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Chapter 1

1.1 Introduction

Agro-materials are a potential source of valuable components (e.g. proteins, peptides, isoflavones, lycopene
etc.) or contain reactive molecules like polyphenols that will deteriorate the agro-material. In both cases, these
components, often present in low concentration, must be harvested or removed without spoiling the remainder
agro-material. Components within a mixture can be separated based on specific characteristics. Membrane
processes are used to fractionate components based on size difference, while crystallization processes are used
to separate a mixture based on solubility variations. Affinity differences are used as separation mechanism in
extraction and chromatographic processes.

Liquid chromatography is commonly used in the pharmaceutical industry to purify and fractionate complex
molecules such as proteins and peptides [1]. In the food industry the examples of chromatography are rather
scarce, although food industry, along with petro-chemicals, were the first to use countercurrent
chromatographic production processes [2]. In the food industry, process streams are generally much larger
than in pharmaceutical production, in combination with lower added value products, this results in
economically less attractive large equipment. Economic aspects of the separation process can be improved by
reducing the size of the chromatographic installation [3].

1.2 Chromatography

In a chromatographic system, two different phases are present, the mobile and the stationary phase. The
components within the mobile phase are separated based on their variation in affinity for the two phases. The
component with the higher affinity for the stationary phase will have a lower migration speed, resulting in a
longer retention time. Chromatography is scalable to virtually any size imaginable (millions of tons of product
per year [1]), uses limited quantities of resources (i.e. eluent, energy, space, and time) and is a robust process
capable of producing active pharmaceutical ingredients under good manufacturing process GMP conditions
[1,2].

Different modes of chromatography are defined by their separation mechanism, i.e. size-exclusion, ion-
exchange, ion-exclusion, hydrophobic interaction, reversed phase, and affinity chromatography [4].
Separation can be achieved by difference in molecular size, ionic charge, solubility, hydrophobicity, affinity,
or a combination of these mechanisms. In this thesis mainly size-exclusion chromatography SEC was used.
In SEC separation is based on available retention volume for each molecule. Small molecules have a large
retention volume, because they can access a large pore volume fraction in the stationary phase. Larger
molecules have a smaller retention volume, because they can access only a smaller pore volume fraction, or
remain in the interstitial particle volume if they cannot enter the pores at all, and will elute first.

Further, two different kinds of chromatography can be distinguished by their aim, namely analytical and
preparative chromatography. The aim of analytical chromatography is to identify and quantify the contents of
a sample. Small volumes are used and sample recovery is not necessary, analytes are sometimes modified,
denatured, or labelled and discarded as waste after detection [2]. The aim of preparative chromatography is to
collect the eluting sample fractions for further use, while maintaining their functionality. Therefore target
components are purified and collected, with focus on fast recovery, high productivity, and desired purity.
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Preparative chromatography is a separation method of homogeneous mixtures and can be scaled to input
streams from mL/min to m%h, purifying more than 10 kg of product per day and kg of stationary phase
material [2]. In the latter case, where columns and installations reach proportions measured in meters and
separated products are used on large industrial scale, the separation technique is often called industrial
chromatography, in order to emphasize the scale.

1.3 Design of chromatographic processes

For the design of an industrial system, chromatographic processes are generally simulated using mathematical
models, validated, and optimized at laboratory level and then scaled up to pilot and subsequently industrial
scale. These models describe, among other things, the migration of various components in the mobile phase
through a column packed with stationary phase and how the column (or columns) are operated. In case of
simulated moving bed SMB chromatography, where cycled switching of an array of columns simulates
movement of the stationary phase, the switching of the columns is included as design parameter in the model.
Generally an optimization routine is set to seek settings that result in highest productivity in combination with
constraints given on purity and recovery [5]. Sometimes lowest possible eluent use is included into the
optimization goals [6].

Economic feasibility of industrial chromatography requires small and robust separation systems which make
use of continuous multicolumn applications, like SMB systems with high productivities. Smaller systems
require smaller amounts of stationary phase, which is one of the main contributors to the operation costs [7].
Small systems can be achieved by using chromatographic materials that combine the advantage of being open
with small characteristic lengths. The use of open material is even more important to robust operation, when
the input feed streams are viscous or turbid. The use of concentrated feed streams leads to a reduction in
stream volume and therefore the volumetric flow rate, which is one possible way to reduce system size.
Consequently, concentrating product streams by water removal is standard practice is the agro-food industry
resulting in highly concentrated and viscous serums, syrups, extracts, etc. with smaller volumes for transport,
storage, and various processes. Unfortunately such streams are not acceptable in a chromatographic systems
for which they often need to be diluted again to reduce pressure drop and enhance mass transfer.

Another aspect in the design of sustainable and economically feasible chromatographic processes is the use
of (relatively pure) water as mobile phase instead of organic solvents or salt. The use of water is cheaper than
(organic) solvents, which are sometimes used at smaller scale and in pharmaceutical industries, but it also
reduces the number of applicable modes of chromatography. Especially in view of post-process disposal,
using water with low levels of contamination is likely to lead to more sustainable processes than water carrying
high salt loads from ion-exchange mode or solvents.

Different mathematic models, describing the migration kinetics can be used for the modelling and design of
chromatographic processes [8]. The general rate model is the most complex model which requires detailed
knowledge on molecular diffusion and adsorption Kinetics inside the porous particles, to describe the
concentration gradient within the stationary phase particles. The lumped kinetic model is derived from the
general rate model by two simplifications: it assumes that both the adsorption-desorption process and the
diffusion in the stagnant mobile phase within the pore volume are very fast. In consequence, there is no radial
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concentration gradient within a particle and the percolating mobile phase outside the particles and the stagnant
mobile phase inside the pores are constantly in equilibrium. The resistances to mass transfer, inside and
outside the particle, are lumped into a single overall mass transfer coefficient, hence the name of the model.
Even though the general rate model gives a more detailed outcome, in most cases the lumped kinetic model
provides a sufficiently precise approximated result of the behavior of chromatographic columns and are
therefore used in this thesis [8].

1.4 Mass transfer within a chromatographic column

The behavior of chromatographic columns is governed by thermodynamic, hydrodynamic, and kinetic factors
[9]. Thermodynamics describe the interactions of solutes and stationary phase at their equilibrium,
hydrodynamics depict the fluid flow inside the column, and kinetics describe how fast solutes move in mobile
and stationary phase to reach an equilibrium. All three factors relate how solutes move inside the
chromatographic system and it is in the phenomena depicted by these factors, that separation between two
components may take place. For successful separation process design, it important to understand and quantify
each of these factors.

In size exclusion chromatography, thermodynamic relations display linear isotherms (proportional
equilibrium concentrations in stationary and liquid phase). Mass transfer kinetics is generally the most
influential parameter governing column behavior in size exclusion chromatography [10]. The individual
contributions to mass transfer resistance are eddy dispersion, longitudinal diffusion, film layer mass transfer
resistance and the intraparticle diffusivity [11]. These are depicted in Fig. 1.1, taken from [12]. Furthermore,
adsorption and desorption kinetics may play a role and friction can influence thermodynamics, but the former
is generally assumed to be instantaneous and the latter only plays a role at high or very high pressures, which
is only relevant for analytical applications [13]. Both are therefore generally ignored in preparative
chromatography.

Axial dispersion is comprised of eddy dispersion and diffusion in longitudinal direction of the column. Eddy
dispersion describes the unevenness of flow, how packing and packing structure cause mobile phase in some
areas of the column to move faster than in others. This contribution was initially assumed to be independent
of velocity [14], but it has been shown, that eddy dispersion is in fact dependent on mobile phase velocity and
particle diameter as well as packing quality [1]. The longitudinal diffusion describes the molecular diffusion
inside the column along its axial direction. It is only relevant at low velocities and has no significant
contribution to overall mass transfer resistance in most preparative chromatographic processes. The external
film mass transfer resistance describes the resistance imposed by the stagnant fluid layer surrounding each
particle, which needs to be overcome by diffusion [15]. Lastly, trans-particle mass transfer resistance,
describes the diffusion of molecules inside the particle. This term is often the main resistance to mass transfer
in preparative chromatography [9, 10].

The summation of resistances to mass transfer determines how the band of an injected sample moves through
the column and how its individual molecules pertain a distribution of migration velocities [16]. The extend of
band broadening is also called column efficiency and expressed by the number of plates N, which was initially
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defined for Gaussian peak shapes, and later for all possible peak shapes by using the first and second central
moment p and . of the elution profile in equation 1.1 [1].
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Fig. 1.1 llustration of mass transfer inside a column, reproduced
from [12].

The height equivalent to a theoretical plate HETP includes the length of the column L and sums up fluid
dynamic non-idealities, mass transfer resistances, and ad- and desorption rates in a chromatographic column
(equation 1.2) [11, 16].

Uy L 1.2

HETP = —
K1

HETP increases with velocity and is typically plotted in the classic van Deemter curve, illustrated in Fig. 1.2a
[13, 17]. Industrial chromatography is typically operated in the linear region of the curve at relatively high
velocities. Fig. 1.2a illustrates the van Deemter curve of two almost identical feed streams under identical
conditions, only that stream A has been diluted from stream B, resulting in smaller viscosity but higher volume.
Fig. 1.2b illustrates the influence velocity and viscosity have on column dimensions. Point 1 in Fig. 1.2a
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operates at low viscosity and velocity, the column length required for the separation is low, but the diameter
is large in order to process the large volume at low velocity. Point 2 shows the operation for the same feed
stream at higher velocity requires a longer column, as the HETP is increased. Due to the higher velocity, the
column diameter is smaller than in point 1. If the feed stream viscosity is increased, scenario B is applied.
Point 3 shows the same HETP as in point 2, but at a lower velocity. Therefore the column length is identical.
However, since the volume of stream B is smaller than of A, column diameter is decreased. Point 4 shows
stream B operating at a velocity equal to point 2. Column length has to be increased, as HETP is greater in
this case. Evaluation of column performance requires knowledge on column efficiency, stream viscosity, and
pressure drop over the column bed, when input stream concentration is changed. In this thesis van Deemter
curves are used mainly for two different measurements. Intraparticle diffusivity is measured from the slope
of the linear region of van Deemter curves in chapter 3, chapter 4, and chapter 5. In chapter 4, the change in
slope of van Deemter curves with viscosity is used to find the optimal feed viscosity for productivity.
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Fig. 1.2 - The interplay between feed viscosity, feed volume, mass transfer and system size, illustrated by a) van
Deemter curves of essentially the same feed at different dilution levels (ua < pg) and b) the effect different velocities,
viscosities and stream volumes have on column dimensions.

1.5 Chromatography within the food industry

Examples of current use of chromatography within the food industry are given in Table 1.1. The
chromatographic systems process large product streams. A few examples are production of various whey
protein isolate products in a continuous simulated moving bed system SMB with a capacity of over 1 million
liters of cheese whey per day [18]. A different type of chromatographic system, where the stationary phase is
not packed but rather sedimenting down against the upwards flowing feed stream, expanded bed adsorption
chromatography, is used for production of lactoferrin, lactoperoxidase, and immunoglobulins from cheese
whey, processing more than 200,000 L of cheese whey per day [18]. In beet sugar processing, sucrose is
recovered from molasses by SMB systems with a capacity of over 600 t per day (with 80% dry matter) [19].
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Table 1.1 — Examples of chromatographic separations used in food industry. SMB: Simulated moving bed, Batch: single
column.

Separation  Food industry/process  Separation Process type
mechanism
Ligand exchange | Corn starch refining Separation of fructose and glucose SMB [20]

lon exchange | Corn starch refining Demineralisation Batch [20]
Adsorption | Corn starch refining Decolorisation Batch [20]

lon exchange | Beet sugar processing Softening / decalcification of thin juice Batch [20]

lon exchange | Beet sugar processing ~ Recovery of sucrose from molasses SMB [20]
Adsorption | Cane sugar processing  Decolorisation Batch [20]

lon exchange | Dairy processing Production of whey protein isolates Batch, SMB [18]

lon exchange | Dairy processing Demineralisation of whey Batch [20], [18]

lon exchange | Dairy processing Recovery of lactoferrin, lactoperoxidase Batch, SMB [18], [21]

and immunoglobulins from whey

Adsorption | Beverage processing Debittering of citrus juices Batch [20], [22]

lon exchange | Beverage processing Deacidification of fruit juices Batch [20]

lon exchange | Beverage processing Demineralisation of grape must Batch [22]
Adsorption | Beverage processing Protein haze stabilisation Batch [20]
Adsorption | Beverage processing Recovery of anthocyanins from grape Batch [22]

juice
lon exchange | Gelatine processing Demineralisation Batch [20]
lon exchange | Amino acid production ~ Recovery L-lysine from fermentation Unknown [20]

Despite these examples, food industry is a minor user of preparative chromatography in comparison to
pharmaceutical industry. On the one hand high-value products in pharmaceutical industry provide a wider
window of operation of processes than the relatively low-value products in food industry. But on the other
hand pharmaceutical industry often relies on production of highly purified ingredients, while in food industry
there is a trend towards functional but not necessarily pure fractions [23]. The change of focus away from
purity opens opportunities for chromatography within the food industry. In food industry and biorefinery, new
process designs emerge, e.g. for obtaining plant proteins from leaves, that focus on developing processes for
functional application of existing co-products from the agro-food industry. Van der Goot et al. [23] argue that
a conceptual change away from highly purified ingredients towards the refinery of functional fractions will
enable the use of more mildly and sustainable processing. Processing towards highly purified fractions in food
industry is rarely required. Moreover, it is energy intensive and results in the production of significant waste
streams, which often have little value as animal feed or biofuel. Less refined fractions have, in some cases,
shown to have more functionality than highly purified fractions [23]. This could be due to functionality loss
during processing or synergetic effects in the mixture. This approach of designing chromatographic processes
to win food ingredients, needs to balance effects of viscosity with the change in volume, to overcome the main
bottle-necks of current process designs.
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1.6 Aim of this thesis

Bottle-necks for the separation of the complex/reactive molecules or fractions out of complex food streams
are high water usage, complexity and destructiveness of available separation techniques. Consequently, new
technologies for the recovery of complex molecules or fractions from large process streams must maintain
functionality, use water and energy efficiently, and must be scalable and economical feasible.
Chromatography as a technology offers potential to fulfil all these requirements [24].

The aim of this thesis was to contribute to the development of continuous chromatography of agro-streams
(plant or dairy based) with high volumes, targeting fractions with (relatively) low value compounds in a food
grade environment and in a sustainable manner. The challenge was to separate/fractionate viscous streams in
bulk by means of chromatography and to understand the interplay between feed viscosity, mass transfer
resistance, pressure drop and eventually productivity and water use of a chromatographic system.

1.7 Outline of this thesis

In the design of industrial chromatographic processes, both experiments at lab scale and mathematical model
calculations are used. Experiments are performed to determine model parameters and to validate the model.
Subsequently the model can be used to scale-up. Experiments require, in addition to the column, the use of
further equipment (connectors, tubing, valves, detectors, etc.), all of which add to extra-column volume. The
contribution of the extra-column volume to peak broadening is often neglected assuming that by doing so the
column efficiency is underestimated and scaling up results in an oversized system. Chapter 2 describes how
to measure column efficiency and elucidates the importance of extra-column volume and its impact for
designing dimensions at industrial scale.

Diffusion inside pores is the rate limiting step in many preparative chromatographic separations and a key
parameter for process design. In chapter 3 the diffusion of molecules inside porous stationary phases is
studied and linked to the properties of both: (small) molecules and stationary phase. Experimental data were
related to two existing predictive models from literature.

The implications of using a concentrated feed with an increased viscosity on mass transfer resistance inside a
chromatographic column is described in chapter 4. Calculations are made to estimate the effect of viscosity
on column volume, while maintaining separation performance (number of theoretical plates) and pressure
drop.

In the previous chapters experiments were done with single columns using model solutions with viscosifier
agents to increase the viscosity. In chapter 5 a multicolumn separation process SMB is used to obtain a y-
aminobutyric acid enriched fraction from tomato serum. This separation is based on ion-exclusion
chromatography IEC. A mathematical model of the process is validated and used to determine the conditions
with the highest productivity.

The thesis concludes with a general discussion in chapter 6 on the results in the previous chapters. Further
addressed are increasing temperature, as a means to work with concentrated streams while minimizing the
viscosity increase, and the influence of a change in peak shape on the separation performance at elevated
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viscosity. Lastly some concluding remarks and future perspective on the chromatography in viscous food
applications are given.
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Abstract

In industrial liquid separation processes chromatography often has a key function in the optimization of yield
and purity. For the design of an industrial system, chromatographic processes are generally simulated using
mathematical models, tested and optimized at laboratory level, and then scaled up to pilot and subsequently
industrial scale. To describe the system, experimental data and model data need to be fitted and extra column
contribution must be determined. This paper describes the influence of extra-column volume on overall
separation efficiency for lab scale and its impact on the design of large scale systems.

Measurement of extra-column contribution was investigated in terms of mean retention time and variance
using two different methods: the commonly used zero dead volume connector and as an alternative the zero
length column. Further, a technique is presented to estimate extra-column contribution to band broadening for
different injection volumes, velocities, and tracers based on representative measurements.

When scaling up, often contribution of extra-column volume from laboratory equipment is neglected
assuming to be on the safe side, however column efficiency is often lower than efficiency measured for the
entire chromatographic system. Relation between system efficiency and column efficiency was investigated
using laboratory data and the lumped kinetic model. Depending on the ratio of extra-column volume to
retention volume in the system, deduced column efficiency was up to 20% smaller than overall system
efficiency. This ratio revealed the misleading nature of the term efficiency loss, when describing influence of
extra-column volume on column efficiency. A scheme, which relates the relative variance of the system to
the relative extra-column volume, provided an assessment of under- or overestimation of column efficiency.
In this article it is shown how scaling up a system based on laboratory data, where extra-column volume
contribution is not accounted for, may severely overestimate column efficiency. This overestimation results
in underestimated column dimensions at pilot and industrial scale, and hence underperformance of the
industrial system.

12



Counterintuitive extra-column volume and column efficiency

2.1 Introduction

Chromatographic separation methods are common practice in most analytical and preparative separation
applications. Except for thin layer chromatography, all chromatographic methods share inherent construction
of one or several columns connected to equipment such as detectors and valves via tubing/piping and
connectors. Scaling up chromatographic processes starts with the right interpretation of laboratory
experiments. When analyzing any chromatogram it is important to keep in mind that mobile phase and
analytes pass not only through the column but through the entire system, every part of equipment in the flow
path between sample injection and detection including the column. Each part adds to overall retention time
and band broadening (expressed in terms of variance). If the column is taken out, then the resulting
chromatogram shows the extra-column contribution to retention time and variance [1-3]. It is not possible to
show the chromatogram of the column alone. Only by accounting for extra-column contribution in the
measured system, properties of the column can be deduced. If the contribution to band broadening of the
chromatographic column is not separated from the contribution of the extra-column volume, then estimation
of column dimensions during development and scaling up may be subject to large errors.

The challenge of determining the influence of extra-column volume to band broadening and role of individual
equipment parts before and after the column was first discussed in 1966 for gas chromatography by Sternberg
[1]. The concept of extra-column band broadening was theoretically applied to analytical liquid
chromatography in 1975 [4] and practically investigated the following year for contribution of injection
system, detectors, connectors and guard columns [2]. These articles demonstrated an increase in peak variance
caused by equipment parts before and after the column and argued for a minimization of extra-column band
broadening in order to utilize the full separation efficiency of the column. More recent literature was primarily
concerned with minimization of extra-column volume and optimization of flow channels to reduce extra-
column variance [2, 5-7] as well as modelling the effect of each part [6, 8-11].

Column efficiency, describing band broadening of an injected pulse migrating along the column, is one of the
most important scaling parameters [12]. When scaling up a system, column efficiency should be kept constant
[13] or must be accounted for. Several publications stated that efficiency of the column was almost or always
higher than efficiency of the entire system [8, 14, 15]. Most publications reviewed for this work did not specify
retention time and variance of column and of extra-column volume, so the reader cannot deduce column
performance within that specific system e.g. [6, 15, 16]. Preliminary experiments indicated that efficiency,
defined on the basis of retention time and variance, was not always reduced when extra-column contribution
was taken into account. A system efficiency larger than the column efficiency has to our knowledge not been
described before. It opposes the intuitive term “efficiency loss”, which is associated with extra-column volume

(5]

This work aimed at better understanding efficiency loss due to extra-column volume and extra-column
contribution to band broadening. Elution profiles of pulse injections were investigated for the calculated
efficiency before and after accounting for extra-column volume, and the resulting efficiency loss was
analyzed. Two methods for measurement of extra-column contribution were compared: a zero dead volume
connector ZDV and the alternative “zero length column”. The latter retained all construction parts found in
the resin filled column (flow distributors, frits, filters, etc.), except for the space the resin occupied in a regular
column as well as the resin itself, and therefore gave a more accurate representation of extra-column

13



Chapter 2

contribution to retention time and variance than the commonly used ZDV. In addition, the influence of
injection volume, mobile phase velocity and tracer molecule on extra-column contribution was investigated
to enable accurate estimation of extra-column variance for different experimental settings. This work shows
that in many cases system efficiency is higher than column efficiency after correction for extra-column
contribution.

A guide to estimate under- or overestimation of column efficiency when extra-column contribution is not
taken into account is provided in the last chapter. When scaling up a column based on efficiency calculated
for the system, column dimension could be either over- or underestimated.

2.2 Theoretical background - column efficiency

Discussion on column efficiency began in a time when chromatography was still considered to be a succession
of discontinuous equilibration steps with a step height and a specific time to achieve equilibration analogue
to a classical distillation column [12]. Chromatography is now understood as a continuous process, but the
idea of plates and plate height still holds and the number of plates N in a column serves as a dimensionless
number for column efficiency, as explained in detail in an excellent review by Guiochon [12]. Column length
L divided by N gives the height equivalent of the theoretical plate HETP, which describes retention time
distribution of the same molecular species within a sample moving through the column [3, 12].

For interpretation of column performance, measured data of the system has to be corrected for influence of
extra-column volume. N is calculated as ratio of squared mean retention time £3 over peak variance o2
Analyzing a chromatogram yields E,%_System and o%sysem Which are used to calculate Nsysem. Assuming that
individual contributions to peak broadening are independent of each other, column efficiency Ncowmn is
calculated as shown in equation 2.1 [3, 4]:

- — 2 —

2

_ (tR.System - tR.ECC) _ tR.Column 2.1

Neotumn = 2 _ 2 - 42 .
a System 0°Ecc 0°column

where o%cc is peak variance and t ;o Mean retention time of extra-column contribution. Through this
subtraction of extra-column contribution from system data, influence of all construction parts of the extra-
column volume, but also the inherent variance to the injection volume, are accounted for. As previously
mentioned the reduction of Ncowmn t0 Nsyseem iS described as efficiency loss [8, 14, 15], meaning the loss of
system efficiency due to extra-column contribution. In terms of retention times and variances, efficiency loss
is described by equation 2.2:

EZ EZ
R.Column > R.System

NColumn > NSystem 2 2
O0%column 0 °system

2.2

ER.System - ER.ECC : O-ZSystem - O-ZECC
= = >

2
tR.System o System
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Rearranging equation 2.2 shows, if the ratio of variances is smaller than the ratio of squared mean retention
times, Ncotumn is greater than Nsystem.

2.3 Materials and methods

2.3.1 Materials

Chemicals

All experiments used Milli-Q water as mobile phase. Tracers were D0, glucose, urea, and dextran T2000 (all
four obtained from Sigma Aldrich, St. Louis, MO, USA). D,O was used pure and in 1:5 dilution in Milli-Q
water when 1 mL sample volume was applied. Dextran (3 g/L), urea, and glucose (both 5 g/L) were dissolved
in Milli-Q water. The column was packed with Dowex Monosphere 99Ca/320 polystyrene resin (Supelco,
Bellefonte, PA, USA), mean particle diameter 307 um, measured with a Mastersizer 2000 (Malvern, UK).

Instruments

For high-pressure liquid chromatography a Wellchrom set-up with a K-1001 pump and a K-2401 RI-detector
was used, all from Knauer, Germany. Further a Julabo F25 MP controlled temperature in the column jacket
and a mini Cori-Flow flowmeter (Bronkhorst, The Netherlands) measured flow rate after the detector. All
components were connected with 0.02” PEEK tubing (Grace, Deerfield, IL, USA).

Column

Column measurements were made on a slurry packed Gotec Superformance 300-10 column (300 x 10 mm)
with tefzel capillaries of 35 cm lengths and ID 0.5 mm (Gétec, Germany), including flow adapter with frits
and filter. Bed height was consistent around 24 — 25 cm. Before use, resin counter-ion was exchanged from
Ca?to K* with 5 CV’s of 1 M KCI (Sigma Aldrich, St. Louis, MO, USA) in Milli-Q water and the column
was re-packed after re-swelling in Milli-Q water. The zero length column was made from a Gotec
Superformance 10-10 column (10 x 10 mm). External porosity (38.6%) was measured with 3 g/L dextran
(average molecular weight of approximately 2,000,000 Da) and the total porosity (77.7%) measured with
D-0.

2.3.2 Methods

Chromatographic analysis

All chromatographic measurements were conducted as pulse injections, varying tracer, injection volume, and
velocity. The column was kept at 25°C through a water jacket. Elution peaks exhibited different shapes and
degrees of asymmetry which rendered calculation of central moments the most accurate method to determine
mean retention time and variance [17, 18]. In Excel the 0 central moment o, 1% central moment ps, and 2™
central moment p, were determined as described in [19]. Integration limits were set manually and baseline
drift was corrected for manually, where necessary, to mitigate common concerns of inaccuracy when using
the method of moments [14, 20, 21]. Nsysten Was calculated from i and p, with equation 2.3. HETPsysiem Was
calculated from s, Lo, and L with equation 2.4.
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Mean retention time £ was converted to retention volume Vg by multiplying £ with volumetric flow rate Qv.
Variance o2 from time units (s2) was converted into volumetric units (mL?) by multiplying with Qi2. The linear
superficial velocities us were 1, 2.5, 5, or 7.5 m/h.

Measurement of extra-column contribution to peak broadening

Extra-column contribution to peak broadening, in terms of mean retention time and variance, can be measured
when the column is replaced by a suitable connection. Most commonly the column is replaced with a zero
dead volume connector ZDV which connects column input directly to column output tubing [17]. Using a
ZDV important parts inherent to most preparative columns such as flow adapters, filters, and fixed column
tubing are bypassed, resulting in a different extra-column volume and flow path. An alternative method, with
the column in place, requires measurement of several tracers with a large range in retention factors [22, 23].
This method is not feasible for all chromatographic separations, such as separations based on size exclusion.

In this study an alternative method of extra-column contribution measurement, the “zero length column”, was
compared to the use of a ZDV. The zero length column featured all construction details of the resin packed
column used in column experiments. The flow adapters, however, were positioned to touch each other, leaving
no space for resin in between. The concept of the zero length column is also used for the determination of
sorption kinetics with small amounts of resin, e.g. [24]. The zero length column used in this study is similar
in construction, except that it does not contain any resin. Mean retention volume in extra-column
measurements changes with linear velocity, due to changes in dimensions of the stagnant layer volume. To
account for this effect, the extra-column volume was determined at room temperature for each tracer by
extrapolating mean retention times of pulse injections in extra-column volume for different flow rates to
0 mL/min; as described in [17].

For considerations of extra-column contribution in chapters 2.4.1 to 2.4.3, the volumetric flow rate Qv was
used for display and discussion (1.3, 3.4, 6.7, and 9.9 mL/min) rather than the linear superficial velocity us,
since the mobile phase in the extra-column volume passes through several parts with different geometries.

Injection Volume

Injection volumes were varied with different volume sample loops in between 40 pL and 1 mL. Influence of
sample volume V,; on variance a,zn]- was calculated with equation 2.5 as described in [1, 4, 5, 25-27] with
dimensionless parameter D? = 12 for rectangular injection [1].

2 _ VIZTU' 25
Omj = F
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Bulk diffusion coefficients

The bulk diffusion coefficients Dw of tracers in water were taken from literature sources: D,O 2.1-107° [28],
dextran 1.3 10~ [29], glucose 6.8-10~%° [30], and urea 1.2-10~° [31] (all in m?s).

Simulating elution profiles

Experimental research was extended beyond laboratory boundaries of limited column length and retention of
size exclusion chromatography, by modelling elution peaks with the lumped kinetic model as described by
[32] using gProms Model builder 4.2.0. D;O elution peaks were simulated for a constant linear superficial
velocity (us = 1 m/h) with increasing retention factor (k) of 0.65 through 4.13 and increasing bed height (0.1
through 5 m). The resulting chromatograms were analyzed with the method of moments. The lumped kinetic
model only describes the column; for estimation of system data, extra-column contribution measured
experimentally with the zero length column was added, analog to equation 2.1. Input parameters for the
lumped kinetic model were calculated according to [18, 32] (Table 2.1). Particle diffusivity across the porous
stationary phase Dp was fitted to experimental data.

Table 2.1 — Input parameters for lumped kinetic model, respective values and units. Calculated according to
references [18, 32].

Input variable Value Unit
Concentration | 500 kg/m®
Equilibrium constantk’ | 0.65 -
Lumped distribution coefficient k¢* | 0.17 /s
Zone retention factor k; | 1.02 -
Film transfer coefficient ks | 9.2.10° m/s
Axial dispersion D, | 3.5.108 m?/s
Particle diffusivity Dp (fitted) | 2.9-1020 m?/s

2.4 Results and discussion

2.4.1 Measuring extra-column contribution to variance and retention volume

The extra-column contribution to variance and retention volume was measured with two methods: a zero dead
volume connector ZDV and an alternative method, the zero length column. Extra-column volume was 20%
smaller when measured with the ZDV compared to the zero length column. Difference in variance was nearly
constant, roughly 0.01 mL2 smaller, when measured with the ZDV compared to the zero length column. The
variance difference was independent on injected volume, employed flow rate and tracer (Fig. 2.1). The
majority of variance could therefore be attributed to system parts identical in zero length column and ZDV
such as tubing, valves, and detector. We expect the constant difference between peak variances measured with
ZDV and zero length column to be general and independent of the chromatographic unit. We expect that the
actual value and constant difference is specific for the ZDV and zero length column used. Measured mean
retention times and variances for all four tracers and injection volumes of 200 pL are listed in Table 2.2.
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Table 2.2— Measured mean retention time p; and peak variance i in column, zero length column and zero dead volume
connector ZDV for all four tracers at four different velocities. All injection volumes were 200 L.

Molecule  Velocity Column Zero length column ZDV
us(mh) | p(mb)  pe(mb?)  pa(mb) e (mLy) pa(mb) e (mb?)
D0 1.01 17.12 161 121 0.02 0.98 0.02
2.59 17.18 3.34 1.32 0.04 1.05 0.03
5.13 17.07 4.86 1.39 0.06 113 0.04
7.60 17.33 6.49 1.43 0.07 1.26 0.05
Urea 1.01 18.82 4.25 122 0.03 0.99 0.02
2.59 19.08 9.78 131 0.04 1.09 0.03
5.13 19.52 18.78 1.47 0.06 1.20 0.05
7.60 19.88 24.84 1.50 0.07 1.18 0.07
Glucose 1.01 14.41 5.72 1.25 0.04 1.01 0.03
2.59 14.51 14.26 131 0.05 1.09 0.04
5.13 14.82 23.84 1.42 0.07 124 0.07
7.60 13.83 19.66 1.45 0.07 1.26 0.06
Dextran 1.01 8.92 0.31 1.26 0.11 1.09 0.09
2.59 8.94 0.35 1.36 0.10 113 0.09
5.13 9.31 0.41 1.48 0.15 1.25 0.09
7.60 9.32 0.42 157 0.13 121 0.12
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Suitability of the use of ZDV to determine the extra-column contribution to variance was also studied by other
authors. Gritti & Guiochon for example concluded that measurement with the ZDV yields results slightly
smaller than the extra-column contribution measured with other, more elaborate methods [12, 23]. The authors
further go on to label the difference to be small and of little consequence [17], unless working at pressures of
several hundred bars [8]. In the system measured here, deduced column efficiency was about 3% smaller,
when extra-column contribution was measured with the zero length column compared to measurement with
the ZDV connector. This, albeit small, difference is attributed to tubing, flow distributers, filters, and frits,
which are measured with the zero length column, but omitted when measuring with the ZDV. Although the
difference is small, we advise to use the zero length column when the extra-column contribution to retention
time and variance needs to be determined with accuracy. For all following observations, the zero length
column was used for measurements of extra-column contribution.

2.4.2 Injection volume influence on extra-column contribution

A pulse of tracer injected into the system differs from the ideal Dirac function that is assumed in theory [21].
Injection volume and volumetric flow rate of the mobile phase contribute to mean retention time and variance
and therefore to overall measured mean retention time and variance [1, 12]. With increasing injection volume,
measured variance of D,O pulse injections increased at each measured flow rate (Fig. 2.2). The variance of a
sample o?j, ideally represented by a rectangular function when injected via an injection loop, was calculated
with equation 2.5. Subtraction of o%; from the total variance measured with the zero length column o?ecc led
to the residual variance caused by extra-column volume. The calculated residual variances spread increasingly
with greater volumetric flow rate (open symbols in Fig. 2.3) indicating a dependence of ¢, on volumetric
flow. Therefore the parameter D? from equation 2.5 was fitted to minimize the standard deviation between the
residual variances within each flow rate (closed symbols in Fig. 2.3). With this fitted parameter the relative
standard deviation between residual variances was reduced from around 26% with D? = 12 to 12%. Measured
mean retention times and variances for all four tracers and injection volumes of 200 pL are listed in Table
2.2.

Resulting values for the fitted D? were plotted over volumetric flow rate (Fig. 2.4). At a flow rate of zero there
was no deviation from plug flow and therefore D?=12 [1]. As flow rate increased, the injection profile
differed more from a rectangular shape and attributed increasingly to the variance of the injection volume and
as a result D? decreased. This relation has to our knowledge not been described before; D? has rather been
described as a function of injection volume [22] and independent of velocity [1, 4, 5]. These results were
confirmed by applying the same analysis on data from literature [22] (Fig. 2.9, supplementary material). It is
therefore concluded that it is possible to estimate extra-column contribution to variance independent of
injection volume and at different flow rates with reasonable accuracy. For a given experimental set-up, this
enables the estimation of extra-column contribution for different injection volumes and mobile phase flow
rates from a single measurement. However, o?ccc is not equal to the variance of a band profile that enters the
column; for the distinction between pre- and post-column band broadening, further analytical techniques are
required [11].
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2.4.3 Tracer molecule influence on extra-column contribution

Band broadening inside extra-column volume is governed by the mobile phase flow profile and tracer
diffusivity [17]. Two main diffusive directions are prevalent inside extra-column volume: radial and
longitudinal. Diffusive transport will be far smaller than convective transport in the same direction. Although
molecules diffuse against the direction of convective flow as well, the short retention time in the extra-column
volume limits the influence on peak variance; therefore longitudinal diffusivity can be neglected. Diffusion
in radial direction however may relax parabolic flow profiles traveling through tubing [8] and therefore
influence measured peak variance. To study influence of diffusivity on peak variance, pulse injections of D;0,
glucose, urea, and dextran at various flow rates were analyzed.

0.15 - 9.9 mL/min
A6.7 mL/min
©3.4 mL/min

1.3 mL/min

0.05 &)

Extra-column variance, 0%cc (mL?)

Dextran  Glucose Urea D,0

0.00

0.0 0.5 1.0 1.5 2.0 25
Bulk diffusion coefficient, D, (m%s)-10°

Fig. 2.5 - Variance of extra-column volume over bulk diffusion
coefficient Dy, measured for pulse injections (200 pL) of different
tracer molecules at different volumetric flow rates.

Upon increasing flow rate, larger peak variances were measured for all tracer molecules, with exception of
dextran (Fig. 2.5). With smaller bulk diffusion coefficient Dy, greater peak variances were measured at all
flow rates, indicating less relaxation of the parabolic flow profile through radial diffusion. The relative
standard deviation between peak variances measured for D20, glucose, and urea was 18%, 13%, 9%, and 2%
at flow rates of 1.3, 3.4, 6.7 and 9.9 mL/min respectively. Extra-column contribution to band broadening
should be measured under the same experimental conditions used for column operation [17]. For process
design purposes this should include use of actual target molecules as tracer as well as actual feed as mobile
phase. The feed composition is relevant when it influences the flow profile, diffusivity and interaction with
the stationary phase. Based on data shown here extra-column contribution to variance for tracers with similar
diffusivities could be estimated. As the diffusivity of the tracer influences the measured peak variance less at
greater velocities, the estimation will be more accurate the higher the velocity of the mobile phase. Measured
mean retention times and variances for all four tracers and injection volumes of 200 pL are listed in Table
2.2.
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2.4.4 Column efficiency compared to system efficiency

Influence of extra-column contribution on system efficiency became apparent when column efficiency Ncotumn
was compared to system efficiency Nsysem. As shown in equation 2.2, Neowmn iS greater than Nsysem When the
ratio of variances is smaller than the ratio of retention times. Plotting experimental ratios of variance against
ratios of retention time for DO, glucose, and urea however, showed Ncoymn Smaller than Nsysem (closed
symbols in Fig. 2.6). With increasing velocity, ratios of Nsysem 0Over Ncowmn became greater, as indicated by
the top left arrow. The same behavior was found irrespective of injection volume and flow rate, only for
dextran was Ncoumn CONSistently greater than Nsysem (plot within plot Fig. 2.6 to accommodate for difference
in scale). Dextran is not retained in the column, therefore the extra-column volume is quite large in comparison
to the retention volume of dextran and the ratio of retention times rather small. Further the peak variance
caused by the column is low. Even though the dextran sample is polydisperse in size, it is unlikely that even
the smaller fractions enter any of the pore space in a resin with a molecular cut-off just above glucose. Two
representative peak overlays, zero length column in Fig. 2.10 and system peaks of DO in Fig. 2.11,
Vs, = 200 pL, at four velocities were added to the supplementary material.
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Relative importance of extra-column contribution can be reduced by increasing the retention time in the
column [12, 17], e.g. through longer columns or increased retention factors. Therefore, elution profiles of DO
were simulated with increased retention factor £’ and column length L. It was found that with increasing &’
and L difference in ratios of mean retention time and variance became smaller, but Nsysem never became
smaller than Ncowmn (Open symbols in Fig. 2.6, increasing k” and L indicated by top right arrow). The accuracy
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of the simulated peaks was demonstrated in a parity plot of calculated data with fitted parameter D, over
measured data for column variance and retention volume (Fig. 2.12, supplementary material).

A relationship of Nsystem larger than Neowmn has, to our knowledge, not been described in literature before. In
certain publications [6, 15] Ncowmn is displayed as a function of variance alone. Neglect of extra-column
retention time (tr.column/tr.system = 1) inevitably leads to a Ncoumn larger than Nsyseem S can be seen in Fig. 6; when
the value on the x-axis is fixed at 1, only Ncoumn larger than Nsysem is mathematically possible.

In the case of D20, glucose, and urea, Ncoumn Was overestimated when extra-column volume contribution to
band broadening and mean retention time was not taken into account. Therefore the effect of extra-column
contribution on scaling up was investigated next.

2.4.5 System efficiency as function of variance and relative extra-column volume

Extra-column contribution to retention time and variance has led to a measured system efficiency (Nsysiem)
larger than the deduced column efficiency Ncowmn. The origin of this unexpected behavior was found in ratios
of column variance to system variance as well as column retention time to system retention time (chapter 0).
In case extra-column contribution was not accounted for, Ncowmn Was either under- or overestimated, an error
quantified as ratio of Nsysem t0 Neowmn. This error was investigated as a function of extra-column contribution
to variance for different extra-column volumes (Fig. 2.7). When extra-column contribution to band broadening
and retention was not accounted for in the measured data of retained tracer molecules, the column performance
was overestimated. Using system data for a scale-up would overestimate the column efficiency by
15 through 18% in case of DO and up to 20% in case of glucose. Again dextran exhibited a behavior of
different from retained tracers, as explained in chapter 0.

For Fig. 2.7 increasing retention volume Vg coumn and variance o?cormn Of a fictional column were used to
create different column efficiencies Neowmn. Extra-column volume Vzecc and variance o’ecc were used as
measured in the laboratory set up, Nsyseem Was calculated by summing up retention volumes and variances;
analogue to equation 2.1. The influence of retention volume is shown as ratio of Vr ecc to retention volume of
a tracer molecule in the system Vg sysiem, labelled relative extra-column volume rECV.

Experimental data were introduced into Fig. 2.7, as well as data taken from Alexander et al. [14], who
investigated extra-column contribution for different tracers and system modifications. All data retrieved from
their publication shows Nsysten > Neowumn. Retention volumes were calculated based on the retention factors
given in their article, the rECV varied from 1% through 14%. For the system analyzed in this work rECV was
6.5% for D0, 5.9% for urea, 7.7% for glucose, and 12.8% for dextran.

The column efficiency was lower than the system efficiency when rECV > 1% and variance ratios larger than
~50. With increasing rECV, the threshold of variance ratio at which Nsystem / Ncoumn < 1, became smaller. For
variance ratios of about 50 and larger, Nsysem / Ncoumn Was only influenced by the rECV. The physical
background to explain the role of the extra-column volume is found in its different contribution to retention
time and variance. Extra-column volume has a relatively great influence on retention time, but adds relatively
little to variance, therefore the apparent separation efficiency increases, when the extra-column contribution
is accounted for.
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In most preparative chromatographic applications the ratio of variances from column to extra-column
contribution will be quite large, with preparative chromatography employing large bead diameters and high
velocities, leading to Nsysem / Ncowumn to be determined by rECV alone. In order to reduce the error made, the
ratio of variances o?coumn OVer o’ecc has to be decreased. This can be obtained by using a more efficient
column, for example a column packed with resin particles with a smaller diameter.

In the analytical field resolution is used as a separation criteria. Resolution, as calculated in [33], is dependent
on separation factor, capacity factor and column efficiency. The resolution is therefore influenced by the extra-
column contribution to variance as well as retention volume. Due to the dependence on column efficiency,
the error made, when not taking the extra-column volume into account, behaves analogue to the ratio
Nsystem OVer Ncowmn @S Seen in Fig. 2.7: actual resolution in the column may be over- or underestimated,
depending on the ratio of o?coumn OVEr o?ecc and increases with increasing rECV.

Next to column efficiency, the separation factor «ij. is an important design parameter. The separation factor,
calculated as described in [33] is influenced by the extra-column volume through its contribution to mean
retention volume Vr. When the extra-column volume is not taken into account, it will lead to an
underestimation of column separation factor and an overestimation of the required chromatographic volume.
It could therefore partly compensate the underestimation based on the column efficiency. The measured
separation factor a;jsysem Will be smaller than the actual separation factor in the column aijcolumn. This
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underestimation is in the range of 1-5% for aisysem below 2 and rECV = 10% (relative to the retention volume
of the first peak).

Influence of correction for extra-column contribution on HETP measured for the system is illustrated in Fig.
2.8, which shows the averaged HETPsyem for three pulse injections of 200 uL D,O and the corrected
HETPcoumn, as Well as the standard deviation. The standard deviation of the column is the sum of standard
deviations from system and extra-column data. HETPcoiumn Was consistently larger than HETPsysiem for D20,
displaying a misconception of the term efficiency loss through extra-column contribution. Through the
difference in slope of the van Deemter plot, the overestimation of column efficiency, when not correcting for
extra-column contribution, becomes more pronounced with increasing velocity. In case laboratory data are
not corrected for extra-column contribution, column efficiency may well be overestimated, leading to under-
dimensioning in a subsequent scale-up operation.
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Fig. 2.8 - Mean HETP of triplicate 200 pL D,O pulse injection as
a function of velocity (van Deemter plot) for the system (¢) as
evaluated from the chromatogram and for the column (g),
corrected for extra-column influence as shown in equation 2.1
using data measured with the zero length column. All points are
averages of triplicate measurements with standard deviation
shown.

2.5 Conclusions

Accurate estimation of column performance can only be accomplished if the contribution of extra-column
volume to variance o%cc and mean retention time £ .. are accounted for. Measuring the extra-column
contribution with a ZDV consistently underestimates o’ecc and £3 g¢c. Although differences are small, on
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average 3% difference in efficiency measured with ZDV to the zero length column, it is advised to use a zero
length column when extra-column contribution needs to be determined with accuracy.

Extra-column contribution and column performance should be analyzed under the same conditions [7], but
we show injection volume, volumetric flow rate, and tracer molecule type can be accounted for with
reasonable accuracy, as long as the molecules have a similar diffusive behavior. With this knowledge, for a
given experimental set-up, extra-column contribution does not require to be measured for every tracer,
injection volume, or velocity. Contradicting literature we show that influence of injection volume on measured
variance is not constant but a function of velocity.

The term efficiency loss may lead to the impression, that neglecting extra-column contribution to overall band
broadening in a small scale system, will lead to a safety margin in column dimensions when scaling up the
process. This is however a misconception of the term efficiency loss, since calculated system efficiency may
well be higher than column efficiency. In neglecting extra-column contribution, column efficiency may be
overestimated by as much as 20%. This effect is especially pronounced for columns with low inherent
efficiency, as are often utilized in preparative separations. To avoid confusion about efficiencies of systems
and columns we suggest that the terms efficiency and HETP are only used for column data, after accounting
for extra-column contribution.
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Abstract

Diffusion inside pores is the rate limiting step in many preparative chromatographic separations and a key
parameter for process design in weak interaction agqueous chromatographic separations employed in food and
bio processing. This work aims at relating diffusion inside porous networks to properties of stationary phase
and of diffusing molecules. Intraparticle diffusivities were determined for eight small molecules in nine
different stationary phases made from three different backbone materials. Measured intraparticle diffusivities
were compared to the predictive capability of the correlation by Mackie and Meares and the parallel pore
model. All stationary phases were analyzed for their porosity, apparent pore size distribution and tortuosity,
which are input parameters for the models. The parallel pore model provides understanding of the occurring
phenomena, but the input parameters were difficult to determine experimentally. The model predictions of
intraparticle diffusion were of limited accuracy. We show that prediction can be improved when combining
the model of Mackie and Meares with the fraction of accessible pore volume. The accessible pore volume
fraction can be determined from inverse size exclusion chromatographic measurements. Future work on our
improved model should be further challenged, specifically widening the applicability to greater accessible
pore fractions (> 0.7) with corresponding higher intraparticle diffusivities (Dy/Dm>0.2). A database of
intraparticle diffusion and stationary phase pore property measurements is supplied, to contribute to general
understanding of the relationship between intraparticle diffusion and pore properties.
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3.1 Introduction

Diffusion inside porous structures is of relevance in fields like genomics, biofilms, drug delivery, implantable
devices, contact lenses, cell- and tissue engineering, geography, petroleum recovery, heterogeneous catalysis,
membrane filtration and chromatography [1-13]. Well over a hundred years of research has resulted in a wide
range of definitions and quantifications of pore characteristics and diffusivity correlations, even within single
scientific disciplines [14, 15]. In chromatographic processes, porous structures are essential for separation as
pores increase surface area for adsorption and/or reaction processes and separate molecules by structural
properties. Chromatographic separation is achieved by pumping feed (mobile phase) through a bed of
microporous stationary phase. In packed bed chromatography the stationary phase consists of spherical
particles or in some cases a single solid monolithic structure. Mass transfer, from the mobile phase into the
stationary phase and back is limited by the rate in which molecules enter, exit, and move through the stationary
phase. The molecular movement is particularly important when relatively large distances have to be traversed
by diffusive forces [16-18]. This is often the case in preparative chromatography, where large particle
diameters are desired for large volumetric feed throughput while maintaining low back pressures. The
limitation of mass transfer through intraparticle diffusivity becomes even more relevant with increasing
mobile phase velocity [19]. Effectively, resistance to intraparticle diffusion increases separation time [17] and
thus reduces productivity. Understanding mass transfer inside the stationary phase is an important step
towards optimizing chromatographic processes. Unfortunately, accurately predicting intraparticle diffusion
remains challenging [17, 18].

The term intraparticle diffusivity describes the diffusion inside a porous particle and should not be confused
with interparticle diffusivity, which describes diffusion between different particles. Methods to describe
intraparticle diffusivity in detail are as diverse as the fields themselves, since particular challenges, scales, and
technological limitations vary in each field. In membrane ultrafiltration for instance, pore geometry is often
assumed to resemble straight cylindrical tubes with the same length as the membrane thickness [20]. Such an
assumption is not valid in chromatography. The only similarity of the existing theories and models is the
dependence of intraparticle diffusivity on free- or self-diffusion in bulk medium, usually described in terms
of Fick diffusion. Intraparticle diffusivity is thus described as bulk diffusivity, limited through one or more
constraints both inherent to pore properties as well as interplay with properties of diffusing molecules. Hence
the term effective diffusivity is often used.

The reduced diffusion in porous matrices and gels is described by a number of models, both empirical and
analytical. A very comprehensive model is the parallel pore model, which describes the reduction of
intraparticle diffusivity through particle porosity, sterical hindrance and obstruction to diffusion [21]. Within
gels, diffusion is often described on the basis of gel volume fraction and the ratio of polymer strain radius to
target molecule size [22]. The identification and quantification of all parameters affecting diffusivity inside
stationary phases is challenging, largely due to the interplay between different parameters. Furthermore, the
definitions of these parameters leave room for different interpretations and their quantification often involves
indirect measurements, approximations, and/or fitting.

Our work aims at gaining further insight into individual contributions of pore characteristics and their
respective relation to intraparticle diffusivity. Intraparticle diffusivity was measured in size exclusion mode
via van Deemter curves and compared to stationary phase properties. Stationary phases were analyzed for
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their porosity, apparent pore size distribution, and particle tortuosity. Electron microscopy was attempted to
independently confirm pore characteristics. Intraparticle diffusivities of eight different small molecules were
measured in chromatographic stationary phases of three different backbone materials. For each backbone
material three different stationary phases of the same series, but with a different degree of cross-linking, were
analyzed. The data was used to compare the predictive capabilities of the Mackie and Meares correlation and
the parallel pore model.

3.2 Theoretical background

3.2.1 Diffusion

Diffusion is the stochastic motion of molecules. Without any constraints, the diffusive motion is called free-,
self- or bulk diffusion. The net ensemble movement due to a spatial difference in concentrations can be
described with Maxwell-Stefan or Fick-equations. In a thermodynamically ideal system, the diffusion
coefficients of Fick and Maxwell-Stefan are identical [23]. As diffusion inside chromatographic particles is
often considered to happen in dilute and ideal systems, Fick diffusion coefficients are used to describe and
quantify diffusive mass transfer in chromatography. In case of diffusion within a porous medium with pore
dimensions in the order of magnitude of the molecular free path, diffusivity is effectively reduced. Intraparticle
diffusivity can thus be described as bulk diffusivity, limited through one or more constraints inherent to pore
characteristics. Hence terms such as ‘apparent-’ or ‘effective diffusivity’ are often used. In case of pores
smaller than the molecular free path, diffusion is sometimes called ‘Knudsen diffusion’. Different diffusion
rates for the same molecules in a different porous structures can be explained by acknowledging that different
pore structures reduce bulk diffusivity differently. In addition to that, molecules adsorbed on pore surfaces
may diffuse as well, which is described as ‘surface diffusion’ [24, 25]. In all cases discussed here, molecular
transport within the porous structures is considered to be purely diffusion driven without any contribution of
convection.

Overall resistance to mass transfer inside a chromatographic column is the combined result of longitudinal
diffusion along the column, eddy dispersion, external film mass transfer resistance, mass transfer resistance
inside the pores of the stationary phase, rate of adsorption and desorption as well as the friction-expansion of
the mobile phase [26]. As a result, a pulse injected into the column results in a broadened peak in the eluate.
Measuring the eluate concentration in time allows for the construction of a so-called van Deemter curve by
measuring mean retention time and peak variance eluted at different linear velocities. In preparative
chromatography, which generally operates at high velocities using large stationary phase particles, the overall
mass transfer is generally limited by resistance to diffusion inside the porous region of the stationary phase
[27]. The extend of this limitation is such, that in the linear region of a van Deemter curve, measured under
preparative conditions, the slope is almost entirely dependent on intraparticle mass transfer resistance, which
in turn can be derived from the slope of the curve, while accounting for the contribution of film mass transfer
resistance [27].
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3.2.2 Predictive models

In literature a range of both empirical and theoretical models can be found describing diffusion inside porous
matrices. Generally, diffusion is always described as Fickian diffusion. In the models the ratio of intraparticle
diffusivity D, over bulk diffusivity Dy is set in relation to one or more terms describing the stationary phase
or an interaction between stationary phase and diffusing molecule. The majority of predictive models use the
particle porosity &, to correlate intraparticle diffusion to a property of the stationary phase which yields the
intuitive boundaries E}Jir_r)lo Dp/Dm = 0 and e};igl1 Dp/Dm = 1. Overviews of different proposed

empirical, semi-empirical, and theoretical expressions relating ¢, to intraparticle diffusion are given in [14,
28].

Correlation by Mackie and Meares

In chromatography the correlation of Mackie and Meares (equation 3.1), as described by Guiochon [18], is
often used. While the intuitive boundary conditions of diffusion in porous space are met, the model of Mackie
and Meares, developed for electrolyte diffusion in ion-exchange membranes, takes neither characteristics of
diffusing molecules nor structures and dimensions of pores into account. Yet, due to its simplicity and
measurability of the single parameter particle porosity ¢, this model offers an attractive method for a first
estimation of Dy/Dn.

D :[ i ]ZD 31
P 2_5P m

The parallel pore model

The probably most commonly used model to relate intraparticle diffusivity to pore and molecule
characteristics is the parallel pore model (equation 3.2) [29, 30]. The model is based on the assumption that
diffusivity inside a porous network is comparable to diffusion inside straight parallel cylindrical tubes, where
diffusion can only take place inside the pores and not through the solid phase of the pore walls [21].

For non-adsorptive processes, the parallel pore model describes an intraparticle diffusion D, as bulk diffusion
Dn reduced by the characteristics of the solid phase: the porosity ¢, hindrance diffusion factor F(4n), and the
internal obstruction factor y,, all three of which have values between zero and one.

Dp=¢e,"F(Apn) ¥p D 3.2

A term describing surface diffusion is added to the parallel pore model in adsorptive processes [24, 25]. In
reversed phase liquid chromatography applications, surface diffusion may become the major contributor to
intraparticle diffusion [31].

3.2.3 Particle porosity &

Particle porosity ¢, refers to the pore volume accessible to the mobile phase, inside the particles. It is important
to realize the influence of different measurement methods for particle porosity. Generally, particle porosity
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should be measured under the same conditions as chromatographic measurement, as particle porosity is not
necessarily an intrinsic particle property. Particles may be subject to swelling and/or shrinking with medium
composition and temperature [16]. During adsorptive processes, particle porosity may be influenced through
adsorbed molecules, which block otherwise accessible pore volume [32].

Particle porosity can be measured ex- or in situ. Two methods to measure particle porosity ex situ are electron
microscopy and intrusion porosimetry with nitrogen or mercury [16] [33]. Both methods require
measurements in vacuum, which potentially leads to deformation of many chromatographic stationary phases.
Hence caution is required when interpreting the results [13]. In situ measurement of particle porosity ¢, in
chromatographic stationary phases usually encompasses elution volume measurements of two non-retained
molecules of different size: one small molecule capable of accessing the entire particle pore volume and the
other a large molecule incapable of entering the particle pore volume at all. The former measures the total
porosity &, the latter the interparticle-, bed-, or external porosity . From these two measurements, the particle
porosity is calculated with equation 3.3[18]:
& — &e

é‘p = 1——86 3.3

3.2.4 Hindrance diffusion factor F(im)

The second term in equation 3.2, the hindrance diffusion factor F(4m), describes the drag a diffusing molecule
experiences due to confinement within pore walls as well as steric exclusion [34]. For molecules larger than
roughly 1/10" of pore diameter, mobility will be markedly reduced through friction with pore walls [35].
Different relationships can be found in literature to describe this phenomenon, mostly based on the ratio of
molecule to pore radii in and the work of Renkin [36] and Brenner and Gaydos [25]. Dechadilok and Deen
[20] improved an empirical expression which had been developed through many researchers over the years
and which now fits the range of 0 < An <0.95 (equation 3.4). Equation 3.4was developed to describe hindered
diffusion in pores of membranes in absence of convection, assuming pores to be straight and cylindrical. The
width of pore size distribution is not taken into account as n is calculated from the mean pore radius.

9 4
F(m) =1+ g A In Ay — 1.56034,, + 0.5281554,,% + 1.915211,,° 3

—2.819031,,* + 0.2707884,,° + 1.101151,,,° — 0.4359331,,,”

3.2.5 Internal obstruction factor p,

The internal obstruction factor y, is arguably the most ambiguous contribution to the parallel pore model. The
ambiguity in literature originates from different concepts for contributing mechanisms to y,, which are often
difficult to validate experimentally [28, 37-39]. Giddings suggested that the internal obstruction factor y, is
the product of obstruction due to constriction ypcons and obstruction due to tortuosity y,.. [40]. In more recent
definitions the obstruction due to mesopore (2—50 nm [41]) connectivity yp.conn iS attributed to y, as well [6],
leading to equation 3.5:
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Yp = Yp,cons " Yp,r " Yp,conn 35

In practice y, may be difficult to distinguish from F(in) [42, 43]. For this reason y, is often used as a fitting
parameter which then sums up all contributions that obstruct diffusion within the pore volume, as well as any
experimental errors. While this works for retrofitting a model to a particular system, little contribution is made
to fundamental understanding of the relationship of intraparticle diffusion and pore structures. Nevertheless,
it is useful to discuss the three different internal obstruction factors, as it exemplifies the complexity of
diffusive molecular transport through a porous material.

Obstruction due to constriction

Constriction describes randomly located bottlenecks in diffusion paths inside the porous matrix, which slow
down molecules [37, 44]. Wiedenmann et al. [45] calculate the constriction factor ypcons With equation 3.6
from data obtained from three dimensional images of pore structures via x-ray tomography.

Amin T[rrgu'n

=" = 3.6
Vp,cons 2

2
max  TTnax

In order for equation 3.6 to be of any practical use, the transport relevant radii, rmin the smallest and rmax the
largest pore radius a diffusing molecule encounters in a porous matrix, must be determined. This however, is
not possible without detailed information on three dimensional pore structure, which presents a technical
challenge for microscopy techniques beyond the scope of this paper. Due to the complexity and
interdependence of all factors contributing to y,, the actual value of y,.cons cannot be validated in practice [45].

Obstruction due to tortuosity

Obstruction to diffusion due to tortuosity y,. of porous particles is assumed to be a constant of the porous
network and independent of molecular species, according to theories proposed by Giddings [40]. The
obstruction to diffusion due to tortuosity y,. was calculated from measured tortuosity t, via equation 3.7:

1
T2 3.7

Yoo = T

P
Tortuosity 1, is defined as ratio of average pore length L, to length of the porous medium or particle diameter
dp and since L, > dp, it follows that t, > 1 [39]. This definition makes tortuosity difficult to determine, as it is
not reducible to classic measurable microscopic parameters [46]. Tortuosity can be measured via electric
impedance, either inside the column [47] or from column packing material in suspension [46] and generally
increases with decreasing porosity [21]. Extensive discussions on tortuosity can be found in literature, e.g.
[15, 38, 39, 46, 48-56]. Tortuosities between 1 and 5 [21, 37] are found.

Obstruction due to connectivity

Pore interconnectivity describes the extent of communication between pores in the 3D space [57]. It is well
defined in pore network models, where a number of connections is attributed to each node [58]. A definition
for connectivity in situ yields a term, which is hard to quantify: “connectivity describes the average number
of possible distinct paths for the molecules of a fluid impregnating the porous material to move from one site
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of this material to another one” [37]. The contribution of connectivity to y, is dependent on the size of the
diffusing molecule [59]. Obstruction due to connectivity yp.con is primarily important to small molecules.
Larger molecules get increasingly hindered through proximity to pore walls and F(/n) dominates. Pore
network modelling has shown that connectivity can have a large effect on y, [43]. It is unclear however, how
connectivity can be measured in situ and how its effect can be isolated from other contributions to y,.

3.3 Materials and methods

3.3.1 Materials

Mobile phase

All experiments were conducted with a phosphate based mobile phase (25 mM Na;HPO,, 25 mM NaH2PO.,
and 50 mM NacCl; all from Merck, Germany) in Milli-Q water. Viscosity was measured with a Physica MCR
301 rheometer (Anton Paar, Austria). Before use the mobile phase was filtered through a 0.45 pum Durapore®
membrane filter (Merck, Germany).

Stationary phases

Stationary phases of three different backbone materials (dextran, styrene-divinylbenzene, and hydroxylated
methacrylic polymer) were selected. For each backbone material three stationary phases of the same series
and a different degree of cross-linking were selected (Table 3.1).

Table 3.1 — Stationary phase series and backbone material of all stationary phases

Stationary phase Material Manufacturer
Sephadex G-10 .
Sephadex G-15 ger)(:tsr:rllmked GE Healthcare
Sephadex G-25
Dowex 50WX8 Styrene-
Dowex 50Wx4 divinylbenzene Dow Chemical
Dowex 50WX2
Toyopearl HW-40F Hydroxylated
Toyopearl HW-50F methacrylic Tosoh Bioscience
Toyopearl HW-65F polymer

The number in the name of each stationary phase denotes the degree of cross-linking or concentration of cross-
linking agent. While the Sephadex and Toyopearl stationary phases are actual size exclusion SEC stationary
phases, the Dowex stationary phases are cation exchange stationary phases, that were used in SEC mode.
Before final packing, the H* ion of the Dowex stationary phases was exchanged for Na* with 1 M NaCl. Due
to the relatively high salt concentration in the mobile phase, no ionic interaction between target molecules and
Dowex stationary phases were observed. Particle size distributions were measured with a Mastersizer 2000
(Malvern, UK) in phosphate buffer at room temperature. The Sauter diameter, or surface weighted mean
diameter ds,, and its standard deviation was calculated from ten consecutive particle size distribution
measurements.
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Target molecules

Acetone was added per volume into mobile phase and heavy water DO was used undiluted. All solid target
molecules were dissolved in the mobile phase. Their respective concentrations, molecular weights, molecule
radii and detection wavelengths (refractive index in case of dextran) are listed in Table 3.2. Molecular radii
rm were calculated from two equations. For small molecules, up to and including the disaccharide sucrose a
spherical shape was assumed and the Stokes radius calculated from Stokes-Einstein relation. For all molecules
larger than sucrose, the viscosity radius Rn was calculated from the empirical relation to molecular weight My
given in equation 3.8 [60].

R, = 0.271M,,°4%® 3.8

In addition a series of analytical dextran standards Dextran 1k through Dextran 400k was used for pore size
distribution measurements. NaCl was obtained from Merck, Germany, all other molecules from Sigma
Aldrich, St. Louis, MO, USA.

Table 3.2 — Target molecules, respective concentration in sample volume, molecular weight, molecular radii and
detection wavelength (RI for refractive index).

Molecule c¢(g/L)  Molecular weight (Da) Molecule radius (nm) Detection

DO | Pure 20 0.09 RI
y-aminobutyric acid | 10 103 0.26° 210 nm
Triglycerin | 5 189 0.34° 218 nm
Fructose | 10 180 0.32° RI
Sucrose | 10 342 0.48° RI
Maltotriose | 10 504 0.60" RI
Dextran 2-10° | 10 2-108 36.71Y RI
NaCl | 58 58 0.13 200 nm
Acetone | 2% (v/v) 58 0.19° 260 nm
Dextran 1k | 5 1,100 0.89" RI
Dextran 4k | 5 4,400 1.77v RI
Dextran 10k | 5 10,000 2.66" RI
Dextran 20k | 5 20,000 3.76Y RI
Dextran 45k | 5 45,000 5.63" RI
Dextran 65k | 5 65,000 6.76" RI
Dextran 125k | 5 125,000 9.36Y RI
Dextran 195k | 5 195,000 11.68¥ RI
Dextran 275k | 5 275,000 13.86" RI
Dextran 400k | 5 400,000 16.70Y RI

v viscosity radius; ® stokes radius

Chromatographic equipment

For liquid chromatography a Wellchrom set-up with a K-1001 pump and a K-2401 RI-detector was used, all
from Knauer, Germany. Further a Julabo F25 MP controlled the temperature in the column jacket and a mini
Cori-Flow flowmeter (Bronkhorst, The Netherlands) measured the flow rate after the detector. Pressure drop
over the column bed was measured using EZG10 pressure sensors (Knauer, Germany), injection port, valves,
column, pressure sensors and detectors were connected with 0.02” PEEK tubing (Grace, Deerfield, IL, USA).
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All elution peaks were measured on slurry packed Gotec Superformance 300-10 columns (300 x 10 mm) with
tefzel capillaries of 35 cm lengths and an inner diameter of 0.5 mm, including flow adapter with frits and filter
(all Gotec, Germany). Bed height varied with pressure between 29 and 21 cm, the precise bed heights of each
stationary phase are listed in the supplementary material in Table 3.5. The zero length column was a Gotec
Superformance 10-10 column (10 x 10 mm) without stationary phase, top and flow adapters adjusted to create
an effective bed height of 0 mm.

3.3.2 Methods

Column preparation and characterization

The column was slurry packed in two steps. The first began with phosphate buffer to settle the slurry in a
ramped up profile of up to 10 mL/min for 20 minutes. In the second step the funnel for the slurry packing was
removed, the flow adapter and a filter placed above the stationary phase bed and the stationary phase bed
further compressed at 10 mL/min for 30 minutes. External porosity was measured with 10 g/L dextran with
an average molecular weight of approximately 2,000,000 Da (for the purpose of clarity referred to as dextran
2-10°), total porosity was measured with DO, except for the case of Sephadex G-10, where only acetone was
available for total porosity determination. Comparison in the two other Sephadex stationary phases showed
close similarity in retention volume for D,O and acetone. All porosity measurements were conducted in
phosphate buffered mobile phase at 25°C. For all experiments the same mobile phase was used and no
adsorption took place. Therefore, the particle porosity was assumed to remain constant for each stationary
phase throughout this work. External porosity was confirmed by comparison of measured pressure drop over
the column bed with the estimated pressure drop, calculated with the Ergun equation [61].

Chromatographic analysis

All chromatographic measurements were conducted as pulse injections of 80 puL. The column was kept at
25°C through a water jacket. All peaks were analyzed with the method of moments in Microsoft Excel as
described in [62]. Integration limits were set automatically at 1% of total peak height and baseline drift was
corrected for automatically, where necessary, to mitigate common concerns of inaccuracy when using the
method of moments [63-65]. Van Deemter curves were recorded at linear superficial velocities us of 0.5, 1, 2,
and 3 m/h. Sephadex G-25 was additionally measured at us = 0.2 m/h, the Toyopearl stationary phases were
additionally measured at us = 4 m/h. All measurements were corrected for the extra-column contribution for
each mobile phase velocity and target molecule, with the zero length column as described in [62]. For
comparison of data from different stationary phases and target molecules, van Deemter curves were
normalized by dividing HETP by the resin particle diameter d,, which yields the reduced HETP h and the
linear interstitial velocity u. is multiplied by d, and divided by Dy, which yields the reduced velocity v.

Bulk diffusion coefficient

The bulk diffusion coefficient Dy, of D,O was taken from [66]. Bulk diffusion coefficients of all other
molecules were calculated with the correlation of Wilke and Chang, with molecular volumes calculated from
the correlation of LeBas, both as described in [67]. For the estimated bulk diffusion coefficient an error of
20% was assumed.
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Measuring intraparticle diffusivity

Intraparticle diffusivity was measured by fitting the plate height equation of the lumped kinetic model to
experimental van Deemter curves, based on [27], assuming a constant and homogenous distribution of &,. The
slope was measured from the linear region of four point van Deemter curves (five measurement points for
Sephadex G-25 and for the Toyopearl series) of HETP (m) over interstitial linear velocity u. (m/s). From the
slopes of the van Deemter curves the lumped Kinetic factor koveran Was calculated with equation 3.9.

2
=g (%)
Koverau = SI)HT 39
)

In size exclusion chromatography, the zone retention factor ki is dependent on a molecule’s ability to penetrate
pore volume, rather than adsorption equilibria, therefore g, sec is used in equation 3.10, based on [42].

1- Ep 1- Ep VR - VO
k. = . = R0 3.10
g P sBC g V=T
With the retention volume Vg, the void volume Vo and the geometric column volume Vc. Intraparticle
diffusivity D, was then calculated from equation 3.11.

1.2

D, = z
[4 A1
e :

overall 3" kfilm

With r, particle radius and the resistance to mass transfer through the stagnant film layer ksm, calculated as a
function of reduced velocity v = (2-ry-u.)/Dr from the correlation of Wilson and Geankoplis [68] as shown in
equation 3.12.

1.09 D,,

— vi/3 3.12
& 2°1

film =

This method relies on an assumed linearity for the calculation of a constant Koveranl for the entire linear region
of the van Deemter curve. However, since Kowran is a function of linear velocity, as it is dependent on ks, the
van Deemter curve is not truly linear. We therefore calculated D, for each measurement point of the curve
and used the average of the calculated values for each van Deemter curve. The relative standard deviation of
the D, measurements was just below 2% for all data points.

The confidence interval of D, was calculated from the propagated uncertainties of the slope and kiim. The
uncertainty of the slope was calculated from the standard error of the slope with a 95% confidence interval
and the uncertainty of ksn from an uncertainty of 20% for Dy,

Pore size distribution measurement

The apparent pore size distribution was measured via inverse size exclusion chromatography, based on a
lognormal pore size distribution as explained in [69]. The partition coefficient Kp was calculated from the
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first moment of pulse injections for the target molecules listed in Table 3.2, using the mean retention volume
Vg, the interparticle void volume Vo and the total mobile phase volume V7 (equation 3.13). Interparticle void
volume and total mobile phase volume were measured with dextran 2-10° and DO respectively.

Ve =Yy

K, = 3.13
P -1,

Equation 3.14 was fitted to the plot of Kp over molecular radius ry for each stationary phase using gProms
Modelbuilder 4.0. Fitting parameters were r, and s, of the pore size distribution function f(r) in equation 3.15.
The pore shape dependent constant a was assumed to be 2 (cylindrical pores), as discussed in [70].

L) L= G 1))

= 3.4
Jy f@)ar

D

The function f(r) in equation 3.15 describes the pore size distribution as a log-normal probability density
function. The fitting parameters r, and s, are the mean and standard deviation of the distribution, respectively

[71].
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From the fitted function the Ko curve was calculated and the predicted Kp used to describe the accessible pore
fraction of pore volume for each molecule based on its size.

1
' 3.15
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Contributions to the internal obstruction factor

Tortuosity was measured via electric impedance in phosphate buffer, based on [46] and [47]. All
measurements were conducted at room temperature in a conductivity cell with a Vertex 10A impedance
analyzer and lviumSoft software (both by Ivium technologies, The Netherlands). Impedances were measured
in phosphate buffer without stationary phase particles and in phosphate buffer with stationary phase particles
sedimented into the upside-down conductivity cell. The exact value of the external porosity in the conductivity
cell was not known. Bed porosity was estimated to be slightly larger than the geometric optimum of 0.34. We
therefore calculated tortuosity for five different bed porosities in range of 0.36 through 0.44 and worked with
the average value as well as the standard deviation. With equation 3.16 the total tortuosity = was calculated
from the measured impedance in sedimented stationary phase ot and without stationary phase oo.

O-O.Ef

o Tt 3.16

Intraparticle tortuosity was derived from particle conductivity with equation 3.17 [47].
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2+ 24 (1-g) (1-2
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Using the solver add-on in Microsoft Excel, the intraparticle conductivity o, was fitted in equation 3.17,
particle tortuosity 7, was then calculated with equation 3.18.

Op " &

—Lt=r, 3.18
9

As pointed out in section 3.2.5, validation of the obstruction to diffusion due to constriction yp.cons and

connectivity ypconn Cannot be isolated and validated in practice. For the contribution of constriction and

connectivity to the internal obstruction factor y,, the authors therefore resigned to a value of 1 in equation 3.5.

Visualization of stationary phases and pore structures

Two electron microscopy methods were used to visualize the presence of the pores: focused ion
beam - scanning electron microscopy FIB-SEM and transmission electron microscopy TEM. Small amounts
of the stationary phases were oven-dried overnight at 60°C. The resulting powder was subsequently sprinkled
onto a standard aluminum SEM stub with a carbon sticker on top. Following, a metallic layer Pt was sputter
coated (Cressington, HQ280) across the stub to ensure sufficient electrical conduction.

The FIB-SEM (Thermo Scientific, Helios Nanolab G3-UC) combines the imaging capabilities of the SEM
with the milling capabilities of a FIB. The FIB is a beam of gallium ions which scans the surface of a sample.
The momentum transfer of the gallium ions onto a sample causes the samples atoms to disappear into the
vacuum, a process called sputtering or milling. Prolonged milling results in a trench or cross section of some
tens of micro meters. Subsequently, the SEM is employed to visualize the cross section. Visualization is done
in backscatter electron mode, which is less affected by local surface charge.

Milling and imaging was performed at customary conditions: a 30 keV ion beam, starting at 9.4 nA and
gradually reducing to 40 pA for the final polishing. Prior to the milling, a small layer (1 um) of Pt was
deposited across the region of interest. The Pt deposition acts as protection against the ion beam and it
smoothens the surface and therefore the finish of the cross section. Imaging polymeric samples with electron
microscopy is not trivial. The low atomic weight of the polymer chains doesn’t create any contrast.

The TEM analyzed Dowex 50WX2 sample was stained with 0.1 mL/g FeSO.. An additional challenge is the
resolving power of the SEM. An ideal sample can be resolved down to 0.8 nm. However, the resolving power
obtained from unstained polymers is probably not better than 10 nm. Therefore, pores > 10 nm can be
investigated directly by FIB-SEM. In addition, the presence of 1-2 nm pores was therefore investigated by
transmission electron microscopy TEM. TEM requires a thin sample of no more than 100 nm thick, which
were made by the FIB-SEM. Again standard procedures were followed. The final polishing step was done at
30 kV, 40 pA. The TEM (Thermo Scientific, Talos F200x) in STEM mode, using the High Angular Annular
Dark Field HAADF detector.

43



Chapter 3

Note on availability of data

In an effort to support the understanding of intraparticle diffusivity and its relation to stationary phase
characteristics, all of the measured data is made available in the supplementary material of this manuscript.

3.4 Results and discussion

3.4.1 Intraparticle diffusion

Intraparticle diffusion was measured in nine different stationary phases with eight different tracer molecules
at the same conditions (Fig. 3.1). Data in Fig. 3.1 is grouped per backbone material, within each backbone
material per decreasing cross-linking and increasing molecular size, both left to right. Determination via the
slope of van Deemter curves gave accurate results, the majority of the error bar seen in Fig. 3.1 is due to the
uncertainty of 20% allocated to the bulk diffusion coefficient Dr estimated with the Wilke-Chang equation.
As expected, intraparticle diffusion, conveniently expressed as dimensionless ratio of intraparticle to bulk
diffusion Dy/Dn, differs from stationary phase to phase and molecule to molecule. All experimental van
Deemter curves can be found in the supplementary material (Fig. 3.8, Fig. 3.9, and Fig. 3.10). All elution data
can be found in Table 3.6 in the supplementary material.

®mD,0 wAcetone mNaCl = y-aminobutyric acid ®™Fructose mTriglycine ®Sucrose mMaltotriose

0.4
0.3

0.2

nun
v M i H “I i ‘

Sephadex Sephadex Sephadex Dowex Dowex Dowex Toyopearl Toyopearl Toyopearl
G-10 G-15 G-25 50WX8 50WX4 50WX2 HW-40F HW-50F HW-65F

Intraparticle diffusivity, DD,y (-)

Fig. 3.1 — Measured intraparticle diffusion ratio Dp/Dr, in all nine stationary phases for all target molecules. Error
bars indicate uncertainty of determination of D, from slope of van Deemter curves (based on a 95% confidence
interval) and 20% uncertainty of Dy estimation.

Two trends are obvious in the Sephadex stationary phases: first, decreased cross-linking has a positive effect
on intraparticle diffusivity and second, increasing target molecule size decreased intraparticle diffusivity. Both
observations are easily explained by the mass transfer limiting mechanisms, where smaller molecules
experience less resistance to diffusion than larger molecules and pore dimensions increase with decreasing
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cross-linking. The Dowex series, a cation exchange material, shows a similar trend in relation to the cross-
linking. The same correlation with the target molecule size holds, with the exception of triglycine. Finally, in
the Toyopearl series most of the correlations between intraparticle diffusivity, cross-linking and target
molecule size are lost. Toyopearl HW-50F and HW-65F showed comparable measured intraparticle
diffusivities. According to the manufacturer, the pore size of Toyopearl HW-65F is eight times larger than for
HW-50F and 20 times larger than for HW-40F, a difference in pore size which was not apparent from the
measured data.

Perhaps most remarkable is the relatively low intraparticle diffusivity of D,O in comparison to larger
molecules. In order to explain the observations in Fig 1, additional information regarding the pore structure is
required.

3.4.2 Particle size distribution and porosity

The Sauter diameter was measured in ten consecutive measurements in the Mastersizer. The average values
along with the measured relative standard deviations are given for each stationary phase in Table 3.3.
Additionally dio and dgo (the diameters where 10% and 90% of the distribution has a larger particle size
respectively), are added given in Table 3.3, along with their respective relative standard deviations. It was not
possible to obtain all stationary phases of a series with the same particle diameter, however influence of
particle size on mass transfer resistance was accounted for (an input parameter in the modelling equations
(e.g. equations 3.11 and 3.12) and by normalizing the van Deemter curves). Particle diameter was additionally
measured from SEM images, in the following referred to as dsem, by averaging at least 35 particles. The Sauter
diameter and dsem differ substantially. It is likely that the particles shrank upon drying or in the vacuum
chamber, as the stationary phase had not been fixated. Consequently, pore structures may have changed.

Table 3.3 — Stationary phase series, Sauter diameter, dio and dgo, and their relative standard deviations for all stationary
phases. The particle diameter dsem was determined from electron microscopy images. Additionally measured particle
porosities and apparent mean pore sizes (from ISEC measurements as detailed in section 0).

Sauter diameter dsem Particle Apparent mean

Stationary phase [um] dio dso [um]  porosity, &5 pore size [nm]
Sephadex G-10 88+0.8% 65+1.0% 125+0.5%  n.d. 0.46 1.0
Sephadex G-15 74+0.2% 55+0.4% 110 +0.2% 58 0.66 1.4
Sephadex G-25 262+1.1% 91+1.2% 400+0.8%  n.d. 0.73 17
Dowex 50WX8 91+0.1% 72+0.7% 121 +0.6% 71 0.52 0.7
Dowex 50WX4 106 +0.3% 82 +0.4% 142+0.2% nd. 0.68 1.4
Dowex 50WX2 141+0.8% 11+0.8% 186 +1.1% 64 0.84 23
Toyopearl HW-40F 48+0.4% 39+12% 62+0.9% nd. 0.66 17
Toyopearl HW-50F 5040.1% 3910.1% 66 +0.1% 34 0.72 5.0
Toyopearl HW-65F 52+02% 44+0.3% 64 +0.4% 33 0.68 35.0

n.d.: not determined

The measured particle porosities varied between 0.46 in Sephadex G-10 and 0.84 in Dowex 50WX2 and
increased with decreasing cross-linking within a series, except for Toyopearl HW-65F, which shows a slightly
smaller porosity than Toyopearl HW-50F (Table 3.3). The particle porosity for Toyopearl HW-65F matches
data reported in literature well [69].
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3.4.3 Visualization of pore structures

In total five of the nine stationary phases were analyzed in a FIB-SEM (Sephadex G-15, Dowex 50WX8 and
50WX2, and Toyopearl HW-50F and HW-65F) and one in a TEM (Dowex 50WX2). Examples from the
outside of particles and pore structures, laid bare with a focused ion beam, can be seen in Fig. 3.2. Visualizing
pore structures proved to be very challenging due to the very small diameters. Only the Toyopearl HW-65F
revealed a pore structure. The absence of macro pores (pore diameters exceeding 50 nm [41]) was the only
conclusion that could be drawn for the other four stationary phases analyzed in FIB-SEM. High resolution
TEM imaging was only just able to reveal structures in the Dowex 50WX2 sample. The presented electron
microscopy data is inconclusive with respect to relating intraparticle diffusivity to pore structures, given the
shrinkage of particle size compared to particle size distribution measurements in phosphate buffer (Table 3.3).

Fig. 3.2 - Examples from the stationary phase as examined by FIB-SEM and TEM: a) Sephadex G-15 b) Dowex
50WX8 c) Toyopearl HW-65F. d) A FIB cross section was made into an individual Toyopearl HW-65F particle
and imaged e) by the SEM. The pore dimensions of the other stationary phases are of the order of 1-2 nm and can
only just be made visible by TEM (f, Dowex 50WX2). Scale bars are (a-c) 100 pm, d) 5 um, €) 1 um and f) 40 nm.

3.4.4 The correlation of Mackie and Meares

The correlation of Mackie and Meares uses particle porosity as sole parameter to determine intraparticle
diffusivity. It is important to note the role of particle porosity, as measurement with a different molecule yields
very different results. A smaller molecule will have access to a different pore volume than a larger molecule
[69, 72]. In this study the smallest readily available molecule, D,O, was used for the determination of the total
and particle porosity. Other studies which used same method to measure particle porosity used different
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molecules like a monomeric sugar, e.g. [69]. For illustration purposes, we also calculated total and particle
porosity based on the retention of fructose. Fructose has roughly three times the molecular radius of heavy
water. Fig. 3.3a and Fig 3b plot the normalized intraparticle diffusivities as a function of particle porosity,
based on the retention of DO and fructose respectively. The dashed line indicates the Mackie and Meares
correlation. The experimental results follow the expected boundaries to diffusion in porous space, as discussed
in section 3.2.2. However, the correlation systematically over-estimates the diffusivity values, when particle
porosity is based on the retention of D,O. Calculated particle porosities are on average 30% smaller, when
particle porosity is based on the retention of fructose. In consequence measured intraparticle diffusivities
match the correlation of Mackie and Meares visibly better, albeit far from perfect. This result is of little
practical relevance, but it serves to emphasize the importance of ¢ and &, determination. We suggest the use
of DO for particle porosity measurements, as it measures a more relevant pore spectrum for the
chromatographic separation of small target molecules, such as small sugars and peptides. In all following
calculations & and ¢, are based on the retention of D0.

Sephadex G-10 Sephadex G-10

a) Sephadex G-15 b) Sephadex G-15
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Fig. 3.3 — Intraparticle diffusion as function of particle porosity &, for different molecules in nine different stationary
phases and the correlation of Mackie and Meares (dotted line). &) &, is based on retention of DO and dextran, b) &,
is based on retention of fructose and dextran.

The correlation of Mackie and Meares may serve as an early estimation of intraparticle diffusivity, but low
accuracy must be assumed. From Fig. 3.3a can be observed that particle porosity alone is insufficient as
parameter to predict intraparticle diffusivity. This is clearly reflected in the vertical distribution of intraparticle
diffusivity values in Fig. 3.3a. A single particle porosity value can produce a range of diffusivity values, even
after normalization. Additional structural properties of both the stationary phase and the target molecules are
not considered.
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3.4.5 Apparent pore size distribution

For the measurement of pore size distribution, Kp curves were recorded for each stationary phase, depicting
the accessible fraction of pore volume for molecules of different sizes (closed symbols in Fig. 3.4a, b, and c).
Lognormal pore size distribution curves were fitted to the experimental data. Based on the underlying function
(equation 3.14) the Kp curves were calculated (lines in Fig. 3.4a, b, and c). Note, Fig. 3.4a, b, and ¢ each have
a differently scaled y-axis to accommodate different pore size distributions. In general, the fitting led to a
good description of the experimental data. However, for none of the resins the pore size distribution f(r) of
equation 3.15 could describe the D,O data point (Kp = 1, rn = 0.09nm). This is due to the fact that the finite
size of the molecule leads to a reduction to the fraction of accessible pore volume. The small mean pore sizes
fitted (Table 3.4) resulted even for DO in Kp < 1. It was not possible to determine the standard deviation of
the pore size distribution. The fitted function is sensible to variance only in the range of very small Kp values,
for Kp > 0.2 different variances are barely discernible in the function.
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Fig. 3.4 — Kp curves of a) Sephadex, b) Dowex and c) Toyopearl stationary phases, relating the partition coefficient
to molecular radii. Measurements (symbols) and fitted functions (solid lines). Due to the larger pores, also larger
molecules were employed for the pore size measurement of the Toyopearl series, therefore the y-axis is scaled to a
different maximum.

All data recorded during inverted size exclusion measurements can be found in Table 3.15, Table 3.16, and
Table 3.17 in the supplementary material.

Table 3.4 — Fitted mean pore radii of pore size distribution for each stationary phase.

Stationary phase Mean pore radius, rp (nm)
Sephadex G-10 1.0
Sephadex G-15 14
Sephadex G-25 1.7
Dowex 50WX8 0.7
Dowex 50WXx4 14
Dowex 50WX2 2.3
Toyopear|l HW-40F 1.7
Toyopearl HW-50F 5.0
Toyopearl HW-65F 35.0
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The fitted mean pore sizes correlate well to measured intraparticle diffusion data of section 3.4.1. The
Sephadex material shows a consistent correlation: larger pores result in higher intraparticle diffusivity. The
same correlation is found for the Dowex series. The difference in mean pore sizes for the Toyopearl series is
more pronounced. Both, in comparison to the other two backbone materials, as well as the difference between
Toyopearl HW-F40/F50 and Toyopearl HW-F65. Both observations are not reflected in the measured
intraparticle diffusivity. For all nine stationary phases the mean of the pore size distribution increases with
decreasing cross-linking.

Pore size distribution measurement via inverted size exclusion chromatography ISEC does not yield absolute
but functional values and resulting data should be referred to as apparent pore size distribution [70]. This is
partly due to a pore shape parameter within the fitting function (a in equation 3.14), which requires an
assumption about the pore shape [70], although it has been later shown that ISEC is fairly insensitive to the
descriptions of pore geometry [13]. Especially in gels, where pores and pore structures are somewhat
differently defined, pore size distribution measurement via ISEC is mainly of functional use, rather than
matching the geometry of the gel [73] and can only be used to simplify description of pores in gels [74].

The Toyopearl stationary phase series are the only series for which pore sizes are provided by the
manufacturer, however the reference does not include the measurement method for the pore radii [75]. The
pore radii are 2.5, 6.3, and 50 nm for the Toyopearl HW40-F, HW50-F, and HW-65F respectively, the latter
was also found by [69]. Mean pore radii measured in this work for the Toyopearl series value about 70 to 80%
of the data supplied by the manufacturer, although the fitted Kp curves of Toyopearl HW40-F and HW50-F
in Fig. 3.4 match measured data reasonably well. The different result highlights how much the results depend
on the method used to acquire the data.

Toyopearl HW65-F is the only stationary phase analyzed in this work with observable macropores from SEM
analysis. The viscosity radius of the largest molecule employed in this research, a dextran molecule of
approximately 2,000,000 Da, is 37 nm. Thus it is likely that the dextran molecule is capable of accessing a
fraction of the macro-porous pore space, which yields the measurement of external porosity inaccurate. This
affects the accuracy of both of intraparticle diffusivity and measured pore size distribution as well. An even
larger molecule to measure external porosity, for example large DNA molecules as used in [69], would
certainly not be able to penetrate any pore space.

3.4.6 Obstruction due to tortuosity

Particle tortuosity, measured via electric impedance, shows trends within each stationary phase series, that
correlate to particle porosity. With increasing particle porosity, tortuosity decreases, and the obstruction due
to tortuosity y,. increases, just as predicted in literature, e.g. [21]. External porosity is unknown, but a required
input factor in equation 3.17. The results in Fig. 3.5 show the average of the obstruction due to tortuosity yp -,
calculated for five assumed external porosities, as detailed in section 3.3.2 Contributions to the internal
obstruction factor, with the error bar as standard deviation of the five results. At similar particle porosity, the
tortuosities of Sephadex and Toyopearl stationary phases are very similar. The Dowex stationary phase series
shows the largest y,,., which may be due to the fact that the ionic surface charge on the ion-exchange stationary
phase reduces impedance. Measured obstruction factors can be found in Table 3.18 in the supplementary
material.
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Fig. 3.5 — Obstruction due to tortuosity calculated from particle
tortuosity measured via electric impedance. Exact external
porosities were unknown, therefore tortuosity was calculated for
five estimated external porosities between 0.36 and 0.44.
Displayed value is the average of five calculations with the
standard deviation as the error bar.

3.4.7 The parallel pore model

Correlating intraparticle diffusion to individual stationary phase properties, as defined in the parallel pore
model, in combination with properties of the diffusing molecules did not lead to a conclusive correlation. In
Fig. 3.6 we show the correlation of measured intraparticle diffusivities to the product of particle porosity,
hindrance to diffusion, and internal obstruction factor, the parallel pore model.

Bringing together all three parameters of the parallel pore model in the relation to measured intraparticle
diffusivity lead to reasonably accurate predictions for small intraparticle diffusivities (Dyp/Dn < 0.2), with the
exception of Sephadex G-25. The data appeared to “level off” for larger intraparticle diffusivities. Generally,
intraparticle diffusion in the Sephadex series appeared to be underestimated, while the Dowex and Toyopearl
data appeared to be overestimated.

In comparison to the simple correlation of Mackie and Meares (Fig. 3a), the parallel pore model is an
improvement. It provides more insight into the interplay of geometric properties between stationary phase and
diffusing molecule and the predictability of the intraparticle diffusivity increases. However, based on Fig. 3.6
it is not possible to predict the intraparticle diffusivity over the whole measurement range, even though the
parallel pore model considers more data. We have attempted to find an explicit correlation between
intraparticle diffusivity and pore characteristics, but not all model input parameters were experimentally
measurable. It is possible that pore structure is a topic more complex than captured in the three parameters of
the parallel pore model.
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Fig. 3.6 — Correlation of measured intraparticle diffusivity to the parallel pore model: product of particle porosity
&p, hindrance diffusion factor F(Zn), and internal obstruction factor y,,..

3.4.8 Accessible fraction of pore volume and its influence on intraparticle diffusivity

In an attempt to relate measured intraparticle diffusivities more accurately to pore characteristics, the
accessible fraction of pore volume for each molecule was calculated from the product of Kp and particle
porosity &,. Here, Kp was calculated with equation 3.14 for each molecule and stationary phase. Plotted against
measured intraparticle diffusivity the accessible fraction of pore volume yields an exponential trend that
follows the trend predicted by Mackie and Meares (Fig. 3.7), which in this case should be interpreted
according to equation 3.19.

Kpe 2
DeP ]Dm 3.19

Dp = |————
P Z—KDSP

This method yields a clear correlation between measured intraparticle diffusivities and pore characteristics
and provides a predictive model. The main advantage of this predictive model is that it relies only on ISEC
measurements that can be collected from a packed column, in which the stationary phase is in the same
conditions as during the anticipated separation process. Furthermore, the use of the accessible fraction of pore
volume does not rely on absolute pore dimensions, as it relies on data recorded with the same or similar
molecules. The proposed equation should be further challenged, specifically widening the applicability to
higher accessible pore fractions (> 0.7) with corresponding higher intraparticle diffusivities (Dp/Dm > 0.2).
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Fig. 3.7 — Accessible fraction of pore volume, calculated from the
product of Kp and particle porosity.

3.5 Conclusions

Measured intraparticle diffusivity (Dp/Dm) in this work ranged from 0.02 to 0.2, with a few exceptions. If a
first estimate is required, it seems reasonable to assume diffusion inside a porous chromatographic particle to
be around 10% of the bulk diffusion, as suggested by Nicoud [16] and Ruthven [21]. When the particle
porosity is known, a better estimate is obtained with the Mackie and Meares correlation. Although, on average,
it overestimates intraparticle diffusivity by a factor of three. Including further characterization of the resin by
measuring the mean pore size, the internal obstruction factor and the hindrance diffusion factor, the parallel
pore model can provide a better insight and prediction of the intraparticle diffusivity. However, the best
prediction of the intraparticle diffusivity to stationary phase characteristics was obtained by using the Mackie
and Meares correlation in combination with the apparent fraction of accessible pore volume. This approach
should be further challenged, specifically widening the applicability to higher accessible pore fractions (> 0.7)
with corresponding higher intraparticle diffusivities (Dy/Dm > 0.2).
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3.8 Supplementary material

3.8.1 Van Deemter curves
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Fig. 3.8 — Van Deemter curves in a) Sephadex G-10, b) G-15, and c) G-25. Reduced HETP h (-) over reduced velocity v (-).
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Fig. 3.9 — Van Deemter curves in a) Dowex 50XW?2, b) XW4 and ¢) XW8. Reduced HETP h (-) over reduced velocity v (-).
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Fig. 3.10 — Van Deemter curves in a) Toyopearl HWA40F, b) 50F, and c) 65F. Reduced HETP h (-) over reduced velocity v (-).
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3.8.2 Column data

Table 3.5 — Data of each column packed with a different stationary phase. All columns with an inner diameter of 10 mm.
Stationary phase L(m) rp(um) Vo(mL) Vi(mL) e () &(-) & (-) rpore (NM)

Sephadex G-10 0.30 43.84 8.56 1535 037 0.66 0.46 1.0
Sephadex G-15 0.26 37.07 7.12 16.05 0.34 0.78 0.66 14
Sephadex G-25 0.24 13119 7.67 1593 040 084 0.73 17
Dowex 50WX2 0.21 70.39 3.92 1461 024 088 0.84 2.3
Dowex 50WXx4 0.21 52.85 5.00 1282 030 0.78 0.68 14
Dowex 50WX8 0.22 45.47 6.18 1197 036 0.69 0.52 0.7
Toyopearl HW40F 0.21 24.22 4.67 1236 028 0.75 0.66 1.7
Toyopearl HW50F 0.24 24.78 6.04 1528 032 081 0.72 5.0
Toyopearl HW65F 0.21 26.05 7.05 13.63 042 0.81 0.68 35.0
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3.8.3 Elution data

Table 3.6 - Elution data of all molecules in Sephadex G-10 stationary phase. Elution of D0 for different velocities was
not measured in this stationary phase.

Molecule us(m/h) uL(m/s) pi(mL) p2(mL?) HETP(m)

D0 | ) ’ ’ ’
049 00004  14.84 056  0.0008
Aetone 100 00007  15.07 089  0.0012
202 00015 1522 163 00021
303 0002 1534 216 0.0027
048 00003 1353 038 0.0006
i 100 00007 1401 066 00010
203 00015 1428 113 0.0016
303 0002 1431 143 00021
048 00004  11.00 058  0.0014
. o 100 00007 1141 124 00028
7-aminobutyric acid 203 00015  11.42 273 0.0062
303 00022 1146 385  0.0086
048 00004 1221 095  0.0019
100 00007 1266 177 00032
Fructose 203 00015 1295 414 00073
303 00022 1319 680  0.0115
048 00004  10.45 087  0.0024
o 100 00007 1076 149 0.0038
Triglycine 203 00015  10.88 261 0.0065
303 0002 1093 391 0.0096
048 00004  10.96 123 0.0030
Sucrose 100 00007 1131 311 00072
203 00015  11.23 516 0.0121
303 00022 1119 692  0.0163
048 00004  10.02 209 00061
. 100 00007 9.97 199 0.0059
Maltotriose 203 00015 9.52 139 0.0045
303 0002 9.36 102 00034
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Table 3.7 - Elution data of all molecules in Sephadex G-15 stationary phase. Elution of D,O for different velocities was
not measured in this stationary phase.

Molecule us(m/h) uc(m/s) pi(mL)  p2(mL?) HETP(m)

D0 i ) ) ) )
0.47 0.0004 15.57 0.27 0.0003
Acstone 1.00 0.0008 16.42 041 0.0004
2.03 0.0016 16.56 0.65 0.0007
3.03 0.0024 16.63 0.88 0.0009
0.47 0.0004 14.96 0.16 0.0002
NaCl 1.00 0.0008 15.80 0.33 0.0004
2.03 0.0015 16.00 0.50 0.0006
3.02 0.0023 16.06 0.71 0.0008
0.50 0.0004 13.03 0.32 0.0005
-aminobutyric acid 1.00 0.0008 13.04 0.48 0.0008
2.03 0.0016 13.20 0.81 0.0014
3.02 0.0024 13.24 1.02 0.0017
0.47 0.0004 13.80 0.31 0.0005
1.00 0.0008 14.58 0.63 0.0009
Fructose
2.03 0.0016 14.72 1.34 0.0018
3.03 0.0024 14.83 1.82 0.0024
0.47 0.0004 11.67 0.32 0.0007
L 1.00 0.0008 12.29 0.59 0.0011
Triglycine
2.03 0.0016 12.46 1.06 0.0020
3.03 0.0024 12.52 1.49 0.0028
0.47 0.0004 12.58 0.54 0.0010
1.00 0.0008 13.19 0.95 0.0016
Sucrose
2.02 0.0016 13.24 2.09 0.0035
3.03 0.0024 13.42 3.05 0.0049
0.47 0.0004 11.43 1.36 0.0030
. 0.99 0.0008 11.77 1.85 0.0039
Maltotriose
2.03 0.0016 11.81 2.60 0.0054
3.03 0.0024 11.81 3.33 0.0069
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Table 3.8 - Elution data of all molecules in Sephadex G-25 stationary phase. Elution of D,O for different velocities was
not measured in this stationary phase.

Molecule us(m/h) uc(m/s) pi(mL)  p2(mL?) HETP(m)

D0 - - - - -
0.16 0.0001 16.20 1.22 0.0012

0.50 0.0003 16.48 1.74 0.0017

Acetone 1.00 0.0007 16.32 2.39 0.0023
2.02 0.0014 16.59 3.74 0.0036

3.04 0.0021 16.75 5.45 0.0051

NaCl - - - - -
0.15 0.0001 14.09 1.54 0.0020

0.49 0.0003 15.55 2.44 0.0027

y-aminobutyric acid 1.00 0.0007 15.72 3.94 0.0042
2.02 0.0014 15.99 6.06 0.0063

3.04 0.0021 15.88 8.29 0.0086

0.15 0.0001 14.96 1.26 0.0015

0.49 0.0003 15.95 2.82 0.0030

Fructose 1.00 0.0007 16.18 412 0.0042
2.02 0.0014 16.42 8.56 0.0084

3.03 0.0021 16.63 13.10 0.0126

0.15 0.0001 14.32 1.09 0.0014

0.49 0.0003 15.17 2.87 0.0033

Triglycine 1.00 0.0007 15.29 4.68 0.0052
2.02 0.0014 15.60 8.13 0.0089

3.04 0.0021 15.58 11.72 0.0126

0.15 0.0001 14.09 1.48 0.0020

0.49 0.0003 14.95 3.58 0.0043

Sucrose 1.00 0.0007 15.09 6.28 0.0072
2.02 0.0014 15.34 11.17 0.0126

3.04 0.0021 15.27 15.31 0.0172

0.15 0.0001 13.03 1.65 0.0025

0.49 0.0003 13.73 3.58 0.0050

Maltotriose 1.00 0.0007 13.96 6.49 0.0087
2.02 0.0014 13.94 10.81 0.0147

3.04 0.0021 14.05 16.16 0.0214
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Table 3.9 - Elution data of all molecules in Dowex 50WX2 stationary phase. Elution of acetone and NaCl for different

velocities were not measured in this stationary phase.
Molecule us(m/h) uc(m/s) pi(mL)  p2(mL?) HETP(m)

0.49 0.0006 14.30 1.10 0.0011
0.0 0.99 0.0011 14.41 1.15 0.0012
‘ 2.03 0.0023 14.89 1.59 0.0015
3.06 0.0035 14.85 1.83 0.0018
Acetone i i i i i
NaCl i ) ’ ’ )
0.47 0.0005 14.69 2.23 0.0022
aminobutvric acid 0.99 0.0011 15.40 2.99 0.0027
’ y 2.02 0.0022 15.71 4.07 0.0035
3.02 0.0033 15.88 5.09 0.0043
0.47 0.0005 12.49 1.00 0.0014
0.99 0.0011 13.16 1.57 0.0019
Fructose
1.95 0.0022 12.85 2.24 0.0029
3.02 0.0035 13.73 3.40 0.0038
0.47 0.0005 18.78 2.47 0.0015
o 0.99 0.0011 19.71 3.59 0.0020
Triglycine
2.02 0.0022 20.19 5.79 0.0030
3.01 0.0033 20.18 7.27 0.0038
0.47 0.0005 10.55 0.78 0.0015
0.99 0.0011 11.11 1.27 0.0022
Sucrose
2.02 0.0023 11.41 211 0.0034
3.01 0.0035 11.47 2.92 0.0047
0.47 0.0005 10.34 0.86 0.0017
. 0.99 0.0011 11.14 1.57 0.0027
Maltotriose
191 0.0022 11.06 241 0.0041
3.02 0.0035 11.85 4.26 0.0064
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Table 3.10 - Elution data of all molecules in Dowex 50WX4 stationary phase. Elution of acetone and NaCl for different
velocities were not measured in this stationary phase.

Molecule us(m/h) uc(m/s) pi(mL)  p2(mL?) HETP(m)

0.48 0.0004 12.54 0.26 0.0003
D.O 0.96 0.0009 12.53 0.36 0.0005
‘ 2.03 0.0018 13.19 0.55 0.0007
3.03 0.0027 13.01 0.66 0.0008
Acetone i i i i i
NaCl i ) | | )
0.48 0.0004 12.08 0.53 0.0008
aminobutvric acid 0.99 0.0009 12.35 0.86 0.0012
7 y 202 00017 1263 156 0.0020
3.03 0.0026 12.72 2.13 0.0028
0.47 0.0004 10.05 0.39 0.0008
0.99 0.0009 10.71 0.79 0.0014
Fructose
2.02 0.0018 10.83 1.30 0.0023
3.03 0.0027 11.31 2.06 0.0034
0.48 0.0004 15.75 1.12 0.0009
o 0.99 0.0009 16.12 1.93 0.0016
Triglycine
2.03 0.0018 16.66 3.33 0.0025
3.03 0.0026 16.61 4.46 0.0034
0.48 0.0004 8.01 0.31 0.0010
1.00 0.0009 8.34 0.63 0.0019
Sucrose
2.02 0.0018 8.38 0.97 0.0029
3.02 0.0027 8.41 1.43 0.0042
0.47 0.0004 7.67 0.97 0.0034
. 0.99 0.0009 8.20 1.38 0.0043
Maltotriose
1.97 0.0018 8.23 191 0.0058
3.03 0.0027 8.26 2.41 0.0074
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Table 3.11 - Elution data of all molecules in Dowex 50WX8 stationary phase. Elution of acetone and NaCl for different

velocities were not measured in this stationary phase.
Molecule us(m/h) uc(m/s) pi(mL)  p2(mL?) HETP(m)

0.47 0.0004 11.43 0.13 0.0002
D.O 1.00 0.0008 12.21 0.19 0.0003
2 202 0.0016 12.22 0.31 0.0005
3.02 0.0023 12.04 0.42 0.0006
Acetone i i i i i
NaCl i ) | | )
0.47 0.0004 9.95 1.79 0.0040
aminobutvric acid 1.00 0.0008 10.72 341 0.0066
’ y 2.02 0.0016 10.46 5.26 0.0106
3.02 0.0023 10.48 7.08 0.0143
0.47 0.0004 8.27 0.35 0.0011
1.00 0.0008 8.98 1.13 0.0031
Fructose
2.02 0.0016 8.81 191 0.0054
3.02 0.0023 9.19 3.42 0.0090
0.47 0.0004 10.99 1.47 0.0027
o 1.00 0.0007 11.79 3.72 0.0059
Triglycine
2.02 0.0015 11.83 7.32 0.0116
3.02 0.0023 11.75 9.71 0.0156
0.47 0.0004 6.52 0.47 0.0025
1.00 0.0008 6.83 0.61 0.0029
Sucrose
2.02 0.0016 6.66 0.72 0.0036
3.02 0.0023 6.72 0.84 0.0041
0.47 0.0004 5.99 0.28 0.0017
. 1.00 0.0008 6.40 0.35 0.0019
Maltotriose
2.02 0.0016 6.42 0.28 0.0015
3.02 0.0023 6.32 0.32 0.0018

65



Chapter 3

Table 3.12 - Elution data of all molecules in Toyopearl HW-40F stationary phase. Elution of triglycine for different
velocities was not measured in this stationary phase.

Molecule us(m/h) uc(m/s) pi(mL)  p2(mL?) HETP(m)

0.50 0.0005 12.44 0.08 0.0001

1.00 0.0010 12.30 0.10 0.0001

D0 2.03 0.0020 12.50 0.15 0.0002
3.04 0.0029 12.42 0.19 0.0003

4.03 0.0039 12.17 0.21 0.0003

0.46 0.0004 12.31 0.10 0.0001

0.99 0.0010 13.18 0.18 0.0002

Acetone 2.03 0.0020 13.58 0.29 0.0003
3.10 0.0030 13.82 041 0.0004

4.05 0.0039 13.38 0.51 0.0006

0.50 0.0005 11.25 0.06 0.0001

0.99 0.0010 10.39 0.09 0.0002

NaCl 2.02 0.0020 11.49 0.14 0.0003
3.04 0.0029 10.88 0.18 0.0003

4.03 0.0039 10.60 0.22 0.0004

0.46 0.0004 7.90 0.07 0.0002

0.99 0.0010 8.61 0.11 0.0003

y-aminobutyric acid 2.04 0.0020 8.94 0.21 0.0006
3.05 0.0030 8.84 0.30 0.0008

4.04 0.0039 8.63 041 0.0011

0.46 0.0004 8.81 0.07 0.0002

0.99 0.0010 9.64 0.15 0.0003

Fructose 2.03 0.0020 9.82 0.25 0.0005
3.04 0.0029 10.01 0.39 0.0008

4.03 0.0039 9.58 0.44 0.0010

Triglycine - - - - -
0.50 0.0005 8.89 0.08 0.0002

1.00 0.0010 8.92 0.15 0.0004

Sucrose 2.03 0.0020 9.11 0.34 0.0008
3.04 0.0029 9.11 0.50 0.0013

4.03 0.0039 8.73 0.70 0.0019

0.47 0.0005 7.86 0.26 0.0009

1.00 0.0010 8.12 0.36 0.0011

Maltotriose 2.03 0.0020 8.34 0.57 0.0017
3.05 0.0030 8.16 0.71 0.0022

4,01 0.0039 8.04 0.86 0.0028
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Table 3.13 - Elution data of all molecules in Toyopearl HW-50F stationary phase. Elution of acetone and NaCl for
different velocities were not measured in this stationary phase. Fructose only at 4 different velocities.

Molecule us(m/h) uL(m/s) pi(mL)  p2(mL?) HETP(m)

0.50 0.0004 15.28 0.07 0.0001

1.00 0.0009 15.43 0.10 0.0001

D0 2.01 0.0017 15.45 0.14 0.0001
3.04 0.0026 15.59 0.16 0.0002

413 0.0035 15.84 0.21 0.0002

0.50 0.0004 16.16 0.10 0.0001

0.99 0.0009 16.11 0.14 0.0001

Acetone 2,01 0.0017 16.38 0.24 0.0002
3.03 0.0026 16.41 0.32 0.0003

4.13 0.0035 16.72 041 0.0004

0.50 0.0004 14.07 0.06 0.0001

1.00 0.0009 13.92 0.09 0.0001

NaCl 2.01 0.0017 14.09 0.13 0.0002
3.04 0.0026 14.21 0.17 0.0002

413 0.0035 14.60 0.22 0.0002

0.50 0.0004 12.47 0.09 0.0002

1.00 0.0009 12.53 0.12 0.0002

y-aminobutyric acid 2.01 0.0017 12.59 0.23 0.0003
3.05 0.0026 12.67 0.29 0.0004

413 0.0035 12.90 0.39 0.0006

0.50 0.0004 1351 0.10 0.0001

1.00 0.0009 13.36 0.15 0.0002

Fructose 2.01 0.0017 13.47 0.25 0.0003
4.13 0.0035 13.65 0.46 0.0006

Triglycine - - - - -
0.50 0.0004 12.69 0.08 0.0001

0.99 0.0008 12.64 0.16 0.0002

Sucrose 2.01 0.0017 12.80 0.29 0.0004
3.04 0.0026 13.00 0.43 0.0006

413 0.0035 13.05 0.57 0.0008

0.50 0.0004 12.27 0.18 0.0003

0.99 0.0008 11.99 0.26 0.0004

Maltotriose 2.00 0.0017 11.99 0.37 0.0006
3.04 0.0026 12.16 0.53 0.0009

4.13 0.0035 12.38 0.70 0.0011
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Table 3.14 - Elution data of all molecules in Toyopearl HW-65F stationary phase. Elution of acetone and NaCl for
different velocities were not measured in this stationary phase.

Molecule us(m/h) uc(m/s) pi(mL)  p2(mL?) HETP(m)

0.49 0.0003 13.32 0.48 0.0006

1.00 0.0007 13.72 0.53 0.0006

D;0 2.02 0.0014 13.79 0.59 0.0007
3.03 0.0020 13.66 0.63 0.0007

4.03 0.0027 13.65 0.68 0.0008

0.49 0.0003 14.47 0.15 0.0002

1.00 0.0007 14.83 021 0.0002

Acetone 2.02 0.0014 15.00 0.30 0.0003
3.03 0.0020 14.88 0.36 0.0004

4.03 0.0027 14.84 0.43 0.0004

0.49 0.0003 13.20 011 0.0001

1.00 0.0007 13.54 0.14 0.0002

NaCl 2.02 0.0014 13.83 0.19 0.0002
3.03 0.0020 13.78 0.24 0.0003

4.03 0.0027 13.80 0.28 0.0003

0.49 0.0003 12.53 0.12 0.0002

1.01 0.0007 12.94 0.16 0.0002

y-aminobutyric acid 2.02 0.0014 12.97 0.22 0.0003

3.03 0.0020 12.84 0.28 0.0004
4.03 0.0027 12.84 0.35 0.0004

0.49 0.0003 12.81 0.12 0.0002

1.01 0.0007 13.24 0.18 0.0002

Fructose 2.02 0.0014 13.26 0.27 0.0003
3.03 0.0020 13.39 0.36 0.0004

4.03 0.0027 13.08 0.40 0.0005

Triglycine - - - - -
0.49 0.0003 12.58 0.14 0.0002

1.01 0.0007 12.95 0.21 0.0003

Sucrose 2.02 0.0014 13.02 0.31 0.0004
3.03 0.0020 12.97 0.40 0.0005

4.03 0.0027 12.63 0.48 0.0006

0.49 0.0003 12.13 0.08 0.0001

1.01 0.0007 12.76 0.19 0.0002

Maltotriose 2.02 0.0014 12.91 0.37 0.0005
3.03 0.0020 12.67 0.49 0.0007

4.03 0.0027 12.72 0.64 0.0008
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3.8.4 Inverted size exclusion data

Table 3.15 — Mean retention volume Vg, void volume Vo, total liquid volume V7, partition coefficient Kp, and molecular
radius ry for the Sephadex series used for the Kp curves to calculate pore size distribution.

Stationary phase  Molecule Vr(U1) [mL] Vo [mL] Vr[mL] Ko[-] rm[nm]
Sephadex G-10 Dextran 2-10° 8.18 8.18 15.95 0.000  36.706
D20 15.95 8.18 15.95 1.000 0.094

Fructose 11.82 8.18 15.95 0.468 0.323

Sucrose 10.39 8.18 15.95 0.284 0.478

Maltotriose 9.46 8.18 15.95 0.165 0.601

y-aminobutyric acid 10.57 8.18 15.95 0.308 0.272

Triglycine 10.02 8.18 15.95 0.237 0.369

Sephadex G-15 Dextran 2-10°8 7.56 7.56 16.87 0.000  36.706
D20 16.87 7.56 16.87 1.000 0.094

Fructose 13.29 7.56 16.87 0.615 0.323

Sucrose 12.11 7.56 16.87 0.488 0.478

Maltotriose 11.06 7.56 16.87 0.376 0.601

Maltotetraose 9.81 7.56 16.87 0.241 0.691

Dextran 1K 8.70 7.56 16.87 0.122 0.886

y-aminobutyric acid 11.24 7.56 16.87 0.395 0.272

Triglycine 11.97 7.56 16.87 0.474 0.369

Sephadex G-25 Dextran 2-10°8 7.97 7.97 17.90 0.000  36.706
D,0 17.90 7.97 17.90 1.000 0.094

Fructose 16.32 7.97 17.90 0.840 0.323

Sucrose 15.11 7.97 17.90 0.719 0.571

Maltotriose 13.63 7.97 17.90 0.570 0.601

Maltotetraose 11.08 7.97 17.90 0.313 0.691

Dextran 1K 10.14 7.97 17.90 0.218 0.886

Dextran 5K 7.83 7.97 17.90 -0.014 1.768

y-aminobutyric acid 15.84 7.97 17.90 0.792 0.272

Triglycine 15.44 7.97 17.90 0.752 0.369
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Table 3.16 — Mean retention volume Vg, void volume Vo, total liquid volume V7, partition coefficient Kp, and molecular
radius ry for the Dowex series used for the Kp curves to calculate pore size distribution.

Stationary phase  Molecule VR (M1) [mL] Vo [mL] Vr[mL] Ko[-] rm[nm]
Dowex 50WX2 Dextran 2-10° 5.86 5.86 18.49 0.000  36.706
D20 18.49 5.86 18.49 1.000 0.094

Fructose 16.86 5.86 18.49 0.871 0.323

Sucrose 14.40 5.86 18.49 0.676 0.571

Maltotriose 14.18 5.86 18.49 0.659 0.601

Maltotetraose 14.13 5.86 18.49 0.655 0.691

Dex 1K 10.95 5.86 18.49 0.403 0.886

Dex 5K 6.40 5.86 18.49 0.042 1.768

y-aminobutyric acid 19.46 5.86 18.49 1.077 0.272

Triglycine 24.79 5.86 18.49 1.499 0.369

Dowex 50WX4 Dextran 2-10° 7.37 7.37 17.81 0.000  36.706
D20 17.81 7.37 17.81 1.000 0.094

Fructose 14.76 7.37 17.81 0.708 0.323

Sucrose 11.45 7.37 17.81 0.391 0.571

Maltotriose 11.10 7.37 17.81 0.358 0.601

Maltotetraose 10.21 7.37 17.81 0.272 0.691

Dex 1K 8.69 7.37 17.81 0.127 0.886

Dowex 50WX8 Dextran 2-10° 7.96 7.96 15.92 0.000  36.706
D20 15.92 7.96 15.92 1.000 0.094

Fructose 11.50 7.96 15.92 0.445 0.323

Sucrose 8.96 7.96 15.92 0.125 0.571

Maltotriose 8.41 7.96 15.92 0.055 0.601

Maltotetraose 8.04 7.96 15.92 0.010 0.691

Dex1K 8.01 7.96 15.92 0.006 0.886
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Table 3.17 — Mean retention volume Vg, void volume Vo, total liquid volume V7, partition coefficient Kp, and molecular
radius ry for the Toyopearl series used for the Kp curves to calculate pore size distribution.

Stationary phase  Molecule VR (M1) [mL]  Vo[mL] Vr[mL] Ko[-]  rm[nm]
Toyopearl HW 40-F Dextran 2-10° 4.01 4.01 12.97 0.000  36.706
D20 12.97 4.01 12.97 1.000 0.094

Fructose 9.72 4.01 12.97 0.638 0.323

Sucrose 8.87 4.01 12.97 0.542 0.571

Maltotriose 7.89 4.01 12.97 0.433 0.601

Maltotetraose 6.98 4.01 12.97 0.331 0.691

Dex 1K 6.02 4.01 12.97 0.224 0.886

Dex 5K 4.29 4,01 12.97 0.031 1.768

y-aminobutyric acid 8.50 4.01 12.97 0.501 0.272

Triglycine 7.75 4.01 12.97 0.418 0.369

Toyopearl HW 50-F Dextran 2-10° 541 541 15.42 0.000  36.706
D20 15.42 541 15.42 1.000 0.094

Fructose 13.07 541 15.42 0.765 0.323

Sucrose 12.45 541 15.42 0.704 0.571

Maltotriose 11.78 541 15.42 0.636 0.601

Maltotetraose 11.13 541 15.42 0.571 0.691

Dex 1K 10.43 541 15.42 0.501 0.886

Dex 5k 8.58 541 15.42 0.317 1.768

Dex 12K 7.67 541 15.42 0.226 2.661

Dex 25K 6.78 541 15.42 0.137 3.757

Dex 50k 6.09 541 15.42 0.069 5.627

y-aminobutyric acid 12.37 541 15.42 0.695 0.272

Triglycine 11.87 541 15.42 0.646 0.369

Toyopearl HW 65-F Dextran 2-10° 9.18 9.18 18.05 0.000  36.706
D}10] 19.33 9.18 18.05 1.145 0.094

Fructose 18.05 9.18 19.33 0.873 0.323

Sucrose 17.48 9.18 19.33 0.818 0.571

Maltotriose 17.29 9.18 19.33 0.799 0.601

Maltotetraose 17.12 9.18 19.33 0.782 0.691

Dex1K 17.00 9.18 19.33 0.770 0.89

Dex 5K 16.41 9.18 19.33 0.712 177

Dex 12K 16.23 9.18 19.33 0.695 2.66

Dex 25K 15.66 9.18 19.33 0.638 3.76

Dex 50K 15.14 9.18 19.33 0.587 5.63

Dex 80K 14.68 9.18 19.33 0.541 6.76

Dex 150K 14.02 9.18 19.33 0.477 9.36

Dex 270K 13.46 9.18 19.33 0.422 11.68

Dex 410K 13.03 9.18 19.33 0.379 13.86

Dex 670K 12.60 9.18 19.33 0.337 16.70
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3.8.5 The parallel pore model — input parameters

Table 3.18 — Intraparticle diffusivities Dy/Dw, errors of intraparticle diffusivities, hindrance diffusion factors F(im),
obstruction factors yp, partition coefficient Kp calculated from the pore size distribution for all molecules in the Sephadex
series

Molecule Dp/Dnm [-] Error of F(m) [-] 7 [-] Ko from

Dp/Dm [-] PoSD [-]

Sephadex G-10 | D,0O - - - - -
Acetone 0.03 0.01 0.38 0.18 0.68

NaCl 0.02 0.01 0.52 0.18 0.78

y-aminobutyric acid 0.003 0.001 0.26 0.18 0.57

Fructose 0.01 0.001 0.18 0.18 0.50

Triglycine 0.003 0.001 0.16 0.18 0.47

Sucrose 0.003 0.001 0.06 0.18 0.32

Maltotriose - - - - -

Sephadex G-15 | D,0O - - - - -

Acetone 0.11 0.02 0.49 0.19 0.74
NaCl 0.07 0.03 0.61 0.19 0.82
y-aminobutyric acid 0.05 0.02 0.38 0.19 0.57
Fructose 0.04 0.01 0.30 0.19 0.59
Triglycine 0.03 0.01 0.28 0.19 0.65
Sucrose 0.02 0.01 0.15 0.19 0.43
Maltotriose 0.02 0.005 0.08 0.19 0.32

Sephadex G-25 | D,0O - - - - .

Acetone 0.27 0.07 0.56 0.32 0.79
NaCl - - - - -
y-aminobutyric acid 0.18 0.04 0.45 0.32 0.72
Fructose 0.13 0.03 0.38 0.32 0.66
Triglycine 0.13 0.03 0.36 0.32 0.64
Sucrose 0.12 0.03 0.23 0.32 0.52
Maltotriose 0.10 0.02 0.15 0.32 0.42
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Table 3.19 — Intraparticle diffusivities Dy/Dn, errors of intraparticle diffusivities, hindrance diffusion factors F(im),
obstruction factors y,, partition coefficient Kp calculated from the pore size distribution for all molecules in the Dowex

series

Molecule Dp/Dnm [-] Error of F(m) [-] 7 [-] Ko from

Dp/Dm [-] PoSD []

Dowex 50WX2 | D,0 0.26 0.16 0.79 0.75 0.92
Acetone - - - - -

NaCl - - - - -

y-aminobutyric acid 0.22 0.05 0.55 0.75 0.78

Fructose 0.21 0.05 0.48 0.75 0.73

Triglycine 0.29 0.09 0.46 0.75 0.72

Sucrose 0.20 0.04 0.34 0.75 0.62

Maltotriose 0.16 0.04 0.25 0.75 0.53

Dowex 50WX4 | D,O 0.16 0.07 0.69 0.75 0.87
Acetone - - - - -

NaCl - - - - -

y-aminobutyric acid 0.09 0.02 0.38 0.75 0.66

Fructose 0.07 0.02 0.30 0.75 0.59

Triglycine 0.13 0.04 0.28 0.75 0.57

Sucrose 0.05 0.02 0.16 0.75 043

Maltotriose 0.04 0.01 0.08 0.75 0.32

Dowex 50WX8 | D,O 0.08 0.02 0.48 0.36 0.73
Acetone - - - - -

NaCl - - - - -

y-aminobutyric acid 0.01 0.002 0.11 0.36 0.36

Fructose 0.01 0.002 0.05 0.36 0.26

Triglycine 0.01 0.003 0.04 0.36 0.24

Sucrose 0.002 0.001 0.004 0.36 0.10

Maltotriose - - - - -
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Table 3.20 — Intraparticle diffusivities Dy/Dn, errors of intraparticle diffusivities, hindrance diffusion factors F(im),
obstruction factors yp, partition coefficient Kp calculated from the pore size distribution for all molecules in the Toyopearl

series

Molecule Dp/Dm [-] Error of F(m) [-] 7o [-] Ko from

Dp/Dnm [-] PoSD [-]

Toyopearl HW-40F | D,O 0.11 0.03 0.74 0.24 0.89
Acetone 0.11 0.03 0.56 0.24 0.78

NaCl 0.08 0.02 0.66 0.24 0.85

y-aminobutyric acid 0.03 0.01 0.45 0.24 0.70

Fructose 0.06 0.01 0.38 0.24 0.64

Triglycine - - - - -

Sucrose 0.04 0.01 0.23 0.24 0.50

Maltotriose 0.03 0.01 0.14 0.24 041

Toyopearl HW-50F | D,0O 0.20 0.08 0.89 0.37 0.95
Acetone 0.20 0.05 0.80 0.37 0.91

NaCl 0.17 0.05 0.85 0.37 0.94

y-aminobutyric acid 0.11 0.02 0.74 0.37 0.88

Fructose 0.13 0.04 0.70 0.37 0.85

Triglycine - - - - -

Sucrose 0.13 0.03 0.60 0.37 0.78

Maltotriose 0.12 0.03 0.54 0.37 0.73

Toyopearl HW-65F | D,O 0.10 0.02 0.98 0.48 0.99
Acetone 0.20 0.05 0.96 0.48 0.99

NaCl 0.15 0.04 0.97 0.48 0.99

y-aminobutyric acid 0.17 0.04 0.95 0.48 0.98

Fructose 0.19 0.05 0.94 0.48 0.98

Triglycine - - - - -

Sucrose 0.20 0.05 0.91 0.48 0.97

Maltotriose 0.13 0.03 0.89 0.48 0.96
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Abstract

The strength of chromatography lies in the ability of fine-tuning recovery for specific target components or
fractions of interest. A downside of industrial chromatography is the need to dilute streams, as it is often
applied today. This article challenges the conventional low concentration of input streams and investigates
size exclusion chromatography at concentrated streams of high viscosity. Chromatographic operation with
concentrated streams leads to an increased pressure drop over the column and decreased mass transfer kinetics,
but also lower volumes compared to diluted streams. The objective of this research was to investigate
separation performance and system dimensions as a function of viscosity for food type streams, in scenarios
where viscosity is not caused by target components. Disadvantages due to increased stream volume with
decreasing concentration and benefits due to decreased viscosity were evaluated, aiming to find minimal
column volume.

Separation performance was evaluated for a range of target components in a preparative lab-scale system
using a size exclusion resin and mobile phase viscosities in the range of 1.2 — 8.7 mPa-s. Mobile phases were
viscosified through addition of sucrose, glycerol, or dextran. Change in mass transfer resistance, measured
via van Deemter curves, was related to the change in diffusivity through viscosity.

The analysis of different viscosifying agents emphasized the influence of viscosity inside the pores, rather
than viscosity of the bulk phase. The viscosity inside the pores was calculated via the partition coefficient of
each viscosifying agent. Based on the slopes of van Deemter curves, column dimensions were calculated for
different scenarios, assuming a non-compressible stationary phase. Column volume remained constant with
stream dilution from 8.7 mPa-s down to about 2.5 mPa-s. However, at the same time column geometry
changed to thinner and longer columns with decreasing viscosity, in order to accommodate throughput and
pressure drop. When diluting to even lower viscosities, column volume increased, since stream viscosity is
less sensitive to stream concentration at the low viscosity range. These results are relevant to a wide range of
industries utilizing weak interaction chromatography, especially those where process development is mainly
driven by cost reduction and where a trade-off between purity, yield, and costs has to be made.
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4.1 Introduction

Preparative chromatographic separations distinguish themselves from most other separation techniques
through the ability to fine-tune separation mechanisms for specific molecular properties of target components.
This ability allows access to fractions of interest with low loss of product, high purity and high productivity.
In order to economize chromatography in industrial processes, process productivity is optimized in regard to
product loss, processing time and unit costs. Productivity, generally defined as ratio of product mass to column
volume and processing time, is commonly improved by optimizing product yield and/or processing time.
Additional potential for productivity optimization lies within reduction of column volume. Column volume is
directly linked to chromatographic resin and eluent quantities required, which in many separation processes
are the main contributors to overall chromatographic footprint and processing costs and can be reduced if
column volume is reduced [1]. One possibility to reduce column volume is reduction of feed stream volume
by operation at higher concentrations. But, with increase in concentration, most streams will also show an
increase in viscosity, which in turn will have a negative impact on both mass transfer and pressure drop.
Commonly, processes are designed to keep stream viscosity as low as possible in order to maximize diffusion
and chromatographic efficiency and minimize retention times [2].

Literature on the effect of mobile phase viscosity in liquid column chromatography is primarily concerned
with viscous fingering, a phenomenon which reduces column efficiency through instable interfaces between
liquid phases of different viscosities [3, 4]; if all liquid phases have the same viscosity, as in this work, viscous
fingering does not occur. The effects of viscosity on mass transfer inside chromatographic columns have been
discussed to a limited extent. Colin et al. looked at the change in mobile phase viscosity through temperature
[5]. They found the main effect of increased temperature on column efficiency and pressure drop is due to the
reduced viscosity, which leads to increased diffusivities of the target components. Nakanishi et al. described
the dispersion of NaCl and glucose in size exclusion chromatography, focusing on diffusion inside a range of
Sephadex stationary phases [6]. In one part of their work the mobile phase was viscosified with added glycerol
to a viscosity of 2.5 mPa-s and elution curves of NaCl were measured. The increase in viscosity resulted in
an increase in mass transfer resistance. This study builds on the work done by Nakanishi et al. [6]. The mobile
phase viscosity was increased even further, up to 8.7 mPa-s.

In general, there are three scenarios where operating at higher stream viscosity may theoretically lead to direct
benefits in separation processes. First, inherently viscous streams are diluted before chromatographic
processing, only to remove water content of product fractions in subsequent steps. If costly and energy
intensive removal of water was minimized by reducing dilution prior to chromatographic separation, process
cost savings would be imminent. Second, streams with large volumes and low concentration of target
components are often discarded entirely and their product content is not utilized. If the stream volume was
reduced, less volume with a higher product concentration could make the purification of target components
economically feasible, despite water removal costs. For both scenarios, a chromatographic step under
increased viscosity could lead to smaller column volumes and thus processing cost reduction. In a third
scenario, chromatography at elevated viscosity may be a viable alternative to chromatography at high
temperatures. Many components of complex products are sensitive to temperature and require mild treatment
throughout the process. In all three scenarios column length and column diameter will change with input
stream viscosity and volume. Relating column volume to bulk viscosity leads to optimized process conditions
and minimized water use.
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Evaluation of column volume with changing mobile phase viscosity requires knowledge on column efficiency,
stream viscosity, and pressure drop over the column bed, when input stream concentration is changed. Column
efficiency is evaluated based on the number of plates N, which can be determined as a requirement for a given
separation process [5]. The number of plates in a chromatographic column is defined by the ratio of column
length L over the height equivalent to a theoretical plate HETP. With the term HETP, fluid dynamic non-
idealities, mass transfer resistances, and ad- and desorption rates in a chromatographic column are summed
up [5]. One of the most prominent factors on HETP is the diffusion of molecules in mobile and stationary
phases, in the latter especially at preparative scale. Molecular diffusivity is directly related to mobile phase
properties such as viscosity, temperature, and concentration of its constituents, as well as molecular size or
volume of the diffusing molecule itself. Diffusivity in a stationary phase is a more complex matter, but
generally speaking it is related to diffusivity in the mobile phase and reduced through (steric) hindrances
induced by the porous stationary phase [6]. The influence of concentration on stream viscosity is known for
most simple solutions and can be measured in more complex cases. The pressure drop in packed
chromatographic beds as a function of viscosity is known. The main unknown is the influence of viscosity on
HETP, described by the van Deemter curve.

This study builds on the work done by Colin et al. and Nakanishi et al. [5][6]. The temperature was kept
constant and the mobile phase viscosity was increased through addition of viscosifying agents. The effect of
viscosity on HETP and system volume was analyzed under the condition that not the target component but
the viscosifying agent caused the bulk viscosity. The focus was laid on plate height and the change in number
of plates, however the authors are aware that the required number of plates for a separation depends on peak
shapes as well. Van Deemter curves, which relate HETP to velocity, were measured at various viscosities.
Mobile phase viscosity was increased with three different viscosity agents: sucrose, a common constitute of
many food streams such as ketchup, juices and extracts, was compared to glycerol and dextran to analyze
influence of molecular characteristics of the viscosifying agent. A new method is demonstrated that enables
the comparison of column designs for different stream concentrations based on a constant number of plates
and pressure drop. With this method, the influence of viscosity and viscosifier concentration was related to
the number of plates N and changes in column dimensions. This research aims at a variety of industries such
as food processing or polymer production as well as other processes, where processing costs are limiting
factors and, unlike for pharmaceutical requirements, the optimal combination of purity, yield and costs is a
trade-off.

4.2 Theory

4.2.1 Height equivalent to a theoretical plate as a function of viscosity

Preparative chromatography at large scale generally utilizes high velocities to treat large stream volumes and
rather large particle diameters to maintain a low pressure drop over the column bed. In such conditions, linear
interstitial velocity u_ and particle diameter d, are easily a hundred times larger, compared to typical analytical
chromatography. When velocity and particle diameter are so large, overall HETP in weak interaction
chromatography processes is typically dominated by transparticle mass transfer resistance Hsw: [7], which in
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turn is proportional to the quotient of interstitial linear velocity u. and intraparticle diffusivity D, (equation
4.1).
uy,
HETP ~ Hgpqp & — 4.1
Dy
Intraparticle diffusivity Dy is a function of solute interaction with stationary phase properties, here summed
up as 2, and solute diffusivity in the liquid phase inside the pore volume D ore (equation 4.2) [8].

Dy = 0 Dypore 4.2

When mobile phase viscosity is influenced by viscosifying agents, solute diffusivity inside pore volume D pore
may not be identical to solute diffusivity in the bulk phase Dp.puk. Within the pore volume, molecules are
confined by the ratio of their size to pore diameter. This confinement influences the concentration of all
molecules in pore volumes and may cause mobile phase viscosity to be different in pore volumes than in the
bulk phase. The concentration inside the pores as function of mobile phase concentration can be determined
via isotherm measurements. For linear relationships of concentration in bulk and pore, the concentration ratio
of each molecule between pore and bulk can be expressed via the partition coefficient Kp (equation 4.3) [9].

Cpore

KD = 4.3

Chulk

The partition coefficient Kp of the viscosity agent can be determined from pulse injection measurements of
retention volume of the viscosifying agent Vg, the interparticle void volume Vo and the total mobile phase
volume Vr (equation 4.4) in phosphate buffer without elevated viscosity [10].

Ve = Vo

Ky =
T -1,

4.4

From the concentration of the viscosifying agent in the mobile phase, concentration inside pore volumes is
determined and used to calculate an average viscosity Hgore in the pore volume. Solute diffusivity Dm.i (cm?/s)
in turn is inversely proportional to viscosity ; (either in the bulk or inside the pore), as given by the Wilke-
Chang equation (equation 4.5) [2, 11].

_ 7.4-1078(pMp )Y2T

; 45

With ¢, the dimensionless association factor of 2.6 for water, Mg molecular weight of the bulk phase (mixture
of phosphate buffer and viscosifier; g/mol), T temperature (K), i viscosity in the bulk or inside the pore
volume (mPa-s) and V4 molecular volume of solute at boiling point (mL/mol), calculated after Le Bas [11].

Combining equations 4.1, 4.2, and 4.5, shows that a change of HETP as function of velocity under preparative
conditions is proportional to inverse Du.pore, Which in turn is inversely proportional to the viscosity inside the
pores Hpore, leading to the relationship of equation 4.6:
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HETP 1 HETP
o« =

< U 4.6
D pore .
u m.pore uy

Change in HETP as function of u. is plotted as van Deemter curve and its determination standard
chromatographic procedure. Generally van Deemter plots are normalized by dividing HETP by the resin
particle diameter d,, which yields the reduced HETP h and the linear interstitial velocity u. is multiplied by
dp and divided by Dbk, which yields the reduced velocity v.

4.2.2 Column dimensions as a function of mobile phase viscosity

This method enables calculation of column dimensions for different bulk viscosities on the basis of fixed
parameters such as a constant pressure drop, required number of plates and initial stream volume.

Column length L and operating velocity us are calculated for a constant pressure drop 4p and a specific
viscosity (solid green line in Fig. 4.1). The same parameters L and us are calculated for a constant number of
plates N at that same viscosity (dashed blue line in Fig. 4.1). The intersection of the two lines, marks the
operating parameters at which all requirements are met, when utilizing a specific stream viscosity (red circle
in Fig. 4.1).

Column length, L

Superficial linear velocity, ug

Fig. 4.1 — Column length L and superficial linear velocity us for
set parameters and a specific viscosity. Solid green line shows
operation at constant pressure drop over the column Ap, dashed
blue line shows operation at constant number of plates N.
Intersection of both lines, marked with red circle, gives L and us
at set pressure drop and plate number for a specific viscosity.

Column length for a constant pressure drop over the column bed as function of velocity is calculated with the
Ergun equation (equation 4.7), with column length L (m), pressure drop 4p (Pa), mobile phase viscosity
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Houik (Pa-s), particle diameter d, (m), bed porosity e (-), mobile phase density p (kg/m?), and superficial linear
velocity us (m/s) [12].
1 150, (1-&)° 175p(1-¢) ,

L dip &3 Us dyAp  &p® Us

4.7

Equation 4.7 is valid only in case of a non-compressible stationary phase. Many industrially relevant
stationary phases do exhibit compression to a certain degree, dependent on operating conditions and column
aspect ratios, which must be considered when scaling designs. For such a case Stickel and Fotopoulos derived
adjustments to empirical models to correlate pressure drop to aspect ratio of packed beds and velocity and
further predict bed porosity [13]. As a first approximation for scale-up, we assumed the stationary phase was
non-compressible.

Column length for a constant number of plates as function of linear superficial velocity ug is calculated based
on slopes of van Deemter curves and equation 4.8 with u;, = ug/ep.

L = HETP(u;)"N 48

Column volume CV is calculated from L and column area A, which in turn was calculated by dividing
volumetric stream Qv with linear superficial velocity us. The stream volume Qv is reduced with stream
concentration.

With this method the column volume for operation at any given viscosity can be calculated, as long as the van
Deemter curve, the pressure drop over the column bed and the viscosifier concentration are known.

4.3 Materials and methods

4.3.1 Materials

Mobile phase

All experiments were conducted with a phosphate buffered mobile phase (25 mM NaHPO.,
25 mM NaH2PO4, and 50 mM NaCl; all from Merck, Germany) in Milli-Q water. Viscosity was increased by
use of sucrose, a small dextran of 9-11 kDa (both from Sigma Aldrich, St. Louis, MO, USA) or glycerol
(Boom, the Netherlands). For the viscous mobile phases, the viscosifier was dissolved first and the salts were
added according to the volume of the solution. For each mobile phase the viscosity was measured with a
Physica MCR 301 rheometer (Anton Paar, Austria) at 22°C. Viscosities and concentration of viscosifier added
are detailed in Table 4.1.

Before use mobile phases were filtered through a 0.45 pm Durapore® membrane filter (Merck, Germany).
Between experiments mobile phases were stored at 4°C, but no longer than 48 h before use.
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Table 4.1 — Concentration of sucrose and glycerol (% m/m) to reach target viscosities in each mobile phase.

Viscosifier\Viscosity 1.2 mPa-s 2.3mPas 4.5 mPa:s 8.7 mPa's
Sucrose | 0% 22% - 44%
Glycerol | 0% - 46% 58%
Dextran | 0% - 19% 27.5% (8.0 mPa-s)

Stationary phase

All experiments were conducted using Sephadex G-15 size exclusion resin (GE Healthcare, Uppsala, Sweden)
with a cut off of about 1.5 kDa, according to the manufacturers website. The mean particle diameter (80 um)
was measured with a Mastersizer 2000 (Malvern, UK).

Target component preparation

All solid target components were dissolved in the mobile phase at each viscosity, to avoid any changes in
viscosity along the column and associated phenomena like viscous fingering. All target components were
from Sigma Aldrich, St. Louis, MO, USA. Respective target concentrations and detection wavelengths
(refractive index in case of dextran) are given in Table 4.2. Acetone was the only liquid target component and
added per volume.

Table 4.2 — Target components, concentration in sample volume and UV detection wavelength (RI for refractive index).

Target c(g/L) Detection
y-aminobutyric acid | 3 210 nm
Triglycerin | 1 218 nm
Glycyl-L-tyrosine | 1 276 nm
Dextran | 10 RI
NaCl | 58 200 nm
Acetone | 2% Viv 260 nm

Chromatographic equipment

For liquid chromatography a Wellchrom set-up with a K-1001 pump and a K-2401 RI-detector was used, all
from Knauer, Germany. Furthermore a Julabo F25 MP controlled the temperature in the column jacket and a
mini Cori-Flow flowmeter (Bronkhorst, The Netherlands) measured the flow rate after the detector. Pressure
drop over the column bed was continuously measured using EZG10 pressure sensors (Knauer, Germany), all
components were connected with 0.02” PEEK tubing (Grace, Deerfield, IL, USA).

Column measurements were made on a slurry packed Gotec Superformance 300-10 column (300 x 10 mm)
with tefzel capillaries of 35 cm lengths and 1D 0.5 mm, including flow adapter with frits and filter (all Gotec,
Germany). During all experiments bed height and pressure drop were recorded and, if required, flow adapters
adjusted to minimize headspace upon bed compression or the bed repacked. The zero length column was a
Gétec Superformance 10-10 column (10 x 10 mm) with no resin and the flow adapters in direct contact as
described in [14].
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4.3.2 Methods

Column preparation and characterization

For experiments at low viscosity, the column was slurry packed in two steps. The first began with phosphate
buffer to settle the slurry in a ramped up profile of up to 10 mL/min for 20 minutes. In the second step the
funnel for the slurry packing was removed, the flow adapter and a filter placed above the resin bed and the
resin bed further compressed at 10 mL/min for 30 minutes. For measurements at high viscosity, the column
was slurry packed in three steps. First, resin slurry was settled in a ramped up flow profile of up to 10 mL/min
for 20 minutes in phosphate buffer. Second, mobile phase was exchanged to 8.7 mPa-s sucrose phosphate
buffer and flow reduced to 3 mL/min for 25 min. Third, the funnel for the slurry packing was removed, the
flow adapter and a filter placed above the resin bed and the resin bed compressed at 3 mL/min in 8.7 mPa-s
sucrose phosphate buffer for 30 minutes. External porosity was measured via retention volume of 10 g/L
dextran (average molecular weight of approximately 2-10° Da) pulse injections in phosphate buffer and with
blue-dextran (both Sigma Aldrich, St. Louis, MO, USA) at higher viscosities (UV detection at 621 nm).

Chromatographic analysis

All chromatographic measurements were conducted as pulse injections of 80 L at varying velocity. The
column was kept at 22°C through a water jacket. All peaks were analyzed with the method of moments in
Microsoft Excel as described in [14]. Integration limits were set automatically at 1% of total peak height and
baseline drift was corrected for automatically when necessary to mitigate common concerns of inaccuracy
when using the method of moments [15-17]. A detailed example of the correction of drifting baselines and
the setting of peak start and end points is given in the supplementary material for y-aminobutyric acid in
different mobile phases (Fig. 4.12a through 12e). With high viscosifier concentration some target components
showed a low signal intensity in their chromatogram, resulting in detection instabilities, noisy baselines and
sometimes minima before or after the peak. Among the elution peaks in the supplementary material (Fig.
4.13), y-aminobutyric acid eluted in sucrose and glycerol gives a good example of aforementioned detection
challenges (Fig. 4.13b). In these cases the integration limits were set manually. Linear superficial velocities
us were 0.5, 1, 2, and 3 m/h (0.5,1,1.5, and 2 m/h with dextran as viscosifier at 4.5 mPa-s and 8 mPa-s). With
each new mobile phase the column was equilibrated with a minimum of five column volumes. All
measurements were corrected for extra-column contribution for each mobile phase viscosifier, viscosity,
velocity, and target component, as described in [14].

Measurement of partition coefficient -Kp

The partition coefficient Kp for sucrose and glycerol was calculated from the slopes of linear isotherms.
Isotherms were measured via frontal analysis of breakthrough times with the staircase method via the
refractive index (RI) as described by [18]. To the unviscosified phosphate buffer the viscous mobile phase
was added in steps of 5% (v/v), while the viscous mobile phase was at the same viscosifier concentration as
the maximum used in the pulse injection measurements.

Ko of all three mobile phase viscosifiers was additionally calculated with equation 4.4 from mean retention
times measured from pulse injections of 80 pL at 1 m/h in unviscosified phosphate buffer as mobile phase. Vo
was measured with dextran (2-:10° Da) and Vr with 2% (v/v) acetone. Kp of dextran was measured from pulse
injections and calculated with equation 4.4.
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Mobile phase viscosity

Mobile phase viscosity was increased through addition of sucrose, glycerol, or dextran. Viscosity of different
viscosifier concentrations in phosphate buffer were measured in a rheometer at 22°C and functions fitted to
the data. Viscosity of sucrose solutions was fitted to equation 4.9, a modification of an empirical model [19].
Viscosity of glycerol solutions was estimated using equations 4.10 through 4.15, as proposed by [20].
Viscosity of dextran solutions was fitted to equation 4.16, entirely based on measurements. Measurements,
empirical models and fitted functions are shown in Fig. 4.11 which, along with equations 4.9 through 4.16,
can be found in the supplementary material.

Van Deemter curves and intraparticle diffusivity Dy

Van Deemter curves, HETP as function of linear interstitial velocity u., were recorded for each target
component and mobile phase. From the slope in the linear region of each van Deemter curve the intraparticle
diffusivity Dy was calculated as described in [7]. This method also takes the resistance to external mass transfer
kiim into account, which was calculated using the Wilson and Geankoplis relation. Non-interacting conditions
were assumed. The confidence interval of D, was calculated from the propagated uncertainties of the slope of
van Deemter curves and ksm. The uncertainty of the slope was calculated from the standard error of the slope
with a 95% confidence interval, the uncertainty of km was estimated assuming an uncertainty of 20% for Dy,

Parameters for system size calculations

The influence of the bulk viscosity on the system size is illustrated by separation of two minor components
(target component and a component without affinity for the resin) in a viscous medium. For the calculation of
column dimensions as function of viscosity, case parameters were set. All case parameters are given in Table
4.3. For the calculation of pressure drop a bed porosity of 0.34 was assumed, even though van Deemter curves
at higher viscosities were recorded with lower bed porosities.

An initial stream volume of 10 m3/h and a viscosifier concentration of 1% (m/m) was assumed. Change in
stream volume through water removal and subsequent increase in viscosity, was simulated by increasing
concentration of viscosifying agent in the mobile phase while assuming a linear isotherm for all target
components.

Table 4.3 — Case parameters for comparison of change in column dimensions with increased viscosity.

Name Symbol Quantity Unit

Pressure drop Ap 5 bar

Initial stream volume Qv 10 mé/h
Number of plates N 100 -
Particle size dp 800 pm
Temperature T 22 °C

Bed porosity &b 0.34 -
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4.4 Results and discussion

4.4.1 Van Deemter curves at increased viscosities

Chromatography in viscous solutions leads to a decrease in overall mass transfer, resulting in increased slopes
of van Deemter curves, as shown for triglycine in phosphate buffer viscosified to 2.3 and 8.7 mPa-s with
sucrose in Fig. 4.2a and viscosified to 4.5 and 8.7 mPa-s with glycerol in Fig. 4.2b. Recording elution peaks
in viscous mobile phases, two main effects and several side effects were observed. The first main effect was
the expected increase in band broadening due to increased mass transfer resistance with viscosity. The second
main effect was the degree of band broadening increase was correlated to the viscosity inside the pores, rather
than the viscosity of the bulk phase; a topic further discussed in section 4.4.2.
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Fig. 4.2 — Van Deemter curves of reduced HETP h over interstitial linear velocity uy for triglycine in phosphate buffer
at 1.2 mPa-s and (a) phosphate buffer containing sucrose at 2.3 and 8.7 mPa-s and (b) phosphate buffer containing
glycerol at 4.5 and 8.7 mPa-s. Lines indicate 95% confidence interval for linear regression of the slope.

The observed side effects challenged experimental HETP determination and ultimately decreased accuracy
with increasing viscosity. At lower viscosities, measured data points of the van Deemter curve formed a
straight line with little or no deviation, visible from the small 95% confidence interval displayed by dotted
lines in Fig. 4.2. At higher viscosities of the mobile phase recorded van Deemter curves showed a larger
spread of data points for expected linear behavior, leading to larger uncertainty in determined slopes, which
could be improved through additional measurements. As pressure drop increased, the resin bed compressed
slightly, resulting in different bed heights, bed porosities and retention volumes, which were corrected for in
each case. Measured pressure drop was compared to the calculated pressure drop, which was calculated based
on actual bed height and porosity with equation 4.7 (Fig. 4.3). In most cases measured pressure drop matched
expected pressure drop fairly well. One measurement in glycerol, where measured pressure drop was far above
expectation, led to a repacking of the column, as indicated in Fig. 4.3. Peak shapes changed from almost
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perfect symmetry to tailing and in some cases fronting peaks. Because of the focus of this work, the change
in peak shape was not further analyzed, although it has an influence on HETP and an accurate description of
the change in peak shape is important for application towards a practical separation. The elution peaks of
acetone show an increase of retention volume with viscosity, with either sucrose or glycerol in the mobile
phase (Fig. 4.13a), while all other retention volumes decrease (Fig. 4.13b, ¢, and d). We have found no
plausible explanation for this observation. Last but not least baseline stability decreased, resulting in necessity
for baseline correction in some cases, especially for y-aminobutyric acid measured at a wavelength of 210 nm
(Fig. 4.13b). Elution peaks of acetone, y-aminobutyric acid, triglycine and glycyl-L-tyrosine at us =1 m/h in
phosphate buffer, and mobile phase viscosified with sucrose at 2.3 and 8.7 mPa-s and glycerol at 4.5 and
8.7 mPa-s are added to the supplementary material (Fig. 4.13).
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Fig. 4.3 — Measured pressure drop over the column bed over the
calculated pressure drop from equation 4.7. Pressure drop of
mobile phase viscosified with dextran was constantly larger than
expected due to higher apparent viscosity.

For all investigated target components the following relationships were found: the larger the molecule, the
steeper the slope of the van Deemter curve at low viscosity and greater the increase in slope with increased
viscosity. Van Deemter curves of all target components showed similar behavior in terms of increasing
confidence interval with viscosity (supplementary material, Fig. 4.14, Fig. 4.15, and Fig. 4.16).

Comparison of peak broadening for different target components at different viscosities is best demonstrated
by plotting reduced HETP h over reduced velocity v which takes bulk diffusion coefficients into account (Fig.
4.4a for sucrose and Fig. 4.4b for glycerol in mobile phase). The slope of h over v increased with molecular
size, but due to the correction for the bulk diffusion coefficient Dw,pusk, displayed an almost linear behavior
for each molecule with varying viscosities. But it is also evident from Fig. 4.4, that at high viscosity overall
mass transfer resistance is not exactly proportional anymore to the diffusion coefficient in the bulk mobile
phase, as slopes at 8.7 mPa-s differ from slopes at lower viscosities.
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Fig. 4.4 — Reduced HETP h over reduced velocity v for pulse injections of acetone, y-aminobutyric acid, triglycine,
and glycyl-L-tyrosine in phosphate buffer at 1.2 mPa-s and a) phosphate buffer containing sucrose at 2.3 and
8.7 mPa-s and b) phosphate buffer containing glycerol at 4.5 and 8.7 mPa-s.

4.4.2 Influence of the partition coefficient of the viscosifying agent

A direct comparison of van Deemter curves for mobile phases viscosified with sucrose and glycerol revealed
a difference in slope at the same mobile phase bulk viscosity (round symbols for 8.7 mPa:s in Fig. 4.4a and
Fig. 4.4b). The same bulk viscosity resulted in a difference in slope and therefore a different resistance to
overall mass transfer. From the slope of the van Deemter curve, the overall resistance to mass transfer was
calculated, as described in [7], which takes into account both the mass transfer resistance inside the particle
and outside the particle in the stationary film layer. The contribution of the film mass transfer resistance kiim,
as calculated by the Wilson and Geankoplis relation, to the overall mass transfer resistance was negligible.
Since bulk diffusivities in sucrose and glycerol were almost identical and overall mass transfer was dominated
by the contribution of transparticle mass transfer, it stands to reason that the major difference between mass
transfer in mobile phases viscosified with sucrose or glycerol affected diffusion inside the particle pores.
Inside the pore volume, steric restriction imposed by the pore structure lead to a different distribution of
viscosifier molecules between external and internal particle space, resulting in different viscosities, and thus
diffusivities, in the pore volume. The difference in viscosity inside the pore and dependence of overall mass
transfer not only on bulk viscosity, but also the viscosifiers ability to penetrate pore volume was shown when
dextran was introduced; a viscosifying agent too large to penetrate any pore volume.

The concentration of viscosifier molecules, and with that an averaged viscosity inside the pore volume, was
calculated from the isotherms of sucrose and glycerol (Fig. 4.5). Since the isotherms are linear, the
concentration can also be calculated via the partition coefficient Kp (equation ). The measured Kp values for
sucrose and glycerol were 0.48 and 0.70 respectively. Measured Kp from pulse injections match the slope of
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isotherms for sucrose and glycerol. The isotherm of dextran showed an increase in stationary phase
concentration at higher mobile phase concentration (Fig. 4.5), which cannot be explained through pore
penetration, as the dextran used is about an order of magnitude larger than the cut off of the resin. A pore
concentration of zero, as measured via the partition coefficient was assumed for the remainder of the
experiments with dextran in the mobile phase. Viscosity inside the pore volume, calculated from the partition
coefficient, is plotted as a function of bulk viscosity in Fig. 4.6. In addition to glycerol and sucrose, Fig. 4.6
also shows the pore viscosity for dextran with a Kp of 0 (no access to any pore volume) and the case for a Kp
of 1 (complete access to pore volume).

& Glycerol s
Sucrose 7 /'
1] ’

I 350 ¢ Dextran § v Kp=1
E) E S
- K ’
S 250 g %
> 3 S
5 £ 4 Gl
kel o S lycerol
i g4 . Kp=07
B =% ,
£ 150 P
é " 2 ,/ Sucrose
g 5 22 J Ky=05
¢ %0 8 5
S s extran
o 0 Kp=0

0 100 200 300 400 500 0 2 4 6 8

Concentration in mobile phase, ¢ (g/L) Viscosity bulk phase, iy, (MPa-s)
Fig. 4.5 — Isotherms of glycerol, sucrose and dextran. Fig. 4.6 — Change of viscosity in pore volume upore as

function of bulk phase viscosity uuk, based on measured
partition coefficient Kp.

The dependence of mass transfer on the viscosity inside the pores is demonstrated by plotting the intraparticle
diffusivity measured in mobile phase viscosified with either sucrose (closed symbols) or glycerol (open
symbols) as a function of pore volume viscosity for four different target components (Fig. 4.7). The calculated
intraparticle diffusivities are small compared to bulk diffusivities, however the range of Q of 3 to 8% fits well
with data measured for an upcoming publication and also with simulated data [21, 22].

By accounting for the partition coefficient of the mobile phase viscosifying agent the respective intraparticle
diffusivities line up well for each molecule, independent of the mobile phase viscosifying agent used. In all
measurements glycyl-L-tyrosine was retained by an unknown mechanism, therefore the calculated
intraparticle diffusivity is larger than for triglycine at low intraparticle viscosity, based on their respective
molecular size alone, the opposite relationship was expected. The dependence of mass transfer on the viscosity
inside the pores is further demonstrated by viscosifying the mobile phase with dextran, a molecule so large it
does not have any access to the pore volume (Kp = 0). The influence of the mobile phase viscosifying agents
partition coefficient Ko becomes visible when the relative intraparticle diffusivity of triglycine is plotted
against Kp. Fig. 4.8 compares the intraparticle diffusivity measured at different viscosities due to glycerol,
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sucrose and dextran to intraparticle diffusivity measured in non-viscosified conditions. The reduction of Dy is
greatest for glycerol, the smallest viscosifier molecule with the largest Kp. At the same bulk mobile phase
viscosity, Dy is greater in mobile phase viscosified with sucrose because the viscosity in the pores is lower.
For mobile phases viscosified with dextran to 4.5 mPa-s and 8.0 mPa-s, no significant change in D, was
measured because the viscosity in the pores stayed the same. Additionally to measured data, two calculated
values for D, were added to Fig. 4.8, based on the measured change of D, with pore viscosity (open symbols).
The difference intraparticle diffusivity shows the dependence of mass transfer resistance on the accessible
fraction of pore volume for the viscosifying agent. The error bars show the 95% confidence intervals based
on the uncertainty of the van Deemter slopes. For acetone and y-aminobutyric acid , measured intraparticle
diffusivity in sucrose and glycerol behaved similar to triglycine. Intraparticle diffusivity is not the only mass
transfer to be considered, but it is the main bottleneck to efficient column design in many chromatographic
applications at scale. Accurate data of change in overall mass transfer with viscosity can be used to design
chromatographic systems.
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® y-aminobutyric acid § ::g mz:z
:'o 8 Triglycine ) f:f’ 1.2 ® Measurement
‘;(; ) Glycyl-L-tyrosine 5o 1 O Prediction
RE Ofn sucrose ? $ 1o e eeeeeeeeeeeeeeeeeeeeeeeeemeeaen
< 6 2in glycerol é %
B T g 08
2 3S
=] Tt 3
£ 4 ! g§ 06
a 4 g & <
2 | E
,tg . 9 0.4
g 2 ; £ A
3 P e 0.2 "
£ ‘ @ '
Dextran Sucrose  Glycerol
0 0:0
1 2 3 0.0 0.2 04 0.6

Viscosity inside pore volume, (.. (MPa's) Kp, of viscosifying agent (-)

Fig. 4.7 — Intraparticle diffusivities of acetone, y-
aminobutyric acid, triglycine, and glycyl-L-tyrosine as
function of viscosity inside pore volume due to sucrose
(closed symbols) and glycerol (open symbols). Error bars
show 95% confidence interval.

Fig. 4.8 — Intraparticle diffusivity D, of triglycine in
mobile phases of 2.3 mPa-s, 4.5 mPa-s, and 8.7 mPa-s
bulk viscosity with sucrose, glycerol, or dextran as
viscosifying agent, relative to Dy in phosphate buffer.
Closed symbols represent measured Dy, open symbols
show interpolated values, based on measured
intraparticle diffusivities.

4.4.3 System design based on bulk mobile phase viscosity

System sizes were calculated for input streams with different viscosities caused by changes in viscosifier
concentration. The change in concentration reflected on the stream volume, which was calculated for viscous
streams of 8.7 mPa-s diluted down to 1.2 mPa-s, on the basis of a throughput of 10 m/h at 1.2 mPa-s. For the
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estimation of system size with changing viscosity due to changing concentration, three relationships needed
to be known: viscosity of an input stream as a function of concentration, pressure drop over a column bed as
function of viscosity and velocity, and HETP as function of viscosity and velocity. The first relationship can
be found in literature for most mobile phases and is easily measured in other cases. The second relationship
can be accurately calculated with equation 4.4 for non-compressible stationary phases, but the third
relationship was not found in literature and was therefore measured in this work (section 4.4.1).

The influence of bulk viscosity on system size is illustrated in the following via the separation of two minor
components (target component triglycine and a component which is not retained by the resin) in a viscous
medium (sucrose solution). Three important assumptions were made for the design: first, the target component
did not influence mobile phase viscosity. Second, the stationary-phase was non-compressible, leading to
constant bed height and porosity, independent of column diameter and pressure drop. And third, the required
number of plates stayed constant, even though differences in peak shape were observed. Analogue calculations
for other target components and mobile phases viscosified through glycerol or dextran were made and their
results will also be discussed. For a variety of bulk viscosities and a constant pressure drop 4p, the column
length L was calculated as a function of linear superficial velocity us with equation 4.7 (solid lines in Fig. 4.9).
Further, for the same bulk viscosities and a constant number of plates N, the required L was calculated as a
function of us with equation 4.8 (striped lines in Fig. 4.9). Calculation of column length from N required
HETP as an input, which was measured for three different viscosities (as discussed in section 4.4.1). The slope
of the van Deemter curve changed linearly with bulk viscosity, which allowed interpolation between measured
data points to calculate the slope of van Deemter curves at any viscosity, within the measured range.
Intersections in Fig. 4.9, marked with circles, show L and us for different viscosities at required operation
parameters. With increasing viscosity, L and us were reduced, maintaining a constant pressure drop and
number of plates. From the determined intersections in Fig. 4.9, column dimensions were calculated as
described in section 4.2.2, taking into account an increase in stream volume, as concentration decreased
through dilution.

Fig. 4.10a shows column volume as a function of bulk viscosity for mobile phases viscosified with sucrose,
glycerol, and dextran and triglycine as target components, Fig. 4.10b column area A and column length L, for
the same data. Change in column volume was dictated by the effect viscosity had on overall mass transfer.
The change of pressure drop per column length was largely balanced through changes in the ratio of column
area to column length.

With decreasing viscosity, from 8.7 mPa-s until around 2.5 mPa-s, column volume stayed more or less
constant. The minute changes in column volume at higher viscosities were well within the margin of error
attributable to the uncertainty encountered when measuring van Deemter curves at higher viscosities. Dilution
to viscosities lower than 2.5 mPa:s, led to drastic increase in column volume (Fig. 4.10a). In the region of low
viscosities, relatively large changes in stream dilution and thus stream volume and viscosifier concentration,
had little impact on feed viscosity and mass transfer resistance. In a scenario where streams are diluted before
chromatographic separation, the results show dilution down to a viscosity of around 2.5 mPa-s would have
little to no effect on overall column volume. Dilution beyond 2.5 mPa-s would result in drastically larger
column volumes.
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For all target components, change in column volume with viscosity was similar, resulting in a more or less
constant column volume at viscosities larger than approximately 2.5 mPa-s. Also for different viscosifiers,
change in column volume followed the same overall trend, with differences in the range of 2 through 3 mPa-s.
These differences are due to the difference in viscosity at the same viscosifier concentration and therefore
stream volume reduction. With dextran as mobile phase viscosifier for example, measured van Deemter slopes
are less sensitive to viscosity changes but viscosity is more sensitive to concentration changes. The sum of
these two effects lead to a larger column volume with dextran as viscosifying agent in the range of 2 through
3 mPa:s, in comparison to sucrose or glycerol.

\ B g —1.2mPa's
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\ Lt 3 mPa's
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Wil —5mPa's

: 7 —6 mPa's

X —7 mPa's
o —=8 mPas
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=

Column length, L (m)

Superficial linear velocity, ug (m/h)

Fig. 4.9 — Calculated column length L for a range of bulk
viscosities at different linear superficial velocities us. Solid lines
present constant pressure drop 4p (5 bar), dashed lines present
a constant number of theoretical plates N (N =100) for
triglycine in sucrose. Intersections, marked with circles, show
column length L and linear velocity us at which all operating
conditions are met.

For viscosities larger than about 2.5 mPa-s, where overall column volume did not change with stream
viscosity, changing viscosifier concentration still affected column length L and column area A (Fig. 4.10b).

With initial dilution of the stream, linear velocity increased such, that column area decreased in order to
accommodate both increasing stream volume and mass transfer, while the length of the column increased.
Diluting further than about 2.5 mPa-s, led to an increase in column area, required to accommodate the large
stream volumes at low velocities. With larger viscosifying agents, columns became shorter and wider.
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Fig. 4.10 — (a) Column volume CV and (b) Column area A (solid line) and column length L (dotted line) as a function
of bulk mobile phase viscosity Hbuk, for constant number of plates and pressure drop for triglycine viscosified with
dextran, sucrose, glycerol.

45 Conclusions

This work shows HETP measurements in packed bed chromatography for a range mobile phase viscosities.
The results were used to explain the dependence of HETP on the viscosity predominant in pore space, rather
than in the bulk mobile phase and further to determine the change in column size and geometry for given
process parameters when streams are concentrated. With increasing viscosity each van Deemter curve showed
an increase in slope. Mass transfer in mobile phases with sucrose, glycerol or dextran differed, even with
identical bulk viscosities, due to difference in viscosity in the pore volume. Larger molecules penetrate the
pore volume to a smaller extend and have less influence on the diffusion inside the pores, which in preparative
chromatography usually is the main resistance to mass transfer. Correction for viscosifier penetration into
pore volume via the partition coefficient Kp, enabled the comparison and calculation of behavior for different
viscosifying agents. The data showed that viscosity inside pore volume should be taken into account rather
than only the viscosity of the bulk mobile phase. In case the target molecule is intrinsically viscous the
difference between the viscosity inside and outside will be based on the same phenomena. The insights
provided in this study can help taking viscosity differences into account when selecting a resin for a separation
process. If the resin is selected such that it largely excludes the viscosity causing molecules from the pore
space, mass transfer resistance inside the pores is reduced greatly and processes can be designed more
efficiently.

Calculations for the influence of feed viscosity on system dimensions showed that column volume is more or
less independent of stream viscosity in a viscosity range from 8.7 mPa-s down to about 2.5 mPa-s. With
dilution, columns get longer and thinner, but the overall volume stays near constant. Upon further dilution,
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column volume is increased drastically, as viscosity becomes less sensitive to concentration changes. The
difference of column volume for different viscosifying agents is not pronounced as system size is mostly
dependent on the slope of van Deemter curves as function of viscosity. Column dimensions however do differ
between viscosifying agents, tending towards larger column areas and shorter columns with viscosifying
molecule size. For the estimation of process economics, column geometry can be used as an indicator for unit
costs, as the logarithm of unit costs generally behaves linearly to the logarithm of a unit operations required
area [2].
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4.8 Supplementary material

4.8.1 Viscosity estimation

Bulk viscosity as function of concentration was measured in a rheometer for sucrose, glycerol and dextran
solutions and basic functions fitted to the measured data (Fig. 4.11). Viscosity for sucrose solutions was
calculated with equation 4.9, based on [19].

Hsucrose = A * e“1%suerose + 4, 49

With Csucrose in % (M/m) and Ag, A1, and A, are empirical parameters (with values of 0.48, 0.064, and 0.6
respectively) determined for best fit between measurement and calculated data.

For the calculation of viscosity in glycerol solutions, the empirical correlation detailed in equations 4.10
through 4.15 was used, as proposed by [20].

p= phug® 4.10

abCGlycerol 1- CGlycerol)

a=1-c¢ + 411
Glycerol ACglycerol T b(1- CGlycerol)
(=1230+T)T
Wy = 1.790¢ ss00¥507) e
(-1233+T)T
Hy = 12'1006( 9900+70T ) 413
a =0.705—-00017T 4.14
b = (4.9 + 0.036T)a?® 415

Viscosity estimation of dextran relied on empirical data measured in a rheometer. Equation 4.16 fit the
measured data with Ao = 1.1693 and A; = 0.0725 and Cpexran in % (mM/m).

Wpextran = AO . eAl'CDextran 4.16
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Fig. 4.11 — Measured viscosity as function of concentration for the
viscosifying agents sucrose, glycerol and dextran as well as the
fitted functions.

4.8.2 Elution peaks

Baseline correction

Fig. 4.12 shows recorded signals of y-aminobutyric acid and their corresponding baseline corrected elution
peaks, for a) phosphate buffer, b) 2.3 mPa-s sucrose, ¢) 8.7 mPa-s sucrose, d) 4.5 mPa-s glycerol and e)
8.7 mPa-s glycerol. For baseline correction, slope m and intercept b of the recorded signal between injection
and shortly before peak start were analyzed. All recorded data points of the elution peak y at time t were
corrected in the form Yeorrectea(t)=Y(t)-(m-t+b). The start and endpoints of each elution peak were calculated
automatically, where the signal reached 1% of the maximum signal intensity of the corrected peak. In cases
were baseline inconsistency hindered this simple algorithm, the start and/or endpoints were set manually.
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Elution peak overlays
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4.8.3 Van Deemter curves for sucrose in mobile phase
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Fig. 4.14 — Van Deemter plots of reduced HETP h over interstitial linear velocity u, for a) acetone, b) y-aminobutyric
acid, c) triglycine, and d) glycyl-L-tyrosine in phosphate buffer at 1.2 mPa-s and phosphate buffer containing sucrose
at 2.3 and 8.7 mPa-s. Lines indicate 95% confidence interval for linear regression of the slope.

99



Chapter 4

4.8.4 Van Deemter curves for glycerol in mobile phase
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Fig. 4.15 — Van Deemter plots of reduced HETP h over interstitial linear velocity u, for a) acetone, b) y-aminobutyric
acid, c) triglycine, and d) glycyl-L-tyrosine in phosphate buffer at 1.2 mPa-s and phosphate buffer containing glycerol
at4.5 and 8.7 mPa-s. Lines indicate 95% confidence interval for linear regression of the slope.
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4.8.5 Van Deemter curves for dextran in mobile phase
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Fig. 4.16 — Van Deemter plots of reduced HETP h over interstitial linear velocity u, for a) acetone, b) y-aminobutyric
acid, and c) triglycine, (no data for glycyl-L-tyrosine) in phosphate buffer at 1.2 mPa-s and phosphate buffer
containing dextran at 8.0 mPa-s. Lines indicate 95% confidence interval for linear regression of the slope.
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Abstract

Process streams of agro-food industries are often large and viscous. In order to fractionate such a stream the
viscosity can be reduced by either a high temperature or dilution. In case of temperature sensitive components,
temperature increase is not an option. Such streams are diluted prior to chromatographic fractionation,
resulting in even larger volumes and high energy costs for sub-sequential water removal. The influence of
feed viscosity on the performance of simulated moving bed SMB chromatography has been investigated. For
this the recovery of a y-aminobutyric acid rich fraction from tomato serum, with a restriction on the sugar
content, is used as case study using ion-exclusion separation mechanism. This work addresses the SMB design,
evaluates results from a pilot scale operation and uses these to calculate the productivity and water use at
elevated feed concentration. The SMB at the two higher feed viscosities (2.5 and 4 mPa-s) outperformed the
SMB at the lowest feed viscosity (1 mPa-s) both in terms of water use and productivity. The behavior of the
sugars for different feed viscosities can be described well by the model when the ratio of feed to eluent is used
as dilution factor. The behavior of y-aminobutyric acid in ion-exclusion chromatography is highly
concentration dependent and the recovery could not be predicted with accuracy.
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5.1 Introduction

Recovery of minor components from large agro-food streams offers a potential source for a variety of complex
compounds. Due to the size of the available streams, these components are present in large quantities. Such
components may be of value as functional ingredients in food products, however, they often are present in a
mixture with less desired components (i.e. salts or mono- and disaccharides). For the food industry, such
components are not only attractive with high purity, but also in the form of enriched fractions and clean-label
components [1]. This offers a window of opportunity to design recovery processes, which are restricted by
food industry specific requirements. Those requirements generally stem from a combination of process
economics and functionality of target components.

Non-destructive technologies are required, which leave the processed stream unspoiled from the (mild)
separation process so that all fractions may remain useable. Economic aspects mandate that the technologies
are scalable and energy efficient. Component functionality requires mild treatment throughout the process,
avoiding harsh chemicals or high temperatures, preferring the use of water as process aid.

Chromatographic processes are technically well suited for these type of separations, since they target specific
interactions between required compounds and stationary phase and are scalable [2]. In the pharmaceutical
industry chromatography is used to purify and fractionate complex molecules, such as proteins and peptides
often on a relatively small scale. In the food industry the examples are limited to large scale applications such
as high fructose corn syrup HFCS production and sucrose recovery from molasses [3]. Industrial-scaled
preparative chromatography for food products could be done by using continuous multicolumn applications,
like a simulated moving bed system with high productivities. Small and robust separation systems are required
since they will use small amounts of rather expensive stationary phase, which is one of the main contributors
to operation costs [4].

One way to reduce system size is the reduction of the feed volumetric flowrate. Feed streams can be reduced
in volume by reduction of water content or by minimizing dilution of concentrated serums, syrups, extracts,
etc. prior to the chromatographic separation. Generally, as the feed stream concentration decreases with
dilution, resistance to mass transfer and pressure drop will decrease. With dilution feed stream volume
increases. In this trade-off between feed stream size and mass transfer resistance, column volume increases at
highly diluted feed streams in single column operations [5].

This research investigates the impact of feed stream concentration on the productivity and water use in a
simulated moving bed SMB. The phenomena were studied using the case of obtaining an enriched
y-aminobutyric acid fraction from tomato serum using ion-exclusion chromatography. y-Aminobutyric acid
is a small amino acid and of interest as an additive in food products, it was separated from the saccharides
present in the serum.
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5.2 Materials and methods

5.2.1 Materials

Tomato serum

Tomato serum was supplied by Unilever, NL. The serum was supplied in cooled containers at a concentration
of 70°Bx and a viscosity of 271 mPa-s (measured at 20°C). The composition of tomato serum, as supplied by
the manufacturer, is detailed in Table 5.1. The serum was diluted with Milli-Q water to reach concentrations
of 7, 25, and 35°Bx, which amounts to 1, 2.5 and 4 mPa-s respectively. For isotherm measurements a model
feed was used, as a defined and simplified version of the complex tomato serum.

Table 5.1 — Feed for the case study — tomato serum as supplied by Unilever, the model feed used for isotherm
measurements, and the composition of the three diluted feed streams used for SMB experiments.

Composition tomato serum (70°Bx) Model feed (70°Bx) | Composition diluted [g/kg ww]
Component [o/kgww] [%db] | [g/kgww] [%db] | 7°Bx 25°Bx 35°Bx
Saccharides [g/kg ww]
Fructose | 187.5 43.1 190.8 40.8 19.1 68.1 95.4
Glucose | 166.5 38.2 169.8 36.3 17.0 60.6 84.9
Sucrose 6.5 15
Minerals [g/kg ww]
Monovalent (K, Na) 28.4 6.5 31.0 6.6 31 111 15,5
Divalent (Ca, Mg) 2.6 0.6
Organic acids [g/kg ww]
Citrate 35.1 8.1 35.1 75 35 12,5 17.6
Amino acids [g/kg ww]
y-Aminobutyric acid 8.9 2.0 8.9 1.9 0.9 3.2 45
Proteinaceous amino acids 321 74 321 6.9 32 115 16.1

Stationary phase

Dowex 50WX4, a cation exchange resin, was used as stationary phase. The mean particle diameter (106 um)
was measured with a Mastersizer 2000 (Malvern, UK). For the isotherm measurements and SMB pilot
experiments, the stationary phase was equilibrated with an ion solution resembling the cationic composition
of tomato serum: 38.35 g/L KCl, 3.28 g/L CaCl,-2H,0, and 8.11 g/L MgCl»6H,0.

Chromatographic equipment

For single column measurements a Wellchrom set-up with a K-1001 gradient HPLC pump, combined with a
dynamic mixer and injection valve, was used. Detection via a K-2600 UV detector and a CM 2.1S conductivity
detector; all from Knauer, Germany. Additional detection through a RI-502 RI detector from Shodex, Japan.
Furthermore, a F25 MP water-bath (Julabo, Germany) controlled the temperature in the column jacket and a
mini Cori-Flow flowmeter (Bronkhorst, The Netherlands) measured the flow rate after the detector. Elution
profiles were measured in a Gotec Superformance 300-10 column (300 x 10 mm), packed to a bed height of
26.8 cm at a superficial velocity of 1.11 m/h.
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The SMB pilot setup was built from six slurry packed Goétec Superformance 300-16 columns (300 x 16 mm)
with tefzel capillaries of 35 cm lengths and 1D 0.5 mm, including flow adapter with frits and filter (all Gotec,
Germany). The columns were connected in series in a 2/1/2/1 configuration as shown in Fig. 5.1, with 26.6 cm
average bed height, and 53.4 mL average bed volume. Water jackets of all columns were connected in line
with a F25 MP water bath (Julabo, Germany) to control the column temperature at 20°C. Four pumps, two
for delivery of eluent (Milli-Q water) and feed (tomato serum) and two for extraction of raffinate and extract
flows, all up to 50 mL/min (Knauer, Germany). One pump (250 mL/min) for recycling eluent from SMB
section 4 to section 1 (Knauer, Germany). Five multi-position valves (Knauer, Germany) for distribution of
inlets (eluent and feed) and outlets (raffinate, extract and recycle) over the SMB columns.

The SMB was inline monitored at the extract and raffinate outlets using refractive index K-2401 RI detectors
(Knauer, Germany) and conductivity (GE Healthcare, USA) detectors respectively. Pump flows were
monitored with inline mini CORI-FLOW flow meters (Bronkhorst, The Netherlands) at the pump outlets.
Temperature of two column outlets were measured with inline thermocouples.

| ! ]! v

4 I ) I ) I | \
Eluent
=2 2 2 2 F=
Solid phase
1 | 1 |
Eluent Extract Feed Raffinat

Fig. 5.1 — Schematic drawing of six column SMB set up. Sections marked with Roman numerals, schematic entry
and exit ports at the bottom.

5.2.2 Methods

Column characterization

In preparation of the SMB pilot experiments six columns were packed and characterized by pulse experiments.
Prior to column packing the resin was conditioned with a K/Ca/Mg solution, to avoid swelling or shrinking
of the stationary phase during operation. Columns were packed in Milli-Q, followed by bed compression with
a 4 mPa-s sugar solution at 15 mL/min (450 cm/h). Next the columns were characterized by measuring bed
height, porosities (bed and total porosity), and distribution coefficients of target components (glucose and
minerals). It was shown that all columns were uniformly packed, by comparing pulse elution profiles, bed
porosities, and distribution coefficients.
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Isotherm measurement

The linear isotherms of fructose and glucose were determined from pulse injections. The non-linear isotherm
of y-aminobutyric acid had to be measured via a different method and was determined from frontal analysis
of breakthrough times as described in [6]. All isotherm measurements were carried out in mobile phase of
three viscosities: 1, 4 and 12.5 mPa-s, corresponding to 7, 35 and 50°Bx tomato serum respectively. To
increase viscosity fructose, glucose and sucrose were used in the same ratio as in tomato serum (35% total
sugars for 4 mPa-s and 51% total sugars for 12.5 mPa-s).

Chromatographic analysis

The lumped kinetic model was used to describe mass transfer (equation 5.1), based on [7].

pgrp =22ty ( il )2
up, k 1_811 1+k1 51

overall &

HETP (m) is the height equivalent to a theoretical plate, measured from pulse experiments as described in [8].
Dy is the axial diffusion coefficient (m%s) in the mobile phase, which combines longitudinal diffusion and
eddy dispersion in the moving eluent [9], u. is the interstitial linear velocity (m/s), Koveran the lumped kinetic
factor (1/s), &, bed porosity (-), and ki the zone retention factor (-).

From the slopes of the linear part of van Deemter curves, in HETP (m) over interstitial linear velocity u. (m/s),
the lumped Kinetic factor Koveran (1/5) was calculated with equation 5.2 [10].
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The zone retention factor ki calculated from equation 5.3, with the particle porosity ¢, and the slope of the
isotherm % based on [7].
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Intraparticle diffusivity D, (m?/s) was then calculated from equation 5.4 [10].
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overall 3" kfilm

With r, particle radius (m) and the resistance to mass transfer through the stagnant film layer kim (M/s),
calculated as a function of reduced velocity v = (2-ryuL)/D (-) from the correlation of Wilson and Geankoplis
[11] as shown in equation 5.5.
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Viscosity measurement

Mobile phase viscosity was measured with a Physica MCR 301 rheometer (Anton Paar, Austria) at 20°C.

SMB design

A SMB design model was used based on the lumped kinetic model. Six columns were distributed over the
four sections of the SMB in a 2/1/2/1 configuration. First, an initial estimate of flows, size of the columns, and
switch time, was obtained from the triangle theory [12] was used. In a second step the design was optimized
in gProms Modelbuilder 5.1.1. dynamic optimization routine, by finding ideal velocities for each section. The
optimization objective was the maximization of feed flow over water input and the constrains were a 95%
removal of sugar and y-aminobutyric acid recovery of 99%. In these design calculations and to facilitate
evaluation of practical results, the same pressured drop in the system for all viscosities was maintained (4 bar
per column). All concentrations were calculated after 15 cycles of the entire system, well into steady state
operation. y-Aminobutyric acid recovery was calculated with equation 5.6, from mineral concentration in the
raffinate Crineratratt (Kg/m°), raffinate flow rate grai (M3h), feed concentration Crinerat feed (Kg/m®), and feed flow
rate Qreea (M3h).

Cmineral.raff-qraff 100%
ekt W ALhel VNN b
Cmineral.feed " Qfeed

Recoveryy—aminobutyric acid = 5.6

Sugar removal was calculated with equation 5.7, from summed glucose and fructose concentration in the
extract Csugarear (kg/m?), extract flow rate gew (M*h), summed glucose and fructose concentration in the
raffinate Cugar.rart (kg/m®), and raffinate flow rate grar (M°/h).

Csugar.extr * Qextr

Removalg,gqrs = -100% 5.7

Csugar.extr " Qextr + Csugar.raff " Qraff

Productivity was calculated from equation 5.8 with feed concentration of y-aminobutyric acid
Cy-aminobutyric acid feed (KG/M®), the recovery of y-aminobutyric acid (-), the feed flow rate ggeed (M/h) and the system
volume Vsus (volume of six columns, m?).

Cy—aminobutyric acid.feed ' RECOVETYy_aminobutyric acid * dfeed

Productivity = 5.8

VSMB

Wiater use was calculated as the sum of eluent (water input) and water required for feed dilution. Water
required for feed dilution was calculated with equation 5.9 from the feed stream grees (M*/h) and dilution factor
DF (-).

Afeed

5.9
DF

Water for dilution = qreeq —

With dilution factors of 10, 2.2, and 2, concentrated tomato serum (70°Bx) was diluted to viscosities of 1, 2.5,
and 4 mPa-s respectively.
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SMB operation

For each feed viscosity three experiments were performed in which the switch time was adjusted (Table 5.2)
and the flows were kept constant. For each feed viscosity the optimal switch time calculated was the lowest
switch time. During the start-up of each experimental series the flows were adapted in such a way that the
pressure drop in the first section was approximately 4 bar.

Table 5.2 - Switch time (min) in the nine experiments.

Feed viscosity ~ Experiment Switch time [min]

1 mPa:s (7°Bx) 1-3 \ 125-138-1.44
2.5 mPa:s (25°Bx) 4-6 \ 157-1.72-1.80
4 mPa:s (35°Bx) 79 ‘ 2.00-2.20-2.30

Viscosity estimation

The viscosity was estimated as an average over the system by using the ratio of feed and eluent (water) as
dilution factor. The so estimated viscosity was compared to the viscosity calculated from the measured
pressure drop. The pressure drop was measured with two EZG10 pressure sensors (Knauer, Germany) over
one column which changed position with each column switch. During steady state operation, the viscosity in
the system was estimated via the average pressure drop, using the Ergun equation (equation 5.10), with
pressure drop Ap (Pa), column length L (m), mobile phase viscosity pouk (Pa-s), particle diameter d, (m), bed
porosity ¢ (-), mobile phase density p (kg/m?), and superficial linear velocity us (m/s) [13].

_ 150mpuy (1 — &) 175p(1—¢p) ,

5.10
dZZ,L £b3 Us dpL Sb3 Us

The total sugar concentration within each column was also analyzed at the end of experiments for each feed
viscosity.

5.3 Results and discussion

5.3.1 Simulated moving bed - design

Tomato serum was analyzed for its key components (Table 5.1). The elution profile of each key component
was recorded from pulse injections, an overlay of all elution profiles, recorded via the refractive index RI, is
given in Fig. 5.2a. The profiles of the saccharides and y-aminobutyric acid were well separated, the later
showed little to no retention, eluting together with the minerals. Fig. 5.2b shows the same pulse injections as
Fig. 5.2a, with an overlay of diluted (1:10) tomato serum. The profile of tomato serum was recorded via RI
and electric conductivity EC. The RI overlay showed that the key components of the complex tomato serum
are well represented by the individually injected components. The EC overlay showed that almost all charged
components are in the first peak. These charged components had almost no retention, and were thus excluded
from the intraparticle pore volume. Based on these results it was decided, for practical reasons, to use minerals
as an indicator for y-aminobutyric acid during the design.
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Fig. 5.2 — a) Overlay of eluted peaks from pulse injections of the key components of tomato serum detected via RI.

b) Overlay of the same key components but with the additional overlay of diluted tomato serum detected with RI and
EC.

The viscosity of the tomato serum differed from the viscosity of the pure fructose and/or glucose mixtures.
Fig. 5.3 shows the viscosity measured in tomato serum as a function of total sugar concentration (sum of
fructose and glucose). The viscosity was much larger than data based on literature for either monosaccharide
[14]. This is an indication for the presence of a, so far, unidentified molecule, that influences viscosity. This
unknown contribution to viscosity, made the description of concentration and viscosity profiles inside the
SMB system inaccurate, as we will show later.

The SMB process was designed to fractionate the feed stream into an enriched y-aminobutyric acid fraction
(low affinity, raffinate port) and saccharide fraction (high affinity, extract port) (see Fig. 5.1). To establish the
equilibria of the separation, the isotherms were measured for the two major saccharide components (glucose
and fructose) and minerals (as indicator for y-aminobutyric acid) as function of feed viscosities (1, 2.5, and
4 mPa-s). The affinity of fructose was slightly higher than of glucose, and with increasing viscosity, the
affinity of both saccharides increased (Fig. 5.4a) and was linear in the range measured. The minerals isotherm
was convex, and showed no discernable dependence on viscosity (Fig. 5.4b). One mineral isotherm was fitted
over the whole concentration range and for the three measured viscosities (black dashed line in Fig. 5.4b).
Due to the convex isotherm of the minerals, the selectivity between the sugars and minerals (as indicator for

y-aminobutyric acid) decreased at increased tomato serum concentration, which made the separation more
difficult.
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Fig. 5.3 — Difference in viscosity between tomato serum, glucose
and sucrose solutions at equivalent concentrations.
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Fig. 5.4 — Isotherms of a) glucose and fructose and b) y-aminobutyric acid in target bulk viscosities.

Based on the isotherms, the flow rates in the different sections were calculated with the triangle theory [12]
for each viscosity. With the estimated flow rates and the kinetic parameters given in Table 5.3, flow rates and
switching times were optimized (Table 5.4), in order to maximize productivity and minimize water input.
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Table 5.3 — Kinetic parameters calculated for the different viscosities.

Viscosity [mPa-s] 1 25 4

Fructose 0.30 0.19 0.16

K'overait [1/5] Glucose 0.30 0.19 0.16
y-Aminobutyric acid 0.23 0.10 0.07

Fructose 6.96 2.80 1.75

De [107-m?/s] Glucose 6.96 2.80 1.75

y-Aminobutyric acid 6.20 2.09 1.17

Table 5.4 — Optimized flow rates, calculated y-aminobutyric acid recovery rates and sugar removal rates for optimized
switch time (switch time 1) and switch times increased two times by roughly 25% (2 & 3), for each viscosity.

Feed viscosity [mPa-s] 1 25 4

Feed [mL/min] 9.74 6.42 5.44

Extract [mL/min] 16.34 10.56 7.93

Raffinate [mL/min] 13.97 10.71 9.56

Water [mL/min] 2157 15.85 13.04

Recycle [mL/min] 11.37 10.62 8.07

Switch time 1 [min] 1.25 157 2.00

Calculated y-aminobutyric acid recovery [%] 99.4 96.0 93.9
Calculated sugar removal [%] 99.8 9.3 99.1

Switch time 2 [min] 1.38 1.72 2.20

Calculated y-aminobutyric acid recovery [%] 100.0 100.0 100.0
Calculated sugar removal [%] 90.7 89.0 88.0

Switch time 3 [min] 1.44 1.80 2.30

Calculated y-aminobutyric acid recovery [%] 99.6 99.8 99.8
Calculated sugar removal [%] 85.4 81.1 76.7

5.3.2 Pilot results

Laboratory results often require slight adjustments of switching times from the calculated optima, a lesson
learned through practical experience. Therefore the experiments were repeated twice for each viscosity, each
time increasing the switching time by approximately 25% (Table 5.4). For both process criteria, the saccharide
removal and y-aminobutyric acid recovery, and for all three switching times, the experimental results are
shown in Fig. 5.5. For the third switching time at viscosities of 2.5 and 4 mPa-s y-aminobutyric acid recovery
was not measured. The figure shows that the recovery of y-aminobutyric acid was dependent on the feed
viscosity, the results varying from about 55% (1 mPa-s, switch time 1) to about 80% (4 mPa-s, switch time
2). The removal of sugar was decreasing at higher feed viscosities. Further, the trade-off between v-
aminobutyric acid recovery and sugar removal is visible. With increasing switch time the sugar removal
decreases as the y-aminobutyric acid recovery increases.
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Fig. 5.5 — y-Aminobutyric acid recovery and saccharide removal
for three different viscosities measured from pilot scale
experiments. Switching times were increased twice within each
experimental series. No data for y-aminobutyric acid recovery at
the longest switching time in 2.5 and 4 mPa-s.

The separation process, resulted in enriched fractions of y-aminobutyric acid. However, neither the target
concentration of y-aminobutyric acid, nor the targeted sugar removal reached the levels the process was
designed for. With the exception of sugar removal at 1 mPa-s (switch time 1), none of the values fell in the
calculated range. To find an explanation for the discrepancy between the measured values and model, the
distribution of viscosity within the system was analyzed.

5.3.3 Viscosity distribution inside the SMB

In the SMB design a constant viscosity, equal to the feed concentration, was assumed. Fig. 5.6 shows the
viscosity profile, measured via pressure drop, for each column in the SMB. At low viscosities (1 mPa-s) the
effect of dilution was not visible. However, at higher feed viscosity (2.5 and 4 mPa-s) dilution was observed
and viscosity clearly varied between the columns. Fig. 5.6 shows good agreement with the expected relative
distribution of viscosity throughout the system: the highest viscosities were measured in column 3 and 4,
downstream and upstream of the feed port respectively. Moreover, Fig. 5.6 also shows that for feed with
elevated viscosity, nowhere in the system the feed viscosity was measured, even at the highest viscosity in
column three, the measured viscosity was about two-thirds of the feed viscosity (1.7 mPa-s for 2.5 mPa-s feed
and 2.7 mPa-s for 4 mPa-s feed). In the model input for the design of the pilot experiments, all parameters
were based on the isotherm and mass transfer kinetics measurements at the feed viscosity. In the multicolumn
separation, the input feed was diluted with the desorbent stream (water) and this should be taken into account.
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Fig. 5.6 — Viscosity for each column within the system and
the feed viscosities of 1, 2.5, and 4 mPa-s. For orientation,
the ports of eluent, extract, feed, and raffinate are marked
between the columns.

Since the viscosity was reduced by dilution with water, the ratio of feed to eluent flow rate was used as dilution
factor to estimate the average viscosity inside the SMB system. From the dilution factor the total sugar
concentration was calculated (given in Table 5.5). The total sugar concentration in g/L is proportional to °Bx.
From the plot of viscosity as function of sugar concentration (Fig. 5.7), the viscosity of the diluted feed was
fitted. The estimated viscosities were 1.2 and 1.5 mPa-s for 2.5 and 4 mPa-s feed, respectively. These were
slightly lower than the measured values via pressure drop (1.4 and 1.9 mPa-s, respectively). The isotherms
(Fig. 5.7b) and mass transfer parameters (Table 5.6) were re-evaluated for these average viscosities based on
concentration. The isotherm for the minerals (as indicator for y-aminobutyric acid) was independent of
viscosity and was not changed (Fig. 5.4b). The change in mass transfer kinetics & ‘overan and axial diffusivity
DL were also estimated based on viscosity (Table 5.6). Using these re-evaluated equilibrium and kinetic
parameters, the performances of the pilot experiments were calculated in the model.

Table 5.5 — Average viscosities within the SMB system, as measured via pressure drop and estimated from dilution, based
on ratio of eluent over feed flow. All viscosities in (mPa-s).

Feed viscosity (mPas) 1 25 4

Average viscosity measured via pressure drop (mPa-s) 1 14 1.9

Ratio of flowrate eluent over feed (Qetuent/Grecd) (-) 2.2 25 24
Total sugar concentration after dilution (g/kg) 16 53 76

Average viscosity based on dilution (mPa-s) ‘ 1 12 15
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Fig. 5.8 - Plot comparing model calculation to experimental results from the laboratory pilot system for vy-
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Table 5.6 — Kinetic parameters calculated for the different viscosities based on dilution of feed stream.

Feed viscosity [mPas] 1 25 4

Average viscosity based on dilution [mPa.s] 1 12 15
fructose 0.30 0.28 0.26

K'overait [1/5] glucose 0.30 0.28 0.26
y-aminobutyric acid 0.23 0.21 0.18

fructose 6.96 6.31 531

Dy [107-m?/s] glucose 6.96 6.31 5.31
y-aminobutyric acid 6.20 5.55 4.56

Fig. 5.8a shows the comparison of laboratory pilot measurements versus model calculations, which were
based on equilibrium and kinetic parameters determined for a constant viscosity, equal to the feed viscosity,
in the SMB system. It is clear, that only the pilot data of sugar removal for 1 mPa-s feed concentration match
the calculation; sugar removal of at higher viscosities and all y-aminobutyric acid recoveries showed poor
agreement. The y-aminobutyric acid recovery was always calculated to be close to 100%, independent of
viscosity and switching time.

Fig. 5.8b shows the calculation with the re-evaluated model parameters using the average viscosity based on
the feed and eluent viscosity. The model calculations were repeated. The calculation of 1 mPa-s feed
concentration was the same. For both greater feed concentrations, it became apparent, that the calculated sugar
removal was much closer to experimental values, even though the model overestimated sugar removal by
roughly 10%. The change in saccharide removal could be attributed to the change in isotherms, the influence
of the changed kinetic parameters was small. Also the influence of switching time, is well represented in the
model. The calculation of y-aminobutyric acid recovery still requires improvement. It appears that the elution
behavior of the mineral fraction is sensitive to concentration profiles within the system. In Fig. 5.3 it was
shown that viscosities of tomato serum and model solution were not in agreement, possibly due to an unknown
molecule. The change in viscosity and its influence on thermodynamics and kinetics needs to be identified
and understood.

Literature described that mineral isotherms are dependent on sugar concentration [15]. At greater sugar
concentration the capacity of the cation exchange resin for the minerals decreased. This could explain why a
lower y-aminobutyric acid recovery was observed at higher feed viscosities. Furthermore, during the pilot
experiments, it was observed that divalent cations present in the tomato serum (such as Ca and Mg) were
exchanged with the ions on the cation exchange resin (such as Na and K). It is known that the affinity of
sugars for the cation exchange resin depends on the counter ion, and this may further have reflected on the
mineral isotherms [16].

Additionally, viscous fingering, an instability at the interfaces between viscous sample and eluent, may have
influenced the separation, at the two larger viscosities (2.5 and 4 mPa-s). The result of viscous fingering is an
instable interface, leading to distorted peaks and therefore reduced separation performance [17]. It occurs
where a low viscous liquid displaces a high viscous liquid. In the SMB operated at higher feed viscosities, this
happens where the eluent enters the system and it therefore should have little influence on the recovery of y-
aminobutyric acid.
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5.3.4 Water use and productivity as function of feed input viscosity

The use of water and the productivity of the chromatographic system for different input stream viscosities
were compared to evaluate the water saving potential and resin volume reduction of chromatography operated
at higher viscosities. The comparison was made for optimized systems, minimal water input for eluent and
maximum productivity, using the re-evaluated parameters for the average viscosity within the SMB. As the
model overestimated y-aminobutyric acid recovery compared to measurements in the pilot system, the results
may be optimistic, but still serve the purpose of comparison. Water use for dilution of the concentrated tomato
serum to the viscosities of the input stream was included in the total water use.

The recovered mass of y-aminobutyric acid, by lieu of recovered mineral fraction, was compared to the use
of water for eluent and feed dilution calculated in the model (Fig. 5.9a). The comparison clearly showed that
operating at higher viscosities (2.5 — 4 mPa-s) used much less water per kg of recovered target fraction and
resulted in a higher productivity (mass of recovered product per system volume and time, Fig. 5.9b). This
result matched previously calculated column performances in single column experiments (chapter 4), where
it was found that the trade-off between mass transfer and stream volume which was made when changing
viscosity, lead to an increase in column volume in feed streams with viscosities below about 2.5 mPa-s.
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Fig. 5.9 — After optimization of velocities in each section of the SMB, a) water use per kg of recovered y-aminobutyric
acid for three feed viscosities for dilution of feed and for eluent use and b) productivity for three feed viscosities were
calculated.

5.4 Conclusions
The footprint of an SMB system can be improved, by optimizing feed stream viscosity. Whether dilute streams

are concentrated, or concentrated streams are diluted, a distinct change in productivity and water use is found
in between viscosities of 1 and 2.5 mPa-s, the higher viscosity outperforming lower viscosity. Productivity is
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increased by a factor of around 3 and water use is reduced by around the same factor. The difference between
2.5 and 4 mPa-s is less pronounced, both in terms of productivity and water use. Within an SMB operated at
higher feed concentrations, concentration dependent parameters can be estimated based on the dilution of the
feed with the eluent. In this manner the measured removal of sugars from tomato serum using ion-exclusion
chromatography matches design calculations well. The measured recovery of y-aminobutyric acid enriched
fraction, is not in agreement with the model design. The behavior of y-aminobutyric acid in such a system in
very sensitive to concentration differences due to convex isotherms, sugar affinities that depend on the counter
ion, and the interaction between the saccharides and the minerals, requiring the measurements of multi-
component isotherms.
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Chapter 6

6.1 Main findings and conclusions

This thesis aims at understanding the interplay between feed viscosity, mass transfer resistance, pressure drop
and eventually productivity and water use of a chromatographic system. With the aim of defining a window
of operation which includes feed concentration as design parameter. Chapter 2 addresses method
development for measuring mass transfer resistance in a chromatographic column in such a way that the data
can be used to scale up to industrial scale. It was shown that correction for extra-column contribution to band
broadening must be made in many cases, otherwise column efficiency is overestimated and subsequently
industrial designs under-dimensioned.

With the right mass transfer measurement in place, chapter 3 focuses on the possibility to predict the
parameter describing the mass transfer inside the stationary phase: the intraparticle diffusivity D,. Mass
transfer inside the stationary phase is often the rate determining step in industrial chromatographic processes,
because these are operated with relatively large particle diameters to accommodate large throughput.
Stationary phase properties, relevant to intraparticle diffusion, such as pore size, tortuosity, and particle
porosity, were determined and related to intraparticle diffusivity using existing models. For SEC it was shown
that by adapting the Mackie and Mears model, using accessible pore volume fraction instead of particle
porosity alone, intraparticle diffusivity can be predicted for different stationary phases and diffusing
molecules.

Having more understanding on intraparticle diffusivity, chapter 4 expands this knowledge towards the use of
highly viscous feed streams. The dependence of intraparticle diffusivity on the viscosifiers ability, those
molecules in the mobile phase which contribute to viscosity, to penetrate pore volume was shown. The ability
to penetrate pore volume is expressed by the partition coefficient Ko. These results were used to determine
the window of operation for viscous feed streams. It was shown that diluting highly viscous feed streams prior
to chromatographic separation, should go no further than approximately 2.5 mPa-s. If the feed stream is
diluted to lower viscosities, column volume will increase. Diluting feed streams from 8 mPa-s down to around
2.5 mPa-s showed little influence on column volume, but column dimensions changed, with a tendency to get
narrower but longer as viscosity decreases.

Finally, in chapter 5, the knowledge gained from working at high viscosities in single column systems is
challenged on a multicolumn simulated moving bed SMB system with tomato serum as feed and ion-exclusion
as separation mechanism. The aim was obtaining a y-aminobutyric acid enriched and monomeric sugar
strapped fraction. The behavior of the sugars for different feed viscosities is calculated well by the model
when the ratio of feed to eluent is used as dilution factor. The behavior of y-aminobutyric acid in ion-exclusion
chromatography is highly concentration dependent and the recovery could not be calculated with accuracy.
The SMB at the two higher feed viscosities (2.5 and 4 mPa-s) outperformed the SMB at the lower feed viscosity
(1 mPa-s) both in terms of water use and productivity.
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6.2 Using temperature to reduce viscosity

In the interplay between feed viscosity, mass transfer resistance, pressure drop, and productivity of a
chromatographic system, also other aspects require discussion, which have only been mentioned in brief at
this point, e.g. the relationship between temperature and viscosity.

In practice, to reduce the viscosity of feed streams, separation processes are often run at elevated temperatures.
The viscosity of liquids is inversely related to temperature, as Fig. 6.1 shows for three different sugar solutions
at 20% (w/w) concentration. For instance the desalting of high fructose corn syrup by ion-exchange
chromatography is performed at temperatures around 60°C with a dry weight of 42% (m/m) [1]. The
temperature increase reduces the viscosity from 7.4 mPa-s at 20°C to 1.9 mPa-s at 60°C (estimated assuming
the viscosity equals a fructose solution).

—Water

Sucrose 20%(w/w)
—Glucose 20%(w/w)
—Fructose 20%(w/w)

Viscosity (mPa's)
N

Temperature (°C)

Fig. 6.1 — Viscosity as function of temperature for water and sugar
solutions at 20% (w/w). Water viscosity from [2] and sugar
viscosities from [3].

In case the functionality of the target components inside the feed stream is not sensitive to temperature,
increasing temperature to facilitate chromatography may well increase separation performance. Elevated
temperatures enhance mass transfer by increasing diffusivity of molecules directly and by decreasing viscosity
(equation 4.5). The viscosity reduction enables maintaining a relatively low pressure drop. However,
temperature also influences the sorption isotherms and selectivity may decrease at elevated temperatures [4].
How the sorption isotherm is influenced by the temperature depends on the underlying thermodynamics.
Another aspect of temperature is the possibility of microbial growth. Growth kinetics of many food
contaminants favor intermediate temperatures, therefore processing temperatures below 5°C or above 60°C
may have to be chosen.

The determination of optimum temperature in combination with elevated viscosities of the feed stream
requires experiments measuring the influence of temperature on mass transfer, viscosity and sorption
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isotherms. As a first indication, van Deemter curves of D,0, injected as pulses on a column packed with
Dowex Monosphere 99Ca/320, were recorded at 5, 25, and 50°C in Milli-Q water as mobile phase. In the
experimental setup, feed and column were temperature regulated and the tubing was isolated (for further
details on the setup, see chapter 2). The data show, that with increase in temperature, the slope of van Deemter
curves decrease and plate heights are reduced (Fig. 6.2).
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Fig. 6.2 — Van Deemter curves of D,O in Milli-Q water as function
of temperature. Line at 25°C fitted, lines at 5 and 50°C predicted.
Experimental set-up as described in chapter 2.

It is expected that the intraparticle diffusivity, which determines the slope of a van Deemter curve has the
same temperature dependency as the bulk diffusion coefficient (equation 3.2) [5]. From measurements at
25°C, the intraparticle diffusivity D, was estimated (equation 3.9 - 3.11) and the bulk diffusion coefficient Dn,
was calculated using the relationship of Wilke and Chang, both described in chapter 3. According to the
parallel pore model [6, 7], the ratio of De/Dry is temperature independent. The ratio of De/D was used to
calculate the van Deemter curve slope for 5 and 50°C. Fig. 6.2 shows that the change in mass transfer
resistance with temperature is quite accurately calculated.

It is concluded that the temperature influence on mass transfer kinetics is already well understood and can
easily be implemented in mathematical models. To fully include temperature as a design parameter the
influence on the sorption isotherms and the underlying thermodynamics also have to be understood.

6.3 Requirement of constant number of plates for various feed viscosities

Within this research the height equivalent to a theoretical plate HETP is used as indicator of the performance
of chromatographic columns. The required number of theoretical plates N determines, if a separation goal can
be reached and combined with HETP it determines the size of the system (equations 1.1 & 1.2). The required
number of plates is dependent on selectivity and peak width. For a single column and two symmetrical
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Gaussian peaks, the required number of plates N to achieve a given resolution R, e.g. R=1.5 for complete
separation, can be calculated using [4]:
6.1

N—16R2( a k+1)2
- a—1 k

With selectivity o as ratio of retention factors of the two components and k the retention factor of the
component with the longer retention time.

In case one or both of the peaks are asymmetrical, overlap of the two peaks can change. A basic separation
example for the separation of two components eluting with different peak shapes is given in Fig. 6.3. The
figure illustrates the separation of different peak shapes from a second component with a constant Gaussian
peak shape. The deviation of a peak shape from a Gaussian peak is quantified with the tailing factor TF, which
is calculated from the distance of the two flanks, at a certain height, from the peak maximum, a and b
respectively, see equation 6.2 [4]. In this work the tailing factor is calculated from the points where the flanks

had reached 5% of the maximum peak height.

a+b 6.2

2a

TF =

It is clear that the required number of plates for a given separation is dependent on peak shapes from the

overlapping area in Fig. 6.3.
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Fig. 6.3 — Change of separation behavior at constant plate  Fig. 6.4 — Overlaid chromatograms of triglycine in
phosphate buffer, and mobile phase viscosified with

number, but different peak symmetries.
sucrose at 2.3 and 8.7 mPa-s and glycerol at 4.5 and
8.7 mPa-s atus =1 m/h.

Experiments with different mobile phases show that mobile phase viscosity affects the peak shape. Fig. 6.4
shows elution peaks of triglycine recorded at viscosities ranging from 1.2 to 8.7 mPas.
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With changing viscosity, peak symmetries change from TF 1.16 to 1.39. Further, the retention volume is
reduced at elevated viscosities. Within this thesis, when comparing systems for various feed viscosities, N
(and the pressure drop) were kept constant. In chapter 5, the retention volume was taken into account via the
slope of the isotherm. Changes in peak shape were not taken into account. However, this change due to
viscosity should be considered. Process design requires knowledge on peak shapes in order to calculate
operational parameters for the separation of two components. With changing viscosity, change in peak shape
must be accounted for in the design. More insight is required on underlying thermodynamic phenomena, e.g.
information on the isotherms, to enable the calculation of the required number of plates for a given separation
challenge as function of feed viscosity.

6.4 Future perspectives

Food industry is increasingly aware of the potential value of minor components, which are available in large
agro-feed streams but are thus far underutilized. The challenge in extracting minor components can be their
low concentration, but also the complex mixture of similar components in the stream. Industrial
chromatography, a still emerging technology in agro-food, could play an important role in this. However,
chromatography on this scale is rather expensive both in investment and operational costs. One way to reduce
these costs is by reducing system size which is realizable by concentrating the feed stream. This thesis shows
that there are limits to this kind of size reduction due to viscosity phenomena, through experiments in single-
and multicolumn systems. At viscosities greater than about 2.5 mPa-s, increases in pressure drop and
reduction in mass transfer limit the benefits gained by feed stream volume reduction. One possible way to
work around this issue is by improving characteristics of the stationary phase. Reducing the size of the
stationary phase particles reduces the characteristic length molecules have to traverse by diffusion, which
results in reduced hindrance to mass transfer inside the particle pores. With decreasing particle size, however,
pressure drop over the column bed will increase as well. This in turn can be countered by the use of stationary
phases that are open and allow for convection within the particles. Open particles can potentially change the
link between particle size and pressure drop. Process designers should consider an increase of temperature to
reduce viscosity, acommon custom in processes of sugar syrup. With increase in temperature, stream viscosity
can be reduced significantly, resulting in higher mass transfer and lower back pressure. However, if the
components of the stream are temperature sensitive, increase in temperature may not be an option.
Furthermore, in temperatures between around 25 and 40°C, microbial growth may be an issue, necessitating
processing at temperatures either high enough or low enough to limit microbial growth.

The behavior of components within a chromatographic column is determined by thermodynamics, mass
transfer kinetics, and fluid dynamics. The focus of this thesis is on mass transfer kinetics. The fluid dynamics
are taken into account by way of pressure drop. The thermodynamics are neglected, although influence of
viscosity on isotherms (Fig. 5.4), peak shapes and peak positions (Fig. 6.4) are observed in some cases.
Complex multicolumn separation processes will be better understood once the change in concentration profile
within the system, and its influence on isotherm and mass transfer kinetics, is implemented into the design
models.
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Summary

Agro-food streams, present in large volumes, contain compounds attractive for food industry, if they are
separated from unwanted components. Recovery of such components offers a large potential for industrial
applications. A trend towards enriched fractions, rather than purified products, enables sustainable process
design via chromatographic separation. Chromatography has the potential to fractionate these agro-food
streams at large industrial scale, while maintaining functionality and operating in a sustainable and economical
manner. The separation mechanism can be fine-tuned to target specific molecular characteristics. Because the
streams to be processed are so large, large equipment is required, which renders the process economically
unfeasible. Process economics can be improved by reducing the size of the chromatographic installation,
which is directly dependent on the volume to be processed. The stream to be processed can be reduced by
increase of concentration, which leads to higher viscosity. The aim of this thesis is to understand the interplay
between feed viscosity, mass transfer resistance, pressure drop and eventually productivity and water use of
a chromatographic system.

In the design of industrial chromatographic processes, both experiments at lab scale and model calculations
are used. Experiments are performed to determine model parameters and to validate the model. Subsequently
the model is used to scale-up. Experiments require, in addition to the column, the use of further equipment
(connectors, tubing, valves, detectors, etc.), all of which add to extra-column volume. The contribution of the
extra-column volume to peak broadening is often neglected assuming that by doing so the column efficiency
is underestimated and scaling up results in an oversized system. Chapter 2 addresses method development for
measuring the mass transfer resistance in a chromatographic column in such a way that the data can be used
to scale up to industrial scale. It was shown, that correction for the extra-column contribution to band
broadening must be made in many cases, otherwise the column efficiency is overestimated and subsequently
industrial designs under-dimensioned.

In chapter 3, the main hindrance to mass transfer is identified and measured: the intraparticle diffusivity. In
industrial applications, generally stationary phase particles of large diameters are used. Large particle sizes
facilitate operation at a low pressure drop, but they introduce large characteristic lengths that the molecules
have to travers by diffusion. It is difficult to predict intraparticle diffusivity and therefore measurement for
each new molecule/stationary phase combination is required. In an attempt to link and quantify pore and
molecule characteristics, intraparticle diffusivities, pore diameters, porosities, and tortuosities are measured
in various stationary phases with a selection of (relatively) small molecules. Two models from literature that
relate stationary phase properties to intraparticle diffusivity, are tested for their predictive quality, but give
unsatisfactory results. By modifying one of the models with the addition of the accessible pore fraction,
calculated from inverse size exclusion measurements, a good fit of all intraparticle diffusivities for all
stationary phases and all molecules is observed. This improved model can serve as a predictive tool for
intraparticle diffusivity.

Implications of using a concentrated feed with an increased viscosity on mass transfer resistance inside a
chromatographic column is described in chapter 4. Dependence of intraparticle diffusivity on viscosifiers
ability, those molecules in the mobile phase which contribute to viscosity, to penetrate pore volume is shown.
The ability to penetrate pore volume is expressed by the partition coefficient Kp. These results are used to
determine the window of operation for viscous feed streams. It is shown that diluting highly viscous feed
streams prior to chromatographic separation, should go no further than approximately 2.5 mPa-s. If the feed
stream is diluted to lower viscosities, column volume will increase. Diluting feed streams from 8 mPa-s down
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to around 2.5 mPa-s shows little influence on column volume, but column dimensions change, with a tendency
to get narrower and longer as viscosity decreases.

In chapter 5, knowledge gained from working at high viscosities in single column systems is challenged on a
multicolumn simulated moving bed SMB system with tomato serum as feed and ion-exclusion as separation
mechanism. The aim was obtaining a y-aminobutyric acid enriched and monomeric sugar strapped fraction.
The behavior of the sugars for different feed viscosities is calculated well by the model when the ratio of feed
to eluent is used as dilution factor. The behavior of y-aminobutyric acid in ion-exclusion chromatography is
highly concentration dependent and the recovery is not calculated with accuracy. The SMB at the two higher
feed viscosities (2.5 and 4 mPa-s) outperforms the SMB at the lower feed viscosity (1 mPa-s) both in terms of
water use and productivity.

Finally in chapter 6 the main findings and conclusions are discussed. Further addressed are the use of
temperature to reduce viscosity and an assumption used in this thesis, that the required number of theoretical
plates remains constant when comparing designs for various feed concentrations. At the end of this chapter
an outlook is given on future perspectives for the effort of decreasing chromatographic system size.
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