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Abstract − The demand on the natural product has increased due to the concern on the health and to meet various personal

preferences. Among the natural products, the most useful components are acanthoside-D, β-carotene, (+)catechin, daidzein, (−)

epicatechin gallate, (−)epigallocatechin, (−)epigallocatechin gallate, genistein, indole-3-carbinol, d-limonene, perillyl alcohol,

taxol, vitamin E. A group-contribution technique for the calculation of solubility parameter for useful components is presented

along with some calculations. The proposed method was found to be good in estimating solubilities of useful components in

solvents. The study on the solubility parameter may be utilized for high-purity separation processes in order to separate and
extract useful components from natural products.
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 ST U

V �W X��' �(. �	
 YZ! [\I] taxol̂  _`ab


���� �cd �/\, ef\, gh\ i j\ P� 12I� 56!

�k� #:' �(� 7� lmno pqc� rs�t', uv� w

�O
 �x� m�J# %&	�([1]. y! z{
 ���� �� |

}~ J��� [\�� P �]-� ./0 12
 @! 4k� ��

:�� z{�� <�# �{ �@�� #' �cd[2], ��a ��:

P� ���� ��
 ��� d-limonene0 perillyl alcohol̂  �/\,

@K\, j\ P �) #: ,-�
 @x� [\40# �(' ���

([3, 4]. ���� ���
� �� i NO�
� ���W X���

a X�� < �� �) #: ���� ���W ��� �� �cd

I��X� 	�c� ���
 ���� �� ������ ����

m�J��  �� $^ �Z� ���' �(.

���
� ����D� ��� < �� � �  ¡ $^ +�#

�� < �(. I¢ �p! /£^ o¤! � � ¥¦�� ���
�

§¨ ���� /£�a � ©¡
� $^ ª?� «��' ¥¬�:

­^ �  y! o: ­� < �(. 3)®� ���	� ����0 �

 � �xkZ� <1oc� �ª��  x� �x¯  �°<(solubility

parameter)� ��! �x¯# X��(. �x¯  �°<� ±^ �,

� v�²� ³�� �ª! 7c�� �  1 ml� ´�ªµ�¶ ·�!


¸:� ¹�' �¦º¯
� ´�»¼0 ½¯��¾ ¿N!(. h �

,� mÀ �x¯� �¦�� ©¡
� h �,� ±� {�# o�<

Á �� Â �xÃ� �Ä!(. 

Hoftyzer� Van Krevelen[5]̂  J��� "Å
 �x �x¯  �°

< ±� ¿N�Æ(. y, Grubenmann[6]̂  �x¯  �°<� ���

� �) � 
� pigment� �x¯� .Ç�Æ', Kupperblatt� Chung

[7]̂  '�e �,� �x¯�, Bustamante P[8]̂  drug� �x¯� .

Ç�Æ(. uv
�¯ Row� Lee[9]� �x¯  �°<� ¯È�� É
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u-
¦I
� abietic acid� �x¯� .Ç�Æ(. ���� �Lo �,�

Â ÊË:: ­^ �,� �x  ̄ �°<� .Ç CD EFG, �  �

°<� ��! �"�� $� %&�' �ca, ���
 ��� ��

���� �x¯ �"� E§Ì: ÄÍ! mÎ�(.

���	
 ��� ����� ��
 	�! �xZ� Ï � � ¥

¦��  x� �x¯  �°<� Jno] "Å
 �x .Ç�� ¿

N�', **� �����0 ��
 $� X��� � � X�� �

x¯� .Ç�� 7� Ð �"� `o�(.

2. � �

Hildebrand� �x¯  �°<� (H0 �� aÑÒ(.

(1)

���,δ� Q� �x¯  �°<��, Ó � (cal/cm3)1/2=(4.187J/10−6

m3)1/2=2.046Ô103(J/m3)1/2=2.046(MPa)1/2�', Ecoh� Õ�
¸:, Hv�

´�Ö×�, R̂  �m��m<, T� ¤@º¯, V� Ø��� aÑÒ

([10]. ÙG�, �,� Q� �x¯  �°< ±^ Õ�
¸:� Ø

��
 �x� ¿N� < �(. �,� Õ�
¸:
 @! .Ç^ w

#: 3Ú Û# /£
 �x� ���t(. Dunkel[11]̂  Ü^ �eÝ�

�,
 @x� Õ�
¸:� Û#�� �,�� Þ*ß', pº
�

à�X�� Õ�
̧ :
 @x 3Ú ��̄ � È ß́(. 3)a, Rheineck

0 Lin[12]̂  Ü^ �eÝ� #% à�X�
� methylene 3Ú� Õ

�
¸:
 @! ��¯� m<±� EF', �e v
� (á "Åo]

±�
 �â!(� 7� �ãß(. 3ä
¯ Hayes, Di benedetto, Hof-

tyzer� Krevelen, Fedor P $^ �"e�
 �x Õ�
¸:� .Ç

�� /£� ���t([13].

Hildebrand
 �! å (1)̂  J�� "ÅX�� dispersion forceD�

æs�' �(. 3ç:D, $^ � � Í¦, '�e� ©¡, Q� Õ

�
¸:� dispersion force CD EFG polar 3Ú0 hydrogen bonding

3Ú X�� mÀ��
 Ï èM� é' �(. �ê ©¡, �x¯  �

°<� Q� Õ�
¸:� ���� åc� ¦��(. ÙG�, Q� Õ

�
¸:� É#: ëÎ� mÀ��Z� #:� É �� ��c� a

ì�:d, (H0 �� �ª�([14].

Ecoh= Ed + Ep + Eh (2)

���, Ed� Ep� contribution of dispersion forces� polar forces, Eh�

contribution of hydrogen bonding�(.

Q� �x¯  �°<(δ)� **� Õ�
¸:
 @í�� É �� �

�o] �x¯  �°<�� "��� �(.

(3)

δd� dispersion component of solubility parameter, δp� polar component

of solubility parameter, δh� hydrogen bonding parameter of solubility

parameter�(.

δd� δp� 40� ½¨�W îï� �� 89
 Õ�ªð� (H0 �

� δv(volume-dependent parameter)�� aÑÒ([7].

(4)

δv� ���� å (3)� 2�� ñò°<� #% ?Ó! åc� aÑv�

(H0 �(.

(5)

$^ � 
 @! �,� �xkZ� δh−δv diagramc� aÑó <

�(. Kambour P[14]̂  �) � 
 @! polystyrene� �x¯�

aÑvt(. �,� � 
 �x�� V � 5δ-units� ô©� #%

õ
 �x� I!��%(. � õ� 	�^ �,� δh, δv±c� aÑ

v�%(. �,0 � X�� δv� δhX�� {�±� ö«J�<Á

�,� � 
 @! �x¯# ÷:W �(. �)! {�±� ∆δ��
aÑvd ¢ôoc� (H0 �� ¦��([13].

(6)

 � å
� i� � , j� �,� �Ä�', ∆δ� ±� 5ø( �^

©¡
� �,� � 
 Â �xÃ� �Ä!(. � a '�e� δ±
�^ pqo] /£
 �x�D Õ¦�t:D, Ä:� �x¯  �°

< ±� #% �,�� ´#�
 ÙG δ±�� .Ç�� ùX£� $

� X��' �', Table 1
 **� ©¡
 o��� ¿N/£� a

Ñvt([15-21]. 

δ±�^ Jno] "Å
 �x �,� �A' �� **� 3Ú��

��¯
 ÙG .Ç� < �(. ÙG�, **� �x¯  �°<� "Å


 �x (H0 �� Hoftyzer-Van Krevelen� /£[5]
 �x� "�

< �(.

(7)

(8)

(9)

��� Fd, Fp� dispersion and polar group molar attraction contrib

δ
Ecoh

V
---------- 

  Hv RT–
V

------------------- 
 = =

δ δd
2 δp

2 δh
2+ +=

δv δd
2 δp

2
+=

δ δv
2 δh

2+=

∆δ i j, δv i, δv j,+( )2 δh i, δh j,–( )2+=

δd

F∑ d
( )

V
----------------=

δp

Fp
2∑( )

V
--------------------=

δh

Eh∑
V

------------
 
 
 

=

Table 1. Calculation of solubility parameter [12-18]

δ Application system

some liquids

if critical pressure data
are available

proprietary hydrocarbon
solvents

solvent and polymer

supercritical fluid
solvent

supercritical fluid 
solvent

when boiling point data
is available

when boiling point data
is available

a pure liquid at any
desired absolute
 temperature T

δ 1.2a1 2⁄

V
--------=

δ 1.25Pc
1 2⁄=

δ 6.3 0.03 KB( )+=

δ ∆EvV

V2
------------- 

 
1 2⁄ F∑

V
--------

ρ F∑
M

------------= = =

δ 1.25Pc
1 2⁄ ρ

ρrbp

-------- 
  1.25Pc

1 2⁄ ρ
2.66
---------- 

 = =

δ 1.25Pc
1 2⁄ ρs

ρ l iq

------- 
 =

δ ∆Ev

V
---------

∆Hv RT–( )
V

---------------------------= =

∆Hv 0.02Tbp
2 23.7Tbp 2950–+=

δ ∆Ev

V
---------

∆Hv RT–( )
V

---------------------------= =

∆Hv 12.343 0.09916Tbp 0.08368 103–
Tbp

2
+ +–=

δ RTρ
M

----------- 1
PTc

3

PcT
3

----------–
 
 
 

1 2⁄
2.303BT2

T C 273.16–+( )2
---------------------------------------- 1–

1 2⁄

=
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ate

e

tion[J1/2cm3/2/mol], Eh� hydrogen bonding parameter group contribution

[J/mol]�(. ¢ôo] "Åå
 @! Fd, Fp, Eh±�� Table 2
 aÑ

vt([21]. δd,p,h� Õ0� Q� �x¯  �°< ±� .Ç��a (

á �,0� �x¯� .Ç��¶ ���(.

3. �� � 	


����� #K Â �x� < �� � � ú�  x�� �,��

�x¯  �°<� X��� �x¯� .Ç� ·�# �(. ûü Jn

�,^ Jno] "Å
 �x� Õ¦�� '�� �x¯  �°<� ý

' �(. � � �x¯  �°< ±^ 9þ�a handbook
� ÿW �

� < �:D[13, 21, 22], �Lo �,� Â ÊËB �: ­^ �� �

���� ±^ Jno] "Å
 �! ¿N� �x .Ç� < �(. Table

3̂  Ð �"
� 'Ë! �no] î�� �^ �� ����� �,�

aÑÒ 7�', ������ "Åå^ Fig. 1
 aÑvt(. ����

� molar volume±^ Schroeder's method
 �x ¿N�Æ'[23], Table

4
 ¿N� ±� aÑvt(. Schroeder's method� ø�� ���
�

Ø��� .Ç� < �� 7c� �,� "��' �� �«, <«, N

«, ,« õe� <� �« X�� �	Õ�� <� ¿N�� **� �

�
 7� �!(. �«X�� �	Õ�� ���� �� 8� 14� �

�', ring� #:' �� 8� −7� �!(. y!, 	
, �«, �A�
,

���, �� ���' �� 8
� ** 31.5, 24.5, 10.5, 38.5, 21� �

�� ��� "�� /£�(. Õ0±^ Ó  mol� cm3� Ó � ý

� Ø��� aÑÒ(. �) V � �,�� pq±0 Schroeder's

method
 �! ¿N±� Í�! Õ0, Í�o ¦��Æ' ���{�

3% ¦¯Æ(. Table 5
�� ��
 $� X��� �O� � � �x

¯  �°< ±� aÑÒ 7�([22]. 

Table 6̂  ��� ab(Acanthopanacis cortex)� ��
 ���� �

� ����] acanthoside-D� **� �x¯  �°< ±� Jno]

"Å
 �x å (7)-(9)� X��� ¿N�Æ', å (3)c��¾ Q� �

x¯  �°< ±�, å (4)
 �x� δv� "�Æ(. � /£
 ���

* ����
 @! �x¯  �°< ±� ¿N�Æ(. Table 7̂  ��

�
 ��� ����� �x¯  �°< ±� Table 60 �^ /£c

� ¿N�� aÑÒ 7�(.

Table 8̂  å (6)� ��x� **� ����0 �) #: � X�

� ∆δ ±� ¿N! Õ0�(. Ð pq
� 'Ë! ����� #K Â

�xªµ� � � ∆δ ±�  Ûe� �ª�Æ(. **� �x¯  �

°<] δd, δp, δh, δv, δ±�  ¡ �X! acetonitrile(10.3, 11.1, 19.6, 16.3,

24.8)0 ethanol(12.6, 11.2, 20.0, 16.9, 26.1)^ acanthoside-D, (+)c, (−)

ecg, (−)egc, (−)egcg, genistein P� #K $^ �,
 @x �xZ� Ï

7c� .Ç�t(. �� Í�! ±� #:� acetone(13.0, 9.8, 11.0,

16.3, 19.7)0 methylene chloride(13.4, 11.7, 9.6, 17.8, 20.2), ethyl acet

(13.4, 8.6, 8.9, 15.9, 18.2)� tetrahydrofuran(13.3, 11.0, 6.7, 17.3, 18.5)^

** daidzein, indole-3-carbonil, perillyl alcohol, taxol0 perillyl alcohol,

taxol, vitamin E
 @x �xZ� Ï 7c� .Ç�t(.  � Õ0�

�¾ **� Í�! �x¯  �°< ±� #:� � �^ �� @�

y� ��� < �(. �ä
¯ methanol̂  (−)egc, (−)egcg�, hexane

^ β-carotene, d-limonene�, chloroform̂  vitamin E
 @x �xZ�

Ï 7c� .Ç�t', water� �,
 @x �xZ� �^ 7c� .

Ç�t(.

��� ab� ��
 ���� �' ?�k �¥,  �¹ �I, ��

- �I �� P� $^ 4k� ø'�' �� acanthoside-D� �) �

  	
� acetonitrile, ethanol
 @x �xZ� Ï 7c� .Ç�t(.

Lee P[24]� �"ø'
 ��� ��� ab��¾ acanthoside-D� �

��� �¦
� ��� � ethanol� X��c�� pqÕ0� ¢1

�Æ(.

¹��, �
 L, ª!1� �^ =eJ0 å�
 ���W ���

� �' [\40� �K-� ./�� 40# �� 7c� ÊË:'

�� β-carotene0 �/\� 12
 40# 56! 7c� ÊËB ��

indole-3-carbonil[25]̂  ** hexane0 acetone, ethyl acetate, methylen

Table 2. Solubility parameter component group contributions[18](met-
hod Hoftyzer-Van Krevelen)

Structural group
Fd

(J1/2cm3/2/mol)
Fp

(J1/2cm3/2/mol)
Eh

(J/mol)

- CH3 420 0 0
- CH2 - 270 0 0
> CH - 80 0 0
> C < −70 0 0
= CH2 400 0 0
= CH - 200 0 0
= C < 70 0 0

1620 0 0
1430 110 0

               (o, m, p) 1270 110 0
- F 220 0 0
- Cl 450 550 400
- Br 550 0 0
- CN 430 1100 2500
- OH 210 500 20000
- O - 100 400 3000
- COH 470 800 4500
- CO - 290 770 2000
- COOH 530 420 10000
- COO - 390 490 7000
- NH2 280 0 8400
- NH - 160 210 3100
- N < 20 800 5000
- NO2 500 1070 1500
- S - 440 0 0
= PO4 740 1890 13000
Ring 190 0 0
One plane of symmetry �0.50
Two planes of symmetry �0.25
More panes of symmetry �0

Table 3. The useful components used in this work

Name Formular
Molecular

 weight(g/mol)

Acanthoside-D C34H46O18 742.7

β-carotene C40H56 536.9
(+)catechin C15H14O6 290.3
Daidzein C15H10O4 254.2
(−)epicatechin gallate C22H18O10 442.4
(−)epigallocatechin C15H14O7 306.3
(−)epigallocatechin gallate C22H18O11 458.4
Genistein C15H10O5 270.2
Indole-3-carbinol C9H9ON 147.2
d-limonene C10H16 136.2
Perillyl alcohol C10H16O1 152.2
Taxol C47H51NO14 853.9
Vitamin E C29H50O2 430.7
���� �39� �4� 2001� 8�
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chloride
 @x �xZ� Ï 7c� .Ç�t(.

z{
 ���� �' [\��, 1 ./0 "©À
# �I P� $

^ 40� #:' �� (+)catechin(c), (−)epicatechin gallate(ecg), (−)

epigallocatechin(egc)� (−)epigallocatechin gallate(egcg) P� |}~ J

��^ acetonitrile, ethanol, methanol P� � 
 @x �xZ� Ï 7

c� .Ç�t(. Valcic P[26]̂  ��� �� ethanol� X��Æ�


 pqÕ0� $� ¢1�Æ(.

$
 ���� �� isoflavone�] daidzein, genistein P^ [\40

� %(�´ 12
 56! 40# �� 7c� ÊËB �', ¿NÕ0


 ��� daidzein̂  acetone
, genistein̂  acetonitrile, ethanol P�

� 
 @x �xZ� Ï 7c� .Ç�t(. Choi� Row[27]� �"


 ���, $c��¾ daidzein, genistein P0 �^ isoflavone�� �

L�� ��� � water/methanol=20/80%(v/v)� ���c�� pq

Õ0� �?� �{� ø�_' �(.

���� "��' �� ��� 	 &#0 �^ M�# �� 89


H2, 0e, I�, JK�, M<NO
 ST UV �W X��� d-

Fig. 1. Chemical structures of useful components.
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e

limonene0 [\I�� 1240# È´Ãc�� X�V # �@�'

�� perillyl alcohol̂  ** hexane0 acetone, ethyl acetate, methylen

chloride, tetrahydrofuran P� � 
 @x �xZ� Ï 7c� .Ç�

t(. Jung0 Row[28]� �"
 ��� pqÕ0# ��� �� �{

# ³:D, Q'L �¦	 open glass()� ��! *+0¦
� tetra-

hydrofuran0 acetone� ��! � � X��c�� pqÕ0� $�

¢1�Æ(.

Taxol̂  _`ab
� ���� �,� �/\, ef\, gh\ i j

\ 12I� 56! �k� #:' �� 7� lmno pq� �x �

]�t', Park P[29]̂  ',¯� taxol� �L�� �¦
� ��� 

�� methanol, ��� �� water� methylene chloride, Q'L �¦


�� methylene chloride/acetone� X��Æ(. pqÕ0
 ���

acetone, ethyl acetate, methylene chloride
 @x �xZ� Ï 7c�

aÑa� 89
 �"Õ0� Â ¢1�Æ(.

[NJI
 -�� ÍÑ.c� NJ��¾ É�� øÀ�� ���

�', D� �]-� ./�� 40# �� vitamin E[25]� chloroform,

ethyl acetate, tetrahydrofuran P� � 
 @x �xZ� Ï 7c� .

Ç�t(. ���� ����� ¿N� �x¯  �°<� ��! �x

¯ Õ0� ø'� pqÕ0� $� ¢1�Æ(.

Ð �"
�� ���
 ���� �� ����� 	 öù
 /�;

4k� ��:�� $^ î�� é' �� �,�� ¥¦�� �x¯

Table 4. Calculation of molar volumes volume increments for the useful components in this work [20]

Useful components Carbon Hydrogen Oxygen Nitrogen Ring
Double bond 

between carbon 
atoms

Molar volume
(cm3/mol)

Acanthoside-D 34 46 18 - 6 6 686

β-carotene 40 56 - - 2 11 735
(+)c 15 14 6 - 3 6 266
Daidzein 15 10 4 - 3 7 231
(−)ecg 22 18 10 - 4 9 385
(−)egc 15 14 7 - 3 6 273
(−)egcg 22 18 11 - 4 9 392
Genistein 15 10 5 - 3 7 238
Indole-3-carbinol 9 9 1 1 2 4 154

d-limonene 10 16 - - 1 2 189
Perillyl alcohol 10 16 1 - 1 2 196
Taxol 47 51 14 1 6 10 819
Vitamin E 29 50 2 - 2 3 574

Volume Increments: C=7, H=7, O=7, N=7, Ring=−7, Double bond=7

Table 5. Solubility parameters of various solvents[19]

Solvent
δd

[MPa1/2]
δp

[MPa1/2]
δh

[MPa1/2]
δv

[MPa1/2]
δ

[MPa1/2]

Acetone 13.0 9.8 11.0 16.3 19.7
Acetonitrile 10.3 11.1 19.6 15.1 24.8
Chloroform 11.0 13.7 6.3 17.6 18.7
Ethanol 12.6 11.2 20.0 16.9 26.1
Ethyl acetate 13.4 8.6 8.9 15.9 18.2
Hexane 14.9 00. 00. 14.9 14.9
Methanol 11.6 13.0 24.0 17.4 29.7
Methylene chloride 13.4 11.7 9.6 17.8 20.2
Tetrahydrofuran 13.3 11.0 6.7 17.3 18.5
Water 12.2 22.8 40.4 25.9 48.0

Table 6. Solubility parameter components for acanthoside-D

Group Quantity Fd Fp
2 Eh

- CH3 4 420 0 0
- CH2 - 4 270 0 0
> CH - 14 80 0 0
= CH - 4 200 0 0
= C < 8 70 0 0
- OH 8 210 250000 20000
- O - 10 100 160000 3000
Ring 6 190 0 0

Fd=9060 Fp
2=3600000  Eh=190000

M=742.7 g/mol, V=686 cm3/mol
Components:

 ∑ ∑  ∑

δd

F∑ d

V
----------

 
 
  9060

686
------------ 13.2 MPa1 2⁄[ ]= = =

δp

Fp
2∑( )

V
------------------- 3600000

686
------------------------ 2.8 MPa1 2⁄[ ]= = =

δh

Eh∑
V

-----------
 
 
  190000

686
------------------ 16.6 MPa1 2⁄[ ]= = =

δ δd
2 δp

2 δh
2+ + 21.4 MPa1 2⁄[ ]= =

δv δd
2 δp

2+ 13.5 MPa1 2⁄[ ]= =

Table 7. Solubility parameters for the useful components

Useful components
δd

[MPa1/2]
δp

[MPa1/2]
δh

[MPa1/2]
δv

[MPa1/2]
δ

[MPa1/2]

Acanthoside-D 13.2 2.8 16.6 13.5 21.4

β-carotene 12.8 00. 00. 12.8 12.8
(+)c 13.7 4.5 19.7 14.4 24.4
Daidzein 14.7 4.9 14.0 15.5 20.9
(−)ecg 13.8 3.8 19.7 14.3 24.4
(−)egc 13.6 4.7 21.2 14.4 25.6
(−)egcg 13.8 4.0 20.8 14.4 25.3
Genistein 14.6 5.2 16.5 15.5 22.6
Indole-3-carbinol 14.5 3.5 12.3 14.9 19.3

d-limonene 14.1 00. 00. 14.1 14.1
Perillyl alcohol 13.9 2.6 10.1 14.1 17.4
Taxol 13.7 2.2 10.9 13.9 17.7
Vitamin E 13.3 1.1 6.3 13.4 14.8
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a : van der Waals correction constant to the ideal gas law

B, C : Antoine constants

Ecoh : molar cohesion energy [cal/mol]

Ed : contribution of dispersion forces [cal/mol]

Eh : contribution of hydrogen bonding [cal/mol]

Ep : contribution of polar forces [cal/mol]

F : molar attraction contribution [J1/2cm3/2/mol]

Fd : dispersion group molar attraction contribution [J1/2cm3/2/mol]

Fp : polar group molar attraction contribution [J1/2cm3/2/mol]

Hv : enthalpy of vaporization [cal/mol]

KB : Kauri butanol values(ASTM Method D1133-54T)

M : molecular weight [g/mol]

P : pressure [MPa]

Pc : critical pressure [MPa]

R : ideal gas constant [1.987 cal/mol:K]

T : temperature [K]

Tbp : boiling point at 1 atm [K]

Tc : critical temperature [K]

V : molar volume [cm3/mol]

���� ��

δ : solubility parameter [(cal/cm3)1/2, (MPa)1/2]

δd : dispersion component of solubility parameter [(cal/cm3)1/2, (MPa)1/2]

δh : hydrogen bonding component of solubility parameter [(cal/cm3)1/2,

(MPa)1/2]

δp : polar component of solubility parameter [(cal/cm3)1/2, (MPa)1/2]

δv : volume-dependent parameter [(cal/cm3)1/2, (MPa)1/2]

ρ : density [g/cm3]

ρrbp : reduced density at the normal boiling point of the fluid whic

for conventional liquid solvents is roughly 2.66 [g/cm3]

δs : density of the supercritical fluid [g/cm3]

δliq : density of the liquid gas under standard condition [g/cm3]
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