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ABSTRACT 

 
The performance of a ternary system with one low molecular weight component, formic acid (FA) as 

solvent; and two high molecular weight polymers, Polyamide-6 (PA-6) and Chitosan (CS) was mathematically 
investigated using an extended modified Flory-Huggins model. The model predicts the volume fractions of the 
polymers in the membrane and coagulation bath as a function of time and membrane thickness, the Gibbs free 
energy of the process, and the change in chemical potential for each component.The modelpredictions 
indicated that the miscibility of PA-6 and CS blend solution was achieved for all compositions at room 
temperature. The volume fraction of PA-6 was varied between 0.43:0.022, resulting in a slight change of the 
Gibbs free energy (∆Gm) from -3.14:-4.06 kJ/mole respectively. The predicted results from the critical 
temperature model for superiority properties of polymer blend solution have shown that the upper critical 
saturation temperature (UCST) is 323K at a PA-6 volume faction of 0.4 and the lower critical saturation 
temperature (LCST) is 344K at a Chitosan volume fraction of 0.093. A diffusion model was developed to 
investigate the immersion/precipitation process. The diffusion model has shown that the solvent volume 
fraction increased with time in the coagulation bath, while the polymer volume fraction decreased owing to 
solvent dissolution in the coagulation bathand membrane formation. 
Keywords: Model; ternary system; Immersion precipitation; Polyamide-6 membrane; Chitosan. 
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INTRODUCTION 
 

Membrane technology is widely used in different engineering applications. Permeable membrane 
effectively allows the transport of substances between two solutions with different concentrations[i-ii].Variety 
of membranes were developed for different applications especially water treatment, such as 
microfiltration(MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO) andmembrane distillation 
(MD)[iii].Membrane preparation, with repeatable and homogenous properties in laboratory environment, is 
highly exaggerated byseveral parameters such as membrane materials, variation of drawing speed, variation in 
retention time and water temperature variation. The membrane preparation process is complicated by the 
need of different thicknesses of membranes.  
 

Phase inversion process is the most used technique to prepare both asymmetric and symmetric 
polymeric membranes. In addition, the morphology and performance of membranes depend on phase 
inversion process parameters [iv], which in turnare related to the membrane preparation process parameters. 
During membrane preparation, polymers and solvents are mixed in suitable ratios to form a membrane for 
specific applications. Due to the difficulty in studying the process parameters, modelling can be used to predict 
the behavior of membrane blend under different conditions. The Flory-Huggins theory [v]isfound to be a 
convenient and useful framework for thermodynamic analysis for a membrane preparation.Phase inversion 
procedurecan be described as a de-mixing processwhereby the initially homogeneous polymer solution is 
transformed in a controlledmanner from a liquid to a solid state [vi-vii]. The membrane production can be 
accomplished in several ways [viii]: 
 
(a) Immersion precipitation, where the polymer solution is immersed in a non-solvent suchas water 
(coagulation bath). De-mixing and precipitation occur due to the exchange of the miscible solvent (in polymer 
solution) and non-solvent. 
(b) Thermally induced phase separation, this method is proposed to overcome the defects in membrane 
preparation when the temperature is decreased. The solvent is removed by extraction, evaporation or freeze 
drying.  
(c) Evaporation-induced phase separation;the polymer solution is prepared using a solvent or a mixture of a 
volatile non-solvent. By evaporating thesolvent, the precipitation orde-mixing/precipitation takes place. 
(d) Vapor-induced phase separation; the polymer solution is exposed to an atmosphere containing a non-
solvent (such as water); absorption of non-solvent causes de-mixing/precipitation.  
 

Immersion precipitation and thermally induced phase separation are the commonly used methods in 
the fabrication of polymeric membranes with various morphologies [ix-x]. 
 

By varying the volume fraction of each polymer with the volume fraction of solvent over a wide 
range of conditions, one can study the effect of the various parameters controlling the coagulation process 
[xi-xii]. However, such a process will be time and material consuming process. Instead, a mathematical 
model can be used to predict the behavior of the polymers and the solvent in the coagulation bath[xiii]. 
The mathematical model will provide detailed outcomes of the coagulation process, which can help to 
optimize and narrow the range of the experimental conditions and to predict important characteristics of 
membrane formation by immersion precipitation method [1-8]. 
 

Flory Huggins theory is the basis for different models in literature[xiv-xv]. The model final resultis 
an equation for the Gibbs free energy change due topolymer and solvent mixing [xvi-xvii].The model 
proposed in our study, is a Flory-Huggins theory based model [2-8]. The model is developed to study the 
coagulation process over wide range of experimental conditions including temperature, volume fraction, 
and reaction time. The model takes into account the effect of volume fraction of each polymer, diffusion, 
the variation of the initial film thickness, and the coagulation bath temperature. This work aims to discuss 
the basis of solubility parameters, and their use in predicting polymer dissolution for polymer/solvent 
blends. Itdescribesthe thermodynamic model equations. Also, the model is used to illustrate the casting 
process for the ternary system comprising [polyamide- 6 (PA-6), Chitosan (CS), and formic acid (FA)].  
 
Thermodynamic Model of Polymer blend 
 
Model description 

http://en.wikipedia.org/wiki/Process_engineering
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXW-4P61N99-3&_user=4898288&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000029338&_version=1&_urlVersion=0&_userid=4898288&md5=15e3f88c164705dbf764478aca5f3246#bib5
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXW-4P61N99-3&_user=4898288&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000029338&_version=1&_urlVersion=0&_userid=4898288&md5=15e3f88c164705dbf764478aca5f3246#bib5
http://en.wikipedia.org/wiki/Gibbs_free_energy
http://en.wikipedia.org/wiki/Solvent
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The membrane preparation using the asymmetric polymer-polymer-solvent ternary blend is 
considered isothermal and controlled by diffusion.  However, the model integrates a coupling between mass 
and heat transfer. The temperature is assumed uniform along the polymer film thickness. The Flory-Huggins 
interaction parameter, χ, denotes the immiscibility of different components in the blend. To induce the phase 
separation, the χ values of the two polymers have to be selected so that there is a free energy barrier between 
the immiscible polymer pairs.The Flory–Huggins interaction parameter Xij is a function of temperature (T); the 
mole fraction of each polymer, and the degree of polymerization. In a ternary phase separation the critical 
value of the interaction parameter for spinodal decomposition to occur between two polymers is calculated 
fromEquation (1). 

 

      (1) 

 
Where,  
 

(2) 

 
 : Solubility parameterof component i,   

Vr: Reference volume which was chosen to be 100 cm
3
/mol 

 
The blend miscibility is assumed to decrease with increasing χij. In the Flory-Huggins model, the 

interaction parameter, χij, was considered independent of temperature and composition. In this work, the 
Flory-Huggins model was modified to use concentration and temperature dependent interaction parameters 
gij[3-5]. 
 
Effect of polymer blend composition 
 

The effect of polymercomposition was studied by varying the volume fractions of PA-6 and CS 
dissolved in formic acid (FA). The phase behavior of polymer blend can be described by the Gibb’s free energy 
of mixing (ΔGmix) by Equation (3), which is dependent on both the enthalpic (ΔHmix) and entropic (ΔSmix) 
changes of mixing [xviii-xix,xx]. 
 

    (3) 
 

The mixture is stable over a certain composition range and the mixing process will occur 
spontaneously, when the change of Gibbs free energy shows a negative value[14,15].The change in Gibbs free 
energy was studied for different temperatures to indicate the best mixing point. 
 

The general expression of the extended Flory-Huggins model for ternary polymer solutions is shown 
inEquation (4): 

 

  (4) 

 
Where;  : Molar volume of component i, m

3
/mol 

 
Chemical potential, of components: 1-(PA), 2-(CS) and 3-solvent (FA),was used for calculating the 

ternary coexistence curve. Chemical potentialwascalculated taking the first derivative of the Gibbs free energy 
of mixing equation with respect to the mole fraction of each component, Equations5, 6 and 7.   
 

  (5) 

 

(6) 

(7) 
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Equations 8 and 9 calculate the independent factor of the Flory-Huggins model . The pseudo-binary 

compositions are expressed in a different notation as in Equations 10 and 11 [17-18,xxi-xxii]. 
 

  (8) 

 

  (9) 

  (10) 

 

  (11) 

 
Where:  
 

 : Change in chemical potential of component I, J/mol 
 : Change in Gibbs free energy of the mixture, J/mol 

: Volume fraction of component i 
 : Number of moles of component I, mole 

 
Effect of polymer solution temperature 
 

Temperature of polymers blend solution was varied (298, 333, 343, 353, and 363 K) to determine 
appropriate temperature of blend PA-6/CS polymer solution for preparation and to investigatethe effect of 
solution temperature on the casted membrane specification.  
 

The heat of mixing for any component can be calculated using Equation (12). 

 

)1(
iiij

RT
m

H    

 
The critical temperature Tc value can be calculated from the Lyderson constants (∑∆T) and boiling 

point Tb at 1 atm using Equation (13). 
 

         (13) 

 
The cohesive energy and the cohesive energy density were calculated to determinethe required 

energy for complete solubility [1-6, 17-18,xxiii]. Where, the cohesive energy, E; of a material is defined as the 
increase in the internal energy per mole of the material if all of the intermolecular forces are eliminated. The 
cohesive energy density (CED) (Equation 14), is the energy required to break all intermolecular physical links in 
a unit volume of the material [17-20]. 
 

               (14) 

 

The solubility parameter  is defined as the square root of the cohesive energy density as shown in 

Equation (15) [1, 17-20].  
 

CED  

 
The molecular interactions and developed solubility parameters depend on three specific 

interactions, namely:non-polar interaction; polar cohesive forces and hydrogen bonding[15-
19,xxiv].Hildebrand solubility parameter can be determined bydividing the cohesive energy by the molar 

volume which provides the sum of the squares of the Hansen (
D ), polar (

P ), and hydrogen bonding 

dispersions (
H ) components as shown byEquations (15) and (16). 

(12) 

(15) 
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2222

HpDt    

 
Diffusion model of immersion precipitation 
 
Diffusion model assumptions 
 

Membrane preparation by immersion precipitation was investigated in severalarticlesdescribingthe 
diffusion models during membrane formation in coagulation bath[xxv - xxvi,xxvii-xxviii  , xxix- xxx].In our study, 
themodel was developed based on the following assumptions: 
 
1. The reference system is chosen centered around the interface between coagulation bath and polymer film. 
2. The interface of the casted blend membrane in the coagulation bath has an initial composition similar tothe 
original coagulation bath (distilled water). 
3. The polymers blend can be regarded as a matrix phase in which the two other components diffuse. 
4. The polymer solution doesn't form a closed system, and the volume of the polymer solution is not constant. 
5.  According to diffusion path of solvent from polymer film and until the spinodal is reached, one phase 
system is assumed. 
6. The mobility of the polymer is much slower compared to the low molecular weight components. 
7. The concentration of components in the coagulationbath depends on the diffusion coefficients. 
8. The fluxes are independent of the film thickness. 
9. Compositions at different points in the film at one instant of time can be represented by the so-called 
composition path 
 

The immersion process is schematically represented by Figure 1. The entire process is governed by 
diffusion over polymer matrix and coagulation bath interface. A coordinate transformation from a Cartesian 
reference system (x) to a polymer fixed reference system (m) can circumvent the volume of polymer change 
consequences[xxxi,13]. Cartesian coordinate (x) in the polymer solution is transformed in a polymer fixed 
reference system (m) and a reference system originating from the interface between polymer solution and 
coagulation bath (y). The transformation is given by Equations (17) and (18): 
 

     (17) 

 
        (18) 

 
Where; 

: Total film thickness, m 
 

 
 

Figure 1: Schematic representation of the reference system to represent diffusion in the immersion 
precipitation process. 

 
The formula which describes diffusion in the polymer solution is given in Equation (19). Where, 

component (i) represents polymer components (PA-6 and CS).  

(16) 
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      (19) 

 
Equation (20) represents the diffusion of solvent during immersion process in coagulation bath, 

where component (j) represents solvent (Formic acid, FA). 
 

    (20) 

 
Where:  
 

 
 : Time, s 
: Molar volume of component i, m

3
/mol 

 
 : Flux of species k into the coagulation bath at the interface between polymer solution and coagulation bath 

at (y=0) 
and  are the matrix elements of the phenomenological coefficient matrix  and respectively. and  

are the inverse of the friction coefficient matrix  and  respectively [19,20]. The  and  can be calculated 
according to the following equations: 
 

         (21) 

(22) 

for (23) 

for (24) 

 
Where: 
 

 : Binary diffusion coefficient between i and j, m
2
/s 

 : Universal gas constant, J/mol/K 
 : Temperature, K 

 : Molecular weight of component i, kg/kmole 
Initial conditions: 
 

The initial conditions for the polymer solutions and the coagulation bath are shown below, 
respectively: 

for  and  

for  and  

 
Boundary conditions: 

 
The boundary conditions for the polymer solutions and the coagulation bath are shown below, 

respectively: 

0                       for         

0                       for         

 
Additional requirement is that the fluxes and chemical potentials of different components are equal 

at both sides of the interface: 
 

for  
for  
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RESULTS AND DISCUSSION 
 

The model was employedto study the effect of coagulation conditions on the PA-6/CS blend 
membrane thermodynamic properties, and diffusion process on the polymer blend film formation in the 
coagulation bath as a function of the blend composition. The results are presented and discussed below in 
detail. 
 
Model verification 
 
Effect of polymer blend composition 
 

The main phenomenon in membrane preparation is polymer dissolution, which consists of two 
transport processes solvent diffusion and chain disentanglement[xxxii, xxxiii-xxxiv].  The polymer gel 
formationtakes place along two separate interfaces due to the polymer miscibility with the solvent, one of 
these interfaces is between the glassy polymer and the gel layer and the other interface originates between 
the gel layer and the solvent [1,7,xxxv]. This processis governed by the Gibbs free energy of mixing. However, a 
negative value of the free energy change means that the mixing process will occur spontaneously and 
according to Equation (2); the dissolution of a high molecular weight polymer is always associated with a slight 
positive entropy change. The enthalpy term is the crucial factor in determining the sign of the Gibbs free 
energy change. Also, the solubility parameters must be takeninto account.Table1shows the numerical values 
of solubility parameters for Polyamide-6 (PA-6), Chitosan (CS), and formic acid[30,33,xxxvi].  
 

Table 1: Solubility parameters of polymer solution components 
 

Component δd δp δh Δδ 

PA-6 9.06 2.5 6 11.15 
CS 2.6 2.14 3 4.5 
FA 7 5.8 8.1 12.18 

 
Effect of temperature was investigated and the Gibbs free energy of mixing and chemical potential of 

each componentwas calculated.Figure 2 and 3 show the change in Gibbs free energy and chemical potential of 
PA-6 as a result of varying the volume fraction of PA-6. Figures 2 and 3 show that the changes in Gibbs free 
energy of mixing and the chemical potential are always negative.The polymers blend is associated with a 
negative value of the change of free energy of mixing,ΔGm≈ ΔHm ≤ 0 within the phase stability condition 
(ϐ

2
ΔGm/ϐ

2
φ)>0. Indicating that,the miscibility is not limited to two minimum compositions but the constant 

line. So, the phase separationwill not occur during mixing of polymers (PA-6/CS) over all compositions 
[xxxvii,xxxviii]. 

 

 
 

Figure 2: ΔG as a function of ϕPA-6 at different temperatures 
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Figure 3: μ of PA-6 as a function of ϕPA-6 at different temperatures 
 
Critical temperatures of polymer blend solution  
 

The critical point is defined mathematically as the point where the second and third derivatives of the 
Gibbs free energy with respect to the polymer volume fraction are zero. Figure 4 illustrates the interaction 
parameter of Flory-Huggins theory for PA-6/CS blend polymers versus temperature of solution. The interaction 
parameter showed inverse proportionality with temperature, the interaction parameter has increased from 
0.0164 to 0.0178 as a result of decreasing the temperature from 323 to 298K. The UCST (Upper critical 
saturated temperature) behavior takes place when phase separation occurs upon cooling, where the gij 
interaction parameter decreases with increasing temperature as shown in Figure4. 
 

 
 

Figure 4: Interaction parameter of Flory-Huggins theory for PA-6/CS blend polymers versus temperature of 
polymer solution 

 
Both UCST (Upper critical saturated temperature) and LCST (Lower critical saturated temperature) 

behaviors are observed in PA-6/CS polymers blend. Figure5showsthe UCST as a function ofthe volume fraction 
of polyamide (PA-6) polymer.The UCST is observed at323K andPA-6 volume fraction of 0.494. Figure 
6showsthe LCST as a function of the volume fraction of Chitosan (CS). The LCST is observed at 344 K anda CS 
volume fraction of 0.116.From Figures 5 and 6, the interaction between two polymers PA-6 and CS will be 
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successfulbetween 323-344 K.Further, LCST behavior suggests the existence of specific interactions between 
the polymers and the solvent. 
 

The mixing of PA-6 and CS depends on reduction of combinatorial entropy upon mixing the two 
macromolecules together. The polymers blend mixture form a homogeneous phase at extreme temperatures 
or upon the addition of a solvent. Where in the case of PA-6/CS blend polymer, small molecules mixture and 
polymer gel layer undergo phase separation primarily upon cooling through an upper critical solution 
transition (UCST) 323K as shown in Figure5. In some instances, the macromolecular mixture undergoesthrough 
a phase separation upon heating through a lower critical solution transition (LCST) 344K as shown in Figure6. 
So, the superiority properties for mixing solution can be obtained for PA-6/CS blend solution in the 
temperature range 323-344K [xxxix,xl,xli]. 
 

 
 

Figure 5: Upper critical solution temperature versus volume fraction of PA-6 
 

 
 

Figure 6: Lower critical solution temperature versus volume fraction of CS 
 
 
Diffusion model solution of immersion precipitation 
 

The immersion process is described by Equations 17-20. The immersion/precipitation time in the 
coagulation bath is related to the solvent dissolution from polymer solution to the coagulation bath. Increasing 
the solvent concentrationin coagulation bath during immersion precipitation process indicatesthe phase 
separation process. Consequently, apolymer blend with high polymer concentration is produced which formsa 



ISSN: 0975-8585 
 

January–February  2016  RJPBCS 7(1)  Page No. 901 

film of blend membrane [32-38]. Figure 7 illustrates the change in the ratio of volume fraction of polymer to 
volume fraction of solvent as a function of time throughout the membrane thickness. The ratio of volume 
fraction of polymer to volume fraction of solvent increased gradually until the coagulation time reached 500 
min. Then the ratio of volume fractions increased slightly faster until the coagulation times was around 1000 
min. Then the ratio of volume fractions shows a sharp rise. Figure 8 shows the change in volume fractions of CS 
and PA-6 as a function of time in the coagulation bath. A sharp drop is observed during the first 100 min owing 
to the precipitation process, and then a slow decrease of the polymers volume fractions is observed. 
 

 
 

Figure 7: ϕpolymer/ϕsolvent as a function of time, the dashed/dotted lines are plotted against the primary Y-
axis; the solid line is plotted against the secondary Y-axis 

 
1:T=298K, Initially; ϕCS= 0.28, ϕPA-6= 0.271 
2:T=298K, Initially; ϕCS= 0.047, ϕPA-6= 0.457 
 

 
 
Figure 8: ϕpolymer as a function of time in the coagulation bath, the solid line is plotted against the secondary 

Y-axis; the dashed/dotted lines are plotted against the primary Y-axis 
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1:T=298K, Initially; ϕCH= 0.28, ϕPA-6= 0.271 
2:T=298K, Initially; ϕCH= 0.047, ϕPA-6= 0.457 
 

Figure (7) indicates that the coagulation rate of membrane increases with time, where two initial 
polymer blend compositionswere used;ϕCS= 0.28, ϕPA-6= 0.271and ϕCS= 0.047, ϕPA-6= 0.457. The ratios of ϕPA-

6/ϕFAand ϕCS/ϕFAincreaseddue to coagulation process of membrane, while the polymer content is concentrated 
in the body of membrane and the solvent content outflows to the coagulation bath. However, using a 
composition ofPA6 ϕPA-6= 0.271and CS; ϕCS= 0.28 affected the membrane formation due to the higher 
coagulation rate of CSand lower coagulation rate of PA6.Using ϕPA-6= 0.457 and ϕCS= 0.047, the coagulation 
rate is dominated by PA6 coagulation leading to a better blend membrane with PA6 as a major component. 
When the membrane blend has higher CS than PA6 (for example ϕCS =0.59 and ϕPA-6= 0.022), the coagulation 
rate is controlled by CS coagulation; yielding a better membrane compared to a membrane blend where CS 
and PA6 are mixed relatively similar volume fraction.Figure (8) indicates that the volume fraction of polymers 
in the coagulation bath (water) decreases sharply within the first 100 mins of coagulation. During membrane 
formation, the polymer concentration decreased in the bath. At the same time, the solvent concentration 
increased in the bath as a result of segregation of polymer material in the formed membrane. 

 
Using initial conditions ofϕCS= 0.28, ϕPA-6= 0.271 at room temperature, Figures 9 and 10 show the 

ratio of ϕCS/ϕFA and ϕPA-6//ϕFArespectively as a function of time and membrane thickness in a 3D plot. The two 
figures have indicated a uniform distribution of PA-6 and CS across the membrane thickness. During the first 
1000 mins the coagulation was proceeding gradually. After 1000 mins of coagulation, the ratio of ϕCS/ϕFA and 
ϕPA-6//ϕFAincreased sharply indicating a faster coagulation. Figures (9) and (10) demonstrate that the thickness 
of polymers increased with time due to the membrane formation, where the thickness can reach to around 
225μm.   
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Figure 9: ϕCS/ϕFAas a function of time and thickness of membrane at T=298K, Initially; ϕCS= 0.28, ϕPA-6= 0.271 
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Figure 10: ϕPA-6/ϕFA as a function of time and thickness of membrane at T=298K, Initially; ϕCS= 0.28, ϕPA-6= 
0.271 

 
Figure 11 and 12 present ϕCS and ϕPA-6 in the coagulation bath as a function of time and depth of the 

bath (40 cm), having the membrane/bath interface as a reference. The results show that once the membrane 
blend is placed in the coagulation bath; ϕCS and ϕPA-6 increased sharplythen starts to decline instantaneously 
owing to the precipitation of CS and PA-6 to form the membrane. The results indicated faster coagulation of CS 
compared to PA-6 as observed from Figure 7. Figures(11) and(12) show that the diffusion of polymer solution 
in the coagulation bath decreases with time. As CS and PA-6 precipitate on the membrane film, ϕCS and ϕPA-6 
decreased sharply in the bath accordingly CS and PA-6 precipitation rates will decrease further. 
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Figure 11: ϕCS as a function of time in the coagulation bath at T=298K, Initially; ϕCS= 0.28, ϕPA-6= 0.271 
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Figure 12: ϕPA-6 as a function of time in the coagulation bath at T=298K, Initially; ϕCS= 0.28, ϕPA-6= 0.271 
 

CONCLUSION 
 

Amathematical model was developed to describe the behavior of PA-6/CS blend membrane 
preparation by phase inversion process. The following conclusions can be drawn from this study: 

 

 The effect of polymer blend composition on the change of Gibbs free energy was always negative;the 
mixing was stable for all the polymers compositions at room temperature. 

 The mathematical model explained the UCST and LCST behavior and indicated that the superiority 
properties of polymer solution was found in the critical temperature range between UCST 323 K and 
LCST 344 K, which can provide complete solubility. 

 A diffusion model was developed to study the effect of immersion/ precipitation time in coagulation 
bath on the polymer blend formation.The model indicated that the solvent wassegregatingfrom 
polymer solution and dissolve in the coagulation bath during precipitation time. The volume fraction 
of solvent increased in the bath and the volume fraction of polymer decreased as a result of the 
membrane formation. 

 The model predicts a better membrane formation when PA-6 or CS volume fraction is dominating in 
the blend due to the variation in the coagulation rate between the two polymers which may lead to 
membrane defects. 

 The model expects the formation of a uniform membrane for all compositions with a membrane 
thickness around 225 μm. 
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Nomenclature: 
 : Binary diffusion coefficient between i and j, m

2
/s 

ΔG: Gibbs free energy of mixing 
 : Flux of species k into the coagulation bath at the interface between polymer solution and coagulation bath 

at (y=0) 
: Total film thickness, m 

 : Molecular weight of component i, kg/kmol 
 : Universal gas constant, J/mol/K  
 : Temperature, K  
 : Time, s 
 : Molar volume of component i, m

3
/mol 

Greek symbols: 
 : Change in chemical potential of component I, J/mol 

: Volume fraction of component i 
 : Number of moles of component I, mole 
 : Solubility parameter,   

Subscripts: 
PA-6: Polyamide-6 
CS: Chitosan 
FA: Formic acid 
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