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a b s t r a c t 

In the 1960s, chromatography processes were revolutionized by the invention of simulated moving bed

chromatography. This method not only enhances the separation performance and resin utilization in com- 

parison to batch-chromatography, it has also a much lower buffer consumption. While simulated moving

bed chromatography nowadays is applied for a wide range of industrial applications, it was never trans- 

ferred to the micro-scale (in regards to column and system volume). In our opinion a micro simulated

moving bed chromatography system (μSMB) would be a useful tool for many applications, ranging from

early process development and long term studies to downstream processing of speciality products. We

implemented such a μSMB with a 3D printed central rotary valve and a microfluidic flow controller as

flow source. We tested the system with a four zone open loop setup for the separation of bovine serum

albumin and ammonium sulfate with size exclusion chromatography. We used four process points and

could achieve desalting levels of BSA ranging from 94% to 99%, with yields ranging form 65% to 88%.

Thus, we were able to achieve comparable results to common lab scale processes. With a total dead vol- 

ume of 358 μL, including all sensors, connections and the valve, this is, to the best of our knowledge, the

smallest SMB system that was ever built and we were able to perform experiments with feed flow rates

reaching as low as 15 μL/min.
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. Introduction

Continuous manufacturing is of rapidly increasing importance 

o the biopharmaceutical industry as more product can be pro- 

uced in less time and at lower costs compared to batch pro- 

esses [1–3] . Within biopharmaceutical down-stream processing, 

hromatography is one of the most frequently applied unit oper- 

tions and hence special attention is paid to this step [1,4] . Sim- 

lated moving bed chromatography (SMB) is a frequently consid- 

red continuous implementation of chromatography [4,5] . It com- 

ines the common advantages of continuous processes, like higher 

roductivity and consistent product quality [3,4,6] , with the high 

fficiency and selectivity of a counter current operation, resulting 

n better resin utilization and lower buffer consumption in compar- 

son with batch-chromatography [7,8] . Due to its numerous advan- 

ages, SMB has become a state of the art separation technique for 

any separation tasks in different industries, like the separation 

f p -xylene from other xylenes (Parex process) in the petrochem- 
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t

cal industry [9] , the separation of isomers in the sugar industry 

10] , or the enantioseparation for fine chemicals and pharmaceuti- 

als [11] .

However, the advantages of the SMB principle come at a price; 

s a result of the greater number of design and process param- 

ters, like number of columns per zone and the zone flow rates, 

he process development is more sophisticated [4] . This can be 

 challenge, especially for the biopharmaceutical industry, where 

nly a limited amount of product is available at early devel- 

pment stages. To save product, processes are therefore usually 

caled down during process development [12–14] . This approach 

s particularly beneficial for continuous processes, as they have 

igher throughput than batch processes and hence greater prod- 

ct amounts are required to perform one experiment, especially 

f the process should be run over a longer time frame in steady 

tate. However, with current lab and pilot scale SMB devices this 

an only be done to a certain limit, as the instruments provide sta- 

le flow rates merely in the mL/min range and the dead volumes 

f the systems are too high to handle small volumes efficiently. 

In our opinion, a further down scale to the μL/min range has 

he potential to save many resources during process development 

mailto:matthias.franzreb@kit.edu
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n terms of time, resin and sample, especially for long-term stud- 

es, e.g. to investigate resin reusability, cleaning protocols or pro- 

ess stability. Thus, we decided to develop a micro SMB (μSMB) 

ystem which allows both the downscaling of the flow rates and 

he column volumes into the μL range. At the same time, we aim 

o maintain the benefits of current lab scale systems, like the easy 

daptability to various process variants and the adjustment of the 

umber of columns in a short time frame as well as the option to 

se the system as a disposable device. 

In 2006, Subramini and Kurup showed in a theoretical study, 

hat a downscale of the SMB principle to the μL-range in re- 

ard to column volume can separate a mixture of phenol and o- 

resol with high yield and purity [15] . However, the study was 

ompletely theoretical and solely based on the separation perfor- 

ance of the columns. Important hardware considerations were 

ot addressed and to the best of our knowledge, this theoretically 

tudy was never experimentally validated. Also some SMB equip- 

ent vendors already hold patents on so called micro SMB sys- 

ems , but in this case the term micro seems to be used to distin-

uish from preparative SMB systems that are designed for prod- 

ct throughput of several tens of tons per year with column vol- 

mes in the m 

3 range and not a reference to the actual scale of

he system. The mentioned systems either have flow rates in the 

L/min ballpark [16] , or the used columns have a column volume 

f several mL [17] . These systems are comparable to the afore- 

entioned lab, pilot or small scale systems [18,19] . Besides the 

ommercially available systems, there are some self built SMB de- 

ices that work with lower flow rates, i.e. 20 0–90 0 μL/min, e.g. 

he HPLC-SMB of Pedeferri et al. [20] or the ÄKTA-SMB by Kröber 

t al. [21] , but they still use columns with a column volume of 

everal mL. 

In this paper, we present our approach for the development of a 

SMB system. First, we discuss our design considerations regarding 

he hardware wise implementation of the μSMB system, followed 

y a proof of concept study. Here, we used four process points 

or the desalting of the protein bovine serum albumin (BSA) from 

he salt ammonium sulfate (AS) by size exclusion chromatography 

SEC)-SMB to showcase the functionality of the setup. Finally, we 

sed process modelling and simulation to assess the performance 

f our system. 

. Design considerations

First we made a general assessment of the points that are crit- 

cal for the downscale in order to maintain the SMB functionality. 

e won’t give a detailed description of the SMB principle here, for 

his we refer to the extensive literature, e.g. [11,22–24] . Examples 

or SEC-SMB processes can be found in [25–27] . 

In a classical SMB setup, the binary separation of two compo- 

ents is achieved in zones two and three by adjusting the mean 

esidence time in the respective zone between the retention times 

f both components [23] . This is achieved by cyclic switching of 

he columns in combination with setting different flow rates in 

he SMB zones. Hence, the generation of precise, fluctuation- and 

ulsation-free flow in each of the SMB zones is essential for the 

unctionality. The flow rate deviation of many commercial lab scale 

ystems is specified as ± 2% with a working range in the mL/min 

cale [28,29] . This results in absolute flow rate deviations in the 

100 μL/min scale, which is within or even above the working 

ange of a potential μSMB system. The lab scale systems usually 

se piston pumps as flow source, however, they are not suitable for 

he miniaturization of chromatography systems, as they are com- 

arably large and prone to pressure pulsations [30] . In the field 

f microfluidics, other pressure sources, like electroosmotic pumps 

31] or pressure driven microfluidic flow controllers [32,33] are

ore commonly applied [30] . We decided to use a pressure driven
icrofluidic flow controller in combination with a closed-loop flow 

ate control, as this system is ideal for the parallel generation of 

ultiple flows in the μL/min range [34] . 

Even more important than the zone flow rates are the sep- 

ration performances of the respective zones. Besides the chro- 

atography columns itself, the system volume (also referred to as 

ead volume) can have a major influence on the system’s sepa- 

ation performance [35] . The effect of dead volume on SMB pro- 

esses has been extensively studied: Generally, the dead volume 

hould be kept as low as possible, especially if high purities are 

equired [36] . Particularly components that induce mixing effects, 

ike check valves and pumps have a huge impact on the separation 

fficiency and should therefore not be placed between the columns 

37] . Hence, we decided to implement the μSMB as an open-loop

etup; this way it is not necessary to place a recycle pump be- 

ween zones one and four. The diluent can still be recycled offline 

f required, e.g. by cyclical switching of waste and diluent reservoir 

20] .

The remaining contributions of the capillary dead volume (tub- 

ng and valve) can be divided into two portions: 

(1) It causes a time delay, as the components need time to

ravel through the dead volume. This can be accounted for dur- 

ng the determination of the process point, e.g. by adapting the 

pecies retention times or by increasing the switching time [37] . 

nder the assumption that the dead volume is symmetrically dis- 

ributed throughout all zones, this does not present a limitation for 

he downscale [38] . 

(2) It induces peak broadening while the species passes through

he dead volume. This effect can decrease the separation perfor- 

ance of the system and thus should be considered [37] . Here, the 

ead volume between the chromatography columns is of particu- 

ar importance [35] , as it has a direct influence on the respective 

one’s resolution. Usually, the chosen valve system has the great- 

st impact on the system’s inter-column dead volume, not only 

ue to its own volume, but also because it determines the connec- 

ion scheme [39] . The first SMB systems featured one central rotary 

alve but nowadays common commercial lab-scale systems as well 

s the aforementioned custom SMB systems use valve systems con- 

isting of either several multiport or 2-way-valves [39] . These sys- 

ems have the advantage that they can easily be adapted to a vary- 

ng number of columns and that they can be used in various con- 

gurations, as the ports can be switched independently. This way, 

umerous processes can be realized on one system, which is espe- 

ially useful in process development. On the other hand, these sys- 

ems have the disadvantage that the connection scheme with the 

ultiple valves requires lots of tubings which results in a higher 

ead volume compared to systems with a rotary central valve [39] . 

ence, we decided to use the the original approach with one cen- 

ral rotary valve. 

Besides the lower flexibility, typically mentioned disadvan- 

ages of this approach are that the systems are prone for cross- 

ontamination and leakage. The cross-contamination results from 

ommonly used channels for multiple streams that are necessary 

o connect all streams with all columns when both in- and out- 

et streams and columns are connected to the valve’s stator. Both 

isadvantages have less impact in case of a μSMB: As the columns 

re smaller, they can be connected and turned with the valve’s ro- 

or. This enables a connection scheme without cross-over-channels, 

educing the risk of cross-contamination. In addition, the whole 

alve is much smaller which makes the sealing of the system much 

asier. The reduced flexibility of rotary valves can be overcome by 

sing 3D printing for the manufacturing of the valve system. This 

ay, it can be easily adapted and manufactured in the time frame 

f one day in order to change the system to another process or a 

ifferent number of columns. In the following sections, a detailed 

escription of the system is given. 
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Fig. 1. Instrumentation and piping diagramm of the used SMB setup, FCR: Flow–Control–Record; PCR: Pressure–Control–Record; QR: Quality–Record .
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Fig. 2. The μSMB system: 1: 3D printed rotary valve; 2: chromatography columns

connected to the valve’s rotor and the motor shaft; 3: motor; 4: microfluidic flow

controller; 5: flow sensors; 6: liquid reservoirs; 7: conductivity sensor; 8: UV sensor.
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. Materials and methods

.1. Experimental setup 

In this section, the general setup of the μSMB is explained. In 

ddition, further details about the flow control and the used chro- 

atography columns are given. 

.1.1. General setup 

The proposed μSMB system is a four zone open-loop setup with 

ne column per zone. Figure 1 shows an instrument and piping di- 

gram of the system. The experimental setup is depicted in Fig. 2 . 

he SMB functionality is realized with a 3D printed central ro- 

ary valve, whose manufacturing process and characterization has 

een described in [40] . The rotary valve was implemented as a two 

isk design, where the columns are connected and moved with 

he valve’s rotor, as this is in the case of miniaturization partic- 

larly promising [19] . The valve’s stator contains channels to con- 

ect the chromatography columns as well as for the addition and 

ithdrawal of external streams. On the rotor, the ports connecting 

he chromatography columns are organized in two concentric cir- 

les, one for the column-inlet-ports and one for the column-outlet- 

orts. All ports form a rectangle. This way the distance between 

he ports is minimized. Furthermore, the cross-contamination risk 

etween the in- and outlets is reduced, as they follow different 
rajectories (for an illustration of the difference of this approach 

nd one where all ports are placed on one circle, see also Fig- 

re S1 in the supplementary information (SI)). The chromatogra- 
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hy columns are aligned in a horizontal rectangle and connected 

o the rotor and the motor shaft with a 3D printed adapter. This 

ayout allows for an efficient connection of the columns to the 

alve. The valve is turned with a stepper motor (pan drive PD60-3- 

161, TRINAMIC Motion Control GmbH & Co. KG, Hamburg, DE); a 

hort clip showing the switching process is included in the SI. The 

ystem flow is generated with a microfluidic flow control system 

OB1 M3K+, Elveflow, an Elvesys brand, Paris, FR) in combination 

ith flow sensors (SLI-10 0 0, Sensirion AG, Stäfa, CF) in diluent, 

xtract, feed and raffinate streams. The applicable flow rate range 

s defined by the measuring range of the flow sensors (here: 15–

0 0 0 μL/min) and the maximum pressure of the microfluidic flow 

ontroller (here: 6 bar) and can be adapted (if required) by choos- 

ng different hardware. The system is also equipped with conduc- 

ivity sensors (ÄKTApurifier, Cytiva Life Sciences, Uppsala, SE) with 

onductivity meters (Labor-Konduktometer 703, Knick Elektronis- 

he Messgeräte GmbH & Co. KG, Berlin, DE) in extract and raffi- 

ate stream and a UV sensor (Qmax V, Cetoni GmbH, Korbussen, 

E) in the raffinate stream for process control and evaluation. The 

D printed valve has an internal volume of 46.7 μL, the volume 

f the tubing that is used to connect the columns to the valve is 

3.2 μL and the system has a total volume (excluding chromatog- 

aphy columns) of 358.1 μL. Considering the used sensors, the flow 

ensors have the greatest contribution to the dead volume with 

5 μL each. With a total column volume of 1412 μL, this corre- 

ponds to a ratio of dead volume to system volume of 25.4% for the 

hole system and of 6.4% for the part relevant for the separation, 

hich consists of the valve and the capillaries connecting valve 

nd columns. The dead volume of preparative SMB systems is usu- 

lly in the range of 3% of the column volume [36] . For small scale

ystems, the percentage can be much higher; Gomes et al. reported 

1% for their FlexSMB unit [38] , and there are even some reports 

here the system and the column volume were in the same order 

f magnitude [20,37] . However, Minceva et al. observed a signifi- 

ant loss of an SMB system’s performance with increases in dead 

olume as small as 1% [35] . 

.1.2. Flow control 

As mentioned above, a microfluidic flow controller was used as 

ow source. This device works by pressurizing a vessel and thereby 

orcing the liquid out. Thus, an accurate and pulsation free flow 

s generated, even in the lower μL/min range [41] . In contrast to 

iston pumps this presents not a volume but a pressure driven 

umping approach. The pressure in a chromatography system can 

ary over one process, for example due to viscosity changes in the 

obile phase during sample loading [42] , thus a closed-loop con- 

roller is necessary for a pressure driven approach in order to keep 

he flow rate constant. A time-discrete PI-controller according to 

1) was implemented for this purpose, where p t is the current set

ressure, p t−1 is the set pressure of the previous time step, P C,t is 

he proportional term that is calculated with the difference of the 

et ( Q set ) and actual flow rate ( Q actual,t ) for each time step accord-

ng to (2) and I C,t is the integration term, which is the sum overall

 C,t values of all time steps as shown in (3) . 

p t = p t−1 + k p P C,t + k i I C,t (1) 

 C,t = Q set − Q actual,t (2) 

 C,t = 

t ∑ 

t=0

P C,t (3) 

The parameters k p and k i were determined with the method of 

iegler-Nichols [43] with a single chromatography column as con- 

rolled system. After fine tuning, k p was set to 0.8 and k i to 0.009,
espectively. The control rate was set to 300 ms. In the μSMB setup 

he flow rates of four streams are controlled (diluent, feed, extract, 

affinate), while the fifth flow rate (waste) is adjusted automati- 

ally due to mass balance. The flow rates and thus the flow con- 

rol of the four streams are not independent of each other, as they 

orm an interconnected system in the SMB; in the next step it was 

herefore tested if the single channel control could also be applied 

or the SMB setup. A stable flow for all streams could be gener- 

ted with a feed-forward control. First start values were estimated 

ith the Bernoulli equation [44] for the pressure drop in capil- 

aries and the valve system and the Darcy equation [45] for the 

ressure drop in chromatography columns. Later on, the stationary 

ressures from a first test run were used as start values. To further 

tabilize the system flow, the controllers of the different streams 

ere not started at once but staggered, starting with the diluent 

tream and going counterclockwise to the raffinate stream with a 

ime delay of 100 ms between each stream. 

.1.3. Chromatography columns 

Omnifit BenchMark Microbore chromatography columns 

3x50 mm, column volume approx. 353 μL, Diba Industries Inc., 

anbury, US) with stainless steel end pieces were used as column 

ousings. The columns were packed with Sephadex G-25 Fine 

uffer exchange medium (Cytiva Life Sciences, Uppsala, SE), which 

as a particle size in the range from 20 μm to 80 μm in the dry

nd from 33 μm to 140 μm in the wet state. The slurry was pre-

ared according to the manufacture’s specifications and columns 

ere packed using a pack adapter and deionized water as mobile 

hase. The column was connected to an ÄKTApurifier (Cytiva Life 

ciences, Uppsala, SE) controlled with UNICORN 5.2 and the bed 

as compressed by increasing flow rates from 0.1 mL/min to 

.5 mL/min with a step increment of 0.1 mL/min. Each step was 

eld for at least 10 min. Afterwards the pack adapter was removed 

nd the column was washed for another 40 min at a flow rate 

f 0.3 mL/min with deionized water. In total four columns were 

acked. 

.1.4. Single column experiments 

Single column experiments were performed to determine the 

olumn porosities and the retention times of BSA and AS. The ex- 

eriments were conducted with an ÄKTApurifier at a flow rate of 

.3 mL/min with deionized water as mobile phase. For the deter- 

ination of total and bed porosity, 2.5 μL of 1% (v/v) aceton or 

 g/L blue dextran solution, respectively, were injected. For the 

etermination of the retention times of BSA and AS, 10 μL of a 

olution containing 1 g/L BSA (Sigma Aldrich, St. Louis, US) and 

00 mM AS (Merck KGaA, Darmstadt, DE) were injected. All exper- 

ments were performed in triplicates for all columns. The hold-up 

olume of the system was determined by conducting the injections 

ith a zero dead volume connector in place of a chromatography 

olumn. The porosities and retention times were calculated for all 

xperiments and the mean value was used for process design. 

.1.5. SMB experiments 

The feed solution for all SMB experiments contained 2 g/L BSA 

nd 200 mM AS. Deionized water was used as diluent. Falcon- 

ubes ( V = 50 mL) were used as reservoirs and connected to the 

ow controller with an adapter (Elveflow, an Elvesys brand, Paris, 

R). The reservoirs for extract and raffinate were both filled with 

.5 mL of deionized water in order to prevent backflow of air 

nto the SMB system during the start-up process. The system was 

ushed with deionized water and the feed stream was primed up 

o the central valve before the experiment was started. In addi- 

ion, all reservoirs were weighed with a precision balance (Adven- 

urer AX224, Ohaus Corporation, Parsippany, US) in order to calcu- 

ate the mass balance of the process later on. The control of the 
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Fig. 3. Position of the process points in the m 2 /m 3 and m 4 /m 1 plane of the triangle

plot. The area of complete separation in the m 2 /m 3 plane is depicted in blue (tri- 

angle) and the area of complete regeneration of mobile and stationary phase in the

m 4 /m 1 plane is depicted in red (rectangle).
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ow rates, the switching of the valve by the motor and the data 

ogging of the pressures, flow rates and conductivities was han- 

led by a custom Matlab application (Matlab R2020b, Mathworks 

nc., Natick, US) with a graphical user interface during the experi- 

ents. The data logging of the UV absorption at 280 nm was done 

ith the Qmix Elements software (Cetoni GmbH, Korbussen, DE). 

he flow rate control was paused for 1 s during the valve switch- 

ng process and all pressures were kept constant at the last val- 

es before switching. The integral of the set point deviation ( I C,t ) 

as set to zero and the controller was restarted after every valve 

witching. After the experiment was finished, the reservoirs were 

eighed again and the concentrations of BSA and AS were deter- 

ined with off-line UV measurements (EnSpire multiplate reader, 

erkinElmer, Waltham, US) and conductivity measurements (WTW 

F330 conductivity meter with WTW Tetra con 325, Xylem Analyt- 

cs Germany Sales GmbH & Co. KG, WTW, Weilheim, DE), respec- 

ively. The SMB system was reequilibrated with deionized water 

nd then flushed with 20% ethanol for storage. 

Five performance parameters were specified to assess the pro- 

ess points: the yield Y , the desalting efficiency DE, the dilution 

L , the buffer consum ption BC, and the productivity P , as defined

y the following equations: 

 = 

c BSA,R · V R

c BSA,F · V F 

· 100% (4) 

E = 1 − c AS,R

c AS,F 

· 100% (5) 

L = 

c BSA,R

c BSA,F 

· 100% (6) 

C = 

V D

V F 

(7) 

 = 

V F 

4 CV · t end 

(8) 

All parameters were calculated using the results of the off-line 

easurements, with the concentrations of AS ( c AS ) and BSA ( c BSA )

n the reservoirs of the respective streams at the end of the exper- 

ment, the total processed volumes of the respective streams ( V ), 

he column volume of a single column ( CV ) and the overall pro-

ess time ( t end ). 

.2. Determination of process points 

A process point for the first assessment of the μSMB system 

as determined using the triangle theory, which is commonly ap- 

lied in literature [11,23,46] . The triangle theory is based on an 

deal chromatography model, meaning the process point is solely 

elected based on the retention times of the pure components and 

ll peak broadening effects are neglected [11] . The Henry coeffi- 

ient of the species i H i was calculated based on the retention time 

 r,i according to (9) , where t 0 is the retention time of a tracer that

an penetrate all pores and εt is the total porosity [47] . 

 i = 

(
t r,i 
t 0 

− 1

)
εt

1 − εt 
(9) 

The Henry coefficients were then used to create the triangle 

lot (see Fig. 3 ). Note that in the case of SEC, the Henry coefficients

re negative, as the retention times of the species are smaller com- 

ared to the tracer due to the partial exclusion from the pores of 

he stationary phase. In the triangle plot m j stands for the ratio 

f mobile phase flow to simulated stationary phase flow in the re- 

pective zone j: 

 j = 

Q j t s − CV εt 

CV ( 1 − εt ) 
(10) 
ith the flow rate of the mobile phase Q j , the switching time t s 
nd the column volume CV [37] . For the m 2 /m 3 values, a point

n the blue triangle of complete separation was chosen, for the 

 4 /m 1 values a point of complete regeneration of mobile and sta- 

ionary phase close to the point of lowest buffer consumption 

as selected in the red rectangle. The feed flow rate was set to 

0 μL/min. With these specifications, the remaining flow rates and 

he switching time were calculated with (10) and the five node 

alances of the open-loop SMB process ( (11) –(15) ). 

 D = Q 1 (11) 

 E = Q 1 − Q 2 (12) 

 F = Q 3 − Q 2 (13) 

 R = Q 3 − Q 4 (14) 

 W 

= Q 4 (15) 

The determined flow rates and the switching time are given in 

able 1 . Experiments were also performed with halved flow rates 

nd doubled switching time (0.5xTT) and doubled flow rates and 

alved switching time (2xTT), to show the robustness of the sys- 

em. These process points all relate to the same positions in the 

riangle plot and thus should lead to the same results for an ideal 

rocess. To account for non-idealities, a process point was also de- 

ermined using the general rate model (see row “Optimized” in 

able 1 ). For this, the modeling and optimization tool CADET-SMB 

as used [4 8,4 9] . Details on the modeling process are given in the

ext section. The position of this process point in the m 1 /m 4 and 

he m 2 /m 3 plane is also depicted in Fig. 3 . 

.3. Process modeling 

The SMB processes at the respective process points were mod- 

led using CADET-SMB (version 2.12) with CADET (version 3.2.1), 

n order to obtain comparative values for the experimental perfor- 

ance. Matlab Version R2020b was used for all simulations. A de- 

ailed description of the model procedure is given in the following 

ections. In addition, a tabular overview of all model input param- 

ters is given in Table S1 in the SI. 
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Table 1

Overview of tested process points.

Process Point Q D Q E Q F Q R t s
in μL/min in μL/min in μL/min in μL/min in s

Triangle Theory (TT) 113 45 30 50 165

Optimized (opt) 285 169 30 70 80

2xTT 226 90 60 100 82.5

0.5xTT 56.5 22.5 15 25 330
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Table 2

Model parameters for the simulation of the separation of BSA and AS with the used

columns. Values marked with ∗ were directly calculated from the chromatograms, 

values marked with + are comparative values that were calculated with empirical 

correlations from literature. All other values were obtained from parameter fitting.

BSA AS

F ∗ 0 ( 1 . 0 × 10 −5 ) 1

ε∗
t 0.844

ε∗
p 0.743

ε∗
int

0.394

D ax in m 

2 /s 5 . 21 × 10 −6 · Q [mL/min] 

5 . 21 × 10 −7 (@ 0.1 mL/min) 

D + ax in m 

2 /s 1 . 17 × 10 −7 (@ 0.1 mL/min) 

k f ilm in m/s 1 . 14 × 10 −5 3 . 00 × 10 −6 

k + 
f ilm

in m/s 1 . 75 × 10 −5 1 . 46 × 10 −4 

D p in m 

2 /s – 2 . 31 × 10 −10 

D + p in m 

2 /s – 2 . 30 × 10 −10 
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.3.1. Single column modeling 

As a first step, model parameters of a single column experi- 

ent were determined. For this the data of the single column ex- 

eriments with BSA and AS described in Section 3.1.4 were used. 

n addition, the experiments were repeated at different flow rates 

0.05 mL/min, 0.1 mL/min, 0.2 mL/min, 0.3 mL/min) to obtain the 

nfluence of the flow rate on the axial dispersion coefficient. 

A series of continuous stirred tank reactors (CSTRs) was imple- 

ented into the single column model (see SI Figure S2) to account 

or the peak broadening effects of the Äkta system. The general 

ate model was chosen as chromatography model. The mass bal- 

nces for the mobile and stationary phase are given in the SI, fur- 

her details on the model equations and solver can be found in 

50,51] and the CADET documentation [52] . The porosities were 

alculated based on the retention times of the tracer molecules. 

he pore accessibility ( F ) was determined with the retention times 

f BSA and AS. The mass transfer parameters axial dispersion ( D ax ), 

lm transfer coefficient ( k f ilm 

) and pore diffusion coefficient ( D p ) 

ere estimated by adjusting the modelled chromatogram to the 

xperimental one. D p was set to zero for BSA, as it cannot pene- 

rate the particle pores. The optimization was done with the ge- 

etic algorithm of the global optimization toolbox of Matlab. The 

opulation size was set to 100 with a maximum of 500 genera- 

ions. The optimization parameters were the difference in simu- 

ated and experimental peak area ( A ), the difference in retention 

ime ( t r ) and the difference in peak height ( h ). The objective func-

ion was defined as follows: 

 = k A | A sim 

− A exp | + k r | t r, sim 

− t r, exp | + k h | h sim 

− h exp | (16)

The penalty factors were set to k A = 1 , k r = 2 and k h = 10 . First,

he optimization was performed separately for BSA and AS. As it is 

nly possible to enter the same D ax for both components in CADET- 

MB, the average of the determined D ax of both components was 

alculated and used as a set value. A second optimization was per- 

ormed to refine k f ilm 

for BSA and k f ilm 

and D p for AS. D ax was

etermined for all four flow rates, k f ilm 

and D p were treated as in- 

ependent of the flow rate. 

.3.2. SMB Modeling 

CADET-SMB (version 2.1.2) was used for the simulation and op- 

imization of the SMB process. The script was adapted to a four 

one open-loop system. A simulation was performed for all pro- 

ess points given in Table 1 . For comparison with the experimental 

ass balance, the simulated trajectories of both components in the 

ifferent streams were integrated for the duration of the respec- 

ive experiment. In addition, the integral over one cycle in cyclic 

teady state was calculated. The build in script of CADET-SMB us- 

ng the differential evolution algorithm with a population size of 

0 and a maximum number of generations of 200 was applied for 

he process point optimization. The aim of the optimization was 

o maximize purity of BSA in the raffinate stream. Thus, the objec- 

ive function was defined to maximize yield of BSA in the raffinate 

 Y BSA,R ) and minimize yield of AS in the raffinate ( Y AS,R ) at the same

ime: 

 = k AS Y AS,R + k BSA ( Y BSA,R, min − Y BSA,R ) (17) 

r

The penalty factors k BSA and k AS were set to 1 and 10, respec- 

ively. The required yield of BSA in the raffinate ( Y BSA, min ) was set

o 0.99. 

. Results and discussion

.1. Model parameter estimation 

The parameters that were determined for the simulation of the 

ingle column experiment are given in Table 2 . The pore accessibil- 

ty F and the porosities were calculated with the retention times of 

he components and the tracers, respectively. BSA is excluded from 

ll pores, nonetheless for the simulations a value of 1 . 0 × 10 −5 was

sed for the pore accessibility, since it can’t be zero for mathe- 

atical determinacy. In contrast to that, AS is able to access the 

hole pore volume. In addition to the determined values for the 

ass transfer parameters, Table 2 shows the values calculated with 

mpirical correlations. D ax was calculated with the correlation of 

hung and Wen [53] , k f ilm 

was derived from the correlation by 

ilson and Geankoplis [54] and D p was calculated according to 

atterfield et al. [55] . All experimentally determined parameters, 

xcept for the film transfer coefficient of AS, are in the same order 

f magnitude as the values predicted by the empirical correlations 

nd thus are considered to be reasonable. The film transfer coef- 

cient of AS is two orders of magnitude smaller compared to the 

orrelation and it is even lower than the one of BSA. This is un- 

ikely, as BSA has a higher molecular mass and therefore a lower 

iffusion coefficient. From the chromatogram in Fig. 4 it is clearly 

isible that the second peak, which is detected by the conductivity 

easurement and hence caused by AS is much broader than the 

rst peak, which is visible in the UV signal and thus represents 

SA. Most likely another effect is lumped into the value of k f ilm 

n order to account for this peak broadening. This could for exam- 

le be caused by the longer residence time or the tortuosity of the 

ore system of the beads. Even though this value does not repre- 

ent the physical value of AS’s film transfer coefficient, the simula- 

ion is nonetheless able to reflect the experimental results, as it is 

hown exemplary for a flow rate of 0.3 mL/min in Fig. 4 . Both, the

etention time and the peak height are predicted precisely. There 
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Fig. 4. Comparison of simulation and experimental results for the separation of

bovine serum albumin (BSA) and ammonium sulfate (AS) with a single column at a

flow rate of 0.3 mL/min.
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Fig. 5. Flow rate (a) and pressure curves (b) of the four controlled in- and outlet

streams of the SMB system. Depicted are the first three cycles of both runs with

the TT process point (TT 1: solid line, TT 2: dashed line). The first four switches

are indicated with vertical gray lines. (c) Comparison of on-line and off-line flow

measurements with the set value.
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re deviations at the slopes, particularly at the descending slope 

f AS; nonetheless, the fit quality is sufficient to calculate com- 

arative values for the SMB experiments. Figure 4 also shows that 

here is no baseline separation of BSA and AS; however, there are 

egions of pure BSA and pure AS, which is usually sufficient for a 

eparation with SMB [37] . 

.2. Flow rate accuracy 

The precise generation of flow rates in the μL/min range was 

dentified as one of the critical factors for the successful imple- 

entation of a μSMB device. Thus, the flow rates were monitored 

nd analyzed for the triangle theory process point. Figure 5 a shows 

he flow rates of the four controlled in- and outlet streams for the 

rst three cycles of the experiment in duplicates. The inlet streams 

re shown with positive flow rates and the outlet streams with 

egative ones. The first four valve switches are indicated with ver- 

ical gray lines. The results of both experiments are in good accor- 

ance with the set values, however short fluctuations are occurring 

uring the switching process. This is because the back pressure of 

he system changes during the switching and in contrast to most 

ther systems, the flow is not stopped. Similar pressure spikes dur- 

ng the switching process were also observed by Gomes et al. but 

hey didn’t report any negative effects [38] . 

Figure 5 b depicts the pressures applied by the microfludic flow 

ontroller to generate the respective flows of Fig. 5 a. The pressures 

ollow a periodic pattern with the switching cycle, which indicates 

hat the pressure drop differs for the four used chromatography 

olumns. In addition, all pressures are higher for the second run, 

lthough the same columns were used. This illustrates that it is 

ecessary to use a closed-loop control for the flow rates in this 

etup in order to account for the changes in pressure drop. 

To assess the influence of the switching process on the overall 

ow rate accuracy, the mean flow rate recorded by the on-line sen- 

ors over the whole process was calculated. Additionally, off-line 

easurements were performed by weighing the reservoir vessels 

efore and after the experiment. The results of the off- and on-line 

easurements are given in Fig. 5 b. As there was no on-line mea- 

urement for the waste stream, only the off-line measurements are 

epicted. There is a slight discrepancy between the off- and on-line 

easurements but they are all (except the first off-line measure- 

ent of the feed stream) in the accuracy range of ±5% given by 

he flow sensor manufacturer. A different kind of flow sensor was 

sed during the first experiment (TT1) in the feed stream. Here, 

he value is above 5%, but for the second run (TT2), where the sen-

or was changed to a SLI-10 0 0 sensor, the accuracy is below 5% as
ell. In most cases the deviation is even below ±2% . A difference 

etween set and actual value is not only observed for the off-line, 

ut also for the on-line measurements. This implies that there is 

 measurable influence of the switching process on the mean flow 

ate. Thus, the performance of the flow control could probably be 

urther improved by fine tuning the PI controller for adaptions dur- 

ng the switching process. On the other hand, as described before, 

he fine tuning of this coupled system of controllers is not trivial. 

n addition, the flow rate accuracy of commercial systems is in the 

ame range (e.g. BioSMB PD: ±5% [29] , Octave 12 pump: ±2% [28] ),

ven though the minimum flow rate is higher (e.g. BioSMB PD: 
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Fig. 6. Mass balance of BSA and AS for both TT runs in comparison to the simula- 

tion and the simulation of one process cycle in cylic steady state.
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.5 mL/min [29] , Octave 12 pump: 0.2 mL/min [28] ). Gomes et al.

easured the fluctuation in the recycle stream of their system; the 

ow rate was in the range between 21 mL/min and 25 mL/min in 

he course of one cycle, which corresponds to fluctuations of ±8% 

38] . Hence, the achieved flow rate accuracy of the μSMB system is

cceptable for the conduction of SMB experiments.

.3. Influence of dead volume 

Besides the flow rate control, the dead volume is an important 

actor for the miniaturization of a SMB system. In the following the 

ffects of the dead volume on the μSMB experiments will be as- 

essed with the system’s mass balance, trajectories and mean con- 

entrations in the in- and outlet streams. The experimental results 

n this section are a duplicate run of the process point that was 

etermined with the triangle theory (TT1 and TT2). 

In order to assess the influence of the dead volume on the sys- 

em’s performance, process simulations were performed to obtain 

omparative values. The chromatography columns were modeled 

ith the general rate model, thus the dispersion effects in the col- 

mn were taken into account, but the dead volume and effects 

onnected to it were not considered. This way, the simulated re- 

ults represent an idealized system without any dead volume and 

he impact of the dead volume on the experiments can be esti- 

ated through comparison with the simulation. 

.3.1. Mass balance 

Figure 6 shows the mass balances of BSA and AS for both runs. 

he experimental mass balance was calculated with the off-line 

oncentration measurements. For comparison, the mass balance of 

he simulation is depicted. At first glance it is surprising that the 

ass balance does not reach 100% for the simulation. This is be- 

ause the whole system is filled with water at the beginning of 

ach experiment. After the experiment is stopped, part of the feed 

olution remains in the columns and other parts of the system, 

ence reducing the mass balance. This effect has less influence for 

onger process times, as the portion of feed solution remaining in 

he system compared to the overall amount of feed gets smaller. 

he mass balance predicted by the simulation differs for both runs 

ince they were run for a different time: The process time of TT1 

s 112 min, for TT2 it is only 88 min. The mass balance calculated 

ith the simulation over one cycle in cyclic steady state (gray bars) 

s 100%. This shows that the mass conservation in the simulation 

s working. 

In both experiments, AS has a lower recovery than BSA. This is 

aused by the broader peak width of AS (see Fig. 4 ), which causes
S to spread over the whole system in the course of the experi- 

ent. This is different for BSA, where the concentration remains 

t 0 g/L in some sections (compare the chromatograms in Fig. 7 ). 

his way more AS remains in the system when the experiment is 

topped and thus the mass balance is reduced. 

In addition, all experimental mass balances are lower than the 

imulated ones. This is due to the fact that the dead volume was 

ot considered for the simulation but BSA and AS also remain in 

hose parts of the system when the experiment is finished. For the 

easons discussed before, this effect is larger for AS. The experi- 

ental mass balance of BSA only differs 2.8% and 5.4% from the 

imulation, indicating only a small influence of the dead volume. 

or AS these values are higher with 5.7% and 20.1%. However, these 

alues would decrease for longer process times and the samples 

an be recovered by flushing the system after a run is finished. 

hus, they do not represent a real loss. 

.3.2. Trajectories and chromatogram 

The concentrations of BSA and AS at the raffinate and extract 

ort were recorded on-line during the experiments with a sam- 

ling time of 1 s. The resulting trajectories of the first three cycles 

re depicted in Fig. 8 alongside the simulated results. Figure 8 a 

hows the BSA concentration in the raffinate stream, Fig. 8 b and c 

how the AS concentration in the raffinate and extract streams, re- 

pectively. The BSA concentration in the extract is not displayed, as 

o on-line measurement was performed. The switching times are 

ndicated by the vertical gray lines in all figures. 

The retention time was adjusted by the time delay caused by 

he dead volume between the valve system and the detectors for 

ll measurements. In general, the results of both experimental runs 

re in good accordance with each other. This underlines the state- 

ent of the last paragraph, that the deviation in the mass balances 

s caused by the different lengths of the experiments and not by 

ifferences during the processes. All trajectories show a cyclic pat- 

ern with start up behavior, which is caused by the valve switch- 

ngs and is typical for SMB processes. 

The first peak of the experimental results of BSA is either miss- 

haped or completely missing and all other peaks of the first cycle 

ave a smaller peak area in comparison to the simulation. This be- 

avior indicates that there is an interaction between BSA and some 

art of the SMB system. Most likely it is an interaction with the 3D 

rinting material of the valve system, as this has been reported be- 

ore [56] . After one cycle, BSA has been in contact with all parts of

he 3D printed valve and the material is saturated, which results 

n a better prediction of the experimental peak shape by the sim- 

lation. After each valve switching, the BSA concentration drops 

bruptly. In the experiments the observed drop in concentration is 

either as low nor as steep as predicted by the simulation. Addi- 

ionally, the minimum BSA concentration is not reached right af- 

er the switching but slightly later. The latter effect is caused by 

he dead volume between valve and sensor. This part of the sys- 

em (volume approx. 30 μL) is still filled with the solution leaving 

he previous column, thus there is a time delay until the effect of 

he switching process is measured. The remaining deviations result 

rom peak broadening effects in the dead volume. 

There is a breakthrough of AS into the raffinate stream at the 

nd of each switching period in the experiment as well as the sim- 

lation, as it is shown in Fig. 8 b. This was to be expected, as AS has

 comparably high peak width in the single column experiment. 

nly the position of the peak maximum and not the peak width 

as considered during process point determination, thus leading 

o this impurity level. Comparing the simulation and experiments, 

t can be seen that the prediction of the retention time and height 

f the AS peaks is quite precise. In contrast to the simulation, the 

S concentration does not drop to zero after each switching pro- 

ess in the experiments indicating peak broadening in the dead 
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Fig. 7. Concentrations of BSA and AS in the reservoirs of the in- and outlet streams at the end of the TT1 experiment (dark colors) in comparison to the simulated concen- 

trations (light colors). In addition, the simulated concentration profile right after switching in cyclic steady state in the zones as well as the zone flow rates are displayed.
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olume. In this case, the not considered dead volume leads to an 

igher overall concentration of AS in the raffinate. When compar- 

ng the peak heights, it can be observed that each fourth peak is 

ower compared to the other ones. This indicates that one column 

iffers from the other ones, which also explains the different back 

ressures observed in Fig. 5 b. 

Several observations can be made for the trajectory of AS in the 

xtract: (1) At the beginning of the experiments, the AS concentra- 

ion is lower than predicted; (2) the peak shape is different, par- 

icularly the concentration increase after switching is not as steep; 

3) the peaks have a longer retention time compared to the sim- 

lation which is especially evident in the first cycle. The longer

etention time is most likely caused by the time delay induced by

he dead volume. This also leads to the differences in peak shape:

he position were the AS peak is cut by the switching is close to

he peak maximum in the simulation but not in the experiments.

 possible explanation for the lower AS concentration is that the

egeneration of the stationary phase in zone one is not sufficient

nd AS is transported from zone one into zone four with the sta- 

ionary phase. 

Comparing the simulated and experimental trajectories, devia- 

ions in retention time and peak height that are most likely caused 

y the dead volume are observable. However, it is difficult to de- 

ermine how much this will effectively influence the process e.g. in 

erms of yield from the trajectories. Therefore, the measured (dark 

olors) and predicted (light colors) overall concentrations in the 

eservoirs after the experiment (TT1) are shown in Fig. 7 . In ad- 

ition, the chromatogram of the simulated concentrations in the 

ones at the beginning of a cycle in the cyclic steady state and 

he zone flow rates are depicted. The concentration of AS is always 

on-zero and it increases with the column length in the fourth 

one. This indicates that the regeneration of the stationary phase 

n zone one is indeed not sufficient and as a consequence the dilu- 

nt flow rate should be increased to improve BSA purity. In accor- 

ance with the trajectories, the experimental AS concentration is 

ower in the extract and higher in the raffinate compared to the 

imulation results. While the difference in the extract is less than 

%, the measured concentration in the raffinate is twice as high as 

xpected. This comparably high relative error is partly due to the 

ow concentration level itself. In regard to the feed concentration, 

he deviation is below 3%. The same is applicable for BSA. Thus, 

he observed overall deviation from the simulation and therefore 

he influence of the dead volume is small. It gets obvious from 
b
ig. 7 that the μSMB system is capable to perform the separation 

f BSA from AS, even though the dead volume was not considered 

or the process design. To improve the purity of BSA as well as 

or the conceptualization of further studies, it still would be of in- 

erest to do additional investigations on the dead volume’s effects. 

or example, from the shown results it cannot be determined if the 

ime delay or the peak broadening have a greater influence on the 

rocess. In addition, it cannot be distinguished if band broadening 

ccurs mostly in the volume between the valve and the detector, 

hich only influences the peak shape but not the separation per- 

ormance, or in the dead volume between the columns. This infor- 

ation would be important if the system was adapted for different 

inds of processes as well as for the process transfer to other sys- 

ems. 

.4. Performance of the process points 

In the two previous sections, it was shown that the system 

eets the necessary requirements regarding flow rate control and 

ead volume. To conclude, the performance of the SMB system 

s evaluated by comparing the defined performance parameters 

f the process points. In addition to the aforementioned process 

oint determined with the triangle theory, all flow rates were ei- 

her halved (0.5xTT) or doubled (2xTT) to evaluate the system’s 

ehavior under different flow conditions. Furthermore, a process 

oint was determined using the optimization function of CADET- 

MB, with the aim of achieving the highest possible desalting effi- 

iency ( Table 1 ). 

The results are depicted in Fig. 9 , with Fig. 9 a showing the ex-

erimental and Fig. 9 b showing the comparative results of the re- 

pective simulation. In both figures, the results form the same pat- 

ern: 2xTT has the highest productivity, opt has the highest buffer 

onsumption and the highest dilution, but it also has the highest 

esalting level and the lowest yield. In this case, the optimization 

lgorithm traded off yield against purity. 

In principle, the performance parameters can be divided into 

wo groups. The productivity and the buffer consumption are de- 

ermined by the chosen process point, while the yield, the desalt- 

ng efficiency and the dilution depend on the separation perfor- 

ance. There are only slight differences between the experiments 

nd simulations for the first group. They are caused by differences 

etween the set and actual flow rates. As described before, this is 
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Fig. 8. Comparison of the experimental and simulated trajectories of the TT process point: (a): BSA trajectory in raffinate stream; (b) AS trajectory in raffinate stream (c) AS

trajectory in extract stream.
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Fig. 9. Comparison of the performance parameters for the experiments (a) and the

respective simulations (b). Y : yield; DE: desalting efficiency; DL : dilution; BC: buffer

consumption; P: productivity.
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ue to disturbances during the switching process and the accuracy 

f the on-line flow sensors (see Section 4.2 ). 

The experimental yield is lower as estimated with the simula- 

ion for all experiments. For most experiments, this deviation is 

n the range of 3–5% and can be explained by the portion of the 

SA remaining in the dead volume of the system after the exper- 

ment is finished, as was discussed in the previous section (see 

ection 4.3 ). For the optimized process point, the difference is 24%, 

hich can not be explained solely by this effect. Neither are the 

igher flow rates nor the shorter switching time the cause of this 

esult, as they are comparable to 2xTT where this effect is not ob- 

ervable. Most likely the deviation is caused by the different ratios 

f the zone flow rates compared to the other experiments. The ra- 

io of the highest to the lowest flow rate is much higher (3.8 vs 

.4), at the same time the ratio of the flow rates in zones three and

wo is a bit lower (1.26 vs 1.44). Due to the unconsidered inter- 

olumn dead volume, this causes more BSA to be transported in 

he direction of the extract port where it will be flushed out be- 

ause of the high flow rate in zone one. In this case the yield can

e improved e.g. by adapting the switching time. 

In an ideal, dispersion free scenario, the results for TT, 0.5xTT 

nd 2xTT should be identical. The simulation calculates identical 

alues for the productivity and the buffer consumption; the dif- 

erences in yield were discussed before. However, the desalting ef- 

ciency increases from 96.2% to 97.7% with decreasing flow rate. 

his is even more apparent for the experiments, where the re- 

ults range from 94.2% to 97.0%. The reason for this observation 
s that in the flow rate range considered here, the axial dispersion 

s smaller for lower flow rates (see Table 2 ), thus there is less band

roadening due to mass transfer limitations and less AS contami- 

ates the raffinate. Consequently in this case, lower flow rates are 

avorable for the separation process. The optimization algorithm 

till chose higher flow rates for the optimized process point be- 

ause dilution was not directly penalized in the objective function. 

rom this point of view, the diluent flow rate should be infinitely 

igh; however, a high diluent flow rate has a negative impact on 

he BSA yield and as this was considered in the objective function, 

he selected diluent flow rate is in a reasonable range. 

In summary, all evaluated process points reached a desalting 

evel above 94%, the optimized point even achieved a desalting ef- 

ciency of 99.6%. The yields were in the range from 85% to 88%, 

nly the optimized point has a lower yield of 65.8%. These re- 

ults are comparable to the ones reported by Hashimoto et al., who 

sed comparable components with a larger setup [25] . This clearly 

hows that the μSMB system is capable of successfully perform- 

ng separation processes under various conditions. An optimization 

nder consideration of the dead volume could even increase the 

erformance further in future works. 

. Conclusion

We were able to successfully develop a μSMB system. The main 

actors for downscale, flow rate accuracy and dead volume, were 

ddressed with the use of a microfluidic flow controller and a 3D 

rinted valve, respectively. The resulting ratio of inter-column dead 

olume to column volume is 6.4% for the developed system. As a 

roof of concept we tested the system for the separation of BSA 

nd AS with SEC-SMB under different conditions. We were able to 

chieve desalting rates above 99%, reaching comparable levels to 

ther systems [25] . Still, we saw some impact of the dead volume 

n the process, which should be further investigated in the future. 

he lowest applied feed flow rate was 15 μL/min, with the zone 

ow rates between 24 μL/min and 56.5 μL/min which is, to the 

est of our knowledge, the process with the lowest flow rates that 

as ever reported for a SMB experiment. The sample volume re- 

uired to reach the cyclic steady state was as low as 3.3 mL. 

The presented results thus provide the proof that SMB is not 

nly a useful tool for preparative applications but can also be ap- 

lied in a small scale, enabling a variety of new applications. For 

xample, the μSMB system can be a useful tool in process devel- 

pment as a downscale model. For this, the comparability of the 

SMB to common lab scale systems should be investigated as a 

ext step. Furthermore, due to its low column volumes and low 

uffer and sample consumption, the system could be interesting 

or long term studies in regards to resin reusability or cleaning 

rotocols. One big advantage of the presented system is that the 

ain parts, the pump and the valve, are either not in contact with 

he product (pump) or can be manufactured at low costs in a short 

ime (valve). This way the system is ideal as a disposable setup 

nd can also be used for studies with toxic components without 

he possibility to cross-contaminate the next process. Additionally, 

ecause of its small footprint it can easily be placed in a com- 

on lab fume hood. The 3D printed valve system enables the easy 

daption of the system to multiple processes but keeps the sys- 

em simple at the same time, which makes it a perfect tool for 

esearch. 
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