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Abstract

The simulated moving bed (SMB) technology offers the possibility of scaling up single column, batch chromatographic
Separations to continuous operation. This has proved particularly effective for the separation of enantiomers, and has been
applied in the liquid and gas phase, as well as using a supercritical fluid as eluent (SF-SMB). In the last case, the main
performance improvements are due to the possibility of tuning the elution strength of the mobile phase, by changing the
pressure in the four sections of the SMB unit. Thus a SF-SMB can be operated in two modes, i.e. the isocratic and the
pressure gradient mode. In this research, design criteria for these two operating modes have been developed, which can be
applied to systems described by linear as well as nonlinear Langmuir adsorption isotherms. The role and effect of an
appropriate modifier in increasing solubility and reducing retention times have been investigated. The results reported allow
to identify the operating conditions, including the pressure levels and the modifier concentration, which lead to optimal
separation performance in terms of productivity and desorbent requirement. [ 2001 Elsevier Science BV. All rights
reserved.

Keywords: Simulated moving bed chromatography; Supercritical fluid chromatography; Langmuir isotherm; Adsorption
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1. Introduction

The simulated moving bed (SMB) technology has
attracted more and more attention in the last few
years for the separation of fine chemicals and
pharmaceuticals, particularly for the case of chiral
compounds. This is a continuous unit operated in a
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cyclic mode which reproduces the performance of
the equivalent true moving bed (TMB) unit illus-
trated in Fig. 1. This is divided into four sections,
each congtituted of a counter current adsorption
column which plays a specific role in the separation.
Let us consider a feed mixture consisting of a more
retained species (A) and a less retained one (B)
dissolved in the eluent. The separation is obtained in
the two central sections, where A is carried by the
solid-phase to the extract outlet and B is carried by
the mobile phase to the raffinate outlet. The eluent is
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Fig. 1. Scheme of a four-section true moving bed (TMB) unit for
the binary separation of a more retained species A and a less
retained species B.

fed to the bottom of section 1, so as to desorb A and
regenerate the adsorbent solid, before it is recycled
to section 4. On the other hand B is retained in
section 4 and the pure eluent is recycled to section 1.
In practice the movement of the solid is not feasible
(especidly in terms of retaining the separation
efficiency) and the TMB is replaced by the SMB
configuration (Fig. 2) where the adsorption beds are
fixed and the counter-current solid movement is
simulated by periodically switching the inlet and
outlet ports of the unit in the same direction of the
fluid flow. An open loop 3-3-3-3 configuration (three
chromatographic columns per section) is shown in
Fig. 2, where the outlet from section 4 is not
recycled directly, but collected and recycled off line.

Most SMB applications use liquid eluents (HPLC-
SMB) [1-3], athough a few examples exist of units
operated in the gas phase (GC-SMB) [4]. On the
other hand, chromatographic separations using super-
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Fig. 2. Scheme of a four-section simulated moving bed (SMB).

critical eluents (SFC) for both analytical and pre-
parative purposes are becoming more frequent [5]
and in severa instances the question arises about
scaling up these techniques to a continuous SF-SMB
unit (SMB using a supercritical fluid as eluent). The
well known advantages of SFC, namely easy sepa-
ration of products and solvent and full compatibility
of the most common solvent (i.e. CO,) with products
used by humans, are in fact maintained also in the
SMB process.

However, in order to make this technology com-
petitive in the market and to exploit its potential, it is
necessary to fully understand its operational charac-
teristics. An important characteristic of SF-SMB is
that its performance can be improved by taking
advantage of the tunability of the physical properties
of near critical solvents [6]. For example, since the
partition coefficient of a solute between stationary
phase and supercritical solvent depends on the
solvent density, this can be significantly atered by
changing the operating temperature and pressure. For
a chromatographic process, operating at higher
supercritical fluid density results in the solute eluting
faster. In terms of the different function of each
section in the TMB unit described above, it is clear
that a decreasing density gradient in the four sections
of the unit, produces a correspondingly decreasing
gradient of elution strength, thus leading to a better
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performance when compared to a constant density
profile, where a constant elution strength is kept in
the unit. This is clearly obtained by setting the
elution strength at a maximum in section 1, where
the more retained component must be eluted, and at
a minimum in section 4, where the less retained
component must be adsorbed by the stationary phase.

This concept has been applied experimentally by
inducing the density gradient through a suitable
pressure gradient. In particular different pressure
values in each section of the unit have been realized
using a system of back pressure valves placed
between each pair of columns, while pressure drop in
each column in this context represents only a minor
variation. A quantitative comparison of the SF-SMB
performance when a pressure gradient is applied
(pressure gradient mode) or when pressure is main-
tained uniform (isocratic mode) has been shown for
the separation of two fatty ethyl esters (GLA, i.e.
v-linoleic ethyl ester; and DHA, i.e. docosahexaenoic
ethyl ester) on C,, bounded silica [6].

Another important aspect of SF-SMB relates to the
possibility of using a solvent modifier. Most of the
separation processes of industrial interest involve
high molecular mass, polar organic molecules that
show a low solubility in pure carbon dioxide and
cannot be eluted on standard stationary phases, e.g.
those based on silica To overcome this problem,
small amounts of an organic solvent (modifier) are
usually added to CO,. The modifier is believed to act
both in the fluid phase (by increasing the solubility
of the solute) and in the stationary phase (by
deactivating strongly polar groups, e.g. silanols). The
net effect is a decrease of the retention time when
increasing the modifier concentration. Therefore the
choice of the modifier concentration increases the
degrees of freedom of the process and must be
considered while designing the operating conditions
of SF-SMBs.

Finally, in order to best take advantage of these
operational parameters, a simple and synthetic design
procedure for the SF-SMB unit is needed where all
these different aspects can be accounted for. In the
case of liquid phase SMBs, such procedures are
based on the so-called triangle theory [7]. Recently,
this theory has been extended to derive criteria for
the design of optimal and robust operating conditions
for an SF-SMB unit, where the system is described

by linear adsorption equilibria [8]. The shape and
position of the complete separation region in the
operating parameter space for pressure gradient and
isocratic operating mode have been determined and
compared. The obtained results confirm the ex-
perimental observations mentioned above.

However, SMBs are most conveniently operated
under overload conditions, since in general when
increasing the overal feed concentration of the
species to be separated, both productivity and solvent
consumption improve. However, this usually implies
operating the unit in the region where nonlinear
competitive adsorption equilibria apply. Accordingly,
we need criteria for the design of binary separations
under such nonlinear overload conditions.

In this work we extend the triangle theory to the
design of an SF-SMB separation carried out in the
pressure gradient mode. To do this, two main
features must be taken into account. First, since the
adsorption thermodynamics depends on the solvent
density value in each section of the unit, different
adsorption isotherms must be used in the different
sections of the unit. Secondly, rater complex hydro-
dynamic phenomena must be accounted for; these
occur at the beginning of each time period when the
valves and the columns switch and the set-point
pressure values in each SMB section are stabilised.

The models used to describe the adsorption
equilibria corresponding to different solvent density
values are presented and discussed in Section 2. In
Section 3 the equivalence between a SMB and a
TMB unit is revised in genera first, and then
specialized to the case of SF-SMBs. The design
criteria for SF-SMB units are derived in Section 4
using the same approach adopted for a SMB unit,
where the elution strength gradient is realized
through a temperature gradient imposed along the
sections of the unit [9]. Finaly, in Section 5, a
procedure is developed to analyse the SF-SMB
performance in order to determine the optimal
operating conditions.

2. Adsorption isotherm models
In the case of low fluid phase concentration of the

components to be separated, the adsorption equilibria
under supercritical conditions can be described by a
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linear relationship between adsorbed and fluid phase
mass concentrations:

n, =Hc (i=AB) )

where the coefficient H, is the dimensionless Henry
constant of component i and its dependence on
density can be empirically accounted for through the
following relationship [10]:

m=r(2) o-a) @)

where H, and H? are the Henry constants of com-
ponent i at the operating and reference densities p
and p°, respectively, and b, is an empirical coeffi-
cient specific for the fluid and solid-phase at equilib-
rium, which depends upon temperature.

The addition to the eluent of a modifier, e.g. a
polar acohol to supercritical carbon dioxide, results
in a reduction of the Henry constant. Although in
genera the dependence of H, on the modifier con-
centration, c,,,, can assume different functional forms,
for the sake of simplicity but without loss of
generality in our analysis the following relationship
derived from chromatographic measurements is
adopted [11]:

1
—_=aicm+di

i (i=AB) 3)

Here c, is the modifier concentration and a, and d,
are two empirical constants, which depend on the
chromatographic system considered. Thus, in order
to account for the effect of both density and modifier
concentration on the Henry constant, we use Eqg. (3)
to express the Henry constant at the reference
density, H’, and substitute it into Eq. (2). The
resulting expression for H, as a function of both p
and c, is

0\ b
H, = ;(,;_) (i=AB) (4)
oac,td\ p '
In the following we aso use Eg. (1) in the form:
n; =H5w i=AB j=1,...4 5)

where w, ; is the weight fraction of component i in
the jth section of the SMB and:

H¥ =Hp (6)

where p, is the fluid density in section j.

As mentioned above, increasing the fluid phase
concentration value leads to nonlinear competitive
adsorption equilibria. The simplest effective model
to describe this behavior is the classica Langmuir
isotherm:

NK.c .

i TN

n =
1+ K,
|

NiKi*,jWi,J ( AB i 1 4)
= i=AB j=1,...,
1+2 K w, |

()

where K, =K;p, while N and K; indicate the
loading capacity and the equilibrium constant of the
solute i, respectively. Note that, in the limit of small
fluid phase concentrations, the Langmuir isotherm
approaches the linear isotherm, where H; = NK,,
hence Eq. (4) applies.

3. Analysis and modeling of an SF-SMB unit

The pressurization and depressurization dynamics
after valve and column switch is of key importance
for an SF-SMB unit operated in the pressure gradient
mode, since it affects both the adsorption fronts
position and the mass balances. Furthermore, only
when this phenomenon is properly taken into ac-
count, consistent equivalence relationships between
the SF-SMB and the SF-TMB units can be estab-
lished, and the design criteria derived for the SF-
TMB unit can be applied to the SF-SMB.

3.1. Pressure changes during S--SMB operation

The goal of this section is to describe the behavior
of the SF-SMB wunit during the pressurization/de-
pressurization period that occurs at the beginning of
each time period after valve switch.

Let us consider the SF-SMB unit in Fig. 2, when
operating in the pressure gradient mode. Each sec-
tion j isin general constituted of n; chromatographic
columns and it is kept at a pressure P, with P, =
P,=P,=P, and accordingly p,=p,=p;,=p,.
Obvioudly the isocratic mode can be regarded as a
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special case of the pressure gradient mode defined
above, where al pressure levels are the same. As
shown in Fig. 3, each node between two columns is
connected to the five inlets and outlets through on—
off valves, while a back-pressure regulator keeps the
pressure in the upstream column at the set-point
level. After a valve and column switch occurs, one
column leaves and a new column enters each section.
The column that enters section j must be pressurized
from pressure P, to pressure P, with j=1,2,3,
while in section 4 it must be depressurized from P,
to P,. Since beside the back-pressure regulators four
mass flow-meters and controllers are installed on the
feed, extract, raffinate and recycle flows, pressuriza-
tion of sections 1, 2 and 3 and depressurization of
section 4 are made possible by feeding more eluent
in section 1 and by removing more fluid from section
4, respectively. It is worth noting that the four
flow-rate set points defined above, i.e. E, F, R and
G,, determine a set of nominal internal flow-rates G,,
givenby: G,=G,+R G,=G;—F, G, =G, +E.

The pressurization of the first three sections
proceeds in series starting from section 1. In fact the
back pressure valves that are placed between two
sections open only when the pressure set point has
been reached. Therefore a massVe(p, — p,) of eluent
is needed to reach the pressure set point in section 1,
being V and & the volume and the void fraction of the
column, respectively; then the back pressure valve
between section 1 and 2 opens and the last column of
section 2 is pressurized using a mass of fluid phase
equal to Ve(p, — p,); finally the pressure set point in
section 3 is reached by feeding to that section a mass
of fluid phase equal to Ve(p; — p,). From the above
description it can be concluded that the overall mass
of eluent needed to pressurize the first three sections
and that to be removed from section 4 are exactly the
same and equa to Ve(p, — p,). This demonstrates
that also during the initial pressurization/depres-

surization stage of the time period between two valve
switches the overall material balance is maintained
athough the flow-rates differ initialy from the
nominal ones. In particular, the additional mass to be
fed to each section of the unit during the pressuriza-
tion—depressurization stage is simply Ve(p, — p,)
(j=1,...,4) and this contribution reduces to zero
for section 4, from which mass is only discharged to
achieve pressure equilibration after valve switch.

Considering that a typical recycle flow-rate is
equal to about 5 kg/h [6] and the mass to be
discharged, for a column of &V=0.11 and Ap=100
g/l, is usualy less than 10 g, the equilibration time
of the fourth section is a few seconds. Similar
considerations apply to the pressurization of the first
three sections. Therefore in the following we will
assume that the equilibration time is negligible in
comparison to the switch time t*, which is normally
in the order of at least 1 min. With reference to a
point located at the beginning of the first column of
each section (cf. Section 3.3), in addition to the
nominal flow-rate, only the mass entering the section
must be considered and averaged over the time t*,
thus yielding:

_ Ve(p — p,
G,:Gﬁ%

(j=1...49 (8

3.2. Dynamics of the adsorption fronts

In this section the pressurization effect on the
dynamics of the adsorption front is analysed, thus
showing that it is always very small. Therefore the
retention times of the two solutes in the unit can be
evaluated with reference to the nominal flow-rates,
thus neglecting the pressurization contribution. How-
ever, the pressurization stream must be taken into
account when defining the equivalence conditions
between SF-TMB and SF-SMB in order to fulfill the
mass balances, as it is discussed in Section 3.3.

Let us consider for the sake of simplicity a single
chromatographic column at a density p,, where no
solute is present. At timet =0 a stream at a higher
density level p, enters the column, where the solute
is a a concentration such that linear adsorption
isotherm with Henry constant, H, applies. Before the
column is equilibrated at the higher density value p,,

i.e. during the time period 0<t<t,, a flow-rate



6 O. Di Giovanni et al. / J. Chromatogr. A 919 (2001) 1-12

Ve(p, — p,)/ts, goes through it in addition to the
nominal flow-rate G. For the sake of simplicity,
instead of considering the rigorous hydrodynamic
analysis, where the evolution of the density in the
column from p, to p, is taken into account, two
limiting cases are analysed, i.e. one where the entire
column is assumed to be already at the final density
p, during the whole equilibration time (case A) and
one where the column is assumed to remain at the
initial density p, during the whole equilibration time
(case B). It is clear that the real behavior will be
somehow intermediate between these two extremes.
In the following, the variation of the retention time
of the solute, due to the additional pressurization
contribution, with respect to the case where the
initial density in the column is the same as that of the
feed, i.e. p, = p,, is shown to be negligible in both
Cases.

The end of the column of length L and cross
sectional area S is reached at time tj, which is
implicitly given in the first case A by the relation:

G4 Yelpy— pr)
L= fa ¢ G’tA—t)
£Sp, e ESPJR o
&
et @-oH )

while in the second case B the corresponding
retention time t; is given by:
G+ V“/‘(ptl — p2)

G
— eq (+B _
L= £, tg ¥ aSplktR ted)

&

er(@-oH (10)

It is worth noting that the Henry constant H does not
change in Egs. (9) and (10). Eg. (9) yields:

Ve
k=t —G(PL—P) (11)
while on the other hand Eg. (10) leads to:
B_,so (P Ve )
tg =1g (p2 1)( Gp1+teq (12)
where t°° represents the retention time observed

when the column is initially at the same density of
the feed, i.e. p, = p,;, which is given by:

1O __ ﬂ( l1-¢ >
teo=—g \1+——H (13)
In order to evaluate the relative importance of the
variation between tp° and either th or t2, we
consider some typical values of the operating param-
eters, namely a column volume V= 0.2 | and a bed
void fraction & = 0.4, where G=70 g/min, p, =850
g/l and p,=750 g/I, which correspond to P, =210
bar and P, =132 bar in the case of carbon dioxide at
T = 40°C, respectively. As shown in Section 3.1, we
assume that the equilibration time, t., is negligible
when compared to the retention time in Eq. (12).
Thus from Egs. (11)—(13), it can be shown that th
and t3 differ from t,7° by 1.7 and 2.1%, respectively.
Therefore, in the following we use Eq. (13) to
evaluate the retention time of a solute in the column,
thus neglecting the correction term due to the
pressurization effect described above.

3.3 The equivalent TMB unit

Let us now identify the conversion rules that
determine the flow-rates in the SF-TMB unit, which
is equivalent to the SF-SMB unit described above.
When these conversion rules are complied with, the
SF-TMB can be used to design the operating con-
ditions of the SF-SMB, since the two units achieve
in principle the same separation performance.

Let us consider the four sections of the SF-SMB
unit and a reference point located at the beginning of
the first column of each section (see Ref. [12] for a
similar analysis of the TMB/SMB equivalence prob-
lem). The fluid flow-rate of the equivalent counter-
current SF-TMB unit is given by two contributions: a
positive one corresponding to the average SF-SMB
flow-rate given by Eq. (8) and a negative one caused
by the discrete shift of the entire column in the same
direction of the fluid flow, occurring at the switching
of the port positions and corresponding to an amount
in mass equal to Vep,. The latter quantity must aso
be averaged over the whole period t*, thus yielding:

Ve(p — py)
TMB __ SMB ]
G™M® =G, o
Vep,
- (ji=1....4 (14)

t*
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which can be simplified to:

Vep .
G =" -—— (=L...4 (15)
The continuous solid volume flow-rate of the SF-
TMB is obtained by calculating the average solid
flow-rate in the SF-SMB with respect to the same
fixed reference point used before, that is:

V(1
Qf% (16)

where Q, is the TMB solid flow-rate [13]. Egs. (15)
and (16) define the SF-TMB unit equivalent to the
SF-SMB, i.e. aunit that achieves the same separation
performance of the SF-SMB unit of interest [14].

4. Design of complete separation operating
conditions

Let us consider a binary separation in a SF-TMB
unit and assume that there are no mass transfer
limitations and no axial dispersion (i.e. we apply the
equilibrium theory model) and that the pressure drop
in the columns is negligible, i.e. the density is
constant through each section. Pressure as well as
density may change from section to section in the
case of pressure gradient operation mode.

The mass balance for the ith component in the jth
section can be written as:

r?(‘s'pJ-WLj +(1-¢) niyj) N a(GjTMBWiYj — ani’j)

ot Soz

-0
(17)

where t is time and z the axia coordinate. In Eq.
(17) the adsorbed phase concentration, n, ; is given
in terms of the fluid phase compositions through one
of the adsorption isotherms discussed above. It is
worth noting that the solid particles are assumed to
be non-porous.

The steady state solution of Eq. (17) depends on
the adsorption isotherm and on the flow-rate ratios
G M®/Q [7], which can also be expressed in terms
of the SMB operating parameters using Eq. (15):

GjTMB
m="q,
GMPt* —Vep
_ 4 -
=T Vi-9 (i=1,...4 (18)

The SMB design strategy adopted in the following is
the same as in the case of liquid phase SMBs [7]:
first, optimal operating conditions to achieve the
desired separation performance, i.e. complete sepa-
ration of A and B, for the SF-TMB unit are
determined in terms of m values; then, these are
converted into SMB operating parameters using Eq.
(18). In the case of an existing SF-SMB operated in
pressure gradient mode nine parameters have to be
sdected, i.e. G'F, p, withj=1,... 4, and t*. The
switch time is in genera selected based on column
efficiency considerations, which are omitted here
since they have aready been discussed elsewhere
[15,16].

4.1. Separation of systems described by a linear
adsorption isotherm

Substituting Egs. (5) and (18) into Eqg. (17), this
reduces to:
oW, ;
ot

oW
+Q4m —H¥) =0

(ep + (1= &) HE) Siz
(19)

In order to achieve complete separation in a TMB or
an SMB unit the following necessary and sufficient
conditions must be fulfilled:
Hi,<mg
HE,<m,<Hj,
HE;<my<Hj,
m,<Hg,

(20)

Let us focus on the two central sections of the unit.
When the SF-SMB is operated in the pressure
gradient mode, two qualitatively different situations
may occur, depending on whether H, ,>HE ; or
Hx,<HE,. The regions of separation for the
former case are shown in Fig. 4, while the corre-
sponding diagram for the latter case has been
reported elsewhere [8].

Operating points in region 1 of Fig. 4 alow
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mg

L

Fig. 4. SF-SMB pressure gradient mode under linear conditions
(H3>Hgs).

complete separation to be achieved, whereas only the
extract is pure in region 2 and only the raffinate is
pure in region 3. The two components to be sepa-
rated distribute in the two outlet streams in region 4,
whereas they flood the raffinate and the extract in
region 5 or 6, respectively. Finally, regions 7, 8 and
9 are not compatible with adsorption under linear
conditions as shown elsewhere [8].

4.2. Separation of systems described by a
nonlinear Langmuir isotherm

Let us consider the general case where a nonlinear
adsorption equilibrium described by the Langmuir
isotherm (7) is established between the adsorbed and
the fluid phase.

The constraint on the flow-rate ratio m, is the
same as in the linear case, i.e. m; >H} |, whereas
that on m, is a function of m, and m, [7]. When the
complete regeneration of CO, in section 4 is dif-
ficult, the SMB unit can be operated in two ways. In
the first configuration, only three sections are used,
thus collecting the whole stream from section 3 as
raffinate, separating all the solute by depressurization

and then recycling CO, to section 1 after recompres-
sion. In the second configuration, a different regene-
ration unit (e.g. activated carbon) is introduced after
section 4 to complete the removal of component B
without changing the CO,, pressure before recycling
it to section 1. Both solutions are particularly con-
venient when using a supercritical eluent.

In the following we focus on sections 2 and 3 of
the unit and assume that the proper constraints on m,
and m, are fulfilled, which, with reference to Figs. 1
and 2, implies no component A is adsorbed on the
stationary phase after regeneration in section 1 and
no component B is present in the mobile phase at the
outlet of section 4. The following material balances
for the components to be separated apply, provided
that complete separation is achieved:

T™B _
GFWA,F + Gz Wa2 — anA,z =0

21
GeWg ¢ — G;MBWB,s + Qg3 =0 ()

where G is the feed flow-rate, i.e.:
G.=G;"" - G;"° (22)
Substituting Eq. (18), Eq. (21) yields:

(M3 = M,) Wy e + MW, , =1, , =0 23
(M3 —M,) Wg p — MW 3 +Ng 3=0 (23)
which when coupled with Eq. (7), becomes formally
identical to the corresponding relations obtained for a
liquid SMB [14]. Actudly, for the isocratic case,
they are indeed identical, while for the pressure
gradient case, different equilibrium isotherms in the
different sections of the unit, as given by Eq. (7),
must be used. It is worth noting that the derivation of
these relationships are more complex athough con-
ceptually similar to the case of liquid phase SMB
[7]. For the sake of brevity we do not report here the
mathematical details, which can be found elsewhere
[9]. Following such a procedure, the complete sepa-
ration region for a binary system in the pressure
gradient mode is obtained as a function of the
isotherm parameters, of the pressure values in sec-
tions 2 and 3 and of the feed composition.

In Fig. 5 the complete separation region for the
model system under examination is shown for differ-
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Fig. 5. SF-SMB pressure gradient mode under nonlinear con-
ditions: effect of the feed concentration on the complete separation
region. The rectangle drawn with a dotted line represents the
complete separation region under linear conditions. Thermody-
namic parameters in Eq. (7): Hy, =5, Hg, =4, b=3, N, =N, =
0.5 [g/1], p,=880, p,=750.

ent values of the overal feed weight fraction. It is
worth noting that as in the case of liquid operation,
the complete separation region becomes sharper as
the feed concentration increases. A peculiar feature
of the SF-SMB operating in the pressure gradient
mode that does not apply to the liquid SMB is that
the linear and nonlinear complete separation regions
have different intersections with the diagonal. Oper-
ating points close to the diagona imply, in fact,
small feed flow-rates, compared to the flow-rates
inside the unit. In liquid SMBs, this implies that the
concentrations of the components to be separated
within the unit are very small whatever the feed
concentration. Therefore, the conditions to achieve
complete separation become always the same as in
the case of infinitely diluted linear systems. On the
contrary, in a SF-SMB unit operating in the pressure
gradient mode in region 8 of Fig. 4, the concen-
tration of component B builds up in section 3 and the
linear conditions are never achieved, even for small
feed flow-rate [9].

5. Analysis and optimisation of the separation
performance

The classical parameters used to evaluate the
performance of SMB units are the desorbent require-
ment and the productivity per unit mass of stationary
phase. Let us discuss these performance parameters
as a function of the density levels in the unit and the
modifier concentration.

5.1. Desorbent requirement

In an SF-SMB unit, the feed of the desorbent
implies to cool down the carbon dioxide, pump it at
low temperature to a certain pressure and then heat it
up to a supercritical state [6]. The operating cost is
therefore almost independent of the final pressure,
since this is reached by pumping CO, in a liquid
state. Therefore, the maximum pressure is estab-
lished by the technical specifications of the plant and
not by the operating costs. As a conseguence the cost
associated to the desorbent requirement, DR, is
simply proportional to the amount of carbon dioxide
fed per unit time to section 1, G,, and this is the
guantity to be minimized in the following. Using
condition (20) for the minimum value of m,, the
minimum flow-rate G, can be obtained, which when
substituted in Eq. (8) gives:

VW
Gy = g5 (e +(1— &) Hy) (24)

Substituting Eqg. (4) into the last eguation, one
obtains:

Vp, 1-e (p°\\™
Gl’min_ t* <g+ aACm+dA <pl (25)

For values of the parameters typical of supercritical
chromatography where b>1, this function is mono-
tonically decreasing with p,. Therefore, unless other
considerations apply, it is convenient to operate at
the maximum allowable pressure in section 1 in
order to minimize the CO,, flow-rate entering section
1

On the other hand, Eq. (25) indicates that increas-
ing the modifier concentration c, has a positive
effect on the desorbent requirement. However, thisis
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counterbalanced by the necessity of recovering the
modifier from the collected product streams.

5.2, Productivity

The productivity can be defined as following:

PR= e
Y

sp

(26)

where w,. is the overall weight fraction of the solutes
in the feed, M, is the total mass of stationary phase
and F the feed flow-rate, given by F=G3"® —
G3M®. Substituting Eq. (18) into the last equation
yields:

W V(1 — &)
=T oM, (m; —m,) (27)
This relation shows that for a given switch time t*
productivity is maximum on the vertex of the
complete separation region where the distance from
the diagonal is maximum. In the linear case, assum-
ing b, = b, = b, and defining the selectivity S=H /
H2, Eq. (27) can be recast as:

_— W V(1—e) HE , o P3\b-1
t*M P2

sp

sp

Assuming b > 1, the productivity is minimum in the
isocratic mode, where p, = p, and increases for p, >
p5 &s the pressure difference between the two central
sections of the unit increases. The pressure gradient
mode improvement is larger for systems with low
selectivity, as it can be seen in Fig. 6, where the
ratio:

P3\P~1
s—(.)
PRgg . P>

PR, -1

(29)

is shown as a function of the system selectivity,
assuming that the isocratic density is equal to p,.
Let us now consider the effect of the modifier
concentration on productivity. Since no experimental
data on the effect of the modifier concentration on
the nonlinear equilibrium of a solute in supercritical
carbon dioxide are available, we focus on an SF-

20

1
1.1 1.2 1.3 1.4
selectivity

Fig. 6. Performance parameters as a function of the system
selectivity: p, =900 [g/], p,=880, p,=800, p,=780, b=3.

SMB unit operating under linear conditions. In
general, the addition of a modifier has two effects:
first the Henry constants become smaller, secondly
density changes less with pressure, i.e. the curve
p(P) is less steep. Therefore, the productivity in both
isocratic and pressure gradient mode decreases and
the beneficial effect of a pressure change between
sections 2 and 3 becomes less evident.

Let us consider as an example the separation of
chrysene and |-methoxy-naphthalene on silica carried
out at a density equal to 0.6 g/cc [11]. Let us assume
b, = by =3, to describe the decrease of the Henry
constants with density. Since the productivity is
proportional to the distance from the diagonal of the
operating point in the (m,, m;) plane, we can see
from Fig. 7 that the maximum productivity in the
pressure gradient mode is always larger than in the
isocratic mode, but it decreases for increasing modi-
fier concentrations. It follows that optimizing prod-
uctivity and desorbent requirement leads to low and
high modifier concentration, respectively; these op-
posing trends call for a compromise. Therefore, the
best choice of modifier concentration will be based
on a rather accurate characterization of the retention
behavior of the components to be separated as a
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Fig. 7. Distance from the diagona of the optimal operating point
in isocratic and pressure gradient mode as a function of the
modifier concentration for the system chrysene and 1-methoxy-
naphthalene on silica (Whatman Partisil-10) [11].

function of supercritical fluid density and modifier
concentration.

6. Conclusion

The operation of the SF-SMB unit has been
analyzed and, based on suitable simplifying assump-
tions, the relationships that define the equivalent
SF-TMB unit have been derived. This has alowed
the *‘triangle theory” ([7,8]) to be extended to the
SF-SMB operating in pressure gradient mode under
nonlinear adsorption equilibria. This result provides,
in the frame of the equilibrium theory, a rather useful
tool for the prediction of the separation performance
and the choice of the operating conditions of SF-
SMBs. In particular, the separation performance of
the unit has been analyzed in terms of desorbent
requirement and productivity, and analytical expres-
sions for the optimal operating conditions have been
derived. It has been shown that the pressure gradient
operating mode yields always better performance

than the isocratic, mode, particularly at low selec-
tivities. It has been demonstrated that a compromise
in the choice of the modifier concentration is usually
needed in order to match both productivity and
desorbent requirements.

7. Nomenclature

empirical coefficient in Eq. (3)
exponent in Eq. (2)

fluid phase concentration [g/l]
empirical coefficient in Eq. (3)

mass feed flow-rate [g/min]

nominal mass flow-rate in section j of
. the SMB unit [g/min]

G average mass flow-rate in section j of
the SMB unit [g/min]

OTeoo®

G/M® mass flow-rate in section j of the TMB
unit [g/min]

H, dimensionless Henry constant of com-
ponent i

H¥ modified Henry constant defined by Eq.
(6) [9/1]

K, Langmuir equilibrium constant defined

by Eq. (7) [I/d]
K* modified Langmuir equilibrium constant
defined by Eq. (7) [g/d]
L column length [cm]
m, flow-rate ratio in section j [g/]]
M overall amount of stationary phase
loaded in the SMB unit [g]

n, adsorbed phase mass concentration [g/1]

N, saturation loading capacity of compo-
nent i [g/l]

PR productivity, defined by Eq. (27) [g/g/
min]

Q, solid flow-rate [1/min]

S column section [cm?]

S selectivity, defined by H, /Hg

t time [min]

ts retention time [min]

t* switch time [min]

teg equilibration time [min]

\% volume of a single SMB column [I]

w, fluid phase weight fraction

z axial coordinate [cm]
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Greek

& bed void fraction

p fluid phase density [g/1]
Subscript and superscripts

A more retained species

B less retained species

F feed

1SO isocratic operating mode
i component index, i =A,B
j section index, j=1,...,4
m modifier

PG pressure gradient operating mode
0 reference value
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