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Two different strategies presented determine the sets of operating conditions that yield
desired product purities for an SMB separator. The search was performed numerically
by solving the analogous true-moving-bed model equations. A linear equilibrium binary
mixture and mass-transfer effects were taken into account by using a bilinear driving
force approximation to describe intraparticle diffusion. The strategies are equivalent and
produce the same results. Comparison with the linear equilibrium model strategy indi-
cates that there are new limiting values for the flow-rate constraints in the presence of
mass-transfer effects. The constraints on sections I, 11 and 111 were more restrictive than
those derived from equilibrium models, whereas the constraint on section 1V was less
affected. Qualitative observations drawn from a model of intermediate complexity were

also presented to confirm our results.

Introduction

The simulated moving-bed (SMB) technology was first
patented by Universal Oil Products (UOP) in 1961 (Brough-
ton, 1961) and, since then, it has found increasingly new ap-
plications in the areas of biotechnology, pharmaceuticals, and
fine chemistry (Humphrey, 1995). SMB technology was first
conceived for bulk large-scale separations, in which the solid
movement was accomplished by means of a rotary valve that
periodically shifted the feed, eluent, raffinate, and extract
lines along the bed. This was known as SORBEX technology
(Rosset et al., 1981; Johnson, 1989; Johnson and Kabza, 1993),
which included the Parex process for p-xylene separation from
C8 aromatics, the OLEX process to separate olefins from
paraffins, the SAREX process to separate fructose from glu-
cose for HFCS production, among others.

As new preparative chromatographic applications were dis-
covered, the physical configuration of an SMB unit changed
to a set of fixed beds (see Figure 1) connected in series seg-
mented by valves and inlet/outlet lines (Keller, 1995). Coun-
tercurrent motion of the solid was simulated by convenient
actuation of these valves so that, from time to time, the inlet
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and outlet streams were switched in the direction of fluid-
phase flow.

Due to its complex physical configuration, the modeling,
simulation, and design of an SMB unit prior to plant oper-
ation is a necessary but not straightforward task. Many
authors have proposed theoretical models to describe the
performance and internal profiles of SMB units (Ruthven and
Ching, 1989; Storti et al., 1989; Ernst and Hsu, 1989; Zhong
and Guiochon, 1996; Strube et al., 1997; Pais et al., 1998). In
general, the modeling approaches may be grouped into two
categories: those that represent the actual simulated moving-
bed configuration (with periodically changing bed boundary
conditions) and those that represent the equivalent true mov-
ing bed (TMB) (with the coupling of four countercurrent sec-
tions). The main difference between these two approaches is
that the steady state can be obtained only in an asymptotic
sense in SMB, while it is a definite state in TMB (Zhong and
Guiochon, 1998). The raffinate and extract steady-state con-
centrations actually vary periodically in a cycle, but the aver-
age concentrations in a period are practically the same as
those obtained for the TMB. Therefore, even though small
differences will appear between these two strategies, the pre-
diction of the performance of an SMB operation can be done
using the TMB approach (Pais et al., 1998).
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Figure 1. (a) Simulated moving bed (SMB); (b) true
moving bed (TMB).

They are equivalent according to the relations in Table 1.

It has also been shown that there are certain flow-rate re-
strictions that must be fulfilled for the desired separation to
occur. These restrictions must be such that the more strongly
retained component(s) present in the mixture move in the
direction of the extract port. Accordingly, the less retained
component(s) should be collected in the raffinate port. These
flow-rate restrictions can be easily found if an ideal situation
is considered (axial mixing and mass-transfer resistances ne-
glected). They have been established in the literature for lin-
ear and Langmuir-type isotherms (Storti et al., 1993; Fish et
al., 1993; Mazzotti et al., 1996, 1997; Zhong et al., 1997). Al-
though equilibrium models are a powerful design tool, the
conditions for separation may not fully apply in the design of
real SMB units since dispersion and mass-transfer effects are
very frequently present. Furthermore, the assumption of in-
stantaneous surface equilibrium may not be realistic in some
cases, especially when dealing with proteins and macro-
molecules (Mian et al., 1998). So far, these effects have been
taken into account by using a safety margin factor ( 8) in the
equilibrium models, whose value is attributed randomly and
may lead to over- or underestimating errors. The first at-
tempt to introduce mass-transfer effects into SMB design was
proposed by Pais et al. (1997), who described intraparticle
mass transfer with a simple LDF approximation. It was shown
that the set of values of fluid /solid flow-rate ratios in sections
Il and 111 (y, X y3) that yield separation are considerably re-
duced when mass-transfer effects are present.

The objective of this work is to present two strategies for
the optimization of SMB operating conditions, which take
mass-transfer effects into account. The intraparticle mass
transfer is described by a bi-LDF approximation (Azevedo
and Rodrigues, 1998). A linear equilibrium binary mixture is
considered. The influence of the mass-transfer effects on the
flow-rate restrictions is examined in each SMB zone and
compared to the restrictions obtained from equilibrium mod-
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Table 1. Equivalence Relations between SMB and

TMB Title
SMB T™MB

Solid phase:

Velocity 0 Ug = LAt*

Flow rate: 0 Qs =Us1-e)A
Liquid phase:

Velocity: v v =vj —Us

Flow rate: ¥ QJ Qf — eV/t*

Source: Ledo et al. (1987).

els. For the sake of validation of this optimization strategy,
an analytical solution for a model of intermediate complexity
(linear equilibrium, single mass-transfer time constant) is ex-
amined and compared with our numerically simulated re-
sults.

Mathematical Model

The operating conditions of an SMB separator were opti-
mized by solving the equivalent TMB model. Figure 1 shows
the representation of both SMB and TMB, and Table 1 shows
the equivalence relations between them.

The mathematical model proposed to represent the steady
state in a section j of a true countercurrent unit is presented
in Eqgs. 1 to 15. Axially dispersed flow is assumed for the fluid
phase and plug flow for the solid phase. Diffusion through
the external film is also considered, and intraparticle mass
transfer is represented by means of a bilinear driving force
described elsewhere (Azevedo and Rodrigues, 1998).

e Mass balance in outer fluid phase:

R 9°C; JC; (1—6) Bim;
Pe; dx* Wox € 5+ Bipy;

api(C; = Cpy) | = 0.
€

e Mass balance in intraparticle fluid phase (pores):

K
Pp

C(

——Pp
€p

(_:pj _<q>i} =0. (2)

e Mass balance in intraparticle ‘“‘solid” phase (micropar-
ticles):

a{@); K~
+aﬂ p
P

% j _Cpi_<q>l}:0- ®

e Boundary conditions for section j:
at x=0

1(9C

C'n Ci.(0
() Pe (9x

- )
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at x=1

aC,
—x (D=0 )

Cpi(1) = Cj1(0) (6)
(@i(1) =<@j+1(0). )

The dimensionless space variable is x = z/L;, where L is the
length of section j. The dimensionless numbers present in
the model equations are:

Y= U_s Fluid /solid interstitial velocity ratio (8
o= kfjs ! Number of macropore mass-transfer units (9)
ku j . . .
@, = Uy Number of microparticle mass-transfer units
(10)
KiiRp

Bim; S Mass Biot number (film diffusion /effective
> pore diffusion). (11)

C'" present in the boundary condition at the section inlet
can be found from the node balances.

Eluent node:
H QIV
C"=——0C,y(1). 12
"= o Cv® (12)
Extract node:
Cit=C,(1). (13)
Feed node:
: QII QF
ch=—=C,(1)+—=C¢. 14
(1] Q||| II( ) Q||| F ( )
Raffinate node:
:Q/:Cm(l)- (15)

Optimization of SMB Operating Conditions

Optimizing the operation of an SMB consists in predicting
the operating conditions (flow rates, rotation period) that
yield, given a physical configuration of columns, a better sep-
aration at minimum cost. In other words, it is desirable to
maximize the purity and recovery of products, making effec-
tive use of the adsorbent while minimizing the solvent con-
sumption. Therefore, the optimization procedure may intend
to minimize and/or maximize one or more performance cri-
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teria. As far as this work is concerned, the strategies of opti-
mization used have attempted to maximize product purity,
that is, find the compromise between section flow-rate ratios
that would result in purities above 99% for both extract and
raffinate. Depending on the purpose of a given SMB separa-
tion process, other criteria (recovery, productivity) may be
more relevant than the one used here.

For separation of a binary mixture to occur, each of the
four sections of the SMB must perform a certain role. If a
binary mixture of A (more strongly adsorbed component) and
B (more weakly adsorbed component) is fed in an SMB, A
will only move toward the extract port and B to the raffinate
port if certain restrictions are met. Next, these conditions will
be stated, bearing in mind the analogous representation of a
true moving bed (see Figure 1).

Section | is the adsorbent regeneration zone. The more
retained component, A, must be displaced by the eluent
(solvent) to the fluid phase. Therefore, the net flow of A must
be that of the fluid phase. In section Il, between extract and
feed nodes, desorption of the weakly adsorbed component,
B, happens. The net flux of B must be that of the fluid phase.
Section 11l is where A is adsorbed. It must, then, move with
the solid phase. In section 1V, the solvent is regenerated and
the less retained component, B, is adsorbed. The net flux of
B must be that of the solid phase. These movement con-
straints may be expressed as the following:

C
_QCar (16)
Qs ppla,

C C
QuCsn QuCa,n a7
Qs Ppls 1 Qs Ppla n

C C
QuiCs i -1 QuiCa,in <1 (18)
Qs Ppls, Qs Ppla 11

C
QwCeiv <1, (19)
Qs Ppls. v

wherep,q refers to the amount present inside the particle,
which includes both the amount present in the macropores
and the amount present in the microparticles. For a linear
isotherm p,q = pp<c‘1> +_ep5p. If resistances to mass transfer
are ignored, p (@) = KC, and C,=C, so that p,q/C =K +
€, = K’. Note that y; = Ug;/U; for a given section j, so that
the constraints written previously can be reduced to

ya> VK (20)
vKg <y, <vKj (21)
vKg <73 <vKj (22)

Yo < VK, @3)

where v =(1— €)/e and y;> vy,.

These constraints define separation in an SMB for a linear
equilibrium binary system in the absence of dispersion and
mass-transfer effects. They are in accordance with the equi-
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Figure 2. Region of separation (pure extract and
raffinate) in a y, X y; plane.

librium model results first proposed by Storti et al. (1993). In
a y, X y5 plane, this region corresponds to the triangle CWD
shown in Figure 2. Inside this triangle, provided the con-
straints on y, and v, are not violated, any (y,, v5) pair yields
separation.

The equilibrium model predicts that, for any values of vy,
and v, (in accordance with Egs. 20 and 23, respectively), the
region of separation in a y, X y; plane will be constant and
defined only by the solid /fluid volume ratio, v, and the equi-
librium constants. However, when mass-transfer resistances
are significant, the term p,q = p,(q) + epC_:p cannot be sim-
plified as shown previously, and the constraints are not as
explicit as in Egs. 20 to 23. The separation region is expected
to become narrower and the new constraints should be de-
pendent on mass-transfer rate constants.

The dependency of flow-rate constraints on mass-transfer
effects may be more clearly verified from a qualitative exami-
nation of a TMB simplified model. Let us consider the two
sections where separation actually occurs, that is, sections 11
and 111, as shown in Figure 3. For the sake of simplicity, axial
dispersion will be neglected and only one mass-transfer re-
sistance will be taken into consideration.

X =3 -o0 < I > X —> oo
x=0 X
4——{B (should move with fluid) A (should move with soIid,qSOLd
—> <—
—> Section Il Section Ill L
Fluid
1
i
'L2 +L3

Feed

Figure 3. Net flow of A and B in sections Il and Ill, where
separation actually occurs.
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Using the same boundary conditions as proposed by Ma
and Wang (1997), the analytical solutions for the bulk fluid-
phase concentration lead to Eqgs. 24 and 25. For a detailed
derivation of the analytical solution, refer to the Appendix.
The equations refer to species B (weakly adsorbed compo-
nent) in section 11 and species A (strongly adsorbed compo-
nent) in section 111, which impose the relevant restrictions in
these sections for separation to occur:

Cgn(x=0) a(y, — vKg)

Pen= Cgu(x=-1) - ( Y2 ) (@4)
Cam(x=0 a(vKa—73

Pa.n = CAV,IIIET(=1; - ( ( Y3 : ) ) (25)

Rearranging the preceding equations in terms of vy, and
V3

. o o .
|m|n — VK — min 26
Y2 —In By +a B —InBB,,,—i-ayzeq (26)
Y Wax_LVK =y |max (27)
3 - AT 3leq
In Bain + @ In Ba i +
where y,|0" and y,li are the minimum and maximum

bounds for y, and y; as given by the equilibrium model,
respectively. Depending on the value of In 8, the new con-
straints may be greater or less than the value from the ideal
model. For section Il, the fluid-phase concentration of B at
x =0 should always be greater than at x= —1, so that
In Bg ;, > 0. The same is true for species A in section Ill, so
that the following are true:

R A (28)

ysl ™ <vsleg (29)

When the number of intraparticle mass-transfer units is too
large (a — ), the flow-rate constraints become those derived
from the equilibrium theory. In a vy, X y; plane, the new re-
gion of separation, which is dependent on mass-transfer ef-
fects, is narrower than that defined by the ideal model, as
shown in Figure 4.

From these results it is clear that, if a certain performance
is required from an SMB (for instance, in terms of product
purity), the flow-rate constraints in a given section do not
only depend on equilibrium of adsorption data, they also de-
pend on the solid velocity (rotation period), section length,
and the mass-transfer time constants. This prevents us from
obtaining explicit flow-rate ratio limits from which to design
optimum or robust operation, as is easily done with ideal
linear equilibrium systems. Therefore, when mass-transfer ef-
fects are present, it is possible to define the regions of sepa-
ration in terms of flow-rate ratio constraints through simula-
tion. In the following sections, results from optimization pro-
cedures, based on two strategies, are presented in order to
verify some of these qualitative observations mentioned ear-
lier.
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Figure 4. Region of separation with mass-transfer
effects considered.

Results and Discussion

In order to analyze the influence of mass-transfer effects
on the region of separation, the TMB steady-state model, as
described in Egs. 1 through 15, was successively solved for
several values of (y,,y3) within the equilibrium separation
region. The strategy used to find this region of separation
consisted in fixing values for the rotation period, recycle flow
rate, and sum of inlet/outlet streams (QBAL = Qg + Qg =
Qy + Qg). The recycle flow rate was taken as the flow rate in
zone 1V, so that, for each optimization procedure, vy, was
established. Then, following a given order determined by suc-
cessive increments, values of (y,,y;) were simulated within
the region of separation as given by the equilibrium model.
The values of y, varied for each simulation according to Eq.
30, and care was taken so that the constraint on vy,, as given
from Eq. 20, was not violated. Figure 5 summarizes the strat-
egy used to find the region of separation, taking mass-trans-
fer effects into consideration. The increment A in y, and vy,
was also attributed by the user of the optimization package
and a typical value of 0.01 was used:

€V,
QBAL=,[_*(71_'Y4+73_72)- (30)

For each optimization procedure as described previously,
those values of (,,v;) that resulted in purities above 99%
for both extract and raffinate were selected to build a new
region of separation. The values that did not fulfill this re-
quirement were discarded. The resulting region of separation
for fructose(A)/glucose(B) separation are shown in Figure 6
for different values of «, and «,. The column configuration
and equilibrium data are shown in Table 2.

Figure 6a compares the different regions of separation ob-
tained for a fixed value of a,=23. For both Figures 6a and
6b, vy, was set to 0.155 and vy, was calculated for each pair
(7,,7v3) according to Eq. 30. For a, = 200, the region of sep-
aration approaches that given from an equilibrium model
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Column configuration
t*, Qrec, QBAL
Equilibrium data

Op, Oy, A

Wk, -5;)
A

ITERMAX=

N=1

!

Ye=vK’s
Ya=Yo+A

—

[ GOSUB TMBSS ]

v

Yo= Yo+A
Y= Y3+A

IF(ys.GT.vK’a)

N=N+1

Figure 5. Simplified algorithm for the numerical
determination of the region of separation.

(Figure 2). In this case, mass-transfer resistance in the mi-
croparticles is negligible, but there is still some resistance in
the pores. Therefore, the region of separation is smaller than
the triangle defined by the ideal linear model. As resistances
to mass transfer are added, that is to say, as «, decreases,
the region of separation becomes narrower and disappears
for «, below 10. Figure 6b shows the regions of separation
obtained for a constant value of «, =10 and values of «,
ranging from 23 to 360. The values of «, correspond to par-
ticle radius within the range of 50 to 200 wm, inside which
molecular diffusivity is assumed with a tortuosity factor of 2.
A similar behavior is observed in relation to Figure 6a. As a,
increases, global resistance to mass transfer decreases. As a
result, the region of separation expands and tends to assume
a fixed size, which is still quite different from the ideal linear
equilibrium region. For both Figures 6a and 6b, one of the
two mass-transfer resistances (ap or a#) is negligible in rela-
tion to the other in the extreme cases, that is, «, =23/a, =
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Figure 6. Regions of separation for: (a) a fixed a,; (b) a
fixed a,.

Column configuration and other relevant information on this
optimization procedure are shown in Table 2.

200 for Figure 6a and e, = 360/, = 10 for Figure 6b. In such
cases, the bi-LDF approximation can be reduced to a simple
LDF expression (Azevedo and Rodrigues, 1998), and com-
parison with the qualitative observations presented previ-
ously is pertinent. As predicted from the analytical solution,
the limits for the region of separation are narrower as
compared to the region of separation given by the ideal equi-
librium model. These new bounds are dependent on mass-
transfer effects and, as new kinds of diffusion resistances are
added, this “shrinking” effect becomes more pronounced. It

Table 2. Model Parameters and Operating Conditions
Used in Simulations

Model Operating
Parameters Conditions Columns
Pe = 2,000 T =20°C D,=2.6cm
Bi,, = 500 Feed concentration, L.=11.5cm

Cr =30g/L each
2.3<k, <10 min~! t* =3.3 min Configuration: 3-3-3-3
04<k,<12 min~! Qgec =8.55 mL/min Zone length = 34.5 cm

Keg =0.435 v, = 0.155
KgL =0.114 QBAL = Qr + Q¢
=11 mL/min

AIChE Journal May 1999

should be pointed out that these separation regions can only
be of use for optimization and design purposes for a given
value of «, and «,. These dimensionless numbers are a
function of solid interstitial velocity and zone length. There-
fore, a different ratio (L;/U;) from the one used in Figure 6
may not result in complete separation, even if flow-rate ratios
from inside the separation region are used. If mass-transfer
effects are involved, even a small change in the rotation pe-
riod, while maintaining the same zone length, may cause the
components not to flow toward the raffinate and extract ports,
as previously described.

The influence of mass-transfer effects on the restrictions of
sections | and IV was also examined. This was also done
through numerical simulation in order to find a three-dimen-
sional separation volume, instead of a two-dimensional sepa-
ration area. Two strategies were used to find these separation
volumes, namely, strategy 1 and strategy 2. The objective of
both strategies was to find the sets of points (y,/QBAL, vy,,
v3) in a three-dimensional space that resulted in purities
above 99% for both raffinate and extract streams. Both pro-
cedures were applied for a given fixed value of vy, lower than
vKyg, according to the equilibrium constraint given in Eq. 23.

For strategy 1, values of y, were attributed to a minimum
of vK}, (constraint in Eqg. 20) and gradually incremented ac-
cording to the optimization package user. For each value of
v,, the steady-state performance of the SMB was simulated
for different values of vy, and vy, within the range of
[vKg, vK,]. Figure 7 shows the algorithm used for this new
strategy.

This optimization procedure was performed for three val-
ues of v, (0.155, 0.290, and 0.392), all of which obeyed the
equilibrium constraint as given in Eq. 23. The obtained re-
gions of separation in a three-dimensional system of coordi-
nates are shown in Figures 8, 9, and 10 for v, = 0.155, 0.290,
and 0.392, respectively. The blue plane represents the y, =y,
plane. The two-dimensional views y; X y,, y; X v3, and vy, X
v are also shown for each of the figures. The minimum value
shown on the vy, axis for all graphs is vK}, that is, the equi-
librium constraint value as given in Eq. 20. It is interesting to
note that the regions of separation only occur at approxi-
mately y, = 1.20, which is considerably greater than vK), (=
0.95). Another indication is that the regions of separation only
have a constant size at y, greater than 1.60. There is a kind
of “transition region” (1.20 <y, < 1.60), in which the regions
of separation have varying size, probably dependent on the
mass-transfer effects. The figures also show that vy, does not
affect significantly the size of the separation region, except in
the “transition region.”

For strategy 2, the same methodology as described in strat-
egy 1 was applied, but QBAL (= Qg + Qg = Qyx + Qg) was
incremented instead of vy,. In fact, this strategy is an exten-
sion of that described in the flow sheet shown in Figure 5, for
which a single value of QBAL is tested. Because there is a
compromise between QBAL, vy, v,, v3, and v, (given by Eq.
30), both strategies 1 and 2 are expected to yield the same
results. To compare the two strategies, the region of separa-
tion for vy, = 0.290, &, =200, and e, =12 was searched using
the two procedures. The results are shown in Figure 11. It is
difficult to compare them in such a representation, as the
y-axis stands for y, in one graph and QBAL in the other
graph. In order to verify clearly the equivalence between the
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Column configuration
t*, Qrec, A1, A2z
Equilibrium data

o, 0, "™

v

Y2=vK's
Ya= Yoty

GOSUB TMBSS

Vo= Ya+Ay
V3= Ya+lys

IF(N.LE.IMAX1+1)

N=N+1
T1=Y1+A1

Figure 7. Simplified algorithm for the numerical
determination of the region of separation
in a three-dimensional space.

two strategies, some points from the graph 11a were chosen
so that the calculated values of QBAL (from Eq. 30) were
equal to 11 mL/min. These selected values of y, were
recorded. Accordingly, from the graph shown in Figure 11b,
a plane corresponding to QBAL =11 mL/min was selected.
Points were searched in this plane so that the calculated value
of y, (from Eq. 30) were approximately the same as those 7y,
values recorded from graph 11a. These two sets of points were
plotted in a vy, X y; plane shown in Figure 12. It can be seen
that both strategies define the same separation area. Figure
13a shows the regions of separation found from both strate-
gies in the same system of coordinates (7y,,y,,y3). Again, it is
clear that both strategies convey the same information. Fur-
thermore, QBAL is geometrically represented by planes
standing in a 45° angle with respect to the vy, = y; plane, as
shown in Figure 13b.

Y
094
0.81
Y3 0.7
067
054

09 08 07 06 05
Y2

(L)

(©)

Figure 8. Separation volume ina y; Xy, X y; 3-D
coordinate system for y, = 0.155 and the
corresponding 2-D projections on (a) y,
(b) v,, and (c) v, planes, respectively.
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¥ 07 ‘ 0.8
06 Y g7 ‘ ©
0.51 0.6
09 08 07 06 05 05
Y2 09 08 07 06 05
Y2
Figure 9. Separation volume ina y, X y, X y3; 3-D
coordinate system for y, = 0.290 and the Figure 10. Separation volume in a y, X y, X y; 3-D
corresponding 2-D projections on (a) 3, coordinate system for y, = 0.392 and the
(b) v,, and (c) v, planes, respectively. corresponding 2-D projections on (a) v,

(b) y,, and (c) y, planes, respectively.
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(b)

1 12 14 18 18 2 22 24

T

Figure 11. Regions of separation in a 3-D space found
from (a) strategy 1 (y, increments), and (b)
strategy 2 (QBAL increments).

Conclusions

Optimizing the performance of a simulated moving-bed
chromatographic separator is an essential step before operat-

0.951
0.871 |
0.791 1
= B
Y3 0.711 x

X

X
0:691 % X Points selected from strategy1

® Points selected from strategy 2
0.551
QFE+QEL=11 ml/min
0.471 - r T T -
0.471 0.551 0.631 0.711 0.791 0.871 0.951

)

Figure 12. Comparison of points selected from both
strategies of optimization for QBAL=Q; + Q,
=11 mL/min.
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Figure 13. (a) Regions of separation from strategies 1

and 2; (b) blue plane standing at 45° with the
v,=v3 plane (green) is a region of constant
QBAL, and the red surface is a region of
separation as found from strategy 1 (y,=
0.290; a,=200; a, = 12).
The dark brown polygons, which are normal to the light
gray plane (v, = y3), were regions of separation found from
strategy 1. The lilac/pink polygons, which form a 45° angle
with the y, = y; plane, were found using strategy 2.

ing an actual plant. When an ideal equilibrium model is used,
the limiting flow-rate ratios required to achieve separation
depend solely on equilibrium data. However, in the presence
of mass-transfer effects, there is no explicit expression to de-
fine these limits. This work proposed two strategies of opti-
mization for linear equilibrium binary mixtures that take
mass-transfer effects into consideration. It was observed that
the flow-rate ratio constraints on sections II and III of an
SMB are dependent on the flow-rate ratios in neighboring
sections, on the kinetic time constant, on zone length, and on
the solid velocity. As a result, the limits of the region of sepa-
ration in a vy, X y; plane may not be evaluated explicitly, but
should be assessed through simulation. As expected, nar-
rower ranges of y, X y; values were found as compared to
those predicted from an ideal equilibrium model. The influ-
ence of mass-transfer effects on the constraints of zones I
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and 1V was also evident from numerical simulations. Finally,
the two proposed strategies to find the regions of separation
in a three-dimensional space were proved to yield equivalent
results.
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Notation

_C=fluid-phase concentration, mole/bed volume
C,=mean pore concentration, mole/vol. particle
D, = column diameter, m
D, = effective pore diffusivity, m2/s
K= equilibrium constant, pore vol. /particle vol.
K’ = equilibrium constant for a homogeneous ad-
sorbent particle, pore vol. /particle vol.
k= mass-transport coefficient (LDF), s~*
k= film mass-transfer coefficient, m/s
k, = mass-transport coefficient in the pores, s~
k,, = mass-transport coefficient in the microparti-
cles, s71
L. = column length, m
(G) = mean solid-phase concentration averaged
over the particle, mol adsorbed/mass of par-
ticle
Q= fluid flow rate, m%4
QBAL = sum of incoming or leaving flow rates (Qg +
Qe =Qx +Qg), m¥s
R, = particle radius, m
t’E: rotation period, s
Ug = fluid interstitial velocity, m/s
U = solid interstitial velocity, m/s
V= column volume, m®
e= bed porosity, dimensionless
€, = particle porosity, dimensionless

1

Subscripts

c=column
F, R, E, X=feed, raffinate, eluent, and extract SMB
streams, respectively
LILILIV or 1,2,3,4=subscripts referring to TMB zones
j= TMB/SMB section
p= particle
Rec= recycle
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Appendix: Single-Section Countercurrent
Moving-Bed Unit—Analytical Solution for a
Dispersionless, Linear Equilibrium Binary System

Analytical solutions always provide good visualization of
physical phenomena. For a TMB single section, as shown in
Figure Al, where a binary linear equilibrium mixture is fed,
the analytical solution may be readily available. If intraparti-
cle mass transfer is described with a bi-LDF approximation,
though, the analytical expression for the bulk fluid-phase
concentration, C(x), is so long and complex that important
effects related to the mass-transfer resistances may not be
clearly seen. Therefore, mass-transfer kinetics inside adsor-
bent particles will be described in terms of a single LDF
approximation. For a moving bed with plug flow for both solid
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Solid phase, q(x)
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Fluid phase, C(x)

>
X

Figure Al. Countercurrent moving bed.

and fluid phases, the following equations are valid for the
steady state:

dC  va
—+—(KC-9)=0
Y

a4 KC —qg 0
—_— + — =
o a( q)

where

KL fOR"q(R)RZdr

Us fR”RZdR
0

The analytical solution for the bulk fluid phase concentration
is:
a(y —vK
C(x)=C,+ Czexp((y—)x),

Y

where C, and C, are integration constants, which may be
determined from the conditions at the boundaries. As in a
four-section true moving bed, the boundary conditions in a
given section are related to those in the previous and next
section, and the solution for a single section was left undeter-
mined.

Let us now examine what happens in sections Il and IlI,
where separation actually occurs. For separation to occur, A
(in section 111) and B (in section 11) must move toward the
feed port, as shown in Figure 4. For section Il, the constraint
on B (weakly adsorbed component) derived from the equilib-
rium theory is still true, so that

v2 > vKg,
therefore
a(y, —vKg)
—>0
Y2

The concentration profile should be that of an exponential
function of a positive number and the boundary conditions
are those proposed by Ma and Wang (1997).

At x=0,
At X = —oo,

Cg(0)=Cg°
Ce(==)=0.
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For these boundary conditions, C;=0 and C,=CgS5, so
that

-vK
Cg(x)zcgsexp(wx).
2

If Cé‘(x) is evaluated at the boundaries, that is, at x =0
and x = —1, the following is true:

Ceu(x=0) _

X a(y, — vKg)
CB,II(X=_1)_ P 7

BB,II =
Y2

and solving for vy,,

o o

vKg =
—InBg |+« —InBg |+«

min
Yaleq -

min __
72| =

An analogous analysis will be done for species A in section
I11, since the equilibrium data for this component sets the
upper limit of the region of separation in this section. In this
case, the following boundary conditions apply:

At x=0,
At X =00,

CA(O) = Cgs
Ca()=0.

For these boundary conditions, C;=0 and C,=CS5, so
that:

CA'(x) =C§5exp(—a(y3_ vKa) x).

Y3
The equilibrium constraint is also valid, so that
Y3 < vKa,

therefore

o —vK
(Yz B) <o.
Y2

The profile of A in section 111 will be that of an exponen-
tial function of a negative number. If CA'(x) is evaluated at
the boundaries, that is, at x=0 and x =1, the following is
true:

Cam(x=0) _

a(vKa—vs3)
BA'III:CA,lll(le)_eX ( )Y

Y3

and solving for vy;

o o

K=
A n Ba,m t

max __

= v
InBan+a

max
73| '}’3|Eq :
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