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High-speed countercurrent chromatography (HSCCC) is a versatile technique for
preparative separations of a wide variety of solutes. For optimization of operating
conditions, prediction of separations, and scale-up study, a model is needed to
describe the effluent concentration profile, which determines the separation efficiency
(mass transfer, mixing, and partitioning) and the resolution between peaks. A transfer-
dispersive model is proposed to describe the effluent profile based on the assumption
that the retention of a peak is caused by partitioning over two phases, and peak broad-
ening is caused by axial dispersion and mass transfer limitation. In this work, mass
transfer was investigated by comparing model simulations to experimental data. One
generalized correlation of overall mass transfer coefficients was derived. Based on the
correlations of axial dispersion coefficients in our previous work and mass transfer
coefficients in this study, the model predicts the elution concentration profile well.
Furthermore, separation criteria were proposed to predict the separation of two adja-
cent solutes, and they were verified using literature data. © 2010 American Institute of
Chemical Engineers AIChE J, 57: 359-372, 2011
Keywords: high-speed countercurrent chromatography (HSCCC), axial dispersion,

mass transfer, partition coefficient, separation criterion

Introduction

High-speed countercurrent chromatography (HSCCC) is a
support-free liquid-liquid chromatography, which combines
the features of liquid-liquid extraction and partition chroma-
tography. This method provides many advantages over the
conventional column chromatography, such as eliminating ir-
reversible adsorption loss of samples, yielding higher recov-
ery and efficiency. As a result, HSCCC has been widely
used in chemical and pharmaceutical industries for difficult
separation and purification of various natural and synthetic
products.! Unfortunately, in contrast with the large number
of studies on practical applications of HSCCC, there are few
studies on the characteristics of the mass transfer kinetics,
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and much less work has been reported on the modeling of
HSCCC processes. However, the development, optimization,
and scale-up of a chromatography process largely rely on the
quality and precision of the mathematical modeling. Thus, it
is becoming increasingly important to model the process.
And for being able to optimize the HSCCC separation in a
quantitatively way, separation criteria are urgently required
that rigorously deal with the complexity of this mass transfer
process, and yet can be implemented in such a manner that
is simple to use in practice by common users.

With regard to the modeling of chromatography processes,
there are two approaches. One is the plate theory, which
starts from the assumption of a linear distribution isotherm
and phase equilibrium. Kostanian” and Kostanian et al.? pre-
sented a cell model for countercurrent chromatography
assuming equilibrium conditions. Sutherland et al.* offered a
method for modeling CCC on the basis of an eluting coun-
tercurrent distribution model. These two models do not deal
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with the mechanisms of mass transport in the CCC column.
Another is the rate theory, which provides the information
about the influence of kinetic phenomena such as rate of
mass transfer and axial dispersion on the elution profile. van-
Buel et al.’ developed a model for the centrifugal partition
chromatography (CPC) to describe the effluent concentration
profile. Marchal et al.® studied the mass transfer and flow
regimes in the CPC using a transparent column and a strobo-
scopic video system. All these CPC instruments, which
depend on hydrostatic equilibrium, are described as not
being efficient, and in which the mass transfer limitation is
the major reason for peak broadening. However, HSCCC
is based on a hydrodynamic equilibrium mechanism, which
is totally different from that of CPC instruments. There has
been little research on mass transfer in HSCCC, which indi-
cates the need for a model. Furthermore, to the best of our
knowledge, no separation criteria have been suggested for
determining the chromatographic separations in HSCCC.
Therefore, mass transfer kinetics is investigated in this article
using a preparative HSCCC with a 1000-ml column capacity
by varying the flow rate, rotation speed, and the two-phase sol-
vent systems, and a generalized correlation of mass transfer is
reported. Furthermore, based on the generalized correlations of
axial dispersion’ and mass transfer, separation criteria for
HSCCC are proposed and validated using literature data.

Modeling Theory

Numerous mathematical models are available to account
for the band profiles obtained in chromatography and in
other adsorption-based separation processes.s_lo When the
mass transfer resistances are small and have a minor influ-
ence on the profile, the equilibrium-dispersive model is rec-
ommended.'” Otherwise, depending on the nature and the
complexity of the problem, the general rate model, the
lumped pore diffusion model, or the transport-dispersive
(TD) model are used.''™"3 Going through the literature, the
authors found that the mathematical description of chromato-
graphic phenomena has already been given by many authors,
but the complicated mathematical results had prevented the
practical scientists from appreciating the influence of various
factors on the performance of chromatographic columns.

In HSCCC, the separation mechanism is based on the dif-
ference in partitioning solutes over two immiscible liquid
phases, and there is no adsorption—desorption processes.
Moreover, the mass transfer resistance has a moderate influ-
ence on the profiles of chromatographic bands. Therefore,
the TD model is used, which was mentioned in our previous
work on a two-phase mode model,” but not in detail. In this
study, we will elaborate further about this model.

In modeling the effluent concentration profile of a compo-
nent (chromatogram), the following assumptions are made.

(1) The composition (concentration and type of compo-
nents) of the injected sample does not influence the partition
coefficient of the individual components or the equilibrium
composition of the two-phase system, that is, the distribution
coefficient is constant. This assumption is usually valid for
low component concentrations but may not hold for high
concentrations.

(2) The retention of the stationary phase (Sy) is constant at
any cross section of the column, and Sy is expressed as:
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where V and V. are the volumes of stationary phase and the
column, respectively.

(3) The temperature is constant.

Based on these assumptions, the resulting set of partial
differential equations describing the concentration of a solute
in the bulk of the mobile and the stationary phase (C,, and
Cy) as a function of the axial position in the column, x, and
the time, ¢, is as follows®:

% | sy on_py, Tl (2a)
ot ¢ ot “ ox ™ ox2 a
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where C,, and C, are the concentrations of a solute in the
mobile and stationary phases, respectively, D,y is the axial
dispersion coefficient in the mobile phase, and u is the mean
velocity of the mobile phase, which can be calculated as:

F
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where F is the volumetric flow rate of the mobile phase, A, is
the cross-sectional area of the column, and ¢ is the phase ratio:
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et 4)

where V,, is the volume of the mobile phase, kj is the overall
mass transfer coefficient, and a is the specific interfacial area
between the mobile and stationary phases.

The boundary and initial conditions are as follows:

cat0.0) = { GOS0 )
Cm(x,0) = 0. (6)

The solution of these equations, corresponding to the
introduction of a concentration pulse Cyty, of sufficiently
short duration 7y, may be derived from the general solution
of Lapidus and Amundson. It reads'®:
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HSCCC instruments are considered as efficient, and more
than 1000 theoretical plates are usually encountered. Accord-
ing to van Deemter, Eqs. 7 and 8 can be simplified if the
column contains a large number of mixing and transfer units.
Therefore, based on the boundary and initial conditions, Eqs.
7 and 8 reduce to a Gaussian function'®:

Coto

- K)? -~ K2.S,.
\/4n(L(lt§K> -Dax+*"(2u“ﬁ)

( _ligl() 9
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Equation 9 contains four parameters: Si, K, D,y, and koa
(volumetric mass transfer coefficient, considered as one pa-
rameter). The retention of the stationary phase Sy can be cal-
culated using the model proposed by the authors,'” and the
partition coefficient K, as the thermodynamic property, could
be obtained from shake-flask experiments5 or calculated by
phase equilibrium equations. Axial dispersion coefficients
D, can be calculated according to the model proposed in
our previous work,” and then the volumetric mass transfer
coefficient kpa can be fitted to the experimental concentra-
tion profile with the solutes (K # 0) according to Eq. 9 with
only one unknown parameter koa.

Experimental
Apparatus

The HSCCC instrument used in this article is a Model
TBE-1000A  high-speed countercurrent chromatograph
(Tauto Biotech, Shanghai, China) equipped with a 1000-ml
coil column made of polytetrafluorethylene tubing (3.0 mm),
with a rotor radius of R = 13 cm, and a 100-ml sample
loop. The coil is wound from head (centre) to tail (periph-
ery) when the mobile phase is pumped into the column in
the head—tail mode. The f3, (i, = r/R, where r is the distance
from the holder axis to the coil, and R is the distance
between the holder axis and the central axis of the centri-
fuge) of the preparative column varies from 0.59 at the inter-
nal layer to 0.75 at the external layer. The rotation speed of
this apparatus can be regulated with a speed controller in the
range between 0 and 600 rpm. The HSCCC system is
equipped with a Model SD-9002 constant-flow pump, a HX-
2050 water bath, a Model 8823B UV monitor, and a Model
N2010 chromatography workstation.

Materials

Three two-phase solvent systems of n-hexane—ethyl ace-
tate—ethanol-water at different volume ratios of 8:2:5:5 (4A),
5:5:5:5 (4B), and 3:5:3:5 (4C) have been used, which have a
broad range of hydrophobicity. All experiments were con-
ducted in a reverse-phase mode with the aqueous phase as
the mobile phase. The solutes used as model components for
the three different solvent systems are shown in Table 1.

All organic solvents used for the preparation of samples
and HSCCC separations are of analytical grade, and water
used is distilled water.
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Table 1. Solutes for Different Solvent Systems

Octanol-Water

Coefficients
Solvent System Solutes (log Pow)
4A: n-Hexane—ethyl 1,2-Hydroxybenzene 0.88
acetate—ethanol-water Phenol 1.46
(8:2:5:5, v/v) 2-Methylphenol 1.95
4B: n-Hexane—ethyl 1,4-Dihydroxybenzene 0.59
acetate—ethanol-water 1,2-Dihydroxybenzene 0.88
(5:5:5:5, v/v) Phenol 1.46
4C: n-Hexane—ethyl 1,2,3-Trihydroxybenzene 0.97
acetate—ethanol-water 1,4-Dihydroxybenzene 0.59
(3:5:3:5, v/v) 1,2-Dihydroxybenzene 0.88

Preparative separation by HSCCC

Preparation of the Two-Phase Solvent System Two-phase
solvent systems were prepared by continuously stirring all
the solvents according to the volume ratio. After settling at
the operating temperature for 12 h, the solvent system was
separated into organic and aqueous phases for HSCCC use.

Preparation of the Sample Solution Preparation of the
sample solution requires special considerations in order to
not affect the HSCCC separation. To maintain the equili-
brated phase composition, the sample solution was prepared
by dissolving the sample in a solvent mixture containing
equal quantities of lower and upper phases (1:1, v/v) of the
solvent system. For controlling the partition coefficient under
the linear condition, the concentration of the injected sam-
ples is in the range of 1-3 g/l.

HSCCC separation procedure

In each experiment, the coiled column was first entirely
filled with the upper (stationary) phase, and then the appara-
tus was rotated at a certain rotation speed, while the lower
(mobile) phase was pumped into the column at a certain
flow rate. After the mobile phase front emerged and hydro-
dynamic equilibrium was established in the column, the vol-
ume of the stationary phase from the column was measured.
Then, the volume of the mobile phase in the column was
calculated by subtracting the dead volume'® (inlet, outlet
leads and other peripheral equipment), and the retention of
the stationary phase was calculated using Eq. 1. Then, the
sample solution containing the solutes was injected through
the injection valve. The effluent was continuously monitored
with a UV detector. After the separation, the solvents in the
column were pushed out by nitrogen gas,' and the volumes
of upper and lower phases measured as a check on the final
retention volume of the stationary phase in the column.

Partition coefficients by shake-flask experiments

Shake-flask experiments5 were performed to determine the
partition coefficient of a component by weighting a small
amount into the equilibrated two-phase system (10 ml of
each phase in a bottle of 50 ml with a Teflon cap) and stir-
ring vigorously overnight in a water bath (25°C). After re-
moval from the water bath, the phases were separated imme-
diately and analyzed by gas chromatography. The experi-
ments were performed in duplicate.
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Table 2. Volumetric Mass Transfer Coefficients at Different Operation Conditions

Volumetric Mass Transfer Coefficient (1/min)

4A System 4B System 4C System

 (rpm) F (ml/min) sm; sm, sm; smy sm; sm, sms smy sm;

300 3 0.220 1.629 3.550 0.359 1.382 2.611

300 5 0.228 1.996 3.416 0.403 1.754 3.077 1.108 1.312 2.892
300 7 0.226 2.095 3.725 0.382 1.636 3.189 1.249 1431 3.336
300 9 0.231 1.980 3.793 0.339 1.568 3.391 1.224 2.101 3.866
300 11 0.228 2.199 4.246 0.269 1.640 3.536 0.987 1.212 3.218
350 3 0.269 1.983 4.451 0.605 1.737 3.415

350 5 0.250 2.232 4.016 0.438 2.028 3.639 1.734 1.994 3.898
350 7 0.262 2.474 4.226 0.464 2.029 4.001 1.637 2.125 4.516
350 9 0.258 2.263 4.787 0.441 2.080 4.112 1.533 2.126 4.954
350 11 0.256 2.547 4.476 0.344 2.096 4.413 1.404 1.738 4.510
400 3 0.300 2.516 6.013 0.515 2.101 4.338

400 5 0.354 2.728 4.577 0.546 2.224 4.027 2.557 2.988 5.295
400 7 0.309 2.846 4.520 0.521 2.351 4.700 2.744 3.092 5.643
400 9 0.276 2.443 5.214 0.490 2.367 4.724 2.591 3.280 6.190
400 11 0.282 2.803 4.940 0.391 2.438 5.183 2.480 3.328 6.191
450 3 0.400 3.323 4.734 0.638 2.222 5.012

450 5 0.429 3.274 5.623 0.618 2.536 4.641 3.218 3.377 6.059
450 7 0.349 3.215 5.125 0.605 2.740 5.538 3.268 3.681 6.405
450 9 0.305 3.056 5.322 0.584 2.804 5.618 2.829 3.430 7.656
450 11 0.301 2.996 5.299 0.490 3.057 6.521 2.943 3.965 6.804
500 3 0.554 3.602 6.330 0.745 2.924 6.893

500 5 0.498 3.809 6.728 0.731 2.969 5.497 3.164 3.726 6.271
500 7 0.414 3.793 6.079 0.695 3.151 5.891 3.601 4.327 7.269
500 9 0.327 3.071 5.750 0.689 3.072 6.715 3.407 4.145 8.119
500 11 0.327 3.252 5.781 0.705 3.731 7.073 3.499 4.287 7.644

smy: 1,2-hydroxybenzene, sm,: phenol, smjs: 2-methylphenol, smy: 1,4-dihydroxybenzene, sms: 1,2,3-trihydroxybenzene.

Data processing methods

HSCCC chromatogram data were obtained for each sam-
ple solution. The flow rate of the mobile phase ranged from
3 to 11 ml/min, and the rotation speed was from 300 to 500
rpm. The experiments were conducted at room temperature
of 25°C. The UV detector was set at 254 nm. Before the
injection, the UV detector was calibrated.

The experimental concentration of a solute was calculated
from the chromatogram. As it is known that there is a linear
relationship between the response signal of UV monitor and
the solute elution concentration as follows:

C=h-b, (10)
where # is the chromatogram height, and b is a constant value.
The sample mass (M) can be calculated:

oo

M:CO-Vinj:/C-dV:/h-b-d(F-t)
0 0

o0

:bF/h-dt:bFAchmm, (11)
0
where Vi, is the sample volume, and Acyrom is the
chromatogram area. Then,

_ WViCo  Mh

C= =,
F. Achrom F. Achrom

(12)

Therefore, the solute concentration with time can be cal-
culated from the chromatogram using Eq. 12. As the axial
dispersion coefficient D,, is known from our previous
work,” the volumetric mass transfer coefficient koa is fitted
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to the experimental effluent concentration profile. Optimal
values of kypa can be found by comparison of the experimen-
tal and calculated concentrations from Eq. 9. The iterative
algorithm was used for searching the optimum kga. The
minimized objective function “Sum” is the sum of squared
deviations between the experimental and calculated concen-
trations as follows:

N
Sum = 3" (Cexp — Cear)’, (13)
Jj=1

where Ce, is the experimental concentration, Cc, is the
calculated concentration, and N is the number of data points.

Results and Discussion
Volumetric mass transfer coefficient

Three sets of experiments were performed using three dif-
ferent solvent systems listed in Table 1 with varying the
flow rate from 3 to 11 ml/min and the rotation speed from
300 to 500 rpm. As the elution time (about 12 h) for the
flow rate of 3 ml/min was too long for the 4C system, the
experiments were only performed for four flow rates of 5, 7,
9, and 11 ml/min. The overall volumetric mass transfer coef-
ficients were determined by fitting to the effluent concentra-
tion profiles, as described in the data processing methods.
The overall volumetric mass transfer coefficients of 1,2,3-tri-
hydroxybenzene, 1,4-dihydroxybenzene, 1,2-dihydroxyben-
zene, phenol, and 2-methylphenol in three different solvent
systems are shown in Table 2.

Figure 1 shows the volumetric mass transfer coefficients
of pyrocatechol as a function of the rotation speed with
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Figure 1. Overall volumetric mass transfer coefficients
(Koa) vs. rotation speed in three solvent sys-
tems.

varying the flow rate in the three different solvent systems.
It can be noted that the overall mass transfer increases
greatly with the rotation speed but nearly keeps constant
with the flow rate, which agrees with the tendencies of axial
dispersion coefficients with the flow rate and rotation speed
in our previous work.” Moreover, the solvent system has a
great influence on the volumetric mass transfer coefficient.
As shown in Figure 1, the overall mass transfer coefficients
are the largest for the 4C system and the smallest for the 4A
system. Furthermore, it is very interesting to find (Table 2)
that the overall mass transfer coefficients of 1,4-dihydroxy-
benzene and 1,2-dihydroxybenzene, a pair of isomeric com-
pounds, are of significant difference in 4B and 4C systems,
which is due to the different partition coefficients because
all the conditions including the solvent system and operating
conditions (flow rate and rotation speed) are exactly the
same for the two isomeric solutes except the different K val-
ues. Therefore, it can be known that the overall mass trans-
fer coefficients in HSCCC are dependent on the rotation
speed and the partition coefficient.

Mass transfer as a function of Re and Sc

The volumetric mass transfer coefficient kpa in Eq. 9 is
the product of the mass transfer coefficient ky and the spe-
cific interfacial area a. It is very difficult to measure the spe-
cific interfacial area a directly because of the complexity of
the HSCCC separation; therefore, koa are lumped together.
The values of kpa are expressed in the form of a modified
Sherwood number (Sk')"’:

_k()adz_
=5 =

where Sh is the Sherwood number (Sh),

Sh' Sh-a-d, (14)

_lad

Sh="3,

15)
where d is the characteristic length scale of mass transfer
(herein expressed as the internal diameter of the HSCCC
column), and D is the molecular diffusion coefficient of the
solute. The product of @ and d is combined into the Sherwood
number as a dimensionless parameter.
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Correlations describing mass transfer coefficients are very
important in the design of mass transfer equipment, and
HSCCC is no exception. Usually, the mass transfer coeffi-
cient in a single phase can be correlated using this dimen-
sionless correlation form as follows:

Shi, = x1Sc?Re™, (16)

where SH',, is the modified Sherwood number of the mobile
phase. Equation 16 relates the modified Sherwood number
(SK') in the mobile phase, a function of the mass transfer
coefficient, to the Schmidt (Sc¢) and the Reynolds (Re)
numbers of the mobile phase. These dimensionless parameters
are defined in HSCCC as:

kynad?

[ — 17

Shy, D (17
U

Sc = ——— (18)
PmDm

in which g, is the viscosity of the mobile phase, p,, is its
density, k,, is the mass transfer coefficient in the mobile phase,
and D,, is the molecular diffusion coefficient of the solute in
the mobile phase. This relationship permits the calculation of
kuyn knowing the molecular diffusivity Dy,. Usually, D, can be
estimated by the Wilke-Chang equation.*

The overall mass transfer coefficient k, is related to the
individual mass transfer coefficients, which typically cannot
be measured directly:

1 1 1

ko km Kk

1
. 19)

where kg is the mass transfer coefficient of the solutes in the
stationary phase. There are two limiting cases:

(1) When é)) k%, then k, ~ k. In this case, the solute pre-
fers the stationary phase, and the mobile phase is the “mass
transfer limiting” phase. The overall mass transfer coeffi-
cient kg is independent of the partition coefficient K.

(2) When i((ki, then k, ~ K - k. In this case, the solute
prefers the mobile phase, and the stationary phase is the
“mass transfer limiting” phase. The overall mass transfer
coefficient ko has a linear relationship with the partition
coefficient K.

Aside from these two limiting cases, there is another con-
dition sitting in the middle of them, that is,

(3) When ;- =~ [, the solute favors approximately equal to
the stationary and mobile phases. Therefore, the overall
mass transfer coefficient k, is approximately described as:

K
= k. 2
ko ok (20)

The first case is not true because the overall volumetric
mass transfer coefficient koa has been proved to be depend-
ent on the partition coefficient K in our experiments (as
described above in the “volumetric mass transfer coeffi-
cient” section), but not a linear relationship. Therefore, the
second case does not apply either. As the solute in the spiral
column is subjected to the repetitive partition process of
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Figure 2. Overall volumetric mass transfer coefficient
as a function of K/(K + 1) for 4A, 4B, and 4C
systems at the flow rate of 5 ml/min and
rotation speed of 450 rpm.

mixing and settling at an enormously high rate of over 13
times per second (at 800 rpm),’ the concentration of solutes
in both the dispersed and continuous phase tends to be the
equilibrium state very quickly. Thus, the resistances from
both phases are quite close. Consequently, it could be rea-
sonably proposed that these two individual mass transfer
coefficients are approximately equal. For validating Eq. 20,
the relationship between the overall volumetric mass transfer
coefficient kpa and K/(K + 1) is shown in Figure 2. As it is
expected, the result agrees well with Eq. 20, which validates
our initial hypothesis.

Then, the modified Schmidt number based on the overall
volumetric mass transfer coefficients kya is

koad®>  knad* K ! K
_ad _ Imd =x1Sc?Re® - ———.  (21)

!
Sh D D K+1 K+1

The parameter x, in Eq. 21 represents the characteristics
of solvent systems (i, pm) and solutes (D), so the expo-
nent of 1/3 of Schmidt number in usual conditions can be
used,21 that is, x, = 1/3. The relationship between the mass
transfer coefficient and Re number can be approximately
estimated with Danckwerts’s surface renewal theory”':

ki = VDns, (22)

where s is the surface renewal factor, which is dependent on the
flow rate of the liquid,* the high rotation speed in HSCCC also
contributes to the surface renewal factor. Usually, the surface
renewal factor s increases with the velocity of the mobile phase
and the rotation speed. Therefore, it can be assumed that

SO U - . (23)

According to the relationship between the retention of the
stationary phase Sy and the volumetric flow rate of the mo-
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bile phase F and the rotation speed ®,"” and the linear rela-
tionship between (1 — S;) and 1/d*> proposed by Wood
et al.,23

1 VF

The velocity of the mobile phase u will be:

F AFd*w
y— _

— = F - 2
(=8 mryF VO 25)

then

km < \/ DnVFw? o F'/* - . (26)

From Eq. 26, it can be noted that in comparison with the
rotation speed, the influence of the flow rate on the mass
transfer of the mobile phase is quite small. Along with the
experiment results that the overall mass transfer coefficient
is mainly influenced by the rotation speed (Figure 1), the
Reynolds number in Eq. 21 is regarded as the rotational

Reynolds number Re,, (Re, (= W)), which was defined
in our previous work,” and the exponent of Re x5 in Eq. 21

is designated as unity according to Eq. 26. Therefore, the
correlation between Sh' and Sc, Re,, becomes:

K
SH = mlSc1/3RewK—+1. (27)

The experimental relationship between SA'  and
Sc'?Re,, KLH is shown in Figure 3. It agrees well with Eq.
27, which validates our theoretical analysis described above.

And, the parameter m; was obtained as following:

m; = 6.50 x 1073, (28)

Then, Eq. 27 becomes:

1200

y = 6.50E-03x

1000 1
800 1
S 600 1
400 1

200 1

0 50000 100000 150000
sc'"Rew(KI(K+1))

Figure 3. Relationship between Sh’ and Sc!'/°Re,, - £
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SH = 6.5 x 1073S¢*Re,, (29)

K+1’
where, 800 < Sc < 1200, 1 x 10* < Re,, < 2.5 x 10* and 0
< K <25.

Prediction of elution concentration profiles

According to the axial dispersion coefficient model’ and
the mass transfer coefficients model Eq. 29, the axial disper-
sion coefficient D,, and the volumetric mass transfer coeffi-
cient kpa can be calculated, and then the elution concentra-
tion profile of a solute can be predicted using Eq. 9.

The model (Eq. 9) was used to predict the effluent con-
centration profile using our preparative HSCCC. It is found
that the agreement between the prediction and the experi-
mental data is fairly good using three systems including
common or natural bioactive substances separated using the
HSCCC instrument in our laboratory. Furthermore, the valid-
ity of the proposed model for other HSCCC apparatuses
needs to be verified. The axial dispersion model” reported in
our previous article did not involve the HSCCC apparatus
parameter (L/d) because of the limitation of apparatus avail-
ability in our laboratory. Based on Taylor’s theory, the
dimensionless Peclet number has a linear relationship with
the aspect ratio (L/d) in a single-phase flow as follows>*:

Pe (5) (30)

where the Peclet number is expressed as:

ulL

Pe = .
DRX

(€2Y)

Then, our correlation for the axial dispersion in HSCCC,’

0.374

Re
— 8
(&}

In combination with the column aspect ratio (L/d) gives:

. 1 8 R 0.374 L R 0.374 L
pe 3005 X 107 Re (E) = 6.066 x 107 -~ (—)

(L/d)  Rel32 Rel302 \ 4
(33)
Then
ud 5 ReV374
X = 6.066 x 10° - W . (34)
X w

From Eqgs. 34 and 29, the axial dispersion coefficients D,x
and the volumetric overall mass transfer coefficients kya are
only dependent on the column diameter d, not on the column
length L. As we know the resolution (Rs) in common chro-
matography changes directly with the square root of the ratio
of the column length (L), which is also demonstrated in
HSccc,”

AIChE Journal February 2011 Vol. 57, No. 2

Published on behalf of the AIChE

L2 0.5
RS2 = RS] . L_ 5 (35)

1

where Rs; and Rs; are resolutions for the columns with length
L, and L,, respectively. The peak resolution Rs, that is, the
separation of two peaks in terms of their average peak width at
baseline (1, > ty),

h — 1t 2(f2—l1)
Rs = = 36
S )2 )’ (36)

where #; and t, are the retention times of substances 1 and 2,
respectively, and w, and w, is the baseline peak widths of
substances 1 and 2, respectively. In HSCCC, the retention time
tis

t= C[(l —Sf) +Sf[q

Lnd?
- Z—F [(1-8)+SiK].  (37)

o

From Eq. 9, the peak width w is’

L 1+¢K)* eK2SiL 1
w=do=4x 2(—Dax~( e )" | K —) 38)
u u u koa

If D, and koa are independent of L, substituting ¢ and w
into Eq. 35 with Egs. 36 and 37 gives

Rs o L'/2. (39)

This relationship between Rs and L in Eq. 39 agrees well
with the results of Eq. 35 from the literature,25 which to
some extent demonstrates the validity of our model. There-
fore, our model was used to test the separation of other
types of HSCCC apparatuses. The prediction of elution con-
centration profiles by using Eqs. 29, 34, and 9 for five sys-
tems** " were compared, and the agreement between the
experimental and predicted data is good. As typical exam-
ples, the detailed comparisons between the experimental
data and the calculated results are shown in Figure 4,
including the literature data for an analytical HSCCC (V, =
36 ml),”® a semipreparative (V. = 325 ml)*’ HSCCC, and
the experimental data for our preparative HSCCC (V. =
1000 ml).* It is proved that the calculated elution profiles
agree well with the experimental data. Therefore, the model
proposed in this study would be very helpful for choosing
appropriate solvent systems and optimizing the HSCCC sep-
aration.

Separation criteria

The prediction of an elution profile is very useful to
obtain detailed information about the retention time, peak
width, and resolution as well, but it takes a long time and
needs complicated calculations. Hence, it would be very
helpful if some separation criteria were available to predict
whether two substances can be separated or not. Generally,
baseline resolution is achieved if Rs > 1.5, based on the def-
inition of Rs, it gives
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2([2 —[1) >15x% (Wz +W1). (40)

Substituting Eqs. 37 and 38 into Eq. 40 gives
3x,|2(A- L—l—l 2+B 1—|—i +3
ek, K>
w lafa (L K 2+BK1
8K2 K2 K2

where A and B are as follows:

(K1 + 1)) —I—% <1, (41)

1.302
a=d. Re,, 42)
L 3.005 x 105Re0374
1— 2 1/3
p— 1S 4 pm (43)

L 65x10-3(u,) " Re,DY?

Designate Y

1 2 1
Y, =3 20A-(—+1) +B- (1 3
=3 x ( (K2+)+ (+K2))+
1 K123K1 K,
2(A- K+ 1 -1 (44
x ( (6K2+K2) K2(1+) +K (44)

When Y, < 1, baseline separation between two peaks can
be achieved. Compared with the calculation of elution pro-
files, it is more convenient by using Eqs. 41-43. However,
even for the most simple case of separating two substances,
all the parameters, including flow rate, rotation speed, den-
sity and viscosity of the solvent system, and retention of the
stationary phase, are required to carry out the calculation
and this does not meet our needs ‘“quick and easy to use.’
To simplify this problem, we attempt to compare the Y; val-
ues at different operating conditions (flow rate and rotation
speed) for different solvent systems. Small flow rate and big
rotation speed usually gave better peak resolutions, but when
keeping on decreasing the flow rate and increasing the rota-
tion speed to certain values, the peak resolution cannot be
improved any more. Figure 5 indicates that the flow rate
decreasing from 3 to 1 ml/min does not significantly change
Y|, but the separation time for the substance, for instance,
with K = 1, increases twofold from 333.3 to 1000 min, and
such a long time is not usually acceptable for a separation.
The influence of the rotation speed on Y; values is negligible
from 450 to 600 rpm as seen in Figure 5. Furthermore, the
higher rotation speed may build up more pressure in the col-
umn. Therefore, two extreme operating conditions: rotation
speed of 300 rpm and flow rate of 11 ml/min (300-11),
which represents the worst separation condition in our sys-
tems and rotation speed of 500 rpm and flow rate of 3 ml/
min (500-3), the best separation condition, were compared
for 4A, 4B, and 4C systems. As shown in Figure 6, when
the partition coefficient of the less retained substance K is
less than 0.2, the solvent system has great influence on the
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Figure 4. Calculated results of HSCCC elution concen-

tration profile comparing to the experimental
result.
(A) Standard honokiol and magnolol by analytical CCC (V.
=36 ml, d = 1.2 mm)*%; (B) Separation of phillyrin from
the medlcmdl plant Fo;sythta suspense by semipreparative
CCC (V. = 325 ml, d = 2.6 mm) ; (C) Separation of
atractylenolide III and atractylon®’ by preparatlve HSCCC
(solvent  system: hexane—ethyl acetate—ethanol-water,
4:1:4:1, v/v, flow rate: 5 ml/min, rotation speed: 450 rpm;
V. = 1000 ml, d = 3 mm).

separation of substances (here K is less than K, from Eq.
36 of (t, — t;)). However, all the data fall onto two separate
curves when K is bigger than 0.3, and Y, values do not vary
with the solvent systems. Furthermore, comparing with the
separation at 300-11 (300 rpm, 11 ml/min), the influence of
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Figure 5. Influence of flow rate and rotation speed on separation criteria Y, in 4A system.

450-3: rotation speed of 450 rpm, flow rate of 3 ml/min; 500-3: rotation speed of 500 rpm, flow rate of 3 ml/min; 600-3: rotation speed of
600 rpm, flow rate of 3 ml/min; and 500-1: rotation speed of 500 rpm, flow rate of 1 ml/min.
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Figure 6. Partition coefficient ratio vs. separation parameter Y, for the worst separation conditions (300-11: rota-
tion speed of 300 rpm, flow rate of 11 ml/min) and the best separation conditions (500-3: rotation speed
of 500 rpm, flow rate of 3 mi/min) for three different solvent systems 4A, 4B, and 4C.
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Figure 7. Separation criteria Y, and Y, of adjacent peaks for the best separation condition from Figure 6 for phase

system 4B only.

(A) Baseline separation criterion and (B) acceptable separation criterion.

solvent systems is insignificant for 500-3 (500 rpm, 3 ml/
min), and the three curves of 4A, 4B, and 4C systems for
500-3 are quite close to each other over the whole range of
partition coefficients. As we are more interested in the best
conditions which can provide good separation results than
worst conditions, eliminating the worst separation condition
and keeping the best conditions lead to a significant simplifi-
cation of Figure 6. Because of the similar result under the
best condition at 500-3, the results for 4B system are
selected as the separation criteria (Figure 7A), which corre-
spond to the optimum separation condition. Obviously, Y,
decreases with the increasing of partition coefficient K,
which indicates that the separation can be achieved easily
with the increasing of partition coefficients, and this result is
in consistent with some golden rules given by Ito' such as,
the suitable K values for HSCCC are 0.5 < K < 1.0 consid-
ering the long separation time when K is bigger than 1.

In some conditions, the baseline separation is hard to
achieve, so acceptable resolution (Rs > 1) is considered as
well. As a result, Eq. 40 becomes

2(1‘2 — tl) > (W2 =+ Wl) (45)

And similarly,

1 2 1
Y, =2 2€0A - (—+1) 4B (1+— 2
p X ( <3K2+)+ <+K2>)+

1 K\> BK K,
20A- (— 2 + 2 2Nk 1 2L, (46
: ( Q&+&>+K%(H'O+&— (46)

Thus, when Y, < 1, acceptable separations between two peaks
can be achieved. According to the method described aforemen-
tioned for Y, the relationship between Y, and the partition coef-
ficient ratio K,/K, can be obtained as shown in Figure 7B. The
baseline separation criterion Y; and acceptable separation crite-
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rion Y, can be readily read in Figure 7 when the partition coeffi-
cients K; and K, are available. For example, when the less
retained substance K has a partition coefficient 0.1, correspond-
ing to K; = 0.1 curve, and if K»/K; equals to 1.8, the Y; value on
K, = 0.1 curve is 1.1 as shown in Figure 7A, which is higher
than 1, so the baseline separation cannot be achieved. Then, the
corresponding Y, value on Figure 7B is about 0.91, which is less
than 1. Thus, we can know acceptable separation can be
achieved. Figure 7 provides the straightforward information
about whether the substances can be separated or not with
known partition coefficients K; and K>.

In a more quantitative way rather than reading Figure 7,
critical values of separation criteria (Table 3) are calculated
for the optimum separation condition (500-3) from Egs. 41
and 46. From Table 3, when the partition coefficient of the
less retained solute K; in one solvent system is 0.05, only if
the partition coefficient ratio K»/K; is more than 2.72, a
baseline separation can be achieved under the optimum oper-
ating condition, and when the partition coefficient ratio K,/
K is larger than 2.1, an acceptable separation is obtained,;
otherwise, the solvent system is not suitable for the separa-
tion of the two substances no matter what operating condi-
tion is. Table 3 only shows the separation criteria between 0
and 2, as for an efficient separation, the partition coefficient

Table 3. Separation Criteria in HSCCC

K, (Smaller Partition K>/K, for K>/K, for

Coefficient) Rs > 1.5 Rs > 1
0.05 2.72 2.11
0.1 1.98 1.64
0.2 1.61 1.39
0.3 1.48 1.31
0.5 1.38 1.24
0.6 1.36 1.23
0.7 1.34 1.22
0.8 1.32 1.21
0.9 1.30 1.20
1.0 1.29 1.19
2.0 1.25 1.16
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Table 4. Comparison of Separation in HSCCC

Calculated Experimental

Criteria Value Results Results
Partition Yes/ Yes/ Column
coefficient Rs > Rs > 1, Acceptable/ Acceptable/ Volume
Solvent System Solutes (K) K>/K, 1.5, Yes Acceptable No No (ml)
n-Hexane—ethyl-acetate—- Compound 2 0.52 325%
butanol-methanol-water Compound 3 0.54 0.54/0.52 = 1.04 1.38 1.24 No No
(0.5%TFA) (2:3:1:1.5, Compound 4 0.65 0.65/0.54 = 1.20 1.37 1.24 No No
v/v) Compound 5 1.31 1.31/0.65 = 2.02 1.35 1.225 Yes Yes
Chloroform—methanol— Compound 4 0.49
water (4:3:2, v/v) Compound 2 0.81 0.81/0.49 = 1.65 1.38 1.24 Yes Yes
Compound 3 1.08 1.08/0.81 = 1.33 1.32 1.21 Yes Yes
n-Hexane—ethyl Aurantio-obtusin 0.78 350*
acetate—-methanol-water 1-Desmethylaurantio-  0.97 0.97/0.78 = 1.24 1.32 1.21 Acceptable  Acceptable
(11:9:10:10, v/v) obtusin
Chryso-obtusin 1.05 1.05/0.97 = 1.08 1.29 1.1 No No
Obtusin 1.33 1.33/1.05 = 1.27 1.29 1.1 Yes Yes
1-Desmethylchryso- 1.96 1.96/1.33 = 1.47 1.28 1.1 Yes Yes
obtusin
Ethyl acetate—ethanol— Chlorogenic acid 0.59 700
water (4:1:5, v/v) Caffeic acid 1.06 1.06/0.59 = 0.80 1.36 1.23 Yes Yes
Luteolin 2.43 2.43/1.06 = 2.29 1.29 1.19 Yes Yes
Ethyl acetate—n-BuOH- DIBOA-Gle 0.62 300%
water (2:3:5, v/v) HBOA-Glc 0.67 0.67/0.62 = 1.08 1.36 1.23 No No
Ethyl acetate—n-BuOH— DIBOA-Glc 0.03
0.5% NH4OH (2:3:5, v/v) HBOA-Glc 0.72 0.72/0.03 = 24 272 2.11 Yes Yes
n-Hexane—ethyl Honokiol 0.78 362
acetate—methanol-water Magnolol 1.46 1.46/0.78 = 1.87 1.32 1.21 Yes Yes
(1:0.4:1:0.4, v/v)
Light petroleum—ethyl 1 0.52 325%¢
acetate—methanol-water 2 0.92 0.92/0.52 = 1.77 1.38 1.24 Yes Yes
(9:1:8:2, v/v)
HEMW (3:2:3:2, V/v) I 0.20 325%
I 0.70 0.70/0.20 = 3.5 1.61 1.39 Yes Yes
III 0.87 0.87/0.70 = 1.24 1.34 1.22 Acceptable  Acceptable
v 2.26 2.26/0.87 = 2.60 1.31 1.20 Yes Yes
A\ 3.96 3.96/2.26 = 1.75 1.25 1.16 Yes Yes
n-Hexane—ethyl I 0.11 290%
acetate—methanol-water I 0.45 0.45/0.11 = 4.09 2.0 1.65 Yes Yes
(1:2:1:2, v/v_ I 0.83 0.83/0.45 = 1.84 1.45 1.26 Yes Yes
v 1.65 1.65/0.83 = 1.99 1.32 1.21 Yes Yes
\% 3.50 3.50/1.65 = 2.12 1.26 1.17 Yes Yes
Ethyl acetate—n-butanol— 1 1.02 325%
1% aqueous acetic acid 2 1.80 1.80/1.02 = 1.76 1.29 1.19 Yes Yes
(1:4:5, v/v)
Ethyl acetate—n-butanol— 2 0.04
1% aqueous acetic acid 1 0.06 0.06/0.04 = 1.5 2.72 2.11 No No
(5:0.5:5, v/v) 3 2.01 2.01/0.06 = 33.5 2.70 2.10 Yes Yes
4 3.13 3.13/2.01 = 1.56 1.25 1.16 Yes Yes
n-Hexane—ethyl I 0.75 3424
acetate—ethanol-water I 1.11 1.11/0.75 = 1.48 1.33 1.215 Yes Yes
(1:0.6:1:0.6, v/v) 11 3.11 3.11/1.11 = 2.80 1.28 1.18 Yes Yes
v 6.10 6.10/3.11 = 1.96 1.25 1.16 Yes Yes
n-Hexane—ethyl I 0.45
acetate—ethanol-water 11 0.58 0.58/0.45 = 1.288 1.40 1.29 No No
(1:1:1:1, v/v) 11 1.25 1.25/0.58 = 2.16 1.36 1.23 Yes Yes
(Continued)

AIChE Journal

February 2011 Vol. 57, No. 2

Published on behalf of the AIChE

DOI 10.1002/aic

369



Table 4. (Continued)

Calculated Experimental

Criteria Value Results Results
Partition Yes/ Yes/ Column
coefficient Rs > Rs > 1, Acceptable/ Acceptable/ Volume
Solvent System Solutes (K) K>/K, 1.5, Yes Acceptable No No (ml)
v 2.66 2.66/1.25 = 2.13 1.28 1.18 Yes Yes
Ethyl acetate—n-butanol— I 0.58 210"
water (2:1:3, v/v) I 0.89 0.89/0.58 = 1.53 1.36 1.23 Yes Yes
11 1.84 1.84/0.89 = 2.07 1.30 1.20 Yes Yes
Petroleum ether—ethyl Component 1 0.424 1000*
acetate—ethanol—water Component 2 0.642  0.642/0.424 = 1.51 141 1.30 Yes Yes
(6:4:5:8, v/v) Component 3 0.817  0.817/0.642 = 1.27  1.35 1.225 Acceptable  Acceptable
Component 4 1.20 1.2/0.817 = 1.47 1.32 1.21 Yes Yes
n-Hexane—ethyl Component 1 0.42 1000*
acetate—methanol-water Component 2 0.76 0.76/0.42 = 1.81 1.41 1.39 Yes Yes
(3:6:4:2, v/v) Component 3 1.39 1.39/0.76 = 1.83 1.33 1.22 Yes Yes

values of the targeted compounds should be 0.5 < K < 1.0"
in HSCCC. Moreover, it is widely believed that the partition
coefficient ratio (separation factor K»/K;) should be greater
than 1.5,"2'** which is a rough value for predicting the sep-
aration, whereas from the results in Table 3, we can get the
exact value for the targeted compounds with different parti-
tion coefficients. It is much more convenient to select the
solvent system and optimize the separation by using the sep-
aration criteria in Table 3.

Comparing the model results to literature data

The separation results using the separation criteria (Table
3) were compared with the literature data®®3*™*3 in Table 4.
The first column shows the solvent system used for the sepa-
ration of the solutes (in the second column “‘solutes”). The
partition coefficient ratios K,/K; were calculated based on
the partition coefficient data in the third K column. For the
first example in Table 4, it can be found that the partition
coefficient ratio K,/K; for the Compounds 2 and 3 is 0.54/
0.52 = 1.04, that is, to divide the partition coefficient of the
Compound 3 by that of the less retained Compound 2.
According to the criteria value for K; = 0.52 shown in the
fifth column, the separation criterion value is 1.38 for Rs >
1.5 and 1.24 for Rs > 1.0. K,/K, of 1.04 is less than 1.38 or
even 1.24, which indicates that even acceptable separation of
the Compounds 2 and 3 cannot be achieved, so the calculated
result “no” is shown in the “calculated results” column,
which is the same as the experimental result shown in the
“experimental results” column. Similarly, it can be found that
the Compound 3 cannot be separated from the Compound 4 in
n-hexane—ethyl acetate—n-butanol-methanol-water (0.5%TFA)
(2:3:1:1.5, v/v) solvent system. Therefore, another solvent sys-
tem chloroform—methanol-water (4:3:2, v/v) was used to sepa-
rate these three Compounds 2, 3, and 4; the partition coefficient
ratios for the Compounds 4 and 2, and the Compounds 2 and 3
are 1.65 and 1.33, respectively, which are higher than the crite-
ria values (Rs > 1.5) of 1.38 and 1.32, therefore, baseline sepa-
rations can be achieved. Both the calculated and experimental
results show “yes” for the successful separation. The results
for the other 15 systems in Table 4 show that the agreement
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between the calculated and experimental data for different sol-
vent systems and apparatuses including analytical (36 ml col-
umn volume), semipreparative (210-350 ml column volume),
and preparative HSCCC (700 and 1000 ml column volume) is
very good. These separation criteria provide some basic rules
for choosing the suitable solvent systems, optimizing the oper-
ating condition. Comparing to the time- and solvent-consuming
optimization process, these separation criteria allow us to opti-
mize the HSCCC separation process in a quantitative and sim-
ple way, which is easy to use in practice by common user. Fur-
thermore, Wood et al. reported that identical chromatograms
can be achieved at both analytical and production scales.**
Therefore, this separation criteria may apply to the production-
scale HSCCC, but future work will be needed to verify this.

Conclusions

The TD model with parameters of the axial dispersion coef-
ficient and the overall volumetric mass transfer coefficient was
established for HSCCC based on the assumption that the peak
broadening is caused by mass transfer and dispersion. One gen-
eralized correlation about volumetric mass transfer coefficients
was derived based on the Schmidt (Sc¢) number, the rotational
Reynolds number (Re,), and the partition coefficient (K).
From the correlations of axial dispersion coefficients and volu-
metric mass transfer coefficients, the model proposed in this
article predicted the elution concentration profile well for dif-
ferent HSCCC instruments including analytical, semiprepara-
tive, and preparative HSCCC. In addition, simple separation
criteria based on the partition coefficients ratio (K,/K;) were
proposed to predict the baseline separation (Rs > 1.5) and ac-
ceptable separation (Rs > 1) for two adjacent substances, and
the agreement between the prediction and literature data for
different solvent systems and different HSCCC apparatuses
(analytical, semipreparative, and preparative) is very good. It
is helpful for the selection and optimization of suitable separa-
tion conditions for HSCCC.
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Notation

a = specific interfacial area between the stationary and mobile
phase, m?/m?
A = parameter defined in Eq. 42
A. = cross-sectional area of the CCC column, m>
Achrom = chromatogram area
B = parameter defined in Eq. 43
b = a constant value defined in Eq. 10
C = solute elution concentration, g/ml
C.a = calculated solute elution concentration, g/ml
Cexp = experimental solute elution concentration, g/ml
C,, = concentration of a solute in the mobile phase, g/ml
Cs = concentration of a solute in the stationary phase, g/ml
Cy = concentration in feeds, g/ml
d = internal diameter of the column, m
D, = axial dispersion coefficients in the mobile phase, mz/s, mz/min
D,, = molecular diffusion coefficient, mz/s, m?/min
F = volumetric flow rate of the mobile phase, m3/s or ml/min
ko = overall mass transfer coefficient, m/s
kyn = mass transfer coefficient in the mobile phase, m/s
ks = mass transfer coefficient in the stationary phase, m/s
K = partition coefficient of solutes
L = total length of the column, m
M = sample mass, g
my = parameter in Eq. 27
N = number of data points
r = the distance from the holder axis to the coil, m
R = revolution radius, m
Rs = peak resolution
Re = Reynolds number
Re,, = rotational Reynolds number
s = surface renew factor
Sc¢ = Schmidt number
Sh = Sherwood number
S = modified Sherwood number
Sh', = modified Sherwood number in the mobile phase
S¢ = retention of the stationary phase
Sum = sum of squared deviations
t = time or retention time, s, min
to = sample loading time, s
t; = retention time of Solute 1, min or s
t, = retention time of Solute 2, min or s
u = mean velocity of the mobile phase, m/s
V. = volume of the column, ml
Vinj = sample volume, ml
Vi = volume of the mobile phase, ml
Vs = volume of the stationary phase, ml
w; = peak width of Solute 1
peak width of Solute 2
x = axial position in the column, m
x; = parameter in Eq. 16
X, = parameter in Eq. 16
X3 = parameter in Eq. 16
Y, = parameter in Eq. 44
Y, = parameter in Eq. 46

Greek letters

s
)
Il

1 = viscosity, Pa s
w = rotation speed, rad/s
p = density, kg/m’
P = ratio of the planetary radius to the rotor radius, /R
¢ = phase ratio of stationary phase volume to mobile phase
volume
o = [1/4] of peak width
Subscripts

m = mobile phase
s = stationary phase
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