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��� ��� ��	
� MF-NLF(multi-fluid nonrandom lattice fluid) ��
��� ���� ��� ��� ����

��-�� ��(liquid-liquid equilibrium)� ��� !. MF-NLF ��
��" #$%& ��'��(� !'� )*+ ,

-�� './012 34� r-mer+ 5�� ��� 6,7 +89: ;<=> ? @� �� A@B4: CDE �!. �-�

��F GH� I�JK(binodal) GH� LMN OPQ: R�� S� �H� A@B4: ���� �-� ��� ��� �

 !. �5P1E T" UV� W. XY+& Z" ��[�: \, V�� W.�]H� ^9> �H� A@B4: ���

 12, ��� ��� ���� �-� ��� LM_�`7 �� [�^ a bc� !.

Abstract − Simplified lattice model was extended to calculate LLE (liquid-liquid equilibrium) of polymer solutions and

blend. The EOS (equation of state) was derived based on the multi-fluid approximation of the nonrandom lattice fluid theory.

The EOS requires two molecular parameters for a pure r-mer which representing molecular sizes and energies. The liquid-liq-
uid phase equilibriums were calculated with the binary parameters which were obtained by optimization of experimental bin-

odal compositions. Temperature dependent binary parameters were used for more good results for wide range of temperatures

and pressures. The model gives good correlations for the selected LLE of polymer solutions and blend systems.
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�� ���� �� ��� ��  ���!� " ��� #$% &'

( �)*+ ,-.�� �� $/� 0�* 1���2. 34�/5 

6  7
� 89, :; <=� 2>� ��?@� �A* �B� #C

DEF, GH IJ�K  L-L 3MN� ��* 34�/5� �BD

O ��� P%Q R�D� �2[1-3]. ST*, �: 7
� UV� �

�� ���� L-L 3MN� ��* �B #C� WXF YZ [�

34�/5� � \N� ]� ^_�2.

2>� 	
�� ��K #`a, \b* c� ]�� d�
�� @

e��  fg� L3� %hijV�� kl* m= nBop q2.

Flory, Huggins[4-6] � UNIQUAC ^_[7]� �r� \N� ck�s

t�2. u�=(hole)Q �v� ]���� wx� yA+ ��� #/

� Sanchez� Lacombe[8, 9]� LF ^_�z, < �{F Or IJ�K

* �|+ } #~ ^_� ,wop q2[10-16]. You �[14-16]� ,�

� NLF (nonrandom lattice fluid) 34�/5  Helmholtz *�~Q y

	BL(athermal solution)� @�XF *�~ ����* &| 2� �

�~ �� 2�� �� ��Q dDO 2
���~ �B� #CD9

� D�2. Yoo �[17-21]  NLF(nonrandom lattice fluid) 34�/5

� y	�(athermal part)% �O�(residual part)XF J�D�� �, f

g� N4Q #~� �O�� Wilson[22]� ,�� 2-\bTn* �|

��DO ��� N4Q #~� MF-NLF(multi-fluid nonrandom lattice

fluid) 34�/5� ,�D�2. /�� 3MN �� 
C� #~�+

��� N4� ^_  �~�p� ��*+ \BD2. MF-NLF 34�

/5  ����� ���A% ���* c� @b-Lb 3MN, �b-

@b 3MN, ����A� @-L 3MN* �BDO @�� ^_K%

��DO ��� N4Q #~�+ c�� �� P%Q ROY� �2.

  IJ*+� MF-NLF 34�/5� �B¡�Q �¢DO ���-B

��� Lb-Lb 3MN " ��� £¤¥� Lb-Lb 3MN* �B
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DO ��� �)* �B#C
� ¦§D�� �2. 

2. ����	 
 ��
��

  IJ� MF-NLF 34�/5  NLF(nonrandom lattice fluid) 34

�/5[14-16]� �O�(residual part)� 2-\bTn* �| ��DO �

�� N4Q ¨9� D�2. �©� \9%/  ª«[17-21]*+ ¬�

� �Xz, 34�/5% ­�U®¯  °° 2±% ²� kl(2.

(1)

(2)

O@+ , , , , �

�, �2.

3. ��������

MF-NLF 34�/5  4�� �� ����F³ ́ ��(z), ��]�

?@(VH), ?@����(r1) <=� *�~����(εij)Q #µ2. ´�

�(z)� 10XF P/D��, ��]�?@(VH)� 9.75 cm3mol−1� ¶X

F 3�F ·¸2. ¹º+ ��\b* cDO, · �� »¼�s ���

��� r1% ε11� P/|½ �2. ���� r1% ε11  ° 89*+ ¾¿

�À ��* �DO Á�( {, 2±� 89* &� V�F³ kl(2.

(3)

(4)

O@+ T0� @�89F³ 298.15 K�2. ���� �A� ÂÃ ° 8

9� Ä@:% LbU­HÅ a�ÆQ �BDO Ypµ 89� ��

����Q P/�2. ��� �A� ÂÃ� ��� ���� P-V-T

wÇa�ÆQ �BDO Or 89*+ ����Q J� { 89* &

� V�F³ �ÈÉ2. ��� ���� P-V-T ÊÇa�Æ� Zoller�

Walsh[23], Rogdgers [24]� ª«* R�o� �2.

Ë�, �
��* �BD@ �|+� 2±5XF /�o� 1�� �


� ����, λ12Q 1ÌF�2. 

(5)

O@+ λ12� ��
�� 3MN ÊÇa�ÆQ �B� S�­ ���

dDO P/�2.

4. �-� ��� ��

GÍ�s L-L 3MN� ª,� 3�=# Gp��#Q P/D�, °

3� Î
� JD� W* �2.   IJ*+ ]� \b 34�/5� �

B� ��� BL� L-L 3MN ��%/  Lee� Danner[1]# ,�

� ��� �BD�2. Ypµ 89� :;*+, · L3* c� Gibbs

*�~# �G3* c� Gibbs *�~R2 Ï  ¶� #~� 3�=#

Gp�Ð (2. 3�=# GpÑ { ° 3� Î
s Ò�ÓÔ(binodal)

Î
� ÎÕ  Ö×� ²� ^Ø ­�Ù(i=1, 2, ......., N)* cDO ·

L3 I% II� ­�U®¯(chemical potential)� ²  W* �2.

i=1, 2, ......., N (6)

Ú ,

i=1, 2, ......., N (7)

O@+, ∆µi� ��
�% ���� 
� i� ­�U®¯� ��Q �

ÛDz, 5 (2)Q d|+ Ü� � �2.

jÅÓÔ Î
(spinodal composition)  2±� &�5� �BDO Ü

� � �2.

(8)

L-L 3MN ��� Z�  Ypµ 89� :;*+ MN34* �

� · L3� Î
� ¬� W* ��, 3Ý* ¹Þ�, �
��(binary

system)� ÂÃ �\9� 2�2. ¹º+ 3MNÎ
  L-L 3MN�

&�5s 5 (6)� �BDO J� � �2.

Íf��� dDO Or ÎÕ� 89*+ · L3� jÅÓÔ% Ò�

ÓÔ Î
� J� � �2. jÅÓÔ% Ò�ÓÔ� ��� �� ß�=

à� Fig. 1* �Èá¸2. 
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τji β εji εii–( ){ }exp=

ε11 k⁄ Ea Eb T T0–( ) Ec T T0 T⁄( )ln T T0–+[ ]+ +=
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µ∆ i
I µ∆ i

II=

∂ µ∆ i

∂x
----------- 

 
T P,

0=

Fig. 1. Algorithm for spinodal and binodal compositions of polymer
solutions.

Table 1. Energy and size parameters of MF-NLF EOS [25]

Ea Eb Ec Ra Rb Rc

K - - cm3/mol* or, cm3/g** cm3/mol K cm3/mol K

Pentane 93.98580 0.00956 −0.04549 19.60920* 0.00007 0.00396
Hexane 96.84253 0.01474 −0.03550 11.07715* −0.00017 0.00391
Polyisobutylene 125.80899 0.09884 − 0.10311** − −
Polyethylene 126.19111 0.07192 − 0.11320** − −
Polybutadiene 119.88012 0.16455 − 0.10344** − −
Polystyrene 130.90941 0.08278 − 0.06010** − −
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  IJ� ��* nB( ��� �A " ��� �A� ��
� *�

~ " HÅ ����Q Table 1[25]* �Èá¸2. PIB(polyisobutylene)

� PVT ��P%Q ÊÇa�Æ[24]� ��� Fig. 2*+ ß � �â�,

1-100 MPa � :;¡�� 325.95-385.15 K� 89 ¡�* cDO ��

� � �� ���� ��
� ����Q Ü� � �¸2. 4�� ��

�/B� �
��� 1�� ���/��� �
��� L-L 3MN �

�* nB( 89��
� #~� �
� ����� ãºÛÆ� Mä

å�Q Table 2* �Èá¸2.

Fig. 3  PE(polyethylene)/Hexane �[26]� L-L 3MN �� P%�

2. 3�= Î
s Ò�ÓÔæ  ÊæXF �Èá¸� �/
� çèÎ


s jÅÓÔæ  éæXF �Èá¸2. ���� L-L 3MN ��

*+� 3c�XF 6  7
� 89¡�*+ êëjr` P%Q Ü@

�DO �
� ����* 89 ��
� HOD�2. 89��
� #

~� �
� ����Q nBDO LCST(lower critical solution

temperature) ìí� R�� �* cDO ÊÇP%� �� P%# î G

�D� W� ï � �2. ��� ���� L-L 3MN ��* m= n

Bo� �� %h ij*�~ ^_K� nB� ÂÃ*� :;* c�

��
� �vo~ ðXEF, �:�� ��*� :;� 7ñ� �òó

�v| ô � �� 34�/5� �BD� W� ÈõD2. Fig. 4� PIB

Fig. 2. Calculated and experimental temperature-pressure-volume rela-
tions of PIB.

Table 2. Binary parameters and error % for liquid-liquid equilibria of polymer solution

System
Range Fitting parameter for binary parameter (λ12=a+bT+cT2) Error %

Ref.
T(K) P(MPa) a b×105 c×107 ∆P ∆T

PE/hexane 421.15-433.15 6.0 −4.64488 1939.28 −204.196 − 0.34 [26]
PIB/pentane 374.15-476.15 1.2-23.6 −0.96750 514.660 −71.8000 2.47 − [27]
PIB/hexane 413.15-493.15 1.1-15.1 −0.85310 415.320 −54.2440 5.15 − [27]
PE/pentane 393.15-493.15 6.9-22.3 −0.28190 184.780 −31.6960 2.48 − [27]
PBD/PS 350.83-399.47 −0.1-101.3 −0.00944 −1.20430− 0 − 1.42 [28]

(N: number of data)

P∆ 1
N
---- P  exp Pcal– /P  exp( ) 100×=

T∆ 1
N
---- T  exp Tcal– /T  exp( ) 100×=

Fig. 3. LLE of PE (polyethylene)/hexane solution.

Fig. 4. LLE of PIB (polyisobutylene)/n-pentane system.
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 of 
(polyisobutylene)/n-Pentane �[27]� L-L 3MN ��P%�2. 374.15-

476.15 K� 89¡�� 1.2-23.6 MPa � :;¡�� 7
� L-L 3ì

í a�Æ� ÊÇa�Æ# î G�V� �s� � �2. Fig. 5� PIB

(polyisobutylene)/n-hexane�[27]* c� ÊÇP%(89¡�: 413.15-

493.15 K, :;¡�: 1.1-15.1 MPa)� ��P%Q ��� W��, Fig. 6 

PE(polyethylene)/n-Pentane� L-L 3MN ÊÇ P%[27](89¡�:

393.15-493.1 5 K, :;¡�: 6.9-22.3 MPa)� ��P%Q ��DO 9

wD�2. ÊÇP%� 3�= Î
% ��( Ò�ÓÔ Î
� î G�

V� ß � �2.

Fig. 7  PBD(polybutadiene)/PS(polystyrene) £¤¥[28]� L-L 3

MN ��P%Q ÊÇP%� ��� W�2. UCST(upper critical

solution temperature) ìí� R�� �* cDO Ò�ÓÔ Î
% jÅ

ÓÔ Î
� ��D�2. 101.3 KPa � :;% 101.3 MPa � �:* c

DO íG� �
� ����Q �BDO êë�ê� Ò�ÓÔ Î
 �

� P%Q Ü� � �¸2.

6. � �

��� N4� ]�\b 34�/5s MF-NLF 34�/5� �B

DO ���/B� ���% ��� £¤¥� L-L 3MN� ��D�

2. L-L 3MN� UCST� LCST ìí� �òó kl� � �¸Xz,

öó �:� UV� ��� ���� L-L 3MN� ��* �BDO

:;� 7ñ� �òó kl� � �¸2.

�  

� ÷ª  +ø�)c�� �eIJ� ~�* �DO IJo¸Xz,

�* ùn¥¼�2. 

 !"#

Na : avogadro number

P : pressure [Pa]

qi : surface area parameter

ri : segment number of molecule [i]

R : universal gas constant [J·mol−1·K−1]

T : temperature [K]

VH : volume of unit cell, 9.75 [cm3·mol−1]

z : lattice coordination number [z=10]

���� ��

β : 1/kT (J−1)

εij : interaction energy for i-j  segment contacts [J]

λi : part of chemical potential due to internal degrees of freedom

component [i]

λij : binary interaction parameter for i-j contacts

µi : chemical potential for component i [J·mol−1]

θ : surface area fraction 

Fig. 5. LLE of PIB (polyisobutylene)/n-hexane system.

Fig. 6. LLE of PE (polyethylene)/n-pentane.

Fig. 7. LLE of PBD (polybutadiene)/PS(polystyrene) blend.
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τij : nonrandomness factor

���

i, j, k, l : components i, j, k and l

ij : interaction pairs, [i-j]

M : property of mixture

0 : hole

$�%&

1. Lee, B. C. and Danner, R. P., “Group-Contribution Lattice-Fluid

EOS: Prediction of LLE in Polymer Solutions,”AIChE J., 42(11),

3223-3230(1996).

2. Wang, W., Tree, D. A. and High, M. S., “A Comparison of Lattice-

Fluid Models for the Calculation of the Liquid-Liquid Equilibria of

Polymer Solutions,”Fluid Phase Equilib., 114, 47-62(1996).

3. Folie, B. and Radosz, M., “Phase Equilibria in High-Pressure Poly-

ethylene Technology,”Ind. Eng. Chem. Res., 34, 1501-1516(1995).

4. Flory, P. J., “Thermodynamics of High Polymer Solutions,” J. Chem.

Phys., 9, 660-661(1941).

5. Flory, P. J., “Thermodynamics of Polymer Solutions,”Disc. Faraday

Soc., 49, 7-29(1971).

6. Huggins, M. L., “Thermodynamic Properties of Solutions of Long-

Chain-Compounds,”J. Phys. Chem., 46, 51(1942).

7. Abrams, D. S. and Prausnitz, J. M. “Statistical Thermodynamics of

Liquid Mixtures: A New Expression for the Excess Gibbs Energy of

Partly or Completely Miscible Systems,” AIChE J., 21, 116-128(1975).

8. Sanchez, I. C. and Lacombe, R. H., “An Elementary Molecular Tho-

ery of Classical Fluids. Pure Fluids,”J. Phys. Chem., 80, 2352-2362

(1976).

9. Sanchez, I. C. and Lacombe, R. H., “Statistical Thermodynamics of

Fluid Mixtures,”J. Phys. Chem., 80, 2568-2580(1976).

10. Okada, M. and Nose, T., “Quasi-Chemical Treatment of the Hole

Theory for r-Mers. I. Pure Liquids,”Polymer J., 13, 399-406(1981).

11. Okada, M. and Nose, T., “Quasi-Chemical Treatment of the Hole

Theory for r-Mers. II. Mixtures,”Polymer J., 13, 591-598(1981).

12. Panayiotou, C. and Vera, J. H., “Statistical Thermodynamics of r-Mer

Fluids and Their Mixtures,”Polymer J., 14, 681-694(1982).

13. Kumar, S. K., Suter, U. W. and Reid, R. C., “A Statistical Mechan-

ics Based Lattice Model Equation of State,”Ind. Eng. Chem. Res.,

26, 2532-2542(1987).

14. You, S. S., Yoo, K. -P. and Lee, C. S., “Modeling of Supercritical

Fluid-Phase Equilibria using A new Nonrandom Lattice-Fluid The-

ory,” J. Supercrit. Fluids, 6, 69-84(1993).

15. You, S. S., Yoo, K. -P. and Lee, C. S., “An Approximate Nonrand

Lattice Fluid Theory of Fluids. General Derivation and Applicatio

to Pure Fluids,”Fluid Phase Equil., 93, 193-213(1994).

16. You, S. S., Yoo, K. -P. and Lee, C. S., “An Approximate Nonrand

Lattice Fluid Theory of Fluids. Mixtures,”Fluid Phase Equilib., 93,

215-232(1994).

17. Yoo, K.-P., Shin, H. Y. and Lee, C. S., “Approximate Nonrando

Two-Fluid Lattice Hole Theory. Thermodynamic Properties of Re

Mixtures,”Bull. Korean Chem. Soc., 18(8), 841-850(1997a).

18. Yoo, K.-P., Shin, H. Y. and Lee, C. S., “Approximate Nonrando

Two-Fluid Lattice Hole Theory. General Derivation and Applicatio

of Pure Fluids,”Bull. Korean Chem. Soc., 18(9), 965-972(1997b).

19. Yoo, K.-P., Shin, H. Y. and Lee, C. S., “A New Two-Fluid Quasila

tice Equation of State for Calculating Physical Properties and Sup

critical Phase Equilibria,”J. Supercrit. Fluids, 13, 55-60(1998).

20. Shin, H. Y., Yoo, K.-P., Lee, C. S., Tamura, K. and Arai, Y., “Rigoro

and Simplified Lattice-Hole Equations of State for Calculating Spec

Volumes of Common Pure Polymers,” Korean J. Chem. Eng., 15(1),

15-19(1997).

21. Yoo, K.-P. and Lee, C. S., “Rediscovering the Lattice-Fluid Theo

for Phase Equilibria of Complex Mixtures Rediscovering the Lattic

Fluid Theory for Phase Equilibria of Complex Mixtures,”Korean J.

Chem. Eng., 17(3), 257-261(2000).

22. Wilson, G. M., “Vapor-Liquid Equilibrium. XI. A New Expression

for the Excess Free Energy of Mixing,” J. Am. Chem. Soc., 86, 127-130

(1964).

23. Zoller, P. and Walsh, D. J., Standard Pressure-Volume-Temperatur

Data for Polymers, Technomic Pub. Co. Inc. Basel(1995).

24. Rodgers, P. A., “Pressure-Volume-Temperature Relationships for P

meric Liquids: A Review of Equation of State and Their Characte

istic Parameters for 56 Polymers,” J. Applied Polymer Science, 48,

1061-1080(1993).

25. Shin, H. Y., “Generalized Formulation of New Lattice Theory for Pha

Equilibria of Complex System,” Ph.D. Dissertation, Sogang University

Seoul(1999).

26. Kleintjens, L. A. and Koningsveld, R., “Liquid-Liquid Phase Sep

ration in Multicomponent Polymer Systems XIX. Mean-field Lattice

gas Treatment of the System (n-alkane/linear-polyethylene),”Col-

loid & Polymer Sci., 258, 711-718(1980).

27. Lee K. J., Shin, H. Y., Kim, H. S., Joung, S. N., Kim, S. Y. and K.-

“Phase Behavior of Polymer in Supercritical Fluid,”Theories and

Applications of Chem. Eng., 8(2), 3633-3636(2002).

28. Rostami, S. and Walsh, D. J., “Simulation of Upper and Lower C

ical Phase Diagrams for Polymer Mixtures at Various Pressure

Macromolecules, 18, 1228-1235(1985).

ρ Niri Nr⁄
i 1=

c

∑=
HWAHAK KONGHAK Vol. 41, No. 6, December, 2003


	간단한 격자유체모델에 의한 고분자용액과 고분자 블랜드의 액체-액체 상거동 연구
	신 헌 용
	서울산업대학교 화학공학과 139-743 서울시 노원구 공릉2동 172 (2003년 7월 

	Liquid-Liquid Phase Equilibria of Polymer Solutions and Blends by Simplified Lattice Fluid Model
	Hun Yong Shin
	Department of Chemical Engineering, Seoul National University of Technology, 172, Kongneung-2-don...

	요  약
	1. 서  론
	2. 상태방정식 및 화학포텐셜
	3. 분자매개변수결정
	4. 액-액 상평형 계산
	5. 결과 및 고찰
	6. 결  론
	감  사
	사용기호
	참고문헌



