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Abst rac t - Inverse  gas chromatography was used to measure activity coefficients of solvents at infinite dilution 
over a temperature range from 373.15 K to 423.15 K for monodisperse polystyrene-hydrocarbon systems. Polystyrene 
has average molecular weight 2.89 • 105. Solvents include six aliphatic hydrocarbons such as cyclohexane, methylethyl- 
ketone, n-hexane, carbon tetrachloride, aeetonitrile and acetone and three aromatic ones as benzene, toluene and 
p-xylene. The measured data of activity coefficients of solvents were predicted by UNIFAC-FV model. We, also, pres- 
ented a modified UNIFAC-FV model by empirically ~ssigning to it a temperature-dependent C parameter in the free 
volume contribution of the model. Fitted results demonstrated that the modification of the model fitted the experiments 
better than the original one. 

Key words: Inverse Gas Chromatography, Vapor-liquid Equilibria, Activity Coefficient, Modified UNIFAC-FV, Exter- 
nal Degree of Freedom 

INTRODUCTION 

In design and operation of various polymer processing such 
as recovery of solvents, polymerization, manufacture of polymer 
films, fluid-phase equilibria of polymer solutions are required. 
Measurements of vapor-liquid equilibria (VLE) for polymer solu- 
tions were originated in 1930's and they have been accelerated 
in accordance with a progress of new synthetic polymers and 
rubbery materials. The measurement [,Merk et al., 1980; Grater 
et al., 1984; Roth and Novak, 1986] of phase behavior for the 
polymer solution systems which consisted of volatile solvent-non- 
volatile solute (polymer) generally has performed by inverse gas- 
chromatography (IGC) method. The method required a short time 
for arriving at VLE and produced the reliable data and was con- 
venient to use. This method is an indirect method which can 
afford to determine the desirable thermodynamic properties from 
the experimental data and has been used by many researchers. 
The data reduction equations representatively were proposed by 
Conder and Purnell [-1968a; 1968b; 1969a; 1969b] and have been 
used extensively since the Smidsord and Guillet [,1969] first used 
the method. On the other hand, the polymer solution models that 
could predict or correlate with the thermodynamic properties ob- 
tained by the reduction equations for polymer solution systems 
have been developed variously. Oishi and Prausnitz [-1978], HoP 
ten-Anderson et al. [-1987], Iwai et al. [,1985] and Iwai and Arai 
[-1989] proposed the group contribution models for predicting 
VLE of polymer solution systems and Bonner amt Prausnitz 
[-1973], Chen et al. [1990~, Chen [-1993], and Choi et al. [,1995] 
also presented the correlative models for their polymer solution 
systems. 

In this work, the activity coefficients of the solvents based on 
the weight fraction at infinite dilution are measured by the IGC 
method for solvent(1)/polymer(2) systems at 373.15 K, 393.15 K, 
423.15 K. The polymer is polystyrene and the solvents are ali- 

tTo whom all correspondences should be addressed. 

phatic hydrocarbons (cyclohexane, methylethylketone, n-hexane, 
carbontetrachloride, acetonitrile, acetone) and aromatic hydrocar- 
bons (benzene, toluene, p-xylene). Besides the UNIFAC-FV model 
proposed by Oishi and Prausnitz [-1978] to predict VLE of poly- 
mer solution systems will be modified to calculate VLE of polymer 
solutions at infinite dilution. Activity coefficients of solvents at 
infinite dilution will be calculated, and they will be compared with 
the experimental data. 

EXPERIMENTAL 

1. Reagent 
All solvents such as the aliphatic hydrocarbons (cyclohexane, 

methylethylketone, n-hexane, carbontetrachloride, acetonitrile, 
acetone) and the aromatic hydrocarbons (benzene, toluene, p-xy- 
lene) were used as special grade obtained from Wako Pure Chem- 
icals, Ltd. And they were used without further purification. The 
polystyrene as the polymer was a monodisperse polymer (M~= 
2.89• 105, M J M , - 1 . 0 6 )  obtained from Pressure Chemicals, Ltd. 
(USA). 
2. Column Preparation 

A column preparation should be proceeded to obtain VLE data 
for the polymer solution systems by IGC method. The column 
preparation is carried out by next procedure; the weighed poly- 
styrene (m2) is dissolved in the solvent (tetrahydrofuran), and 
the weighed solid support (fluoropak-80 60/80 mesh) to be used 
regardless of the sample size or the polarity of solvents is put 
into the dissolved solution. And then mixture is heated slightly 
and slowly stirred to eliminate some residue of solvent and cooled 
to room temperature and completely dried in vaccum dry oven 
throughout the night. The column preparation is completely car- 
ried out by packing the coated material into a stainless steel col- 
umn (2 m, ID 3 ram). The coating ratio (weight of polymer/weight 
of solid support) of packing material was 8.53c7c in this work. 
3. Apparatus and Method 

The VLE apparatus used for measuring VLE in this work is 
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Fig. 1. Schematic diagram of apparatus. 
1. He gas 
2. Needle valve 
3. Needle valve 
4. Precision pressure gauge 
5. Rounded flask(1 liter) 

..... oU 

@ @ @ 

6. Thermometer 
7. Heating mantle 
8. Oil bath 
9. Pressure gauge 

10. Mercury manometer 

11. Micro syringe 
12. Column 
13. Reference column 
14. TCD 
15. Recorder 

16. Ice condenser 
17. Gas saturator 
18. Bubble flow meter 
19. Gas chromatography 

similar to those ,of Chang and Bonner [1975], Newman and Prau- 
snitz [1972], Iwai et al. [1985] and i s  shown in Fig. 1. As shown 
in Fig. 1, the apparatus consists of the parts of carrier gas, IGC, 
flow rate, and measurement  of pressure between inlet and outlet 
of the column. The inverse gas chromatograph was a Shimadzu 
GC-3BT equipped with a thermal conductivity detector. The pres- 
sures of carrier gas (He gas) and those of inlet and outlet of 

the column were measured by the precision pressure gauge and 
the mercury manometer respectively. The precision pressure 
gauge was a Nagano Keiki Seisakujo GP20-241. 

On the other 'hand, to measure VLE for the solvent(D/polymer 
(2) systems at infinite dilution, the packed column was equipped 
into IGC and two needle valves (No. ~)) of apparatus shown in 
Fig. 1 were closed and valve @~ was opened so that the carrier 
gas was flowed rontinuously into IGC body during a given period 
of time. VLE in the column could be identifed by keeping a con- 
stant baseline of the recorder at the experimental temperature. 
The flow rate (Qn,) of carrier gas was measured by the bubble 
flow meter  at the room temperature and the atmospheric pres- 
sure. Then a very small amount (0.1 IJl) of solvent ~i th  air was 
injected into the column by the microsyringe after the constant 
baseline of the recorder was identified to prove the VLE of poly- 

mer solution in the column. 
At that time, the retention times of the air and ~he solvent 

were read from the recorder respectively and the pressures of 
the inlet (P,) arid the outlet (Po) of column were measured by 
the mercury manometer after reading of retention times. All of 
data which were observed above were put into the following 
equation of Conder and Purnell [1968a; 1969a; 1969b]. 

V ~ . .273.15J'~ 2 P,,-  Pn2o 
~= qHAt+--t,,l, T~m,/ (1) 

" 2 P o  

Therefore the specific retention volumes (Ve) according to changes 
of the flow rate (Qn~) of carrier gas were obtained fl'om Eq. (1) 
and plotted on Figs. 2 to 4. The specific retention volumes (V#9 
at infinite dilution could also be obtained from Figs. 2 to 4 by 
extrapolation method. In Eq. (1), J J  known as James-Martin factor 
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Fig. 2. Relationship between retention volume and flow rate for sol- 
vent/polystyrene at 373.15 K. 

means a pressure correction factor for the pressure between inlet 
and outlet of the column and is represented by Eq. (2). 

j32_ 3 (2) 
p 3 

To obtain the activity coefficients of solvent at infinite dilution, 
the specific retention volumes (V/') at infinite dilution obtained 
from Figs. 2 to 4 finally were substituted into the following Patter- 
son's equation [1969]. 

~.~1~: = ( : 1 1 ) x .  273.15R - P I '  v0] 
PI'V]'M1 e x p [ ~ - ~ ( B n -  (3) 

Therefore the infinite dilution activity coefficients ([l~ ~) of sol- 
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Fig. 4. Relationship between retention volume and flow rate for sol- 
vent/polystyrene at 423.15 K. 

Table 1. Experimental activity coefficients of solvents based on weight fraction at infinite diution for soivent(l)/polymer(2) systems 

System IZC 
(1) (2) 373.15 393.15 423.15 448.20 453.00 463.~) 473.20(K) 

Acetonitrile Polystyrene 18.74 18.39 19.75/19.8" 
Acetone Polystyrene 14.87 13.23 12.89 
Methylethylketone Polystyrene 10.59 10.56 10.55/9.44" 
Cyclohexane Polystyrene 12.35 12 .04  12.26/12.2" 
n-Hexane Polystyrene 21.24 19.63 16.99 
Carbontetrachloride Polystyrene 5.18 4.65 4.26 
Benzene Polystyrene 6.65 5 . 7 6  5.46/5.44* 
Toluene Polystyrene 6.25 5 . 6 4  5.21/5.22" 
p-Xylene Polystyrene 6.70 5.71 4.80 

19.8"* 19.7"* 

4.90** 4.91"*. 
4.99** 4.98*'* 

*Newmann and Prausnitz: J. of Chem. Phys., 76, 1492 (1972) 
**Hao et al.: DECHEMA Chemistry Data Series, Frankfurt (1992) 

vents based on the weight fraction at infinite dilution were deter- 
mined from Eq. (3), and were shown in Table 1 with the reference 
values [Newman and Prausnitz, 1972; Hap et al., 1992J for testing 
consistency of experimental data. They were satisfactory within 
an experimental error of 2.36% by comparing with reference val- 
ues. The physical properties (P?, Bu, v~) of pure solvents in Eq. 
(3) were obtained respectively from Antoine [-Reid et al., 19871] 
or Wagner [Reid et al., 19871 equation, Tsonopoulos equation 
[Tsonopoulos, 1974; 1975; 1978], Rackett equation [Robert et 
al., 1987]. 

R E S U L T  AND DISCUSSION 

1. Modif icat ion of UNIFAC-FV at Infini te  Dilut ion 
Oishi and Prausnitz [1978] have proposed the UNIFAC-FV 

model to predict the activities of solvents for polymer solution 
systems which a solvent had the range of finite concentration. 
Their model based on the mole fractkm which can predict the 
activity coefficients of solvents for polymer solution systems has 
the following form 

lny1 = l n y ( +  lny1R + lnyl F~ (4) 

If the Eq. (4) is combined with the next relationship between 

the activity coefficients based on the mole fraction and the weight 
fraction at infinite dilution, 

M2 
~r~l~ = yl ~~ -- ( 5 )  

M1 

the following form of UNIFAC-FV model carl be easily derived 
to calculate the infinite dilution activity coefficient of a solvent 
based on the weight fraction. 

c M2 R FV ln['~t~ = (lnyff' "+ ln~-l)  + lnyF- 4- [nyl~ (6) 

We will choose the original UNIFAC [-Fredenslund et al., 19753 
and the free volume terms of UNIFAC-FV to represent Eq. (6). 
If a solvent approaches to the state of infinite dilution and relations 
of rl = Mlrl', r~-  Mzrz' = (PM#)r.,', ql = Mlql', q2 = Mzq# = (PM#)q# 
for binary, polymer solution systems are applied to the original 
UNIFAC, the combinatorial term [yl 'C+ln(M,/M0J Eq. of (6) 
is represented as the following equation. 

nY~' +lnM~'~l+lnr-rir~' - ~ - M , q ~ [ 1 - q ,  , , , 

r/= 1 ~(v,". n,) (8) 

Korean J. Ch. E.(Vol. 13, No. 2) 
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Table 2. External degree of freedom obtained with the experimenlal activity coefficient for solvent(l)/polymer(2) systems 

System C L 
(1) (2) 373.15 393.15 423.15 448.20 453.00 463.00 473.20(K) 

Acetonirile Polystyrene 0.476 0.535 0.773 
Acetone Polystyrene 0.316 0.240 0.322 
Methylethylketone Polystyrene 1.610 1.653 1.696 
Cyclohexane Polystyrene 1.865 1.897 2.021 
n-Hexane Polystyrene 1.531 1.499 1.384 
Carbontetrachloride Polystyrene 1.501 1.309 1.358 
Benzene Polystyrene 1.377 1.195 1.166 
Toluene Polystyrene 1.495 1.318 1.213 
p-Xylene Polystyrene 1.903 1.581 1.187 

0.881 0.982 

1.007 1.023 
1.154 1.158 

1 
q,' = M Z(v,C')" QD (9) 

Where ' means an amount per unit mass. 

The residual term (u =R) of Eq. (6) is represented as the follow- 
ing equation. 

lny, ~k= ~v~(1)(Inrk - InF~ <'~) (10) 

And the activity coefficient Fk of k group based on the weight 
fraction in above Eq. (i0) was represented as the following three 
equations by using Qk=M~Q~ '. 

lnF~ = M, QJ 1 - ]n(EO,~W,.k)-- Z ZO,~F.~ ] (11) 
n 

O ' =  Q~. W'. (12) 
ZQ,~W. 
n 

I, / a~,1 . .  = e x p ~ - _ f f )  (13) 

Finally it is difficult to define accurately the free volume term 
in Eq. (6). Generally speaking, it was defined as a volume that; 
the central molecule and the other adjacent molecules didn't hold 
in common when the molecules were changed freely or rotated. 
Until now the various free volume theories have been proposed 
to represent accurately the free volume of polymer solutions. For 
example, there were the works of Oishi and Prausnitz [1978], 
Iwai et al. F1985], Iwai and Arai [1989], Elbro et al. E1990~, Kon- 
togeorgis et al. ~1993] etc., and the modified equation of Iwai 
et al. [1985] using the partition function. In this work, we chose 
the free volume term of Oishi and Prausnitz E1978] in order 
to predict the activity coefficients of the solvents for solvent(I) 
/polymer(2) systems at infinite dilution. Their free volume term 
has the following forms. 

l ny , ,~  _ C I [ 3 1 n ( ~ c 2 1 7 ; Z ] ) _ ( ~ _ l ) ( l _  1 " ' 

~r v, (15) 
15.17br,' 

They have recommended that the VLE for polymer solution sys- 
tems should be predicted by fixing the external degree of freedom 
C~ on 1.1 in free volume term. So we predicted the infinite dillu- 
tion activity coefficients according to their recommendation using 
Eq. (6) and represented on Fig. 6. From the Fig. 6, their results 
were not satisfac~ory. To improve the results, we infered the ex- 
ternal degree of freedom as a parameter, and it could be deter- 
mined with the experimental activity coefficients in the range 
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Fig. 5. Dependence of temperature on external degree of freedom. 

of experimental temperature from using the ratio of infinite dillu- 
tion activity coefficients of Eq. (6). The obtained results were 
shown on Table 2. As showr~ in Table 2, the external di~grees 
of freedom were increased for the aliphatic hydrocarbons except 
the n-hexane and decreased for the aromatic ones with the raise 
of temperatures. Bonner and Prausnitz [1973] derived their poly- 
mer model from the partition function and described that the 
external degree of freedom in the free volume was dependent 
on the temperature. Chen et al. [1990] also demonstrated the 
temperature dependence on the external degree of freedom. 
Therefore we propose an empirical free volume term that the 
external degree of freedom become a functk)n of temperature 
from their informations. It has a following form. 

B 
C , = A + - -  (16) 

T 

If A=  1.1 and B = 0  were applied to Eq. (16), it became a free 
volume term of Oishi and Prausnitz [1978] at infinite dilution. 
To examine validity of Eq. (16), we plotted the relationship of 
the inverse temperature versus the ratio of infinite dilution activ- 
ity coefficients of Eq. (6) on Fig. 5 and obtained the linearities 
for all data containing the reference values within an experimental 
error as shown in Fig. 5. Ln(yl~'F~) * of Fig. 5 was a value of large 
parenthesis in Eq. (14). Therefore, our assumption was proved 
to be consistent as shown in Fig. 5. 
2. Calculation of  Vapor-Liquid Equil ibria for Po lymer  Solu-  
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Solvent Activity Coefficients at Dilution 
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Fig. 6. Comparison with experimental activity coefficients and calcula- 
ted values. 

t i ons  
Oishi and Prausnitz [1978] excellently predicted the VLE with 

UNIFAC-FV for polymer solution systems which the solvents had 
the finite concentration. External degree of freedom in the model 
was C~= 1.1. But it is difficult to predict generally the VLE for 
the polymer solution systems at infinite dilution by that way. 
Therefore the computational procedures of two steps were per- 
formed to improve those problems in this work. The first step 
was that the activity coefficients of solvent based on the weight 
fraction were predicted by fixing on C1=1.1. The results were 
plotted on Fig. 6 with experimental values, but a great deviation 
was come into existence as shown in Fig. 6. At this time, used 

model (UNIFAC-FV) was a Eqs. (6) to (15) except Eq. (16). To 
obtain better  results, the modified UNIFAC-FV was combined 
with a full type of the free volume term (Aa=B~=0) containing 
Eq. (16) and it converted into a correlative model. It requires 
the parameters of original UNIFAC model in order to correlate 
with the experimental data. Therefore, to determine the new para- 
meters (A, B) of Eq. (16), we used the group interaction parame- 
ters of UNIFAC that Gmeling et al. [1982] determined for various 
functional groups. The parameter estimation was carried out by 
minimizing the sum of squares between experimental data and 
those calculated by the modified UNIFAC-FV, and the mathemati- 
cal algorithm was the Marquardt 's  method. The new parameters 
were given with the average deviations in Table 3 The infinite 
dilution activity coefficients calculated by the modified UNIFAC- 
FV were agreed with experimental data within an error of 1.24C/c, 
and the comparison of results were plotted on Fig. 6. Consequent- 
ly the modified UNIFAC-FV model may be a convenient and ac- 
curate method to correlate VLE data of polymer solutions from 
the viewpoint of the polymer process modeling, and would be- 
come a better  predictive model if there were a number  of VLE 
data of polymer solutions. In computational procedures of VLE 
of polymer solutions, the molar group volume (R~) and group area 
(Q,) parameters were used as the values determined by Gmeling 
et al. [1982~. The liquid and characteristic liquid molar volumes 
(v,, v,*) to obtain the reduced liquid molar volumes were predicted 
by Rackett equation [Robert et al., 1987] for the solvents and 
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Table3. Average deviation and parameters estimated by modified 
UNIFAC-FV for solvent(1)/polymer(2) systems 

System Parameters 
(1) (2) A B 

RMSD(%) 

Acetonitrile Polystyrene 3.0634 985.10 2.7984 
Acetone Polystyrene 0.6889 - 155.60 2.2887 
Methylethylketone Polystyrene 2.1500 - 196.80 0.5166 
Cyclohexane Polystyrene 2.2775 - 98.72 0.6720 
n-Hexane Polystyrene 0.1619 517.10 0.9210 
Carbontetrachloride Polystyrene 0.3775 414.44 0.7197 
Benzene Polystyrene - 0.6750 762.28 1.8500 
Toluene Polystyrene - 0.1475 589.80 1.1976 

_p:_Xylen S . . . . .  Polys tyrene_-  4.1031 02_2?_83 0.2283 
Average 1.2436 

[~I~CaL -- f~l~:xe 100] 

Table 4. Liquid and characteristic molar volumes predicted for each 
solvent and polymer at experimental Cemperature 

v, [cm3/g~ 
Materials 373.15K 393.15K 423.15K vi*[cm:Tg] 

Acetonit rile 1.4385 1.4966 1,6002 0,8846 
Acetone 1.4130 1.4745 1.5895 0.8499 
Methylethylketone 1.3639 1.4142 1.5045 0.8747 
Cyclohexane 1.4096 1.4542 1.5324 0.9336 
n-Hexane 1.6977 1.7689 1.9020 1.0140 
Carbontetrachloride 0.6957 0.7174 0.7555 0.4279 
Benzene 1.2466 1.2848 1.3513 0.7925 
Toluene 1.2480 1.2822 1.3405 0s 
p-Xylene 1.2465 1.2781 1.3314 0.8520 

Polystyrene 0.9337 0.9467 0.9663 0.7724 

also done by the group contribution method of Elbro et al. [1991] 
for the polymer, and the predicted liquid and characteristic molar 
volumes were shown in Table 4. 

CONCLUSION 

The infinite dilution activity coefficients of solvents based on 
the weight fraction were measured with the IGC method for poly- 
mer solution systems consisting of solvent(1)/polymer(2) systems. 
They were predicted at infinite dilution by the UNIFAC-FV model 
proposed by Oishi and Prausnitz [1978] in order to predict the 
activity coefficient of solvent having a finite concentration in poly- 
mer solutions. But the predicted values were not favorably agreed 
with the experimental data. So we determined the external de- 
grees of freedom according to each system and experimental tem- 
perature by using experimental data and the used model was 
the UNIFAC-FV of Oishi and Prausnitz [1978] at infinite dilution. 

They were represented as the relation that changed linearly in 
accordance with the kinds of solvents and the inverse tempera- 
ture. Therefore the form of C~ became to C ~ = A + B / T  and the 
modified UNIFAC-FV model proposed in this work was converted 
to the correlative equation having two new parameters at infinite 
dilution. New parameters A, B were determined by recorrelating 
the experimental data with the model, and the calculated values 
agreed with the experimental data within an error of 1.24%. 

Korean ,L Ch. E.(Vol. 13, No. 2) 
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NOMENCLATURE 

a~ :activity of component 1 
a,,, : UNIFAC group interaction parameter between group m and 

n [K] 
A :parameter of modified UNIFAC-FV 
B :parameter of modified UNIFAC-FV 
b :proportionality factor of order unity l-b= 1.28] 
B .  : the 2nd virial coefficient [cmJ/mol] 
C~ :external degree of freedom of solvent 
j2 :James-Martin pressure correction factor 
m2 :weight of polymer ~g] 
ML, M~, M,, Mk : molecular weight of component 1, 2, group i, 

k [g/moll 
P : polymerization 
P~', P,, P,, : saturated vapor pressure, carrier gas pressure of inlet 

and outlet of column on stationary, phase [kPaJ 
Q~, Qk' : molar group area parameter (k group, k group per unit 

mass) [-] 
q~, q2, q~', qa ' :wm der Waals surface area (of component 1, 2 

and component 1, 2 per unit mass) 
R : gas constant [kPa.cm:Tmol.K] 
R~ :molar group volume parameter of k group 
r~, r2, r~', r2' : van der Waals volume (of component 1, 2 and com- 

ponent 1, 2 per unit mass) 
T :experimental temperature ~KJ 
L, t, : retention time of air and solvent [sec] 
v,*, v,, re, : characteristic liquid molar volume [cm3/g], liquid mo- 

lar volume [cm:~/g], and reduced liquid molar volume of 
component i 

V~, V~ : specific retention volume, specific retention volume at inf- 
inite dilution [cm:~/g] 

w~ :weight fraction of component 1 
W~, W~ :weight fraction of group m, n 
Z : coordination number EZ= 10] 

Greek l~t ters  
y~, y( ,  y~, u :activity coefficient (component 1. combinational 

part, residual part, free volume term) based on mole frac- 
tion of component i 

G, F~ (~) : activity coefficient (group k, group k of pure component 
i) based on weight fraction 

vk r v,(i): number of group of type k in molecular species 1, i 
f~< : infinite dilution activity coefficient based on weight fraction 

of component 1 
0~,, 02 :surface fraction for group m, n defined in Eq. (12) 
~G,, 't',,~, ~t',,,, : UNIFAC parameter between k and m c~r m and 

k or n and m defined in Eq. (13) 
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