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Operation of Simulated Moving Beds

Pedro Sa Gomes and Alirio E. Rodrigues
Laboratory of Separation and Reaction Engineering (LSRE), Department
of Chemical Engineering—Faculty of Engineering, University of Porto,

Porto, Portugal

Abstract: A new simulated moving bed (SMB) operation technique is introduced, the
outlet streams swing (OSS), based on the dynamic collection of fronts from the equiv-
alent true moving bed (TMB). This new assumption improves the product outlet
purities, when compared with the classic operating mode, as a consequence of an
increased separation between collection fronts and the contaminating ones. The
strategy is dynamic and discontinuous, a collection front expansion is performed in
zone 1 and/or 4, obtained by the violation of the classic respective design constraints
during a first step and contraction during the second step using at least the classic
design operating parameter for zones 1 and 4.

Another non-conventional technique, the MultiFeed (MF) SMB operation, is
simulated and analyzed here as a solo technique as well as a powerful modelling
technique for the particular case of inner sections Varicol® (only the zones 2 and 3
have variable number of columns).

Keywords: Outlet streams swing, OSS, MultiFeed, MF, simulated moving bed, SMB,
chiral separation, modelling and simulation

INTRODUCTION

The simulated moving bed (SMB) was first developed by the universal oil
products (UOP) (1), with the Sorbex® processes, as a practical solution to
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the counter-current true moving bed (TMB), avoiding the problems observed
when solid motion is present, by simulating it with a syncronous port shifting
while keeping the solid immobile. Appearing predominantly in the large sep-
arations associated with the petrochemical industry as for the separation of the
p-xylene (Eluxyl® process (2, 3), the SMB technology experimented an
emergent interest in the last decade principally with its application to drugs
separation in the pharmaceutical industry as in chiral separations (4-7), or
in other fields as biotechnological and fine chemistry products separation
and recovery.

This late demand on the SMB technique is directly linked to research
efforts, leading to the formulation of quite different operation modes since
the original patent. Non conventional strategies as the introduction of non-
synchronous inlet/outlet shifts, the Varicol® process (8, 9) or the variable
flow with/or variable composition in the inlet/outlet streams, the
PowerFeed process (10, 11) and Modicon (12, 13), as well as the utilization
of multiple feed or distributed feed (the Two Feeds SMB in (14), have
increased the potential of this technique for a vast range on the binary sep-
aration field.

For multiple component separation is from “common wisdom” the utiliz-
ation of several SMB units in cascade to obtain each product to a certain
degree of purity and some cascade configurations have been studied and
proposed; nevertheless, new advances have also been made in this domain,
as keeping the four zones either by alternating two different adsorbents
(15), two different solvents (16), or having a variation of the working flow
rates during the switching period were also proposed (17). Five-zone SMB
with a third fraction withdrawn from the system besides products of extract
and raffinate were also discussed (18). Recently, a single cascade SMB
system was investigated for ternary separation, which is especially suitable
for a system with a little amount of the most strongly adsorbed component
and a significant amount of the middle component (19). Kishihara et al.
(20) proposed a 9-zone SMB which considers a 4-zone and 5-zone rings
connected in parallel, where internal bypass stream with partially separated
mixture is introduced from one ring to the other. Similarly Wooley et al.
(21) proposed a 9-zone system for glucose and xylose recovery from
biomass hydrolyzate. The ternary separation process that operates in two
steps (22) was commercialized by Organo Corp. and modelled as pseudo-
SMB (23) and (24); in the first step the feed is loaded and the intermediate
component is collected being all unit working as a fixed bed, and in the
second step the feed is stopped and the other two components are collected,
now operating as an SMB.

The aim of this work is the simulation of two non-conventional SMB
techniques: one, outlet streams swing (OSS) technique here firstly presented,
is based on the concept of dynamic collection fronts in the equivalent
TMB model leading to extract and raffinate streams enrichment by increasing
their purities in the real SMB units; the other, MultiFeed (MF) SMB, presents a
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new tool on Varicol® SMB modelling /optimization techniques as a different
non-conventional SMB operation technique analogous to multiple feed distil-
lation columns, similar to the one introduced by Kim et al. (14) in the particular
case of the Two—Feed SMB.

MODELLING STRATEGIES

The TMB model is often used for studies in the SMB field, presenting in
fact a reasonable agreement with the experimental data when a large
number of columns are considered. The main advantage for the
modelling of a TMB instead of the SMB lies in the different level of diffi-
culty involved in the solution of the two strategies and the time required to
perform their computation. Nevertheless, the two modelling strategies are
used here, first by simulating the system directly (here called as Real
SMB), taking into account its intermittent behavior, and secondly by repre-
senting its operation in terms of a true counter-current system (referred in
this work as Equivalent TMB).

Real SMB

Due to the switch of inlet and outlet streams, each column plays a different
role during an entire cycle, depending on its location. In this way for the
real SMB model, after each switch interval all the boundary conditions for
each of the columns are synchronously changed, but always respecting the
intersection nodes mass balances,

*
o j= 1: Chi(4.,x:1) = % Chi(l,x:()) Eluent node (la)
4
o j=2,4: Chij—1x=1) = Chijx=0) Extract, and Raffinate nodes (1b)
o ] =3: C},i(z.’le) = %Chi(S,x:()) — ufin Feed node (IC)
U u;

where,

e u;=u}+ur Eluent (E) node (22)
e u;=uj —uy Extract (X) node (2b)
o u;=u,+ur Feed (F) node (2¢)
e u; =uj—ur Raffinate (R) node (2d)

with u] representing the section j interstitial velocity in the real SMB

equipment, C,; species i bulk concentration in j section and CF the species
i feed inlet concentration.



09: 32 25 January 2011

Downl oaded At:

226 P. S. Gomes and A. E. Rodrigues

This time-dependence of the boundary conditions leads to a cyclic steady-
state (CSS), instead of the real steady-state achieved for the true counter
current model, TMB. In this work a result from a dynamic simulation is con-
sidered to be at the CSS when the difference between the same variable in two
consecutives switches is less than 2.5%, as well as the global mass balance has
been verified with an error tolerance less than 5%.

It is possible to simulate the real SMB using a more complete model,
detailing the particle diffusion and/or film mass transfer (the detailed
particle model) as stated for TMB reactive systems in (25), or by approxi-
mation to the intraparticle mass transfer averaging the intraparticle concen-
tration and introducing the linear driving force (LDF) concept as mentioned
by Glueckauf (26). This second methodology has proved to be quite
accurate with the reproduction of experimental results and has been used
in the majority of the published work in the field. In this work it will
only be applied to the LDF approach, considering a convective fluid
movement with axial dispersion, negligible thermal effects, constant
values for the bed void fraction g, particle radius R,,, axial dispersion coef-
ficient Dy, particle radius R,, particle effective diffusion D,,;, constant
values for the flow rates/interstitial velocities in each section, and also a
negligible pressure drop.

Therefore transient mass balances are performed to each species i in each
column ¢, and in the molar basis it becomes:

1. In a volume element of the bulk fluid phase,

96 =%

Chic " 1 82Cbic 0Cpic (1 _ sb)
Pe, B N K, e~ ic 3
{Pec a-X*2 ox* e Dic (qlc <q >) ( )

2. and to the bed “solid-phase”,

d<Qic>
do

=k}, (4. — {qic)) 4)

with the initial and the Danckwerts boundary conditions (27), previously
mentioned in Langmuir work (28),

Cic(x*v 0) = 0;
. . ®)

<f1ic(x ’ O)> = Oa

1 Cye
o X =0:Cp(0, 0) = Cpic(0, 0) — bicl ¢ =1toNC (6a)
Pe, ox* |._
IChic

o =122 —o (6b)

ox* =1
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and the adsorption equilibrium isotherm defined as:
q. = fi(Cpic, Cpre) With k # i and for all species i (7)

where C.;.(0", 6) represents the species i column c inlet concentration,
0 =t/t. is the dimensionless time normalized by the SMB ports switch
time 7., x* =z/L.; v/ =uj/u, the ratio between fluid and equivalent
solid interstitial velocities, Pel) = u}kLC/D;,j the Peclet number, and k; =
(‘lpoe,»/Rlz,)tc = k;pr - t. the number of intraparticle mass transfer units
with k;pr the LDF mass transfer coefficient, where W a coefficient
between 10 and 15.

Equivalent TMB

It is possible to establish the correspondence between SMB and an equivalent
TMB model by the introduction of the relative velocity concept u; = u; + uy,
where u; is the fluid interstitial velocity in the equivalent TMB model, and
considering that the solid velocity in the TMB (representing the counter-
current solid motion), is evaluated from the switch time interval value 7. in
the real SMB model as u; = L./t., what implies that the internal flow-rates
in both models are not the same, but related by Of = Q;+ &,V, /t., where
QOF and Q; represent the internal liquid flow-rates in the SMB and TMB
models respectively, and V. the column volume. Leading to the equivalent
nodes balances,

o j=1:Chua=1)= %Chi(l’x:()) Eluent node (8a)
o j=2,4: Cpij—1x=1) = Cri(jx=0) Extract and raffinate nodes (8b)
o j =3: C},i(z,le) = @Cbi(?),x:O) — I/L[: CiF Feed node (SC)
up up

and,

e u; =us+ug Eluent node (9a)
e 1, =u; —uy Extract node (9b)
e u3=u,+ur Feed node (9¢)
e uy; =u3—up Raffinate node (9d)

1. Again for the bulk fluid mass balance,

0Cy Y[ 1 PCy 9Cy (1 —
30 n; |Pej 0x oax &

) kp; (q?-} - <qij>> } (10)
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2. and for bed mass balance,

gy _ 1 Kay)
a0 n; ox

’y.
+ -k, (q,’-‘,- - <qij>> (11)
}’lj !

with the initial and boundary conditions,

Cpij(x,0) = 0;
. { i, 0) (12)
1 9Cy;
:OIC,"xf :C,0,0———] 13
* X bi(jx=0) 1ii (0, 0) Pe; x |, (13a)
AC;i
o x=1:224 —9o (13b)
ox x=1
and
(i) = Gij+1.0=0)), Torj=1,2,3;
=1 v AN 14
*x { <6]i4> = <Qi(1,x:0)> (14)

where x = z/L; the dimensionless column axial coordinate with respect to the
length of zone j, L; = L. n;; vy; = u;/u, the ratio between fluid and solid inter-
stitial velocities, Pe; = u;L;/Dy; the Peclet number, with 7; = L;/u; the fluid
phase space time; and kpd = \I’ngi/RIZ, t; = krpr - t;. plus the adsorption equi-
librium isotherm as in (7), but now defined for each section j.

Analysed Cases and Numerical Solution

The different model equations were numerically solved using the gPROMS
v2.3.6 a commercial package from Process Systems Enterprise (www.
psenterprise.com). The mathematical models are composed by systems of
PDE (partial differential equations), ODE (ordinary differential equations),
and AE (algebraic equations), that were solved by applying one of the discre-
tization methods available with gPROMS, namely OCFEM (orthogonal collo-
cation on finite elements) with 2 collocation points per element, and 50
elements in each column for the axial coordinate. After the axial discretization
step, the time integration is performed by the ordinary differential equation
solver SRADAU a fully-implicit Runge-Kutta method that implements a
variable time step, the resulting system is then solved by the gPROMS
BDNSOL (Block decomposition nonlinear solver).

The SMB outlet/inlet flow rates must satisfy purity and recovery
specifications, and performance parameters. The definitions of extract purity
(Px, %), raffinate purity (Pr, %), recovery of the more retained product in
the extract (Re ¢y, %), recovery of the less retained in the raffinate (Re B,
%), and the unit productivity in terms of A in the extract (Pr o¥) or B in
raffinate (Pr o%), each SMB unit performance, in terms of TMB model
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variables (for SMB it should be used the average bulk species concentration
over a Switch), are:

Py (%) G, 100
(%) = —A X
Chy +Cp
OxC{
Recd (%) = bA 100
x(%) QrCt
P e
Viea Viea

Similar definitions hold for the purity of the raffinate, for the recovery of
B in the raffinate and for productivity on the raffinate.

As a test case here are considered two different references: for the OSS
technique the case of chiral separation system studied by Rodrigues and
Pais (7) a classic [2-2-2-2] SMB unit; and for the MultiFeed apparatus the
same system as for Varicol® non-conventional SMB arrangement in Pais
and Rodrigues (6). Both papers consider the chromatographic resolution of
a racemic mixture of chiral epoxide enantiomers (Sandoz Pharma, Basel,
Switzerland), constituted by a system of microcrystalline cellulose triacetate
(Merck, Darmstadt, Germany) with an average particle diameter of 45 pum
as the chiral stationary phase, and pure methanol as eluent. The adsorption
equilibrium isotherms measured at 25°C and represented by the linear plus
Langmuir competitive model in terms of retained concentration in the
particles, from Rodrigues and Pais (7) as,

7.32-0.163Cp4;
1 4+ 0.163Cpsj + 0.087Cpp;

7.32-0.087Cps
1+ 0.163Cpy; + 0.087Cy;

qj;j = 1.35Cpy; +

qzj = 1.35Cb3j +

. . -1 . -1
with g in g - Lyaricie and Cp;;in g - L™ .

THE OSS (OUTLET STREAMS SWING) NOVEL SMB
OPERATION TECHNIQUE

The Classical SMB Design

In the classic SMB design is from the common-wisdom the use of the TMB
model design parameters on the prediction of SMB operating conditions.
The design of a TMB consists in the adjustment of sections flow rates
values in a way that the less retained component (B) would be recovered in
the raffinate and the more retained one (A) in the extract, avoiding the con-
tamination of the raffinate current with the more retained species and the
presence of the less retained one in the extract stream. As a result some
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constraints are usually set, expressed in terms of species net fluxes in each
section. A fine and well known illustration is the schematic TMB operation
diagram with the desired net fluxes for a binary separation as in Fig. 1.

It can be observed that for the recovery of the more retained component in
the extract, the species A net flux in Section 1 must be upward, cleaning the
adsorbent, while in Sections 2 and 3 downward, removing A from the
raffinate and feed zones, and as a consequence the more retained species is
directed to the extract collecting port. A similar movement is experimented
by the less retained component but now the migration is upwards in
Sections 2 and 3 and downwards in Section 4, directing B to the raffinate
port, between Sections 3 and 4, and cleaning the eluent in zone 4 to be
recycled to Section 1. The general constraints are:

01Cpai

= —_>1

0y{qa1)

0:Chpo -1N O2Cpaz <1
Qs<q32> Qs<qA2>

c c (15a-d)
03Chp3 < ﬂQ3 bA3

EavbBy L3
Oy(qp3) 0(qa3) =

04Cpps -1
Q‘v<qB4>
A
y
B =
[
*  Raffinate
B+D
© y
g Bl Al |7 g
§ [ a
= Feed A+B | 3
2 N
[ 3
g y 3
B| A| |8
@
™ Extract
A+D
A N
=1
3]
Eluent D
L
y >

Figure 1. Scheme of an TMB operation diagram with the desired net fluxes for binary
separations.
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Or considering the ratio between the fluid and the solid interstitial velocities,
v; as introduced before,

1 — &p{qa1)
v =
ey Cpai
1 — &, {gp2) <y < 1 — &,{qa2)
g, Cpp gy, Cpao (16a-d)
1 — &, (gs3) < 1 — &,{(qa3)
v <
Ep Cb33 €p CbA3
1 — &, {qpa)
Vs < —~
ey, Cppa

At this point the relation or ratio {g;;)/Cy; can be treated by one of the two
more common strategies. The first one is based on the equilibrium theory,
which assumes that the adsorption equilibrium is established everywhere at
every time (29-34). It was applied to the TMB design by Storti, Mazzotti,
Migliorini, Chiang et al. (35—39) resulting in a feasible separation region
formed by the above constraints (15b) and (15c), which takes the form of a
rectangular triangle in the (y, X <3) plane, in the case of linear isotherms,
or a triangle shaped form with rounded lines in non linear isotherms case.
This is, the so-called “Triangle Theory,” where the axial mixing as mass
transport resistances are neglected. The second strategy is based on the “Sep-
aration Volume” method (3, 7, 40, 41), a more complete approach, where all
mass transfer resistances are taken into account, plus the optimization is
carried out for three different flux zones (2, 3 and 1) or (2, 3 and 4), giving
the possibility to the analysis of solvent consumption or a solid recycling,
function of the separation zone.

However, both methods will provide constant parameters for the better
operation zone in a given TMB design problem, leading to the establishment
of static fronts in the different zones of the TMB.

The OSS Modus Operandi

The major and fundamental enhancement presented by this technique lies in
the introduction of dynamic fronts in the TMB model, either in the “desor-
ptive” zone 1 or the “adsorptive” zone 4. Instead of collecting the less or
more retained components, in raffinate or extract streams respectively at
constant concentration, a relative movement is prearranged to these two col-
lection fronts by altering the fluxes in Sections 1 and 4, violating the (15a)
and (15d) conditions, while they are kept constant in Sections 2 and 3 as
pointed by one of the two theories cited above. Since the parameters are not
changed in the inner Sections 2 and 3 the separation remains accurate and
minimal the contamination of the outlet streams, i.e., the contamination
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fronts in the equivalent TMB model are kept static and away from the collec-
tion points.

A simple arrangement of this strategy can be employed to apply it to the
two sections at the same time in two different steps: in the first step while the A
front in Section 1 is expanding the B front in Section 4 is being contracted,
(See Fig. 2(a)) during the second step when the B front in section 4 is
expanding the A front in section 1 is being contracted (See Fig. 2(b)), or
vice-versa.

To induce the (15d) constraint violation, and therefore B front expansion
in Section 4, the flux of the raffinate is decreased and the flowrate of the extract
is increased, leading to an increase of recycle flow at the end of Section 4,
recycled to Section 1 where the contraction of A front is happening. With
the decrease of the extract flowrate and increase of the raffinate flow-rate,
the opposite movements are observed, with the contraction of the B front in
Section 4 at same time that there is an expansion of A front in Section 1.

For linear or quasi linear adsorption isotherms, with products with the
same or similar mass transfer rates, the complementarity of A and B fronts
expansion/contraction movements is bigger when the selectivity value is
near one, i.e., difficult separations. For non linear isotherms the Solute
Movement Theory (29), the concentration waves velocities, must also be
taken into account in addition to the other effects mentioned above, the selec-
tivity, and the mass transfer rates.

Moving the collection fronts will not change almost anything in the
solution of the TMB model. Averaging the concentration variation occurred
in the collection port, extract or raffinate node, will result in the same value
as if a constant average flow-rate was used, in both zones 1 and 4. But
when these types of movements are implemented in a real SMB model, the
results are quite different. The collection fronts are stretched or compressed
depending on the strategy adopted, if the more retained product is being
mainly collected in the extract stream during the first step or in the second
step and vice-versa for the less retained product in the raffinate.

There is a decrease either in the extract or raffinate flow-rates, this flow-
rate decrease is limited by the complete closing of one/both of the mentioned
ports. These particular and extreme cases are more detailed later in this work.
As mentioned, the OSS operation mode involves two different steps. If the low
extract flow-rate and high raffinate flow-rate is occur in the first step, i.e.,
expansion of a front in section 1 and contraction of B front in Section 2, the
canonical “OSS raffinate-extract” name is given; otherwise “OSS extract-
raffinate”.

This expansion or contraction of the collection fronts is quite important
since the contamination fronts will not suffer from those movements with
the same intensity, leading to a decrease or increase of the length between
them. The Fig. 3 scheme illustrates the type of induced movements aimed
to be obtained in the two collection fronts, simulated by a real SMB model;
the strategy here presented is obtained by collecting the more retained
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Figure 2. Expansion of front A in section 1 (a), expansion of front in section 4 (b), the
black profiles represent A and B concentration as in a classic TMB arrangement, while
the grey ones the active OSS technique.
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Figure 3. Expansion and contraction movements at cyclic steady state (CSS): (a) at
0= 0.25 and (b) at 6 = 0.75.

product (A) in the extract during the second step while the less retained (B) in
the raffinate during the first step. In this study each step is performed by half of
the time switch (50-50%) not optimized, and the canonical 50-50% OSS
raffinate-extract name is given.
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It should be noted that in Fig. 3 the full line, classic SMB case, the
products are always being collected at the end of column 2 (extract point)
and at the end of column 6 (raffinate point), while the OSS technique only
collects periodically as already mentioned. As can be observed the collection
point in Fig. 3(a) is now for product B in the raffinate node while the extract
point is closed; the difference between the collection front and the contami-
nation one is larger than the one observed in the classic approach. A similar
observation holds for Fig. 3(b) in the extract point. The strategy is dynamic
and discontinuous, the expansion either in zone 1 or 4 is obtained by the
violation of the respective constraints in each zone ((15a) in zone 1 and
(15d) in zone 4). In Fig. 3 the expansion action is performed to the left of
the extract point and to the right of the raffinate node, the average of first
plus second step flow-rate value to section 1 or 4 must confer the restrictions
set by one of the design techniques already mentioned. To calculate the
possible collection fronts expansion on real SMB unit it is useful to
simulate the dynamic front with its equivalent TMB model, by setting the
fluxes to operate the expansion and contraction movements. In the limit
once the expansion time reaches the “no return point” the fluxes are set to con-
traction so that no contamination would be noted in the end of Section 4 or the
beginning of Section 1.

A first consequence can be easily noted: for this type of front movements
it is necessary to allow some column space, keep the length of the column in

1.00 © O

0.98 --rmmmrmrrmrnnr e e N
T S
B e

I L

Purity

0.88 -

0.85 A

—— A in extract
0.83 {{—o—Binraffinate [+t

— - —Operation point |
0.80 T T T T T T T
23.5 23.7 23.9 241 243 245 24.7 24.9

Qz* (ml.min™)

Figure 4. Optimum operating point, for fixed r. = 198 s, Qf = 33.838 ml - min™ ',

Qi =21.800 ml - min~ ! and QO = 1.500 ml - min~"'.



09: 32 25 January 2011

Downl oaded At:

236 P. S. Gomes and A. E. Rodrigues

Table 1. SMB unit characteristics and model parameters

Model parameters SMB columns
Pe. = 1000 N.=8 m=[2222]
&, =04 L=99%x10"m

R,=225x 10" m
d.=26x10%m

Classic SMB operating conditions

kipr=033s"" ch=5g-1"
Ch=5g-1"
1,=198s

QOp = 12.038 ml - min ™!
Ox = 9.638 ml - min~!
QOr = 1.500 ml - min~!
% = 3.900 ml - min ™~
Q4 =121.800ml - min~"

Sections 1 and 4 free of products A or B, thus the more column space is
available the more extensive the expansion action can perform; as a conse-
quence higher purity of the collected product is obtained, till the limit
where the front occupies all of the column available space.

The OSS Technique Simulation

The model parameters and operating conditions, were taken from (7),
where the classic interstitial velocity ratios values (;* or 7;) for Sections 1
and 4 were kept constant and far from the critical values for total solid
and eluent regeneration (y; > Y/""=3.815 and 7y, < ¥§** =2.714 (7),
according to the equilibrium theory), leaving “column space” to
perform the OSS technique, not in the lower solvent consumption
point. For Sections 2 and 3 the interstitial velocity ratios values were
obtained by optimization to the best purity values in extract and
raffinate streams for a 1.5ml-min~ ' feed inlet Fig. 4, considering the

Table 2. Classic SMB and equivalent TMB section operating conditions

Real SMB Equivalent TMB

¥/ =[5.311 3.798 4.034 3.422] v, = [4.311 2.798 3.034 2.422]

Q7 = [33.838 24.200 25.700 Q; = [27.467 17.829 19.329
21.800] ml - min " 15.429] ml - min ™~

0,=9.557 ml - min~!
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Figure 6. OSS strategy for the test case, (a) the first half of the switch time, (b) the
second half of the switch time, equivalent TMB scheme.

mass transfer coefficient of k;pr = 0.33 s~!, and Section 1 and Section 4
constant flow-rates, as in Table 2. By operating at higher or lower
solvent consumption values it was found that, for the same feed flow rate,
the purity value in both the extract and the raffinate streams was
not improved. The full optimized unit, maximum purity, minimum solvent
consumption (Qg=8.373 ml - minfl) for a given feed flow-rate

Table 3. 50-50% OSS extract-raffinate SMB and equivalent TMB
section operating conditions

Real SMB 1st half of a 6 Equivalent TMB 1st half of a 6
v = [6.824 3.798 4.034 4.034] v, = [5.824 2.798 3.034 3.034]
Q;F =[243.476 24.200 25.700 Q; = [37.105 17.829 19.329
25.700] ml - min~"' 19.329] ml - min~"'
0, =9.557 ml - min~*
Real SMB 2nd half of a 6 Equivalent TMB 2nd half of a 0
v =[3.798 3.798 4.034 2.809] v, = [2.798 2.798 3.034 1.809]
0" = [24.200 24.200 25.700 Q; =[17.829 17.829 19.329
17.900] ml - min~"' 11.529] ml - min ™"

0, =9.557 ml - min '
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OSS extract-raffinate SMB strategy, here operating at 50% of the switch time for each
step.



09: 32 25 January 2011

Downl oaded At:

240 P. S. Gomes and A. E. Rodrigues

3.5F

2.5+

Concentration g/l
N
T

0.5+
) lomen Sttt e - e
Eluent Extract Feed Raffinate Rec.
Columns
— CA Classic SMB CB Classic SMB CA 0SS XR CB 0SS X-RI
(a)
4
3.5
_ 25}
B
c
S
E 2f
c
3
c
Q
© {5} |
|
1
it |
|
!
05} |
. L i [
Eluent Extract Feed Raffinate Rec.
Columns
| —— CA Classic SMB CB Classic SMB ——— CA 0SS XR CB 0SS X—RI (bj

Figure 8. Concentration profiles for the pure OSS 50—50% extract-raffinate strategy,
(a) at 6 = 0.23 and (b) at 6 = 0.73, at the CSS.
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(Qr = 1.500 ml - min~ ") presented similar purity values in both the extract
and the raffinate as the case study here the so-called classic SMB
(Px=99.1% of A and Pgr = 98.5% of B). A summary of these operating
conditions and model parameters is presented in Tables 1 and 2.

The OSS is limited by the complete closing of the extract and/or raffinate
ports. Considering that each step is performed for 50% of the switch time, in
the left extreme we have the pure 50-50% OSS-extract-raffinate strategy,
where in the first step a complete closure of the raffinate port is performed
and the same in step 2 for the extract port; in the middle the classic
operation and in the right limit the pure 50-50% OSS-raffinate-extract, as
seen in Fig. 5:

This study particularly analyses the pure strategies mentioned above, and
compares it with the classic SMB approach.

OSS Extract-Raffinate Strategy

For the first approach we can consider the simple case pure 50-50% OSS
extract-raffinate strategy of a SMB where the A or B front expansion
movement in Section 1 or 4 is obtained by closing the raffinate outlet
leaving the extract flow-rate higher than the estimated by the classic
approach, during the first half of the switch time; and closing the extract
outlet while leaving the raffinate flow-rate bigger than estimated by the
classic approach during the other half of the switch time, respectively. This
is presented in Fig. 6, and the operating values are shown in Table 3, and
the flow-rates of the outlet and inlet streams are detailed in Fig. 7.

With the operating parameters above, the stretched profiles are obtained
as mentioned before, modelled by the real SMB with LDF approach, as in
Fig. 8.

The eluent consumption in the classic approach is 12.038 ml - min~ ', and
with the OSS approach also 12.038 ml - min~' of eluent not constantly but
periodically, during the first step 17.776 ml - min~' and the second half
time (step 2) 6.300 ml - min~'. However, when it concerns the purity and
the recovery values, it is quite different as can be observed in Table 4:

Table 4. Values for extract and raffinate purity and recovery for the
50-50% OSS extract-raffinate technique and the classical SMB separation

Classic SMB OSS Technique
Extract Raffinate Extract Raffinate
Purity 99.1% of A 98.5% of B 99.0% of A  98.5% of B

Recovery 98.5% of A 99.1% of B 98.5% of A 99.0% of B
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Figure 9. OSS strategy for the test case, (a) the first half of the switch time, (b) the
second half of the switch time, equivalent TMB scheme.

OSS Raffinate-Extract Strategy

Now the other possible configuration, working with the same flow-rates and
the same step time (50% of the real switch time), where the collection on
the extract is during the second stage (step 2) and the collection of the less

Table 5. 50-50% OSS raffinate-extract SMB and equivalent TMB

section operating conditions

Real SMB 1st half of a 6

Equivalent TMB 1st half of a

v = [3.798 3.798 4.034 2.809]
OF = [24.200 24.200 25.700
17.900] ml - min~"

Real SMB 2nd half of a 6

v = [6.824 3.798 4.034 4.034]

Qf = [43.476 24.200 25.700
25.700] ml - min "

v, = [2.798 2.798 3.034 1.809]

0; = [17.829 17.829 19.329
11.529] ml - min ™"

Q,=9.557 ml - min"'

Equivalent TMB 2nd half of a 0
v, = [5.824 2.798 3.034 3.034]
Q; = [37.105 17.829 19.329
19.329] ml - min ™"
0,=9.557 ml - min"!
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Figure 10. Concentration profiles for the pure OSS 50-50% raffinate-extract strategy,
(a) at 6= 0.23 and (b) at § = 0.73, at the CSS.
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retained product in the raffinate during the first stage (step 1), Fig. 9, and the
operating values in Table 5. Simulation results for the concentration profiles at
0=0.23 and 0 = 0.73 at CSS are shown in Fig. 10.

Again the eluent consumption in the classic approach is the same as in the
OSS raffinate-extract, not constantly but periodically, during the first step
6.300 ml - min~ ! and the second half time (step 2) 17.776 ml - min~!. The
performance parameters for this strategy are shown in Table 6:

OSS Strategies Evaluation

As can be observed the second strategy presented (pure 50-50% OSS
raffinate-extract), is quite better than the classic SMB unit as for the other
OSS strategy. A good presentation of the technique performance is
achieved with the species recovering in outlet streams here exemplified
by the concentration history in the extract for both species analyzed,
Figure 11:

As noted, the amount of species A is similar in both OSS strategies as
in the classical approach; nevertheless, there are important differences in
the B species, the contamination front, as can be seen in Fig. 11(b), where
the 50-50% OSS raffinate-extract technique justifies why the values of the
purities in the extract have been improved.

MULTIFEED (MF) OPERATION OF SMBS

Similar to the multiple feed distillation, the use of more than one feed
stream in an SMB unit, here called MultiFeed, reveals some interesting
results. This type of configuration is presented here as one SMB unit
where feed is performed by 2 or more inlet feed streams, between the
extract and raffinate outlet collection points, generally part of the single
feed current in the equivalent classic SMB, resulting in a sort of a “distrib-
uted feed.” This assumption leads to the formation of “sub-sections” in the

Table 6. Values for extract and raffinate purity and recovery for the
50-50% OSS raffinate-extract technique and the classical SMB

separation
Classic SMB Nome technique
Extract Raffinate Extract Raffinate
Purity 99.1% of A 985% of B 99.7% of A 98.6% of B

Recovery 98.5% of A 99.1% of B 98.6% of A 99.7% of B
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Figure 12. Classic [1-1-2-1] SMB unit scheme (a) and the [1-1-1-1-1] MultiFeed
SMB unit scheme (b).

classic zone 3, one for each of the new partial feeds. As example let us
consider the classic SMB [1-1-2-1] configuration Fig. 12(a), there is a possi-
bility to split the feed (Feed 0) into two partial feeds (Feed 1 and Feed 2)
Fig. 12(b), since zone 3 has 2 columns, that would lead to the new

Table 7. Varicol® unit characteristics and model parameters

Model parameters SMB columns
Pe. = 1600 N=5 n;=[115151]
e, = 0.4; L.=1584 x 10> m
R,=225x 10" m d.=26x10%m
SMB operating conditions
Ch=5¢g-1"!
kLDF:0'4S_1 Cg:Sgl_l
t.=316.8s

Qp =25.033ml - min~!
Ox = 17343 ml - min~'
QOr = 0.637 ml - min !
Qg = 8.327 ml - min~*
04 =17.794 ml - min~"
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Table 8. Varicol® real SMB and equivalent TMB section operating

conditions

Real SMB Equivalent TMB

v/ = [6.722 4.000 4.100 2.793] v; = [5.722 3.000 3.100 1.793]

O = [42.827 25.484 26.121 0; = [36.456 19.113 19.750
17.794] ml - min ™! 11.423] ml - min ™!

0, =9.556 ml - min~*

configuration [1-1-1-1-1], and the formation of two new “sub-sections” in
the former zone 3, “sub-section 3a and 3b,” each one with one column,
becoming something as illustrated in Fig. 12(b).

For the MultiFeed test case the model parameters and operating con-
ditions, were taken from Pais and Rodrigues (6), where the classic interstitial
velocity ratios values (;* or v;) for Sections 1 and 4 were kept constant and
far from the critical values for the total solid and eluent regeneration in
Section 4 and 1 respectively agreeing with the equilibrium theory. For

3.0 ;
CA Varicol
CB Varicol
251 CA Multiple Feed
— CB Multiple Feed
o 20| E
£
=)
X
5
B 1.5}
k=
@
(8]
5
O 1.0
0.5
0 1 ! L
Eluent Extract Feed Raffinate Rec.

Columns

Figure 13. MultiFeed versus Varicol® (second half of the switch time) bulk concen-
tration profiles, for the equivalent TMB with LDF approximation model solutions at
cyclic steady-state.
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Sections 2 and 3 the interstitial velocity ratios were taken from the analysis
presented in (6) based on the (3 X 7,) separation region for a 99.0%
purity criterion with mass transfer coefficient of k; pr = 0.4 s~ ', a summary
for these operating conditions and model parameters is presented in Tables
7 and 8.

A particular case appears when the two new feeds have the same value as
Feed 0 in the classic SMB, Feed 1 = Feed 2 = Feed 0, but operating in a dis-
continuous mode by switching on one when the other is switched off and vice-
versa. This type of operation will reflect the same modus operandi of the
equivalent Varicol® scheme, in this case the [1-1.5-1.5-1] configuration.
Quite interesting is the fact that when the MultiFeed configuration is set to
continuous being Feed 1 = Feed 2 = 1/2(Feed 0) as shown in Fig. 12(b)
the TMB solution, compared with the equivalent TMB Varicol® [1-1.5-1.5-
1] configuration, with Feed 0 = Feed 1+ Feed 2, reproduces the same
results in terms of bulk concentration in the regions around the extract and
raffinate collection points as presented in Fig. 13. The same conclusion was
observed by Kim et al. (14), and in fact Varicol®, with only inner variable
number of columns (in Sections 2 and 3), can be considered as a particular
case of the multiple feed SMB operation strategy. Therefore, one can
expect that the “triangle” separation region could be the same for Varicol®
and MF in the same conditions.

Reminding all the optimum feeds location in the multiple feed distillation
field as in McCabe and Thiele (42), and establishing a simple equivalence
between multiple feed SMB chromatographic processes, allows us to have a
powerful methodology for the optimization/development of new SMB
processes, in particular the Varicol® technique.

CONCLUSIONS

A new non-conventional SMB technique was introduced, modelled, and
simulated the outlet streams swing (OSS). The new technique, was
compared with the classical SMB optimized approach in the same Chiral
separation system leading to outlet streams purities improvements, when
modelled by the real SMB method considering the linear driving force
approximation to the particle mass transfer, solved by the commercial
package gPROMS. Further work shall be presented mainly regarding
the study of OSS operating parameters, as the step distribution time, the
utilization of extract and raffinate partial flow-rates, and consequent
optimization.

Also the simulation of the MultiFeed technique proved to be a solo
valuable new technique in the SMB process as a powerful design/optimiz-
ation procedure for some particular cases of the already well known non-con-
ventional technique, the Varicol®, namely the only inner zones variable
number of columns.
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NOTATION

bulk fluid phase concentration (mol - m73)

feed concentration (mol - m ™~ >)

average pores particle adsorbent fluid phase concentration
(mol - mgiia)

axial dispersion coefficient (m2 . sfl)

effective pore diffusion coefficient (m2 . sfl)
column diameter (m)

column axial length (m)

section axial length (m)

total number of columns)

number of columns per section

purity (%)

Peclet number

unit productivity (g - (s - ma) D)

fluid/solid flowrate m>-s Y

solid retained concentration (mol - ms_o?id)
recovery (%)

particle radius (m)

dimensionless mass transfer coefficient

particle LDF approach mass transfer coefficient (s~ ")
column volume (m?)

time variable (s)

bulk fluid space time (s)

solid space time (switch time) (s)

interstitial fluid velocity in section j (m - s~ ')
solid interstitial counter-current velocity (m - sfl)
dimensionless axial column coordinate)

axial column coordinate (m)

Greek Letters

Y
€p
0

Indexes

*

RS IS A~ Ve

ratio between fluid and solid interstitial velocities
bed porosity
dimensionless time coordinate

in the real SMB model
more retained species
less retained species
bulk

particle

solid
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c column

i chemical species

j SMB section

E eluent stream

F feed stream

R raffinate stream

X extract stream

Abbreviations

AE Algebraic equations

CSS Cyclic steady state

DAE Differential-algebraic equations
LDF Linear driving force

MF MultiFeed SMB

OCFEM Orthogonal collocation in finite elements method
ODE Ordinary differential equations
0SS Outlet streams swing SMB
PDAE Partial differential algebraic equations
PDE Partial eifferential equations
SMB Simulated moving bed

TMB True moving bed
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