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" The constraint on product concentration was considered in linear SMB optimizations.
" The factors affecting SMB product concentration were clariﬁed with SWD method.
" Column length played an important role in the aforementioned optimization.
" Column conﬁguration had a large effect on throughput and product concentration.
" Linear SMBs with a target product concentration level were successfully optimized.
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a b s t r a c t
In the stage of optimizing a simulated moving bed (SMB) process for continuous separation, the extent of
product concentration can sometimes be as important as the other performance criteria such as throughput and product purities. In such cases, the issue of maintaining the product concentration higher than a
given target level needs to be taken into account during the SMB optimization. To investigate this issue,
the throughput of an SMB process for binary separation was optimized in this study using a model separation system while placing a constraint on product concentration as well as pressure drop. The resultant throughput from such SMB optimization was highly affected by column length. It was found ﬁrst
that the throughput was limited by the constraint on the product concentration in the region of short columns but limited by the constraint on the pressure drop in the region of long columns. As a result, the
optimal column length leading to the highest throughput occurred at the boundary between the product-concentration limiting region and the pressure-drop limiting region. In addition to the column length,
the column conﬁguration also played an important role in the optimization of the SMB with the constraint on the product concentration. As the target level of the rafﬁnate product concentration was set
higher, the optimal column conﬁguration leading to the maximum throughput showed the pattern of
placing more columns in zone IV. By contrast, the placement of more columns in zone I became the pattern of optimal column conﬁguration when the target level of the extract product concentration was set
higher. The results and methodology in this article will be useful when there is a necessity for developing
SMBs that are to meet a certain requirement imposed on product concentration.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Simulated moving bed (SMB) chromatography has been recognized as one of highly efﬁcient processes for continuous separation
of petrochemicals, sugars, biochemicals, chiral drugs, or pharmaceuticals [1–4]. This process generally consists of multiple chromatographic columns packed with a proper adsorbent, which are
partitioned into four zones by the locations of two inlet (feed
and desorbent) and two outlet (rafﬁnate and extract) ports as illus⇑ Tel.: +82 2 2220 0483; fax: +82 2 2298 4101.
E-mail address: munsy@hanyang.ac.kr
1385-8947/$ - see front matter Ó 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cej.2012.07.074

trated in Fig. 1. To enable the continuous loading of a feed mixture
and the continuous collection of product streams at the same time,
the four ports are set to move periodically in the direction of liquid
ﬂow at a predetermined time interval (or switching time). It has
been conﬁrmed that such an SMB chromatographic process surpasses a conventional batch chromatography to a remarkable extent in the aspects of throughput and product purities [1–6]. This
has led the SMB process to be widely accepted as a large-scale separation process that needs high economical efﬁciency, high
production rate, and stringent purity requirement.
However, only the aforementioned throughput and product
purities cannot represent the overall performance criteria of SMB
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Fig. 1. Schematic diagram of a four-zone SMB process for binary separation. (A)
Low-afﬁnity solute (or fast-migrating solute), (B) high-afﬁnity solute (or slowmigrating solute).

process. In some cases, the product concentration can become an
important issue, which will happen particularly when (1) the product stream from SMB needs to be treated again by the subsequent
crystallization step and (2) the efﬁciency of the crystallization step
or the quality of its output is largely affected by the extent of its
feed concentration, i.e. the extent of the product concentration of
the preceding SMB process [7]. Thus, in such cases, a target level
of product concentration needs to be taken into account in the
stage of SMB optimization. In other words, the SMB optimization
should be carried out in such a way that either the highest
throughout or the highest purities can be attained while meeting
the required constraint on the product concentration. However,
in most of previous SMB optimization studies in the literature,
the issue of maintaining the required level of product concentration has not been taken into account.
The aforementioned issue will be handled in this study for the
ﬁrst time. For this study, the mixture of two amino acids, phenylalanine and tyrosine [8], will be utilized as a model separation system and the standing wave design (SWD) method [2–4,9–12] will
be adopted as a major frame for SMB optimization. First, the
throughput of the SMB process for separation of the model system
will be optimized under the constraint that the product concentration should be maintained higher than a given target level. The results from these optimizations will then be used to investigate how
the SMB throughput is affected by the constraint on the product
concentration. Furthermore, the major factors related to the extent
of SMB product concentration will be clariﬁed using the SWD
equations, followed by being veriﬁed with the results from the
optimizations for the SMB of interest. Finally, it will be studied
how the magnitude of the target level of product concentration
inﬂuences the throughput, column length, and column conﬁguration of the optimized SMB process.
2. Theory
2.1. Standing wave design (SWD) method for the optimal design of a
four-zone SMB for binary separation
In the stage of developing an SMB process for a new separation
task, it is of the utmost importance to obtain its optimal operation
parameters that can guarantee the highest throughput while meeting the required product purities. In regard to this issue, several
relevant methods have been developed in the literature [9–18].
Among them, the standing wave design (SWD) method was reported to be highly effective in the optimal determination of

SMB operation parameters [2–4,9–12], particularly in the case of
low-pressure SMB systems where a considerable extent of masstransfer resistance is always present due to the use of a relatively
large adsorbent particle size.
The effectiveness of such SWD method has been validated theoretically and experimentally in many of previous studies [2–4,9–
12]. Furthermore, it is known that the SWD can easily be upgraded
into more comprehensive optimization tool with various constraints and objectives while allowing the reﬂection of any particular considerations for a given separation task. For these reasons,
the SWD was chosen in this study as a key frame in optimizing
the SMB process with the constraint that the product concentration should be maintained higher than a given target level.
The core principle of the aforementioned SWD is to select the
SMB operation parameters (four zone ﬂow rates and switching
time) in such a way that each key concentration wave can be made
standing in its respective zone on the time-averaged sense [2–4,9–
12]. To realize this principle, the migration velocity of a key concentration wave in each zone should be matched with the port
movement velocity. The relevant SWD equations leading to such
a standing-wave condition in a four-zone SMB process have been
established previously for linear isotherm systems [9,11], and they
are summarized below for the ideal case where there is no axial
dispersion and mass-transfer resistance.

Q I ¼ S½eb þ ð1  eb ÞdB m

ð1aÞ

Q II ¼ S½eb þ ð1  eb ÞdA m

ð1bÞ

Q III ¼ S½eb þ ð1  eb ÞdB m

ð1cÞ

Q IV ¼ S½eb þ ð1  eb ÞdA m

ð1dÞ

where the superscripts I to IV stand for zone number; the subscripts
A and B indicate the low-afﬁnity (or fast-migrating) and the highafﬁnity (or slow-migrating) components respectively; Qj is the volumetric ﬂow rate in zone j; S is the cross-sectional area of each column; eb is the inter-particle porosity; m is the average port velocity;
and di is the retention factor of component i that is deﬁned as
ep + (1  ep)ai, where ep is the intra-particle porosity and ai is the linear isotherm parameter of component i.
The aforementioned SWD equations, however, are inappropriate for the actual SMB optimization because axial dispersion and
mass-transfer resistance become a matter of grave concern in realistic SMB systems. To counter the wave spreading due to such
mass-transfer effects, the aforementioned SWD equations should
be modiﬁed to include a proper mass-transfer correction term as
follows [2–4,9–12].

Q I ¼ S½eb þ ð1  eb ÞdB m þ DIB

ð2aÞ

Q II ¼ S½eb þ ð1  eb ÞdA m þ DIIA

ð2bÞ

Q III ¼ S½eb þ ð1  eb ÞdB m  DIII
B

ð2cÞ

Q IV ¼ S½eb þ ð1  eb ÞdA m  DIV
A

ð2dÞ

Dji

where
is the mass-transfer correction term of component i in
zone j and it is given by [2–4,9–12]

Dji ¼

eb Sbji
Nj Lc

"
Ejb;i þ

ð1  eb Þðdi mÞ2

eb K jf ;i

#
ð3Þ

where Nj is the number of columns in zone j; Lc is the length of each
column; Eb is the axial dispersion coefﬁcient; and b is an index of
product purity and yield; the larger the b value, the higher the
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product purity and yield [9–12]. The lumped mass-transfer coefﬁcient (Kf) can be estimated from the following equation [9–12]:

1
R2
R
¼
þ
K f 15K e ep Dp 3kf

ð4Þ

where R is the radius of adsorbent particle; Dp is the intra-particle
diffusivity; and kf is the ﬁlm mass-transfer coefﬁcient. It was reported that the operation parameters resulting from the above
SWD equations enables the relevant SMB process to obtain the
highest throughput and the lowest desorbent consumption while
guaranteeing that desired product yields and purities can be maintained [2–4,9–12].
2.2. Use of the SWD equations for clariﬁcation of the factors affecting
the product concentration
To clarify the key factors affecting the concentration of a product stream from SMB, one can derive the following two dimensionless concentrations (C raf;A and C ext;B ) from the SWD equations as
follows.

C raf;A 

C ext;B

C raf;A
w  DIIA
¼ YA
C feed;A
w þ DIV
A

C ext;B
k  DIII
B

¼ YB
C feed;B
k þ DIB

!
ð5Þ

!

conﬁguration. It is clear ﬁrst from Eq. (3) that the use of a larger
Lc can reduce the RD-factors and ED-factors, thereby increasing
both product concentrations. It is also evident that the RD-factors
and ED-factors can be reduced simultaneously by decreasing m. It
is known that such a decrease in m is usually caused by decreasing
the feed ﬂow rate of SMB process [9,11]. In regard to the column
conﬁguration (Nj), it can readily be grasped from Eq. (3) that the increase of the column numbers in zones II and IV can be effective in
reducing the RD-factors while the increase of the column numbers
in zones I and III can be effective in reducing the ED-factors.
3. Approach
3.1. Formulation of the optimization problems
3.1.1. Case I: maximization of throughput under the constraint on
product concentration while ﬁxing the column conﬁguration at 2–2–
2–2
In the ﬁrst type of optimization problem (Case I), the SMB process was optimized to maximize throughput under the constraint
on product concentration while ﬁxing the column conﬁguration
at 2–2–2–2. The objective function employed in this optimization
is the throughput, which is deﬁned as follows:

Throughput ¼
ð6Þ
DIII
B

where w ¼ Sð1  eb ÞðdB  dA Þm 
and k ¼ Sð1  eb ÞðdB  dA Þ
m  DIIA . In addition, Craf,A and Cext,B indicate the product concentrations of a rafﬁnate component (A) and an extract component (B)
respectively; Cfeed,A and Cfeed,B are the feed concentrations of a rafﬁnate component (A) and a extract component (B) respectively;
and YA and YB are the product yields of a rafﬁnate component (A)
and an extract component (B) respectively. The derivation procedures for the above two equations are presented in Appendix A.
It is clear from the above expressions that both C raf;A and C ext;B
are less than unity, which means that the dilution of the rafﬁnate
and extract products is inevitable. Therefore, the highest product
concentration obtainable is virtually equal to the feed concentration, which happens when DIIA ¼ DIV
A ¼ 0 and YA = 1 for the rafﬁnate
product concentration and DIB ¼ DIII
B ¼ 0 and YB = 1 for the extract
product concentration.
One of the noteworthy points in the expression for C raf;A is that
it is highly affected by DIIA and DIV
A . It is evident from Eq. (5) that as
DIIA and DIV
A are reduced, C raf;A increases, i.e. the rafﬁnate product is
less diluted. Thus, the DIIA and DIV
A will be called hereafter as the RDfactors, which signify the factors affecting the dilution of the rafﬁnate product. Between these two RD-factors, it can be inferred that
DIV
A can have more signiﬁcant impact on the rafﬁnate dilution than
DIIA , because DIV
A is located in the denominator of the equation for
C raf;A while DIIA in the numerator.
Similarly, it can readily be grasped in the expression for C ext;B
that it is highly affected by DIB and DIII
B . Its relevant equation also
reveals that a reduction in DIB and DIII
B leads to an increase in
C ext;B , i.e. less dilution of the extract product. Thus, the DIB and DIII
B
will be called hereafter as the ED-factors, which signify the factors
affecting the dilution of the extract product. Between these two
ED-factors, DIB will have a larger inﬂuence on the extract dilution
than DIII
B for the same reason as above.The mathematical expresI
III
sions for the RD-factors (DIIA , DIV
A ) and the ED-factors (DB , DB ) can
be discerned by substituting the relevant zone number and component identity for the superscript j and the subscript i in Eq. (3). The
resulting expressions for such two factors clearly show that they
are largely dependent on the column length (Lc), the port velocity
(m), and the number of columns in zone j (Nj), i.e. the column

Q feed
4Q feed
¼
2
BV
Ntot pdc Lc

ð7Þ

where Qfeed is the feed ﬂow rate; BV is the total bed volume; Ntot is
the total column number; and dc is the column diameter.
During the aforementioned Case I optimization, the purities of
both extract and rafﬁnate products were set at 98% and the pressure drop over the SMB unit was constrained to be maintained below 100 psi, which corresponds to a general criterion for lowpressure chromatographic processes in bioproduct industry
[4,10]. The other details in such an optimization task are presented
in the following optimization frame.

Max
Subject to

h
i
J ¼ Throughput Q I ; Q II ; Q III ; Q III ; ts

ð8aÞ

PurA ¼ 98%; PurB ¼ 98%

ð8bÞ

C prod;i =C feed;i P a

DP 6 100 psi
Dependent variables

Q feed ¼ Q III  Q II

ð8cÞ

Q des ¼ Q I  Q IV

ð8dÞ

Q ext ¼ Q I  Q II

ð8eÞ

III

Q raf ¼ Q  Q
Fixed variables

IV

v ¼ 2—2—2—2

ð8fÞ
ð8gÞ

Ntot ¼ 8

ð8hÞ

where PurA and PurB are the purities of rafﬁnate product (A) and extract product (B) respectively; a is the target level of product concentration; and v stands for the column conﬁguration. In
addition, DP is the pressured drop over the SMB unit, which is generally expressed as the summation of the pressure drop occurring in
each zone as follows [3,10,12]:

DP ¼ DPI þ DPII þ DP III þ DPIV
j

ð9Þ

where DP is the pressure drop through zone j and it is usually estimated from the Ergun equation [19].
To reduce the computation time for the above optimization
task, the column length was not directly included as one of the
decision variables, as can be seen in Eq. (8a). Instead, the column
length is changed in a discrete manner and for each step the ﬁve
decision variables (QI, QII, QIII, QIII, ts) are optimized on the basis
of the SWD method. This approach can be of advantage to the
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analysis of the optimization results, because the effect of the column length on throughput can be demonstrated while ﬁnding
out the optimal column length.
3.1.2. Case II: maximization of throughput under the constraint on
product concentration while including the column conﬁguration as
one of the decision variables
In the second type of optimization (Case II), the objective function and the constraints were kept the same as in the previous Case
I optimization. The only difference was that only two columns
were assigned to each zone in the Case I optimization whereas
more than two columns were allowed to be placed in each zone
in the Case II optimization. Furthermore, the number of columns
in each zone, i.e. the column conﬁguration (v) was included as
one of the decision variables in the Case II optimization, where
the upper bound in the total column number (Ntot) was set at 20.
Therefore, if the results from the Case II optimization will be
compared with those from the Case I optimization, it will be possible to clarify the effect of column conﬁguration on the optimization of the SMB with the constraint on the product concentration.

repetition loops such as innermost, inner, and outer loops. Among
them, the process box performs the computation of the SWD equations (Eq. (2)), which plays a part in producing the optimal zone
ﬂow rates and the switching time for the given feed ﬂow rate, column conﬁguration, and column length. Such SWD computation is
repeated while increasing the feed ﬂow rate. This procedure lasts
until the resultant operating parameters from the SWD are limited
by either of the constraints imposed on product concentration and
pressure drop. All of these executions are controlled by the innermost loop of the program (Fig. 2).
Each time the aforementioned innermost-loop executions are
completed, the optimization program implements the inner-loop
action, which is to vary the column conﬁguration and then to activate the innermost-loop executions again under the varied column
conﬁguration. All the computations and executions above are repeated while varying the column length in the outer loop. During
such a repetitive execution by the three loops in series, the operation parameters, column conﬁguration, and column length leading
to maximization of throughput can be obtained.
4. Results and discussion

3.2. Preparation of the SWD optimization tool for the SMB process with
the requirement on a target level of the product concentration
Based on the above-mentioned optimization frame, the
electronic program for optimizing the SMB with the requirement
on a target level of product concentration was prepared using
FORTRAN. Fig. 2 shows the overall algorithm of the prepared
optimization program, which consists of one process box and three

The binary amino acid mixture, which was available in the literature [8], was chosen as a model separation system for investigating the issue of considering a target level of product concentration
in the optimization of a four-zone SMB process. The linear
isotherm and mass-transfer parameters of the two amino acid
components comprising the feed mixture were reported in a
previous study [8] and they are listed in Table 1 along with the

Fig. 2. The overall algorithm of the SWD optimization tool for the SMB process with the requirement on a target level of product concentration.
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adsorbent particle size and column properties. As shown in Table 1,
the two components such as phenylalanine and tyrosine have the
lower and the higher adsorption-afﬁnities respectively, and they
follow a linear isotherm relationship. Therefore, in the four-zone
SMB process of interest, phenylalanine (A) and tyrosine (B) will become a rafﬁnate product and an extract product respectively.
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Table 1
System parameters and the other details of the binary-separation systems used in the
optimization of a four-zone SMB process with the constraint on product
concentration.
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Fig. 3. Effect of single column length on the results from the Case I optimization
with the constraint of Craf,A/Cfeed,A P 0.9. (a) Throughput, (b) Craf,A/Cfeed,A and
pressure drop.

4.1. Case I optimization with the constraint on the rafﬁnate product
concentration
The Case I optimization was carried out for the aforementioned
four-zone SMB on the bases of the system parameters in Table 1
and the relevant optimization frames (Eq. (8)), which was aimed
at maximizing the throughput of the SMB process with the column
conﬁguration of 2–2–2–2. The constraint taken into account in the
ﬁrst run of the Case I optimization was that the rafﬁnate product
concentration should always be higher than 90% of the feed concentration (i.e., Craf,A/Cfeed,A P 0.9). This task was repeated in series
by varying the column length at the intervals of 1 cm and the results are presented in Fig. 3. It is clearly seen that the SMB throughput is largely affected by the column length (Fig. 3a). In the region
of long columns (>46 cm), the throughput becomes lower as the
column length increases. By contrast, in the region of short columns (<46 cm), the throughput decreases with decreasing the column length. As a consequence, a maximum in the throughput
occurs at the column length of 46 cm, which virtually corresponds
to the optimal column length for the SMB that is required to maintain the condition of Craf,A/Cfeed,A P 0.9 (Fig. 3a).
The aforementioned phenomenon occurs because the SMB column length inﬂuences pressure drop and product concentration
simultaneously, which are both related to the key constraints for
the process of interest. To check this point in more detail, the pressure drop of the optimized SMB at each column length was calculated from the Ergun equation [19]. The calculated pressure drops
were then presented as a function of column length in Fig. 3b. Note
that the pressure drop is always maintained at its upper limit
(100 psi) when the column length is larger than 46 cm. This result
indicates that the throughput of the SMB process with long columns (>46 cm) is virtually limited by the pressure-drop constraint.
In such a pressure-limiting region, the increase of column length
necessarily causes a reduction in the feed ﬂow rate in order to prevent the excess of pressure drop beyond its upper limit (100 psi).
Therefore, the throughput, if limited by the pressure drop, has a
decreasing trend as the column length increases (Fig. 3b).

By contrast, if the column length is smaller than 46 cm, the
pressure drop of the corresponding SMB process is reduced to below 100 psi as shown in Fig. 3b. This means that in the region of
short columns (<46 cm), the pressure drop can no longer be a limiting factor for the SMB throughput. To clarify the actual limiting
factor for such case, the Craf,A/Cfeed,A value of the optimized SMB
at each column length was obtained from the SWD output. The
resulting Craf,A/Cfeed,A values were then plotted as a function of column length in Fig. 3b. We see that the Craf,A/Cfeed,A value is always
maintained at its lower limit (0.9) when the column length is smaller than 46 cm. This result indicates that the throughput of the SMB
process with short columns (<46 cm) is virtually limited by the
constraint imposed on the rafﬁnate product concentration. In such
a rafﬁnate-concentration limiting region, the effect of column
length on the SMB throughput can be interpreted by using the
RD-factors ðDIIA ; DIV
A Þ, which were mentioned in the theory section
as the factors promoting the dilution of the rafﬁnate stream.
According to the RD-factor expressions from the SWD (Eqs. (3)
and (5)), a shorter column length leads to an increase in the RD-factors, resulting in a reduction in the rafﬁnate product concentration.
It is thus inferred that the decrease of column length in the region
of short columns (<46 cm) in Fig. 3b can make the Craf,A/Cfeed,A value drop below its lower limit. To prevent such a drop of the rafﬁnate production concentration below its lower limit, a signiﬁcant
reduction in the feed ﬂow rate is needed because it enables the
RD-factors to become smaller by decreasing the port velocity (Eq.
(3)). This is why the throughput, if limited by the constraint on
the rafﬁnate product concentration, has a decreasing trend as the
column length decreases (Fig. 3a).
Putting all the above results together, it becomes clear that the
optimal column length leading to the highest SMB throughput occurs at the boundary between the pressure-drop limiting region
and the rafﬁnate-concentration limiting region.
In the Case I optimization performed so far, the lower limit in
Craf,A/Cfeed,A has been set at 0.9. It will be interesting to examine
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Fig. 4. Effect of the Craf,A/Cfeed,A limit on the results from the Case I optimization
with the constraint on the rafﬁnate product concentration.

how the magnitude of the Craf,A/Cfeed,A limit affects the optimization results. For this task, additional optimizations were carried
out while varying the magnitude of the Craf,A/Cfeed,A limit, and the
results are presented in Fig. 4. One of the noteworthy observations
is that the maximum throughput obtainable becomes lower as the
Craf,A/Cfeed,A limit is set higher. This indicates that throughput and
product concentration, in fact, are of conﬂicting nature in the stage
of SMB design. Another noteworthy phenomenon is that the optimal column length leading to the maximum throughput increases
with enlarging the magnitude of the Craf,A/Cfeed,A limit. This
phenomenon is in consistent with the previous statement that
the use of a larger column length is effective in decreasing the
RD-factors ðDIIA ; DIV
A Þ and thus increasing the rafﬁnate product
concentration.
4.2. Case I optimization with the constraint on the extract product
concentration
In this section, the Case I optimization for the SMB of interest
was performed under a given constraint on the extract product
concentration while all the other optimization conditions were
kept the same as in the previous section. This task was repeated
by varying the column length at the intervals of 1 cm, which was
then carried out several times further while changing the lower
limit in Cext,B/Cfeed,B. The results from such a series of optimization
tasks are presented in Fig. 5.
It is readily seen that the overall trends in the effects of column
length and Cext,B/Cfeed,B limit on the throughput in Fig. 5 is similar to

those from the previous Case I optimization with the Craf,A/Cfeed,A
limit. First, it is conﬁrmed from Fig. 5 that there exists an optimal
column length leading to the maximum throughput, where in the
region of longer column lengths than the optimal one, the throughput was limited by the pressure-drop constraint whereas in the region of shorter column lengths than the optimal one, the
throughput was limited by the constraint on the extract product
concentration.
In addition, Fig. 5 shows that the optimal column length leading
to the maximum throughput increases as the Cext,B/Cfeed,B limit is
set higher. The occurrence of such phenomenon is due to the fact
that the factors promoting the extract product dilution, i.e. the
ED-factors ðDIB ; DIII
B Þ can be reduced by increasing the column
length, which can be grasped by their relevant expressions from
the SWD (Eqs. (3) and (6)).
4.3. Case II optimization with the constraint on the rafﬁnate product
concentration
In the above Case I optimization, the column conﬁguration was
ﬁxed at 2–2–2–2. It will be a worthwhile task to investigate how
the optimization of the SMB with the constraint on the product
concentration is affected by the column conﬁguration. For this
task, the Case II optimization, where the column conﬁguration
was included as one of the decision variables, was performed in
this section.
In the ﬁrst place, the Case II optimization with the constraint of
Craf,A/Cfeed,A P 0.9 was carried out while varying the total column
length. The throughputs resulting from such Case II optimization
and those from the previous Case I optimization with the same
constraint were then compared in Fig. 6 while keeping the total
column length the same between the two cases. Note that the
throughputs from the Case II optimization surpass those from the
Case I optimization over the entire range of total column length.
Particularly, it is worth noting that the extent of the throughput
improvement from the Case II optimization is more pronounced
in the rafﬁnate-concentration limiting region than in the pressure-drop limiting region. This result indicates that the column
conﬁguration can play an important role in the optimization of
the SMB with the constraint on product concentration.
To ﬁnd out a clue to the reason for the aforementioned
phenomenon, it is necessary to check the column conﬁguration
of the SMB from the Case II optimization, particularly in the
rafﬁnate-concentration limiting region. The information on such
column conﬁguration is marked on top of the relevant throughput
data points in Fig. 6. It is worth noting ﬁrst that the SMB from the
Case II optimization has a larger number of columns in zones II and
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Fig. 5. Effect of the Cext,B/Cfeed,B limit on the results from the Case I optimization
with the constraint on the extract product concentration.

Fig. 6. Comparison of the results from the Case I and II optimizations with the same
constraint of Craf,A/Cfeed,A P 0.9. The black and gray symbols indicate the results
from the Case I and Case II optimizations respectively.
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attainment of higher feed ﬂow rate according to the literature
[22]. Due to the aforementioned two factors, the SMB with the
optimal column conﬁguration leads to higher throughput than that
of the SMB with the ﬁxed column conﬁguration, particularly in the
region where the throughput is limited by the constraint on the
rafﬁnate product concentration. This result indicates the importance of selecting a proper column conﬁguration in the stage of
optimizing the SMB with the constraint on the product
concentration.
In the Case II optimization performed so far, the lower limit
in Craf,A/Cfeed,A has been set at 0.9. To investigate the effect of the
Craf,A/Cfeed,A limit on the optimization results, additional Case II
optimizations were carried out while varying the magnitude of
the Craf,A/Cfeed,A limit. The resulting throughputs from these tasks
were then compared in Fig. 7 with those from the Case I optimizations having the same constraints on the rafﬁnate concentration. It
is clearly conﬁrmed that the SMB from the Case II optimization
outperforms that from the Case I optimization regardless of the
Craf,A/Cfeed,A limit.
To derive another important point, the optimal column conﬁguration leading to the maximum throughput in each of the Case II
optimization results is compared in Table 2. It is readily seen that
as the Craf,A/Cfeed,A limit is set higher, zone IV has an increasing
number of columns, which is accompanied by a decrease in the
number of columns in zone III (NIII). By contrast, there is almost
no change in the number of columns in zone II (NII). The reason
for such trend can also be explained by using the RD-factors. As
the Craf,A/Cfeed,A limit is set higher, the column conﬁguration in favor of attaining higher rafﬁnate concentration will be preferred,
which will cause NII and/or NIV to be increased according to the
RD-factor expressions. Between these two, the NIV has more dominating effect on the rafﬁnate concentration than the NII as mentioned in the theory section. For this reason, the enlargement of
the Craf,A/Cfeed,A limit brings about an increase in the NIV while preventing the decrease of the NII. Under such circumstances, it is
obvious that the increased columns in zone IV should not come
from zone II but from zone III. This means that the NIII should be
decreased with increasing the magnitude of the Craf,A/Cfeed,A limit,
as can be seen in Table 2.

640

Total column length (cm)
Fig. 7. Comparison of the additional results from the Case I and II optimizations
with the same constraint of Craf,A/Cfeed,A. (a) Craf,A/Cfeed,A P 0.7, (b) Craf,A/Cfeed,A P 0.8,
(c) Craf,A/Cfeed,A P 0.95. The black and gray symbols indicate the results from the
Case I and Case II optimizations respectively.

IV, compared to the SMB from the Case I optimization where the
column conﬁguration was ﬁxed at 2–2–2–2. According to the RDfactors ðDIIA ; DIV
A Þ, the use of more columns in zones II and IV promotes an increase in the rafﬁnate concentration. It is thus evident
that the SMB from the Case II optimization is more favorable for
attaining the target level of the rafﬁnate concentration than the
SMB from the Case I optimization. In addition to such advantage,
it is worth mentioning that the SMB from the Case II optimization
have more columns in the separation zones (II and III), compared to
that from the Case I optimization. This is also of help to the

4.4. Case II optimization with the constraint on the extract product
concentration
In this section, the Case II optimization was performed under
the constraint on the extract product concentration while keeping
all the other conditions the same as in the previous section. The results from such Case II optimization and those from the Case I optimization with the same constraint were then compared in Fig. 8.
Like in the previous section, one can clearly see that the throughputs from the Case II optimization with the Cext,B/Cfeed,B limit are
higher in the entire region of total column length, compared to
those from the relevant Case I optimization.
To elucidate the reason for the above-mentioned phenomenon,
it is worth examining how the columns are assigned to each of the
four zones in the SMB from the Case II optimization. For such an
examination, the optimal column conﬁguration leading the

Table 2
The optimal column conﬁguration leading to the maximum throughput for each of the Case II optimizations that were performed while varying the magnitude of the Craf,A/Cfeed,A
limit or the Cext,B/Cfeed,B limit.
Constraint imposed on rafﬁnate concentration

Constraint imposed on extract concentration

Craf,A/Cfeed,A limit

Optimal conﬁguration

Cext,B/Cfeed,B limit

Optimal conﬁguration

0.7
0.8
0.9
0.95

2–7–7–4
2–7–6–5
2–7–5–6
2–8–3–7

0.7
0.8
0.9
0.95

6–4–8–2
6–4–8–2
7–3–8–2
8–2–8–2
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between the feed ﬂow rate and the number of columns in the separation zones (II and III).
Such two relationships can also be utilized in explaining why
the enlargement of the Cext,B/Cfeed,B limit leads to an increase in
the NI and a decrease in the NII as seen in Table 2. This is mostly
because more emphasis must be placed on the increase of the extract concentration if the Cext,B/Cfeed,B limit is set higher. In other
words, a portion of the columns in zone II should be re-assigned
in such a way that the number of columns in zone I can be increased, for the purpose of increasing the extract concentration
at the expense of some throughput. All of these results indicate
that the optimization of the column conﬁguration is essential in
the stage of developing an SMB process with the constraint on
product concentration.

Case II

Cext,B/Cfeed,B ≥ 0.95

12

A four-zone SMB process for separation of the binary amino acid
mixture, which was available in the literature, was optimized to
maximize throughput under the given constraints on product concentration and pressure drop. This task was assisted by the SMB
optimization tool that was prepared on the basis of the standing
wave design (SWD) method. The results showed that column
length played an important role in the optimization of the SMB
with the constraint on product concentration. It was found ﬁrst
that an increase in the column length led to higher throughput in
the region of short columns, where the throughput was limited
by the constraint on the product concentration. In the other region
of long columns where the throughput was limited by the pressure-drop constraint, the throughput showed a decreasing trend
as the column length increased. As a result, the optimal column
length leading to the highest throughput occurred at the boundary
between the product-concentration limiting region and the pressure-drop limiting region. In addition to the column length, the
column conﬁguration was also found to have a considerable effect
on the throughput and the production concentration. As the target
level of the rafﬁnate product concentration was set higher, the
allocation of more columns to zone IV was favorable for obtaining
the maximum throughput. By contrast, as the target level of the extract product concentration was set higher, the allocation of more
columns to zone I was favorable for obtaining the maximum
throughput. All of the results in this study will be of help to the
optimal design of an SMB process with a strict requirement on
the level of product concentration.
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Fig. 8. Comparison of the additional results from the Case I and II optimizations
with the same constraint of Cext,B/Cfeed,B. (a) Cext,B/Cfeed,B P 0.7, (b) Cext,B/
Cfeed,B P 0.8, (c) Cext,B/Cfeed,B P 0.9, (d) Cext,B/Cfeed,B P 0.95. The black and gray
symbols indicate the results from the Case I and Case II optimizations respectively.

maximum throughput is presented in Table 2 with respect to the
magnitude of the Cext,B/Cfeed,B limit. It is readily observed that the
columns are assigned to each of the four zones in favor of higher
extract concentration and/or higher feed ﬂow rate than the
2–2–2–2 conﬁguration. This point can readily be understood by
utilizing (1) the relationship between the ED-factors and the
number of columns in zones I and III and (2) the relationship
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Appendix A. Derivation of two dimensionless product
concentrations (C raf;A and C ext;B ) from the SWD equations
Using the material balance on component A, the following
equation can be obtained.

Q raf C raf;A ¼ Y A Q feed C feed;A
III

II

ðA1Þ
III

IV

Since Qfeed = Q  Q and Qraf = Q  Q , the above equation
can be re-expressed as follows.
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C raf;A 

C raf;A
Q
Q III  Q II
¼ Y A feed ¼ Y A
C feed;A
Q raf
Q III  Q IV

!
ðA2Þ

Substitution of the above Qj by the relevant SWD equations
(Eqs. (1b), (1c), (1d)) results in

C raf;A

II
C raf;A
Sð1  eb ÞðdB  dA Þm  DIII
B  DA

¼ YA
III
IV
C feed;A
Sð1  eb ÞðdB  dA Þm  DB þ DA
!
w  DIIA
¼ YA
w þ DIV
A

!

ðA3Þ

where w ¼ Sð1  eb ÞðdB  dA Þm  DIII
B .
Using the same procedures as above, the expression for C ext;B
can be derived from the SWD equations in the following manner.

Q ext C ext;B ¼ Y B Q feed C feed;B
C ext;B

C ext;B

C ext;B
Q
Q III  Q II

¼ Y B feed ¼ Y B
C feed;B
Q ext
Q I  Q II

ðA4Þ
!

C ext;B
Sð1  eb ÞðdB  dA Þm  DIIA  DIII
B

¼ YA
C feed;B
Sð1  eb ÞðdB  dA Þm  DIIA þ DIB
!
k  DIII
B
¼ YA
k þ DIB

ðA5Þ
!

ðA6Þ

where k ¼ Sð1  eb ÞðdB  dA Þm  DIIA .
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