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Abstract

The objective of this paper is to study the separation of enantiomers of 1,1'-bi-2-naphthol in 3,5-dinitrobenzoyl
phenylglycine bonded to silica gel, using heptane—isopropanol (72:28) as eluent by simulated moving bed chromatography
(SMB). A model for the prediction of the cyclic steady state performance of the SMB, based on the analogy with the true
moving bed, is developed assuming axial dispersion flow, linear driving force approximation for intraparticle mass transfer
and multicomponent adsorption equilibria. The SMB package allows the simulation of the pilot unit. The effect of several
operating parameters on the SMB performance is analyzed. The performance is characterized by purity, recovery, solvent
consumption and adsorbent productivity. The package is an important tool for learning and training operators, allowing the
choice of best operating conditions. The operation of the SMB pilot unit was carried out for the separation of racemic
mixtures using a 8-column configuration. Purities and recoveries higher than 95% in the extract and raffinate were obtained.
Model and experimental results are compared and the package is also used to predict the steady state internal profiles for the
SMB operation in good agreement with experimental results.
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1. Introduction separations known as Sorbex processes [2—4]. They

include the Parex process for separation of p-xylene

The concept of simulated moving bed (SMB)
technology has been known since 1961 when the first
patent by Broughton appeared [1]. The heart of the
SMB technology is a rotary valve which periodically
changes the position of feed, eluent, extract and
raffinate lines along the bed. In this way the solid
movement in a true moving bed (TMB) is simulated.

The SMB technology, developed by UOP, has
been used in the chemical industry for several
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from a mixture of C; aromatics, the Molex process
for the extraction of normal paraffins from branched
and cyclic hydrocarbons, the Olex process to sepa-
rate olefins from paraffins and the Sarex process for
the recovery of fructose from fructose—glucose mix-
tures in the production of high fructose corn syrup
HFCS [5-8].

The SMB technology has found new applications
in the areas of biotechnology, pharmaceuticals and
fine chemistry [9]. Pilot and industrial SMB for such
applications have been developed by UOP [10,11]
and Separex [12]. It should be pointed out that
scaling down of the Sorbex flowsheet becomes less
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economical than using a system of individual beds
segmented by valves and feed and product lines [13].

More recent applications are related with chiral
technology. The need for the separation of enantio-
mers for pharmaceutical applications is increasing as
regulatory aspects become more stringent. It is well
known that isomers can have different therapeutical
values and therefore enantiomeric resolution is an
important issue particularly in health-related fields
[14]. The separation of enantiomers by conventional
techniques is difficult because separation factors are
low. Continuous chromatography and particularly
SMB technology is appropriate, provided chromato-
graphic phases for enantiomer separation are avail-
able [15,16]. Continuous chromatography in SMB
also eliminates drawbacks of batch chromatography,
namely dilution of species and low adsorbent utiliza-
tion [17,18]. Examples of enantiomers separations
have been reported: 1-phenylethanol [19], praziquan-
tel [20], 3-chloro-1-phenylpropanol [21], b,L-
threonine  [22}, la,2,7,7a-tetrahydro-3-methoxy-
naphthal[2,3b]oxirane [23-26] and binaphthol enan-
tiomers [27].

The objective of this paper is to study the sepa-
ration of enantiomers of 1,1'-bi-2-naphthol in 3,5-
dinitrobenzoyl phenyiglycine bonded to silica gel
columns using heptane-isopropanol (72:28) as
eluent by using SMB chromatography.

The work involves the following steps: (i) de-
velopment of a model for the SMB and numerical
solution of model equations; (ii) understanding SMB
process by using the simulation package to predict
the effect of operating variables on the SMB per-
formance; (iii) operation of the SMB pilot unit for
the bi naphthol system and comparison with simu-
lated results.

2. Modeling of a simulated moving bed
2.1. True moving bed strategy of modeling

Models available in literature for SMB separation
processes have been summarized by Ruthven and
Ching [28]. There are two main strategies of model-
ing SMB processes: one represents the real SMB and
the other the equivalent TMB. The model used in
this work for the prediction of the cyclic steady state
performance of the SMB was developed based on the
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Fig. 1. Schematic diagram of the four-section TMB.

analogy with the true moving bed. In the four-section
TMB approach, shown in Fig. 1, the liquid and the
solid-phases flow in opposite directions. The liquid
flowing out of zone IV is recycled to zone I while
the solid coming out of zone I is recycled to zone IV.
The inlet and outlet lines (eluent, extract, feed and
raffinate) divide the system into four zones, each
performing a specific function. Zone I, between
eluent and extract nodes, allows solid regeneration.
Its function is the desorption of the more retained
species B from the solid-phase. In Zone II, between
extract and feed nodes, desorption of the less re-
tained species A takes place. Zone III, between feed
and raffinate nodes, is the zone of adsorption of the
more retained component B. Finally, zone IV, be-
tween raffinate and eluent nodes, is the zone of
eluent regeneration. Its function is the adsorption of
the less retained component A.

The design problem of a TMB consists on setting
the liquid flow-rates in each zone and the solid
flow-rate as well to obtain the desired separation.
Some constraints have to be met if one wants to
recover the less adsorbed component A in the
raffinate and the more retained component B in the
extract. These constraints are expressed in terms of
net fluxes of components in each zone. In zone I the
heavier species B must move upwards, in zone II the
light species must move upwards, in zone III the net
flux of B must be downwards and in zone IV the net
flux of A has to be downwards, i.e.,
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where Q,, Q. Q. Qv are the volumetric liquid
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flow-rates in the various zones of the TMB, Qg is the
solid flow-rate, Caj» Cp; are the concentrations of
species A and B in the liquid phase and q,;, gp; are
the adsorbed concentrations of components A and B,
in zone j.

The same constraints can be expressed alternative-
ly in terms of fluid and solid velocities. Defining the
dimensionless parameter:

&£ Cij

Y=y (2)

-9 4,
where ¥ =v,/u_ is the ratio between fluid and solid
velocities in zone j and £/(1 — ¢) is the ratio between
fluid and solid volumes, the constraints defined by
Eq. (1) becomes:

7§1>1§qu>1and7§11<];7§1|1>1
and7§111<1;'}’:‘:1v<1 3)

The package developed allows the study of the
transient TMB based on a model which considers
axial dispersion flow for the bulk fluid phase, linear
driving force (LDF) for the intraparticle mass trans-
fer rate and takes into account multicomponent
adsorption equilibria. However, for the cyclic steady
state performance of a SMB only TMB steady state
is needed. Model equations were presented else-
where [27] and are summarized in Table 1. The
model parameters are:

(I1-9
£

Ratio between solid and fluid volumes

v,
Y= ;)— Ratio between fluid and solid velocities

B

vL
Pe. =

; D— Peclet number

kL,

) . . .
@ =" Number of intraparticle mass transfer units

s

Adsorption equilibrium parameters have to be
added to the list above.

2.2. Process performance criteria

The SMB performance is characterized by four
process parameters: purity, recovery, solvent con-
sumption and adsorbent productivity. For the case of

Table |
Model equations for the transient TMB

Mass balance in a volume element of the bed

9¢, g
oy —L 4 _ 4
6‘DL - & . (1 — & oz 5—?
Mass balance in the particle

g, g,
wg THel )=

Initial conditions
=0 c,=q,=0

Boundary conditions

Dy ; dey
=0 ¢, == p d" —CU_”
de, !
=L, d—= and 4, = djero

Multicomponent adsorption equilibrium isotherm
— N . P ¥ = N
g% =f,(c,,.Cq;) and G, = Fp(ca;C5))

Mass balances at the nodes of the inlet and outlet lines of the TMB

Ul\r
C

Eluent node: Cio = Cava,
[

Extract node: Cino = S

v v
n F
Cq t €

o i, i
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Feed node: ¢

Raffinate node: Civo = Cunry

i=A, B refers to the species in the mixture.
j=L IL TIL 1V is the zone number.

a binary separation in which the less retained species
A is recovered in the raffinate, and the more retained
component B is recovered in the extract, process
performance parameters are defined in Table 2.
When a racemic mixture is considered, C CF,
then SCX=SCR-RCR/RCX and PRX = PRR RCX/
RCR.

3. Simulation results

The effect of several operating parameters on the
SMB performance for the bi naphthol separation was
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Table 2

SMB Performance criteria

Performance Parameter Extract Raffinate

Purity (%) 100 CE/Ch+Cd) 100 CAHCR+CY)
Recovery (%) 100 C3Q/(CRQy) 100 CLQ. /(CLO;)
Solvent Consumption (1/g) (Q:+0:)/CR0,) (Qe + Q) (CROY
Productivity (g/h 1 of solid) C20. 1V, ChQ /Y,

analyzed. The adsorption equilibrium isotherm pro-
posed by the Separex group [29,30] of bi-Langmuir
type was used:

2.69¢, 0.10c,
ax = +
A 1+40.0336c, +0.0466c; 1+c, + 3¢y
(4a)
* 3.73¢y 0.30cy
9 = +
B 1+0.0336c, +0.0466c;, 1+ c, +3c,
(4b)

The resulting model equations, described by a set
of PDEs, were numerically solved by using the
Pdecol package [31] based on the method of ortho-
gonal collocation in finite elements.

The conditions of a complete separation were
defined in terms of the y model parameters, which
are directly related with the SMB operating variables
(fluid and solid velocities in the four zones of the
SMB unit). From the four constraints presented in
Eqgs. (1,3) those related to zones II and III play the
crucial role on the separation performance of the
SMB [32]. Taking into account this consideration, a
region of complete separation in a y,,—%, plane can
be defined.

The first case studied concerns the situation where
axial dispersion and mass transfer resistance are
negligible. A similar study was done by Storti and

Table 3

coworkers [32-34] in the frame of equilibrium
theory, where mass transfer resistances and axial
dispersion were neglected. The value for mass
transfer coefficient used in this case was k=0.5 s™'
(a@=180). The ;—y, plot was built keeping con-
stant the recycling flow-rate and the rotation period
(and so ). The total inlet or outlet flow-rates were
kept constant in all simulations and equal to 25.09
ml/min. Other operating conditions and model pa-
rameters are summarized in Table 3.

Fig. 2 shows the v, —7, plot obtained for the first
case where four regions are defined: a region of
complete separation, two regions where only one
outlet stream is 100% pure and a last region where
neither of them is 100% pure. Considering that the
constraints concerning zones I and IV are fulfilled,
the ,,—, plot is an important tool in the choice of
best operating conditions. The closed circles are
numerical results based on the equivalence between
the TMB and the SMB; the thick lines connect those
results. The thin line in Fig. 2 has two branches. The
diagonal y,;, =, corresponds to zero feed flow-rate;
therefore, %;; must be higher than v,. The horizontal
branch y,,=~3.760 corresponds to zero raffinate flow-
rate; in this case, the extract flow-rate is 25.09
ml/min.

The effects of the extract (or raffinate) and feed (or
eluent) flow-rates on the SMB performance were
also studied. Fig. 3 presents the lines in the y,,—,

Operating conditions and model parameters for the ¥,,~%, plot with mass transfer coefficient, k=0.5 s~

SMB operation conditions

Model parameters

Feed concentration: 2.9 g/l each
Rotation period: 3 min

Recycling flow-rate: 35.38 ml/min
Column diameter: 2.6 cm

Zone length: 21.0 cm

Solid/fluid volumes, (1 —&)/e=1.5
Number of mass transfer units, a =180
Peclet number, Pe =2000

Ratio between fluid and solid velocities
in zone IV: ¥, =3.760
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Fig. 2. Regions of operation of the TMB in a plot of the ratio of
fluid/solid velocities in zone III (y,) vs. ratio of fluid/solid
velocities in zone II (,); the closed circles represent numerical
simulation results for negligible mass transfer resistance, k=0.5
s~ '; other conditions are shown in Table 3.

plot, describing the effect of changes in extract and
feed flow-rates. In the study of the effect of the
extract flow-rate, feed and eluent flow-rates were
kept constant and equal to 3.64 and 21.45 ml/min,
respectively. In the study of the effect of the feed
flow-rate, extract and raffinate flow-rates were kept
constant and equal to 18.00 and 7.09 mi/min,
respectively. The other operating conditions and
model parameters used were those presented in Table
3.

The influence of the extract flow-rate on the SMB
performance is shown in Fig. 4. Comparing them to
Fig. 3, we can observe a central region where
complete separation is achieved and two adjacent
regions where only one outlet is 100% pure. The
deviation of the value of the extract flow-rate from
its central region affects the performance of one or
the other enantiomer, depending on which direction
the extract flow-rate is changed. For example, in-
creasing the extract flow-rate will lead to a lower
liquid flow-rate in the second zone and its constraint
is eventually not obeyed. Therefore, species A will
have a net flux downwards and will contaminate the
extract with decrease of purity in that stream.
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Fig. 3. Effect of extract (12-24 ml/min) and feed (1~-12 ml/min)
flow-rate changes on the region of operation of TMB shown in the
Yu—Y: plot; data as in Fig. 2.

The influence of the feed flow-rate on the SMB
performance is shown in Fig. 5. Increasing the feed
flow-rate improve productivity and solvent consump-
tion but reduce both purity and recovery.

If mass transfer resistance is important, we may
not obtain a region of 100% purity for both enantio-
mers. This case is illustrated using the same oper-
ating conditions and model parameters of the previ-
ous one, except that the mass transfer coefficient is
now k=0.1 s”' (a=36). Fig. 6 shows the y,~%
plot obtained for this case where the four regions (A,
B, C and D) described before are defined in terms of
99%, 95% and 90% purity criteria. In region A, there
is no separation; in region B, the raffinate purity is at
least 90% when the dashed line (open circles) is used
as border and at least 95% when the full line (closed
circles) is used instead, whereas the extract purity is
lower than those values; in region C, both the
raffinate and the extract have at least 99%, 95% or
90% according to the lines used as borders (iden-
tified by closed triangles, closed circles and open
circles, respectively); in region D, the extract purity
is at least 90% or 95% accordingly with the line used
as border (dashed or full, respectively), whereas the
raffinate purity is inferior to those values.
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Fig. 4. Effect of the extract flow-rate on the performance parameters (purity, recovery, solvent consumption and productivity), for the

conditions shown in Table 3.

4. Operation of the simulated moving bed
4.1. SMB pilot unit

The SMB pilot unit used in this work is the
Licosep 12-26, developed by Separex (Champigneul-
les, France) in cooperation with the Institut Frangais
du Pétrole. It is a continuous chromatographic sys-
tem constituted by 12 columns connected in series.
The columns are Superformance 300-26 (Merck,
Darmstadt, Germany) with 26 mm internal diameter
and adjustable length (5-20 cm). They have a jacket
which allows operation of the SMB up to 60°C. Each
column is connected with four lines (eluent, feed,
extract and raffinate lines) and 48 two-way high-
pressure pneumatic valves (TOP Industrie, France)
allow the connection of the inlet-outlet lines of the
columns. A three-head membrane pump (Milroyal,
Pont St. Pierre, France) is used for the recycle flow.

The other flows (eluent, feed, extract and raffinate)
are controlled by four pumps Merck—Hitachi (Darm-
stadt, Germany), connected to the computer via RS
232 interface. The system temperature is measured
and controlled through a thermostatic bath. The SMB
unit can stand pressures up to 60 bar. The SMB pilot
is controlled by a central system using the Licosep
control software.

4.2. SMB operation

The operation of the SMB pilot for the bi naphthol
enantiomers (molecular mass M, =286.3) purification
was carried out using a 8-column configuration.
Columns are made of 3,5-dinitrobenzoyl phenyl-
glycine bonded to silica gel (Merck). Each column is
10.5 cm long. Silica particles have diameter in the
range 25 to 40 pm. The eluent used was heptane—
isopropanol (72:28, v/v). Operation temperature was
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Fig. 5. Effect of the feed flow-rate on the performance parameters (purity, recovery, solvent consumption and productivity), for the

conditions shown in Table 3.

fixed at 25°C and the total pressure drop was 20 bar
for an average flow-rate of 40 ml/min.

The samples collected were analyzed in a HPLC
system (Gilson, Villiers le Bel, France) using a 250
mmX4 mm column filled with 5 wm poly-N-
acryloyl-(S)-phenylalanine diethylamide as stationary
phase. The eluent was the same mixture of heptane—
isopropanol and outlet concentration was followed
by UV detection at 254 nm.

Four runs were carried out using a configuration of
two columns per zone, with the experimental con-
ditions presented in Table 4. The experimental
performance parameters were determined by analysis
of the extract and raffinate samples collected during
a whole cycle after cyclic steady state was achieved.
The experimental performance parameters are shown
in Table 5. For a rotation period of 2.80 min, purities
and recoveries higher than 95% can be obtained in
the extract and raffinate. For the same conditions, the
model predicted purities for the extract and raffinate

were 76.8 and 92.3% for run A, 95.4 and 97.6% for
run B, 97.4 and 98.2% for run C and 97.9 and 85.8%
for run D, respectively. Model and experimental
results are compared in the y,,~, plot for k=0.1
s~ with good agreement (Fig. 7).

Other runs were carried out to study the effect of
the configuration in the SMB performance. The
configurations tested were 2222 (two columns per
zone) for run 1, 1331 for run 2 and 1241 for run 3.
The experimental conditions were the same of the
previous runs (see Table 4), except the value for the
rotation period that is now 2.75 min for all the
configurations. Although no specific optimization
was made for each configuration, no significant
differences were observed in the SMB performance
parameters between the three configurations studied
(Table 6). The internal profiles were measured using
the 6-port valve of the Licosep SMB pilot to
withdraw samples from the system. The samples
were collected at each half-time period and after
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Fig. 6. Regions of operation of the TMB in a ¥, -, plot for
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Fig. 7. Experimental results for the runs A, B, C and D (conditions
shown in Table 4) displayed in the respective regions of the

%u~ Y plot.

Table 4 . . cyclic steady state was achieved. Fig. 8 shows the
Experimental conditions for the bi-naphthol system . . .
SMB experimental internal profiles at cyclic steady

Run A B ¢ D state for the three configurations. Simulated results
Feed concentration, g/1 each 29 are also displayed using k=0.1 s~" (symbols are
Recycling flow-rate, ml/min 35.38 experimental results, lines for model simulation). For
Eluent fAow-rate, ml/min 21.45 the same conditions, the model predicted purities for
Extract flow-rate, ml/min 16.00
Feed flow-rate, ml/min 3.64 the extract and raffinate were 95.4 and 97.6% for run
Raffinate flow-rate, ml/min 9.09 1, 97.0 and 94.5% for run 2 and 94.6 and 94.3% for
Rotation period, min 255 275 280 305 run 3, respectively. The agreement between model
% 550 601 614 677 and experimental results is reasonable except for the
T 367 404 413 459 concentration of the more retained component B in
Y 4.08 4.48 4.58 5.08 h d
v 304 336 344 384 the second zone.
Table 5
Experimental performance parameters for the four runs
Run ar PUX PUR RCX RCR SCX SCR PRX PRR

(min) (%) (%) (%) (%) /g) (1/g) (g/h 1) (g/hl,)
A 2.55 74.0 93.8 96.0 66.6 247 3.57 2.27 1.58
B 2.75 93.0 96.2 97.3 91.6 2.44 2.59 2.31 2.17
C 2.80 95.6 95.4 95.0 96.1 248 2.45 2.27 2.30
D 3.05 91.5 70.9 61.5 94.7 3.86 2.51 1.46 2.24
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Table 6
Experimental performance parameters for the three configurations (rotation period=2.75 min)
Run Configuration PUX PUR RCX RCR SCX SCR PRX PRR
(%) (%) (%) (%) (1/g) (I/g) (g/h1) (g/hl)
1 2222 93.0 96.2 97.3 91.6 2.44 2.59 2.31 217
2 1331 94.8 95.0 97.1 96.8 2.45 245 2.30 2.29
3 1241 92.6 95.2 97.5 94.5 2.44 2.52 2.31 2.24
23 —_—CA) 5. Conclusions
27 g ‘ A model for predicting the cyclic steady state
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Fig. 8. Comparison between experimental (points taken at half
time period in the cyclic steady state, SMB operation) and
simulated (steady state TMB operation) internal profiles.

behavior of the SMB was developed using the
corresponding TMB approach. This SMB package is
an important learning and training tool used to
predict the effect of operating variables on the
process performance, and so the choice of the best
conditions for the SMB operation.

The separation of bi naphthol enantiomers was
carried out in a SMB pilot unit Licosep 12-26.
Operating conditions for successful operation leading
to high extract and raffinate purities as well as high
recoveries were based on process simulation. Differ-
ent configurations were also tested experimentally in
the SMB pilot unit. For this system, no significant
differences were observed in the performance param-
eters between the three configurations studied.

The SMB package was used to predict the SMB
performance and the steady state internal profiles for
the bi naphthol separation in good agreement with
experimental results.

6. Symbols

Ci fluid phase concentration of component i in
zone j

D, axial dispersion coefficient in the zone j

k mass transfer coefficient

L length of zone j

Peclet number for zone j (=ijj/D,_j)
PRR  productivity for the raffinate

PRX  productivity for the extract

PUR  purity of the raffinate

PUX  purity of the extract

o, volumetric liquid flow-rate in zone j
0, solid flow-rate
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qij average adsorbed phase concentration of
component i in zone j
g adsorbed concentration of component i in

zone j in equilibrium with ¢,
RCR recovery of A in the raffinate
RCX recovery of B in the extract
SCR  solvent consumption for the raffinate
SCX  solvent consumption for the extract
t time

u, solid velocity

g volume of the solid-phase, m’
v, interstitial fluid velocity in the zone j
z axial coordinate

6.1. Greek symbols

@ number of mass transfer units (=kL;/u)

£ bed porosity

Y ratio between fluid and solid velocities
(=v,/u,)

v dimensionless parameter (=y&c,/(1—€)g;))

6.2. Subscripts and superscripts

less retained component
more retained component
eluent

feed

raffinate

extract

M %W T m W )
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