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1 | INTRODUCTION

| Anténio E. Ribeiro'?

| Alirio E. Rodrigues® ® | Luis S. Pais"?

Abstract

The pseudobinary preparative separation of nadolol stereoisomers is performed
by simulated moving bed chromatography (SMB). Using the Chiralpak IA
adsorbent, a new 25:75:0.1 (v/v/v) methanol-acetonitrile-diethylamine solvent
composition was selected to perform the experimental SMB separation and
compare it with the previous results obtained using pure methanol. Using a
2 g L7! total feed concentration of an equimolar mixture of the four stereoiso-
mers of nadolol, the more retained component was fully recovered (100%
purity and 100% recovery), with a system productivity of 0.77 g L™ hour™*
and a solvent consumption of 9.62 L g~'. Comparing these results with the
ones previously reported using 100:0.1 methanol-diethylamine solvent compo-
sition, this work shows that the 25:75:0.1 methanol-acetonitrile-diethylamine is
a better alternative for the preparative separation of nadolol stereoisomers by
SMB chromatography. These results are confirmed by simulation of the SMB
operation for higher feed concentrations, by comparing the performances of
the two solvent compositions using the data obtained experimentally through
the measurement of the adsorption equilibrium isotherms and the kinetic data
obtained for both solvents. The new experimental and simulation results stress
out that the performance of the preparative separation can be improved by a
careful selection of the solvent composition.
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nadolol), referred as the one responsible for the therapeu-
tic action of nadolol drug.® In this pseudobinary separa-

The preparative chiral separation of nadolol stereoisomers
by SMB technology was studied in few recent works. In
2013, Ribeiro et al' reported an upgrade in the analytical
separation of all the four stereoisomers of nadolol, firstly
reported by McCarthy” in 1994, by replacing hexane by
heptane in an alcohol-hydrocarbon solvent. Furthermore,
that work reported the first experimental SMB preparative
separation of the more retained stereoisomer (RSR-

tion, the more retained stereoisomer was collected in the
SMB extract outlet stream, while the other three stereoiso-
mers coeluted and were collected in the raffinate outlet
stream. The separation was performed using a solvent
composition of 80:20:0.3 (v/v/v) ethanol-heptane-
diethylamine and a coated Chiralpak AD chiral stationary
phase (CSP). In 2015, Jermann et al* also reported the
nadolol separation using a three-column intermittent
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simulated moving bed chromatography (3C-ISMB) with a
40:60:0.3 (v/v/v) ethanol-heptane-diethylamine solvent
composition and the same Chiralpak AD CSP.

More recently, in 2016, Arafah et al® presented the
pseudobinary separation of the RSR stereoisomer of
nadolol, using the immobilized Chiralpak IA CSP. A very
extensive screening of CSP-solvent combinations was
presented, and for the same (1 + 2 + 3) / 4 pseudobinary
preparative separation, a set of six possible solvent com-
positions were suggested. Taking into account a good
selectivity, a high solubility of the solute and the indus-
trial advantage of working with a pure solvent, pure
methanol (with 0.1 diethylamine), was used to perform
the referred experimental SMB separation. That work
proved that the immobilized Chiralpak IA is a very inter-
esting alternative to the former coated Chiralpak AD
CSP, since it extends the range of compatibility between
adsorbent and solvent compositions,®® promoting new
possibilities for preparative separation of nadolol stereo-
isomers. It should be emphasized that these chiral adsor-
bents are still the most used ones for preparative chiral
separations due to their high loading capacities.

The choice of the best solvent composition generally
results from a trade-off between different factors that con-
tribute to higher system productivity, namely, high selec-
tivity, short retention times, and high linearity of the
adsorption equilibrium isotherms, besides high solubility
of the solute. In this work, an alternative solvent compo-
sition of 25:75:0.1 methanol-acetonitrile-diethylamine is
used with the same Chiralpak IA CSP. The results
obtained in this work and its comparison with the ones
obtained with pure methanol show clearly how a higher
linearity of the adsorption equilibrium isotherms, with
similar selectivity, can allow a significant improvement
in the SMB system performance. This comparison will
be presented and discussed by means of different experi-
mental and simulation results, namely, through pulse
and breakthrough experiments, adsorption equilibrium
isotherm measurements, and SMB operation.

2 | EXPERIMENTAL

2.1 | Chemicals

The mixture of the four nadolol stereoisomers of nadolol
and 1,2,3-tri-tert-butylbenzene, used as the nonretained
compound, were both obtained from Sigma-Aldrich
(Schnelldorf, Germany). The basic modifier diethylamine
(DEA), methanol (M), and acetonitrile (ACN), all HPLC
grade solvents, were obtained from Fluka (Buchs,
Switzerland). All reagents and solvents were used without
further purification.
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2.2 | Equipment for analytical and
preparative chromatography

Two Knauer HPLC systems were used to perform elution
chromatography, experimental measurements of the
adsorption equilibrium isotherms, and breakthrough
experiments.

The analytical Knauer HPLC system was equipped
with a Smartline UV detector 2520 set at 270-nm wave-
length, one Smartline 1050 pump with a 10-mL pump
head, and a manual injection valve with a 20-uL loop.
Analytical chromatography measurements were per-
formed using a Chiralpak IA column of analytical dimen-
sions (250 mm L X 4.6 mm ID) packed with a 5-pum
particle size material.

The preparative Knauer HPLC system was equipped
with a Smartline UV detector 2520 set at 270-nm wave-
length, two Smartline 1050 pumps with 50-mL pump
heads, and a manual six-port/three-channel injection
valve with a 1000-uL loop. Loading and preparative
experiments were carried out using seven preparative
SMB columns (100 mm L X 21.0 mm ID). These columns
were home-packed with Chiralpak IA bulk material of a
20-um particle size diameter. The chiral stationary phase
Chiralpak TA (3,5-dimethylphenylcarbamate polymer
derivative) is commercially available from Daicel Tech-
nologies Europe (Illkirch, France). The home-packing of
the seven SMB columns was carried out using a Knauer
Wellchrom pneumatic pump K-1900 equipped with a
250 mL minute”" pump head and using isopropanol as
packing solvent.

2.3 | SMB pilot unit

The pseudobinary separation of nadolol stereoisomers
was performed using a pilot SMB unit, completely
designed and built at the LSRE-LCM group and desig-
nated as FlexSMB-LSRE. Six columns were used to oper-
ate the unit with a classic [1-2-2-1] configuration. Both
extract and raffinate outlet streams required two selected
dead-end (SD) flow path, one SD valve in the feed and
eluent streams, and six two-way valves, one per each col-
umn. Four HPLC pumps (VWR International, Radnor,
PA), three with pump heads of 50 mL minute™' and
one with a 10 mL minute™ pump head, were assisted
by two Coriolis flow meters (Bronkhorst High-Tech,
Ruurlo, Netherlands): one measuring the flow rate at
the inlet of section II (after the extract outlet), the other
measuring the extract outlet flow rate. A complete and
detailed description of the FlexSMB-LSRE pilot unit can
be found in previous published LSRE works."*'*
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3 | METHODOLOGY

3.1 | Packing and testing the SMB
columns

A proper packing of the preparative columns is one
important step since good separation performances also
depend on the adequate and similar hydrodynamic
behavior of all the chromatographic columns. Seven
SMB columns were packed with the same Chiralpak IA
20-um bulk material, and using pure isopropanol as the
packing solvent. The quality of all the SMB columns'
packing was validated through elution chromatographic
experiments, using the nonretained compound and the
nadolol mixture. The efficiency of the SMB columns was
also evaluated by measuring the influence of the superfi-
cial velocity, u, = Q / A, upon the height equivalent to a
theoretical plate, HETP = o?L/u? (where Q is the flow
rate, A the column section area, L the column length,
o the peak variance, and y, the first moment of the chro-
matographic peak).

3.2 | Preparative experiments

The mobile phase composition of 25:75:0.1 methanol-
acetonitrile-diethylamine was selected based on the
experimental results previously obtained and published
by Arafah et al.”> The reader is invited to read and con-
fer the results presented in Figure 4 of the referred
publication. Those results represent six possible solvent
compositions to be used to achieve the (1 + 2 + 3) / 4
pseudobinary separation of the more retained stereoiso-
mer of nadolol. To confirm the same adsorption behav-
ior, a new set of elution chromatographic pulses of a
10 g L™" nadolol solution were carried out in a SMB
column for both the 25:75:0.1 methanol-acetonitrile-
diethylamine and the 100:0.1 methanol-diethylamine sol-
vent compositions.

3.3 | Tools for modeling and simulation

The experimental determination of the competitive
adsorption isotherms was carried out using the
adsorption-desorption method. More details related to
this methodology can be founded elsewhere.'*'*> The
Langmuir model is often used to describe the adsorption
behavior. However, for chiral mixtures, this model usu-
ally fails in the prediction of the preparative separation
process. It is well known that the selectivity factor
decreases with the increase of the species concentration.
The Langmuir model does not consider this behavior
since it predicts a constant value over the entire range

of concentrations. A practical way to overcome this limi-
tation is to add a linear term to the Langmuir model.

For the 25:75 methanol-acetonitrile composition,
the three less retained species coelute with very similar
retention times, so the following competitive lin-
ear + Langmuir model was found to better describe the
adsorption behavior:

* Qb123ci
E " 14 byp3(Cy + Cy + C3) +byCy W
considering the three less retained stereoisomers, and
. b,C
6, = mCy + — @

1+ b123(Cy + C2 + C3) + bsCy

for the more retained stereoisomer, where q;‘ and C; are,
respectively, the solid and the liquid concentrations of
component i and m, Q, by,3, and b, are the adsorption
equilibrium isotherm parameters. These parameters were
estimated using the Levenberg-Marquardt algorithm.

Fixed-bed experiments were performed to validate the
adsorption equilibrium isotherm model by comparing the
experimental and the theoretical breakthrough chromato-
graphic curves (saturation and regeneration steps). These
experiments were also used to estimate kinetic data, ie,
axial dispersion and mass transfer resistance. When deal-
ing with preparative chiral separations, it is normally
accepted the use of a linear driving force (LDF) model
to describe the mass transfer phenomena.'* The fixed-
bed adsorption behavior was predicted by simulation,
using the PDECOL package based on the method of
orthogonal collocation in finite elements.

The transient SMB model was used to predict the
SMB operation conditions. This model takes into account
axial dispersion, mass transfer resistance, the FlexSMB
unit's dead volumes, and the consequent corrective
switching time delay.'' The simulations were carried
out using the gPROMS software package (v.3.0.4) from
Process System Enterprise (UK), being the flow rates for
sections II and III chosen inside the separation region
defined by the equilibrium theory.'>'®

The main SMB performance parameters are purity,
recovery, system productivity, and solvent consumption.
Both SMB extract and raffinate outlet streams must sat-
isfy the purity and recovery specifications. The main
objective of the present pseudobinary separation is to
obtain the target compound (the more retained stereoiso-
mer) in a pure form. It is assumed that the more retained
compound will be completely recovered in the extract
stream, while the other three compounds will coelute
and be completely recovered in the raffinate stream.
According to these assumptions, the extract purity
(PUX, %) is defined as the ratio between the mean



ARAFAH ET AL.

WILEY——%

concentration of the more retained compound and the
sum of the mean concentrations of all the four com-
pounds in the extract stream,

<C¥>
— 3)
21 <Cf >

Similarly, the raffinate purity (PUR, %) is defined as
the ratio between the sum of the mean concentration of
the three less retained compounds and the sum of the
mean concentrations of all the four compounds in the
raffinate stream,

Y <Ch> @
Z?:l <Cf>

PUR =

The recovery in the extract stream (RCX, %) is defined

as the ratio between the amount of the more retained

compound obtained in the extract and the total amount
of the same compound fed to the system,

Qx < Cf >

RCX = 4
Qr < Cf >

5

The system productivity (PR, arget product Lbed D)
is defined as the amount of the target compound obtained
in the extract outlet stream per total volume of bed and
per time,

 Qx<Ci>
— Vi

PR (6)

The solvent consumption (SC, Lgoivent Starget produet_l)
is defined as the ratio between the total amount of sol-
vent fed to the system (eluent and feed) and the amount
of the target compound collected in the extract outlet
stream,

Qe + Qp

SC="x<
Qx < CX>

(7
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More information about the methodology and model
equations used for fixed-bed and SMB modeling and sim-
ulation can be found in previously published works."*”-*®

4 | RESULTS AND DISCUSSION

4.1 | Loading pulses

As it was mentioned before, when choosing the solvent
composition, there is a trade-off that must be settled
between high selectivity and short retention times. In
order to confirm the results previously obtained using
both the pure methanol and the methanol-acetonitrile
solvents, elution pulses were carried out with one SMB
column. To approach the preparative and production
conditions, a big injection volume (1000 uL) and a high
nadolol feed concentration (10 g L™') were used. The
obtained results are presented in Figure 1 and confirm
the previously published results by Arafah et al.”

The pure methanol composition allows high selectiv-
ity values between the more retained compound and the
three less retained compounds. However, the use of this
solvent also introduces a higher nonlinearity (peak tail-
ing) for the more retained compound, when compared
with the behavior found for the 25:75 methanol-
acetonitrile solvent. The use of this 25:75 methanol-
acetonitrile composition, despite representing a loss in
selectivity, allows a significant reduction in retention
time and peak tailing for the more retained species,
which can lead to a significant enhancement of system
productivity, mainly at high feed concentrations. This
behavior should be further explored and checked by mea-
suring the adsorption equilibrium isotherms and through
breakthrough experiments.

4.2 | Adsorption equilibrium isotherms

The adsorption equilibrium isotherms of the nadolol mix-
ture were measured experimentally using the adsorption-

2-0 T T T T
a ] 25M/75ACN
2 1.5 - | | R
@
©
8 1.04 .
=
E
8 0.5 - 1
>
=2

0.0 . . ; .

0 5 10 15 20 25

time (min)

FIGURE 1 UV-normalized response to a pulse of nadolol using a mobile phase composition of 100:0.1 methanol-diethylamine (left) and
25:75:0.1 methanol-acetonitrile-diethylamine (right) in one SMB column (C " = 10.0 g L™; Q = 5.0 mL min~"; injection volume = 1000 uL)
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desorption method. The equilibrium data were experi-
mentally measured for the 25:75 methanol-acetonitrile
solvent composition, using a SMB column and five
nadolol feed concentrations (2, 4, 6, 8, and 10 g L.
The previously presented linear + Langmuir model was
used to fit the experimental adsorption equilibrium data.
The obtained results are presented in Figure 2 (left) and
show a good agreement between experimental data
(points) and the predicted adsorption equilibrium behav-
ior (lines). It should be pointed out that, using the 25:75
methanol-acetonitrile solvent composition, the three
less retained nadolol components overlap with very simi-
lar retention times, and so, they were considered to elute
together. The obtained model parameters are m = 0.6947,
Q = 5874 g L', bip3 = 2449 x 10> L g', and
b, =1.547 x 107" L g~', with a normalized standard devi-
ation of SD = 0.134. Comparing these results with the
ones obtained for pure methanol,’ it can be concluded
that the 25:75 methanol-acetonitrile solvent presents a
higher linearity of the adsorption equilibrium isotherm,
particularly for the more retained component 4 (a
by, =1.547 x 107" L g ' versusa b, = 4379 x 107" L g
~! for the pure methanol solvent).

Figure 2 (right) presents the experimental and the
predicted values of selectivity as a function of the nadolol
feed concentration. Comparing these results with the
ones reported for pure methanol,” it can be stressed out
that the initial higher selectivity using pure methanol
(2.1 versus 1.9) does not remain at high nadolol feed con-
centration. In fact, going from a diluted to a 10 g L™" feed
solution, the loss in selectivity between the more and the
other three less retained components is less pronounced
using the 25:75 methanol-acetonitrile solvent (from 1.9
to 1.6 for 25:75 methanol-acetonitrile versus from 2.1 to
1.5 for pure methanol). Therefore, it is expected the
25:75 methanol-acetonitrile solvent composition will
allow an improvement in the preparative performance
of the (1 + 2 + 3) / 4 pseudobinary separation.

4.3 | SMB column efficiency

After packing, all SMB columns were tested to evaluate
the packing quality through pulses and breakthrough
measurements. One SMB column was selected to perform
the HETP measurements. This study was carried out by
injecting a 2.0 g L™" nadolol solution using three different
flow rates (5, 10, and 15 mL min~"). The obtained results
are presented in Figure 3 for both the pure methanol and
the 25:75 methanol-acetonitrile solvent compositions.
These results show that HETP for the more retained
compound remains constant using 25:75 methanol-
acetonitrile (400 wm), while increases for pure methanol
(from 400 to 700 um). This is an additional indication that
25:75 methanol-acetonitrile can lead to better separation
performances, particularly at preparative conditions (high
flow rates and feed concentrations).

4.4 | Fixed-bed adsorption behavior

In order to study the fixed-bed adsorption behavior and to
validate the linear + Langmuir adsorption equilibrium
isotherm model, breakthrough measurements (saturation
and regeneration) were performed. The prediction of the
axial dispersion was carried out using the nonretained
compound leading to a Peclet number of 1000; a nadolol
feed solution was used to predict a value for mass transfer
resistance of k = 1.0 second™. Figure 4 presents the
experimental (points) and the predicted results by the
selected adsorption equilibrium isotherm model (lines).
It can be concluded that there is a good agreement
between the experimental adsorption behavior (points)
and the one predicted using the selected linear + Lang-
muir model (lines). Comparing the results presented in
Figure 4 with those previously published for the pure
methanol solvent composition,S it can be confirmed the
higher retention time of the more retained compound.
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o Components 1,2 and 3
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FIGURE 2 Comparison between experimental and model results on the adsorption equilibrium isotherms for nadolol stereoisomers using

25:75:0.1 methanol-acetonitrile-diethylamine solvent composition. Figure 2 (left), for the multicomponent adsorption equilibrium isotherms
and its fitting to a linear + Langmuir competitive model, Equations 1 and 2. Figure 2 (right), for the selectivity between the different nadolol
stereoisomers as a function of feed concentration and its fitting to the same linear + Langmuir competitive model
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FIGURE 3 Height equivalent to a theoretical plate (HETP) as a function of superficial velocity for a SMB home-packed column using a
mobile phase composition of methanol-diethylamine 100:0.1 (left) and 25:75:0.1 methanol-acetonitrile-diethylamine (right). Open and
closed circles for the three less and the more retained nadolol stereoisomers, respectively. (C FT =20¢g L™' Q =5, 10, and 15 mL min™;

injection volume = 100 uL)
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FIGURE 4 Saturation (adsorption) and regeneration (desorption) curves for a 9.7 g L' nadolol racemic feed concentration and a 25:75:01
methanol-acetonitrile-diethylamine solvent composition. Comparison between experimental (points) and simulation (lines) results. Flow
rate: 5 mL minute™". Model parameters: ¢ = 0.4; Peclet number (Pe) = 1000; k = 1.0 second ™", and the linear 4+ Langmuir model parameters

But, more significantly, the roll-up phenomenon for the
three less retained species using the 25:75 methanol-
acetonitrile solvent is strongly reduced (almost inexistent
at the obtained experimental data), as well as the tailing
for the more retained component at the desorption step.
These are, once again, both clear signs of the less nonlin-
earity of the adsorption equilibrium isotherm using the
25:75 methanol-acetonitrile solvent.

4.5 | SMB pseudobinary separation

The experimental pseudobinary separation of the
nadolol stereoisomers was performed in the FlexSMB-
LSRE pilot unit. In order to avoid the damage of the sta-
tionary phase, a maximum pressure drop of 35 bar was
set at section I, representing, for the 25:75 methanol-
acetonitrile solvent composition, a maximum flow rate
of Q; = 35 mL minute™’. The SMB operating conditions
were predicted based in the equilibrium theory applied
to nonlinear systems.'””> A detailed description of the
methodology used in the definition of the SMB operating
conditions can be found elsewhere.! Figure 5 presents

30— : -
25
| & )
= *
= 20
1.5- .
® RUN1
i ¢ RUN2 -
1.0 F——
1.0 1.5 2.0 2.5 3.0
!

FIGURE 5 SMB complete separation region (equilibrium theory)
and experimental SMB operating points (RUN1 and RUN?2) for the
pseudobinary separation of the more retained nadolol stereoisomer,
using Chiralpak IA CSP, the 25:75:0.1 methanol-acetonitrile-
diethylamine solvent composition and a 2 g L ™" nadolol feed
concentration
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the predicted region of complete separation for a feed
solution of 2 g L', as well as the experimentally mea-
sured yXyy points for the two SMB experimental runs.

The unit was operated using a conventional SMB
mode with a [1-2-2-1] configuration. The extract and the
recycle flow rates were measured and monitored by
means of two Coriolis flow meters. The extract and
raffinate flow rates were also monitored by means of
the total weighted recovered mass in each outlet over
each complete cycle. This procedure was carried out for
all the 28 cycles of SMB experimental operation. The
extract and the raffinate collected samples were analyzed
by HPLC to evaluate the concentrations of all the four
stereoisomers in the outlet streams.

Figure 6 presents the transient evolution of the
nadolol stereoisomer concentrations in the extract and
raffinate outlet streams during SMB operation for both
runs: RUNI1 from initial to cycle 9 and RUN2 from the
end of cycle 9 to cycle 28 (RUN2 started from the
achieved cyclic steady state of RUN1). The cyclic steady
state for RUN2 was considered to be obtained when both
the extract and the raffinate concentrations do not change
more than 5% during five successive cycles. At that point,
several samples were collected and analyzed to obtain the
internal concentration profiles, using a six-port valve
installed after the end of section IV. These samples were
collected at different intervals (25%, 50%, 75%, and 90%)
of the switching time.

Figure 7 presents the experimental (points) and
simulated (lines) internal concentration profiles at the
cyclic steady state of SMB operation (cycles 20, 22, 24,
and 26). It should be pointed out that the presented inter-
nal profiles show two small plateaus near the extract and
raffinate outlets due to the dead volumes of the FlexSMB-
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0.25

0.20 1

...
*%s0a

0.151 v
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o CHCHC,
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a g © © Q0n
" T
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12 16 20
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4 8

28

C,+C+C, and C, (g/L)

C+C,+C,and C, (g/L)

Columns

FIGURE 7 Experimental (points) and predicted (lines) internal
concentration profiles at the cyclic steady state during the SMB
operation (RUN2; cycles 20, 22, 24, and 26). Open and closed circles
for the total three less retained and the more retained stereoisomer,
respectively. Model parameters used as in Figure 6

LSRE pilot unit that are also taken into account in the
simulation and control software.

The main SMB experimental operating conditions
and performance parameters are presented in Table 1
(internal and external flow rates, switching time, and
the corresponding y values defined for the equivalent true
moving bed operation).

RUN1 allowed a maximum system productivity of
0.84 g L™" hour™'. However, this run led to both extract
and raffinate outlet-contaminated streams due to the
incomplete recovery of the more retained compound in
the extract and the incomplete recovery of the three
less retained species in the raffinate. In order to achieve
a complete separation, a second run was carried out,

1.50 RUNT T RUNG T T

(cycles 0-9) (cycles 9-28)

1.25

1.00

0.751

0.50+ 1
RAFFINATE

o C+C,+C, |
e C,

0.254
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24

oj._%
4 8 12 16 20
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28

FIGURE 6 Experimental (points) and predicted (lines) transient evolution of the nadolol stereoisomer concentrations in both the extract
(left) and raffinate (right) outlet streams for the two SMB runs: RUN1 from initial to cycle 9 and RUN2 from the end of cycle 9 to cycle 28
(RUN?2 started from the achieved cyclic steady state of RUN1). Open and closed circles for the total three less retained and the more retained
stereoisomer, respectively. Model parameters used: bed porosity, ¢ = 0.4; mass transfer coefficients, k = 1.0 second™*; Pe = 1000; and

linear 4+ Langmuir isotherm parameters
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TABLE 1 SMB experimental runs for the pseudobinary separation of the more retained nadolol stereoisomer using the FlexSMB-LSRE

pilot unit with Chiralpak IA CSP and 25:75:0.1 methanol-acetonitrile-diethylamine solvent composition

RUN

CFTr g L_l
2.00

2.00

Internal Flow
1

Rates, mL min~ mL min~
Q, =344 Qr =204
Q=174 Qr =7.00
Qy =244 x = 16.9
Q=138 Qr = 10.6

{ = 1.82 min Qrrc = 14.0
Q; =345 Qr = 20.5
Qy =182 Qr =49
Qyy =231 Qx =163
Q=139 Qr=93

{ = 1.82 min Qrrc = 14.0

1

External Flow Rates,

TMB y Values
yr = 3.5221

Y = 1.2920
yur = 22125
Yiv = 0.8181

71 = 3.5371

yir = 1.3931
Y = 2.0422
Y1 = 0.8260

Performance Parameters

PUX = 95.9 %

PUR = 93.3 %

RCX = 93.1 %
PR=084 g L' h™"
SC=943Lg"
PUX = 100.0 %

PUR = 100.0 %

RCX = 100.0 %
PR=077gL™ h'!
SC=962Lg"

Performance parameters were experimentally measured during the whole cycle 9 for RUN1 and during the cyclic steady state obtained during cycles 20, 22, 24,
and 26 for RUN2.
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FIGURE 8 Prediction of the SMB performance for the pseudobinary separation of nadolol stereoisomers using 25:75 methanol-
acetonitrile (solid line) and pure methanol (dashed line) as solvents. Regions of complete separation (using equilibrium theory) for
2g L™ A, and 10 g L' B, and SMB system productivity C, and solvent consumption D, as a function of nadolol feed concentration

changing the yxyy; values to a point more inside the tri-
angle. The experimental results obtained for RUN2 show
that, fora2 g L~! feed solution, both extract and raffinate

outlet streams were collected 100% pure (and with 100%
recovery), with a system productivity of 0.77 g L™ hour
~! and a solvent consumption of 9.62 L g™
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Using the pure methanol solvent and a nadolol feed
concentration of 2 g L™, for the complete separation (both
purity and recovery of 100%), the experimental reported
values for system productivity and solvent consumption
were 0.33 g L™ hour " and 26.1 L g, respectively.” In this
way, the present work shows that the 25:75 methanol-
acetonitrile solvent allows better experimental performance
parameters for the same (1 + 2 + 3) / 4 pseudoseparation.

These experimental results must be further validated
and compared by simulation as both (the experiments of
this work and the ones published by Arafah et al’) were
obtained with SMB operating conditions away from the ver-
tex points. The improvement of system productivity by
using the 25:75 methanol-acetonitrile solvent composition
instead of pure methanol was then confirmed by simula-
tion. Figure 8A and 8B presents the predicted separation
regions using a feed nadolol concentration of 2 and
10 g L™, respectively. The correspondent vertex points
of each triangle obtained by using the equilibrium theory
correspond to the best system performance to be expected
for a given feed concentration. Figure 8B clearly shows
that increasing the nadolol feed concentration to 10 g L
~!, the system performance is significantly better using
the 25:75 methanol-acetonitrile solvent than for pure
methanol. The same conclusion can be extensively found
at Figure 8C and 8D, where system productivity and sol-
vent consumption (evaluated at the correspondent vertex
points) are calculated as a function of the nadolol feed
concentration for both solvent compositions. For
instance, using a nadolol feed concentration of 10 g L
~!, the system productivity is 46% higher and the solvent
consumption is 30% lower when using 25:75 methanol-
acetonitrile rather than pure methanol.

5 | CONCLUSIONS

The pseudobinary separation of the nadolol stereoisomers
was performed by simulated moving bed technology.
The preparative separation was performed using the
immobilized Chiralpak IA adsorbent and a new 25:75:0.1
methanol-acetonitrile-diethylamine solvent composition.
This work presents an important improvement of the SMB
performance when compared with the previous results
obtained with 100:0.1 methanol-diethylamine solvent.” In
this way, the present work stresses out that a proper selec-
tion and optimization of the solvent composition can repre-
sent an important improvement on the performance of the
preparative separation process. Particularly, it shows that
the selection of the solvent composition should not be based
only on comparing selectivity in pulse experiments, and
that a deeper analysis should be carried out by measuring
and comparing the adsorption equilibrium isotherms and

the performance of breakthrough experiments at high feed
concentrations (the ones to be used at SMB operation).

The (1 + 2 + 3) / 4 pseudobinary separation of the
most active stereoisomer of nadolol (RSR-nadolol) was
performed using the FlexSMB-LSRE pilot unit. Using a
feed solution of 2 g L™, the more retained component
was experimentally collected in the SMB extract outlet
stream with a recovery and purity of 100%, a system pro-
ductivity of 0.77 g L™" hour™", and a solvent consumption
of 9.62 L g~'. Comparing these results with the ones
previously published® using pure methanol as solvent, it
was observed an important increase in the experimental
SMB performance parameters. This improvement was
fully confirmed by simulation, using the experimental
equilibrium and kinetic data, particularly at high feed
concentrations. The less nonlinearity of the adsorption
equilibrium isotherms for the 25:75 methanol-acetonitrile
solvent leads to a smaller reduction of the SMB separa-
tion regions with the increase of the feed concentration,
allowing better SMB performances when compared with
the former pure methanol solvent.

The results presented in this work underlined the
utmost importance of the proper choice of the solvent
composition for SMB operation, based on a methodology
using the experimental measurement of the adsorption
equilibrium isotherms and kinetic data, together with
simulation tools for the SMB operation, and how this
optimization procedure should be carried out at prepara-
tive (production) conditions, ie, high flow rates and high
feed concentrations.
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