with the feed mixture and the permeate mixture. Mass transport through 

rhe pervaporation membrane is generally expressed by the following Fick's law and 

being the rate determinhg process for the total separation process. 

dc, Ji =-Di - az 

Another popular form describing the flux of component i is the following, 

D .  

where Ji is the flux of component i (kg/m2 hr), Di is the diffision coefficient, and dc, /& 

is the concentration gradient through the membrane p~ and ppi are the partial pressures of 

component i in the feed and permeate streams, respectively. Thus, fi-om equation (2.7) the 

dnving force of the pervaporation transport is the chemical potential difference across the 

membrane. The pressure on the feed side is maintained slightly above the atmospheric, 

and the pressure on the permeate side is kept far lower than the saturation vapor pressure 

of the pemeant to maintain the chemical potential difference. At this stage, it is woah to 
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consider each step in the solution-diffusion model. Since the partial vapor pressures of 

the permeating components at the permeate side are significantfy lower than those at the 

feed side, phase transition occurs somewhere inside the membrane. The enthalpy for the 

vaporization is supplied by the sensible heat of the feed mixture [Ito et al., 19971. 

Generally, the desorption step is regarded as less important step because the rate is so fast 

that almost no mass transport resistance exists. However, desorption resistance on the 

surface of the permeate side should be considered for the total transport mecfianism when 

a thin membrane is applied and/or at high permeate pressure condition [Yeom and Lee, 

19971. Sorption or solubility is generally dependent on several factors such as permeant 

condensability, the interaction between the permeant and the polymer, the rnorphology of 

polyrner (crystalline or arnorphous), and the concentrations of various cornponents within 

the membrane. On the other hand, diffusivity depends on the size and shape of the 

permeant, the free volume, polarity and morphology of the polymer as well as the 

concentration of the permeant. 

Heintz et al. [199 11 introduced three special cases of the pervaporation process in 

terms of solubility and diffusivity: 1) Solubility coefficient Si is independent of activity ai 

and concentration ci, and diffusion coefficient Di is independent of the concentration. 

When the feed mixtures behave ideally, Henry's law is applied; 2) For non ideal mixture, 

Si depends on the activity, and Di=Di(ci), diffusivity is the function of concentration. This 

is the real situation for the sorption process in pervaporation, but diffusion coupling of 

the components is not taken into account. This mode1 is approximately valid in case of 

organic mixtures and membrane consisting of hydrophobic material such as PE, 

However, its application is not justified for hydrophilic membranes; 3) Si depends not 



CHAPTER 2 38 

only on the activity but also on the concentration cj of the other components. Di is 

dependent of Ci but coupling is still neglected (Heintz and Stephan, 1994a). This is the 

case where hydrophilic membranes are described. However, in most real pervaporation 

processes, interactions exist between both the component-component and membrane-the 

components. Heintz and Stephan [1994b] described the solution-diffùsion mode1 taking 

into account non-ideal multicornponent solubility effects, non-ideal diffusivity behavior, 

diffusion coupling and the ùifiuence of the porous support layer. In this work the authors 

ernphasized the importance of UNIQUAC model cdculations and accounting for 

diffusion coupling based on the Maxwell-Stefan theory. 

Fels and Huang [1971] developed a theoretical interpretation for the permeation of 

binary organic Iiquid mixtures. This mode1 is based on an extension of Fujita's free 

volume theory [1961] for diffusion of organic substances in polymers and takes into 

account the effect of one component of the mixture on the diffusion of the other 

component. However, disagreement between theory and expenment rernains in this 

model mainly due to the complex mathematical equations with parameters that are 

difficdt to determine experimentally and inaccuracies in the free voIume parameters. Fels 

and Huang model was further irnproved by introducing the interaction parameter of the 

permeant and pdyrner [Rhirn and Huang, 1989; Yeom and Huang, 19921. Several 

relationships that correlate the concentration of the permeants inside the membrane with 

the diffusion coefficient have been reported including constant diffusivity [Lee, 1975; 

Kataoka et al., 19911, the linear relationship [Greenlaw et al., 1977a, 1977b; Rautenbach 

and Albrecht, 1984, 19851, and exponential relationship prun et al., 1985a, 198%; 

Mulder et al., 1985; Apte1 et al., 1974; Huang and Lin, 19681. Interestingly, Blume et aI. 
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[1990] interpreted the pervaporation process as the product of an evaporation separation 

step and a membrane permeation (diffusion) separation step both to facilitate the 

mathematical treatrnent and to understand the difference between pervaporation and 

evaporation. 

P-, = Pm, P m ,  (2-8) 

Equation (2.8) does not imply that the pervaporation process actually occurs as an 

evaporation step followed by a permeation step. Although the solution-diffusion model 

has been accepted by a number of researchers, M e r  improvernent is required to 

descnbe the coupling and phase change phenornena in pervaporation. 

Very recentIy, Shieh and Huang [1998a, 1998bl proposed a pseudophase-change 

solution-diffusion (PPCSD) model that is assuming a combination of liquid and vapor 

permeation mechanisms in senes (see Figure 2.2) by m o d i w g  the solution-difision 

model. The primary difference between the conventional solution-difision mode1 and 

the PPCSD model are that the pressure within the membrane is not uniform throughout 

the membrane system and that a pseudophase change of permeant occurs within the 

membrane. 

In summary, pervaporation transport c m  be well descrïbed by the solution- 

diffusion model. It is assumed that the feed mixture and the permeate are in equilibrium 

with their respective membrane surfaces, and a concentration gradient, the driving force 

for the selective separation, exists through the membrane. 
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Figure 2.1 Solution-diffusion mode1 for pewaporation 
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Liquid Vapor 

Figure 2.2 The pseudophase-change solution-diffusion (PPCSD) mode1 
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2.3.2 Pore flow model 

Pervaporation transport theory based on the pore flow mechanism has been 

proposed first by Sourirajan et al. Cl9871 and has been descnbed extensively by Okada et 

al. El99 la, 1991 b]. Presumably this model creates a bundle of straight cylindrical pores 

(tortuous pores were sirnpiified to straight pores in order to facilitate the derivation of 

equation) of length 6 penetrahng across the active surface layer of the membrane normal 

to the membrane surface. Furthermore, it is assumed that the entire membrane is in an 

isothermal condition (see Figure 2.3). The pore is partially filled with liquid &om the 

pore idet to a distance 6, along the cylindrical mis. The rest of the pore (6b) is filled with 

vapor. The pore flow mechanism consists of the following three consecutive steps: 1) 

liquid transport fiorn the pore inlet to the liquid vapor phase boundary; 2) evaporation at 

the phase boundary; 3) vapor transport fiom the phase to the pore outlet. There is a clear 

boundary separating liquid and vapor phases in the membrane watsuura, 19941. That is, 

an irnaginary phase that is in sorption equilibrium with the feed liquid and the perrneant 

is established in the pore flow model. Tyagi et al. [1995] adopted this model to study the 

penetrant concentration profile inside the membrane showing concentration polarization. 

At this point, thee differences can be noted between the solution-diffûsion model and the 

pore flow model: 1) first, while no phase change inside the membrane occurs in the 

solution-difïùsion model, a clear boundary of Iiquid and vapor exists inside the 

membrane at a certain distance fiom the surface that is in contact with liquid feed; 2) 

second, the concept of pore is different in both models. In the solution-difision model 

descnbing the liquid and gas transport through the dense polymer membrane, the 
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existence of pores is not dealt with. Effective membranes have no continuous passages 

but rely on the thermally agitated motion of chah segments compnsing the polymer 

matrix to generate molecular-scale transient gaps in the matrix. The penemts  undergo 

random jumps through transient pore, but because of a higher concentration at the 

upstrearn side than the downstream side, a diffusion proceeds toward the downstream 

side [Koros and FIeming, 19931; 3) third, driving forces for the transport are different. 

The mass transport is achieved by the concentration gradient according to the 

mathematical equations of solution-diffusion model, while the penetrant is dnven by the 

pressure difference according to the transport equations based on the pore flow model. 

Consequently, considering the important fact that the equations of solution-diffusion 

rnodel can be reduced ta the ones based on the pore flow model, it is believed that both 

models represent the pervaporation transport properly but with different viewpoints of the 

polymer matrix. 

2.3.3 The carrier transport mechanism 

The idea of fixed carrier membrane was coined during the design of novel synthetic 

membrane which a functional group was incorporated into a polymer structure as a 

carnier for transports of cations. In that sense, ion exchange membrane belongs to the 

fixed carrier membrane. Carrier membranes are classified into two types by an extensive 

state of carriers in the membrane [Shirnidzu and Yoshikawa, 199 11. 
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Membrane 

Figure 2.3 Pore flow mode1 for pervaporation 
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1) Nonfixed carrier membrane (Iiquid membrane) - A membrane in which camer is abIe 

to move. 

2) Fixed carrier membrane - A membrane in which a carrier is h e d  and impossible to 

di&se. 

A difference existing between nonfixed carrier and fixed carrier membranes is shown 

explicitly in Figure 2.4. In this figure, C represents a carrier such as irnide group, 

carboxyl group and S is the transported component such as water in hydrophilic 

membrane. In fixed carrier membranes, much higher energy than in nonfixed carrier 

membranes is required since adsorption and desorption is repeated continuously when a 

transported component moves between fixed carriers. On the other hand, once a 

transported component forms a complex with a carrier in a nonfixed carrier membrane, 

the other components only can find the carriers after a previous component is released 

fiom the membrane. In this sense, a fixed carrier can achieve high selectivity because a 

transported component changes carriers mmy tirnes during the transport. Fixed carrier 

membranes, in which carrier is fixed covalently to membrane matrix, have been 

developed since poly(ma1eirnide-CO-acrylonitrile) membranes containing pendent imide 

group as a carrier of water molecule was reported for the separation of water-ethanol 

mixture poshikawa et al., 1984al. Incorporating an imide group into a membrane caused 

a strong interaction with water through hydrogen bonding, and might lead to the 

enhanced permeation of water through this membrane. 
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Nonfixed Carrier Membrane 

Fixed Camer Membrane 

Figure 2.4 Carrier transport mechanism for pewaporation 
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2.4 PROCESS PAlUMi3TER.S IN PERVAPORATION MEMBRGW 

PROCESSES 

1) Feed concentration. As rnentioned earlier, sorp tion and diffusion p henomena 

govem the mass transport through the pervaporation membrane. A change in feed 

concentration directly changes the sorption equilibrium at the membrane-feed mixture 

interface, and then the changed sorption equilibrium afTects the concentration gradient 

inside the membrane. Additionally, the change of membrane dimension by swelling and 

coupling phenomena is closely relevant to the feed concentration; it is continuously 

critical to the flux and separation factor. 

Concentration poiarization has long been recognized as a major obstacle in 

continuous operation in the cases of microfiltration, ultrafiltration, and reverse osmosis 

processes. Selective permeation of a component leads to the accumulation of the retentate 

in fiont of the membrane, namely, in the boundary layer. Spontaneously the 

concentration of the more permeable component in the boundary layer is lower than that 

in the bulk fluid, whiIe the opposite phenornenon occurs for the less permeable 

component. The polarization of the components generally causes a decrease in the flux of 

the preferentially permeating component and an increase in that of the less permeable 

component. This reduces the overaII separation efficiency. Although concentration 

polarization is ofien found to be insignificant in pervaporation process [Heùitz and 

Stephan, 1994b1, Feng and Huang [1994] reported that the polarization is more severe in 

the pervaporation removal process of dilute phenol solutions using PEBA (polyether- 

block-polyamide) and PDMS membranes. When the feed concentration is considenbly 
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high, the concentration polarization is unlikely to pose a severe problem to the separation 

performance. A generalized equation reIating the modified Peclet number to the 

concentration polarization was proposed by Bhattacharya and Hwang [2997]. It is 

believed that the increase in the feed flow rate as the flow goes fiom laminar flow to 

turbulent flow reduces the concentration polarization in most cases [Dotremont et al., 

19941. Also the advantage of turbulent flow verifies why concentration polarkation is 

negligible in gas separation process where Peclet number Pe<l are typical in contrast to 

the liquid separation membrane processes. However, for the very high £lux membranes 

used in industrial membrane processes for the separation of gas-vapor mixtures and in 

high pressure applications in the petrochemical industry concentration polarization could 

be significant [Ludtke et al., 19985. Koops et al. [1994] reported that the selectivity of 

various pervaporation membranes decreases with decreasing membrane thickness below 

a limiting value of about 15 pm whiie the selectivity of the sarne membranes for gas 

separation are independent of the thickness. The authors attributed this phenornenon to 

the defects in what induced fiom the feed solution. 

2) Feed andpemeate pressures. The driving force for pervaporation is provided by 

the vacuum which is applied to the permeate side. Thus the feed pressure hardly affect 

the perrneation flux. Since permeate pressure is closely comected to the activity of the 

components at the permeate side of the membrane, it has a strong influence on the 

pervaporation characteristics. The maximum driving force can be obtained at zero 

vacuum pressure. Increasing the permeate pressure results in a decrease in driving force, 

decreasing the flux. It is generally observed that the selectivity is gradually reduced when 

permeate pressure is increased [Aptel et al., 1974; Rautenbach and Albrecht, 1985; Neel 
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et al., 19861. However the opposite trend was also reported by Greenlaw et al. [1977b] 

for the hexane-heptane separation through polyethylene membrane. Shelden and 

Thomson Cl9781 of the same research group suggested that it relied on the nature of the 

expenmental system studied. RecentIy in study of ester flavor recovery Paudot and 

Marin, 19991, it was revealed that the selectivity can be significantly improved by the 

coupling of pervaporation with a flash condensation over the conventional total permeate 

condensation. In summary, the separation factor may increase or decrease with increasing 

permeate- pressure, depending on the relative volatility of the permeating components. 

3) Operatîng temperarure. It is commonly accepted that sorption and diffusion of 

the solvent in a polymeric membrane depend on the temperature. Difision rate of the 

permeant inside the polymer membrane is getting faster with the increase of temperature 

due to higher permeation energy and faster thermal motion of polymer chah segments. It 

is generally observed that the flux increases with the temperature increase but the 

separation factor decreases as the result of trade-off phenomenon comrnonly observed in 

pervaporation. However, an unusual phenomenon, in which the separation factor 

increases with the increase of the temperature, is also observed in naturd polyrner such as 

alginate peom et al., 19961 because of the intrïnsic relaxation behavior of the relevant 

polyrner. The temperature dependence of the flux can be expressed by an Arrhenius type 

relationship: 

where A, and Ep are the pre-exponentid factors and the apparent activation energy, 

respectively. Neel [199 11 has reviewed the engineering aspects including above process 

parameters in detail. 
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2.5 CLASSIFICATIONS AND MODULES FOR PERVAPORATION 

MEMBRANES 

2.5.1 Membrane classifications 

Dense homogeneous films fkquently used in the initial evaluation step to 

characterize the membrane pedomance suEer from very low permeation fluxes in 

practical applications. Reducing the membrane thickness is very crucial to improving 

permeahon flux significantly, however dense homogenous membrane cannot be handled 

effectively in thickness control due to mechanical weakness. Two membrane types can be 

distinguished, viz. asymmetnc and composite membranes. The difference between these 

two definitions is whether the matenals consisting of the selective top layer and the 

supporting porous layer are the sarne materials or not. Their concepts and applications are 

reviewed in the folIowing sections, 

1) Asymrnetric membranes. Asyrnrneûic membranes which have a very thin 

selective layer (of the order of 0.1-1 pm) is supported by a porous substrate of the same 

material. In some books, the term "integrally skinned membrane" is often used instead of 

asyrnmetric membrane. Thin skin layer deterrnines both the pemeability and the 

selectivity of the membrane, whereas the porous substrate acts as a mechanical supporter. 

Cellulose acetate membranes in the reverse osmosis desalination application were 

reported as the first skinned membrane, and developed by Loeb and Sourirajan using the 

phase inversion technique. Phase inversion is now the most important process to prepare 
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asymmetric or syrnmetric membranes. The phase inversion mechanism was investigated 

extensively due to its importance. Two types of dernixing occurring during immersion 

precipitation, narnely, instantaneous and delayed demixing, were studied with regard to 

their effects on macrovoids [Smolders et al., 19921. It was found that macrovoids were 

avoided and formed in case of deIayed demYring and instantaneous demùcing with some 

exceptions, respectively. Also polymeric additives suppresses the formation of 

macrovoids in the sub-layer, while the ultrafiltration type top layer consists of a closely 

packed Iayer of nodules Poom et al., 19923. Kim and Lee [1998] substantially 

investigated the effects of PEG additive on the structure of polysulfone porous membrane 

in the phase inversion process. In fact, asymmetric membranes for the pervaporation 

appIications have been investigated by Feng and Huang [1993, 1996al who reported 

asymmetnc polyetherimide membrane prepared by the dry/wet phase inversion 

technique. It was revealed that the major variables involved in the membrane preparation 

included polymer concentration, additive content, solvent evaporation temperature and 

period were crucial to membrane performance. Syrnmetric and asyrnmetric membranes 

were compared with respect to their performance in pervaporation Fautenbach and 

Albrecht, 19841. They showed that the capacity of asymrnetric membranes could be 

increased by facing the active skin layer to the feed side, and the pores should be 

fingerlike and in any case must be open at the permeate side. Defect fiee integrally 

skinned polysulfone hollow fiber membranes were developed by means of a triple orifice 

spinneret for the dehydration of acetic acid by pervaporation [Koops et al., 19921. The 

formation of asyrnmetric pervaporation membranes was studied using nylon 4 [Lai et al., 
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19941, polycarbonate [Lee et al., 19941, polyimide panagishita et al., 1994, 19951, 

pol yvinylidine fluoride (PVDF) [Jian and Pintauro, 1993, 19971 membranes. 

Gas separation membrane with ultrathin skin layer is an important research topic 

because of its high productivity- Van't Hof et al- [1992] reported asyrnmetric 

polyethersulfone (PES) hollow fiber membrane having high selectivity by a dual-bath 

coagulation method. The first bath initiates the formation of a dense top layer and the 

second bath gives the actual polymer precipitation. Integrally skinned asymmetric gas 

separahon membranes were prepared by dry/wet phase inversion technique in which the 

outmost region of the cast membrane undergoes phase separation uiduced by partially 

evaporating the salvent, while the bulk of the membrane is fomed by solvent-nonsolvent 

exchange in methanol bath [Pinnau and Koros, 19911 and water bath pesek and Koros, 

19931. Membrane made by dry/wet phase inversion technique was superior to the 

membranes by dry or wet techniques in terms of selectivity. 

It rnust be emphasized here that asyrnmetric membranes with high flux and 

optimum separation factor for pervaporation separation can be prepared by using the 

dry/wet phase inversion method through proper membrane preparation conditions. 

2) Composite membranes. Since dense hornogeneous membranes show low 

permeation rates, their industrial application is hindered. Composite membrane having a 

very thin selective layer supported by porous substrate was the breakthrough, which 

made the pexvaporation process emerge on a commercial scale. The advantage of the 

composite membrane is that each layer can be optimized independently in terms of 

selectivity, permeation rate, and chernical, thermal and mechanical stability. The first 

commercial pervaporation membrane is the composite membrane manufactured by GFT 
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of Germany for alcohol dehydration. The GFT membrane consists of a crosslinked PVA 

skin layer suppoaed by polyacrylonitrile substrate mil1 & Lichtenthaler, 1992; Ohya et 

al., 19921- In general, the supportïng iayer is prepared by phase inversion method. The 

structure of the support layer affects the performance of composite membrane 

significantly. If the pores of porous layer are too narrow, capillary condensation inside 

the pores cannot be avoided. With the Kelvin equation, (2.10) it can be calculated at what 

pressures capillary condensation occurs as a function of the pore radius Boops et al., 

19931. 

where P and Po are vapor pressure observed over curved surface in capillary and normal 

vapor pressures, respectively, r is the pore radius, is the molar volume of the liquid 

filled the capillary, and B is the contact angle. On the other hand, large pores cause 

difficulties in obtaining thin defect fiee top layer. It is fiequently f o n d  that casting 

solution of top layer intrudes the pores and then reduces or blocks the pathways of the 

permeant [Vankelecom et al., 19991. Ideal support membranes for the composite 

membranes possess a relatively high surface porosity to have the top layer mainly to be 

selechve layer. When the surface porosity is low relatively, the top layer and the support 

layer conuol the separation properties concurrently. Several techniques can be used to 

prepare a composite membrane with a thin top layer; 1) dip coating, 2) solution casting, 

3) plasma or W initiated poIyrnerization [Parthasarathy et al., 1994; Ulbricht and 

Schwarz, 19971. In cases of dip coating and solution casting, polyrner solution must have 

good wettability on the support polyrner. Otherwise, each layer c m  be segregated again 

during the pervaporation operation. 
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2.5.2 Pervagoration modules 

In practical applications, three types of membrane modules are used; 1) plate and 

h m e ,  2) spiral-wound, 3) hollow fiber, capillary and tubular. Significant reviews with 

regard to module design and characterization are contained in the book by Rautenbach & 

Albrecht [ 19891. In most of pervaporation applications, feed mixtures containing hot, 

organic-solvent are involved- Thus, the seals and plastic components of the module 

should sustain severe chernical and thermal attack. Consequently, the first generation 

commercial pervaporation module installed by GFT have been made frorn stainless steel 

and are of the plate-fiame design. However, since the membrane area per unit module 

volume is quite limited in the plate-fkame module, several efforts have been made to 

switch to lower cost module designs. Pervaporation membranes of MTR (Membrane 

Technology and Research) and Air f roducts have been manufactured in spiral-wound 

modules, which is characterized by a high packing density (>go0 m2/m3) and is 

commonly used by many membrane manufacturers. Moving from a plate b e  module 

to a spiral wound module has improved the efficiency in organic removal applications. 

Meanwhile, the hollow fiber module is not used due to the technical reasons in 

pervaporation application in spite of its successful cornrnercialization in reverse osrnosis. 

Substantial studies were reported with respect to the hollow fiber pervaporation process 

oc the basis of its potential [Sheng, 1994; Masawaki et al., 1992; Watanabe & Kyo, 1992; 

Feng & Huang, 1995; Nii et al., 19941. 
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Currently, the membrane separation as an industrial separation process has become 

more prevalent as various membrane modules have been developed. However, it must be 

pointed out that in many instances, the use of a membrane systern alone is not desirable 

or feasible to cany out a complete industnd separation. As an alternative or strategy, the 

hybrid design concept is particularly well suited for membrane-based unit operations. It 

was found that hybrid processes might lower industrial separation costs significantly and 

result in more complete separation than are possible using conventional processes B a y  et 

al., 199 11. The overall aspects of pervaporation hybnd processes were extensively 

reviewed as industrialized cases such as distillation hybrid and reactor hybrid processes 

bipnizki et al., 1999bl. In the mode1 study of ethanol production by a continuous 

fermentation-pervaporation, O'Brien et al. [2000] revealed that the incorporation of 

pervaporation unit into traditional fermentation plant costs slightly higher than the base 

case. However, with a modest improvement in either the pemeation flux or separation 

factor, fermentation-pervaporation system could be cost-cornpetitive. 

2.6 T33E MEASUREMENT OF DIFFUSION C0EFI;ICXENT IN THE 

MEMBRANE 

As mentioned earlier, mass transport through the dense polyrneric membrane is 

govemed by the solution-diffusion mechanism. Diffusion is defined as the process in 

which cornponents are transported from one part of a mixture (solid, liquid and gas) to 

another as a rno~ecular motion. Difision of a component in the pemaporation membrane 

is considered thermodynamically irreversible because constant potential gradient is 
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maintained. In general, diffusion mechanism of a solvent such as alcohol and water in a 

polymeric membrane is described in the viewpoint of the ability of the polyrner to 

physically accommodate the permeant. That is, the membrane continually provides 

randomly generated microvoids of molecular level for the permeant diffusion through the 

membrane Frisch and Stem, 1983- 19841. Srnall molecules occupy the interchain space 

(free volume) between the macromolecules of the polyrner. It has been widely accepted 

that the permeant size and shape effects dominate the difision mechanism in glassy or 

rubbery polymers. On the other hand, Watson et al. [1990, 19921 supposed that the 

difision process in silicone rubber is not dominated by permeant size effects, but is 

ùinuenced to a significant extent by specific site, permeant-polymer interactions by 

expressing the diffusion coefficient as follows: 

where the dwell time r ,  at each site is determined by the strength of the permeant- 

polymer interaction, E is the activation energy characterizhg the permeant-polymer 

physisorption bond, l/ro is the vibration fiequency of the bond and h is the jump length. 

Equation 2.1 1 is identical to that of conventional diaision theory, but the difference lies 

in the interpretation of E and ro intirnately concerns the permeant molecule. It must be 

rnentioned that above authors merely emphasized the possibility that Van der Waals 

interactions might play an important role in the diffusion process especially in silicone 

rubber with the possibility in other polyrners too. From above discussion, the size of the 
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permeant and its interaction with the polyrner must be considered simultaneously to 

determine the diffusion coefficient prookes and Livingston, 1995; LaPack et al., 19941. 

2.6.1 Conventional measurements of diffusion coefficient 

Modelling allows one not only to explain but also to predict the behavior of a system 

under different experimental conditions when a set of relevant parameters such as the 

feed concentration, operating pressure, membrane thicloiess, and the difisivity of the 

pemeant are identified. Further more, mathematical rnodelling is essential for accwate 

scale-up. 

The mass transport phenomenon through the dense polymeric membrane is well 

described by the solution-difision model. That is, the permeability P (= D x S ) is the 

product of the solubiIity, S and the diffusivity, D. 

When the membrane faces to the feed mixtures, the components in the feed mixture will 

be absorbed into the matrix of the membrane due to the concentration gradient through 

the membrane, and then the sorbed component will diffuse along the conceptual f'ree 

volume in the polymeric membrane and eventually be desorbed into the permeate side. 

Desorption process is considered to be non-selective and swift, so this process is 

cornmonly not incorporated in the mass transport model. 

Precise measurement of the solubility and difisivity becomes of importance in 

estimahng the mass transport phenomenon through the polymeric membrane reliably. In 

various appIications of polymeric thin films such as the gas separation membrane, 

packaging barrier film, container and supercntical fluid (COz) or foam processing, 
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Table 2.4 Models for the concentration dependence of diffusion coefficient in binary 

mixture 

Models 

Di = Di, (C, + BjiC,) 

Reference 

Greenlaw et al., 1977a, 1977b; 

Shelden and Thompson, 1978; 

Rautenbach and Albrecht, 1985 

Brun et al., 1985a, 198% 

Bitter, 1991 

Yeom and Huang, 1992 
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aforementioned parameters should be measured acciirately. D f i s i o n  coefficients in the 

pervaporation membranes commonly depend on the concentration of the p e r m e a ~ g  

component. Many researchers have been studying various relationships between the 

difision coefficient and the concentration of the permeating component either 

ernpincally or theoretically. Like the pervaporation separation, one considers that the 

binary permeation, diffusion coefficient of component i is affected by cornponent j or 

vice versa. Significant rnodels of difision coefficient are tabulated in Table 2.4. 

In this section, methods to measure the diffusion coefficient experimentally in polymenc 

thin film are presented and reviewed. 

I )  Electrogravitnetn'c sorption (or desorption) experiment approach 

Sorption technique w o n g  et al., 1998; Hemandez-Munoz et al., 19991 is a unique and 

advantageous method in measuring both solubility and difisivity, especially when the 

difisivity is very low. Solubility is the measurement of the concentration of sorbed 

species in the polymer rnatrix at the equilibrium state at given temperature and is vital in 

many areas such as chemical processing and the assessment of transport and distribution 

witb organic compounds. 

From the sorption experiment, solubiIity of the component i is estimated as follows, 
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wbere w/ is the weight fraction of component i at the surface membrane at the feed side, 

M, is the amount of sorbed component in the membrane at equilibrium state, w is the 

dry weight of membrane, a /  is the activity of component i in the feed mixture, ai is the 

activity of the component i u1 the membrane, p9 is the vapor pressure of pure component 

i, pi is the partial vapor pressure of i, Mi is the molecular weight of i, R is the gas 

constant. At very low concentration, Henry's law is applied and the solubility cm be 

determined from the dope of the isotherm or fiom my data point using above equations. 

There is a practical method to obtain the solubility of a solute in the membrane 

from swelling experiments ~"Yeom & Huang, 19921 

where R is the swelling ratio, Z and Io is the lengths of the swolIen membrane and the 

dry membrme at specific condition. v is the volume fi-action of the pemeant in the 

swollen membrane and can be used as the solubility of the permeant in the membrane. 

The kinetic characteristics of the sorption experiment make it possible to measure the 

diffusivity of the component through the dense polymenc membrane with the following 

relationship [Crank & Park, 19681. 
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where M, is the sorbed amount of the component i at time t, D is the diaisivity, Sis the 

membrane thickness. Equation 2.15 converges rapidly at moderate or long time, whereas 

equation 2.16 is converges at relatively shoa time. 

When M J M ,  2 0.5, equation 2.15 can be simplified to its first tenn of the 

s u m a t i o n  with an error 0.00 1%. 

Difisivity can be obtained fiom the slope of the plot of left-hand side t e m  vs. t at 

suflficiently long tirne. 

When the half time (t,,,) sorption process is proceeded under well-controlled 

environment, it is assumed that difisivity is constant, i.e., concentration independent and 

Fickian. That is, at M, / M m  = 0.5 above equation is simplified to the following. 

Diffusivity is sirnply calculated when tas is h o w n  fiom the experiment. 

When M ,  / M m  vs. f i  is plotted at short time, difisivity is calculated fi-orn the slope of 

the plot. One term simplified forrn of equation 2.16 c m  be writteri 

The rnomentum technique is also used to measure the diffusivity (Felder, 19781. 

The momentum may be determined fiom the integration of the plot of M, vs. t and 

diffùsivity may be calcuIated fiom the following equation. 
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There is a hybrid 1 -tem rnethod which combines two first-tems of equation 2.15 

and 2.16 in order to provide good approximation of sorption experiment over the entire 

tirne range palik, 19961. A weighted sum of the two first tem approximations is used, 

weighting function #(x)  switch the equation fiom the short time equation 2.16 to the 

long hme equation 2.1 5 at ~ t / 6  ' = 0 .O5326 . 

f(x) = 4[: 1 , short time approximation 

g(x) = I - (5) exp(-ir's), long tirnc approximation 

The transition occurs fi-om #i)= 1 to Kx)=O at x=a. This is well-known Fermi function 

and plotted in Figure 2.5. In summary, sorption technique is preferred in very low 

diffusion coefficients and in high-pressure measurements, whereas the permeation 

approach is preferable for routine measurements especially at low and moderate penetrant 

activities @?elder, 19781. 
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Figure 2.5 Plot of the Fermi function for a=0.05326 and b=0.0001 
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2) Permeation expeninent approach 

It seems that the measurement of diffiisivity using pervaporation expenrnents is much 

more practical and more clearly represents the pervaporation process in the model if the 

experiments are well prepared. In this rnethod, it is assumed that the solubility and 

diffisivity is independent of the concentration and that is, the concentration is constant 

tbrough the membrane at any given tirne. From the Fick's first law, 

where CI and C2 are the concentrations of the permeant on the surfaces of the feed side 

and permeate side, respectively. When diffusivity is measured from above equation, 

diffusivity here is independent of the concentration. 

The above equation can be written in another form fiom the Henry's law (linear sorption 

isotherm), C = S x p 

J = D S  ( P i  -4 (2.23) 
S 

where p ,  andp2 are the partial vapor pressures of the permeant on the surfaces of both the 

feed and the permeate. From the perrneability expression P = DS this equation is written 

J = P  (Pi -PZ) 
6 
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When P is known ficorn the experiment, equation 2.24, provided that one of the 

diffusivity and the solubility is hown,  equation P=DS can be used to get the remaining 

parameter. 

Unlike the steady state measurement, at the unsteady state condition Fick's 

second law c m  express the permeation characteristics. 

B.C. 

C=C, ,  x=O, t 2 O  

C=O, x = S ,  t 2 O  

C=O,O<x<S,  t = O  

From the boundary conditions this equation can be expressed as follows. 

where Q, is the total permeated arnount of the permeant This is the equation modelling 

the expenmental data. When r approaches a, further simplified expression is made and 

used to calculate the diflfusivity. 

This is the so called time lag method to obtain the diffusivity fiom the intercept 1 of the 

plot of Q, vs. t (Figure 2.6). 
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Figure 2.6 Ideal permeation flux of the pewaporation membrane 

Watson et aI. [1990, 19921 measured the diffusion coefficient in silicone rubber 

membrane using time-lag method. The permeant flux is given by 

where Q and Qs are the f l ue s  at a certain time and steady state, respectively. They 

derived the two diffùsion coefficients based on the two observed times. 

Dt, 1 -=- 
SZ 5.92 
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2.6.2 Inverse gas chrornatography approach for the diffusion coefficient 

Conventional methods for measuring diffusion CO efficient of the low rnolecular 

weight components in polyrner such as the gravirnetric vapor sorption or desorption 

depend on sorption and bulk equilibrium. These methods become increasingly unreliable 

when the difision is very slow or when the solvent is present in vanishingly small 

arnounts. As an effective alternative, inverse gas chrornatography (IGC) has been gaining 

much attention because of its convenience, economics of operation, and versatility- The 

word inverse means that the component of interest is the stationary polymer phase rather 

than the injected mobile substances. In principle, a variety of interesting physicaI and 

chemical properties, including the d ias ion coefficient @?awlish et al., 1987, 19881 and 

the solubility [Baltus et al., 19931 of the polymer as well as the activity coefficient 

[Bonifaci et al., 19941, the enthalpies of interaction, Flory-Huggins interaction parameter, 

crystallinity [Guillet and Stein, 1970; Gray and Guillet, 19711, adsorption isotherm 

[Kontominas et al., 19941, degree of fusion [Qin et al., 19951, and crosslinking [Tan et 

al., 19941 can be determined by studying the elution profiles of the injected volatile probe 

molecules of known properties through the chrornatographic column containing the 

polyrner. The principle of IGC technique is based on partitioning of a voiatile substance 

between a mobile gas phase and a stationary polymer phase. Currently, IGC has proven 

to be a particularly important tool for the polyrner surfacehterface charactenzation. The 

most significant equipment in IGC technique is the form in which the stationary phase 

may be prepared in the chrornatographic colurnn. A colurnn c m  be packed with a 
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polyrner support mixture (packed column) or it may be coated on the wall with the 

polyrner to create a capillaiy column. The proper preparation of each of these columns is 

extrernely crucial to gaining reliable data. The free voIurne theory predicting diffusion in 

a solvent-polymer system and two types of chromatographie column for IGC experiment 

are reviewed below. IGC technique can be applied to rneasuring the d i f i s ion  coefficient 

of the perrneants through the hydrophilic membranes. 

I) Free vohtme theoty. The fiee volume theory was originally developed by Cohen 

and Tumbull [1959] to consider the molecular transport in a liquid consisting of hard 

spheres by relating the self-diffiision coefficient to the free volume o f  the system. 

According to this theory, the fiee volume is defined as the volume within the cage of a 

molecule minus the volume of the molecule itself. One rnay imagine a "hole" opened up 

by thermal motions of molecules. The diffusion wilI occur only if another molecule 

jumps into the hole before the first molecule goes back to its previous hole. 

Fujita [ 196 11 was the first researcher to apply Cohen and Turnbull's theory to self- 

diffusion in polymer systems. In Fujita's study, the thermodynamic diffusion coefficient 

of the penetrant is defined as follows. 

B d  D = RTA, exp(--) 
f 

where Ad and Bd are proportionality factors whose values are dependent on the size and 

shape of the diffusing molecule and may be independent of temperature and diluent 

concentration. In this equation, Bd c m  be taken to be the ratio between the size of the 

diffbsing species and the size of the polyrner chain segments [Huang and Rhim, 19901, 

and f is the fiactional fiee volume of the system. 
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Vrentas and Duda [1977a, 197'7b3 extended the fkee volume theory of difision to 

account for the dependence of the solvent self-difksion coefficient on the concentration 

and temperature in polyrner so1utions. 

Dl =Do, exp 1 

M ,, Y,' 
Ç: = M,U; 

In these equations, 6' is the specific critical hole fiee volume of component I required 

for a jump, w, is the rnass fraction of component 1, Tg, is the glass transition temperanire 

of component 1, and 6 is the ratio of the cntical molar volume of the solvent jumping 

unit to that of the polyrner jumping unit, Do is a constant preexponential factor, E is the 

energy per mole that a molecule needs to overcome attractive forces which hold it to its 

neighbors, T is the temperanire. Also,  KI^ and Kzi are fiee volume parameters for the 

solvent, Kt2 and KZ2 are fiee volume parameters for the polymer, and y is an overlap 

factor which is introduced because the same fiee volume is available to more than one 

molecule. Finally, Mjf is the molar weight of a jumping unit of component i. Above 

equations are based on the following assumptions Prentas and Vrentas, 19931: 

(1) The partial specific volumes of the solvent and polymer are independent of 

composition so that there is no volume change on mixing. (2) Al1 thermal expansion 

coefficients are adequately represented by average values over the temperature interval of 
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interest. (3) The parameter y is the sarne over the complete concentration interval. (4) E 

is the same for al1 solvent concentrations. 

If w, = 1, namely infinite dilute of solute which is the case for IGC, equation 2.32 

reduces to the next expression which is essentially pure polymer. 

D, = D,, exp -Y~,'c 
K,,(K, +T-T,,) 

When the solvent chernical potential in the mixture is given by the Flory-Huggins 

equation, the mutual diffusion coefficient (D) is related to the self-di&sion coefficient of 

solvent (DI )  by the following equation. 

D =D, (1-0,)'(1-2fl1) (2.37) 

in which cD, is the volume fiaction of the solvent, 

parameter for a given polyrner-solvent system, and 

component i. Further experimental works of Vrentas 

(2.3 8 )  

x is the Flory-Huggins interaction 

t0 is the partial specific volume of 

and Duda's kee volume theory may 

be found in the next papers for the reader's interest [Vrentas et al., 1985, 1986a, 1986b, 

1988, 1989, 1990; Ganesh et al., 19921. 

2) Packed column. For the preparation of a packed column, a polymer soiution of 

known concentration is to be coated on a inert support particles such as g l a s  bead with 

the uniforni distribution of stationary phase on the support, and the supports coated with 

the polyrner solution are dried and packed into the column. 

The diffusion coefficient is detemined by means of an analysis of the height 

equivalent to a theoretical plate (HETP) as a unit of column length sufficient to bMg the 
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gas issuing fiom it into equilibrium with the solute in the immobile phase throughout the 

unit [Conder and Young, 19791, according to the van Deemter equation. 

where V is the linear velocity of carrier gas, A is the eddy dif is ion which is nul1 for 

c a p i l l q  colurnn and is related to the size of the suppoa particles and the irregularity of 

packing, B depends on the longitudinal diffusion in the gas phase and on the tortuosity in 

the colurnn, and C accounts for peak broadening, which is resulted fkorn the mass transfer 

resistance in the stationary phase. The plate height HETP for h e a r  non-ideal 

chromatography is determined fiom the width of the peak [Conder and Young, 19791. 

where L is the colurnn length, a: is the peak variance, r ,  is the retention time, and Wx 

is the measured peak width at half of the maximum height Equation 2.39 is only valid for 

the symmetric peak that means the mass transfer resistance is very srna11 or even 

negligible. M e n  the relatively high flow rate is applied, the term BNbecomes negligible 

and A remains small. The term C is determined fiom the slope of a plot of HETP and V, 

and is related to the diffusion 

where D, is the diffusion 

coefficient, t ,  and t ,  are the 

coefficient in the stationary phase by the following. 

coefficient in the stationary phase, K is the partition 

retention time to the eluted peak maximum of the injected 
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solvent and the inert probe molecule such as methane and air. The t ems  of q and d 

must be determined empirically. q is the shape factor explaining the nonunifonnity of 

the stationary film in the packed column, d is the film thickness at its deepest point. 

Gray and Guillet [1973] did the pioneering work applying gas chromatography to the 

study of polymers. They used PE and natural mbber coated packed column to determine 

difision coefficient. The C term in the van Deemter equation was defined as follows by 

replacing q with 2/3 for a uniform film on a solid surface [Giddings, 19651. 

The average thickness of  the stationary poIymer phase was taken to be 

where W is the polyrner weight coated ont0 the support with the density p, F is the 

average radius of the bead support, and V is the occupied volume of the beads in the 

column. Hawkes [i 9831 critically reviewed and modernized the van Deemter equation. It 

was reported that a shape factor q nonnally varies fkom 2/15 for the sphencal particfes to 

2/3 for a uniforrn film. Hu et al. [1987] measured infinite dilution difision coefficients 

of volatile liquids in polystyrene and poIy (vinyl acetate) at elevated temperature with the 

aid of the van Deemter equation. They assigned 1/6 to the shape factor q based on the 

experimental comparison with available data. 

It must be pointed out that the main problem of the IGC technique using the packed 

column lies in the nonuniform distribution of the stationary phase within the column. 

Therefore, the shape factor, q can only be determined by the comparison of data gained in 
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IGC with the existing difision coefficients by other techniques. Additionally, modelling 

of transport in the polymer layer is difficult without many simplifjring assumptions. 

2) Capillary column. Unlike the packed column, a unifom distribution of polymer 

film can be achieved in the capillary column by coating the column wall with the static 

coating technique. Such simple film geometry makes the transport modeling of the 

injected solvent in the polymer layer easier and significantly improves the reliability of 

the data from IGC. Measurements of the diffùsivity using capillary inverse gas 

chromatography (CCIGC) were carried out first by Pawlish et al. [L987, 19881. They 

developed the following transport equations describing the elution process at the exit of 

the colurnn and being solved in the Laplace domain. 

where c is the mean gas phase solute concentration, c, is the strength of the inlet 

impulse, L and R are the length and radius of the column, respectively, V is the mean 

speed of the carrier gas, K is the partition coefficient, r is the film thickness, and Dg and 

Dp are the gas phase and polymer phase diffusion coefficients. The elution profile of the 

injected probe molecule can be descnbed and be predicted by the equation 2.45. The 

expenmental data are regressed using equation 2.45 to obtain the diffusion and partition 

coefficients. CCIGC method has been extensively adopted for the study of soIute 

difision in polymers due to it's a number of advantages [ArnoId and Laurence, 1989, 
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1992; Vrentas et al., 1993; Baltus et ai., 1993; Xie, 1993; TihminIioglu et al., 1997; 

Surana et al., 19971. 

2.6.3 Other methods 

Many direct, accurate methods for measuring the solubility and diffusivity of the solvents 

through the polyrnenc thin films were explored and were shown to be efficient for 

practical applications. Among them, pulsed-field gradient (PFG)-Nh4R spectroscopy has 

been used to directly mesure molecular or ionic self-diffusion coefficients in membranes 

polkov et al., 1995a, 1995b, 1998; Muzzalupo et al., 19991. The main advantages of 

PFG-NMR method are as  follows; it is possible to investigate the self-diffusion processes 

in the spatial scale fiorn 0.1 to 10' pn, which is crucial for the restricted diffusion; and 

also possible to separate the partial self-diffusion coefficients and solubilities in the case 

of complicated self-diffusion processes. 

For molecules of diffusate undergoing unhindered isotropie Brownian motion, the 

evolution of spin echo amplitude is described by the following equation 

A(2r, r, , g) = A(2r, r, ,O) - e ~ p ( - y ~ ~ ' d ~ t , ~ , )  (2.47) 

where y is gyromagnetic ratio, rd is the diffusion time, and Ds is the self difision 

coefficient, T is the time interva1 between the fust and second ration frequency (RI?) 

pulses, rl is the time interval between the second and the third ones, g is the amplitude of 

the gradient pulse. In experirnent, r and rl are fixed and A is analyzed as a function of g 

to obtain the difision coefficient. 
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Seif-diffusion coeEcient rneasured by means of NMR was described Pitter, 19911 in 

TabIe 2.4. 
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CHARACTERISTICS OF SODIUM ALGINATE MEMBRANES FOR 

THE PERVAPORATION DEHYDRATION OF ETHANOL-WATER 

AND ISOPROPANOL-WATER MIXTURES* 

Alginate membranes for the pervaporation dehydration of ethanol-water and isopropanol- 

water mixtures were preparcd and tested. The sodium alginate membrane was water 

soIuble and rnechanically weak but it showed promising performance for the 

pervaporation dehydration. To control the water solubility the sodium alginate membrane 

was crosslinked ionically using various divalent and trivalent ions. Among them the 

alginate membrane crosslinked with ca2+ ion showed the highest pervaporation 

performance in terms of the flux and separation factors. 

3.2 INTRODUCTION 

Presently, the dehydration of organic mixtures is the most important application for 

pervaporation. Research efforts have been directed to the selection of proper membrane 

matenals. A good pervaporation membrane rnatenal should have hi& permeation flux 

Part of this chapter has been published in Journal of Membrane Science, l6O(lW9), 10 1-1 13 
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and separation factor for the pervaporation dehydration of alcohol. However, the 

simultaneous enhancement of both parameters has been a big challenge due to the trade- 

off phenomenon between flux and separation factor that is fiequently encountered in 

pervaporation experiments. It has long been recognized that hydrophilic polymers are 

good dehydration membrane materials due to their strong aftinity to water molecules. 

Major drawbacks of hydrophilic matenals are its excessive swelling behavior resulting 

£tom the hydrogen bonding between the hydrophilic functional groups of the polymer and 

the water molecule, and water-soluble properties. Three-dimensional crossluiking of the 

membrane chain network is a generaily accepted strategy to suppress the swelling and 

insolubilize the water-soluble membrane in water. Among the hydrophilic polysaccharide 

type polyrners, alginate membrane has gained special interest because it showcd the 

highest flux and separation factor arnong the hydrophilic materials tested for the 

pewaporation dehydration. Alginic acid has the same backbone and functional groups as 

carboxymethylceIIulose [Muzzarelli, 19731, but has not been extensively studied for 

pervaporation applications. AIginic acid is a hetropolymer containing mannuronic acid 

and guluronic acid groups and is cornmonly f o n d  in the seaweeds. Its chernical formula 

is shown in Figure 3.1. 

Uragarni and Saito [1989] have canied out early studies of alginic acid membranes for 

the pervaporation dehydration. They converted sodium alginate to free alginic acid by 

irnrnersing the membrane into HC1 solution. Mochiniki et al. [1990] were also one of 

early researchers for alginic acid pervaporation membrane. They investigated the 

influences of countercations (Li+, ~ a + ,  K+, ~ b + ,  and CS? on the permeation rate. It was 

revealed that the alginate membrane neutralized by CS+ ion had the highest flux. The 
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R1 OOH O-R2 
O 

COOH 

Figure 3.1 The chemical structure of alginic acid 
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effect of the counter ion on the permeation flux was explained 

alginate molecules, the water rnobility of ion hydration ce11 and 

by the mobility 

the crystallinity 

79 

of the 

of the 

poIymer. Recently, sodium alginate membranes have been studied by several research 

groups [Yeom et al., 1996b, 1998a, 1998b; Shi et al., 19961 because of their excellent 

pewaporation performance in spite of recognized drawbacks such as their water-soluble 

property and mechanical weakness. Sodium alginate membranes have also shown some 

interesting phenomena during the pervaporation. They showed a senous flux decline with 

operating time due to the occurrence of a significant relaxation process [Yeom et al., 

1996b3. In general, the relaxation behavior of polymers is recognized in glassy polymers 

having rigid and bulky structure near the Tg. In case of sodium alginate membranes, its 

pervaporation performance was very sensitive to the preparation history, thus in this 

study careful and consistent preparation procedures have been maintained. An effort to 

overcome its mechanical weakness bas been investigated by preparing a blend ion 

exchange membrane with cellulose cuoxam [Zhang et al., 19971. Since sodium alginate is 

a water-soluble substance, insoIubilization by crosslinking with ghtaraldehyde [Yeom et 

al., 1998al was also carried out. In principle, alginates form gels (or precipitate at low 

polyrner concentrations) in the presence of divalent and trivalent ions such as caZC and 

 AI^' palpani, 19881. This observation can be depicted through the chelate formation 

involving the carboxyl groups as shown in Figure 3.2.h this study the sodium alginate 

membranes were crosslinked and insolubilized by the solution technique using 

multivalent ion and dilute acid solutions. The pervaporation charactenstics as well as the 

temperature dependence of sodium alginate membranes were explored for the 

pervaporation dehydration of ethanol-water and isopropanol-water mixtures. 
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Trivalent  m etal I 
cro ssl inking 

Figure 3.2 Alginate gel network formation by multivalent ions 
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3.3 EXPERIMENTAL 

3.3.1 Matenals 

Sodium alginate and cobalt (II) nitrate (CO(NO& 6HB) were purchased from 

Sigma Chernical Co., USA. The solution viscosity of a 2% sodium alginate was 

approximately 14,000 cps at 25 O C .  Ethanol purchased fiom Commercial Alcohols Ltd, 

Toronto, ON and isopropanol fiom BDH Inc. were used as received. H2SQ (98%) and 

HCI (37%) were obtained fiom BDH Inc. Water was deionized and distilled before use, 

Calcium chloride was provided by Fisher Scientific, and al1 chernicals including zinc 

chloride, aluminium nitrate, manganoüs chloride, tetrahydrate (MiCl2 4H?O), and ferrous 

sulphate, heptahydrate (FeS04 7&0) were supplied from BDH Inc, Toronto, Canada. 

3.3.2 Membrane preparation 

Sodium alginate was dissolved in deionized water to form a homogeneous solution 

of 1 wt% polymer. Sodium alginate solution was filtered to remove any undissolved 

solids and impunties. The membrane was prepared by casting the polyrner solution ont0 a 

clean glass plate using a casting knife designed in this laboratory. The casting membrane 

was dried at room temperature for 24 hours in a dust free, environmentally controlled 

chamber. The dried membrane was peeled off fiom the plate, and then used for the 

pervaporation experiment or M e r  treated for the crosslinking and insoIubilization. 
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3.3.3 Crosslinking solution 

Ionic crosslinking of sodium alginate membranes were performed by submerging 

the membranes into 0.1 M solutions of various metal ions for 10 min, in succession, they 

were rinsed with water, then dried at room temperature for use. Alginate membrane was 

converted to ffee alginic acid membrane by immersion in 0.1M H2S04 solution 

consisting of isopropanol/water of 50/50 vol %. 

3.3.4 Pervaporation 

Pervaporation experiments were carried out for ethanol-water and isopropanol- 

water mixtures. The concentration of alcohol was varied fkom 70 to 95 wt'X0. A schematic 

diagram of the pervaporation apparatus is s h o w  in Figure 3.3. The feed solution 

temperature in the tank was controlled to the desired value, and the feed solution was 

circulated using the feed pump. The membrane was placed on the porous stainless steel 

support and sealed. The effective area of the membrane in contact with the feed Stream 

was 14.2 cm2. Pervaporation was initiated by switching on the circulation and vacuum 

purnps, the pressure at permeate side was maintained around 3 mbar. Permeate was 

collected in glass tubes which were imrnersed in liquid nitrogen. The pervaporation 

apparatus was nin for at least 2 hours to reach the steady state before starting to measure 

permeate. When sufficient permeate (more than 0.3g) was collected in the cold trap, the 

vacuum valve was switched to the paralle1 trap to collect the other sarnple. 
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Figure 3.3 A schematic diagram of the pervaporation apparatus; (1) temperature 

controller (2) feed tank (3) heating mantle (4) circulation pump (5) membrane ce11 

(6) pressure gauge (7) cold trap (8) vacuum pump 
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The cold trap containing the permeate was warmed up to ambient temperature, then 

removed, and weighed to determine the flux and the contents were analyzed for the 

permeate composition. Separation factor was calculated by the following equation; 

a m t e r ,  A,,,, = [G f Y .  I A x w  1 X A I 
where X and Y are the weight fractions of the feed and permeate, respectively. 

Anaiysis of the permeate composition was carried out by using a HP 5890 Gas 

Chromatography with a FID detector and Abbe Refractometer type 3T at 26.7 O C .  The 

column used in GC analysis was 6' x 0.125" packed with Porapak T. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Fourier transform-infrared (F'ï-IR) measurement 

Figure 3.4 shows IR spectra of sodium and cobalt crosslinked alginate membranes 

including alginic acid membranes converted by a dilute H2SO4 and HC1 solution. It was 

revealed that there was no crosslinking reaction between acids and sodium alginate 

membrane. The nature of conversion reaction of sulfurïc acid was very similar to that of 

HCI fiom the IR spectra. The strong band at 1743 cm-' could be indicative of the fiee 

carboxyl group of alginic acid, whereas the bands at 1620 cm-' and 141 6 cm'' were 

assigned to the presence of the salified carboxyl group. In detail, 1620 and 1416 cm-' 

bands are assigned to the antisymmetric and syrnmetric C O U  stretching vibration of the 

salified carboxyl 
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Figure 3.4 FT-IR spectra of alginic acid and alginate membranes 
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group, respectively. No direct evidence is available at present to assign the absorbance 

peak at 1250 cm-' of alginic acid membrane. Other studies p e o m  et al., 1998a; Tomihata 

& Ikada, 19971 on alginate membrane crosslinked with glutaraldehyde in the presence of 

HCI catalyst assigned the peak at 1250 cm-' to the formation of an acetd ring and ether 

linkage as a result of the reaction between the hydroxyl group of alginate and the 

aldehydes of glutaraldehyde. However, in this study, the conversion to alginic acid form 

was carried out in the H2SO4 or HCl solution containing 50 vol% isopropanol. 

3.4.2 Characteristics of sodium alginate membranes 

As pointed out in introduction section, the pervaporation performance of sodium alginate 

membrane was not constant with the operating time of several days presumably due to 

the relaxation property. To investigate the pervaporation performance according to the 

change of operating time and temperature, alginate membrane was installed and operated 

fiom the range of 40 OC to 70 OC each day for 7 days. After exploring the temperature 

effect, the feed mixture was cooled down to the roorn temperature before the new trial. It 

is clear that alginate membrane is substantially affected by the operating condition as 

shown in Figure 3.5. Afier 6-day operation, the original flux trend was recovered and 

then it was dropped down in 9-day operation. This phenornenon can be explained by the 

relaxation behavior which the matrix of membrane repeats the relaxation and the close 

packing. When the matrix relax, polar channel which contributes to the continuous flow 

of water molecules is formed, and the close packing rneans that the matrix does not make 
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the open charnel probabIy because of the strong interna1 or intra hydrogen bonding of - 

COONa groups. 

The reliability of the pervaporation data sampling for alginate and aIginic acid 

membranes was tested in terms of the pervaporation performance with time in Figure 3.6 

and Figure 3.7. The pervaporation data acquired in this experïment was proven to be 

reliable at the given conditions for alginate and alginic acid membranes, respectively. 

3.4.3 Ionic crosslinking of sodium alginate membranes 

As mentioned earlier, multivalent ions c m  be used to crosslink alginate ionically. The 

crosslinking effect of various multivalent ions on the flux and separation factor is shown 

in Figure 3.10 for 90 wt% aqueous ethanol and 90 wt% aqueous isopropanol mixtures at 

50 O C  operating temperature. Six different metal ions including five divalent ions and one 

trivalent ion were tested to crosslink the alginate membranes. From Figure 3.10, it is clear 

that the ionic nature of counter cations in alginate ion exchange membrane affects the 

separation characteristic substantially. The highest separation perfomance is achieved by 

the ca2+ crosslinking for both ethanol and isopropanol mixtures. Thus, ca2' crosslinked 

membranes were fbrther evaluated in tems of the feed concentration and the 

temperarure. It is interesting to note that converting alginate to fiee alginic acid 

membrane in isopropanol/water (50/50 vol%) solution in the presence of sulfuric acid 

Iowered the membrane performance although the membrane was insoIubilized in water 

and the mechanical stability was enhanced. 
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Figure 3.5 Temperature dependence test of sodium alginate membrane for 90% 

EtOH feed mixture for 9 days 
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Operating time (hr) 

Figure 3.6 Consistency experiment of sodium alginate membrane for 90% PrOH 

feed mixture at 60 OC 
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Figure 3.7 Consistency experiment of alginic acid membrane for 90% PrOH feed 

mixture at 60 OC 
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60 65 70 75 80 85 90 95 100 

EtOH content in the feed (wt%) 

Figure 3.8 Cornparison of pervaporation performance of sodium alginate (O: flux; 

O: separation factor) and alginic acid (m: flux; P: separation factor) membranes 

for EtOH feed mixtures at 60 O C  
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60 65 70 75 80 85 90 95 1 O0 

PrOH content in the feed (wt%) 

Figure 3.9 Cornparison of pervaporation performance of sodium alginate (a: flux; 

O: separation factor) and alginic acid m: flux; 0: separation factor) membranes 

for PrOH feed mixtures at 60 O C  
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To support this obsenration, an additional experiment was canied out Figure 3.8 and 3.9 

for ethanol and isopropanol feed mixtures, respectively show the pervaporation 

performance of sodium alginate membrane and alginic acid membrane converted in 

suIfbric acid solution. In these experiments it is apparent that sodium ala@nate membrane 

has superior water selectivity and flux to alginic acid membrane. Since sodium alginate is 

water soluble, one c m  imagine that sodium alginate membrane is more hydrophilic and 

has looser structure due to sodium ion than alginic acid membrane. This result can also be 

supported by the work of Hirai and Odani [1994] showing that water sorption amount of 

alginic acid film was lower than thoçe of sodium and cobalt complex alginate. It was 

shown that the pervaporation separation performance for isopropanol mixture was much 

higher than that for the ethanol mixture. This can be atûibuted to the coupling 

phenomena between water and ethanol molecules, which is explained by the lower water 

content in the permeate in Figure 3.1 1b comparing to that of isopropanol mixture in 

Figure 3.12b. It is believed that higher permeation rate of isopropanol mixture results 

from the stronger plasticization action of water which is more strongly absorbed in the 

membrane compared to the coupled water from ethanol mixture to the membrane (see 

Figures 3.1 la and 3.12a)- 

3.4.4 Pervaporation of alcohol/water mixtures through sodium alginate membrane 

Figures 3.1 la and 3.12a show the total permeation flux and separation factor as a 

function of feed concentration for sodium alginate membrane. Since sodium alginate has 
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hydrophilic functional groups, the hi& total flux and separation factor can be attributed 

to the strong affinity between sodium alginate membrane and water molecules. 

The permeation flux increases constantly with the increase of water content in the feed. 

When the water content in the feed is increased, the selective interaction between water 

molecules and the hydrophilic alginate membrane was increased. This leads to the 

increased total permeation flux through easier diffusion of water molecules. For 

ethanoVwater mixture, the highest separation factor for this sodium alginate membrane 

was observed at 90 wt% ethanol, while for isopropanoVwater mixture it was at 85 wt% 

aqueous isopropanol mixture in the concentration ranges explored. 
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Figure 3.10 Pervaporation ionic crosslinking of sodium alginate membranes a) 90 

wt% ethano1 dxture, b) 90 wt% isopropanol mixture 
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Water content in the feed(W/o) 

Figure 3.11 a) Effect of ethanol feed concentration on the flux and 

separation factor at 50 O C  for sodium alginate membrane, b) Water 

concentration in the permeate vs. water concentration in the feed 
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W e r  content in the feed(wt?h) 

Figure 3.12 a) Effect of isopropanol feed concentration on the flux and separation 

factor at 50 O C  for sodium alginate membrane, b) Water concentration in the 

permeate vs. water concentration in the feed 
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Figures 3.1 1b and 3.12b show water concentration in the permeate against water 

concentration in the feed mixture. It can be observed that the hi& separation factor for 

alcohol mixtures results kom the high selective permeation of water through the sodium 

alginate membrane. Water concentration in the permeate remains over 99 wt% for 15 to 

30 wt% water content in the feed- Another trend observed in these plots is that the water 

content in the permeate increases with increasing water concentration in the feed. This 

phenomenon carmot be expIained by the swelling action resulting fiom the plasticization 

of water since the swelling of th= membrane increases the alcohol concentration in the 

pemeate as well as the water permeation flux. Thus, it is assumed that the transport 

phenomenon through sodium alginate membrane is mainly govemed by strong 

interactions between water molecules and -COONa and -OH functional groups of 

alginate membrane acting as fixed carriers. 

3.4.5 Pewaporation of ionically crosslinked alginate membranes 

GeneraIly, hydrophilic membranes having high water-permselectivity such as 

chitosan and polyvinyl alcohol (PVA) suffer from the low separation efficiency in spite 

of the hi@ total permeation flux because of excessive swelling action of water. 

Crosslinking is widely used to achieve high separation factor with reasonable permeation 

flux. The GFT composite membrane which is the first comrnercialized pervaporation 
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membrane also consists of a crosslinked PVA top layer and polyacrylonitrile (PAN) 

support layer. 

Sodium alginate membranes showed high permeation £lux and reasonably high 

separation factor with increasing water content in the feed mixture. In this aspect, the 

crosslinking of sodium alginate membranes should be focussed not only on the m e r  

increase of separation factor but on the irnprovement of its insolubility in water and the 

enhancement of its mechanical strength. Figures 3-13 and 3.14 show the permeation flux, 

separation factor and water content in the permeate versus the feed concentration range 

from 70 wt% to 95 wt% for aqueous ethanol and isopropanol mixtures, respectively. It is 

generally accepted that the crosslinking of the polymenc membrane reduces the solubility 

and the diffiisivity and thus results in significant reduction of chah mobility and free 

volume to accornmodate the perrneate during the diffusion process. 

For aqueous ethanol mixtures, the total permeation flux constantly increased with 

increasing the water content in the feed Iike that of sodium alginate membrane. The 

permeation fluxes and separation factor of calcium crosslinked membrane were Iower 

than those of the sodium alginate membrane except for the 95 WO ethanol feed where 

the permeation flux of calcium crosslinked membrane was slightly higher. For 

isopropanol-water mixtures, the sarne trend as with ethanol/water mixtures was observed. 

The total permeation f lues  of sodium alginate membranes were higher than those of 

caZ' crosslinked alginate membranes because of the reduced chain rnobility of 

crosslinked membrane except at 95 wt% aqueous isopropanol mixture. In principle, it can 

be expected that the separation factor would increase with resulting decreased flux after 

the crosslinking. The nature of crosslinking depends on the polymenc membrane and 
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Water content in the feed(wt%) 

Figure 3.13 a) Effect of ethanol feed concentration on the flux and separation factor 

at 50 O C  for crosslinked alginate membrane, b) Water concentration in the permeate 

vs. water concentration in the feed 
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O 5 10 15 20 25 30 35 

Water content in the feed(wt%) 

Figure 3.14 a) Effect of isopropanol feed concentration on the flux and separation 

factor at 50 OC for crosslinked alginate membrane, b) Water concentration in the 

permeate vs. water concentration in the feed 
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crosslinker used, ~ a +  monovalent countercation membrane seems to have higher aanity 

and less steric hindrance to water than ca2+ divalent comterion crosslinked membrane 

for both alcohol mixtures. These large hydrophilicities and less hindrance of monovalent 

countercation membranes explain the higher separation efficiencies of sodium alginate 

membranes compared to those of calcium aIginate membranes (see Figures 3.11b and 

3.13b for ethanol mixture, Figures 3.12b and 3.14b for isopropanol mixture, 

respective1 y). 

3.4.6 Temperature effects 

Experirnental data of temperature dependence of total permeation flux generally 

exhibits an Arrhenius relationship. 

J = J, exp[- E, IRT)  (2) 

where JO and E, are the pre-exponential factor and the apparent activation energy of 

permeation, respectively. Based on the solution-diffusion model, the activation energy of 

permeation c m  be expressed as follows. 

E,  =ED +AH (3) 

where ED and hN are the activation energy of diffusion and the enthalpy of sorption of 

the perrneant in the membrane, respectively. The total permeation flux of 90 wt% 

aqueous ethanol mixture is plotted against the reciprocal of the operating temperature in 

degree of Kelvin in Figure 3.15. The temperature range tested in this study was f?om 40 

to 70 OC. The general tendency that the higher temperaturc, the higher permeation flux is 

still acceptable, while the separation factor is increasing with the temperature. The 
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activation energies of sodium alginate and calcium crosslinked alginate were calculated 

as 1.7 kJ/moI and 0.9 kUrno1 for 90 wt??  aqueous ethanol mixture f?om the slope of 

Figure 3.1 Sa. As observed in Figures 3.12a and 3. Ma, the exceptionally higher flux of 95 

wt% isopropanol mixture through calcium crosslinked membrane than that of sodium 

alginate membrane still holds for the tested temperature range (see Figure 3. l da), and the 

activation energy of the total permeation flux increases with increasing the water content 

in the feed mixture fiom 2.1 Wmol at 5 wt% water to 11.7 kJ/mol at 15 wt% water. 

Generally, the activation energy increases with the crosslinking density and with 

decreasing water content in the feed. However, the opposite observations were found in 

this study. This can be explained by the characteristic relaxation behavior of alginate 

membrane. This relaxation is much reduced after the calcium crosslinking, so the 

activation energy of calcium crosslinked membrane is lower than that of sodium alginate. 

In the cases of the activation energies for the feed mixtures having different water 

contents, the observation was rationalized as follows. When the feed mixture has higher 

water content, the membrane absorbs more water and the absorbed water acts as a 

plasticizer in the membrane. This plasticization action is rnuch faster and larger for the 

membrane having higher water content in the feed. The facilitated relaxation behavior of 

this membrane causes the higher activation energy. Similar observation has been made by 

Yeom and Lee [1998a]. 
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Figure 3.15 a) Arrhenius plot of total permeation flux of 90% aqueous ethanol 

mixture, b) Dependence of separation factor on the temperature through sodium 

alginate and ca2+ crosslinked alginate membrane 
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Figure 3.16 a) Arrhenius plot of total perrneation flux of 85% and 95% aqueous 

isopropanol mixture, b) Dependence of separation factor on the temperature 

through sodium alginate and ca2+ crosslinked alginate membrane 
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3.4.7 Pervaporation characteristics of alginate and alginic acid membranes for 

separating IiquidAiquid mixtures rather than aqueous alcohol mixtures 

Since alginate membrane showed the promising performance for the dehydration of 

aqueous alcohol mixture, it was tested for the separation of methanol/MTBE mixtures. 

However the flux was extremely srnall and it was judged that alginate membrane was not 

adequate for the separation of organidorganic mixtures, especially of alcohoVorganic 

mixtures. The following staternents c m  explain this potential judgment. As pointed out in 

early study, alginate membrane is quite brittle, that is, mechanically weak. This is due to 

weak inter molecular bonding. So when alginate membrane is exposed to the excess 

amount of water, alginate chain will form the hydrogen bonding with water rnolecule and 

eventually will be dissociated into the gel. With this postulation one c m  describe the 

transport phenomenon of water molecule based on the water flow channel along -COONa 

or -COOH groups in alginate or alginic acid molecular backbone. So the selective 

absorption of methanol into alginate membrane is very low and the diffusion of methanol 

is largely hindered because of the very srnaIl free volume available in alginate membrane. 

Besides, the swelling of alginate membrane in organic/organic mixture is pretty much 

low. Thus it was concluded that alginate membrane could not be applied to the selective 

removal of alcohol fkom organidorganic mixtures. 

An interesting experiment has been camed out for aqueous acetic acid mixture. 

Sodium alginate membrane and alginic acid membrane converted in 2% sulfuric acid 

solution for 2 hours were tested for the separation of 90 wt% acetic acid solution. As 

shown in Figure 3.17 the flux of sodium alginate membrane increases with the operating 
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t h e  with the initial drop at 3 hours, memwhile the flux of alginic acid membrane is 

relatively constant during 11 hour operation. Also it can be recognized that the flux of 

alginic acid membrane is Iower than that of alginate membrane like the case of 90 % 

isopropanol separation in Figure 3.6 and 3.7. The flux change of alginate membrane with 

the time explicit that the chemical property of the membrane keeps changing during the 

pervaporation operation. To investigate any structural change of membrane, FT-IR 

measurement has been carried out and presented in Figure 3.18. One can observe the 

peak at 1620 cm-' which is indicative of the salified carboxyl group of sodium alginate 

before the pervaporation. However, afier the pervaporation experiment the peak at 1620 

was weaken and the-peak at 1743 was pronounced, which is sirnilar to the peak of the 

alginic acid membrane converted in sulfuric acid solution. This observation clearly 

proves that sodium alginate membrane is gradually converted into alginic acid membrane 

during the pervaporation expenment. The peak between 1 100 and 1050 cm-' is related to 

inter and intra hydrogen bonding and will be explained in detail in chapter 6 .  Intensity of 

the peak at around 1100 cm-' represents the degree of hydrogen bonding and that of 

alginic acid membrane converted in sulfuric acid is the highest and followed by aIginic 

acid membrane (initially alginate membrane) converted in acetic acid feed mixture. 

Larger flux of alginate than that of alginic acid membrane is partially due to the less 

interna1 hydrogen bonding which suppresses the continuous sorption and diffusion of 

water molecule 
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Figure 3.17 Pervaporatioo performance of sodium alginate (a) and alginic acid (*) 

membrane for the separation of 90% acetic acid/lO% water mixture at 25 O C  
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Figure 3.18 FT-IR of sodium alginate membranes before and after the 

pervaporation run for 90% acetic acid feed mixture at 25 O C  
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3.5 CONCLUSIONS 

For the pervaporation separati~n of ethanol-water and isopropanol-water mixtures, 

sodium alginate membranes were prepared and tested at various feed concentrations, and 

the following results were obtained, 

1) Sodium alginate membranes with an extremely high perrneation flux and separation 

factor were prepared. It is beiieved that the sodium alginate membrane is one of the 

most prornising pervaporation membrane rnaterials. 

2) Water-soluble sodium alginate membrane was successfully crosslinked using 6 

different multivalent ions. Among thern, ca2' divalent cation was the most effective 

for the separation of 90 wt% aqueous ethanol and isopropanol mixtures. Sulfuric acid 

was used to insolubilize alginate membrane by converting alginate into free alginic 

acid form. The nature of reaction between alginate and sulfunc acid was studied by 

FT-IR spectra and compared to the case of HC1- 

3 )  Membranes crosslinked with caZC always exhibited lower fluxes and separation 

factors than those of sodium alginôte membrane except for 95 WWO ethanol mixture 

and 95 wt% isopropanol mixture. The decline in flux after crosslinking cari be 

explained by closely packed membrane structure, whereas the drop of separation 

efficiency can be explained by the thermodynamic interaction difference between the 

permeating component and the counter ions, narnely, ~ a +  and ca2+. 

It was noticed that the separation characteristics of sodium alginate membrane are largely 

dependent upon the thermal history of membrane preparation. 
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NOVEL TWO PLY COMPOSITE MEMBRANES OF CHITOSAN 

AND SODIUM ALGINATE FOR THE PERVAPORATION 

DEHYDRATION OF ISOPROPANOL AND ETHANOL* 

Novel two ply dense composite membranes were prepared using successive 

castings of sodium alginate and chitosan solutions for the pervaporation dehydration of 

isopropanol and ethanol. Preparation and operating parameters namely polymers type 

facing to the feed Stream, NaOH treatment for the regeneration of chitosan, and 

crosslinking system types were investigated using the factonal design method. It was 

shown that these parameters were al1 cntical to the performance of the membrane in the 

form of the main and interaction effects. The pervaporation performance of the two ply 

membrane with its sodium alginate layer facing the feed side and crosslinked or 

insolubilized in sulphuric acid solution was compared with the pure sodium alginate and 

the chitosan membranes in ternis of the flux and separation factors. It was shown that 

although its flux was lower than that of the pure sodium alginate and chitosan 

Part of this chapter has been published in Journai of Membrane Science, 156(1999), 17-27 
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membranes, the separation factors at various alcohol concentrations were in between 

values for the two pure membranes. 

For the dehydration of 90 WWO isopropanoI-water mixtures the performance of the 

two-ply membrane which was moderately crosslinked in formaldehyde was found to 

match the high performance of the pure sodium alginate membrane. This two ply 

membrane had fluxes of 70 g/d hr at 95% EtOH, 554 g/m2 hr at 90% PrOH and 

separation factors of 11 10 at 95% EtOH, 2010 at 90% PrOH and its mechanical 

properties were better than that of the pure sodium alginate membrane. 

4.2 INTRODUCTION 

Unlike O ther membrane processes that use porous barriers for separation, 

pervaporation is a membrane proceçs that uses dense membrane barriers through which 

one of the liquid components permeates preferentially, and then evaporates as a vapor 

and is condensed on the downstream side. This phase change occurhg through the dense 

membrane makes the pervaporation process unique among membrane separation 

processes. The driving force of this process is the difference of the component's chernical 

potential, hence vacuum is applied on the pemeate side to maintain the driving force. 

The main applications of pervaporation are the dehydration of alcohol and organic 

solvents and the rernoval of organic solvents £rom water for environmental application. 

Dehydration of alcohols is presently the best-developed a x a  of application. The 

separation of organic mixtures is the next challenge for pervaporation processes. For the 

dehydration of alcohol mixtures, new membrane rnaterials, which contair, hydrophilic 
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groups in the polymer structure, are preferred. Hydrophilic groups absorb water 

molecules preferentially, which leads to both hi& flux and high separation factors. 

However, the introduction of hydrophilic groups sometimes swells the membrane 

significantly due to its plasticization action which results in low selectivity puang,  

19911. Chitosan is the deacetylated form of chitin, which is the second most abundant 

biopolymer in nature. Chitosan has both reactive amino and hydroxyl groups that can be 

used for chemical reactions and salt formation. These hydrophilic groups are considered 

to play an important role in preferential water sorption and diffusion through the chitosan 

membrane. Chitosan membranes have been studied for the dehydration of alcohols 

pragami et a!., 1990, 1994; Nawawi & Huang, 1997; Shieh & Huang, 19971 and 

dirnethyl sulfoxide solutions pragami & Shinomiya, 19921, pervaporation separation of 

ethylene glycol fkom aqueous solutions Feng & Huang, 1996bj. Amino functionai group 

in chitosan is so reactive that chitosan membrane can be easily modified to N-dkyl 

chitosan membrane for the dehydration of ethanol mragami et al., 19971 and 

benzoylchitosan membrane for the separation of benzene/cyclohexane mixture D u i  et 

al., 19981. From previous researches, chitosan has been proved to have good film foming 

properties, chemical resistance, and high permselectivity for water. Alginate, which is 

one of the poIysaccharides extracted korn seaweeds, has also been found to have 

excellent performance as a pervaporation membrane material for the dehydration of 

ethanol-water mixture [Shi et al., 1996; Uragami & Saito, 19891. However very high 

hydrophilicity of alginate resulting fiom both its carboxylic and hydroxyl groups results 

in an unstable membrane in aqueous solution during pervaporation. It was pointed out 

that alginic acid membrane was not strong enough to operate in the 50% aqueous ethanoi 
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concentration wochizuki et al., 19903. Water solubility and mechanical wealaiess of 

alginic acid membrane has been a drawback in its possible use as a pervaporation 

material in spite of its excellent permselectivity for water. Also it was shown that alginate 

has a significant relaxation behavior during the subsequent processes of cooling and 

aging peom et al., 1996bl. Recently, Yeom and Lee [1998a] crosslinked sodium alginate 

membrane with glutaraldehyde as a crossIinking agent and HCI catalyst in acetone 

solution. There are many crosslinking reactions that cm  be used to crosslink hydrophiiic 

funchonal groups for this membrane. Among them ionic crosslinking has been of special 

interest since it is convenient to use and has good crosslinking efficiency. 

In this study, pervaporation membranes consisting of chitosan and sodium alginate 

double layer that has not been studied previously was investigated. Preliminary 

experiments were carried out on the blending of alginate with chitosan, were 

unsuccessful due to the precipitating out of the alginate-chitosan ele~trolyte cornplex 

from the solution. This was the reason why we attempted the two ply membrane concept 

to improve the mechanical properties of the alginate-chitosan membrane. The purpose of 

this research is to study how to control and enhance the pervaporation flux and separation 

factor performance of a newIy designed and robust two ply alginate-chitosan membrane 

for ethanol-water and isopropanol-water mixtures. Alginate that is mechanically unstable 

is used in combination with chitosan as a double layer ply membrane. Chitosan has fairly 

good properties as a membrane matenal with good mechanical strength and high water 

selectivity. Additive performance f?om both membrane rnaterials was expected for this 

novel fabncating method. A factorial experimental design was canied out to identie 

important variables in membrane performance. By systematically altering one, two, three 
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or even more variables f?om one experiment to another, two level factonal design 

methods will give good estimates of the effects of variables f?om fewer expenments. It 

will also give additional information on interactions that the classical method of altering 

only one variable at a time could not achieve. In order to consider the possible 

interactions when this novel two ply membrane is fabricated and post treated in various 

crosslinking solutions, three factors a) polymer effect facing to the feed solution, b) 

NaOH solution treatment and c) crossIinbg agent system were chosen in the factorial 

experiment. 

4.3 EXPERIMENTAL 

4.3.1 Materials 

Chitosan 

obtained fiom 

obtained fi-om 

flakes (Flonac-N) of MW 100,000 (99% N-deacetylation degree) were 

Kyowa Technos Ltd, Chiba, Japan. Sodium salt of alginic acid was 

Sigma Chernicals Co. Acetic acid (glacial) was supplied by BDH Inc, 

Toronto, ON, Canada. Ethanol purchased fkom Commercial Alcohols Ltd, Toronto, ON 

and isopropanol fiom BDH Inc. were used as received. Al1 chemicals including HzS04 

(98%), HCl (37%), and Formaldehyde (37% content) were obtained fkom BDH Inc. 

Water was deionized and distilled before use. 

4.3.2 Two ply membrane preparation 
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Sodium alginate was dissolved in water to form a homogeneous soIution of 1.2 wt 

%. Chitosan solution was prepared by dissolving 1.2 WWO chitosan in 10 wt% aqueous 

acetic acid solution. Both sodium alginate and chitosan solutions were filtered to remove 

any undissolved soiids and impurities. First, sodium alginate solution was cast onto a 

glass plate with the aid of a casting knife, in succession, chitosan solution was cast ont0 

the alginate solution Iayer and spread on the surface of alginate layer homogeneously. 

However in the reverse casting order, sodium alginate did not make complete second 

layer on chitosan Iayer probably due to small spreading coeficient in this casting order. 

Thus chitosan was cast on the surface of alginate solution Iayer for the preparation of al1 

membranes used. It is believed that there is no significant reaction between them because 

each layer can be separated after swelling with water. The resulting membrane was dried 

at room temperature for 24 hours. The dried membrane was peeled off fiom the plate, 

treated in 3 wt% NaOH soIution containing 50 wt% ethanol solution for 24 hours at room 

temperature, washed thoroughly to completely remove NaOH, dned again at room 

temperature, and then irnrnersed in the crosslinking solution. Because alginate is a water- 

soluble poIymer and does not require NaOH solution treatrnent, this NaOH treatrnent was 

chosen as one of factorial design factors for the two ply membrane. 

4.3.3 Crosslinking solution 

The crosslinking agent in this experiment should be effective for crosslinking both 

alginate and chitosan polymers. Among three types of crosslinking systems used, strictly 

speaking sulfûric acid acts as an ionic crosslinker for chitosan but as an insolubilizing 
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acid for alginate. Alginate is converted to free alginic acid form, which is insoluble in 

water, by sulfunc acid treatment. However, it was considered as a crosslinking agent in 

this study since the term crosslinking includes the hsolubilization phenornenon. Type A 

(H2S04 crosslinking solution) consists of 3% HzS04 in 50 wt% acetone aqueous solution. 

The membrane was crosslinked for 12 hours in this solution. Two different formaldehyde 

solution were prepared with 6% formaldehyde, 0.5% HCI catalyst in 50% aqueous 

acetone solution (Type B) and 6% formaldehyde, 0.5% & S 0 4  catalyst in 100% acetone 

solution (Type C), respectively. Membranes in formaldehyde crosslinking solution were 

imrnersed for 24 hours. 

4.3.4 Pewaporation 

Pervaporation experiments were carried out for ethanol-water and isopropanol-water 

mixtures. The concentration of alcohol was vaned from 70 to 95 wt%. The alginate- 

chitosan two ply membranes were found to be mechanically stabIe dunng the alcohol 

dehydration mns and did not deteriorate like the pure alginate membranes due to the 

additive strength of the chitosan portion of the two ply membrane. 

A schematic diagram of the pervaporation apparatus is shown in Figure 3.3. The feed 

solution temperature in the tank was controlled to the desired value, and the feed solution 

was circulated using the feed pump. The membrane was placed on the porous stainless 

steel support and sealed. The effective area of the membrane in contact witb the feed 

Stream was 14.2 cm2. Pervaporation was initiated by switching on the circulation and 

vacuum pumps, the pressure at permeate side was maintained around 3 mbar. Permeate 
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was collected in g l a s  tubes which were immersed in liquid nitrogen. The pervaporation 

apparatus was nin for at least 2 hours to reach the equilibrium state before starting to 

measure permeate. When sufficient permeate was collected in the cold trap, the vacuum 

valve was switched to the paraIIel trap to collect the other sample. The cold trap 

containhg the permeate was warmed up to ambient temperame, then removed, and 

weighed to determine the flux and the contents were analyzed for the permeate 

composition. Separation factor was calculated by the following equation; 

aw,,l,,,, = [Y, 1 Y, ]I[X,, / XA 1 
where X and Y are the weight fiactions of the feed and permeate, respectively. 

Analysis of the permeate composition was carried out by using a HP 5890 Gas 

Chromatography with a FID detector and Abbe Rehctometer type 3T at 26.7"C. The 

colurnn used in GC analysis was 6' x O. 125" packed with Porapak T. 

4.3.5 Sorption 

The steady state liquid uptake was measured to obtain sorption data for the p u e  alginate 

and chitosan membranes. The square shaped membranes were soaked into the various 

ethanol and isopropanol solutions for a perïod of 1 day for equilibnum measurements. 

After carefully blotting off the surface liquid with tissue paper as quickly as possible, 

they were put into glass tubes, which were connected to the pervaporation apparatus. The 

liquid absorbed in the membrane was collected in the cold traps, weighed, and analyzed 

by using GC to obtain the sorbed liquid amount and sorptior. selectivity. In analogy to the 
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pervaporation experiment, the sorbed amount and sorption selectiviv are calculated as 

total liquid amount sorbed(g) 
Sorbed amount = 

weight of dry mernbrane(g) 

where C and X is the weight nactions of the pemeate and feed components in the 

membrane at the equilibrium sorption, respectively. 

4-4 RESULTS AND DISCUSSION 

4.4.1 Membrane rnorphology 

SEM photographs of the two ply membrane of sodium alginate and chitosan are 

shown in Figure 4.1. Note that the membrane is considered as a dense membrane in this 

experiment. The two-layer stnicture is clearly shown in this picture. This means that afier 

the casting alginate and chitosan layers did not react with each other. The chitosan layer 

is thicker than alginate layer. The thickness of the two ply membrane tested in this 

research was 40-50 Fm, and that of alginate layer was less than 10 Fm. 

4.4.2 Sorption 

The pervaporation transport mechanism can be well interpreted by the solution- 

diffusion model. Thus, preferential sorption characteristics of each membrane layer were 

explored. Sorption, namely solubility of the membrane is caused by the interaction of 
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penetrating species and the membrane. The water sorption of pure alginate and chitosan 

membranes for ethanol-water mixture is s h o w  in Fig. 4.2 where water amount sorbed in 

the membrane increases with water content in the mixture. From Fig. 4.2b it is observed 

that both membranes showed high sorption selectivity to water at equilibrium. 

The hydrophilic groups in these membranes are responsible for the preferential water 

sorption. Alginate shows much higher water selectivity than chitosan. It is also shown 

that sorption selectivity decreases with increasing water concentration in the mixture. As 

membrane swelling increases with increasing water content, more ethanol molecules are 

sorbed together with water molecules. This is called sorption coupling. As shown in Fig. 

4-3 sorption phenornena of alginate and chitosan membranes for the isopropanol mixture 

show similar trends with that of the ethanol mixture. An interesting observation is that for 

isopropanol mixture aIginate absorbs more water than chitosan except at 95 wt% 

isopropanol mixture. Sorption selectivity of alginate is also much higher than that of 

chitosan in the isopropmol-water mixture. Alginate membrane shows extremely high 

water selectivity with the maximum occurring at 90 wt% isopropanol mixture. From 

these data, it is apparent that alginate and chitosan are excellent matenals for the 

dehydration of ethanol and isopropanol alcohol mixtures. Their good dehydration 

properties will be further studied in the f o m  of two ply membrane consisting of alginate 

and chitosan layers. 
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Figure 4.1 SEM picture of the cross-section of two-ply membrane 
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Figure 4.2 Water sorption (a) and sorption selectivity @) versus ethanol content in 

the feed mixture at 60°C 
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Figure 4.3 Wzter sorption (a) and sorption selectivity @) versus isopropanol content 

in the feed mixture at 60°C 
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Figure 4.4 Effect of water content in the HzS04 insoluhilization solution for the 

conversion reaction of sodium alginate for the feed mixture of 95% EtOH at 60°C 
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4.4.3 Effect of water content in insolubilization solution 

The effect of water content in the insolubilization solution was investigated using 

sodium al,ouiate membrane and H2S04 solution. It was reveded that flux decreased with 

increasing water content in the insolubilization solution while the separation factor 

increased (see Fig. 4.4). It is believed that dilute acid in solution diffiised into the 

membrane easily under the condition of increased water content, the so-called by 

plasticization action that results in the enhanced conversion to fiee alginic acid. 

4.4.4 Effect of time on crosslinking 

One of the factors in two level factorial design expenments is the crosslinking 

agent type because the agents used in this study must satisQ both alginate and chitosan at 

the sarne tirne. Crosslinking reaction can be canied out through the use of crosslinking 

agent having two or more groups capable of reacting with the functional groups in the 

polymer chain. Preliminary expenments were done to select the proper crosslinking tirne 

for each crosslinking agent. It was difficult to find the optimum agent and its 

concentration to crosslink both alginate and chitosan simultaneously. Both polymers 

showed different crosslinking behavior for a certain agent. For example, gtutaraldeyde 

was a very good agent for alginate, but chitosan became brittle using the same conditions. 

In principle, as the crosslinking density increases, the membrane becomes more compact 

and the polymer chains become rigid. Thus, penetrant molecules are less permeable due 

to the reduced &ee volume and increased penetration energy. The crosslinking time effect 
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for the membrane crosslinked with &Soc solution is shown in Figure 4 S a  It m u t  be 

pointed out again that the HzS04 crosslinking solution consists of 50 wt% acetone and 50 

wt% water and acts as a ionic crosslinker for chitosan layer but as an insolubilzer for 

alginate Iayer. It seems that there is no simple relaîionship between crosslinkllig density 

and crosslinking time. Based on the pervaporation performance, a 12-hour crosslinking 

time waç chosen as an optimum crosslinking time for M e r  experiments. Another 

pervaporation experiment for the azeotropic mixture of 90wt % isopropanol was carried 

out with the membrane crossIuiked in formaldehyde (Type B) catalyzed with HCl in 

50wt% aqueous acetone as shown in Figure 4Sb. In this experirnent, alginate side faced 

to the feed solution unlike Figure 4.5a in order to know polymer type dependence on the 

crosslinking time. This membrane also shows the random pervaporation performance at 

given conditions. For formaldehyde crosslinking agents (Type B and C) the membrane 

was immersed for 24 hours. 
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Figure 4.5 Pervaporation data of the crosslinked two ply membrane (a) Type A 

crosslinking agent (azS04) for 95 wt% EtOH mixture at 60°C; chitosan side faces to 

the feed, @) Type B crosslinking agent @CHO) for 90 wt% PrOH mixture at 6 0 ' ~ ;  

alginate side faces to the feed 

- 

- 
O 10 20 30 40 50 60 70 80 90 100 

Crosslinking Time(hr) 

(a) 

f 

. 

- 1600 

- 1400 
a 

- 1200 
O 
CI 

- 1000 2 
w- 

- 800 5 .- 
CI 

- 600 2 
ta 

- 400 5 
Ui 

- 200 

O 



CHAPTER 4 

4.4.5 A factorial design experiment for 95 wt% EtOH mixture 

A 23 factorial experiment in which there are two qualitative variables; polymer type 

facing to the feed and crosslinking agent type and a single quantitative variable; NaOH 

treatrnent time was carried out- The response is the flux and separation factor. Table 4.1 

shows the pervaporation results on the basis of design experiment and variables in the 

factorial design. Variables and ievels have been chosen empincally based on the 

preliminary m s .  Levels of each factor are coded with a minus sign and plus sign. A 

qualitative factor, for example, crosslinking agent type c m  be also designated usïng "-" 

and "+" notations. It is shown in Table 4.1 that the two pIy membranes have fairly hi& 

perrneation fluxes and separation factors, indicating that this membrane is a good 

hydrophilic dehydration membrane. Selectivity for water ranges fiom 70 to a thousand 

which c m  be considered fairly hi&. 

In the two level factorial designs, the magnitude and direction of the factor effects can be 

examined, and the variables that are likely to be most important c m  be diagnosed p n g  

& Huang, L996aI. The main effect measures the average effect of each factor over al1 

conditions of the other variables. On the other hand the factors which do not behave 

additivefy are said to interact. We fmd the main effect and interaction effect between the 

main effects fiom this factorial design. The data fiom a 23 design c m  be made to yield al1 

eight "effects" by extending the algorithm of Yates [Box et al., 19781, and is presented in 

Table 4.2, where single letters syrnbolizes the main effects and the interaction effects are 

expressed by mukiplying their respective factors. 
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Factors 
No. A B C ~ l u x ( ~ / r n ~  hr) Sepaation factor 

1 - * - 49 382 
2 - + 81 296 - 
3 - + - 56 147 
4 - + + 42 152 
5 + - - 70 1112 
6 + - + 94.4 208 
7 + + - 59 1062 
8 4- + + 43 70.5 

Low(-) High(+) 
A Polymer facing to the feed CS AA 
B NaOH treatment time Ohr 24hr 
C Crosslin king agent Type A Type C 

Table 4.1 Pervaporation experirnent results for 95% ethanol-water mixture at 60°C 

and factorial design matrix [CS:chitosan, AA;alginate] 
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Identification Estimated effects 
Flux (glm2 hr) Separation factor 

Average 61 -8 428.7 
A 9.6 369 
B -23.6 -141 -5 
C 6.6 -494 

AB -7.6 48 
AC -2 -4 -453.5 
BC -21.6 1 

ABC 1.4 -44.5 

Table 4.2 Estimated effects from a z3 factorial design for 95% ethanol solution 
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From the results summarized Zn Table 4.2 we cannot make any £hm decision whether the 

main effects are contributing to the membrane performance positively or negatively since 

occasionally real and meaningfil interactions between the factors aiso should be 

considered. The effective way to detect the significant effects is to plot the effects on 

normal probability paper. If a point is far ikom a straight line going through the points for 

which the effect magnitudes are close to zero, then that effect c m  be considered to be 

significant on a comparative basis. 

On the basis of Table 4.2 the following observations were obtained for the ethanol-water 

mixture: 

1) A change in the polyrner contacting the feed strearn from chitosui to alginate 

enhances the permeation flux and separation factor. This agrees well with the fact that 

alginate has extremely high affinity to water as shown fiorn previous sorption 

experiments. Note that the membrane explored here consists of two different 

polyrners. It also can be assumed that rnost of separation performances depend on the 

properties of polymer absorbing the penetrant in the feed side. The water molecule is 

sorbed preferentially into the alginate layer, diffuses through a portion of alginate and 

chitosan Iayer along the hydrophilic, polar path, and is removed fiom the membrane 

in the forrn of vapor. 

2) Except for main effect A, which is positive for both flux and separation factor 

responses, the effects C, AB, BC_ ABC have opposite signs and the effects B and AC 

have negative signs for both flux and separation factor. The opposite signs can be 

explained by a trade-off phenornenon, which fkequentIy occurs in pervaporation 

experiments. The flux c m  increase by sacrificing the separation factor or vice versa. 
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Based on the normal probability plot the significant effects for the fluxes are single 

effect A and interaction effect BC, whereas for separation factor interaction effect AC 

and single effect A were the most appreciable effects- This indicates that al1 factors 

involving this experiment contributed to the performance of membrane in the form of 

main effect and interaction effect over the expenrnental range investigated. 

3) The effects of NaOH treatment (B) and crosslinking agent (C) cannot be interpreted 

separately because they interact significantly, and can best be analyzed using two- 

way tables F o x  et al., 19781. The interaction apparently arises fiom the difference of 

NaOH treatment effects for the c r o s s 1 i . g  agents. 

4) AC interaction effect is considered in the two-way table on separation factor 

response. The membrane shows the significant separation factor when the alginate 

side of the membrane crosslinked in type A faces to the feed stream. It rnust be 

pointed out here that considenng only A, BC, and AC effects significant for the 

membrane performance can lead the experimenter to the wrong judgement. 

4.4.6 A factorial design experiment for 90 wt% PrOH mixture 

Deh ydration of isopropanol-water mixture especiall y for the 90% azeotropic 

composition arises fiom the demand in semi-condiictor industry, where isopropanol is 

being med as cleaning agent for semi-conductor chips. Instead of Type C crosslinking 

agent, Type B that is formaldehyde catalyzed with HC1 in 50 wt% aqueous acetone 

solution was used for the isopropanol application. The pervaporation results fkorn a 
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factorial design experiment were obtained by following the same procedure as the 

ethanoi-water mixture, and presented in Table 4.3 and 4.4. 

The following observations are made for the isopropanol pervaporation system; 

We were encouraged by the high flux and separation factor. It indicates that double 

layer membrane is a good pervaporation membrane for dehydration of isopropanol. 

The two main effects A and C have the positive signs for both the flux and separation 

factor. Apparently these conditions should be considered when preparing double layer 

membrane as the significant parameters to enhance the flux and separation factor. 

As far as the pemeation flux is concerned, it was revealed that main effects A and B 

are the most significant effects for the high flux, whereas the interaction effect BC is 

the significant effect on the separation factor. The high flux c m  be achieved by the 

operating condition that the alginate side contacts with the feed Stream. 

Contrary to expectation, the crosslinking agent type did not appear as an important 

effect for the flux. 

Considering the large number of parameters involved in the preparation of the two 

ply membranes, a factonal design experirnent can be an efficient way to characterize 

the significance of each factor to the performance and to optimize the membrane. 

However, it should be noted that due to the lineariry assumption of each factor in a 

factonal design, the extrapolation of results beyond the experimental ranges might 

cause unreliable results [Feng & Huang, 1996a; Chian & Fang, 1975; Guiver et al., 

19891. 
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Factors 
No. A B C ~ lux (g l rn~  hr) Separation factor 
1 - - - 198 2638 
2 - - + 292 2094 
3 - + - 221 1906 
4 + i- 199 3991 
5 + - - 324 3205 
6 + - + 554 201 1 
7 + + - 279 2638 
8 + + + 245 3466 

Low (-) High(+) 
A Polyrner facing to the feed CS AA 
B NaOH treatment time Ohr 24hr 
C Crosslinking agent Type A Type 6 

Table 4.3 Pervaporation experiment results for 90% isopropanol-water mixture at 

60°C and factorial design matrix [CS:chitosan, AA;alginate] 



CHAPTER 4 

Identification Estirnated effects 
Flux (g/m2 hr) Separation factor 

Average 289 2732.4 
A 123 150.3 
B -1 06 513.3 
C 67 294 

AB -7 1 -69.3 
AC 31 -476 -8 
BC -95 1 162.8 

ABC -37 -1 51.8 

Table 4.4 Estimated effects from a z3 factorial design for 90% isopropanol solution 
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4.4.7 Pervaporation experiments of the two ply membrane 

Figure 4.6 shows the pervaporation results at various ethanol concentrations of one 

of the double layer membranes (No.5) used in factorial design together with the 

pervaporation results of pure alginate and chitosan membranes- It is interesting to note 

that the alginate membrane shows higher flux than that of the chitosan membrane at feed 

concentrations of 90% and 95% ethanol. At azeotropic composition of ethanol, a flux of 

220 g$rn2-hr and a separation factor of 5570 is achieved for alginate membrane. It means 

that alginate is an extremely water permselective matenal. In a previous sorption 

experiment, chitosan membrane showed higher solubility than that of alginate, but had 

lower separation factor than that of alginate. It is worth pointing out that solubiIity results 

in the static mode do not always agree with the pervaporation results in the dynamic 

operating mode due to the complicated interaction between the penetrating species and 

the membrane rnaterials. The permeation flux of a double layer membrane bas lower 

flwtes except for 80% ethanol feed than those of alginate and chitosan membranes. The 

flux and separation factor performance at azeotropic concentration reaches 70 g/m2 hr and 

11 10, respectiveiy. Note that the NOS membrane was crosslinked in H2S04 crosslinking 

agent. Normally, crossiinking reduces the chah rnobility of the polymer and the fiee 

volume of the membrane resulting in decreased penetrant diffusion. The separation 

factors of both alginate and chitosan membranes decrease with the increase of water 
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80 90 

EtOH content(wt%) 

70 80 90 

EtOH Content(wt%) 

Figure 4.6 Pervaporation results of pure alginate, chitosan, and No.5 two ply 

membrane from a factorial design for ethanol-water mixture at 60°C 
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Figure 4.7 Pewaporation results of pure alginate, chitosan, and No.6 two ply 

membrane from a factorial design for isopropanol-water mixture at 60°C 
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content in the feed. These membranes are hydrophilic, and swell linearly with water 

content. Thus, more ethanol molecules coupled with water molecules diffuse through the 

membrane, resulting in decreased separation efficiency. Interestingly, the separation 

factors of No.5 double layer membrane lie between those of algïaate and chitosan in spite 

of being crosslinked in a relatively strong crosslinking agent and levels off over 80 wt% 

ethanol concentration. It has also been previously postulated that crosslinked alginate has 

less &ity to water after glutaraldehyde crosslinking catalyzed with HCI p e o m  & Lee, 

1998al. 

Figure 4.7 shows the pervaporation results conducted at vanous isopropanol 

concentrations at 60°C for pure alginate, chitosan membrane, and No 6 double layer 

membrane. The No 6 membrane was crosslinked weakiy in fomaldehyde solution and 

the alginate side of the two sides contacts the feed Stream. The flux performance (Figure 

4.7a) of the two-ply membrane is analogous to that of pure alginate at 95% and 90% 

propanol concentrations. It is assumed that crosslinking density caused by fomaldehyde 

solution (Type B) is not as strong compared to the H2S04 solution (Type A). This 

postdate is also supported by the separation factor results of No 6 membrane in Figure 

4.7b. Unlike previous ethanol mixture the decrease of separation factor of No 6 is not 

significant compared to the separation factor of the alginate membrane. It means that the 

network change of polymer resulting  OR the crosslinking is not so significant. As 

shown in sorption selectivity data for isopropanol mixture in Figure 4.3b, a separation 

maximum at 90% mixture is observed in the pervaporation experiment. Presumably, the 

solubility of isopropanol is greatly hindered at 10% water concentration due to the 

interaction between isopropanol anci alginate membrane. From al1 of the above 
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observations, it has been s h o w  that the superior permselectivity of alginate polymer c m  

be applied to the pervaporation membrane in the form of two-ply dense membrane. 

4.5 CONCLUSIONS 

Two-ply dense membranes consisting of sodium alginate and chitosan were 

prepared for the pemaporation dehydration of ethanol-water and isopropanol-water 

mixtures. It was shown that the highly water permselective characteristic of alginate, 

which is water-soluble and mechanically weak can be made into dense two ply 

membrane consisting of alginate and chitosan with good flux, separation factors, and 

better mechanical properties. It was also shown that three factors including polymer type 

contacting the feed Stream, NaOH treatment, and crossIinking agent type play important 

roIes in the performance of this newIy designed novel two-pIy membrane in terms of the 

flux and separation factor. It was also revealed that the interaction effects are significant. 

It is apparent that a factorial experimental design is beneficial for the exploration of a 

Iarge nurnber of the membrane operating and preparing parameters. Further efforts will 

be directed to optimize this two ply membrane and verifjGng the benefits of the two-ply 

membrane. Further experiments might be carried out to test the tende and mechanical 

properties of the two pIy alginate-chitosan membrane. 
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CROSSLINKED CHITOSAN COMPOSITE MEMBRANE FOR THE 

PERVAPORATION DEHYDRATION OF ALCOHOL MIXTURES 

AND ENHANCEMENT OF STRUCTURAL STABlLlTY OF 

CHITOSANIPOLYSULFONE COMPOSITE MEMBRANES' 

Chitosan composite membranes having a microporous polysulfone substrate were 

prepared and tested for the pervaporation dehydration of aqueous isopropanol mixtures. 

When the composite membrane experienced excessive swelling at the feed mixture of 

high water content, the composite membranes were found to be segregated in structure 

due to the opposite characteristics to water of chitosan and polysulfone. Efforts to 

enhance the structural stability under various pentaporation operational conditions were 

made. The polysulfone substrate was immersed into hydrophilic binding polymer 

solutions such as polyvinyl alcohol, polyacrylic acid, and hydroxyethylcellulose before 

the casîing of chitosan Iayer to increase the affinity between the thin chitosan layer and 

porous polysulfone layer which resulted in increased geometrical stability of the 

Part of this snidy has been published in Journal of Membrane Science, 160(1999), 17-30 
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chitosan/polysulfoae composite membranes. The chitosan layer was crosslinked with 

glutaraldehyde and H2S O4 in acetone solution to contro 1 the permselectivity. 

5.2 INTRODUCTION 

The pervaporation membrane process is govemed by the chemical nature of the 

polyrner membrane and its physical structure, the physicochemical properties of the 

mixture to be separated, and the feed component-component and component-membrane 

interactions peng & Huang, 19971. Dehydration of alcohol is the best-developed area of 

the pervaporation application processes. For this purpose, good membrane material 

should have high flux, high separation efficiency, and long term stability to maintain its 

original permselectivity under operating condition. Since a trade-off between the flux and 

separation factor exists, much effort has been made to achieve high fluxes and separation 

factors simultaneously. 

One of the characteristics of pervaporation processes is the fact that it is a rate- 

controlled process. Thus, asymrnetric and composite membrane structures have been 

introduced into the membrane. The basic idea is to reduce the flow resistance by 

depositing thin and dense active layers on the supporting microporous ultrafiltration (UF) 

membrane. Asyrnrnetrk membranes are also called integrally skinned asymmetric 

membranes because commonly they consist of the same material. Most of industrial 

interest for pervaporation membrane is directed to the developrnent of composite 

membranes that have very thin and dense skin layers on the top of the asyrnrnetric UF 

membrane so that the flux can be increased significantly. However, unlike homogeneous 

asymmetric membranes, they consist of two different materials. The GFT membrane 
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which is the first commercialized pervaporation membrane used in the dehydration of 

aqueous ethanol mixture, is composed of poIyviny1 aicohol @VA) thin layer and 

microporous polyacrylonitrile (PAN) substrate which offers little resistance to the flow of 

perrneate. In this research3 chitosan has been chosen as the active skin layer material and 

polysulfone as the rnicroporous supporting material- Chitosan is the partially deacetylated 

polymer of chitin, which is found in a wide range of natural sources like crab and shrunp 

shells. Recently many investigations [Uragami et al., 1994, 1997; Nawawi & Huang, 

1997; Volkov et al., 1998; Ren & Jiang, 1998; Qunhui et al., 19951 have been directed to 

chitosan as a pervaporation membrane material due to its extremely high affmity to 

water, good film forming properiies, fünctional groups which are easy to rnodiSr, and 

good mechanical and chemical stability. Polysulfone is one of the most common UF 

materials, which can withstand a pH range of 0-5-3.0, temperature to 85 OC, and 25 mg/L 

of fkee chlorine on the continuous operation, and has excellent chemical, mechanical and 

biological stability. Recently several studies of chitosan or chitosan blend/polysulfone 

composite membrane have been carried out to dehydrate ethanol-water mixtures [Shieh 

& Huang, 19971 and isopropanol-water mixtures wawawi & Huang, 19971 and to 

remove ethylene glycol fiom aqueous systems Feng & Huang, 199&]. 

Chitosan/polyethersulfone composite membrane was also studied for alcohol-water 

mixture [Lee et al., 19971. 

Chitosan and polysulfone are good materials for preparing composite membranes, 

however the structural stability of this composite membrane is not acceptable to endure 

the long experimental conditions because they have opposite characteristics with respect 

to affinity for water. Note that chitosan is an extrernely hydrophilic material, whereas 
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polysulfone is a hydrophobic material. That means significant differences of surface 

tension between these two materials resulting in the segregation of these two layers under 

swollen conditions. The goals of this study are to enhance the stmctural stability of 

chitosan/polysulfone composite membrane over a wide range of temperature and feed 

concentration conditions and to control the permselectivity of the composite membrane 

through combined glutaraldehyde and HzS04 crossliaking. 

Currently there are two methods for surface modification of polysulfone membrane. First, 

sulfonation of the chernical structure purin & Rose, 1993; Chen et al., 1996; Kerres et 

al., 19961 improves the hydrophilicity of polysulfone membrane with a controlled level of 

sulfonation. Secondly, modification of surface c m  be achieved by physical adsorption 

(that is, coating) of hydrophilic polymer ont0 the surface of the polysulfone UF 

membrane, followed by the crosslinking of this thin coating layer. This study applied the 

coating technique to rnodifi polysulfone to reduce the hydrophobicity of polysulfone. 

Hence, it is expected that the separation tendency of top layer and supporting layer c m  be 

significantly reduced as the result of the increased affinity via hydrophilic binding 

polymer. Several investigators [h<illesime et al., 1994; Kim et al., 1988; Brink & Romijn, 

19901 û-ied to produce high protein rejection rate and less fouling through the surface by 

the surface modification of polymer coating in UF applications. Three water-soluble 

polymers, narnely polyacrylic acid (PAA)-anionic, polyvinylalcohol (PVA)-nonionic, and 

hydroxyethylcellulose (HEC)-nonionic were used to coat the polysulfone substrate. 

Ionicaliy crosslinked polyacrylic acid membranes [Huang et al., 1983; Habert et ai., 

1979a, 1979b; Zhao & Huang, 19901 have been studied extensively in various 

applications due to its strong hydrophilicity. PVA is the pnmary pervaporation matenal 
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that was first commercialized by the GFT Carbone Lorraine A-G. Co., and also has been 

studied intensively [Huang & Rhim, 1993% 1993b; Yeom & Huang, 19921 by other 

investigators. Crosslinking is one of the efficient strategies to control the permselectivity 

of the pervaporation membrane. In principle, crosslinking enhances the selectivity with 

sacrifice of the permeation flux, namely the so-called -de-off phenornenon. The 

membrane becomes more compact due to the crosslinking density increase and the 

polyrner chains become more rïgid. Thus, penetrant molecules are less permeable due to 

the reduced fiee volume and increased penetration energy. Various crosslinking agents 

have been used to crosslink chitosan material like glutaraldehyde m g a m i  et al., 1994; 

Suto & Ui, 1996; Goto et al., 19941, HzS04 B e n  & Jiang, 1998; Lee et al., 19971, 

formaldehyde [Zhang et al., 19971, hexamethyIene diisocyanate mawawi & Huang, 

19971, and epichlorohydrin P e i  et al., 19921. In this study we used glutaraldehyde with 

sulfunc acid in aqueous acetone for the crosslinking of chitosan thin layer. 

5.3 EXPERIMENTAL 

5.3.1 Materials 

Chitosan flakes (Flonac-N) with MW 100,000 and 99% N-deacetylation degree were 

donated by Kyowa Technos h c ,  Japan. Polysulfone (Udel P-3500) was obtained fkom 

Arnoco performance products, Inc., USA in powder form. PVA (RîW 108,000), 

polyacrylic acid (MW 4,000,000), and hydroxyethylceIlulose (HEC) were purchased 

fiom Polyscience, Jnc. Dirnethylfomamide @MF), acetic acid (glacial), aluminium 
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nitrate (Al(N03)39H20), and HCl as well as HzS04 were supplied by BDH Chemicals 

Co., Toronto, ON, and ethylene glycol (monomethyl ether) 50m Sigma Chernical Co. 

Glutaraidehyde (25%) was purchased fkom Sigma Chernical, Co, A non-woven polyester 

fabnc fiom Veratec division of International Paper Co., USA was used as the backing 

material for the composite membrane. Water was de-ionized and distilled before use. 

5.3.2 Membrane preparation 

Polysulfone UF membrane were prepared via the wet phase inversion technique from the 

casting solution contahing 14 wt% polysulfone, 10 wt% ethylene glycol, and 76 wt% 

N,N-dimethylformamide (DMF). The casting solution was cast onto a polyester non- 

woven fabric held on a glass plate with the aid of a casting knife made in this laboratory. 

The cast film was imrnediately irnmersed into a coagulation bath consishg of aqueous 

DMF. The resulting membrane was washed in de-ionized water thoroughly and air-dried 

completely at ambient temperature. Initial microporous polysufone membrane showed a 

pure water permeation rate of 268 kg/& hr at transrnernbrane pressure of 100 psi and 

operating temperature 22 OC. Most of the water flux tests were performed in replicate to 

achieve precision in the flux. To test the binding effect of four hydrophilic polymer 

solutions, the first polysulfone UF membrane was irnmersed in 0.1 wt% polyacrylic acid 

(PAA) solution for 1 hr and crosslinked in the 10 wt% A1(N03)39H20 aqueous solution 

for 12 hr. The second polysulfone UF membrane was soaked in 0.1 wt% PVA binding 

solution for 1 hr. and crosslinked in 80 wt% aqueous acetone solution containhg 1.6 wt% 

glutaraldehyde and 0.05 wt% HCl for 12 hours. The third membrane was pretreated in 



CHAPTER 5 147 

0.1 wt?? HEC for 1 hr., followed by crosslinicing in I wt% HzS04 solution containing 

80% acetone for 1 hour. Finally, polysulfone membranes coated with three hydrophilic 

polymers were washed in water thoroughly to remove the unreacted crosslinking agents, 

treated in both ethanol and hexane solutions for 2 hr each in succession, and dried at 

ambient temperature for the M e r  use. Chitosan solutions consisting of 1.0 wt% 

chitosan for dense membrane and 0.5 wt?! chitosan for the composite membrane in IO 

wt% and 7 wt% aqueous acetic acid solutions for dense and composite membranes, 

respectively were filtered to remove any undissolved solids and impurities. Dense 

membrane was prepared by casting the polyrner solution ont0 a clean glass plate using a 

casting knife designed in this Lab. For the preparation of composite membranes, the 

solution casting technique was used, however, when the polysulfone UF membrane is 

treated in diiute polyrner solution, dip coating technique was applied to reduce the top 

layer thickness. Dense and composite membranes were treated in 3 wP/o NaOH solution 

containing 50 wt% ethanol solution for 24 hours at roorn temperature, washed thoroughly 

to completely remove NaOH, ciried at roorn temperature. Dense and composite 

membranes were crosslinked in the crosslinking solution consisting of 0.5 wt% 

glutaraldehyde and 0.05 wt% HzS04 in 80% acetone solution for 20 minutes, and then 

washed in deionized water thoroughly to remove any possible remnant. The membranes 

prepared and tested in this experiment are al1 listed in Table 5.1. 

5.3.3 Pervaporation 

Pervaporation apparatus and experirnent was described in detail in chapter 3. 
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Membrane 
Number Crosslinking 

Mern 1 
Mern 2 
Mern 3 
Mern 4 
Mern 5 
Mern 6 
Mern 7 
Mern 8 
Mern 9 

Dense 1 
membrane 1 Composite membrane 

Binding polymer 

PAA PVA HEC 

Table 5.1. The list of the membranes (- : No ; O : Yes) 
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Table 5.2. Water flux of polysulfone UF membranes pretreated in polymer solution 

(0.1 wt%) 

Binding polymer- Crosslin king agent 

Untreated 

Polyacryiic acid(PAA)- A1m03)39H20 

Polyvinylaicohol(PVA)-Glutaraldehyde 

Hydroxyethylcellulose(HEC)-H2SOs 

~aterflux(k~/m~ hr) 

268 

187 

124 

100 
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5.3.4 Scanning electron microscopy 

Scanning electron microscopy was used to study the cross section morphology of the 

various composite membranes and to measure the thickness of the membrane. Cryogenic 

fiacturing of the membrane was done after fieezing the samples in liquid nitrogen. Ail 

specimens were coated with a conductive layer (400A) of sputtered gold. A Jeol JSM 805 

scanning electron rnicroscopy was used for the specimens at SOkV. 

5.3.5 Fourier transform infrared (FT-IR) measurement 

A BOMEM Michelson series 100 FT-IR çpectrometer was used to identiQ and 

characterize structural changes in the crosslinked chitosan membranes. The expenments 

were nin with air as the background, and the resolution and number of scans were 4.0 cm' 

1 and 16, respectively. Films were sandwiched between rectangular holders having a hole. 

The sample thickness was about 1 Opm. 

5.4 RESUlLTS AND DISCUSSION 

5.4.1 Water permeability of pretreated UF membranes 

Water fluxes of the polysulfone UF membranes preeeated in the four binding polymer 

solutions were measured using ordinary reverse osmosis test equipment and are presented 

in Table 5.2. Water flux measurements could be an indicator of the changes of the UF 

membrane pores and surfaces. Membranes tested were crosslinked in the proper solution 
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after coating to prevent the dissolution fi-om the water during the water permeation tests 

and pervaporation experiments. Water permeation rates decreased fiom 268 kg/& hr of 

iintreated UF polysulfone membrane to 187, 124 and 100 kg/m2 hr for the membranes 

treated with PAA, PVA and HEC solutions as a result of the change of the membrane 

surface and pores. The binding polymer molecules penetrate into the pores of poIysulfone 

membrane and are coated on the pore wafl. Thus, it is believed that the pore size was 

reduced or even some pores were blocked. Also polymer molecules may be adsorbed on 

the surface of the membrane and form thin hydrophilic polyrner Iayer- The above factors 

are considered to account for the decrease of the water perrneation rates through the 

coated polysulfone UF membrane. 

5.4.2 SEM pictures of the composite membranes 

Scanning electron rnicrographs of the typical composite membranes are presented in 

Figure 5.1. It is obvious from the pictures that chitosan thin Iayer was properly cast on the 

top of the polysuIfone substrate. Figure 5.la and 5.lb show the morphology of 

polysulfone UF membrane prepared by wet phase inversion technique. Polysulfone 

substrate consists of microvoids in the form of honeycomb (Figure 5.1a) as well as 

bulbous macrovoids (Figure 5.1 b) that is fkequently found in the process of instantaneous 

dernixing in wet phase inversion. The macrovoids do not span the entire width of the 

membrane as in the case of ultrafiltration membrane stnictures where the macrovoids are 

believed to be formed by intrusion of nonsolvent through defects in the skin layer during 

wet phase separation [Cabasso et al., 19773. Figure 5. l c  and 5.ld show the cross- section 
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Figure 5.1 SEM pictures of the composite membranes; a) and b) morphology of 

polysulfone substrates; c) cross-section of the chitosanPSf composite membrane 

(Mem 4); d) cross-section of the chitosan/PSf composite membrane (Mem 9) 
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of the composite membrane treated in dilute PVA solution after the chitosan layer 

casting. Chitosan layer thickness was approximately 10 pn from SEM photo of Figure 

5.k without binding polymer treatment, where the solution casting method (pouring the 

chitosan solution on the polysulfone layer) was used because the poor wettability of 

hydrophilic chitosan against the hydrophobic polysulfone substrate restncts the dip 

coating method. The thickness of top Iayer could be reduced by dip coating method 

(irnrnersing the polysulfone into the chitosan solution) when polysulfone membrane is 

treated in PVA polymer solution (Figure 5. Id). 

5.4.3 FT-IR 

IR spectra have been used to understand the crosslinking nature of glutaraldehyde (GA) 

with H2S04 which is used in this study. In general, GA crosslinking has been used with 

HCl catalyst. In this case, it is believed that HCI does not participate in the crosslinking 

reaction directly. However, when &SO4 is used instead of HC1, it is expected that HzS04 

plays a role as a crosslinker and catalyst for GA crosslinking. In Figure 5.2, the bands at 

1650 and 1560 cm-' which are representing arnino 1 and amino II functional groups in 

chitosan [Aspinall, 1982; Chavasit et al., 19881 were shifted to the lower wavenumber 

when the membrane was crosslinked with three crosslinking agents, narnely, GA with 

HCI, HzS04, and GA with H2SO4. However, in the case of GA with HC1 the shifting of 

the band is less pronowced and the relevant peaks are flattened. From the FT-IR peaks, it 

can be concluded that the nature of GA crosslinking with H2S04 is close to that of H2S04 

crosslinking although a brown color, one of characteristics of GA crosslinking has been 
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Figure 5.2 Characterization of the crosslinking nature of GA with sulfuric acid for 

chitosan membrane compared to those of GA with HC1 and sulfuric acid 

crosslinking 
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observed d e r  crosslinking. This phenomenon explains that H2SO4 function as an 

independent crosslinker rather than a catalyst for GA. 

5.4.4 Pervaporation experiments of the composite membrane without binding 

polymer 

The permeation flux and separation factor characteristics of isopropanol-water mixtures 

through four membranes including dense, crosslinked dense, composite and crosslinked 

composite membranes are compared in Figure 5.3 and 5.4. Crosslinking of chitosan 

membrane reduced the permeation flux, but increased the separation factor for both dense 

and composite membranes. This phenomenon c m  be explained by closely packed chah 

structure due to three-dimensional crosslinking. However, it should be pointed out that 

the chemical crosslinking changed not only the physical density but also the chemical 

nature such as hydrophilicity of the membrane. The thermal mobility of polymeric chains 

apparently dmpped and the absolute fiee volume to diffise the permeants through the 

membrane decreased due to the crosslinking. Thus, water rnolecules having relatively 

small molecular size can diffuse through the crosslinked membrane easily rather than 

isopropanol molecules having large molecular size. It was observed that the composite 

membrane was more effective than dense membrane in ternis of the flux when 

isopropanol concentration is over 90 wt%. This interesting tendency seems to be the 

result of the thickness difference between the selective top layer of the composite 

membrane and dense membrane. The thickness of the composite membrane was 

approximately 10 pm, whereas that of dense chitosan membrane was 20-40 Pm. Above 
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40 50 60 70 80 90 100 

lsopropanol content in the feed(wt%) 

Figure 5.3 Effect of feed concentration on the permeation flux at 50 O C  for dense and 

composite membranes 
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40 50 60 70 80 90 IO0 

lsopropanol content in the feed(wt%) 

Figure 5.4 Effect of feed concentration on the separation factor at 50 OC for dense 

and composite membranes 



CHAPTER 5 158 

90 wt% isopropanol concentration, membrane thickness was a dominant factor because 

the swelling was not significant at Iower water concentration. Therefore, the £luxes of the 

composite membrane were much larger than those of the dense membranes when the 

water content in the feed was less than 20 wt% water concentration in the feed. 

However, increasing the water content in the feed caused large swelling of the membrane 

by the plasticization of water that took over the permeation process for the dense 

membranes, whereas the swelIing of chitosan top layer in the composite membrane is 

greatly depressed because it is anchored to the substrate. For crosslinked membranes, the 

flux of crosslinked composite membrane is still larger than that of crosslinked dense 

membrane because the membrane thickness continues to control the permeation as the 

result of the hindered swelling d e r  crosslinking. In general, the separation factors of the 

crosslinked membrane were higher than those of non-crosslinked membranes. High 

separation factors of 4942 and 5912 and fluxes of 236 and 446 for 90 and 95 wt% 

isopropanol concentrations in the feed were obtained for the crosslinked composite 

membrane. High separation factors and fluxes are the required properties for successful 

composite membrane in the pervaporation application. 

5.4.5 Pervaporation experiments of the composite membrane with binding polymer 

As mentioned before, the treatrnent of polysulfone (PSf) substrate in dilute polymer 

solutions significantly changed the surface properties of the PSf membrane. It was noted 

that the spreading of chitosan solution during the solution casting on the PSf substrate 

was faster on the pretreated PSf substrate than on the untreated PSf substrate. Also, the 
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structural stability of the chitosanlPSf composite membrane was greatly increased as a 

result of the increased a£flnity between chitosan top layer and PSf substrate. This was 

confïrmed with the pervaporation experiments for 90% water mixture. The composite 

membrane without binding polymer was eventually separated after the pervaporation 

operation at the feed mixture of 90 wt% water which is considered as an extreme 

swelling condition. However, in the case of the composite membrane ~ e a t e d  in binding 

polymer solution, the structural integrity was rnaintained even under the forced swelling 

condition. Figures 5.5 and 5.6 show the permeation fluxes and the separation factors 

through the composite membranes pretreated in various polymer solutions such as 

polyvinyl alcohol, polyacrylic acid, and hydroxyethyl cellulose without crosslinking the 

chitosan layers. It is interesting to note the flux increase for the composite membrane 

pretreated in dilute binding solutions specially for the composite membrane treated in 

PVA solution in addition to the structural stability. Many aspects of binding polymer 

solutions c m  affect the permeability and selectivity of the pretreated composite 

membranes. Possible factors are as follows; the molecular weight of binding polymer, the 

arnount of adhesion of binding polymer ont0 polysulfone substrate, the selection of 

crosslinking agents for these hydrophilic binding polymers and the extent of 

compatibility with chitosan. Ln previous experiments, PVA showed complete 

compatibility with chitosan over the whole blend ratio and crosslinking agent for PVA is 

well studied. The exceptional performance of the composite membrane pretreated in PVA 

solution was fiu-ther evaluated for the crosslinked composite membranes in the next 

section, 
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40 50 60 70 80 90 100 

lsopropanol content in the feed(wt%) 

Figure 5.5 Effect of feed concentration on the flux at 50 OC for the composite 

membranes treated in various polymer solutions compared to that for the untreated 

Mem 3 
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lsopropanol content in the feed(wt%) 

Figure 5.6 Effect of feed concentration on the separation factor at 50 O C  for the 

composite membranes treated in various polymer solutions cornpared to that for the 

untreated Mem 3 
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54.6 Qervaporation experiments of the composite membrane pretreated in PVA 

solution 

The pervaporation separations of isopropanol-water mixtures through the crosslinked 

chitosan/PSf composite membranes are compared in Figures 5.7 and 5.8. It is clear that 

the permeation fluxes of the composite membranes pretreated in PVA solution (Mem 8) 

are larger than that of the untreated composite membrane (Mem 4). This proves the 

existence of a resistance barrier between the selective chitosan top layer and the PSf 

substrate in a typical chitosan/PSf composite membrane. Very thin PVA coating applied 

to the surface or the pore of the substrate reduced the interface resistance. The separation 

factor exhibits the common trade-off phenornenon in Figure 5.8. In the case of 

uncrosslinked membrane, the separation factor of Mem 6 (PVA treated) is slightly higher 

than that of Mem 3 (untreated). However, in the crosslinked membranes it is 

controvertible that the separation factor of Mern 8 treated in PVA solution is much lower 

than that of untreated Mern 4 though affirmative aspects such as the increase of the flux 

and the structural stability were achieved by the pretreatment- It seems that the 

crosslinking reachon of the composite membranes plays an important roIe on the 

permselectivity, 

Thichess reduction effects for the composite membrane top layer are presented in 

Figures 5.9 and 5.10. One of benefits of the pretreatment of substrate in PVA solution is 

the thickness reduction of top thin layer by changing the casting technique. In Figure 5.9, 

Mem 9 (1 pm) of the composite membrane was achieved by the dip coating method 

which was not used for the untreated PSf substrate because of the poor wettability of 
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Isopropanol content in the feed(wt%) 

Figure 5.7 Effect of feed concentration on the flux at 50 O C  through PVA treated 

(Mem 8) and untreated (Mem 4) composite membranes 



CHAPTER 5 

40 50 60 70 80 90 1 O0 

lsopropanol content in the feed(wt96) 

Figure 5.8 Effect of feed concentration on the separation factor at 50 O C  through 

PVA treated (Mem 8) and untreated (Mem 4) composite membranes 
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lsopropanol content in the feed(wt%) 

Figure 5.9 Thickness effect of the crosslinked composite membrane on the flux at 50 

OC(Mem8: 10 p m ;  ~ e m 9 :  1 pm) 
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IsopropanoI content in the feed(wtO/~) 

Figure 5.10 Thickness effect of the crosslinked composite membrane on the 

separation factor at 50 OC (Mem 8 : 10 p m  ; Mem 9 : 1 pm) 
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chitosan solution. The permeation flux of Mem 9 (1 pm) composite membrane is much 

larger than that of Mem 8 (10 p) composite membrane. As a nile of thumb, the 

permeation flux is inversely proportional to the membrane thickness. However, 

simultaneously decreasing the membrane thickness reduced the selectivity because the 

swelling of Mern 9 is much larger and fast than that of Mem 8. 

5.4.7 Temperature effect 

In p ~ c i p l e ,  the effect of temperature on flux is positive. This is due to the increased 

thermal motion of the chain with increasing temperature that accelerates the diffusion of 

the permeants. A crosslinked composite membrane without PVA binder (Mem 4) has 

slightly higher sorption and diffusion activation energy than that of uncrossinked 

composite membrane (Mem 3) due to the hindered diffusion in more dense structure as 

shown in Figure 5.11. 

The flux increase with temperature is significant for the composite membrane treated in 

PVA solution (Mem 8). It can be also observed that the activation energy of the PVA 

bound composite membrane is higher than that of untreated composite membrane, 

suggesting that the existence of another interface (namely, coating) between chitosan and 

PS f substrate layers. The temperature effect of various composite membranes on the 

separation factor is shown in Figure 5.12. It can bs seen that the separation factor 

increased with the temperature unexpectedly with the exception of the untreated 

composite membrane. Tt is usually assumed that the separation factor decreased with the 

increase of the temperature because the enlarged fkee volume of the membrane caused by 
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Figure 5.11 Arrhenius plot of the flux vs. reciprocal of temperature through the 

composite membranes at 90 wt% isopropanol 
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Figure 5.12 Plot of the separation factor vs. reciprocal of temperature through the 

composite membranes at 90 wt% isopropanol 
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the temperature increase facilitates the transport of the feed mixtures. No direct 

explanation is available for above unusual phenornenon. However, it might be related to 

the feed mixture of 90 wt% alcohol and the material property, so called relaxation 

behavior. Chitasan membrane rnay experience two phenornena during the pervaporation 

operation. One is the swelling which depends on the feed concentration, and the other is 

the intrinsic relaxation behavior which was mainly studied in alginate membrane [Yeom 

et al., 1996b; Yeom & Lee, 1998al but also potential for the polysaccfiarides such as 

chitosan. At the high isopropanol feed, the swelling of the chitosan is not so intense, 

whereas the polyrner chains get packed slowly with the increase of temperature. The fiee 

volume of this packed membrane is still big enough to permeate water moIecules but 

restricts the transport of relatively big isopropanol molecules. Thus, the increase of 

temperature only promotes the transport of water, which results in the increased flux and 

separation factor. 

5.5 CONCLUSIONS 

The follow ing results have b een obtained fkom the pervaporation experiment. 

- ChitosanPSf composite membrane has been prepared and crosslinked for the 

separation of isopropanol/water mixture. The crosslinking nature of glutaraldehyde 

with H2S04 has been investigated using FT-IR spectra. 

- It was shown that the poor wettability of PSf substrate could be improved by 

immersion of substrate into dilute polymer solution before the top layer casting. 

Structural stability of the composite membrane was improved in this way. In addition to 
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structural stability, the permeation flux also increased due to the reduced hydrophobicity 

of PSf Iayer by coated ultrathin PVA layer. 

It is believed that the porous substrate in the composite membrane acts not only as a 

mechanical support but also as part of selective layer affecthg the pervaporation 

performance. Measurement of mechanical properhes of the porous material and also of 

the composite membrane can be an interesting research topic in the future. 
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PERVAPORATION DEHYDRATlON OF AQUEOUS ETHANOL 

AND ISOPROPANOL MIXTURES THROUGH 

ALGINATEICHITOSAN TWO PLY COMPOSITE MEMBRANES 

SUPPORTED BY POLY (VlNYLlDENE FLUORIDE) POROUS 

MEMBRANE* 

Composite membranes consisting of an active alginate layer and supporting chitosan 

layer on top of the base porous blended polyvinylidene fluoride (PVDF) membrane were 

prepared and tested for penraporation dehydration applications. Efforts to enhance the 

surface properties of PVDF by bIending with relatively hydrophilic polyrnethyl 

methacrylate (PMMA) were carried out and evaluated by contact angle measurements. 

Various modifications for the alginatekhitosan composite membranes such as converting 

to the f?ee acid form and crosslinking with cobalt ion were investigated. They were then 

compared for the pervaporation dehydration of ethanol/water and isopropanol/water 

mixtures and the temperature effect on the perrneation flux was also investigated. 

- - 

Part of this study has been published in Journal of Membrane Science, 167(2000), 275-289 
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6.2 INTRODUCTION 

The principle of the pervaporation membrane separation process is relatively simple. The 

minor component of the Iiquid mixture is preferentially separated with phase change 

through polyrneric dense membranes at efficiencies considerably better than those 

obtained in oîher separation processes such as distillation, adsorption and hctional 

crystallization processes. Its advantages are particuhrly apparent when azeotropic 

mixtures are to be separated. Areas where the pervaporation separation process is 

beginning to have large impacts are in the dehydration of aqueous organic mixtures, the 

removal of organic (especially environmental pollutants) fkom organiciwater mixtures, 

and the separation of organidorganic mixtures. 

Currently, polysaccharides have been gaining much attention as pervaporation membrane 

materials for the dehydration of aqueous organic systems. In particular sodium alginate 

has been explored for the pervaporation dehydration of alcohol due to its extrernely high 

water selectivity, while chitosan has been investigated due to its excellent chemical and 

mechanical stability as well as its high hydrophilicity. AIthough sodium alginate shows 

strong hydrophilicity, it has not been used as a thin film membrane material for 

pervaporation dehydration because of its water solubility and mechanical weakness. Its 

applicability as a new pervaporation membrane is increasing these days afier ionic 

crosslinking and insolubilization treatment. However, concerns about its mechanical 

weakness remain. It is believed that alginate, being polyanionic foms a polyeIectrolyte 

complex when it contacts chitosan, which is polycationic- It is clear that chitosan and 

sodium alginate cannot form the homogeneous bIend because the oppositely charged 
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functional groups form the precipitates upon the ionic reaction. Very recently, Zhang et 

al. [2000] reported the hornogeneous biend membranes fiom carboxymethylated chitosan 

(CMC)/alginate solutions. This is because CMC is no longer cationic but nonionic. The 

chitosadalginate polyelectrolyte complex was studied mainly in controlled delivery 

systems for macromolecular drugs [Huguet et al., 1994; Hari et al., 1996; Chandy et al., 

1994; Lee et al., 1997; Wheatly et al., 19911. It was recognized that the chitosan layer 

increased the stability of alginate capsules or contr~lled the diffusion rates of the 

encapsulated materials. Recently Yeom et al. p e o m  et al., 1998~1 synthesized a ca2+ 

crosslinked alginate membrane having a polyelectrolyte cornplex layer with chitosan for 

the recovery of anionic surfactant by the reverse osrnosis (RO) process, and demonstrated 

the existence of ionic interactions that stabilizes the alginate separation performance. As 

a part of an effort to enhance the mechanical strength for pervaporation applications, we 

reported the preparation of novel two ply membranes consisting of alginate and chitosan 

in a previous publication w o o n  et al., 19991. Chitosan and sodium alginate solutions 

were cast in succession, and preparation and operating parameters such as polymer types 

facing to the feed stream, NaOH treatment for the regeneration of chitosan, and 

crosslinking system types were investigated using a factorial design method. As a 

continuation of the cwo ply membrane research program, we prepared another 

pervaporation membrane which consists of an active hydrophilic alginate layer buffered 

by chitosan which is hydrophilic with good film forming properties on top of a modified 

poly(viny1idene fluoride) (PVDF) porous membrane. It is known that PVDF is a 

hydrophobie and chemically inert fluoropolymer which can tolerate high temperature 

feed solutions. In the ultrafiltration process, fouling and concentration polarization are the 
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major limitations to broad PVDF application. It is generally recognized that more 

hydrophilic membranes tend to have less fouling and exhibit high flux, high rejection 

ratio and slow flux declines. There are various techniques to make UF membrane more 

hydrophilic such as blending, the introduction of hydrophilic b c t i o n a l  group into the 

membrane surface, plasma treatment and coating musale & Kulkarni, 19981 as well as 

self-organizing blend of an amphiphilic comb polymer wester et al., 19991. Among the 

rnany attempts to make PVDF more hydrophiIic, blending strategy is reported to be the 

most feasible method F u n e s  & Peinemann, 19921. Io the present investigation, the 

morphology of the porous PVDF layer, the hydrophilicity change resulting fiom the 

blending and the pervaporation characteristics of this new alginate/chitosan two ply 

composite membrane are reported in detail. 

Sodium alginate and cobalt(KT) nitrate were obtained from Sigma Chemical Co. Chitosan 

flakes (Flonac-N) of MW 100,000 and 99% N-deacetylation degree were donated by 

Kyowa Technos Inc, Japan. Poly(viny1idene fluoride) of MW 350,000 and poly(methy1 

methacrylate) of MW 75,000 were purchased from Polyscience Inc., USA in powder 

forms. H2SO4 was supplied by BDH Chernicals Co., Toronto, ON. Calcium chlonde was 

provided by Fisher Scientific. A non-woven polyester fabric frorn Veratec division of 
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International Paper Co., USA was used as the backing material for the composite 

membrane. Water was de-ionized before use. 

6.3.2 Membrane Preparation 

Sodium alginate was dissolved in water to f om a homogeneous solution of 0.5 wt %. 

Chitosan solution was prepared by dissolving 0.5 wt% chitosan in dilute aqueous acetic 

acid solution. Both sodium alginate and chitosan solutions were filtered to remove any 

undissolved solids and impurities. 

Poly(viny1idene fluoride) membranes were prepared via the wet phase inversion 

technique fkom casting solution containing 15 wt% PVDF, 1 wt% poly(methy1 

methacrylate), and 84 wt% N,N-dimethylformamide @MF). Fn order to ùicrease the 

wettability of chitosan solution on top of the PVDF porous membrane relatively 

hydrophilic PMMA was blended with PVDF and the blending ratio was evaluated in 

tems of hydrophilicity using contact angle measurements. The casting solution for 

porous support membrane was poured ont0 a polyester non-woven fabric held on a glass 

plate with the aid of a casting knife made in this laboratory. The cast film was 

irnmediately immersed into a coagulation water bath. The resulting membrane was 

washed in de-ionized water thoroughly and air-dried completely at ambient temperature. 

The initial microporous poly(viny1idene fluoride) membrane showed a pure water 

permeation rate of 89 kg/m2 hr at transmembrane pressure of 100 psi and operating 

temperature 22 OC. Water flux tests were performed in replicate to achieve precision in 

the flux. Finally, for the preparation of composite membranes, the dip coating technique 
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was used. At first, chitosan solution poured onto the PVDF membranes which was glued 

to the bottom of a g las  container, excessive chitosan solution was removed from the 

glass container after 10 minutes, and then the composite membranes were dried 

completely. M e r  the drymg of the chitosan layer, 0.5% alginate solution was added into 

the glass container again to get double top layers in the same way with the addition of 

chitosan solution. The alginate Iayer of the composite membranes were M e r  

insolubilized in sulfûric acid solutions containing 50 vol% isopropanoi for 10 minutes at 

room temperature, washed thoroughly to completely remove the remnant solvents, then 

dned at room temperature. Onginally there was a special consideration for the interface 

layer because of the possibility of polyelectrolyte complex formation between polyion 

layers [Schamagl et al., 19961. However, since the chitosan Iayer before the casting of 

alginate layer was dried, the possible formation of polyelectrolyte is believed to be 

minimal in this study. Crosslinking of the alginate layer of the composite membranes was 

carried out by immersing thern into the crosslinking solution consisting of 0.1M cobalt 

nitrate for 10 minutes, and then washed in deionized water thoroughly to remove any 

possible rernnant. 

6.3.3 Swelling and Sorp tion experirnents 

The steady state liquid uptake was measured in order to obtain sorption data for the 

alginic acid membranes, sodium, and cobalt alginate membranes respectively. The square 

shaped membranes were soaked into the 90 wt% ethanol and isopropanol solutions for 

the equilibration penod of lday. Afier carefully blotting off the surface liquid with tissue 
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paper as quickly as possible, they were put into g las  tubes, which were comected to the 

pervaporation apparatus. The liquid absorbed in the membrane was collected in the cold 

traps, weighed, and analyzed by using GC to obtain the sorbed liquid amount and 

sorption selectivity. In analogy to the pervaporation experiment, the degree of swelling , 

Swelling degree = ws -wd x l 0 0  
Wd 

sorpfion 
awa~er, i c d d  = IcW I C A  I / [ x W  I X A  1 

where Wd and W, indicate the weight of th 

and sorption selectivity are calculated as follows; 

eriri and swolien membranes, resp ectively 

and C and X is the weight fiactions of the permeate and feed components in the 

membrane at the equilibrium sorption, respectively. 

6.3.4 Pervaporation 

The pervaporation experiment was carried out using the apparatus and method described 

in chapter 3. 

6.3.5 Infrared spectroscopy 

FT-IR spectroscopy was conducted on the membranes before and after the treatment 

using sulfuric acid as an attempt to detect the new chemical bonds or the change of 

chemical bonds caused by the insolubilization treatment of alginate membranes and 

compared to the chemical bonds of the alginate membranes. A BOMEM Michelson 

series 100 FT-IR spectrometer was used. The experiments were run with air as the 
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background, and the resolution and nurnber of scans were 4.0 cmd' and 16, respectively. 

Films were sandwiched between rectangular holders, whose insides were circularly cut. 

The sample thichess was about 10 Pm. 

6.3.6 Contact angle measurement 

In order to make the chitosan solution spread over easily on the top of the supporting 

PVDF membrane, PMMA which is relatively hydrophilic and miscible with PVDF was 

solution-blended with PVDF to forrn the blended PVDF membrane. Contact angle 

measurements for the investigation of the wetting behaviour and the surface energy 

properties of blended PVDF membrane were carried out using the Video Contact Angle 

2500 System of ASC products, USA. Water drop images were frozen in 10 sec after the 

dropping of water on the membrane surface and angle values were obtained, to get 

reliable data 10 contact angle values were measured for each membrane. Also the work 

w, necessary to pull water fiom a square meter of membrane surface can be calculated 

as follows; 

w, = y,(I+cosB) 

where y ,, is water surface tension (7.28 x 1 o ' ~  N h ) .  

Contact angle values and adhesion data are presented in Table 6.1. 

6.3.7 Scanning electron rnicroscopy 
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Scanning electron microscopy was used to study the cross section rnorphoiogy of the 

composite membranes and to measure the thickness of the membrane. Cryogenic 

fracturing of the membrane was done after fieezing the samples in liquid nitrogen. Al1 

specimens were coated with a conductive layer of sputtered gold. A Hitachi S-570 

scanning electron microscopy was used for the specimens at 15kV. 

6.4 RESULTS AND DISCUSSION 

6.4.1 Surface characteristics of P M F  porous membrane and morphology of 

composite membrane 

In a previous paper p u a n g  et al., 1999a], we reported a chitosan composite membrane 

supported by a polysulfone porous membrane. Since polysulfone had opposite wetting 

properties compared to the hydrophilic chitosan top layer material, the structural stability 

of the composite membrane was weakened after a long pervaporation operating tirne, and 

then eventually the chitosan top layer becarne separated firom the support layer. To 

overcome this noticeable drawback of polysulfone as a supporting membrane, 

polysulfone membrane was soaked in dilute polyvinylalcohol (PVA) solution before 

casting the chitosan layer. This PVA thin coating significantly increased the membrane 

stability as well as being able to reduce the top layer thickness by increasing the chitosan 

wettability on top of the modified polysulfone. In this study, PVDF was used as the 

porous support rnatenal. As a usual ultrafiltration membrane, polyvinylidene fluoride 

(PVDF) has been known to be relatively hydrophobie. Its hydrophobicity contrasts with 
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the hydrophilicity of chitosan. Thus the blending of PVDF with a more hydrophilic 

polyrner was tried to improve compatibility with the top layer casting material. It is 

known that PVDF and PMMA are completely miscible with each other and form a 

homogeneous blend. The changed surface property was measured in terms of 

hydrophilicity using contact angle measurements. In Table 6.1, it is shown that the 

addition of PMMA into the matrix of PVDF improved the hydrophilicity of blended 

PVDF membrane. The contact angle of a cobalt crosslinked alginate membrane was 

measured for comparison as shown in this table. 

When one prepares a composite membrane for pervaporation dehydration, the similar 

hydrophilicity or chernical affinity between the support membrane and the top layer has 

several advantages such as improved structural stability and reduced top layer thichess 

resulting fiom the easy spreading of the top layer solution. However, although the 

hydrophilicity of supporting membrane was improved with the blending, as shown in 

Table 6.1, the surface properties of the alginate top layer and the PVDF supporting 

membranes are still substantially different. The problem occumng fkom the difference of 

surface properties was examined for the morphological study of the composite membrane 

using SEM. SEM photographs are shown in Figure 6.1. The thin top layer consisting of 

chitosan below the alginate is cIearIy shown to be supported by the porous PVDF 

membrane. Total thichess of top layer is approximately 5 pm and that of the chitosan 

layer occupies less than 2 Fm. Here the alginate layer is the permselective layer, whereas 

the chitosan layer plays potential roles for the following reasons. First when the alginate 

membrane is not crosslinked or even crosslinked, it may collapse after a long 

pervaporation operation time because of its naîural water-sohbility. However, in 
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combination with the chitosan barrier this can be improved because chitosan has good 

film forming properties and relatively good mechanical strength. Secondly in preparing 

the composite membrane, the blended PVDF is still hydrophobie in spite of the improved 

hydrophilicity due to the blending. Thus the chitosan layer makes the casting and 

spreading of the next alginate layer much easier. The direct casting of the alginate layer 

without the chitosan buffer layer can lead to a thick alginate top layer which can 

eventually be separated in the swollen state fiom the porous PVDF membrane. 

Table 6.1 Contact angle values and adhesion works of water drops for P M F  

membranes 

Type of membrane 
15% PVDF 

1 5% PVDF/l% PMMA 

PMMA 

Cobalt crosslinked alginate 

Contact angle 
7S0 

71" 

67" 

55" 

Adhesion work(xl0*) 
9-16 N/m 

9.65 N/m 

10.12 N/m 

1 1-45 N/m 
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Figure 6.1 SEM photographs of the cross-section of the composite membrane; a) 

oveniew of the cross-section, b) adjacent view of top layer 
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6.4.2 Sorp tion experiment 

The sorption properties of the various alginate membranes have been investigated for 90 

wt% ethanol and isopropanol mixtures at room temperature and are presented in Figure 

6.2. The five membranes tested are sodium alginate and cobalt crosslinked alginates, and 

three different alginic acid membranes which were converted fiom sodium alginates by 

using different concentrations of sulfunc acid solutions. It has long been recognized that 

the sorption properties are helpful for the selection of proper membrane materials and 

subsequent chernical treatment because the pervaporation properties of the membranes 

partly rely on sorption characteristics. However, it must be pointed out first that the 

sorption data does not always necessarily correspond to the permeability data because the 

diffusion phenomenon through the membrane also significantly contributes to the 

permeability. Some Icnowledge was obtained with sorption experiment and c m  be 

rationalized as follows. For the ethanol mixture, the swelling degrees of sodium alginate 

membrane are rnuch higher than those of crossIinked and fiee acid form membranes 

because the structures of crosslinked and converîed membranes are more packed than that 

of the sodium alginate membranes. For sorption selectivity, selectivities of crosslinked 

alginate membranes with divalent ions are higher than those of the others. Thus, 

crosshked membranes show lower flux and higher separation factors than their 

uncrosslinked membrane counterparts. It was found that sodium and crosslinked alginate 

membranes follow this mle of thumb. When sodium alginate membranes are converted to 

its free acid form, the sorption ability and selectivity decreased although the alginic acid 

membranes are insoluble in water and rnechanically robust cornpared to sodium alginate. 
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Figure 6.2 The degree of swelling and sorption selectivity for various alginate and 

alginic acid membranes in 90 wt% ethanol (a) and isopropanol @) mixtures at room 

temperature 



CHAPTER 6 186 

Arnong the three dinerent alginic acid membranes, those converted with 0.1M sulfunc 

acid solution appeared to be more water sefective than acid membranes converted with 

O.OSM and 0.2M sulfüric acid solutions. 

For the 90% isopropanol mixture, the sodium alginate membrane has the highest swelling 

degree as found for the ethanol mixtures. The general trend for the isopropanol sorption 

experiments is almost similar to that for the ethanol mixture. The selectivity of the cobalt 

crosslinked membrane is the highest like that fomd for the ethanol mixture. It is believed 

that the crosslinker type and interaction between crosslinked membrane and feed mixture 

affect the separation performance of the membrane. The highest sorption selectivity 

arnong alginic acid membranes was achieved for alginic acid membrane converted in 0.1 

M sulfiric acid solution as found for the ethanol mixture. However, it is interesting to 

note that the affinity to water is much higher than the sodium alginate membrane. The 

sorption experiment for ethanol and isopropanol mixtures show that the permselectivities 

of alginic acid membranes are not superior to the sodium alginate salt membranes. 

6.4.3 Infrared (IR) spectroscopy 

In previous sorption experiment, three alginic acid membranes converted in different 

sulfuric acid concentrations which revealed different sorption characteristics were 

studied. IR spectroscopy has been applied to detect possible functional group or 

confi,guration difference between these membranes. It was reported that the strong band 

at 1743 cm-' could be indicative of the fiee carboxyl group of alginic acid, whereas the 

bands at 1620 and that at 14 16 cm-' was assigned to the presence of the salified carboxyl 
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Figure 6.3 FT-IR spectra of alginic acid membranes converted from sodium alginate 

membranes in H2SO4 solutions of various concentrations 
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group [Huang et al., 1999bI. Of special interest are the characteristic bands between 1100 

and 1050 cm-' which could be attn'buted to the deformation (or bending) of -OH 

functional group perlin & Casu, 19821. It is obvious that the band intensity between 

1 I O0 and 1050 is decreasing with the increase of the sulfuric acid concentration used to 

convert sodium alginate membrane into alginic acid membranes, while band broadening 

is observed with decrease in the concentration of sulfUric acid solution. In addition, the 

shoulder near the band of 1100 cm-' is getting more apparent with the decreasing sulfunc 

acid concentration, while the peak at 1050 cm-' slightly shifted to lower values with 

increasing sulfuric acid concentration. ft is believed that al1 these phenornena in the 

intensity, band fiequency, and shape are strongly affected by the inter or intramolecular 

hydrogen bonding of -OH groups. Since hydrogen bonds act as constraints to 

defonnation vibrations, force constants for these vibrations are increased and 

wavenumber shifis to larger values are observed [Vinogradov & Linnell, 19711, while the 

band shifiing to lower wave number are due to the O-H stretching [Hadzi & Bratos, 

19761. Michell and Higgins [1965] studied the nature of intramolecular hydrogen 

bonding (hydroxyl stretching) in glucose and xylose by IR spectra, and revealed that the 

band near 3530 cm-' is shifted to lower fiequency. In Figure 6.3, the peak of sodium 

alginate at 1050 cm-' shifts to larger values due to the conversion to fiee acid forms. 

Alginic acid membrane converted in 0.05M suffuric acid shows the largest hyckogen 

bonding based on tbis band ssft analysis. This analysis is pariially supported by the 

swelling degree results shown in Figure 6.2. The swelling degrees of alginic acid 

membranes are considerably lower than those of sodium alginate due to the higher 

hydrogen bonding. The swelling degrees of alginic acid membrane increase with the 



CHAPTER 6 189 

exception of the alginic acid membrane converted in 0.1M for isopropanol mixture 

(Figure 6.2@)) due to the shifting of the 1050 cm-' peak to a slightly lower wavenumber 

which signifies lower hydrogen bonding. It was also observed that the higher the 

hydrogen bonding results in larger peak intensity and a broader band. In summary, the 

hydrogen bonding of aIginic acid membrane gets larger with the decreasing concentration 

of conversion solution fiom 0.2M to 0.05M. The band broadening, peak shifts at 1050 

cm-' to larger fkequency values and the increased peak intensity results fkom the 

hydrogen bonding. Thus the swelling degree of 0.05M alginic acid membrane is the 

lowest while sodium alginate membrane was found to have the highest swelling degree 

due to the low hydrogen bonding. 

6.4.4 Pervaporation experiments of aqueous ethanol mixtures 

Pervaporation experiments were carried out at 50 O C  to study the feed concentration 

effects on various types of alginate composite membranes. Feed concentration ranges 

tested were 95 wt% to 50 wt% for ethanol mixtures and 90 wt% to 50 wt% for the 

isopropanol mixtures. In Figure 6.4(a), alginic acid composite membrane converted fiom 

sodium alginate by the solution technique in O.IM f iS04 solution were tested for various 

ethanol mixtures and compared with the sodium alginate composite membrane. The flux 

increases with the increase of water content in the feed because of the increased 

plasticization action of water molecules in the membrane. The pemeation flux of the 

alginic acid composite membrane is larger than that of the sodium alginate composite 

membrane over the whole feed concentration range. The hydrogen bonding in the curent 
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membranes can expIain this change in f h .  From the sorption and the IR experiments, it 

was observed that the hydrogen bonding of the alginic acid membrane is larger than that 

of the sodium alginate membrane. Ln sorption experiments, the existence of stronger 

hydrogen bonding suppressed the sweI1ing of membrane, thus the swelling degrees of 

sodium alginate membrane were found to be much higher than those of the alginic acid 

membranes. It is thus believed that the nature of the membrane and the intemctions 

between feed component and membrane govems the swelling degrees of the tested 

membrane. However in the dynarnic permeation experiments, the diffusion process due 

to the chernical potential difference becomes part of the separation process. This is the 

reason why the permeation flux and swelling degree do not necessarily correlate well. 

Relatively larger hydrogen bonding networks in the alginic acid membrane fûnction as 

hydrophilic permeation pathways for the feed components. Figure 6.4@) shows the 

permeation fluxes of cobalt ion crosslinked alginate membrane compared with the 

sodium alginate. The permeation flux of the cobalt crossIinked membrane is much lower 

than that of the sodium alginate membrane. It is well known that the structure of a 

crosslinked polymer is more packed than that of uncrosslinked polymer and chain 

mobility in a crosslinked poIymer is a lot more restricted. Thus, the permeation flux is 

reduced. The separation factor plot in Figure 6.4(c) shows the characteristic convex trend. 

The sodium alginate composite membrane has a maximum value at 90% ethanol, while 

the others have maximum separation factors at the feed concentration of  20 wt% water. It 

was found that the separation factors obtained for alginate composite membrane did not 

follow the typical trade-off phenomenon which has been widely used to explain the high 

flux and low separation efficiency fiequently encountered in pervaporation expenments 
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Feng & Huang, 19931. In pervaporation study, the trade off phenomenon is not 

necessarily found for al1 kinds of membrane but generally observed for membrane 

separation systerns in which polar interaction is not so seong. Many aspects contribute to 

the separation characteristics of a specific membrane such as the interaction between the 

permeants, the interaction between the pemeant and membrane, and molecular sizes of 

the feed components etc. As shown in the pervaporation results of Fig. 6.4, sodium 

alginate membrane among three different membranes tested shows the highest separation 

factor at feed concentrations of 95 wt% and 90 wt% ethanol. The fluxes and separation 

factors at 95% azeotropic mixture are 95 g!m2 hr and 202, 172 d m 2  hr and 90, and 46 

g/m' hr and 99 for Na alginate, alginic acid and cobalt alginate, respectively. 

6.4.5 Pervaporation experiments of aqueous isopropanol mixtures 

The same composite membranes were investigated for the pervaporation dehydration of 

isopropanol and the results are presented in Figure 6.5. In general, it is believed that the 

pervaporation dehydration of aqueous isopropanol mixtures proceeds more easily than 

that of aqueous ethanol mixtures due to the Iarger moIecular size of isopropanol and 

relatively weak coupling phenomenon (less polar than ethanol) with water molecules and 

hydrophilic membranes. The higher permeation fluxes observed for isopropanol mixtures 

compared to ethanol mixtures c m  be attributed to less polarity, higher water activity and 

less coupling in the isopropanol mixtures. Unlike the case of ethanol mixture, permeation 

fluxes for 90 and 85% isopropanol mixture are larger than those of the alginic acid 

composite membrane. However, the flux trend for over 20 wt% water feed mixture is 
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similar to that of ethanol mixtures. As expected for the crosslinked alginate membranes, 

the flux of alginate membrane crossIinked with cobalt ion was significantly reduced 

compared to sodium alginate composite membrane as shown in Fig. 6.5(b). The 

separation results are piotted in Fig. 6.5(c). The cobalt ion crosslinked membrane 

achieved high separation factor and low flux since the chah mobility and fiee volume of 

the membrane are substantially reduced after the three dimensiond crosslinking. This 

figure shows that the separation performance of the alginic acid membrane for 

isopropanol mixture is quite low. Although the separation factor of alginic acid 

membrane for the ethanol mixtures is higher than that for isopropanol mixtures, the 

overall conversion from sodium alginate to alginic acid form sacrifices its selectivity and 

moderates its affinity to water. However, it must be emphasized that the alginic acid 

membrane has several benefits such as insolubility in water and relatively improved 

mechanical strength cornpared to the sodium alginate form. 

6.4.6 Temperature effects on the permeation flux 

For most of the polymenc pervaporation membranes, the increase of feed 

temperature results in linear increase of the permeation flux. It is well accepted that 

increased feed temperature enhances the thermal mobility of the polyrnenc chah, thus 

the diffusion rate of the permeating molecules is significantly increased. In other words, 

considering the driving force of the pervaporation process, the increase of the chemical 

potential difference in terms of the temperature diEerence Ieads to the flux increase. 
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The Arrhenius relationship represents the empirical linear relationship between the 

temperature and the permeation flux as shown below. 

J = J .  exp(- E, IRT)  (1) 

where JO and Ep are the fkequency factor and the apparent activation energy of 

permeation, respectively. Based on the solution-difision model, the activation energy of 

permeation can be expressed as follow Feng & Huang, 1996~1. 

E p  =E,  -My (2) 

E p  = ED +AH (3) 

where AH, is the heat of vaporization, ED and AK are the activation energy of diffusion 

and the enthalpy of sorption of the permeant in the membrane, respectively. The 

activation energy of permeation c m  be equated with the minimum energy that must be 

possessed by the permeating cornponents before the permeation will take place. In Figure 

6.6, temperature dependence of the various alginate membranes on the flux is plotted for 

90 wt% ethanol and isopropanol mixtures. For both mixtures, the activation energy 

increases in the following order, Na alginateXo alginate>alginic acid membranes. This 

is because the membrane structure of alginic acid and cobalt aIginate is loosened when 

they are prepared in the solution state (as stated in the membrane preparation section). 

Obviously for the alginate membrane crosslinked with cobalt ions it is more difficult for 

the diffusion process to take place compared to the alginic acid membranes. 

The ternperature effect on the flux according to the water content in the feed is 

shown for alginic acid membranes in Figures 6.7 and 6.8. It is apparent that the higher 

water content in the feed facilitates the mass transport eaused by swelling in the 

membranes. Tt is interesting to note that the activation energy due to higher water content 
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in the feed is higher than that for lower water content, because the difision through 

higher swollen membranes is expected to be easier than through less swollen membranes. 

This interesting phenomenon which also has been observed by other researchers Weom 

& Lee, 1998a3 c m  be explained by the intensity of interaction of the polar alginic acid 

membrane with water molecules. There seems to be a trend that the interaction between 

the water nolecules in the feed and the membrane increases with the increase of water 

content in the feed £tom 10% to 30% and thus rnuch more energy is needed to permeate 

an unit mol of the feed mixture. This concept can be used to explain higher activation 

energy of the isopropanol mixture compared to that of the ethanol mixture at the sarne 

water content. Ethanol is relatively poIar compared to isopropanol though it is less polar 

than water. Thus it c m  be surnmarized that the interaction (or affinity) of the aqueous 

ethanol mixture with the hydrophilic alginic acid membrane is weaker compared to that 

of aqueous isopropanol. This explains why the activation energy of the isopropanol 

mixture is higher than that of ethano1 mixture at the same feed concentration. 

6.5 CONCLUSIONS 

Composite membranes consisting of alginate and chitosan top layers and porous 

polyvinylidene fluoride membrane were successfully prepared and they showed 

promising permselectivity for the dehydration of ethanol and isopropanol mixtures. The 

hydrophilicity of PVDF membrane by blending poly(viny1idene fluonde) with 1 % 

PMMA was s h o w  to be usefil in giving better surface properties for adhesion of the 

alginate and chitosan top layers. FT-IR and contact angle measurements revealed the 
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differences in hydrogen bonding between alginate and alginic acid membranes. The 

optimization of membrane performance is needed for further improvement of current 

composite membrane. 
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N-ACETYLATED CHITOSAN MEMBRANES FOR THE 

PERVAPORATION SEPARATlON OF ALCOHOUTOLUENE 

MIXTURES* 

Composite chitin membranes supported by porous polyethenmide substrate were 

prepared for the pervaporation separation of ethanoVtoluene and inethanoiltoluene 

mixtures. The chitin was obtained by modiwng chitosan to its original form chith by the 

N-acetylahon reaction. It was found that the incorporation of additional acetyl groups 

into the chitosan structure decreased the total flux and increased separation factor from 

401 g/m2 hr; a=34 (pure chitosan) to 282 g/m2 hr; a=126 (4 mol acetylated chitosan) for 

10 % EtOH feed mixture and from 68 1 g/m2 hr; a=159 (pure chitosan) to 484 &rn2 hr; 

a=607 for 10 % MeOH feed mixture. It was concluded that chitin composite membranes 

could be a good candidate for this pervaporation system. Scanning electron microscopy 

and Fourier Transform L~frared determinations of the acetylated chitosan membranes 

were canied out and are reported. Tt was m e r  shown that the chitidpolyethenmide 

-- - - -- 

O Part of this study h a  been published in Journal of Membrane Science, 176(2000), 223-23 1 
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composite membranes prepared had good pervaporation characteristics and were also 

found to be mechanically robust and stable to withstand the corrosive nature of the 

ethanol/toluene mixture durhg the pervaporation runs. This is the first reported 

successful application of chitin in the form of composite membranes for the 

pervaporation separation of organic/organic Iiquid systems. 

7.2 INTRODUCTION 

Pervaporation membrane processes are finding their application niches in the 

chemical industries as a process for breaking azeotropic concentration after distillation or 

as an intermediate between distillation processes. Most of the pervaporation studies 

published in joumals have focussed on the discovery and the modification of new 

membrane materials for specific mixture separation. After the successful industrialization 

of plasma-polymerized and crosslinked PVA membranes for alcohol dehydration 

systerns, much research attention has been paid to the polysaccharide natural polymers 

such as chitosan [Nawawi & Huang, 1997; Shieh & Huang, 1997; Feng & Huang, 1996b; 

Huang et al., 1999a; Lee et al., 1998a; Nam & Lee, 1999a; Uragami et al., 1994; Uragami 

et al., 19971 and alginate [Yeom et al., 1996b; Yeom & Lee 1998a; Huang et al., 1999b] 

because of their reasonably good hydrophiIicities. 

Chitin, poly-(l+4)-P-N-acetyl-D-glucosamine, the most abundant natural polymer 

next to ceIlulose is widely found in skeletons of crustaceans such as shrirnps, crabs and 

lobsters, and in ce11 walls of microorganisms. Seafood waste fkom shrimps, lobsters and 

crabs generally contains 10-15% cliitin. Chitin and its deacetylated denvative, chitosan 
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are finding applications in pharmaceutical system such as surgical suture and cimg 

delivery, enzyme immobilization, and metal ion chelation ~ u z z a r e l l i ,  19851. Studies of 

chitin as a membrane material have been limited compared to chitosan because of 

difficulty of dissolution in rnost organic solvents. Strong intermolecular bonding between 

the acetylamino groups in its structural backbone resists solution by potential solvent 

systems. Various solvent systems such as N-methyIpyrrolidone/dimethylacetarnide/LiCl 

[Austin, 1977; Uragarni et al., 198 11, chloroacetic acid systems [Austin, 1975; Austin & 

Brine, 1977; Kifune et al., 19901, and dimethylacetamideLiC1 [Hirano et al., 199 11 have 

been recognized and comprehensive reviews for the chitin solvent systerns based on the 

solubility parameter have been reported [Austin, 19841. However, none of them were 

cornpletely successfùl for dissolving chitin because of strong intermolecular and 

intramoleciilar hydrogen bonding. 

To achieve chemically resistant and mechanically stronger membrane, chitosan was 

modified to chitin membrane using acetic anhydride. Chitin is the skeletal material of the 

crustaceans widely distributed in nature. AIso chitin is solid and strong, which is the 

positive properties in light of its application for organic-organic separation. The 

chernical versatility of chitosan offered by its reactive rnoities came to the notice of 

several research groups [Hirano & Takeuji, 1983; Hirano et al., 1976; Hirano et al., 1994; 

Moore & Roberts, 1981a, 1981b, 19821. Among many reactions involved in chitosan 

modification, the acylation of chitosan has gained special interest. Hirano et al. mirano et 

al., 199 11 obtained chitin (N-Acetylchitosan) gel from chitosan gel by treating chitosan 

gel with acetic anhydride (about IO rnols/GlcN) in 70% aqueous rnethanol solution at 

room ternperature for 18 hours. It was reported in this study that N-acetylchitosan 
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produced was not distinguishable from naturally occurring chitin in component analysis 

and IR spectra, but apparently differed in the physical propeties (N-Acetylchitosan is 

soluble in formic acid, but natural chitin is insoluble) due to its modified molecular 

conformation and molecular weight [ETùano & Yamaguchi, 19761. An interesting 

approach to increase the solubility of natural chitin is to convert chitin into diacetylchitin 

f o m  in acetic anhydride/methanesulfonic acid at O OC for 3 hr. p i sh i  et al., 19791. 

Ruchenstein and Zeng [1996] successfully prepared porosity-controllable chitin 

membranes, and dernonstrated that chitin membranes have strong affinity to lysozyme 

against ovalbumin [1997]. The sarne macroporous chitin membrane was adopted to 

efficiently extract a valuable protein, wheat germ agglutinin from wheat germ by using 

the strong binding ability of N-acetyl-D-glucoseamine moities of chitin to wheat germ 

agglutinin [Zeng & Ruchenstein, 19991. In this study, chitin membranes for the 

pervaporation application were prepared by acylating chitosan membranes in various 

anhydrous solutions and compared with natural chitin membrane. A typical acylation 

reaction which acetyl chloride and acetic anhydride transfer acyl groups (acetyl groups) 

to the amine groups of chitosan is depicted in Figure 7.1. 

In the only work investigating natural chitin, Uragami et al. [1981] studied the 

pemeation characteristics of chitin ulnafiltration membranes investigating the change of 

the evaporation temperature of the NMP/DMAc/LiCl sofvent system and the operating 

pressure. However to the best of our knowledge, no chitin membrane for the 

pervaporation application has been studied before. The strong solvent resistance of chitin 

is of particular interest for the separation of corrosive systems such as toluene. An 

interesting experiment in which hydrophilic chitosan membrane blended with 
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polyethylene oxide was used for the separation of ethanol/water system [Wang et al., 

19991. 

The goal of the present study is to investigate the pervaporation features of 

acetylated chitosan membranes for the separation of alcohol/toluene mixtures. The 

preparation of natural chitin membrane was extremely diff~cult due to its insolubility in 

most conventional solvents, unlike the case for chitosan membranes. We chose the 

alcohoYto1uene mixture because this mixture has rarely been studied previously, but has 

growing industrial potential. Previous works for the pervzporation separation of this 

system include PAAIPVA blend Park et al., 19941, polypyrrole [Zhou et al., 19961, and 

cellulose derivative p h a t  & Pangarkar, 20001 membranes. Modified chitosan membranes 

were studied for the separation of benzene/cyclohexane F u i  et al., 19981 and 

methanol/MTBE p a m  & Lee, 1999bI mixtures in the past. In this study, chitosan 

membranes were acetylated in various concentrations of acetic anhydride solutions and 

tested for the pervaporation separation of ethanoVtoluene and methanoVtoluene mixtures. 
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Figure 7.1 N-acetylation reaction of chitosan membrane to chitin membrane 
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7.3.1 Materials 

Chitosan flakes (Flonac-N) with MW 100,000 and 99% N-deacetylation degree were 

donated by Kyowa Technos Inc, Japan. Chitin flakes, aromatic polyethenmide and 

polyacylonitrile (MW 150,000) were obtained Corn Polysciences, Inc., USA. Toluene, 

methanol, ethanol, HCl and N,N-dimethylformamide @MF) were obtained fiom BDH 

Inc., Toronto, ON. Sigma chemical, USA supplied the acetic anhydride, N-methyl-2- 

pyrrolidinone (NMP), LiCl, glutaraldehyde (25%), and ethylene glycol (monomethyl 

ether). EM Science, NJ, USA supplied N-dimethyl-acetamide @MAC). A non-woven 

polyester fabric donated by BBA nonwovens (Veratec) of International Paper Co., USA 

was used as the backing material for the composite membrane. Water was de-ionized and 

distilled before use. 

7.3.2 Membrane preparation and N-acetylation reaction 

Porous polyetherimide (PEI) membranes were prepared via the wet phase inversion 

technique fiom the casting solutions containing 18 wt% PEI, 77 wt% DMAc, and 5% 

ethylene glycol. The casting solution was cast ont0 a polyester non-woven fabric held on 

a glass plate with the aid of a casting knife made in this laboratory. The cast film was 

irnmediately irnmersed into a coagulation bath. The resuiting membrane was washed in 

de-ionized water thoroughly and air-dried completely at ambient temperature. The initial 
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microporous PEI membranes showed a pure water permeation rate of  115.8 kg/m2 hr at 

transmembrane pressure of 100 psi and operating temperature 22 OC. Most of the water 

flux tests were performed in replicate to achieve precision in the flux. The PEI membrane 

was soaked in 0.1 Wto? PVA binding solution for 1 hr. and crosslinked in 80 wt% 

aqueous acetone solution containing 1.6 wt% glutaraldehyde and 0.05 wt% HCl for 1 

hour in order to enhance the wettability of the membrane surface. For the preparation of 

composite membranes, the dip coating technique was applied to prepare thin film 

composite membrane in which PEI porous membranes were immersed into 0.5% chitosan 

solution consisting of 4 wt% acetic acid and dned in the oven of 60 OC for 100 minutes. 

Chitin flake of 1.8 g dned overnight at 70 OC was dissolved in the solvent mixture of 320 

g (50 wt% NMP/SO wt% DMAC) in the presence of 4% LiC1. LiCI and DMAc were first 

well mixed to dissolve LiCI completely and then the designated amount of chitin flake 

was added, and stirred for Ihr. Finally NMP solvent was added, the solution was stirred 

for several days in order to get a satisfactory viscous solution. Chitin solution was filtered 

to remove the undissolved portion and irnpurities before use. It was found that complete 

dissolved solution was rarely obtained and thus the small amount of water which is 

detrimental for the dissolution had to be removed. Before casting the chitin membrane, 

chitin solution was filtered to rernove coarse undissolved flakes and impurities. The 

chitin film obtained was only used for the ET-IR measurement. Chitosan solutions 

consisting of 0.5 wt% chitosan in 4 wt% aqueous acetic acid solutions was filtered to 

remove any possible undissolved solids and impurities. Dense membranes were prepared 

by casting the chitosan or chitin solution ont0 a clean glass plate using a casting knife 

designed in this laboratory. Pure chitin membrane was evaporated for the fixed tirne, 
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coagulated in acetone, and then washed thoroughly to remove the trapped solvent for 24 

hours. Chitosan membranes were treated in 0.8M NaOH solution containing 50 vol% 

ethanol solution for 24 hours at room temperature, washed thoroughly to completely 

remove NaOH, dried at room temperature. N-acylated chitosan membranes were 

prepared by immersing chitosan composite membranes into the acetic anhydride in 

methanoVethano1 soIution for 24 hours. Then, membranes are washed thoroughly in 

deionized water for 1 day, and dried for m e r  use. 

7.3.3 Pervaporation experiment 

The pervaporation experiment was camied out using the apparatus and method described 

in chapter 3. 

7.3.4 FT-IR measurement 

A BOMEM Michelson senes 100 FT-IR specwmeter was used to identify and 

charactenze structural changes in various chitin membranes and to determine the degree 

of N-acetylation of chitin and chitosan membranes. The expenments were nin with air as 

the background, and the resolution and number of scans were 4.0 cm'' and 16, 

respectively. Films were sandwiched between rectangular holders, whose insides were 

circularl y out. The sample thickness was about 1 0 p. The absorbance band of 1650 cm-' 

which represents amid I band was split into two components: one centered around 1650 

cm-' due to single hydrogen bonded arnid groups and one centered around 1630 cm-' due 
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to amid groups involved in two hydrogen bonds. The degree of N-acetylation was 

calculated using the following equation moberts, 19971. 

Degree of N-acetylation(%) = [(A ,,,, /A, , , )+(A, , , /A, , , ) -0.131~ 85.5 (1) 

7.3.5 Scanning electron microscopy 

Scanning electron microscopy was used to study the cross section morphology of the 

various composite membranes and to measure the thickness of the membrane. Cryogenic 

fiacturing of the membrane was done afier fkeezing the sarnples in liquid nitrogen. Al1 

specimens were coated with a conductive layer (400A) of sputtered gold. A Je01 JSM 805 

scanning electron microscopy was used for the specimens at 20kV. 

7.4 IRESULTS AND DISCUSSION 

7.4.1 SEM and FT-IR measurement 

Scanning electron micrographs of the typical composite membranes are presented in 

Figure 7.2. It is obvious fiom the pictures that chitosan thin layer was properly cast on the 

top of the polyetherimide substrate. The pichues also show the morphology of PEI 

porous membrane prepared by wet phase inversion technique. PEI substrate consists of 

microvoids in the form of honeycomb as well as fmgerlike macrovoids that is fi-equently 

found in the process of instantaneous demixing ùi wet phase inversion. However the 

macrovoids do not span the entire width of the membrane. Change of the chernical 
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bonding of chitosan membrane after N-acetylation reaction has been studied using FT-IR 

as presented in Figure 7.3. N-acetylated chitosan membranes show similar chemical 

bonding with the reference chitin. Degrees of acetylation (DA) measured using equation 

1 were 70% DA and 90% DA for 4 mol acetic anhydride and 7 mol acetic anhydride in 

rnethanol/ethanol reaction medium, respectiveIy. Thus the chemical reaction method was 

found to be feasible. However due to different chah conformations, a difference in 

transmittance for the specific wavenumber is noticed. 
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Figure 7.2 SEM pictures of the chitosadpolyetherimide (PEI) composite membranes 
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Figure 7.3 FT-IR diagram of chitosan, natural chitin and acetylated chitosan 

membranes 
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7.4.2 Swelling behavior in water 

Figure 7.4 presents the swelling properties of various chitosan membranes acetylated in 

different concentrations of acetic anhydride solutions that ranged f?om O mole acetic 

anhydride/GlcN to 7 mole. It is apparent that the amount of water sorption increased with 

the increase of the concentration of acetic anhydride, in other expression, with the 

decrease of deacetylation degree. This phenomenon explains that the more acetylated 

chitosan merribranes accommodate more water within the membranes because of the 

bulkier structure after the incorporation of acetyI groups. Upon the addition of acetic 

anhydride, NH2 amino group that contributes to external hydrogen bonding is converted 

to NHCOCH3 acetyl group which gives inter or intra molecular hydrogen bonding with 

the water molecules. It is widely recognized that the difficulty of dissolving natural chitin 

even in the mixture of various solvents arises fi-om the strong interna1 molecular bonding. 

That is. the more acetylated chitosan membrane offers a loosened matrix and 

accommodates more water molecule through hydrogen bonding and geometrical 

trapping. In case of chitosan membrane acetylated in 10 M acetic anhydride solution 

water sorption data and m e r  pervaporation test was omitted from Figure 7.4 and 

relevant figures because of the brittleness, however its sorption amount was relatively 

high (6.027g/g polymer) cornpared to those of membranes treated in less acetic anhydride 

solutions. In appearance, this membrane was extremely swollen like a gel absorbing a lot 

of liquid as welI as maintaining its dimension. Also water capsules of various sizes were 

noticed within this interesting membrane. With the excess amount of acetic anhydride, 

acetylation reaction further progresses and the results may be diacetylated or ûiacetylated 
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Figure 7.4 Water sorption behaviors of N-acetylated chitosan membranes according 

to the degree of acetylation 
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structure which can behave like a gel. This is why the sorption amount of water of this 

membrane for 10 M acetic anhydride is considerably hi&. 

7.4.3 Pervaporation of ethanoUtohene mixtures 

In o u  previous study [Huang et al., 1999a], it was reveaied that the binding of porous 

polysulfone support in the preparation of thin fiIm composite membrane made a positive 

effect on the permeation flux. This is attributed to the reduction of the interface resistance 

between the top layer and support layer. Binding polymer molecules narrowed the pore 

diameter and continuously on casting top layer the penetration of the solution into the 

pores was prohibited to a certain extent, which can be understood to be the reduction of 

membrane resistance in the well-known resistance in series model. Since the 

pervaporation was run for 2 hours to achieve the equilibrium performance before 

collecting the perrneate during continuous 2 hours, the pervaporation reliability of the 

pure chitosan membrane was studied for 50 wt% ethanol/50% toluene mixture at 35 OC in 

Figure 7.5. The permeation flux of chitosan membrane decreased very slightly over the 

explored operating time range, so it is assumed that the pervaporation expenment 

represents reliable data at least for the experimentai condition in this study. Chitosan has 

been known as a good dehydration membrane rather than as a good organichrganic 

separation membrane. Thus it might be worthwhile to compare ethanol separation 

performance with its flux performance in the dehydration of watedethanol mixture. As 

clearly shown in Figure 7.6, flux in the dehydration application increases with the 

increase in water content in the feed mixture due to the strong s w e l h g  property of 
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Figure 7.5 Pervaporation performance of pure chitosan membrane for 50% 

ethanoMo% toluene mixture at 50 OC 
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Figure 7.6 Cornparison of the membrane performance between the dehydration 

application and organic-organic separation application of the chitosan membrane at 



CHAPTER 7 219 

chitosan in water. However for ethanol/toluene flux hardly increases even with the 

increase of ethanol content in the feed mixture. It must be noted that chitosan is a 

hydrophilic matenal more swellable in water/ethanol mixture rather than in 

ethanol/toluene mixture, The flux difference for watedethanol and ethanoVtoluene 

mixtures is much pronounced with the increase of water content in the feed mixture. 

Figure 7.7 shows the pervaporation characteristics of pure and N-acetylated chitosan 

membranes for ethanoVtoluene mixtures. Permeation flux of pure chitosan membrane 

does not change much fkom 10% ethanol to 50% eîhanol mixture because chitosan 

membrane is not much swollen in ethanol. Pure chitosan membrane showed the highest 

permeation fluxes through the feed concentration range compared to those of the N- 

acetylated membranes. Decreased fluxes of N-acetylated membranes are attributed to the 

strong inter or intramolecular bonding among acetyl fimctional groups resulted in less 

swelling of the membrane in ethanoVto1uene mixtures, that is less interaction between the 

feed mixture and membrane. With the introduction of acetyl groups into the matrix of 

chitosan the chemical structure of the chitosan membrane becornes bulky and stiff, and 

then the acetylated chitosan is rnechanically bnttle. Thus the chain mobility of the 

membrane was substantially hindered due to the bulky acetyl groups and also the fiee 

volume which continuousIy accommodate the permeating cornponent decreased. In case 

of acetylated membrane in 7 mol acetic anhydride (90% degree of acetylation), 

permeation flux increases to the minimal extent through the whole feed concentration 

range probably due to its rigid structure which is hardly swollen in the feed mixtures. In 

fact, 7 mol of acetic anhydride was the maximum content which acetylated membrane 

c m  function for the separation of ethanoVtoluene mixture. 10 mol of acetic anhydride 
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that was tried was proven to be excessive because the membrane acetylated with 10 mol 

\vas so rigid and brittle. Zn addition, there was almost no transport through tbis 

membrane. It is apparent that separation factor decreases with the increase of N- 

acetylation degree f?om Figure 7.7(b). Since the permeation of ethanol and toluene is 

greatly hindered with the introduction of acetyI groups into the chitosan structure, the 

transport of ethanol and toluene becomes slow, especially the transport of toluene wbich 

has large rnolecular size and is less polar than ethanol. From the N-acetylated 

membranes, the following advantage can be derived. N-acetylation reaction is a good 

strategy to make chitosan stronger, chemical resistant and efficient for the separation of 

alcohoWtoluene mixtures. The N-acetylation reaction for chitosan membrane with the 

application of alcohoVtoluene separation reveals a similarity to the general crosslinking 

reaction for that with the application of dehydration in light of the decrease of the 

permeation flux and the increase of separation efficiency. Note that the chemical 

crosslinking of the dehydration membrane commonly results in reduced permeation 

fluxes and increased separation factors, so called trade-off phenomenon although the mild 

crossIinking cm result in the membrane having high flux and separation factor. 

Figure 7.8 presents the relationship between the total flux and temperature. As expected, 

fluxes increase with increasing feed temperature for al1 membranes tested. It is interesting 

that flux increase of the membrane acetylated in 7 mol acetic anhydride is less 

pronounced than those of the pure chitosan and the membrane acetylated in 4 mol acetic 

anhydride (70% degree of acetyIation). It is believed that large portion of acetyl group of 

7 mol acetic anhydride incorporated into chitosan backbone restncts the thermal rnobility 

of membrane more than that of 4 mol acetic anhydride and pure CS. Also it was 
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Figure 7.7 Feed concentration effect on (a) total flux and @) separation factor of N- 

acetylated membranes and pure chitosan membrane for ethanoVtoluene feed 

mixture at 35 O C  (AA : Acetic Anhydride) 
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Figure 7.8 Temperature effect on the total flux of 70% ethanol/30% toluene mixture 
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recognized that there is no large difference of flux between 70% acetylated membrane 

(acetylated in 4 mol acetic anhydride) and pure chitosan membrane. This intereskg 

phenornenon can be postulated that as a result of the loosened membrane structure caused 

by the introduction of the acetyl groups at 4 mol acetic anhydride although the reason is 

not clear. 

7.4.4 Pervaporation of methanoUtoluene mixtures 

Toluene has been used as a reaction medium in the solution polyrnerization process and 

methano1 is added into the process to isolate the polymer. This mixture is known to be 

difficult to separate each other. Pervaporation results of N-acetylated membrane for 

methanoI/toIuene mixture are shown in Figure 7.9. Methanol/toluene mixture can be 

found in the polyrnerization process of certain polymers. The total flux of 

methanoI/toluene mixture in Figure 7.9 is much larger than that of ethanolholuene 

mixture shown in Figure 7.7. The smaller molecular size of rnethanol compared to 

ethanol played a positive role in the increased flux. However it rnust be pointed out that 

methanol is a relatively polar solvent arnong most of solvents although the polarity of 

methanoi is less than that of water. Therefore, it is believed that methanol in the feed 

mixture swells the membrane much more than ethanol in the feed mixture due to its 

larger polarity. The total flwc of methanol/toluer,e mixture increases with the methanol 

content in the feed proportionally. h case of the acetylated membrane in 4 mol acetic 

anhydride, trend of flux increase is somewhat similar to that of pure chitosan. However, 

the total flux is still lower than that of the pure chitosan membrane due to the introduction 
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Figure 7.9 Feed concentration effect on total flux and separation factor of N- 

acetylated membrane and pure chitosan membrane for methanoYtoluene mixtures 

at 35 OC (AA : Acetic Anhydride) 



CHAPTER 7 225 

of ngid acetyI functional group although the flux difference is Iess pronounced compared 

to that of ethanoYtoluene mixture. Good separation factor is achieved with the modified 

and unmodified chitosan membranes in Figure 7.9. 

7.5 CONCLUSIONS 

Composite chitosan membranes supported by porous polyetherùnide membranes were 

prepared, N-acetylated and applied for the separation of alcohol/toluene mixture. 

Promising performance was obtained in terms of the flux and alcohol content in the 

permeate. Chitosan was reconverted to its origin, chitin which is expected to be 

mechanically strong and resistant for most of solvents. Total flux was decreased with the 

incorporation of acetyl functional group due to the large inter or intramolecular bonding 

among the acetyl groups. 1t is concluded that N-acetylated chitosan can be a good 

candidate not only for the dehydration application but also for the separation of alcohol 

fiom other organics such as aIcohoVtoluene and methanoYMTBE with the chernical 

modification. In continuous chapter the pervaporation application of chitosan membrane 

for the separation of methanoVMTBE was studied. 
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CHlTOSANlANlONlC SURFACTANT COMPLEX MEMBRANES 

FOR THE PERVAPORATION SEPARATION OF 

METHANOUMTBE AND CHARACTERIZATION OF THE 

POLYMERISURFACTANT SYSTEM* 

For the separation of methanoVMT8E mixtures, methanol selective chitosan composite 

membranes were prepared and tested for pervaporation expenments. When anionic 

surfactants are added into the cationic chitosan solution, the solution viscosity was 

drastically decreased due to the collapsed chain conformation. Pervaporation 

characteristics of surfactant modified chitosan membrane were substantialIy improved 

due to the decreased membrane thickness and possible enhanced affinity to methanol. 

Rheological data of the casting solution was measured using viscorneter and the surface 

morphology of the surfactant complexed chitosan membrane was investigated by atornic 

force microscopy (AFM). 

Part of this study has been accepted for the publication in Journal of Membrane Science in August, 2000 
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8.2 INTRODUCTION 

Pervaporation membrane separation process is a membrane process to separate the 

liquid/liquid mixture by using the difference of chemical potential of the component 

intended to be separated across the membrane. The performance of the pervaporation 

membrane largely relies on the physical and chemical properties of the membrane 

material. 

The choice of matenal for the pervaporation separation of organic/organic separation 

process is difficult mainly because of the lack of polymer material sustainable in harsh 

operating conditions and the difficulty of controlling the membrane affinity to the 

separated component. Considerable effort has been made to separate MtOH/MTBE 

[Chen & Martin, 1995a; Yang et al., 1998; Cao et ai., 1999a, 1999b, 2000; Nam & Lee, 

1999b; Rhim & Kim, 20001, EtOWMTBE [Nguyen et al., 1997, 1998; Lao et al., 19971, 

alcohoVtoIuene Park et al., 1994, 1998; Huang et al., 20001, and benzendcyclohexane 

Park & Oh et al., 1994; Sun et al., 1999; Inui et al., 1998; Wang et al., 19991 mixtures. 

Chitosan is the deacetylated form of chitin, which is the second most abundant 

biopolymer in nature. Chitosan has botb reactive amino and hydroxyl groups that can be 

used for chernical reactions and salt formation. These hydrophilic groups are considered 

to play an important role in preferential water sorption and difision through the chitosan 

membrane. Chitosan membranes have been studied mostly for the dehydration of 

akohols. From previous researches in this laboratory [Huang et al., 1999a; Moon et al., 

19991, chitosan has been shown to have good film forming properties, chernical 

resistance, and high permselectivity for water. Cationic chitosan can form polyelectrolyte 
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complexes with the oppositely charged polymers such as sodium alginate, carboxyrnetbyl 

cellulose and anionic surfactants. In early work poIyelectrolyte complex membranes 

wichaels, 19651 have attracted interest for use as pervaporation dehydration applications 

due to its large hydrophilicity and unique properties. Nam and Lee [1999b] have carried 

out an interesting study regarding the chitosadsurfactant systern for the separation of 

methanoVMTBE. It was stated that the flux and separation factor of chitosan-surfactant 

complex membrane was greatIy increased because the membrane structure was loosened 

with the incorporation of surfactant molecules and thus the membrane nature was 

modified. 

For the separation of methanol from methanoI/MTBE mixrxes, hydrophilic polar 

polymers are preferred. In this sense, chitosan is a good candidate for methanol/MTBE 

separation together with good physical properties. Very recentl y, Y oshikawa et al. [2000] 

studied the methanoVMTBE separation using agarose which is a natural polymer like 

chitosan. They observed the good permselectivity to methmol, 

It is well known that ionic surfactants can be ionically bound to the polymers having 

opposite, strong and cooperative charges. Surfactant ion binding to a polymer with the 

opposite charge is a discharging process, and is more favorable than its binding to a 

neutral polymer [Shiraharna, 19981. The structure of polymer-surfactant complex 

membranes relies on the charge, hydrophobicity and molecular weight of the polymer as 

well as the charge and shape of the surfactant. Figure 8.1 is the presumed depiction of the 

reaction mechanism of chitosan and anionic surfactants. Four anionic surfactants and an 

arnphoteric were used to rnake the chitosan/surfactant complex and their chemical 

stnictures are presented in Figure 8.2. The reason why we investigated the various 
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Figure 8.1 Tentative model of the formation of the chitosan-anionic surfactant 

complex in the solution. Surfactant molecules binding to chitosan chah according to 

the increase of the amount of surfactant from A (initiation of binding) to C (shmnk 

coil) 
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Figure 8.2 Chemical structures of anionic surfactants; A) sodium dodecyl sulfate 

(SDS)-CizH2rNaOaS, B) sodium laurate (SL)-Ci2H23Na02, C) sodium stearate (SS)- 

C18H35NaOt, D) amphotenc sodium N-lauroyl sarcosinate (SLS)-Cl&8NNa03, and 

E) dioctyl sodium sulfosuccinate (DSS)-C20H37Na07S 
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surfactants/chitosan systems is to elucidate the nature of the binding behavior of the 

different surfactants in terms of the surface charactenstics and to study the alteration of 

membrane performance for the separation of MtOH/MTBE mixtures. Methyl tert-butyl 

Ether (MTBE) is a pnmary component of modem oxygenated Califomia reformulated 

gasoline, and is currently being used as an octane enhancing fuel additive despite 

concerns about its contamination of drinking water. During the manufacturing process of 

MTBE, excessive methanol is used to increase the yield and the separation of 

rnethanoVMTBE becomes difficult at the azeotropic concentration. 

The aim of this study is to investigate the pervaporation characteristics of chitosan 

membranes bound with various anionic surfactants having different chah length or 

hydrophilic head groups, and rationalize their performance in the light of the interfacial 

phenomena between the polyrner and surfactant. The physicochernicd changes in the 

membranes upon the addition of surfactants were illuminated by means of instrumental 

investigations and the pervaporation experiments. 

8.3 THEORY OF SURFACTANT/POLYMER BXNDING 

It was stated that the strong binding of surfactant molecules to polymer of opposite 

charge started at even much lower concentration than the critical micelle concentration 

(cmc) of surfactant because the strong electrostatic potential around the polymer chain 

attracts the surfactant molecules into the surroundings of the polyrner c h a h  Hydrophobic 

interaction between the alkyl chain of the surfactant md possible the hydrophobie portion 

of polymer is considered another driving force of polymerlsurfactant cornplex formation. 
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Surfactant Concentration -. 

Figure 8.3 Mode1 to describe the polymer and surfactants association behavior in 

aqueous solution 



CHAPTER 8 233 

Also the binding phenomena strongly depends on the chain length and charge of 

surfactant, the temperature, and the salt in the solution as well as the molecular weight of 

polymer, the polymer properties (e-g. hydrophilicity or hydrophobicity), charge density, 

and structure of the polymer. The detailed effects conceming the change of the binding 

conditions can be found in review papers P e i  & Hudson, 1995; Bekturov & Bimendina, 

19971. The binding isotherms to describe the interaction of surfactant with the oppositely 

charged polyrner are varied according to the nature of binding sites. One of the simple 

models is the closed association (CA) mode1 [Linse et al., 19981. 

where p is the degree of binding, &,K is the cooperative binding constant and Cs is the 

concentration of fiee surfactant molecule in the solution. The binding isotherm illustrates 

the following aspects. At low surfactant concentration there is no significant interaction. 

At the critical association concentration (CAC) a strong binding occurs cooperahvely. At 

higher concentration a plateau region which represents fürther increase of the fiee 

surfactant concentration like the case in the absence of the polymer emerge [Jonsson et 

al., 19981. This simple mode1 to describe the polyrner and surfactant association behavior 

in aqueous soIution is presented in Figure 8.3 [Uber & Wegner, 19971. 

8.4.1 Materials 
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Chitosan flakes (Flonac-N) with MW 100,000 and 99% N-deacetylation degree were 

donated by Kyowa Technos Inc, Japan. EM Science, NJ, USA supplied N-dimethyl- 

acetarnide (DMAc). Sigma Chemicd, USA suppIied ethyIene glycol (monomethyl ether). 

Aromatic polyetherimide (MW 30,000) was from Polysciences, Inc., PA, USA. Acetic 

acid (glacial) and methanol were supplied by BDH Chernicals Co., Toronto, Canada. 

Methyl tert-butyl Ether (C5HI20) fiom Aldrich Chemical Co. was used as received. 

Anionic surfactants, sodium dodecyl sulfate (SDS), sodium laurate (SL), sodium stearate 

(SS), dioctyl sodium sulfosuccinate (DSS) and amphoteric sodium N-lauroyl sarcosinate 

(SLS) were purchased fiom Sigma Chemical, USA. Water was de-ionized and distilled 

before use. 

8.4.2 Membrane preparation 

Chitosan solutions consisting of 0.8 wt% chitosan in 2 wt% aqueous acetic acid solutions 

were filtered to remove any undissolved solids and impunties. Then surfactant dissolved 

in water was added into the prepared chitosan solution and biended for several hours to 

obtain homogeneous chitosadsUTfactant complex solution. Porous polyetherimide (PEI) 

membranes were prepared via the wet phase inversion technique from the casting 

solutions containing 18 wt% PEI, 77 wt% DMAc, and 5% ethylene glycol. The casting 

solution was cast ont0 a polyester non-woven fabric held on a glass plate with the aid of a 

casting knife made in this laboratory. The cast film was immediately immersed into a 

coagulation bath. The resulting membrane was washed in de-ionized water thoroughly 

and air-dned cornpletely at ambient temperature. Initial microporous PEI membranes 
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showed a pure water permeation rate of 1 15.8 kg/m2 hr at trammembrane pressure of 100 

psi and operating temperature 22 OC. Most of the water flux tests were performed in 

replicate to achieve precision in the flux. Composite membrane supported by porous poly 

(etherimide) (PEI) membrane was prepared by casting the chitosadsurfactant solution 

onto the porous support and dned for 24 hours at ambient temperature. In order to clarify 

the effect of surfactant addition for the chitosan top Iayer thickness the same arnounts of 

chitosan solutions were cast on the porous substrates. Composite membranes prepared 

were used for the pervaporation separation experhent without any further post treatment- 

8.4.3 Pervaporation experiment 

The pervaporation experiment was camed out using the apparatus and method described 

in chapter 3. Pervaporation separation performances are characterized in terms of the 

permeation flux (kg/rn2 hr) and MeOH content in the permeate 

where Q is the amount of the permeate (kg), A is the membrane area (m2) and t is the 

operating time Ou). 

Analysis of the permeate composition was carried out by using a HP 5890 Gas 

Chromatography with a TCD detector. The colurnn used in GC analysis was 6' x 0.175" 

packed with Porapak Q. 

8.4.4 Rheological properties of chitosan/surfactant solutions 
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The rheological data were collected using a Fann coaxial cylinder viscometer at room 

temperature. This instrument consists of a stationary hner cylinder surrounded by a 

rotating outer (concentric) cylinder. The outer cylinder rotated at a known speed and the 

torque (dial reading) on the inner cylinder was measured. The rotor of this viscometer 

had an intemal radius of 1.8415 cm. The bob had a radius of 1 -7245 cm. In order to make 

sure that wall effects were absent, the rheological data of chitosanlsurfactant solutions 

were collected with a larger gap-width bob/rotor system as well. It was found that there 

were no wall effects present in these measurements. 

8.4.5 Scanning electron microscopy 

Scanning eleckon microscopy was used to study the cross section morphology of the 

various composite membranes and to measure the thickness of the membrane. Cryogenic 

fkacturing of the membrane was done afier freezing the samples in liquid nitrogen. Al1 

specimens were coated with a conductive layer (4OOA) of sputtered gold. A Je01 JSM 805 

scanning electron microscopy was used for the specimens at SOkV. 

8.4.6 Atomic force microscopy 

AFM of Molecular Imaging, Phoenix, AZ, USA was used. The AFM images are taken in 

the tapping mode based on the optical lever cantilever detection design. The images 

presented in this study contain 256x256 data points. The Si single crystal cantilevers 

used for imaging were between 1 p m  in length and possessed a spring constant in the 3 1- 

7 1 N/m range. The force applied for imaging ranged fiorn 1 .O to 100 nN. 
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Figure 8.4 SEM picture of the composite membrane. (a) and @) are the adjacent 

view and oveniew of the membrane cross-section without the addition of surfactant, 

respectively; (c) and (d) are the adjacent view and oveniew of the membrane cross- 

section with the addition of DSS surfactant, respectively 
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8.5 RESULTS AND DISCUSSIONS 

8.5.1 Scanning electron microscopy 

The morphology of the composite membrane prepared in this study is shown in Figure 

8.4. It is apparent that dense chitosan top layer is coated on the top of finger like 

microporous PEI membrane. Note that top layer thickness of pure chitosan is about IO 

prn in Figure 8.4(a) and (b). However, when the casting solution is complexed with 

anionic surfactant the top layer thickness of the composite membrane was drastically 

decreased. The thickness of complexed chitosan layer was about 2 p n  as shown in Figure 

8.4(c) and (d) and is the direct result of chitosadsurfactant association behavior. Detailed 

justification for this phenomenon will be given with the analysis of solution viscosity 

data in the next section, 

8.5.2 Rheological properties of the polymer/surfactant solution 

Ln order to identiQ the effects of anionic surfactants on the chitosan chains, that is, the 

conformation change of the chitosan chainç, the solution viscosities were measured using 

a cylinder viscorneter and the results are plotted in Figure 8.5. Upon the addition of 

oppositely charged surfactant (0.005 wt% based on chitosan solution) to the polymer 

solution, irnrnediate interaction takes place in the solution largely because of the 

electrostatic attraction among many possible forces such as van der Waals, hydrogen 

bonding and hydrophobic interaction between the polymer electrolyte and the surfactant 

molecules. F h t  this binding phenomenon will neutralize the ionic charge of the system 
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and cause change in the polymer conformation. As a result, the physical and chernical 

properties of the polymer solution will be greatly altered. One of the well-defmed 

phenornena upon the increased addition of the surfactant is that the size of polymer chah  

collapses or reduces. This c m  be explained by the hydrophobic interaction among the 

hydrophobic tails of the surfactant molecules attached on the polymer chain. The 

hydrophobic tails of the surfactant molecules c m  interact with the hydrophobic portion of 

polymer chain, which increases the solution viscosity rapidly [JOnsson et al., 19981, 

however this was not observed in this study because chitosan does not have a 

hydrophobic aUcyl portion on it. There was also a report that the volume of polymer gel 

rapidly decreased or collapsed with the addition of the oppositely charged surfactant 

resulting from the hydrophobic aggregation of surfactant molecules in the gel with 

decrease in the osmotic pressure of counter-ion released to the solution [Ryabina et al., 

19901. Upon the addition of surfactants, the chitosan solution viscosities decreased 

drastically for al1 cases. Newtonian behavior was observed for al1 DSS, SDS and SS 

surfactants. This can be rationalized by the following. As depicted in Figure 8.1A the 

situation that surfactant bound to chitosan chain is not stable therrnodynamically because 

the alkyl portion faces toward the solution. Thus, surfactants wiIl attract other 

hydrophobic portions in the solution which can be offered only by other hydrophobic 

tails of surfactants. As a result, the therrnodynamically stable environment that means the 

conformational rearrangement of chitosan chain into a much reduced size occurs as 

depicted in Figure 8.1C. Apparently, the size reduction results in the reduction of 

viscosity. ho ther  proof of the size reduction of chitosan molecule is the SEM pictures of 

Figure 8.4(a) and (c) representing the top layer thickness of chitosan. As described 
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before, the top layer thickness was developed upon the addition of surfactants to the 

casting solution because the size reduction of polymer chains decreased the degree of 

overlapping significantly providing rnutually shared framework. The effect of surfactant 

concentration on the solution viscosity is shown in Figure 8.6 and 8.7. Concentrations of 

DSS and SDS surfactants were increased fiom 0.002% to 0.008% and 0.002% to 0.01%, 

respectively. Solution viscosities generally decrease with increasing the concentration of 

surfactants. During the preparation of the solutions the turbidity of the solutions that is 

the typical phenomenon of cmc was not observed over the explored concentration range. 

However in case of SDS, solution viscosity with added 0.01% SDS is not Iower than that 

of added 0.006% SDS. It was found that the precipitates occurred at 0.01% SDS, which 

might suggest that 0.01% was already over the crnc. Thus the precipitate might affect the 

solution viscosity. 

The size of polyrner chah decreased according to the increase of surfactant concentration 

due to the increased hydrophobic interaction among the hydrophobic tails of surfactants. 

Our interest is how the altered conformation of chitosan chains affects the membrane 

performance for the separation of the methanol/MTBE mixture. This will be discussed in 

the per~apor~tion section. 
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Figure 8.5 Apparent viscosities of polymer solution with the addition of various 

surfactants at ambient temperature 
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Figure 8.6 Surfactant @SS) concentration effect on apparent viscosities of polymer 

solutions at ambient temperature 
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Figure 8.7 Surfactant (SDS) concentration effect on apparent viscosities of polymer 

solutions at ambient temperature 
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8.5.3 Atomic force microscopy (AFM) study of membrane surface 

Possible change of membrane surface morphology due to the addition of surfactant was 

studied by means of AFM. Three membranes were prepared with the solutions of pure 

chitosan, 0.002% SDS added chitosan, and 0.008% DSS added chitosan. Figure 8.8 

presents the AFM topography and amplitude images of membranes without surfactant 

(a), (b), with SDS addition (c), (d) and with DSS addition (e), (f). From the AFM pictures 

it is clear that the surfaces of modified membranes with surfactant are generally more 

level than that of non-surfactant membrane. As explained in the rheological experiment 

section, upon the addition of surfactant the chitosan chain experienced chain shrinkage or 

chain agglomerate arising nom the attraction among surfactant tails. Thus it was 

expected that the surface of surfactant added membrane was less rough than before. 

Membrane surfaces can be characterized more cleariy in AFM 3D views of Fig. 8.9. 

Surfaces of surfactant added membranes, @) and (c), is less rough than that of pure CS 

(a) and show larger rumps caused by the agglomeration of the polyrner chains. However, 

in this experiment 1 did not intend to analyze the relationship between the surface 

morphology and the pervaporation charactenstics. 
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Figure 8.8 AFM topography [(a), (c) and (e)] and amplitude [@), (d) and (f)] views 

of pure CS, modified CS with DSS 0.008% and modified CS with SDS 0.02% 
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Figure 8.9 AFM 3D views of pure CS membrane (a), DSS (0.008%) modified CS @), 

and SDS (0.002%) modified CS (c) 



CHAPTER 8 

8.5.4 Pewaporation of methanoYMTBE mixture 

It must be pointed out that chitosan membrane is a hydrophilic membrane and methanol 

is to be selectively separated against less polar MTBE. Upon the addition of surfactants, 

it was found that there were confrormational changes of polymer chains as noted in the 

previous section. This conformationd change can affect the permeation flux positivlely 

or negatively, depending on the binding geometry of surfactant on the polymer c h a h  

That is, the separation performance of the surfactant cornplexed membranes is largely 

af3ected by the surfactant type, the extent of binding, and the quantity of surfactant etc. 

In order to recognize the effect of varying aspects such as the type of the head group, the 

length of hydrophobie tail, and the morphology of surfactant for the charactenstics of 

pervaporation separation, pervaporation experiments were carried out with the composite 

membranes complexed with 0.005% surfactants. From Figure 8.9, it is obvious that 

methano1 is the component separated seIectively through the chitosan composite 

membranes because of the high MeOH content in the permeate. This implies that the 

existence of surfactant does not substantially alter the chemicd nature of chitosan 

complex membranes. It is interesting to note that the fluxes of SL and SS complexed 

membrane are less than that of pure CS. Note that they have carboxyl (RCOO-) head 

groups and linear alkyl groups. Arnong the surfactants tested, DSS is of special interest 

due to its high flux and reasonable separahon efficiency. This c m  be attributed to its 

unique chernical structure as depicted in Figure 8.2(E). The nonlinear morphology of the 

DSS molecule creates more loose or less a packed matrix by hindering the close packing 
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and intermolecular bonding of chitosan polymer chain. Thus more space to accommodate 

the permeant was created, resulting in the high permeation flux. 

Surfactant concentration in the chitosan solution rnight affect the separation 

characteristics by altering the matrix membrane properties. 3 different surfactant 

concentrations for DSS and SDS surfactants were studied in terms of the flux and 

separation efficiency (MeOH content in the permeate). First as shown in Figure 8.10 for 

DSS surfàctant, it is difficult to rationalize the trend. However it was noted that flux was 

drastically decreasing with the increase of  DSS surfactant fkom 0.002% to 0.004%. There 

are two possible explanations for this phenornenon- First more surfactant molecules are 

bound ont0 the chitosan polymer chah upon the increase of surfactant amount and 

surfactants block the possible passage between the chains. That is, the membrane matnx 

is more entangled. Second, surfactants binding the poiyrner chain will mitigate the 

gyroscopic movement of pol yrner c h a h  b y offering geometrical hindrance, which 

rcsults in the lessened permeation flux. However, with the firther increase of surfactant 

fiom 0.004% to 0.008% there is no significant variation for the permeation flux. It is 

believed that 0.008% is already over or around the critical micelle concentration which 

does not change the conformation of the polymer chains. It was found that complete 

dissolution of 0.008% DSS into chitosan solution was extremely difficult and so was that 

of 0.0 1% SDS as shown in Figure 8.1 1. A slight increase of the flux is s h o w  at 0.01% 

SDS in Figure 8.11. It is postulated that the cores of micelles substantially formed over 

0.006% SDS offer the passages for methanol. This postdate can also explain the increase 

of separation efficiency (MeOH content in the permeate) fiom 0.006% SDS to 0.01% 

SDS as shown in Figure 8.1 1 and fiom 0.004% to 0.008% DSS in Figure 8.1 0. 
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The feed concentration effect was investigated for DSS modified (CS-DSS) and pure 

chitosan membranes at 25 OC operating temperature and is presented in Figure 8.12. The 

flux for CS-DSS is larger than that of the pure CS membrane. F lm  difference is 

increasing according to the increase of MeOK content in the feed mixture fkom 10% to 

30%. The larger fIux of the CS-DSS membrane can be explained as follows. As 

mentioned earlier, top layer thickness of CS-DSS is thinner than that of pure CS 

membrane. Thus mass transport through this thinner membrane is easier than through the 

thick pure CS membrane and in higher rnethanol feed concentration the swelling action 

of methanol facilitates mass transport through the thinner membrane. In Figure 8.13 it is 

shown that the MeOH content in the permeate for CS-DSS membrane is still larger than 

that of pure CS membrane without a common trade off phenornenon occurring between 

the flux and separation efficiency. This is attributed to the enhanced affinity to methanol 

d e r  the incorporation of surfactant molecules on the chitosan c h a h  f t  is postulated that 

surfactant molecules control the hydrophilic-hydrophobie balance of the composite 

membrane which is of importance for organic-organic separation membranes. 
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Figure 8.10 Pervaporation performance of chitosan composite membranes 

complexed with various surfactants for 20% MeOH/80% MTBE at 25 O C  
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Figure 8.11 Surfactant (DSS) concentration effect on pervaporation performance at 
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Figure 8.12 Surfactant (SDS) concentration effect on pervaporation performance at  
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Figure 8.13 Feed concentration effect on permeation flux of pure chitosan and DSS 

complexed chitosan (CS-DSS) composite membrane at 25 O C  
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Figure 8.14 Feed concentration effect on MeOH concentration in the permeate of 

pure chitosan and DSS complexed chitosan (CS-DSS) composite membranes at 25 

O C  



CHAPTER 8 

8.5.5 Temperature effect on the pewaporation performance 

Experimental data of temperature dependence of total permeation flux genemlly exhibits 

an Arrhenius relationship. 

J = JO exp(- E, /RT)  

where JO and E, are the pre-exponential factor and the apparent activation energy of 

permeation, respectively. Based on the solution-diffusion model, the activation energy of 

permeation can be expressed as follows. 

E , = E D + A H  

where Eo and AH are the activation energy of diffusion and the enthalpy of sorption of 

the permeant in the membrane, respectively. 

Figures 8.14 and 8.15 show the temperature effect on the flux and separation efficiency, 

respectively for various composite membranes at 20% MeOH/80% MTBE mixture of the 

feed. In the figures, the effect of temperature on the flux is positive and justified based on 

the solution-diffusion model. As stated in the transport model rate determining process, 

diffusion process is facilitated at higher temperature due to the increased thermal motion 

of the polymenc c h a h  The other factor affecting the increase of the permeation flux 

upon the increase of the feed temperature is the partial vapor pressure of the permeant. 
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Figure 8.15 Temperature effect on the permeation fluxes of pure, DSS modified, and 

SDS modified chitosan composite membranes for 20% MeOH/SO% MTBE 
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Figure 8.16 Temperature effect on MeOH content in the permeate of pure, DSS 

modified, and SDS modified chitosan composite membranes for 20% MeOH/80% 

MTBE 
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8.6 CONCLUSIONS 

Cationic polymer, chitosan, was complexed with oppositely charged surfactants. It was 

observed that surfactants are bound ont0 polymer chain strongly and cooperatively upon 

addition. One of characteristics of polymer/surfactant interaction is the size reduction of 

the polymer chain. This behavior was revealed by measurement of viscosity of chitosan 

solution. The advantage of size reduction of polymer chah for the membrane preparation 

is to reduce the membrane thickness. When the size of the unit polymer chab decreases 

due to the hydrophobic interaction of the surfactant tail, the possibility to form the 

polymer chah rnesh on drying becomes difficult, and the membrane thickness is getting 

thimer. In this study, reduced thickness with the addition of DSS surfactant positiveiy 

affected the pemeation flux and achieved high MeOH content in the permeate because of 

the mitigated transport resistance of the permeant and enhanced affinity to rnethanol. 

High flux and good separation efficiency were achieved for the chitosan-surfactant 

cornplex membrane. Its potential application as a pervaporation membrane for separating 

aIcohoI/organic mixtures is quite promising. 
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ETHYLENE PROPYLENE DlENE MONOMER (EPDM) 

MEMBRANES FOR THE PERVAPORATION SEPARATION OF 

AROMA COMPOUND 

Ethylene propylene diene monomer (EPDM) rubber membranes were fabricated in 

thin film composite fonn to separate an aroma compound, ethyl butyrate, fiom water and 

to study the effect of operating parameters on the pervaporation performance. The 

resistance-in-series mode1 was applied for the pervaporation results in order to estimate 

the transport phenomenon of the permeant. The partial flux of ethyl butyrate increased 

with the feed concentration. It was found that total flux decreased with the increase of the 

permeate pressure while organic flux increased. The eEect of concentration polarization 

phenomenon on the pervaporation performance was observed with the change of the feed 

flow rate and the trend of concentration polarization was investigated. It was found that 

the overall mass transfer coefficient was a fimction of the feed flow rate at the fixed feed 

concentration. 
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9.2 INTRODUCTION 

Among the major applications of pervaporation membrane processes, there has 

been a proliferation of papers dealing with dehydration application. However, organic 

separation fiom organic/water mixtures as an application area is relatively iess addressed. 

Specifically organic separation fiom water is important in the following two areas; 

alcohol or aroma compound separation and volatile organic compound (VOC) separation. 

TraditionaI separation methods include packed tower air stripping, adsorption, distillation 

and oxidation as well as the relatively new membrane distillation process [Zmder et al., 

19891. VOC rernoval ii-orn wastewater Stream is becoming an important application of 

the pervaporation process in environmental treatment. However there exits a major hurdle 

limiting its commercialization, which is the lack of proper membrane materials for this 

application. There has also been growing research interest for the pervaporation 

application to biotechnology such as the aroma separation and the fruit juice 

concentration. 

Generally hydrophobic elastomers such as polydimethylsiloxane (PDMS) 

[Almquist and Hwang, 1999; Yeom et al., 19991 and polyurethane [Hoshi et al., 1999a, 

20001 as weIl as block copolymers such as S-B-S p u t t a  and Sikdar, 19991 and acrylate 

[Hoshi et al., 1999b] have been extensively investigated for VOC rernoval application. 

Since pervaporation separation occurs based on sorption and diffusion processes, it was 

natural that researchers tried to increase the sorption selectivity of PDMS to organic 

compounds, by means of the incorporation of hydrophobic fiIlers (such as zeolite, silicas, 
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carbon blacks) ~ a n k e l e c o m  et al. 1997a, 1997b1 and grafting of fluoroaikyl 

methacrylate onto PDMS Mishima and Nakagawa, 1 999, 20001. 

For alcohol or aroma separation fkom water, many hydrophobic materials used for the 

VOC removal were studied. Among them PEBA pjebbar et al., 1998; Baudot and 

Marin, 1996; Sampranpiboon et al., 20001 and polyoctyImethylsiloxane (POMS) [Schafer 

et aI., 19991 as well as zeolite filled PDMS [Adnadjevic et al., 19971 were the materials 

which showed promise. However in case of alcohol separation it was recognized that 

PDMS is not suficiently permselective because alcohol compounds are generaIIy not so 

hydrophobic compared to arorna compounds or VOCs. 

Lu et ai. [2000] found in the study of acetic acidlwater separation that the advantage of 

silicalite addition into PDMS could be pronounccd when the operating temperature is 

increased because the enhanced thermal energy lessens the kinetic limitation of silicalite 

in the membrane matrix. Effects of incorporated fillers on the sorption and the d ias ion  

of aroma compounds were studied by Vankelecom et al. [1997b]. 

Ethyl butyrate is a colorless liquid with pineapple odor rnostly found in fruit juices and is 

used as a model compound of aroma due to its popularity and moderate hydrophobicity. 

Ethylene-propylene-diene-monomer (EPDM) mbber contains ethylidene norbornene 

(EN3) as inserted diene cornonomer in the chains. 

In the current study, we investigated EPDM rubber as a membrane material for the 

separation of an aroma compound using ethyl butyrate (EB) as a model compound. In 

addition the mass transport phenornena of aroma compound through EPDM membrane 

was investigated and correlated using a resistance-in-senes model. In previous studies 
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pijhuis et al., 1991; Meuleman et al., 1999; Pereira et al., 19981, EPDM was mainly 

used to separate volatile organic compounds fiom aqueous solution. 

9.3 RESISTANCE-IN-SERIES MODEL FOR THE ESTIMATION OF 

TRANSPORT PaENOMENON 

A convenient mode1 to describe the mass transport of a component is the resistance-in- 

series model (Figure 9.1), in which the overall resistance to rnass transport (R,, dm) is 

written in the sum of the boundary layer resistance (RLJ, the membrane resistance (&), 

and the permeate resistance (Rp&l) as follows. 

where Ki is the overall mass transfer coefficient ( d s ) .  

Previously several research groups used the resistance-in-series model to interpret the 

pervaporation data pijhuis et al., 1991; Ji et al., 1994, 1995; Wijrnans et al., 1996; Cote 

and Lipski, 1988; Raghunath and Hwang, 1992; Meuleman et al., 1999; Dutta and Sikdar, 

1 9991. 

The penneation flux of a component i through the diffusion boundary layer on the feed 

strearn can be expressed as 

where Ji is the permeation flux (kmol/rn2-s) of the component i, kLi is the boundary layer 

mass transfer coefficient (mh) and Chi and C: are the concentrations of component i at 

feed buk  and inteIface with the membrane, respectively. 



CHAPTER 9 

Figure 9.1 Diagram of resistance-in-series mode1 
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Equation (1) cm be written in the mole fraction form instead of the concentration. Note 

that Chi equals to the product of pL andxbi. 

where x is the mole &action, p~ is the density of water since the concentration of 

cornponent i is very low in this derivation. 

The permeation flux of the component i through the membrane can be expressed based 

on Fick's first law- 

Boundary condition 

The permeation flux in terms of overall m a s  transfer coefficient c m  be expressed as 

Equation (3) and (4) can be simplified into (5) and (6) ,  respectively when CP z O at low 

perrneate pressure. 

where Ki is the overall mass transfer coefficient. 

From equations (I) and (6) the following equation was denved. 
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When the equilibrium sorption is assumed to be linear between the concentrations of the 

component i in the interface and that in the membrane, the partition coefficient is defined 

as follows, which is cornrnonly obtained by the sorption experiments. 

From equations (5) and (8) the following intemediate equation can be written. 

Substituting equation (9) into (7), gives equation (1 0). 

1 - 1 --- 6 +- 
Ki k, Di - X 

where k ~ .  is the liquid boundary layer mass transfer coefficient (=Dri/t) and Pi is the 

permeability of the permeant i (=Di-H). 

This is the overall mass transfer coefficient denved from the resistance-in-series model. 

Hence the boundary layer mass transfer resistance (the intercept of the plot) and the 

permeability (reciprocal slope) of the permeant in addition to the membrane resistance 

can be obtained fiom the permeation flux data vs. the various membrane thicknesses. 

Sometimes it is convenient to use partial vapor pressure difference in expressing 

the penneation fluxes. The flux in the permeate Stream is written as fotlows 
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The resistance-in-senes mode1 derived in terms of the pressure difference can be found in 

the work of Ji et al. [1994]. 

However in this study, equation (1 0) was used to estimate the experimental results. 

9.4.1 Materials 

The EPDMs used in this experiment are Iisted in Table 1. Polyacryloniûile (MW 

150,000) was obtained ftom Polysciences, Inc., USA. N,N-Dimethylformamide was 

purchased fi-om Aldrich Chemical Co. Inc., USA. Ethyl butyrate (or ethyl butanoate) was 

the product of Aldrich Chemical Company, Inc. Ethylene glycol (monomethyl ether) 

fiom Sigma Chemical Co. was used as such. A non-woven polyester fabnc donated by 

BBA nonwovens (Veratec), USA was used as the backing material for the composite 

membrane. PVDF UF membranes fiom Millipore were utilized as porous substrates in 

most of experiments. Water was de-ionized and distilled before use. 

Table 9.1 Analysis of EPDMs used in this study 

Vistalon 8800 

Vistalon 8609 

Kelton 5 24 

wt % of ethylene in 
ethylene/propylene 

54 

62 

52 

wt % of ENB (diene) 

10 

8 

8 

MW (g/mol) 

113,373 

94,944 

84,168 
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Figure 9.2 Fabrication of EPDM thin film composite membranes 
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9.4.2 Membrane preparation 

Porous pol yacrylonitrile (PAN) membranes were prepared via the wet phase inversion 

technique £kom the casting solutions containhg 12 wt% PAN, 83 wt% DMF, and 5% 

ethylene glycol. The initial microporous PAN membranes showed a pure water 

permeation rate of 261-kg/m2 hr at trammembrane pressure of 100 psi and operating 

temperature 22 OC. Most of the water flux tests were performed in replicate to achieve 

precision in the flux. For the preparation of composite membranes with different 

thickness, two EPDM solutions of 9% and 11% Li toluene were prepared. EPDM solution 

was cast ont0 a glass and then solution was allowed to evaporate for a ce& time at 

room temperature. Before complete evaporation of EPDM thin film the porous PVDF 

substrates were laid over the partially evaporated EPDM thin film (Figure 9.2) and then 

the composite membrane was kept in the oven for 12 hrs at 60 OC to remove the residual 

toluene. With this technique, mass transfer resistance due to the intrusion of top layer 

solution into the porous substrate ~ankelecorn et al., 19991 during the fabrication of 

composite membruie c m  be mibgated. Since EPEM films were sticky after drying, it 

was hard to handIe the thin dense membrmes. Thicknesses of the membrane used weïe 

Mem 1 (32 prn), Mem 2 (76 pm), and Mern 3 (95 pm). 

9.4.3 Pervaporation 



The pervaporation experiment was camied out using the apparatus and method descnied 

in a previous publication p u a n g  et al., 19991. The permeate was analyzed us@ total 

organic carbon analyzer (TOC) of Shimadzu (TOC-500), Japan. 

Sorption amount of EPDM membranes for arorna was calculated using the following 

equation, which was used to estimate the partition coefficient H in this manuscript. 

total p henol amount sorbed (g) Sorbed amount = 
weight of ~IY membrane (g) 

The permeation flux of aroma and the separation factor were calculated by the following 

equations; 

~ ~ ( g / r n '  - h r ) =  Q, (g> 
~ ( r n  ) x t (hr) 

where J, is the partial flux of aroma, Q, is the amount of aroma compound in the 

permeate, A is the membrane area, t is the operating time which was generally more than 

3 hours, X and Y are the weight fractions of the feed and permeate, respectively. 

9.4.4 Scanning electron microscopy 

Scanning electron microscopy was used to study the cross section morphology of the 

various composite membranes and to measure the thickness of the membrane. Cryogenic 

fracturing of the membrane was done afier fieezing the samples in liquid nitrogen. Al1 

specimens were coated with a conductive layer (4OOA) of sputtered gold. A Hitachi S- 

3000N scanning electron microscopy was used for the specimens at 20kV. 
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Figure 9.3 SEM pictures of the composite membranes (a) PAN supported 

membrane, @) close view of PAN supported membrane and (c) P W F  supported 

membrane 
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9.5 RESULTS AND DISCUSSION 

The morphology of the composite membranes used in this study is presented in 

Figure 9.3. It is obvious fiom the pictures that EPDM thin layer was properly cast on the 

top of the PAN and PVDF substrates. Close view of PAN supported membrane (Figure 

9.3b) revealed that there was no penetration of EPDM solution into the micro pores of the 

substrates by the fabrication method used in this study. 

In order to f h d  out the effect of porous substrates on the pervaporation 

performance composite membranes consisting of top layer of about 76 micron thicbess 

and four different substrates were prepared and tested for aqueous aroma solution ranging 

fiom EB feed concentration of 100 ppm to 400 ppm. Porous PMMA and PVDF 

substrates were commercial products having 0.22 pn and 0.45 pm pore diameters, 

respectively. PAN and PSf substrates were prepared in the lab by wet phase inversion 

techniques and showed 261 and 154 kg/m2 hr water flux at transmembrane pressure of 

100 psi and operating temperature 22 OC. The apparent difference in pore size and surface 

porosity was expected among four different substrates. In Figure 9.4, EB flux of 

membrane supported by PMMA substrate revealed the lowest EB flux followed by 

membrane supported by PSf substrate. This result suggests that EB flux is the function of 

substrate porosity since EB fluxes of the membranes supported by high water flux and 

pore diarneter substrates are generally higher than those of the opposites. General trade 

off phenornena between EB flux and separation factor are observed in Figures 9.4 and 

9.5. With this expenment it was concluded that substrates affect the pervaporation 

performance of EPDM composite membranes based on their surface porosity rather than 
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Figure 9.4 Effect of substrates on the partial flux of ethyl butyrate (Mem 2 and 

Vistalon 8609) 
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Figure 9.5 Effect of substrates on separation factor (Mem 2 and Vistalon 8609) 
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the types of matenals. Note that PMMA and PAN are relatively hydrophilic, whereas 

PVDF and PSf are relatively hydrophobic. It should be pointed out that substrates were 

porous PVDF membranes throughout the whole expenrnents hereafter although PAN 

substrate showed comparable performance. 

From this experiment, it was also found that the EPDM rubber was reasonably 

selective for the aroma compound, ethyl butyrate akhough the organic flux of EPDM 

membrane was slightly lower than those of PEBA and PDMS membranes reported in our 

lab [Sampranpiboon et al., 20003 and that of EPDM membrane for VOC separation 

[Pereira et al., 19981. Note that the membrane studied in this work is relatively less 

hydrophobic than PEBA and PDMS, in zddition, EB is relatively more hydrophilic than 

v o c s .  

Figure 9.6 shows ethyl butyrate (EB) fluxes of three diserent composite 

membranes supported by porous PVDF substrates as a function of feed concentration. EB 

fluxes increase linearly with the increase of feed concentration. Overall mass transfer 

coefficients for different thicknesses, Ki, were obtained fiom the dopes based on the 

equation (6). It was observed that EB flux becomes Iarger with the reduction of 

membrane thickness because the diffhsion resistance of EB through the membrane is 

mitigated with the reduction of the membrane thickness. Water and organic fluxes as a 

function of reciprocal membrane thickness are presented in Figure 9.7. Water flux that 

was independent of the feed concentration increases with decreasing membrane 

thickness. 
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Independency of water flux with the feed concentration suggests that water permeation is 

not affected by the concentration polarization in case of the removal of small amounts of 

organic fiom water Stream. EB flux for EPDM membranes with the thickness range of 

32-96 pm is shown to be almost linearly increasing with reciprocal membrane thickness. 

The overall mass transfer resistance calculated fiom the plot of organic flux vs. the feed 

concentration is given in Figure 9.8 as a function of membrane thickness. The 

permeabilities of arorna cornpound obtained fkom the inverse slopes are slightly larger for 

Kelton 514 EPDM membrane than for Vistalon-8609 EPDM membrane. This can be 

attributed to the higher propylene content in KeIton 514 copolymer than that in Vistalon- 

8609. Note that polypropylene is more hydrophobie than polyethylene. Mass transfer 

resistance values are listed in Table 9.2. From the table, it is found that with the increase 

of membrane thickness the membrane resistance increases. The ratio of membrane mass 

transfer coefficient to liquid boundary Iayer mass transfer coefficient, k,/kLi, which 

represents the relative importance of hydrodynamic operation in srnall arnount organic 

separation, increases with the decrease of membrane thickness. From this result, it is 

concluded that proper strategies to avoid any concentration polarization phenornenon 

have to be taken into consideration in order to achieve the maximum performance with 

given membrane material and membrane thickness in case of separation of small amount 

of organic compound. 

Effect of feed flow rate on organic flux is shown in Figures 9.9 and 9.10. Organic 

flux increases with the feed flow rate. This suggests that the concentration polarization 

plays an important role in the application involving separation of small arnounts of 

organic cornpounds. 
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Figure 9.6 Effect of feed concentration on the aroma flux in EPDM membranes 

(Kelton 514) at 30 OC 
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Figure 9.7 Water and organic flux for V-8609 EPDM membranes at feed 

concentration 600 ppm and 30 O C  
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Figure 9.8 Mass transfer resistances as a function of EPDM membrane thickness for 

Vistalon-8609 (a) and Kelton-514 @) 
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Table 9.2 0veraI.I mass transfer resistance, boundary layer resistance and 

V-8609 

Kelton-514 

membrane resistance for EPDM membranes at 30 O C  

From Figure 9.9 it can be concluded that the concentration polarization depends on the 

feed concentration. When the feed concentration is 100 ppm, the change of EB flux is not 

significant with the flow rate cornpared to other feed concentrations. However the EB 

flux changes significantly with the increase of feed concentration when the feed 

concentration is above 100 ppm. For the feed concentration ranging fiom 200 to 600 

pprn, EB flux is almost constant above the flow rate of 1.4 Vrnin. Separation factors 

increase with the feed flow rate as shown in Figure 9.10. This is due to the reduced 

concentration polarization at higher flow rate operation. Overall rnass transfer resistance 

was calculated fiom the expenmental data and was plotted with feed flow rate in Figure 

9.1 I. In this experiment, it was assumed that the membrane resistance is constant over the 

explored feed flow rate range. From the linear decrease of overaIf rnass transfer 

resistance, it can be concluded that liquid boundary layer resistance can be significantly 

mitigated with the increase of feed flow rate. 

Figure 9.12 shows the effects of dom sneam pressure on the total flux and EB 

flux. Total perrneation flux decreases with the utcrease of down Stream pressure as 

Thickness 1 It (mls) 

32 prn 
76 pm 

L 

95 pm 

32 pm 
L 

81 pm 

96 Pm 

kiki 
7.08E+O2 

2.98E+02 
2.38E+02 

1.57E+02 

6.19E+01 

5.22E+01 

- 

7.78E-10 

4.44E-10 
3-61 E-10 

1 -53E-09 

6.39E-10 

5-61 E-10 

I l k ,  (slm) 

745600 

1770800 
221 3500 

572800 

1449900 

1/i$ (dm) ( 1/ku (dm) 

1.29E+09 1 528E+08 

2.25E109 

2,77€+09 

6.54E+08 

1.57E+09 

5.28E+08 

5.28E+08 

8.97€+07 

8.97€+07 
1.78E+O9 8.97E+07 1 171 8400 
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expected. Due to the reduced driving force, transport of the permeants was hindered. 

However, it is quite interesthg that EB flux in Figure 9.12(b) and separation factor in 

Figure 9.13 increase with the increase of the permeate pressure. It is clear that only water 

transportation was greatly reduced upon the decrease of the dnving force without 

affecting the transport of EB. When water molecules are excluded from the hydmphobic 

EPDM membrane, EB molecules with higher affinity to EPDM replace the transport 

chamel for water molecules and swell the membrane, Based on this mechanism, the 

larger EB flux and the better separation factor cm be rationalized. In addition, higher EB 

content in the feed solution makes the membranes more swollen and facilitates the 

transport of EB cornponent. However, concurrent fast transport of water molecules 

lowers the separation factor with the increase of EB content in the feed solution. 

Feed temperature effec: on EB flux was investigated as shown in Figure 9.14. 

Temperature was increased from 15 OC to 35 O C .  The reason that the feed temperature of 

15 OC is explored is because odor of aroma compound can be preserved at lower 

operating temperature in pervaporation separation of arorna. El3 flux increases with the 

temperature because of fast thermal motion of polymer chain resulting in more available 

free volume at unit time. Larger flux of Vistalon-8609 membrane than that of Kelton-5 14 

can be attributed to the larger portion of ethylene which makes the membrane less stiff. 
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Figure 9.9 Effect of feed flow rate on EB flux (V-8609 EPDM membranes at 30 O C )  
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Figure 9.10 Effect of feed flow rate on separation factor ('-8609 EPDM membranes 
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Figure 9.11 Overall mass transfer resistance as a function of feed flow rate for K- 

514 EPDM membranes at 30 OC) 
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Figure 9.12 Effect of permeate pressure on the total flux (a) and on EB (ethyl 

butyrate) flux through EPDM membranes (Vistalon 8800) at 30 O C  
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Figure 9.13 Effect of perrneate pressure on separation factor through EPDM 

membranes (Vistalon 8800) at 30 OC 
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Figure 9.14 Feed temperature effects on EB flux through two different EPDM 

membranes (membrane thickness 76 pm) 
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9.6 CONCLUSIONS 

Various EPDM membranes having thin film composite f o m  were studied for the 

separation of ethyl butyrate, aroma compound, fiom water stream and were shown to be 

selective for aroma compound. EPDM membrane having more propylene content (Kelton 

514) is more permselective to ethyi butyrate. However due to the more rigid property of 

propylene the total flux of membrane was lower than that of Vistalon-8609 EPDM 

membrane. 

A resistance-in-senes model was used to calculate the mass transfer coefficient in 

the separation of aroma compound fiom water. It was obsenred that the existence of 

liquid boundary layer resistance in small amount of ethyl butyrate separation was 

important together with the membrane layer resistance. In addition, the effect of various 

operating parameters such as feed flow rate, d o m  strearn pressure, and operating 

temperature were also investigated in terms of organic flux and were proven to be 

significant in the separation performance of EPDM membranes. 
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ORIGINAL CONTRIBUTIONS TO RESEARCH AND 

RECOMMENDATIONS 

10.1 ORIGINAL CONTRIBUTIONS TO RESEARCH 

In this thesis, various promising pervaporation membranes were prepared in the 

forms of dense and thin film composite membranes and investigated for the 

pervaporation separation of liquidlliquid mixtures such as water/alcohol, alcohol/toluene, 

rnethanoI/MTBE and aqueous aroma solutions. 

1. Sodium alginate membranes that were not well studied in the past were prepared 

and appIied for the pervaporation dehydration of aqueous alcohol mixtures. It was 

revealed that the permeation flux and separation factor strongly depend on the 

ionic crosslinking system used. Among the evaluated metal ions, calcium ion 

( c a 2 3  was the best crosslinker in ternis of the flux and separation factor. 

2. Novel two ply dense composite membranes were prepared using successive 

castings of sodium alginate and chitosan solutions for the pervaporation 

dehydration of isopropanol and ethanol. Preparation and operating parameters 

namely polyrners type facing to the feed Stream, NaOH treatrnent for the 

regeneration of chitosan, and crosslinking system types were investigated using 
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the factorial design method. It was observed that these parameters were al1 critical 

to the performance of the membranes in terms of the main and interaction effects. 

3. Efforts to enhance the stability of the composite membrane consisting of chitosan 

dense layer and polysulfone support have been made by pretreating the porous 

support in hydrophilic polymer soIution before the casting of top layer. The 

increase of the flux after the pretreatment was attributed to the reduced intrusion 

of cbitosan solution into micropores, which mitigated the resistance of a permeate 

transport. 

4. Double top layer composite membranes consisting of alginate, chitosan, and 

porous polyvinylidene fluonde (PVDF) consecutively were prepared. This is the 

first reported research to overcome the mechanical weakness of alginate layer in 

the composite membrane. By blending with hydrophilic PMMA polyrner the 

hydrophobic sUTface property of porous PVDF was changed to be less 

hydrophobic, which resulted in enhancing the stability of composite membranes. 

5. N-acetylated chitosan (chitin) membranes were fabricated for the first time for 

alcohol separations. Chitin membranes were mechanically robust and stable to 

withstand the corrosive nature of the ethanol/toluene mixture during the 

pervaporation runs. This is the first reported successfil application of chitin in the 

form of composite membranes for the pervaporation separation of organic/organic 

liquid systems. 

6. Polyelectrolyte complex membranes were prepared using chitosan and surfactants 

and the rheological properties of the casting solutions were extensively 

investigated for the first time. When anionic surfactants are added into the 
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cationic chitosan solution, the solution viscosity was drastically decreased due to 

the collapsed chah conformation. Pervaporation characteristics of surfactant 

modified chitosan membrane were substantially improved due to the decreased 

membrane thickness and possible enhanced affinity to methanol. 

EPDM rubber membranes were fabricated and tested for the pervaporation 

separation of a model aroma compound for the first time. Transport phenomena of 

aroma compound were investigated and modeIed using the resistance-in-series 

model. 

10.2 RECOMMENDATIONS FOR FUTURE WORK 

There is no lack of topics for future research on pervaporation membranes. Some 

examples of îiture research topics are the development of novel membrane matenals and 

their applications in terrns of engineering aspects, and the exploration of new application 

areas. 

Material considerations. Because of the importance of suitable membrane 

matenals for specific applications, identification of new membrane matenals and 

modification of the existing materials should be addressed in pervaporation studies. For 

exarnple, polyeIectrolyte complex membrane consisting of chitosan and certain anionic 

polymers may be good candidates for the dehydration and alcohol separations. Sodium 

carboxy methyl cellulose and poly (styrene sulfonic acid) can be possible candidates as 

anionic polymers. 
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Feed rnixîure considerations. B i n q  feed mixtures are widely used in 

pervaporation research. However, in reality truly binary feed mixtures are rarely found 

especially in processes such as industrial wastewater treatment. It is now t h e  to look at 

ternary or complex feed mixtures which are commonly encountered as industrial liquid 

mixtures- 

Application considerations. Among three major applications of the pervaporation 

membrane processes, the dehydration application is quite mature whereas the 

organidorganic separation and organic removal from water are relatively less studied in 

academia and industry mainly because of the difficulties in finding suitable membrane 

matenals and module design sustainable in harsh operating conditions. Pervaporation 

studies should focus on the separation of organic/organic mixtures which are often 

encountered in the petrochemical processes. 

Engineering considerations. Among various membrane modules, plate and frame 

module is used in laboratory scale experiments because of the convenience. However, 

when industrial applications are involved, one has to think in terms of engineering 

aspects such as module type and size, although the membrane material is also critical in 

the pervaporation performance. In this sense, spiral wound module may play an important 

role for future pervaporation processes. It is strongly recommended that the investigation 

of the spiral wound modules De carried out in the future. With this industry fi5endly 

module, one can study various engineering issues relevant to the scale up, such as the 

flow pattern in the module, concentration polarization effect and heat and mass transfer 

issues etc. 



A The membrane area in Chapter 1 

Ad Proportionality factor 

C Concentration or accounting for peak broadening in Chapter 2 

Ci Weight hc t ion  of the permeate in Chapter 4 

Total molar concentration in the membrane, moI/m3 

Diffusion coefficient, m2/s 

Activation energy, J/mol 

Apparent activation energy of the permeation 

Activation energy of diffusion 

Surface fkee energy difference 

Fractional fkee volume 

Partition coefficient in Chapter 9 

EnthaIpy of sorption 

The permeation flux, kg/m2 hr 

Coefficient of exponential term 

Partition coefficient in Chapter 2 

Overall mass transfer coefficient in Chapter 9, m/s 

Mass transfer coefficient, mis 

Column length 

Permeability or pressure, Pa 

Saturation vapor pressure, Pa 



NOMENCLATURE 

Partial pressure 

The amount of the permeate 

Shape factor 

Resistance to mass transport, s/m 

Gas constant 

Pore radius in Chapter 2 

Solubility 

Feed temperature 

Operating time 

Retention time 

Linear velocity of canier gas 

Peak width at half of the maximum heigkit 

Mass fraction 

Weight fiaction of the feed 

Mole fraction in the feed and in the permeate side, subscript 2 

Weight fi-action of the pexmeate 

Greek Letters 

a Separation factor 

P E ~ c h m e n t  factor in Chapter 2 or degree of binding in Chapter 8 

Y Interfacial tension or liquid surface tension (Yrn2) in Chapter 2 

y" Activity coefficient inside the membrane 



NOMENCLATURE 

Jump length, rn 

Adsorption dwell tirne, sec 

Solubility parameter or membrane thickness in Chapter 2 

The difference in solubility parameters 

Contact angle in Chapter 2 

Volume fï-action of the solvent 

Flory-Huggins parameter 

Peak variance 
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APPENDIX 

THE MEASUREMENT OF VlSCOSiTY AVERAGE MOLECULAR 

WEIGHT OF CHITOSAN MEMBRANES. A STUDY ON 

DEPOLYMERIZATION IN ACETIC AClD 

INTRODUCTION 

Chitosan has been known to be depolymerized according to the specific activities of 

enzyme such as papain [Terbojevich et al., 19961 and acid such as nitrous acid [Allan and 

Peyron, 19881. In this experiment, the effect of acetic acid conceneation in the chitosan 

solution on the depolymerization was investigated in texms of the viscosity average 

molecular weight. Measurements of solution viscosity were carried out using a Cannon- 

Ubbelohde dilution viscorneter. 

MATERIALS AND METHOD 

First, 1.1% chitosan (Flonac-N) flakes were dissolved in 10 wt% and 4 wt% acetic acid 

solutions, respectively. 10% acetic acid solutions were dissolved in room temperature and 

60 OC to know the depolymerization effect according to the temperature increase. 

Chitosan solution was filtered to remove the undissolved portion or impurities using the 



glass filter. The membranes were prepared by casting the polymer solution onto a clean 

g l a s  plate using a casting knife designed in this Iaboratory. The casting membranes were 

dried at roorn temperature for 24 hours in a dust fkee, environmentally controlled 

charnber. The dried membrane was peeled off fiom the plate, and then treated in 0.8M 

NaOH solution containing 50 vol% ethanol solution for 24 hours at room temperature, 

washed thoroughly to cornpleteIy remove NaOH, dried at room temperature for M e r  

use. To prepare the chitosan solution for the rneasurements of viscosity average 

molecular weight, chitosan membrane of 0.5 g's prepared in 10% and 4% acetic acid 

solutions was dissolved in 0.5 M acetic acid (AcOH) solution of lOOrnl and then 0.2 M 

sodium acetate (AcONa) of 100 ml was added into the chitosan soIution to make 0.0025 

g/ml (that is, 0.25 gldl) solution. These three different solutions which contain the 

chitosan membranes originally prepared in 10% (temperatures are 25 O C  and 60 OC) and 

4% acetic acid solutions (at 25 OC), respectively were tested in the viscometer. 

Intnnsic viscosity can be calcuIated as follows. 

Here, ta denotes the average flow time of pure solvent (50 vol% 5 M acetic acid/50 vol% 

2 M sodium acetate), while tl, tln are the flow times of the chitosan solutions of 

concentration cl (=0.25g/dl) and (ci)/2, respectively. The t1n's were obtained as follows. 

Once tl was measured, the pure solvent of the same amount with the chitosan solutions 

was added to make 5 solution. The resulting solutions were rnixed well by bubbling air 
2 

through the viscometer for one minute, and then tinYs were measured- 



After cdculating the inûinsic viscosity, [q], the relationship between the viscosity 

average molecular weight of a polyrner and its intrinsic v i s c o s i ~  is given by Mark- 

Houwink-Sakurada (MKS) equation: 

I r ] I = ~ "  (2) 

Here, K and a are constants which depend on the polymer, solvent, and solution 

temperature. For chitosan in 0.5M acetic acid-02M sodium acetate the K and a values are 

found to be 3 . 5 ~ 1 0 ~  and 0.76 [Terbojevich and Cosani, 1997; Terbojevich et al., 1996; 

Rinaudo et al., 19931. 

MEASWUMENT OF MOLECULAR W I G H T  

From the experimental data, intrinsic viscosities, [q], are 9.2064 Ug for 4% acetic acid, 

8.6744 dVg and 8.1 57 dl/g for the dissolving temperature 25 OC and 60 O C  of 10% acetic 

acid solution, respectively. The viscosity average rnolecular weights of two kinds of 

chitosan membranes are calculated using MHS equation and listed in below Table. For 

the 10% acetic acid solution, there is 7% difference in molecular weight between room 

temperature and 60 OC. 

Chitosan membrane 
prepared in 4 % acetic acid 

solution 
6 . 5 ~  1 O' M v  

Chitosan membrane 
prepared in 10 O h  acetic 

acid solution at 25 O C  

6 . 0 ~  1 O' 

Chitosan membrane 
prepared in 10 % acetic acid 

solution at 60 OC 
5 . 5 8 ~  1 0' 
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PHYSICOCHEMICAL PROPERTIES OF INVESTIGATED 

SOLVENTS IN THIS DISSERTATION 

Solven ts 

Water 

Isopropanol 

MTBE 

Tohene 

Ethyl 
butyrate 

SoZubitity in SolubiZity Vapor 
MW Speczjfk Water Param eter b-p. Pressure, 
(g/m 05, Graviv (g/l oog (47 &Y mmHg 

H20) (cal/cm ) 3 0.5 (20 OC) 
18 1 .. 23 -4 100 

92 0.806 Minimal 111 22 

1 16.16 0.875 6460 ppm 120 17.3 @25 
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APPENDIX 

EXPERIMENTAL ERRORS 

Expenmental errors invoived in pervaporation experiments were studied with pure 

chitosan membranes for aqueous ethanol mixtures at 60 OC. Three membranes which 

were believed to be identical in the chemical and physical properties were prepared fiom 

the same membrane sheet and were tested for the dehydration of alcohol. Since the 

membrane properties were generally constant for three membranes, the deviation in 

experimental results were due to the experimental errors, such as the collection of the 

permeate and the measurement of permeate concentration using GC. Figure Al  shows 

deviation of the permeation fluxes increases with the increase of water content in the feed 

fiom 1% for 95% EtOH mixture to 11% for 50 % EtOH mixture. When water content in 

the feed increases, the membrane swells significantly so that the pervaporation time is 

shortened. The less the operation time is, the larger the experimental error of the 

permeation flux is. However the non-constant phenomenon was observed for the 

separation factor vs. the feed concentration as can be seen in Figure A2. This was most 

likely due to limited amounts of permeate and inaccuracies in GC analysis and refkactive 

index resulted. 

Overall, the pervaporation experiments require careful experimental work in order to 

obtain the reliable data. In this thesis, special efforts were made to collect the 

experimental data using standardized experimental procedure and careful measurements. 
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Figure Al  Effect of the feed concentration on the permeation flux for EtOH 

mixtures at 60 OC and the deviation 
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Figure A2 Effect of the feed concentration on the separation factor for EtOH 

mixtures at 60 "C and the deviation 



EXPERIMENTAL DATA 

Those who are interested in the expenmental data can access to the data files at 

Membrane Laboratory in Department of Chernical Engineering of University of Waterloo 

with the permission of Professor Robert Y.M. Huang (ryhuang@engmail.uwaterloo.ca). 




