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a  b  s  t  r  a  c  t

The  possibility  to improve  the  performance  of  batch  chromatographic  separations  by using so-called
bypass  method  is analyzed  for  the first  time.  In bypass  chromatography,  only  a  part  of  the  feed  is  intro-
duced  into  the  column  and  purified  to  purity  larger  than  the  desired  value.  The  resulting  fractions  are
then blended  with  fresh  feed  to match  the  given  purity  constraints.  A  general  approach  is  presented
for  designing  bypass  batch  chromatography.  Analytical  design  equations,  based  on  equilibrium  theory
of  chromatography,  are  presented  for the  case  of  binary  systems  with  linear  or  competitive  Langmuir
adsorption  isotherms  under  ideal  conditions.  The  approach  allows  direct  calculation  of  optimal  loading
and amount  of bypass  so  that  arbitrary  purity  requirements  are  satisfied  without  waste  streams.  It is
educed purity
quilibrium theory
rocess design

shown  that  the  bypass  strategy  enhances  productivity  of batch  chromatography  without  an increase  in
the eluent  consumption.  In  the  case  of a  Langmuir  isotherm,  maximum  productivity  and  minimum  elu-
ent consumption  are  always  obtained  when  the  less  retained  component  is  collected  from the  column
at 100%  purity.  In  contrast,  the  optimal  purity  of  the  second  fraction  from  the column  is  typically  less
than  100%  and depends  on the purity  constraint  of the  more  retained  component.  In  the case  of  linear
isotherms,  operation  with  touching  bands  is preferred.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Preparative chromatographic separations are often designed
ith the aim of nearly complete separation of the feed mixture [1].

his is justified in applications within the pharmaceutical and fine
hemical industry where very high product purities are demanded.
owever, there exist several practical applications where products
ith much lower purity are required, for example in the produc-

ion of sweeteners [2] and agrochemicals [3].  Moreover, combining
hromatography with complementary separation process, such as
rystallization, provides the possibility to enhance the process per-
ormance [4,5]. In these operations it is customary to operate the
hromatography unit under reduced purity constraints, while the
nal polishing step, i.e. increase the purity, is performed by the
rystallization step.

The design of chromatographic processes with reduced purity

onstraints has recently received increased attention. Equilibrium
heory based design methods have been derived for simulated mov-
ng bed chromatography in the case of linear [6] and Langmuir

∗ Corresponding author. Tel.: +358 403578683; fax: +358 5 6212199.
E-mail address: tuomo.sainio@lut.fi (T. Sainio).

021-9673/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2012.01.071
[7] isotherms, and for steady state recycling chromatography in
the case of Langmuir isotherm [8–10]. In addition, there exist few
approaches to optimize the operation conditions of batch chro-
matography when only one of the components of a binary mixture
is considered as target [11,12].

When products with reduced purity are required, different
operation strategies can be applied. Traditionally, the entire feed
solution is processed in the column and the operating parameters
are selected such that target purity constraints are fulfilled. In this
work a second alternative is introduced, i.e. to overpurify only a
part of the feed in the column and blend the resulting fractions
with fresh feed to match the target purities. The former strategy
will henceforth be called as “conventional chromatography” and
the latter as “bypass chromatography”.

The bypass mode has been used successfully, for instance, in the
simulated moving bed (SMB) separation of fructose–glucose mix-
ture to produce high-fructose corn syrup [2].  The key attraction of
bypass chromatography comes from the fact that the implemen-
tation requires virtually no additional equipment and requires no

modification in the existing chromatographic system. While there
are examples of industrial applications, the theory of such bypass
strategies has not been properly investigated and hence there is
lack of explicit methods for analysis and optimal design of such

dx.doi.org/10.1016/j.chroma.2012.01.071
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:tuomo.sainio@lut.fi
dx.doi.org/10.1016/j.chroma.2012.01.071
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rocess concept. Moreover, systematic comparison of conventional
nd bypass operation modes has not been presented in the litera-
ure.

The objective of the present work is to investigate the possi-
ility to enhance the performance of batch chromatography by
mploying the bypass strategy. For this purpose, local equilib-
ium theory is used to derive a method to choose the optimal
perating parameters that lead to given purities in the bypass
rocess. The approach is limited to ideal conditions and to circum-
tances where concentration profiles of consecutive injections are
ot allowed to overlap. Analytic design equations are provided for
inary systems that follow Langmuir or linear adsorption isotherm
odel. The design method is then used to compare the perfor-
ance of conventional and bypass batch processes. It is shown

hat by applying bypass strategy it is possible to enhance pro-
uctivity of batch chromatography without an increase in the
luent consumption, provided that the purity constraints are less
han 100%. Finally, a short discussion is given on the applicability
f the equilibrium design approach for columns with finite effi-
iency.

. Theoretical background

.1. Equilibrium theory of chromatography

The equilibrium theory of chromatography is a powerful tech-
ique that has been used to design both single- [1,8,11] and
ulti-column [6,7] processes. Within the frame of the equilibrium

heory, the mass transfer resistance and the dispersive effects are
eglected. Under these conditions, the mass balance for an individ-
al component i is given by

∂

∂t
(ci + �qi) + u

∂ci

∂x
= 0 (i = 1, 2) (1)

here ci and qi are the mobile and the stationary phase concentra-
ions of solute i, � = (1 − ε)/ε is the phase ratio, with ε being the
otal void fraction of the bed, u is the interstitial velocity, t is time,
nd x is axial space coordinate.

In order to solve Eq. (1),  the dependence between the stationary
hase loading and the mobile phase concentration, i.e. the adsorp-
ion isotherm, is needed. In this work, the following two  isotherm

odels are discussed: linear isotherm

i = Hici (i = 1, 2) (2)

nd competitive Langmuir isotherm

i = Hici

1 + K1c1 + K2c2
(i = 1, 2) (3)

here Hi and Ki are the Henry constant and the Langmuir parame-
er of solute i, respectively. In the following discussion it is assumed
hat component 1 is the less absorbed one, which means that
2 > H1.

The model forms a system of two partial differential equations
nd can be solved analytically both for linear and competitive Lang-
uir isotherm systems. For a comprehensive discussion of the

heory, the interested reader is referred to more detailed works
13–17].

.2. Design specifications
In the following discussion, it is assumed that a binary mixture
s separated into two product fractions so that no waste or recy-
le streams are generated. The less adsorbed component 1 is the
arget constituent in the product fraction A and the more retained
r. A 1230 (2012) 77– 92

component 2 in the product fraction B. The desired purities of the
fractions are kept as design constraints:

pA
1 = mA

1

mA
1 + mA

2

(4)

pB
2 = mB

2

mB
1 + mB

2

(5)

where mj
i
is the amount of component i = (1, 2) in the product frac-

tion j = (A, B).
As an alternative to the use of purities as a design constraint,

the yields of the components in the target fractions can be given.
Because no waste stream is allowed, the purity and yield require-
ments are interchangeable [4]

Y1 = mA
1

mF
1

= pA
1

pF
1

pF
1 + pB

2 − 1

pA
1 + pB

2 − 1
(6)

Y2 = mB
2

mF
2

= pB
2

1 − pF
1

pA
1 − pF

1

pA
1 + pB

2 − 1
(7)

where pF
1 is defined as the purity of component 1 in feed: pF

1 =
cF

1/(cF
1 + cF

2). This means that by specifying any two  of the four
constraints, the remaining two  are also fixed.

3. Principle of bypass operation

The basic principle of the bypass operation strategy of batch
chromatography is illustrated in Fig. 1. During each chromato-
graphic cycle, i.e. injection, a constant amount of fresh feed, VPF,
is introduced to the process. As opposed to the conventional
operation of batch chromatography, only a certain portion of
this stream is fed into the column and separated into two frac-
tions. The rest of the fresh feed bypasses the column, and is
blended with the two  fractions from the column in a certain pro-
portion to match the overall target purity constraints, pA

1 and
pB

2.
The amount of feed injected into the chromatographic column,

Vinj, is chosen such that the purities of both intermediate fractions,
pCA

1 and pCB
2 , satisfy the following requirements: pCA

1 ≥ pA
1 and pCB

2 ≥
pB

2. In other words, Vinj must always be lower than the volume that
can be processed in conventional batch process such that desired
target purities are satisfied.

Examples of typical concentration profiles at column outlet are
shown in Fig. 2 for three different cases. The chromatographic cycle
starts at time tR1 when the first component begins to elute. Between
tR1 and the cut time tcut, the chromatographic fraction CA, which
contains an excess of the less retained component, i.e. 1, is col-
lected. After tcut, the column effluent is directed to fraction CB to
collect the more retained component, i.e. 2, until the chromatogram
is eluted completely at time tE2. Finally, both chromatographic frac-
tions CA and CB are blended with fresh feed to match the actual
purity constraints, pA

1 and pB
2. The fractions bypassed are quantified

by

ˇA = volume of feed bypassed to fraction A
total volume of fresh feed processed

(8)

ˇB = volume of feed bypassed to fraction B
total volume of fresh feed processed

(9)

Note that ˇA + ˇB + Vinj/VPF = 1.
Fig. 3 shows a demonstrative example of the influence of pCA

1

and pCB

2 on different operating and performance parameters of
bypass chromatography. Total fresh feed volume, VPF, injection vol-
ume, Vinj, productivity, PR and specific eluent consumption EC are
expressed as ratio, Rj, between these quantities in bypass and batch
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Vinj

A

B

V PF

Fig. 1. Schematic representation of a bypass process. VPF, total volume of fresh feed to the process; V , injection volume into the column; ˇA bypass ratio to product fraction
A n frac

p
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c
p
f
i
b

F
L

;  ˇB bypass ratio to product fraction B; CA, first column fraction; CB second colum

rocesses. As seen in Fig. 3a, it is not possible to increase the total
mount of fresh feed that can be processed in conventional batch
hromatography by applying bypass. However, the purer the com-
onents are collected from the column, the larger portion of fresh

eed can be bypassed (Fig. 3b) and the smaller the injection volume
s (Fig. 3a). This means that the increase in performance achieved
y using bypass (Fig. 3c) results from the decrease in the injection
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volume (and thus the cycle time) and not from the increase in the
total amount of fresh feed that is introduced to the process during
a chromatographic cycle.

At this point, it should be emphasized that bypass operation can

be implemented without any additional equipment or columns.
The only additional tasks beyond the conventional operation are
splitting of the feed stream into column and bypass fractions and,
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 and fraction collection in bypass batch chromatography. (a) Linear isotherm. (b)
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the fractionation point is located on the mixed wave (Fig. 2b and
Eq. (2.7)). In contrast, for sufficiently low pCB

2 values, the cut point
lies on the injection plateau (Fig. 2c and Eq. (2.12)).  The limit for
these two cases is obtained by integrating the rear part of the chro-

Table 1
Design equations of bypass batch chromatography for linear isotherm. Vcol is column
volume.

pCB(1 + �H )cF − (1 − pCB)(1 + �H )cF
ig. 3. Effect of purities of the column fractions on the operating and performance
he  separation of Tröger’s base enantiomers. Isotherm parameters are given in Sect

fter the separation, blending of the two column fractions with
ypass stream. This makes the strategy attractive for practical pur-
oses.

. Design of bypass chromatography

In this section, a simple design method for single column bypass
hromatography is derived. The task is to find the bypass ratios ˇA

nd ˇB, the volumes VPF and Vinj, and the cut time tcut that lead to
iven product purities, pA

1 and pB
2, when the purities of the column

ractions, pCA
1 and pCB

2 , are specified. The latter can be chosen freely
s long as pCA

1 ≥ pA
1 and pCB

2 ≥ pB
2. Optimization of pCA

1 and pCB
2 is

iscussed later in Section 5.

.1. Calculation of the bypass ratios ˇA and ˇB

A fundamental characteristic of bypass operation is that the
ypass ratios, ˇA and ˇB, can be calculated directly from the puri-
ies of the column fractions without knowing VPF and Vinj. This is
bserved by considering the individual mass balances of the com-
onents. The yield of component 1 can be written with the mass of
he first column fraction, i.e. fraction CA, as follows

1 = ˇAmPF
1 + mCA

1

mPF
1

= ˇA + mCA
1

cF
1VPF

(10a)

nd with the mass of the second column fraction, CB, as follows

1 = ˇAmPF
1 + [(1 − ˇA − ˇB)mPF

1 − mCB
1 ]

mPF
1

= 1 − ˇB − mCB
1

cF
1VPF

(10b)

For the second component, the corresponding equations are

2 = ˇBmPF
2 + [(1 − ˇA − ˇB)mPF

2 − mCA
2 ]

mPF
2

= 1 − ˇA − mCA
2

cF
2VPF

(11a)

2 = ˇBmPF
2 + mCB

2

mPF
2

= ˇB + mCB
2

cF
2VPF

(11b)

The bypass ratio ˇA is obtained by eliminating VPF from Eqs.
10a) and (11a)

A = Y1 − pCA
1 (1 − pF

1)(Y1 + Y2 − 1)

pCA
1 − pF

1

(12)
nd the bypass ratio ˇB by eliminating VPF from Eqs. (10b) and (11b)

B = Y2 − pCB
2 pF

1(Y1 + Y2 − 1)

pCB
2 − (1 − pF

1)
(13)
eters of bypass process relative to that of conventional batch chromatography in
Feed concentrations: cF

1 = cF
2 = 6 g/L. Purity constraints: pA

1 = pB
2 = 0.85.

It should be emphasized that the above equations are obtained
by considering only the mass balances. Further they are func-
tions of the feed composition and the operating requirements, i.e.
purity and yield, only. This means that they are independent of
the isotherm type and, unlike the other results represented in this
work, they are also valid under non-ideal conditions.

It is also worth noting that ˇA and ˇB increase when pCA
1 and

pCB
2 increase, respectively. This is because the purer the column

fractions are collected the more fresh feed can be blended into them
to fulfill the purity constraints, pA

1 and pB
2. The upper limits for the

bypass ratios are ˇA
max = 1 − Y2 and ˇB

max = 1 − Y1. They are reached
when pCA

1 and pCB
2 equal 100%.

4.2. Calculation of VPF, Vinj and tcut

Once the bypass ratios ˇA and ˇB are solved, the next task is to
find VPF, Vinj and tcut that lead to given purities. Complete sets of
design equations are provided for linear isotherm in Table 1 and for
Langmuir isotherm in Table 2.

It is commonly known that for Langmuir and linear isotherms
the shape of the rear part of the chromatogram is independent of
the injection volume. It is only shifted in time by the duration of the
injection, �tinj [8,16].  Based on this observation, the cut time rela-
tive to the end of the injection, �cut = tcut − �tinj, is selected such
that the purity constraint of the column fraction CB is fulfilled.
This is done by integrating the rear part of the chromatogram and
searching for the lower integration limit that satisfies Eq. (14)

pCB
2 =

∫ �E2
�cut

c2d�∫ �E2
�cut

(c1 + c2)d�
(14)

In the case of linear isotherm the cut point is always located
on the injection plateau as shown in Fig. 2a, and is given by Eq.
(1.1). For Langmuir isotherm there exist two options. If pCB

2 is high,
�cut = 2 1 1 2 2 2

pCB
2 cF

1 − (1 − pCB
2 )cF

2

t0 (1.1)

VPF = (1 − ε)(H2 − H1)pB
2cF

1

[pB
2cF

1 − (1 − pB
2)cF

2]Y2
Vcol (1.2)
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Table 2
Design equations of bypass batch chromatography for Langmuir isotherm. Vcol is
column volume. � is an auxiliary parameter. mrear

i
is mass of component i that elutes

from column after the end of the injection plateau.

Slopes of characteristics and corresponding ω-parameters at feed state

	F
+ =

˛ − 1 + ˛K1cF
1 − K2cF

2 +
√

(  ̨ − 1 + ˛K1cF
1 − K2cF

2)2 + 4˛K1K2cF
1cF

2

2˛K1cF
2

(2.1)

	F
− =

˛ − 1 + ˛K1cF
1 − K2cF

2 −
√

(  ̨ − 1 + ˛K1cF
1 − K2cF

2)2 + 4˛K1K2cF
1cF

2

2˛K1cF
2

(2.2)

ωF
1 = H1(˛K1	F

− + K2)

K1	F
− + K2

(2.3)

ωF
2 = H1(˛K1	F

+ + K2)

K1	F
+ + K2

(2.4)

Purity of the second fraction when the cut point is located at the end of the injection
plateau

pCB
2,limitA =

[
1 +

(
pF

1

1 − pF
1

)2
1

˛	F
+

]−1

(2.5)

The  cut point is located on the mixed wave, pCB
2 > pCB

2,limitA

� =
√

1 − pCB
2

pCB
2

1

˛	F
+

(2.6)

�cut = t0 + �ωF
2

H1H2

(
H1 − H2�

1 − �

)2

t0 (2.7)

VPF = (1 − ε)(H2 − H1)(H2 − ωF
2)

K2H2cF
2(Y2 − ˇB)

(
1

1 − �

)2

Vcol (2.8)

The  cut point is located on the injection plateau, pCB
2 ≤ pCB

2,limitA

�P = t0 + �(ωF
1)2

ωF
2

H1H2
t0 (2.9)

mrear
1 = (1 − ε)(ωF

2 − H1)(H1 − ωF
1)2

K1H1(H2 − H1)
Vcol (2.10)

mrear
2 = (1 − ε)(H2 − ωF

2)(H2 − ωF
1)2

K2H2(H2 − H1)
Vcol (2.11)

�cut = �P − mrear
2 − [pCB

2 /(1 − pCB
2 )]mrear

1

[pCB
2 /(1 − pCB

2 )]cF
1 − cF

2

1
Q

(2.12)

m
e

p

u
t
V

V

w
o
T
c
i
T

o
t

V

VPF = (�P − �cut)cF
2Q + mrear

2

cF
2(Y2 − ˇB)

(2.13)

atogram from the end of the injection plateau �P to the end of the
lution profile of the second component �E2

CB
2,limitA =

∫ �E2
�P

c2d�∫ �E2
�P

(c1 + c2)d�
(15)

Once the cut time �cut is obtained, also the amount of the col-
mn fraction B is known. The volume of fresh feed is solved from
he mass balance of the component 2. The resulting expression for
PF is given by

PF =
Q

∫ �E2
�cut

c2d�

cF
2(Y2 − ˇB)

(16)

here Q is flow rate. It is interesting to note that ˇB and VPF

btained from Eqs. (13) and (16) are independent of pCA
1 and Vinj.

his means that specification of pCB
2 together with the overall purity

onstraints, pA
1 and pB

2, determines how much fresh feed can be
ntroduced to the whole process during a chromatographic cycle.
his is a very important characteristic of bypass operation mode.

The final step of the design procedure is to calculate the portion

f the fresh feed that is injected to the column. It is obtained from
he global mass balance around the feed node

inj = �tinjQ = (1 − ˇA − ˇB)VPF (17)
r. A 1230 (2012) 77– 92 81

4.3. Robustness of bypass operation

The process robustness, i.e. the sensitivity of the process against
different disturbances, is an important issue related to all chro-
matographic separations. For example, even minor variations in
fresh feed concentrations and flow rate affect the product qual-
ity when fraction collection is based on predetermined cut times.
In bypass operation, this problem can be partly eliminated by
determining the composition of the column fractions before blend-
ing them with the fresh feed. The amount of bypass can thus be
adjusted to fulfill the purity constraints. This makes the bypass
strategy more robust compared to conventional operation of sin-
gle column batch chromatography. Moreover, if robustness is a
major concern and the target purities are relatively high, Vinj
can be decreased below its optimal value (see next section) to
achieve clear baseline separation. This gives some safety margin
for the cut time but naturally decreases the productivity to some
extent.

5. Optimization of operating parameters of bypass
chromatography

As usual in designing separation processes, it is important to
optimize the operating parameters so that maximum process per-
formance is achieved. In this case, these are the purities of the
column fractions, pCA

1 and pCB
2 . Because the linear and the Lang-

muir isotherm systems have differences with respect to the optimal
operating parameters, these two  cases are treated separately: first
the linear case in Section 5.1 and then the Langmuir case in Section
5.2.

In the following discussion, the process performance is evalu-
ated in terms of productivity and specific eluent consumption. The
productivity is defined as the amount of feed per the cycle time

PR = mA
tot + mB

tot
�tcycle

= cF
totV

PF

�tcycle
(18)

where cF
tot = cF

1 + cF
2 is the total feed concentration. The specific elu-

ent consumption is given by the ratio between the amount of eluent
used in a chromatographic cycle, Veluent, and the amount of feed

EC = Veluent

mA
tot + mB

tot

= (�tcycle − �tinj)Q

cF
totV

PF
(19)

When calculating the cycle time, it is assumed that the process
is operated with “stacked injections” so that the chromatograms of
consecutive injections do not overlap but there is no gap between
them either. In this case, the cycle time is

�tcycle = tE2 − tR1 (20)

It is worth noting that, in the case of reduced purity constraints,
it is also possible to operate batch chromatography such that the
consecutive injections do overlap. As shown in Appendix A, this
kind of operation does not affect the process performance, and
hence the conclusions of this optimization study for linear isotherm
systems. As to Langmuir isotherm systems, this aspect was  not
investigated here because there are no analytical equations avail-
able to calculate the elution profiles of overlapping cycles.

Finally, it should be noted again that this work is limited to

binary separations without a waste stream. For this reason, the pro-
ductivities and the specific eluent consumptions of the individual
components are proportional to the values obtained by Eqs. (18)
and (19).
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.1. Optimization of operating parameters for linear isotherm
ystems

In the case of linear isotherm systems, the mixed zone of the
hromatogram consists only of the feed plateau. For this reason,
PF is always independent of both pCA

1 and pCB
2 as seen in Eq. (1.2).

n fact, it is possible to process exactly the same amount of fresh
eed per cycle by using bypass and conventional operation modes.
his amount depends only on the isotherm parameters, feed com-
osition and the purity constraints.

Because VPF is independent of the purities of the column frac-
ions, the optimization procedure for linear isotherm system under
deal conditions is very straightforward. To maximize the produc-
ivity of bypass operation, the cycle time must be minimized. In
ractice, this means that the process is operated with touching
ands, and the purities of both the column fractions are 100%.
his is understood by considering that generation of mixed frac-
ion in the column always increases cycle time, and thus decreases
roductivity.

As to the specific eluent consumption, it is independent of the
ypass ratios. This is because in the case of linear isotherm the injec-
ion width does not affect tR1 while the derivative tE2 with respect
o �tinj is always equal to unity. The derivative ∂�tcycle/∂�tinj is
hus also unity which yields

∂EC

∂�tinj
= Q

cF
totV

PF

(
∂�tcycle

∂�tinj
− 1

)
= 0 (21)

.2. Optimization of operating parameters for Langmuir isotherm
ystems

.2.1. Optimization of pCA
1

In the case of Langmuir isotherm systems, VPF depends on pCB
2

nly, while it is independent of pCA
1 and Vinj as mentioned in Section

.2. For this reason, pCA
1 affects the productivity and the specific

luent consumption through the injection width and the cycle time
nly. Based on these observations, it will be shown shortly that the
ptimal pCA

1 is independent of pCB
2 . Subsequently, optimization of

CB
2 for a certain pCA

1 will be discussed.
When pCB

2 , and thus also VPF, is constant, the injection width
ecreases with increasing pCA

1 . This is observed by substituting ˇA

rom Eq. (12) into Eq. (17) and differentiating the resulting equation
ith respect to pCA

1

∂�tinj

∂pCA
1

∣∣∣∣
pCB

2

= −VPF

Q

pF
1(1 − pF

1)(Y1 + Y2 − 1)

(pCA
1 − pF

1)
2

< 0 (22)

In addition, it has recently been shown that the derivative of
tcycle with respect to �tinj is always at least unity [17]

∂�tcycle

∂�tinj
= ∂(�E2 + �tinj − tR1)

∂�tinj
= 1 − ∂tR1

∂�tinj
≥ 1 (23)

The equality sign refers to large injections where the first com-
onent plateau is not eroded during elution and the first shock
ropagates with constant velocity. For small injections, the first
lateau erodes completely and the height of the shock decreases.

n this case, the velocity of the shock decreases and tR1 increases
ith decreasing injection width.

By using Eqs. (22) and (23) together with the definition of
roductivity, Eq. (18), it is observed that the cycle time always
ecreases, and thus the productivity always increases, with increas-

CA
ng p1 , i.e.

∂PR

∂pCA
1

∣∣∣∣
pCB

2

= − cF
totV

PF(∂�tcycle/∂�tinj)(∂�tinj/∂pCA
1 )

(�tcycle)2
> 0 (24)
r. A 1230 (2012) 77– 92

This means that the maximum productivity is always obtained
when pCA

1 is as high as possible, i.e. pCA
1 = 100%.

For the evaluation of specific eluent consumption Eq. (19) is dif-
ferentiated with respect to �tinj. Again, for large injections the first
component plateau prevails and EC is independent of the injection
width. In the case of small injections, an increase in EC is expected
because ∂�tcycle/∂�tinj is greater than unity

∂EC

∂�tinj
= Q

cF
totV

PF

(
∂�tcycle

∂�tinj
− 1

)
≥ 0 (25)

By applying the chain rule to Eqs. (22) and (25) it is observed that
EC decreases monotonically or remains constant with increasing
pCA

1

∂EC

∂pCA
1

∣∣∣∣
pCB

2

≤ 0 (26)

As seen from Eqs. (24) and (26), both maximum productivity and
minimum specific eluent consumption are always obtained when
the maximum pCA

1 is chosen, i.e. when pCA
1 = 100%. This stems from

the fact that the local purity of the first component in the mixed
wave is always lower than that in the feed. Therefore, it is more
beneficial to collect the column fraction CA at 100% purity and blend
it with fresh feed outside the column instead of collecting part of the
mixed wave to the product fraction A. The corresponding optimal
bypass ratio is ˇA = 1 − Y2, where Y2 can be calculated from the
purity constraints as shown in Eq. (7).  The cut time is in that case
equal to the retention time of the second shock.

5.2.2. Optimization of pCB
2

Now that the optimal purity of the first column fraction is known
to be pCA

1 = 100%, the second task is to optimize pCB
2 . For this pur-

pose, the dependency of Vinj, �tcycle and VPF on pCB
2 is first discussed.

This allows analyzing its influence on the productivity and eluent
consumption.

When pCB
2 increases, the cut time �cut moves towards the end

of the chromatogram and the mass in the column fraction CB
decreases. At the same time, the injection width decreases since
it is directly proportional to mCB

2 (column fraction CA contains no
component 2 when pCA

1 = 100%)

∂�tinj

∂pCB
2

∣∣∣∣
pCA

1
=100%

< 0 (27)

Therefore, also the cycle time decreases with increasing pCB
2 , as

seen by applying the chain rule to Eqs. (23) and (27)

∂�tcycle

∂pCB
2

∣∣∣∣
pCA

1
=100%

< 0 (28)

The derivative of VPF with respect to pCB
2 depends on the loca-

tion of the cut point. For relatively high pCB
2 values (pCB

2 > pCB
2,limitA)

the cut point lies on the mixed wave and VPF decreases when pCB
2

increases as seen by differentiating Eq. (2.8)

∂VPF

∂pCB
2

∣∣∣∣
pCA

1
=100%

< 0 (29)

In contrast, for low pCB
2 values (pCB

2 ≤ pCB
2,limitA), the cut point

is located on the injection plateau and VPF is independent of pCB
2 .

This is observed by eliminating ˇB from Eqs. (10b) and (11b) which

yields

VPF =
∫ �E2

�P
c2d� − ((1 − pF

1)/pF
1)

∫ �E2
�P

c1d�

(Y1 + Y2 − 1)cF
2

Q (30)
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Table 3
Equations for solving pCB

2 that lead to maximum productivity in bypass operation for Langmuir isotherm. The derivative ∂PR/∂pCB
2 is not defined when pCB

2 = pCB
2,limitA

or

pCB
2 = pCB

2,limitB
. There are no zero points of the derivative ∂PR/∂pCB

2 when pCB
2 < pCB

2,limitA
. Vcol is column volume. 
 and � are auxiliary parameters. Lf,i is loading factor of

component i.

Maximum injection volume for which the first plateau is eroded completely and corresponding pCB
2

Vinj = (1 − ε)(H2 − ωF
1)(H1 − ωF

1)ωF
1ωF

2

H1H2(ωF
2 − ωF

1)
Vcol (3.1)

pCB
2,limitB =

⎧⎪⎨
⎪⎩1 +

H2K2(ωF
2 − H1)(ωF

2 − ωF
1)

[
H1 − H2 + (H2 − ωF

1)
√

(H1 − ωF
1)/(ωF

2 − ωF
1)

]2

H1K1(H1 − ωF
1)(H2 − ωF

2)(H2 − ωF
1)2

⎫⎪⎬
⎪⎭

−1

(3.2)

The  zero point of the derivative ∂PR/∂pCB
2 when the first plateau is not eroded and the cut point is located on the mixed wave, pCB

2,limitA
< pCB

2 < pCB
2,limitB


 = H2 + H1

2
+ H1H2(H2 − ωF

1)

2ωF
1ωF

2

(3.3)

�  = H1H2

(
H2 − ωF

1

ωF
2

+ 1

)
(3.4)

Vinj = (1 − ε)(H2 − ωF
2)

K2H2cF
2(H2 − H1)

(
H2 − 
 +

√

2 − �

)2

Vcol (3.5)

pCB
2 =

[
1 + (1 − ε)(ωF

2 − H1)

K1H1cF
2(H2 − H1)

Vcol

Vinj

(
H1 − 
 +

√

2 − �

)2
]−1

(3.6)

The  zero point of the derivative ∂PR/∂pCB
2 when the first plateau is eroded, pCB

2 > pCB
2,limitB

Vinj = (1 − ε)

[
K1H1cF

1

(H1 − ωS
1)

2
+ K2H2cF

2

(H2 − ωS
1)

2

]−1

Vcol (3.7)

Lf,i =
KicF

i
Vinj

(1 − ε)HiVcol
(3.8)

mCA
1 = cF

1Vinj − (1 − ε)(ωF
2 − H1)

H1K1(H2 − H1)

(
H1 − H2 +

√
H1H2(H2 − ωF

1)

ωF
1ωF

2(1 − ε)

Vinj

Vcol

)2

Vcol (3.9)

∂mCA
1

∂Vinj
= cF

1 − H2(H2 − ωF
1)(ωF

2 − H1)

K1ωF
1ωF

2(H2 − H1)
+ �(ωF

2 − H1)

H1K1

√
εH1H2(H2 − ωF

1)

�ωF
1ωF

2

Vcol

Vinj
(3.10)

�tcycle = �H1

[
 ̨ −

(
ωS

1

H1

)2

+ Lf,2
 ̨ − 1
˛

(
˛ωS

1

H2 − ωS
1

)2
]

t0 (3.11)

∂�tcycle

∂Vinj
= �H1t0

Vinj

[
(ωS

1/H1)
4 − Lf,2((  ̨ − 1)/˛)(ωS

1/H1)(˛ωS
1/(H2 − ωS

1))
3

Lf,1(ωS
1/(H1 − ωS

1))
3 + (Lf,2/˛)(˛ωS

1/(H2 − ωS
1))

3
+ Lf,2

 ̨ − 1
˛

(
˛ωS

1

H2 − ωS
1

)2
]

(3.12)

∂mCA
1

∂Vinj
�tcycle − ∂�tcycle

∂Vinj
mCA

1 = 0 (3.13)

p
s

n
i
r
c
p
i
A
T
t
w
o
s
s
r
t

w
t

pCB
2 = cF

2

cF
1 + cF

2 − (mCA
1 /Vinj)

According to Eq. (29), the highest amount of fresh feed is
rocessed when the purity constraint of fraction CB is as low as pos-
ible. For successful bypass operation, the lower limit is pCB

2 = pB
2.

As seen from Eqs. (29) and (28), both VPF and �tcycle (i.e. the
umerator and the denominator of the definition of the productiv-

ty, Eq. (18)) decrease or remain constant when pCB
2 increase. For this

eason, to find pCB
2 that leads to maximum productivity one must

alculate PR at the zero points of the derivative ∂PR/∂pCB
2 , at the

oints where ∂PR/∂pCB
2 is not defined, and at the boundaries of the

nterval pB
2 − 100%. The correct pCB

2 is the one giving the largest PR.
nalytical equations for the zero points of the derivative are given in
able 3. The calculations must be done in two steps because tR1 (and
hus �tcycle) is evaluated from different expressions depending on
hether the first component plateau is eroded or not. In the case

f large injections, the first plateau prevails and an explicit expres-
ion for the zero point of the derivative is given by Eq. (3.6). For
mall injections, the first plateau erodes completely and Eq. (3.13)
emains implicit with respect to the characteristic parameter ωS

1

hat corresponds to the height of the first shock.

It is worth noting that maximum productivity is never obtained
hen tcut is located on the injection plateau. This is because on

his region VPF is independent of pCB
2 while �tcycle increases with
(3.14)

increasing �tinj and decreasing pCB
2 . Maximum PR is thus always

obtained when pCB
2 ≥ pCB

2,limitA.
It is also interesting to note that the roots of the derivative

∂PR/∂pCB
2 are independent of pA

1 and pB
2. As will be seen later in Sec-

tion 7.1,  maximum PR is achieved at the zero point of the derivative
as far as corresponding pCB

2 is larger than pB
2. In contrast, when pCB

2 at
the zero point of the derivative is smaller than pB

2, it is not possible
to operate bypass with that pCB

2 value, and maximum PR is obtained
at the boundary of the operation region, i.e. pCB

2 = pB
2.

To evaluate the effect of pCB
2 on the eluent consumption, the

numerator of Eq. (19) is differentiated. Again, for large injections
(low pCB

2 ) the first plateau prevails, ∂tR1/∂�tinj = 0 and Veluent is
constant. In the case of small injections (high pCB

2 ), ∂tR1/∂�tinj < 0
and Veluent decreases with increasing pCB

2

∂Veluent

∂pCB
2

∣∣∣∣
pCA

1
=100%

= Q

(
∂�tcycle

∂�tinj
− 1

)
∂�tinj

∂pCB
2

∣∣∣∣
pCA

1
=100%

≤ 0 (31)
Since both Veluent and VPF decrease or remain constant when pCB
2

increases, pCB
2 corresponding to minimum EC must be calculated

by using a similar approach than was  applied for the maximum
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roductivity. As will be seen later in Section 7, the maximum pro-
uctivity and minimum specific eluent consumption are not always
btained with same value of pCB

2 .

.3. Validation of the optimization procedure

To validate the optimization procedure, the results of opti-
ization equations were compared with detailed simulations. The

omparison was performed by applying both linear and Langmuir
sotherm models, low and high purity constraints (0.6–0.99), as

ell as small and large separation factors (1.1–3.0) such that all
ases mentioned in Sections 5.1 and 5.2 were covered.

In the simulation study, pCA
1 and pCB

2 that lead to maximum PR
nd minimum EC were searched by varying Vinj and tcut such that
CA
1 ≥ pA

1 and pCB
2 ≥ pB

2. For each combination of Vinj and tcut values,
he chromatogram was first simulated by using the analytical solu-
ion of the ideal model [13,17]. The purities of the column fractions,
CA
1 and pCB

2 , the bypass ratios, ˇA and ˇB, and further the perfor-
ance parameters, PR and EC,  were then calculated by integrating
he chromatogram numerically.
The results of the optimization equations and the simulation

tudy showed a fully agreement. In all cases, the optimal values of
CA
1 and pCB

2 were equal with accuracy of four decimals.
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6. Potential extensions of the method

The above discussion was  limited to systems that can be
described with Langmuir or linear isotherm models. However, most
of the conclusions made in Sections 4 and 5 can be extended also to
other isotherm systems. As already mentioned above, the bypass
ratios (Eqs. (12) and (13)) depend only on pCA

1 and pCB
2 and are inde-

pendent of the isotherm type. Moreover, the design method derived
in Section 4.2 is generally valid for favorable, i.e. convex-upward,
isotherms under ideal conditions as far as the rear part of the chro-
matogram is independent of injection width. Unfortunately, there
is no analytic solution of the ideal model available for other favor-
able isotherms. For this reason, it is not possible to derive analytic
design equations either.

By applying similar approach as in the case of Langmuir
isotherm, it is possible to show that optimal pCA

1 is always 100%
also for other favorable isotherm systems. The only requirement is
that the cycle time increases with increasing injection width and
that the initial slope of the isotherm is finite. The latter constraint

excludes for example the Freundlich isotherm because the duration
of the chromatographic cycle is infinite and 100% purity cannot be
achieved because chromatograms from consecutive injections are
always overlapping.
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For unfavorable isotherm systems (i.e. convex-downward), such
s the anti-Langmuir isotherm, an analogous but opposite approach
an be used. In such cases the front of the isotherm is independent of
he injection width. The cut time is obtained by searching the point
here the purity constraint of the column fraction CA is satisfied.

inally, the injection width is solved from the global mass balance
f the first component.

. Demonstration of process performance under ideal
onditions

The design method presented above was applied to compare the
erformances of the bypass and conventional operation strategies.

n particular, the effects of purity constraints, feed composition,
otal feed concentration, and the separation factor on the produc-
ivity and the specific eluent consumption are considered.

In the performance evaluation, the separation of Tröger’s base
nantiomers was used as a model case. As reported by Amanullah
nd Mazzotti [5],  the adsorption equilibrium of these enantiomers

n ethanol on microcrystalline cellulose triacetate can be charac-
erized by competitive Langmuir isotherm model. The isotherm
arameters for the less absorbed enantiomer, (−)-TB, are K1 = 0.065
nd H1 = 2.18 and for the more adsorbed enantiomer, (+)-TB,
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K2 = 0.39 and H2 = 6.45 [5,18].  The overall void fraction of the col-
umn is 0.59 [5].

7.1. Effect of purity constraints on the process performance

Since the bypass strategy can be applied only under reduced
purity constraints, it is interesting to investigate the effects of pA

1
and pB

2 on the performance of bypass operation. This was  done by
using two optimization scenarios. Fig. 4 contains a comparison of
bypass and conventional strategies when pCA

1 and pCB
2 in bypass

process are optimized to maximize productivity. In Fig. 5, a cor-
responding comparison is provided when the bypass strategy is
primarily optimized to minimize specific eluent consumption and
then, if same eluent consumption is obtained with different pCA

1 and
pCB

2 values, to maximize productivity.
It is observed in Fig. 4a that the productivity of bypass process is

always higher than that of conventional batch chromatography. In
addition, the benefit of bypass is the higher the lower the purity
constraints are. This is reasonable, because for low purity con-

straints only a small portion of fresh feed needs to be purified in the
column while the bypass fractions are relatively large (Fig. 4d). The
increase in productivity achieved by using bypass results always
from the decrease in the cycle time and never from the increase
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n the total amount of fresh feed that can be processed per cycle
Fig. 4b).

The increase in PR,  obtained when pCA
1 and pCB

2 are optimized
ith respect to productivity, is associated with only a small, if

ny, increase in EC (Fig. 4a). For example, when pA
1 = pB

2 = 0.8, the
roductivity of the bypass process is 8.4% but the specific eluent
onsumption only 0.7% higher than those of conventional batch
rocess. This behavior originates from two causes. Firstly, the oper-
ting parameters for which the maximum PR and the minimum EC
n the bypass process are obtained differ only slightly from each
ther (in fact, in both cases pCA

1 is always 100%). Secondly, the effects
f pCA

1 and pCB
2 on EC are relatively small.

When pCA
1 and pCB

2 are optimized with respect to the specific
luent consumption, the EC of bypass strategy is equal to that of
onventional batch process. However, this result is not universally
alid. As will be shown later, in the cases of difficult separations
here the injection volumes are small, bypass operation outper-

orms conventional batch chromatography also in terms of eluent
onsumption. In addition, it is observed in Fig. 5a that, when the
ypass is optimized with respect to EC,  it still achieves significantly

igher productivity than the conventional batch process.

To obtain maximum productivity and minimum eluent con-
umption, the column fraction CA must always be collected at
00% purity, as was shown in Section 5.2.1. This stems from
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the competitive nature of the phase equilibrium. Due to the
displacement effect, it is relatively easy to purify a large amount
of first component to 100% purity. Moreover, the local purity of
the first component in the mixed wave is always lower than that
in the feed. For these reasons, it is optimal to collect the column
fraction CA at 100% purity and to employ bypass strategy instead
of collecting part of the mixed wave to the product fraction A.

It is observed in Figs. 4c and 5c that the optimal pCB
2 is indepen-

dent of the purity constraint pA
1 . Depending on the value of pB

2 there
exist two  regions. For high pB

2 values, i.e. over 89% when pCA
1 and

pCB
2 are optimized with respect to PR (Fig. 4c) and over 85% when

pCA
1 and pCB

2 are optimized with respect to EC (Fig. 5c), it is advanta-
geous to collect the second component from the column such that
pCB

2 = pB
2 and ˇB = 0 (boundary of the operation region, see Section

5.2.2). In contrast, when pB
2 is sufficiently low, highest performance

is achieved when some fresh feed is blended into the product frac-
tion B as well (zero point of the derivative, see Section 5.2.2). In the
latter case, the optimal pCB

2 is independent of both pA
1 and pB

2.

7.2. Effect of feed composition on the process performance
Fig. 6 shows the influence of the feed composition on the per-
formance of bypass operation when it is optimized with respect
to productivity. The ratio of feed concentrations, cF

1/cF
2, is varied
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rom 1:3 to 3:1, while the total feed concentration is kept constant
t 12 g/L. The purity constraints of both product fractions are set
qual to 0.8.

As seen in Fig. 6a, the productivity of the bypass process com-
ared with that of conventional chromatography is the higher the
ore the feed composition differs from 1:1. In fact, the productivity

f bypass process tends towards infinity when pF
1 increases towards

A
1 or when pF

2 increases towards pB
2. This is understood by consid-

ring that both for conventional and bypass processes VPF increases
apidly when the feed composition approaches one or the other of
he purity constraints. In the case of conventional chromatography,
owever, also the cycle time increases significantly because all the

eed is injected into the column. In contrast, when the bypass strat-
gy is applied, most of the feed bypasses the column and thus Vinj
nd �tcycle are almost independent of the feed composition.

The operating parameters for which maximum productivity is
btained are shown in Fig. 6c and d. The purity pCA

1 is again always
00% and the bypass ratio ˇA is 1 − Y2. In contrast, optimal pCB

2
quals pB

2 when the first component is in large excess, and increases
ith increasing pF

2. This is because only a small increase in the purity

f the second component is needed in the case of high pF

2 values.
owever, it is worth noting that the second component should
ever be collected from the column at 100% purity, even if pF

2 is
lose to pB

2.
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7.3. Effect of total feed concentration on the process performance

The total feed concentration is an important operating param-
eter in many practical applications since it can be easily modified,
for example by evaporating some of the solvent from the feed solu-
tion. The total feed concentration increases while the ratio of the
individual feed concentrations cF

1/cF
2 remains constant. At the same

time, the competitive nature of the phase equilibrium increases, i.e.
the separation is carried out under more non-linear conditions. To
study the influence of cF

tot on the performance of bypass operation
cF

tot was varied between 1 and 50 g/L. In reality, the solubility of
Tröger’s base enantiomers in ethanol is about 18 g/L [19] so all the
values beyond that are hypothetical.

Fig. 7 shows the effect of cF
tot on the performance of bypass oper-

ation when maximum productivity is desired. As seen in Fig. 7a, the
productivity of bypass operation relative to that of conventional
batch chromatography decreases when the total feed concentra-
tion increases. This can be explained as follows. The higher cF

tot is,
the smaller portion of the fresh feed can be bypassed and blended to
the product fraction B (see the ˇB-line in Fig. 7d) and, consequently,

the smaller are the differences between the injection volumes (and
cycle times) of the two  process options (Fig. 7b). In fact, when the
feed concentrations tend towards zero, the phase equilibrium tends
towards linear conditions, and the purity of the column fraction CB
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ends towards 100% (Fig. 7c). This is congruent with the finding for
inear isotherm systems shown in Section 5.1.

As to the specific eluent consumption, it increases slightly when
ypass is applied in the concentration range below 40 g/L (Fig. 7a).

n contrast, for high concentrations (cF
tot > 40 g/L) the maximum

roductivity and minimum eluent consumption of the bypass pro-
ess are obtained with same operating parameters (pCA

1 = 100% and
CB
2 = pB

2), and EC of the bypass strategy is equal to that of a con-
entional batch process.

.4. Effect of separation factor on the process performance

The separation factor has a strong influence on process perfor-
ance in preparative chromatographic separations. To investigate

he effect of  ̨ on the choice of the optimal operation strategy, the
angmuir parameter of the more adsorbed enantiomer (+)-TB, K2,
as varied from 0.14 to 0.50 while K1, N1 = H1/K1, and N2 = H2/K2,
ith Ni being the stationary phase saturation capacity of solute i,
ere kept the same as above. The simulation results are displayed
n Figs. 8 and 9. Fig. 8 presents the case where pCA
1 and pCB

2 are
ptimized with respect to PR and Fig. 9 the case where they are opti-
ized primarily with respect to EC and secondarily with respect to

R.
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As to the behavior of the bypass process, there exist four regions
for the separation factor. For difficult separations,  ̨ < 1.64 in this
case, PR of bypass process over to that of conventional process
increases when the separation factor decreases (solid line in Fig. 8a).
At the same time, EC of bypass process over that of conven-
tional process decreases and is less than unity (dashed line in
Figs. 8a and 9a).  In addition, the maximum PR and the minimum EC
of bypass process are obtained with the same operating param-
eters: pCA

1 = 100% and pCB
2 = pB

2. This behavior is understood by
considering that for difficult separations the injection volumes are
so small that the first component plateau erodes completely during
elution. In that case, the decrease in the injection volume obtained
by using the bypass option has a strong effect on the cycle time, and
thus on PR and EC,  because ∂�tcycle/∂�tinj > 1 (see Eq. (23)). The
phenomenon becomes more pronounced when the separation fac-
tor decreases. The greatest benefit of the bypass mode is obtained
when  ̨ is close to unity.

In the region 1.64 <  ̨ < 1.84, maximum PR and minimum EC of
the bypass process are again obtained with pCA

1 = 100% and pCB
2 = pB

2
(Figs. 8c and 9c). However, the separation is now easier than in

the previous case. It is possible to use larger injection volumes,
and the first component plateau prevails during elution also when
bypass is applied. The effect of the injection width on the cycle
time is now lower than with  ̨ < 1.64 because ∂�tcycle/∂�tinj = 1
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ame  isotherm parameters as in the separation of Tröger’s base enantiomers excep

see Eq. (23)). For this reason, PR of bypass strategy relative to that
f conventional batch process begins to increase with increasing ˛
hile EC of bypass strategy is equal to that of conventional process

Figs. 8a and 9a).
When pCB

2 is optimized with respect to productivity (Fig. 8d)
nd the separation factor is increased further, the separation task
ecomes so easy that some bypass can be added also to the product
raction B. This increases the performance of the bypass option. As
een in Fig. 8a and d, higher bypass ratios ˇB can be used with large
eparation factors, and the bypass process has higher productivity
han the conventional mode. On the other hand, the increase in PR
s counter-balanced by a small increase in EC.

In the last of the four regions, where  ̨ > 2.39, some bypass can
e added to product fraction B also when minimum EC is desired
Fig. 9d). In that case, the bypass option is optimized primarily with
espect to EC and secondarily with respect to PR.  This is because
inimum EC is obtained when Vinj is so large that the injection

lateau prevails and the cut point is located on it. The eluent con-
umption is then independent of pCB

2 for low pCB
2 values (see Eqs.

30) and (31)). To maximize the process performance, productiv-

ty must be maximized with minimum eluent consumption. This
s achieved by choosing Vinj and the corresponding pCB

2 such that
he injection plateau is just eroded during elution (dashed line in
ig. 9c).
1 2
 (see text). Feed concentrations: cF

1 = cF
2 = 6 g/L. Purity constraints: pA

1 = pB
2 = 0.8.

 varied from 0.14 to 0.50.

8. Applicability of the design method under non-ideal
conditions

To demonstrate the applicability of the equilibrium theory based
approach to design real chromatographic separations (that involve
dispersive effects due to mass-transfer resistances, axial dispersion,
etc.) numerical simulations were carried out by using the solid film
linear driving force model (for more details see, e.g. [1]). The sepa-
ration of Tröger’s base enantiomers was again used as a model case.
The simulation parameters and corresponding column efficiencies
are reported in Table 4.

In the numerical simulations, the cycle time was calculated as
the difference between the times when the concentration of the
first component at the band front and the concentration of the
second component at the band tail are equal to 6 × 10−3 g/L. The
operating parameters that lead to maximum productivity for given
purity constraints were solved by using Matlab’s optimization tools.
The bypass process was optimized on two levels. At the lower level,
the cut time corresponding to maximum productivity with given
injection volume was  searched. This algorithm was  then used as

a subroutine for the upper level, where the injection width was
optimized by using the single-variable solver fminbnd. The perfor-
mance of conventional batch chromatography, where both purity
constraints are satisfied without waste streams, was calculated as a
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Table  4
Parameter values and column efficiencies for the model systems used in numerical simulations. Numbers of theoretical stages for individual components have been calculated
under  linear conditions.

Parameter Set A Set B Unit

Feed concentrations, cF
1 and cF

2 6 6 g/L
Column length, Lcol 50 50 cm
Column diameter, Dcol 5 5 cm
Total  void fraction of the bed, ε 0.59 0.59
Particle diameter (spherical), dp 0.02 0.05 cm
Intraparticle diffusion coefficients, Dp,1 and Dp,2 60 × 10−6 60 × 10−6 cm2/min
Axial  dispersion coefficients, Dax,1 and Dax,2 4.8 × 10−3 4.8 × 10−3 cm2/min

0
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r
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Flow  rate, Q 1
Number of theoretical stages for component 1, NTP1 8
Number of theoretical stages for component 2, NTP2 1

eference. In that case, the injection volume was searched by using
he fzero function.

The effect of the column efficiency on the performance of bypass
peration is shown in Fig. 10.  The results obtained with the ideal
odel and the numerical simulations show similar trends. It is

bserved in Fig. 10a  that the productivity of bypass operation rel-

tive to that of conventional batch chromatography is the higher
he more efficient the column is. With this respect, the ideal model
rovides an upper limit for the superiority of the bypass strategy.
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This is obvious by considering that the more efficient the column,
the easier it is to separate the components to high purities and to
benefit from the bypass operation.

The component 1 must be collected from the column at higher
purity than the second component also under non-ideal conditions.
This stems from the displacement effect as explained in Section

7.1. As seen in Fig. 10c, pA

1 is almost independent of the final purity
requirements and in fact close to 100%. In contrast, pCB

2 is equal
to pB

2 when the purity constraints are relatively high. For low pB
2
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alues, some fresh feed can be bypassed also to the product frac-
ion B (Fig. 10d). This is congruent with the findings based on the
quilibrium theory in Section 7.1.

. Conclusion

The possibility to apply the bypass mode of batch chromatog-
aphy was investigated theoretically for the first time. A simple
esign method was derived by using the equilibrium theory for
ystems that can be described by linear or Langmuir isotherms. The
pproach allows direct prediction of the total amount of fresh feed
hat can be introduced to the process during a chromatographic
ycle, the injection volume to the column, the sizes of the bypass
ractions, as well as the relevant cut times.

The benefits of the bypass strategy are somewhat counterintu-
tive because the solution injected to the column has to be purified
eyond the final purity, and its entropy thus decreased below that of
he final product. However, it should be borne in mind that the fresh
eed is split into two portions: one is purified in the column into two
roduct fractions (and undergoes entropy decrease) and the other

s “bypassed” (no entropy change). Finally, the bypassed fraction
s mixed with the two column fractions (increase in entropy), but
his requires no work. The excessive work to decrease the entropy
elow the final level is thus applied to a part of the fresh feed
nly.

Theoretical analysis of the bypass strategy revealed that, in
he case of Langmuir isotherm and ideal conditions, the less
etained component must always be collected from column at
00% purity to obtain maximum productivity and minimum elu-
nt consumption. In contrast, the optimal purity of the second
olumn fraction depends on the purity constraint of the more
etained component, and is typically less than 100%. In the case
f linear isotherms, the maximum productivity is obtained when
he bypass process is operated with touching bands. The spe-
ific eluent consumption is independent of the purities of the
olumn fractions and equals that of conventional batch chromatog-
aphy.

The design methods developed here were used to compare
ypass strategy with the conventional operation. It was shown that
hen the operating parameters are optimized to maximize pro-
uctivity, bypass operation always outperforms conventional batch
hromatography in terms of productivity with only a small, if any,
ncrease in specific eluent consumption. This is due to decreased
ycle time in bypass operation. When minimum eluent consump-
ion is desired, the bypass process still achieves higher productivity
hile its eluent consumption is not higher than that of conventional

hromatography.
A short demonstration of the design method for finite efficiency

ystems was given. The results obtained by ideal model and numer-
cal simulations showed similar trends. In addition, it was shown
hat the ideal model provides an upper limit for the increase in pro-
uctivity if the bypass mode is chosen instead of the conventional
rocess.

The bypass operation can be implemented without any addi-
ional equipments or columns. In addition, the bypass strategy is

ore robust than conventional process because the product puri-
ies can be adjusted outside the column by controlling the amount
f bypass. These features make the strategy attractive for practical
urposes.
cknowledgements

Financial support from Academy of Finland (grant No. 252688)
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Appendix A.

In this appendix, it is shown that allowing the chromatograms
of consecutive injections to overlap does not affect the perfor-
mance of conventional batch chromatography in the case of linear
isotherms under ideal conditions. In other words, productivity and
eluent consumption of the process are independent of the degree of
overlapping between cycles as far as no waste streams are allowed.

When batch chromatography is operated such that the consec-
utive injections are allowed to overlap, the injection volume can be
chosen freely within the following limits

Vmin
inj = (1 − ε)(H2 − H1)Vcol (A.1)

Vmax
inj = (1 − ε)(H2 − H1)pB

2cF
1

[pB
2cF

1 − (1 − pB
2)cF

2]Y2
Vcol (A.2)

The lower limit, Vmin
inj , is equal to the injection volume when

conventional batch mode is operated as “touching bands”. In other
words, complete separation is obtained for each injection but over-
lapping profiles of consecutive injections decreases the product
purities to the desired level. The upper limit, Vmax

inj , corresponds to
operation without overlapping profiles of consecutive injections.

In the case of overlapping injections, the chromatograms show
a repeating pattern that consists of the following four zones: a pure
first component zone, a mixed zone after the pure first component
zone (caused by incomplete resolution of the injection pulse), a
pure second component zone, and a mixed zone after the pure sec-
ond component zone (caused by overlapping between consecutive
injections). The volume of the pure first component fraction, Vpure1,
is given by

Vpure1 = (tn+1
R2 − tn

E2)Q = [n�tcycle + t0(1 + �H2) − (n − 1)�tcycle

− t0(1 + �H2) − �tinj]Q = (�tcycle − �tinj)Q (A.3)

and the volume of the pure second component fraction, Vpure2, by

Vpure2 = (tn+1
R1 − tn

E1)Q = [n�tcycle + t0(1 + �H1) − (n − 1)�tcycle

− t0(1 + �H1) − �tinj]Q = (�tcycle − �tinj)Q (A.4)

where tn+1
Ri

is the beginning of the elution profile of component i
at (n + 1)th cycle, tn

Ei
is the end of the elution profile of component

i at nth cycle, and n is cycle index. The rest of the chromatogram
consists of mixed zones whose total volume is

Vmix = VmixA + VmixB = �tcycleQ − Vpure1 − Vpure2 (A.5)

where VmixA and VmixB are the volumes of mixed fractions that are
collected to product fractions A and B, respectively. The equations
for product purities, Eqs. (4) and (5),  can now be written in form

pA
1 = cF

1(Vpure1 + VmixA)

cF
1(Vpure1 + VmixA) + cF

2VmixA
(A.6)

pB
2 = cF

2(Vpure2 + VmixB)

cF
1VmixB + cF

2(Vpure2 + VmixB)
(A.7)

To obtain the relationship between the injection volume and the
cycle time, Vpure1, Vpure2, VmixA, and VmixB are eliminated from Eqs.
(A.3)–(A.7)
Vinj = Q�tinj = pF
1(1 − pF

1)(pA
1 + pB

2 − 1)

pA
1 [pB

2 − (1 − pF
1)

2
] − pB

2(pF
1)

2
Q�tcycle (A.8)
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By substituting Eq. (A.8) to the definitions of productivity and
luent consumption, Eqs. (18) and (19), the following expressions
re obtained for PR

R = pF
1(1 − pF

1)(pA
1 + pB

2 − 1)

pA
1 [pB

2 − (1 − pF
1)

2
] − pB

2(pF
1)

2
cF

totQ (A.9)

nd for EC

C = (pA
1 − pF

1)(pF
1 + pB

2 − 1)

pF
1(1 − pF

1)(pA
1 + pB

2 − 1)

1
cF

tot

(A.10)

As seen above, both the productivity and the eluent consump-
ion are independent of the injection volume and the cycle time. In
ther words, the performance of single column batch chromatogra-
hy (conventional or bypass mode) cannot be improved by allowing
he chromatograms of consecutive injections to overlap in the case
f linear isotherms.
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