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Abstract−The operational strategy of outlet streams swing (OSS) operation combined with partial-feed (PF) opera-
tion, OSS-PF, was studied under the constraint of maximum allowable pressure and flow-rate. Its separation perfor-
mance and dynamic behavior were compared with those of OSS operation and conventional simulated moving bed
(SMB) chromatography. During OSS-PF operation, the switching period consisted of two steps; raffinate was pro-
duced during the closed condition of extract node and feed node in the first step, while extracts were produced and
feeds were injected during the closed condition of raffinate node in the second step. As a result, OSS-PF operation
could be performed under the allowable maximum flow-rate in the corresponding conventional SMB without generat-
ing an additional pressure drop at the adsorbent bed, which was different from OSS operation. OSS-PF operation suc-
cessfully improved the separation performance of the conventional SMB with regard to extract purity, raffinate recovery
and raffinate productivity with equivalent eluent consumption. The step ratio during a switching period worked as one
of important operating variables in separation performance. The dynamic behavior of OSS-PF operation was analyzed
and compared with that of OSS and conventional SMB using simulated concentration profiles in the fluid phase.
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INTRODUCTION

The simulated moving bed (SMB) process is a multicolumn chro-
matographic separation process. Compared to batch chromatogra-
phy, greater productivity and lower solvent consumption can be
achieved during SMB operation, primarily due to countercurrent
flow configuration. Therefore, SMB technology has been applied
to hydrocarbon and sugar separations since the 1960s [1-3], and
its application is being further extended to fine chemicals and phar-
maceuticals [4-6].

A four-zone SMB with one or two columns in each zone, as shown
in Fig. 1(a), has been the most widely adopted configuration (1-1-
1-1 or 2-2-2-2 configuration), with each zone playing a specific
role with regard to production and separation. Countercurrent
movement of the adsorbent bed is simulated by periodically shift-
ing the inlet and outlet nodes to the direction of the flow. This shift
of each node is called a ‘switch,’ and the time interval between two
consecutive switches is called ‘switch time’ or ‘switching period’.

The raw solution is fed into a feed node between zones II and
III in an SMB unit. Raffinate component (B) with a lower adsorp-
tion affinity to the adsorbent is more weakly retained and is trans-
ported via fluid flow toward a raffinate node, while species with
greater retention, such as extract component (A), are strongly ad-
sorbed and transported to an extract node via movement of the
adsorbent bed. In zone I, the fluid flow rate is adjusted such that

the strongly retained product (A) can be desorbed from the adsor-
bent phase via eluent (desorbent: D), allowing for the pure adsor-
bent to be recycled into zone IV. In zone IV, the fluid flow rate is
sufficiently low to allow for the adsorption of raffinate component
(B).

During conventional SMB operation, the raffinate and extract
concentration profiles at each product node are formed during switch-
ing periods (Figs. 1(b) and (c)). The impurity (extract component)
at the raffinate product node elutes during the last stage of the switch-
ing period, while the raffinate component is presented as an impu-
rity during the initial switching period of the extract product node.
As a result, to improve the operational separation performance of
a conventional SMB, various strategies have been developed to re-
duce the impurity profile of each product node.

A partial-discard operation simply discards the low-purity com-
ponents during a switching period to satisfy the product purity re-
quirement [7]. The discarded components are recycled within the
feed node during recycling partial-discard operation because the
purity is always higher than the feed [8]. The impurity can also be
handled via control of the feed concentration during ModiCon
operation [9]. Additionally, the impurity profile of a product node
can be shifted outside the product node by supplying a certain por-
tion of the product during feeding time of the backfill-SMB opera-
tion [10]. In the FeedCol operation, a small column is added prior
to the feed node, and the concentrated pulse feed is pre-separated
[11].

Alternatively, the impurity profile at each product node can be
shifted by controlling the feed flow-rate or product flow-rate. The
impurity was successfully decreased by varying the feed flow-rate
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during a switching period in partial-feed operation [12,13]. During
outlet streams swing (OSS) operation, the purity can be improved
by decreasing the product flow-rate as propagation of the contam-

inated profile is delayed from the product node [14]. Changing
the flow-rate at the product node has also been implemented for
three-zone SMB using three-port operation [15] and for five-zone
SMB to separate ternary mixture [16]; the separation performance
was significantly enhanced. A combination of product flow-rate
control and feed flow-rate control was also suggested in the previ-
ous studies, but the approach and objective of each study were dif-
ferent. PF-PCE2 strategy was developed for collecting the intermed-
iate-affinity solute in five-zone SMB, resulting in high separation
performance in ternary mixture [17]. Recently, OSSv strategy was
suggested as one of the optimized structures by multi-objective
optimization using a superstructure formulation to maximize feed
throughput and minimize desorbent usage [18]. However, these
SMB operational strategies using flow-rate control are limited by
applied pressure and flow-rate in each zone because overly harsh
conditions lead to deterioration of the adsorbents and columns. If
the bed porosity is changed or the adsorbents are contaminated,
separation performance of the SMB is considerably decreased due
to column malfunction [19]. Therefore, the SMB operational strat-
egy using flow-rate control requires development under the con-
straint of maximum allowable pressure or flow-rate.

In this study, the combined operational strategy of OSS (prod-
uct flow-rate control) and PF operations (partial-feed: feed flow-
rate control), named OSS-PF (outlet streams swing with partial-
feed), was designed and applied to a four-zone SMB with one col-
umn per zone (1-1-1-1). Therefore, this study is an extension of the
studies using flow-rate control strategies in SMB operation. How-
ever, since the OSS-PF study was carried out under the constraint
of maximum allowable pressure and flow-rate for an SMB unit,
the major concern of this study was to investigate the effect of flow-
rate control on separation under a pressure drop constraint. As a
representative case, a binary mixture with a linear isotherm was
selected to demonstrate improvements in efficiency for the devel-
oped OSS-PF during a simulation study. Four performance param-
eters (purity, recovery, productivity and eluent consumption) and
dynamic characteristics of the OSS-PF were compared with those
of the corresponding conventional SMB and OSS operations. The
separation performance was compared under the same throughput
of feed within a switching period regardless of operating modes.

THEORY

1. Principle of Outlet Streams Swing and Partial-feed Operation
Fig. 2 shows the OSS and PF operations of the four-zone SMB.

During OSS operation (Fig. 2(a)), the switching period was divided
into two steps, and the flow-rate of the product outlet port could
be changed with a fixed amount of withdrawn product. If a low
flow-rate of extract and high flow-rate of raffinate were used during
the first step with a high flow-rate of extract and low flow-rate of
raffinate during the second step, the canonical name “OSS raffi-
nate-extract” was assigned to the system (Fig. 2(a)). Otherwise,
reverse flow-rate control at the product node was referred to as “OSS
extract-raffinate.”

During extreme operation, maximum purity of both products
from the OSS raffinate-extract SMB could be achieved by closing
one product port while the other generates product. This is due to

Fig. 1. (a) Scheme of conventional SMB operation with four zones;
and typical concentration profiles in a conventional SMB:
(b) Extract node and (c) Raffinate node.
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contaminant propagation when one product port is closed during
a switching period. To compare the results of the developed OSS-
PF strategy, extreme OSS raffinate-extract operational cases were
studied, in which complete closure of the extract port occurred dur-
ing raffinate production in the first step, and complete closure of
the raffinate port occurred during extract production in the sec-
ond step.

During OSS operation, variations in extract and raffinate flow-
rates were made by controlling the flow-rate of zones I and IV with
fixed flow-rates of zones II and III. Therefore, as shown in step A
of Fig. 2(a), the low flow-rate of the extract port was achieved via a
low flow-rate in zone I with a fixed flow-rate in zone II. On the
other hand, a large quantity of raffinate was withdrawn when the
flow-rate of zone IV was decreased with a fixed flow-rate of zone
III (Fig. 3(a)). The opposite operational case is illustrated in step B.

The quantity of fluid passing through zones I and IV during the
entire switching period was the same as that observed for a corre-
sponding conventional SMB.

During PF (partial-feed) operation of the OSS-PF, the feed flow-
rate exhibited a discontinuous pulse flow during the switching period
(Fig. 2(b)). Each switching period was divided into three intervals,
and the feed was injected during the middle interval. Due to varia-
tions in the feed flow-rate, the flow rates of zone III and the raffinate
node were changed to the fixed flow-rate of zone IV. The amount
of feed during a switching period also remained the same as that
of a corresponding conventional SMB.
2. Design of Operating Parameters with Maximum Flow-rate
Limits

Conventional SMB processes have five degrees of freedom: four
internal flow-rates, Qj (j=I, II, III, IV), and the switching period,

Fig. 2. Principle of (a) Outlet Streams Swing (OSS) operation and (b) Partial-feed operation.
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tsw. To determine the operating parameters, constraints on the four
flow-rate ratios, mj, were provided from triangle theory [20] as follows:

(1)

For a linear isotherm:
HA<m1 (2)

HB<m2<m3<HA (3)

m4<HB (4)

where Qj is the volumetric flow-rate in zone j, V and ε are the col-
umn volume and total porosity, respectively, and Hi is the Henry
constant of the ith component. To interpret the process, one more
constraint is needed, but the value varies on a case-by-case basis.

Typically, chromatographic processes have a specific limitation
on the maximum flow-rate within a column because violating the
maximum allowable flow-rate would damage the packed adsor-
bents and lead to degradation in separation performance [19]. There-
fore, limiting the maximum allowable flow-rate could be an additional
constraint in designing the operating parameters for OSS-PF oper-
ation. The maximum flow-rate used in this study will be defined
in a later section.
3. Design of Operating Conditions for Outlet Streams Swing
with Partial-feed Operation under Flow-rate Limits

The flow-rate in zone I is usually the maximum flow-rate in a
conventional SMB based on Eqs. (1)-(4), implying the maximum
allowable flow-rate for a column. Therefore, the flow-rate of zone I
was also defined as the maximum value when OSS-PF operation
was applied to the corresponding SMB process.

As shown in Fig. 3, in the first step, the flow-rate of zone II was

the same as that of zone I without outlet flow of the extract node.
The feed node had to be subsequently closed naturally so as not to
violate the maximum allowable flow-rate in zone III. The raffinate
product was collected with a high flow-rate during the first step.
Additionally, the feed with a higher flow-rate than experienced with
conventional SMB was injected during the second step in order to
apply the same feed amount within the reduced time period during
the switching period as with a conventional SMB. The extract prod-
uct was collected with a high flow-rate, while the raffinate outlet
stream was closed during the second step. Although four inlet/outlet
nodes and internal flow-rates varied over a switching period in OSS-
PF operation, the average flow-rates during a switching period in
the OSS-PF operation were the same as those in conventional SMB.

During OSS-PF operation, the step ratio (θ), which is the time
fraction of step A during an entire switching period, was defined
to determine the time duration of each step. Thus, the time dura-
tions of step A and step B can be represented by θ ∙tsw and (1−θ)∙
tsw, respectively. The step ratio range could be calculated under flow-
rate constraints, which are presented in the following section. In
this study, limitation of the maximum allowable flow-rate was con-
sidered to be an additional constraint. This implied that the corre-
sponding maximum pressure drop in an adsorbent column was
limited. In this case, the step ratio of OSS-PF operation was fixed
where the total fluid flow during OSS-PF operation was the same
as that of a corresponding conventional SMB.

MATHEMATICAL MODELS

1. Column and Node Models
The OSS-PF and conventional SMB operations were obtained

by combining the single-column model with the mass balance for

mj = 
QjtSW − Vε

V 1− ε( )
-------------------------

Fig. 3. Principle of Outlet Streams Swing with Partial-feed (OSS-PF) operation.
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each node. The column model using the equilibrium-dispersive
model for a binary system is [21]:

(5)

at t=0: Ci, j=0, qi, j=0 for 0<z<L (6)

z=0: Ci, j=Cin
i, j for 0≤ t (7)

where Ci, j is the liquid phase concentration of component i (i=A
and B) in column j, Cin

i, j is the concentration of component i at the
inlet of a zone, q*

i, j is the solid phase concentration of component i
in equilibrium with the fluid phase, uj is the interstitial velocity of
the liquid-phase, εt is the overall void fraction, L is the column
length, N is the number of theoretical plates in the column, and
DL is the axial dispersion coefficient, accounting for the column
efficiency. The subscript i indicates the solute, while j represents
the column number (j=I, II, III and IV). In this study, the feed con-
centration was 3 g/L for both components and N was 80 for both
components assuming the low efficiency of columns [21]. The liq-
uid phase concentration is the mass of adsorbate in the unit vol-
ume of liquid phase and the solid phase concentration is the mass
of adsorbed amount in the unit volume of solid phase.

A linear adsorption equilibrium isotherm was assumed between
the liquid and solid phases:

qi
*=HiCi (8)

Configurations of the conventional SMB, OSS, and OSS-PF opera-
tions (Figs. 1(a), 2(a) and 3) were designed using the following mass
balance equations for each node:

Desorbent node:
(9)

(10)

Extract node:
(11)

(12)

Feed node:
(13)

(14)

Raffinate node:
(15)

(16)

For OSS and OSS-PF operations:

(Extract) (17)

(Raffinate) (18)

For OSS-PF operation:

(Feed) (19)

where the superscript “out” refers to the outlet stream of a column,

and the subscripts “Step A” and “Step B” refer to the first and second
steps, respectively, with regard to OSS and OSS-PF operations.
2. Process Performance Parameters

The results of each operation were compared in terms of purity,
recovery, and productivity, defined as follows:

Major product concentration [g/L]:
(Extract) (Raffinate) (20)

Purity [%]:

(Extract) (Raffinate) (21)

Recovery [%]:

(Extract) (Raffinate) (22)

Productivity [g/(hr L)]:

(Extract) (Raffinate) (23)

Eleunt Consumption [L/g]:

(Extract) (Raffinate) (24)

where Ncolumn represents the number of columns. Productivity here
was expressed as the product mass per time and adsorbent vol-
ume [15,22] instead of adsorbent mass [2].
3. Simulation Design

The system and isotherm parameters used in the simulation
study are presented in Table 1. The system was assumed as a typi-
cal low-pressure SMB system and the pressure limit of the system
was fixed at 24 bar [23]. Maximum allowable total flow-rate was
calculated by the following Ergun equation which has been widely
used to calculate pressure drop in a packed bed [24,25].

(25)

(26)

∂Ci, j

∂t
----------- + uj

∂Ci, j

∂z
----------- + 

1− εt

εt
-----------

∂qi, j
*

∂t
---------- = DL

∂2Ci, j

∂z2
-------------, DL = 

uL
2N
-------

QIV + QD = QI

Ci, IV
out QIV = Ci, I

in QI

QI − QII = QE

Ci, I
out

 = Ci, II
in

 = Ci, E

QII + QF = QIII

Ci, II
out QII + Ci, FQF = Ci, III

in QIII

QIII − QIV = QR

Ci, III
out

 = Ci, IV
in

 = Ci, R

QE, Step A = 0, QE, Step B = 
QE

1− θ( )
--------------

QR, Step A = 
QR

θ
------, QR, Step B = 0

QF, Step A = 0, QF, Step B = 
QF

1− θ( )
--------------

CA, E; CB, R

CA, E

CA, E + CB, E
-------------------------- 100;×

CB, R

CA, R + CB, R
--------------------------- 100×

QECA, E

QFCA, F
------------------ 100;×

QRCB, R

QFCB, F
----------------- 100×

QECA, E

Ncolumn 1− ε( )V
-----------------------------------;

QRCB, R

Ncolumn 1− ε( )V
-----------------------------------

QD + QF

QECA, E
-------------------;

QD + QF

QRCB, R
-------------------;

ΔPj

L
-------- =150

μuj

Dp
2

-------

1− εe

εe
-----------

⎝ ⎠
⎛ ⎞

2
 + 

7
4
--

ρuj
2

Dp
--------

1− εe

εe
-----------

⎝ ⎠
⎛ ⎞

ΔPtotal = ΔPj
j=I

IV
∑

Table 1. System parameters for conventional SMB, OSS and OSS-
PF operations

System parameters
Column diameter, D [cm] 1
Column length, L [cm] 20
Interparticle porosity, εb [-] 0.4
Total porosity, εt [-] 0.64
Particle size, Dp [µm] 15
Fluid viscosity, μ [Pa s] 0.000545 (methanol)
Fluid density, ρ [g cm−3] 0.7918 (methanol)
The number of plate, N [-] 80

Linear isotherm coefficients and selectivity
HA (extract component) [-] 3
HB (raffinate component) [-] 2
Selectivity [-] 1.5
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In the above equations, ΔPj is the pressure drop in zone j (j=I,
II, III and IV), μ is the fluid viscosity, ρ is the fluid density, and uj

is the interstitial fluid velocity in zone j. L is the column length and
εe is the interparticle porosity. The total pressure drop, ΔPtotal is cal-
culated from (26), as a summation of the pressure drops in all zones.
εe was 0.4 as a typical interparticle porosity [25]. And the proper-
ties of methanol, a typical desorbent for chromatography system
[23], were used for the calculation of pressure drop.

In the simulation, the flow-rate of zone I was set to 8 ml/min
(6.1 m/h in linear velocity) and the total flow-rate was 27.12 ml/
min (20.7 m/h in linear velocity) to satisfy the maximum allow-
able total pressure limit (24 bar). The required parameters for the
calculation of pressure drop using (25) and (26) are listed in Table
1. The operating parameters for the conventional SMB in Table 2

were determined inside the complete separation region (triangle
theory) in Fig. 4. mj in the Fig. 4 is the dimensionless flow-rate ratio
of zone j defined as the ratio between the net fluid flow rate and
net solid flow rate [2].

The step ratios for OSS and OSS-PF operations were determined
using the following criteria:

For OSS operation:
QR, Step A≤QIII, Step A (27)

For OSS-PF operation:
Maximum flow-rate limits for raffinate and extract
QR, Step A≤QIII, Step A (28)

QE, Step B≤QI, Step B (29)

Maximum flow-rate limit for a system fixed according to equations
Qmax=QI, Step A+QII, Step A+QIII, Step A+QIV, Step A (30)
Qmax=QI, Step B+QII, Step B+QIII, Step B+QIV, Step B

From Eqs. (17), (18), and (27), the range of the step ratio for OSS
operation was 0.235≤θOSS. Thus, the value was set to 0.5. From Eqs.
(17)-(19), (28), and (29), the step ratio of OSS-PF operation yielded
a range of 0.216≤θOSS-PF≤0.843. In this study, three step ratios (0.25,
0.5, and 0.75) within the aforementioned range were arbitrarily
chosen to elucidate the effect of step ratio on the performance par-
ameters. Therefore, the total flow-rate at the selected operating
point (Fig. 4) in the conventional SMB was fixed to 27.12 ml/min
at a switching time of 1.25 min. Naturally, flow-rate summation in
each zone under OSS-PF operation was likewise set based on the
conventional SMB, Qmax=Qsum=27.12 ml/min; hence, the step ratio
was determined by using Eqs. (28)-(30) (θOSS-PF=0.355). This con-
dition implied that the sum of the flow-rates in all zones during
step A was the same as that observed for step B within a switch-
ing period. On the other hand, the flow-rate in each step was dif-
ferent from 27.12ml/min when using the other step ratio conditions.
Although the flow-rates between the two steps, A and B, were also
different, the total flow-rate during switching remained 27.12 ml/

Table 2. Operating parameters of conventional SMB, OSS and OSS-PF operations

Operating mode
Flow-rate [ml/min]

θ [-]
QI QII QIII QIV QD QE QF QR

SMB 8.00 6.11 7.37 5.63 2.36 1.89 1.26 1.73 -
OSS Step A 6.11 6.11 7.37 3.90 2.21 0.00 1.26 3.47 0.500

Step B 9.89 6.11 7.37 7.37 2.52 3.78 1.26 0.00
OSS-PF1 Step A 8.00 8.00 8.00 1.07 6.93 0.00 0.00 6.93 0.250

Step B 8.00 5.48 7.16 7.16 0.84 2.52 1.68 0.00
OSS-PF2 Step A 8.00 8.00 8.00 3.12 4.88 0.00 0.00 4.88 0.355

Step B 8.00 5.07 7.02 7.02 0.98 2.93 1.95 0.00
OSS-PF3 Step A 8.00 8.00 8.00 4.53 3.47 0.00 0.00 3.47 0.500

Step B 8.00 4.22 6.74 6.74 1.26 3.78 2.52 0.00
OSS-PF4 Step A 8.00 8.00 8.00 5.69 2.31 0.00 0.00 2.31 0.750

Step B 8.00 0.44 5.48 5.48 2.52 7.56 5.04 0.00
Switching time is 3.59 min
Feed concentration is 3 g/L for both components

Fig. 4. Operating point in the complete separation region.
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min regardless of step ratio. The separation performance at four
different step ratios was evaluated in the study, and the operating
parameters for each operation are listed in Table 2. All simulated
results were obtained by solving the mathematical models using
gPROMS ModelBuilder. Centered finite difference method (CFDM)
was used with 400 discretization for an adsorbent bed.

RESULTS AND DISCUSSION

1. Separation Performance of Outlet Streams Swing with Par-
tial-feed Operation

At the operating point specified in Fig. 4 and Table 2, the sepa-
ration performance parameters for conventional, OSS, and OSS-
PF SMB operations were evaluated, and the results are listed in Table
3. All performance parameters (purity, recovery, productivity and
eluent consumption) of both products under OSS and OSS-PF oper-
ations were simultaneously improved from those under conven-
tional SMB. Compared to OSS operation, OSS-PF operation was
advantageous with regard to extract purity but disadvantageous
with regard to raffinate purity. In terms of recovery, the results were
contrary to those of purity for both products. Although the differ-
ence in purity between OSS and OSS-PF operation was small, this
difference functions as a critical criterion for some fine chemicals
and pharmaceuticals. The flow-rate (9.89 ml/min) in zone I under
OSS operation exceeded the maximum allowable flow-rate (8 ml/
min), as shown in Table 2. This result implied that OSS operation
could lead to column damage from long-term operation, although
the separation performance was higher than that observed under
conventional SMB operation. On the other hand, OSS-PF opera-
tion could be successfully designed to satisfy the maximum flow-rate
constraint in each zone, with improved separation performance.

Fig. 5 presents the internal concentration profiles of the conven-
tional SMB and OSS-PF3 (at θOSS-PF=0.5) during a steady-state cycle.
Compared to the conventional SMB, the concentration of each prod-
uct component at each product node (extract component near 20
cm and raffinate component near 60 cm) increased, and the con-
centration profile was expanded under zone I or IV. This result could
be attributed to the product being withdrawn only in a correspond-
ing step (step A or B) for a fixed step ratio (in this case, θOSS-PF=0.5)
during a switching period. More specifically, compared to the inter-
nal profiles of the conventional SMB, the rear extract profile during
step A shifted beyond the left side of zone I (0-20 cm) and pene-
trated into zone IV. The front raffinate profile during step B shifted
beyond the right side of zone IV (60-80 cm) and penetrated into

Table 3. Results of the conventional SMB, OSS and OSS-PF operations

Operating mode
Purity [%] Recovery [%] Productivity [g/L·hr] Eluent consumption [L/g]

Ext Raf Ext Raf Ext Raf Ext Raf
SMB 96.4 95.0 95.0 96.4 9.52 9.67 1.01 0.99
OSS 98.8 98.2 98.2 98.8 9.85 9.91 0.98 0.97
OSS-PF1 98.9 97.8 97.6 98.9 9.79 9.92 0.98 0.97
OSS-PF2 99.2 98.0 97.9 99.2 9.82 9.95 0.98 0.97
OSS-PF3 98.9 97.8 97.6 98.9 9.79 9.92 0.98 0.97
OSS-PF4 99.3 97.9 97.8 99.3 9.80 9.96 0.98 0.97

Fig. 5. Internal concentration profiles of the conventional SMB and
OSS-PF operation (θOSS-PF=0.5) at the (a) beginning of the
switching period, (b) middle of the switching period, and
(c) end of the switching period.
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zone I, as shown in Fig. 5(c).
The raffinate tail in the profile at 0-40 cm during OSS-PF oper-

ation increased with column length at the beginning of the switch-
ing period (Fig. 5(a)) due to PF injection during step B and rapidly
moved toward the fluid flow direction during step A due to the
high flow-rate of zone II (Fig. 5(b)). On the other hand, the front
profile of the extract (at 20-60 cm) steeply decreased due to the low
flow-rate in zones II and III during step B. However, the leading
edge of the extract profile in zone IV (60-80cm) exhibited a slightly
increased concentration due to the high flow in zone IV in step B.
This result also stemmed from the expanded extract tail, as shown
in Fig. 5. The product concentration under OSS-PF operation was
higher than that in the conventional SMB during the production
period, as shown in Fig. 6, which clearly demonstrated an improve-
ment in purity under OSS-PF operation. During the extract pro-
duction period in an extract node (Step B in Fig. 6(a)), the impurity
concentration was high but did not yield a positive effect on prod-
uct purity.

The comparison between the internal concentration profiles of

OSS and OSS-PF operation at θOSS=θOSS-PF=0.5 are presented in
Fig. 7. At the beginning and end of the switching period, the con-
centration profiles of OSS-PF were positioned to the left of those
of OSS operation because the same quantity of feed required for
OSS was injected during step B in OSS-PF through PF injection
(Figs. 7(a) and (c)). During step A, the flow-rate in each zone under

Fig. 6. Product concentration profiles of conventional SMB and OSS-
PF operation (θOSS-PF=0.5) at (a) extract node and (b) raffi-
nate node.

Fig. 7. Internal concentration profiles of the OSS (θOSS=0.5) and OSS-
PF operation at (θOSS-PF=0.5) at the (a) beginning of the switch-
ing period, (b) middle of the switching period, and (c) end of
the switching period.



Outlet streams swing with partial-feed in a simulated moving bed 1067

Korean J. Chem. Eng.(Vol. 33, No. 3)

OSS-PF operation was higher than that observed under OSS opera-
tion (Table 2). Therefore, the positions of the extract and raffinate
profiles for OSS and OSS-PF operations changed, as shown in Fig.
7(b). Since the raffinate tail shifted more to the right side of zone
II, it could contribute to improving extract purity under OSS-PF
operation during step B.

However, the raffinate purity under OSS-PF operation was lower
than that observed under OSS operation (Table 3) because the lead-
ing edge of the extract profile in zone III, which acted as a raffi-
nate node impurity, was higher under OSS-PF operation during
step A, as illustrated in Fig. 8. The difference between OSS and OSS-
PF operations was only the feed injection method. Although the
difference in impurity profiles between OSS and OSS-PF operations
was observed especially in raffinated node (Fig. 8(b)), the differ-
ence in the concentration profile of main product between OSS
and OSS-PF operations was small at each product node. Since the
production period was the only important purity factor under OSS-
PF operation, the smaller extract profile than that in OSS opera-
tion did not contribute to increased product purity. However, as

shown in Fig. 8, the concentration profile difference between OSS
and OSS-PF operation was small. Therefore, the main advantage
of OSS-PF was improved purity under the maximum allowable
operating flow-rate condition, which differed from OSS operation.
2. The Effect of Step Ratio

Fig. 9 presents the concentration profiles of each product node
for OSS-PF operations at θOSS-PF=0.25, 0.5, and 0.75. At the extract
node, the impurity component (raffinate) was reduced as the step
ratio decreased (Figs. 9(a), (c) and (e)). Thus, the extract purity im-
proved when the operating strategy varied from OSS-PF4 (θOSS-PF=
0.75) to OSS-PF3 (θOSS-PF=0.5), as shown in Table 3. However, as
the production period increased, the extract product contained a
larger quantity of contaminants, as shown in Fig. 9(a). Therefore,
the extract purity deteriorated as the step ratio decreased (OSS-
PF1, OSS-PF2, and OSS-PF3 in Table 3).

However, when a longer step A duration was used, the impu-
rity component (extract) was reduced at the raffinate node (Figs.
9(b), (d) and (f)), resulting in an increased raffinate purity between
OSS-PF1 (θOSS-PF=0.25) and OSS-PF3 (θOSS-PF=0.5). However, a lon-
ger production period led to a decrease in purity between OSS-
PF3 (θOSS-PF=0.5) and OSS-PF4 (θOSS-PF=0.75) due to the same rea-
sons affecting the extract node. As a result, OSS-PF operation at a
moderate step ratio (θOSS-PF=0.5) exhibited the highest separation
performance at the selected operating point in this study. These
results implied that the step ratio in OSS-PF operation functioned
as an important factor in optimization of separation performance.

CONCLUSION

Outlet streams swing (OSS) operations can improve separation
performance over conventional SMB operations. However, due to
the increased flow rate in a specific zone, the OSS strategy can lead
to a high pressure drop surpassing the acceptable pressure drop
limit. To overcome this problem, OSS was combined with PF opera-
tion, denoted as OSS-PF operation. The separation behavior of OSS-
PF operations was analyzed, and the potential of the developed
strategy was demonstrated to improve the separation performance
over conventional SMB operations under the same maximum flow
rate limits at specific zones.

All performance parameters were improved under OSS-PF oper-
ation compared to the corresponding conventional SMB operation.
Step ratio adjustments within a switching period were introduced
as a new operating variable with regard to OSS-PF operation. Extracts
were collected during the second stage of the switching period (step
B), whereas less retained products (raffinate) were produced during
the first stage (step A). To further limit the maximum flow rate,
the feed was injected during the second stage of the switching period
(step B). To improve the purity of both products (raffinate and ex-
tract), it is suggested that a moderate step ratio (θOSS-PF=near 0.5)
yields the most improved separation performance under OSS-PF
operation. Additionally, if one product (raffinate or extract) is required,
purity improvements could be easily achieved by controlling the
step ratio under OSS-PF operations under the same flow-rate con-
straints as conventional SMB operation.

The OSS-PF strategy can provide a valuable engineering alter-
native toward improving the separation performance of the SMB

Fig. 8. Product concentration profiles of OSS (θOSS=0.5) and OSS-
PF operation at (θOSS-PF=0.5) at (a) the extract product node
and (b) the raffinate product node.
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process without exhibiting a significant pressure drop due to the
increased flow-rate. Since an additional operating variable (step
ratio) and constraints (allowable pressure drop and flow rate) are
needed in the OSS-PF, further study is needed to optimize the oper-
ating parameters.
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NOMENCLATURE

Ci, j : liquid phase concentration of component i in zone j [g/L]
: concentrations of component i at the outlet and the inlet

of zone j [g/L]
: average extract and raffinate product concentrations [g/L]

Ci, j
out, Ci, j

in

Ci, E, Ci, R

Fig. 9. Concentration profiles of product node in OSS-PF operation (a) Extract and (b) Raffinate at θOSS-PF=0.25, (c) Extract and (d) Raffi-
nate at θOSS-PF=0.5, and (e) Extract and (f) Raffinate at θOSS-PF=0.75.
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DL : axial dispersion coefficient in lumped kinetic model [cm2/
sec]

Hi : Henry’s coefficient of component i [-]
L : length of the column [cm]
mj : flow-rate ratio of each zone (j=I, II, III, and IV) [-]
N : number of theoretical plates of the column [-]
Ncolumn : number of columns of the SMB system [-]
Qj : flow rates through the corresponding zones j [mL/min]
QD, QE, QF, QR : desorbent, extract, feed, and raffinate flow rates [mL/

min]
q*, q*

i, j : equilibrium concentration in the solid phase of component
i in zone j [g/L]

t : time [sec; min]
tsw : switch time; switching period [sec]
V : volume of column in SMB [cm3]
z : length coordinate of the bed [cm]

Greek Letters
ε : overall void fraction (total porosity) of column [-]
μ : viscosity [Pa·s]
θ, θOSS-PF, θOSS : step ratio of the OSS and OSS-PF operations [-]

Subscripts
D : desorbent
E : extract
F : feed
i (A, B) : solute
j : zones in SMB
R : Raffinate
Step A, Step B : step A and B in the OSS and OSS-PF operations
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