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A simulated moving bed (SMB) was operated for the separation of mixtures of 2- 
phenyl ethanol and 3-phenyl-1-propanol on columns packed with Zorbax C18 bonded 
silica, using a 60:40 (v/v) solution of methanol and water as the mobile phase. Series 
of four or eight columns were used. The experiments were carried out with low concen- 
tration mixtures, that is, under linear conditions. Band profiles of both compounds 
eluted from one of the columns during successive periods after steady state had been 
reached were recorded, as were the concentration histories at the extract and rafinate 
ports. These experimental results are compared to those predicted by two models: the 
linear ideal and the linear equilibrium-dispersive models of chromatography, applied to 
the SMB separator. These two models give excellent agreement between the experimen- 
tal profiles and those calculated with the model. As expected, the profiles predicted by 
the ideal and the equilibrium-dispersive models differ onb by the lack of dispersion in 
the profiles given by the former. The latter model is demonstrated to be a solid, reliable 
tool for further studies of the SMB design and optimization. 

Introduction 
In spite of the progress made in contour procedures with 

the advent of computers, engineers still much prefer continu- 
ous processes over batch ones for industrial applications. 
Considerable effort has been made to replace the conven- 
tional methods of preparative chromatography by a continu- 
ous process. Overloaded elution under either isocratic or gra- 
dient conditions and displacement are batch proc- 
esses. A feed pulse is injected in the unit and separated into 
its components, which are collected before a new batch can 
be processed. One of the major drawbacks of this approach is 
the finite recovery yield of the components of interest. Bands 
cannot be completely separated unless low production rates 
are accepted. The mixed fractions could be recycled, and se- 
rious consideration has been given to this approach by a few 
groups (Bailly and Tondeur, 1982; Bombaugh et al., 1969; 
Charton et al., 1994; Henry et al., 1974; Martin et al., 1976; 
Seidel-Morgenstern and Guiochon, 1993). However, it has 
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proven difficult to find experimental conditions under which 
the production rate is equal to the one achieved in the con- 
ventional process (Charton et al., 1994; Seidel-Morgenstern 
and Guiochon, 1993). Because recycling is more complex and 
difficult to optimize, it has never received much attention 
from users. Simulated moving bed separators (SMB) now ap- 
pear to be a much more attractive alternative to the batch 
processes. 

SMB was invented by Broughton in 1961 as an alternative 
to countercurrent chromatography (Broughton and Gerhold, 
1961; Broughton, 1968, 1978, 1984; de Rosset et al., 1970). In 
this last process, the solid phase is moved in the direction 
opposite to that of the liquid phase. The solid-phase velocity 
is selected so that the more retained components of the feed 
exit from each column in the direction of the solid phase, 
while the less retained ones exit in the direction of the liquid 
phase. Unfortunately, it has proven impossible to move the 
solid phase through the column and, at the time, achieve a 
reasonable column efficiency. SMB simulates the solid-phase 
movement by column switching. Thus, the solid phase moves 
by jumps that take place at an adjustable frequency. The proc- 
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ess is not really continuous, but periodic. As a consequence, Column modekr 
its properties are somewhat different from those of true 
countercurrent chromatography (Ruthven and Ching, 1989). 
SMB has been applied to several important industrial separa- 
tions, especially the extraction of p-xylene from C8 hydrocar- 
bon fractions (Parex process (Broughton et al., 1970)) and 
that of fructose and glucose from hydrogenated corn syrup 
(Sarex process (Neuzil and Jensen, 1978)). SMB is now at- 
tracting considerable interest as a continuous process imple- 
menting preparative chromatography for industrial separa- 
tions in the pharmaceutical industry. The most important field 
of application would be the separation of enantiomers, in 
which case the main inconvenience of the process, the impos- 
sibility of separating more than two components in a simple 
SMB, disappears. Compared to the classic applications of 
SMB in the chemical industry, however, applications in the 
pharmaceutical industry would be characterized by a much 
smaller specific capacity of the adsorbent, lower values of the 
separation factor, and the absolute need to work under non- 
linear conditions. 

So far most of the publications regarding SMB are devoted 
either to technical descriptions of some new applications 
(Negawa and Shoji, 1992; Ching et al., 1993; Kusters et al., 
1995), or improvements made on the classic implementation 
of the process (Hashimoto et al., 1993; Balannec and Hotier, 
1993; Charton and Nicoud, 19951, or to discussions of its 
modeling and interpretation. An important body of work is 
available in this last area, with pioneering work by Ruthven 
and Ching (1989) and important contributions of Storti et al. 
(1989, 19931, Fish et al. (1993), Yun et al. (19961, and Zhong 
and Guiochon (1996). However, few comparisons between the 
actual performance of the SMB and the predictions of the 
model have been published. Recently, Seidel-Morgenstern 
(1996) reported partial results comparing the concentration 
histories at the extract and raffinate ports during startup op- 
eration and showing good agreement with the calculated 
chromatograms obtained with an equilibrium-dispersive 
model. Models are useful only insofar as they represent rea- 
sonably well what happens in the unit. Computer calculations 
may then be used to improve on the design and to optimize 
the experimental conditions for maximum production rate or, 
more often, for minimum specific production cost. Before any 
extensive use of a model can be contemplated, however, its 
validation is required. 

The goal of this article is to compare the experimental per- 
formance of an SMB with the results of model calculations. 
In this preliminary work, we have operated our SMB under 
linear conditions. The design of the system allows the simul- 
taneous recording of the concentration profiles eluted from 
one column during each successive period as well as that of 
the concentration histories at the extract and raffinate ports. 
These profiles are compared to the results given by the exact 
analytical solution of the ideal model (Zhong and Guiochon, 
1996) and by the numerical solution of the equilibrium- 
dispersive model described previously (Yun et al., 1996). 

Theory 
The models used in this work have been discussed previ- 

ously (Yun et al., 1996; Zhong and Guiochon, 1996). Here we 
give only a brief description. 

Ideal Model. In the ideal model, the column efficiency is 
supposed to be infinite. The local concentration in the solid 
phase is related to the liquid-phase concentration through the 
isotherm, which is linear in the present case. The axial dis- 
persion coefficient is zero. The differential mass balance in 
column j ,  for component i ,  is written 

d q j  dci,j dq. 
- + u . -  +F>=O, 

d t  I dz at ( l a )  

where C,,] and q,,] are the liquid- and solid-phase concentra- 
tions of component i in column j ,  respectively; uI is the liq- 
uid-phase velocity in column j; F = (1 - E ) / E  is the phase ra- 
tio; and E is the total column porosity. Since we consider the 
separation of a binary mixture and a four-column SMB sys- 
tem, i = 1, 2 and j = I, 11, 111, or IV. 

The solution of the ideal model is characterized by the as- 
sociation of a migration velocity with each concentration 
(Rhee et al., 1989; Guiochon et al., 1994). In the case of a 
linear isotherm, this velocity is constant. Concentration dis- 
continuities of the boundary condition are unchanged and 
propagate without dispersion. In the case of a linear isotherm, 
the solution of the ideal model is trivial with the boundary 
conditions of elution chromatography. It is easily shown that 
the injection pulse of each feed component is merely trans- 
ported along the column at constant velocity, without experi- 
encing any profile change. In the case of SMB, because the 
boundary conditions are more complex, the solution is also 
more complex. It conveys much useful information regarding 
the behavior of the SMB, the concentration profiles along 
the columns, and at the drawoff ports. This exact analytical 
solution was discussed previously (Zhong and Guiochon, 
1996). 

Equilibrium-Dispersive Model. The equilibrium-dispersive 
model is nonideal. It still assumes constant equilibrium be- 
tween the two phases, but accounts for the dispersive effect 
of a finite column efficiency by using an appropriate appar- 
ent axial dispersion coefficient, D, (Guiochon et al., 1994). 
The mass-balance equation is written 

(lb) 

In both models, the mass-balance equation must be com- 
pleted by the isotherm equation. In the present case, the 
equilibrium isotherm is considered to be linear; hence, 

With a linear isotherm, there is no competition between the 
feed components for interaction with the solid phase. Com- 
ponent 1 is assumed to be less retained than component 2, 
that is, K ,  < K,. 

At the beginning of the 
first period of startup, the solid and liquid phases are in equi- 
librium in the column, with no feed components. Then, a 
stream of feed is pumped into the column. The initial and 
boundary conditions of the problem are 

Initial and Boundary Conditions. 
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Figure 1. Simulated moving bed separations. 
(a) Scheme of the SMB; (b) SMB chromatograph setup. Rectangles: columns (or multicolumn sections) I,  11, 111, I V .  Circles: 1 feed valve; 2 
solvent valve; 3 raffinate valve; 4 extract valve; 5 recycle valve. Rounded Rectangles: 1 feed pump; 2 solvent pump; 3 raffinate pump; 4 
extract pump. Ellipses: 1 raffinate detector; 2 extract detector; 3 on-column detector (detector 3). A: from feed reservoir; B: from mobile 
phase reservoir; C. to raffinate collector; D: to  extract collector; E to  recycle reservoir. 

where C:.: is the concentration of component i in the liquid 
phase at the inlet of column j. 

In SMB, the feed and drawoff nodes are shifted after a 
certain time or cycle time, t*,  to the next position along the 
fluid-flow direction. This creates an apparent or simulated 
countercurrent motion of the solid phase, as shown in Figure 
la. Accordingly, after the end of each period, the initial and 
boundary conditions must be updated. This is done by using 
the node conditions (see below). The initial concentration 
profile of component i in column j is the concentration pro- 
file in column j + l  at the end of the previous period. The 
composition of the stream entering column j is derived from 
that of the stream leaving column j - 1, modified by the node 
conditions. Note that this model does not consider the extra- 
column mixing and dispersion that takes place in the con- 
necting tubes, valves, and pumps. 

Node model 
The equations giving the flow balance and the integral mass 

balance of each component at each node were derived by 
Ruthven and Ching (1989). In these equations, QI, QII ,  Q,,,, 
Q,, are the flow rates through the corresponding columns; 
Q, is the desorbent flow rate; QE, the extract flow rate; QF, 
the feed flow rate; and QR, the raffinate flow rate. There is a 
set of equations at each node. 

Desorbent node (eluent): 

Extract drawoff node: 

Feed node: 

(4a) 

(4b) 

(4c) 

Rafinate drawoff node: 

QIII - QR = QIV 

CP" 1,111 =C!" r,IV = c i , R .  (4d) 

In these equations, Cfy and C,$ are the concentrations of 
components i at the outlet and the inlet of column j, respec- 
tively. Qj is the flow rate through column j .  It is related to 
the liquid-phase velocity, uj ,  by Qj = E A u ~ ,  where A is the 
column cross-section area, which is assumed to be the same 
for all the columns. 
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Estimation of the Flow Rates and of the Switching Time. 
Some relationships must be satisfied in each column in order 
that the lesser retained component moves in the direction of 
the liquid phase and the more retained one in the direction 
of the solid phase. These relationships can be reduced to only 
four because in columns I and I11 the more strongly adsorbed 
component is the critical component, while in columns I1 and 
IV it is the less adsorbed component that is the critical one. 
If we assume with Ruthven and Ching (1989) that the four 
critical flow constraints are all satisfied by the same margin, 
P( > 1) (i.e., with the same safety coefficient in all four 
columns), we obtain the following equations: 

1 
- = K 2 p + -  
Q ,  
Qs F 

(5d) 
( Q ,  - Q, + Q F  - Q R )  K l  1 

=- 
p +FF' Qs 

The optimum design for maximum purity of an SMB would 
correspond to the limit value, p = 1, for the production of 
extract, and P = & for the production of raffinate. In prac- 
tice, it is impossible to operate the SMB with either value. P 
is usually chosen to be slightly larger than 1, which intro- 
duces a safety margin. 

The system of algebraic linear equations (Eqs. 5a-5d) can 
be easily solved by eliminating Q,: 

QF 

K2/P - K ,  P Qs = (6a) 

(6b) 

Knowing the solid-phase flow rate, Q,, we can derive the 
value of the switching time, t*, in an SMB system equivalent 
to a given moving bed (TMB). It is given by 

(7) 

It is obvious that we must have /3 <im=& to 
achieve positive values of all the flow rates. This result 
demonstrates why it is difficult to separate two closely eluted 
components (i.e., a pair such that K,/K, = a is close to 1) in 
SMB. The closer a is to 1, the less flexibility there is for the 
choice of p. 

All the flow rates can be calculated using Eqs. 4, 5 and 6 
from the feed flow rate and the margin, P. 

Table 1. Characteristics of the Columns Used 

Column t,, (min) F K ,  K? a N, N ,  N, /N,  
A 2.190 0.7565 1.386 2.326 1.678 2,304 2,271 1.015 
B 2.202 0.7468 1.401 2.388 1.704 2,856 2,820 1.013 
C 2.194 0.7532 1.403 2.376 1.694 3,653 3,406 1.073 
D 2.194 0.7532 1.405 2.362 1.687 1,742 1,756 0.992 
E 2.189 0.7572 1.400 2.354 1.681 3.810 3,610 1.055 
F 2.190 0.7565 1.424 2.405 1.689 2,006 2,049 0.979 
G 2.201 0.7476 1.400 2.380 1.700 3,739 3,643 1.026 
H 2.192 0.7549 1.351 2.283 1.690 4,261 4,181 1.019 
Avg. 2.194 0.7532 1.397 2.359 1.690 3,046 2,967 1.021 
RSD (%) 0.22 0.53 1.51 2.96 0.52 31 29.5 3 

Flow rate, 2 mL/min; component 1: 2-phenylpropanol; component 2: 3- 
phenyl- 1-propanol. 

Experiment 
Columns and chemicals 

Eight columns (1.0 cm X 9.8 cm) were slurry packed in- 
house at 6,000 psi (41 MPa) with 10 p m  Zorbax spherical 
C-18 bonded silica, with an average pore size of 150 A (BTR, 
Wilmington, DE) column. The packing procedure was previ- 
ously described, as were the problems encountered in pack- 
ing columns with highly reproducible performance (Stanley et 
al., 1996). The parameters of the eight columns are listed in 
Table 1. Columns A to D were used in the experiments made 
with four columns (one column per SMB section), and 
columns A to H in the experiments made with eight columns 
(two columns per SMB section). Note that the column-to-col- 
umn fluctuations of the holdup time, phase ratio, and reten- 
tion factor have all a relative standard deviation (RSD) of 
0.5 % or lower. The RSD of two retention factors of the two 
components are larger; they are approximately proportional 
to the retention factor which, together with the small RSD of 
the holdup time, suggests that these fluctuations are due to 
fluctuations of the amount of surface area of adsorbent avail- 
able in each column. Finally, the column efficiency is much 
less reproducible than any of the other column parameters. 
Note, however, that the fluctuations of the ratio of the effi- 
ciencies of the two components are much smaller, with an 
RSD of 3%, comparable to the one observed on the second 
retention factor. 

2-Phenyl ethanol and 3-phenyl-1-propanol were purchased 
from Fluka (Ronkonkoma, NY). 2-Phenyl ethanol is the lesser 
retained component, with k ,  = 1.397. 3-phenyl-1-propanol is 
the more retained component, with k ,  = 2.359. The resulting 
value of the separation factor, a = 1.69, together with data in 
the literature suggest that the separation of these two compo- 
nents should not be a difficult one to perform with an SMB. 

The mobile phase was a 60:40 methanol/water solution. 
All concentrations are reported in mg/mL. A concentration 
of 1 mg/mL is 8.2 mM for 2-phenyl ethanol and 7.4 mM for 
3-phenyl-propanol. Methanol and water are purchased from 
Burdick and Jackson (Muskegon, MI). All products were used 
without further purification. Different feed compositions were 
used for the study of the four-column than for the eight-col- 
umn SMBs (see figure captions). 

Analytical chromatography 
All experiments involving conventioned liquid analytical 

chromatography were performed on a Gilson system (Mid- 
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dleton, WI), which consists of three Model 302 pumps, a 6- 
port Valco (Houston, TX) electrically actuated valve fitted a 
0.02-mL sample loop. The effluent composition was moni- 
tored by a Spectroflow 757 variable-wavelength UV detector 
(Applied Biosystems, Ramsey, NJ) at 265 nm. The columns 
were tested with this system. 

SMB chromatography 
The SMB chromatography is a Laboratory Scale Continu- 

ous Chromatography system, model ICLC 16-10, from 
Prochrom (Indianapolis, IN; Champigneulles, France). The 
system consists of four HP1050 pumps (Hewlett-Packard, Palo 
Alto, CAI, one feed pump, one solvent (liquid-phase) pump, 
one raffinate pump, and one extract pump. Five electropneu- 
matic 16-port valves are controlled by a computer to actuate 
the SMB. One valve is connected to the feed port, one to the 
solvent port, one to the raffinate port, one to the extract port, 
and the last one to the recycle port. The equipment can be 
operated at a maximum inlet pressure of 70 atm. It is able to 
run with 8, 12, or 16 columns, with any number of columns in 
each of the four sections (provided the total number of 
columns is 8, 12. or 16). For the experiments made with four 
columns, we used the eight-column setup and replaced the 
first column of each section by a 31-cm-long, 0.05-cm4.d. 
stainless-steel tubing. 

The flow rate delivered by each pump and the movement 
of each valve are controlled by the CHROSOFT software 
(CHROSOFT Manual, Prochrom, Champigneulles, France, 
1996). Figure lb  shows the flow sheet of the system. Al- 
though four columns are drawn on the figure, a setup with 
more columns can be easily done with slight modifications of 
the tubing connections. 

Detection 
Three UV spectrophotometric detectors, all operating at 

265 nm, were connected to the SMB for the purpose of this 
study, as shown in Figure lb, although only one (preferably 
two) would be needed in production runs. The first two de- 
tectors (both Spectroflow 757, variable-wavelength UV detec- 
tors, Applied Biosystems, Ramsey, NJ) were located on the 
extract line, between the extract pump and the extract collec- 
tor, and on the raffinate line, between the raffinate pump 
and the raffinate collector, respectively. They monitor the 
concentration histories at these two ports. The third detector 
(HP1100, variable-wavelength UV detector, Hewlett-Packard, 
Palo Alto, CA) was equipped with a high-pressure flow cell, 
which could be connected on the main stream of the SMB, 
between the end of one column section and one of the rotary 
valves. The signal recorded with this detector is related to the 
concentrations of the two components eluting from the col- 
umn. If the detector response is linear, it is equal to SICl + 
S,C,, Si being the response factor of component i. In gen- 
eral, the UV spectra of the two feed components are too 
close, the detector cannot distinguish between them, and their 
separate quantitation is not possible. Conversely, however, 
knowing the concentration profiles of the two components 
along the series of columns in the SMB and the response 
factors of the detector allows us to calculate these elution 
profiles for any position of the detector in the SMB. Thus, 
this arrangement allows an independent test of the validity of 

the concentration profiles calculated from numerical solu- 
tions of the models and permits an instructive comparison 
between experimental and numerical results. 

Care was taken to use concentrations low enough to achieve 
both linear-isotherm behavior of both components and a lin- 
ear response of all three detectors. In this particular case, the 
concentration required to achieve a linear-detector response 
is lower than the concentration required for linear-isotherm 
behavior. The response factors for the two compounds used 
are slightly different. Calibrations of the detectors at 265 nm 
gave slopes of 1.87 and 1.56 for the plots of the UV ab- 
sorbance (in mAu) vs. the concentration (in mg/mL) of the 
solution in the detector cell, respectively, for 2-phenyl ethanol 
and 3-phenyl-1-propanol. The mobile-phase flow rate has no 
influence on these response factors, but changes in flow rate 
result in a base-line shift. A correction is required. The con- 
centration profiles of the two compounds in the four-column 
SMB overlap in the whole section 111 of the SMB (at the end 
of a period) and in the end of column I1 and the beginning of 
column IV. In this important mixed zone, it is impossible to 
distinguish the contributions of each component to the over- 
all detector response. To compare experimental and calcu- 
lated profiles, we convert the calculated concentration pro- 
files into detector response by summing the products of the 
response factor and the concentration for each compound. 
This gives a calculated response curve for the third detector. 

Results and Discussion 
The concentration of all the feed samples used was low 

enough to ensure that both the isotherm and the detector 
response were linear, as explained earlier. The p value was 
chosen as 1.15 (intermediate between 1 and & = 1.30). From 
this value and knowing the phase ratio and the retention fac- 
tors of the two components, all the flow rates and the switch- 
ing time were determined as described in the Theory section. 
The pertinent values are given in the figure captions. The 
responses of the three detectors were recorded under these 
experimental conditions. The numerical solutions of the ideal 
and equilibrium-dispersive models were also calculated un- 
der these conditions. The results obtained are compared in 
the following figures. 

The variation of the composition of the eluent as a func- 
tion of time can be studied in two different ways. First, it can 
be described from the point of view of the detectors that are 
located on the extract and raffinate lines, downstream of the 
corresponding rotary valves. If there is no back mixing be- 
tween the column exit and the detector cell, the detector re- 
sponse will show an oscillation of the concentration during 
each period, with a progressive increase in the average con- 
centration during each cycle as the startup of the unit pro- 
gresses and the system tends toward steady state. The resolu- 
tion between the concentration peaks eluted during each pe- 
riod depends on the column efficiency. With low-efficiency 
columns, it may not be noticed (see below). The second way 
to study the variations of the composition of the liquid phase 
as a function of time consists of monitoring the signal of a 
detector fixed at the end of one column. Then the position of 
the detector cell in the SMB scheme moves along with that of 
the column in the train at the end of each successive period. 
Thus, it is located successively at each of the connecting points 
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Figure 2. History of concentrations at the draw-off 
nodes 
(a) History of the extract concentrations for an eight-column 
SMB. Thin sold line: recorded concentration profile. Dotted 
line: calculated concentration profile. Circles: experimental 
data, concentration averaged over one cycle. Thick solid line: 
calculated concentration averaged over one cycle. Experi- 
mental conditions: average isotherm coefficients, k ,  = 1.3987, 
k, = 2.3936; safety factor, p = 1.12; column porosity, = 
0.5690; cycle time, t* = 6.3086 min. Column flow rates: Q, = 
2.1039 mL/min; Q I l  = 1.5180 mL/min; Ql l l  = 1.8180 
mL/min; Qvl = 1.3509 mL/min. Feed concentrations: 0.1118 
mg/mL of 2-phenylethanol, and 0.5635 mg/mL of 3-phenyl- 
propanol. (b) History of the raffinate concentrations for an 
eight-column SMB. Same conditions and symbols as in Fig- 
ure 2a. (c) History of the extract concentrations for a four- 
column SMB. Same symbols as in Figure 2a. Experimental 
condifiom: average isotherm coefficients; a ,  = 1.4028, a2 = 
2.3762; safety factor, p = 1.15; column porosity, E = 0.5717; 
cycle time, t* = 9.33 min. Column flow rates: Q, = 1.4365 
mL/min; QII = 1.0412 mL/min; ell, = 1.2012 mL/min; Qvr 
= 0.9022 mL/min. Feed concentrations: 0.1152 mg/mL of 2- 
phenylethanol, and 0.0908 mg/mL of 3-phenyl-propanol. 

between two columns in the train (Figure la), for example, 
between sections I1 and 111, or in the middle of section I1 
between its two columns (if there are two columns per SMB 
section), or between sections I and 11. It returns to the same 
position after a number of cycles equal to the number of 
columns in the unit (later called the superperiod). Note that 
when the valve position changes, the velocity of the solute 
will change if the column is shifted from one section of the 
SMB to another, because the flow rate is different in each 
section. This causes no changes in the response factors, just a 
base-line shift for detector #3, which was accounted for in all 
calculations. During each successive period, this detector 
gives the profile of UV absorbance of the eluent moving from 
one column to the next, through the cell of this detector. 
When a pure compound is eluted, either as raffinate or as 
extract, it would be easy to convert the detector signal into 
the actual concentration profile along the column located up- 
stream, using the response factor of the detector and the 
conventional relationship between retention times at the end 
of the column and positions in this column at the beginning 

of the period. In linear chromatography this relation is sim- 
ple. The position, x ,  of a concentration at the beginning of 
the period is related to its elution time (measured from the 
beginning of the period), t ,  by x = uit, where u, is the linear 
velocity of the solute ( u i = u / ( l + F k i ) >  along the column 
(NB: This velocity changes every time the column moves into 
a different section of the SMB). However, it is impossible to 
derive the individual elution profiles of the two components 
from the profile of UV absorbance during the elution of the 
mixed band contained in the central columns of the SMB. 
The UV spectra of these compounds are too similar. On the 
other hand, the UV absorbance profile of any column is easy 
to derive from the individual band profiles. So, comparisons 
will be made later between calculated and experimental pro- 
files of the UV absorbance at the exit of each column. Note 
that for better clarity this comparison is made under steady 
state. 

Figures 2a to 2c illustrate the concentration histories at the 
product ports of the SMB. Figure 2a shows the history of the 
extract concentrations, and Figure 2b shows the history of 
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Figure 3. Band profiles along the columns of an SMB calculated using the ideal model (thin solid lines) and the 
equilibrium-dispersive model (thick solid lines). 
(a) Four-column SMB. Same experimental conditions as in Figure 2c. (b) Eight-column SMB. Same experimental conditions as in Figure 2a. 

the raffinate concentrations for an eight-columns SMB. For 
the sake of comparison, Figure 2c shows the history of the 
extract concentrations for a four-column SMB. Note that the 
resolution observed in the experimental records (thin solid 
lines) is somewhat less than the one predicted by the equilib- 
rium-dispersive model (dotted lines). This is explained by the 
significant amount of band spreading in the rotary valve, the 
long connecting tubes, and the pump, which are on both the 
extract and the raffinate lines of the SMB. The pump oper- 
ates as an ideal mixer, completely homogenizing the content 
of the pump cylinder during each pump cycle. The calcula- 
tions were made by introducing the values of the efficiency in 
Table 1, measured on each column, into the program. This 
definitively overestimates the total column efficiency and, ac- 
cordingly the degree of resolution between the successive 
peaks of 2-phenyl ethanol (at the raffinate port; Figure 2b) 
and 3-phenyl-1-propanol (at the extract port; Figure 2a). Note 
that, by contrast, there is excellent agreement between the 
average value of the stream composition calculated from the 
equilibrium-dispersive model (thick solid lines) and the de- 
tector response. This permits another comparison between 
the model of SMB and experimental results. For the sake of 
clarity, Figure 3 shows the steady-state band profiles along 
the columns of the four-column (Figure 3a) and the eight-col- 
umn (Figure 3b) SMB, calculated from the ideal model and 
from the equilibrium-dispersive model. Obviously, during the 
startup period, this method gives concentration profiles that 
are more difficult to interpret because they correspond to 
successive periods, not to the same one. The profiles shown 
in the following figures were all obtained under steady-state 
conditions. 

Figures 4 and 5 compare the experimental response pro- 
files of the third detector and the value calculated from the 
individual concentration profiles and the response factors, as 
explained earlier. There is an excellent agreement between 
the calculated profile (solid lines) and the experimental re- 
sult (symbols), for a four-column SMB (Figure 4) as well as 
for an eight-column SMB (Figure 5). To explain these fig- 

ures, we must note first that we have two configurations that 
rotate relative to each other by l/n (n = number of columns) 
turn at each period. There is a physical configuration made 
of n columns, numbered A to D (n = 4) or A to H (n = 8) 
connected to five rotary valves in such a way that a solution 
moves from one column to the other in alphabetical order. 
This column order is never altered. Then we have a process 
order that also remains constant and that is related to the 
relative position of the four streams of the equipment. In the 
case for which n = 8, for example, positions 1.1 and 1.2 are 
located between the desorbent inlet and the extract outlet; 
positions 11.1 and 11.2 are located between the extract outlet 
and the feed inlet; positions 111.1 and 111.2 between the feed 
inlet and the raffinate outlet; and positions IV.l and IV.2 
between the raffinate outlet and the desorbent inlet. Any 
given column, for example, D, successively takes the different 
positions in the order IV.2, 1V.1, 111.2, ... 11.1, 1.2, and 1.1, 
to return at 1.1, and so forth indefinitely. Figures 4 and 5 
present a series of, respectively, four and eight juxtaposed 
panels that show the successive records of the detector-3 sig- 
nal during as many consecutive periods of operation of the 
SMB. Table 2 lists the correspondences between the panels 
and successive positions of the column upstream from 
detector 3 in the SMB scheme (Figure la). 

There are four juxtaposed panels in Figure 4a. The first 
panel shows the history of the eluent concentration when the 
column immediately upstream from detector 3 is in position 
IV. Nothing exits from the column, which is in agreement 
with the independent observation that there is no 2-phenyl 
ethanol in the raffinate (which is collected between sections 
111 and IV) nor in the liquid phase recycled from the exit of 
column IV to the inlet of column I and which was sampled 
(Figure 6a). The second panel gives the concentration history 
at the outlet of the column when it is in position 111. During 
that time, 2-phenylethanol breaks through column I11 to en- 
ter column IV through detector 3. This compound is practi- 
cally pure, as confirmed by the analysis of the raffinate (Fig- 
ure 6a). The third panel shows the concentration history at 
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Figure 4. Elution profiles from a column located suc- 
cessively in the different positions of a 
four-column SMB. 
Symbols: experimental data. Thick solid lines: detector signal 
derived from the calculated concentration profiles and the 
detector response factors (in panel 3, the hypothetical de- 
tector trace for the individual compounds is also shown). 
Thin solid lines: same, but with the algebraic solution of the 
ideal model. Same experimental conditions as in Figure 2c. 
(a) Comparison of the elution profiles from all four posi- 
tions. (b) expansion of the concentration shoulder of the ex- 
tract in panel 2. (c) expansion of the concentration shoulder 
of the raffinate in panel 4. 

the exit of the column when it is in section 11. This column 
contains a mixed band, which explains the round top of the 
absorbance profile, which results from the simultaneous rise 
of the concentration of 3-phenyl-1-propanol and decay of the 
concentration of 2-phenylethanol. Also in this panel are 
shown the concentration profiles of the two components, for 
the sake of comparison. Finally, the fourth panel corresponds 
to the concentration profile recorded at the exit of the col- 
umn when positioned in section I. The eluted band contains 
practically only 3-phenyl-1-propanol, as confirmed by analysis 
of the extract stream, which contains only very small amounts 
of 2-phenylethanol (Figure 6a). The agreement between the 
experimental and the calculated profiles is excellent. Note 
that the experimental profiles include the slight oscillations 
on the plateaus of the concentration profiles eluted from sec- 
tions I and I11 that are the result of the dispersion of the 
concentrations oscillations predicted by the ideal model 
(Zhong and Guiochon, 1996). The thin solid line in Figure 3a 
was derived from the exact algebraic solution of the ideal 
model for a four-column SMB (Zhong and Guiochon, 19961, 
in the same way as described earlier for the conversion of the 

solution of the equilibrium-dispersive model into a UV ab- 
sorbance elution profile. Figures 4b and 4c provide enlarge- 
ments of the results in panels 2 and 4, respectively. There is 
also an excellent agreement between the calculated and the 
experimental profiles. The slight oscillations seen on the two 
plateaus correspond to the dispersion of the square-wave 
pattern predicted by the ideal model. These oscillations were 
not reported before. Clearly, these oscillations are real, re- 
sulting from the periodic nature of the SMB, and are not 
caused by a numerical instability in the calculation of 
solutions of the equilibrium-dispersive model. 

A similar result is shown in Figure 5a, which compares the 
calculated and experimental histories of eluent concentra- 
tions at the exit of the column in its eight successive posi- 
tions, in the case of an eight-column SMB. There are now 
eight panels in the figure, corresponding to the eight succes- 
sive possible positions of the column whose effluent is moni- 
tored by detector 3. The first and the last panel are empty. 
They correspond, respectively, to positions 8 and 1 of the col- 
umn (i.e., as columns 1.1 and IV.2, respectively). We have 
shown elsewhere (Zhong et al., in preparation) that, under 
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Figure 5. Elution profiles from a column located SUC 
cessively in the different positions of ar 
eight-column SMB. 
Same conventions as for Figure 4. Same experimental condi 
tions as in Figure 2a. (a) Comparison of the elution profile! 
from all eight positions. (b) expansion of the concentratior 
shoulder of the extract in panels 3 and 4. (c). Expansior 
of the concentration shoulder of the raffinate in panels t 
and 7. 

the conventional conditions of SMB operation, the first com- 
ponent cannot penetrate isto column IV.2 unless the column 
efficiency is very poor and the front of the profile very dif- 
fuse, which is not the case with the columns used here. Simi- 
larly, except under conditions of extremely strong apparent 
axial dispersion, the second component is entirely eluted from 
column 1.2 during a period, so it cannot move back and reach 

Table 2. Correspondence between Panels in Figures 4 and 5 
and Column Position in the SMB Scheme 

Column Position Panel 

1 (1) 1.1 IV 
2 (11) IV.2 111 
3 (111) IV.1 I1 
4 (IV) 111.2 I 
5 (V) 111.1 
6 (VI) 11.2 
7 (VII) 11.1 
8 (VIII) 1.2 

No. ( N = 8 )  (N=4) 

into column 1.1 at any time. Obviously, in the present case, 
the SMB could be operated with only six columns, two each 
in sections I1 and 111, one each in sections I and IV. The 
same performance would be achieved. That panel 2 (elution 
profile at the exit of the column in position IV.l) is empty is 
in agreement with the analysis of samples of the liquid phase 
recycled through the unit (between sections IV.2 and 1.1): no 
feed component elutes from columns IV.2, the last column of 
the SMB to be recycled into the first one during the next 
period. These analyses (Figure 6b) are discussed later. Panel 
3 shows the elution profile of the column when in position 
111.2. The eluent contains pure 2-phenylethanol and no 3- 
phenyl-1-propanol. This position corresponds to the exit of 
the raffinate stream, which is split just downstream of detec- 
tor 3, between the drawoff port and the entrance to column 
IV.l. The purity of the raffinate stream is confirmed by its 
analysis (Figure 6b). The fourth panel shows the concentra- 
tion profile at the exit of the column when it is in position 
111.1. It shows a peak concentration of 2-phenylethanol. Some 
weak oscillations can be seen on this peak, in agreement with 
the calculated profile. They result from the dispersion of the 
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(a) (b) 
Figure 6. Analytical chromatograms for the feed, the extract, the raffinate, and the recycle fraction of the SMB. 

Solid line: feed sample. Dot-dashed h e :  raffinate sample. Dashed line: extract sample. Doffed line: recycle sample. (a) Case of a four-column 
SMB. (b) Case of a n  eight-column SMB. 

rectangular pattern of oscillations predicted by the ideal 
model (see later). The mixed zone is essentially contained in 
panel 5, which shows the calculated UV absorbance profiles 
of both components (solid lines), the total absorbance profile 
(thick solid line), and the experimental profile or history of 
UV absorbance at the outlet of column 11.2 (symbols). The 
experimental profiles in panels 6 and 7 are the concentration 
histories recorded by detector 3 when the column upstream 
of this detector is located in positions 11.1 and 1.2, respec- 
tively. Panels 6 and 7 contain a plateau of nearly pure 3- 
phenyl-1-propanol (panel 6) and its front (panel 7). This is 
confirmed by the results of the extract analysis (Figure 6b), 
which shows no presence of 2-phenylethanol. 

Figures 5b and 5c compare the experimental profiles of 
UV absorbance at the exit of column positions 111.2 and 111.1, 
and 11.1 and 1.2, respectively, with the profiles calculated us- 
ing the equilibrium-dispersive model and the exact algebraic 
solution of the ideal model for an eight-column SMB (Zhong 
and Guiochon, in preparation). These elution profiles are 
those of pure 2-phenylethanol and 3-phenyl-1-propanol, re- 
spectively. As in the case of the four-column SMB, these fig- 
ures show excellent agreement between the calculated and 
experimental profiles, with slight oscillations corresponding 
to the axial dispersion of the square-wave pattern predicted 
by the ideal model. 

In both Figures 4 and 5, there is excellent agreement be- 
tween the measured and calculated profiles of the UV ab- 
sorbance at the exit of the column in all four positions (Fig- 
ure 41, and at the column exit in all eight positions (Figure 5). 
From this it follows that there must be an excellent agree- 
ment between the actual and the calculated concentration 
profiles along the axes of these four or eight columns. This 
confirms the conclusions already derived from the concentra- 
tion histories at the extract and the raffinate ports. The slight 
differences in Figure 5a between the calculated and observed 
profiles at the top of the rear front of 2-phenylethanol (panel 
3) and at the bottom of the front of 3-phenyl-1-propanol are 
frequent in this type of comparison (Guiochon et al., 1994). 

However, we have no explanation for the slight slant of the 
concentration plateau of 3-phenyl-1-propanol (panels 6 and 
71, although we suspect the possibility of a small dead volume 
in the tubing connections. The excellent separation observed 
shows that the columns used are much too efficient for the 
separation required. A higher production rate of 99% pure 
compounds could be achieved with a lower efficiency. The 
equipment was designed to separate enantiomers, with a 
lower separation factor. 

Figures 6a and 6b shows the analytical chromatograms ob- 
tained for the feed, the extract and the raffinate fractions 
collected, and the eluent recycled between positions IV and 
I, respectively, for the four-column SMB, and between posi- 
tions IV.2 and 1.1 for the eight-column SMB. The feed used 
also contains two minor impurities, one eluted before 2- 
phenylethanol, and one eluted between the two components. 
The first impurity was obviously found in the raffinate frac- 
tion (dashed line). The second one was found in the extract 
fraction (dot-dashed line), but could easily have been col- 
lected with the raffinate, if needed, by a minor adjustment of 
the cycle time, that is, of the solid-phase flow rate. Finally, 
the desorbent recycled to the SMB is pure and contains no 
detectable amount of either product. 

Conclusion 
There is complete agreement between the concentration 

profiles and concentration histories calculated using the equi- 
librium-dispersive model of chromatography and those mea- 
sured experimentally, at least under linear conditions. The 
results shows that it is both possible and tenable to optimize 
the design and operating conditions of an SMB using com- 
puter calculations. These results suggest that fewer columns 
could be used than has been traditionally accepted. This con- 
clusion must be qualified, however, because the instrument 
used here was equipped with columns with too high an effi- 
ciency. Still, it is highly probable that, in many cases, one 
fewer column could be used. Finally, this work confirms ex- 
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perimentally the periodic character of the SMB separator, 
which is shown by the concentration oscillation on the plateau 
of the two components. It also indicates that the SMB can be 
operated with columns that are very similar, but that it may 
not be necessary to strive too hard to make them identical. 
This problem will be studied from theoretical and experimen- 
tal viewpoints. 
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