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Abstract - A laboratory-scale simulated moving bed (SMB) was designed and tested for the separation of
paclitaxel, a powerful anti-cancer agent known as Taxol®, from impurities of a plant tissue culture (PTC)
broth. The innovative strategy of a pseudo-binary model, where mixtures A and B were treated as single
solutes A and B, was used in the linear standing wave analysis to fix the SMB operating parameters for a
multicomponent and complex system. Linear standing wave design was used to specify the zone flow rates
and the switching time for the laboratory-scale SMB unit, with two steps of separation. The SMB consists of
four packed columns, where each column is 12.5 c¢m in length and 1.5 cm in diameter. Two sequential
separation steps were used to recover paclitaxel from a small feed batch (less than one liter). Placlitaxel was
recovered from the complex plant tissue culture broth in 82% yield and 72% purity.
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INTRODUCTION

The great diversity of chemical structures found
in natural products provides a rich source of new
molecules with potential anti-tumor activities.
Paclitaxel, a complex alkaloid, is a good example. It
has been approved by the FDA for the treatment of
advanced breast cancer, lung cancer, and refractory
ovarian cancer. It interferes with the multiplication
of cancer cells, reducing or interrupting their growth
and spreading (Suffness 1995).

Paclitaxel can be isolated from the bark of the
Pacific yew (Taxus brevifolia). It also can be
produced and recovered from plant tissue culture
(PTC) broth (Fett-Netto et al., 1992; Srinivasan,
1995). A major portion of the purification cost is due
to the separation of paclitaxel from a large number of

*To whom correspondence should be addressed

taxanes with similar molecular structures (Caderlina
1991). Conventional batch chromatography has been
used for paclitaxel separation from PTC broth (Wu et
al., 1997). This technique, however, is expensive and
has low yield and low productivity. A simulated
moving bed (SMB), which saves solvent and
increases adsorbent utilization, can result in a more
economical separation process.

In an SMB, a series of columns packed with a
selective adsorbent are connected to form a circuit
(Fig.1). As in batch chromatography, separation
occurs because low-affinity solutes migrate along the
direction of eluent flow faster than high-affinity
solutes. Feed, eluent, raffinate, and extract ports are
moved periodically along the fluid flow direction to
follow the migrating bands and draw pure products.
The countercurrent contact between a liquid phase
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and a solid phase in SMB is much like a true
moving-bed operation, but it eliminates the difficulty
of moving the solid adsorbent.

In this study, a mixture of taxanes from plant tissue
culture broth is purified using a laboratory-scale SMB
unit. Because there are four major components
(paclitaxel and three impurities) in the crude mixture,
multicomponent fractionation is required. There have
been some reports on the design and simulation of
multicomponent SMB systems, but reports of binary
SMB  systems still outnumber reports of
multicomponent SMBs (Whitley, 1990; Berninger et
al., 1991; Wu, 1999). The standing wave analysis has
been developed for binary separation of amino acids
(Wu et al., 1998) and sugars (Mallmann et al., 1998).
The analysis gives an explicit solution for a specified
purity and yield.

THEORY
Standing Wave Analysis

For a system of N components in which the
components are numbered from low to high affinity
as 1, ..,J,j+1, ..., N (Fig.2); and in which a split is
desired between component j and j+1, the standing
wave equations are as follows:
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The port movement velocity is given by:
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Figure 1: Four-zone SMB system.
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Figure 2: Standing wave theory, non-equilibrium model.

The B values are determined from a pseudo-
binary model, where mixtures A and B are treated as
single solutes A and B (Cremasco and Wang,
2000a). The four B values can be estimated from
simple material balances around zones and mixing
points. The following assumptions are made: (i) the
concentration of solute A at the outlet of zone III is
equal to its concentration at the raffinate port;(ii) the
concentration of solute B at the inlet of zone II is
equal to its concentration at the extract port; (iii) the

ratio between the highest and the lowest
concentrations for mixture (A or B) is the same in
both adsorption and desorption zones. These
assumptions lead to the following expressions:
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where, in the pseudo-binary model (Cremasco and
Wang, 2000a):
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The A and B mixture recoveries at the outlet ports
are defined as

4 CR
Y = SReA (15)
uC,
_ CE
v = 2en (16)
uFCB
where ug = R/(eA.) and ug = E/(eA.) are the

equivalent raffinate and extract interstitial velocities.
Mass balances for mixtures A and B are substituted
into Egs. (9) and (10) to give:
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Substituting Egs. (20) and (21) into (1) through (4), one obtains:
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The following expression is obtained from Eq. (5) and can be used to calculate the apparent adsorbent
velocity

v=%(xli\/z) (23)
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EXPERIMENTAL SECTION
Materials

HPLC grade acetonitrile was purchased from
Fisher Scientific (Fairlawn, NJ). HPLC grade
tetrahydrofuran (THF) was obtained from Sigma
Chemical Co. (St. Louis, MO). Pure ethanol was
purchased from McCormick Distilling Co. (Weston,
MA). The ethanol was degassed prior to use by
sonicating in an ultrasonic bath (Fairlawn, NIJ).
Distilled deionized water (DDW) was obtained from
a Milli-Q™ system by Millipore (Bedford, MA). All
solvents used were filtered through 0.2-pum Nylon 66
filter from Alltech (Deerfield, IL). A taxane crude
was generously provided by Bristol-Myers Squibb
Co. (Syracuse, NY). The crude was derived from
plant tissue culture broth through several proprietary
purification and concentration steps. The polystyrene
divinyl-benzene copolymer adsorbent (Dow XUS
43493) used in all low-pressure liquid
chromatography (LPLC) and SMB columns was
donated by Dow Chemical Co. (Midland, MI).

Instrumentation

The laboratory-scale, four-column SMB used in
all experiments is shown in Fig. 3. This unit had four
pumps (two Pharmacia P-500 FPLC pumps and two
Waters 510 HPLC pumps), a liquid chromatography
controller (Pharmacia LCC-500), six rotary valves,
four six-way valves (both of the four-way and six-
way valves are from Alltech Associates, Inc.,
Deerfield, IL), and PTFE connection tubing. The
LCC-500 controller was used to set each FPLC
pump flow rate and each MV-8 valve position. Two

F1 F2

$1 52
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FPLC pumps were used to deliver feed and desorbent
streams, and the two HPLC pumps were used to
recycle part of the raffinate and extract streams. The
MV-8 valves were used to direct the flow of each liquid
stream and, therefore, control the inlet and outlet
streams of each column (Fig.4). One of the MV-§8
valves was used to control the feed stream and is called
valve 1F. It had one inlet (from the FPLC feed pump)
and four outlets (each of which led to one of the four
columns). Similarly, valve 4S had one inlet (from the
LPLC desorbent pump) and four entries (one of each
column). Valve 2R was used to withdraw the raffinate.
It had four inlets connecting each of the columns and
one outlet connecting the raffinate withdrawing port.
Valve 3Rc was used to recycle part of the raffinate
stream back to zone II. Similarly, valve SE was used to
withdraw extract, and 6Ec was used to recycle part of
the extract stream.

The valve positions connected with column 1,
column 2, column 3, and column 4 were called
position 1, 3, 5, and 7, respectively. There were also
four one-way (on-off) valves to control the flow
directions. The combination of these rotary valves
and on-off valves effectively controlled all of the
liquid flows. For example, if the feed was loaded
into column 1 (F1 open) in Fig. 3, the position for
valve 1F will be set to 1. Following the liquid flow,
the raffinate was withdrawn (R2 open, 2R in position
3), and the on-off valve between R2 and Rc2 was
closed to prevent Rc2 from going back to stream R2
(Rc2 open, 3Rc in position 3). The desorbent was
added into column 3 (S3 open, valve 4S in position
5).The extract was then withdrawn (E4 open, 5E in
position 7), and the on-off valve between E4 and Ec4
is closed to prevent Ec4 from going back to the E4
stream (Ec4 open, 6Ec in position 7).
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R1 R2

R3 R4

Figure 3: Purdue lab-scale four-column simulated moving bed unit: valve and pump configuration.
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Figure 4: Valve configuration in the laboratory-scale SMB.

Methods

Before SMB experiments, the crude mixture was
dissolved in 60:40 ethanol:water v/v. When passed
through a C18 HPLC column, the resulting
chromatogram showed three major impurities: Tr21,
Trl8, and Trl0 (the impurities were named on the
basis of their retention times in the HPLC
chromatogram). Paclitaxel had a retention time of 12
min in the HPLC chromatogram and it was also
named Trl2. In the batch elution experiments, the
impurities, which have HPLC retention times of 5
min, 9.5 min, and 16 min (denoted as Tr5, Tr9.5, and
Tr16), were found to have very similar elution
behavior in the Dow columns as Tr21, and these four
components were treated as a single pseudo-
component with the same properties as Tr21.

In SMB processes, HPLC was used to analyze the
collected fractions and construct (off-line) the
effluent concentration history. The HPLC system
consisted of two pumps (Waters 510), a tunable
single-wavelength detector (Waters 486) and an

injector (Waters U6K). Waters Millennium 2010
software was used for data collection. A Waters
Nova-Pak C18 column and a premixed mobile phase
of  water:acetonitrile:tetrahydrofuran ~ (60:30:10
v/v/v), at a flow rate of 1.0 ml/min were used. The
sample injection volume was 10ul. The
chromatograms were monitored at a wavelength of
227 nm with a single-wavelength detector (Waters
486). All solvents were degassed for approximately
20 minutes prior to analysis, and the column was
washed with acetonitrile after analysis. The simple
isocratic assay requires a very short analysis time
and can detect taxanes with very low concentrations
(0.2 ppm). A single column can be used for more
than 500 injections with this method. To quantify the
concentrations of the eluted components, a series of
standard solutions in pure ethanol needed to be
analyzed with the HPLC assay. Because the only
available standard solution was paclitaxel, the
calibration curve (peak area vs. concentration at 227
nm) for paclitaxel was also used for the other
components.
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In SMB experiments, all of the feed and
desorbent were degassed prior to all experiments. At
the beginning of an experiment, the valves were set
to the positions as configuration I. The FPLC pumps
(for the introduction of feed and eluent) were started
before the HPLC pumps (for recycling portions of
the raffinate and extract products). At the end of an
experiment, each column was flushed with enough
eluent to remove all remaining solutes. At the end of
the cleanup, a sample was collected from the outlet
of each column. The samples were then analyzed
with HPLC to make sure no residues remained.

RESULTS AND DISCUSSION

In order to obtain the flow rates and the switching
time (or operating parameters) for LMS experiments,
the linear standing wave analysis (LSWA) was used
with the following steps:

1) Find column and particle characteristics (D, L.,
g, dp, €p) — Table 1 in this work.

2) Find the partition coefficient k, (linear
isotherm) for each solute and identify the less-
retained mixture A= 1, ..., j and the more-retained
mixture B = j+1, ..., N. In this paper, this information
is given in Table 2 (Cremasco et al., 2000b). From
this table, for Run 1, it is specified that paclitaxel,
Tr18, and Tr21 are the mixture A, and they are
recovered at the raffinate outlet. In this same Run,
the compound Tr10 is characterized as Mixture B,
and it is recovered at the extraction outlet. Based on
Table 2, for Run 2, it was specified that Tr21 is the
mixture A, and it is recovered at the raffinate outlet,
while the compounds paclitaxel and Trl8 are
characterized as Mixture B, and they are recovered at
the extraction outlet. o

3) Find rate parameters (Dag, D, k¢, Ey') — Table
2 for Dag, D, in this work. The values of k{ and Ey’
depend on the flow rate in zone j. In this work, the
axial dispersion coefficient E, can be estimated from
a correlation by Athalye et al. (1992):

. A1/
. . sdpuf)
Bl =djuj| —20 (26)
(I-¢)Dyp
and the parameters associated with the corrections
for mass-transfer effects, given in Egs. (1) to (4) can

be calculated from (Ma et al., 1996b):

2
Ki 6kl 60g,D,

where the film mass-transfer coefficient is calculated
from a correlation by Wilson and Geankoplis (1966):

) \1/3
dkaf _1.09 dpsug) 28)
Dap € Dap

4) Fix the feed concentrations CAF and CgF. From
step 1 and Table 3; in this work for Run 1: C," =
332.7 ppm and Cg" = 14.4 ppm.

5) Fix the mixture A yield at the raffinate port
(YA™) and the mixture B yield at the extract port
(Ys™). The values of Y™ and Ys™* are fixed at
0.99 for Run 1.

6) Choose a feed flow rate F.

7) Calculate the liquid apparent interstitial
velocity in each zone and simulated adsorbent
velocity using Eqgs. (1) to (4), assuming B, = B; =
Bj+1 = BN =0.

8) Calculate the flow-rate values dependent on
mass transfer parameters using the velocities
calculated from step 6 and the correlations in step 3.

9) Calculate the new liquid apparent interstitial
velocity in each zone j, and simulated adsorbent
velocity.

10) Calculate the convergence criteria given by

s , 12

(wl, —ul ) +(ve—vi, )

<0.1x107° (29)

j=1

where k is the iteration number, and j is the zone
number.

11) Calculate the restriction A, > 0, Eq. (25). If
this restriction is obeyed, then returns to step 6 and
increases F. When A, < 0, the F value in the
previous iteration is the maximum feed flow rate
(Fmax)‘

12) Determine zone flow rates and port switching

time.

The operating parameters for Run 1 are listed in
Table 4. Two samples of the raffinate and extract
products were collected during each cycle: over
the first half step and over the second half step.
The elution curves for Run 1 are shown in Figs. 5a
and 5b. There is a high concentration of paclitaxel
in the second half-step time of the raffinate
withdrawal (paclitaxel has the highest affinity in
the raffinate stream). The average solute
concentrations in each collected sample were
determined by HPLC.
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Table 1: Column and particle characteristics

Parameter Value
Packed bed height, each column 12.3 cm
Column inner diameter 1.50 cm
Average bed void fraction 0.32
Particle void fraction 0.46
Average particle diameter 240 pm

Table 2: Partition and diffusivity coefficients (Cremasco et al., 2000b).

Figure 5: Elution curves of Run

1: (a) raffinate; (b) extract.

Brazilian Journal of Chemical Engineering

Component Ky Dag Dy
(ml/ml solid volume) (10* cm?/min) (10* cm*/min)
Tr21 15.09 2.526 0.384
Trl8 38.67 2.564 0.920
Paclitaxel 40.03 2.560 0.590
Tr10 82.52 2.569 1.310
Table 3: Feed concentrations for run #1
Component Feed concentration (ppm)
Tr21 192.3
Trl8 19.6
Paclitaxel 120.8
Tr10 14.4
Table 4: Operating parameters for run #1
Parameter Value
Ya 99.0
Yg 99.0
Feed (ml/min) 0.178
Eluent (ml/min) 1.472
Raffinate (ml/min) 0.748
Extract (ml/min) 0.902
Zone I (ml/min) 1.808
Zone II (ml/min) 0.906
Zone 111 (ml/min) 1.070
Zone IV (ml/min) 0.322
Step time (min) 494 4
- ~ 31
g E
& £ =
s =Tr21 5 _X_TrlO
£ oy 2, Tr21
= ri8 s
‘E ~® Taxol % iTrlS
g g Taxol
S S
11
0 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Time (min) Time (min)
(a) (b)
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Figures 6a and 6b show elution curves based on
the average product concentration, where each data
point is taken at an interval of time equal to t,/2.
Figure 5a shows that mixture A (which includes
paclitaxel) goes to the raffinate, which is free of
Tr10. Tr10 migrates toward the extract port. The
yield and purity of paclitaxel in the first pass were
86.2% and 27.8%, respectively. The low purity is
due to the (expected) high concentration of Tr21 in
the raffinate port. The SMB was designed to remove
the high-affinity components in the extract and leave
the low-affinity components (paclitaxel + impurities)
in the raffinate.

The last four samples of the second half-step
times of the raffinate product were taken as a new
feed for Run 2 (Table 5) because the concentrations
of these samples was sufficiently high to be used as
feed to a second ring. The second feed mixture is
composed of paclitaxel, Tr18 and Tr21. Paclitaxel
and Tr18 were treated as a heavy pseudo-component
(mixture B) and Tr21 as a light component (mixture
A) in steps 2 and 4 in the algorithm presented for
Run 1. Fixing Yo™* and Y5™ both equal to 0.9999

50
451
40
E 35
g .l
g 30 -Tr21
F 251 +Tr18
§ 20 —®-Taxol
-}
S 151
10 |
5
A
0 T T T T T
0 500 1000 1500 2000 2500 3000
Time (min)
(a)

in step 5 of the same algorithm, the standing wave
analysis was applied to calculate the operating
parameters for Run 2 (Table 6). But paclitaxel and
Tr18 are difficult to separate using the chosen
adsorbent, because the selectivity between the two
solutes is close to one (Otpac 1r18=Kp pac’kp,tris = 1.035).

With the same procedure as for Run 1 and the
parameters from Table 6, the elution curves for Run
2 were obtained (Figs. 7a and 7b). In this run, there
is a high paclitaxel concentration in the first half of
the extract history (paclitaxel has the highest affinity
in the extract stream). Figures 8a and 8b show the
elution curves based on an average concentration,
where each point represents an average over a time
period equal to t,/2. Recovery and purity of
paclitaxel were 82.2% and 71.1%, respectively.
Notice an improvement for purity, from 27.8% to
71.1%, when one compares the paclitaxel purity for
Run 2 with that from Run 1. But 28.9% of the
impurities are due to Tr2l. Although the SMB
operating conditions were assigned to force this
component to migrate toward the raffinate port (Fig.
8a), some of it eluted at the extract port.
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Figure 6: Average elution curves of Run 1: (a) raffinate; (b) extract.

Table 5: Feed composition for run #2.

Component Concentration (ppm)
Tr21 31.35

Trl8 3.92
Paclitaxel 22.23

Tr10 *

* Below detection limit.
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Table 6: Operating parameters for run #2.

Concentration (ppm)

Parameter Value
Y. 99.99
Yy 99.99
Feed (ml/min) 0.33
Eluent (ml/min) 1.284
Raffinate (ml/min) 0.529
Extract (ml/min) 1.085
Zone I (ml/min) 1.711
Zone II (ml/min) 0.626
Zone I (ml/min) 0.994
Zone IV (ml/min) 0.415
Step time (min) 320.5
30 8
£
£
> Tr21 H *Tr21
= Tri8| & - Tr18
- Taxol| % ~® Taxol
g
Q
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (min) Time (min)
(@) . (b)
Figure 7: Elution curves of Run 2: (a) raffinate; (b) extract.
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£ 10 ¢
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0+—= ; ‘ ‘ 0- — : :
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@ (b)
Figure 8: Average elution curves of Run 2: (a) raffinate; (b) extract.
CONCLUSION such as a taxane mixture, can be treated with a
pseudo-binary model, where mixtures A and B are
This study demonstrates that a small batch (less treated as single solutes A and B. In this case, it was
than one liter) can be used to determine the possible to use the linear standing wave design to
feasibility of an SMB operation. In this paper, it was specify the zone flow rates and the switching time
shown that a multicomponent and complex system, for the laboratory-scale SMB unit, with two

Brazilian Journal of Chemical Engineering



Experimental Purification of Paclitaxel from a Complex Mixture of Taxanes Using a Simulated Moving Bed 217

experimental steps of separation.

One SMB experiment (with two passes) was
performed to determine the purity and yield resulting
from the specified operating conditions. Although
the system employed had just four short columns
(1.50 cm L.D. x 12.5 cm each) and the particles were
large (150 to 300 pum in diameter), paclitaxel was
recovered from the complex plant tissue culture
broth in 82% yield and 72% purity.

NOMENCLATURE
A, Column cross-sectional area L’
G Solute i1 concentration in the ML
inlet or outlet flow rate
D Column diameter L
D Eluent (desorbent) flow rate LT
Dag Free diffusion coefficient L’T!
d, Average particle diameter L
D, Effective pore-phase LT
diffusion coefficient
E Extract flow rate L'T!
Ey Axial dispersion coefficient LT
F Feed flow rate LT
ke Film mass transfer LT
coefficient
1/Ks Global mass transfer T
resistance
k, Equilibrium partition
constant
L Zone length L
L. Column length L
Q Zone flow rate LT
R Raffinate flow rate LT
t Switching time T
trR Retention time T
u Liquid apparent interstitial LT
velocity
Uo SMB liquid interstitial LT
velocity
Vo Pulse liquid superficial velocity LT
Greek Letters
B Mass transfer correction in
the standing wave analysis
Adsorption velocity
€ Bed porosity;
€ Particle porosity;
v Desorbent simulated
velocity;
v Bed porosity ratio

Subscripts

Solute A (low-affinity)

Solute B (high-affinity)

Extract

Feed

Solute I

Zone index

wave Solute concentration
stationary wave

R Raffinate

;.._.,_nmw>

Superscripts

E Extract

F Feed

] Zone index

R Raffinate

I Zone |

1I Zone 11

111 Zone 111

v Zone IV
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