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Abstract

Preparative chromatography, especially simulated moving bed (SMB) chromatography, is a key technology for the
separation of fine chemicals on a production scale. Most of the design methods for batch and SMB processes proposed in the
open literature deal with the optimisation of the operating conditions for a given chromatographic unit only. Therefore, a
comparison of the process economy may lead to incorrect results. In this contribution, an effective strategy for the optimal
choice of all process parameters (operation and design parameters) is proposed. The main idea of this strategy is to apply a
detailed and experimentally validated process model and to reduce the number of influencing parameters by introducing and
optimising dimensionless process parameters. It is shown that there is an infinite choice of design and operating parameters
to achieve maximum productivity or minimum separation costs and not at the maximum pressure drop only. The detailed
design of the chromatographic unit and the selection of the operating conditions can be adjusted by considering the
availability of columns and packing materials. As the model system, the separation of a racemic mixture (EMD53986) on
Chiralpak AD was investigated. After complete optimisation of a batch and a SMB unit, a real comparison of the process
economy can be achieved. Finaly, the influences of two different objective functions, productivity and specific separation
cost, are analysed. [0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction graphic batch processes and their effect on process
performance are discussed and summarised in Refs.
In the pharmaceutical and fine chemical industry, [1,2].

complex mixtures of similar substances, in particular Employment of the continuous simulated moving

enantiomers, are often obtained. Accordingly, chro-
matographic separations are attracting increasing
interest for the purification of these products. This
trend is also supported by the expanding demand for
optically pure compounds and the restricted use of
racemic drugs. The parameters influencing chromato-
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bed (SMB) process in large-scale applications has a
proven ability to reduce separation costs. The SMB
process was developed in the early 1960s by Broug-
thon and Gerhold [3] and has been used for many
years in the petrochemical and sugar industries for
large-scale separation [4,5]. Recently, the separation
of enantiomers due to the demand for high-purity
products has become necessary [34]. These applica-
tions have been reviewed by Ditz et al. [6].

Fig. 1 shows the working principle and the
internal concentration profile of the SMB process. A
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Fig. 1. Operating principle and internal concentration profile of the simulated moving bed (SMB) process.

SMB unit consists of several (six to 24) columns
connected in series. The SMB technique is based on
the simulated countercurrent flow between the mo-
bile phase and the stationary phase. This countercur-
rent movement is achieved by sequentially shifting
the inlet and outlet ports in the direction of the liquid
flow.

A feed, consisting of a binary mixture to be
separated, is introduced into the plant. The less-
adsorbed component B is carried with the liquid flow
and can be collected in the raffinate. The more-
adsorbed component A migrates in the direction of
the smulated solid flow and is drawn off in the
extract. In order to achieve complete separation of
the feed components, the internal flow-rates of the
liquid phase within each zone as well as the shifting
time corresponding to the simulated solid flow have
to be determined.

In genera, there are two factors that impede the
development of optimisation strategies for chromato-
graphic processes which cover the whole range of
available optimisation parameters. First, there is the
complex dynamic behaviour of overload chromato-
graphic separations, especially for continuous pro-
cesses. Second, there is the large number of parame-

ters which influence the performance and the
economy of the process.

In recent decades, much effort has been expended
on the development of optimisation strategies for
chromatographic separations. Several groups have
proposed approaches which differ in the type of
process model and the objective functions. First, we
will give a brief summary of the important ap-
proaches for batch and SMB separation and point out
the advantages and disadvantages. Subsequently, a
new complete optimisation approach will be pre-
sented. Furthermore, the results and advantages of
this new approach will be discussed.

1.1. Batch chromatography

The degrees of freedom to optimise the design of a
batch separation are the flow-rate, column length,
injection time, and the cut times for fraction collec-
tion. The column diameter is generaly assumed to
be a scale parameter. For batch chromatography, two
fundamentally different cut and fraction collection
strategies for an optimal separation of a binary
mixture can be distinguished. Both approaches are
shown in Fig. 2.
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Fig. 2. Cut strategies for batch optimisation: (I) three fractions, (I1) two fractions.

Felinger and Guiochon [2,7-9] applied cut
strategy | in Fig. 2. One fraction for each compound
A and B and a waste fraction are collected. There-
fore, four cut times have to be adjusted. The
collection of compound A starts at time tg, and ends
a tz,. Then a waste fraction elutes until the collec-
tion of compound B starts at tg; and ends at t.z. TO
describe the separation process, an equilibrium dis-
persive model [10] with an apparent dispersion
coefficient was used.

In contrast to that approach, the methods of Strube
et al. and Dunnebier are based on the use of more
sophisticated process models such as a lumped
kinetic model [11] and a general rate model [13],
respectively. The second, more important difference
is the application of cut strategy Il of Fig. 2. Here,
two fractions are collected only. Fig. 2 illustrates
that, for strategy II, the cut time for the end of
fraction A, t,., is the starting time for the collection
of fraction B, tgs. When high purity is demanded,
which is usually the case in pharmaceutical and fine
chemical applications, cut strategy 1l further requires
amost baseline separation between the two injected
compounds. In this contribution it will be shown that
cut strategy Il leads to a significant decrease in the
specific productivity and an increase in specific
eluent consumption in comparison to cut strategy |I.
Consequently, strategy 11 will not lead to an econ-
omically optimal separation process with minimum
separation costs.

The contributions of Felinger and Guiochon [2,7—

9] differ in the use of the objective function. They
mostly applied the productivity as the objective
function [7]. In Ref. [8] the importance of the
contribution of the eluent and fixed costs to the total
separation costs is discussed. Therefore, Felinger and
Guiochon introduced a hybrid function which consi-
ders the production rate, the specific solvent con-
sumption and the fixed costs. However, the yield is
not included in this hybrid function. For that reason,
an important contribution to the total separation costs
is ignored, especialy in the case of high feed costs.
This drawback was partially compensated by the
introduction of the product yield and production rate
[9]. This method was used for an extensive study of
the different modes of chromatography [2]. How-
ever, by applying this function it is not possible to
distinguish between high and low feed costs and,
additionally, the solvent costs and the fixed costs are
neglected.

1.2, SMB chromatography

Due to the complexity of the SMB process and the
non-linear behaviour that it exhibits, especially under
overload conditions related to non-linear and coupled
adsorption isotherms, an empirical design is nearly
impossible. Therefore, different types of process
models are applied for the determination of the
proper operating conditions. Most of the methods for
the design of SMB units proposed in the open
literature deal with the optimisation of the operation
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conditions for a given chromatographic unit only.
Therefore, comparisons of the process performance
and economy between batch and SMB separation
often lead to incorrect results.

Focusing on the operating parameters, a SMB unit
exhibits five degrees of freedom. These are the flow-
rates within the four zones as well as the switching
time. The applied SMB models are mainly based on
equilibrium theory, which means neglecting axial
dispersion and mass transfer resistance and approxi-
mation of the SMB process by a true moving bed
(TMB) system [4,14-16]. The TMB process is the
exact boundary case for a SMB process with an
infinite number of columns and an infinitely small
switching time as well as column length.

In order to optimise the productivity, Storti et al.
[14] proposed a definition for the flow-rate ratios, m,
in the four zones:

Q;t* — Vg

M =Vi-s) @
These ratios have to be adjusted by considering the
adsorption isotherms only. Analytical solutions of
this simplified model for several types of adsorption
isotherm have been reported [12] and allow a fast
and easy adjustment of the flow-rate ratios. The
ratios of zones 2 and 3 are usually visualised in the
so-called operating diagram [14].

However, by using more detailed models it can be
shown that this simplified approach does not lead to
the real optimum operating conditions [17,18]. Con-
sequently, TMB models and models applying
equilibrium theory are suitable for an estimate of the
operating parameters only. In addition, models ap-
plying equilibrium theory do not consider the finite
efficiency of chromatographic columns. Thus, an
optimisation of design parameters such as column
length or columns per zone is not achievable em-
ploying equilibrium theory. Detailed models are
necessary. A new agorithm for the automated de-
termination of the optimum operating conditions
considering a detailed SMB model including real
switching of the inlet and outlet ports was presented
recently [18,19].

Only afew publications, Charton and Nicoud [32],
Biress et al. [30] and Ludemann-Hombourger et al.
[35], consider the influence of the column length and
particle diameter on the optimisation of the design of
SMB units.

Charton et a. demonstrated that a design optimi-
sation generally leads to low numbers of theoretical
stages [32]. However, the process models usually
applied for the design of chromatographic units such
as the equilibrium stage model [30,32,35] and the
equilibrium dispersive model [2] have the charac-
teristic of decreasing accuracy with low number of
stages [10]. This decrease in accuracy is additionally
increased by applying TMB models.

Further, Charton and Nicoud, Biress et al. as well
as Ludemann-Hombourger et al. assumed that the
maximum productivity will be obtained at the maxi-
mum pressure drop only. Thus, they fixed the flow-
rate in zone | at its maximum. In this contribution,
we demonstrate that this assumption does not hold.

1.3 Separation costs

All approaches for the design of SMB units have
one factor in common, to maximise the productivity
or the production rate. Economic aspects are not
considered. In the literature, a few contributions
discuss the cost structure of chromatographic sepa-
rations as a function of the required production rate
only. Usualy, the product stream per volume of
stationary phase is taken into account as the objec-
tive function. The triangle theory, in fact, is limited
to the use of the productivity as the objective
function.

Economic aspects are presented for a SMB appli-
cation by Pynnonen [33], but the units are not
completely optimised and a design strategy to mini-
mise these costs is not proposed.

Strube et a. [11] compared the separation costs of
SMB and batch separations for different production
rates for optimised processes by using the productivi-
ty as the objective function. A summary of the
results shows that the most important contribution to
the total separation costs is the cost of the mobile
phase with increasing production rate. In the work of
Kati and Jagland [20], a complete description of the
contribution of different kinds of costs to the total
separation costs for batch separation is given. Also,
the influence of the different physical properties of
the separation system and the plant design is dis-
cussed. It is demonstrated that the cost structure of
the separation problem changes with the scale of the
separation. For smaller production amounts the con-
tribution of capital, labour and maintenance costs to
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the total costs is significantly higher than for a larger
production rate. Similar to the results of Strube et al.
[11] it was found that eluent consumption contributes
significantly to the total cost of the separation.
However, the applied optimisation strategy, and the
approach of Strube et al., did not use the costs as the
objective function. Thus, al these contributions
suffer from the fact that the total separation costs and
the cost structure of the separation problem were not
included in the optimisation strategy.

Therefore, this contribution focuses on four aims.
First, we want to show that it is necessary for batch
and SMB separations to optimise the operating and
design parameters simultaneously to achieve an
optimal process. The second and most important
point is the development of strategies for an optimal
design of both processes. We will demonstrate that
similar strategies for batch and SMB optimisation
can be applied. Third, we demonstrate that the use of
the separation costs only leads to an economically
optimal process for both batch and SMB chromatog-
raphy. We point out that optimising the operating
conditions or choosing the wrong objective function
will lead to a less economical process for batch and
SMB chromatography. Finally, the separation costs
of completely optimised processes are compared and
the similarities of the processes are analysed.

2. Theory

2.1. Process model

The model for a chromatographic column results
from differential mass balances of the liquid (Eqg.
(2)) and the solid phase (Eg. (3)). It takes into
account convection and the important effects of
nonidealities, which are axial dispersion and mass
transfer between the extra- and inter-particle mobile
phase as well as competitive adsorption isotherms
(Eq. (4)) [18,21-23]:

d’c. dc

o
liquid phase: E_Dax'y_uim'a_keff,i
1

- &

6
dp e

(€ —cp) (2

. dy; dc,; 6
solid phase: (1 — gp)'a tE g Ket T
P
(€ —¢,)) ®3)
adsorptionisotherms: 'y, =f(C,,;) (4)

The dynamic model of the SMB process is obtained
by connecting the models for single columns while
considering the real cyclic switching of the inlet and
outlet ports (node model). The resulting system of
coupled partia differential equations is reduced to a
system of ordinary differentia equations (ODES)
using the Galerkin-Finite-Element method for the
liquid phase [24]. This system of ODEs was im-
plemented and solved within the simulation environ-
ment g°PROMS (Process Systems Enterprises, Lon-
don, UK). Due to this efficient numerical solution
and implementation in gPROMS the computation
time is about 5 min to reach the cyclic steady state
for the SMB simulation of an enantioseparation on
an ordinary persona computer (Pentium [I, 450
MH2).

Nevertheless, it is tedious to carry out a large
number of simulation studies and vary the column
length, flow-rate and injection time for batch and
zone flow-rates, and switching times and column
length for SMB separations. Therefore, it is first
necessary to reduce the number of influencing pa-
rameters to decrease the number of required smula-
tions.

This is redised by introducing dimensionless
variables for the time @, concentration C,; and space
Z, as well as the Peclet number (Eg. (6)) and
modified Stanton number (Eg. (5)). Thus, the model
can be rewritten in a dimensionless form (Eq. (7)):

6 L

S =k 5
eff,i eff,i dp uint ( )
UL
Pe= f (6)
dC,, 1 d’C,, dCy, 1- ¢
40 ~Pe g7z dz e g
' (CO,i - Cpo,i) (7)

Guiochon et al. [10] showed that, in the case of
linear chromatography, the contributions of axial
dispersion and mass transfer resistance are additive
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and the resulting number of plates of the column can
be calculated using:

i_ZDax I(i, 2 uint
N~ u, 2\T+K) Kk, (®)

According to Glueckauf [25] the lumped mass
transfer coefficient k,, can be correlated directly, in
the case of linear chromatography, with the film
mass transfer coefficient kg, and the pore diffusion
coefficient D, (EQ. (9)). In this case, the value of
k., is proportional to the ratio of the effective mass
transport coefficient to the particle diameter kg ;/d,
in Eq. (2):

d 1 d d2

P _ P
k01 . keff,i B k,k - 6kai|m,i - GOFDpore,i (9)

T 'm,l

Applying Eg. (9), Eq. (8) can be transformed into:
i: 2Dax +2. I'(i, . 2' kOldp. uint
N Uplc 1+k; keff,i Lc
2 ko

N % - Seff,i (10)

int

From Eq. (7) it becomes clear that band broaden-
ing is influenced by the Peclet and Stanton numbers
only. Additionally, Eq. (10) shows that the number
of plates in the system is aso influenced by these
dimensionless numbers only.

The number of plates strictly has no physical
meaning if it is determined directly from a chromato-
gram in the non-linear adsorption range. But the
number of plates is a clear and, in practice, wide-
spread expression of the column efficiency in linear
chromatography. For higher fluid velocities it sum-
marises the band broadening effects of dispersion
and the mass transfer limitation. Both of these effects
depend on the velocity. Since non-thermodynamic
band broadening in non-linear chromatography is
caused by the same mechanism, the number of plates
determined in linear chromatography can aso char-
acterise the non-thermodynamic band broadening in
non-linear chromatography.

The dependence on the fluid velocity of the
experimentally determined plate heights can general-
ly be fitted to the Van Deemter correlation (Eq. (11))
[26]. Since molecular diffusion is negligible in
preparative chromatography due to the high fluid

velocity, the Van Deemter correlation can be sim-
plified:

Le

C
HETP, = F= A +BU, + 5~ =~A +Bu, (11)

1-int 1-int
1 int

Since the use of plate humbers to characterise the
column efficiency is widely accepted in practice, we
apply this characteristic parameter to summarise the
influence of column length, interstitial velocity,
dispersion and mass transfer. This significantly re-
duces the number of simulations which have to be
carried out to optimise chromatographic processes.

2.2. Process performance and objective functions

A further aspect when optimising chromatographic
separation processes is the choice of the objective
function. There are severa possible objective func-
tions proposed in the literature. Katti and Jagland
[20] have shown that different cost structures of a
separation problem cause different optimal design
and operating conditions.

In this contribution, the influence of two different
objective functions on the design parameters of batch
and SMB processes is analysed. The first type of
objective function is the process performance param-
eters such as specific productivity, defined as the
mass of product per time and volume of stationary
phase, and the specific eluent consumption, defined
as the volume of eluent per mass of product. The
second type is the specific separation costs.

Due to the different operating parameters of the
SMB and the batch processes, different definitions of
the process performance parameters have to be
defined for each process. The different definitions are
defined as follows.

SVIB separation. The specific productivity of
compound i:

. QFeedCFeed,i
Pr SMB,i V

ads

(12)

The specific eluent consumption of compound i:

E _ QFeed + QEIuem
Csmp.i = mA
i

Yield of compound i:

(13)
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YSMB,i: 3 it (14)
QFeedCFeed,i

The mass flow of compound i in the extract or
raffinate can be calculated by applying Eq. (15). A
can represent the extract or raffinate flow as a
function of where the product elutes:

nt period

f G, () dt (15)

eriod
P (n—1)t

period

Batch separation. The specific productivity of
compound i:

V _Crongi Yoo i

Preci = m]t;j\d/;djm (16)

The specific eluent consumption:

t

O K @

Yield of compound i:

mX i

Yoo =V o (18)

The mass m, ; of product i collected in fraction X
is defined by Eq. (19). As shown in Fig. 2, X can
represent fraction A or B:

tex

My = Q J’ Gi(t) dt (19)

tsx

Calculation of the specific separation costs is
complex due to various influencing parameters and
cost structures. Therefore, we propose the following
cost function which can be easily adapted to specific
conditions.

The total separation costs can be divided into:

(@ Separation problem independent costs. The
separation problem independent costs are specific for
each company. They depend on the different fixed
cost structures, for example overhead costs, wages
and maintenance. Additionally, the capital costs are
independent from the separation problem. The capi-
tal as well as the maintenance and labour costs can
be expressed in costs per hour of operation if only a
small number of separation campaigns are carried

out during a year. If the total number of different
separations is too high, a significant time of the year
has to be spent on change-over times. In this
contribution we assume that it is possible to express
al cost contributing parameters as a linear function
of the operating time.

(b) Separation problem dependent costs. The
separation problem dependent costs are directly
correlated to a given separation problem and the
amount of substance which has to be produced. This
includes the costs for eluent, adsorbent and lost feed.

The capital costs per operating hour CL‘ap depend
on the investment costs C,,, ., the number of years
of depreciation n,,;,..s, and the maximum operating
hours per year ;. To calculate the total capital
costs of the separation only the operating time t
of the separation has to be known:

C — Ci nveitmax .t

cap
nwrite-off oper

oper

oper = Crc]aptoper (20)
The costs of labour and maintenance (operation
costs) C,,., are assumed to be independent from the
plant size and dependent on the total operating time
of the plant. Therefore, they are expressed by
applying a cost factor per operating hour C!__:

oper*

Coper = Cgpertoper (21)

The separation problem dependent costs are de-
termined by applying the process performance pa-
rameters and the required production amount my, . ;
of compound i. The operating time can be calculated
from the required production amount and the pro-
duction rate m,,.q; of a given chromatographic unit.

The total eluent costs C,, are determined from the
specific eluent consumption (batch or SMB), the
production amount and the costs per volume of
eluent f:

f

prod,i "el

= ECscrsm.iMprod,itoper f (22)

prod,i “oper ‘el

Ca = ECscsm B,iMm

The total costs of the adsorbent C_,. are defined
from the number of column refills n,;,,, the column
volume, the costs per kilogram of adsorbent f,,.and
the apparent adsorbent density p,,,. The number of
column refills is calculated from the ratio of the

required operating time and the lifetime of the
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adsorbent t,;;.. If the adsorbent can be reused for
further separations, the value of n,, can be a
non-integer:

fo= oper
ads —
tlife

C V,

=n cPapp

’ VC papp fads (23)

ads refill

The column volume is calculated from the re-
quired production amount of compound i and the
productivity (batch or SMB):

mprod,i

V.=
¢ toper(1 = &)Prsc/sus,i
Consequently, the total adsorbent costs are defined
as.

(24)

f

mprod,ipapp ads
Coas tite(1 = €)Prsc/isma,i (25)
The crude loss costs C,,,qe0ss CaN aso be calcu-
lated as a factor of the process performance parame-
ter yield, the required production amount of com-
pound i, the mass fraction of compound i in the feed
Xreeai» @Nd the costs per gram feed f;

eed :

c ~ Moroa,i < 1—Ysc/sus.i > ¢
crudeloss ~ ' " lteed
XFeed,i YSC/SMB,i
~ Mproq, ¢ <l — Ysc/sms.i > ¢
- “ Loper * " lteed
XFeed,i P Ysc/sm B.i

(26)

The total separation costs C,,, are determined by
considering the five cost contributions:

Coep = Ceap 7 Coper 7 Cags T Co +C (27)

oper crudel oss

To compare the separation costs for different
production scales the specific separation costs C,°
are defined as:

spec __ Sep  _ ~spec spec spec
Csep - m o Ccap + Coper + Cads
prod,i
spec spec
+ CeI + C(:rudelos.s (28)
h h
CsPee — Ccap COPEF fadSpaPP
P Moogi Myroai Prscrsmaitiie(1— &)
£ freed 1- YSC/SMB,i
+ ECscismpifa Xeeod ’ Y. ]
Feed,i SC/SMB,i

(29)

Applying Eq. (29), the specific separation costs
for the complete operating regime can be estimated
for the process performance parameters and a given
production rate.

Besides these cost calculations, constraints have to
be taken into account. These are the purity of the
products as well as the maximum pressure drop. The
pressure drop caused by the flow through a fixed bed
can be expressed by correlation (30) proposed by
Darcy et a. [27]:

u, L
Ap=w- |ntdn;I c (30)

P

3. Materials and experimental design

In this contribution the separation of a racemic
mixture of a precursor of a potent cardiotonic drug
with Ca-sensitising activity from Merck (Darmstadt,
Germany) was investigated. Nevertheless, the op-
timisation approach is applicable for most isocratic
two-component chromatographic separations.

The model compound, EMD53986 (for structure,
see Fig. 3), is an intermediate of a potent new
cardiotonic drug with Ca-sensitizing activity. The
enantiomers of the final drug EMD53998 exhibit
different modes of action [31].

In a previous study the separation conditions of
EMD53986 on different chiral stationary phases
(CSPs) were examined and optimised [31]. The best
results were obtained on amylose-tris(3,5-dimethyl-
phenylcarbamate) (Chiralpak AD, Daicel) using
100% ethanol, gradient grade (Merck) as eluent.

Batch experiments were carried out on a chro-
matographic device, a NovaPrep Model NP 200
(Merck). The CSP with a mean particle diameter of
20 pm was packed into preparative columns (Self-

H
Fig. 3. Structure of EMD53986.
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packer NW 25, Merck) of 25 mm I.D. at a bed length
of 108 mm. The column temperature was adjusted to
25°C.

The SMB experiments were performed on a
preparative SMB unit (LicosepLab, Novasep, Van-
doevre-les-Nancy, France). It consisted of eight
double jacked HPLC columns (108X 25 mm). The
columns were thermostated and arranged in a 2:2:2:2
configuration. Fig. 4 shows a flowsheet of the SMB
unit.

The concentration of both enantiomers was mea-
sured on-line using a two-detector system. The
detectors were a polarimeter (PolarMonitor, 1BZ
Messtechnik, Hannover, Germany) and a UV detec-
tor (L7400, Merck—Hitachi, Darmstadt, Germany).
Applying this technique provides on-line monitoring
of single concentrations of the compounds, even in
mixtures. The detectors are located on the suction
side of the recycling pump. The calibration, ex-
perimental results and experience with this on-line
monitoring device are presented in Ref. [22].

4. Results and discussion
4.1. Model parameters

The procedure to determine the model parameter
as well as the complete set of model parameters are
summarised in a previous paper [22]. The adsorption
isotherms of EMD 53986 on Chiralpak AD were
determined by evaluating breakthrough experiments.
Here, a new technique of on-line monitoring of
single concentrations is utilised to evaluate equilib-
rium data of the racemic mixture. This application
ensures the accurate determination of adsorption
isotherms with tolerable effort and high accuracy.
The adsorption equilibria of EMD 53986 for the pure
substances and the racemic (1:1) mixture are shown
in Fig. 5. Besides the adsorption isotherms of the
pure components, the isotherms of the racemic
mixture (1:1 mixture) are also given. The adsorption
behavior, especially of the (—)-enantiomer, is strong-
ly non-linear. The adsorption of the (+ )-enantiomer

Feed [—>()

Desorbent :>_®

sampleloop
Uuv H o
online measurement

Fig. 4. Flowsheet of the SMB unit.
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¢ y(+) (pur) A y(-) (pur)

y(+) (pur, fit)

—y(-) (pur, fit)

" y(+)(1:1)
= —y(+) (1:1, fit)

® y@)(:1)
= —y() (1:1, fit)

solid phase concentration [g/l]

0.0 0.5 1.0 1.5
liquid phase concentration [g/l]

2.0 25 3.0 3.5 4.0

Fig. 5. Adsorption isotherms of EMD53986, measured and fitted data.

is more influenced by the (—)-enantiomer than the
reverse case.

The experimental data were fitted to the modified
competitive Langmuir model (Egs. (31) and (32)).
This adsorption isotherm model shows a concen-
tration dependent selectivity:

5.847c,,,

Yoo = 2084, + 750 109c  + 04720, Y
19.902c,_,

Y, =2054c  + (32)

1+0.129c,, + 0472 _,

Besides an excellent fit to the measured data this
isotherm model provides the possibility to adjust a
save operating point of the SMB process on the basis
of the triangle theory proposed by Morbidelli et al.
[28].

The HETP correlations for the enantiomers were
determined as:

HETP,., = 0.05cm + 198U, (33)

HETP,_, = 0.0126cm + 1.63sU,,, (39

As congtraints for the optimisation, the product
purities are fixed at 99.9%. The free parameter ¥ of
the pressure drop correlation (30) was determined to
be 1233.4.

4.2. Experimental validation of the process models

The experimental validation of the process models
is described in detail in Refs. [22,23]. Fig. 6 shows
the concentration profile for a breakthrough experi-
ment on a single chromatographic column. The good
agreement between experimental and simulated re-
sults is remarkable.

Several SMB experiments were carried out in
order to validate the proposed SMB process model
with on-line measured concentration profiles pro-
viding a high data density. The operating parameters
are summarised in Table 1.

Fig. 7 shows the concentration profiles determined
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Fig. 6. Breakthrough experiment for EMD53986, racemate concentration 3 g/dm?®.

by the on-line monitoring system and the simulation
results. Very good agreement between experimental
and simulation results can be observed. Also, it is
worth mentioning that al model parameters were
determined in previous batch experiments on a
separate column. Due to the consistency of the
parameter determination concept and the high ac-
curacy of the model parameters, no further fit of
parameters to the SMB results was necessary to
achieve this excellent conformity. The purities of the
extract and raffinate were determined to be higher
than 99.9% for the experiment and simulation re-
sults.

4.3. Development of design optimisation strategies

This experimentally validated process model,
which is valid in a wide range of possible operating
regimes, provides the possibility to carry out smula-
tion studies to optimise the operation and design
conditions for a batch as well as for a SMB process.

As described in the Theory section it is possible to
calculate the specific separation costs for every set of
operating parameters if the process performance
parameters and the required production amount are
given. A large number of simulations were carried
out to calculate the process performance parameters

Table 1

Operating parameters of a SMB experiment

Feed Desorbent Raffinate Extract Recycling Shifting Feed conc.

(cm®/min) (cm®/min) (cm®/min) (cm®/min) (cm®/min) time (9 (g/dm?®)
(racemate)

5.54 57.49 15.06 47.97 72 431 5
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Fig. 7. Comparison of the experimental and simulated results for the SMB experiment for EMD53986.

as well as the specific separation costs as a function
of the operating parameters. A major problem is the
large number of influencing parameters for design
optimisation. Therefore, it is necessary to reduce the
complexity of the problem by introducing dimen-
sionless numbers which represent real degrees of
freedom.

4.4. Optimisation strategy for batch
chromatography

For batch chromatography, the flow-rate, the
injection time, the column length and the cut times
have to be adjusted. To fulfill the purity constraint,
four cut times are necessary.

The remaining three operating parameters, flow-
rate, column length and injection time, cannot be
varied independently. The column length and flow-
rate influence the efficiency of the column. The
amount of feed which is introduced per column
volume depends on al three parameters. Felinger
and Guiochon [2,7-9] proposed the choice of the

number of plates (Eg. (11)) and the loading factor
(Eqg. (35)) as independent optimisation parameters:
mi nj CFeed,i\/i nj

mcapacity N ymaxvc(l - ‘9t)

Ly = (35)

From analysis of the partial differential equation
(2) (PDE) describing the column dynamics it is
obvious that the two dimensionless numbers, Peclet
(Eq. (6)) and Stanton (Eg. (5)), are the only parame-
ters that influence the solution of the PDE and thus
determine the column efficiency. It is also evident
that, for linear chromatography, it is sufficient to
express them in terms of the plate number of
compound i (Eg. (10)). Therefore, we further as-
sumed that the plate number of compound i and the
loading factor are sufficient to completely character-
ise the chromatogram in non-linear chromatography.

To prove this assumption, several simulations for
different column lengths, flow-rates and injection
volumes, but with the same numbers of stages N, and
loading factor L, were carried out. Furthermore, it
was assumed that the number of plates in the system
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can be caculated from the plate height correlation
(Eqg. (33)) of the lower absorbable (+ )-enantiomer.
The resulting chromatograms are plotted over a
reduced time scale t/t, in Fig. 8.

The resulting chromatograms are nearly identical.
This proves the assumption that the dimensionless
numbers loading factor L, and plate number N are
the only independent optimisation parameters in non-
linear chromatography. It is worth mentioning that
the simulations were carried out by applying the
complete validated process model. However, it is not
advisable to use a plate model to simulate a chro-
matographic process. This results from the fact that
every single component requires an individual num-
ber of plates to be properly modelled, which cannot
be realised with a plate model. But the number of
plates of the second compound could also have been
applied to characterise the column efficiency. The
only difference is the resulting number of plates. The
plate number of one component can be used to
characterise the efficiency of the column only.

Therefore, it is possible to calculate al process

3.5

performance parameters of batch separations as a
function of these characteristic dimensionless num-
bers, independent of the scale of the separation or the
individual column geometry. The results are illus-
trated in three-dimensiona diagrams (Fig. 9). From
these diagrams the effects that influence the per-
formance and the costs of the separation are clearly
presented.

Fig. 9a plots the productivity in grams enantiomer
per volume of adsorbent and hour against the number
of plates and the loading factor. The highest prod-
uctivity is achieved for plate numbers of 40 and
loading factors greater than one. For small loading
factors, only very poor productivities can be realised.
This results from the very small amount of material
which is injected into the column. Fig. 9c illustrates
that, in this case, the yield increases to about 100%,
which means nearly baseline separation between the
two peaks. As mentioned before, Fig. 9 demonstrates
that optimum productivity and economy will not be
found by applying cut strategy Il of Fig. 2 without
the collection of awaste fraction. The slight decrease

(+)-enantiomer

concentration [g/l]

0 5 10 15

3.0 B 4 Y S

20 25 30 35

reduced time [-]

Fig. 8. Batch chromatogram for different operating and design parameters and constant number of plates (N, = 25) and loading factor

(L, = 1.25) plotted over a reduced time scale.
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Fig. 9. Process performance and separation costs of batch chromatography, 99% purity.

in productivity for a further increase of the loading
factor results from the strong decline in the yield. It
can aso be seen that increasing the plate number
causes a strong increase of the productivity until the
optimum is exceeded. A further increase in the
number of plates causes a smooth decrease of the
productivity.

The decrease in the yield with increasing loading
factor is due to overlapping peaks. In this case, the
purity constraint can only be fulfilled by collecting a
large waste fraction. The yield decrease for very low
plate numbers results from the influence of band
broadening and therefore a larger waste fraction to
fulfill purity demands.

Fig. 9b plots the inverse specific eluent consump-
tion in grams enantiomer per volume eluent against
the plate number and the loading factor. In contrast
to the productivity, a constant decrease of the

specific eluent consumption can be observed for an
increase of the number of plates. But, similar to the
productivity, the minimum values of the specific
eluent consumption are achieved for loading factors
greater than one. Also, a steep increase of the
specific eluent consumption can be observed for
small loading factors, which is equivalent to a nearly
complete baseline separation of the peaks without a
waste fraction. This results from the strong decrease
of material per injection, which cannot be compen-
sated by the small decrease in the cycle time.

Fig. 9d presents the inverse specific separation
costs plotted against the number of plates and the
loading factor. These costs were determined by
applying Eq. (29) and the data summarised in Table
2. It becomes obvious that minimum separation costs
are not located at the maximum productivity only.
Eluent consumption and yield have to be taken into
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Table 2
Data for operating costs calculation

SMB Batch

1000 5000 1000 5000

kg/year kg/year kg/year kg/year
Column diameter (cm) 255 57 32 70
Column length (cm) 4.9 4.9 64 67
Configuration 2:2:2:2 2:2:2:2 - -
Mass adsorbent (kg) 11.4 57.0 29.4 1475
Yield (%) 100 100 96.15 96.15
Spec. productivity (g dm™* h™) 10.06 10.06 8.70 8.70
Spec. eluent consumption (dm?®/g) 2.83 2.83 2.24 2.24
Spec. adsorbent costs® (US$/kg) 13453 13453 13453 13453
Spec. eluent costs® (US$/dm?®) 0.47 0.47 0.47 0.47
Spec. feed costs® (US$/g) 717 717 717 717
App. adsorbent density (kg/dm?®) 0572 0572 0.572 0.572
Adsorbent lifetime® (h) 7000 7000 7000 7000
Tota porosity 0.72 0.72 0.72 0.72
Operation time (h) 8000 8000 8000 8000
Max. op. time per year (h/year) 8000 8000 8000 8000
Years of depreciation (years) 4 4 4 4
Operation costs per hour® (US$/h) 224 224 22.4 22.4
Investment costs® (-10° US$) 1.59 3.18 0.73 1.64
Spec. separation costs (US$/g) 211 1.72 2.18 1.94

® Estimated.

account. Further, the contradiction between mini-
mising the eluent costs and maximising the prod-
uctivity is worth mentioning. High productivity
requires a small number of plates. In contrast, low
specific eluent consumption requires a large number
of plates. As a result, the economic optimum is a
compromise between these contradictory require-
ments.

The column design can be adjusted by applying
the required production rate, the pressure drop
correlation (Eg. (30)), the plate height correlation of
one compound (Eg. (33)) and the plots of process
performance in Fig. 9a—c. The algorithm for the
economic optimal design of a batch separation is
shown in Fig. 10.

The algorithm starts with an initial guess for the
column design. Also, the maximum pressure drop
has to be adjusted to obtain an initial guess for the
investment costs. The estimated investment costs, the
specific cost factors for adsorbent, feed and eluent
and the performance plots in Fig. 9 are applied to
calculate the specific separation costs for every
operating point using Eq. (29). As a result, the plate
number and loading factor for minimum costs are

adjusted. The constant term in Eqg. (11) can be
neglected if the contribution of dispersion to the total
plate height is small, which is true for high intersti-
tial velocities and particles which are not too small.
In combination with the pressure drop correlation
(Eg. (30)) the optimal interstitial velocity is de-
termined from the optimal number of plates. Then
the length of the column is adjusted for this intersti-
tial velocity and the maximum pressure drop. To-
gether with the required production rate the column
diameter is calculated. Now, a new optimal design of
the column is fixed and is compared with the initial
or previous design. If necessary, a new value for the
investment costs is estimated and the procedure is
repeated until the design parameters converge. To
check the influence of a different column design, for
example with different pressure drops, the algorithm
has to be carried out for further values of the
maximum pressure drop.

4.5. Optimisation strategy for SMB
chromatography

In the following, a procedure for the complete
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Fig. 10. Algorithm for a complete design of batch chromatography.

design of a SMB unit is presented. The influence of
the column length is the main topic. However, the
number of columnsis fixed to two columns per zone.
An optimisation of this so-called segmentation is the
topic of a following paper.

Before focussing on the design parameters, the
method to optimise the operating parameters will
first be illustrated briefly. As objective function, the
specific productivity will be discussed first. To
achieve pure products and high productivity, the
flow-rates in al four sections have to be chosen in
such a way that the fronts and rears of the con-
centration profiles are at specific locations at the end
of an injection period. Fig. 11 shows a simplified
optimal internal concentration profile. Furthermore,
the four stopping points for the concentration profiles
as congtraints for the optimisation are presented.

For a given set of design parameters, the flow-rate
in zone I, generally the zone with the highest flow, is
fixed, usually at its maximum related to the maxi-
mum allowable pressure drop in the unit. 1t will be
demonstrated later that fixing at the maximum is not
necessary to achieve optimal process performance.

Fixing the flow-rate in zone | means fixing one of the
five free operating parameters. Based on the triangle
theory [12,14,28], an initial guess of the four flow-
rate ratios m, is done considering a safety margin of
about 10%. This starting point is illustrated in the
operating diagram for EMD53986 in Fig. 12. Ac-
cording to the simplified model assumptions (TMB
model and equilibrium theory) the theoretical op-
timum is located at the vertex of the triangle, due to
the largest difference between the flow-rate ratios of
zone Il and Il and with that the highest feed flow.

Zone | Zonel lll

Feed

Desorbent Extract Raffinate

Fig. 11. Optimal internal SMB concentration profile at the end of
an injection period.
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Fig. 12. Operating diagram for EMD53986; strategy for the operating parameter optimisation.

Nevertheless, it is worth mentioning that the theoret-
ical optimum does not lead to pure products, so that
a safety margin is always required.

In the second step a systematic simulation study
applying the complete and experimentally validated
SMB process model is performed [18,29] consider-
ing al operating parameters. However, the most
difficult step is to adjust the flow-rate ratios in zone
Il and 111, especidly for strong non-linear isotherms
with interactions as in the case of EMD53986.
Therefore, the m,—m;, plane is divided into segments
by lines paralel to the diagonal. Each line sym-
bolises a constant feed flow. For a safe starting point,
the location of the concentration profiles, the purities
and productivity are calculated by dynamic simula-
tion. If the purity of the external streams is higher
than demanded or if there is enough space between
the fronts and rears of the profiles to the stopping
points (see Fig. 11), the next step is to increase the
feed flow, which means jumping to a parallel line
closer to the vertex. If, after a new simulation, the
purity of one compound is too low, the operating
point has to be varied along the parallel line until the
purity of both streams is nearly equal. If the purities
are till too high the next increase of the feed flow

can be performed. Otherwise, if both purities are too
low the feed flow has to be decreased. Application of
this systematic procedure leads to the real optimal
operating point (Fig. 12) for the fixed flow-rate in
zone | and the given set of design parameters. This
procedure can be repeated for different flow-rates in
zone |. Additionally, this method is also applicable
for other objective functions such as the separation
costs. In contrast to the similar method proposed by
Biress et al. [30], it is necessary to mention here that
a complete SMB model is applied and, furthermore,
all operating parameters are considered. Biressi et al.
vary the flow-rates in zones 1l and Il only.

Moreover, an algorithm for the automated calcula-
tion of optimum operating conditions considering
this detailed SMB and different objective functions
has been tested successfully [18,19].

In the following we will focus on the influence of
the column length. The column diameter (D, = 2.5
cm) is assumed to be a scale parameter. Fig. 13 plots
the productivity over the length of one chromato-
graphic column of the SMB unit for two different
flow-rates, Q, ;) = 1.5 cm®/s and Q,,, = 1.7 cm®/s,
in zone I. For each column length the four free
operating parameters, the four flow-rate ratios m,
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Fig. 13. Influence of the column length on the productivity for two different flow-rates.

have been optimised, achieving maximum prod-
uctivity. The maximum pressure drop was ignored in
this study.

From Fig. 13 it becomes clear that, for each given
flow-rate in zone |, an optimal column length with a
maximum productivity can be found. Further, the
productivity curves are almost parallel shifted so that
the maximum productivities for both flow-rates are
the same. The higher the flow-rate is fixed the longer
the column has to be to reach maximum productivi-
ty.

Now we come to the influence of the pressure
drop. Biressi et a. [30] proposed to fix the flow-rate
in zone | a its maximum due to the maximum
alowable pressure drop. We found that, for two
different pressure drops, two different column
lengths, but the same maximum productivity, result.
The maximum productivity is not necessarily located
at the maximum pressure drop. Additionaly, a high
pressure drop increases the investment cost of a
chromatographic unit drastically. Therefore, it is not
advisable to fix the maximum pressure drop too high
and too early in the design procedure.

Besides, fixing the column length for a separation
problem too early can also cause a dilemma. If the
column length is too long the optimum productivity
cannot be reached due to the pressure drop restric-
tion. For example, with a column length of 6 cm and
a maximum flow of 1.7 cm®/s the maximum prod-
uctivity cannot be reached due to the pressure drop
restriction (see Fig. 13). The required flow-rates to
achieve maximum productivity cannot be realised.
The only way to solve this problem is to reduce the
column length. In our opinion, this bottleneck can
often be observed in preparative chromatographic
separations. As a consequence, it iS necessary to
optimise the column length and the flow-rate in zone
| simultaneously considering the pressure drop.

Now we focus on how to solve this dilemma.
Concentrating again on Fig. 13, we find that for both
maximum productivities the numbers of theoretical
plates N per zone are equal, athough the flow-rates
and the column lengths are different. Further, the
four flow-rate ratios m, are also equal. As aresult it
should be highlighted that, for a design optimisation
of a SMB separation, only five dimensionless param-
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eter are sufficient. These are the number of theoret-
ical plates N, and the four flow-rate ratios m.

Comparable to batch chromatography, nearly
identical concentration profiles can be observed if the
flow-rate ratios, the numbers of plates per zone and
the feed concentration are kept constant. The re-
sulting axial profiles are plotted over the reduced
length scale L./L in Fig. 14.

This result can be observed only if band broaden-
ing in the chromatographic system is dominated by
the mass transfer resistance, eg. if the particle
diameter and the intertitial velocity are not too
small. Otherwise, only one of the numbers of plates
can be kept constant if the geometry and operating
conditions are changed. Nevertheless, the reduction
of complexity and number of influencing parameters
in the optimisation problem justifies this simplifica-
tion.

To illustrate the deviations from equilibrium
theory, Fig. 15 plots in an operating diagram the
flow-rate ratios of zones Il and Il for the five

investigated column lengths (4, 4.25, 4.5, 5 and 6
cm) and the flow-rate Ql(l) of Fig. 13. It is clear that,
for each given column length or plate number, a
certain optimal operating point can be determined.
With decreasing column length (plate number) the
optimal operating points move further away from the
theoretical optimum inside the triangle. This be-
haviour demonstrates the increasing influence of the
finite efficiency of chromatographic columns on the
optimisation of the unit design.

Fig. 16 shows the algorithm for the complete
design of a chromatographic SMB process. This
algorithm is applicable for both objectives, specific
productivity and specific separation costs.

Starting with initial values for the number of
plates N and the four flow-rate ratios my, a dynamic
simulation with the complete SMB model is per-
formed. In the inner loop the optimisation of the
operating parameters m, for a given plate number is
realised based on the strategy explained at the
beginning of the next section. The outer loop con-

25

concentration [g/l]

l Extract

Fig. 14. Internal SMB concentration profiles for different operating parameters but constant flow-rate ratios and number of plates per zone
plotted over a reduced length scale.

foe

l Raffinate l Desorbens
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Fig. 15. Operating diagram with operating points for the five investigated column lengths (4, 4.25, 4.5, 5 and 6 cm).

centrates on the variation of the number of plates so
that a wide range will be investigated.
This algorithm can be applied for different particle
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Fig. 16. Algorithm for a complete SMB design optimisation.

diameters and numbers of columns per zone. These
results will be introduced in a following paper.

Applying the proposed algorithm, we obtain the
dependence of the specific productivity, specific
eluent consumption and specific separation costs
shown in Fig. 17. Here, the specific costs for two
different production rates, 1000 and 5000 kg/year,
were determined. As mentioned before the prod-
uctivity has a maximum at about 23 plates. For
higher plate numbers the curve decreases. The eluent
consumption has its maximum at the lowest plate
number and decreases with increasing plate number.
The specific separation costs for both production
rates increase with decreasing plate number and
increasing productivity. They are relatively high at
the maximum productivity. This correlation is due to
the high eluent consumption at low plate numbers.
The minimum in separation costs is reached in a
wide range of 30 to 45 plates. We further found that
the cost increases smoothly with number of plates
greater than 55.

Here, the contradiction between maximum prod-
uctivity and minimum eluent consumption can again
be found, as for batch chromatography. Optimising
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Fig. 17. Influence of the plate number on the specific productivity, specific eluent consumption and specific separation costs.

the productivity does not lead to minimum separation
costs. The economic optimum is a compromise
between contradictory parameters. Due to the in-
fluence of overhead costs the separation costs are
higher for a production rate of 1000 kg/year than for
5000 kg/year. The curves are nearly parallel shifted.

After determination of the dimensionless parame-
ters, the four flow-rate ratios m and the total number
of plates, it is possible to determine the optimal
column diameter and length for a given feed stream.
In this context it is important to mention that no
further simulations are required to specify the col-
umn geometry.

First, the correlations between the internal and the
externa flow-rates have to be established. They are
derived from balances around the different nodes of
the SMB unit:

Q| = le + QEIuent (36)
QII = Q| + QExtract (37)
QIII = QII + QFeed (38)

le = Qm + QRaffinate (39)

The following design strategy is similar to the
strategy for batch chromatography illustrated in Fig.
10. For an initial guess of the column diameter, the
corresponding column length can easily be calculated
by applying Egs. (36)—(39) together with the flow-
rate ratios m; (Eq. (1)) and the Van Deemter correla
tion (Egs. (33) and (34)). Based on this specified
column length and the internal flow-rates, the total
pressure drop (Eg. (30)) can be determined. If the
calculated pressure drop exceeds the allowed pres-
sure drop, a larger diameter has to be chosen.

This procedure leads to one L./D. ratio that
exactly fulfills the maximum pressure drop condition
for the given feed stream. Certainly, smaller L./D.
ratios are also applicable to reach the same optimal
performance of the SMB plant, but with a lower
pressure drop. It is worth mentioning that a lower
pressure drop will decrease the investment cost of a
chromatographic unit. However, the smaller the ratio
becomes and the lower the pressure drop, the shorter
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the columns will be. Consequently, this leads to a
difficulty in ensuring a proper fluid distribution
inside the column.

4.6. Comparison of batch and SMB
chromatography

On the basis of the separation costs, summarised
in Table 2, the contributions of the different cost
types to the separation costs are illustrated in Fig. 18.
The production rates were 1000 and 5000 kg/year.

The specific separation costs of a batch unit (2.18
to 1.94 US$/g) are only sightly higher (about 3%)
for the production rate of 1000 kg/year and about
13% higher for 5000 kg/year than for a SMB system
(2.11 to 1.72 US$/g). Nevertheless, this advantage
for SMB increases with increasing production rates.
The small difference for low production rates is

BATCH

49.1 %

mainly forced by the higher capital costs of SMB
units of 18.9%.

In contrast to widespread opinion, the adsorbent
costs have a small impact on the separation costs
only. However, they are higher for batch units (21.0
to 23.6%) than for SMB systems (8.4 to 10.3%).
Therefore, maximising the productivity or the pro-
duction rate does not lead to optimal process per-
formance.

It is worth highlighting that eluent costs, for this
separation, are the dominant factor. They contribute
between 49.1 and 78.4% to the total separation costs.
Due to the waste fraction, a certain cost for the loss
of feed in batch chromatography has to be taken into
account. However, this waste fraction reduces eluent
consumption drastically, so that the eluent costs are
lower than for SMB separation. The total costs for
eluent and loss of crude for batch separations are of

SMB

production 1000 kg/a
separation costs 2.18 $/g

4.2 % 4.2%

production 5000 kg/a
separation costs 1.94 $/g

l:] eluent
lost crude

D capital
% adsorbent

production 1000 kg/a
separation costs 2.11 $/g

21 %

784 %

production 5000 kg/a
separation costs 1.72 $/g

Il coveration

(labour and maintenance)

Fig. 18. Contribution of different cost types to the total specific separation costs in optimised batch and SMB separations for different

production rates.
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the same order of magnitude as the total eluent costs
for SMB units. For higher production rates the
proportional contribution of the costs for eluent, loss
of feed and adsorbent increases, in contrast to the
decrease of the relative costs for investment, mainte-
nance and labour. Due to the smaller influence of
costs for capital, labour and maintenance the contri-
bution of eluent costs increases from 49.1 to 55.3%
for batch and from 64.1 to 78.4% for SMB units,
athough the total eluent costs remain almost con-
stant.

The solubility of the racemic mixture EMD53986
in ethanol is about 6 g/dm>. Therefore, the contribu-
tion of eluent costs is relatively high. In general,
higher solubilities lead to higher separation ef-
ficiency [34]. Further, the influence of the capacity of
the stationary phase and the adsorbent costs increase
and can become a limiting factor. For these cases,
the productivity becomes more important and, conse-
quently, the SMB technique becomes more advan-
tageous in comparison with batch separation.

In this work the purity demand for SMB sepa-
ration was 99.9% for both enantiomers. Consequent-
ly, the yield was amost 100%. If one enantiomer
would be the target product only and a certain loss of
feed would be possible, a further increase of the
efficiency or decrease of the separation costs will be
found.

5. Conclusion

In this work an effective strategy for the optimal
choice of all process parameters (operation and
design parameters) for chromatographic batch and
SMB units is proposed. The main idea of this
strategy is to introduce and optimise dimensionless
process parameters to reduce the number of influenc-
ing parameters and apply a detailed and experimen-
tally validated process model. The influencing di-
mensionless process parameters are the number of
theoretical plates N, and the loading factor L, for
batch chromatography and the plate number N, and
the four flow-rate ratios m, of the four different
zones for SMB units.

Furthermore, we show that the minimum sepa-
ration costs for both units are not located at maxi-
mum productivity. Maximising the productivity does

not lead to an economic process performance. The
economic optimum is a compromise between the
contradictory objectives of minimising the eluent
consumption and maximising the productivity.
Therefore, the choice of abjective function is an
important aspect for the optimisation of chromato-
graphic processes.

It is also shown that the widespread opinion that
optimal process performance is found at the maxi-
mum pressure drop only does not hold. In contrast,
there is an infinite choice of design and operating
parameters to achieve maximum productivity not at
the maximum pressure drop only. Further, it is worth
noting that a high pressure drop causes high invest-
ment costs. Thus, it is advisable to consider the
influence of the pressure drop on the investment cost
and not to fix the pressure drop too high.

In particular, we demonstrated that a cut strategy
for batch chromatography considering a waste frac-
tion, which means accepting a certain loss of feed,
leads to optimum process performance. A yield
restriction of 100% increases the separation costs
drastically and for this reason this restriction is not
advisable for batch chromatography.

Finally, we present an economic comparison of
completely optimised batch and SMB processes for
the separation of a racemic mixture (EMD53986,
Merck, Germany) considering a cost function. The
separation costs are amost equal for a low pro-
duction rate (1000 kg/year). At a higher production
rate (5000 kg/year) the separation costs of the batch
unit are only 13% higher than that of the SMB
system. This is due to the dominating influence of
the eluent costs because of the low solubility of the
product. In general, higher solubilities will lead to an
increasing influence of the adsorbent costs. For these
cases, the productivity will become more important
and, consequently, the SMB technique will become
more advantageous in comparison with batch sepa-
ration.

6. Nomenclature

AB,C parameters of the Van Deemter equa-
tion
c liquid-phase concentration (g/cm®)



refill

write-off

p
Seff

t
tperiod
t

oper
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liquid-phase concentration in the ad-
sorbent pores (g/cm®)

dimensionless liquid-phase concentra-
tion

dimensionless particle concentration
(g/cm?)

costs (US$)

costs per hour (US$/h)

specific costs (US$/g)

axial dispersion (cm®/s)

particle diameter (cm)

pore diffusion coefficient (cm?/9)
column diameter (cm)

specific eluent consumption (dm®/g)
phase ratio

specific adsorbent costs (US$/kg)
specific feed costs (US$/g)

specific eluent costs (US$/dm?®)
height equivalent to a theoretical
plate (cm)

relative retention

overall mass transfer coefficient (cm/
9

constants

film mass transfer coefficient (cm/s)
lumped mass transfer coefficient
(dm3/9)

column length (cm)

loading factor

mass (g)

dimensionless flow-rates in SMB
zones | to IV

mass flow (g/9)

number of refills

number of years of depreciation
(years)

number of stages

Peclet number

specific productivity (g dm 2 h™?)
saturation capacity (g/cm?®)

internal flow-rates in SMB zones | to
IV (cm®/9)

particle Reynolds number

modified Stanton number

time (9

switch time (9

operation time (h)

toper maximum operation time per year (h/
year)

U; interstitial velocity (cm/s)

\Y; volume (cm®)

X space increment (cm)

y solid-phase concentration (g/cm?®)

Y yield

z dimensionless length

Greek letters

Ap pressure drop (bar)

e porosity

& particle porosity

& total porosity

M dynamic viscosity (g/cm®)

Paop apparent density of adsorbent (kg/dm®)

(¢ dimensionless time

v constant of pressure drop correlation

X mass fraction

Subscripts

+ (+)-enantiomer

- (—)-enantiomer

I, 11, 11, 1V zone in SMB unit

A component in extract or raffinate

ads adsorbent

cap capital

crudeloss lost of crude

cycl cycle

el eluent

inj injection

invest investment

life lifetime

oper operation

prod product

sep separation

SC batch (singe column) unit

SMB SMB unit
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