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��� ��� ��(n-pentane-h12	 n-pentane-d12)
 ��
 poly(ethylene-co-20.2 mol% butene) ������ ���	

��� �� ��
 ���.  !"#$ linear variable differential transducer(LVDT)
 %& '( )* +,-
 .�


�/0.�. 123 45-��-h12	 45-��-d12(n-pentane-d12)6 78 9� 30-150oC� (: 71-2,415 bar ;.6< �

�=>? @ABC,45-��-h12� ��$ 0.503-0.750 g/ccDE.' 45-��-d12$ 0.588-0.896 g/ccDE��. F
 5.3 wt%

poly(ethylene-co-20.2 mol% butene) 45-��-h12�$ 110, 130G 150oC6< (: 10-80 bar ;.6< HIJ�	 JJ�

KLM ;.� �N�? @ABC, 9�) OP�6 QR HIJ�[L]	 J-J �KLM[LL] ;.� �S. T0(:. O

P���. ��� ��$ �I 9�6< (: 45-2,415 bar ;.6< @A�. 5.1 wt% poly(ethylene-co-20.2 mol% butene)�

45-��-d12 ���U 110, 130 G 150oC6< HIJ�	 J-J �KLM ;.� �S. T0(:. 105 bar .�6<

�8VABC, ��� ��$ �I9�6< W 2,415 barX/  !�Y =>? @A�. Z �� ��� ��$ [\] ^

_
 `a
 bcdABC, 9�) e)�6 QR OP�
 f g hA�.

Abstract − The phase behavior and mixture densities were obtained for binary mixtures of poly(ethylene-co-20.2 mole%

butene) copolymer with supercritical n-pentane(n-pentane-h12 and n-pentane-d12). The static type experimental apparatus with

a high pressure variable volume cell & linear variable differential transducer(LVDT) was used. The density data were obtained

for pure n-pentane-h12 and n-pentane-d12 at the temperature range from 30 to 150oC and the pressure range from 71 to

2,415 bar. The pure densities were at the range from 0.530 to 0.750 g/cc and at the range from 0.588 to 0.896 g/cc for n-pentane-

h12 and n-pentane-d12, respectively. And also, the phase boundary between single phase/liquid-liquid coexistence region were

obtained for 5.3 wt% poly(ethylene-co-20.2 mol% butene)-n-pentane-h12 system in the pressure range from 10 to 80 bar at 110,

130 and 150oC so thus the equilibrium pressure of phase transition between single phase[L]/liquid-liquid[LL] coexistence region
decreased as the temperature decreased. Also, the mixture densities were obtained in the pressure range from 45 to 2,415 bar at

the same temperatures. The phase transition data between single phase/liquid-liquid coexistence region were obtained for

5.1 wt% poly(ethylene-co-20.2 mol% butene)-n-pentane-d12 mixture in the pressure of below 105 bar at the temperature of

110, 130 and 150oC. Also the mixture densities were obtained in the pressure up to 2,415 bar at the same temperatures. The

mixture densities of two systems showed sluggish curve and decreased as the temperature increased.
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345 !67 #85�. �9� ��
 ��� :;3<=, 4;-3 >

?@AB-? C% �D�� E�� F�� 6G3H9 6IJ� �3

KL6�. 6M� ��
 ���N OP�3 QR ��
��% 3S
=

4 "TU > VW
=� XY�	
 Z[J� ��. \� ��
I]%

"TU) ^_� VW
=` ��
 ;abc > de� fI� 
=


6IJg, hi �j "TU) VW` ��
_,, ��
 k��, ��


;a > "lman OP C� 6G3H9 �D�o �Ip q6�.

�r� ��
 ��) �s� "TU t[` Chen) Radosz[1]̀  S

uc �vw) 1-Fx��y poly(ethylene-co-1-butene) ;z_{|%

"TUN A��}	g, ~W −50oCF� 180oC�6�y LCST| UCST

TUN A��}�. \� Pan) Radosz̀  6�F�) �
�N �(�

poly(ethylene-co-hexene-1) I]% "TU) VW� ����`�, ]-

]) �-] "�6� A��}�[2]. ��� �,� > ^_� VW|

�s5 t[` Assael C6 ��-��� �� �,� ]{VW� A�

� � �	g[3], Xiong| Kiran� Suc 6�2�� ��y poly(dime-

thylsiloxane) I])% "TU) VW� �a�� A�[4]�}�. ��

�` Conway C[5]� Suc I�� �(� poly(lactide-co-glycolide)

;z_{|% "TU) ̂ _� VW� A��}�. 6M� 
=` ��

�� ����
 t[J� �` �j�y Suc f{| ;z_{�%

�
� > �
� "��IN small-angle neutron scattering	
 [d

% h,N ���`� ��[6]. hi Suc f{| ��
 I]� �

� a�� VW�a� ���3% j ¡) c�) ���3 
=
F

� ��
 t¢��� R£�`� ¤¥¦ XZ� 
=6�. �M� ^

_� VW| "TU� �s5 
=� !F� A�J� �	�, �qW

F��	
 +�5 §Q��y �IJ� �9¨, © t[�y| ª6

«� §Q% ¬­�y ®¯N Y°� q� ±i ¥L !6�.

© t[�ỳ �,� ��-²�-h12) ��-²�-d12VW�a) poly

(ethylene-co-20.2 mol% butuene)-²�(��-²�-h12) ��-²�-d12)%

^_�� �� "TU) VW� ³� � %%� ��. �,� ��-²

�-h12| ��-²�-d12� �� VW` ~W 30-150oC§Q| j´ 71-

2,415 bar§Q�y 88 ® 
̄=� ³��. \� poly(ethylene-co-20.2

mol% butuene)-��-²�-h12| poly(ethylene-co-20.2 mol% butuene)-

��-²�-d12c  ̀~W 110, 130, 150oC| j´ µ 105 bar 6��y ¶

!]") ]-] ;·¬­ �6% "�6� �¸J��. ��� ^_� V

W` ~W 110, 130, 150oC| j´ 45-2,415 bar §Q�y 
=� ³��.

.7y 6| �s�� �,� VW > 6,�c� �� "�6| ^

_� VW� �R ¹­º�	
 R£��
 ��.

2. � �

2-1. ��

© ®¯�y �I5 ��-²�-h12(hydrocarbon n-pentane)(99.7% of

assay)̀  Fisher Chem. »� +0	
 a+¼6 ��
 �I�}	g,

��-²�-d12(dueteration n-pentane)(98.0% of assay)` Cambridge Iso-

topes Lab.	
F� [½�� ��
 �I�}�. Poly(ethylene-co-20.2

mol% butene)̀ z¾¿À �
¾ Mw=256,150(Mw/Mn=1.09)
y Exxon

Research and Engineering »��y ;1 Á@ ��
 �I�}�.

2-2. ���� � �	

© t[� �I5 �j ®¯-?` "TU) ^_� VW� �aÂ

Y �` -?
y Fig. 1� �����. "TU ®¯) �s�� 
�

� �I� ByunC[7, 8]� %R PÃ5 ALN Ä��Å �7g, ©L

�y` �¶i 3Æ��
 ��. "~, "j�y 250oC| 3,000 bar

�ÇH9% ®¯N Â Y �` a9È -?� �I�}`�, j´�a

� j´P#3(High Pressure Equipment Co., Model 37-5.75-60)| Heise

gaugeÈl% j´o69(Dresser Co., Model CM-108952, 0-3,450 bar

� �I�}�.~WdÉ� PID type% ~WdÉ3(Fuji Electric Co.,

Model PYZ 4)
 �I�}	g, ~W ÊË§Q` Ì0.3oC}�. 6K

¿Èd�% ~W` Ì0.2oC�% ÊË
 dÉJ��. ¿Èd% <��

ÍÎ4ÏÍ _Ð Nitronic 50(Armco Specialty Steels Co.)6�	g, ¿

Èd��y !��` Ñ"� A�ÍÒ�(Olympus Co., Model R100-

024-000-55)| 6| t¢5 CCDÓÔ7(Cohu Inc., Model 4910)� �

I�� ÕÖÊ ×Ø�(Panasonic Co., Model PV-M 1348)� Ù��

f{% Ñ"N �4�}�.

�,� > ^_� VW� �a�3 QR FÚ5 -?` ¿Èd Û�

y j´P#3 �6� 9/16" �j�6 t¢J� �`� � ÜQ� Ý

ÈÞß3(Lucas Schaevitz Co., 2000-HR Linear Variable Differentia

Transducer, Model DTR-451)� b?�}�. ¿Èd Û�yF� �j

��
 b?J� �` �à�� á�� âÍã6 äåu� .7 ª6

äå6æ
 � Q?� a�i � Y �� ÝÈ Þß3� Q?� 49�

� ¿Èd �F% a�� Fâ� � Y �o ¨ç -?6�. \� -?

% FâAa� �� 
�� �:� �è É�y b���
 ��.

®¯mé� ¿Èd�% êXZ� ���N +T�3 Q�� ��
y

�M ë a2��. ¦=4 ��
 ��N µ 0.3-0.5 g§Q(ìIÊË: Ì

0.002 g)��y íî� ¿¾�� ¿Èd�� ï� ð -?% !F� b

?��. I�� Ü½�3 QR Ü�3� 6I�� Ü½� ð ¿¾�

�è ¿Èd�� µ 7.0-11.0 g(ìIÊË: Ì0.004 g)N Ü½��. ¿È

d�� Ü½5 DN �3 QR I�% Ü½ �) Ü½ ð% DN í

î� �a�� I�% DN � Y ��. � ð -?� ñ�i b?¦

ò� ��% "(1-phase)� Wó¦ô�. õ�` ~W, j´�y "¿È

� Wó�}� , �K u%% ~W�y ^_� VW� ³3 QR ®

¯N Y°��. 6K ��% öN ³` � ��� 2» 6" ¤÷ ®

¯�� ¿ÀN c��� 
=
 Ýa�}�.

3. ���� 	 
�

3-1. ��
�

© t[�y �,� > ^_� VW� �a�3 QR ÝÈ�Þ ø�

Þß3(LVDT, linear variable differntial transducer)� b?�� Fâ�

�� Aa ®¯N Y°�}�. Fâ Aa� �I5 I�` 6�2��

� �I�}	g, ù�� j´§Q` 135-2,500 bar6�, 6K �j�

Fig. 1. Schematic diagram of the experimental apparatus used in this
study.
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��� �� 	
�� Poly(ethylene-co-20.2 mol% butene)
� ��� � ��� �� �� 641
Þ Fâ ú�% FâÞ2� �� ÝÈ Þß3% §Q` 7,000-18,000

�6�y ù�J��. .7y Fâ| ÝÈ Þß3|% �c� Fig. 2�

�����. Fig. 2�y A` �| ª6 ÝÈ�4 ûÝN A}`�, F

â Þ2` µ 8.3-17.7 cc §Q
 ��ü�. -?% a�W� ýþ�3

QR �,� ��-²�-h12� 6I�� ~W 50oC�y VW TUN �

���`�,© t[�y ®¯� ¢)| Bridgman[9], Gehrig| Lentz

[10] > Easteal) Woolf[11]% ®¯¢)� y
 Õÿ�� Fig. 3� �

����. Fig. 3�y ��� ®¯¢) ��y L�?| Õÿ� ¢)

0.8%§Q��y � !?(N A6� ��.© t[% VW
=| Gehrig

| Lentz% 
=| Õÿ� ¢) µ� �o ��ü	g, Easteal) Woolf

% ®¯¢)|` µ 700 bar6"�y µ� �o A}�, Bridgman%


=|` � !?(N A}�. \� j´6 µ 1,000 bar §Q��y`

VW� 1�i ��(N A6g, 1,000 bar 6ð% VWÞ2` Ñí�

ûÝN �� y ���}�. © t[�y �,� > ^_� VW �

a®¯N Y°� ¢)  �5 ÊË§Q` µ 1.0%6� }�.

3-2. �
� ��

Fig. 4| Table 1� �,� ��-²�-h12% VW� ~W� ./ j´

) VW�c� ����	g,6K ~Ẁ  50, 75, 100, 110, 130> 150oC

�y ®¯N Y°�}�. Fig. 4�y A` �| ª6 j´6 ��ÂY�

VW` ���}	�, ~W� ��ÂY� VW` ��(N � Y ��.

j´6 1,000 bar6��y` ~W� �NY� VWË� 	o ��
N

� Y �	g, �j	
 �Y� µ� ÝÈ�4 ûÝN AuN � Y

��. 6� Ñ"� 6"3{ "l man� �I�� A  ~W� �

��  VW` ����, \� j´) VW` y
 Õ
�c� �3

KL� j´6 ���  VWW ���` Ñ"� � @` �®6�.

�j	
 �Y� VW% Þ2� �� q� j´6 ���  Fâ% Þ

2� �3 KL� ��� Ñ"6�. Xiong| Kiran[4]� j´6

600 bar6��y Ü
 ®¯N Y°�� A��}`�, © t[�y` µ

57 bar�y 2,415 barH9 «� §Q�y ®¯N Y°�}�.

Fig. 5| Table 2̀  ~W 30, 50, 75, 100, 110, 130 > 150oC�y �

�-²�-d12� ~W, j´ > VW% (Y�c
 �����. Fig. 5�

Fig. 2. Calibration curve with different runs using CO2 at 40oC in pres-
sure range from 135 to 2,500 bar(closed squares and open circles).

Fig. 3. Density of n-pentane obtained in this work(open circles) com-
pared to the data of Bridgman(closed squares), Gehrig & Lentz
(closed circles), Easteal & Woolf(open squares) at 50oC and pres-
sures to 3,000 bar.

Fig. 4. Density of pure n-pentane-h12 obtained at various temperatures.

Table 1. Experimental densities of n-pentane-h12 obtained in this study

Pressure
(bar)

Density(g/cc)

50 oC 75oC 100oC 110oC 130oC 150oC

070.7 0.607 0.583 0.558 0.550 0.526 0.503
105.1 0.613 0.591 0.568 0.559 0.538 0.516
139.6 0.617 0.597 0.575 0.567 0.546 0.526
174.1 0.621 0.602 0.581 0.573 0.554 0.536
208.6 0.625 0.606 0.586 0.579 0.561 0.544
277.5 0.632 0.615 0.596 0.589 0.573 0.558
346.5 0.639 0.622 0.604 0.598 0.583 0.569
518.8 0.654 0.638 0.622 0.617 0.604 0.592
689.5 0.666 0.653 0.637 0.632 0.621 0.610

1034.20 0.688 0.676 0.663 0.658 0.648 0.639
1380.70 0.707 0.695 0.683 0.679 0.671 0.652
1725.40 0.723 0.712 0.701 0.698 0.690 0.682
2070.10 0.737 0.727 0.717 0.714 0.707 0.699
2414.90 0.750 0.741 0.732 0.728 0.722 0.715

Fig. 5. Density of pure n-pentane-d12 obtained at various temperatures.
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y A` �| ª6 VW` j´6 ��ÂY� ����, ~W� ��

�  ��(N � Y ��. Fig. 5̀  Fig. 4| ���9
 U!� Ñ

"N ���� �`�, Fig. 4| 5�y VWÞ2� Õÿ�  ��-²�

-d12� µ 0.13 g/cc aW �o ��
N A}�. \� !¤�4 "lm

an� �I�  Fig. 4| U!� *�	
 ��
N � Y �N q6�.

Fig. 6� ~W 50, 100 > 150oC�y ��-²�-h12) ��-²�-d12�

j´) �VW(molar density) �c
 �����. � ²�� �R y


 Õÿ�  U!j´) ~W�y ��-²�-h12A� ��-²�-d12� �

�o ��ü�. 6M� Ñ"� �/ t[
�� %R A�5 t[[12-

14]| U!� ¢)� ³N Y ���. ��� j´6 µ 400 bar6��

y ~W� 150oC! K` T% VW Þ2� ¼	�, ~W� �NY�

VWË6� ��(N � Y ��. hi j´6 �NY� VWÞ2W

öö � Ë6� �èN � Y ��. Fig. 7� ~W 130oC�y ��-

²�-h12) ��-²�-d12� U!� j´ §Q�y VW� y
 Õÿ�

}�. Õÿ¢) VWË` µ 0.09-0.13 g/ccaW ��-²�-d12� ��

q	
 ��ü	g, j´6 ��(� .7 VWW öö ���}�.

3-3. ���� ��� ��

Fig. 8� poly(ethylene-co-20.2 mol% butene)N �(� ��-²�-h12

| ��-²�-d12|% "*c� Õÿ�� �����. "*c 
=` �

�� 2»6" ¤÷ ®¯N Ù�� j´) ~W� 88 Ì2.8 bar >

Ì0.3oC§Q��y <Ñ,N A! K 
=
 Ýa�}�. 5.3 wt% poly

(ethylene-co-20.2 mol% butene)-��-²�-h12c` ~W 110, 130>

150oC�y j́ µ 80 bar6��y ��ü	g, 5.1 wt% poly(ethylene-

co-20.2 mol% butene)-��-²�-d12c` 110, 130 > 150oC�y j

´ 105 bar6��y ��ü�. � c ×� LCST(lower critical solution

temperature) ûÝN A}	g, LCEP(lower critical end point)W �

����. Fig. 8�y A` �| ª6 @r� ûÝ� ��-²�-h12 �

Table 2. Experimental densities of n-pentane-d12 obtained in this study

Pressure
(bar)

Density (g/cc)

30oC 50oC 75oC 100oC 110oC 130oC 150oC

 056.9 0.737
070.7 0.739 0.714 0.686 0.653 0.644 0.615 0.588
 105.1 0.743 0.696 0.629
 139.6 0.748 0.728 0.703 0.673 0.664 0.640 0.617
 174.1 0.752 0.709 0.649
 208.6 0.756 0.738 0.714 0.689 0.679 0.658 0.638
 243.0 0.760
 277.5 0.764 0.746 0.724 0.701 0.692 0.672 0.654
 346.5 0.771 0.754 0.733 0.712 0.703 0.685 0.669
 518.8 0.787 0.771 0.753 0.734 0.727 0.698
 691.2 0.801 0.786 0.769 0.752 0.746 0.732 0.719
1032.9 0.825 0.812 0.797 0.781 0.776 0.763 0.753
1380.7 0.846 0.834 0.820 0.806 0.801 0.789 0.780
1725.4 0.864 0.853 0.840 0.827 0.822 0.812 0.803
2070.1 0.881 0.871 0.858 0.846 0.841 0.833 0.824
2414.9 0.896 0.886 0.874 0.863 0.859 0.851 0.842

Fig. 6. Molar densities of n-pentane-d12(closed symbols) compared to n-
pentane-h12(open symbols) obtained at various temperatures.

Fig. 7. Comparison density of pure n-pentane-h12 and n-pentane-d12 ob-
tained at 130oC.

Fig. 8. Phase behavior of n-pentane-h12 and n-pentane-d12 in poly(ethyl-
ene-co-20.2 mol% butene) copolymer. The concentration of poly-
mer is 5.0±0.3 wt%. The solid circle represent the critical point
for pure n-pentane-h12.

Fig. 9. Mixture density of 5.3 wt% poly(ethylene-co-20.2 mol% butene)
with n-pentane-h12 obtained at various temperatures.
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��� �� 	
�� Poly(ethylene-co-20.2 mol% butene)
� ��� � ��� �� �� 643

-

-

3j ûÝ6g, ý��% õ� ��-²�-h12% ucö6�. �3j û

Ý) "TU ûÝ �6` ]{+]{ "l% ¬­6�, �F�� ]{

"l(¶!")% ¬­6�. � ûÝ% [�ö(cloud-point) j´N Õÿ

� ¢)�y poly(ethylene-co-20.2 mol% butene)-��-²�-h12c A�

poly(ethylene-co-20.2 mol% butene)-��-²�-d12c� � �èN � Y

�`�, � ûÝ% j´Ë6` �,� VW�y ��� �| ª6 U!j

´ ��y ��-²�-d12 VW� �o ��� q� 34� q6�.

.7y U!~W�y ^_� VW� 88 Fig. 9| 10� �����.

Fig. 9̀  5.3 wt% poly(ethylene-co-20.2 mol% butene)-��-²�-h12c

� �R ^_� VW� ����	g, 6� �� 
=` Table 3� A

}�. �y b�� �| ª6 Õÿ� ñ¨� ûÝN �� y j´6

��(� .7 VWW ���}�. �M� ^_� VW` µ 1,000 bar

6��y` ~W| ~W�6 ��6 «� ¤  j´6 ��ÂY� �

��6 ��¥` Ñ"N A}�. 6` �y �,��y ³� ¢)|

U!� Ñ"	
 j´6 �@�Y� CjFâ��cY(isobaric volume

expansivity)� ��(N ����. Fig. 10� ~W 110, 130 > 150oC

�y 5.1 wt% poly(ethylene-co-20.2 mol% butene)-��-²�-d12c�

�� j´� .7 ^_� VW� ³��. Fig. 10) Table 4�y A`

�| ª6 j´ µ 71-2,415 bar§Q�y ^_� VW` 0.605-0.855 g/

cc §Q}�. 8 C~�y j´6 ���  �
| �
� > �
�%

"��I6 !��` ��6 ��(	
y ^_� VW` �j	
 �

Y� ÝÈ�4 ûÝ	
 ��ü�. 5.3 wt% poly(ethylene-co-20.2 mol%

butene)-��-²�-h12c| 5.1 wt% poly(ethylene-co-20.2 mol% butene)

��-²�-d12c� y
 Õÿ�  U!j´�y ̂ _� VW` µ 0.09-

0.12 g/cc§Q% ��	
 5.1 wt% poly(ethylene-co-20.2 mol% butene)

��-²�-d12c� � �èN � Y ��. 6` �y �,��y ��

� Ñ") U!� ¢)� �����.

4. � �

© t[` Suc ²�(��-²�-h12) ��-²�-d12)N �(� poly

(ethylene-co-20.2 mol% butene) ;z_{|% "TU) ^_� VW�

�R �����. ®¯-?% a�W` 50oC ~W�y ��-²�-h12

®¯
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Fig. 10. Mixture density of 5.1 wt% poly(ethylene-co-20.2 mol% butene)
with n-pentane-d12 obtained at various temperatures.

Table 3. Experimental densities of n-pentane-h12+5.3 wt% poly(ethylene-
co-20.2 mol% butene) obtained in this study(con't)

Pressure
(bar)

Density(g/cc)

110oC 130oC 150oC

 45.2 0.528
 70.7 0.560 0.536

 105.1 0.525
 139.6 0.575 0.555 0.535
 208.6 0.586 0.569 0.552
 277.5 0.596 0.581 0.566
 346.5 0.605 0.591 0.577
 415.4 0.599
 484.4 0.607
 518.8 0.623 0.599
 553.3 0.614
 622.2 0.621
 691.2 0.638 0.627 0.617
 760.1 0.633
 829.1 0.639
 898.8 0.644
 967.0 0.649

 1035.9 0.664 0.654 0.645
1104.9 0.659
1173.8 0.663
1242.8 0.668
1311.7 0.672
1380.7 0.685 0.676 0.668
1449.6 0.680
1518.5 0.684
1587.5 0.688
1656.4 0.691
1725.4 0.695
1794.3 0.698
1863.3 0.702
1932.2 0.705
2001.2 0.708
2070.1 0.719 0.712 0.704
2414.9 0.733 0.720

Table 4. Experimental densities of n-pentane-d12+5.1 wt% poly(ethyl-
ene-co-20.2 mol% butene) obtained in this study

Pressure
(bar)

Density (g/cm3)

110oC 130oC 150oC

 70.7 0.644 0.617
 77.6 0.619
 84.5 0.621
 91.3 0.624

 105.1 0.628
 108.6 0.605
 125.8 0.634
 139.6 0.662 0.638 0.616
 174.1 0.647
 208.6 0.676 0.655 0.635
 277.5 0.688 0.669 0.651
 346.5 0.699 0.681 0.664
 518.8 0.722 0.705 0.692
 689.5 0.725
 691.2 0.740 0.714
1034.2 0.757
1035.9 0.771 0.747
1380.7 0.796 0.783 0.774
2070.1 0.837 0.826 0.818
2414.9 0.855 0.844 0.837
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