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1

ELUTION CENTRIFUGE-APPARATUS AND
| METHOD -

FIELD OF THETI INVENTION

The present invention relates to the separation of
samples and, more pertinently, to an elution centrifuge
method and device which permits elution and elutrla-
tion on both analyncal and preparatwe scales..

BACKGROUND OF THE INVENTION

Various separation teohnlques are known in which
| two immiscible or partially soluble liquid phases are

brought into contact for the transfer of one or more
components. Among such liquid-liquid or solvent ex-
traction teohmques are partition chromatography and

~countercurrent chromatography This latter technique

can be carried in various ways (see our copending ap- |

‘plication Ser. No. 275,777 now U.S. Pat. No.
3,775,309) among which is helix countercurrent chro-
-matography, in which a horizontal helical tube is filled

_2

' 'ﬁeld In whrch stablhty of the ﬁeld 1S a functlon of radn |

d
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of both revolution and rotation. Thus, the shortcomings
of prior art eentrlfuges used for countercurrent chro- -

matography are satlsfaetorﬂy overcome by the present
mventlon

The elution centrifuge of the present invention  is
characterized by a flow-through separation column in-
cludmg ﬁne lead tubes without rotating seals. The de-
vice also mcludes a eylmdncal column holder, the
holder bemg hor1zontally and rotatably dlsposed in a
centrifuge head which revolves around a central verti-

cal axis. The eolurnn holder revolves around the verti-

~ cal axis while, srmultaneously, rotating around its own
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with one phase of a two-phase liquid and the other |

phase 1s introduced at one end of the helix and passes

- through the first phase. To enable the countercurrent . -

process to take'plaee inside a very small diameter tube
having a maximum number of turns, 1t 1s desirable to
enhance the grawtanonal field by the use of a centri-
fuge. | - | |

Prror art. hellx eounterourrent chromatography de—
vices using a centrrfuge employ rotating syringes or ro-
tating seals. A major problem with these devices is that
the rotating syringes or seals make gradient or stepwise
- elution difficult, if at all possible, and, therefore, de-
crease the efficiency of the devices.

The efficiency of prior art flow-through coil planet
centrifuges also suffers because they provide for a non-
universal application for solvent systems such as poly-
mer phase systems used for the separauon of macro-
molecules and partleulates |

SUMMARY OF THE INVENTION
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It 1s, aecordtngly, an object of the present invention
to overcome the defects of the prior art, such as indi-

~cated above.

Another object is to provide for lmproyed separation
of one material from another. | |

Another object of the present invention is to provide
a centrifuge capable of elution and elutrlatlon on both
analytical and preparatwe scales. |

Another object is to provide an elution centrifuge ca-
pable of various applications tncludmg countercurrent
chromatography. o

Another object is to provide an elution centrifuge
that yields a resolving power at least equivalent to that
in prior art helix countercurrent chromatography de-
vices.

A further object is to provide an elution centrifuge
for countercurrent chromatography which has a higher
efficiency than that of refined gas chromatography.

~In furtherance of these and other objects, a principal
- feature of the present invention is an elution centrifuge

which eliminates rotating seals, thereby permitting an
~accurate flow through the feed tube under high feed
pressure and preserving the narrow bands of the sepa-

rated samples in passing through the negligibly small

dead space of the return tube. Another feature is the
particular fluctuation of the centrifugal acceleration
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“horizontal axis at the same angular veloc:ty and in a di-

rection whleh avoids any twrstmg of the lead tubes
caused by revolutlon |

BRIEF- DESCRIPTION OF THE DRAWING

FIG. 1is a schematlo dragram of the elutlon eentrl-
fuge - ' |

FIG. 21s a graph showmg the motlon of an arbttrary |
point on the eentrlfuge co]umn holder in the X-y-Z

planes.

-FIG. 3 is a graph showmg the ﬂuctuauon of the cen-
trlfugal acceleration of the arbitrary point parallel to
the axis of the holder of FIG. 2 dlurmg one revolutlon

: FIG 4 1S a graph showmg the ﬂuctuatlon of the cen-
trifugal acceleration of the arbitrary point in a plane

perpendicular to the axis of the holder of FIG. 2 durlng
one revolution.

FIG.S1isa graph showmg the undulatlon of the direc-
tion of the centrifugal aceeleratnon of FIG. 4 during
half a revolution.

FIG. 6 is a perspectwe view of a preferred embodl-

_,ment of the elution oentrlfuge

FIG. 7 is a cross-sectional view of the separation eol-

Zurnn and column holder shown in FIG. 6.

FIG. 8 is a perspeetwe view of a separation column
and a stretched helix tube arrangement.

FIG. 9 is a perspective view of a separation column
and a coiled helix tube arrangement eolumn and a par-
allel helix tube arrangement |

FIG. 11 is a perspective view of a separatlon column
and a loop-—type tube arrangement. |

FIG. 12 is a graph of the results of dlmtrophenyl
(DNP) amino acid separation aehleyed through the use
of the device of FIG. 6.

For a better understanding of the tnventlon a possible

| embodlment thereof will now be deserrbed with refer-

ence to the attached drawing, it being understood that
this is to be intended as merely exemplary and 1n no

- way llmltatwe
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DETAILED DESCRIPTION

The prmc:tple of the system is 1llustrated in FIG 1. A
cylindrical holder 10 containing a separation column
(not visible) is held horizontal. Both feed and return
tubes 11 and 12, respectively, pass through an axial

hole 17 of the holder 10 and are wrapped around the
separation column. The tubes 11 and 12 are supported

tightly at the center of the apparatus by a guide tube 13

fixed to the top frame 14 of the centrifuge. The holder
10 revolves around the central vertical axis of the appa-

" ratus in the horizontal plane and simultaneously rotates

about its own horizontal axis at the same angular veloc-

ity. The relative directions of the revolution and rota-
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tion are shown by the arrows in FIG. 1, it being under-
stood that both revolution and rotation may be in the
direction oppostte to that shown so that twisting of the
tubes 11 and 12 is avoided. This simultaneous rotation
and revolution at the same angular velocity is achieved

by coupling a pulley fixed to the holder by means of a

toothed belt to a stationary pulley of equal diameter on
the axis of the centrifuge drive (e.g. see description
below of FIG. 6). This synchronous rotation unwinds

the twist of the lead tubes caused by the revolution of 10

‘the holder 160.

A pump 15 supplies fluid through the feed tube 11 to
the holder 10. After centrifuging the fluid travels
through return tube 12 to a receptor 16. A polytetraflu-
oroethylene collar 18 located at the lower end of the
guide sleeve 13 protects the feed tube 11 and return
tube 12 throughout their freely moving portion,
thereby, extending their life expectancy. A piece of sili-
con rubber tubing (not shown) is inserted in the ta-
pered hole of the polytetrafluoroethylene collar 18 to
prevent the feed and return tubes from directly con-
tacting the polytetrafluoroethylene collar.

The synchronous rotation also adds a peculiar effect
to the centrifugal force field at the column holder. A
stmple mathematical analysis, introduced below, shows
that any arbitrary points in the column holder, except
for those located on the axis of rotation, are subjected
to a periodic fluctuation of the centrifugal force.

Referring now to FIG. 2, an arbitrary point, P (x,y,2),
1s located at r, from the axis of revolution and at r, from
the axis of rotation at the starting point P,. The point
then revolves around the z axis at angular velocity w
and simultaneously rotates around the column axis in
the x-y plane at the same angular velocity. Conse-
quently, point P travels always on a spherical surface
centered at point O with a radius of (r® + rp*)"", and
at time ¢, (since 6 = wt.)

x = ry cos 8 + ry sin®6

=r, 8 0 —rysin 6 cos @

Z=1ry cos @

Since the net centrifugal acceleration field,

o = [(d® x/dt®) + (d*y/dt®) + (d®z/dr?]?
gives a rather complicated picture of the three-
dimensional change of its direction with 8, it is conve-
nient to express it in terms of two components, «, (cen-
trifugal acceleration parallel to the axis of the holder),
and a, (centrifugal acceleration in a plane perpendicu-
lar to the axis of the holder).

The first component 1s given by the equation,
—(d*x/dt*) cos 6 — (d*y/dt*) sin 6
which reduces to

o, = riw* (1 —28 cos 8)
where B=ry/riand r; # O.

Referring now to FIG. 3, the values of o, expressed
in terms of ryw® is plotted against angle 6 during one
revolution. Four lines are drawn according to the 8 val-
ues of 1, %, ¥4 and O as indicated. It illustrates that «;
oscillates around the 8 =0 line once in each revolution

with amplitude dependent upon the B8 value. When 3
exceeds Y%, a, crosses below the dotted O line, indicat-

ing that the acceleration acts momentarily in the oppo-
site direction to cause the liquids to move toward the

center of revolution. As 8 decreases, the amplitude of

the oscillation becomes smaller and finally reduces to
zero at 8= 0 providing a stable acceleration field simi-
lar to that in the conventional centrifuge system.
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The second component which acts in the plane per-
pendicular to the axis of the holder i1s given by the
equation,

a?y = [(d?x/dt?) sin 8 — (d?y/dr?) cos 0] + (d%z/dt?)?

or
oy = raw?(1 + 3 sin?0)2 = ry? [(5 — 3 cos 26)/2]12

Referring now to FIGS. 4 and 5§, FIG. 4 shows the re-

lationship between a, (in terms of r,w?*) and 6 during
one rotation. Note that «, oscillates twice in each revo-
lution between the values of r,w? and 2r,w? and that
the wave form 1s not accurately sinusoidal. The value
of &, 1s independent of r; and reduces to O at r, =0. The
acting direction (y) of oy in the plane perpendicular to
the column axis is calculated by the equation.

tan y = [(d*x/dt?®) sin 8 — (d*y/dt?) cos 0}/(—d?*z/dt?)

which becomes |

tan y =2 tan € indicating that the direction of a, un-

dulates about the O line twice in one rotation (sece
FIG. §).

The results of the above analysis show that the syn-
chronous rotation causes an oscillating centrifugal ac-
celeration. The relative amplitude of the oscillation be-
comes greater as the distance (r;) from the axis of revo-
lution decreases or the distance (r;) from the axis of the

rotation increases. Thus, a stable centrifugal accelera-
tion field can be obtained at or near the axis of the
holder with a great radius (r;) of revolution. On the

other hand, the mixing or vibration, if desired, can be
attained at the location remote from the axis of the
holder with a small radius (r,) of revolution.

FIG. 6 shows the preferred embodiment of a device
in accordance with the instant invention. A centrifuge
head 20, which 1s a substantially rectangular box de-
fined by four wall plates including short side plates 23
and 24, may be made of aluminum or any other suitable
material. Vertical septums 21 and 22 are located inside
the head 20 between and parallel to the short side
plates 23 and 24. The spacing between side plate 23
and septum 21, between septum 21 and septum'22 and
between septum 22 and side plate 24 is SUbStdI’ltldlly
equal. The centrifuge head 20 which is shown in FIG.
6 with an open top may also be closed if desired and
may be constructed by modifying a conventional cen-
trifuge, such as the Model II manufactured by the Inter-
national Equipment Company.

On the column side (right side in FIG. 6) a thrust
bearing (not shown) and an ordinary ball bearing 25
are located within the septum 22 and short side plate
24, respectively, to support a cylindrical separation col-
umn holder 26 which extends horizontally through the
ball bearing encircled opening in the side plate 24.

The septum 21 and short side plate 23 include U-
shaped openings for horizontally supporting a counter-
weight 27 made of an aluminum cylinder or other suit-
able material. The counterweight 27 includes a
threaded rod 28 which extends, substantially perpen-

dicular, from the f{lat outer surface thereof. An adjust-
able bolt 29 and an adjustable weight 30 are mounted

on the threaded rod 28.

The synchronous rotation of the separation column
holder 26 1s accomplished by a system of toothed pul-
leys of the same diameter including the pulleys 31 and
32. One collar-like pulley 31 is fixedly attached about
the outer surface of the holder 26, approximately mid-



way between the aeptum 22 and the 51de plate 24 A
shaft 33 for revolving the centrifuge passes from the
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- electric driving motor (not shown), protected within a -

housing 34; and the other stationary pulley 32 is fixedly

attached to the top surface of the motor housing 34 co-

axially about the rotating central shaft 33, thereby al-

lowing the shaft 33 to rotate freely from the stationary
pulley 32. The shaft 33 passes through the approximate
center of the substantially rectangular bottom plate of
the centrifuge head 20 which is securely fastened to the
shaft 33 by a nut 35 or any othor sultab]o fastemng
means.

The pulleys 31 and 32 are oouplod by a toothed end-
less belt 36 which passes through a hole 37 in the bot-
tom plate of the centrifuge head 20 and over a pair of
toothed idler pulleys 38 (only one bamg visible in FIG.
6) mounted on both ends of a block 39 which is flxedly
‘attached to the bottom plate of the centrifuge head 20.

These idler pulleys 38 function to change the dlrectlon
~of the endless belt by 90 degrees.

Feed and return tubes 40 and 41, respectively, which

' may be made of polytotraﬂuoroethylene or other suit-

able material pass through a vertical guide sleeve 42
and are led through a center hole in the end of a separa-
tion column (not shown in FIG. 6) around which they
are wound. The guide sleeve 42 passes through and is
ftxedly attached to the top of the centrifuge frame 43.
A polytetraﬂuoroothylene coliar 44 located at the
lower end of the guide sleeve 42 protects the feed tube
40 and return tube 41 throughout their freely moving
portion thereby preserving their life expectancy for
many hours at the maximal speed of approximately
2,000 rpm. A piece of silicon rubber tubing (not
shown) is inserted in the tapered hole of the polytetra-
fluoroethylene collar 44 to prevent the feed and return
tubes from directly contacting the polytetraflu-
oroethylene collar. |

FIG. 7 shows a cross section of the separation column
holder 26 and a separation column 45 contained
therein. The separation column 45 includes two circu-
lar T-shaped end plates or plugs 46 and 47. The smaller
diameter ends of these plugs 46 and 47 are press fitted
into the open ends of a cylindrical pipe 48. Located on
the pipe 49 approximately midway between the end
plates 46 and 47 is an O-shaped collar 50 which helps
to support the center of the pipe 48. The collar 50 and
end plates 46 and 47 are secured to the pipe 48 by set
screws 49,

End plate 46 which faces towards the center of the
centrifuge includes a central aperture 51 through

10

' cordmgly protected within the annular space botwaen
- the pipe 48 and the column helder 26. |

Referring now to FIGS. 8 - 11, it is seen that the feed
and return tube arrangement may take various forms.
FI1G. 8 shows the tubing which is folded in two to form

the feed and return tubes 52 and 53, respectwely The

tubes are then twisted together to make between

10,000 and 20,000 turns and stretched in a helical pat-

tern about the cylindrical pipe 48. The feed and return

tubes are anchored at the end of pipe 48 fartherst from

‘the central aperture 51 by a pin 54 which extends radi-

- ally outwardly from the surface of the pipe 48.
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3 f_per hour while the apparatus is spun at 700 rpm at

of chloroform,

FIG. 9 shows the feed and return tubes 82 and 53
wrapped about the pipe 48 in a coiled helix pattern.
FIG. 10 shows the coiled feed and return tubes 52 and
53 wrapped about the pipe 48 in a parallel helix config-
uration. FIG. 11 shows the feed and return tubes 52
and 53 in a parallel loop configuration.

FIG. 12 shows the result of dinitrophenyl (DNP)

amino acid separation acheived with the mstant devtco
and described more fully below. |

In order to more fully describe the operation of the
apparatus and the method as applied to countercurrent
chromatography, separation of nine  dinitrophenyl
(DNP) amino acids on a two phase system composed
glacial acetic acid and 0.1 N HCI
(2:2:1) will now be discussed. The separation column

1s filled with the stationary lower (heavier) phase of the

solvent and 3 ul of sample solution (solute), containing
each component at about 1% where solubility permits,
1s introduced through the feed tube. The immiscible
upper. (llghtor) phase of the solvent is pumped with any
suitable syringe drive, such as Model 933 manufac-
tured by the Harvard Apparatus Co. atarate of {20 ul

room temperature. It should be noted that the order of
introduction of the heavier and lighter solvonts may be

- reversed if desired.
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which pass the feed and return tubes 52 and 53 from

outside the separation column 45 through the aperture
51 in end plate 46 to the interior of the pipe 48. A hole
34 in the wall of pipe 48 allows the feed and return
tubes to pass from the interior to the exterior thereof.
The feed and return tubes are wound about the exterior
surface of pipe 48 in one of many configurations which
will be described hereinafter. Collar 50 includes a lon-
gitudinal hole 8§ through which the feed and return
tubes pass so that they may be wound about the entire
length of the pipe 48.

35

60

The larger diameter of the circular T-shaped end

plates 46 and 47 and the outer diameter of collar 50 are
~approximately equal to the inner diameter of the col-
~umn holder 26 thereby allowing the separation column

assembly 45 to be securely press fitted into the column
holder 26. The feed and return tubes 52 and 53 are ac-

65

The continued injection of the upper moving phase
causes it to percolate through the stationary lower

“phase which is trapped by gravity and centrifugal force.

Sample solution or solute which is introduced into the
device as described above is, thereby, exposed to each
stationary segment, attaining a degree of equilibration
dependent upon the degree of mixing that results from
the percolation, filming, and surface tension changes as
the solute is partitioned between the phases. Conse-
quently, such a solute introduced into the device is sub-
Jected to a partition process between the oscillating al-
ternate segments of the two phases and finally eluted
out through the return tube of the separation column.
The eluate may be monitored by an LKB Uvicord 1] or
stimilar device at 280 mm.

As shown in FIG. 12, nine DNP amino acids are
eluted out with 54 hours. The efficiency of the present
method ranges between 10,000 and 6,400 theoretical
plates estimated according to the formula used in gas
chromatography and indicates that a resolving power at
least equivalent to that reported in helix countercur-
rent chromatography may be achieved.

The foregoing description of the specific embodi-
ment will so fully reveal the general nature of the inven-
tion that others can, by applying current knowledge,
readily modlfy such specific embodiment and/or adapt
it for various applications without departing from the
generic concept, and, therefore, such adaptations and
modifications should and are intended to be compre-
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hended within the meaning and range of equivalents of
the disclosed embodiment. It is to be understood that
the phraseology or terminology employed herein is for
the purposes of description and not of limitation.

What 1s claimed is: |

1. An elution centrifuge comprising:

a separation column the axis of which is generally
perpendicular to a main axis of revolution;

a feed tube for introducing fluids to said separation
column and means for passing fluid to said feed
tube;

a return tube for discharging fluids from said separa-
tion column and means for receiving fluid there-
from;

centrifugation means for revolving said separation
column about the main axis of revolution and for
simultaneously rotating said separation column
about its axis at the same angular velocity to pre-
vent twisting of said feed and return tubes; and

a stationary guide means, located outside said cen-
trifugation means coaxial with the main axis of rev-
olution, for guiding said feed and return tubes.

2. The device of claim 1 wherein said centrifugation

means includes:

a drive shaft located on said axis of rotation;

a motor for rotating said drive shaft; and

a centrifuge head perpendicularly attached to said
drive shaft, said centrifuge head comprising at one

end a separation column holder rotatable about the
axis of rotation of said separation column and an
adjustable counterweight located at the opposite
end.

3. The device of claim 2 wherein said centrifugation
means for simultaneously rotating said separation col-
umn further includes:

a first drive means coaxially located about said drive

shaft;

a second drive means engaging said rotatable separa-
tion column holder and disposed in a plane perpen-
dicular to said first drive means;

an endless belt connecting said first and second drive
means; and

means disposed on both sides of said first and second
drive means for changing the direction of said end-

less belt by 90°.
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8

4. The device of claim 3 wherein said first and second
drive means are pulleys of equal diameter.

S. The device of claim 4 wherein said means for
changing the direction of the endless belt are idler pul-
leys, said idler pulleys being rotatable about an axis de-
fined by the intersection of the planes of rotation of
sald pulleys and spaced apart a distance approximately
equal to the diameter of the pulleys.

6. The device of claim 1 wherein said stationary
guide means CoOmprises:

a cylindrical hollow sleeve; said sleeve having first
and second ends, the first end lying approximately
on the axis of rotation of said separation column;
and

a polytetrafluoroethylene collar disposed about and
extending past said first end. '

7. A method of countercurrent chromatography

comprising:

filling a separation column through a feed tube with
a first solvent, said separation column having an
axis of rotation perpendicular to a main axis of rev-
olution, the feed tube being located coaxial with
the main axis of rotation; |

centrifuging said filled separation column by revolv-
ing said filled separation column in a plane perpen-

dicular to the main axis of revolution, the main axis

of revolution lying outside said separation column,
at various predetermined angular velocities and in

a predetermined direction while simultaneously ro-
tating said separation column about its own axis of
rotation at the same angular velocity as the revolu-
tion of said separation column and in a direction
whereby the feed tube will not twist; |

introducing a sample solute to be separated into the
moving separation column;

pumping a second solvent, immmiscible with said
first solvent, into the moving separation column;
and

recovering the separating solute fractions leaving the
separation column.

8. The method of claim 7 wherein said first solvent

1s heavier than said second solvent.
9. The method of claim 7 wherein said first solvent

is lighter than said second solvent.
I
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