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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

Iés-r:;/‘locrﬁii)matography adsorption isotherms under ideal conditions. The approach allows direct calculation of optimal loading
Bypass and amount of bypass so that arbitrary purity requirements are satisfied without waste streams. It is

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.
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1. Introduction

Preparative chromatographic separations are often designed
with the aim of nearly complete separation of the feed mixture [1].
This is justified in applications within the pharmaceutical and fine
chemical industry where very high product purities are demanded.
However, there exist several practical applications where products
with much lower purity are required, for example in the produc-
tion of sweeteners [2] and agrochemicals [3]. Moreover, combining
chromatography with complementary separation process, such as
crystallization, provides the possibility to enhance the process per-
formance [4,5]. In these operations it is customary to operate the
chromatography unit under reduced purity constraints, while the
final polishing step, i.e. increase the purity, is performed by the
crystallization step.

The design of chromatographic processes with reduced purity
constraints has recently received increased attention. Equilibrium
theory based design methods have been derived for simulated mov-
ing bed chromatography in the case of linear [6] and Langmuir
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[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
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process concept. Moreover, systematic comparison of conventional
and bypass operation modes has not been presented in the litera-
ture.

The objective of the present work is to investigate the possi-
bility to enhance the performance of batch chromatography by
employing the bypass strategy. For this purpose, local equilib-
rium theory is used to derive a method to choose the optimal
operating parameters that lead to given purities in the bypass
process. The approach is limited to ideal conditions and to circum-
stances where concentration profiles of consecutive injections are
not allowed to overlap. Analytic design equations are provided for
binary systems that follow Langmuir or linear adsorption isotherm
model. The design method is then used to compare the perfor-
mance of conventional and bypass batch processes. It is shown
that by applying bypass strategy it is possible to enhance pro-
ductivity of batch chromatography without an increase in the
eluent consumption, provided that the purity constraints are less
than 100%. Finally, a short discussion is given on the applicability
of the equilibrium design approach for columns with finite effi-
ciency.

2. Theoretical background
2.1. Equilibrium theory of chromatography

The equilibrium theory of chromatography is a powerful tech-
nique that has been used to design both single- [1,8,11] and
multi-column [6,7] processes. Within the frame of the equilibrium
theory, the mass transfer resistance and the dispersive effects are
neglected. Under these conditions, the mass balance for an individ-
ual component i is given by

0 3C,’ .
§(Ci+¢%‘)+ua=0 (i=1,2) (1)

where ¢; and g; are the mobile and the stationary phase concentra-
tions of solute i, ¢ = (1 — €)/¢ is the phase ratio, with ¢ being the
total void fraction of the bed, u is the interstitial velocity, t is time,
and x is axial space coordinate.

In order to solve Eq. (1), the dependence between the stationary
phase loading and the mobile phase concentration, i.e. the adsorp-
tion isotherm, is needed. In this work, the following two isotherm
models are discussed: linear isotherm

qi=Hic; (i=1,2) (2)

and competitive Langmuir isotherm

Hic;

= 1+ K1 +Kycp (121’2) (3)

Ul
where H; and K; are the Henry constant and the Langmuir parame-
ter of solute i, respectively. In the following discussion it is assumed
that component 1 is the less absorbed one, which means that
H,>H;.

The model forms a system of two partial differential equations
and can be solved analytically both for linear and competitive Lang-
muir isotherm systems. For a comprehensive discussion of the
theory, the interested reader is referred to more detailed works
[13-17].

2.2. Design specifications

In the following discussion, it is assumed that a binary mixture
is separated into two product fractions so that no waste or recy-
cle streams are generated. The less adsorbed component 1 is the
target constituent in the product fraction A and the more retained

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

A
m
= (4)
ml + mz
B
m
pg = ﬁ (5)
m] + m2

where mi 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]

m‘;‘_pi‘pﬁ+p§—l

Yi=—7F= (6)
mi  pypY+p3 -1
mB pB pA pr

Yy =—2 . (7)

mh 1 -ptph4pB—1
where p§ is defined as the purity of component 1 in feed: pf =
cf/(cf +cf). 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, V¥,
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, p’? and
ps.

2 The amount of feed injected into the chromatographic column,
Vinj» is chosen such that the purities of both intermediate fractions,
p§A and pSB, satisfy the following requirements: p{A > p? and pSB >
p5- In other words, V;,; 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 tg; when the first component begins to elute. Between
tr1 and the cut time t¢y, the chromatographic fraction CA, which
contains an excess of the less retained component, i.e. 1, is col-
lected. After tcyt, 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 tg,. Finally, both chromatographic frac-
tions CA and CB are blended with fresh feed to match the actual
purity constraints, p’l‘ and pg. The fractions bypassed are quantified
by

BA = volume of feed bypassed to fraction A
" total volume of fresh feed processed

88— volume of feed bypassed to fraction B
" total volume of fresh feed processed

Note that A + BB + Vi /VPF = 1.

Fig. 3 shows a demonstrative example of the influence of pf“‘
and pr on different operating and performance parameters of
bypass chromatography. Total fresh feed volume, V¥, injection vol-
ume, Vjp;, productivity, PR and specific eluent consumption EC are
expressed as ratio, R;, between these quantities in bypass and batch

(8)

(9)
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Fig. 1. Schematic representation of a bypass process. V¥, total volume of fresh feed to the process; Viy;, injection volume into the column; S bypass ratio to product fraction
A; BB bypass ratio to product fraction B; CA, first column fraction; CB second column fraction; A, product fraction A; B, product fraction B.

processes. As seen in Fig. 3a, it is not possible to increase the total
amount of fresh feed that can be processed in conventional batch
chromatography by applying bypass. However, the purer the com-
ponents are collected from the column, the larger portion of fresh
feed can be bypassed (Fig. 3b) and the smaller the injection volume
is (Fig. 3a). This means that the increase in performance achieved
by using bypass (Fig. 3¢) results from the decrease in the injection

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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Fig. 2. Individual elution profiles of a rectangular injection pulse for an arbitrary system and fraction collection in bypass batch chromatography. (a) Linear isotherm. (b)

Langmuir isotherm, small injection. (c) Langmuir isotherm, large injection.
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Fig. 3. Effect of purities of the column fractions on the operating and performance parameters of bypass process relative to that of conventional batch chromatography in
the separation of Troger’s base enantiomers. Isotherm parameters are given in Section 7. Feed concentrations: cf = cg = 6 g/L. Purity constraints: p‘;‘ = p‘z‘ = 0.85.

after the separation, blending of the two column fractions with
bypass stream. This makes the strategy attractive for practical pur-
poses.

4. Design of bypass chromatography

In this section, a simple design method for single column bypass
chromatography is derived. The task is to find the bypass ratios A
and BB, the volumes VPF and Viy;, and the cut time tcyc that lead to
given product purities, p‘;‘ and pg, when the purities of the column
fractions, p$A and pSB, are specified. The latter can be chosen freely
as long as p$A > p?* and p$B > p&. Optimization of p§* and pSP is
discussed later in Section 5.

4.1. Calculation of the bypass ratios f* and B8

A fundamental characteristic of bypass operation is that the
bypass ratios, 8 and B, can be calculated directly from the puri-
ties of the column fractions without knowing VP and V;y;. This is
observed by considering the individual mass balances of the com-
ponents. The yield of component 1 can be written with the mass of
the first column fraction, i.e. fraction CA, as follows
v pAmMEF +m$A mgA

CfVPF

=pr+ (10a)

PF
my

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

vi— ,BAmIl)F-‘r[(l—ﬂA—,BB)ml;F—m?B] _]_ﬁB_ m?B (10b)
1= mbF h cFVPE

For the second component, the corresponding equations are

v, _ BBmEF +[(1 — pA — BB )mEF — mSh] —1-pr - mg" (11a)

) = meF - cEVPF
PBMEF 4 mSB . mSB

Y2=m751:=/3 +C12-'VPF (11b)

The bypass ratio A is obtained by eliminating VFF from Egs.
(10a) and (11a)

_ PSR —pE)(Y1 + Y2 - 1)
p§A —pf

=1 (12)

and the bypass ratio BB by eliminating V'F from Egs. (10b)and (11b)
PRI+ Y2 - 1)
p3® —(1-pf)

B® = (13)

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 g and g8 increase when p{* and
pSB 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, p‘i“ and sz. The upper limits for the
bypassratiosare 84, = 1 — Y, and 8 ,, = 1 — Y;.They are reached
when p$? and p$B equal 100%.

4.2. Calculation of VP, Viy; and teyt

Once the bypass ratios 8 and B are solved, the next task is to
find VPF, Vi and tey 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, At;,; [8,16]. Based on this observation, the cut time rela-
tive to the end of the injection, Tcut = tcut — Atip;, 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)

fTEZ
Tcut
TE2

ffcut(

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. prgB is high,
the fractionation point is located on the mixed wave (Fig. 2b and
Eq. (2.7)). In contrast, for sufficiently low pS® 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-

B C2d'L'
psP = (14)
2 c1 +cy)dt

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

PSB(1 + ¢H1)cf — (1 — pSB)(1 + ¢pHa)ch .
0
pafel = (1 -p5*icy
or _ (1= €)(H2 — Hi)pjey
[p8cf — (1 - pE)CElY,

(1.1)

Teut =

(1.2)

col
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Table 2

Design equations of bypass batch chromatography for Langmuir isotherm. V, is
columnvolume. A is an auxiliary parameter. m{**" is mass of componenti that elutes
from column after the end of the injection plateau.

Slopes of characteristics and corresponding w-parameters at feed state
o —1+aKicf — Kach + \/(a —1+akqcf - ch;)2 + 4Ky Kycteh

F_ 2.1
& 20K, c‘; 2
g o —1+akicf — Kach — \/(a—l+al<1cF chF) + 4Ky Kycteh -

T 20K c} @2

Hy(aKq EF + )
of = _— (2.3)
KiEF 1+ Ko
Hi (oK1 EF +K3)
oF = 1o 15 2) (2.4)

2
Ki é} + K>
Purity of the second fraction when the cut point is located at the end of the injection

plateau
PN ]

CB = |1+ 1 _ 2.5
p2,l|m1tA 1— p]i‘ O(%‘E ( )
The cut point is located on the mixed wave, p$® > p$

1_pCB
[ e
p5° oy
G0 (Hy - Hy1\°
Teut = o + H] sz ﬁ to (2.7)
1—¢)(Ha — Hy)(Hy — 2
VP ( J(Hz — H1)(Hz — &%) 1 Ve 28)
KszCF Yz — ,BB) 1-x
The cut point is located on the injection plateau, p2 < p2 YimitA
¢(wf) oh
™ =1to+ Wfo (2.9)
1—&)(@f — Hy)(Hy — o )
L C LG 210)
Ki1H1(H2 — Hy)
2
(1 - &)(H2 — 0§ )(Hz — of)
rear 2 1
= \% 2.11
2 KoHa(H — Hi) < @1
mrear [pr/ 1_ CB)]mrear 1
T = T G e g (2.12)
Tp — Teur)CHQ + mifar
VPF _ ( P cut) ZQ 2 (2.]3)
c5(Y2 — BB)

matogram from the end of the injection plateau 7p to the end of the
elution profile of the second component tg;

fIEZ Czd‘(
CB _
D3 limita = Tt (
Jo

(15)
C1 -‘,—Cz)d

Once the cut time t¢yt is obtained, also the amount of the col-
umn fraction B is known. The volume of fresh feed is solved from
the mass balance of the component 2. The resulting expression for
VPF is given by

Q ff?fj Czdt
(Y, — B (16)

where Q is flow rate. It is interesting to note that 8% and VFF
obtained from Egs. (13) and (16) are independent of pCA and Viy;.
This means that specification of p2 together with the overall purity
constraints, p? and sz, determines how much fresh feed can be
introduced to the whole process during a chromatographic cycle.
This is a very important characteristic of bypass operation mode.

The final step of the design procedure is to calculate the portion
of the fresh feed that is injected to the column. It is obtained from
the global mass balance around the feed node

Vinj = AtiniQ = (1 - g — BB)VFF (17)

PF _

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, Vi;
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, p§* and pSB. 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

A B F
My + Mgy ChocVFE
PR = = (18)
Atcycle Atcycle

where cf = cf + cf 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, Vejyent, and the amount of feed

EC = Veluent _ (Atcycle B Atinj Q (19)
M + M Clog VT

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

Arcycle = g2 — Ij1 (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 Egs. (18)
and (19).
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5.1. Optimization of operating parameters for linear isotherm
systems

In the case of linear isotherm systems, the mixed zone of the
chromatogram consists only of the feed plateau. For this reason,
VPF is always independent of both p$* and pSB as seen in Eq. (1.2).
In fact, it is possible to process exactly the same amount of fresh
feed per cycle by using bypass and conventional operation modes.
This amount depends only on the isotherm parameters, feed com-
position and the purity constraints.

Because VPF is independent of the purities of the column frac-
tions, the optimization procedure for linear isotherm system under
ideal conditions is very straightforward. To maximize the produc-
tivity of bypass operation, the cycle time must be minimized. In
practice, this means that the process is operated with touching
bands, and the purities of both the column fractions are 100%.
This is understood by considering that generation of mixed frac-
tion in the column always increases cycle time, and thus decreases
productivity.

As to the specific eluent consumption, it is independent of the
bypassratios. This is because in the case of linear isotherm the injec-
tion width does not affect tg; while the derivative tg, with respect
to Aty is always equal to unity. The derivative 0 Atcycie/0ALip; is
thus also unity which yields

- 1) =0 (21)

0EC _ Q aAtcycle
At

5.2. Optimization of operating parameters for Langmuir isotherm

systems

Ity V"

5.2.1. Optimization of p{A

In the case of Langmuir isotherm systems, V¥ depends on pSB
only, while it is independent of p$* and V;,; as mentioned in Section
4.2. For this reason, pfA affects the productivity and the specific
eluent consumption through the injection width and the cycle time
only. Based on these observations, it will be shown shortly that the
optimal p§? is independent of pSB. Subsequently, optimization of
pSB for a certain p$” will be discussed.

When pSB, and thus also VP, is constant, the injection width
decreases with increasing pgA. This is observed by substituting g*
from Eq.(12)into Eq.(17) and differentiating the resulting equation
with respect to p{A

AL | VPFPI(I—pD(Y1+Y2 - 1)
CA -0 2
it e Q (S —pf)
In addition, it has recently been shown that the derivative of
Ateyee With respect to Aty is always at least unity [17]

0A tcycle
A tinj

<0 (22)

0(Te2 + Aty — tr1) Atr1
= A Gin; T Aty (23)

The equality sign refers to large injections where the first com-
ponent plateau is not eroded during elution and the first shock
propagates with constant velocity. For small injections, the first
plateau erodes completely and the height of the shock decreases.
In this case, the velocity of the shock decreases and tg; increases
with decreasing injection width.

By using Egs. (22) and (23) together with the definition of
productivity, Eq. (18), it is observed that the cycle time always
decreases, and thus the productivity always increases, with increas-
ing p{A, i.e.

oPR _ CfotVPF(aAtcycle/aAtinj )(3Afinj/3P$A)

3p$A pSE (A Leycle )2

=1

>0 (24)

This means that the maximum productivity is always obtained
when p$A is as high as possible, i.e. p{ = 100%.

For the evaluation of specific eluent consumption Eq. (19) is dif-
ferentiated with respect to At;y;. 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 0Atqyqe/0Atiy; is greater than unity

JdEC Q 8Atcycle
= -1)=>0 25
BAtinj CFOtVPF ( oA Linj - (25)

By applying the chain rule to Eqs.(22)and (25) it is observed that

EC decreases monotonically or remains constant with increasing
p§?

JdEC

(26)
apSh

pSE

As seen from Egs. (24) and (26), both maximum productivity and
minimum specific eluent consumption are always obtained when
the maximum p{? is chosen, i.e. when p$? = 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
itwith fresh feed outside the column instead of collecting part of the
mixed wave to the product fraction A. The corresponding optimal
bypass ratio is A = 1 — Y,, where Y, 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 pS

Now that the optimal purity of the first column fraction is known
to be p{A = 100%, the second task is to optimize pSE. For this pur-
pose, the dependency of Viyj, Ateye and VFF on pSB is first discussed.
This allows analyzing its influence on the productivity and eluent
consumption.

When pr increases, the cut time 7t 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 rngB (column fraction CA contains no
component 2 when p§A = 100%)

Aty
5 - <0 (27)

P2" |p¢h—100%
Therefore, also the cycle time decreases with increasing pr, as

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

AL,

— e <0 (28)
9p3 pSA=100%

The derivative of VP with respect to pS® depends on the loca-
tion of the cut point. For relatively high pS? values (p$® > pS8, . )

the cut point lies on the mixed wave and V'F decreases when pr
increases as seen by differentiating Eq. (2.8)

3vPF

. <0 29
9pCE (29)

pfA:1 00%

In contrast, for low p§

B values (p§ < pSB. . .), the cut point
is located on the injection plateau and V¥ is independent of pSE.
This is observed by eliminating 8 from Egs. (10b) and (11b) which

yields

Jol cadt —((1 = p)/p) [ crde

VPE _ J T
F
(Y1 +Y2—1)c;

(30)
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Table 3

Equations for solving pSP that lead to maximum productivity in bypass operation for Langmuir isotherm. The derivative dPR/dpS® is not defined when p$B

_ B
2 = P2 jimita 7

pr = pgﬁimiﬂ?. There are no zero points of the derivative dPR/ 8pr when pr < pgﬁimim. Vol is column volume. w and x are auxiliary parameters. Ly; is loading factor of

component i.

Maximum injection volume for which the first plateau is eroded completely and corresponding pr
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(3.1)

-1

CB
psBo =4 1+
2 limiee HyKy(Hy — of X — o (Hy — o)’

(32)

The zero point of the derivative dPR/dpS® when the first plateau is not eroded and the cut point is located on the mixed wave, pf, . = < pS® < pSB. .o
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(3.4)

(3.3)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

aws 2
1 3.12)
H;—a)s ( '
1

(3.13)

(3.14)

According to Eq. (29), the highest amount of fresh feed is
processed when the purity constraint of fraction CB is as low as pos-
sible. For successful bypass operation, the lower limit is pr = pg.

As seen from Egs. (29) and (28), both VFF and Aty (i.e. the
numerator and the denominator of the definition of the productiv-
ity,Eq.(18)) decrease or remain constant whenpr increase. For this
reason, to find pr that leads to maximum productivity one must
calculate PR at the zero points of the derivative oPR/ Bpr, at the
points where E)I’R/BpgB is not defined, and at the boundaries of the
interval p§ — 100%. The correct pS® is the one giving the largest PR.
Analytical equations for the zero points of the derivative are given in
Table 3. The calculations must be done in two steps because tg; (and
thus Atcyce) is evaluated from different expressions depending on
whether the first component plateau is eroded or not. In the case
of large injections, the first plateau prevails and an explicit expres-
sion for the zero point of the derivative is given by Eq. (3.6). For
small injections, the first plateau erodes completely and Eq. (3.13)
remains implicit with respect to the characteristic parameter w?
that corresponds to the height of the first shock.

It is worth noting that maximum productivity is never obtained
when tcy is located on the injection plateau. This is because on
this region VFf is independent of pS® while Aty increases with

increasing Atj,; and decreasing pr. Maximum PR is thus always
obtained when pS& > pgﬁimim.

It is also interesting to note that the roots of the derivative
dPR/9pSP are independent of p/ and p&. 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 p$® is larger than p&. In contrast, when pSB at
the zero point of the derivative is smaller than pg, it is not possible
to operate bypass with that pr value, and maximum PR is obtained
at the boundary of the operation region, i.e. pS? = p&.

To evaluate the effect of pr on the eluent consumption, the
numerator of Eq. (19) is differentiated. Again, for large injections
(low pSB ) the first plateau prevails, dtr/0Atiyj = 0 and Vejyent is
constant. In the case of small injections (high pSP), dtgy /0 Atin; < 0
and Vejyent decreases with increasing pS?

g (aAtcyde B ]) AL
p§A=100% At ap3®

Since both Vejyene and VFF decrease or remain constant when p$?
increases, pSB corresponding to minimum EC must be calculated

by using a similar approach than was applied for the maximum

aVeluent
apSB

<0 (31)
pfAzloo%
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productivity. As will be seen later in Section 7, the maximum pro-
ductivity and minimum specific eluent consumption are not always
obtained with same value of p$B.

5.3. Validation of the optimization procedure

To validate the optimization procedure, the results of opti-
mization equations were compared with detailed simulations. The
comparison was performed by applying both linear and Langmuir
isotherm models, low and high purity constraints (0.6-0.99), as
well as small and large separation factors (1.1-3.0) such that all
cases mentioned in Sections 5.1 and 5.2 were covered.

In the simulation study, p{* and p$® that lead to maximum PR
and minimum EC were searched by varying Vinj and t¢y such that
p§A > p# and pSB > p8. For each combination of V;y; and tey values,
the chromatogram was first simulated by using the analytical solu-
tion of the ideal model [13,17]. The purities of the column fractions,
p§A and pSB, the bypass ratios, A and 8, and further the perfor-
mance parameters, PR and EC, were then calculated by integrating
the chromatogram numerically.

The results of the optimization equations and the simulation
study showed a fully agreement. In all cases, the optimal values of
p§A and pSB 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 (Egs. (12) and (13)) depend only on p$? and p$® 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 p{? 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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Fig. 4. Effect of purity constraints on the performance of bypass process relative to that of conventional batch chromatography when pf“‘ and pr are optimized to maximize
productivity. pfA is not shown because it is equal to 1 for the entire region. Feed concentrations: c]F = c; =6 g/L
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For unfavorable isotherm systems (i.e. convex-downward), such
as the anti-Langmuir isotherm, an analogous but opposite approach
canbe used. In such cases the front of the isotherm is independent of
the injection width. The cut time is obtained by searching the point
where the purity constraint of the column fraction CA is satisfied.
Finally, the injection width is solved from the global mass balance
of the first component.

7. Demonstration of process performance under ideal
conditions

The design method presented above was applied to compare the
performances of the bypass and conventional operation strategies.
In particular, the effects of purity constraints, feed composition,
total feed concentration, and the separation factor on the produc-
tivity and the specific eluent consumption are considered.

In the performance evaluation, the separation of Troger’s base
enantiomers was used as a model case. As reported by Amanullah
and Mazzotti [5], the adsorption equilibrium of these enantiomers
in ethanol on microcrystalline cellulose triacetate can be charac-
terized by competitive Langmuir isotherm model. The isotherm
parameters for the less absorbed enantiomer, (—)-TB, are K; = 0.065
and H;=2.18 and for the more adsorbed enantiomer, (+)-TB,
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umn is 0.59 [5].

6.45 [5,18]. The overall void fraction of the col-

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 p‘{‘
and sz 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 pA and pSB 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 pfA and
pSB 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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Fig. 5. Effect of purity constraints on the performance of bypass process relative to that of conventional batch chromatography when pf" and pr are optimized to minimize
specific eluent consumption. Rgc, Rypr, and pf“‘ are not shown because they are equal to 1 for the entire region. Feed concentrations: C]F = c; =6 g/L



86 J. Siitonen et al. / J. Chromatogr. A 1230 (2012) 77-92

in the total amount of fresh feed that can be processed per cycle
(Fig. 4b).

The increase in PR, obtained when p$§# and p® are optimized
with respect to productivity, is associated with only a small, if
any, increase in EC (Fig. 4a). For example, when p# = p5 = 0.8, the
productivity of the bypass process is 8.4% but the specific eluent
consumption only 0.7% higher than those of conventional batch
process. This behavior originates from two causes. Firstly, the oper-
ating parameters for which the maximum PR and the minimum EC
in the bypass process are obtained differ only slightly from each
other (in fact, in both cases pfA isalways 100%). Secondly, the effects
of p§A and pSB on EC are relatively small.

When p{* and pSP are optimized with respect to the specific
eluent consumption, the EC of bypass strategy is equal to that of
conventional batch process. However, this result is not universally
valid. As will be shown later, in the cases of difficult separations
where the injection volumes are small, bypass operation outper-
forms conventional batch chromatography also in terms of eluent
consumption. In addition, it is observed in Fig. 5a that, when the
bypass is optimized with respect to EC, it still achieves significantly
higher productivity than the conventional batch process.

To obtain maximum productivity and minimum eluent con-
sumption, the column fraction CA must always be collected at
100% 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 pSB is indepen-
dent of the purity constraint p?. Depending on the value of pg there
exist two regions. For high p5 values, i.e. over 89% when p{* and
pSB are optimized with respect to PR (Fig. 4c) and over 85% when
p§A and pSB are optimized with respect to EC (Fig. 5¢), it is advanta-
geous to collect the second component from the column such that
pSB = pB and BB =0 (boundary of the operation region, see Section
5.2.2).In contrast, when pg 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 p$® is independent of both p/* and p5.

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 /cg, is varied
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Fig. 6. Effect of feed composition on the performance of bypass process relative to that of conventional batch chromatography when p]C" and pr are optimized to maximize

productivity. Purity constraints: p} = p5 = 0.8. Total feed concentration: cf;,

=12 g/L.
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from 1:3 to 3:1, while the total feed concentration is kept constant
at 12 g/L. The purity constraints of both product fractions are set
equal to 0.8.

As seen in Fig. 6a, the productivity of the bypass process com-
pared with that of conventional chromatography is the higher the
more the feed composition differs from 1:1. In fact, the productivity
of bypass process tends towards infinity when pﬁ increases towards
pf or when pf increases towards p5. This is understood by consid-
ering that both for conventional and bypass processes V¥ increases
rapidly when the feed composition approaches one or the other of
the purity constraints. In the case of conventional chromatography,
however, also the cycle time increases significantly because all the
feed is injected into the column. In contrast, when the bypass strat-
egy is applied, most of the feed bypasses the column and thus Vi,
and Aty are almost independent of the feed composition.

The operating parameters for which maximum productivity is
obtained are shown in Fig. 6¢ and d. The purity pfA is again always
100% and the bypass ratio g is 1— Y. In contrast, optimal pS?
equals sz when the first component is in large excess, and increases
with increasingpg .Thisis because only a small increase in the purity
of the second component is needed in the case of high pg values.
However, it is worth noting that the second component should
never be collected from the column at 100% purity, even if pg is
close to p5.
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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 / CS 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; on the performance of bypass operation
CtFOt was varied between 1 and 50 g/L. In reality, the solubility of
Troger’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, 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 ctFOt is,
the smaller portion of the fresh feed can be bypassed and blended to
the product fraction B (see the 8B-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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Fig. 7. Effect of total feed concentration on the performance of bypass process relative to that of conventional batch chromatography when p?‘ and pr are optimized to
maximize productivity. Purity constraints: p‘;‘ = pg = 0.8. Purity of component 1 in feed: pf =0.5.
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tends towards 100% (Fig. 7c). This is congruent with the finding for
linear isotherm systems shown in Section 5.1.

As to the specific eluent consumption, it increases slightly when
bypass is applied in the concentration range below 40 g/L (Fig. 7a).
In contrast, for high concentrations (ctFOt > 40¢/L) the maximum
productivity and minimum eluent consumption of the bypass pro-
cess are obtained with same operating parameters (pfA = 100% and
pSB = p8), and EC of the bypass strategy is equal to that of a con-
ventional batch process.

7.4. Effect of separation factor on the process performance

The separation factor has a strong influence on process perfor-
mance in preparative chromatographic separations. To investigate
the effect of o on the choice of the optimal operation strategy, the
Langmuir parameter of the more adsorbed enantiomer (+)-TB, K>,
was varied from 0.14 to 0.50 while Ky, N; =H1/K7, and N, =H; /K>,
with N; being the stationary phase saturation capacity of solute i,
were kept the same as above. The simulation results are displayed
in Figs. 8 and 9. Fig. 8 presents the case where p* and pSP are
optimized with respect to PR and Fig. 9 the case where they are opti-
mized primarily with respect to EC and secondarily with respect to
PR.
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As to the behavior of the bypass process, there exist four regions
for the separation factor. For difficult separations, o <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: p{A =100% and p$® = pB. 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 dAtcyqe/0Atin > 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 p$A = 100% and p$8 = p8
(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 a<1.64 because dAtcyce/0Atip =1
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Fig. 8. Effect of separation factor on the performance of bypass process relative to that of conventional batch chromatography when p?‘ and pgs are optimized to maximize
productivity. Dashed lines indicate different regions for separation factor (see text). Feed concentrations: c]F = c; = 6 g/L. Purity constraints: p;‘ = pg = 0.8. Same isotherm
parameters as in the separation of Troger’s base enantiomers except K is varied from 0.14 to 0.50.
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Fig. 9. Effect of separation factor on the performance of bypass process relative to that of conventional batch chromatography when pf“‘ and pr are optimized to minimize
specific eluent consumption. Dashed lines indicate different regions for separation factor (see text). Feed concentrations: cf = cg =6 g/L. Purity constraints: p’l‘ = pg =0.8.
Same isotherm parameters as in the separation of Tréger’s base enantiomers except K; is varied from 0.14 to 0.50.

(see Eq. (23)). For this reason, PR of bypass strategy relative to that
of conventional batch process begins to increase with increasing o
while EC of bypass strategy is equal to that of conventional process
(Figs. 8a and 9a).

When pr is optimized with respect to productivity (Fig. 8d)
and the separation factor is increased further, the separation task
becomes so easy that some bypass can be added also to the product
fraction B. This increases the performance of the bypass option. As
seen in Fig. 8a and d, higher bypass ratios B can be used with large
separation factors, and the bypass process has higher productivity
than the conventional mode. On the other hand, the increase in PR
is counter-balanced by a small increase in EC.

In the last of the four regions, where « >2.39, some bypass can
be added to product fraction B also when minimum EC is desired
(Fig. 9d). In that case, the bypass option is optimized primarily with
respect to EC and secondarily with respect to PR. This is because
minimum EC is obtained when Vj;; is so large that the injection
plateau prevails and the cut point is located on it. The eluent con-
sumption is then independent of p$B for low p$B values (see Egs.
(30) and (31)). To maximize the process performance, productiv-
ity must be maximized with minimum eluent consumption. This
is achieved by choosing Vj,; and the corresponding pr such that
the injection plateau is just eroded during elution (dashed line in
Fig. 9c).

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 Tréger’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 x 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 and c§ 6 6 g/L
Column length, L 50 50 cm
Column diameter, Do 5 5 cm
Total void fraction of the bed, & 0.59 0.59

Particle diameter (spherical), dp 0.02 0.05 cm
Intraparticle diffusion coefficients, D, ; and Dy 60 x 106 60 x 106 cm?/min
Axial dispersion coefficients, Dax1 and D,y 2 48x1073 48x1073 cm?/min
Flow rate, Q 10 10 mL/min
Number of theoretical stages for component 1, NTP; 870 170

Number of theoretical stages for component 2, NTP, 1260 260

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

The effect of the column efficiency on the performance of bypass
operation is shown in Fig. 10. The results obtained with the ideal
model and the numerical simulations show similar trends. It is
observed in Fig. 10a that the productivity of bypass operation rel-
ative to that of conventional batch chromatography is the higher
the more efficient the column is. With this respect, the ideal model
provides 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, p‘;‘ is almost independent of the final purity
requirements and in fact close to 100%. In contrast, pr is equal
to pg when the purity constraints are relatively high. For low sz

(b) 110 , : :
105
55100—-__ Ea— TN e
oL
095 |
0.90
0.6 0.7 0.8 0.9 1.0

purity constraints, pf‘ and pl;

(@) oy

m

(O

=

[an} L

O 0.9

= S
g

N R
g

=

= 0.8

g

=

e}

Q

B

= 0.7

=

=

=%

0.6
0.6 0.7 0.8 0.9 1.0

purity constraints, p? and sz

Fig. 10. Effect of column efficiency and purity constraints on the performance of bypass process relative to that of conventional batch chromatography when pf" and pg“ are

optimized to maximize productivity. Simulation parameters are given in Table 4.
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values, some fresh feed can be bypassed also to the product frac-
tion B (Fig. 10d). This is congruent with the findings based on the
equilibrium theory in Section 7.1.

9. Conclusion

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

The benefits of the bypass strategy are somewhat counterintu-
itive because the solution injected to the column has to be purified
beyond the final purity, and its entropy thus decreased below that of
the final product. However, it should be borne in mind that the fresh
feed is splitinto two portions: one is purified in the column into two
product fractions (and undergoes entropy decrease) and the other
is “bypassed” (no entropy change). Finally, the bypassed fraction
is mixed with the two column fractions (increase in entropy), but
this requires no work. The excessive work to decrease the entropy
below the final level is thus applied to a part of the fresh feed
only.

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

The design methods developed here were used to compare
bypass strategy with the conventional operation. It was shown that
when the operating parameters are optimized to maximize pro-
ductivity, bypass operation always outperforms conventional batch
chromatography in terms of productivity with only a small, if any,
increase in specific eluent consumption. This is due to decreased
cycle time in bypass operation. When minimum eluent consump-
tion is desired, the bypass process still achieves higher productivity
while its eluent consumption is not higher than that of conventional
chromatography.

A short demonstration of the design method for finite efficiency
systems was given. The results obtained by ideal model and numer-
ical simulations showed similar trends. In addition, it was shown
that the ideal model provides an upper limit for the increase in pro-
ductivity if the bypass mode is chosen instead of the conventional
process.

The bypass operation can be implemented without any addi-
tional equipments or columns. In addition, the bypass strategy is
more robust than conventional process because the product puri-
ties can be adjusted outside the column by controlling the amount
of bypass. These features make the strategy attractive for practical
purposes.
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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

Virrrljjirl =(1-¢€)(Hz — H1)Vcq (A1)
max (1= &)(Ha — Hy)p5ck

inj = B -F B\ ~F VCOl (AZ)
[p2C1 - (1 _pz)cz]YZ

The lower limit, Vi‘r‘l‘ji“, 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, V{%‘"X, corresponds to
operation without overlapping profiles of consecutive injections.

In the case of overlapping injections, the chromatograms show
arepeating 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, VPurel,
is given by

Vpurel = (tf{;] - t]r-;lz)Q = [nAtcycle + tO(l + ¢H2) - (n - ])Atcycle
—to(1+ @Hz) — Atinj]Q = (Ateycle — Atinj)Q (A.3)

and the volume of the pure second component fraction, VPure2 by

ypure2 (ff{lﬂ - t]?] Q= [nAtcycle +to(1+@Hy) — (n — I)Atcycle
- t0(1 + d’Hl) - Atinj]Q = (Atcycle - Atinj )Q (A-4)

where tgi“ is the beginning of the elution profile of component i
at (n+1)th cycle, [, 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 — ymixA + VmixB — ArcycleQ _ ypurel _ y/pure2 (A5)
where VMiXA and YMixB are the volumes of mixed fractions that are

collected to product fractions A and B, respectively. The equations
for product purities, Egs. (4) and (5), can now be written in form

C{’(Vpurﬂ + VmixA)
Cll:(vpurel 4 VmixA) + CSvmixA

p} (A.6)
Cg(vpureZ + VmixB)
CfvmixB + sz:(vpureZ + VmixB)

ps (A7)

To obtain the relationship between the injection volume and the
cycle time, ypurel ypure2 ymixA gnd ymixB are eliminated from Egs.
(A3)-(A.7)

pi(1 —p5)ph +pB - 1)
2
PP — (1 - )" 1 - pB(ph)

Vinj = QAtinj = P QAtcycle (A~8)
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By substituting Eq. (A.8) to the definitions of productivity and
eluent consumption, Egs. (18) and (19), the following expressions
are obtained for PR

pE(1—pE)(ph +pE - 1)

PR = ck.Q (A.9)
2 2 ~tot
pips — (1 - pH)"1 - pB(ph)
and for EC
A _ .F\nF B_ 1
(P} -ppy+p5-1) 1 (A10)

pi(1 —ph)(pf +p8 — 1) ¢k,

As seen above, both the productivity and the eluent consump-

tion are independent of the injection volume and the cycle time. In

other words, the performance of single column batch chromatogra-

phy (conventional or bypass mode) cannot be improved by allowing

the chromatograms of consecutive injections to overlap in the case
of linear isotherms.
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