
SUMMARY 

The new design of the horizontal flow-through coil p&et centrifuge permits 
continuous elution through a pair of coiled separation coluinns without the use of 
rotating seals. Mathematical analysis of the planetary motion discloses a characteristic 
pattern of the acceleration field acting on each column, oue capable of eEcient 
mixing of the two phases in a narrow-bore coIumn 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 etKciency_ 

INTRODUCFION 

In the past. various types of coil planet cent&%ges have been developed to 
evaluate their capabilities for performing counter-curre~t chromatographyl-“. Of 
ail of these schemes the flow-through coil planet centrifu@4~6 enables the most 
efficient analytical-scale separations while the horizontal flow-through coil planet 
~t&JgelO.” is the most suitable for preparative-scale separations. The new horizon- 
tal flow-through coil planet centrifuge introduced here holds a pair of coikd separa- 
tion columns, oue identical to that in the fiow-through coil planet centrifuge and the 
other ideuticol 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 microscale and Iarge-scale separations with a high partition 
eEciency. Zn 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=_ 

The present paper describes the principb of design and analysis of the 
accekration Geld produced by each column holder. In thy light of the sesuhs 
obtained by the above analysis, hydrodynamic behavior of the two immiscible solvent 
phases in the coikd separation columns is elucidated. 



Fig_ 1 iihs~ti the prim5pIe of the present fIow-mu_+ coil @net, azntrif%ge_ 
Ea& cikgran k&e&d A-D shows the orientation of a @axkid CU~~III holder 
tuxkrgoioing a syncluuno~ss pianefary motion_ A bundk of ffow tuubes com~ected to the 
cyiinder is tightiy supported by a stationary member marked -x” on the central 
a-s of the ax.trifizgc. En A the hoider mai~~tains a paraiiel orientation of its axis with 
respect cc *he a..s of the centrifuge. The sync’bronous counter-rotation of the holder 
prevents twitting th: flow hzks as in the flow-through coil planet centrikge reported 
earliefl_ ‘The orientation of-the hokkr, however, can be altered without twisting the 
9ow tubs bjr iifting the a.s of the holder by 45” (I%), 90” (C) and even 1SO” (D). 
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paired column hoIdes undergo similar planetary motions, Le., one rotating in the 
same dkction (gear-side) and the other rotating in t&e opposite direction @uIIey-side) 
with sespect to the centrifugai revolution, the resulting ce~trikgal force 6eld on each 
hoHer is quite diEereat as descrii later in detail_ The gear-side holder gives stable 
retention of the stationary phase in a large-bore preparative column whereas the 
pulley-side holder provides e&ient mixing of the phases in a narrow-bore tube and 
enables micro-scale separationswith extremely high partition efkiency. Obviously, this 
unique future of this present apparatus has a great advantage over the previous 
models in that both large-scale and small-scale separations are possible k one 

apparatus- 

ANALYSIS OF Acd=ELERA TION FIELD 

As in other counter-current chromatographic schemes, the results of the 
present scheme are highly dependent upon the behavior of the two-phase solvent 
system in the coiled column. This behavior is determined by the cohmm 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-curmnt chromatography, te., retention of the statiomxy phase and efficient 
mixing of the two phases. In other words, the applied centrif@al force field must be 
strong enough to retain a satisfactory amount of the stationary phase in the cohunn 
while it also induces vigorous agitation of the two phases to minimize mass transfer 
msxstance. Although these two requirements seem somewhat mutually conflicting, in 
pmctice it is relatively easy to optimize the operational conditions if one acquires a 
su&ient knowledge of the acting patterns of the centrifugal-force field OQ the co&d 
column, The acceleration field produced by the present scheme has been analyzed 
earlier for both the pulley-side6 and the gear-side’l columns_ In the following, these 
analyses are reviewed in further detail to elucidate the contrasting nature of the 
paired cohmms in the present apparatus_ 

AcceAmrtfim~eM ad&g on die puHe~sQ.?e cohmn. Fig_ 2A shows a schematic 
diagram of the pulley-side column holder undergoing planefary motion. The holder 
revolves around the central axis of the centsiiuge (center of ievolutio~) at angular 
velocity o and synchronously counter-rotates about its own axis (center of rotation) 
hxated 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- 
n&e system is &osen so that the center of revcIution is bcated at the center of the 
coordinate system and the center of rotation is on the x-axis. An arbitmry point 
initially located at Pa forms au angle f?,, with the x-axis. Then after time t, where 
QBt= 8, location of the point P (x, Y) is expressed by 

x=Rcos9+rcos8, (1) 

Y= RSiU8t#-SiRt?, (2) 

From these eqnations, the orbit of the arbitrary point is easily obtained by eliminating 
the variab!e, 0, and: 
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whkh indicates 8 circie witk radius R centered at point (r cus 0, r sin 6d). The fact tkat 
t&e radius of the circle, R, is icdepezzdent of 19, indicate5 that any point Iocated on 
tts hofder CXWels a cilnllar orbit with the same radiXI R. 

The net magnitude, a, and acting angle. “/ (with respect to the x&), of tke 
acceleration zt the arbitrary point are also obtained from eqns.1 and 2 as 

a = [(d*x/&-y f (dzy[drY]‘” = Z&D* (4) 

‘/ - il = tan-x[(dzy/dr~/(d~x/dr_3] = cut = 8 (5) 

These resuits clearly indicate tkat tke arbitrzry point is subjected to a coatant 
magnitude of the acceleration, Rc9, which rotates vound the point at a uniform 
rate of CJ. Furthermore, it is mtremely important to note that the magnitude of tke 
acceleration and its acting angle are both independent ofr and 0, wkick are the wkoIe 
determinazts for the Iocatior of the point on the ho!der_ This ckzdy indicates that at 
2ny given moment every location on tke holder is subjected to the identiical 
zzoeleration fieId sting in a plane perpendicxzlar to the axis of the holder- Tkis 
~Gque f-E of tke present scheme permits Morn to mouz~t rricIt$le columns 
aroaEd the hoider at any Iocation to produce the same e&c& provided that the axis 
of tke coilczi co!umns is _paraW to the axis or the holder. 

Acc&raiian &H ac:ing on &z gear-side colmn. Fig. 3A shows tke orienta- 
tion and planetary motion of tke gear-side column holder. TTxe holder revoives around 
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A Center of Revolution 

Cents of Rotation 

the cz.enti axis of the apparatus (center of revolution) at angrrlar velocity 0 while 

it synchronously rotates around its own axis (center of rotation) in the same direction. 
As in the pulley-side holder, the center of revolution ahvays maintains a pamlIe orieu- 
tation to the center of revolution at a fixed distauce of R. The arbitrary point P 
chosen for analysis is iocated on the holder at d&au= r from the center of rotation. 
Then, the motion of the point and the resultiug acceleration field can be studied with 
the aid of a cuordiuate system as ihustrated 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 initially located on the x-axis as ihustrated. After the lapse of 
time, t, the center of rotation circks around the point 0 by_ 0 = of aud the location 
of the arbitrary point, P (x,y), is given by 

x=RcQsefrcos28 16) 

Y= Rsinefrsin20 (7) 

The orbit of the arbitrary point is computed from these equations by eliminating the 
variable, 0, and the results are ihustrated in Fig. 4. These are cp.Cte diEkent from the 
results obtained on the pulley-side-holder. The orbit of the point OQ the gear-side 
holder displays a great variety in shape according to the locations df the point on the 
holder. These are conveniently expressed as the ratio between the radii of rotation aud 



revolution, or fi = r/R_ Thus the shape of the orbit changes mith /J va.hxx_ Whea 
$ < 025, the orbit is a sing& ckcuiar loop. As the /? value imxez.s~ it kxcomes heart- 
shaped (3 = 0.5) and then forms a doubk loop (B = 1.0) which gradu&y approaches 
a double ckcie with greater p values_ These resuks suggest that the accekration field 
not only chzn_ges its pattern according to the iocation of the point of the holder but 
also fluct~tes periodicaiiy duriig each revotutional cyck of the holder. 

The mzeleration acting on the arbitrary point is further c&uIated from the 
second derivatives of eqns_ 6 and 7 as 

Rhich gives the absolute net mgnitude 

a = [(d’xfdr=)= -+ (d=y/dty]1’2 = Rw2 (1 f 16 #P f 8 @ cos 6)ln (10) 

acting at the &e r&t& to the x-axis: 

-/x = z + tm-’ [(sin 9 +4~ti2e)~(~et4~~s28)1 (11) 

provided X + 0 and /? = r/R In order to xGsuaI& the efkt of the ac&eration 0x1 the 
behavior of the two phases in the coIumi, it is more convenicut to express the acting 
angle oft&e accekmtiou vector with respect to the rotating holder- The angle formed 
lat%wen the a.ccekaticn vector and the radius of rot&ion, that is, th: line drawn 
fios the arbitrary paint P to the ceute?: of the holder is g&en by 



The change of rnagducie a and the ii&e y during one revahtiond cycle of the 
ho&r are respedveiy iX.Xnstrared in Figs_ 5 and 6 where severaX curves are drawn 
according to the @ vdues. In Fig. 5, a for fi > 0 shows patterns undtig GEE such a 
way that it-becorues greatest at 8 =-0” (Xocation of the point most cXistant tiom the 
erxis of Tevoiutimj =d smauest a e = f8Q” @c&ion of the point nearest to the 
axis of revdution). At 8 = X80”, a decreases as the @ value in- fklm 0 to 
O-25 whae a becomes minimized 

Fig. 6 ilhstra~ mdufatiog patterns of the angle y aroused the trrdius of 
rotation or y = 0 he for various 8 vduczs. The y values on the orciinize are chosen 
sothatthebottomlineory= --L80” c~nhdy joins the top Eue or y = 180” to 
fum a complete circle of 360”. Tlms, cuFies crossing over these lines idicate ssngks 

Fig, 5. ?rsa@tude of acakmtion zchg at the arbitrary point on the gear-side holder for various 
/3 vdues chuing <me revohtiood &qicIe_ 
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rotating around the arbitrary _boint while other cnrves show angles swinging around 
they=Oline_At 5 = 0, or l &e location of the point on the axis of rotation, y forms 
a tight he acms the f 18W line5 indicating that the zxaazkration field rot&4zs 
miformly u--nnnd the point as seen on the ptiey-side hoIder but in the opposite 
din%ioe ?W 0 < #I < 025, the ac&eration field still ro-a arormd the point but 
the rate of rot&on is not unifcrm in such 2 way that the field changes its diiection 
rather slowly around 0 = 0” and rzore quickly around 8 = 180”. When /3 becomes 
greater *&au 025, the r~tatiod motion of the field C- into a st+tighg motion 
wkre the m&e zmves back and forth around tbe y = 0 line w<th its amplitude 
duxeasing with ,exeater .B vahus. Here again the acceleration changes its direction 

&ei S~OWIY apo*md 0 = 0” and EIOE qtkk& around 0 = 180” espe~iauy with @ 
X~LS close to 0.25. When B values becomes infinite, the y line approaches a straight 
I&e of y = 0 which indicates a stable acceleration field as observed in the conven- 
tio& cent&lge_ 

The ;&XT analysis ciearly Sscioses a versatile feature of the gear-side holder 
in that the magnitude and tie ac&ing pattern of the acceleration field is greatIy aItered 
by the Idon of tie point on the I~~id-r. W&u a co&zd column is mouutfzd CoaxiaUy 
ciose to the axis of the holder, the colnmn is subjected to a circtiting acceleration field 
somewhat siinihr to that on the ?uEey-side holder. However, the same column can be 
mor;nt& eccentricaHy on the hoider to obtain a desired pattern of acceIeration field, 
either ciiculating or SCI@XJ, by choosing a proper cZi~ti= from the aXis of the 
ho!der_ 

EFi?ECZ OF THE XCCELERXTION FIELD ON THE HYDRODYX4MIC BEHAVIOR 
OF THE l-X+% PHASES IN THE ZOILED COLUMNS 

Tfie &Ect of the accekration field on ‘ihe two-phase solvent system in a 
rotating coiM tube is highiy complex and any elaborate hydrodynamic analysis has 
not yet ‘beer: attempted_ However, observations made with a simpie model system 
prokidt some useful informztion about thz hydrodynamic motion of the two phases 
in a slowiy rotatiog coiied tube in a _mvitational acceleration fielduJ4_ 

A nniformly circulating acceleration field around the coiled tu’be exerts an 
Archimedizu screwing force on the droplets of one phase suspended in the other 
phase to es%ablish a hydrodynamic equilibrium state of the two phases iu the cd. 
Under -As cquilibrkrz sate, the two phases occupy about equal space in each coil 
Unix s*arting fmm 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- 
dyrzamic eqiilibrixzm sta*z is esmbiished, the overall distribution of the two phazes in 
thecoiledtube dwaysrcmains the same, whiIe the two phases are constantly mixed 
with each other in the routing coil_ When the mobile phase, either upper or lower 
phase, is introduced at the head end of the coil to disrupt th= hydrodynamic equilil~ 
rium state, the two phases instttly react to recover the equilibrium state_ As a 
result, the stationary phzse moves toward the head portion of the coil whiIe the iu- 
traduced excess amount of the mobile phase moves toward the tail, producing a 
counter-cumzut sow of the two phases. Consequently, continued flow of the mobiIe 
phase d;.splaces only l &e same phase Icaving the stationary phase in each coil unit 



while the two pks are constantly mixed by rotation of the coil_ Thus the system 
provides two essentia? fature-s for solute partitioning, Le., retention of the stationary 
phase and mixing of the two phases. Solu+ces introduced kcahy at the head end 
of the coil are subjected to an e&ient partition process and separated mrding to 
their partition weBicieuts. 

in the past this uniformly circulating acceleration field has hem applied to 
counter-curreut chromatography, usiug various coiled columns and two-phase solvent 
systc~mP*~*~~“*‘~. The results obtained by the flow-through coil planet centsif~g+~~~ 
reveal tbat the scheme enables both retention and mixing of the phases to achieve high 
efhcieucy separation iurelativeIyuarrow-bore cohuuus. However, iflow intetfacid ten- 

sion, viscous phase systems arc eluted through a large-bore column, the snixing of 
the phases becomes so violent that the two phases tend to be emulsified resulting in 
carry-over of the stationary phase. This vigorous mixing also causes undesirable 
sample band broadening along the coiled 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 efhciency of separation attaiuable 
with the pulley-side column is extremely high, often exceeding that obtained with 
refined high-pressure liquid chromatography. Using 2,44initrophenyl amino acids 
as samples, e&iencies of 10,000 theoretical plates have been reported’. 

The acceleration field produced by the motion of the gear-side holder has a 
characteristic nature in that the pattern of the field varies according to the location of 
the point on the holder. The overall results of the foregoing analysis su_wst 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 increass with greater /3 values fcr the 
location of the column on the holder. This uneven phase distribution is utilized 
efkctively 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 potion aud the lighter phase, the inner portion of each coil unit. As a result, the 
two phases are distributed throughout the columu to form akernating segments each 
occupying the column space about a half turn of the coil. Thus, the eluted mobile 
phase (either heavie: or lighter phase) percolates through the segment of the stationary 
phase trapped iu exch coil uuit while the undulating acceleration field induces oscilla- 
tions of the phase scgrnents synchronously with the revolution of the holder to 
effkctivcly r&:c~ the mass transfer resistance. Compared with the pulley-side cohmm, 
the gear-side column gives more stable retention of the stationery phase and less 
Go.er;: 4xing of the two phases, This tendency is more pronounced on a coiled 
col: mn mounted more remotely from the axis of ro%+tion. This renders a great 
vcrsatitity to the gear-side cohuun holder in that a large-bore column csn be used for 
a variety of two-phase solvent systems with minimum risk of enurl&kation and carry- 
over of the stationary phase. 

CONCLUSION 

The design of the present fiow-through coil planet centrifuge shows con- 
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timotcs dntion s5mdtazeasly through a pair of separation columns without cam- 
@atic~ arising from the use of rotating seals_ h&&em&i& ani2iysi.s of the 
accekmtioa Edd acting 03 WCh cofumn rezakd a dmractetic patters which 
provides its cmn specik advantage for perf&&gcoanter xurrent chromatogmphy_ 
Rme m.iqw features of t&e gear-side and pulley-side caAxm.s are SW in 
E&k L 

TAELE I 

CXAR.A-C FEATURES OF TEE PIKLEY-SDE AND GEAR-SIDE COLlJMNS 

pItlIep&cotvrrm Gar-srkkcuhtm 

Wken 2 proper choice is mzde for the column holder, the pzserrt apparatus 
gi-xs greS versatility in penbrming coucter-curre nt chromatography for both large- 
sale and smabcaie ~tiosxs. 
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