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1. Introduction  

The industrial importance of penetrable and/or impenetrable polymer systems is evident 
when one faces with a huge number of publications considering various aspects of diffusion 
phenomenon. Strong worldwide interest to realize more details about the fundamental of 
the process, generalize the governed laws to new findings, and find fast and reliable 
techniques of measurement, makes motivation to follow in this field of science.  
Polymers are penetrable, whilst ceramics, metals, and glasses are generally impenetrable. 
Diffusion of small molecules through the polymers has significant importance in different 
scientific and engineering fields such as medicine, textile industry, membrane separations, 
packaging in food industry, extraction of solvents and of contaminants, and etc. Mass transfer 
through the polymeric membranes including dense and porous membranes depends on the 
factors included solubility and diffusivity of the penetrant into the polymer, morphology, 
fillers, and plasticization. For instance, polymers with high crystallinity usually are less 
penetrable because the crystallites ordered has fewer holes through which gases may pass 
(Hedenqvist and Gedde, 1996, Sperling, 2006). Such a story can be applied for impenetrable 
fillers. In the case of nanocomposites, the penetrants cannot diffuse through the structure 
directly; they are restricted to take a detour (Neway, 2001, Sridhar, 2006). 
In the present chapter the author has goals of updating the theory and methodology of 
diffusion process on recent advances in the field and of providing a framework from which 
the aspects of this process can be more clarified. It is the intent that this chapter be useful to 
scientific and industrial activities. 

2. Diffusion process 

An enormous number of scientific attempts related to various applications of diffusion 
equation are presented for describing the transport of penetrant molecules through the 
polymeric membranes or kinetic of sorption/desorption of penetrant in/from the polymer 
bulk. The mass transfer in the former systems, after a short time, goes to be steady-state, and 
in the later systems, in all the time, is doing under unsteady-state situation. The first and the 
second Fick’s laws are the basic formula to model both kinds of systems, respectively (Crank 
and Park, 1975).  

2.1 Fick’s laws of diffusion 
Diffusion is the process by which penetrant is moved from one part of the system to another 

as results of random molecular motion. The fundamental concepts of the mass transfer are 
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comparable with those of heat conduction which was adapted for the first time by Fick to 

cover quantitative diffusion in an isotropic medium (Crank and Park, 1975). His first law 

governs the steady-state diffusion circumstance and without convection, as given by 

Equation 1. 

 

  
c

J D
x

 (1) 

where J  is the flux which gives the quantity of penetrant diffusing across unit area of 

medium per unit time and has units of mol.cm-2.s-1, D  the diffusion coefficient, c  the 

concentration, x  the distance, and /c x   is called the gradiant of the concentration along 

the axis. If J  and c  are both expressed in terms of the same unit of quantity, e.g. gram, then 

D  is independent of the unit and has unit of cm2.s-1. Equation 1 is the starting point of 

numerous models of diffusion in polymer systems. Simple schematic representation of the 

concentration profile of the penetrant during the diffusion process between two boundaries 

is shown in Fig. 1-a. The first law can only be directly applied to diffusion in the steady 

state, whereas concentration is not varying with time (Comyn, 1985). 
Under unsteady state circumstance at which the penetrant accumulates in the certain 

element of the system, Fick’s second law describes the diffusion process as given by 

Equation 2 (Comyn, 1985, Crank and Park, 1968). 
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D
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          (2) 

Equation 2 stands for concentration change of penetrant at certain element of the system 

with respect to the time ( t ), for one-dimensional diffusion, say in the x-direction. 

Diffusion coefficient, D , is available after an appropriate mathematical treatment of kinetic 

data. A well-known solution was developed by Crank at which it is more suitable to 

moderate and long time approximation (Crank, 1975). Sorption kinetics is one of the most 

common experimental techniques to study the diffusion of small molecules in polymers. In 

this technique, a polymer film of thickness 2l  is immersed into the infinit bath of penetrant, 

then concentrations, tc , at any spot within the film at time t  is given by Equation 3 

(Comyn, 1985). 
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where c  is the amount of accumulated penetrant at equilibrium, i.e. the saturation 

equilibrium concentration within the system. 2L l  is the distance between two boundaries 

layers, x0 and x1 (Fig. 1-b). 

Integrating Equation 3 yields Equation 4 giving the mass of sorbed penetrant by the film as 

a function of time t , tM , and compared with the equilibrium mass, M . 
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Fig. 1. Concentration profile under (a) steady state and (b) unsteady state condition. 

For the processes which takes place at short times, Equation 4 can be written, for a thickness 

of 2L l , as 

 

1
2

1
2

2tM D
t

M l 
      (5) 

Plotting the /tM M  as function of 
1

2t , diffusion coefficient can be determine from the 

linear portion of the curve, as shown in Fig. 2. Using Equation 5 instead of Equation 4, the 

error is in the range of 0.1% when the ratio of  /tM M  is lower than 0.5 (Vergnaud, 

1991). 

In the case of long-time diffusion by which there may be limited data at 0 5/ .tM M  , 

Equation 4 can be written as follow: 
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        (6) 

Equation 6 is usually used in the form of Equation 7, as given following, 
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            (7) 

This estimation also shows similarly negligible error on the order of 0.1% (Vergnaud, 1991). 

Beyond the diffusion coefficient, the thickness of the film is so much important parameter 

affected the kinetics of diffusion, as seen in Equation 4.  The process of dyeing by which the 

dye molecules accumulate in the fiber under a non-linear concentration gradient is known 

as the unsteady-state mass transfer, since the amount of dye in the fiber is continuously 

increasing.  Following, Equation 8, was developed by Hill for describing the diffusion of dye 

molecules into an infinitely long cylinder or filament of radius r (Crank and Park, 1975, 

Jones, 1989). 
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Fig. 2. Kinetics of mass uptake for a typical polymer. (a) /tM M  as function of 
1

2t , (b) 

1ln( / )tM M  as function of t ; data were extracted from literature (Fieldson and Barbari, 

1993). 
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Variation of  /tC C  for different values of radius of filaments are presented in Fig. 3. As 

seen in Fig.3, decreasing in radius of filament causes increasing in the rate of saturating.  
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Fig. 3. /tC C  of dyeing versus t for different radius of fibers. 

2.2 Permeability 
The permeability coefficient, P , is defined as volume of the penetrant which passses per 

unit time through unit area of polymer having unit thickness, with a unit pressure diference 

across the system. The permeabilty depends on solubility coefficient, S , as well as the 

diffusion coefficient. Equation 9 expresses the permeabilty in terms of solubility and 

diffusivity, D , (Ashley, 1985).  
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 .P D S  (9) 

Typical units for P  are (cm3 cm)/(s cm2 Pa) (those units×10-10 are defined as the barrer, the 

standard unit of P  adopted by ASTM).  
Fundamental of diffusivity was discussed in the previous part and its measurement 
techniques will be discussed later. Solubility as related to chemical nature of penetrant and 
polymer, is capacity of a polymer to uptake a penetrant. The preferred SI unit of the 
solubility coefficient is (cm3 [273.15; 1.013×105 Pa])/(cm3.Pa). 

2.3 Fickian and non-Fickian diffusion 
In the earlier parts, steady-state and unsteady-state diffusion of small molecules through the 
polymer system was developed, with considering the basic assumption of Fickian diffusion. 
There are, however, the cases where diffusion is non-Fickian. These will be briefly 
discussed. Considering a simple type of experiment, a piece of polymer film is mounted into 
the penetrant liquid phase or vapor atmosphere. According to the second Fick’s law, the 
basic equation of mass uptake by polymer film can be given by Equation 10 (Masaro, 1999). 

 ntM
kt

M
  (10) 

where the exponent n  is called the type of diffusion mechanism, and k  is constant which 

depends on diffusion coefficient and thickness of film. 

Fickian diffusion (Case I) is often observed in polymer system when the temperature is well 

above the glass transition temperature of the polymer ( gT ). Therefore it expects that the 

/tM M  is proportional to the square-root of time i.e. 0 5.n  . Other mechanisms has been 

established for diffusion phenomenon and categorized based on the exponent n , as follow 

(Sperling, 2006); 

1n   Supercase II 

1n   Case II 

1
2

1 n   Anomalous 

1
2

n  Pseudo-Fickian 

The Case II diffusion is the second most important mechanism of diffusion for the polymer. 
This is a process of moving boundaries and a linear sorption kinetics, which is opposed to 
Fickian. A sharp penetration front is observed by which it advances with a constant rate. 
More detailed features of the process, as induction period and front acceleration in the latter 
stage, have been documented in the literatures (Windle, 1985). 
An exponent between 1 and 0.5 signifies anomalous diffusion. Case II and Anomalous 

diffusion are usually observed for polymer whose glass transition temperature is higher 

than the experimental temperature. The main difference between these two diffusion modes 

concerns the solvent diffusion rate (Alfrey, 1966, as cited in Masaro, 1999).  

2.4 Deborah number 
A solid phase is generally considered as a glass or amorphous if it is noncrystalline and 

exhibits a second-order transition frequently referred to the glass transition ( gT ) (Gibbs and 

Dimarzio, 1958), which is the transition between a glassy, highly viscous brittle structure, 
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and rubbery, less viscous and more mobile structure, states. The rubbery state ( gT T ), 

represents a liquid-like structure with high segmental motion resulting an increase of free 

volume with temperature. When the penetrant diffuses into the polymer, the plasticization 

occurs resulting a decrease of the gT (Sperling, 2006) and increase of free volume of the 

mixture (Wang, 2000). 

Since the mobility of polymer chain depends on temperature, it greatly decreases below and 

increases above the glass transition temperature. On the other hand, sorption and transport 

of penetrant into the polymer can change the mobility of the segments because of gT  

depression. Consequently, the relaxation time of polymer decreases with increasing 

temperature or concentration of penetrant. The overall sorption process reflects all 

relaxation motions of the polymer which occur on a time scale comparable to or greater than 

the time scale of the concurrent diffusion process. Indeed, a Deborah number can be defined 

as the ratio of the relaxation time to the diffusion time. Originally introduced by Vrentas et 

al. (Vrentas, 1975), it is given by Equation 11.  

 e
eD

t

  (11) 

where t  is the characteristic time of diffusion process being observed and e  is the 

characteristic time of polymer. The Deborah number ( eD ) is a useful scaling parameter for 

describing the markedly different behavior frequently being observed in diffusion process. 

For the experiments where that number is much less than unity ( 1eD  ), relaxation is fast, 

penetrants are diffusing in where conformational changes in the polymer structure take 

place very quickly. Thus the diffusion mechanism will be Fickian. When the number is near 

unity, ( 1eD  ), intermediate behavior is observed and can be called of ‘coupled’ diffusion-

relaxation or just ‘anomalous’ (Rogers, 1985). If 1eD  , the diffusing molecules are moving 

into a medium which approximately behaves as an elastic material. This is typical case of 

diffusion of small molecules into the glassy polymer. When the penetrantes diffuse into the 

polymer matrix until the concentration reaches an equilibrium value, a sharp diffusion front 

is formed that starts to move into the polymer matrix, where the glass transition of mixture 

drops down the experimental temperature. This process is the 'induction period' and 

represents the beginning of case II mechanism (Lasky, 1988).  

2.5 Geometrical impedance factor 
Diffusing penetrant through the polymer is greatly affected by the presence of impenetrable 
micro- and or nano-pieces which are located into the structure.  Crystallites and micro and 
nano fillers are impenetrable and behave as barrier in advancing penetrant, causing to form 
a tortuosity in diffusion path, see Fig. 4. Considering the geometrical aspect of diffusion 
process, Michael et al. (Michaels and Parker, 1959, Michaels and Bixler, 1961, cited in 
Moisan, 1985, Hadgett, 2000, Mattozzi, 2007) proposed the following relationship between 
the overall diffusivity ( D ) and the diffusivity of the amorphous component ( aD ). 

 aD
D   (12) 

where   is an ‘immobilization’ factor and   is a ‘geometrical impedance’ factor.   is 
almost equal to 1 for helium, that is a diffuser having very low atomic radius. It has been 
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recognized that   increases very rapidly with increasing concentration of impenetrable 
pieces, and that the two factors increase much more rapidly in large molecules than in small 
ones (Moisan, 1985).  
 

 

Fig. 4. Schematic demonstration of path through the structure; (a) homogeneous medium, 
(b) heterogeneous medium. 

Filled polymer with nano-particles has lower diffusion coefficient than unfilled one. 

Poly(methyl methacrylate) (PMMA), for instance, is a glassy polymer, showing a non-

Fickain diffusion for water with 8 13 35 10 2 cm. .D s   . The diffusion coefficient of water is 

reduced to 9 13 15 10 2 cm. .eD s    when the polymer is filled by silicate nanolayers of 

Cloisite 15A (Eyvazkhani and Karimi, 2009). Geometerical dimension, size distribution and 

amount of fillers as well as its level of dispersion into the polymer matrix are important 

factors controlling the rate of mass transfer through the filled polymer, especially 

nanocomposites. 

As cleared, diffusing penetrants through a homogeneous polymer structure are advancing 

in a straight line, while they meander along the path, passing through the heterogeneous 

polymer structure such as nanocomposite. Polymer nanocomposites (PNCs) form by 

dispersing a few weight percent of nanometer-sized fillers, in form of tubular, spherical, 

and layer. Compared to neat polymer, PNCs have tendency to reduce the diffusion 

coefficient of penetrant through the increase in path length that is encountered by a 

diffusing molecule because of the presence of a huge number of barrier particles during 

the mass transfer. The largest possible ratio of the diffusivity of a molecule through the 

neat polymer ( D ) to that of the same molecule through the filled polymer ( eD ) was 

formulated by several researchers whose equations were recently looked over by Sridhar 

and co-workers (Sridhar, 2006). 
Block copolymers as well as polyblends are other interesting materials; have attracted the 

attention of a great number of scientists because of designable structure on a nanometer 

scale. These polymers have a multiphase structure, assembling at various textures. Sorption 

and transport in both have been approached along the lines discussed above. Tecoflex-

EG72D (TFX), a kind of polyurethane, has potential to employ in medical application. Two-

phase structure of this copolymer causes the path of penetrating into the TFX to be detour, 

not to be straight line. Generally, such materials have two different transition temperatures 

regarding to the phases, making them to be temperature sensitive incorporated with water 

vapor permeability. Fig. 5 shows the amount of water passing through the TFX membrane 

www.intechopen.com



 
Mass Transfer in Chemical Engineering Processes 

 

24

as a function of time at different temperatures in steady state condition (Hajiagha and 

Karimi, 2010). Noticeably, an acceleration in permeability is observed above 40 oC 

concerning to glass transition temperature of soft phase. Controlling the microstructure of 

these multi-phase systems allows tuning the amount of permeability. Strong worldwide 

interest in using temperature sensitive materials shows these materials have potential to 

employ in textile industry, medicine, and environmental fields. For instance, combining 

these materials with ordinary fabrics provides variable breathability in response to various 

temperatures (Ding, 2006).  
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Fig. 5. Diffusion through the TFX film under steady-state conditions. 

3. Thermodynamic of penetrant/polymer mixture 

Thermodynamically describing the penetrant/polymer mixture is based on mobility of 

polymer chain during the diffusion process. Diffusion of penetrant into the polymer yeilds 

plasticization, resulting in significant depression of glass transition temperature. Indeed, a 

glassy polymer isothermally changes into a rubbery state only by diffusion of penetrant. 

Using classical thermodynamic theory, the glass transition temperature of the solvent and 

polymer mixture can be described by the following expression, which was derived by 

Couchman and Karasz (Couchman and Karasz, 1978). 

 
1 1 1 3 3 3

1 1 3 3

p g p g
gm

p p

x C T x C T
T

x C x C

       (13) 

where gmT  and giT  are the glass transition temperatures of the mixture and the pure 

component i, respectively. piC  is the incremental change in heat capacity at giT , and 

1 3/( )i ix n n n   represents the mole fraction defined on the basis of the repeat unit of the 

polymer. Most values of solvent glass transition have been published from free volume 

theory (Hong, 1995).  

A solid phase of polymer is ordinarily designated as a glass if it is non-crystalline and if it 

exhibits at a certain higher temperature a second-order transition, often referred to as the 
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glass transition (Gibbs and Dimarzio, 1958).  It was found that the specific volume of those 

polymers diminishes linearly with the temperature until the glass transition temperature gT  

is achieved. Below this temperature the reduction continues but at a smaller rate. The 

difference between the volume observed at absolute zero temperature and the volume 

measured at transition temperature was considered as space, which, in the amorphous solid, 

is available for oscillations (Dimarzio, 1996). For the following model derivation, we assume 

that the state of the investigated polymer at the beginning is a glass. In this state the 

polymer chains are fixed on their location at least in comparison with the typical time 

constants of individual jump events of diffusing water molecules from one hole of the free 

volume to another. On the other hand, according to the free volume theory characterizing 

the excluded volume of a glassy polymer system, there is “free” space between atoms of the 

polymer chain, which can be occupied by small penetrant molecules.  However, due to their 

size and shape, these penetrants can only “see” a subset of the total free volume, termed as 

the “accessible free volume”. In this way accessible free volume depends on both, polymer 

and penetrant, whereas the total free volume depends only on the polymer. The situation is 

illustrated schematically in Fig. 6 on a lattice where it is assumed that the polymer chain 

consists of segments, which have the same volume as a penetrant particle. 

This accessible free volume consists of the empty lattice sites and the sites occupied by the 

penetrant. For a corresponding lattice model, the primary statistical mechanical problem is to 

determine the number of combinatorial configurations available for the system (Sanchez and 

Lacombe, 1978, Prausnitz and Lichtenthaler, 1999). From the assumption of the glassy state, it 

follows that there is only one conformation for the polymer chain. This situation is different to 

the case of a polymer solution. Furthermore it is assumed for the thermodynamic model that 

also during the diffusion of penetrants through the polymer bulk, the conformation of the 

polymer chains does not change and remains as before (One should have in mind that 

diffusion is in reality only possible by rearrangement of polymer segments, i.e. by the opening 

of temporary diffusion channels. Therefore the zero-entropy is describing the extreme case of a 

completely stiff, i.e. ultra-glassy polymer, in which strictly speaking no diffusion could occur.). 

Therefore the number of possible conformations, for polymer chain, does not vary and is equal 

to one 1( )  . It results that the entropy change during the penetration is zero,   0lnpolymerS k   . Thus, if the situation is glassy, the Gibbs free energy of mixing 

(penetrant/polymer), mG , is given by Karimi and co-workers (Karimi, 2007), 

 01
12 1 2 1 0ln( ) ln( )m m m

FV FV

G H T S RT n n n
               (14) 

where FV  is fractional free volume of pure polymer, o  volume fraction of holes, R  the 

gas constant, T  the absolute temperature, and 1n  and on  are the number of moles of 

penetrant and holes respectively. 
The GP model (Equation 14) represents, according to the definition, the thermodynamic 

state of a penetrant/polymer system where the polymer chains are completely inflexible 

and this stiffness will not be influenced by the sorption of the penetrant.  In general such a 

condition will be only fulfilled if the quantity of penetrant in the polymer matrix is very 

small.  Mainly hydrophobic polymers are candidates, which will meet these requirements 
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(a)   (b)                        (c) 

Fig. 6. Segments of a polymer molecule located in the lattice and penetrant molecules 
distributed within, schematically. 

completely. However it cannot be expected that the GP model can also describe 

nonsolvent/polymer systems for hydrophilic membrane polymers. Therefore in order to 

extent the GP-model, it is assumed in the following that the status of the wetted polymer 

sample can be considered as a superposition of a glassy state and a rubber-like state (as 

well-described by Flory and Huggins, 1953), in general.  We consider the polymer sample 

partly as a glass and partly (through the interaction with penetrant) as a rubber.  The ratio of 

glassy and rubbery contributions will be assumed to be depending on the stiffness of the 

dry polymer sample (characterized e.g., by the glass temperature) and the quantity of 

sorbed penetrant. The glass temperature gmT  of a penetrant/polymer mixture can be 

estimated by Equation 13. Thus, the Gibbs free energy is given as follow (Karimi, 2007) 

 

 12 1 1 1 2 2

01
1 01                                       

ln( ) ln( )

( ) ln( ) ln( )

m m m

FV FV

G H T S
n n n

RT RT RT

n n

    
  

      
     

 (15) 

  is difinned according to 2 2( ) /( )gm g gT T T T    . 

Actually,   represents a measure for the relative amount of “rubber-like regions” in the 

polymer at the temperature T  of interest in the sorbed state.  Per definition the   values 

vary between 0 and 1 for a completely glass-like and a completely rubber-like state, 

respectively, if both states are present.  However  -values higher than 1 can be indicating a 

completely rubber-like state, well-describing by Flory-Huggins theory (Flory, 1956). 

 1 1 2 2 12 1 2ln lnMG
n n n

RT
        (16) 

In Equation 16, the first two terms is the combinatorial entropy computed by considering 

the possible arrangement of only polymer chains on the lattice. 

With assumption of rubbery state, swelling of polymer by which the penetrant diffuses into 

the polymer more than free volume and the junction point is constant; Flory-Rehner 

equation (Flory, 1950, as cited in Prabhakar, 2005) is applicable. 
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where 1a  is penetrant activity and 2  volume fraction of polymer.  

4. Measurement of diffusion 

4.1 FTIR-ATR spectroscopy 
Measuring the diffusion of small molecules in polymers using Fourier transform infrared-

attenuated total reflection (FTIR-ATR) spectroscopy, is a promising technique which allows 

one to study liquid diffusion in thin polymer films in situ. This technique has increasingly 

been used to study sorption kinetics in polymers and has proven to be very accurate and 

reliable. Fig 7 shows schematic of the ATR diffusion experiment. In practice, the sample is 

cast onto one side of the ATR prism (optically dense crystal) and then the diffusing 

penetrants are poured on it. Various materials such as PTFE are used to seal the cell.  

According to the principle of ATR technique (Urban, 1996), when a sample as rarer medium 

is brought in contact with totally reflecting surface of the ATR crystal (as a propagating 

medium), the evanescent wave will be attenuated in regions of the infrared spectrum where 

the sample absorbs energy. The electric field strength, E , of the evanescent wave decays 

exponentially with distance from interface, as shown in Fig 7. The distance, which is on the 

order of micrometers, makes ATR generally insensitive to sample thickness, allowing for 

dynamic measurement in a layer with certain thickness. The penetration depth of the IR 

beam in sample can be calculated by Equation 18.  

 
2 2 2 1 2

1 22 /( sin )
dp

n n


    (18) 

where depth of penetration of evanescent wave is shown by dp ,   is the wavelength of the 

infrared radiation, 1n  and 2n  are the refractive indices of flat crystals and polymer solutions 

respectively and   is the angle of incidence beam. By increasing the refractive index of the 

ATR crystal, the depth of penetration will decrease (i.e changing from ZnSe to Ge, with 

refractive indices equal to 2.4 and 4, respectively). This will decrease the effective path 

length and therefore decrease the absorbance intensity of the spectrum. High index crystals 

are needed when analyzing high index materials. The refractive index of some ATR crystal 

is listed in Table 1.  
 

 

Fig. 7. Schematic representation of the ATR equipment for diffusion experiment. 
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ATR prism Refractive index 

ZnSe 2.4 

Ge 4 

ZnS 2.2 

AMTIR 2.5 

Si 3.4 

Table 1. Refractive index of some ATR prism 

As the goal of IR spectroscopic application is to determine the chemical functional group 
contained in a particular material, thus it is possible to measure the dynamic change of 
components containing such functional groups where they make a mixture. Considering 
water molecules as penetrant into the kind of polymer, the characteristic peak of water in 
region between 3800 cm-1 and 2750 cm-1 should be increase as results of increasing the 
concentration of water into the bottom layer of polymer, in contact with ATR prism. A 
representative sample of the spectra recorded is shown in Fig 8. This is a dynamic 
measurement of diffusing water into the PMMA uniformly thin film contacted on the ATR 
crystal.  
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Fig. 8. Sequence of time-evolved spectra from PMMA sample treated at 25 oC. 

To quantify the water concentration the simplest quantitative technique i.e. Beer-Lambert 
law, can be applied. Beer’s law states that not only is peak intensity related to sample 
concentration, but the relationship is linear as shown in the following equation. 

 A abc  (19) 

where a  is absorptivity of the component at the measured frequency, b  pathlenght of the 

component, and c  is the concentration of the component. Quantity of absorptivity, a , is 

determined based on certain calibration models. Various calibration models are available for 

quantifying unknown concentration of components. These models are simple Beer’s law, 

classical least squares (CLS), stepwise multiple linear regression (SMLR), partial least 

squares (PLS), and principal component regression (PCR). 
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As a result, the Fickian concentration profile can be developed by Equation 20 (Fieldson, 
Barbari, 1993). 
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where 1/ dp  . 

In Equation 20, it is assumed that the value of  is constant. This is not entirly correct 

because it depends on the polymer refractive index, which can vary as the concentration of 

penetrant increases. Equation 20 could be simplified if following condition could be found 

in the experiment (Fieldson, Barbari, 1993): 
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With Equation 22, the logarithm of the absorbance data is plotted as a function of time, and 

then the diffusion coefficient, D , is given by the slope of a linear least square regression. 

This is completely similar to the use of Equation 7 to determine the diffusion coefficient in 

gravimetric sorption experiments at long time. This technique has been increasingly 

employed in recent years (Fieldson and Barbari, 1993, Sammon, 2000, Yi and Pellegrino, 

2002, Hua, 2004, Pereira, 2005, Doppers, 2006).  

4.2 Other techniques of measuring  
Beside with FTIR-ATR technique, a great variety of methods are available for measuring 
diffusion coefficients of penetrant into the polymeric systems. Gravimetric techniques that 
directly follow mass changes with time are frequently used for investigating the sorption 
kinetics (Chandra and Koros, 2009, Karimi, 2005, Cotugno, 2005). This is more applicable for 
gases and vapors which are almost condensable. The polymer thin film is hung on 
calibrated magnetic suspension balance; both are placed in a chamber maintained at the 
certain temperature. Sorption kinetics are obtained by recording  the sample weight as 
function of time after introduction of the vapor into the chamber. 
If non-condensable gases such as carbon dioxide, nitrogen, and methane are given to 
monitor sorption kinetics, pressure decay techniques are often employed (Liu and Tomasko, 
2007). The polymer sample is loaded into the vessel conditioned at certain temperature. 
Then, penetrating gas is introduced to the vessel at a preset pressure. As the gas sorption 
proceeded, the detected system pressure gradually decreased from the initial reading. The 
saturation state reaches when no fluctuation in the pressure is observed. 
‘Wet cup’ is the other most applicable technique to measure the diffusion coefficient as well 

as permeability of the polymer, not to measure sorption kinetics (Hubbell, 1975, Hu, 2007). 
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Based on the water cup method, referring to ASTM E96-00 standard, the vapor passing 

through the polymer film measured as function of time. That is, an open cup containing 

water sealed with the specimen membrane, and the assembly is placed in a test chamber at 

the certain temperature, with a constant relative humidity of 50%, and the water lost 

isrecorded after certain period of time 

5. Mass transfer across the interface between polymer solution and 
nonsolvent bath 

Polymer solutions are important for a variety of purposes, especially, for manufacturing 

fibers and membranes.  Generally, solidification of polymer in shape of interest takes place 

by solvent evaporation from nonsolvent diffusion into the polymer solution. During the 

process, polymer solution is undergoing a change in the concentration of components. A 

schematic representation of mass transfer through the interface between polymer solution 

and nonsolvent bath is depicted in Fig. 9. During the quench period, solvent-nonsolvent 

exchange is doing with time and eventually polymer precipitation takes place. The ratio of 

solvent-nonsolvent exchange, predicting mass transfer paths on the thermodynamic phase 

diagram, is an important factor to control the ultimate structure of product (Karimi and 

Kish, 2009). 

 

 

Fig. 9. Schematic presentation of mass transfer through the interface between polymer 
solution and nonsolvent bath. 

Such a mass transfer process requires a consideration based on the thermodynamics of 

irreversible processes which indicates that the fundamental driving forces for diffusion 

through the interface of multiphase system are the gradients of the chemical potential of 

each of the system components. Here, considering polymer solution and nonsolvent bath as 

two-phase system, the amount of molecules passing through the interface could be 

described by Fick's law if the intrinsic mobility ( ) of each component could be known. 

The flux ( J ) due to pure diffusion is: 

 ( )( )J
N x

      (23) 

where N  is Avogadro’s number and   is chemical potential (partial molar free energy). 

Replacing lnRT a   in to the Equation 23 then,  
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where a  is the activity, R  the gas constant, and T  is the absolute temperature. Mobility 

coefficient some times are called self-diffusion coefficient ( D ), presenting the motion and 

diffusion of molecules without presence of concentration gradient and/or any driving force 

for mass transfer, given by /D RT N   . Then 

 
ln

( )
a

J D
x

     (25) 

Since it is difficult to measure the self-diffusion coefficient, a thermodynamic diffusion ( TD ) 

is introduce to use in theories regarding the concentration and temperature dependence of 

diffusion, as given by 

 1

1

ln
( )

ln
T

c
D D

a

   (26) 

According to Equation 25 to determine the mass transfer of solvent and or nonsolvent across 
the interface, it should be given their chemical potentials. Flory-Huggins (FH) model is well-
established to use for describing the free energy of the polymer solution, as given in 
Equation 26. It should be noted that the FH model can be extended for multi-component 
system if more than one mobile component exists for mass transfer; more details for Gibbs 
free energy of multi-components system are documented in literatures (Karimi, 2005, Boom, 
1994) 

5.1 Mass transfer paths 
Polymer membrane which is obtained by the so-called nonsolvent-induced phase separation 

(NIPS) (Fig. 9), has a structure determined by two distinct factors: (1) the phase separation 

phenomena (thermodynamics and kinetics) in the ternary system, and (2) the ratio and the 

rate of diffusive solvent-nonsolvent exchange during the immersion (Karimi, 2009, Wijmans, 

1984). The exchange of the solvent and the nonsolvent across the interface initiates the phase 

separation of the polymer solution in two phases; one with a high polymer concentration 

(polymer-rich phase), and the other with a low polymer concentration (polymer-lean phase). 

The morphology of the membranes, the most favorable feature, is strongly related to the 

composition of the casting film prior and during the immersion precipitation. The 

compositional change during the phase separation has been frequently discussed 

theoretically (Tsay and McHugh, 1987), but the experimental results for the composition of 

the homogeneous polymer solution prior to precipitation of polymer are scarce (Zeman and 

Fraser, 1994, Lin, 2002). In particular, composition changes of all components prior to the 

demixing stage are necessary. In order to find out the change of composition during the 

phase inversion process it needs to determine the rate of solvent outflow ( 1J ) and 

nonsolvent inflow ( 2J ) through the diffusion layer. By this measurement the calculation of 

the changes in polymer content becomes possible.  
As stated earlier, the flux for mobile components involved in the NIPS process can be 
described by Equation 27 

 1( ) ( ) ( )i
i i iJ RT D

x

      (27) 
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where iJ is the volume flux of component i . Here the self-diffusion coefficient ( iD ) is 

considered as concentration-dependence. 
To determine the mass transfer path for the polymer solution immersed into the nonsolvent 
bath the ratio of mass flaxes of nonsolvent to which of solvent should be plotted. Therefore 
we have 

 1 1 1

2 2 2

.
J d

J d

      (28) 

The assumption made here is that the ratio of 1 1 2 2 1 2( , ) / ( , )D D    is constant and unity. If 
the differentials of the chemicals potential are expressed as functions of the volume 
fractions, one finds  
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This first order differential equation yields the relation between 1  and 2  in the diffusion 
layer as a function of the ratio 1 2/J J   and one of the boundary conditions. 
With the aid of the Flory-Huggins expressions for the chemical potentials together with 
Equation 29, Cohen and co-workers (Cohen, 1979) calculated, for the first time, the 
composition paths within the ternary phase diagram and discussed them in relation to the 
formation of membranes. Equation 29 has been derived using the steady-state condition.  

When a solution of a polymer in a solvent is immersed in a bath of a nonsolvent, there are, 

depending on the preparation condition, various possible outcomes as the solvent release 

from polymer solution and is replaced to a greater or lesser extent by nonsolvent (i.e. 

1 2/ ?d d   ) (Karimi, 2009, Stropnik, 2000): Region I, as demonstrated in Fig. 10, the total 

polymer concentration decreases along the route. The change of composition in this region 

is a one-phase dilution of polymer solution without solidification. Region II, the routes 

intersect the binodal curve and enter the two-phase region. In this region there are two 

outcomes that depend on the location of the routes with respect to the route assigned by 

 

 

Fig. 10. Mass transfer paths in a triangle phase diagram. 
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1 2 1/d d   , i.e. the path parallel to S~NS line. When 1 2 1/d d   , polymer content 
decreases along the route; Solidification of the system is possible as a result of phase 
transition, but loose heterogeneous structures result. In contrast, when 1 2 1/d d   , 
polymer concentration increases and solidification results from the increase of polymer 
content as well as from possible phase transitions. Region III, yields the most dense and 
homogeneous structures as located outside the two-phase region. 

5.2 Measurement of mass transfer paths 
Diffusion in polymer solution has been studied for decades using several techniques such as 

gravimetry (Hu, 1996), membrane permeation (Smith, 1988), fluorescence (Winsudel, 1996), 

and dynamic light scattering (Asten, 1996), Raman spectroscopy (Kim, 2000, Tsai and 

Torkelso, 1990), and recently ATR-FTIR (Karimi, 2009, Lin, 2002). 

Through the FTIR spectroscopy a spot near the interface of a thin layer of casting solution 
has been examined. There are two problems with this method. One is the difficulty of 
introducing the nonsolvent (especially water) into the liquid cell by a syringe due to the 

capillary action of water. The other is the saturation of coagulation bath with solvent due to 
limitation of circulation in the nonsolvent bath. It seems that the investigations of the phase 
demixing processes by such arrangements limits the information about the compositional 

change prior the phase demixing step. 
FTIR-ATR as a promising toll is recently used (Karimi and Kish, 2009) to measure the 

compositional path during the mass transfer of immersed polymer solution. A special 

arrangement to determine the concentration of components in the diffusion layers under 

quench condition prior to the phase separation and the concentration of all components in 

front of the coagulation boundary was introduced. This technique allows a simultaneous 

determination of solvent outflow and water inflow during the immersion time. Determination 

of the composition of all components becomes possible by using the calibration curves.  

To measure the concentration of each component, polymer solution was cast directly on 

surface of the flat crystal (typically ZnSe, a 45o ATR prism), similar arrangement as shown 

in Fig. 7. The flat crystal is equipped with a bottomless liquid cell. The penetrant is 
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Fig. 11. Intensity (H2O/AC/PMMA system). 
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transferred into the cell, and simultaneously the recording of the spectrum is started. Fig 11 
shows a series of recording spectra at wave number ranging from 2400 to 3800 cm-1 for the 
water/acetone/PMMA system. 

Having the FTIR-ATR spectrum measured and the system calibrated, the composition of 

polymer solution at the layer close to ATR prism could be accurately determined if the 

method described in part 4.1 could be properly chosen. In the case of polymer solution, 

generally, simple Beer‘s law deosn’t result correctly. Other methods are normally evaluated 

with standard solutions to choose the proper one. Advantage of these methods is found to 

be satisfactory for solving complex analytical problems where the component peaks overlap. 

The principle component regression (PCR) is succefully used by Karimi (Karimi and Kish, 

2009) to resolve the bands in overlapped regions for water/acetone/PMMA and 

water/DMF/PMMA systems. Since there exists overlapped characteristic peaks the spectra, 

simple Beer’s law deos not predict reliable results. 

5.3 Composition path and structure formation 
Undoubtedly, the rate of compositional change as well as the ratio of mass transfer of 

components across the interface of polymer solution are affecting factors controlling the 

ultimate structure, however, it should not be neglected that the thermodynamics is also the 

other affecting factor. Mass transfer paths can be derived from the model calculations 

defined in two different ways: The composition path can represent the composition range in 

the polymer solution between the support and the interface at a given time. The 

composition path can also be defined as the composition of a certain well defined element in 

the solution as a function of time. Some researchers have attempted to make relation 

between mass transfer and ultimate structure of polymer system. Many of them have 

referred to the rate of solvent and nonsolvent exchange, postulating instantaneous and 

delay demixing. This classification was clarified many observations about membrane 

morphologies. But there are several reports in the literatures that they didn’t approve this 

postulation.  

Direct measuring the time dependence of concentration of system components (for instance 

1 , 2 , and 3 ) during the immersion precipitation process can clarify some obscure aspects 

of the structure formation. When the polymer solution comes to contact with nonsolvent 

bath, the solvent release may become higher than the nonsolvent penetration (i.e 

2 1 1/d d   ) that leads to an increase in polymer content of the dope and the solvent moves 

to mix with water in the water bath. The development of structure of this system will differ 

from which the solvent release is lower than the nonsolvent penetration (i.e 2 1 1/d d   ). 

Different morphologies for PMMA membrane followed by different ratio of solvent and 

water exchange, 2 1/d d  , have been reported by Karimi (Karimi and Kish, 2009). Fig 12 

shows such morphologies for PMMA membrane in which they developed from 

H2O/DMF/PMMA and H2O/AC/PMMA systems. 
However the determination of mass transfer is very applicable to make clear some aspects of 

membrane morphologies, but there is a limitation regarding to the rate of data capturing. 

Some interesting morphologies were observed during the fast mass transfer in membrane-

forming system. For example, Azari and et al. (Azari, 2010) have reported a structure 

transition when the thickness of cast polymer solution is changed. Fig 13 shows different 

structures of poly(acrylo nitrile) membrane preparing by same system (H2O/DMF/PAN). 
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The authors believe that mass transfer during the process can describe the morphology 

development if it can be possible to measure. 
 

      

Fig. 12. SEM micrographs of PMMA membrane formed from different solvents; (a) Acetone, 
(b) N-dimethylformamide. 

 

     

Fig. 13. Effect of membrane thickness on PAN membrane structure (dope, PAN/DMF:  PAN 
20 wt %: casting temperature 25 oC: coagulant, water). 

6. Conclusion 

Diffusion is an important process in polymeric membranes and fibers and it is clear that 
mass transfer through the polymeric medium is doing by diffusion. Analyzing the diffusion 
which is basically formulated by Fick’s laws, lead to the following conclusions 
1. Various mechanisms are considered for diffusion, which it is determined by time scale 

of polymer chain mobility  
2. The rate of permeability can be controlled by loading impenetrable nano-fillers into the 

structure 
3. Driving force for mass transfer across the interface of multiphase systems is chemical 

potential-base 
As well described in this chapter, measuring the diffusion of small molecules in polymers 

using Fourier transform infrared-attenuated total reflection (FTIR-ATR) spectroscopy, is a 

promising technique which allows one to study liquid diffusion in thin polymer films in 

situ. This technique can be successfully employed for quantifying the compositional path 

during the mass transfer of immersed polymer solution, in which it is strongly involved to 

the structure development. 

5 µm 5 µm 5 µm 

50 µm 50 µm 
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8. List of symbols 

A  absorption 
a  activity 

a  absorptivity 

b  pathlenght of the component 

c  concentration 

C  incremental change in heat capacity at gT  

D  diffusion coefficient 

D  self-diffusion coefficient 

TD  thermodynamic diffusion 

eD  Deborah number 

dp  depth of penetration  

G  Gibbs free energy 

H  Enthalpy 

l  film thickness 

  intrinsic mobility 

M  mass uptake 

N  Avogadro’s number 

n  number of mole 

P  permeability coefficient 

R  gas constant 
r  radius of filament 

S  diffusivity coefficient 

S  Entropy 

gT  glass transition 

T  temperature 
t  film thickness 

x  mole fraction 

J  flux 

e  characteristic time of polymer 

  immobilization factor 

  geometrical impedance factor 

FV  fractional free volume 

  volume fraction 

  interaction parameter 

  density 

  molar volume 
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  wavelength   chemical potential 
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