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ABSTRACT 

Performance of two countercurrent chromatographic models, 
high speed countercurrent chromatograph (HSCCC-4000) and analytical 
toroidal coil centr i fuge (TCC), is evaluated in te rms  of theoretical 
plate  number, resolution factor  and separation t ime to assess their  
analytical capability. A series of experiments was conducted t o  in- 
vest igate  t h e  e f f e c t s  of internal diameter  and length of the  coiled 
column, and flow r a t e  of the  mobile phase on t h e  separation of in- 
dole auxins in two-phase solvent systems composed of n-hexane-ethyl 
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2310 OKA ET AL. 

acetate-methanol-water a t  different volume ratios. The three com- 
ponents of indole auxins were completely resolved in 16 min with a 
HSCCC system equipped with a multilayer coil of a 0.55 mm I.D. 
PTFE tube with theoretical plates ranging from 1290 t o  829. 
Similar separation was achieved in 24 min with a TCC systems 
equipped with a 0.3 mm I.D. PTFE tube with theoretical plates 
ranging from 1811 t o  969. It is concluded t h a t  both systems have 
comparable analytical capability a t  the  present s tage  of development. 

INTRODUCTION 

Countercurrent chromatography (CCC) has many desirable fea- 

tures for performing analytical separations, because it eliminates 

various complications such as sample loss, tailing of solute peaks, 

contamination, etc., all arising from the  use of solid supports. 

However, due t o  t h e  relatively long separation t imes required, this 

method has been used primarily for preparative separations of 

natural products [1,2]. 

Exis t ing  CCC i n s t r u m e n t s  m a y  b e  c l a s s i f i e d  i n t o  t w o  

categories, i.e., hydrodynamic and hydrostatic systems [3]. High- 

speed countercurrent chromatograph (HSCCC), the  most advanced 

form of hydrodynamic CCC system, can yield high resolution in 

short retention times. On t h e  other  hand, t h e  toroidal coil 

centrifuge (TCC), a typical hydrostatic CCC system, has two major 

advantages over HSCCC in that  (1) t h e  system permits universal ap- 

plication of two-phase solvent systems and (2) gives s table  elution 

curves under UV monitoring. 

In this paper, performance of two CCC models, HSCCC-4000 

and analytical TCC, is evaiuated in te rms  of theoretical plate  
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HSCCC-4000 VS. TCC 231 1 

number, resolution factor  and separation t imes to assess their 

analytical capabilities. A series of experiments was conducted to 

investigate the  e f fec ts  of internal diameter  and length of t h e  coiled 

column, flow r a t e  of the  mobile phase on t h e  separation of indole 

auxins with two-phase solvent systems composed of n-hexane-ethyl 

acetate-methanol-water a t  different volume ratios. 

EXPERIMENTAL 

Apparatus 

The analytical HSCCC used for  t h e  present study is a multi- 

layer coil planet centrifuge which produces a synchronous planetary 

motion at 4000 rpm. The design of the  apparatus has been 

described previously 141 and is briefly given below. Fig. 1 shows a 

photograph of our apparatus. The HSCCC centr i fuge holds a column 

holder and counterweight holder symmetrically on the  rotary f rame 

at a distance of 2.5 cm from the  central  axis of t h e  centrifuge. 

The column holder revolves around t h e  central  axis of t h e  centr i fuge 

and simultaneously rotates  about i t s  own axis at t h e  s a m e  angular 

velocity in the same direction. Three different types of multilayer 

coiled separation columns were  prepared from 0.85 mm I.D., 0.55 

mm I.D., and 0.4 m m  I.D. thick-wall  (0.45 m m )  P T F E  

(polytetrafluoroethylene) tubes (Zeus Industrial Products, Raritan, NJ, 

USA) by winding each tube directly onto t h e  column holder with a 

2.5 cm hub diameter  making 4 coil layers with t h e  to ta l  capacity of 

8, 5, and 1.5 ml, respectively. 
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2312 OKA ET AL. 

Fig. 1 Photograph of HSCCC-4000. 

Fig. 2 shows a photograph of t h e  analytical TCC used for the  

present study. The design of this apparatus has been already 

reported previously [5,6] and is briefly described here. The rotor 

f rame consists of three parallel horizontal plates rigidly linked 

together and holds a column container, a counterweight, and a tube 

holder. When the f rame is driven by the  motor shaft a t  an angular 

velocity w, a set of gears and toothed pulleys coupled with toothed 

belts causes rotation of the  column container a t  20.1 and counterrota- 

tion of the  tube holder around i t s  own axis a t  w. The toroidal 
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HSCCC-4000 VS. TCC 2313 

Fig. 2 Photograph of analytical TCC. 

column was accommodated around the  periphery of t h e  column con- 

tainer at the  distance of 17 c m  from central  axis of t h e  centrifuge. 

Four columns were prepared by winding 0.55 mm I.D., 0.4 mm I.D., 

0.3 mm I.D., and 0.1 mm I.D. PTFE tubes onto 1.5 mm I.D. nylon 

tubes t o  make desired helical turns. Except the  0.3 mm I.D. 

column, all toroidal columns were made from thick wall (0.45 mm) 

PTFE tubes. 
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2314 OKA ET AL. 

Reagents 

All organic solvents, including n-hexane, ethyl ace ta te ,  and 

methanol, were glass-distilled chromatographic grade and purchased 

from Burdick and Jackson Laboratories Inc., Muskegon, MI, USA. 

Indole-3-acetamide (IA), indole-3-acetic acid (IAA), and indole- 

3-butyric acid (IBA) were obtained from Sigma Chemical Company, 

St. Louis, MO, USA. 

Preparation of two-phase solvent system and sample solution 

Two phase so lvent  s y s t e m s  composed  of n-hexane-e thyl  

acetate-methanol-water a t  the  various ratios (3:5:3:5, 4:5:4:5, and 

1: l : l : l )  were used in t h e  present study. Each solvent system was 

thoroughly equilibrated in a separatory funnel by repeating vigorous 

shaking and degassing a t  room temperature  and two phases were 

separated before use. 

The sample solution for analytical separations was prepared by 

dissolving 5 mg of IA, 15 mg of IAA, and 15 mg of IBA in 3 ml 

of t h e  nonaqueous upper phase of t h e  above solvent system. 

Procedure for analytical separation of indole auxins 

The columns were first entirely filled with the  upper non- 

aqueous stationary phase. Then, the  centr i fuge was ro ta ted  a t  the  

optimum speed of 3500 rpm for HSCCC, and 1000 rpm for TCC, 

while the  mobile phase was pumped into t h e  head of t h e  column ' for  

HSCCC, or one end of the  column for T C C  ( the  hydrostatic equi- 

librium system has no head-tail orientation of t h e  column) a t  t h e  
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HSCCC-4000 VS. TCC 2315 

desired flow r a t e  by a Shimadzu Model 6A HPLC pump (Shimadzu 

Corp., Kyoto, Japan). After  a steady s t a t e  hydrodynamic or hydros- 

ta t ic  equilibrium was reached, 5-20 ul of t h e  sample solution were 

injected with a microsyringe via a Rheodyne Model 7125 syringe 

loading sample injector. Effluent from t h e  out le t  of the  column 

was continuously monitored by the  absorbance at 260 nm using a 

Shimadzu Model SPD-6A detector  and a Pharmacia 482 recorder 

(Pharmacia, Uppsala, Sweden). 

Measurement of partition coefficients 

In the  present paper, t h e  partition coefficient is expressed in 

two different ways, i.e., K(U/L) (solute concentration in t h e  upper 

phase divided by tha t  in the  lower phase) or K(S/M) (solute con- 

centrat ion in t h e  stationary phase divided by tha t  in the  mobile 

phase). The partition coefficient for each component was deter-  

mined as  follows: Approximately 0.1 ml of methanol containing 

about 1 mg of t h e  tes t  sample was evaporated with a n  air  s t ream 

in a 13 mm diameter  culture tube. A 2 ml volume of each phase 

of t h e  preequilibrated two-phase solvent system was pipetted into 

t h e  tes t  tube. The tes t  tube was stoppered with a teflon-lined c a p  

and shaken vigorously for 1 min to thoroughly equilibrate the  sample 

with the  two phases. A 0.5 ml volume of each layer was trans- 

ferred to t h e  second tes t  tube containing 2 m l  of methanol, fol- 

lowed by thorough mixing of t h e  contents. The absorbance of each 

solution was determined at t h e  suitable wavelength of 280 nm with 

a Zeiss PM6 spectrophotometer. The partition coefficient is given 

by the  rat io  of t h e  two absorbances measured. 
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RESULTS AND DISCUSSION 

OKA ET AL. 

Analytical HSCCC-4000 

The HSCCC technique utilizes a particular combination of coil 

orientation and planetary motion to  produce a unique hydrodynamic 

e f fec t  to  form a unilateral phase distribution of two immisible sol- 

vents in a coiled column [7]. HSCCC with a 2.5 cm revolutional 

radius and a 0.85 mm I.D. column is capable of operating a t  a max- 

imum speed of 4000 rpm. This represents the  most advanced model 

for analytical work [4]. When indole auxin mixture (IA, IAA, and 

IBA) was initially separated by HSCCC, t h e  theoretical plate  num- 

bers for the  three  peaks showed low values of 373 (IA), 309 (IAA), 

and 247 (IBA), respectively (Table I). We  considered tha t  the  use of 

a smaller I.D. PTFE tube is essential to improve peak resolution. 

However, when t h e  column and i t s  flow tubes were made of a 

single continuous piece of t h e  standard-wall (0.3 mm wall thickness) 

PTFE tubing narrower than 0.85 mrn I.D., we  observed tha t  the  flow 

tube repeatedly broke at t h e  point leading t o  t h e  column shown by 

an arrow in Fig. 3. This is apparently due t o  an increased back 

pressure acting on the  sharp flexing portion of t h e  flow tube under- 

going a steady rolling motion. This problem was solved by employ- 

ing a 0.45 mm wall thickness PTFE tubing which provided a satis- 

factory operation under a high pressure up t o  50 kg/cm2. The 

chromatograms of indole auxins obtained from the  multilayer coil 

with various 1.D.s a r e  shown in Fig. 4. The theoretical plate  

numbers, resolution factor  between IA and IAA, analysis t ime and 
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Axis 

. Axis 

Rotation 

Revolution 

Fig. 3 Design of the HSCCC-4000. 

A) 5 )  C)  
I.D.: 0.55 m m  I.D.: 0.55 m m  1.13.: 0.40 rnm 
Flow rate: 0.3 m l l m l n  Flow rate: 0.6 m l l m i n  Flow rate: 0.1 ml /mln 

2 

I I I I L I  

0 4 8 12 16 20 
rnin 

u 
0 4 8 1 2  

rnin 
0 4 8 12 16 20 

rnin 

Fig. 4 Chromatograms of indole auxins by HSCCC-4000. 
Key: 1, IA; 2, IAA; 3 ,  IBA 
Analytical conditions A, B, and C: See Table 1. 
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experimental conditions a r e  summarized in Table I. The theoretical 

p la te  number, N, of each peak was calculated according to t h e  fol- 

lowing equation: 

N=(4Tr/W)2 

where Tr is t h e  retention t ime,  and W is  the  peak width in the  

same unit as  Tr. Resolution factor, Rs, was computed by t h e  fol- 

lowing equation: 

Rs=2(Tr l-Tr2)/(WI +W2) 

where T r l  and Tr2 a r e  t h e  retention times, and W1 and W2 a r e  t h e  

corresponding peak widths expressed in t h e  same unit as  Tr ,  and 

Tr2. 

With regard to the internal diameter  of t h e  column, the  best 

result was obtained from t h e  0.55 mm I.D. column eluted at a flow 

r a t e  of 0.3 ml/min under the  present experimental conditions. The 

0.4 mm I.D. column produced less stationary phase retent ion (<50 O/O) 

and considerably lower values for  both theoretical p la te  number and 

resolution factor  even a t  a reduced flow r a t e  of 0.1 ml/min. 

The flow r a t e  of the mobile phase great ly  a f f e c t s  the  station- 

ary phase retent ion in the  column. Bet te r  re tent ion is obtained 

with a lower flow r a t e  but at t h e  expense of longer analysis time. 

The results of our studies indicate t h e  optimum flow r a t e  is 0.3-0.6 

rnl/rnin for the 0.55 mrn I.D. column and 0.1 ml/min for the 0.4 

mm I.D. column. 

Partition coefficient is one of the  most important factors  in 

determining retent ion t ime and resolution of the  solute peaks. In 

general, when retent ion of t h e  stationary phase substantially exceeds 
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Table I1 

Partition coefficients of indole auxins 

Solvent system’) Partition coefficients’) 
IA IAA IBA 

1:1:1:1 
4:5:4:5 
3: 5: 3: 5 

0.07 0.37 0.87 
0.15 0.88 2.37 
0.33 2.20 6.40 

a) Solvent systems were composed of n-hexane, 
ethyl ace ta te ,  methanol, and water  at the  indi- 
cated volume ratios. 
b) K(U/L).  

50°/0 of the  total  column capacity, the  best separation can  be at- 

tained with the  partition coefficient, K(S/M), between 0.5 and 1. 

Wnen the  stationary phase retention is lower than 50 %, the  peak 

resolution is effectively improved by higher partition coefficient 

values ranging between 1 and 2. Partition coefficients of indole 

auxins were determined in the  n-hexane-ethyl acetate-methanol-water 

solvent systems by varying the volume ratios to l : l : l : l ,  4:5:4:5, and 

3:5:3:5 (Table 11). In the n-hexane-ethyl acetate-methanol-water 

(1:l:l: l)  solvent system, K(U/L) values of IA, IAA, and IBA were  

0.07, 0.37, and 0.87, respectively. When the  upper nonaqueous phase 

was used as  a stationary phase, t h e  retention of the  stationary 

phase was over 50 %. Therefore, we have chosen the  above solvent 

systems for HSCCC in t h e  present study. However, if re tent ion of 

the  stationary phase becomes lower than 50 Yo in a smaller I.D. 

column, the  solvent system should be modified so that  t h e  K(S/M) 

value of the  sample become 1.0 or greater. 
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HSCCC-4000 VS. TCC 2321 

The 0.55 mm I.D. column eluted a t  a flow r a t e  of 0.3 ml/min 

produced the  best results among t h e  present experimental conditions 

as  shown in Fig. 4A, the  indole auxins were separated in 16 min 

with high theoretical plates ranging from 1290 t o  829 and a resolu- 

tion factor  of Rs=2.06 between peaks IA and IAA. Increasing t h e  

flow r a t e  t o  0.6 ml/min shortened t h e  analysis t ime t o  8 min 

without an appreciable loss in peak resolution (Fig. 4B). This repre- 

sents  an analytical condition suitable for routine analysis. The com- 

bination of the  0.4 mm I.D. column and a 0.1 ml/min flow r a t e  

yielded an excellent peak resolution in 18 min (Fig. 4C). This 

analytical condition is most suitable for  interfacing with mass 

spectrometer ,  which requires an extremely low flow r a t e  of t h e  

mobile phase. 

Analytical TCC 

As described earlier, TCC is a typical hydrostatic equilibrium 

system and has a potential capability of yielding a high partition 

efficiency. The use of a toroidal coil minimizes longitudical sample 

band broadening by the  presence of a pair of interfaces  in each  

helical turn together with t h e  mild mixing ef fec t  of t h e  two solvent 

phases under a s table  centrifugal force field. In addition, t h e  sys- 

tem permits universal application of two-phase solvent systems and 

provides s table  UV-tracing of the  elution curves. However, the  sys- 

t e m  has a limited capacity of the  stationary phase retained in t h e  

column (less than 50 O/O of the  total  column capaci ty)  and usually 

produces a high back pressure much grea te r  than tha t  in HSCCC for 

a unit length of t h e  column. Consequently, t h e  limiting factor  of 
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t h e  T C C  system is a mechanical strength of t h e  separation coil and 

flow tubes t o  withstand a high hydrostatic pressure which linearly 

increases with t h e  column length and the  applied centrifugal force 

field [51. 

The evaluation of the  TCC system was initiated with a rela- 

tively large bore column (0.55 mm I.D. and 4440 helical turns) to 

limit t h e  column pressure while applying a high flow rate of 1.5 

ml/min. Under this experimental condition, t h e  toroidal coil main- 

tained i t s  integrity and t h e  indole auxins were  separated in 9 min 

with a two-phase solvent system composed of n-hexane-ethyl acetate- 

methanol-water (4:5:4:5, v/v/v/v). However, partition efficiencies ob- 

tained from the  above separation were relatively low in terms of 

both theoretical plates and peak resolution as shown in Table 111. In 

order to improve t h e  above results, we  prepared a new toroidal coil 

from a thick-wall (0.45 mm), smaller I.D. (0.4 mm) PTFE tube as 

used for the multilayer coil in HSCCC described earlier. Although 

the 0.4 mm 1.D. column successfully held a high back pressure, t h e  

precolumn flow tube (which was made from t h e  same tube a s  in t h e  

column) frequently broke a t  the  flexing points as indicated by arrows 

A and B in Fig. 5. A similar problem was observed with t h e  use 

of a PEEK (polyetheretherketone) tube (Alltech Associates, Inc., 

Deerfield, IL, USA) which can hold a high back pressure up to 350 

kg/cm2 in ordinary use. This clearly indicated that  t h e  precolumn 

flow tube also requires a good flexibility t o  withstand t h e  constant 

flexing and rolling motion which is inherent to the  rotary-seal-free 

flow-through mechanism. 
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Fig. 5 Schematic design of analytical TCC. 

Finally, we have tes ted Tefzel tubes (Alltech Associates, Inc.) 

which provide an excellent pressure resistance ( 1  75-280 kg/cm2) and 

much higher flexibility than the  PEEK tube. Among four commer- 

cially available Tefzel tubes with 0.175,  0.3, 0.5, and 0.75 mm 1.D.s 

and all with 0.56 mm O.D., only the  smallest I.D. tube (0.175 mm,) 

with t h e  greatest  wall thickness could successfully maintain i ts  in- 

tegrity for several consecutive runs. In order  t o  fur ther  improve 

the durability of the  Tefzel  tube, the  centr i fuge cover was raised 

from a distance of 10 cm and 20 c m  above t h e  centr i fuge bowl t o  

moderate the flexing angle of t h e  flow tube a t  point A shown in 

Fig. 5, while the  ent i re  length of the  Tefzel tube (precolumn flow 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



HSCCC-4000 VS. TCC 2325 

A )  B) C )  0) 
Helical turns: 6540 Helical turns: 10000 Helical turns: 4440 Helical turns: 4140 

I.D.: 0.55 mrn I.D.: 0.40 mm 1.0.: 0.40 mm I.D.: 0.30 m m  
Flow rate: 1.5 ml/rnln Flow rate: 1.0 ml/rnin Flow rate: 1.0 ml/min Flow rate: 1.0 ml/min 

2 
2 I 

- - Lltl I I I l t , ~  

0 4 8 1 2  0 4 8  0 4 8 1 2  0 4 8 12 16 20 24 
mrn min rnin mrn 

Fig. 6 Chromatograms of indole auxins by analytical TCC. 
Key: See Fig. 4 .  
Analytical conditions A, B, C, and D: See Table 111. 

tube) was reinforced with a single piece of olefin hea t  shrinkable 

tubing (Alpha Wire Corporation, Elizabeth, NJ ,  USA). With t h e  

above modification, we  have successfully carry out a ser ies  of ex- 
2 periments under a high column pressure of up t o  100 kg/cm . 

Figs. 6A-D show a set of TCC chromatograms of indole 

auxins obtained under various analytical conditions. The experimental 

conditions including column I.D., number of helical turns, solvent sys- 

tem and flow ra te ,  and the  data  on theoretical plates, resolution 

factors, and analysis times for each experiment a r e  summarized in 

Table 111. 

When the  results a r e  compared from two different  I.D. 

columns with a similar number of helical turns, the  smaller I.D. 
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2326 OKA ET AL. 

column (0.4 mm) produced lower stationary phase retention and 

slightly less efficient peak resolution between peaks IA and IAA than 

the  0.55 mm I.D. column, while both columns yielded equivalent 

theoretical plates, However, increasing in t h e  number of helical 

turns of the 0.4 mm I.D. column from 4140 t o  6540 substantial im- 

proved both the  theoretical plates and peak resolution but with 

about 50 O/O increase in t h e  separation t ime (Fig. 6C). W e  have 

further examined a 0.3 mm I.D. and a 0.1 mm I.D. columns each 

with 10000 helical turns. The 0.3 mm I.D. column produced excel- 

lent peak resolution in 24 min (Fig. 6D) whereas the  0.1 mm I.D. 

column failed t o  retain a satisfactory volume of t h e  s ta t ionary phase 

under the  applied experimental condition. 

The above experiments were performed with a two-phase sol- 

vent  sys tem composed  of n-hexane-ethyl  a c e t a t e - m e t h a n o l - w a t e r  

(4:5:4:5, v/v/v/v) which gave partition coefficient values, K(S/M), for 

the  indole auxins ranging from 0.15 t o  2.37 (Table 11). As men- 

tioned earlier, TCC produces lower retent ion of t h e  stationary phase 

and necessitates the  choice of higher K(S/M) values in contrast  t o  

HSCCC which can  produce much higher re tent ion of t h e  stationary 

phase. 

The above experimental results with TCC indicate t h a t  eff i -  

cient separations of indole auxins c a n  be at ta ined with a coiled 

column of ei ther  0.55 or 0.40 mm I.D. in 10 min whereas the  

highest peak resolution (Rs=1.64 between IA and IAA) is obtained 

from a small-bore column of 0.3 mm I.D. in a longer elution t ime 

in 24 min. 
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CONCLUSION 

2327 

Although T C C  needs higher pressure t o  pump t h e  mobile phase 

and longer analysis times than HSCCC, i t  has advantages over 

HSCCC in tha t  t h e  system permits universal application of two-phase 

solvent systems and gives s table  elution curves under UV monitoring. 

In t h e  present study, HSCCC and TCC showed almost equivalent 

theoret ical  plates and resolution factors  in the  separation of indole 

auxins  under  t h e i r  o p t i m a l  condi t ions.  T h e r e f o r e ,  we h a v e  

demonstrated t h a t  a t  the  present stage of development both systems 

a r e  capable of performing comparable analytical tasks. However, i t  

is more likely tha t  TCC will become a powerful analytical tool in 

t h e  future  when t h e  problems associated with high back pressure a r e  

solved. 
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