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Modelling CCC Using an Eluting
Countercurrent Distribution Model

I. A. Sutherland,” J. de Folter, and P. Wood

Brunel Institute for Bioengineering, Brunel University,
Uxbridge, UK

ABSTRACT

As countercurrent chromatography (CCC) is becoming an established
method in chromatography for scaling from analytical CCC in the
laboratory to full process scale in the industrial manufacture of products,
it is becoming increasingly important to model the process and to be able
to predict coil/column scale-up parameters for a given process. This paper
offers a method of modelling CCC on the basis of an eluting counter-
current distribution (CCD) model. The model confirms that peak width in
CCC varies in proportion to the square root of the length of the column,
establishes a formula predicting peak width in terms of retention factor
and retention time, and provides a method for determining the efficiency
of a given CCC instrument. This allows, for the first time, the mixing
efficiency of different CCC approaches and/or devices to be compared
and perhaps, more importantly, predictions to be made that are outside the
current operating parameters of existing CCC instrumentation. This will
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greatly assist in the design of new equipment, particularly in scale-up, and
will also help users optimize the results from their CCC instruments.

Key Words: CCC; CCD; Liquid-liquid chromatography; Modelling;
Distribution ratio; Retention; High resolution; Scale-up; Distribution
constant.

INTRODUCTION

Countercurrent chromatography (CCC)!'! is a form of liquid-liquid
chromatography, which takes place along a continuous length of tubing. The
tubing is initially filled with the phase intended to be the “stationary” phase
and then the mobile phase is pumped into the tube at a given flow rate.
Winding the tubing on a drum or bobbin, which is rotated in planetary motion
on a coil planet centrifuge, sets up zones of mixing and settling between the
two solvent phases at a rate dictated by the speed of rotation of the centrifuge.
One thousand revolution per minute, for example, will result in a sample
injected with the mobile phase experiencing 1000 mixing and settling steps
per minute. The hydrodynamic behavior of the phases in the tubing is such
that the lighter phase wants to move toward the head end of the coil and the
heavier phase wants to move toward the tail end of the coil, where the head end
is defined as the end to which a ball or bead would screw under Archimedean
screw action.[* The “stationary” phase is held in equilibrium and is retained
in the tubing against quite high flows of the mobile phase.>”! The word
“stationary” is purposely put in “quotes,” as it is now known that within each
coil unit the stationary phase undergoes a back and forth “swish-swash”
motion, which enhances the mixing between the two phases.'® The retention
of the stationary phase has been found to have a linear relationship with the
square root of the mobile phase flow,!) and that the square of the mobile phase
linear velocity is linearly related with mobile phase flow.!'” The stationary
phase has been found to remain in equilibrium when these relationships are
linear and become unstable, and slowly elute when they are not—this latter
phenomenon being known as “stripping.”

Countercurrent chromatography can be considered as a form of column
chromatography without a solid support or, alternatively, as a continuous form
of countercurrent distribution (CCD). In the 1950s Craig’s CCD apparatus
(Fig. 1) was extensively used for the purification of natural products'' ! based
on their distribution ratio or partition coefficient, as it used to be known, where
the distribution ratio is the ratio of sample concentrations in the two
immiscible phases. It is a fine example of a separation system that is
completely mathematically predictable, once the solute distribution ratio and
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Figure 1. Craig 100 transfer CCD apparatus.

the ratio of mobile to stationary phase volumes is known. This paper builds on
CCD theory by extending beyond a given number of transfers allowing the
transfer of mobile phase to continue into a fraction collector (elution CCD),
thus rendering it similar to standard liquid chromatography with comparable
chromatograms.

This paper describes the theory behind this elution-CCD model, its
validation against known CCC theory, and its use to predict CCC chromato-
grams. It then describes a simple spreadsheet process for predicting partition-
ing behavior that can be used in conjunction with or instead of the model,
using data supplied by Bousquet et al.'”) as an example. The importance in
CCC of not using the normal chromatography term “number of theoretical
plates” as an efficiency term is emphasized, as it does not relate very well to
resolution “efficiency” due to the very large volume of the stationary phase.
Finally, it makes recommendations to future authors on the procedures they
should use and the information they should give when writing CCC applica-
tions papers. In this way, it will be possible in the future, to build up a useful
database on the efficiency of different CCC instruments for a given set of
operating parameters and phase systems.
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THEORY

The theory of CCD was established by Martin and Synge in the 1940s!'?!
and re-used, in some depth, by Mandava and Ruth!"*! in Mandava and Ito’s
book on CCC. In CCD the retention factor (') is defined as the mass in the
upper transferred phase divided by the mass in the lower stationary phase as
follows:

m, _ C,Vy, _ DccpVm _ Deen(l = Sy)

kl =22 = =
“LCTm v, v, Sy

(M

The distribution of a sample, with retention factor (k), after T mixing,
settling and transfer steps, can be described as follows:

() =x"+ Cx 7y Cx T ) )
where

7! 1 B kK
YT FK)

=" x=
T =l T 1k

In CCC the separation is not restricted to the chain of “t” test tubes.
Elution takes place in such a way that the upper phase volume is passed on to a
fraction collector with fraction 1 being the “7+ 1” transfer. The quantities in
each eluted fraction from the CCD chain can be described as follows:

Mot

ilx=0yt

[FraCtiOn](i_T) = P TE——
— (i —7)1!

3)

where 7 is the number of transfers to elution (i.e., the size of the CCD chain),
Nyt 18 the total number of transfers and (i — 7) is the fraction number at the ith
transfer.

A computer CCD model (described below) was developed based on
Egs. (1-3) but defining retention factor (X) and distribution ratio (D) from the
perspective of CCC:

m, CV, DV, DS
% _ s sTs s _ . 4
cee my, Cm Vm Vm (1 - Sf) ( )

where ki = 1/k¢ep
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Modelling CCC Using Eluting CCD Model 1453
DESCRIPTION OF MODEL

The model is built around an array based iterative solution of Egs. (1-3)
above. The programming language used was Delphi 3, which is similar to
Pascal, but is Microsoft Windows oriented.

An array of positions, representing test tubes is set up in one dimension,
with mixing settling and transfer activities set up in the other. This is illustrated
schematically in Fig. 2 for two transfers in a three test tube chain. Initially each
tube is filled (step 0) with a given proportion of each phase (50:50 in the
example), defined by the retention of stationary phase (Sy). Next, a sample

o D=0.5 e D=20

1a

1b

2a

2b

3a

Figure 2. Schematic diagram of CCD elution model for two solutes with distribution
ratios of 0.5 and 2 undergoing two mixing and settling/transfersteps.
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component containing equal amounts of two solutes of distribution ratio, D,
and D,, dissolved in mobile phase, is transferred to the first tube successively
displacing the mobile phase components of the other test tubes in the chain
until a mobile phase volume is eluted from the chain into, for example, a
fraction collector (step la). The whole chain is then mixed and the phases
allowed to settle (step 1b) assuming 100% mixing and ideal mass transfer/
distribution between the two phases, as defined in Eq. (4). After this, the
mobile phase parts of each tube are again transferred to the next tube (step 2a)
and so on. Even in this two transfer example, a clear fractionation between the
two solutes can be seen in the first and third test tubes, where there is a 4: 1
enrichment of the Kp =2 and K= 0.5 solutes, respectively.

The model assumes a starting sample mass of 100% of each solute and
calculates the mass distribution as transfers progress from i =0 to 7.

Model Display

A typical elution profile in “run mode” is shown in Fig. 3a. The input
parameters for the model are set in the windows provided in the top of the
display. From left to right these are: the distribution ratios of a mixture of
samples 1 and 2 (0.2 and 1.0 respectively, but shown in the old partition
coefficient notation of k; and k); the number of transfers to elution of the
solvent front (-—set at 200, maximum 10,000); the total number of transfers
(n—set at 1600, maximum 100,000); the number of sample insertion steps
into the first tube (set at 1, but must not exceed the number of run steps); the
cycles per mobile phase transfer (normally set to 1); the percentage retention of
stationary phase (Sy=85%, range 0-100); and the number of animation steps.

The top of the display contains pull down menus. “File” contains an
export function which allows the export of data to an excel spreadsheet.
“Calculate” gives the option of “run” and “time” modes. Selecting “run”
will initiate the programme and the display will show the distribution of the
two samples as the programme steps through, in this example, from i=0 to
1600 as shown in Fig. 2. In practice, samples are generally collected in a
fraction collector or optical density is monitored with a spectrophotometer and
readings displayed on a chart recorder in “time” mode, which reverses the
time order. This arrangement can be displayed by selecting “time mode”
in the “calculate” menu, which will display the chromatogram as in Fig. 3b
with the y axis at =0, representing the solvent front or the point in time when
a sample with a distribution ratio of D =0 elutes. The “options” menu allows
the animation to be turned on or off and allows auto-scaling to be enabled or
not. The centre of the display contains a graph of sample mass in percent
compared to a starting mass of 100% against transfer number. The lower part
of the display contains the analysis of the chromatogram described below.
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Figure 3. A model chromatogram for solutes with partition coefficients 0.2 and 1.0 and
a stationary phase retention Sy= 85% for a T = 200 step transfer chain with 1600 transfers
in all (i.e., 1400 elution steps) presented (a) in Run Mode and (b) in Time Mode. Note run
mode if from the point of sample injection, while time mode is from the solvent front
although peak positions are always expressed in transfers from sample injection.

Model Output Analysis
The first column of output data in the bottom left hand corner of the

display gives the peak positions (in number of transfers from sample injection)
of the mobile and stationary phase proportions of the two sample components,
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as well as, the peak separation between them. It should be noted, that the
model can be used as a CCD model by equating the total number of run steps
with the number of step positions (i.e., n,, = 7). The model will display two
traces during the first “i” transfers or steps (where 0 <i <t)—one for the
upper phase and one for the lower phase. The total quantity in each test tube
would have to be the sum of the upper and lower components. Once eluted, the
sample is only in the mobile phase and the stationary phase box will remain
blank unless there is sample residue still waiting to be eluted.

The second column contains each respective peak height expressed as a
percentage of the 100% starting mass and the resolution (Rs) between the two
peaks [see Eq. (7) below]. The third column contains the respective peak
widths based on tangents drawn at the points of inflection and projected onto
the y=0 axis to give a baseline width. This is equivalent, for a Gaussian
distribution, to taking the peak width at 0.6 of the peak height"* and
multiplying by two. The right hand column gives the number of theoretical
plates (Np) for each solute where:

f 2
%:m@j (5)

Wp

where peak retention time is taken from the point of sample injection. Finally,
the total computing run time is given in the bottom right hand column. If run
times are long, it is possible to speed them up by running without animation.

Model Validation

In CCC!'>' the position of a solute peak can be predicted if the
distribution ratio Kp and the percentage volume retention of stationary
phase (Sy) are known. In Fig. 3 the samples have distribution ratios of 0.2
and 1.0. The Kp =1 peak, being equally soluble in both phases, will elute in
the system volume, and the K,=0.2 peak can be considered as the test
sample. The distance between the elution point of the peak and the solvent
front (Y) divided by the distance between the Kp=1 peak and the solvent
front (Z) will be equal to the distribution ratio, as shown in Fig. 4.

Vo=V, Y
v. ~— Z

s

K, = (©)

The eluting CCD model can be validated if Eq. (6) is shown to be true. It
can be seen from Fig. 3b, that the ratio ¥/Z=225/1127=0.19964 compared

to the set value of 0.2. Note, that the values used for Yand Z are calculated from
the solvent front. The step values for peak positions calculated from sample
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Figure 4. Schematic diagram of CCC elution profile for a solute with distribution ratio (D).
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injection (as listed in the display boxes) will, therefore, have to have the number
of transfers in the CCD chain (200) subtracted. These values can also be
calculated in “Run Mode,” as shown in Fig. 3a, but with the knowledge that the
solvent front is the extreme right hand side (i.e., n¢ = 1600 transfers).

Another validation check from CCC theory is the proportion of stationary
phase retained in the coil [Sy=V,/V.=V,/(Vs+ V)], which can be calculated
from the chromatogram, shown in Fig. 4, as the ratio Z/(X+ Z) for the elution
of the Kp =1 peak. From Fig. 3b, this 1127/(200 4+ 1127) where X=200 is
the number of transfers from sample injection to the elution of the solvent
front. This works out as 0.84928 (84.9%) compared to the set value of 85% of
the total system volume. Rounding errors can accumulate with a large number
of iterations, but accuracies in the order of +0.1% were considered accep-
table, as most experimental errors were in the order of £1-5%. It was found in
the course of developing the programme, that more exact solutions could be
obtained using “extended floating point” variables for calculating array
concentrations, but at the expense of extending computing time beyond
what was considered acceptable. The current accuracy of 0.1% is, therefore,
a suitable compromise.

It is well known in chromatography, that resolution can be increased by
increasing the length of the column and this has been confirmed by Du et al.!'”!
for CCC. Doubling the column length increases the resolution by a factor /2
(i.e., Rsoc4/L). The resolution between two samples is commonly
expressed!'®! as:

_ 2(t, — 1)
wy +w,

Rs 0

where #, and f, are the retention times of two solutes and w; and w, their
respective baseline widths. This was confirmed using the model illustrated in
Fig. 3. Running it for 50, 100, 200, and 400 transfers gave respective
resolutions of 2.059, 2.930, 4.151, and 5.880. Plotting resolution (Rs) against
the square root of the number of transfers (f) gave a linear relationship with a
correlation coefficient R*=1.

Finally it was confirmed that the sum of the samples contained in all the
fractions equalled the starting mass.

USING THE MODEL TO PREDICT CCC
CHROMATOGRAMS

The demonstration (above) that resolution (Rs) increases in proportion to
the square root of coil volume or length of the column (Rs ~ /L) and that the
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time for peak elution increases in proportion to the length of the column
(tp & L), leads to the conclusion from Eq. (7) that the width of the peaks also
increases with the square root of the length of the column and/or the square
root of the time for peak elution (wj, ~ /L ~ \/tp). This is verified in Fig. 5,
where the model has been used to plot the peak width (wp) against the number
of transfers to peak elution (np) for distribution ratios of K5, =0.5, 1.0, 2.0,
and 5.0 and a stationary phase volume ratio of Sy=75%, where the units are
numbers of steps or transfers. It can be seen, that there is a good correlation
(R*=1) between the peak width (wp) and /np, and that the peak width
increases with distribution ratio. In fact, it is found that these curves all fall on
one line (Fig. 6) if peak width is plotted against ./ (npk’), where k" is the
retention factor and the following relationship is established:

wp =4/ npk’ ®)

where all terms are non-dimensional quantities.

It was also confirmed that this relationship did not just hold for Sy=75%,
but was valid for all values of stationary phase retention (Sy). Equation (8) can
be extended to be applied in CCC providing a scaling factor () can be
introduced which defines the number of transfers per unit time, and keeps the
relationship dimensionally correct.

Wp = XWpy
np = xip,
th k'
wp, = 4, [~ ©)

X

where tp, is the time of elution of a peak with distribution ratio (D) and

retention factor (k) and y is a scaling constant with units of steps or

transfers/unit time. For CCD where the unit of time is a step, then y =1.
Rearranging Eq. (9) to make y the subject gives:

. tDtk/ _ tDtk, (tDt - lmt)
1= 16W 5 =16

Dt Wpr -

(10)

Substituting for wp, from Eq. (5) gives y in terms of the number of theore-
tical plates, which is a term more familiar to solid phase chromatographers:

Nk
7 =2 (11)

I
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If peak elution times were being measured in minutes, for example, then y
would have units of steps/min. If multiplied by the elution time of the solvent
front (¢,,=V,,/F), this would give the equivalent number of CCD transfers to
elution (7) for a given CCC chromatogram:

1 =2%m (12)

Furthermore, as the number of mixing and settling steps in a CCC
instrument is defined by the speed of rotation (w — rev/min), then a percentage
efficiency (£) can be defined as:

4100
Eix === (13)

Substituting for y from Eq. (10), the efficiency can be expressed in terms
of peak width and peak elution time. In this way, if the time of elution of the
solvent front or D =0 peak is known, then the efficiency of the process can be
obtained from a single chromatogram as follows:

Emix = 16

tnk’ (tp, — t,,) 100
¢ : ¢ ) VY (14)

Wpy tmt w

If ¢,, is not known and the retention of the stationary phase (S)) is, then a
substitution can be made for ¢,, as follows:

|4 Vel —S8p)
by =2 =———" 15
m F F ( )
substituting for ¢,, in Eq. (14) gives:
tpe Ftp, 100
E_.. =16 —=—1|— 16
. Wp* |:(1 —SpV. w (10

which can be simplified with substitutions from Egs. (5) and (15) to give:

1 1100
b= ) "

Ip—o Ip/) @
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Using Retention Data to Predict Peak Elution Times

It will be assumed in the following theory, that the volume of the inlet
outlet tubing is small in comparison with the coil volume and can be ignored.
If this is not the case, then it will have to be compensated for.!"*! The solvent
front will elute in the time it takes the mobile phase to pass through the volume
of mobile phase in the coil, as in Fig. 4 and Eq. (15). The Kp =1 peak has a
special significance in CCC. The sample sees no difference between the
mobile and stationary phase and, therefore, elutes in the time it takes for the
mobile phase to pass through the whole system volume.

tpt = o5 (18)

The volume position of the Kp =1 peak in CCC will always remain the
same whichever phase system or flow is used, whereas, the K, =0 position
will move toward the Kp =1 elution point as the retention decreases.

The elution time for a solute with distribution ratio (Kp), with reference to
Fig. 4, is as follows:

V,+KpV
oy = =y + Koty (19)

As mentioned in the model validation section, the distribution ratio of a
given peak can easily be worked out by dividing the elution volume measured
from the solvent front by the stationary phase retention volume, as shown in
Fig. 4 and Eq. (6).

The retention factor &’ (k-prime), which is the ratio of sample mass in the
respective phases regardless of volume ratio [see Eq. (4)], can also be obtained
from the elution profile as follows:

_KDVS_DtSt_Y
Ve ot X

m mt

K (20)

Application of the Model in Practice

The example below utilises a sample set of results from the CCC paper by
Bousquet et al. published in 1991.5°! This was one of the first papers to explore
how phase retention and sample resolution were affected by flow. They used a
PC Inc coil planet centrifuge with R=100mm, w=710rpm, V.= 143 mL,
L=614m, and d.=1.6mm. In practice, the flow range used was 0.4—
9 mL/min, but the model allows elution predictions outside this range.
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The procedure for developing a model for a given set of running conditions
is to first establish the relationship between stationary phase retention and the
square root of mobile phase flow after Du et al.””! as set out below;

S, = (100 — BF’?) 1)

Figure 7 shows Bousquet’s results taken from his Figs. 7 and 13 plotted in
this way. Note, they are linear up to about 4 mL/min, after which some non-
linearity starts to occur. A linear regression of the first three points (on the
linear part of the curve) gives a negative value for the gradient B of 10.209
[units — percentage retention per (mL/min)*>]. This slope is used in associa-
tion with Eq. (21) even though Bousquet’s intercept is 97.5%. This is because it
is now known that failure of these plots to intercept at Sy= 100% means that the
“extra coil volume” has either been over- or under-estimated.!'”) Knowing the
volume of the stationary phase, allows the mobile phase volume to be
calculated. This will establish the point of elution of the K, = 0 peak [Eq. (15)].

Next, a chromatogram should be obtained using a solute of known
distribution ratio and the intended solvent phase system. Measure ¢ and wp
from the chromatogram and calculate Ny from Eq. (5) and ¥’ from Eq. (4) or
(20) as appropriate. It will then be possible to calculate y, the number of CCD
steps per minute from Eq. (10) or (11). This was found to be 32.2 CCD
steps/minute.

Once y is known, a spread sheet like the one in Table 1 can be prepared to
give resolution (Rs) and any other separation parameters, such as total run
time, that are required.

Figure 8 shows theoretical and measured resolutions vs. retention for
Bousquet’s results. Here, the scaling factor (y=32.2 transfers/min) was
calculated from an average of 12 different values obtained from the four eluted
peaks for the three different flows. This was done, in each case, by measuring
the time of elution (#p,), the base width of the peak (wp,), calculating the
distribution ratio (Kp) from Eq. (6) or (19), and the number of CCD steps per
minute from Eq. (10) or (11). All other predictions were made from Egs.
(13 and 19), assuming distribution ratios remain the same and that CCC
follows Du’s flow relationship of Eq. (18). Note, that the predicted results lay at
least 3% to the right of the measured ones. This comes from assuming that the
Du flow relationship (18) passes through 100%. In Bousquet’s result, it passed
through 97.4%, which suggests his extra coil volume was underestimated and
that his actual retentions were, in fact, 2.6% higher.

Figure 9 shows the theoretical and measured resolutions vs. mobile phase
flow for the same results, together with a prediction of the resolution flow
profile that would be obtained by doubling the column capacity or length of
tubing. Note, that the two measured results at flows up to 4 mL/min lie close
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to the curve predicted from the new theory. The 9 mL/min flow rate gave
better resolution than expected, which shows that the mixing efficiency
increased at this higher mobile phase flow rate.

A closer analysis of all the eluted peaks in Bousquet’s Fig. 7 shows, in Fig.
10a, that mixing efficiency does, in fact, increase steadily with flow for the
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Figure 10. Variation of (a) mixing efficiency, (b) number of theoretical plates with
flow from Bousquet’s results.”>) Variation of (c) resolution and (d) resolution per unit
run time with flow from Bousquet’s results.”)

(continued)
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Figure 10. Continued.

phase system used. Figure 10b shows how the number of theoretical plates
changes with flow (solid-phase chromatographers sometimes refer to this as
efficiency). In fact, efficiency is a relative term as it depends what “efficiency”
is related to. To the analytical chemist, the most efficient separation may be the
one that gives the best resolution—this would be the lowest flow, as shown in
Fig. 10c, regardless of how long the separation takes. On the other hand, the
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process engineer would be much more interested in throughput and his most
efficient run would be the one that gives the best resolution per unit time. This
would be the highest flow in Fig. 10d.

CONCLUSIONS

The mixing efficiency introduced in this paper mimics resolution per unit
time, and if used wisely, could aid the analytical chromatographer also, giving
them just as high a resolution if longer coils were used to compensate for
reduced resolution at the higher flows. It appears though, that the number of
theoretical plates (NVp) in CCC bears little relationship with either resolution or
resolution per unit time and should, therefore, be avoided or used with extreme
caution for CCC when the retention volumes of stationary phase are so high.*!

In the future, it would be desirable for the CCC community to agree to a
standard test system for comparing different CCC devices—in this way all
operators would be able to gain some satisfaction that their system is operating
satisfactorily, before proceeding with the separation of their choice.

NOMENCLATURE
Symbols Used

The ratio /R

Number of CCD steps/unit time in CCC

No of transfers or test tube steps to the elution of the solvent front
Rotational speed (rev/min)

Cross-sectional area (m? or cm?)

Negative slope of Sy vs. vp plot (min®> mL™%?)

Concentration of solute (mol/I)

Distribution ratio (most often noted Kp)

Efficiency (=100 y/w) (plate)

Mobile phase flow rate (mL min~")

Earth’s gravitational field (10 ms™?)

Numeric describing the ith position in the test tube chain
Distribution ratio (also noted D)

Retention factor

Total length of tubing in coil system (m)

Mass of solute in a given phase volume (g)

np Number of transfers until elution of a peak with distribution
ratio (D)

NTR TIEHDAQW L TR

>)
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3
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Np

Rs

NS kR I ES Y

N

ccC
CCD

~

mix

tot
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Total number of transfers

Number of theoretical plates for a peak with distribution ratio Kp
(plate)

Distance from the planetary axis to a given point on the planetary
rotor (bobbin, m or cm)

Distance from centre of main rotor to the planetary axis (m or cm)
Correlation coefficient

Resolution between two peaks

Retention of stationary phase (percentage of machine volume)
Time (s or min)

Time until elution of a peak with distribution ratio K, (s or min)
Peak baseline width (time unit, s or min)

Baseline width of a peak with distribution ratio K (time unit)
1/(1+K)

Scalar measurement on chromatogram (=V,, or t,, and corres. unit)
K/(1+K)

Scalar measurement on chromatogram (=DV, or Dt and corres.
unit)

Scalar measurement on chromatogram (=Vj or ¢, and correspond-
ing unit)

Generic volume term (mL)

Subscripts

Coil or whole system

With reference to countercurrent chromatography
With reference to countercurrent distribution
With reference to peak with distribution ratio D or Kp
Lower phase

Mobile phase

Mixing

Stationary phase

Measured in time units

Total

Upper phase

ACKNOWLEDGMENTS

The author would like to acknowledge the support of the Engineering and
Physical Sciences Research Council (EPSRC Grant Nos. GR/R/03143/01 and
GR/M48345-ID13) and European Union (INTAS Grant Reference 000-00782).

({E‘P MaRrceL DEkKER, INc.
& 270 Madison Avenue, New York, New York 10016



20: 04 23 January 2011

Downl oaded At:

Modelling CCC Using Eluting CCD Model 1473
REFERENCES

1. Tto, Y. Principles and instrumentation of countercurrent chromatography.
In Countercurrent Chromatography: Theory and Practice; Chromato-
graphic Series; Ito Y., Mandava, N.B., Eds.; Marcel Dekker, Inc.:
New York, 1988; Vol. 44, 79-442.

2. Conway, W.D. Countercurrent Chromatography: Apparatus, Theory and
Applications; VCH Publishers Inc.: New York, 1990.

3. Sutherland, I.A.; Brown, L.; Forbes, S.; Games, D.; Hawes, D.;
Hostettmann, K.; McKerrell, E.H.; Marston, A.; Wheatley, D.; Wood, P.
Countercurrent chromatography (CCC) and its versatile application as an
Industrial Purification & Production Process. J. Liq. Chromatogr. 1998,
21 (3), 279-298.

4. Sutherland, I.A.; Muytjens, J.; Prins, M.; Wood, P. A new hypothesis on
phase distribution. J. Liq. Chromatogr. & Rel. Technol. 2000, 23 (15),
2259-2276.

5. Bousquet, O.; Foucault, A.P; Le Goffic, F. Efficiency and resolution
in countercurrent chromatography. J. Liq. Chromatogr. 1991, 74 (18),
3343-3363.

6. Sutherland, I.A.; Booth, A.; Brown, L.; Kemp, B.; Kidwell, H.; Games,
D.; Graham, A.S.; Guillon, G.G.; Hawes, D.; Hayes, M.; Janaway, L.;
Lye, G.; Massey, P; Preston, C.; Shering, P; Shoulder, T.; Strawson, C.;
Wood, P. Industrial scale-up of countercurrent chromatography. J. Liq.
Chromatogr. & Rel. Technol. 2001, 24 (11-12), 1533-1554.

7. Sutherland, I.A. Scale-up of countercurrent chromatography. In
Encyclopaedia of Chromatography; Cazes, J., Ed.; Marcel Dekker, Inc.:
New York; 2001; 734-738.

8. Sutherland, I.A.; Wood, P. A new perspective on the mechanism of
mixing and settling in countercurrent chromatography using a “J” type
coil planet centrifuge. Proceedings of the 1999 Pittsburgh Conference,
775 pp.

9. Du, Q.; Wu, C.; Qian, G.; Wu, P; Ito, Y. Relationship between the flow-
rate of the mobile phase and retention of the stationary phase in counter-
current chromatography. J. Chromatogr. A 1999, 8§35, 231-235.

10. Sutherland, I.A. Relationship between retention, linear velocity and
flow for counter-current chromatography. J. Chromatogr. A 2000, 886,
283-287.

11. Craig, L.C.; Post, O. Apparatus for countercurrent distribution. Anal.
Chem. 1949, 21, 500-504.

12. Martin, A.J.P; Synge, R.L.M. Biochem. J. 1941, 35, 1358.

13. Mandava, N.B.; Ruth, J.M. The origins of countercurrent chromatography.
In Countercurrent Chromatography: Theory and Practice; Chromato-

MaRrceL DEkKER, INc. ({ﬂ)
270 Madison Avenue, New York, New York 10016 B

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.



20: 04 23 January 2011

Downl oaded At:

1474 Sutherland, de Folter, and Wood

14.
15.

16.

17.

18.

19.

graphic Science Series; Ito, Y., Mandava, N.B., Eds.; Marcel Dekker, Inc.:
New York, 1988; Vol. 44, 27-717.

Berthod, A.; Billardello, B. J. Chromatogr. A 2000, 902, 323-335.
Conway, W.D. Theoretical aspects of countercurrent chromatography. In
Countercurrent Chromatography: Theory and Practice; Chromatographic
Science Series; Ito, Y., Mandava, N.B., Eds.; Marcel Dekker, Inc.; New
York, 1988; Vol. 44, 443-464.

Sutherland, I.A.; Brown, L.; Graham, A.S.; Guillon, G.G.; Hawes, D.;
Janaway, L.; Whiteside, R.; Wood, P. Industrial scale-up of countercurrent
chromatography: predictive scale-up. J. Chromatogr. Sci. 2001, 39 (1),
21-28.

Du, Q.Z; Ke, C.Q.; Ito, Y. Recycling high-speed countercurrent chromato-
graphy for separation of taxol and cephalomannine. J. Liq. Chromatogr. &
Rel. Technol. 1998, 2/ (1 & 2), 157-162.

Ettre, L.S. Nomenclature for chromatography. Pure & Appl. Chem. 1993,
65 (4), 861.

Wood, P; Sutherland, I.A. The relationship between the extra-coil volume
and stationary phase retention in countercurrent chromatography using J-
type centrifuges. J. Ligq. Chrom. & Rel. Technol. 2003, 26 (9 & 10),
1449-1474.

Received June 30, 2002
Accepted December 11, 2002
Manuscript 6044H

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.

({E‘P MaRrceL DEkKER, INc.
& 270 Madison Avenue, New York, New York 10016



