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Prediction of VLE of polymer solutions by the GFD equation of state
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Abstract

The generalized-Flory dimer (GFD) equation of state (EOS) is combined with the UNIFAC-FV group
contribution GE model to yield predictive vapor—liquid equilibrium calculations of polymer solutions. The
equilibrium pressures, solvent solubility and activity of various binary systems are calculated. The GFD /GF
method predicts good results in comparison to those from other optimally fitted models. © 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Equation of state (EOS) methods are commonly use in thermodynamic and phase equilibrium
calculations. Recently, some theoretically-based EOS have been presented, for example the SAFT [1]
and the GFD [2] EOS. Both EOS are capable of representing the properties of a variety of substances
ranging from small molecular weight to chain molecules. Applications of the GFD EOS to real fluid
systems up to high polymers have been described in previous studies [3,4] with satisfactory results. It
is of interest to employ the group contribution mixing rules with cubic or non-cubic type EOS [5,6]
for chemical process design. The objective of this work is to predict the VLE of polymer solutions
using the GFD EOS and the UNIFAC-FV GF model, and to compare the results with those from
other correlative methods.
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2. Methods of calculation

The GFD EOS is written in the following form:

Zm= ZI + [(Ve,m - Ve,l)/(ve,n - Ve,l)](zll - Z|) (1)
where Z is the compressibility factor and V, is the excluded volume. The subscripts I, Il and m

denote a monomer, dimer and m-mer fluid, respectively. The EOS shown in Eq. (1) is a function of
three parameters: the number of segments m, the molar volume of a hard sphere segment V °, and the
interaction energy parameter ¢/kT. Wu and Chen [3] have expressed the volume and energy
parameters as functions of temperature that gives satisfactory results in correlating the saturated
properties of pure fluids:

VO0=v®40.005T (2)

e/KT = £%/KT — 0.04T 3
The parameters m, V% and £°/KT have been regressed by Wu and Chen [3] for pure low molecular
weight compounds and polymers. For the VLE calculation on polymer solutions, the equal fugacity
criterion applies:

fV=f\ (4)
where the subscript 1 represents the solvent molecule and no polymer is assumed to exist in the vapor

phase. For the segment number and the volume parameters, ssimple van der Waals type mixing rules
are used in fluid mixture calculations:

m=Yx;m (5)

mv =Y x(mV,°) (6)
The interaction energy parameter of a mixture can be determined in a correlative form from traditional
mixing rules and a binary parameter k;;:

e/KT = LLs5(e6) (1 —ki;)/KT (7)

where s is the segment fraction. An alternative EOS/GF mixing rule, which is a modification of the
previous work from Huron and Vidal [7], can be applied to the GFD EOS. In this case, the excess
Gibbs free energy from the GFD EOS at the system’'s temperature and pressure is set equal to that
from a GF model:

EOS

(GE/RT)p " = (GE/RT)® ™ 8

Using the group contribution UNIFAC-FV model [8], the GFD EOS energy parameter of a mixture is
calculated from Egs. (1) and (8). With this energy parameter and the mixture parameters from Egs. (5)
and (6), VLE calculations of polymer solutions are carried out by solving Eq. (4).

3. Reaults and discussion

Table 1 lists the calculated results of the solubilities of solvents in polymers. We compare our
predicted results with those from various EOS methods [1,9] using traditional mixing rules and their



Table 1
Calculated solubilities of solvents in polymers from the various EOS

System, solvent(1) Temperature Number of SL EOS GFD SAFT Thiswork, Data
+polymer (2) range (K) datapoints Optimum k,, Dev w, Optimumk,, Devw, Optimumk,, Devw, D& W;  sources
Hexane+ PE 383-473 100 0.01395 0.0183 —0.04321 0.0221 —0.00657 0.0313 0.0115 [11]
Heptane+ PE 383-473 100 0.00389 0.0144 —0.03239 0.0196 —0.00515 0.0288 0.0157 [11]
Benzene+ PE 383-473 100 0.00384 0.0112 —0.00457 0.0182 0.00692 0.0299 0.0149 [11]
Toluene+ PE 383-473 100 0.00042 0.0147 —-0.01114 0.0115 0.00062 0.0155 0.0129 [11]
Cyclohexane+ PE 383-473 100 —0.00912 0.0154 —0.03367 0.0138 —0.00515 0.0385 0.0214 [11]
Ethylbenzene+ PS 393-458 55 0.00803 0.0023 —0.09269 0.0051 0.01811 0.0261 0.0030 [12]
Methylethylketone+PS 298-343 16 0.01257 0.0204 —0.08079 0.0163 —0.32052 0.0262 0.0164 [13]
Benzene+ PS 293-393 38 0.00168 0.0110 —0.11398 0.0288 —0.35745 0.0325 0.0171 [14]
Toluene+ PS 293-333 35 —0.00213 0.0217 —0.10130 0.0212 —0.31959 0.0342 0.0161 [13,14]
m-Xylene+ PS 403-448 22 0.00703 0.0021 —0.08023 0.0041 —0.21003 0.0104 0.0031 [15]
Butane+ PIB 308-319 10 0.02065 0.0108 —0.14160 0.0215 —0.05042 0.0010 0.0158 [16]
Pentane+ PIB 318-328 10 0.00845 0.0178 0.02832 0.0860 0.07872 0.0910 0.0097 [16]
Benzene+ PVAC 303 8 0.01071 0.0124  —0.04998 0.0098 —0.02718 0.0269 0.0170 [17]
Ethyl benzene+BR 353-403 35 0.00982 0.0196 —0.04001 0.0165 - - 0.0131 [16]
3-Pentanone+ PP 298-318 22 0.03061 0.0115 0.09821 0.0177 0.03201 0.0103 0.0396 [18]
Grand average 751 0.0138 0.0175 0.0283 0.0147

ZTE—E0E (666T) 09T—8ST elq!|inb3 aseyd pinid /*[e 1 resl "O-T

PE: Polyethylene, PS: Polystyrene, PIB: Polyisobtylene, PVAC: Polyvinyl acetate, PP: Polypropylene, BR: cis-1,4-Polybutadiene; Dev w, =1/ NXY|wP —
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Fig. 1. Comparison of the calculated solubilities of hexane in polyethylene from various equations of state.

optimally fitted binary parameters. The predictive results from the GFD /GF method are of the same
accuracy as that from the best fitted methods. Fig. 1 shows the predicted solubilities of hexane in
polyethylene which agree well with experimental data. Calculated results for the equilibrium pressures
of polymer solutions from various EOS methods are presented in Table 2. The GFD EOS with group
contribution mixing rules also shows satisfactory accuracy. The maximum calculated deviation from
this work is smaller than that from other methods. Graphical presentations of the equilibrium pressure
calculations are shown in Figs. 2 and 3. Table 3 shows the calculated activity of solvents in polymer
solutions from various approaches. The GFD EOS with predictive mixing rules demonstrates
comparable accuracy to the SAFT EOS with its best fitted binary parameters. The predictive
calculations from the GFD EOS again show less peak deviations from the experimental data than the
other correlations. Table 3 also shows the comparison of the results from this study with those from
the other two group contribution methods of the GC-Flory [10] and the UNIFAC-FV equations. The
GFD EOS with group contribution mixing model shows superior results to the other two predictive
models. Graphical comparisons of the calculated activity are shown in Fig. 4. The non-cubic GFD
EOS is successfully employed in predictive VLE calculations of polymer solutions. The results from
the GFD /GF method show satisfactory accuracy.

4. Conclusion

The GFD EOS is combined with the UNIFAC-FV activity coefficient model to predict VLE of
polymer solutions. The equilibrium pressure, solvent solubility and activity of various polymer



Table 2
Results of vapor—liquid equilibrium calculations on polymer solutions using various EOS

System, solvent(1) Temperature Number of SL EOS GFD SAFT Thiswork, Data
+polymer(2) range (K)  data points optimum k,, AAD P (%) Optimum k., AAD P (%) Optimum k;, AAD P (%) AAD P (%) sources
Hexane+ PE 383-473 100 0.01376 5.32 —0.04116 6.40 —0.00682 241 3.89 [11]
Heptane+ PE 383-473 100 0.00508 5.95 —0.03530 5.82 —0.00668 2.19 8.22 [11]
Benzene+ PE 383-473 100 0.00409 5.36 —0.01108 5.75 0.00529 2.13 8.59 [11]
Toluene+ PE 383-473 100 0.00222 3.74 —0.01363 3.98 —0.00121 151 6.15 [11]
Ethylbenzene+ PS 393-458 55 0.00513 571 —0.08508 14.25 —0.02240 16.68 5.96 [12]
Methylethylketone+ PS 298-343 16 0.01409 5.42 —0.08078 3.26 —0.19516 8.07 3.57 [13]
Benzene+PS 293-393 38 0.00409 7.03 —0.08372 8.77 0.01621  10.83 10.35 [14]
Toluene+ PS 293-333 35 —0.00185 1445 —0.08421 1193 —-0.25639 17.21 9.23 [13,14]
m-Xylene+ PS 403-448 22 0.00698 6.76 —0.07952 6.62 —0.19484  19.02 5.12 [15]
Cyclohexane+ PS 297-307 17 0.02921 6.71 0.01371 5.46 0.04305 3.46 5.85 [19]
Hexane+ PIB 398 20 0.01513 6.03 —0.06730 4.06 —0.02613 4.23 9.88 [11]
Cyclohexane+ PIB 398 20 0.01166 4.88 —0.04284 452 —0.01757 1.64 9.12 [11]
Benzene+PVAC 303 8 0.01041 3.48 —0.04960 441 —0.02803 4.08 3.94 [17]
Ethyl benzene+BR 353-403 35 0.00818 9.30 —0.04368 10.22 - - 9.56 [16]
Hexane+ PP 353 10 0.00367 4.46 0.11145 157 —0.00133 19.55 3.79 [18]
Grand average 676 6.05 6.81 5.78 7.07
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Fig. 2. Comparison of the calculated VLE results for hexane in polyethylene from various equations of state.

solution systems are calculated with satisfactory accuracy. The non-cubic GFD EOS with predictive
mixing rules shows good results in comparison to those from other optimally fitted approaches.
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Fig. 3. Comparison of the calculated VLE results for methyl ethyl ketone in polystyrene from various equations of state.



Table 3

Comparison of calculated activity deviation for polymer solutions from various thermodynamic models

System, solvent(1) Temperature  Number of ~ GC-Flory UNIFAC-FV  SAFT This work, Data
+ polymer(2) range (K) datapoints  AAD a, (%) AAD a, (%) Optimum k;, AAD a, (%) AAD a (%)  sources
Hexane+ PE 383-473 100 6.32 15.78 —0.00795 6.91 292 [11]
Heptane+ PE 383473 100 7.43 14.81 —0.00639 5.56 5.93 [11]
Octane+ PE 383-473 100 7.47 14.19 —0.00496 4.10 5.57 [11]
Cyclohexane+ PE 383-473 100 8.24 10.57 —0.00620 452 7.42 [11]
Toluene+ PE 383473 100 18.53 411 —0.00039 2.87 6.64 [11]
Ethylbenzene+ PS 393-458 55 6.69 12.99 0.01697 5.28 5.46 [12]
Methylethylketone+PS ~ 298—343 16 16.22 12.68 —0.19551 9.35 3.30 [13]
Benzene+ PS 293-393 38 20.47 10.48 0.02634 245 7.93 [14]
Toluene+PS 293-333 35 21.19 16.37 —0.25088 17.47 9.52 [13,124]
Cyclohexane+ PS 297-317 54 19.69 13.75 0.04341 10.24 8.26 [19]
Hexane+ PIB 383473 100 39.78 13.01 —0.02562 9.50 10.97 [11]
Cyclohexane+ PIB 383-473 100 47.16 8.59 —0.01532 5.16 8.65 [11]
Pentane+ PIB 318-328 10 23.84 2.88 0.07146 8.07 4.88 [16]
Benzene+ PVAC 303 8 11.24 3.66 —0.02911 4.07 9.13 [17]
Hexane+ PP 353 10 10.32 8.26 0.01174 4.39 411 [18]
Grand average 926 18.23 11.75 6.17 6.92

AAD a, (%) =100/ NX|aS® — af|/ aS®.
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5. List of symbols

f fugacity

G Gibbs free energy

k Boltzmann constant, or binary interaction parameter
m segment number

P pressure

R gas constant

s segment fraction

T temperature

Vv volume

w weight fraction

X mole fraction

z compressibility factor

Greek letter

£ energy parameter of the GFD EOS
b fugacity coefficient

Subscripts

m m-mer fluid

I, 1l monomer and dimer

1,2 components 1 and 2

i, j, k components i, j and k
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Fig. 4. Comparison of the calculated activity of methyl ethyl ketone in polystyrene from various thermodynamic models.
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Superscripts

E excess property
L liquid phase

Vv vapor phase

Appendix A
The excess Gibbs free energy is calculated from the GFD EOS:

EOS

(GE/RT)p =Lx In(‘,l;i/(bi)
The fugacity coefficient of a pure component i calculated from the GDF EOS is:
Ing;=—(Y,+1)B,+Y,B,—InZ+Z2-1
where
Y, = —2.08496 + 1.12743m — 0.04248m* for m<2
Yn=(m—2)x0.95752 for m>2
—4.0n+3.0n9% 95

B, = A T [2.37511n + 1.0 X 10~ %In(1 — )]
3.37510m — 8.69073n2 + 5.73739n°  288.15745 | 0.5n° — 0.675247°
- (1- ) T T | (1 75287 w
8.211997 — 6.3091072
B, = —2.75503In(1— 7) — >
(1-m)
12.00320(n — 0.21718n?2 — 4.970581° + 4.78668n*)
: T*(1- )’
492.36296(n? — 1.350487°)
(T*)?(1 + 8.267651)°
n=m°/V
T*=KT/e

For i-component in a fluid mixture, the fugacity coefficient is:
INg,=A, +X, A, +A+A,+A,—InZ

where
Xm= (Ve,m = Ve )/(Ve,ll - Ve,l)
A= (4n—3n%)/(1=m)" = Dy/T* = D/(T*)’

1 4.21199-3.30910s> D, D,-D,
A, = 2.75503In ¥ - -2 2
1-m (1-m) T (T*)

311

(A1)

(A2)

(A3)
(A4)

(AS)

(A6)
(A7)
(A8)
(A9)
(A10)
(A11)

(A12)
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2D, 2D4—2D2”

A;=Ds| =D, —D, - T*

1 32.06354 — 82.561987n2 + 54.505167°

D, = — 22.563551 — 0.0001In + .
1-7m (1-m)

144.07873n? — 194.57496n°
(1+6.75237n)°

1 37.395927 — 92.41305n2 + 58.1995473

D, = —34.892517 + 0.0001In + .
1-1m (1-m)

492.36296m2 — 664.9230573
(1 + 8.26765n)°
For a binary mixture of components i and |

2ss(se;—s&;+ S8~ S¢;)

4 =

57 x; KT
where
Xy My
= k=1,2
Sk ij m,
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