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Abstract The resolution of racemic gas mixtures by sim-
ulated moving bed (SMB) and pressure swing adsorption
(PSA) is investigated by dynamic simulation and optimiza-
tion. Enantiomer separation of inhalation anesthetics is im-
portant because there is evidence that the purified enan-
tiomers may have different pharmacological properties than
the racemate. The model parameters reported in an experi-
mental investigation performed elsewhere are used to study
the feasibility of this separation using SMB and PSA con-
figurations. Both processes were modeled in gPROMS® as
systems of differential algebraic equations. Operating condi-
tions are optimized such that the feed throughput and prod-
uct recovery for each process were maximized subject to
equal constraints on the pressures and superficial gas veloc-
ities. SMB was found to be capable of resolving racemic
feed mixtures with purity and recovery exceeding 99%. On
the other hand, PSA was also able to provide a single puri-
fied enantiomer with low recovery of about 30% which may
limit its application to enantiomer separation. Nevertheless,
PSA consumes less desorbent, and achieves higher through-
put at the sacrifice of lower recovery.
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1 Introduction

The resolution of racemates, one-to-one mixtures of mole-
cules that have the same chemical formula and covalent
bonds but whose atoms have different spatial orientations,
is a particularly interesting problem. About one-third of all
synthetic drugs are marketed as racemates, despite the fact
that drug receptors may differentiate between stereoisomers
in various ways, such that binding likely favors one orienta-
tion over another (Nau and Strichartz 2002). Some of these
stereoisomers are more specifically called enantiomers if
their three-dimensional projections are non-superimposable.
In the past decade, there have been numerous studies that in-
dicate the enantiomers of biologically active molecules have
measurable differences in their toxicity and metabolism
in the human body (Aboul-Enein and Abou-Basha 1997).
More specifically, the mechanism of anesthetic action for
fluorinated volatile anesthetics needs to be investigated fur-
ther in order to design safer general anesthetics with pure
enantiomers (Aboul-Enein et al. 2000). Enabling such re-
search is the primary motivation for the present work.

About 28 million people undergo surgery and general
anesthesia in the U.S. annually. Based on a recent study of
anesthesia mortality in the U.S., it was found that 2,211 peo-
ple died from complications in anesthesia from 1999-2005
(Li et al. 2009). Thus, anesthesia is a leading cause of death
during surgery and leaves room for improvement.

Some investigations of volatile anesthetic compounds
have shown that purified enantiomers may have better phar-
macological properties compared to the racemate. For ex-
ample, isoflurane has been studied by Hall et al. (1994)
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Fig. 1 Chemical structures of enflurane as an example of a chiral in-
halation anesthetic, (isoflurane and desflurane are also common fluori-
nated anesthetics that have similar structures)

and Harris et al. (1994). However, the results of such stud-
ies are inconclusive because pure enantiomers are so scarce
that only a few animal tests could be performed (Nau and
Strichartz 2002; Eger et al. 1997). Hence, there is a need for
increased production of pure enantiomers of volatile anes-
thetics to substantiate these claims. Enflurane, a structural
isomer of isoflurane, is another volatile anesthetic with a
chiral center that requires further investigation (Fig. 1). One
study showed that the metabolism of R-enflurane was twice
that of S-enflurane in the liver, indicating that R-enflurane
is less toxic than the racemate (Garton et al. 1995). Thus, it
may be possible to improve the safety of general anesthesia
by employing an enantiomerically purified anesthetic.

The chiral separation of enflurane and other inhalation
anesthetics has been demonstrated experimentally (Mein-
wald et al. 1991) using capillary chromatography, and
the original separation protocol was improved upon us-
ing a gas chromatographic simulated moving bed (SMB)
process (Juza et al. 1998; Biressi et al. 2000, 2002). Small
particles of octakis(3-O-butanoyl-2,6-di- O-n-pentyl)-y -
cyclodextrin (y-CD) were used as the adsorbent, first an-
alyzed by Konig et al. (1989), which requires a careful syn-
thesis and is rather expensive. R- and S-enflurane have a
slight but exploitable difference in affinity using this chiral
adsorbent. The separation factor is about 1.5 at 33°C.

A SMB process exploits multiple columns connected
in series where port switching occurs between columns to
simulate the countercurrent flow of the stationary phase
(Broughton and Gerhold 1961). Descriptions of the SMB
process and the role of each adsorption zone can be found
elsewhere (for example, Ganetsos and Barker 1993). In this
work, a classical four-column four-zone SMB configuration
(1,1,1,1) was employed characterized by a closed-loop, such
that all of the gas flowing out of the last column in the
series passes through a compressor and is recycled to the
beginning of the loop (Fig. 2). This represents a base-case
design of the SMB process for this study. Significant opti-
mization work has been performed by others to find optimal
liquid phase SMB configurations (e.g. Zhang et al. 2004;
Mota et al. 2007; Kawajiri and Biegler 2008).
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Fig. 2 Schematic of four-zone (1, 1,1, 1) SMB closed-loop configu-
ration. At the current step, the zone number corresponds directly to the
column number (i.e. Column 1 is in Zone 1), and at ¢ = typ the ports
switch position in the direction of mobile phase flow

A typical SMB process consists of the following steps.
At a specified time, called fgep, the inlet and outlet ports
switch such that each flow is transferred from the previous
column to the adjacent column. For example, from the above
schematic, at t = tyep, up and ug are transferred from Col-
umn 1 to Column 2, and likewise u r and u g are transferred
from Column 3 to Column 4. In addition, the stream exit-
ing Column 1 is now diverted to the gas compressor and the
stream exiting Column 4 is sent to Column 1. One switch-
ing interval is called a step, and four steps are called a cy-
cle.

For the purification of pharmaceutical molecules most
SMB processes have been developed applying liquid mo-
bile phases (Schmidt-Traub 2005). In comparison, there are
less applications of SMB technology for gas phase separa-
tions (Storti et al. 1992; Gomes et al. 2009). There are also
applications of SMB in supercritical fluid separations where
typically CO» is utilized as a solvent (Perrut 1994). In the
case considered here, i.e., the separation of the enantiomers
of enflurane (or other volatile anesthetics), the chiral sepa-
ration has been performed in the gas phase where the race-
mate is diluted in nitrogen. To the best of our knowledge this
is the only proven continuous process for achieving enan-
tiomerically pure enfluranes. However, pressure swing ad-
sorption (PSA) may be a viable alternative because it also
operates continuously and is capable of purifying gas com-
ponents with differing affinity for the adsorbent. Although,
to date enantiomer separation has not been investigated us-
ing PSA alone, it has been reported that SMB may be oper-
ated at variable pressure conditions in the adsorption bed
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(Rao et al. 2005), or when assisted by a pressure swing
could achieve complete enantiomer separation with a notice-
able reduction in desorbent consumption over the SMB sys-
tem by itself (Kostroski and Wankat 2008). In general, there
are a number of combinations of gas adsorption processes
that merit further research. Indeed, there exist other config-
urations of adsorption columns with dedicated port switch-
ings and pressure swing steps that have not yet been in-
vestigated systematically (e.g. LaCava and McKeigue 1996;
Cheng and Wilson 2001).

In the present work, the PSA operation is investigated by
dynamic simulation and optimization based on the same sys-
tem parameters used in the experimental SMB work of Juza
et al. (1998) and Biressi et al. (2000, 2002). PSA is based on
changing the total pressure in an adsorption column in order
to manipulate the elution of the gas phase components. It
may be operated with multiple columns in parallel, as well
as with numerous operation steps in a cycle. A more detailed
description of PSA is given by Ruthven et al. (1994). In this
work, a base-case design of a single column with 4 elemen-
tary steps was considered, and each step is defined in Fig. 3.
A PSA cycle consists of these 4 steps.

The dynamic simulation and optimization of gas phase
SMB and PSA processes have been performed by various
researchers recently. Ko et al. (2003) worked on the opti-
mization of PSA for CO; sequestration from flue gas. Mota
et al. (2007) reported optimal SMB configurations and op-
erating conditions for the separation of CHy from CO,.
Huang et al. (2008) showed that PSA could be optimized
to separate H, from CHy. Likewise, Gomes et al. (2009)
investigated the feasibility of using SMB for the separa-
tion of propane from propylene using a numerical optimiza-
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Fig. 3 Schematic of 4-step PSA cycle: 1—pressurization with desor-
bent supplied until high pressure for duration of #ess; 2—adsorption
at high pressure with feed supplied and raffinate collected for dura-
tion of t,qs; 3—depressurization until atmospheric pressure with ex-
tract wasted for duration of fgepress; 4—purge with desorbent supplied
at atmospheric pressure and extract collected for duration of #,urge

tion scheme. Kostroski and Wankat (2008) demonstrated
the enantiomer separation of enflurane with their hybrid
SMB/PSA system along with numerical simulation results.
This research provides insight about how to choose the op-
erating conditions for the process in question. Nevertheless,
no systematic study based on dynamic optimization has ad-
dressed concepts to select an adsorption process out of rival-
ing options until now.

In this work, dynamic simulations and optimizations of
SMB and PSA processes are performed to find the optimal
operating conditions for the enantiomer separation of enflu-
rane. The operating parameters to be optimized include step
times, pressures, and flow rates, at which SMB and PSA
are the most productive while achieving an enantiomerically
pure product. From these solutions, the two processes can be
compared regarding productivity and desorbent consump-
tion.

2 Methodology
2.1 Gas adsorption column model

The modeling of SMB and PSA processes typically begins
with the description of a single fixed-bed or column. The
column packing is assumed to be homogeneous, and the
gas phase is assumed to obey dispersed plug flow behav-
ior at the selected operating conditions such that any spa-
tially dependent variable in the column, such as concentra-
tion, varies with only one spatial dimension, the axial posi-
tion. In addition, isothermal operation is assumed because
the feed is diluted significantly in a carrier gas and the heat
of adsorption can be neglected. These assumptions are typi-
cally made for trace gas phase systems (Ruthven et al. 1994;
Gomes et al. 2009).

With regard to mass balances, both a component mass
balance and an overall mass balance were implemented to
capture the dynamics of convection and adsorption in the
column. The ideal gas law was assumed because the total
pressure and feed concentration of enflurane are relatively
low. Further, we assumed a negligible pressure drop in the
columns at the selected operating conditions. This assump-
tion is frequently used in modeling gas phase chromatog-
raphy (Huang et al. 2008; Ruthven et al. 1994). Hence, the
component mass balance is given by the partial differential
equation:

3y; (2,1 du(z, t
@ n2ED L ndu&D
0z 0z
dyi(z, 1) RT 9q;(z,1)
e TS T
i=1,2,....n (1)
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where u(z,t) is the superficial velocity of the gas phase,
vi(z, t) is the gas phase mole fraction of the ith component,
z denotes the axial position, £* is the overall porosity, ¢ de-
notes the time, R is the gas constant, T is the operating tem-
perature, P (¢) is the total pressure, g; (z, t) is the molar solid
phase concentration of the ith component, and » is the num-
ber of adsorbable components. A constant column pressure
model was considered for the overall mass balance in the
SMB process as well as the adsorption and purge steps of
PSA (Fig. 3, steps 2 and 4):

du(z, 1) RT - 3gi(z, 1)
el Z —

0z TU=EE o1

0

i=1

i=1,2,....n 2)

For the pressurization and depressurization steps of PSA
(Fig. 3, steps 1 and 3), where the column pressure is dy-
namic, the variable column pressure model was used:

ouzn . 1 9P
2z P o

n

o RT N 3gi(z 1)
£)P(t); ot =0

i=1,2,....n A3)

where the total pressure in the column is assumed to change
linearly with time. The inclusion of the overall mass bal-
ance is necessary for gas phase systems because the fluid is
compressible, and during adsorption the local velocity of the
fluid varies.

With regard to mass transfer, the linear driving force
(LDF) model was implemented. The LDF model was cho-
sen because it is realistic to assume a finite mass trans-
fer resistance in the boundary layer of the adsorbent par-
ticles. Also, this model is frequently used in the model-
ing of gas phase adsorption processes (Huang et al. 2008;
Ruthven et al. 1994; Nilchan and Pantelides 1998). The rate
of mass transfer is approximated as a first-order linear dif-
ferential equation using a LDF model in the loadings:

9qi(z,1) =k

Y i(g/"(z,1) — qi(z, 1) )

where k; is the mass transfer coefficient of the ith com-
ponent, qie “(z, 1) is the molar solid phase concentration of
the ith component in equilibrium with the gas phase, and
q,.eq (z,t) — qi(z, t) represents the mass transfer resistance in
the solid phase. The axial dispersion and mass transfer co-
efficients contribute to the column efficiency, but the axial
dispersion term was neglected. Therefore, all band broad-
ening effects are captured by (4) and k;. This simplifies the
modeling of the adsorption processes because the boundary
conditions do not take a differential form.
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With regard to thermodynamics, it was assumed that the
affinity between the adsorbent particles and the gas phase
components reduces to a linear isotherm as described by
Henry’s law:

40y = Hi () DD 5)
where H;(T) is the temperature dependent Henry’s law con-
stant of the ith component. The use of Henry’s law is justi-
fied because the target compounds are assumed to be present
in minor concentrations. This linear model has been used of-
ten to quantify thermodynamics in diluted systems.

2.2 SMB model

In order to obtain the time evolution of the internal profiles
in the column series, the system of algebraic and partial dif-
ferential equations outlined above must be solved numeri-
cally. Equations (1)—(2) specifically require a set of bound-
ary and initial conditions. The boundary conditions for the
jth column are illustrated in Fig. 4 as suggested in the mod-
eling approach of Diinnebier and Klatt (2000). Note that the
outlet variables from the previous column are equal to the in-
let variables of the next column according to the equations:

Pl =P*(@0) j=1,2,..., Neohumn — | (6a)
Povem™ (1) = P (1) (6b)
why @) =ulT @) j=1,2,..., Neotumn — 1 (6¢)
U™ (1) = b, (1) (6d)
Vo =y @0 j=1.2,.... Neohumn — 1 (6e)
Vi (£) = v (1) ()

where Ncolumn 1S the number of columns. In this model there
are four columns and four zones. In Zone 1 the desorbent is
supplied and the extract is withdrawn while in Zone 3 the
feed is supplied and the raffinate is withdrawn. After dura-
tion of fep the zones switch from one column to the next in
the direction of mobile phase flow.

The initial conditions must be specified for the mole frac-
tion of the ith component in the gas phase as well as the
concentration of the ith component in the solid phase. For
the start-up simulation, it is assumed that the gas adsorp-
tion columns are initially filled with desorbent, such that the
concentration of the adsorbable species is zero everywhere
except at the boundary condition:

¥ (2 0=0 0<z<L, j=1,2,..., Neoumn (7a)

4/ (z,0=0 0<z<L, j=1,2,..., Neolumn (7b)
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Fig. 4 Illustration of boundary Desorbent Feed
conditions for the SMB process j j j
u’ (0,¢) y/ (0,¢)=u; (¢) ¥/, (t)+uy(t)y,
in the jth column. The gas (0u1)37 0ur) =t (1) i (1) 0 (6) 3
phase mole fraction and W (0,1) = ug (£)+ul (1) +uj (1)
superficial velocity are
distributed variables such that Y =0
the first ordinate is the axial wup (1) up (1).3ir
position and the second ordinate
is the time. At = fyep all the
. . J J yJ
variables are switched to match B (1) 5143, (1), ¥ s (1)
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j column
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and the SMB process is simulated until the cyclic steady
state (CSS) condition is reached. The CSS condition was
verified by plotting the profiles of the time-dependent vari-
ables, such as raffinate purity, over multiple steps and con-
firming that the profiles remain unchanged. Each step of the
SMB process is identical once the CSS condition has been
reached, and thus it is possible to run a one-step simulation,
where (7a)—(7b) are initialized with the CSS internal profiles
(see Sect. 2.6 on the optimization problem formulation) and
the process is simulated for duration of #sep,. This definition
is important for the optimization strategy.

2.3 PSA model

To obtain the time evolution of the concentration profiles
in PSA, the model (1)-(3) need to be solved numerically
with a set of boundary and initial conditions. The boundary
conditions for the 4-step PSA process are illustrated in Fig. 5
according to the operation strategy discussed previously in
Fig. 2 from Sect. 1. This description of the process is similar
to the one used by Ko et al. (2003).

The initial conditions must be specified for the mole frac-
tion of the ith component in the gas phase as well as the
concentration of the ith component in the solid phase. For
the start-up simulation, it is assumed that the gas adsorption
column is initially filled with desorbent, such that the con-
centration of the adsorbable species is zero everywhere:

vi(z,0)=0
gi(z,00)=0 0<z<L

0<z=<L (8a)
(8b)

and the PSA process is simulated until the CSS condition is
reached. Every cycle of the PSA process is identical at the

y{Lt)=0 y{Lt)=0
L S A 2
u(lL,ty=0 u(lL,t)=up
u(0,)=0 u(0,8) = up
z=0$ z=0% z=0% z=0%
VALY =Yie y,(0,7) —0

Fig. 5 Illustration of the boundary conditions for the PSA process
where the gas phase mole fraction and superficial velocity are distrib-
uted variables such that the first ordinate is the axial position and the
second ordinate is the time

CSS condition and thus a one-cycle simulation is defined
as a process simulation for a single cycle time (Zcycle), the
sum of the times for each step of the cycle. Equations (8a)—
(8b) are initialized with the CSS internal profiles from the
start-up simulation. This definition is important in the opti-
mization strategy (see Sect. 2.6 on the optimization problem
formulation).

2.4 Numerical solution

The SMB and PSA models were simulated in gPROMS®
version 3.2, released by Process Systems Enterprise Lim-
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ited in 2009. The models were solved by the method of lines
(Schiesser 1991), discretizing the axial domain using the
second-order centered finite difference method. Typically,
for the conditions introduced below, 100 axial discretization
points per column were selected for both SMB and PSA.
The difference in the numerical precision of the internal pro-
files when 50, 100 or 150 axial discretization points are used
was checked and was found to be negligible. The number of
cycles required to reach CSS was found to be less for the
PSA process compared to SMB. The CSS conditions are de-
scribed in Sect. 2.6 on the optimization problem formula-
tion.

2.5 System parameters

Based on the experimental studies of Juza et al. (1998) and
Biressi et al. (2000), the system parameters used for the
simulation and optimization of SMB and PSA for the enan-
tiomer separation of enflurane are tabulated below (Table 1).
Unless otherwise stated, it is understood that the given val-
ues were used in both SMB and PSA models. The particle
size of the chiral y-CD adsorbent was 250 to 350 pum, the
overall porosity was measured to be 0.75, and the Darcy’s
law constant was measured to be 6 barsm~2. The pressure
drop observed in the experimental work was about 1 bar
over 8 columns for a total length of 6.4 m (Biressi et al.
2000), and it was assumed that the pressure drop would be
negligible in the systems for this study. This assumption is
frequently used for modeling gas phase systems (Huang et
al. 2008; Ruthven et al. 1994). The Henry’s constants for R-
and S-enflurane were measured at 306 K and are given in Ta-
ble 1. The target molecule, R-enflurane, is the less adsorbed
component in this separation and is therefore collected in
both processes in the raffinate stream. The separation factor
is around 1.5. At a temperature of 306 K the vapor pressure

Table 1 System parameters for the separation of enflurane enan-
tiomers

Parameter Value
Average adsorbent particle size,* dj, [um] 300
Overall porosity,* &* 0.75
Henry’s law constant for R-enflurane,® Hg 118
Henry’s law constant for S-enflurane,” Hy 175
Mass transfer coefficients, kg = kg [s™1 1
Column diameter,? d. [m] 0.015
Single column length, L [m] 0.4
Number of columns, N¢olumn SMB: 4, PSA: 1
Operating temperature, 7 [K] 306
Feed mole fractions, yr r = ys,F 0.018

2From Biressi et al. (2000)
YFrom Juza et al. (1998)
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of enflurane is about 0.4 bar. The mass transfer coefficients
were not directly available for this system; however, the col-
umn efficiency was reported in Biressi et al. (2000). A rea-
sonable value for the mass transfer coefficient was chosen
based on its consistency with the reported column efficiency,
which corresponds to a plate number of approximately 500
Ge. ki=1s"1. A pulse experiment was done in simula-
tion, and it was found that internal profiles were insensitive
to the value of k;.

All of the columns have an internal diameter of 0.015 m
that is consistent with the experimental apparatus reported.
The SMB process has 4 columns as the most basic 4-zone
column configuration. The length of each SMB column was
set at 0.4 m and the total length of the system is 1.6 m, while
the PSA process has a single column with a length of 0.4 m.

The feed mole fractions were selected to be 0.018 for
both R- and S-enflurane, and these are diluted in nitrogen,
an inert (non-adsorbed) carrier gas, such that the total mole
fraction of enflurane in the feed was 0.036. This value is
still small enough to avoid condensation and to justify the
application of linear isotherms. This concentration is also
consistent with the range of feed concentrations used in the
experiments (Biressi et al. 2000).

Nitrogen is employed as desorbent in both SMB and PSA
systems at the system pressure such that the only compo-
nents in each system are R-enflurane, S-enflurane and ni-
trogen. Nitrogen acts as an inert carrier gas in this case, so
the Henry’s law constant is set to zero, and there is no com-
petition between nitrogen and the enfluranes for adsorption
sites.

2.6 Optimization problem formulation

For both SMB and PSA, we consider a multi-objective op-
timization: the maximization of both throughput and target
recovery.

max Throughput (9a)
max Recovery (9b)

The trade-off of these two objectives is investigated by
deterministic dynamic optimization using the e-constraint
method for multi-objective optimization. For SMB, the ob-
jective function is the maximization of Throughput and this
function is constrained by a minimum raffinate recovery de-
fined in (10a)—(10b) below. The problem is formulated as:

max Throughput (10a)
tslep,ul,uz,uz’,u“,P
s.t. Recoverylfafﬁnate > ERec (10b)

where fgep is the time between each port-switching step, ul
is the inlet superficial velocity in the jth zone, P is the total
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pressure. Throughput is the mass flow rate of the feed, and
ERec 1S @ minimum raffinate recovery value that is varied to
generate a Pareto curve. Again, the inlet superficial veloc-
ity, u/ is defined as the velocity of the gas at the location
z = 0 during a particular step of the SMB cycle. Throughput
is not a decision variable, but it is a function of pressure, P
multiplied by the difference between u> and u?, because the
feed is supplied between Zone 2 and Zone 3. It is important
to note that the SMB process has six degrees of freedom.
Furthermore, in optimization of SMB, both raffinate purity
and recovery requirements can be specified independently,
and both constraints are always active at the optimal solu-
tion.

On the other hand, we reformulate the multi-objective op-
timization problem (9a)-(9b) differently, since the reformu-
lation above leads to infeasible optimization problems when
eRec 18 high. Here, the objective function for PSA is to max-
imize the target recovery subject to a minimum throughput
constraint. The problem is formulated as:

Raffinate

max Recovery; (11a)
fadstpurge U F U P, PH
s.t. Throughput > ety (11b)

where f,4s is the time for the adsorption step, fpurge is the
time for the purge step, ur is the superficial velocity of the
feed stream, u p is the velocity of the desorbent stream dur-
ing the purge step, Py is the high pressure reached during
the pressurization step that is maintained during the adsorp-
tion step, Recovery is the percent of R-enflurane recovered
in the raffinate stream defined by (13) below, Throughput is
the mass flow rate of the feed, which is ur multiplied by
Py multiplied by the ratio of the adsorption time to the cy-
cle time, and etp is @ minimum throughput value that is
varied to generate a Pareto curve. To simplify the analy-
sis of the times for the pressurization and depressurization
Steps, fpress and Zdepress Were fixed in the calculations pre-
sented below; both at 30 s. Atmospheric pressure was fixed
as the pressure for the depressurization and purge steps (Pr).
Thus, PSA was considered to have five degrees of free-
dom.

The separation performance of SMB and PSA was evalu-
ated based on the purity and recovery of the light component
defined as:

fot* ur(t)yi(zg, 1) dt

= — Puritylliafﬁnate (12)
Yot fo ur®yi(zr, t)dt
t*
ur(t ,t1)dt e
f() R( ))’I(ZR ) _ ReCOVerylfdtﬁndte (13)

fé* up)yi(zr, t)dt

where t* equals Istep OF fads Tor the SMB or PSA processes
respectively, u g (¢) is the superficial velocity in the raffinate
stream, zg is the characteristic location of the raffinate port,

ur(t) is the superficial velocity of the feed stream, zp is
the characteristic location of the feed port, and the subscript
1 indicates the target R-enflurane. Both (12)—(13) were ap-
plied to the SMB optimization as constraints. The minimum
raffinate purity was fixed at 99% and the minimum raffi-
nate recovery was varied according to the epsilon constraint
method described above. Equation (12) was a constraint and
(13) was the objective function applied to the PSA opti-
mization. Again, the minimum raffinate purity was fixed
at 99%.

There are multiple approaches to this optimization prob-
lem, as were discussed in Kawajiri and Biegler (2006a). The
method of choice for this problem, which allows the simul-
taneous solution of the optimal operating parameters and in-
ternal profiles with a single discretization of the axial do-
main, is to eliminate the computational cost to integrate the
partial differential algebraic equations that describe the tran-
sient dynamics before reaching the CSS (Jiang et al. 2003).

These processes never reach a steady state where all the
time-dependent variables become constant, but instead they
reach a cyclic steady state condition where all the time-
dependent variables are equal at the beginning and end of
a cycle. An important part of this optimization formulation
is the CSS definition because the internal profiles become
decision variables, and the CSS condition must be satisfied
during normal operation to guarantee the required purity and
recovery. Using the LDF model, both the gas and solid phase
concentration profiles make up the set of values needed in
the CSS definition for SMB:

yij(z’ 0) = yz‘Hl(Z’ fsiep) J=1,2,..., Neolumn — 1 (14a)
v (2 0) = v (2. tyep) (140)
4]0 =4/ @taep) =120 Neolumn — 1 (140)
qiNm]umn (z,0) = ‘Iil (2. tstep) (14d)

Therefore, the internal profiles in the jth column match the
internal profiles in the (j + 1)th column at the end of a
step, t = tsep. This is because SMB repeats identical opera-
tions while the components propagate to the columns down-
stream. On the other hand, the CSS definition for the PSA
process can be described as follows:

(15a)
(15b)

¥i(z,0) = yi(z, tcyc]e)
qi(z,0) = qi (2, teycle)

where fcycle is the time for a single PSA cycle, which is the
sum of the four times for the individual steps. Thus, the in-
ternal profiles are equal at each point in the column at the
beginning and end of a cycle.

Both the superficial velocities and pressures were con-
strained by upper and lower bounds. The aforementioned
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constraints were selected to match the experimental condi-
tions used by Biressi et al. (2000, 2002). All upper and lower
bounds specified for these decision variables are given in Ta-
ble 2, and the boundaries are the same for both SMB and
PSA as applicable. Identical upper bounds were employed
since we assume the same operating equipments are used,
such as gas compressors. The lower bounds were set to rea-
sonable values that can be easily realized, and we later con-
firmed that these lower bounds are always inactive at the
optimal solutions.

The optimization problems are also constrained by the
component and overall mass balances described in (1)-(3).
Due to these PDE constraints, the optimization is dynamic
in nature and the Jacobian is obtained from sensitivity equa-
tions (Nilchan and Pantelides 1998).

Each optimization problem was initialized with a feasible
operating condition which were obtained from simulation
in gPROMS®. Then the optimal solutions were found also
in gPROMS® using the SRQPD solver for nonlinear pro-
grams (Process Systems Enterprise 2009). The optimization
algorithm on average converged in two hours depending on
the problem size and the processor speed of the computer.
More details on the optimization strategy are described in
Ko et al. (2003) and Huang et al. (2008).

Table 2 Upper and lower bounds on the decision variables for SMB
and PSA

Decision variable Lower bound Upper bound
Superficial velocity, u [cms™!] 10.7
Pressure, P [bar] 2 4.5

Step time, Zgep [5] 10 10000

Cycle time, Zeycle [s] 10 10000

Fig. 6 Internal profiles of R- u,=4.6 cm st

and S-enflurane resulting from J,
Ve= 0.018

3 Results
3.1 Optimized internal profiles for SMB and PSA

Here we only present the results where 99% raffinate purity
in R-enflurane is achieved. Optimized internal profiles for
SMB and PSA are displayed in Figs. 6 and 8 with the corre-
sponding optimized operating conditions in Tables 3 and 4,
respectively. The plots show the CSS profiles from simula-
tions using the optimum operating parameters.

In the optimal solution, the maximized throughput is
5.0 g enflurane feed day~! cm™3 adsorbent while satisfying
99% raffinate purity and 99% raffinate recovery. The pres-
sure and velocity in Zone 1, where bed regeneration takes
place, are both active at the upper bound. These values in
Zone 1 are the highest in the SMB unit to facilitate fast des-
orption. The internal concentration profiles can be seen in
Fig. 6 to have a nearly symmetrical shape, which is a char-
acteristic of the linear isotherm. Figure 7 shows the efflu-
ent profiles for both enantiomers at the raffinate port dur-
ing a single step of the SMB cycle. At the CSS condition,

Table 3 SMB operating condition for the simulation of the optimal
solution leading to 99% raffinate purity, 99% raffinate recovery and a
throughput of 5.0 g enflurane feed day~' cm~3 adsorbent

Operating parameter Value
Step time, fsep [5] 181.6
Total pressure, P [bar] 4.5
Velocity in zone 1, u' [ems™!] 10.72
Velocity in zone 2, u? [ems™] 7.1
Velocity in zone 3, w3 [ems™ 1) 9.1
Velocity in zone 4, u* [ems™1) 6.1
2Active upper bound
u=36cms? u=20cms? u=3.0cms?

Y v v

al
sssee G

/-—\\(7(\ . \ o :r-\ﬂurane,initi
VA

enflurane, initi
\ al

I/
U e

SMB simulation at the
beginning and end of a step with
operating condition in Table 3. 0.015
The feed mole fraction is 0.018.
The horizontal arrows show the 0.012
. . c .
shift in the profile after #yep. The o !
vertical arrows above the graph g :
show the inlet and outlet flow s 0.009 :
positions and velocities during ° :
the step = 0.006 "“f“ tiii
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this trend is repeated over and over with every step of the
process. It can be seen that the unwanted enantiomer pol-
lutes the product just before the switch, thus, 99% raffinate
purity is achieved. The average outlet concentration of R-
enflurane can be estimated by computing the area under the
concentration curve and dividing by the step time. This value
is about 0.012, which is two-thirds of the feed concentration.
The ability to reach a target recovery as high as 99% is a sig-
nificant advantage for the SMB process.

The optimal operating condition for the PSA process that
maximizes the throughput and recovery is shown in Ta-
ble 4. The maximized raffinate recovery is 27.3% where the
throughput is 16.6 g enflurane day~! cm™ adsorbent while
achieving 99% raffinate purity. From this result, it is con-
cluded that at the sacrifice of recovery, the PSA process can
produce pure R-enflurane at a reasonably high throughput.
Here, the upper bound on the pressure is active during the
adsorption step where it is critical to force the less adsorbed

zis fixed at end of column 3

[

Ye= 0.018

0.015

0.012

= = «R-enflurane

0.009
I = S-enflurane

0.006 l : / \

0.003

Mole fraction

0.000
0 50 100 150 200 250 300 350

Time, [s]

Fig. 7 Mole fraction profiles of R- and S-enflurane at the end of Col-
umn 3 during two steps the of the SMB simulation with operating con-
dition in Table 3. During the step the outlet mole fraction is collected
in the raffinate stream. The feed mole fraction is 0.018, and the step
time is 181 s

component through the column. Also, the velocity during
the purge step is active at the upper bound to minimize the
time for purging the column. In Fig. 8 it is shown how over
time the R-enflurane traverses the column at a faster rate
than S-enflurane; a consequence of their relative adsorption
affinities. Also, R-enflurane has a slight overshoot of the
feed concentration at the peak of the propagation front. This
is due to an incomplete regeneration of the column during
purging. The overshoot effect actually contributes to slightly
increase the target recovery.

In Fig. 9 it can be seen that at about 750 s, the unwanted
component begins to pollute the raffinate stream, and so the
adsorption step is ended at the point where 99% raffinate
purity is achieved (760 s). The average mole fraction of
R-enflurane in the raffinate product is about 0.012, assum-
ing the raffinate collection begins at a breakthrough time of
about 450 s, which is equal to about two-thirds of the feed
concentration. This product concentration is nearly the same

Table 4 PSA operating condition for the simulation of the opti-
mal solution leading to 99% raffinate purity, 16.6 g enflurane feed

day~! cm™3 adsorbent and 27.3% raffinate recovery

Operating parameter Value
up [ems™!] 2.2
up [ems™!] 10.72
Py [bar] 4.5%
Py [bar]® 1.0
Pressurization time, fpress [s]® 30
Adsorption time, f,4s [s] 760
Depressurization time, fgepress [s]P 30
Purge time, fpyrge [S] 210
Cycle time, fcycle [S] 1030

2Active upper bound

YFixed quantity in the optimization

Fig. 8 Internal profiles of R- ue=2.2cmst
and S-enflurane resulting from J,
PSA simulation during the 0.024 e
adsorption step of a cycle with
operating condition in Table 4. 0.02 : enflurane, t
The feed ur is supplied at the ¥¢=0.018 H'_—\ =100s
column entrance and the feed 0.016 1 X assuaiSe
mole fraction is 0.018. The < t \ \ enflurane, t
profiles are plotted at r = 100 S 0.012 - “ =100s
and 500 s where #,49s = 760 s g s ‘ \ \ == =R-
S 0.008 H L enflurane, t
o Y \ \ =500s
= 0004 i) y| ==
1\ k \ enflurane, t
o (N =500s
0 0.1 0.2 0.3 0.4

Axial position, [m]
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as that of the SMB process. Nevertheless, the low value of
27.3% raffinate recovery is a disadvantage. We believe this
is because both enantiomers of enflurane are adsorbed rel-
atively strongly to the stationary phase, and their concen-
trations do not attain a high degree of separation from each
other.

3.2 Comparison of SMB and PSA optimal solutions

The optimal solutions for the SMB and PSA processes are
plotted on a Pareto curve in Fig. 10 showing the enflurane
throughput depending on raffinate recovery. It should be
mentioned again that in all optimal solutions 99% raffinate
purity was achieved, and therefore the target molecule, R-
enflurane can be produced at this purity.

It can be seen that much lower recovery was obtained
from PSA in comparison to SMB; PSA suffers more from
the low selectivity (~1.5) between R- and S-enflurane as
well as their significant affinities for the stationary phase.
For the simplified PSA configuration analyzed here, a ma-
jority of R-enflurane is adsorbed during the adsorption step,
and most of the adsorbed components are, in the classical

Fig. 9 Mole fraction profiles of

configuration, vented out as waste in the following depres-
surization and purge steps, rendering low recovery. Whereas
for SMB, the adsorbed R-enflurane is desorbed by nitrogen
and then re-sorbed or eluted as raffinate product in the fol-
lowing zones.

The trade-off between the maximized throughput and
target recovery requirements is investigated and shown
in Fig. 10. Interestingly, the optimal recovery of PSA
appears to have a linear dependence on the throughput.
Even when the throughput is decreased to 3.8 g enflurane
feed day~! cm™3 adsorbent, the recovery increased only to
29.9%. From this result, it can be concluded that for highly
valuable products such as chiral anesthetic compounds, 4-
zone SMB is more advantageous than the standard 4-step
PSA.

However, Fig. 11 demonstrates a key advantage in the
PSA process, which is reduced desorbent consumption. In
the SMB process, desorbent is supplied continuously at the
highest flow rate to facilitate fast desorption and regenerate
the column in Zone 1. This causes the ratio of desorbent
to feed flow rate, D/F to be relatively large. On the other
hand, the PSA process requires a lesser amount of desorbent

zis fixed at end of column

t,;=760s
R- and S-enflurane at the end of 0.024
the column during the ' !
adsorption and depressurization 0.021 :
steps of a cycle of PSA _ {-—
simulation with operating ¥¢=0.018 4 :
condition in Table 4. During the 0.015 l ;
adsorption step the outlet mole c f i == =R-enflurane
fraction is collected in the 3 0.012 | g — S-enflurane
raffinate stream. The two feed E 0.009 ,' :
mole fractions are again 0.018. e I i
The adsorption time is found to © 0.006 J I
be 760 s s s ! ;
g L
0 200 400 600 800
Time, [s]
Fig. 10 SMB and PSA optimal 30
throughput values depending on “'E 27
raffinate recovery with 99% =] T
raffinate purity as a constraint. % 24 \
The arrows point to the values s 21
where the operating conditions 2 . 18 \ -8-5MB: 99%
are reported in Tables 3 and 4 g E +(-___ Table 4 raffinate purity
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30
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Table 3

20
o
=
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0.0
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% R-enflurane recovered

Fig. 11 D/F ratios for SMB and PSA verses % R-enflurane recovery.
All points correspond to optimal solutions reported in Fig. 10. The ar-
rows point to the values where the operating conditions are reported in
Tables 3 and 4 for SMB and PSA respectively

for column regeneration due to its stepwise operation. Des-
orbent is only supplied during the pressurization and purge
steps of the process, which constitute less than half of the
cycle time. This can be a significant advantage if the prod-
uct concentration must be high, or desorbent cost cannot be
neglected.

The maximized production rate of the SMB was 5.0 g
enflurane feed day~! cm > adsorbent while satisfying a tar-
get recovery of 99%, while the maximized product recov-
ery of PSA was 29.9% at a throughput of 3.8 g enflurane
feed day~! cm™3 adsorbent. These throughput values are
far above those in the non-optimized experimental study re-
ported by Biressi et al. (2000, 2002). This result can be at-
tractive for industrial use as it indicates feasible operating
conditions where a large amount of purified enfluranes may
be produced for pharmacological studies. For further inves-
tigation on the feasibility of these processes, the column ef-
ficiency must be verified by an experimental study. Further-
more, the poor recovery of PSA may be improved by in-
troducing a modified operating strategy or employing multi-
ple columns while maintaining the high throughput demon-
strated in this study.

4 Conclusions and future work

In this work, the resolution of racemic gas mixtures by
SMB and PSA is investigated by dynamic simulation and
deterministic multi-objective optimization. The concentra-
tion profiles and operating conditions at the optimal solu-
tions are investigated and analyzed by dynamic simulation.
Furthermore, the trade-off of throughput and target recov-
ery has been investigated systematically. It has been found
that the SMB process achieves high recovery which can be
as high as 99%, while the recovery using 4-step PSA con-
sidered in this work remains relatively low. Nevertheless,

the higher throughput of the PSA process can be a signifi-
cant advantage for inexpensive feed mixtures. Also, the PSA
process features a low D/F ratio compared to SMB and this
is also economically advantageous if the product concentra-
tion must be high or desorbent cost cannot be neglected.

Our future work will extend our optimization strategy to
cover a wide variety of different adsorption operations and
column configurations. In particular, vacuum swing adsorp-
tion (VSA) as well as the SMB process with pressure swing
assist proposed by Kostroski and Wankat (2008) will be in-
vestigated utilizing our optimization approach. Furthermore,
in order to find the optimal column structure from a number
of different column configurations, the superstructure ap-
proach proposed by Kawajiri and Biegler (2006b) will be ap-
plied to this separation problem. These computational stud-
ies will be validated by experimental work, where the feed
mixture is more highly concentrated and therefore compet-
itive adsorption and non-isothermal behavior must be taken
into account for improved model accuracy.
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