
11; THE APPARATUS AND ITS PARTITION cAPL4BHLm 

The new horizoQtal flow-through coii pIanet cen&ifUge shows continuous 

elutioQthroughapairofcoiledsepvatioQ~l~without~euseofrotatings~s. 

Design of the apparatus enables each cohmm to undergo a specifk mode ofsyn- 

chroQoQsplanetarymotionw~chproducesacharacteristicpattenrof~eacceleration 

fiefdas describedin PartI_ Usingtypicaltwo-phase solvent systems,retention ofthe 

stationary phasea~dpartitioQefkieQcywerestudiedforeachcohx.n~u~dervariolls 

revohtiond speeds and flow-rates. The resuhs indicate that one colmrm enabks 

preparativMczde separations andtheo~er,~~~cal-~esep~tio~sbothwitha 

high partition e&iency comparab!e to rbar obtained in refined liquid chromat+ 

g=phy- 

Thenew schemeofthe hotiontdSLow-throughcoil planetcz.Qrifuge has been 
introduced for performing counter-curre nt chromatography. The apparatus is 

equippedwithapairofcoiledseparatio~cohunns,eachhaviQgaspecikmodeof 

SyQCb.rOQOUSph3QetiXymotion.Therootating-~-frfX~OW-thrOUghme&Ulismofthe 

schemeandthech~cteristicacce~erationfieldproducedbytheseplane~motions 

were described in Part I'. This paper deals with the design of the protorype and 

studiwonthepartitioncnpabihtiesoftheappararuS.Twoelementary requirements for 
so~ute~tioning,i.e.,retentionofthestatio~aryphaseandparti~o~efficieccy,were 

iQvesti~~wi~shortwiled~~~suQdervarious~volutionalspeedsandffow-rates. 

APPARATUS 

The prototype ofthe new horizontal flow-throughcoil planet centrifuge has 

been designed accordirtg to the principle described in Part IL. Fig. I shows the 

design OftheappamtQS 0Q a~~OSs-%~tiOQ&view thrOUghtheCeQt& axiS Ofthe 
apparatus. The motor (EkctroCe Model E650) drives the rotary frame through 
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a pair of tmthcd pnlieys and a tcothed beIt around the stationary pipe mounted on 
the central tis of the Centrifug:. The iO*q ftame Co& of a pair of rotsy 
wizgs &idIy briA& 5th Ii&x and hods a pair of column kolders symmetrically 
located 15 cm from the ceatr_& axis of the apparatus. In order to introduce the 
desired plan&try sotim to ach column holder, a set, consisting of the statiormy 
pulley aud =_ea, is coz&ally mounted around the stationaq pipe. The stationary 
pulley is d&ctiy coupled v&A 2 toothed belt to an identical pulley mounted on the 
pulley-&r coiumn holder (bottom) to produce a counter-rotation. The stationary 
gear is first engaged to an identical idler gear mounted around the link through a 
beatin=_ The idler m is coz.xisU~ connected to an idler toothed pulley which in 
turn is coupkd Gth a toothed belt to an identical pulley mounted on the gear-side 
cokumn hokr. Application of *this idler 2rraQgemeQt elimktes the necessity of 
mounting a large-diameter gear on the gear-side u&mn holder which would produce 
a heavy load on the bearings under a strong centrifugal-force field. The extra weight 
of the idler is conveniently counterbalanced by mounting a metal block of the same 
weight on the iiS located in the symmetricA position on the rotmy f-e. To 
stabilize &e ~Qtxifiige system, a short coupling pipe is mounted coaxially ou the Ieft 
end of ik rotary f-e and supported by the stationary member of the ap_paratus 
with a bearing as iIhstrated. 

i 
I 

17ie column is prepanzd by wi~diQg PTFE t-thing (Zeus industrial products) 
onto a metal pipe to make a short coIum.~ or column unit. The long cohu~.~ is made 
by connecting the desired number of column units, usually 10 tiks, in series in such 
a way that tie tail end of the Crst cohunn unit joins to the head end of the second 
c0kwn.n unit, the tail end of the second to the head end of the third, and so forth. 
The i&sxmm&o~ are made with standard PTFE tubing amncectors and adap- 
tozs. The small-bore coiumn for micro-scaIe sqmrations can & prepmzd from one 
piece of tubing without intercom&on between the wiumn units. The ty@al column 
for !arge-s&e separation is made ofFIFE tubing, 2.6 mm I.D. and 0.5 ~zm wall 



thickness wound around stainless-steel tubing with 1.25 cm 0-D. and L mm wail 
thickness_ The column for micro-scale separations is prepared from P3IFE tubing, 
0.55 mm I.D. and 0.3 mm wall thickness, coiled onto stain&s-steel tubing with 
0.68 cm O-D_ and I mm v&l thickness_ The collrmns are symmetrically arranged 
around each cohmm holder and tightly tied ~4th screws through k hole made at each 
end of the c~hmtn unit core_ When two ditferent 
the counter-weight should be added on the holder carrying the lighter coIumn. Each 
column holder is equipped with two merent levels to mount columns, one at 
3.5 cm @* = 0.23) from the axis of the holder for large-bore columns and the 
other at 2.0 cm (B = 0.13) for small-bore columns_ 

The Kow tubes from the cohmm mounted on the pulley-side holder are tirst 
passed through the center hole of the holder and then led through a side hole of the 
coupling pipe to reach the stationary tube supporter extending from the stationary 
member of the centrifuge. On the gear-side c&mm holder, flow tubes arc similarly 
passed through the center hole of the holder and led through another side hole of 
the coupling pipe to enter the opening of the station&~ pipe on the central axis of the 
centrifuge. T&se flow tuubes are lubricated with silicone grease and protected by a 
piece of flexib!e plastic tubing at each supported portion to prevent direct contact 
against metal parts. If this protection is carefully followed, these tubes can maintain 
their function almost permanentiy. 

RevoIutional speed of the apparatus is continuously adjusted for 0 to 600 
rpm with high stability and accuracy with a motor control unit (Motomatic Model 
EBSOM). The software requireci for tie present iapparatus including the dution 
pump, monitor and fraction collector can be chcsen from those used for the con- 
ventional liquid chromatograpbic system_ In the foJ.lowing studies, a Chromatronix 
Cheminert pump (Model 2) was employed for elution and EKB Uvicord III for 
monitoring the absorbance at 280 nm. 

STUDIES ON RETENTION OF STAIIIONARY PHASE 

Retention of the stationary phase in the coiled column is affected by various 
factors such as physical properties of the two-phase solvent system, column geometry, 
applied centrifugal-force field, and flow-rate of the mobile phase. Because of the 
complex hydrodynamic behavior of the two phases in the column, retention of the 
stationary phase under a given set of conditions is best determined by actual 
experimentation. We a great variety of two-phase solvent systems are available, 
those useN for practical separations can be class&d into relatively few groups 
according to their common physical properties. Therefore, investigation on a typical 
phase system from tztch group will furnish useful data which can be applied to 
other phase systems within the same group. Among various physical properties of 
the solvent system, the interftial tension plays the most critical role in retention of 
the stationary phase. For example, the combination of the use of a small-bore 
column and a high interfacial tension phase system &z&s to produce a plug flow. 

* As descrii in part I, @ = rfR wheze r and R denote EIIC radii of rotation and revoIution 
42f the paint on the holder respedivdy. The value determines the pattern of the xc&ration tieId 
acting on the gL?ar-sa cow bol&x. 
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A combiaati‘on of a Iarge-bore column and a Iow interfacial tension phase sy~em 
favors emuls&ation of the two phass. Both cases result in carry-over of the station- 
ary phast. For sum separation, thcsc complications must bc ehminatcd by 
appl$ng the optimum operational coxiitions predetermined by a series ofprefiminarv 
tests. 

In the present studies a set of typical two-phase solvent systems with a broad 
rzmge of interfaciat tension is selected to det ermine retention of the stationary phase 
in the cohmm on each c&m.n hohier under various revofutional speeds and flow- 
rates. 

&fefhuii for cir;e~inaticm of retention percenttige. Two methods are employed. 
In both m&h&is, the de_= of stationary phase retention is expressed as percentage 
of the stationary phase vohuue retained in the cohunn reIative to the total capacity 
of the column_ 

In the h-st metha the coIumn is Wed wiffi the stationary phase followed 
by pumping with the mobile phase under a given operational condition until the 
mobile phase appears through the outlet of the co!um.n. The ehtate is collected into a 
graduated cylinder to measure the volume, VI, of the stationary phase eluted through 
the c&mm. The total column capacity, V, and the dead space volume in the ffow 
t-dbes, V,, art predetermined. Using these figxcs, the retention percentage is given 
by ICI0 (V, f V, - VA / V,. In this method any amount of the mobile phase 
left in the -ace in the column and flow tubes wonld become a source of error 
in the measurement Therefore, the contents of the colucln and the flow tubes should 
be completely replaced by the stationaty phase before each experimett. This can be 
done by introducing a small amount of a solvent which is miscible with both 
phases before pumping the statiomuy phase into the column_ This method is suitable 
for determination of retention percen*%ge in small-bore cohumns. 

Tae second method uses a coIored indicator to observe the behavior of the 
statione; phase in a running column under stroboscopic illumination. The two-phase 
system is first equilibrated %ith a dye which is almost entireIy partitioned to the 
statiox~ry phase. In general, basic fuchsin or Sudan black B is useful for coloring 
non-aqueous phase and acid fuchsin, for the aqueous phase. The amount of these 
dys should be minimi7eri so that the color is just dense enough to observe the 
stationary phase while the interfacial tension of the solvent is not significantly altered. 

The coiled column is marked with a felt tip pen at every 10 turns to ease measure- 
ment by stroboscopic observation_ The column is then entirely HIed with the mobile 
phase fohowed by injection of the stationary phase of a known amount which 
occupies “A” turns of the coil. Then, the column is eluteci with the mobile phase at a 
gi3en flow-rate whiie the apparatus is spun at the desired revolutional speed. 
Etution of the mobile phase soon establishes a hydrodynamic equilibrium state of the 
two phases in ffie coiled column which is observed through the wah of the c&mn by 
stroboscopic ill-umiuation_ At this equilibrium state, the number of helical turns 
“B” containing the colored stationary phase is obtained_ The retention percentage 
is given by A/B x 104). The mea ent can be repeated by changing the operational 
conditions to obtain a set of data until carry-over of the statioaary phase occurs 
without replacing the column contents. This method also provides important in- 
formation for the hydrodynamic behavior of the tw+phase solvent system in the 
running cohtmn and is parti&ariy suitable for large-bore cohmms. 



-GE FOR cO?JBiTERD cKR0MKmGRAJ?HY~ IL 47 

Retetiibtzpercentage for Zar&mre coZzmm_ Using the second method described 
above, a series of experiments have been perfbmed to measure reterrtion percentage 
in a short coiled cohmm prepared from 2.6 mm I.D. tubing (core: 1.25 cm 0-D.) and 
consisting of 100 coil units with a total capacity of about 26 ml. The column was 
mounted on each holder at a location 3.5 cm from its axis or at p = 0.23. Several 
two-phase solvent systems were chosen for the present study as follows: 

(1) n-butanokcetic acid-water (4: 1:5): Iow interfacial tension and high 
viscosity: 

(2) chloroform-acetic acid-water (2:2:1): low interfaciai tension and low 
viscosity; 

(3) ethyl acetate-acetic acid-5% sodium chloride aqueous solution (ZO:I 1:9): 
_medium interfacial tension; 

(4) hexanewater: high interfacial tension. 
Overall rest&s of the experiments obtained with these two-phase solvent 

systems are s - ed in Fig. 2. In each diagram retention percentage of the 
stationary phase is plotted against the revolutional speed in rpm. Several cures 
drawn in each diagram indicate the efkct of flow-rates applied. The elution of the 
mobile phase is usually directed from the head to the tail end of the column but for 
the gear-side cohmm the elution is also reversely applied from the tail to the head 
end of the coil. In general, retention of over 30% is considered to be satisfactory and 
that near 50% is ideal. In addition to the net amount of retention, the inclination of 
the curves shouId also be considered_ When an operational condition is chosen at 
a portion of the curve showing a steep inclination, a slight shift of the revolutional 
speed will produce a considerable change in retention percentage. Therefore, for the 
reproducible results, it is desirable to se&t the operational conditions at or near 
horizontal portion of the curve. 

Retention curves obtained from the pulley-side column disp!ay a great 
variety in shape according to interfacial tension and viscosity of the two-phase 
solvent systems. For a low interfacial tension, high viscosity n-butanol system, reten- 
tion declined sharply with the revoiutional speed where stroboscopic observation 
revealed intensive emulsikation of the phases in the coiled column. For other phase 
systems, retention curves follow a characteristic pattern with the rate of revolution. 
At a low revolutional speed around 200 rpm. the curves of non-aqueous stationary 
phases exhibit a sharp rise which becomes more pronounced in the solvent systems 
with higher interfacial tension. After this critical range of i-pm, the retention 
becomes stable but the retention levels for the non-aqueous phase always exceed 
those for the aqueous phase in the same solvent system. These complex patterns of 
retention may be related to the various physical factors of the solvent system such as 
solvent-wall interaction, strong molecular cohesive forces and higher viscosity of the 
aqueous phase, etc. as discussed elsewhere=. 

On the other hand, the retention curves for the gear-side column follow a 
quite diEkent pattern. In all soivent systems the cures smoothly approach the 
stable Ievels at a reIative$ low rpm and then display a long plateau up to the 
maximum revolutiond speed of 6W rpm. These retention levels at the plateau are 
mostly within an ideal range for both non-aqueous and aqueous stationary phases. 
Furthermore, the reversed elution mode of the tail to head elution also gives similar 
retention levels where the same procedure for the pulley-side column rest&s in 
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complete loss of the stationary phase above a relativeiy low rpm Stroboscopic obser- 
vation of the gear-side column reveals complete separation of the two phases in 
each turn of the coil with undulating interfaces swinging back and forth during each 
cycle of revolution. This tiding is consistent with the results of analysis on the 
axeleration field described earlierL. Overall results iudicate that for the use of a 
large-bore c&mu the gear-side holder has greater advantages over the puJ.ky-side 
holder in that satisfzctmy retention is avaikble for a broad spectrum of soivent 
syskms under a wide range of revolutional speeds and Bow-rates. 

Retention percentage for mm&bore cooCzun~. Retention of the stationary phase 
in smti-bore c~iItxl aAumns under a tifonnly clrctiting acceferation field has been 
rather extensively studied with the flow-through coil planet centrifuge at a revolution- 
al radius of 30 cm. In those previous studies, coiled colunms with internal diameters 
of L2 mm, 0.85 rum, 0.55 mm, and 0.38 mm were tested for a vaziety of two-phase 
soknt systems2. The resuks indicated that the columm with over 0.55 mm I.D. 
gave a fair amount of retention in most of the solvent systems. 

In the present studies, the 0.55 mm I.D. coiled column was tested for reten- 
tion using two typical phase systems composed of chloroform-acetic acid-O-1 N 
hydrochloric acid (2:2:1) and n-butanol-acetic acid-water (4:I:5). The column was 
prepared by winding 0.55 mm ID. PTFE tubing onto a stainless-steel pipe with 
0.68 cm Q.D. to make approximately 340 helical turns with a total capacity of about 
24 ml_ The column was mounted on each holder at a location 2 cm from its axis 
or at /S = 0.13. The retention percentage was obtained by the first method 
previously described. 

The results of the experiments are summarized in Fig. 3. Ln each diagram, 
retention percentage of the stationary phase is plotted a,@nst the applied revolutional 
speeds in rpm. Two curves drawn in each diagram indicate the data obtained under 
the flow-rates of 6 ml/h and 2.4 ml/h_ 

The overall results reveal characteristic features of the gear-side and pulley-side 
columns observed in the previous studies using the Iarge-bore coiumn. Compared 
with the previous data, the retention of the aqueous phases is much less than that of 
the non-aqueous phases especially in pulley-side column. This result suggests that in 
the smalLbore cohunn the e&cts of solvent-wall interaction cn retention becomes 
more signiscant and the retention strongly favors the non-aqueous phase which has 
an &niQf to the PTFE tube. In the n-butanol phase group, the pulley-side provides 
a satisfactory retention for the non-aqueous phases whiie retention for the aqueous 
phase requires a greater centrifugal-force field to reach a suitable Ievel. 

When the coiled column enables retention of the stationary phase, elution 
of the mobile phase rest&s in separation of the solutes according to their relative 
partition coe&ients. However, the resolution of the solute peaks is affected by various 
factors such as geometry of the column, physical properties of the two phases, acting 
centrifug&force field, and applied flow-rate In order to achieve an efficient separa- 
tion, the operational condition shorrld provide broad interfacial area and/or efficient 
mixing of the two phases to minimize mass tm.nsfW re-sistanco *ally for viscous 
phase systems_ 0n the other hand excessive mixing of less viscous phase systems may 
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cause umkkabk sampk band spreading akmg the kgth of the coil to lower t&e 
peak resolution. Under a set of other operational conditions, revolutional speed 
deeermines~dt~of~gand~forecanbeused~a~e~r~optimize 
the operational coYxEtiors. 

In the ,-t studies, two typical phase systems were seketed for separation 
of sampks with suitable partition co&cients, Le., chlorofo~tic atid-o.2 N 
hydrochloric a5d (2:2:1) foi separation of2+dinitrophenyl @m)-DL-ghtzmic acid 
and DPUP-~-aIanirie, and n-butanol-acetic acid-wiiter (4:l:S) for separation of 
L-valyk-tyrosine and L-tryptophanyk-tyrosine. The DMGmino acid sample mixtur= 
was p& by dissoi-ting each component at 0.5 goA in the stationtzry phase, 02 mi 
of the solution bring appki for the Large-bore column and 0.01 ml for the small- 
bore cof~_ The peptide nkture was similarly prepared to obtain f%naI conceutra- 
tions of 1.0 9% for L-valyl-L-tyrosiae and 0.3 2% for r.-tryptopbauyM.-tyrosiue, 
0.2 ml of this solution being applied for the Iarge-bore cohmm and 0.05 ml for the 
sma!Mbore eoirunn. 

In each separation, the culuiua was first Wed with the stationary phase 
fohowed by sample injection through the sampIe port Then the mobile phase was 
eiuted at a _@veu flow-rate whiie the apparatus was run at a desired revoIutional 
speed. The eluate was continuously monitored through an LKB Uvicord III at 280 
mu_ From th.z resukd s~ctlute peaks recorded on the chart, the partition efficiency was 
obtained either by observing the relative peak reso!ution or in terms of theoretical 
plates (IV) accordkg to the conventional equation 

X = (4R,iw)= (1) 

where R and w denote the retention time and peak width respectively. 
Partitim eficiency of Imge-bore coin. The cdumn employed was identical 

to the iarge+bore column used for reteution studies and consisted of 100 heJical turns of 
2.6 am I.D. PTFE tubing co&xi onto a 1.25 cm 0-D. pipe with a total capacity of 
about 26 ml. The co!umn was mauated on each column holder 3.5 cm from its axis 
or at p = 0.23, if sot otherwise indicated. 

Fig. 4 shows the resuits of DNP-amino acid section on the chloroform- 
acetic acid-O_1 N hydrochloric acid (2:2:1) phase system obtained from both gear-side 
and pulley-side columns at a tied flow-rate of 60 ml/h under various revoluticnaf 
+ ranging from 0 to 500 rpm. Each diagram iudicates one experiment where the 
partition el?kieucy is estimated from resolution of the two peaks by measuring the 
relative height of the trough Mween the peaks. 

The efEciency obtaiued from the gear-side coIumn sharply increases with the 
revohxtional -speed up to 400 rpm- The peak resolution obtained by the head-tail 
ehrtion meek is atwqs better than that by the tail-head eiution mode at a given 
rppn, The puky-side c-oIuno gives quite d&rent results. The e&iency becomes 
maxi-num at relativeiy bow revolutional speeds of around 100 to 201) rpm where 
_furt&S increase of the revoiutional speed results in a sharp decrezeofthepeak 
rc~lution, Also, in the @&y-side ~01~ the xsults obtaiued by the stationary 
non-aqueous phase are much better than those obtained by the stationary aqueous 
phase, whik the choice of the stationary p’hase ma.a little dZ&aaz in resdution for 
the gear-side cohxar~ These results c&early i&ic~te that the gear-side cohutur is 
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pllky~cfe fzbnms. 

much superior to the pulley-side column when a large-bore coiled tube is used. 
Fig. 5 similarly shows effects of flow-rate and revolutional speed on DNP- 

tie acid separation with the same solvent system using the gear-side column. The 
3ata show that the best peak resolution is given by combination of revolutionai speed 
znd Bow-rate. At a slow flow-z&e of 24 ml/h, the highest resolution is found at 4t.M 
ipm for the non-aqueous stationary phase and at 200 rpm for the aqueous stationary 
chases When the flow-rate of 120 ml/h is applied, the best results are given at around 
%KI rpm regardless of the choice of the stationary phase. The partition efficiency may 
&o be expressed in terms of thcorctical pIates using eqn. 1. In &is case the bighe 
:&iency is given m&r the slow flow-rate of 24 mljh while the time required to 
field one theoretical plate is _ * * d at the highest flow-rate of 120 ml/h. 

Fig. 6 shows the results of peptide separation with the rr-butanol-acetic acid- 
nter (4:L:S) phase system using the gear-side c&mm. Overall results are found to 
tzsemble those obtained by DNP -amino acid separation witb the chloroform phase 
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umn; esT&zs of revohtiod sped and flow-rate 

system_ The partition efkiency increases with the revolutional speed up to 54lO to 600 
rpm in a!l groups. The inferior peak resolution at the highest flow-rate of 120 ml/h may 
be ex@ined on the basis of h&h viswsity of the non-aqueous phase which in- 
creases mass transfer rwistance, 

F&her experiments were performed to examine the effects of #3 values or 
the location of the column on the holder on separation of the same peptides with 
the n-butanol phase system. For this test the same coIuxnn was mounted on the gear- 
side coIumn hoIder 6 cm away from its axis or at /? = 0.40 by applying a pair of 
extention iMocks. The resuks of the experiments obtained by this mod&&ion are 
summa~& in Fig. 7 wheqz the separations obtained at # = 0,442 under 60 ml/h flop;- 
rate are conqxxed with th&e previousiy obtained at /? = 0.23 under the otherwise 
identicaI conditions. These data ckar~y indicate that the cohumz tocated on the 
holder at 8 = 023 yiekis a higher partition eEciency than that at #3 = 0.40 tbmu&out 
ali expcrimmti amd.itions applied_ This fin&g agrees with theresults previously 
ob*tSued in anzdysis of the accekation field in that mixing of the two phases in the 
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Fig. 6. Partition czftkhq of Iarge-bosc coIumn_ Peptiae xparatian with the gear-side column; czfk%s 
of revoIutional sp&d and flow-r&e. 

co&d column becomes kss eflkient on the g--side holder as the @ value increases. 
However, the advantiges of applying large /? values for the gear-side column should 
not be neglected for the application of polymer phase systems which have a great 
potential in partition of cells and macromokcuks under miid cnvironrnentz?. Because. 
of the aqueous-aqueous phase composition the polymer phase systems possess an 
extremely low interfkcial tension; they tend to be emulsified under violently unduk- 
ting centrifugal-force i&his. With the use of large /3 values, satisfactory reten- 
tion of the poIymer phase systems may be feasible. 

Here, it should be noted that the !zrge-bore cotunm mounted on the gear-side 
holder can retain a satisfactory amount of stationary phase, when the apparatus is 
rotated slowly. In this case the gravitational acceleration field estaMishes the hydro- 
dynamic e@ibrium state of the two phases in the coiied tube. Previous experiments 
have shown that the optimum revolutional speeds for such gravitational separations 
are 2.5 rpm for DNP-amino acids and 7.5 rpm for peptides using the respective two- 
phase solve~~t systenzs applied in the present studie@. Although peak resoMions 
obtained under the slow revolution& speeds are quite satisfactory, similar or even 
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of /3 v2k.e- 



supetior Et2suI& can be tmlhed UndeK faster revolntionaI speeds witkin much shorter 
elntion times. 

Partition eJk%mcy of dl-bore cohum. 7&e small-bore column used in tkese 
studies is identical to that used in tie retention studies. The column consisted of about 
340 helical tusns of a 0.55 mm I.D. PTFE take coiled OIL 0.68 cm 0-D. stainless-steel 
tnbing with a total capacity of abont 2.4 ml. The column was mounted on each 
column holder at a kocation of 2 cm from its axis or at /I = 0.13. 

Fig. 8 snmmarizes tke results obtained by separation of the two DNP-amino 
acids on the chkmfom phase system using combinations of various revolutional 
speeds and flow-rates. Overall results indicate tkat the pulley-side CcIumn yields 
more eiEient separation especially when the non-aqueous phzzse is -used as the 
statiom phase. Fig. 9 shows similar data obtained on separation of the two peptides 
on the n-butanol phase system. As expecti from tke results of tie retention 
studies, no separation was observed in the pulley-side c&unn when the aqueous 
phase was used as tke stationary pkzse. Although the pulley-side yiehis sligktly 
kigker resolution at 2.4 ml/k of flow-rate with the stationary non-aqueous p&se, 
the gear-side column gives more uniform results and permits the choice of the sta- 
tionary phase. 

The foregoing studies on retention and partition efiiciency with a single column 
unit provide optimum operational conditions wkick. can be directly applied to a 
separation in a longcolnmn consisting of a desired number of the identical cokunn units 
connected in series. In order to obtain successful separation, kowever, some pre- 
cautious should be takeu to avoid unnv sample band broadening wbick tends 
to occur in a long preparative column. 

Tkeoreti~y, the partition efficiency should increase linearly witk tke lengtk 
of the coiled cohnnn. fiowevcr, our experiments kave shown that tke partition 
efliciency obtained witk a long column is sometimes signScantly lower thar; that 
es&n&cd from tke resu&s obtained with tke short column especially for a large-bore 
column. The loss of eEciency may be largely attributed to kigk pressure built up in 
the column which causes considerable expansion of the column and occ&onal 
surging of the solvent upon a sligkt skif? of tke revolutional speed. This detrixncntal 
effect. however, can be minimized by applying a narrow-bore tubing at each 
junction between tke column units_ A small-bore cokunn has a relatively strong 
resistance against expansion and a very long column can be prepared from one piece 
of tubing wit&out risk of losing peak resolution. 

The choice of the solvent pkases for preparatiorz of the sample solution is 
important when a J%rge sample volme is to be applied. If the sample contains 
solutes with kigk partition coefficients which favor the partition to the mobile phase, 
the sample should be dissolved in tke stationary pkase. En this way tke mobile phase 
eluted through the column enables concentration of tke solutes into sharp sample 
bands. Although other soIntes witk lower partition coef&ients present in tie sample 
sokztion may i&i&y form broader sample bands, tkey are subjected to a longer 
partition process or greater dilution in the txdxnm and, therefore, the initial band 
width becomes less signi&zant for the peak resolution. 



Taking these precautions, preparative-s&e separations were performed with a 
Iarge-bo_3z cokmn WI&&l is equivalent to IO cohurln units apptied in the previous 
studiek The coIumn was-prepared by CoMecting the 10 cdumn tits in ties with a 

piee of 1C cm long, 0.4 mm 1-D. FTFE tubing at each junction between the column 
units. The coIuznn was zrrasqzd s===EricalIy around the gear-side coIumn holder 
3.5 cm away from its axis or /? = 023_ The two-phase &vent systeems and saqks 
were those used in the foregoing studies on partitior; eEciency_ In each experiment 
the column was first f3Ied with the stationary phze .foliowed by sampIe injection 
throug& the saxp!e port_ Then the mob& phase was eluted at the indicated flow-rate 
while the apparatus was run at the optimum revoiutional speed d&xmined by the 
previous ex~siments_ T&e eluzte from the coIumn was continuousIy monitored with 
an LEO3 U-vicord 1iI zt 280 nm through a 1.8 mm light path flow &I_ 

Fig_ 10 shows chromatograms obtained with a long large-bore columz on the 
gear-side hplder using the svnples and twophase solvent systems indicated on tIxz 
chvt In both DNP-amino acid and peptide separations, impurities originaIly 
pent in the sampie solutions were weIl separated out from the major peaks. The 
_partition &cieacies cakulated from these chromatograms according to eqa 1 range 
between 950 and 1950 theoretkaI piate~, showing an eScicnq Ioss of 10 to 20% 
compa~xl with the figures estimated from the results obtaintd with the singIe wIumn 
unit, lin these separations, the sample volume can be increased by &Ming with the 
stationary phzse up to 10 n! without si*at loss of peak resolutions. 



Fig. 10. cooncer xuixnt chn~inatograms with a long large-bore column. 

CONCLUSiON 

The new horizontal flow-through coil planet centri!A.tge was successfllus’ 
designed to allow continuous elution through a pair of coiled separation c43hmm.s 
witbout the use of rotating seals. Each column undergoes the desired synchronous 
planetary motion to provide ec pattern of the acceleration field for performing 
counter+xrrent chromatography in preparative or analytical scaks. Investigation ou 
retention of ffie stationary phase and partition efkiency with short columns in- 
dicated that a bigbIy efkient separation can be attained in a wide range of revolu- 
tion& speeds and flow-rates. These optimrrm operational conditions thus determined 
can be applied to Iong co&xi columns to obtain the desired number of theoretical 
plates accordiug to the relative partition CaefEicients of the aimed materials. Separa- 
tions of various DNP-amino acids and peptides with ffie present apparatus will be 
presented in Part III. 
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