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Multiobjective optimization of simulated moving bed systems for chiral separations
is studied by incorporating standing wave design into the nondominated sorting genetic
algorithm with jumping genes. It allows simultaneous optimization of seven system and
five operating parameters to show the trade-off between productivity, desorbent
requirement (DR), and yield. If pressure limit, product purity, and yield are fixed,
higher productivity can be obtained at a cost of higher DR. If yield is not fixed, it can
be sacrificed to achieve higher productivity or vice versa. Short zones and high feed
concentration favor high productivity, whereas long zones favor high yield and low
DR. At fixed product purity and yield, increasing the pressure limit allows the use of
smaller particles to increase productivity and to decrease DR. The performance of
low-pressure simulated moving bed can be improved significantly by using shorter col-
umns and smaller particles than those in conventional systems. © 2008 American Institute

of Chemical Engineers AIChE J, 54: 2852-2871, 2008
Keywords: simulated moving bed chromatography, multiobjective optimization,
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Introduction

Simulated moving bed (SMB) chromatography is a major
separation technology and has been used in petrochemical
and sugar industries for decades.'” Recently, SMB has been
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used for the purification of fine chemicals and pharmaceuti-
cals, particularly for the production of single enantiomers.®™

In an SMB process, a continuous counter-current flow
between the mobile phase and the stationary phase is mim-
icked by advancing the inlet (feed and desorbent) and the
outlet (extract and raffinate) ports periodically by one column
length in the direction of the mobile phase flow (Figure 1).
In this operation, the fast-migrating solute is recovered from
the raffinate port whereas the slow-migrating solute is recov-
ered from the extract port. Since the products are drawn
from the nonoverlapping regions, high product purity and
high yield can be achieved. Overlapping of the two migrating
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Figure 1. Schematic of a conventional four-zone simu-
lated moving bed. (a) step N and (b) step
N + 1.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

bands in SMB, results in high adsorbent utilization, high
product concentration, and low solvent consumption. In gen-
eral, SMB requires less adsorbent and desorbent in a specific
separation than conventional batch chromatography.4

Design and construction of SMB systems usually aim to
maximize production capacities and to minimize separation
cost, while satisfying constraints such as product purity and
maximum system pressure. The factors which affect the eco-
nomics of a given separation process are usually multiple
and are often in conflict with each other. Therefore, it is im-
portant to formulate SMB optimization problems as multiob-
jective optimization problems. Decision variables for SMB
optimization generally include seven system parameters (par-
ticle size, column length, the number of columns in each
zone, and feed concentration), and five operating parameters
(four zone velocities and switching time).

There have been several studies on the multiobjective opti-
mization of SMB systems. Most of these studies used
Genetic Algorithm (GA) as an optimization tool. GA origi-
nated from the studies of Holland.” GA mimics the process
of natural selection and natural genetics. Several studies
extended GA to solve more realistic multiobjective optimiza-
tion problems.'® Among them, Srinivas and Deb'' developed
the nondominated sorting genetic algorithm (NSGA). In
2002, Deb et al.'*> modified NSGA by incorporating the con-
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cept of elitism and developed more efficient NSGA-II (elitist
NSGA). Elitism preserves the best solutions obtained over
various generations. This strategy rapidly increases the per-
formance of GA, since it prevents the loss of the already
found best solutions in the selection process. Kasat and
Gupta13 recently incorporated the concept of jumping genes
(JGs), which is borrowed from biology, to NSGA-II, result-
ing in NSGA-II-JG algorithm (elitist NSGA with JGs). The
JG operator improved the diversity of the mating pool result-
ing in much better spreading of solutions and increasing the
convergence speed. Kasat and Gupta'® successfully applied
NSGA-II-JG algorithm to the multiobjective optimization of
an industrial fluidized-bed catalytic cracker unit.

Table 1 summarizes the key features of the previous GA-
based multiobjective optimization studies for SMB systems.
Zhang et al.'* first applied NSGA to the multiobjective opti-
mization of SMB. They compared SMB and Varicol proc-
esses which were optimized either for maximum purity in
both extract and raffinate products or for maximum through-
put with minimal desorbent consumption. Subramani et al.'’
optimized SMB system for isolation of fructose from a mix-
ture of glucose and fructose solution. Either the simultaneous
optimization of productivity (PR) and purity of the fructose
product or simultaneous optimization of both PR of both
products were performed. Zhang et al.'® studied the effects of
particle size, total number of columns, and feed concentration
on the performances of SMB and Varicol processes. An equi-
librium stage model was used to maximize PR and extract pu-
rity simultaneously. Wongso et al.'”'® optimized SMB and
Varicol processes for the enantioseparation of a racemate, to
achieve the highest purity and PR, the highest purity or PR
for both enantiomers, or the highest feed flow rate with the
lowest desorbent flow rate. Kurup et al.' studied the two-
objective optimization for the recovery of p-xylene from a
mixture of C8 aromatics. Their study intended to maximize
the p-xylene recovery while minimizing the desorbent con-
sumption or to maximize recovery and purity of p-xylene
simultaneously. Paredes and Mazzotti*® compared SMB and
column chromatography processes which were optimized for
maximum PR and minimum solvent consumption. The opti-
mized SMB process showed superior performance and more
diverse solutions. In these previous studies, however, either
only operating parameters were optimized or only one or two
system parameters were optimized while some operating pa-
rameters were fixed. Kurup et ) adapted NSGA-II-JG
algorithm for the multiobjective optimization of ternary-mix-
ture separation of C8 aromatics containing xylene isomers
using modified SMB systems. The objective functions were to
maximize product purity of two or three components.

The previous optimization studies using the adaptations of
NSGA were based on simulations which needed numerical
solutions of differential equations. This approach is time-con-
suming if many decision variables are optimized. To obtain
nondominated solutions, a large number of simulations need
to be performed to search a large space. No previous studies
are available with the simultaneous optimization of all the 12
operating and system parameters.

In this study, the standing wave design (SWD) is incorpo-
rated with NSGA-II-JG. SWD was first developed by Ma
and Wang23 for linear isotherm systems and further devel-
oped by Mallmann et al.** Xie et al,>> and Lee et al.*® for
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nonlinear isotherm systems. SWD can guarantee high product
purity and high yield even in the systems with significant
mass-transfer resistances and axial dispersion.23’25’26 SWD
involves solving only algebraic equations, instead of solving
ordinary differential equations or partial differential equations
as required in the previous optimization studies using process
simulations. Therefore, multiobjective optimization using
SWD significantly increases the computation speed. It ena-
bles us to use a personal computer for the first time to opti-
mize simultaneously seven system parameters and five oper-
ating parameters within hours.

The factors for cost estimation are case-dependent and
SMB equipment cost functions are not yet well established
for low and medium pressure systems for high-purity chiral
separations. For this reason, PR, desorbent requirement (DR),
and yield, which are major factors in separation costs, are
chosen as objective functions to obtain general trends and
conclusions.

The multiobjective optimization results of this study show
that large particles and short zones can be used to increase
PR, but DR must increase to maintain desired purity and
yield. A higher pressure limit allows the use of smaller par-
ticles to achieve a higher PR or use less desorbent at a fixed
PR. The nondominated solutions show that yield needs to be
sacrificed to achieve a higher PR or vice versa. In general,
short zones favor high PR, but long zones favor high yield
and require less desorbent. If low-affinity solute, instead of
high affinity solute, is the desired product, optimization
results give higher PR and less desorbent, but the nondomi-
nated solutions are less diverse.

Theory
Standing wave design

SWD was first developed by Ma and Wamg23 to determine
zone velocities and port velocity systematically and effi-
ciently for linear isotherm systems in a continuous moving
bed. For a linear isotherm system without any mass transfer
resistance (defined here as a linear, ideal system), wave ve-
locity is independent of concentration and is proportional to
the interstitial velocity (Eq. 1). The key idea of SWD for an
ideal system is to match the port velocity with the velocities
of the desorption wave of the high affinity solute in Zone I,
the desorption wave of the low affinity solute in Zone II, the
adsorption wave of the high affinity solute in Zone III, and
the adsorption wave of the low affinity solute in Zone IV
(Figure 1). As such, the individual waves remain “standing”
with respect to the ports in a continuous moving bed system,
or “confined” within the respective zones in an SMB system.
As a result, 100% product purity and 100% yield can be
achieved simultaneously for a linear, ideal system.

1 up
MWZ = =y (la)
(1+Psh)

L N (1b)

11l up'
[ r— = lc
w2 (1 + Pégl) (le)
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Uy =7 Savy Y
(1+PsY)

Fleed 11 11
= (uy — uy) = Uofeed (Le)
SbS

where the subscripts 1 and 2 denote the low-affinity solute
and the high-affinity solute, respectively; the superscripts I-
IV denote the four zones; u{) is the interstitial velocity in
zone j; P is the phase ratio, defined as (1—e¢,)/e,, where g, is
the interparticle void fraction; v is the average port velocity;
Freea is the feed flow rate; S is the cross-sectional area of the
column; uggeeq is defined as the feed velocity; and 5§ is the
retention factor of solute 7/ in zone j. For a linear isotherm
system, the retention factors are independent of solute con-
centrations and they are related to a;, the linear isotherm pa-
rameters for solute 7, and ¢, the intraparticle void fraction as
follows:

N =e+ (1 —¢g)a =0 (2a)
8=t + (1 —gp)ar = 53" (2b)

In 1998, Mallmann et al.** extended SWD for a linear
ideal system to an ideal system with Langmuir (nonlinear)
isotherms.

3

_ aiCi
= (1 + Zb,'C,‘)
The retention factors in Eq. 1 for a nonlinear system are

concentration dependent, and they have been derived for a
Langmuir system as follows:

S =¢+ (1 —ep)ar (4a)
o _ ap
0, =¢+ (1 —¢) (71 n b2Cp,2> (4b)

Sl = ¢ l—g)(— %2 4
2 =&+ (1=5) L+ b1Cs1 + bacs (4e)

ai
L - 4d
1+b1Cp,1> (4d)

&Y =e+(1 —5p)<
where C,,; is the plateau concentration of solute 7, and Cy;; is
the concentration of solute i at the feed port. The extra-col-
umn dead volume delays wave migration between columns
and increases retention time. The delay of retention time can
be accounted for by substituting ¢ with the apparent retention
factor, &".%7

DV

0" =9
* PLCSSb

(&)

where DV is the extra-column dead volume and L. is the sin-
gle column length.

Notice that for an ideal system, if a feed velocity is unspe-
cified, there are infinite sets of operating parameters (four
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zone velocities and port velocity) that can satisfy Eqgs. la—d,
since there are five operating parameters and four equations.

If mass-transfer resistances and axial dispersion are signifi-
cant in a given system (defined here as a nonideal system),
the concentration waves spread, causing contaminated prod-
ucts. To counter this wave spreading, the interstitial veloc-
ities in Zone I and Zone II should be increased so that the
desorption wave velocity of the high affinity solute (Solute
2) in Zone I and the desorption wave velocity of the low af-
finity solute (Solute 1) in Zone II migrate faster than the av-
erage port velocity. On the other hand, the velocities in
Zones III and IV should be decreased so that the adsorption
wave velocity of the high affinity solute in Zone III and that
of the low affinity solute in Zone IV migrate slower than the
average port velocity. The differences in the wave velocities
and the port velocity counter the wave spreading and allow
the individual waves to be focused in the respective zones.
The velocity differences that are needed to focus the waves,
and to maintain certain desired product purity and yield,
have been derived and verified experimentally for nonideal
systems in several previous studies.” 26.28.29

1
Uy I
M 4 6
(1+P3L) Y5 (62)
_m v+ Al (6b)
(1+Poly !
11T
Uy il
S (Y 6
(1+Ps Y5 (6c)
I\
Uy v
M A 6d
(11 Pl | ©d
. 7 . 2(5)?
8= (’”PKﬂ) (6)
+ Po; ’ £

where A} is the velocity correction term, which is needed to
overcome wave dispersion for solute i in zone j, L/ is the
length of zone j, 8/ is the natural logarithm of the ratio of
the highest concentration to the lowest concentration of
standing wave solute i in zone j, E{,‘i is the axial dispersion
coefficient of solute i in zone j. Ki, is the lumped mass-
transfer coefficient of solute 7 in zone j, which can be related
to the particle radius (R,,), the intraparticle diffusivity of sol-
ute i (Dy;), and the film mass-transfer coefficient of solute i
in zone j (ké‘,-).23

2
1 Ry Ry

KJfJ 156pDp,i 3k]f,i

)

For a nonideal system without any pressure limit, there is
a maximum feed velocity which can satisfy the SWD equa-
tions for a given yield requirement. The maximum feed ve-
locity is a function of the phase ratio, the retention factors,
the lumped mass-transfer coefficients, the lengths of Zones II
and III, and the yield.26

In practice, an SMB system has a maximum pressure limit,
which can also limit the feed velocity. Lee et al.*® incorpo-
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rated a pressure limit into the SWD. The maximum pressure
drop in a given system depends on zone configuration and
pump conﬁguration.zx"m A conservative estimate was made
by assuming that the desorbent pump controls the flow rates
from Zones I to IV. Then, the overall system pressure can be
calculated by summation of the pressure drop in each zone,
which was calculated from the Ergun equation.31

v
AP = AP/
=
v j N2
_ ZU 150,11214’0 <1 — ab> N
= 4Rp &p

where AP is the pressure drop, u is the fluid viscosity, and p
is the fluid density. To guarantee a product yield, zone veloc-
ities and port velocity must satisfy both Eq. 6 (the mass
transfer constraint) and Eq. 8 with AP < AP ..« (the pressure
constraint). The maximum feed velocity that satisfies both
Egs. 6 and 8 with AP = AP, gives the maximum PR as
well as the minimum DR (defined below) for a given set of
system parameters.

1.75p (1) (1 — &)
2Rp8b

(®)

PR, DR, and yield

PR and DR represent the efficiency of an SMB separation
and they are important factors in determining its separation
cost.>*3% In this study, PR is defined as the kg of product
produced per kg of chiral stationary phase per day. DR is
defined as the volume of desorbent required per kg of the
product produced.

PR (kg product/kg CSP/day) =

_ Sb(ugl — M})I)CFJY,'
pbed(NI +NII +N”1 + NIV)LC

©)

F IV
DR (L solvent/kg product) = des __ (u,—ug)

 FreedCrY: (' — ull)Cr Y
(10)
Fdes - ng(u%) - u%)v) (11)

where Cg; is the feed concentration of solute i, Y; is the yield
of solute i, ppeq 1s the packing density, BV is the bed
volume, NV is the number of columns in each zone, and Faes
is the desorbent flow rate. Notice that PR is a product
of yield and throughput, where throughput is defined as the
kg of feed processed per kg of chiral stationary phase per
day.

Notice that for a linear ideal system, one can derive from
Eqgs. 1 and 10 that DR = 1/Cg;Y;, which is lower than the
DR for a nonlinear ideal system. Nonlinear effects result in a
higher DR, because 511" (Eq. 4d), the retention factor of the
low affinity solute in Zone IV, is smaller than that of a corre-
sponding linear system. A smaller 51V, in turn, results in a
smaller u{)V (Eq. 1d). Since DR is proportional to (u(l) - u%)v),
a smaller u{)V results in a higher DR. Dispersion due to mass
transfer effects also results in a higher DR, as expected from
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Eq. 6. The Zone I linear velocity must increase and Zone IV
velocity must decrease to overcome dispersion and to main-
tain the product purity and yield. For these reasons, (u%) -
utY) is larger, resulting in a higher DR for a nonideal system
than for an ideal system. The larger the particle size or the
shorter the zone length, the larger the velocity correction
terms are (Eq. 6), and the larger the DR.

The purity (Pu) and yield (Y) of the product i and the by-
product k in the outlet streams are related by:

_ YiCr,;
YiCri+ (1 = Yi)Cry

Py, (12)

For chiral separation, the feed concentrations of the two
enantiomers are always the same in a racemic mixture
(CF,,‘ = CF,k)- Then,

Y;

Py=—— “°
YTy T -1y

(13)

If the product i and the by-product £ have the same yield
(Y; = Yy, the purity of the product must have the same value
as the yield.

Pu =Y, (14)

Equation 13 can be rearranged to express the by-product
yield (Y;) as a function of the product purity (Pu;) and yield
.

Pu; — (1 — Pu)Y,
Y, = T (Pu. u)Y; (15)

The equation above shows that at a fixed product purity
Pu;, as product yield Y; increases, the by-product yield Y,
must decrease.

Genetic algorithm

Simple GA. GA is a search technique inspired by Dar-
win’s theory of evolution.** The algorithm starts with a pop-
ulation of completely random chromosomes (abstract repre-
sentations of candidate solutions). Then, the fitness of each
population member is evaluated and the pool is sorted with
those having better fitness (representing better solutions to
the problem). The better the solution is, the higher the
chance it has to survive. Solutions from one generation are
used to generate a new population, based on the processes of
selection and reproduction of solutions through crossover and
mutation. The crossover operation is performed on the ran-
domly selected parent chromosomes and creates new off-
spring by exchanging the parts of a pair of parent chromo-
somes. After crossover is performed, mutation takes place.
Mutation operation randomly changes the offspring resulted
from the crossover. The radical change is intended to prevent
trapping all solutions in a local optimum. These processes
produce the chromosomes of the next generation which are
different from those of the previous generation. Generally,
the average fitness will increase by this procedure for the
population. This process is repeated until some termination
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criterion (e.g., number of generations or improvement of the
best solution) is satisfied.

Nondominated Sorting Genetic Algorithm. NSGA is
different from simple GA in the selection process. Before
reproduction, nondominance criterion is checked among all
the chromosomes in the population. In NSGA, a ranking
selection method is used to emphasize good solutions and a
niche method is used for the stable diversity in the popula-
tion.*

In NSGA-II algorithm, the concept of elitism is used to
give better parents a chance to be part of the next generation.
Unfortunately, this results in decrease in the diversity. The
concept of JGs increases the genetic diversity in the popula-
tion. This mutation allows the diversity in the mating pool
by applying higher exploratory capabilities. The JGs opera-
tion is performed after the normal mutation operation in
NSGA-II. A fraction of strings (selected randomly) in the
population is replaced with a newly (randomly) generated bi-
nary string having the same length. Only a single JG opera-
tion was performed on a selected chromosome.

The nondominated solutions are the set of solutions in
which one cannot improve a certain performance criterion
without sacrificing the other. For the final decision of choos-
ing unique optimal solution, further evaluation is needed.
The nondominated set is obviously useful to narrow down
the available choices.

In the optimization, a mutation operator is introduced to
prevent premature convergence to local optima by randomly
sampling new points in the search space. The total number
of mutations in any generation is proportional to the length
of the chromosome in binary bits and the mutation probabil-
ity per bit. If the mutation probability per bit is kept constant
in the operator, longer chromosomes have larger probabilities
to undergo mutations. The higher mutation probability will
reduce the effectiveness of the crossover operator in converg-
ing to the final optimal solutions. In case of smaller chromo-
somes, if the mutation probability per bit is too low, no
mutations will occur over many generations. This may result
in local minima. To prevent such problems, the mutation
probability per bit is chosen to be inversely proportional to
the chromosome length in binary bits, Table 2. The longer
the chromosome, the smaller is the mutation probability per
bit. The probability value is usually between one and two
tenths of a percent. This strategy keeps the total number of
mutations in any given generation relatively constant and in-
dependent of the length of the chromosome.

SMB optimization using SWD and GA

The SMB optimization problem is complicated by a rela-
tively large number of decision variables, including continu-

Table 2. NSGA Parameters Used in the Optimization

Parameter Value
Population size 100
Number of generations 500
Length of chromosome 53 or 68* bits
Crossover probability 0.9
Mutation probability 1/(length of chromosome in binary bits)
Jumping probability 0.65

*When product yield is added to decision variables.

DOI 10.1002/aic 2857
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Figure 2. Schematic diagram of the NSGA optimization
algorithm based on SWD.

ous variables, such as zone velocities, switching time, col-
umn length, particle size, and feed concentration, as well as
discontinuous variables, such as the number of columns in
each zone. GA algorithm works well for the system with
both continuous and discrete variables. Although other sto-
chastic and deterministic algorithms can also be used for the
optimization of SWD, GA is chosen in this study because it
is robust, does not require good initial guesses, and generates
nondominated solutions efficiently.

Figure 2 shows an NSGA-II-JG optimization algorithm
based on SWD. First, chromosomes that represent decision
variables of system parameters (and product yield for some
problems) are randomly generated and supplied to SWD
algorithm. For each set of system parameters, the zone veloc-
ities and switching time that give the maximum feed velocity
and simultaneously the minimum solvent consumption are
determined from SWD.?® The maximum feed velocity is lim-
ited by mass-transfer efficiency (the SWD equations, Eq. 6),
or maximum pressure drop (Eq. 8), or switching time limit.
Then, objective functions are calculated from the operating
parameters for each set of decision variables and supplied
back to NSGA-II-JG algorithm. After the selection and repro-
duction of chromosomes are performed in NSGA-II-JG, a
new generation of population is produced. The system pa-
rameters (and product yield) in the new generation are used
as the input parameters for SWD and these processes are
repeated.

Table 2 lists the values of the GA parameters used in the
calculation. In each optimization problem, initially 100 chro-
mosomes were chosen and the iteration was stopped after
500 generations. Different numbers of generations (100, 200,
and 500), different initial populations (100 and 200), three
different random seeds (which control the initial state of the
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Table 3. Material Properties and Isotherm Parameters of
PPA Separation System

Interparticle void fraction, ¢, 0.32
Intraparticle void fraction, ¢, 0.55
Extra-column dead volume 5.73

(% of the bed volume)
D, (cm*/min)
D, (cm?/min)

7.47 X 1074
7.0 X 107°

k¢ (cm/min) Wilson and Geankoplis correlation
Ep, (cm%/min) Chung and Wen correlation
Isotherms
(+)-PPA a = 0.448, b = 0.0102
(—)-PPA a= 1.44,b = 0.0354

random number generator and the nature of the initial popu-
lation), and three different JG operator probabilities (0.65,
0.8, and 0.9) were tested. The nondominated curves overlap
with no discernible difference (within 1073 ) in all these
cases. The seed value (0.88) used in this study gives diverse
solutions. Each problem was then run with narrower bounds
for 200 generations to reduce the noise in the decision varia-
bles of the solutions.

Benchmark System

Enantioseparation of norephedrine or phenylpropanolamine
(PPA) was chosen as a benchmark system.26 In the PPA sep-
aration, Chiralpak AD and methanol were used as the chiral
stationary phase and the mobile phase, respectively. To test
the optimization procedure based on NSGA-II-JG, we first
benchmarked the single-objective optimization reported by
Lee et al®® Table 3 shows the material properties and
the isotherm parameters used in the optimization problems.
Table 4 shows the bounds on the decision variables.

The bounds on switching time, column length, and particle
size were chosen based on commercially available SMB
equipment for a production scale of 25,000 kg/yr. The mini-
mum switching time was set to 0.5 min. The minimum col-
umn length for large scale production is typically 10 cm,
which was set to be the lower bound of column length unless
noted otherwise. The upper bound of feed concentration was
chosen based on the concentration range of the equilibrium
isotherms for this particular example.26 Our previous studies
showed that beyond the upper bound of the feed concentra-
tion, the solution viscosity increases exponentially and can
cause significant pressure drop in SMB.?® For these two rea-
sons, the upper bound of the feed concentration was lower
than its solubility. Each zone had a lower bound of two col-
umns because the validity of the SWD is guaranteed with
two columns or more in each zone. SWD was developed
based on a continuous moving bed. If an SMB system has
fewer than two columns in a zone, its performance deviates

Table 4. Bounds of System Parameters

Variable Range for Optimization
Particle diameter (um) 5-100
Column length (cm) 10-50
Number of columns in each zone 2-5
Feed concentration (g racemate/L) 10-100
Yield* 0.8-0.9999

*For Problems 2—4.
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from that of a continuous moving bed and SWD can no lon-
ger guarantee the desired product purity and yield.?

Compared to the grid search method used in Lee et a
single-objective optimization using NSGA-II-JG produced
the same results, but at speeds of at least two orders of mag-
nitude faster. For a typical single-objective optimization
problem, the CPU time taken on an Intel Xeon™ CPU 2.4
GHz processor (using Compaq Visual Fortran) for 100 gener-
ations of NSGA-II-JG is 4 hr while that for grid search is
more than 7 days.

3
1.6

Results and Discussion

Four two-objective optimization problems were formulated
and solved to find the optimal system parameters (particle
size, column length, the number of columns in each zone,
and feed concentration) and operating parameters (four zone
velocities and switching time). All the 12 decision variables
were simultaneously optimized for these problems. In Prob-
lem 1, PR was maximized and DR was minimized while
yield and purities of both the enantiomers were fixed at 0.99.
In Problems 2 to 4, yield and PR are maximized. In Problem
2, yields of both the enantiomers were kept the same and
maximized along with the maximization of PR. In Problems
3 and 4, yield of one of the enantiomers and PR were maxi-
mized with the purity of that enantiomer fixed at 0.99. For
all the problems, three different pressure limits (1.0, 2.4, and
5.2 MPa) were considered, but the decision variables were
shown only for 1.0 and 5.2 MPa. To show the effect of PR
on column size, the column diameters which satisfied an an-
nual production rate of 25,000 kg/yr with 20% downtime
were calculated from the optimal feed linear velocities.

Problem 1. Maximization of PR and minimization of DR

Max I (Cr;,Le, N/, R,) = PR
Min (Cr,,Le,N',R,) = DR
Subject to : ¥ = 0.99 and Pu = 0.99 for each enantiomer,
AP < P and tg > 0.5 min

where /; and I, are the objective functions. The bounds on
the decision variables are shown in Table 4. The nondomi-
nated solutions under three different pressure limits are
shown in Figure 3 when all 12 system and operating parame-
ters are optimized simultaneously. For all pressures, at the
fixed yield, a higher PR is achieved at a cost of a higher DR.
Increasing the pressure limit results in increasing PR or
decreasing DR. The maximum PR for a yield of 0.99 are
1.36, 1.91, 2.12 kg/kg/day for 1.0, 2.4, and 5.2 MPa, respec-
tively. The maximum PR is limited by the purity and yield
requirement, mass transfer efficiency (Eq. 6), the maximum
pressure, and the bounds of the decision variables, as
explained in detail later.

The minimum DR obtained is about 92.4 L/kg for all three
pressures, as PR approaches to zero (Figure 3). This value is
independent of the pressure limit because as the zone veloc-
ities approach to zero, the mass transfer correction terms
(Eq. 6) become negligible, and the system approaches to an
ideal system. This DR value can be calculated from the Zone
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Figure 3. Comparison of nondominated optimal solutions
for Problem 1 for different pressure limits.

Yield is fixed at 0.99 for both enantiomers. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

I and Zone IV velocities for an ideal system using Eqs. la—e
for a given feed velocity. Even though a high pressure limit
can achieve lower DR at a given PR, the cost of high pres-
sure SMB equipment is often significantly higher than that of
low pressure SMB equipment. The cost function varies
widely among different applications and is not considered in
this study.

The optimal decision variables for 1.0 and 5.2 MPa are
shown in Figures 4 and 5, respectively. The medium pressure
results are not shown here for the sake of brevity. In all the
graphs, PR is on the abscissa, and the corresponding values
for the decision variable are on the ordinate. Regardless of
the pressure limit, the optimal feed concentration is 100 g of
racemate/L (the upper bound), and the optimal column length
is 10 cm (the lower bound). As expected from Egs. 9 and
10, high feed concentration increases PR and decreases DR.
Under a given pressure limit, shorter columns or shorter
zones allow higher zone velocities (Eqs. 6 and 8), which
result in a higher feed velocity and higher PR (Eq. 9).

The nondominated solutions find larger particle size
(Figure 4a) and smaller zone lengths (Figures 4e-h) to
increase the zone velocities and the feed velocity (Figures 4c,
d). As zone velocities increase, the port velocity also
increases, and the corresponding switching time decreases
(Figure 4b). However, to overcome wave spreading due
to dispersion effects, short zones require large velocity cor-
rection terms to maintain the required product purity and
yield of 0.99 (Eq. 6). The larger velocity correction terms
result in higher velocity in Zone I and lower velocity in
Zone IV, and therefore a larger DR. For this reason, if prod-
uct purity, yield, and pressure limit are fixed, the increase in
PR in the nondominated solutions is achieved at a cost of
increased DR.

The highest PR (PR,.x) at 1.0 MPa with the constraint of
0.99 yield and purity is obtained with an optimal particle
size of 50.0 um. The PR,,.x at this pressure limit can not be
increased further by increasing the particle size or decreasing
the zone length. The column length (10 cm) and the number
of columns in each zone (2-2-2-2) have already reached to
their lower bounds. Further increase in particle size will
result in lower mass transfer efficiency, or smaller Ky values
(Eq. 7), which will not allow solutions of Eq. 6, the standing
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Figure 4. Nondominated solutions and corresponding decision variables for Problem 1 under 1.0 MPa pressure
limit.
Yield is fixed at 0.99 for both enantiomers. The optimal feed concentration is 100 g/L, the optimal length of column is 10 cm, and the

optimal number of columns in Zone IV is two for all the solutions with the PR > 0.05 kg/kg/day. The solutions below this PR are not an-
alyzed in detail. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

wave equations, beyond PR,,x to maintain the yield of 0.99. At a given pressure, DR can be lowered by decreasing the
In this case, the ¢, at PR, is 0.61 min. The PR,,,, is not particle size (Figure 4a), increasing the zone lengths (Figures
limited by the minimal switching time, 0.5 min. 4e-h), and decreasing the zone velocities (Figures 4c, d) to
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reduce the velocity correction terms (Eq. 6). However, for
such systems, the feed velocities are also reduced, resulting
in a very low PR.
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The curves for the optimum particle size (Figure 4a) and
the optimal number of columns in each zone (Figure 4e—
h) seem to be discontinuous because only integer values are

for
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Table 5. Comparison of the Results for Maximum PR in Problem 1 When the Lower Bound of Column Length is 5 or 10 cm

Pressure limit (MPa) 1.0 2.4 5.2
Lower bound of column length (cm) 5 10 5 10 5 10
PR,..x (kg of product/kg of CSP/day) 2.04 1.36 2.18 1.90 2.24 2.12
DR (L/kg of product) 109.3 143.1 99.7 121.3 96.1 104.4
Particle diameter (um) 27.5 49.8 18.1 36.5 124 24.7

used for the number of columns. However, different combi-
nations of particle size and zone lengths can give the same
PR and DR (within 1073). For example, for 10 cm columns,
40.4 pm particles with 2-2-2-2 configuration and 44.6 um
particles with 2-2-3-2 configuration have the same PR of
1.08 kg/kg/day. The system with the smaller particles
requires a shorter Zone III to achieve the same PR at the
same pressure limit. The apparent oscillations in the number
of columns may be reduced further by using a more rigorous
local convergence algorithm. However, the PR and DR val-
ues for the reported solutions agree to within 10>, The gen-
eral trends and conclusions will not be affected by reducing
the oscillations further.

The optimal decision variables for high pressure SMB (5.2
MPa) are shown in Figure 5. The general trend is similar to
that of the low pressure SMB. Again, the optimal column
length is 10 cm, the optimal number of columns in Zone IV
is 2, and the optimal feed concentration is 100 g/L for all the
nondominated solutions. The higher pressure limit allows the
use of smaller particles (Figure 5a), and longer zones (Fig-
ures Se—h) to achieve higher feed velocities and lower DR at
a given PR. The smaller particles with higher mass transfer
efficiency reduce the velocity correction terms, resulting in
the high feed velocities and lower DR. As zone velocities
increase with increasing PR, port velocity also increases,
resulting in a smaller switching time (Figure 5b). In this
case, the 7, at PR, .« is 0.5 min. PR, is also limited by the
switching time constraint, in addition to the pressure limit
and the constraints of the decision variables. Long zone
lengths are also used at 5.2 MPa to reduce DR in the low PR
region (Figures Se-h).

The lower bound of column length was set at 10 cm for
this problem and the optimal column length for all the non-
dominated solutions was found to be always 10 cm, except
for the solutions of very low PR and DR. To investigate the
effect of the lower bound of column length on the nondomi-
nated solutions, the lower bound was reduced from 10 to
5 cm. Table 5 shows the effect of changing the lower bound
of the column length on the maximum PR. As the lower
bound of the column length is reduced to 5 cm, both the
optimal particle size and the optimal column length become
smaller. For low pressure SMB (1.0 MPa), decreasing the
column length allows the use of significantly smaller par-
ticles (Eq. 8) to achieve higher PR and lower DR. However,
decreasing column length is not as beneficial for high pres-
sure SMB (5.2 MPa). As the lower bound of column length
decreases from 10 cm to 5 cm, the maximum PR for the low
pressure SMB increases by 50.0% and the corresponding DR
decreases by 23.6%. However, for the high pressure SMB,
the maximum PR increases only by 5.7% and the corre-
sponding DR decreases only by 8.0%. The results in Table 5
suggest that an optimal low-pressure SMB with 5-cm shallow

2862 DOI 10.1002/aic

Published on behalf of the AIChE

beds with 27.5 um particles can achieve similar PR and DR
as those of an optimal high-pressure SMB system with
10 cm columns with 24.7 um particles. The performance of
low-pressure SMB can be improved significantly by a combi-
nation of shorter columns and smaller particles than those in
conventional low-pressure systems.

Notice that the values of the optimal decision variables for
maximal PR depend on the pressure limit and the bounds of
the decision variables. We explored the nondominated solu-
tions outside the realistic bounds of Table 2 by decreasing
further the lower bound of column length to various values
below 5 cm. As the lower bound decreases, the optimal col-
umn length for maximal PR is always at the lower bound of
the column length, whereas the corresponding optimal parti-
cle size continues to decrease. Recall that particle size is also
a decision variable, which is optimized along with all other
variables. This trend continues until the lower bound of the
particle size (5 um) is reached and the corresponding
“optimal” column length for 5 pum particles is 0.6 cm, which
is larger than the lower bound of column length, 0.5 cm.
Such “theoretically optimal” solutions, however, are difficult
to implement using current technology. Shallow beds result
in a very short switching time, which can not be implemented
using available equipment. Uniform column packing and fluid
distribution can be challenging, and the correlations for esti-
mating axial dispersion coefficient and film mass transfer are
not well established for such systems. For these reasons, only
the solutions based on the realistic bounds are presented here
for all the problems. Further research is needed to explore the
potential of shallow beds in low pressure SMB.

If yield and pressure limit are fixed, the feed velocity and
zone velocities need to be increased to increase PR. In gen-
eral, PR for a given pressure limit can be increased by
increasing particle size and by reducing zone lengths, which
result in lower mass transfer efficiency and consequently
larger DR to maintain the fixed purity and yield. Increasing
the pressure limit allows the use of smaller particles to
increase PR without a significant increase in DR.

Problem 2. Maximization of PR and yield (Y) of both
enantiomers

Max [, (CF,i>L07vaRP) =PR

Max I,(Cg,,Le,N',Ry) = Y

Subject to : AP < Py, £ > 0.5 min,
and Y(—PPA) = Y(+PPA)

In this problem, yield is also maximized and both enan-
tiomers are constrained to have the same yield. As a result,
the purities of the two enantiomers must be the same as the
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Figure 6. Comparison of nondominated solutions for
Problem 2 for different pressure limits.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

yield (Eq. 14). Figure 6 shows a trade-off between yield and
PR for all the nondominated solutions at three pressures.
Notice that PR is proportional to the product yield and the
feed velocity and inversely proportional to the total zone
length (Eq. 9). As yield increases, product purity must also
increase (Eq. 14). With increasing purity and yield, f§ values
also increase.”> As expected from Eq. 6, the feed velocity
must decrease and the zone length must increase to satisfy
the high purity requirement. For this reason, a higher yield
can only be obtained at a cost of a lower PR or vice versa.

The optimal decision variables for 1.0 and 5.2 MPa for
Problem 2 are shown in Figures 7 and 8, respectively.
Regardless of the pressure limit, the optimal column length
is 10 cm (the lower bound) and the optimal feed concentra-
tion is 100 g of racemate/L (the upper bound).

The solution at 1.0 MPa for Problem 2 at a yield of 0.99
(for both enantiomers) is the same as that for Problem 1,
which has a PR,,,, of 1.36. PR is increased further in Prob-
lem 2 by reducing the yield and purity of both enantiomers
to below 0.99. The increase in PR is accomplished by
increasing the particle size (Figure 7a), the zone and feed
velocities (Figures 7c, d) until the lower bound of the switch-
ing time (or the maximal port velocity) is reached at PR =
1.7 (Figure 7b). Beyond PR = 1.7, one can not increase PR
further by increasing the particle size because of the mass
transfer limitation. A small increase in PR from 1.7 to 1.8 is
obtained by slightly increasing the Zone III velocities and
reducing the Zone II velocities (Figure 7d), whereas the zone
length (Figures 7e, f) and all the other decision variables
have reached their limits. In this narrow PR region, the sig-
nificant decrease in DR (Figure 7g) results from a decrease
in the Zone I velocity and an increase in the feed velocity.

Notice that PR can not be increased beyond a yield of 0.8
by further reducing the yield. This is because PR is defined
as a product of throughput and yield (Eq. 9). Beyond a cer-
tain yield (defined here as the critical yield), although
throughput can be further increased at a cost of reduced yield
by optimizing the decision variables, a small increase in
throughput can not compensate a significant decrease in
yield. As a result PR, which is the product of throughout and
yield, actually decreases beyond the critical yield. Such solu-
tions are inferior to the nondominated solutions in Figure 7
and they are not selected by the algorithm. For this reason,
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nondominated solutions are not obtained beyond the critical
yield for a given pressure limit.

The nondominated solutions show that DR decreases as
PR is increased at a cost of reduced yield (Figure 7g). As
explained in the “Theory” section, DR is related to the ve-
locity corrections, which are proportional to f/. As yield
decreases, ﬁ;’ becomes smaller, the velocity corrections are
smaller, resulting in a smaller DR. SWD finds minimum DR
for a given yield and system parameters. Because of this
approach, even though DR is not an explicit objective func-
tion in this problem, it is minimized by SWD. The DR val-
ues below PR = 1.36 in Problem 2 are slightly higher than
those obtained in Problem 1 (Y = 0.99), because the yield is
higher than 0.99 for these solutions.

To meet an annual production rate of 25,000 kg with
20% down time, the column diameters can be calculated
based on the linear velocities. Figures 7h and 8f show that
as PR increases, the column diameter decreases accordingly.
The column length to diameter (L/D) ratios for the maximal
PR are about 0.33 and 0.35 for 1.0 and 5.2 MPa, respec-
tively. These ratios are similar to the reported L/D values
of 0.4 for some commercial SMB systems for large scale
production.® The L/D in commercial SMB systems range
from 0.4 to 40. The results of this study indicate that to
maximize PR, a small L/D ratio should be used for large
scale production.

At a given yield, increasing the pressure limit allows the
use of smaller particles (Figures 7a and 8a) to increase PR
(Figure 6) and to reduce DR (Figures 7g and 8e), see also
Table 6. The optimal particle size (25 um) at high pressure
5.2 MPa for Problem 2 is similar to the optimal particle size
at PR ,.x in Problem 1 (Figure 5). To achieve the highest PR
for a given yield in Problem 2, the limits of mass transfer,
pressure, and switching time are reached by employing the
optimal particle size, the shortest zone lengths (10 cm col-
umns with 2-2-2-2 configuration), and the maximum port ve-
locity (Figure 8b). Since both switching time and zone length
are already at their respective lower bounds (Figure 8b),
there are limited choices of particle size and zone velocities
that can satisfy both the mass transfer constraints (Eq. 6) and
the pressure limit (Eq. 8). For this reason, the nondominated
solutions at 5.2 MPa are less diverse than at 1.0 MPa. The
trends observed for DR (Figure 8e) and column diameter
(Figure 8f) are similar to those in the low pressure system
(Figures 7g, h), except the DR values and the column diame-
ters are smaller because of the smaller particle size and the
higher PR, respectively.

Notice that the operating parameters in this study are
obtained by solving SWD equations, Eq. 6a—e. In this
method, the minimum zone velocity corrections are
employed to counter wave spreading due to mass transfer
resistances and to achieve the desired product purity and
yield. For this reason, the minimization of DR at each PR is
automatically achieved by solving Eq. 6. Many other sets of
operating parameters can also achieve the desired yield and
purity by employing higher zone velocity corrections than
those of SWD solutions. An infinite number of such operat-
ing parameters can be found. However, SWD solutions can
ensure the minimum DR for a given PR. For this reason, the
optimization of DR is automatically achieved. This is a key
advantage of the SWD method. If the SWD equations are
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Figure 7. Nondominated solutions and corresponding decision variables for Problem 2 under 1.0 MPa pressure
limit.
The optimal feed concentration is 100 g/L, the optimal length of column is 10 cm, and the optimal number of columns in Zones I, II, and
IV is two for all the solutions. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

not used in the optimization algorithm and larger velocity of PR and yield. The nondominated solutions based on SWD
corrections are used for finding the operating parameters, are a subset of the general nondominated solutions and they
nondominated solutions can be obtained over a wider range have the minimal DR at a given PR.
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Figure 8. Nondominated solutions and corresponding decision variables for Problem 2 under 5.2 MPa pressure
limit.
The optimal feed concentration is 100 g/L, the optimal length of column is 10 cm, the optimal switching time is 0.5 min, and the optimal

number of columns in each Zone I-IV is two for all the solutions. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

. . . 1 .
Problem 3. Maximization of PR and Y ""T:-,,‘ i "i
of high affinity solute 0.99 ° [ .%"‘m
. 0.98 L] ?" i
Max I (Cr;,Le,N',R,) = PR g 2 s2Mpa
. - Tl ® =
Max I>(Cg,Le, N, R,) = Y(—PPA) o | S 24 MPa ©
Subject t0 : AP < Ppax, £, > 0.5 min,and Pu (—PPA) = 0.99 - s 3 "
Table 6. Comparison of the Results for PR and DR at a Given 0.94 1
Yield at High Pressure and Low Pressure in Problem 2 0.92
52 MPa 10 MPa 0.8 1 12 Pk‘:kgﬂkgﬁéfﬂ 18 2 22

Yield PR (kg/kg/day) DR (L/kg) PR (kg/kg/day) DR (L/kg) Figure 9. Comparison of nondominated solutions for

0.99 2.114 104.562 1.345 143.447 Problems 3 and 4 for different pressure lim-
0.98 2.139 102.426 1464 140.297 its. Open: Problem 3, Closed: Problem 4.

0.97 2.146 101.617 1.547 139.814 lor fi . in th line i hich i
0.96 2,149 101.097 1.599 138.478 [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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Figure 10. Nondominated solutions and corresponding decision variables for Problem 3 under 1.0 MPa pressure

limit.

The optimal feed concentration is 100 g/L, the optimal length of column is 10 cm, and the optimal numbers of columns in Zones I and
II are two each for all the solutions. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

In this problem, the only desired product is —PPA, which
is the high-affinity solute. The purity of —PPA in the extract
is fixed at 0.99. The open symbols in Figure 9 are the nondo-
minated solutions for this problem. As PR of —PPA
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increases, yield decreases. As in Problem 2, increasing the
pressure limit allows the use of smaller particles to increase
PR and to reduce DR. The overall trend for Problem 3
(Figure 9) is similar to that of Problem 2 (Figure 6). How-
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Figure 11. Nondominated solutions and corresponding decision variables for Problem 3 under 5.2 MPa pressure

limit.

All the optimal solutions have a feed concentration of 100 g/L, a column length of 10 cm, a switching time of 0.5 min, and two columns
in each zone. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

ever, because the purity of —PPA is fixed at 0.99 in Problem
3, the critical yield at a given pressure for this problem is
higher, whereas the critical PR is lower, than for Problem 2.

The optimal decision variables are shown for 1.0 and 5.2
MPa in Figures 10 and 11, respectively. Regardless of the
pressure limit, the optimal column length is 10 cm (the lower
bound) and the optimal feed concentration is 100 g of race-
mate/L (the upper bound).

For 1.0 MPa, the optimal particle sizes are between 50
and 55 um (Figure 10a). Around PR = 0.99 and 1.33, a
decrease in the particle size (Figure 10a) and corresponding
changes in 7 (Figure 10b), zone velocities (Figures 10c, d),
and the number of columns in Zone III (Figures 10e—g), are
used to increase PR. As in Problem 2, the PR, at 1.0 MPa
for Problem 3 is limited by the pressure limit and the mass
transfer efficiency, but not by the minimum switching time
(Figure 10b). As expected, higher velocity corrections and
higher DR are required to increase yield (Figure 10h). To
achieve a very high yield (>0.99), three or four columns in
Zone III (the major adsorption zone for —PPA) are needed
to prevent the loss of the product (Figure 10e). A long Zone
III, however, increases pressure drop and limits PR. For this
reason, two columns in each zone (the lower bound) are used
to achieve a higher PR but at a lower yield.

For 5.2 MPa, similar trends (Figure 11) are observed for
the decision variables as those for Problem 2 (Figure 8). The
optimal solutions also have two columns in each zone, and
the PR,.x is also limited by the switching time. PR is
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increased by decreasing Zone I velocity and increasing Zone
IIT velocity when all other decision variables reach to their
limits (Figures 11b, c).

Problem 4. Maximization of PR and Y
of low affinity solute

Max I, (Cr,Le, N, R,) = PR
Max I(Cr,Le, N/, R,) = Y(+PPA)
Subject to : AP < Ppax, £ > 0.5 min,and Pu (+PPA) = 0.99

The low-affinity solute, +PPA, is recovered in the raffi-
nate. In this problem, we assume that +PPA is the only
desired product with a fixed purity of 0.99 and its PR and
yield are maximized. In Figure 9, the closed symbols are the
nondominated solutions for this problem at three pressures.
The solutions again show the trade-off between yield and
PR. For the same yield, higher PR and lower DR can be
achieved at a higher pressure up to a critical yield. However,
as the pressure limit increases, the nondominated solutions
become less diverse. For 5.2 MPa, the optimal solutions con-
verge to a very small region around PR about 2.13 kg/kg/day
and yield close to 0.9999.

The optimal decision variables for 1.0 and 5.2 MPa are
shown in Figures 12 and 13, respectively. Regardless of the
pressure limit, the column length is 10 cm (the lower bound),
the feed concentration is 100 g of racemate/L (the upper
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Figure 12. Nondominated solutions and corresponding decision variables for Problem 4 under 1.0 MPa pressure

limit.

All the optimal solutions have a feed concentration of 100 g/L, a column length of 10 cm, and two columns in each zone. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

bound), and the total number of columns is eight with two
columns in each zone (the lower bound).

For 1.0 MPa, the optimal particle size is increased to
increase the zone velocities (Figures 12c, d), the feed veloc-
ity, and thus PR (Figure 12a). Because of the increased zone
velocities, the port velocity increases and the switching time
decreases accordingly (Figure 12b). The highest PR,
however, is not limited by the minimum switching time
(Figure 12b). The increase in DR with increasing PR (Figure
12f) is due to a significant decrease in the yield (Eq. 10).

For 5.2 MPa, PR is also limited by the minimum switching
time, 0.5 min. At the lower bound of switching time, the opti-
mal solutions are confined to a narrow range of PR and yield
because of the high purity requirement. Since the particle size
(25 um) is constant and the zone length has also reached its
lower bound, PR can be increased slightly by changing the
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zone velocities (Figure 13b-e). As the pressure limit
increases, PR becomes larger, but the nondominated solutions
become less diverse for the same reason as for Problem 2.

For the high pressure limit, the switching time and the col-
umn length reach to their lower bounds and the port velocity
to its maximum (Figures 11 and 13). For the high affinity
solute, its desorption wave is confined in Zone I and its
adsorption wave in Zone III. To increase the yield of the
high-affinity solute (Problem 3), Zone I velocity must
increase, whereas Zone III velocity must decrease (Egs. 6a,
c), as shown in Figure 11. By contrast, for the low-affinity
solute, its desorption wave is in Zone II and its adsorption
wave is in Zone IV. To increase the yield of the low-affinity
solute (Problem 4), Zone II velocity must increase, whereas
Zone 1V velocity must decrease (Egs. 6b, d), as shown in
Figure 13.
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Figure 13. Nondominated solutions and corresponding decision variables for Problem 4 under 5.2 MPa pressure

limit.

All the optimal solutions have a feed concentration of 100 g/L, a column length of 10 cm, a switching time of 0.5 min, and two columns
in each zone. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Compared to Problem 3, the trade-off curves of Problem 4
are narrower and provide fewer choices for the optimal solu-
tions (Figure 9). The yield of the high-affinity solute is
related to ) and B, and the yield of the low-affinity solute
is related to I and BYY. The higher the f values, the higher
the yield. For the same yield, the velocity corrections are
proportional to ¢ (Eq. 6). For this reason, to achieve the
same yield in the high yield region (>0.99), the feed flow
rate or PR is lower when the high-affinity solute is the prod-
uct (Problem 3) than when the low-affinity solute is the prod-
uct (Problem 4). The nondominated solutions of Problem 4
are less diverse because at higher PR, the constraints of pres-
sure drop, mass-transfer efficiency, switching time, column
length, and the number of columns allow fewer choices for
the trade-off between yield and PR.
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Conclusions

SWD was successfully incorporated with NSGA-II-JG for
the optimization of SMB systems for chiral separations. The
computational time is reduced by at least two orders of mag-
nitude compared to our previous grid search method. The
higher efficiency of this approach allows for the first time
the simultaneous optimization of seven system parameters
(particle size, column length, the numbers of columns in four
zones, and feed concentration) and five operating parameters
(four zone velocities and switching time). The new optimiza-
tion method was used to obtain the nondominated solutions
for four different multiobjective optimization problems: (1)
maximization of PR and minimization of DR at a fixed yield
and purity of 0.99; (2) maximization of PR and yield of
both enantiomers; (3) maximization of PR and yield of the
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high-affinity solute at a fixed purity of 0.99; and (4) maximi-
zation of PR and yield of the low-affinity solute at a fixed
purity of 0.99.

In all the problems, since the maximization of PR is one
of the objective functions, the minimum column lengths and
the maximum feed concentrations are obtained for all the
nondominated solutions. The optimal particle size depends
on the pressure limit and the minimum column length.
Increasing the pressure limit allows the use of smaller par-
ticles to increase PR and decrease DR at a fixed yield. For
the system studied, to achieve high PR, at a column length
of 10 cm, the optimum particle sizes are between 45 and
55 pm, and 20 and 25 um for 1.0 and 5.2 MPa, respectively.
In general, high feed concentrations and short zones favor
high PR, but long zones favor high yield and low DR. The
performance of low-pressure SMB can be improved signifi-
cantly by using shorter columns and smaller particles than
those in conventional low-pressure SMB.

In Problem 1, high purity and yield (0.99) are required for
both enantiomers. High enantiomer concentrations in the feed
favor high PR and low DR. The nondominated solutions show
that PR can be increased at a cost of increasing DR. To
achieve higher PR at a given pressure, one must reduce zone
lengths and increase particle size to allow higher feed veloc-
ities and zone velocities. The optimum particle size and PR«
for high pressure systems are constrained by the purity require-
ment, the pressure limit, and the bounds of all the decision var-
iables. For the low pressure systems, similar trend is observed,
except that the minimal switching time is not an active con-
straint. A higher pressure limit allows the use of smaller par-
ticles to increase PR without a significant increase in DR. To
reduce DR at a given pressure limit, one can sacrifice PR by
using smaller particles and longer Zones of I, II, and III.

In Problem 2, both enantiomers have the same purity and
yield, and both yield and PR are maximized. The nondomi-
nated solutions at different pressures show that yield can be
sacrificed to achieve higher PR, but up to a critical yield.
Beyond this point, yield can not be decreased further to
increase PR since PR is defined as a product of throughput
and yield. For a given yield and purity, higher pressure
allows the use of smaller particles to achieve higher PR and
lower DR. At the high pressure limit, to maximize PR,
switching time, column length, and column numbers reach to
their lower bounds. As a result, PR can be increased only by
varying the zone velocities at a cost of yield, causing the
nondominated solutions to focus on a narrower range than
the low pressure systems.

In Problem 3, the purity of the high affinity product is
fixed (0.99), and its yield is maximized along with the maxi-
mization of PR. The nondominated solutions are less diverse
than those in Problem 2 because of the additional high purity
requirement. The trend in all the decision variables are simi-
lar to that of Problem 2, except at low pressure more col-
umns in Zone III are required to maintain high purity of the
high affinity product.

In Problem 4, the purity of the low affinity product is fixed
(0.99), and its yield is maximized along with the maximiza-
tion of PR. The velocity corrections needed to maintain the
same purity and yield are lower for the low affinity solute.
For this reason, Problem 4 has a higher PR and lower DR
than Problem 3 in the high yield region. As a result of high
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PR and high purity (0.99), the constraints of the decision var-
iables allow fewer choices for the trade-off between PR and
yield. For this reason, the nondominated solutions for Prob-
lem 4 are less diverse than those in Problem 3.

The results of this study clearly show the effects of differ-
ent constraints and the trade-off between the different objec-
tive functions. A major advantage of this method is that by
using SWD, minimization of DR is automatically achieved
in the multiobjective optimization.
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Notation

a; = Langmuir isotherm parameter of solute / based on solid volume,
L/L S.V.

b; = Langmuir isotherm parameter of solute i, L/g
BV = bed volume, cm?
Cr,; = feed concentration of solute 7, g/L.
Cp,; = plateau concentration of solute 7, g/LL
C,,; = dilution concentration of solute 7 at the feed port, g/L
D, ; = intraparticle diffusivity of solute i/, cm?/min
DR = desorbent requirement, L of solvent/kg of product
DV = extra-column dead volume, cm?
E| , = axial dispersion coefficient of solute i in zone j, cm*/min
F 4es = desorbent flow rate, cm’/min

Feeq = feed flow rate, cm®/min

kj. ; = film mass transfer coefficient of solute i in zone j, cm/min

K} ; = lumped mass transfer coefficient of solute i in zone j, min~!
« = length of a single column, cm

L’ = length of zone j, cm

N¢ = number of columns in zone j

P = phase ratio, defined as (1—e&)/ep

PR = productivity, kg of product/kg of CSP/day

Rp = particle radius, cm

S = cross-sectional area of a column, cm?

ul, = liquid interstitial velocity in zone j, cm/min
ul, ; = wave velocity of standing solute / in zone j, cm/min

Y; = yield of solute i

Greek letters

B{ = decay factor of standing solute i in zone j
&, = retention factor for solute i in zone j
AP = pressure drop, g/cm/min2
&, = interparticle void fraction
&p = intraparticle void fraction
p = fluid density, g/cm®
Prea = packing density, g/cm®
1= fluid viscosity, g/cm/min
v = average port velocity, cm/min
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