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This investigation of the separation of Troger’s base by the SMB process demonstrates:
(1) the major importance of a proper modeling of the separation in order to determine the
optimal operating conditions; (2) the need of an accurate modeling of the adsorption
isotherms of the feed components. The adsorption of Troger’s base onto the stationary
phase ChiralPak AD was successfully described by multilayer adsorption isotherm
models. Due to the complexity of these models, the region of suitable operating param-
eters cannot be determined algebraically by the equilibrium theory. As an alternative, the
equilibrium-dispersive model, and a reliable numerical algorithm were used to scan a
wide operating region, and to define this separation area. To verify the results of these
calculations, the separation area was also experimentally detected by performing mea-
surements of product purity and production rate for selected operating points. The
combination of a UV detector and a polarimeter allows the accurate monitoring of the
internal concentration profiles of both enantiomers. These profiles were compared to the
profiles calculated using the multilayer adsorption isotherm models. In addition, the
influence of the heterogeneity of the column set on the performance of the SMB process,
is studied. Even under strongly nonlinear conditions, excellent agreements between

calculated and experimental profiles were obtained. © 2004 American Institute of Chemical
Engineers AIChE J, 50: 611-624, 2004
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Introduction

With sales of enantiomerically pure pharmaceuticals exceed-
ing $100 billion per year (Ahuja, 2000), the pharmaceutical
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industry is searching for innovative processes to improve the
production rate of these compounds. Faced with the FDA’s
tightened regulation of chiral compounds (FDA, 1992), this
industry needs to produce high purity enantiomers. In practice,
this need requires considering the implementation of a chro-
matographic separation process as an alternative, or comple-
ment to enantiospecific synthesis. Since the simulated moving
bed process (SMB) is essentially a binary separation process,
its advantages of being continuous, and of having a low solvent
consumption, make it ideal for this application. The most
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economically promising solution appears now to be in the use
of the SMB process applied to the product of an enantioselec-
tive synthesis, possibly in combination with crystallization to
achieve high enantiomeric purities (Lorenz et al., 2001).

Because a high production rate is important for economical
reasons, preparative chromatography must almost always be
carried out under nonlinear conditions. The SMB process is
complex and numerous parameters must be optimized simul-
taneously. Multivariate, nonlinear optimization problems can
be solved only through numerical calculations. The correct
solution of such problems requires proper, sophisticated mod-
els of the process, and accurate estimates of the physicochem-
ical characteristics of the system. In the case of SMB, these are
the parameters of the adsorption isotherms of the feed compo-
nents, the column characteristics, and the external dead vol-
umes of the unit. The results of an extensive adsorption iso-
therm study were previously presented (Mihlbachler, 2002;
Mihlbachler et al., 2002b), and of the theoretical and experi-
mental studies of the influence of the heterogeneity of the set of
columns onto the SMB process performance (Mihlbachler et
al., 2001, 2002a). As shown earlier, it is impossible to pack
multiple identical columns (Stanley et al., 1996). In addition,
slow changes in the column properties as well as slight tem-
perature or solvent variations might occur during long produc-
tion runs, or when aggressive solvents are used to clean/
disinfect the unit as required by strict regulations. The effects
of column variations were also discussed elsewhere (Zhong
and Guiochon, 1996; Zenoni et al., 2000). Therefore, the im-
plementation of process control concepts is increasingly stud-
ied (Kloppenburg and Gilles, 1999; Wu et al., 1999; Klatt et al.,
2000).

The installation of online detectors between two successive
columns of the SMB allows the constant monitoring of the
internal concentration profiles of the process, and permits im-
mediate response to changing operating conditions. Because
chiral compounds are optically active, a combination of a
UV-detector and a polarimeter makes possible, in principle, the
simultaneous determination of the concentrations of the two
enantiomers. However, impurities introduce a degree of com-
plexity. The UV-detector gives a signal that depends on the
total concentration of the racemic mixture and of all impurities.
The laser polarimeter measures the difference between the
concentrations of the two enantiomers, if the impurities are not
optically active. If the concentrations of impurities are low, the
internal profiles of both enantiomers are readily determined,
and their profiles can be compared to the theoretical profiles
calculated by various numerical algorithms. The results of this
comparison may trigger actions or alarms. Previously, two
different systems of online detection at the outlet streams have
been reported (Marteau et al., 1995; Zenoni et al., 2000).
Although, the main focus of this work is on SMB performance,
due to its importance in the separation of racemic mixtures
(Azevedo et al., 1999; Pedeferri et al., 1999; Khattabi et al.,
2000; Pais et al., 2000), the data acquisition system introduced
in this work is suitable for preparative chromatography, with or
without closed-loop recycling (Seidel-Morgenstern and Guio-
chon, 1993b; Bliimel et al., 1998; Grill and Miller, 1998;
Cherrak et al., 2000), for annular chromatography (Thiele et
al., 2001; Uretschldger et al., 2001), as well as for SMB
applications with solvent gradients (Antos and Seidel-Morgen-
stern, 2001), and for simulated moving bed reactors (SMBR)
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(Fricke et al., 1999; Migliorine et al., 1999; Kawase et al.,
2001).

In this work, a systematic approach is illustrated, to optimize
an SMB separation in the general case in which the binary
isotherms of the feed components do not follow Langmuir
isotherm behavior. The first step is the numerical scanning of
the entire separation region. This step is the only practical
method of determining the separation area when the complex
isotherm models of the feed components prevent the use of the
analytical methods. In a second step, the separation area is
experimentally scanned by choosing several operating points,
on the basis of the results calculated. The corresponding ex-
perimental internal concentration profiles are obtained by im-
plementing the two-detector system. Calculated and experi-
mental profiles are compared. When they agree, the accuracy of
the adsorption isotherm during the operation of the SMB unit
will be verified. The use of a complex, but more accurate,
adsorption isotherm models allow the optimization for the
maximal production rate. In addition, the importance of ac-
counting properly for the differences between the averaged and
the exact values of the column porosities are demonstrated. It
is shown how the online detector system can identify defective
columns within the SMB system through the correct interpre-
tation of changes in the internal concentration profiles, and the
outlet concentration histories.

Theory
Equilibrium-dispersive model

For accurate and fast modeling of the SMB process, the most
practical model available is the equilibrium-dispersive model
(Guiochon et al., 1994; Nicoud and Seidel-Morgenstern, 1996).
It assumes instantaneous equilibrium between solid and liquid
phases, but a finite column efficiency. Both axial dispersion
and the mass-transfer resistances are combined into an apparent
dispersion coefficient D, that is related to the column effi-
ciency under linear conditions, and that is included in the
equilibrium-dispersive model. The model assumes that the
mass transfers are fast, and it may not account well for cases in
which these transfers are slow. This model has been proven
accurate in many cases (Guiochon et al., 1994; Seidel-Morgen-
stern et al., 1998).

In the equilibrium-dispersive model, the differential mass
balance for component i in section j, and column & is written

aC;, ok aC;, ik

azci,j,k 9qi jx .
ar Ty @ B
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In this equation, the provision of identifying each particular
column £ in section j is included, while most previous authors
assume all the columns to be identical, and merely refer to the
columns in section j. This will allow a more precise modeling
by including the column characteristics into the chromato-
graphic model (Mihlbachler et al., 2002a). Knowing the exact
values of the column porosity €,, the phase ratio F, = (1 —
€.)/ €, is calculated for each column, and knowing the column
efficiency N; ., the apparent dispersion coefficient is given by

_ uj.kLc
v 2N

D (2)
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where the linear velocity of the mobile phase is ; ;. Equations
1 and 2 can be solved by the backward-forward finite differ-
ence method (Rouchon et al., 1987). To ensure numerical
stability in the calculation of the numerical solution, the spatial
increments in the column must be adjusted depending on the
linear velocity u; ;, and the efficiency N; , (Mihlbachler et al.,
2002a). Note that N;, depends on the velocity through the
van-Deemter correlation. Hence, for a given column, it changes
when the column moves from a section of the bed to the next.

To solve the mass balance equations for the SMB process,
the correct initial and boundary conditions must be defined
(Ruthven and Ching, 1989; Storti et al., 1993; Zhong and
Guiochon, 1996).

Adsorption isotherm equation

The competitive adsorption behavior of the Troger’s base
enantiomers onto Chiralpak AD with 2-propanol as the mobile
phase, was found to be nearly unique (Mihlbachler, 2002;
Mihlbachler et al., 2002b). It is characterized by an S-shaped
isotherm for the more retained (—)-enantiomer, and a negligi-
ble influence of the concentration of the less retained (+)-
enantiomer on the amount of (—)-enantiomer adsorbed at equi-
librium. On the other hand, the pure (+)-enantiomer exhibits
Langmuir adsorption behavior, but its concentration in the
solid-phase at equilibrium with a given concentration in the
mobile phase increases with increasing concentration of (—)-
enantiomer. This cooperative interaction is very unusual, com-
petitive behavior being the general rule. Our experimental
results are best described by assuming multilayer adsorption
with a relatively high degree of (—)-adsorbate-(+)-adsorbate
association on the surface of the stationary phase. The isotherm
model is based on statistical thermodynamics (Hill, 1960; Lin
et al., 1989) describing the formation of multiple layers on the
surface of the stationary phase during the adsorption process.
The binary (that is, competitive) isotherms are described by the
following general equation

GP(CH CZ)
q,C; Tac,

= =12
a P(C,, Cy)

3

where P(C,, C,) is a polynomial of degree n, and [dP(C|,
C,)/9C,] is its first partial derivative with respect to C,. A
common saturation capacity g, for both enantiomers is as-
sumed in order to obtain thermodynamically consistent iso-
therms.

The Langmuir and the quadratic isotherm models describe
the formation of monolayer and two-layer adsorption, and,
thus, correspond to the first and second order polynomials,
respectively. As shown in previous publications (Mihlbachler
et al., 2002a, 2002b), these two models are not able to describe
the adsorption behavior of Troger’s base accurately. Therefore,
a three-layer model was proposed. This more complex model is
explained in detail elsewhere (Mihlbachler, 2002; Mihlbachler
et al., 2002b). Here, only the final function P(C,, C,) is shown

P=1+b,C,+ b,C, + b,,C3 + b,,C3
+ (b2] + blZ)ClCZ + bZIIC%C2 (4)
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Experimental results suggested (Mihlbachler et al., 2002b)
that, if there is competition or cooperation for adsorption of the
more retained enantiomer, its contribution is too small to have
significant influence. To account for the S-shape adsorption
behavior of the more retained compound, its isotherm model is
reduced to a noncompetitive quadratic model. The set of binary
isotherms used in this article is as follows

b, +2b,,C, + b,C, + b, C, + 2b,,,C,C,
q: = qul P

&)

(b 2 + Zb 22C2)
9> = 4,C, T4 0,0, + byCl (0)
Detailed information regarding the comparison between the
isotherm models proposed in Eqgs. 5 and 6, and the experimen-
tal data are given elsewhere (Mihlbachler, 2002; Mihlbachler et
al., 2002b).

Revised set of separation conditions

The SMB process can be described as an equivalent true
moving bed (TMB) process (Ruthven and Ching, 1989). On the
basis of adsorption behaviors of both compounds, the proper
separation conditions of the SMB process are defined. The
SMB unit is divided into four sections with one or more
columns per section. Between the sections are alternating inlet
and outlet valves for the feed or solvent streams, and for the
extract or raffinate streams, respectively. To simulate the
movement of the solid phase of the TMB process, the valve
positions are switched in the fluid flow direction. The more
retained compound is more strongly adsorbed to the stationary
phase and, therefore, moves to the extract outlet; and the less
retained compound is already eluted into the liquid phase and
moves to raffinate outlet. The flow rates Q; in all four sections
of the SMB unit must guarantee that the positions of each of the
fronts and rears of the concentration profiles of the two com-
pounds are within a certain range before the next switching
occurs (see Eqgs. 9-11 and Egs. 12-14, as definitions of the
boundary conditions). The flow rates in section II and III of the
SMB unit effect the performance of the separation. In section
I, between extract and feed-valves, the less retained compound
is desorbed, but the more retained compound remains adsorbed
onto the solid-phase. The adsorption front of the more retained
compound in section III is not allowed to pass the raffinate
outlet valve, whereas the less adsorbed compound migrates
with a high concentration into the fourth section. In addition,
the flow rate in section I'V hinders the breakthrough into section
I. In section I, the solid-phase is regenerated by desorbing the
more retained compound. The length of the switching period is
dependent on the solid-flow rate of the TMB process

Os= (1 — €)Au, = (1 — e) ALJt* )
where #* is the switching (or cycle) time, u, is the apparent
velocity of the solid-phase, €, in the porosity of column &, and
A is the cross section area of the column. In applying the
equilibrium theory (Ruthven and Ching, 1989; Storti et al.,
1989), that is, assuming infinite column efficiency, and no
influence of axial dispersion and mass-transfer effects, the
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separation conditions are derived. To simplify the modeling,
the solid-phase flow rates and void fractions of all columns are
set constant.

Previously, the authors accounted for heterogenous column
characteristics, in particular variations of the porosity values of
a column set, by implementing a revised set of separation
conditions (Mihlbachler et al., 2001). However, when the col-
umns (k = 1, ..., n) of an SMB set have different properties,
the true period of the system, that is, the time after which the
system returns to its initial condition, is no longer the switch-
ing, time but it is n times larger. This time is referred to as the
superperiod of the SMB.

According to the equilibrium theory and the so-called “Tri-
angle theory” (Ruthven and Ching, 1989; Storti et al., 1989),
the dimensionless internal flow rate ratios are defined as

Qr*
i T AL

®)

These flow rate ratios do not depend on the column porosities.
By contrast, the following boundary parameters consider the
column porosities

C))

aT,k: a(1 —¢) + ¢

(f;,k = az(l - Ek) + € (10)

In these equations, the subscript £ identifies the physical col-
umn. A simple algebraic transformation (Mihlbachler et al.,
2001) leads to the following new set of equations under linear
conditions

rlvsaT,kSVIISVHISa);,kSVI (11)
The revised set of separation conditions (Eq. 11) is extended
to nonlinear SMB operation. On the basis of the “Triangle
theory” (Storti et al., 1989, 1993), the separation area for
Langmuirian adsorption-isotherm behavior is defined by ac-
counting for the differences in the column porosities

as <r <o (12)

13)

r 11,cr(r ) < Ty <ry<r 111,cr(r 1 i)

(1 — €
2

- \/[aTk +rg Tt blcfccd,l(rlll - "11)]2 —dayry (14)

_ %
0<ry< Tve = €t {a Tttt blcfeed,](rlll )

The lower boundary of r, is set to zero, due to the negligible
value of €,.

The “Triangle theory” cannot be easily extended to anti-
Langmuirian adsorption behavior, due to the fact that the ideal
equilibrium model is only solvable algebraically under the
limited circumstances of a few simple adsorption isotherm
models (Guiochon et al., 1994). More complex isotherm mod-
els must be solved numerically. As an alternative, the reliable
numerical algorithm described in the subsection Equilibrium-
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dispersive model (p. 2) is used to scan a wide region, and to
determine the separation area (Seidel-Morgenstern et al., 1998;
Kniep et al., 2000). The shape of this area is related to the
applied isotherm models as well as to the column characteris-
tics.

Experimental Settings

The racemic mixture of Troger’s base (Aldrich, Milwaukee,
WI) with a total concentration of 7 g/L, was separated using
chromatographic columns packed with Chiralpak AD (approx-
imately 4.5 g per column) from Chiral Technologies (Exton,
PA). This packing material consists of a porous silica gel
coated with amylose tri-(3,5-dimethyl carbamate). The particle
size is 20 wm. The stainless steel columns used in the exper-
iments had an inner diameter of 1 cm, and were 10 cm long.
The mobile phase was pure HPLC-grade 2-propanol from
Fisher Scientific (Pittsburgh, PA). The feed concentration was
chosen below the solubility of the racemic mixture, to avoid
possible crystallization within the chromatographic system.

A laboratory-scale SMB unit (ICLC 16-10) from Prochrom
(now Novasep, France), was used in an eight-column config-
uration (two columns per section). Five 16-port pneumatically-
actuated valves (Valco, Houston, TX) realized the continuous
operation of the SMB process by switching the column position
of the two inlet streams (solvent and feed), and the three outlet
streams (extract, raffinate, and recycle). Constant flow rates in
the four sections were maintained using four HP 1050 pumps
(Agilent Technologies, Palo Alto, CA).

Two Spectroflow UV detectors (Model 757 from Perkin
Elmer, Forster City, CA) monitored the composition of the
extract and the raffinate outlet streams. A HP 1100 UV detector
(Agilent Technologies) with a high-pressure flow cell and a
laser polarimeter (PDR-Chiral, Palm Beach Gardens, FL), were
installed within the flow cycle of the SMB system, at the outlet
of one of the columns. The experimental data from these four
detectors were recorded using LabView (National Instruments,
Austin, TX), a program installed on an additional computer.
More detailed information such as regarding the calculation of
the internal concentration profiles of each of the two enanti-
omers, are given elsewhere (Mihlbachler, 2002; Mihlbachler et
al., 2002a).

The column characteristics and adsorption isotherm param-
eters were determined by an HP 1090 liquid chromatograph
(Agilent Technologies, Palo Alto, CA). This instrument was
equipped with a high-pressure flow cell (up to 400 bar) and
diode array, multiple wavelength detector. The procedure of
the adsorption isotherm determination are extensively ex-
plained elsewhere (Mihlbachler et al., 2002b).

Results and Discussion
Chromatographic system parameters

To perform this detailed study of an enantioseparation by
SMB chromatography, the essential system parameters must be
determined. First, the chromatographic columns of the SMB
system were characterized. These experiments were performed
at a flow rate of 1 mL/min. In Table 1 the porosities €, of all
columns, measured from the retention time of a nonretained
compound (1,3,5-tri-tert-butylbenzene), are listed. The column
¢04, which has a porosity equal to the average porosity of the
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Table 1. Characteristic Parameters of The Columns Used

Position Porosity

Column within SMB €
c04* 0.648
cl4 7 0.654
cll 5 0.651
cl2 6 0.650
cl3 8 0.651
c09 4 0.645
c05 2 0.645
c02 1 0.643
c08 3 0.642
Average value 0.648

RSD (%) 0.7
“defect” 6 0.619

*Column used in the HP1090 system from Agilent to determined the adsorp-
tion isotherm parameters and the purity values of the outlet streams.
**Column in position 6 was exchanged.

columns in the SMB set, was used for the determination of the
adsorption isotherm data, and for the determination of the
parameters of the isotherm model. From the retention times of
the components of an analytical amount of the racemic mix-
ture, the values of the Henry coefficients can be derived, with
a, = 1.679 and a, = 3.426. These coefficients give the initial
slopes of the isotherms. The separation factor of 2.04 indicates
a relative easy separation. The column efficiency of 1,270
theoretical plates is relatively high for the nonretained com-
pound. For the lesser, and the more retained enantiomers, the
number of theoretical plates are smaller, with estimates of 560
and 420 plates, respectively (Mihlbachler, 2002).

The Langmuir isotherm model generally used in the design
of the SMB process are not valid for the modeling of over-
loaded elution chromatography of the Troger’s base enanti-
omers (Seidel-Morgenstern and Guiochon, 1993a; Mihlbachler
et al., 2002b). As a consequence, this model also fails to
account for their behavior in the more complicated SMB pro-
cess. The unique adsorption behavior of the racemic mixture
was determined from results obtained with the perturbation
method. It was shown that this method was superior in accu-
racy over frontal analysis in the case in point, because of the
presence of impurities in the samples available (Mihlbachler et
al., 2002b). In Table 2, the parameters of the different isotherm
models to which the data were fitted, are summarized. These
models include two Langmuir models, one model with the set
Henry coefficients, and the other obtained as the best-fit model,
and the three-layer model (see Eqs. 5 and 6). The accuracy of
the last model was verified elsewhere (Mihlbachler et al.,
2002b).

Determination of separation area and operating points

The separation area of the SMB system in the ry—r; plane
must be defined for finding operating conditions for the sepa-
ration that are both optimal and robust. An algebraic solution
can be obtained when the adsorption data are correctly ac-
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Figure 1. Separation area for Cg  q4-

+—Calculated by the three-layer isotherm model with 8
exact porosity values *, o—calculated by the model with the
averaged porosity value *, dotted line—best-fit Langmuir
model **, solid line—Langmuir model with a set of Henry
coefficients **, and %—five operating points (see Table 3). *:
N = 150 and purities of extract and raffinate streams > 98%.
*%: Analytical solution of “Triangle theory.”

counted for by the Langmuir model. When this isotherm model
is not applicable, as in our case, this solution is not valid, and
may even be grossly incorrect, as shown later. Since there is no
algebraic solution, the entire region was numerically scanned
by calculating the solution of the mass balance equations of the
separation (Eq. 1) for a dense network of points representing
possible combinations of experimental conditions. The results
obtained with the three-layer isotherm model are displayed in
Figure 1, together with those obtained with the two Langmuir
models (see Table 2). Five different operating points (%), along
a straight line parallel to the diagonal of the ry—ry; plane,
represent the experimental conditions used for an experimental
scanning of the separation area. These points were arbitrarily
chosen, but should represent the possible separation area, with
special focus on the boundaries of this area.

The separation areas in Figure 1 were calculated with the
three-layer adsorption isotherm model in two different ways.
First, the exact porosity values of each column were used (+).
Then, the average porosity value for the column set was used
(0). The concentrations of both enantiomers at each outlet were
averaged over one superperiod, when the exact porosity values
were applied. For the numerical calculations of the two sepa-
ration areas, the purity values of the extract and raffinate stream
were set at 98% or better. The calculations were performed,
assuming 150 theoretical plates per column. This number was
experimentally estimated from an overloaded elution profile
through all SMB columns. The extracolumn volumes (less than
5% per column volume in our case), diffusion, and mass-

Table 2. Adsorption Isotherm Parameters Determined by the Perturbation Method

Model g, (g b, [Vg] by Vgl by [P by P21 by [PUg7] by [P0 SD
Langmuir with set Henry coefficients 54 0.0311 0.0635 0.610
Best-fit Langmuir 313.96 0.00048 0.01214 0.608
Three-layer 28.25 0.0595 0.1212 0.000549 0.0139 0.0027 0.00083 0.258
AIChE Journal March 2004 Vol. 50, No. 3 615



Table 3. Operating Points of the SMB Experiments

g, 0, 0s (on O.x [y 0O r*
op [mL/min] [mL/min] [mL/min] [mL/min] [mL/min] [mL/min] [mL/min] [s] r Ty T3 N
bp125185 1.05 0.63 0.93 0.60 0.42 0.30 0.33 940 2.10 1.25 1.85 1.20
bp1319 1.05 0.65 0.95 0.60 0.40 0.30 0.35 940 2.10 1.30 1.90 1.20
bp135195 1.05 0.68 0.98 0.60 0.37 0.30 0.38 940 2.10 1.35 1.95 1.20
bp142 1.05 0.70 1.00 0.60 0.35 0.30 0.40 940 2.10 1.40 2.00 1.20
bp145205 1.05 0.73 1.03 0.60 0.32 0.30 0.43 940 2.10 1.45 2.05 1.20
op 1.05 0.66 0.93 0.60 0.39 0.27 0.33 924 2.06 1.30 1.83 1.18

transfer effects within the SMB unit reduce the efficiency of the
columns significantly (Mihlbachler, 2002). The solid and
dashed lines are the analytical solutions of the “Triangle the-
ory” for the two Langmuir isotherms, the one obtained with the
Henry coefficients derived from an analytical chromatogram,
and the best-fit competitive Langmuir model, respectively.

Table 3 lists the flow rate ratios r;, and the corresponding
flow rates Q; in each section j of the SMB process, and the flow
rates of the inlet and outlet streams (Q.eqp Ocx» and Q,,)
corresponding to each operating point in Figure 1. These points
are within the separation triangle, calculated by the best-fit
Langmuir isotherm model.

Comparing the shapes of the separation areas in Figure 1
confirms the considerable importance of an accurate modeling
of the isotherm, when the use of computer assisted optimiza-
tion is contemplated. The available area of separation shrinks
significantly compared to the one afforded by the triangle
derived from the best-fit Langmuir isotherm, and its border is
quite different. By contrast, the area of separation actually
available is far larger than the one predicted on the basis of the
best Langmuir isotherm derived, using the Henry coefficients
measured from analytical data (Figure 1). This figure also
illustrates how the true separation area, the one calculated with
the true column porosities, is narrower than the one derived
from the average porosity of the column set.

Only the use of an accurate, if sophisticate, isotherm model,
gives correct calculated separation conditions that allow a high
production rate and guarantee the purity of the products. It
should be understood that no short-cuts are acceptable, and that
isotherm accuracy is the required condition for obtaining reli-
able optimized conditions. The case is further illustrated by the
considerable difference between the separation areas corre-
sponding to the two Langmuir models, in spite of the fact that
the coefficients of these models are derived from the experi-
mental data acquired, using frontal analysis and the perturba-
tion method, methods that are both rather popular. However,
these isotherms are both inaccurate, because the accurate iso-
therm data were fitted to wrong isotherm models.

Experimental verification of the adsorption isotherm
model

In the following subsections the accuracy of the adsorption
isotherm models previously selected for describing the adsorp-
tion behavior of the Troger’s base enantiomers, is assessed by
comparing the experimental and calculated internal concentra-
tion profiles measured in the SMB unit. The combination of the
online UV- and polarimetric detection allows the calculation of
the concentration profiles of both components during the sep-
aration of the racemic mixture. This provides the most precise
information regarding the separation process. This information
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is particularly important in the case of nonconventional adsorp-
tion behavior, such as the one of Troger’s base onto the CSP
used in this work (it appears that “conventional,” that is,
Langmuirian, adsorption behavior tends to be rarer than the
unconventional one in chiral separations (Fornstedt et al.,
1998)). An experimental scanning of the separation area was
carried out by selecting operating points (see Figure 1 and
Table 3). The switching time and the feed flow rates were kept
constant for all these operating points. Their low values were
selected to reduce the influence of the column switching on the
baseline of the polarimeter signal. The primary goal of this
research had not been the search for the maximal production
rate. The extra column volumes within the SMB unit were
taken into account in the calculation of the values of the
switching time, as explained elsewhere (Migliorine et al., 1999;
Mihlbachler, 2002).

The internal concentration profiles that had been experimen-
tally determined were compared to the profiles calculated with
the three-layer isotherm model, using the average column po-
rosity. In the following figures, the experimental profiles are
the lines. The profiles calculated with the three-layer adsorp-
tion isotherm model are those identified by the symbol %. All
the calculations were performed assuming a column efficiency
of 150 theoretical plates. The experimental values were deter-
mined carefully. The influence of the impurities present were
neglected. However, besides the unavoidable experimental er-
rors, the values obtained are somewhat influenced by the pres-
ence of these impurities. For example, the purity of the outlet
streams cannot be quantified because the detector response for
the (unknown) impurities in the Troger’s base samples could
not be calibrated. All the experimental and calculated values of
the purities and production rates of both outlet streams, and the
corresponding statistical values, are listed elsewhere (Mihl-
bachler, 2002). Selected values only are reported here.

As a first example, the operating point op5 in Table 3 is
examined due to its position at the upper border of the sepa-
ration area. At this condition, the separation is less robust, and
the raffinate outlet stream is slightly polluted. Only one set of
experimental concentration profiles recorded during one super-
period at the outlet of column No. 6 is compared to the
calculated profiles in Figure 2. The influence of the accumu-
lated impurities on the response of the UV-detector, and the
separation in general should be noted. It explains, for example,
the step on the raffinate rear and the one on the front of the
extract profile. Allowing for this effect, there is a good general
agreement between experimental and calculated results, even
in this difficult case. It appears that the experimental profile of
the raffinate moves more slowly, and is more concentrated than
the one calculated. Also, the rear front of the experimental
profile of the extract drifts faster in the solid-phase direction
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than the one calculated. The front of the raffinate moves faster
in section IV if calculated using the three-layer model (%). In
spite of these problems, there is an excellent agreement be-
tween experimental and calculated product purities (Figure 3).

The influence of the accumulated impurities on the recorded
signal can be reduced when only the polarimeter signals are
compared to the results of the calculations (see Figure 4). A
better agreement between the experimental and calculated con-
centrations profiles of the two enantiomers is then reached,
particularly for the less retained enantiomer. The cyclic behav-
ior of the SMB process, and the oscillations occurring during a
superperiod are accurately described by the calculations. Also,
the behavior in the middle sections of the process is well
characterized by the adsorption isotherm model. Nevertheless,
the timing of the experimental and calculated concentration
fronts are different. At least in large part, this is caused by not
considering the adsorption behavior of the accumulated impu-
rities, and by the inaccurate inclusion of the extra-column
volumes. In particular, the concentration front of the less re-
tained enantiomer calculated by the three-layer isotherm model
moves significantly faster than the experimental front within
sections III and IV. It is also less steep. On the basis of the
isotherm model (Eq. 5), the retention time of the less retained
enantiomer increases in the presence of the more retained
compound. During the ideal computer simulation, the extract is
not always present in these sections. The less retained the
compound is the less strongly adsorbed, and thus, moves faster,
which explains the difference between the positions of the
raffinate fronts. It is worth noting that the experimental con-
centration profiles recorded at the outlet of four different col-
umns of the set are different. For an ideal process, these profiles

Concentration C [g/l]

*
*
*
*
*
*
/ .
14 .
*
*
*
*
*
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0 2 4 6 8
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Figure 2. Experimental and calculated internal concen-
tration profiles at the operating point op5 (Ta-
ble 3).

Dashed line—experimental profile of the racemic mixture at
column outlet 6, solid line—experimental profile of the single
compounds at column outlet 6, and %—calculated profiles of
the single compounds with three-layer isotherm model (Eqs.
5 and 6) and €,, = 0.648.
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Figure 3. Comparison between experimental and calcu-
lated raffinate, and extract purities for operat-
ing points op1-5 (Table 3).
(@) —Experimental data, solid line—averaged purity calcu-
lated with exact porosities (Table 1) and three-layer model

(Egs. 5 and 6), and dotted line—purity calculated with aver-
age porosity (€,, = 0.648) and three-layer model.

in Figure 4 should be identical. Profile variations happen be-
cause the nature of the SMB process is complex, and the
column set is heterogeneous.

Although significant differences in the internal concentration
profiles were observed, the differences between the calculated
and experimentally determined purities of the raffinate are not
important. As shown in Figure 3, the isotherm model gives
calculated values of the product purity that agree within one
percent with the values measured in the experiment. The larg-
est RSD value for the raffinate purity, calculated for all the
experimental runs, and for the value calculated using the av-
erage column porosity, and the three-layer model (see Table 4),
is only 0.92%. More detailed information can be found else-
where (Mihlbachler, 2002). The differences between the values
obtained for the extract purity are not significant either. In
addition, the differences between experimental and calculated
production rates is shown in Table 4. For example, the maxi-
mum differences between the experimental production rates of
the extract and raffinate streams, and those calculated with the
three-layer model have an RSD of 9.25% and 4.7%, respec-
tively. Nevertheless, the accuracy of the calculated production
rates compared to the experimental values is surprisingly good.

To reduce the influence of the impurities on the comparison

March 2004 Vol. 50, No. 3 617



.

.

*

Calibrated polarimeter signal [g/[]
o
1

| T
-4 " T T T T T 1
0 2 4 6 8
Extract Feed Raffinate

Figure 4. Experimental and calculated internal concen-
tration profiles detected by the polarimeter at
the operating point op5 (Table 3).

Solid line—experimental at column outlet 6, dotted line—at
position 5, dash-dotted line—at position 7, dashed line—at
position 8, and *—calculated with three-layer isotherm
model (Egs. 5 and 6) and €,, = 0.648.

of the internal concentration profiles, only the profiles recorded
by the polarimeter are used in reporting the data obtained for
the other operating points. For the next three operating points
(op4, op3, and op2 in Table 3), the agreement between the
calculations made with the model and the experimental profiles
decreases despite the fact that these points are deeper within the
robust region of the separation area (Figures 5-7). The differ-
ences between the purity values derived from the experimental
samples and those calculated increase, as shown in Figure 3.
However, the purity of the extract stream decreases slightly,
while that of the raffinate stream improves with declining
r-values (see Table 3).

In Figure 8, the three-layer model (%) accurately describes
the adsorption behavior at operation point opl, during the SMB
separation. The raffinate stream is pure in both the experimen-
tal and the calculated concentration histories (see Figure 3).

Table 4. Purity and Productivity of the Extract and
Raffinate Streams Experimentally Determined and
Calculated with the Three-layer Models for
the Operating Point op5

Productivity
Purity (%) g/day/kg,, .«
Extract Raffinate Extract Raffinate
Exp. data

Col. outlet 5 99.75 95.59 35.14 40.03
Col. outlet 6 99.78 94.52 34.72 38.59
Col. outlet 7 99.77 95.00 34.14 38.65
Col. outlet 8 99.78 94.40 34.93 38.81
Cal. A* 99.47 94.60 38.33 40.98
RSD (%) 0.22 0.74 8.18 425
Cal. B** 99.87 95.64 38.91 41.25
RSD (%) 0.09 0.92 9.25 4.70

RSD = Relative standard deviation between experimental and calculated data.
A* = Averaged value calculated with porosity values €;.

B** = Value calculated with average porosity €
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Figure 5. Experimental and calculated internal concen-
tration profiles detected by the polarimeter at
the operating point op4 (Table 3).

Solid line—experimental at column outlet 5, dotted line—at
position 6, dashed line—at position 8, and *—calculated
with three-layer isotherm model (Egs. 5 and 6) and €,, =
0.648.

The too high pollution of the extract stream (see Figure 3 and
Table 5), obtained with the calculation results from the break-
through of the raffinate stream from section IV into section I.
The switching time is too short to allow complete bed regen-
eration in section IV. This breakthrough does not occur under
experimental conditions because the adsorption of the less
retained enantiomer is actually somewhat less strong than
predicted. The difference in the purity values of the extract
stream is only 1.35% (see Table 5). This difference may be
caused by the impurity accumulating within the SMB process

4 -
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0 2 4

6
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Figure 6. Experimental and calculated internal concen-
tration profiles detected by the polarimeter at
the operating point op3 (Table 3).

Solid line—experimental at column outlet 6, dotted line—at
position 5, and *—calculated with three-layer isotherm
model (Egs. 5 and 6) and €,, = 0.648.
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Figure 7. Experimental and calculated internal concen-

tration profiles detected by the polarimeter at
the operating point op2 (Table 3).

Solid line—experimental at column outlet 6, dotted line—at
position 5, and *—calculated with three-layer isotherm
model (Egs. 5 and 6) and €,, = 0.648.

as shown in Figure 9. The impurities are achiral and can only
be detected by the UV-detector.

It is worth noticing the excellent agreement of the cyclic
behavior of the SMB process (that is, the correct prediction of
the oscillations of the internal concentration profiles) for all
operating points.

When comparing the production rates corresponding to all
the operation points along the parallel to the diagonal of the
separation area, it was found that the calculated values increase
with increasing r,; and r;, for the raffinate, and, thus, decrease

Calibrated polarimeter signal [g/I]

-4 T T T T \ T T
0 2 4 6 8
Extract Feed Raffinate
Figure 8. Experimental and calculated internal concen-

tration profiles detected by the polarimeter at
the operating point op1 (Table 3).

Solid line—experimental at column outlet 6, dotted line—at
position 5, and *—calculated with three-layer isotherm
model (Egs. 5 and 6) and €,, = 0.648.
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Table 5. Purity and Productivity of the Extract and
Raffinate Streams Experimentally Determined and
Calculated with the Three-layer Models for
the Operating Point op1

Productivity
Purity (%) g/day/kg,, .k
Extract Raffinate Extract Raffinate
Exp. data

Col. outlet 5 99.50 100 39.23 38.44
Col. outlet 6 99.60 100 39.44 39.18
Cal. A* 97.28 99.98 41.41 39.98
RSD (%) 1.67 0.01 3.82 2.78
Cal. B** 97.72 99.99 41.36 40.29
RSD (%) 1.35 0.01 3.73 3.34

RSD = Relative standard deviation between experimental and calculated data.
A* = Averaged value calculated with porosity values €;.
B** = Value calculated with average porosity €

av*

for the extract. This result is consistent with the purity values.
Although the experimental results indicate a similar tendency,
the differences between calculated and experimental values
vary differently. Wider variations can be seen at the border of
the separation area, which can be caused by several reasons,
such as the presence of impurities, experimental errors, errors
in the adsorption model, and the influence of the heterogeneity
of the SMB system.

Effect of the heterogeneity of the column set on the
performance of the SMB process

As shown in Figures 4 —8, the positions of the adsorption and
desorption fronts of the internal concentration profiles vary
when recorded at different column outlet positions. Also, the
values of the extract and raffinate purities as well as their
production rates change depending on the outlet position where
the outlet streams are collected. The values are listed in Tables
4—-6 and elsewhere (Mihlbachler, 2002). Due to the complexity

Concentration C [g/l]

Feed Raffinate

Extract

Figure 9. Experimental and calculated internal concen-
tration profiles of the single compounds at the
operating point op1 (Table 3).

Solid line—experimental at column outlet 6, dotted line—at

position 5, and *—calculated with three-layer isotherm
model (Egs. 5 and 6) and €,, = 0.648.
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Table 6. Purity of the Raffinate Streams Experimentally
Determined and Calculated with the Three-Layer Models for
the Operating Point op4

Raffinate Purity, %

Exp. Data Three-layer RSD, %
Col. outlet 5 97.62 97.48 0.10
Col. outlet 6 97.10 97.52 0.31
Col. outlet 7 97.66 97.57 0.07
Col. outlet 8 97.55 97.44 0.08
Cal. A* 97.40
RSD (%) 0.30
Cal. B** 97.69
RSD (%) 0.59

RSD = Relative sum of the squares of the residuals between experimental and
calculated data.

A* = Averaged value calculated with porosity values €;.

B** = Value calculated with average porosity €

av*

of the SMB process, many different parameters combine caus-
ing these differences, but that cannot be due to the extra-
column volume introduced with the detector cell, and which
disturbs the “ideal” internal profiles. If the online detector
system were installed at a different outlet position, it would
cause an identical disturbance to the “ideal” separation process,
and, thus, the measured internal profiles would remain un-
changed. Hence, other parameters, such as the heterogeneity of
the column set, influence the performance of the separation.
Here, only the effects of variation in the column porosity were
examined.

The values of the product purity and the production rate,
calculated with the average column porosity (e,, = 0.648),
are listed for the operating points 5, 1 and 4, in Tables 4-6,
respectively, as well as the average values of these properties
calculated with the exact column porosity values (see Table 1).
Depending on where the operating point lies in the separation
area, and at which column position the outlet streams are
collected, the values of the purity and productivity vary. All the
values were determined experimentally, those calculated, and
the corresponding statistical values are listed elsewhere (Mihl-
bachler, 2002).

As an example, the operating point op4 was chosen for a
further study of the influence of the column porosity on the
performance of the SMB process. This operating point is
located on the upper border of the separation area (Figure 1).
To verify the repeatability of the experimental performance,
the two profiles are recorded at the outlet of the column in
position six at eight months distance, as shown in Figure 10.
These experimental profiles are also compared with the profiles
calculated by the three-layer (symbol %) adsorption isotherm
models, and using either the average (filled symbol) or the
exact (open symbol) column porosity values.

First, there is an excellent reproducibility of the experimen-
tal profiles. The two experiments were made at eight months
distance, hence, at different seasons, but in a climate-controlled
laboratory, at a nearly constant temperature of approximately
25°C. The different calculated profiles exhibit some differences
in the front positions of the raffinate in section IV, depending
on the value of the porosity used. The fronts calculated with the
exact porosity move faster. The profiles recorded experimen-
tally, are more retained than the calculated ones.

In Table 6, all the values measured experimentally for the
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Figure 10. Repeatability of internal concentration pro-
files detected by the polarimeter at the oper-
ating point op4 (Table 3).
Solid line—experimental at column outlet 6, dotted line—
recorded at outlet 6 during prior testing, and %— calculated
with three-layer isotherm models (Eqs. 5 and 6): filled

symbol—with €,, = 0.648, and open symbols with exact
porosity values at position 6.

raffinate purity are listed and compared to the values calcu-
lated. It is clear, an oscillation of the purity values can be
observed. Similar results are observed for the extract purities.
Because of the position of this operating point in the separation
triangle, the extract stream is almost pure, at 99% or better, as
already shown in Figure 3. The raffinate purity varies between
97% and 98%.

In Figure 11 a comparison between the experimental con-

Calibrated polarimeter signal [g/l]

-4 T T g T T T T 1
0 2 4 6 8
Extract Feed Raffinate

Figure 11. Internal concentration profiles detected by
the polarimeter, and calculated by three-
layer model (Egs. 5 and 6) at the operating
point op4 (Table 3).

Solid line—experimental at column outlet 5, dotted line—at
position 6, dashed line—at position 8, %—calculated with

three-layer isotherm model (Egs. 5 and 6) and €,, = 0.648,
and open *—calculated at positions 5, 6, and 8.
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Table 7. Purity and Productivity of the Extract and
Raffinate Streams Experimentally Determined and
Calculated with the Three-Layer Models for the Operating
Point op4 with the “Defective” Column in Position 6 of the
SMB System (see Table 1)

Productivity

E)

®

c

2

[/

% Purity (%) g/day/Kg i

£ Extract Raffinate Extract Raffinate

% Exp. data

a Col. outlet 5 99.72 94.42 38.38 40.40

o Col. outlet 6 99.73 94.97 39.71 41.78

E Cal. * No. 5 99.99 98.17 40.29 40.77

a RSD, % 0.19 2.75 3.44 0.65

© Cal. A * No. 6 99.99 98.22 40.51 40.77

o RSD, % 0.36 2.38 1.40 1.73
] Cal. B** 99.99 98.21 40.24 40.77

-4 : ' , . . T , . RSD, % 0.19 2.78 3.34 1.73

0 2 4 6 8

Extract Feed Raffinate

Figure 12. Internal concentration profiles of the column
set with a “defective” column at the operat-
ing point op4 (Table 3).
Solid line—recorded at the outlet of the “defective” column
6, dotted line—at the outlet of the column in front of the
“defective” column 5, *—calculated with three-layer
model (Egs. 5 and 6) and with average porosity, and * and

open *—calculated with three-layer model with exact po-
rosity values (see Table 1) at positions 5 and 6.

centration profiles monitored at three different positions (5, 6,
and 8) within the SMB, and the profiles calculated with the
three-layer model (%), is displayed. The front positions vary
only slightly in the middle sections and at the raffinate outlet
(sections II to IV), but they do so more significantly in section
I. The heights of the profiles are slightly different. The cyclic
behavior of the SMB process shown as oscillations in the
profiles are well reproduced. However, experimental and cal-
culated front positions disagree slightly. It appears that the
compounds are more strongly retained than the calculations
predict. The difference may be caused by the presence of
impurities and their influence on the adsorption behavior of the
enantiomers (Mihlbachler et al., 2002b).

Detection of defective columns within the SMB unit

So far reported in this article, replacing one of the chromato-
graphic columns of the SMB set used to collect the results with
a “defective” column (that is, a column with € = 0.619),
introduces significant changes in the performance of the SMB
separation. As an example, Figure 12 displays the experimental
profiles recorded at the outlet of the “defective” column, and of
the column immediately in front of it, with the SMB being
operated under the conditions of point op4. A distinct distur-
bance of the profile recorded at the outlet of the “defective”
column is observed. Comparing these experimental profiles to
the calculated profiles, using the three-layer adsorption iso-
therm model (%) for calculating the SMB separation, also
provides excellent agreement (see Figure 12), especially when
the exact porosity values are implemented (open ). The
oscillations of the profiles caused by the cyclic behavior of the
SMB process are well represented. In Table 7, all the experi-
mental and calculated values of the purity and production rate
are summarized (Mihlbachler, 2002). During the experiments,
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RSD = Relative standard deviation between experimental and calculated data.
A* = Value calculated with porosity values ¢;.
B** = Value calculated with average porosity €

av*

the extract stream is almost pure under these experimental
conditions. The raffinate purity drops by up to 3% compared to
the purity achieved with the more homogenous column set.
There are other possibilities to identify a “defective” column
within the SMB unit than by looking at the internal concentra-
tion profiles. The outlet stream profiles also reflect the changes
in column quality. In this study, the raffinate outlet profile was
not affected by the presence of the “defective” column. How-
ever, the profile of the extract stream showed significant
changes. In Figure 13, the concentration profiles of the extract
outlet stream is displayed during a superperiod (eight cycles).
Comparing the profiles obtained with the homogeneous column
set (dotted line), and those with the “defective” column shows
a significant difference. The profiles obtained with the homo-
geneous set show almost no concentration variations from a
switching cycle to the next. The circle in Figure 13 identifies
the position of the “defective” column during the duration of

Concentration C [g/l]

"defe ctiv e"\l
column

0.9 T T T T T T T L T T T T T T 1
0 1 2 3 4 5 6 7 8
E xtract stream during one superperiod

Figure 13. Outlet profiles of the extract stream during
one superperiod.

Solid—recorded when detectors at outlet of “defective”
column, and dotted—homogenous column set.
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Figure 14. Comparison between experimental and cal-
culated raffinate, and extract purities for op-
erating points op1-5 (Table 3) with one “de-
fective” column.

@—Experimental data, solid line—purity calculated with
average porosity (€,, = 0.648), and three-layer model
(Egs. 5 and 6), dashed line—purity calculated with average
porosity and three-layer model.

the superperiod. Note, however, that changes in the concentra-
tion profiles of the outlet stream should not be mistaken for
changes in the purity of this stream, as shown in Table 7.

The variations of the purity at the different operating points
are displayed in Figure 14 in the case of a “defective” column
in the set. The isotherm models give a good agreement between
the experimental extract purities, and the values calculated with
the average column porosity. By contrast, the purity of the
raffinate stream varies more significantly. The variations of the
purity calculated for the stream eluting from the “defective”
column differ considerably from those resulting from the ex-
perimental data.

However, using the information provided by the online de-
tector system, and by the analysis of the outlet streams, pro-
vides an excellent tool to identify deviations during the oper-
ation of a SMB process. Hence, the operating parameters can
be adjusted to take properly into account the performance loss
due to the heterogeneity of a set of chromatographic columns,
and to guarantee robust operation of an SMB separation.
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Conclusions

The results of this detailed study provide an improved un-
derstanding of the SMB process and support the initial findings
of the authors (Mihlbachler et al., 2001, 2002a). In order to be
able to model the behavior correctly of an SMB unit, it is
necessary to measure accurately and to model carefully the
adsorption isotherms of the feed components in the selected
chromatographic system.

In our case, the competitive adsorption of the Troger’s base
enantiomers onto the CSP has a very unusual behavior. The
more retained enantiomer exhibits an isotherm with an inflec-
tion point, which is relatively rare for small molecules, and
with enantiomers. By contrast, the less retained enantiomer
shows Langmuir adsorption behavior when pure and coopera-
tive interactions with the more retained enantiomer. The prin-
ciple of the SMB process is based on the formation of sharp
fronts at the head of the raffinate band, and also the rear of the
extract band. This work demonstrates that the SMB process can
be successfully designed for complex adsorption isotherms
with an inflection point. It must be emphasized that the use of
an online combination of a UV-detector and a polarimeter
affords the possibility to monitor the internal concentration
profiles of each enantiomer. This information, together with the
availability of calculated profiles which are in good agreement
with the experimental ones, was a considerable asset in the
successful completion of this work.

The influence of the heterogeneity of the column set on the
performance of the separation process can now be taken into
account when modeling SMB separations. The fact that the true
periodicity of a SMB unit is the superperiod had been sup-
ported during these theoretical and experimental studies (Mihl-
bachler et al., 2001, 2002a), especially by the significant vari-
ations observed in the SMB output, when the column set is
turning around the four sections of the unit. The results re-
ported here demonstrate differences in the calculated perfor-
mance of the SMB process, as shown in Tables 4-7, and
elsewhere in more detail (Mihlbachler, 2002), when imple-
menting the average or the exact column porosity in the model.
Other parameters such as the extra-column volumes, and the
asymmetric of the SMB design, may also contribute to perfor-
mance fluctuations during a superperiod. In this study, how-
ever, the most influential component that could not be incor-
porated into the models of adsorption and SMB behavior was
the behavior of the impurities present in the feed. They were
distributed along the entire chromatographic profile. The
achiral cleanup attempts of the sample were successful, but
insufficient. Such impurities are common phenomena in phar-
maceutical production. The fact that, in spite of the minor
troubles due to these impurities, the process that could be
modeled successfully gives additional relevance to this study,
and shows that it was performed on a realistic separation
problem.

Now, the theoretical tools and detector systems are available
to predict and to observe the effects of heterogeneity of the
column set of the SMB unit, and the complex multilayer
adsorption behavior that may be involved in enantiosepara-
tions. Both are critical requirements for the successful imple-
mentation of computer-assisted method development, and of
process-control systems within the SMB unit.
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Notation

= Henry isotherm coefficient
a’, = amount of component i per volume and unit concentration
A = column cross section area, cm>

b; = isotherm parameter, cm®/g

b,; = isotherm parameter Eqs. 6 and 5 (cm®/g)?
b;;; = isotherm parameter Eqgs. 5 (cm?/g)*

C = liquid phase concentration, g/cm?
D,, = axial dispersion coefficient, cm?/s

= phase ratio
L. = column length, cm
N = theoretical number of plates
P = polynomial
Prod = production rate of component 1 or 2, g/day kg«
Pure = purity, %
g = solid phase concentration, g/cm®
q, = saturation capacity, g/cm®
Q = flow rate, cm’/min
r = dimensionless flow rate
t = time, s
t* = switching time, s
u = liquid phase flow velocity, cm/s
z = axial coordinate

Greek letters

€, = overall void fraction

Abbreviations

RSD = relative standard deviation, %
SD = standard deviation
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