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The continuous chromatographic separation of multicomponent mixtures using a
pseudo-simulated moving bed illustrated by Japan Organo (JO) technology has been
studied. The behavior and performance of a system operating with this technology have
been described by an algorithm that simulates its operating cycle: chromatographic
fixed-bed process in step 1 and simulated moving bed process in step 2. To design a
four-section JO system some concepts were presented and two strategies were developed
to set the operating conditions of the system in the case of mixtures with linear adsorption
isotherms for each species. The influence of operating parameters in separating the
mixtures was addressed and improvements in both productivity and eluent consumption
have been achieved. The four-section JO system has been applied to a set of ternary
mixtures with different degrees of separation difficulty to analyze its performance. A novel
extension of the JO system with five sections has been designed for quaternary separations
and high-purity species can be collected for a case of “moderately difficult” linear
separation. © 2006 American Institute of Chemical Engineers AIChE J, 52: 3794-3812, 2006
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Introduction

Several important chromatographic separation processes
have been developed using the simulated moving bed (SMB)
technology, providing the high purification potential of these
continuous countercurrent methods. Since it was introduced by
Broughton in the 1960s,! this technology has been used in the
petrochemical and sugar industries,>* and later in the pharma-
ceutical and fine chemistry industries and bioseparations.5-’

Many publications on SMB technology have focused on
operations with classical four-section SMB. In spite of the
advantages associated with such configuration (high-purity
products, low eluent consumption, continuous feed and pro-
duction), it is limited to two outlet streams (extract and raffi-
nate), allowing only the separation of binary mixtures. When
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the feed is a multicomponent mixture, one of the outlet streams
will contain several components and the other will contain only
one component (the weakest adsorbed components in raffinate
or the strongest adsorbed component in extract).

In recent years various alternatives have been suggested to
perform multicomponent separation using SMB technology
and several ideas were considered such as SMB with five
sections,’-10 cascade of two SMBs in series, which, in this case,
can be either separated'! or combined in a single device (SMB
with eight sections!?> and SMB with nine sections!? are exam-
ples), cascade of SMB systems for ternary'+!> and quater-
nary!>16 separations, and pseudo-SMB.!7 Some of these alterna-
tive SMB configurations have been tested experimentally.-10-13
It was shown by application of the equilibrium theory that
neither a five-section SMB nor an eight-section SMB can
separate three compounds into three pure fractions.®!3:1° The
pseudo-SMB system represents the New JO Chromatographic
Separation Device, which has been reported as adequate in the
separation of mixtures such as fractionation of beet molasses
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Figure 1. Scheme of the JO system operating in step 1.

into raffinose, sucrose, glucose, and betaine2°; high level puri-
fication of diethylnaphthalene isomers; and separation of high-
purity maltitol from a mixture of maltitol, monosaccharides,
and polysaccharides.?! The New JO Chromatographic Separa-
tion system uses a patented chromatographic separation tech-
nology developed by the Japan Organo Co.2!-22 Very little has
been published concerning JO technology and, in this article,
we will address the design of JO systems.

The JO separation system works using the concept of the
SMB technology. Its configuration allows not only the recov-
ery of the less retained component and more adsorbable spe-
cies, but also the recovery of an intermediate component of
intermediate affinity with adsorbent phase, which is of interest
for multicomponent separations. The JO system is a cyclic
process consisting of two steps: (1) in step I, which corre-
sponds to the operation of a sequence of chromatographic
columns (fixed beds), the intermediate species is collected; and
(2) in step 2, the concept of SMB is used but with no feed. The
shifting of the steps changes the operation method of the JO
system during a cycle. After some operation cycles, the system
reaches a cyclic steady state in which the unit behavior is the
same in periodic intervals. To better understand how the JO
technology works let us consider a set of preparative chroma-
tography columns connected in series as the SMB in open loop.
The times 7, and tg, are the operation times of step 1 and step
2 in a JO system, respectively. In each step, the configuration
is as follows:

® Step 1. The feed is introduced in the unit. In the system
shown in Figure 1, the liquid phase flows through a number of
fixed-bed columns packed with the solid adsorbent. Species A
is the less retained component and species B is the more
retained component. Species / has intermediate adsorptive af-
finity. The difference of adsorptive affinity allows the chro-
matographic separation as in a simple chromatographic col-
umn. At a particular point of the system, a stream of eluent is
also introduced to elute the intermediate species [ in the only
outlet stream in step 1.

e Step 2. Now, the system operates in closed-loop circuit
and the solid movement is simulated by the change in the
positions of ports in the inlet (eluent stream) and outlet streams
(extract and raffinate). There is no feed stream in step 2. In this
way, the JO process could seem as an operation in partial feed
where the feed stream (and other external streams) is added and
withdrawn at a constant rate.?*2* In the system shown in Figure
2, the countercurrent operation, leading to the high mass-
transfer driving forces, is accomplished by the simultaneous
shift of the inlet and outlet streams, at fixed time intervals,
called switching time (¢*), in the liquid-phase flow direction.
The system operates in step 2 exactly as an SMB without feed.
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In this work, the design of JO process units is addressed. A
decision-helping tool has been developed to aid in the analysis
of equipment sizing and finding adequate operating conditions
of units based on the JO technology. The choice of working
flow rates for step 2 of the JO process for ternary separation
was based on two different strategies depending on the adsorp-
tive properties of the various species in the mixture. The
performance parameters of the system (purity, productivity,
eluent consumption) for the separation of ternary mixtures with
different degrees of separation difficulty are discussed. A novel
configuration—a JO system with five sections—is presented
and is applied to the separation of a quaternary mixture.

Mathematical Modeling
Description of the four-section JO system

The JO system is illustrated in Figure 3. Because of the fact
that all inlet and outlet flows, whatever the current operation
step is, divide the system into four sections, we will consider
this JO system as a “four-section JO”; in fact, during step 1
there are only two sections with two different flow rates and
during step 2 there are three sections with three different flow
rates. Each section can have one or more fixed-bed columns. In
this configuration, during step 1, section 3 is fed with a ternary
mixture (species A, I, and B). The flow-rate condition should be
such that no species I is transported into section 4. Sections 3,
4, 1, and 2 are connected in series in this sequence as a
chromatographic column, with the outlet port located at the end
of section 2. This corresponds to the intermediate outlet stream
where the species with intermediate adsorptive affinity () is
collected. The eluent port is located between section 4 and
section 1; the eluent stream will elute species B and I from
sections 1 and 2.

When the time of step 1 (zg,) is reached, the unit is already
loaded with the feed mixture and intermediate species is al-
ready collected; thus, step 2 starts. In step 2, the solid phase
moves countercurrent with the liquid phase using SMB tech-
nology where the solid movement is simulated by change of the
inlet/outlet ports at fixed time intervals, in the direction of the
liquid phase. The fixed time interval to shift the inlet and outlet
positions is the switching time (z*) and it is linked to the solid
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Figure 2. Scheme of the JO system operating in step 2.
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Figure 3. Scheme of operating step for the “four-section JO” in which the SMB operating in step 2 is replaced by an

equivalent TMB operation.

flow rate of an equivalent true moving bed [Qy = (1 —
e)V/t¥]. Figure 3 shows such an operation in a true moving
bed (TMB) equivalent to the real SMB unit. There is no feed
stream in step 2. Between sections 3 and 4 and sections 1 and
2 is the raffinate stream and the extract stream, respectively. To
obtain adequate separation of the species, there is a need to
properly choose the flow rates of the solid (or switching time)
and of the liquid in the unit sections. Species A must be
transported toward the raffinate, whereas species B must be
adsorbed in sections 2 and 3 and transported by the solid phase
until it is withdrawn from the extract. At the end of step 2, the
intermediate component must be positioned mainly in section 2
to be recovered during the next step 1. Removal of the more
retained species B from the solid phase must occur in section 1
to enable the regeneration of the adsorbent. In addition, the less
retained species A should not break through to section 1 to
ensure the recycling of pure eluent. Regarding the start-up of
system, the JO system is fed during step 1 in cycle 1 (and, of
course, there is no intermediate species in intermediate outlet in
this first cycle). In step 2 of cycle 1 the JO system works as the
SMB technology. At the end of the cycle 1, the system starts
step 1 of cycle 2 where the intermediate species is collected.

Each section of the system has a specific task to achieve
high-performance separation; a large number of operating vari-
ables should be designed and optimized. Because of its com-
plex operation and configuration, modeling and simulation
serve as tools that help in a deeper analysis of the system
behavior and performance.

Mathematical model

The mathematical model used to describe the behavior of a
JO process is described in Table 1. For the liquid phase, plug
flow with axial dispersion is assumed, whereas for the solid
phase (adsorbent considered as homogeneous particle) the lin-

ear driving force (LDF) approximation is applied. Because we
are dealing with systems with linear adsorption equilibrium
isotherms, this lumped mass-transfer model gives results
equivalent to those of more detailed porous rate models.?52¢ In
the computational algorithm, two situations corresponding to
step 1 and 2—fixed-bed chromatography and SMB, respec-
tively—were considered. When the system operates as an SMB
unit during step 2, the model is based on the description of a
true moving-bed unit, which must be equivalent to the actual
simulated moving-bed unit. Regarding the boundary condi-
tions, they depend on the location of column k in the system
and the mass balances in the nodes must be considered.

Cyclic steady state

The steady state of a JO system is a cyclic steady state (CSS)
because there is a time dependency of the boundary conditions
for each column in the system. To know the operation of the
system, its behavior should be analyzed based on concentration
profiles in step 1 (when unit operates as a fixed bed) and in step
2 (when unit operates as an SMB). It should be noted that step
2 could be addressed in two ways: as a real SMB (with changes
of ports at specified time intervals), that is, the SMB approach;
or using an equivalent TMB model, that is, the TMB approach.
In the first case, the description of system behavior description
can be accomplished by the three different forms: the exact
evolution of the concentration profiles, the average concentra-
tion profile, and the instantaneous concentration evaluated in
some specific time of the switch time interval.

Figure 4 is a schematic representation of the concentration
profile of a component in raffinate, after cyclic steady state is
reached. Figure 4a shows (1) the CSS behavior, characteristic
of an SMB operation, described for the three ways of concen-
tration profiles and (2) how the TBM approach predicts the
CSS for an SMB unit: a real steady state is reached (no
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Table 1. Mathematical Modeling Used in This Work to Predict the Behavior of a JO Process*

Step 1 Step 2
Mass balance in the liquid phase for species i in column k
aCy, (1 —¢)[dgu G 9C;; 9°Cy
o + - o s P + v 9. D = (ug = 0 for step 1)

Mass balance for solid phase

T

*— g =
ar s oz + k(g7 — qu) (ug = 0 for step 1)
Initial conditions
L o L Cy=Cil(cycle 1, end of step 1)
Cycle 1: 1 =0 Ci=qux =0 Cycle 1:t = ISI{L_I,-/( = gu(cycle 1, end of step 1)
o o Cy=Ci(cycle 6, end of step 1) _
Cycle 0: t = (0 — 1)(tg, + 1) Cycle 0: t = thg,{q[k = Galcycle 6, end of step 1) 0=234,..)
Cy = Cylcycle 0 — 1, end of step 2
{t_j-:: Zj-szzy};le 06— 1, end of stepp2)) (6=234,...)
! ! ’ Boundary conditions for column k
aC;
Liquid phase: z = 0 (t > 0): UCip = 0 Cilomo+ — Dszk
z=0*%
aCy;
z=L-(t>0) s ) =
z=Lc
. aqik
— Solid phase: z = 0(r > 0): e =0

z2=0

Mass balances in the nodes

e for columns within system:

Ciki1.0 =

e for columns within one section and for the extract and raffinate nodes:

Cix

U3

e for the eluent node: C,H,‘o:; CiL
1

e for the feed node: C;., = Cyf

*Step 1: Fixed-bed chromatography unit; Step 2: SMB unit (TMB equivalent model).

concentration variation with the time). For a larger number of
columns per section in SMB, the agreement is better between
the average concentration profile (and the instantaneous con-
centration in the half of the switching time) and the concen-
tration profile predicted by the TMB approach.?”-28 Addition-
ally, the CSS of an SMB operation can be visualized only if the
SMB approach is used.

In this article, the process in step 2 is described as if a true
flow of the stationary phase takes place in the unit: it demands
lower computational time. Because the JO system works as an
intermittent model—with successive change of the operational
condition of the step 1 to step 2 for each new cycle—the
concentration profiles of the species in each one of the cycles
will always have a transient behavior. Therefore, when cyclic
steady state is reached in the JO process, the concentration
profiles, varying with time during a cycle of the process, will be
repeated from cycle to cycle. The CSS of a JO system opera-
tion can be visualized even if the TMB approach is used in step
2 (see Figure 4b). The dynamics of the JO process will be
explained later in detail under the heading Analysis of Results.

The nature of the CSS of the SMB and JO systems has
different sources: whereas in the first case the CSS results from
the changes in inlet and outlet ports after each switching time,
in the second case the CSS comes from the switch of the steps
in each cycle.

If the operation of step 2 is simulated using the SMB
approach, the behavior of the exact evolution of the concen-
tration profile of the species shown in Figure 4a will be seen in
the evolution of the concentration of this species during the
time tg, in a cycle of the JO process.

AIChE Journal November 2006 Vol. 52, No. 11

Method of numerical solution

With respect to the numerical technique, conservation equa-
tions and boundary conditions were discretized by the method
of finite volumes, applying the interpolation functions weight
upstream differencing scheme.?® They were implemented in a
computational algorithm in Fortran language. The formulation
is defined as totally implicit, leading to a system of algebraic
equations solved by the modified strongly implicit method
(MSI).3° Convergence of the solution is evaluated by increas-
ing the number of control volumes and decreasing the integra-
tion time until no change is observed between different runs.

The cyclic steady state of the JO process is reached when the
sum of relative error was <1%:

e Difference between average concentration of species in
the outlet stream in current and previous iterations normalized
by the current value of the variable

= 2 X = ()
m=Ra,Int,Ex i=A,LB im
® Global mass balance for the species leaving the unit
2 E Ci,m(thSd))
m=Ra,Int,Ex i=A1B ((I) 1 f 1 (I)
e, = E =1 form = Int;
CQits1)
i=A,lB

=2form = Ra, Ex) (2)
Published on behalf of the AIChE DOI 10.1002/aic 3797
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Figure 4. Evolution of concentration profiles of a more
retained component in the extract stream.

(a) SMB at cyclic steady state condition: (---) SMB ap-
proach, (x) average concentration profile in the switch inter-
val, (©) instantaneous concentration profile in the half of the
switch interval, (—) TMB approach. (b) JO system in cyclic
steady state condition: (—) TMB approach, (<) average con-
centration profile in step 2.

where Q,, is the flow rate in external stream m.

Design of Four-Section JO: Ternary Separation

To achieve a good separation performance in the JO system,
some criteria based on the propagation of species need to be
satisfied. At the end of step 2, species A and B must have been
collected in their respective enriched streams and the interme-
diate species propagated until a position in which, during step
1, it can be recovered without considerable contamination. Step
1 can be designed as a loading step because the feed enters the
system only during step 1. If the feed conditions are known—
flow rate and species concentration in the feed—for a JO
system, the operation variables such as step times, internal flow
rates in each section, and switching time (step 2) need to be
determined to obey the required performance criteria. In the
following, a sequence of definitions is presented aiming at the
attainment of the base operating conditions providing a high
performance for the four-section JO.

The velocities of propagating concentration (w) in steps 1
and 2 of a JO system can be given as

i

V| 1 — (® — v

J

_ Xijse Vj.s2
ST (1 +vK)
_ Qj,Sd) - ((D - 1)QsKi (3)
eA (1 + vK))
3798 DOI 10.1002/aic Published on behalf of the AIChE

where ® = 1 for step 1 and ® = 2 for step 2. The parameter
;52 is defined as the liquid to solid velocity ratio (=v; s./us)
and v is the solid to liquid volume ratio. Each species i travels
a distance x; ;5 in section j during step 1 (or 2, for case of
X;j52)- The liquid flow rate in section j during step P is Qg
and the solid flow rate is Q. The cross-sectional area of a JO
column is A, and the linear adsorption constant to the species
iis K.

In step 1, the propagation of the species occurs only in the
direction of the liquid phase while, in step 2, the migration of
species can occur in both directions:

® A given species will propagate in direction of the liquid
flow if

Wijs2 = 0 Yis2 = vK; 4

® A given species will propagate in direction of the solid
flow if

Wijs2 < 0 Yis2 < vK; Q)

Conditions for step 1

For a given feed flow rate and feed composition (C,p Cp
and Cpy), the time of step 1 can be used to control the amount
of species introduced into the unit as well as the breakthrough
of components present in the feed. Following the literature,!”
the duration of step 1 is the time needed to feed the interme-
diate component only in the first column of section 3 after the
feed port. In this work, this idea is extended for a time less than
or equal to the time needed for the concentration front of the
intermediate component to reach section 4 during step 1. The
time fg; can be calculated from the response to a pulse of feed
in a fixed bed. In the separation of components characterized
by linear adsorption isotherms, the retention time for each
species is the first moment of the pulse response after p,q
columns in section 3:

1= pstl + vK)] (6)

where T = gV /Q, The parameter p,s, assumes values between
zero and the number of columns in section 3 (ng,3).

The intermediate species cannot be present in the first col-
umn of section 4 at the end of step 1 because it could later
contaminate the raffinate. Let us keep the assumption of a
previous work!7 that accepts an error < 5% in the time of step
1, given by the standard deviation o. Thus, considering the
variance of the response for species i, the time of step 1 is
calculated as
21
Pe

2 1/2
m=i—20=i—2[ +k@—ﬂ] (7

where i is the intermediate species / and Pe is the Peclet
number (=v; s¢,L/D,). The parameter p,, in Eq. 7 close to
zero means a low loading of the unit, whereas p,s, close to the
number of columns in section 3 means a maximum load of
feed. The maximum value for p,q, is <ng, because there is
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axial dispersion and mass-transfer resistances in separation
processes.

In step 1, the flow rate in sections 1 and 2 controls the elution
of the concentration peaks for the intermediate and the more
adsorbable species. This flow rate is defined such that the
intermediate species, which is located somewhere inside sec-
tion 2, can be recovered without species B eluting from the port
of the intermediate stream. This can be checked by the value of
purity of the intermediate species.

An initial approximation for the flow rate in sections 1 and
2 can be obtained by assuming that the intermediate species in
section 2 travels a distance equal to the number of columns in
section 2 multiplied by the length of the column (L), that is,

SAc(nSeZ) Lc

1,s1 —

(1 + vK)) (®)
I

This value can be reduced by imposing a constraint on purity
mentioned earlier. The situation where the intermediate species
was fully recovered but the more retained species is far from
the end of section 2 should be considered. In that case, the flow
rate of eluent Qf;, (and, therefore, the flow rate in sections 1
and 2) can be reduced by saving eluent in step 1. As an
example, if the concentration of species / in the intermediate
port is, say, <1% of C,, after the collection of species I has
already been started during step 1, it means the eluent flow rate
could be reduced.

Moreover, a global mass balance in the four-section JO in
step 1 is

Om= 0151 = Qs &)

O = O — Qf (10)

After defining #5; and the flow rates in the unit sections
during step 1 the operating conditions are set.

Conditions for step 2

For step 2, assuming that the geometry and number of
sections are fixed, the design variables are: liquid flow rate in
the various sections, solid flow rate (or switching time), and
duration of step 2 ().

After the unit is charged with the feed ternary mixture in step
1, step 2 takes place to separate all three species in such a way
that they can be collected individually without appreciable
contamination at different ports and to allow the recovery of
both the more and the less retained species. A separation in step
2 will be successful if the chromatographic peaks are located in
the following way:

® The peak of species A is at the raffinate port, moving in the
direction of the liquid flow.

® The peak of intermediate species is located in section 2,
preferably near the end of section 2, moving in the direction of
the solid flow.

e The peak of species B is at the extract port, moving in the
direction of the solid flow.

The distance traveled by the species i in sections 2 and 3
(X;2/3.52) 1s expressed as

AIChE Journal November 2006 Vol. 52, No. 11
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Is
Xions2 = m (Q2/3,s2 — OK)

(withi=A, I, and B) (11)

and must satisfy the following constraints:

. XA3.81
Xpons2 = Palc = Xazs (Wlth . Spa= ”&»3) (12)
X5 = — (X351 T Pilc) (with 0 < p,; <mng,,) (13)
Xpons: = —(Xp3s1 T Pele) (with py = ng,,)  (14)

The displacement of species A must be positive because it
goes toward the raffinate with the liquid phase, contrary to
what occurs to the other species, which move in the direction
of the solid flow. The parameters p, are used to define the
position of the concentration peak of the species i inside the
unit; ng,, and ng,; represent the number of columns in sections
2 and 3, respectively. In Eq. 13, we should look for a minimum
eluent consumption to recover intermediate species at the end
of section 2 in step 1 and therefore the peak of species / should
be near the end of section 2. However, this choice can affect
other performance criteria, such as purity in other external
streams, which can eventually be more important than the
eluent consumption.

To complete the set of constraints that must be verified to
recover the less retained species in the raffinate and the more
retained species in the extract during step 2, we need to address
the rules for the regeneration sections (sections 1 and 4). In
section 1, the more adsorbable species must move in direction
of the liquid flow to regenerate the solid; in section 4, the less
adsorbable species must move in direction of the solid phase to
regenerate the eluent. The constraints considering both steps of
the JO process are then

t

Q5+ 7 Qi > 05Ky (15)
s

Q4,sz + E Qf< 0K, (16)

The constraints given by Eqs. 12-16 constitute the basis for
the calculation of flow rates in all sections of the four-section
JO operating in step 2. One should notice that because there is
no feed in step 2 when the JO system works as an SMB unit,
the liquid flow rates in sections 2 and 3 are the same (notation
2/3 has been used in such case), differing from situation oc-
curring in the real SMB separator. In fact, in step 2, these
sections 2 and 3 outline a single section with an important role:
the positioning of concentration waves for the recovery of the
species. The flow rates Q5 s, and Qg are obtained from Eqgs.
11-14.

Strategies for Definition of Q3 s, and Qs. Two strategies
will be used to define the liquid flow rate in section 3 and solid
flow rate. In the first strategy—strategy 1—these design pa-
rameters are obtained with Egs. 11 (i = I and B), 13, and 14.

DOI 10.1002/aic 3799



In this way the conditions imposed by the migration rules for
both species—/ and B—are obeyed. The flow rates are

eA. 1
s Isy (ﬁ) [xi25(1 + VK) = xpon5(l + vKp)]

amn

eA, Ky
O30 = Tsz m X521 + VK))

K,
— XBoi.s2 Kit; (1 + vKy) (18)

In strategy 1, Egs. 11 (i = A) and 12 are used to obtain an
inequality that is the condition for applying this strategy. Be-
cause the propagation of A (weakly adsorbed species) must be
in the direction of the liquid phase, the lowest value to the
variable x, »/3 ¢ is zero. In fact, even if species A is kept in the
same position during step 2, it can move in the right direction
during step 1. Therefore, Eq. 11 (i = A) is used to establish the
condition of maximum value for the parameter K, (slope of the
adsorption isotherm for A) so that species A goes to the raffi-
nate port with the defined flow rates Qg and Qs g, (Eqgs. 17
and 18).

QS,SZ
Os

LV = K, = K™ (19)

If the adsorption isotherm constant K, does not satisfy the
inequality of Eq. 19, the second strategy to obtain Qg and Qs ,
can be used. Now, instead of calculating those flow rates by
Egs. 11 (i = I'and B), 13, and 14, we use the system formed by
Egs. 11 (i = A and 1), 12, and 13, which leads to values
enabling the separation of species A and [ in section 3. In
strategy 2, the flow rates of solid Qg and liquid in section 3
(step 2) Qs g, are then calculated by

gA, 1
0s= Isy (ﬁ) [xa2n5(1 + VKy) = X551 + vK)]

(20)

eA, K,
Os5 = Tsz ﬁ xA,2/3,52(1 + vK,)

K
— X123,52 fl (1 +vK) 2n

Again, Egs. 11 (i = B) and 14 are used to establish a
condition of minimum value for the parameter K, such that
species B can be taken in the direction of the solid flow to the
extract port, according to the migration rules. The limiting
condition from Eqs. 11 (i = B) and 14 for species B obtained
from strategy 2 is given by

: Os50 — 8AWg 2352
Kmll'l p—
B

= 22
Os+ (1 - S)ACWB,Z/B,SQ @2)
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where Qg and Qj; g, are the parameters calculated by Egs. 20
and 21 and wy /5, is the propagation velocity that the con-
centration wave of the species B should travel to be at the
extract port at the end of step 2:

Xpas1 T Ngealc

Wpoi3s2 = T (23)

The value of wj 53 5, depends on the distance traveled of B
in step 1 and thus it would be necessary to know Kj to
determine K3™". To avoid this problem and to establish a
condition that would be independent of the value of Kj, let us
make an assumption to restrict the application of strategy 2.
The most drastic condition of migration for species B for
application of strategy 2 would be that of species B having the
same adsorption affinity as that of the intermediate species. In
this case, species B would be located as far as possible from the
extract port at the beginning of step 2. For this reason, let us
rewrite Eq. 22 using propagation velocity of species / instead
of propagation velocity of species B and the new limiting
condition to use strategy 2 will be conservative:

; Os50 — €AW ;

min — o v N - 1n
Ky Os + (1 —e)Awans > Ky =K} @9

By observing the values obtained from Eqs. 17 and 18 and
20 and 21, one can see that both the flow rate in section 3 and
the solid flow rate will always be higher when strategy 2 is
used. This also means that higher flow rates in the other
sections have to be used and more eluent needed. Thus, strat-
egy 1 must be preferred for determination of the mentioned
operating conditions.

The possibility in using one or another strategy for the
calculation of the flow rates Q3 g, and Qg in a four-section JO
is managed by the adsorption constants of the components of
the ternary mixture to be separate:

® Application of strategy I: The linear adsorption constant
of the less retained species (K,) must be lower than K3**
defined from strategy 1.

® Application of strategy 2: The linear adsorption constant
of the more retained species (Kj) must be higher than K™
defined from strategy 2.

Definition of Other Flow Rates and tg,. In all cases previ-
ously reported to calculate the flow rate in section 2 (and
section 3) and the solid flow rate, we notice that the flow rates
depend on the value of 7, and their values are higher when ¢,
is lower. The duration of step 2 is linked to the condition of
pressure drop in fixed-bed columns of the JO system.

The highest flow rate in step 2 is located in section 1 where
the adsorbent is regenerated. Therefore, given the restriction of
Eq. 15, the flow rate in section 1 can be determined by

t
Q152 = B1OsK — fz; O (with B, > 1) (25)

where (3, is a parameter > 1 that guarantees the validity of the
inequation of Eq. 15. Thus, the parameter 3, represents a
“safety margin.” 332 Some chosen value of 7, is used to
calculate the solid flow rate and, then, both 7¢, and Q, are taken
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Table 2. Performance Parameters for Ternary Separation in the JO System

Purity Recovery Productivity (g L™" h™") Eluent Consumption (L/g)
Cim ~ - ts1 + Qpts
Pu;,, = E — Re. = 0,,.Ci Iso p 0,Ci  fso EC;,, = w
im = = Yim = : i Ciml
Cim } 0,C, 15 . Vs ts + 15 0,,Ci utsw
s=A.l.B

i,m =1 Int(® = 1); A, Ra(® = 2); B, Ex(® = 2)

to evaluate the flow rate in section 1 by Eq. 25. The velocity in
section 1 can not exceed the allowed maximum velocity de-
fined by the maximum pressure drop possible in the fixed-bed
columns. The last one can be verified by the Kozeny—Karman
equation:

(1—¢)
szdlz,

APy so _

L, (26)

MUk s

The Kozeny—Kdrman equation is adequate for laminar flow
in chromatographic columns, which relates the pressure drop
(AP, 5¢) With the velocity in column k during step ® (v; sq),
length of column (L), particle diameter in the stationary phase
(d,), and eluent viscosity (u). Alternatively, one could calcu-
late the highest allowed velocity in section 1 according to the
limiting pressure drop inside the adsorption columns. This
velocity would be used to define Q, s,. Equation 17 (or Eq.20)
would be introduced in Eq. 25 and an initial value for the 7,
would be achieved. Because the duration of step 2 (ty,) influ-
ences the value of the flow rates of the inlet and outlet streams
in step 2, an analysis is necessary on this operation condition to
evaluate the range of values that requirements of optimization
are satisfied, although the highest productivity is obtained
when the system operates with the maximum pressure drop
allowed inside the columns.

Finally, the constraint in Eq. 16 provides the liquid flow rate
in section 4 for step 2 of the JO process:

L1
Qus = BaQsKy — Zsz o (with B, < 1) 27)

where the parameter 8, must be <1 to guarantee inequality of
Eq. 16. The flow rates of external streams are easily calculated
from mass balance at the unit nodes, expressed by the follow-
ing equations:

Ore= Q35— Qus (28)

Op =019 O (29)

O = 0150~ Ouso (30)

It is worth noting that such design equations are derived for
the case of linear adsorption equilibrium. The design based on
nonlinear adsorption becomes more complicated. The JO sys-
tem performance for the separation of the ternary mixture—A
(less adsorbed species), / (intermediate affinity), and B (more
retained species)—is evaluated according to the performance
parameters described in Table 2.

Analysis of Results
Ternary separation: four-section JO process

Operating conditions must be chosen to make high recovery
of species with high purity and low eluent consumption, en-
suring high productivity of the JO process. The aim of the
research is to develop a decision-helping tool to design a
four-section JO system meeting the optimization criteria re-
quired. We start with the example of ternary separation re-
ported elsewhere,'” where adsorption data (equilibrium and
kinetics) and geometry of columns in a four-section JO are
listed in Table 3. The parameters correspond to linear equilib-
rium isotherms, low resistance to mass transfer, and a unit with
12 columns (three per section).

Figure 5 shows the evolution of species concentration pro-
files in each outlet stream as a function of the cycle number.
The operating parameters are described in Table 3. The liquid
flow rate in section 2 (and section 3) and the solid flow rate
during step 2 were calculated with strategy 1. In this separation
process, species A has lower adsorption constant than the
limiting condition for applying this strategy (K;*). In Figure
5, one can see the cyclic steady state starting from the sixth or
seventh cycle in the four-section JO system. It can also be seen
that only during step 1 (fg,) is the intermediate species collected
(Figure 5b) and during step 2 (Z4,) species A and B are collected

Table 3. Operational Conditions Used in Separation of the Ternary Mixture in the Four-Section JO System

Step 1 Step 2 Properties of the Columns
tsy 36.90 min tss 66.00 min L& 1.2 m
Oy 350.00 cm?/min Ora 221.73 cm*/min D 0.1084 m
Qi 30.57 cm*/min O, 304.60 cm*/min e; Pe 0.4; 2000
O 380.57 cm®/min O 526.33 cm®/min No subsections 12
4-section JO Configuration 3-3-3-3
Q1251 380.57 cm®/min 0,5 537.32 cm®/min Components of the Mixture
05451 350.00 cm*/min Q213,52 232.72 cm®/min K, 0.19
Cup Cipo Cpy 100.0 g/L each 4,52 11.00 cm*/min Ky 0.39
Qs 1120.37 cm*/min K¢ 0.65
(V13 Yarss Va) (0.719; 0.312; 0.015) ka, Ky ky 0.5s7!

*Feed condition: p,;; = 2. Propagation condition: p, = 1; p, = 3.
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Figure 5. Concentration profiles of the species in four-
section JO.
(a) Raffinate, (b) intermediate stream; (c) extract; (— — —) exact

transient concentration profile; (O), (LJ), (V) average concen-
tration profiles of species A, I, and B, respectively, in the
respective operation step.

(Figures 5a and 5c), with average concentration, in their re-
spective enriched streams, given by

1sd
J‘ Cdt
0

Ci=—— (d=1fori=1,P=2fori=A,B)
Lso

€1V}

Figure 6 shows the concentration profiles for the three spe-
cies in the sections of the JO system, at specific times of both
operation intervals in cyclic steady state. One can observe that
the unit is continuously fed with the mixture to be separated
during the entirety of step 1. It is seen that the system works as
a chromatography column in this first step of the cycle and all
species travel in the direction of the liquid phase, making the
withdrawal of the intermediate species at the end of section 2
possible. Of course, the final state of the concentration profiles
of the species at the end of 7, corresponds to the initial state of
the concentration profiles at the beginning of 7¢,. During step 2,
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the system operates as an SMB unit without feed stream and
therefore the more (B) and less (A) retained species are directed
to the respective enriched streams. Figure 6 shows that there is
a propagation of intermediate species in the direction to section
2 and species I should be located inside this section at the end
of t¢,. In this case, operational conditions were defined for
species [ to be located in the first column before section 3.

Effect of Feed Loading. Figure 7 shows the unit behavior
for the separation with two different feed charges: one for p,g,
= 1'7 and another with p,g; = 2 (Table 3). The concentration
front of the intermediate species for the second situation is near
the end of section 3 (with reference to the liquid-phase direc-
tion) at the end of step 1 and so it will not contaminate the
raffinate in step 2, and at the beginning of section 2 at the end
of step 2 to avoid contamination of the extract. The operational
conditions described in Table 3 for the case of p,g; = 2 were
not the same as for the case of p,;; = 1. There are changes in
the following conditions: ¢y, = 18.17 min, Qg = 422.94
cm’/min, Qp, = 427.00 cm’/min, Qg, = 172.06 cm®/min,
Q45 = 110.33 cm’/min, and ug = 0.337 cm/s. In this deter-
mination, the sequence of design criteria presented in the
previous item had to be satisfied. The first strategy is used to
define conditions for step 2. It can be seen that high purity and
recovery of species can be achieved with higher productivity
and lower eluent consumption, even for the higher loading of
the system (Table 4).

Another aspect worth mentioning is related to the average
concentration of species recovered. The average concentrations
obtained in the outlet streams for the two different values of
Py are: (1) for pgy =1 — C, =56.0 g/L, C, =453 g/L, C
= 37.8 g/L; (2) for p,s; =2 — C, = 87.7 g/L, C, = 91.7 g/L,
Cp = 64.3 g/L. In both situations, the time needed to reach the
cyclic steady state is similar; the average concentrations are
higher when the feed charge is higher. This leads to higher
productivity and lower eluent consumption; moreover, high
concentrated products will imply lower energy consumption in
the following unit operations for future concentration.

Effect of the Duration of Step 2. Figure 8§ shows the be-
havior of the system varying when the time of step 2 is
changed. The other operating conditions are those for p,q; = 1.
In this figure, the time of step 2 (Zg,) is decreased from 96 to 6
min. Because 7, decreases, all flow rates in unit sections in step
2 and solid flow rate are increased, keeping <y ratios constant
(v, = 0.719; vy, = y3 = 0.378; y, = 0.148). The larger the flow
rates of both liquid and solid phases in the sections are, the
more the concentration peaks of the species spread. The JO
system productivity improves for lower values of ¢,, although
at the cost of lower purity and recovery of the species, as
shown in Table 5.

Performance of four-section JO for separation with
different degrees of difficulty

The performance of a four-section JO for separation of a set
of ternary mixtures with different combinations of linear ad-
sorption equilibrium isotherm properties is analyzed. Separa-
tion factors «y, and oy, are used to classify the degree of
separation difficulty'#; however, for reduced values of Henry
constant of adsorption isotherms, the separation difficulty is
properly represented by the ratio of the propagation velocities
of concentration.!! A separation factor of 1.1 means a difficult
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Figure 6. Concentration profiles of the ternary mixture separation in sections of the four-section JO, in different
intervals of an operating cycle at the cyclic steady state; (—) species less adsorbed (A); (- - -) intermediate
species; and (- - -) species more adsorbed (B). Operating conditions: Table 3.

separation, a value of 1.5 means a moderate degree of separa-
tion, and that with @ = 2.5 is considered an easy separation.
The value of K is kept constant and chosen equal to 0.39.

Figure 9 shows curves that establish the limits of application
of the strategies for determination of the operating conditions
in step 2 for the four-section JO system. Because the applica-
tion of the strategies depends on the properties of equilibrium
adsorption of the components of the ternary mixture, the limits
are constructed according to the pair of separation factors «,
and ay; of a mixture.

In those ternary mixtures in which the linear adsorption
constants of the components define points (a,,; ag,) positioned
to the left of the full line (the curve related to limiting condition
for application of strategy 1) the first strategy could be applied,
providing a good performance from the system. One can verify
that there are situations where separation factor ay, is higher
than «,, and even so strategy 1 can be used. On the other hand,
for mixtures in which the linear adsorption constants of the
three components define points (ay,; ag,) to the right of the
dotted line (the curve related to limiting condition for applica-
tion of strategy 2) it would be possible to use the second
strategy to determine the operational conditions in step 2 and to
operate the system properly.

If an intersection of the two indicated areas is made, it can be
established that in the shaded region of Figure 9 strategy 1
could be used, whereas the remaining area is the region in
which strategy 2 would have to be applied. Although there is an
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area in the shaded region where strategy 2 could be applied, it
will be shown that the flow rates calculated by strategy 1 with
the chosen parameters p; lead to an operation with lower eluent
consumption.

The regions in Figure 9 are valid only for the case of K; =
0.39. Other linear adsorption constants for the intermediate
species would lead to other values of flow rates (Eqs. 17 and 18
and 20 and 21) and, consequently, the limiting values—maxi-
mum and minimum—for the adsorption constants for the less
and the more retained species would be different. Some com-
binations of ternary mixtures and some operational parameters
used in the separations are listed in Table 6.

The analysis involves a series of ternary mixtures (compo-
nents A, /, and B) in which the separation difficulty is measured
by the value of the separation factors between species. Ternary
mixtures are chosen such that separations with a high degree of
difficulty, corresponding to values of a;, and agz = 1.1, and
the situations of mixtures of easy separation, with values of
separation factors around 2.5, are studied.

Figures 10 and 11 show the ternary separation performance
of the four-section JO system. The performance is analyzed
according to the average concentration of the species in their
respective collected streams, the purity of the collected species,
the productivity, and the eluent consumption for the separation
as a function of the separation factor ay,. Figure 10 shows
cases of ternary mixtures that have separation factor of 1.1 to
the components A and /, that is, a hard separation of these two
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Operation time: (a) at the end of the step 1; (b) at the end of
the step 2. Feed condition: (—) 5, = 18.17 min (p,;, = 1);
(= =) ts; = 36.90 min (p,g, = 2).

species. In Figure 11, cases of ternary mixture with moderately
difficult separation to species A and I (a;, = 1.5) are presented.

There is a limiting value of oy, in which the strategy for
definition of operational conditions in step 2 of the four-section
JO is changed. The limiting values for any case can be verified
in Figure 9 and also in Figures 10 and 11 where there is a
vertical step dotted line that divides the area in two regions: one
region to the right of the line where strategy 1 (called region 1
in the following analysis) can be used and another to the left of
the step dotted line where strategy 2 (region 2) is used. For the
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Figure 8. Concentration profiles of the ternary mixture
separation in sections of the four-section JO,
at the cyclic steady state.

Operation time: (a) at the end of the step 1; (b) at the end of
the step 2. Different operational time to the step 2 for constant
ratios y (y, = 0.719; y, = y; = 0.378; vy, = 0.148). (—)
ty, = 96.0 min, (—) tg, = 36.0 min, (- * -) t5, = 6.0 min.

limiting values, that is, on the vertical line, one can observe the
separation performance achieved using conditions obtained
from both strategies. In Figures 11a and 11d, another vertical
line (now, in gray) is shown that is related to the limiting value
for application of strategy 2 in the separation.

In Figures 10 and 11, one can verify a trend. The two cases
of a4 (1.1 and 1.5) close to the different values of oy, show a
similar behavior of the performance parameters for the sepa-
ration of the three species in the four-section JO system. In
region 1, the purity of species A and B (Figures 10b and 11b)
increases until a maximum value when the separation of spe-
cies B and I becomes easier (higher values of ay,). In region 2,
the performance parameter for these species is approximately
constant, independent of the value of ag,. The purity of species

Table 4. Performance Parameters for Different Feed Conditions in Separation of the Ternary Mixture
in a Four-Section JO System

tsy Average Recovery Productivity Eluent Consumption
Species (min) Concentration (g/L) Purity (%) (%) (gh 'L (L/kg)
A 18.17* 55.9 100.00 99.94 5.68 56.4
27.53%%* 74.0 100.00 99.90 7.74 37.3
36.90" 87.7 99.97 99.39 9.38 27.9
1 18.17 453 100.00 100.00 5.69 56.3
27.53 68.6 99.97 100.00 7.75 37.2
36.90 91.7 99.48 99.71 9.41 27.9
B 18.17 37.8 100.00 100.00 5.68 56.4
27.53 522 100.00 100.00 7.75 37.2
36.90 64.2 99.92 100.00 9.45 27.8
Psi = 1.
s = 312,
Pist = 2.
3804 DOI 10.1002/aic Published on behalf of the AIChE November 2006 Vol. 52, No. 11 AIChE Journal



Table 5. Effect of Duration of Step 2 on Performance of the Four-Section JO for Ternary Separation

ok Purity (%) Recovery (%) Productivity (gh~ ' L™")

52

(min) A I B A I B A I B
96.0 100 100 100 100 100 100 4.19 4.19 4.19
36.0 99.99 99.98 100 99.93 100 100 8.82 8.84 8.83
6.0 99.27 94.76 98.96 97.24 99.45 97.88 19.25 19.68 19.37

Pisy = 1.

I has a maximum value, in region 1, and remains constant in
region 2. Concerning the productivity (Figures 10c and 11c),
one can see that for species I and B the productivity increases
until a maximum value in region 1, whereas for species A this
parameter decreases. In region 2, the productivity is constant
for each of the species. The curves of eluent consumption show
the same behavior for the three components in the cases of
Figures 10d and 11d.

The average concentration of the species, in their respective
enriched streams, shows different profiles for each species,
although the mentioned trend for the two studied cases of o,
is kept. The trend for species A and [ is an increase in its
average concentration when the limit of application of strategy
1 is approached; beyond this limit (strategy 2), it remains in
some constant value. In region 1, the curve of average concen-
tration of species B in the extract shows a trend to increase until
some point (some value of ay;) and then to decrease when the
limiting value of ay, for applying the strategy 1 is approached.
In Figure 10a, this kind of behavior is not verified for this
species and will be explained in the following. In region 2, the
use of strategy 2 leads to a curve of average concentration of B
that decreases smoothly from the limiting line to situations
where there is easy separation of species B and 1.

Effect of ag; on Performance Parameters of a Four-Section
JO for Separation with Different Degrees of Difficulty. Be-
fore discussing the effect of «y, on performance parameters of
the four-section JO shown in Figures 10 and 11, note the
nomenclature “mix(a,,; ag,)” used to represent a ternary mix-
ture whose components have separation factors a;, and ayg.

3
26 4
2,2 4
3 : g
S ‘< ; [Jregion 2
1.8 S o o
7 . : :
1.4 A4 / e — limit condition - strategy 1
a/ —--—- limit condition - strategy 2
e
1 T T T T
1 14 1,8 2,2 26 3

gy
Figure 9. Regions of the plane (a,,; o)), in which a point
represents one ternary mixture, for limiting the
use of the strategy 1 or 2 for defining operating
conditions in step 2 of the four-section JO
system.
Valid to K; = 0.39; p, = 35 p, = 1, pg = 3.
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® Average concentration (Figures 10a and 11a)

In region 1 of these figures, the maximum value of average
concentration of A is for the cases of mix(a,,; ahr"), that is,
mixtures that have any factor «;, and a factor o, equal to the
limiting value presented in Figure 9 related to the «,, in
question. In these cases, the values of K, are the limiting values
for application of strategy 1 (Eq. 19), and then there is no
propagation of A toward the raffinate stream in section 3 during
step 2; therefore, the mass of this species remains accumulated
inside this section. Species A is “pushed” significantly only
when the JO system works as a fixed bed in step 1. In step 1,
the new loading of species A is joined to the previous one, and
then it follows until section 4 (to the raffinate port) to be
collected during step 2.

For cases of mix(ay,; agz = aj™), one can notice that, in
using strategy 1, contamination of the intermediate stream with
A increases quickly and then strategy 2 becomes necessary.
Using strategy 2, the average concentration of A decreases
roughly 32 to 37% of the last values obtained using strategy 1.
The value of this performance parameter does not depend on
o, when strategy 2 is applied. This fact is already foreseen
because the flow rates that are defined to separate A and
I—Q,3 5> and Qg—(and also the raffinate stream) remain un-
changed with any o, This comment is also valid for the
intermediate species (the flow rate of the intermediate outlet
also remains constant). This statement, however, is not verified
for species B that in region 2 has its concentration average
decreased for mixtures with higher ay,.

For higher values of ay, (that is, larger values of Kj), the
operation requires higher flow rates in section 1 and, conse-
quently, also higher values of Qg, and Qp,, leading to the
larger dilution of the species collected in the extract outlet.
When strategy 1 can be used, the value of average concentra-
tion of B in mix(1.5; ayz = 1.61) shows the behavior of a
concave curve with a maximum point in some separation factor
o, Figure 12 shows three concentration profiles (including the
average concentration) in the extract stream in some operating
cycle of the system at CSS. The examples are for mix(1.5; 1.1),
mix(1.5; 1.3), and mix(1.5; 1.5), in which the larger average
concentration of B is obtained for the case of the mix(1.5; 1.3)
as shown in Figure 11a. For the mix(1.5; 1.5), the concentration
peaks of B (one coming from the previous cycle and another
one from the current cycle, both identified in Figure 12) are
more separated than for other mixtures. The separation of B
and [ is easier (lower ratios of vy, and 7y, are necessary) and,
then, the average is lower than that for the case of mix(1.5;
1.3). Now, for the mix(1.5; 1.1) there is a hard separation
between species B and /, the concentration peak of B is broader
(the ratios vy, and +y; are larger), and the area below the curve
is smaller. For cases of mix(1.1; ap, = 1.13) there is just an
increase in the average concentration of B, and not a decrease

DOI 10.1002/aic 3805



Table 6. Set of Mixtures and Operational Parameters Used in the Ternary Separations for the Four-Section JO System*

T gy K, Ky Step 1 Step 2
1.1 (hard) 1.05 (hard) 0.355 0.410 tg; = 18.17 min tg» = 250.0 min
) Pist = 1 B, = 1.03
1.5 (moderate) 0.585 0, = 350.00 cm’/min B, = 0.97
Qpn = 422.94 cm®/min
2.5 (easy) 0.975
1.5 (moderate) 1.1 (hard) 0.260 0.429 tgo = 200.0 min
B, = 1.03
1.5 (moderate) 0.585 B, = 0.97
2.5 (easy) 0.975

*K, = 0.39. k, = k, = ky = 0.5 s™'. Properties of the columns: Table 3.

as in the previous case. In the case of difficult separation, the
peaks of B show significant spreading and peaks of B cannot be
distinguished from those coming. This is one of the reasons
that the average concentration of species B is not decreased for
hard separations (Figure 10a). These last comments can also be
valid for the intermediate species. The spreading of concentra-
tion peak of [ in sections of the system for hard separations
between B and [ causes a decrease of average concentration of
I in its outlet stream.

e Purity (Figures 10b and 11b)

In region 1, there is a reduction in purity of species A and B
in the raffinate and extract, respectively, when mixtures with a
higher degree of separation difficulty between species B and
occur. For the separation of ternary mixtures with low o,
higher values of vy, and +y; ratios are required, which can lead
to some dispersion of concentration peaks inside the system
and then negatively affect the purity of the species. The main
contaminant of the raffinate and of the extract is the interme-
diate species. The concentration peak of species / is between
these two outlets and it can reach both streams depending on
the extension of spreading. Eventually species A can also
contaminate the extract or species B can contaminate the raf-
finate. A large mass-transfer resistance can also lead to a
decrease of purity in the outlet streams.!”

In region 1 of Figures 10b and 11b, the purity of the
intermediate species shows a peculiar behavior for a mixture as
mix(oy,; ag ~ apr), that is, with separation factor a, close
to the limiting value for the application of strategy 1. In the
limiting value of «y,, it means that the linear adsorption con-
stant of species A is such that, using the operational conditions
from strategy 1, no displacement of the less adsorbable species
occurs during step 2. In this step, although not to be carried, the
left tail of the concentration peak of A inevitably extends from
section 3 to section 2 (at least in the situations studied with a
mass-transfer coefficient of 0.5 s~'). Any fraction of A that
goes to section 2 will contaminate species / during its recovery
in step 1. The contamination is more extensive when the linear
adsorption constant K, is equal to the maximum value allowed
for using strategy 1. It is thought that in an ideal situation of no
mass-transfer resistance and no dispersion, this effect is mini-
mized.

For mix(a,; ag = af™), where strategy 2 is applied, the
purity is almost constant for all species, except for a small
variation of the purity of B in mixtures of difficult separation
between species A and [ (case of a;, = 1.1). When using
strategy 2, the liquid flow rates in sections 2, 3, and 4 are not
changed with the linear adsorption constant of the most re-
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tained species. Only the liquid flow rate in section 1 increases
for an increase in the values of Kj. This behavior is therefore
expected for the purity of species in region 2 in Figures 10b and
11b. The small variation of the purity of B in Figure 10b («,,
= 1.1) is related to the low values of flow rates required in
section 1 when ay, is near the limiting value. In this situation
a small amount of / extends from section 2 to section 1 and then
it contaminates the extract. The purity of the species is lower
for mixtures with hard separation between species A and 1.

® Productivity and eluent consumption

Productivity for the four-section JO, operating in conditions
calculated by strategy 1, is shown in Figures 10c and 11c. The
productivity of A decreases for cases of ternary mixtures with
higher separation factor ay,. Despite the increase of average
concentration of the less retained species in region 1, the
defined operational conditions lead to lower raffinate flow rates
and lower productivity. The opposite is true for species B;
productivity increases as a result of the greater flow rates in the
extract in cases of higher ag, With respect to the productivity
of the intermediate species, given that the flow rate in the
intermediate outlet remains constant in this analysis, this per-
formance parameter is influenced only by the values of the
average concentration of 1.

In region 1 of Figures 10d and 11d, for cases of ternary
mixtures with higher separation difficulty between species B
and [, the eluent consumption is greater, which means that
greater flow rates in sections of the system are necessary to
achieve an adequate separation and thus a greater flow rate of
eluent.

Considering the eluent consumption for separations of mix-
tures with equal o, and different «;,, that is, mix(1.1; o) and
mix(1.5; ag,), this performance parameter is of greater magni-
tude when o, is higher. When there is an easy separation for
species [ and A, a lower liquid flow rate in section 4 becomes
necessary. Because the flow rate in section 1 must be kept
constant, a higher flow rate in the eluent stream is also neces-
sary.

In region 2, the eluent consumption for recovery of the
species increases linearly for mix(oy,; ag = o). Using the
second strategy for defining operational conditions, the eluent
flow rate becomes linearly proportional to the adsorption con-
stant of the more retained species, leading to the behavior
observed in Figures 10d and 11d.

® Strategy 1 vs. Strategy 2

Application of both strategies in region 1 of the Figures 11a and
11d can be evaluated. As seen in Figure 9, there is some area,
representing a set of mix(«y,; ag,), where both strategies 1 and 2
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Figure 10. Performance of the four-section JO in ternary
separation.

Hard separation of species A and [ (that is, o;, = 1.1). (a)
Average concentration; (b) purity; (c) productivity; (d)
eluent consumption.

could be used. In region 1, strategy 2 for defining the operational
conditions of the four-section JO leads to a higher eluent con-
sumption (Figure 11d) and lower average concentration of the
recovered species (Figure 11a) compared with use of strategy 1.
The gray vertical line establishes the limit of use of strategy 2 that,

according to Figure 9, works to the cases of mix(1.5; ay, = 1.2).
The values of eluent consumption and average concentration of
the species in respective outlets are similar in both strategies only
for the limiting case of mix(1.5; 1.2). The same behavior holds for
the limiting case of mix(1.1; 1.05), not shown here.
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Figure 12. Concentration profiles of species B in extract
during a cycle of a four-section JO at cyclic
steady state.

Mixtures: (- - -) mix(1.5; 1.1); (—) mix(1.5; 1.3); and (——-)
mix(1.5; 1.5).

Extension to quaternary separation: five-section JO
system

An extension of the four-section JO system for ternary
mixtures is developed to be used in the separation of mixtures
with four components. The JO system designed for quaternary
mixtures has five sections and its operation process is quite
similar to that discussed previously. Figure 13 presents the new
five-section JO system. One can see that a new section is
introduced between the feed stream and intermediate collection
stream of the four-section JO shown in Figure 3. Therefore,
two intermediate species will be recovered during step 1 of an
operation cycle. Species A and B are still the less and more
adsorbable species, respectively. Species I, and I, have inter-

Step 1

—

v’

3555 o

Tntermedinte
Stream  (Iy)

Feed A+T+IA4B) ey 93

Eluent (E,.)
Intermediate 4
Stream ap

Elnent
E,p

t =ty Step 2

mediate affinities with the solid phase and the adsorption
affinity of component /; is higher. For cases of linear adsorp-
tion isotherms, it would mean the following affinity sequence:
K, <K, <K, <K

When the five-section JO is operating in step 1, sections 1,
2, 4, and 5 are connected and work as a chromatographic
column, which is fed with a quaternary mixture. The eluent
stream EI,, helps to elute the intermediate species /; during this
time of the cycle. In this step, the elution of intermediate
species I, occurs in section 3 and then a second eluent stream
El,, is introduced into this JO system. Section 3 does not have
any connection to the other sections and operates indepen-
dently.

Once the end of step 1 is reached, step 2 takes place and the
unit operates in the same way as the four-section JO system.
The feed as well as the recovery of the intermediate species are
stopped. The unit starts to operate according to SMB technol-
ogy and then species A and B are collected in the raffinate and
extract streams, respectively. The species should be separated
in step 2 such that: (1) species A travels in the direction of
liquid flow toward the raffinate outlet; (2) concentration peaks
of the intermediate species I, and I, propagate in the direction
of solid flow until some position in sections 3 and 2, respec-
tively; and (3) species B is carried by the solid phase toward the
extract outlet.

A previous set of equations was shown to determine opera-
tional conditions for the four-section JO to achieve an adequate
separation of the species. For the five-section JO system some
changes are needed to appropriately recover species. Such
design equations are discussed in the Appendix. Here, we
applied this new strategy to attain operational conditions for the
five-section JO and to obtain the concentration profiles for
quaternary mixtures with feed concentration of species equal to
100 g/L each. The necessary parameters and operating condi-

Step 2
&
= =
al 51 sectionV
E
Raffinate
&
section IV
section JII
section II
Extract
®)
section I
Eluent
€,)

Figure 13. Scheme of operating step for “five-section JO” in which the SMB operation in step 2 is replaced by an

equivalent TMB operation.
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Table 7. Operational Conditions Used in Separation of the
Quaternary Mixture in the Five-Section JO System*

Step 1 Step 2

tg 27.53 min tgr 150.00 min
0, 350.00 cm*/min  Qp, 217.63 cm*/min
Qe 494.92 cm’/min  Q, 439.78 cm’/min
Qrina 765.25 cm®*/min Qg 657.41 cm®/min
Q12.51 844.92 cm?/min Q52 1019.46 cm®/min
0551 765.25 cm’/min  Qy/3/4.52 579.68 cm*/min
Quss.51 350.00 cm*/min Qs g, 362.05 cm®/min
Cuap Crips

Cpop Cpp 100 g/L each [N 1688.72 cm®/min

(Y15 Yaraas ¥s)  (0.906; 0.515; 0.322)

*Feed condition: p,g; = 3/2. Propagation condition: p, = 3/2; p’, = 1.

tions for model simulation are described in Table 7. According
to previous definitions, the degree of separation difficulty of
this example can be classified as moderate separation: mix(o,4
= 1.50; a;;», = 1.28; a;; = 1.30). The properties and char-
acteristics of the columns in the five-section JO are those listed
in Table 3, except for the number of columns and the unit
configuration that now are 15 and 3-3-3-3-3, respectively.
Figure 14 shows the liquid-phase concentration profiles of
the species in the five-section JO system, at the half and the end
of the two steps of a cycle. The process is already at the cyclic
steady state. In Figure 14a, profiles at the end of step 1 are
shown; one can see that the feed load of the mixture breaks
through around the middle of the second column in section 4
according to the chosen value for p,g, (=3/2). Moreover, in
Figure 14d, one can verify that the intermediate species are
eluted from both sections 2 and 3 and are collected in their
intermediate outlet streams. Figures 15a and 15b show concen-
tration profiles of species I, and I, in their respective enriched

Step 1 ® Step 2 (¢ = 1.00 #g; /f +=0.00 ts3)

Concentration (g/L)

@ Nty Lagty :
Bl Int] El12 2 Fe  SEOROD
Step 2 ® Step 1 (#=1.00 g2 // t=0.00 tg;)
100 T -
i — species A
_ ' : o 1 weees Species 12
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o Py
£ 0 SRS S ¥ . iroeneneee]
i H E
] B A { S feeeenee
= i A :
k=] H 3 '
S A S
: AREAN
1] 1 2 3 4 5
E{}IZ E{}x section R?:

streams and purity of these species is >99% (Pu;,, = 99.8%
and Pu;; = 99.9%). In Figure 14c, one can see that a small
amount of species 7, is still in section 4 at the end of step 2.
Thus, the breakthrough curve of this species will have inter-
ference of this amount during the loading step. In Figure 14c,
one can also notice the chosen values of p7; and p’}, parameters
(Eqgs. A4 and AS) related to the migration of concentration
peaks of the intermediate species during step 2 (see Table 7).
The position of the species /, is defined in the central region of
section 2 such that if some amount of /; exceeded the bound-
aries of section 2 arising from any dispersion, the left and the
right rails of concentration peak could be equally distributed in
the adjacent sections. With respect to species 1, its localization
is defined at the beginning of the third column of section 3 at
the end of step 2, which avoids contamination of the collecting
stream of species I, by species I,. The liquid flow rate in
section 3 in step 1 is defined to allow a total elution of I, from
the section p, = ng,;.

The operating conditions described in Table 7 lead to an
adequate separation process only if the inequalities shown in
Eqgs. A9 and A10 are fulfilled. The limiting values for appli-
cation of the proposed strategy are KT% = 0.343 and K'y'" =
0.532. Figures 15c and 15d show that, once the linear adsorp-
tion constants of species A and B satisfy those inequalities,
these species could be directed to their respective enriched
outlets and also recovered in high purity (Pu, = 99.8%; Pu, =
99.1%). After the cyclic steady state has been reached, the
outlet flows have average concentrations equal to: 29.6 g/L for
species A in raffinate, 45.7 g/L for species I, in intermediate
stream 2, 41.0 g/L for species I, in intermediate stream 1, and
14.7 g/L for species B in extract. The process productivity and
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Figure 14. Concentration profiles of the species to quaternary separation in sections of a five-section JO, in different
intervals of an operating cycle at cyclic steady state.

(—) Less adsorbed species A; (- - ) intermediate species I,; (- - -) intermediate species /,; and (—) more adsorbed species B. Operating

conditions: Table 7.
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Figure 15. Concentration profiles of the species in a five-section JO.

Species in: (a) intermediate stream 1; (b) intermediate stream 2; (c) raffinate; (d) extract; (—) exact transient concentration profile; (O), ((J),
(©), (V) average concentration profile of species A, I, I,, and B, respectively, in the respective operation step.

the eluent consumption for separation of the species are 3.2 g/L
h and 0.13 L/g, respectively.

Conclusions

Separation systems operating according to JO technology
have been proven useful in continuous separation of multicom-
ponent mixtures. A four-section JO system for purification of
components from ternary mixture feeds has been proven effec-
tive even for cases classified according to this article as hard
separation. Integration of the fixed bed and the SMB processes
at the four-section JO has been modeled using a lumped mass-
transfer model and simulated by computational algorithm. The
SMB model used to predict the behavior of the JO system
during step 2 has been based on the equivalent TMB model
approach. The developed algorithm can be identified as a
decision-helping tool to aid in dimension analysis and deter-
mination of favorable operating conditions in units based on
this technology.

Criteria to design a JO system operation have been defined
that allow evaluating operation conditions for separation of
ternary mixtures with species characterized by linear iso-
therms. Two strategies have been suggested in this design
procedure to determine operating conditions in the four-section
JO system when it operates in step 2—SMB technology—to
achieve high-purity products. Application of one or the other
strategy is linked to the adsorption constant of components in
the mixture.

Considering several ternary mixtures, strategy 2 has a
broader range of applications than strategy 1 for the defined
parameters p;. Despite this, it has been demonstrated that
strategy 2 leads to an operation with higher eluent consump-
tion. Thus, in those situations in which one could use both
strategies, strategy 1 should always be chosen when process
requirements are high purity and high average concentration in
outlets close to the minimum eluent consumption.

The new five-section JO system has been proposed for
quaternary separations. Some design criteria for the operation
of the four-section JO were revised and new migration rules
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were used to obtain operational conditions for the five-section
JO. It has been possible to separate a mixture of four compo-
nents, classified as moderate separation, achieving high-purity
products in their enriched outlets.
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Notation

A = cross-sectional area of a JO column, m?
C = liquid-phase concentration, g/L.
C = average concentration, g/L
b = particle diameter, m
= axial dispersion coefficient, m*/s
. = mass balance error (%); iteration error (%)
EC = eluent consumption, L/g
k, = mass transfer coefficient, s
K = linear adsorption constant, dimensionless
L = column length, m
ng,, = number of columns in section 2
ng.; = number of columns in section 3
p = parameter to position of concentration wave—step 2 (four-section
JO)
p" = parameter to position of concentration wave—step 2 (five-section
JO)
P.s; = operational parameter used in Eq. 6—step 1
Pe = Peclet number
g = average adsorbed phase concentration, g/L
g* = adsorbed concentration in equilibrium with liquid concentration,
g/L
Pu = purity, dimensionless
Pr = productivity, g L™ " h™'
Q = liquid flow rate, m*/s
Qg = solid flow rate, cm’/min
Re = recovery, dimensionless
r* = switching time, s
t = time, s
t = retention time, s
ts; = operation time of step 1, s
tg, = operation time of step 2, s
ug = interstitial solid velocity, m/s
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N
|

v = interstitial liquid velocity, m/s
= column volume, m?

w = velocity of propagation of a concentration wave, m/s

=
Il

distance traveled by a concentration wave, m
z = axial coordinate, m

Greek letters

a
B
€
0]
Y
0
o
T
v

= separation factor, dimensionless

safety margin for linear systems, dimensionless

bed porosity, dimensionless

step index

ratio of the liquid and solid velocities, dimensionless
related to the cycle in JO process

= standard deviation, dimensionless

parameter defined in Eq. 6, dimensionless

= adsorbent/liquid volume ratio, dimensionless

Subscripts and superscripts

A, B = less and more retained species, respectively

Ex, Ra, Int = extract, raffinate, and intermediate outlets, respectively

f, El = feed and eluent inlets, respectively
i = chemical species

i
I, 1,, I, = intermediate species

JO sections

JO columns

in- and outlet streams in JO system
related to step 1 and step 2, respectively

QS o
I

SI, S.
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Appendix: Determination of Operational
Conditions for the Five-Section JO

To determine operational conditions for the five-section JO,
some changes are needed in previous design methodology
derived for the four-section JO. In step 1, fg, is any time such
that the concentration front of the intermediate species I, does
not move to section 5; otherwise, it will contaminate the
product in the raffinate stream during step 2. During this time,
species /; and I, must be eluted from sections 2 and 3, respec-
tively.

The liquid flow rates in sections 1 (and 2) and 3 for step 1 are

SA(;(p}l) LC
Is1

(with 0 <pj, = ng,,) (Al)

Oi51= 0o51 = Qg1 + Op = (1 +vK,)

8A(:(pll2) LC

(1 + vKp)
Is1

Os51 = (with 0 < pj, = ng3)  (A2)
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where the parameters p;, and p, must be defined to allow the
elution of the species /, and I, from their respective sections to
their intermediate withdrawals. The liquid flow rates in sec-
tions 4 and 5 are defined according to feed flow rate of the
process.

For step 2, the migration rules to the species can be mathe-
matically expressed as

Isy "
eA (1 + K, (Quso— OsKy) = PiLlc — Xaas

XA 4,51

Le

(With =pi= nm) (A3)

I .,
A1 + vk (Qes ~ OsKi) = (x5 + piLe)

(with 0 <pl, <ngs) (A4)

Isy ,
eA (1 + vK,) (Quso = OsKn) = —(xnasi + pinlc)

(with ng,, < pfy < (15,2 + ng.3))  (AS)

s ,
m (Qusr — OsKp) = —(xp451 + piLe)

(with pg = ng,, + ng3)  (A6)

where O, = Oz50 = Oy The parameters p7 is used to
define the position of concentration wave of species i in sec-
tions of the five-section JO.

Given the specified aim of strategy 1 to define flow rates
035> and Qg in the four-section JO, let us consider Eqs. A4 and
A5 to calculate the liquid flow rate in section 4 and solid flow
rate in the five-section JO. Thus, the intermediate species /, and

I, will be directed to the right positions in sections of the JO
system. Solving the equations above for flow rates, we will find

eA, 1
Os= K,— K, [Xn2mus(l + vKy)

Isy

- x12,2/3/4,s2(1 +vKp)] (A7)

0 8AC( Ko )[ (1 + vK,,)
=—|[— | x v
4,52 152 K[z _ K” 11,2/3/4,52 11

K,
= Xn2sus2 Kilz (1 +vK)) (A8)

For the five-section JO system, Eqs. A3 and A6 are used to
establish the limiting conditions for applying the flow rates Qg
and O, (=035 = 0O,5) expressed in Egs. A7 and A8,
respectively. A procedure similar to that used before when
limiting conditions were achieved for strategies 1 and 2 is
carried out again. As a result, two inequalities related to the
linear adsorption constant of the species A and B must be
satisfied for proper operation of the JO system:

Q4,S2

max _
Ki* =
QS,SZ

= K, = K™ (A9)

K?;‘“ _ Os50 — AWy 234,52
05+ (1 — 8)A(,-"Vn,z/3/4,sz

> Ky = K" (Al0)

Once Eqgs. A9 and A10 are valid for a given quaternary
mixture, this strategy can be used to obtain adequate opera-
tional conditions for the five-section JO system.
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