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Notation
Latin Letters
Symbol

Unit

Meaning/Definition

𝐴

m2

Filter area

𝑐

kg/m3

Proportion of solid particles retained in filter
medium

𝐾

-

Kozeny constant

𝑘𝐹𝐶

m3/h

Flow coefficient

∆ℎ

m

Height of porous medium

Mn

g/mol

Number average molar mass

MW

g/mol

Weight average molar mass

𝑛

-

Exponent for specific retention mechanisms

∆𝑝

Pa

Pressure difference

𝑝𝐹𝐵

Pa

Pressure filter outlet

𝑝𝑅𝐵

Pa

Pressure filter inlet

𝑞

m3/s

Filtrate flow

𝑅ℎ

m-1

Filter resistance

rh

nm

Hydrodynamic radius

𝑅ℎ,1

m-1

Internal irreversible resistance

𝑅ℎ,2

m-1

Cake resistance

𝑅ℎ,𝑚𝑒𝑚

m-1

Membrane resistance

rrms

nm

Gyration radius

𝑆0

m-1

Specific surface area

𝑡

s

Time

𝑉̇

m3/s

Volume flow

𝑉𝐹,𝐴

m3

Filtered volume

𝑥𝑟2

-

Aggregation number
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Greek Letters
Symbol

Unit

Meaning/Definition

α

m-2

Filter resistance

αS

m-2

Specific filter cake resistance

β0

m-1

Resistance of precoat layer

ε

-

Porosity

υ

-

rrms confirmation plot (exponent from the plot rrms
versus Mw)

ηL

Paˑs

Viscosity of liquid

ρS

kg/m3

Particle density

φF,A

kg/m3

Solid content filter aid

Abbreviations
Symbol

Meaning/Definition

α-Al2O3

Alpha-aluminium oxide

BT-F

Bright beer tank

BT-R

Unfiltered beer buffer tank

Cxx

Number of carbon atoms in fatty acids

CLSM

Confocal laser scanning microscopy

C/S

Centrifuge/separator

DE

Diatomaceous earth

EBC

European Brewing Convention

F

Precoat filtration

FA-D

Filter aid dosage

FF

Final filtration

FM

Membrane filtration

HCl

Hydrogen chloride

HV

Signal amplification
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log KOW/ log P

Partition coefficient

MgSO4

Magnesium sulphate

MCFA

Medium chain fatty acid

Na2CO3

Sodium carbonate

PES

Polyethersulphone

S

Stabilization

SC

Continuous stabilization

SM-D

Stabilizer dosage

Tris

Tris(hydroxymethyl)aminomethane

ZrO2

Zirconium-(IV) oxide
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Summary

1 Summary
Requirements regarding the aroma stability and shelf life of food and beverages are
increasingly in the focus of consumers. For the brewing industry, this represents new
challenges with respect to production processes and the storage and distribution of
beer. To fix the material composition and to increase colloidal stability as well as aroma
consistency it is essential to remove haze particles like protein-polyphenol associations
or polysaccharides like β-glucans as well as microorganisms like yeast or beer
spoilage bacteria at the end of fermentation. For this reason, several precoat and
membrane filtration systems have been developed in the past.
The removal of these substances is based on surface and depth filtration effects with
different filter media. As a result of adsorption inside the filter materials, haze particles
smaller than the pore sizes are removed, resulting in a clogging of filter pores as well
as a pressure rise at the filter inlet. In this thesis, filtration-inhibiting substances will be
investigated with the main focus on β-glucan participation in membrane and
diatomaceous earth (DE) filtration. Therefore, the impact of polymer structure and the
origin of β-glucans (derived from yeast or barley) as well as the influence of additional
beer ingredients will be examined in more detail.
The connection between the molecular structure of β-glucans and filterability could be
observed in membranes and DE filtration. Besides a smaller molar mass, β-1,3;1,6glycosidic bond glucans from yeast cell walls resulted in a high degradation of
membrane (−95%) and DE filtration performance (−90%). Furthermore, interactions
between barley β-glucans and volatiles, more precisely medium chain fatty acid ethyl
esters from yeast fermentation, could be found. In comparison to pure barley β-glucan
samples, the addition of volatiles resulted in a 65% drop in membrane filterability
accompanied by a decrease of ethyl octanoate (−58%), ethyl decanoate (−87%) and
ethyl dodecanoate (−94%). In addition to an influence on β-glucan agglomeration,
interactions of volatiles with membrane material could be identified using locallyresolved image analysis. Although decreased filterability was observed during DE
precoat filtration, different effects on filter clogging could be identified with the different
substances tested.
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In summary, not only β-glucan concentration and molar mass of the cereal β-glucans
and thus the malt composition but also the yeast viability and the associated entry of
MCFA esters and yeast β-glucan have an important impact on beer filterability.
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Zusammenfassung
Die Anforderungen an Aromastabilität und Haltbarkeit von Lebensmitteln als auch
Getränken rücken immer mehr in den Fokus der Konsumenten. Dies stellt vor allen
Brauereien vor neue Herausforderungen hinsichtlich Produktionsverfahren, Lagerung
und Vertrieb des Bieres. Zur Fixierung der stofflichen Zusammensetzung sowie
Erhöhung der kolloidalen Stabilität und Aromakonsistenz ist es aus diesem Grund
unabdingbar,

Trübungsbildner

wie

Eiweiß-Gerbstoffverbindungen

Polysaccharide

wie

sowie

Mikroorganismen

β-Glucane,

wie

Hefen

oder
und

bierverderbende Bakterien am Ende der Gärung aus dem Getränk zu entfernen. Dazu
wurden in den letzten Jahren verschiedene Methoden der Anschwemm- und
Membranfiltration entwickelt, um einen einwandfreien Geschmack sowie eine
Glanzfeinheit der Produkte zu erreichen.
Die Entfernung dieser Stoffe während der Bierfiltration beruht auf Oberflächen- und
Tiefenfiltrationseffekten mit verschiedenen Filtermedien. Durch Absorption in der Tiefe
dieser Filtermaterialien können Trübungsbildner, die kleiner als die Porengröße sind,
zurückgehalten werden, was im Laufe der Filtration zu einer Verblockung der
Filterporen sowie zu einer Druckerhöhung auf Retentatseite führen kann. Aus diesem
Grund sollte in der aktuellen Arbeit der Einfluss filtrationshemmender Stoffe mit einem
Schwerpunkt auf der Beteiligung von β-Glucanen bei der Membran- und
Kieselgurfiltration untersucht werden. Hierbei wurde nicht nur die Polymerstruktur und
Herkunft der β-Glucane aus Hefe oder Gerste, sondern gleichwohl der Einfluss
weiterer Bierinhaltsstoffe erfasst.
In diesem Zusammenhang konnte ein großer Einfluss der β-Glucanstruktur auf die
Membran- und Kieselgurfiltration gezeigt werden. Trotz einer geringeren molaren
Masse als Gersten-β-Glucane resultierten die β-1,3;1,6-glycosidisch gebundenen
Glucane der Hefezellwand in einer stärkeren Reduzierung der Filterleistung bei
Membran- (−95 %) und Kieselgurfiltration (−90 %). Weiterhin wurden Interaktionen der
β-Glucane mit Aromastoffen, genauer mittelkettigen Fettsäureethylestern (MCFA
Ethylester), aus der Gärung festgestellt. Im Vergleich zu reinen Gersten-β-GlucanLösungen hatte die Zugabe der Aromastoffe eine Abnahme der Membranfilterleistung
um bis zu 65 % zur Folge. Dies wurde begleitet von einer Reduzierung der Aromastoffe
Ethyloctanoat (−58 %), Ethyldecanoat (−87 %) und Ethyldodecanoat (−94 %). Neben
-3-
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einer Erhöhung der β-Glucan Agglomeration, konnten Interaktionen der Ester mit dem
Membranmaterial

mit

Hilfe

einer

ortsaufgelösten

bildgebenden

Methode

nachgewiesen werden. Wenngleich eine Auswirkung auf die Filterleistung auch bei der
Kieselgur-Anschwemmfiltration feststellbar war, so konnten unterschiedliche Effekte
an der Beteiligung der untersuchten Inhaltsstoffe an der Filterverblockung ermittelt
werden.
Zusammenfassend ergab sich, dass nicht nur die β-Glucankonzentration und molare
Masse der zerealen β-Glucane und damit die Malzzusammensetzung sondern auch
die Hefeviabilität und der damit einhergehende Eintrag von MCFA Estern und Hefeβ-Glucan entscheidenden Einfluss auf die Filtrierbarkeit des Bieres besitzen.

-4-

Comparative Identification of Filtration Inhibitory Substances

Introduction

2 Introduction and motivation
The German beer market has been exposed to a significant recession in recent years.
Besides decreased beer production of nearly 20 million hectolitres in the past 20 years,
per head consumption of beer has fallen by about 25%. Nevertheless, German beer
has gained popularity abroad, which can be seen in export increases of nearly 10% in
the same period of time. Thus, exports accounted for an important proportion of total
beer production of 16.6% in 2015 [1]. Furthermore, a shift from draft to bottled beer
could be observed all over the world [2]. In this context, it could be shown that bottled
beer reached distribution distances of more than 210 km in Germany [3].
These changes challenge beer production to completely new demands in terms of
stability of taste and appearance. Consumers expect star-bright products, which are
durable regarding their composition in foam, flavour and haze months after
manufacture. In the brewing industry shelf lives of 6 months to 1 year are now common
[2]. For a detailed differentiation of influencing factors 5 different stabilities including
foam, colour, haze, flavour and microbiology can be examined. Due to chemical
reactions, e.g. the presence of oxygen, environmental factors like heat, or aroma
losses, the flavour, bitterness and body of fresh beer may change significantly [4,5].
More important for appreciation of a beer is microbiological and colloidal stability,
mainly recognizable due to haze particles found in the beverage. This feature is quickly
recognized by untrained beer drinkers and associated with spoilage of the product. In
order to decelerate the precipitation of various beer ingredients over time, brewers can
apply different types of filtration and stabilization to fix the material composition. This
complex haze can consist of microorganisms and their metabolites, as well as
components of the raw materials malt, hops and water [6]. In order to control processes
and make predictions related to durability, limit values for the presence of
microorganisms (0 cells), particularly for yeast (0 cells), and the remaining haze
particles were prepared. According to Analytica-EBC [7] brilliant beer is distinguished
by a turbidity smaller than 0.5 EBC using light scattering analysis at an angle of 90°
[8]. This represents a complex task for filtration processes in order to match
requirements for turbidity and shelf life. Over the years, various methods have been
developed which aim to optimize the filtration process and reduce costs in beer
production [9]. Furthermore, aspects in connection with filter aid disposal have
-5-
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appeared in recent years and aid brewers constantly faced with problems [10]. To
ensure the described requirements and reduce environmental impacts, new filtration
methods have been developed which are based on different procedural basics like
dead-end and crossflow filtration.

2.1 Filtration basics
Generally, filtrations can be distinguished according to their applied flow direction
between dead-end and crossflow process procedures, where dead-end filtration
describes a method based on pressure differences between rough and pure medium
and vertical flow directions to filter media. In contrast, crossflow filtration is
characterized by an additional parallel movement of the rough media along the filter
surface [11].
Regardless of place and flow direction of particle retention, filtrations can be described
by Darcy’s law (see Equation 2-1), which is a basic application for the change in volume
flow (𝑞) in dependence on filter area (𝐴), viscosity of the filtered medium (𝜂𝐿 ), filter
resistance ( 𝑅ℎ ) and pressure difference (∆𝑝) [12,13]. Because particle retention is
influenced by different filtration operations, the mechanical effect of pore or capillary
flow caused by driving forces must be considered to overcome a flow resistance for
the fluid phase (see Equation 2-2) [14]. Depending on the location of particle retention
an increase in filter resistance can be observed [12].
𝑞=

𝜕𝑉𝐹,𝐴

𝜕2 𝑡
2
𝜕𝑉𝐹,𝐴

𝜕𝑡

=

𝐴∙∆𝑝
𝜂𝐿 ∙𝑅ℎ

𝜕𝑡

(2-1)

𝑛

= 𝑘𝐹𝐶 (𝜕𝑉 )
𝐹,𝐴

(2-2)

Thus, Equation 2-2 describes the dependence on filtered volume (𝑉𝐹,𝐴 ) over time (𝑡),
filter surface (𝐴) and flow coefficient (𝑘𝐹𝐶 ). Flow coefficient is crucial for determining
the liquid flow-through amount, which is dependent on layer thickness, type and
structure of filter medium, flow properties of liquid and pressure difference (∆𝑝) [12].
Exponent 𝑛 assumes different values to specific retention mechanisms in operation or
changes in the internal structure of the filtering layer. A distinction of the formulas can
be determined with regard to process design on pressure or volume flow [15]. In the
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food industry, filtration processes often operate at constant filtrate volume flow, in order
to ensure production scheduling.
Due to occurring retention effects, various model concepts were developed illustrating
these different filtration operations. A fundamental distinction is made between surface
and depth filtration [16]. Furthermore, cake, sieve and crossflow filtration can be named
as special cases and connections between surface and depth filtration [11,17].
Simplified mathematical model conceptions on filtration processes are shown in Figure
2-1, which have been developed to predict the effectiveness and process performance
of applied practical filtrations [18].

2.1.1 Depth filtration
During depth filtration, most separation takes place inside the filter media. Particle
removal from unfiltered media is effected by the flow of a suspension through a medium
composed of granular or fibrous nature [19]. A substantial proportion of solid particles
(𝑐, compare Figure 2-1) that might pass through because of their geometric size are
retained in the filter media [17]. This deposition in the interior of the filter causes an
accumulation of deposited particles within the medium, which results in continuous
changes to the filter media structure and affects the rate and flow resistance of filtration
[20]. Furthermore, surface blockages of filter material must be avoided to ensure the
maintenance of the filtration process.
Particle retention is achieved by means of holding by adhesive forces influenced by
various transport mechanisms inside the filter like sieving, interception, inertia,
sedimentation, diffusion, charge interactions or hydrodynamic interactions [11].
Regarding equation 2-2, depth filtration can be described using an exponent 𝑛
between 0–2, where 1 describes an intermediate blocking and 3/2 a standard blocking
procedure [12,15].

2.1.2 Surface filtration
In contrast, surface filtration is effected by mechanical particle separation on the
surface of a filter media. Due to retained particle properties and flow direction three
types can be distinguished [16].
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Sieve or blockage filtration describes a process whereby solid particles are retained
on the filter media surface because of their geometric size. This is influenced by an
exponential pressure rise (𝑝, compare Figure 2-1) at a constant volume flow (𝑉̇ ).
Complete blocking can be described with equation 2-2 using an exponent of 2 [11].

Figure 2-1: Model conceptions on filtration operations, modified according to [11,17,16]. A
general distinction can be made between surface and depth filtration. Depth filtration is marked
by an increase in solid particles (𝒄) with rising volume (𝑽), due to an exhaustion of absorption
capacity of the filter material. Sieve and cake filtration are distinguished via a characteristic
pressure rise (𝒑) at a constant volume flow (𝑽̇). In the case of crossflow filtration, initially a
reduction in volume flow (𝑽̇ ) due to an accumulation of solids on the filter material can be
observed, followed by a stationary phase with nearly no change in filtered volume [17].

Cake filtration is a case of surface filtration where solids are retained on the filter
media surface with the help of filter aids (compare Figure 2-1) [17]. The filtered volume
is influenced by filter cake height, filter area, dynamic fluid viscosity and resulting
dynamic filter resistance [11,17]. Retention at the beginning of filtration is determined
by the filter media pore size. Over time finer solid particles can be removed from
suspension because of sufficiently high loading of suspended particles and filter aids,
followed by a “bridging” across the filter pores. Ideally, filter cake resistance increases
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in proportion to its thickness, resulting in a constant flow rate (𝑽̇). The surface filtration
with constant pressure rise could be described using the exponent 0 [11].
Crossflow filtration is a further feature of surface filtration, where a crossflow
suppresses the formation of a filter cake on filter media (compare Figure 2-1). Total
exemption of particles on filter media surface cannot be guaranteed, which is why a
stationary particle layer is desired [16]. As a result of a pressure difference
(transmembrane pressure) between the rough and pure side, permeate is removed
from the filter and retentate is further circulated [16,17]. This mechanism leads to a
concentration of retentate and can be performed as long as the liquid remains
pumpable [11].
Surface and depth filtration provide process engineering basics for diatomaceous earth
(DE) and membrane filtration, which are mostly applied in the brewing industry. These
types of filtration are mainly distinguished by their filter plants as well as the usage of
different filter media (see Figure 2-2). Besides filter equipment, process management
as well as filterability of beer have a great impact on beer filtration. Because of this
multiplicity of influencing factors, beer filtration will be considered in more detail in the
next chapters.

2.2 Beer filtration
The basic approach to beer filtration has not changed since the 1950s, when the
diatomaceous earth (DE) gained its importance in Germany [18]. Today, DE is still the
most popular filter aid to filter beer all over the world. However, different filter media,
filter plants and thus process management systems are applied in the brewing industry,
something that became necessary because of different company sizes, beer volumes
and required flexibility.
Fundamentally, beer filtration can be performed as batch or continuous process steps.
Furthermore, process management can vary because of production scheduling, beer
types and volumes as well as different procedural problems like the prevention of
pressure shocks. Used filter plants differ, in particular, due to their capacity, geometry
and size as well as buffer tanks and pumps before the filter. Furthermore, filter media
can vary between filter aids with different particle sizes like DE or perlite and membrane
-9-

Comparative Identification of Filtration Inhibitory Substances

Introduction

materials (e.g. polyethersulphone) with various pore sizes. In addition, beer
composition has a considerable influence on filter performance (see Figure 2-2) [6].
Thus, each process step during malting and brewing has an influence on the ultimate
filterability. In order to be as flexible as possible due to varying beer filterability, precoat
filtration has become more and more established over the years in the brewing industry.

Figure 2-2: Influencing factors on beer filtration. Besides filter plant (e.g. filter type or capacity)
and different used filter media (e.g. filter aids or membrane materials), process management (e.g.
planning of daily batch sizes) influences beer filtration. Furthermore, filterability of beer and thus
all production steps during malting and brewing have an impact on filter performance of the
beverage [6,21].

2.2.1 Precoat filtration
In a brewery, precoat filtration is applied in three different steps. Firstly, a thin protective
layer of filter aid (coarse precoat) is washed on the filter medium. Secondly, a further
layer of finer filter aid is applied to the coarse cake in order to ensure the separation of
fine particles even at the beginning of the filtration. Finally, smaller amounts of filter aid
are added to the unfiltered (rough) liquid, known as body feed. This forms a
continuously growing incompressible filter cake, which is capable of maintaining a high
permeability and thus a high beer flow [22,23].
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Precoat filtration is generally done as a batch process. Usually first stage is performed
as a filtration step, whereas the second step is used as polishing filtration [23]. A typical
structure of a filter cellar for precoat filtration is shown in Figure 2-3. In addition to the
filter unit and some buffer tanks, a centrifuge and an additional filter for the
implementation of stabilization can be present. To homogenize the filter aid a mixing
tank is built before the filter. For the dosage of filter aid the entry of oxygen must be
avoided.
It is nowadays also common to attach a sterile filter for cold sterilization before bottling.
A further possibility to increase microbiological product safety would be heat treatment
using pasteurization. In addition, units for the carbonation of the beer are located
before bottling, but have been omitted in Figure 2-3. Different constructions can be
used as filter unit for precoat filtration. Most common are frame, candle and horizontal
pressure leaf filters [24,25]. These filter designs differ because of filter media (e.g.
cartridge or flat metal sieve) to which filter aids are applied, loading capacity and thus
filter volume as well as flexibility in production of different batch sizes.
In addition to the filter units, sensors for turbidity and pressure measurement are used
for the evaluation of the filtration process. Maintenance and control of beer haze during
precoat filtration is performed using turbidity measurement at filter inlet and outlet at a
90° angle detecting particles smaller than 1 µm. Furthermore, a pressure rise at the
filter inlet provides information regarding particle retention and filter cake composition.
Excessive increases in pressure can be controlled by body feed composition [23].
Dosage of filter aid for precoating occurs as a suspension in degassed water with a
mixing ratio of H2O to filter aid of 5:1. A mixing time of 10–30 min and gassing with
carbon dioxide permits the expulsion of oxygen [23,24]. The amount of filter aid dosage
and composition is still based on experience values, whereby automation using
turbidity measurement at filter inlet, filtrate flow and pressure difference has been
applied in some breweries [24].
An efficient and economical filter aid is marked by rigid, intricately shaped and
individual particles, can form highly permeable, nearly incompressible filter cakes,
remove even the finest solids at high flow rates and must be chemically inert and
essentially insoluble in the liquid being filtered [22]. The selection of filter aid
composition, amounts and mixing grades should result in an average of high clarity
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effects and low pressure rises [22,23]. In this context DE has been established as an
effective filter aid for beer clarification because of its high internal porosity [18,27,28].

Figure 2-3: Precoat filter system modified according to Bellmer [26]. The filter cellar could
contain a centrifuge or separator (C/S) for preliminary clarification of beer as well as the removal
of yeast cells and large trub particles. An unfiltered beer buffer tank (BT-R) is used for safe
production and pressure-impulse-free filling of filter units. A stirring vessel for filter aid dosage
(FA-D) serves the homogeneous dosage of filter aids into beer. Subsequently, the mixture of
beer and filter aids is washed on the precoat filter (F), where solid and liquid components are
separated. After filtration, beer stabilization could be connected, which compromises a stabilizer
dosage (SM-D) and stabilization filter unit (S). This beer stabilization serves to remove proteins
and polyphenols to increase the chemical and physical stability. Stabilization in the brewing
industry is often performed using a cartridge filter. Furthermore, bright beer tanks (BT-F) and
final filtration (FF) can be found before bottling [23].

Diatomaceous earth or kieselguhr consists of three-dimensional exoskeletons of
freshwater or seawater organisms. High levels of purity and variety in size and shape
are ensured thanks to their location on the ocean floor over millions of years [22].
Deposits of DE are mined in France, the United States of America and Russia.
Manufacturing is marked by several thermal processes to remove water and organic
impurities and screening by particle diameter. Body feed grades (medium permeability:
0.8 Darcy) have an average particle size of 7–20 µm, a brown or pink colour and
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appear like original diatoms [26]. Calcination for the reduction of any organic debris is
performed to increase the purity at 800–1000°C [23]. 91% of DE consists of SiO2 with
a remaining proportion of salts from aluminium, iron and calcium [18]. Flux-calcined
partially fused DE is used for the first precoating. The amorphous pieces contain 88%
SiO2 and have particle sizes bigger than 20 µm. Sintering of DE particles is performed
at 1000–1200°C with the addition of Na2CO3 [23]. This results in larger, more complex
particles with faster flow rate and higher permeability.
In general, 0.75–2.0 kg/m2 filter area DE is used for beer filtration [23]. This amount is
divided into a dosage of flux-calcined DE (200–700 g/m2) for first precoating and a
second dosage of finer filter aid (400–800 g/m2) to increase particle retention of the
precoat layer already at the beginning of the filtration. Afterwards an average body
feed of 80 g/hl (50–150 g/hl) fine DE is used for constant formation of filter cake. Due
to filter cake composition with various DE particle sizes, a minimum haze particle cutoff size of 0.4–0.5 µm can be observed [18]. Disadvantages of DE usage are a required
large amount in comparison to the quantity of solids in beer as well as a health risk due
to the respirable dry powder [18,23]. Because of an unsolved disposal problem for DE
as well as possible health damage, other filter aids were investigated in beer filtration.
Perlite is an alternative filter aid for beer filtration and consists of volcanic rock
comprised of silicates from aluminium, potassium and sodium. Material is crushed and
heated to softening point, which results in an expansion of the volcanic rocks producing
a very light material [18]. Thereafter, foamy perlite bubbles are milled and sorted [23].
The resulting filter aid has a permeability of 0.15–6 Darcy and is only used for
precoating due to its slow sedimentation properties and poor clarifying assets of fine
particles. Because of a lack of internal porosity, low adsorptive properties and a flat
smooth surface, filter performance for the manufacturing of bright brilliant beer was not
successful [18,23,29]. Furthermore alternative filtration aids like cellulose fibres,
silica hydrogels used as body feed (stabilizer), Crosspure®, polymer powder or rice
hull ash were tested in beer filtration with varying success [30-34]. Besides precoat
filtration especially the membrane filtration has gained great popularity in the brewing
industry in recent years.
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2.2.2 Membrane filtration
During membrane filtration, particle separations are performed in dependence on haze
particle size and the pore size of the used filter media. The filter materials are termed
membranes and can be differentiated according to geometric sizes, structure (porosity,
grain size distribution, pore shape), mechanical, chemical and thermal resistance and
surface properties (wettability, zeta potential, adsorption) [35]. Because of these
different properties, membrane filtration can be performed as dead-end and crossflow
processes. Crossflow filtration has been proven in this context in the brewing industry
due to a renouncement of filter aids like DE, less use of manpower and thus a high
level of automation, less product losses as well as testable integrity of membranes
[36,37].
A typical structure of a membrane filter arrangement in the brewing industry is shown
in Figure 2-4. A lower plant-engineering effort in comparison to precoat filtration
systems is noticeable. Due to this continuous process design, a continuous
stabilization of beer can be carried out during membrane filtration [38]. An application
of separation systems (centrifuge) before filtration is optional and depends on
variability in beer haze composition. Depending on plant type and supplier, differences
in membrane material and design may occur in the food and beverage industry.
Membrane design can be differentiated into hollow fibre, multi-channel, spiral wound
or flat membranes and is influenced by used material [39]. Choice of filter material
depends on the composition of the unfiltered medium and requirements regarding
clarity and durability; thus membrane material is subjected to large variations due to
available organic and inorganic materials [36]. Furthermore an easy and complete
regeneration must be ensured. To increase membrane stability and filter performance,
composite membranes are used which are characterized by a multi-layer structure.
This allows higher retention of haze particles and a protection of selective membrane
surface. Especially membranes with asymmetric pores have been proven in this
context [40,41]. Common materials in the food and brewing industry are mainly organic
and ceramic membranes. Polyethersulphone (PES) is an organic high-performance
material and used by several commercial systems in the brewing industry [29,42,43].
These membranes have pore sizes of 0.45–0.65 µm and are manufactured as hollow
fibre or flat sheet modules [36,43]. Due to a low affinity for bio-macromolecules, small
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adsorption on membrane surface can be determined [39,41]. Since PES is a
hydrophobic material, manufacturers use different additives for enhancing the
hydrophilic properties [44]. Thus, PES is marked by a resistance to temperature and
broad pH ranges [39]. According to van der Sman et al. [41] these properties have a
positive effect in beer filtration.
Ceramic membranes are composite membranes composed of a ceramic body,
consisting of a thin layer of α-Al2O3 and a separation layer of ZrO2. These membranes
are heat sterilisable and stable in the full pH range. Because of this high membrane
stability against pressure and temperature, a long lifetime of approximately 10 years
can be achieved. Ceramic membranes have a good cleanability. Selectable pore sizes
depend on filtration properties of feed solution [45]. Since this membrane material was
not used in the experiments, it is not discussed further.

Figure 2-4: Continuous membrane filter system modified according to Gaub [38]. After the
fermentation and storage of beer, a centrifuge or separator (C/S) can be used as a first filtration
step. Subsequently, beer is collected in unfiltered beer buffer tanks (BT-R) and filtered using
different membrane filter systems (FM). In a last step, beer passes continuous stabilization (SC),
bright beer tanks (BT-F) and a final filtration (FF) before bottling.
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2.2.3 Filter clogging
Regardless of used application, DE and membrane filtration are adversely affected by
different clogging mechanisms. The kinds of filter clogging and thus degradation in
filter performance are influenced by applied filter types as well as filter material
characteristics that can be described by Darcy’s classical filtration law (see Equation
2-1). Typical filter clogging mechanisms can be differentiated into cake filtration,
standard blocking, intermediate blocking and complete blocking, which are shown
schematically in Figure 2-5 [46]. Mechanical inhibition due to cake formation is
characterized by haze particle sizes much larger than the filter pore size. In contrast,
standard blocking occurs by chemical adsorption of particles much smaller than the
filter pore size. Furthermore, complete blocking is caused by particles of comparable
size to the filter pore, which completely cover pore inlets via mechanical inhibition
[41,47]. Such particle adsorptions are largely determined by surface properties of the
membrane or filter aid.
Schematic illustration of fouling mechanisms
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Membrane filtration

d
Precoat filtration
pRB

pRB
𝜂L

𝜂L

A
Rh Rh,2
Rh,1
Rh,mem
pFB

α
β0

VF,A

VF,A p
FB

Figure 2-5: Different effects of filter clogging in membrane [47,48] and precoat filtration [15] as
well as schematic illustration of four different fouling mechanisms: (a) complete blocking, (b)
standard blocking, (c) intermediate blocking and (d) cake filtration according to Wang et al. [49].
Notation: pressure filter outlet (𝒑𝑭𝑩 ), pressure filter inlet (𝒑𝑹𝑩 ), liquid viscosity (𝜼𝑳 ), filter area (𝑨),
filter resistance (𝑹𝒉,𝒎𝒆𝒎 ), internal irreversible fouling (𝑹𝒉,𝟏 ), cake resistance (𝑹𝒉,𝟐 ), specific filter
cake resistance (𝜶𝑺 ), resistance of precoat layer (𝜷𝟎 ), filtered volume (𝑽𝑭,𝑨 ).
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However, depending on the used filter materials, differences in clogging can be
observed which are based on various process engineering principles. Precoat filtration
processes can be described with Equation 2-3, known as the Kozeny–Carman
equation, where pressure differences arise as a change of driving force between filter
inlet (𝑝𝑅𝐵 ) and outlet (𝑝𝐹𝐵 ) (see Figure 2-5) [12,15].
∆𝑝 = 𝑉̇𝐹,𝐴 ∙ 𝜂𝐿 ∙ (𝛽0 + 𝛼 ∙ 𝜑𝐹𝐴 ∙ 𝑉𝐹,𝐴 )

(2-3)

The equation describes permeability through a porous filter cake as a function of
pressure rise (∆𝑝) in dependence on liquid viscosity (𝜂𝐿 ), resistance of precoat layer
(𝛽0), solid content of the filter aid (𝜑𝐹𝐴 ), filtered volume (𝑉𝐹,𝐴 ) and specific filter cake
resistance (𝛼𝑆 ) [12]. This specific cake resistance is given by Equation 2-4 as a ratio
of the empirical Kozeny constant (𝐾), porosity (𝜀), specific surface area (𝑆0 ) and particle
density (𝜌𝑠 ) of the filter aid [50].
𝛼𝑆 = 𝐾 ∙

𝑆02 ∙(1−𝜀)

(2-4)

𝜌𝑠 ∙𝜀 3

In comparison, the retention of particles during membrane filtration is affected by
membrane material, its surface properties as well as its depth and pore structure.
Mechanisms of pressure rise due to the influence of different particles can be described
using Darcy’s equation (see Equation 2-5) [47,51].
∆𝑝 =

𝑞(𝑡)∙𝑅ℎ ∙𝜂𝐿
𝐴

=

𝑞(𝑡)∙(𝑅ℎ,𝑚𝑒𝑚 +𝑅ℎ,1 +𝑅ℎ,2 )∙𝜂𝐿
𝐴

(2-5)

This equation describes pressure rise as a function of permeate flow (𝑞(𝑡)), filter
resistance (𝑅ℎ ) and medium viscosity (𝜂𝐿 ) depending on membrane surface (𝐴). Total
filtration resistance does not differentiate between separation locations in the filter
membrane. Thus, filter resistance could be summed up in membrane (𝑅ℎ,𝑚𝑒𝑚 ), internal
irreversible fouling (𝑅ℎ,1 ) and cake resistance (𝑅ℎ,2 ) (see Figure 2-5) [51]. Change of
resistance over duration of filtration is affected by particle characteristics like geometry,
concentration, interactions among particles as well as filter material characteristics.
Deposition of haze particles in the filter cake or membrane are influenced by size
distribution, shape and packing status of the filter aid or cake formation on the
membrane. Thus, different beer ingredients have an impact on cake formation, final
porosity and permeability of filter cake or membrane. These ingredients occur in beer
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in a large variation with respect to origin, size (diameter) and shape and are known as
filtration-inhibiting substances that are influencing filterability of beer.

2.3 Filtration-inhibiting substances and haze particles in beer
The complexity of beer is determined by a mixture of cells, aggregates, colloids and
macromolecules (compare Figure 2-6) [47]. Thus, particle size and character of beer
haze particles range widely. Because beer is stored cold before filling after weeks, the
quantity of yeast is insignificant (~6 µm) and the majority of filterable solids range
between smaller 0.1 and 5 µm [18,41]. The distribution of filtration-inhibiting
substances was described by Kreisz [6], introducing a distinction between ingredients
from the raw materials malt, water and hops on the one hand and yeast or
microorganisms and their metabolites on the other. Figure 2-6 shows a distinction of
substance groups in dependence on size and origin.
Filtration-inhibiting substance groups like proteins, polyphenols and polysaccharides
generally get into beer during mashing and boiling processes from raw materials.

Figure 2-6: Filtration-inhibiting substances in beer in dependence on their particle size
distribution [6,41,52,53]. These substances can be distinguished by macromolecules with an
origin in raw materials like water, malt or hops as well as microorganisms. Furthermore, colloids
resulting from protein-polyphenol complexes can be found in unfiltered beer. Finally,
microorganism and yeast cells can also have an impact on the filterability of beer.

- 18 -

Comparative Identification of Filtration Inhibitory Substances

Introduction

Proteins or total nitrogen content with a main source in malt and hops range regularly
between 180 and 1950 mg/l in beer, whereas high molar mass fractions determined
as MgSO4-precipitable nitrogen have a share of 35–500 mg/l [54]. Proteins and
polypeptides can have a molar mass between 5.0×103 and 1.0×105 g/mol in beer [55],
which can be divided according to their molar mass into three groups: high
(> 4.0×104 g/mol), medium (1.5×104–4.0×104 g/mol) and low (< 1.5×104 g/mol) molar
mass fractions [56]. Low and medium molar mass fractions are important for foam
stability [57,58]. Furthermore, proteinaceous substances are the main source of all
turbidity in beer with a share of 75% [59,60]. Proline- and glutamic acid-rich proteins
and polypeptides could be identified as the main reason, having a molar mass between
1.0×104 and 4.0×104 g/mol [56,59,61].
Polyphenols originating from malt (70–80%) and hops (20–30%) range in beer in a
concentration between 40 and 400 mg/l [52,62]. Due to a high complexity of this group
in

dependence

on

polymerization

degree

(monomeric:

<1.0×104 g/mol

or

polymeric: >1.0×104 g/mol) and thus molar mass range, polyphenols can be
distinguished

into

flavanols,

flavonols,

flavonoids,

proanthocyanodins,

anthocyanogenes, tannoids and tannins [63,64]. Due to their chemical composition,
polyphenols can react with proteins, resulting in the formation of haze particles. A ratio
of haze-active to haze-forming polyphenols in beer of 40:1 has been found [65].
Resulting colloid particles can have sizes of 0.5–50 µm in wort and beer (see Figure
2-6) [52,53].
Polysaccharides are polymeric carbohydrates built from monosaccharides or
monosaccharide derivatives linked by glycosidic bonds with a main source in malt
[54,66]. Differentiation between α-, β-glucans and arabinoxylans can be made in beer.
Kreisz [6] questioned the presence of extracellular polysaccharides from various
microorganisms in beer. α-Glucans or dextrins can occur in beer as α-1,4-linked
glucose units with a helical structure known as amylose and α-1,4/1,6-branched
glucose units known as amylopectin originating from malt or glycogen derived from
Saccharomyces yeast metabolism [6]. In beer, concentrations of 18–50 g/l with a molar
mass range of 2.0×103–2.5×104 g/mol have been found [54]. Characterization of
dextrins in the brewing industry is mostly performed using photometrical iodine values.
Ranges in beer are determined between ∆E=0.02 and 1.60 [54]. Furthermore, β-linked
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glucose units originating in barley or wheat with β-1,3;1,4-glycosidic linear linkages or
in yeast cell walls with β-1,3;1,6-glycosidic branched bonds are known as β-glucans.
These polysaccharides contain up to 70% β-1,4-glycosidic bonds that are interrupted
by at least 30% β-1,3-glycosidic bonds in barley, which results in a linear molecule with
a kink at β-1,3-linkages [67-69]. Based on their solubility, the non-extractable
hemicelluloses and soluble gum can be differentiated in malt. While malting and
mashing, non-water-soluble β-glucans are released from cereals like barley by glucan
degrading enzymes, resulting in a reduction of molar mass [68,70]. Thus, molar
masses between 2.0×103 and 40.0×106 g/mol have been detected in beer [69]. The
amount of total β-glucan is described between 10 and 750 mg/l [54], whereas
concentrations of up to 1100 mg/l have been detected in beer [71,72]. Furthermore,
β-glucans are known to increase the turbidity and viscosity of beer due to their ability
to form agglomerates known as β-glucan gels [73,74]. Clasen et al. [67] demonstrated
that especially high molar mass β-glucans (>1.0×105 g/mol) interact via hydrogen
bonds and form gels. This agglomeration can be further enhanced by low pH values,
low sugar concentrations, high ethanol content as well as the action of shear forces
[73]. In addition to cereal β-glucans, yeast β-glucan can be detected in beer, originating
from yeast cell walls of Saccharomyces yeast strains. These polysaccharides have
molar masses between 2.0×103 and 3.0×105 g/mol and are not able to form gels
because of their branched structure [6,75]. Another β-glycosidic bound polysaccharide
of the cereal cell wall is arabinoxylan. This polymer consists of a backbone of
xylopyranosyl residues linked by β-1,4-glycosidic bonds and β-d-xylopyranosyl
residues substituted at O-2/O-3 or O-2 and O-3 with a varying amount of α-L-arabinose
residue. These arabinose residues are linked with β-d-xylopyranosyl at O-3 and can
be substituted with ferulic acid at O-5 [76]. 210–500 mg/l arabinoxylans have been
determined in lager beer [54]. A molar mass distribution in beer could not be found in
literature. In addition to proteins, polyphenols or polysaccharides, melanoidins as well
as mineral substances (e.g. calcium, magnesium or iron) are known to have an
impact on the turbidity and filterability of beer [6,77,78].
Besides ingredients of raw materials, microorganisms can occur in beer due to
controlled dosage or spoilage. Saccharomyces cerevisiae and Saccharomyces
pastorianus spp. yeast cells are used for the fermentation of sugars into ethanol and
carbon dioxide. Furthermore, several autolysis and metabolism products like
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glycogen, mannan and a broad range of aroma substances can be found in beer [6].
Most aroma-active esters in beer are formed by intracellular processes catalysed by
an acyltransferase or “ester synthase” during fermentation. The required energy for the
reaction is provided by the thioester linkage of the acyl-coenzyme A cosubstrate, most
abundant occurring as Acyl-CoA [79]. The main volatile substances that form during
Saccharomyces spp. yeast fermentation are acetate esters of ethanol or higher
alcohols (where the acid group is acetate and the alcohol group is ethanol or higher
alcohol) like ethyl acetate (solvent-like aroma) or isoamyl acetate (banana aroma) as
well as ethyl esters of medium chain fatty acids (MCFA; where the alcohol group is
ethanol and the acid group is MCFA) like ethyl hexanoate (aniseed, apple-like aroma)
or ethyl octanoate (sour apple aroma) [79-81]. Because of their lipid solubility, ethyl
esters can diffuse through the cell membrane into the fermentation medium. This
transfer decreases with increasing chain length of MCFA (ethyl hexanoate: 100%, ethyl
octanoate: 54–68%, ethyl decanoate: 8–17%) [80,82]. In contrast, the excretion of
acetate esters is rapid and complete. Variables for ester production are used yeast
strain, composition of fermentation medium and fermentation conditions [80]. A high
impact on volatile production was described during high-gravity brewing, with stronger
oxygenation of wort, composition in unsaturated fatty acids as well as amino acid in
wort [80,83,84]. For this reason, large variations in the beer aroma are possible, and
minor changes in beer flavour composition could have a great impact on final beer
aroma. During DE and membrane filtration trials, decreases in volatile composition
could be demonstrated depending on chemical composition [85,86]. However,
filtration-inhibiting effects have not yet been observed.

2.4 Thesis outline
The previous chapters pointed out that beer filtration is not only influenced by the
applied filtration operations but also by the composition of the unfiltered beer. Different
effects on filter performance can be determined as a function of filtration type as well
as kind and composition of filtration-inhibitory substances. Investigations showed that
the protein content of barley and malt had no correlation to filterability of beer. Rather,
the proportion of proteins that is present after fermentation and maturation in beer
apparent as haze must be considered [87]. Haze-active proteins, mainly derived from
hordeins rich in prolamine, primarily influenced filter performance due to interactions
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with polyphenols [56]. The impact of proteins on membrane and DE filtration are well
described in literature [37,47,86,88-90]. Due to the size of occurring haze particles
(compare Figure 2-6), protein-polyphenol complexes cannot enter membrane pores,
resulting in a cake layer formation [86,91]. During DE precoat filtration, large amounts
of high molar mass nitrogen resulted in a faster increase in pressure [88]. Moreover, it
can be assumed that protein-polyphenol complexes are deposited in filter cake or
precipitated by adsorption on the filter aid [92,93]. Especially the addition of hot break,
with its high amount of proteins and polyphenols (65–75%), resulted in a decrease in
filter performance [94-97]. A direct impact of polyphenols could be found neither in DE
precoat nor in membrane filtration [86,88]. Besides colloid complexes, macromolecules
can affect filtration performance (see Figure 2-6). Quantitatively, α-glucans are the
largest group of polysaccharides in beer [98]. High molar mass fractions may arise due
to incomplete amylolysis and result in turbidity and filtration problems. Narziss [99]
determined that contents above 200 mg/l could have a negative impact in DE filtration.
In particular, the presence of degradation products of amylopectin influenced cake
filtration [88,93,100]. Comparable effects were found in membrane microfiltration [101103]. Nevertheless, different authors could show a low impact of α-glucans in well
saccharified beer [104,105]. Regarding filtration-inhibiting substance groups in beer, a
large effect of viscosity-increasing ingredients could be shown. Especially cell wall
substances of malt are known to increase beer viscosity and thus may influence beer
filterability. Differentiation between arabinoxylans and β-glucans must be made
because of its molecular structural differences. Negative effects on membrane filtration
were shown with the dosage of arabinoxylan standards to beer [105,106]. Furthermore,
Narziss et al. [104] described a slight influence of arabinoxylan on filterability. Clogging
mechanisms on filter membranes were not described by the authors [104-106]. In
contrast, an impact of this linear macromolecule in DE filtration could not be found in
literature [107].
The largest number of investigations were found on the impact of β-glucans on filter
performance during DE and membrane filtration [68,99,104,105,108-110]. According
to Annemüller [111], nearly 60% of DE filter performance declines originate in the
β-glucan composition of beer. In particular, several publications showed the influence
of high molar mass barley β-glucan (> 1.0×105 g/mol) on the filter performance
[110,106]. Although high molar mass β-glucans were also blamed for the clogging of
- 22 -

Comparative Identification of Filtration Inhibitory Substances

Introduction

the DE precoat filter, no detailed analytical proof of this hypothesis could be found in
literature. Despite the dominant role of cereal β-glucans in beer filtration, partially
contradictory statements were found in literature [18,108]. Nevertheless, β-glucans
definitely increase beer viscosity, which causes a proportionately higher pressure
increase during filtration [73]. In this case it was assumed that β-glucan gels have a
negative influence on both the filtration performance of membrane and DE precoat
filtration. An imaging examination for the identification of clogging mechanisms of these
polysaccharides in beer membrane and DE filtration was not performed. Furthermore,
other scientists have hypothesized that the impact of cereal β-glucans on beer
filterability is covered by higher concentrations of further beer ingredients like proteins
[112].
Similarly, the impact of yeast β-glucans on beer filtration could not be found in literature.
However, evidence on the effect of β-glucans derived from yeast cell walls on the filter
performance was found in literature [6,113]. Due to cell lysis, not only yeast
polysaccharides but also aroma substances can be transferred to fermentation
medium. Various authors showed that acetate esters had only a low decrease during
DE precoat and membrane filtration [85,86]. In contrast, it was shown that free fatty
acids and MCFA ethyl esters had a higher decrease during these filtration processes
[85,114]. A connection between these reductions and other beer ingredients could not
be found in these publications. The addition of cell lysate, however, had a large
negative impact on filter performance [6].
Controversial discussion about β-glucans resulted in the motivation to investigate the
influence of these biopolymers on beer filterability in membrane and DE filtration. Due
to the findings regarding beer filterability presented in the previous chapters, the
following working hypotheses will be investigated in this dissertation:


The examination of filtration-inhibiting β-glucan molar masses observe
differences in the filter performance of DE precoat and membrane filtration.



Due to the branched structure of the yeast β-glucans, these polymers have a
stronger tendency on filter clogging than the unbranched coiled barley βglucans.



The reduction of MCFA ethyl ester during filtration processes not only influences
beer flavour but also filter performance.
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The interaction between β-glucans and MCFA ethyl esters results in an
agglomeration of polysaccharides and a consequent decrease in filterability.

The investigation of these hypotheses is important due to ever-increasing cost
pressures and a higher degree of automation and an associated change to membrane
filtration processes in the brewing industry. Because of this less variable filtration type
regarding the membrane separation layer, higher demands on the beer to be filtered
must be made. The comparative identification of filtration-inhibiting substances in both
membrane and DE precoat filtration represents the first step towards process
optimization. Besides a connection between standard analysis in unfiltered beer and
filterability, an examination of the impact of concentration, the molecular structure due
to different glycosidic bonds and the impact of molar masses on filtration performance
should provide more knowledge about the type of filtration-inhibiting polysaccharides.
In addition, the locally-resolved image analysis of filter membranes using confocal
laser scanning microscopy should provide more detailed information on clogging
processes influencing beer membrane filtration. The required results thus aim to
optimize the beer filtration process as well as beer product quality for longer haze and
flavour stability.
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3 Results (Thesis publications)
3.1 Summary of results
The thesis publications are summarized in this chapter, followed by full copies of the
papers.

Part 1

Critical review of the methods of β-glucan analysis and its

Page 29

significance in the beer filtration process

Chapter 3.2
β-Glucans are polymers containing β-glycosidic linkages that occur in beer as
degradation products of yeast and cereal cell walls. These polysaccharides are known
to have a technological influence on the filtration performance because of their
functional properties as viscous, gel-forming hydrocolloids. Because current
quantification methods are based on various chemical and physical properties of these
polymers, comparisons between methods are limited. Significant results concerning
diatomaceous earth filter performance were achieved analysing the gel content using
fluorometric methods. Furthermore, viscosity measurements yielded a good
correlation with DE filtration. Informative results for membrane filtration could be
obtained analysing high molar mass fractions (>9×105 g/mol). In addition to the cereal
β-glucans, evidence of a large negative impact of yeast β-glucans could be found.
Although β-glucan molecules affect both DE and membrane filtration, molar mass
fractions involved and their physical properties differ, as demonstrated using the
measurement methods described.
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Part 2

Interactions between dissolved β-glucans and medium-chain

Page 41

fatty acid ethyl esters in model beer solution and their impact on

Chapter 3.3

filterability

As shown in previous studies, not only the concentration of the dissolved beer
ingredients but also their molar mass could influence the filterability. Thereby
polysaccharides of malt, especially β-glucan, are reported to have the greatest impact
on filter performance. In the present study, the effects of barley (1,3;1,4) and yeast
(1,3;1,6) β-glucan combined with aroma-relevant substances of beer were studied in
DE and membrane filtration (polyethersulphone, 0.45 μm) using ethanolic (4% w/w)
model solutions. An increasing β-glucan concentration was found to have a negative
impact on both applied filter types. A concentration increase of 300 mg/l barley βglucan decreased the filtrate flux by more than 40% during membrane filtration. In
contrast, pure medium chain fatty acid (MCFA) ethyl esters had no effect on the
filterability. Mixed with 1,3;1,4-β-glucan the filtrate flux decreased from 400 kg/(h×m2)
to less than 250 kg/(h×m2). A decrease of MCFA ethyl ester ethyl dodecanoate of up
to 90% was measured in the filtrate. In comparison to barley β-glucan, an equivalent
concentration of yeast β-glucan caused a flux decrease of more than 95% during
membrane filtration. In summary synergistic effects on filterability with polysaccharides
and fermentation byproducts could be shown.
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Part 3

Impact of flavouring substances on the aggregation behaviour

Page 49

of dissolved barley β-glucans in a model beer

Chapter 3.4
Previous studies have shown that β-glucans in combination with aroma substances
from yeast fermentation influenced the filtration performance of DE and membrane
filtration. The impact of the beer volatiles dodecanoic acid, octyl butanoate, ethyl
decanoate and decyl acetate on molar mass and radii of barley β-glucan was therefore
investigated in ethanolic (4% w/w) model solution. After the addition of 100 mg/l ethyl
decanoate and decyl acetate to the β-glucan solution a wider-ranging molar mass
distribution could be observed by means of asymmetric field-flow fractionation. Due to
agglomeration, average molar mass of β-glucan standard (MW = 6.8×106 g/mol)
increased by 2×106 g/mol (P<0.05) in solution containing decyl acetate. Furthermore,
a significant growth (P<0.05) from 86 to 102 nm in gyration radius was measured. The
obtained results elucidate the importance of fatty acid derived flavouring substance
composition in beer regarding the aggregation behaviour of β-glucan. This
agglomeration of β-glucans has a significant influence on the filtration of DE but above
all membrane filtration.
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Part 4

Impact of fatty acids and medium chain fatty acid ethyl esters on

Page 57

the beer crossflow membrane filtration

Chapter 3.5
Membrane filtration represents a difficult process due to complex beer composition and
its interactions with filter materials. Therefore, influences of fatty acids in general and
medium chain fatty acid (MCFA) ethyl esters in particular on crossflow membrane
filtration were investigated. During crossflow filtration trials, transmembrane pressure
(TMP) rise as well as filterability were examined in laboratory scale. In an additional
step, beer samples were mixed with MCFA ethyl esters or antifoam agent containing
high amounts of fatty acids, resulting in an average decreasing filterability of 20% as
well as a faster pressure rise in crossflow membrane filtration. A significant correlation
(r = 0.99, P<0.05) between TMP rise and filterability using PES membranes could be
observed. Beer analysis revealed a large decrease of β-glucan (up to 150 mg/l) during
the first filtration hour. The fluorometric β-glucan method showed a weak correlation to
TMP increase (r = –0.77), whereas the colorimetric method exhibited a more distinct
connection (r = –0.93). Furthermore, the amount of 3-methylbutyl acetate underwent
only slight changes in reference and fatty acid enriched samples, whereas the content
in MCFA ethyl ester spiked beer decreased by up to 40%. In addition, the content of
ethyl octanoate (30%) and ethyl decanoate (40–60%) dropped during filtration in all
samples. Observed results allow specific conclusions regarding the filtration
performance of beer in crossflow membrane filtration.
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3.2 Critical review of the methods of β-glucan analysis and its
significance in the beer filtration process
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3.3 Interactions between dissolved β-glucans and medium-chain
fatty acid ethyl esters in model beer solution and their impact on
filterability
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4 Discussion
Filterability of beer is an important factor in relation to the stability and durability of the
product. During the beer filtration process, these properties can be influenced by a
steeper increase in filter pressure and variations in turbidity, mainly affected by the
composition of the unfiltered beer. In particular, an examination of total polymer
concentrations like proteins and polysaccharides should provide an indication of filter
performance and the turbidity of beer. However, these investigations yielded only
limited success due to the large number of beer ingredients. Specific issues regarding
interactions among beer ingredients or with filter media were only partially considered.
However, this is essential to gain precise knowledge of the technological process
design.
The present work provides a fundamental contribution to investigating the impact of
β-glucans on filtration performance during DE precoat and membrane filtration of beer.
Besides the investigation of total polysaccharide content, the effect of β-glucan molar
mass, geometry and origin (yeast cell wall or barley) was examined. The β-glucan
content of beer could be measured using different methods based on enzymatic
breakdown, acid hydrolysis or staining using specific dyes. Apart from the total
β-glucan content, certain molar mass ranges of β-glucan can be considered in
connection to membrane or DE filtration performance [115,116]. No correlation to
either membrane or DE filtration was found for total β-glucan concentration (see
chapter 3.2). Thus, information of applied quantification methods (enzymatic method
or staining with Calcofluor White or Congo red) regarding beer β-glucan content have
great variations. In order to obtain detailed information on filterability, the differentiation
of filtration-inhibiting molar mass ranges of β-glucans is essential. Besides high molar
mass barley β-glucans (> 1.0×105 g/mol), a high β-glucan gel content had a negative
impact on membrane filtration [95,104,106]. This is not surprising, since high molar
mass β-glucans are known for their increased agglomeration potential, which could
lead to a stronger clogging of membrane pores (compare chapter 2.3, page 18–19)
[67]. Furthermore, high concentrations of low molar mass β-glucans (1.0×104–
1.0×105 g/mol) were identified as having a negative influence on membrane filtration
performance. To quantify these molar mass fractions, a fluorimetric assay using
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Calcofluor white staining was most suitable [117]. However, the impact of β-glucan gel
was only investigated considering total gel concentration but not by the degree of
agglomeration or the particle size of these agglomerates [110].
Comparable results could be found for DE filtration, where increased gel content
decreased filter performance [95]. Investigations regarding the molar mass of
β-glucans could not be found in literature (compare chapter 3.2). Furthermore, none of
the evaluated β-glucan quantification methods provided consistent information for DE
filtration [117]. Nevertheless, a connection between increasing viscosity and
decreased DE precoat filter performance was described by several authors [118,119].
Since the viscosity measurements represent not only the behaviour of β-glucans but
all the components dissolved in the beer, DE precoat filtration may not only be
influenced by the β-glucan composition of beer [95].
However, the considered β-glucan assays only allow a statement about the
composition of cereal β-glucans in beer. Kreisz [6] showed that polysaccharides
derived from yeast had a great effect on turbidity and filterability. Here, varying effects
could be found in membrane and DE filtration (see chapter 3.3). Besides a decrease
in the filtrate flow of nearly 90% during membrane filtration, complete membrane
clogging could be observed after a few seconds’ filtration time (see chapter 3.3, page
45, Fig. 7). In contrast, DE filtration performance decreased by 20% with a constant
volume flow until the end of filtration (see chapter 3.3, page 45, Fig. 7). This suggests
that the inclusion of yeast β-glucan molecules in the filter cake allowed the continuation
of filtration, whereas deposition in or on polymer membranes resulted in a total clogging
of pores. Observed results confirm knowledge from literature and shows the distinct
differences between sieve and cake filtration.
Further ingredients which can be obtained in beer via yeast cell lysis besides yeast
β-glucans are different volatiles. In this context, Eagle et al. [86] found no influence of
ethyl acetate on membrane filtration, which could also be confirmed by filtration trials
shown before (see chapter 3.3, page 44, Fig. 4). In contrast, a decline of MCFA ethyl
ester was observed during DE and membrane filtrations. Regardless of the β-glucan
concentration, the MCFA ethyl ester decreased during DE precoat filtration by up to
90%. Furthermore, a stronger decline in ester content was determined with increasing
chain length of the fatty acid residues (see chapter 3.3, page 45, Fig. 6). However, the
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addition of ethyl esters to model beer solutions not only resulted in the retention of
volatiles during DE filtration, but also in a decreasing filtrate flow of up to 40%.
Furthermore, a decrease in filter performance could be measured with increasing
barley β-glucan concentration. This is accompanied by the knowledge of literature
[118]. The addition of volatiles to β-glucan-containing model beers resulted in a
stronger impact on filter performance (up to 65%) and retention of MCFA ethyl esters
(over 90%) during membrane filtration (see chapter 3.3, page 42/43). Independent of
the β-glucan concentration of the unfiltered model beer, the membrane material used
affected concentrations of ethyl octanoate (−58%), ethyl decanoate (−87%) and ethyl
dodecanoate (−94%). Comparable to DE filtration, a drop in filter performance with
rising β-glucan content was found in membrane filtration trials (see chapter 3.3, page
44, Tab. 1). However, degradation was significantly higher compared to DE filtration.
Responsible for this combined effect of barley β-glucan and volatiles was an
agglomeration of polysaccharide molecules. An increase in molar mass distribution
due to the addition of volatiles could be observed in β-glucan model beer solutions
(see chapter 3.4, page 53, Fig. 2). However, this effect was dependent on volatile
molecular structure and chain length of fatty acid or alcohol residues. In this case, clear
differences were found in spite of the same log KOW value of the studied isomers
(dodecanoic acid, octyl butyrate, ethyl decanoate and decyl acetate, compare chapter
3.4, page 52, Tab. 1). Besides an increase in molar mass, viscosity and β-glucan gel
content of the model beer increased due to the addition of volatiles. Aggregation of
β-glucans and thus gel building could be determined by investigating radii of gyration
2
2
and hydrodynamic radii (aggregation number: 𝑥𝑟,𝑐𝑜𝑛𝑡𝑟𝑜𝑙
=1.9, 𝑥𝑟,𝑑𝑒𝑐𝑦𝑙
𝑎𝑐𝑒𝑡𝑎𝑡𝑒 = 2.2,

compare page 53, Tab. 5). An increased association of β-glucan molecules could be
found depending on the chain length of the fatty acid or alcohol residue of the
investigated volatiles. This enhanced agglomeration occurs due to a degradation in
solubility of the polysaccharides in the corresponding solvents. Similar reactions are
also possible in beer due to the specific composition of β-glucans and volatiles from
yeast fermentation. In this context, different authors assumed a decreasing filterability
during DE precoat filtration due to a dosage of cold break to beer, mainly consisting of
high amounts of β-glucans [94,95,97,120,121]. The addition of cold break resulted
furthermore in a drastic increase in beer viscosity [94]. The impact of volatiles on cold
break composition was not determined by the authors. In contrast, decreased
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filterability with cold break dosage to beer could not be observed during membrane
filtration [95].
To examine the combined effect of volatiles and β-glucans on membrane filtration and
filter clogging, locally-resolved image analysis using CLSM was performed (see Figure
4-1).

Figure 4-1: Locally-resolved image analysis using CLSM (z- and x-axis view) and graphical
analysis of fouling layers on PES membranes (0.45 µm pore size): a) 50 mg/l barley β-glucan
(medium viscosity) ( , blue), b) 50 mg/l barley β-glucan ( , blue) and 100 mg/l decyl acetate ( ,
red), c) 50 mg/l yeast β-glucan ( , blue), CLSM method: staining using Calcofluor White 1:10
diluted in Tris-HCl buffer (pH 8) and Nile red diluted in ethanol (1:100,000); detection: 20-fold
magnification, Argon-ion laser (488 nm wavelength): HV: 100, offset: -60 and red-diode laser
(635 nm wavelength): HV: 60, offset: -60 [122].
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For the investigation of layer formation on PES membranes, model beer solutions
consisting of 50 mg/l barley β-glucans in 5% (w/w) ethanolic solution were filtered. It
was found that pure barley β-glucan solutions had only a low fouling (maximum 5%)
on the membrane surface, with only a few larger particles. This is consistent with the
results from chapter 3.3, where an impact of β-glucan was first observed at a
concentration of 200 mg/l. In contrast, model beer containing 50 mg/l β-glucan and
100 mg/l ethyl decanoate had a higher layer on the membrane surface. Fouling of
β-glucans reached nearly 70% on the membrane surface, while ethyl decanoate
covered 60% of the membrane surface. Furthermore, a broader coverage, also inside
the membrane, could be determined in this sample. One conspicuous difference was
the detection of larger polysaccharide particles on the membrane in spite of the same
concentration of β-glucan. This is consistent with the findings of chapter 3.4, which
reinforces β-glucan retention due to a degradation in solubility and polysaccharide
agglomeration. Furthermore, deposits were mainly found on PES membrane surfaces.
In addition to barley β-glucans, yeast β-glucan (50 mg/l) models were investigated and
a fouling of maximum 15% on the membrane surface was found. A thin layer and some
bigger particles could be detected on the entire membrane surface. To expose
retention and clogging mechanisms of investigated polysaccharides, the molar mass
distribution of used β-glucan standards was investigated with an asymmetric field-flow
fractionation (measurement principle described in chapter 3.4). It could be observed
that yeast β-glucan had a lower medium molar mass (MW = 2.5 ± 0.2×105 g/mol, n = 2)
and lower dispersity (MW/Mn = 1.3, n = 2) in comparison to barley β-glucan
(MW = 2.8 ± 0.1×106 g/mol, MW/Mn = 1.6, n = 3). Nevertheless, higher radius of gyration
(rrms, yeast = 120.0 ± 24 nm,

n = 2;

rrms, barley = 85.8 ± 29.5 nm)

and

comparable

hydrodynamic radius (rh yeast = 103.5 ± 51.3 nm, n = 2; rh, barley = 101.0 ± 0.7 nm) could
be found for yeast β-glucan, resulting in a more linear structure of this polymer
(υyeast = 0.62), whereas barley β-glucan had a random coiled structure (υbarley = 0.54).
This is a clear indication of the influence of molecular geometry and expansion on its
filtration properties during membrane separation processes. The described impact on
membrane clogging and filter performance was investigated in lager beer. Figure 4-2
shows the filter performance of model beer samples as a function of β-glucan
concentration and the addition of ethyl decanoate and decyl acetate. The two volatiles
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which had the greatest influence on β-glucan agglomeration during the molar mass
studies proposed a substantial reduction in filter performance analysing PES
membranes. The investigation of membrane clogging showed a significant increase in
β-glucan content on the membrane surface by the addition of volatiles. Above all, the
addition of the MCFA ethyl ester ethyl decanoate resulted in β-glucan-induced
membrane clogging greater than 70% (see Figure 4-2b). Furthermore, the
investigation of membrane clogging after filtration of lager beer samples was
undertaken to compare previously examined findings. In addition to filter performances
of less than 2.5 g/(min×cm2×bar), fouling layers greater than 60% could be measured.
Moreover, membrane clogging of β-glucans in beer samples was comparable to model
beer samples containing volatiles.
a)

b)

Figure 4-2: Filtrate flow (n = 3) of beer model solutions (5% (w/w) ethanol) in dependence on their
β-glucan concentration using PES membranes (A, measurement principle described on page 41)
and fouling layer degree (n = 12, measurement principle described in Figure 4-1) of the β-glucans
in dependence on the flow rate of these beer model solutions (n = 3, control barley β-glucan
sample ( ), barley β-glucan + 100 mg/l ethyl decanoate ( ), barley β-glucan + 100 mg/l decyl
acetate( )) and 26 lager beer samples ( ) on PES membrane (B).

Comparable results were described in literature, where an influence of polysaccharide
geometry on retention could be detected [51]. Furthermore, the impact of gel formation
on membrane pore clogging was described by Agbangla et al. [48]. This described
agglomeration (“gelified accumulation”) of polymers is enhanced for beer β-glucans
due to the decline in solubility by the addition of volatiles (see chapter 3.3 and 3.4).
β-Glucan aggregation is known from literature due to high molar mass fractions
(> 1.0×105 g/mol) and high concentrations of β-glucan, which is further enhanced due
to a change in solubility [67].
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According to Figure 2-5, filter clogging can also occur in the presence of particles
smaller than membrane pore size. This pore bridging, a special type of standard
blocking, can lead to “bridges” above the membrane pore and increase the deposition
of particles on the membrane surface [48,123]. Because of the layer formation shown
in Figure 4-1b, comparable mechanisms might be possible. Referring to Equation 2-6,
the internal resistance (𝑅ℎ,1 ) as well as cake resistance (𝑅ℎ,2 ) increases, which results
in a reduction of filter performance. It could be demonstrated that β-glucan composition
has a great influence on membrane clogging during beer filtration. With the help of
locally-resolved image analysis of the membrane clogging, it was possible to detect
above all cake layer formation as well as intermediate blocking and less in-pore
blocking caused by β-glucans. Furthermore, an impact of the observed interactions on
filter clogging in dependence on the used membrane material could be determined
(see chapter 3.5, page 60, Fig. 2). Most hydrophilic membranes manufactured from
cellulose nitrate had nearly no decline in filterability due to filtration of beer and beer
with dosage of MCFA ethyl esters, but with dosage of longer chain fatty acids (C18–
C22). In comparison, polyethersulphone and polyamide membranes had a decrease in
filterability due to the addition of hydrophobic substances to beer. Filterability was
associated with chain length of the fatty acid (residues) of investigated agents, which
is consistent with the findings of the previous chapters. During crossflow filtration trials,
the faster increase in pressure due to the addition of flavouring substances to beer was
examined. This increase in pressure had an additional negative effect on filter service
life.
Based on the analytical data, it can be established that membrane filtration is more
strongly affected by described β-glucan agglomeration due to the presence of volatile
than DE precoat filtration. This could be mainly observed due to the layer formation on
the membrane surface because of interactions of beer ingredients with the membrane
material. During DE filtration, the inclusion of inhibitory substances in filter cake
resulted in a continuation of filtration processes. Beer that is difficult to filter can be
counteracted by adjustments to the amount of filter aid and to the porosity of the filter
cake. The type of beer ingredients that affect DE filtration is less important than their
effect on liquid viscosity. This could be illustrated with both β-glucan-volatile and yeast
β-glucan filtration, as these ingredients have a large impact on beer viscosity. Besides
an inclusion, adsorption and sieve effects could be observed during DE filtration [124],
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which can be enhanced because of increased beer viscosity due to a reduction in flow
velocity through the cake. In contrast, membrane filtration observed a strong effect of
molecule geometry on filterability and filter clogging. In addition, an influence on
hydrophilic qualities of membranes in connection to sample composition could be
found. Although comparable substance groups are involved in filter clogging and the
degradation of both filtration processes, different retention mechanisms could be
identified during membrane and DE precoat filtration. In connection to beer
composition, not only polymer substances from malt but also yeast metabolism
products must be considered in beer filterability. These autolysis products complicate
the predictability of filtration processes in upstream process steps of brewing.
Since one of the main filtration-inhibiting substance groups in membrane filtration could
be identified, the next step must be process optimization with regard to beer filtration
and beer production to increase filter service lifetime. A modification of the membrane
material composition can cause a change in the deposition of β-glucans and volatiles
as well as a simultaneous increase in filterability. The first findings on this topic could
be achieved within this work (see chapter 3.5). Furthermore, cake formation on
membrane surfaces can be prevented by means of modifications to crossflow filtration
process technology like circulation speeds. For an additional improvement of
membrane filtration, irreversible fouling caused by β-glucan gel layers can be
effectively removed by chemical cleaning [41]. An adaptation of cleaning processes as
well as the detailed analysis of beer membrane fouling are essential to ensure a
successful filtration process and the desired beer stability.
In addition to filter process technology, beer production provides a great potential for
improving filterability. First, careful selection of raw materials allows the usage of malts
with low concentrations of β-glucans. Moreover, the degradation of these
polysaccharides during mashing can be attempted. To prevent interactions of
β-glucans with MCFA ethyl esters, a high yeast quality regarding vitality and viability
must be considered. This is necessary because longer chain MCFA ethyl esters (e.g.
ethyl decanoate) are mainly extracted from the cell in the case of lysis, which had a
larger negative impact on filterability. In addition, yeast β-glucans can enter into the
fermentation medium, which greatly impairs filterability. Thus, not only the brewing
process but also fermentation should be monitored more closely to obtain a good level
of filterability and beer quality.
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