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a  b  s  t  r  a  c  t

Chromatography  models,  liquid–liquid  models  and  specifically  Counter-Current  Chromatography  (CCC)
models are  usually  either  iterative,  or  provide  a  final  solution  for peak  elution.  This  paper  describes  pro-
viding  a better  model  by  finding  a more  elemental  solution.  A  completely  new  model  has  been  developed
based  on  simulating  probabilistic  units.  This  model  has  been  labelled  ProMISE  (probabilistic  model  for
immiscible  phase  separations  and  extractions),  and  has  been  realised  in  the  form  of  a computer  applica-
tion,  interactively  visualising  the  behaviour  of  the  units  in the CCC  process.  It does  not  use  compartments
imulation
robabilistic
ayes
roMISE

or  cells  like  in  the  Craig  based  models,  nor  is  it based  on diffusion  theory.  With  this  new  model,  all  the
CCC  flow  modes  can  be accurately  predicted.  The  main  advantage  over  the  previously  developed  model,
is that  it  does  not  require  a somewhat  arbitrary  number  of  steps  or theoretical  plates,  and  instead  uses
an efficiency  factor.  Furthermore,  since  this  model  is  not  based  on  compartments  or  cells  like  the Craig
model, and  is therefore  not  limited  to  a compartment  or cell  nature,  it allows  for  an  even  greater  flexibility.
. Introduction

Chromatography models, liquid–liquid models and specifically
ounter-Current Chromatography (CCC) models are usually either

terative [1–5], or provide a final solution for peak elution [3,6,7]. In
he former, the column is typically divided into discrete compart-

ents, resembling the test tube based counter-current distribution
CCD) process [8].  Sample components are distributed between the
hases, mixed, and then transferred to the next compartment, each
ccording to its K value (distribution coefficient) and so on. This is
n iterative process until the peaks have moved beyond the column
eluted out). Under certain conditions, a single equation describing
he eluted peaks can be formulated, but always includes a factorial,
hich in modelling terms, is an iterative operation. The advan-

age of an iterative model is that the complete chromatography
rocess is described including the time spent inside the column.
ther models are usually based on mass transfer or diffusion the-
ry, also referred to as rate models. These models consist of solving
ne or more differential equations, and providing a solution only
escribing the final outcome.

However CCD, as a discreet process, remains fundamentally dif-
erent from CCC which is a continuous process. Having a single
athematical solution is not necessary, and in fact an iterative
olution gives additional advantage.

∗ Corresponding author. Tel.: +44 01895 266856; fax: +44 01895 274608.
E-mail address: joost.defolter@brunel.ac.uk (J. de Folter).
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© 2010 Elsevier B.V. All rights reserved.

The aim of this research is finding an iterative model that better
describes the CCC process. This paper describes providing a better
model by finding a more elemental solution.

2. Theory

In 1941, Martin and Synge [1] showed that CCD can be described
using a binomial solution. This is also known as the probability
mass function which describes the probability of getting exactly r
successes in n trials:(

n
r

)
pr(1 − p)n−r (1)

p is the probability of each trial (being 0 or 1), and r = 0, 1, 2, . . .,  n,
where the binomial coefficient is defined as(

n
r

)
= n!

r!(n − r)!
(2)

The probability mass function is based on Bayes’ theorem, which
shows the relation between two  conditional probabilities which are
the reverse of each other [9].  Using a more elemental approach, a
simple model can be developed.

3. Model
3.1. Concept

This model has been labelled ProMISE (probabilistic model
for immiscible phase separations and extractions). Considering a
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olecule of a particular compound in a two phase system, assum-
ng it is located somewhere in either phase, its behaviour can be
escribed by the probability of it moving to the other phase. This
robability is then simply

1
KX + 1

or
KX

KX + 1
(3a,b)

epending on which phase the unit is in, where K is the distribution
oefficient:

 = CU

CL
(4)

ith CU and CL the sample concentrations of the upper and lower
hase respectively, and for the current definition of K (Eq. (4)). X is
efined as the phase distribution:

 = UF

LF
(5)

here UF is the proportion of the column volume occupied by the
pper phase and LF is the proportion of the column occupied by the

ower phase. Furthermore an efficiency factor is introduced here by
imply multiplying by the efficiency factor for the final probability
alue.

This behaviour is followed regardless of other molecules of the
ame compound, e.g. (local) compound concentration in the phases.
he model consists of simulating many of these representative
nits, following the probabilistic rules described here, where each
nit represents a very small amount of sample compound. Each
nit is then moved according to the movement of the phase it is

ocated in.
Because the model is based on compound units, a density func-

ion with an adaptive Gaussian filter is used to convert the separate
nit values into a chromatogram. The nature of this model allows

ts internal values to be volume or time.

.2. Output

The model output consists of a number of units, each having a
osition value. The main peak values can be directly obtained from
he model output. The peak position is equal to the mathematical
verage of the weighted units:

 = 1
mtot

n∑
i=0

mixi (6)

here xi is the position value of each unit index i, out of n total units.
i represents the (relative) weight of each unit, and mtot the total
eight of all units. Note that the peak average does not necessarily

oincide with the peak maximum (in case of asymmetrical peaks).
The peak width is subsequently obtained by taking the standard

eviation from the units:

 =

√√√√ 1
mtot

n∑
i=0

mi(xi − �)2 (7)

Using this theory, the compounds naturally distribute according
o their K value.

The retention times can therefore be predicted using standard
heory. Expanding the equations determined in previous research
4,5], the peak width for (normal flow mode) can be calculated as
ollows:

 =
√

tR
KX

(8)

ω

here ω is the rotational speed giving the number of mix-
ng/settling steps per unit time, and tR the retention time. The peak

idth is equal to 4�.
togr. A 1218 (2011) 6009– 6014

The mixing/settling efficiency is taken into account in the model
by multiplying the probabilities with the efficiency factor f. Accord-
ingly the peak width can be calculated by modifying Eq. (8):

� =
√

tR
KX

ωf ′ (9)

where f′ represents the efficiency effect.
However in reality this is a simplified equation for normal flow

mode. In the same way, a more general equation incorporating
different flow modes can be expanded from previous research [5]:

� =
√

tR(KX/ωf ′)
XFL + KXXFU

(10)

where XFU and XFL are the normalised upper and lower phase flow
rates:

XFU = FU

UF
and XFL = FL

LF
(11a,b)

where FU and FL are the upper and lower phase flow rates. XFU and
XFL are further normalised dividing by the maximum of (XFU, XFL)
to give dimensionless values between 0 and 1. This set of equations
for peak width appears to work well in most cases, though a general
equation that perfectly satisfies all flow modes correctly has not yet
been found.

3.3. Efficiency

The efficiency of the mixing/settling in the model is determined
by an efficiency factor f. However, it was found that this efficiency
factor could not be directly incorporated into the equations for
the peak shape (Eq. (9)). The relationship between the model mix-
ing/settling efficiency and resulting efficiency effect was obtained
by using Eq. (9) to determine f′ (Fig. 1a).

Using curve fitting techniques, the relationship between the
initial efficiency factor f and the resulting efficiency effect f′ was
empirically found to approximate (Fig. 1b) as follows:

f ′ = f

21−f
(12)

This efficiency factor actually represents a composite factor, not
only for the mixing/settling efficiency but also, for the CCC system
in general.

4. Results

This new model has been realised in the form of a computer
application, interactively visualising the behaviour of the units in
the CCC process (see Fig. 2).

Results from this new model show good correlation with the
currently tested operation modes: conventional, co-current and
dual flow. Theoretical results were obtained by applying the stan-
dard predictive equations for peak retention [10], and peak width
(Eqs. (9) and (10)). All result values are in volume units, hence
instead of TR retention is labelled VR.

For each of the flow modes described in the following sections,
the model was set up and calibrated according to the experimental
set up. This includes the coil volume, the rotational speed of the
CCC apparatus, the stationary phase volume retention, the mobile
phase flow rates and the K-values of the components. Furthermore
the model was calibrated for each experimental condition, finding
an effective efficiency.

Because of its nature, the model can be set up more accurately

than the CCD based model [5].  Because of the limitation of the num-
ber of cells of the CCD based model, an effective smaller number of
cells had to be used that incorporated the efficiency. So in each
mixing/settling step, an efficiency of 1 (100%) was used. The new



J. de Folter, I.A. Sutherland / J. Chromatogr. A 1218 (2011) 6009– 6014 6011

a

b

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.110.90.80.70.60.50.40.30.20.10

f

f'

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.110.90.80.70.60.50.40.30.20.10

f/(2^(1-f))

f'

F y effe
a

m
t
u

4

o
(
F
C
t
n
r
t
u

w
a
w

ig. 1. (a) Comparing the model mixing/settling efficiency (f) and resulting efficienc
nd  standard deviation = 0.0174.

odel however does not have such limitation, making it possible
o simulate all the mixing/settling cycles in the CCC process, each
sing the mixing/settling efficiency factor.

.1. Conventional flow mode

The model results for this mode were compared to the-
retical and experimental values from CCC experiments [11]
Table 1). The CCC experiments are from a SFCC 2000 (Societe
rancaise Chromato Colonnes) hydrodynamic type J coil planet
CC centrifuge, with a spiral coil using 15 m of 2.7 mm ID PTFE
ubing with a total volume of 156 ml.  The machine was run-
ing at a rotational speed of 600 rpm with mobile phase flow
ates of 1, 2, 3 and 4 ml/min. A heptane–methanol–water sys-
em with sample components toluene and hexylbenzene were
sed.
Additional model parameters used: efficiency = 0.02. This value
as also applied in the theoretical prediction equations. The aver-

ge model error was 0.7% for the retention, and 16.6% for the peak
idth.
ct (f′). (b) The relationship between the f and f′ found using curve-fitting: R2 = 0.998

4.2. Co-current flow

Recent experimental values were obtained from co-current flow
experiments [12] and compared to model results (Table 2). The CCC
experiments are from a SFCC 2000 (Societe Francaise Chromato
Colonnes) three bobbin coil planet centrifuge CCC unit, with a 26 m
multilayer coil of 1.6 mm ID Teflon tubing with a total volume of
53 ml.

It was  run at a rotational speed of 800 rpm with an upper phase
flow rate of 2 ml/min and lower phase flows of 0, 0.5 and 1.5 ml/min.
A water/methanol/ethyl acetate/heptane system with steroid sam-
ple components prednisone, prednisolone acetate, testosterone,
estrone and cholesterol were used.

Additional model parameter used: efficiency = 0.03 for normal
flow and efficiency = 0.01 for co-current flow. These same values
were applied in the theoretical prediction equations. The average

model error was 2.4% for the retention, and 28.7% for the peak
width. Partition theory using normal distribution, model results
and actual experimental data from the literature is shown in
Fig. 3.
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Fig. 2. Simulation program screenshot showing model output as compound concentrations and probabilistic units (top) over the different phases separately.

Table  1
Experimental, theoretical and model values (with error) using conventional flow mode.

K value Experimental Theoretical Model

VR [ml] W [ml] VR [ml] Error VR [%] W [ml] Error W [%] VR [ml] Error VR [%] W [ml] Error W [%]

F = 1 [ml/min], LF = 0.85
0.33 66.9 16.29 67.2 0.4% 18.2 11.8% 67 0.1% 19 16.7%
0.064 31.5 7.53 31.9 1.3% 5.5 −27.0% 32 1.6% 5 −33.6%

F  = 2 [ml/min], LF = 0.71
0.33 81.4 20.59 81.8 0.5% 18.6 −9.7% 82 0.7% 18 −12.6%
0.064 51.8 7.11 52.3 1.0% 6.6 −7.1% 52 0.4% 7 −1.5%

F  = 3 [ml/min], LF = 0.65
0.33 87.7 16.18 88.1 0.5% 20.6 27.3% 88 0.3% 21 29.8%
0.064 60.5 7.54 61.1 1.0% 7.6 0.8% 61 0.8% 8 6.1%

F  = 4 [ml/min], LF = 0.49
0.33 104.4 14.41 104.8 0.4% 18.7 29.8% 105 0.6% 18 24.9%
0.064 83.9 7.60 84.5 0.7% 7.4 −2.6% 85 1.3% 7 −7.9%

Table 2
Experimental, theoretical and model values (with error) using co-current flow mode.

K value Experimental Theoretical Model

VR [ml] W [ml] VR [ml] Error VR [%] W [ml] Error W [%] VR [ml] Error VR [%] W [ml] Error W [%]

FU = 2 [ml/min], FL = 0 [ml/min], LF = 0.66
0.12 21.3 8.6 22.2 4.2% 3.7 −57.0% 23 8.0% 4 −53.5%
0.56  37.2 12 37.6 1.1% 10.3 −14.2% 38 2.2% 10 −16.7%
1.4  67 22.5 67 0.0% 21.8 −3.1% 67 0.0% 21 −6.7%
4.6  184 60 189.9 3.2% 64.6 7.7% 176 −4.3% 64 6.7%

40  1460 460 1417.2 −2.9% 536.1 16.5% 1405 −3.8% 518 12.6%

FU = 2 [ml/min], FL = 0.5 [ml/min], LF = 0.68
0.12 25.9 7 25.8 −0.4% 7.6 8.6% 26 0.4% 7 0.0%
0.56  40.7 12 40.7 0.0% 16.9 40.8% 41 0.7% 17 41.7%
1.4  62.4 17 62.4 0.0% 24.6 44.7% 62 −0.6% 28 64.7%
4.6  106 27 29.5 −72.2% 29.5 9.3% 106 0.0% 40 48.1%

40  166 36 165.7 −0.2% 16.8 −53.3% 166 0.0% 30 −16.7%

FU = 2 [ml/min], FL = 1.5 [ml/min], LF = 0.71
0.12 34.2 11 31.9 −6.7% 9.4 −14.5% 32 −6.4% 7 −36.4%
0.56  45.8 11 44.9 −2.0% 14.4 30.9% 45 −1.7% 13 18.2%
1.4  57.5 11 58.1 1.0% 14.7 33.6% 58 0.9% 17 54.5%
4.6  71.8 11 74.1 3.2% 11.4 3.6% 74 3.1% 17 54.5%

40 82.3 7 85.8 4.3% 4.6 −34.3% 85 3.3% 7 0.0%
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Fig. 3. Comparison of model and actual experimental data for co-current flow (FU = 2 ml/min, FL = 0.5 ml/min, and LF = 0.68). Experimental data used from the literature [12].

Table  3
Experimental, theoretical and model values (with error) using dual flow mode.

K value Experimental Theoretical Model

VR [ml] W [ml] VR [ml] Error VR [%] VR [ml] Max  [ml] Error VR [%] W [ml] Error W [%]

LF = 0.3
1.46 600.6 323.4 693.9 15.5% 690 660 9.9% 450 39.1%
0.69  585.2 450.45 820.7 40.2% 820 810 38.4% 480 6.6%
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LF = 0.5
1.46 626.15 431.9 750 19.8% 

0.69  667.1 430.85 764.4 14.6% 

.3. Dual flow

Experimental values were obtained from dual flow experiments
13] using a special dual flow coil planet centrifuge with a multi-
ayer helical coil made of 35 m of 5 mm  ID tubing with a total volume
f 561 ml.

Run at a rotational speed of 1000 rpm. A heptane/ethyl
cetate/methanol/water system with sample components benzyl
lcohol and para cresol was used. The experimental values were
ompared to model results (Table 3).

Additional model parameters used: efficiency = 0.12. The aver-
ge model error was 18.6% for the retention, and 12.1% for the
eak width. An important factor is that the peak retention, like the
redictive equations, appears to relate to the average value of the
aussian peak, where traditionally peak position is indicated at the
aximum value (peak maximum). With non-symmetrical peaks

his can amount to a significant difference. Table 3 shows both the
eak average (labelled VR) and maximum (labelled Max). The latter
as used for the comparison with experimental data.
. Conclusion

A completely new model has been developed based on simulat-
ng probabilistic units. This model does not use compartments or
0 720 15.0% 430 -0.4%
0 740 10.9% 440 2.1%

cells like in the Craig based models, nor is it based on diffusion the-
ory. It is iterative and therefore the chromatography process can be
evaluated over time and inside the column. With this new model,
all the CCC flow modes can be accurately predicted. A current disad-
vantage of this model is that it introduces a very slight variation in
its output, due to its probabilistic nature. However this slight vari-
ation can be reduced by increasing the number of model units at
the cost of computational time. The main advantage over the previ-
ously developed model [5],  is that it does not require a somewhat
arbitrary number of steps or theoretical plates, and instead uses
an efficiency factor. Furthermore, since this model is not based on
compartments or cells like the Craig model, and is therefore not lim-
ited to a compartment or cell nature, it allows for an even greater
flexibility.
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