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a b s t r a c t

A comprehensive description of a new process—the GSSR (Gradient with Steady State Recycle)
process—for center-cut separation by solvent-gradient chromatography is provided, highlighting its ver-
satility, flexibility, and ease of operation. The GSSR process is particularly suited for ternary separation of
bioproducts: it provides three main fractions or cuts, with a target product contained in the intermediate
fraction. The process comprises a multicolumn, open-loop system, with cyclic steady state operation,
that simulates a solvent gradient moving countercurrently with respect to the solid phase. However, the
feed is always injected into the same column and the product always collected from the same column as
in a batch process; moreover, both steps occur only once per cycle. The GSSR process was experimentally
validated in a pilot unit, using the purification of a crude peptide mixture by reversed phase as a proof of
concept; the crude mixture is roughly 50% pure and some of its impurities have isocratic retention times
iochromatography very close to that of the target peptide. Experimental results are reported in terms of cyclic steady-state
profiles and process performance indicators, which include product purity and yield. A simplified model-
based approach, which uses only a few key components of the crude mixture, is employed to assist in the
explanation of the process operation. By dynamically adjusting the switching interval while the process
is running, to correctly position the composition profile with respect to the outlet ports, pure product
satisfying the target specifications—98% purity and 95% recovery—was obtained under stable operation

in the pilot unit.

. Introduction

The advances in biotechnology and developments in genetic
ngineering have resulted in the scale up and manufacturing of
iopharmaceutical products [1]. Today, downstream processing is
acing the challenge of manufacturing products with the high-
st degrees of purity and integrity, and overall process economy,
hile keeping pace with the rapidly increasing upstream yields in

iotechnology. The fulfillment of the strict requirements by down-
tream purification is the major cost factor in biotechnological
roduction with 50–80% of the total manufacturing cost [2].

A major part of the purification costs is related to chromato-

raphic processes, which, at present, are still largely operated in
atch mode. This is not because chromatography is inherently
xpensive, but because it is heavily used: chromatography plays
central role in fast and efficient separation of biochemical and

∗ Corresponding author. Tel.: +351 212948385; fax: +351 212948385.
E-mail address: pmota@dq.fct.unl.pt (J.P.B. Mota).
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© 2010 Elsevier B.V. All rights reserved.

pharmaceutical compounds; in fact, it still remains the work horse
method in biopurification.

For most biopurification problems, the desired product is inter-
mediate between weakly and strongly adsorbing impurities, and a
central cut is thus required to get the desired product. Convention-
ally, the generic three-fraction biopurification problem is solved
using batch column chromatography, often incorporating solvent
gradients. Typically, the target product is separated from process-
related impurities through a series of steps wherein a selected cut
or fraction of the effluent from the previous step is selectively
adsorbed and desorbed onto a given stationary phase using time
and elution conditions as manipulated variables, until, ultimately,
yielding the product purified to the desired level. Solvent gradi-
ents are easy to apply in sequential batch chromatography, but this
operating mode suffers from high product dilution, low efficiency

and productivity, and high solvent consumption.

As a general rule, multicolumn processes combining freely
adjustable, smooth gradients and simulated countercurrent (SCC)
adsorption can achieve better performance than sequential batch
chromatography. Early studies [3–6] on ternary separation by

dx.doi.org/10.1016/j.chroma.2010.11.005
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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socratic SCC chromatography were focused on continuous pro-
esses (i.e., with continuous feeding and product withdrawal) and
howed that this restrictive design criterium can only be achieved
ith column configurations comprising several fluid zones (here,
zone refers to the columns between two active ports). The most

ommonly explored column configurations have been simulated
oving-bed (SMB) cascades [4,7] and five-zone systems with side

treams [8–11].
Bioseparation, on the other hand, does not require that the sep-

ration scheme be continuous; this allows several possibilities and
multitude of operating modes to be considered in the design of

he process, which otherwise would have to be excluded. In prin-
iple, a semi-continuous, multicolumn process can make use of
arious techniques to achieve the desired separation; for exam-
le, some columns can be dynamically interconnected, so that
on-pure product cuts are internally and countercurrently recy-
led, while other columns can be short circuited to operate in pure
atch mode, and others frozen to introduce time lags between
he positions of the various concentration fronts. This way some
ractions can be separated by a SCC approach (the mass-transfer
one is kept inside the system by means of the port switch-
ng and the remixing with the feed), whereas the separation of
ther fractions can be chromatographic (the mass-transfer zone
s taken out of the system). By freezing one or more columns
i.e., stopping the flow through them) for some steps of the cycle,
t is possible to decouple the migrating velocities of the various
olutes.

The schemes developed by Jin and Wankat [12,13] and by our
roup [14–17] are examples of existing processes for isocratic
inary separation that combine some of the techniques above into
single hybrid scheme. The case of isocratic ternary separation

s clearly more complicated. The idea of operating only partially
n a countercurrent fashion was exploited by Masuda et al. [18]
n a single cascade process for fractional separation that is com-

ercialized by Organo Corp., Tokyo, Japan; the performance of
his process has been analyzed by other authors [19–21]. Hur and

ankat [22] developed a two-zone SMB/chromatography hybrid
ystem for ternary separations, and compared its performance to
hose of cascades of two-zone and four-zone SMBs. Subsequently,
he same authors [23] designed a semi-continuous, center-cut, two-
one SMB/chromatography system and a recycled cascade with
wo four-zone SMBs to separate the intermediate component from
ernary mixtures.

Recently, Morbidelli and co-workers [24–29] developed a
hromatographic process for ternary separation (MCSGP-process)
hat exploits the power of gradient chromatography and hybrid
MB/chromatography modes. In this process some columns oper-
te in counter-current mode during a fraction of the cycle while
thers are short-circuited and operate in batch mode. Continu-
us operation of the MCSGP requires six columns [24,27], but the
rocess can be reduced to a fully equivalent semi-continuous con-
guration with only three chromatographic columns and three
radient pump modules [28,29]. Using a series of working exam-
les, these authors have demonstrated the superiority of MCSGP
ver batch chromatography.

In the present work, we describe a new multicolumn,
pen-loop process for center-cut separation by solvent-gradient
hromatography. The key idea is to extend solvent-gradient
atch chromatography to a train of columns and to exploit the
ractionation of the stationary phase. In single-column batch chro-

atography the product and waste cuts are obtained at the same

oint in the system—at the downstream end of the column—but
t different times. Therefore, time (or elution volume) is the only
ariable for defining the fractional cuts. If a solvent gradient is used,
t is introduced into the system at a single point—the upstream
nd of the column. This, of course, does not give much freedom for
A 1217 (2010) 8257–8269

dynamically adjusting the solvent composition profile inside the
column.

Although packing the stationary phase into a single column
works fine for many binary separations, this seems to be overly
restrictive for center-cut separations. The introduction of space as
an additional variable (although being a discrete one), by dividing
the stationary phase into a train of columns, adds more flexibility
for manipulating the cuts and for generating the solvent gradient;
furthermore, with such a column arrangement it is possible to recy-
cle some of the cuts from the downstream end of the system to its
upstream end.

In this work we show that this can be done while working
in a simple, open-loop system that resembles the batch sys-
tem. Although our process implements a solvent-gradient moving
around a ring of columns, it is similar to a batch process in terms
of feeding and product collecting. We provide experimental val-
idation in a pilot unit, using the purification of a crude peptide
mixture by reversed phase as a working example; this proof of
concept serves to highlight the versatility, flexibility, and ease of
operation of the process.

2. Process description

The new process, nicknamed GSSR (Gradient with Steady State
Recycle), comprises a multi-column, open-loop system, with cyclic
steady-state operation, that simulates a solvent gradient moving
countercurrently with respect to the solid phase. It is particularly
suited for ternary separations: it provides three main fractions or
products, with a target product contained in the intermediate frac-
tion. The process can be pictured as the superposition of three
steady periodic events applied to a ring of columns with an open-
loop configuration: a moving solvent gradient, a feeding step, and
a step of product collection. A comprehensive description of the
GSSR process is provided next.

First, consider how a moving solvent gradient is implemented
by means of a plurality of solvent lines. For this purpose, consider
the schematic of Fig. 1, which is an example of the simplest GSSR
sequence applied to a three-column train. Note, however, that the
process can operate with more columns. The three-column train of
Fig. 1 is supplied with three different solvents: solvent A, which has
a linear-gradient composition, and two isocratic solvents, B and C,
with elution strengths different from A.

The inlet positions and flow rates of the solvent lines are defined
for a single switching interval as a set of steps over that period of
time. The sequence is then repeated a number of times equal to
the number of columns, the only difference between a switching
interval and the next being the shift of the solvent inlets by one
column in the direction of the fluid flow. A complete cycle is defined
by the sequence of steps for the set of switching intervals.

From this description, it follows that the inlet positions and flow
rates of the solvent lines are periodic in time, with period �, where �
is the duration of a switching interval. There is always an open out-
let, which is taken as a waste fraction, in order to keep the system
in open loop. The net effect of this cyclic scheme is the simulation
of the counter-current movement of the solid phase relative to an
open-loop solvent gradient that is �-periodic in time.

If the system is operated for a large number of cycles, the solvent
will develop a steady, �-periodic, axial composition profile extend-
ing over the columns. Note that the solvent composition profile will

not be spatially periodic (i.e., it will not be periodic along a coor-
dinate extending from the upstream end of the first column to the
downstream end of the last column), but only time periodic; for
the profile to be spatially periodic, all columns would have to be
supplied with the same solvent gradient.
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the upstream end of column 1 it is placed next to the feed cut.
Fig. 2 shows the flow diagrams of the feed and production steps

for the case when they occur at the beginning of the third switch-
ing interval, as discussed above, and when the product withdrawal
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ig. 1. Basic sequencing of the solvent lines for a three-column GSSR process. The
leaning in place. A sequence with desorption zone consists of performing the leftha
ts righthand counterpart for the remaining (1 − ˛). All active outlets are diverted to

In biochromatography a suitable regeneration method is
ssential for maximizing column performance and obtaining repro-
ucible results. The regeneration usually entails the use of a strong
olvent to remove highly adsorbed impurities, and may require
ost-equilibration of the column with regular buffer. For this
urpose, the GSSR process provides the possibility for in-line regen-
ration or cleaning in place (CIP) by dividing the switching interval
nto two sub-steps and replacing solvent C by a stronger solvent D
ver the first sub-step. Thus, during an initial fraction, say ˛, of each
witching interval, the column whose upstream end is attached
o the active inlet line of solvent C is partially or totally flushed
ith solvent D; during this time, the addition of solvent C is halted.
oreover, while the column is desorbed with solvent D, the out-

et effluent of the upstream column is diverted to waste. Once the
nitial sub-step of the switching interval is completed, the two
olumns resume their normal operation. It is worth noting that
othing has yet been said about feeding and product collecting;
hus, for the moment all active outlets (e.g., those depicted in Fig.
) should be interpreted as waste outlets.

In order to establish a GSSR cycle, two additional steps must be
efined: (i) the time interval during which fresh feed is supplied

nto the system; and (ii) the time interval during which the target
roduct is collected. These two steps are cyclic, but take place only
nce per cycle, i.e., they are both N�-periodic, where N is the num-
er of columns. Moreover, they can be applied anywhere within
he cycle and can cross or extend over consecutive switching inter-
als; depending on the difficulty of separation, the feed injection
nd product withdrawal can be performed over different intervals
f the cycle, or they can take place at the same time, or they can par-
ially overlap. However, the feed is always injected into the same
olumn as a rectangular pulse and the product is always collected
rom the same column.

In order to explain how the feed and production steps work in
GSSR process, let us consider again a three-column ring, such as

he one shown in Fig. 1. For difficult separations—those in which
he target product is surrounded by closely eluting impurities—the
eeding and product collecting should occur at opposite ends of the
ing to establish the longest path between the feed inlet and the
roduct outlet, and thus help to separate the impurities nearest to
he target component. Without loss of generality, it will be assumed
hat the feed line is connected to the inlet of column 1 and the
roduct line connected to the outlet of column 3.

Since in many cases the target solute will not be completely
eparated from its two nearest neighbor impurities when it reaches
he collection point at the downstream end of the ring, the two

mpure cuts surrounding the purified product—one containing the
eading edge of the target component and the other the trailing
dge—must be recycled to the feed point at the upstream end of
he system in order to maximize the recovery rate. For optimal
erformance, the two mixed cuts must be recycled in such a way as
and sequence—steps b, d, and f—is for operation without on-line regeneration or
p for an initial fraction, say ˛, of the corresponding switching interval, followed by

e.

to surround the feed pulse loaded into the feed column. Therefore,
for difficult separations that require this recycling strategy the feed
and product withdrawal steps must necessarily overlap. Moreover,
to get the most efficient separation the feed pulse should be moved
through the system by the moving solvent gradient (A) and not
eluted isocratically with either solvent B or C.

From this discussion it is now clear when to carry out the feed
and production steps within the sequencing of the solvent lines
shown in Fig. 1 for the case where the feed line is connected to
inlet of column 1 and the product line connected to the outlet of
column 3: the two steps must take place somewhere in the time
interval of the cycle spanned by steps d, e, and f of Fig. 1, because
during these steps the effluent from column 3 is recycled to the
upstream end of column 1. Given that steps d and f have the same
duration, combining the collection of the target peak with step e is
a simple and pragmatic solution that places the product collection
in the middle of the recycling sequence. Moreover, by feeding in
step e the mixture is injected into the correct column, which is the
one that is afterwards eluted with the solvent gradient.

There is one last detail to take into account regarding the feed
and production steps. If the feed step is shorter than the produc-
tion step, column 1 should be frozen after the feed step while the
product is still being withdrawn from column 3, so that when the
mixed cut containing the trailing edge of the product is recycled to
Fig. 2. Flow diagrams of the feed and production steps for the case when they occur
at the beginning of the third switching interval and when the product withdrawal
takes longer than the injection of feed. Schematics (a) and (b) are for operations
with and without on-line regeneration or cleaning in place, respectively. When the
production step is finished the normal operation of the train of solvents is resumed.
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akes longer than the injection of feed; the two sub-cases of opera-
ion with and without CIP must be handled separately and require
ifferent flow diagrams. When the production step is finished the
ormal operation of the train of solvents is resumed. Other cases of
lacement of the feed and production steps in the GSSR cycle are
iscussed elsewhere [30].

Before concluding this section, it is worth noting that, in practice,
he solvent gradient does not strictly follow the rules for simu-
ating its counter-current movement around the ring of columns,
ut only approximately, due to the interference of the feeding and
roduct collecting. The precise simulation of the counter-current
ovement of the solid is given up in favor of the extra flexibil-

ty provided by our cycle. Also, because the points of feeding and
roduct collecting are fixed, each column can play a unique role in
he separation. For the same reason, the N switching intervals that
omprise a full GSSR cycle will not necessarily have the same length.
his is different from multi-column systems adhering strictly to the
imulated counter-current concept, where all columns undergo the
ame sequence of steps but phase out in time by multiples of the
ame switching interval, and opens up opportunities for a whole
ew range of cycles.

. Experimental

.1. Pilot unit

Fig. 3 shows a schematic flowsheet of the GSSR pilot unit. We use
distributed valve design based on two-way valves, since they are
uite versatile and make it possible to implement independent port
witching. Two-way valves allow the flow either to go through or
ot to go through. The two-way valves are model SFVO from Valco

nternational (Schenkon, Switzerland) with pneumatic actuation.
ach valve is automated by means of a single computer-controlled,
hree-way solenoid: application of 50 psi opens the valve; venting
he air allows the spring to return the valve to the closed position.
verall, the pilot unit employs 28 two-way valves.

Each set of six valves, {vCO, vA1, vA2, vB, vC, vD}j (j = 1, 2, 3), is con-
ected to a special tee with six inlets and one outlet; a check valve

s placed in front of valve vCO to prevent the occurrence of flow
eversal. The other valves are attached to the transfer lines between
olumns by regular tees.

By simultaneously closing valve vCO
j

( = 0) and opening valve vW
j

= 1), the effluent from column j is directed to the corresponding
aste line; similarly, by simultaneously closing valve vCO

3 ( = 0) and
pening valve vP ( = 1), the effluent from column 3 is directed to the
roduct line.

.1.1. Inlet flow rates
The GSSR process employs three isocratic solvent streams—B,

, and D—with different solvent compositions, and one solvent-
radient stream, A. The composition of the solvent-gradient stream
s �-periodic in time and is continuously supplied into the process
t constant flow rate QA. Solvents B and C are fed to the process at
onstant flow rates QB and QC, respectively; their flows, however,
ay have to be temporarily stopped while feeding or collecting

roduct. Solvent D replaces solvent C during the desorption step
f every switching interval; its flow rate, QD, is constant. Finally,
he feedstock fluid is injected once per cycle as a rectangular pulse
ith flow rate QF. Overall, the inlet flow rates of the GSSR pro-

ess are either constant or on/off; in the latter case, the flow rate is

ept constant, at 0 or Q, over a given time interval before jumping
iscretely to the other value, Q or 0, over the next interval.

The HPLC pumps for the solvent lines B, C, and D, as well as that
or the feed line, F, are operated under steady conditions at their
rescribed flow rates to minimize disturbances in their operation.
A 1217 (2010) 8257–8269

To interrupt the feed flow or the flow of one of the isocratic sol-
vent streams, say stream B, the control software closes valve vB

j

and opens valve vBn to redirect the flow back to the solvent storage
tank. Since for all purposes the valve switching is instantaneous,
the net effect is a very good approximation of the sharp edge of the
step change in the flow rate. To redirect the flow of solvent B to
column j, valve vBn is closed and valve vB

j
is open; the sharp edge

of the step change in the flow rate is well reproduced again. The
valves which are employed for redirecting the flow of an inlet line
back to its source tank are vFn, vBn, vCn, and vDn.

Over each switching interval, the composition of solvent A
changes linearly with time from c(0)

A to c(�)
A ,

cA(t) = c(0)
A + c(�)

A − c(0)
A

�
(t mod �), (1)

where ( · mod · ) is the modulo operator, i.e.,
(t mod �) ≡ t − � · int (t/�). In the pilot unit, the solvent-gradient line
is mimicked by the admixture of two isocratic solvent streams,
A1 and A2, driven by two variable-velocity isocratic pumps, with
two different solvent compositions, respectively, cA1 and cA2, that
satisfy cA1 ≤ min{c(0)

A , c(�)
A } and cA2 ≥ max{c(0)

A , c(�)
A }. To reproduce

the solvent gradient by the admixture of streams A1 and A2, the
flow rates of the two HPLC pumps, QA1 and QA2, are determined
from the following material balances:

QA1 + QA2 = QA, (2)

QA1cA1 + QA2cA2 = QAcA. (3)

It is easily shown that QA1(t) and QA2(t) are �-periodic, linear func-
tions of time:

QA1(t) = Q (0)
A1 + Q (�)

A1 − Q (0)
A1

�
(t mod �), (4)

QA2(t) = Q (0)
A2 + Q (�)

A2 − Q (0)
A2

�
(t mod �), (5)

where

Q (0)
A1 = QA

c(0)
A − cA2

cA1 − cA2
, Q (�)

A1 = QA
c(�)

A − cA2

cA1 − cA2
, (6)

Q (0)
A2 = QA

c(0)
A − cA1

cA2 − cA1
, Q (�)

A2 = QA
c(�)

A − cA1

cA2 − cA1
. (7)

The six HPLC pumps employed in the pilot plant are model K-
501 from Knauer (Berlin, Germany) with 10 mL and 50 mL pump
heads, commanded by RS232 communication protocol.

3.1.2. Monitoring and fraction collection
A multi-wavelength UV detector (USB2000 from Ocean Optics,

USA) with attenuator, connected to a DH-2000-S-DUV light source
(Micropack, Ostfildern, Germany), is attached to the outlet of col-
umn 3. The communication between the UV detector and the
control software is handled via a USB connection.

A fraction collector is also installed at the outlet of column 3,
after the UV detector, for the periodic collection of internal samples
that can be later analyzed by off-line HLPC. Each fraction is collected
into a vial using an electrically driven, six-port, two-position valve,
model K6 from Knauer (Berlin, Germany), commanded by RS232
communication protocol.

Most of the time, the effluent from column 3 flows through the
UV measuring cell and through the injection loop of the six-port

valve and is (i) directed to column 1, or (ii) collected as product,
or (iii) removed as waste. At selected times the six-port valve is
switched to ‘inject position’ and valve vFC is open, to place the
injection loop within the flow path of mobile phase from a pres-
surized tank. The sample in the injection loop is thus pushed onto
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Fig. 3. Schematic flowsheet of the GSSR pilot unit. v

he vial for off-line HPLC analysis and the injection loop is washed
ith mobile phase. This occurs during a small, specified time inter-

al at given instants of the cycle defined by the operator. During
his time the effluent from column 3 bypasses the injection loop
nd is directly diverted into column 1. When the six-port valve is
witched back to ‘load’ position and valve vFC is closed, the mobile
hase in the loop is pushed to the downstream column while the

oop is being filled. Thus, the circulating flow in the pilot unit is not
nterrupted. The extra volumes in the pilot unit due to ancillary
quipment, tubbing, detectors, and fraction collector were esti-
ated to be 4.5 mL.

.1.3. Process automation
The whole set-up, including pumps, two-way valves, UV detec-

or, and fraction collector, is fully automated and driven by BioCTR
31]—our Labview-based software for process monitoring and con-
rol of multicolumn chromatographic processes.

A GSSR cycle is defined by a set of parameters, which are speci-
ed by the operator and can be changed while the pilot is running.
esides the number of columns, N, switching interval, �, and the
arious flow rates, the set of operating parameters for a GSSR cycle
ncludes other parameters that are described next. The start of the
eed injection, tF, is defined relative to the cycle time, �cyc = N�, as
F/�cyc, but the duration of the injection, �tF, is defined in absolute
ime units. Product collection is defined similarly; hence, tP/�cyc is
he relative position of the start of collection and �tP specifies its
uration.

The GSSR process can operate with a desorption zone where sol-
ent C is replaced by a stronger solvent D. This step is applied once
er switching interval and, therefore, is best defined with respect to
hat time interval. During the initial interval 0 ≤ t/� < �tD/� of every
witching interval the system is operated with solvent D, whereas
uring the rest of the period, �tD/� ≤ t/� < 1, solvent D is replaced

y normal solvent C. The solvent-gradient parameters QA, c(0)

A , and
(�)
A are automatically converted by the control software into the

ow rate parameters Q (0)
A1 , Q (�)

A1 , Q (0)
A2 , and Q (�)

A2 , using Eqs. (6) and
7).
-way valve; UV, UV detector; FC, fraction collector.

3.2. Materials and methods

The GSSR process was experimentally validated on the pilot unit,
using the reversed-phase purification of a crude peptide mixture
as a working example. Proteins and peptides represent a growing
sector in the pharmaceutical industry. Reversed-phase, high-
performance liquid chromatography (RP-HPLC) has found wide
use in the production of peptides for pharmaceutical formulations,
due to its ability to provide high-resolution separation combined
with good reproducibility. However, peptide mixtures can be
complex, with significantly heterogeneous physico-chemical prop-
erties (including hydrophobic and highly hydrophilic compounds),
thus rendering their efficient separation by RP-HPLC challenging
[32]. Here, we demonstrate that the GSSR process is well suited for
this task at preparative scale.

The selected packing material is Kromasil C18 (Eka Chemicals
AB, Sweden), an octadecyl-bonded, reversed-phase silica, with high
hydrophobicity, narrow pore size distribution (∼100 Å), and very
low content of metal impurities. Detrimental ionic interactions
between basic peptides and residual ionized silanol groups in C18
phases often produce peak tailing [33,34], which is undesirable
when high product purity is required; the Kromasil C18 phase has
a high graft density and end-capping, and is therefore expected
to exhibit a low silanol activity under the selected experimental
conditions. The analytical experiments were performed with 5 � m
Kromasil C18 purchased prepacked into a 0.46 cm × 15 cm column;
the preparative experiments were performed with 25 � m Kromasil
C18, packed into three 1 cm × 10 cm stainless steel columns by
NOVASEP Process (France). The system was operated isothermally
at 30 ◦C.

The mobile phases used in this study are aqueous solutions of
ethanol (EtOH) with a fixed residual amount of 0.1% (v/v) tereph-
thalic acid (TFA); the EtOH concentrations varied from 20% up to

50% (v/v). HPLC-grade EtOH and TFA were purchased from Panreac
(Barcelona, Spain). The EtOH buffers were first prepared by diluting
EtOH in deionized water, filtering through a 0.22-�m membrane,
and adding TFA thereafter to prepare the final mobile phases. All
solvents were degassed prior to use.
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Fig. 4. Peak deconvolution for an analytical chromatogram of the crude pep-
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ide mixture. Column: Kromasil C18, 5 �m, 100 Å, 0.46 cm × 15 cm; solvent:
ater/ethanol/TFA (75/25/0.1, % (v/v)); flow rate: 0.5 mL/min; concentration: 1 g/L;

njected volume: 250 �L; detector: UV @ 220 nm.

Fig. 4 shows a chromatogram of the crude mixture for a 250 �L
njection at 1 g/L into the Kromasil analytical column, eluted with

ater/ethanol/TFA (75/25/0.1, % (v/v)) at 0.5 mL/min. The crude
ixture is characterized by three main cuts: a weakly adsorbing

early eluting) cut containing three major impurities, an interme-
iate cut with the target product and at least four neighboring

mpurities, and a strongly adsorbing (late eluting) cut containing
hree impurities; the target product corresponds to the largest peak
f the chromatogram, with roughly 50% of the total peak area.
rom the analysis of the chromatogram in Fig. 4, it is clear that
he desired product is intermediate between nearby, weaker and
tronger adsorbing impurities; a central cut is thus required to get
he desired pure product.

. Model-based analysis tools

For the sake of simplicity, we shall employ a linear adsorp-
ion model to help explain the operation of the GSSR process for
he purification of the peptide crude mixture. A comprehensive,
umerical study of the GSSR process, based on a more realistic
ulticomponent adsorption model of the peptide mixture, will be

eported elsewhere.
The adsorption equilibrium of the competing solutes is the basis

or the design or optimization of any chromatographic process gov-
rned by the thermodynamics of adsorption; this is the case of the
eptide mixture on the 25 �m Kromasil C18 phase for the working
ange of linear velocities used in the preparative experiments. Mass
ransfer and axial dispersion certainly influence the composition

ronts, by smearing the concentration profiles, but do not change
heir stoichiometric positions when the process is not limited by the
dsorption kinetics. If the adsorption isotherms are known, suitable
perating conditions can be determined through the application of
esign rules, such as those developed for the SMB process [35], or
A 1217 (2010) 8257–8269

by computer-aided optimization. A short-cut method for designing
the GSSR cycle is presented below.

4.1. Chromatographic column model

Under linear adsorption conditions, the equilibrium adsorbed
concentrations can be expressed as

qi = (�p + Hi)ci, (8)

where i is the solute index; c is the concentration in the liquid
phase; q is the adsorbed concentration per unit volume of station-
ary phase; �p is the intraparticle porosity; and H is the Henry’s
constant. Henceforth index i = 0 shall denote the solvent modifier
(EtOH) and i = 1, . . ., nc, the nc components of the peptide mixture.

The Henry’s constant is strongly affected by the solvent com-
position; examples of expressions often used in the literature to
model the dependence of Hi on c0 are [36–38]

Hi = H′
i

cni
0

and Hi = H′
i

enic0
, (9)

where H′
i

and ni are adjustable parameters.
For simplicity, we use the equilibrium-dispersed model for

describing the dynamics of each chromatographic column [39]. If
the dependence of Hi on c0 is given by Hi = H′

i
/cni

0 , the equilibrium-
dispersed model can be written as(

� + Ve

V

)
∂ci

∂t
+ Ki

(
∂ci

∂t
− nici

c0

∂c0

∂t

)
= Q

V

(
hi

2
∂2ci

∂x2
− ∂ci

∂x

)
,

× 0 < x < 1, (10)

with boundary conditions

ci − hi

2
∂ci

∂x
= cin

i for x = 0, (11)

∂ci

∂x
= 0 for x = 1. (12)

In these equations, � = �b + (1 − �b)�p is the total bed porosity (�b
is the interparticle void fraction); Ki = (1 − �b)Hi, the Henry’s con-
stant expressed per unit volume of column; t, the time coordinate;
x = z/L, the dimensionless axial coordinate along the column; L and
V, the length and volume of the column; Ve is the extra dead
volume per column; Q, the flow rate through the column; h, the
dimensionless plate height; and cin, the solute concentration in
the inlet effluent. The lefthand side of Eq. (10) is the expansion
of �b( ∂ ci/∂ t) + (1 − �b)( ∂ qi/∂ t). Note that for i = 0 (EtOH in the sol-
vent), we have set H′

0 = 0 and n0 = 0.
The dimensionless plate height, hi, governing band broadening

for the i th component, can be expressed as [40]

hi

2
= 1

Pe
+ ˛i

Q

V
+ �i

V

Q
, (13)

where

˛i = � − �b + Ki

ki(� + Ki)
2

, �i = �bDim

˛bL2
. (14)

Here, Pe = vL/DL is the hydrodynamic Péclet number (DL ∝ dpv
is the hydrodynamic dispersion coefficient and dp is the particle
diameter); k ∝ d−2

p is the linear-driving-force coefficient for lumped
solid-diffusion mass transfer (including film diffusion); Dm is the
molecular diffusion coefficient; and ˛b ≈ 3 is the tortuosity factor
of the packed bed. Note that � measures the effect of bulk molecular

diffusion on band broadening.

The 1 + Q + Q−1 dependence of h in Eq. (13) gives the well-known
van Deemter plot [39]. In the working range of linear velocity used
in our preparative experiments, the � ’s are negligible and Eq. (13)
can be simplified to a linear relation between h and Q, because Pe is
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oughly constant and the ˛’s are only weakly dependent on Q. For
omputational convenience, however, the � ’s are assigned a small,
ut realistic value, in order to keep the boundary condition in Eq.
11) valid when Q = 0, i.e., when the flow through a column is halted.

.2. Dynamic process model

The GSSR process’s model is obtained by assembling N instances
f the chromatographic column model, one for each of the N
olumns, and linking them through appropriate material balances
ritten for the inlet nodes of the columns.

The node balances at each column inlet are written in a way
hat mimics our experimental implementation of the GSSR process.
inary variables (i.e., variables that can only take the values 0 or 1)
re introduced to define the state of the two-way valves installed
n the pilot unit (Fig. 3); if the variable is equal to 0, the valve is
losed; if it is equal to 1, the valve is open.

The material balances on the flow rates at the N column inlets
re

1 = (1 − vW
N − vP)QN +

∑
s ∈ S

vs
1Qs + vF QF, (15)

j = (1 − vW
j−1)Qj−1 +

∑
s ∈ S

vs
j Qs (j = 2, . . . , N), (16)

here S = {A, . . . ,D} represents the train of solvents; the v’s, the
tates of the corresponding two-way valves depicted in Fig. 3; Qj,
he volumetric flow rate through column j; Qs, the flow rate of sol-
ent s; and QF, the feed flow rate. We recall that for our pilot unit,
= 3.

The balance for column 1 is different from the other two bal-
nces, because its inlet is connected to the feed line, and because
he outlet of its upstream neighboring column (i.e., column 3) is
onnected to the product line. Note also that Eq. (15) is written
nder the assumption that vW

N and vP are never both set to 1 at
he same time, because it is physically impossible to simultane-
usly collect waste and product from the same column outlet. To
btain a more robust mathematical balance, it suffices to replace
1 − vW

N − vP) by (1 − max{vW
N , vP}).

The component material balances at the column inlets can be
ritten a

Qcin
i )1 = (1 − vW

N − vP)(Qcout
i )

N
+

∑
s ∈ S

vs
1Qsc

s
i + vF QFcF

i , (17)

Qcin
i )

j
= (1 − vW

j−1)(Qcout
i )

j−1 +
∑
s ∈ S

vs
j Qsc

s
i (j = 2, 3), (18)

here cin
ij

and cout
ij

are the concentrations of component i at the
pstream and downstream ends of column j, respectively; cs

i
is the

oncentration in solvent s; and cF
i

is the concentration in the feed.
Note that in Eqs. (17) and (18), i runs over the set of solutes

nd the solvent modifier (i = 0). Obviously, cs
i

= 0 for i > 0 and s ∈ {A,
. ., D} because the peptide mixture is not injected into the system
ia the train of solvents. The cF

i
, on the other hand, are different

rom zero for i > 0, because they define the feedstock composi-
ion; moreover, cF

0 defines the modifier concentration in the feed.
he concentrations cs

0 for s ∈ {B, . . ., D} are constant (i.e., time
ndependent), because they define the modifier concentrations in
he isocratic solvents; but the modifier concentration, cA

0 , in the
olvent-gradient line, A, is time variable according to piecewise-
inear periodic profile given by Eq. (1).
.3. Numerical solution

The GSSR’s dynamic process model was solved using two differ-
nt numerical solution strategies. In one case the model equations
A 1217 (2010) 8257–8269 8263

were solved directly for cyclic steady state (CSS) conditions to get
the GSSR’s steady periodic solution. To this end, each instance of
the chromatographic column model—one for each column—was
discretized both in time, t ∈ [0, N�], and in the spatial coordinate,
z ∈ [0, 1], and the GSSR’s CSS condition

cij(t + N�, z) = cij(t, z) ∀ z ∈ [0, 1] (19)

was directly applied at t = 0 [this gives cij(N�, z) = cij(0, z)]. This
full-discretization approach gives rise to a large sparse system of
nonlinear equations that can be solved using a suitable solver.

Note that the GSSR’s CSS condition is different from the CSS
condition for multi-column, simulated counter-current adsorption
processes [41–44]:

ci,j+1(t + �, z) = cij(t, z). (20)

This is because the GSSR’s feed inlet and product outlet lines are
attached to fixed columns and, therefore, do not advance their posi-
tion by one column at the end of every switching interval as all other
lines do.

The method above provides the steady periodic solution, but
not the initial transient cycles until the CSS is attained, starting,
e.g., from a clean system, nor the path followed by the process
between two steady periodic states because of a change in an oper-
ating parameter. To determine the GSSR’s cycle-to-cycle dynamics
we employed a standard method-of-lines approach: the model was
discretized in the spatial coordinate, z ∈ [0, 1], to obtain a sparse sys-
tem of differential-algebraic equations (DAE) for which robust and
computationally efficient software is widely available to generate
a numerical solution along the time coordinate.

5. Results and discussion

5.1. Adsorption equilibria

When dealing with the purification of a complex, multicompo-
nent mixture, like the crude peptide mixture, it is convenient to
minimize the number of solutes taken into consideration in the
design procedure to make it numerically tractable. This is similar
to the method often used in dealing with the design of distillation
columns for the separation of petroleum fractions, where only a few
selected key components are considered in the calculations. In the
present case, five key components were selected: the most weakly
adsorbed (earliest eluting) impurity (i = 1), the target product (i = 3)
and its two closest impurities (i = 2 and i = 4), and the most strongly
adsorbed (latest eluting) impurity (i = 5). The key components are
identified by arrows pointing to their elution peaks in the analytical
chromatogram of Fig. 4.

To determine the influence of the EtOH concentration, c0, on the
adsorption behavior of the peptide mixture, 250 �L pulses of the
crude mixture at 1 g/L were injected into the analytical Kromasil
column and eluted isocratically for various values of c0; the flow
rates in these experiments were in the range 0.3–0.6 mL/min (data
not shown).

From the experimental chromatograms it is easy to determine
the retention times of the key components for each value of c0. The
retention time, ti, for solute i, is related to the thermodynamic and
elution parameters by

ti = � + Ki

Q/V
. (21)
From the known value of ti it is straightforward to determine the
Henry’s constant, Ki, or, more conveniently, the value of � + Ki:

� + Ki = tiQ

V
. (22)
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Table 1
Values of � + Ki for the key components of the peptide mixture, as a function
EtOH concentration, c0 (% (v/v)), and their fitting to an expression of the form
Ki = K ′

i
/(c0/100)ni ; data calculated from the retention times using Eq. (22).

c0 (% (v/v)) Key component

1 2 3 4 5

� + Ki

20 1.25 8.02 10.47 12.47 21.63
25 0.61 3.85 4.87 5.79 9.13
30 0.62 2.35 2.72 3.14 4.54
40 0.61 1.20 1.29 1.42 1.73
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Fig. 6. Henry constants, Ki = (1 − �b)Hi , for the target peptide (i = 2) and its two clos-
50 0.59 0.82 0.85 0.89 0.95
K ′

i
8 × 10−7 0.016 0.016 0.018 0.017

ni 8.36 3.83 4.02 4.08 4.47

The calculated values of � + Ki are listed in Table 1, where it is
hown that for the least retained component, � + K1 stabilizes at
0.61 as c0 is increased. Since the value of �[= �b + (1 − �b)�p] for
well-packed column chromatographic column is usually in the

ange 0.60–0.70, we take � = 0.61 and assume that for practical pur-
oses the least retained solute does not adsorb for large values of
0; this allows us to calculate the values of Ki [= (1 − �b)Hi] for all
he key components.

The dependence of each Ki on c0 was fitted to a function of the
ype Ki = K ′

i
/cni

0 , which is identical to the one used in the develop-
ent of Eq. (10); the fitted values of K ′

i
and ni are listed in the two

ottom lines of Table 1. The fitted curves are directly compared with
he experimental data in Fig. 5, which shows that the dependence
f Ki on c0 is well described by an equation of the form Ki = K ′

i
/cni

0 .
To stress the difficulty of the peptide separation problem, the

enry constant of the target peptide (i = 3) and those of its two
losest impurities (i = 2 and i = 4) are plotted against c0 in Fig. 6
or comparison. When the K-curves are plotted together and com-

ared, it is seen that the retention factors of the two impurities are
ery close to that of the target peptide. This makes the purifica-
ion of the target peptide a difficult separation problem and, thus,
good case study for the GSSR process. Note also that the selectiv-
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nd lines are plots of K ′

i
/cni

0 with parameters taken from Table 1.
est impurities (i = 2 and i = 3), as a function of EtOH concentration, c0 (v/v). Symbols
are experimental data and lines are plots of K ′

i
/cni

0 with parameters taken from
Table 1.

ities, ˛ij = Kj/Ki = (Hj/Hi)cni−nj
0 , for the pair combinations (i, j) of

the three solutes are weakly dependent on c0 because ni − nj ≈ 0.
Thus, the solvent gradient must be properly placed along the three
columns to effectively help at accomplishing the separation.

5.2. Validation of moving solvent-gradient in the pilot unit

Before applying the GSSR process to the purification of the crude
peptide mixture, the pilot unit underwent extensive testing in order
to validate the automation of the valve sequencing, pump actu-
ation, solvent-gradient implementation by the admixture of two
isocratic pumps, pulsed feeding, and waste and product collecting.
For example, some preliminary tests to validate the automation
of the pumps and valves was carried out on the pilot unit using
pure water and without the three chromatographic columns, which
were simply replaced by capillary tee connections. The rate of accu-
mulated mass from the waste and product lines was monitored in
real time using a precision balance, model TE3102S from Sarto-
rius (Goettingen, Germany). The rate of accumulated mass, dm/dt
(g/min), is proportional to the flow rate, Q (cm3/min), the scaling
factor being the density � (g/cm3) of the fluid: �−1(dm/dt) = Q. The
balance reading gives the mass accumulated over a given period of
time, m = �

∫
Q dt. Although these tests were very successful (data

not shown), they gave only a partial, and necessarily limited, val-
idation of the practical implementation of the GSSR cycle on the
pilot unit.

More realistic tests on the implementation of the moving
solvent-gradient were performed on the pilot unit with three
columns and a nonadsorbed tracer. The three chromatographic
columns employed in these tests are Superformance 26-mm
ID thermo-jacketed glass columns (Götec Labortechnik, Mühltal,
Germany). Reversed-phase Source 30 RPC (30 �m particle size; GE
Healthcare Amersham Biosciences, Uppsala, Sweden) was slurry
packed into each column to a bed height of L = 6 cm with 5% (v/v)
ethanol/water at 25 mL/min, back-pressure of 30 bar, and 30 min
packing time.

In these tests, changes in the solvent composition (say, changes
in the water/ethanol ratio) were replaced by equivalent changes in
the concentration of blue dextran (BD) in an isocratic solvent. BD
is a dextran polymer with an average molecule weight of 2 × 106.

Its large molecular size prevents it from penetrating into the pore
volume of the adsorbent particles; in practice, this tracer probes the
interparticle void volume in the columns and extra-column dead
volumes.
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To determine the sequencing of the inlet/outlet lines for the
ig. 7. Temporal profile of blue dextran concentration at the outlet of column 3 for
cycles of a GSSR process. Lines are the theoretical predictions and symbols are the

xperimental UV data. The inset at lower-right zooms the profile for the 5th cycle.

Fig. 7 compares the BD’s concentration profile measured by UV
t the outlet of column 3 with the profile predicted by process sim-
lation. In this tested GSSR cycle, feed is introduced into column
and product collected from column 3. The switching interval is
= 5 min and the feed (pure water) flow rate, QF = 0.5 mL/min. The
uration of the desorption zone is �tD/� = 0.25; the instants, scaled
y the cycle time, when feed is injected an the product is col-

ected are the same and equal to tF/�cyc = tP/�cyc = 0.667 (beginning
f the third switching interval); the duration of the feed pulse is
tF = 30 s and the duration of the product withdrawal is �tP = 60 s.

he compositions and flow rates of the solvent lines are: solvent
1, 0.24 g/L, solvent A2, 0.44 g/L; QA1 + QA2 = 5 mL/min; solvent B,
.25 g/L, QB = 1 mL/min; solvent C, 0.25 g/L, QC = 1.25 gL/min; and
olvent D, 0.57 g/L, QD = 5 mL/min.

The theoretical profile shown in Fig.7 was predicted by the GSSR
odel with interparticle porosity � = 0.39, intraparticle porosity

p = 0, and Péclet number Pe = vL/DL = 700, where v is the lin-
ar velocity of the fluid and DL is the dispersion coefficient. The
SSR model was solved for nc = 0, since the solvent (i = 0) is the
nly component in the system. (The default values H′

0 = 0 and n0 = 0
uarantee that it does not adsorb.) The effect of dead volumes in
he pilot unit was lumped into the value of �; extra-column vol-
mes represent roughly 100 × (0.39 − 0.32) = 7% of the volume of
he packed beds. Fig. 7 shows that there is good agreement between
he experimental profile and the theoretical one. We can now tackle

ore confidently the difficult center-cut purification problem of
he crude peptide mixture.

.3. GSSR cycle for purification of the peptide mixture

The GSSR cycle for the purification of the crude peptide mix-
ure consists of a standard cycle with a desorption step (�tD > 0), in
hich the feed and production steps start at the beginning of the

hird switching interval (tF = tP = 2�); this cycle is quite similar to
he one tested with the blue dextran tracer.

.3.1. Shortcut design procedure
The design procedure for a chromatographic process should not

e too complicated or tedious, nor should it be time consuming,

therwise the process will be of limited use in industrial practice.
ere, we briefly describe a simple shortcut procedure for designing
GSSR cycle, which is based only on the retention times of the key

omponents.
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The EtOH concentration in the solvents is restricted to the range
25–50% (v/v); over this working range, the values of � + K for the
target peptide and its two closest impurities decrease by roughly
80%, thus giving a good extent of variation of the retention times.
For simplicity, the EtOH concentrations in solvents B and C are fixed
at 25% (v/v) and that in the stronger solvent D at 50% (v/v). The
gradient is applied somewhere in between these two values. The
train of solvents is handled with only two solvent storage tanks: one
with 25% (v/v) EtOH and the other with 50%. The solvent gradient
(solvent line A) is built from the admixture of different amounts of
solvent drawn from the two tanks.

Given that the HPLC pumps have 10 mL heads, we design the
system with external flow rates of roughly 1–5 mL/min and a maxi-
mum internal flow rate around 8 mL/min, which for the GSSR cycle
is given by QA + QB + QC. Solvent A is responsible for doing most
of the separation, whereas the purpose of solvents B and C is to
restrain the width of the central cut by adding a little more reten-
tion to the side parts of the target peak that are recycled. The mixed
cut with the leading edge of the target peptide is diluted with sol-
vent C during recycling (step d of Fig. 1), whereas the mixed cut
with the trailing edge is diluted with solvent B (step f of Fig. 1).
Thus solvent C should have a somewhat higher flow rate than sol-
vent B, because the leading mixed cut is less retentive than the
trailing one. If the flow rates of the isocratic solvents are fixed at
QB = 1 mL/min and QC = 1.25 mL/min, the flow rate of the solvent
gradient should be QA ≈ 5.7 mL/min to give a maximum internal
flow rate of 8 mL/min.

The cycle time is fixed at ca. 10 min; this gives � = 3 + 1/3 min,
which we round up to 3.5 min. We want the central cut to move
from one column to the next over the duration of a switching inter-
val by the injection of the solvent gradient. To achieve this, the
retention time of the target solute in one column should be equal
to the switching interval, i.e.,

[� + K3(c̄0)]V + Ve = QA�. (23)

Here, V is the column volume; Ve is the extra dead volume per
column; K3 is the Henry constant of the target peak; and c̄0, the
EtOH concentration at which the gradient is centered around. Solv-
ing for c̄0 gives 34.0% (v/v). Thus, working with 34% (v/v) EtOH in
the solvent will induce a retention time of the target peptide per
column equal to the switching interval. By applying the same pro-
cedure to the two closest impurities, gives 32.4% (v/v) for the less
retained one and 35.4% for the more retained. So as a first approxi-
mation, a total gradient from 32.4% to 35.4% (v/v) is to be expected.

Complete elution of the most retained impurity at 5 mL/min
with solvent D (50% (v/v) EtOH) gives �tD ≈ 1.5 min. The feed-
stock is diluted in 25% (v/v) EtOH solvent at cF = 0.53 g/L, and 1 mL
of feed solution is injected per cycle, which gives a feed pulse of
�tF = 0.5 min at QF = 2 mL/min. This feed concentration is in the lin-
ear response range of the UV detector, well below its saturation
limit. The width of the central cut, as measured by the positions of
the two closest impurities, is about 1/3 of a column length; using
an expression similar to Eq. (23), but with its l.-h.-s. multiplied by
0.33 and � replaced by �tP, gives a collection time of about 1.1 min
that we round down to �tP = 1 min in order to introduce a small
safety margin.

The set of operating parameters are summarized in Table 2 and
were found to be adequate for exploratory experiments with the
GSSR pilot unit.

5.3.2. Step sequencing
selected GSSR cycle, we resort to the schematics in Figs. 1 and 2.
During the first two switching intervals of the cycle the train of sol-
vents is unaffected by the feed and production steps, because these
steps occur during the third switching interval. Thus, the chrono-
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Table 2
Operating parameters of the GSSR cycle. Second and third columns give, respec-
tively, the EtOH concentration, c0, and the flow rate of the solvent line;
solvent-gradient A increases c0 linearly from 32.4% to 35.4% (v/v) over every switch-
ing interval. Notation: �, switching interval; tF and �tF, position and duration of feed
injection; tP and �tP, position and duration of product collection; �tD, duration of
desorption step.

(% (v/v)) (mL/min) (min)

Feed 0.25 2.0 � 3.5
Solvent A 0.324–0.354 5.7 �tD 1.5
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Fig. 8. GSSR cycle for purification of the peptide mixture and snapshots of the simu-
Solvent B 0.25 1.0 �tF 0.5
Solvent C 0.25 1.25 �tP 1.0
Solvent D 0.50 5.0 tF, tP 7.0

rams of port switching for the first two switching intervals of the
ycle are taken directly from steps a to d in Fig. 1.

The feed and production steps start at the beginning of the
hird switching interval, but it must be noted that the production
tep is longer than the feed step (�tP > �tF); moreover, both steps
ccur while the desorption step is performed on the third column,
ecause �tD > max (�tF, �tP). Thus, the third switching interval
tarts with the two bottom steps of Fig. 2; the duration of the first
tep is �tF and that of the second is �tP − �tF. Finally, the cycle
nds with the sequencing of the solvent lines given by steps e and
of Fig. 1; but note that step e takes �tD − �tP and is followed by
tep f for the remaining � − �tD of the switching interval.

.3.3. Simulated cycle
The full GSSR cycle is shown in Fig. 8, along with snapshots of the

imulated axial concentration profiles in the three columns taken
t selected instants of the cycle when switching between some of
he steps. For a better visualization, the concentration profiles have
een scaled by the corresponding concentrations in the feed; this
as the effect of magnifying the profiles for the impurities, which
ould, otherwise, be difficult to discern for some steps of the cycle.

he axial solvent composition profile is represented by the dashed
ines on a secondary y-axis with a linear scale ranging from 25% to
0% (v/v) EtOH. The duration of each step of the cycle is given at
he left of the corresponding flow diagram; thus the first step takes

tD time units, the second step takes � − �tD time units, and so
orth.

Fresh feedstock fluid is injected into the upstream end of col-
mn 1 at the start of the third switching interval, while at the same
ime the target peptide contained in the feed pulse injected in the
revious cycle is obtained in purified form at the downstream end
f column 3. This way, each pulse of feed injected per cycle is forced
o travel over the entire length of the system to get maximum
eparation between neighbor peaks.

Product withdrawal starts after the recycle of solute 2 and of the
ut in which it is mixed with the leading edge of the product. The
roduct collecting step continues until breakthrough of the target
eptide’s slower neighbor impurity. After product collection, the

mpure cut containing the trailing edge of the target peptide mixed
ith its slower neighbor impurity is recycled to the upstream end

f column 1. Ideally, this cut should be injected into the upstream
nd of column 1 right after the injection of feed. To achieve this,
nd since the product collecting step is longer than the feed step,
he feed column (i.e., column 1) is frozen during the last �tP − �tF
ime units of product collection to wait for the recycled cut.

The more weakly adsorbed impurity is pushed into column 2
uring the third switching interval and then purged out of the sys-
em during the first switching interval of the following cycle. The
ost weakly adsorbed impurity is taken out of the system through
olumn 2 during the last step of the cycle and the first step of
he following cycle (these two steps are contiguous in time). The

ost strongly adsorbed impurity, which is the slowest traveling
lated axial concentration profiles taken at selected instants of the cycle. The dashed
lines represent the EtOH axial concentration profiles (v/v). The operating parameters
are listed in Table 2.

species in the system, is purged out of the system mostly during
the strong desorption step applied to column 2, but with a delay
of one cycle. The product’s slower neighbor impurity is discarded
from the system in three waste cuts taken from the three columns;
the product’s faster neighbor impurity is taken out of the system
through columns 2 and 3.

5.4. Choice of manipulated variable for tuning the process

Whatever procedure is employed for process design, even a
computer-aided one based on a detailed process model, it is always

necessary to dynamically adjust some of the operating parame-
ters during process operation to compensate for deviations from
the target purity arising from imperfect design and experimental
variability.
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The switching interval, �, was selected as manipulated variable
or dynamically adjusting the GSSR process. The efficacy of this
hoice was verified by a parametric and sensitivity analysis of the
rocess using the model-based tools described above, and is in line
ith methods proposed by some authors for controlling the SMB
rocess [45].

Fig. 9 shows an experimental study of the effect of � on the
V signal at the outlet of column 3—the one from which prod-
ct is collected—over a full GSSR cycle. The purified product cut is

learly identified by a broad peak in the UV signal. For � = 2.61 min
he purified product exits column 3 after the collection has taken
lace, whereas for � = 4.21 min the purified cut exits column 3
efore being diverted for product collection; for � = 3.5 min, the
roduct peak seems to be well positioned with respect to the
Dimensionless time, t/ τ

Fig. 10. Temporal profile of the UV signal measured at the outlet of column 3 for
the 30-cycle GSSR experiment.

collecting interval, as can be seen by the simulated composi-
tion profiles which have been superposed on the experimental
graphic.

5.5. Experimental GSSR run

As an experimental proof of concept of the GSSR process, the
pilot unit was operated over a long period of time—30 full cycles—in
order to attain the cyclic steady state conditions and to assess the
reproducibility and stability of the pilot unit over a long period of
operation. Fig. 10 shows the temporal UV profile at the outlet of
the third column for the 30-cycle GSSR experiment; in this figure
the time scale is made dimensionless by dividing the process time
by the value of the switching interval, �; with this time scaling, a
complete GSSR cycle takes three dimensionless time units, and the
cycles start at t/� = 0, 3, 6, 9, and so forth.

As discussed above, � was employed as a manipulated variable
to adjust the relative position of the moving composition profile
in the GSSR loop with respect to the outlet ports. The switching
interval was initially set at � = 3.5 min. However, while monitoring
the UV signal at the outlet of the third column, and using as a guide
the position of the product peak with respect to the time frame
for product collecting, the value of � was ultimately decreased to
3.3 min; this action corrected the relative position of the moving
composition profile in the GSSR loop.

The value of � for each cycle is shown at the top of Fig. 10. The
value of � was initially set to 3.5 min over the first 4 cycles, but
was then adjusted to 3.45 min over the following 4 cycles in an
attempt to move the collected product fraction to the correct posi-
tion. Based on the elution time of the product peak at the outlet
of column 3, the initial reduction of � to 3.45 min was found to be
insufficient, so its value was further reduced to 3.4 min over the
following 3 cycles, then changed to 3.2 min over another 3 cycles,
further reduced to 3.1 min for another 3 cycles, and finally settled
at 3.0 min for another 4 cycles. The elution times of the main prod-
uct peak at the outlet of column 3 for values of � equal to 3.0, 3.1,

3.2 and 3.4 min were fitted to a third-order polynomial, from which
the optimum value of � was determined to be ≈3.3 min. This value
of � was kept fixed over the last 16 cycles of operation.

Fig. 11 shows the temporal UV profile at the outlet of column
3 for the last four cycles of the 30-cycle GSSR run, i.e., cycles 27
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ig. 11. Temporal profile of the UV signal measured at the outlet of column 3 for the
ast four cycles of the 30-cycle GSSR experiment. The time scale for the 30th cycle is
xpanded to improve visual clarity. The grayed area shows the time interval during
hich product was collected in the 30th cycle.

hrough 30. The time coordinate is scaled by the value of the switch-
ng interval and expanded for the 30th cycle for better visualization.
he grayed rectangle shows the interval during which product is
ollected in the last cycle of the run; the peak in the UV signal
ppears to be well positioned by reference to Fig. 9.

Fig. 12 shows the HPLC analysis of the product fraction collected
ver the 30th cycle; the analytical chromatogram of the product
ut demonstrates that the product purity obtained experimentally
eets the value originally aimed at, i.e., purp ≥ 98%. Actually, it is

isually difficult to discern the existence of any trace of the faster
eighbor impurity in the chromatogram of Fig. 12; however, our
eak fitting procedure detects a small amount of impurity within
he scatter of the UV signal’s baseline, which is why we do not report
00% purity for the collected product fraction.

Purity is not the only determining performance variable for
he chromatographic separation of a high value-added bioprod-
ct; recovery is also another important performance variable. The
roduct recovery for the experimental GSSR run was determined by
he following procedure. The concentration of the target peptide in

he product fraction, cP

p , can be determined by comparing the peak
reas for the target peptide in two analytical chromatograms: one
or the feed (top graph of Fig. 4) and the other for the collected prod-
ct fraction (Fig. 12). Since the volumes of injected sample were the

ig. 12. HPLC analysis of the product fraction collected during the last cycle of the
0-cycle GSSR experiment of Fig. 10.
A 1217 (2010) 8257–8269

same in both chromatograms,

cP
p = AP

p

AF
p

Q F

Q P
cF

p, (24)

where cF
p is the solute concentration in the feed mixture, AF

p is the
peak area of the target solute in the analytical chromatogram of
the feed mixture (Fig. 4), and QF is the flow rate at which the
chromatogram was obtained; AP

p is the peak area of the target pep-
tide in the chromatogram of the product fraction from the GSSR
process (Fig. 12) and QP is the flow rate at which the correspond-
ing chromatogram was obtained. In the present case, the values
are QF = 0.558 mL/min, QP = 0.631 mL/min, AF

p = 0.769 mAU×min,
AP

p = 0.1145 mAU×min, and cF = 0.5295 g/L. From Eq. (24), we get
cP = 0.089 g/L. The amount of target solute injected per GSSR cycle
is fp = cF

pQF�tF = (0.5295 g/L)(2 mL/min)(0.5 min) = 0.529 g and the
amount of target solute collected per cycle in the purified cut is
mp = cP

pQP�tP = (0.089 g/L)(5.7 mL/min) (1 min) = 0.505 g (note that
for the GSSR cycle under analysis, QP = QA); therefore, the product
recovery is recp = mp/fp = 0.505/0.529 = 95.3%.

5.6. Comparison with single-column batch chromatography

We have determined by simulation the optimal operation of
single-column batch chromatography with linear solvent gradi-
ent, and compared its performance with that of the 30-cycle GSSR
experiment for the same amount of stationary phase and same
amount of feed injected per cycle. The best solvent-gradient pol-
icy for the batch process that maximizes the recovery of the target
peptide for purity specifications above 90% turns out to be isocratic
elution. To see why this is so, first notice that the Henry constants
given in Table 1 decrease monotonically with the EtOH concen-
tration (c0) in the solvent. But more importantly, however, is that
the selectivities between the target peptide and its two neighbor
impurities, ˛21 and ˛32, where

˛ij = 1 + ˇKi

1 + ˇKj
(25)

and ˇ = (1 − �)/� is the phase ratio, also follow the same trend with
respect to c0. Since the batch process does not achieve baseline
separation of the target product from its two neighbor impurities
at the lowest EtOH concentration considered in the GSSR experi-
ments (c0,min = 0.25 (v/v)), the three peaks will elute even closer to
each other if the value of c0 is increased. Thus, the optimal solvent-
gradient policy for the batch process that maximizes the recovery
is isocratic elution with c0 = c0,min.

Fig. 13 shows the numerical results of maximizing the recov-
ery, recp, achieved by the batch process for purity specifications
purp ≥ (purp)min in the range 0.9 ≤ (purp)min ≤ 0.98. The amounts
of stationary phase and feed injected per cycle are the same as those
for the 30-cycle GSSR experiment. Fig. 13 shows that the GSSR
process performs considerably better than the batch process: in
the experimental GSSR run 95.3% of the target product was recov-
ered with 98% purity, whereas only 52% of the product would be
recovered at the same purity with the batch process.

Since there is a single outlet in a one-column system, it is not
possible to reject waste fractions—e.g., one containing the most
weakly retained impurities—early in the cycle through interme-
diate waste outlets as in a multicolumn system. This imposes a
constraint on the minimum length of the cycle for the batch process,

which has a direct impact on its productivity. The GSSR process, on
the other hand, is not limited by this constraint. As a result, the
productivity achieved in the 30-cycle GSSR experiment is 4.2 times
higher than the productivity that would be achieved with the batch
process for the same purity specification of 98%.
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. Conclusions

A new multicolumn, open-loop process for center-cut separa-
ion by solvent-gradient chromatography has been introduced. The
rocess combines the simulated counter-current operation of a
oving solvent gradient with steps of pulsed feed injection and

roduct withdrawal at fixed positions in a train of columns. With
he use of multiple columns, better solvent gradients can be imple-

ented and the cuts can be manipulated more flexibly. Moreover,
y means of the port switching it is possible to recycle some of the
ixed cuts from the downstream end of the system to its upstream

nd, thereby increasing product recovery. We have shown that this
an be done while working in a simple, open-loop system that
esembles the batch system.

The experimental results presented here show that the GSSR
rocess can separate an intermediate retained component from
omplex mixtures of biomolecules with nearby-eluting impurities,
ith high purity without sacrificing the product recovery. The GSSR

xperiments reported here were performed under diluted, linear
onditions, which necessarily limits the assessment of the pro-
ess performance to purity and recovery. For example, it is difficult
o report on specific productivity and solvent consumption for a
inear system; under those conditions, one cannot discuss about
bsolute values and the best we can do is to compare productivity
nd solvent consumption between processes for the same amount
f stationary phase. For example, if the value of QF�tFrecp/�cyc is
igher for process x than for process y, then the productivity of pro-
ess x is higher than that of process y, and a similar reasoning can
e applied to the solvent consumption; we have followed this pro-
edure above to compare the performance of the GSSR process and
hat of the batch process.

The GSSR process also appears to be easy to control, as we have

emonstrated by dynamically adjusting the value of the switching

nterval to correct the position of the moving composition profile in
he GSSR loop with respect to the outlet ports. Upcoming research
ill provide further demonstrations that the GSSR process can
erform difficult separations better and more efficiently than the

[

[
[

[
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current batch gradient process, and will compare its performance
against those of other competing processes under conditions not
limited by the feed concentration.
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