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SUMMARY

The new design of the horizontal fiow-through coil planet centrifuge permits
continuzous clution through a pair of coiled separation columns without the use of
rotating seals. Mathempatical analysis of the planctary motion discloses a characteristic
pattern of the acceleration ficld acting on each column, one capable of efficient
mixing of the two phases ia a narrow-bore column and the other providing a stable
retention of the stationary phase in a large-bore column. Consequently, the present
scheme enables both micro-scale and preparative-scale separations with a high
partition efficiency.

INTRODUCTION

In the past, various types of coil planet centrifuges have been developed to
evaluate their capabilities for performing counter-current chromatography'—'%. Of
all of these schemes the flow-through coil planet centrifuge? 45 enables the most
efficient analytical-scale secparations while the horizontal flow-through coil planet
centrifuge'?-!! is the most suitable for preparative-scale separations. The new horizon-
tal flow-through coil planet centrifuge introduced here holds a pair of coiled separa-
tion columns, one identical to that in the flow-through coil planet centrifuge and the
other identical to that in the horizontal flow-through coil planet centrifuge. Conse-
quently, the present scheme combines the capabilities of the above two centrifuge
schemes to perform both micro-scale and large-scale separations with a high partition
efficiency. In addition, the apparatus has a unique design which eliminates the use
of rotating seals. The principle and capability of the apparatus have been briefly
reported earlier!2

The present paper describes the principle of design and analysis of the
aceeleration ficld produced by cach columr holder. In the light of the results
obtained by the above analysis, hydrodynamic behavior of the two immiscible solvent
phases in the coiled separation columns is elucidated.
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DESIGN FRINCIPLE

Fig. 1 illustrates the principle of the present flow-through coil plaset centrifuge.
Each diagram iabeiled A-D shows the orientation of a cylindrical column holder
undergoing 2 synchronous planetary motioa. A bundle of flow tubes connected to the
cylinder is tightly supported by a stationary member marked “X™ on the central
axis of the centrifuge. Iin A the holder maintains a2 paraliel orientation of its axis with
respect to the axis of the centrifuge. The synchronous counier-rotation of the holder
prevents twisting the flow tubzs as in the flow-through coil planet centrifuge reported
earlier3. The orientation of the holder, however, can be altered without twisting the
fow tubes by lifting the axis of the bolder by 45° (B), 90° (O) and even 180° (D).
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fuge. A-D show various iypes of planeta-y motion of the column holder which revent twisting
of tbe fow tubes. Systems A and D crp be combized in one apparates (E) withoat intsfring with
e3ch pathiveny of the Sow tubes.

Ia the latter case (D), the svstem becones identical to that in the horizontal flow-
through «coil planet ceatrifuge!®!! whete the holder synchronously rotates about its
cwa axiy in the same direction 2s tae revolution arcund the central axis of the
centrifugs. Becanse of the different prometry of the flow tubes together with the
symmetrical orieatation of the holders, systems A and D are conveniently naired in
one apparatus as showa in E where a pair of identical gears and pulleys provide a
respective planetary motion to each column holder. Consequently, separations can be
carried out simultanecusly in both columns without the use of rotating seals. While these
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paired column holders undergo similar planetary motions, i.e., one rotating in the
same direction (gear-side) and the other rotating in the opposite direction (pulley-side)
with respect to the centrifugal revolution, the resulting centrifugal force field on each
holder is quite different as described later in detail. The gear-side holder gives stable
retention of the statiopary phase in a large-bore preparative cciumn whereas the
pulley-side holder provides efficient mixing of the phases in a2 narrow-bore tube and
enables micro-scale separations with extremely high partition efficiency. Obviously, this
wnigue feature of this present apparatus has a great advantage over the previcus
models in that both large-scale and small-scale separations are possible in one

apparatus.

ANALYSIS OF ACCELERATION FIELD

As in other counter-current chromatographic schemes, the results of the
preseant scheme are highly dependent upoa the behavior of the two-phase solvent
system in the coiled column. This behavior is determined by the column geometry and
the applied centrifugal force field. In order to achieve an efficient separation, an
optimum operational condition must be applied to satisfy two basic requirements for
counter-current chromatography, i.e., retention of the stationary phase and efficient
mixing of the two phases. In other words, the applied centrifugal force field must be
strong enough to retain a satisfactory amount of the stationary phase in the column
while it also induces vigorous agitation of the two phases to minimize mass transfer
resistance. Although these two requirements seem somewhat mutually conflicting, in
practice it is relatively easy to optimize the operational conditions if one acquires a
sufficient knowledge of the acting patterns of the centrifugal-force field on the coiled
column. The acceleration field produced by the present scheme has been analyzed
earlier for both the pulley-side® and the gear-side'! columns. In the following, these
analyses are reviewed in further detail to elucidate the contrasting nature of the
paired columns in the present apparatus.

Acceleration field acting on the pulley-side column. Fig. 2A shows a schematic
diagram of the pulley-side column holder undergoing planetary motion. The holder
revolves around the central axis of the centrifuge (center of sevolution) at angular
velocity @ and synchronously counter-rotates about its own axis (center of rotation)
located parallel to and at a distance R from the center of revolution. Acceleration
acting on the holder at an arbitrary point P distanced r from the center of rotation
can be analyzed by the aid of a coordinate system shown in Fig. 2B. The coordi-
nate system is chosen so that the center of revclution is located at the center of the
cogordinate systcm and the center of rotation is on the x-axis. An arbitrary point
initially located at P; forms an angle 8, with the x-axis. Then after time ¢, where
@ t = 8, location of the point P (x, y) is expressed by

x=RcosO 4+ rcos¥, @)
Y=Rsin6 4 rsin 4, )

From these equations, the orbit of the arbitrary point is easily obtained by climinating
the variable, 8, and:

(x —rcos@) 4+ (y —rsin @) = R® 3)
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Fig- 2. Aaalysis of acceieration field acting on the pulley-side column holder. A, Orientation and
modon of the pulley-side column hoider; B, coordinate system for analysis of acceleration field at
the artitrary poft on the pulley-side holder.

which indicates a circle with radius R centered at point (r cos 8, r sin 8,). The fact that
the radius of the circle, R, is independeat of 6, indicates that any point located on
the kolder travels a circular orbit with the seme radius R.

The net magnitude, @, and acting angle, y (with respect to the x-axis), of the
acceleration at the arbitrary point are also obtained from egns.1 and 2 as

a = [d’x/dt?)* + (&°y/dr?)*]/* = Ro? @
7 — = tanT'[(d%/dr?)/(d*x/dtY)] = wt = @ &)

These results clearly indicate that the arbitrary point is subjected to a coastant
magnitude of the acceleration, Rw?, which rotates around the point at a uniform
rate of o. Furthermore, it is extremely important to note that the magnitude of the
acceleration and its acting angle are both independent of 7 and 8, which are the whole
determinants for the location of the point on the holder. This clearly indicates that at
any given moment every location on the holder is subjected to the identical
acceleration field acting in a plane perpendicular to the axis of the holder. This
unique feature of the present scheme permits freedom to mouat meltiple co’umns
arourd the hoider at any location to produce the same effect, provided that the axis
of the coiled columns is parallel to the axis of the holder.

Acceleration field acting on the gear-side colurn. Fig. 3A shows the orienta-
tion and planetary motion of the gear-side column holder. The holder revolves around
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Fig. 3. Analysis of acceleration field acting on the gear-side column holder. A, Orientation and
motion of the gearside column holder; B, coordinate system for analysis of acceleration feld at
the arbitrary point on the gear-side column holder.

the central axis of the apparatus (center of revolution) at angular velocity « while
it syachronously rotates around its cwn axis (center of rotation) in the same direction.
As in the pulley-side holder, the center of revoluiion always maintains a parallel orien-
tation to the center of revolution at a fixed distance of R. The arbitrary point P
chosen for analysis is Iocated on the holder at distance r from the center of rotation.
Then, the motion of the point and the resulting acceleration field can be studied with
the aid of a coordinate system as illustrated in Fig. 3B.

To simplify the analysis, the coordinate system is selected so that the center of
revolution is located at the central point 0 whereas both the center of rotation and
the arbitrary point are initiaily located on the x-axis as illustrated. After the lapse of
time, ¢, the center of rotation circles around the point O by 0 = o¢ and the location
of the arbitrary point, P (x,y), is given by

x=Rcos8 + rcos 28 ®)
y=Rsin @ 4 rsin 20 Q)

The orbit of the arbitrary point is computed from these equations by eliminating the
variable, @, and the resuits are illustrated in Fig. 4. These are quite different from the
results obtained on the pulley-side holder. The orbit of the point on the gear-side
holder displays a great variety in shape according to the locations of the point on the
holder. These are conveniently expressed as the ratio between the radii of rotation and



Fig. 4. Orbits of the arhitrary point for various § vaiues on the gearside holder.

revolution, or § = r/R. Thus the shape of the orbit changes with 8 values. When
B < 0.25, tke orbit is a singie circuiar loop. As the 8 value increases, it becomes heart-
shaped (3 = 0.5) and then forms a double loop (8 = 1.0) which graduzily approaches
a double circie with greater 8 values. These results suggest that the acceleration field
not only changes its pattern according to the location of the point of the holder but
also fluctmates periodicaily during each revolutional cycle of the holder.

The acceleration acting on the arbitrary point is further calculateg from the
second derivatives of egns. 6 and 7 as

@x/dr* = — Rw? (cos & + 48 cos 26) ®)
éy/di? = — Re? (sin 6 + 47 sin 26) )

wiich gives the absolutc net magnitude

a = [(@*x/ds?)* + (@y/de*F}'? = Ro® (1 + 16 §* + 8 B cos 6)'2 10)
acting at the angle relative to the x-axis:

¥ =7 + tan~? {(sin 8 + 4 § sin 26) / (cos & + 48 cos 26)] ¢3))

provided R £ OGand 8 = r/R. In order to visualize the effect of the acceleration on the
behavior of the two phases in the column, it is more convenicnt to express the acting
angle of the acceleration vector with respect to the rotating holder. The angle formed
betwesn the acceieraticn vector and the radius of rotation, that is, the line drawn
from the arbitrary point P to the center of the holder is given by

y=w:—20 —x=tan"" {(—sin ) /(¢ § + cos )] (12;
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The change of magnitude e and the angle y during one revolutional cycle of the
holder ars respectively illustrated in Figs. 5 and 6 where several curves are drawn
according to the f values. In Fig. 5, a for § > 0O shows patterns undulating in such a
way that it becomes greatest at § =.0° (location of the point most distant from the
axis of revolution) and smallest at 8 = 180° (location of the point nearest to the
axis of revolution). At 68 = 180°, @ decreases as the § value increases from 0 to
0.25 where ¢ becomes minimized.

Fig. 6 illustrates undulating patterns of the angle ¥ around the radius of
rotation or py = O line for various 8 values. The y values on the ordinate are chosen
so that the bottom line or y — —180° continually joins the top line or ¥ = 180° to
form a complete circle of 360°. Thus, curves crossing over these lines indicate angles
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Fig. 5. Magnitude of acceleration acting at the arbitrary point on the gear-side holder for various
B values during <ne revolutional cycle.
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Fig. 6. Angle fiuctuation of accelerztion vector at the arbitrary point on the gear-side holder for
various § values during one revolutional cycle.
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rotating around the arbitrary point while other curves show angles swinging around
the ¥ = Gline. At § = 0, or the location of the point on the axis of rotation, ¥ forms
a stcaight line across the - 1830° lines indicating that the acceleration field rotates
uvniformly #nund the point as seen on the pulley-side holder but in the opposite
direction. When 0 < § < 0.25, the acceleration field still rotatas around the point but
the rate of rotztion is not unifcrm in such 2 way that the field changes its direction
rather slowly around & = 0° and 1xore quickly arcund 6 = 180°. Whea 8 becomes
greater than 0.25, the rotational motion of the field changes into 2 swinging motion
where the angle moves back and forth around the y = O line with its amplitude
decreasing 'with greater 8 values. Here again the acceleration changes its direction
rather slowly around @ = 0° and mors quickly around 6 = 180° especially with 8
values close to 0.25. When 8 values becomes infinite, the y line approaches a straight
Ene of 3 = O which indicates a stable acceleration field as observed in the conven-
tionai centriruge.

The atove analysis clearly 3iscloses a versatile feature of the gear-side holder
in that the raagnitude and the acting pattern of the acceleration field is greatly altered
by the location of the point on the boider. When a coiled column is mounted coaxially
close to the axis of the holder, the column is subjectad to a circulating acceleration field
somewhat similar to that on the nulley-side holder. However, the same column can be
mounted eccentrically on the hoider to obtain a desired pattern of acceleration field,
either circulating or swinging, by choosing a proper distance from the axis of the
holder.

EFFECTS OF THE ACCELERATION FIELD ON THE HYDRODYNAMIC BEHAVIOR
OF THE TWO PHASES IN THE ZOILED COLUMNS

The effect of the acceleration field on the two-phase solveant system in a
rotating coiled tute is highly complex and any elaborate hydrodynamic analysis has
not yet been attempted. However, observations made with a simple model system
provids some useful information about the hydrodynamic motion of the two phases
in a slowly rotating coiled tube in a gravitational acceleration field!3-14.

A uniformly circulating acceleration field around the coiled tube exerts an
Archimedian screwing force on tke droplets of one phase suspended in the other
phase to estadlish a hydrodynamic equilibrium state of the two phases in the coil.
Under t4is equilibrium s:ate, the two phases occupy about equal space in each coil
unit siarting from one end of the coil called “the head™ and any excess amount of
either phase occupies the other end of the coil called “the tail”. Once this hydro-
dynamic equilibrium sta‘z is established, the overall distribution of the two phases in
the coiled tube always remains the same, while the two phases are constantly mixed
with each other in the rotating coil. When the mobile phase, either upper or lower
phase, is introduced at the head end of the coil to distupt ths bydrodynamic equilib-
rium state, the two phases iastantly react to recover the equilibrium state. As a
result, the stationary phase moves toward the head portien of the coil while tke in-
troduced excess amount of the mobile phase moves toward the tail, producing a
counter-currzat fiow of the two phases. Consequently, continued flow of the mobile
phase displaces only the same phase leaving the stationary phase in each coil unit
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while the two phzses are constantly mixed by rotation of the coil. Thus the system
provides two essential features for solute partitioning, i.e., retention of the stationary
phase and mixing of the two phases. Solutes introduced locally at the head end
of the coil are subjected to an efficient partition process and separated according to
their partition coefficients.

In the past this uniformly circulating aceeleration field has been applied to
counter-current chromatography, using various coiled columns and two-phase solvent
systems!-3.4.6-13.14_ The results obtained by the flow-through coil planet centrifuge’-*-S
reveal that the scheme enables both retention and mixing of the phases to achieve high
efliciency separation in relatively narrow-bore columns. However, if low interfacial ten-
sion, viscous phase systems are eluted throungh a large-bore column, the mixing of
the phases becomes so violent that the two phases tend to be emulsified resulting in
catry-over of the stationary phase. This vigorous mixing also causes undesirable
sample band broadening along the ceiled tube to reduce the peak resolution. There-
fore, the choice of the pulley-side holder which provides a uniformly circulating
acceleration field is usually limited to micro-scale separations. Nevertheless, when the
proper operational conditions are selected, the efficiency of separation attainable
with the pulley-side column is extremely high, often exceeding that obtained with
refined high-pressure liquid chromatography. Using 2,4-dinitrophenyl amino acids
as samples, efficiencies of 10,000 theoretical plates have been reporied?.

The acceleration field produced by the motion of the gear-side holder has a
characteristic nature in that the paitern of the field varies according to the location of
the point on the holder. The overall results of the foregoing analysis suggest that
both magnitude and acting pattern of the acceleration field favor the heavier phase
to stay at the outer portion and the lighter phase at the inner portion of the column
with respect to the holder. This tendency increases with greater 8 values for the
locatdon of the column on the holder. This uneven phase distribution is utilized
effectively for retention of the stationary phase by mounting the coiled column
eccentrically onto the holder. With this orientation of the column, the acceleration
field separates the two phases in the coiled column, the heavier phase occupying the
outer portion and the lighter phase, the inner portion of each coil unit. As a result, the
two phases are distributed throughout the column to form alternating segments each
occupying the column space about a half turn of the coil. Thus, the eluted mobile
phase (either heavier or lignter phase) percolates through the segment of the stationary
phase trapped in euch coil unit while the undulating acceleration field induces oscilla-
tions of the phase segments syanchronously with the revolution of the holder to
effectively rcdizce the mass transfer resistance. Compared with the pulley-side column,
the gear-side column gives more stable retention of the stationary phase and less
vig enl wnixing of the two phases. This tendency is more pronounced on a coiled
col: mn mounted more remotely from the axis of rotation. This renders a great
versatility to the gear-side column holder in that a large-bore column can be used for
a variety of two-phase solvent systems with minimum risk of emulsification and carry-
over of the stationary phase.

CONCLUSION

The design of the present flow-through coil planet centrifuge allows con-
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tinuous elation simultarecusly through a pair of separation columns without com-
plicaticas arising from the use of rotating scals. Mathematical analysis of the
acceleration field acting on each column revealed a characteristic pattern which
provides its own specific advantage for performing counter-cusrent chromatography.
These caique features of the gear-side and pulley-side columns are summarized in
Tuble I

TAELE I
CHARACTERISTIC FEATURES OF THE PULLEY-SIDE AND GEAR-SIDE COLUMNS
Pulley-side colurn Gear-side colamm
Mod= of planetary motion Synchronous rotation in the Synchronous rotation in the same
opposiie direction direction
Magnitude of aceeleration Homogeneous at all locations  Heterogeneous at different loca-
during each revolutional tions and during each revolu-~
cycie tHonal cycle
Patterr of accelcration ficld Uniiorm circulation at 211 Noa-uniform circulations to
locations swinging sotion depending on 8
values
Retentica of stauonary phase Retention depeadent upon Very stable. Staability increases
interfacial tension and viscosity  with § values
of tke two phaces
Mixing of solvent phases VYery cfficient Less cffickent especially at great
B values
Fartition sfiicisncy Extrermely high with narrow- Excellent for large-bore columns
bore columns when the solvent  Good for smail-bore columns
is not emulsifed
Choeice for application Micro-scale separation with Universal but particularly suit-
small-bore columns able for large-scale separation
with large-bere columns

When a proper choice is made for the column holder, the present apparatus
ives greal versatility in periorming counter-current chromatography for both large-
scale and smali-scale separations.
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