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Abstract:

A mathematical model of the dynamic behavior of countercurrent chromatography was pro-

posed, and the model parameters, including the partition coefficient, the axial dispersion coefficient, the

intraparticle diffusion coefficient and the external mass ransfer coefficient were calculated by the method

of chromatogram moment analysis. Comparison of the experimental chromatograms of caffeine and

theophylline determined in this work with the simulated curves computed by the proposed model showed

fairly good agreement. Further, the difference between the average identified the partition coefficients

by chromatogram moment analysis and the experimental values was small also, and the relationship be-

tween the external mass transfer rate and the linear velocity was similar to that obtained with solid-liquid

chromatography.
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INTRODUCTION

High speed countercurrent chromato-
graphy (HSCCC) uses the special centrifugal
force resulting from the planetary motion of a

1988 ).

chromatography’ s use of

coiled column ( Mandava et al.>
Countercurrent
many solvent systems yielded sufficient reten-
tion of the stationary phase. Rare earth met-
als, natural botanic compounds.
etc. had been  separated successfully
(Pukhovskaya et al., 1993; Abe et al.,
1994; Lee> 1994). Although countercurrent
chromatography has been widely applied as an
analysis tool and a preparative method, the
theoretical counterpart, particularly the dy-

proteins,

namic behavior of the chromatographic pro-
cess in the column, is not well studied yet.
The main purpose here is to do some ex-
ploratory study on this aspect. A preliminary
mathematical model was proposed to describe
the dynamics of countercurrent chromato-
graphy. Then the model was tested by exper-
imental chromatograms of caffeine and theo-

Countercurrent chromatography, Model simulation, Caffeine, Theophylline

CLC number:

TQOIS

phylline determined in this work.

EXPERIMENTAL DETAILS

HSCCC apparatus and materials

The HSCCC apparatus used in the present
work was constructed in this laboratory. A
pair of column holders were mounted sym-
metrically on the rotary frame at a distance of
10 cm from the central axis of revolution.
The multilayer coiled column was prepared by
winding a 90 m x 2 mm I.D. polyethylene
tube onto the holder hub. The capacity was
270 ml. The revolution speed could be regu-
lated up to 1500 r/min.

Schematic drawing of the experimental
set-up is shown in Fig.1. More information
on the HSCCC apparatus can be found in
Yoichiro Ito ( Mandava et al.» 1988 ). Caf-
feine and theophylline were purchased from
SIGMA. Chloroform (analytical grade) was
purchased from Zhejiang Chemical Reagent
Factory, Hangzhou, China. Water was dem-
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ineralized in the laboratory.
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Fig.1 Schematic drawing of the experimental set-up

Operations

1. Solvent system and sample preparation

The solvent system prepared by mixing e-
qual volume of chloroform and water at room
temperature was shaken vigorously, then left
overnight to reach equilibrium. The two
phases were separated shortly before use.

Sample solutions were prepared by dis-
solving caffeine and theophylline in a 5 mg/ml
mixture of equal volume of chloroform and
water.

2. Operation of the HSCCC apparatus

The column was first filled with the upper
phase composed mainly of water. The lower
phase composed mainly of chloroform was
then pumped into the head end of the column
as mobile phase while the apparatus was run-
ning at a certain revolution speed. After hy-
drodynamic equilibrium was reached as indi-
cated by a clear mobile phase at the tail end,
the sample solution (0.7 ml) was injected
through the sample valve. The effluent from
the tail end of the column was monitored with
a UV detector at 254 nm and collected by a
fraction collector. At the end of the experi-
ment, all the liquid in the column was purged
out by nitrogen and collected. The volumes of
the two phases were measured, and the vol-
ume of the stationary phase relative to the to-
tal column capacity was calculated.

3. Partition coefficients determination

Caffeine and theophylline were added into
an equilibrated two-phase solvent
(equal volume of each phase s
stirred vigorously; and then left overnight to
reach equilibrium again. The phases were
separated and analyzed by UV spectropho-
tometer at 254 nm to determine each phrase’ s
concentration. Then the partition coefficient

system
was then

was calculated.

FUNDAMENTAL THEORY

Differential equations of the model

The theory of conventional liquid-solid
chromatography had been extensively studied
by many researchers. Countercurrent chro-
matography is essentially a liquid-liquid chro-
matography process. In other words, coun-
tercurrent chromatography differs mainly
from conventional chromatography in that the
stationary phase is liquid instead of solid. An
attempt was made here to use the model of
liquid-solid chromatography to describe the
dynamics of countercurrent chromatography.
The following assumptions were made to es-
tablish the model.

1. The partition coefficients of caffeine
and theophylline are constant in the range of
the concentrations studied.

2. Constant temperature.

3. The hydrodynamic state is steady and
uniform throughout the column.

4. The effect of the injected sample on the
retention of the stationary phase is negligible.

5. Although there should be high polydis-
persity of the droplets in HSCCC, as approxi-
mation, spherical droplets with average diam-
eter based on the mass transfer area could be
used instead of polydispersed droplets distri-
bution.

6. The mass transfer in the droplet obeys
Fick’ s law and the rate of external mass
transfer on the surface of the droplet is de-
fined by the linear driving force equation.

Based on the above assumptions the math-
ematical model can be written as follows:

The equation of mass conservation of mo-
bile phase:

I>cC J J N
o780 (5] 057 e
azl, iz l, dt I, a

(1)
C,» concentration of solute in mobile phase
(]J,g/ml);

7, axial dimension of the column (m);
t> timeCmin);

E,> axial diffusion of solute (cm?/sec);
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V', velocity of continuous phase (m/min);
a»> area of mass transfer in unit volume(m?/
m?);
1-5;
a= T{:
S» retention of stationary phase (% );
That of the stationary phase:

2’C 2(9C 1/(9C
My “~ p) _ 2 {TMp) _
(D) + 2% - (%) =0 @

C,
phase Cpg/mD;
r» radium dimension of droplet (m);

concentration of solute in stationary

D> intraparticle diffusion of solute (cm?/
sec);
The equation of phase equilibrium:

Cp,R= KdevR (3)

R, radium of droplet (m)J;
K> equilibrium constant;

Mass transfer on the surface of the sta-
tionary phase:

NtZkf( Cm— CpAR/Kd) (4)

k> mass transfer coefficient (m/min);
Boundary conditions on the surface and at
the center of the droplet:

C

], sl

gLy _ _ YR

L T

oc) o (s
dr r=0

Boundary condition of pulse injection at Z
= 0 of concentration C:

Co=CCUCt) - UCt—1))at Z=0
(6>

Cy> concentration of solute in sample ( mg/
ml);
UC¢), unit pulse function;
7, time of injection( min);
Initial conditions:

Cm=0,at ZBO’ t=0
Cp=0,at r;O,t=O

7>

Laplace transformation of Egs. (1) and
2> yields the resulting ordinary differential
equation which can be solved by using the
transformed boundary conditions. Since it is
very difficult to derive the inverse transforma-

namely the
case of internal mass transfer control and the

tions only two extreme cases,

case of external mass transfer control,
studied separately.

In the case of internal diffusion control
(Model 1) in which the Biot number is much
larger than 1 ( B; = k;R/D.) and the axial
the

were

dispersion is  negligible, solution

(Houghton, 1964; Van Deemter et al..
1956) is:
C. [ ( Y@—X)
— =0. fl_ | -
Ll E R PN o7
f(Y(@—z')—X)]
e 2/ X/5
where: Y =3D_/R? (8)
oy KZ
N aV
O=t—-2Z/V

In the case of external mass transfer con-
trol ( Model 2) in which Bi is much less than
1 and the axial dispersion is negligible, the
solution ( Van Deemter et al.», 1956; Lapidus
et al.> 1952) is:

C N, 2 [ N M 1 1
m - b _—p - —
%‘XJth)eW w(e M)
where: X, =Z/TV
4
0=,,v
_ 1
M = 1+ Kd/a (9)
N oo [2EVD 2mMU - MO
P 7 (Z/ VDK,
K__3m
"= RK,

Identification of the model parameters

Generally, the partition coefficient ( K>
the axial dispersion coefficient ( E,), the in-
traparticle diffusion coefficient ( D) and the
mass transfer coefficient (k) are supposed to
affect the effluent concentration profile and
the resolution. Analysis of the relationships
between the four parameters and the opera-
tion conditions are required for the prediction
and optimization of an HSCCC separation.

The method of chromatogram moment
analysis was used to obtain the model parame-
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ters;, whose relationship with the chro- K, is irrelevant to D.» E,» ki and R,
matogram moments are ( Kucera> 19655 and can be directly identified from the first-
Schneider et al., 1968a; 1968b): order moment. In the case of HSCCC, the
.7 - axial dispersion terms with Ea can be ignored
M= ?( 14600+ 2 (10a)  pecause the ratio of column length to drop di-
27 (1 + 8)? 2 ameter ( L/d, where L is the length of col-
Mo = 7[ o+ E, V2 + 12 (106)  ymns dp is the diameter of drOplet) is very
37 AE,5,(1+8,) 4E2(1+ 8,0 large ( Carberry, 1958; Carberry, 1976); in
p3 = 7[ Oy +— 12 +— A our case larger than 44570 ( L/d,» where d,
(10D is the diameter of the column). Since R could

The nth absolute moment,
#;1 =m,/my where m, = Jo t"C,Cz,t)dt
(n = 0,1727'“) H

The nth central moment,

J:u D C,Cas )i

not be determined, D, and R were combined

into a parameter D./R?s and k;and R were
ki/ R

which were calculated from the second-order

combined into another parameter

and third-order moments.

RESULTS AND DISCUSSION

/—ln = mO >
where A series of experiments were performed.
Sn= K a Among them, four were run at the same rev-
0 d 2
R K, 5K3 olution speed of the column (308 1/min),
01 =« TS(F + ka) but with different flowrates of the mobile
C
K. R* 4 4 5 phase ( F); four were run at the same F(10
0=« ;)2 ( ~315 T 45%+ 6%2) ml/min), but with different w. The experi-
¢ mental and computed results are listed in
Dc Kd T
x = > able 1.
Rk
Table 1 The model parameters computed from experimental chromatograms
Caffeine Theophylline
F w S Vx10-2 bR
(ml/min)  (r/min) (%) (m/sec) K, K, D/ R? k/R Bi:Df/RZ
4.0 308 73.21 7.922 0.04831 3.546 0.2072 22.90 110.5
6.4 308 62.50 9.055 0.05243 3.652 0.2565 21.31 83.06
8.4 308 48 .21 8.605 0.05060 3.681 0.2908 24.18 83.13
10.0 308 19.64 6.602 0.05101 3.514 0.2933 15.96 54 .41
10.0 339 53.57 11.427 0.04612 3.744 0.3692 29.81 80.71
10.0 533 73.57 20.067 0.04524 3.719 0.3322 53.42 160.8
10.0 292 7.143 5.713 0.04895 3.560 0.3509 13.99 39.87
Comparison between model simulation and experi- — ky/ R2 — kfl
mental chromatogram D./R D.

Biot number is defined as:

_ the internal mass transfer resistance
the external mass transfer resistance

B;

The Biot number magnitude determines
which of the two mass transfer resistances has
more effect on the effluent concentration pro-
file and the resolution. Biot number in our ex-
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periments were calculated and listed in Table
1. Under the conditions studied in the work.
Biot number was very large ( from 40 to
110D, so the external mass transfer resistance
was small compared to the internal mass
transfer resistance and can be ignored. There-
fore the internal mass transfer control model
(Model 1) was used to simulate the effluent
concentration profiles. By using the parame-
ters obtained by moment analysis, the chro-
matogram of theophylline was simulated by
Eq.(S). Two examples of simulated curves
together with experimental curves are shown
in Figs.2 and 3. The results showed that the
model of internal diffusion control fits the ex-
perimental results quite well.

Cafl’.eine * Experiment
- 200 : = Model-1
?Eh [
2 150f
= b -
2 [
E 100} - i
= Theophylline
s 1
5 50
“ M ./\
bttt L L o
04q 20 40 60 30 100

Time(min)

Fig.2 The chromatographic curve of caffeine and
theophylline
Revolution speed w = 308 r/min; Flow rate F =8.4
ml/min; Pulse size 0.7 mlx 5.0 mg/ml

250
r » Caffeine + Experiment
_ 200t = Model-1
.E »
g 150 F
g 100 |
Theophylline
50 F .
o LR, M :
I} 20 40 60 20 100

Time{min)

Fig.3 The chromatographic curve of caffeine and
theophylline
Revolution speed @ = 339 r/min; Flow rate F =10
ml/min; Pulse size 0.7 mlx 5.0 mg/ml

For caffeine, the retention volume was so

small that caffeine’ peak broadening was
mainly due to off-column mixing but not mass
transfer resistence. It is not meaningful to de-
duce D/ R? and k;/R and to fit internal or
external mass transfer control model to the

experimental chromatogram .

Partition coefficients determined by HSCCC vs. par-
tition coefficients determined by shake flask

The variation of the partition coefficients
( K4 identified by the model for different
conditions is quite small, within 14.69% of
the average for caffeine and 6.33% of the av-
erage for theophylline. Further, the differ-
ence between the average identified value and
the experimental value was small also; for
caffeine, it was 0.0490 compared to 0.0507,
and for theophylline, it was 3.628 compared
to 3.524.

The internal mass transfer rate

The internal mass transfer rate D./ R? cal-
culated from moments are listed in Table 1.
Although the internal diffusion coefficient
D.> unlike the molecular counterpart, is of a
complex physical nature in aspects such as the
internal circulation of the droplets, the inter-
nal diffusion rate D R’ might not vary with
the flowrate of mobile phase F' and revolution
speed w. In our case, the D ./ R? value varied
from 0. 2072 to 0. 2933 while F changed
from 4 to 10 ml/min at constant w>, and from
0.2933 to 0.3692 while w changed from 292
to 533 r/min at constant F'.
that the D./ R? value did not vary with F or
w; the variation was in the range of the error
of determination.

It turned out

The external mass transfer rate as a function of the
linear velocity

The results showed that the external mass
transfer rate k¢/ R was nearly proportional to
the linear velocity V of the mobile phase de-
fined by V =4F/7d?(1 - S (Fig.4) under
the conditions studied in this work. The e-
quation obtained by correlation was similar to
that obtained with

graphy:

solid-liquid chromato-

ki/R=4.5161V —-0.9218
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60 Carberry, J. J.> 1958. First-order rate processes and ax-
+ =10 mlmin ial dispersion in packed bed reactors. Can. J.
501 % A=308c/min Chem. Eng., 36:207 —209.
Linear fitting Carberry, J. J., 1976. Chemical and Catalytic Reaction
T'; 401 Engineerings McGraw-Hill, Inc., New York, p.
E 457 - 518.
f._ 301 Houghton Gerald, 1964 . The Additivity of rate and diffu-
201 sion phenomena in continuous chromatography. J.
Chromatogr. > 15 (1):5-8.
101 Kucera Eugene, 1965. Contribution to the theory of
chromatography linear non-equilibrium elution chro-
00 5 ]b IIS 2'0 25 matography. J. Chromatogr. » 19(2):237 - 248.

Linear velocity ¥(x10~* m/sec)

Fig.4 The relationship between the external mass
transfer rate and linear velocity for theo-
phylline

CONCLUSIONS

A preliminary model for countercurrent
chromatography was established, and a set of
parameters were identified by moment analy-
sis. It seemed that the model could describe
the system studied quite well, the parameters
identified by moment analysis were reason-
able; compared to the liquid-solid chromato-
graphy using a solid fixed phase.
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