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II. Abstract 

Downstream processing of food enzymes can be improved by integrating solid-liquid separation and 

primary capture into the single unit operation of expanded bed adsorption. Ion exchange adsorption of the 

target enzyme directly from unclarified broth has the potential to increase product yield and reduce 

process times while lowering capital investment and consumable requirements. Lysed fermentation broth 

was diluted and applied to anion-exchange expanded bed adsorption. The targeted intracellular enzyme 

was eluted purified and concentrated. Residence time distribution analysis as a function of linear velocity 

and viscosity measured hydrodynamic behavior of resin inside the column. Dynamic binding capacity 

over ten consecutive purification cycles averaged 5249 specific enzyme units/mL_media (± 17%) and no 

negative trend was observed for up to ten consecutive purifications. Contrarily, a change in hydrodynamic 

behavior was observed, as resin expansion necessitated higher linear velocities with increasing number 

of purification cycles. Efficiency of resin regeneration was established via total ionic capacity and dynamic 

binding capacity of BSA. Scaling up the process strategy to pilot scale (i.d. 10 cm) produced results 

consistent with those from lab scale, processing 9.5 L of broth in about 100 minutes.  

Keywords: expanded bed adsorption, downstream processing, food enzyme, hydrodynamics, process 

strategy 
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III. Resumo 

As operações iniciais de purificação de enzimas podem ser intensificadas com a utilização de 

cromatografia de leito expandido (EBA) que integra numa unica operação uma separação sólido-liquido e 

uma purificação. É assim espectável um aumento do rendimento total do processo e a redução do tempo 

de operação, custos de investimento e operacionais. 

Neste trabalho avaliou-se a aplicabilidade da EBA para purificar a enzima alvo directamente de um 

caldo fermentativo. O processo foi desenvolvido á escala laboratorial numa coluna de 2 cm de diâmetro 

interno, tendo-se aumentado a escala para uma coluna com 10 cm de diâmetro. A performance e 

hidrodinamica das colunas foi medida através de analises de tempos de residencia. Com o aumento dos 

ciclos de purificação observou-se uma variação da hidrodinamica da coluna, sendo necessário aumentar 

a velocidade superficial para obter a mesma expansão do leito. Por outro lado, as capacidades total, 

medida através de titulação dos ligandos, e capacidade dinâmica, medida através da saturação de 

enzima e de BSA,  não sofrem alteração significativa. A capacidade dinâmica da resina foi em 

média  5249 unidades especificas/mL_resina (± 17%).  

O scale-up da operação foi realizado com sucesso, obtendo-se uma performance semelhante nas 

duas esclas testadas. Na coluna piloto purificaram-se 9,5 L de caldo fermentativo contendo enzima em 

cerca de 100 minutos. 

palavras chaves: adsorção em leito expandido, purificação de enzimas, cromatografia, hidrodinâmica, 

estratégia do processo 
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IV. Zusammenfassung 

Die Aufreinigung von Enzymen der Nahrungsmittelindustrie kann durch die Integration von fest-flüssig 

Trennung mit einem primären selektiven Auffangschritt wie der Expanded Bed Adsorption verbessert 

werden. Ionenaustausch Adsorption des Zielenzyms direkt aus dem Fermentationsmedium hat das 

Potential die Produktausbeute zu erhöhen, Prozesszeit zu verkürzen und Kosten für Kapitalanlage und 

Verbrauchsmaterialien zu reduzieren. Lysiertes Fermentationsmedium wurde verdünnt und direkt in die 

Expanded Bed Adsorption Säule gegeben. Das intrazelluläre Zielenzym wurde aufgereinigt und 

aufkonzentriert eluiert. Die Verweilzeitverteilung wurde als Funktion von Viskosität und linearer 

Geschwindigkeit analysiert und das hydrodynamische Verhalten des Sorbens in der Säule untersucht. 

Die dynamische Bindekapazität von zehn konsekutiven Aufreinigungen betrug im Durchschnitt 

5.249 Enzym spezifische Einheiten/mL_Sorbens (± 17%) und kein negativer Trend wurde während zehn 

hintereinander folgenden Aufreinigungen gemessen. Im Gegensatz dazu hat sich das hydrodynamische 

Verhalten des Sorbens verändert, in dem es mit Zunahme der Aufreinigungszyklen stets eine höhere 

Geschwindigkeit der mobilen Phase benötigte um die gleiche Expansion zu erreichen. Die Effizienz der 

Regeneration wurde durch Messung der totalen Ionen Kapazität und der dynamischen Bindekapazität 

von Rinderserum Albumin bestätigt. Die Vergrößerung des Maßstabs auf Pilotgröße auf 10 cm 

Säulendurchmesser, lieferte Ergebnisse, die mit denen aus Labormaßstab übereinstimmten, dabei 

wurden 9,5 L Fermentationsmedium in ca. 100 Minuten aufgereinigt.  

Schlüsselwörter: Erweitertes Bett Adsorption, Nahrungsmittel Enzyme, Aufreinigung, Hydrodynamik, 

Prozessstrategie  
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1 Introduction 

1.1 Expanded bed adsorption in purification processes 

Downstream processing accounts for a large percentage in production costs of biotechnological products, 

often even the major part (1, 2). Requirements for downstream processing vary predominantly by product, 

its production origin and its intended use. The nature of target molecules often demands a speedy and 

harmonized recovery to reach a stable product state, prevent oxidation and/or quickly remove 

deteriorating enzymes such as protease or DNase (3). Additionally the intended use may demand a high 

degree of purity for the final product. Purity is generally achieved by several purification steps in a row, 

rather than a single step. As a rule of thumb in downstream processing the higher the number of 

purification steps the lower the overall product yield and high yields usually mean low purities. Finding the 

balance between achieving desired purity and minimizing yield loss is one of the key economic factors in 

the design of downstream processes. In industrial scale processes turnaround and process times are 

minimized to maximize equipment utilization. To maximize overall DSP yield each step is tailored to the 

specific process, product and legal requirements while the number of individual steps is kept to a 

minimum. 

Expanded bed adsorption EBA offers an integration of solid-liquid separation and selective capture in a 

single step operation, resulting in an increased yield, lower requirement for capital investment and 

reduced process time (3). Traditionally conditioning such as isolation and concentration are the first steps 

in a downstream process, but they do little for product purification and account for a large part of product 

loss and operational time (2). Utilizing selective purification as early in the process as possible reduces 

product loss in non-selective conditioning (2). With the integration of several unit operations into a single 

step, the process becomes more complex and less robust (2). According to Hubbuch et al. among the 

techniques combining solid-liquid separation and isolation like membrane filtration, aqueous two-phase 

extraction, batch adsorption, high gradient magnetic fishing and expanded bed adsorption, the latter is the 

most advanced (2). While most selective capture steps require a clarified mobile phase that has been 

rigorously filtered or centrifuged, EBA allows the utilization of raw broth, ideally without any treatment 

after fermentation; in case of intracellular products, cell lysis post fermentation is inevitable. 

The key idea in EBA is the utilization of a fluidized bed of resin beads through which unclarified broth is 

pumped in an upward flow. Adsorbent resin is retained by gravitational sedimentation against the flow of 

the mobile phase. Variation in sedimentation velocities within the bed, caused by a distribution in resin 

particle size and/or density, results in the establishment of a classified bed with layers of defined particle 

distribution along the expanded bed and fluid dispersion characteristics similar to packed beds (3, 4). In 

contrast to fluidized bed reactors, which have been around since the 1920s and aim to create a perfectly 

mixed environment by utilizing monodispersed particles and a single step reaction, EBA development 

focused on the minimization of back mixing and the creation of multi-stage chromatographic 
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performance (2, 3, 5). First reports about the use of expanded bed adsorption processes were published 

in the early 1990s by Draeger and Chase (6). Since then numerous articles on countless aspects of EBA 

have been published. Transition towards expanded beds is facilitated by the fact that it can be described 

and analyzed with methods known from traditional packed bed chromatography (7). As with any 

adsorptive process, among the typical limiting factors of EBA are adsorption kinetics, internal and external 

diffusion and fluid flow through the adsorbent bed (2). Further and more EBA specific limitations may 

arise from the presence of solids in the mobile phase, which influence mobile phase flow, residence time 

distribution in the adsorbent bed and in case of resin-biomass interactions block surfaces and pores (8, 9). 

With the integration of dense matter into traditional packed bed matrices, novel stationary phases have 

been created that combine selective requirements of EBA processes. While particle size of individual 

resin beads is desired to be small to minimize diffusion path lengths and maximize mass transfer, 

sedimentation velocity decreases with decreasing particle size. High sedimentation velocities allow for 

high volumetric flows and thus short process times. In combination with ion exchange resin, the 

integration of a chromatographic step with the removal of biomass, near quantitative recovery of target 

protein and even initial product concentration can be achieved in a single unit operation (10). 

1.2 Aim of this report 

This work focusses on the purification potential of anion exchange expanded bed adsorption for a specific 

target enzyme. This food enzyme is produced in bulk by DSM. The aim is to evaluate the use of EBA to 

capture and purify the target enzyme from broth. The commercially available resin used here incorporates 

tungsten particles in an agarose matrix to increase density. The porous characteristics of the resin are 

known from packed bed agarose media. Hydrodynamic behavior of mobile phases with different 

rheological properties is observed using acetone as tracer and parameters for optimal separation 

performance are determined. The effect of broth and regeneration on resin performance is observed by 

measuring total ionic capacity and dynamic binding capacity of bovine serum albumin as model protein. 

Dynamic binding capacities of subsequent purifications from broth of different ages are compared. 

Further the process is scaled up to pilot scale and scalability verified. 
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2 Theoretical Background 

Chromatographic success in EBA, as in any chromatography, is closely linked to the creation and 

maintenance of a plug like flow that shows little back mixing and a high degree of separation (2). 

Hydrodynamic performance in chromatographic columns is usually evaluated and quantified by residence 

time distribution RTD analysis (11). Along with the utilized equipment, mobile and stationary phases have 

the greatest influence on RTD. As shown by Richardson and Zaki, the suspension of spherical particles in 

fluid is interdependent on properties of mobile and solid phase as well as linear flow (12). The resulting 

expansion of particles in an upward flow is the sum of forces of flow, buoyancy and sedimentation. When 

changing mobile phases during EBA chromatography, differences in viscosity and density will inevitably 

lead to a difference in bed expansion if the linear velocity u0 is maintained constant. An increase in bed 

expansion leads to an increase in bed porosity which, at a constant linear velocity u0 leads to a lower 

interstitial velocity. Interstitial velocity is calculated by dividing the superficial linear velocity of the mobile 

phase u0 through the bed voidage . Reduced interstitial velocity caused by an increased expansion or 

decreased u0 leads to an increase in contact time. An increase in contact time of product and adsorbent 

leads to increased dynamic binding capacities (5, 11, 13-15). On the point of particle suspension during a 

purification cycle most of the literature examined is not precise in its description of EF and u0 over the 

time of the experiment. Rheological differences of mobile phases (fermentation broth, equilibration buffer, 

wash buffer, etc.) will change the expansion factor if u0 is kept constant. While most publications do state 

expansion factor and linear velocity utilized during the experiments, the majority fails to mention at what 

point during the purification these values were measured or if rheological properties were aligned, e.g. (16, 

17). Alternatively to aligning density and viscosity of feed and buffers, either EF or u0 is bound to change 

during the process. In this report, maintaining a constant EF was aimed for at all times, necessitating 

frequent manual adjustments in mobile phase flow rate. Changes in u0 inevitably lead to changes in the 

residence time distribution of the system, another variation not explicitly addressed by numerous 

publications. 

2.1 Residence time distribution 

Residence time distribution analysis is used as a tool for the assessment of the degree of mixing in 

flowing fluids. Among the parameters derived from RTD analysis are the height equivalent of a theoretical 

plate HETP and the Bodenstein number Bo (2). Measurement of RTD in packed beds are often carried 

out using the method of moments, which incorporates pulse injection of a tracer molecule. In systems 

with high dispersion, such as fluidized beds, pulse injections yield large errors and step injections are 

used for more accurate results (11). Therefore a negative step was chosen for the measurement of mean 

residence time and standard deviation, from which RTD is analyzed, as described by (18). From the 

negative step mean residence time  (s) and standard deviation  (s) are determined. After a stable 
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maximum signal for tracer in the eluent of the column, the inlet is switched to tracer free buffer and the 

decline in tracer signal measured.  

 
Figure 2.1 – Schematic illustration for the calculation of mean residence time  and standard deviation  
from the negative step signal as described by Theodossiou et al. (18). 
The time in between the end of tracer input and the tracer signal reaching 50% of the maximum value is 
the mean residence time. Half the time for the signal to decrease from 84.15% to 15.85% of the maximum 
signal is the standard deviation. Illustration adapted from (19). 
 

The time between the switch until the signal reaches 50% of maximal intensity is the mean residence time 

. Standard deviation  in a normal distribution on either side of  is 34.1%, leaving 15.8% on either side 

outside , as illustrated in Figure 2.1. Thus half the time for the signal to fall from 84.2% of maximal 

intensity to 15.8% is defined as . The number of theoretical plates is derived from the RTD using the 

tanks in a series model by dividing the square of mean residence time  through the square of standard 

deviation  (eq. 1), as described by Levenspiel (20). 

=  1 

  

For EBA applications chromatographic bed length refers to the height of the settled bed H0, which, divided 

by the number of theoretical plates, determines the height of equivalent theoretical plates for a given 

column under given conditions as shown in equation 2. 

=  2 

  

The change in RTD with u0 is explained by the van Deemter equation (eq. 3), which correlates HETP to 

three different dispersion terms (21). 
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= + +  3 

  

According to van Deemter et al. the HETP is influenced by three terms. Eddy dispersion A, which remains 

constant regardless of the linear velocity u0, molecular diffusion B which is reduced with increasing u0 and 

mass transfer resistance C which increases with increasing u0. The influence of each term depends on 

various factors of the system and components employed. 

The Bodenstein number Bo is used to describe mass transfer in flowing fluids as it correlates axial 

dispersion to convection and bed length, similar to the Peclet number, that describes heat transfer (2). 

Levenspiel points out that fluid side mass transfer is related to adsorbent mixing in fluidized bed 

applications and the use of Bo does not reflect this correctly (20). Since the numerical value for Bo is not 

altered by this differentiation, it can be used for RTD description and comparison nonetheless (2). As a 

rule of thumb Bo  40 indicates systems with negligible axial dispersion and plug flow can be assumed for 

all practical purposes (2, 3). Throughout literature different methods to determine longitudinal dispersion 

are mentioned, i.e. (19, 20, 22, 23). According to Thömmes et al. axial dispersion can be estimated by 

normalized variance 2 alone (5). Equation 4 was solved for Bo using normalized variance 2, 

calculated by dividing the square of standard deviation  (s) with the square of mean residence time  (s). 

= =
2

+
8

 4 

  

The more commonly published alternative is the division of the product of linear velocity u0 (m/s) and 

settled bed height H0 (m), by the axial dispersion coefficient Daxl (m2/s) (eq. 5) as described by Sofer & 

Hagel, Bruce & Chase and others (11, 24). 

=  5 

  

2.2 Expansion behavior of particles 

Richardson and Zaki came up with a model for the expansion behavior of suspended particles in fluids 

(12). According to their model the superficial fluid velocity u0 is equal to the terminal settling velocity of the 

particle ut times voidage of the expanded bed with an expansion factor n (eq.  6). 

=  6 

  

The terminal settling velocity ut is calculated with the Stokes’ equation for spherical particles, according to 

which ut is equal to the difference in densities of particle and liquid resin liquid times gravitational 
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acceleration g and the square of particle diameter dp, divided by liquid viscosity  times 18; all in SI units, 

(eq. 7).  

= 18  7 

  

Voidage of the expanded bed  was calculated with the height of the expanded bed H, height of the 

settled bed H0 and voidage of settled bed 0 = 0.4 (eq. 8). 

=
1
1  8 

  

The expansion factor n of equation 6 is dependent on rheological properties of the fluid as well as u0 and 

varies with the terminal Reynolds number Ret which is calculated according to equation 9. 

=  9 

  

Richardson and Zaki determined values for n at different Ret empirically, their equations are shown in 

Table 2.1. 

Table 2.1 - Equations for the determination of the expansion factor n at different terminal Reynolds 
numbers Ret, according to Richardson and Zaki (12). 
Value of Ret Value of n 

Ret < 0.2 n = 4.65 
0.2 < Ret < 1 n = 4.45 Ret

-0.03 
1 < Ret < 500 n = 4.45 Ret

-0.1 
500 < Ret n = 2.39 
 

2.3 Influence of biomass on hydrodynamic behavior and column performance 

When working with crude feedstock process performance may suffer due to feedstock complexity and 

presence of insoluble components which may be adsorbed or physically block pores and ligands (3, 8, 9). 

Presence of biomass such as cells, cell debris and macromolecules such as DNA and RNA and their 

influence on hydrodynamic behavior of suspended resin as well as the binding capacity of the resin itself 

has been subject of numerous studies; both general e.g. (10, 25-28) and case specific e.g. (16, 29). 

Anion exchange resins have been used in combination with EBA in studies specifically for the purification 

of different types of DNA and/or RNA, e.g. (30). 

Next to changes in viscosity and density of the mobile phase, the most prominent difficulties arise from 

adsorption of biomass to resin causing a decrease in binding capacity for the target protein as well as 
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aggregate formation by long molecules like DNA, interlinking individual beads. In one of the first 

publications about expanded bed adsorption, Draeger and Chase reported a 75% drop in dynamic 

binding capacity for bovine serum albumin, after addition of 2% Alkaligenes eutrophus cells (8). They later 

observed that different cell types lead to different reductions in dynamic binding capacity, but the general 

observation stayed the same (9). As anion exchange resins were utilized, these observations were 

probably due to the competitive adsorption of negatively charged biomass. As proposed by Lin et al., the 

transmission of cells through the column during loading should be used as a reference for resin-biomass 

interaction (25). The authors suggest a threshold value of 10% cell retention for the economic utilization 

of EBA. Cells and their debris are not the only influence in hydrodynamic and adsorptive behavior when 

introducing feedstock into EBA. Clear correlations between adsorbent structures, amount of bound DNA 

and respective bed expansion were shown by Theodossiou et al. (18). DNA bridging between adsorbent 

particles and bound microorganisms reduced binding capacity, lead to channeling effects that in turn lead 

to inhomogeneous flow distribution within the bed and finally to the complete breakdown of the bed 

expansion. By homogenizing feedstock before application, debris size of particles and macromolecules 

as well as surface charges can be reduced, which leads to an increase in performance (10, 31). 

Homogenization of broth before application to EBA should therefore be considered, if EBA performance 

suffers from biomass presence. Although the presence of cells, cell debris and DNA has been proven to 

reduce column efficiency, it is in practice not predominant over the advantages expanded bed adsorption 

from broth or homogenate has to offer (8, 9, 28, 32). 

2.4 Influence of equipment and experimental set up on EBA performance 

The experimental set up of the expanded bed adsorption unit can severely influence the purification 

performance. Frequently discussed in literature is the flow distributor at the column inlet, less so the 

vertical alignment of the column itself. As shown by Bruce, Ghose & Chase, column misalignments of just 

0.15° can result in dynamic binding capacity reductions of 10% to 55% (33). These differences were 

found to be more important for laboratory scale columns than columns with larger diameters 

(diameter  5 cm) (3, 33).  

Fluid distribution in expanded beds is crucial for the development of a fully classified bed. At the column 

inlet an even radial distribution is desired with minimal axial mixing. Expanded beds differ from packed 

beds by lack of pressure drop along the bed. Whereas the back pressure in traditional chromatography 

systems is in large part responsible for the even radial distribution of fluid in the column, radial flow 

distribution in EBA is largely dependent on the flow distributor (2). With increasing distance to the column 

inlet, the fluidized bed itself acts as a fluid distributor in radial direction (34). This results in a 

inhomogeneous particle and flow distribution in the lower part of the column and thus a loss in efficiency. 

Findings of Hjorth et al. and Thömmes et al. confirm this phenomenon, when doubling the settled bed 

height resulted in more than double the dynamic binding capacity (5, 35). Various fluid distributor types at 

the column inlet have been investigated, e.g. perforated plate, conical flow, localized mixing and rotating 
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fluid distribution. Perforated plates were initially used for fluid distribution in the development of EBA (2). 

Drawbacks of this technique however are restriction of pore size of the utilized mesh or perforated plate 

at the inlet by the size of the adsorbent particles and possible creation of a filtration effect, leading to build 

up pressure drop at the inlet. A restrictive measure at the bottom to hinder resin from leaving the column 

is necessary when eluting in reversed flow. When only forward flow is used during the operation, this 

restriction is not necessary. Conical flow distributors maintain plug flow while increasing cross sectional 

area of the column, but are not useful in large scale operations since the steepness of the inlet angle 

must not exceed about 5.5° (2). With an inlet angle of 5.5°, a conical cylinder for columns with 2 cm ID will 

be roughly 10 cm long, but for columns with 10 cm ID a length of around 1 m will be required. Conical 

flow distributors are widely used on small scale operations, but their necessity to grow in length 

proportionally to diameter, makes them ineffective in large scale columns (2).  

Another key aspect in the creation of expanded beds with a homogenous resin distribution along the 

expansion height is a distribution in particle size of the resin (36). The variation in diameter and 

sometimes density, creates different terminal settling velocities for the particles, which is in turn 

responsible for the degree bed expansion, as shown by Richardson and Zaki (12). After storage, resin is 

not homogeneously distributed in its vessel, but distributed by particle size. If the resin is not properly 

homogenized before and during partial resin transfer into a column, changes in particle size distribution 

will alter hydrodynamic and adsorptive behavior of each filling, even when resin from the same batch is 

utilized (3). 

2.5 Dynamic binding capacity 

Dynamic binding capacity is the most practical way to characterize chromatographic performance. In EBA 

it is influenced by numerous factors, some known from packed bed chromatography, others EBA specific. 

Among the former are the nature of ligand used and it’s coupling to resin surfaces, kinetics and 

equilibrium of adsorbate-ligand interaction, pore and film diffusion, liquid and particle dispersion. Selective 

Chromatography, such as ion exchange chromatography (IEX), is based on ligands, which are 

immobilized on the resin surfaces and interact with the adsorbates. A high surface area enables a large 

number of ligands to be immobilized and interact with target molecules. In chromatography high surface 

areas are achieved by utilization of porous beads with small diameters. Usage of low diameter beads 

allows the mobile phase maximal contact with the larger specific resin surface area but mostly it shortens 

diffusion paths for adsorbates to enter and exit porous structures in the absence of convection. It was 

shown by Karau et al. that beds with smaller particle diameter have a higher dynamic binding capacity 

(37). These results are confirmed by Bruce and Chase who show, that the top part of the expanded bed is 

made up of the resin particles with the smallest diameter and has the highest dynamic binding capacity 

compared to middle and bottom parts of expanded beds (38).  
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A small bead diameter leads to an EBA specific kind of problem. The terminal sedimentation velocity as 

defined by Stokes Law for round particle in linear flow conditions, is directly dependent on liquid viscosity, 

the density difference between particle and surrounding liquid and particle diameter. The smaller the 

particle, the lower the terminal sedimentation velocity and thus the slower the superficial velocity of the 

mobile phase in any EBA application must be to avoid a washing out of the resin. In order to have the 

benefits of small bead diameters and high superficial velocities, Fastline Resin was developed by Upfront 

Chromatography, Denmark, incorporating a tungsten core to increase particle density. With this high 

density resin superficial flow velocities of around 850 cm/h can be applied with buffer solutions without 

washing out the beads or increasing the expansion factor. 
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3 Material and Methods 

3.1 Material 

 Chromatographic media 3.1.1

Chromatographic media for ion exchange was Rhobust® Fastline Q Adsorbent from UpFront 

Chromatography; batch 510791-VW. The beads consist of cross-linked agarose (85 - 90 % v/v) with a 

tungsten carbide core, leading to densities of 2.5 – 3.5 g/mL with a particle size range from 20 to 200 nm. 

Functional group is quaternary ammonium immobilized on bead and pore surfaces. According to the 

adsorbent characterization sheet from the manufacturer the ligand density is 100 mmol/L_media and the 

mean particle size is 143 m (44). Resin was stored in 0.01 N NaOH.  
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 Chemicals 3.1.2

Table 3.1 - Chemicals used during experiments, respective batch number and brand 
Name Batch Brand 

Acetone 14C180515 VWR 

Bovine Serum Albumin 120M1879V Sigma 

Conductivity Calibration 12.8 mS/cm HC382232 Merck 

Conductivity Calibration 1413 S/cm 140172 VWR 

Conductivity Calibration 147 S/cm 140188 VWR 

Demineralized Water - Central Distribution System 

Fastline Q Resin 510791-VW Upfront Chromatography, DK 

Glycerol 
12K270503 

13I160515 

VWR 

VWR 

H3PO4 - 3.5 M 
MBK060314 

MBK210114 

In house preparation 

In house preparation 

HCl – 3.5 M 

280414 

100514 

070515 

In house preparation 

In house preparation 

In house preparation 

K2HPO4 
A0187304 232 

A0192001 123 

Merck 

Merck 

KCl 
14B050019 

K43533936 232 

VWR 

VWR 

KH2PO4, K2HPO4 UPLC Buffer MBK050614 In house preparation 

MilliQ Water MBK050514 In house preparation 

NaCl 

K45226704 404 

13L180016 

14B050019 

Merck 

VWR 

VWR 

NaOH 13D220001 VWR 

NaOH 4 N 
280814 

160914 

In house preparation 

In house preparation 

pH Calibration Certipur pH 10 HC392100 Merck 

pH Calibration Certipur pH 4 HC388648 Merck 

pH Calibration Certipur pH 7 HC389539 Merck 

Protein Standard Mix #151-1901 L1511901 Bio-Rad 

Titrisol 0.1 M HCl HC076553 Merck 

Target enzyme standard 613153001 DSM 
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 Single use plastic 3.1.3

Table 3.2 - Disposables used during experiments and respective brands 
Name Brand 

Pipette Tips (20, 200, 1,000 and 5,000 µL) Eppendorf AG 

Centrifugation Tubes (1.5 and 2 mL) Eppendorf AG 

Centrifugation Tubes (15 and 50 mL) Greiner 

Single use plastic pipettes VWR 

Vacuum Filtration Cup (0,45 µm) Nalgene 

Whatman® syringless filter vial GE Healthcare 

Vial 0.3 mL (UPLC sample vial) VWR 

Buffer barrels (10 - 50 L) VWR 

 

 Software 3.1.4

Table 3.3 - Software utilized for equipment operation and data analysis 
Title Brand 

ELN  

Office 2010 Microsoft 

Windows 7 Microsoft 

Unicorn 5.1 GE Healthcare 

Acquity UPLC Console 1.5 Waters Corp. 

Chromeleon 6.80 Actuate Corp. 
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 Equipment 3.1.5

Table 3.4 - Equipment used during experiments and respective brands 
Type Brand 

Äkta Purifier, Bioprocess GE Healthcare 

Column lab scale, i.d.=2 cm h=1,5 m Upfront 

Column pilot scale, Duran Glass, i.d.=10 cm h=1,3 m Upfront 

Conductivity meter sensION EC71  

  with a 50 70 Electrode 

HACH 

 

External pumps: 

  505U 

  624U 

 

Watson Marlow 

Watson Marlow 

Frac 950, Fractionator lab scale GE Healthcare 

Glass Bottles (0,5, 1 and 2 L) Schott 

UPLC Acquity 

Column: Acquity UPLC BEH200 SEC 1.7 µm; 4.6 x 150 mm 
Waters 

Magnetic stirrer M21/1, IKAMAG Rec G Framo-Gerätetechnik 

pH meter pHM 290; VWR 662-1759 Electrode Radiometer Copenhagen 

Pipette (20, 200, 1.000 and 5.000 µL) Eppendorf 

Scales: 

  BP 310 P 

  CP42028 

  TE12000 

  OHAUS DA  

  PUA 579-CS600 

 

Sartorius 

Sartorius 

Sartorius 

Mettler Toledo 

Mettler Toledo 

UV Spectrometer UV-1800 Shimadzu 

Centrifuge 5804 R Eppendorf 

Glass Filter Schott 

877 Titrino Plus Metrohm 
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 Buffer 3.1.6

Buffers were mixed with demineralized water in plastic barrels (10 to 50 L, pilot scale, 20 L lab scale) or 

Schott glass bottles (1 or 2 L) lab scale. For pilot scale buffers were prepared the day before the 

experiment, for lab scale experiment buffer was prepared for 2 - 3 experiments, which were run in short 

succession. Volumes were calculated from weighing masses, assuming a liquid density of 1 g/mL. All 

components were dissolved under stirring in about 80% of final volume of demineralized water and 

containers filled to desired weight afterwards. Addition of K2HPO4, NaCl and NaOH based on molarity, 

H3PO4 and KCl based on measurement of pH and conductivity with a 5% tolerance. 

3.1.6.1 Equilibration and Wash Buffer (EWB) 

 pH a 

 conductivity b mS/cm 

 c mM K2HPO4, d mM H3PO4 and e mM KCl. 

3.1.6.2 Elution Buffer (to elute target enzyme) 

 pH a 

 conductivity 2.5b mS/cm 

 1.2*c mM K2HPO4, f mM H3PO4 and g mM KCl 

3.1.6.3 Elution Buffer (to elute BSA) 

 pH a 

 conductivity 10b mS/cm 

 1.2*c mM K2HPO4, f mM H3PO4 and h M KCl 

3.1.6.4 Regeneration 

Four different regeneration buffers were used after each protein purification from broth or standard 

solution. 

Regeneration 1 i M NaCl 

Regeneration 2 2*i M NaCl 

Regeneration 3 j M NaOH, 2*i M NaCl 

Regeneration 4 j M NaOH 

3.1.6.5 Storage 

 0.01*i M NaOH 
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3.1.6.6 Feed dilution 

Feed was diluted with demineralized water at a dilution factor of around 2.5 to a conductivity of b mS/cm. 

pH was measured but not manipulated, as broth was the same pH as EWB. 

3.1.6.7 Acetone Tracer 

For the determination of HETP a 1% (m/m) acetone solution was prepared in Equilibration and Wash 

Buffer. 

3.1.6.8 Bovine serum albumin (BSA) Solution 

Either 2.5 or 5 g/L of BSA were dissolved in EWB for the determination of voidage and BSA dynamic 

binding capacity. The use of which is detailed in Chapter 4.2.2. 
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3.2 Methods 

All EBA experiments were done using methods programmed in Unicorn v4.1 (GE Healthcare). Laboratory 

scale EBA was set up to direct flows of feed and buffers via internal pumps into the sample valve. With an 

external pump (Watson Marlow 505U/624U for lab/pilot) the eluate was collected about 1 to 2 cm above 

the expanded bed and directed into the Äkta analysis unit (GE Healthcare) for UV, pH and conductivity 

measurement. The exit valve directed the outgoing flow either to the sample fractioning system or waste. 

Elution was conducted in the same way as equilibration, loading and regeneration with an upward flow. 

Flow was continuously adjusted to keep the resin expanded to twice the settled bed height. The 

volumetric unit column volumes (CV) refers to the volume of a settled bed. Experiments regarding 

hydrodynamic properties had a settled bed height of 28.5 cm, BSA dynamic capacity and the first series 

of target enzyme purifications (1,1 – 1,10) were carried out with a settled bed height H0 = 25.5 cm on the 

same resin. Before the second series (2,1 – 2,7) the column was repacked with fresh resin from the same 

batch to H0 = 26.8 cm. H0 varied with pH of mobile phase and storage solution. All heights refer to fresh 

resin in 0.01i M NaOH. Hydrodynamic properties were determined and compared for four different 

viscosities and three different degrees of bed expansion. Viscosity was altered by addition of glycerol to 

EWB and acetone tracer in concentrations of 0%, 10%, 30% and 50% (w/w). All viscosities were used to 

expand the suspended resin to 1.5, 1.75 and 2 times its settled bed height by flow adjustment. 

 Hydrodynamics 3.2.1

3.2.1.1 Modelling of bed expansion with the Richardson-Zaki equation 

Density of mobile phase was assumed as 1000 kg/m3, resin density 3 g/mL and average particle diameter 

147 m were taken from the adsorbent characterization sheet, provided by Upfront (44). Liquid viscosities, 

listed in Table 3.5, were taken from Segur and Oberstar who examined the effect on viscosity of different 

glycerol concentrations in aqueous solutions (45).  

Table 3.5 – Glycerol concentrations in % (w/w) and respective viscosity as measured by (42). 
Glycerol concentration (w/w) Viscosity (mPa s) 

0% 1.01 

10% 1.31 

30% 2.50 

50% 6.00 

3.2.1.2 Residence time distribution analysis with a negative step 

The residence time distribution RTD analysis was performed from acetone breakthrough collecting data 

from a negative step obtained upon washing the column after breakthrough (18, 19). RTD was calculated 

via discrete data points for acetone tracer and mean residence time  (s) and standard deviation  (s) 

determined as described in Chapter 2.1. After expansion and UV 280 measurements at the outlet 
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reached constant levels (roughly 4 CVs), input was changed to acetone tracer solution. Following a stable 

maximum absorbance signal, input was reversed to EWB, measuring the decline of the UV signal as a 

result of the wash-out of acetone from the resin particles.  

The Bodenstein number Bo was calculated according to equations 4 and 5 described in Chapter 2.1, to 

compare results of the two methods. The axial dispersion coefficient Daxl was determined by numerically 

solving the relationship of Daxl, mean residence time  and standard deviation , seen in equation 10 (38). 

An algorithm for nonlinear equations added to Microsoft Office Excel 2010 (GRG Nonlinear) was used, to 

solve equation 10 for 2 2 = 0, with constant u0 and H0 and a convergence of 10-4. Calculated values for 

the axial dispersion coefficient are listed in Table 8.1. 

=
2 + 3

1 + 2 +
 10 

 Resin capacity 3.2.2

3.2.2.1 Measuring total ionic capacity of resin samples 

Total ionic capacity TIC of resin was determined by titration of deprotonated resin with hydrochloric acid 

in a method adopted from (11). Fresh resin samples were rinsed in a 15 mL centrifugation tube three 

times with 10 mL MilliQ® water and decanted after vigorous shaking, followed by deprotonation with 

2% (w/w) KOH in three shaking and decanting cycles and finally rinsed in ten cycles of MilliQ water. Resin 

from the column was sampled after the last regeneration step with 1 M NaOH and rinsing with MilliQ 

water to a stable pH of about 8.6. All samples were brought to a semi dry state drying on a glass filter 

under vacuum for two to three minutes. The resin samples were divided into three glass beakers and 

weighed (about 1 g per beaker). 60 mL of 1 M KCl in MilliQ® were added to each beaker and 

simultaneously started to stir for 60 min at 700 rpm with a small magnetic stirrer. One by one the samples 

were titrated against a 0,01 M HCl solution under stirring and the pH change during acid addition 

monitored. In order to give the ion exchange process time to equilibrate, volume increment was 0,1 mL 

and waiting period between additions 15 s. TIC is quantified as equivalents per mass or volume. Using 

monovalent acid as titrator equivalent can be directly replaced with mol. As resin manufacturers generally 

publish TIC of their product as mmol/L, division through respective density led to a TIC in mmol/g, which 

was faster to quantify in the lab. 
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The average TIC of the three beakers was 

determined as TIC of the sample. After titration the 

sample was returned to the resin in the column. 

The method was verified by titration of two 

different resins (Capto Q and Q Sepharose) in 

triplicate with known TIC as shown in Figure 3.1. 

TIC ranges given by the producer are 0.144 to 

0.198 mmol/g for Capto Q (solid lines) and 0.162 

to 0.225 mmol/g for Q Sepharose (dashed lines) 

respectively. These are higher than the average of 

three measurements for Capto Q with 

0.141 mmol/g (± 2.6%), Sepharose Q is with an 

average of 0.168 mmol/g (± 5.9%) within the 

range given by the supplier.  

3.2.2.2 Estimation of dynamic binding capacity 

Dynamic binding capacity was measured 

according to Bruce and Chase to determine 

binding behavior of the resin as a function of 

purification cycles and feed age (38). 

Breakthrough curves were recorded for bovine serum albumin BSA (2.5 g/L and 5 g/L) in EWB as model 

protein and target protein from broth. Except for elution, the same buffers were used for both types of 

feed (see Chapter 3.1.6.2 and 3.1.6.3). During equilibration the bed expansion was allowed to stabilize 

over 30 minutes. BSA concentration in the eluent was measured online via UV absorption at 280 nm. 

Feed solution was loaded onto the column until the absorption signal c reached 5% of the maximum 

signal c0. The maximum absorption signal c0 was determined bypassing the column beforehand. For 

more accurate results, BSA concentration in eluent fractions and feed was additionally measured with 

UPLC-SEC analysis. For dynamic binding capacity comparison c/c0 should have a constant value (11). 

Purifying target enzyme from broth, c/c0 could not be determined online, only with UPLC-SEC analysis of 

elution fractions. Product concentration in the eluent stream in the last fraction of load phase was used for 

the breakthrough concentration. The dynamic binding capacity was determined as shown in equation 11 

with either mass (g) for BSA or enzyme specific units ESU for the target enzyme. For the endpoint of the 

loading phase, the protein (either BSA or target enzyme), that has already left the column in the 

breakthrough mBT and the protein in the mobile phase of the void space of the column mvoid are 

subtracted from the total protein loaded on the column mload and divided by the column volume CV.  

=  11 

 
Figure 3.1 – Total ionic capacity TIC measured via 
titration with 0,01 M HCl for two different resins 
after activation with 1 M NaOH. The lines indicate 
the range of TIC as advertised by the respective 
producer. TIC measured for Capto Q just below the 
published value (dotted lines), for Q Sepharose 
barely within the range (dashed line). n=3. 
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Concentration of target protein in the void space of the column was calculated under the assumption of 

one uniform concentration profile inside the column, based on the concentration measured in the last 

fraction of eluent during loading. As the dynamic binding capacity was estimated according to Bruce & 

Chase, so was the calculation of the voidage in the expanded bed  for the calculation of mvoid (eq. 12) 

(38). The dead volume VD of the system was determined first, bypassing the column and measuring the 

time between switching to BSA solution and reading the first change in signal in the UV detector and 

multiplying it with the volumetric flow . Six measurements resulted in an average of 26.4 mL (± 3.2%). VD 

was subtracted from the product of mean residence time  (s) and volumetric flow  (mL/s) and the 

difference divided by the volume of the expanded bed V (mL). The voidage  multiplied by column volume 

CV and bed expansion EF results in the void volume, occupied by the mobile phase. Concentration of 

BSA or target enzyme in the last fraction of eluent during loading was multiplied by the void volume to 

estimate the mass in the void volume mvoid. 

=  12 

  

 Size exclusion chromatography 3.2.3

Protein content of eluent and feed was determined in a Waters Acquity® ultrahigh pressure liquid 

chromatography UPLC system with a 1.7 µm pore diameter size exclusion chromatography SEC column 

and 2.5 mL column volume. 0,1 M phosphate buffer was used as mobile phase as well as for the dilution 

of standards. The flow rate of 0.3 mL/min resulted in pressures of around 220 bar. The column and buffer 

were on room temperature, samples cooled to 10°C, sample loop volume 2 µL. Each chromatogram 

recorded for 10 min by absorption at UV 280 nm at the column exit. Samples and standards were either 

prepared in a Whatman® syringless filter vial or centrifuged for 15 min at 20814 rcf and 4°C. Phosphate 

buffer and 20% ethanol in demineralized water for storage and cleaning of the column were vacuum 

filtered (0,45 µm) before utilization.  

A gel filtration standard (Bio-Rad) containing five different sized proteins was analyzed in triplicate in the 

UPLC-SEC. Proteins in the standard were Thyroglobulin 670 kDa (a), -globulin 158 kDa (b), ovalbumin 

44 kDa (c), myoglobin 17 kDa (d) and vitamin B12 1.35 kDa (e), their respective peaks are marked in the 

chromatogram in Figure 3.3. The correlation of retention times tR to their respective molecular weights on 

a logarithmic scale is shown in Figure 3.2. Standard deviation of retention time for all five peaks was 

below 1‰ (data not shown). Based on the slope retention times for the different states of target enzyme 

association were calculated as 3:57 min for the monomer ( ), 3:35 min for the dimer ( ) and 3:13 min for 

the tetramer ( ), added to Figure 3.2.  

For the quantification of target enzyme a calibration curve was prepared in duplicate and each 

concentration measured in triplicate (Figure 8.1 in the appendix). 5000 ESU/mL standard was diluted 1:5, 
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1:10; 1:20; 1:50, 1:100, 1:200, 1:500 and 1:1000 in the mobile phase of the UPLC-SEC. Based on the 

calibration curve all target enzyme concentrations were calculated by the chromatography software 

Chromeleon, within the retention time interval of the dimer (3:18 min to 3:45 min). With each sequence 

dilutions of standard were prepared and analyzed as samples to verify consistency of column behavior. 

Sample purity was calculated as percentage of target enzyme (dimer) peak area over total peak area of 

the chromatogram.  

  
Figure 3.2 – Retention times of peaks from the 
Bio-Rad gel filtration standard over their respective 
molecular weight on a logarithmic scale. Molecular 
weights of different association states of target 
enzyme (  monomer,  dimer &  tetramer) to 
correlate peaks of chromatogram to respective 
molecules. 

 

Figure 3.3 – Bio-Rad MW standard on an UPLC 
BEH 200 SEC column. Retention times and known 
respective molecular weights were used to create 
Figure 3.2. Standard deviation of retention time and 
peak area was below 1‰ for all peaks in a triple 
determination. 

 Expanded bed operation 3.2.4

3.2.4.1 Experimental set-up for lab and pilot scale EBA 

The basic set up for both expanded bed adsorption systems was the same. Different buffers and feed 

were led to the column inlet via a sample valve and an inlet valve in the processing unit and from there 

into the column. The processing unit Äkta Bioprocess in pilot scale operations was equipped with a 

bubble trap feature, which the Äkta Purifier in lab scale was not. From 1-2 cm above the resin bed the 

mobile phase was pumped out with a peristaltic pump (Watson Marlow 505U lab scale / 624U pilot scale) 

and led back into the processing unit for measurement of UV absorption, pH and conductivity. Both 

pumps were controlled manually and had to be adjusted after adjusting flow in the processing units. From 
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there the outlet valve led the eluent either to waste or to be fractioned (fractionator FRAC-950 with 50 mL 

centrifugation tubes in lab scale, manual fractionation in pilot scale). The outlet valve in lab scale was 

equipped with additional six outlets which were used to collect larger fractions, such as wash and 

regeneration. All fractions were weighed and homogenized before samples were taken for analysis. 

Columns for lab and pilot scale are produced by Upfront Chromatography with inner diameters i.d. of 2 

and 10 cm respectively.  

In every experiment the bed was equilibrated for 30 min and the flow adjusted to EF = 2 prior to the 

loading step. Flow was reduced to roughly 50% of equilibration flow keeping EF constant during loading. 

Results of dynamic binding capacity, yield and purity are relativized by division through the respective 

maximum value within the series.  

3.2.4.2 Purification cycle of EBA 

In one chromatographic cycle, seven different buffer and regeneration solutions were utilized, types and 

volumes are listed in Table 3.6. Difference in buffer viscosity and density result in different sedimentation 

behavior of the resin. Therefore volumetric flow was constantly adjusted to keep bed expansion constant 

at EF = 2. 

Table 3.6 - Phases and volumes of buffers used for one chromatographic cycle. Volumes calculated in 
column volumes (CV), calculated for settled bed height H0. This description fits the general use of EBA, 
deviations from this cycle are remarked for each experiment in section 4.  
Phase Column volumes (CV) 

Equilibration (EWB) 15 - 20 

Load 6 - 14 

Wash 8 

Elution 6 

Regeneration 1 4 

Regeneration 2 4 

Regeneration 3 4 

Regeneration 4 4 

 

The resin was equilibrated before each experiment for at least 30 minutes. The necessity to increase 

linear velocity to keep EF = 2 with progressing number of experiments lead to a variation in column 

volumes for equilibration. Load volume was calculated according to prior research and feed concentration 

after dilution. Wash and elution cycles were not varied. The regeneration cycle was modified only in 

experiments 2,6 and 2,7. Regeneration 1 and 3 were left out and towards the end of Regeneration 4 (see 

Chapter 3.1.6.4), the process was paused for 30 min. All expanded bed operations were conducted at 

upward flow.  
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 Resin lifetime 3.2.5

Resin lifetime was assessed by comparing TIC, dynamic binding capacity for BSA and target enzyme for 

consecutive purification cycles.  

 Scale-Up to pilot scale 3.2.6

The purification process of target enzyme from broth was scaled up by keeping the expansion factor the 

same and adjusting operational parameters accordingly. With an i.d. of 10 cm and H0 = 16.5 cm CV was 

calculated to be 1.29 L. The process was scaled up by keeping the number of CVs used for each phase 

constant from lab to pilot scale.  
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4 Results 

4.1 Hydrodynamics 

 Bed expansion as a function of viscosity and linear velocity 4.1.1

The expansion of a bed of particles is proportional to the linear velocity u0 of the mobile phase as well as 

particle and liquid properties, described by the Richardson-Zaki equation (eq. 6). Figure 4.1 shows the 

influence of velocity and viscosity on particle expansion in an expanded bed adsorption column. With 

increasing viscosity, induced here by increasing glycerol concentration, this relationship becomes more 

and more sensitive, leading to a more vertical slope. Modelling the Richardson-Zaki equation shows the 

same relative behavior (Figure 4.2) but with velocities up to four times higher than measured; 81.5 to 

2108.2 cm/h for the model vs. 61.1 to 582.5 cm/h measured (12). Parameters of viscosity were obtained 

from literature (45), density and mean particle diameter for the resin from an adsorbent characterization 

sheet for provided by the resin manufacturer (44). 

There are two major discrepancies when applying the model utilized here to applications with feedstock 

(2). Firstly, the terminal settling velocity ut is greatly influenced by wall effects, particle interaction and 

particle-biomass interaction that are not taken into account in the Stokes equation (eq. 7). Friction of 

particles on the column wall start to effect suspension behavior when dp/i.d. > 0.01, according to which 

the ratio used here in lab scale (dp/i.d. = 0.0071) should cause little friction (48). However Bruce et al. 

provide evidence of a non-uniform flow profile in a system with dp/i.d. = 0.004 and show that dispersion 

and mean residence time near the wall are significantly larger than in the column center and thus wall 

effects exist even in larger diameter columns. Secondly, the Richardson-Zaki parameter n changes with 

rheological properties of feedstock, so that both ut and n need to be determined experimentally for each 

individual system. Given the natural variation in feedstock composition, batch to batch variations of ut and 

n are to be expected, as Hubbuch et al. show when comparing different literature data for n with values 

predicted by Richardson and Zaki (2, 12). 

From Figure 4.1 it is apparent that as viscosity increases the linear velocity u0 necessary to obtain a 

similar expansion factor decreases. Expansion factor (EF) and u0 show an almost linear relationship in 

the range examined, as described in various publications (14, 49) and the Richardson-Zaki equation 

(eq. 6).  
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Figure 4.1 – Effect of mobile phase viscosity and 
linear velocity on expansion factor. Column 
i.d. 2 cm, settled bed volume 80.1 mL. 
 

Figure 4.2 – Modelled effect of mobile phase 
viscosity and velocity on expansion factor after 
Richardson and Zaki (12). 

The necessary linear velocities u0 to expand the resin bed in different viscosity mobile phases are listed in 

Table 4.2. For each viscosity the bed was expanded to three different heights and mean residence time  

and normalized standard deviation 2 measured, from which HETP were calculated. 

Table 4.1 – Effect of linear velocity and viscosity on the height equivalent of a theoretical plate HETP. 
Linear velocity to reach each expansion factor at different glycerol concentration, determined HETP with 
respective standard deviation, mean residence time  and dimensionless variance 2. Determined via 
discrete data points after negative step. n=3 

Glycerol 
(% w/w) 

EF 
 

u0 
(cm/h) 

HETP 
(cm) 

RSD HETP 
(%) 

           
(min) 

2  

(s2) 

0 

2.00 582.51 0.2931 12.29 6.04 0.0103 

1.75 439.27 0.3035 7.64 6.85 0.0106 

1.50 286.48 0.5596 6.47 9.33 0.0196 

10 

2.00 439.27 0.3217 5.20 7.69 0.0113 

1.75 334.23 0.3259 14.31 8.94 0.0114 

1.50 210.08 0.5854 1.11 12.28 0.0205 

30 

2.00 254.01 0.3715 26.21 13.54 0.0130 

1.75 198.63 0.6537 34.44 15.38 0.0229 

1.50 115.55 0.5100 9.80 22.32 0.0179 

50 

2.00 114.59 0.6017 3.87 29.00 0.0211 

1.75 86.90 0.6750 4.52 33.74 0.0237 

1.50 61.12 1.4991 28.21 38.88 0.0526 
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 Height equivalent of the theoretical plate as a function of linear velocity and viscosity 4.1.2

The height equivalent of the theoretical plate HETP is linked to the linear velocity u0 of the mobile phase 

as described by the van Deemter equation (21). Increasing u0 eventually leads to an increase in HETP by 

reducing molecular diffusion and increasing mass transfer resistance. The relationship of HETP and u0 

measured with a negative step in the EBA lab scale column, reflects the initial decrease in HETP with 

faster linear velocities as described by the van Deemter equation. For each viscosity the determined 

HETP was lower or equal as u0 increased (Figure 4.3). Acetone in EWB was utilized as a non-reacting 

tracer molecule and linear velocities corresponding to EF 1.5, 1.75 and 2 examined. The predicted 

increase in HETP with increasing u0 is not evident in the data recorded here (11). 

  
Figure 4.3 – Height of the equivalent theoretical 
plate (HETP) measurements with different 
viscosities and linear velocities. 167 mM acetone 
as tracer in Equilibration and Wash Buffer (EWB) 
as mobile phase. n=3 

Figure 4.4 – Relationship of expansion factor and 
the height of the equivalent theoretical plate 
(HETP) for different viscosities. 167 mM acetone as 
tracer in Equilibration and Wash Buffer (EWB) as 
mobile phase. Symbols as in Figure 4.3. n=3 

 

The data in Figure 4.3 shows that as the linear velocity increases HETP settles on constant values in the 

range of 0.3 - 0.5 cm (for 0% and 10% glycerol), suggesting that eddy dispersion is the predominant 

mechanisms influencing EBA performance. Neglecting other parameters contrasts the van Deemter 

equation, which was established investigating packed beds with lower linear velocities (21). For 50% 

glycerol and u0 lower than 80 cm/h (  in Figure 4.3), changes in u0 result in more pronounced differences 

in HETP, which could indicate a more pronounced influence of molecular diffusion. The linear velocity to 

reach EF = 2 with 50% glycerol supplemented media is 114.6 cm/h, resulting in a HETP of 0.6 cm. 

Conversely to achieve EF = 1.5 a linear velocity of about 60 cm/h is needed, resulting in an almost three 

times higher HETP (1.5 cm). For the least viscous media without glycerol addition (x in Figure 4.3) a 
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linear velocity of 582.5 cm/h leads to EF = 2 and a calculated HETP of 0.3 cm. About half the linear 

velocity (286.5 cm/h) lead to EF = 1.5 and twice the HETP (0.56 cm/h). These observations appear 

coherent to the van Deemter equation (eq. 3), where the influence of molecular diffusion becomes 

apparent for low u0 and negligible in faster flowing media (11). As Figure 4.4 shows, within 1.75 < EF < 2 

values of HETP are almost constant for each viscosity, with the exception of 30% glycerol, which shows a 

decrease in HETP at EF = 1.5, contrary to the other viscosities. There are few literature values for the 

comparison of HETP in differing viscosities or in a similar set up. From the same data another 

hydrodynamic descriptor was calculated to assess axial dispersion under the given experimental 

parameters. 

 Axial dispersion as a function of linear velocity and viscosity 4.1.3

Another indicator of hydrodynamic behavior is the dimensionless Bodenstein number Bo which correlates 

axial dispersion to the convective transport of the mobile phase in a closed system. Bo increases as axial 

dispersion, or the amount of mixing, decreases and a system with Bo > 40 suggests that axial dispersion 

can be considered negligible as in plug flow conditions (3). Bo was calculated using two different methods, 

as a function of variance 2 or as a function of the axial dispersion coefficient Daxl, as discussed in 

chapter 2.1. Both methods deliver similar results, showing that Bo increases with increasing u0 and 

decreasing viscosity (Figure 4.5 to Figure 4.8). For all viscosities examined, Bo shows a steep increase 

between expansion factors 1.5 to 1.75 and reaches almost constant values above EF = 1.75, except for 

30% glycerol addition. This correlates to observations made for the HETP determination, where it seemed, 

that eddy dispersion is the predominant factor influencing column hydrodynamics above certain linear 

velocities. Calculated values for Bo and Daxl are listed in the Appendix in Table 8.1. Bed voidage , as 

calculated with equation 12, was estimated to be 0.7204 for glycerol free EWB at EF = 2 and the dead 

volume VD was measured to be 26.37 mL. 

Comparison with literature data reveals that calculated values for Bo show a large variety. Xia, Lin & Yao 

published measured Bodenstein numbers utilizing a resin comprised of a cellulose-tungsten carbide 

composition with physical properties similar to Fastline Q (14). They calculated Bo at EF = 2 of roughly 50, 

which is about 25% of the values shown here. (H0 = 10cm, i.d. = 1 cm, dp = 140 m, p = 2 g/mL, 

u0 = 100 - 1,000 cm/h). The ratio of resin particle diameter to column diameter used was dp/i.d. = 0.014, 

which is twice as large as the ratio used in this work. In contrast to the data presented here and in other 

publications Xia, Lin & Yao’s calculation for Bo decreases with increasing u0 (14). Bruce & Chase 

published a Bodenstein number of 32, calculated with equation 5 (5.1 cm i.d., H0 = 20.9 cm, EF = 2, 

u0 = 190 cm/h, resin: Streamline DEAE) (38). Thömmes et al. calculated Bodenstein numbers in between 

69.2 and 29.1 with varying ratios of H/i.d. (from 3.7 to 14.1) and linear velocities (from 186 to 490 cm/h) 

calculated with equation 4 (5.0 cm i.d., resin: Bioran SP) (5). H/i.d. ratios of were at least 30% larger in 

the experiments conducted for this study (21.4 to 28.5) and published data from Thömmes et al. does not 

allow for extrapolation (5). 
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Figure 4.5 – Bodenstein number for different 
velocities and viscosities as a function of variance 

2 (eq. 4), measured with 167 mM acetone as 
tracer in EWB. Symbols as in Figure 4.7. n=3 

Figure 4.6 – Bodenstein number for different 
expansion factors and viscosities, as a function of 
variance 2 (eq. 4), measured with 167 mM 
acetone as tracer in EWB. Symbols as in Figure 
4.7. n=3 
 

  
Figure 4.7 – Bodenstein number for different 
velocities and viscosities as a function of axial 
dispersion Daxl (eq. 5), measured with 167 mM 
acetone as tracer in EWB. n=3 

Figure 4.8 – Bodenstein number for expansion 
factors and viscosities as a function of axial 
dispersion Daxl (eq. 5), measured with 167 mM 
acetone as tracer in EWB. Symbols as in Figure 
4.7. n=3 

 

Regardless of the equations utilized the general result shows that Bo increases with increasing linear 

velocity, making hydrodynamic conditions more favorable for less viscous media and faster linear 
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velocities, as axial dispersion decreases. Therefore dynamic binding capacity measurements were carried 

out at the fast end of linear velocities investigated for hydrodynamic performance. Expansion factor was 

kept constant at 2, adjusting linear velocity as necessary.  

4.2 Resin capacity 

 Total ionic capacity 4.2.1

The total ionic capacity TIC of ion exchange resins determines their ability to quantitatively adsorb 

monovalent charged molecules, which is directly dependent on the ligand density. After validation of the 

method on two different commercially available resins (Chapter 3.2.2.1), Fastline Q was tested for TIC 

after one, two, three and four adsorptions of BSA and regeneration cycles as well as after purification of 

target enzyme from unclarified fermentation broth. Shown in Figure 4.9 are the determined values for TIC 

of triple determinations with respective standard deviation as a function of total regeneration cycles per 

resin. The total ionic capacity of the fresh resin, as measured with our titration method is 0.028 mmol/g 

(± 23.1%), which is 15.5% of the one provided by the resin manufacturer TIC = 0.033 mmol/g 

(100 mmol/L with an average density of 3 g/mL) (44). Measured TIC for resin involved in BSA adsorption 

was 79.4% to 94.6% (± 4-33%) of the TIC determined for fresh resin.  

TIC for resin used in target enzyme purification 

from raw broth was 105% to 123% (± 19-23%) of 

the TIC determined for fresh resin. With up to ten 

target enzyme purifications and five BSA 

adsorptions on the same resin (stated as 15 

regenerations in Figure 4.9), no decrease of TIC 

could be determined, which in turn leads to the 

conclusion, that no ligands were leached and all 

binding sites were free from bound molecules 

during regeneration.  

While the TIC data presented shows that no ligand 

leaching occurs with the use of the resin, no 

conclusions can be extracted related to the actual 

capacity life time of the resin with increasing 

cycles. Of further interest was to evaluate the 

actual protein binding capacity of the resin after 

several cycles with unclarified broth and this way 

evaluate if the resin clogs as a result of pore 

blockage by cells, cell debris or macromolecules. As such the dynamic binding capacity for proteins (BSA 

and target enzyme) were measured and compared after several EBA cycles. 

 
Figure 4.9 – Total ionic capacity TIC of Fastline Q 
resin after regeneration cycles, measured via 
titration with 0,01 M HCl, each after activation with 
1 M NaOH. Resin TIC measured after BSA 
adsorption and regeneration ( ), after target 
enzyme adsorption and regeneration ( ) and for 
fresh resin ( ). n=3 
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 Dynamic binding capacity of bovine serum albumin 4.2.2

Bovine serum albumin was used as model protein for dynamic capacity measurements to assess the 

cumulative effect of the cleaning method used at the end of every EBA purification cycle. Expansion 

factor was kept at two during all experiments. Protein was loaded until BSA concentration in the column 

effluent reached approximately 5% (c/c0 = 0.05) of the BSA feed concentration, measured online via UV 

absorption at 280 nm. Table 4.2 presents the calculated dynamic binding capacity, the fraction of washed 

out BSA, the fraction of BSA recovered, the linear velocity to reach EF = 2 during equilibration and the 

concentration of the feed employed. Binding conditions and buffers were the same as employed for target 

enzyme purification and not adjusted to BSA properties, with the exception of elution buffer, which was 

altered after experiment 5 to 1 M KCl (conductivity of 120 mS/cm). 

Table 4.2 – Determination of dynamic binding capacity of BSA under purification conditions. Loaded to 
c/c0 0.05, EF = 2. Target enzyme cycles refers to number of times the resin was in contact with unclarified 
broth, prior to measuring BSA dynamic binding capacity. 

BSA 
Cycle 

Target 
enzyme 
cycles  

Dynamic binding 
capacity 

(mg/mL_media) 
Washed 
out (%) 

Recovery 
(%) 

Load 
(mg) 

u0 
(cm/h) 

Feed 
(mg/mL) 

1 0 17.62 5.10% 100.00% 1503.32 649.68 2.67 
2 0 13.67 0.06% 100.00% 1241.95 697.45 2.67 
3 0 15.71 0.57% 100.00% 1280.83 726.11 2.67 
4 0 13.95 0.78% 100.00% 1142.06 764.33 2.67 
5 0 7.72 61.90% 100.00% 1687.72 792.99 4.28 
6 0 6.66 68.53% 102.86% 1782.55 917.20 4.81 
7 1 25.40 23.84% 99.89% 2073.45 1146.50 4.997 
8 10 18.40 15.93% 102.90% 1521.60 1299.36 5.040 
9 10 18.96 17.45% 102.35% 1574.17 1299.36 5.040 
10 10 16.96 14.07% 103.68% 1406.23 1337.58 5.040 

 

With the exception of cycles 5 and 6 the dynamic binding capacity for BSA is within 13.5 to 

19 mgBSA/mL_media. In cycles 5 and 6 the dynamic capacity is about 50% of prior and later results, with 

over 60% of protein washed out of the column. Cycle 7 was conducted after the first target enzyme 

purification from whole broth. Compared to BSA cycles 8 - 10, roughly 25% more BSA was loaded onto 

the column in cycle 7 and the resulting dynamic capacity is 25% higher than in the following three 

experiments. Experiments 8 - 10 were measured consecutively, after the resin had been used for ten 

cycles of target enzyme purification from raw broth. The resulting dynamic capacities 

(17.0 - 19.0 mgBSA/mL_media) are comparable to the results from experiments 1 - 4 

(13.7 - 17.6 mgBSA/mL_media). The  as shown in Figure 4.10. Regarding results from experiments 5,6 & 7 

as outliers, dynamic binding capacity averages 16.5 mgBSA/mL_media (± 1.9) an no decrease could be 

detected over time and regeneration cycles.  
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Literature data shows a decrease in dynamic 

binding capacity with increasing u0 (5, 11, 13, 15, 

50). As seen in Table 4.2 u0 increased with each 

experiment to keep EF = 2 and dynamic binding 

capacity should have decreased, but this effect 

could not be measured here. Numerical values of 

BSA dynamic binding capacities are about 66% to 

that of Bruce and Chase, (25 mgBSA/mL_media), 

about 35% of the value published by Xia et al. 

(47.1 mgBSA/mL_media), and in between the 

values published by Thömmes et al. 

(12 - 20 mgBSA/mL_media) all with c/c0 = 0.1 (5, 14, 

38). Lin et al. recorded breakthrough curves of 

BSA on Streamline Q XL resin utilizing similar 

conditions to this report (conductivity of 

12.7 mS/cm and pH of 7.4) yielding a dynamic 

capacity of 20 - 30 mgBSA/mL_media (25). For the 

successful implementation of a chromatographic 

method in a downstream processing strategy, the 

resin must regenerate quantitatively after each 

cycle. The consecutive measurement of dynamic binding capacity is an indicator of regeneration success 

as it involves the whole cycle of adsorption, desorption and regeneration of ligand-resin interaction. This 

becomes especially important as perturbing molecules are present in the mobile phase as is the case 

with unclarified fermentation broth. 

4.3 Target enzyme purification from broth 

In total 171 purifications of target enzyme from unclarified broth at lab scale (i.d. 2 cm) and 2 purifications 

in pilot scale (i.d. 10 cm) were conducted. At lab scale the column was repacked with fresh resin after the 

tenth purification, marking the end of series 1. The second series contains experiments 11 through 17 

and was conducted with a different broth batch. The target enzyme concentration was measured offline 

by UPLC-SEC analysis. Loading volume was estimated after analysis of feed concentration. Variation in 

breakthrough concentration c/c0 occurred in every experiment from 0% to 120%, averaging at 16% 

(± 30%). Keeping EF constant during different cycle phases required frequent flow rate adjustments. 

                                                   
1  Nomenclature: A total of 17 experiments were conducted at lab scale separated in two series. 
Experiments are identified as (i, j), with “i” for the series number and ”j” the cycle or experiment number. 
 

 
Figure 4.10 – Dynamic binding capacities of BSA in 
mgBSA/mL_media over regeneration cycles. With 
the exception of experiments 5,6 and 7 the 
measured dynamic capacity is stable in between 
13.5 and 19 mg/mL (± 1.9). Recovery of BSA 
loaded is close to 100% throughout the series, 
washout varies between 0 - 5% (Experiments 
1 - 4), 60 - 70% (Experiments 5 & 6) and 15 - 20% 
(Experiments 7 - 10). 
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Figure 4.11 shows a typical chromatogram of a target enzyme purification (2,6), normalized to the 

respective maximum values.  

 
Figure 4.11 - Normalized chromatogram of target enzyme purification from broth (purification 2,6) with 
expanded bed adsorption. Online measured values (UV 280 nm, linear velocity of mobile phase, pH and 
conductivity) and target enzyme concentration ( ) of fractions, measured offline with UPLC-SEC. 
i.d. = 2 cm, H0 = 26.8 cm. 

 

At the end of the loading phase a breakthrough of 6% was detected in column effluent. During elution a 

sharp peak, mostly composed of target enzyme, can be seen in the eluent stream (Figure 4.11, at about 

42 CVs, target enzyme concentration: ). 

Detection of target enzyme in eluent stream occurs simultaneously with the rise in conductivity as the 

elution buffer breaks through. 2.4 CVs after elution phase begins, target enzyme concentration in the 

eluent stream reaches its maximum (5394 ESU/mL), which is roughly ten times the concentration in the 

feed (528 E/mL). Elution efficiency is demonstrated by the fact that 1.74 CVs after reaching its maximum, 

target enzyme concentration in the eluent stream drops beneath feed concentration.  

 Assessment of EBA-AEx purification performance 4.3.1

A successful enzyme purification yields the target protein in a high concentration and active form with little 

loss and impurities. Figure 4.12 presents load, wash, elution and regeneration steps in purification 2,6. 

Additionally to relative target enzyme concentration ( ) the relative purity ( ) and relative product yield (x) 

of each fraction are shown. Relativization through division of each value by the maximum value of the 

respective measured variable. During load and wash 8.6% of target enzyme loaded are lost. In the 

second part of the wash phase (around 37.5 CVs) target enzyme elutes with a purity of 38% relatively 
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pure, but in a low concentration (20.22 ESU/mL). This indicates, that weakly bound molecules have 

eluted the column almost completely by the time elution is started. With the rise in conductivity during 

elution target enzyme concentration in the eluent stream rises to a peak of 5393.7 ESU/mL in elution 

fraction 3 (eluent volume 41.6 CVs) which is 10.2 times higher than the feed concentration 

(528.13 ESU/mL). For the same fraction the highest product purity of all elution fractions was measured.  

 
Figure 4.12 – Normalized chromatogram of target enzyme purification from broth (purification 2,6) with 
expanded bed adsorption. Relative recovery (x) and purity ( ) as measured by UPLC-SEC in the fractions 
of the eluent stream and divided by the maximum of the respective variables. While target enzyme 
concentration ( ) remains low until the rise in conductivity is detected (94% of feed concentration at 
41.1 CVs), eluate concentration rises to 10.2 times the feed and relative purity rises simultaneously to 
98.3% at 41.6 CVs. i.d. = 2 cm, H0 = 26.8 cm. 
 

The elution pool (fractions 2 - 6) contains 87.5% of total target enzyme loaded onto the column. Dividing 

ESU content by pool mass and considering a density of 1 g/mL results in a combined target enzyme 

concentration 4.1 times higher than the feed concentration. Average relative purity of these fractions is 

94.37%, compared to 17.8% in the feed. 

 Change in linear velocity as function of regeneration cycles 4.3.2

Purification success, as described in section 4.3.1 was determined for 17 target enzyme purifications on 

lab scale using two different batches of broth on two stationary phases of resin from the same batch, to 

determine the effect of broth and regeneration on the resin. Table 4.3 (page 36) shows that each 

purification required a different u0, to get EF to 2, with few exceptions each higher than the one before. 

The different linear velocities employed in both experimental series are shown in Figure 4.13. Variation of 

u0 to keep EF roughly constant is most likely due to changes of the physical properties of the fluidized bed. 

These variations have been attributed to interparticle cross-linking caused by negatively charged 
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macromolecules such as DNA and RNA interacting with anion exchange beads, as described by 

Theodossiou & Thomas or Arpanaei and Mathiasen & Hobley among others (51, 52). These publications 

show a decline in expansion during loading with DNA and protein solutions. In the experiments conducted 

for this thesis, decline and rise in expansion was frequently observed, especially during the transitions 

from equilibration to loading and to washing. This variation is partly explained by the variation of the 

viscosity and density of the mobile phase. The flow was constantly adjusted to maintain EF = 2, but once 

flow was set and expansion remained on a constant level for a while, no change in expansion was 

observed to the end of the respective phase. 

Particle aggregation, clogging, channeling or 

even the collapse of the bed was not observed 

during the experiments. However, clogging and 

channeling were observed when re-expanding 

the resin after letting it settle between 

purifications. Da Silva observed a similar 

phenomenon in her thesis, which she described 

as “a flaky, aggregated resin, forming discrete 

blocks” and showed, that DNA was bound to 

aggregated resin beads after regeneration (46).  

Figure 4.13 shows both series started and ended 

with very different u0 although both used resin 

from the same batch. The 1st series started with 

u0 = 955 cm/h and ended with 1280 cm/h 

whereas the 2nd series started with 516 cm/h and 

ended with 774 cm/h. Before starting the first 

series, a total of six determinations of BSA 

dynamic binding capacity were conducted on the 

same resin. This required a gradual increase in 

u0 to reach EF = 2 during equilibration, going from 650 cm/h in the 1st BSA cycle to 917 cm/h in the 6th 

(Table 4.2). During and before these experiments the resin did not come into contact with broth, 

suggesting that there is in fact another factor influencing resin expansion behavior in consecutive 

expansion cycles other than DNA. The origin of this behavioral change remained unknown at the point of 

writing of this thesis. The increasing in linear velocity should theoretically have a negative impact on the 

dynamic binding capacity of the resin, as shown for example by Thömmes et al. (5). 

When expanding the resin bed for the first time, the resin of the second cycle needed less than 80% the 

linear velocity of the first cycle, expanding to the same expansion factor (650 cm/h for series 1, when first 

measuring BSA dynamic binding capacities and 516 cm/h for the series 2). The difference may not be 

 
Figure 4.13 – Rise in linear velocity u0 necessary to 
expand resin bed to twice the settled bed height 
during equilibration for each target enzyme 
purification. Both conducted series required a rise in 
u0 with almost each new cycle. The 1st series ( ) 
represents the first ten purifications (1,1 - 1,10). 
Before the 2nd series ( ), the column was repacked 
with fresh resin from the same batch and seven 
purifications (2,1 – 2,7) were conducted with it. 
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large, but it is apparent. It is possible that due to improper mixing of the resin in its’ original storage vessel 

prior to transferring parts of it into the column, more resin particles of a certain size distribution were 

transferred and thus the mean particle size of the stationary phase changed between experiments. This 

could explain the difference in u0 necessary for the first expansion, since the terminal settling velocity ut 

as well as the terminal Reynolds number Ret are influenced by the mean particle diameter dp, as seen in 

the Richardson-Zaki equation, (eq. 6). The lower u0 would mean, that the second series was conducted 

on resin with smaller mean particle size than the first. Mean particle size was not measured during this 

investigation.  

4.4 Target enzyme dynamic binding capacity as a function of cycle number and feed 
age in lab scale 

The dynamic binding capacity for the target enzyme from unclarified broth was determined for all 17 lab 

scale EBA purifications with broth aged from 6 to 40 days. Variation in dynamic binding capacity from 

3444 to 6713 ESU/mL_media, with an average of 5249 ESU/mL_media (± 17.5%) for both series can be 

observed from the data in Figure 4.14 and Figure 4.15. These figures also present the relative dynamic 

binding capacity data, breakthrough concentration c/c0 ( ), relative step yield ( ) and number of nights the 

resin spent in storage solution in between each cycle. Data was relativized by division through maximum 

of the respective measured value. The first series delivered an overall lower dynamic binding capacity 

with an average of 4644 ESU/mL_media (± 13.7%) compared to 6112 ESU/mL_media (± 6.5%) for the 

second series. 

The breakthrough concentration c/c0 is the concentration of the last fraction collected at the end of the 

loading step. In most purifications of the first series c/c0 was in between 0.76% and 4.2%, except for 

cycles 1,4 and 1,5 in which breakthrough reached 37.6% and 48.0% of feed concentration, respectively. 

Breakthrough concentration was not measured for the first two cycles of the first series. For the second 

series, virtually no breakthrough (c/c0 < 0.3%) was detected in the first four cycles even though load 

volume was gradually increased from 8 to 12 CVs, compared to an average of 6.3 CVs in the first series. 

In cycle 2,5 load was more than doubled to force a breakthrough of target enzyme, resulting in an 

overshoot of its feed concentration (c/c0 = 119%). Cycles 2,6 and 2,7 were loaded to a respective 

breakthrough concentration of 6% and 19.4%. Average relative target enzyme yield in the elution pool 

was 81% for the first series, and 83% for the second series. The difference in dynamic binding capacity 

from series to series may be explained by the different settled bed heights and linear velocities employed 

in the two series. Bruce & Chase showed that dynamic binding capacity in the top zone of the expanded 

bed was up to 20% higher than the dynamic binding capacity in the bottom zone (38). In accordance to 

that are the results published by Hjorth et al. and Thömmes et al., both of whom observed an increase in 

dynamic binding capacity with increasing bed height (5, 53). Dynamic binding capacity of 

chromatographic media generally increases with longer mean residence times and the second series 

features lower interstitial velocities and thus longer mean residence times (5, 11, 13, 15, 50).  
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Figure 4.14 – Relative dynamic binding capacities 

) of the first series of target enzyme purifications 
from broth with added breakthrough concentration 
(c/c0, ) and relative target enzyme yield ( ) during 
elution. Dash lines indicate number of nights 
between experiments. 

Figure 4.15 – Relative dynamic binding capacities 
) of the second series of target enzyme 

purifications from broth with added breakthrough 
concentration (c/c0, ) and relative target enzyme 
yield ( ) during elution. Dash lines indicate number 
of nights between experiments, solid line 
represents 19 nights. 

Table 4.3 lists the time in between cycles, which was correlated with improvements in column 

performance. In order to visualize the time in between experiments, dashed lines in Figure 4.14 and 

Figure 4.15 indicate the number of nights between the cycles. Between cycles 2,5 and 2,6 resin was 

stored in 0.01 M NaOH solution for 19 nights (solid line in Figure 4.15). For the first series an increase in 

dynamic binding capacity is visible after cycles 1,2 1,5 and 1,8, which are cycles executive right after 

overnight incubation in 0.01 M NaOH. Hence the data suggests that storing the resin in 0.01 M NaOH 

positively influences dynamic binding capacity. The effect of overnight storage on dynamic binding 

capacity is less pronounced for the second series. In order to capitalize on the effect resin storage in 

sodium hydroxide had, the regeneration protocol between cycles 2,6 and 2,7 was modified as described 

in Chapter 3.2.4.2, using two instead of four regeneration solutions and no flow incubation for 30 min. 

Dynamic binding capacities of cycle 2,6 and 2,7 are virtually the same (6331 and 6350 ESU/mL_media) 

which suggests the shortened protocol does have the anticipated effect. 
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Table 4.3 – Supplementary experimental data for the purification of target enzyme from broth. The 
column was repacked with fresh resin from the same batch after experiment 1,10. Listed are days 
between experiments, the number of target enzyme purifications for the resin used, the age of the broth 
at the time of experiment and linear velocity employed to reach an expansion factor of 2 during 
equilibration. 

Experiment    
(series, cycle) 

Overnight 
incubation 

(d) 
Number of target 
enzyme cycles 

Broth age 
(d) 

u0 @ EF = 2 
(cm/h) 

1,1 0 1 32 955.41 
1,2 1 2 33 1070.06 
1,3 2 3 35 1031.85 
1,4 0 4 35 1242.04 
1,5 0 5 35 1375.80 
1,6 4 6 39 1222.93 
1,7 0 7 39 1184.71 
1,8 0 8 39 1337.58 
1,9 1 9 40 1222.93 
1,10 0 10 40 1280.25 
2,1 0 1 6 515.92 
2,2 1 2 7 621.02 
2,3 4 3 11 649.68 
2,4 0 4 11 687.90 
2,5 1 5 12 764.33 
2,6 19 6 31 668.79 
2,7 1 7 32 773.89 

 

The two laboratory scale EBA series were conducted with a different broth batch. Da Silva expected the 

age of the broth to strongly effect the performance of the EBA-AEx purification step (46). The first five 

cycles of the second series seem to confirm this, resulting in a 31% higher dynamic binding capacity 

utilizing a fresher broth compared to the first series. In the first five experiments of the second series broth 

was between 6 to 12 days old, compared to 32 to 40 days old broth in the first series (Table 4.3). Cycles 

2,6 and 2,7 of the second series do not follow this pattern. For the two last purifications of the second 

series broth was 31 and 32 days old and respective dynamic binding capacity with 6331 ESU/mL_media 

and 6350 ESU/mL_media was 3.6% and 3.8% above the average dynamic binding capacity of the 

second series of 6112 ESU/mL_media (± 6.5%). 
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Table 4.4 – Results of 17 target enzyme purifications from broth, separated into two series (column 
repacked and a different batch of broth used for the last seven purifications). The table shows relative 
dynamic binding capacities for target enzyme, relative yield as total target enzyme in elution fractions 
compared to load, relative wash out and recovery, breakthrough concentration c/c0 (no data available for 
1,1 and 1,2), total target enzyme loaded and feed concentration. Relativization by division with respective 
maximum value within the series.  

Experiment    
(series, cycle) 

Realtive 
dynamic 
binding 
capacity 

Relative
yield 

Relative 
wash 
out 

Relative 
recovery 

c/c0 
(%) 

Relative 
load 

Relative 
feed 

concentra
tion 

1,1 86.78% 100.00% 4.1% 87.42% - 87.43% 98.56% 
1,2 75.40% 52.27% 74.6% 70.02% - 87.59% 98.56% 
1,3 84.84% 95.45% 4.4% 85.11% 0.76 84.68% 98.56% 
1,4 66.53% 57.95% 68.7% 77.92% 37.58 83.98% 97.74% 
1,5 60.73% 47.73% 100.0% 81.12% 48.04 88.56% 100.00% 
1,6 83.18% 94.32% 10.0% 86.65% 2.66 83.63% 95.00% 
1,7 87.50% 97.73% 6.8% 88.78% 1.02 87.53% 95.44% 
1,8 86.36% 94.32% 12.8% 89.21% 4.20 87.24% 95.44% 
1,9 100.00% 78.41% 10.3% 100.00% 1.32 100.00% 94.48% 
1,10 87.56% 88.64% 13.5% 85.00% 3.42 88.35% 95.14% 

Average series 1 81.89% 80.68% 30.5% 85.12% 12.38 87.90% 96.89% 
2,1 89.37% 77.20% 0.10% 71.77% 0.01 44.48% 100.00% 
2,2 86.95% 66.05% 0.08% 61.50% 0.06 43.28% 97.08% 
2,3 81.69% 94.20% 0.05% 88.07% 0.00 40.65% 73.23% 
2,4 90.43% 96.22% 0.56% 88.53% 0.00 45.00% 67.82% 
2,5 100.00% 49.28% 100.00% 88.26% 118.9 100.00% 85.10% 
2,6 94.30% 100.00% 19.32% 100.00% 6.00 47.48% 72.20% 
2,7 94.59% 95.72% 21.51% 97.01% 19.36 49.17% 74.54% 

Average series 2 91.05% 82.67% 6.94% 85.02% 4.24 45.01% 82.57% 
Average both series 78.18% 79.90% 24.53% 82.71% 16.23 42.54% 87.11% 
 

The relative recovery listed in Table 4.4 is the sum of target enzyme in all fractions in its dimer state 

divided by the sum of target enzyme loaded and finally divided by the respective maximum recovery 

within the series. The lowest dynamic binding capacities in the first series (75%, 66% and 60%) 

correspond to the lowest recovery values 70%, 78% and 81% respectively in experiments 1,2 1,4 and 1,5. 

In cycles 2,1 and 2,2 relative recoveries were 72% and 62% respectively. This was about 10% lower than 

the average of both series (82%). There are two plausible explanations for the low generally low recovery 

rates and both come down to enzyme stability and retention time in the UPLC-SEC. It is possible, that 

part of the target enzyme content loaded onto the column changed its quaternary structure from dimer to 

either monomer or tetramer which would give it a different retention time in the UPLC-SEC and thus be 

detected as impurity during peak analysis. The second possibility is that at some point after loading, 

target enzyme is partially denatured which may change its secondary or tertiary structure to such a 

degree that the difference in shape causes a change in retention time in the UPLC-SEC and is detected 



 

38 
 

as impurity in the peak analysis. To further evaluate the process strategy, EBA was scaled up to pilot 

scale. 

4.5 Pilot scale expanded bed adsorption 

The experimental set up was scaled up to a pilot plant scale using a i.d. 10 cm column. Two purifications 

of target enzyme were performed in pilot scale, with a settled bed height of H0 = 16.5 cm. Experiments 

were done using an expansion factor of 2, corresponding to a linear velocity of 772.8 cm/h in the first and 

723.2 cm/h in the second run. As with lab scale, the resin expansion was kept constant by adjusting flow 

during the process.  

Table 4.5 – Results of two target enzyme purifications from broth in pilot scale (i.d.10 cm). Relative 
dynamic binding capacity for target enzyme, relative yield as total target enzyme in elution samples 
compared to load, relative wash out and recovery, breakthrough concentration, total target enzyme 
loaded and feed concentration. 

Experiment 
Relative 
dynamic 
binding 
capacity 

Relative 
yield 

Relative 
wash out 

Relative 
recovery 

c/c0 
(%) 

Relative 
load 

Relative 
feed 

concentra
tion 

1st pilot scale 45.96% 100.00% 0.00% 100.00% 0.00 40.41% 81.96% 
2nd pilot scale 100.00% 48.16% 100.00% 77.05% 29.5 100.00% 100.00% 

 

On lab scale doubling the load lead to a dynamic binding capacity increase of about 10% or 

600 ESU/mL_media and a relative step yield of 49% due to the high wash out (see Table 4.4, page 37, 

purification 2,5). On the first pilot scale a feed volume of 4.5 CVs was loaded. Neither breakthrough nor 

wash out were detected. The performance was comparable to lab scale purification in terms of recovery 

and yield (data not disclosed). For the second pilot scale purification the load was roughly doubled to 

9.2 CVs, resulting in a target enzyme breakthrough of 29.5% and a detectable wash out. Relative 

recovery was 77.1% and relative yield with 48% about half of the first run’s yield. The dynamic binding 

capacities were calculated in the same way as for lab scale. The first run was estimated to have a 

dynamic binding capacity of 3286 ESU/mL_media and the second 7150 ESU/mL_media. The average of 

all lab scale dynamic binding capacities was 5249 ESU/mL_media (± 17%), roughly 75% of the average 

dynamic binding capacity determined in the second purification on pilot scale.  

Figure 4.16 shows the normalized chromatogram of the second pilot scale purification with linear velocity, 

UV 280 nm signal, conductivity and pH as well as target enzyme concentration ( ), recovery (x) and 

purity ( ), as measured with UPLC-SEC in eluent fractions.  
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Figure 4.16 – Normalized chromatogram of 2nd pilot scale target enzyme ( ) purification, with added 
relative recovery (x) and relative purity ( ) as measured by UPLC-SEC in the fractions of the eluent 
stream. After loading a breakthrough concentration of c/c0 = 92.9% at 35.03 L was detected in the eluent. 
Relativization by division through the maximum of the respective values.  

During pilot scale purifications target enzyme concentration in individual eluent fractions reached a 

maximum of 1.6 times the feed concentration in the first and 1.3 times in the second case. The pooled 

elution fractions of the first and second pilot scale purifications were actually diluted compared to the feed 

and had a respective target enzyme concentration of 56% and 86% of the feedstock, but contained target 

enzyme in a purity 1.3 and 1.2 times higher than the average elution pool of lab scale purifications.  

The difference in dynamic binding capacity of the second pilot and the average lab scale experiments 

may be partially due to the fundamental difference in flow distributor design between the two scales. 

Whereas a conical flow distributor was used in lab scale, pilot scale EBA was fitted with a flow distributor 

in T-shape. In lab scale the bottom 10 cm of resin behaved differently from the rest of the expanded bed. 

In the bottom zone channeling and generally less particle movement was observed. Similar observations 

were also made by Bruce et al, who showed that the bottom zone has a lower dynamic binding capacity 

in comparison to the middle and top zones (38). Channeling was still visible at pilot scale, but appeared to 

a lesser extent and an even flow distribution with homogenous particle movement was established earlier 

in comparison to lab scale.  

Side by side comparison of selected key values of the two pilot scale and the average of all 17 lab scale 

target enzyme purifications are presented in Table 4.6. Shown are values for the elution pools, a 

combination of the elution fractions that contained product in highest purity and concentration. Purities are 

higher in pilot scale than for the lab scale experiments. Yield of the elution pool is similar between the 1st 

pilot and the average lab scale experiments. The 2nd pilot as has a low yield, due to overloading of the 
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column with roughly twice the load per resin volume. The concentration of product in the elution pool is 

lower for the pilots than the feed, whereas in lab scale it was concentrated by a factor of about two.  

Table 4.6 – Comparison of key values between two target enzyme purifications in pilot scale and the 
average of all 17 lab scale experiments. Relative purity in pilot scale is higher, relative yield of elution pool 
lower in comparison to lab scale. Lab scale yields an elution pool with roughly twice the feed 
concentration, whereas pilot elution pool is diluted in comparison to feed.  
Relative: 1st Pilot 2nd Pilot Average lab scale 

Purity of elution pool  100.00% 91.33% 77.19% 
Yield of elution pool 100.00% 47.93% 96.38% 

Target enzyme concentration in elution pool  30.61% 57.10% 100.00% 
Load concentration 81.96% 100.00% 80.18% 

Total load/mL_media 40.41% 100.00% 68.14% 
 

The comparison of lab and pilot scale shows, that the process of scaling up from 2 to 10 cm column 

diameter worked and similar results can be achieved.  

4.6 Cycle time and buffer use 

The time required for a complete purification cycle varied from 85 min (Experiment 1,10) to 219 min 

(Experiment 2,1), as maintaining the same EF led to a considerable variation in u0 over the course of 

experiments conducted. Both pilot scale process times were roughly 105 min for the purification of 9.5 L 

broth (14.5 L feed) for the second pilot. The equilibration and creation of a classified bed was ensured by 

letting the bed expand for at least 30 min prior to loading. Equilibration volumes varied from 27 to 10 CVs 

(Experiments 1,4 and 2,1 respectively). The first series was loaded with 6 to 6.5 CVs, whereas load 

increased in the second series from 8 to 12 CVs. Wash was almost constant for all experiments 8 to 

9 CVs with the exception of 1,3 where 6 CVs were used for washing. Elution volume was always 6 CVs. 

On average a total buffer volume of 57 CVs was utilized per purification for the first series and 50 CVs for 

the second. The average buffer volumes used for the two series of lab scale and the pilot scale 

purifications with their respective relative standard deviation are listed in Table 4.7. Cycles 2,6 and 2,7 

with the shortened regeneration cycles, are excluded from the second cycle and listed separately. Buffers 

for regeneration are summarized for the 4 CVs of the different regeneration solutions used. 

Table 4.7 – Average used buffer volumes, in column volumes CV and relative standard deviation, for pilot 
scale and the two lab scale series of target enzyme purifications. Experiments 2,6 and 2,7 with shortened 
regeneration cycles separated from 2nd series. Regeneration volumes summed up. 
Cycle EWB (CV) Load (CV) Elution (CV) Regeneration (CV) 
1,1 – 1,10 28.1 (± 17.2%)   6.0 (± 0.1%)   6.2 (± 6.2%) 16.0  
2,1 – 2,5 21.3 (± 16.6%) 11.9 (± 46.5%)   6.0  16.0  
2,6 & 2,7 25.8 (± 7.1%) 11.8    6.0    8.0  
Pilot 53.2 (± 2.2%) 11.2 (± 30.4%) 17.2 (± 1.4%) 28.5  
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Dividing the average content of each elution pool by the respective individual buffer volumes used, gives 

an overview of buffer volumes necessary for target enzyme purification from broth, as seen in Table 4.8.  

Table 4.8 – Target enzyme (in ESU) per Liter of respective buffers and relative standard deviation, 
recovered in the elution pool of lab scale and pilot scale EBA. Separated from the second series are 
experiments 2,6 and 2,7 in which regeneration cycles were shortened. Last column contains ESU per 
sum of regeneration buffer volume used. 
Cycle ESU/L_EWB ESU/L_Feed ESU/L_Elution ESU/L_Regeneration 
1,1 – 1,10 120439.9 (± 35.1%) 538285.9 (± 27.3%) 524821.0 (± 26.5%) 202099.3 (± 27.3%) 
2,1 – 2,5 214460.9 (± 9.7%) 430268.2 (± 17.6%) 807492.4 (± 19.2%) 284343.0 (± 21%) 
2,6 & 2,7 217250.7 (± 6.7%) 473018.0 (± 0.4%) 930647.4 (± 0.4%) 696565.3 (± 10.8%) 
Pilot   47383.7 (± 9.9%) 231909.0 (± 18.8%) 146377.9 (± 13.4%)   88396.3 (± 32.5%) 
 

Comparison of data from Table 4.8 shows differences in the efficiency of buffer usage in between lab and 

pilot scale. In general all buffers in pilot scale were used in greater volumes compared to lab scale. 

Therefore the yield per buffer is lower volume is less than in lab scale. For example yield per liter EWB in 

pilot is 22% of that of lab scale experiments 2,6 and 2,7 (47383.7 ESU/L_EWB compared to 

217250.7 ESU/L_EWB), while the dynamic binding capacity in pilot scale was higher than in lab scale. In 

case of washing the resin after loading was completed, about 8 CVs were used in all lab scale 

experiments and 23.5 CVs in the two pilot scale purifications. In all cases the resin was washed until the 

mobile phase on top of the resin appeared clear.  

The lower yield of target enzyme per liter of Equilibration and Wash Buffer EWB in the first series is due 

to the higher flow necessary to expand the bed to EF = 2, while the yield for liter of feed is higher in the 

first, than in the second series. The shortened regeneration cycles of 2,6 and 2,7 show twice the yield per 

volume of regeneration buffers, since only half of the buffer volume was used, compared to prior cycles.  
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5 Further discussion 

Over the course of this work 17 purifications of target enzyme were conducted in lab scale expanded bed 

adsorption and two in pilot scale. The results showed a consistent purification success with yields of % in 

the pooled elution fractions with the highest concentrations.  

No decrease in dynamic binding capacity or product yield was measured over the course of up to ten 

consecutive EBA cycles, but hydrodynamic behavior of the resin changed with purifications. With almost 

every purification higher u0 had to be employed during equilibration to expand the bed to twice the settled 

bed height. This occurred after purification from broth, but also after purification of bovine serum albumin 

from buffer. Resin agglomeration has also been reported by several groups, whose work showed it 

adversely affects EBA performance (25, 51, 54). The change in hydrodynamic behavior during the 

experimental work for this report was never observed during a single purification, only from one 

experiment to the next, with inconsistent time intervals in between (a few minutes, one night, a weekend 

or longer). This description does not match literature, where changes in performance and expansion are 

described during single experiments. Neither in the literature examined nor in the internal report of da 

Silva is the decrease in u0 for consecutive purifications mentioned (46). It is likely but uncertain at this 

point that DNA concentration in the lysed broth is much lower than the concentration used by 

Theodossiou and others to influence bed performance (51, 52). Da Silva measured biomass 

concentration via turbidity of the eluent fractions, which appeared to be constant during elution and 

regeneration at about 1 - 5% compared to turbidity towards the end of loading phase. The continuing 

elution of biomass shows a degree of interaction between biomass and resin. Da Silva was able to show 

DNA bound to resin beads after elution (46). If the decrease in u0 reported here was indeed due to 

macromolecules binding resin particles together and not releasing this bondage during regeneration, a 

decrease in dynamic binding capacity over the cycles should be detectable. This was not the case. 

According to the van Deemter equation (eq. 3), increasing linear velocity u0 leads to a larger mass 

transfer resistance which in turn causes zone broadening or an increase in plate height (11, 21). By the 

same mechanism, an increase in linear velocity theoretically also leads to earlier and shallower 

breakthrough curves and thus a lower dynamic binding capacity, which were not recorded with either 

purification of BSA in buffer or target enzyme from unclarified broth (5, 15).  

Da Silva speculated on the influence of the time interval between broth lysis and purification on EBA 

performance (46). No direct relationship could be shown during this work with broth aged from 6 to 

40 days. Even if broth is found to contain an increasing concentration of DNA through continuing cell lysis 

as it ages, relevance for the industrial production process is limited, since broth age will be within a 

determined window of a few hours and not days.  

Resin density and the variation in total ionic capacity of resin samples are two uncertainties at this point. 

When dividing the known mass of a resin sample through the volume of the same sample after it was 
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centrifuged (5 min; >10.000 rcf), a triple determination yields 1.57 g/mL (± 2.95%), which is about half of 

the value determined by the manufacturer Upfront (2.5 g/mL to 3.5 g/mL). It was found, that resin volume 

varied with pH of the liquid in which it was stored and there are no details given for the determination of 

density by the manufacturer. For the conversion of total ionic capacity from volume to mass an average 

density of 3 g/mL was assumed and results matched the supplied data, which were given in mEQ/mL.  

For the calculation of the terminal sinking velocity ut with the Richardson-Zaki equation, calculated values 

were about 4 times higher, than those practically determined. Changing the resin density in the 

Richardson-Zaki model to the 1.57 g/mL determined experimentally and the respective change in the 

expansion factor n, results in values for ut close to experimental data, as seen in Figure 5.1 when 

comparing to Figure 4.1. The origin of the discrepancy of density values and their respective role in the 

determination of TIC and ut is unclear at this point and suggests itself for further investigation. 

It was noticed, that the determined value for TIC 

was always the highest for the first and the lowest 

for the last sample examined in each triple 

determination, resulting in a relative standard 

deviation for all results of 23.1%. pH of the resin 

KCl suspension was expected to stabilize, but left 

for hours it neutralized to values of about 7 to 8 

without any external manipulation other than 

magnetic stirring. A lower pH as starting point of 

the titration results in less acid necessary to titrate 

to the point of equivalence, resulting in lower 

calculated TIC values. When measuring TIC 

directly after regeneration, the success of 

regeneration could theoretically be observed as 

well. If incomplete regeneration led to particles still 

being bound to the resin, as was suspected to 

cause the increase in u0, the available binding 

sites should still be occupied and thus TIC 

lowered. As there was no leaching of ligands 

detected over the course of these experiments, the use of a stronger concentrated storage solution in 

between experiments should be tested, for a potentially beneficial influence on hydrodynamic 

performance.  

 

 
Figure 5.1 – Richardson-Zaki model of linear 
velocity and expansion factor, calculating with resin 
density of 1.57 g/mL as determined experimentally. 
In contrast Figure 4.2 was modelled with the 
density supplied by the resin manufacturer Upfront. 
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The shortened regeneration cycle was only followed by a single purification. The results are encouraging 

and should be further investigated. If the regeneration simplification is continuously successful, half of the 

regeneration solutions can be spared.  

Hydrodynamic behavior was evaluated for different linear velocities and viscosities. The latter was done 

in regard to the stabilizing effect glycerol has on the target enzyme. Increase in axial dispersion and 

height equivalent of a theoretical plate show separation performance in EBA is reduced with increasing 

viscosity. It must be quantified, if the benefit of product stabilization is worth the reduced hydrodynamic 

performance and which part of yield loss could be prevented by the presence of glycerol. 

.  
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6 Conclusions 

The target enzyme was successfully purified from unclarified broth by anion exchange expanded bed 

adsorption in a single step operation. The process strategy was evaluated for hydrodynamic performance 

and the effect of consecutive purification and regeneration cycles as well as broth age on process 

performance measured on lab scale.  

Purification performance of target enzyme from broth, evaluated by observing the dynamic binding 

capacity, yield and purity of the elution pool in consecutive cycles did not change. Up to  % of total target 

enzyme loaded was recovered with a purity of more than %. On average the elution pool contained the 

target enzyme in twice the feed concentration.  

Broth age between 6 and 40 days did not influence separation performance, but consecutive purifications 

led to a change in hydrodynamic behavior. Higher linear velocities of the mobile phase were necessary 

with each run to expand the resin bed to the same height. A reduction in linear velocity of the mobile 

phase was demonstrated to increase zone broadening, expressed by the height equivalent to a 

theoretical plate and axial dispersion expressed in the Bodenstein number. Residence time distribution 

analysis showed best separation conditions at high linear velocities and suspended resin expanded to 

twice its settled height.  

No decrease on the total ionic capacity of the resin was measured after up to ten consecutive purification 

and regeneration cycles, indicating that: (a) no ligand leaches out and (b) the cleaning method was 

effective in removing strongly bound components. This was also supported by a consistent dynamic 

binding capacity of bovine serum albumin at five percent breakthrough. Over the course of the 

experiments conducted no adverse effects on purification performance due to repetitive protein 

purification from broth have been observed. The process was scaled up to pilot scale and produced 

consistent results for purification efficiency. 
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8 Appendix 

Table 8.1 – Calculated Bodenstein numbers Bo from the two different methods explained in Chapter 2.1. 
Bo as a function of the normalized variance 2 , shown in equation 4, compared to Bo as a calculated 
from equation 5. The axial dispersion coefficient Daxl is listed as well. All values with respective relative 
standard deviation for the respective viscosity and linear velocity at respective EF. n=3 

Glycerol 
(% w/w) EF u0 

(cm/h) Bo RSD (Bo) Bo RSD (Bo) Daxl 
(mm2/s) 

RSD 
(Daxl) 

   = = +  
(equation 4) 

=  

(equation 5) 
  

0 1.5 582.5 201.14 11.10% 196.72 11.34% 4.76 12.33% 
0 1.75 439.3 192.80 7.27% 188.39 7.43% 3.25 7.66% 
0 2 286.5 106.13 6.05% 101.78 6.30% 3.36 6.51% 
10 1.5 439.3 181.56 4.91% 177.14 5.03% 3.94 5.21% 
10 1.75 334.2 182.15 12.72% 177.73 13.03% 2.65 14.35% 
10 2 210.1 101.23 1.08% 96.88 1.13% 2.58 1.12% 
30 1.5 254.0 167.29 22.98% 162.89 23.58% 2.63 26.30% 
30 1.75 198.6 100.34 27.11% 96.01 28.29% 3.18 34.66% 
30 2 115.5 116.79 10.19% 112.42 10.58% 1.23 9.85% 
50 1.5 114.6 98.72 3.63% 94.37 3.79% 1.93 3.89% 
50 1.75 86.9 88.44 4.20% 84.11 4.41% 1.43 4.55% 
50 2 61.1 44.59 23.66% 40.43 25.90% 1.94 28.62% 
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Figure 8.1 - Calibration curve for the target enzyme standard in phosphate buffer. Each concentration 
was prepared twice and each sample measured three times. Standard of 5000 ESU/mL was diluted 1:5, 
1:10; 1:20; 1:50, 1:100, 1:200, 1:500 and 1:1000.  
 

 

Figure 8.2 – Overlay of UPLC-SEC chromatograms for EBA feed and the 4th elution fraction of purification 
cycle 2,6. The arrow marks the retention time of 3.5 minutes corresponding to target enzyme molecular 
weight. Marked with the white filled triangle is the target enzyme peak of the feed. After about 4.5 minutes 
no molecules are detected in the eluent sample, whereas the feed shows plenty of small molecular 
impurities (examplified by black filled triangle).  
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