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Abstract: The simulated moving bed (SMB) is a well-established, fully continuous process for chro-
matographic separation of difficult tasks with overlapping peaks, but it is relatively complex. The
1-SMB, which uses only one column but includes residence time zones to preserve concentration
profiles, is a simpler semi-continuous alternative. This work examines the possible design of these
residence time zones. Simulation studies were conducted to investigate the dependence of process
metrics, such as purity, yield, productivity, and eluent consumption, on fluid dynamics. No deteriora-
tion in purity was observed, and the other variables remained constant over a wide range of axial
dispersion before decreasing sharply. Pilot-scale experiments were conducted with various devices,
including coiled flow inverters, eluate recycling devices, packed columns, and tank arrangements,
to validate possible apparatus implementations with fluid dynamic measurements. It was demon-
strated that the 1-SMB offers similar performance to the 4-SMB, albeit with reduced yield and lower
apparatus complexity.

Keywords: simulated moving bed; 1-SMB

1. Introduction

Simulated moving bed chromatography (SMB) is an established continuous separation
process. Explaining its basic principles would go beyond the scope of this article, and it can
be read about in detail elsewhere [1–4].

Nevertheless, the basic principle will be briefly outlined. A binary separation and
isocratic operation are assumed.

In general, classical column chromatography is a batch process. A single chromatog-
raphy column cannot be continuously loaded. This would result in the mixing of the
faster-moving components of the second injection with the slower-moving components of
the first injection and, thus, no separation would occur. The simulated moving bed process
overcomes this problem by using a periodic counter-current flow. For this purpose, usually,
four or more columns are operated, as shown in Figure 1A. The columns are “moved” in
a counter-current manner to the liquid phase. This is performed by switching the inlet
and outlet ports with a relatively large number of valves. Usually, at least six valves are
needed per column as well as a minimum of four to five pumps, depending on the specific
design. This relatively complex setup is rewarded with high purity and yield as well as
productivity, even for mixtures where no baseline separation could be accomplished in
batch chromatography. In addition, the process is fully continuous in terms of feed loading
and product elution. This is hardly achieved by any other chromatography process.

The single-column or one-column SMB (1-SMB) represents a less complex equipment
variant (Figure 1B) but can only be operated in a semi-continuous mode [5–7].

Figure 2 shows schematically the sequence of a 1-SMB cycle. The column undergoes
the same steps as any column in the classical SMB process. However, unlike the classical
SMB process, the column is not connected to other columns. The exchange of concentration
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profiles from column to column is achieved through vessels, which can be retention time
devices of any sort. These are investigated in this paper. The column does not take the
mixture from the previous column but rather its own eluate from the previous cycle. The
zones are run through in the order Zone III, Zone II, Zone I, and Zone IV [7].
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Figure 1. (A) Simplified process flow diagram of a 4-SMB with 5 pumps. (B) Simplified process flow
diagram of a 1-SMB with 2 pumps.

Figure 2A Zone III: The column is loaded with the feed out of the feed tank and the
eluate from Zone II. This was stored in the Zone II retention time device. It originates from
the previous cycle. Pure raffinate leaves the column. This product stream is split. One part
is stored in the residence time vessel for Zone III to be used in the next cycle, while the
other part is gathered as the product.

Figure 2B Zone II: The column is loaded from the Zone I tank. Again, the contents of
this tank come from the previous cycle. The incompletely separated mixture is eluted and
stored in the Zone II tank.

Figure 2C Zone I: The column is regenerated with fresh eluent. The pure extract is
washed from the column and also split into a product and a storage stream.

Figure 2D Zone IV: The empty column is pre-loaded with raffinate from the Zone III
tank. This corresponds to the closed-loop concept. Pre-loading the column also improves
the separation in many cases due to displacement effects [8]. Although it is only implied
with dashed lines in Figure 1, it would be possible to recycle the eluent. Whether recycling
is advisable depends on the specific application.

The configuration shown in Figure 2 is one of many possibilities. In fact, using four
pumps would result in the system being hydrodynamically overdetermined. As shown in
Figures 1 and 2 accordingly, two pumps are needed to load and elute the column. Pump 1
would switch through the residence time zones, while pump 2 would pump feed or fresh
eluant in Zone III or Zone I, respectively. The split of the outlet streams in Zones III and I
could be achieved with throttle valves. One can argue that this would be true for the 4-SMB
as well. Nevertheless, in the case of the 4-SMB, there are at least three columns located
downstream in the flow direction after Zone I, and there is one column located downstream
after Zone III after the outlet ports of the product streams (extract and raffinate). As a
result, the circulation path exhibits a significantly higher resistance or pressure drop. This
makes precise splitting using valves challenging. In the case of the one-column SMB, both
paths are relatively pressure-free. This is advantageous overall since it reduces the system
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pressure as well as the pressure exerted by Pump 1 or the circulation pump. Additionally,
in the 1-SMB configuration, the column can be operated at relatively constant pressures,
whereas in the 4-SMB configuration, the pressure decreases continuously from Zone I to
Zone IV.
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The basic principle has already been developed by research groups led by
Wankat and Mota [5,6,9–11].

The implementation and performance of the 1-SMB idea obviously strongly depend on
the conservation of the concentration profile in the residence time sections. Chibèrio et al.
solved this with a column-like device called an eluate recycling device (ERD) [12,13]. The
results were promising as long as attention was paid to good liquid distributors.

This work will investigate residence time sections for 1-SMB on a more general basis.
Basically, one might think of three types of devices: pipes, columns, and tanks. All of these
should have as little backmixing as possible. Thus, the pipes should be long and thin, the
columns need some sort of bed, and the stirred tanks should be arranged in a cascade
or sequentially.

The feasibility will be tested through chromatography modelling on a well-known
SMB test separation of cyclopentanone and cycloheptanone on normal phase columns [14].
The process design is performed based on triangle theory [15–21].
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2. Materials and Methods
2.1. Chromatography Columns, Buffers and Feed

Normal phase chromatography was performed with LiChroprep® SI 60 material
(15–25 µm, Merck KGaA, Darmstadt, Germany) using Superformance® 600-16 columns
(Götec-Labortechnik GmbH, Bickenbach, Germany) with a 12.5 cm bed length. All the
chromatography runs were isocratic, with 85% (v/v) hexane (LiChrosolv®, Merck KGaA)
and 15% (v/v) ethyl acetate (LiChrosolv®, Merck KGaA). A mixture of cyclopentanone
(purity 99%) and cycloheptanone (purity 98%) from Alfa Aesar (Haverhill, MA, USA)
was used as a test substance. For the overloaded conditions, a selectivity α of 1.29 and a
resolution Rs of 0.46 were found, which were calculated with Equations (1) and (2):

α =
tR2 − t0

tR1 − t0
(1)

Rs =
2·(tR2 − tR1)

wb1 + wb2
(2)

2.2. Chromatography Modeling

The general rate model was utilized for the purpose of chromatography modeling.
Orthogonal collocation on finite elements and the GEAR algorithm were used to solve
the differential equations. The model comprises two target components. Since the SMB is
typically operated with isocratic elution, there is no need to consider modifiers.

2.2.1. General Rate Model

The chromatography model used in this study, along with the overall modeling
methodology, parameter determination, and model validation are comprehensively ex-
plained in Zobel-Roos et al. [22]. The general rate model can be broken down into three
components: the mass balance equation for the mobile phase, the mass balance equation
for the stationary phase, and the equilibrium description. For information regarding the
derivation process, assumptions, and additional details, please refer to [1,2,4,23–25].

2.2.2. Mass Balance of Mobile Phase

The mass balance equation for the mobile phase comprises four terms that are ar-
ranged from left to right as follows: storage, convective flow, axial dispersion, and mass
transport [2]:

∂ci
∂t

= −uint·
∂ci
∂x

+ Dax·
∂2ci
∂x2 − 6

dp
· (1 − εs)

εs
·k f ,i·

(
ci − cp,i

∣∣
r=Rp

)
(3)

with uint as the interstitial velocity, Dax as the axial dispersion coefficient, εs as the voidage,
dp as the particle diameter, and k f ,i as the film mass transport coefficient. In order to
account for pore diffusion in the mass balance equation of the stationary phase, the use
of a film mass transport coefficient is required. However, film mass transport and pore
diffusion can be integrated by utilizing the lumped pore diffusion model [25]. This approach
involves replacing the film mass transport coefficient, k f ,i , with an effective mass transport
coefficient, ke f f ,i, thereby simplifying the model. Although this simplification is commonly
used during the early stages of process development to reduce the effort required to
determine the model parameters, it often results in a tradeoff between model accuracy and
process understanding. An even greater simplification can be achieved using the lumped
kinetic model, which completely neglects intraparticle pores [25].
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2.2.3. Mass Balance of Stationary Phase

The mass balance of the stationary phase is mostly dominated by pore diffusion, Dp,I,
and surface diffusion, DS,i [23,26]:

εp,i·
∂cp,i

∂t
+
(
1 − εp,i

)
·∂qi

∂t
=

1
r2

∂

∂

[
r2
(

εp,i·Dp,i·
∂cp,i

∂r
+
(
1 − εp,i

)
·DS,i

∂q∗i
∂r

)]
(4)

with cp,i as the concentration of component i within the pores, and qi as the surface loading
of component i. In the case of larger molecules, surface diffusion is often disregarded
and instead combined with pore diffusion to yield a single effective diffusion coefficient,
Deff [26,27]:

De f f ,i = εp,i·Dp,i +
(
1 − εp, i

)
·DS,i

∂q∗i
∂cp,i

(5)

Combining Equations (4) and (5) results in:

εp,i·
∂cp,i

∂t
+
(
1 − εp,i

)
·∂qi

∂t
= De f f ,i

(
∂2cp,i

∂r2 +
2
r
·
∂cp

∂r

)
(6)

For the lumped pore diffusion model, the mass balance for the stationary phase
reads [25]:

εp,i·
∂cp,i

∂t
+
(
1 − εp,i

)
·∂qi

∂t
=

6
dp

· (1 − εs)

εs
·ke f f ,i·

(
ci − cp,i

∣∣) (7)

2.2.4. Adsorption Equilibrium

There are numerous approaches available for describing adsorption equilibrium,
which largely depend on the mechanism of adsorption and the mode of operation [28–40].
For this simulation study, competitive Langmuir isotherms were used [27,41]:

qi =
qmax,i·Ki·ci

1 + ∑n
j=1 Kj·cj

(8)

Here, Ki represents the Langmuir coefficient, while qmax,i denotes the maximum
loading capacity of component i. It is worth noting that different notations are utilized
in the literature, e.g., with the use of the Henry coefficient, Hi. However, it is possible to
convert between these different notations using the following equation:

Hi = qmax,i·Ki (9)

2.3. Model Parameter Determination

A detailed description of the model parameter determination can be found here for
reference: [4,22,42,43].

2.3.1. Fluid Dynamics

The fluid dynamic parameters Dax and ε are obtained via tracer experiments using
toluene as the tracer substance. In order to determine the axial dispersion coefficients, the
peak is evaluated using the following equations [44]:

σ2

t2 = 2·
(

Dax

v·l

)
− 2·

(
Dax

v·l

)2
·
[
1 − e−

v·l
Dax

]
(10)

σ2

t2 = 2·
(

Dax

v·l

)
+ 8·

(
Dax

v·l

)2
(11)
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where t denotes the mean residence time, σ2 is the variance, v is the velocity, and l is the
column length. It is worth noting that both equations tend to yield similar results. While
Equation (10) is applicable to closed vessel boundary conditions, Equation (11) is valid for
open vessel boundary conditions. In most cases, the assumption of a closed vessel boundary
condition is reasonable, particularly for small chromatography columns. Porosities can be
determined using the following Equation (12):

εi =

.
V·ti

VColumn
(12)

2.3.2. Adsorption Equilibrium

Frontal analysis and perturbation experiments [2,28] were carried out on LiChroprep®

SI 60 material to determine the isotherms of the cyclopentanone/cycloheptanone mixture.
A mixture of 85 vol.-% hexane and 15 vol.-% ethyl acetate was used as the eluent at a flow
rate of 12.5 mL/min. The adsorbent was packed in Götec glass columns with an inner
diameter of 1.6 cm and a length of 10 cm.

The columns were first equilibrated with the pure eluent, followed by a stepwise
change to a mixture of eluent and the target components. For this purpose, individual
concentrations of 0.5 g/L, 1 g/L, 2 g/L, 4 g/L, 7.8 g/L, 31.3 g/L, 62.5 g/L, and 125 g/L
were used in multiple series of measurements. Cyclopentanone and cycloheptanone were
present in equal mass fractions at the respective concentrations. The breakthrough curve
resulting from the concentration jump was recorded using a diode array detector (DAD) and
fractionated in six-second intervals. These fractions were analyzed offline and evaluated
as frontal analysis. At the end of the breakthrough curve, a new equilibrium state was
established. Once this was achieved, the perturbation experiments were initiated. For this
purpose, 100 µL of pure eluent and 50 µL of pure cyclopentanone or cycloheptanone were
injected in sequence, and the resulting peaks were recorded with the DAD detector. This
was performed twice per component.

2.3.3. Mass Transport

Given that all the other parameters were known following the previous measurements,
the mass transfer coefficient, k f ,i, was determined by fitting simulations to experimental
batch runs with varying velocities.

2.3.4. Model Validation

Again, the model validation for this test mixture and this separation was performed in
previous work [22]. In short, a large set of simulations was compared to a set of experiments.
The input parameters of the simulations varied with the error of the experimental parameter
determination, while the variation in the experiments lies in the nature of the experiment
itself. Both the simulations and experiments need to be and were in good agreement.

2.4. Triangle Theory

In addition to the usual process parameters known for chromatography, such as
column dimensions, buffer composition, or fraction cut points, the SMB process has five
parameters that need to be optimized with respect to each other. These are the volumetric
flow in Zones I-IV and the switching time, tswitch. This can be achieved with the help of the
triangle theory [15–21]. A good summary is provided by Mazzotti [15].

In general, to obtain high purity and yield, a few constraints need to be fulfilled:
considering more than one column per zone before reaching the switching time, the extract
must be completely displaced from the first column of Zone I, and the raffinate must be
completely displaced from the first column of Zone II. The adsorption front of the extract in
the last column of Zone III, as well as the adsorption front of the raffinate in the last column
of Zone IV, must be retained in this column.
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It is known from the equilibrium theory of Rhee et al. [45] that there is a relation
between the residence time of component I, ti, and its Henry coefficient, Hi, as given in
Equations (13) and (14) [2]:

ti = t0·
(

1 +
1 − εt

εt
· dqi

dci

∣∣∣∣
c

)
(13)

Hi =
dqi
dci

(14)

If Formula (13) is inserted into Formula (14) and solved for Hi, Formula (15) is obtained
as follows:

Hi =

ti
t0
·εt − εt

1 − εt
(15)

Extended with the column volume, one obtains:

Hi =

VColumn ·εt
t0

·ti − VColumn ·εt

VColumn ·(1 − εt)
(16)

Considering the formula for the zone-specific mass flow ratios, i.e., the ratio of the
mass/volume flow of the mobile phase to the pseudo mass/volume flow of the stationary
phase from Formula (17),

mj =

.
VL,j·tswitch − VColumn·εt

VColumn·(1 − εt)
(17)

The relationship between the Henry coefficients and the mass flow ratios becomes
visible. This gives a set of inequalities for the separation of two components 1 and 2, under
which the conditions for achieving high purities mentioned above are fulfilled [46]:

H2 < m1 < ∞ (18)

H1 < m2 < H2 (19)

H1 < m3 < H2 (20)
−εp,i(

1 − εp,i
) < m4 < H1 (21)

The index, i, of the components is assigned in ascending order according to the
retention time. Component 1 is the weak binding component, and component 2 is the
strong binding component. These inequalities can also be represented in a triangle diagram
(see Figure 3) [47]. For this purpose, the mass flow ratios m2 and m3 are plotted on the
x- and y-axes, respectively.

All of the conditions and restrictions mentioned above apply to linear isotherms. In
this case, a right-angled triangle (dark blue) is obtained in the operating diagram, with the
Henry coefficients of each component, Hi, as vertices. These vertices are labeled a and b in
Figure 3. If the parameters m2 and m3 are chosen in such a way that the operating point
lies within the triangle, both the extract and the raffinate can be obtained with 100% purity
and yield [1,3,15,18]. This triangle corresponds to the inequalities (19) and (20). Outside
the triangle, but above the bisector, either only pure raffinate, only pure extract, or no pure
phase can be obtained. A working point for m2/m3 below the bisector is not possible. This
would require the feed stream to be negative.

Figure 3 also shows the region where conditions (18) and (21) are fulfilled for m1/m4.
This orange triangle indicates the regeneration region [48–50].
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working condition for Zones I and IV.

For non-linear isotherms, the shape of the triangle changes depending on the feed
concentration, cFeed,i. The type of isotherm determines the location of points w and r. The
derivations for this can be found in Storti et al. [20,21,47] and Mazzotti et al. [16–19], and
they were summarized by the latter [15].

In this work, only Langmuir isotherms are considered. The equations for these are
taken from Mazzotti et al. [15] and summarized in Table 1.

Table 1. Equations for the characteristic points in the triangle diagram under Langmuir conditions.

Point m2 m3

a H2 H2
b H1 H1
r ω2

2

H2

ω2·[ω2·(H1−ω1)+ω1·(H2−H1)]
H1·(H2−ω1)

w ω2·H1
H2

ω2·[H1·(H1−ω1)+ω1·(H2−H1)]
H1·(H2−ω1)

The triangle theory is a shortcut method that neglects mass transport phenomena
and fluid dynamic effects. As a result, it only provides a basic foundation and serves as a
starting point for a detailed process design. Additionally, it provides a good visualization
of the working points. Both effects are covered in the process model, which is, therefore,
used for detailed process design.

2.5. Axial Dispersion Coefficient for Residence Time Sections

The axial dispersion coefficients were measured with tracer experiments. Water was
used as the liquid phase, and acetone was used as the tracer. The injection was performed
with an L-2200 Autosampler (VWR International, Radnor, PA, USA) and the detection was
performed with two diode array detectors, Smartline DAD 2600 (Knauer Wissenschaftliche
Geräte GmbH, Berlin, Germany). The axial dispersion coefficient was calculated with
Equations (10) and (11) and fitted with the pipe flow model.
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3. Results and Discussion
3.1. Simulated Moving Bed Design

The design of the simulated moving bed was performed according to the triangle
theory. The corresponding working diagram can be found in Figure 4. The feed concentra-
tion of the test mixture was set to 5 g/l. This is in the overloaded region of the Langmuir
isotherm. Thus, the triangle warps to the left side. The column dimensions can be chosen
freely. In order to reflect at least the pilot scale, ID16 columns were used. The length is
theoretically freely selectable, although a packing under 10 cm seems to make little sense.
Each zone could be equipped with more than one column. However, in this case, only one
column per zone was planned. Thus, four columns with dimensions of 100 × 16 were used.
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The feed flow was chosen to be 1 mL/min. This leads to linear velocities short below
1000 cm/h in the most strongly flown through Zone I.

Two different operation points (see Figure 4) were chosen to reflect both operating
ranges of the SMB. Working point 1 is in favor of the raffinate, working point 2 is focused on
the extract. Both are on the safe side of the operation with a safety margin to the boundaries
of the triangle. Detailed simulation studies showed the purity and yield to be 100%
(see Tables in Section 3.2). The mass flow ratios for both points are given in Table 2.

Table 2. Mass flow ratios for each zone for working points 1 and 2.

Working Point 1 Working Point 2

m1 9.4 10.1
m2 6.4 6.9
m3 6.9 7.3
m4 5.9 4.9

3.2. Simulation Studies

As previously stated, the 1-SMB has been demonstrated to function. The remaining
question is: How simple or complex must the retention sections be to maintain separation
efficiency? For this purpose, simulation studies were conducted. Ultimately, all the concepts
for retention sections can be traced back to tanks or pipes with varying axial backmixing.
Therefore, simulation studies were initially performed with these parameters.
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The chromatography column was modeled as described above. Additionally, a re-
tention section was implemented for each zone. These sections were designed as either
continuous stirred-tank reactors or plug flow tubes. The latter was modeled according to
Equation (3) but without the mass transport term. Simulation studies were conducted with
different axial dispersion values ranging from 10−4 cm2/s to 100 cm2/s.

The resulting chromatograms for working point 1 are provided in Figure 5. It can
be seen that just concerning the SMB profile, the 1-SMB will work fine with a variety of
pipes. The deviation between 1-SMB and 4-SMB is low for the axial dispersion coefficients
between 10−4 cm2/s and 1 cm2/s. Higher axial dispersion coefficients result in a significant
mass loss in the retention sections because the concentration profiles spread too much. The
front of the profiles does not remain in the retention section but is pushed beyond it into
the waste. This mass loss results in lower concentrations and, therefore, accounts for the
differences in the concentration profiles, as can be seen in Figure 5A. This mass loss also
takes place for the lower dispersion coefficients, hence the deviation in the concentrations
there but to a much smaller extent.
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1-SMB with pipes. (B) 1-SMB with tanks (double lines).

All the process metrics are provided in Table 3 and visualized in Figure 6. The product
purity for the raffinate (C7) is 100%, and the column yield is 100% for Dax values < 1 and
then decreases gradually to 99.7. The column yield is calculated as the amount of product
leaving the column divided by the amount of product entering the column.
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Table 3. Process metrics for working point 1.

Purity Yield Column Yield Process Productivity Eluent Consumption
C5 C7 C5 C7 C5 C7 C5 C7 C5 C7

4-SMB 100 100 100 100 100 100 89.5 89.5 1.4 1.4
Dax 0.0001 99.9 100.0 100.0 100.0 93.9 87.1 84.0 78.0 1.5 1.6
Dax 0.001 99.9 100.0 100.0 100.0 93.9 87.1 84.0 78.0 1.5 1.6
Dax 0.01 99.9 100.0 100.0 100.0 93.8 87.0 84.0 77.9 1.5 1.6
Dax 0.1 99.9 100.0 100.0 100.0 93.6 86.5 83.8 77.4 1.5 1.6
Dax 1 99.9 100.0 100.0 100.0 91.5 82.0 81.9 73.4 1.5 1.7
Dax 10 99.9 100.0 100.0 99.9 79.4 58.7 71.1 52.5 1.8 2.4
Dax 40 99.9 100.0 100.0 99.9 55.5 38.7 49.7 34.7 2.5 3.6
Dax 100 99.1 100.0 100.0 99.7 50.0 20.0 44.7 17.9 2.8 7.0
Tank 92.1 99.4 99.8 97.4 99.3 86.5 88.9 77.5 1.4 1.6
Tank—10 sec cut 99.9 98.9 99.6 100 13.5 3.1 12.1 2.7 10.4 45.7
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The overall process yield, however, is only between 87% for Dax = 10−4 cm2/s and
decreases to 20% for the highest axial dispersion, compared to 100% for the 4-SMB. The
overall yield is calculated as the amount of product gained entirely divided by the amount
of product entering the whole setup.

Figure 5B shows the chromatograms for the 1-SMB with stirred tanks compared to the
4-SMB. Due to the complete equalization of the concentration profile in the stirred tanks,
the chromatograms look quite different. This especially affects the product purity due to
the breakthrough of the concentration fronts. This problem can be addressed by discarding
the product stream a few seconds after switching. The yield and process yield, however,
are good since the effect described for the pipes is limited.



Processes 2023, 11, 1634 12 of 18

Similar results were achieved for working point 2. The chromatograms are shown in
Figure 7. Here, the deviation between 1-SMB and 4-SMB is more pronounced. There is
significantly more mass loss for the extract. This is due to the fact that the concentration
front of the extract in Zone III is steeper. Hence, the amount of product lost in the residence
time devices is higher.
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Figure 7. SMB Chromatograms for working point 2. The signal is measured at the column outlet. The
red lines indicate the extract, the blue lines indicate raffinate. (A) 1-SMB with plug flow with varying
axial dispersion. The solid lines represent the classical 4-column SMB, the dashed lines represent
1-SMB with pipes. (B) 1-SMB with tanks (double lines).

The process metrics for working point 2 are provided in Table 4 and Figure 8. Again,
it can be noted that both the purity and the column yield do not deviate from that of the
4-SMB up to a Dax of 1 m2/s. The process yield, however, is roughly 10% less and decreases
with increasing axial dispersion.

Table 4. Process metrics for working point 2.

Purity Yield Column Yield Process Productivity Eluent Consumption
C5 C7 C5 C7 C5 C7 C5 C7 C5 C7

4-SMB 100 100 100 100 100 100 89.5 89.5 2.6 2.6
Dax 0.0001 100 100 100 100 90.9 91.8 81.4 82.2 2.9 2.8
Dax 0.001 100 100 100 100 90.9 91.8 81.4 82.2 2.9 2.8
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Table 4. Cont.

Purity Yield Column Yield Process Productivity Eluent Consumption
C5 C7 C5 C7 C5 C7 C5 C7 C5 C7

Dax 0.01 100 100 100 100 90.9 91.8 81.4 82.2 2.9 2.8
Dax 0.1 100 100 100 100 90.6 91.5 81.1 81.9 2.9 2.8
Dax 1 100 100 100 100 88.4 88.8 79.2 79.5 2.9 2.9
Dax 10 100 99.9 100 100 75.5 73.1 67.6 65.5 3.4 3.6
Dax 40 99.9 99.9 99.9 99.9 59.3 53.6 53.1 48 4.4 4.8
Dax 100 99.8 99.8 99.9 99.8 46.1 39.2 41.3 35.1 5.6 6.6
Tank 99.4 96.8 97.6 99.5 96.6 99.8 86.5 89.4 2.7 2.6
Tank—10 sec cut 99.8 99.4 99.6 99.9 5 6.8 4.4 6.1 52.4 38
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Nevertheless, the productivity of the 1-SMB is comparable in both processes, and the
eluent consumption also does not deviate much.

Interim conclusion: It is possible to create a 1-SMB process comparable to the 4-SMB
with no deviations in the product purity and only minor deviations in the overall yield,
productivity, and eluent consumption as long as the axial dispersion is lower than 1 cm2/s.
Thus, a brief evaluation of different residence time devices is needed.

3.3. Retention Time Device Concepts

In this study, several storage zone concepts were tested, all of which operate according
to the first in, first out (FIFO) principle. This means that the volume elements that enter a
storage zone first will also be the first to leave. FIFO is intended to ensure the best possible
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preservation of the concentration profile. The following are the different types of storage
zones, all designed for a storage volume of approximately 40 mL.

3.3.1. Coiled Flow Inverter (CFI)

Besides the tank, the pipe as a storage zone represents the simplest concept investi-
gated in this study. The implementation is achieved through flexible silicone hoses rather
than rigid piping, providing advantages in terms of ease of availability and deformabil-
ity. Due to the small diameter, the volume of the storage zones results in relatively long
pipes. Any arbitrary arrangement is not recommended since it leads to different flow
velocities across the cross-sectional area in curved channels. To counteract these effects,
the arrangement is selected as coiled flow inverters (CFI). The principle is based on flow
reversal by changing the direction of the centrifugal force in spirally wound tubes. The
main mechanism involves the generation of a spatially chaotic path by changing the flow
direction through a 90◦ bend in helical turns [51,52].

For a CFI with ID 0.2 cm, thus 1275 cm pipe length l, the measured axial dispersion
coefficient was 48 cm2/s, and the simulation-based estimation provided 42 cm2/s. Saxena
and Nigam found a correlation in 1984 [51]:

Dax = 0.016· R0.58
A ·u·l (22)

With
RA =

1
n + 1

(23)

where n is the number of bends. This correlation yields Dax ≈ 42 cm2

s .

3.3.2. Packed Bed Columns

The axial dispersion of chromatography columns is known to be low. The columns in this
study had around Dax = 10−4 cm2/s. Additionally, columns packed with 0.5 mm glass beads
were tested. These had a measured Dax of 0.016 cm2/s. The model estimate was 0.022 cm2/s
and a correlation of Chung and Wen ([53], Equation (24)) would yield 0.077 cm2/s.

Dax =
εs·dp·u

0.2 + 0.011·Re0.48 (24)

3.3.3. Tank Cascades or Sequential Setups

As shown above, a single tank does not retain the concentration profile. This could be
achieved with a cascade of tanks, continuously flown through, with one loading into the
next, or a sequential setup. Here, the elution profile is loaded to the first tank until this is
full, and then it is switched to the next tank until the whole profile is captured. Both setups
are relatively complex. The advantage of complexity reduction from 4-SMB to 1-SMB is
thereby countered. We tested setups with 1, 3, 6, and 9 tanks without success. The axial
dispersion values for the sequential setup exceeded 100 cm2/s.

3.3.4. Eluate Recycling Device

This device, introduced by Chibério et al. [12,13], is cleverly designed and can be built
relatively easily on a small scale out of glass columns. Nevertheless, we ran into the same
problems as the original inventors. Without proper fluid distribution, a lot of channeling
is observed.

4. Conclusions

It can be concluded that the 1-SMB provides similar performance compared to the
4-SMB. As long as the concentration profiles are approximately retained in the storage
zones, the separation performance of the column itself is identical to that of the 4-SMB.
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However, losses occur within the storage zones or at their ends, increasing with increasing
axial dispersion coefficient due to increased peak broadening. This problem could be
addressed with simple process analytical technologies to reduce yield losses. For classical
design and operation, the axial dispersion coefficient should be less than 1 cm2/s. No
changes in performance data were observed between Dax = 10−4 cm2/s and 10−1. At a Dax
of 1 cm2/s, the yield and productivity decrease slightly. With a further increase, the trend
intensifies significantly.

However, compared to the 4-SMB, a 10–20% lower yield can still be expected with
the 1-SMB. This is countered by a significant reduction in equipment complexity. Classical
SMBs are typically operated with at least four, usually five, pumps and at least six valves
per column, depending on the interconnection. Since at least 4 columns are required, at
least 24 valves are installed. The 1-SMB is ready for use with two pumps and a total of six
valves. The periphery with the pumps and valves for the feed, eluent, and product tanks is
not included in this consideration. However, these are the same for both processes.

It should be noted that the 1-SMB is not continuously loaded with feed, but only in
one of the four steps of a cycle. Therefore, the diameter of one column should be double
that of the columns of the 4-SMB, resulting in four times the surface area/volume to process
the same amount of product. Column-wise, the difference between the 1-SMB and 4-SMB
is, therefore, one column with double the diameter versus four columns, which must be
packed as precisely as possible, as changes in the fluid dynamics between the columns
have a drastic effect on the performance.

The study of possible residence time devices identified packed columns as a good
solution. Glass beads are sufficient as packing material. The quality of the packing is less
critical than for separation columns.

In conclusion, the 1-SMB is a less complex alternative to the conventional SMB. The
low complexity, especially the use of only one column, makes it easier to transition from
batch processes. The separation efficiency remains identical. Even strongly overlapping
peaks can be separated with 100% purity.
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Abbreviations

α Selectivity
ci (g/L) Concentration of component i
cp,i (g/L) Concentration of component i inside the pores
Dax (cm2/s) Axial dispersion coefficient
Deff (cm2/s) Effective diffusion coefficient
dp (cm) Particle diameter
Dp,i (cm2/s) Pore diffusion coefficient
DS,i (cm2/s) Surface diffusion coefficient
εp,i (-) Porosity
εs (-) Voidage
εt (-) Total porosity
Hi (-) Henry coefficient of component i
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Ki (L/g) Langmuir coefficient of component i
ke f f (cm/s) Effective mass transport coefficient
kf (cm/s) Mass transport coefficient
l (cm) Length
mj Mass flow ratio of zone j
n Number of bends
PAT Process analytical technology
qi (g/L) Loading of component i
qmax,i (g/L) Maximum loading capacity of component i
r (cm) Radius
Re (-) Reynolds number
Rp (cm) Particle radius
Rs Resolution
t (s); (min) Time
t0 (s); (min) Dead time
tR1 (s); (min) Retention time peak 1
tR2 (s); (min) Retention time peak 2
ti (s); (min) Mean residence time
uint (cm/s) Interstitial velocity
v (cm/s) Velocity
.

V (mL/min) Volumetric flow
Vcolumn (mL) Volume of column
η (mg/cm*s) Dynamic viscosity
ρ (g/L) Density
σ2 (s2) Variance
ωi Mass fraction of component i
wb1 (s); (min) Peak width peak 1
wb2 (s); (min) Peak width peak 1
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