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Abstract—HPLC (High Performance Liquid Chromatography) was utilized for the chiral separation of racemic
bupivacaine, and mathematical modeling with competitive Langmuir isotherm was performed to determine the opti-
mum feed condition. For each racemic compound, the isotherm parameters a, b and mass transfer coefficients k were
obtained by parameter estimation and maximum likelihood method. The agreement of elution profiles between the
experimental data and the calculated values was fairly good. In order to find the optimum separation condition,
simulations were carried out to determine the feed conditions such as concentration and injection volume. To
preparatively separate racemic bupivacaine, the desirable injection volumes were 0.05 ml at 2.0 mg/ml of the con-
centration of racemic mixture or 0.01 ml at 20 mg/ml.
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INTRODUCTION finite difference methods [Anderson and al., 1992], weighted resid-
uals methods [Finlayson, 1971; Villadsen and Michelsen, 1978],
In a chromatographic column, materials injected are separatefihite element methods [Strang and Fox, 1973; Carey and Finlay-
based on their differences of the retention with stationary phaseson, 1975, finite volume methods [Pantakar, 1980], adaptive grid
Amount of sample treated ranges from small scale as in an analytinethods [Verwer et al., 1989; Arney and Flaherty, 1990], and mov-
cal instrument to large scale including absorbent towers [Bailly andng grid methods [Pilipis, 1990; Miller and Miller, 1981].
Tonderur, 1982]. Compared to gas chromatography which has lim- The sample was bupivacaine(1-Buthyl-N(2,6-dimethylphenyl)-
itations of volatility, molecular weight, and capacity of feed mate- 2-piperidinecarboxamide) for local anesthetic and sold as racemate.
rial, liquid chromatography has definite advantages, so it has beefihe medical activity resides in the S-bupivacaine, while the R-bup-
mainly used in the separation of pharmaceutical chemicals as wellacaine causes a side effect as poison and reducing medical activity
as fine chemicals. [Yang et al., 2003]. The aim of this study was to find the optimum
Enantiomer has the same physical properties with the exceptiofeed condition for enantiomer separation by mathematical model-
of optical properties, and it has different activity in the human body.ing of HPLC with competitive isotherm.
For example, one enantiomer pair may be medically active in the
human body, while another may not be or may possibly have serious THEORY
side effects [Medvedovici et al., 1997]. For this reason, interest in
the preparation of high-purity enantiomer pair has increased. Becaude Mathematical Model
of difficult synthesis of high-purity enantiomer pair, the method of To establish a mathematical model of the chromatographic col-
separation with LC has been widely used. umn, the following assumptions are considered:
The chromatography models include the simple model of linear
adsorption, isothermal and local equilibrium to a rather complicated (1) process variables are a function of time and the column length
equation of axial dispersion, resistance of fluid and stationary phaséno radial variation occurs in the column).
non-isothermal, and non-linear adsorption [Row, 1999]. The mod- (2) axial dispersion flow for the liquid phase
eling of chromatography is varied. Plate theory and rate theory have (3) bed void fraction, radius and porosity of the particles are con-
been mainly used. Generally, the solution of plate theory is morestant along the column.
easily calculated than rate theory, but rate theory is mainly used. (4) constant flow rates in the column
The solution of rate theory is solved by numerical methods. Among (5) negligible pressure drop in the column
the large number of numerical methods devoted to the solution of (6) the intraparticle mass transfer is described by a linear driving
PDE or PDAE systems, which are by nature very difficult to solve,force (LDF).
a well established classification would be the following ones: the use (7) isothermal condition (negligible thermal effects)
of method of lines (MOL) [Carver, 1981; Schiesser, 1977, 1991],
The differential material balances for the component i in the mo-
To whom correspondence should be addressed. bile phase along a chromatographic column could be expressed as
E-mail: rowkho@inha.ac.kr follows:
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0C(i,z) _ _uaC(i,z) +D 9°C(i,2) _(1-¢) 699(i,2) with the PDAE system described in the preceding chapter [Oh, 1995].
ot 0z s £ R, ot In this work, the MOL was employed to convert PDEs to ODES
OzO(O, L), i=1,2 (1) with respect to time.
The method of lines consists of two steps, respectively:

i ample concentrations . : : ; 0 .
The dependent variables g and C were the samp Step 1: The continuous spatial domains are discretized into finite

in stationary and mobile phases, respectively. In Eq. (1), the accu- . o . . .
mulation term, convection, axial dispersion, and mass in stationargrId of points (*nodes’), thus reducing PDAES into DAES.

phase were considered. By a lumped kinetic model, the accumula- Ste_p 2:. The D.AES are integrated over time by employing ap-
tion rate of a component in the stationary phase was expressed 8}r/opnate integration software. .
A number of sophisticated integration codes are already avail-

mass-transfer driving force. Here a linear driving force (LDF) model able for step 2 above. This work uses the DASOLV code [Jarvis

was used. and Pantelides, 1992]. This is based on backward differentiation
09(i,2) _y ;i\ 6, v v _ formulae, and automatically adjusts the time step size as well as
ot k(')Rp(q (1.2) ~q(i.2)) bzo[ot, =12 2 the integration order to maintain the error of integration within a

user-specified tolerance.
g There are several different spatial discretization techniques that
can be used in the context of the MOL family. The finite differ-

Finally, the equilibrium adsorption was assumed as the followin
competitive Langmuir isotherm.

(i) = a(i)C(i,2) Dz0[0 L], =12 (3) ence techniques, which were employed in this work, replace the
at 1+ 2 b()C(j,2) T ' continuous problem domain by a grid such that the dependent var-
JZx ’ iables from the continuous domain exist only at a finite number of

discrete points. In other words, the continuous problem domain is

For Egs. (1)-(3), the boundary and initial conditions were given as discretized on a finite set of grid points. The derivation of finite dif-

BCs @z=0 C(i,0)=C,(i) i=1,2 (4 ference is achieved by Taylor-series expansion.
aChiL Egs. (1)-(7) were solved by using gPROMS v2.2 [gJPROMS,
@z=L —(—262‘ =0 i=1,2 (5 2003], a software package for modeling, simulation and optimiza-
tion of processes with both discrete and continuous as well as lump-
ICs @t=0 C(i,2)=0 0zOo(a L, i=1,2 (6) ed and distributed characteristics. This package can handle systems

_ D L of algebraic equations, partial differential equations, integral equations
@t=0 (i) =0 bzb@b. =12 (0 or mixed systems of these types of equations [Barton and Pan-

2. Method of Solution telides, 1994; Oh, 1995]. They were reduced into a set of ordinary

As seen in the previous governing equations, the mathematicabAEs in time by discretization of the axial domain. A first order
description of a chromatographic column is described by a set afethod in backward finite difference method (BFDM) with 1,200
partial differential and non-linear algebraic equations (PDAES). Agrid points was found to be satisfactory for solution of the model
solution of the PDAE systems is generally a complicated problenequations. All parameter estimations and simulations were performed
and no universal method effectively deals with all types of such proben a Pentium IV (2.66 GHz processor) with 1 GB RAM.
lems.

In this work, the method of lines (MOL) was employed to con- EXPERIMENTAL
vert partial differential equations (PDES) to ordinary differential equa-
tions (ODES) with respect to time. The advantage of this procedurg, Chemical
is that sophisticated computer programs, which permit fast and ac- The standard chemical of racemic bupivacaine (1-Buthyl-N(2,6-
curate integration of large sets of ODEs over time, can be employedimethylphenyl)-2-piperidinecarboxamide) hydrochloride used in
In particular, integration codes based on backward differentiatiorthis experiment was purchased from Sigma Co. (refer to Fig. 1).
formula can solve stiff as well as non-stiff systems of equationsThe extra-pure grade solvents of IPA (iso-propanol) and n-hexane,
They utilize sophisticated algorithms for automatic step-size adjustacetic acid used in the mobile phase were purchased from J. T. Baker
ment and integration order selection to maintain a user-specifie@Phillipsburg NJ, USA), and triethylamine was purchased from Sigma
error tolerance. The family of the method of lines comprises col-Co. Sodium hydrogen carbonate and DCM (dichlromethane) was
lectively a number of finite difference, finite element and weighted used to remove hydrochloride in standard chemical, and they were
residual methods in which piecewise local or global approximationpurchased from Kanto Chemical (Japan) and J. T. Baker, respec-
functions in the space dimensions are used to convert evolutional
PDE problems into initial value ODE problems. One promising

numerical method for this purpose is an orthogonal collocation meth H3C
od in which orthogonal polynomials and their roots are used to dis (|3H2CH2CH2CH3
cretize the continuous domain and approximate spatial derivative: N CONH

This method is well known for its efficiency and accurateness in

the field of reaction engineering. However, when the solution has

steep gradients, it is more beneficial to use it in conjunction with & H.C
finite element approach. This gives rise to the orthogonal colloca B
tion method on finite elements, and this method is employed to dedig. 1. Chemical structure of bupivacaine.
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tively. mation was performed to determine the unknown parameters, (i),

2. Instrument a(i) and b(i), in order to maximize the probability that the mathe-
HPLC was equipped with an M 930 HPLC pump (Younglin, matical model would predict the values obtained from the experi-

Korea) and a M 720 (Younglin, Korea) detector of UV-visible tun- ments. Assuming independent, normally distributed measurement

able wavelength absorbance, and an injector (0.1 ml sample loojrors with zero means and standard deviaignshis maximum

of Rheodyne. The data acquisition system was AutoChro-WIN (verlikelihood goal can be established through the following objective

2.0, Younglin, Korea) installed in a PC. The chromatographic col-function:

umn (1x10 cm, 10 mm) packed with KromasiiHI-TBB (Eka - B

Chemical, Sweden). The chiral monomer was 0,0-bis (4-tert-butyl- ‘1’:§|n(277) +%min§22 Z[In(o'z’k) +@Jk_2uk_)]g ®)

benzoyl)-N,N-diallyl-L-tartar diamideis, and polymerized. The chiral o ORkE [ ]

network polymer was covalently bonded to sphere silica. For the ] o o ] )

chiral network polymer, an enantiomer pair has different selectivity "€ maximum likelihood objective function, Eq. (8), gives flex-

ijk

in a column. ibility for several types of variation models to be specified. These
3. Experiment take the general form:
The extra-purity racemic bupivacaine was extracted from stan- 2= 7 7) ©)

dard chemical of racemic bupivacaine hydrochloride. 2 ml of satu-

rated solution of sodium hydrogen carbonate and DCM was added In a heteroscedastic variance model, the measurement error de-
into 3mg of sample. The saturated solution of sodium hydrogerpends on the measured values but is proportioa& to 2”* or . The
carbonate used 100 ml of extra-pure water per 7 g of sodium camathematical description of a heteroscedastic variance model is as
bonate. Sample was dissolved into DCM, and saturated solution dbllows:
sodium carbonate into DCM solution. It was stirred for one minute - =Wz +e)’
to increase mass transfer between phases. Layer separation was ob-

served. The bottom side of DCM phase was isolated with separa- The total computational CPU time was 55086.9 sec, and the num-
tory funnel and then it was vaporized by an electric heater. The corber of optimization iterations was 45. The number of line-search
centration of bupivacaine dissolved in n-hexane was 1 to 20 mg/miteps was 88. The objective function valtwas—1.88057x18

and the injection volume was changed from 0.001 to 0.05 ml. The=inally, Table 2 lists the estimated parameters obtained for Eq. (2),
flow rate of mobile phase was fixed at 2 mi/min. The mobile phasek(j) and Eq. (3), a(i) and b(j) of racemic bupivacaine.

composition wasrhexane/IPA/acetic acid/triethylamine, 99/1/0.1/ 2. Estimation of Parameters in the Mathematical Model

0.05 (vol%6). The UV wavelength was fixed at 260 nm. The exper- A chromatographic column has a long cylindrical shape, and es-
iment was performed at room temperature. The constants and opecially in a small scale, the band-broadening often may be neglected.

or &> =w’(z +¢)" (20)

erating conditions in this work are summarized in Table 1. The axial dispersion coefficient was calculated by Eqg. (11) which
assumed to vary along the length of column [Slater, 1991]. The cal-
RESULTS AND DISCUSSION culated value of the axial dispersion coefficient was 9.051mf/0
min for racemic bupivacaine. It was used throughout the simula-
1. Calculation Procedures tion work. With the several orders of magnitudes of axial dispersion

In the mathematical equations, Egs. (1)-(7), mass transfer coeffieoefficient, the elution profiles were almost unchanged (Fig. 2).
cient, k and the parameters of competitive Langmuir isotherm, a ois
and b were normally estimated from correlation or experimental data. URy _0.2, 0.011Rer] (11)
The model parameters required were estimated by gEST with the &D. & & el
gPROMS software package [Process Systems Enterprise Ltd., 2003]. The sample components are normally separated by several fac-
gEST perform parameter estimation for complex models uses botfys pyt the different adsorption characteristics predominantly con-

dynamic and steady-state experimental data. The parameter esfipute to the resolution of mixture. The relationship is expressed in
terms of an adsorption isotherm. The Langmuir isotherm is frequently

Table 1. Constants and operating conditions in this work assumed as a equation in terms of the concentrations of stationary
Constants phase and mobile phase. From an elution curve in the experimen-
Column length (m) 0.1
Column diameter (m) 0.01 Table 2. Estimated equilibrium and kinetic parameters in the
Column volume (rf) 7.854x10° mathematical model
Bed.poro.sity () 0.7 . Parameter (1: R-form, 2: S-form) Estimate
Particle diameter (m) 2010 al) O 5 331
Operating conditions a@2) (-) 6.987
Fluid flow rate (n¥min) 2x10°® b(1) (ml/mg) 0.372
Interstitial fluid velocity (m/min) 3.63810 b(2) (ml/mg) 0.636
Injection volume (ml) 0.02 k(1) (1/min) 0.000457
Feed concentration (mg/ml) 20 k(2) (1/min) 0.004034
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Fig. 2. Sensitivity analysis of axial dispersion coefficients.
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Fig. 3. Comparison of bupivacaine concentration profiles by ex-
periment and calculated values.

tal condition, 0.02 ml of injection volume and 20 mg/ml of sample
concentration, the parameters a and b in Eq. (3) were estimated |
PIM (pulsed input method) [Choi, 2000] and the resulting values
are listed in Table 2.

Fig. 3 shows the two calculated values with the parameters fron
Table 2 and experimental bupivacaine elution profiles. The single
isotherm in Fig. 3 means that no competitive term was included
When a competitive isotherm was used, better agreement betwe:
experimental data and calculated values was observed in the fir
peak of R-bupivacaine. In a large amount of injection, the first peal
will be influenced by the second peak, so the retention may be a
tered. For the racemic mixture of bupivacaine, the competitive Lang
muir isotherm was well fitted.

3. Optimized Feed Condition

The principle of chiral separation is based on the differences ir
binding force between enantiomer pair and chiral selector bonde
to CSP (Chiral Stationary Phase) in a chromatographic column. Gel
erally, the binding force is a hydrogen bond =rdbond between

July, 2004

i etal

more determined by a hydrogen bond stronger thamraond.

The side of the binding site in the chiral selector has a structure that
causes steric hindrance, so it leads to differences in affinity between
the enantiomer pair. To reduce the retention time, various types of
alcohol were added into the mobile phase to adjust its polarity, then
it increased the desorption rate of enantiomer from the CSP.

With an increased amount of a more affinity component in the
stationary phase, the adsorption amount increased in the stationary
phase. And a desorption rate of less affinity component increased.
For this reason, the rate of increasing peak height of the less affinity
component was big, but the rate of increasing peak width was small.
In this case, the enantiomer pair has competitive adsorption in the sta-
tionary phase. When injection amount in the column was increased,
the peak widths of the enantiomer pair were increased, and over-
lapped. Then, the optimum determination of feed condition was
important in a preparative work.

The purpose of mathematical modeling is to find the optimized
separation condition by comparing elution profiles with a few ex-
perimental runs. The optimized condition is referred to as retention
time (or factor), resolution or purity of a target material [Lee, 2002).
Resolution is defined by the difference in retention times divided
by average peak width. Therefore, it decreased with larger peak width.
In the preparative mode, the resolution does not have to be high,
and the amount of purified material is determined by feed condi-
tion, concentration and injection volume. The effect of injection
volume on resolution with sample concentration was investigated
and shown on semi-log plot in Fig. 4. The resolution of R,S-bupiv-
acaine decreased with increasing injection volume. The amount of
sample injected in the unit of mass is calculated by multiplying the
injection volume by sample concentration. Also, the area of a peak
designates the mass of sample, so when the injection volume or sam-
ple concentration is larger, the resolution should be deteriorated by
overlapped part between the two components [Row, 1999]. For ex-
ample, if the resolution is set above 1.2, where baseline separation
is occurring, the desirable feed condition is easily recommended in
Fig. 4. For a real case of racemic mixture (1 to 1 mg/ml) as shown
in Fig. 5, peak width was also considered with injection volume.

16

—— 1 mg/ml
- -0--10 mg/ml
oso__ . o -+ 4.+ 100 mg/ml
- . \D
1248 B TSy
! °
= \
2 N
E e
2 N
5 N
% 08 2 %
\
\
N
% |
0.4 4 T T T
1E-3 0.01 0.1 1

Injection volume (ml)
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Fig. 5. Effect of injection volumes on resolution and peak width. Fig. 7. Effect of injection volumes on purity and yield of S-bupiv-
acaine.

The increasing rate of peak width of S-form was steeper than thanodel developed, calculations were made at the optimized condi-
of R-form, because the second peak of S-form bupivacaine was intefion as in above 1.2 of the resolution in Fig. 4, and compared with
ferring competitively with R-form bupivacaine on limited adsorp- the experimental data. As shown in Figs. 8 and 9, the experiment
tion sites in CSP. data coincided with the calculated values. The deviation of reten-
In an analytical scale, a tiny amount of sample was injected, antion time of the experiment data from the calculated value was less
resolution may be enough to explain the degree of separation. Hovthan 0.05 min at 2 mg/ml and 0.21 at 20 mg/ml racemic mixture.
ever, in a larger amount of injection, purity and yield are often cal-
culated in a preparative mode. For the binary mixture (A plus B), CONCLUSION
the purity of component A was calculated as the ratio of the peak
area A of the total area for a specific time of collection, while the  To do the chiral separation of racemic bupivacaine, mathemati-
yield of component A was done by the ratio of purified fraction to cal equations were established. In the governing equations, the pa-
the total amount of component A. When the value of resolution wasameters of the competitive Langmuir isotherm and mass transfer
above 1.2, the components were completely separated. The puritpefficients were estimated from the experimental data and corre-
was obtained at 100% of yield. Similarly, the yield was found atlation, respectively. From the simulation results, the optimized sepa-
100% of purity. Figs. 6 and 7 show the purity and yield of R,S-bup-ration conditions were suggested, and the agreement between ex-
ivacaine racemic mixture in terms of injection volume, respectively.perimental data and calculated values was considerably good. This
As the same in the resolution, they decreased with increasing injegredictive mathematical model was successfully achieved, and might
tion volume since racemic mixtures were more overlapped. be utilized in preparative scale to collect the target material in a pure
To verify the feasibility of the usefulness of the mathematical form.
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Fig. 6. Effect of injection volumes on purity and yield of R-bupiv- Fig. 8. Bupivacaine concentration profile (Feed concentration=1
acaine. mg/ml, injection volume=0.005, 0.01 ml).
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