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Abstract

The solvent composition was adjusted in a theoretical study in order to maximize the efficiency of a simulated moving bed (SMB) process.
The isocratic realization of the process as well as the solvent gradient mode were considered. The solvent composition and the flow rates
were used as decision variables in a random search optimization algorithm known to be a reliable tool for nonlinear programming problems.
The results of the optimization indicate that the optimal composition of the mobile phase depends strongly on the feed concentration. The
asymmetry of the internal concentration profiles, which has a negative effect on the separation efficiency, can be partly damped by an increase
of the solvent strength. In the cases studied the optimal solvent strength determined for concentrated feed streams is higher than that for diluted
ones. Moreover, the optimum is strongly influenced by the value of the selectivity factor and its dependency on the mobile phase composition.
Different results were obtained for cases, in which the separation factor increases with increasing the modifier concentration, than for cases,
in which the separation factor decreases with increasing the modifier concentration. A similar analysis was performed for a solvent gradient
SMB process, in which different solvents are used at the two inlet ports: a weak solvent in the feed stream and a strong solvent in the desorbent
stream. Again the optimal mobile phase composition was strongly affected by the type of the isotherms and their non-linearity. The potential
of a gradient SMB process in terms of increasing the productivity and reducing the eluent consumption is exemplified.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction be utilized for optimization of the separation efficiency under
either isocratid4] or gradient conditionfs—71].

The concept of affecting the adsorption behavior by a  Recently, the idea of modulating the solvent strength in
modulation of the solvent composition is frequently used in order to increase productivity was introduced to continuous
batch liquid chromatography for both analytical applications chromatographic separations based on the simulated mov-
as well as for large-scale processes. Additives of the mo-ing bed (SMB) procesf8—13]. A SMB is a practical real-
bile phase (modifiers) influence the retention factors of the ization of a true moving bed (TMB) where solid and fluid
feed components. The concentration of each component inphases move counter-currently. SMB units consist of sev-
the adsorbed phase at equilibrium is then a function of the eral columns (fixed beds) arranged in series and connected
local concentration of all the sample components and of the through multifunctional valves with inlet and outlet ports.
modifier[1-3]. Hence, manipulation of solvent strength can The movement of the solid phase is mimicked by periodical

switching the positions of the ports or the columns at certain
discrete time intervalgl4-16]
* Corresponding author. Tel.: +48 17 865 1730. For gradient SMB operations solvent strength can be mod-
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ports. The feed is dosed continuously in arelatively weak sol-  In this work for solving optimization problem the
vent while a stronger solvent is used as the desorbent. Thusalgorithm of Luus and Jaakola (L{B2] was selected. This
in the classical four zones closed-loop SMB process two dis- algorithm appears to be particularly attractive due to its
tinct levels of internal solvent composition exist which are simplicity; it requires no more than 200 lines of numerical
separated by the two inlet positions. These two characteristiccode. Various applications for general and process engineer-
levels of solvent strength can be adjusted by using differ- ing problems presented jA3—27]proved its robustness and
ent amounts of a suitable modifier in the feed and desorbenteasiness of use. Moreover, it was also proved2B] that
streams. some modifications of the LJ algorithm are more efficientand
Recent results of studying this type of two-step gradient more robust for nonlinear problems than advanced genetic
SMB process demonstrated its potential to reduce signifi- algorithms.
cantly the solvent consumption and, thus, to increase product Nevertheless, a deep numerical analysis of humerical al-
concentration§8—13]. gorithms is outside the scope of this paper; the goal of the
The influence of solvent composition on the performance work is to study the effect of the mobile phase composition
of isocratic and gradient SMB processes under conditions on the efficiency of SMB separations and the LJ algorithm
of non-linear isotherm has been rarely analyzed systemat-was selected as a simple and robust numerical tool to accom-
ically. The study on optimization of gradient SMB process plish this goal. It is possible that other stochastic approaches
performed by Houwing et gl9] were limited to conditions of ~ might allow solution of the problem with the same or similar
a linear isotherm and a true moving bed system with infinite efficiency.
efficiency. Such an approach allows only a rough prediction  As the objective function in the optimization procedure,
of operating parameters, however, it can be useful for ini- the productivity or the eluent consumption were used subject
tial guess of the process performance. In order to determineto the purity constraints for the extract and raffinate streams.
the optimal conditions of the separation accurately a more Five decision variables were considered: the four flowrates
general mathematical model should be employed, which ac-in the SMB zones and (a) the mobile phase composition for
counts for the dynamics of the process, the system efficiency,the isocratic process or (b) the modifier concentration in the
nonlinearity of the adsorption equilibria for the components desorbent port for the two-step gradient SMB process. The
to be separated as well as for the modifier. Such a model cou-optimization procedure was repeated several times in order
pled with an adequate optimization procedure allows com- to investigate the influence of the feed concentration on the
plete optimization of operating conditions. optimum of the mobile phase strength.
In this work for optimization both the isocratic and the
gradient SMB process a model of the process dynamics was
coupled with a stochastic optimization algorithm. 2. Simulated moving bed process
Currently, an increasing interest in stochastic optimization
approaches can be noticed. Of special interest are genetic al- The general principle of a classical four-zone SMB unit
gorithms, simulated annealing, random search, taboo searchis illustrated schematically iRig. 1. There are two incoming
and ant colony approaches. They often offer a higher relia-
bility in locating a global optimum compared to determinis-
tic methods. An important advantage is that these methods  peeq (1+2) Raffinate (1)
provide an easy, direct way of handling discrete variables,
discontinuous functions and logical conditions. Genetic al-
gorithms are among the most popular stochastic optimization
techniques at present. This strategy had been also recently ap-
plied for optimizing continuous chromatography processes,
e.g., for the multiobjective optimization of a reactive SMB
process[17], the classical isocratic SMB process and the
Varicol procesg18-20] In these studies several decision
variables have been considered (e.g., column configuration,
switching time, fluid flow rates, diameter of the bed and of
the particles), in combination with various objectives (e.g.,
product purity, throughput and eluent consumption).
However, according to literature information—e.[21]
genetic algorithms suits well for combinatorial optimization
problems but they are less efficientin case of typical nonlinear
problems with continuous variables and, particularly, with “Extract )
non-equality constraints. The strategies of random search are
considered as a robust and adequate techniques for nonlinegtig. 1. Scheme of a four-zone SMB unit allowing the implementation of a
programming problems. gradient operation.

Desorbent
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streams: the feed mixture to be separated, with flowat (  following dimensionless flowrates®:
and desorbent or eluentyf). Two streams leave the unit, >
one enriched with the less adsorbable component (raffinate,;, K — M
VR), and one enriched with the more adsorbable component V(1-&)
(extract,Vg). The four streams divide the unitinto four zones ¢ switching time" in Eq. (1) is defined as:
(I-1V). Each of these zones has to fulfill distinct tasks and
contains at least one fixed bed. By either fixing the fixed beds ;+ _

K=1,...,IV (1)

V(1—¢)
and shifting the in- and outlet positions co-currently with the Vs
fluid flow (moving port implementation) or fixing the in- and
outlets and moving the fixed beds counter-currently against
the fluid flow (moving column implementation) a counter-
current between the fluid and the solid phases is simulated.
The SMB switching timet”, corresponds to the solid phase

flowrate of an equivalent true counter-current procass, a triangular shape limited by the values of the two Henry

[14-16] .
The separation of a less retained component 1 and a moreconstant$33].

retained component 2 is supposed to occur in the two centralH; < m" < H, 3
zones Il and 1ll. Here the net flowrates must be set in such I

way that component 2 is carried in the direction of the extract Hy<m™ < Hp (4)
outletand component 1in the direction of the raffinate outlet. |n addition the dimensionless flowrate in zone I has to fulfill a
The desorbent is fed to zone I in order to desorb componentcondition required for the complete regeneration of the solid
2 and, thus, to regenerate the solid phase. Component 1 igpase:

adsorbed on the regenerated solid phase in zone IV in order

to regenerate the desorbent. Hy <m' ()

Criteria to design the process for the classical isocratic
mode have been elaborated28—-33] In this case the solvent
strength is identical in all fixed beds (and zones).

The simple idea behind the two-step gradient mode is to
set the solvent strength in the feed stream lower than thatm'V < Hy (6)
in the desorbent streafi34,35] This is realized by using
in the two inlet streams different concentrations of a stronger
solvent (modifieCrod,paNdCmod,r Fig. 1) in a mixture with
a weaker solvent. Hereby the feed is dissolved in a stream
with a lower concentration of the modifier compared to the
concentration of the modifier in the desorbent stream (i.e.
Cimod,p> Cmod,9- AS a main result the concentration of the
desorbent is higher in zone | and lower in zone IV and the
SMB unit works more efficiently.

In an “open-loop” mode liquid stream leaving zone IV
is discarded and a fresh desorbent is delivered to zone I,

. - . no pure :
while in a “closed loop” mode total liquid stream is recy- outlet : pure E
cled to zone | allowing marked reduction of the solvent con- Hy [ ;
sumption and an increase the concentration in the product
streams. If beside the component to be separated contami-
nants present in the feed stream the open-loop arrangement is pure R
preferable, otherwise closed-loop as an efficient mode canbe &
suggested.

)

wheree; is the total column porosity, th&X are the four
volumetric flow rates in the zone¥; is the solid flow rate
in the equivalent TMB unit an¥ is the volume of one fixed
bed.

For linear isotherm the region of complete separation has

and the dimensionless flowrate in zone IV has to fulfill a
condition required for the complete regeneration of the fluid
phase:

The vertex of the triangle in therf' —m"") plane corresponds
to maximal throughput (i.e., maximal productivity) and min-
imum solvent consumptiof31-33}

For nonlinear isotherms the shape of the triangle deforms
with increasing feed concentration (increasing the effect of
" the nonlinearity of isotherm) as illustratedfig. 2

The boundaries of the regions calculated using this theory
correspond to 100% of purity of both the outlet streams. For a

pure )
E+R .-

3. Design of the SMB process

For the ideal situation of the TMB process and an infinite
number of equilibrium stages, regions of acceptable flowrates H, o H,
leading to pure raffinate and extract streams can be calculated

anal-lytica"y USin_g the eqUi”br.ium theory (e.¢33]). These Fig. 2. Plane ofn''-m'", typical shapes of separation regions for isocratic
regions are typically plotted in then! -m'"') plane of the  operation. Solid line: linear isotherm and dashed line: nonlinear isotherm.
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real system with a finite column efficiency (or reduced purity For each grid poinh (in time) andj (in space) the so-
demands) the equilibrium theory overestimates (or underes-|ution cl.’(]t”“ is calculated for the components to be sepa-

timates) the size of the separation reg[86,37] In more rated and the modifier until the end of switching titds
general cases the accurate position of the region boundarieseached. The calculations are repeated until a cyclic steady
is available only by numerical solution of a more detailed gate is achieved. The criterion applied to decide if this state
mathematical model of the process. is achieved was based on a check of the balance between the
masses of componentollected in the outlet ports and the
o masses introduced with the feed during the switching period.
4. Kinetic stage model The time incremenat should be chosen sufficiently small

) o in order to reduce the influence of numerical dispersion on
For modeling the SMB process a kinetic stage model has o accuracy of the solution.

been applie38,10,39] WEiCh consist of the following mass For sufficiently high values d€,, permanent equilibrium

balance equations for a~ feed components and the modi- - petween the mobile and solid phases can be assumed and the

fier: model represented by Eq&) and (8) is equivalent to the

dCf/. dqu,{j Ci’f/._l — C,K] equilibrium stage model, which consist of single E€).with

o g = & (7 gX; = X,(C¥). In such a case the kinetic stage and the equi-

librium stage models can be used exchangeable. However, the

dql-l,( I T K backward—forward finite difference schen{&Q) and(11))

o = kmi(g;;(C7) —4; ) ) for solving the kinetic stage model allows calculation of the
solution CI.KZ"H in successive points of the time and space

i=1...,N mod; j=1,...,N% K=1...,IV grid explicitly, while for the equilibrium stage model this

K . . . scheme is implicit and requires iterative, time consuming
WhereCi’j designates the fiuid phase concentration of com- calculation (see analysis of the backward—forward scheme
ponenti in cell j of zoneK, qi’fj is the solid phase concen-  g|sewhere, e.g., ip0]).

tration of component, Z]l.’f.(C{?) is the solid phase concen- More details of the implementation of this algorithm for
tration at equilibrium witﬁ the corresponding overall liquid simulating gradients in SMB processes and concerning the
phase compositiof X, K is the zone indexXyX is the number required initial and boundary conditions can be founld.6j.

of cells inK-th zone of each fixed bed of volumé ky; is

the lumped mass transport coefficieft= 1 — ¢;/¢; is the

phase ratiaX stands for the liquid phase residence time ina 5. Adsorption isotherms

cell:
X &V The competitive adsorption between two components, 1
~ NKVK K=1..1WN ©) and 2, can be described by the competitive Langmuir model:
. . 8 - HC:
For solving the model equations the backward—forward finite G:(Cr. Co) = iCi i=12 (12)

differencg algorithm was selected, which aIIowg rapid palcu— 14+ Zle K, C;

lations with acceptable accuracy for both the isocratic and ) _ N
gradient mode. Since the random search procedure described© account for the possible adsorption of the modifier the
below requires to perform a number of repetitive simulations Single component Langmuir model was used in this study:

of the process the reduction of computation time is of major _ HinodCrmod
importance for solving optimization problems. gmod(Cmod) = 15 K, mogCorod (13)
Forn=1, ..., N®"finite time steps the finite difference rmodmo
scheme can be expressed as follows: Since typically the concentration of the modifier exceeds
markedly the concentration of the components to be sepa-
K,n+1 K.n .. e
o rated a competition between the sample and the modifier was
At neglected in Eq(13).
K+l K ckn _ ckn To quantify the effect of the modifier concentration on the
+1 — & (qi,j — 4 ) ) Y e 0 (10) Henry coefficientH;, in Eq. (12) a power-law dependency
&t At 12 (typical for a normal-phase systdwil,42)) was applied:
K+l K Hi(Cmod) = (PH,Cmod) ", i=12 (14)
9;  —4; ko (7K (OKon K.n 11 )
= i@ (C) — g ) (11) The same type of dependency was also assumed to describe
the effect of the modifier concentration on the equilibrium
i=1...,NC,mod: j=1,...,NK: constank;:

K=1,...1V, n=1,..., N K:i(Cmod) = (P&, Cmod) ™", i=12 (15)
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To quantify the equilibrium, the parametéig,oq andK; mod The MaxIp and Minlgc for isocratic and gradient mode
as well as theoy, ry, pkr, rkr have to be known. These co- were optimized subject to constraints regarding the purity in
efficients are determined empirically by the measurement of the extract and raffinate ports:

adsorption isotherm of the components to be separated a
various content of the modifi€y,oqin the mobile phase and
correlating the isotherm coefficients obtained in such way The Py and Py are defined as follows:
with the modifier concentration by Eq4.4) and(15). Coe

5DLE > PUeminand P > Purmin (19)

The separation facter = H/H1, whichis calculatedon  py- = ——= (20)
the basis of Eq(14) is also a function of the modifier con- Coe+ Cie
centration. If the separation factor increases with the modi- Cir

: ; .. P = 21
fier concentration the efficiency of the separation improves "~ 'R Cir + Cor (1)

for higher modifier content in the mobile phase. For an op-

posite dependency a relatively low modifier contents in the In addition the following overall mass balances have to be

mobile phase is preferable. In the optimization study per- €SPected:
formed, isotherms exhibiting both types of dependency were ;5 — ,,, — 5V = 0 (22)
considered.
mg=m—m" >0 (23)
m_
6. Formulating of the optimization problem mr=m" —m" >0 (24)
me=m" —m" >0 (25)

6.1. Optimization problem
wheremg, mp andmg, mg correspond to the dimensionless

To optimize SMB processes typically two objective func-  figwrates of inputifie andmp) or output (ne andmg) streams

tions are used. One is related to the productivity of the process(seeFig. 1, Eq.(1)).

and the other is related to the solvent consumption. For the sake of simplicity a typical separation system was
If we consider both components leaving the unit at the consjdered, for which the pressure drop in the SMB unit was

raffinate and extract ports as target products, productibity 5 |imiting factor with respect to the process performance. In

is defined as mass flowrate of the products normalized to thegrger to account for the pressure drop limitation the maximal

total volume of the stationary phase in the unit: volumetric flowrate max(X) Eq. (1) was set equal to unity:

(C2EVE + C1RWR) Ky —
= (1 — &)VNbeds (16) maxt) =1 (29)

The pressure drop constraint Eg6) can be considered as a
whereNPedSis a number of beds (columns). scaling factor. It can be adjusted to the pressure constraints
The second goal functioh:c corresponds to the eluent  of a real system and all the dimensional streams can be re-
consumption and can be defined as volumetric flowrate of the calculated maintaining the optimal dimensionless decision
eluent delivered into the unit in the feed and the desorbentvariables.

ports per mass flowrate of the products collected: For the isocratic mode mak{) always corresponds to
Vo + Ve the flowrate in the zone I, (wherein regeneration of the solid
Iec = : . (17) phase occurs). For the gradient mode the maximal flowrate
C2eVE+ CLRWR may correspond to the zone | or lll depending on the set of
C1Rr, Co g are the average product concentrations in the raf- Parameters.
finate and extract ports calculated as: If the four dimensionless flowratee® are specified, the
nsteps_ constraint maxy ) determines the switching time in E@.)
Co D on=2 i,portD! i—19 ort— E R and the solid phase flowrate in E&). Hence, the four di-
Lport r ’ & P ’ mensionless flowrates in combination with the pressure drop
(18) constraint determine completely all streams in the SMB unit.

whereNstPSis defined ad\s'*P>=t"/At. TheC? . are calcu-
lated from the cell model Eq$10) and(11) at the positions
corresponding to the extract and raffinate ports (the end of
section | and the section Ill, respectively).

The following optimization problem has been considered:

6.2. Decision variables of the optimization procedure

6.2.1. Isocratic mode
Inthe optimization routine for the isocratic process five de-
cision variables were considered: the dimensionless flowrates

The maximization of the productivity m, m', m!"" andm" and the modifier concentratia®{sS ..
e Maxlp Any change ofCp? ; alters the adsorption isotherms and all

or alternative the minimization of the eluent consumption: the four decision parametensi( m', m"" andm'V), which
e Min lgc are required for a successful separation. In order to shorten
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the computation time the modifier concentrati@}ﬁgd was 7
changed in a discrete manner and for each step just the four 254 ° = o K ]
parametersnff, m'', m'"" andm'V) were optimized. " s 1°
20 ]
\ -415
6.2.2. Gradient mode = n
The essential difference to isocratic operation consists in g 151 N 144
the introduction of different modifier concentrations within £ 3
the feed stream and desorbent strea@gof,F and Cmod b, E 10 ° 13
with Cmod 0> Cmod,p- These concentrations form two new T
parameters to be optimized. It is obvious that in order to o5 T {12
utilize efficiently the potential of gradient elution the mod- . o T
ifier contents in the feed and in the desorbent should differ ool : n , = g [y
0 10 20 30 40 50

distinctly. This allows creating a difference between the con-
centrations of the modifier in the desorption zones | and I,
(for which a high modifier content is preferable), and the in _ - -

. . . . Fig. 4. Variation of the equilibrium constants of the components to be sep-
adso_r_ptlon zones ”_I and IV, (WhICh work eff|C|entIy at low arated with the modifier content for both the isotherms | and Il (symbols).
modifier concentration$)0,11] Both theCmod,FandCmod,n Variation of the selectivity with the modifier content for the isotherm Il
values affect strongly an average concentration of the mod- (line).
ifier in the whole SMB unitCmog, Which can be evaluated
from the mass balance:

Crroal%vol]

duced in a pure weak solvent, i.€mod F Can be set to be
(27) zero or as low as possible respecting possible solubility lim-

itations. Then, only the concentration in the desorbent port,
The average modifier concentration in SMB zones should Cpoq p, Needs to be specified. T4 pinfluences the val-
correspond to the range of high sensitivity of the adsorption ues of the isotherm equation parameters and the selectivity
equilibria of the components to the mobile phase composi- factor and determines the average concentration of the mod-
tion. In this case even a relatively small difference between ifier in the whole SMB unitCmog:
the level of the modifier concentrationin zones | anmLtl'ﬂ,d)

MECmodF + MDCmod D
mg + mp

Cmod =

and zones llland IV(fmc;'(}/) results in significant differences Emod = m (28)
in retention of the components in these zones. This allows ex- MF + mp
ploiting the gradient potential effectively. Thus, in optimizing the gradient SMB proce&gog,pwas se-

Changes in retention time of the components are the MOstiected as an additional decision variable, which was changed
pronOl_Jnced at low mo_dlfler content in the mobile phase; il- jn 5 discrete manner, similarly to tig&9 , variable in the op-
lustration of this trend is presentedHigs. 3 and 4 timization of the isocratic mode. For seve@#og,p values,

In order to operate within the range of high sensitivity of e corresponding four dimensionless flow rate ratibsn',
the adsorption equilibria to the modifier content and create a il andmV were optimized.

large “driving force” for the gradient the feed can be intro-

60 1" 7. Optimization procedure
o iy
%7 1 7.1. Optimization algorithm
w0l = oH |7
S o 18 The LJ random search optimization procedure is orga-
04 114 nized in external loops where search regions for variables are
; 1 3 gradually diminished. Trial points are generated randomly
0] o 13 in internal loops executed several times within each external
S 112 loop. Itis important to note that a current best point s fixed in
10 ° 144 all internal qups within an external_one, an_d, similarly, sizes_
2 . o ’ pf search regions are not changed in such internal loops. This
0 r T T T Y 10 is the crucial difference compared to other random search
0 10 20 30 40 50

techniques, and, as shown[R26] this mechanism improves
the efficiency of optimization.
Fig. 3. Variation of the Henry coefficients of the components to be separated The original LJ algorithm is briefly described in the fol-

(symbols) and the selectivity (line) with the modifier contentfor the isotherm  10Wing using the example under considerations, i.e., the de-
. termination of the four free parametens m', m"" andm'V:

Cmod [% VOl-]



G. Ziomek et al. / J. Chromatogr. A 1070 (2005) 111-124

Provided are:

(a) an initial vectomm® = [mX:%; K =1, ..., V], which be-
comes the best current solutiort = m°,
(b) initial search size&® = [0 K =1,..., V],

(c) number of external loops (NEL),

(d) number of internal loops (NIL),

(e) a contraction coefficient(0 < u < 1),
(f) number of runs (NRUN).

The choice of the initial vector® and the initial search
sizess” is based on the isotherm parameters (see Secti@ns
and 7.3in the following)

The procedure can be described as follows:

[ERN

. Set external loop count&ge =1.
. Set interna! loop countéy. =1.
. Calculaten'N from:

N

i — iniL sANEL—1
mNL = 4+ pINIL S NEL

(29)
whererNL is a column vector of random numbers of
uniform distribution and of rangé-0.5, 0.5.

. Check constraints Eq$22)25), if they are fulfilled
solve the model Eq$7) and(8) and check constraints Eq.
(19), if these constraints are met; calculate the objective
function Egqs(16) and(17).

. Ifinie <NIL, inie =inie +1, back to point 3, else go to
6.

. Find the best poinz*NeL of all feasible points generated
in thekneLth external loop, if the point is better than the
existing best current poimt* replace it withm*NeL | i.e.,
setm* = mMeL,

. Updates™ according to:

SNEL — 18" (30)

. If kner <NEL, kyeL =knel +1 and go back to 2, else

stop calculations and accept* as the final solution.

Repeat the whole procedure (1-8) NRUN times for the

samem®, NEL, NIL.

Accept the besk* of all the runs.

NEL NEL—1

9.

10.

Some modifications of this basic LJ algorithm were pro-
posed. Among them the modification called “final sizes” de-
veloped in[26] proved its robustness in many test problems.
This modification was applied also in this work and it is
briefly explained in the following.

In the LJ algorithm the sizes of search regions are dimin-
ished with the same rate for each variable according to Eq.
(30). It might be advantageous if the reduction is performed
for each variable separately. The idea of the modification is
to use a final size of the search region for a decision variable
instead of the parameter. For the given final sizess ™)
the value of the vectagu for all variables is calculated in the
optimization procedure from:

1/NEL
nk = ( ) . K

5K,fina|

..., IV (31)

SK,O

117

The reason of applying final region sizes is that they are often
easy to assess from “physical” interpretation of the optimiza-
tion problem under consideration and the knowledge of initial

region size$26].

The modification of the LJ algorithm with the “final
sizes” option was implemented in the stochastic optimizer
OPTI-STO together with other extensions that are elsewhere
[24-26] The algorithm is able to solve multi-modal non-
linear problems even with infeasible starting points. Addi-
tionally, the approach is relatively insensitive (in compari-
son with gradient-based deterministic optimization methods)
with respect to the initialization scheme, i.e., the “goodness”
of starting points and sizes of initial search regions. How-
ever, in order to find an optimum with “bad starting points”
additional iterations have to be applied. Since the solution
of the SMB model is time consuming the parameters NEL
and NIL had to be diminished as far as possible. One way
to achieve short CPU times is to apply a good initialization
scheme, i.e., a good starting vector and narrow initial search
regions. This approach was also appliedli)] where nar-
row search regions derived from the triangle theory were used
in genetic algorithm optimizations. However, care should be
taken since rigorous localization of an optimum region is not
possible for relatively low system efficiency (smaslf), and
hence, an optimum can be overlooked.

Apart from locating of a global optimum, other impor-
tant aspect of optimization is determining of maintainability
of the optimum, i.e., ability of the unit to be retained in the
state, in which it can perform purity demand required. This
problem is discussed in details j&9], wherein for evalu-
ating maintainability of the optimal conditions for both the
isocratic as well as the gradient SMB process the sensitivity
functions were calculated.

7.2. Searching procedure (isocratic SMB mode)

The optimization was performed with a step increase of
the modifier concentratio@}5° ., which allowed locating the
optimal value ofCﬁgd. Calculations were stopped when the
value of the goal functiote or I¢ distinctly decreased after
reaching maximum.

The searching was organized in two successive stages;
solution of Stage | was used subsequently as a staring point

in Stage Il

7.2.1. Stagel

1. To calculate the starting point for each discrete step the
triangle theory was employed. The set of four starting
dimensionless flowrates was calculated according to in-
equalitieq3)—(6)(i.e., applying the separation criteria for
linear isotherms) with a safety margh(g > 1):

m"® = Hyp
H
w0 — 11
B
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mh+H
0 — 1"2‘ 2

The starting point was selected to be very close to the
diagonal, i.e.:

m"-0=m" +0.01

Thus, the starting point is always included in the region
of points fulfilling the purity demands. ‘

The actuaH1, H for each discrete value @f39, were
calculated according to E¢L4).

The obtained starting vecta® was used in the optimiza-
tion run in the first stage. The search sb¥¢ was set to
be 89 = mX:0 + 0.15m %0 for all mK decision variables.
Further was set:

8K,final —0.0L

7.2.2. Stage I
1.
point for Stage II.

The following vector was used in the optimizatidﬁ::
m&:0 £+ 0.075, K0, sk.final — 0,01,

2.

Both the stages were performed with NEL=NIL=15,
NRUN=5. The purity constraint was assumed as
PUemin=PWprmin=0.9.

In preliminary calculations the procedure described was
found to be very efficient in searching an optimum. It does
not require a good starting point, which for limited column

efficiency and a reduced purity demand cannot be evaluated®

accurately from the analytical solution provided by the equi-
librium theory for linear as well as for nonlinear isotherms.

7.3. Searching procedure (gradient SMB mode)

7.3.1. Stage |
To find starting point, for which purity constrains are met,
an auxiliary objective functiolhy, was used:

Iau= PlUE + P (32)

Due to the variations of the isotherm parameters with
the modifier concentration the plane of possibit€ can be
very large and it is useful to limit the range of the search.
The optimal modifier composition found for the isocratic
mode C0, offers a good hint for the optimization of the
gradient mode. Hence, the starting intervalngf was se-
lected accordingly to the optimal concentratiGhp® ; at
8 = m&0 £ 0.2mK0(CI ). The optimization of the aux-
iliary objective function Eq(32) was performed with step

changes oCmodp.

7.3.2. Stage

The solution found from optimization ¢f, was used as a
starting point in the subsequent optimization of ther Igc
objective functions (NEL =NIL =15, NRUN =5).
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Table 1
Parameters of Eq$14) and(15) for the components 1 and 2

@

@

PKr 0.316 0.1903
rkr 1.126 0.951
Isotherm |
PH 0.0161 0.009
ry 1.102 0.985
Isotherm Il
PH 0.0085 0.008
ry 0.846 0.9457

For the modifieHmnog=0.92;K; mog=0.05.
8. Results and discussion
8.1. Isocratic SMB mode

8.1.1. Isotherm equations and column efficiency
Two different types of the dependency of the separation

The best solution obtained in Stage | became the startinggactor on the modifier concentration have been analyzed—the

isotherm I, for which the separation factor increases with elu-
tion strength and the isotherm II, for which the separation
factor decreases with elution strength. The dependencies of
the Henry constant, the equilibrium constant and the sepa-
ration factor on the modifier concentration are illustrated in
Figs. 3 and 4the dependency coefficients are givemaible 1

The values of coefficients are selected to illustrate some typi-
cal behavior—the coefficients of the isotherm | were assumed
the same as ifiL0,43]for a real separation on a normal phase
ystem and then adjusted slightly to create the isotherm II.
The same dependence of the equilibrium constant on the mod-
ifier content was used for both the isotherms | and .

The simplest configuration of the unit was assumed:
1/1/1/1, i.e., one column per eaé¢hzone. The following
column characteristics were assumed: length and column
diameter—t =15 cm anal=0.46 cm, respectively, total void
volumes, = 0.75. Since the analysis performed concerns di-
mensionless variables, the optimal decision variables do not
depend on the column characteristics.

In all simulations a low system efficiency has been as-
sumed; for each columNKX =50. For the sake of simplic-
ity all the contributions to band broadening such as axial
dispersion and mass transport resistances were lumped and
accounted for indirectly by the column efficiend{f. The
lumped mass transport coefficidnt was chosen on the basis
of numerical experiments sufficiently high to assure that the
kinetic Eq.(8) did notinfluence the broadening of the concen-
tration profiles simulated, i.e., in all simulations performed
the valueky, =200 1/min was assumed. In such way the per-
manent equilibrium between concentrations in the solid and
mobile phases were mimicked and the kinetic stage model
converged to the equilibrium stage model. Nevertheless, a
more detailed analysis including mass transport kinetics for
particular adsorption systems is obviously possible.

In the optimization routine various feed concentrations
were considered covering a wide range of the isotherms—
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Fig. 5. Variation of (a) the productivity, and (b) eluent consumptidigc for different Cr, with the stepwise increase of the modifier concentration for
the isotherm |. Purities constraints set a Per 90%. All the optima correspond to the bounds of the purity constraints in both the outlet streams i.e.
Pus = Pue 2 90%, NK =50.

from a weak nonlinearity to a strong concentration overload- (17)), which leadsto similar results with respectto the optimal
ing. Both the objective functionk andlgc have been ac-  values of decision variables®.

counted for. However, the optimum of both the objectives can corre-
’ spond to slightly differenC}50, (compareFig. 5a and b and
8.1.2. Effect of modifier concentratio@’(? ;) Table 2; the modifier concentratio@!S ; corresponding to

Variations of the optimal productivitly versus the mod-  the optimum ofgc is shifted towards higher values compared
ifier concentration for isotherm | at different feed concen- to those forl,. Since the objective functions considered are
trations are presented Fig. 5a. It is evident that the con-  not conflicting they could be observed in parallel provided
centration range optimal for diluted strear@ € 0.3vol.%) thatCS9, is changed discretely. The optimum of the supple-
differs from that for concentrated streams. For a high mod- mentary objective can be selected from among all feasible
ifier content the nonlinearity of the isotherm is reduced due points generated randomly by the procedure. Thus, there is
to a decrease of the equilibrium constant, which improves no necessity to employ a multiobjective optimization proce-
the separation efficiency. Moreover, for highly concentrated dure.
feed streams the value of the productivity is very sensitive  The results of calculations for the isotherms Il follow the
to the modifier contentHig. 5a), therefore operating under  similar trend: the maximum of productivity for concentrated
not optimized conditions may lead to a loss of the process feed streams corresponds to higher elution strength of the
potential. mobile phase compared to that for diluted orféig(6a and

Itis worth to note that the isotherm I, for which the separa- b, Table 3. Again the modifier concentratio@*°, corre-
tion factor increases with the modifier concentration, requires sponding to the optimum dc is slightly shifted towards

operation under high modifier contents. higher values compared to those fpi(compareFig. 6a and
The same trend is exhibited for the functilgrz as illus- b andTable 3.
trated inFig. . Itis also evident that the optimal solvent strength decreases
For both the objective functioly andlgc mass flowrate  with anincrease of the separation difficulty—for the isotherm
of the components collected is maximized (see Erf$)and I and high overloadings the optimum &f corresponds to
Table 2
Results of optimization for the isotherm | (isocratic mode)
Cr Optimization oflp Optimization oflgc
Optimal Cmoq (VOl.%) Optimallp Optimal Cmoq (vV0l.%) Optimallgc
0.3 20 0.0456 20 4.45
1 30 0.1220 30 1.668
3 45/50 0.2398 50 0.6079
5" 45 0.318 50 0.403

All the optima correspond to the bounds of the purity constraints in both the outlet streams, .2 PRy~ 90%. lllustrative set of the optimai: for
the objectivelp: *m! =6.087,m'" =3.063,m" =5.066,m" =2.457;" ml =2.209,m" =1.002,m" =1.446,m" =1.064; for the objectivéec: “m =5.408,
m' =3.181,m" =4.834m" =3.182;" m' =2.042,m" =0.911,m" =1.351,m" =0.893.
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Fig. 6. Variation of (a) the productivitly, and (b) eluent consumptidac with the stepwise increase of the modifier concentration for the isotherm II. Purities
constraints set as By > 90%. All the optima correspond to the bounds of the purity constraints in both the outlet streams SR8 90%,NK = 50.

Table 3
Results of optimization for the isotherm Il (isocratic mode)
Ce Optimization oflp Optimization oflgc

Optimal Cyoq (V01.%) Optimallp Optimal Coq (v0l.%) Optimallgc
0.3 5 0.0409 (5.28 15 5.03 (0.0364)
1 10 0.0640 (2.84) 20 2.82 (0.0521)
3 15 0.0751(1.97) 20 1.90 (0.0638)
5" 15 0.0831(1.7%) 20 1.44 (0.070)

All the optima correspond to the bounds of the purity constraints in both the outlet streams,q.2 PBu= 90%. lllustrative set of the optimal: for the
objectivelp: *m =19.277,m" =10.693,m" =14.874,m" =11.550;" m =7.519,m!' =4.251,m" = 4.499, m"V =3.988; for the objectivéec: “m =7.402,
m' =5.187,m" =6.501,m" =5.154;" m' =5.343,m" =3.566,m" =3.744,m" =3.399.

a parallel value of the second objective functibsg for the objective, or Ip for the objective gc.

ca. Cnog=45% (ig. 5a), while for the isotherm Il to ca.
Cmod=15% (ig. 6a). For very difficult separations and an
unfavorable dependency of the separation factor, a low modi-
fier content is preferred corresponding to very large retention

of components accompanied often with a strong modifier ad- 607
sorption and thus problems with the system equilibration. ~ °°7 c. =03
Hence, a low bound for the modifier concentration should be 50+ w
set. Here 5% was assumed as a limit@xog. 451
Note that because of conflicting character of productivity 4.0+
(or eluent consumption) and the purity the optimum of pro- 35
ductivity always corresponds to the lowest acceptable limit _ 30 1.;<
of purity (here optimum always corresponds to Pu=90% for E 5]
both the streams). 204 3
15 |
8.1.3. Effect of feed concentration{)C 10 5 g
The optimization was performed for four different feed 05 x 1
concentrations, and the typical results are depicted in the 1~
plane of "' —m'"") in Fig. 7. With an increase of feed concen- 00 05 10 15 20 25 30 35 40 45 50 55 60
tration the optimal points change their position in direction '

to the left corner of the plane, which is in agreement with
results of the equilibrium theorf)’(go_33]_ Such a change of Fig. 7. Location of optimal points with respect tpobtained for different
the optimum position on ther{"' —m'") plane is additionally feed concentrationGg = 0.3, 1, 3 and 5vol.%) in the plane of'' —m'' pa-
enhanced by the shift of the mobile phase composition to- rameters for isotherm |. Squares: results for the objedtiveand crosses:

. - : .~ for thelp. NK=50. Purities constraints set asg> 90%. All the optima
ward higher modifier content. For a high feed concentration ¢orespond to the bounds of the purity constraints in both the outlet streams,

high modifier content is preferable. i.e. Pir = Pue = 90%.
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Fig. 8. Location of optimal points with respect lipobtained for different
feed concentratiorGg = 0.3 and 3 vol.%) in the plane of"' —m'' parameters
forisotherm I. Solid squares: the optimum for the isocratic mode and circles:
optimum for the gradient mode. Purities constraints set asrRPu90%.

NK =500%.

The values of objective functions corresponding to the op-
tima for both the isotherms are presentedables 2 and 3
In both cases increasing of feed concentration results in re-
ducing of eluent consumption.

8.2. Gradient elution

8.2.1. Effect of modifier concentration 4gg)

As mentioned above for diluted strean@E 0.3% vol.)
or easy separations a high modifier concentration in the des-
orbent port is preferable ardnoqp = 100% allows one to
achieve successful separation with the highest driving force
for the gradient, i.eCmodF = 0% andCmedp = 100%.

For larger concentrations and difficult separations the

amount of feed, which is possible to separate decreases.

In this case the feed flowrate is markedly exceeded by the
desorbent flowrate and is not sufficient to create a proper
driving force for the gradient. Since the desorbent stream
dominates, the value @fnoqp determines the average com-
position in the SMB unit. In order to achieve the required
purity of the products the concentration@foqp has to be

set relatively close to the 9 ;. This obviously reduces the
driving force of the gradient. The range of the step search-
ing of Cmodb (Chrog < Cmodb < 100%) may be reduced by
performing prior to the optimization the numeric searching
of the separation region according to the strategy described
in [10].

The results of optimization of for the isotherm | are
plotted inFig. 8 where the operating points corresponding
to the optimum under isocratic and gradient conditions are
depicted on the plane ofrf!' -m'"') parameters. The opti-
mal decision variables and the goal functions are summa-
rized in Table 4 and b. It is evident that optimization of

Table 4

Results of optimization for the isotherm | (gradient mode)

Pk (%)

Pu (%)

Y (vol.%)

&

4 (vol.%)

AL
CI’T‘IO

Iec for the optimallp

Optimallp

m! mi mVv

OptimalCmodp (vol.%) /

Cr (vol.%)

97

36.7 96

134

2.27
0.39

0.123
0.502

1.32 6.15 2.65
151 0.28

0.48

4.20
1.44

100
100

(a) Optimization ofip
0.3

91

90

81.3

35.5

P (%) P (%)

(vol.%)

1,1V
mod

C

(vol.%)

mod

c|

Ip for the optimallgc

Optimallgc

m! mil! mVv

OptimalCpmodp (VOl.%) /

Ck (vol.%)

96

96
90

17.3

.83
.83

0.107
0.461

2.75 7.71 4.48 1.98
1.50 0.43

0.54

5.19
1.23

100
100

(b) Optimization ofigc
0.3

90

69.5

0.340

are the average modifier concentrations in zones |, Il and lll, IV calculated by integrating concentration profile of the modifier.

1,1 LIV
mod ar]dcmod

C|

121
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both the objective$, andlgc leads to slightly different re-
sults; the optimum offzc corresponds to slightly lower mod-
ifier content compared to that fdp. In general, the supe-
riority of the gradient process in terms of productivity and
eluent consumption compared to the isocratic mode is sig-
nificant. Due to differences in the modifier distribution and
the retention properties of the component to be separated
in zones Il and Ill, the optimal values ofl' are lower and

the optimal values ofr!"" higher compared to the isocratic
mode. Hence, much higher feed flowrates can be introduced
at the same purity demand. High elution strength of the des-
orbent stream improves regeneration and allows reduction of
the eluent consumption. These advantages are pronounced
for diluted feed solutions, for which large flowrates can be
treated and a large driving force for the gradient can be
imposed.

The same trend as for the isotherm | can be observed for
the isotherm II, for which theCyoqp = 100% was found
to be optimal only for diluted streams (séable % and b),
while for concentrated streams the optirfajoq p value was
markedly reduced (i.e., foCr = 1% the optimalCmodp =
25%; forCg = 3% Crmodp = 20%).

For both types of isotherm, the productivity achieved
even for diluted streams exceeds productivities in the iso-
cratic mode. However, effectiveness of the gradient mode
depends strongly on type and scale of the variation of the
isotherm parameters with changes of the mobile phase com-
position and should be analyzed for each particular system
separately.

Analogously as for the isocratic mode the optimum of
productivity corresponds to a reduced purity, however, since
the shape of the operating regions for the gradient mode is no
longer trianglg8-13], the lowest bound of Pu=90% is not
always achieved for both the streams.

8.2.2. Effect of feed concentration{)C

As it is shown inTable 4 and b for the isotherm | with an
increase of feed concentration the optimal average modifier
concentration in the zones I, Il and Ill, 1V is also increas-
ing. These changes are more pronounced for the gradient
mode compared to that for isocratic (comp&ables 2 and¥
The optimal average concentration in the unit (see average

of E:ﬁ'(')d andEmé'dV) for the given feed concentration is only

slightly higher than the optimaﬂf]gd for the isocratic mode.
Hence, as it was mentioned above, on the basis of the op-
timum of the modifier concentration found in the isocratic
mode the average optimal concentration under gradient con-
ditions can be evaluated.

The results for the isotherm Il are presente@able 5 and
b. As one can observe also for this case the optimal average
modifier concentration in the zones I, Il and IIl, IV increases
with increasing concentration of the feed stream. It is worth
to note that this improvement happens in costs of “driving
force”, i.e., optimal concentration in desorbent stream de-
creases. In both cases (isotherms | and Il) increasing of feed
concentration results in lower eluent consumption.

Results of the optimization for the isotherm Il (gradient mode)

Table 5

P (%) P (%)

(vol.%)

1[N\
mod

c|

(vol.%)

mod

Igc for the optimallp C

Optimallp

m! mi mVv

OptimalCmodp (vol.%) /

Cr (vol.%)

98
90
90

90
90
90

11.7

.08
44

2.03
1.66
1.38

0.090
0.092

7.53
3.75
3.53

8.83
4.77
4.08

4.09
3.62
3.73

8.16
6.06
5.77

100

(a) Optimization ofip
0.3

17.2

25
20

17.3

46

0.086

Pu= (%) Pw (%)

(vol.%)

1,1V
mod

c

(vol.%)

mod

c|

Ip for the optimallgc

Optimallgc

mVv

mi!

OptimalCmodp (vol.%) '

Cr (vol.%)

(b) Optimization oflgc

96

92

10.5

97
43

0.075
0.079

1.99
1.42
1.41

7.76
4.42
3.56

8.90
5.04
4.12

4.93
4.05
3.77

8.22
5.92
5.81

100

0.3

90
90

90
90

15.3

25
20

17.4

.36

0.084
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9. Conclusions H
lec

In this work the effect of mobile phase composition onthe Ip
efficiency of the SMB process was investigated. The optimal km,
mobile phase composition was determined by the use of aK;
random search routine, namely the Luus—Jaakola algorithm.m
This algorithm is considered as an efficient and robust tool m
in solution of nonlinear problems in chemical engineering. N

The optimization was performed for isocratic mode with NPeds
the same composition of the mobile phase in the feed and theN®
desorbent stream and for gradient mode, for which different Nend
compositions of the mobile phase for two inlet streams were NEL
used. Optimization of the isocratic process was performedina
discrete manner: the mobile phase concentration was changedlIL
stepwise; for each step the four dimensionless flowrates in the
four SMB zones were optimized. For optimization two ob- py
jective functions have been used, i.e., productivity and eluent Pu
consumption. Pkr

The results indicate that for concentrated feed streamsq
higher solvent strength is preferable compared to that for g;
diluted feed streams. The optimal strength was found to be
also dependent on the difficulty of the separation, i.e., on
the value of the separation factor and its dependency on thery
modifier content in the mobile phase. For a favorable depen-r;
dency (when the selectivity factor increases with the solvent
strength) a mobile phase with relative high modifier content rg;
is preferable. If the selectivity factor decreases with the sol- S
vent strength a low content of the modifier allows achieving t
higher productivity. Results of optimization of the objective t"
functions considered (productivity and eluent consumption) u
exhibit similar trend. Since both the objectives are not con- V
flicting the optimum for the supplementary function can be Vs
found in parallel in a single-objective optimization. 1%

Itis evident that in order to use the process potential com- x
pletely the optimization of the mobile phase composition is
indispensable for each specific case.

For the gradient elution the optimization becomes crucial «
for the process design; the space of the free operating params;
eters is large. &t

The results of the optimization for the gradient SMB pro- u
cess indicate the same trend as for the isocratic mode—the
optimal conditions were affected by the feed concentration
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Henry constant

eluent consumption (Mlien{Mlproduc)

productivity (Mhroduc{Mlstat.phaséNin)

lumped mass transport coefficient (1/min)
equilibrium constant (1/vol.%)

flow rate ratio

vector of continuous decision variables

number of theoretical plates

number of beds (columns) in the unit

number of components

number of points in the time grid

total number of external loops in the optimization
algorithm

total number of internal loops in the optimization
algorithm

parameters in Eq$14) and(15)

purity (vol.%)

parameters in Eq$14) and(15)

stationary phase concentration (vol.%)

stationary phase concentration in equilibrium with
the local stagnant mobile phase concentrations
(vol.%)

parameters in Eq$14) and(15)

ith random variable from uniform distribution and
from the range—0.5, 0.5

parameters in Eq$14) and(15)

column cross area

time (min)

switching time (min)

superficial velocity (m/s)

column volume (ml)

volume of the stationary phase (ml)

volumetric flow rate (ml/min)

axial coordinate (m)

Greek letters

selectivitye = Hp/H1

parameter defining search region for variatie

total void fraction

safety coefficient control parameter for reducing the
search region

and the dependency of the separation factor on the mobileSubscripts

phase composition. The most important conclusion is thatthe D
potential of the gradient SMB process can be utilized most E
efficiently for relatively diluted streams, for which larger feed F
flowrates can be used. However, the scale of advantages det
pends strongly on the adsorption equilibria of the system in- j
vestigated and, particularly, on the sensitivity of the isotherm mod
parameters on the mobile phase composition. R

desorbent

extract

feed

component index
space interval index
modifier

raffinate

Superscripts

10. Nomenclature f
iNIL

C concentration in mobile phase (vol.%) K

F=(1-¢)/s phase ratio KNEL

refers to final search region

refers toin.th iteration of optimization algorithm
zone index

refers tokygy th iteration of optimization algorithm
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* refers to current best value
0 refers to initial values

n time interval index

s refers to solid phase
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