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Abstract

The operation of simulated moving beds (SMBs) at their optimal operating conditions is difficult and not robust. Therefore, it is common
practice to operate SMB units far from their economic optimum in order to tolerate uncertainties in the system and minimize the effect of
disturbances. Recently, we have proposed an on-line optimization based SMB control scheme that allows to exploit the full economic potentia
of SMB technology. The goal of this work is two-fold. Firstly, to experimentally evaluate and demonstrate the capability of the controller to
optimize and operate the SMB units, thus delivering the products with maximum productivity and minimum solvent consumption. Secondly, to
show the suitability of the controller even using a minimum of system information, thus making the detailed isotherm measurements redundan
and saving time in the separation design phase. This paper reports and discusses the first experimental implementation of the control conce
on a high purity separation of nucleosides (uridine, guanosine) with an eight-column four-section SMB where the species to be separated al
retained on the source 30RPC stationary phase according to a linear isotherm.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction velopment of new drugs, where the time to market can be sig-
nificantly reduced if SMB is used after symmetric synthesis.
The simulated moving bed (SMB) is a continuous chro-  The scheme of an SMB is shown iig. 1L The unit is
matographic separation technique based on a solid/liquiddivided into four sections by the inlet and outlet streams, i.e.
countercurrent contact used for the separation of mixturesthe two product outlets extract and raffinate, and the feed and
in two fractions. The continuous nature of the process as desorbent inlets. Each section consists of several fixed-bed
well as the higher productivity and lower solvent consump- chromatographic columns. Approximating a true countercur-
tion compared to single column chromatography has led to rent process (true moving bed, TMB), the SMB simulates the
increased interest of the fine chemical and pharmaceutical in-otherwise difficult movement of the solid phase by periodic
dustry[1,2]. It has become a well established operation, espe- switches of all inlet and outlet ports by one column position
cially for enantioseparations, but it is also attractive for bio- in the direction of the fluid flow. The separation itself takes
separations. The simulated moving bed is a separation techplace in Section2 and 3 Sectionsl and 4are necessary to
nique, which can be applied at all scales from laboratory to regenerate the solid and the liquid, respectively. Contrary to
production. This makes it a very convenient choice for the de- true countercurrent processes such as the TMB, SMB reaches
a cyclic steady state where the internal concentration profiles
"+ Corresponding author. Tel.: +41 1 632 2456; fax: +41 1 632 1141. move in the direction of the fluid flow and the outlet compo-
E-mail address: mazzotti@ipe.mavt.ethz.ch (M. Mazzotti). sitions change periodically in tin8].
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Fig. 1. Scheme of a simulated moving bed (SMB) unit including UV detectors for on-line concentration measurements in extract and raffinate.

Recently several new SMB schemes allowing for fur- control strategy that integrates the on-line optimization and
ther improvements in the separation efficiency have beencontrol of the SMB process, thus addressing the difficulties
introduced4—6]. Nevertheless, the operation of SMB units mentioned abovEL3-17] A significant feature of the devel-
at their economic optimum is still an open issue. Close to oped SMB control concept is that it is based on the linear
the optimal point, the operation becomes less robust. In ad-adsorption isotherm and the overall average packing char-
dition, uncertainties in terms of isotherm parameters, pump acteristic of the SMB unit only, regardless of the type of
stability and calibration, temperature stability or aging of the isotherm characterizing the separation system. This removes
columns make the operation at the optimum even more diffi- the necessity of detailed characterization of the columns and
cult. Therefore, itis common practice to choose a sub-optimal of the behavior of the mixture to be separated. This work
operating point in order to avoid off-spec production. Fur- presents and discusses the first experimental implementation
thermore, proper off-line optimization requires a significant of the developed concept for the high purity separation of nu-
effort in system characterization such as a detailed isothermcleosides (uridine, guanosine) in a eight-column SMB unit.
measurement, which is rather time consuming.

Implementing a proper on-line feedback control scheme
has the potential to allow for the operation of SMB units at 2. On-line optimization based SMB control
their economic optimal conditions despite uncertainties and
disturbances. However, the underlying characteristics of the  To develop the proposed SMB control schemeri-
SMB process, such as its non-steady-state, nonlinear and hytive model predictive control (RMPC) was usefil8,19] The
brid nature, make the control problem challenging. Several RMPC formulation is based on the assumption that possible
SMB control approaches have been proposed by other groupsnodel prediction errors and/or the effect of disturbances on
[7-12]. The common drawback of these approaches is thethe plant output are likely to repeat due to the periodic nature
need for accurate data about the system. We have proposed af the process, and therefore the information from the past
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Fig. 2. Scheme of the optimization based control concept.




4 S. Abel et al. / J. Chromatogr. A 1092 (2005) 2-16

cycles can be used to correct the model errors in the futureoutlet ports. In practice the true periodicity of the process is
cycles. The applied control concept is shown schematically not a single switch, but the duration of an entire cycle, i.e.
in Fig. 2and a detailed description can be foundif-15] number of switches equal to the number of columns, because
The core is an explicit, simplified SMB model. The internal of possible small column to column differences. Therefore,
flow rates in the four sections of the SMB and the concen- we have defined time steps per cycleN = 64 in our case)
tration levels in the two outlet streams, extract and raffinate, and extractedV different internal profiles corresponding to
are used as the manipulated and measured variables, respethe defined time instances, i.e. sample points. The nonlinear
tively. The switching period* is defined at the beginning of SMB model equations are linearized at each sample point us-
the operation and kept constant. The goal is to optimize theing the corresponding cyclic steady-state concentration val-
performance of the plant in terms of productivity and sol- ues and the flow rates in the four sections. Regardless of the
vent consumption on-line, while the purity of the products in specific adsorption isotherm, the SMB model is nonlinear
extract and raffinate should be above a defined purity limit. because of the bilinear convective term where column flow
The product concentrations are measured on-line by a suit-rates and species concentration are multiplied. This proce-
able sensor system and are used as feedback information. Thdure leads to the following linear time-varying state-space
concentration measurements are used together with a periodiSMB model to be used in the control algorithm:

time-varying Kalman filter and the SMB model to estimate

the current state of the plant. With this information the con- Xk(n + 1) = A(n)xk(n) + B(n)ui(n),

troller is thep able, by using the SMB model, to p_redict the yi(n) = C)xk(n) for n=0,...,N—1 (1)
future evolution of the plant and to calculate an optimal plant

input in terms of flow rates for the specified economical ob- In the equation abové, is the cycle index and is the time
jective and product/process constraints. The controller is ableindex within a cycle. The output vectgiconsists of the con-

to act on the plant by changing the flow rates in discrete time centrations of the componemsand B in both extract and
intervals. In our case an SMB cycle is divided into= 64 raffinate, i.e.cR(n), cR(n), c§(n) andc§(n). The state vec-
time steps, i.e. eight time steps per switching interval in a tor x and the input vector comprise the internal concen-
eight-column SMB. The dynamics of an SMB plant is such tration values along the unit and the flow rates in the four
that a flow rate change is notimmediately effective, but some sections, respectively. All variables are defined in terms of
time is required for the concentration profiles to build up and deviation variables. For instance, the state vector is defined
for the outlet purities to change. Therefore, the controller pre- asx(n) = ¢(n) — ¢'¢'(n), wherec'' is the reference internal
dicts and optimizes the performance of the plant over a future concentration profile corresponding to timased for the lin-
time window of two cycles, i.e. the prediction horizon. The earization of the nonlinear model equations. The transition
on-line optimization yields the optimal flow rate sequence from one cycle to the next can be written as:

to be implemented at the 64 time intervals of the first cycle,

i.e. the control horizon, whereas only the calculated optimal xx+1(0) = xx(N) 2

flow rates for the first time step are indeed implemented. At ) » )

the next time step, new feedback information becomes avail- 1 NiS implies that the space composition profiles at the end of
able and a new optimization problem is solved on the basis the current cyclé, are used as initial conditions for the next

of the updated state of the process. Again only the flow ratesCY¢l€ + 1. The obtained time-varying linear model of the
corresponding to the following time step are implemented. SMB process constitutes the basis for the on-line prediction
and optimization of the process as described above. On the

2.1. SMB model other hand, because the order of the obtained model is too
high, it might lead to significant computational load for on-

A detailed SMB model is not suited for on-line optimiza- line applications. Hence, _the order. of the model is red.uced

tion because of its nonlinear nature and excessive computaPY Palanced model reduction technique. We refer to available
tional load. Therefore, a simplified model, i.. a linear time- litérature for the details of the model reduction procedure

varying model of the process obtained via linearization of [14].

the equilibrium dispersive SMB model, is appligd!]. This

model is simple enough for on-line computation and still 2.2. Optimization problem

captures the dynamics of the process sulfficiently. The linear

time-varying SMB model is obtained as briefly described be- ~ The aim of the developed control conceptis to optimize the

low. A more detailed description of the modelling procedure performance of the SMB plant. The controller should maxi-

can be found elsewhef&3,14] mize the productivity PR (E(:3)) and minimize the desor-
The SMB process does not achieve a steady state in whichbent requirement DR (Eg@4)) while fulfilling constraints on

all the process variables are constant in time, but it reachesa minimum product purity of extract and raffinate:

a cyclic steady state, in fact the concentration profiles in the

SMB propagate in the direction of the fluid flow and are pRr_— =

shifted back at each port switch with respect to the inlet and volume solid phase neolV(1 — €*)

amount separated per tim_e OFcF

3)
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desorbent consumption (Qp + OF)ep solve the LPs was 1.2 s on a PC with a 3 GHz processor. The
~ " amount separated - OFcr ) effectiveness of this control approach has been demonstrated
) ) i through extensive simulations in different cases (model/plant
In the above equation, the density of the feed stream is as-migmatch; disturbances), and for different linear and nonlin-
sumed to be equal to the desorbent densityppebecause o4, adsorption isotherni$3-17}
of its high dilution. The plant equipment in terms of size and
number of columns as well as column packing properties is
given. A suitable switch time* and feed concentratior:
are fixed before the plant is started up. According to(BY.
the productivity can be maximized by maximizing the feed 5 ; 2/ ri0is and system characterization
flow rate Qf, i.e. the throughput. The desorbent requirement
is minimized by minimizing the desorbent flow ra (see The separation of the nucleosides uridine and guanosine
Eq. (4)). ) o ) o (in the following also referred to as U and G, respectively),
Several constraints arising from technical limitations have purchased from Sigma—Aldrich Chemie GmbH (Steinheim,
to be fulfilled as well, e.g. constraints on the flow rates due to Germany), on the reversed phase SOURCE ™ 30RPC (Amer-
a maximum pressure drop limit. Here, the required product gy, 5m Biosciences, AB, Uppsala, Sweden), was considered.
specifications are enforced by constraining the average puri-rs stationary phase is designed for fast, high performance
ties over the prediction horizon, e.g. two cycles in our case, hrenarative separations of bio-molecules such as proteins,

DR

3. Experimental

with a lower bound. peptides and oligonucleotides and has a matrix based on rigid,

pave> quin —s1. where s1>0 (5) polyst_yrene/divinyl benzene_ 30m mono-sized bea_ds. This
material was slurry packed into nine standard stainless steel

pave> pmin _ g, where s,>0 (6) columns (10 cnx 1 cm) using a solvent mixture of 97% wa-

ter and 3% ethanol with a flow rate @f = 40 ml/min and
Slack variables, i.e1 ands, are a standard method to elim- 30 min packing time. The ethanol content of the solvent mix-
inate the infeasibility problems that may occur during the tyre used in the packing procedure is kept low on purpose,
on-line optimization. The feasibility of the purity constraints - pecause operating the SMB unit with a solvent mixture that
(Egs.(5) and (6) is guaranteed for sufficiently large values of has a lower ethanol content than the one used for column
s1 andsz. Excessive usage of slack variables is penalized in p5cking might lead to shrinking of the packing material and
the cost function. The operating constraints due to hardwaremightater change the column characteristics. As the first step
limitations such as maximum allowable flow rate related to of the system characterization, the adsorption behavior of the

the pressure drop limitations of the columns are also incor- nycleosides was determined; their adsorption isotherms were
porated into the optimization problem as linear inequality found, i.e.:

constraints. _
gi = Hici (i=G, V) 9)

0<Q; <O for j=1,....4 (7) N _

' - . _ The effect of the solvent composition on the adsorption be-
The_ cost function of the_ optimization prOblem is defined as havior of uridine and guanosine has been investigated, as il-
minimizing the cumulative solvent consumption and maxi- lustrated inFig. 3 The Henry’s constants; were calculated
mizing the cumulative throughput over the control horizon, from the retention timess; of dilute peaks and for ethanol
e.g.nc = 1 cycle in our case.

T T T

MiN[Ap OFF — AEQF + A1s1 + A2s2] )
Qrc,s 12 —e— Uridine
—©— Guanosine

In the expression abov@® andQ¢° are the cumulative sol-
vent consumption and throughput over the control horizon,
respectivelyip andig are the weights of the corresponding
terms that are reflecting their importance in the operating ob-
jective. The vectoQc consists of the manipulated variables,
i.e. internal flow rates, for the complete control horizon. The
parameters 1, A, are the weights of the corresponding slack 4 .
variables in the cost function, which are kept large in order
to punish their excessive use. 2r p
The linear cost function (Eq8)) together with the linear o 2 4 o 8 0
constraints (EqY5)—(7) constitutes a linear program (LP), EtOH% in H.O
i.e. with approximately 3000 constraints and 280 variables, ’
to be solved on-line. ILOG CPLEX 7.0 is used as the com- Fig. 3. Henry’s constants of the nucleosides uridine and guanosine in mix-
mercial LP solver, and the maximum computation time to tures of different ratios of ethanol and water arg2

Henry's constant [-]

-
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Table 1 B
Column test with 5% ethanol in water at 22; cy = cg = 0.059/l; Vinj = 0.05 4 ’
20l

Column number Hy Hg &* g 0.04 4

1/spare column 1.274 2.168 3B7 S,

2 1.327 2.293 @77 o

3 1.351 2.334 ®73 H 0.034

4 1.344 2.324 374 I

5 1.349 2.328 B75 i

6 1.332 2.301 @78 0-02 ; gﬁg::sine
7 1.328 2.295 B75

8 1.330 2.268 (372 0.01 —
9 1.321 2.248 B74 5 4 6 8 10 12
Average (2-9) 1.335 2.299 375 u [cm/min]

o (2-9) 0.011 0.030 0019

Fig. 4. HETP measurements (at22) and fitted line according to E¢L4),

0 : where molecular diffusion could be neglected;(y = 0.014 cnf/s and
ngr?lr:i\;‘;zmsggﬁ ;3:5 :ITST deadtime due to the HPLC dead Dy = 0.017cnf/s atu = 1cmisapky = 3188571, apkg = 2534s71).

&* Ri — 10 .
Hi = 1_¢* ( 0 ) (i=G V) (10) side of Eq.(12) accounts for eddy diffusion and the second
_ o ~term accounts for mass transfer resistance:
Fig. 3shows the Henry’s constants of uridine and guanosine

in mobile phases with different ethanol/water ratios at@2 ~ HETR =ai +biu (i =G, U) (12)

One can observe that both the selectivity, Se= He/Hu. The number of theoretical plateip j, and the HETPcan be

gnd t.r;ﬁ dabsolutg Va“:ﬁs oflthe l;'er][r)‘/lli coSn'\iEmts ar(:,_ INCTeaSHetermined experimentally according to Et@) by measur-
Ing with decreasing ethanol content. 1he operating con- ing the peak width at half height for different fluid velocities

_ditions shogld be chosen in a way th_at the selectivity is high, under dilute conditions, i.e. for symmetric peaks:
i.e. the region of complete separation is large, so that the
separation becomes easier and more robust, and the Henry’s L R
constants are small, so that one can use a low switch timeVp.i = HETP <
t* and increase the productivifg]. On the other hand, the ) o
lower the switch time, the higher the internal flow rates; there- According to the lumped solid diffusion model of a chro-
fore, one needs to consider the pressure drop limitations whenMatographic column under linear conditions, the following
choosing the switch time. As a compromise, an ethanol con- rélationship applieg20]:

tent of 5% has been chosen for the experiments. The switch L
time was fixed at* = 2 min. HETR = ——

2
> (i =G, V) (13)

Wi

All the columns were tested by injecting a dilute pulse of P!
uridine and guanosine (sd@able J). As a result of the tests, _ 26" Dy | 2u
columns 2-9 were utilized in the SMB, whereas column 1, u (1 — &*) Hiapki
where the shape of the test pulse deviated slightly, was kept as - 2
a spare column. The overall void fractiari, of each column x ((1_‘9)H'> (i=G, U (14
was determined by measuring the retention time of a pulse of e+ (1 —e")H,

pure water, which was assumed to be a non-retained speciesyhereD; ; = aju/2¢*. The model parameters for axial dis-
according to the following equation, where the dead volume persjon and mass transfer resistance can be estimated by fit-

of the HPLC was properly accounted for: ting Eq.(14)to the experimental points, and are represented
Ve in the caption ofig. 4, which shows the Van Deemter curves.
o= 0 (11) The pressure drop of the columns is proportional to the veloc-

ity and the column length and was measured for an ethanol
In the equation abovey is the retention time of the non-  content of 5% to be:
retained species/ the column volume and is the volu- P bar min

metric flow rate.Table 1gives the overall void fraction of — = 0.0284< )
the columns. The average void fractigh= 0.375 was used ul cm?

to design the separation. The effect of the fluid velocity on

the column efficiency (see Van Deemter plotHig. 4) and 3.2. Laboratory SMB unit
on the pressure drop (see E#j5)) was determined. Column

efficiency is expressed in terms of height equivalent to athe-  The laboratory SMB unit comprises eight HPLC columns
oretical plate (HETP), where the first term on the right hand (10cmx1cm i.d., particle diameter 30m) with two

(15)
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from previous direction is determined by eight check valves (UPCHURCH,
column CV-3301), each located between two SMB columns as shown

in Fig. 5. The outlet ports of each column and the inlet ports
y of the following one are located before and after the check

Sgl‘i‘;k -4 valve, respectively, in order to establish the liquid flow in
the unit and to avoid cross-contamination. The pressure af-
ter each column as well as the temperature in the unit are
monitored. The plant is automated by a program using the

software package LabView (National Instruments).

The dead volume in the experimental setup consists of
" the volume of piping, crossings and check valves. It can be
neglected if the ratio between column volume and dead vol-
ume is large, which is not the case here but should be the
case for most industrial SMB plants. As showririg. 6, four
- different dead volume elements can be identified for each
recycle individual SMB column. These dead volume elements have
been measured 8% , + Vg, = 0.3705ml, Vg, = 0.01 ml
andVqs = 0.041 ml. The dead volume per column in Sec-
tions 14 can be calculated from the number of columns in
the section and the dead volume elements involved:

multiposition

h

desorbent col col
o "1 (Vde+ Vapg+ Vay)+ (n7% —1)Vq5s
Vl - }’lCO| (16)
1
Vas +n5(Vao + Vag + Vay + Vas)
D_Yd 2 o B .Y .8
Vo = col a7
2
Vo — n (Voo + Vap + Va,) + (052 — 1)V, (18)
ncol
raffinate extract 3
n§(Vas + Va.o + Vap) + (05 — 1)V,
Fig. 5. Laboratory SMB setup: repetitive single column building block of VE =4 (Vas de Cd(;lﬁ) ( 4 ) dy (29)

the column loop. ng

For a 2-2-2-2 column configuration, as used in this work, the
dead volumes per column were calculated tokfe:= V2 =
0.401ml, VP = 0.442ml andV) = 0.4165 ml. Eq(20) al-
lows to calculate a dead volume correction for the flow rates
0 yielding the following equation for the key operating pa-
rameters, i.e. the flow rate ratios,; [21]:

columns in each section (2-2-2-2 configuration) and is lo-
cated in a climate controlled room for isothermal operations.
One of the eight modules of the plant setup is shown schemat-
ically in Fig. 5, this module is repeated eight times to con-
stitute the SMB loop shown ifig. 1 The unit is operated

in closed loop mode, which means that the fluid phase is
withdrawn at the end of Sectiohand directly recycled to Q1" — Ve* — vD
Sectionl. Three external streams, i.e. extract, feed and raf- m; = VA= /
finate, as well as one internal stream, (., are controlled
by HPLC pumps (Jasco, PU-987). Five (12 + 1) port multi- The laboratory SMB setup is arranged in the closed loop
position valves (Vici-Valco EMT-6-CSD12UW) implement mode as illustrated iRig. 5. There are different ways to close
the periodic port switching mechanism ($&g. 5). The flow the loop in an SMB setup, where one straight forward method

(GG=1,...,4) (20)

feed desorbent extract feed

out T A
to next

1
Vay 1+ Vas > column

from previous
column —P Vo column Vap

A\

desorbent raffinate desorbent

Fig. 6. Dead volume distribution for one column in the experimental SMB setup.
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(adopted in this work) is to connect the multi-position valve = 005 m TEInl
at the “open loop desorbent outlet” directly to the pump con- %’ 0,041 ﬂ
trolling the internal flow rateQ using a tee-connection to a S
bottle with fresh solvent (seEig. 5). This way the solvent £ 003 | Guanosie
from Section4 is directly recycled to Sectioft and fresh 8 000 | |
solvent makes up for the difference in solvent balance. By 8 :
implementing the closed loop in this way, a dead volume 0.014 ‘
between the desorbent outlet multi-position valve across the 0.00 .u,;lfé
pump to the desorbent inlet multi-position valve is created. It @ ° 1 2 3 4 5
is not part of the column loop and it does not influeivi time [cycles]
but it introduces a short delay time for the profile to propa- = 0057,
gate from Sectiond—1, in case of incomplete regeneration % 0.044
in Sectiord. 2
g 0.03

. . . 8 0,02-1

3.3. On-line monitoring § _
0.0 7 Cnane
To implement a monitoring system suitable for on-line J L - ‘J

control, two sensors, one for each the extract and the raffi- 0.00- R v o
nate outlets, are needed. Each sensor should be able to mon- (b) time [cycles]

itor continuously the nucleosides concentration in the binary
mixture of the product streams. Since the concentrations of Fig. 8. On-line monitoring of the concentrations of guanosine and uri-
e o companents can ot be measured indvidallyand a2 5% e e Sy ZE e S
superimposed signal is to be expected, two different S|gnaI§0;/er {hrée switch periods).

are needed from each sensor, e.g. UV absorbance at two dif-
ferent wave lengths, to calculate the concentration of each
component. This yields a system of two equations (one for plemented in the LabView software package:

each signal) with two unknowns (concentration of the nucle-

osides), which can be solved for the concentratiqnsnd Si, =k cut+kSce, n=1....4 (21)
cc. Two multi-wavelength UV 2077 detectors (Jasco) were
chosen as sensors. The two different signals can be obtaine
by simultaneous measurement at two different wavelengths,
thus exploiting the difference in the UV spectra of uridine and
guanosine (seEig. 7). The feed concentrations of the SMB
experiments were chosen low enough to allow the use of the
UVs in the linear range of the calibration curve. For better
measurement accuracy the four wavelendths= 212 nm,

he UV detectors are positioned between the plant outlet

ulti-position valve of extract or raffinate and the corre-
sponding pump, as shownhiigs. 1 and 5At this position, the
UVs are at the pressure of the plant. Hence they are equipped
with high pressure flow cells for stable and reliable monitor-
ing. The plant pressure is always below 20 bar, depending on
the flow rates. Another option would have been to put the sen-
sors after the outlet pump where the pressure is atmospheric.

ho = 2?271,\3 =t 2?; nfm”ano_u - 280dnT have bdeen (;ho- ; In this case the backmixing in the dead volume of the pump
Sen, which leads 1o the following over-aetermined System ot o 4 f e tubings would influence the signal and introduce

linear equations that is solved by least squares regression im-

a time delay.
Fig. 8shows the concentrations of uridine and guanosine
18 calculated from the four monitored UV signals for the plant
164 o] startup of the experiment described in Sectidh1 The plant
144 —o- Guanosine startup is shown for the first five cycles for the raffinatEig.
2 121 ~8- Uridine 8a and zoomed in on only three switching periods for the ex-
T 101 tract around cycle 5 irig. 8b. The dead volume between
E’gz the multi-position valve at the plant outlet and the detector
5 0'4: is almost negligible and a time delay of the measured signal
02 [rsasemm] of only 3s (at a flow rate o = 2 ml/min) was calculated.
00 ' i ' | S This implies that there is almost no backmixing in the line
200 220 240 260 280 300 320 between the plant and the detectors and, as can be observed
wavelength 2 [nm] fromFig. 8 the sensor system monitors the process dynamics

, , o _ _very accurately. Small variations from column to column can
Fig. 7. UV spectra of guanosine and uridine measured with a multi- t be completelv avoided. which is evident from the pattern
wavelength UV 2077 (Jasca)y = cg = 0.08 g/l. For on-line monitoring, _no ; P y ! ; o p
signals at the following wavelengths were used= 212 nma, = 224 nm, in Fig. 8a. The accuracy of the on-line monitoring system
A3 = 244nm 4 = 280 nm. has been checked by off-line HPLC measurements for a lim-
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ited number of SMB experiments and a statistical error of Table 2

0.5% on the resumng purity has been estimated. This error SMB runs at different operating conditions and corresponding purities of

. . . raffinate and extract
occurs as the sum of several influences such as calibration

deviations at all four UV channels, slight pressure sensitiv- Run 2 ms PR Pe
ity of the sensor, drift of the UV signals, and concentration 1 129 1.79 98 94.8
level of the compounds (signal-to-noise ratio). It has to be 2 129 179 100 95.0
kept in mind that the achievable accuracy largely depends i ig; i:gg 133 gg:;
on the UV spectra of the two components to be separated 5 1.39 1.89 100 99.6
and on the possibility to choose several wavelengths with a 6 1.41 1.91 10@ 99.6
significant difference in measurement response. This implies 7 1.62 212 9% 99.8
that for a system with a larger difference in spectra a bet- 8 164 2.14 94 99.7
ter accuracy can be achieved. The linearity range of the UV 13 1'?2 i'éi ?S gg:?
signal at different wave lengths is also a factor to be consid- 1, 134 207 0% 99.8
ered. For the system of guanosine and uridine the spectra are2 1.31 2.11 9g 99.3
rather close (sefeig. 7), but areasonable accuracy can stillbe 13 1.28 2.17 97 95.6
obtained. The flow rate ratiosn; andmy are fixed as 2.891 and 0.880, respectively,

andr* = 2min.

4. Results and discussion The region of complete separation in thex(m3) oper-
ating parameter space at 23 was obtained using the data

4.1. SMB separation performance and temperature from single column Henry’s constants measurements and is

effects drawn with solid boundaries iRig. 10 The validity of this

region needs to be verified by SMB experiments. To this aim,

Characterization of the columns and of the adsorption be- SMB experiments with different operating conditions were
havior of the mixture provide us with the information needed run to steady state and the product purities were determined
for the design of the SMB separation. This section is devoted by HPLC measurements. All experiments were carried out at
to the experimental verification of the SMB separation perfor- a constant switch time, i.€ = 2 min, and fixed values a1
mance before implementing the control scheme. Furthermoreandmyg, i.e.m1 = 2.891 andm4 = 0.880, which guarantee
the temperature sensitivity of the system is an importantissuecomplete regeneration in Sectiohgand 4 respectively. The
to be clarified in order to assess the robustness of the SMBdead volume of the plant was accounted for properly accord-
experiments. Therefore, the temperature effect on the adsorping to Eq.(20) [21]. Table 2reports operating conditions and
tion behavior of each component, i.e. uridine and guanosine,corresponding purities of raffinate and extract of the experi-
is characterized by measuring their Henry’s constants at dif- mental runs. First, ten experiments were performed to verify
ferenttemperatures (s€e. 9a).Fig. Dillustrates the region  the position of the complete separation region, whereas the
of complete separation in the:f, m3) operating plane for  last three were performed to identify the optimal operating
different temperatures, and gives an insight into the tempera-conditions, i.e. those close to the vertex of the complete sep-
ture sensitivity of the separation performance. The operating aration triangle. The reproducibility of the experiments was
temperature for the SMB experiments is chosen &2 tested for one operating poimtf = 1.286 m3 = 1.789) and
order to have the best temperature stability for the available a deviation of less than 0.22% in purity was found (Sakle

climate control system. 2).
26 3.0
.24°C
244 23°C
i 22C
26°C{ 7
:I‘ . \9\6 2.5 ..,- .:.
c o 4
S
g 2.0 -
S 184 —e— Uridine £ 207
> . -©- Guanosine
c
(9] -
£ 1.6 1.5
1.4+ —
12 T T T T T 10 T T T
21 22 23 24 25 26 27 1.0 15 2.0 25 3.0
(a) temperature [°C] (b) m,

Fig. 9. (a) Temperature dependence of the Henry’s constants of uridine and guanosine at 5% ethanol in water and (b) the resulting regions qia@tipiete se
in the (ny, m3) plane at different temperatures.
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24f i ' i ' ' ' The isotherm measurements were performed by control-
ling the HPLC column temperature, whereas the SMB runs

22 were carried out by controlling the room temperature. There-
fore, the mismatch between the complete separation regions
2 determined by isotherm measurements and SMB experiments
—1s could be explained by a slightly higher temperature, e.g.
g ~1°C, inside the columns, whereas the room temperature
16 was stable at about 2&. According to the triangle theory,
the optimal operating conditions for an SMB separation are
1.4 at the vertex of the complete separation region. Three more

experiments were run (Run 11-13Tiable 2 and the vertex

12 of the triangle region was located. The position of the operat-
ing points in the 12, m3) operating plane is shown Fig. 10,
whereas-ig. 11b gives the corresponding product purities as
a function of the correspondingy-values.

12 14 16 1.8 2 22 2.4

Fig. 10. Region of complete separation of guanosine and uridine & 23
for 5% ethanol in water. Solid line: separation region based on single column 4.2. Controlled SMB separation of nucleosides
Henry’s constants measurements; broken line: separation region estimated

frpm SMB experiments..The operating points of those experiments are in- Our on-line optimization based SMB control concept has

dicated, whereas = 2 min,m; = 2.89 andmn4 = 0.88 were kept constant . . .

for all points. begn |mplementeq experlmeptally on t.he separation of nucle—
osides presented in the previous section. For all experiments
given below, the switch time was fixed&s= 2 min, and the

Fig. 10shows the position of the experimental points on mobile phase was 5% ethanol in water. The operating tem-

the (no, m3) operating plane, the obtained extract and raf- perature was chosen asZ3, but variations between 23 and

finate purities are shown iRig. 11 It can be observed that 24°C were to be expected due to the limited accuracy of the

going along the line parallel to the diagonal with increasing climate control in the room. The reduced-order time-varying

my-values (se€ig. 10, the system behaves in the expected linear SMB model used by the controller is obtained as de-

way, i.e. the extract purity increases and the raffinate purity scribed in Sectior2.1 using Hy = 1.303 Hg = 2.248 and

decreases (sefig. 11a). On the other hand, it is obvious ¢* = 0.375. These are different from those obtained experi-

from Fig. 10andFig. 11a that the triangular region of com- mentally by running SMB experiments and used to draw the

plete separation applied to the SMB unit is slightly shifted dashed triangle iftig. 10 i.e. Hy = 1.316, Hg = 2.140 and

with respect to the one obtained using the measured Henry'ss* = 0.375. This is done on purpose in order to introduce a

constants (given irFig. 10 with solid lines). According to  plant/model mismatch and to challenge the robustness of the

the triangle theory, the operating points corresponding to the control concept.

triangular region lead to 100% purity for both outlets. Here,

the maximum achievable purity for both outlets was about 4.2.1. Case of plant/model mismatch

99.6%. Therefore, we have chosen 99% purity as the cutoff ~ Uncertainty in the retention behavior of the species is

criterion and defined the borders of the experimental com- rather typical in SMB chromatography, e.g. due to measure-

plete separation region accordingly. This is drawiriig. 10 ment errors, temperature deviations, plant dead volume (see
with dashed boundaries. Section4.1). Therefore, the SMB control concept should be
100
99
= X 98+
> > —e— raffinate
= = —©— extract
3 3 974
1 —o— raffinate 064
90 -©- extract
88-|'|'|'|'| B+
130 140 150 160 1.70 1.275 1.300 1.325
(@) m, (b) m,

Fig. 11. Obtained steady state purities for the operating points shoftig.idQ (a) The points on the line parallel to the diagonal and (b) the points close to
the vertex of the estimated separation region.
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robust enough to yield good performance under such uncer- Fig. 12shows the purities of extract and raffinate outlets
tainties. Hence, we have introduced a plant/model mismatchmeasured by the on-line monitoring system and the produc-
by developing the controller on the basis of isotherm param- tion cost §) throughout the entire operation, i.e. a duration of
eters that are different from the real ones in the SMB plant. 54 h. The production cosft] is defined according to the cost
This result aims at demonstrating that the controller is able to function of the optimization problem (E¢8)), but without
fulfill the required product specifications and to operate the the contribution of the slack variables:

SMB unit at the optimal operating conditions despite uncer-

_ ave ave
tainties in the system behavior that are reflected in errors in F=2p00p"— AFOF (22)

the estimation of the model parameters. HereQ@®andQ@"®are the average solvent consumption and
The plant was started up without controller at an op- throughput over a cycle, respectively. One can see fagn
erating point above the complete separation region = 12that once the controller is switched on, it adapts the oper-

2.276 mp = 1.263 m3 = 2.294 m4 = 1.298), thus leading  ating conditions effectively and fulfills the specified product
to purities of Pe = 90.4% and Pr = 91.4% at cycle 8 as  purities at the expense of the production cost, despite the
shown inFig. 12 The low product purities are not only due  plant/model mismatch. Following the fulfilment of the pu-

to the wrong choices of the operating point in the;(m3) rity requirements, the production cost is then optimized. Note
plane, but also due to the wrong valuesnof andm, that that if the products purities are above the specifications, there
lead to improper regeneration in Sectiband 4 is room for the controller to optimize the economics of the

The controller is switched on after cycle 8, to fulfill a process. The behavior of the controller reflecting this possi-
specified purity requirement gf™" > 99% for both extract  bility can be clearly observed by looking at the dynamics of
and raffinate. Recall that the primary task of the controller the product purities and of the production cost throughout the
is the achievement and maintenance of the specified prod-gperation.
uct purities despite uncertainties and disturbances, whereas Fig. 13shows how the controller changed the flow rate
the secondary task is the optimization of the separation per-ratios in the four sections of the unit during the experimentin
formance in terms of productivity and solvent consumption. order to accomplish the given task. The resulting trajectory
This objective is reflected by the cost function of the opti- of the operating point with respect to the region of complete
mization problem (Eg(8)) where proper weights are chosen, separation in thei{,, m3) plane and to the region of complete
i.e.Ap = 4, Ar = 18 21 = 100 andi, = 100. Note thatthe  regeneration in ther{, m1) plane, i.e. defined byig < m1
weights are chosen by considering the relative magnitude ofand Hy > mg4, are illustrated irFig. 14a and b, respectively.
each term constituting the cost function rather than their ab- The regions with the dashed boundaries correspond to the
solute magnitude. real behavior in the SMB plant (at 28), whereas the regions

0.98 -10
0.96 |- .
Controller is 15
on after cycle 8
0.94
0y
oo2rlel /e 420 B
................................... Q
....................................................... o
N 4 e T — c
S 09f )
a i 125 3
i °
088F o
7 o
086F | 130
e I B production cost
extract 4-35
082 —o— raffinate
08 1 1 1 1 1 1 1 1 1 1 _40
0 20 40 60 80 100 120 140 160 180 200

time [cycles]

Fig. 12. Product purities of extract and raffinate and the production Epstiie controller is switched on after cycle 8 in order to achieve a desired purity of
minimum 99% for both products.
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Fig. 13. Controller action throughout the operation in terms of flow rate ratigsthat are calculated by average internal flow rates over one cycle.

with the solid boundaries are calculated based ontheisotherm  This result demonstrates that the controller does not need
parameters used by the controller. One can see that after théo rely on accurate system parameters to achieve the prod-
controller is activated, i.e. after cycle 8, the operating point uct specifications and to optimize the economics of the
in the @n2, m3) plane is moved down towards the region of process.

complete separation of the plant (déig. 14a). Moreover,

m1 andmy are changed so as the operating point is moved 4.2.2. Case of disturbance in the SMB operation

further inside the region of complete regenerationin orderto  As stated above, the task of the controller is to assure the
overcome the regeneration problem (5ég 14). Note that  product quality and to operate the SMB unit despite uncer-
the SMB unit is operated close to the vertex of the triangu- tainties and disturbances. Having shown the robustness of the
lar region (sed-ig. 14a), which corresponds to the optimal control scheme against uncertainties, here we aim at assess-
operating conditions according to triangle thef8}. ing the performance of the controller when the SMB plant is

2.4 3
_»cycle8 model cycle 202
2.2
H plant model __»cycle 8
2 :oycle202 4 [T
H o | plant
£ 18 £
1.5
1.6
1.4 1
1.2 0.5
12 14 16 18 2 22 24 0.5 1 1.5 2 2.5 3
m
() 2 (b) m,

Fig. 14. (a) Trajectory of the operating point on they(m3) plane with respect to the region of complete separation. (b) Trajectory of the operating point on
the on the 14, m1) plane with respect to the region of complete regeneration. The regions given by dotted line are valid for the SMB plant, whereas the ones
with solid line are based on the isotherm information that is used to obtain the SMB model of the control scheme.
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: — extract
—o— raffinate
0.96f , B

1

Purity
o
2

0.861 Qp: +10% : 1

0'8 1 Il 1 1 1 1 1 1 1 1 1 1 Il 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Cycle

Fig. 15. Product purities of extract and raffinate, not controlled, same start up conditions asapev@.@76, ms = 1.263 m3 = 2.294 m4 = 1.298 1* =
2min). A 10% increase of the feed flow rate is introduced as a disturbance after cycle 47.

subjected to disturbances. The most common SMB configu- Before investigating the behavior of the controller under
rations require four to five pumps and operational problems such circumstances, it is important to quantify the effect of
due to malfunctioning of the pumps are familiar to SMB prac- such a disturbance on an SMB plant operated without any
titioners. Therefore, in this second test case we considered aontrol scheme, so that the control performance can be ap-
situation in which the feed pump starts to deliver 10% more preciated. To this aim, the SMB plant is started up under the
flow from a certain point on for the rest of the operation. same conditions as in the previous case (see Sedtihd)

14
0.95
1
0.9 :
I
: s
1
! @
_‘; 0.85F e i ......................... -0 8
S e e A S
.................. ¥ g
...... 1 , 8
0.8 i &
1
1
|
5 1
0.75[F | e production cost | -4
: — extract I
—o— raffinate !
07 1 1 1 1 1 1 1 1 i 1 L 1 Il '6

1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190
time [cycles]

Fig. 16. Product purities of extract and raffinate and production &sThe controller is switched on after cycle 1 in order to achieve a desired purity of above
98.5% for both products. The disturbance on the feed pump (unknown to the controller) is implemented at the end of cycle 100 and feed pump sarts to deliv
10% more than it should do.
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Fig. 17. Controller action throughout the operation in terms of flow rate ratig} that are calculated by average internal flow rates over one cycle. The
disturbance on the feed pump (unknown to the controller) is implemented at the end of cycle 100 and feed pump starts to deliver 10% more than it should do
which causes the discontinuity imz andmg.

and run until it reaches steady state. The feed flow rate is  Fig. 17 illustrates the controller action in terms of flow
increased by 10% after cycle 47 in order to illustrate the ef- rate ratios ;, throughout the operation. The implemented
fect of such a disturbance on the separation performance ofdisturbance affects directly the flow rates in Sectidhs
an uncontrolled SMB unitFig. 15gives the corresponding and 4 by increasing them. One can see that the controller
plant response in terms of product purities. It can be seen thatcounteracts and compensates for the consequences of the
the start up operating conditions lead to a purity of about 94% increased feed flow rate. It is worth mentioning that the
and 92% for extract and raffinate, respectively, whereas thecontroller operates the plant very close to the vertex of the
change in the feed flow rate results in a 7% decrease in the pucomplete separation region in the4, m3) plane both before
rity of both outlets. Note that the extract and raffinate purities and after the disturbance.
are fluctuating slightly even at steady state conditions. This  As a final remark, this operation is carried out by using
is probably due to temperature variations in the system andslightly different weights in the cost function of the optimiza-
possibly also due to pulsations of the pumps. This actually tion problem with respect to the test case in Sedcli@], i.e.
indicates that the system is already subject to disturbancesip = 2, A = 4, A1 = 100 and., = 100. It can be observed
that are hard to avoid completely. that the values of the weights do not have a significant influ-
The controlled SMB operation is started up under the same ence on the controller performance, provided there is a clear
initial conditions as in the case illustratedfig. 15and the difference in the relative magnitude of the terms constituting
controller is switched on after the first cycle. The specified the cost function, i.eip Q’E’f andig QﬁC.

minimum purity requirement is defined &' > 98.5% for This result demonstrates that the controller can minimize
both extract and raffinate. This constraint is fulfilled after the off-spec production, assure the product quality and opti-
about 25 cycles following the start up (d&ig. 16). The dis- mize the performance of the plant despite major disturbances

turbance, which is of course unknown to the controller, is in the SMB operation.

implemented after cycle 100. The feed pump delivers 10%

more flow for the rest of the operation. It can be observed

from Fig. 16that the controller rejects the disturbance and 5. Conclusions

recovers the required outlet purities within 20 cycles, at the

expense of the production cost that increases. Once the prod- In this work, we have presented the experimental imple-
uct specifications are achieved, the cost is improved and thenmentation of an optimizing controller for SMB units that
optimized. has several remarkable features. The controller is based on
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a simplified model of the SMB unit, and does not require Ap, Af, A1, A2 weighting factor in cost function

that this model is very accurate, i.e. it is able to cope with A
significant uncertanities in the model parameters. It relies on

wave length (nm)

feedback information from the plant in terms of composi- Subscripts and superscripts

tion, hence purity, of extract and raffinate. In earlier works, ave
we had demonstrated the effectiveness of the controller whenA, B
applied to a virtual SMB plant, in the case of systems char- D
acterized by both linear and nonlinear isotherms. Here, we E
have shown that the controller works indeed also on a real F
SMB plant, which in this case is a eight-column SMB used G
for the separation of the nucleosides uridine and guanosine.i
The compounds to be separated exhibit linear adsorption bes
havior, and on-line information about product composition &
has been obtained by using data about UV absorbance at difmax
ferent wave lengths. These results open up rather promisingmin
perspectives in SMB chromatography, namely the possibility n

of reducing to a minimum the time for system characteriza- nc
tion before starting a preparative SMB separation. This looks R
particularly attractive for chiral systems and for multicom- ref
ponent separations where adsorption characterization mayJ

be very time consuming.

6. Nomenclature

ap

A, B, C
Ci

F

Hi
HETR
ki

k;,

specific surface of the adsorbent particles (¢jn
state space model matrices

concentration of species i (g/l)

production cost function (ml/min)

Henry’s constant of species i

height equivalent of a theoretical plate (cm)
mass transfer coefficient of component i (cm/s)
UV calibration factor (AU I/g)

flow rate ratio in section

number of time steps per cycle

number of theoretical plates

number of columns in sectigh

control horizon (cycles)

purity

adsorbed phase concentration of species i (g/l)
volumetric fluid flow rate in sectiop(ml/min)
slack variable

UV signal (AU)

switch time (min)

retention time of non-retained species (min)
retention time of component i (min)

input vector of superficial velocities

column volume (ml)

dead volume per column in sectipml)

dead volume element (ml)

peak width at half height (min)

state vector

output concentration vector

Greek letters

8*

void fraction

average

components

desorbent

extract

feed

guanosine

component index
sectionindex{=1,...,4)
cycle index

maximum

minimum

time step index within a cycles(=0, ..., N — 1)
over the control horizon
raffinate

reference

uridine
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