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A modified generalized lattice-fluid (MGLF) model was developed to predict and describe phase behaviours of
polymer solutions under high pressure condition. To consider the specific interaction between pure components, a
new parametergq;, was introduced into the generalized lattice-fluid (GLF) model. The proposed model was
compared with a phase diagram predicted by the GLF model and experimental data for polymer solution systems
(polystyrene/diethylether and polystyrene/acetone) showing lower critical solution temperature (LCST) at various
pressures. The MGLF model predicted remarkably well the spinodal curve of a given polymer/solvent €ystem.
1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION mean-field lattice-gas (MFLG) equation of state to predict
liquid—liquid phase separation of a polymer/solvent system.
van Opstal and Koningsveldinvestigated the effect of
pressure on the polystyrene/cyclohexane system using this
equation. Heil and PrausnftzBrandin®, Panayiotou and
Vera® developed a polymer solution theory taken into
account of a local composition. Ba¢ al**~**reported the

The factors we must consider during the manufacture of
polymers are rheological properties, mechanical properties
of polymer products, and sometimes, phase equilibria of
polymer solutions in reactors necessarily. Since polymer
synthesis reaction does not go to completion, polymer mix-

tures should be separated not only to gain polymer productsextenoleol Flory—Huggins theory for binary polymer system.

but to recover unreacted monomers for recycle. In most 15 . .

cases, polymer production processes are executed at Verﬁar&cf;ez and I__ac?mb”e develpbplt_ad a :jatncle—flwdh(LF)

high temperature and pressure. And due to the condition inAgin?n:rcgoup;ggh \?V;g%g?ﬁ)rv?/zzl bl ItXrZ?aanOSuénﬁgL%tZPges'

the reactor, polymer/monomer mixtures consist of one P ot [E’P d Sanch 4B ?/éﬁ lized th L,F

phase or more. For example, polyethylene/ethylene mixture anayiotou’ and sanchez and baldzgeneralized the
model to account for the specific interaction.

exists in one phase under about 3000 atm and°GQ0 The oh behavi f mixt der hiah
however, after compression and cooling up to 900 atm and __' 1€ PNhase€ benaviours of mixiures under high pressure
condition has had an attracted interest since the end of the

260°C, the mixture is separated into two phases — past century. van der Wadlsas pointed out the peculiarity
polyethylene rich phase and ethylene rich phase. It is very of the behaviour of fluid mixtures at elevated pressure and

desirable to develop a molecular thermodynamic framework redicted the possibility of phase separation. Priqo@ne
in the prediction of phase behaviours of polymer/solvent pl Sole N possi 'I'y P o th parati b Igh@ o
systems for high temperature and pressure condition. al. " ried a theoretical approach to the research on the effect
To understand the phase behaviours of polymer/solventﬁ;.ﬁ]rz%sggrilgsé%g athte O‘Eggnngogﬁgft IZ t:/c-(le- %z[gél(?grg?he;-
mixtures, various kinds of polymer solution theories have im develop W mp : .
been developed. Flory and Hugghi proposed a closed- prgdlctlon of phase t_>ehaV|our of low m.olecular weight
mixtures. However, this model was not suitable for vapor—

packed lattice model of which cells are all occupied by liquid equilibria because Guggenheim assumed the partial
segments of molecules — solvents and polymers. However, quid €q I 99 P
specific densities of each component to be the same in each

this theory gives too narrow liquid—liquid coexistence curve . 21, . :
when compared with experimental data and moreover, this _phase. Trappanieet al.™ tried to solve this shortcoming by

model could not explain effect of pressure satisfactorily g‘;reOdC%Cr:?goaheemcobncel\%%fgﬁéﬂﬁ'gsszzmggﬁrl]gf\e’fIgf’gd for
because of not considering compressibility. In advance, two P y Mumc ' :

other classes of models were developed, so-called lattice-Calculated phase equilibria of the polyethylene/ethylene
fluid model and hole theoriésIn these theories holes, or SYStém at 26T and at 200, 500 and 900 atm using the
vacant cells, are introduced in the lattice to describe the statistical mechanical theory developed by Prigogine and

extra entropy of change in the system caused by pressur hlgré'ﬁlgcihgfS”glszrutrfag??hné' Zr?:;?teallljiIi;)r]r\i/aesg:‘gaé?dmer
and temperature. p p q poly

The size of entire lattice is fixed and the appearance of Solutions in the temperature range of 0-20D0for
new holes only causes volume changes. As a similar polyisobutylene with various molecular weights in short-

L : chain alkanes (&-Cg) and of polydimethylsiloxane in &
treatment, Kleintiens and Koningsvefd developed a C,. He found that pressure displaces the phase boundary

associated with the LCST to higher temperatures, i.e.,
*To whom correspondence should be addressed increases polymer solubility. Liu and Praushftapplied
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the perturbed-hard-chain theory (PHCT) including two
binary parameters to phase equilibrium calculation for
mixtures of ethylene and low-density polyethylene from
ambient pressure to 2000 atm. Saket al®® used

generalized van der Waals partition function to obtain a

new three-parameter cubic equation of state which is

applicable to fluids containing small or large molecules,
including polymers. Upon extension to mixtures, the

equation of state was able to be used for calculation of |,
high-pressure phase equilibria for the ethylene/polyethylene
system. In this study, we tried a new approach to the
understanding of the pressure effect on the polymer solution

theermodynamic property in high pressure system. Jeing
al.

Q,_,is the number of ways that the remaining- 1 mers of
each molecule 1 and, — 1 mers of each molecule 2 can be

arranged:
81 Ny 85 N
©=(3) (&)

whered; is the polymer flexibility parameter.
Combining equation (6) with equation (7) yields the well-

own Flory results,
=) (29)"
o1 ¥

o

)

)

modified GLF theory at zero pressure to account for the Wherew; = rioi/e"

specific interaction by introducing a new parameter. Based = Some parameter values for the LF equation of state are
on this treatment, an extension of this model to the polymer/ listed inTable 1 As seen inTable 1 size parameters of the
Solvent System under h|gh pressure was executed' ThemOSt solvents are smaller than 15. It causes a serious error

results of comparison are followed by this section.

MODEL DEVELOPMENT

In this study, all the expressions for thermodynamic model
framework are about binary mixture Nf, molecules of size

r, andN, molecules of size, (anr-mer occupies sites on
lattice of coordination numben).

The free energy of mixing

In the lattice-fluid (LF) model, free energy of mixirggis
given by**

G T
Ne* =—p+pV— E(&omb‘i‘ S/ac) (1)

In this lattice,rN = (r N, + r,N,) is defined as total lattice
sites occupied by all segments of molecules in lati®gn,

is a well-known combinatorial entropy of mixing afgis

an entropy of mixing holes in lattice with molecules given

by

S:omb —

$1 $2
Tk Eln% + E|n¢2 2
S 2Py 4 3
P r

We set free energy per a molec@ N is f, then equation
(2) yields

P

f=—pe + PTV — T(Sombt Siad) (4)
wheree* is the mixing interaction energy.

In case of a binary system of LF modbl;r ;-mers,Nr, -
mers and\, vacancies should be packed on lattice sites of
No + riN; + roN,. The number of ways of distributing
molecules on the lattic& is obtained by inserting one
molecule at a time onto the lattice. In this wdy,can be
expressed as

Q= QendQQr -1 (5)

whereQ.ngsis the number of ways of distributing; + N,
polymer chain ends on the lattice di sites. Under the
rough assumption that bothy and r, are large enough,
Qengscan be simply expressed using Stirling’s approxima-

tion as
rie\ N /re\ M
o) o
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(6)

because the Stirling’s approximation can be applied only to
large value ofr. For this reason, the GLF model shows a
large deviation from experimental data when applied to
polymer/solvent systems. Jargy al?’ introduced a new
universal parametet, to solve this problem as below

—=h ©

As shown inFigure 1, the spinodal curve converses to the
expected critical point region and finally coincides with the
experimental data whenyG= 100. These results hold irre-
spective ofC, as far as its value is much larger than 100. As
a result, they proposed that the optimum valueGgis 100.

It is not an adjustable parameter but a universal constant. In
addition, they introduced a parameter; to consider the
effect of specific interaction among pure components
neglected by Sanchezt al. The new expressions for the
free energy of mixing denoted by: and interaction
energye* can be written as

PV

L 42

r].: C0r11 r
2

r I

fe=— ﬁS* + 7 - T(S:omb+ S/ac) (10)
" (0, T) = d3e11(1 — k11) + 201 0af 12 + de3 (11)
&omb_ ﬁ @
— K rn |n¢1+ r |n¢2 (12)
~See_ 17810 g4 P (13)
k ) r

This model reduces to GLF model when = 0 and botlr,
andr, are large enoughQp = 1).

The equation of state
The free energy of mixing is a minimum when

G . ofg
— =0 or equivalently—| =0 14
oy T-Pé q yaﬁ T.Po (14)

Table 1 List of characteristic parameters for Lattice Fluid Equation of
State

Fluid T p* o* r
(K) (MPa) (kgm™?)

Methane 224 248 500 4.26
Pentane 441 310 755 8.09
Diethylether 431 363 870 8.62

Cyclohexane 497 383 902 8.65
Acetone 484 533 917 8.40

Ethyl acetate 468 458 1052 9.87
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which yields the lattice fluid equation of state 1 1
e paiovpa(2- 1)
2 | 5 - 1\ ap ¢ oI,
p°+P+T(INl-p)+|1-=-]p)=0 (15) —_ = (20)
r 061 e — L (1_ })
and this can be rewritten: 1-5 r

(32" + PV)B - In(1—p) + (1_ %)'520 (16)  thenthe expression for, is

Zi diV;
The chemical potentials and critical conditions

The chemical potential for component 1 in a binary
mixture is given by

whereg = 1/kT andv’ = = P1VI + PoVs. M_ et Py Be”

o ——pd
F1 p 2o,

+kT( (In¢1+¢z)——+m—p+1 pln(l p))

(21)
1y (o + 0, O (17)
Fr=l1 e 2d¢>1 Similarly, the expression fog, is
The free energy of mixinég is a function ofp, g, *, v* and Py "
r, and simultaneously, £*, v* and T are all the function of P2 _ V2
¢. Using chain ruledfg/d¢, can be obtained by r 3¢2
* Ing 1-
die _ ofe | dfe 0 | ofeoe” | dfe oV | ofe T g +kT( =(Ingp, + 1) — —+ —p+ "l n(1-— p))
d¢1 8¢1 ap 8¢1 de* 6¢>1 a\fk 8¢1 ar a¢
and from the equation of stat%"i can be obtained as (22)
below . e
The critical condition is given by
{2 P e’ + PV} v‘)}ﬁ 1
pe" — 1= V)| P— 77— 2 2 3
d 1-59 d du dfg  d’f
o1 9% p o1 (19) £ _ = 2_0, or equivalently—5=—E5=0 (23)
11\ ({_ Y\ _, dp;  des dg: doi
‘(r:‘a)"*( ‘F)w
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1 M 1
0.0 0.1 0.2 03 Figure 2 Cloud-point data for PS(Mw= 20400;Mw/Mn < 1.05)/

Figure 1 Cloud-point data for PS(Mw= 100 000;Mw/Mn < 1.06)/

Weight Fraction PS

diethylether system at 10 atm. The dotted and the solid line are spinodal
curves calculated by the GLF model and the MGLF model, respectively.
Energy parameter values for the GLF model &gk = 598.99 K andbe*/

k=683.65 K. Values of adjustable model parameters for the MGLF model

ethylacetate system. The solid line is calculated by this proposed model. ares;,/k = 522.19 K,6e*/k = 1174.53 K, and<11 = — 0.4215. The open
The solid circles are experimental data by Rael?® circles are experimental data by Saekial 2°

POLYMER Volume 39 Number 26 1998 6907



Phase behaviours of polymer solutions: I.LH. Kim et al.

By setting dfz/d¢, =1’ dsz/dqﬁ can be calculated as parameterss;,, 6¢, andky; and a universal constant,CA

below parameterk 4, is introduced only to 1-1 interaction because
2 , , Lo s 11 IS much more sensitive in the calculation of spinodal

%Z di — oe’  of’ 9p | ofe’ o curve than that o5,.

de? do; by 9p dpy 9" 0y Figure 1 represents a phase diagram of PS(Mw

of’ ove  of’ oF (24) 100 OOO;MW/Mn< 1.06)/et_hylacetate system. Solid circles
E = are experimental cloud point data by Beteal ?®. As shown
OV d¢y  IF 09y in Figure 1, the critical point converses to the experimental
Differentiating equation (2) yield§;—’% cCriticalggint as Gis closer to 100. In this study, we fixed at
2~ 0— .
f’igz Figure 2 shows cloud point data for PS(Mw 20 400;
991 Mw/Mn < 1.05)/diethylether system which shows a LCST
g8 W (08 (oo 1 N (1 1 behaviour reported by Saedi al2°. The measured pressure
Pz ™ 8¢1< el ( Be' (1—5)2> a6y <ﬁ_ E)) was 10 atm. The solid line is calculated by the MGLF model
osge — 1 4 (1_ }) with Co = 100. The dotted line is calculated in the case gf C
1-5 r = 1 that is the GLF model. There is a slight deviation

between a critical point predicted by the MGLF model and a
(25) measured critical point. The GLF model4& 1) shows a

In the same wayd®/d¢3 can be calculated by setting large deviation from the expected value. Energy parameter

d?fe/de? = fp values for the GLF model arg,/k = 598.99 K andbe*/k =
. . . ., ., . 683.65 K. Values of adjustable model parameters for the
d3 _die _ofe  ofe ap  ofe 9g”  ofg vt ofg or MGLF model ares],/k = 522.19 K 6e*/ k= 1174.53 K, and

dTﬁ_dTu_c?(ﬁl 0 by 0" dpy | V' Ay | O Iy k11 = 0.4215. It means that the GLF model underestimated
(26) €11 by about 42%.

Figure 3 shows a phase diagram of PS(Mw
20400;Mw/Mn < 1.05)/diethylether system at 20 atm
reported by Saeket al?°. The dotted line and the solid
RESULTS AND DISCUSSIONS line are calculated spinodal curves by the GLF model and

the MGLF model, respectively. Ener arameter values for
The proposed MGLF model has three adjustable model P y P
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Figure 3 Cloud-point data for PS(Mw= 20400;Mw/Mn < 1.05)/ Figure 4 Cloud-point data for PS(Mw= 20400;Mw/Mn < 1.05)/
diethylether system at 20 atm. The dotted and the solid line are spinodal diethylether system at 30 atm. The dotted and the solid line are spinodal
curves calculated by the GLF model and the MGLF model, respectively. curves calculated by the GLF model and the MGLF model, respectively.

Energy parameter values for the GLF model gigk = 592.11 K andbe*/ Energy parameter values for the GLF model &gk = 581.85 K andbe*/
k=696.38 K. Values of adjustable model parameters for the MGLF model k = 776.25 K. The adjustable model parameters for the MGLF model are
areej,/k = 518.18 K,de*/k = 1203.29 K, andcy; = — 0.4210. The open e1o/k = 493.64 K,de*/k = 1331.12 K, anck;; = — 0.3918. The open
squares are experimental data by Sastkal 2° diamonds are experimental data by Saztikal 2°
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the GLF model are’j,/k = 592.11 K andbe*/k = 696.38 K. GLF model ares7,/k = 589.40 K andbe*/k = 690.21 K.

Model parameter values for the MGLF model afg/k = Values of adjustable model parameters for the MGLF
518.18 K,é6e*/k = 1203.29 K, andk;; = — 0.4210. From model ares],/k = 558.91 K,0e*/k = 1010.73 K, andky; =
the value of k;;, we can infer that the GLF model — 0.3114. One can notice thaf; from the GLF model is

underestimated}; by about 42%. In this system, a critical underestimated by about 31%. The critical point predicted
point calculated by the MGLF model agrees very well with by the MGLF model shows a slight deviation from the
that of experimental data. The GLF model also predicts the experimental critical point, while the original GLF model
critical point much lower than that of the experimental shows a large deviation from the expected value.
value. Figure 6 shows a phase diagram of PS(Mwt
Figure 4 shows a phase diagram of PS(Mw 20400;Mw/Mn = 1.06)/acetone system at 50 bar reported
20400;Mw/Mn < 1.05)/diethylether system under the by Zemanet al?*. The dotted line and the solid line are
condition of 30 atm reported by Sae&i al?°. Again, the calculated spinodal curves by the GLF model and the
dotted line and the solid line are calculated spinodal curves MGLF model, respectively. The prediction of critical point
by the GLF model and the MGLF model, respectively. from the MGLF model is slightly above the measured one,
Energy parameter values for the GLF model afgk = however, the GLF model predicts much lower than that of
581.85 Kande*/k = 776.25 K. Values of adjustable model the experimental value. Energy parameter values for the
parameters for the MGLF model as,/k = 493.64 K,6&*/ GLF model areej,/lk = 578.20 K andée*/k = 683.49 K.
k = 1331.12 K, andk;; = — 0.3918. In this systens?; is Values of adjustable model parameters for the MGLF
also underestimated about 39% in the GLF model. The model aresi,/k = 554.23 K,8e*/k = 984.18 K, andk;; =
MGLF model predicts very well the critical point of a given —0.2721. From the value af,;, £7; is underestimated about
system, however the GLF model shows a serious deviation27% by the GLF model. In PS/acetone systems, ladjrk
from the experimental value. In PS/diethylether systems, and ée*/k decrease with increasing pressurg, also
values ofej,/k decreases with increasing pressure, while decreases with increasing pressure.
de*/k increases with pressure.
Figure 5 shows a phase diagram of PS(Mw
20400;Mw/Mn = 1.06)/acetone system at 20 bar reported CONCLUSIONS
by Zemanet al?*. The dotted line and the solid line are We modified the GLF model by introducing a universal
calculated spinodal curves by the GLF model and the parameteiCy and a binary parametes;. In this study, we
MGLF model, respectively. Energy parameter values for the fixed Cy; = 100 to correct an error in applying Stirling’s

160 . 180
140 _ 160 _| :
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¥ ¥
5 2
g g
é_ 100 _] qé- 120
- &
N X W  Experimental data by Zeman et al®*
‘ A Experimental databy Zemanera | Spinodal by the GLF model
80 | PO Spinodal by the GLF model 100 _|  Spinodal by the MOLF mod
———— Spinodal by the MGLF model
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0.00 0.15 0.30 0.00 0.15 0.30
Weight Fraction PS Weight Fraction PS

Figure 5 Cloud-point data for PS(Mw= 20 400;Mw/Mn= 1.06)/acetone Figure 6 Cloud-point data for PS(Mw: 20 400;Mw/Mn= 1.06)/acetone
system at 20 bar. The dotted and the solid line are spinodal curves system at 50 bar. The dotted and the solid line are spinodal curves
calculated by the GLF model and the MGLF model, respectively. Energy calculated by the GLF model and the MGLF model, respectively. Energy
parameter values for the GLF model arp/k = 589.40 K andés*/k = parameter values for the GLF model arg/k = 578.20 K anddés*/k =
690.21 K. Values of adjustable model parameters for the MGLF model are 683.49 K. Values of adjustable model parameters for the MGLF model are
£1o/k = 558.91 K,6e*/k = 1010.73 K, andk;; = — 0.3114. The open up- £1o/k = 554.23 K,6e*/k = 984.18 K, andk;; = — 0.2721. The open down-
triangles are experimental data by Zeneiral 24 triangles are experimental data by Zeneiral >
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approximation in the GLF model for polymer solution 8.
systems. Our proposed MGLF model predicts and describes_ -

remarkably well phase behaviours of polymer solutions at ;;
high pressure, while the GLF model shows a large deviation

from the experimental data. A new parametes gives a 12.

very useful information that can estimate the deviation of

e}, between the value calculated by the GLF model and a 13

real value. The MGLF model is semi-empirical, however it

gives very useful practical information with a few adjustable 1s.

model parameters.
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