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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIE
papers are not typese  reproduce y
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

ENORMOUS ADVANCES AND GROWTH IN T H E USE OF ORDERED MEDIA (that 
is, surfactant normal and reversed micelles, surfactant vesicles, and 
cyclodextrins) have occurred in the past decade, particularly in their 
chromatographic applications. New techniques developed in this field 
include micellar liquid chromatography, micellar-enhanced ultrafiltration, 
micellar electrokinetic capillar
products with reversed micelles
cyclodextrins as stationary and mobile-phase components in chromatogra
phy. The symposium upon which this book was based was the first major 
symposium devoted to this topic and was organized to present the current 
state of the art in this rapidly expanding field. 

This volume resulted from the need to have a readily available 
reference source to present an account of the roles and uses of ordered 
media in separation science. The emphasis has been placed on chromato
graphic applications. The organization of the volume divided naturally into 
two parts. The first part, consisting of 10 chapters, deals with organized 
surfactant media in separation science; the second, consisting of six 
chapters, details the applications of cyclodextrins in chromatography. 
Emphasis has been placed on a critical assessment of recent work and an 
integration of material from a wide range of sources. Although all of the 
applications involving these types of ordered media in separation science 
were not covered, it is hoped that all of the important recent developments 
in this field have been included. 

We thank the authors for their contributions and their interest in this 
project. We are also grateful to the anonymous referees for their time, 
invaluable comments, and constructive criticism of the manuscripts during 
the review process. We also thank the ACS Books Department staff for their 
help with this undertaking and for their patience. 

WILLIE L. HINZE 

Wake Forest University 
Winston-Salem, NC 27109 

DANIEL W. ARMSTRONG 
Texas Tech University 
Lubbock, TX 79409 

IX 
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Chapter 1 

Organized Surfactant Assemblies in Separation Science 

Willie L. Hinze 

Department of Chemistry, Wake Forest University, P.O. Box 7486, 
Winston-Salem, NC 27109 

A brief description of the structural features and 
relevant properties of different organized assemblies 
formed from surfactant molecules is presented  Next
the use and applicatio
systems in separatio
possible new areas for future developments employing 
these ordered media are mentioned. 

Many separation processes mediated by the presence of surfactant 
organized assemblies (also referred to as organized or ordered media) 
have been developed during the past ten years. The growing importance 
and popularity of such separation techniques i s demonstrated by the 
fact that numerous recent review a r t i c l e s have been devoted to th is 
subject (1-10). The purpose of th i s overview i s two-fold. F i r s t , i t 
i s intended to provide the novice entering the f i e l d with basic, 
s impl i f ied background information on organized surfactant systems 
which should f a c i l i t a t e a better understanding of the more speci f ic 
technical a r t i c l e s that appear i n subsequent chapters of th i s 
monograph (or the chemical l i t e r a t u r e ) . Secondly, th i s overview w i l l 
attempt to update and summarize the previous reported work in t h i s 
area of separation science. Topics not extensively covered in the 
previous reviews (or succeeding chapters of t h i s monograph) w i l l be 
discussed in greater d e t a i l . Throughout, emphasis w i l l be placed on 
the p rac t i ca l applications and potent ial future developments. I t i s 
hoped that th i s overview w i l l paint a general picture of the 
structure, properties, and role of different surfactant organized 
assemblies in separation science. 

Structure and Properties of Different Organized Surfactant Assemblies 

Structure Formation i n Surfactant Solut ions. Surfactants, also 
referred to as soaps, detergents, tensides, or surface active agents, 
are amphiphilic molecules possessing both hydrophil ic and hydrophobic 
regions. They can be c l a s s i f i ed as anionic , ca t ion ic , zwi t t e r ion ic , 
or nonionic (neutral) depending upon the nature of the polar 

0097-6156/87/0342-0002$ 18.30/0 
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1. HINZE Surfactant Assemblies in Separation Science 3 

head-group t h a t i s bound t o the nonpolar hydrocarbon t a i l . Various 
c o l l o i d a l - s i z e d organized s t r u c t u r e s can form when s u r f a c t a n t 
molecules are d i s s o l v e d i n a p a r t i c u l a r solvent depending upon the 
nature and c o n c e n t r a t i o n of the s u r f a c t a n t molecule, nature of the 
solve n t system, and exact experimental c o n d i t i o n s U.e. temperature, 
pressure, and/or presence or absence of a d d i t i v e s ) (11-16). Figure 1 
shows an o v e r s i m p l i f i e d r e p r e s e n t a t i o n of some of the d i f f e r e n t 
s u r f a c t a n t species p o s s i b l e as the s u r f a c t a n t c o n c e n t r a t i o n i s 
increased i n a s u r f a c t a n t - water two-component system. At low 
concentrations above the K r a f f t temperature, the s u r f a c t a n t i s present 
i n i s o l a t e d monomeric molecular form. With f u r t h e r increases i n 
co n c e n t r a t i o n , the s u r f a c t a n t molecules can dynamically a s s o c i a t e to 
form m i c e l l a r assemblies (termed aqueous or normal m i c e l l e s ) . The 
s u r f a c t a n t c o n c e n t r a t i o n at which such aggregation occurs i s r e f e r r e d 
to as the c r i t i c a l m i c e l l e concentration (CMC) and the number of 
s u r f a c t a n t molecules comprising the m i c e l l a r e n t i t y i s c a l l e d i t s 
aggregation number (N)
g e n e r a l l y viewed as bein
controversy s t i l l e x i s t s concerning the exact shape and s t r u c t u r e of 
such e n t i t i e s (15,17). T y p i c a l l y , such m i c e l l a r aggregates are 
composed of 40 - 140 monomeric s u r f a c t a n t molecules such that t h e i r 
hydrophobic t a i l s are o r i e n t e d inward forming a nonpolar core r e g i o n 
and t h e i r h y d r o p h i l i c headgroups are d i r e c t e d toward and i n contact 
wi t h the bulk aqueous s o l v e n t . Further increases i n s u r f a c t a n t 
c o n c e n t r a t i o n can r e s u l t i n the formation of other d i f f e r e n t types of 
organized assemblies. I n i t i a l l y , there can be a t r a n s i t i o n from 
s p h e r i c a l t o r o d l i k e or c y l i n d r i c a l m i c e l l e s (Figure 1). S t i l l higher 
concentrations l e a d to formation of va r i o u s l i q u i d c r y s t a l l i n e 
aggregates (Figure 1: middle, v i s c o u s , and neat l i q u i d c r y s t a l l i n e 
phases) (jj_, 1_5,J_8). The presence of a t h i r d component (organic 
s o l v e n t ) can give r i s e t o an even l a r g e r v a r i e t y of aggregated 
s u r f a c t a n t species (j_5). Table I summarizes the s t r u c t u r e , name, and 
m i c e l l a r parameters (CMC and N) of some t y p i c a l long-chain a l k y l 
s u r f a c t a n t s employed to form aqueous normal m i c e l l a r systems (11,19). 

In a d d i t i o n t o these types of m i c e l l a r - f o r m i n g s u r f a c t a n t s , there 
i s another c l a s s of molecules that can a s s o c i a t e i n water t o form 
m i c e l l a r aggregates; namely, the b i l e s a l t s (20). B i l e s a l t s are very 
important b i o l o g i c a l d e t e r g e n t - l i k e molecules. However, they d i f f e r 
from the long-chain a l k y l s u r f a c t a n t s p r e v i o u s l y mentioned i n that 
they possess a hydrophobic and a h y d r o p h i l i c face (Figure 2 ) . 
Consequently, b i l e s a l t s e x h i b i t a d i f f e r e n t type of aggregation 
behavior. That i s , the aggregation process i s viewed as c o n s i s t i n g of 
the stepwise formation of i n i t i a l primary m i c e l l e s which are composed 
of 2 - 8 monomers h e l d together by hydrophobic i n t e r a c t i o n s between 
the b i l e s a l t nonpolar f a c e s . At higher b i l e s a l t c o n c e n t r a t i o n (or 
high i o n i c s t r e n g t h ) , the primary m i c e l l e s can f u r t h e r aggregate to 
form l a r g e r , r o d - l i k e c y l i n d r i c a l l y shaped secondary b i l e s a l t 
m i c e l l e s due to i n t e r m o l e c u l a r hydrogen bonding between t h e i r hydroxyl 
groups (2,21). Table I I presents the name, s t r u c t u r e , and m i c e l l a r 
parameters of some common b i l e s a l t s . A l l s u r f a c t a n t s and b i l e s a l t s 
mentioned i n Tables I and I I are commercially a v a i l a b l e (22). A 
recent multi-volume s e r i e s l i s t s the trade name, chemical name, 
manufacturer, form, p r o p e r t i e s , t o x i c i t y , composition, p r i n c i p a l and 
secondary uses, e t c . f o r many of these s u r f a c t a n t s (26). 
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4 O R D E R E D MEDIA IN C H E M I C A L SEPARATIONS 

TABLE I. Structure, Name, Abbreviation, and M i c e l l a r Parameters of 
Some Aqueous Micellar-Forming Surfactants Employed i n 
Separation Science 

Surfactant Structure; Name; and [Abbreviation] CMC,a'^ N^'° 
mM 

Anionic Micelle-Forming Surfactants of General Formula R-X M+: 
R=C 1 6, X=0S03, M=Na; Sodium hexadecylsulfate [NaHDS] 0.52 100 

R=C 1 2, X=0S03, M=Na; Sodium dodecylsulfate [NaLS] 8.1 
R=C 1 Q, X=0S03, M=Na; Sodium d e c y l s u l f a t e [NaDS] 33.0 
R=Cg, X=0S03, M=Na; Sodium o c t y l s u l f a t e [NaOS] 136.0 
R=C 1 Q, X=C02, M=Na; Sodium laur a t e [NaL] 24.0 
R=C 1 Q, X=C02, M=K; Potassiu
R=C 1 5, X=C02, M=K; Potassiu
R=C 1 2, X=S03, M=Na; Sodium dodecylsulfonate [NaDDS] 9.8 

Ca t i o n i c Micelle-Forming Surfactants of General Formula R-N +(CH 3) 3X~: 
R=C 1 6, X=C1; Hexadecyltrimethylammonium c h l o r i d e [CTAC] 1.3 78 
R=C 1 6, X=Br; Hexadecyltrimethylammonium bromide [CTAB] 0.9 61 

R=C 1 2, X=Br; Dodecyltrimethylammonium bromide [LTAB] 15.0 50 
R=C 1 Q, X=Br; Decyltrimethylammonium bromide [DTAB] 65.0 47 

62 
50 
20 
56 

54 

180 R=Cg, X=Br; Octyltrimethylammonium bromide [OTAB] 
Mixture of R=C 1 0, C.,, and C.c, X=Br; Cetrimide [C] 2.0- 50-

predominately R=C^ 8.5 62 
C H 3 ( C H 2 ) 1 5 N + C 5 H 5 C l " ; Cetylpyridinium c h l o r i d e [CP] 0.9 95 
C H 3 ( C H 2 ) 1 5 N + ( C H 3 ) 2 ( C H 2 C 6 H 5 ) C l " ; Hexadecyldimethyl-

benzylammonium c h l o r i d e [CBzAC] 0.27 

Nonionic Micelle-Forming Surfactants of General Formula R(0CH 2CH 2) nOH: 

R=C 1 2, n=23; Polyoxyethylene(23)dodecanol [Brij-35] 0.1 40 
R=(CH 3) 3CCH 2C(CH 3) 2C 6H 4, n=9.5; Polyoxyethylene-t-

octylphenol [ T r i t o n X-100 or TX-100] 0.2 143 
R=CH 3(CH 2) 7CH=CH(CH 2) g, n=10; 10 O l e y l ether [Brij-96] 0.04 

R=mixture of C 9 > C 1 Q , and C ^ ; n=6; Neodol 91-6 0.37(wt%)-
Polysorbate 80 (or Polyoxyethylene s o r b i t a n mono-

oleate [Tween-80] 0.012 60 

Z w i t t e r i o n i c Micelle-Forming Surfactants of General Formula 

3.9 
R-(CH 3) 2N +CH 2X : 
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1. HINZE Surfactant Assemblies in Separation Science 

Surfactant Structure; Name; and [Abbreviation] CMC, a , b N b , C 

mM 

R=C 1 9, X=CH 2CH 2S0 3; N-Dodecylsultaine [SB-12] 1.2 55 
R=C 1 6, X=CH 2CH 2S0 3; N-Hexadecylsultaine [SB-16] 0.1 
R=C 1 Q, X=C02; N-Decylbetaine [DDAA] 10 - 34 

21 
R=C 1 2, X=C02; N-Dodecylbetaine [DoDAA] 1.5 73 

R=C 1 6, X= C0 2; N-Hexadecylbetaine [HDAA] 0.02 

a C r i t i c a l m i c e l l e concentration. ^ M i c e l l a r parameters given are f o r 
aqueous s o l u t i o n s at 25°C, 1 atm, i n the absence of any a d d i t i v e s . 
Values taken from references (1,5,12,13,15,16). Aggregation number 
(N). 

Figure 1. S i m p l i f i e d r epresentation of i d e a l i z e d s u r f a c t a n t 
species that may form i n water as the sur f a c t a n t concentration 
i s p r o g r e s s i v e l y increased. "Reproduced with permission from 
Ref. 18. Copyright 1979, The Chemical Society 
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6 O R D E R E D M E D I A IN C H E M I C A L SEPARATIONS 

< 3 α θ Η 

Hydrophllic 
Side 

CHARGED CARBOXYLATE 
OR SULFONATE GROUP 

Figure 2. Model of a conjugated b i l e s a l t molecule (side view) 
which shows the s p a t i a l arrangement of the hydrophobic and hydro-
p h i l i c face. "Reproduced with permission from Ref. 23. Copy
r i g h t 1973, Plenum Press ." 

I t i s important t o s t r e s s that the m i c e l l a r parameters presented 
i n Tables I and I I are f o r the i n d i c a t e d detergent i n water at ambient 
atmospheric pressure an
can be a l t e r e d (sometime
c o n d i t i o n s . For i n s t a n c e , temperature and pressure can impact the 
m i c e l l i z a t i o n process. T y p i c a l l y , p l o t s of CMC vs. temperature 
e x h i b i t a minimum somewhere between 20 - 30° C f o r charged i o n i c 
s u r f a c t a n t s w h i l e f o r nonionic s u r f a c t a n t s , only a l i m i t i n g minimum i s 
observed at c a . 40 - 50° C (Jj>). The m i c e l l a r CMC and Ν can a l s o 
depend upon pressure (J_6). However, at the pressures under which most 
se p a r a t i o n techniques are conducted (£ 3.5 MPa), the changes i n 
m i c e l l a r parameters are such th a t t h i s e f f e c t can be neglected i n a l l 
but the most e x a c t i n g work (64). 

More d r a s t i c changes i n the CMC and Ν are observed when a d d i t i v e s 
are present i n the m i c e l l e - f o r m i n g s u r f a c t a n t - water systems. The 
a d d i t i o n of i o n i c species Q.e. e l e c t r o l y t e s ) u s u a l l y r e s u l t s i n an 
increase i n the aggregation number and a r e d u c t i o n i n the CMC. Table 
I I I (and Table I I ) present some data which i l l u s t r a t e t h i s e f f e c t . 
Depending upon the c o n c e n t r a t i o n , the presence of water m i s c i b l e 
organic molecules can e i t h e r enhance or i n h i b i t m i c e l l e formation. 
For example, s h o r t - c h a i n a l c o h o l s can enhance m i c e l l e formation U.e. 
lower the CMC) i f present at very low mole f r a c t i o n and prevent 
m i c e l l i z a t i o n at higher c o n c e n t r a t i o n ( i f X £ 0.05 or 10—15% by 
volume) (27,28). Other organic s o l v e n t s , l i k e acetone, dioxane, 
a c e t o n i t r i l e , t e t r a h y d r o f u r a n , e t c . that form r e l a t i v e l y strong 
hydrogen bonds with water, w i l l g e n e r a l l y have a s l i g h t i n h i b i t o r y 
e f f e c t on the m i c e l l i z a t i o n process U.e. greater CMC value) when 
present at very low co n c e n t r a t i o n (28,29)« At greater concentrations 
(X £ 0.10 or 15-20Î by volume), t h e i r presence prevents m i c e l l e 
formation. L a s t l y , some organic solvents (hydrazine, 1 , 3~propanediol, 
formamide, g l y c e r o l ) which can have three-dimensional s t r u c t u r e i n 
t h e i r neat l i q u i d s t a t e , can promote m i c e l l e formation i f present at 
r e l a t i v e l y low concentration as w e l l as allow f o r m i c e l l e formation i n 
mixtures of these s o l v e n t s w i t h water i n a l l proportions (28,29). I f 
the organic a d d i t i v e i s a normally water immiscible substance, then 
i t s e f f e c t on the m i c e l l i z a t i o n process can be more complicated (65). 
For i n s t a n c e , the a d d i t i o n of long chain a l c o h o l s ( c o n t a i n i n g 5 or 
more carbon atoms) or alkanes can e i t h e r enhance or i n h i b i t m i c e l l e 
formation depending upon the concentration of the s u r f a c t a n t present 
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1. HINZE Surfactant Assemblies in Separation Science 

TABLE I I . Structure and M i c e l l a r Parameters of Some B i l e Salts' 

Structure, Name CMC, Ν 
mM 

i f R1=R2=R3=H; Cholanoic a c i d 
i f Rx=R2=R3=0H; Cholic a c i d (CA)/sodium cholate (NaC) 12.5 b 3° 

b 14 C i f Rx=R3=0H; R2=H; Deoxycholic a c i d (DCA)/sodium 6.4 

deoxycholate (NaDC) 2.8 C 

b 10 C i f R1=R2=0H, R3=H; Chenodeoxycholic a c i d (CDCA)/sodium 5.7 
chenodeoxycholate (NaDCA) 2.7^ 

i f the a c i d ( p o s i t i o n 24) i s conjugated with taur i n e , 4.0e*, 3.5e* 
c c 

then can have the corresponding tauro d e r i v a t i e s : i . e . 1.6 , 10 
R^=R3=0H, R2=H, with p o s i t i o n 24 a c i d conjugated with 

ta u r i n e ; Taurodeoxycholic a c i d (TDC)/sodium taurodeoxy- 8.5 
cholate (NaTDC) 

De r i v a t i v e s of cholanoic a c i d (20). Data taken from References 
(20, 24, 25). b I n 0.001 M NaOH. °In 0.15 M NaCl. d I n water alone. 
e A t pH 7.4. 
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8 ORDERED MEDIA IN CHEMICAL SEPARATIONS 

TABLE I I I . Comparison of M i c e l l a r Parameters Under D i f f e r e n t 
Experimental Conditions i n Aqueous Media 

Surfactant Experimental 
Varied 

Factor CMC, 
mM 

Ν 

Hexadecylpyridinium Temperature: 25°C 0.58 
Bromide (CPB) a 

Temperature: 
35 0.77 — 
45 0.89 — 
55 1.0 — 

Added a l c o h o l , 
Methanol: 0 (w/w) % 0.58 — 

6.4 0.75 — 
14.7 1.18 — 

— 
Bul

Ethylammonium 
n i t r a t e (fused 20.0 26 
s a l t system, 30° 
c) B 

Sodium Dodecyl Pressure : 0.1 MPa 60 
Sulfate (NaLS) C 40.0 42 

80.0 35 
95.0 38 

120.0 50 
140.0 78 

Added E l e c t r o l y t e s : 
none (25°C, 1 atm) 8.1 62 
0.05 M NaOH 2.7 — 
0.10 M NaOH 1.5 — 
0.15 M NaCl 1.3 95 
0.30 M NaCl 117 
0.55 M NaCl 580 

-5 2+ 0.7 1.0 χ : 10 M Mg 0.7 — 
1.0 χ -5 2+ 

: 10 JM Fe 0.8 — 
Bulk Solvent : Water (35°C) 8.57 — 

Hydrazine (35°C) 22.0 — 
Formamide (60°C) 220.0 — 

Data taken from Ref. (19) unless otherwise i n d i c a t e d . Taken from 

Ref. (30). CData taken from Ref. (5,11,13,16,19). dTaken from Ref. 

(63). 
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and the amount of orga n i c added. In many i n s t a n c e s , the formation of 
microemulsions can r e s u l t , p a r t i c u l a r l y at higher a l c o h o l or alkane 
concentrations (209)* Consequently, the v a r i a t i o n i n m i c e l l a r 
parameters (CMC and N) or s t r u c t u r e w i t h changes i n the experimental 
c o n d i t i o n s should be kept i n mind when one uses s u r f a c t a n t organized 
assemblies i n s e p a r a t i o n science a p p l i c a t i o n s . 

Apart from m i c e l l e formation when s u r f a c t a n t s are added to water, 
v e s i c l e formation can a l s o occur Π 5 ) . Namely, i f c e r t a i n types of 
s u r f a c t a n t s , i . e . t y p i c a l l y long chain d i a l k y l - c o n t a i n i n g s u r f a c t a n t s , 
are added to water and sonicated above t h e i r phase t r a n s i t i o n 
temperature, closed b i - or m u l t i - l a y e r e d s t r u c t u r e s c a l l e d v e s i c l e s 
can form (15,31-36,211). Table IV l i s t s the s t r u c t u r e and some common 
pr o p e r t i e s of the most s t u d i e d v e s i c l e - f o r m i n g s u r f a c t a n t systems. 
Compared to the normal m i c e l l a r systems j u s t d e s c r i b e d , such 
s u r f a c t a n t v e s i c l e s are much l a r g e r , more s t a t i c ( i . e . l e s s f l u i d 
"more r i g i d " ) aggregates
destroyed by d i l u t i o n wherea
v e s i c l e systems a l s o e x h i b i t temperature dependent phase t r a n s i t i o n 
behavior i n c o n t r a s t to the m i c e l l e systems Oj5). Although the 
subject of much recent study, s u r f a c t a n t v e s i c l e s have not yet been 
u t i l i z e d to any ap p r e c i a b l e extent i n s e p a r a t i o n s c i e n c e . To date, 
they have been employed as models f o r the study of b i o l o g i c a l 
t r a n s p o r t and membrane - s o l u t e i n t e r a c t i o n s (9). Of course, such 
information i s u s e f u l and could lead t o development of se p a r a t i o n 
schemes i n v o l v i n g s u r f a c t a n t v e s i c l e s - e s p e c i a l l y i n the area of 
membrane - based s e p a r a t i o n s . More informa t i o n and d e t a i l s of such 
v e s i c u l a r and r e l a t e d organized assemblies i n t h i s context i s provided 
by the f o l l o w i n g Chapter by Fendler i n t h i s Volume (36). 

In a d d i t i o n to s t r u c t u r e formation i n water, ordered s u r f a c t a n t 
assemblies can form i n nonpolar so l v e n t s as w e l l . For i n s t a n c e , when 
s u r f a c t a n t molecules are d i s s o l v e d i n organic hydrocarbons i n the 
presence of s m a l l amounts of water, the formation of i o n p a i r s as w e l l 
as small and l a r g e aggregates i s p o s s i b l e (5,8,11-16,36-41). The term 
reversed or i n v e r t e d m i c e l l e s i s given t o such aggregates s i n c e t h e i r 
p o l a r groups are concentrated i n the i n t e r i o r (core) r e g i o n of the 
s u r f a c t a n t assembly w h i l e t h e i r hydrophobic p o r t i o n s extend i n t o , and 
are surrounded by, the bulk nonpolar sol v e n t molecules. The reversed 
m i c e l l a r i n t e r n a l core r e g i o n contains the h y d r o p h i l i c headgroup of 
the s u r f a c t a n t i n a d d i t i o n to an inner pool of c o - s o l u b i l i z e d water 
(or other polar s o l v e n t s ) . I t must be s t r e s s e d t h a t the usual 
concepts and s t r u c t u r a l models t y p i c a l l y employed to describe normal 
aqueous m i c e l l a r formation i n water are not always a p p l i c a b l e to 
reversed m i c e l l a r systems i n organic s o l v e n t s (37-41). In f a c t , 
s e v e r a l modes of aggregation are p o s s i b l e depending upon the 
charge-type s u r f a c t a n t employed. 

According to M u l l e r ' s c l a s s i f i c a t i o n scheme (£7,_39) , the m a j o r i t y 
of s u r f a c t a n t s ( i . e . c a t i o n i c , z w i t t e r i o n i c , and most nonionic) 
undergo s o - c a l l e d Type I aggregation behavior. This i s , aggregation 
of these s u r f a c t a n t s proceeds v i a a smooth t r a n s i t i o n of monomer 
dimer t r i m e r ^ "^n-mer i n d e f i n i t e type of a s s o c i a t i o n as 
opposed t o the monomer^η-mer m i c e l l a r e q u i l i b r i u m u s u a l l y observed 
f o r normal aqueous m i c e l l e systems. As a r e s u l t , such reversed 
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T A B L E I V . S t r u c t u r e a n d C h a r a c t e r i s t i c s o f Some S u r f a c t a n t V e s i c l e 
S y s t e m s i n A q u e o u s S o l u t i o n 

S u r f a c t a n t S t r u c t u r e 106Mb R^ , A N d Τ e 

w H c 

CATIONIC TYPE: 
(CH3)2R1R2NV 
i f ^ ^ ^ Ι β ' X = C 1 , D 0 D A C 13

i f R1=R2=C
12» X = B R' DDDAB 7.0 

ANIONIC TYPE: 
[CH3(CH2)11C02CH2][CH3(CH2)11C02]CHS03"Na+ 

(C8H19)(C7H15)C(H)(C6H4S03"Na+) 23.0 260 5,760 
NONIONIC TYPE: 
[CH3(CH2)150]2P(0)0H, DHP 30.0 600 
[CH3(CH2)110CH2]2CH0(CH2CH20)15H 12.0 n o n e 

ZWITTERIONIC TYPE: 
[(CH3)3(CH2)U]2N+(CH3)(CH2)3S03" 25.0 
[CH3(CH2)17]2N+(CH3)(CH2)20P(0)3" 17.0 38°C 

D a t a t a k e n f r o m R e f e r e n c e s (15,31-35). R e f e r s t o w e i g h t - a v e r a g e 
m o l e c u l a r w e i g h t . R e f e r s t o t h e h y d r o d y n a m i c r a d i u s . Number o f 
s u r f a c t a n t m o l e c u l e s p e r v e s i c l e a g g r e g a t e . P h a s e t r a n s i t i o n t e m p 
e r a t u r e . 
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m i c e l l a r systems do not e x h i b i t a c l e a r - c u t CMC value as do normal 
m i c e l l e s . Instead, at each s u r f a c t a n t c o n c e n t r a t i o n l e v e l , there i s a 
d i s t r i b u t i o n of aggregates and increases i n the c o n c e n t r a t i o n lead t o 
formation of l a r g e r aggregates i n greater proportions (J_5,27). These 
Type I reversed aggregates are thus p o l y d i s p e r s e , t h e i r average 
aggregation number i s t y p i c a l l y small (3^N£10), and they are 
p o s t u l a t e d t o have l a m e l l a r type s t r u c t u r e s i n some i n s t a n c e s . The 
aggregation number and s i z e of such reversed m i c e l l e s can be 
s i g n i f i c a n t l y a l t e r e d by the amount of c o - s o l u b i l i z e d water present 
(in). 

The Type I I reversed m i c e l l a r systems ( i . e . those formed from 
a n i o n i c s u r f a c t a n t s such as a r y l s u l f o n a t e s or a r y l p h e n o l a t e s ) e x h i b i t 
aggregation behavior q u i t e s i m i l a r t o that of normal aqueous 
s u r f a c t a n t s . That i s , they have f a i r l y w e l l - d e f i n e d CMC values and 
much l a r g e r aggregation numbers compared to the Type I systems j u s t 
d e s c r i b e d . Their aggregation number and s i z e a r e , however, a l s o 
dependent upon the water
under s p e c i f i e d experimenta
these Type I I aggregate systems are l e s s complex ( i n terms of the 
number of a c t u a l species present) compared to the Type I systems, they 
have been touted as being the p r e f e r r e d system of choice i n any 
s e p a r a t i o n science a p p l i c a t i o n (42). However, as w i l l be shown from 
the a p p l i c a t i o n s i n the l i t e r a t u r e , both Type I and I I reversed 
m i c e l l e s may be e q u a l l y s u c c e s s f u l l y employed (5). 

The s t r u c t u r e of some reversed m i c e l l e - f o r m i n g s u r f a c t a n t s as 
w e l l as data on t h e i r aggregation behavior i n d i f f e r e n t nonpolar 
s o l v e n t s i s presented i n Table V. As can be seen, aggregates can form 
at very low s u r f a c t a n t concentrations i n some cases and the s i z e of 
the organized assemblies depends s t r o n g l y on the amount of water 
present i n most i n s t a n c e s . Consequently, i t i s very important to 
s t i p u l a t e both the s u r f a c t a n t and water concentrations when employing 
reversed m i c e l l a r systems i n s e p a r a t i o n science so th a t r e p r o d u c i b l e 
r e s u l t s are o b t a i n a b l e . 

L a s t l y , mention should be made of s u r f a c t a n t microemulsions. 
Depending upon the r e l a t i v e c o n c e n t r a t i o n s , three component systems 
c o n t a i n i n g a s u r f a c t a n t , water, and a nonpolar s o l v e n t can form 
microemulsions (J_5,36,43). The a d d i t i o n of i n c r e a s i n g amounts of an 
organic solvent ( o i l ) to aqueous normal m i c e l l a r s o l u t i o n s or 
i n c r e a s i n g amounts of surfactant-entrapped water t o reversed m i c e l l a r 
s o l u t i o n s can lead t o the formation of o i l - i n - w a t e r (o/w) or 
w a t e r - i n - o i l (w/o) microemulsions, r e s p e c t i v e l y . Although p o t e n t i a l l y 
u s e f u l , there have been very few r e p o r t s of t h e i r u t i l i z a t i o n i n 
s e p a r a t i o n science (J_»8). Such systems have, however, been 
s u c c e s s f u l l y employed i n a v a r i e t y of i n d u s t r i a l and r e l a t e d processes 
i n c l u d i n g enhanced o i l recovery which i s a k i n to a se p a r a t i o n process 
(J_5,37,44,45). Due to space r e s t r i c t i o n s , the u t i l i z a t i o n of 
s u r f a c t a n t microemulsions i n chemical separations w i l l not be 
e x t e n s i v e l y discussed i n t h i s review a r t i c l e . The i n t e r e s t e d reader 
i s r e f e r r r e d t o many f i n e references on the p r o p e r t i e s and u t i l i z a t i o n 
of t h i s type of organized s u r f a c t a n t system (15,36,43>46,66,67,215, 
216). 
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TABLE V. Summary of Some Surfactants which Aggregate i n Apolar 
Solvents 

Surfactant Structure (Abbreviation) Bulk Concentration Ν 
Solvent Range 

Ca t i o n i c s of General Structure R.R0R0R,N X 1 2 3 4 
R 1=R 2=R 3=R 4=C U, X= CH 3(CH 2) 2C00" ; 

tetradecylammonium butyrate, TDAB 

R 1 - R 2 - R 3 - R 4-C 4, X = C10
tetrabutylammonium perchlorate, t-BAP 

Benzene, 
with water 
added: 
g/5 mL: 
none 

0.5 

R^—R 2~R 3~C^ 2, R^—H, X: N0„ or HSO, 
3 - — 4 , 

tridodecylammonium s a l t s , TLAB or TLAN 
4 \j c SO. , 4 

trioctylammonium s a l t s , TOAB or TOAS 
R 

R^—R2~R3"-Cg, R^—Η, X HSO, 

1 =R2=C12, R 3=R 4=CH 3, X=Cf; 

Benzene 

Benzene 

Benzene 

didodecyldimethylammonium c h l o r i d e , 
DDAC 
R^=C^£, R 2=R 3=R 4=CH 3, X=C1 ; 
hexadecyltrimethylammonium c h l o r i d e , 
CTAC 

R1* C12> R=R =R,=?H, X=CH„CH COO 2 3 4 ' 3 2 

CHC1. 

Benzene 

-2 
10 m 

4.3 
23.2 

2-6 

0.4 - 8.0 1-
wt% 3.8 
1.1 mmole/ 6.5 

kg (at 

50°) 

XCTAC = 3 · 7 " 
0.003-0.04 7.0 

2.0 χ 10"3M 

dodecylammonium propionate, DAP 

R=C., R =R =R =CHoCHoC00 ; 1 4 2 3 4 3 2 ' 
butylammonium propionate, BAP 

Dichloromethane 
0.02-0.04 M 

CCI, 4 
Benzene 

0.023 M 
0.05 M 

Dichloromethane 
0.11 M 

CCI, 0.025 M 

4-5 

6.0 
4.0 
4.0 

5.0 

3.0 

Anionic s : 
of General Formula R-C-C=0(CH 2)CH(S0 3")C=0-0-R M+ 

R= 2-ethylhexyl, M = Na; sodium b i s - Benzene 
2-ethylhexylsulfosuccinate 

CCI, 

2.0 χ 10 3M G 13-
23 

6.0 χ 10 M 17 
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Surfactant Structure (Abbreviation) Bulk Concentration Ν 
Solvent Range 

R= de c y l , M = Na; sodium d i d e c y l -
s u l f o s u c c i n a t e 
of General Formula : 

Cyclo-
hexane 

Decane 

Benzene 

R=C[CH 3][CH(CH 3) 2][CH 2CH(CH 3) 2], 
M = Na, sodium dinonylnaphthalene-
su l f o n a t e , NaDNNS 

R=C[CH 3][CH(CH 3) 2][CH 2CH(CH 3) 5], 
M = Na, sodium didodecylnaphthalene-
sulfonate, NaDDNNS 

1 - 3 wt % 45-

65 
6.5 wt % 25-

31 

0.4 - 2.8 wt% 9-
16 

Benzene 0.05 - 0.2 wt% 10 

Benzene 
Decane 

0.5 

0.5 

2.8 wt % 9.7 
2.8 wt% 15.2 

1,5-Dinonylnaphthalene-4-sulfonic 
a c i d DNNSA 

Benzene 
Hexane 
Toluene 

2.0 χ 10 ""M 3-12 
7.0 2.0 χ 10"5M 

2.0 χ 10 M 6.0 

Magnesium d i l a u r a t e , MgDL Benzene 
Lithium decanoate, LiD Benzene 

Nonionics; 

Sorbitan monooleate, Span-80, SP-80 Benzene 
Polyoxyethylene(9.5)-t-octylphenol, CCl^ 

T r i t o n X-100, TX-100 
Polyoxyethylene(6)nonylphenol, Cyclo-

Igepal CO-530, I-C0530 hexane 
Polyoxylene(20) s o r b i t a n monolaurate, Benzene 

Tween 20,T-20 Chloroform 
10 O l e y l Ether, B r i j - 9 6 , B-96 Octane 

3.5 
0.1 

7.5 wt% 16.6 
0.6 wt% 52 -

63 

0.32 M 

0.04 M 

26 
1-4 

3-15 

1-7 

Continued on next page 
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Table V. Continued 

Surfactant Structure (Abbreviation) Bulk Concentration Ν 
Solvent Range 

Z w i t t e r i o n i c s : 
of General Formula RNH^+ "u^CR1 (where 
R~Rf containing more than 8 carbon atoms): 
R=C^2> R !=Cj^; dodecylammonium 
decanoate, DAD Benzene 3.5 χ 10 m̂ 

of General Formula: 

CH 2 0-CO-R 
R'-COO-CH Ο CH, 

C H 2 0 - Ρ - Ο · CH 2 · C H 2 · N - C H 3 

Ο" CH 3 

L e c i t h i n s (phosphatidylcholines) Benzene 0.001 - 0.01 80 
wt % 

Benzene 0.7 - 1.0 wt% 73 
Chloro- 68 
form 

a R e f e r s to the o p e r a t i o n a l CMC i n most cases; i . e . concentration 
range where reverse m i c e l l e s are present i n the i n d i c a t e d solvent. 
^Refers to the number average aggregation number i n s p e c i f i e d 
s u r f a c t a n t concentration range. Values were taken from references 
5, 12-16, 27, 37-40. 

c d T y p i c a l l y e x h i b i t Type I aggregation behavior. T y p i c a l l y e x h i b i t 
Type II aggregation behavior. 
e f Taken from reference 41_. Aggregation data i s f o r the sodium s a l t 

under basic c o n d i t i o n s . 
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Relevant P r o p e r t i e s of Organized S u r f a c t a n t Media. The a d d i t i o n of 
s u r f a c t a n t to a solvent at s u r f a c t a n t c o n c e n t r a t i o n s / c o n d i t i o n s under 
which no aggregated species are present w i l l u s u a l l y not l e a d to any 
appreciable a l t e r a t i o n i n the p r o p e r t i e s or processes o c c u r r i n g i n the 
solve n t aside f o r p o s s i b l e s a l t e f f e c t s upon the process and/or i o n 
pa i r formation between the s u r f a c t a n t and s o l u t e molecules. However, 
the presence of organized s u r f a c t a n t assemblies can a l t e r the 
s o l u b i l i t y of s o l u t e s , a l t e r chemical and photophysical pathways and 
r a t e s , a l t e r the e f f e c t i v e microenvironment about s o l u b i l i z e d s o l u t e s , 
a l t e r encounter p r o b a b i l i t i e s i n f a s t r e a c t i o n s , modify the p o s i t i o n 
of e q u i l i b r i u m processes, and a l t e r the s o l u t i o n p r o p e r t i e s 
( v i s c o s i t y , surface t e n s i o n , e t c . ) among other e f f e c t s compared t o 
that of the bulk s o l v e n t i n the absence of aggregates (1-1 6). Since 
such organized s u r f a c t a n t systems mimic c e r t a i n aspects of 
biomembranes, they have a l s o been r e f e r r e d t o as membrane mimetic 
agents (.36,47). 

Although a l l of th
media can p o t e n t i a l l y a i
c r u c i a l f a c t o r i n t h e i r s u c c e s s f u l a p p l i c a t i o n i n separations i s t h e i r 
a b i l i t y t o s e l e c t i v e l y s o l u b i l i z e and i n t e r a c t with s o l u t e molecules. 
The presence of s u r f a c t a n t m i c e l l e s or v e s i c l e s can d r a m a t i c a l l y 
enhance the s o l u b i l i t y of a given s o l u t e compared t o that i n the bulk 
s o l v e n t alone Ο V6,4O,4l_). For example, the presence of s u r f a c t a n t 
i n v e r t e d m i c e l l e s allows one t o s o l u b i l i z e p o l a r species ( s a l t s , 
bases, a c i d s , water) i n an organic s o l v e n t . Whereas the s o l u b i l i t y o f 
water i n alkane so l v e n t s l i k e heptane, octane, or nonane i s i n the 
range of 0.01 wt %, homogeneous mixtures of approximately 10% water i n 
these s o l v e n t s can be prepared i n the presence of reversed m i c e l l e s 
(such as i n 0.015 Μ Α0Τ) (48). Likewise, normal aqueous m i c e l l a r 
media can be employed to enhance the water s o l u b i l i t y of organic 
m a t e r i a l s . For i n s t a n c e , 1,2-benzphenanthrene and 2 ,3-benzphen-
anthrene are v i r t u a l l y i n s o l u b l e i n water (water s o l u b i l i t y ύ 9.0 χ 
10 M). However, i n the presence of.0.50 M potassium dodecanoate, 
t h e i r s o l u b i l i t y i s roughly 6.4 χ 10 M (V6). T h i s represents a 
s o l u b i l i t y enhancement of 66,000! Many other examples of such 
enhancements i n s o l u b i l i t y are reported i n the l i t e r a t u r e 
(1,4,16,40,41). 

Depending upon the nature of the s o l u t e and organized s u r f a c t a n t 
system, a s o l u t e can "bind" d i f f e r e n t r e g i o n s of the aggregate system. 
Figure 3 shows some of the s o l u b i l i z a t i o n s i t e s a v a i l a b l e f o r a s o l u t e 
i n an aqueous normal m i c e l l a r system (4_9). In i n v e r t e d m i c e l l a r 
media, polar s o l u t e s can be s o l u b i l i z e d i n the i n t e r i o r water p o o l , or 
a s s o c i a t e with the headgroup of the s u r f a c t a n t molecule ( i f of 
opposite charge). A d d i t i o n a l l y , l e s s p o l a r species can a l i g n 
themselves with the s u r f a c t a n t molecules v i a both hydrophobic and 
e l e c t r o s t a t i c i n t e r a c t i o n s . The p a r t i t i o n i n g of a s o l u b i l i z a t e (S) 
between the bulk s o l v e n t ( s o l ) and organized s u r f a c t a n t (sur) phase i s 
a dynamic e q u i l i b r i u m process with the degree of p a r t i t i o n i n g defined 
by a p a r t i t i o n (or d i s t r i b u t i o n ) c o e f f i c i e n t P. The p a r t i t i o n 
c o e f f i c i e n t i s defined as the r a t i o of the s o l u t e c o n c e n t r a t i o n i n 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



16 O R D E R E D MEDIA IN C H E M I C A L SEPARATIONS 

Figure 3. S i m p l i f i e d cross s e c t i o n of an aqueous normal m i c e l l e 
showing p o s s i b l e s o l u b i l i z a t i o n s i t e s . A charged solute (A) 
would be e l e c t r o s t a t i c a l l y r e p e l l e d from the m i c e l l e surface i f 
i t were of the same charge-type as the i o n i c m i c e l l e while an 
o p p o s i t e l y charged solute (B) would be e l e c t r o s t a t i c a l l y at
t r a c t e d to the m i c e l l a r surface. Nonpolar solutes (C) would 
p a r t i t i o n to the outer p a r t of the more hydrophobic core region. 
Amphiphilic solutes (D) would attempt to a l i g n themselves so as 
to maximize the e l e c t r o s t a t i c and hydrophobic i n t e r a c t i o n s pos
s i b l e between i t s e l f and the surfactant molecules. "Reproduced 
with permission from Ref. 49. Copyright 1984, E l s e v i e r 
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[S] i n aggregated surfactant phase 
[ S l i n bulk solvent phase 

the organized s u r f a c t a n t assembly phase to t h a t i n the bulk s o l v e n t 
phase (equation 1) ( 1_). In d i l u t e s o l u t i o n s , the p a r t i t i o n 
c o e f f i c i e n t , P, can be r e l a t e d t o a s o l u t e - s u r f a c t a n t aggregate 
bi n d i n g constant, K^, by use of the Berezin equation (50) (equation 2) 
i n which ν i s the molar volume of the s u r f a c t a n t i n the organized 
s u r f a c t a n t medium. The b i n d i n g constant, Kfe, f o r the i n t e r a c t i o n 

K b - ( P - 1 ) v ( 2 ) 

of s o l u b i l i z a t e w i t h aggregate (equation 3) i s merely the r a t i o of 
Κ 

S + sur _ N S«sur (3) 

the c o n c e n t r a t i o n of the s o l u t e a s s o c i a t e d w i t h the organized assembly 
[S«sur] d i v i d e d by the f r e
uncomplexed s o l u t e [S] an
(equation 4 ) . The [ s u r ] , sometimes designated C m, i s given by 

Κ _ [S-surJ (4) 
*> [S] [sur] 

the d i f f e r e n c e between the t o t a l s u r f a c t a n t c o n c e n t r a t i o n (CL) and the 
c r i t i c a l c o n centration d i v i d e d by the aggregation number of the 
s u r f a c t a n t assembly (1_ f5). Since the a s s o c i a t i o n r a t e of most s o l u t e s 
w i t h s u r f a c t a n t aggregates i s constant (* 10 - 10 M~ s ) (216), the 
l a r g e r the s o l u t e - aggregate b i n d i n g constant, K., the more s t a b l e i s 
the associated s o l u t e - s u r f a c t a n t aggregate complex and the longer i s 
the s o l u t e ' s residence time i n the organized s u r f a c t a n t assembly 
environment (termed pseudophase). 

Tables VI and VII present some r e p r e s e n t a t i v e data on the b i n d i n g 
constants and p a r t i t i o n c o e f f i c i e n t s r e p o r t e d f o r the i n t e r a c t i o n of 
s e l e c t e d s o l u t e s w i t h d i f f e r e n t s u r f a c t a n t m i c e l l a r systems. The 
s t r e n g t h of the a s s o c i a t i o n of s o l u t e s with s u r f a c t a n t m i c e l l e 
assemblies i s d i c t a t e d by the net e l e c t r o s t a t i c , hydrogen-bonding, 
and/or hydrophobic i n t e r a c t i o n s p o s s i b l e f o r a given s o l u t e - m i c e l l e 
combination under the p r e v a i l i n g experimental c o n d i t i o n s . 
Consequently, as can be seen from the data i n the Tables, the 
charge-type and chain l e n g t h of both the s o l u t e and the m i c e l l e -
forming s u r f a c t a n t as w e l l as presence or absence of a d d i t i v e s are 
important f a c t o r s which can i n f l u e n c e the magnitude of the b i n d i n g 
constants (or p a r t i t i o n c o e f f i c i e n t s ) . For i n s t a n c e , w i t h i n a given 
f a m i l y of s o l u t e s (such as the p o l y c y c l i c aromatic hydrocarbons or 
quinones i n Table VI or a l c o h o l s i n Table V I I ) , the degree of 
p a r t i t i o n i n g / b i n d i n g to the m i c e l l a r e n t i t y increases w i t h increases 
i n the s o l u t e h y d r o p h o b i c i t y . Metal ions can e l e c t r o s t a t i c a l l y 
i n t e r a c t w i t h and bind to a n i o n i c charge-type s u r f a c t a n t assemblies 
but not c a t i o n i c s ( r e f e r t o entry f o r copper(II) i n Table V I ) . For 
i o n i z a b l e s o l u t e s , both hydrophobic and e l e c t r o s t a t i c i n t e r a c t i o n s are 
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TABLE VI. Comparison of some Binding Constants f o r the I n t e r a c t i o n 
of Solutes with Selected Organized Surfactant Systems 

Solute Organized Surfactant Κ (M~ ) Ref. 
Assembly 

2-Methyl-l,4-naphtho- aq. NaLS m i c e l l e s 1.2 X 10 4 51 
quinone (menadione) A 

2,3-Dimethy1-1,4-naph- aq. NaLS m i c e l l e s 2.6 X ί ο 4 51 
thoquinone A 

Duroquinone aq. NaLS m i c e l l e s 1.3 X 10^ 51 
BHAC reversed micelle* 3 u 

i n benzene 3.5 - 4.4 b 52 

Naphthalene 
Anthracene 1 0 6 Pyrene II 1.7 X 10 6 

1-Me thy1qu ino1inium A 
ion aq. NaLS m i c e l l e s 4.8 X 1 0 5 53 

10-Methylacridinium II 1.4 X 10 5 

ion Ο 
S i l v e r (I) ion aq. NaLS m i c e l l e s 1.3 X 1 0 3 53 
N i c k e l (II) ion II 2.4 X 10 3 

Copper (II) i o n aq. NaLS m i c e l l e s 245' 54 
aq. DTAC m i c e l l e s 0.002 

Hydrogen ion (H ) aq. NaLS m i c e l l e s 13.1 8 55 
Copper-benzoyl- 3c acetone complex aq. NaLS m i c e l l e s 4.9 X i o J C 54 

aq. DTAC m i c e l l e s 11. i 8° 
p,pf-DDT aq. CTAOH m i c e l l e s 6 1.5 χ 10 56 

+ added BuOH 1.8 χ 10^ 
+ added HexOH 3.0 χ 10^ 
+ added KBr g 2.7 χ 10 
+ added £KBr g & 5.0 χ 10 

HexOH 

BHAC = hexadecylbenzyld^methylammonium c h l o r i d e . Refers to the 
e q u i l i b r i u m constant (dm /mol) f o r d i s t r i b u t i o n of solute between 
the reversed m i c e l l a r wat^r pool and the bulk organic phase. 
E q u i l i b r i u m constant (dm /mol) are given on a per monomer basis 

αϊ 4)· 
DDT = l , l , l - t r i c h l o r o - 2 , 2 - b i s ( p - c h l o r o p h e n y l ) e t h a n e . 
^CTAOH = Hexadecyltrimethylammonium hydroxide. 
Amount of a l c o h o l added i s < 0.07 M. gAmount of KBr added i s 
< 0.10 M. 
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TABLE VII. Summary of P a r t i t i o n C o e f f i c i e n t s f o r the D i s t r i b u t i o n 
of Solutes between Normal M i c e l l a r and Aqueous 
Pseudophases 

Solute Aqueous Normal 
M i c e l l a r System 

P a r t i t i o n 
C o e f f i c i e n t 

Ref. 

1- Heptanol 

2- Heptanol 
3- Heptanol 
4- Heptanol 
1.8- 0ct a n e d i o l 
1.9- Nonanediol 
1.10- Decanediol 
1-Pentanol 

NaLS 

NaDC 
NaLS 
NaDeS* 
SFONa 
NaLS/SFONa" 
NaLS/SFONa 

Chloropentaammine 
c o b a l t ( I I I ) 

NaLS 

1500 
1010 
930 

311 
743 

3800 

100 
820 
650 
535 
755 

1200 

1.5 χ 10* 

57 

207 
58 

59 

Propranol CTAB 
Penthianatemethobromide CTAB 

0.43 
0.24 

60 

aNaDeS = sodium d e c y l s u l f a t e . bSF0Na sodium perfluorooctanoate. 

Mixed m i c e l l e i n which the mol f r a c t i o n of SFONa i s 0.50. 
Mixed m i c e l l e i n which the mol f r a c t i o n of SFONa i s 0.147. 
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p o s s i b l e . For example, the b i n d i n g constants f o r the i n t e r a c t i o n of 
protonated and unprotonated R-methylthiophenol w i t h c a t i o n i c CTAB 
normal m i c e l l e s are 1.0 χ 10 3 and 8.3 x 10 Μ , r e s p e c t i v e l y (61). 
The l a r g e r binding constant f o r the thiophenolate i o n merely r e f l e c t s 
the a d d i t i o n a l e l e c t r o s t a t i c c o n t r i b u t i o n to the b i n d i n g i n t e r a c t i o n 
compared t o that p o s s i b l e f o r the n e u t r a l t h i o p h e n o l . The a d d i t i o n of 
a d d i t i v e s (such as s a l t or a l c o h o l s ) can a l s o i n f l u e n c e the magnitude 
of the bin d i n g i n t e r a c t i o n ( r e f e r t o data on DDT i n Table V I ) . 

To summarize, the b i n d i n g i n t e r a c t i o n observed (or d e s i r e d i n 
p a r t i c u l a r s e p a r a t i o n a p p l i c a t i o n ) f o r a s p e c i f i c s o l u t e w i t h a 
s u r f a c t a n t assembly can be c o n t r o l l e d by (1) v a r i a t i o n of the 
s u r f a c t a n t concentration (equations 3 and 4 ) , (2) v a r i a t i o n of the 
charge-type and/or carbon chain l e n g t h of the s u r f a c t a n t ( r e f e r t o 
data on duroquinone, Table VI and 1-pentanol, Table V I I ) , and (3) 
a d d i t i o n of appropriate a d d i t i v e s ( r e f e r t o DDT data i n Table V I ) . By 
manipulation of the experimental c o n d i t i o n s j u s t mentioned, i t i s 
p o s s i b l e to observe d i f f e r e n c e
d i f f e r e n t f a m i l i e s of s o l u t e
isomers (see data i n Table VII on heptanol isomers) w i t h organized 
s u r f a c t a n t media. In a d d i t i o n , d i f f e r e n c e s i n the binding of 
enantiomers have been observed i n a few cases (J_5,_62). The f a c t that 
one can u t i l i z e d i f f e r e n t sufactant organized assemblies to 
d i f f e r e n t i a l l y s o l u b i l i z e and bind a v a r i e t y of s o l u t e molecules 
serves as the main b a s i s f o r t h e i r s u c c e s s f u l use i n sepa r a t i o n 
science (j_,5). A d d i t i o n a l l y , some of the other p r e v i s o u l y mentioned 
unique p r o p e r t i e s of s u r f a c t a n t s o l u t i o n s and organized s u r f a c t a n t 
systems can be j u d i c i o u s l y e x p l o i t e d i n order t o a i d the s e p a r a t i o n 
s c i e n t i s t i n some s p e c i f i c a p p l i c a t i o n s as w i l l be d e t a i l e d i n l a t e r 
s e c t i o n s of t h i s overview. 

D i f f e r e n t Uses and E x p l o i t a t i o n of Sur f a c t a n t Systems i n Separation 
Science 

Organized s u r f a c t a n t assemblies have found amazingly d i v e r s e and 
numerous p r a c t i c a l a p p l i c a t i o n s i n many areas of se p a r a t i o n s c i e n c e . 
Space l i m i t a t i o n s preclude an exhaustive review of a l l such systems 
and a p p l i c a t i o n s . Consequently, only c e r t a i n r e p r e s e n t a t i v e examples 
w i l l be given i n many instances to i l l u s t r a t e the current 
s t a t e - o f - t h e - a r t , w i t h emphasis given to the more r e c e n t l y developed 
techniques. P o t e n t i a l areas f o r f u r t h e r research and f u t u r e 
developments w i l l be i d e n t i f i e d . The main t o p i c s t o be covered 
i n c l u d e : use of s u r f a c t a n t s as mobile phase a d d i t i v e s and/or 
s t a t i o n a r y phase m o d i f i c a t i o n reagents i n chromatographic s e p a r a t i o n s , 
w i t h emphasis on m i c e l l a r l i q u i d chromatography; m i c e l l a r 
e l e c t r o k i n e t i c c a p i l l a r y chromatography; s u r f a c t a n t mediated 
s o l u b i l i z a t i o n and e x t r a c t i o n schemes; s u r f a c t a n t enhanced d e t e c t i o n 
schemes i n s e p a r a t i o n science; a b r i e f d e s c r i p t i o n of some 
miscellaneous a p p l i c a t i o n s of s u r f a c t a n t s ; and l a s t l y , a s e c t i o n on 
some experimental c o n s i d e r a t i o n s i n c l u d i n g s u r f a c t a n t and/or s o l u t e 
recovery i n surfactant-mediated s e p a r a t i o n s . 

Surfactant-Mediated Chromatographic Separations. The s e l e c t i v e 
i n t e r a c t i o n of s u r f a c t a n t s w i t h a v a r i e t y of s o l u t e s (as i o n p a i r s 
w i t h monomeric s u r f a c t a n t molecules or as bound ("associated") species 
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w i t h m i c e l l a r , v e s i c u l a r , or l i q u i d / c r y s t a l l i n e organized s u r f a c t a n t 
media) enables them to be a p p l i e d i n chromatography. From an 
op e r a t i o n a l v i e w p o i n t , there can be two types of approaches to t h e i r 
use i n such chromatographic s e p a r a t i o n s . F i r s t , they can be employed 
i n chromatographic mobile phases. An e l u t i n g solvent (mobile phase) 
contains the s u r f a c t a n t ( s ) and s o l u t e s d i s t r i b u t e between the 
s t a t i o n a r y phase ( u s u a l l y s u r f a c t a n t modified) and the s u r f a c t a n t (or 
su r f a c t a n t aggregate) i n the mobile phase (Figure 4 ) . A l t e r n a t i v e l y , 
s u r f a c t a n t s or s u r f a c t a n t organized assemblies can be immobilized i n 
(or onto) a s t a t i o n a r y phase. Solutes are thus d i s t r i b u t e d between a 
conventional mobile phase and the s u r f a c t a n t - m o d i f i e d s t a t i o n a r y phase. 

Use of S u r f a c t a n t s i n Chromatographic Mobile Phases. (1) Planar 
and High-Performance L i q u i d Chromatography. Perhaps the most recent 
development concerning the u t i l i z a t i o n of s u r f a c t a n t s i n 
chromatography concerns t h e i r use as LC m i c e l l a r mobile phases 0 -8 ) . 
S u r f a c t a n t s had p r e v i o u s l y been s u c c e s s f u l l y employed as mobile phase 
a d d i t i v e s i n s o - c a l l e d i o n - p a i
(75,173)» dynamic soap (76)
detergent-based cat ion-exchange (7_9) or s u r f a c t a n t chromatography 
(_69). There i s s t i l l c o n s i d e r a b l e debate concerning the r e t e n t i o n 
mechanism i n t h i s p a r t i c u l a r s e p a r a t i o n mode employing s u r f a c t a n t s as 
a d d i t i v e s i n the mobile phase (68,_69,71_,72). For these a p p l i c a t i o n s , 
the s u r f a c t a n t concentrations and/or c o n d i t i o n s are such that no 
m i c e l l a r aggregates form. That i s , s u r f a c t a n t concentrations are 
below the CMC value or c o n d i t i o n s (high concentrations of added 
a l c o h o l s ) are such th a t m i c e l l e s do not form. In f a c t , d e v i a t i o n s 
from the expected i o n - p a i r r e t e n t i o n behavior observed at higher 
s u r f a c t a n t concentrations i s u s u a l l y a t t r i b u t e d t o m i c e l l e or mixed 
m i c e l l e formation (71,79-82,118,121 J7 3 ) . Further i n f o r m a t i o n on the 
use of s u r f a c t a n t s as i o n - p a i r i n g reagents i n chromatography are given 
i n s e v e r a l f i n e reviews (_69,8l_,83) as w e l l as i n a Chapter by M u l l i n s 
i n t h i s Symposium Volume (84). 

The f i r s t i n t e n t i o n a l use of s u r f a c t a n t s i n chromatographic 
mobile phases at concentrations above the CMC was proposed i n 1977 by 
Armstrong and co-workers (1,86-100). Since the i n i t i a l r e p o r t s , the 
general method, dubbed pseudophase l i q u i d chromatography (PLC) or 
m i c e l l a r l i q u i d chromatography (MLC), has moved from the realm of an 
academic novelty to a demonstrated p r a c t i c a l s e p a r a t i o n technique. 
The b a s i s f o r s e p a r a t i o n employing m i c e l l a r mobile phases stems from 
t h e i r a b i l i t y t o d i f f e r e n t i a l l y s o l u b i l i z e and bind s t r u c t u r a l l y 
s i m i l a r s o l u t e s . S k e p t i c s view MLC as a f a s c i n a t i n g example of the 
i n c o r p o r a t i o n of secondary e q u i l i b r i a f o r c o n t r o l or adjustment of 
r e t e n t i o n (101). However, i t i s the u l t i m a t e of secondary e q u i l i b r i a 
s i n c e the types of i n t e r a c t i o n s p o s s i b l e w i t h m i c e l l a r aggregates 
cannot be d u p l i c a t e d by any s i n g l e other e q u i l i b r i u m system, or f o r 
that matter, any one or mixture of t r a d i t i o n a l normal or reversed 
phase mobile phase systems. T h i s i s due to the f a c t t h a t s o l u t e s can 
i n t e r a c t with the s u r f a c t a n t aggregates v i a hydrophobic, 
e l e c t r o s t a t i c , hydrogen bonding, and/or a combination of these 
f a c t o r s . 

A m i c e l l a r mobile phase can be viewed as being composed of both 
the s u r f a c t a n t m i c e l l a r aggregates (pseudophase) and the r e s t of the 
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Figure 4. A r t i s t i c r e p r e s e n t a t i o n of the species and e q u i l i b r i a 
present when employing surfactant m i c e l l a r mobile phases i n LC. 
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bulk s o l v e n t (Figure 4 ) . A s o l u t e thus d i s t r i b u t e s between the bulk 
s o l v e n t - s u r f a c t a n t modified s t a t i o n a r y phase (P ) and between the 
bulk s o l v e n t - m i c e l l a r pseudophase (Ρ ). Consequently, there are 
two p a r t i t i o n c o e f f i c i e n t s which the s e p a r a t i o n s c i e n t i s t can t r y to 
manipulate i n order t o achieve a d e s i r e d s e p a r a t i o n . The b a s i c 
formulas r e l a t i n g these two p a r t i t i o n c o e f f i c i e n t s and r e t e n t i o n ( i n 
terms of the r e c i p r o c a l of the c a p a c i t y f a c t o r ) to the m i c e l l e 
c o n c e n t r a t i o n are given i n equations 5 and 6 f o r TLC and HPLC, 
r e s p e c t i v e l y : 

where R̂ , and k 1 are the r e t a r d a t i o n and c a p a c i t y f a c t o r s , 
r e s p e c t i v e l y ; φ i s the phase r a t i o (equal t o V s/V where V"s and Y Q are 
the stationary-phase and v o i d volumes, r e s p e c t i v e l y ) ; C i s the 
m i c e l l e c o n c e n t r a t i o n [equal t o (C -CMC)/N where C T i s the t o t a l 
s u r f a c t a n t c o n c e n t r a t i o n ] ; Κ i s the m i c e l l e - s o l u t e b i n d i n g constant 
(equal t o ( P s m - 1)v, where Ρ i s the p a r t i t i o n c o e f f i c i e n t f o r 
d i s t r i b u t i o n S o f the s o l u t e between the m i c e l l a r and bulk s o l v e n t 
phases); and Ρ i s the p a r t i t i o n c o e f f i c i e n t f o r d i s t r i b u t i o n of the 
s o l u t e between the bulk s o l v e n t and s t a t i o n a r y phases (1,96,98,102). 
These equations can be employed to d e s c r i b e or p r e d i c t the r e t e n t i o n 
behavior e x h i b i t e d by n e u t r a l s o l u t e s or i o n i z a b l e s o l u t e s , provided 
t h a t there i s only one form of the s o l u t e present over the s u r f a c t a n t 
c o n c e n t r a t i o n range examined at a p a r t i c u l a r pH ( i n the l a t t e r case, 
i t would be necessary to bear i n mind t h a t the Kfe term must be f o r the 
a c t u a l form of the species p r e s e n t ) . 

I n the case o f an i o n i z a b l e s o l u t e where both the a c i d and 
conjugate base (or base and conjugate a c i d ) forms are present, the 
f o l l o w i n g equation p r e d i c t s the dependence of k' upon pH (at constant 
s u r f a c t a n t concentration) or s u r f a c t a n t c o n c e n t r a t i o n (at constant 
pH): 

K ^ + V Cm ) ] + k , c b [ 1 + K b c ( C m ) ] K i / [ H + ] 

1+W + [ 1 + K b c ( C m ) ] V [ H + ] 

(7) 

where and K, are the b i n d i n g constants f o r the i n t e r a c t i o n of the 
weak a c i d and i ? s conjugate base, r e s p e c t i v e l y ; k^ and k£fe are the 
l i m i t i n g c a p a c i t y f a c t o r s of the weak a c i d and i t s conjugate base, 
r e s p e c t i v e l y ; C i s the m i c e l l e c o n c e n t r a t i o n as p r e v i o u s l y d e f i n e d ; 
and K.. i s the apparent i o n i z a t i o n constant f o r the weak a c i d (103). A 
s i m i l a r equation can be d e r i v e d f o r weak bases and t h e i r conjugate 
a c i d s (103)· I t should be noted that equations 5, 6, and 7 can be 
re-expressed i n terms of s e v e r a l other chromatographic parameters or 
by use of p a r t i t i o n c o e f f i c i e n t s r a t h e r than b i n d i n g constants U ) . 
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The d e r i v a t i o n of these d i f f e r e n t r e t e n t i o n equations i s 
important i n s e v e r a l r e s p e c t s . F i r s t , they allow f o r c a l c u l a t i o n of 
m i c e l l e - s o l u t e b i n d i n g c o n s t a n t s , parameters which are important i n 
many areas of m i c e l l a r k i n e t i c s or chemistry. There have been s e v e r a l 
r e p o r t s i n the l i t e r a t u r e demonstrating t h i s chromatographic approach 
f o r determination of m i c e l l e - s o l u t e b i n d i n g constants (1,8,104,105). 
More i m p o r t a n t l y , they allow f o r p r e d i c t i o n of r e t e n t i o n behavior as a 
f u n c t i o n of s u r f a c t a n t c o n c e n t r a t i o n (or of pH at constant m i c e l l e 
c o n c e n t r a t i o n ) , provided that the m i c e l l e - s o l u t e binding constant 
(or s o l u t e i o n i z a t i o n constant) i s known (which can be determined 
s p e c t r o s c o p i c a l l y or from k i n e t i c s t u d i e s ) (1,96,102). Consequently, 
the theory allows the chromatographer t o determine the optimum 
c o n d i t i o n s r e q u i r e d f o r a d e s i r e d s e p a r a t i o n . 

Examination of equations 5, 6, and 7 r e v e a l s that r e t e n t i o n can 
be c o n t r o l l e d by v a r i a t i o n of the s u r f a c t a n t m i c e l l e c o n c e n t r a t i o n , 
v a r i a t i o n of pH ( f o r i o n i z a b l e s p e c i e s ) , and by manipulation of the 
s o l u t e - m i c e l l e b i n d i n g constan
by a d d i t i v e s ( s a l t , a l c o h o l
type (charge and h y d r o p h o b i c i t y ) of m i c e l l e - f o r m i n g s u r f a c t a n t 
employed ( r e f e r t o data i n Table VII f o r 1-pentanol). Table V I I I 
summarizes some of the f a c t o r s that i n f l u e n c e r e t e n t i o n f o r 
s u r f a c t a n t - c o n t a i n i n g mobile phases and compares the e f f e c t of changes 
i n these f a c t o r s upon the r e t e n t i o n behavior observed i n both m i c e l l a r 
l i q u i d and i o n - p a i r chromatography (81). 

In a d d i t i o n t o the f a c t o r s l i s t e d i n Table V I I I , the nature of 
the s u r f a c t a n t - m o d i f i e d s t a t i o n a r y phase a f f e c t s Ρ ( p a r t i t i o n 
c o e f f i c i e n t f o r d i s t r i b u t i o n of s o l u t e between bulîPsolvent and 
modified s t a t i o n a r y phases) and thus w i l l i n f l u e n c e the r e t e n t i o n 
observed. I t should be r e a l i z e d t h a t most of the normal and 
reversed-phase packing m a t e r i a l s w i l l adsorb/absorb s u r f a c t a n t 
molecules from the mobile phase s o l u t i o n and become coated to 
d i f f e r e n t degrees when s u r f a c t a n t mobile phases are passed through 
them. Numerous adsorption isotherms have been r e p o r t e d f o r v a r i o u s 
s u r f a c t a n t - s t a t i o n a r y phase combinations i l l u s t r a t i n g t h i s p o int 
(82,85,106,115-128,206). The presence of a d d i t i v e s can mediate the 
amount of s u r f a c t a n t surface coverage obtained (110-129,175,206). I t 
has been pos t u l a t e d t h a t the a r c h i t e c t u r e which adsorbed s u r f a c t a n t 
molecules can assume on conventional s t a t i o n a r y phases can range from 
m i c e l l a r , h e m i - m i c e l l a r , or a d m i c e l l a r t o mono-,bi-, or m u l t i l a y e r e d , 
and/or other l i q u i d c r y s t a l l i n e - t y p e s t r u c t u r e s (93,106,124,128,129, 
132,208,212,217,221). In a few cases, i t has been reported t h a t there 
can be a r e l a t i v e l y slow r e o r g a n i z a t i o n of the s t a t i o n a r y phase 
s u r f a c t a n t s t r u c t u r e (137) and s i m i l a r ageing (storage) e f f e c t s on the 
m i c e l l a r aggregate s t r u c t u r e i n s o l u t i o n have been noted as w e l l 
(138). A l s o , the s t r u c t u r a l parameters ( i . e . pore diameter and 
p a r t i c a l s i z e d i s t r i b u t i o n ) of the s t a t i o n a r y phase packing m a t e r i a l 
can be a l t e r e d due to s u r f a c t a n t a d s o r p t i o n (133-135)· The f a c t t h a t 
many s t a t i o n a r y phase p r o p e r t i e s are s u b s t a n t i a l l y a l t e r e d by the 
process of s u r f a c t a n t a d s o r p t i o n has important i m p l i c a t i o n s w i t h 
regard t o chromatographic r e t e n t i o n and e f f i c i e n c y 
(93,106,110,126-128). A review on the r o l e of the s t a t i o n a r y phase i n 
MLC i s given i n a Chapter by Berthod, et a l i n t h i s Volume (136). 
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TABLE VIII. Comparison of the General E f f e c t of Va r i a b l e s on 
Retention i n Reversed-Phase Ion-Pair (RP-IPC) and 
M i c e l l a r L i q u i d Chromatography (MLC) 

Factor 
Varied i n RP-IPC 

E f f e c t upon Retention 
a i n RP-MLC 

Concentration of 
surfactant of 
mobile phase 

Increasing concentra
t i o n increases retent
ion (up to a l i m i t ) 

Increasing 
concentration 
decreases r e t e n t i o n 
(down jto a l i m i t i n g 
value) 

Presence of an 
organic modifier 
(added a l c o h o l or 
a c e t o n i t r i l e ) 

Retention decreases 

y  organi
a d d i t i v e 

Same as i n RP-IPC 

PH Retention increases as 
pH manipulation maxi
mizes the concentration 
of the i o n i c form of 
the solute 

Depends upon the 
nature ( i . e . charge-
type and concentrat
ion) of the s u r f a c t 
ant m i c e l l e and i o n 
i z a b l e s o l u t e ; eq. 7 
p r e d i c t s a sigmoidal-
type dependence be
tween r e t e n t i o n and 
pH (at constant sur
factant concentrat
ion) 

Temperature Retention increases as 
temperature decreases 

Retention decreases 
s l i g h t l y as tempera
ture increases 

Ionic Strength Rention decreases as 
i o n i c strength i n 
creases l i n e a r 
dej)çndence__1jet;ween 

^Information taken from Réf. 81. uSee references 1,96,102,105,106, 
114,121,131. 
°See references 106-112,121,130,131,154,201; some exceptions with very 
short-chain a l c o h o l s (MeOH) (110). Table IX shows the e f f e c t of 
a l t e r a t i o n of a l c o h o l hydrophobicity i n MLC r e t e n t i o n (112). 
d e See reference 103. Refer to reference 113, Figure 2. 
f R e f e r to references 98,99,107,108,110,130,131). There are some 
apparent notable exceptions to the general trend, see, f o r instance, 
Ref. 98,99,103,110. 
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TABLE IX. E f f e c t of Added Alcohols upon the Chromatographic 
Retention and E f f i c i e n c y of 2-Ethylanthraquinone using 
a M i c e l l a r Sodium Dodecylsulfate Mobile Phase and a C-18 
Reversed Phase Column 

Ad d i t i v e Capacity Factor Ν 

b 
none 37.1 50 

5% added methanol 27.3 56 

5% added ethanol 20.6 100 

5% added n-propanol 13.2 320 

5% added n-butanol 9.5 725 

2% added n-pentanol 12.3 
5% " 7.3 810 

5% added DMSO 22.1 

temperature 23.5° C, data taken from Ref. 112. 
^The m i c e l l a r mobile phase i n a l l experiments consisted of aqueous 
0.285M NaLS, flow rate l.OOmL/min, 10-cm column. 
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From an experimental s t a n d p o i n t , i t i s important to p r o p e r l y 
e q u i l i b r a t e the column w i t h the s u r f a c t a n t mobile phase p r i o r t o use 
so that r e p r o d u c i b l e chromatographic r e s u l t s can be obtained. 

In terms of chromatographic a p p l i c a t i o n s , the advantages of 
employing s u r f a c t a n t m i c e l l a r mobile phases that have been c i t e d 
i n c l u d e : enhanced s e l e c t i v i t y , low c o s t , low t o x i c i t y , ease of mobile 
phase d i s p o s a l , ease of p u r i f i c a t i o n o f the mobile phase ( i . e . water 
and s u r f a c t a n t ) , and the a b i l i t y t o simultaneously chromatograph both 
h y d r o p h i l i c and hydrophobic s o l u t e s among others (1-3>88,95,97,111)· 
More r e c e n t l y , s e v e r a l other unique chromatographic advantages 
o b t a i n a b l e have been reported (139). F i r s t , use of some m i c e l l a r 
mobile phases allows f o r more convenient and r a p i d gradient e l u t i o n 
( i . e . g radient i n terms of m i c e l l a r c oncentration) compared to that 
p o s s i b l e with conventional hydro-organic mobile phases (140,141). 
Secondly, i t has been reported th a t u t i l i z a t i o n of reverse m i c e l l a r 
mobile phases (AOT i n hexane) i n normal phase chromatography can 
g r e a t l y reduce or e l i m i n a t
content that i s u s u a l l y observe
use of some m i c e l l a r mobile phases allows f o r new or enhanced modes of 
d e t e c t i o n i n TLC or HPLC. More d e t a i l s on t h i s point w i l l be 
presented i n a l a t t e r s e c t i o n of t h i s review a r t i c l e . Some of these 
unique chromatographic c a p a b i l i t i e s o f m i c e l l a r mobile phases are 
discussed i n more d e t a i l i n a Chapter by Dorsey i n t h i s Symposium 
Volume (143). 

A f o u r t h major reason f o r employing such m i c e l l a r phases i n HPLC 
i s t h a t they allow f o r the d i r e c t i n j e c t i o n of untreated b i o l o g i c a l 
f l u i d s ( u r i n e , plasma, s a l i v a ) (144-149,218) as w e l l as waste water 
samples (112). Thus, t h i s technique i s very u s e f u l i n t h e r a p e u t i c 
drug monitoring s i n c e the m i c e l l a r s o l u t i o n can s o l u b i l i z e the 
serum/urine preventing p r o t e i n p r e c i p i t a t i o n and d i s p l a c e the 
drug/analyte from the serum/urine components thus a l l o w i n g the analyte 
to p a r t i t i o n to the s u r f a c t a n t modified s t a t i o n a r y phase (144-149). 
Consequently, minimal sample preparation i s r e q u i r e d and the a n a l y s i s 
time i s reduced. There w i l l no doubt be f u r t h e r break-throughs i n 
t h i s fast-moving f i e l d i n the near f u t u r e w i t h r e s p e c t t o novel 
chromatographic advantages of s u r f a c t a n t - c o n t a i n i n g mobile phases. 

L a s t l y , the use of m i c e l l a r mobile phases allows a convenient 
means of studying m i c e l l e - s o l u t e i n t e r a c t i o n s ( i . e . determination of 
bi n d i n g constants) (1,104,105) as w e l l as determination of s u r f a c t a n t 
CMC values (from breaks i n the l o g k* . vs. l o g C T p l o t s ) 
(64,109,148,172). I n t h i s a r e a , the more important a p p l i c a t i o n i s i t s 
use i n the determination of binding constants (J_). 

The main disadvantages of m i c e l l a r chromatography are the 
observed diminished chromatographic e f f i c i e n c y , higher column back 
pressure, and i n prep a r a t i v e work, the need t o separate the f i n a l 
r e s o l v e d a n a l y t e from the s u r f a c t a n t (95) (a l a t e r s e c t i o n of t h i s 
review w i l l discuss t h i s l a t t e r problem and i t s r e s o l u t i o n i n f u r t h e r 
d e t a i l ). The higher column back pressure and part of the decreased 
e f f i c i e n c y stem from the f a c t t h a t s u r f a c t a n t - c o n t a i n i n g mobile phases 
are more viscous compared to the usual hydro-organic mobile phases 
employed i n conventional RP-HPLC ( r e f e r to v i s c o s i t y data i n Table X) 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



28 O R D E R E D MEDIA IN C H E M I C A L SEPARATIONS 

TABLE X. V i s c o s i t y of Commonly Employed Solutions i n M i c e l l a r 
L i q u i d Chromatography 

Surfactant System V i s c o s i t y , cP 

Methanol alon
D i s t i l l e d Water alone 1.01 

0.10 M NaLS 1.21 
0.10 M CTAC 1.31 
0.10 M SB-12 1.16 
0.10 M NaDC 1.32 

0.27 M CTAB + 50% n-Bu0H b 4.48 

0.40 M NaLS 2.27 
0.40 M CTAC 2.46 
0.40 M SB-12 1.76 
0.43 M CPC 3.40 
0.04 M DODAB ( V e s i c l e System) 5.2 

aData taken at 25.6° C; Reference 112. 
^Probably a microemulsion system. 
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(106,112,118). Due to the r e l a t i v e l y h igh v i s c o s i t y o f s u r f a c t a n t 
v e s i c l e and microemulsion systems ( r e f e r to data on DODAB and CTAB/50Î 
BuOH i n Table X ) , t h e i r use i n HPLC w i l l be l i m i t e d s i n c e lower flow 
r a t e s would be r e q u i r e d which would lengthen the r e q u i r e d time f o r a 
s e p a r a t i o n . A d d i t i o n a l l y , most s u r f a c t a n t v e s i c u l a r (112) as w e l l as 
some m i c e l l a r s o l u t i o n s are o p t i c a l l y opaque which l i m i t s the 
wavelength range a v a i l a b l e f o r spectroscopic d e t e c t i o n unless a 
postcolumn d i l u t i o n step i s employed (219). 

The major c o n t r i b u t i o n s which r e s u l t i n the reduced 
chromatographic e f f i c i e n c y have been a s c r i b e d to slow mass t r a n s f e r 
p r i n c i p a l l y due to poor wetting of the s u r f a c t a n t modified s t a t i o n a r y 
phase (109), poor mass t r a n s f e r between the m i c e l l e and s t a t i o n a r y 
phase (113), and poor mass t r a n s f e r i n the s t a t i o n a r y phase (100,106). 
In some cases, the use of s m a l l amounts of a l c o h o l a d d i t i v e s (MeOH, 
n-Pr0H) and op e r a t i o n at elevated temperature (40 C) r e s u l t i n 
chromatographic e f f i c i e n c i e s comparable t o that seen i n t r a d i t i o n a l LC 
usi n g hydro-organic mobil
we have found n-pentanol
( r e f e r t o Table IX) (112). Further work i s c l e a r l y needed i n t h i s 
e f f i c i e n c y area i n order t o c l a r i f y the exact reason(s) f o r the 
r e d u c t i o n i n e f f i c i e n c y . I t appears th a t a combination of f a c t o r s can 
c o n t r i b u t e to t h i s e f f e c t w i t h the dominant e f f i c i e n c y r e d u c t i o n mode 
dependent upon the nature o f the s o l u t e , m i c e l l a r mobile phase, and 
s t a t i o n a r y phase packing m a t e r i a l employed (100,112,135). 
Consequently, a l l explanations given t o date are probably c o r r e c t f o r 
the p a r t i c u l a r l i m i t e d cases examined i n the work c i t e d . 

M i c e l l a r mobile phases have been u t i l i z e d i n numerous recent 
paper, t h i n - l a y e r , and high-performance l i q u i d chromatographic 
s e p a r a t i o n s . Table XI summarizes the separations performed t o date. 
As can be seen, the general approach i s amenable to se p a r a t i o n o f a 
wide v a r i e t y of o r g a n i c , b i o l o g i c a l and ino r g a n i c s p e c i e s . I t appears 
to hold p a r t i c u l a r promise i n the areas of metal/anion s p e c i a t i o n 
(156,162,163) and i n b i o l o g i c a l / p r o t e i n s eparations (137,165,170, 
223). More d e t a i l s concerning a p p l i c a t i o n of m i c e l l a r mobile phases 
i n the s e p a r a t i o n of organic and i n o r g a n i c ions i s presented i n a 
Chapter by M u l l i n s i n t h i s Volume (84). A recent review by Matson and 
Goheen (165) o u t l i n e some of the c o n s i d e r a t i o n s and a p p l i c a t i o n s of 
u t i l i z i n g d e t e r g e n t - m i c e l l e mobile phases i n the HPLC s e p a r a t i o n of 
membrane p r o t e i n s . In many i n s t a n c e s , the combination of s e v e r a l 
chromatographic s t e p s , one or more of which employed s u r f a c t a n t / 
m i c e l l e mobile phases, has proven to be u s e f u l i n the s e p a r a t i o n o f 
b i o l o g i c a l m a t e r i a l s (166,167,171,223,224,233). 

G e l F i l t r a t i o n . M i c e l l a r s o l u t i o n s have a l s o been u t i l i z e d 
i n g e l permeation ( f i l t r a t i o n ) chromatography (J_). In f a c t , the f i r s t 
example of a s e p a r a t i o n which used a m i c e l l a r mobile phase was i n t h i s 
area of e x c l u s i o n l i q u i d chromatography (ELC) (86). The l a s t s i x 
e n t r i e s i n Table XI summarize some of the separations/work reported 
concerning m i c e l l a r mobile phases i n ELC. In most of these 
a p p l i c a t i o n s , the work was conducted w i t h s t a t i o n a r y phases of 
r e l a t i v e l y small pore s i z e . With these type phases, the r e l a t i v e l y 
l a r g e m i c e l l a r aggregates are confined t o the excluded volume of the 
column and e l u t e r a p i d l y whereas smaller s o l u t e molecules i n a mixture 
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TABLE XI. Summary of Some Selected Separations Reported which have 
U t i l i z e d Surfactant-Containing Mobile Phases 3 

Component(s) 
Separated 

Stationary 
Phase 

Mobile Phase 
Composition 

Mode Ref. 

Phenols (28) 

Dyestuffs (13), 
anions (2), 
cations (3) 

P o l y c y c l i c aromatic 
hydrocarbons, 
p e s t i c i d e s (4) 

Nucleosides (4) 

Whatman No. 3 
paper s t r i p s 
Whatman No. 1 
paper 

polyamide or 
alumina sheets 

s i l a n i z e
s i l i c

Aq. NaLS or CTAB/ 
8% PrOH 

CTAB or NaLS i n 
50%HOH/50% BuOH' 

Aq. NaLS or CTAB 

c,d 

PC U 150 

PC 164 

TLC 87, 
91 

Nucleosides (4) 
Dyes, P e s t i c i d e s 

Dyes, Food Colors 

Mycotoxins 

Amino acids (3) 
Proteins (6) 

Hydroxybenzenes 
(phenols, quinols, 
catechols) (18) 

Dithiocarbamates 
(5) 

Anions (5) 

Test Mix 

Anthracyclines 
Nucleosides, 
bases 

Alkyl-benzenes, 
PAH's, phthalates, 
c h l o r i n a t e d benzenes 

polyamide 
polyamide or 
alumina 
alumina or 
polyamide 
polyamide, 
alumina, or 
RP sheets 

column 

s u p e l c o s i l 
LC-8 
C-18 RP 

Bondapak CN 

Spherisorb 
ODS 
P o l y g o s i l 
ODS 

P o l y v i n y l -
a l c o h o l 
C-8 s i l i c a 

 c y c l o
hexane 
Aq. NaLS TLC 87 

Aq. N aLS or CTAB TLC 151 

Aq. NaLS 

Aq. NaLS 

TLC 94 

TLC 1,168 

Brij-35/30% EtOH column 213 
Aq. Neodel 91-6 HPLC 152 

Aq. NaLS 

Aq. CTAB/30% MeOH 

Aq. CTAC 

Aq. NaLS 

H y p e r s i l ODS Aq. B r i j - 3 5 
Aq. 0.01M NaLS, 
pH 3.4 
Aq. 0.2M NaLS 

HPLC 105 

HPLC 108, 
206 

HPLC 107 

HPLC 153 

HPLC 147 
HPLC 218 

HPLC 220 
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Component(s) Stationary Mobile Phase Mode Ref. 
Separated Phase Composition 

3-Alkylbenzene-
sulfonates 

Substituted 
benzenes (9), 
e t h y l esters (5) 

Berberine-type 
a l k a l o i d s (4) 

Therapeutic 
drugs (9) 

T y r o s i n y l peptides 
(5), aromatic 
ketones (7) 

Phenols (8) 

T r i g l y c e r i d e s (10) 

Catecholamines 
(5), 1-phenyl-
alkaylamines (4) 

c i s / t r a n s Co(III) 
complexes 

Cu( I I ) / N i ( I I ) 

Z n ( I I ) , Pd(II), 
C u ( I I ) g 

Aromatic amino-
s u l f o n i c a c i d s , 
nucleotides (9) 

Phenols, PAN 1s 

t-RNA's (6) 

Polypeptides (9), 
protonated 
phenylalanine 
oligomers (5) 
Bromhexine 
Drugs (5) 

QAE-2SW Aq. 
(anion-exchanger) 

DTAB 

RP-18 Aq. SB-12 

HPLC 222 

HPLC 128 

Bondapak-Ph Aq. NaLS/30% MeOH HPLC 154 

S u p e l c o s i l 
LC-18 or 
LC-CN 

H y p e r s i l 

Ultrasphere 
o c t y l 

Various RP 
C-18 MCH10, 
both end-capped 
and non 
SP-2SW 
c a t i o n -
exchanger 

methyl or 
phenyl bonded 
phases 
methyl or 
phenyl 
Ra d i a l pak-
s i l i c a 
o c t a d e c y l -
Spherisorb 

Micro-Pak MCH-
10 
M i c r o p a r t i c -
u l a t e bonded 
phases 

C-18 end-
capped 

Bondapak C-18 
S u p e l c o c i l 
CN 

Aq. NaLS 

60:40 Water:MeOH 

Aq. NaLS (gradient) 
pH 2.5 
Aq. NaLS, Aq. CTAB 

Aq. NaLS, pH 3.5 
(or 4.6) 

Aq. CTAB 

Aq. NaLS/5% Me OH 

Aq. NaLS 

Aq. SB-10/20% aceto-
n i t r i l e , pH 4.7 or 
3.0 

Aq. NaLS 

n-Decylbetaine, 
pH 5.5 - 6.5 

B r i j - 3 5 or T r i t o n 
X-100/15-30% added 
a c e t o n i t r i l e 

NaLS/25% Me0Hc 

Aq. B r i j - 3 5 

HPLC 144 

HPLC 76 

HPLC 155 

HPLC 160 

HPLC lby, 
222 

HPLC 156 

HPLC 156 

HPLC 163 

HPLC 130, 
131 

HPLC 95 

HPLC 130 

HPLC 120 

HPLC 210 
HPLC 148 

Continued on next page 
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Table XI. Continued 

Component(s) 
Separated 

Stationary 
Phase 

Mobile Phase 
Composition 

Mode Ref. 

Test mix (6), 
V a n i l l i n / e t h y l 
V a n i l l i n 

Radial-PAK 
C-18 

Aq. B r i j - 3 5 HPLC 106 

Determination of 
folylpolyglutamate 
hydrolase a c t i v i t y 

PXS 10/25 
ODS 

Aq. 0.20M NaLS HPLC 224 

T h i o l s (8), n i t r o -
soamines (9), and 
quinones (20) 

C-18 or C-8 RP Aq. NaLS, CTAB, 

reversed m i c e l l e s 

HPLC 112 

Proline/hydroxy-
p r o l i n e 

Ultrasphere 
ODS 

Aq. NaLS, pH 2.8 HPLC 162 

t-RNAf s (5) Sephadex G-100-
120 

Aq. CTAB/NaCl, pH 8 GF h 86 

Nucleosides, 
nucleotides (8) 

Sephadex G-25 Aq. Sodium dode-
canoate pH 8 

GF 157 

Amino acids (14) Sephadex G-25 Aq. Sodium dode-
canoate 

GF 158 

Nucleotides (5) Sephadex G-25-
300 or G-100-
120 

Aq. CTAB, pH 8.0 GF 159 

Alkylbenzenes (4) H y p e r s i l s i l i c a Aq. NaLS/2% BuOH GF 193 

Amino acids Sephadex G-25 Aq. NaLS GF 194 

a M i c e l l a r mobile ghases unless otherwise s p e c i f i e d . ^ PC = paper 
chromatography. Presence of m i c e l l e s i s unclear. Mçst l i k e l y a 
microemsulion system. As iminodiacetate complexes. As N,Nf-
Ethylene-bis(acetylacetoneimine) chelates. gSepagated as t e t r a k i s ( l -
methylpyridinium-4-yl)porphine metal complexes. GF = g e l f i l t r a t i o n . 
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can r e s i d e i n the pore volume, thus r e q u i r i n g longer e l u t i o n times. 
However, i f these s m a l l e r s o l u t e molecules can p a r t i t i o n to the 
m i c e l l a r pseudophase and bind the m i c e l l e e n t i t y , then they w i l l e l u t e 
more r a p i d l y (J_). Consequently, s o l u t e s can be separated based on 
t h e i r d i f f e r e n t i a l binding a b i l i t y t o a p a r t i c u l a r m i c e l l a r assembly. 
Equation 8 shows the dependence of the e l u t i o n volume, V Q, 
corresponding to the maximum conce n t r a t i o n i n an emerging band, upon 
the s u r f a c t a n t m i c e l l e c o n c e n t r a t i o n i n the mobile phase e q u i l i b r a t i n g 
the column (183): 

- — î - ^ — = ακ C + α (8) V - V b m e ο 
where α i s an experimental constant (see references 1,159,182,183), V Q 

i s the excluded volume, and Κ i s the m i c e l l e - s o l u t e b i n d i n g constant 
as p r e v i o u s l y defined (1,86,157,158,159,183). V i a use of equation 8 
or a l t e r n a t i v e re-expressed v e r s i o n s (V), the b i n d i n g constant (or 
p a r t i t i o n c o e f f i c i e n t ) o
been determined (159,182,183,226)

A cursory review of the l i t e r a t u r e r e v e a l s t h a t the ELC technique 
w i t h m i c e l l a r mobile phases has proven t o be very b e n e f i c i a l i n the 
c h a r a c t e r i z a t i o n of m i c e l l a r systems (184-186,190-192,227,228). For 
example, microcolumn e x c l u s i o n LC has been a p p l i e d to the 
determination of the CMC value of s u r f a c t a n t s (or m i c e l i a r - f o r m i n g 
p r o t e i n s ) , determination of the k i n e t i c r a t e and e q u i l i b r i u m 
a s s o c i a t i o n constants f o r s u r f a c t a n t (or p r o t e i n ) m i c e l l i z a t i o n 
(184,192), determination of the s i z e or s i z e d i s t r i b u t i o n of m i c e l l e s 
( e s p e c i a l l y those formed from block copolymers or milk casein) 
(185,186,191,192,225) as w e l l as f o r e s t i m a t i o n of the time r e q u i r e d 
f o r formation of m i c e l l e s (or m i c e l l e - f o r m i n g macromolecules) (186) 
among o t h e r s . The s i z e and s t a b i l i t y of reversed m i c e l l e s has a l s o 
been evaluated u s i n g ELC (195). 

The use of ELC to c h a r a c t e r i z e m i c e l l a r and r e l a t e d aggregates 
thus appears t o be popular and u s e f u l . In f a c t , i t s use i n t h i s 
manner overshadows the a n a l y t i c a l a p p l i c a t i o n s of m i c e l l a r mobile 
phases to a i d ELC s e p a r a t i o n s . However, s e v e r a l recent r e p o r t s do 
p o i n t out the advantages of m i c e l l a r mobile phases i n ELC (187~189) 
f o r the i s o l a t i o n and p u r i f i c a t i o n of b a c t e r i a l and v i r a l p r o t e i n s . 
For i n s t a n c e , b a c t e r i o r h o d o p s i n s o l u b i l i z e d i n o c t y l g l u c o s i d e s (0G) 
was i s o l a t e d at a n a l y t i c a l and p r e p a r a t i v e l e v e l s from the denatured 
p r o t e i n and f r e e r e t i n a l (187) and an i n f l u e n z a v i r a l p r o t e i n was 
i s o l a t e d u s i n g NaLS or B r i j - 3 5 eluents w i t h TSK G3000SW or TSK G5000PW 
columns (188). Other such a p p l i c a t i o n s w i l l no doubt be forthcoming 
i n the near f u t u r e . I t has been reporte d that f o r micellar-mediated 
ELC to develop i n t o a v i a b l e technique r e q u i r e s "the development of a 
high-performance GPC packing m a t e r i a l that has an e x c l u s i o n l i m i t of 
roughly 1,000 - 2,000 and i s compatible w i t h the aqueous m i c e l l a r 
mobile phase" (J_). Future work should be d i r e c t e d i n t h i s a r e a . 

S u r f a c t a n t s as S t a t i o n a r y Phases. (1) A p p l i c a t i o n s of 
S u r f a c t a n t s "Immobilized" as a S t a t i o n a r y Phase. Apart from t h e i r use 
as mobile phase a d d i t i v e s , there are instances where s u r f a c t a n t s have 
been immobilized or coated on s t a t i o n a r y phases, e s p e c i a l l y f o r 
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packing m a t e r i a l s i n GC, GLC, and column, paper or TLC (176-180,229-
231). Sur f a c t a n t s such as A l i q u a t 336, c e t r i m i d e , CTAB, NaLS, TX-100, 
S u r f y n o l 485, t r i o c t y l a m i n e , e t c . have been coated or deposited on 
c a p i l l a r y , m a c r o r e t i c u l a r r e s i n s , Whatman No. 1 paper, chromosorb P, 
alumina, or s i l i c a supports. B o r o s i l i c a t e g l a s s c a p i l l a r y columns i n 
which CTAB i s e l e c t r o s t a t i c a l l y incorporated to the inner surface thus 
forming a t h i n f i l m of hydrophobic s t a t i o n a r y phase f o r use i n 
c a p i l l a r y l i q u i d chromatography have a l s o been described (232). When 
used i n conjunction with s u r f a c t a n t CTAB mobile phases, e f f i c i e n t 
s eparations of drugs from t h e i r metabolites are p o s s i b l e using such 
open t u b u l a r columns (232,233)· 

The problem w i t h using s u r f a c t a n t - m o d i f i e d s t a t i o n a r y phases i n 
LC i s t h a t the s u r f a c t a n t w i l l u s u a l l y s l o w l y e l u t e (bleed) from the 
support thus r e s u l t i n g i n d i f f e r e n t r e t e n t i o n behavior o f s o l u t e s w i t h 
time. This i s why most a p p l i c a t i o n s are i n the area of GC or GLC. An 
e x c i t i n g recent advance has been reported by Okahata, et a l (181). 
Namely, a procedure has
s u r f a c t a n t v e s i c l e b i l a y e
p o l y i o n complex composed of DODAB v e s i c l e s and sodium p o l y ( s t y r e n e 
s u l f o n a t e ) was deposited on Uniport HP and i t s p r o p e r t i e s as a GC 
s t a t i o n a r y phase evaluated. U n l i k e previous l i p i d b i l a y e r s which 
e x h i b i t e d poor p h y s i c a l s t a b i l i t y , the DODAB p o l y i o n phase was s t a b l e . 
A d d i t i o n a l l y , the temperature-retention behavior of t e s t s o l u t e s 
e x h i b i t e d a phase t r a n s i t i o n i n f l e c t i o n p o i n t . The work demonstrates 
that immobilized s u r f a c t a n t v e s i c l e b i l a y e r s t a t i o n a r y phases can be 
employed i n GC separations (181). Further work i n t h i s d i r e c t i o n w i l l 
l i k e l y l e ad t o many such unique gas chromatographic supports and novel 
s e p a r a t i o n s . 

(2) M i c e l l e s as a L i q u i d 11Ρseudo-Stationary11 Phase — M i c e l l a r 
E l e c t r o k i n e t i c C a p i l l a r y Chromatography (MECC). MECC (also c a l l e d 
m i c e l l a r c a p i l l a r y e l e c t r o o s m o t i c chromatography (205)) i s a 
sep a r a t i o n technique f i r s t described by Terabe et a l (196) which 
combines many of the o p e r a t i o n a l p r i n c i p a l s and advantages of m i c e l l a r 
l i q u i d chromatography and c a p i l l a r y zone e l e c t r o p h o r e s i s (196-205). 
Solutes i n a mixture (both i o n i c and n e u t r a l ) are separated based on 
t h e i r d i f f e r e n t i a l p a r t i t i o n i n g between an electroosmotically-pumped 
aqueous mobile phase and the i o n i c s u r f a c t a n t m i c e l l a r aggregate which 
possesses an o v e r a l l f r a c t i o n a l charge and moves a t a v e l o c i t y 
d i f f e r e n t than that of the aqueous mobile phase due to e l e c t r o p h o r e t i c 
e f f e c t s . Thus, the se p a r a t i o n mechanism i s a k i n to that of 
conventional l i q u i d - l i q u i d p a r t i t i o n chromatography, w i t h the m i c e l l a r 
e n t i t y f u n c t i o n i n g as a "pseudo-stationary" phase (197»201). Some 
view MECC as an example of a laminar microscopic counter-current 
s e p a r a t i o n technique O ) . The fundamental c h a r a c t e r i s t i c s and f a c t o r s 
e f f e c t i n g r e t e n t i o n and e f f i c i e n c y i n MECC have been described 
(196,197,199,202,204,214). The approach r e s u l t s i n e x c e l l e n t 
r e s o l u t i o n due to the very high e f f i c i e n c y obtainable (200,000 -
600,000 t h e o r e t i c a l p l a t e s , HETP ca. 1.9 - 3.7 ym) (196,203). MECC 
has been employed to separate a v a r i e t y of environmental and 
b i o l o g i c a l - t y p e mixtures (see Table X I I ) ; i n c l u d i n g the a n a l y s i s o f 
vitamins i n spiked human u r i n e (201). E l e c t r o k i n e t i c measurements can 
al s o be employed t o evaluate s u r f a c t a n t c r i t i c a l m i c e l l e 
concentrations (236). 
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TABLE XII. Summary of Successful A p p l i c a t i o n s employing M i c e l l a r 
E l e c t r o k i n e t i c C a p i l l a r y Chromatography (MECC) i n 
Separations 

Class of Compounds 
Separated 

Phenols (8), xylenols (6
Amino acids (22) [as t h e i
phenylthiohydantoin d e r i v a t i v e s ] 

Chlorinated phenols (7) 
Isomeric chloro-phenols (222) 
Aromatic s u l f i d e s (11) 

Metabolites of Vitamin B. (6) 
b 

Substituted purines (6) 

Nitroaromatic compounds (4) 

Metal ions [Mn(II), Co(II), 
Z n ( I I ) , Cu(II)] as t h e i r 
tetrakis(4-carboxyphenyl)-
porphinato chelates 

Oligonucleotides (7) 
Polythymidines (7) 

M i c e l l a r Solutions Reference 
Employed/Conditions 

M DTAB, pH 7.0 
Aq. 0.10 M NaLS, pH 7.0 199 
Aq. 0.07 M NaLS, pH 7.0 199 

Aq. 0.02 or 0.05 M NaLS; 200 
80:20(%) 0.03 M NaLS: 
Me OH pH 7.0 

Aq. 0.05 M NaLS, 0.01 M 201 
phosphate, 0.001 M borate 

Aq. 0.05 M NaLS, 0.001 M 202 
borate, 0.01 M phosphate 

Aq. 0.01 M NaLS, 0.01 M 203 
phosphate 

Aq. 0.02 M NaLS, 0.05 M 205 
phosphate, 0.0125 M borate 

Aq. 0.05 M NaLS/3mM Mg(II) 235 
Aq. 0.05 M NaLS/0.3mM 235 
Cu(II) 
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MECC i s the most recent and f a s t e s t developing s u r f a c t a n t -
mediated technique. Future work i s r e q u i r e d t o extend the range of 
r e t e n t i o n p o s s i b l e (197). P r e s e n t l y , the t o t a l e l u t i o n range i s 
r e l a t i v e l y narrow. I t should be p o s s i b l e t o manipulate r e t e n t i o n and 
improve s e p a r a t i o n at the two extremes of the e l u t i o n range by 
j u d i c i o u s a d d i t i o n of a d d i t i v e s ( o r g a n i c s / s a l t s ) to the m i c e l l a r 
s u r f a c t a n t s o l u t i o n (200,234,235). As p r e v i o u s l y mentioned, the 
presence of such a d d i t i v e s can a l t e r the p a r t i t i o n i n g (P ) of a 
so l u t e between the aqueous and m i c e l l a r phases. A l t e r n a t i v e l y , the 
use o f other types of c a p i l l a r y m a t e r i a l s (as a l t e r n a t i v e s to fused 
s i l i c a ) or coatings of polymeric m a t e r i a l s on the inner w a l l of the 
fused s i l i c a (214) may prove b e n e f i c i a l i n t h i s regard. More d e t a i l s 
on the curr e n t s t a t u s of t h i s s e p a r a t i o n technique are given i n a 
review by Armstong Ο ) and a re p o r t by Sepaniak et a l (203) i n t h i s 
Symposium Volume. 

Surfactant-Mediated Solvent E x t r a c t i o n s  P a r t i t i o n i n g and e x t r a c t i o n 
s e p a r a t i o n techniques serv
a simple and e f f e c t i v e mean
enhancement of both s e n s i t i v i t y (by sample con c e n t r a t i o n ) and s e l e c 
t i v i t y (by removal of p o t e n t i a l i n t e r f e r e n c e s ) . Although not w e l l 
a p p r e c i a t e d , many s u r f a c t a n t and miceliar-mediated e x t r a c t i o n systems 
have been described i n the l i t e r a t u r e , e s p e c i a l l y i n the area of 
metals a n a l y s i s and i n b i o l o g i c a l p u r i f i c a t i o n s (1,5.237.238). There 
are s e v e r a l d i f f e r e n t types of surfactant-mediated e x t r a c t i o n schemes 
p o s s i b l e depending upon the nature of the analyte mixture and the 
e x t r a c t i n g s u r f a c t a n t system employed. These can be broadly d i v i d e d 
i n t o two types: (1) those i n v o l v i n g nonpolar solvent - s u r f a c t a n t 
(or reversed m i c e l l a r ) systems and (2) those i n v o l v i n g aqueous sur
f a c t a n t /mice l i a r media. In many i n s t a n c e s , the p o s s i b i l i t y of w/o 
or o/w microemulsion formation i n these systems a l s o e x i s t s (239). 
Surfactants i n organic solvents have been u t i l i z e d t o e x t r a c t i o n s , 
complexes, and enzymes from aqueous or s o l i d m a t r i c e s . L i k e w i s e , 
some aqueous surfactant/normal m i c e l l a r systems have been employed 
to e x t r a c t b i o l o g i c a l , o r g a n i c , or a g r i c u l t u r a l m a t e r i a l s from other 
aqueous, o r g a n i c , or s o l i d m a t r i c e s . A d d i t i o n a l l y , use of c e r t a i n 
aqueous m i c e l l a r media allows f o r co n c e n t r a t i o n and p u r i f i c a t i o n of 
metal i o n s , organic compounds, or b i o l o g i c a l substances due to t h e i r 
phase s e p a r a t i o n behavior ( i . e . cloud p o i n t phenomena or coacervation 
b e h a v i o r ) . While there have been many p r a c t i c a l a p p l i c a t i o n s u s i n g 
these s u r f a c t a n t systems i n e x t r a c t i o n s , mechanistic s t u d i e s have 
lagged behind due to the complicated nature of the physicochemical 
processes i n v o l v e d and l a c k of knowledge of the s u r f a c t a n t s t r u c t u r e s 
present under the e x t r a c t i o n c o n d i t i o n s . Since the r a t i o n a l design 
of f u t u r e s e p a r a t i o n systems r e q u i r e s an understanding of the pro
cesses involved i n these s u r f a c t a n t e x t r a c t i o n procedures, f u t u r e 
work should concentrate on the mechanism of such s e p a r a t i o n s . Next, 
a b r i e f d e s c r i p t i o n and i l l u s t r a t i v e examples of each of these types 
of surfactant-mediated e x t r a c t i o n techniques w i l l be given. 

E x t r a c t i o n s U t i l i z i n g S u r f a c t a n t s i n Organic Solvents. The use 
of organic solvents c o n t a i n i n g s u r f a c t a n t s i n e x t r a c t i v e m e tallurgy 
has probably been the most prevalent a p p l i c a t i o n of s u r f a c t a n t s i n 
chemical separations (1.5.240-262). Table X I I I summarizes some of the 
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TABLE X I I I . Name and S t r u c t u r e of Several D i f f e r e n t Types of 
Ex t r a c t a n t s U t i l i z e d f o r Metal Ion Separations 

Name Str u c t u r e 

Anion Exchanger Type: 
Primene 
A l i q u a t 336 
Adogen 381 
Alamine 336 
TOA 
Adogen 283 

A c i d i c E x t r a c t a n t s : 
Di-2-ethylhexylphosphoric 
a c i d 

V e r s a t i c 10 

F a t t y Acids 

SYNEX 1051 

S o l v a t i n g E x t r a c t a n t s : 
Tri-n-butylphosphate 

T r i o c t y l p h o s p h i n e oxide 
D i h e x y l s u l f i d e 

C h e l a t i n g Type E x t r a c t a n t s : 
Kelex 100 

LIX 63 

LIX 34 

(CH 3) 3C(CH 2C(CH 3) 2) 4NH 2 

R 0 N ( C H 0 ) + C l " where R = C g - C 10 
R^N where R = i s o o c t y l 

R^N where R = C g "10 
R^N where R o c t y l 
R NH where R = C

(C 4H 9CH(C 2H 5)CH 20) 2P0 2H 

P o l y o l s 

R CCO H where R = C 
J Ζ ο 
RCO Η where R = C 1 7 -2 14 

Ο TO L w h e r e R 

J18 

C 9 H 1 9 
0 3H 

R oP0 where R - C,H 0 3 4 9 
R 3P0 where R 
RSR where R • 

" C 8 H 1 7 
C 6 H 1 3 

©si 
OH 

where R = dodecenyl 

C 4H 9CH(C 2H 5)CH(0H)C(N0H)CH(C 2H 5)C 4H 9 

Ο J Ο j . ρ . . . 
where R = p-dodecyl-

NHSO^R benzene 2 

Continued on next page 
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Table X I I I . Continued 

Name St r u c t u r e 

LIX 65N 
where R^ s phenyl, R 2 = H, and 

LIX 54 R 
where ^ = CH 3 and R 2 = p- or m-

^ ^ ^ C O C H 2 C O R 1 dodecyl 

^ a t a taken from reference (264). 
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d i f f e r e n t types of e x t r a c t a n t s which have been u t i l i z e d to e x t r a c t 
metal ions from aqueous s o l u t i o n i n t o an organic l a y e r c o n t a i n i n g 
the e x t r a c t a n t . As can be seen, many of these e x t r a c t a n t s are 
s u r f a c t a n t s . Depending upon the s p e c i f i c c o n d i t i o n s and type of 
anal y t e s present, such s u r f a c t a n t s can f u n c t i o n as e i t h e r i o n - p a i r 
or phase t r a n s f e r agents (264-266). or e x i s t i n aggregated form as 
reversed m i c e l l e s (240.241.264) or i n some cases, microemulsions 
(239.251). Although s t i l l subject to debate, recent accumulated 
evidence s t r o n g l y supports the argument tha t reversed m i c e l l e s are 
present i n the organic phase and p l a y a v i t a l r o l e i n many metal i o n 
e x t r a c t i o n s i n v o l v i n g s u r f a c t a n t e x t r a c t a n t s such as those depicted 
i n Table X I I I (240-266). For example, i t has been r e c e n t l y shown 
that reversed m i c e l l e s of di-n-butylphosphate, quaternary a l k y l -
ammonium s a l t s , metal a I k y l a r y l s u l f o n a t e s , a l k y l s u l f a t e s , d i a l k y l -
d i thiophosphates, d i ( 2 - e t h y l h e x y l ) p h o s p h o r i c a c i d , phenols, d i -
nonylnaphthalene s u l f o n i c a c i d , and SP-3 c a r b o z o l i n e can form i n the 
organic l a y e r during metal i o n e x t r a c t i v e c o n d i t i o n s (267-283)
Under some c o n d i t i o n s , microemulsion
to these surface a c t i v e
have some other s u r f a c t a n t s present (such as those given i n Table V) 
tha t can form reversed m i c e l l e s i n the organic phase (1.4.5.283.330). 
The d i a l k y l n a p h t h a l e n e s u l f o n a t e s (see Table V, a n i o n i c s u r f a c t a n t 
s e c t i o n ) have been e s p e c i a l l y u s e f u l i n t h i s regard (263). 

Some of the or g a n i c - c o n t a i n i n g s u r f a c t a n t systems that have 
been u t i l i z e d i n the e x t r a c t i o n of a v a r i e t y o f metal ions (as 
ca t i o n s or metal complexes) from aqueous s o l u t i o n are summarized i n 
Table XIV (286-321). I n s p e c t i o n of the Table i n d i c a t e s that most of 
the s u c c e s s f u l e x t r a c t i o n schemes i n v o l v e use of e i t h e r c a t i o n i c or 
a n i o n i c s u r f a c t a n t s / e x t r a c t a n t s . In c o n t r a s t , only a r e l a t i v e l y 
few recent a p p l i c a t i o n s employed z w i t t e r i o n i c or nonionic surface 
a c t i v e agents. The i n t e r e s t e d reader i s r e f e r r e d to s e v e r a l recent 
monographs/review a r t i c l e s f o r more extensive compilations of d i f 
f e r e n t e x t r a c t i o n systems i n v o l v i n g surface a c t i v e agents (330-332. 
346.356.358). I t should be emphasized that organic species t h a t are 
capable of being i o n i z e d can a l s o be ex t r a c t e d from aqueous media or 
s o l i d matrices ( r e f e r t o the l a s t 4 e n t r i e s of Table XIV) (322-325). 
L a s t l y , mention should be made of the f a c t that many of the systems 
given i n Table XIV can not only be conducted at a n a l y t i c a l or 
pr e p a r a t i v e s c a l e s but a l s o at the process l e v e l (356). Some of the 
p r a c t i c a l a p p l i c a t i o n s i n c l u d e recovery of metals from spent e l e c t r o 
l y t i c or scrap l e a c h i n g l i q u o r s (353). e x t r a c t i o n s from s y n t h e t i c 
mixed f i s s i o n product s o l u t i o n s (354). and se p a r a t i o n of r a r e e a r t h 
metals from ores (355). The general approach should a l s o be 
p o t e n t i a l l y u s e f u l i n p y r o m e t a l l u r g i c a l operations i n v o l v i n g melts 
or molten slags ( i f h i g h e r b o i l i n g organic s o l v e n t s are employed). 

In many of the examples presented i n Table XIV, the exi s t e n c e 
of reversed m i c e l l e s (275.278.279.282.293.315.326.347) or micro
emulsions (3^9-352) i s i m p l i c a t e d and t h e i r presence i s an important 
f a c t o r which i n f l u e n c e s the c h a r a c t e r i s t i c s of a p a r t i c u l a r e x t r a c 
t i o n process. Often, q u a n t i t a t i v e d e s c r i p t i o n s of such e x t r a c t i o n s 
i s d i f f i c u l t due to the f a c t that many of the reversed m i c e l l a r 
systems formed undergo an i n d e f i n i t e type of s e I f - a s s o c i a t i o n i n 
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TABLE XIV. Compilation of Selected E x t r a c t i o n Systems that Involve 
Use of Organic Solvents i n Presence of S u r f a c t a n t s * 

Component/Aqueous 
Conditions (Ref.) 

S u r f a c t a n t / 
Organic 
Solvent 

A d d i t i v e s / 
Co-
e x t r a c t a n t 

Comments 

Nd, Tb, Tm (286. 
287) 

Cm,Cf ( i n presence 
of many other 
s a l t s ) (288) 

Ta,Nb i n aqueous 
o x a l i c a c i d or 
HC1 (289) 
Co, N i (290) 

Lanthanides/ 
A c t i n i d e s (291) 

Zn i n aqueous 
z i n c s u l f a t e (292) 

A l , G a, In (293) 

Cu i n aqueous 
N aC10 4 (294) 

Th from other 
metals i n a c e t i c 
a c i d (295) 

Cu,Cd,Co,Ni from 
wastewater (296) 

Zn,Co from aqueous 
s o l u t i o n s (297) 

Fe from aqueous HNO 
(298) 

Mo from aqueous HC1 
(299) 

Pd i n n i t r i c a c i d 
(300) 

D i ( 2 - e t h y l h e x y l ) 
phosphoric a c i d 
[HDEHP] i n c y c l o -
hexane 

HDEHP 

HDEH

HDEHP i n xy l e n e , 
n-dodecanol, or 
dodecane 
HDEHP i n aromatic 
solvents 

HDEHP i n kerosine 

Decanoic a c i d i n 
benzene or oct a n o l 

Decanoic a c i d i n 
benzene or octa n o l 

V e r s a t i c - 1 0 i n 
butanol 

P a l m i t i c , s t e a r i c , 
or l i n o l e i c a c i d 
i n k e r osine 

( t - d o d e c y l t h i o ) 
a c e t i c a c i d i n 
keros i n e 

Tributylphosphate 
i n k e rosine 

1 , 5 - B i s ( d i o c t y l -
phosphiny1)pentane 
i n chloroform 

D i h e p t y l s u l f i d e i n 
benzene or c h l o r o 
form 

none 
g l y c i n e 
3-mercapto-
p r o p i o n i c 
a c i d 

none 

<*= 2.53 u 

or 2.85 
cr 2.35 

a= 1.2 -
6.0 

none 

Dinony l -
naphthalene-
s u l f o n i c a c i d 

none 

NaCIO, 
4 

none 

none 

none 

none 

none E f f = 93% 

none 
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Component/Aqueous S u r f a c t a n t / A d d i t i v e s / 
Conditions (Ref.) Organic Co-

Solvent e x t r a c t a n t 
Lanthanides i n aqueous Didodecylnaphthalene none 
NaCIO (301) s u l f o n i c a c i d i n 4 - t - b u t y l -

toluene cyclohexyl-
15-crown-5 

Cu from other metals 5-(Dioctylaminomethyl-
(302) q u i n o l i n - 8 - o l i n 

chloroform 
N i (303,306) Kelex 100 i n c h l o r o - T r i o c t y l -

benzene phosphine 
oxide 

Ga, A l i n aqueous Kelex 100 i n k e r o s i n e 
NaOH (304) 

Sn from aqueous HC1 Tri-n-octylphosphin
(305) oxid

CCI, 4 
Th (306) A l i q u a t 336 i n xylene A s c o r b i c 

a c i d 
Ge i n aqueous c i t r i c A l i q u a t 336 i n xylene 
a c i d (307) 

Re,W i n aqueous HNO Adogen 381 i n xylene 
(308) J 

Pd i n aqueous HC1 T r i o c t y l a m i n e hydro-
(309) c h l o r i d e i n 1-hexene 

Al,Ga,In i n aqueous T r i o c t y l a m i n e i n CCI 
o x a l i c a c i d (310) 4 

Nb,T a (311) T r i o c t y l a m i n e i n CHC1 3 PAR f 

Zn,Cd (312) Zephiramine i n Benzene BMPP g 

Rh i n aqueous HC1 Tetraoctylammonium 
(313) c h l o r i d e i n toluene 

T l i n aqueous a c e t i c T r i n o n y l ( o c t a d e c y l ) 
a c i d (314) ammonium i o d i d e i n 

toluene 
Cu from aqueous Tri-n-dodecylammonium 
c h l o r i d e media (315) c h l o r i d e i n toluene 

Fe from aqueous Primene 81R i n k e r o s i n e , 
s u l f a t e s o l u t i o n (316) chloroform, or benzene 

Pt from Cu & N i i n Alkylmacrocyc l i e dioxo-
aqueous s o l u t i o n (317) tetraamine 

« V « V l 5 \ \ 
QÇ ? \ / f l ' Continued on 

H \ / H 

Comments 

20-50 % 
en
hance-
ment d 

Enhanced 
% ex
t r a c t i o n 

Eff» 99% 

90% Re 

E f f = 98% 

E f f = 84% 

next page 
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Table XIV. Continued 

Component/Aqueous 
Conditions (Ref.) 

S u r f a c t a n t / 
Organic 
Solvent 

A d d i t i v e s / 
Co-
e x t r a c t a n t 

Comments 

A l k a l i n e e a r t h 
metals from water 

(318) 

Lanthanides from 
aqueous media (319) 

Au from aqueous HC1 
(320) 

Lanthanides from 
aqueous media (321) 

Food Dyes (Yellow 4, 
Red 9, Blue 3) from 
buf f e r e d aqueous 
s o l u t i o n (322) 

S y n t h e t i c dyes from 
pharmaceutical 
preparations (323) 

S t e r o i d s u l f a t e s from 
plasma (324) 

L i g n i n s u l f o n a t e s from 
spent s u l f i t e l i q u o r s 
(325.) 

Polyoxyethylene — 
g l y c o l - 4 - n o n y l -
phenyl ether i n 
1 , 2-dichloroethane 

T r i t o n X-100 or 405 P i c r a t e 
i n dichloroethane i o n 

PONPE-7.5 i n d i -
chloroethane 

Phosphate monoeste

T r i - n - o c t y lamine i n 
hexane and CHCl^, 
CH^Cl^, or pentanol 

T r i - n - o c t y lamine i n 
chloroform 

B e n z y l t r i b u t y l -
ammonium c h l o r i d e or 
other quaternary 
ammonium s a l t s i n 
benzene 

T r i o c t y l a m i n e , do-
decylamine, or d i -
octylamine i n cg H ^ 2 ' 
b u t a n o l , or 
pentanol 

1 Τ 1 1 

% R e c = 

7 5 " i 
1007ο1 

^ a t a f o r the e x t r a c t i o n of components from aqueous (or s o l i d 
m a t r i c e s ) u s i n g s u r f a c t a n t - c o n t a i n i n g organic s o l v e n t s . 

^Average s e p a r a t i o n f a c t o r between adjacent p a i r s of analytes 
extracted· 

c d E f f r e f e r s to the e x t r a c t i o n e f f i c i e n c y . Refers to the improvement 
i n e x t r a c t i o n e f f i c i e n c y . e R e f e r s to the radiochemical p u r i t y a f t e r 
three e x t r a c t i o n c y c l e s . PAR = 4 - ( 2 - p y r i d y l a z o ) r e s o r c i n o l . 

gBMPP r e f e r s t o 4-benzoyl - 3-methyl-l-phenylpyrozolin - 5-one. 
^Refers to the mean se p a r a t i o n f a c t o r of 13 p a i r s of adjacent 
lanthanides · 

^Refers to the % recovery from plasma samples. 
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the organic phase ( r e f e r to the s e c t i o n on reversed m i c e l l e s ) . Ad
d i t i o n a l l y , the degree of a s s o c i a t i o n of the components of the 
organic phase can be a l t e r e d by su b t l e changes i n the experimental 
c o n d i t i o n s ( i . e . pH, i o n i c s t r e n g t h , e t c . ) . Consequently, many 
apparent divergent r e s u l t s and controversy have been created by the 
f a c t that very d i f f e r e n t aggregation behavior (or no aggregation) 
can be observed i n otherwise very s i m i l a r e x t r a c t i o n systems. Due 
care must t h e r e f o r e be given to the s p e c i f i c experimental c o n d i t i o n s 
before any comparisons between sets o f data can be made. 

A s i m p l i f i e d p i c t o r i a l r e p r e s e n t a t i o n of the e x t r a c t i o n process 
i s depicted i n Figure 5 f o r alkylammonium e x t r a c t a n t s (346). At the 
i n t e r f a c e between the aqueous and organic phases are i o n i z e d or 
p a r t i a l l y i o n i z e d s u r f a c t a n t molecules al i g n e d w i t h t h e i r p o l a r head-
group i n contact w i t h water w h i l e t h e i r hydrophobic moiety i s i n con
t a c t w i t h the bul k organic s o l v e n t . The aqueous phase may c o n t a i n 
some s u r f a c t a n t monomer molecules (not shown)  The organic phase 
a l s o contains monomeric
m i c e l l a r aggregates ( i n
s i z e d aggregates w i l l e x i s t ) . Inside the h y d r o p h i l i c core regions 
of the reversed m i c e l l e can be s e v e r a l s o l u b i l i z e d water molecules 
as w e l l as counterions and s o l u b i l i z e d or associated c o - e x t r a c t a n t 
molecules (symbolized by AC ). The ions to be separated (anions or 
an i o n i c metal complexes), o r i g i n a l l y i n the aqueous phase, are 
picked up at the i n t e r f a c e and transported i n t o the organic phase 
by the s u r f a c t a n t and/or e x t r a c t a n t molecules. E v e n t u a l l y the sur
f a c t a n t - analyte i o n p a i r can i n t e r a c t w i t h the reversed m i c e l l a r 
e n t i t y and/or the co-extractant molecule present t h e r e i n . The 
s e l e c t i v i t y of the process i s achieved due to d i f f e r e n c e s i n the 
bi n d i n g of both the co-ex t r a c t a n t and the involved ions to the 
reversed m i c e l l a r pseudophase and/or to r e l a t i v e d i f f e r e n c e s i n the 
r a t e of water - e x t r a c t a n t l i g a n d exchange r e a c t i o n s . The b i n d i n g 
and c a t a l y t i c m i c e l l a r e f f e c t s can be profoundly a l t e r e d by changes 
i n the solvent (293.322.325.347). pH, i o n i c s t r e n g t h , nature of the 
su r f a c t a n t molecule, e t c . (253.332-340). 

Recently, some general g u i d e l i n e s have been developed w i t h 
regard to the p o t e n t i a l e f f e c t s of s u r f a c t a n t s upon e x t r a c t i o n 
processes (264.283). Namely, i t has been pos t u l a t e d that f o r an 
e x t r a c t a n t / s u r f a c t a n t to f u n c t i o n as a phase t r a n s f e r c a t a l y s t , i t 
must ( i ) have a greater s o l u b i l i t y i n the aqueous phase, ( i i ) 
p r e f e r e n t i a l l y adsorb at the aqueous/organic i n t e r f a c e , and ( i i i ) 
have a greater r e a c t i v i t y (241). Surfactant reversed m i c e l l a r media 
can i n f l u e n c e an e x t r a c t i o n by ( i ) a metal- e x t r a c t a n t c o n c e n t r a t i o n 
e f f e c t due to s o l u b i l i z a t i o n of the reactant species i n the smalle r 
volume element of the reversed m i c e l l a r system, ( i i ) t h e i r a b i l i t y 
to c a t a l y z e the water- e x t r a c t a n t l i g a n d exchange r e a c t i o n s (241.275. 
276). and ( i i i ) mass t r a n s f e r e f f e c t s (363). The presence of sur
f a c t a n t phase t r a n s f e r agents, reversed m i c e l l e s , or microemulsions 
can f a v o r a b l y a l t e r i n t e r f a c i a l p r o p e r t i e s and f a c i l i t a t e i n t e r -
phasic t r a n s f e r o f the species to be ex t r a c t e d (349-350.359.363). 
Thus, as can be seen, the presence of s u r f a c t a n t s can i n f l u e n c e the 
r a t e of e x t r a c t i o n which depends upon the k i n e t i c s of t r a n s f e r of 
the species from the bulk water phase across a w a t e r - o i l i n t e r f a c e 
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H 

\ H + N R 3 

Χ" ι H + N R 3 X" + H N R 3 
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F i g u r e 5. S i m p l i f i e d e x t r a c t i o n m e c h a n i s m f o r t h e a l k y l a m m o n i u m 
c a t i o n i c s u r f a c t a n t s y s t e m i n o r g a n i c s o l v e n t s . CA r e f e r s t o a 
s o l u b i l i z e d c o - e x t r a c t a n t , X i s t h e c o u n t e r i o n o f t h e s u r f a c t a n t , 
and Y and W r e f e r t o t h e s p e c i e s ( a n i o n s o r a n i o n i c m e t a l c o m 
p l e x e s ) t o b e e x t r a c t e d f r o m t h e a q u e o u s p h a s e . 
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to the bulk organic phase (which contains the s u r f a c t a n t / e x t r a c t a n t ) . 
E x c e l l e n t summaries of the current mechanistic thought concerning 
m i c e l l a r i n t e r f a c i a l and c a t a l y t i c e f f e c t s on e x t r a c t i o n s are given 
i n some recent overviews (240.241.253.322.346). Such i n f o r m a t i o n 
and understanding i s l i k e l y to a i d the design of more e f f i c i e n t 
e x t r a c t i o n processes. 

L a s t l y , i t should be noted that the e x t r a c t e d species i n the 
organic s u r f a c t a n t - c o n t a i n i n g phase can be subsequently back-ex
t r a c t e d ( s t r i p p e d ) back i n t o a s u i t a b l e aqueous phase. This i s 
t y p i c a l l y done by c o n t a c t i n g the loaded organic s u r f a c t a n t media 
w i t h an aqueous a c i d i c (or b a s i c ) r e c e i v i n g s o l u t i o n at a r e l a t i v e l y 
h i g h organic/aqueous phase r a t i o (e.g., 15:1) (263.306.307.323.329. 
341-343). T y p i c a l l y , very good recovery of analytes i s obtained 
along w i t h a good c o n c e n t r a t i o n f a c t o r . In many i n s t a n c e s , a s e r i e s 
of co-extracted ions can be s e l e c t i v e l y s t r i p p e d from the organic 
phase by c o n t a c t i n g to s u i t a b l e aqueous s o l u t i o n s (306). Procedures 
a l s o e x i s t f o r the regeneratio
organic phase (357). Th
species are u s u a l l y detected or determined s p e c t r o p h o t o m e t r i c a l l y 
v i a use of d i f f e r e n t - l i g a n d metal complexes (344.345). In the case 
of e x t r a c t i o n s conducted w i t h organophosphorus agents, d e t e c t i o n 
v i a use of ICP i s p o s s i b l e (348). 

A new p o t e n t i a l l y e x c i t i n g development i n t h i s area of ex
t r a c t i o n s concerns the use of d i f f e r e n t reversed m i c e l l a r systems 
i n countercurrent e x t r a c t i o n s of d i f f e r e n t r a r e e a r t h metals. A 
mathematical model was developed i n order to h e l p optimize the 
d i f f e r e n t parameters of t h i s new mode of e x t r a c t i o n (364). This 
should f a c i l i t a t e the f u r t h e r development and u t i l i z a t i o n of t h i s 
approach to metal i o n separations. 

In a d d i t i o n to metal i o n e x t r a c t i o n s , reversed m i c e l l e s have 
r e c e n t l y been u t i l i z e d i n the s e p a r a t i o n , recovery, and p u r i f i c a t i o n 
of b i o t e c h n o l o g i c a l products (366-371). Namely, Hatton and co
workers have demonstrated that the c o n t r o l l e d s o l u b i l i z a t i o n of 
p r o t e i n s and amino a c i d s i n reversed m i c e l l e s can form the b a s i s 
of an e x t r a c t i v e s e p a r a t i o n scheme (366-369.377.378.381). Previous 
work had i n d i c a t e d that enzymes could be s o l u b i l i z e d i n organic 
solvents c o n t a i n i n g s u r f a c t a n t s (reversed m i c e l l e s ) w i t h r e t e n t i o n 
of t h e i r a c t i v i t y (37.41.365.373.374.382). The recent work of 
Hatton and others i n d i c a t e that the s o l u b i l i z a t i o n (and hence degree 
of e x t r a c t i o n ) of a given p r o t e i n depends upon i t s s t r u c t u r e , es
p e c i a l l y the i o n i z a b l e m o i e t i e s ( i . e . p i value) and i t s s i z e . By 
j u d i c i o u s choice of the s u r f a c t a n t charge-type and s o l v e n t , and 
appropriate manipulation of the experimental c o n d i t i o n s ( i . e . pH and 
i o n i c s t r e n g t h of the aqueous p r o t e i n s o l u t i o n ) , the s e p a r a t i o n 
s c i e n t i s t can c o n t r o l t h i s s o l u b i l i z a t i o n process. To date, the 
most u t i l i z e d reversed m i c e l l e system has been the AOT (sodium d i - 2 -
e t h y l h e x y l s u l f o s u c c i n a t e ) a n i o n i c s u r f a c t a n t i n isooctane one. Thus, 
i f the aqueous s o l u t i o n pH i s such that i t i s below the p i value of 
p r o t e i n (so t h a t the p r o t e i n possesses a net p o s i t i v e charge), then 
f a v o r a b l e e l e c t r o s t a t i c i n t e r a c t i o n s between the a n i o n i c AOT reversed 
m i c e l l e and the p r o t e i n can r e s u l t i n the s e l e c t i v e s o l u b i l i z a t i o n 
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of the p r o t e i n . Consequently, p r o t e i n s (as w e l l as other substances 
such as amino a c i d s , e t c . ) w i t h d i f f e r i n g p i values can be separated 
from each other. This approach u s i n g AOT reversed m i c e l l e s has been 
s u c c e s s f u l l y u t i l i z e d to e x t r a c t r i b o n u c l e a s e - a , cytochrome-c, l y s o -
zyme, chymotrypsin, t r y p s i n , r e n n i n , amylase, and amino acids from 
aqueous s o l u t i o n s (366-369.377). In a d d i t i o n , i t was r e c e n t l y shown 
that the same general approach could be employed to e x t r a c t d i r e c t l y 
p r o t e i n s from s o l i d matrices ( i . e . p r o t e i n powders) (370). For the 
case of p r o t e i n s w i t h very l a r g e molecular weights, s o l u b i l i z a t i o n 
may not be p o s s i b l e due to s i z e e x c l u s i o n e f f e c t s . This f a c t o r was 
apparently r e s p o n s i b l e f o r the i n a b i l i t y to e x t r a c t bovine serum 
albumin from aqueous s o l u t i o n w i t h AOT (367). 

Most systems examined to date have employed the AOT a n i o n i c 
reversed m i c e l l a r system (366-370). In one case, amylase was ex
t r a c t e d u s i n g trioctylmethylammonium c h l o r i d e ( c a t i o n i c s u r f a c t a n t ) 
i n isooctane (375) w h i l e i n another, c a t a l a s e was e x t r a c t e d u s i n g 
a c a t i o n i c DTAB/octane/hexano
re s e a r c h , we have s u c c e s s f u l l
CC l ^ , c a t i o n i c CTAB - hexanol, and z w i t t e r i o n i c l e c i t h i n - C C l ^ 
reversed m i c e l l a r systems i n the e x t r a c t i o n of some amino aci d s and 
p r o t e i n s (379). The a v a i l a b i l i t y of such a p o o l of d i f f e r e n t 
charge-type m i c e l l a r systems allows one f l e x i b i l i t y i n the develop
ment of such e x t r a c t i o n schemes. In f a c t , p r e l i m i n a r y r e s u l t s seem 
to i n d i c a t e that b e t t e r e x t r a c t i o n s are obtainable i n some instances 
v i a use of z w i t t e r i o n i c reversed m i c e l l a r media (379). 

In a d d i t i o n to the e x t r a c t i o n of e x t r a c e l l u l a r enzymes, the use 
of reversed m i c e l l e s can be extended to recover i n t r a c e l l u l a r enzymes 
from i n t a c t b a c t e r i a (380). The technique i s based on the f a c t that 
whole b a c t e r i a l c e l l s d e s i n t e g r a t e r e a d i l y i n such reversed m i c e l l a r 
systems and the l i b e r a t e d enzymes are r a p i d l y s o l u b i l i z e d by the 
m i c e l l e . This approach should be a p p l i c a b l e to other e x t r a c e l l u l a r 
systems and holds great promise. 

The p r o t e i n s and bioproducts can be e a s i l y s t r i p p e d ( i . e . back-
extracted) from the reversed m i c e l l a r organic phase to an aqueous 
phase. This can be accomplished by merely c o n t a c t i n g the reversed 
m i c e l l a r loaded organic phase w i t h an aqueous phase of r e l a t i v e l y 
h i g h s a l t content (e.g. 1.00 M KC1 or 0.50 M Na 2S0 4) (368,379). The 
o v e r a l l e x t r a c t i o n - s t r i p p i n g process has the p o t e n t i a l f o r opera
t i o n i n a continuous mode f a s h i o n and should be e a s i l y a p p l i e d on a 
large s c a l e process-type l e v e l (366.371.377.381). Consequently, i t 
appears to be a promising procedure f o r the b u l k p u r i f i c a t i o n of 
biomolecules. In f a c t , recovery of e x t r a c e l l u l a r a l k a l i n e protease 
from c l a r i f i e d fermentation broths has been achieved (378). S e v e r a l 
other s t u d i e s have examined the nature of reversed m i c e l l a r formation 
i n fermentation b r o t h media (284.376). Such data should a i d i n the 
design of other e x t r a c t i o n schemes from such media. 

More i n f o r m a t i o n on the s a l i e n t f e atures and f a c t o r s i n v o l v e d 
i n t h i s e x c i t i n g new type of b i o s e p a r a t i o n technique u s i n g reversed 
m i c e l l a r media i s presented i n a Chapter by Hatton i n t h i s Symposium 
Volume (377). Future work i n t h i s general area should concentrate 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



1. HINZE Surfactant Assemblies in Separation Science 47 

on the mechanistic aspects as w e l l as on the continued development 
of schemes using d i f f e r e n t charge-type reversed m i c e l l a r systems. 
A l s o , use of f u n c t i o n a l i z e d s u r f a c t a n t s as the reversed m i c e l l a r 
formers (8.) t a i l o r e d f o r s p e c i f i c components of mixtures should be 
synthesized and evaluated. Further development of s p e c i f i c a f f i n i t y 
l i g a n d c o - s u r f a c t a n t s f o r such t a i l o r e d e x t r a c t i o n s should a l s o lead 
to s e l e c t i v e s e p a r a t i o n and p u r i f i c a t i o n of b i o m a t e r i a l s (377). 

A p p l i c a t i o n s of Aqueous Surfactant S o l u t i o n s as a S e l e c t i v e 
S o l u b i l i z a t i o n E x t r a c t i o n Medium. (1) E x t r a c t i o n s U t i l i z i n g 
Aqueous Normal M i c e l l e s » S e l e c t i v e s o l u b i l i z a t i o n i n aqueous 
s u r f a c t a n t m i c e l l a r media has been employed i n the e x t r a c t i v e i s o 
l a t i o n and p u r i f i c a t i o n (often only p a r t i a l ) of v a r i o u s biochemical 
compounds and membrane components (70,98,103-112,237,238,383-392, 
402-404). For example, such b i o m a t e r i a l s as D-glucosidase, human 
t i s s u e f a c t o r s , lysosomal a c i d l i p a s e , l a c t o f e r r i n , u r i c a s e , 
neuromembrane microsomes  c h o l e s t e r o l oxidase  and m a l a r i a l a c i d 
endopeptidase have been
Tween-80, T r i t o n X-100,
gluc o s i d e aqueous m i c e l l a r media among others (405-414), A p e c u l i a r 
f e a t u r e observed i n the s o l u b i l i z a t i o n of membranes i n s u r f a c t a n t 
s o l u t i o n s i s the s e l e c t i v i t y w i t h which d i f f e r e n t components are r e 
leased from the membranes (238), This s e l e c t i v i t y can be f i n e 
"tuned" by j u d i c i o u s v a r i a t i o n of such parameters as s o l u t i o n pH, 
i o n i c s t r e n g t h , c o n c e n t r a t i o n and nature of the s u r f a c t a n t [ i . e . i t s 
charge-type and HLB ( h y d r o p h i l e - l i p o p h i l e b a l a n c e ) ] . Such e x t r a c t i o n 
procedures have proven to be extremely u s e f u l and v a l u a b l e i n the 
p a r t i a l p u r i f i c a t i o n of a c t i v e membrane complexes, membrane l i p i d s , 
and membrane p r o t e i n s among other components (383-392). For instance, 
cytochrome ο and d oxidase have been e x t r a c t e d and p u r i f i e d from E. 
c o l i by use of z w i t t e r i o n i c s u l f o b e t a i n e s or nonionic o c t y l g l u c o s i d e 
normal m i c e l l a r systems (415,416). 

Although a few general g u i d e l i n e s e x i s t , the design of such 
mentioned e x t r a c t i o n schemes i s s t i l l a t r i a l - a n d - e r r o r p r o p o s i t i o n . 
Consequently, more b a s i c i n f o r m a t i o n on the nature of the l i p i d -
p r o t e i n - s u r f a c t a n t i n t e r a c t i o n s i s s t i l l r e q u i r e d . I t should a l s o 
be noted tha t i n most i n s t a n c e s , the m i c e l l a r " e x t r a c t i o n " step i s 
merely the prelude to f u r t h e r f r a c t i o n a t i o n ( u s u a l l y by e l e c t r o -
p h o r e t i c , column or hydrophobic chromatographic techniques) and 
p u r i f i c a t i o n of the d e s i r e d b i o l o g i c a l components (402-404). 

Normal aqueous m i c e l l a r media can a l s o be employed to e x t r a c t 
and p u r i f y components from s o l i d m a t r i c e s . P r o t e i n s have been ex
t r a c t e d from wheat ker n a l s using aqueous NaLS (399). This same sur
f a c t a n t system has been employed i n an improved method f o r the ex
t r a c t i o n of f i l t h from cheese (417). In another a p p l i c a t i o n , aqueous 
s o l u t i o n s of B r i j - 3 5 m i c e l l e s have been employed to e x t r a c t com
ponents ( i . e . v a n i l l i n and e t h y l v a n i l l i n ) from smoking tobacco (106). 
In a s i m i l a r manner, various p h e n o l i c compounds have been e x t r a c t e d 
from h e r b a l / p l a n t leaves using nonionic T r i t o n X-100, B r i j - 3 5 , or 
o c t y l glucoside (OG) (393). In both of these l a t t e r examples, the 
i n d i c a t e d compounds could be i d e n t i f i e d and q u a n t i t a t e d by reversed 
phase HPLC using as mobile phase the same m i c e l l a r s o l u t i o n s ( r e f e r 
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to previous s e c t i o n on m i c e l l a r LC) as were employed i n the ex
t r a c t i o n s t e p . The recent development of m i c e l l a r mobile phases 
should provide f u r t h e r impetus f o r the development and use of 
aqueous s u r f a c t a n t s o l u t i o n s i n the e x t r a c t i o n of other nonpolar and 
b i o l o g i c a l substances from various m a t r i c e s . The use o f aqueous 
m i c e l l a r media as opposed to the usual organic s o l v e n t s i n such 
e x t r a c t i o n steps o f f e r s advantages i n terms of s a f e t y (diminished 
t o x i c i t y , f l a m m a b i l i t y ) , easy waste d i s p o s a l , c o s t , as w e l l as en
sures c o m p a t i b i l i t y of the e x t r a c t i o n " s o l v e n t " w i t h chromatographic 
m i c e l l a r mobile phases. 

Aqueous m i c e l l a r systems have a l s o been u t i l i z e d to e x t r a c t 
organic components from hydrocarbon matrices (394-398,400,401). 
The b a s i s of the e x t r a c t i o n process l i e s i n the a b i l i t y of the 
aqueous m i c e l l a r media to e x h i b i t d i f f e r e n t i a l s o l u b i l i z i n g r a t e s 
and c a p a c i t i e s w i t h respect to a s e r i e s of s o l u b i l i z a t e s . Table XV 
summarizes some of the data along w i t h the s e p a r a t i o n f a c t o r s that 
were achieved. The i n d u s t r i a
s t r a t e d by the e x t r a c t i v
(Table XV) (397,400), K i n e t i c and thermodynamic models of the ex
t r a c t i o n process have been formulated which attempt to r e l a t e the 
s e l e c t i v i t y , e x t e n t , and r a t e of s o l u b i l i z a t i o n to the s t r u c t u r e 
and p r o p e r t i e s of the s u r f a c t a n t m i c e l l e as w e l l as to the nature of 
the s o l u t e molecules (394,395,397). In g e n e r a l , "a s o l u b i l i z a t e with 
the s m a l l e r molecular volume and some p o l a r i t y i s u s u a l l y p r e f e r e n 
t i a l l y s o l u b i l i z e d " by a p a r t i c u l a r m i c e l l e (401), In such ex
t r a c t i o n schemes, the ads o r p t i o n processes of the s u r f a c t a n t at the 
aqueous - organic i n t e r f a c e seem to provide the main r e s i s t a n c e to 
mass t r a n s f e r (396), I t should be noted that microemulsions form i n 
some of these e x t r a c t i o n systems (395,401), I t seems that t h i s 
approach i s an e x c e l l e n t means of removing aromatic hydrocarbons from 
mixtures of a l i p h a t i c and aromatic hydrocarbons (394,398). This i s 
one of the few areas i n which the current work seems to be more 
mechanistic than p r a c t i c a l i n nature. This general area of separa
t i o n science appears to h o l d great p o t e n t i a l f o r development of some 
p r a c t i c a l l a r g e - s c a l e bulk e x t r a c t i o n schemes f o r i n d u s t r i a l pro
cesses. 

(2) E x t r a c t i o n s Based on the Phase Separation Behavior of Aq
ueous M i c e l l a r S o l u t i o n s . The e x t r a c t i o n and c o n c e n t r a t i o n of com
ponents i n an aqueous mixture can sometimes be e f f e c t e d v i a use of 
appropriate s u r f a c t a n t systems that are capable of undergoing a 
phase s e p a r a t i o n as a r e s u l t of a l t e r e d c o n d i t i o n s ( i . e . temperature 
or pressure changes, added s a l t s or other s p e c i e s , e t c . ) . Two 
general types of such s u r f a c t a n t e x t r a c t i o n systems w i l l be de
s c r i b e d : (1) those based on the cloud p o i n t phenomenon and ( i i ) 
those based on coacervation formation. 

( i ) Cloud P o i n t Separations. Aqueous s o l u t i o n s of nonionic 
s u r f a c t a n t s (442), such as n - a l k y l s u l f i n y l a l c o h o l s , a l k y l m e t h y l -
s u l f o n e - d i - i m i n e s , dimethylalkylphosphine o x i d e s , and most commonly, 
a l k y l ( o r a r y l ) p o l y o x y e t h y l e n e e t h e r s , e x h i b i t the s o - c a l l e d cloud 
p o i n t phenomena (418-428), That i s , upon heating the i s o t r o p i c 
m i c e l l a r s o l u t i o n , a c r i t i c a l temperature i s e v e n t u a l l y reached at 
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TABLE XV. Summary of Separation Factors f o r the E x t r a c t i o n of 
Organic Substances from Nonpolar M a t r i c e s v i a Use of 
Normal Aqueous M i c e l l a r Systems 

O r i g i n a l Mixture (Ref) M i c e l l a r System S e l e c t i v i t y F a ctor 

Benzene/Cyclohexane (401) CPC a 1.5  1.8 b 

Benzene/Hexane (394,401
A e r o s o l AY 
NaLS 
CPC 
0G 

2 - 3 
7 
7 -10 
7 -10 

Cyclohexane/Hexane (401) CPC 1.25 
Dodecane (395) 
Benzene/Cyclohexane (398) 

C 1 2 E 4 C 

DTAB 
Phenols i n C a r b o l i c O i l (397, 
400) 

NaLS 
Sodium Oleate 
NaDBS 
Sodium Laurate 
Potassium p a l m i t a t e 13 

a R e f e r to Table I f o r d e t a i l s of m i c e l l a r s t r u c t u r e and parameters. 
Separation f a c t o r defined as α = XFE XoR^ XoE XFR, where χ = concen
t r a t i o n ( i n kg/kg); F = benzene, cyclohexane, or phenols; ο = hexane, 
cyclohexane, or o i l ; R = r a f f i n a t e ; and Ε = e x t r a c t (397). 

c -5 Dodecylpolyoxyethylene(4)glycol monoether (CMC = 6.2 χ 10 M). 
^ L i m i t i n g v a l u e s . In g e n e r a l , the s e l e c t i v i t y of the e x t r a c t i o n 
process increases w i t h s u r f a c t a n t c o n c e n t r a t i o n u n t i l a p l a t e a u i s 
achieved. 
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which the s o l u t i o n suddenly becomes t u r b i d (cloud p o i n t ) due to the 
diminished s o l u b i l i t y of the s u r f a c t a n t i n water. A f t e r some time 
i n t e r v a l , demixing i n t o two transparent l i q u i d phases occurs; i . e . 
a s u r f a c t a n t - r i c h phase i n e q u i l i b r i u m w i t h almost pure water (8, 
418,425). Figure 6 shows a t y p i c a l temperature - c o n c e n t r a t i o n 
diagram which defines the cloud p o i n t at each s u r f a c t a n t concentra-
l e v e l (421,425), This coexistence curve e x h i b i t s a lower consolute 
p o i n t ( c r i t i c a l p o i n t ) . The temperature and c o n c e n t r a t i o n at which 
the minimum occur are c a l l e d the c r i t i c a l temperature (T c ) and 
c r i t i c a l c o n c e n t r a t i o n ( c c ) , r e s p e c t i v e l y . Table XVI summarizes 
cloud p o i n t and CMC data f o r some r e p r e s e n t a t i v e aqueous no n i o n i c 
m i c e l l a r s u r f a c t a n t s (8,425). I t i s important to p o i n t out that the 
presence of a d d i t i v e s ( s a l t s , organic s p e c i e s , a l c o h o l s , e t c . ) can 
profoundly a l t e r ( e i t h e r r a i s e or lower) the reported v a l u e s . The 
mechanistic d e t a i l s concerning the dynamics, cause, and nature of 
the c l o u d i n g phenomenon i n r e l a t i o n to the aggregation behavior i s 
s t i l l not completely understood and the subject of some controversy 
(422-428). 

Based upon the use of n o n i o n i c s u r f a c t a n t systems and t h e i r 
cloud p o i n t phase s e p a r a t i o n behavior, s e v e r a l simple, p r a c t i c a l , 
and e f f i c i e n t e x t r a c t i o n methods have been proposed f o r the separa
t i o n , c o n c e n t r a t i o n , and/or p u r i f i c a t i o n of a v a r i e t y of substances 
i n c l u d i n g metal i o n s , p r o t e i n s , and organic substances (429-441, 
443,444), The use of nonionic m i c e l l e s i n t h i s regard was f i r s t 
d e s cribed and pioneered by Watanabe and co-workers who a p p l i e d the 
approach to the s e p a r a t i o n and enrichment of metal ions (as metal 
c h e l a t e s ) (429-435), That i s , metal ions i n s o l u t i o n were converted 
to s p a r i n g l y water s o l u b l e metal chelates which were then s o l 
u b i l i z e d by a d d i t i o n of nonionic s u r f a c t a n t m i c e l l e s subsequent to 
s e p a r a t i o n by the cloud p o i n t technique. Table XVII summarizes 
data a v a i l a b l e i n the l i t e r a t u r e demonstrating the p o t e n t i a l of the 
method f o r the s e p a r a t i o n of metal i o n s . As can be seen, f a c t o r s 
of up to f o r t y have been reported f o r the c o n c e n t r a t i o n e f f e c t of 
the separated metals. 

The e x t r a c t i o n procedure t y p i c a l l y c o n s i s t s of the f o l l o w i n g 
s t e p s : (1) a d d i t i o n of 0.5 - 1.0 mL of an appropriate concentrated 
s o l u t i o n of the n o n i o n i c s u r f a c t a n t to 50 or 100 mL of the metal-
c o n t a i n i n g sample b u f f e r e d to an appropriate pH i n the presence of 
a s u i t a b l e c h e l a t i n g agent and/or masking agent, (2) m i x i n g , (3) 
heating ( i f necessary) of the s o l u t i o n to a temperature i n excess 
of the s u r f a c t a n t ' s cloud p o i n t , (4) w a i t i n g i n t e r v a l which f a c i l 
i t a t e s the s o l u t i o n phase s e p a r a t i o n ( c e n t r i f u g a t i o n can speed up 
t h i s s t e p ) , and (5) p h y s i c a l l y removing and a n a l y z i n g the d e s i r e d 
enriched s u r f a c t a n t phase c o n t a i n i n g the metal chelate (1,429-431). 
The most recent advance i n t h i s area has concerned the s y n t h e s i s 
and use of f u n c t i o n a l i z e d s u r f a c t a n t s having c h e l a t i n g m o i e t i e s i n 
c o n j u n c t i o n w i t h v a r i o u s n o n i o n i c s o l u b i l i z i n g s u r f a c t a n t s (1,437). 
Such an approach r e s u l t s i n novel and more s e l e c t i v e p r o t o c o l s f o r 
a v a r i e t y of a n a l y t e s . 

In a d d i t i o n to c o n c e n t r a t i o n of metal i o n s , b i o l o g i c a l m a t e r i 
a l s and environmentally important organic compounds have a l s o been 
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Figure 6. Phase diagram f o r a t y p i c a l nonionic s u r f a c t a n t , 
r e g i o n r e f e r s t o an i s o t r o p i c amphiphile s o l u t i o n whereas 
L-1 and L' i n d i c a t e s the two c o - e x i s t i n g i s o t r o p i c phases. 
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TABLE XVI. Summary of S t r u c t u r e of Some Selected Nonionic S u r f a c 
t a n t s and t h e i r CMC and Cloud P o i n t V a l u e s 3 

S u r f a c t a n t CMC. , M Cloud 
P o i n t b , 
°C 

Ref. 

T r i t o n X-100 3.0 X 10" •4 64 393, 
430 

T r i t o n X-114 --- 23 8, 

B r i j - 9 6 (polyoxyethylen
o l e y l a l c o h o l ) 

Brominated B r i j - 9 6 1.0 X 10" 60 393 
Brominated Tween-80 1.85 χ 10 90 393 
PONPE-7.5 (polyoxyethylenenonylphenyl 8.5 X 10" •5 1 - 429-

e t h e r ) 7 431 
IGEPAL SERIES: R-C,H.0(C„H,0) ,CH.CH.OH oq. ζ 4- n - i 2. ζ. 

CO-620 (R = C gH 1 7; η = 7) --• 
5 

22 393 
CO-610 (R = C H ; η = 7.5) 8.0 X 10" 26 393 

ALKYLPOLYCXYETHYLENEGLYCOL M0N0ETHER SERIES: 
C 8 E 3 C 

C 8 E 4 
7.8 X 10" •3 8 11, C 8 E 3 C 

C 8 E 4 8.5 X 10" 3 40 425, 
439 

C,„E„ 0 10 3 .5 
C 1 2 E 3 5.8 X 10" 0 
C 1 2 E 4 •--

.5 
4 

C 1 2 E 5 6.5 X 10" 31 
C ^ E 0 20 16 3 20 

V a l u e s given f o r 1.0% aqueous s u r f a c t a n t s o l u t i o n s . Value i n pure 
water alone i n absence of any a d d i t i v e s . 
In t h i s shorthand n o t a t i o n , the s u b s c r i p t a f t e r C r e f e r s to the 
number of carbons of the n - a l k y l group w h i l e the s u b s c r i p t a f t e r Ε 
r e f e r s t o the number of oxyethylene groups present. 
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TABLE XVII . Summary of the Reported E x t r a c t i o n of Metal Ions as 
Metal Chelates by the Phase Separation Behavior of 
Nonionic S u r f a c t a n t s 

Metal C h e l a t i n g S u r f a c t a n t Concentration Ref. 
Ion Agent F a c t o r 

Zn PAN a 

u 433 
N i TAN TX-100 30 432 
N i PAN OP 15 - 25 436 
Zn PAMPC PONPE-7.5 --- 430 
Au ( i n PONPE-7.5 fe 95% 443 
HC1) recovery) 

Cd,Ni PAMP PONPE-7.5 --- 434 
Fe HAHBAd TX-100/BL 4.2 e (Extn. E f f . 437 

94%) 

aPAN r e f e r s to 1-(2-pyridylazo)-2-naphthol. 
bTAN r e f e r s to 1-(2-thiazolyazo)-2-naphthol. 
CPAMP r e f e r s to 2-(2-pyridylazo)-5-methylphenol e 

dHAHBA r e f e r s t o 4-Heptylamido-2-hydroxybenzoic a c i d . 
BL 4.2 r e f e r s to polyoxyethylene(4.2)dodecanol. 
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extracted using the described general approach. For instance, 
Bordier has reported the separation of peripheral membrane proteins 
from in tr ins i c membrane proteins by use of Triton X-114 (439). 
When the membrane dispersion in TX-114 was heated, phase separation 
occurred and the integral membrane proteins were concentrated in the 
surfactant r i c h phase while the hydrophilic peripheral proteins re 
mained in the aqueous phase. Recently, a report stated that such 
extractions using polyglycol ethers is simple and should be indus
t r i a l l y practicable for the separation, i so lat ion, and purif icat ion 
of may types of hydrophobic proteins (444). Addit ional ly , Kippen-
berger et . a l . (440) have reported that various organic compounds 
of environmental concern can be essential ly quantitatively con
centrated in the surfactant r i ch phase using such described nonionic 
extraction scheme. For example, a pesticide test mix containing 
DDT, methoxychlor, endrin aldehyde, endrin, chloradane, endosultan, 
lindane, a l d r i n , BHC, and chloropyrifos was successfully extracted 
from water using PONPE-7.5. Similar results have been obtained with 
phenolic, polynuclear aromati
The approach shows very
these materials piror to gas or l iquid chromatographic analysis 
(393). 

The percent recovery of the extracted substances in these sys
tems has been found to be dependent on the solution pH (for ion-
izable analytes), presence of additives, nature of surfactant, etc . 
A quantitative description of the distr ibution coefficient variation 
with solution pH has been reported (435) (equation 9): 

P-[H + ] /K + P 9 + PJE> /[H + ] 
D = -1 - S i 2 2-| (eq. 9) 

1 + [H 1 /K a l + K a 2 / [ H + ] 
where D is the distr ibution coefficient; P ^ P 2 , and P 3 are the 

part i t ion coefficients of the posit ively charged, neutral and neg-
are the acid 

fiydrogen^ion concentration. 
The development of this quantitative description is important in 
that i t allows one to optimize the analytical conditions so as to 
maximize the extraction eff iciency. The distribution coefficients 
determined using the cloud point extraction method compare favorably 
with those obtained using more conventional organic-based extraction 
schemes. The recovery of metal chelates and organic substances 
typica l ly range from 70 - 100% (429-431,440). 

The advantages cited for the described nonionic miceliar cloud 
point extraction schemes include the following: (1) a b i l i t y to 
concentrate a variety of analytes (with concentration factors of 
10-75), (2) safety and cost benefits ( i . e . the use of small amounts 
of nonionic surfactant as an extraction solvent obviates the need to 
handle the usually large volumes of organic solvent required in 
tradit ional l iqu id - l iqu id extractions; so that the v o l a t i l i t y , 
flammability, and cost are reduced), (3) easy disposal of the non
ionic surfactant extraction solvent ( i . e . the nonionic surfactant 
solution is reportedly easi ly burned in the presence of waste 

at ively charged species, respectively; K. and KL 
dissociation constants; and [H ] is the hydrogen i -
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acetone or e t h a n o l ) , (4) the s u r f a c t a n t r i c h e x t r a c t i o n phase i s 
compatible w i t h m i c e l l a r mobile phases i n TLC or HPLC, (5) pos
s i b i l i t y of enhanced d e t e c t i o n i s p o s s i b l e i n the s u r f a c t a n t r i c h 
phase compared to that p o s s i b l e i n bulk water or organic s o l v e n t s 
(enhanced d e t e c t i o n w i l l be described i n a l a t e r s e c t i o n of t h i s 
r e v i e w ) , and (6) a b i l i t y to t r e a t wastewater s o l u t i o n s i n water 
p u r i f i c a t i o n / m o n i t o r i n g schemes (429,431,440). For more d e t a i l s on 
t h i s s e p a r a t i o n technique, the i n t e r e s t e d reader i s r e f e r r e d to a 
review by Watanabe (429) as w e l l as to Chapter by Pramauro, Minero, 
and P e l i z z e t t i i n t h i s Symposium Volume (437). 

Future work i n t h i s area should focus on f u r t h e r development of 
novel e x t r a c t i o n schemes t h a t e x p l o i t one or more of the c i t e d 
advantages of the nonionic cloud p o i n t method. I t i s worth n o t i n g 
that c e r t a i n i o n i c , z w i t t e r i o n i c , microemulsion, and polymeric 
s o l u t i o n s a l s o have c r i t i c a l c o n s o l u t i o n p o i n t s (425,441). There 
appear to be no examples of the u t i l i z a t i o n of such media i n ex
t r a c t i o n s to date. Consequently
systems could lead t o a d d i t i o n a
e s p e c i a l l y i n view of the f a c t that e l e c t r o s t a t i c i n t e r a c t i o n s w i t h 
a n a l y t e molecules i s p o s s i b l e i n such media whereas they are not i n 
the nonionic s u r f a c t a n t systems. The use of the cloud p o i n t event 
should a l s o be u s e f u l i n t h a t i t allows f o r enhanced thermal l e n s i n g 
methods of d e t e c t i o n . 

( i i ) Separations Based on Coacervation. Some i o n i c s u r f a c t a n t 
s o l u t i o n s are a l s o capable of s e p a r a t i n g i n t o two l i q u i d l a y e r s under 
appro p r i a t e c o n d i t i o n s . This type of l i q u i d - l i q u i d phase separation 
has been termed c o a c e r v a t i o n . Coacervation can occur when a species 
(which contains a charge opposite t o t h a t of the s u r f a c t a n t ) i s ad
ded to an aqueous s o l u t i o n of an i o n i c m i c e l l e (such as a c a t i o n i c 
quaternary ammonium s u r f a c t a n t ) . Coacervation i n such s o l u t i o n s be
gins w i t h the m i c e l l e s aggregating to form submicroscopic " c l u s t e r s " 
which can coalesce t o form microscopic d r o p l e t s . On f u r t h e r c o a l e s 
cence, these d r o p l e t s can separate i n t o a continuous s u r f a c t a n t - r i c h 
phase. The two phases thus formed are w e l l d e f i n e d . With f u r t h e r 
a d d i t i o n of e l e c t r o l y t e , the s u r f a c t a n t - r i c h phase can p r e c i p i t a t e 
or f l u c c u l a t e (445). In a d d i t i o n t o c a t i o n i c and a n i o n i c s u r f a c t a n t s 
(445-452), aqueous s o l u t i o n s of p r o t e i n s , s y n t h e t i c polymers, and 
microemulsions have been reported to e x h i b i t coacervation behavior 
(445). Most l i t e r a t u r e r e p o r t s on the t o p i c have been conducted on 
systems i n which the s u r f a c t a n t c o n c e n t r a t i o n were i n excess of the 
CMC so that m i c e l l e s were present. In such media, a c e r t a i n amount 
of added e l e c t r o l y t e ( c r i t i c a l e l e c t r o l y t e c o n c e n t r a t i o n , CEC) i s 
r e q u i r e d to induce c o a c e r v a t i o n . For example, a t 30° C i n the 
presence of 0.15 M ammonium thio c y a n a t e , CTAB forms a coacervate 
system (445). In many coacervate systems, the two phases are w e l l 
defined w i t h one r i c h i n s u r f a c t a n t and the other e s s e n t i a l l y pure 
water. Thus i n theory, separations i d e n t i c a l to those j u s t out
l i n e d employing the n o n i o n i c cloud p o i n t phenomenon (a temperature 
induced coacervate) should be p o s s i b l e . 

A cursory review of the l i t e r a t u r e r e v e a l s t h a t there are only 
two apparent a p p l i c a t i o n s of coacervate formation i n e x t r a c t i v e 
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s e p a r a t i o n s c i e n c e . One r e p o r t mentioned that "the analogy between 
these (coacervate) systems ( i . e . composed of tetraalkylammonium 
h a l i d e s ) and a n i o n i c i o n exchange r e s i n s i s shown f o r uranium(VI) 
e x t r a c t i o n s " (451). In the other a p p l i c a t i o n , the coacervation pro
cess was u t i l i z e d t o recover (at b e t t e r than 90% e f f i c i e n c y ) and 
p u r i f y the s u r f a c t a n t dodecyldimethylbenzylammonium bromide from a 
f r o t h f l o t a t i o n system (452). One p o s s i b l e disadvantage of coacer
vate systems (compared to the nonionic cloud p o i n t e x t r a c t i o n s ) i s 
that the l i q u i d - l i q u i d two-phase s t a t e i s d i f f i c u l t t o e x p e r i m e n t a l l y 
access. Thus, s i n c e most i o n i c s u r f a c t a n t s are s o l i d s , the m i c e l l e -
r i c h phase can p r e c i p i t a t e n e c e s s i t a t i n g a r e d i s s o l u t i o n step 
p r i o r to q u a n t i t a t i o n or f u r t h e r work-up of the e x t r a c t e d s p e c i e s . 
However, t h i s e n t i r e coacervate research area i s wide open and 
f u r t h e r work w i l l undoubtly lead to many novel a p p l i c a t i o n s i n 
s e p a r a t i o n s c i e n c e . An a r t i c l e by Dubin and co-workers i n t h i s 
Symposium Volume gives more d e t a i l s on coacervation as i t p e r t a i n s 
to p r o t e i n - p o l y e l e c t r o l y t e systems (453). 

Other A p p l i c a t i o n s of S u r f a c t a n
S u r f a c t a n t s i n Membrane Processes. (1) Mice1le-Enhanced U l t r a 

f i l t r a t i o n (MEUF). In t h i s newly described technique, m i c e l l e -
forming s u r f a c t a n t s are added to the aqueous phase i n question so 
that m i c e l l e s form i n s o l u t i o n . Any hydrophobic organic molecules 
o r i g i n a l l y present (or metal ions/metal chelates t h a t can bind the 
m i c e l l e ) w i l l p a r t i t i o n to the m i c e l l a r pseudophase. This s o l u t i o n 
i s then passed through an u l t r a f i l t r a t i o n membrane whose pore s i z e 
i s s m a l l enough ( i . e . mol. wt. c u t o f f ^ 20,000) to prevent m i c e l l e s 
from passing through i t . Consequently, the m i c e l l a r bound organic 
molecules (or metals) are concentrated i n the r e t e n t a t e w h i l e the 
permeate contains only the u n s o l u b i l i z e d s o l u t e and the s u r f a c t a n t 
monomer (both present at r e l a t i v e l y low c o n c e n t r a t i o n s ) . More de
t a i l s on the experimental c o n s i d e r a t i o n s and s a l i e n t features of 
t h i s new s e p a r a t i o n technique are given i n an e x c e l l e n t overview 
a r t i c l e (454) as w e l l as i n a Chapter by Smith, C h r i s t i a n , Tucker, 
and Scamehorn i n t h i s Symposium Volume (455). 

In terms of published p r a c t i c a l a p p l i c a t i o n s , MEUF has been 
s u c c e s s f u l l y employed to remove m u l t i v a l e n t metal c a t i o n s (such as 
C u 2 + ) from wastewater (456), f o r removal of n-alcohols (457) as w e l l 
as other organic substances (benzene, e t c . ) (454,455) from aqueous 
streams. The general procedure seems to o f f e r an a t t r a c t i v e means 
f o r p u r i f i c a t i o n of water streams c o n t a i n i n g organic substances or 
heavy metals. MEUF may prove to be u s e f u l i n i n d u s t r i a l a p p l i c a t i o n s 
as w e l l (455). 

In connection w i t h MEUF e f f i c i e n c y s t u d i e s , the technique of 
" s e m i - e q u i l i b r i u m d i a l y s i s " (SED) was developed. SED u t i l i z e s 
o r d i n a r y commercial e q u i l i b r i u m d i a l y s i s apparatus and membranes. 
The method allows f o r determination of the c o n c e n t r a t i o n of the 
s u r f a c t a n t passing through the membrane at v a r y i n g times (454). 
V i a use of the SED technique, i t i s p o s s i b l e to determine s o l u t e 
s o l u b i l i z a t i o n e q u i l i b r i u m constants ( a c t i v i t y c o e f f i c i e n t s of 
m i c e l l a r bound s o l u t e s ) as w e l l as the s u r f a c t a n t c o n c e n t r a t i o n on 
both sides of the d i a l y s i s membrane among other parameters (458-460). 
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(2) L i q u i d S u r f a c t a n t (or L i q u i d S u r f a c t a n t Supported) 
Membranes. Since t h e i r f i r s t d e s c r i p t i o n i n the e a r l y I960 1s (461), 
the use of l i q u i d s u r f a c t a n t (or supported or immobilized) membranes 
has become an i n c r e a s i n g l y popular procedure f o r the i s o l a t i o n and 
p u r i f i c a t i o n of a v a r i e t y of a n a l y t e s . A l i m i t e d summary of some of 
the d i f f e r e n t systems reported i s given i n Table X V I I I . As can be 
seen, aqueous s u r f a c t a n t s o l u t i o n s can serve as l i q u i d membranes f o r 
the s e p a r a t i o n of components i n organic s o l v e n t s whereas organic 
s u r f a c t a n t - c o n t a i n i n g s o l u t i o n s can be u t i l i z e d t o separate com
ponents i n aqueous media. Figure 7 gives a simple schematic of a 
l i q u i d membrane c o n t a i n i n g an organic s u r f a c t a n t s o l u t i o n as the 
a c t i v e component. In t h i s example, the source phase would be an 
aqueous s o l u t i o n c o n t a i n i n g the components to be separated. The 
s u r f a c t a n t dispersed i n the organic s o l v e n t serves as the t r a n s p o r t 
v e h i c l e and can be present i n the form of monomers and thus a ct as 
an i o n p a i r or phase t r a n s f e r agent; or the s u r f a c t a n t can be ag
gregated i n the form of reversed m i c e l l e s or microemulsions. The 
experimental c o n d i t i o n s
present as. L i k e w i s e , i
s o l v e n t , then the l i q u i d membrane w i l l c o n s i s t of the s u r f a c t a n t 
dispersed i n an aqueous phase w i t h the s u r f a c t a n t present i n e i t h e r 
monomer or m i c e l l a r form. Regardless of the system, due to the 
s e l e c t i v e i n t e r a c t i o n s of the d i f f e r e n t analyte components w i t h the 
" a c t i v e form" of the s u r f a c t a n t which c o n s t i t u t e s the membrane and 
due to mass t r a n s f e r e f f e c t s , d i f f e r e n c e s i n the permeation r a t e s 
are p o s s i b l e . This serves as the b a s i s f o r sep a r a t i o n using t h i s 
technique. 

Since i t s i n t r o d u c t i o n by L i (461), l i q u i d s u r f a c t a n t membranes 
have been u t i l i z e d f o r separation of hydrocarbons, recovery of 
amines, phenols, and organic a c i d s from waste water, as w e l l as the 
sep a r a t i o n and recovery of metal i o n s . Table X V I I I gives data on 
some of these s e l e c t e d s e p a r a t i o n systems. I t should be mentioned 
that many of the g u i d e l i n e s and knowledge gained from the bulk 
e x t r a c t i o n systems i n v o l v i n g reversed m i c e l l e s and aqueous normal 
m i c e l l e s described i n the previous s e c t i o n f a c i l i t a t e design of 
s u c c e s s f u l l i q u i d membrane devi c e s . This i s not s u r p r i s i n g since 
the membrane-based separation merely combines the e x t r a c t i o n step 
w i t h the b a c k - e x t r a c t i o n s t r i p p i n g s t e p . Numerous recent r e p o r t s 
have concerned model s t u d i e s on the membrane t r a n s f e r processes 
(474-481). Such data i s u s e f u l and should enable the se p a r a t i o n 
s c i e n t i s t t o develop b e t t e r l i q u i d s u r f a c t a n t membranes f o r d e s i r e d 
a p p l i c a t i o n s . An e x c i t i n g new advance i n t h i s f i e l d i s the use of 
AOT reversed m i c e l l a r media as the l i q u i d s u r f a c t a n t membrane f o r 
i s o l a t i o n and p u r i f i c a t i o n of proteins/enzymes that has been des
c r i b e d by Armstrong and co-workers (473 ). In our work, we have em
ployed c h i r a l s u r f a c t a n t s and achieved p a r t i a l c h i r a l r e s o l u t i o n of 
some amino a c i d s (as t h e i r dansylated d e r i v a t i v e s ) (393). Future 
work should concentrate on f u r t h e r development and expansion of 
a p p l i c a t i o n s of l i q u i d s u r f a c t a n t membranes i n the p u r i f i c a t i o n of 
b i o m a t e r i a l s and i n o p t i c a l r e s o l u t i o n s . The use of such membranes 
should a l l o w f o r p u r i f i c a t i o n s at preparatory and process l e v e l s 
(4Z3). 
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TABLE X V I I I . L i m i t e d Summary of Separations Based on the Use of 
L i q u i d (or L i q u i d Supported) Su r f a c t a n t Membranes 

Analyte Separated/ L i q u i d S u r f a c t a n t Comments 
P u r i f i e d (Ref.) Membrane System 

Cu(I I ) (462) 

U(VI) (463) 

Cu(II ) & C r ( I I I ) 
(464) 

U(VI) (465,468) 

Ge from Zn e l e c t r o 
l y t i c s o l u t i o n s 
(466) 

HDEHP/cycl ohexane 
reversed m i c e l l e 

Tr i o c t y l p h o sph ine 
oxide supported 
on a microporous 
polymer 

LIX 64, HDEHP, or 
A l i q u a t s on s o l i d 
supports 

 io c t y l p h o s p h i n
oxide i n organic 
s o l v e n t s 

KELEX 100 on i n e r t 
macroporous support 

Lanthanides 
(469) 

C u ( I I ) 

& A c t i n i d e s CMPO i n d e c a l i n ab
sorbed on t h i n p o l y 
propylene supports 

(467) Span 80, LIX 64 i n 
kerosine micro-
emulsion 

Hydrocarbons (472) 

Rare e a r t h metals 
(471) 

P o s i t i o n a l isomers 
(o-, m-, ρ-xylenes) 
(470) 

P r o t e i n s (chymotrypsin, 
albumin, g l o b u l i n s , 
e t c . ) (473) 

Enantiomers (dansyl 
amino a c i d s ) (393) 

L i q u i d f i l m of aqueous 
s u r f a c t a n t s ( m i c e l l e s ) 

Span i n kerosine 

Aqueous s u r f a c t a n t 
s o l u t i o n s 

AOT/isooctane 
reversed m i c e l l e s 

C a t i o n i c p o l y e l e c t r o l y t e 
quarternary ammonium 
s u r f a c t a n t s i n aqueous 
media 

% Recovery 
~ 95 % 

% Recovery 
^ 99 % 

a p p l i e d to 
nuclear 
wastes 

% Recovery 
^ 99 % 

P a r t i a l 
r e s o l u t i o n 
obtained 
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Surfactant in Organic Solvent 

Figure 7. S i m p l i f i e d r e p r e s e n t a t i o n of a bulk l i q u i d s u r f a c t a n t 
membrane i n which the membrane i s composed of a su r f a c t a n t - c o n 
t a i n i n g organic s o l v e n t . 
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Micellar-Enhanced D e t e c t i o n i n Separation Science. In s e v e r a l 
i n s t a n c e s , the use of appropriate s u r f a c t a n t media al l o w s f o r en
hanced and/or new modes f o r chromatographic d e t e c t i o n . Most of the 
work has been i n the area of spectroscopy. For example, i t i s w e l l 
known t h a t the presence of s u i t a b l e s u r f a c t a n t m i c e l l e s can s i g 
n i f i c a n t l y increase the absorbance of metal complexes (4,8 ,345). 
This e f f e c t has been s u c c e s s f u l l y employed to improve the LC detec
t i o n of metal ions as t h e i r metal complexes (496,497,499), Recently, 
i t has a l s o been demonstrated th a t metal ions can be detected by 
d i r e c t - c u r r e n t argon plasma emission spectroscopy a f t e r LC s e p a r a t i o n 
w i t h m i c e l l a r mobile phases (490). 

L i k e w i s e , the luminescence p r o p e r t i e s of many analytes can be 
a l t e r e d i n the presence of s u r f a c t a n t aggregates (^,^,δ.). Consequent
l y , a d d i t i o n of m i c e l i e - f o r m i n g s u r f a c t a n t s (present e i t h e r i n the LC 
mobile phase or added post-column) can improve the s e n s i t i v i t y of 
f l u o r i m e t r i c LC d e t e c t o r s (49,482). M i c e l l a r spray reagents have 
been u t i l i z e d to enhanc
of dansylamino aci d s or p o l y c y c l i
e f f e c t was observed f o r TLC performed on c e l l u l o s e or polyamide 
s t a t i o n a r y phases w i t h the m i c e l l a r spray reagent being e i t h e r CTAC, 
SB-12, or NaC (483). More r e c e n t l y , use of nonionic T r i t o n X-100 
has been found to improve the HPLC d e t e c t i o n of morphine by f l u o r e s 
cence determination a f t e r post-column d e r i v a t i z a t i o n (486) as w e l l as 
improve the N - c h l o r i n a t i o n procedure f o r the d e t e c t i o n of amines, 
amides, and r e l a t e d compounds on t h i n - l a y e r chromatograms (488). 

More i m p o r t a n t l y , the use of heavy metal a n i o n i c m i c e l l a r media 
has been shown to a l l o w f o r observation of a n a l y t i c a l l y u s e f u l room-
temperature l i q u i d phosphorescence (RTLP) (7,484,487). There are 
s e v e r a l examples i n which phosphorescence has been employed as a 
LC d e t e c t o r w i t h the r e q u i r e d m i c e l l a r assembly being present as 
p a r t of the LC mobile phase (482) or added post column (485). More 
r e c e n t l y , metal ions have been determined i n a coacervate scum by 
u t i l i z i n g the m i c e l l a r - s t a b i l i z e d RTLP approach (498). Thus, the 
f u t u r e should see f u r t h e r development i n RTLP d e t e c t i o n of metal 
ions i n s e p a r a t i o n science a p p l i c a t i o n s . 

T y p i c a l l y , i n gradient e l u t i o n l i q u i d chromatography, e l e c t r o 
chemical d e t e c t i o n has been d i f f i c u l t due t o b a s e - l i n e s h i f t s t h a t 
r e s u l t as a consequence of the a l t e r e d mobile phase composition. 
However, a unique property of m i c e l l e s allows f o r much improved 
c o m p a t i b i l i t y o f gradients ( i . e . gradient i n terms of m i c e l l a r 
c o n c e n t r a t i o n or v a r i a t i o n of small amount of a d d i t i v e such as 
pentanol) w i t h e l e c t r o c h e m i c a l d e t e c t o r s . This has been demonstrated 
by the s e p a r a t i o n and e l e c t r o c h e m i c a l d e t e c t i o n of phenols using 
m i c e l l a r gradient LC (488). A s u r f a c t a n t (apparently non-micellar) 
gradient e l u t i o n w i t h e l e c t r o c h e m i c a l d e t e c t i o n has a l s o been suc
c e s s f u l l y a p p l i e d f o r the assay of some t h y r o i d hormones by LC (491). 

A m i c e l l a r fluorescence quenching spray reagent has been u t i l 
i z e d to a l l o w f o r Raman d e t e c t i o n of a s e r i e s of metalloporphyrins 
separated by TLC (492). P r e v i o u s l y , such d e t e c t i o n was not p o s s i b l e 
due to the strong i n t e r e f e r e n c e of fluorescence which obscured the 
weak Raman l i n e s (495). Consequently* the u t i l i z a t i o n of t h i s 
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approach allows f o r an extension of the types of compounds that are 
amenable to d e t e c t i o n by Raman spectroscopy i n HPLC or TLC. 

Other U s e f u l A p p l i c a t i o n s . I t i s w e l l known that there are many 
other important a p p l i c a t i o n s of s u r f a c t a n t s and organized s u r f a c t a n t 
assemblies i n s e p a r a t i o n s c i e n c e . Many s p e c i f i c s e p a r a t i o n processes 
such as secondary and t e r t i a r y o i l recovery (500-502), t a r sand 
e x t r a c t i o n (503), gas scrubbing and p u r i f i c a t i o n (504) and d i f f e r e n t 
e l e c t r o p h o r e t i c techniques u t i l i z e surface a c t i v e agents (505). How
ever, space l i m i t a t i o n s and the existence of s e v e r a l recent review 
a r t i c l e s preclude f u r t h e r d i s c u s s i o n of these a p p l i c a t i o n s i n t h i s 
p a r t i c u l a r overview. 

Experimental Considerations i n Use of S u r f a c t a n t Media i n Separations 

For the most p a r t , the commercially a v a i l a b l e s u r f a c t a n t s may be 
u t i l i z e d as r e c e i v e d without f u r t h e r treatment. Various techniques 
f o r the a n a l y s i s and p u r i f i c a t i o
l i t e r a t u r e (12,16,20,26,506-508)
degassed s u r f a c t a n t s o l u t i o n s i n the separations scheme, i t i s 
e a s i e s t to f i r s t degas the b u l k s o l v e n t p r i o r to a d d i t i o n of the 
s u r f a c t a n t i n order t o minimize foaming problems. 

The most s i g n i f i c a n t problem w i t h the u t i l i z a t i o n of s u r f a c t a n t 
media i n d i f f e r e n t s e p a r a t i o n schemes ( p a r t i c u l a r l y those at the 
p r e p a r a t i v e or process s c a l e s ) concerns the recovery of the analyte 
from the s u r f a c t a n t media and subsequent recovery of the s u r f a c t a n t 
f o r re-use. Attempts to use e x t r a c t i o n schemes w i t h conventional 
organic s o l v e n t s t y p i c a l l y r e s u l t s i n troublesome emulsion formation 
during the recovery steps. There a r e , however, s e v e r a l means a v a i l 
able by which analytes can be recovered f r e e of s u r f a c t a n t . These 
inc l u d e the f o l l o w i n g : (1) Several q u i c k , gentle methods f o r the 
recovery of some analytes ( u s u a l l y p r o t e i n s ) from s u r f a c t a n t media 
( i . e . m i c e l l a r NaLS, T r i t o n X-100, CHAPS, deoxycholate, B r i j - 3 5 ) 
v i a use of column chromatography have been developed (509-515). Most 
of the s t a t i o n a r y phase m a t e r i a l s f o r t h i s approach are a v a i l a b l e 
commercially (510,513). 

(2) A second general approach f o r the i s o l a t i o n of analytes 
from s u r f a c t a n t m i c e l l a r media in v o l v e s an e x t r a c t i o n - p r e c i p i t a t i o n 
technique. Namely, the organic analyte can be e x t r a c t e d i n t o an 
organic solvent (such as hexane) as the s u r f a c t a n t i s p r e c i p i t a t e d 
by the slow a d d i t i o n of appropriate s a l t (calcium c h l o r i d e f o r NaLS 
or NaL; sodium p e r c h l o r a t e f o r CTAB or CTAC s u r f a c t a n t s ) to a r a p i d l y 
s t i r r e d mixture of the m i c e l l a r s o l u t i o n and hexane (515). This 
approach has worked w e l l i n the recovery of products from organic 
r e a c t i o n s conducted i n aqeuous m i c e l l a r media (515) and should be 
u s e f u l i n some s i t u a t i o n s encountered i n separation s c i e n c e . A l s o , 
the p r e c i p i t a t e d s u r f a c t a n t can be ion-exchanged back to i t s o r i g i n a l 
form and re-used again. 

(3) The t h i r d approach, developed i n organic chemistry, i n 
volves the use of s o - c a l l e d " d e s t r u c t i b l e " s u r f a c t a n t s (516-519). 
D e s t r u c t i b l e s u r f a c t a n t s possess a l a b i l e bond tha t can be hydro-
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l y z e d under appropriate pH c o n d i t i o n s ( e i t h e r a c i d i c or b a s i c de
pending upon the p a r t i c u l a r s u r f a c t a n t employed) to form non-sur
f a c t a n t h y d r o l y s i s products (516), Consequently, these s u r f a c t a n t s 
could be employed i n the p a r t i c u l a r s e p a r a t i o n science a p p l i c a t i o n , 
and subsequently hydrolyzed during the workup which converts them to 
nonsurfactant products, thereby e l i m i n a t i n g any emulsion problem and 
f a c i l i t a t i n g use of s t r a i g h t f o r w a r d a n a l y t e recovery procedures ( i . e . 
d i s t i l l a t i o n , e x t r a c t i o n , or chromatography). A s e r i e s of such 
d e s t r u c t i b l e s u r f a c t a n t s w i t h a wide range of s t a b i l i t y / l a b i l i t y 
c h a r a c t e r i s t i c s (with respect to the pH at which they hydrolyze) has 
been described and c h a r a c t e r i z e d (516-518). An overview on the pre
p a r a t i o n and p r o p e r t i e s of these type s u r f a c t a n t s i s a v a i l a b l e (519). 
Hence, these type s u r f a c t a n t s should f i n d use i n many separation 
science schemes. I t i s important to note that these d e s t r u c t i b l e 
type s u r f a c t a n t s can form m i c e l l a r assemblies and have the same 
general p r o p e r t i e s as those described p r e v i o u s l y f o r the more common 
su r f a c t a n t s employed to form m i c e l l e s (516-519). 

(4) L a s t l y , i t may
the m i c e l l a r / s u r f a c t a n t media by d i s t i l l a t i o n . S e v e r a l patent r e 
p o r t s c l a i m that m a t e r i a l s (mostly e s s e n t i a l or e d i b l e o i l s ) can be 
recovered from h i g h l y concentrated m i c e l l e s i n t h i s manner (520,521). 
The a b s t r a c t s are too vague to judge the r e l a t i v e m e r i t of t h i s 
procedure or whether i t i s a p p l i c a b l e to a c t u a l s e p a r a t i o n science 
problems. Further work i s o b v i o u s l y r e q u i r e d i n t h i s area. 

Future A p p l i c a t i o n s and Areas f o r Research Opportunities 

In a d d i t i o n t o the s p e c i f i c areas a l r e a d y mentioned i n t h i s over
view, the author b e l i e v e s that there are s e v e r a l other e x c i t i n g pos
s i b i l i t i e s f o r advancement of the u t i l i z a t i o n of s u r f a c t a n t media i n 
s e p a r a t i o n s c i e n c e . One f a s c i n a t i n g p o t e n t i a l a p p l i c a t i o n i s the use 
of s u r f a c t a n t s i n s u p e r c r i t i c a l e x t r a c t i o n systems or as the mobile 
phase i n s u p e r c r i t i c a l f l u i d chromatography (SFC). For i n s t a n c e , 
carbon d i o x i d e gives a s u p e r c r i t i c a l f l u i d under appropriate con
d i t i o n s (522) and has been u t i l i z e d i n e x t r a c t i o n s and chromato
graphic s e p a r a t i o n s . However, i t i s l i m i t e d i n the p o l a r i t y of 
compounds e x t r a c t e d or separated. Thus, i f reversed m i c e l l e s can 
e x i s t at s u p e r c r i t i c a l c o n d i t i o n s , then i t would be p o s s i b l e to ex
tend the range of a p p l i c a t i o n of these techniques to more p o l a r 
substances. There have been p r e l i m i n a r y r e p o r t s of the study of the 
aggregates under s u p e r c r i t i c a l f l u i d c o n d i t i o n s (523) as w e l l as the 
use of SFC w i t h reversed m i c e l l a r (524,525) or other s u r f a c t a n t 
media (524,526). In a d d i t i o n to the enhanced separations using 
m i c e l l a r s u p e r c r i t i c a l f l u i d s , such systems would be i d e a l l y s u i t e d 
f o r the observation of miceliar-improved thermal l e n s i n g d e t e c t i o n 
(244,379). There w i l l no doubt be s i g n i f i c a n t advances i n t h i s area 
of r e s e a r c h i n the f u t u r e which w i l l b e n e f i t s e p a r ation s c i e n t i s t s . 

The use of other novel s u r f a c t a n t systems, such as c h i r a l , 
f l u o r o , or f u n c t i o n a l s u r f a c t a n t s should a i d i n development of more 
s e l e c t i v e procedures i n many areas of s e p a r a t i o n science due to the 
s p e c i f i c c h i r a l , f l u o r i n e , or b i n d i n g i n t e r a c t i o n s p o s s i b l e . We have 
r e c e n t l y managed p a r t i a l o p t i c a l r e s o l u t i o n using c h i r a l mixed m i c e l -
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l a r mobile phases i n LC (244). The use of f u n c t i o n a l c o - s u r f a c t a n t s 
or f u n c t i o n a l i z e d s u r f a c t a n t ordered media as alread y mentioned i n 
previous s e c t i o n s of t h i s overview (and i n two other Chapters of 
t h i s Symposium Volume (377,437) w i l l continue to develop and u l 
t i m a t e l y be very u s e f u l i n many areas of separation s c i e n c e . L a s t 
l y , the u t i l i z a t i o n of s u r f a c t a n t media i n f i e l d f l o w f r a c t i o n a t i o n 
and countercurrent chromatography w i l l extend the u s e f u l l n e s s of 
these two techniques (527). 
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Chapter 2 

Membrane Mimetic Separations 

Janos H. Fendler 

Department of Chemistry, Syracuse University, Syracuse, NY 13244-1200 

Development of new separation techniques requires a 
fundamental understanding of the relationship between 
molecular structures and permeabilities. Initiation 
of interdisciplinary researches in biology, bio
physics, polyme d colloid chemistr  i d t
provide the insigh
at the molecula
talented transporter - the biological membrane -
should inspire this endeavor. Following a survey of 
the properties of, and recognized transport mech
anisms in, biomembranes, membrane mimetic chemistry 
is introduced to serve as a bridge between biological 
and polymeric membranes. Surfactant aggregates -
micelles, monolayers, organized multilayers 
(Langmuir-Blodgett films), bilayer lipid membranes 
(BLMs), vesicles and polymerized vesicles - are 
shown to be the media in membrane mimetic chemistry. 
Properties of these organized surfactant assemblies 
are summarized. Emphasis is placed on our current 
research on the potential use of BLMs to reconstitute 
active and transport systems and on the development 
of their simultaneous electrical and spectroscopic 
measurements. 

M i c e l l e s and other organized surfactant aggregates are i n c r e a s i n g l y 
u t i l i z e d i n a n a l y t i c a l a p p l i c a t i o n s (I). They i n t e r a c t w i t h 
r e a g e n t s and a l t e r s p e c t r o s c o p i c and e l e c t r o c h e m i c a l p r o p e r t i e s 
which, i n turn, often r e s u l t s i n increased s e n s i t i v i t i e s . Organized 
a s s e m b l i e s have a l s o been employed i n separation processes. Gas, 
l i q u i d and t h i n layer m i c e l l a r chromatographic techniques have been 
developed (2) . 

R e a l i z i n g the f u l l p o t e n t i a l of organized assembly mediated 
s e p a r a t i o n s n e c e s s i t a t e s , I b e l i e v e , w e l l c o n c e i v e d and w e l l 
e x ecuted i n t e r d i s c i p l i n a r y r e s e a r c h e s . The purpose of t h i s 
presentation i s to stimulate such i n t e r d i s c i p l i n a r y approaches. Our 
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s t a r t i n g point w i l l be mother nature's most t a l e n t e d transporter -
the b i o l o g i c a l membrane. F o l l o w i n g a b r i e f d e s c r i p t i o n of the 
b i o l o g i c a l membrane ( i n the se c t i o n on B i o l o g i c a l Membranes), the 
recognized transport mechanisms w i l l be delineated t h e r e i n ( s e c t i o n 
on Recognized T r a n s p o r t Mechanisms Across B i o l o g i c a l Membranes), 
The s e c t i o n on Membrane Mimetic C h e m i s t r y w i l l d i s c u s s the 
philosophy of the membrane mimetic approach and the most frequently 
used mimetic systems. The s e c t i o n on Simultaneous E l e c t r i c a l and 
S p e c t r o s c o p i c Measurements of BLMs w i l l h i g h l i g h t our c u r r e n t 
researches on BLM spectroscopy. The treatments w i l l be, of course, 
i l l u s t r a t i v e rather than comprehensive. 

B i o l o g i c a l Membranes 

B i o l o g i c a l membranes d e f i n e the v e r y e x i s t e n c e of c e l l s . They 
p r o v i d e compartments f o r the d i f f e r e n t components of the l i v i n g 
system; i n t e r a c t with, transport and are permeable to substrates. 
They are i n v o l v e d i n
d u c t i o n , i o n and grou
m o l e c u l a r and c e l l u l a r r e c o g n i t i o n . These multitude of a c t i v i t i e s 
a re a c c o m p l i s h e d by the unique morphology of the b i o l o g i c a l 
membrane and by i t s a b i l i t y to a f f e c t the transport of species by 
d i f f e r e n t mechanisms. 

C e l l membranes are composed of 25-75% l i p i d s , 25-75% proteins 
and l e s s than 10% c a r b o h y d r a t e s . The o r g a n i z a t i o n o f these 
components i n the membrane i s b e s t d e s c r i b e d i n terms of the 
b i l a y e r - l i p i d - g l o b u l a r - p r o t e i n " f l u i d mosaic" model (3,4). As 
i l l u s t r a t e d i n F i g u r e 1, the l i p i d s (phospholipids and/or glyco-
l i p i d s ) are a r r a n g e d i n b i l a y e r s w i t h t h e i r p o l a r headgroups 
exposed to the e x t e r i o r s u r f a c e o f the membrane. Proteins are 
e i t h e r a p e r i p h e r a l or i n t e g r a l part of the membrane. The former, 
attached e l e c t r o s t a t i c a l l y , i s e a s i l y d i s s o c i a t e d from the membrane 
by changing the pH or the i o n i c strength of the s o l u t i o n . I n t e g r a l 
p r o t e i n s p a r t i a l l y i n t e r c a l a t e the membrane or f u l l y span the 
b i l a y e r (transmembrane p r o t e i n ) . Globular proteins are p a r t i a l l y 
embedded i n t o one or the o t h e r s i d e o f the membrane and form a 
mosaic p a t t e r n w i t h the l i p i d headgroups. The depth of incorpor
a t i o n depends upon the s i z e of the g l o b u l a r p r o t e i n , i t s hydro-
p h o b i c i t y and charge d i s t r i b u t i o n . An important requirement of the 
f l u i d mosaic model i s the dynamic n a t u r e of the l i p i d - p r o t e i n 
i n t e r a c t i o n s i n the membrane. P r o t e i n s may rotate around t h e i r 
axes, d i f f u s e l a t e r a l l y i n the plane of the membrane or move across 
the b i l a y e r . A d d i t i o n a l l y , they may undergo v i b r a t i o n a l and 
c o n f o r m a t i o n a l changes. Being l e s s than c a t e g o r i c a l i n d e s c r i b i n g 
p r o t e i n m o b i l i t i e s has been i n t e n t i o n a l . While most proteins move 
about, some cannot f r e e l y d i f f u s e i n the membrane under physio
l o g i c a l c o n d i t i o n s . 

The l i p i d s themselves are h i g h l y m o b i l e . Steady state and 
time r e s o l v e d spectroscopy (absorption, emission, i r , raman, nmr, 
epr) and a n i s o t r o p y measurements have r e v e a l e d r o t a t i o n a l , 
v i b r a t i o n and segmental motions of the headgroups and the hydro
carbon t a i l s of the l i p i d s . T r a n s l o c a t i o n of a l i p i d from one h a l f 
of the b i l a y e r to the other, ( " f l i p - f l o p " ) as we l l as intermembrane 
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( o r i n t e r v e s i c u l a r ) l i p i d exchanges have a l s o been recognized. 
Figure 2 i l l u s t r a t e s some of the motions of l i p i d s . 

P r o t e i n s and l i p i d s i n t e r a c t cooperatively i n the membrane. 
The t y p e ( s ) and s t a t e ( s ) of l i p i d s i n f l u e n c e the m o b i l i t y and 
c o n f o r m a t i o n of the p r o t e i n s i n the membrane ma t r i x . This, i n 
t u r n , may w e l l a l t e r the p r o p e r t i e s of the membrane p r o t e i n s . 
S i m i l a r l y , proteins a f f e c t the phase behavior of the l i p i d s and/or 
promote domain f o r m a t i o n i n membranes c o n t a i n i n g m i x t u r e s of 
l i p i d s . Morphological a l t e r a t i o n of the l i p i d a r c h i t e c t u r e leads to 
changes i n the membrane permeability. 

Phase t r a n s i t i o n i s an important property of membranes. Below 
the phase t r a n s i t i o n temperature, l i p i d s are t i l t e d and h i g h l y 
o r d e r e d . They are i n t h e i r s o l i d or " g e l " s t a t e . Increasing the 
temperature l e a d s to a p r e - t r a n s i t i o n , characterized by p e r i o d i c 
u n d u l a t i o n s and s t r a i g h t e n i n g of the hydrocarbon chain. Further 
i n c r e a s e of the temperature causes the main phase t r a n s i t i o n . 
Above the main phase t r a n s i t i o n temperature, l i p i d s are f l u i d or 
" l i q u i d c r y s t a l l i n e .
i n t e r a c t i o n of water wit
ments i n a model membrane (5). Phase t r a n s i t i o n s i n membranes and 
membrane models have been e x t e n s i v e l y s t u d i e d by spectroscopic 
techniques and by d i f f e r e n t i a l scanning calorimetry. 

Most membranes are o s m o t i c a l l y a c t i v e . They s h r i n k i f 
e l e c t r o l y t e s are added e x t e r n a l l y . They s w e l l i f p l a c e d i n a 
s o l u t i o n which i s more d i l u t e than t h e i r i n t e r n a l e l e c t r o l y t e 
concentrations. 

Most membranes are asymmetric with respect to the d i s t r i b u t i o n 
of l i p i d s , charges and p r o t e i n s between t h e i r e x t e r i o r s and 
i n t e r i o r s . Uneven d i s t r i b u t i o n of ions between the outside and the 
i n s i d e of membranes i s responsible, at l e a s t i n part, f o r membrane 
p o t e n t i a l s . The i n s i d e of l i v i n g c e l l s (cytoplasm, f o r example) i s 
t y p i c a l l y more n e g a t i v e than the e x t r a c e l l u l a r medium. T h i s 
d i f f e r e n c e i n charges i s r e f e r r e d to as the r e s t i n g or membrane 
p o t e n t i a l . Transient changes i n the membrane p o t e n t i a l , caused by 
r e v e r s i b l e charge r e d i s t r i b u t i o n s , are responsible f o r information 
and impulse t r a n s m i s s i o n i n nerve and muscle f i b e r s . There i s 
another important asymmetry i n membranes: the s e g r e g a t i o n of 
c e r t a i n l i p i d s (phase s e p a r a t i o n ) g i v i n g r i s e to domains. The 
pr e c i s e function of domains has not been e l u c i d a t e d . 

Emphasis i s p l a c e d here on f e a t u r e s of the b i o l o g i c a l 
membranes which are implicated i n substrate transport. The l i p i d 
b i l a y e r i n the " g e l " s t a t e , i n the absence of a d d i t i v e s , forms an 
e f f e c t i v e b a r r i e r against polar ions and water soluble substrates. 
Changing the f l u i d i t y , by phase t r a n s i t i o n (induced by temperature 
changes and/or by the a d d i t i o n of f o r e i g n ions or molecules) or by 
the i n c o r p o r a t i o n of a d d i t i v e s ( c h o l e s t e r o l , f o r example), pro
f o u n d l y i n f l u e n c e s the s t r u c t u r e and, hence, the t r a n s p o r t 
p r o p e r t i e s of membranes. This, and the presence of channel or pore 
f o r m i n g p e p t i d e s or p r o t e i n s , opens the door to a number of 
t r a n s p o r t mechanisms which w i l l be summarized i n the fo l l o w i n g 
s e c t i o n . 
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F i g u r e 1. A schematic r e p r e s e n t a t i o n of the cross s e c t i o n of 
the l i p i d - g l o b u l a r p r o t e i n mosaic model of membrane s t r u c t u r e . 
The g l o b u l a r proteins (with dark l i n e s denoting the polypeptide 
c h a i n ) are amphipathic m o l e c u l e s w i t h t h e i r i o n i c and h i g h l y 
p o l a r groups exposed at the e x t e r i o r surfaces of the membranes; 
the degree to which these molecules are embedded i n the membrane 
i s under thermodynamic c o n t r o l . The bulk of the phospholipids 
( w i t h f i l l e d c i r c l e s r e p r e s e n t i n g t h e i r polar head groups and 
t h i n wavy l i n e s t h e i r f a t t y a c i d c h a i n s ) i s o r g a n i z e d as a 
discontinuous b i l a y e r . 

Figure 2. An o v e r s i m p l i f i e d representation of molecular motions 
i n liposome b i l a y e r s . I n d i v i d u a l l i p i d s can rotate (A), undergo 
s e q u e n t i a l motion (B), f l i p - f l o p (C), undergo l a t e r a l d i f f u s i o n 
(D), or i n t e r v e s i c l e exchange ( E ) . 
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Recognized Transport Mechanisms Across B i o l o g i c a l Membranes 

T r a n s p o r t a c r o s s b i o l o g i c a l membranes i s c l a s s i f i e d according to 
the thermodynamics of the process. Passive transport i s a thermo-
d y n a m i c a l l y d o w n h i l l p r o c e s s ; the s p e c i e s move toward the 
e q u i l i b r i u m . The d r i v i n g f o r c e for the passive transport i s the 
p o t e n t i a l d i f f e r e n c e between the two sides of the membrane. A c t i v e 
transport i s a thermodynamically u p h i l l process, i t i s coupled to a 
c h e m i c a l r e a c t i o n and i s d r i v e n by i t . The f o l l o w i n g transport 
mechanisms have been recognized: 

P a s s i v e T r a n s p o r t . T r a n s p o r t by simple d i f f u s i o n : This mode of 
t r a n s p o r t i s a v a i l a b l e f o r a p o l a r m o l e c u l e s . Permeation i s 
predominantly governed by p a r t i t i o n i n g of the substrate between the 
l i p i d and water. The membrane simply a c t s as a p e r m e a b i l i t y 
b a r r i e r ; s m a l l m o l e c u l e s pass more e a s i l y than large ones. The 
transport i s explained i n terms of a simple d i f f u s i o n model i n v o l v 
i n g t h r e e s t e p s : passag
the membrane, d i f f u s i o
the membrane. 

T r a n s p o r t by f a c i l i t a t e d d i f f u s i o n : A large number of mole
cules and ions were shown to permeate membranes considerably f a s t e r 
than e x p e c t e d from t h e i r l i p i d - w a t e r p a r t i t i o n i n g behavior. This 
l e d to the r e c o g n i t i o n of a d d i t i o n a l t r a n s p o r t mechanisms. 
S y s t e m a t i c i n v e s t i g a t i o n s of p e r m e a b i l i t y r a t e s i n membranes, 
r e c o n s t i t u t e d membranes, and membrane models as functions of the 
temperature; of the n a t u r e and concentration of the permeant; i n 
the absence and i n the p resence of a d d i t i v e s , suggested t h r e e 
d i f f e r e n t f a c i l i t a t e d passive transport mechanisms: 

1) C a r r i e r mediated t r a n s p o r t - substrates are transported 
a c r o s s the membrane by a d i f f u s a b l e c a r r i e r , t y p i c a l l y an enzyme. 
Once a g a i n , t h e r e are three steps: complexation of the substrate 
w i t h the c a r r i e r on o n e - s i d e o f the membrane, d i f f u s i o n of the 
s u b s t r a t e - c a r r i e r complex to the other side and decomplexation: 

S + I ES j * ES I + S 

(1) Il II 
The sugar-transport system i s the most often c i t e d example f o r the 
c a r r i e r mediated f a c i l i t a t e d t r a n s p o r t of a c o v a l e n t molecule. 
T r a n s p o r t of sugars i n t o the red blood c e l l s i s passive ( i t occurs 
o n l y i n the p r e s e n c e of a c o n c e n t r a t i o n g r a d i e n t ) , s e l e c t i v e 
( D - g l u c o s e i s t r a n s p o r t e d , w h i l e L - g l u c o s e i s n o t ) , and the 
k i n e t i c s show a s a t u r a t i o n behavior (observed t y p i c a l l y f o r enzyme 
mediated i n t e r a c t i o n s ) . These o b s e r v a t i o n s are i n support of a 
f a c i l i t a t e d passive transport mechanism which involves an enzyme as 
the c a r r i e r . V e r i f i c a t i o n must await the i s o l a t i o n and f u l l 
c h a r a c t e r i z a t i o n of the s p e c i f i c enzyme(s) involved i n the t r a n s 
p o r t of a g i v e n m o l e c u l e . T r a n s p o r t of c a t i o n s by membrane 
d i f f u s a b l e m a c r o c y c l i c a n t i b i o t i c s (valinomycin, n i g e r i c i n , f o r 
example) a l s o belongs to the category of c a r r i e r mediated passive 
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t r a n s p o r t . S y n t h e t i c macrocyclic compounds (crown ethers, c r y p t -
ands, f o r example) are i n c r e a s i n g l y u t i l i z e d f o r obtaining funda
mental u n d e r s t a n d i n g of c a r r i e r mediated transport mechanisms i n 
membrane models. 

2) Channel mediated t r a n s p o r t - cations are mainly trans
p o r t e d by t h e i r p a s s i v e d i f f u s i o n through channels (or pores) i n 
the membranes. Gramicidin A i s the best understood channel forming 
s u b s t a n c e . It i s a l i n e a r polypeptide c o n s t i t u t e d from 15 n e u t r a l 
amino aci d s . Two molecules of Gramicidin A r e v e r s i b l y associate to 
form a head to head dimer which spans a p p r o x i m a t e l y 30 A, the 
t h i c k n e s s of a t y p i c a l membrane, F i g u r e 4 ( 4 ) . Conductance 
measurements across a Gramicidin A containing membrane (at a f i x e d 
p o t e n t i a l ) r e s u l t i n s m a l l p o s i t i v e c u r r e n t jumps of c o n s t a n t 
a mplitude which correspond to the a s s o c i a t i o n and d i s s o c i a t i o n of 
the dimers and, hence, to the opening and c l o s i n g of the i o n 
c h a n n e l s . G r a m i c i d i n A ceases to f a c i l i t a t e the t r a n s p o r t of 
c a t i o n s i n membranes t h i c k e r than 30 Â. Apparently, the channel 
forming dimers do no
a b i l i t y of v a l i n o m y c i
t h i c k membranes. These observations are i n accord with Gramicidin 
A forming c h a n n e l s of defined lengths and valinomycin a c t i n g as a 
d i f f u s a b l e c a r r i e r i n the membrane. 

3) Gate mediated t r a n s p o r t - anions are mainly transported 
by t h e i r f a c i l i t a t e d d i f f u s i o n through a swinging gate formed by a 
transmembrane enzyme undergoing conformational changes, Figure 5. 
Exchange of H C O 3 " f o r C l ~ through the e r y t h r o c i t e membrane during 
the flow of blood i s bel i e v e d to occur through t h i s mechanism. 

T r a n s p o r t by f l u x - c o u p l i n g ( c o - t r a n s p o r t or symport): 
Enhanced permeability of a molecule i n the presence of another has 
been observed. For example, i n some membranes the transport of 
D-glucose (but not L - g l u c o s e ! ) i s s u b s t a n t i a l l y increased by the 
presence of sodium ions. The enhanced transport i s the consequence 
of h a v i n g more than one r e c o g n i t i o n s i t e on a g i v e n t r a n s p o r t 
p r o t e i n . Sodium i o n s b i n d complimentarily to the glucose trans
p o r t i n g enzyme and, hence, f a c i l i t a t e i t s passage a c r o s s the 
membrane. 

A c t i v e T r a n s p o r t . By d e f i n i t i o n , a c t i v e transport occurs i n the 
absence of any e l e c t r o c h e m i c a l p o t e n t i a l o r i g i n a t i n g i n a concen
t r a t i o n g r a d i e n t (4,6) . A c t i v e transport i s driven by a coupled 
chemical r e a c t i o n . D i s t i n c t i o n i s made between primary and second
ary a c t i v e transport. 

Primary a c t i v e t r a n s p o r t : Primary a c t i v e transport i s quite 
simply the coupling of a l o c a l chemical r e a c t i o n (X >Y) to provide 
energy f o r an u p h i l l f a c i l i t a t e d (by E, which may be a c a r r i e r , a 
channel or a gate) d i f f u s i o n of a species S across the membrane: 
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2.5- 3.0 nm 

F i g u r e 4. P r o j e c t i o f  t h r e e - d i m e n s i o n a l model f
e l e c t r i c a l l y conductin
t h i c k n e s s of the l i p i
end, are r e q u i r e d . The s i d e chains of the amino acids are not 
shown. The model was o r i g i n a l l y proposed by U r r y Proc. Nat. 
Acad. S c i . USA 6 8 , 672 (1971). Reproduced with permission from 
Ref. 4. Copyright 1983, Springer-Verlag. 

Figure 5. Diagram of a s i m p l i f i e d model of the mechanism of CI" 
exchange d i f f u s i o n through a nonconducting pore of the erythro
c y t e membrane. The gate mechanism i s shown f u n c t i o n i n g i n 
combination with a conformational change i n the pore w a l l . The 
b a s i c concept i s t h a t the gate can only f l i p over from the c i s 
to the t r a n s p o s i t i o n and back i f a c h l o r i d e ion i s bound. A 
c o n f o r m a t i o n a l change then takes place nearby i n the p r o t e i n , 
which leads to a screening of the binding s i t e from the c i s side 
and an opening towards the t r a n s s i d e . For s i m p l i c i t y , the 
c o n f o r m a t i o n a l change shown i n the diagram a f f e c t s the whole 
p r o t e i n . Reproduced w i t h p e r m i s s i o n from Ref. 4. Copyright 
1983, Springer-Verlag. 
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Energy i s provided, f o r example, by ATP f o r pumping sodium ions out 
of and potassium ions into the c e l l . Another important example of 
pri m a r y a c t i v e t r a n s p o r t i s the p r o t o n c o n c e n t r a t i o n g r a d i e n t 
driven ATP synthesis ( M i t c h e l l - h y p o t h e s i s ) . 

Secondary a c t i v e t r a n s p o r t : Secondary a c t i v e transport i s 
more complex. I t i n v o l v e s the permeation of two d i f f e r e n t sub
s t a n c e s (A and B) a c r o s s the membrane. The t r a n s p o r t of A i s 
a c t i v e - i t i s an u p h i l l process driven by the chemical r e a c t i o n 
X—>Y. The transport of Β i s passive, but f a c i l i t a t e d by a c a r r i e r 
C, which c o - t r a n s p o r t s A ( E q u a t i o n 3 ) . Co-transport i s defined 
above i n the sect i o n on passive transport. 

0 
A + A · β 

t 

I ABC 4. 

Β + Β * 

C ( = 4 C 

I s o t o n i c water r e s o r p t i o n i n the ephitelium i s an example f o r the 
secondary a c t i v e t r a n s p o r t . Water and sodium ions are symported 
from the b l o o d i s o t o n i c a l l y ( i . e . , a g a i n s t t h e i r concentration 
g r a d i e n t s ) and t h e r e i s no tr a n s p o r t of e i t h e r i n the absence of 
the other. 

E q u a t i o n s have been rece n t l y derived f o r a generalized scheme 
encompassing primary and secondary a c t i v e transport systems (!). 

Membrane Mimetic Chemistry 

Membrane mimetic c h e m i s t r y i s a r a p i d l y emerging d i s c i p l i n e con
c e r n e d with the development of processes which are i n s p i r e d by the 
b i o l o g i c a l membrane (8). Surfactant aggregates - m i c e l l e s , mono
l a y e r s , o r g a n i z e d m u l t i l a y e r s (Langmuir-Blodgett f i l m s ) , b i l a y e r 
l i p i d membranes (BLMs), v e s i c l e s and polymerized v e s i c l e s have been 
used as media i n membrane mimetic chemistry. D i f f e r e n t aggregates 
formed from surfactants are i l l u s t r a t e d i n Figure 6. 

Aqueous m i c e l l e s are 40-80 A diameter s p h e r i c a l aggregates 
which are d y n a m i c a l l y formed from s u r f a c t a n t s i n water above a 
c h a r a c t e r i s t i c c o n c e n t r a t i o n , the CMC (9)· Depending on the 
chemical structure of t h e i r h y d r o p h i l i c headgroups, surfactants can 
be n e u t r a l or charged ( p o s i t i v e l y or n e g a t i v e l y ) . The a l k y l chain 
of the s u r f a c t a n t s t y p i c a l l y contains between 5-20 carbon atoms. 
M i c e l l e s r a p i d l y break up and reform by two known processes. The 
f i r s t p r o c e s s o c c u r s on the microsecond time scale and i s due to 
the r e l e a s e and subsequent r e i n c o r p o r a t i o n of a s i n g l e surfactant 
from and back to the m i c e l l e . The second process occurs on the 
m i l l i s e c o n d time s c a l e and i s ascribed to the d i s s o l u t i o n of the 

, A + A 

Β + Β 
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F i g u r e 6. An o v e r s i m p l i f i e d r e p r e s e n t a t i o n o f o r g a n i z e d 
aggregates formed from s u r f a c t a n t s . 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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m i c e l l e and to the subsequent r e a s s o c i a t i o n of the monomers. 
Substrate i n t e r a c t i o n with the m i c e l l e i s also dynamic. 

Monolayers (monomolecular l a y e r s ) are formed by spreading 
n a t u r a l l y occurring l i p i d s or synthetic s u r f a c t a n t s , d i s s o l v e d i n a 
v o l a t i l e solvent, over water i n a Langmuir trough (10). The polar 
headgroups of the s u r f a c t a n t s are i n c o n t a c t w i t h water, the 
subphase, w h i l e t h e i r hydrocarbon t a i l s protrude above i t . Mono
layers are ch a r a c t e r i z e d by surface area - surface pressure curves, 
surface p o t e n t i a l s , and surface v i s c o s i t i e s . In the gaseous s t a t e , 
surfactants f l o a t f r e e l y , mostly l y i n g f l a t , on the surface without 
e x e r t i n g much f o r c e on each o t h e r . Monolayers i n t h e i r gaseous 
s t a t e may be i n f i n i t e l y expanded without any phase change. Com
p r e s s i n g the gaseous monolayers r e s u l t s i n a t r a n s i t i o n to a f l u i d 
s t a t e . At l e a s t two f l u i d subphases have been recognized. The 
i n i t i a l t r a n s i t i o n on d e c r e a s i n g the s u r f a c e a r e a of gaseous 
monolayers r e s u l t s from a gradual reorganization of molecules to a 
p o s i t i o n more or l e s s p e r p e n d i c u l a r t o the subphase surface. In 
t h i s s t a t e , the averag
than t h a t i n b u l k l i q u i d s
between the surfactant headgroups decreases and the system assumes 
the l i q u i d condensed f l u i d phase. In the s o l i d phase, surfactants 
i n the monolayer are packed as c l o s e l y as p o s s i b l e ; they a l l are 
p e r p e n d i c u l a r to the subphase or are t i l t e d at an angle. Mono
l a y e r s i n t h e i r s o l i d phase show low c o m p r e s s i b i l i t y as i n d i c a t e d 
by the v e r t i c a l surface pressure-surface area isotherm (Figure 7). 
U l t i m a t e l y , compression l e a d s to a break or i n f l e c t i o n i n the 
i s o t h e r m which c o r r e s p o n d s to the col l a p s e of the monolayer in t o 
b i l a y e r s and m u l t i l a y e r s . 

Techniques have been developed f o r t r a n s f e r r i n g the monolayer 
onto a s o l i d support and f o r b u i l d i n g up o r g a n i z e d m u l t i l a y e r 
a s s e m b l i e s i n c o n t r o l l e d t o p o l o g i c a l arrangements (Figure 8) (11). 
Depending on the monolayer forming m a t e r i a l and on the mode of 
d e p o s i t i o n , t h r e e s t r u c t u r a l l y d i f f e r e n t m u l t i l a y e r s are recog
n i z e d . The X-type m u l t i l a y e r s ( p l a t e - s u r f a c t a n t t a i l - s u r f a c t a n t 
h e a d - t a i l - h e a d , e t c . ) are formed by the s e q u e n t i a l hydrophobic 
attachments of monolayers onto the p l a t e upon immersion only. The 
Y-type m u l t i l a y e r s ( p l a t e - s u r f a c t a n t t a i l - s u r f a c t a n t head-head-
t a i l - t a i l , e t c . ) are b u i l t up both by dipping and by withdrawing 
the p l a t e through the f l o a t i n g monolayer. The Z-type m u l t i l a y e r s 
( p l a t e - s u r f a c t a n t head-surfactant t a i l , head-tail-head, etc.) are 
the r e s u l t of sequential h y d r o p h i l i c attachments of the monolayers 
onto the p l a t e upon w i t h d r a w a l o n l y . A b s o l u t e and s c r u p u l o u s 
c l e a n l i n e s s i s a must i n a l l monolayer and m u l t i l a y e r studies. 
Monolayers and m u l t i l a y e r s have been s t a b i l i z e d by polymerization 
(12-14). 

B i l a y e r (black) l i p i d membranes, BLMs, are formed by brushing 
an o r g a n i c s o l u t i o n of a s u r f a c t a n t ( o r l i p i d ) across a pinhole 
(2-4 mm di a m e t e r ) s e p a r a t i n g two aqueous phases (15,16) . A l t e r 
n a t i v e l y , BLMs can be formed from monolayers by the Montal-Mueller 
method (17,18). In t h i s method, the surf a c t a n t , d i s s o l v e d i n an 
a p o l a r s o l v e n t , i s spread on the water surface to form a monolayer 
below the t e f l o n p a r t i t i o n i n g which contains the pinhole (0.1-0.5 
mm d i a m e t e r ) . C a r e f u l i n j e c t i o n of an a p p r o p r i a t e e l e c t r o l y t e 
s o l u t i o n below the surface r a i s e s the water l e v e l above the pinhole 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
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F i g u r e 7. Schematic r e p r e s e n t a t i o n of a s u r f a c e pressure -
surface area isotherm f o r monolayers. 
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Z - t y p e 

Figure 8. Types of monolayer dep o s i t i o n 
no rearrangement occurs. 

and r e s u l t i n g system i f 
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and b r i n g s the monolayer i n t o a p p o s i t i o n to form the BLM. An 
advantage of the Montal-Muel1er method i s t h a t i t p e r m i t s the 
f o r m a t i o n of d i s y m m e t r i c a l BLMs. The i n i t i a l l y formed f i l m i s 
r a t h e r t h i c k and r e f l e c t s white l i g h t with a grey c o l o r . Within a 
few minutes the f i l m t h i n s and the r e f l e c t e d l i g h t e x h i b i t s 
i n t e r f e r e n c e c o l o r s that u l t i m a t e l y turn black. At that point the 
f i l m i s c o n s i d e r e d to be b i m o l e c u l a r (40-60 A, th i c k n e s s ) . BLMs 
have been e x t e n s i v e l y u t i l i z e d i n the e l u c i d a t i o n of transport 
mechanisms by e l e c t r i c a l measurements. 

V e s i c l e s are s m e c t i c mesophases of s u r f a c t a n t s c o n t a i n i n g 
water between t h e i r b i l a y e r s ( 1_9) . Prepared by so n i c a t i o n from 
such simple s u r f a c t a n t s as dioctadecyldimethylammonium bromide 
(DODAB) or d i h e x a d e c y l p h o s p h a t e (DHP), they are s i n g l e b i l a y e r 
s p h e r i c a l a g gregates w i t h d i a m e t e r s of 500-1000 Â and b i l a y e r 
t h i c k n e s s of ca. 50 Â. Once formed, v e s i c l e s , u n l i k e m i c e l l e s , do 
not break down on d i l u t i o n . Nevertheless, they are dynamic s t r u c 
t u r e s . They undergo phase t r a n s i t i o n , fuse, and are osmotically 
a c t i v e . M o l e c u l a r motion
v e s i c l e s i n v o l v e r o t a t i o n s
the v e s i c l e p l a n e , and t r a n s f e r from one i n t e r f a c e of the b i l a y e r 
to the o t h e r ( f l i p - f l o p ) . V e s i c l e s are capable of organizing a 
l a r g e number of m o l e c u l e s i n t h e i r compartments. Hydrophobic 
m o l e c u l e s can be d i s t r i b u t e d among the hydrocarbon b i l a y e r s of 
v e s i c l e s . P o l a r m o l e c u l e s may move about r e l a t i v e l y f r e e l y i n 
v e s i c l e - e n t r a p p e d water p o o l s , p a r t i c u l a r l y i f they are e l e c t r o 
s t a t i c a l l y r e p e l l e d from the inner surface. Small charged ions can 
be e l e c t r o s t a t i c a l l y a t t a c h e d to the o p p o s i t e l y charged v e s i c l e 
s u r f a c e s . S p e c i e s h a v i n g charges i d e n t i c a l w i t h those of the 
v e s i c l e s can be anchored onto the v e s i c l e s u r f a c e by a l o n g 
hydrocarbon t a i l . 

The need f o r i n c r e a s e d s t a b i l i t i e s , c o n t r o l l a b l e s i z e s , and 
p e r m e a b i l i t i e s l e d to the development of polymerized surfactant 
v e s i c l e s (12-14,20). V e s i c l e - f o r m i n g s u r f a c t a n t s have been 
f u n c t i o n a l i z e d by v i n y l , methacrylate, diacetylene, isocyano, and 
s t y r e n e groups i n t h e i r hydrocarbon chains or at t h e i r headgroups. 
A c c o r d i n g l y , s u r f a c t a n t v e s i c l e s c o u l d be pol y m e r i z e d i n t h e i r 
b i l a y e r s or a c r o s s t h e i r headgroups. In the l a t t e r case, e i t h e r 
the o u t e r or the inner v e s i c l e surfaces could be l i n k e d separately 
( F i g u r e 9). A l l polymerized v e s i c l e s show appreciable s t a b i l i t i e s 
compared w i t h t h e i r u n p o l y m e r i z e d c o u n t e r p a r t s . They have 
e x t e n s i v e s h e l f l i v e s and remain unaffected by the a d d i t i o n of up 
to 30% methanol. 

S u b s t r a t e o r g a n i z a t i o n i n membrane mimetic systems leads to 
a l t e r e d s o l v a t i o n , i o n i z a t i o n and reduction p o t e n t i a l s and, hence, 
to a l t e r e d r e a c t i o n r a t e s , paths and s t e r e o c h e m i s t r i e s . These 
p r o p e r t i e s have been a d v a n t a g e o u s l y e x p l o i t e d , i n turn, f o r r e 
a c t i v i t y c o n t r o l , c a t a l y s i s , drug d e l i v e r y and a r t i f i c i a l photo
s y n t h e s i s (8). There are only l i m i t e d examples of the u t i l i z a t i o n 
of membrane mimetic systems i n permeability c o n t r o l . In order to 
gain i n s i g h t into t h i s important area, we have i n i t i a t e d a research 
program i n BLMs. A s t a t u s r e p o r t of our a c t i v i t i e s i n t h i s area 
w i l l be summarized i n the next s e c t i o n . 
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Simultaneous E l e c t r i c a l and Spectroscopic Measurements of BLMs 

BLMs p r e p a r e d from phospholipids have been f r u i t f u l l y u t i l i z e d i n 
the p a s t s e v e r a l years i n e l e c t r i c a l measurements both i n the 
absence and i n the presence of ionophores (2_1 ) . H o l d i n g the 
b i l a y e r membrane at a p r e d e t e r m i n e d p o t e n t i a l and measuring the 
c o r r e s p o n d i n g c u r r e n t flow, i . e . , v o l t a g e clamping, has c o n t r i 
buted much to the p r e s e n t day unde r s t a n d i n g of ion channels and 
impulse transmission (22). 

I n v e s t i g a t i o n s of BLMs s u f f e r from two major drawbacks. 
F i r s t , BLMs are n o t o r i o u s l y unstable. Very r a r e l y do they survive 
l o n g e r than a co u p l e of hours. Second, voltage clamping provides 
i n f o r m a t i o n o n l y on the t r a n s i t i o n from an open state to a closed 
s t a t e i n i o n c h a n n e l s . C u r r e n t r e s e a r c h i n our l a b o r a t o r i e s i s 
d i r e c t e d to overcoming these disadvantages by s t a b i l i z i n g BLMs by 
p o l y m e r i z a t i o n or by polymer c o a t i n g , and by developing simul
taneous i_n s i tu s p e c t r o s c o p i c and e l e c t r i c a l t e c h n i q u e s f o r 
monitoring f u n c t i o n i n g

D i r e c t spectroscopi
s u b s t a n t i a l and much-needed complimentary i n f o r m a t i o n on the 
p r o p e r t i e s of BLMs. D i f f i c u l t i e s of spectroscopic techniques l i e 
i n the extreme t h i n n e s s of the BLM; absorbances of r e l a t i v e l y few 
mo l e c u l e s need to be determined. We have overcome t h i s d i f f i c u l t y 
by I n t r a c a v i t y Laser Absorption Spectroscopic (ICLAS) measurements. 
Absorbances i n ICLAS are determined as i n t r a c a v i t y o p t i c a l losses 
( 2J3) . S e n s i t i v i t y enhancements o r i g i n a t e i n the m u l t i p a s s , 
threshold and mode competition e f f e c t s . Enhancement f a c t o r as high 
as 10^ has been rep o r t e d f o r species whose absorbances are narrow 
compared to s p e c t r a l p r o f i l e of the l a s e r (J_0) - The enhancement 
f a c t o r f o r broad-band absorbers, used i n our work, i s much smaller. 
Thus, f o r BLM-incorporated c h l o r o p h y l l - a , we observed an enhance
ment f a c t o r of 10^ and r e p o r t e d s e n s i t i v i t i e s f o r absorbances i n 
the order of 10" 6 (24). 

F i g u r e 10 shows the schematics of the experimental setup used 
f o r i n t r a c a v i t y l a s e r a b s o r p t i o n spectroscopy (ICLAS) of b i l a y e r 
l i p i d membranes (BLMs). Simultaneous e l e c t r i c a l and ICLAS measure
ments were c a r r i e d out i n a two-compartment container constructed 
from two 1 cm path lengths quartz c e l l s (Figure 11). 

ICLAS o f f e r e d a convenient monitoring of BLM formation. The 
upper p a r t of F i g u r e 12 shows the time dependent change of the 
r e l a t i v e l a s e r i n t e n s i t y p a r a l l e l i n g BLM formation i n the c a v i t y . 
BLM-forming s o l u t i o n was brushed across the t e f l o n aperture at t s 

0. Due to the s c a t t e r i n g of the v e r y t h i c k f i l m , i n i t i a l l y 
p r e s e n t , as we l l as to non-uniform, large losses i n the c a v i t y , no 
l a s i n g was observed. A f t e r some time, i n d i c a t e d by A i n the upper 
p a r t of F i g u r e 12 ( t y p i c a l l y 3-4 minutes), the f i l m s u f f i c i e n t l y 
t h i n n e d , and l a s i n g was observed. Further thinning r e s u l t e d i n a 
g r a d u a l i n c r e a s e of the t r a n s m i t t e d l i g h t i n t e n s i t y u n t i l i t 
reached a plateau value ( i n d i c a t e d by Β i n the upper part of Figure 
12). At t h i s plateau, true bimolecular t h i c k membranes (BLMs) were 
present. The plateau value remained constant u n t i l the membrane was 
broken ( i n d i c a t e d by C i n the upper part of Figure 12). 

BLM f o r m a t i o n was s i m u l t a n e o u s l y observed by e l e c t r i c a l 
measurements (see lower p a r t of of F i g u r e 12). A t r i a n g u l a r 
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Figure 1 0 . Schematics of the experimental setup f o r i n t r a c a v i t y 
l a s e r a b s o r p t i o n spectroscopy (ICLAS). CD » chopper d r i v e r ; PM 
a power meter; H\, M 2 , M 3 , M4 * s p h e r i c a l h i g h r e f l e c t i o n 
m i r r o r s ; Mp = pump m i r r o r ; MN » monochromator; PMT * photo-
m u l t i p l i e r ; SP « s i l i c o n p h o t o c e l l ; PC « P o c k e l s c e l l ; WF » 
wedged f i l t e r ; LIA * l o c k - i n a m p l i f i e r ; R - r e c o r d e r ; MS • 
mi c r o s c o p e ; OF * o p t i c a l f i b e r ; S * sample ( s o l u t i o n on BLM) ; 
IEM • instruments f o r e l e c t r i c a l measurements (see Figure 2 ) . 
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v o l t a g e clamped waveform ( a i n the lower part of Figure 12.) was 
a p p l i e d a c r o s s the f i l m . The observed current waveform changed 
w i t h the f o r m a t i o n o f a t h i c k f i l m subsequent to the brushing of 
the membrane-forming s o l u t i o n across the t e f l o n aperture, with the 
t h i n n i n g of the f i l m to BLM, and w i t h the b r e a k i n g of the BLM. 
These e l e c t r i c a l changes corresponded to changes observed by ICLAS. 
Thus, no current passed across the electrodes p r i o r to appreciable 
thinning of the membrane. The observed trace b i n the lower part of 
F i g u r e 12 corresponded to the 0 »A time domain (see upper part of 
F i g u r e 12) obs e r v e d by ICLAS. I n c r e a s e i n the transmembrane 
c u r r e n t c o r r e s p o n d e d to the thinning of the f i l m to BLM (see c i n 
the lower p a r t and A-B i n the upper p a r t of F i g u r e 12). The 
c u r r e n t waveform remained stable and unaltered during the presence 
of the BLM (see Β »C i n the upper part of Figure 12). Breaking of 
the BLM was s i g n a l l e d by the appearance of pe r f e c t square waves 
corresponding to the sa t u r a t i o n of the a m p l i f i e r by large electrode 
currents (see d i n the lower part and C i n the upper part of Figure 
12). 

T h i n n i n g of the f i l
i n i t i a l l y white f i l m gradually changed c o l o r and showed a v a r i e t y 
of i n t e r f e r e n c e f r i n g e s (between p o i n t s A and Β i n Figure 12), 
which u l t i m a t e l y t u r n e d b l a c k ( a t p o i n t B) . G e n e r a l l y , BLM 
f o r m a t i o n was complete wi t h i n 20 minutes. T y p i c a l l y , BLMs l a s t e d 
f o r 1-3 hours. 

M i c r o s c o p i c o b s e r v a t i o n s a f f o r d e d the c a l c u l a t i o n of the 
p h y s i c a l a r e a of BLM, which, i n combi n a t i o n w i t h e l e c t r i c a l 
measurements, l e d to v a l u e s of BLM c a p a c i t a n c e s per u n i t area. 
T y p i c a l BLMs pr e p a r e d from DODAC (both i n the presence and i n the 
absence of chlorophy11-a) had areas of 5.7 χ 10"^ cm^ and 0.7 

capacitances. These values agreed well with those determined 
f o r BLMs prepared from phospholipids (capacitance * 0.7-1.3 \i¥/cm^) 
and from s i n g l e - c h a i n surfactants (capacitance = 0.3-0.6 ]i¥/cm^). 

T h i c k n e s s of the i n s u l a t i n g l a y e r , d, i n DODAC BLMs can be 
assessed from: 

ε εΑ 
. ο m / , \ d = (4) 

where ε^ i s the d i e l e c t r i c constant i n vacuum, and taken to be 8.85 
χ 10""1* CV~1 m~l , ε i s the d i e l e c t r i c constant of the hydrocarbon 
and i s assumed to be 2.1 (15). A t n i s the area of membrane, deter
mined here to be 5.7 χ 10"^ cm^ and C i s the capacitance of the 
BLM, determined here to be 4.0 nF. S u b s t i t u t i n g these values i n t o 
E q u a t i o n 11 gave d « 26.5 Â f o r the thi c k n e s s of the i n s u l a t i n g 
l a y e r i n DODAC BLMs. T h i s v a l u e i s i n v e r y good agreement with 
those c a l c u l a t e d f o r phospholipid b i l a y e r membranes (23-26 A) (25) 
making the same assumptions as used here. 

We have a l s o prepared BLMs from polymerizable surfactants and 
polymerized them i n s i t u (_26). Extents of polymerization have been 
followed by nanosecond, time-resolved fluorescence spectroscopy and 
an i s o t r o p i c measurements (26) . Experiments have been i n i t i a t e d f o r 
r e a l i z i n g the d i f f e r e n t b i o l o g i c a l transport mechanisms i n polymer
i z e d and p a r t i a l l y - p o l y m e r i z e d BLMs and f o r studying t h e i r mech
anisms by simultaneous e l e c t r i c a l and spectroscopic measurements. 
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Chapter 3 

Chromatographic Capabilities of Micellar 
Mobile Phases 

John G. Dorsey 

Department of Chemistry, University of Florida, Gainesville, FL 32611 

The role of micellar mobile phases is moving from 
laboratory curiosity to practical utility. The 
driving force behind the continued interest in these 
mobile phases lie
capabilities the
micelles coupled with the unchanging bulk solvent 
composition provide the analyst with capabilities 
unavailable with traditional hydroorganic mobile 
phases. These include reversed phase gradient elu-
tion separations with no column reequilibration, and 
gradient compatability with electrochemical detec
tion. There has been some disagreement in published 
work, however, about the efficiency achievable with 
micellar mobile phases, and about schemes to improve 
the inherently low efficiency obtained. We review 
the chromatographic capabilities and present a re
examination of the efficiency problem, and show that 
with careful attention to mobile phase conditions, 
efficiencies equivalent to hydroorganic mobile 
phases are achievable. 

In 1980 Armstrong and Henry f i r s t e f f e c t i v e l y demonstrated the use
fulness of m i c e l l a r mobile phases f o r reversed phase l i q u i d 
chromatography (1_). Since that time several other academic groups 
have become a c t i v e i n the i n v e s t i g a t i o n of these unique mobile phase 
systems, and the l a s t three years have seen many advances i n t h i s 
area. Yet i n sp i t e of the fervor with which m i c e l l a r chromatography 
has been promoted by i t s p r a c t i t i o n e r s , i t s t i l l has not achieved 
widespread usage or respect among academic or p r a c t i c i n g chromato-
graphers. An i n t e r e s t i n g perspective on the view of m i c e l l a r 
chromatography comes from the 1982 and 1986 Fundamental Reviews 
issues of ANALYTICAL CHEMISTRY. In 1982 i t was sa i d (2): 

"An i n t e r e s t i n g v a r i a t i o n on the RPLC/BPLC 
experiment has been put f o r t h by Armstrong. The 
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a d d i t i o n of surfactants to the mobile phase above 
the c r i t i c a l m i c e lle concentration can have dramatic 
e f f e c t s on the r e t e n t i o n behavior of solutes...There 
i s i n d i c a t i o n that t h i s method may provide the 
p o s s i b i l i t y for d e r i v i n g micelle-water e q u i l i b r i u m 
constants i n an experimentally simpler manner than 
p r e v i o u s l y . I t a l s o may provide the a b i l i t y to make 
ret e n t i o n measurements independent of the column 
type or manufacturer, and perhaps even a r a t i o n a l 
scheme for an 'index' system uncomplicated by v a r i a 
b i l i t y i n the reversed phase packings. Future deve
lopments i n 'pseudophase' chromatography w i l l bear 
watching." 

I t was then recognized e a r l y i n the development of the tech
nique that there were p o s s i b i l i t i e s f o r dramatic d i f f e r e n c e s i n the 
chromatographic performance of hydroorganic and m i c e l l a r mobile 
phases. Since that revie
examples of m i c e l l a r mobil
l i m i t a t i o n s of hydroorganic mobile phases; allowing chromatographic 
c a p a b i l i t i e s that are not p o s s i b l e with t r a d i t i o n a l mobile phases. 
Yet i n s p i t e of these advances i t was s a i d i n 1986 (3): 

"The use of substances that form m i c e l l e s as mobile 
phase a d d i t i v e s continues to serve as an area of 
academic and p r a c t i c a l i n t e r e s t . Often touted as a 
new form of chromatography, mi c e l l e chromatography 
should perhaps be considered as a f a s c i n a t i n g 
example of the i n c o r p o r a t i o n of secondary e q u i l i b r i a 
f o r the enhancement of s e l e c t i v i t y and the adjust
ment of r e t e n t i o n . In terms of p r a c t i c a l chromato
graphy, i t i s not yet c l e a r that micelle chromato
graphy solves any problems that cannot be solved by 
conventional means. What i s more c l e a r i s that 
m i c e l l e chromatography may provide a new route to 
the study of m i c e l l e phenomena." 

In l i q u i d chromatography, the "primary" eq u i l i b r i u m (or quasi-
equilibrium) i s the d i s t r i b u t i o n of the solute between the mobile 
and s t a t i o n a r y phases. Any other e q u i l i b r i a which occur i n the 
mobile phase, s t a t i o n a r y phase, or both are considered 
"secondary". Within t h i s rigorous d e f i n i t i o n , m i c e l l a r chromato
graphy i s indeed an example of secondary e q u i l i b r i a , and l i k e other 
secondary e q u i l i b r i a such as acid-base e q u i l i b r i a and i o n - p a i r i n g 
methods, can be used to provide unique chromatographic s e l e c t i v i t i e s 
f o r " d i f f i c u l t " separations. However, unlike other secondary 
e q u i l i b r i a methods that are a p p l i c a b l e to only narrow ranges of 
compounds, m i c e l l a r chromatography i s a p p l i c a b l e to a very wide 
range of compounds, with the only requirement being that the solute 
p a r t i t i o n to the m i c e l l e . This means that a l l hydrophobic 
compounds, and many h y d r o p h i l i c compounds which are 
e l e c t r o s t a t i c a l l y a t t r a c t e d to the m i c e l l e s t r u c t u r e , are candidates 
f o r separation by m i c e l l a r chromatography. As reversed phase i s 
generally the l i q u i d chromatographic method of choice f o r hydropho-
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b i c compounds, t h i s means that m i c e l l a r chromatography i s 
p o t e n t i a l l y a p p l i c a b l e to a very large percentage of reversed phase 
separations. 

In many forms of secondary e q u i l i b r i a separations, the concen
t r a t i o n of the équilibrant, or the mobile phase component which 
p a r t i c i p a t e s i n the secondary e q u i l i b r i a , c o n t r o l s , a t l e a s t 
p a r t i a l l y , the strength and s e l e c t i v i t y of the mobile phase. In 
m i c e l l a r chromatography the concentration of micelles plays t h i s 
r o l e , which means that f o r a l l separations c a r r i e d out with m i c e l l a r 
mobile phases, the strength of the mobile phase can be changed while 
maintaining an unchanging balk solvent composition. This unique 
aspect of m i c e l l a r mobile phases does indeed allow the s o l u t i o n to 
"problems that cannot be solved by other means". 

The s o l u t i o n to the inherent l i m i t a t i o n s of hydroorganic mobile 
phases i s i n f a c t the d r i v i n g force behind the continued i n t e r e s t i n 
m i c e l l a r mobile phases. Since the f i r s t p u b l i c a t i o n on m i c e l l a r 
chromatography, the advantages of low cost, low t o x i c i t y and chroma
tographic s e l e c t i v i t y hav
however, compelling reason
technique that requires a new learning curve. The adaptation of 
m i c e l l a r mobile phases as a routine chromatographic technique w i l l 
occur because of chromatographic c a p a b i l i t i e s that are not a v a i l a b l e 
with hyroorganic mobile phases. I t i s these unique chromatographic 
c a p a b i l i t i e s that we have been i n v e s t i g a t i n g . 

Gradient C a p a b i l i t i e s 

The f i r s t chromatographic c a p a b i l i t y of m i c e l l a r mobile phases that 
was shown i s the a b i l i t y to perform reversed phase gradient e l u t i o n 
separations with no column r e e q u i l i b r a t i o n necessary between samples 
(4,5). Gradient e l u t i o n techniques are the most common s o l u t i o n to 
the general e l u t i o n problem i n l i q u i d chromatography. Snyder has 
thoroughly addressed the theory of gradient e l u t i o n , and has shown 
the advantages of f a s t e r separation, higher sample capacity, and 
lower l i m i t s of detection as compared with an i s o c r a t i c separation 
(β). However, these techniques have never enjoyed the p o p u l a r i t y , 
e s p e c i a l l y f o r routine, r e p e t i t i v e analyses, which would be commen
surate with the advantages o f f e r e d . The sole reason f o r t h i s i s the 
lengthy column r e e q u i l i b r a t i o n necessary a f t e r a hydroorganic 
gradient separation. Reversed phase statio n a r y phases are s e l e c 
t i v e l y solvated by the organic component of the mobile phase and the 
extent of t h i s s o l v a t i o n i s dependent upon the composition of the 
mobile phase. The s o l v a t i o n structure then changes during a 
gradient e l u t i o n program, and therefore the column must be 
•rééquilibrated' with the o r i g i n a l (weak) mobile phase. A r u l e - o f -
thumb i s that up to 20 column volumes of the o r i g i n a l mobile phase 
may be necessary for t h i s r e e q u i l i b r a t i o n process. This means that 
although the separation may be speeded by the gradient, the a n a l y s i s 
time, defined as the time between i n j e c t i o n s , w i l l often be nearly 
equivalent of an i s o c r a t i c separation. 

It i s well known from ion p a i r i n g chromatography that surfac
tants adsorb onto reversed phase st a t i o n a r y phases. Knowledge of 
the lengthy e q u i l i b r a t i o n s necessary before ion p a i r i n g separations 
leads to an i n t u i t i v e b e l i e f that gradient e l u t i o n m i c e l l a r 
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chromatography would be f u t i l e . However, a unique property of 
m i c e l l e s o l u t i o n s allows the micelle concentration to be changed 
without a f f e c t i n g the structure or composition of the s t a t i o n a r y 
phase. M i c e l l a r aggregates are i n dynamic e q u i l i b r i u m with free 
su r f a c t a n t (monomer) and above the c r i t i c a l m i c e l l e concentration 
(CMC) there i s an approximately constant concentration of free sur
fa c t a n t . As i t i s the free surfactant that i n t e r a c t s with the s t a 
t i o n a r y phase, t h i s means that a f t e r an i n i t i a l e q u i l i b r a t i o n with 
any surfactant concentration above the CMC there i s no further 
change i n the amount of adsorbed su r f a c t a n t . We have two pieces of 
chromatographic evidence that t h i s i s so. 

A f t e r a gradient e l u t i o n separation, f a i l u r e to f u l l y r e e q u i l i -
brate the column leads to i r r e p r o d u c i b l e r e t e n t i o n of e a r l y e l u t i n g 
compounds. The r e t e n t i o n of phenol, which had a k 1 (capacity 
factor) value of 3.05 i n 0.05 M sodium dodecyl s u l f a t e (SDS), was 
r e p e t i t i v e l y measured a f t e r a gradient program from 0.05 to 0.20 M 
SDS and subsequent return to the i n i t i a l conditions. Only the 
volume of i n i t i a l mobil
other pre-column volume
sample. Ten r e p e t i t i v e t r i a l s of the gradient and subsequent step 
back to i n i t i a l conditions gave a mean k 1 value of 3.02 with a r e l a 
t i v e standard deviation of 0.6% (4_). The capacity f a c t o r was then 
s t a t i s t i c a l l y equivalent f o r both the i s o c r a t i c separation and f o l 
lowing the step back a f t e r the gradient, proving that no column 
mo d i f i c a t i o n occurred during the gradient. 

The adsorption isotherm of SDS on a C 1 Q s t a t i o n a r y phase was 
a l s o measured by determining the amount of surfactant adsorbed onto 
the s t a t i o n a r y phase from f r o n t a l chromatography experiments (5_). 
Figure 1 i s a l o g - l o g p l o t of surface concentration vs. mobile phase 
concentration of SDS with a standard mobile phase of n-propanol: 
water (3:97)(vida i n f r a ) . The maximum concentration of surfactant 
adsorbed on the s t a t i o n a r y phase occurs at the mobile phase 
concentration of ca. 10~ 2 M and gives a surface concentration of ca. 
1.8 ymoles/m 2 of adsorbed SDS. Figure 1 i s then supporting 
evidence f o r the conclusion that no column r e e q u i l i b r a t i o n i s neces
sary a f t e r a m i c e l l e concentration gradient. In f a c t , t h i s p l o t 
should show a break at the CMC value of the surfactant, as that 
represents the maximum concentration of free surfactant that w i l l 
e x i s t i n s o l u t i o n . Because of the nature of the curvature of these 
p l o t s , they are not true Langmuir isotherms. That i s , they do not 
show a break when the s t a t i o n a r y phase becomes t r u l y saturated, 
rather the break i s a r e s u l t of the m i c e l l i z a t i o n of the s u r f a c t a n t . 

This advance should then f i n a l l y allow RPLC gradient techniques 
to be u s e f u l f o r r e p e t i t i v e , routine analyses with dramatic saving 
of both time and solvent. 

Gradient E l u t i o n with Electrochemical Detection 

To many analysts the major l i m i t a t i o n of electrochemical detection 
f o r l i q u i d chromatography (LCEC) i s i t s l i m i t e d a p p l i c a b i l i t y to 
gradient e l u t i o n techniques. Amperometric electrochemical detectors 
e x h i b i t both the best and the worst c h a r a c t e r i s t i c s of solute pro
perty and bulk property detectors. While the Faradaic current 
a r i s e s only from the solute, the non-Faradaic current a r i s e s from 
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Figure 1. Adsorption isotherm of SDS on an Altex Ultrasphere ODS 

column at 30° C. Mobile phase i s n-propanol:water 
(3:97). Apparent saturation of stationary phase i s 
obvious, but see t e x t . "Reproduced w i t h .permission 
from r e f . 5. Copyright 1984 E l s e v i e r Science P u b l i s h e r s . " 
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the bulk mobile phase components. This means that while the 
detector response i s solute dependent, and therefore s e l e c t i v e , the 
noise ( r e s i d u a l current) i s c o n t r o l l e d by the mobile phase. During 
a gradient e l u t i o n , the composition of the mobile phase changes 
dram a t i c a l l y and with i t the r e s i d u a l current. 

We have inv e s t i g a t e d the extent of baseline s h i f t f o r both 
hydroorganic and m i c e l l a r gradients under d i f f e r e n t conditions 
(J). The major contributors to baseline s h i f t were found to be 
a p p l i e d p o t e n t i a l , c e l l design, conductance and pH of the mobile 
phase. While the c e l l design and applied p o t e n t i a l remain constant 
during a gradient experiment, the magnitude of the a p p l i e d p o t e n t i a l 
g r e a t l y exacerbates the problem of changing mobile phase conductance 
and pH. At high applied p o t e n t i a l s , such as + 1.2V, b u f f e r i n g the 
s o l u t i o n and balancing the conductance over the gradient range i s of 
c r i t i c a l importance i n achieving an "acceptable" baseline s h i f t . 
However, t h i s cannot be achieved over the e n t i r e range of a water to 
organic gradient. The aqueous buffer systems employed are not 
t o t a l l y operative i n hydroorgani
tance of water-methanol
ponding to maximum v i s c o s i t y , which makes i t v i r t u a l l y impossible to 
balance the conductance of hydroorganic mixtures. Gradient e l u t i o n 
LCEC at high applied p o t e n t i a l s can then only be performed over 
narrow gradient ranges with hydroorganic mobile phases. 

M i c e l l a r concentration gradients, however, change the bulk 
p r o p e r t i e s of the mobile phase to a much l e s s extent than does an 
organic modifier concentration gradient. The bulk solvent, here 
97:3 water:n-propanol, remains constant during a m i c e l l e concentra
t i o n gradient, which makes the c o n t r o l of such parameters as conduc
tance, pH, and even mobile phase impurities much easi e r . The 
conductance of a m i c e l l a r s o l u t i o n i s d i r e c t l y p r o p o r t i o n a l to the 
concentration of i o n i c surfactant, and therefore, the conductance 
change during a m i c e l l a r gradient can be g r e a t l y reduced, or even 
eliminated, by using d i f f e r e n t supporting e l e c t r o l y t e concentrations 
i n the two surfactant s o l u t i o n s . For non-ionic surfactants the 
s o l u t i o n conductivity i s t o t a l l y c o n t r o l l e d by the amount of added 
supporting e l e c t r o l y t e . Aqueous buffers a l s o work well i n the pre
sence of a small, but f i x e d , percentage of organic modifier. 

Therefore, m i c e l l a r concentration gradients allow the c o n t r o l 
of mobile phase conductance and pH, and are highly compatible with 
amperometric electrochemical detection. With an a p p l i e d p o t e n t i a l 
of + 1.2V, a gradient from 0.01 M SDS to 0.40 M SDS r e s u l t e d i n a 
baseline s h i f t of only 8 nA. Both s o l u t i o n s were buffered a t pH 
2.35 and the c o n d u c t i v i t y of the two s o l u t i o n s was balanced from the 
a d d i t i o n of 0.226 M NaC10 4 to the 0.01 M SDS s o l u t i o n and 0.05 M 
NaC10 4 to the 0.40 M SDS s o l u t i o n . I t should be emphasized that 
t h i s i s a "worst case" experiment, and that smaller gradient ranges 
and lower operating p o t e n t i a l s would r e s u l t i n even l e s s baseline 
s h i f t . Figure 2 shows a gradient separation of some phenolic com
pounds, and while the gradient conditions have not been optimized 
fo r the best separation, the p o s s i b i l i t y of performing gradient 
e l u t i o n separations with an electrochemical detector a t a high 
a p p l i e d p o t e n t i a l i s c l e a r . 
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Figure 2. Gradient separation with glassy carbon electrode a t 
+ 1.2V. Flow rate 1.0 mL/min. Column: A l t e x 
U l t r a sphere ODS. Mobile phase A: 0.05 M SDS, 3% n-
propanol, pH 2.5 with phosphate buffer, sodium 
perchlorate added to balance c o n d u c t i v i t y with solvent 
B. Mobile phase B: 0.112 M SDS, 3% n-propanol, pH 2.5 
with phosphate b u f f e r . Gradient program A to Β i n 12 
min. Peak i d e n t i f i c a t i o n : (1) hydroquinone; (2) 
r e s o r c i n o l ; (3) catechol; (4) phenol; (5) p-
nitrophenol; (6) o-nitrophenol; (7) p-chlorophenol; 
(8) p-bromophenol. "Reproduced with permission from 
r e f . 5. Copyright 1984 E l s e v i e r Science P u b l i s h e r s . " 
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E f f i c i e n c y Enhancement 

A major drawback i n the e a r l y reports of m i c e l l a r chromatography was 
a serious l o s s of e f f i c i e n c y when compared to t r a d i t i o n a l 
hydroorganic mobile phases. I f m i c e l l a r mobile phases are ever to 
be widely accepted as a viable chromatographic technique, the 
e f f i c i e n c y achieved must at l e a s t approach that of conventional 
reversed-phase LC. 

Care must be taken i n the use and i n t e r p r e t a t i o n of l i t e r a t u r e 
e f f i c i e n c y values. E f f i c i e n c y values are l i k e l y the most 
i n c o r r e c t l y c a l c u l a t e d chromatographic fi g u r e of merit. The 
commonly used equations based on peak width at the base or at h a l f 
the height of the peak are v a l i d only for p e r f e c t l y Gaussian shaped 
peaks. This problem has been r e a l i z e d by chromatographers f o r some 
time, but the p o p u l a r i t y of these methods continues because u n t i l 
r e c e n t l y the only a l t e r n a t i v e was computer based moment 
c a l c u l a t i o n s . K i r k l a n d et a l . addressed t h i s problem and 
recommended that peak
e f f i c i e n c y values (8).
based on width at h a l f height can give values as much as 100% i n 
excess of the a c t u a l value. Because of t h i s , care must be taken i n 
the use of l i t e r a t u r e p l a t e count values. 

Foley and Dorsey have re c e n t l y derived a simple manual method 
fo r the c a l c u l a t i o n of p l a t e counts that corrects f o r the asymmetry 
of skewed peaks (9). This equation has been used i n a l l of our 
m i c e l l a r e f f i c i e n c y c a l c u l a t i o n s and i s : 

Ν = 4 1 . 7 ( t r / W 0 1 ) 2 / ( B / A ) + 1.25 

This equation has r e c e n t l y been shown to be the most accurate manual 
method of p l a t e count c a l c u l a t i o n (10). 

Dorsey et a l . were the f i r s t to address the low e f f i c i e n c y of 
m i c e l l a r mobile phases, and through the use of p l o t s of reduced 
p l a t e height vs. reduced v e l o c i t y (Knox pl o t s ) they showed the e f f i 
ciency l i m i t i n g problem to be poor mass t r a n s f e r (11). That t h i s i s 
the problem i s not s u r p r i s i n g . While m i c e l l a r mobile phases o f f e r 
unique chromatographic advantages, the separation method i s s t i l l 
reversed phase chromatography. Since the invention of bonded rever
sed phase materials, i t has been known that t o t a l l y aqueous mobile 
phases w i l l give poor e f f i c i e n c y and peak shape. In 1975 K i r k l a n d 
s a i d (12): 

"The bonded hydrocarbon packings...are very 
hydrophobic...Therefore, i n reversed phase 
s e p a r a t i o n s . . . i t i s desir a b l e to use aqueous mobile 
phases containing >~10% of a miscible organic 
solvent...to improve wetting c h a r a c t e r i s t i c s . 
Mobile phases with no or low concentrations of 
organic solvent produce broad peaks because of the 
slow e q u i l i b r i u m r e s u l t i n g from the res i s t a n c e to 
solute mass t r a n s f e r across the i n t e r f a c e of the two 
very un l i k e phases." 
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In 1977 Scott and Kucera reported (13): 

"The wetting c h a r a c t e r i s t i c s can be extremely 
important i n the p r a c t i c a l uses of reversed 
phases. I f the water content i s increased...and the 
water present exceeds the wetting l i m i t , a s i g n i f i 
cant i n t e r f a c i a l r e s i s t a n c e to mass t r a n s f e r e f f e c t 
could be produced, which would severely impair 
column e f f i c i e n c y . " 

The goal f o r reversed phase m i c e l l a r chromatography i s then to 
provide wetting with the necessary organic solvent while perturbing 
the micelle structure as l i t t l e as p o s s i b l e . Here again, knowledge 
of reversed phase techniques i s h e l p f u l . Scott and Simpson have 
studied modification of C 1 Q phases by organic modifiers and have 
shown that over 90% of the surface i s covered with the a l c o h o l at a 
concentration of 3% (w/v) n-propanol, but there i s only about 50% 
coverage with the same concentratio
c a t i o n of the surfac
r e s u l t i n g i n improved e f f i c i e n c i e s . 

We have found that the use of 3% n-propanol i n the m i c e l l a r 
mobile phase and column temperatures of 40° C appear to o f f e r a 
broadly appli c a b l e s o l u t i o n to the low e f f i c i e n c y p r e v i o u s l y repor
ted f o r m i c e l l a r mobile phases. These conditions have r e s u l t e d i n 
reduced plate heights of 3-4 f o r SDS, cetyltrimethylammonium bromide 
(CTAB), and Brij-35 (15). This e f f i c i e n c y optimization scheme then 
appears to be a broadly-based s o l u t i o n f o r m i c e l l a r mobile phases of 
any s u r f a c t a n t . This means that the surfactant type can be v a r i e d 
to a f f e c t separational s e l e c t i v i t y with no l o s s i n column 
e f f i c i e n c y . 

That the s i g n i f i c a n t problem causing low e f f i c i e n c y i s poor 
wetting of the sta t i o n a r y phase has r e c e n t l y been confirmed by Foley 
and May ( 16 ). In a study of optimization of pH for the separation 
of weak organic acids on hydrophobic s t a t i o n a r y phases, they studied 
column e f f i c i e n c i e s with purely aqueous (non-micellar) mobile phases 
and i n v e s t i g a t e d adding small amounts of methanol, ethanol, n-propa
nol, and a c e t o n i t r i l e as a means of improving e f f i c i e n c y . They 
found that n-propanol was by f a r the most e f f e c t i v e organic solvent, 
with 3-6% (v/v) improving chromatographic e f f i c i e n c i e s by f a c t o r s of 
10-15, which approached the e f f i c i e n c i e s obtained with t r a d i t i o n a l 
hydroorganic mobile phases. Furthermore, they observed only s l i g h t 
improvements with the other solvents. This i s consistent with pre
vious f i n d i n g s that methanol, ethanol and a c e t o n i t r i l e are i n e f f e c 
t i v e a t inc r e a s i n g the e f f i c i e n c y of m i c e l l a r mobile phases (11). 

While the added propanol does somewhat modify the m i c e l l e 
structure, when the goal i s chemical a n a l y s i s , i t i s necessary to 
provide e f f i c i e n c i e s equivalent to hydroorganic mobile phases, and 
i t s t i l l allows the p r a c t i c i n g chromatographer to take advantage of 
the unique c a p a b i l i t i e s of these mobile phases. As stated i n the 
1986 Fundamental Review issue of ANALYTICAL CHEMISTRY, m i c e l l a r 
chromatography can be used not only f o r an a l y s i s , but also f o r the 
study of mic e l l e phenomenon. Here, c e r t a i n l y , chromatographic e f f i 
ciency i s not the primary consideration and the added propanol would 
complicate matters unnecessarily. As shown i n i t i a l l y by Armstrong 
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(17) and l a t e r by Arunyanart and C l i n e Love (18) m i c e l l a r mobile 
phases provide an e x c e l l e n t way of obtaining micelle-water p a r t i t i o n 
c o e f f i c i e n t s . Other fundamental studies w i l l c e r t a i n l y be 
forthcoming. 

Conclusion 

M i c e l l a r mobile phases w i l l never replace t r a d i t i o n a l hydroorganic 
mobile phases. They do, however, deserve serious consideration by 
p r a c t i c i n g chromatographers as they can provide the s o l u t i o n to 
c e r t a i n fundamental l i m i t a t i o n s of hydroorganic mobile phases. 
Hopefully the advantages w i l l overcome the skepticism and re s i s t a n c e 
to change shown by many chromatographers and m i c e l l a r mobile phases 
w i l l soon assume a r o l e of importance. 

Literature Cited 

1. Armstrong, D.W.; Henry
662. 

2. Majors, R.E.; Barth, H.G.; Lochmüller, C.H. Anal. Chem. 1982, 
54, 323R-363R. 

3. Barth, H.G.; Barber, W.E.; Lochmüller, C.H.; Majors, R.E.; 
Regnier, F.Ε. Anal. Chem. 1986, 58, 211R-250R. 

4. Landy, J.S.; Dorsey, J.G. J. Chromatogr. Sci. 1984, 22, 68-70. 
5. Dorsey, J.G.; Khaledi, M.G.; Landy, J.S.; Lin, J.-L. J. Chroma-

togr. 1984, 316, 183-191. 
6. Snyder, L.R. in "High Performance Liquid Chromatography: 

Advances and Perspectives", Horvath, C., Ed.; Academic Press: 
New York, 1980, Vol. 1. 

7. Khaledi, M.G.; Dorsey, J.G. Anal. Chem. 1985, 57, 2190-2196. 
8. Kirkland, J.J.; Yau, W.W.; Stoklosa, H.J.; Dilks, C.H., Jr. J. 

Chromatogr. Sci. 1977, 15, 303-316. 
9. Foley, J.P.; Dorsey, J.G. Anal. Chem. 1983, 55, 730-737. 
10. Bidlingmeyer, B.A.; Warren, F.V., Jr. Anal. Chem. 1984, 56, 

1583A-1596A. 
11. Dorsey, J.G.; DeEchegaray, M.T.; Landy, J.S. Anal. Chem. 1983, 

55, 924-928. 
12. Kirkland, J.J. Chromatographia 1975, 8, 661-668. 
13. Scott, R.P.W.; Kucera, P. J. Chromatogr. 1977, 142, 213-232. 
14. Scott, R.P.W.; Simpson, C.F. Faraday Symp. Chem. Soc. 1980, 15, 

69-82. 
15. Landy, J.S.; Dorsey, J.G. Anal. Chim. Acta 1985, 178, 179-188. 
16. Foley, J.P.; May, W.E. Pittsburgh Conference and Exposition 

1985, Abstract 1207. 
17. Armstrong, D.W.; Nome, F. Anal. Chem. 1981, 53, 1662-1666. 
18. Arunyanart, M.; Cline Love, L.J. Anal. Chem. 1984, 56, 1557-

1561. 
RECEIVED October 24, 1986 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



Chapter 4 

High-Performance Liquid Chromatography of Organic 
and Inorganic Anions: Use of Micellar Mobile Phase 

Frank G. P. Mullins 
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Ion pairing chromatography has been widely used 
for the chromatographic determination of ionizable 
solutes. To date
-pairing reagents
can be advantages in using the micelle forming 
reagents. For example, no method existed previously 
for the separation and determination of 
dithiocarbamate salts, widely used as fungicides. 
High-performance liquid chromatography using 
micellar hexadecyltrimethylammonium chloride as 
the mobile phase provides a versatile and efficient 
technique for the separation of iodate, nitrite, 
bromide, nitrate and iodide. The distribution and 
retention of the inorganic anions is governed by 
their partitioning between the micelles and the 
mobile phase, and between the conditioned stationary 
phase and the mobile phase. Dithiocarbamate 
salts of varying hydrophobicity can be separated 
using micellar hexadecyltrimethylammonium bromide. 
Chromatographic efficiency measurements obtained 
for the hydrophobic solutes (phenol and benzene) 
and the ionic dithiocarbamate salts show that 
efficiency remains high even with high concentrations 
of methanol as the mobile phase modifier, with 
acetonitrile as the modifier, the efficiency falls as 
the concentration increases. 

The a n a l y s i s of non-polar s o l u t e s by high performance l i q u i d 
chromatography i s g e n e r a l l y a simple t a s k , e s p e c i a l l y i f 
reversed-phase systems are used. However, many compounds of 
environmental i n t e r e s t , such as dithiocarbamate s a l t s and i n o r g a n i c 
anions are i o n i z e d s p e c i e s . By t h e i r very nature i t i s d i f f i c u l t to 
chromatograph these w e l l hydrated h y d r o p h i l i c s p e c i e s . 

0097-6156/87/0342-0115$06.00/0 
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A method f o r e x t r a c t i n g i o n i z e d s o l u t e s i n t o organic phases has 
been s t u d i e d f o r a number of decades. Ions of opposite e l e c t r i c a l 
charge are added to the aqueous phases r e s u l t i n g i n i o n - p a i r i n g 
between the s o l u t e i o n and the p a i r i n g i o n . The r e s u l t a n t complex 
has a low net e l e c t r i c a l charge or p o l a r i t y , i s thus poorly 
hydrated, and so can p a r t i t i o n from the aqueous to the organic 
phase. Jonkman Π ) reviewed the area of bulk-phase e x t r a c t i o n of 
i o n i z e d drugs, and gave examples of s o l u t e e x t r a c t i o n where 
s e l e c t i v i t y and s e n s i t i v i t y of approach could be demonstrated. 
Higuchi and M i c h a e l i s [2] and Modin and S c h i l l {3) have a l s o 
reported work on e x t r a c t i o n techniques and a p p l i c a t i o n s . 

HPLC has been used f o r i o n - a n a l y s i s using normal-phase 
adsorption techniques. This however o f t e n r e s u l t s i n high s o l u t e 
r e t e n t i o n coupled w i t h very poor peak shape and poor s o l u t e 
r e s o l u t i o n . High-pressure ion-exchange chromatography has a l s o been 
used f o r i o n - a n a l y s i s , but the unfavourably high c o m p r e s s i b i l i t i e s 
of the m a t e r i a l s , e.g. a po l y s t y r e n e - divinylbenzene matrix c a t i o n 
exchanger, does not permi
made. The requirements
i o n i z e d s o l u t e s are r a p i d i t y , s e n s i t i v i t y , e f f i c i e n c y and an a b i l i t y 
to r e s o l v e m a t e r i a l from complex systems, such as untreated sewage, 
without p r i o r e x t r a c t i o n . 

I o n - P a i r Chromatography 

In cases where the sample i s i o n i z a b l e (e.g. an a c i d or a base) i t 
i s p o s s i b l e to a l t e r the chromatographic r e t e n t i o n by i n t r o d u c i n g 
long-chain i o n i c a l k y l compounds i n t o the mobile phase. These 
substances are the types that are used to form c l a s s i c a l " i o n - p a i r s " 
w i t h the sample i n a l i q u i d - l i q u i d e x t r a c t i o n using a separatory 
f u n n e l . The a d d i t i o n of these reagents to a l i q u i d chromatographic 
(LC) eluent w i l l s u b s t a n t i a l l y a l t e r the r e t e n t i o n of the i o n i c 
compounds and w i l l not a f f e c t the r e t e n t i o n of non-ionic compounds. 
Because of the s i m i l a r i t y of reversed-phase LC to c l a s s i c a l 
l i q u i d - l i q u i d countercurrent e x t r a c t i o n , and because of the use of 
reagents which are s i m i l a r l y used i n both c l a s s i c a l and LC i o n p a i r 
e x t r a c t i o n s , the technique of adding long chain i o n i c a l k y l reagents 
to a LC eluent has been termed " i o n - p a i r chromatography". However, 
i o n - p a i r chromatography i s a term that describes a chromatographic 
r e s u l t (a phenomenon) and not n e c e s s a r i l y a cause. 

For reversed-phase i o n - p a i r chromatography a non-polar surface 
(e.g. C8 or C-\Q) i s used as a s t a t i o n a r y phase and an i o n i c a l k y l 
compound i s added to the aqueous mobile phase as a m o d i f i e r . For 
the s e p a r a t i o n of a c i d s , an organic base (e.g. tetrabutylammonium 
phosphate) i s added to the e l u e n t ; f o r the separation of bases, an 
organic a c i d (e.g. octane sulphonate) i s used. Reversed-phase i o n 
p a i r i n g i s p r e s e n t l y the most popular approach because of the 
simpler t e c h n i c a l requirements and very high column performance. I t 
i s however e s s e n t i a l to operate the system only a f t e r e q u i l i b r i u m of 
the mobile phase and the s t a t i o n a r y phase has occurred i n order to 
o b t a i n r e p r o d u c i b l e analyses. 

The a p p l i c a t i o n of reversed-phase i o n - p a i r chromatography to 
the s e p a r a t i o n of charged s o l u t e s has gained wide acceptance mainly 
because of the l i m i t a t i o n s of ion-exchange chromatography i n 
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s e p a r a t i n g both n e u t r a l and i o n i c samples, and because of the 
d i f f i c u l t y i n se p a r a t i n g i o n i c components by the reverse-phase 
techniques of ion-suppression. There have been s i g n i f i c a n t 
c o n t r i b u t i o n s by a number of authors and s e v e r a l reviews have been 
published on i o n - p a i r chromatography on chemically bonded phases 
( 4 , 5 ) . Haney et a l . ( 6 , 7) and Knox and Jurand {8) were amongst 
the f i r s t to develop the technique f o r widespread use. Knox 
continued i n the development of the technique, p a r t i c u l a r l y using 
long chain hydrophobic counterions. This method advanced r a p i d l y 
and has been a p p l i e d to such d i v e r s e areas as peptides and p r o t e i n s 
( % 1_0 ) , sulphonated dyes ( JJ_ ), drug substances [λ2], catecholamines 
(JJ3) and a l k a l o i d s (J_4) . 

Mechanism of Reversed-Phase Ion - P a i r Chromatography 

Many a p p l i c a t i o n s of reversed-phase i o n - p a i r chromatography i n v o l v e 
the a d d i t i o n of long chain a l k y l sulphonate ions to the mobile phase 
to g i v e enhanced separatio
technique has been c a l l e
chromatography" ( 3_), "solvent-generated dynamic ion-exchange 
chromatography" ( 1 6 , 1 7 ), " h e t a e r i c chromatography" (_1i8), 
"detergent-based c a t i o n exchange chromatography" ( J_6) , 
"solvophobic-ion chromatography" (J[9), and " s u r f a c t a n t 
chromatography" ( 4_). The v a r i e t y of nomenclature i n d i c a t e s the 
un c e r t a i n t y which e x i s t s concerning the r e t e n t i o n mechanism i n t h i s 
mode of HPLC. 

There are three popular hypotheses. Two models propose extreme 
s i t u a t i o n s and each encompasses a s u b s t a n t i a l amount of 
chromatographic data. These two proposals are the i o n - p a i r model 
and the dynamic ion-exchange model. The t h i r d view, which i s 
broader i n scope than the previous two concepts, accommodates both 
the extreme views without combining the two models. This proposal 
i s the i o n - i n t e r a c t i o n model. 

The i o n - p a i r model s t i p u l a t e s that formation of an ion-paix 
occurs i n the aqueous mobile phase ( 1 6 , 18 , 2 0 ). The r e t e n t i o n time 
i s governed by the e x t r a c t i o n c o e f f i c i e n t o f the i o n - p a i r . A longer 
a l k y l chain on the p a i r i n g agent simply makes a l e s s p o l a r i o n - p a i r , 
w i t h a r e s u l t i n g higher e x t r a c t i o n c o e f f i c i e n t , and the r e t e n t i o n o f 
the i o n - p a i r increases as a r e s u l t of i t s g r e a t e r a f f i n i t y f o r the 
s t a t i o n a r y phase. 

The second view s t i p u l a t e s an ion-exchange mechanism ( 2 1 , 16 , 
19 , 2 2 ) . In t h i s hypothesis, i t i s the unpaired hydrophobic a l k y l 
ions that adsorb onto the non-polar surface and cause the column to 
behave as an ion-exchanger. As the chain length of the i o n - p a i r i n g 
reagent i n c r e a s e s , the surface coverage of the s t a t i o n a r y phase 
i n c r e a s e s , w i t h a concomitant increase i n r e t e n t i o n of the i o n i c 
sample. 

The t h i r d view, the i o n - i n t e r a c t i o n model, has been proposed by 
Bidlingmeyer et a l . (23) which i s l e s s r e s t r i c t i v e than the other 
two models p r e v i o u s l y d e s c r i b e d . The model i s based on conductance 
measurements i n v o l v i n g n e u t r a l and charged samples i n j e c t e d i n t o 
s o l u t i o n s c o n t a i n i n g p o s i t i v e l y and n e g a t i v e l y charged hydrophobic 
i o n s . These measurements show that i o n p a i r s do not form i n the 
mobile phase. Neither the i o n - p a i r i n g nor the ion-exchanging model 
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can e x p l a i n the data i n a c o n s i s t e n t way. Instead, the r e s u l t s 
suggest a r e t e n t i o n mechanism that i s broader i n scope and i s best 
described as one of i o n - i n t e r a c t i o n . The i o n - i n t e r a c t i o n mechanism 
does not r e q u i r e i o n - p a i r formation i n e i t h e r phase and i s not based 
on c l a s s i c a l ion-exchange chromatography. The i o n - i n t e r a c t i o n 
mechanism assumes dynamic e q u i l i b r i u m of the hydrophobic i o n 
r e s u l t i n g i n an e l e c t r i c a l double l a y e r forming on the s u r f a c e . The 
r e t e n t i o n of the sample r e s u l t s from an e l e c t r o s t a t i c f o r c e due to 
the surface charge d e n s i t y provided by the reagent i o n , and from an 
a d d i t i o n a l " s o r p t i o n " e f f e c t onto the non-polar s u r f a c e . 

In the i o n - i n t e r a c t i o n model a l a y e r of hydrophobic ions 
( i o n - p a i r reagent) i s adsorbed onto the non-polar s u r f a c e . Because 
these hydrophobic ions c a r r y the same charge, they are w e l l spaced 
from one another, and most of the surface t h e r e f o r e i s s t i l l the 
o r i g i n a l non-polar packing surface and only a sm a l l amount of the 
surfac e i s coated w i t h the reagent. However i f the chain l e n g t h i s 
s i g n i f i c a n t l y l o n g , and i t s c o n c e n t r a t i o n i n the mobile phase i s 
s i g n i f i c a n t l y h i g h , i t i
be coated to a very hig
bonded s u r f a c e . A primary i o n - l a y e r and an o p p o s i t e l y charged 
counter-ion l a y e r are formed on the surface of the bonded phase. 
This i s an e l e c t r i c a l double-layer model. Since the adsorbed ions 
are i n dynamic e q u i l i b r i u m between the bonded phase and the mobile 
phase, an increase i n the reagent concentration i n the mobile phase 
leads to an increase i n the amount of reagent i o n adsorbed, thus 
i n c r e a s i n g the amount of surface charge. Transfer of samples 
through the double l a y e r i s a f u n c t i o n of e l e c t r o s t a t i c and Van der 
Waals f o r c e s . For i n s t a n c e , an i o n i c organic s o l u t e such as 
dithiocarbamate anion, i s a t t r a c t e d to the charged s u r f a c e . The 
chromatographic r e t e n t i o n of the dithiocarbamate r e s u l t s from t h i s 
Coulombic a t t r a c t i o n and from an a d d i t i o n a l " s o r p t i o n " of the 
hydrophobic p o r t i o n of the sample molecule onto the non-polar 
s u r f a c e . 

The debate as to the exact model to describe the i o n - p a i r 
phenomena w i l l no doubt continue. D i f f i c u l t i e s i n d e v i s i n g a model 
a r i s e from c o n f l i c t i n g conclusions based on a l a r g e amount of 
experimental data. However, i t i s important to emphasise that 
theory guides experimentation. Therefore the importance of having a 
model i s to understand the f a c t o r s that c o n t r o l chromatographic 
r e t e n t i o n , and thus, to a i d i n the p r e d i c t i o n of the separating 
a b i l i t y o f a mobile phase. 

M i c e l l a r Chromatography 

P r e v i o u s l y most i o n - p a i r i n g chromatographic separations i n v o l v e d the 
use o f i o n - p a i r i n g reagents not capable o f forming m i c e l l e s . 
Quaternary ammonium s a l t s c o n t a i n i n g one long hydrophobic a l k y l 
chain are c a l l e d amphiphiles, e.g. hexadecyltrimethylammonium 
bromide. These can form m i c e l l e s i n p o l a r s o l u t i o n s , i . e . the 
hydrophobic ions i n t e r a c t t o form d i s c r e t e aggregates possessing a 
hydrophobic core and a po l a r s u r f a c e . Quaternary ammonium s a l t s not 
possessing a long hydrophobic a l k y l chain such as tetrabutylammonium 
bromide are not amphiphiles and cannot form m i c e l l e s . 

A m i c e l l a r mobile phase d i f f e r s from a conventional i o n - p a i r i n g 
mobile phase i n two important aspects. F i r s t l y , m i c e l l a r s o l u t i o n s 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



4. MULLINS HPLC of Organic and Inorganic Anions 119 

can be regarded as m i c r o s c o p i c a l l y heterogeneous, being composed of 
the m i c e l l a r aggregate and the "bulk" surrounding medium. An 
i o n - p a i r i n g mobile phase i s homogeneous. Secondly, the 
conc e n t r a t i o n of s u r f a c t a n t i n m i c e l l a r chromatography i s above i t s 
c r i t i c a l m i c e l l e concentration (CMC), i . e . the con c e n t r a t i o n above 
which m i c e l l e formation becomes a p p r e c i a b l e . Below i t s CMC, 
hexadecyltrimethylammonium bromide can be used as an i o n - p a i r i n g 
reagent. High performance l i q u i d chromatographic separations 
performed w i t h a m i c e l l a r mobile phase have been reported p r e v i o u s l y 
(24-27). 

The s e p a r a t i o n of anions by the use of a c a t i o n i c m i c e l l a r 
mobile phase r e s u l t s i n a high degree of f l e x i b i l i t y not a v a i l a b l e 
from other methods of i o n chromatography. The importance of 
m i c e l l e s i n the mobile phase l i e s i n t h e i r a b i l i t y to p a r t i c i p a t e i n 
the p a r t i t i o n i n g mechanism. The three e q u i l i b r i a i n v o l v e d i n 
m i c e l l a r chromatography are s c h e m a t i c a l l y represented i n Figure 1. 
The e l u t i o n behaviour of the a n i o n i c s o l u t e depends on three 
p a r t i t i o n c o e f f i c i e n t s :
bulk mobile phase and an
c o e f f i c i e n t between the bonded phase and the m i c e l l e and K^ mp, the 
p a r t i t i o n c o e f f i c i e n t between the bonded phase and the bulk mobile 
phase. 

Determination of Inorganic Anions By High 
Performance L i q u i d Chromatography 

F o l l o w i n g the development of i o n chromatography by Small et a l . (28 
considerable i n t e r e s t has been shown i n the determination of 
ino r g a n i c anions by HPLC. In the procedure employed by Small et a l . 
a column packed w i t h a p r o p r i e t a r y anion-exchange r e s i n was 
incorporated i n t o commercial inst r u m e n t a t i o n . S k e l l y [29) reported 
the HPLC separation of i n o r g a n i c anions using an eluent c o n t a i n i n g 
an octylamine s a l t . Iskandarani and P i e t r z y k (30) and Molnar et a l . 
(31) demonstrated the determination of anions by us i n g 
tetrabutylammonium s a l t s on a styrene-divinylbenzene r e s i n and a 
bonded s t a t i o n a r y phase, r e s p e c t i v e l y . Cassidy and Elchuk (32, 33) 
reported the a n a l y s i s of in o r g a n i c anions using a cyano-bonded 
normal-phase column. De K l e i j n (35) used hexadecyltrimethylammonium 
c h l o r i d e i n order to o b t a i n the sepa r a t i o n of i n o r g a n i c anions 
u s i n g the same c o n d i t i o n s as those employed by Reeve ( 34_) . 

Determination of Inorganic Anions By 
High Performance L i q u i d Chromatography 
Using a M i c e l l a r Mobile Phase 

When s t r o n g l y hydrophobic c a t i o n i c s u r f a c t a n t s are present i n the 
mobile phase the hydrophobic surface of the s t a t i o n a r y phase becomes 
dynamically conditioned w i t h respect to the adso r p t i o n of the 
s u r f a c t a n t . This confers an ion-exchange c a p a b i l i t y on the 
s t a t i o n a r y phase. Cassidy and Elchuk (32, 33) reported use of 
c e t y l p y r i d i n i u m c h l o r i d e to coat the s t a t i o n a r y phase 
"permanently", but used t e t r a b u t y l and tetramethylammonium s a l t s i n 
the mobile phase. Their e q u i l i b r a t i o n procedure a l s o employed the 
use of a c e t o n i t r i l e i n the i n i t i a l c o n d i t i o n i n g s t e p , thus 
i n c r e a s i n g the o v e r a l l cost of the a n a l y s i s . Knox and Hartwick (36) 
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proposed that retention was a l inear function of the charge density 
on the surface of the stationary phase. Hung and Taylor (37) 
reported adsorption isotherms for hexadecyltrimethylammonium bromide 
that indicate a high loading of the stationary phase at 0% organic 
modifier. Therefore, the strong retention of anions on a saturated 
stationary phase can be at tr ibuted to strong anion interact ion with 
the very high charge density on the surface. 

Mul l ins and Kirkbright (218) reported separation of the UV 
absorbing anions; iodate, n i t r i t e , bromide, n i t ra te and iodide 
using a micel lar mobile phase containing hexadecyltrimethylammonium 
chloride above i t s CMC. Figure 2 i l l u s t r a t e s th i s separation with 
two different concentrations of micel lar reagent. Increasing the 
concentration of hexadecyltrimethylammonium chloride decreases the 
retention time (38) on the column. 

The decrease i n retention of the anions as the concentration of 
hexadecyltrimethylammonium chloride i s increased (Figure 2) can be 
at tr ibuted to anion interact ion with micelles i n the mobile phase
The retention time of th
increasing the concentratio
(b)) . This more rapid analysis time can also be achieved using 
organic modifiers such as methanol or ace ton i t r i l e with lower 
concentrations of micel lar reagent. Anion association with a 
cat ionic micel le has been shown to occur i n the e l e c t r i c double 
layer on the micel le surface {39). 

The retention of the anions on a loaded octadecyl-bonded s i l i c a 
column i n the presence of hexadecyltrimethylammonium chloride 
micel la r mobile phase follows the order 

I->N03->Br->N02~>I03-

This order i s s imi la r to the anion s e l e c t i v i t y order found on a 
t yp i ca l strongly basic anion exchanger. Figure 2(b) i l l u s t r a t e s a 
separation of f ive inorganic anions with a 1.36 χ 10" 1M 
hexadecyltrimethylammonium chloride micel lar mobile phase. No 
buffer sa l t s or organic modifier were used i n order to accomplish 
th i s separation. 

The above resul ts show that conventional HPLC can be used with 
UV detection for the determination of inorganic anions, namely IO3", 
NO2", B r " , NO3" and I" with a cat ionic micel lar mobile phase. One 
of the a t t rac t ive features of th i s procedure i s the a b i l i t y to 
control retention by control of the concentration of aqueous 
micel lar hexadecyltrimethylammonium chloride rather than by the use 
of organic modifiers. 

Separation of Dithiocarbamates By High 
Performance Liquid Chromatography 
Using a Mice l l a r Mobile Phase 

Dithiocarbamates are those agr icu l tu ra l and ho r t i cu l tu ra l fungicides 
which may be considered to be derivatives of dithiocarbamic acids . 
Relat ively large concentrations of these sa l t s are applied to crops 
to achieve adequate disease con t ro l . On the crop the 
dithiocarbamates may be decomposed photochemically (4£) , oxidized or 
hydrolysed. The decomposition products are more toxic than the 
parent dithiocarbamates. Disodium ethylenebisdithiocarbamate i s 
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Figure 2. (a) Solutes; 1. iodate; 2. n i t r i t e ; 3. bromide; 
4. n i t ra te ; 5. iodide; conditions: flow rate, 1.5mL min" 1 ; 
column packing, ODS Spherisorb; column dimensions, 250 χ 5mm; 
par t i c le s i z e , 5um; in jec t ion volume, 20ul; mobile phase, 
1.36 χ 10" 1M hexadecyltrimethylammonium chloride; detector, UV 
photometer at 210nm 0.02 A . U . F . S . "Reproduced with permission 
from Ref. 38. Copyright 1984, 'Royal Society of Chemistry, 
London 1". 
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Figure 2. (b) c o n d i t i o n s as i n (a) but mobile phase. 5 χ 10_ZfM 
hexadecyltrimethylammonium c h l o r i d e . "Reproduced w i t h permission 
from Ref. 38. Copyright 1984, 'Royal S o c i e t y of Chemistry, 
London' 1 1. 
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converted to ethylenethiourea on the crop (4J_) and also during food 
processing e.g. cooking, canning or brewing. Ethylenethiourea has 
been reported to produce hepatomas i n mice (_42) and thyroid 
carcinomas i n rats (43). Sodium N-methyldithiocarbamate i s a s o i l 
fungicide, nematocide and herbicide with a fumigant action applied 
at rates of around 11 l i t r e s of 32.7% aqueous solut ion per 100m2. 
The a c t i v i t y of th is dithiocarbamate sa l t i s due to i t s 
decomposition to methylisothiocyanate ( 4_4 ). 

Determination of Dithiocarbamate Salts by HPLC. Smith et a l . (45, 
46) reported determination of dithiocarbamate sa l t s by HPLC on an 
oc tadecyls i l i ca column u t i l i z i n g t rans i t ion metal sa l t s i n the 
mobile phase. Mixed ligand formation poses the problem of being 
unable to dis t inguish which dithiocarbamate sa l t or sa l t s has 
chelated to the metal, also the poor detection l i m i t probably makes 
th is technique unsuitable for the trace analysis of dithiocarbamate 
s a l t s . Gustaffson and Thompson (47  48) reported a procedure for 
the determination of dithiocarbamat
following extraction an
iodide. They report a low recovery, possibly indica t ing breakdown 
of the dithiocarbamate sa l t during methylation. 

Determination of Dithiocarbamate Salts By HPLC Using a Mice l l a r 
Mobile Phase. Kirkbright and Mull ins (_49) reported a 
chromatographic technique for separating dithiocarbamate sa l t s based 
on the use of micel lar hexadecyltrimethylammonium bromide i n the 
mobile phase. This technique afforded separation of f ive 
dithiocarbamate sa l t s , including disodium ethylene 
bisdithiocarbamate i n twenty-five minutes on a cyano bonded column. 
The separation i s i l l u s t r a t e d i n Figure 3. The micel lar mobile 
phase also proved to be successful i n the separation of sodium 
N-methyldithiocarbamate from i t s decomposition product 
methylisothiocyanate (^0). The effects of both of the organic 
modifiers, methanol and ace ton i t r i l e , on the separating a b i l i t y of 
micel lar hexadecyltrimethylammonium bromide were also reported (51) 
and discussed. The effect of var ia t ion of organic modifier 
concentration on the eff iciency of separations obtained with a 
micel lar mobile phase has been b r i e f l y discussed by a number of 
authors. Dorsey et a l . (26) advise low concentration of organic 
modifier to enhance the mass transfer k ine t ics of the solute and to 
'maintain i n t eg r i t y 1 of the mice l le . Yarmchuk et a l . (27) concluded 
that the small gains i n eff iciency were not worth the incorporation 
of organic solvents i n micel lar eluents. Most authors (26, 27) have 
used neutral hydrophobic test solutes, which are known to interact 
with the hydrophobic core of the mice l le , i n the i r eff ic iency 
studies. Yarmchuk et a l . (24) discussed the res t r ic ted mass 
transfer of hydrophobic solutes i n micel lar chromatography i n terms 
of the effect of entrance-exit rate constants of phenol and benzene 
with mice l les . Almgren et a l . (52) discussed the dynamic and s t a t i c 
aspects of so lub i l i z a t i on of neutral arenes i n ionic micel lar 
systems. They deduced that the exi t rates of solutes from micelles 
approximately p a r a l l e l the s o l u b i l i t y of the solute i n water, i . e . 
the greater the s o l u b i l i t y of the solute in water, the faster i s the 
ex i t rate from a par t icular mice l le . I t i s proposed from the 
deductions of Almgren et a l . (52) that the interact ion of the 
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Figure 3. Solutes; 1. sodium N-methyldithiocarbamate; 
2. sodium N,N-dimethyldithiocarbamate; 3. ammonium 
tetramethylenedithiocarbamate; 4. sodium N,N-die thyld i th io-
carbamate; 5. disodium ethylenebisdithiocarbamate. Conditions: 
column, 300 χ 3.9mm; pa r t i c l e s i ze , 10um; column packing, 
u-Bondapak CN; flow rate, 1ml min" 1 ; mobile phase, 1.25 x 10"2M 
hexadecyltrimethylammonium bromide, pH 6.8 (phosphate buffer 
10mM, 253nm, 0.01 AUFS. "Reproduced with permission from Ref. 
49. Copyright 1984, 'Royal Society of Chemistry, London 1". 
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dithiocarbamate sa l t s with the hexadecyltrimethylammonium bromide 
micelles must be very rapid because of the i r high water s o l u b i l i t y 
e.g. sodium N-methyldithiocarbamate has a water s o l u b i l i t y of 
722gl" 1 at 20°C (44). Tagashira (_53) discussed the interact ion of 
dithiocarbamate sa l ts with micelles and proposed that they 
interacted with the polar 'mantle 1 of the mice l l e . 

Conductance measurements of micel lar solutions at high 
concentrations of methanol and ace ton i t r i l e were obtained and 
indicate possible rupturing of the "micel lar aggregate" i n the 
acetonitr i le/water mobile phase (51). Figure 4 i l l u s t r a t e s 
separation of four dithiocarbamates, phenol and benzene. 

Table I i l l u s t r a t e s the difference i n the eff ic iency obtained 
with a micel lar mobile phase containing (a) methanol and (b) 
ace ton i t r i l e as the mobile phase modifier. 

Table 1(a). Variat ion of Theoretical Plate Number N, 
and Resolution, Rs  with Variat ion i n Methanol Concentration 

Percent 
Methanol 

Sodium N-methyl
dithiocarbamate 

Sodium NN-dimethyl 
dithiocarbamate 

Ammonium 
tetramethylene-
dithiocarbamate 

k' Ν Rs k' Ν Rs k ' Ν Rs 

30 13.2 2128 6.45 19.9 3025 9.34 31.6 5459 -
50 5.4 3449 4.0 6.7 5352 8.20 10.0 5211 -
70 0.03 3528 1.16 0.5 3595 2.20 2.5 4723 -

Table K b ) . Variat ion of Capacity Ratio (k') and 
Eff iciency (N) With Concentration of Ace ton i t r i l e 

%Aceto-
n i t r i l e 

Benzene Phenol Sodium 
N-methyl
d i t h i o 
carbamate 

Sodium N, 
N-dimethyl 
d i t h i o 
carbamate 

Ammonium 
tetramethylene 
dithiocarbamate 

Ν Ν Ν Ν Ν 

10 15.0 5436 16.6 3903 23.8 793 - - 41.2 3281 
30 4.0 2740 5.1 2539 5.1 321 6.9 107 11.9 464 
50 0.8 228 1.06 124 0.7 90 0.9 23 1.3 86 

The eff ic iency remains high even with high concentrations of 
methanol. With ace ton i t r i l e as the modifier, the eff ic iency was 
s ign i f i can t ly reduced as the concentration of the modifier was 
increased. For th i s study the theoret ical plate number (N) was 
estimated using the equation of Foley and Dorsey (_54). 

Conclusions 

In conventional reversed-phase ion-chromatography, both the 
mobile phase and the stationary phase are chosen to provide the 
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Figure 4. Solutes: 1. benzene; 2. phenol; 3. sodium 
N-methyldithiocarbamate; 4. sodium N,N-dimethyldithiocarbamate; 
5. ammonium tetramethylenedithiocarbamate; 6. sodium 
diethyldithiocarbamate. Conditions: column, dimensions, 
250 χ 5mm column packing, Spherisorb ODS; par t i c le s i ze , 5um; 
in jec t ion volume, 20uL; mobile phase, 1 χ 10"2M hexadecyltr i -
methylammonium bromide, 55% methanol/water; pH 6.8 (phosphate 
buffer lOmM); flow rate, 1mL min" 1 ; detection, UV photometer, 
254nm (solutes 1 , 2 ) , 286nm (solutes 3, 4, 5, 6), 0.01 AUFS. 
"Reproduced with permission from Ref. 51. Copyright 1986, 1 Royal 
Society of Chemistry, London 1". 
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required separation. In micel lar chromatography the stationary 
phase i s i n i t i a l l y loaded with the surfactant conferring an ion 
exchange capabi l i ty to the bonded stationary phase. This i s 
advantageous in that by con t ro l l ing the concentration of 
micelles i n the mobile phase - and i f necessary by careful 
select ion of the organic modifier - the desired loading of the 
surfactant on the column i s control led, and the optimum 
separation can be achieved. 

Mice l l a r chromatography was applied to the separation of 
dithiocarbamate s a l t s . Other workers (4*6) have noted the inadequacy 
of the ion-pair pa r t i t i on method for the analysis of dithiocarbamate 
s a l t s , and no al ternat ive method was available that allowed the 
rapid separation and determination of these sa l t s , commonly used as 
fungicides. The rapid interact ion of organic molecules such as 
dithiocarbamate sa l t s , possessing a polar functional group and a 
hydrophobic functional group, with charged micelles i s very useful 
i n chromatography. This rapid interact ion resul ts i n high 
eff ic iency separations,

Micel les are often
which are now known to consist of stacked molecules with polar heads 
and hydrophobic t a i l s . The information gained from chromatographic 
separations using micelles i n the mobile phase may enable 
pharmacologists to understand, to a greater extent, the spec i f ic 
adsorption of drugs and other complex molecules across b io log ica l 
membranes. 

F i n a l l y a better understanding of the effects of temperature, 
organic modifier and pressure on micelle s t a b i l i t y i s important i f 
mice l la r chromatography i s to develop and become an accepted method 
within the area of chromatography. 

Mice l l a r chromatography i s an advance i n methodology. The 
research outlined i n th is area hopefully adds to th i s methodology. 
As the famous botanist and chromatographer M. S. Tswett once sa id , 
"Every s c i e n t i f i c advance i s an advance i n method". 
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Chapter 5 

Stationary Phase in Micellar Liquid Chromatography: 
Surfactant Adsorption and Interaction 

with Ionic Solutes 

Alain Berthod, Ines Girard, and Colette Gonnet 

Laboratoire des Sciences Analytiques, Universite Claude Bernard, Lyon 1, 
69622 Villeurbanne cedex, France 

The stationary phase
Chromatography usin
interact with both the surfactant and with solutes. 
To study the interactions with surfactants, 
adsorption isotherms were determined with two ionic 
surfactants on five stationary phases: an unbonded 
silica and four monomeric bonded ones. It seems that 
the surfactant adsorption closely approaches the 
bonded monolayer (4.5 µmol/m2) whatever the bonded 
stationary phase-polarity or that of the surfactant. 
The interaction of the stationary phase and solutes of 
various polarity has been studied by using the ΚSW 

values of the Armstrong model. The ΚSW value is the 
partition coefficient of a solute between the 
stationary phase and the aqueous phase. Methanol 
decreases the hydrophobic interactions, NaCl decreases 
the ionic interactions; so their influence on 
adsorption isotherms were compared with the 
modifications of the ΚSW values. The retention of 
comicellizable and ionic solutes, used as surfactant 
tracer, has given information about the affinity of 
the surfactant for the stationary phases. The 
retention of ionic solutes has shown some ion-exchange 
capacity of the surfactant covered stationary phases. 
The retention of toluene has shown the role of the 
subjacent bonded moiety. 

M i c e l l a r L i q u i d Chromatography (MLC) uses s u r f a c t a n t s o l u t i o n s as 
mobile phases f o r reversed phase l i q u i d chromatography. The two main 
p r o p e r t i e s of s u r f a c t a n t molecules, as r e l a t e d to chromatography, 
are m i c e l l e formation and adsorption at i n t e r f a c e s . The m i c e l l e s 
play the r o l e of the organic m o d i f i e r , so t h e i r i n f l u e n c e on 
r e t e n t i o n has been e x t e n s i v e l y s t u d i e d (1). At s u r f a c t a n t 
concentrations above the c r i t i c a l m i c e l l a r c o n c e n t r a t i o n (CMC), 
m i c e l l e s are present and the amount of fr e e s u r f a c t a n t i s e s s e n t i a l l y 
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5. BERTHOD ET AL. Stationary Phase in Micellar Chromatography 131 

constant and equal to CMC. I t has been assumed and demonstrated that 
the amount of s u r f a c t a n t adsorbed on the s t a t i o n a r y phase i s 
constant at concentrations above the CMC (2-3). 

The aim of the present work was to study the adsorption of two 
i o n i c s u r f a c t a n t s on f i v e s t a t i o n a r y phases of vario u s p o l a r i t i e s i n 
order to e l u c i d a t e the r o l e of the s t a t i o n a r y phase i n the r e t e n t i o n 
mechanism of MLC. The e f f e c t of two a d d i t i v e s , methanol and sodium 
c h l o r i d e , has a l s o been i n v e s t i g a t e d . 

Experimental S e c t i o n 

S u r f a c t a n t s . The two i o n i c s u r f a c t a n t s were sodium d o d e c y l s u l f a t e 
(SDS) and cetyltrimethylammonium bromide (CTAB). Their physico-
chemical p r o p e r t i e s were reported i n Table I . 

Table I . Physicochemical p r o p e r t i e s of the studied s u r f a c t a n t s , 
^ a g g r e g a t i o n

Surfactant medium CMC (mol/1) Ν β 

SDS water 8.2xl0"" 3 62 0.65 

mw=288.4 water+methanol 8.0xl0" 3 ~60 0.6 
95%-5% v/v 

V=0.246 water+NaCl 1.4x10 ° ~80 0.95 
L/mol 0.1 mol/L 

CTAB water -4 
8 x 1 0 ^ 90 0.84 

mw=364.5 water+methanol -4 
9x10 ~70 <0.84 

95%-5% v/v —L V=0.364 water+NaCl 2 x 1 0 ^ >90 0.90 
L/mol 0.1 mol/L 

The e f f e c t of methanol on m i c e l l a r s o l u t i o n s i s s l i g h t at the low 
con c e n t r a t i o n used ( 5 % v/v =1.3 mol/L = 0.022 mole f r a c t i o n ) . The 
e f f e c t of NaCl however, i s more s i g n i f i c a n t : the CMC i s g r e a t l y 
decreased, the degree of counterion binding and the aggregation 
number are increased. 

S t a t i o n a r y phases. Fi v e s t a t i o n a r y phases from Shandon (Runcorn, 
C h e s l v i e , GB) were used; they were s p h e r i c a l m i c r o p a r t i c u l e s of 5 p i 
mean diameter. The four bonded s i l i c a s were manufactured from the 
same parent s i l i c a ( H y p e r s i l ) and possess a monolayer coverage of 
t r i m e t h y l s i l y l (SAS H y p e r s i l ) , d i m e t h y l o c t y l s i l y l (M0S H y p e r s i l ) , 
o c t a d e c y l s i l y l (ODS H y p e r s i l ) and c y a n o p r o p y l s i l y l (CPS H y p e r s i l ) 
groups. Their physicochemical p r o p e r t i e s are l i s t e d i n Table I I . The 
elemental a n a l y s i s of carbon (%C), cor r e c t e d f o r the %C value of 
naked s i l i c a , enables to estimate the surface c o n c e n t r a t i o n of the 
su b s t i t u e n t ( r ) w i t h : 
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Γ = (10 u%C/S)/(1200*n c - %C*(M-1)) 

i n which S i s the s p e c i f i c surface area of the parent s i l i c a and n~ 
and M a r e , r e s p e c t i v e l y , the carbon number and the molecular weight 
of the bonded moiety- For CPS and ODS H y p e r s i l , the bonding reagent 
was not well-known and i n f o r m a t i o n from H y p e r s i l s u p p l i e r (Shandon) 
was incomplete. So, f o r these two s t a t i o n a r y phases, the c a l c u l a t i o n 
of r has been performed assuming pure c y a n o p r o p y l d i m e t h y l s i l y l and 
pure o c t a d e c y l d i m e t h y l s i l y l bonded moiety. The Γ values of Table I I 
are only i n d i c a t i v e . Anyway, the c a l c u l a t e d values of Γ c l o s e l y 
approach thg highest l i m i t i n g c o n c e n t r a t i o n of a bonded monolayer 
(4.5 umol/m ). 

Solutes. Toluene, although p o l a r i z a b l e , was chosen as an apolar 
s o l u t e . C a f f e i n e was chosen as a p o l a r but nonionic s o l u t e . Four 
i o n i c s o l u t e s were t e s t e d : benzyltrimethylammonium bromide (BTAB) i s 
a c a t i o n i c quaternary ammonium s a l t  Benzoic a c i d acts as an a n i o n i c 
s o l u t e at mobile phase p
between 3.7 i n CTAB s o l u t i o n
paraoctylbenzene s u l f o n a t e (SOBS) (ρΚ^Ο.β) and c e t y l p y r i d i n i u m 
c h l o r i d e (CPC) were chosen as i o n i c s o l u t e s having s u r f a c t a n t 
p r o p e r t i e s . Their hydrophobic " t a i l s " have the same lenghts as those 
of SDS and CTAB, r e s p e c t i v e l y . 

Table I I . Physicochemical p r o p e r t i e s of the studied s i l i c a . 
S = s p e cific surface area, %C scarbon percentage, 
Γ =surface coverage 

Trade name Bonded moiety S m /g %C w/w r umol/m' 

H y p e r s i l Unbonded 150 0.3 -
CPS H y p e r s i l Cyanopropyl 115 4.2 (4.5) 
SAS H y p e r s i l T r i m e t h y l 104 18 4.5 
MOS H y p e r s i l O c t y l 129 24 4.1 
ODS H y p e r s i l Octadecyl 105 24 (2.1) 

R e s u l t s and d i s c u s s i o n 

Adsorption isotherms. Pure aqueous mobile phases: The s u r f a c t a n t 
a d s o r p t i o n on the s t a t i o n a r y phase could occur i n at l e a s t two ways 
(5) : i-Hydrophobic adsorption; the a l k y l t a i l i s adsorbed and the 
i o n i c head group would then be i n contact w i t h the polar s o l u t i o n , 
i i - S i l a n o p h i l i c a d s o r p t i o n ; the i o n i c head group i s adsorbed and the 
s t a t i o n a r y phase becomes more hydrophobic (Figure 1). 

With the exception of SDS on naked s i l i c a , a l l the curves are 
of the H type ( 6 ) ; i . e . the amount of adsorbed s u r f a c t a n t increases 
r a p i d l y and reaches a p l a t e a u f o r s u r f a c t a n t concentrations higher 
than the CMC. Two remarks should be made here: the f i r s t one i s that 
the adsorption plateaus a r e , unexpectedly, very c l o s e to each other 
f o r C l , C8 and C18 bonded phases. The second remark i s that the 
maximum adsorption i s obtained on SAS ( C l ) H y p e r s i l but not on the 
more hydrophobic ODS (C18) phase (Table I I I ) . 
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Hydrophobic adsorption (SDS) 

Silanophilic and hydrophobic adsorption (CTAB) 

Figure 1: The two p o s s i b l e ways f o r s u r f a c t a n t adsorption onto 
ODS H y p e r s i l (C18 monomer bonded s i l i c a ) . 
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For SDS adsorption, a s l i g h t slope e x i s t s (except on ODS 
s i l i c a ) , that shows a f u r t h e r adsorption of SDS i n the presence of 
very high m i c e l l a r concentration; such a comportment has been noted 
by Hinze (7) with B r i j 35, a nonionic s u r f a c t a n t . 

Table I I I . Ionic surfactant adsorption i n umol/m on f i v e 
s t a t i o n a r y phases. Temperature 25 C, experimental 
e r r o r 5% 

Surfactant Concentration Stationary phases 
mol/L s i l i c a CN CI C8 C18 

0.1 0 2.1 4.6 3.7 4.7 
SDS 0.3 0.5 3.0 5.2 4.2 4.9 

0.4 1.5 3.2 5.4 4.4 5.0 

0.05 
CTAB 0.1 2.0 3.6 4.8 3.8 4.6 

0.2 2.0 4.0 5.0 3.8 4.7 

A d d i t i v e e f f e c t s : Low amounts of methanol have l i t t l e e f f e c t on the 
free s u r f a c t a n t concentration (Table I ) . Nevertheless, the adsorbed 
amount of surfactant i s decreased by 5% v/v methanol. The decreasing 
i s s l i g h t (8%) with ODS H y p e r s i l and the two surfactants and with 
SAS H y p e r s i l and CTAB, but i t can reach 30% i n the case of SDS on 
SAS H y p e r s i l (Table IV). 

Table IV. E f f e c t of 5% v/v methanol and 0.1 mol^L NaCl on the 
i o n i c s u r f a c t a n t adsorption i n umol/m on SAS ( C l ) 
and ODS (C18) H y p e r s i l s t a t i o n a r y phases at 25 C. 
Experimental e r r o r 5% 

Surfactant Cone. SAS H y p e r s i l (CI) ODS H y p e r s i l (C18) 
mol/L water methanol NaCl water methanol NaCl 

0.1 4.6 3.8 4.2 4.7 4.4 5.2 
SDS 0.3 5.2 4.5 4.7 4.9 4.5 5.3 

0.4 5.4 5.0 4.9 5.0 4.6 5.4 

0.02 4.5 4.2 4.7 4.6 4.3 4.6 
CTAB 0.05 4.6 4.4 5.2 4.6 4.3 4.6 

0.1 4.8 4.7 5.5 4.6 4.3 4.6 

These d i f f e r e n c e s can be r a t i o n a l i z e d by taking i n t o account the 
physicochemical s t r u c t u r e of the bonded ODS l a y e r . According to 
Scott and Simpson (8), the "collapsed s t a t e " of the ODS lay e r was 
destroyed when about 5% v/v methanol was present i n the mobile 
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phase. When the a l k y l chains of the ODS bonded l a y e r r e t u r n again to 
the brush-form, the s p e c i f i c surface i s increased and/or s i l a n o l s 
becomes a c c e s s i b l e . Methanol reduces the hydrophobic i n t e r a c t i o n s 
and decreases the amount of s u r f a c t a n t adsorbed. In the case of ODS 
H y p e r s i l , t h i s decrease i s p a r t i a l l y compensated by the 
disappearance of the "c o l l a p s e d s t a t e " . The s e t t i n g upright of the 
a l k y l - c h a i n s allows the i n s e r t i o n of s u r f a c t a n t molecules. 

Assuming that the adsorbed amount of su r f a c t a n t i s only 
dependent upon the fr e e s u r f a c t a n t c o n c e n t r a t i o n , as the added NaCl 
decreases the CMC (Table I ) , i t was expected to f i n d an adsorbed 
amount of s u r f a c t a n t lower w i t h NaCl than w i t h pure aqueous mobile 
phase. However, that was not observed: the CMC values are about f i v e 
times lower w i t h NaCl and the adsorbed amount of s u r f a c t a n t was only 
10% lower, f o r SDS on SAS ( C l ) H y p e r s i l , or equal, f o r CTAB on ODS 
(C18) H y p e r s i l , and even 10% higher f o r CTAB and SDS on SAS and ODS 
H y p e r s i l , r e s p e c t i v e l y . This e f f e c t has been studied i n d e t a i l by 
Bartha et a l . ( 9 ) . They have shown a l i n e a r increase of adsorbed 
amount of sodium butanesulfonat
phase conc e n t r a t i o n o
con c e n t r a t i o n . This " s a l t i n g out" e f f e c t lowers the i o n i c r e p u l s i o n s 
and enhances the hydrophobic i n t e r a c t i o n s . The " s a l t i n g out" e f f e c t 
i s g r eater on SDS because the common i o n e f f e c t . This may be the 
reason why SDS adsorption on ODS H y p e r s i l i s higher w i t h NaCl than 
without, and the CTAB adsorption i s equal on ODS with NaCl or 
without. On SAS H y p e r s i l , i n a d d i t i o n to the " s a l t i n g out" e f f e c t , 
there i s a p o s s i b l e ion-exchange phenomena wi t h the a c c e s s i b l y 
s u r f a c e - s i l a n o l s . These s i l a n o l s have much greater a f f i n i t y f o r CTA 
than f o r Na (11_) and no a f f i n i t y f o r a n i o n i c DS . This produces an 
amount of adsorbed CTAB, w i t h NaCl, greater than the one w i t h pure 
water (Table IV) and the reverse f o r SDS adsorption on SAS s i l i c a . 

R e tention study. At s u r f a c t a n t concentrations below CMC, m i c e l l e s do 
not e x i s t and, as demonstrated by Knox (12), Deming (13) and our 
previous works (14-15), the degree of r e t e n t i o n was d i r e c t l y r e l a t e d 
to the surface charge a r i s i n g from the adsorbed s u r f a c t a n t . With 
both the s u r f a c t a n t s , the r e t e n t i o n of n e u t r a l species (toluene and 
c a f f e i n e ) s l i g h t l y decreased. When an a n i o n i c s u r f a c t a n t was 
adsorbed, the r e t e n t i o n of n e g a t i v e l y charged s o l u t e s (benzoate and 
SOBS) f e l l d r a m a t i c a l l y whereas the r e t e n t i o n of c a t i o n i c s o l u t e s 
(BTAB and CPC) increased. The reverse occured w i t h the c a t i o n i c 
s u r f a c t a n t (14). The same ki n d of behavior was observed wi t h pure 
aqueous mobile phases, 5-95% v/v methanol-water phases and 0.1 mol/L 
NaCl phases. 

Armstrong (1_6) proposed a c l a s s i f i c a t i o n of the so l u t e s 
according to t h e i r chromatographic p r o p e r t i e s i n the m i c e l l a r mobile 
phases: s o l u t e s b i n d i n g to the m i c e l l e s , nonbinding s o l u t e s and a n t i 
b i n d i n g s o l u t e s . On the studied s t a t i o n a r y phases, benzoic a c i d (at 
pH values of 6) behaved as a nonbinding s o l u t e or as an a n t i b i n d i n g 
s o l u t e i n SDS systems, i . e . i t s r e t e n t i o n was constant or s l i g h t l y 
i n c r e a s e d , but i t i s d i f f i c u l t to measure a c c u r a t e l y due to the very 
low k' values ( l e s s than 0.3). Benzoic a c i d was a h i g h l y b i n d i n g 
s o l u t e w i t h CTAB mobile phases. BTAB was a nonbinding s o l u t e i n the 
presence of CTAB m i c e l l a r mobile phases and a h i g h l y binding s o l u t e 
i n SDS m i c e l l a r mobile phases. The e l e c t r o s t a t i c r e p u l s i o n s may be 
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responsible f o r the nonbinding character, but the binding character 
can occur i n s p i t e of e l e c t r o s t a t i c r e p u l s i o n s . Indeed, the negative 
SOBS solute behaved as a binding solute with anionic SDS mobile 
phases, and the p o s i t i v e CPC solute behaved as a binding solute i n 
c a t i o n i c CTAB mobile phases. SOBS and CPC are binding solutes by 
c o m i c e l l i z a t i o n . They form mixed m i c e l l e s with SDS and CTAB, 
r e s p e c t i v e l y . 

The equation derived f o r the r e t e n t i o n of binding solutes was: 

ι » I l v j K M w I i ) c + i , 
k φ Ksw m Ksw 

i n which k' i s the capacity f a c t o r of the studied s o l u t e , 
V i s the molar volume of the surfactant (Table I ) , 
Φ i s the phase r a t i o V /V , 
V i s the s t a t i o n a r y phase volume, 
V i s the void volume
C i s the concentratio

( i . e . the t o t a
and K g w are the dimensionless solute p a r t i t i o n c o e f f i c i e n t s 

between m i c e l l e s and the bulk water and between the 
st a t i o n a r y phase and the bulk water, r e s p e c t i v e l y . 

The p l o t of 1/k' versus the m i c e l l a r concentration gave s t r a i g h t 
l i n e s whose slopes and i n t e r c e p t s allow to c a l c u l a t e the IC^ and 
values to be obtained. values measure the solute a f f i n i t y f o r 
m i c e l l e s . K^ 7 should be independent of the nature of the s t a t i o n a r y 
phase i n thé same mobile phase. K^^ values give information about 
the a f f i n i t y of the solute f o r the surfactant covered s t a t i o n a r y 
phase. 

ICj^ values. As expected, the values were almost independent of 
trie nature of the s t a t i o n a r y phase i n the same m i c e l l a r mobile 
phase. Table V presents the mean values obtained with f i v e sets 
of chromatograms using the same mobile phase and the f i v e d i f f e r e n t 
s t a t i o n a r y phases described (noted SDS and CTAB) or the mean IC^ 
values obtained with two sets of chromatograms using the same mobile 
phase and only the two s t a t i o n a r y phases :SAS and ODS H y p e r s i l 
(mobile phases with methanol and NaCl a d d i t i v e s ) . 
The Armstrong model (17_) can describe the r e t e n t i o n of apolar, polar 
and even i o n i c s o l u t e s , provided they were binding solutes. The 
highest IC^ values corresponded to e l e c t r o s t a t i c i n t e r a c t i o n s (1600 
for CTAB with SDS m i c e l l e s and 2600 f o r benzoic a c i d with CTAB 
with SDS m i c e l l e s and 2600 f o r benzoic a c i d with CTAB m i c e l l e s ) or 
to c o m i c e l l i z a t i o n (190 for SOBS with SDS m i c e l l e s and 3000 f o r CPC 
with CTAB m i c e l l e s ) . 

Methanol decreases the IC^ values of a l l the binding solutes 
because i t increases the hydrophobic i n t e r a c t i o n s . The e f f e c t of 
NaCl i s very d i f f e r e n t ; the influence on the values of 
nonionic solutes was s l i g h t (Table V) and the influence on the IC^, 
values of i o n i c solutes was important. The values of BTAB with 
anionic m i c e l l e s and the one of benzoic aci d with c a t i o n i c m i c e l l e s 
are s i g n i f i c a n t l y decreased. As NaCl decreases the e l e c t r o s t a t i c 
i n t e r a c t i o n s , t h i s could be inter p r e t e d as an evidence of the i o n i c 
binding of these two solutes towards m i c e l l e s . The values of 
the c o m i c e l l i z a b l e solutes were increased by NaCl. The SOBS values 
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i s three times higher w i t h NaCl because of the Na common i o n 
e f f e c t . The CPC value i s only 20% higher i n CTAB s o l u t i o n w i t h 
NaCl 0.1 mol/L. NaCl promotes the m i c e l l e - f o r m a t i o n . 

Table V. values. Experimental e r r o r 30% 

N0NI0NIC SOLUTES IONIC COMICELLIZABLE 
Solutes INTERACTION SOLUTE S 

Medium Toluene Caffeine BTAB SOBS 

SDS 240 40 1600 190 
SDS + methanol 5% 200 18 880 150 
SDS + NaCl 0.1 M 280 45 540 530 

Toluene Caffeine Benzoic ac  CPC 

CTAB 
CTAB + methanol 5% 220 20 2100 2200 
CTAB + NaCl 0.1 M 320 37 610 3500 

Κ values. values give information about the a f f i n i t y of the 
so l u t e f o r the s u r f a c t a n t covered s t a t i o n a r y phases. The f i r s t 
o bservation i n d i c a t e s t h a t , i n s p i t e of t h i s surfactant-coverage, 
the p o l a r nature of the bonded s t a t i o n a r y phases i s preserved: the 
order of i n c r e a s i n g Kg^ values of toluene i s the same order as the 
decreasing s t a t i o n a r y p h a s e - p o l a r i t y i . e . s i l i c a « CN _ C l « C8 
_ C18. The Κ values of toluene, with SDS mobile phases, were 
s l i g h t y lower than those w i t h CTAB mobile phases (Table V I ) . 
Toluene, an apolar s o l u t e , seems to have a higher a f f i n i t y f o r the 
CTAB covered phases than f o r the SDS covered phases. I f we consider 
the two processes of s u r f a c t a n t a d s o r p t i o n (Figure 1 ) , the 
s i l a n o p h i l i c process i s important i n CTAB adsorption given the 
great a f f i n i t y of quaternary ammonium f o r s u r f a c e - s i l a n o l s (11). As 
a r e s u l t , the s t a t i o n a r y phase becomes more hydrophobic w i t h CTAB 
than wi t h SDS, which could e x p l a i n the magnitude of the K g w values 
f o r toluene. C a f f e i n e i s a polar s o l u t e , i t s K<,̂  values on the more 
hydrophobic s t a t i o n a r y phases (MOS and ODS H y p e r s i l ) were weak and 
much lower than the r e s p e c t i v e toluene-K values. The c a f f e i n e 
Κ values were greater on SDS covered s t a t i o n a r y phases than on 
CTAB covered ones. The exp l a n a t i o n i n the case of toluene holds 
t r u e , that i s to say c a f f e i n e has more a f f i n i t y f o r the more polar 
SDS covered s t a t i o n a r y phases (9.6 on C8, f o r example) than f o r the 
same phase but CTAB covered (1.8 on C8 with CTAB) (Table V I ) . 

The e f f e c t of the two a d d i t i v e s i s more evident w i t h the i o n i c 
s o l u t e s . Nonetheless, the e f f e c t of methanol was a s l i g h t decrease 
i n a l l the Κ val u e s . NaCl increases the hydrophobic i n t e r a c t i o n s 
of toluene w i t h the s t a t i o n a r y phases. 
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Table VI. values of the nonionic s o l u t e s . 
Experimental e r r o r 20% 

Solute Mobile phase 
S i l i c a 

1.3 

Sta t i o n a r y phases 
CN C l C8 C18 

TOLUENE 

SDS 
SDS+methanol 5% 
SDS+ NaCl 0.1 M 

23 19 
13 
46 

CTAB 0.35 
CTAB+methanol 
CTAB+ NaCl 0.1M 

63 55 
50 
90 

150 

190 

140 
125 
155 

190 
125 
205 

SDS 1.0 
SDS-hnethanol 5
SDS+ NaCl 0.

3.5 12 

CAFFEINE 
CTAB 0.28 
CTAB+methanol 
CTAB+ NaCl 0.1M 

2.0 3.6 
2.6 
3.6 

9.6 

1.8 

5.6 

2.3 
1.3 
1.9 

Table V I I . K g w values of the i o n i c s o l u t e s . 
Experimental e r r o r 20% 

Solute Mobile phase 

IONIC INTERACTIONS 
SDS 
SDS+methanol 5% 
SDS+ NaCl 0.1 M 
CTAB 

CN 

51 

St a t i o n a r y phases 
C l C8 C18 

BTAB 

SDS 
Benzoic CTAB 
a c i d CTAB+methanol 5% 

CTAB+ NaCl 0.1 M 
COMICELLIZATION 

SDS 
SDS+methanol 5% 
SDS+ NaCl 0.1 M 
CTAB 

490 

420 1400 1500 
370 1800 
140 840 

non bin d i n g s o l u t e 

non binding s o l u t e 
870 760 550 
840 460 
190 180 

SOBS 

CPC 
SDS 
CTAB 
CTAB+methanol 5% 
CTAB+ NaCl 0.1 M 

10 9.4 35 33 
7 21 
45 77 

too much s o l u t e r e t a i n e d 

too much s o l u t e r e t a i n e d 
910 850 1000 610 

460 460 
340 930 
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In the case of i o n i c s o l u t e s , the s t a t i o n a r y phase e x h i b i t e d 
some ion-exchange c a p a c i t y . In m i c e l l a r mobile phases of the 
opposite charge, the c o m i c e l l i z a b l e s o l u t e s were so much r e t a i n e d 
that no peaks were obtained a f t e r three days of e l u t i o n at 1 mL/mn. 
BTAB and benzoic a c i d acted l i k e nonbinding s o l u t e s i n the m i c e l l a r 
mobile phase of the same charge (CTAB and SDS, r e s p e c t i v e l y ) ; t h e i r 
k' values were lower than 0.3 (Table V I I ) . 

The Κ values of BTAB i n SDS mobile phases were s i m i l a r to the 
one of toluene. I t seems that BTAB was r e t a i n e d as an apolar 
i o n - p a i r . The order of i n c r e a s i n g K g w values of BTAB corresponds to 
the decreasing s t a t i o n a r y p h a s e - p o l a r i t y . Benzoic a c i d i n CTAB 
mobile phases seems to be a l s o r e t a i n e d as an i o n - p a i r . 5% methanol 
s l i g h t l y decreased the K^^ v a l u e s . The e f f e c t of NaCl was much more 
s i g n i f i c a n t : the decrease was 50% (BTAB with SDS mobile phases) up 
to 80% (benzoic a c i d w i t h CTAB mobile phases). Sodium and/or 
c h l o r i d e ions decrease the i o n i c i n t e r a c t i o n s and the ion-exchange 
c a p a c i t y . 

The Κ values of th
great a f f i n i t y of quaternar
values were two orders of magnitude higher than the SOBS Κ 
valu e s . Methanol decreased these Kg^ values from about 30%. NaCl 
increased the SOBS K g w values from two times on ODS H y p e r s i l up to 
f i v e times on SAS H y p e r s i l ( " s a l t i n g out" w i t h common i o n e f f e c t ) . 
The presence of NaCl increased the CPC K g w values on ODS H y p e r s i l 
from about 50%, but i t decreased the same value on SAS H y p e r s i l 
from 60%. The surface s i l a n o l s of SAS H y p e r s i l are much more 
a c c e s s i b l e than the ones of ODS H y p e r s i l . Sodium ions compete 
with CPC on SAS H y p e r s i l - s i l a n o l groups, that could e x p l a i n the 
NaCl e f f e c t on the Κ values of CPC (Table V I I ) . 

I t must be noted that the K<,̂  values of c o m i c e l l i z a b l e s o l u t e s 
were not c l e a r l y r e l a t e d to the g l o b a l amount of s u r f a c t a n t 
adsorbed. 

E f f e c t on r e t e n t i o n time. For a given s o l u t e , i f the value 
i n c r e a s e s , the r e t e n t i o n time of the s o l u t e decreases. This can be 
i n t e r p r e t e d as r e s u l t i n g from m i c e l l e - t r a n s p o r t . I f the value 
i n c r e a s e s , the s o l u t e a f f i n i t y f o r the s t a t i o n a r y phase and the 
r e t e n t i o n time i n c r e a s e s . For a l l binding s o l u t e s , the r e t e n t i o n 
time decreases as the m i c e l l a r c o n c e n t r a t i o n increases. The e f f e c t 
of the two a d d i t i v e s studied has given unusual r e t e n t i o n - b e h a v i o r . 
For example, c a f f e i n e , i n SDS m i c e l l a r mobile phases, i l l u s t r a t e d 
t h i s unusual behavior. On ODS H y p e r s i l , the r e t e n t i o n of c a f f e i n e 
was decreased by methanol a d d i t i o n at low m i c e l l a r c o n c e n t r a t i o n 
because the Κ was decreased, but the r e t e n t i o n was increased 
by methanol a d d i t i o n at high m i c e l l a r c o n c e n t r a t i o n because the 
m i c e l l e - t r a n s p o r t i s more important i n pure aqueous s o l u t i o n s than 
i n methanolic s o l u t i o n s (Figure 2). The same ki n d of behavior i s 
observed w i t h i o n i c benzoic a c i d i n CTAB mobile phases towards 
methanol or NaCl a d d i t i o n . 

Conclusion 

In the studied cases: monomeric bonded s i l i c a and i o n i c s u r f a c t a n t s , 
the s u r f a c t a n t adsorption was almost constant w i t h d i f f e r i n g 
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s u r f a c t a n t c o n c e n t r a t i o n above CMC, w i t h , i n some cases, an increase 
of l e s s than 20%. Because of t h i s , the model described i n the 
l i t e r a t u r e (17) f i t s not only the r e t e n t i o n of polar and apolar 
s o l u t e s but al s o the r e t e n t i o n of i o n i c s o l u t e s provided they 
bind to m i c e l l e s e i t h e r by e l e c t r o s t a t i c i n t e r a c t i o n s or by 
c o m i c e l l i z a t i o n . The t o t a l amount of su r f a c t a n t adsorbed on the 
bonded s i l i c a s c l o s e l y approaches t t ^ h i g h e s t l i m i t i n g c o ncentration 
of a monolayer given to be 4.5 jimol/m by Kovats (18). That i s why 
the amount of an i o n i c or c a t i o n i c s u r f a c t a n t adsorbed on SAS 
H y p e r s i l (CI) or on ODS H y p e r s i l (C18) was found to be about 4.6 
jimol/m although the p o l a r i t y of SAS H y p e r s i l was higher than that 
of ODS H y p e r s i l and although the p r o p e r t i e s of the two s u r f a c t a n t s 
were very d i f f e r e n t . 
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Chapter 6 

Micellar Electrokinetic Capillary Chromatography 

M. J. Sepaniak1, D. E. Burton1, and M. P. Maskarinec2 

1Department of Chemistry, University of Tennessee, Knoxville, TN 37996-1600 
2Analytical Chemistry Division, Oak Ridge National Laboratory, P.O. Box X, 

Oak Ridge, TN 37830 

The incorporation of micelles in the mobile phase in 
capillary zone electroporesi  permit  th  efficien
separation of a variet
Efficiencies in excess of 100,000 plates/m are rou
tinely attained. The mass transport processes which 
are important in micellar electrokinetic capillary 
chromatography are described, along with the technique. 
The technique is particularly useful for biological 
separations. Preliminary data and discussion related 
to column selectivity and efficiency are presented. 

M i c e l l a r e l e c t r o k i n e t i c c a p i l l a r y chromatography, MECC, was f i r s t 
reported by Terabe, e t . a l . (1). The technique combines many of the 
oper a t i o n a l p r i n c i p l e s and advantages of m i c e l l a r l i q u i d chroma
tography (2) and c a p i l l a r y zone e l e c t r o p h o r e s i s , CZE (3). CZE i s 
performed using narrow-bore c a p i l l a r y columns (CA. 50 ym i . d . χ 100 
cm) which are f i l l e d with an aqueous buff e r s o l u t i o n . A large 
applied e l e c t r i c f i e l d drives charged sample so l u t e s , which are 
i n j e c t e d as a sharp plug, toward the detection end of the column. 
E f f i c i e n c i e s i n excess of 100,000 plates/m are generally observed. 
Electroosmotic flow (4) provides another means of tra n s p o r t i n g 
s o l u t e s , i n c l u d i n g n e u t r a l s , through the column. 

In CZE, d i f f e r e n c e s i n the viscous drag of n e u t r a l s o l u t e s , 
p r i m a r i l y as a r e s u l t of s i z e d i f f e r e n c e s , can provide f o r t h e i r 
separation ( 3 ) . However, these d i f f e r e n c e s are u s u a l l y very small 
and, consequently, the technique i s not very u s e f u l f o r separating 
n e u t r a l compounds. With the MECC technique, a surfactant i s added 
to the mobile phase at a concentration above i t s c r i t i c a l m i c e l l e 
concentration. The r e s u l t i n g m i c e l l e s provide an e f f e c t i v e mecha
nism f o r separating n e u t r a l compounds. Neutral solutes are sepa
rated based on t h e i r d i f f e r e n t i a l p a r t i t i o n i n g between an e l e c t r o -
osmotically-pumped mobile phase and the hydrophobic i n t e r i o r of the 
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m i c e l l e s , which are charged and moving at a v e l o c i t y d i f f e r e n t from 
that of the mobile phase due to e l e c t r o p h o r e t i c e f f e c t s . 

The mass transport phenomena operative i n MECC are depicted i n 
the expanded view of a c a p i l l a r y s e c t i o n shown i n Figure 1. The 
column contains the su r f a c t a n t / b u f f e r s o l u t i o n . Negatively charged 
(anionic) surfactant i s considered i n the f i g u r e . Primary and 
secondary sorbed ions generate an e l e c t r i c double layer p o t e n t i a l 
(zeta p o t e n t i a l ) at the i n s i d e surface of the c a p i l l a r y . The 
l a r g e r the zeta p o t e n t i a l the greater the d i s p a r i t y i n the o v e r a l l 
m o b i l i t i e s of p o s i t i v e and negative ions. Because of t h i s d i s 
p a r i t y a net flow of solvent (electroosmotic flow) r e s u l t s when an 
e l e c t r i c f i e l d i s applied and solvated ions move toward the e l e c 
trode of opposite s i g n . In our work with both anionic (e.g., 
sodium dodecyl s u l f a t e , SDS), and c a t i o n i c (e.g., c e t y l t r i m e t h y l -
ammonium c h l o r i d e , CTAC) su r f a c t a n t s , the electroosmotic flow v e l o 
c i t y (Veo) opposes the e l e c t r o p h o r e t i c v e l o c i t y of the m i c e l l e s 
(Vm,e) and i s of a greater magnitude. Consequently, two d i s t i n c t 
phases, the mobile phas
column and migrate at d i f f e r e n
with the same charge as the m i c e l l e s . Veo i s pr o p o r t i o n a l to the 
magnitude of the zeta p o t e n t i a l and the applied p o t e n t i a l , while 
Vm,e i s pr o p o r t i o n a l to the m i c e l l a r e l e c t r o p h o r e t i c m o b i l i t y and 
the applied p o t e n t i a l . A solute (S) which p a r t i t i o n s between the 
mobile and m i c e l l a r phases w i l l have a band v e l o c i t y (Vs) that i s 
intermediate between Vm and Veo. 

Chromatograms i n MECC d i f f e r from those observed i n conven
t i o n a l e l u t i o n chromatography i n that there i s gene r a l l y a l i m i t e d 
e l u t i o n range. Retention times, t R , i n MECC are given by equa
t i o n 1 where t n i s the re t e n t i o n time of a solute which i s not 

tp = 
R + ( t 0 / t m ) ( l - R ) 

(1) 

s o l u b i l i z e d by the m i c e l l e s , t m i s the re t e n t i o n time of a solute 
which i s completely s o l u b i l i z e d , and R i s the f r a c t i o n of solute 
not s o l u b i l i z e d ( i . e . , the MECC analog of the r e t e n t i o n r a t i o i n 
conventional LC). The l i m i t e d e l u t i o n range of MECC t r a n s l a t e s 
i n t o r e l a t i v e l y short separation times, but adversely, l i m i t s the 
peak capacity of the technique. 

C e r t a i n fundamental c h a r a c t e r i s t i c s of MECC that i n f l u e n c e 
r e t e n t i o n have been i n v e s t i g a t e d (5). The technique has been used 
i n the an a l y s i s of a v a r i e t y of samples i n c l u d i n g phenolic com
pounds (1), phenylthiohydantoin-amino acids (6), and metabolites of 
vitamin Bg (7 ) . In r e l a t e d e l e c t r o k i n e t i c separation techniques, 
s u b s t i t u t e d benzene compounds have been separated based on the 
formation of i n c l u s i o n complexes with an i o n i c c y c l o d e x t r i n d e r i v a 
t i v e i n the mobile phase (8) and polyaromatic hydrocarbons have 
been separated based on solvophobic i n t e r a c t i o n s with a t e t r a a k y l -
ammonium ion i n the mobile phase (9). The e f f e c t s of i n j e c t i o n pro
cedures on e f f i c i e n c y have also been studied (10). 
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Experimental 

Apparatus. The experimental c o n f i g u r a t i o n used i n t h i s work i s 
shown i n Figure 2. Columns were 25-100 \im i . d . fused s i l i c a c a p i l 
l a r i e s which were protected by a polimide coating. The column 
length was g e n e r a l l y 50 - 100 cm. A 1 - 2 mm s e c t i o n of the pro
t e c t i v e coating was removed near one end of the column to provide 
an o p t i c a l window f o r laser-based fluorescence detection (10) using 
the 488 nm l i n e of a Cyonics Model 2001 A r + l a s e r f o r e x c i t a t i o n , 
or UV absorbance det e c t i o n using a Jasco UVIDEC-100-III detector 
with a modified flow c e l l compartment (10). High voltage (0 - 40 
kV) was supplied by Hipotronics regulated DC power supplies (Models 
R30B and R40B). Electrodes were e i t h e r platinum wire or graphite 
rods. 
Procedures. The c a p i l l a r y columns were rinsed with 0.1 M HC1 p r i o r 
to f i l l i n g with mobile phase. T y p i c a l mobile phases were 0.01 M 
SDS and 0.01 M ^ 2 ^ 0 ^ , i n the case of negatively charged m i c e l l e s , 
and 0.02 M CTAC, 0.01 M
p o s i t i v e l y charged m i c e l l e s
tions were v a r i e d i n a column e f f i c i e n c y study and buffer concen
t r a t i o n s were often adjusted to keep currents at l e v e l s that mini
mize heating. 

E l e c t r o i n j e c t i o n was used to introduce sample i n t o the 
column (10). With t h i s technique the s u r f a c t a n t / b u f f e r r e s e r v o i r 
at the i n l e t of the column i s replaced by the sample s o l u t i o n . 
High voltage ( 2 - 5 kV) i s applied f o r 5 - 3 0 seconds. The 
s u r f a c t a n t / b u f f e r r e s e r v o i r i s then returned and the high voltage 
reapplied to e f f e c t the separation. 
Chemicals. The surfactants used i n t h i s work were obtained from 
Sigma Chemical Co. and mobile phases were prepared using d i s t i l l e d 
and deionized water. The purines were obtained from B-L Bio-
chemicals and Merck Chemicals. The buffers and the other t e s t 
solutes were obtained from F i s h e r S c i e n t i f i c . The amines were 
d e r i v a t i z e d with 7-chloro-4-nitrobenzo-2,1,3-oxadizaole (NBD-C1) 
from Regis Chemicals using a procedure supplied by the manu
f a c t u r e r . 

Results and Discussion 
MECC separations are g e n e r a l l y l i m i t e d to compounds which are 
reasonably soluble i n the mobile phase. In the case of normal 
m i c e l l e s the sample components to be separated must have some s o l u 
b i l i t y i n the aqueous phase. It i s i n t e r e s t i n g to note that good 
sample s o l u b i l i t y i n the aqueous-micelle mixture does not assure an 
e f f e c t i v e separation. The a d d i t i o n of m i c e l l e s to an aqueous s o l u 
t i o n can g r e a t l y increase the s o l u b i l i t y of hydrophobic compounds. 
For example, the s o l u b i l i t y of pyrene i n water i s enhanced by 10 5 

when the water i s made 0.07 M i n SDS ( 2 ) . However, a l l of the 
hydrophobic compounds i n a mixture tend to be nearly completely 
s o l u b i l i z e d by the m i c e l l e s and elute from a MECC column poorly 
resolved, with r e t e n t i o n times near t m . 

Nevertheless, we have u t i l i z e d the MECC technique for 
e f f i c i e n t separations of a v a r i e t y of samples. For example, Figure 
3 i s the chromatogram of a separation of a mixture of benzene 
compounds su b s t i t u t e d with groups which d i f f e r g r e a t l y i n t h e i r 
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Figure 1. Expanded view of a MECC c a p i l l a r y s e c t i o n showing 
column dynamics. 
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Figure 2. Diagram of apparatus. 
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Figure 3. MECC chromatogram of a n i l i n e ( A ) , nitrobenzene(B), 
phenol(C), and toluene(D). 
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chemical p r o p e r t i e s . The separation was performed with a 60 ym 
i . d . χ 100 cm column containing 0.05 M CTAC, 0.01 M ^ 2 ^ 0 ^ and 6 
χ 10""3 Μ Νβ2Β^07· UV de t e c t i o n at 220 nm was employed. As 
expected the most hydrophobic component, toluene i s eluted l a s t . 
The weakly basic a n i l i n e i s eluted f i r s t using t h i s c a t i o n i c 
m i c e l l e system, while the weakly a c i d i c phenol i s we l l - r e t a i n e d and 
somewhat broadened r e l a t i v e to the other components, both e f f e c t s 
presumably due to e l e c t r o s t a t i c i n t e r a c t i o n s with the p o s i t i v e l y 
charged m i c e l l e s . 

B i o l o g i c a l samples are p a r t i c u l a r l y amenable to MECC separa
t i o n (7). Figure 4 i s the chromatogram of a separation of a 
mixture of purines on a 75 ym i . d . χ 100 cm column containing 0.01 
M SDS and 0.01 M Na 2HP0i f. Detection was at 280 nm using the 
absorbance detector. The purines are e f f i c i e n t l y separated i n l e s s 
than 20 minute using an applied p o t e n t i a l of 20 kV. A higher 
p o t e n t i a l could be employed to reduce the separation time but some 
los s i n e f f i c i e n c y would occur (see di s c u s s i o n below). 

The object i n any
ponents of a sample. Resolution
t i o n 2 (5) where Ν i s the number of t h e o r e t i c a l plates f o r the 

N l / 2 α - 1 k» 1 - t 0 / t m Rs = — ( ) ( ) ( °—J5 ) (2) 
4 α 1 + k'' 1 + ( t 0 / t m ) k ' ' 

column, k f i s the capacity f a c t o r ( i . e . , moles of solute i n 
m i c e l l a r phase divided by moles i n the mobile phase), and α i s the 
s e l e c t i v i t y f a c t o r ( k ^ / k ' j ) f o r adjacent peaks i n a chromatogram. 
Resolution i n MECC depends on four f a c t o r s , e f f i c i e n c y (N), s e l e c 
t i v i t y ( a ) , capacity ( k 1 ) , and e l u t i o n range (as r e f l e c t e d i n 
t Q / t m ) . The l a s t f a c t o r i l l u s t r a t e s an important d i f f e r e n c e 
between MECC and conventional e l u t i o n chromatography which employs 
a true s t a t i o n a r y phase. The optimum k* i n MECC depends on 
t Q / t m but i s generally i n the range of 2 - 5. As t Q / t m 

approaches zero the l a s t term i n Equation 2 drops out and the MECC 
technique resembles conventional e l u t i o n chromatography. 

We are c u r r e n t l y studying experimental f a c t o r s which influence 
s e l e c t i v i t y and e l u t i o n range. The importance of these f a c t o r s i s 
demonstrated i n Figure 5 which i s the chromatogram of several 
n i t r a t e d polyaromatic hydrocarbons that were separated using the 
same conditions as i n Figure 4 except that the detec t i o n wavelength 
was 230 nm. Chromatographic e f f i c i e n c y f o r t h i s separation i s 
ex c e l l e n t but re t e n t i o n s e l e c t i v i t y i s l a c k i n g . The same solutes 
can e a s i l y be resolved by conventional reversed phase LC, even 
though that technique e x h i b i t s much lower column e f f i c i e c y . The 
poor s e l e c t i v i t y using MECC for t h i s sample could be a general 
r e s u l t of the large k' values f o r the solutes, or i t could i n d i c a t e 
poor r e t e n t i o n d i s c r i m i n a t i o n among the solutes using t h i s par
t i c u l a r anionic m i c e l l a r system. 

As with other forms of chromatography, maximizing column 
e f f i c i e n c y i s c r i t i c a l to the o v e r a l l development of the tech
nique. The majority of our research i n MECC has focused on studies 
of experimental f a c t o r s which influence column e f f i c i e n c y (11). 

A m e r i c a n C h e m i c a l S o c i e t y 
L i b r a r y 
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A 

Figure 4· MECC chromatogram of the purines adenine(A), 
6-methylpurine(B), 2 hydroxypurine(C), 6,6-dimethylamino-
purine(D), and xanthine(E). 

Β 

Figure 5. MECC chromatogram of 1,4-dinitronaphthalene(A), 
l-nitronaphthalene(B), 9-nitroanthracene(C), and 1- n i t r o -
pyrene(D). 
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The " p l u g - l i k e " v e l o c i t y flow p r o f i l e f o r e l e c t r o k i n e t i c a l l y 
pumped c a p i l l a r y columns (see Figure 1) i s important i n minimizing 
r e s i s t a n c e to mass t r a n s f e r within the mobile phase (4). Hydro-
statically-pumped c a p i l l a r i e s , have p a r a b o l i c flow p r o f i l e s which 
tend to severely disperse solute bands unless extreme narrow-bore 
( i . d , s l e s s than 10 ym) c a p i l l a r i e s are employed (12). Fortun
a t e l y , l a r g e r c a p i l l a r i e s , with les s s t r i n g e n t detector volume 
requirements, can be e f f i c i e n t l y used i n MECC. 

Under the proper conditions, column e f f i c i e n c y i n MECC i s 
outstanding. In one separation of purine compounds we obtained 
over 600,000 plates/m for theophylline. However, the e f f e c t s of 
parameters such as column dimensions, applied voltage, and the 
concentration of the buffer and surfactant on e f f i c i e n c y can be 
very dramatic. A b r i e f d i s c u s s i o n of how these parameters 
i n f l u e n c e e f f i c i e n c y f ollows. 

Narrow-bore c a p i l l a r y tubes d i s s i p a t e the heat generated i n 
the e l e c t r o p h o r e t i c proces  e f f i c i e n t l y  Nevertheless
have observed heating e f f e c t
2 watts/m. This occur
10~ 2 M bu f f e r , when applied voltages exceed about 30 kV. The heat 
generated produces a transverse temperature gradient w i t h i n the 
column. Since e l e c t r o p h o r e t i c m o b i l i t y increases with temperature 
the " p l u g - l i k e " flow p r o f i l e shown i n Figure 1 i s d i s t o r t e d and 
column e f f i c i e n c y i s degraded. 

MECC separations are conducted i n open c a p i l l a r i e s , hence eddy 
d i f f u s i o n i s not problematic. However, the columns behave i n many 
ways l i k e packed columns, with the m i c e l l e s f u n c t i o n i n g as u n i 
formly s i z e d and evenly dispersed packing p a r t i c l e s . In packed 
columns, r e s i s t a n c e to mass t r a n s f e r i n the mobile phase i s reduced 
( i . e . , e f f i c i e n c y improved) when smaller p a r t i c l e s are used because 
the " d i f f u s i o n distance" between p a r t i c l e s i s decreased. Average 
" i n t e r - m i c e l l a r " distance i s the analogous parameter i n MECC. This 
distance can be decreased by in c r e a s i n g surfactant concentration. 
In preliminary experiments, i n c r e a s i n g SDS concentrations from j u s t 
above i t s c r i t i c a l m i c e l l e concentration (about 7 χ 10~ 3 M) to 5 χ 
10" M r e s u l t e d i n 5 - 10 f o l d decreases i n plate heights f o r t e s t 
s o l u t e s . 

Despite the improved mass t r a n s f e r c h a r a c t e r i s t i c s of the 
" p l u g - l i k e " flow p r o f i l e s observed i n MECC, "intra-column" r e s i s t 
ance to mass t r a n s f e r i s s i g n i f i c a n t at higher flow v e l o c i t i e s 
( i . e . , at high applied v o l t a g e s ) . Although not as dramatic as i n 
our work with hydrostatically-pumped open c a p i l l a r y LC, we have 
observed improvements i n e f f i c i e n c y with the MECC technique when 
column diameter i s reduced. This i s i l l u s t r a t e d i n Figure 6. 
Peaks A and Β correspond to the NBD-C1 d e r i v a t i v e s of ethylamine 
and cyclohexylamine separated on a 75 ym i . d . column and detected 
by l a s e r fluorometry. Peak C i s NBD-cyclohexylamine from a 25 ym 
i . d . column of the same length. E f f i c i e n c y i s about a f a c t o r of 4 
bette r with the smaller diameter column. 

The applied voltage used to obtain Figure 6 was 20 kV. The 
e f f e c t i s even more dramatic at higher voltages which r e s u l t i n 
greater flow r a t e s . Optimum voltages f o r the columns used i n t h i s 
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TIME ( m l n . ) 

Figure 6. MECC chromatogram of NBD-ethylamine(A) and 
NBD-cyclohexylamine(B), using a 75 ym i . d . column and 
NBD-cyclohexylamine using a 25 ym i . d . column. The 
mobile phase contained 0.01 M SDS and 0.003 Μ Na 2HP0if 
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work were about 10 kV, which corresponded to an electroosmotic flow 
v e l o c i t y of about 0.1 cm/s. Higher voltages r e s u l t i n more rapid 
separations but e f f i c i e n c y i s degraded due to res i s t a n c e to mass 
t r a n s f e r within the mobile phase ( " i n t e r - m i c e l l a r " and " i n t r a -
column") and eventually due to the formation of temperature 
gradients. Lower voltages r e s u l t i n long a n a l y s i s times and a 
reduction i n e f f i c i e n c y due to excessive a x i a l d i f f u s i o n . 

In summary the MECC technique shows promise f o r the high 
e f f i c i e n c y separation of a v a r i e t y of samples which are at l e a s t 
s p a r i n g l y soluble i n water. Fundamental studies of column s e l e c 
t i v i t y are i n progress i n our laboatory. The r e s u l t s of these 
studies should provide i n s i g h t s f o r choosing s u i t a b l e m i c e l l e / 
b u f f e r s o l u t i o n s f o r separating sample components which d i f f e r i n 
s p e c i f i c molecular p r o p e r t i e s . 
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Chapter 7 

Amphiphilic Ligands in Chemical Separations 

E. Pramauro, C. Minero, and E. Pelizzetti 

Dipartimento di Chimica Analitica, Università di Torino, Torino 10125, Italy 

A series of 4-alkylamido-2-hydroxybenzoic acids contai
ning a different number of carbon atoms in the alkyl-
amido group has been studied as model ligands for metal 
ion extraction in aqueous micellar solutions of nonionic 
surfactants. Thei
towards metal ion
vestigated. By operating at a proper temperature, the 
separation of the iron(III) chelate complexes into a 
micellar rich phase was achieved and the extraction effi
ciency was correlated with the ligand hydrophobicity. 

The use of organized molecular assemblies in analytical chemistry has 
lead to the improvement of existing methods and to the development of 
new procedures (1, 2). In particular, its applications in chemical 
separations, including chromatography and extraction, seems to be 
very promising (3, 4). 

The phase separation of nonionic micellar solutions above the 
cloud point has been succesfully applied to the liquid-liquid extrac
tion of some metal chelate complexes (5, 6). In these systems the 
concentration of the analyte takes place in the micellar rich layer, 
which can be readily analyzed. 

Although this approach can be interesting in analytical chemis
try because it allows one to conduct extractions without using orga
nic non miscible solvents, no systematic investigations were perfor
med concerning the parameters which can regulate the efficiency of 
the process, such as the effect of the ligand hydrophobicity, the va
riation of the chemical properties of reagents in the presence of mi
celles, the kinetics of complexation and extraction and so on. 

In this work, some of the above mentioned features were investi
gated for a simple extraction model, using suitable complexing amphi-
philes having different hydrophobicity. 

0097-6156/87/0342-0152$06.00/0 
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A s e r i e s of compounds containing the same c h e l a t i n g moiety, na
mely 4 - a m i n o s a l i c y l i c a c i d , with d i f f e r e n t a l k y l chains, was synthe
s i z e d . The s t r u c t u r e of the ligands (PAS-C ) i s the f o l l o w i n g : 

R-CONH. 

The m i c e l l a r parameters were p r e v i o u s l y determined (7) . 
Since aggregation occurs f o r these compounds only a t high pH va

lues, a study of complexing p r o p e r t i e s of aggregates i n the presence 
of usual t r a n s i t i o n metal ions cannot be performed. At lower pH, ho
wever, the PAS-C molecules can be r e a d i l y s o l u b i l i z e d i n the presen
ce of nonionic s u r f a c t a n t s (e.g. B r i j 35: polyoxyethylene(23)dodeca-
nol) and the obtained mixed m i c e l l e s e x h i b i t complexing c a p a b i l i t y 
i n a c i d i c media. 

In order to i n v e s t i g a t
tem iron(III)-PAS-C was

η 

the presence of nonionic m i c e l l e s . 

Experimental Section 
Potentiometry. The d i s s o c i a t i o n constants of 4-alkylamido-2-hydroxy-
benzoic acids i n the presence of B r i j 35 m i c e l l e s were measured a t 
25°C and 0.10 M i o n i c strength (NaNO^). The l i g a n d (0.002 M) was t i 
t r a t e d with 1 M NaOH using a 655-Multi-Dosimat automated t i t r a t o r 
(Metrohm), equipped with a 605-pH-meter and a 614-Impulsomat u n i t . 
The t i t r a t i o n s were performed under flow, very slowly, i n order to 
allow the electrode e q u i l i b r a t i o n . 

Chromatography. The r e t e n t i o n volumes of PAS-C were measured with 
a Perkin Elmer S-2 chromatograph, equipped with a UV-VIS-LC-55 Β de
t e c t o r . A μ-Bondapak C reverse phase column (Waters) was used. 

18 
Mobile phases containing B r i j 35 ( i o n i c strength: 0.10 M) were f i l t e 
red through a 0.45 ym c e l l u l o s e membrane f i l t e r ( M i l l i p o r e ) . Each 
solute was d i s s o l v e d i n B r i j 35 s o l u t i o n s before the runs; 5-10 μΐ 
of the sample s o l u t i o n at a concentration i n the range 0.001-0.003 M 
were i n j e c t e d and the e l u t i o n was performed a t constant flow rate 
(1-2 ml/min), at a f i x e d pH (2 or 6), a t room temperature (25+ 1°C). 
The absorbances were monitored at 280 nm. 

Spectrophotometry. The absorbances of iron(III)-PAS-C complexes i n 
the presence of B r i j 35 m i c e l l e s were measured at the wavelength of 
the maximum (520 nm). Experiments were performed i n the presence of 
0.05 Μ HNO^, a t 0.10 M i o n i c strength (NaNO^ was added), at 25°C. 
The i n v e s t i g a t e d s u r f a c t a n t concentration was i n the range 0.001-0.01 
M. The i r o n ( I I I ) present i n the m i c e l l a r r i c h phase i n e x t r a c t i o n 
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experiments was a l s o measured s p e c t r o p h o t o m e t r i e s l y , at 520 nm, a f 
t e r d i l u t i o n of an a l i q u o t of t h i s l a y e r with a b u f f e r e d s o l u t i o n of 
T r i t o n X 100 (polyoxyethylene(9.5)-p-1,1,3,3-tetramethylbutylphenol) 
2-5 % w/v, to ensure a cloud temperature enough high i n order to 
avoid t u r b i d i t y e f f e c t s during the measurements. 

A Cary 219 spectrophotometer (Varian) was used throughout the 
work. 

E x t r a c t i o n . E x t r a c t i o n experiments were performed using s u i t a b l e 
nonionic s u r f a c t a n t s or t h e i r mixtures having cloud p o i n t t r a n s i t i o n 
temperatures not f a r from the room temperature. The s u r f a c t a n t con
c e n t r a t i o n was i n the range 1-5 % w/v. 

The analyte content was 5-10 ppm, with a l i g a n d concentration 
i n excess (ca. ten times with respect to the metal i o n ) . The pH was 
adjusted with a proper b u f f e  /
a c i d / chloroacetate) an
increase the d e n s i t y of the aqueous r i c h lower phase, which f a c i l i t a
tes f a s t c e n t r i f u g a t i o n . 

Mixtures of T r i t o n X 100 and BL 4.2 (polyoxyethylene(4.2)dodeca-
nol) were used i n t h i s p a r t of the work. 

The complex formation was f a s t i n the reported conditions and, 
a f t e r few minutes, the absorbance of the s o l u t i o n showed no changes. 

A f t e r heating at a constant temperature (ca. 35°C), above the 
cloud p o i n t of the mixture, the heterogeneous d i s p e r s i o n was c e n t r i -
fuged at 3400 r.p.m. f o r 15 min. A deep v i o l e t m i c e l l a r r i c h upper 
phase was then obtained. The c e n t r i f u g e v e s s e l s were c a l i b r a t e d i n 
order to allow the measurement of the m i c e l l a r phase volume; a l i q u o t s 
of t h i s l a y e r were taking with a syringe f o r the a n a l y s i s . 

DC-Plasma Spectrometry. Some c o n t r o l measurements of the analyte 
content i n the aqueous extracted phase were performed using a Spec-
traspan IV apparatus (Spectrametrics). The emission l i n e at 259.5 nm 
was used. 

Results and Discussion 

Binding Constants of Ligands with Nonionic M i c e l l e s 

The acid-base p r o p e r t i e s of the amphophilic ligands change i n the 
presence of m i c e l l a r aggregates due to the w e l l known p a r t i t i o n equi
l i b r i u m of both the a c i d and a n i o n i c form. A continuous increase i n 
the apparent pK was observed with i n c r e a s i n g concentration of mi-
c e l l i z e d s u r f a c t a n t (see Table I ) . 

According to the simple pseudophase model of Berezin (8), the 
binding constants between the ligands and the m i c e l l e s have been c a l 
culated using the f o l l o w i n g equation: 
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-1 -1 «1 
K + K K C (1) a(app) a(w) HA a(w) D 

where Κ % i s the d i s s o c i a t i o n constant of carboxylate group i n a(app) 
the presence of B r i j 35, Κ , ν i s the same constant i n water, Κ i s , a(w) HA the binding constant of the undissociated PAS-C to the m i c e l l e s and 
C i s the concentration of m i c e l l i z e d s u r f a c t a n t (C = C - CMC). D D t o t The c r i t i c a l m i c e l l a r concentration f o r B r i j 35, measured with the 
surface tension method i s 6x10 M, i n the experimental c o n d i t i o n s . 

Table I. Values of pK f o r PAS-C 2, PAS-C 4 and PAS-C 7, at 
25°C, I = oAoffi, i n the Presence of B r i j 35 M i c e l l e s 

Measured pK , 3 a(app) B r i j 35, C xlO (M) PAS-D 2

0.94 3.12 3.14 
1.44 3.14 3.20 
1.94 3.16 3.26 
2.44 3.20 3.32 
2.94 3.26 3.40 
3.94 3.29 3.47 
4.94 3.33 3.59 
6.94 3.55 3.68 
9.94 3.65 3.84 
14.94 
19.94 

P l o t s of experimental data according to Equation 1, f o r PAS-C 2 

and PAS-C^, at the lower s u r f a c t a n t concentrations are shown i n F i 
gure 1. 

Since the eval u a t i o n of t h i s parameter i s very important, i t was 
als o measured using the m i c e l l a r HPLC technique (9), which allows a 
be t t e r estimation of the p a r t i t i o n c o e f f i c i e n t s i n the presence of 
qui t e high concentrations of s u r f a c t a n t . The chromatographic parame
t e r Ρ was measured f o r each l i g a n d as a f u n c t i o n of s u r f a c t a n t con
c e n t r a t i o n , according to Equation 2: 

-1 -1 Ρ = Ρ + Κ Ρ C (2) sw HA sw D 

where P = V / ( V - V ) , V and V are the volume of s t a t i o n a r y and , ., s e m s m mobile phase, r e s p e c t i v e l y , and V i s the e l u t i o n volume. Ρ repre-e sw sents the p a r t i t i o n c o e f f i c i e n t of solutes between the s t a t i o n a r y and 
the aqueous phase. 
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For the i n v e s t i g a t e d PAS-C ligands, the binding constant f o r 
the u n d i s s ^ c i a t e d form c l e a r l y increases with η, from 170 M f o r C^ 
and 500 M f o r C^ up to ca. 1500 M f o r C^, whereas f o r the anionic 
form i t becomes s i g n i f i c a n t only f o r C (110 M ). The obtained data 
i s i n good agreement with the values estimated from pK , % s h i f t , 

a(app) 
at low surfactant concentration, and allow us to define a minimum 
chain length f o r the l i g a n d i n order to have a strong binding to the 
m i c e l l e s , both i n a c i d i c or anionic form. 

Complex Formation Constant i n the Presence of M i c e l l e s 

The k i n e t i c s (10) and the complex formation e q u i l i b r i a i n the presen
ce of nonionic m i c e l l e s have been also i n v e s t i g a t e d , a t constant a c i 
d i t y . The stoichiometry was assessed by using Job's method and the 
apparent s t a b i l i t y constant
Ostwald procedure (11) ,
s u l f o s a l i c y l a t e and i r o n / s a l i c y l a t e i n homogeneous aqueous a c i d i c 
s o l u t i o n (12_, 13) . 

For the e q u i l i b r i u m r e a c t i o n : 

3+ + + Fe + HSal ^ΖΞ FeSal + Η 

where HSal i n d i c a t e s the d i s s o c i a t e d c h e l a t i n g moiety of the l i g a n d , 
the observed changes i n the apparent formation constants (K^) can be 
d i r e c t l y r e l a t e d with the v a r i a t i o n of the apparent pK , p r e v i o u s l y 
discussed. For the l e s s hydrophobic li g a n d s , the increase of the 
s u r f a c t a n t concentration gave r i s e to higher values (e.g., by i n 
creasing the B r i j 35 concentration from 0.001 M to 0.01 M, the obser
ved change i n was from 2.5x10 to 4.0x10 f o r PAS-C^ and from 
2.3x10 to 3.0x10 f o r PAS-C^, r e s p e c t i v e l y . Due to i t s lower s o l u 
b i l i t y , PAS-C 7 was i n v e s t i g a t e d i n a narrow s u r f a c t a n t concentration 
range (0.01-0.02 M); a nearly constant K c value (ca. 3x10 ) was mea
sured f o r t h i s compound. 

The experiments performed c l e a r l y showed that, whereas the com-
p l e x a t i o n of i r o n ( I I I ) i s not very much dependent on the l i g a n d hy
drophobicity, the a s s o c i a t i o n of the charged 1:1 chelates to the mi
c e l l e s and then the e f f i c i e n c y of the concentration process, markedly 
increases. 

E x t r a c t i o n of Iron(III) from M i c e l l a r Solutions 

The s u r f a c t a n t system T r i t o n X 100 / BL 4.2 was chosen because i t s 
s u i t a b l e cloud temperature range and the good s o l u b i l i z i n g c a p a b i l i t y 
towards the l i g a n d s . Table II summarizes the p r o p e r t i e s of some i n 
v e s t i g a t e d mixtures. 

The analyte content, a f t e r e x t r a c t i o n , was determined both i n 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



158 ORDERED MEDIA IN CHEMICAL SEPARATIONS 

the m i c e l l a r and i n the aqueous r i c h phase by VIS-spectrophotometry. 
C a l i b r a t i o n curves were made with m i c e l l a r phases containing the d i s 
solved ligands, i n the absence of i r o n ( I I I ) . To these s o l u t i o n s , se
parated by c e n t r i f u g a t i o n , were added known amounts of analyte and 
the absorbances were recorded. 

The standard a d d i t i o n method was a l s o a p p l i e d to the extracted 
m i c e l l a r l a y e r s containing i r o n ( I I I ) . The r e s u l t s obtained with both 
procedures were found i n good agreement, as w e l l as which obtained 
from DC-plasma spectrometry a f t e r a n a l y s i s of the aqueous d i l u t e pha
ses. 

The e x t r a c t i o n e f f i c i e n c y was then c a l c u l a t e d from at l e a s t four 
independent measurements; the i n f l u e n c e of the experimental parame
t e r s was a l s o i n v e s t i g a t e d . 

Table I I . P r o p e r t i e
i n the Experimenta

T r i t o n X 100 : BL 4.2 Cloud Temperature Volume of the M i c e l l a r 
(%, w/v) (°C) Phase (%) 

0.50 : 0.50 26.3 - 26.5 6.5 
0.75 : 0.75 26.6 - 26.9 8.5 
1.00 : 1.00 26.8 - 27.0 11.0 
1.25 : 1.25 26.8 - 27.1 14.3 
1.50 : 1.50 27.0 - 27.3 21.1 
2.00 : 2.00 27.5 - 27.7 30.6 
2.50 : 2.50 27.8 - 28.0 31.0 

Figure 2 shows the e f f e c t of the l i g a n d hydrophobicity on the 
analyte recovery, measured at pH 3.5, i n the presence of T r i t o n X 100 
(1% w/v) and BL 4.2 (1% w/v); added NaNO^: 5% w/v; i r o n ( I I I ) : 1x10 M 
and PAS-C : 2χ1θ" M. 

As i t can be seen, q u a n t i t a t i v e recovery of i r o n ( I I I ) has been 
obtained i n the reported c o n d i t i o n s using the more hydrofobic com
pounds (PAS-C 1 Q or higher analogues). However, the lower s o l u b i l i t y 
of these long chain molecules can l i m i t the l i g a n d concentration 
a v a i l a b l e i n the system, keeping the volume of m i c e l l a r e x t r a c t i o n 
phase constant. 

The e x t r a c t i o n performances under d i f f e r e n t experimental condi
t i o n s ( i . e . varying the pH, the composition of s u r f a c t a n t mixtures, 
the amount of c h e l a t i n g compound) were a l s o i n v e s t i g a t e d f o r our t e s t 
system. The r e s u l t s are shown i n Table I I I . 

A l l the e x t r a c t i o n s were performed i n the presence of added s a l t 
(NaNO , 5% w/v). The l i g a n d concentration f o r the experiments per
formed at various pH was 2x10 M. For the runs i n which s u r f a c t a n t 
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composition or l i g a n d concentration were changed, the pH was constant 
(3.5) . 

Table I I I . E x t r a c t i o n E f f i c i e n c y as a Function of Experimental 
Parameters f o r Iron(III)-PAS-C 

pH % Ε PAS-C 7, M % Ε T r i t o n X 
BL 4.2, * 

100/ 
h w/v 

% Ε 

-4 2.00 39.0 5.0x10 80.0 0.50:0 .50 77.6 
-3 

80.0 
2.65 74.5 1.0x10 87.5 0.75:0 .75 93.6 
3.10 88.4 1.5x10 92.0 1.00:1 .00 93.7 
3.50 93.7 2.0x10 93.7 1.50:1 .50 94.0 
3.75 94.3 

Conclusions 

The r e s u l t s obtained with the reported e x t r a c t i o n model showed that 
the separation of charged species i s p o s s i b l e , provided a s u i t a b l e 
l i g a n d hydrophobicity. Further a n a l y t i c a l developments of these mul
tiphase e x t r a c t i o n systems w i l l r equire an accurate i n v e s t i g a t i o n of 
the e q u i l i b r i a and k i n e t i c processes occurring at the i n t e r f a c e s , as 
we l l as the study of the m i c e l l a r s t r ucture and p r o p e r t i e s of the 
host aggregates. 

Other f u n c t i o n a l i z e d s u r f a c t a n t s having d i f f e r e n t complexing 
groups and modular l i p o p h i l i c chains, together with various nonionic 
s o l u b i l i z i n g s u r f a c t a n t s , are p r e s e n t l y under i n v e s t i g a t i o n i n our 
l a b o r a t o r i e s . 
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Chapter 8 

Coacervation of Polyelectrolyte-Protein Complexes 

P. L. Dubin, T. D. Ross, I. Sharma, and Β. E. Yegerlehner 

Department of Chemistry, Indiana University-Purdue University at Indianapolis, 
Indianapolis, IN 46205 

Complex formation between bovine serum albumin or 
ribonuclease and the cationic polymer poly(dimethyldia-
llylammonium chloride) was studied, with the eventual goal 
of using this phenomenon to separate globular proteins 
according to thei
formation, generally accompanie y
abruptly with increasing pH at constant ionic strength. This 
critical pH, signaled by a rapid increase in turbidity, 
increases with ionic strength. For BSA, the net protein 
charge at critical pH is a linear function of ionic strength. 
Turbidimetric titration curves generated by adding protein to 
polyion are very different from those obtained when the 
sequence of addition is reversed, an observation inconsistent 
with highly cooperative binding. Turbidimetric titrations 
conducted with mixtures of BSA and RNAse so far have not 
given clear evidence of selective coacervation, but optimi
zation of ionic strength and polymer:protein stoichiometry 
may provide better separations. 

Pairs of oppositely charged polyelectrolytes typically form complexes 
from aqueous solution (1). Depending primarily on the molecular 
weights and linear charge densities, these complexes may be amorphous 
solids (2), liquid coacervates (3-5), gels (7), fibers (7), or soluble 
(colloidal) aggregates (8-10). A special case of this phenomenon is the 
formation of complexes between globular proteins, away from their 
isoelectric points, and synthetic or natural polyelectrolytes of opposite 
charge. The formation of such complexes has been noted with regard 
to "colloid titration", in which protein concentrations can be determined 
by turbidimetric titration ( Π ) , or in the context of stabilization/ 
entrapment of enzymatic proteins (12-14). Systems investigated to date 
include insulin/poly(vinylpyrrolidone-crotonic acid) (14), catalase/poly(2-
(trimethylammonium)ethylmethacrylate) (13), penicillin amidase/poly(N-
ethyl-4-pyridinium bromide) (12) and a-chymotrypsin/poly(N-ethyl-4-vinyl-
pyridinium bromide) (12). 

0097-6156/87/0342-0162$06.00/0 
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We have been studying complexes formed between polyelectrolytes 
and oppositely charged mixed micelles using turbidimetry (15-18), 
dynamic light scattering Q8-20), viscometry (15,16), and dialysis7ultra-
filtration (20). These concepts and methodologies, in our opinion, are 
closely relevant to an understanding of polyelectrolyte-protein inter
actions. We believe studies of this sort can shed insight on the 
coulombic interaction of proteins with DNA (21) or other biological 
polyelectrolytes, such as heparin. Furthermore, we believe that selec
tive coacervation of proteins according to their isoelectric points could 
prove to be a novel method for protein separations, essentially un
limited in scale and relatively inexpensive. This last field is essentially 
unexplored, although its potential has not completely escaped notice 
(22). 

Experimental 

Poly(dimethyldiallylammonium chloride) (PDMDAAC) (1)  a product of 

Calgon Corp., trade name "Merquat-100", was used as is with no further 
purification. The nominal molecular weight (MW) is 2xl0 5; absolute MW 
values, obtained by combined size exclusion chromatography and light 
scattering, are M w = 5x l 0 5 and M n = 2xl0 4 (23). All proteins were 
obtained from Sigma Chemical Corp. 

Turbidimetric titrations were conducted in three ways. In "Type 
1" titrations, a mixture of PDMDAAC (0.04-4.0 g/L) and protein (0.1-10 
g/L) were combined at pH < 4 in distilled deionized water or dilute 
(0.05-0.5M) NaCl. The optical probe (2 cm path length) of a Brinkman 
PC600 probe colorimeter (240 nm), and a combination pH electrode 
connected to an expanded scale pH meter (Orion 811 or Radiometer pH 
M26), were both placed in the solution. Titrant (0.50 M NaOH or 0.50 
M HC1) was delivered from a 2.0 mL microburet (Gilmont) with gentle 
stirring. Alternatively, turbidity was monitored while a protein solution 
was added to P D M D A A C (at constant ionic strength) or vice-versa. 
Turbidity was reported as 100-96T, which is linearly proportional to the 
absolute turbidity in the range 80<%T<100. 

Results and Discussion 

Typical results for "Type 1" turbidimetric titrations are shown in Figure 
1, for BSA and RNAse, in the presence of 0.04 wt. % P D M D A A C at 
ionic strength 0.2 M. 

A number of features of these data merit attention. First, the 
rise in turbidity is rather abrupt, taking place within ca. 0.3 pH units. 
Thus, there appears to be a well-defined critical pH below which no 
association is observed. Turbidity values in the range 100-%T<30 are 
stable for at least several hours and curves such as those in Figure 1 
are readily reversible, both observations suggestive of an equilibrium 
system. Turbidity appears to result from coacervation: centrifugation at 

1 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



164 ORDERED MEDIA IN CHEMICAL SEPARATIONS 

3000 rpm for 30 min produces two liquid phases, both optically clear, 
the denser phase obviously rich in macromolecular solute. The more 
basic protein, RNAse, exhibits a higher pH C P jt, expected on the basis of 
its lower net negative charge at any pH. 

Data for "Type 1" titrations of BSA over a wide range of ionic 
strengths I are assembled in Figure 2, as pH c r j t vs. I. Despite consider
able scatter, one may observe a decrease in slope in the range 7<pH<9. 
It is of interest to note that the dependence of the net charge, Z, of 
BSA on pH is largest outside of this pH region as shown in Figure 3. 
When the critical value of Ζ is plotted as a function of ionic strength, 
as in Figure 4, the resulting phase boundary is virtually linear. 

Our interpretation of Figure 4 is as follows. Complex formation 
requires that some sequence of polyion residues cooperatively ion-pairs 
with carboxylate groups on the protein surface. At low pH, the surface 
density of such groups is small and any polyion-protein ion-pairs are 
transient. At high pH, protein surface carboxylate density is suffi
ciently large to facilitate multiple attachment of the polymer chain to 
the protein surface. Th
interactions by electrostati
surface charge density (corresponding to a higher pH) is required for 
complex formation at higher ionic strengths. While the foregoing 
discussion focusses on the interaction of a single protein with a small 
sequence of polyion residues, one presumes that many proteins can bind 
to a single polymer chain (effective hydrodynamic diameter ca. 400 A) 
above critical conditions. If the polyion-protein complex achieves 
electroneutrality, with a loss of counterions, further higher order 
association may lead to bulk phase separation. 

A second type of turbidimetric titration yields information on the 
stoichiometry of complex formation. Figure 5 shows the results of 
titrating 0.01 wt. % P D M D A A C with 0.01 wt. % BSA in pure water 
(initial pH 6.8), i.e. conditions at which complex formation should take 
place. The absence of significant turbidity in the first half of the 
titration could indicate that protein molecules are dispersed among 
polyelectrolyte chains, i.e. in a non-cooperative manner, and thus no 
highly scattering aggregates are formed. The sharp maximum suggests 
a stoichiometric point, at which complexes achieve charge neutralization 
and consequently aggregate further to form coacervate. Since the 
initial volume of polymer solution was 5.0 mL, an "end-point" at 150 

mL of added BSA suggests that the stoichiometric ratio for 
B S A : P D M D A A C is 30:1 (wt. basis) or 90:1 (mole basis). In view of the 
contour length of the polyion, on the order of 5000 Â, and its formal 
net charge of +1200, it is not unreasonable to contemplate the binding 
of ca. 90 molecules of BSA per polymer chain. Binding of more 
protein, beyond this stoichiometric point, might result in charge 
reversal of the complex, thus destabilizing the coacervate phase and 
reducing the turbidity. Titrations of this type at varying initial 
polymer concentrations need to be done to reveal whether the turbidity 
maximum occurs at a well-define protein:polymer stoichiometry. 

The titration of protein with polymer, shown in Figure 6, exhibits 
very different features than the titration curve of Figure 5. Turbidity 
appears at once and, initially, exhibits a linear dependence on 
P D M D A A C concentration. The rate of turbidity development sub
sequently increases about four-fold, and then diminishes slightly. We 
may speculate that, in the presence of excess protein, all polyions 
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Figure 1. "Type 1" turbidimetric titrations for BSA (O) and RNAse 
(+), both 1 g/L, in the presence of 0.4 g /L P D M D A A C and 0.2 M 
NaCl. Broken line shows evaluation of critical pH. 
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Figure 2. Crit ical pH vs. ionic strength for 1 g/L BSA + 0.4 g/L 
PDMDAAC, from titrations such as shown in Figure 1, conducted in 
Na CI solutions of varying molarity. 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



166 ORDERED MEDIA IN CHEMICAL SEPARATIONS 

Figure 4. Protein net charge at critical conditions for complex 
formation as a function of ionic strength; from data in Figure 2. 
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Figure 5. Titration of O.lg/L PDMDAAC with 0.1 g/L BSA in pure 
water at pH 7±0.5. Initial volume 5.0 mL. 
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Figure 6. Titrations of 1 g/L BSA with 1 g/L PDMDAAC in pure 
water at pH 7±0.5. 
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added initially produce equivalent complexes so that the scattering is 
proportional to polymer concentration. Subsequently, the formation of 
coacervate can lead to a marked increase in turbidity which is not 
simply related to the number of primary (i.e. intrapolymer) complexes. 
We note that these titration curves do not produce a well-defined 
end-point, as previously reported for this same system (11). 

As shown in Figure 1, the critical pH values for BSA and RNAse 
in 0.2 M NaCl are separated by about one pH unit. When a solution 
containing BSA and RNAse, each at 0.5 g/L, is titrated in like fashion, 
ε single turbidity curve is observed at an intermediate pH. At this 
point, it is not clear whether both proteins are participating jointly and 
simultaneously in complex formation, and therefore not being separated. 
If the titration is stopped, say at 100-96T = 20, the coacervate may be 
removed and the titration of the supernatant continued. Analysis of 
these successive coacervate fractions is currently underway, employing 
size exclusion chromatography to determine the concentrations of the 
two proteins. 

Conclusions and Future Wor

Complex coacervation of globular proteins with the strong polycation 
PDMDAAC appears to be a purely coulombic phenomenon, controlled by 
ionic strength and protein net charge (via pH). Turbidimetric pH 
titrations suggest that the process resembles a crit ical phenomenon 
since solutions go from optical clarity to high turbidity over a pH 
interval of 0.3 units or less. 

Crit ical conditions for BSA and RNAse in 0.2 M NaCl are sep
arated by about one pH unit. However, co-titration of the two 
proteins does not produce titration regions identifiable with the individ
ual proteins. Analyses are in progress to determine whether the two 
proteins are indeed co-precipitating. If this is the case, separation may 
be improved in one of several ways. First, the critical pHTs are better 
separated at lower ionic strengths under which conditions mixed titra
tions will be carried out. Secondly, the turbidimetric titrations, which 
exhibit measurable breath, may be made more narrow by using a narrow 
molecular weight (MW) distribution P D M D A A C ; the very large poly-
dispersity of the current material could give rise to a range of pHCrit 
values for a single protein even with only modest MW dependence of 
p H c r j t . Lastly, we can point out that the stoichiometry noted in our 
discussion of Figure 5 above suggests that the "Type 1" titrations 
presented here involve a large excess of PDMDAAC. Greater protein 
selectivity might be found closer to stoichiometry. 
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Chapter 9 

Extraction of Proteins and Amino Acids 
Using Reversed Micelles 

T. Alan Hatton 

Department of Chemical Engineering, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

The solubilisation of proteins and amino acids in organic 
solvents by reversed micelles provides a new method for the 
selective recovery
bioproducts using
Selectivity is affected by electrostatic interactions between 
the charged residues or moieties of the solute and the 
surfactant headgroups. These interactions are mediated by 
electrostatic screening as affected by solution ionic 
strength. The more hydrophobic the amino acid residue, the 
more favourable is the solubilisation of this residue in the 
partially structured water pool of the reversed micelle 
relative to the bulk, unstructured water phase. 

The l a r g e s c a l e recovery of polar b i o l o g i c a l m o l e c u l e s such as 
enzymes and other p r o t e i n s , n u c l e i c a c i d s , polypeptides and amino 
acids has been given new emphasis i n recent years as a r e s u l t of the 
s i g n i f i c a n t advances made i n recombinant DNA techniques and genetic 
engineering. These advances have opened up many new v i s t a s f o r the 
p r a c t i c a l u t i l i s a t i o n of biotechnology on an unprecedented s c a l e . 
The problem s t i l l remains, however, as how best to a c h i e v e the 
r e q u i r e d s e p a r a t i o n , c o n c e n t r a t i o n and p u r i f i c a t i o n of the 
b i o l o g i c a l products on a continuous b a s i s . Many t e c h n i q u e s are 
a v a i l a b l e f o r t h i s purpose, and each has i t s niche i n the complex 
arena of bioproduct s e p a r a t i o n s . I n some cases there may be more 
than one s e p a r a t i o n method that would work, although g e n e r a l l y these 
methods were developed f o r bench-^scale separations and s u f f e r from 
l o s s of r e s o l u t i o n on scale^up. Moreover they do not o f f e r the 
advantages of economy of s c a l e so f r e q u e n t l y found w i t h s e p a r a t i o n 
operations i n other chemically-«related i n d u s t r i e s . 

A s e p a r a t i o n o p e r a t i o n that has not r e c e i v e d the c o n s i d e r a t i o n 
i t d eserves f o r b i o p r o d u c t r e c o v e r i e s i s that of l i q u i d - l i q u i d 
e x t r a c t i o n , which can o f f e r both moderate t o high s e l e c t i v i t y , and 
can be operated on a continuous, l a r g e - s c a l e b a s i s . One of the 
primary reasons f o r t h i s n e g l e c t i s the l a c k of s u i t a b l e s olvent 
systems having the d e s i r e d s e l e c t i v i t y and cap a c i t y f o r the products 
of i n t e r e s t . Many of the products are i o n i c i n character at the pH 
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c o n d i t i o n s t y p i c a l of fermentation media and tend to be i n s o l u b l e 
and/or l a b i l e i n t h e o r g a n i c s o l v e n t s t r a d i t i o n a l l y used i n 
e x t r a c t i o n o p e r a t i o n s . As a consequence, organic s o l v e n t s have not 
been considered l i k e l y candidates f o r these s e p a r a t i o n s , and the 
f i e l d has not r e c e i v e d the a t t e n t i o n given to other techniques such 
as chromatography and ion^exchange. 

In t h i s paper, we consider a new c l a s s of e x t r a c t a n t s which do 
not have the inherent l i m i t a t i o n s of conventional s o l v e n t s i n the 
r e c o v e r y of b i o l o g i c a l p r o d u c t s from t h e i r n a t i v e soups. The 
concepts are based on the observation t h a t c e r t a i n s u r f a c t a n t s 
aggregate i n apolar media to form reversed m i c e l l e s . These 
m i c e l l e s g e n e r a l l y c o n s i s t of a p o l a r c o r e w h i c h i n c l u d e s t h e 
s u r f a c t a n t headgroups, s o l u b i l i s e d water, and any other s o l u b i l i s e d 
p o l a r m a t e r i a l s , s u r r o u n d e d by h y d r o p h o b i c s u r f a c t a n t t a i l s 
p r o t r u d i n g i n t o the c o n t i n u o u s o r g a n i c medium e n v e l o p i n g the 
m i c e l l e . Under the a p p r o p r i a t e c o n d i t i o n s , t h e s e r e v e r s e d 
m i c e l l e - c o n t a i n i n g organic s o l u t i o n s can e x i s t i n e q u i l i b r i u m w i t h a 
bulk aqueous phase, and
t h i s aqueous s o l u t i o n
cores of these reversed m i c e l l e s are g e n e r a l l y water and s a l t s , 
a l t h o u g h o t h e r p o l a r s p e c i e s , i n p a r t i c u l a r p r o t e i n s and amino 
a c i d s , can a l s o be taken up by these m i c e l l e s and thereby so l u b * 
i l i s e d i n an o t h e r w i s e i n h o s p i t a b l e o r g a n i c environment. The 
s o l u b i l i s a t i o n of a p r o t e i n i n a reversed m i c e l l e i s i l l u s t r a t e d 
s c h e m a t i c a l l y i n Figur e 1. 

In the development of these concepts f o r bioproduct recovery, i t 
i s important to have a good understanding of the f a c t o r s i n f l u e n c i n g 
the s e l e c t i v i t y of the e x t r a c t i o n p r o c e s s f o r the s o l u t e s of 
i n t e r e s t . This i s the t o p i c of the overview presented here, where 
i t w i l l be apparent that e l e c t r o s t a t i c i n t e r a c t i o n s are an important 
f a c t o r i n t h i s s e l e c t i v i t y , but a l s o that hydrophobic i n t e r a c t i o n s 
can play a s i g n i f i c a n t r o l e i n determining s o l u b i l i s a t i o n behaviour. 

P r o t e i n S o l u b i l i s a t i o n 

The a b i l i t y of p r o t e i n s to t r a n s f e r from an aqueous s o l u t i o n t o a 
reversed m i c e l l e ^ c o n t a i n i n g o r g a n i c phase, and be s u b s e q u e n t l y 
recovered i n a second aqueous phase, was f i r s t e s t a b l i s h e d by the 
group of L u i s i (2,3). I t has since been suggested by van't R i e t and 
Dekker (4,5) and Goklen and Hatton (6-9) that t h i s phenomenon be 
e x p l o i t e d i n t h e r e c o v e r y , s e p a r a t i o n and c o n c e n t r a t i o n o f 
bioproducts from complex aqueous mixtures. In the past three years, 
s i g n i f i c a n t progress has been made i n t h i s d i r e c t i o n , and i t has 
been e s t a b l i s h e d t h a t t h e s e s o l v e n t s can be s e l e c t i v e i n the 
s e p a r a t i o n of binary and ternary p r o t e i n mixtures (7f9_) and i n the 
recovery of an e x t r a c e l l u l a r a l k a l i n e protease from a c l a r i f i e d 
fermentation broth (1_0). I t has a l s o been demonstrated that the 
process can be operated on a continuous b a s i s ( 5 ) . 

The physico-chemical i n t e r a c t i o n s that can be e x p l o i t e d i n the 
s e l e c t i o n and o p t i m i s a t i o n of these processes are discussed below. 
We w i l l r eserve f o r f u t u r e communications a d e t a i l e d d i s c u s s i o n of 
t h e t e c h n o l o g i c a l a s p e c t s and p o t e n t i a l p r o b l e m s i n the 
implementation of reversed m i c e l l a r e x t r a c t i o n of b i o p r o d u c t s i n 
l a r g e - s c a l e continuous operations, these t o p i c s being beyond the 
scope of t h i s overview. 
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E f f e c t of pH. The pH of the s o l u t i o n w i l l a f f e c t the s o l u b i l i s a t i o n 
c h a r a c t e r i s t i c s of a p r o t e i n p r i m a r i l y i n the way i n which i t 
modifies the charge d i s t r i b u t i o n over the p r o t e i n s u r f a c e . With 
i n c r e a s i n g pH, the p r o t e i n becomes l e s s p o s i t i v e l y charged u n t i l i t 
reaches i t s i s o e l e c t r i c p o i n t , or point of zero net charge, p i . At 
pH*s above the p i the p r o t e i n w i l l take on a net negative charge. 
I f e l e c t r o s t a t i c i n t e r a c t i o n s p l a y a s i g n i f i c a n t r o l e i n the 
s o l u b i l i s a t i o n p r o c e s s , s o l u b i l i s a t i o n w i t h a n i o n i c s u r f a c t a n t s 
should be p o s s i b l e only at pH fs l e s s than the p i of the p r o t e i n , 
where t h e p r o t e i n i s p o s i t i v e l y charged and e l e c t r o s t a t i c 
a t t r a c t i o n s between the p r o t e i n and the s u r f a c t a n t headgroups are 
favo u r a b l e . At pH !s above the p i , e l e c t r o s t a t i c r e p u l s i o n s would 
i n h i b i t the p r o t e i n s o l u b i l i s a t i o n . The reverse trends would be 
a n t i c i p a t e d i n the case of c a t i o n i c s u r f a c t a n t s . 

The expected trends are born out f o r the low molecular weight 
enzymes r i b o n u c l e a s e - a , cytochrome-c, and lysozyme, as shown i n 
Figure 2. These r e s u l t s are presented as the percentage of the 
p r o t e i n t r a n s f e r r e d fro
equal volume of isooctan
A e r o s o l 0T, or AOT ( d i - 2 - e t h y l h e x y l sodium s u l f o s u c c i n a t e ) . As 
a n t i c i p a t e d , only at pH fs lower than the p i was there any a p p r e c i 
a b l e s o l u b i l i s a t i o n of a given p r o t e i n , w h i l e above the p i the 
s o l u b i l i s a t i o n appears to have been t o t a l l y s u p p r e s s e d . Note, 
however, that as the pH was lowered even f u r t h e r , there was a drop 
i n the degree of s o l u b i l i s a t i o n of the p r o t e i n s . T h i s was 
accompanied by the formation of a p r e c i p i t a t e at the i n t e r f a c e 
between the two phases, a t t r i b u t e d to a denaturation of the p r o t e i n . 

These r e s u l t s were not always found f o r l a r g e r p r o t e i n s at the 
same l e v e l of s u r f a c t a n t l o a d i n g s . For the c l a s s of p r o t e i n s 
t r y p s i n , alpha-chymotrypsin, e l a s t a s e and alpha-chymotrypsinogen i t 
was found that the pH had to be reduced to values s i g n i f i c a n t l y 
below the p i f o r there t o be any app r e c i a b l e s o l u b i l i s a t i o n . Even 
then the s o l u b i l i s a t i o n occurred only over a very narrow pH range 
before decreasing r a p i d l y again w i t h f u r t h e r decreases i n the pH of 
the aqueous f e e d phase, accompanied by p r e c i p i t a t i o n at t h e 
i n t e r f a c e . With increased s u r f a c t a n t c o n c e n t r a t i o n s , the e a r l i e r 
behaviour was recovered, i . e . , the p i again marked the point of 
t r a n s i t i o n between s i g n i f i c a n t s o l u b i l i s a t i o n and no s o l u b i l i s a t i o n 
of the p r o t e i n (Figure 3). 

These r e s u l t s a l l p o i n t t o t h e e l e c t r o s t a t i c i n t e r a c t i o n s 
between the s o l u t e p a r t i c l e s and the s u r f a c t a n t headgroups being a 
c o n t r o l l i n g f a c t o r i n the s o l u b i l i s a t i o n process. While t h i s i s 
undoubtedly t r u e , r e s u l t s presented below on the e f f e c t s of i o n i c 
s t r e n g t h i n d i c a t e some more s u b t l e phenomena come i n t o p l a y , too. 
The question that a r i s e s i s p r e c i s e l y how i s the p r o t e i n p o s i t i o n e d 
w i t h i n the m i c e l l e . The presence of reversed m i c e l l e s i n these 
s t u d i e s i s u n d i s p u t e d . Measurements of water c o n t e n t s u s i n g 
K a r l - F i s h e r t i t r a t i o n , and m i c e l l e s i z e determinations v i a dynamic 
l i g h t - s c a t t e r i n g (V1_) and s m a l l - a n g l e n e u t r o n s c a t t e r i n g (1_2) 
confirm t h e i r e x i s t e n c e . This of course does not guarantee that the 
p r o t e i n i s contained w i t h i n the polar core of the m i c e l l e . Rather, 
i t i s p o s s i b l e t h a t s o l u b i l i s a t i o n occurs by simple i o n - p a i r i n g 
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F i g . 1 Schematic Representation of P r o t e i n S o l u b i l i s a t i o n i n 
Reversed M i c e l l e s . 

F i g . 2 E f f e c t of pH on S o l u b i l i s a t i o n of Cytochrome-c (O) , 
Lysozyme (D) , and Ri bonuclease-a (A). 
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between the p o s i t i v e l y charged surface residues and the a n i o n i c 
s u r f a c t a n t headgroups. This s c e n a r i o , however, ignores the f a c t 
that over the pH range of i n t e r e s t , many of the surface residues 
w i l l be n e g a t i v e l y charged, and would need to be hydrated when the 
p r o t e i n i s p u l l e d i n t o the organic phase. This would point to 
s o l u b i l i s a t i o n w i t h i n the water pool of the m i c e l l e . 

The r e s u l t s discussed above r e l a t e t o the a n i o n i c s u r f a c t a n t 
AOT. For c a t i o n i c s u r f a c t a n t s , a d i f f e r e n t t r e n d i s o b s e r v e d . 
Van't R i e t ' s group have found that with t r i o c t y l m e t h y l ammonium 
c h l o r i d e as the s u r f a c t a n t , s i g n i f i c a n t s o l u b i l i s a t i o n of the enzyme 
alpha-amylase was observed over a narrow pH range o n l y , i n the 
v i c i n i t y of 10 «10.5 (£). In t h i s pH range, i t can be a n t i c i p a t e d 
t h a t a l l b a s i c r e s i d u e s w i l l be deprotonated, the only charged 
residues being the carboxyl groups bearing a negative charge. These 
would be a v a i l a b l e f o r i o n - p a i r i n g , and indeed i t would appear that 
t h i s i s the mechanism f o r the s o l u b i l i s a t i o n of t h i s p r o t e i n . 
S i m i l a r r e s u l t s have been observed i n our l a b o r a t o r y , even f o r 
p r o t e i n s h a v i n g low p i ' s
ribonuclease-na. Hinze ha

Thus, i t can be argued that depending on the type of s u r f a c t a n t 
used, d i f f e r e n t s o l u b i l i s a t i o n mechanisms could be o p e r a t i v e . For 
the a n i o n i c s u r f a c t a n t AOT, i t appears tha t mi c e l l a r s o l u b i l i s a t i o n 
i s o c c u r r i n g , w h i l e i o n - * p a i r i n g i s the mechanism f o r c a t i o n i c 
s u r f a c t a n t s . I t should be emphasised, however, tha t these general* 
i s a t i o n s are not always v a l i d . For i n s t a n c e , recent r e s u l t s on the 
s o l u b i l i s a t i o n of c a t a l a s e u s i n g the c a t i o n i c s u r f a c t a n t DTAB 
(dodecyl t r i m e t h y l ammonium bromide) i n n-octane, w i t h hexanol as 
co s u r f a c t a n t , i n d i c a t e d that the s o l u b i l i s a t i o n was by r e v e r s e d 
m i c e l l e s and not by s t r i c t ion-^pairing. While below the p i of about 
5.3 there was no s o l u b i l i s a t i o n of t h i s enzyme, above t h i s pH value, 
s i g n i f i c a n t t r a n s f e r occurred. This r e s u l t , plus the observation 
that the m i c e l l e s i z e increased d r a m a t i c a l l y above the pH of 5.3, 
give strong evidence f o r the m i c e l l e s o l u b i l i s a t i o n mechanism being 
o p e r a t i v e . 

From these o b s e r v a t i o n s , a c l e a r e r p i c t u r e of the s o l u b i l i s a t i o n 
p r o c e s s i s b e g i n n i n g t o emerge, a l t h o u g h i t i s s t i l l n o t 
s u f f i c i e n t l y advanced to be a p p l i e d i n a p r e d i c t i v e sense. 

E f f e c t of I o n i c Strength. The e f f e c t of i o n i c s t r e n g t h i s p r i m a r i l y 
to m ediate the e l e c t r o s t a t i c i n t e r a c t i o n s between the p r o t e i n 
surface and t h e s u r f a c t a n t headgroups. The well-known Debye 
screening determines the e l e c t r i c a l double l a y e r p r o p e r t i e s adjacent 
t o any charged s u r f a c e , and a f f e c t s t h e r a n g e o v e r w h i c h 
e l e c t r o s t a t i c i n t e r a c t i o n s can overcome thermal motion of the s o l u t e 
molecules. The c h a r a c t e r i s t i c distance f o r t h e s e e l e c t r o s t a t i c 
i n t e r a c t i o n s i s the Debye l e n g t h , which i s i n v e r s e l y p r o p o r t i o n a l to 
the square root of the i o n i c s t r e n g t h ( I j p . Thus, increases i n the 
i o n i c s t r e n g t h w i l l decrease t h i s i n t e r a c t i o n d i s t a n c e , and hence 
i n h i b i t t h e s o l u b i l i s a t i o n of the p r o t e i n . T h i s d e c r e a s e d 
i n t e r a c t i o n has been n e a t l y confirmed i n the case of AOT reversed 
m i c e l l e s i n isooctane i n e q u i l i b r i u m w i t h s a l t s o l u t i o n s . As the 
s a l t c o n c e n t r a t i o n i n c r e a s e s , the r e p u l s i v e headgroup i n t e r a c t i o n s 
between s u r f a c t a n t s w i l l be suppressed, p e r m i t t i n g the formation of 
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s m a l l e r m i c e l l e s , a t r e n d which i s evident i n the r e s u l t s shown i n 
Figure M. The s t r o n g l i n e a r dependence of m i c e l l e s i z e on t h e 
r e c i p r o c a l square root of the i o n i c s t r e n g t h argues i n favour of the 
importance of Debye screening i n these systems. 

The r e s u l t s shown i n Figure 5 f u r t h e r confirm the importance of 
i o n i c s t r e n g t h e f f e c t s on p r o t e i n s o l u b i l s a t i o n i n r e v e r s e d 
m i c e l l e s . With i n c r e a s i n g i o n i c s t r e n g t h , there i s a f a i r l y abrupt 
change i n t h e s o l u b i l i s a t i o n , o c c u r i n g a t d i f f e r e n t s a l t 
concentrations f o r the d i f f e r e n t p r o t e i n s . I t i s of i n t e r e s t to 
note that the order of appearance of these curves i n t h i s f i g u r e i s 
d i f f e r e n t from t h a t o b s e r v e d f o r the same pr o t e i n s i n the pH 
v a r i a t i o n c a se. T h i s degree of d i s c r i m i n a t i o n b e t w e e n t h e 
s i m i l a r l y - ^ s i z e d p r o t e i n s was u n e x p e c t e d , and p o i n t s t o the 
s e n s i t i v i t y of the m i c e l l e e x t r a c t i o n process t o the i n d i v i d u a l 
s t r u c t u r a l features of each p r o t e i n . At t h i s stage no d e f i n i t e 
conclusions can be drawn as t o the p r e c i s e phenomena o p e r a t i v e i n 
t h i s process, although i t can be speculated that i t r e l a t e s to the 
s u r f a c e t o p o l o g y of th
d i s t r i b u t i o n of charge
surfaces of the p r o t e i n . 

The s a l t type w i l l a l s o a f f e c t the s o l u b i l i s a t i o n of the 
p r o t e i n s (1J_,1_5). Goklen and H a t t o n (9) o b s e r v e d t h a t the 
importance of the s a l t e f f e c t s i n determining water s o l u b i l i s a t i o n 
c a p a c i t i e s i n reversed m i c e l l e s f o l l o w e d the now-classic l y o t r o p i c , 
or Hofmeister s e r i e s w i t h i n any given valency group. This points to 
the i m p o r t a n c e of the i o n s o l v a t i o n e f f e c t s , and p o s s i b l y a l s o 
s p e c i f i c adsorption phenomena i n the S t e r n l a y e r s of the m i c e l l e 
w a l l and t h e p r o t e i n s u r f a c e (1_4) i n t h e s e s y s t e m s , a g a i n 
i l l u s t r a t i n g the dominance of e l e c t r o s t a t i c i n t e r a c t i o n s i n t h e 
s o l u b i l i s a t i o n process. In a d d i t i o n , i t was found that w i t h CaCl2 
the range of pH's over which s i g n i f i c a n t s o l u b i l i s a t i o n o c c u r e d 
extended, beyond the p i of the p r o t e i n , i n d i c a t i n g some s p e c i f c i o n 
binding of the d i v a l e n t C a + + c a t i o n t o the p r o t e i n thus modifying 
i t s charge c h a r a c t e r i s t i c s and s h i f t i n g the e f f e c t i v e p i of the 
p r o t e i n t o higher values. 

The e f f e c t of i o n i c s t r e n g t h i s f u r t h e r evident i n the r e s u l t s 
shown i n Figure 6, where the degree of cytochromes s o l u b i l i s a t i o n 
as a f u n c t i o n of pH i s given f o r two d i f f e r e n t KC1 c o n c e n t r a t i o n s . 
I n c r e a s i n g the s a l t c o ncentration r e s u l t s i n a narrowing of the 
s o l u b i l i s a t i o n peak t o the extent that s o l u b i l i s a t i o n occurs only at 
pH fs s i g n i f i c a n t l y below the nominal p i of the p r o t e i n . This could 
be a t t r i b u t e d t o e i t h e r a s i m p l e Debye s c r e e n i n g of the 
e l e c t r o s t a t i c i n t e r a c t i o n s between the p r o t e i n and the s u r f a c t a n t 
headgroups, which i s overcome by the increased net p o s i t i v e surface 
charge of the p r o t e i n at t h e l o w e r pH's, or t o s p e c i f i c or 
n o n - s p e c i f i c c h l o r i d e i o n binding t o the p r o t e i n , rendering i t more 
n e g a t i v e l y charged than would be i n d i c a t e d by i t s p i . 

Whatever the reason f o r the e f f e c t of i o n i c s t r e n g t h on the 
s o l u b i l i s t i o n c h a r a c t e r i s t i c s f o r these p r o t e i n s , i t i s apparent 
that manipulation of i o n i c s t r e n g t h can be employed t o vary the pH 
range over which s o l u b i l i s a t i o n occurs, a l l o w i n g greater s e l e c t i v i t y 
i n the e x t r a c t i o n process. 

A f f i n i t y P a r t i t i o n i n g . A new area that has only j u s t begun to be 
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explored i s the p o s s i b i l i t y of enhancing s e l e c t i v i t y i n reversed 
mi c e l l a r b ioseparations through s u i t a b l e s y n t h e s i s of s u r f a c t a n t s 
endowed w i t h molecular r e c o g n i t i o n c a p a b i l i t i e s ( 1_6 ). For i n s t a n c e , 
the a f f i n i t y l i g a n d s c o n v e n t i o n a l l y used i n a f f i n i t y chromatography 
can be modified through the attachment of a long a l k y l t a i l to the 
a c t i v e r e c o g n i t i o n group ( f r e q u e n t l y a s u b s t r a t e or i n h i b i t o r f o r 
the enzyme). The t a i l l e n g t h should be s e l e c t e d t o ensure the 
a f f i n i t y s u r f a c t a n t s t r a d d l e s the reversed m i c e l l e s u r f a c t a n t s h e l l , 
p e r m i t t i n g the head group t o protrude i n t o the polar core where i t 
can i n t e r a c t s e l e c t i v e l y w i t h the p r o t e i n s to be recovered, while at 
the same time ensuring that the a f f i n i t y group i s anchored w i t h i n 
the e x t r a c t a n t phase and i s not s t r i p p e d i n t o the aqueous phase. 
The b a s i c concepts are i l l u s t r a t e d s c h e m a t i c a l l y i n Figur e 7 . Note 
th a t f o r t h i s concept t o work, there i s a need f o r only one a f f i n i t y 
s u r f a c t a n t per m i c e l l e , on average, s i n c e i t i s reasonable t o assume 
s i n g l e occupancy f o r these p r o t e i n * i m i c e l l e complexes, and thus low 
concentrations of these s u r f a c t a n t s w i l l be r e q u i r e d r e l a t i v e t o 
those used f o r forming th

S o l u b i l i s a t i o n of Amino Acids 

An important c l a s s of b i o l o g i c a l s i s the amino a c i d group, not only 
because they are valuable i n t h e i r own r i g h t as feed supplements, 
e t c . , but a l s o because they are the substrates f o r the s y n t h e s i s of 
di*t and o l i g o p e p t i d e s used, f o r example, as t h e r a p e u t i c and 
a n a l g e s i c drugs and a r t i f i c i a l sweeteners, and are the b u i l d i n g 
blocks f o r a l l p r o t e i n s . I n f a c t , i t i s t h i s l a t t e r point that 
makes the study of amino a c i d s o l u b i l i s a t i o n i n reversed m i c e l l e s 
p a r t i c u l a r l y i n t e r e s t i n g . A q u a n t i f i c a t i o n of the i n t e r a c t i o n s , 
both e l e c t r o s t a t i c and hydrophobic, between the w e l l - c h a r a c t e r i s e d 
amino acids and the reversed m i c e l l e polar cores should p r o v i d e 
a d d i t i o n a l i n s i g h t i n t o the importance of these phenomena i n p r o t e i n 
s o l u b i l i s a t i o n experiments. Because of t h e i r molecular s t r u c t u r e 
and i o n i s a b l e groups, at p h y s i o l o g i c a l pH c o n d i t i o n s they are not 
r e a d i l y e x t r a c t e d i n t o organic solvents using conventional ion**** 
p a i r i n g or chemical complexation techniques as found i n e.g. the 
h y d r o m e t a l l u r g i c a l i n d u s t r i e s . 

The g e n e r a l molecular s t r u c t u r e of amino acids i s i l l u s t r a t e d 
s c h e m a t i c a l l y i n Figure 8 . I t i s the presence of both the amino 
group ( - N H 2 ) and the c a r b o x y l group (->COOH) a t t a c h e d to the 
alpha-icarbon t h a t i m p a r t s t o the amino a c i d s many of t h e i r 
i n t e r e s t i n g c h a r a c t e r i s t i c s . I n a d d i t i o n t o these groups, the 
r e s i d u e , or "Regroup," a t t a c h e d t o the a l p h a ^ c a r b o n i s what 
d i s t i n g u i s h e s one amino a c i d from another, and i s r e s p o n s i b l e f o r 
the unique p h y s i c a l p r o p e r t i e s of each s p e c i e s . These moieties can 
be e i t h e r c a t i o n i c or a n i o n i c , or can be n e u t r a l l y polar or 
n o n p o l a r , depending on the s p e c i e s considered (1_7). I t i s of 
i n t e r e s t to note that under p h y s i o l o g i c a l c o n d i t i o n s , both the amino 
and the c a r b o x y l groups w i l l be i o n i s e d , so t h a t , f o r nonionic 
r e s i d u e s , the amino acids w i l l be e l e c t r i c a l l y n e u t r a l . I t i s t h i s 
z w i t t e r i o n i c c h a r a c t e r t h a t makes f o r d i f f i c u l t separations by 
e x t r a c t i o n methods. For the charged residues the problem becomes 
more acute. 

S o l u b i l i z a t i o n of amino acids i n AOT/isooctane reversed m i c e l l e 
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s o l u t i o n s has been i n v e s t i g a t e d i n d e t a i l by Thien et a l . ( 1 8 ) . 
E x t r a c t i o n curves are shown i n Figure 9 f o r a c a t i o n i c and a n e u t r a l 
aromatic amino a c i d . Superimposed on the graphs are the t i t r a t i o n 
curves c a l c u l a t e d f o r t h e i n d i v i d u a l s p e c i e s . I t i s r e a d i l y 
apparent from these data that the s o l u b i l i s a t i o n i s p o s s i b l e o n l y 
when the amino acid s bear a net p o s i t i v e charge, and that the degree 
of s o l u b i l i s a t i o n i s governed by the value of t h i s net p o s i t i v e 
c harge. For n e g a t i v e l y charged s p e c i e s , s o l u b i l i s a t i o n i s 
s u p p r e s s e d . These r e s u l t s s u g g e s t t h a t the s o l u b i l i s a t i o n i s 
governed p r i m a r i l y by e l e c t r o s t a t i c i n t e r a c t i o n s between the a n i o n i c 
s u r f a c t a n t headgroups and the p o s i t i v e l y c harged amino a c i d 
m o i e t i e s . I t i s of i n t e r e s t to note that at low pH c o n d i t i o n s the 
p r o t o n a t e d amino g r o u p p a r t i c i p a t e s i n t h e e l e c t r o s t a t i c 
i n t e r a c t i o n s , but that at higher pH's, where the carboxyl group i s 
d e p r o t o n a t e d and bears a n e g a t i v e charge, t h i s i n t e r a c t i o n i s 
n e u t r a l i s e d by the z w i t t e r i o n i c nature of the alpha^carbon group. 

Thien et a l . ( 1 j 8 ) a l s o showed that the degree of s o l u b i l i s a t i o n 
depends on the r e l a t i v
r e s i d u e s . A measure
s o l u b i l i s a t i o n curve when r e p l o t t e d as a f u n c t i o n of the net s o l u t e 
charge, as shown i n Figure 1 0 f o r a r g i n i n e . I t was found that t h i s 
slope c o r r e l a t e d w e l l w i t h the hydrophobicity s c a l e proposed by B u l l 
and Breese ( 1 _ 9 ) , as i s evident from Figure 1 1 . I t i s i n t r i g u i n g t o 
note t h a t the more h y d r o p h o b i c the r e s i d u e the g r e a t e r the 
s o l u b i l i s a t i o n of the amino a c i d . This could be due t o one of three 
e f f e c t s , as discussed below. 

The f i r s t p o s s i b i l i t y i s that the s o l u b i l i s a t i o n occurs by 
simple i o n ^ p a i r i n g between the protonated amino groups and the 
s u r f a c t a n t s . While t h i s cannot be r u l e d out at low pH, i t i s not 
t h e o p e r a t i v e mechanism at t h e i n t e r m e d i a t e pH's, where t h e 
deprotonated carboxyl groups f o r the charged polar amino acids must 
be hydrated and consequently the s o l u t e must be s o l u b i l i s e d w i t h i n 
the polar core of the reversed m i c e l l e i t s e l f . In a d d i t i o n , dynamic 
l i g h t s c a t t e r i n g s t u d i e s and K a r l f l F i s c h e r water t i t r a t i o n s do not 
i n d i c a t e the s i g n i f i c a n t decrease i n water s o l u b i l i s a t i o n that would 
be expected i f the s u r f a c t a n t were t i e d up i n i o n p a i r formation and 
were no longer a v a i l a b l e f o r m i c e l l e formation. 

A second s c e n a r i o i s that the nonpolar r e s i d u e of the amino a c i d 
i s l o c a t e d w i t h i n the s u r f a c t a n t s h e l l , p e r m i t t i n g the strong 
i n t e r a c t i o n between the protonated amino group and the s u r f a c t a n t 
head r e q u i r e d f o r the s o l u b i l i s a t i o n of the s o l u t e . Again, t h i s 
could not be the case f o r the charged p o l a r amino a c i d s . I n 
a d d i t i o n , such an e f f e c t i s not c o n s i s t e n t w i t h the K a r l - F i s c h e r 
t i t r a t i o n s and l i g h t s c a t t e r i n g e x p e r i m e n t s , w h i c h i n d i c a t e an 
unchanged apparent s u r f a c t a n t head coverage on i n c o r p o r a t i o n of the 
s o l u t e w i t h i n the m i c e l l e s . An increase i n t h i s value would be 
expected i f the s o l u t e were t o occupy part of the i n t e r f a c i a l s h e l l 
of the reversed m i c e l l e . Moreover, there i s other evidence t h a t i n 
normal m i c e l l e s , aromatic s o l u t e s such as benzene and naphthalene 
are not taken up i n the apolar hydrocarbon core, but are r a t h e r 
l o c a t e d i n the aqueous phase near the s u r f a c t a n t headgroups 
( 2 0 , 2 1 _ ) . This supports the contention that the n e u t r a l aromatic 
amino acids such as phenylalanine and tryptophan are s o l u b i l i s e d 
t o t a l l y w i t h i n the water pools of the reversed m i c e l l e s . 
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These o b s e r v a t i o n s beg the question: why do the hydrophobic 
s o l u t e s favour the polar cores of the reversed m i c e l l e s more than do 
the polar amino acids? This e f f e c t would seem to be due t o the 
unusual p r o p e r t i e s of the water w i t h i n the reversed m i c e l l e s , which 
i s known t o be more s t r u c t u r e d than water i n the bulk aqueous phase 
(22) . There i s thus a d i s t i n c t e n t r o p i c advantage i n removing the 
hydrophobic r e s i d u e from the bulk aqueous phase, where i t induces 
e n t r o p i c a l l y disfavoured s t r u c t u r a l changes i n t h i s aqueous phase, 
and p o s i t i o n i n g i t w i t h i n the already p a r t i a l l y - s t r u c t u r e d water 
w i t h i n the m i c e l l e pool. The g a i n i n entropy i n such cases would be 
greater f o r the nonpolar residues than f o r the polar m o i e t i e s , w i t h 
the r e s u l t that the former would be s o l u b i l i s e d t o a greater extent 
than the l a t t e r , as has been observed e x p e r i m e n t a l l y . This i s 
e s s e n t i a l l y a m a n i f e s t a t i o n of the well-known hydrophobic e f f e c t 
(23) . 

These r e s u l t s on amino a c i d s o l u b i l i s a t i o n i n reversed m i c e l l e 
s o l u t i o n s have i n d i c a t e d c l e a r l y t h a t such systems could be u s e f u l 
f o r the recovery, s e p a r a t i o
b i o l o g i c a l molecules fro
shed some l i g h t on the r o l e that hydrophobic i n t e r a c t i o n s w i l l play 
i n the s o l u b i l i s a t i o n of more complex molecules such as p r o t e i n s , 
which have a d i s t r i b u t i o n of polar and nonpolar amino a c i d residues 
over t h e i r s u r f a c e s . 

Conclusion 

The use of r e v e r s e d m i c e l l e s i n the s e l e c t i v e r e c o v e r y and 
conc e n t r a t i o n of low and high molecular weight b i o p r o d u c t s from 
d i l u t e aqueous streams appears to be a promising new avenue f o r 
i n n o v a t i v e research and a p p l i c a t i o n s . To date, i t has been shown 
that e l e c t r o s t a t i c i n t e r a c t i o n s between the charged s o l u t e residues 
and the s u r f a c t a n t headgroups, as w e l l as hydrophobic e f f e c t s , can 
p l a y a s i g n i f i c a n t r o l e i n determining the s e l e c t i v i t y of t h i s 
process f o r one p r o t e i n over another. Moreover, there appears t o be 
some l a t i t u d e i n the s e l e c t i o n of s u r f a c t a n t s and cos urf act ants that 
enables enhancements i n s e l e c t i v i t y to be made over and above those 
already inherent i n the process. 

W h i l e some understanding of the f a c t o r s r e s p o n s i b l e f o r the 
s e l e c t i v i t y of the e x t r a c t i o n process has been gained, the f i e l d i s 
s t i l l i n i t s i n f a n c y , and the challenge i s t o delve f u r t h e r i n t o the 
s u b t l e t i e s of m i c e l l a r s o l u b i l i s a t i o n t o o b t a i n a more complete 
m o l e c u l a r l e v e l d e s c r i p t i o n of the e l e c t r o s t a t i c and hydrophobic 
i n t e r a c t i o n s l e a d i n g t o t h e c o o p e r a t i v e f o r m a t i o n of t h e 
s o l u t e ^ s o l u b i l i s a t e complexes. In t h i s context, an area t h a t has 
r e c e i v e d no a t t e n t i o n t o date i s the mechanistic d e s c r i p t i o n of the 
i n t e r f a c i a l t r a n s p o r t of the s o l u t e s , and o n l y fragmentary data are 
a v a i l a b l e on mass t r a n s f e r r a t e s i n these systems. Such inform a t i o n 
w i l l c e r t a i n l y be r e q u i r e d as the technique progresses from the 
ex p l o r a t o r y stage t o f i n a l a p p l i c a t i o n s i n l a r g e s c a l e production 
o p e r a t i o n s . 

In c o n c l u s i o n , i t can be s t a t e d that reversed m i c e l l e s present 
an a t t r a c t i v e a l t e r n a t i v e t o conventional b i o s e p a r a t i o n methods, but 
that much fundamental and a p p l i e d research i s r e q u i r e d before t h i s 
p o t e n t i a l can be f u l l y r e a l i z e d . The i n t e l l e c t u a l , and p o s s i b l y 
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economic, rewards to be gained i n the p u r s u i t of these goals are 
adequate j u s t i f i c a t i o n f o r a concerted e f f o r t i n t h i s area. 
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Chapter 10 

Equilibrium Solubilization of Benzene in Micellar 
Systems and Micellar-Enhanced Ultrafiltration 

of Aqueous Solutions of Benzene 

George A. Smith1,2, Sherril D. Christian1,2, Edwin E. Tucker1,2, and 
John F. Scamehorn2,3 

1Department of Chemistry, University of Oklahoma, Norman, OK 73019 
Institute for Applied Surfactant Research, University of Oklahoma, Norman, OK 73019 

3School of Chemical Engineering and Materials Science, University of Oklahoma, 
Norman, OK 73019 

An automated vapo
obtain highly precise values of the partial pressure 
of benzene as a function of concentration in aqueous 
solutions of sodium dodecylsulfate (at 15 to 45°C) 
and 1-hexadecylpyridinium chloride (at 25 to 45°C). 
Solubilization isotherms and the dependence of ben
zene activity on the intramicellar composition are 
inferred from the measurements and related to prob
able micellar structures and changes in structure 
accompanying the solubilization of benzene. Calcu
lations are made to determine the efficiency of 
micellar-enhanced ultrafiltration (MEUF) as a pro
cess for purifying water streams contaminated by 
benzene. 

The m o b i l i t y of s o l u t e species i n aqueous media and the t r a n s f e r 
of these s o l u t e s to other phases can be g r e a t l y i n f l u e n c e d by 
t h e i r a s s o c i a t i o n w i t h ordered e n t i t i e s such as sur f a c t a n t 
m i c e l l e s . Thus, the e f f e c t i v e n e s s of micellar-enhanced u l t r a 
f i l t r a t i o n (MEUF) i n removing organic (Jj-4) and metal i o n (5, 6) 
contaminants from aqueous streams owes to the f a c t that s u r f a c t a n t 
m i c e l l e s c o n t a i n i n g these contaminants are too large to pass 
through the pores of an u l t r a f i l t e r . In s e v e r a l column 
chromatographic methods, separations are achieved because m i c e l l a r 
m o i e t i e s , i n moving or f i x e d phases, are able to di m i n i s h the 
concentration of fr e e organic molecules i n contiguous bulk phases 
(7-11)• The a b i l i t y of aqueous m i c e l l a r s o l u t i o n s to d i s s o l v e 
molecules that would otherwise be p r a c t i c a l l y i n s o l u b l e i n water 
can a l s o serve as the basis f o r separating compounds that are very 
s i m i l a r i n most molecular p r o p e r t i e s (12, 13). 

Considering the importance of m i c e l l a r aggregates i n separations, 
i t i s unfortunate that our knowledge of s o l u t e - m i c e l l e e q u i l i b r i a 
i s q u i t e l i m i t e d , both as regards the dependence of so l u t e 
a c t i v i t i e s on the i n t r a m i c e l l a r mole f r a c t i o n s of sur f a c t a n t and 
organic compound, and i n r e l a t i o n to the i n f l u e n c e of t o t a l 

0097-6156/87/0342-0184$06.00/0 
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surfactant concentration and temperature on s o l u b i l i z a t i o n 
behavior. Only r a r e l y have measurements been obtained with 
s u f f i c i e n t accuracy to permit t e s t s to be made of theories of 
s o l u b i l i z a t i o n . 

The lack of s o l u b i l i z a t i o n data impinges d i r e c t l y on our a b i l i t y 
to design procedures f o r removing contaminants from aqueous 
streams by micellar-enhanced u l t r a f i l t r a t i o n . In MEUF, an aqueous 
stream containing a di s s o l v e d contaminant plus added surfactant i s 
passed through an u l t r a f i l t e r . In several studies (J~4) i t has 
been shown that the permeate stream has a concentration of organic 
solute approximately equal to that of the u n s o l u b i l i z e d or 
monomeric organic species i n the retentate stream. As a r e s u l t , 
MEUF can be an extremely e f f e c t i v e technique f o r cleaning 
contaminated water, producing a p u r i f i e d stream with very small 
concentrations of organic s o l u t e s . 

In our l a b o r a t o r i e s , extensiv
(14-18) and membrane method
r e s u l t s f o r ternary aqueous systems containing an i o n i c or a 
nonionic surfactant and an organic s o l u t e . The most pre c i s e 
s o l u b i l i z a t i o n measurements ever reported have been obtained with 
an automated vapor pressure apparatus f o r v o l a t i l e hydrocarbon 
solutes such as cyclohexane and benzene, d i s s o l v e d i n aqueous 
so l u t i o n s of sodium o c t y l s u l f a t e and other i o n i c surfactants 
(15, 16)• A manual vapor pressure apparatus has been employed to 
obtain somewhat l e s s p r e c i s e r e s u l t s f o r solutes of lower 
v o l a t i l i t y (I7_y 18). Recently, semi-equilibrium d i a l y s i s (JL9, 20) 
and MEUF (2) methods have been used to i n v e s t i g a t e 
s o l u t e - s u r f a c t a n t systems i n which the organic s o l u b i l i z a t e s are 
too i n v o l a t i l e to study by ordinary vapor pressure methods. 

The present report describes new r e s u l t s f o r benzene at 
temperatures i n the range 15 to 45°C, s o l u b i l i z e d i n aqueous 
so l u t i o n s of sodium dodecylsulfate (SDS) and 1-hexadecylpyridinium 
c h l o r i d e ( r e f e r r e d to as c e t y l p y r i d i n i u m c h l o r i d e or CPC). The 
solute a c t i v i t y vs. concentration data provide i n s i g h t i n t o the 
nature of chemical and s t r u c t u r a l e f f e c t s responsible f o r the 
s o l u b i l i z a t i o n of benzene by aqueous m i c e l l a r systems; i n 
a d d i t i o n , the r e s u l t s f i n d d i r e c t use i n p r e d i c t i n g the 
performance of MEUF i n removing d i s s o l v e d benzene from aqueous 
streams. 

Experimental 

The s o l u b i l i z a t i o n r e s u l t s reported here were obtained with an 
automated vapor pressure apparatus described p r e v i o u s l y (21). 
Benzene samples, from an external r e s e r v o i r at 50 C, were added 
incrementally to the main measuring system by means of a 6-port 
HPLC valve . Successive increments of benzene are allowed to f l a s h 
from the valve i n t o the main s o l u t i o n r e s e r v o i r ; these samples 
contain 2.907 x 10 moles of benzene, with a r e p r o d u c i b i l i t y 
better than 1 part i n 6,000 or 7,000 (22). 
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The benzene used was A n a l y t i c a l Reagent Grade from Mallinckrodt 
Chemical Company, d i s t i l l e d through a 25-plate bubble-cap column 
and stored i n vapor contact with desiccant p r i o r to use. 
High-quality 1-hexadecylpyridinium c h l o r i d e (CPC) from Hexcel 
Corporation was used without f u r t h e r p u r i f i c a t i o n . Sodium 
dodecylsulfate (SDS) was HPLC-grade chemical from F i s h e r 
S c i e n t i f i c Company, p u r i f i e d by r e c r y s t a l l i z a t i o n from an ethan-
ol-water mixture. 

Results and Discussion 

Table I l i s t s experimental r e s u l t s , comprising derived values of 
the f u g a c i t y of benzene at known t o t a l m olarity i n the aqueous 
phase, [B], and known molarity of 1-hexadecylpyridinium c h l o r i d e 
[CPC] or sodium dodecylsulfate [SDS]. F u g a c i t i e s have been 
c a l c u l a t e d from t o t a l pressures by subtracting the vapor pressure 
of the aqueous s o l u t i o
measured t o t a l pressur
n o n i d e a l i t y of the vapor phase (15, 22)• Results are given f o r 
temperatures varying from 25 to 45°C f o r the CPC systems and 15 to 
45°C f o r the SDS systems. 

The data i n Table I may be used to i n f e r values of K, the 
s o l u b i l i z a t i o n e q u i l i b r i u m constant or p a r t i t i o n c o e f f i c i e n t 
defined by 

K = X B / c B 

where X B i s the mole f r a c t i o n of benzene i n the i n t r a m i c e l l a r 
" s o l u t i o n " (20) and c« i s the concentration of benzene i n 
monomeric form i n the bulk aqueous s o l u t i o n . In the case of CPC, 
the surfactant molecules are assumed to e x i s t e n t i r e l y i n m i c e l l a r 
form (23), although i n c a l c u l a t i n g K values f o r the SDS systems, 
small c o r r e c t i o n s are made to account f o r the concentration of the 
surfactant that i s not i n m i c e l l e s (20, 24)• I t i s assumed that 
the concentration of monomeric organic solute can be c a l c u l a t e d 
from the f u g a c i t y of the organic solute ( p r a c t i c a l l y equal to the 
p a r t i a l pressure), using the Henry's law constant i n f e r r e d from 
data f o r the solute d i s s o l v e d i n pure water, with a small 
c o r r e c t i o n f o r " s a l t i n g - o u t " by the i o n i c surfactant s o l u t i o n 
(15, 16). 

The primary r e s u l t s i n Table I may al s o be processed to y i e l d 
values of the benzene a c t i v i t y c o e f f i c i e n t i n the i n t r a m i c e l l a r 
s o l u t i o n , T R , defined as f f i / ( f g X f i), where f f i i s the f u g a c i t y of 
benzene i n e q u i l i b r i u m with the aqueous surfactant s o l u t i o n , and 
f R i s the f u g a c i t y of pure benzene at the given temperature. 
Figures 1-4 are p l o t s of the s o l u b i l i z a t i o n constant (K) and the 
benzene a c t i v i t y c o e f f i c i e n t (T f i) against the i n t r a m i c e l l a r mole 
f r a c t i o n of benzene ( X R ) f o r the surfactants CPC and SDS at the 
in d i c a t e d temperatures• 
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ORDERED MEDIA IN CHEMICAL SEPARATIONS 

Table I Continued. Benzene f u g a c i t i e s above aqueous 
so l u t i o n s containing known concentrations of benzene and 
sodium dodecylsulfate (SDS) at temperatures varying from 
15 to 45° C a 

B e n z e n e i n t o SDS a t 1 5 ° C . 

f ( T o r r ) [ B e n z e n e ] [ S D S ] 

2 . 2 2 1 9 E + 0 0 

4 . 4 0 4 1 E + 0 0 

6 . 5 5 9 8 E + 0 0 

8 . 6 7 9 0 E + O 0 

1 . 0 7 5 7 E - K ) 1 

1 . 2 7 9 7 E 4 0 1 

1 . 4 7 9 6 E 4 0 1 

1 . 6 7 5 4 E - K U 

1 . 8 6 6 8 E - K J 1 

2 . 0 5 4 4 E + O 1 

2 . 2 3 8 0 E + 0 1 

2 . 4 1 6 8 E + 0 1 

2 . 5 9 1 7 E 4 0 1 

2 . 7 6 1 0 E + 0 1 

2 . 9 2 6 3 E - K H 

3 . 0 8 6 6 E + 0 1 

3 . 2 4 1 6 E + 0 1 

3 . 3 9 2 2 E + 0 1 

3 . 5 3 7 3 E - K H 

3 . 6 7 7 3 E + 0 1 

3 . 8 1 2 6 E + 0 1 

3 . 9 4 3 5 E - H J 1 

4 . 0 6 8 6 E + O 1 

4 . 1 8 9 5 E - K U 

4 . 3 0 6 0 E - K ) ! 

2 . 5 0 1 3 E - 0 3 

5 . 0 0 9 2 E - 0 3 

7 . 5 2 0 9 E - 0 3 

1 . 0 0 3 9 E - 0 2 

1 . 2 5 6 3 E - 0 2 

1 . 5 0 9 4 E - 0 2 

1 . 7 6 3 3 E - 0 2 

2 . 0 1 7 7 E - 0 2 

2 . 2 7 3 0 E - 0 2 

2 . 5 2 8 9 E - 0 2 

2 . 7 8 5 5 E - 0 2 

3 . 0 4 3 0 E - 0 2 

3 . 3 0 1 1 E - 0 2 

3 . 5 6 0 3 E - 0 2 

3 . 8 2 0 2 E - 0 2 

4 . 0 8 0 9 E - 0 2 

4 . 3 4 2 7 E - 0 2 

4 . 6 0 5 2 E - 0 2 

4 . 8 6 8 8 E - 0 2 

5 . 1 3 3 2 E - 0 2 

5 . 3 9 8 6 E - 0 2 

5 . 6 6 4 7 E - 0 2 

5 . 9 3 1 9 E - 0 2 

6 . 1 9 9 9 E - 0 2 

6 . 4 6 8 7 E - 0 2 

1 . 0 0 4 4 E - 0 1 

1 . 0 0 4 1 E - 0 1 

1 . 0 0 3 9 E - 0 1 

1 . 0 0 3 7 E - 0 1 

1 . 0 0 3 5 E - 0 1 

1 . 0 0 3 2 E - 0 1 

1 . 0 0 3 0 E - 0 1 

1 . 0 0 2 8 E - 0 1 

1 . 0 0 1 9 E - 0 1 

1 . 0 0 1 7 E - 0 1 

1 . 0 0 1 4 E - 0 1 

1 . 0 0 1 2 E - 0 1 

1 . 0 0 1 0 E - 0 1 

1 . 0 0 0 7 E - 0 1 

1 . 0 0 0 5 E - 0 1 

1 . 0 0 0 3 E - 0 1 

1 . 0 0 0 0 E - 0 1 

9 . 9 9 8 1 E - 0 2 

9 . 9 9 5 7 E - 0 2 

9 . 9 9 3 4 E - 0 2 

9 . 9 9 1 0 E - 0 2 

9 . 9 8 8 6 E - 0 2 

B e n z e n e i n t o SDS a t 2 5 ° C 

f ( T o r r ) 

3 . 2 4 7 6 E + 0 0 

6 . 4 5 1 7 E - K ) 0 

9 . 6 1 0 3 E - K J 0 

1 . 2 7 2 4 E + 0 1 

1 . 5 7 8 8 E - K J 1 

1.8805E-+O1 

2 . 1 7 7 6 E + 0 1 

2 . 4 6 9 3 E - K ) 1 

3 . 5 8 4 0 E - K ) 1 

3 . 8 4 9 0 E + O 1 

4 . 1 0 8 4 E + 0 1 

4 . 3 6 1 6 E - K ) 1 

4 . 6 0 9 1 E + 0 1 

4 . 8 5 0 9 E + 0 1 

5 . 0 8 6 2 E - K H 

5 . 3 1 4 6 E - K ) 1 

5 . 5 3 6 4 E + 0 1 

5 . 7 5 1 9 E + 0 1 

5 . 9 6 0 1 E + O 1 

6 . 1 6 2 2 E + 0 1 

6 . 3 5 7 4 E - K 3 1 

6 . 5 4 6 0 E + O 1 

[ B e n z e n e ] 

2 . 3 8 5 4 E - 0 3 

4 . 7 7 7 6 E - 0 3 

7 . 1 7 7 1 E - 0 3 

9 . 5 8 3 9 E - 0 3 

1 . 1 9 9 9 E - 0 2 

1 . 4 4 2 2 E - 0 2 

1 . 6 8 5 2 E - 0 2 

1 . 9 2 9 2 E - 0 2 

2 . 9 1 4 3 E - 0 2 

3 . 1 6 2 9 E - 0 2 

3 . 4 1 2 7 E - 0 2 

3 . 6 6 3 5 E - 0 2 

3 . 9 1 5 4 E - 0 2 

4 . 1 6 8 3 E - 0 2 

4 . 4 2 2 5 E - 0 2 

4 . 6 7 7 9 E - 0 2 

4 . 9 3 4 6 E - 0 2 

5 . 1 9 2 5 E - 0 2 

5 . 4 5 1 9 E - 0 2 

5 . 7 1 2 3 E - 0 2 

5 . 9 7 4 2 E - 0 2 

6 . 2 3 7 2 E - 0 2 

[ S D S ] 

1 . 0 4 0 7 E - 0 1 

1 . 0 4 0 4 E - 0 1 

1 . 0 4 0 2 E - 0 1 

1 . 0 4 0 0 E - 0 1 

1 . 0 3 9 8 E - 0 1 

1 . 0 3 9 5 E - 0 1 

1 . 0 3 9 3 E - 0 1 

1 . 0 3 9 1 E - 0 1 

1 . 0 3 8 2 E - 0 1 

1 . 0 3 7 9 E - 0 1 

1 . 0 3 7 7 E - 0 1 

1 . 0 3 7 5 E - 0 1 

1 . 0 3 7 3 E - 0 1 

1 . 0 3 7 0 E - 0 1 

1 . 0 3 6 8 E - 0 1 

1 . 0 3 6 5 E - 0 1 

1 . 0 3 6 3 E - 0 1 

1 . 0 3 6 1 E - 0 1 

1 . 0 3 5 8 E - 0 1 

1 . 0 3 5 6 E - 0 1 

1 . 0 3 5 3 E - 0 1 

1 . 0 3 5 1 E - 0 1 

B e n z e n e 

f ( T o r r ) 

4 . 4 8 1 8 E - K K ) 

8 . 9 0 7 4 E + O 0 

1 . 3 2 7 6 E - K ) 1 

1 . 7 5 8 6 E - K H 

2 . 1 8 4 0 E - K H 

2 . 6 0 5 8 E + O 1 

3 . 0 2 0 6 E - K J 1 

3 .4308E-HD1 

3 . 8 3 3 3 E - K 3 1 

4 .2299E-+01 

4 . 6 2 0 9 E - K J 1 

5 . 0 0 5 9 E + 0 1 

5 . 3 8 6 2 E + 0 1 

5 . 7 5 7 2 E - K ) 1 

6 . 1 2 2 5 E 4 0 1 

6 . 4 8 1 5 E - K J 1 

6 . 8 3 3 6 E - K H 

7 . 1 7 8 1 E + 0 1 

7 . 5 1 6 2 E - K U 

7 . 8 4 6 0 E - K ) 1 

8 . 1 6 9 1 E + 0 1 

8 . 4 8 4 0 E + 0 1 

8 . 7 9 1 9 E 4 0 1 

9 . 0 9 1 8 E 4 O 1 

9 . 3 8 3 9 E - K J 1 

9 . 6 6 7 3 E - K ) ! 

[ B e n z e n e ] 

2 . 2 4 0 1 E - 0 3 

4 . 4 8 8 9 E - 0 3 

6 . 7 4 6 6 E - 0 3 

9 . 0 1 3 6 E - 0 3 

1 . 1 2 8 9 E - 0 2 

1 . 3 5 7 0 E - 0 2 

1 . 5 8 6 2 E - 0 2 

1 . 8 1 6 2 E - 0 2 

2 . 0 4 7 5 E - 0 2 

2 . 2 7 9 8 E - 0 2 

2 . 5 1 3 0 E - 0 2 

2 . 7 4 7 3 E - 0 2 

2 . 9 8 2 3 E - 0 2 

3 . 2 1 9 1 E - 0 2 

3 . 4 5 6 9 E - 0 2 

3 . 6 9 5 9 E - 0 2 

3 . 9 3 6 1 E - 0 2 

4 . 1 7 7 7 E - 0 2 

4 . 4 2 0 6 E - 0 2 

4 . 6 6 5 0 E - 0 2 

4 . 9 1 0 7 E - 0 2 

5 . 1 5 8 0 E - 0 2 

5 . 4 0 6 6 E - 0 2 

5 . 6 5 6 9 E - 0 2 

5 . 9 0 8 6 E - 0 2 

6 . 1 6 2 2 E - 0 2 

0 C . 

[ S D S ] 

1 . 0 8 7 6 E - 0 1 

1 . 0 8 7 4 E - 0 1 

1 . 0 8 7 2 E - 0 1 

1 . 0 8 6 9 E - 0 1 

1 . 0 8 6 7 E - 0 1 

1 . 0 8 6 5 E - 0 1 

1 . 0 8 6 3 E - 0 1 

1 . 0 8 6 0 E - 0 1 

1 . 0 8 5 8 E - 0 1 

1 . 0 8 5 6 E - 0 1 

1 . 0 8 5 4 E - 0 1 

1 . 0 8 5 1 E - 0 1 

1 . 0 8 4 9 E - 0 1 

1 . 0 8 4 7 E - 0 1 

1 . 0 8 4 4 E - 0 1 

1 . 0 8 4 2 E - 0 1 

1 . 0 8 4 0 E - 0 1 

1 . 0 8 3 7 E - 0 1 

1 . 0 8 3 5 E - 0 1 

1 . 0 8 3 3 E - 0 1 

1 . 0 8 3 0 E - 0 1 

1 . 0 8 2 8 E - 0 1 

1 . 0 8 2 5 E - 0 1 

1 . 0 8 2 3 E - 0 1 

1 . 0 8 2 0 E - 0 1 

1 . 0 8 1 8 E - 0 1 

B e n z e n e 

f ( T o r r ) 

5 . 8 3 9 7 E + 0 0 

1 . 1 5 8 8 E + 0 1 

1 . 7 2 7 4 E + 0 1 

2 . 2 9 1 1 E + 0 1 

2 . 8 4 9 6 E + 0 1 

3 . 4 0 1 4 E + 0 1 

3 . 9 4 7 6 E + 0 1 

4 . 4 9 2 3 E - K 1 1 

5 . 0 3 2 4 E + 0 1 

5 . 5 5 7 6 E * 0 1 

6 . 0 7 8 4 E + 0 1 

6 . 5 9 6 7 E + 0 1 

7 . 1 0 4 9 E + O 1 

7 . 6 0 5 1 E + 0 1 

8 . 1 0 0 3 E - K ) 1 

8 . 5 9 3 8 E - K H 

9 . 0 7 7 0 E - K ) 1 

9 . 5 4 6 6 E + 0 1 

1 . 0 0 1 4 E + 0 2 

1 . 0 4 7 3 E - K J 2 

1 . 0 9 3 3 E + O 2 

1 . 1 3 7 9 E + 0 2 

1 . 1 8 1 2 E - K ) 2 

1 . 2 2 4 1 E + 0 2 

i n t o SDS a t 

[ B e n z e n e ] 

2 . 0 3 7 7 E - 0 3 

4 . 0 9 0 0 E - 0 3 

6 . 1 5 0 9 E - 0 3 

8 . 2 1 7 4 E - 0 3 

1 . 0 2 9 0 E - 0 2 

1 . 2 3 7 3 E - 0 2 

1 . 4 4 6 4 E - 0 2 

1 . 6 5 5 2 E - 0 2 

1 . 8 6 4 7 E - 0 2 

2 . 0 7 7 0 E - 0 2 

2 . 2 8 9 8 E - 0 2 

2 . 5 0 2 8 E - 0 2 

2 . 7 1 7 6 E - 0 2 

2 . 9 3 3 8 E - 0 2 

3 . 1 5 0 7 E - 0 2 

3 . 3 6 7 6 E - 0 2 

3 . 5 8 6 4 E - 0 2 

3 . 8 0 7 9 E - 0 2 

4 . 0 2 9 6 E - 0 2 

4 . 2 5 2 8 E - 0 2 

4 . 4 7 5 5 E - 0 2 

4 . 7 0 1 0 E - 0 2 

4 . 9 2 9 0 E - 0 2 

5 . 1 5 7 7 E - 0 2 

4 5 ° C . 

[ S D S ] 

1 . 1 2 2 0 E - 0 1 

1 . 1 2 1 8 E - 0 1 

1 . 1 2 1 6 E - 0 1 

1 . 1 2 1 4 E - 0 1 

1 . 1 2 1 2 E - 0 1 

1 . 1 2 1 0 E - 0 1 

1 . 1 2 0 8 E - 0 1 

1 . 1 2 0 5 E - 0 1 

1 . 1 2 0 3 E - 0 1 

1 . 1 2 0 1 E - 0 1 

1 . 1 1 9 9 E - 0 1 

1 . 1 1 9 7 E - 0 1 

1 . 1 1 9 5 E - 0 1 

1 . 1 1 9 2 E - 0 1 

1 . 1 1 9 0 E - 0 1 

1 . 1 1 8 8 E - 0 1 

1 . 1 1 8 6 E - 0 1 

1 . 1 1 8 3 E - 0 1 

1 . 1 1 8 1 E - 0 1 

1 . 1 1 7 9 E - 0 1 

1 . 1 1 7 7 E - 0 1 

1 . 1 1 7 4 E - 0 1 

1 . 1 1 7 2 E - 0 1 

1 . 1 1 7 0 E - 0 1 

a _ i 

A l l concentrations i n mol-1 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



10. SMITH ET AL. Equilibrium Solubilization of Benzene 189 

Table I and Figures 1-4 contain a wealth of information about the 
s o l u b i l i z a t i o n of benzene i n aqueous surfactant m i c e l l e s . P l o t s 
of K vs. X B e x h i b i t shallow minima i n the case of the SDS 
s o l u t i o n s , and rather more pronounced minima f o r the CPC 
s o l u t i o n s . The p l o t s of Yg vs. X B show corresponding maxima, 
r e f l e c t i n g the f a c t that K and T B are r e l a t e d r e c i p r o c a l l y by 
K = l / C ^ C g ), where c B ° i s the monomer concentration of benzene 
i n the aqueous phase at s a t u r a t i o n . (The minimum i n K and the 
maximum i n T f i f o r the CPC s o l u t i o n s , shown i n Figure 1, are not 
quite reached at the benzene concentrations a t t a i n a b l e with the 
automated vapor pressure apparatus• The automated apparatus i s 
r e s t r i c t e d to operating at p a r t i a l pressures l e s s than about 70% 
of the vapor pressure of pure l i q u i d benzene. However, the manual 
apparatus can be used f o r measurements almost to s a t u r a t i o n , and 
r e s u l t s obtained with t h i s apparatus show extrema i n K and T B at 
approximately X =0.55.) 

It seems l i k e l y that th
p o s i t i v e charge at o
a t t r a c t i v e l y with the it-molecular o r b i t a l system of benzene, and 
that t h i s i n t e r a c t i o n contributes to the f a c t that the 
s o l u b i l i z a t i o n constant f o r benzene i n CPC i s approximately twice 
as large as that i n SDS m i c e l l e s . A p r e f e r e n t i a l i n t e r a c t i o n 
between c a t i o n i c surfactants and aromatic solutes has been 
reported by several groups of i n v e s t i g a t o r s (25-27), and recent 
work i n our laboratory shows that 1-hexadecyltrimethylammonium 
bromide m i c e l l e s also s o l u b i l i z e benzene more e f f e c t i v e l y than do 
the anionic a l k y l s u l f a t e surfactant m i c e l l e s (28). Thus, the 
tendency of benzene molecules to s o l u b i l i z e near the surface of 
the c a t i o n i c m i c e l l e s , at low Xg values, may lead to a p a r t i a l 
s a t u r a t i o n of surface " s i t e s " by benzene, diminishing the a b i l i t y 
of a d d i t i o n a l benzene molecules to bind near the surface. Such an 
e f f e c t could be responsible f o r the i n i t i a l increase i n a c t i v i t y 
c o e f f i c i e n t that occurs, p a r t i c u l a r l y i n the CPC s o l u t i o n s , as Xfi 

increases• 

Another e f f e c t which probably contributes to the increase i n Yg 
that occurs as benzene i s added to i o n i c surfactant s o l u t i o n s i s 
the decrease i n m i c e l l a r surface charge that i s caused by 
i n s e r t i n g benzene molecules into e i t h e r c a t i o n i c or anionic 
m i c e l l e s . Diminishing the surface charge should s i g n i f i c a n t l y 
decrease the importance of the ion-induced d i p o l e e f f e c t that i s 
p a r t l y responsible f o r s o l u b i l i z i n g benzene (17). F i n a l l y , i t 
seems necessary to conclude that benzene molecules w i l l tend to 
s o l u b i l i z e favorably w i t h i n the hydrocarbon core region of the 
m i c e l l e s at any i n t r a m i c e l l a r composition. Perhaps most important 
i n supporting t h i s conclusion i s the observation that only small 
changes i n K or Tfi occur i n the benzene-CPC and benzene-SDS 
systems throughout wide ranges of i n t r a m i c e l l a r composition. 

The ultimate decrease i n benzene a c t i v i t y c o e f f i c i e n t s at the 
l a r g e s t Xg values may owe to several f a c t o r s , i n c l u d i n g a p o s s i b l e 
diminution of the s o - c a l l e d Laplace pressure (29, 30, 14), 
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Benzene into 0.1 M CPC 

0.1 0.2 0.3 0.4 
Benzene Mole Fraction in Micelle 

0.5 0.6 

Figure 1. Dependence of the s o l u b i l i z a t i o n constant f o r benzene 
i n 1-Hexadecylpyridinium Chloride [CPC] on the composition of 
the m i c e l l e at temperatures varying from 25 to 45° C. 
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Benzene into 0.1 M CPC 

0 0.1 0.2 0.3 0.4 0.5 0.6 
Benzene Mole Fraction in Micelle 

Figure 2. Dependence of the a c t i v i t y c o e f f i c i e n t of benzene i n 
1-Hexadecylpyridinium Chloride [CPC] on the composition of the 
m i c e l l e at temperatures varying from 25 to 45° C. 
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Benzene into 0.1 M SDS 

' 22 

25° C Q 15° C 

^ 18 
~ T - T T * * ^ + + + + + + + + + + + + + + + + + 

16 
0.1 0.2 0.3 

Benzene Mole Fraction in Micelle 

Figure 3. Dependence of the s o l u b i l i z a t i o n constant f o r benzene 
i n Sodium Dodecylsulfate [SDS] on the composition of the m i c e l l e 
at temperatures varying from 15 to 45° C. 
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Benzene into 0.1 M SDS 

- • • 

K * 

+ + + ' 
. + + 

A * " ~ " ^ A A y 

+++++++++++++++++ 

15" C 

A 25° C 

K 35° C 
45° C 

0.1 0.2 0.3 
Benzene Mole Fraction in Micelle 

0.4 

Figure 4. Dependence of the a c t i v i t y c o e f f i c i e n t of benzene i n 
Sodium Dodecylsulfate [SDS] on the composition of the m i c e l l e 
at temperatures varying from 15 to 45° C. 
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r e f l e c t i n g the reduction i n curvature of the m i c e l l a r surface that 
probably occurs as more benzene i s incorporated i n the m i c e l l e . 
However, the tendency of Yg to approach u n i t y as X g i n c r e a s e s to 
larg e values may simply r e f l e c t the f a c t that the m i c e l l a r 
i n t e r i o r must more and more c l o s e l y resemble l i q u i d benzene as the 
mole f r a c t i o n of benzene becomes gr e a t e r ; any reasonable theory of 
concentrated s o l u t i o n s should p r e d i c t t h i s e f f e c t . 

The temperature dependence of K and Yg, shown f o r the CPC and SDS 
systems i n Figures 1 - 4 , i l l u s t r a t e s s e v e r a l important features 
that are t y p i c a l of the s o l u b i l i z a t i o n of hydrocarbons by aqueous 
m i c e l l a r s o l u t i o n s . The K values a t t a i n a maximum f o r each system 
i n the v i c i n i t y of 2 5 ° C , i n d i c a t i n g that A H f o r s o l u b i l i z i n g 
benzene reaches a value of zero i n t h i s range; a s i m i l a r e f f e c t 
has been observed p r e v i o u s l y f o r benzene i n sodium o c t y l s u l f a t e 
m i c e l l e s ( 1 5 , 1 6 ) . The thermodynamic constants f o r the 
s o l u b i l i z a t i o n of benzene by m i c e l l e s c l o s e l y resemble r e s u l t s f o r 
the hydrophobic a s s o c i a t i o
i n aqueous s o l u t i o n ( 2 2
c a p a c i t y change accompanying the s o l u b i l i z a t i o n of benzene i s 
thought to i n d i c a t e that i n c r e a s i n g the temperature diminishes the 
extent of the ordered-water region surrounding hydrocarbon 
molecules i n aqueous s o l u t i o n ( 3 4 ) • 

The thermodynamic q u a n t i t i e s derived from the temperature 
dependence of the a c t i v i t y c o e f f i c i e n t s ( ^ B ) a r e n o t s o d i f f i c u l t 
to i n t e r p r e t . Neither the enthalpy nor the heat c a p a c i t y changes 
f o r t r a n s f e r r i n g benzene from the pure l i q u i d phase i n t o the 
m i c e l l a r i n t e r i o r e x h i b i t the anomalies that are c h a r a c t e r i s t i c of 
the t r a n s f e r of a hydrocarbon molecule to or from the d i l u t e 
aqueous s o l u t i o n phase. The r e l a t i v e l y small decrease i n a c t i v i t y 
c o e f f i c i e n t that occurs as the temperature increases i n d i c a t e s 
that the t r a n s f e r of benzene from the pure l i q u i d phase i n t o the 
m i c e l l e s i s s l i g h t l y endothermic throughout the range of X B 
included i n the experiments. The change i n p a r t i a l molar enthalpy 
of benzene f o r the t r a n s f e r , near the midpoint of the temperature 
and X B range, i s approximately 4 0 0 cal/mole f o r the SDS s o l u t i o n s 
and 3 5 0 cal/mole f o r the CPC s o l u t i o n s . The excess entropy 
changes f o r the t r a n s f e r are s u r p r i s i n g l y s m a l l , having values of 
approximately - 0 . 3 c a l m o l - l K ' l f o r the SDS m i c e l l e s and 40 . 5 
c a l m o l " 1 K " 1 f o r the CPC m i c e l l e s . Taken together, the 
thermodynamic r e s u l t s do not support the concept that the t r a n s f e r 
of benzene i n t o e i t h e r the SDS or the CPC m i c e l l e s involves strong 
l o c a l i z e d adsorption at s p e c i f i c s i t e s w i t h i n the m i c e l l e or near 
the m i c e l l e s u r f a c e . 

In u t i l i z i n g the s o l u b i l i z a t i o n measurements to estimate the 
a b i l i t y of MEUF to remove d i s s o l v e d benzene from water, we 
a r b i t r a r i l y assume that the feed s o l u t i o n contains 5 0 mM 
su r f a c t a n t and 1 mM benzene. The s o l u t i o n i s u l t r a f i l t e r e d u n t i l 
8 0 % of the volume of the s o l u t i o n i s removed as permeate; i f the 
water were to be rec y c l e d to the p l a n t , t h i s would correspond to a 
re c y c l e r a t i o of 8 0 % . For these assumed c o n d i t i o n s , the 
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Table I I : Performance of MEUF i n Removal of Benzene from Water 

Surfactant Temperature F i n a l Concen- F i n a l Concen- R e j e c t i o n 
(°C) t r a t i o n i n t r a t i o n i n (%) 

Permeate (mM) Retentate (mM) 

CPC 25 0.360 3.56 89.89 
CPC 35 0.371 3.52 89.45 
CPC 45 0.397 3.41 88.36 

c 
SDS 15 0.555 2.78 80.04 
SDS 25 0.549 2.80 80.41 
SDS 35 0.559 2.77 79.79 
SDS 45 0.601 2.60 76.80 

Feed: [benzene] = 1 mM; [ s u r f a c t a n t ] - 50 mM. 
Permeate/feed = 0.8. 

b 

CPC = 1-hexadecylpyridinium c h l o r i d e 

SDS = sodium d o d e c y l s u l f a t e 
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concentrations of benzene i n the permeate and r e t e n t a t e streams 
from the process are l i s t e d i n Table I I . The r e j e c t i o n , a 
parameter commonly used i n membrane sc i e n c e , i s a l s o given i n 
Table I I . The r e j e c t i o n i s defined as 

r e j e c t i o n ( % ) = 100{1- [benzene i n permeate]/[benzene i n retentate]} 

Under the c o n d i t i o n s s p e c i f i e d i n the t a b l e , when CPC i s the 
s u r f a c t a n t , the concentration of benzene i n the permeate i s 10 
times smaller than that i n the r e t e n t a t e product from the process 
and l e s s than 40% of that i n the feed. With SDS as the 
s u r f a c t a n t , the permeate has a f a c t o r of 5 smaller concentration 
of benzene than the retentate and i s l e s s than 60% as concentrated 
as the feed. Thus the p r e f e r e n t i a l i n t e r a c t i o n of the c a t i o n i c 
s u r f a c t a n t , CPC, w i t h benzene makes CPC s u p e r i o r to SDS i n 
removing benzene from water. 

The data i n Table I
s l i g h t l y a f f e c t s the p u r i t
d i f f e r e n c e being 7% between 25 and 45°C f o r benzene/SDS. This 
r e s u l t i s important p r a c t i c a l l y i n showing that MEUF performance 
i n a r e a l process w i l l not be s u b s t a n t i a l l y a f f e c t e d by 
temperature v a r i a t i o n s i n f i e l d waters. S t a b i l i t y of the process 
wit h respect to v a r i a t i o n s i n temperature i s a p o s i t i v e feature i n 
i n d u s t r i a l s e p a r a t i o n s . 

The present experimental r e s u l t s show that the r e l a t i v e tendency 
of benzene to s o l u b i l i z e i n the s u r f a c t a n t m i c e l l e s decreases 
s l i g h t l y as the benzene concentration increases from near zero to 
higher values. Thus, the MEUF separation becomes s l i g h t l y poorer 
w i t h increased l o a d i n g of benzene, an e f f e c t a l s o observed f o r 
phenol and the c r e s o l s (20, 28). At s t i l l higher benzene 
co n c e n t r a t i o n s , the separation w i l l improve, because the 
s o l u b i l i z a t i o n constant e v e n t u a l l y reaches a minimum and increases 
as Xg i n c r e a s e s . These consid e r a t i o n s show that i n p r e d i c t i n g 
MEUF performance, i t i s necessary to have accurate s o l u b i l i z a t i o n 
r e s u l t s f o r contaminants throughout wide ranges of Xj$• 

Although the r e j e c t i o n s shown i n Table I I (75-90%) are not very 
good f o r i n d u s t r i a l a p p l i c a t i o n s , we have shown that r e j e c t i o n s as 
great as 99.8% can be obtained f o r the removal of other organic 
s o l u t e s (2, 6 ) . Thus, MEUF i s a promising i n d u s t r i a l s e p a r a t i o n , 
but benzene may not be an optimum candidate f o r removal using 
MEUF. 
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Chapter 11 

Cyclodextrin Use in Separations 

J. Szejtli1, B. Zsadon2, and T. Cserhati3 
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The central cavit
behaves as an empty capsule: i t can accommodate so
-called guest molecules of appropriate size, shape, and 
polarity. This "molecular encapsulation" can be uti
lized for stabilization and for enhancement of solubility 
of drugs, vitamins, flavors, etc., and utilizing the 
selectivity of the inclusion complexation, it can be 
applied for separation of substances, either by non-
chromatographic methods, or chromatographic methods. 

The products of partial enzymic or acidic degradation of starch 
are called dextrins, which are heterogeneous, amorphous, hygro
scopic, sticky substances. There is, however, a starch degrading 
enzyme, which produces 3 crystallinze, homogeneous, non-hygro
scopic cyclodextrins of different molecular size (1) (Figure 1). 

These cyclodextrins are cylinder-shaped molecules with an 
axial void cavity. Their outer surface is hydrophilic, there
fore the cyclodextrins are soluble in water. Their cavity, how
ever, is of apolar character (Figure 2). As a consequence of 
this structure, cyclodextrins can include other apolar molecules 
of appropriate dimensions and bind them through apolar-apolar inter
actions (2) (Figure 3). These inclusion complexes are crystalline 
substances. As a result of such a "molecular encapsulation", 
characteristic properties of the included substances wil l be 
changed (3,4). Volatile or gaseous substances can be converted 
into stable, crystalline substances, oxygen sensitive materials 
are protected against atmospheric oxidation, solubility of poorly 
soluble substances is improved, bioavailability of scarcely soluble 
drugs is enhanced, volatile, sensitive flavours and fragrances can 
be stored without loss, marketable drugs or pesticides can be pre
pared from compounds of intolerable odors, enzymatic reactions of 
lipophilic substances can be accelerated, complexing toxic or 

0097-6156/87/0342-0200$06.00/0 
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Figure 2. Schematic representation of the c y c l o d e x t r i n 
" c y l i n d e r " . 
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i n h i b i t o r y substances microorganism can be protected and stimulated 
to higher metabolic a c t i v i t y , s e l e c t i v i t y and rate of chemical 
re a c t i o n s can be improved, e t c . The number of p o s s i b l e a p p l i c a t i o n s 
seems to be i n e x h a u s t i b l e . 

S u b s t i t u t i o n of one or more hydroxyls of a c y c l o d e x t r i n i n most 
cases r e s u l t s i n b e t t e r water soluble d e r i v a t i v e s (5). A d d i t i o n a l l y 
such c y c l o d e x t r i n d e r i v a t i v e s can e x h i b i t modified complex forming 
capacity. C y c l o d e x t r i n can be polymerized by appropriate b i - or 
p o l y f u n c t i o n a l agents to oligomers, long-chain polymers or to c r o s s -
l i n k e d networks or can be immobilized on various supports. The low-
molecular cyclodextrin-oligomers are r e a d i l y soluble i n water. The 
polymers (mol. weight over 10,000) are s w e l l i n g gels (3). The 
s w e l l i n g polymers can be prepared i n bead form (6) ( F i g . 4 . ) . 

The r i g i d s t r u c t u r e of the c y c l o d e x t r i n host r e s u l t s i n w e l l 
defined but d i f f e r e n t i n c l u s i o n and i n t e r a c t i o n patterns f o r any 
p o t e n t i a l guest molecule. Treating a mixture of compounds with a 
d i s s o l v e d or s o l i d , immobilized CD, leads to the formation of 
i n c l u s i o n complexes of d i f f e r e n
quently separations can b
b i l i t y i n water of the CD-complex of a c e r t a i n component, or on the 
d i f f e r e n c e of t h e i r K,. values. 

d i s s 
Non-chromatographic separation by c y c l o d e x t r i n s 

A c h a r a c t e r i s t i c feature of non-chromatographic separations u t i l i z i n g 
c y c l o d e x t r i n s i s that they are aimed at preparative separations. 
Unfortunately only incomplete separations or enrichments can be 
a t t a i n e d . By repeating the separations i n multistage processes, the 
required component can be enriched on preparative, and even indus
t r i a l , s c a l e . Many examples have been published both f o r p a r t i a l 
separation of compounds, isomers, or enantiomers through s e l e c t i v e 
c r y s t a l l i z a t i o n of t h e i r complexes (3). 

Upon in c o r p o r a t i o n of c y c l o d e x t r i n s i n membranes, or d i s s o l u 
t i o n of c y c l o d e x t r i n s i n one or the membrane-separated l i q u i d phases, 
the permeation rate of the complexed guest-molecule can be modified 
considerably (7-9). This o f f e r s another p o s s i b i l i t y f o r the e n r i c h 
ment of the s e l e c t e d component, nevertheless no r a p i d q u a n t i t a t i v e 
separation can be a t t a i n e d . Therefore separations which s a t i s f y the 
requirements of the separation s c i e n t i s t can be achieved only by 
chromatographic methods. 

Chromatographic a p p l i c a t i o n s of c y c l o d e x t r i n s 

Cyclodextrins and t h e i r d e r i v a t i v e s can be a p p l i e d i n a l l current 
types of chromatography (10-12). Table I i l l u s t r a t e s the a c t u a l 
known p o s s i b i l i t i e s which does not implicate that no f u r t h e r combina
t i o n s ( c y c l o d e x t r i n derivative/chromatographic techniques) w i l l be 
e x p l o i t e d . 

The c y c l o d e x t r i n s are already produced on i n d u s t r i a l scale and 
they are a v a i l a b l e i n any quantity at d r a s t i c a l l y reduced p r i c e s . 
Dimethyl-3-cyclodextrin and the s i l i c a bonded c y c l o d e x t r i n s are 
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Figure 3. Mechanism of i n c l u s i o n complexation: p-xylene replaces 
the water molecules of the c y c l o d e x t r i n c a v i t y . 

I M M O B I L I Z E D C D 

Figure 4. S t r u c t u r a l representation of c y c l o d e x t r i n polymers and 
immobilized c y c l o d e x t r i n s . 
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Table I. A p p l i c a t i o n of Cyclodextrins i n Chromatographic Methods 
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S = i n Stationary Phase M = i n Mobile Phase 

already a v a i l a b l e and the i n d u s t r i a l production of other d e r i v a t i v e s 
(polymers) i s expected w i t h i n the next years, a f t e r which they too 
w i l l be a v a i l a b l e f o r a n a l y t i c a l purposes. 

In Thin-Layer Chromatography (TLC), the a - c y c l o d e x t r i n (12-14) 
and the soluble 3-cyclodextrin polymers have been thoroughly studied 
as components of the mobile phase. The y - c y c l o d e x t r i n , because of 
i t s e x c e l l e n t s o l u b i l i t y , i s a l s o promising, e s p e c i a l l y f o r l a r g e r 
molecules, but has not yet been studied. Several attempts have 
demonstrated that TLC-plates coated by i n s o l u b l e f i n e l y powdered 
cyclodextrin-polymers ( i . e . c y c l o d e x t r i n i n s t a t i o n a r y phase) can 
separate isomers, but t h i s p o s s i b i l i t y has not yet been f u l l y 
e x p l o i t e d . 

In Gas-Liquid Chromatography (GLC), the c y c l o d e x t r i n (11, 15-18) 
(di s s o l v e d i n appropriate solvent) or c y c l o d e x t r i n d e r i v a t i v e s , 
a c e t y l a t e d (19-21) or methylated (10) were found i n some cases to 
f u n c t i o n as h i g h l y e f f e c t i v e and s p e c i f i c s t a t i o n a r y phases. The 
3-cyclodextrin polymers were shown to be inadequate (22) or of 
l i m i t e d u t i l i t y (23) f o r such purposes. 

In g e l i n c l u s i o n chromatography (GIC), the i n s o l u b l e , s w e l l i n g 
c y c l o d e x t r i n polymers are u t i l i z e d (24-26). For routine a n a l y t i c a l 
purposes t h i s method i s too slow and time consuming, but some hig h l y 
e f f e c t i v e preparative separations i n c l u d i n g enantiomeric r e s o l u t i o n s 
have been published. This approach seems to be very promising f o r 
semi-micro or laboratory scale preparative separations. 

In high performance l i q u i d chromatography (HPLC), the c y c l o 
d e x t r i n s (12, 27-36) or h i g h l y soluble methylated c y c l o d e x t r i n s (37) 
i n the mobile phase, as w e l l as the s i l i c a bonded c y c l o d e x t r i n s (38-
40) as s t a t i o n a r y phase have a t t a i n e d spectacular success. A s e r i e s 
of r a p i d , elegant separations have been published. The f i e l d of 
a p p l i c a t i o n of t h i s method seems to be i n e x h a u s t i b l e . 
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In a f f i n i t y chromatography (AFC), (41-46) the c y c l o d e x t r i n s are 
e i t h e r immobilized (e.g. on Sepharose gel) or are d i s s o l v e d i n the 
eluent. This method i s mainly a p p l i e d f o r the p u r i f i c a t i o n of 
a m y l o l y t i c enzymes. 

In e l e c t r o k i n e t i c chromatography (EKC, electroosmosis, e l e c t r o 
phoresis) the h i g h l y s o l u b l e i o n i c c y c l o d e x t r i n - d e r i v a t i v e s (e.g. 
carboxymethyl-$-cyclodextrin) are employed (47). A non-charged 
guest w i l l migrate i n the e l e c t r i c f i e l d , because i t i s transported 
by the charged c y c l o d e x t r i n host. 

Next, t h i s paper w i l l review the chromatographic a p p l i c a t i o n of 
s o l u b l e cyclodextrin-polymers i n t h i n l a y e r chromatography, and of 
the i n s o l u b l e , but s w e l l i n g 3 - c y c l o d e x t r i n bead polymer, i n g e l 
i n c l u s i o n chromatography. 

Soluble c y c l o d e x t r i n polymers i n t h i n - l a y e r chromatography. 
Aqueous a - c y c l o d e x t r i n s o l u t i o n s seem to be g e n e r a l l y a p p l i c a b l e f o r 
TLC separatio n of a wid
amide t h i n - l a y e r s t a t i o n a r
pounds moved as d i s t i n c t spots and t h e i r R f values were dependent on 
the c o n c e n t r a t i o n of the c y c l o d e x t r i n i n the mobile phase. In a 
given f a m i l y of compounds, (o-, m-, and p - n i t r o p h e n o l s , f o r example) 
the isomer w i t h the l a r g e s t s t a b i l i t y constant f o r a - c y c l o d e x t r i n 
complex formation had the l a r g e r value. In g e n e r a l , the para-
s u b s t i t u t e d isomers have l a r g e r values than the meta-isomers, 
which i n turn have l a r g e r R^ values than the ortho s u b s t i t u t e d ones. 

An obvious l i m i t a t i o n of the a p p l i c a t i o n of a - c y c l o d e x t r i n f o r 
a wider v a r i e t y of compounds i s i t s narrow c a v i t y diameter. Larger 
molecules do not f i t the c a v i t y . Due to i t s low aqueous s o l u b i l i t y , 
3 - c y c l o d e x t r i n i s not adequate f o r s i m i l a r purposes. However i t s 
h i g h l y s o l u b l e polymer (a low molecular c r o s s l i n k e d product) proved 
to be very u s e f u l f o r the TCL separation of l a r g e r molecules. The 
wider c a v i t y diameter, and probably some cooperativeness between the 
v i c i n a l l y f i x e d c y c l o d e x t r i n - m o i e t i e s , render such s o l u b l e polymers 
adequate i n the mobile phase f o r a great v a r i e t y of compounds. The 
reversed phase TLC-behaviour of a n t i b i o t i c s polymixine (48), 17 
s u b s t i t u t e d s - t r i a z i n e d e r i v a t i v e s (49), 25 triphenyl-methane d e r i v 
a t i v e s and analogues (50) 33 n i t r o s t y r e n e d e r i v a t i v e s (51) and 21 
b a r b i t u r a t e s (52) were s t u d i e d on s i l i c a or c e l l u l o s e p l a t e s . 

The u t i l i t y of the h i g h l y s o l u b l e 3 - c y c l o d e x t r i n d e r i v a t i v e s 
( s o l u b l e polymer and d i m e t h y l - 3 - c y c l o d e x t r i n ) i n RPTLC i s i l l u s t r a t e d 
i n the separation of b a r b i t u r a t e s . The l i p o p h i l i c i t y of a b a r b i t 
urate or any guest decreases when included i n a c y c l o d e x t r i n - c a v i t y . 
Therefore i t s m o b i l i t y i s modified i n reversed phase t h i n l a y e r 
chromatography. With t h i s simple and r a p i d method, the s t a b i l i t y of 
a complex can be estimated e m p i r i c a l l y (Table I I ) . The "b" value of 
the f o l l o w i n g equation i s c h a r a c t e r i s t i c f o r the complex s t a b i l i t y 
( i n water:ethanol =4:1 s o l u t i o n , R^ determined at 5 d i f f e r e n t 
c y c l o d e x t r i n concentrations f o r 21 b a r b i t u r a t e s ) : 

R M= R M Q + b.c 
where R̂ =* a c t u a l R^ values of a compound determined at c(mM) c y c l o 
d e x t r i n c o n c e n t r a t i o n s , R ^ Q = values of a compound e x t r a p o l a t e d to 
zero c y c l o d e x t r i n concentration, b= decrease of R^ value caused by 1 
mM increase of c y c l o d e x t r i n concentration i n the e l u e n t , c= mM 
c y c l o d e x t r i n i n eluent. 
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According to the "b" values, the a - c y c l o d e x t r i n form only weak 
complexes with b a r b i t u r a t e s . The s t a b i l i t y of 3-cyclodextrin and 
y - c y c l o d e x t r i n complexes i s s i m i l a r and higher. Even higher i s the 
s t a b i l i t y with the soluble 3-cyclodextrin-polymer, the highest being 
with DIMEB (see the X values i n Table I I ) . 

From the data the f o l l o w i n g conclusion can be drawn: Better 
f i t t i n g and higher l i p o p h i l i c i t y r e s u l t i n a higher complex s t a b i l i t y . 
Therefore: ( i ) A longer a l i p h a t i c R^ substituent r e s u l t s i n higher 
s t a b i l i t y both with a - c y c l o d e x t r i n and 3 - c y c l o d e x t r i n . ( i i ) Branch
ing or c y c l i c R^ substituent decreases the s t a b i l i t y with a-cyclo
d e x t r i n but increases with the t i g h t e r f i t t i n g 3 - c y c l o d e x t r i n . 
Unambiguously, an R. substituent of unusual s i z e , e.g. an anthracene 
s t r u c t u r e , would not match the 3-cyclodextrin c a v i t y , i . e . the 
increase of R s i z e increases the complex s t a b i l i t y only up to an 
optimum. ( i i i ) The more hydrophobic t h i o b a r b i t u r a t e s form more 
stable complexes with 3-cyclodextrin which suggests that, at l e a s t 
p a r t i a l l y , the h e t e r o c y c l i c r i n g i s also included. The a-cyclo
d e x t r i n c a v i t y i s too narro
X substituent (X = 0, o
c y c l o d e x t r i n complex s t a b i l i t y . (iv) The cyclohexenyl r i n g i s more 
e f f e c t i v e than benezene r i n g . 

The r e s u l t s suggest that i n a - c y c l o d e x t r i n - b a r b i t u r a t e complexes 
the c y c l o d e x t r i n - c a v i t y includes only R, while i n 3-cyclodextrin 
complexes both R1 and part of the pyrimidine moiety are included. 
This hypothesis does not preclude other i n t e r a c t i o n s between the 
b a r b i t u r a t e and c y c l o d e x t r i n molecules. S i m i l a r studies were per
formed on s - t r i a z i n e s , triphenylmethanes and n i t r o s t y r e n e s . 

Separation by i n c l u s i o n chromatography on c y c l o d e x t r i n polymers. 
In 1965 the r e s u l t s were published f o r the f i r s t preparation of 
i n s o l u b l e c y c l o d e x t r i n polymers and t h e i r s e l e c t i v i t y and super
i o r i t y i n binding various substances (as compared to dextran poly
mers) (24, 53). Substances which cannot be separated by Sephadex 
(e.g. o- and m-dichlorobenzene) can be r e a d i l y separated by 3-cyclo
d e x t r i n polymer. In the presence of c y c l o d e x t r i n polymers at iden
t i c a l free-substance concentration, the amount of bound substance i s 
much higher (often by 2 orders of magnitude) (see Figure 5). The 
extent of i n c l u s i o n follows the Freundlich or Langmuir isotherms 
(54, 55). For compounds possessing i o n i z a b l e groups the u n d i s s o c i a t -
ed forms are predominantly bound. 

The guest molecule absorbing capacity of c y c l o d e x t r i n polymers 
i s s i g n i f i c a n t l y higher than would be expected, considering the 
number of c y c l o d e x t r i n c a v i t i e s (56). This was explained by the 
hypothesis that at l e a s t a part of the adjacent c y c l o d e x t r i n r i n g s 
bind one guest molecule each, and that between two guest molecules, 
a t h i r d i s a f f i x e d by hydrophobic f o r c e s . The s o - c a l l e d "monofunct-
i o n a l " guest (which i n t e r a c t s with a s i n g l e c y c l o d e x t r i n ) forms a 
weaker complex with a s u b s t i t u t e d or c r o s s l i n k e d c y c l o d e x t r i n than 
with a non-derivatized one, probably because of s t e r i c hindrance. 
With " b i f u n c t i o n a l " guest, i . e . that i n t e r a c t s with two c y c l o d e x t r i n s , 
the binding i s much stronger (57). This i s c l e a r l y seen i n the 
values of a s s o c i a t i o n constants and on the s o l u b i l i t y enhancing 
e f f e c t of 3-cyclodextrin and i t s soluble polymers (Table I I I ) . 
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Table III. Association constant and solubility enhancement of 
,!monofunctional,, and "bifunctional" guests with CD 
and soluble CD polymer 

K a(x IP- 3) ^JT 
r r o 

P-CD S-3-CDP 

monofunctional: 
m-chlorobenzoic acid 2.2 0.5 2.1 
bifunctional: 
4-dimethylaminoazo- 0 35 7 0 

benzene 40.0 

S q refers to the solubility in water. 
bp-CD = 4.0 x 10"3 M, S

A serious limitation of the chromatography on cyclodextrin poly
mers i s that i t can be performed only in aqueous solutions. The 
retention of the guests depends on the s t a b i l i t y of the complex and 
changes with the polarity, hydrophobicity, size and geometry of the 
guest molecule and the size of the internal cavity of the cyclo
dextrin molecules. Moreover, i t changes further with the temperature 
and other experimental conditions (e.g. pH and the composition of 
the mobile phase). Secondary effects, such as gel permeation and 
weak adsorption, can also interfere with the complexation. In 
favorable cases, these effects jointly increase the chromatographic 
separation. 

Figure 6 shows the complete separation of five amino acids 
(lysine, alanine, phenylalanine, tyrosine and tryptophan) on a 
column packed with cyclodextrin polymers (58). The best separation 
of these amino acids was obtained on the column packed with {3-cyclo
dextrin polymer. On the other hand, tryptophan could be separated 
on a-cyclodextrin polymer column with the best selectivity. Also, 
fifteen additional non-aromatic natural a-amino acids were chromat-
ographed on p-cyclodextrin polymer, but their peaks appeared either 
between, or together with, those of alanine and lysine. 

The study of the chromatographic behavior of natural indole 
alkaloids on cyclodextrin polymers was different, and unexpectedly 
high retentions were observed in mildly acidic buffer solutions at 
room temperature, which permitted their separation by inclusion 
chromatography (25) (Table IV). Figure 7 shows the separation of 
two Vinca-alkaloids of very similar structure, the (+)-vincamine 
and (+)-apovincamine. 

In favorable cases, not only structurally related compounds or 
isomers can be separated, but also enantiomers, when the sta b i l i t y of 
the diastereomer complexes (CD.G) of the guest (G) is different, i.e. 
V)*K(-): 

(+)CD + (+)G ± £ (+)CD.(+)G 
(+)CD + (-)G^±(+)CD.(-)G 
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500 1000 pmol/l 

Figure 5. Comparison of the degree of bi n d i n g of methylorange to 
dextran polymer and b

100 200 300 

Figure 6. Gel i n c l u s i o n chromatographic separation of amino a c i d s 
on a-, 3-, y - c y c l o d e x t r i n bead polymer columns, and on Sephadex 
G-25 column (1.6x88 cm, pH 5.0 phosphate b u f f e r , flow r a t e 10 
ml/h, 20 °C). 
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Table IV. Separation of some indole alkaloids on (3-CD polymer 
column with phosphate buffer at pH 5.5 as mobile phase 

Alkaloid Selectivity 
enantiomer factor 

( - ) (+) 

Vineadiffor mine 6.0 4.2 1.43 
Aspidospermidine 1.58 1.73 1.09 
Quebrachamine 4.75 3.98 1.19 
N-Methylquebrachamine 3.48 3.63 1.04 
Vincadine 
Apovincamine 3.85 3.58 1.08 
Eburnamonine 5.6 5.3 1.06 
Vincamine 1.69 1.72 1.02 

—, 1 1 1 
2 0 0 3 0 0 4 0 0 5 0 0 m l 

Figure 7. Separation of (+)-vincamine (2 mg) and (+)-apovincamine 
(3 mg) on 3 - c y c l o d e x t r i n polymer (1.6x90 cm, pH 5 c i t r a t e b u f f e r , 
flow r a t e 80 ml/h, 20 °C). 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



212 ORDERED MEDIA IN CHEMICAL SEPARATIONS 

The chances of the chromatographic r e s o l u t i o n by i n c l u s i o n chromato
graphy were s y s t e m a t i c a l l y s t u d i e d on a s e r i e s of enantiomer p a i r s 
of i n d o l e a l k a l o i d s as model compounds (e.g. Table V) and promising 
r e s u l t s were achieved on both a n a l y t i c a l and p r e p a r a t i v e s c a l e (26). 

Table V. S p e c i f i c e l u t i o n volumes (V e/v* t) and s e l e c t i v i t y f a c t o r s of 
v i n c a d i f f o r m i n e enantiomers on BCD polymer column 

P a r t i c l e 
s i z e (um) 

Eluent b u f f e r V /V v e ' v t enantiomer 
v-> (+) 

S e l e c t i v i t y 
f a c t o r 

90-125 C i t r a t e , pH 4.0 2.8 2.5 1.12 
Phosphate
Phosphate

63-90 Phosphate, pH 5.0 3.3 2.5 1.32 
Phosphate, pH 5.5 6.0 4.2 1.43 
C i t r a t e , pH 5.5 4.7 3.5 1.34 

Figure 8 shows the a n a l y t i c a l b a s e - l i n e s e p a r a t i o n of quebrachamine 
antipodes by i n c l u s i o n chromatography on 3 - c y c l o d e x t r i n polymers. 

U n t i l now, almost e x c l u s i v e l y a n a l y t i c a l works have been pub
l i s h e d , i . e . s e v e r a l mg racemic mixtures were separated without 
i s o l a t i o n of the enantiomers. Because cyclodextrin-polymers are 
not yet i n d u s t r i a l l y produced, t h e i r a c c e s s i b i l i t y i s l i m i t e d , 
p a r t i c u l a r l y i n q u a n t i t i e s which are needed f o r p r e p a r a t i v e columns. 
This f i e l d however seems to be promising, because the production and 
a v a i l a b i l i t y i n s a t i s f a c t o r y q u a n t i t i e s of 8 - c y c l o d e x t r i n bead p o l y 
mers i s expected w i t h i n the next few years. 

The p r e p a r a t i v e chromatography of 500 mg racemic ( + ) - v i n c a d i f f -
ormine on 3 - c y c l o d e x t r i n polymer can be seen i n Figure 9. From the 
chromatographic f r a c t i o n , 230 mg crude (+)-vincadifformine was 
i s o l a t e d . I t s o p t i c a l p u r i t y a f t e r r e c r y s t a l l i z a t i o n was 98.3 %. The 
other f r a c t i o n was 245 mg crude (-)- v i n c a d i f f o r m i n e . A f t e r r e c r y s t 
a l l i z a t i o n i t s o p t i c a l p u r i t y was 92.5 %. These are e x c e l l e n t r e s u l t s , 
p a r t i c u l a r l y c o n s i d e r i n g the 92 % y i e l d of the crude product. The 
l o a d i n g c a p a c i t y of the p r e p a r a t i v e column was t e s t e d by i n c r e a s i n g 
the amount of the racemic mixture. Separation was achieved at higher 
l o a d i n g s , but as expected the o p t i c a l p u r i t y of both of the e n a n t i 
omer products somewhat decreased. For example, r e s o l v i n g 800 mg 
racemic (+) - v i n c a d i f f o r m i n e under the same circumstances as above 
gave 350 mg (87.5 %) crude (+)-vincadifformine from the f i r s t e l u a t e 
f r a c t i o n , and 380 mg (95 %) crude (-) enantiomers. The o p t i c a l 
p u r i t i e s ( a f t e r r e c r y s t a l l i z a t i o n ) were 81.6 % and 87.5 % r e s p e c t i v e 
l y . 
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" 2 8 0 ( - ) Q u e b r a c h a m i n e ( • ) Q u e b r a c h a m i n e 

6 0 0 

Figure 8. Baseline r e s o l u t i o n of (+)-quebrachamine (2 mg) and 
(-)-quebrachamine (2 mg) on 3-cyclodextrin polymer (1.6x85 cm, 
pH 6.8 phosphate b u f f e r , flow rate 50 ml/h, 20 °C). 

Figure 9. Resolution of a racemic mixture of (+)-vincadifformine 
(250 mg) on a preparative 3-cyclodextrin polymer column (5x90 cm, 
pH 5.5 phosphate b u f f e r , flow rate 300 ml/H, 20 °C). 
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The a b i l i t y of some components of n u c l e i c a c i d s , e s p e c i a l l y 
those with an adenine base, to form complex with 3-cyclodextrin, can 
als o be r e a d i l y used f o r chromatographic separations of various 
nucleotides and nucleosides (59). A s u b s t a n t i a l problem associated 
with a p p l i c a t i o n of c y c l o d e x t r i n polymer g e l s , i s that the access
i b i l i t y of the c y c l o d e x t r i n c a v i t i e s on the surface and w i t h i n the 
i n t e r i o r of the polymer p a r t i c l e i s rather d i f f e r e n t . The rate of 
entrapment and release of solutes from the streaming l i q u i d i s 
obviously a d i f f u s i o n c o n t r o l l e d process. Consequently, a longer 
time i s needed to reach an e q u i l i b r i u m w i t h i n the p a r t i c l e than on 
i t s surface. The a c c e s s i b i l i t y of the c y c l o d e x t r i n r i n g s w i l l be 
more uniform, i f the c y c l o d e x t r i n i s immobilized on the surface of 
non-complexing polymer p a r t i c l e s (polyacrylamide, agarose (60,61) 
c e l l u l o s e (62), and s i l i c a (63)). Therefore, a b e t t e r separation 
(however lower capacity) i s expected. 

Columns i n which 3-cyclodextrin was immobilized on p o l y a c r y l a 
mide or agarose g e l were shown to be very u s e f u l i n the separation of 
d i s u b s t i t u t e d benzene isomer
3-cyclodextrin f u r t h e r improve
completely separate o-, m- and p - t o l u i d i n e , and dinitrobenzenes (64) 
which cannot be done on unmodified s t a t i o n a r y phase. 

Not only a n a l y t i c a l or preparative separations can be performed 
on c y c l o d e x t r i n polymer columns, but a l s o undesired components can 
be removed from aqueous s o l u t i o n s , b i t t e r t a s t i n g substances ( n a r i n -
gin, limonin) can be removed or at l e a s t t h e i r concentration can be 
s t r o n g l y reduced a f t e r treatment of c i t r u s j u i c e with c y c l o d e x t r i n 
polymers i n batch or column process (65,66). Phenylalanine can be 
eliminated from d i e t e t i c p r o t e i n hydrolysates (67), water-soluble 
organic substances (e.g. p o l y c h l o r i n a t e d biphenyls (68), 2-naph-
talenecarboxylate or phenol can be removed from aqueous s o l u t i o n s 
(e.g. from pharmaceutical wastewater) by p o l y s t y r e n e - c y c l o d e x t r i n 
d e r i v a t i v e s (69), by 3-cyclodextrin immobilized on c e l l u l o s e (70) or 
by 3-cyclodextrin-polyurethane polymer (71). 

Concluding remarks 

The s e l e c t i v i t y of c y c l o d e x t r i n s toward the various molecules i s not 
high enough to a t t a i n complete (or acceptable) separations by one-
step operations. Enrichment, of one component or p a r t i a l separation 
of various components of a mixture can be a t t a i n e d r e l a t i v e l y e a s i l y . 
However using c y c l o d e x t r i n s i n multistep processes, i . e . the various 
chromatographic techniques, very e f f e c t i v e separations can be 
achieved. P a r t i c u l a r l y i n RP-HPLC the a p p l i c a t i o n of immobilized 
CDs and CDs d i s s o l v e d i n the mobile phase became one of the most 
promising methods. 

In the coming years the modified c y c l o d e x t r i n s may b r i n g about 
even more s p e c i f i c separations, or separation of poorly soluble drugs 
i n aqueous systems. The most challenging aim i s the preparative 
separation of mixtures, and r e s o l u t i o n of racemates by the immobiliz
ed c h i r a l CDs, and scaling-up such methods to i n d u s t r i a l technologies. 
The CDs are already a c c e s s i b l e at reasonable p r i c e , the same i s 
expected f o r modified CDs and CD polymers i n the coming years. I t 
i s hoped, that such CD-derivatives w i l l achieve s i m i l a r s i g n i f i c a n c e 
i n the separation technology, than i n the a n a l y t i c a l chemistry. 
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Chapter 12 

Cyclodextrins as Mobile-Phase Components 
for Separation of Isomers by Reversed-Phase 

High-Performance Liquid Chromatography 

Danuta Sybilska 

Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 
Warsaw 01-224, Poland 

The use of cyclodextrin
se component
ty to reversed phase high performance li
quid chromatography (RP-HPLC) systems are 
surveyed. The exemplary separations of 
structural and geometrical isomers are pre
sented as well as the resolution of some 
enantiomeric compounds. A simplified scheme 
of the separation process occurring in RP-
HPLC system modified by cyclodextrin is 
discussed and equations which relate the ca
pacity factors of solutes to cyclodextrin 
concentration are given. The results are 
considered in the l ight of two phenomena 
influencing separation processes: adsorption 
of inclusion complexes on stationary pha
se and complexation of solutes in the 
bulk mobile phase solution. 

The most c h a r a c t e r i s t i c p r o p e r t y o f c y c l o d e x t r i n s C C D s ) 
i s t h e i r r e m a r k a b l e a b i l i t y t o f o r m m o l e c u l a r i n c l u s i o n 
compounds w i t h v a r i o u s o r g a n i c and i n o r g a n i c s p e c i e s o f 
n e u t r a l o r i o n i c n a t u r e ( 1 ) . T h e i r g r o w i n g s i g n i f i c a n c e 
i n c h r o m a t o g r a p h y ( 2 , 3 ) a r i s e s f r o m t h e f a c t , t h a t CD 
c o m p l e x a t i o n meets a l m o s t a l l t h e main r e q u i r e m e n t s o f 
t h i s method s e t up on t h e a d a p t e d p r o c e s s . 

F i r s t , CD c o m p l e x a t i o n i s s e l e c t i v e , m o r e o v e r h i g h 
l y s t e r e o s e l e c t i v e . CD i n c l u s i o n p r o c e s s e s a r e i n f l u e n 
c e d m a i n l y by h y d r o p h o b i c i t y and shape o f g u e s t (G) mo
l e c u l e i . e . by t h e f i t o f t h e e n t i r e o r a t l e a s t p a r t 
o f c o m p l e x e d m o l e c u l e t o t h e CD ( h o s t ) c a v i t y . T h u s s t e -
r i c f a c t o r s a r e o f c r u c i a l i m p o r t a n c e f o r CD i n c l u s i o n 
compounds f o r m a t i o n and t h e i r s t a b i l i t y . F o r t h a t 
r e a s o n CD i n c l u s i o n c a n be c o n s i d e r e d as a p r o c e d u r e 
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o f c h o i c e f o r s e p a r a t i o n o f i s o m e r s i . e . i n t h e f i e l d 
where many a n a l y t i c a l and p r e p a r a t i v e p r o b l e m s r e m a i n 
u n s o l v e d o r o n l y p a r t l y s o l v e d . 

S e c o n d , CD c o m p l e x a t i o n p r o c e s s e s o c c u r r i n g i n s o 
l u t i o n , a r e r e v e r s i b l e ; h y s t e r e s i s phenomena a r e n o t 
o b s e r v e d . The p r o c e s s o f e q u i l i b r a t i o n i n t h e s o l u t i o n 
i s r e l a t i v e l y f a s t , t h e r a t e c o n s t a n t s o f c o m p l e x a t i o n 
a r e u s u a l l y o f t h e same o r d e r as t h o s e o f d i f f u s i o n 
c o n t r o l l e d p r o c e s s e s . 

T h i r d , CD's a r e s t a b l e w i t h i n a l a r g e r a n g e o f pH, 
t h e y a r e r e s i s t i v e t o t h e l i g h t and t h e y do n o t a b s o r b 
i n t h e f u l l UV r a n g e commonly u s e d i n c h r o m a t o g r a p h i c 
d e t e c t i o n . M o r e o v e r CD's a r e n o t t o x i c . 

F i r s t o f a l l CD c o m p l e x a t i o n has been u s e d t o a d 
v a n t a g e i n c l a s s i c a l l i q u i d c h r o m a t o g r a p h y and t h i n 
l a y e r c h r o m a t o g r a p h y . T h e s e s t u d i e s p r o c u r e d v e r y i n t e 
r e s t i n g and v a l u a b l e r e s u l t s w h i c h have been r e c e n t l y 
r e v i e w e d ( 2 ^ 2 ) · However
p o l y m e r s w i t h i n c o r p o r a t e
e f f i c i e n c y , o w i n g t o t h e c o m p l e x mechanism o f s o r p t i o n 
i n v o l v i n g b o t h g e l p e r m e a t i o n and m o l e c u l a r i n c l u s i o n . 

F o r t h e a p p l i c a t i o n o f s t e r e o s e l e c t i v e p r o c e s s e s 
o f CD i n c l u s i o n i n h i g h p e r f o r m a n c e l i q u i d c h r o m a t o g r a 
phy (HPLC) two d i f f e r e n t a p p r o a c h e s have been r e c e n t l y 
d e s i g n e d : t h e use o f c h e m i c a l l y bonded CD s i l i c a s t a 
t i o n a r y p h a s e s ( 4 - 1 6 ) and t h e a p p l i c a t i o n o f CD's as 
t h e m o b i l e p h a s e c o m p o n e n t s i n r e v e r s e d p h a s e (RP) 
s y s t e m s ( 1 7 - 2 8 ) . 

The r e s u l t s o b t a i n e d by t h e f i r s t method e s p e c i a l l y 
t h o s e o f r e c e n t s t u d i e s p e r f o r m e d w i t h a c o m m e r c i a l l y 
a v a i l a b l e s t a b l e £<-, β- and j^-CD bonded p h a s e s ( 8 -
15) and w i t h t h e i r n e w e s t i m p r o v e d m o d i f i c a t i o n s ( 1 6 T 
d e m o n s t r a t e t h e g r e a t p r a c t i c a l v a l u e o f t h e s o r b e n t s 
and p r o c e d u r e . T h e s e s t u d i e s d e a l t w i t h s t r u c t u r a l and 
g e o m e t r i c a l i s o m e r s and d i a s t e r e o i s o m e r s as w e l l as 
e n a n t i o m e r s o f numerous compounds o f v a r i o u s h y d r o p h o 
b i c o r h y d r o p h i l i c n a t u r e . 

I n t h i s c h a p t e r , a t t e n t i o n w i l l be f o c u s e d on t h e 
s t u d i e s t h a t u t i l i z e CD's as t h e m o b i l e p h a s e m o d i f i e r s . 
I t s h o u l d be n o t e d , t h a t two s i g n i f i c a n t f a c t s f o u n d 
e a r l i e r , opened t h e r o u t e t o t h e i d e a o f u s i n g CD's as 
t h e m o b i l e p h a s e c o m p o n e n t s i n RP-HPLC s y s t e m s . N a m e l y : 
1) CD's d i s s o l v e d i n t h e m o b i l e p h a s e s o l u t i o n s have 
been u s e d i n t h i n - l a y e r c h r o m a t o g r a p h y w i t h p o l y a m i d e 
s t a t i o n a r y p h a s e ( 2 9 , 3 0 ) and 2) CD c o m p l e x a t i o n e q u i l i 
b r i a o f i o n i c compounds were s t u d i e d by a c h r o m a t o g r a 
p h i c method u s i n g an i o n e x c h a n g e r as s t a t i o n a r y p h a s e 
and m o b i l e p h a s e s o l u t i o n s c o n t a i n i n g CD's i n v a r i o u s 
c o n c e n t r a t i o n s ( 3 1 ) . 
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E q u i l i b r i a and E q u a t i o n s . 

RP s y s t e m s c o n t a i n i n g CD's i n m o b i l e p h a s e s o l u t i o n s may 
i n v o l v e many s p e c i e s o f t h e s o l u t e : n e u t r a l , i o n i c , f r e e 
o r bound t o one o r more CD m o l e c u l e s . C o n s e q u e n t l y t h e 
a d s o r p t i o n and c o m p l e x a t i o n e q u i l i b r i a a r e c o m p l i c a t e d . 
S u p p o s i n g t h a t o n l y one s p e c i e s o f t h e s o l u t e , i . e . 
n e u t r a l m o l e c u l e s (G) , i s p r e s e n t i n t h e s o l u t i o n and 
t a k e s p a r t i n t h e p r o c e s s e s o f a d s o r p t i o n and c o m p l e x a 
t i o n , c o m p l e x e s o f 1:1 s t o i c h i o m e t r y a r e e x c l u s i v e l y 
f o r m e d and CD does n o t i n f l u e n c e t h e p r o p e r t i e s o f t h e 
RP s t a t i o n a r y p h a s e , we t h e n o b t a i n t h e f o l l o w i n g 
s i m p l i f i e d scheme f o r d e s c r i p t i o n o f t h e e q u i l i b r i a : 

( CD), 

RP-18 

(G-CD) 
kG>CD 

I'
ll K ' 

(G>CD) r 

where G s t a n d s f o r g u e s t m o l e c u l e s ( s o l u t e ) , t h e s u b s 
c r i p t s s and m d e n o t e t h e s t a t i o n a r y and m o b i l e p h a s e 
r e s p e c t i v e l y ; K G i s s t a b i l i t y c o n s t a n t o f t h e (G-CD) 
c o m p l e x and k l and k l r n a r e c a p a c i t y f a c t o r s o f t h e 
f r e e G m o l e c u l e and i t s G.CD c o m p l e x , r e s p e c t i v e l y . F o r 
s u c h a s y s t e m t h e a p p a r e n t c a p a c i t y f a c t o r ( k ' ) c a n be 
e x p r e s s e d as f o l l o w s : 

k G + kG.CD K G £C DU 
k ( 1 ) 

1 • Κ, [ C D J m 

E q u a t i o n 1 d e s c r i b i n g a s i m p l e RP s y s t e m ( 1 8 , 2 3 ) i s a n a 
l o g o u s t o t h a t d e r i v e d f o r t h e f i r s t t i m e by Uekama 
e t a l ( 3 1 ) f o r d e t e r m i n a t i o n o f t h e s t a b i l i t y c o n s t a n t s 
o f CD c o m p l e x e s w i t h v a r i o u s i o n i c s p e c i e s by i o n e x 
change c h r o m a t o g r a p h y . The a n a l o g o u s e q u a t i o n s have been 
p r o p o s e d by H o r v a t h e t a l ( 3 2 ) f o r i o n p a i r c h r o m a t o g r a 
phy* 

E q u a t i o n 2 ( 2 3 ) a r i s e s f r o m E q a t i o n 1 by s i m p l e 
t r a n s f o r m a t i o n f o r l i n e a r i z a t i o n : 

k G - k' 
k' ~ + k ' n n ( 2 ) 

K G G " C D 
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The aqueous m o b i l e p h a s e s o l u t i o n s must f r e q u e n t l y 
c o n t a i n n o t o n l y CD b u t an a d d i t i o n a l o r g a n i c s o l v e n t 
whose m o l e c u l e s a r e a l s o i n c l u d e d i n t h e CD c a v i t i e s ( 3 3 ) , 
The c o m p e t i t i v e i n f l u e n c e o f o r g a n i c s o l v e n t on c o m p l e 
x a t i o n e q u i l i b r i a may be e x p r e s s e d by E q u a t i o n 3 ( 2 3 ) 
f o r t h e a p p a r e n t CD m o l a r c o n c e n t r a t i o n I.CD] b e i n g sma
l l e r t h a n t h e o v e r a l l m o l a r c o n c e n t r a t i o n 
[ C D J ° : 

[CD] S 
[CD], ( 3 ) 

Κ s o l v [solvJ° 

where [ s o l v ] i s t h e i n i t i a l m o l a r c o n c e n t r a t i o n o f 
o r g a n i c s o l v e n t and Κ . i s t h e s t a b i l i t y c o n s t a n t o f 
t h e 1:1 CD i n c l u s i o n B8m^lex w i t h an o r g a n i c s o l v e n t 
m o l e c u l e . E q u a t i o n 3
[solvJ° i s v e r y s i m i l a
o f o r g a n i c s o l v e n t , what seems t o be r e a s o n a b l e u n d e r 
t h e c o n d i t i o n : 

C " i v j ; » m i 
F o r weak a c i d s and b a s e s , i . e . , s u b s t a n c e s u n d e r 

g o i n g d i s s o c i a t i o n , E q u a t i o n 4 ( more c o m p l i c a t e d t h a n 
E q u a t i o n 1 ) was d e r i v e d ( 1 8 ) t o e v a l u a t e how pH and CD 
c o n c e n t r a t i o n a f f e c t t h e i r r e t e n t i o n on RP c o l u m n s . I t 
t a k e s i n t o a c c o u n t t h e a c i d - b a s e and c o m p l e x a t i o n 
e q u i l i b r i a o f b o t h n e u t r a l and i o n i c s p e c i e s as w e l l as 
t h e a d s o r p t i o n o f a l l s p e c i e s on t h e s t a t i o n a r y p h a s e . 

k: GK a/[H +] + k G . C D K G [ co ] + k ^ m K i G D p D l K a / [ h + J 
k = -4-

1 + Κ /[H +] ϊ Κ [CP] + K. G[CD]K /[H +J 
(4) 

Where Κ i s t h e a c i d i t y c o n s t a n t , K p and Κ.« a r e s t a b i l i 
t y c o n s t a n t s o f CD c o m p l e x e s o f n e u t r a l ana i o n i c s p e 
c i e s r e s p e c t i v e l y and k ' k ' , k f „ ~ and k ^ p e p D a r e c a p a 
c i t y f a c t o r s o f unionized,Ionizêh,complexed-unionized 
and c o m p l e x e d - i o n i z e d f o r m s o f s o l u t e r e s p e c t i v e l y . 

E x p e r i m e n t a l V e r i f i c a t i o n . The c h a n g e s o f c a p a c i t y f a c 
t o r v a l u e s k ' w i t h ρ -CD c o n c e n t r a t i o n i n t h e m o b i l e 
p h a s e s o l u t i o n a r e i l l u s t r a t e d i n F i g u r e 1 as t h e b e h a 
v i o r o f m e t h y l p h e n o b a r b i t a l e n a n t i o m e r s on RP-18 c o 
lumns ( 2 6 ) . The s i m i l a r i n f l u e n c e o f CD on k ' v a l u e s was 
o b s e r v e d f o r a l l t h e s t u d i e d compounds ( d i s u b s t i t u t e d 
b e n z e n e s , m a n d e l i c a c i d and i t s d e r i v a t i v e s , some a r o 
m a t i c a m i n o a c i d s , some b a r b i t u r a t e s and h y d a n t o i n s ) ( 1 7 -
1 9 , 2 1 - 2 6 , 2 8 ) . c* - o r £-CD a d d i t i o n s were a l w a y s 
f o l l o w e d by a d e c r e a s e i n t h e a p p a r e n t c a p a c i t y f a c t o r 
( k * ) v a l u e s . These r e s u l t s s u g g e s t t h a t t h e a d s o r p t i o n 
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o f CD c o m p l e x on RP-18 p h a s e i s a l w a y s s m a l l e r t h a n t h a t 
o f t h e c o r r e s p o n d i n g f r e e m o l e c u l e i f t h e a s s u m p t i o n t h a t 
CD does n o t c h a n g e RP s t a t i o n a r y p h a s e i s c e r t a i n l y v a l i d 

k G > kG*CD 
G e n e r a l l y , i n t h e c a s e o f β-CD t h e d e t e r m i n e d k' v a l u e s 
s a t i s f y t h e l i n e a r r e l a t i o n 

k' vs (kg-k')/11 p-CD] f r o m E q u a t i o n 2 

w h i c h p r o v e s t h a t i n t h i s c a s e a l l t h r e e main a s s u m p t i o n s 
o f t h e scheme g i v e n above and E q u a t i o n 1 a r e a p p r o x i m a t i 
v e ^ t r u e . T h i s l i n e a r r e l a t i o n s h i p e n a b l e d e v a l u a t i o n o f 
t h e s t a b i l i t y c o n s t a n t s K« and t h e c a p a c i t y f a c t o r s 
kr»fr_rn f o r P " C D c o m p l e x e s w i t h v a r i o u s compounds. Some 
o r t h e s e v a l u e s a r e c o l l e c t e d i n T a b l e I ( 2 2 , 2 3 , 2 6 , 3 4 )
The d a t a f o r c r e s o l s
e v a l u a t e d by t h e l e a s t - s q u a r e
The d a t a c o n c e r n i n g m a n d e l i c a c i d and p a r a - n i t r o c i n n a m i c 
a c i d were d e t e r m i n e d f r o m E q u a t i o n 4 by e x p a n d i n g t h e 
n o n - l i n e a r f u n c t i o n k'= k ( [ H + ] [ C D j ) i n t o a T a y l o r s e r i e s 
and a p p l y i n g a n u m e r i c a l p r o c e d u r e ( 1 8 ) 

A few s m a l l d e v i a t i o n s o b s e r v e d i n t h e c a s e o f (5-CD 
b e h a v i o u r ( e . g . n e g a t i v e v a l u e s o b t a i n e d s o m e t i m e s f o r 
k l t ^ p j may be a t t r i b u t e d t o two phenomena: e i t h e r (5 -CD 
i n f l u e n c e s , t o some e x t e n t , h y d r o p h o b i c p r o p e r t i e s o f RP 
s t a t i o n a r y p h a s e o r two c o m p l e x a t i o n s t a g e s o c c u r . The 
v e r y p o o r c o n f i r m a t i o n o f E q u a t i o n 1 o b s e r v e d f o r (V-CD 
p o i n t s o u t t h e b i g g e r d i v e r g e n c e s b e t w e e n i t s r e a l b e h a 
v i o u r i n a RP s y s t e m and t h e main a s s u m p t i o n s o f t h e 
scheme g i v e n a b o v e . F o r t h a t r e a s o n no f u r t h e r e v a l u a t i o n 
o f s t a b i l i t y and a d s o r p t i o n o f (X-CD c o m p l e x e s was a t t e m p 
t e d . 

O p t i m i z a t i o n . The d a t a d i s c u s s e d above ( e q u i l i b r i a , 
e q u a t i o n s , T a b l e I ) l e a d t o t h e c o n c l u s i o n t h a t t h e 
r e s o l u t i o n o f t h e compounds a c h i e v e d i n RP s y s t e m s m o d i 
f i e d by CD may be due t o two v a r i o u s phenomena. I t may 
a r i s e f r o m 
- d i f f e r e n c e s o f s t a b i l i t y c o n s t a n t s o f β-CD c o m p l e x e s 

( K g ) , X 

-and d i f f e r e n c e i n a d s o r p t i o n o f ρ-CD c o m p l e x e s 
(k« - _ r n ) o n i - n e s t a t i o n a r y p h a s e . 

These two f a c t o r s may i n f l u e n c e r e s o l u t i o n o f i s o m e r s 
i n an a d d i t i v e ( e . g . m a n d e l i c a c i d e n a n t i o m e r s , o r t h o 
and meta c r e s o l s ) o r s u b s t r a c t i v e manner ( e . g . mepheny
t o i n e n a n t i o m e r s ) . Thus f o r t h e d e s i g n i n g and o p t i m i z a 
t i o n o f r e s o l u t i o n one s h o u l d know t h e s t a b i l i t y c o n s 
t a n t s and a d s o r p t i o n p r o p e r t i e s o f CD c o m p l e x e s w i t h 
t h e compounds b e i n g s e p a r a t e d . 

Two e x a m p l e s o f t h e o p t i m i z a t i o n o f s e p a r a t i o n 
f a c t o r v a l u e s f o r e n a n t i o m e r s a r e p r e s e n t e d i n F i g u r e s 2 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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Figure 1. Plots of capacity factor
enantiomers. Stationary phase
ethanol-buffer solution of pH=2.0 containing various β-CD concentrations; 
temperature: 25 e C . (Reprinted with permission from ref. 26. Copyright 1986 Marcel 
Dekker.) 

Figure 2. Selectivity factor values calculated for mandelic acid enantiomers as a 
function of pH and log [β-CD]; · denotes a value from direct measurements. 
(Reprinted with permission from ref. 34. Copyright 1984 Polska Akademia Nauk 
Instytut Chemii Fizycznej.) 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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and 3. E q u a t i o n 4 and t h e d a t a f r o m T a b l e I f o r m a n d e l i c 
a c i d e n a n t i o m e r s were u s e d t o e x a m i n e t h e r e l a t i o n s h i p 
b e t w e e n t h e s e l e c t i v i t y f a c t o r ^ ι/η and CD c o n c e n t r a t i o n 
as w e l l as pH o f t h e m o b i l e p h a s e s o l u t i o n . T h e r e s u l t s 
o f t h i s p r o c e d u r e a r e shown i n F i g u r e 2 (_34). I t i s s e e n 
t h a t t h e b e s t s e p a r a t i o n s o f m a n d e l i c a c i d e n a n t i o m e r s 
s h o u l d be a c h i e v e d on RP-18 c o l u m n w i t h more a c i d i c s o l u 
t i o n s ( o f pH 4 2) and a t t h e m o d e r a t e c o n c e n t r a t i o n s o f 
β -CD. However s u c h a c i d i c m e d i a a r e n o t a d v i s a b l e f o r 

L i C h r o s o r b RP-18 c o l u m n s , a l s o t h e CD's c a n u n d e r g o a c i 
d i c h y d r o l y s i s t o o a t low pH. 

P l o t s o f s e l e c t i v i t y f a c t o r ( c a l c u l a t e d u s i n g 
E q u a t i o n 2 and t h e d a t a f r o m T a b l e I ) f o r m e p h e n y t o i n 
and h e x o b a r b i t a l e n a n t i o m e r s v e r s u s CD c o n c e n t r a t i o n a r e 
shown i n F i g u r e 3 a,b (3j>). The p r o f i l e s o f r e l a t i o n oC 
vs [β-CD] f o r t h e s e two compounds a r e d i f f e r e n t b e c a u s e 
two d i f f e r e n t f a c t o r s d e t e r m i n e r e s o l u t i o n o f t h e i r e n a n 
t i o m e r s : d i f f e r e n c e i
d i f f e r e n c e i n k« % &
t e r c a s e r e p r e s e n t s " an i n t e r e s t i n g e x a m p l e : t h e r e s o l u 
t i o n o f i t s e n a n t i o m e r s a r i s e s f r o m t h e g r e a t d i f f e r e n t i a 
t i o n i n t h e a d s o r p t i o n o f d i a s t e r e o i s o m e r i c β-CD c o m p l e 
x e s . The c a l c u l a t e d s e l e c t i v i t y f a c t o r oi f o r t h e s e com
p l e x e s i s c a 3 ( s e e T a b l e I ) . I n t h i s p a r t i c u l a r c a s e 
s e l e c t i v i t i e s o f t h e two p r o c e s s e s : a d s o r p t i o n and com
p l e x a t i o n i n t h e b u l k m o b i l e p h a s e s o l u t i o n a r e o p p o s i t e 
t o e a c h o t h e r ; e n a n t i o s e l e c t i v i t y a r i s i n g f r o m s e l e c t i v e 
a d s o r p t i o n d o m i n a t i n g o v e r d i f f e r e n t i a t i o n i n t h e s o l u 
t i o n . U n f o r t u n a t e l y t h e s t a b i l i t i e s o f d i a s t e r e o i s o m e 
r i c ^ - C D * m e p h e n y t o i n c o m p l e x e s a r e r e l a t i v e l y s m a l l 
and s o l u b i l i t y o f β-CD i n t h e m o b i l e p h a s e s o l u t i o n i s 
r a t h e r l i m i t e d . T h e r e f o r e one c a n n o t s h i f t t h e c o m p l e 
x a t i o n e q u i l i b r i u m 

^-CD + m e p h e n y t o i n ^ »- ^ - C D * m e p h e n y t o i n 

t o w a r d s p r e v a i l i n g f o r m a t i o n o f t h e i n c l u s i o n c o m p l e x 
t h r o u g h i n c r e a s i n g t h e ^-CD c o n c e n t r a t i o n . I n c o n s e 
q uence o f t h i s , t h e m e n t i o n e d above o p t i m a l s e p a r a t i o n 
f a c t o r o C e q u a l c a 3 i s n o t a v a i l a b l e e x p e r i m e n t a l l y . 

E x a m p l e s o f S e p a r a t i o n s . 

S t r u c t u r a l I s o m e r s . C h r o m a t o g r a m s i l l u s t r a t i n g t h e s e p a 
r a t i o n o f o r t h o , meta and p a r a i s o m e r s o f c r e s o l (^3) and 
and x y l e n e ( 2 8 ) o n RP c o l u m n s a r e shown i n F i g u r e s 4 and 5. 
They e n a b l e a c o m p a r i s o n o f t h e c h r o m a t o g r a p h i c p r o p e r 
t i e s and s e l e c t i v i t i e s due t o &s.~ and -CD c o m p l e x a t i o n 
b e t w e e n p o s i t i o n a l i s o m e r s o f t h e above c o m p o u n d s . S i m i 
l a r b e h a v i o u r was o b s e r v e d f o r o r t h o , m e t a and p a r a i s o 
mers o f f l u o r o n i t r o b e n z e n e , c h l o r o n i t r o b e n z e n e , i o d o n i -
t r o b e n z e n e , n i t r o p h e n o l , n i t r o a n i l i n e , d i n i t r o b e n z e n e 
( 2J5 ) , n i t r o c i n n a m i c a c i d (22) some m a n d e l i c a c i d d e r i v a 
t i v e s ( 1 9 , 2 1 , 3 4 ) and e t h y l t o l u e n e ( 2 8 ) . B o t h cx-CD and 
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Figure 3. Selectivity factor values calculated for (a) mephenytoin (a ) and (b) 
hexobarbital (<* ) enantiomers as a function of log [β-CO]. The full line corresponds 
to the conditions experimentally available. 

o- .m- .p -

6 5 3 [ m i n ] 5 3 

Figure 4. Separation of cresols on 10-/xm LiChrosorb RP-18 column (150 χ 4.5 mm 
i.d.) (a) without CD, (b) with 3 χ 10"2 M α-CD, and (c) with 2 χ 10"2 M /3-CD. Solvent 
composition: 20 vol°/o ethanol in water; flow rate: 2.4 mL/min; temperature: 20 °C. 
(Reprinted with permission from ref. 23. Copyright 1985 American Chemical 
Society.) 
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P> -CD f o r m i n c l u s i o n c o m p l e x e s w i t h d i s u b s t i t u t e d b e n 
z e n e s . N e v e r t h e l e s s , i n most c a s e s o n l y f> -CD c o m p l e x a 
t i o n p e r m i t s e f f e c t i v e s e p a r a t i o n s o f p o s i t i o n a l i s o m e r s 
o f d i s u b s t i t u t e d b e n z e n e s . The o n l y e x c e p t i o n f r o m t h i s 
r e g u l a r i t y , so f a r o b s e r v e d , i s n i t r o b e n z o i c a c i d ; i t s 
o r t h o , meta and p a r a i s o m e r s were more e f f i c i e n t l y s e p a 
r a t e d w i t h oc -CD s o l u t i o n s ( 1 8 ) t h a n w i t h β-CD. 

The s e q u e n c e o f e l u t i o n o f p o s i t i o n a l i s o m e r s o f 
h a l o g e n d e r i v a t i v e s o f n i t r o b e n z e n e ( 2 3 ) , x y l e n e and 
e t h y l t o l u e n e ( 2 8 ) f r o m RP c o l u m n m o d i f i e d w i t h a f>-CD 
s o l u t i o n i s i d e n t i c a l : 1) o r t h o , 2) p a r a and 3) meta. 
I t was m e n t i o n e d e a r l i e r t h a t t h e s e s e l e c t i v e c h r o m a t o 
g r a p h i c s e p a r a t i o n s , a c h i e v e d w i t h CD s o l u t i o n s , a r e 
due t o t h e d i f f e r e n c e i n s t a b i l i t y c o n s t a n t s o f i n c l u s i o n 
c o m p l e x e s i n t h e m o b i l e p h a s e s o l u t i o n and t o t h e d i f f e 
r e n c e i n t h e a d s o r p t i o n o f t h e s e c o m p l e x e s on RP p h a s e . 
As t h e c a p a c i t y f a c t o r s o f p-CD c o m p l e x e s o f d i s u b s t i t u 
t e d b e n z e n e d e r i v a t i v e
d i f f e r e n t a t i o n i s a l s
o b s e r v e d s e l e c t i v i t y i s m a i n l y d e t e r m i n e d by t h e d i f f e 
r e n c e s i n t h e s t a b i l i t y c o n s t a n t s b e t w e e n $-CD c o m p l e x e s 
o f o r t h o , meta and p a r a i s o m e r s . The s e q u e n c e o f e l u t i o n 
o f o r t h o , meta and p a r a i s o m e r s f r o m RP c o l u m n s h o u l d be 
t h e r e f o r e r e v e r s e t o t h e s t a b i l i t i e s o f t h e i r (?-CD com
p l e x e s . T h i s s e q u e n c e s h o u l d be opposite to t h a t o b s e r v e d 
on t h e c o l u m n s f i l l e d w i t h £>-CD s i l i c a bonded p h a s e s 
( f o r t h e same compounds and u n d e r s i m i l a r c o n d i t i o n s ) . 
I n f a c t , t h e r e s u l t s c o n c e r n i n g β-CD a c t i v i t y i n m o b i l e 
p h a s e s o l u t i o n s , c o n c e r n i n g p o s i t i o n a l i s o m e r s o f d i s u b 
s t i t u t e d b e n z e n e d e r i v a t i v e s ( 2 3 , 2 8 ) seem t o be c o n s i s 
t e n t w i t h t h o s e o b t a i n e d by o t h e r a u t h o r s u s i n g ρ-CD 
s i l i c a bonded p h a s e s ( 4 - 8 ) . I t s h o u l d be m e n t i o n e d t h a t 
a l l o f t h e above c o n s i d e r a t i o n s c o n c e r n m a i n l y n e u t r a l 
m o l e c u l e s ; f o r t h e compounds u n d e r g o i n g d i s s o c i a t i o n , t h e 
e q u i l i b r i a a r e more c o m p l i c a t e d and t h e s e q u e n c e o f e l u 
t i o n o f i s o m e r s more v a r i a b l e . 

C h r o m a t o g r a m s i n F i g u r e 6 show t h e s e p a r a t i o n o f t r i -
m e t h y l b e n z e n e s . As i t was o b s e r v e d f o r d i a l k y l b e n z e n e s 
β -CD c o m p l e x a t i o n n o t o n l y i m p r o v e s s e l e c t i v i t y t o w a r d s 

t r i m e t h y l b e n z e n e i s o m e r s , b u t a l s o w o r k s as an o r g a n i c 
s o l v e n t by l o w e r i n g t h e i r c a p a c i t y f a c t o r s . T h i s makes 
t h e t i m e o f a n a l y s i s s h o r t e r and d e t e c t a b i l i t y b e t t e r 
( 2 8 ) . The i m p r o v e m e n t i n t h e r e s o l u t i o n o f t r i m e t h y l 
b e n z e n e s due t o t h e &C-CD c o m p l e x a t i o n i s n o t so o b v i o u s . 

G e o m e t r i c a l I s o m e r s . F i g u r e 7 shows t h e c h r o m a t o g r a m o f 
a m i x t u r e o f a l l s i x i s o m e r s o f n i t r o c i n n a m i c a c i d as an 
e x a m p l e o f t h e s e p a r a t i o n o f g e o m e t r i c a l i s o m e r s . I n t h i s 
c a s e , h o w e v e r , t h e main d i f f i c u l t y l i e s n o t i n t h e s e p a -
p a r a t i o n o f c i s f r o m t r a n s i s o m e r s , b u t i n t h e r e s o l u t i o n 
o f meta f r o m p a r a s u b s t i t u t e d compounds w h e t h e r i n c i s o r 
t r a n s c o n f i g u r a t i o n . 
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m-,p-

12 U 16 18 [mini 8 10 12 14 2 4 6 

Figure 5. Separation of xylenes on 10-μπι LiChrosorb RP-8 column (50 χ 4.0 mm i.d.) 
(a) without CD, (b) with 3.10'2 M α-CD, and (c) with 2.7 χ 10'2 M β-CD. Solvent 
composition: 20 vol% ethanol in water; flow rate: 3.6 mL/min; temperature: 25 °C. 
(Reprinted with permission from ref. 28. Copyright 1986 Elsevier Science Publishers.) 

—I 1 1 1 L J I 1 1— J 1 1 L 
30 35 40 45 [mini 20 25 30 35 0 10 20 30 

Figure 6. Separation of trimethylbenzenes (a) without CD, (b) with 3.10"2 M α-CD, 
and (c) with 2.7 χ 10"2 M β-CO. Conditions as in Figure 5. (Reprinted with 
permission from ref. 28. Copyright 1986 Elsevier Science Publishers.) 
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C h i r a l eompounds. As CD's a r e composed o f D - g l u c o s e 
t h e y a r e c h i r a l . CD c o m p l e x a t i o n r e p r e s e n t s t h e r e f o r e 
a p o t e n t i a l t o o l f o r s e p a r a t i o n o f o t h e r c h i r a l com
pounds i n t o e n a n t i o m e r s . I n f a c t v a r i o u s i n t e r e s t i n g 
s e p a r a t i o n s o f c h i r a l compounds i n t o e n a n t i o m e r s have 
been a c h i e v e d u s i n g ^-CD s i l i c a s t a t i o n a r y p h a s e s ( 8 , 9 , 
1 2 - 1 6 ) . y 

I n t h i s m a t t e r t h e s u r v e y e d method has been e x e m p l i 
f i e d a t f i r s t by t h e r e s o l u t i o n o f m a n d e l i c a c i d e n a n t i o 
mers ( 1_7). The f u r t h e r s t u d i e s c o n c e r n e d t h e c h i r a l r e c o 
g n i t i o n o f m a n d e l i c a c i d d e r i v a t i v e s s u b s t i t u t e d i n t h e 
s i d e c h a i n a n d / o r i n t h e a r o m a t i c r i n g ( 1 9 , 2 1 ) . I t has 
been f o u n d t h a t t h e e n a n t i o s e l e c t i v i t y a r i s i n g f r o m i n c l u 
s i o n i n β-CD m o l e c u l e s i s d i s t i n g u i s h a b l e o n l y f o r com
pounds c o n t a i n i n g a t t h e c h i r a l c a r b o n atom an i n t a c t 
c a r b o x y l i c g r o u p and a n o t h e r p o l a r g r o u p ( e . g . OH, NH 2) 
a b l e t o f o r m h y d r o g e
t h a t t h e i n s e r t i o n o
c a v i t y o f ^»-CD p r o v i d e s t h e t h i r d p o i n t o f c o n t a c t , 
i n d i s p e n s a b l e f o r a c h i e v i n g e n a n t i o s e l e c t i v i t y i n a c h r o 
m a t o g r a p h i c s y s t e m , a c c o r d i n g t o t h e " t h r e e p o i n t s o f 
a t t a c h m e n t " c o n c e p t o f D a l g l i e s h (36.)· T h i s a s s u m p t i o n 
seems t o be c o n f i r m e d by c h l o r o m a n d e l i c a c i d s b e h a v i o r . 

T a b l e I I . C a p a c i t y F a c t o r s k ' o f E n a n t i o m e r s o f 
M a n d e l i c A c i d and i t s C h l o r o d e r i v a t i v e s Q e t e r m i n e d 
on L i C h r o s o r b RP-18 Column w i t h 1.44x10 M ft-CD 
Aqueous S o l u t i o n s a t Two D i f f e r e n t pH » 

Compounds pH 2. ,1 
k ' 

pH 6.8 

m a n d e l i c a c i d + 4. .88 0. .75 
- 4. .52 0, .74 

o r t h o - c h l o r o m a n d e l i c a c i d + 119 11, .3 
- 238 13, .0 

m e t a - c h l o r o m a n d e l i c a c i d + 188 49, .4 
- 245 56, .6 

p a r a - c h l o r o m a n d e l i c a c i d + 67 13. .7 
- 67 13, .7 

S u b s t a n t i a l e n a n t i o s e l e c t i v i t y o f p -CD c o m p l e x a t i o n has 
been f o u n d f o r o r t h o and meta c h l o r o m a n d e l i c a c i d s as i t 
i s shown i n F i g u r e 8 (,21) and i n T a b l e I I ( 2 1 , 3 4 ) . 
C h l o r i n e - a s u b s t i t u e n t a t t h e o r t h o o r meta p o s i t i o n 
r e m a r k a b l y e n h a n c e s e n a n t i o s e l e c t i v i t y as c ompared t o that 
o b s e r v e d f o r m a n d e l i c a c i d i t s e l f , w h i l e a t t h e p a r a 
p o s i t i o n i t r e d u c e s t h i s e n a n t i o s e l e c t i v i t y t o u n d i s t i n -
g u i s h a b l e v a l u e s ( s e e T a b l e I I ) . 
The same p r o c e d u r e has been a p p l i e d f o r r e s o l u t i o n o f 
m e p h e n y t o i n and some b a r b i t u r a t e s i n t o e n a n t i o m e r s ( 2 6 ) . 
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Figure 7. Chromatogram of cis-trans mixture of o-, /w-, and p-nitrocinnamic acids 
performed on 10-μπι LiChrosorb RP-18 column (100 χ 4.6 mm i.d.) with 2.4 χ 10'3 M 
β-CD. Solvent composition: 4 vol% methanol in an aqueous buffer of pH 4.2; flow 
rate: 1.5 mL/min; temperature: 25 e C . 

tlmin] 80 60 AO 20 0 

Figure 8. Chromatogram of a mixture of racemic o- and m-chloromandelic acids 
performed on 10-μπι LiChrosorb RP-18 column (250 χ 4.5 mm i.d.) with 14.4 χ 10"3 M 
β-CD. Solvent composition: aqueous buffer of pH 6.8; flow rate: 1.2 mL/min; 
temperature: 25 e C . (Reprinted with permission from ref. 21. Copyright 1983 
Elsevier Science Publishers.) 
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F i g u r e 9 shows t h e e x a m p l e s o f s e p a r a t i o n s o f r a c e m i c 
m i x t u r e s o f m e t h y l p h e n o b a r b i t a l and m e p h e n y t o i n p e r f o r 
med u n d e r o p t i m a l c o n d i t i o n s a v a i l a b l e ( 3 7 ) . I t has 
been f o u n d t h a t β -CD c o m p l e x a t i o n r e s u T t s i n a d i s 
t i n c t e n a n t i o s e l e c t i v i t y i n t h e c a s e o f m e p h e n y t o i n and 
b a r b i t u r a t e s w h i c h have a c h i r a l c e n t e r i n t h e p y r i m i d i -
ne r i n g . The r e s o l u t i o n o f b a r b i t u r a t e e n a n t i o m e r s i s 
due t o t h e d i f f e r e n t s t a b i l i t i e s o f t h e i r d i a s t e r e o -
i s o m e r i c Ç> -CD c o m p l e x e s , w h i l e t h e s e p a r a t i o n o f 
m e p h e n y t o i n e n a n t i o m e r s r e s u l t s f r o m t h e d i f f e r e n c e i n 
t h e i r a d s o r p t i o n on t h e RP p h a s e . The l a t t e r c a s e s h o u l d 
be c o n s i d e r e d f u r t h e r . I t has been a l r e a d y s u g g e s t e d 
( 1 8 ) t h a t t h e a d s o r p t i o n o f CD c o m p l e x e s i n w h i c h g u e s t 
m o l e c u l e s a r e e n t i r e l y i mmersed i n t h e CD c a v i t y i s low 
on RP p h a s e s . The d i s t i n c t a d s o r p t i o n a r i s e s f r o m t h e 
p a r t o f t h e m o l e c u l e w h i c h i s o u t s i d e t h e c a v i t y . T a k i n g 
i n t o a c c o u n t t h i s f a c t and t h e r e m a r k a b l e d i f f e r e n c e i n 
t h e a d s o r p t i o n o f £
may c o n c l u d e t h a t a
b e t w e e n i m m e r s i o n o f m e p h e n y t o i n e n a n t i o m e r s i n t h e 

p -CD c a v i t y . 
I t seems t o a l s o be w o r t h mentioning t h a t t h e d e s c r i 

bed p r o c e d u r e has been u s e d f o r m i c r o - p r e p a r a t i v e s e p a 
r a t i o n s o f m e p h e n y t o i n and h e x o b a r b i t a l e n a n t i o m e r s ( 2 6 ) 
ρ -CD s o l u t i o n s were a l s o s u c c e s s f u l l y used_ f o r r e s o l u 

t i o n o f 1 - [ 2 - ( 3 - h y d r o x y p h e n y l ) - l - p h e n y l e t h y l J - 4-(3-me-
t h y l - 2 - b u t e n y l ) p i p e r a z i n e e n a n t i o m e r s i n RP s y s t e m s 
( Z O ) . An e s p e c i a l l y i n t e r e s t i n g e x a m p l e o f t h e a p p l i c a 
t i o n o f -CD i s t h e s e p a r a t i o n o f o p t i c a l i s o m e r s o f 
D,L - n o r g e s t r e l ( 2 7 ) . 

C o n c l u d i n g Remarks. 

I n c o n c l u s i o n two f a c t s s h o u l d be n o t e d . F i r s t / a l l t h e 
c h r o m a t o g r a m s q u o t e d above have been f o l l o w e d w i t h UV 
d e t e c t o r s . The u s e f u l n e s s o f a n o t h e r d e t e c t o r s ( e.g. 
p o l a r o g r a p h i c , r e f r a c t i v e i n d e x ) i n CD s o l u t i o n s has 
n o t y e t been p r o v e d . S e c o n d , CD a d d i t i o n s t o m o b i l e 
p h a s e s o l u t i o n s o f RP s y s t e m s a r e a l w a y s f o l l o w e d by 
a l o s s o f c o l u m n e f f i c i e n c y ( c a 3 0 % ) . T h i s p r o b l e m how
e v e r demands more d e t a i l e d s t u d i e s . 

The method s u r v e y e d seems t o be a d v a n t a g e o u s and 
t o some e x t e n t c o m p l e m e n t a r y t o t h e i m p o r t a n t methods 
i n w h i c h t h e c o m m e r c i a l l y a v a i l a b l e CD s i l i c a s t a t i o n a 
r y p h a s e s a r e u s e d . M o r e o v e r i t i n v o l v e s s o m e t i m e s a d 
d i t i o n a l f a c t o r s w h i c h c o u l d i m p r o v e s e p a r a t i o n s u c h as 
a d s o r p t i o n on an RP p h a s e o r s e c o n d s t a g e c o m p l e x a t i o n . 
The s u r v e y e d method has n o t been t o t a l l y e x p l o r e d b o t h 
i n t h e o r y a n d / o r i n p r a c t i c e . The newest r e s u l t s a c h i e 
ved v i a m e t h y l a t e d CD's c o n f i r m t h i s o p i n i o n ( 3 8 , 3 9 ) . 
T h e r e f o r e s t i l l i t i s t o e a r l y t o draw g e n e r a l c o n c l u 
s i o n s . 
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Figure 9. Chromatograms of racemic mixtures of (a) methylphenobarbital and (b) 
mephenytoin performed on 5-μπι LiChrosorb RP-18 column (250 χ 1 mm i.d.) with 
2.2 χ 10"3 M β-CO. Solvent composition: 20 vol% ethanol-aqueous buffer solution of 
pH 6.6 containing 0.5 vol% of diethylamine; flow rate: 30 /zL/min; temperature: 25 °C. 
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Chapter 13 

Least-Squares Iterations: Nonlinear Evaluation 
of Cyclodextrin Multiple Complex Formation 

with Static and Ionizable Solutes 

Larry A. Spino and Daniel W. Armstrong 

Department of Chemistry and Biochemistry, Texas Tech University, 
Lubbock, TX 79409-4260 

Equations are derived which take into account the for
mation of cyclodextrin to substrate complexes other 
than simple one t
tion is also derive g
mono-protic species in which either its ionized or un
ionized form could bind to one or two cyclodextrin mole
cules. Because multiple binding constants are difficult 
to evaluate graphically, a non-linear least squares com
puter program is utilized. The approach works equally 
well for the determination of binding constants in 
micellar media. 

A few recent r e p o r t s have ind icated that m u l t i p l e c y c l o d e x t r i n 
formation in aqueous s o l u t i on i s more common than once be l ieved 
(1 -8 ) . Gelb et a l . determined 1:2 ( s u b s t r a t e : c y c l o d e x t r i n {CD}) 
bTnïïing constant r a t i o s but f a i l e d to obta in i nd i v i dua l constant 
va lues (2 ) . Connor et a l . used po ten t i omet r i c , spect rophotometr i c , 
s o l u b i l i t y and compet i t i ve i n d i c a t o r methods to evaluate the b inding 
constants o f one substrate molecule bound to two CD molecules (5 -7 ) . 
Some o f these methods gave subs tant ia l r e l a t i v e e r r o r s fo r the 
b ind ing constants whi le other techniques were a p p l i c a b l e to a 
l i m i t e d number o f compounds. 

Armstrong et a l . developed a chromatographic technique which 
could be used to evaluate the s to ich iometry and a l l r e l e v a n t b ind ing 
constants fo r most substrate-CD systems (8 ) . Th i s method was not 
dependent on a s o l u t e ' s spectroscop ic p r o p e r t i e s , c o n d u c t i v i t y , 
e lec t rochemica l behav ior , or s o l u b i l i t y . Th i s work presented theory 
and chromatographic evidence for m u l t i p l e c y c l o d e x t r i n complex 
format ion. Previous t h e o r e t i c a l work cons idered only 1:1 complex 
formation (9-12) . A two to one complexation equation was der ived by 
expanding on the equation f i r s t used in 1981 to d e s c r i b e the 1:1 
complexation behavior o f a so lute in a pseudophase system (13,14). 
Using t h i s method, i t was demonstrated that c l o s e l y r e l a t e d 
compounds such as s t ruc tu ra l isomers o f n i t r o a n i l i n e could e x h i b i t 
d i f f e r e n t b inding behaviors (8 ) . 

0097-6156/87/0342-0235$06.00/0 
© 1987 American Chemical Society 
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One form of the psuedophase r e t e n t i o n equation i s shown 
below (14). It r e l a t e s LC r e t e n t i o n (as the capac i t y f a c t o r , k ' ) to 
the biTuiing of a so lute to c y c l o d e x t r i n , K,, and to the 
concent ra t ion o f c y c l o d e x t r i n in the mobile phase, [CD]. 

1 K,[CD] 
f - + (1) 

k' or 1-R f 0K[A] 0K[A] 

The terms in the denominator o f the r i g h t s ide o f Equation 1 i nc lude 
0, the phase r a t i o ; A, s t a t i o n a r y phase adsorpt ion s i t e ; and K, the 
a s s o c i a t i o n constant o f a so lute to the s t a t i onary phase b ind ing 
s i t e . The b ind ing cons tant , K., can be evaluated g r a p h i c a l l y (by 
p l o t t i n g 1/k' versus [CD]) or by l i n e a r l e a s t squares. When complex 
e q u i l i b r i a are i n vo l ved , Equation 1 dev iates from l i n e a r i t y . In 
cases where two c y c l o d e x t r i
c o r r e c t p s e u d o p h a s

1 R* 1 K^CD] M ^ C D ] 2 

_ 1 _ = + _ i + _ L i (2) 
k' or 1-R f 0K[A] 0K[A] 0K[A] 

where K 2 i s the second b inding constant . Higher complexes conta in 
add i t i ona l analogous terms: 

1 R f 1 Κ Ί [ 0 ϋ ] K ,K 9 [CD] 2 I C K J ^ C D ] 3 

— L _ = + _ i + 1 L + 1 L 6 + · · · (3) 
k' or 1-R f 0K[A] 0K[A] 0K[A] 0K[A] 

A g raph ica l s o l u t i on fo r equation 2 i s po s s ib le but somewhat 
compl icated as some assumptions must be made (8 ) . Graphical 
eva lua t i on o f more complex e q u i l i b r i a becomes very d i f f i c u l t i f not 
imposs ib le . As w i l l be shown in t h i s work, appropr ia te non l inear 
l e a s t squares (NLLSQ) programs can be used to qu i ck l y eva luate and 
so lve a v a r i e t y o f simple and complex e q u i l i b r i a problems. In 
a d d i t i o n to so lv ing a number o f the more d i f f i c u l t c y c l o d e x t r i n 
complexation problems, data in the l i t e r a t u r e w i l l be r e - e v a l u a t e d . 

Experimental 

A l l computations were performed on an Apple l i e personal computer. 
Values for the curves were generated using bas ic from an Apple DOS 
Master ver s ion 3.3. Graphs were drawn using C r i cke t Graph software 
for the Macintosh by Jim Ra f fe r ty and Rich N o r l i n g , C r i c k e t 
Software, 3508 Market S t . , Suite 206, Ph i l adeph i a , PA 19104. A l l 
non l inear l e a s t squares (NLLSQ) i t e r a t i o n s were performed with a 
NLLSQ program wr i t ten for the Apple 11+ vers ion 1.2 by the CET 
Research Group, PO BX 2026, Norman, OK 73070, copyr i ght 1981, 1983. 
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Th i s p a r t i c u l a r NLLSQ program used the Marquardt method of 
expanding a model in a truncated T a y l o r ' s type s e r i e s and so lves for 
improved est imates o f parameters in an i t e r a t i v e manner. The very 
nature o f t h i s s t ra tegy i s that i t f i nd s a p a r t i c u l a r d i r e c t i o n to 
move in search o f be t te r parameter est imates which i s not exac t l y 
l i k e the normal truncated T a y l o r ' s s e r i e s nor that o f the d i r e c t i o n 
o f " s teepes t de s cen t s " . 

B r i e f l y put , the user introduces an equation into the body o f 
the program. Th i s equation i s wr i t ten in a form which takes in to 
account independent and dependent v a r i a b l e s . The user next 
incorpora tes t h i s equation into a f i l e to be r e c a l l e d when needed at 
a l a t e r t ime. Data i s next entered or taken from other compatible 
sources fo r l a t e r use. The NLLSQ f i l e i s loaded and the p rev ious l y 
stored equation i s then r e c a l l e d . This p a r t i c u l a r program allows 
d i f f e r e n t programs to be stored and used when needed. This NLLSQ 
vers ion i s wr i t ten so that the user i s prompted to s e l e c t needed 
items such as to make new array space  to enter the data f i l e name 
and so on to s t a r t th
requ i re s that the user i n i t i a t
in t h i s case , the b ind ing constants . The program next c y c l e s 
through the i n i t i a t e d guesses and when va lues are found by 
convergence, the r e s u l t s are l i s t e d and may be p r i n t e d . 

Resul ts and D i scuss ions 

Curves generated by using equation 3 of 1/k' versus [CD] fo r 1:1 to 
1:5 so lu te to CD complexes are shown in F igures 1 and 2. In F igure 
1, b ind ing constants were chosen so that the f i r s t b ind ing constant 
was l a r ge r than the o ther s . F igure 2 shows curves in which the 
product o f the b ind ing constants are equa l , that i s , K,KJ<JCJC = 
K 1 K 2 K 3 K 4 = K 1 K 2 K 3 = K 1 K 2 = K l f o r 1 : 5 » 1 : 4 » 1 : 3 » l ' 2 a n ° 
complexes r e s p e c t i v e l y . Note that 1:1 complexes are l i n e a r as 
pred ic ted by Equation 1 but higher complexes g ive curves o f 
i nc rea s ing s lope . V i s u a l l y i n spec t ing p l o t s o f l /k ' versus [CD] 
makes d i s t i n g u i s h i n g 1:2 complexes from 1:1 behavior d i f f i c u l t in 
t h i s c a s e . In many i n s t a n c e s , complexes h i g h e r than 1:1 
s t o i c h i o m e t r i e s may a l so be i n d i s t i n g u i s h a b l e from one another. 
These problems have been addressed p rev ious l y (8 ) . By us ing 
a v a i l a b l e NLLSQ p rog rams , the d i f f i c u l t i e s o f p r e d i c t i n g 
s to i ch iometry by v i s u a l l y in spect ing p lo t s could be c i rcumvented. 

Table 1 l i s t s va lues found by using a NLLSQ program to i t e r a t e 
fo r 1:1 and 1:2 s t o i c h i o m e t r i e s using appropr iate forms o f Equation 
3. As can be seen from Table 1, NLLSQ est imates fo r 1:2 so lute:CD 
complexes were s i m i l a r to those p rev ious l y r e p o r t e d . Note that the 
1:1 solute:CD b ind ing constant for prostag land in B 2 found by the 
NLLSQ program i s c lo se to the product o f KJC^ f o r tÎîie NLLSQ value 
found fo r 1:2 solute:CD b i nd ing . 
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[CD] x 100 

Figure 1. 1/k' versu
so lu te
constants used are as fo l l ows : 

A, 1 
Β, 1 
C, 1 
D, 1 
Ε, 1 

4, 
5, 

0K[A]=O.l 

1, Κ Ί =3000 
2, κ ;=3οο, 
3, Kj=300, l<2=50, K0=5 

κ 2 = ι ο 

Κ,=200, 
IC=30, Κ ί = 5 , K.=0.5 
K 2=100, K 3=30, K 4=5, K 5=l 

4 -

1/k* 

[CD] X 100 

F igure 2. 1/k' versus [CD] for complexes o f 1:1 to 1:5 
so lute to CD molecules. The product o f the 
b inding constants for each complex i s equa l , 
b ind ing constants are as fo l l ows : 

A, 1:1, 
B, 

Κ Ί =5000 
K:=500, K 9-
Kj=250, K 2=10, 

=10 1:2, 
C 1:3 
D) 1:4» KJ=50, K 2=10, K 3=5, 

K3 C= 2 

0K[A] 
E, 1:5, Ki=50, K,=10, K,=5, 
1=0.1 1 1 6 

K4=2 
Kj=2, K5=I 

The 
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Tab le I. B inding constant values found by the NLLSQ program and 
compared to b ind ing constant values p rev ious l y reported 

NLLSQ Reported NLLSQ Reported (8) 

1:1 1:1 2:1 2:1 
Compound K l K l K l K 2 K l K 2 

prostag landin B, 
pros tag land in B i 
4 ,4 ' - b ipheno l 

970-1200 (16-17) 122 11.5 144 7.3 prostag landin B, 
pros tag land in B i 
4 ,4 ' - b ipheno l 

1447 

709 (16) 284 6 95 6.2 
prostag landin B, 
pros tag land in B i 
4 ,4 ' - b ipheno l 135 47 300 102 
o - n i t r o a n i l i n e 23 23 21 0.84 23 - -

m - n i t r o a n i l i n e 73 73 (8) 73 0.03 73 — 

p - n i t r o n a i l i n e — 430 32 

Table II g ives b ind in
values (P) ca l cu l a ted b
f a c t o r s f o r so lu tes bound to m i c e l l e s . These va lues were determined 
on two d i f f e r e n t LC columns. One to one equations were used to 
obta in the b ind ing constants (Equation 1 ) . Th i s t ab le shows the 
a b i l i t y o f t h i s p a r t i c u l a r NLLSQ rou t ine to perform l i n e a r l e a s t 
square approximations. NLLSQ programs usua l l y are l e s s accurate at 
t h i s . The mobi le phase in t h i s study was composed of s o l u t i on s o f 
sodium dodecy l sufate (SDS). These b ind ing constants were converted 
to p a r t i t i o n c o e f f i c i e n t s by Equation 4. 

where Κ i s the b ind ing constant o f a so lute between the m i c e l l e 
and the Oulk water phase, V i s the molar volume and Ρ i s the 
p a r t i t i o n c o e f f i c i e n t of a so lute between the m i c e l l e an(Pthe bulk 
water phase. 

Although not known to the authors at present , cases o f three to one 
or higher solute:CD complexation may be pos s ib le p a r t i c u l a r l y when 
l a r g e r molecules are studied in CD systems. In such ca se s , i t would 
be i n t e r e s t i n g to see how t h i s s p e c i f i c NLLSQ program could handle 
the i t e r a t i o n s and i f the c o r r e c t b ind ing constants could be found. 
Table III g i ves these r e s u l t s and the number of c y c l e s the program 
took to come to i t s conc lus ions when d i f f e r e n t guesses were f i r s t 
i n i t i a t e d for the dependent v a r i a b l e s . 

F i gures 3 and 4 are p l o t s o f vary ing b ind ing constants for 1:2 
and 1:3 so lu te to c y c l o d e x t r i n complexes using equations 2 and 3 
r e s p e c t i v e l y . In these p l o t s , the product o f the b ind ing constants 
are equal to one another whi le the i nd i v i dua l constants vary . It i s 
apparent that the magnitude of the f i r s t b ind ing constant ( K ^ has 
the g rea tes t e f f e c t on the r e l a t i v e p o s i t i o n o f the curves . Th i s 
should not be s u r p r i s i n g in view o f the f a c t that K. appears in a l l 
o f the terms o f the r i g h t s ide of Equation 3 except the f i r s t . 
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Table II. B inding constants (K ) and p a r t i t i o n c o e f f i c i e n t s (P ) 
using reported capac i ty f a c t o r s ^ l 3 ) f ° r so lu tes bound to m i c e l l e s 
on two d i f f e r e n t columns (SOS mobi le phase with C l g reversed 
s t a t i ona ry phase and SDS mobi le phase with a l k y l n i t r i l e s t a t i ona ry 
phase) 

C^g Reversed Phase Column 

Compound 
Ρ 

Reposed NLPSQ 
Ρ 

Ca lcu la ted 

hydroquinone 14.5 3.81 16.32 
r e s o r c i n o l 27.1 7.9 32.78 
p-n i t rophenol 32.5 10.29 42.4 
p - n i t r o a n i l i n e 72.3 11.83 48.59 

r e s o r c i n o l 25.3 6.4 26.75 
p-n i trophenol 32.9 8.02 33.3 
p - n i t r o a n i l ine 79.8 22.67 92.9 

Table III 3 to 1 CD to substrate example. Data was generated with 
K^ lOO , K 2=10, K 3=2, and K[A]0=O.O1 from Equation 3. Twelve 
generated points were used 

Prompted Guess NLLSQ Resu l t Cyc les 

K l 
K 2 K 3 K[A]0 K l K 2 K 3 

K[A]0 Required 

1st guess 100 10 2 0.01 100.13 9.98 2.01 0.0099 6 
2nd guess 100 100 100 100 100.13 9.98 2.01 0.0099 12 
3rd guess 1000 1000 1000 1000 100.13 9.98 2.01 0.0099 15 

pH Dependent Compl exat ions 

There are a v a r i e t y o f organic ac ids and bases that have protonated 
and unprotonated forms at d i f f e r e n t pH's . Each form of the so lute 
can have a d i s t i n c t b ind ing constant to a c y c l o d e x t r i n or m i c e l l e . 
Coupl ing these pH e f f e c t s with m u l t i p l e complexation behavior 
r e s u l t s in a somewhat compl icated system. So lutes which have 
geometric c i s - t r a n s isomers as well as are pH dependent have been 
p rev ious l y reported fo r 1:1 complexes (II). Syb i l ska et a l . der ived 
an equation which r e l a ted the absorpt ion o f both neutra l and an ion ic 
spec ies on a reversed s t a t i ona ry phase (1£ ) as shown in Equation 6. 

t . *HA * W P I + ] * t H A , C D K ° [ C D ] * t ( A _ c n K - [ C P ] K a / [ H + ] ^ 

" 0 b s 1 + Κ Γ Η + ] + K° [CD] + K [CD]K = / [H + ] 
a a 
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1/k' 

o.o I 1 ' ι ι 
0 2

F igure 3. 1/k' versus [CD] p l o t t i n g Equation 2. The 
product o f the b ind ing constants for curves A, Β 
and C are equa l . For curve Α; Κ,=100 and K p=10, 
f o r curve B; K 1=K 9=31.623 and fo f curve C; £..=10 
and K 2=100. 0K[A]=O.l 1 

1/k* 

0 2 4 6 8 10 

rCD] X 100 

Figure 4. 1/k' versus [CD] p l o t t i n g Equation 3. For curve 
Α; Κ Ί = 1 0 0 0 , K9=100 and K.=10, f o r curve B; 
Κ Ί = Κ 9 = Κ ^ = 1 0 0 and for curVe C; K^ IO, K9=100 and 

K3=i6oor 0K[A]=o.i 1 L 
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where t denotes^ r e t e n t i o n times and the subsc r ip t s obs, HA, A" 
HA-CD and (A-CD~) r e f e r to o v e r a l l (measured) values and to the 
r e t e n t i o n o f n e u t r a l , a n i o n i c , n e u t r a l - c o m p l e x e d and 
anionic-complexed spec ie s . Κ i s the a c i d i t y constant and the 
remaining K 's r e f e r to the s t a b i l i t y constants o f 1:1 complexes o f 
neutra l and an ion ic spec ie s . 

Th i s work expanded on mater ia l p rev ious l y reported by Uekama et 
a l . r e l a t i n g observed re ten t i on times o f i on i c spec ies and the 
c o n c e n t r a t i o n o f c y c l o d e x t r i n in the m o b i l e phase ( 1 5 ) . 

* ν w c p i m 

1 * K c [ C D ] m 

where t* i s the r e t e n t i o n time o f the sorbate, t i s the r e t e n t i o n 
time o f The sorbate-CD comple
the 1:1 complex. 

+ S t i l l , Syb i l ska et a l . expanded the non - l i nea r func t ion t . = 
t ( [H ][CD]) into a T a y l o r ' s s e r i e s but neglected the non l inear 
components. The parameters Κ , K~ and the i nd i v i dua l c apac i t y 
f a c t o r s k ' H A , k ' . , k \ H A _ r D x and k' i A . C D " ^ w e r e c a l c u l a t e d (10). 
Neutral m - n i t r o b e n z o i c l acicr and aYnorric/ m-nitrobenoate acTd 
complexed to α-CD were found to have b ind ing constants equal to 408± 
21 and 486± 16 r e s p e c t i v e l y . For p -n i t robenzo ic ac id Κ and K~ were 
found to be 473 ± 16 and 359 ± 16 r e s p e c t i v e l y . Using the NLLSQ 
program would a l low one to inc lude these non - l i nea r terms and g i ve a 
more accurate p i c tu re o f the b ind ing of species which have neutra l 
and i on i c forms that can e x i s t in a pseudophase. 

It i s po s s ib le that these i on i c forms could e x h i b i t 1:2 
substrate:CD complexat ion, p a r t i c u l a r l y para isomers, as shown for 
p - n i t r o a n i l ine(!8) . S i n c e S y b i l ska* s working e q u a t i o n s a re 
n o n - l i n e a r for 1:1 complexes, graphing these equations would make 
c a l c u l a t i n g the b inding constants d i f f i c u l t without f i r s t making 
some s i m p l i f i n g assumptions. This i s where NLLSQ type programs 
would be u s e f u l . It would a lso be advantageous to have the equation 
in the form o f c a p a c i t y f a c t o r s . 

For a 1:2 substrate:CD complex in which the substrate i s pH 
dependent, nine e q u i l i b r i a must be cons idered: 

[HAS] 
Κ 

HA + S * — * HAS Κ = [HA][S] (7) 

[HACD] 

K l 
HA + CD HACD Κ χ = [HA][CD] (8) 
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K 2 

K l a 

[HA (CD),] 

HACD + CD *=% HA(CD) 2 , K ? = [HACD][CD] (9) 

[HA(CD) 2 ] 

HA + 2CD ^=4 HA(CD) 2 , = [HA][CD] 2 (10) 

[ H + ] [ A " ] 

HA + H 20 ^ 4 H 30 + A" , K a = [HA] (11) 

[AS"] 

A " + S ^ AS" ,

[ACD"] 

A + CD ACD , K l a = [A ][CD] (13) 

[ A ( C D ) " ] 
Κ c 

ACD" + CD *M A ( C D ) 2 " , K 2 a = [ACD"][CD] (14) 

[A (CD) 2 " ] 

A " + 2CD A (CD ) 2 " , K l a K 2 a = [A"][CD] 

where HA i s the f ree p r o t i c s o l u t e , S i s the s t a t i ona ry adsorpt ion 
s i t e , CD i s a c y c l o d e x t r i n molecu le , HACD j s a 1:1 so lute:CD 
complex, HA(CD) 2 i s a 1:2 so lute:CD complex, A" i s the anion o f the 
f ree p r o t i c s o l u t e , ACD" i s a 1:1 an ion ic solute:CD complex, A (CD) 2 " 
i s a 1:2 an ion ic solute:CD complex and the r e s p e c t i v e equ i l i b r i um 
constants are Κ, Κ Ί , K 9 , K,, K a , K 1 a and K 9 a . The t o t a l amount o f 
so lu te HA t i s givert by: 6 a i a ^ a 

HA t = HA + HAS + HACD + HA(CD) 2 + A" + AS" + A(CD)" + A ( C D ) 2 " (16) 

S u b s t i t u t i n g into the standard chromatographic d e f i n i t i o n o f 
c apac i t y f a c t o r (Equation 1 7 ) , one obtains Equation 18. 

Amount o f so lute in the s t a t i onary phase 
k' = — (17) 

Amount o f so lute in the mobi le phase 
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1/k' 

0 2 4 6 8 10 

[CD] X 100 

Figure 5. 1/k' versus [CD] p l o t t i n g Equation 18. For curve 
A; pH=8, f o r curve B; pH=7.3, f o r curve C; pH=7, 
for curve D; pH=6.3, for curve E; pH=6 and 5.8, 
fo r curve F; pH=5 and fo r curve 6; pH=4.3 and 
4.0. 
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0([HAS] + [AS"]) 

- : - (18) 
k' = [HA] + [HACD] + [HA(CD) 2] + [A ] + [ACD ] + [A(CD) 2 ] 

Sub s t i t u t i n g [HAS], [AS " ] , [HACD], [HA(CD) 2 ] , [ A " ] , [ACD"] and 
[A (CD ) 2 " ] u s i n g + equations 7-15, c a n c e l l i n g [HA], l e t t i n g X = 
0[S](K*K κ { 1 / [ Η ]}) and rearrang ing g ives an equation which 
desc r ibes the LC r e t e n t i o n behavior of monoprotic so lu tes which 
complex two c y c l o d e x t r i n molecules . 

1 = 1 + + K ^ C D ] 2

 + + K l a K a [ C D ] + K l a K 2 a K a [ C D ] 2 ^ 

k' Χ Χ X [H +]X [H +]X [H +]X 

I f K 2 and K 2 are equal
compfexation equat ion. 

F igure 5 i s a p l o t o f 1/k' versus [CD] in Equation 19 for 
d i f f e r e n t pH's o f an imaginary mono-protic acid that could bind to 
one or two c y c l o d e x t r i n molecules in e i t h e r protonated or 
deprotonated form. R e a l i s t i c b ind ing constants were used and a pK 
o f 5.82 was chosen. From the p l o t , we can see that i f the b ind ing 
constants o f the prontonated and deprotonated forms are s i m i l a r , the 
magnitude o f the curve w i l l s t i l l be l a r ge r at higher pH's because 
o f the terms with [H ] in the denominator. Of cou r se , the curvature 
o f these s lopes i s dependent on the s i z e o f the b ind ing cons tant s . 

By using a NLLSQ program and l e t t i n g 1/k ' , [CD], [H ] , and Κ 
be the independent v a r i a b l e s , the computer could i t e r a t e fo r the 
dependent v a r i a b l e s , Χ, Κ,, K 2 , K, and K 2 . Th i s would seem a 
l o g i c a l a l t e r n a t i v e to extfact fr ig d^xa from graphs which t y p i c a l l y 
would be non - l i near and d i f f i c u l t to i n t e r p r e t . By using a NLLSQ 
program, s i m p l i f y i n g assumptions no longer would be necessary f o r 
the reason o f on ly producing l i n e a r p l o t s . A l s o , the problem of 
i n t e r c e p t s being inaccurate or c lose to zero f o r these l i n e a r 
s i m p l i f i c a t i o n s would be c ircumvented. 
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Chapter 14 

Gas Chromatographic Separation of Structural 
Isomers on Cyclodextrin and Liquid Crystal 

Stationary Phases 

Eva Smolková-Keulemansová1 and Ladislav Soják2 

1Department of Analytical Chemistry, Charles University, 128 40 Prague 2, 
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To improve the effectiveness of the chro
matographic separation  a comparison study 
has been carrie
liquid c r y s t a
terials function as "ordered" media: with 
cyclodextrins the i n c l u s i o n complex forma
tio n predominates, whereas the liquid cry
s t a l s enable i n t e r a c t i o n of compounds with 
the ordered structure of the mesophase. 
The properties of cyclodextrins were stu
died using a packed column, whereas the 
eff e c t of the liquid c r y s t a l s were enhan
ced by employing a capillary column. The 
stereoselective properties of these mate
rials as stationary phases were studied 
with a set of alkylbenzoderivatives. The 
mechanism of the separation is discussed 
on the basis of the retention data obtai
ned. The advantages and drawbacks of these 
phases are compared with conventional GC 
stationary phases and analytical applica
tions are discussed. 

Increasing requirements on analyses of isomeric compou
nds and the problems encountered i n t h e i r separation ne
cessitate a study of more e f f i c i e n t systems which exhi
b i t a high s e l e c t i v i t y * In gas chromatography new, se
l e c t i v e stationary phases are studied* Attention i s also 
focused on the use of substances with oriented molecules 
that permit selective separations; these properties are 
exhibited by e.g. i n c l u s i o n compounds and l i q u i d crys
t a l s * 

Although the i n t e r a c t i o n mechanisms are d i f f e r e n t 
with l i q u i d c r y s t a l s and cyclodextrins» t h e i r stereose
l e c t i v e properties arc so important that i t i s desirab
l e to deal with t h e i r p o t e n t i a l use i n gas chromatogra-
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phy* The in t e r a c t i o n mechanism with i n c l u s i o n compounds 
i s based on a s p e c i f i c i n t e r a c t i o n during which a mole
cule (the guest) i s inserted, the whole molecule or part 
of i t , into a cavity i n another molecule (the host) i n 
order to a t t a i n a state with a minimum energy* Attention 
has recently been centered on the u t i l i z a t i o n of the f o r 
mation of incl u s i o n compounds of cyclodextrins (CP)(l-4)* 
Cyclodextrins and th e i r derivatives have several advan
tages over other hosts, such as the a b i l i t y to form com
plexes both iri the s o l i d state and i n solutions (5)· The 
a b i l i t y of CD s to in t e r a c t i n the s o l i d and l i q u i d s t a 
tes with l i q u i d and gaseous substances has permitted 
th e i r use iri liqui<J and gas chromatography. In l i q u i d 
chromatography* CD s are used as polymers or chemically 
bonded stationary phases, or as the selective component 
of the mobile phase i n reversed-phase systems (4,)· 

In gas chromatography  the selective properties of 
these substances are
stances act as a sele c t i v
l i q u i d phase (4). 

Wide a p p l i c a b i l i t y of CD's follows from the f a c t 
that they occur as 6 to 8-membered rings(α-,β- and γ-CD) 
with c a v i t i e s of various s i z e s * The s t a b i l i t y of the CD 
complexes i s primarily determined by the s t e r i c arrange
ment ( i * e * the sizes and shapes of the guest molecules 
and the CD ca v i t y ) and can be increased by hydrogen bon-» 
ding. These factors form the basis for stere9selective 
separations of substances based on th e i r (CD s) use i n 
separation science» 

Liquid c r y s t a l s represent a t r a n s i t i o n between so
l i d c r y s t a l l i n e substances and i s o t r o p i c l i q u i d s . On hea
t i n g , mesophases are formed that have ordered structures 
which can be neraatic, smectic or c h o l e s t e r i c . On further 
heating, the orientation i s disturbed and the phases are 
converted into an i s o t r o p i c l i q u i d . The long structure 
of l i q u i d c r y s t a l s causes isomers with more drawn-out 
shapes to be readily dissolved i n the ordered l i q u i d 
c r y s t a l substrate ( mesophase ) thus y i e l d i n g stronger sor-
bat-sorbent interactions* 

Kelker ( 6 ) f i r s t used l i q u i d c r y s t a l s as stereospe-
c i f i c stationary phases i n gas chromatography. Since then, 
a great deal of attention has been paid to the separation 
properties of thi s r e l a t i v e l y wide group of substances 
(7.8)* used mainly as stationary phases i n packed columns. 
The present knowledge indicates that the sorbate shape 
contributes r e l a t i v e l y l i t t l e to the o v e r a l l retention 
of the sorbate* However, i t i s possible to separate i s o 
meric compounds with s i m i l a r anisotropic properties that 
cannot be commonly separated even on highly e f f i c i e n t co
lumns ( η

Γ β α

= 1 0 to 10 p l a t e s ) * To enhance the stereospe-
c i f i c properties of l i q u i d c r y s t a l s , i t i s necessary to 
work i n systems combining the s t r u c t u r a l s e l e c t i v i t y of 
the substances with the high e f f i c i e n c y of c a p i l l a r y co
lumns, i * e . l i q u i d c r y s t a l s as stationary phases i n 
c a p i l l a r y gas chromatography (9-11) . 
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The general r e l a t i o n s h i p between the chromatogra
phic s e l e c t i v i t y and the l i q u i d c r y s t a l structure have 
not yet been unambiguosly c l a r i f i e d . T^his problem has 
been studied i n greater d e t a i l on 4,4-dialkoxyazoxyben-
zenes. 

It has been found that the terminal groups of azoxyben-
zenes have a great e f f e c t on s e l e c t i v i t y a, expressed 
f o r para-/meta-xylene. Replacement of the central azoxy 
group by the azo group leads to a strong decrease i n the 
s e l e c t i v i t y , even with the most sel e c t i v e arrangement of 
the terminal groups. The highest s e l e c t i v i t y i s exhibi
ted by the asymetrical, short-chain d e r i v a t i v e , methoxy-
ethoxy-azoxybenzene (MEAB). 

In t h i s paper, t experimental dat  th
above types of stationar
the stereoselective
p o s s i b i l i t i e s of separating isomeric substances that are 
otherwise d i f f i c u l t to separate by current a n a l y t i c a l 
procedures* 

Experimental 

The α-, β- and Y-CD preparations were obtained from Chi-
noin (Budapest, Hungary;. The stationary phases were 
prepared by depositing CD from a dimetylformamide solu
t i o n onto Chromosorb W 60-80 mesh · The solutions were 
7 to 10% i n CD which ensured complete coverage of the 
Chromosorb with cyclodextrin* The s p e c i f i c surface areas 
of the r e s u l t i n g stationary phases, measugedjby the 
thermal desorption method, were 1*4-2*0 m.g" ; hence the 
eff e c t of the surface are need not be considered i n the 
treatment of the retention data. The glass columns used 
were 120 cm long and 2 to 3 ram i . d . 

The l i q u i d c r y s t a l s were deposited i n glass c a p i l 
lary columns up to 100 m long, 0.25 mm i . d * The columns 
were whet using the dynamic method, by flowing 1*5 to 
20% l i q u i d c r y s t a l solutions i n chloroform at a flow r a 
te of 1 cm.s through the column. The e f f i c i e n c y of the 
prepared columns was compared with that of common sta
tionary phases (columns 100 m long and 0.25 mm i . d . ex
hibi t e d an e f f i c i e n c y of up #to 350 000 theo r e t i c a l p l a 
tes for hydrocarbons with ka*5) · φ 

The measurements with the CD s were performed on a 
Chrom 4 gas chromatograph with the flame-ionization de
tection ( Laboratorni P r i s t r o j e , Prague, Czechoslovakia). 
The measurements with the l i q u i d c r y s t a l phases were 
performed on a Perkin Elmer F - l l instrument with a f l a -
me-ionization detector. 

With the CD phases saturated vapours of the test 
substances were injected with a Hamilton microsyringe. 
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whereas with the l i q u i d c r y s t a l s , l i q u i d samples were 
injected using a s p l i t t e r * 

Results and discussion 

Retention of isomers* We have examined the ef f e c t of 
a l k y l groups on the retention behaviour, i n dependence 
on the chain length, branching and the r e l a t i v e posi
tions i n d i - and t r i s u b s t i t u t e d benzene derivatives* The 
experimental data are summarized i n Table I* 

Table I* Relative retention ( r 2 ,) of aromatic hydrocar
bons on squalane (SQ), cyclodextrins (CD), and l i q u i d 

c r y s t a l s (EBÔ, MEABJ as stationary phases 

B o i l i n g Relative retention, r 2 , l 

Hydrocarbon °

Benzene 80.1 1* 00 1.00 1. 00 1.00 1.00 
Toluene 110*6 2. 55 2.25 0. 96 2*77 2.1C 
Ethylbenzene 136.2 5* 38 8.64 1. 50 5.92 3.48 
p-Xylene 
m-Xylene 

138*4 6. 03 13.5 1. 16 7.94 4.67 p-Xylene 
m-Xylene 139.1 6. 15 1.52 0. 94 7.22 4.14 
o-iiylene 144.4 7. 20 0.S8 1. 47 9.40 5.17 
Isopropylbenzene 152.4 8. 78 1.03 2. 54 8.77 4.38 
Fropylbenzene 159.2 11. 13 18.5 3. 11 13.01 7.31 

It i s evident from the data for monoalkylbenzenes on 
α-CD that the retention of n-alkylbenzenes i s affected 
by the high s t a b i l i t i e s of the complexes formed, caused 
by the location of the a l k y l group i n the cyclodextrin 
cavity* Branching of the side chain leads to a pronoun
ced decrease i n the retention* These resul t s are s i m i l a r 
those obtained f o r the interactions of n-alkanes and 
branched alkanes with α-CD 0.2» 13) * 

It can be concluded from the retention data on β-CD 
that the chain length and, to a ce r t a i n extent, the deg
ree of branching do not a f f e c t the in c l u s i o n process* 
This suggests that the same part of the guest molecules 
int e r a c t with β-CD cav i t y , i * e * the benzene ri n g i s 
oriented into the cyclodextrin cavity* 

S t e r i c properties play an espe c i a l l y important ro l e 
with disubstituted benzene derivatives, f o r which the 
t y p i c a l e l u t i o n order on α-CD i s : ©-, m-, p-isomer* The 
greater retention of p-isomers i s due to the close con
tact of the α-CD cavity with one of the substituents* 
probably with the more hydrophobic one* The s t e r i c h i n 
drance caused by substituents i n the m- and especi a l l y 
the o-position prevents penetration of the guest molecu
le into the α-CO cavity* 

Dialkylbenzenes are eluted i n the same order on 
β-CD as on α-CD (14). Xylenes are exceptional, 
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as the o-dimethyl isomer may at least p a r t i a l l y enter the 
larger β-CD cavity, so that the elut i o n order becomes: 
m ~ t Ρ-* ο-isomer· This fa c t i s i n agreement with the r e 
s u l t s of a comparison of a model of o-xylene with the s i 
ze of the β-CD c a v i t y . However, s t e r i c hindrance predomi
nates with guests possessing more voluminous substituents. 
Thus o-isomer of the higher homologues elute f i r s t (Tab
le II)· Their separation from the m-isomers depends con
siderably on the r e l a t i v e size of the two substituents. 
Relatively small differences i n the retention of the o-
and m-isomers have been found for the e t h y l - and propyl-
toluenes. On the other hand, weak interactions of 1-met-
hyl-2-isopropylbenzene (o-cymene) and 1»2-diethylbenzene 
with the β-CD cavity were observed, owing to the more vo
luminous substituent i n the ortho p o s i t i o n . This resu l t s 
i n greater differences i n the r e l a t i v e retentions of the
se isomers. In a l l these cases  the p-substituted deriva
tives exhibit greates
highest retention. 

Table I I . Retention data (to) of benzene d i a l k y l d e r i v a - Q 

t i v e s on β-CD and Ï-CD stationary phases at 90 C 

Hydrocarbon 

B o i l i n g 
goint, 

β-CD γ-CD 

p-Xylene 138.4 22.0 24.0 
m-Xylene 139.1 19.7 30.9 
o-Xylene 144.4 24.1 79.5 
m-Ethyltoluene 161.3 30.9 45.7 
p-Ethyltoluene 162.0 43.8 41.4 
o-Ethyltoluene 165.2 29.8 91.7 
m-Diethylbenzene 181.5 57.5 81.4 
p-Diethylbenzene 183.8 142.8 79.9 
o-Diethylbenzene 184.2 38.2 153.7 
m-Cymene 176.0 76.1 -
p-Cymene 177.1 110.3 77.2 
o-Cymene 178.2 37.5 139.5 
m-Propyltoluene 182.0 81.6 89.0 
p-Propyltoluene 183.0 119.6 95.2 
o-Propyltoluene 185.0 66.5 155.8 

to=corrected retention time = t 

The experimental r e s u l t s with Ï-CD indicate (Tab
le II) that the retention of substances examinated i s not 
perceptibly affected by i n c l u s i o n due to the large cavity 
of the cyclodextrin (14). Therefore, the retention data 
for a l l the p-isomers of dialkylbenzenes are lowest i n 
contrast to the highest values for these derivatives on 
β-CD. Among the disubstituted alkylbenzenes the o-isomers 
are retained most, owing to th e i r more voluminous special 
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arrangement. The weak interactions of the p- and m-iso-
mers are reflected i n the ne g l i g i b l e differences i n the 
retention. Consequently, t h e i r separation i s virtuably 
imposible. 

A general picture of the s p e c i f i c interactions of 
aroma t i c s on α-, β- and Y-CD can be obtained by compa
ring the results of the chromatographic study with pre
viously published data. The thermodynamic quantities i n 
dicate that only part of the benzene molecule i s i n c l u 
ded i n the α-CD cavity, whereas the contact with the 
β-CD cavity i s very intimate. The published values of 
the formation equilibrium constants of the complexes 
formed also follows the order β- ̂  a- > Y-CD for the 
compounds studied. 

With l i q u i d c r y s t a l s , the differences i n the l o n g i 
tudinal dimension of molecuJesand i n th e i r planarity play 
a major role i n determining the strengh of in t e r a c t i o n 
with guest molecules
ne r a l , less pronounce
t r i n s . Therefore, i n order to be able to use l i q u i d crys 
t a l s f o r separations, the modest l i q u i d c r y s t a l s e l e c t i 
v i t y has been combined with the high e f f i c i e n c y of c a p i l 
l a r y columns. 

Among the alkylbenzenes, the stereospecific e f f e c t 
of l i q u i d c r y s t a l s i s most marked i n the separation of 
m- and p-xylene. The more l i n e a r p-xylene exhibiting a 
greater retention than the m-isomer ( s i m i l a r retention 
observed on a- and β-CD). The retention order on the 
l i q u i d c r y s t a l s , m-< p- <o-xylene i s d i f f e r e n t from 
that on common polar and nonpolar stationary phases 
(p-< m-< o-isomer). In contrast to l i q u i d c r y s t a l s , o-xy 
lene exhibited the lowest retention on α-CD. 

The retention order of propyl- and isopropylbenze-
nes i s the same on l i q u i d c r y s t a l s as on cyclodextrins. 
However, as can be seen from Table I, the difference i n 
the r e l a t i v e retentions i s exceptionally large on α-CD, 
which again i l l u s t r a t e s the more pronounced stereospeci-
f i c e f f e c t s of cyclodextrins. 

In order to compare and contrast the s e l e c t i v i t i e s 
of the various stationary phases materials, the s e l e c t i 
v i t y were calculated for the p/m xylene couple and are 
given i n Table I I I . The high s e l e c t i v i t y of CD and of 
other types of in c l u s i o n compounds i s apparent from the 
data i n thi s Table. Also, i t i s obvious that the l i q u i d 
c r y s t a l s also y i e l d better s e l e c t i v i t i e s than do the co
mmon stationary phases. This fact i s further i l l u s t r a t e d 
by a comparison of the dependence of α on the number of 
C atoms i n the guest molecules of n- a l k y l - and o-dialkyl 
benzenes, C 1 4 to C,-, on a Carbowax 20M polar phase and 
on the l i q u i d c r y s t a l ( MEAB) ( see Figure 1). It follows 
from the Figure that the MEAB s e l e c t i v i t y f o r the sepa
rati o n of alkylbenzene isomers increases with increasing 
length of the longer a l k y l chain of the dialkylbenzenes. 
The order of the s e l e c t i v i t y factors i s : 
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η->methyl-) ethyl-> propyl-) butyl-> pentyl-2-alkylben-
zene, which i s i n the same order as the growth of t h e i r 
retention. Therefore, the retention i n t e r v a l f o r the po
s i t i o n a l isomers of alkylbenzenes on MEAB i s 50% greater 
than on Carbowax 2(M. Thus the separation of these sub
stances i s much easier. 

Table I I I . S e l e c t i v i t y factor ( o f para-/meta-xylene) on 
columns with various packings 

Stationary phase Column S e l e c t i v i t y 
Jemperature, factor, 

Squalane 80 0, ,98 
Carbowax 20M 80 0, ,96 
EBO 
MEAB 
Benton 34 with a s i l i c o n e j >hase 70 1, ,26 
Ni(NCS) o U s m e t h y l p i r i d i n e ) / 1 80 2, ,60 
3.5% a- 2CD a 4 100 3< ,80 

Separation based on i n c l u s i o n complex formation 

While the α dependence on the number of C atoms i s 
monotonie for Carbowax, with MEAB the α values alternate 
with an increase i n retention exhibited by n-alkylbenze-
nes having an odd numbers of C atom i n the molecule and 
by dialkylbenzenes that have an odd number of C atoms i n 
th e i r longer a l k y l chain (which i s i n agreement with a 
greater l i n e a r i t y (length) of these s t r u c t u r e s ) . There
fore, l i q u i d c r y s t a l s r e t a i n more s e l e c t i v e l y 1-propyl-
2-pentylbenzene than 1,2-dibutylbenzene, compared with 
common phases, which has a positive e f f e c t on their se
paration. 

Phenylalkanes ( C 1 0 - C i 3 ) behave analogously and the 
s e l e c t i v i t y increases witn a s h i f t of phenyl toward the 
end of the alkane chain and the elutio n order follows 
the same trend as just described. The values also a l t e r 
nate, i . e . the phenylalkanes with odd numbers of C atoms 
or with a phenyl on an odd carbon, exhibit an increased 
retention. From the point of view of the separation of 
pos i t i o n a l isomers, the favorable e f f e c t of the increase 
i n the s e l e c t i v i t y with the s h i f t of the phenyl toward 
the end of the carbon chain i s partly compensated by the 
retention a l t e r n a t i o n . For example, the s e l e c t i v i t y fac
tor α for the c r i t i c a l pair 6-phenyltridecane/7-phenyl-
tridecane on MEAB (1.015) i s only s l i g h t h l y higher as on 
OV-101 (1.007). 

The s e l e c t i v i t y of l i q u i d c r y s t a l s can also play a 
role i n the separation of l i n e a r n-alkene isomers. On 
l i q u i d c r y s t a l phases, al t e r n a t i o n i s pronounced i n sepa
rations of alkenes with a double bond i n the middle of 
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the hydrocarbon chain. Such hydrocarbons are d i f f i c u l t f i t o 

milar physico-chemical properties. Therefore, even a small 
difference i n the l i n e a r dimension of the molecules, cau
sed by the d i f f e r e n t positions of the double bond which 
re s u l t s i n changes i n the zig-zag arrangement of the end 
of the carbon chain i n or out of the molecule axis, gives 
r i s e to an altered e l u t i o n order (Figure 2 ) · This e f f e c t 
can be considered as quite a s p e c i f i c separation proper
ty of l i q u i d c r y s t a l s which f a c i l i t a t e s the most d i f f i 
c u l t separation of these types of isomers* 

A n a l y t i c a l applications. The differences i n the s t a b i l i 
t i e s of the complexes with α-, β- and γ-CD can be used 
to advantage for the separation of various disubstituted 
isomers of alkylbenzenes  An example i s the separation 
of the isomers of diethylbenzene
(cymenes) and trimethylbenzene
re 3 ) . 

The s e l e c t i v i t y of l i q u i d c r y s t a l s , combined with 
the high e f f i c i e n c y of c a p i l l a r y columns, makes possible 
the separation of multicomponent mixtures, including c r i 
t i c a l pairs of isomers* This i s i l l u s t r a t e d by the sepa
r a t i o n of alkylbenzenes up to C g (Figure 4), alkylbenze
nes C 1 4 to C 1 7 (Figure 5 ), and phenylalkanes C , Q to C 1 3 

(Figure 6)* In most cases, very rapid analysés (see 
Figure 3,4) or a better separation of multicomponent 
mixtures (see Figure 5,6) r e s u l t s from the use of l i q u i d 
c r y s t a l l i n e stationary phases* 

Conclusions 

The c l a s s i c a l types of interactions that play a role i n 
separation using conventional polar and nonpolar s t a t i o 
nary phases y i e l d limited p o s s i b i l i t i e s f o r separation 
of isomers with s i m i l a r properties* For a solution of 
t h i s problem, a high degree of s e l e c t i v i t y i n the sepa
r a t i o n process i s required* It has been shows that these 
requirements are met by both cyclodextrins and l i q u i d 
c r y s t a l s , used as stationary phases i n gas chromatogra
phy* 

An advantage of cyclodextrins over the common sta
tionary phases i s the high s e l e c t i v i t y toward the isome
r i c substances. It has been demonstrated that many posi 
t i o n a l and geometric isomers can be separated by packed-
column GSC i n a very short time ( i . e . analysis time does 
not exceed 2 minute) i n separation of a mixture of ο-, 
m- and p-isomers. From the a n a l y t i c a l viewpoint, the low 
e f f i c i e n c y of the columns used i s a disadvantage* Also, 
there are other drawbacks of the gas-solid chromatography 
using CD s: nonlinearity of the separation isotherm over 
a wider concentration range and poor r e p r o d u c i b i l i t y i n 
the preparation of the CD columns u t i l i z e d * 
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Figure 1 · Dependence of the s e l e c t i v i t y factor (oc)for 
C 1 4 - C 1 7 alkylbenzenes on the C-number of homologous 
on column with Carbowax 2GM and MEAB; l=n-alkyl-/ 
l-methyl~2-alkyl- f 2= l-methyl-2-alkyl-/l-ethyl-2-
a l k y l - , 3= l - e t h y l - 2 - a l k y l - / l - p r o p y l - 2 - a l k y l - f 4«l~pro-
p y l - 2 - a l k y l - / l - b u t y l - 2 - a l k y l - f 5=l-butyl-2-alkyl~/l-
pentyl-2-alkylbenzene· 

t r a n s - dodecénes 

t r a n s - 6 - x 

t r a n s - 5 -

2 4 6 
P o s i t i o n o f d o u b l e b o n d 

Figure 2· Dependence of the retention of isomeric 
trans-dodecenes on the pos i t i o n of double bond on a 
l i q u i d c r y s t a l column. 
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|p-CD.90'c| © ® © 

Figure 3· Separation
β-CD at 90 C; A=o-
and p~methylisopropylbenzene f C=l*3 t5- f l t 2 t 3 ~ and 
l f2*4-trimethylbenzene. 

I 

7 5 1 

6 
I ι 

A? J 111 [ u i 
sec. 120 60 0 

Figure 4 0 Separation of C 6~C Q aromatic hydrocarbons 
on thg column with l i q u i d c r y s t a l £B0, 48 m χ O025 mm 
at 40 C; l=benzene. 2=toluene # 3=ethylbenzene t 4=m-
xylene, 5«p-xylene t 6=isopropylbenzene, 7=o-xylene* 
8»n-propylbenzene and 9=styrene. 
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9*12 

ICARBOWAX^IÔMl 

21 20 

7 6 

min. 36 30 24 18 

Figure 5· Separation of C 1 4~Cj7 alkylbenzenes and 
o-dialkylbenzenes obtained from dehydrogenation of 
n~alkanes i n columns with Carbowax 2GM and MEAB; 
l=l-butyl~2~butylbenzene, 2=l-propyl-2-pentylbenzene, 
3=i-ethy1-2-hexylbenzene, 4=l-methy1-2-heptylbenzene, 
5=n-octylbenzene, 6=l-butyl-2-pentylbenzene, 7=l-pro-
pyl~2~hexylbenzene, 8=l-etyl-2-heptylbenzene, 9=l-me~ 
thyl-2-oktylbenzene , 10=n-nonylbenzene, ll=l-penty1-
2~pentylbenzene, 12=l-buty1-2-hexylbenzene, 13=l-pro~ 
pyl-2-heptylbenzene, 14=l-ethyl-2-octylbenzene, 15=1-
methyl-2-nonylbenzene, 16=n-decylbenzene, 17=l-pentyl-
2-hexylbenzene, 18= l-butyl~2-heptylbenzene, 19=l-pro-
pyl-2-octylbenzene, 20= l~ethy1-2-nonylbenzene, 21=1-
methy1-2-decylbenzene, 22=n-undecylbenzene* 
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|OV-101,18S°C| 

6 
1 2 1 1 9 8 1 

17161514 ]3 1* 5 2 
4 ί ΐ m

m i n . 65 4

|MEAB,140°C| 

Λ ϊ ΙϊΡ Γ 

9 4 

.1)10 8 Ά 

ILJLJJL 
m i n . 14 10 6 2 

Figure 6 # Separation of C 1 0-C 1 3phenylalkanes i n columns 
with OV-101 and MEAB; l=pnenyiaecane # flh=4-phenyldecanet 

3=3-phenyldecane t 4=2-phenyldecane # 5=6-phenylundecane# 

6=5~phenylundecane, 7=4-phenylundecanet 8=3-phenylun-
decane, 9=2-phenylundecanet 10»6-phenyldodecane, 11=5-
phenyldodecane, 12»4-phenyldodecane f 13=3-phenyldodeca-
ne f 14«2-phenyldodecane f 15«7-phenyltridecane f 16«6-
phenyltridecane» 17=5-phenyltridecane # 18»4-phenyltri-
decane, 19=3-phenyltridecane t 20=2-phenyltridecane« 
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On the other hand, c a p i l l a r y gas chromatography with 
l i q u i d c r y s t a l s y i e l d s very good a n a l y t i c a l separations 
(even f o r c r i t i c a l pairs of isomers) as the GLC system 
i s used and an inherent lower s e l e c t i v i t y compared to cy~ 
clodextrins i s compensated f o r by the higher e f f i c i e n c y 
of the c a p i l l a r y columns* Therefore, future work should 
be directed toward reproducible preparation of c a p i l l a r y 
columns with cyclodextrins and to other l i q u i d c r y s t a l s 
with a higher s e l e c t i v i t y * 
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Chapter 15 

High-Performance Liquid Chromatography 
Using a β-Cyclodextrin-Bonded Silica Column: 

Effect of Temperature on Retention 

Haleem J. Issaq, Maureen L. Glennon, Donna E. Weiss, and Stephen D. Fox 

Program Resources, Frederick Cancer Research Facility, National Cancer Institute, 
P.O. Box B, Frederick, MD 21701 

The effect of temperature, and of temperature and pH 
on the retentio
using a beta-cyclodextri
results indicated that a plot of lnk' vs. 1/T gave 
linear r elationships for anthraquinone, methyl 
anthraquinone, ethyl anthraquinone, naphthalene and 
biphenyl using a mobile phase of methanol/water. 
However, a non linear relationship was observed for a 
selected group of dipeptides employing a mobile phase 
of methanol/ammonium acetate at the following pH's: 4, 
5.5 and 7. The retention times decreased with an 
increase in the temperature of the column except that 
for certain dipeptides the retention times increased. 
The separation factor (a) values decreased by 
approximately 10% with increase in column temperature 
from 25°C to 77°C. 

The use of h i g h performance l i q u i d chromatography (HPLC) f o r the 
separation of vario u s groups o f compounds, u s i n g a β-cyclodextrin 
bonded s i l i c a column i s w e l l e s t a b l i s h e d (1-8). The e f f e c t of the 
volume o f o r g a n i c m o d i f i e r i n t h e e l u e n t was s t u d i e d ( 9 ) , no 
q u a n t i t a t i v e data has been published on the e f f e c t of temperature on 
r e t e n t i o n using a b e t a - c y c l o d e x t r i n bonded s i l i c a . This s t u d y d e a l s 
w i t h t h e e f f e c t o f t e m p e r a t u r e on the c a p a c i t y f a c t o r o f (a) 
nap h t h a l e n e and b i p h e n y l , (b) a n t h r a q u i n o n e , m e t h y l - and e t h y l 
a n t h r a q u i n o n e , and ( c ) p - n i t r o a n i 1 i n e . A l s o , the e f f e c t o f 
temperature and pH on the r e t e n t i o n and r e s o l u t i o n o f a s e l e c t e d 
group of di p e p t i d e s was i n v e s t i g a t e d . 

EXPERIMENTAL 

The HPLC system c o n s i s t e d o f a Hewlett Packard (Avondale, PA, USA) 
HP1090 L i q u i d Chromatograph equipped w i t h a h e a t e r , a photo d i o d e 
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Published 1987 American Chemical Society 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



15. ISSAQ ET AL. Effect of Temperature on Retention in HPLC 261 

a r r a y d e t e c t o r , an HP 85B s y s t e m c o n t r o l l e r , and an HP 3392A 
i n t e g r a t o r . The m o b i l e phase s o l v e n t s were f i l t e r e d u s i n g a 
M i l l i p o r e f i l t e r h o l d e r ( M i l f o r d , MA, USA) with M i l l i p o r e f i l t e r s 
having a pore s i z e of 0.5 urn o r g a n i c and 0.45 urn aqueous. The pH 
meter used to adjust the pH of the mobile phases was a F i s h e r Accumet 
Model 320 ( F a i r Lawn, ΝJ, USA). The samples were d i s s o l v e d i n 
methanol or 0.1 HC1 ( d i p e p t i d e s ) . Separations were c a r r r i e d out on a 
250 mm χ 4.6 mm C y c l o b o n d I c o l u m n f r o m A d v a n c e d S e p a r a t i o n 
T e c h n o l o g i e s , I n c . (Whippany, NJ, USA) which has b e t a - c y c l o d e x t r i n 
bonded to 5u s p h e r i c a l s i l i c a p a r t i c l e s . 

MAIËLïAL S. A n t h r a q u i n o n e , methyl-* and e t h y l a n t h r a q u i n o n e , 
naphthalene and biphenyl were purchased from A l d r i c h Chemical Co., 
I n c . (Milwaukee, WI, USA). Dipeptides were obtained from Sigma (St. 
Lo u i s , M0, USA), Chemical Dynamics Corp. (South P l a i n f i e l d , NJ, USA), 
and U.S. Biochemical Corp. (Cleveland, OH, USA). The f o l l o w i n g were 
purchased from F i s h e r ( F a i r Lawn, NJ, USA): h y d r o c h l o r i c a c i d , 
ammonium a c e t a t e and g l a c i a
b u f f e r used was prepare
i n a p p r o x i m a t e l y 700 ml of M i l l i - Q water. The pH was adjusted to 4, 
5.5 or 7 u s i n g g l a c i a l a c e t i c a c i d and the v/v m e t h a n o l / b u f f e r 
adjusted a c c o r d i n g l y to one l i t e r . A f t e r the v/v methanol/buffer was 
made to one l i t e r , the mobile phase was then f i l t e r e d and degassed 
before use. The methanol, HPLC grade, was purchased from Burdick and 
Jackson Labs (Muskegon, MI, USA). The b u f f e r s were p r e p a r e d u s i n g 
water from a M i l l i p o r e ( M i l f o r d , MA, USA) M i l l i - Q water system. 

RESULTS AND DISCUSSION 

A p l o t of the l o g a r i t h m of the c a p a c i t y f a c t o r ( k 1 ) a g a i n s t the 
inverse of the absolute temperature (T) f o r naphthalene and b i p h e n y l 
i s g i v e n i n F i g u r e 1 . The temperature range used was 25°C to 65°C. 
At higher temperatures the r e t e n t i o n times obtained were c l o s e to the 
v o i d volume. F i g u r e 1 shows a l i n e a r r e l a t i o n s h i p between k* and 
1/T. The s l o p e of the l i n e g i v e s the e n t h a l p y v a l u e (ΔΗ 0 ) f o r 
n a p h t h a l e n e (2.81 KCal/mole) and f o r biphenyl (3.59 KCal/mole). A 
s l i g h t decrease was observed i n the s e p a r a t i o n f a c t o r α ( T a b l e I) 
where α i s defined as t t o / t ,„ where t . i s c o r r e c t e d r e t e n t i o n time 

r f 2 r 1 1 r 1 

( t . - t ) and t , t , amd t 0 are r e t e n t i o n times o f u n r e t a i n e d Π ro ro r1 r2 
peak, naphthalene and b i p h e n y l , r e s p e c t i v e l y . 

Table I E f f e c t of Temperature on α values of naphthalene 
and biphenyl 

Temperature 
°C α 

25 
35 
45 
55 
65 

2.62 
2.51 
2.47 
2.44 
2.44 
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The c o r r e c t e d r e t e n t i o n times f o r n a p h t h a l e n e and b i p h e n y l 
d e c r e a s e d by 83% each, by changing the column temperature from 25°C 
t o 65°C. T h i s i n d i c a t e s t h a t (a) the i n t e r a c t i o n o f t h e s e two 
p o l y n u c l e a r a r o m a t i c hydrocarbons with the b e t a - c y c l o d e x t r i n c a v i t y 
i s the same under s i m i l a r experimental c o n d i t i o n s , i . e . , mobile phase 
c o m p o s i t i o n and column temperature, and (b) that the best s e p a r a t i o n 
i s obtained at the lowest temperature. Figure 2 shows a p l o t of Ink' 
vs 1/T f o r anthraquinone, methyl-and ethylanthraquinone between 25°C 
and 55°C. At temperatures higher than 55°C the r e t e n t i o n times were 
too c l o s e t o the v o i d volume t o give any meaningful data. The ΔΗ 0 

v a l u e s o b t a i n e d f o r a n t h r a q u i n o n e ( A ) , m e t h y l - (MA) a n d 
e t h y l a n t h r a q u i n o n e ( E A ) , were 2.69, 3.18 and 3.59 KCal/mole 
r e s p e c t i v e l y . The separation f a c t o r values f o r each p a i r a r e g i v e n 
i n T a b l e I I . A g a i n α v a l u e s showed a s l i g h t d e c r e a s e w i t h 
temperature v a r i a t i o n s . These r e s u l t s a r e i n agreement w i t h t h o s e 
o b s e r v e d by C o l i n e t a l . (10) f o r r e v e r s e d phase m a t e r i a l . The 
l a r g e r the temperature the sm a l l e r the α value. 

Table I I E f f e c t of temperature on α values of anthraquinones. 

Temp °C α (MA/A) α (EA/MA) 

25 1.53 1.51 
35 1.48 1.50 
45 1.45 1.48 
55 1.44 1.47 

The e f f e c t of change i n column temperature on the r e t e n t i o n o f 
an t h r a q u i n o n e , methyl- and ethylanthraquinones between 25°C and 55°C 
was a decrease of 75% t 76% and 77% r e s p e c t i v e l y . 

F i g u r e 3 shows the e f f e c t of temperature on the capacity f a c t o r 
of p - n i t r o a n i l i n e , from 0°C to 77°C A m o b i l e phase c o n s i s t i n g o f 
1 0 % methanol/water was employed. The r e t e n t i o n at 0°C was 2 3 . 6 2 min. 
w h i l e a t 77°C was 2 . 2 8 , a t e n f o l d d e c r e a s e . T h i s d e c r e a s e i n 
r e t e n t i o n may be a t t r i b u t e d t o many f a c t o r s such as i n c r e a s e d 
s o l u b i l i t y of the p - n i t r o a n i l i n e with increase i n temperature, which 
r e s u l t s i n l e s s s o l u t e - s t a t i o n a r y phase, and an increase i n s o l u t e -
mobile phase i n t e r a c t i o n s ; increase i n mass t r a n s f e r , and decrease i n 
t h e p r e s s u r e . A l s o t h e b i n d i n g c o n s t a n t of any s o l u t e w i t h 
c y c l o d e x t r i n goes to zero at 80°C ( 1 1 ) . 

EFFECT OF METHANOL IN THE ELUENT ON RETENTION. The e f f e c t o f 
i n c r e a s i n g the volume of the o r g a n i c m o d i f i e r , methanol, i n the 
mobile phase on the r e t e n t i o n of methyl anthraquinone and naphthalene 
i s given i n Figure 4. Methyl anthraquinone and n a p t h a l e n e a r e more 
s o l u b l e i n m e t h a n o l than i n water so i n c r e a s i n g the volume of 
methanol i n the mobile phase s h o u l d r e s u l t i n the i n c r e a s e i n the 
s o l u b i l i t y o f both compounds, and as a r e s u l t , a decrease i n the 
r e t e n t i o n time. A l s o , the presence of methanol i n the m o b i l e phase 
a f f e c t s r e t e n t i o n when c y c l o d e x t r i n bonded columns a re used. 
Methanol i s much more t i g h t l y bound i n the c y c l o d e x t r i n c a v i t y than 
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3.00 Γ 

2.70 2.80 2.90 3.00 3.10 3.20 3.30 3.40 3.50 

Figure 1. E f f e c t of temperature on the cap a c i t y f a c t o r of 
naphthalene (-•-) and biphenyl (-0-) using a β-
c y c l o d e x t r i n column, 4.6 χ 100 mm, and a mobile phase 
of 45$ methanol/water at a flow r a t e of 1 ml/min. 

3.00 3.10 3.20 3.30 
1/T χ ίο-3 κ-1 

3.40 3.50 

Figure 2. E f f e c t of temperature on the cap a c i t y f a c t o r of 
anthraquinone (..Δ..), methyl anthraquinone (-0-) and 
e t h y l anthraquinone (-0-). Experimental c o n d i t i o n s 
are the same as i n Figure 1. 
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£ 1.50 

.301 ι ι ι ι ι ι ι ι 1 

2.80 2.90 3.00 3.10 3.20 3.30 3.40 3.50 3.60 3.70 

Figure 3. Same as i n Figure 1, but p - n i t r o a n i l i n e and a mobile 
phase of 10% methanol/water. 

o . o o I ι 1 1 1 

35 40 45 50 55 
% Methanol 

Figure 4. E f f e c t of volume of methanol i n the eluent on the 
r e t e n t i o n times of methyl anthraquinone (-0-) and 
naphthalene (-0-) using a β-cyclodextrin column, 4.6 χ 
100 mm, and a flow r a t e of 1 ml/min. 
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w a t e r , bu t l e s s t i g h t l y than most h y d r o p h o b i c s o l u t e s . S i n c e 
methanol i s present at h igh concentrat ions compared to the s o l u t e s , 
methanol can d i s p l a c e a so lu te from the c y c l o d e x t r i n c a v i t y (11). 

EFFECT OF TEMPERATURE AND pH ON RETENTION. I t was o b s e r v e d i n a 
prev ious study (12) that an increase in the temperature r e s u l t e d in a 
decrease of r e t e n t i o n of a s e l e c t e d group of d i p e p t i d e s , which i s an 
e x p e c t e d b e h a v i o r . However, when the pH o f the mobi le phase was 
increased from 4.0 (Table I I I ) to 5.5 ( T a b l e IV) the r e t e n t i o n o f 
some of the d ipept ides increased with an increase in temperature. 

Table III E f f e c t of column temperature on the r e t e n t i o n of 
d ipept ides on a β - c y c l o d e x t r i n column us ing a mobile phase 
of 10$ MeOH/0.1 M ammonium aceta te , pH 4 

R E T Ε Ν Τ I O N Τ I Μ Ε I [MIN.) $ change 
Dipept ide 27°C 37°C 47°C 57°C 67°C 77°C 

rll r21 

Phe-Gly 3.8 3.7 3.5 3.5 3.5 
Phe-Ala 3.6 3.5 3.5 3.5 3.4 3.4 - 8 
Phe-Val 3.9 3.8 3.7 3.7 3.7 3.6 -10 
Phe-Met 4.5 4.2 4.1 4.0 3.9 3.9 -20 
Phe-Pro 7.1 6.1 5.4 4.8 4.5 4.2 -50 
Phe- I le 4.7 4.4 4.3 4.1 4.0 4.0 -22 
Phe-Leu 5.0 4.7 4.5 4.4 4.2 4.1 -25 
Phe-Tyr 6.9 5.7 5.2 4.8 4.5 4.3 -47 
Phe-Phe 7.3 6.4 5.9 5.5 5.2 5.0 -39 
Phe-Asp 8.3 7.8 7.7 7.5 7.2 7.1 -17 
Phe-Glu 7.9 7.5 7.4 7.2 7.0 6.9 -16 

F o r e x a m p l e , the r e t e n t i o n t imes o f P h e - A l a d e c r e a s e d by 8$ by 
changing the temperature of s epa ra t i on from 27°C t o 7 7 ° C , a t pH 4, 
but increased by 12$ at pH 5.5, and decreased by 9$ at pH 7, Table V, 
us ing the same experimental cond i t i on s . The same was t r u e f o r Phe -
V a l and P h e - I l e . At pH 4.0 the r e t e n t i o n times of Phe-Asp decreased 
by 17$, at pH 5.5 i t decreased by 15$ but i n c r e a s e d by 6$ at pH 7. 
In g e n e r a l , h o w e v e r , r e t e n t i o n t imes d e c r e a s e d f o r the o t h e r 
d i pep t i de s , Tables II I-V, with an i n c r e a s e i n t e m p e r a t u r e , but the 
amount o f d e c r e a s e was va r i ed f o r d i f f e r e n t d i p e p t i d e s . Those with 
the h ighest r e t e n t i o n times at a c e r t a i n pH d id not decrease the most 
by c h a n g i n g the s e p a r a t i o n t e m p e r a t u r e from 27°C t o 7 7 ° C . For 
example, Phe-Pro, has a t of 7.1 min. at pH 4 and 27°C, but a t^ of 

4.2 m in . at 7 7 ° C , a d e c r e a s e o f 50$, whi le Phe-Asp has a t^ of 8.3 

min at pH 4 and 27°C, and a t^ o f 7.1 at 7 7 ° C , a d e c r e a s e o f 17$. 

A l so , the one with the lowest t^ (Phe-Ala, pH 4) d id not decrease the 

most, except at pH 5.5 (Phe-Gly ) . There fore , i t c o u l d be c o n c l u d e d 
that the degree of decrease in r e t e n t i o n with an increase in 
temperature, i s not a f unc t i on of t^ at 2 7 ° C , but o f the s t r u c t u r e 

and p h y s i c a l p r o p e r t i e s o f t h e m o l e c u l e i n q u e s t i o n , and the 
p roper t i e s of the mobile phase, aqueous, pH, b u f f e r , i o n i c s t r e n g t h 
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Table IV E f f e c t of column temperature on the r e t e n t i o n of di p e p t i d e s 
on a β- c y c l o d e x t r i n column using a mobile phase of 10$ 
Me0H/0.1 M ammonium acetate, pH 5.5 

R E T E N T I O N T I M E (MIN.) $ change 
Dipeptide 27°C 37°C 47°C 57°C 67°C 77°C t 7 7 / t 

Phe-Gly 4.2 4.2 4.1 
Phe-Ala 4.2 4.2 4.2 
Phe-Val 4.7 4.8 4.9 
Phe-Met 5.4 5.3 5.2 
Phe-Pro 7.8 6.9 6.1 
Phe-Ile 6.0 6.0 5.9 
Phe-Leu 6.3 6.2 6.1 
Phe-Tyr 8.0 7.8 7.2 
Phe-Phe 9.2 8.4 7.7 
Phe-Asp 8.3 7.9 
Phe-Glu 8.7 8.3 

4.1 4.1 4.2 0 
4.2 4.3 4.5 + 12 
5.0 5.2 5.3 + 17 
5.2 5.3 5.3 - 1 
5.6 5.3 5.0 -43 
6.0 6.1 6.1 + 2 
6.1 6.1 6.0 - 5 
6.8 6.5 6.3 -35 
7.6 7.4 7.2 -25 

Table V E f f e c t of column temperature on the r e t e n t i o n of di p e p t i d e s 
on a β-cyclodextrin column using a mobile phase of 10$ 
Me0H/0.1 M ammonium acetate, pH 7 

R Ε Τ Ε Ν Τ I 0 Ν Τ I M Ε (MIN.) $ change 
Dipeptide 27°C 37°C 47°C 57°C 67°C 77°C 

t r 7 7 / t r 2 7 

Phe-Gly 4 . 6 4 . 6 4 . 5 4 . 5 4 . 4 4 . 2 - 1 3 
Phe-Ala 4 . 7 4.8 4.8 4 . 7 4 . 5 4 . 4 - 9 

Phe-Val 5 . 5 5 . 6 5 . 5 5 . 3 5.1 4 . 9 - 1 6 

Phe-Met 6 . 3 5.8 5 . 6 5 . 3 5 . 0 4.8 - 3 0 

Phe-Pro 8.1 7 . 0 6 . 3 5 . 7 5 . 2 4 . 9 -48 
Phe-Ile 7.1 6 . 6 6 . 3 5 . 9 5 . 7 5 . 4 - 3 0 

Phe-Leu 7 . 3 6 . 7 6 . 3 5 . 9 5 . 7 5 . 4 - 3 3 
Phe-Tyr 1 0 . 6 8 .4 7 . 3 6 . 5 6.1 5 . 5 - 5 5 

Phe-Phe 1 1 . 9 1 0 . 0 8 .9 8 . 2 7 . 7 6 . 9 -48 
Phe-Asp 4 . 3 4 . 3 4 . 4 4 . 1 4 . 3 4 . 5 • 6 

Phe-Glu 4 . 5 4 . 6 4 . 6 4 . 4 4 . 7 4.8 - 1 1 

and o r g a n i c m o d i f i e r . I t should be emphasized that the mobile phase 
used i n t h i s study was 5$ methanol i n 95$ 0.005 M ammonium a c e t a t e , 
pH 4, 5.5 or 7. Horvath and coworkers ( 1 3 ) i n studying the r o l e of 
a c i d i c amine phosphate b u f f e r s as e l u e n t s observed t h a t " b e s i d e s 
t h e i r c l a s s i c a l s t a t i c r o l e t o m a i n t a i n the pH o f a s o l u t i o n 
c o n s t a n t , b u f f e r s may p l a y a v a r i e t y o f o t h e r r o l e s and a f f e c t 
s i g n i f i c a n t l y the p r o p e r t i e s and e f f i c i e n c y o f a chromatographic 
system". One of these e f f e c t s i s the masking o f the s i l i n o l groups 
at the s t a t i o n a r y phase s u r f a c e by the weak amine component of the 
b u f f e r . 
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TEMPERATURE AS A SEPARATION PARAMETER. While temperature may be used 
to improve the separation f a c t o r , a q u i c k g l a n c e at T a b l e s I I I - V , 
r e v e a l t h a t i n most cases the above statement i s not t r u e , but i n 
c e r t a i n cases i t holds. Phe-Phe and Phe-Glu had r e t e n t i o n times o f 
7.3 and 7.9 at 27°C r e s p e c t i v e l y , while the r e t e n t i o n times at 77°C 
are 5.0 and 6.9 which i s an i n c r e a s e i n t 0 - t , from 0.6 t o 1.9 

r à r ι 
min. Other examples can be found i n Tables I I I - V . Such temperature 
e f f e c t s a re not u n u s u a l . Chemielowiec and S a w a t z k y ( 1 4 ) u s e d 
t e m p e r a t u r e as a s e p a r a t i o n parameter f o r a group of polynuclear 
aromatic hydrocarbons (PAH) on C„ Q r e v e r s e d phase column u s i n g a 

l ο 
m o b i l e phase of a c e t o n i t r i l e / w a t e r . They observed that the e l u t i o n 
order of some PAH are reversed by temperature v a r i a t i o n s , which a r e 
" e n t r o p y dominated s e p a r a t i o n s " . Snyder (15) i n commenting on the 
above study (14) and the e f f e c t of temperature on r e t e n t i o n concluded 
t h a t i n a c h r o m a t o g r a p h i c system the dependence o f the c a p a c i t y 
f a c t o r k 1 on temperature

d ( l o

Where Τ i s the absolute temperature and ΔΗ 0 i s i n c a l o r i e s . 
A c c o r d i n g t o Snyder ( 1 5 ) , " i f the l i n e a r dependence of ΔΗ 0 on 

log k* i s exact, then s o l u t e r e t e n t i o n o r d e r w i l l be unchanged as 
s e p a r a t i o n temperature i s v a r i e d " . This i s r e f e r r e d to as " r e g u l a r " 
temperature b e h a v i o r . He c o n c l u d e s t h a t " t e m p e r a t u r e i s not an 
e f f e c t i v e parameter f o r a l t e r i n g α (the separation f a c t o r ) values and 
maximizing r e s o l u t i o n i n " r e g u l a r " systems. However, f a i l u r e of 
r e l a t i o n s h i p s such as e q u a t i o n 1 may be due t o : (1) r e t e n t i o n of 
s o l u t e molecules by more than one mechanism or (2) marked d i f f e r e n c e 
i n the m o l e c u l a r shapes of two s o l u t e s with s i m i l a r r e t e n t i o n i n a 
p a r t i c u l a r LC system. I t i s worth w h i l e t o examine the r e s u l t s i n 
l i g h t of H o r v a t h s (13) and Snyders (15) observations, remembering 
t h a t we are d e a l i n g w i t h a b u f f e r e d m o b i l e phase and a b e t a 
c y c l o d e x t r i n bonded s i l i c a column. 

A p l o t of Ink* vs 1/T at each pH should r e v e a l the e f f e c t of pH 
and Τ on the p r o p e r t i e s and e f f i c i e n c y of the chromatographic system. 
Figure 5 shows a p l o t of Ink' vs 1/T at each of the mobile phase pH's 
s t u d i e d . I t i s c l e a r that a l i n e a r r e l a t i o n s h i p e x i s t s at pH 4 and 
pH 5.5 which has s i m i l a r s l o p e s (ΔΗ 0). The l i n e a r r e l a t i o n s h i p 
i n d i c a t e s t h a t the same mechanism o f s e p a r a t i o n i s t a k i n g p l a c e 
throughout the experiment 27°C - 77°C. However, at pH 7 i t i s c l e a r 
t h a t t h e r e e x i s t s two d i f f e r e n t mechanisms of s e p a r a t i o n . The same 
i s true f o r Phe-Asp, F i g u r e 6. The n o t i c e a b l e d i f f e r e n c e between 
F i g u r e s 5 and 6 i s the e f f e c t of pH on r e t e n t i o n at pH 4 and 5.5. 
P l o t s of Ink 1 vs 1/T f o r Phe-Gly ( F i g u r e 7) and P h e - I l e ( F i g u r e 8) 
show t h a t one mechanism i s i n v o l v e d at pH 7 w h i l e two d i f f e r e n t 
mechanisms are involved at pH 4 and 5.5. For Phe-Tyr, the l i n e a r 
r e l a t i o n s h i p (one mechanism) i s observed at pH 5.5 w h i l e two 
mechanisms of separation are each observed at pH 4 and pH 7, F i g u r e 
9. D i f f e r e n t r e s u l t s from the above (Figures 4-8) were observed f o r 
p l o t of I n k 1 vs 1/T f o r P h e - V a l . At pH 5.5 t h e v a l u e o f I n K 1 

d e c r e a s e d , F i g u r e 10, w h i l e i n the o t h e r cases ( F i g u r e s 4-8) i t 
increased. A l s o , note t h a t a l t h o u g h two d i f f e r e n t mechanisms are 
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1.80 

60' 1 L 1 1 ι ι 
2.80 2.90 3.00 3.10 3.20 3.30 3.40 

1/T χ 10- 3 K"1 

Figure 5. E f f e c t of temperature on the capaci t y f a c t o r of Phe-
Glu using a 3 - c y c l o d e x t r i n column and a mobile phase of 
5% methanol/0,00
(-0-), 5.5 (-0-
ml/min. 

Δ 
601 1 1 1 1 1 J 

2.80 2.90 3.00 3.10 3.20 3.30 3.40 

1/T χ ίο-3 κ-1 

Figure 6. Same c o n d i t i o n s as i n Figure 5, but Phe-Asp. 

1.00 r 

.301 1 1 1 1 « 1 
2.80 2.90 3.00 3.10 3.20 3.30 3.40 

1/T χ ΙΟ"3 κ - 1 

Figure 7. Same c o n d i t i o n s as i n Figure 5, but Phe-Gly. 

In Ordered Media in Chemical Separations; Hinze, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



15. ISSAQ ET A L . Effect of Temperature on Retention in HPLC 269 

1.50 r 

.50' 1 1 ι ι ι ι 
2.80 2.90 3.00 3.10 3.20 3.30 3.40 

1/T χ 10-3 Κ"1 

Figure 8. Same co n d i t i o n s as i n Figure 5, but Phe-Ile. 

2.80 2.90 3.00 3.10 3.20 3.30 3.40 

1/T χ ΙΟ"3 Κ"1 

Figure 9. Same c o n d i t i o n s as i n Figure 5, but Phe-Tyr. 

1.20 r 

401 1 1 1 1 1 1 

' 2.80 2.90 3.00 3.10 3.20 3.30 3.40 

1/T χ ίο-3 κ-1 

Figure 10. Same c o n d i t i o n s as i n Figure 5, but Phe-Val. 
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i n v o l v e d a t e a c h , pH 4 and pH 7, the s l o p e s a r e d i f f e r e n t and 
opposite of each other. The above examples, F i g u r e s 5-10, c l e a r l y 
i n d i c a t e the r o l e a b u f f e r may play and how i t e f f e c t s the p r o p e r t i e s 
and e f f i c i e n c y of the c h r o m a t o g r a p h i c s y s t e m . These r e s u l t s , 
t h e r e f o r e , agree w i t h what was o b s e r v e d e a r l i e r by Horvath et a l . 
(13) and others ( 1 4 , 1 5 ) . Another e x p l a n a t i o n f o r the non l i n e a r 
r e l a t i o n s h i p between Ink* vs 1/T that may be po s t u l a t e d here i s that 
each i n c l u s i o n complex w i l l d i s s o c i a t e at a d i s t i n c t temperature. I t 
i s p o s s i b l e t h a t the breaks i n the curves i n d i c a t e t h i s temperature 
(11). 
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Chapter 16 

Computer Imaging of Cyclodextrin 
Inclusion Complexes 

R. Douglas Armstrong 

La Jolla Cancer Research Foundation, 10901 North Torrey Pines Road, 
La Jolla, CA 92037 

X-ray crystal structures were used for the production of 
computer projected images of inclusion complexes of 
structural isomers  enantiomer d diastereomer  with 
a- or β-cyclodextrin.
visual evaluation
various molecules and cyclodextrin, and an understanding 
of the mechanism for chromatographic resolution of 
these agents with bonded phase chromatography. 

The wide i n t e r e s t in the use o f c y c l o d e x t r i n s as a separat ion 
medium has led to a number of useful a p p l i c a t i o n s . The a b i l i t y o f 
these molecules to bind other molecules to form an i n c l u s i o n 
complex, has provided f o r t h e i r use in t y p i c a l l y d i f f i c u l t 
separat ions o f enant iomers, d iasas tereomers , and s t r u c t u r a l 
i somers. Through the coupl ing of c y c l o d e x t r i n to a s o l i d support , 
such as s i l i c a g e l , a chromatographic r e s i n can be made, and has 
been developed as a usefu l chromatographic procedure. 

Although i t i s well understood that molecules must be able to 
enter the c a v i t y o f the c y c l o d e x t r i n molecule f o r complexation to 
o c c u r , and t h e r e f o r e , under chromatographic c o n d i t i o n s , f o r 
r e t e n t i o n to r e s u l t , the d i f f e r e n t i a l b ind ing of two stereoisomers 
within the c y c l o d e x t r i n that allows f o r t h e i r d i f f e r e n t i a l 
r e t e n t i o n i s not always apparent. An understanding of t h i s can be 
obtained through the use o f three dimensional computer graphic 
imaging o f the c r y s t a l s t ruc tu re o f the i n c l u s i o n complex. 

This review w i l l i l l u s t r a t e examples o f computer projected 
models o f i n c l u s i o n complexes o f s t r u c t u r a l isomers ( o r tho , meta, 
para n i t r o p h e n o l ) , enantiomers (d - and 1- proprano lo l ) and 
diastereomers [ c i s and t rans . l (p -3-d imethy laminoethoxy-pheny l -
butene) , tamoxifen] in e i t h e r a - or β - c y c l o d e x t r i n . The use o f 
these computer p r o j e c t i o n s o f the c r y s t a l s t ruc tu re s o f these 
complexes al lows f o r the demonstrat ion and p r e d i c t i o n of the 
c h r o m a t o g r a p h i c b e h a v i o r o f t h e s e agents on i m m o b i l i z e d 
c y c l o d e x t r i n . 

0097-6156/87/0342-0272$06.00/0 
© 1987 American Chemical Society 
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Computer Projected Inc lus ion Complexes 

S t ruc tura l Isomers 
Cyc lodext r in bonded phases have been demonstrated to be 

p a r t i c u l a r l y adept in r e s o l v i n g s t r u c t u r a l isomers [I) such as the 
o r t h o , meta and para forms o f n i t ropheno l (F igure 1) . These 
molecules can be separated on columns o f e i t h e r Β or α - c y c l o d e x t r i n , 
the r e s p e c t i v e b ind ing constants (at jaH 10) f o r α-CD i n c l u s i o n 
complexation are 200, 500, and 2439 M r e s p e c t i v e l y f o r o r t h o , 
meta and para n i t rophenol [I). F igure 2 i l l u s t r a t e s the computer 
p r o j e c t i o n of each o f these complexes based on t h e i r x - ray c r y s t a l 
s t ruc tu re s ( 2 ,3 ,4 ) . The p i c t u r e s i l l u s t r a t e a s ide view o f the 
complex with the f r on t of the c y c l o d e x t r i n cut away in order to see 
the degree of penetra t ion of the complexed molecu le . The 
para -n i t ropheno l (red molecule in Figure 2a) , i s found to complex 
deep in the c y c l o d e x t r i n c a v i t y , with the n i t r o - p o r t i o n of the 
molecule in po ten t i a l p o s i t i o n to i n t e r a c t with the lower 
6-hydroxyl atoms o f th
penetra t ion of para -n i t ropheno
i n t e r a c t i o n of the phenol r i n g with the nonpolar c y c l o d e x t r i n 
c a v i t y . This i s in cont ra s t to the meta-n i trophenol (green 
mo lecu le , F igure 2b), which a l so s i g n i f i c a n t l y enters the 
c y c l o d e x t r i n c a v i t y , but to a l e s se r degree than does the 
p a r a - n i t r o p h e n o l . This al lows f o r a reduced i n t e r a c t i o n with the 
α - c y c l q d e x t r i n , and the lower b inding constant (500 compared to 
2439 M f o r the p a r a - n i t r o p h e n o l ) . The o r tho -n i t ropheno l (ye l low 
mo lecu le , Figure 2 c ) , which e x h i b i t s the lowest b ind ing constant 
with α - c y c l o d e x t r i n at 200 Μ , i s c l e a r l y i l l u s t r a t e d to have the 
l ea s t penetra t ion and complexation in the α - c y c l o d e x t r i n c a v i t y . 
The l o c a t i o n of the n i t r o group when in the ortho p o s i t i o n blocks 
the molecule from enter ing the c y c l o d e x t r i n c a v i t y , as observed 
from the c loseness o f the van der Waal s ' r a d i i . The computer 
projected i n c l u s i o n complexes n i c e l y demonstrate the reasons f o r 
the v a r i a b l e b inding constants o f these s t r u c t u r a l i somers, and are 
very p r e d i c t i v e o f t h e i r r e s u l t i n g chromatographic behav ior . 

There have been several repor t s which have demonstrated the 
chromatographic separat ion of o r t h o , meta and para s t r u c t u r a l 
isomers on B -cyc lodext r in matr ices (5 ) . One common feature o f 
these separat ions i s that the order of r e t e n t i o n (greatest to 
lowest) f a l l s in the order o f para > ortho > meta, a lthough the 
ortho and meta isomers e lu te very c l o se to one another. This i s in 
cont ra s t to what i s o b t a i n e d , as i l l u s t r a t e d above f o r n i t r o p h e n o l , 
with α - c y c l o d e x t r i n , where the b ind ing a f f i n i t y f o r the meta isomer 
i s g rea ter than the o r t h o . In an attempt to understand t h i s 
anomaly, the complex of ortho or meta-ni trophenol in B - cyc lodext r in 
was modeled. As expected from the much g reater capac i t y o f the 
β - c y c l o d e x t r i n (composed of 7 glucose uni ts ) compared to the 
a l p h a - c y c l o d e x t r i n (composed of 6 glucose u n i t s ) , the small 
n i t ropheno l molecules both e a s i l y f i t i n to the B - c y c l o d e x t r i n . The 
blocked entry problem that the o r tho -n i t ropheno l exh ib i ted in the 
α - c y c l o d e x t r i n , does not e x i s t in the B - c y c l o d e x t r i n , and allows 
f o r even g r e a t e r c o m p l e x a t i o n than what i s o b s e r v e d f o r 
m e t a - n i t r o p h e n o l ( b i n d i n g c o n s t a n t s o f 357 M" f o r 
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or tho-n i t ropheno l compared to 147 M f o r meta -n i t ropheno l , r e f . 

D-
Enantiomers 

P o t e n t i a l l y , one o f the most va luab le a p p l i c a t i o n s o f 
c y c l o d e x t r i n as an a n a l y t i c a l too l i s i t s use in r e s o l v i n g 
enantiomeric compounds, those compounds which are m i r r o r images o f 
each o the r . This i s an important concern with syn thet i c 
pharmaceut ica l s , which are o f ten produced as enantiomers. In most 
cases , both isomers can have phy s i o l o g i c a l a c t i v i t y , a lthough on ly 
one a c t u a l l y has capac i t y to produce the des i red therapeut ic 
a c t i o n . The i n a c t i v e isomer w i l l o f ten con t r i bu te to host t o x i c i t y 
or other undesired ac t ions which can l i m i t the e f f e c t i v e n e s s o f the 
a c t i v e isomer. The a b i l i t y o f c y c l o d e x t r i n to re so l ve many types 
o f enantiomers i s o f obvious b e n e f i t , and has been demonstrated f o r 
a number of r e l evan t pharmaceuticals ( 6 ) . 

One important drug that i s synthes ized as both d and 1 
e n a n t i o m e r s , which ca
3 - c y c l o d e x t r i n , i s propranolo
chromatographic cond i t i on s (see r e f . 6) , the d -proprano lo l i s 
re ta ined much longer than i s the 1 -p roprano lo l . The r e s p e c t i v e 
i n c l u s i o n complex of each isomer in 3 - cyc l odex t r i n i s i l l u s t r a t e d 
in the computer p ro jec t i on s in Figure 3 a and b. Th i s i l l u s t r a t e s 
that there i s no d i f f e r e n c e between d and 1 propranolo l in t h e i r 
actua l complexation within the 3 - cyc lodex t r in c a v i t y , as the 
napthol r ing s o f each compound assume the exact same placement 
with in the 3 - c y c l o d e x t r i n . However, very important d i f f e r e n c e s 
e x i s t from the po int o f the c h i r a l carbon on the a l i p h a t i c s ide 
c h a i n . In cont ra s t to the o r t h o , meta, para s t r u c t u r a l i somers, 
which were shown to re so l ve because o f t h e i r r e s p e c t i v e a b i l i t i e s 
to be complexed with in the c y c l o d e x t r i n c a v i t y , f o r enant iomeric 
r e s o l u t i o n , the u n i d i r e c t i o n a l 2- and 3-hydroxyl groups located at 
the mouth o f the c y c l o d e x t r i n c a v i t y appear to be i n teg ra l f o r 
c h i r a l r e c o g n i t i o n . In the models i l l u s t r a t e d in F igure 3, the van 
der Waals' r a d i i are shown fo r on ly these 2- and 3-hydroxyl groups 
o f the 3 - c y c l o d e x t r i n , along with the secondary amine of the 
propranolo l molecu les . The hydroxy! group attached to the c h i r a l 
carbon of propranolo l i s in the same p o s i t i o n f o r the d and 1 
isomers, and i s placed f o r optimal hydrogen bonding to a 3-hydroxyl 
o f the c y c l o d e x t r i n . Important d i f f e r e n c e s are observed, however, 
between the d and 1 forms with respect to t h e i r secondary amine 
group. In the d -proprano lo l complex, the n i t rogen i s i d e a l l y 
s i t ua ted f o r hydrogen bonding with both a 2- and 3-hydroxyl group 
on the 3 - c y c l o d e x t r i n , e x h i b i t i n g bond d i s tances o f 3.3 and 2 .8Â. 
The amine o f the 1-propranolo l however, i s l e s s f avorab ly s i t ua ted 
fo r hydrogen bonding, with d i s t ances o f 3.8 and 4.5Â to the c l o s e s t 
2- and 3-hydroxyl groups o f the 3 - cyc lodex t r in which are too g reat 
fo r hydrogen bonding. The gap between the van der Wal ls ' r a d i i o f 
these atoms i s c l e a r l y seen in the 1- propranolo l model (F igure 
3 b ) , whereas the van der Waals* r a d i i in the d - propranolo l are 
very c l o s e l y a s soc ia ted with those fo r the 2- and 3-hydroxyl groups 
on the 3 - cyc lodex t r in (F igure 4a) . With the a b i l i t y to form 
a d d i t i o n a l hydrogen bonds, the d -proprano lo l e x h i b i t s a s tronger 
b inding with the 3 - c y c l o d e x t r i n , and i s thereby re ta ined longer 
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under bonded phase chromatographic cond i t i on s (6 ) . The re fo re , two 
parameters are important f o r c h i r a l r e s o l u t i o n : 1. the a b i l i t y o f 
the compound to form an i n c l u s i o n complex within the c y c l o d e x t r i n 
c a v i t y , which provides f o r r e ten t i on o f the compound, and 2. the 
i n t e r a c t i o n o f the por t i on o f the molecule conta in ing the c h i r a l 
carbon with the u n i d i r e c t i o n a l 2- and 3-hydroxyl groups on the 
c y c l o d e x t r i n . 

Diastereomers 
The a b i l i t y o f c y c l o d e x t r i n to reso lve stereoisomers i s very 

r e a d i l y app l ied f o r the separat ion of d ia s tereomers , such as the 
c i s - and t rans-geometr ic isomers ( 6 ,7 ) . S im i l a r to both o f the 
examples presented above, r e s o l u t i o n o f geometric isomers appears 
to r e s u l t from both the l e v e l of i n c l u s i o n complex formed, as well 
as the l e v e l of i n t e r a c t i o n of the molecule with the 2- and 
3-hydroxyl groups o f the c y c l o d e x t r i n . This can be i l l u s t r a t e d 
with the syn thet i c ant ies t rogen tamoxifen (F igure 1 ) , which i s 
synthes ized in both th

These two compound
bonded phase chromatography, with the c i s - t amox i fen e l u t i n g p r i o r 
to the t rans- tamoxi fen ( 6 ,7 ) . Using the i nd i v i dua l x - ray c r y s t a l 
s t ruc tu re s fo r these agents ( 8 , 9 ) , the r e s p e c t i v e i n c l u s i o n 
complexes in B - cyc lodext r in were modeled using computer imaging, as 
i l l u s t r a t e d in F igure 4, a ( t rans- tamoxi fen) and b ( c i s - t a m o x i f e n ) . 
It i s very apparent that these two agents i n t e r a c t qu i te 
d i f f e r e n t l y with the B - c y c l o d e x t r i n . The t rans - tamoxi fen i s ab le 
to form a be t te r i n c l u s i o n complex than can the c i s - t a m o x i f e n , with 
i t s phenyl s ide group penetrat ing 6.3Â (measured from the 3-hydroxyl 
o f the B -cyc lodext r in to the lowest atom of the r e s p e c t i v e molecule 
o f t a m o x i f e n ) compared to the 5.7Â p e n e t r a t i o n o f the 
c i s - t a m o x i f e n . In a d d i t i o n to the g rea te r l e v e l of complexat ion, i t 
appears that the t rans- tamoxi fen may have some add i t i ona l 
i n t e r a c t i o n between i t s a l i p h a t i c s i de - cha in and the mouth o f the 
B - c y c l o d e x t r i n . 

Summary 

The usefu lness o f c y c l o d e x t r i n as a separat ion medium f o r the 
r e s o l u t i o n o f s tero i somers , whether they be s t r u c t u r a l i somers, 
d iastereomers or enantiomers, has become r e a d i l y apparent. The 
understanding of how and why a p a r t i c u l a r separat ion occurs i s 
n i c e l y enhanced with the use o f computer modeling of the x - ray 
c r y s t a l s t ruc tu re s o f the agents. For example, the computer 
modeling of the compounds in t h i s review i l l u s t r a t e d the importance 
o f the 2- and 3- hydroxyl groups fo r the r e s o l u t i o n o f enant iomers, 
whereas d i f f e r e n t i a l i n c l u s i o n complexation was demonstrated to 
mediate the r e s o l u t i o n o f s t r u c t u r a l isomers such as o r t h o , meta 
and para n i t r o p h e n o l . In p a r t i c u l a r , a lthough not shown in the 
above r e s u l t s , the use o f the computer imaging may g r e a t l y improve 
e f f o r t s to r a t i o n a l l y d e r i v a t i z e c y c l o d e x t r i n in order to opt imize 
a p a r t i c u l a r sepa ra t i on . It has been demonstrated in other repor t s 
tha t c y c l o d e x t r i n i s l i m i t e d in i t s c a p a b i l i t y to serve as an 
e f f e c t i v e medium f o r the r e s o l u t i o n o f enant iomeric compounds, and 
c h i r a l compounds that form very good i n c l u s i o n complexes are not 
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Figure 2. Computer imaging of c r y s t a l s t ruc tu re s o f the i n c l u s i o n 
complexes o f para ( A ) , meta ( Β ) and o r t h o (C) 
n i t rophenol with α - c y c l o d e x t r i n . The complex i s shown 
with van der Waals' r a d i i , and the f r on t sec t i on of the 
complex cut away in order to expose the n i t rophenol 
molecu le. 
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Figure 3. Computer imaging of the i n c l u s i o n complexes of d-(A) and 
1-(B) propranolo l with β - c y c l o d e x t r i n . The chemical 
s t ruc tu re s are i l l u s t r a t e d with van der Waal s' r a d i i 
shown for only the secondary amine of propranolo l and 
the 2- and 3- hydroxyl groups o f the β - c y c l o d e x t r i n . 

F igure 4. Computer imaging of the i n c l u s i o n complexes of t r a n s -
(A) and c i s - (B) tamoxifen with β - c y c l o d e x t r i n . The 
complex i s shown with van der Waals' r a d i i , and the 
f r on t sec t i on of the complex cut away in order to expose 
the n i t ropheno l molecu le. 
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always n e c e s s a r i l y reso lved from each other ( 6 ) . In some cases 
however, a small d e r i v a t i z a t i o n m o d i f i c a t i o n of the c y c l o d e s t r i n 
can a l low f o r the needed separat ion (10). With improved and eas ie r 
methods o f computer modeling and energy min imizat ion c a l c u l a t i o n s , 
combined with the lowering cost o f ob ta in ing such a system, the use 
o f computer imaging should continue to be a most va luab le resource 
in the study o f c y c l o d e x t r i n s and t h e i r var ied f u n c t i o n s . 
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solubi l i ty , 190f 
Hexadecy l t r imethy lammonium bromide, 

use as a micel lar mobi le 
phase, 123 

Hexadecy l t r imethy lammoniu
use as a micel lar mobi le 
phase, 120 

High-per formance l i qu id chromatography 
( H P L C ) 

cyc lodext r in use, 204-205 
determination of 

dithiocarbamates, 120-125 
micel lar mobi le phase, 115-127 
normal-phase adsorption 

techniques, 116 
surfactant use, 21-29 
uses o f micel lar phases, 27 
See also M i c e l l a r high-performance 

l i q u i d chromatography, Reversed -
phase high performance l i qu id 
chromatography 

Hyd roca rbon matrices, extraction o f 
organic components, 48 

Hydroorgan ic mobi le phases, 
l imitat ions, 106-107 

Hydrophob ic i t y , effect on amino ac id 
solubi l izat ion, 179 

H y d r o x y l groups, resolution of 
enantiomers on cyc lodext r in , 276 

2 - Hyd roxypur ine , M E C C 
chromatogram, 148f 

I 

Inclusion chromatography, separations 
on cyc lodext r in polymers, 208-214 

Inclusion complexes, 
computer -projected, 273-276 

Inclusion compounds 
effect o f chain length and 

branching, 250 

Inclusion compounds—Continued 
interaction mechanism, 248 
selectivity as stationary 

phases, 252 
Indole alkaloids, separation using 

cyc lodext r in polymers, 209-212 
Inorganic anions, H P L C , 115-127 
Intracavity Laser Absorpt ion 

Spectroscopy ( I C L A S ) 
B L M s , 98-102 
experimental setup, 99f 

Intrinsic membrane proteins, 
separation, 50-54 

Ion- interaction model , 
descr ipt ion, 117 

Ion-pair chromatography 
descr ipt ion, 116-117 
See also Reversed-phase ion -pa i r 

chromatography 
Ion-pair model , descr ipt ion, 117 

size, 176f 
effect on protein 

solubi l izat ion, 174-175 
Iron(III) 

extraction f rom micelles, 158 
recovery as funct ion o f l igand a lky l 

cha in length, 159f 
Isomers, separation problems, 247 
Isopropylbenzenes, retention 

order, 252 

Κ 

K n o x plots, ef f ic iency o f micel lar 
mobi le phases, 112 

L 

L i p i d s , protein interactions in 
membranes, 85 

L iposome bi layers, molecular 
motions, 86f 

L i q u i d chromatography 
elution problem, 107 
pr imary equ i l ib r ium, 106 
surfactant -modif ied stationary 

phases, 34 
L i q u i d crystals 

«-alkylbenzenes selectivity, 253 
heating, 248 
separation o f l inear n-alkene 

isomers, 253-254 
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L i q u i d crystals—Continued 
separation properties, 248-249 
stationary-phase use, 247-259 
stereospecific effect as stationary 

phases, 252 
L i q u i d surfactant membrane, 

description, 57-59 
Lysozyme, solubi l izat ion, 172 

M 

Marquardt method, expanding a model in 
a truncated Taylor's-type 
series, 236-237 

Mass transfer, M E C C , 149 
Mass transport phenomena, M E C C , 143 
Membrane-mimet ic chemistry, 

description, 91-97 
Membrane-mimet ic separations
Membrane potentials, 85 
Membrane-transfer processes, use, 57 
M e m b r a n e s - - ^ B io log ica l 

membranes, C e l l membranes 
Mephenyto in 

chromatogram using R P - H P L C , 232f 
separations o f racemic mixtures, 231 

Meta l ion 
b ind ing to surfactant 

assemblies, 17-20 
extraction 

as metal chelates, 53t 
microemulsions form, 39 

separation, extractants used, 37-38t 
separation and enrichment, 50 

Methano l 
effect in the eluent on 

retention, 262-265 
effect on part it ion coefficient 

between micelles and bulk 
water, 136 

effect on part i t ion coefficient 
between stationary phase and 
bulk water, 137 

M e t h y l anthraquinone, effect o f 
organic modif ier on 
retention, 262-265 

Methylphenobarbital 
chromatogram using R P - H P L C , 232f 
separations o f racemic mixtures, 231 

6-Methylpurine, M E C C 
chromatogram, 148f 

/? -Methylthiophenol , b inding 

constants, 20 
Mice l l a r chromatography 

descript ion, 105-114,118-119 
disadvantages, 27-29 

M ice l l a r chromatography—Continued 
reduced efficiency, 29 
stationary phase, 127 

M ice l l a r electrokinetic capil lary 
chromatography ( M E C C ) 

apparatus, 145f 
applications, 35t 
band velocity, 143 
co lumn dynamics, 145f 
co lumn efficiency, 149 
description, 34-36,142-151 
elut ion range, 147 
mass transport phenomena, 143 
removal o f benzene from water, 196t 
resolution, 147 
retention times, 143 
separations, 144 

Mice l lar -enhanced detection, 
separation science, 60-61 

Mice l la r -enhanced ultrafiltration ( M E U F ) 

M ice l l a r fluorescence quenching spray 
reagent, 60-61 

M ice l l a r high-performance l i qu id 
chromatography 
use, 155 
See also High-performance l i qu id 

chromatography ( H P L C ) 
M ice l l a r l i q u i d chromatography 

description, 130 
separation technique, 21 
stationary phase, 130-141 

M ice l l a r mobi le phase 
chromatographic 

capabil it ies, 29,105-114 
concentration change, 108 
description, 21-23,118 
determination o f inorganic 

anions, 119-120 
M ice l l a r parameters 

aqueous media, 8t 
common bi le salts, 6 

Mice l l a r solubi l izat ion, interfacial 
transport solutes, 182 

Micel le -so lute interactions, 27 
Mice l les 

aggregates structure, 3 
analyt ical applications, 83 
solubi l izat ion sites, 16f 

Mice l l i zat ion , effect o f additives, 6 
Molecu la r motions, liposome 

bilayers, 86f 
Monolayers 

deposit ion, 95f 
formation, 93 
surface pressure-surface area 

isotherm, 94f 
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Monoprot ic ac id , b ind ing to one or two 
cyc lodext r in molecules, 245 

Monta l -Mue l l e r method, 93-96 
Mul t icomponent mixtures, separation 

v i a l i qu id crystals, 254 

Ν 

Naphthalene 
effect o f organic modi f ie r on 

retention, 262-265 
effect o f temperature on capacity 

factor, 261 
9-Nitroanthracene, M E C C 

chromatogram, 148f 
Ni t robenzene 

elution of posit ional isomers of 
halogen derivatives, 227 

M E C C chromatogram, 146
4 -N i t robenzo -2 -oxad i zao le (NBD) -cyc lo

hexylamine, M E C C chromatogram, 150f 
4 -N i t robenzo -2 -oxad i zao le (NBD) -e thy l -

amine, M E C C chromatogram, 15Of 
N i t roc innamic acids, chromatogram 

using R P - H P L C , 230f 
1,4-Nitronaphthalene, M E C C 

chromatogram, 148f 
N i t ropheno l , cyc lodext r in complex, 273 
1-Nitropyrene, M E C C chromatogram, 148f 
N o n i o n i c micel les, extraction uses, 50 
N o n i o n i c surfactants, C M C and c loud 

point values, 52t 
Non l inear least-squares iterations 

b ind ing constants and part it ion 
coeff icient values, 239 

cyc lodext r in mult ip le complex 
formation w i t h solutes, 235-245 

program descr ipt ion, 237 
program information, 236-237 

Nonpo la r solvents, ordered surfactant 
assemblies, 9 

N u c l e i c acids, complexes w i th 
cyc lodext r in , 214 

Ο 

Octadecy ls i l y l (ODS hypersil ) 
stationary phase, capacity factor 
versus the surfactant 
concentrat ion, 140f 

Organic anions, H P L C , 115-127 
Organic compounds, aqueous solubi l i ty 

enhancement, 15 

Ρ 

Part i t ion coeff icient 
calculat ion for amphiph i l ic 

l igands, 155 
def in i t ion , 15-17,186 
micelles and bu lk water, 136-137 
solute d istr ibut ion in micel lar 

systems, 19t 
solutes bound to micelles, 239-240t 
stationary phase and bulk 

water, 137-139 
Passive transport, b io logical 

membranes, 88 
P H 

effect on cyclodextr in -solute 
complexations, 240-245 

effect on d istr ibut ion coeff icient 
i n c loud point extractions, 54 

effect on protein polymer 

solubi l izat ion, 172 
effect on retention in cyc lodext r in 

columns, 265-267 
effect on solubi l izat ion of 

cytochrome c, 173f 
titrations o f B S A w i th P D M D A A C , 165f 

Pharmaceuticals, separation of 
enantiomeric compounds, 275 

Phase diagram, phosphol ip id -water 
system, 87f 

Phase separation 
nonionic micel lar solutions, 152 
See also Separation 

Phase-transfer catalysts, requirements 
for surfactants, 43 

Phase transit ion, membranes, 85 
Phenol , M E C C chromatogram, 146f 
Phenylalanine, reversed-micel le 

solubi l i ty , 179,180f 
Phenylalkanes 

selectivity on l i qu id crystals, 253 
separation, 258f 

Plate counts, calculat ion, 112 
Plate number, micel lar 

chromatography, 125t 
Po ly (d imethy ld ia l ly lammonium chlor ide) 

( P D M D A A C ) , turb id imetr ic 
titrations, 163 

Polyelectrolyte-protein complexes, 
coacervat ion, 162-168 

Polymer izat ion 
cyc lodext r in , 202 
surfactant vesicles, 97f 

Polynuclear aromatic hydrocarbons, 
temperature as a separation 
parameter, 267 
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Primary equi l ibr ium, l i q u i d 
chromatography, 106 

Propanol , use in micel lar mobi le 
phases, 113 

Propranolo l 
computer imaging o f inclusion 

cyclodextr in , 278f 
inc lus ion complex i n 

^ -cyc lodext r in , 275 
Protein mosaic model , membrane 

structures, 86f 
Proteins 

charge distr ibut ion, 172 
extraction from sol id 

matrices, 46-48 
extraction using reversed 

micelles, 170-183 
l i p id interactions in membranes, 85 
solubi l izat ion, 45-46,171-177 

Pseudophase l i q u i d chromatography, 
separation technique, 21 

Pseudophase retention equation
cyclodextr in -solute binding, 236 

Q 

Quebrachamine, resolution, 213f 
Quebrachamine antipods, separation on 

cyc lodextr in polymers, 212 

R 

Racemates, resolution using 
cyclodextr ins, 214 

R a m a n spectroscopy, 60-61 
Rare earth metals, countercurrent 

extractions, 45 
Recombinant D N A techniques, need for 

separation o f b io logical 
compounds, 170 

Re ject ion , def in it ion, 195 
Resolut ion 

barbiturates into 
enantiomers, 229-231 

compounds in reversed-phase 
systems, 222 

M E C C , 147 
Retent ion 

aromatic hydrocarbons, 250t 
benzene d ia lky l derivatives on 

stationary phases, 25It 
b inding solutes i n micel lar mobi le 

phases, 136 
characteristics, 143 
control i n H P L C , 24 
effect o f temperature and 

p H , 265-267 

Retention—Continued 
isomeric / ra « 5 - dodecenes , 255f 
micel lar chromatography, 25t,135-136 
structural isomers on 

cyclodextr in , 273 
structural isomers on stationary 

phases, 250-254 
substrate-cyclodextr in 

complexes, 245 
Retent ion time 

effect o f part i t ion in micel lar 
chromatography, 139 

ion ic species relationship to 
cyc lodextr in mobi le phase, 242 

M E C C , 143 
naphthalene and biphenyl on 

cy lodextr in columns, 262 
Reversed micel les 

countercurrent extractions, 45 
descript ion, 171 

acids, 170-183 
intracel lular enzymes recovery, 46 
ion ic strength effects on protein 

solubi l izat ion, 175 
protein solubi l izat ion, 173f,175 
role i n metal i on extractions, 39 

Reversed-phase chromatography, wetting 
characteristics, 112-113 

Reversed-phase high-performance l i q u i d 
chromatography ( R P - H P L C ) , 

cyclodextr ins as mobi le 
phases, 218-232 

See also High-performance l i q u i d 
chromatography ( H P L C ) 

Reversed-phase ion -pa i r chromatography 
mechanism, 117-118 
See also Ion-pair chromatography 

Reversed-phase l iqu id , micel lar mobi le 
phases, 104 

Reversed-phase micel lar 
chromatography, efficiency, 113 

Ribonuclease a, solubi l izat ion, 172 
Room-temperature l i qu id 

phosphorescence, use o f heavy 
metal anionic micel lar media, 60 

S 

Salt effects, determining water 
solubi l izat ion in reversed 
micelles, 175 

Salting out effect, surfactant 
adsorption, 135 
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Selectivity, dependence in M M E C , 147 
Selectivity factor 

alkylbenzenes, 255f 
complexat ion i n the bulk 

mobile-phase solution, 225 
effect o f cyc lodextr in concentration 

in R P - H P L C , 225 
effect o f cyc lodextr in mobile phase 

for enantiomer 
separations, 223f,226f 

xylene, 253t 
Semiequi l ibr ium dialysis (SED), 

technique descript ion, 56 
Separation 

alkylbenzenes and 
dialkylbenzenes, 257f 

amphiphi l ic ligands, 152-160 
aromatic hydrocarbons, 256f 
ch i ra l compounds wi th cyclodextr in 

mobi le phase, 229 
coacervat ion basis, 55-56 
cresols w i th cyc lodextr in mobil

phases, 226f 
cyc lodextr in uses, 200-214 
dipeptide mechanisms on cyclodextr in 

columns, 269-270 
geometrical isomers w i th 

cyclodextr in mobi le 
phase, 227 

intr insic membrane proteins, 50-54 
isomeric alkylbenzenes, 256f 
membrane-mimetic methods, 83-102 
M M E C , 144-151 
structural isomers, 225-227,247-259 
surfactant-containing mobi le 

phases, 30-32t 
trimethylbenzenes w i th 

cyclodextr in mobi le phases, 228f 
xylenes w i th cyc lodextr in mobile 

phases, 228f 
See also C l o u d point separations, 

Phase separation 
Separation factors, extraction of 

organic substances, 49t 
Separation processes, growing 

importance, 2 
Separation science 

micel lar -enhanced detection, 60-61 
organized surfactant 

assemblies, 1-63 
uses o f surfactant systems, 20-61 

S i l ica , phys icochemical 
properties, 132t 

Sod ium chlor ide, effect on partit ion 
coefficient, 136-137 

Sodium dodecylsulfate (SDS) 
dependence o f the activity 

coefficient o f benzene, 193f 

Sod ium dodecylsulfate (SDS)—Continued 
dependence o f the solubi l izat ion 

constant for benzene, 192f 
part i t ion coefficient values, 186 

Solubi l i ty 
effect o f ^ -cyc lodext r in and its 

soluble polymers, 208-209 
effect o f surfactant micelles, 15 
proteins, 45-46 

Solubi l izat ion, hydrocarbons by 
aqueous micel lar solutions, 194 

Solubi l izat ion constant, benzene i n 
C P C , 189 

Solute 
b ind ing to aggregate system, 15-17 
classif ication i n micel lar mobi le 

phases, 135-136 
effect o f part i t ion between 

stationary phase and bu lk 
water, 138t 

Solute-micel le equi l ibr ia , 
knowledge, 184-185 

Solvent extractions, 
surfactant-mediated, 36 

Specif ic e lut ion volumes, 
v incadif formine enantiomers, 212t 

Spectrophotometry, amphiphi l ic 
ligands, 153-154 

Spectroscopic techniques, B L M s , 98 
Stabil ity constants, cyclodextr ins as 

mobi le phases, 222 
Starch, degrading enzyme, 200 
Stationary phase 

cyclodextr ins versus l i q u i d 
crystals, 247-259 

effect on part i t ion coefficient 
between micelles and bulk 
water, 136 

effect on retention in H P L C , 24 
micel lar chromatography, 127,130-141 

surfactant adsorption, 132 
used in micel lar l i qu id 

chromatography study, 131-132 
Stereoisomers, cyc lodextr in as a 

separation medium, 276 
Steric hindrance, cyc lodextr in 

inc lus ion compounds, 251 
Structural isomers, computer-projected 

inc lus ion complexes, 273-276 
Substrate organization, 

membrane-mimetic systems, 96 
Supercr i t ical f lu id chromatography 

(SFC) , surfactant use, 62 
Surfactant-micel lar mobi le phases, 

advantages, 27 
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Surfactants 
adsorption 

addit ive effects in stationary 
phases, 134t 

descr ipt ion, 130-141 
effect on stationary phase, 24 
O D S hypers i l , 133f 
on bonded sil icas and ion ic 

surfactants, 139-141 
aggregates, 60,92f 
aggregations i n apolar solvents, 12t 
assemblies 

organized, 1-63 
organized separation uses, 20-61 
structure and properties, 3-20 

benzene removal f rom water, 195 
charge, 91 
descr ipt ion, 3 
effect on extract ion processes, 43 
media 

considerations in use, 61-6
organized, relevant properties

micel lar parameters, 4-5t 
micel lar systems, solute 

interactions, 17-20 
microemulsions, descr ipt ion, 11 
molecular recognit ion 

capabi l i t ies, 177 
monolayers, 93 
nonionic , phase diagram, 5 I f 
reuse, 61 
solutions 

structure formation, 3-14 
use i n selective 

solubi l izat ion, 47-56 
species representation, 5f 
type I aggregation behavior, 9-11 
use 

in chromatographic mobi le 
phases, 21-23 

in membrane processes, 56-59 
in micel lar l i qu id 

chromatography study, 131-132 
in M M E C study, 144 
in organic solvents, 36 

vesic le - forming, 96 
vesicles 

polymer izat ion, 97f 
structure and characteristics, lOt 
use, 9 

Τ 

Tamox i fen 
computer imaging of inclusion 

complexes w i th 
cyc lodext r in , 278f 

Tamoxifen—Continued 
separation using /3 -cyclodextr in, 276 

Temperature 
effect on capacity 

factor, 263f,262,264f,268f,269f 
effect on M E U F performance, 195 
effect on retention i n cyc lodextr in 

columns, 265-267 
effect on retention in 

H P L C , 260-270f 
effect on separation factor for 

anthraquinones, 262t 
effect on separation factor i n 

H P L C , 26I t 
separation parameter, 267-270 

Thermodynamic quantities, benzene in 
micel lar solutions, 194 

Th in - layer chromatography ( T L C ) , 
cyclodextr ins as mobi le phase, 204 

T i t rat ion 

Toluene, M E C C chromatogram, 146f 
Tr imethylbenzenes, separation in 

R P - H P L C , 227 
N,Obis (Tr imethy ls i ly l )acetamide 

( B S A ) , p H t itration curve, 166f 
Tryptophan, reversed micel le 

solubi l i ty , 179 
Turb id imet r ic t itration 

bovine serum a lbumin wi th 
P D M D A A C , 164 

B S A and R N A s e , 165f 
type 1, 163-164 

V 

V a p o r pressure apparatus, 
solubi l izat ion, 185 

V e l o c i t y f low prof i le , 
e lectrokinet ical ly pumped 
capi l lary columns, 149 

Vesic les , descr ipt ion, 96 
V incad i f fo rmine 

chromatography on cyc lodextr in 
polymer, 212 

resolution of a racemic 
mixture, 213f 

V incamine , separation f rom 
apovincamine, 21 I f 

V iscos i ty , solutions in micel lar 
chromatography, 28t 
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W X 

Water 
properties wi th in reversed Xanth ine , M E C C chromatogram, 148f 

micel les, 182 Xy lene , elut ion o f posit ional isomers 
See also Aqueous solutions of halogen derivatives, 227 
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