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1. INTRODUCTION

During the past 20 years countercurrent chromatography (CCC) has been steadily improved
in both partition efficiency and separation times.'"'* The original helix CCC and the suc-
cessively developed nonhelix preparative-scale CCC schemes, such as droplet CCC!*'7 and
locular CCC, " required relatively long separating times; sizeable separation usually exceeded
24 hr. During the last decade, development of various flow-through centrifuge schemes,
such as the flow-through coil planet centrifuge'®'® (CPC), angle rotor CPC,?® elution cen-
trifuge,?' horizontal flow-through CPC,?**¢ toroidal CPC,*-*® and nonsynchronous flow-
through CPC,**-*" has substantially shortened the separation times so that efficient separations
became possible with overnight runs.

Recently, an epoch-making advance in CCC technology has been brought forth by a
discovery of a unique hydrodynamic phenomenon which led to the development of high-
speed CCC."*233 This new CCC method is characterized by high partition efficiency and
large retention capability of the stationary phase under a high flow rate of the mobile phase,
yielding highly efficient separations in a few hours. The method also allows a dual coun-
tercurrent flow of two phases through a coiled column which opens a rich domain of future
applications such as foam separations,* continuous extraction,**-** and dual CCC.

In this review article, this most advanced form of CCC was viewed from various aspects
to elucidate the characteristic features of the method. Although there remain many unsolved
problems for future investigations, the high-speed CCC technology will provide many useful
applications at the present stage of development.

II. PRINCIPLE AND DEVELOPMENT OF HIGH-SPEED CCC

A. Two Basic CCC Systems®

A variety of existing CCC schemes may be classified into two forms, i.e., hydrostatic
equilibrium system (HSES) and hydrodynamic equilibrium system (HDES). The mechanism
of the basic model for each system is illustrated in Figure 1.

The hydrostatic system (left) uses a stationary coiled tube. The coil is first filled with the
stationary phase and the mobile phase is introduced at one end of the coil. The mobile phase
then starts to percolate through the stationary phase segments on one side of the coil, leaving
nearly half the volume of the stationary phase in the coil. Consequently, solutes introduced
locally at the inlet of the coil are subjected to a continuous partition process between two
phases and separated according to their partition coefficients in a manner analogous to liquid
chromatography but in the absence of solid support.

Partition efficiency of the hydrostatic system is improved by rotation of the coiled tube
around its own axis (right). This motion creates an Archimedean screw force to move all
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FIGURE 1. Basic model systems for countercurrent chromatography (CCC).

objects in the coil toward one end of the coil. This end is called the ‘‘head’’ and the other
end the *‘tail’’. Under slow rotation of the coil, the mobile phase introduced at the head of
the coil is mixed with the stationary phase to establish a hydrodynamic equilibrium where
nearly half the volume of the stationary phase is permanently retained in the coil while
continuously mixed with the mobile phase. Consequently, the hydrodynamic system yields
a more efficient partition process by additional mixing induced by rotation of the coil. This
basic hydrodynamic system was further improved by a discovery of the unilateral hydro-
dynamic system which led to the development of high-speed CCC.

B. Unilateral HDES"!:#3-3

The principle of the unilateral HDES is elucidated in Figure 2. In this figure, a rotating
coil at the top contains nearly equal volumes of two immiscible solvent phases. The rest of
the coils are schematically drawn uncoiled to illustrate the relative volume distribution of
the two phases along the length of the coil from the head to the tail.

In the basic HDES described earlier (left), slow rotation of the coil evenly distributes the
two phases in the coil. In the closed coil, each phase occupies nearly half the space of the
coil and any excess of either phase (not shown in the figure), if present, remains at the tail
of the coil. Elution of either phase through the head toward the tail results in further decrease
of the other phase from the coil. The higher the flow rate of the mobile phase, the less the
amount of the stationary phase remaining in the coil. This low retention of the stationary
phase limits the application of a high flow rate of the mobile phase in the basic HDES. This
problem has been solved by the unilateral HDES.

When the rotational speed of the coil is increased to the critical range (right), the two
solvent phases become completely separated in the coil in such a way that one phase (head
phase) entirely occupies the head side and the other phase (tail phase) occupies the tail side
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FIGURE 2. Principle of unilateral hydrodynamic equilibrium system.

of the coil. This unilateral hydrodynamic equilibrium condition clearly indicates that the tail
phase, if introduced at the head, would move through the head phase toward the tail and
similarly the head phase, if introduced at the tail, would move through the tail phase toward
the head. Consequently, this system can be efficiently utilized for performing CCC in the
following two different ways: the coil is first entirely filled with the head phase and the tail
phase is pumped through the head end. Alternatively, the coil is entirely filled with the tail
phase and the head phase is pumped through the tail end. In either case the system can
maintain a high retention level of the stationary phase in the coil.

The present system also allows simultaneous elution of the two phases through the re-
spective ends of the coil. This requires an additional flow tube at each end of the coil to
collect the effluent and, if desired, the sample feed port is made at the middle portion of
the coil. Recently, this dual CCC system has been successfully applied to foam separation
as described later in this article.

Hydrodynamic distribution of the two solvent phases in the rotating coil has been studied
with a simple rotary device using a two-phase solvent system composed of chloroform,
acetic acid, and 0.1 N hydrochloric acid at a 2:2:1 volume ratio.?” Figure 3 shows the results
obtained from 5.5 mm i.d. tubes with three different helical diameters. In each diagram
volume percentage of the upper and the lower phases distributed at the head side of the coil
is plotted against the applied rotational speed ranging from 0 to 400 rpm. All three coils
produced unilateral phase distribution where the lower nonaqueous phase entirely occupied
the head of the coil at the critical rotational speeds between 50 and 120 rpm. As expected
from this unilateral phase distribution mode, test runs have produced the best peak resolution
of DNP (dinitrophenyl) amino acid samples with maximum retention of the stationary phase
at the critical rotational speeds.

While this simple CCC method renders many advantages over other CCC schemes, it has
an inherent limitation in that the stationary phase is sustained within the coil solely by the
unit gravitational force against the flow of the mobile phase. During elution the stationary
phase is retained in the coil under a subtle balance between the two forces, i.e., an Archi-
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FIGURE 3. Phase distribution diagrams for coaxially rotated coils with three different helical
diameters. :

medean screw force which sends the stationary phase toward the inlet of the coil and the
flowing mobile phase which carries the stationary phase toward the outlet of the coil.
Consequently, application of a high flow rate of the mobile phase would sharply decrease
the retention capacity of the coil, thus resulting in loss of the peak resolution and decreased
sample-loading capacity. In order to improve the speed and partition efficiency of the method,
it became necessary to utilize a centrifugal force field.

C. Flow-Through Centrifuge Schemes Free of Rotary Seals®

Figure 4 illustrates various types of flow-through centrifuge schemes developed for per-
forming CCC. All these schemes permit continuous elution without the use of rotary seals.
Elimination of the conventional rotary seal device provides two major advantages: (1) the
system ensures leak-free elution under high pressure and (2) the system permits the use of
multiple flow channels as required for the dual CCC. Consequently, these centrifuge systems
provide ideal means for performing CCC.

All centrifuge schemes are divided into three classes, synchronous, nonplanetary, and
nonsynchronous, according to their modes of planetary motion. The synchronous schemes
numbered I through 1V produce a synchronous planetary motion of the holder in such a way
that the holder rotates about its own axis once per one revolution around the central axis of
the centrifuge. Search for the desired centrifuge scheme to produce the ideal unilateral
hydrodynamic distribution of the two solvent phases for high-speed CCC has been suc-
cessfully made among these synchronous schemes. In Scheme 1, the cylindrical column
holder counterrotates about its own axis while revolving around the central axis of the
centrifuge. This counterrotation of the holder steadily unwinds the twist of the flow tubes
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caused by revolution, thus eliminating the need for the rotary seal device for continuous
elution. This principle can be equally applied to other synchronous schemes of tilted (Scheme
1), horizontal (Scheme 11}, or even inverted (Scheme IV) orientation of the holder. Shifting
the position of the Scheme IV holder toward the central axis of the apparatus forms the
nonplanetary scheme, Scheme V, which in turn serves as the base of nonsynchronous
Schemes VI and VII.

Using the two simplest forms of synchronous planetary motions, Schemes I and IV, a
series of experiments has been performed to study hydrodynamic distribution of the two
solvent phases in a coiled tube mounted on the holder in various orientations. Figure 5
summarizes the successful search for the unilateral hydrodynamic system ideal for performing
high-speed CCC."* As mentioned earlier, simple rotation can produce the unilateral phase
distribution in the coil but a unit gravity fails to hold a large amount of the stationary phase
in the coil against a high flow rate of the mobile phase. In order to enhance the gravity,
planetary motion was applied to the coil. The Scheme I synchronous planetary motion was
first tested but it produced even distribution of the two phases in the coil as in the basic
HDES regardless of the orientation of the coil on the holder. Then, the Scheme IV syn-
chronous planetary motion was examined with various orientation of the coil on the holder
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FIGURE 5. Search for the high-speed CCC system.

as illustrated in Figure 5. The eccentric coil orientation to the holder axis, either parallel or
toroidal form, produced alternating segments of the two solvent phases in the coil as in the
basic HSES. Finally, when the coil was coaxially mounted around the holder, the ideal
unilateral distribution of the two solvent phases was observed. Furthermore, the system
produced excellent partition efficiency and stationary phase retention under a high flow rate
of the mobile phase. The system has been successfully applied to countercurrent extraction
with a short coil and to high-speed CCC with a long multilayer coil.

III. THEORY AND EXPERIMENTAL OBSERVATION ON HYDRODYNAMICS

A. Mathematical Analysis on Two Typical Synchronous Planetary Motions®**

A simple mathematical analysis has been applied to two typical synchronous planetary
motions, that is, Schemes I and IV illustrated in Figure 4. Figure 6 shows the schematic
diagram of each scheme (Figure 6A), the coordinate system for analysis of acceleration
(Figure 6B), the orbits of arbitrary points on the holder (Figure 6C), and centrifugal force
vectors at various locations on the holder (Figure 6D).

In Scheme I, the column holder revolves around the central axis (center of revolution)
and simultaneously counterrotates around its own axis (center of rotation), both at the same
angular velocity w (Figure 6A, left). For analysis of acceleration, the coordinate system is
chosen in such a way that the center of revolution is located at the center of the coordinate
system and the center of rotation is on the x axis at time 0 (Figure 6B, left). An arbitrary
point initially located at P, forms angle 6, with the x axis; then after time t, location of the
point, P(x,y), is expressed by

x = R cos® + r cosO, @))]

R sin0 -+ r sind, (2)

<
Il
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FIGURE 6. Analysis of acceleration for Scheme I and 1V synchronous planetary motions.

From these equations, the orbit of the arbitrary point is easily obtained by eliminating the
variable, 0, and

(x — rcosfy)? + (y — rsinfy)> = R? 3)
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This represents a circle with radius R centered at point (r cosOp, r sing). The fact that
radius of the circle, R, is independent of both 6, and r indicates that every point located on
the holder has a circular orbit with radius R (Figure 6C, left).

The net magnitude of acceleration, «, and its acting angle formed from the x axis, vy, at
the arbitrary point on the holder are further computed from the second derivatives of Equations
I and 2, and

a = [(dx/dt)? + (d*y/drP)?])'? = Re? “)
v — 7 = tan~'[(dZy/d)/(d*x/d)] = ot = O (5)

This shows that the points are subjected to a constant magnitude of acceleration, Rw?, which
rotates around each point at a uniform rate of w. The acceleration is found to be free of r
and 0,, both of which determine the location of the point on the holder. This indicates that
at any given moment every point on the holder is subjected to the identical centrifugal force
field acting in a plane perpendicular to the axis of the holder (Figure 6D, left).

The acceleration analysis is similarly carried out on the planetary motion produced by
Scheme IV (Figure 6, right). In Figure 6A (right), the holder revolves around the central
axis of the apparatus (center of revolution) and simultaneously rotates about its own axis
(center of rotation) at the same angular velocity in the same direction. In order to simplify
the analysis, the coordinate system is selected so that the center of revolution is located at
the central point O, whereas both the center of rotation and the arbitrary point are initially
located on the x axis (Figure 6B, right). After the lapse of time t, the center of rotation
circles a{ound the point O by 6 = wt, and the location of the arbitrary point, P(x,y), is
given by

X = R cosB + rcos20 6)
R sin® + r sin20 7

y

The orbit of the point computed from Equations 6 and 7 displays a great variety in shape,
depending on the locations of the point on the holder, which are conveniently expressed by
the ratio of the radius of rotation, r, to the radius of revolution, R, or B = /R (Figure 6C,
right). When B < 0.25, the orbit is a single circular loop. As 8 increases, it becomes heart
shaped (B = 0.5) and then forms a double loop (8 = 1.0) which gradually approaches a
double circle with greater B values. These results suggest that the acceleration field also
fluctuates periodically during each revolutional cycle of the holder.

The acceleration acting on the arbitrary point is further calculated from the second deriv-
atives of Equations 6 and 7 as

o = [(d2x/dt?)* + (d’y/dt®)?]"? = Re*(1 + 16B% + 8B cos6)'? (8)

acting at the angle v,, relative to the x axis, that is,

v, = 7 + tan~'[(d%y/d2)/(d?x/dt?)]

- (sin® + 4B sin 2 0)
(cos® + 4B cos 2 )

= 1 + tan )]

where B = /R, provided that R # 0.
From Equations 8 and 9, the relative centrifugal force vectors acting at various locations
on the holder are obtained. In Figure 6D (right) three circles centered at Q correspond to 8
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FIGURE 7. Head and tail relationships and centrifugal force fields (-c) for a spiral coil.

values of 0.25, 0.5, and 0.75, as labeled, while point Q, the center of rotation, is at B =
0. A set of arrows around each circle indicates the distribution pattern of the centrifugal
force field at a given moment. It is important to note that the arbitrary point on the holder
experiences these vectors in sequence during each revolutional cycle. As clearly shown in
Figure 6D (right), when B > 0.25, the vector is always directed outward from the circle.
The vector also undulates in its relative magnitude and direction according to the location
on the holder at given B values. As the B value increases, the magnitude of the relative
centrifugal force vector becomes greater while the amplitude of angular oscillation around
the axis of rotation decreases.

The results of the above analyses clearly illustrate a great contrast between the two types
of synchronous planetary motions. In Scheme I, a uniform acceleration field rotates around
the point regardless of the location on the holder. Scheme IV, on the other hand, gives a
heterogeneous acceleration field which varies in both magnitude and direction according to
the location of the point on the holder.

In short, Scheme IV produces a more complex pattern of acceleration, but it promises
greater versatility in application to CCC by allowing one the choice of the orientation and
location of the coil on the holder to obtain the desirable hydrodynamic distribution of the
two solvent phases in the coil.

B. Stroboscopic Observation on Hydrodynamics

A series of experiments has been performed by Conway and Ito*® to study hydrodynamic
motion of the two immiscible solvents in the rotating column. Using a specially designed
Scheme IV coil planet centrifuge with a 10 cm revolutional radius, phase distribution and
mixing of the chloroform/acetic acid/water (2:2:1) system in a single-layer spiral and a
multilayer helical coil was observed and photographically recorded under stroboscopic
illumination.

The columns (Figure 7), mounted concentric with the axis of the column holder, were
driven in either direction to reverse the head and tail relationship of the peripheral and central
ends of the coil. The centrifugal field (—«a), shown for B = 0.5, is unsymmetrical in
intensity and direction, where § is the ratio of the coil radius, r, to the orbital radius, R,
of the column holder. All vectors radiate from a common point, § = 0.25 and a = 0.

The single-layer spiral column consisted of about 3.5 m of 2.6 mm i.d. PTFE tubing,
volume 20.9 m¢, with 10 coils from 11.5 cm (B = 0.57) to 18 em (B = 0.9) in diameter.
The multilayer helical coil consisted of about 17 m of the same tubing, volume 102 m€, 5
rows wide, 10 helical layers ranging from 10 cm (8 = 0.5) to 17 cm (B = 0.85) in diameter.
The column was first filled with stationary phase and mobile phase pumped at 240 mé/hr
into either end while rotating the apparatus at 800 rpm. A stroboscope was magnetically
synchronized for observation and photography of the phases dyed yellow and red.
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Table 1
STATIONARY PHASE RETENTION FOR THE
CHC1,:HOAC:H,0;2:2:1;V:V:V SYSTEM

Single-layer spiral, Si(%) Multi-layer coil, S;(%)

Mobile phase

Rotation Flow Light Heavy Light Heavy
cw He — Tp a5 A, 82 — A, 78,78
Cw Hc « Tp b, 84, 82 B, 3,0.5 b, 70, 70 —
ccw Hp—>Te ¢ 12 c,77 — —
CCw Hp « Tc d, 78, 72 D, 2,05 — —

Phase volume equilibrium was quickly established immediately behind the mobile phase
front. Stationary phase retention (S = fraction of column volume occupied by stationary
phase, tabulated as percentage) for various conditions is summarized in Table 1. Flow
direction is symbolized by the arrow between H (head) and T (tail), located at the coil center
(c) or periphery (p). The best retention is obtained with the column head at the center and
heavier phase pumped from H to T (conditon A) or lighter phase pumped from T to H
(condition b). However, only slightly lower retention is obtained in the single-layer spiral
with reverse rotation (conditions C and d).

Under conditions with good retention and with the heavier phase mobile (A and C), the
column was divided into an agitated zone, to the left of the vertical line through = 0, in
which good mixing was observed (Figure 7), and the quiescent zone in the remainder of
the column where heavier phase migrated along the periphery of each coil with little apparent
mixing. With a mobile lighter phase, mixing was also observed in the left part of the column
(conditions b and d) but it was not as uniform, and additional agitated zones were observed
in the right side of the coil. Two zones of apparent column flooding were observed with

_ the light mobile phase in the multilayer coil (condition b), one of which was associated with

the passage of tubing from the end row of coils to the adjacent inner row.

More recently, Sutherland and Heywood-Waddington® have extended the above study
with a similar type of the CPC with a spiral column covering a lower range of B values
from 0.35 to 0.82. The results showed, in addition to the hydrodynamic trends previously

' reported, that the reversed volume distribution of the two phases at the inner portion of the

spiral column with small B values. The above finding is consistent with the results of
hydrodynamic studies described in the following section.

These results clearly demonstrate a unique hydrodynamic behavior of the two solvent
phases in the present system as schematically illustrated in Figure 8. The top diagram
illustrates successive positions of the spiral column during one complete revolution around
the central axis of the centrifuge. The mixing zone is always located near the center of the
centrifuge while the spiral column rotates about its own axis twice during one revolutional
cycle. At the bottom, uncoiled columns numbered I through IV correspond to the column
position in the top diagram and show movement of the mixing zone through the spiral
column. Each mixing zone is traveling toward the head of the spiral column at a rate equal
to the revolutional speed of the column. This indicates an extremely interesting fact that the
two solvent phases at any portion of the column are subjected to a typical partition process
of repetitive mixing and settling at an enormously high rate of over 13 times per second
while the mobile phase is steadily passing through the stationary phase. Consequently, this
finding promises a high partition efficiency of the present scheme under a high flow rate of
the mobile phase.

While the stroboscopic observation above described can shed light on the hydrodynamic
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FIGURE 8. Formation and motion of mixing zones through a spiral coil in the concentric coil planet centrifuge.
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interaction of the two solvent phases taking place in the column, it leaves a number of
questions to be answered in the future. Some examples are (1) how the mixing and settling
zones are formed, (2) why two solvent phases are unilaterally distributed, and (3) which
phase becomes the head phase and how it is determined. Although the unique distribution
of the centrifugal force vectors described earlier (Figure 6D, right) seems to provide some
rationale to the formation of the mixing and settling zones, further studies are required to
establish the theory.

It is most likely that the hydrodynamic interaction of the two solvent phases in the rotating
column is caused and affected by a number of physical factors involved in the present system.
If this is the case, it becomes necessary to investigate the effects of these physical factors
on the hydrodynamic distribution of the two solvent phases in the present system.

C. Phase Distribution Diagrams

In order to further develop the theory and application of high-speed CCC, a series of
systematic studies has been performed on the hydrodynamic distribution of various two-
phase solvent systems in the rotating helical column.

1. Phase Distribution Diagrams Obtained by Two Typical Synchronous Planetary Motions*
In the first series of the experiments, a set of phase distribution diagrams was obtained
from each of the two typical synchronous planetary motions, Schemes I and IV, using a
combined horizontal flow-through coil planet centrifuge. The apparatus holds a pair of
column holders in the symmetrical positions at 20 cm from the central axis of the centrifuge.
The pulley-driven holder produces the Scheme I planetary motion and the gear-driven holder,
the Scheme IV planetary motion. The detailed design of the apparatus is described in Section
IV. A and Figure 23.
. Experiments were performed with helical columns, 5 m X 1.6 mm i.d. PTFE tubing
wound around a 10 cm diameter column holder mounted on each side. For the present study,
nine different types of volatile two-phase solvent systems, covering a broad spectrum in
hydrophobicity, were selected. They include hexane/water, hexane/methanol, ethyl acetate/
water, ethyl acetate/acetic acid/water (4:1:4), chloroform/water, chloroform/acetic acid/water
(2:2:1), n-butanol/water, n-butanol/acetic acid/water (4:1:5), and sec.-butanol/water. Each
solvent system was prepared by equilibrating the solvent mixture in a separatory funnel at
room temperature and separated before use.

For each measurement, the column was first entirely filled with the stationary phase. Then
the apparatus was run at a desired revolutional speed while the mobile phase was pumped
through the column at a given flow rate. The effluent from the outlet of the column was
collected in a graduated cylinder to measure the volume of the stationary phase eluted from
the column as well as the total volume of the mobile phase eluted. From the data obtained
from the above experiments, phase distribution diagrams were produced. The volume of the
stationary phase retained in the column was first calculated from the volume of the stationary
phase eluted from the column and expressed as a percentage of the total column capacity
according to the expression 100 (V. + V, — V)/V_, where V. denotes total column capacity;
V,, the volume of the flow tubes; and V., the volume of the stationary phase eluted from
the column. The hydrodynamic distribution of the two solvent phases in the column was
summarized by a phase distribution diagram constructed by plotting the percentage retention
of stationary phase as a function of revolutional speed for a particular mobile-phase flow
rate. A group of retention curves produced by different elution modes but otherwise identical
experimental conditions can be illustrated in the same distribution diagram with a set of
symbolic designs (Table 2A).

The experimental data are summarized in Figure 9. Nine different solvent systems were
examined by using each phase as the mobile phase at a flow rate of 120 mé€/hr except for
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Table 2
SYMBOLIC DESIGN OF THE RETENTION CURVES IN THE
PHASE DISTRIBUTION DIAGRAM FOR HELICAL AND SPIRAL

COLUMNS
Elution mode Retention curve
(A) Helical column H->T Solid line
HeT Broken line

Elution mode

Upper phase mobile  Lower phase mobile Retention curve

(B) Spiral column EH— IT IH— ET Thick solid line
IH— ET EH — IT Thin solid line
IH « ET EH « IT Thick broken line
EH « IT IH < ET Thin broken line

Note: H = head; T = 1ail; I = intemnal; E = external.

the butanol phase systems in which, because of its high viscosity, the flow rate was reduced
at 60 m{/hr. Other important experimental conditions, such as the column i.d., R, r, and
B values, and the revolutional speeds, etc., are indicated in Figure 9. Two retention curves
are drawn in each diagram, the solid line for head to tail elution, and the broken line for
tail to head elution. These phase distribution diagrams are arranged, from left to right, in
the order of hydrophobicity of the major organic solvent, i.e., hexane, ethyl acetate, chlo-
roform, and butanol. Within each organic solvent group, the phase composition is modified
by addition of mutually miscible solvent to moderate the interfacial tension of the solvent
system.

The phase distribution diagram of the hexane/water system obtained by the Scheme IV
planetary motion, upper left diagram in Figure 9, will serve to illustrate the interpretation
of these diagrams. In the upper diagram, plotting lower-phase retention on the ordinate
implies that the upper phase is mobile. The retention of the lower phase sharply increases
with revolutional speed, reaching over 90% at 800 rpm with the tail to head elution mode
(broken line), while no retention occurs in the head to tail elution mode (solid line). This
retention behavior can be described as unilateral, to indicate that the upper phase has a strong
hydrodynamic tendency to move to the head and lower phase to the tail of the column. Thus
with tail to head elution of the upper phase, the lower phase is well retained and the flowing
upper phase quickly moves through it. On the other hand, with head to tail elution of the
upper phase, the natural tendency of the lower phase to move to the tail is enhanced and
the lower phase is simply washed out of the column. In the diagram second from the top,
where the lower phase is mobile, high stationary phase retention results from the head to
tail elution mode (solid line) because the natural tendency of the upper phase to flow toward
the head is opposed by the mobile-phase flow. Again, poor retention of the upper phase is
obtained if the lower phase is pumped from tail to head. These findings agree with the
previous observation® that the hexane/water system, if confined in a similar column, es-
tablishes a unilateral hydrodynamic distribution where the two phases are completely sep-
arated in the direction of the column axis, with the upper phase entirely occupying the head
side and the lower phase, the tail side of the column. This unilateral hydrodynamic distri-
bution of the two phases is ideal for performing CCC, because high retention of the stationary
phases is attainable with either phase used as the mobile phase by selecting the proper mode
of elution.
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Two other solvent systems, ethyl acetate/water and chloroform/water, also exhibit the
ideal retention curves similar to those of hexane/water, when subjected to the Scheme 1V
planetary motion. These three solvent systems are characterized by high interfacial tension
and a strongly hydrophobic organic phase.

Ideal retention curves, but with completely reversed hydrodynamic trends, are observed
in the two butanol solvent systems, n-butanol/acetic acid/water (4:1:5) and sec.-butanol/
water. Both organic phases are very hydrophilic and possess high viscosity and low interfacial
tension to the aqueous phase. As seen from the retention curves, these solvent systems
display a reversed unilateral hydrodynamic motion in the column; the upper phase moves
toward the tail and the lower phase, toward the head. If the two phases are confined in the
column without introduction of extemnal flow, they establish a unilateral hydrodynamic
distribution or complete separation along the axis of the column with the upper phase on
the tail side and the lower phase on the head side.

The remaining solvent systems in the Scheme IV group show phase distributions inter-
mediate between those of the above two extreme groups. These intermediate solvent systems
are usually prepared by adding methanol or acetic acid to a hydrophobic solvent system to
moderate the interfacial tension and hydrophobicity of the organic phase. The relatively
hydrophilic n-butanol/water also falls in this intermediate group. All solvent systems treated
with the Scheme IV planetary motion display a trend of the unilateral hydrodynamic dis-
tribution in which one phase moves toward the head and the other phase, toward the tail of
the column, though some are similar to hexane/water while others resemble the reversed
hydrodynamic equilibrium of sec.-butanol/water.

Phase distribution diagrams obtained from the Scheme I planetary motion under the
otherwise identical experimental conditions are illustrated in the lower half of Figure 9. As
these phase distribution diagrams clearly indicate, the Scheme I planetary motion fails to
yield a satisfactory retention level of the stationary phase in all solvent systems. The fact
that the solid curve is generally higher than the broken curve indicates that higher retention
levels are attained by the head to tail elution mode regardless of which phase is used as the
mobile phase. These findings strongly suggest that the two solvent phases establish a basic
hydrodynamic equilibrium in the column in which each phase occupies nearly equal volume
on the head side as previously demonstrated in the coiled column with much smaller helical
diameters.'? Under this basic hydrodynamic equilibrium, the head to tail elution mode always
favors the retention of the stationary phase regardless of the choice of the mobile phase,
and the maximum attainable retention is usually less than 50% of the total column capacity.
The reversed mode of elution from the tail toward the head of the column in these circum-
stances is usually not feasible because of poor stationary phase retention and steady carryover
of the stationary phase resulting in loss of peak resolution.

Comparison of the phase distribution diagrams for the two different types of the syn-
chronous planetary motion clearly reveals that the Scheme IV planetary motion produces
much higher stationary phase retention for all solvent systems under otherwise identical
experimental conditions. This surprising contrast between the retention capability of these
two schemes must be attributed to the difference in the centrifugal force field produced by
their planetary motions illustrated in Figure 6D. As stated earlier, the Scheme I planetary
motion produces a homogeneous centrifugal force field which synchronously rotates with
the high revolutional rate of the column. This steadily rotating force field would introduce
constant and vigorous agitation of the two solvent phases in a coiled column especially with
large internal diameters.

In the Scheme IV synchronous planetary motion, the centrifugal force vectors always
directed outwardly from the holder provide a force component which steadily acts perpen-
dicularly to the coiled tube. Under these circumstances the two solvent phases are separated
to form two layers along the helical flow path with the heavier phase in the outer portion
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and the lighter phase in the inner portion except for one local mixing zone for each helical
turn as observed under the stroboscopic illumination (Figures 7 and 8).%% Thus, the Scheme
1V planetary motion provides a suitable condition for the two solvent phases to flow smoothly
against each other with no risk of emulsification.

2. Phase Distribution Diagrams for Helical Columns Under Scheme IV Planetary Motion*'

The second series of experiments was conducted to investigate the effects of various
physical factors on the phase distribution diagrams produced by the helical column under
the Scheme IV planetary motion. Two Scheme IV coil planet centrifuges were employed:
the apparatus with a 20 cm revolutional radius used in the previous studies and a new
apparatus with a 10 cm revolutional radius (Figure 18). In addition to the nine volatile
solvent systems previously tested, six different types of butanol solvent systems were newly
examined.

Figure 10A illustrates a set of phase distribution diagrams obtained from the nine volatile
solvent systems using the 1.6 mm i.d. helical column at three different  values mounted
at a 20 cm revolutional radius. Both upper and lower phases were used as the mobile phase
at a flow rate of 120 m&/hr except for the viscous butanol systems which were eluted at a
reduced flow rate of 60 mé/hr. The upper block of diagrams was obtained with an upper
mobile phase and the lower block, with a lower mobile phase. The middle rows of diagrams
shown in each block were obtained using a 10 cm diameter holder (B = 0.25) and are the
same data illustrated in Figure 9 (upper half).

Overall results clearly indicate that phase distribution curves display diverse patterns
according to the hydrophobicity of the solvent systems and that within each solvent system
the distribution pattern significantly changes with 3 values. As earlier described, these solvent
systems may be classified into three groups according to their characteristic retention profile
in the phase distribution diagram.

The hydrophobic solvent group including hexane/water, ethyl acetate/water, and chlo-
roform/water, displays high retention of the stationary phase if the upper phase is eluted in
the tail to head mode (broken line) or the lower phase is eluted in the head to tail mode
(solid line). The reversed elution modes result in almost no retention except for chloroform/
water which produces 20 to 30% retention at a small B value of 0.125. This retention profile
of the solvent group indicates that the upper phase has a strong hydrodynamic tendency to
move toward the head and the lower phase toward the tail of the helical column regardless
of the B values within the range investigated. .

The hydrophilic solvent group represented by n-butanol/acetic acid/water (4:1:5) and sec.-
butanol/water displays a retention profile contrasting with that of the hydrophobic solvent
group. These solvent systems yield high retention of the stationary phase when eluting with
the upper phase in the head to tail mode (solid line) or the lower phase in the tail to head
mode (broken line), while no retention occurs with the reversed modes of elution. This
retention profile of the hydrophilic solvent systems implies a reversed hydrodynamic tendency
with the lower phase moving toward the head and the upper phase toward the tail within
the range of B values studied.

The rest of the solvent systems belong to the intermediate solvent group which is char-
acterized by moderate hydrophobicity of the organic phase. These solvent systems exhibit
a very complex retention profile which is sensitively affected by a change of the B value.
At a small B value of 0.125, better retention of the lower phase is obtained under conditions
represented by the solid curve while the broken curve indicates better retention of the upper
phases. This pattern is analogous to that observed in the hydrophilic solvent group and
indicates that the upper phase moves toward the tail and the lower phase toward the head
under these conditions. At a larger B value of 0.375, this retention profile is completely
reversed, i.e., the broken curve shows greater lower-phase retention and the solid curve
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shows greater upper-phase retention analogous to the hydrophobic solvent group indicating
that the upper phase moves toward the head and the lower phase toward the tail. In brief,
the hydrodynamic motion and resulting retention profiles of the intermediate solvent group
approach those of the hydrophilic solvent group at a small B value and become quite similar
to those of the hydrophobic solvent group at a large 8 value.

The butanol solvent systems were further modified by adding sodium chloride to study
the effects of salt concentration on the retention curves under otherwise identical experimental
conditions. The results of the experiments are summarized in Figure 10B in a similar fashion.
The phase distribution diagrams of n-butanol/water, n-butanol/acetic acid/water (4:1:5), and
sec.-butanol/water which appeared on Figure 10A are repeated in Figure 10B for comparison.
Addition of 0.1 M NaCl to the solvent system produces no significant effect on the retention
curves in all solvent systems, However, at the 1 M NaCl concentration some interesting
changes appear in the retention curves of the hydrophilic solvent systems. In both n-butanol/
acetic acid/1 M NaCl (4:1:5) and sec.-butanol/l M NaCl (1:1), increase in B value tends to
depress the solid curve for the lower phase retention (top) and the broken curve for the upper
phase retention (bottom) as if the whole curves are shifted toward the right. At § = 0.375,
the other curves start to rise suggesting that, as the {3 value and/or the salt concentration are
further increased, the retention profile of these solvent systems would become similar to
those in the n-butanol/aqueous systems given at § = 0.375.

The studies on the effects of the B values were continued with the same set of helical
columns using the second apparatus which produces the Scheme IV planetary motion with
a smaller revolutional radius of 10 cm hence doubling the $ value for each column. In order
to compensate for the reduced revolutional radius, the experiments were peformed at higher
revolutional speeds ranging between 400 rpm and 1000 rpm while other operational con-
ditions were unaltered. The phase distribution diagrams obtained from this series of exper-
iments are illustrated in Figure 11A and B using the same format as in Figure 10A and B
to facilitate comparison.

Figure 11A shows the phase distribution diagrams for the set of nine volatile solvent
systems obtained from the helical columns rotated at a 10 cm revolutional radius. Compared
with a 20 cm revolutional radius (Figure 10A), both hydrophobic and intermediate solvent
groups show substantial improvement in stationary phase retention, especially for the sys-
tems, chloroform/acetic acid/water (2:2:1) and n-butanol/water. In these two solvent systems,
the relative heights of the two retention curves in each diagram become reversed at the 10
cm helical diameter (B = 0.5), while a similar reversal of the two curves occurred at the
15 cm helical diameter (B = 0.375) with the 20 ¢cm revolutional radius. In the hydrophilic
solvent group, the retention of both n-butanol/acetic acid/water (4:1:5) and sec.-butanol/
water was improved at the 5 cm helical diameter but it declined at the 10 to 15 cm helical
diameter compared with the data obtained at the 20 cm revolutional radius. Although there
is no reversal of the two retention curves observed in the hydrophilic solvent group, the
retention diagrams of the upper phase obtained at 15 cm holder diameter (8 = 0.75) show
substantial rise of the solid curve which indicates that the reversal of the two curves might
occur at a larger helical diameter.

Figure 11B shows a similar set of diagrams for the butanol solvent systems obtained at
the 10 cm revolutional radius. Here again, the retention data of n-butanol/water, n-butanol/
acetic acid/water (4:1:5), and sec.-butanol/water illustrated in Figure 11A are repeated in
Figure 11B for comparison. Comparison of Figures 10B and 11B shows some important
effects of the altered revolutional radius on the retention curves in all solvent groups. In the
relatively hydrophobic n-butanol/aqueous systems, a 10 cm holder diameter at the 10 cm
revolutional radius gives the highest retention for all NaCl concentrations and reversal of
the retention curves generally occurs in the region of B values between 0.25 and 0.375. In
the hydrophilic solvent group of n-butanol/acetic acid/aqueous solution (4:1:5) and sec.-



CRC Critical Reviews in Analytical Chemistry

84

'SRIPEL [BUONIBIOADL WD O] £ )Im PIUILIO SUWN[OD [BII[Y Ul SW3ISKS 1U3AJ0S [NE[0A J0) sweideip uonnquusip aseyd v NI

WNdd

0001 008 009 0OF 0001 008 008 0C¥ 0001 008 008 00% 000¢ 008 009 0O¥

0001 008 009 DOY 0001 008 009 00 0001 008 009 00 0003 008 009 00¥ 0001008 008 00% -

\
\
\
\
\

4
E

| p—— p——.
-

=

LN Sy SEY il JE i s § § Spiegye Sy —y—ye) ) e Jr e JE i | | =gy —p—y e | -y

11 l’l‘

1
1
]
\
1

S
1}
\
AY
11

Y

A
4 eals
g1l
xx
|k:lng
n\x|l|||
s dd ety

e
A
1

g | Mgt enp—ye - § | =gy ~y—ge ~g—r~ | |

frll_(.u.,rlLllrJ Tl ) LISpENY fepumps Apumpal | | pumpemy pmp qramges | | quempen pumpuny mpe !
Pl p p . p R B
4
7 4 Pl o ~ - - d -
’ R P - 4 - s p p 4
’, - , - - - put - pu -t <
4 - 7 ~ - - - « -
- i._- .||\. p 4 ..I\ ll\r
J- ] 4 p 4 N e
] 3 ] J— ] ] ] ]
T T J LU T T .1- T T m T T v ¥ v L-- L} ¥ 1T L) T Iy 1 T Y T ¥ ‘-.
B 5 Eoumaeemmeee—1 BET XY PPN, PSR O,| o ———
- -t - - | e——— ]
'/x/..“ J... Pt . .. . . ™ E
] 4- .-~ . 1™ p - N -
-~ ¥ - = s e -
7 Pt g -4 n - - - -4
7 A -7 4 R 4 4 e - .
e ———- ull‘\ - - - - .. e - -
R p p p . R d R
T T .\.][. 7] y——T T[T —)
\I\./ru ] ] ] ] ]
-— J 7 ] . r / p P o .
'
4 4 L’ - d E / 4 A L4 J
-] - -4 - I pa -]
B ..-\\ . \\ B P .\\\ g P L A
p - . - e ’ L e - i . P
< . Jo- Qo w=™ 4 Jm— J . P
- | - - - -y -4 - -
=% P T = nr T e — LT g T M T T T T M
’ 7] n
p A e p - a 4
||\.. < .74 4 u \ o o \\\n <
- p e 3 . - - B
- - / - - e s - L -]
] 4 ’ 4-- . PR BT o P R 7 .
3 1.7 ] ] .---" 13- ] P ] A
- 4- 4 . p 4 i p o
< p e - - A - o demm = p
T ~e T qr T T T T T d pimbain = ~I_
] p -~ o p 4] o FA ] 7]
J ] )Pu\r'M 74 N ¢
- P ot - i . A -] 7
- =~ p - P - ’ - - ’ -
“ - B - - B N 7 - o s ]
- - - d p < - - < ’ .
- - B - - - \\
] p ] ] ] J--" 3 .- ]

HILVM

T0NV.1NgG- 288

—

§ LERLL] HILYM HILVM HILVM [¢  HILVM HILVM | TONVKLIN HILVM
I QI9Y 21130V 2 0IY 1L39Y 1 0i3¥ J1L30¥

p VIV | 31vIIV
¥ 10NYINA-U| ONVLNE-Y |ZWHOAOHOIHI| WHOJ0HOTHI TAH13 TAH13 INVX3IH INVX3H

W31SAS T0NVING WILSAS WHOJOHOHD NILSAS 3LV130V AHLI W31SAS INVXIH
SW3LSAS INJA0S ITLLYI0A HO4 SWYHIVIO NOILNBIYLSIO ISVHY

1102 Alenuer /T 92:ST @IV Papeo |uwog

0

05 (G£°0) wag]

(600 wagl

2
(%) NOIINIL3Y 3SVHd H3ddn

0s (62°0) wog

001

05 (5L0) wogL

{5'0} gl

2
(%) NOILNI13Y ISYHd HIMOT

] (6Z°0) wag

oot {6) ¥31INVIO WIAI0H



85

Volume 17, Issue |

‘SNIPES [CUOHINJOADI WD (] B Yl PAUIEIQO SUWN[OD [EI1[AY Ul sWasAs dAlos Jouring Joj swesdetp uonnquusip sseyd g1l FYNOIL

Wdd
000t 008 009 DOV 0001 008 009 00% 0001 008 009 0CY 0001 008 003 00%
0004 008 009 007 0001 008 009 00% 000} 008 009 0OV 00DL 008 009 Q0¥ 00D 008 008 00,
e e s B B L ey e S L LR T T el LR D) Lp S
{1 T ] ol ol ] ] ]
.\.\r -7 o \\1 3 ] \\ w 05 (520 wast
1 ] ] ] ] ] ’ ] <
1 7 N iy N i ] 1 ] -
T \.l||_|||.. T [ (e A S \.IIIFI L} T T T T b L =Ty Pt e | | pguie prymps prpmpt ) } SpEpRy FEp gupu 0 -~
] b 71K o0 3 1 ] 1.8
—~————] / n - 1, e 1 - B - 05 = (6°0) waol
1 ] ] ; 14— g
T L .l T T T 7 T T -l T T T _| T T T -l T T ¥ .l <| T T T d c m
e e e E~ R H— 19 2
3 I 4 ] J’ Jos & (zoh wag
] y @ P M w s e ] S J0s © 520
i A P i MR- 1 ] ]
oot
T T T \Al- l 1 T hn i hat JAA- T T \h *\\Xl -1 bt Lag e A lﬂ.[’“- L \\ T T T \\4 Q
4 B E P - - - - A 4 - B
_. n - 9.7 1 9 - P o - -108 (S£°0) wag|
v- ] 3 E ] e 1o . ] =4
] ] ] ] ] ] ] ] ] 2
——rr— e ————— T T =TTt} 40
u T l\ ] i 1 1 1T = 2
] AN h 3 7 1 b 173
: > 7 . . e ] o = (501wl
] ] ] ] ] Joaeem=™" Jieem ] =
L Py Sy~ | Pupe s SO | it e A | e e sy ke e § skt Al e 7] d =
] 4 4 A ] . =
] ] ] : @ ] 7 { ®
7 3 . ] 3] .|\ ~ ] 08 5T0) wg
M . : . : : 1 M 1o
L MENWLL 13BN WL HILVM |G 10BN WHJS TN WIO[S  HILYM|L ION WL |1 IEN WD VM | () ar3wvio HICT0H
L 013V 1230V 1L QI9Y D13V |1 QDY 9113V
( 10NVLNG-23s[L TONYLNG-23S| TONVING-22S (¢ TONVIAGU|y TONVINGU|y TONVIRE| L TONYLASY | 1 TONYLAGY | IONVLING
WILSAS SNDINDY/ONYLAG-22s W3LSAS SRDNDVIOIZY JILIIVNDNVLAG-Y W3LSAS SNOINTYIONVLNGY

SWILSAS INIAI0S TONVLNG HOL SIWYHIVIO NOILNGIMLSIO ISVH

1102 Alenuer /T 92:ST @IV Papeo |uwog



15:26 17 January 2011

Downl oaded At:

86 CRC Critical Reviews in Analytical Chemistry

butanol/aqueous solution (1:1), 1 M NaCl concentration produces a complete reversal of the
retention curves between 5 and 10 cm helical diameters and at the 15 c¢m helical diameter
the retention profile becomes similar to those of the n-butanol/aqueous systems.

Phase distribution diagrams obtained from the helical columns under various experimental
conditions (Figures 10 and 11) show complex patterns of the retention curves which are, at
present, unpredictable on a theoretical basis. The retention profile of the two-phase solvent
systems is certainly based on the hydrodynamic interaction of the two solvent phases in the
rotating coiled column. As described earlier, for Scheme IV planetary motion the two solvent
phases exhibit unilateral distribution along the axis of the coiled column in such a way that
one phase entirely occupies the head side and the other phase occupies the tail side. Which
phase is directed toward the head of the column is determined by the combined effects of
various factors characteristic of the particular experimental condition. Overall results of the
present studies suggest that conditions favoring the upper phase movement toward the head
and the lower phase toward the tail include: (1) increase in hydrophobicity of the nonaqueous
phase; (2) increase in interfacial tension between the two solvent phases; (3) decrease in
viscosity of the solvent phases; (4) increase in the density difference between the solvent
phases; (5) increase in 3 value; (6) decrease in revolutional radius; and (7). increase in the
helical diameter of the column.

The effects produced by the physical propertles of the solvent system, (1 to 4), are
intermingled and difficult to isolate from each other and, in addition, the effects of solvent-
wall interaction should be further investigated with a column which provides a hydrophilic
surface. The effects of the column factors (5 to 7) are also complex, but the B value may
be the most sensitive parameter of the three. The revolutional speed produces highly complex
effects on the interaction of the two solvent phases, often causing a reversal of the unilateral
hydrodynamic motion of the two phases which occurs at the crossing point of the two
retention curves in the phase distribution diagram. In most cases, increasing the revolutional
speed tends to direct the upper phase toward the head of the coiled column, i.e., for lower
phase retention, the broken curve crosses upward over the solid curve and for upper phase
retention, the solid curve crosses over the broken curve. However, reversal of the retention
curves is also occasionally observed with butanol solvent systems. Although the flow rate
of the mobile phase is an important factor affecting the retention of the stationary phase, it
is not likely to cause reversal of the unilateral hydrodynamic motion.

Among the various factors mentioned above, the 8 value may play a universal role in the
unilateral hydrodynamic distribution of the two solvent phases. The phase distribution dia-
grams obtained at various § values strongly suggest that further increase of the f value by
the use of a larger diameter holder would eventually reverse the direction of the unilateral
hydrodynamic scparation of the hydrophilic solvent systems. The decrease of the $ value
by the use of a smaller diameter holder may reverse the unilateral hydrodynamic motion of
the hydrophobic solvent systems, as illustrated by the retention curves of chloroform/water
at § = 0.125 in Figure 10A.

3. Phase Distribution Diagrams for Spiral Columns Under Scheme 1V Planetary Motion*'

The third series of experiments has been performed to study the phase distribution in the
spiral columns subjected to the Scheme IV synchronous planetary motion. In the spiral
column, retention of the stationary phase is affected by two forces: one is the Archimedean
screw force governed by the head-tail relationship as in the helical column and the other,
the centrifugal force field gradient created by the spiral pitch of the column. The separate
effects of these two forces are graphically presented in the phase distribution diagrams by
the choice of symbols for drawing the retention curves as indicated in Table 2B. Effects of
the Archimedean screw are shown by the difference between the solid and broken curves
as in the previous diagrams for the helical column while the effects of centrifugal force
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gradient are indicated by the difference between the thick and thin curves. For simplification,
the choice of stationary and mobile phases giving the greater stationary phase retention as
a result of the force gradient is shown by the thick line and the reversed elution mode by
the thin line so that the thick curve always appears higher in the diagram regardless of the
choice of the lower or upper layer as the mobile phase.

The phase distribution diagrams for the nine volatile solvent systems for single-layer spiral
columns mounted at a 10 cm revolutional radius are illustrated in Figure 12A, where the
top two rows show the data for the 1.6 mm i.d. column and the bottom two rows, the data
for the 2.6 mm i.d. column. In order to provide similar linear flow velocity of the mobile
phase in each of the two columns, the flow rate for the 2.6 mm i.d. column was made
double that of the smaller column, i.e., 240 mé€/hr for the hexane, ethyl acetate, and
chloroform systems and 120 mé/hr for the butanol systems.

The effects of the centrifugal force gradient in the spiral column on the retention curves
are quite different in each solvent group. In the hydrophobic solvent group including hexane/
water, ethyl acetate/water, and chloroform/water, the force gradient contributes little effect
in either the 1.6 mm or 2.6 mm i.d. column as indicated by the small difference in retention
level between the thick and thin curves for each pair of the solid and broken curves. In the
intermediate solvent group, including hexane/methanol, ethyl! acetate/acetic acid/water (4:1:4),
chloroform/acetic acid/water (2:2:1), and n-butanol/water, the effects of the force gradient
becomes significant especially in the 2.6 mm i.d. column where much wider gaps were
formed between the thick and thin curves. In the hydrophilic solvent group of n-butanol/
acetic acid/water (4:1:5) and sec.-butanol/water, the force gradient effects become further
enhanced and except for the top diagrams (lower phase retention in the 1.6 mm i.d. column)
both thick curves are higher than the pair of thin curves indicating that the force gradient
plays a more important role in retention than the head-tail relationship. In the 2.6 mm i.d.
column, both hydrophilic solvent systems show a radical change in retention curves at the
revolutional speeds between 700 and 900 rpm where the two thick curves cross each other
indicating that at higher revolutional speeds, the upper phase is directed toward the head
and the lower phase toward the tail in the spiral column as is the case with other solvent
groups.

Figure 12B shows sets of phase distribution diagrams of butanol solvent systems obtained
from the 1.6 mm i.d. and 2.6 mm i.d. spiral columns. Addition of NaCl to n-butanol/water
produces no significant change in the stationary phase retention profile regardless of the
internal diameter of the column. However, the retention curves for the n-butanol/acetic acid/
water (4:1:5) and sec.-butanol/water are significantly altered at the 1 M NaCl concentration
where the phase distribution profile becomes similar to those for the n-butanol/water and
other intermediate solvent systems.

Performance of the spiral columns has also been examined with the third type of the coil
planet centrifuge which provides greater B values by further reducing the revolutional radius
and/or increasing the holder diameter. The retention data were obtained from a 1.6 mm i.d.
spiral column wound around a 15 cm diameter holder which was placed at 10 cm or 5 cm
from the central axis of the centrifuge, providing the § values of 0.75t00.95 or 1.5t0 1.9,
respectively. Figure 13 shows a set of phase distribution diagrams obtained from four different
solvent pairs with a 5 cm revolutional radius (top two rows) and a 10 cm revolutional radius
(bottom two rows).

The retention data in Figure 13 (bottom two rows) may be compared with those in Figure
12A (the corresponding solvent systems in the top two rows) to observe the effects of
increasing the holder-hub diameter from 10 to 15 cm at the same revolutional radius of 10
cm, The increase of the holder-hub diameter substantially widens the gaps between the thick
and the thin curves in intermediate solvent systems, indicating the enhanced force gradient
effects on the retention of the stationary phase.
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Comparison between the two top and the two bottom rows of the phase distribution
diagrams in Figure 13 shows the effects of reducing the revolutional radius from 10 to 5
cm in the same spiral column on the 15 cm diameter holder. This reduction of the revolutional
radius not only causes an increase of 3 values but also halves the net centrifugal force field
at a given revolutional speed. The results clearly show that the retention levels are further
decreased especially in the intermediate solvent systems, although, widened gaps between
the thick and thin curves in both hydrophobic and intermediate solvent systems indicate the
enhanced effects of the force gradient on the retention of the stationary phase in the spiral
column. The hydrophilic solvent system of s#-butanol/acetic acid/water (4:1:5) shows no
significant change when the revolutional radius is reduced. Overall results indicate that the
large B values in the spiral column obtained by increasing the holder-hub diameter and
decreasing the revolutional radius, produces substantial enhancement of the force gradient
effects but fails to improve the retention of the stationary phase apparently due to the loss
of the Archimedean screw effects produced by the head-tail hydrodynamic interaction of
the two solvent phases.

D. Physical Properties of Solvent Systems and Settling Times*

Studies on phase distribution diagrams previously described have demonstrated that the
two-phase solvent systems display characteristic behavior related to the hydrophobicity of
the nonaqueous phases. The hydrophobic solvent systems exhibit a strong hydrodynamic
trend in the coiled column where the two solvent phases are unilaterally distributed in such
a way that the upper phase is always directed toward the head and the lower phase toward
the tail. The hydrophilic solvent systems show the opposite hydrodynamic tendency, with
the upper phase being directed toward the tail and the lower phase toward the head. In the
solvent systems with moderate hydrophobicity intermediate between the above two extremes,
the hydrodynamic tendency is sensitive to the centrifugal conditions. In a system having a
column of small helical diameter with a large radius of revolution, the hydrodynamics of
the intermediate solvent group approaches that of the hydrophilic solvent group while with
the reversed conditions (large helical diameter and small radius of revolution) the hydro-
dynamics becomes quite similar to that of the hydrophobic solvent group.

In the present studies, efforts were made to correlate the hydrodynamics of the two-phase
solvent systems with three major physical properties: interfacial tension, viscosity, and the
difference in density between the two phases. Measurement of the settling time of the two-
phase solvent systems under unit gravity gave a parameter which provided a reliable numerical
index which correlated with the hydrodynamics observed for the solvent systems in a cen-
trifugal force field.

1. Measurement of Physical Properties of the Two-Phase Solvent System

Major physical properties of the solvent systems including density, viscosity, and inter-
facial tension were measured using conventional methods as decribed below. The densities
of the upper and the lower phases in each solvent system were measured using a set of
hydrometers (Fisher Scientific Company, Pittsburgh, PA) and the density difference between
the two phases was calculated. The viscosity of each solvent phase was measured using a
falling ball type viscometer (VWR Scientific Inc., Baltimore, MD). A modified Wilhelmy
balance was used to determine the surface tension of each solvent phase against air, using
water (73 dyne/cm) and hexane (18.4 dyne/cm) for standardization of the instrument for
aqueous and organic phases, respectively. The interfacial tension was calculated as the
difference in surface tension between the upper and the lower phases of each solvent pair.
All measurements above were performed at room temperature of 22 * 1°C. The results are
summarized in Table 3. Among three physical properties measured for the solvent system,
interfacial tension (Avy) shows extremely high correlation with both the hydrophobicity and
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the hydrodynamic behavior of the solvent system in that the value is highest for the hydro-
phobic solvent group and lowest for the hydrophilic solvent group. The viscosity of each
phase (my and m,) or the mean viscosity of both phases (7)), are also very well correlated
with the solvent group, being lowest in the hydrophobic solvent systems and highest in the
hydrophilic solvent systems. The density difference between the upper and the lower phases
(Ap) appears to be less well correlated with the solvent groups. Although the value is generally
high in the hydrophobic solvent group and low in the hydrophilic solvent group, a discrepancy
is presented by ethyl dcetate/water in the hydrophobic solvent group which shows the second
lowest value among all solvent systems. Thus, all three physical properties examined have
some significant relationship to the stationary phase retention profile and the hydrodynamic
behavior of the solvent systems in high-speed CCC.

2. Settling Time for the Two-Phase Solvent Systems

In order to correlate the hydrodynamic phase distribution in the rotating coiled column
to the physical properties of the solvent system, simple tests were performed to measure the
settling time of the two solvent phases, i.e., the time required for the solvent mixture to be
completely separated into two layers in a unit gravitational field. Each two-phase solvent
system was first equilibrated in a separatory funnel at room temperature and separated into
two phases. A 2 m{ aliquot of each phase, total volume 4 m¢€, was delivered to a 5-m¢
graduated cylinder which was then sealed with a glass stopper. The solvents in the cylinder
were gently mixed by inverting the cylinder 5 times and the cylinder was immediately placed
on a flat table in an upright position and the time required for the two phases to settle was
measured. The measurement was repeated several times to obtain a mean value. A second
set of tests were performed in a similar manner except that the cylinder was vigorously
shaken 5 times to see the tendency for emulsification. The test was again repeated several
times to obtain a mean value for each solvent system.

The settling times of the two-phase solvent systems.are also shown in Table 3 where T
indicates the settling time after gentle mixing by inverting the cylinder 5 times and T', after
vigorous shaking of the cylinder 5 times. The results clearly show a close correlation between
the settling times in a unit gravitational field and the hydrodynamic behavior of the solvent
phases observed in a centrifugal field. The settling times of the hydrophobic solvent systems
are shortest ranging from 5 to 16 sec while those of the hydrophilic solvent systems are
longest ranging from 38 to 59 sec. The intermediate solvent systems gave moderate values
ranging from 15 to 29 sec with the exception of the nonaqueous system hexane/methanol
which had short settling time of 5.5 sec. The difference between T and T’ for each solvent
system was found to be quite small in both the intermediate and hydrophilic solvent systems.
However, in the hydrophobic solvent group, T' becomes much greater than T especially in
hexane/water.

Because of the parallel trend observed with the hydrophobicity of the solvent group, the
settling time may serve as a useful parameter for correlating the physical properties of the
solvent system with the hydrodynamic behavior of the solvent systems in a centrifugal force
field.

The values for Ay, Ap, and 7 (mean viscosity of the upper and the lower phases) in Table
3 are, respectively, plotted against the settling time (T) of the solvent system in Figures
14A through C where the open circle represents the hydrophobic solvent system; the solid
circle, the hydrophilic solvent system; and the semisolid circle, the intermediate solvent
system. The correlation coefficient (r) for each plot of physical property with settling time
(T) was computed for the set of 15 solvent systems. The density difference (Ap) gave a
weak negative correlation (r = —0.45) (Figure 14A) and the interfacial tension (Avy), a
moderate negative correlation (r = —0.65) (Figure 14B). A strong positive correlation (r
= +0.88) was observed between the settling time and the mean viscosity (7)) as illustrated
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FIGURE 14. Correlation between the settling time and three major physical
properties of the two-phase solvent system. (A-C) Open circle indicates the
hydrophobic solvent system; semisolid circle, the intermediate solvent system;
and solid circle, the hydrophilic solvent system. (A) Density difference of the
two phases vs. settling time (r = — 0.45). (B) Interfacial tension vs. settling
time (r = — 0.65). (C) Mean viscosity vs. settling time (r = + 0.88). (D)
Correlation between the settling time and viscosity of each solvent phase.
Open circle: viscosity of nonaqueous phase vs. settling time (r = + 0.83).
Solid circle: viscosity of aqueous phase including the lower phase of hexane-
methanol vs. settling time (r = + 0.89).
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in Figure 14C. When the correlation coefficient between the viscosity and the settling time
is computed individually for each phase, the aqueous phase including the lower phase of
hexane/methanol (solid circle) gave the highest value of 0.89 and the nonaqueous phase
(open circle), a lower value of 0.83 (Figure 14D).
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The above findings suggest that among various physical properties of the solvent system
viscosity may play a major role in retention of the stationary phase. The less viscous the
solvent system, the higher level of retention to be expected. Although the interfacial tension
and density difference between the two phases appear to be less important factors than the
viscosity, they would exert a strong influence on the settling times near the plait point of
the solvent as described later in detail.

3. Effects of the Temperature on the Settling Time

As described earlier, hydrophilic solvent systems such as n-butanol/acetic acid/water
(4:1:5) and sec.-butanol/water exhibit unique hydrodynamic behavior; the upper phase is distributed
toward the tail and the lower phase toward the head. Therefore, the reversed elution mode
is required to obtain retention of the stationary phase in the helical column. These solvent
systems are characterized by high viscosity and low interfacial tension associated with the
longest settling times among all solvent systems examined. The highly significant correlation
found between viscosity and settling times of various solvent systems strongly suggests that
the above unique hydrodynamic behavior of the hydrophilic solvent systems may be attributed
to their high viscosity and that reduction of the viscosity by raising the temperature of these
solvent systems would reduce their settling times to the range observed for other solvent
systems, thus converting their reversed hydrodynamic mode to the normal mode. This
reversal of the hydrodynamic behavior of the butanol solvent systems will provide an obvious
advantage in performing high-speed CCC in that all conventional solvent systems could then
be eluted with the normal mode with high flow rates of the mobile phase.

In order to demonstrate the feasibility of this hydrodynamic reversal, settling times of the
butanol solvent systems were measured at various temperatures ranging from room tem-
perature to around 80°C. Figure 15 shows the effects of temperature on the settling times
of n-butanol/water and sec.-butanol/water. The settling time of the sec.-butanol/water system
sharply declines to less than 20 sec on increasing the temperature to 50°C. The settling time
of the less viscous n-butanol/water system exhibits a similar trend, dropping to less than 10
sec at 50°C. As judged from the settling times, it is expected that at a temperature of 50°C
these solvent systems would produce phase distribution diagrams similar to those of the
intermediate and hydrophobic solvent systems which allow high retention levels of the
stationary phase with the normal elution mode. It is interesting to note that the curves of
the settling time vs. temperature for these binary butanol systems (Figure 15A) are quite
similar to that of the viscosity vs. temperature plot for n-butanol (Figure 15B) which is
consistent with the high positive correlation between the settling time and viscosity described
earlier.

Figure 16 shows the effects of temperature on the settling times of the ternary butanol
systems. In n-butanol/acetic acid/water (4:1:5) the settling times decline with an increase in
temperature to 50°C reaching a minimum of 23 sec. An increase in the temperature further
results in an increase of the settling times up to 65°C where the system forms a single phase.
The increase of the settling times near the plait point is apparently caused by the extremely
low interfacial tension and the small difference in density between the two phases. This
anomaly can be corrected by reducing the amount of acetic acid in the solvent system as
shown in the settling time curve obtained for n-butanol/acetic acid/water (9:1:10) which
decreases to about 10 sec at 50°C. ,

Alternatively, the above problem may be solved by the addition of a salt in the aqueous
solution. Figure 16B illustrates effects of salt concentration on the settling time vs. tem-
perature curve in n-butanol/acetic acid/aqueous solution (4:1:5). At 0.1 M NaCl concentra-
tion, the solvent system still retains the anomalous zone although it has shifted about 15°
toward the right on the temperature axis. Increase of the NaCl concentration to 1 M normalizes
the settling time curve which declines to 15 sec at 50°C.
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FIGURE 15. (A) Effects of temperature on the settling time of binary butanol
systems. Circles for n-butanol/water and triangles for sec.-butanol/water. (B)
Effects of temperature on the viscosity of n-butanol.

The above findings clearly indicate that at a higher temperature the hydrophilic solvent
systems may display the normal hydrodynamic behavior observed in the hydrophobic and
intermediate solvent systems, provided that the phase composition is kept away from the
vicinity of the plait point. Raising the temperature slightly above room temperature may
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also reduce the settling time of the intermediate solvent systems and therefore would improve
the retention of stationary phase and increase partition efficiency during the separation.

Performing CCC at an elevated temperature will provide a number of beneficial effects
including: (1) conversion of the hydrodynamic behavior of the hydrophilic solvent systems
to the normal mode, (2) improved retention of the stationary phase resulting in higher peak
resolution, (3) higher partition efficiency due to reduction of mass transfer resistance, (4)
increased sample loading capacity due to higher solubility, (5) prevention of altered hydro-
dynamics at the column inlet when a highly concentrated sample is introduced with resultant
loss of the stationary phase as described in the following section.

These expectations have been confirmed recently using a high-speed CCC apparatus
equipped with a temperature-control system which has been constructed in our laboratory.

IV. APPARATUS AND APPLICATION

A. Design of the Apparatus

As described earlier in Section II, high-speed CCC is based on the Scheme IV synchronous
planetary motion illustrated in Figure 4-1V. Figure 17A shows the design principle of the
coil planet centrifuge for high-speed CCC in which the orientation of the centrifuge axis is
horizontal. A large cylindrical coil holder coaxially holds a planetary gear which is coupled
to an identical stationary sun gear (shaded) mounted on the central axis of the centrifuge.
This gear arrangement produces a synchronous planetary motion to the coil holder; the holder
revolves about the central axis of the apparatus and simultaneously rotates about its own
axis at the same angular velocity in the same direction. In doing so, the holder maintains
its position parallel to and at distance R from the central axis of the apparatus. This syn-
chronous planetary motion of the holder prevents twisting the flow tubes as illustrated by
successive positions of the planetary and sun gears during one complete revolution (Figure
17B).2

The column is prepared by winding a piece of flexible plastic tubing, typically PTFE,
around the holder. The column design may be classified into three categories: the single
layer or short coil for extraction purposes, the long multilayer coil for high-speed CCC, and
the column equipped with five flow channels for dual countercurrent operation.

Figure 18 shows a cross-sectional view of the coil planet centrifuge for countercurrent
extraction.**=® The motor (Electro-Craft) drives the rotary frame around the horizontal sta-
tionary pipe (shaded) mounted on the axis of the centrifuge. The rotary frame consists of a
pair of aluminum discs rigidly bridged together with multiple links (not shown in the figure)
and holds a pair of rotary column holders in the symmetrical positions 10 cm away from
the central axis of the centrifuge. The bottom holder has a diameter of 15 cm (B = 0.75)
and the top holder of 10 cm (B = 0.5). The shaft of each holder is equipped with a plastic
planetary gear which is coupled to an identical sun gear (shaded) mounted around the central
stationary pipe. In order to provide mechanical stability, a short coupling pipe is coaxially
mounted to the free end (right side) of the rotary frame while the other end of the coupling
pipe is supported by a stationary wall member of the centrifuge through a ball bearing. The
coiled column was made by winding the desired length of PTFE tube around one of the
holders while a counterweight is applied on the other holder to balance the centrifuge. A
pair of flow tubes from the coiled column is first passed through the center hole of the
holder shaft and led through the side hole of the short coupling pipe to reach the opening
of the central stationary pipe. These flow tubes are thoroughly lubricated with silicone grease
and protected with a piece of plastic tubing at each supported portion to prevent direct contact
with metal parts. The revolutional speed can be regulated up to 1000 rpm. The apparatus
is a compact table-top model whose dimensions are about 16 X 16 X 17 in.

Figure 19 shows the original multilayer coil planet centrifuge modified from the above
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FIGURE 17. Design principle of the coil planet centrifuge for high-speed CCC.
(A) Overall view of the design. (B) Successive gear positions during one revolution
showing a twist-free mechanism.

model used for countercurrent extraction. In order to accomodate a long coiled column, a
pair of flanges was mounted around the smaller holder to support multiple layers of coil.
This apparatus has produced a rapid chromatographic separation of DNP amino acid samples.*
The partition efficiency of high-speed CCC was further increased by mounting a longer
multilayer coil around a large spool-shaped holder as shown in Figure 20.** In order to
facilitate the column preparation, the column holder was made removable from the rotary
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frame simply by loosening a pair of screws on each bearing block. Figure 21 shows the
multilayer coil planet centrifuges constructed in our laboratory. A compact table top model
of the coil planet centrifuge shown in Figure 21A has a multilayer coil consisting of a 130
m long, 1.6 mm i.d. PTFE tube with a total capacity of about 280 m¢{. Several hundred
milligrams of samples can be loaded in each separation. Recently, a similar multilayer coil
planet centrifuge became commercially available through P.C. Inc., Potomac, MD and also
from Pharma-Tech Research Corp., Baltimore, MD. Figure 21B shows a bench top model
of the coil planet centrifuge with 5.5 mm i.d. multilayer coil for large-scale preparative
separations.*?

Preparation of the multilayer coil requires caution to prevent dislocation of the column
on the holder during the run. Because the holder is constantly subjected to a planetary
motion, the resulting acceleration tends to rotate the column around the holder. This problem
becomes serious when a large column is subjected to a high revolutional speed. In our
laboratory the multilayer coil is prepared in the following manner with a satisfactory result:
a sheet of emery cloth is glued around the holder core and the PTFE tubing is tightly wound
over it between the two large flanges which provide boundaries for multilayer configuration.
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FIGURE 19. Cross-scctional view of a coil planet centrifuge with the original multilayer coil.

To prevent the movement of the column with respect to the holder, each layer of coil is
attached to the flanges with a piece of fiberglass reinforced adhesive tape across the width
of the coil. To further enhance greater stability, the same fiberglass tape is wrapped around
the circumference of the coil. Around this layer of tape is wound a single piece of wire in
which the ends are anchored to each flange. Around this wire another single layer of tape
is wrapped, in effect, sandwiching the wire between the two layers of tape. This arrangement
firmly anchors the multilayer coil to the holder.*

In addition to the above Scheme IV coil planet centrifuges, various studies have been
performed with a combined horizontal flow-through coil planet centrifuge®*-2*45 which pro-
duces two different types of synchronous planetary motions, Schemes I and IV. The design
principle of this centrifuge is illustrated in Figure 22. The top diagram labeled I to IV are
identical to those in Figure 4 except that the centrifuge axis is placed in the horizontal
position. Because of the symmetrical orientation of the column holders, Schemes I and IV
can be conveniently paired in one apparatus as shown in the bottom diagram, while still
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maintaining the antitwisting feature. The Scheme I synchronous planetary motion is produced
by driving a timing pulley on the column holder with a toothed belt coupled to an identical
stationary pulley on the central axis of the centrifuge. The Scheme IV synchronous planetary
motion is produced by coupling a planetary gear on the column holder with an identical
stationary sun gear on the central axis of the centrifuge. In the actual design, the use of
countershafts provides a large revoluticaal radius without increasing the size of the gears.
Figure 23 illustrates a cross-sectional view through the central axis of the combined
horizontal flow-through coil planet centrifuge. The motor (Bodine Electric Co., Chicago,
IL) drives the rotary frame around the central stationary pipe (shaded) by a pair of toothed
pulleys coupled with a toothed belt. To stabilize the centrifuge system, the other end of the
rotary frame is coaxially connected to a short coupling pipe which is in turn supported by
a ball bearing mounted in a stationary wall member of the centrifuge. The rotary frame
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Pulleys

FIGURE 22. Design principle of the combined horizontal flow-through coil
planet centrifuge.

holds column holders and countershafts on each side in symmetrical positions. On the lower
side of the rotary frame (pulley-drive), a toothed pulley mounted on the central stationary
pipe is coupled with a toothed belt to an identical pulley on the countershaft. This coupling
produces synchronous counterrotation of the countershaft with respect to the rotary frame.
This motion is conveyed to the column holder by a belt coupling a pair of identical toothed
pulleys, one mounted on the countershaft and the other on the column holder shaft. Con-
sequently, the column holder undergoes synchronous planetary motion identical to that of
Scheme I illustrated in Figure 22. On the upper side of the rotary frame (gear-drive), the
stationary gear mounted around the central stationary pipe is coupled to an identical gear
on the countershaft to produce synchronous rotation of the countershaft with respect to the
rotating frame. This motion is similarly conveyed to the holder by a belt and a pair of
identical timing pulleys. The gear-driven column holder, then, rotates with respect to the
rotary frame once about its own axis per each revolution of the rotary frame around the
central axis of the centrifuge as in Scheme IV illustrated in Figure 22.

The column holder on each side is removable from the rotary frame and may be positioned
at 15 or 20 cm from the axis of the centrifuge by selecting the respective bearing holes on
the pair of bearing blocks. For each position of the holder the § value can be varied by
changing the holder diameter up to a maximum B value of 0.5, as limited by the presence
of the countershaft on each side of the rotary frame. The helical column was prepared by
winding a piece of PTFE tubing directly onto the holder making multiple helical turns of
uniform diameter. The flow tubes from the pulley-driven column holder (bottom) are first
passed through the center hole of the holder shaft and then led through a side hole of the
short coupling pipe to reach the stationary tube support as illustrated. The flow tubes from
the gear-driven column holder (top) are similarly passed through the center hole of the holder
shaft and then led through another side hole of the short coupling pipe to enter the opening
of the central stationary pipe. Each pair of flow tubes is lubricated with silicone grease and
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the portions rotating with the frame are protected by a flexible plastic sheath to prevent
abrasion by direct contact with metal parts. The revolutional speed of the apparatus is

continuously adjustable up to 1000 rpm with a speed control unit.

B. Continuous Extraction

The unique capability of the present scheme to retain a large volume of the stationary
phase in the column under efficient mixing with the mobile phase provides an ideal condition
for performing continuous extraction. Because no solid support is used in the column, a
minute amount of the sample can be recovered with minimum adsorption loss onto the liquid-

solid interface.
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FIGURE 24. Phase distribution diagrams of ethyl acetate/aqueous systems in a helical column for continuous
extraction.

1. Preliminary Studies®
a. Retention of the Stationary Phase

In the first series of experiments, the capability of the present scheme in retaining a large
amount of stationary phase was demonstrated with a coiled column prepared from 2.5 m
long, 2.6 mm i.d. PTFE tube which was coiled around the larger holder of the coil planet
centrifuge illustrated in Figure 18. The column consisted of five helical turns at § = 0.75
and had a total capacity of about 15 m¢. Typical two-phase solvent systems composed of
ethyl acetate/water and ethyl acetate/0.5 M sodium phosphate (pH 4.4) at a volume ratio of
I:1 were selected.

In each operation, the coiled column and the free space in the flow path were entirely
filled with the stationary phase and the mobile phase was pumped into the column in the
proper direction (head-tail elution for the aqueous phase and tail-head elution for the non-
aqueous phase) while the apparatus was run at a given revolutional speed. The eluate through
the outlet of the column was pooled in a graduated cylinder to measure the volume of the
stationary phase retained in the column. The experiments were performed under various
revolutional speeds and flow rates using both nonaqueous and aqueous phases as the stationary
phase.

The results of the retention studies are summarized in Figure 24 where the percentage



15:26 17 January 2011

Downl oaded At:

108 CRC Critical Reviews in Analytical Chemistry

retention of the stationary phase was plotted against the applied revolutional speeds. The
three lines drawn in each diagram indicate the effects of the different flow rates applied.
The flow rate of 516 mé/hr is the maximum rate available with the Beckman Accu-Flo
Pump employed. The ideal retention level for extraction may be considered to be over 70%
at or near the plateau of the curve, although much lower retention levels can be applied for
extraction unless carryover of the stationary phase occurs. Figure 24A and B show the
retention curves of the solvent system composed of ethyl acetate and water, where both
nonaqueous (A) and aqueous (B) phases were used as the stationary phase. In both cases,
the ideal retention levels are provided at the revolutional speed of over 600 rpm at all flow
rates applied. Figure 24C and D show similar retention curves for the phase system composed
of ethyl acetate/0.5 M NaH,PO, (1:1). In both C and D, retention levels show much im-
provement over the previous phase system. Addition of salt to the phase system results in
a greater density difference which promotes countercurrent movement of the two phases in
the coil. The overall results indicate that the system provides excellent retention under a
broad range of operational conditions for both aqueous and nonaqueous stationary phases.
The results also suggest that much higher flow rates are applicable with high revolutional
speeds.

b. Continuous Extraction

The second series of experiments has been performed to demonstrate the capability of the
present scheme to extract a solute present in a large volume of the mobile phase into a small
volume of the stationary phase retained in the coiled column. This requires a set of conditions
such that the solute must favor partition to the stationary phase. With commonly used
extraction media such as an ethyl acetate/aqueous system, partition coefficients of various
biological materials can be conveniently adjusted by modifying the pH and/or ionic strength
of the aqueous phase to meet the above requirement. For the present studies, a pair of DNP-
amino acids, N-DNP-L-leucine (DNP-leu) and delta-N-DNP-L-omithine (DNP-orn), were
selected as samples because they are readily observed through the column wall during the
extraction process under stroboscopic illumination and also provide suitable partition coef-
ficients for this present solvent system. The experiments were performed with the coiled
column used in the previous retention studies. The overall experimental conditions in the

following studies are summarized in Table 4.

A typical extraction procedure may be divided into three steps, i.e., extraction, cleaning,
and collection. In each operation, the column was filled with the stationary phase and the
mobile phase containing the sample was eluted through the column in the proper direction
while the apparatus was run at 600 rpm. The extraction process was continued until 400 m¢
of the mobile phase was eluted. Then the mobile phase was replaced by the same phase but
free of solute to wash the column contents. This cleaning process was continued until the
additional 100 m¢€ of the mobile phase was eluted. This would elute out all impurities having
partition coefficients of 0.1 or greater.- The sample extracted into the stationary phase in the
coiled column was collected by eluting with the mobile phase in the opposite direction. This
was done by switching the feed and return flow lines either by simply disconnecting the
flow lines or the use of a four-way slide valve. The sample still remaining in the column
was then washed out by eluting the column with the other phase originally used as the
stationary phase.

The results were summarized in Table 4. In experiments 1 through 3 in Table 4, DNP-
leu was dissolved in 400 m¢ of the aqueous phase at various-concentrations and extracted
into the nonaqueous phase retained in the column. The extracted sample was then cleaned
by eluting the column with 100 m¢€ of the clean aqueous phase and then collected from the
column. The harvested stationary phase volume measured about 10 m€, containing over
90% of the original sample. A small amount of the sample still remaining in the column,
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usually a few percent of the total, was conveniently recovered by eluting the column with
several milliliters of the nonaqueous phase. The total sample recovery is always well over
90%, as shown in the table. The reduction of the sample concentration from 4 to 0.04 mg%
somewhat improved the recovery rate, indicating that no significant sample loss occurs due
to the adsorption effects and that further reduction of the sample concentration is feasible
with high levels of recovery. The mode of elution that uses the nonaqueous phase as the
stationary phase renders a great advantage in practical extraction in that the collected solvent
is highly volatile and free of salts, facilitating further concentration. It also permits the
stepwise or gradient elution of the sample by eluting the column with a modified aqueous
phase to achieve further purification.

In experiments 4 and 5 in Table 4, the DNP-orn sample was dissolved in 400 m¢{ of the
mobile nonaqueous phase and extracted into the stationary aqueous phase by eluting the
column from the tail toward the head. The retained aqueous phase in the column was then
similarly cleaned with 100 m¢ of nonaqueous phase free of sample. The collected stationary
aqueous phase measured about 12 m¢ in volume. This exceeds the volumes in experiments
[ through 3, as expected from the results of the retention studies. The sample still remaining
in the column was eluted out with several milliliters of the aqueous phase. The sample
recovery ranged over 95% with an improved figure at the reduced sample concentration as
observed in the previous experiments.

In practice, application of the method to aqueous crude extracts or physiological fluids
requires a preliminary adjustment of the solvent composition to provide a suitable partition
coefficient of the desired material for the applied pair of solvents. In this case preequilibration
of the two phases is not essential. Experiment 6 in Table 4 shows an example of operation
with such nonequilibrated solvents. The sample DNP-leu was first dissolved in 400 m¢ of
0.5 M NaH,PO, aqueous solution containing ethyl acetate at 5%, which is slightly below
the saturation level of about 7%. The column was filled with ethyl acetate followed by
elution with the above sample solution. Both extraction and cleaning processes were per-
formed as in other experiments. The sample solution collected from the column measured
slightly over 6 m€. This depletion of the stationary phase apparently resulted from the use
of the nonequilibrated solvent pair but without any effect on the sample recovery.

The overall resulis indicate a potential usefulness of the present method in processing a
large amount of crude extracts or biological fluids in research laboratories. A small amount
of the sample present in several hundred milliliters of the original solution can be enriched
in 10 m¢€ of the nonaqueous phase free of salt in 1 hr at a high recovery rate.

2. Continuous Extraction of Urinary Drug Metabolites*

In spite of the great potential of the present method demonstrated in the above preliminary
studies, the application data so far published are limited to extraction of urinary metabolites
of two anthracycline antitumor drugs, adriamycin (ADR), and daunorubicin (DNR) by
Nakazawa et al.

a. Extraction Medium

Partition coefficients, defined as the ratio of the concetration of drug in the nonaqueous
phase to that in the aqueous phase, were determined for ADR and DNR in biphasic solvent
systems. Chloroform-isopropanol (3:1) mixture, ethyl acetate, and n-butanol were individ-
ually tested against 1.0 M solutions of various salts. Equal volumes of organic and aqueous
phases were placed in a test tube, 100 nmol of drugs were added, and the tube was vigorously
mixed for 30 sec. Quantities of drug in each phase were measured by fluorometry (SPF
125, American Instrument, excitation, 470 nm; emission, 585 nm).

The results are summarized in Tables SA and 5B for ADR and DNR, respectively. In
nearly all cases, partitioning of anthracyclines into n-butanol was greater than into either of
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Table 5A
PARTITION COEFFICIENTS FOR ADRIAMYCIN

Chloroform-isopropanol-

n-Butanol-water water Ethyl acetate-water

Salt (1:1) (3:1:2) (1:1)
None 2.1 2.3 0.1
(NH)).S0, 2.2 0.4 0.1
NaH,PO, 43 0.3 0.4
NH,CI 7.6 I.1 0.1
KCl 12.3 2.4 0.8
LiCl 10.0 1.8 0.7
CH,COONH, 10.1 4.1 0.4
NaCi 11.7 1.8 0.9
Na,SO, 10.8 1.7 0.1
Na,HPO, > 40.0 — > 1.2

Note: Adriamycin (100 nmol) was added to each 4.0-m{ phase system. The concentration of aqueous
salt solution was 1.0 M in all cases. The systems were vigorously mixed and allowed to
equilibrate. Concentration of drug in each phase was measured by fluorometry, and partition
coefficients were calculated as the ratio of the concentration in the nonaqueous phase to that
in the aqueous phase. Insoluble salt crystals were noted in mixing 1.0 M Na,HPO, with all
nonaqueous phases, and no coefficient could be determined for the chloroform-isopropanol-
Na,HPO, system.

Table 5B
PARTITION COEFFICIENTS FOR DAUNORUBICIN

Chloroform-isopropanol-

n-Butanol-water water Ethyl acetate-water

Salt (1:1) (3:1:2) (1:1)
None 2.7 3.2 0.1
(NH,),S0, 5.9 1.6 0.1
NaH,PO, 12.4 0.6 0.2
NHCI 16.8 2.3 0.3
KCi1 27.3 4.7 ' 0.4
LiCl 20.9 4.4 0.3
CH,COONH, 21.6 12.1 1.3
NaCl 24.4 4.6 0.3
Na,SO, 36.3 12.5 0.6
Na,HPO, > 85.5 — > 6.9

Note: Experimental conditions were as described in Table 5A. Daunorubicin (100 nmol) was added
to each system. Insoluble crystals of Na,HPO, were encountered with all nonaqueous phases,
and no coefficient could be determined for the chloroform-isopropanol-Na,HPO, system.

the other two systems. Partition coefficients were higher for DNR compared to ADR in
nearly every biphasic system tested, because ADR is more polar than DNR. The highest
coefficients were obtained for the n-butanol/Na,HPO, system at the 1.0 M Na,HPO, con-
centration, although precipitation of salt crystals was noted. Partition coefficients for a range
of Na,HPO, concentrations were measured and a plateau was observed for concentrations
greater than 0.4 M, while no crystal formation occurred at Na,HPO, concentrations less
than 0.4 M. Therefore, further studies utilized the n-butanol/0.3 M Na,HPQ, system. At
this Na,HPO, concentration, partition coefficients for ADR and DNR were 31 and 78,
respectively.
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b. Extraction of Drug Metabolites

Extraction experiments were performed with a table top model of the coil planet centrifuge
(Figure 18) equipped with a 60 m¢-capacity column consisting of I8 helical turns of a 10
m long, 2.6 mm i.d. PTFE tube mounted around the 15 cm diameter holder (§ = 0.75).

The column was filled with n-butanol (stationary phase), and was subjected to the Scheme
IV planetary motion. The revolutional speed was 650 rpm. Disodium hydrogen phosphate
(Na,HPO,) solution, 0.3 M, saturated with n-butanol, was pumped through the moving
column to establish equilibrium conditions at 650 rpm. The stationary (butanol) phase volume
was 32 m¢. Prepared urine samples, 1-2 I in volume, were then pumped through the column
at flow rates of 500 to 700 m¢/hr, employing a metering pump.

Urine was collected from patients or normal volunteers for 24 hr during control periods,
and patients for the first 24 to 48 hr following anthracycline chemotherapy. Sufficient
Na,HPOQ, to yield a concentration of 0.3 M was added to several liters of urine. Salted urines
were filtered to remove precipitated material, and then saturated with n-butanol to prevent
leaching of the column’s stationary phase. In some cases, filtration of the urine after butanol
saturation was necessary. To test the efficiency of the countercurrent centrifuge extraction,
known quantities of ADR and DNR were added to control urines. These spiked samples
were processed in an identical fashion to post therapy urines. After each sample was chro-
matographed, the column was cleaned by elution with 100 m€ of aqueous, n-butanol-
saturated 0.3 M Na,HPQ,. The n-butanol phase was drained from the column; several
milliliters of n-butanol were passed through the column to recover any remaining sample.
The n-butanol extracts were combined and evaporated to dryness by flash evaporation. The
deep-red residue remaining after drying was redissolved in methanol. Aliquots of prechro-
matography urine, column eluate (mobile phase), and the final extract from the column in
methanol were analyzed for anthracycline content by fluorescence. A small volume of the
aliquot was added to 2 mf of 1.8 M hydrochloric acid-ethanol (1:3), and concentration
determined against known ADR standards in an Aminco-Bowman® spectrophotofluorometer.

Figure 25 shows the experimental results of DNR extraction. The top chromatogram (A)
was obtained from a reversed phase HPLC analysis of the urine from a cancer patient who
has received DNR. Only two anthracycline species, D, and D,, were detected. The bottom
chromatogram (B) was similarly obtained from HPLC analysis of the same urine sample
after extraction with the coil planet centrifuge method. It shows enriched D, and D, peaks
and three previously undetectable metabolite peaks, dD,, demethyl-dD, and 4-O-glucuronide.
Figure 26 shows a similar enrichment obtained for ADR and its metabolites, where relatively
greater amounts of interfering materials were recovered due to the higher polarity of ADR.

Comparative studies revealed that the standard method with an XAD-2-resin yielded more
efficient extraction of ADR than did the coil planet centrifuge, from spiked samples, but
the methods were equivalent in their recoveries of the less polar DNR. The reverse was
seen in the case of treated patients’ urine, with about 50% improvement in recovery of ADR
and metabolites using the coil planet centrifuge. This difference may have been due to altered
partitioning of drug metabolites between the two phases, compared to parent drug. In
particular, aglycone metabolites would be expected to distribute well into the n-butanol
phase. Both TLC and reversed-phase HPLC confirmed that the coil planet centrifuge allowed
recovery of relatively greater quantities of aglycones from urine than the XAD-2 column
for ADR (60% aglycones with coil planet centrifuge vs. 12% with XAD-2 column) and
DNR (48% aglycones vs. 6%).

C. Preparative CCC .
Among a variety of existing CCC methods, a high-speed CCC produces the most efficient
preparative separations which are comparable to those achieved by preparative-scale HPLC.
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FIGURE 25. Daunorubicin extraction from urine. (A) HPLC analysis of the
urine sample before extraction. The early eluate contained considerable amount
of interfering materials. Only two anthracycline species, DNR (D,) and 13-OH-
DNR (D,), were identifiable. (B) HPLC analysis of the same urine sample after
extraction with the coil planet centrifuge. The early interfering materials were
largely excluded from the extract. Sharp, enriched peaks for D, and D, were
evident, and three previously undetectable metabolites of DNR-1 conjugated spe-
cies and two aglycones, dD; and demethyl-D;, were made apparent.

1. Two-Phase Solvent System

As in other chromatographic methods, selection of a suitable solvent system is the key
to the successful separation in high-speed CCC. The selection of the solvent system in high-
speed CCC should be focused on the following points:

No decomposition or denaturation of the sample
Sufficient sample solubility

Suitable partition coefficient values

Satisfactory retention of the stationary phase

i o e

a. Partition Coefficient
The partition coefficient (PC) is defined here as solute concentration in the stationary
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FIGURE 26. Adriamycin extraction from urine by the coil planet centrifuge. HPLC
analysis showed enriched adriamycin (A,) and three metabolites (A,, A, and dA,).
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FIGURE 27. Predicted resolution as a function of stationary phase fraction,
Sg, the partition coefficient of the first-eluted solute, K,, and a constant sep-
aration factor, a, of 2, for columns containing 100, 250, or 1000 theoretical
plates, N. Baseline resolution, R, = 1.5, is indicated by an asterisk. K is
expressed as concentration in stationary phase divided by concentration in
mobile phase. The diagram was derived from the equation:

Rs = L,VN (a-Di[{a + 1) + 2(1-SV/K,S).

phase (Cs) divided by that in the mobile phase (Cm) or K = Cs/Cm. The PC value is
accurately determined by a simple test-tube experiment with a pure compound or the standard.*
When the standard is not available, the PC of each component in a crude sample mixture
can be accurately determined by HPLC analysis on each layer of the two-phase solvent
system equilibrated with the sample mixture.*” As reported elsewhere,*® the optimum PC
values in CCC depend upon the retention of the stationary phase in the column (Figure 27).
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When the retention of the stationary phase substantially exceeds 0.5 or 50% of the total
column capacity, rapid and efficient separations can be attained by adjusting the PC at
between 1 and 0.5. When the stationary phase retention becomes lower than 0.5, the peak
resolution is effectively improved by increasing the PC values at a range between 1 and 2.
Since the present method usually permits either upper or lower phase to be the mobile phase,
the PC values between 2 and 0.5 will produce excellent results.

Once the PC (K) of the solute is determined, the retention volume (R) or the peak location
on the chromatogram is predicted from the following equation:

R = (Ve = Rsp) K + R (10

where V¢ is the total column capacity and Ry, the retention volume of the solvent front.
From the above equation, it is apparent that the solute with K = 1 is always eluted at R
= V. or the elution volume equal to the total column capacity, regardless of the position
of the solvent front. The solutes with K < 1 and K > 1 are eluted earlier and later than
Ve, respectively. When no stationary phase is retained in the column (Rgz = V), all
components would be eluted together at V.. The PC value (K) of each component on the
chromatogram can also be determined from a modified equation:*

K =R - R/(Ve — Rgp) (n

b. Search for the Solvent System

Various solvent systems which have been successfully used in CCC were listed in Tables
6 t0 9. When the nature of the aimed compound is unknown or the previous work on the
similar compounds is not found, the search for the suitable solvent systems must rely on a
tedious trial and error. method. However, one may save a considerable amount of time and
labor by making a systematic search such as the following: the search may be initiated with
a moderately hydrophobic solvent system such as chloroform/methanol/water (4:4:3) which
is extensively used in droplet CCC. If the sample is partially distributed into both phases,
the further adjustment of the PC may be effected by changing the amount of methanol or
substituting acetic acid for methanol, etc. If the sample is unilaterally distributed to the lower
nonaqueous phase, the solvent system requires a higher hydrophobicity. In this case, hexane/
ethyl acetate/methanol/water (1:1:1:1) will improve the PC value. The hydrophobicity of
this solvent system is conveniently modified by changing the volume ratio between hexane
and ethyl acetate while the volumes of methanol and water are unaltered. For example, the
above ratio is shifted to 0.8:1.2:1:1, if the sample is excessively partitioned into the lower
aqueous phase, and to 1.2:0.8:1:1, if the sample is mostly partitioned to the upper nonaqueous
phase. This process may be continued until the desired PC value is attained. When the
chloroform system initially distributes the sample almost entirely into the upper aqueous
phase, a hydrophilic solvent system such as n-butanol/water may be the choice. The ad-
justment of the PC in this system may be carried out by adding small amounts of acids
(acetic acid, dichloroacetic acid, trifluoroacetic acid, etc.) or salts (phosphate buffer, am-
monium acetate, sodium chloride, etc.) to the solvent system. These additions usually move
polar samples such as peptides from the lower aqueous phase to the upper nonaqueous phase.

Evaluation of each solvent system may be conveniently carried out by the TLC screening
test’? (Figure 28) which has been recommended by Hostettmann for droplet CCC. The
method has been found to be useful in selecting solvents for centrifugal CCC separation of
synthetic peptides.>®

In the course of a solvent search, care should be taken to avoid the use of solvent
composition at the vicinity of the plait point where the solvent mixture forms a single phase.
Such solvent systems possess low interfacial tension and a small difference in density between
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Table 7
COMPOUNDS SEPARATED BY DCCC AND SOLVENT
SYSTEMSS?
Separated compounds Solvent systems
Saponins (spirostanol glycosides) CHC1;-MeOH-H,0 (7:13:8)
Saponins (triterpenoid glycosides) CHCI1,;-MeOH-H,0 (7:13:8)

CHC1,-MeOH-H,0 (5:6:4)
CHCl,-MeOH-n-PrOH-H,0 (9:12:1:8)
CHCI;-C H,-EtOAc-MeOH-H,0
(45:2:3:60:40)

Saponins (ginsenosides) CHC1,-MeOH-n-PrOH-H,0 (45:60:6:40)
CHCIl;-MeOH-iso-PrOH-H,0 (5:6:1:4)
CHCI,-MeOH-n-PrOH-H,0 (4:6:1:4)

Flavonoid glycosides . CHCI;-MeOH-H,0 (7:13:8)
CHCI;-MeOH-H,0 (5:6:4)
CHC1,-MeOH-H,0 (4:4:3)
CHCI,-MeOH-n-PrOH-H,0 (5:6:1:4)
CHCIl,-MeOH-n-BuOH-H,0 (10:10:1:6)
n-BuOH-AcOH-H,0 (4:1:5)

Isoflavone glycosides CHC1,-MeOH-H,0 (7:13:8)

Anthraquinone glycosides . CHC1,-MeOH-H,0 (5:5:3)
CHCI,-MeOH-n-PrOH-H,0 (9:12:1:8)
n-BuOH-acetone-H,0 (33:10:50)

Chromenes, lignans CHCI;-MeOH-H,0 (5:6:4)

. CHCI;-MeOH-H,0 (4:4:3)

Xanthones CHCl1,-MeOH-H,0 (13:7:4)
CHCI,-MeOH-n-PrOH-H,0 (9:12:1:8)

Cardenolides CHCl1,-MeOH-H,0 (5:6:4)

CHCI,-MeOH-H,0 (5:10:6)
CHC1,-MeOH-H,0 (5:9:7)

Iridoid glycosides CHCI;-MeOH-H,0 (43:37:20)
CHCl;-MeOH-H,O (5:5:3)

Secoiridoid glycosides CHCIl;-MeOH-n-PrOH-H,0 (9:12:1:8)

Terpenoids (diterpenes) CHC1,-MeOH-H,0 (7:13:8)

Terpenoids (gibberellins) CHCIl;-MeOH-H,0 (5:5:3)

Terpenoid glycosides CHCl1,-MecOH-H,0 (7:13:8)

Alkaloids CHCI,-MeOH-H,0 (13:7:8)

CHCI,-MeOH-H,0 (5:5:3)
CHCI;,-MeOH-5% HCI (5:5:3)
C.H,-CHCI,-MeOH-H,0 (5:5:7:2)
CHCl,-MeOH-n-PrOH-H,0 (45:60:2:40)

the two phases which would adversely affect the retention of the stationary phase as described
in Section IIL.D.

2. Sample Solution Preparation
Preparation of sample solution requires some considerations on several factors which
would affect the partition efficiency. In order to maintain the normal phase composition,

-samples should be dissolved in the solvents, upper and/or lower phases, to be used for the

separation. The maximum concentration of solutes in the sample solution, effectively applied
to the column, may be limited by several factors such as solubility, nonlinear isotherm and
alteration of the two-phase composition. The nonlinear isotherm produces skewed peaks
causing a loss of peak resolution, while the altered phase composition results in decrease



CRC Critical Reviews in Analytical Chemistry

118

ssOdOH

$2dOH
$sJdOH

soJdIH
wJdOH
wIdOH
s«wJdOH
wJdOH
wddOA
wddOA
wOdOA

sodDHD
wOdOHD
wIdOHD
wIdIHD
IdDHD

wIdOL
wIOdIL

80 450w IddIL
#900d DL

swDdOH

«dOH

ZU&U> ucﬂumu<
wddIV
«IdIHD

Ssmeseddy

(Z:1:7) HOEN W LO"O/HOWE/AYOM

(£:9) 1DEN %$ ‘VOd %u/HONg-1

(12:1:07) (§'9 Hd) 19)ynq Aea>-deydsoyq
W T°0 /U030y /Au0IaN-1AINGOSt-{AYIai
(£::7) 19)30q A1e10g/HOIN//TOHD

(€:611) J21nq ALIOG/HOIW/TOHD

(€:t1p) 19)Jnq ANEIOY/HOIW/IDHD
(£€:€:01:02) (L HY) VILAT W | 0/2UPUAL IDHD/F ONFHD
(1:1) IDHA10°0/HONg-¥

Q:€:1:1) O'H/OD (*HD) PV OIdH

(1:¢:L) O°H/HOPW/ADL

(€:4:) ('8 HA) 123ynq ATIOG/HOPN/ IDHD

(£:7:2:8) HOSW/HD'ONPYOI/XH

103413 2ualAna/ [OHD

(1:€:€) (19 Hd ‘eN) "0d ww 01/HOPW/ADA
(1:¢:€) (1°9 H ‘eN) a1mde W OI/HOPW/ADA
(Z:L:T:T°T) OFH/HOPW/XOH/ADA/IDHD

(€:1:€) (£ Hd) *Od W S O/HOSW/PYOH
(Z:1:¢) (6°§ HA) "0Od W §'O/HOYW/OE
(1:2:27) O'HAYOH/TOHD

(§:6:L:€) O'H/HORW/PVOId/XoH

O'H/1DD

(1'1:T°8) O"H/HOPWAY OVI/XPH
(1:1) 10BN %S ‘3YOH%01/OvON
(111} 1DBN %S ‘OVOH%01/ov0E
(1:7:7) O'HAYQH/MOHD

(0138 JWIN[OA) (UIDISAS JUIA[OS

unnl 2 unadsond
$QaY [BUIDIPIN
g unsijod 7y nsipuey

upiwonylig

uneIsAN

u19dweaso1oqo|n

udAwoydiy,

aurpdoena],

urdAwena) 2 urddwoainy

upAwouyds 3 O utakwouind)

V unsoLy 29 upAwoulysy

AWy 2 uplwoydn

‘ULIOAD] ‘uIpIoIpue))
sonoquuy

suonbizelq

SOANEALIZP uIdIqruoune
sTrup Jownnuy

suuR{0£D

SUPIQqID

vdy % sulxne ajopuj

suixne o[opu|
sauounoy jueld
jousydomN-d 29 jAye-uonpeeg
SOMZEUL-S
VAH ¥ VINA feuun
SaljoqeIawW AUIWE[oYIANT)
suipue|3eisor

Lauesqng

JIJISH NVHL 4HLO 20D TVINATELNAD 40 SNOLLVII'TddV

8 JlquL,

1102 Alenuer /T 92:ST @IV Papeo |uwog



119

Volume 17, Issue 1

wJdOHO
wIdOHD
wIdOHO
0sOdOHO
1wOdOHD
o e0eOdOHO

wrOdOHO

0 DdIV ‘mDdOA
sewsesodOHD
e !
«eDdOH ‘6 0dOV
wdDL ‘e OdIA
120240
artrzdIL
arrarOdOA

1zod

0:0dOV
trzeodOH
seewsesest OdOHOD
wereeseodOL
ovserctesiod
«dd

I

cdIV

wddIHD
w02d0
:,UUUDU
1tD20dD

«wOdOH

ssdOH
ss0dOH

(1:1) 9YO'HN W §°0 0 T'0/HONg-#
(1:1) vdL %1 0/HONg-

(1:1) SYO"HN W §'0 01 Z’0/HONg ¢
(S:1:p) OFHAVYOH/HON-H

(1:1) vdL %1 o/HONg-¥

(S:1:%) O°HAVOH/HONE-Y

(LETS1:S1) OTH/HOPW/AH D IOHD
waipesd vod (001:0:001)«=(001:1:001)
HOOJ'HN/VOQ/HONd-¥

(S:1:%) O°HAVOH/HONG-¥

(1:7:2) IDH N 1'0/AVOH/ IDHD

(S:1:T:+) OFHPYOH/HOW/HOW VOS]
watprad [DeN snoanbe/HONG- U DdH%1
(1:1) (579 Hd W) 'Od W 1/HOng-¥
(1o1em yum pateniesald SVQIH)

(1:) *'Od'HY W 0'1-§'0/VOH

(1:1:1) 9VOH/HOIW/doH

#:1:) O'H/HOYA/HONG-H

(0:09:€:T:5) O'H/HO2W/AVOHPH D IOHD
(1:D (£'9 HY) *Od W LO°0F1DHD

(1:1) (5’9 Hd) *Od W LO"0FIDHD
(1:1) (z'9 Hd) *Od W LO'0FIDHD

1102 Alenuer /T 92:ST @IV Papeo |uwog

siuowdely uuyois£ad[oyd paiLyng

(spioe
ounwue g o} ) siowdey urupyoIskos[oy)d
(spioe ounwe Z[) utydiopus-h ueydayua-sog
sapudad proe oupwe [ % ‘6'9°S
sopndad onauks
SUIPIOIWRID

sapudadiq

spioe outwe JNA
siwawdid

uneday

saurprwukd 2 saunng

sajednfuod jousydoniN-d
sproy Aned
asoonj 79 *osoon[d ‘asoiong
s1edng
sujuodes
aupwe
-[odoas-j4dosdost-g 2 *suiposiue ‘auprejodoos
surwe
-Kas0Ay-ou 79 ‘oulekds0AYy ‘ouurejodoos
aurjjydAerd 2p ouipijenbsg



CRC Critical Reviews in Analytical Chemistry

120

*DdD ysnoayi-mopy (Jedias) DdOA ‘DdD

[Ep10I0 *OdD ], t98njuiusa [1od [epioo) ‘D], HAlquiasse 103 Suneior ‘Y (OdD Udnonp-moyy jeiwoziioy *IJOH o8njuusd uonng ‘OF fHdD Ydnonp
~M0) [PIN0ZHOY PRUIqUEd DJDHD ‘Yduiforewonyd waunaiatunod widorp ednjuiuas 33300 $DdD 01 due ‘QdDV adnjuiusa jaueid {102 ‘OdD

*2ULNS00MYIIN ‘PO L PIOT O1I90VOIONHLN ‘Y.l L sMTIaoe

WNUOWWE ‘OO HN {JOUTIpaW *HOIA {[oyodfe |Aweos] ‘HOwyos! ‘apuofyd wnuipuidi£ospexay ‘QdH (pioe onaoe oy QH ‘auexay-u ‘xay ‘asumnday
-u *doy ‘louryid ‘HOW $218199¢ (K139 *oY QI L191d [AIIP ‘QYUF PIOT SH2IERNIBUNURIPAUAS 'y LT {PIoe anaceoloydip v foueing *HONg 4
"PIdE S{ApUCWAUTA “YINA ISPIdE JIIUTAOWOY ‘YAH ‘IAusydoniuip ‘dN( Plot JISISqE ‘YEY .

w2IdOV «OdDA (001:€:001) OH/VDA/HONY-"938 ulnsug sulaog
0sDdOHD (S:1*t) O°HPVYOH/HONG-U
0sDdDHO (S:1:2:1:€) O'HAVOH/XSH/HOW/HORG-Y
smereddy (onjed 2winjoA) JWdSLS JuIA[0S SURISARS

DODSH NVHL ¥4HLO D00 TYONIIYINID 40 SNOLLVOI'IddV
(panupuod) g djqe],

1102 Alenuer /T 92:ST @IV Papeo |uwog



15:26 17 January 2011

Downl oaded At:

Volume 17, Issue 1 121

Table 9
NONAQUEOUS SOLVENT SYSTEMS FOR CCC*
Mobile
Solvent systems (by volume)* phase Apparatus Substance
HEX:EtOAc:NO,CH;:MeOH; 560:125:125:190 Upper DCCC Essential oils
55:9:28:9 Upper DCCC Essential oils
54:13:13:20 Both HFTCPC Diaziquone
HEPT:acetone:MeOH; 48:376:576 Lower DCCC Oleanolic acid
Hederagenin
HEPT:acetone:MeOH; 50:10:40 Lower DCCC Vulpinic acid
HEPT:CH,Cl,:CH,;CN; 50:15:35 Lower DCCC Triterpenes
Steroids
HEPT:HOAc:MeOH;33:33:33 Upper CDCCC Saturated fatty acids
HEPT:HOACc:CH,CN:MeOH; 57:14:14:14 Upper CcbCccC Unsaturated fatty acids
Ethylene glycol: Et,0 Upper HFTCPC Salicylates
Ethylene glycol: EtOAc Upper HFTCPC Salicylates
Ethylene glycol: CHCI, Lower HFTCPC Diaziquone

*  Abbreviations: HEX, hexane; EtOAc, ethyl acetate; MeOH, methanol; HEPT, heptane; DCE, 1,2-dichloroe-
thane; HOAc, acetic acid; Et,0, diethyl ether; DCCC, droplet countercurrent chromatography; HFTCPC,
horizontal flow-through coil planet centrifuge; CDCCC, centrifugal DCCC.

R, Mobile phase for DCCC
1.0 Organic gives poor resolution
— Aqueous too slow, but solutes recovered
from stationary phose
0.7F-—---- Jd  Organicfor speed (less polar elutes first)
. 1A f luti lar elutes first)
I |_Aqueous for resolution (more polar elutes firs
Either organic or aqueous
0.4~---—- ~
Aqueous for speed (more polar elutes first)
0.3f~----- T~ Orgonic for resolution (less polar elutes first)
Polar
solutes Aqueous gives poor resolution
—Organic too slow, but solutes recovered from
0.0|-~~~---1 stationory phase
t 3 1
Water saturated
organiclayer
FIGURE 28. Choosing a CCC mobile phase using TLC on silica or cellulose layers.

of the stationary phase volume retained in the column. Sample volume also affects the
partition efficiency as in other chromatographic methods.

A series of experiments have been carried out to study the effects of sample dose, sample
volume, and choice of sample diluents on the stationary phase retention and peak resolution
in high-speed CCC.** All data were obtained from a 400 m€ capacity multilayer coil con-
sisting of a 70 m long, 2.6 mm i.d. PTFE tube mounted on the coil planet centrifuge (Figure
20) at B = 0.5 to 0.8. The performance of the apparatus was evaluated on separation of a
set of five DNP amino acid samples with a two-phase solvent system composed of chlo-
roform, acetic acid, and 0.1 N hydrochloric acid (2:2:1). Both lower nonaqueous and upper
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FIGURE 29. Effects of sample volume on retention level of the stationary phase. (A) Lower phase mobile
and (B) upper phase mobile.

aqueous phases were used as the mobile phase at a flow rate of 500 m{/hr under a revolutional
speed of 800 rpm.

a. Effects of Sample Dose

Figure 29 shows effects of the sample dose on the retention of the stationary phase where
the retention volume expressed in percentages relative to the total column capacity is plotted
against the applied sample volume. The results clearly indicate a general trend that the
retention of the stationary phase decreases with the increased sample size for both mobile
phase groups. The results also show that the retention level of the nonaqueous phase (B) is
substantially lower than that of the aqueous phase (A). However, this low retention level
of the nonaqueous phase is improved by applying a higher revolutional speed at 1000 rpm
as indicated by the broken line (B).

Chromatograms obtained from these experiments are illustrated in Figure 30, where in-
dividual charts are arranged according to the sample dose and the mobile phase. Although
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the peak resolution gradually decreases with the increased sample dose, the integrity of the
individual peaks is well preserved in all charts except for the 2 g run with the mobile upper
phase. This lowest peak resolution coincides with the lowest retention level of the stationary
phase at 28%. The results strongly suggest that the retention level of the stationary phase
plays a critical role in partition efficiency in the present method.

b. Effects of Sample Volume and Choice of Diluents

Effects of the sample volume and the choice of the sample diluents on the peak resolution
were studied on separations of 1 g quantity of the DNP amino acid mixture. The results are
shown in Figure 31 where both the lower nonaqueous phase (A) and the upper aqueous
phase (B) are used as the mobile phase.

These chromatograms clearly show that the choice of the sample diluent makes little
difference in resolution for both early and late appearing peaks until the sample volume is
increased to 40 m€. With a large sample volume a significant decrease in peak resolution
is observed in early appearing peaks especially when the sample is dissolved entirely in the
mobile phase (Figure 31, i and p). The loss of peak resolution becomes minimized if the
sample is dissolved in the stationary phase (Figure 31, g and r). Further observation reveals
that chromatograms i and p (Figure 31) with the lowest resolution in the early peaks show
the best resolved late peaks among all 40 m€ sample groups. This peculiar elution profile
of the early and late peaks may be clearly understood on the basis of the two-phase interaction
within the sample compartment at the beginning of the partition process.

When the sample mixture is introduced with the stationary phase, the eluting mobile phase
will pick up each individual component at a different rate according to the partition coef-
ficient. The components which favor the partition in the mobile phase, hence producing the
early appearing peaks, arc quickly depleted from the sample compartment of the stationary
phase and concentrated in a small volume of the mobile phase, resulting in a sharp sample
band. Therefore, a large volume of sample can be injected into the column without causing
significant peak broadening of early appearing peaks. Although the components favoring
the partition in the stationary phase are not concentrated by the mobile phase, they are
subjected to the partition process in the column for longer periods of time to produce broader
but better resolved peaks. Therefore, the initial band width for these components becomes
less significant for separation. The above effects become reversed when the sample mixture
is introduced with a large volume of the mobile phase. In this case the components favoring
the partition in the stationary phase, thus producing the late appearing peaks, are concentrated
in the stationary phase at the beginning of the column, while other components tend to
produce broader peaks affected by the sample volume. Because these early appearing peaks
are eluted close together, the loss of resolution among those peaks becomes serious compared
with the late eluted peaks. By dissolving the sample in equal volumes of the upper and
lower phases, resolution can be relatively maintained for both early and late appearing peaks.
There is a decrease in resolution when the sample is dissolved in a large volume of the
upper and lower phase mixture but not to the degree seen when the sample is dissolved in
a large quantity of the mobile phase.

As discussed above, in large-scale separations the best results are usually attained by
dissolving the sample mixture entirely in the stationary phase. However, in some instances
the sample mixture contains a component or components having low solubility in the sta-
tionary phase and, therefore, an enormously large volume of the stationary phase is required
to dissolve the sample. In this situation the addition of the mobile phase to the sample
solution will give beneficial effects in reducing the sample volume. The use of the two
phases for the sample solution provides an additional advantage in that one can ensure
formation of two phases in the sample solution. When the sample concentration exceeds the
critical range, solvent system may form a single phase in the sample compartment at the



15:26 17 January 2011

Downl oaded At:

126 CRC Critical Reviews in Analytical Chemistry

c)
f)
i)

SAMPLE IN LOWER PHASE

TIME (hours}

b}

LL/\. J J\AlA AN

TIME (hours)

a)

lAAIAA‘ J

SAMPLE IN UPPER & LOWER PHASES

F M

r e)
J }\Al /L A ) M__;

3 h)

SAMPLE IN UPPER PHASE

TIME (hours)

1

1 —1 ] I i — | L J 1 L 1 L
BRB8 I B aRBS° BER T
(wuogy) (wuoey) (WuOgey)
JINVEHOS8Y 3ONVEH0S8v JONVEHOS8Y

§ § §

IGO0 ISVHd SNOINVVNON HIMOT 'V

SAMPLE
VOLUME



127

Volume 17, Issue 1

"0f g 995 uoNN[a JO J9pIQ ‘spor ounue JNG JO 198 € jo uonraedas uo juanjip ajdwes pue swnjoa sjduwies Jo s 1€ TANDID
d
(sinoy) IWIL (sunoy) INIL (sanoy) JNIL
£ [4 L 0 € Z L 0 € Z L 0
[ T f < 2 0 >
4 4 doy @
28
i 48 82
g g2
- - -02L (WJ
m
{4 . {b A d -jost
<Y ! AV U °
1 . w3
| 4 Jos mm
1 foet 22
) 8
(o 4 1 W qost ™
— _|< T T ~ < ~7 — N~ < ;o
1 i v 3
T g -08 mm
3%
i - —0¢L = Z
4 1 o 4 door ™

ISVHd HIMOT NI 3TdINVS

SISVHd HIMOT 8 H3ddN NI I1dINVS

1102 Alenuer /T 92 :ST

v pspeo jumog

3SVYHd H3ddN NI 31dNVS

{woy

woZ

JANTOA
F1dNVYS

FNE0W ISYHd SNO3INDV HiddN '8



15:26 17 January 2011

Downl oaded At:

128 CRC Critical Reviews in Analytical Chemistry

beginning of the column. Even though the sample solution forms the two layers, the excessive
alteration of the phase composition may adversely affect the retention of the stationary phase.
As described elsewhere, this can be predicted by measuring the settling time of the sample
solution. When the settling time exceeds a critical range of 30 sec, it is most likely that the
phase distribution mode in the sample compartment is reversed and in this situation the
application of the normal elution mode may cause a large loss of the stationary phase.
Because of these reasons, the use of two solvent phases for preparation of sample solution
is strongly recommended.

¢. Effects of Undissolved Material

Different from other chromatographic methods, the present method permits loading of
sample solution containing undissolved small particles without detrimental effects. These
solid materials are usually sedimented at the peripheral bed of the column by the centrifugal
force and later recovered by flushing with solvents and N, gas. However, elimination of
undissolved materials from the sample solution by either filter or centrifugation would be
recommended.

3. Separation Procedure
a. General Procedure

As in many other CCC methods, high-speed CCC is performed in the following steps.
The column is first entirely filled with the stationary phase; this is followed by sample
injection through the sample port. Then, the apparatus is rotated at the desired rpm while
the mobile phase is pumped into the column at the optimum flow rate. The effluent from
the outlet of the column is continuously monitored with a UV monitor and fractionated into
test tubes with a fraction collector. After the separation is completed, the apparatus is stopped
and the column contents are collected by either eluting with solvents to fractionate into test
tubes or flushing with pressured N, into a container. The column is then washed by intro-
ducing a small volume (20 to 30 m{) of intermediate solvent miscible with either phase
such as methanol and flushing it with N,. This process may be repeated until the washings
become clean. Then the column is dried by passing N,, if desired.

b. Elution

The present system produces vigorous mixing of the solvents in the column and permits
application of a high flow rate of the mobile phase without a loss in peak resolution provided
that a satisfactory volume of the stationary phase (over 50% of the total column capacity)
is retained in the column. Although the hydrodynamic behavior of the two solvent phases
in the rotating coil is extremely complex, a simple settling test described earlier in Section
I1I.D. may provide a useful guidance for optimizing the operational conditions to attain a
satisfactory retention of the stationary phase.* :

In a standard multilayer coiled column (B = 0.5 to 0.8, 10 c¢m revolutional radius), a
solvent system with a settling time less than 30 sec would display normal hydrodynamic
behavior which distributes the upper phase toward the head and the lower phase toward the
tail. Accordingly, the elution should be performed by pumping the upper phase from tail to
head (broken curve in the phase distribution diagram, Figure 11A) or the lower phase from
head to tail (solid curve in the phase distribution diagram Figure 11A). The flow rate of the
mobile phase may also be judged from the settling times. For a 1.6 mm i.d. column, flow
rates over 240 m{/hr may be applicable if the settling time is less than 10 sec, and a reduced
flow rate should be used for solvent systems with longer settling times. When the settling
time of the solvent system considerably exceeds 30 sec, it is most likely that the hydrodynamic
behavior of the two phases is reversed, the upper phase now being distributed toward the
tail and the lower phase toward the head. Accordingly, the upper phase should be pumped
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from the head toward the tail (solid curve) and the lower phase pumped from the tail toward
the head (broken curve) at the reduced flow rates; typically 60 mé/hr or less for the 1.6 mm
i.d. column. For this type of solvent system, the best stationary phase retention is attained
with a small B value around 0.25. A sufficient column capacity of the multilayer coil with
this range of B values can be obtained from the apparatus with a wider hub of the holder
and/or a greater radius of revolution.

Alternatively, the separation can be performed at an elevated temperature which permits
the normal mode of elution for the viscous polar solvent systems.*? Preliminary experiments
have been successfully conducted at 45 to 50°C using a coil planet centrifuge equipped with
a temperature control system.>>** In order to maintain the original two-phase composition
in the column, the solvents were equilibrated and kept at the elevated temperature in a water
bath. In many occasions, partition coefficient of the compound is sensitively altered with
temperature and, therefore, the solvent system should provide a suitable partition coefficient
of the aimed compound at the elevated temperature.

In addition to the isocratic elution described above, CCC enables stepwise and gradient
elutions. 9203351 However, the successful application requires a particular choice of the
solvent system as follows: the key element producing the gradient (such as acid, neutral
salt, etc.) should be partitioned almost entirely into the mobile phase and at the same time
should not significantly alter the volume ratio of the two solvent phases in the columa.
Solvent systems such as n-butanol/aqueous solution for the gradient of dichloroacetic acid
or trifluoroacetic acid concentration and n-butanol/phosphate buffer for a pH gradient will
suffice the above requirements if the lower aqueous phase is used as the mobile phase.

While the method permits a choice in the two elution modes, the head to tail elution
usually gives superior results. In some solvent systems, the tail to head elution mode produces
a steady carryover of the stationary phase, resulting in gradual loss of the stationary phase
and reduced peak resolution. Even though quite often this carryover is minor and does not
significantly affect the separation, presence of stationary phase droplets in the flow cell
disturbs the absorbance monitoring of solute peaks by producing a large noise in recording.
The tail to head elution mode also requires an additional consideration to maintain a uniform
flow rate. Countercurrent flow of the two solvent phases through the rotating coil creates a
pressure gradient along the length of the coil in such a way that the pressure on the head
side becomes higher than that on the tail side. Consequently, introduction of the maobile
phase through the tail may produce a negative pressure at the inlet of the column, resulting
in an increased flow rate of the mobile phase by sucking an extra amount of solvent from
the reservoir through the metering pump equipped with one-way check valves. This adverse
phenomenon is enhanced by several factors such as a large density difference between the
two solvent phases, application of high revolutional speed and slow flow rate, etc. However,
this problem can be easily solved by restricting the flow through the column with a piece
of narrow-bore tubing, typically 0.5 mmi.d. X 50cm, inserted at the outlet of the column.>
For monitoring the pressure, the use of a metering pump equipped with a pressure gauge is
recommended.

c. Monitoring the Effluent

Equipment used for on-line monitoring in high-speed CCC are almost exclusively UV
and/or visual spectrophotometers for recording absorbance of the effluent. An LKB Uvicord
S and an ISCO model 1840 variable wavelength UV-VIS absorbance monitor are satisfac-
torily employed. The flow cells should be straight standard type, since the U-shape flow
cell designed for the analytical HPLC has a tendency to trap droplets of the stationary phase
producing extensive noise in recording. In order to avoid trapping the stationary phase in
the flow cell, the lighter (mobile) phase should be introduced from the top of the flow cell
downwards and the heavier (mobile) phase, from the bottom of the flow cell upwards.
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Different from other chromatographic methods, on-line monitoring in CCC creates some
problems: the use of two solvent phases almost always produces carryover of the droplets
of the stationary phase, causing the noise in recording. In addition, the mobile phase is in
a subtle equilibrium with the stationary phase and a slight change in temperature may cause
cloudiness of the effluent. In spite of these difficulties, careful monitoring will produce quite
satisfactory recording of the elution peaks.

4. Applications

Table 6 summarizes the applications of high-speed CCC with a multilayer coil in separation
and purification of natural and synthetic products. Although the limited number of published
data is available for high-speed CCC, the method permits direct application of conventional
two-phase solvent systems used in a variety of other CCC schemes. Table 7 shows the list
of samples and two-phase solvent systems used in droplet CCC as reported by Hostettmann.®?
Similar data with various centrifugal CCC instruments other than high-speed CCC are
summarized in Table 8. Table 9 lists various nonaqueous two-phase solvent systems suc-
cessfully used for separation of hydrophobic compounds with CCC."?

Figures 32 to 36 show several examples of high-speed CCC separations obtained by
isocratic elution at room temperature (Figures 32 to 35) and elevated temperature of 45 to
50°C (Figure 36). In Figure 32, gramicidins were separated in major components and each
component was further partially resolved into valine and isoleucine analogues. With the
same solvent system separation of gramicidin C analogues can be improved by using the
lower nonaqueous phase as the mobile phase. Figure 33 shows a chromatogram of indole
auxins on a volatile solvent system of n#-hexane/ethyl acetate/methanol/water (3:7:5:5).>% As
mentioned earlier, this solvent system provides suitable partition coefficients for a group of
relatively nonpolar compounds by modifying the volume ratio between n-hexane and ethyl
acetate. An example of antibiotics separation using a similar solvent system is shown in
Figure 34. Two components, tirandamycin A and B, with a minor structural difference are
completely separated, B being recovered from the column long after A is eluted out from
the column.?” Figure 35 shows chromatogram of tannins which exhibited poor peak resolution
in HPLC columns.$! Partition coefficient of tannins in n-butanol/aqueous systems was found
to be insensitive to pH but conveniently adjusted by changing the ionic strength of neutral
salts. A satisfactory separation was obtained with a solvent composition of n-butanol/0.1 M
NaCl (1:1). High viscosity of the butanol solvent systems limits the applicable flow rate of
the mobile phase. Performing CCC at an elevated temperature would reduce the viscosity
of the solvent system and permit application of high flow rates to yield efficient separations
in short periods of time. Chromatogram of bombesin in Figure 36A was obtained at 45 to
50°C with a solvent system composed of n-butanol/dichloroacetic acid/water (100:1:100).
The HPLC analysis of the original sample and the purified fraction are shown in Figures
36B and 36C, respectively. The results indicate that one step purification of crude synthetic
peptides is possible with the present method. High-speed CCC also permits the use of gradient
elution as applied in liquid chromatography. Figure 37** shows a chromatogram of seven
dipeptides obtained by a gradient of dichloroacetic acid concentration in an n-butanol/0.1
M ammonium formate (1:1) as indicated in the figure. Two pairs of isomers, tyr-val vs.
val-tyr and tyr-leu vs. leu-tyr, are well resolved.

As clearly demonstrated on the above examples of applications, high-speed CCC permits
the use of a wide range of conventional two-phase solvent systems for separations of samples
with various polarity. Although partition efficiency of the multilayer coil is limited to 1,000
theoretical plates, large retention of the stationary phase yields a high peak resolution as
indicated in the separation of bombesin (Figure 36). Compared with other CCC schemes,
separation times have been remarkably improved and most of the separations are completed
within several hours. Because no solid support is used in the column, loaded samples are
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FIGURE 32. Chromatogram of gramicidins with high-speed CCC.

totally recovered without loss or inactivation caused by solid adsorbents. The column is
easily cleaned after each run and reused for many times with high reproducibility and
minimum risk of contamination. The solvent system suitable for the separation may be
selected by means of a simple test tube measurement of the partition coefficient with which
one can predict the retention volume of the solute peak.

D. Foam CCC Based on Dual Countercurrent System>

Foam separation method, which has been widely used in the past, covers a broad spectrum
of samples ranging from small ions to macromolecules and particles. Despite the great
potential capability, the method has remained rather primitive and inefficient, largely limiting
the utility in research laboratories. Recently, the dual countercurrent system described in
Section II has been successfully applied to foam separation to yield highly efficient sepa-
rations in short periods of time. The preliminary studies strongly suggest that the present
method may be applicable to macromolecules and cell particulates.

1. Principle of Foam CCC

As illustrated in Figure 2, the unilateral hydrodynamic equilibrium system enables dual
countercurrent elution which is performed by simultaneous introduction of the two solvent
phases each through the respective end of the coiled column. Foam CCC is a particular
form of the dual countercurrent system in which one of the solvent phases is replaced with
a gas phase to produce foams to collect the foam active materials. In this foam CCC, the
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FIGURE 33. Chromatogram of indole plant hormones with high-speed CCC.

foaming stream moves from the head toward the tail, opposing to the liquid stream moving
from the tail toward the head of the coil.

Figure 38 illustrates a schematic column design for foam CCC. The coiled column is
equipped with five flow channels. The liquid phase is introduced through the liquid feed
line located near the tail and drained through the liquid collection line at the head of the
coil. The gas phase is similarly introduced through the gas feed line located near the head
and the generated foams are harvested through the foam collection line at the tail of the
coil. The sample solution may be introduced through the sample feed line opened at the
middle portion of the coil.

In a typical operation mode the liquid phase containing surfactant and N, gas are simul-
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FIGURE 36. Purification of crude synthetic bombesin with high-speed CCC. (A)
Chromatogram of bombesin with high-speed CCC. (B) HPLC analysis of the original
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FIGURE 36C.

taneously introduced through the respective lines into the rotating column while the sample
solution is continuously fed through the sample feed line. Consequently, the samples are
separated according to their foam affinity. Solutes or particulates having an affinity to the
foam are quickly carried with the foaming stream toward the tail and harvested through the
foam collection line while other materials in the sample solution are carried with the liquid
stream in the opposite direction toward the head and eluted out through the liquid collection
line.

This foam CCC method can be applied to a broad spectrum of samples having a foam
affinity which may be classified into the following two categories: (1) Direct affinity to the
gas-liquid interface. Detergents and many other foam-producing materials can be harvested
through the foam collection line without any special treatment. (2) Affinity to the foam-
producing carrier or collector molecule. Samples which lack a direct affinity to the gas-
liquid interface can be indirectly adsorbed to the foam if they have an affinity to the foam-
producing agents lining the gas-liquid interface in the foams. This type of affinity effectively
used for foam separation may vary in a wide range from a nonspecific form such as surface
electric charges to a highly specific form such as enzyme-substrate or enzyme-inhibitor
binding provided that one of the pair has either direct or indirect foam affinity.

2. Preliminary Studies
Series of preliminary experiments have been performed by using a combined horizontal
flow-through coil planet centrifuge with a 20 cm revolutional radius (Figure 23). The coiled
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FIGURE 37. Chromatogram of dipeptides by gradient elution.
COLUMN DESIGN FOR FOAM CCC
Gas Feed Sample Feed Liquid Feed
——

Liquid Collection

Foam Collection

Coiled Column

FIGURE 38. Column design for foam CCC.

column, consisting of a 10 m long, 2.6 mm i.d. PTFE tube with a total capacity of 50 m¢,
was mounted on the gear-driven holder of 12.5 cm diameter. The column was equipped
with five flow channels as illustrated in Figure 38. The liquid feed line was connected to a
Milton Roy Minipump (flow rate: 214 m¢€/hr) and the gas feed line to an N, cylinder pressured
at 80 psi. Flow through the liquid collection line was regulated with a needle valve while
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the foam colection line was directly left open to the air. The sample solution was fed through
the sample feed line either with a syringe (batch separation) or a metering pump (continuous
separation). Effluents through each collection line were either manually fractionated into
test tubes or pooled into a graduated cylinder. Preliminary studies were performed in three.
different elution modes using rhodamine B as a test sample and sodium dodecyl sulfate
(SDS) as a collector.

a. Continuous Enrichment and Stripping

This experiment was performed to demonstrate the capability of the method to concentrate
and/or eliminate a minute amount of material present in a large volume of sample solution.
The sample solution containing rhodamine B at a 107° M concentration and SDS at 103
M as a collector was introduced through the liquid feed line at 214 mé/hr against N, flow
through the gas feed line at 80 psi, while the apparatus was run at 500 rpm. The sample
feed line was closed and not used in this experiment. The liquid collection rate was adjusted
at a level slightly below the liquid feed rate so that the foam collection rate became as small
as several hundred microliters per hour which yielded the foam highly enriched with rho-
damine B. After 1 € of the sample solution was eluted, the liquid collection line was closed
to elute rhodamine B remaining in the column through the foam collection line. The stripped
liquid collected through the liquid collection line was fluorometrically analyzed to determine
the concentration of rhodamine B. The results showed that the dye concentration in the
stripped solution was 1.3 X 107% M while over 99% of rhodamine B was recovered through
the foam collection line within a 2 m€ volume resulting in over 500-fold enrichment.

b. Batch Separation with Sample Injection through Sample Feed Line

This experiment was initiated by establishing a liquid-gas countercurrent flow equilibrium
through the coiled column. At the revolutional speed of 500 rpm a surfactant solution
containing SDS at 1073 M was pumped through the liquid feed line while the N, gas flow
was introduced through the gas feed line at 80 psi. After the hydrodynamic equilibrium was
reached, 0.5 m{ of sample solution containing rhodamine B and Evans blue each at 5§ X
10-* M was injected through the sample feed line. The needle valve on the liquid collection
line was adjusted to make a 1:3 volume ratio between the foam and liquid fractions. Effluents
from both collection lines were separately fractionated into a series of test tubes at 30 sec
intervals. The concentration of each dye in the fractions was spectrophotometrically deter-
mined using 556 nm for rhodamine B and 620 nm for Evans blue. Figure 39 shows the
typical experimental result obtained with the present method. The upper chromatogram
obtained through the foam collection line shows a sharp single peak entirely consisting of
rhodamine B with the peak maximum 1 min after sample injection. The lower chromatogram
obtained through the liquid collection line shows a broad symmetrical peak of Evans blue
with the peak maximum at 2.75 min after sample injection. These results are quite repro-
ducible and injection of the single component produced the similar peak through the respected
collection line. The volume of the liquid phase present in the column under a steady state
hydrodynamic equilibrium in these experiments ranged between 4 and 5 m¢ which amounted
to approximately 10% of the total column capacity.

¢. Continuous Separation by Continuous Sample Feeding through Sample Feed Line
Rapid and clean separation of the two dyes in the batch separation method described
above indicated the feasibility of continuous separation by steadily feeding the sample mixture
at a proper rate. Under otherwise identical experimental conditions used in the batch sep-
aration, the sample solution was continuously introduced through the sample feed line at
various flow rates. The satisfactory separations were obtained at sample feed rates of 0.36
mé/min or less, which separated each sample at the maximum rate of 1.8 X 10~7 mol/min.
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FIGURE 39. Dye separation with foam CCC with sodium dodecy! sulfate (SDS) solution. Rho-
damine B having foam affinity was quickly eluted through the foam collection line (upper chro-
matogram) while Evans blue was carried with the liquid stream in the opposite direction and eluted
through the liquid collection line (lower chromatogram).
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The application of higher flow rates resulted in initial accumulation of rhodamine B in the
column which was later followed by elution of rhodamine B through the liquid collection
line.

3. Feasibility Studies on Separation of Macromolecules

The present method has been applied to the separation of protems without the use of a
surfactant collector. As is well known, exposure of proteins such as BSA to a gas-liquid
interface may cause denaturation which alters the physiological function of the molecule.
The preliminary studies were conducted to test vulnerability and foam-producing capacity
of proteins with the present system by injecting the sample solution into the running columnn
through the sample feed line. Several kinds of proteins including BSA, human and sheep
hemoglobin, and ovalbumin were examined. Among these only BSA showed an active foam-
producing ability and was collected through the foam collection line whereas other proteins
were mostly eluted through the liquid collection line without any visible evidence of den-
aturation. BSA fractions eluted through the foam collection line showed various degree of
turbidity apparently due to denaturation of the molecule. Further experiments revealed that
the intensity of turbidity highly depended upon the composition of the applied liquid phase.
The use of salt-free distilled water or dilute acid solution caused most intensive turbidity.
Addition of a surfactant to the liquid phase decreased the degree of turbidity but at the same
time lowered the foam recovery rate of BSA. Sodium phosphate solution of slightly alkaline
pH (7.2 to 8.9) at a relatively high ionic strength (0.2 to 0.5 M) produced minimum turbidity
with a high BSA recovery of over 90% through the foam collection line.

Figure 40 illustrates a preliminary result of the batch separation of BSA and sheep hemo-
globin obtained with a liquid phase composed of 0.2 M dibasic sodium phosphate solution
(pH 8.9) under the standard experimental condition previously applied to the dye separation.
BSA with a foam-producing capacity was quickly eluted through the foam collection line
within 6 min while sheep hemoglobin was entirely recovered through the liquid collection
line in about 10 min.

The preliminary studies on foam separation of proteins described above furnish a useful
guidance for further development of the present method. Although simple adjustment of pH
and ionic concentration of the liquid phase worked out well for separation of BSA, many
other proteins lack an active foam-producing capability and therefore require the selective
collectors to acquire the foam affinity. Hopefully, the use of such collectors would also
prevent the protein molecules from direct contact with the gas-liquid interface, thus reducing
the possibility of denaturation. One useful future application of the present method may be
the separation of macromolecules or particulates with foam affinity CCC using highly specific
collector molecules.
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FIGURE 40. Preliminary separation of proteins with the foam CCC method. BSA having a foam-
producing capacity was collected through the foam collection line (upper chromatogram) while sheep
hemoglobin was entirely recovered through the liquid collection line (lower chromatogram).
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