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Summary
The growing group of health-conscious consumers drives the development and sales in the
market of low- or non-alcoholic beverages. In particular, sales in alcohol-free beer (AFB) has
drastically gained in recent years, giving the incentive to further advance alcohol-free products.
This thesis comprises the development of a new technology to produce an alcohol-free beer
with an improved flavour, that is, an AFB with a significantly lower concentration in Strecker
aldehydes. Despite the fact that Strecker aldehydes are present at trace concentrations of a few
micrograms per litre, these compounds are majorly associated with the characteristic wort offflavour in alcohol-free beer.
In the first stage, the origin of wort flavours is elucidated, and furthermore, the impact of the
changed production process in comparison to regular beer and its resulting changes in the
product is discussed. The most significant pathways of origin are the Maillard reactions and
Strecker degradation, however, many other formation pathways have been suggested. While
alcohol-free beers produced through regular fermentation and subsequent dealcoholisation are
generally low in wort off-flavour, biologically produced AFBs exhibit a rather strong wortiness.
This is because yeast’s activity during the fermentation is restricted to prevent alcohol
formation, having the side effect that other compounds such as aldehydes are not converted to
neutral or characteristic beer flavours. As it is impossible to prevent the formation of wort
flavour, selective removal is required to produce an alcohol-free beer with improved flavour
profile (balance).
Subsequently, technologies applied to remove aldehydes from aqueous streams are
investigated. Mechanisms that can be exploited for such removal are various – from separation
based on size or volatility (distillation, pervaporation or membrane filtration) through sorption
or conversion – past research has nearly studied all removal techniques available for aldehydes.
However, most of the available techniques are not selective enough for a complex matrix such
as beer, or not suitable for the application in the food industry. Nonetheless, adsorption is
identified as the most promising technique to facilitate selective aldehyde removal.
As a benchmark system, a dealcoholisation plant (spinning cone column) is studied with special
focus on wort flavour removal. While volatile aldehydes such as 3-methylbutanal can relatively
easily be reduced, methional, having a high boiling point, is not sufficiently separated from the
7
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end-product. Furthermore, due to the impact of heat, and ergo, the continuous formation and
evaporation of these flavours, a plateau in their concentration is observed, where no further
removal seems possible. This theory is proven by spiking a reactive sugar into the base and
forming the mass balance over the system. Hence, in order to achieve a high reduction on high
boiling wort flavours, another technology, such as adsorption, is required.
To test, whether a suitable adsorbent can be identified, a wide screening experiment covering
three adsorbent types (amine-functionalized polymers, hydrophobic resins and zeolites) and a
total of 21 materials is performed. ZSM-5 type zeolites prove to have a superior selectivity as
well as a relatively high capacity compared to other adsorbents. The choice of the right pore
size and hydrophobicity is crucial for the separation success. Adsorption of the compounds of
interest is non-competitive within the design space and robust against small changes in the beer
matrix. The process is transferred to pilot scale, where it is shown that the zeolite effectively
reduces wort off-flavour while maintaining the original character of the beverage. The reduced
wort flavour concentration is also maintained over a period of 4 months ageing. Interestingly,
the formation rates of aldehydes related to ageing are similar for the treated and reference
product, with the exception of trans-2-nonenal, which is manifold lower in the treated AFB. A
trained sensory panel confirms the difference in taste for both, the fresh and the aged product.
In order to upscale this process to industrial scale, also the dynamics of the adsorption process
on granular, binderless ZSM-5 zeolite is studied. The homogenous surface diffusion model is
employed to regress the intraparticle diffusivity. The so obtained parameters indicate strong
intraparticle mass transfer limitations as well as an inverse correlation of the effective diffusion
coefficient to the molecules’ hydrophobicity. To avoid this process bottleneck, material
improvements such as smaller crystal size and smaller granules are recommended.
Finally, all obtained parameters are translated into a unit operation design. With a simple
packed-bed operation of crushed particles, the production costs can be as much as 40 % lower
than thermal dealcoholisation unit. Nonetheless, several assumptions still need to be verified,
such as the material regenerability as well as other non- process-related factors such as material
stability and food safety. Concluding, the newly developed technology for selective wort
flavour removal in AFB in combination with restricted fermentation represents a great
alternative to conventionally produced AFB.

8
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Samenvatting
De groeiende groep gezondheidsbewuste consumenten stimuleert de ontwikkeling en verkoop
van alcoholarme of niet-alcoholische dranken. Vooral de verkoop van alcoholvrij bier (AFB)
is de laatste jaren drastisch gestegen, wat een stimulans geeft om alcoholvrije producten verder
te promoten. Dit proefschrift omvat de ontwikkeling van een nieuwe technologie voor de
productie van alcoholvrij bier met een verbeterde smaak, namelijk een AFB met een aanzienlijk
lagere concentratie in Strecker-aldehyden. Ondanks het feit dat Strecker-aldehyden in zeer lage
concentraties aanwezig zijn (enkele microgrammen per liter), zijn deze verbindingen in
belangrijke mate verantwoordelijk voor de kenmerkende onaangename wortige bijsmaak (wort
off-flavour) in alcoholvrij bier.
Als eerste wordt de herkomst van deze wortsmaken opgehelderd. Bovendien wordt de impact
van het veranderde productieproces voor AFB in vergelijking met gewoon bier besproken en
de daaruit voortvloeiende veranderingen in het product. De belangrijkste herkomst van
wortsmaken, naast vele andere, blijken Maillard reacties en de Strecker afbraakreactie.
Alcoholvrij bier dat geproduceerd wordt door gewone fermentatie waarbij vervolgens de
alcohol wordt verwijderd, bevat over het algemeen weinig wort smaak, terwijl biologisch
geproduceerd AFB wordt gekenmerkt door een vrij sterke “wortigheid”. Dit ligt aan het feit dat
de gistactiviteit tijdens de vergisting beperkt is om de vorming van alcohol te voorkomen, met
als neveneffect dat aldehyden niet worden omgezet in meer neutrale dan wel karakteristieke
biersmaken. Aangezien het onmogelijk blijkt om de vorming van wort-smaak te voorkomen, is
een selectieve verwijdering van deze wort-smaak nodig om een alcoholvrij bier met een
verbeterde en evenwichtige smaak te produceren.
Vervolgens worden huidige toegepaste technologieën om aldehyden uit waterige stromen te
verwijderen onderzocht. De mechanismen die voor een dergelijke verwijdering kunnen worden
gebruikt zijn divers - van scheiding op basis van grootte of vluchtigheid (destillatie,
pervaporatie of membraanfiltratie) tot sorptie of conversie. In het verleden zijn bijna alle
beschikbare verwijderingstechnieken voor aldehyden wel onderzocht. De meeste beschikbare
technieken zijn echter niet selectief genoeg voor een complex mengsel zoals bier, of niet
geschikt voor toepassing in de voedingsindustrie. Adsorptie wordt geïdentificeerd als de meest
veelbelovende techniek om selectief aldehydes te verwijderen.

9
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Als referentiesysteem wordt een dealcoholisatieinstallatie (spinning cone column) onderzocht
met speciale aandacht voor de verwijdering van de smaak van het wort. Terwijl vluchtige
aldehyden zoals 3-methylbutanal relatief gemakkelijk kunnen worden verwijderd, wordt
methional, dat een hoog kookpunt heeft, onvoldoende gescheiden van het eindproduct.
Bovendien wordt onder invloed van warmte, de continue vorming en verdamping van deze
smaken een concentratieplateau van deze verbindingen waargenomen, waardoor geen verdere
verwijdering mogelijk lijkt. Deze hypothese wordt bewezen door een reactief suiker molecuul
in het mengsel toe te voegen en een massabalans daarvan over het systeem op te stellen. Om
een significante reductie van hoogkokende wortsmaken te bereiken, is dus een andere
technologie, zoals adsorptie, nodig.
Daarna wordt een breed screeningsexperiment uitgevoerd met drie adsorptietypes
(aminefunctionele polymeren, hydrofobe harsen en zeolieten) en een totaal van 21 materialen
voor het vinden van een geschikt adsorbens. ZSM-5 zeolieten blijken een superieure
selectiviteit en een relatief hoge capaciteit te hebben in vergelijking met andere
adsorptiemiddelen. De keuze van de juiste poriegrootte en hydrofobiciteit is cruciaal voor een
succesvolle scheiding. Adsorptie van de betrokken moleculen blijkt niet competitief binnen de
onderzochte experimentele ruimte en is robuust voor kleine veranderingen in het biermengsel.
Uitgevoerd op pilotschaal blijkt dat de zeoliet de wortsmaak effectief vermindert, met behoud
van het oorspronkelijke karakter van het bier. De verminderde wortsmaak blijft behouden
gedurende een periode van 4 maanden. Interessant is verder dat de vorming van aldehyden ten
gevolge van veroudering vergelijkbaar is voor het behandelde en het referentieproduct, met
uitzondering van trans-2-nonaal, dat in het behandelde AFB veel lager is. Het verschil in smaak
wordt bevestigd door een getraind sensorisch panel voor zowel het verse als het verouderde
product.
Om dit proces op te schalen naar industriële schaal wordt de dynamiek van het adsorptieproces
met

bindmiddelvrije

ZSM-5

zeoliet

korrels

bestudeerd.

Het

homogene

oppervlaktediffusiemodel wordt gebruikt om de diffusie in de deeltjes te bepalen. De aldus
verkregen parameters wijzen op een sterke beperking van de interne massaoverdracht en een
inverse correlatie van de effectieve diffusiecoëfficiënt met de hydrofobiciteit van de moleculen.
Om dit knelpunt te omzeilen worden verbeteringen in het zeoliet materiaal voorgesteld, zoals
kleinere kristallen en kleinere korrels.

10
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Summary - Samenvatting

Ten slotte wordt alle verkregen informatie vertaald naar een industrieel procesontwerp. Daaruit
volgt dat een eenvoudig gepakt bed van geplette zeoliet deeltjes de productiekosten verlaagt tot
40 % t.o.v. een thermisch dealcoholisatie proces. Niettemin moeten verschillende
veronderstellingen nog worden geverifieerd, zoals de regenereerbaarheid van het materiaal en
andere niet-proces-gerelateerde factoren zoals de stabiliteit van het materiaal en de
voedselveiligheid. Concluderend kan gesteld worden dat deze nieuw ontwikkelde technologie
voor selectieve verwijdering van wortsmaak in AFB, in combinatie met een beperkte vergisting,
een goed alternatief vormt voor conventioneel AFB dat m.b.v. dealcoholisatie wordt
geproduceerd.

11
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Für meine Familie

Es ist nicht genug zu wissen - man muss auch anwenden. Es ist nicht genug zu
wollen - man muss auch tun.
Johann Wolfgang von Goethe
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Chapter 1 1
Introduction
1.1. Background and aim
#dryjanuary, #dryfeb, #soberoctober are promoted throughout social media and an expression
of a general development – consumers become more health-conscious and want to reduce their
alcohol intake [1, 2]. Moreover, more and more studies show that consumption of alcohol, even
in moderation, that is more than seven drinks weekly, can increase the risk for strokes, fatal
aneurysms, heart failure and even death [3]. While sold volumes of regular beer have dropped
in recent decades, the industry has long realised that the market of the future will look different.
Figure 1.1 shows the market development of alcohol-free beer (AFB) of the last 9 years in the
Netherlands – since 2010, the sold volume has increased more than fivefold [4]. While the
market value in 2016 was estimated at 13.5 billion USD, it is expected to grow to more than 25
billion USD by 2024 [5].

Figure 1.1: Volume of alcohol-free beer sold in the Netherlands between 2010-2019

And indeed, alcohol-free beer has the potential to replace the occasional “after-work-beer”.
Recent studies found that the reward reaction of the human brain during consumption is the
same, indifferent from the fact a beer contains alcohol or not [6]. However, there is still a clearly
perceivable difference between a regular and an AFB [2, 7, 8]. The “taste gap” between regular
and alcohol-free products still prevents many consumers from choosing the healthier
alternative. According to a national study of Dutch consumers, for 69 % of the population, taste
15
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is the most important factor to choose a beer [9]. As depicted in Figure 1.2 regular beer is
characterized by its fruity and floral notes, majorly originating from ester compounds, as well
a well-defined bitterness and a warming mouthfeel from the solvent effect of ethanol. Only very
subtle notes of wort flavour are perceivable. On the contrary, AFB exhibits different sensory
defects, such as a watery mouthfeel, a high sweetness or intense wort flavour, as a result of their
divergent production process [2].
Commercial technologies available for producing AFBs are based on either physical removal
of ethanol by thermal separation under vacuum or by membrane technologies. Different
equipment is available [7]. Their working principle, characteristic product profile and
associated qualitative production costs are compiled in Table 1.1. The advantages of physical
dealcoholisation techniques include:
3.2 Complete alcohol removal possible
3.3 Alcohol can be marketed as a valuable side-product
3.4 Continuous and automated operation with a short start-up time
3.5 Flexibility with respect to capacity and inlet composition of the feed stream

A

B
Figure 1.2: Sensory profile of a regular beer (A) and an AFB (B)

Generally, reasonable good quality products are produced through dealcoholisation. However,
an incentive to develop new production methods for alcohol-free beer is the fact that physical
dealcoholisation methods, require a high initial and high in operational cost due to the high
energy requirements. Furthermore, beverages from dealcoholisation can lack body and
liveliness and thus appears watery [2, 7]. Biological produced beers, on the contrary, are cheap
in production, since no additional investment in equipment is needed and have very low
operational costs, as fermentation times are often shorter. Here, ethanol is not removed from
16
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Introduction

the beverage, but rather its formation is prevented through a reduced metabolism of the yeast.
As a result, AFBs produced through these methods exhibit a highly over-pronounced wort
flavour, which is not appreciated by consumers, and due to the lack of fruity esters and ethanol

1

as well as the sweetness of the unfermented sugars, it can be even more enhanced by [10-12].
Improving the taste of such biologically produced AFBs has a great potential to reduce costs
and the environmental impact on the production of such beverages.
Previous work has identified the major compounds responsible for such wort flavour are
aldehydes, in particular, Strecker aldehydes, which are derived from a heat-induced reaction of
a reducing sugar and an amino acids [13]. 2- and 3 methylbutanal, methional and 2methylpropanal, depicted in Figure 1.3 are recognized as the most dominant wort flavours, but
other compounds are involved as well [10-12]. For the purpose of this work, also furfural is
considered. Although at typical concentrations in AFBs it is not an off-flavour, furfural is a
common indicator for heat-induced reactions [14].

Figure 1.3: Aldehydes associated with wort flavour or heat indicator

It is thus the aim of this work to narrow the taste gap by developing a novel technology to
improve the flavour profile of alcohol-free beers and tackle the tricky task of selective wort offflavour removal to produce a flavour-improved AFB. In the following, an outline on the thesis
and its chapter is provided.

1.2. Thesis outline
The first chapter briefly introduces the problem of a non-optimal flavour profile in alcoholfree beverages. Hereby, the scope and outline of the thesis are presented. The second chapter
provides an overview of the current production method(s) and related flavour defects. In
particular, the origin and chemical pathways of wort flavour compounds are introduced and the
impact of alcohol-free beer composition on the perception of wort off-flavours is treated.

17
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Furthermore, the status-quo in the brewing industry is presented and literature is screened for
existing solutions for selective removal techniques. The chapter concludes with the
recommendation of suitable separation techniques to facilitate selective off-flavour removal.
Chapter 3 studies exemplarily the spinning cone column as a thermal dealcoholisation system,
to simultaneously produce alcohol-free beer and reduce wort flavour. The impact of the
stripping rate on the flavour profile (aldehydes, diketones and esters) is presented, as well as
the addition of sugar modifiers. The thermal impact on the product is analysed by making the
mass balance over the system. The aim is to show, whether thermal methods are suited to reduce
the wort flavour.
With the knowledge of chapter 2 and 3, an adsorptive capturing step is suggested in chapter
4 to selectively remove all key wort flavours from alcohol-free beers. Therefore, 3 different
types of adsorbents (in total 21 different adsorbents) are screened and the best performing
adsorbent type identified. These materials are consequently studied to obtain multicomponent
isotherms (mixture amount design). By varying the matrix composition the robustness of the
derived model is shown. A proof of principle is provided in chapter 5 by transferring the
process to pilot-scale. The quality traits, sensory perception and ageing behaviour of the
flavour-improved beverage are subsequently investigated.
Chapter 6 dives into the topic of mass transfer in complex aqueous media. The main focus is
to identify the most suitable mass transfer model and obtain the required parameters (e.g.
diffusion coefficients). The diffusivities of the key wort compounds are measured in a model
solution, mimicking viscosity, pH and temperature of AFBs. Furthermore, the bottleneck in the
mass transfer process is identified with batch uptake experiments.

18
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Cold contact
fermentation

Biological:

Limited, continuous
fermentation with
immobilized yeast

Biological:

13. Less thermal impact on product stream, but small molecules such as CO 2,
water and flavours also pass through the membrane [22] [23]

10. Cross-flow filtration employing semi-permeable
membrane
11. Transmembrane pressure > osmotic pressure resulting
in separation of ethanol against osmotic pressure.

23. Wort is pitched with yeast cells at 2-4ºC
24. Alcoholic fermentation is suppressed while allowing
for (some) metabolic formation of flavour compounds
[28]

17. Immobilized yeast strains are cultivated in specialized
reactors under stress conditions, which limit the cell
metabolism
18. Only a fraction of the contained sugars is metabolized,
resulting in low ethanol concentrations (<0.08 %) [25]

12. Selective diffusion of small molecules through semipermeable membrane [21]

Dialysis

Loss in aroma and liveliness

Reverse osmosis

Dealcoholisation
through membrane
techniques

25. Due to the low metabolic activity of the yeast, worty aldehydes such as
methional remain above the sensory threshold, resulting in an unbalanced
taste experience [28].

Worty off-flavours and unbalanced flavour profile

19. Depending on the fermentation parameters (aeration, residence time,
temperature) and the selected yeast strain, the product composition can be
controlled [26]
20. Achieving the correct balance of sensory compounds in the short time is
still difficult; higher concentrations of diacetyl and aldehydes have been
observed, while ester concentrations remain relatively low

Imbalanced Flavour profile

4. Degree of flavour loss is dependent on degree of dealcoholisation.
5. The profile of remaining flavours is moreover highly unbalanced. The
retained higher alcohols in the product consist of 97 % of 2-phenylethanol
[7, 17], which has a characteristic floral odour [18].
6. As vacuum is applied, the impact of thermal stress is considered negligible
in literature. Compounds indicative for alteration through thermal stress
such as hydroxyl-methyl-furfural or furfural serve as heat indicators [7,
19].
7. Acetaldehyde-bisulphate can thermally degrade to acetaldehyde [16],
creating an off-flavour in the final product.

Great loss in flavour and liveliness / Trade-off between ethanol content
and flavour loss

Product quality

Continuous vacuum rectification system
(Schmidt® SIGMATEC Dealcoholisation
Systems): Vacuum evaporation by rectification
(multistage distillation)
2. Spinning Cone Column (Flavourtech): Counter-current
vacuum steam stripping enhanced by rotation of the
inverted cones [15]
3. Falling film evaporator (GEA): Thin film is created by
gravity while flowing down downward along steamheated tube walls at boiling temperature, the liquid
stream is partially evaporated under vacuum [16].

1.

Equipment and working principle

Thermal
dealcoholisation

Method

26. Low, if carried out in
batch [7]

21. Low, although specialized
equipment and process
optimization is required [7]
22. Yeast cells alter over time
due to ageing effects,
which exacerbates process
control [27]

14. High for low alcohol
concentration
15. Fouling of membranes may
increase costs additionally
16. Claimed to be
economically unfeasible
for product streams with
<0.45 vol. % ethanol [24]

8. Medium for very low
alcohol concentrations
(<0.05 vol. %) due to high
initial investment costs and
energy consumption [16]
[16, 20]
9. Alcohol can be marketed as
a side product

Production costs (qualitative)

Table 1.1: Comparison of different production methods for alcohol-free beer with respect to working principle, product quality and production costs

Introduction
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With findings from chapter 4 and 6, an overall process model is constructed in chapter 7.
Having studied the system in detail, a scaled-up unit operation is proposed which circumvents
limitations in the mass transfer as much as possible. Thereby, different unit operation
configurations are analysed, including simple sludge batch operation to semi-continuous
periodic counter-current chromatography.
Chapter 8 summarizes the key findings of the thesis, concludes scientific and practical
relevance and gives an outlook to future research.
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Chapter 2
Aldehydes as wort off-flavours in alcoholfree beers – origin and control

2

Abstract: Although present in concentrations in microgram per litre level, aldehydes, in
particular those derived from Strecker degradation, are known to majorly contribute to the
undesired wort flavour of alcohol-free beers. In order to improve currently available products,
one needs to understand the underlying cause for the over-prevalence and identify leverage
points and methods to selectively reduce the aldehydes in alcohol-free beers. This work gives
a short overview on relevant flavour active wort flavours identified in alcohol-free beer, and on
their involved chemical formation pathways. Consequently, aldehyde removal technologies in
general and in brewing industry are presented. Adsorptive removal of off-flavours by aldehyde
scavenging groups is already widely exploited in the packaging industry and may achieve
reduction of these components to near depletion, depending on the process conditions. Its
principles are adaptable to recovering off-flavours before filling. Also, supercritical CO2
extraction has been successfully applied to separate flavours from food matrices. In brewing,
the focus has been set to biologic conversion by restricted fermentation steps, but the reduction
of key components of more than 70 % is not achieved. Newer developments focus on thermal
separation techniques that not only include non-specific physical dealcoholisation, but also
more selective technologies such as pervaporation, where aldehydes are reduced to near
depletion. However, for most unit operations selectivity and capacity are not yet investigated.
Future research should explore the shortcomings of current techniques and overcome
bottlenecks either by developing more specific methods for aldehyde removal and/or a clever
combination of unit operations to optimize the separation and process integration.

Published as: Gernat, D.C., Brouwer, E. & Ottens, M. Aldehydes as Wort Off-Flavours in
Alcohol-Free Beers—Origin and Control. Food Bioprocess Technol 13, 195–216 (2020).
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2.1. Introduction
Current market trends show that consumers are shifting more and more to a health-conscious
life-style [1] causing a continuous gain in sales of alternatives such as alcohol-free beers (AFBs)
over the past years. As a result, there is a strong interest of the beverage industry in lowalcoholic and alcohol-free products [1, 2]. The definition of alcohol-free and non-alcoholic
beers differs significantly between countries. While in the UK only beverages with an alcohol
content of less than 0.05 vol.% fall under this category, other European countries such as
Germany allow beverages to contain up to 0.5 vol.% of alcohol [3]. In the United States there
is a clearer separation between “alcohol-free”, meaning no alcohol contained and “nonalcoholic” beer, where the upper limit is 0.5 vol.% [4]. In this review the term “alcohol-free” is
utilized.
Yet, the overall flavour and taste associated with AFBs is not comparable to its alcohol
containing equivalent [5]. Market studies conducted in the Netherlands, for instance, show that
out of the population of Dutch consumers whom do not consume non-alcoholic beverages, 60%
state the sensorial defects as the reason [6]. Constituents of beer are numerous, amongst others
it contains higher alcohols, esters, aldehydes, lactones, carboxylic acids and phenols, which
contribute to the overall flavour of the drink [7, 8]. In alcohol-free products, worty flavours are
often considered over-pronounced. This perception is closely related to an elevated beer
aldehyde content and results in an inferior sensory experience compared to a regular drink [3].
The objective of this review is to give an overview on wort off-flavour profiles in AFBs and
the underlying formation processes of aldehydes during brewing and downstream processing.
Furthermore, aldehydes with the highest impact on taste perception are identified and the
influence of the beer matrix constituents on sensory perception evaluated. In the second part of
the review, a summary on current general removal technologies and state-of-the art in the
brewing industry is given and future research opportunities highlighted.

2.2. Aldehydes as flavour active components in (alcohol-free) beer
2.2.1. Relevant flavour active aldehydes in beer
Flavour profiles of alcoholic and AFBs are complex [9]. A broad outline of most relevant
flavour active aldehydes in beer extracted from literature is given in Table 2.1. The list
comprises 11 molecules, yet, most persistent and outstanding wort off-flavours are 3methylbutanal (3-MB), 2-methylbutanal (2-MB) [10] and methional [11], where methional has
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with 4.2 ppb the lowest sensory threshold in beer amongst the three [12]. 2-MB is often
characterized as malty or almond like, while 3-MB also exhibits a chocolate character.
Table 2.1: Summary of relevant flavour active aldehydes, their sensory threshold in beer [12, 16]
and sensory descriptor [12-14, 17, 18]
Name (group)
Acetaldehyde

Threshold [µg/L] Description
1114 -25000
86 – 1000

 Produced through Strecker degradation of valine or
oxidative degradation of isohumulones (hops
component)
 Grainy, varnish, fruity

2-methylbutanal
(Strecker aldehyde)

45– 1250

 Produced through Strecker degradation of isoleucine
or in presence of oxygen
 Almond, apple-like, malty

3-methylbutanal
(Strecker aldehyde)

561 – 600

 Produced through Strecker degradation of leucine or
in presence of oxygen
 Malty, chocolate, cherry, almond

Hexanal

88 -350

 Product from fatty acid oxidation
 Green, grassy

Methional
(Strecker aldehyde)

4.2 -250

 Produced through Strecker degradation of
methionine
 Cooked potatoes, worty

Phenyl
acetaldehyde
(Strecker aldehyde)

105 -1600

 Produced through Strecker degradation of phenyl
alanine
 Hyacinth, flowery roses

Trans-2-nonenal
(linear aldehyde)

0.03 - 0.11

 Reaction between heptanal and acetaldehyde or auto/ enzymatic oxidation of linoleic
 Cardboard, papery, cucumber

Benzaldehyde
(aromatic
aldehyde)

515 – 2000

 Produced in presence of oxygen
 Almond, cherry stone

(linear aldehyde)

1

 Green apple, fruity

2-methylpropanal
(Strecker aldehyde)

1

Furfural
(heterocyclic
aldehyde)

15 0001 -150 000

 Product of Maillard and caramelisation reaction (heat
indicator)
 Indicator of flavour instability in beer
 Caramel, bready, cooked meat

5-hydroxy-methylfurfural
(heterocyclic
aldehyde)

357841 -1000000

 Product of Maillard reaction and caramelisation
 Bready, caramel

2

odour threshold
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The flavour of methional is related typically to a wort character and the smell of cooked potatoes
[12-14]. Often synergistic effects are observed. Currently, it is assumed that the unpleasant taste
of AFBs results from the synergic interaction of 2- and 3-MB to sulphur containing degradation
products of methional [15].
2.2.2. Chemistry of aldehydes in (alcohol-free) beers
Aldehyde formation in beer involves different substrates and mechanisms and mainly occurs
during wort mashing and boiling [15, 19]. The most important pathways are: 1. Oxidation of
unsaturated fatty acids by enzymatic oxidation, autoxidation and photo-oxidation, 2. Maillard
reactions, 3. Strecker Degradation, 4. Degradation of bitter acids, 5. Aldol condensation, 6.
Melanoid-catalysed oxidation of higher alcohols, 7. Secondary autoxidation of aldehydes, 8.
Aldehyde secretion by fermenting yeast [13]. Out of these, the most relevant mechanisms for
the formation of 2- and 3-MB and methional dominant in alcohol-free products are further
explained in the paragraphs below.
Maillard reactions or also called non-enzymatic browning reactions summarize all reactions of
amines, amino acids, peptides or proteins with a reducing sugar. The reactions typically take
place at temperatures above 50°C and a pH range of 4-7. Therefore, they are usually correlated
with the application of heat and visible by a change in colour. Due to the complexity of possible
reactions the variety of Maillard products in beer is versatile and their chemical properties
divers [20, 21]. The most important aldehydes formed through these reactions in beer
production are furfural (FF) and 5-hydroxymethylfurfural (5-HMF), which serve as markers for
the heat load impact on the mash, wort and beer [9, 22-24]. Their formation pathways are shown
in Figure 2.1. The carbonyl group of an aldose (pentose in case of FF, hexose in case of 5HMF) reacts with an amine or amino group of an amino acid, peptide or protein to an imine,
also called Schiff base. At beer pH (around 4.0 – 5.0) [25], the chemical equilibrium favours
the formation of 3-deoxyosone by elimination of a proton and an amine. Ring formation through
condensation reaction then results eventually into the typical Maillard products FF (from
pentose) and 5-HMF (from hexose) [13, 26].
Strecker degradation is defined as the heat-induced reaction of an α-dicarbonyl or
hydroxycarbonyl, such as glyoxal, methylglyoxal, diacetyl or 3-deoxyosone [27, 28], with an
amino acid according to the general mechanism outlined in Figure 2.2-A [29]. In the first step
of the reaction, an unstable hemiaminal is formed by the nucleophilic addition of the
unprotonated amino group to the carbonyl group. The reversible elimination of water and
28
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consequent irreversible decarboxylation results in the formation of an imine zwitter ion. The
addition of water yields an amino alcohol, which in turn degrades into an α-ketoamine and the
so called “Strecker aldehyde” [13, 30, 31].

2

Figure 2.1: Overview on Maillard reactions leading to the formation of FF and 5-HMF [13, 26]

Strecker degradation is generally thought to be related to the chemistry of reducing sugars.
During the Maillard reaction the Schiff base can rearrange to the a so-called Amadori
product [31-33] as shown in Figure 2.1, which then degrades to the α-dicarbonyl component
[21]. However, it has been shown that other reactive carbonyls such as lipid derived carbonyls
or quinones from polyphenol oxidation also contribute to the formation of Strecker aldehydes
[30, 34-36]. When testing the capacity of 20 phenolic derivatives to form Strecker-type
degradation products of phenylalanine and phenylglycine methyl ester, results indicated that
polyphenols are potent to induce the reaction in absence of added oxidants [36]. One
mechanism proposed for the formation of Strecker aldehydes in presence of reactive carbonyls
derived from lipid oxidation is shown in Figure 2.2-B. The reaction is initiated by the formation
of an imine from the amino acid and the reactive carbonyl under elimination of water. After
consequent decarboxylation due to an electronic rearrangement, the molecule forms a second
imine, which then hydrolyses to the Strecker aldehyde. The “by-product” of this reaction in turn
is unstable and initiates further reactions with amino acids [37].
29
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A

B

Figure 2.2-A: General formation mechanism of Strecker aldehydes from an amino acid and αdicarbonyl group [13, 29]; B: Proposed mechanism of formation of Strecker aldehydes from
amino acids in presence of lipid-derived reactive carbonyls [37]

The above overview on Strecker aldehyde formation in beer is only a rough insight on involved
reactions and pathways. Kinetic modelling of the involved reaction during wort boiling has
been attempted, but it is still in its infancy [38].
2.2.3. Origin of aldehyde formation during regular and alcohol-free beer brewing
The common cause of the different composition and hence taste of AFBs is the deviating
brewing process of AFBs compared to regular beer. Figure 2.3 provides an overview on the
simplified brewing process of regular beer and the related change in aldehyde content in the
product. During the brewing process, the most significant change in wort flavour concentration
is observed in mashing, fermentation and maturing [39], but some formation of the compounds
already occurs during kilning in the malting step [40]. Thereby, the heat subjected to the grains
to stop the germination process induces Maillard reactions, caramelisation, Strecker
degradation as well as fatty acid oxidation. After malting, the grist is added to the mash mixer
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and combined with the brewing liquor. Consequently, a well-defined mashing procedure is
followed, where the enzymatic conversion of polysaccharides to short sugars takes place. In
parallel, aldehydes are again formed through the head-induced Maillard reactions,
caramelisation, Strecker degradation and oxidation of fatty acids. In the following step of wort
boiling, the hop is added and contained α-acids are isomerized. Due to the high heat input, the
same heat-induced reactions take place, but at the same time, the formed flavours are evaporated
and therefore removed from the wort. In the consequent fermentation, yeast metabolizes the
fermentable sugars in the wort as well as most aldehydes to their respective alcohol [39, 41].

2

The final product contains only very small amounts of wort flavour.

Figure 2.3: Overview on simplified brewing process and the related impact on the aldehyde
concentration

For the production of AFBs, several process strategies are pursued. These include biological
methods such as fermentation-free brewing, dilution, restricted alcohol fermentation and
physical dealcoholisation techniques like thermal or membrane technologies. An overview on
employed production technologies and their respective aldehyde levels is given in Figure 2.4 [3,
5].
While physical methods include a regular fermentation and the downstream removal of the
produced alcohol, the biological methods follow the strategy of restricting ethanol production
during fermentation, allowing for flavour development and off-flavour removal to a certain
extend. These fermentations can be carried out in batch or continuous operation. Different
practices are under investigation and proposed in the literature. The most common methods
include the cold contact procedure, arrested fermentation, the usage of special yeast strains [4]
and the reduction of fermentable fractions to non-fermentable fractions by a changed mashing
process [42]. Physical methods fall into two categories, which are thermal dealcoholisation
methods and membrane-based dealcoholisation technologies. Thermal dealcoholisation
31

63243 Gernat.indd 31

07-01-21 11:17

Chapter 2

systems include evaporators, rectification units and stripping columns. Membrane-based
separations use the principle of dialysis or reverse osmosis, but are currently developing in the
newer applications of pervaporation [3] and osmotic distillation [43].

Figure 2.4: Schematic classification of AFB production methods adapted from Brànyik et al. and
Sohrabvandi et al.[3, 5, 44], characteristics [15] and respective levels of relevant aldehydes [14]

As diverse as the production processes known for brewing AFB, are the related organoleptic
defects of AFBs [3]. A major problem in dealcoholized beers described in literature is that
during the process, not only ethanol is removed, but also aroma compounds, which contribute
to the organoleptic characteristics of the beer. Thereby, the ester and higher alcohol content is
strongly affected. The highest loss is observed for thermal dealcoholisation techniques, while
membrane-based processes have the lowest reduction in volatile aromas compared with the
original [3]. Furthermore, if thermal methods of dealcoholisation are applied, alternation by the
impact of heat can occur, causing the appearance of heat-induced off-flavours such as 5-HMF
or FF. Beverages produced by restricted fermentation or complete elimination of the
fermentation process often exhibit an unpleasant taste of sweet wort due to the fact that yeast
cannot sufficiently reduce the high aldehyde concentration in the wort at given operating
conditions [4]. Other process alternatives such as dealcoholisation by gas desorption [45],
extraction with supercritical CO2 or adsorption with silica gels have been developed, but are of
no industrial relevance [44].
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2.2.4. Impact of alcohol-free beer composition on the perception of wort off-flavours
At a closer look, the problem is not only the loss of flavour, but also the loss of balance in the
flavour profile of the beer [3, 46] and the change in the composition of the beer matrix.
Consequently, even if the same exact composition of aroma active compounds in the AFB as
in the original could be achieved, the beer would still have an unbalanced taste. This is caused
by the change in the thermodynamic properties of the beer matrix [47, 48]. Literature provides
thresholds for the perception of worty off-flavours for regular beer. However, it has been proven

2

that these thresholds do not hold for an AFB matrix due to three effects:
1) The absence of ethanol as a matrix component increases the polarity of the matrix and
hence results in an increased partition coefficient for more nonpolar aldehydes. If
compared, the retention of aldehydes in regular beer ranges between 32-39%, while a
non-alcoholic beer of 0.5 vol.% could only retain 8-12% of measured aldehydes [3, 49].
Because most flavour molecules are detected by the nose, the taste of a beverage results
primarily from its vapour phase [50]. Thus, the increased volatility of aldehyde causes
the worty character in AFBs to be over-pronounced, which consequently causes a poor
taste experience [15, 49].
2) The absence of positive flavours such as esters and higher alcohols in AFB leads to a
more pronounced perception of the worty aroma. Fruity esters have been shown to have
a significant masking effect for wort flavours in beer, i.e. on addition of an extra amount
of 300 ppb isoamyl acetate, the flavour threshold of 2-MB and methional in regular beer
increased by 250% and 40%, respectively [12].
3) The presence of higher concentrations of monosaccharide sugars typically observed in
AFBs causes a “salting out” effect for aldehydes from the beer matrix, which leads to a
further increase in the perceived wort flavour. In a sensory evaluation of a model AFB,
methional could be detected by 80% of the test panel at concentrations as low as 0.1
ppb [49]. Although this value is not a sensory threshold for AFB, it is an indication for
the fact that methional can be perceived at significantly lower concentrations than its
sensory threshold of 4.2-250 ppb for regular beer stated in literature [12, 16].
Besides these three factors, other matrix components influence the retention of aldehydes in
beer. Studies suggest that polyphenols, such as catechin impact the volatility of esters, but also
aldehydes [51, 52]. The decrease in the activity coefficients of isoamyl acetate, ethyl hexanoate
and benzaldehyde at a catechin concentration of 10 g/L was observed to be 10-15% [52].
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Typically, catechin and epicatechin concentrations in beer are found to be below 10 mg/L [53],
but can reach up to 30 mg/L [54]. Hence, in this case the impact of catechin on aldehyde
perception is at this concentration insignificant, however, other polyphenols might have a more
pronounced effect. Furthermore, it is known that amino acids can readily bind aliphatic
aldehydes. In particular cysteine is involved in the formation of thiazolidine carboxylic acids
[55, 56]. Baert et al. (2015) showed that aldehydes in beer tend to form adducts with cysteine
and bisulphite at beer pH [57, 58]. Consequently, two strategies can be pursued to decrease the
perception of worty off-flavours.
2.3. Methods of (selective) aldehyde removal
The complex nature of aldehyde chemistry implies that removing educts such as methionine
from the feedstock would decrease the concentration of the corresponding aldehyde to an
extent, but will possibly not bring the desired reduction in aldehyde concentration. The
following paragraphs will thus rather focus on scouting technologies for the direct removal of
aldehydes. When targeting the aldehyde off-flavours the challenge lies in choosing for a high
selectivity over other beer constituents thus preserving the natural nutritional value and taste of
an AFB [44]. Figure 2.5 shows possible mechanisms to accomplish a selective removal of
aldehydes from AFBs.

Figure 2.5: Possible mechanisms for the removal of aldehydes from AFBs
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The removal can either be based on physical properties of the molecules, such as size and
volatility, or based on interactions with other molecules and surfaces, where the selectivity is
defined by the specificity of the interaction. Through a thorough study of state-of-the-art in
literature, patented technologies for aldehyde removal and the status-quo in brewing industry
in this work, technologies making use of the removal mechanisms were compiled as depicted
in Figure 2.6 and analysed for their selectivity in the following paragraphs.

2

Figure 2.6: Overview on existing removal technologies for aldehydes

2.3.1. General technologies for aldehyde removal
Adsorptive removal: Physisorption on hydrophobic resins and activated carbon
One molecular property often exploited e.g. in pharmaceutical industry for separation of
proteins and antibodies is the hydrophobicity of a compound [59]. Since aldehydes such as FF
can act as fermentation inhibitors, its removal from biomass hydrolysate by adsorption on the
polymeric resins Amberlite XAD-4 and XAD-7 and its desorption by elution with ethanol was
studied. Results showed XAD-4 performed superior to XAD-7, which is explained by the
higher hydrophobicity of the polystyrene-divinylbenzene copolymer of XAD-4, when
compared to the methacrylate backbone of XAD-7. At a temperature of 30°C the FF
concentration could be reduced by factor 100-500, from 1-5 g/L to 0,01 g/L and desorption was
proven to be feasible with ethanol [60]. In a similar context the removal of FF and HMF from
a biomass hydrolysate by Amberlite XAD-8 was measured. After one hour of incubation (8.0
g of resin in 50 ml hydrolysate), the remaining amount of aliphatic acids, HMF, FF, phenols
and ketones was determined. The FF concentration was reduced to 35-41% of the initial
concentration. The reduction of HMF showed to be dependent on the pH. The reduction was
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found to be 20% and 42% at pH 5.5 and 10.0, respectively [61]. This might be due to the fact
that the removal of phenols is more efficient at lower pH, leaving less capacity for HMF.
In another lab scale experiment, Amberlite XAD-2 and XAD-4, where compared with the
adsorption behaviour of adsorbent manufactured through post-polymerization crosslinking of
swollen chloromethylated gel-type and macroreticular copolymers of styrene and
divinylbenzene. For the tests, FF uptake from an aqueous solution was studied. The researchers
found that the microporous structure of the self-manufactured resin was superior for removing
FF at low concentrations (< 2 wt.%), however due to the higher surface area, the macroporous
adsorbent XAD-4 was performing more efficiently at higher FF concentrations [62]. The
kinetics and impact of several experimental parameters on FF adsorption on activated carbon
(AC) in aqueous phase was investigated by Sahu et al. (2008). The removal step was found to
follow pseudo-second-order kinetics and showed optimal performance at pH 5.9 and an
adsorbent dosing of 10 g/L solution. The experimental data could be best characterized by the
Redlich-Peterson isotherm model [63].
Hydrophobic resins and AC have also been objective of research for applications in food and
beverage industry [64-70]. For instance the selective recovery of key aroma compounds from
roasted coffee was investigated for quality optimisation of the final product. FF and ethyl
acetate were adsorbed from supercritical CO2 on AC and the impact of process parameters was
studied. The adsorption showed to be dependent on processing temperature and CO2 density
[69]. A similar study was conducted by Canteli et al. (2014) to investigate the fixed-bed
adsorptive removal of the coffee flavour benzaldehyde from an aqueous solution with granular
AC [71]. A comparison of two hydrophobic resins with AC was conducted to test the feasibility
of recovering microbiologically produced volatile aroma compounds from off-gas streams
during a fermentation. The experiments were carried out at lab- and semi-pilot scale. Major
volatiles identified during the experiments were ethanol, acetaldehyde (AcA), ethyl acetate,
ethyl propionate and isoamyl acetate. AC, Tenax-TA, and Amberlite XAD-2 were tested to
evaluate their suitability for recovering aromas from the gaseous stream. While the AC
exhibited poor recovery, the Amberlite XAD-2 resin adsorbed all components present in the
headspace. Interestingly, Tenax-TA showed a higher selectivity for AcA over contained esters
and ethanol [68]. In a recent study of Müller-Maatsch et al. (2019), the removal of
glucosinolates and volatiles, e.g. aldehydes, from an anthocyanin-rich extract of red cabbage
was investigated. From the studied adsorbent and flocculants (Amberlite XAD 16 HP,
polyamide, chitosan, and lignosulfonate), Amberlite, chitosan and lignosulfonate, reduced the
36
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aldehyde content. However, also other molecules such as fatty acids, sulphides,
glucosinolatesand the isothiocyanates were taken up [72].
Adsorptive removal: Chemisorption on aminated materials
Amine groups are known to form bonds with aldehydes. The so called imine formation shown
in equation 2.1 [73] is particularly favoured at pH 4-5 [74], therefore, this system is well
applicable to beer or wort feedstock.
R CHO (aldehyde) + H2NR’ (primary amine)

→ RHC=N R’ (imine) + H2O

2

(2.1)

Aminosilica resins have been utilized to remove aldehydes from complex mixtures. A study of
Drese et al. (2011) tested solid aminosilica adsorbents, namely pore-expanded SBA-15
functionalized

with

aminoethyl)aminopropyltrimethoxysilane

3-aminopropyltrimethoxysilane,
and

3-(2-

3-[2-(2-amino-ethyl)aminoethyl]

aminopropyltrimethoxysilane, on a model solution (“bio-oil”) of phenols, cyclohexane,
hexanol, aldehydes, ketones and diketones. Light alcohols were not investigated in these
experiments as they are considered non-reactive with aliphatic amines. The adsorption showed
to be selective for aldehydes and some ketones and the adsorbent capacity increased with
primary amines content and increasing temperature [75]. This is expected as imine formation
occurs only with primary amines and the reaction is preferred at higher temperature. The
selectivity of aldehydes over ketones can be explained by the fact that aldehydes are
considerably more reactive than ketones [76]. The reactivity of aldehydes with aminosilica
depends strongly on their chemical functionality, but for all tested aldehydes at least moderate
removal was achieved. Partial resin regeneration was proven to be feasible by acid hydrolysis
of the adsorbent, however, resulted in a significant loss in reactivity [75].
A similar principle is exploited in US patent 7041220 B2 “Method of use for aldehyde removal“
in which a solid surface with a primary amine function is used as an adsorbent to remove
environmentally hazardous aldehydes such as ortho-phthalaldehyde from waste water streams.
Solid surfaces include silica, but also polymer linked systems. Different aldehyde scavengers
can be attached to the solid surface. The extended chain length of the amine bearing residual
may help to decrease steric hindrance in particular for voluminous aldehydes. On the contrary,
if smaller aldehydes are targeted, a short chain length increases the selectivity for low-molecular
compounds. Depending on the scavenger properties, different aldehydes are targeted. The
patent does not give indications for recycling the adsorption material and furthermore mentions
that during the aldehyde removal process, if executed with silica, also other compounds are
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removed by means of hydrogen bonding principles or physical filtration mechanisms. Besides
attaching scavengers to polymeric backbones, polymeric amino-group rich systems such as
chitosan can be made of use for aldehyde removal [73]. Chitosan is a naturally occurring aminerich polymer generally regarded as safe (GRAS) by the U.S. Food and Drug Administration
[77], which has been found to react according to equation 2.1 with aldehydes to form imines
[78].
One more application of aminosilica is the improvement of air quality by removing volatile
organic compounds such as airborne formaldehyde [79-83]. The first patent was filed by Gesser
in 1985 [84, 85], but since then many others have followed [79, 86]. Zhu et al. (2012)
functionalized uniform mesoporous silica SBA-15 with N-(2-aminoethyl)-3-aminopropyl]trimethoxysilane and found the so obtained adsorbent to have a good chemoselectivity for
formaldehyde [80]. When systematically investigating the adsorption of airborne aldehydes on
aminosilica resins, it was found that the resin capacity was related to the structure of the amine
moieties as well as the site density. Primary amines showed to be the most potent aldehyde
adsorbent for AcA, hexanal and formaldehyde from air. Aminosilica with a primary amine
function showed an around 2-fold higher loading for form- and AcA compared to secondary
amine functionalized aminosilica. The capacity for hexanal, however, was only increased by
14%. It is speculated that this can be explained by the slower diffusion of hexanal into the
functional material. In the studies performed, it was found that most formaldehyde was
adsorbed within the first hour, while AcA and benzaldehyde took more than ten hours [79].
Furthermore, it was observed that there is an optimal amine loading for maximising the
(gaseous) formaldehyde adsorption. Medium loaded aminosilica are most effective as at higher
loadings steric hindrance is suspected to counteract efficient imine formation [79, 87].
Another potent aldehyde scavenger employed as abatement of indoor pollutants is polyamine
polyethylenimine (PEI) [84, 85, 88]. Yet, the compound finds vast application in other fields.
PEI is employed in active materials in food packaging in order to enhance food freshness [89].
DuPont patented PEI as an aldehyde scavenger resin in US 5413827, which can be incorporated
in the packaging material as cap liner, sticker or package insert. An outer material such as high
density polyethylene fibres are permeable for aldehydes at a desired rate and enclose the
aldehyde scavenger module. PEI is preferably not heavily branched and has a low percentage
in tertiary amines. The molecular structure of the aldehyde scavenger is H-(-CH2-(CH2)n-NH)m-H, where n equals most preferably 1 and m is bigger than 100 [89, 90]. The authors do not
give an explanation for the underlying mechanisms, but the study of the sorption kinetics of
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hexanol performed by DelNobile et al. (2002) suggest that “the sorption process of hexanal in
the investigated aldehyde scavenger film could be described in terms of the hypothesized
“sorption-reaction” mechanism“ [91].
The compound is furthermore described as by-product adsorber for oxygen scavenging
packaging material systems in US patent 5942297, but the invention also includes other
polymeric amines such as polymers and copolymers of allylamine (or diallylamine), vinyl
amine and vinyl pyridine and chitosan [92]. In a similar invention (US 6057013) the use of
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pentaethylene hexamine, triethylene tetraamine, and polyvinyl oxazoline for aldehyde
scavenging is patented [93].
Another effective aldehyde scavenger type frequently used in packaging industry is polyamides.
Amides are long known to react with aldehydes in a condensation reaction [94-96], but
depending on the conditions applied, the reaction of aldehydes with amides can result in
numerous products [97]. In order to reduce by-products, in particular AcA, from ozonated water
during storage in the bottle, a functional material consisting of a polyester/polyamide blend for
lessening the concentration of AcA is described in US patent 6042908 [98]. The mechanism is
believed to be the formation of an imine as described in equation 2.1 [89]. A series of aldehyde
scavengers was tested for the application of capturing AcA from the gas phase on a beverage
bottle. Anthranilamide, anthranilic acid and AC achieved a reduction of up to 98% when
compared to the control sample, however, selectivity is not discussed [99].
An effort of producing such a polyamides resin at low-cost to capture aldehydes and ketones
was made by de Oliveira et al. (2015). The authors synthesized the isoniazid-functionalized
resin Amb15-iso by reacting commercially available Amberlyst 15 with isoniazid, which is an
antibiotic commonly used in the treatment of tuberculosis. Its performance was tested for
acetone and isobutyraldehyde in different solvents. The overall amount of ketone removed
increased with increasing polarity of the solvent and the adsorption was hence best in water.
The resin showed to be more efficient for the removal of isobutyraldehyde than for acetone,
where the maximum removal was 80% after less than 20 min in ethanol and hexane. The trend
of increasing removal efficiency with increasing polarity could only partially be reproduced for
the aldehyde and water could not be tested as a solvent due to the low miscibility of isobutyraldehyde. The resin was shown to be reusable at least for a second cycle of adsorption [100].
In the field of organic chemistry a separation medium was developed to particularly target
aromatic aldehydes, comprising polymer-supported benzylhydrazines to react according to
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equation 2.1 [101]. Organic chemists also studied a copoly(styrene-divinylbenzenesulfonylhydrazine) resin containing the chemical functional group of sulphonamides, which was
characterized and tested for scavenging aldehydes, ketones and glucose in water. These
molecules are presumably bound by forming the corresponding sulfonylhydrazone derivatives.
For ketones it was observed that the extend of the reaction depended on the molecular size,
ranging from >90% for small ketones to less than 2% for bulky ones such as camphor. The
reaction products could be displaced by the addition of pyruvic acid [102]. Polystyrene-based
sulfonylhydrazine resin was also proposed as adsorbent to remove impurities from a
pharmaceutical product. At a phase ratio of 50 the achieved aldehyde reduction amounted to
85% without adding additional impurity to the product [103].
Similarly,

a

polystyrene

resin

functionalized

with

sulphonamides

and

pendant

oligo(ethyleneimines) was developed to separate aldehydes from hydrocarbon mixtures. Biçak
et al. (1996) studied the sorption behaviour of AcA, benzaldehyde and salicylaldehyde on such
an oligo(ethyleneimines) polymeric resin, which was found to be second order kinetics. The
sorption process is valid for all aromatic aldehydes, however, aliphatic aldehydes, which carry
an α-hydrogen can also form aldol products in solution. In the case of aliphatic aldehydes also
their aldol products are adsorbed, which limits their recovery. Depending on the amine content
of the resin, two different mechanisms for aldehyde scavenging, namely the formation of a
Schiff base and five-membered imidazoline rings, are observed as shown in Figure 2.7. The
regeneration of the resins by dilute acid solution treatment (aldehydes stay intact) is possible
due to good stability of the sulfamide bond towards acid-base hydrolysis. Acetone and alkyl
halogenides were observed to interfere in the sorption process [104].
In continuation of this work 1,2-Diaminoethane containing epoxy resins was studied for
aldehyde separation. 1,2-Diaminoethane units function as the polymeric analogue of Wanzlick
reagent, which forms imidazolines in a condensation reaction. Both studies describe the
removal of aldehydes from organic mixtures, using water-miscible solvents such as methanol
and dioxane. The sorption is reported to be very slow for unpolar solvents due to the
hydrophilicity of the polymer [105].
Adsorptive removal: Chemisorption on polyols functionalized materials
Yet, another example for effective aldehyde elimination by a packaging material is integration
of polyols into the polymer material. Aldehydes are converted to an acetal by the reversible
nucleophilic addition reaction of the aldehyde (or ketone) with a polyol such as sorbitol,
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mannitol or alkoxylated polyols. The formed acetal exhibits a lower volatility than aldehydes
and is therefore less detectable in food products [106-108]. The exemplary reaction of
valeraldehyde with D-sorbitol is given in Figure 2.8. Suloff (2002) demonstrated in his work
that the integration of D-sorbitol into poly(ethylene terephthalate) reduced the total aldehyde
content by half during the storage of a model solution of pH 3.6. Furthermore, it was observed
that small molecular weight aldehydes were preferred over larger aldehydes [89].

2

a

b

c
Figure 2.7: Aldehyde binding by three different polymer supported oligo(ethyleneimines); a:
sulfamide bond ethylenediamine; b: sulfamide bond diethylenetriamine; c: sulfamide bond
triethylenetetramine; adapted from [104]
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Adsorption on other materials
Aldehydes have been shown to have a high affinity towards L-cysteine. Therefore, the
application of an L-cysteine-containing gel has been for proposed for the removal of AcA from
indoor air. The researchers found that amongst tested amino acids (glycine, L-lysine, Lmethionine, L-cysteine and L-cystine), treating air with L-cysteine resulted in a the highest
reduction of aldehyde concentration of 91% in comparison to 50 – 64% to water or solutions of
other amino acids [109].
Nilvebrant et al. (2001) investigated the removal of aliphatic acids, HMF, FF, phenols and
ketones on an anion exchanger (AG 1-X8), which was used in its hydroxide form. When
compared with other tested resins (XAD-8 and cation exchanger), AG 1-X8 showed a
significantly better performance at pH 10. The mechanism for binding of aldehydes is proposed
to be hydrophobic interaction. However, when the effect on a glucose solution was tested, the
anion exchanger reduced the sugar concentration by 75%. Nonetheless, this effect can be
counteracted by addition of inorganic ions such as sulphate [61].

Figure 2.8: Reaction of valeraldehyde with D-sorbitol to the corresponding acetal [89]

Separation by extraction: Supercritical carbon dioxide extraction
In a lab-scale study, the extraction of essential oil from grape bagasse for production of jam
was examined [110]. Temperature and fluid density can be used to modify the solubility of
components in the extractant and therefore to influence the selectivity of the separation
step [111]. While there was no effect of temperature and pressure on the recovered mass of
essential oil, the operating conditions influenced the composition of the essential oil. When the
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temperature was fixed to 303 K and 15 MPa, hydrocarbons were the dominated compound class
in the extract. On increasing the pressure to 25 MPa and decreasing the temperature to 290 K,
aldehydes and ketones were identified as the most important molecule class in the oil [110].
Different patents on the purification of vanillin (4-Hydroxy-3-methoxybenzaldehyde) were
published. In US patent 4474994 A impurities are removed from the crude vanillin, which is
obtained from lignin, lignosulfonates or sulphite cooking liquor, by supercritical CO2
extraction [112]. A Chinese patent approaches the problem from a different angle by extracting
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vanillin from the crude mixture with supercritical CO2 [113].
Lee et al. (2008) investigated the extraction process of fish oil with supercritical carbon dioxide
and off-flavour removal from fish viscera. On the contrary of above results, they found that
with raising pressure and temperature the recovered quantity was increased. It is also reported
that off-flavours such as aldehydes in the remaining powder are significantly reduced after the
extraction. For instance n-valeraldehyde was decreased to around 9% of its initial peak area in
the analysis. At a closer look however, it is found that the concentration of other aldehydes,
such as isovaleraldehyde or propionaldehyde are actually elevated after the extraction [114].
Similar trends where observed by Roh el al., but they were able to nearly completely remove
off-flavours from fish oil. For instance, when extracting at 30°C and 20 MPa, butanal and
pentanal were not detectable anymore, and the percentual area of propanal was reduced by 99
% (Roh et al. 2006).
Supercritical CO2 extraction has also been investigated for the dealcoholisation of
cider (Medina and Martínez 1997). Although aldehydes were not investigated in this
publication, the authors report that flavours are extracted along with the ethanol. More
specifically, aroma extraction is favoured at 40°C and 12.5 MPa, while ethanol extraction is
more favourable at 40°C and 25.0 MPa. This may be an interesting concept to translate to
aldehyde removal from AFBs.
Separation by extraction: Extractant impregnated resin technology
A newer development is the employment of the Extractant Impregnated Resin technology for
extraction and thus separation of aldehydes from aqueous streams. Thereby, a porous particle
is functionalized by impregnating its pores with extractant as depicted in Figure 2.9. The
recovery of benzaldehyde from a model solution was studied by Babić et al. (2006). The highest
capacity was achieved with porous adsorbent Amberlite XAD-16 impregnated with Primene®

43

63243 Gernat.indd 43

07-01-21 11:17

Chapter 2

JM-T. Primene® JM-T is a mixture of isomeric primary aliphatic amines in C18-22 range and
was reported to be the most promising extract. The principle of stable formation of a Schiff
base is also exploited in this case. Due to the impact on the solubility of benzaldehyde and the
amines, increasing the temperature had a positive effect on the separation process [115].

Figure 2.9: Extractant impregnated resin technology [115]

A similar approach was taken by Vidal et al. (2012) by functionalizing silica materials with
ionic liquids to extract organic acids, amines and aldehydes from atmospheric aerosols [116].
In the past years, ionic liquids, which are composed of bulky non-symmetrical organic cations
or different inorganic or organic anions, have gained increasing interest of researchers as a
result of their negligible vapour pressure, thermal stability and tuneable viscosity and
miscibility with water [117]. The tested ionic liquids, imidazolium, N-methylimidazolium and
1-alkyl-3-(propyl-3-sulfonate) imidazolium showed higher extraction efficiencies for the
organic acids due to the fact that anion exchange appears to be the dominant interaction,
nonetheless, hydrophobic interaction and hydrogen bonding was also found to contribute [116].
Removal by conversion
Another strategy to reduce the concentration of aldehydes is to convert them to aroma neutral
or positive flavour compounds. In principle the oxidation of aldehydes to the corresponding
carboxylic acid or its reduction to an alcohol is possible, which can be further converted to an
ester [21, 118]. In nature for instance, alcohol dehydrogenase catalyses the reduction of 3-MB
to 3-methylbutanol as the last step of the Ehrlich pathway. This is a very active reaction pathway
in yeast, but the reaction is also carried out by lactic acid bacteria at a lower frequency [21, 119124]. In turn, the conversion of 3-MB to 3-methyl butanoic acid was found to be carried out by
aldehyde dehydrogenase in Staphylococcus xylosus [21, 125].
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In waste water treatment, the removal of odourous aldehydes from drinking water was
attempted by employing the UV/H2O2 process. Overall, a reduction in aldehyde concentration
(e.g. decadienal, hexanal) and the algae-related fishy/grassy smell could be detected by a
sensory panel, however, new types of odour were produced (chalky or sweet) [126]. Another
technique tested with waste water for the removal of aldehydes and polyphenols is
electrocoagulation. Olya et al. (2013) showed that a 95% removal of aldehydes could be
achieved by immersing a Fe-Fe-electrode combination into the aqueous solution. The suggested
mechanism is the formation of metal hydroxides flocs during electrocoagulation and
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consequent adsorption of aldehyde (polymers) to the floc surface area or direct oxidation of the
organic compounds on the anode [127].
Classic organic chemistry has also identified efficient catalysts to accelerate the oxidation
/reduction reactions of aldehydes. For the conversion to carboxylic acid, oxidizing agents such
as permanganate, bromine, oxone or copper (II) oxide are commonly employed [128, 129].
Since these compounds are strong oxidizing agents, they are not chemoselective and for
example also convert alcohols [130]. Typically, the addition of organic solvents is suggested,
but examples for the preparation in aqueous solution can also be found. Saadati et al. (2016)
prepared a nanosized copper (II) oxide embedded in hyper-cross-linked polystyrene to catalyse
the aqueous-phase oxidation of aldehydes in water. The optimum reaction conditions were
observed at basic pH and 75°C [131]. Another example is the oxidation of HMF to 2,5furandicarboxylic acid at high pressure conditions (40 bar) and 100°C by active carbon
functionalized with platinum and bismuth-platinum catalyst [132]. The catalytic conversion is
not only limited to the liquid phase. In the US Patent 7855261 B2 “Aldehyde removal” (2010)
a method for removal of a gaseous aldehyde, in particular AcA, is described for the application
of removal from tobacco smoke by a filter medium. The filter support material is a polymeric
composition containing acetoacetate residues and a metallic oxidizing agent or oxidation
catalyst (such as Cu (II) ), which oxidized contained aldehydes [133].
The reduction of aldehydes and ketones to primary and secondary alcohols, respectively, is
catalysed by complex metal hydrides such as lithium aluminium hydride or sodium
borohydride. Generally, these catalysts do not reduce carbon-carbon double or triple bonds,
which is advantageous when compared to other reducing agents. However, since lithium
aluminium hydride readily reacts with water and alcohols these components need to be
eliminated from the reaction mixture and organic solvents employed. Sodium borohydride is
more chemoselective and may be used in aqueous or alcoholic solutions. Furthermore, several
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agents have been reported to reduce aldehydes more rapidly than ketones, amongst them are
sodium triacetoxyborohydride or zinc borohydride [129]. The removal of aldehydes by
reduction to their alcohol is described in a patent for purification of ethylene oxide. The
conversion is achieved by adding sodium or potassium borohydride according to equation 2.2.
In this case however, sodium borohydride is not chemoselective and also reacts with ketones to
the adequate alcohol [134].
𝑇𝑇= −10 − 10 °𝐶𝐶

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁4 + 4𝐶𝐶𝐶𝐶2 𝑂𝑂 + 2𝐻𝐻2 𝑂𝑂 →

4𝐶𝐶𝐶𝐶3 𝑂𝑂𝑂𝑂 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2

( 2.2)

Alternatively to oxidation or reduction, the reaction of glycine and L-tyrosine with n-heptanal
has been studied to produce coloured pigments for food applications. In this way carbonyls are
removed, while simultaneously unsaturated-polymeric pigments are formed. The experiments
suggest that the formed product contains an imine linkage [135]. The strategy of binding
aldehydes in the imine form is also employed during the acidic pre-treatment step for the
production of ethanol from cellulosic materials for instance, FF and HMF are formed, which
are known to inhibit enzymes and microorganisms employed in the fermentation. It was shown
that PEI is able to effectively remove these two inhibitory molecules from a simple aqueous
solution. Interaction with contained acetic acid was reported to be avoidable by addition of
chloride, sulphate or hydroxide ions. The aldehydes could mostly be desorbed from the resin
by applying a dilute sulfuric acid solution [136].
Also bisulphite is known to form adducts with aldehydes, methyl ketones, cyclic ketones, αketo esters, and isocyanates as shown in Figure 2.10. The addition products are readily soluble
in water and the reaction is reversible through addition of either acid or base. Formation of
addition products is not observed for most ketones, presumably due to steric hindrance [137].

Figure 2.10: Reaction of bisulphate with aldehydes and ketones

This mechanism finds application for the elimination of aldehyde impurities from organic
liquids, which are passed through a bed of solid sodium bisulphite particles. The bed can be
regenerated by heating to 75 – 120°C. Due to the high solubility of sodium bisulphite (420 g/L)
and its addition product this system is only applicable to liquids with a water content less than
10% [138]. Another way of addressing the separation problem was proposed by Boucher et
al. (2017). In their work, a liquid-liquid extraction process was developed, where aldehydes
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were allowed to react with bisulphite in a water miscible solvent, and then separated from the
substrate by addition of a water-immiscible organic solvent [139].
Removal by pervaporation
In food industry, pervaporation has gained attention to separate and concentrate flavour
compounds [140]. An example of applying this technique is the concentration of key flavours
of soluble coffee by pervaporation. Weschenfelder et al. (2015) investigated the impact of feed
flow rate, temperature and permeate pressure on the process performance. While they were able
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to separate and concentrate flavour compounds from a the industrial solution, optimization is
required to achieve the desired aroma profile in the product [141]. An earlier study performed
in 2005 successfully recovered key flavour compounds from apple essence, orange aroma and
black tea distillate, both, in batch and continuous pervaporation operation. However, the authors
state that a significant loss of aromas was observed due to evaporation leakage [142]. Another
work focusses on the recovery of pomegranate aroma compounds (e.g. 3-MB) from a model
solution. All studied flavours were concentrated. Coupling effects between them were observed
that indicate an increased effect at higher aroma concentrations [143]. Nonetheless, quantitative
studies are required to understand and describe the coupling phenomena.
2.3.2. Aldehyde removal - State-of-the-art in brewing
Reduction of aldehydes during cold contact fermentations
The principle of producing alcohol-free or low-alcoholic beer via a biological route is to prevent
the formation of ethanol during the fermentation step through inhibiting yeast’s metabolism.
This is achieved by short contact times of the wort with the microorganism at low temperatures
of around 2°C. Therefore, this process is often referred to as “cold contact fermentation” (CCF)
or “cold contact process”. Despite the low activity of yeast, ester and fusel alcohol production
as well as carbonyl reduction can be observed [144]. The effect heat deactivated yeast cells at
0 ⁰C on the aldehyde concentration in wort was studied by Perpète et al. (1999) and compared
to the concentration profile of a fermentation with viable yeast at the same conditions [145].
Although an effect of the heat-deactivated yeast on the aldehyde profile is observed, the
concentration level decreases only by 10-30%. In contrast, hexanal, as a linear aldehyde, is
nearly depleted in the presence of active yeast. Yet, the reduction of the branched Strecker
aldehyde, 3-MB, is limited to a maximum of 60-70% of the initial aldehyde concentration found
in the raw material. Both, chemical binding and enzymatic reduction are more distinct for linear
aldehydes than for branched molecules [145].
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Limitations in yeast activity and vitality were initially suspected to be responsible for the
restricted reduction of branched Strecker aldehydes. This was, however, disproven during
experiments with partially fermented wort. The evolution of 2-MB and 3-MB during CCF was
measured. After the initial reduction of the concentration to around 30-40% of the initial
concentration, the fermenter was pitched with 2-MB and 3-MB, respectively. The yeast was yet
again able to reduce the added aldehydes within 5 hours to the characteristic threshold.
Therefore, it is concluded by the authors that the physiological state of the yeast cells cannot be
the reason for the insufficient reduction in Strecker aldehydes. To confirm this hypothesis, a
second experiment was performed, where the partially fermented wort was pitched with freshly
propagated yeast after 5 hours. Once more the same residual concentration was reached.
Although the authors conclude that an active yeast is required for Strecker aldehyde reduction,
they do not distinguish between intact, but metabolic inactive cell, and viable yeast cells. Heat
deactivation most likely leads to disruption or alteration of the cell structure. It therefore
remains unclear, if the observed decrease in aldehyde concentration is due to enzymatic or
adsorptive reduction.
Nevertheless, these findings could also suggest that aldehyde interaction with wort components
might be the reason for the limited degradation of worty off-flavours [146]. As suggested
elsewhere, involved components for aldehyde binding are cysteine and sulphite [57, 58].
The hypothesis that sulphite readily binds to aldehydes and interferes in the aldehyde reduction
during CCF was experimentally investigated. On adding 10 ppm sulphite to the wort during the
fermentation, the reduction of 3-MB and methional was significantly inhibited. However, the
concentration of 2-MB was again decreased to its characteristic mark. This difference had not
been observed during the fermentation studies. Furthermore, the sulphite concentration during
the original fermentation was only at ppb level. Hence, the authors of this work conclude that
other wort compounds must be responsible for the binding of aldehydes during CCF [146].
From the study of wine polyphenols it is known, that interactions with aroma substances occur
[52]. As polyphenolic compounds also occur in wort, they might be involved in the binding of
wort aldehydes. The theory was tested by adding 100 ppm catechin to a CCF of 12° P wort. For
3-MB a clear trend could be observed that is less aldehyde were converted enzymatically, while
the trend for 2-MB was less pronounced. The statistical relevance could however be confirmed
by a student t-test. The authors hence conclude an involvement of polyphenols in the inhibited
aldehyde removal by yeast [146].
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On a closer look, it becomes apparent, that yeast is even able to produce aldehydes, such as 3MB, in the later stage of the CCF. An experiment of Perpète and Collin (2000) with deuterated
leucine, a precursor for 3-MB formation, provides evidence that yeast is able to synthesize the
aldehyde at such low temperatures. It must be noted, however, that the rate of formation of 3MB increases over time and a minimum aldehyde concentration can be identified for each
process. Therefore, close monitoring of the CCF to avoid elevated aldehyde levels is a key
factor [147].
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Newer developments in this field aim at increasing the formation of positive flavours or
masking molecules in AFBs. A special Saccharomyces cerevisiae strain producing increased
concentration of organic acids such as lactate and citrate could help to mask the wort flavour
features of AFBs [148]. In a study of two 5,5,5-trifluoro-DL-leucine resistant Saccharomyces
pastorianus strains, spontaneous mutants were able to produce higher levels of isoamyl alcohol
and isoamyl acetate when compared to the parental strain. However, levels were still lower than
in regular beer and the product had to be diluted to achieve the legally allowed threshold of 0.5
vol.% [149].
Reduction of aldehydes during continuous fermentations of AFBs
Similar to the CCF process immobilized yeast strains are cultivated in specialized reactors
under stress conditions, which limit the cell metabolism. Under these conditions only a fraction
of the contained sugars is metabolized, resulting in low ethanol concentrations (<0.08%). In
absence of oxygen the redox balance is impacted, which enhances reduction of wort aldehydes
and intracellular metabolites thus the formation of esters and higher alcohols [150]. Depending
on the fermentation parameters (aeration, residence time, temperature) and the selected yeast
strain, the product specification can be controlled with respect to ethanol concentration, amount
of esters and the ratio of higher alcohols to esters formed. The difficulty lies in achieving the
correct balance of sensory compounds in the short time. Higher concentrations of diacetyl and
aldehydes have been observed, while ester concentrations remain relatively low [151]. During
the fermentation van Iersel et al. (2000) found that immobilizing yeast on DEAE-cellulose
improves the reducing capacity during the production of AFB [152]. On varying the oxygen
transfer rate of a continuous fermentation process it was found that with decreasing oxygen
transfer rate, the reduction efficiency of aldehydes could be increased. The reduction in 3-MB
was as high as 92% and near to 100% for unbranched aldehydes such as hexanal at an oxygen
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transfer rate of 1 mg/L/h. It should be however mentioned that the ethanol concentration was
with 0.5 vol.% well above the more conservative definition of an AFB [153].
Reduction of perceived wort flavour by masking components
Literature suggests that besides the enzymatic reduction through yeast, other biomolecules play
a role in the removal of aldehydes from wort. A study of Perpète (1999) showed aldehyde
concentrations can be reduced by 20-95% if amino acids or industrial wort proteins are added
to a model solution. The authors observed that the majority of the chemical binding occurs
within the first 30 minutes of the experiment. Presumably, the aldehydes are still contained in
the medium, but in a chemically bound form, which is not measured with the analytical method
employed. The fact that an increasing temperature decreases the concentration of aldehydes
measured in the medium suggests furthermore that the formed chemical bond is based on an
endothermic reaction [145]. The impact on other beer constituents was not included in the study
and therefore the selectivity for aldehydes is in question.
A similar approach was applied in US patent 280399A1, where the wort flavour of a “beer-like
malt beverage” is reduced by adding a terpene (terpinolene) to wort. The authors describe that
addition of 0.05-5 ppm terpinolene reduced the perceived strength of wort flavour and improved
the overall aroma balance of the product. It should be noted, however, that the methodology of
the sensory evaluation is not further specified in the patent and the actual concentration or
volatility in key wort flavour compounds was not analysed [154].
Aldehyde removal during dealcoholisation
Despite their mostly high volatility, aldehydes are also found in thermally dealcoholized
products. Due to the heat impact heat indicators such as FF are simultaneously formed and
evaporated. Generally, the final concentration of aldehydes is lower in fresh AFBs compared
to their alcoholic starting beer, but on increasing the operating temperature to 42-48ºC, a slight
rise in 2-furfural concentration is observed. Processes, where lost flavours are recovered from
alcoholic condensates and added back to the AFB have been reported a 2-fold concentration of
2-furfural and γ-nonalacton [44].
A vast study of aldehyde profiles in Czech and Spanish lager beers was performed by AndrésInglesias et al. (2016). 28 beers, including four AFBs were analysed for defined aldehydes and
ketones. The results are depicted in Figure 2.11. Generally, concentrations of aldehydes and
ketones are lower, however for some compounds close or in case of trans-non-2-enal above
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their respective flavour threshold [14]. This is particularly true, when the matrix effect
explained in paragraph 2.2.4 is taken into account. Nonetheless, as the study did not include
sensory panels, it is difficult to conclude the perception of off-flavours in the tested AFBs.
When comparing AFBs produced by vacuum distillation (see Figure 2.11, beer A and B), with
biologically produced AFBs (see Figure 2.11, beer B and C) it is conspicuous that cold
contacted fermented beer shows the highest concentration for all compounds, except for
diacetyl. Methional, which has a lower vapour pressure and flavour threshold, was not measured
although it is the predominant wort flavour in AFBs.

2

Figure 2.11: Aldehyde concentrations in different AFBs compared to average concentration in
lagers adapted from Andrés-Iglesias et al. (2016) [14]

A: Spanish beer (0.01 vol.%), dealcoholized by vacuum distillation; B: Czech beer (0.49
vol.%), dealcoholized by vacuum distillation; C: Czech beer (0.49 vol.%) produced by special
yeast strain; D: Czech beer (0.50 vol.%) produced by CCF.
Development in membrane-based technologies
Newer developments can be discovered in the field on membrane based separations. Catarino
et al. (2011) propose to separate flavours selectively from the beer stream by pervaporation
before dealcoholisation by stripping (spinning cone column). This exhibits the advantage that
flavours are collected in a stream with a lower ethanol concentration and can be dosed back to
the alcohol-free end-product. In the study it is found that AcA can be removed together with
esters and higher alcohols prior to entering the stripping equipment [8, 155]. Nonetheless, this
process set-up is disadvantageous for aldehyde removal due to the fact that the separation is
non-selective and that molecules will be re-formed during the dealcoholisation step. Another
approach was followed by Liguori et al. (2014). In their work, modified osmotic distillation
was employed to dealcoholize beer to an ethanol content < 0.5 vol. %. The total aldehyde
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content was decreased from 57.24 to 3.82 mg/L and in particular, 2-MB, 3-MB and Met were
reduced by 85, 94 and nearly 100 %, respectively, although the process was not selective for
aldehydes only [156].
Removal through adsorptive technologies
The idea of reducing the wort flavour with adsorptive techniques has been described in several
patents [157, 158]. In US 2012/0207909 AC is used for batch uptake tests at low temperatures
to remove aldehydes. They found that using an amount of 10-30 gAC/kgmalt grist is optimal to
reduce the wort flavour; if the ratio of AC to wort is increased, this results in an overall decrease
in flavour and thus in an insufficient beer taste. Chemical analysis of a production scale batch
test at a phase ratio of 18.4 gAC/kgwort showed a reduction of 2-MB from 10.2 to 6.4 μg/L, 3MB from 29.6 – 20.2 and methional from 19.2 to 10.1 μg/L. A higher removal could be achieved
by using a higher phase ratio or a different type of AC [158]. Another approach was taken in
US 2012/0207909, where ion-exchange and synthetic resins were studied for reducing the
“rough” flavour in alcoholic malt drinks. Both, ion exchange and synthetic resins (XAD7,
XAD4) proofed to reduce typical wort flavours in alcoholic beers, even after storing the beer at
30°C for one month. The process is, however, not selective for aldehyde removal, but during
the treatment, other molecules such as Maillard components, organic acids and polyphenols are
also removed [157].
Methods employed for formation inhibition in regular beer
The formation of Strecker aldehydes during the storage of regular beer is a commonly
recognized issue. Besides reducing the oxygen level in the bottled product, several other
methods have been developed to reduce or inhibit the formation of wort flavour during storage.
As such enzymes, i.e. aldose reductase, have been patented to metabolize 3-deoxyglucosone,
which is involved in the Strecker degradation. By converting the precursor, aldehyde formation
is circumvented [159]. As it is known, that the main factor contributing to staling are the malt
quality and the brewing process itself [19], another approach was taken by Yano et al. (2008).
In this study, the effect of treating a part of the wort (second wort, > 10%) during and before
the wort boiling process with adsorbents (AC, bentonite, silica gel and PVPP) was investigated.
Beers treated with AC resulted in a product with an improved organoleptic taste stability, i.e. a
reduced the oxidized flavour of forced aged beer compared to a reference brew. However, since
the chemical analysis of the fresh beer showed only a reduction in γ-nonanlacton concentration
and other components such as Strecker aldehydes were unaffected, it was postulated that this
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difference is not related to a direct wort flavour removal, but rather, the reduction of precursors
[160].

2.4. Conclusion and outlook
Aldehyde removal has been a subject of interest for different applications in the past. Due to
the limitations of creating a pure product and following traditional approaches, but also obeying
to general regulations of food administration, the process development for selective off-flavour
removal from AFB has been restricted so far. At this point, applied technologies are either not

2

selective or effective enough to efficiently separate aldehydes from the beer stream. The
motivation of creating a healthy and safe beverage alternative that meets the customer’s
expectation is, however, a key driver for the upcoming market. The aim of such an improvement
should be the development of a novel process design that is able to engineer the desired flavour
profile to the beer matrix while preserving the product quality.
In this work the chemistry of beer aldehydes with regard to alcohol-free beverages and aldehyde
separation processes from industry and research have been compiled. Since aldehyde removal
is a focus of interest in many fields and industries, such as biotechnology, packaging or air
purification, researcher can benefit from the vast level of knowledge and data available from
all disciplines. While not all process concepts presented can be applied for the case of AFB
production, many promising technologies are found in literature. Amongst these, adsorptive
removal is identified as the most suitable method to specifically target worty off-flavours from
aqueous food streams. With regard to the selectivity, the use of hydrophobic resins or aminomodified polystyrenes should be investigated in order to discover the complex interaction of
aldehydes, beer matrix components and adsorbents. Going one step further, other materials may
be considered such as natural polymers or inorganic adsorbents that have not been investigated
for this application, yet.
Reducing sugars, hop acids, hydrophobic flavour components, vitamins, polyphenols and small
organic molecules may potentially interfere in the process, thus, it is required to define the
product specifications and acceptable losses of nutrients to the separation medium. It is for
instance known, that amines and amides as functional aldehyde scavenger also react with
organic acids, thus resulting in a reduced selectivity for targeted compounds [92].
Consequently, suitable reaction conditions should be created, which enable a more selective
removal of off-flavours. In this approach, a smart process design to circumvent bottlenecks is
of uttermost importance. The combination of biological methods for AFB production with a
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downstream off-flavour removal unit is one possibility to explore. Potentially, an integrated
process of adsorption and physical dealcoholisation depicts an attractive opportunity for quality
improvement of AFBs. Future research should furthermore consider the impact of other flavour
groups to identify specifically problematic compounds with regard to the perception of alcoholfree beverages.
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Chapter 3
Simultaneous dealcoholisation and wortflavour removal in alcohol free beers

Abstract The volume of alcohol-free beers (AFBs) sold is steadily growing, yet, sensory

3

deficiencies such as the over-perception of wort flavour still is a reoccurring issue. Hence, the
impact of thermal dealcoholisation with a vacuum stripping unit (spinning cone column) on the
volatiles profile was investigated with particular focus on Strecker aldehydes, generally
regarded to be responsible for wort flavour in beers. Base beers or wort were subjected to
different strip rates and the volatile profile was quantified. Bases with initially high levels in
aldehydes and diketones showed an exponential decline in concentration of low boiling
flavours. However, methional, the most outstanding wort flavour depicted a different behaviour
i.e. a linear decrease in concentration with increasing strip rate, due to its high boiling point.
On the contrary, base beers with initially low concentrations did not show a decrease in
aforementioned compounds. An explanation is the simultaneous formation of aldehydes and
diketones due to the heat impact during dealcoholisation. Consequently, a dealcoholisation
batch spiked with reactive monosaccharides was performed. Furfural formation was found,
proving the heat impact during the operation. In conclusion, thermal dealcoholisation can
facilitate wort flavour removal, however, if the complete depletion of high boiling wort flavours
is desired, other unit operations such as pervaporation or adsorption are recommended.
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3.1. Introduction
Recent market developments have triggered an interest of the beverage industry in low and nonalcoholic alternatives to regular beer [1, 2]. Nevertheless, existing production processes result
in alcohol-free drinks with altered flavour profiles and therefore often in a poor organoleptic
experience [3]. Previous work has been focussed on different technologies to produce alcoholfree beer (AFB) that on the one hand completely eliminate the presence of ethanol from the
beer, but on the other hand retain positive flavours e.g. esters and higher alcohols, to preserve
the beer’s original character and taste [1, 4]. Fruity esters and higher alcohols contributing to
the characteristic flavour profile and mouthfeel of beers, originate from the yeast metabolism
[5] and are comparatively stable [6].
Volatiles that are found in AFB, however, are not limited to esters and higher alcohols, but
originate from numerous chemical pathways and vary vastly in flavour: For instance, diketones,
such as diacetyl and 2,3-pentanedione have a buttery or caramel odour [7], furfural (FF), which
originates from caramelization, is a common heat indicator and is described as bready [8]. At
elevated concentration levels or changed beer composition, some compounds become overpronounced and are perceived as off-flavours. AFBs often exhibit an overly prominent wort
flavour [9], which has been reported to be caused by so-called Strecker aldehydes [10, 11],
produced from the reaction of a reactive dicarbonyl with an amino acid [12].
To current knowledge, the most dominant wort off-flavours are 2-methylbutanal (2-MB), 3methylbutanal (3-MB) [10] and methional (MT) [11]. 2-MB’s odour is described as malty or
almond like, while 3-MB also has a chocolate note to it. MT is exhibits a wort character and
has the smell of cooked potatoes [8]. With around 0.5 μg/L, MT has the lowest detection
threshold in alcohol-free beer amongst the three [7]. Moreover, synergistic effects can
occur [13-15]. Most studies address the reduction of these compounds in biologically produced
AFBs through increased yeast activity or addition of masking compounds [11, 16-21], but fewer
studies take into account wort off-flavours in thermally treated products. Some data on the
concentration of Strecker aldehydes in the final product of dealcoholized beers are reported [1,
14, 22, 23], though, a systematic study of the impact of thermal dealcoholisation on the wort
flavour profile is yet missing.
The prerequisite to improve the existing processes is, however, to study and understand the
current state-of-the-art available technology, such as the spinning cone column dealcoholisation
unit. Hence, the objective of this manuscript is to show the effect of thermal treatment on the
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volatiles profile of resulting alcohol-free beers with special focus on wort off-flavour
concentration as well as the overall product quality for different bases.

3.2. Materials and Methods
3.2.1. Chemicals
All aqueous solutions were prepared with Milli-Q grade water (Merck Millipore, United States)
or absolute ethanol of analytical grade (VWR International BV, The Netherlands). O-(2,3,4,5,6pentafluorobenzyl)-hydroxylamine (PFBOA) was purchased from Fluka (United States). All
other chemicals were purchased from Sigma Aldrich (The Netherlands).
3.2.2. Feedstocks
To test the effect of stripping with different bases, three different feedstocks, specified in Table

3

3.1, were brewed prior to the trials and stored at 2°C until used. The inlet concentration of
relevant volatiles is summarized in Table 3.2. In order to assess the thermal impact during
dealcoholisation, an additional test with base 2 was performed, were a sugar solution was added
to the base beer increasing the concentration of glucose, maltose, maltotriose and ribose by 2.0,
24.7, 10.1, and 5.0 g/L, respectively.
Table 3.1: Specification of original extract, alcohol and iso-α-acids content in wort and two beer
bases
Parameter

Wort

Base 1

Base 2

Original extract [°P]

13.9

12.3

11.3

Total fermentable sugars [g/L]

95.8

40.2

3.1

<0.06

2.93

4.89

Color [EBC]

12.8

9.6

7.4

Total iso-α-acids [mg/L]

29.8

22.8

18.2

Ethanol [% v/v]

3.2.3. Dealcoholisation with SCC
All experiments were carried out with the spinning cone column SCC 1000 (Flavourtech,
Australia). The spinning cone column (SCC) is a vacuum distillation unit that strips out volatiles
by direct, counter-current stripping with steam. The feed stream is pre-heated to the operational
temperature (typically 42-45°C); degassing is not required. Then, the liquid is forced through a
series of spinning cones, forming a thin film and hence large surface area to create a high mass
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transfer efficiency. This effect is supported by fins placed along the flow path to create
turbulence.
Table 3.2: Volatiles concentration in wort and two beer bases
Compound
Diacetyl
2,3-pentanedione
2-methylpropanal
2-methylbutanal
3-methylbutanal
Furfural
Methional
Acetaldehyde
Ethyl acetate
Isoamyl acetate
Amylalcohols

Wort

Base 1
Concentration [µg/L]

38.3
19.8
19.1
13.3
64.0
26.9
61.6
25.3
155.3
65.1
923.8
373.1
245.0
99.0
Concentration [mg/L]
0.9
3.3
0.3
14.9
<0.05
2.2
<1.1
32.0

Base 2
7.4
9.4
2.1
1.1
5.0
6.0
1.6
4.9
24.7
3.6
53.3

The amount of steam that is fed to the spinning column determines the degree of
dealcoholisation and hence the ethanol concentration in the product and the distillate stream. It
is expressed as the strip rate applied, which can be calculated from condensate and feed flow
according to equation 3.1.
𝑘𝑘𝑘𝑘
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 [ ]
ℎ
(3.1)
𝑘𝑘𝑘𝑘
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 [ ]
ℎ
A schematic drawing of the system is given in Figure 3.1. Due to the defined pathway through
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[%] =

the unit, the residence time of the liquid is short (~20 s). If flavour recovery is desired, the
process can be conducted in two passes, the first one being the “flavour” strip at a strip rate of
2 % and the second one being the dealcoholisation step at a strip rate of 30 %. The flavours
stripped out in the first stage can be reintroduced to the base, depending on the preferred ethanol
and aroma levels [24].
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Figure 3.1: Schematic drawing of the SCC of Flavourtech [24]

3

An overview of all performed test is given in Table 3.3. Due to the large scale of the experiment,
the each setting was carried out only once. Each feedstock was fed to the dealcoholisation unit
from the top and counter-currently contacted with food-grade steam at an operational
temperature of 42-45°C, a vacuum pressure of 0.11 bar and a rotational speed of the cones of
350 rpm. The flow rate varied between 150 – 400 L/h, depending on the feed stream. The feed
stream was pre-heated, so that there was no temperature off-set, when entering the column.
Table 3.3: Overview on performed tests with the SCC
Fed Base
Worta
Base 1
Base 2
Base 2 + ribose solution (56 g/L)
Wort
Wort
Wort
Base 2
Base 2
Base 2
Base 2

External stripping rate
2 passes:
- flavour strip at 2 %
- dealcoholisation at 30 %
3.5 %
5.0 %
30.0 %
2.0 %
3.5 %
5.0 %
30.0 %

Although the wort does not contain alcohol, it will also be subjected to the same dealcoholisation conditions so
that the impact of the SCC technology on removal of wort off-flavours can be assessed

a

3.2.4. Analysis of volatile aldehydes
To analyse aldehydes, an adapted method of Vesely et al. [25] was employed using headspace
solid-phase micro-extraction (HS-SPME) in a GC-MS (Agilent 7890A and 5975C MSD) and
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a 30 m x 0.25 mm x 0.25 μm VF17MS column. In order to increase the selectivity for aldehydes,
the compounds were derivatized with O-(2,3,4,5,6-pentafluorobenzyl)-hydroxylamine. The
carrier gas, helium, was used at a flow rate of 1 mL/min. Calibration was carried out with
internal standard addition, so that matrix effects were taken into account [26].
3.2.5. Analysis of esters and higher alcohols
Ethyl acetate, isoamyl acetate, isoamyl alcohol and acetaldehyde were measured by headspace
gas chromatography (7820A, Agilent Technologies, The Netherlands) equipped with a flame
ionization detector (7890B, Agilent Technologies, The Netherlands) according EBC method
9.39 [27]. A polar capillary narrow bore column (DBWaxETR, 60 m * 0.32 mm ID, 1 µm fused
silica) was used for separation and 4-heptanon and 1-butanol were added to each sample as
internal standard to increase the accuracy.
To quantify phenethyl alcohol, ethyl decanoate and ethyl dodecanoate, samples were prepared
by stir bar sorptive extraction (SBSE) for one hour with a preconditioned PDMS coated stir bar
(Twister from Gerstel, United States). In order to account for matrix effects an internal standard
was added. After the extraction, the bar was removed, rinsed with distilled water, carefully dried
and placed into an open-ended glass tube for analysis in the Agilent (United States) 7890B gas
chromatograph equipped with a 50 m x 0.25 mm x 0.25 µm DB-5MS Ultra inert column
(Agilent 22-555-2UI). The target compounds were detected with a mass spectrometer (Agilent
5977A) in electron ionization scan mode.
3.2.6. Analysis of diketones
Diketones are measured with an adapted method of Ruehle et al. [28] by headspace gas
chromatography (7820A, Agilent Technologies, The Netherlands) equipped with a fused silica
WCOT CP Sil CB wide bore column (50 m x 0.53 mm x 1µm). The separated compounds are
detected with an electron capture detector and 2,3-hexanedione was used as internal standard
to increase accuracy.
3.2.7. Statistical analysis
The standard deviation of the sample σ and the standard error σm2 were calculated as described
in equation 3.2 and 3.3, respectively [29]. All plots in the results section show the standard
deviation of the analytical measurement. For aldehydes, the standard deviation was calculated
from duplicates, while for diketones, esters, and higher alcohols, the measurement was carried
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out with a single measurement and the standard deviation was calculated beforehand from the
statistical deviation of 30 samples. During each measurement, two control samples were
included, to ensure that the measurement was within the previously determined interval. For
the deviation in the flow, a relative error of 5.5 % was assumed, characteristic for centrifugal
pumps [30]. The propagated error σmQ was calculated as described elsewhere [29].
1

∑𝑛𝑛 (𝑥𝑥 − 𝑥𝑥̅ )2
𝜎𝜎 = √
(𝑛𝑛−1) 𝑖𝑖=1 𝑖𝑖

3.3. Results

𝜎𝜎𝑚𝑚 =

𝜎𝜎

√𝑛𝑛

(3.2)
(3.3)

3.3.1. Impact of strip rate on volatile aroma profile

3

From literature, it is known that volatile components, which contribute to the flavour of beer,
are nearly depleted during dealcoholisation. Usually, this is an unwanted effect as it results in
a bland product, lacking the characteristic fruitiness of a regular beer [3]. In the case of wort
flavours, however, a removal from the non-alcoholic product is regarded as beneficial because
their concentration in AFBs is usually higher and due to the lack of ethanol and esters, they are
over-perceived. Therefore, the effect of the strip rate on the aldehyde concentration in the final
product was studied.
The first feedstock investigated is regular wort. Figure 3.2 A depicts the effect of the applied
strip rate during stripping with the SCC on the absolute concentration in dominant Strecker
aldehydes. On the one hand, a significant reduction of the volatile aldehydes, 2- and 3methylbutanal, is observed in the range of 3.5-5.0 % strip rate. After passing wort two times
through the unit, the residual concentration of 2-MB and 3-MB ranges between 3.3 and 11.9
µg/L, respectively. This means a reduction of 92-95 % compared to the initial aldehyde content.
On the other hand, methional shows a relatively different behaviour as such that the initial
reduction in concentration is less pronounced and an almost linear decrease is measured. This
is attributable to the higher boiling point and the more hydrophilic character of methional,
which makes it more difficult to remove the compound by thermal methods. At the highest strip
rate of 32 % (two passes), methional’s concentration is 96.9 µg/L or 60 % of the initial amount.
This means that due to the low sensory threshold of methional, it is still perceivable in the endproduct.
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A

B

Figure 3.2: Concentration of 2-methylbutanal, 3-methylbutanal and methional in (A) thermally
treated wort and (B) dealcoholized beer (AFB 2) in dependency of the strip rate

The second feedstock, which was investigated, is a regular beer. The concentration of Strecker
aldehydes versus the (external) strip rate is plotted in Figure 3.2 B. There is no clear trend
observed for either of the molecules. Instead, a parallel process of evaporation and formation
appears to be involved, which could explain the variation in the product concentration. Whether
this formation is through release from a bound state or through Strecker degradation is not
known. However, there seems to be a lower limit to which the compounds are removed.
Diketones are flavour active molecules, which have been reduced by the yeast to a
concentration level in g/L level during the fermentation. Nonetheless, if their concentration
exceeds the acceptable threshold, the perception of an off-flavour may be the result [31]. They
can also act as educts to react with amino acids to Strecker aldehydes [32]. Similar to the
Strecker aldehydes, diketone concentrations were measured for each strip rate applied as
depicted in Figure 3.3 for wort as feedstock (A) and dealcoholized regular beer (B).
When stripping wort at lower strip rates the level of diketones is initially reduced. At strip rates
higher than 5 %, it appears that the concentration slowly approaches a plateau. The lowest level
achieved for 2,3-pentanedione is 5.7 µg/L and 8.8 µg/L for diacetyl to 30 % and 23 % of their
initial concentration, respectively. On the contrary, for the case of beer as feedstock
dealcoholisation causes a slight increase in both compounds e.g. 24 % for 2,3-pentanedione and
approximately 58 % for diacetyl. It is interesting to note that the final concentration of both
compounds is slightly higher in AFB 2 than in the thermally treated wort, although initially the
level in wort was much higher. For diacetyl, this might be because the concentration of αacetolactate in fermented beer is higher and diacetyl is liberated during the application of
heat [31].
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A

B

Figure 3.3: Concentration of diacetyl and 2,3-pentanedione in dependency of the strip rate in the
SCC system; A) in wort (Apparent extract 7.2°P); B) in dealcoholized beer (AFB 2)

The above results show that despite the mild operation conditions under vacuum and the short

3

residence time, the heat introduced to the system has an effect on the product flavour profile.
For instance, diacetyl, 2,3-pentanedione and methional are found to be measurable and even
increased in concentration, but have been found below the detection limit when produced with
a membrane dealcoholisation technique at 10°C [22].
Similarly, the impact of the strip rate on the concentration in the end-product was measured for
volatile components present at higher concentration (mg/L level) as shown in Figure 3.4. While
the concentration of the esters ethyl acetate (EA) and isoamyl acetate (IAA) is depleted
completely after applying a 2 % strip rate, acetaldehyde (AceA) is initially decreased, but then
reaches a plateau as observed before for other aldehydes and diketones.

A

B

Figure 3.4: A) Concentration ethyl acetate and amyl alcohols B) Concentration of acetaldehyde
and isoamyl acetate in dealcoholized beer (AFB 2) in dependency of the strip rate
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The amyl alcohols (AAlc) show a slightly different behaviour: the energy, i.e. the strip rate
required to remove them completely is distinctly higher, although their boiling points are in a
similar range to IAA. Since these are more polar compounds, their vapour pressure is lower and
it takes more energy to strip them off the liquid.
When analysing the volatile profile of the final products (flavour stripped at 2 % and
dealcoholized by applying a 30 % strip rate), as shown in Table 3.4, the above taken
observations are confirmed; higher levels of aldehydes and diketones are stripped from both the
wort base and base 1, retaining a residual level of volatiles in the product. Methional and
furfural’s concentrations are also decreased, but to a lesser extent than the more volatile
aldehydes 2-MP, 2-MB and 3-MB. A complete depletion of wort flavours is not achievable,
which is particularly true for base 2.
Table 3.4: Concentration (± standard deviation from analysis) of aldehydes and diketones in
inlet and outlet streams of the SCC
Base
Concentration

Wort
Inlet

AFB 1
Outlet

Inlet

AFB2
Outlet

Inlet

Outlet

DA [μg/L]

38.3 ± 1.3

10.7 ± 0.4

19.8 ± 0.7

7.5 ± 0.3

7.4 ± 0.3

11.7 ± 0.4

PenD [μg/L]

19.1 ± 0.7

7.1 ± 0.3

13.3 ± 0.5

8.3 ± 0.3

9.4 ± 0.3

11.8 ± 0.4

AceA [mg/L]

0.9 ± 0.0

0.7 ± 0.0

3.3 ± 0.1

1.1 ± 0.0

4.9 ± 0.1

2.3 ± 0.1

2-MP [μg/L]

64.0 ± 0.0

4.3 ± 0.0

26.9 ± 0.0

2.7 ± 0.0

2.1 ± 0.0

2.6 ± 0.0

2-MB [μg/L]

61.6 ± 0.0

3.3 ± 0.0

25.3 ± 0.0

1.5 ± 0.0

1.1 ± 0.0

1.3 ± 0.0

3-MB [μg/L]

155.3 ± 0.0

11.9 ± 0.0

65.1 ± 0.0

14.9 ± 0.4

5.0 ± 0.0

3.4 ± 0.0

923.8±149.7

91.3 ± 1.3

373.1±60.5

41.8 ± 1.6

6.0 ± 0.0

4.8 ± 0.0

245 ± 0.0

96.9 ± 0.01

99 ± 0.1

59.9 ± 2.3

1.6 ± 0.0

3.1 ± 0.0

FF [μg/L]
MT [μg/L]

To have a closer look at the ester profile in the product, the composition of esters is illustrated
for base 1 (regular beer) and AFB 2 in Figure 3.5. The ester and higher alcohol profile of
dealcoholized products is completely distorted. Initially, isoamyl alcohol, ethyl acetate,
phenethyl alcohol and ethyl decanoate are the major contributors to the measurable flavour
profile. Additionally, there are lower concentrated esters such as isoamyl acetate and ethyl
dodecanoate. After dealcoholisation only compounds with a high boiling point are retained.
Hence, the major constituent of the flavour profile is phenethyl alcohol. Other originally
contained constituents are depleted. As already suspected from Figure 18, this elucidates that
esters and higher alcohols are, in contrary to aldehydes and diketones, not formed throughout
the process, but only depleted until they appear below their detection limit.
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Figure 3.5: Ester and higher alcohol profile of base 2 before and after dealcoholisation with the
SCC unit
EA: ethyl acetate; IAAlc: isoamyl alcohol;IAA: isoamyl acetate; PhenAlc: phenethyl alcohol; EDec:
ethyl Decanoate; EDoDec: ethyl dodecanoate

3

3.3.2. Impact of heat and mass balance on overall system
In order to prove that the overall formation of aldehydes and diketones during the thermal
dealcoholisation is caused by heat-induced Maillard reactions, an experiment was carried out
where base 2 was spiked with glucose, maltose, maltotriose and ribose with 2.0, 24.7, 10.1, and
5.0 g/L, respectively. Ribose is a reactive pentose that serves as a precursor in the heat-induced
reaction to furfural [33]. The ribose containing feedstock was dealcoholized at standard
conditions and samples of the aroma condensate, distillate and product were analysed. Then,
the mass balance over the system was formulated and visualized in Figure 3.6. If a compound
is neither formed, nor depleted, the relative increase is equal to zero. A negative number
indicates a loss during the operation e.g. loss via the vacuum pump or reaction to another
molecule. A positive value means a compound was formed during the process. It is very clear
that furfural is formed during the operation and shows an increase of more than 20 times
compared to the inlet stream. Most of the furfural is found in the distillate, which is why the
impact of pasteurization can be excluded in this case. This clearly indicates that heat induced
reactions are accelerated during dealcoholisation. Furthermore, methional is found to increase,
which results from the increase in reactive α-dicarbonyl compound derived from ribose and
glucose via the Amadori product [34]. In the case of 2-methylpropanal, 2- and 3- methylbutanal,
it is suspected that a major amount is lost to the environment via the vacuum pump and thus the
formation cannot be traced back by the mass balance. Nonetheless, the concentration of heat
indicator furfural in the product diluted to the final specifications amounts to only 9.9 µg/L
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(13.7 µg/L undiluted). Hence, furfural is not expected to have an impact on the product taste.
This was confirmed by a trained sensory panel: Despite the formation of furfural, off-flavours
describing a caramelized or burnt taste were not detected (data provided in appendix, Figure
3.7).
MT

285

FF

2099 %

3-MB

-6

2-MB

-12

2-MP

-1

PenD

27

Diacetyl
-500

111
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1000

1500

2000

2500

Figure 3.6: Relative increase of aldehydes and diketones during dealcoholisation of
Glucose/Ribose-mix obtained from mass balance

3.4. Conclusion
This work comprises a systematic study of the impact of thermal dealcoholisation on the volatile
composition of AFBs. Through the thermal dealcoholisation of studied beer bases, Strecker
aldehydes 2-MB and 3-MB were significantly reduced by up to 92-95 %, where the extent of
the reduction depended on the applied strip rate. The concentration of highly volatile molecules
was independent of the starting concentration. As an exception, the separation of methional
proved to be difficult, due to the compound’s low volatility. Since it exhibits a low flavour
threshold, this may cause overly worty products. For the case of dealcoholized regular beer,
thermal aldehyde removal is not an effective option, since the simultaneous formation during
the evaporation process determines the lower reachable concentration limit in the end-product.
Closing the mass balance over the system, it was also found that despite the vacuum conditions,
heat indicators such as furfural were formed during dealcoholisation. This is, however,
irrelevant for the product taste, since the sensory threshold of these compounds is relatively
high. It is concluded that for AFBs with a higher wort flavour content, thermal dealcoholisation
is a good technology to reduce wort flavour perception. For future research, new technologies
should be investigated to enable a selective and complete removal of wort flavour to further
optimize the aroma profile of AFBs.
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3.7. Appendix
3.7.1. Sensory evaluation by trained panel
The samples were evaluated by a sensory descriptive panel, whose members are trained
extensively on non-alcoholic beers and wort flavours. The attribute list is determined during a
group discussion. The attribute intensities are quantified on a 100-point line scale during four
individual sessions. Samples are offered one-by-one in randomized order. All samples were
evaluated in duplicate measurements.
Panellists received 100ml of each product, presented in black-coated glasses, coded with threedigit codes. Samples were tasted at ±7°C. Because two samples had to be mixed in advance of
every taste session, all other samples were poured into a beaker as well and were treated in the
same way. The sensory profile of AFB 1 and AFB 2 are compared in Figure 3.7.
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Sweet aftertaste
Sour aftertaste
Bitter aftertaste
Astringent mouthfeel

Odour intensity
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Sparkling mouthfeel
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Bitter taste
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Sour taste
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Sweet taste
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> Rye bread flavour
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> Raisins flavour
> Hay flavour
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Figure 3.7: Sensory evaluation of AFB 1 and AFB t; Circled attributes have a significance level
of <5%
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Selective off-flavour reduction by
adsorption: A case study in alcohol-free
beer
Abstract: A common sensory deficiency of alcohol-free beers (AFB) is caused by the presence
of worty aldehydes. The aim of this study was to develop and proof the concept of a selective
adsorption step, facilitating the removal of aldehydes from AFB. Therefore, the performance of
21 adsorbents (amine-functionalized polymers, hydrophobic resins and zeolites) was tested in

4

wort. Among the studied adsorbents, hydrophobic ZSM-5 type zeolites (CBV28014, HiSiv3000
and ZSM-5 P-360) showed the best selectivity due to their 2-dimensional separation
characteristics. Consequently, the obtained multicomponent isotherms in unhopped AFB
revealed linear adsorption behaviour for all aldehydes, indicating non-competitive adsorption
within the design space. The logarithms of the adsorption affinity constants were found to be
linearly correlated to the compounds’ hydrophobicity and solubility. The concept was proven
at pilot scale of 150 L, resulting in a reduction of aldehydes between 43.7 – 70.2%, while
conserving bitterness, pH and colour of the AFB. Future work will focus on the sensory
evaluation of the flavour-improved product.

Published as: Gernat, D.C., Penning, M.M. , Swinkels, F.M., Brouwer, E.R., Ottens, M.
Selective off-flavour reduction by adsorption: A case study in alcohol-free beer. J Food and
Bioproducts Processing 121, 91-104 (2020)
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4.1. Introduction
Current trends in the beverage industry show consumers’ shift towards more health-conscious
products [1, 2]. Therefore, there is an incentive to create alternative alcohol-free options, which
preserve the high quality of the original beverage. A sensory imbalance often observed in
alcohol-free beers (AFBs) is the over-perception of wort flavours [1-4]. These off-flavours are
caused by so-called Strecker aldehydes, which are formed by a heat-induced reaction between
a reducing sugar and an amino acid [5]. In particular, 2-methylbutanal (2-MB), 3-methylbutanal
(3-MB) and methional (MT) [6, 7] have been found responsible for the wort flavour, but also
2-methylpropanal (2-MP) is relevant at the concentration range in AFBs [8]. Due to the changed
composition of AFB, flavour detection thresholds are significantly lower than in regular
beer [8-11]. For instance, the odour of 3-MB is detected at 56 µg/L in regular beer, while the
threshold in AFB is with 0.44-0.61 µg/L more than 91 times lower [9, 10]. Their formation may
also be caused by other reactive carbonyls, such as lipid derived carbonyls or quinones from
polyphenol oxidation [12-15]. As a result of the complexity of involved reaction pathways, it
is difficult to prevent Strecker aldehyde formation [10, 16]. Therefore, new process designs are
required to engineer the desired flavour profile and fine-tune the aroma concentration to the
respective product [11]. For this study, 2-MB, 3-MB, Met, 2-MP and furfural (FF) were taken
into account, where FF was regarded as a general indicator for flavour instability in beer [17].
Their structures and flavour descriptors are outlined in Figure 4.1.
In brewing literature, studies have been performed on reducing Strecker aldehydes in alcoholfree beer by restricted or continuous fermentation (biological removal) [18-20] or by addition
of certain beer constituents, such as amino acids, wort proteins or polyphenols that bind or mask
aldehydes [20-22]. The drawbacks of these approaches are that the concentration of the target
compounds is not sufficiently reduced and that ethanol is often a side product. Newer
developments include membrane-based separation of flavours [23, 24] or adsorptive removal
with activated carbon or resins [25, 26], but the selectivity for a targeted removal is still
insufficient. Other approaches, as for instance extraction or reactive removal, have been
restricted to an application in organic chemistry, food packaging or bulk chemical
production [11, 27-30].
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Figure 4.1: Molecular structure of selected wort flavour compounds and their associated flavour
listed in order of hydrophobicity

Currently, there are no downstream unit operations available to selectively remove wort offflavours without impacting the overall taste and nutritional quality of the product. The process
requires a technology that combines a high selectivity at mild operation conditions with low

4

capital investment and operational cost. A suitable choice for this challenging task is adsorption
[31], which enables the separation of compounds present at low concentrations with a low heat
impact on the product [32]. An application for the brewing industry was for instance
demonstrated by Saffarionpour et al., who captured flavours on polymeric resins [33, 34].
The goal of this article is to investigate the feasibility of a selective (off-)flavour removal step
for the case of non-alcoholic beer by identifying an adsorbent material that can facilitate this
specific separation under mild conditions. Therefore, batch uptake experiments with
21 adsorbents were performed in a hopped wort base to screen for the most promising
separation medium. Three types of adsorbent were considered, i.e. hydrophobic resins (HR),
amine-functionalized polymeric resins (AFP) and microporous silica-based materials (zeolites).
The selection for further process development was then made based on a Pugh decision-matrix
[35]. Subsequently, multicomponent isotherm data was determined by a mixture-amount design
[36], and a suitable model to describe the thermodynamic data was applied. Furthermore, the
impact of the product constituents on the model parameters was measured to identify potential
process bottlenecks. Finally, the best performing adsorbent was applied at pilot scale and the
effect on the chemical composition of the product quality was assessed to provide a proof of
principle.
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4.2. Materials and Methods
4.2.1. Chemicals
For the preparation of solutions, Milli-Q grade water (Merck Millipore, United States) or
absolute ethanol (VWR International BV, The Netherlands) of analytic grade was used. The
test kit 984345 for the enzymatic analysis of ethanol and free amino nitrogen (FAN) were
purchased from Thermo Scientific (United States) and FoodLab (Italy), respectively. Iso-αacids were acquired from Barth Haas Ltd (United Kingdom). All other chemicals were
purchased in analytical grade from Sigma Aldrich.
4.2.2. Feedstocks
Wort and alcohol- and hop-free beer produced by restricted fermentation were obtained from a
local brewery. Original extract, alcohol content and the concentration of iso-α-acids are
specified in Table 4.1.
Table 4.1: Specification of original extract, alcohol and iso-α-acids content in wort and alcoholfree beer (AFB)
Parameter
Original extract [°P]
Ethanol [% v/v]
pH
Colour [EBC]
Total iso-α-acids [mg/L]

Wort

AFB

16.68 ± 0.05

12.00 ± 0.04

<0.06

<0.06

5.0 ± 0.02

4.40 ± 0.02

17.50 ± 0.21

11.40 ± 0.14

36.80 ± 0.7

<0.04

4.2.3. Adsorbents
Polymeric resins, listed in Table 4.3, were investigated, differing in pore and particle size,
surface area, and polymer type. Furthermore, amine-functionalized polymers and hydrophobic
resins were purchased from Sigma Aldrich. The AFPs were chosen based on their functional
group as depicted in Table 4.4. The presence of pores was not specified by the supplier and not
visible by microscopic analysis (supplementary material). A total of nine silica-based materials
were selected to study different zeolite types and a range of the molar SiO2/Al2O3 ratios (15360) of different suppliers as specified in Table 4.5. The specifications are as provided by the
supplier, if not mentioned otherwise.
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Table 4.3: Hydrophobic resins specifications
Pore
Size [Å]

Pore Volume
[ml/g]

Particle
size [µm]

Surface
area [m2/g]

Polymer type

Sigma
Aldrich

100

0.98

250-841

750

Styrenedivinylbenzene

Amberlite
XAD16N

Sigma
Aldrich

200

0.55

250-841

800

Styrenedivinylbenzene

Amberlite
XAD7HP

Sigma
Aldrich

300-400

0.5

250-841

380

Polyacrylics

Sepabeads
SP20SS

Sigma
Aldrich

260

1.01

50-100

~ 500

Styrenedivinylbenzene

Sepabeads
SP850

Sigma
Aldrich

38

~ 1.2

250-850

~ 1000

Styrenedivinylbenzene

Diaion HP2MG

Sigma
Aldrich

170

1.2

297-707

~ 500

Polymethacrylat
e

Name

Supplier

Amberlite
XAD4

Table 4.4: Amine-functionalized polymers specifications
Name of functional group
(polymer-bound)

Supplier

Particle size [µm]

Ligand density [mmol N/g]

Aminomethylpolystyrene

Sigma Aldrich

163-210

1.0-1.5

Diethylenetriamine

Sigma Aldrich

37-74

4.0-5.0

Sulfonyl amide

Sigma Aldrich

74-149

1.5-2.0

Tris(2-aminoethyl)amine

Sigma Aldrich

37-74

3.5-5.0

2-mercaptoethylamine

Sigma Aldrich

163-210

0.6-1.1

Ethylenediamine

Sigma Aldrich

74-149

4.0-5.7

4

Table 4.5: Silica-based materials specifications
Name

Supplier

Type

Nominal
cation form

MR
SiO2/Al2O3

Pore size
[nm]

BET surface
area [m2/g]

CP811C-300

Zeolyst

beta

hydrogen

300

0.56-0.67
[37]

620

Beta-zeolite
P-150

ACS
material

beta

hydrogen

150

0.55-0.70

~500

ZSM-35

ACS
material

ferrierite

hydrogen

15

0.5-0.6

~300

HiSiv1000

UOP

y-zeolite

n/a

n/a

0.8

>550

HiSiv3000

UOP

ZSM-5

n/a

>1000

0.6

>400

CBV28014

Zeolyst

ZSM-5

ammonium

280

0.53-0.59

400

ZSM-5 G360

ACS
material

ZSM-5

hydrogen

360

0.53-0.59

>340

ZSM-5 P360*

ACS
material

ZSM-5

hydrogen

360

0.53-0.59

>380

ZSM-5 P-25

ACS
material

ZSM-5

hydrogen

25

0.53-0.59

>=340
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MR
SiO2/TiO2

Non-zeolites

Ti-Silicalite- ACS
>25
1 (Type B)
material
*
ZSM-5 G-360 is the granular (binderless) form of ZSM-5 P-360

~0.5

360-420

4.2.4. Experimental Design
The experimental strategy for the adsorbent selection pursued in this work is outlined in Figure
4.2. In the first step, the adsorptive aldehyde removal of 21 resins was investigated by batch
uptake experiments in the hopped wort base. This base was chosen, as it is the most
concentrated base during the brewing process (16.7ºP) with the highest concentration of
aldehydes, but also sugars and hop acids, hence effects of competing constituents are expected
to be most pre-dominant in this base. The phase ratios used in this experiment are 50 g/gwet and
100 g/gdry for polymeric resins and molecular sieves, respectively. Since the wet/dry-resin ratios
are between 0.32-0.64 gdry/gwet, these phase ratios are in a similar range. Preliminary
experiments with varying phase ratios showed that the adsorption was linear in this range. In
order to compare the capacity of all adsorbents with each other, the aldehyde loadings at
50 g/gwet for all resins and 100 g/gdry for silica-based materials were calculated. The obtained
samples were additionally analysed for change in pH and fading in colour as well as the
adsorbent’s reusability. For selected batches, the uptake of iso-α-acids, originating from hops,
was measured.

Figure 4.2: Sequential experimental design approach

In the second step, the three most promising adsorbents were selected, and batch uptake
experiments based on a five-component mixture-amount design without centre points were
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performed with a fixed phase ratio of 1000 gCCB/gdry [36]. Here, the base chosen was an AFB
produced by cold contact fermentation. Cold contact fermented beer (CCB) is made by
contacting wort at low temperatures of 0-1ºC with yeast, so that the metabolism of the
microorganism is restricted and ethanol production is minimal [3]. The concentration of
aldehydes is reduced by the yeast to a certain extent [21], while the concentration of other
compounds, such as sugars, stays nearly the same, meaning that wort and CCB mainly differ in
their aldehyde concentration. However, in order to be able to study the impact of different beer
constituents, the base in this stage of the study was brewed hop-free. An overview of the
concentration levels (amounts) of all components at the low (-), and high (+) sub-level are given
in Table 11, where the ratio of the aldehydes to each other was fixed for each level. Thereby,
chosen boundary conditions of the design are based on historic data for wort and CCB. The
selected amounts of added aldehydes, caldehydes, added, are 0 (base), 850, 2700, and 3500 μg/kg,
respectively. These amounts were spiked to the hop-free CCB, resulting in the total aldehyde
concentration, caldehydes, total, of the spiked base beer. Due to the bias related to determining
volatile multicomponent samples, there are deviations between the targeted and actually
measured concentration.

4

Table 4.6: Overview on selected experiments for the mixture-amount design
Level
Base
1+
12+
23+
34+
4-

c2-MP, added
[μg/kg]

c2-MB, added
[μg/kg]

0
37.1
22.1
104.1
72.3
167.9
120.1
230.8
167.1

0
52.4
7.5
120.1
24.7
184.3
41.0
247.8
57.0

c3-MB, added
[μg/kg]
0
234.3
35.5
538.9
116.4
828.3
193.4
1114.1
269.1

cMT, added
[μg/kg]
0
65.1
41.2
185.7
135.1
300.3
224.4
413.5
312.2

cFF, added
[μg/kg]
0
0
316.6
335.2
1037
653.6
1722
968.1
2397

caldehydes, added
[μg/kg]

caldehydes, total
[μg/kg]

0
389
423
1284
1386
2135
2301
2974
3202

464
853
887
1748
1850
2599
2765
3438
3666

In the third step, using the same CCB as above, a model robustness studies were performed by
spiking possibly-interfering molecules to batch uptake tests. The aim was to determine the
impact of matrix constituents, polyphenols (represented by addition of 15 mg/kg catechin),
diketones (represented by addition of 50 μg/kg 2,3-pentanedion), and sulphur compounds
(represented by spiking with 40 μg/kg of dimethyl sulphide (DMS)) on the adsorption
efficiency at the upper end of the design space. Furthermore, the hop-originating molecules
were assessed by spiking with 36.8 mg/kg iso-α-acids (level of wort from screening
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experiment) and the influence of the pH variation (adjustment to wort pH 5.0 with 3 M NaOH).
The conditions tested in triplicate are shown in Figure 4.3. Finally, the ZSM-5 G-360 was tested
at pilot scale at a phase ratio of 0.15 Ll/gdry to give a proof of concept and show the relevance
of the results for the commercial scale.
4.2.5. Batch uptake experiments
Prior to each batch uptake experiment, adsorbents were washed in five consecutive steps with
two volumes of 70 vol.% of ethanol and three volumes of Milli-Q water, allowing the adsorbent
to equilibrate 30 min in the second and fourth washing step. Zeolites were dried at 220°C until
they reached a stable weight to remove any residual liquid. The required amount of wet or dry
resin was then added to a 40 mL screw-top vial (Supelco). Next, 35 g of wort or non-alcoholic
beer were poured to the vial and spiked were applicable; the batch was stirred overnight with
the screw top closed in a water bath at 15°C to reach equilibrium. Succeeding, the liquid was
separated from the adsorbent by centrifugation and transferred into a fresh glass vial for
analysis.

Sample Name

Constituents
spiked

Reference

pH

Matrix

Hop

All

None

pH adjusted

Catechin: 15

iso-α-acids

pH 5.0

from 4.4 to 5.0

mg/kg

36.8 mg/kg

Catechin: 15 mg/kg

2,3-pentanedion:

2,3-pentanedion: 50 μg/kg

50 μg/kg

DMS: 40 μg/kg

DMS: 40 μg/kg

iso-α-acids 36.8 mg/kg

Figure 4.3: Overview on robustness study performed with CBV281014, HiSiv 3000 and ZSM-5
P-360. All aliquots were spiked with 300, 1300, 6000, 400 and 1000 μg/kg of 2-MP, 2-MB, 3-MB,
Met and FF, respectively.

By forming the mass balance, the loading of the adsorbent qi [µg/gads] was calculated according
to equation 4.1, where cini,i and ce,i [µg/L] are the initial and equilibrium concentration of the
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aldehyde, respectively, mads [g] is the mass of added adsorbent, ml [g] is the mass of added wort
or beer and ρl is the density of the wort or the beer.

4.2.6. Pilot scale test

𝑞𝑞𝑖𝑖 =

(𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖 − 𝑐𝑐𝑒𝑒,𝑖𝑖 ) 𝑚𝑚𝑙𝑙
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎
𝜌𝜌𝑙𝑙

( 4.1)

For the pilot scale, a batch of hopped wort was fermented at 2-4°C to produce a CBB meeting
similar specifications as the base used during laboratory scale tests. The temperature was chosen
slightly higher than the recommended 1°C in order to avoid local freezing of the wort. The
batch was then split into two vessels of 1.5 hL, of which one was filled with 1.0 kg of zeolite
granules (ZSM-5 G-360) and stirred overnight. Both batches were subsequently standardized
to 5.2°P and filtered over Kieselguhr, pasteurized and bottled.
4.2.7. Adsorbent regeneration
In order to assess the reusability of the tested adsorbents, they were regenerated by the same
procedure as described above and in the case of amine-functionalized resins, they were

4

incubated overnight at room temperature in a 35 mL of a 0.03647 wt.% HCl solution. After
neutralization with 2 M NaOH solution, the materials were rinsed with Milli-Q water, filtered
and used for the batch uptake procedure described in previous section.
4.2.8. Analysis of volatile aldehydes
Strecker aldehydes were analysed by headspace solid-phase micro-extraction (HS-SPME)
using a method adapted from Vesely et al. [38], in a GC-MS (Agilent 7890A and 5975C MSD)
and a 30 m x 0.25 mm x 0.25 μm VF17MS column. The derivatization reaction was carried out
with O-(2,3,4,5,6-pentafluorobenzyl)-hydroxylamine. Helium was used as the carrier gas at a
flow rate of 1 mL/min. The calibration was performed for each medium, so that matrix effects
on the measurement were accounted for [39].
4.2.9. Analysis of iso-α-acids
Iso-α-acids were analysed by reversed phase UPLC (Waters Acquity, Milford, United States)
equipped with a PDA detector and a BEH C18 1.7 μm column (I.D. 2.1 x 150 mm) according
to the EBC method 7.8 “Iso-alpha-, alpha- and beta-acids in Hop and Isomerized Hop Extracts
by HPLC” [40].
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4.2.10. Analysis of pH, colour and original extract
The determination of the specific gravity at 20°C/20°C and thus extract content of wort was
obtained by digital density meters of the oscillation type (Xample 510, Anton Paar, Graz,
Austria). For a quantitative measurement of changes in the beverage, the change in pH was
measured with a pH-meter (Accumet Basics AB15, Fisher Scientific, Landsmeer, The
Netherlands). The colour was determined according to the EBC method 9.6 [41] with a
Spectrostar Nano spectrophotometer supplied by BMG Labtech (Ortenberg, Germany). The
colour value was then calculated with the empiric equation 4.2, where A430nm is the absorption
at 430 nm and d the dilution factor.
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [𝐸𝐸𝐸𝐸𝐸𝐸] = 𝐴𝐴430𝑛𝑛𝑛𝑛 ∙ 25 ∙ 𝑑𝑑

(4.2)

4.2.11. Determination of leaching

A ligand leaching test for the amine-functionalized resins was performed using the LCK138
cuvette test kit for total N-content with a measuring range of 1-16 mg/L (Hach, Tiel, The
Netherlands). The resins were washed as described and incubated in an HCl solution at pH 5.1.
Hereafter, the resins were separated from the liquid, which was analysed for total N-content
with a Hach DR3900 VIS spectrophotometer according to the method described by the
manufacturer.
4.2.12. Analysis of ethanol
The ethanol concentration was measured with an enzymatic test kit available from Thermo
Fisher Scientific (United States) as recommended in EBC method 9.3.1 [42]. The alcohol is
enzymatically oxidized to acetaldehyde under alkaline conditions, which in turn is converted to
acetate producing two moles of NADH per mole ethanol. The produced amount of NADH was
determined spectrophotometrically by measuring the absorbance at 340 nm and 37°C with
Thermo Fisher Scientific GallaryTM Plus Beermaster.
4.2.13. Analysis of DMS, esters and higher alcohols
The concentration of volatile compounds other than aldehydes was analysed by headspace gas
chromatography (7820A, Agilent Technologies, The Netherlands) equipped with a flame
ionization detector (7890B, Agilent Technologies, The Netherlands) as described in EBC
method 9.39 [43]. The compounds were separated on a polar capillary narrow bore column
(DBWaxETR, 60 m x 0.32 mm ID, 1µm fused silica). 4-heptanon and 1-butanol were used as
internal standard to increase the accuracy.
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4.2.14. Determination of foam stability, turbidity and FAN
The foam stability was measured according to EBC method 9.42.1 with a NIBEM-T meter
(Pentair Haffmans, The Netherlands) at room temperature [44]. The turbidity was analysed
according to MEBAK method 2.14.1.2 “Haze formation: Optical Method” [45]. FAN was
determined with the CDR Beerlab FAN test kit with the procedure described by the
manufacturer.

4.3. Calculations
4.3.1. Pugh evaluation matrix
In order to identify the most promising adsorbents, a Pugh evaluation matrix was employed as
a tool to rank tested materials based on their capacity, selectivity, costs and simplicity to
industrialization according to equation 4.3, weighted 30%, 40%, 10% and 20%, respectively.
The score of each category was assigned based on Table 4.7.
𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 = 𝟎𝟎. 𝟑𝟑 ∙ 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 + 𝟎𝟎. 𝟒𝟒 ∙ 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 + 𝟎𝟎. 𝟏𝟏 ∙ 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 + 𝟎𝟎. 𝟐𝟐
∙ 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊

(4.3)

4

Table 4.7: Score key for Pugh evaluation matrix

Score

-1
0
+1
q2-MB + q3-MB + qMet < 20
20 μg/gdry < q2-MB + q3-MB
q2-MB + q3-MB + qMet > 40
Capacity*
μg/gdry
+ qMet < 40 μg/gdry
μg/gdry
Overall = average score (pH, colour, hop)
Selectivity
ΔpH > 0.6
0.3 < ΔpH < 0.6
ΔpH < 0.3
pH
1.5 EBC < Δcolour < 3.0
colour
Δcolour > 3.0 EBC
Δcolour < 1.5 EBC
EBC
hop
iso-α-acids adsorbed
n/a
iso-α-acids not adsorbed
Price > 1000 €/kg
n/a
Price < 1000 €/kg
Costs
Could be employed but
Leaching of adsorbent
already employed in food
Industrialimaterial has to be
components
industry
zation
certified
* wet weight was converted to dry weight with approximated conversion factor of 0.5gwet/gdry

4.3.2. Isotherm model
Due to the low concentration of investigated components, a linear adsorption isotherm model
was used to describe the thermodynamic equilibrium as depicted in equation 4.4, where ki
[L/gads] is the affinity constant characteristic for each component and adsorbent [46].
𝑞𝑞𝑖𝑖 = 𝑘𝑘𝑖𝑖 𝑐𝑐𝑒𝑒,𝑖𝑖

(4.4)
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4.3.3. Error Analysis and regression
The reported uncertainties were calculated, considering the statistical error resulting from
random variation of measured values and the systematic error. The sample standard deviation
and error propagation was calculated as described elsewhere [47]. For the systematic error only
the uncertainty associated with the parameter regression of the calibration was taken into
account, since other equipment errors were comparably negligible. To obtain the error of
regressed isotherm parameters, the variance-covariance matrix M, calculated by multiplying
the variance of the residuals of the best fit with the Jacobian J of the fitting function was used
as described in equation 4.5.
𝑀𝑀 =

(𝐽𝐽𝑇𝑇 𝐽𝐽)−1 ∑𝑛𝑛𝑖𝑖=1 𝑟𝑟𝑟𝑟𝑠𝑠𝑖𝑖2
𝑛𝑛 − 𝑝𝑝

(4.5)

where n is the number of data points and p the number of regressed parameters. The diagonal
of the covariance matrix contains the variances of each parameter [48].
4.3.4. Determination of logD and solubility
The logD value was estimated with Advanced Chemistry Development, Inc. (ACD/Labs) [49].
The experimental solubility at 25°C was taken from EPISuitesTM [50] when available or
estimated from logP with the same program.

4.4. Results & Discussion
4.4.1. Adsorbent Screening
In order to choose the most suitable separation medium, three different adsorbent types, i.e.
hydrophobic resins, amine-functionalized resins, and zeolites, making up to 21 adsorbents, were
selected for a screening experiment. Their performance with respect to capacity and selectivity
are depicted in Table 4.8 and Table 4.9. In order to estimate and compare the capacity of the
tested adsorbents, the adsorbent loading was calculated for 2-MB, 3-MB and Met, respectively.
From the data presented, it is observed that the capacity of the hydrophobic resins is mainly
related to the available surface area, rather than to the pore size or volume. Generally, the
performance of poly(styrene-divinylbenzene) based resins is superior. From Table 4.8, it is
conspicuous that amongst tested AFPs, only ethylenediamine (EthD)- and diethylenetriamine
(DETA)-functionalized divinylpolystyrenes are comparable in capacity with the conventional
hydrophobic resins. This might be due to the fact that the reaction of the primary amine group
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with the aldehyde to form an imine is not favourable enough to ensure selectivity over organic
acids, ketones and other reactive compounds contained in the wort. EthD and DETA are able
to form imidazoline rings with aldehydes, which is a more specific reaction mechanism. The
hypothesis is that this mechanism causes the observed higher reduction in aldehydes for EthD
and DETA. Having a denser loading of functional groups, EthD thereby achieves a higher
degree of aldehyde removal than DETA.
When considering product integrity and process variables such as throughput and capital
investment costs, factors other than the capacity of reduction are highly important for selecting
an optimal adsorbent. Therefore, the resulting wort-flavour reduced product was tested and
evaluated for selected parameters, i.e. change in pH and colour, and adsorption of iso-α-acids
(hop constituents), as well as reusability.
It is clear that the tested hydrophobic resins generally perform better with respect to the
capacity, but more poorly in selectivity than most AFPs. This is because of the fact that all
hydrophobic molecules in the feedstock interact with the solid surface, without any selectivity
for functional groups or size. Nonetheless, these resins are tested in the food industry and FDA

4

approved, enabling the fast scale-up and commercialization of this process.
The theoretical loading of the AFPs depends on the number of moles of nitrogen attached to
the resin. It can be easily determined by a stoichiometric relation, neglecting impact factors
such as steric hindrance. For most resins, the theoretical capacity is by a factor of 104 - 105
higher than the achieved loading in competitive batch uptake experiments, i.e. other beer
constituents react with the scavenger groups or the equilibrium is not favourable. There are two
other disadvantages, which make AFPs unattractive to optimize flavour in food products. First,
the kinetics of the reaction are observed to be very slow and temperature-dependent (data
provided in supplementary material), which may cause practical complications in food
processing. Second, leaching of the functional group was measured (data not shown), which is
an undesired effect and might lower the food safety and product quality.
When regarding the tested molecular sieves in comparison, both – high reduction and selectivity
– is achieved. The drawbacks of the (functionalized) resins are overcome by their 2-dimensional
separation mechanism, which selects on hydrophobicity as well as size. The choice of a small
and defined pore-size (<0.7nm) and a high SiO2/Al2O3-ratio are of uttermost importance for the
efficiency of the removal step. For instance, if the performance of ZSM-5 P-360 is compared
to ZSM-5 P-25, the zeolite with the lower SiO2/Al2O3 ratio depicts a lower capacity for the
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flavour molecules, while a significant change in pH is observed. This indicates that ZSM-5 P25 is also adsorbing small (organic) acids, despite the fact the pore size is the same. Similarly,
a larger pore size of the beta- and Y-zeolites, lead to an increased uptake of larger molecules,
such as iso-α-acids, potentially distorting the taste of the AFB. This in turn also reduces the
affinity and hence the capacity of the adsorbent such as HiSiv1000. Interestingly, CP811C-300
and the β-zeolite from ACS Materials, show a different adsorption of iso-α-acids, despite the
fact that their pore size and ring structure should be similar. Since CP811C-300 also exhibits a
slightly higher surface area and the two-fold SiO2/Al2O3 ratio, it is also unexpected that it
adsorbs less hop acids.
Consequently, a Pugh evaluation matrix [35] was used as a decision tool to select the three most
promising out of 21 materials as depicted in Table 4.10. Thereby, capacity, selectivity, costs
and the ease of industrialization were taken into account, weighing the selectivity with 0.4 the
most important category. Out of the tested adsorbents, molecular sieves generally show the
highest score due to their superior selectivity and high capacity at acceptable material cost.
However, one drawback considered for molecular sieves, is the not-established food-grade.
Another difficulty is that they are often only available in powder or larger pellet form, both of
which are not advantageous for the scale-up to an adsorption column. The highest rated zeolites
CBV28014, ZSM-5 P-360 and HiSiv3000 are selected for further study. Ti-Silicalite is ruled
out, since it was observed that the sample turned hazy after the treatment, most likely due to the
catalytic activity of Ti. The β-zeolite slightly adsorbs iso-α-acids, which in turn makes them a
less attractive option. In the next step, the selected zeolites are studied in more detail, to obtain
their isotherm data in the complex food matrix as well as the effects of other beer constituents
on the regressed adsorption parameter.
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q2-MB [μg/gdry]
q3-MB [μg/gdry]
qMet [μg/gdry]

Capacity

** sample turned hazy

Economics

Δ colour [EBC]
[(ci-ce)/ci]total iso-α-acids
[%]
Reusability
Cost

Δ pH

Parameter

Selectivity

16N

-7.6
99.1
+
+

n/a
+
+

0.1

4.7
26.8
10.7

SP850

-10.3

0.1

4.7
26.7
10.5

XAD-

+
+

n/a

n/a
+
-

-5.8

0.1

2.5
8.8
3.7

Diaion

-10.6

0.1

4.3
21.0
6.4

SP20SS

+
+

n/a

-9.4

0.1

3.2
13.5
3.5

7HP

XAD-

1.0
-0.6
47.5
+
-

0.1
-6.0
80.1
+
+

4.6
18.5
9.3

EthD

4.7
25.2
10.9

XAD-4

+
-

+
-

7.3

n/a

0.3

2.7
2.6
1.2
-0.3

0.0

0.5
1.8
0.9

DETA

-5.4

AMP

SA

+
-

n/a

-0.1

0.1

0.8
3.1
1.5

T2A

1.1

20.4
+
+

9.8
+
+

+
-

1.0

-0.3

3.6
1.7
3.5

1.1

-0.1

15

ZSM-35 -

3.6

0.1

9.9
10.6
5.2

150

300
9.4
39.4
20.1

ß-zeolite P-

CP-811C-

+
+

61.4

2.8

0.2

5.6
8.8
9.7

HiSiv 1000

0.1
1.1
3.0
+
+

0.3
0.8
1.9
+
+

9.3
39.8
23.2

CBV 28014

8.8
16.7
23.6

HiSiv 3000

360

+
+

1.8

-0.2

0.0

8.3
15.9
22.7

ZSM-5 P-

+
+

-2.7

0.6

-0.6

5.2
5.6
2.8

ZSM-5 - 25

0.1

2.3
8.4
2.1

+
-

n/a

-0.4

2ME

+
-

7.2

1.2**

-0.1

9.4
10.0
5.4

Ti-Silicalite

+
-

n/a

-0.1

0.2

1.0
3.7
3.3

Table 4.9: Affinity, selectivity (pH, colour, hop acid concentration), and economic factors of silica-based materials at PR 100 gl/gdry

Category

Economics

Δ colour [EBC]
[(ci-ce)/ci]total iso-α-acids
[%]
Reusability
Cost

Δ pH

q2-MB [μg/gwet]
q3-MB [μg/gwet]
qMet [μg/gwet]

Capacity

Selectivity

Parameter

Category

Table 4.8: Affinity, selectivity (pH, colour, hop acid concentration), and economic factors of polymeric materials at PR 50 g l/gwet
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4.4.2. Isotherm determination
To determine the thermodynamic equilibrium data for the process design and to understand the
multicomponent adsorption behaviour, batch uptake experiments were performed in unhopped
CCB. The adsorbent loading at the final equilibrium concentration was calculated, and the
results are plotted in Figure 4.4. When considering the isotherm correlations in CCB, a clear
linear relationship of the load and equilibrium concentration is found, indicating linear, noncompetitive adsorption amongst aldehydes. Interestingly, the affinity constant ki (see equation
4.4) of a compound is similar for all tested zeolites, with CBV28014 exhibiting slightly higher
capacities for all aldehydes. This is due to the fact that these adsorbents all exhibit a high
SiO2/Al2O3 ratio (>280), a similar surface area (~380 - 400 m2/g) and are of the same type
(ZSM-5), ergo the micropore size is the same.
Table 4.10: Decision-matrix for Pugh concept selection
Adsorbents were evaluated based on their capacity at the given condition as well as selectivity with
regard to change in pH, colour, iso-α-acid concentration and reusability and costs.

CBV 28014
ZSM-5 P-360
HiSiv 3000
CP-811C-300
SP850
XAD-16N
XAD-4
XAD-7HP
SP20SS
ß-zeolite
Ti-Silicalite
Diaion
2ME
HiSiv 1000
ZSM-5 MR 25
ZSM-35 MR 15
EthD
SA
T2A
DETA
AMP

Capacity
(x 0.3)
1
1
1
1
1
1
1
1
1
0
0
0
0
0
-1
-1
1
-1
-1
-1
-1

Selectivity
(x 0.4)
1.00
1.00
0.67
0.33
-0.33
-0.33
-0.33
-0.33
-0.33
0.33
0.67
-0.33
1.00
-0.33
0.33
0.67
-0.33
1.00
1.00
0.67
0.00

Costs
(x 0.1)
1
1
1
1
1
1
1
1
-1
1
-1
1
-1
1
1
-1
-1
-1
-1
-1
-1

Simplicity to
Industrialization (x 0.2)
0
0
0
0
1
1
1
1
1
0
0
1
-1
0
0
0
-1
-1
-1
-1
-1

Score
0.80
0.80
0.67
0.53
0.47
0.47
0.47
0.47
0.27
0.23
0.17
0.17
0.10
-0.03
-0.07
-0.13
-0.13
-0.20
-0.20
-0.33
-0.60
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A

4

B

C

Figure 4.4: Experimental equilibrium data and regressed isotherms in unhopped CCB for A)
CVB28014; B) HiSiv3000; C) ZSM-5 G-360 (crushed); full symbols represent sub-level (+) and
dots sub-level (-)of the mixture-amount design
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Another observation made is that the value of the affinity constant is correlated to the aldehyde’s
hydrophobicity. In the case of the studied aldehydes, the hydrophobic compounds 2- and 3methylbutanal exhibit the highest affinity for the zeolites, while the affinity constants of
methional, 2-methylpropanal and furfural are between factors of 6.2 – 33 smaller.
The relation of the compound’s solubility and logD value to the regressed isotherm affinity
constant is shown in Figure 4.5 and Figure 4.6, respectively. Here, the logarithmized isotherm
affinity constant can be written as a linear function of the solubility in water or the logD value
at pH 5.5, where the logD value is the octanol-water partition coefficient corrected for pH
effects (ionization) [51]. It should be noted that the goodness of the fit strongly depends on the
available experimental data and predictive model values for the solubility and the logD and as
such are susceptible to the algorithm employed. Since beer is a very complex matrix, such a
correlation is useful to estimate and predict the adsorption of other molecules to the adsorbent
and hence assess, whether or not these could compete for vacant space on the adsorbent.
2.0

CBV28014
HiSiv3000
ZSM-5 P-360
ZSM-5 G-360

1.8

1.6

log10 (ki)

1.4

y = -0.0178x + 1.8751
R² = 0.9026

1.2
1.0
0.8
0.6
0.4
0.2
0.0

0

20

40

60

80

100

solubility [g/L]

Figure 4.5: Logarithmized isotherm affinity constant log10ki in relation to solubility (from
EPISuites [50]). Dashed line represents the regressed linear function taking the whole dataset
into account.

However, because this correlation is only based on five molecules of the same chemical group,
this should only be seen as an indication and not to precisely predict the impact of each molecule
on the adsorption equilibrium. Thus, the approach followed in this work is not to define a
universal model, taking into account every unique constituent of the beer, but rather to group
beer constituents and assess their impact on the adsorption of aldehydes. This is to estimate,
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whether or not a compound group could affect the measured adsorption parameters within
defined variations in the process stream.
2.0

CBV28014
HiSiv3000
ZSM-5 P-360
ZSM-5 G-360

1.8
1.6

log10 (ki)

1.4

y = 2.6146x - 1.6377
R² = 0.9645

1.2
1.0
0.8
0.6
0.4
0.2
0.0

0.0

0.5

1.0

1.5

logD (pH 5.5)

Figure 4.6: Logarithmized isotherm affinity constant log10ki versus to predicted logD value at pH
5.5 with ACD Labs model [49]. Dashed line represents the regressed linear function taking the
whole dataset into account.

4

4.4.3. Identification of competing compounds
Table 4.11 lists important beer constituents their properties (logD value, solubility and
geometry) and their relevance for the regarded process. To indicate the significance for the
adsorption process, ki is estimated based on the correlation in Figure 4.5 and Figure 4.6. It is
obvious that many molecule groups can be excluded as competing molecules during the
adsorption process. For instance, proteins are large molecules, which are not able to enter the
small micropores of zeolites and hence are not directly impacting the adsorption equilibrium.
Nonetheless, an indirect impact such as fouling or complexing with flavour compounds could
be possible.
Several hydrophilic compounds are small enough to diffuse into the pores, however, are
expected to have a very low affinity for the adsorbent due to their hydrophilicity. Even so, if
present in high concentrations, hydrophilic compounds could have an effect on the
thermodynamic equilibrium. For instance, sugars are present at g/L level, which according to
literature causes a “salting out” effect [52]. This could lead to a higher affinity of hydrophobic
molecules to the adsorbent. But since the sugar concentration is very well controllable during
the brewing process, it is assumed to be a constant input parameter for the process and is not
further studied.
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Most likely, small volatile molecules that resemble the studied aldehydes in size and
hydrophobicity will compete for vacant space on the adsorbent. Although they occur with a
defined concentration range, small deviations could impact the process robustness.
For instance, components with a very high affinity to the adsorbent may take up more surface
area and hence block vacant sites for aldehydes to attach. Furthermore, a change in the relative
concentration ratios in the multicomponent system may influence the regressed affinity
constants. Another aspect important for the process robustness are controlled changes in the
input streams such as bitterness (related to hop acids) and pH. Esters and higher alcohols are
expected to adsorb to the zeolite surface, however were not considered, since their
concentration in alcohol-free beer is considerably low.
Consequently, the previously studied CCB is spiked with selected competing beer constituents
to show the effect on the regressed affinity constants within a realistic deviation in the feed
stream. Changes considered were an increase of the pH from 4.4 (beer) to 5.0 (wort), the
addition of 36.8 mg/kg iso-alpha-acids (isohumulones) and a mix of other beer constituents.
Based on Table 4.11, 2,3-pentanedione (50 µg/kg), DMS (40 µg/kg) and catechin (15 mg/kg)
were selected to investigate the effect of matrix compounds on the regressed adsorption model
parameters, since they all exhibited relevant estimations of ki.
The resulting regressed affinity constants are depicted in Figure 4.7. When comparing the
affinity constants of the different bases with each other, it is conspicuous that there is a relatively
high spread around the reference value of the affinity constant. For 2-MB for instance, k2-MB is
around a third higher than the reference. Also, methional’s affinity towards HiSiv3000 and P360 seems to increase slightly, but significantly, when the base composition is changed. Some
explanation could be hypothesized such as that at the lower pH, an ion exchange could take
place, where the ammonium is replaced with a proton. This exchange could lead to a reduced
pore size and hence to a decreased affinity. However, since the variation in the affinity constant
is not observed for all aldehydes and there is no systematic phenomenon to be established, a
more likely explanation is that the variation is based on the limited number of measurements.
This is expected, since the affinity constants, regressed in Figure 4.7, are based on three
measurements and not on a complete experimental design as shown in the previous section
(isotherm determination). Nonetheless, there is no clear trend visible leading to the conclusion
that ki is not affected by the changes in the beer base and that the regressed affinity constants of
the isotherm model are robust within the standard deviations for the studied case of CBV28014,
HiSiv 3000 and ZSM-5 P-360 and could be used to design a pilot or industrial scale process.
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For the pilot scale studies, the granular form of ZSM-5 P360 (G-360) was selected as it was
readily available.

CBV28014

HiSiv 3000

ZSM-5 P-360

4

Figure 4.7: Impact of different base properties on regressed affinity constant ki for CBV28014,
HiSiv 3000 and ZSM-5 P-360 (blue: reference; red: pH increased; yellow: small volatiles added;
purple: iso-α-acids spiked; green: pH increased, small volatiles and iso-α-acids added)
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Table 4.11: Beer constituents and properties (logD at pH 5.5, solubility and minimal / maximal
projection radius rP,min / rP,max), and their relevance for the flavour adsorption process
Chemical
group
Aldehydes

Solvent

3-MB
2-MB
2-MP
Furfural
Methional
Water

logD
[49]
1.26
1.26
0.86
0.69
1.00
n/a

Solubility
[g/L] [50]
14.0
11.23
89
77
50.55
n/a

rP,min - rP,max
[Å] [53]
3.11-4.13
3.47-4.03
3.15-3.53
3.08-4.12
2.91-4.97
1.73-1.97

Ethanol

-0.23

n/a

2.39 - 2.23

n/a

n/a

varying

5.94
6.23
-2.21
-4.10
-4.49
n/a
n/a
1.14
4.31
2.41
3.71
-0.28
-0.74
1.32
0.87
1.99
1.14
-1.14
0.57
-1.86
-1.92
-2.76
-2.16
-2.23

3.77·10-5
0.00004
683
52.2
n/a
578
445.2
0.01745
0.04061
2.09·10-3
n/a
66.7
200
22.0
80
2
26.7
0.0847
63.11
21.5
32.7-56.6
162.0
58.5 -74.4
0.4-0.48

4.13-10.60
4.4 -11.87
4.01-4.81
4.85-6.51
5.28-7.18

Examples in beer

Proteins
Protein Z
Lipids / fatty
acids [54]
Sugars
[55]
Minerals
Hop derived
compounds

Small
volatiles

Vitamins
Polyphenols
Free amino
nitrogen
(FAN)

Linoleic acid
Palmitic acid
Glucose
Maltose
Maltotriose
Potassium
Sodium
Isohumulones
Cohumulone
Adhumulone
Prehumulones
2,3-pentanedione
Diacetyl
DMS
Ethyl acetate
Isoamyl acetate
Isoamyl alcohol
Riboflavin
Catechin
Leucine
Methionine
Proline
Valine
Tyrosine

Relevance for flavour adsorption
process

Target compounds, adsorb

No adsorption
Could adsorb, but not relevant at low
concentrations since kest = 0.005
L/gdry2;
Modifier for matrix (AFB)
hydrophobicity
No access to micropores, thus no
adsorption
Fouling
Could adsorb, but steric hindrance /
slow kinetics likely
No adsorption;
Possibly modifier for matrix (AFB)
hydrophobicity
No adsorption

6.0 - 7.71
6.07-7.48
6.65-7.53
5.67-8.86
3.17-3.89
3.18-4.36
2.58-3.54
2.85-4.46
3.35-5.62
3.15-4.54
6.33-7.48
4.60-7.08
3.41-5.12
3.17-5.66
3.15-4.34
3.32-4.18
3.50-6.24

No adsorption due to size exclusion
Blocking of pores or coking possible
Relative high, variable concentration
(mg/L)
Adsorbs; kest = 0.1 – 4.9 L/gdry1
No adsorption
Adsorbs, kest = 30.4-65.1L/gdry1
Adsorbs, kest = 2.8 – 4.3 L/gdry1
Adsorbs kest = 69.1 – 3676 L/gdry1
Adsorbs, kest = 22.0 - 25.1 L/gads1
No adsorption due to size exclusion
Might adsorb; kest = 0.7 – 5.6 L/gads1
Might adsorb; kest = 0 - 31.1 L/gads1
Might adsorb; kest = 0 – 19.6 L/gads1
Might adsorption, kest = 0 – 0.4 L/gads1
Might adsorb; kest = 0 – 6.8 L/gads1
Might adsorb; kest = 0 – 73.8 L/gads1

4.4.4. Proof of principle at pilot scale
To demonstrate the applicability of the principle at industrial scale, a test was performed at pilot
scale of 1.5 hL using the same recipe as for the base beer as in previous section. Since it was
2

Calculated by estimating ki averaged for all adsorbents with correlation shown in Figure 4.5 and Figure 4.6
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shown that hop compounds do not interfere with the adsorption process, the base was also
hopped. Both, the reference and the treated CCB were analysed for their aldehyde concentration
and general quality traits. The results are summarized in Figure 4.8 and Table 4.12, respectively.
The aldehyde concentrations measured in the final product are generally significantly lower
than the reference sample. In the case of furfural, a decrease of 70.2% is measured, while
compounds present in lower concentrations are reduced by 43.7 (MT) – 55.2 (2-MB)%. Since
the concentration range is close, but well above the flavour detection threshold [9], it is
expected that the reduction is also detectable by a sensory panel. However, based on the
previously calculated affinity constants, the expected reduction was anticipated to be in the
range of 90.5 – 99.6%. This difference could be explained by insufficient contact time and
mixing during the tests: The granules exhibited a diameter of 2-3 mm, which is disadvantageous
for the mass transfer in particular in the liquid systems, since the ratio of particle surface area
to volume is significantly lower and the diffusion path much longer than for the powdered
material. Hence, in order to utilize the whole intracrystalline surface area for adsorption and
thus capacity of the adsorbent, the molecules have to diffuse through the stagnant layer of the
particles as well as the macro- and micropores. At less optimal mixing conditions, film mass

4

transfer is affected causing a significant increase in equilibrium time. Due to their weight, a
portion of the granules was not suspended in the beer during the test. Another explanation is
that part of the granules might not at all be accessible for the liquid, since the zeolite crystals
are shaped into a densely pressed material. Thus, only a fraction of the theoretical capacity is
utilized. Overall, this could have let to the point that the measured system was not yet in its
equilibrium state and the observed non-optimal performance.
2500
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Figure 4.8: Concentration of aldehydes in reference AFB (dark grey) and AFB treated with
ZSM-5 G-360 (light grey)

When comparing other quality parameters of the reference beer with the treated one, similar
results were obtained for the colour, ethanol and FAN concentration, original extract, pH and
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turbidity as depicted in Table 4.12. Small differences are found in the concentration of iso-αacids, which is slightly increased and a decrease in foam stability of 7.8%. The latter might be
due to the uptake of foam stabilizing components in the beer, while former is more difficult to
explain. The concentration of alpha-acids was unchanged, indicating that no isomerization
during the adsorption process could have occurred. Besides aldehydes, amyl alcohols,
originally contained at 11.7 mg/L, were also removed from the product, so that their final
concentration is below the detection limit (<1.1 mg/L). On the contrary, the amount of
acetaldehyde was only slightly affected (decrease of 10%, from 1.9 to 1.7 mg/L). The
concentrations of DMS and esters were below the detection limit and hence adsorption could
not be observed. These findings correlate well with the results from the screening test and it is
hence concluded that with some optimization of the mixing tank and zeolite granules, the
process is scalable to industrial capacity.
Table 4.12: Quality parameters of AFBs produced at pilot scale after dilution from 12°P to 5.2°P
Quality trait
Colour [EBC]

Reference beer

AFB treated with ZSM-5 G-360

4.5 ± 0.1

4.6 ± 0.1

0.007 ± 0.0015

0.010 ± 0.0015

FAN [mg/L]

103 ± 2

103 ± 2

Foam stability [s]

309 ± 6

285 ± 5

Original extract [% m/m]

5.12 ± 0.02

5.28 ± 0.02

pH

4.55 ± 0.02

4.51 ± 0.02

24.8 ± 0.5

26.5 ± 0.5

0.5 ± 0.1

0.5 ± 0.1

Ethanol [% v/v]

Total iso-α-acids [mg/L]
Turbidity [[EBC]

4.5. Conclusion
This study successfully identified an adsorbent that can selectively remove wort flavour from
complex food streams, such as alcohol-free beers. Out of the tested adsorbent, i.e. aminefunctionalized polymers, hydrophobic resins and zeolites, the latter scored highest in their
potential for selective wort flavour removal. Although zeolites have been used before to remove
undesirable molecules from foodstuffs, the technology was applied to wort flavour removal
from alcohol-free beers and a more fundamental approach was taken to systematically analyse
the constituents of the complex mixture and to gain insight into their impact on the
thermodynamic equilibrium of the involved adsorption mechanism. The experimental effort
was reduced by combining a comprehensive screening experiment with a mixture-amount
experimental design. In doing so, we showed that the suitability of the adsorbent is related to
the matrix composition and that a careful selection of pore diameter and SiO2/Al2O3-ratio is
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required to achieve the desirable selectivity. Hydrophobic ZSM-5 type zeolites achieved the
best performance. Their adsorption equilibrium could be described with a linear isotherm in the
AFB matrix, indicating a non-competitive adsorption step in this given matrix. The regressed
affinity constants were directly related to the hydrophobicity of the flavour compounds.
Consequently, it was shown that small changes in the matrix do not affect the regressed affinity
constants. It is hence possible to design a new processing operation based on this data that
facilitates a controlled off-flavour capture. Furthermore, a pilot scale test showed promising
results with regard to the reduction in wort flavour. In the next step, it is aimed to prove the
impact on the sensory perception with a trained panel.
Moreover, this technology is transferrable to other food systems and not restricted to a capturing
step only. By extending the isotherm database to more flavours, a chromatographic separation
and fractionation step could be introduced to fine-tune or control the aroma profile of
foodstuffs. Future work should consequently also focus on the correlation of the measured
flavour profile and the actual aroma and taste as evaluated by a sensory panel.
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4.8. Supplementary Material
4.8.1. Microscopic analysis
The microscopic analysis of Ethylenediamine-functionalized resins was performed with a
scanning electron microscope (SEM) of type JSM6300 (JEOL, Tokyo, Japan). Therefore, the
sample coated with gold, placed on a holder and fixed with carbon tape. The measurement was
performed at a pressure of <5·10-5 Pa. The obtained pictures are presented in Figure 4.9.

Figure 4.9: SEM pictures polymer bound Ethylenediamine 50x (left), 500x (right) and 10 000 x
(bottom magnified. Scale bar 500 m. Diameter of several particles are indicated in green and
measured in m.

4.8.2. Supplementary data
To establish the dependency of the chemisorption process on temperature, the adsorption
capacity of polymer-bound ethylenediamine was studied at 5, 15, room temperature (RT) and
30 °C. The results are shown in Figure 4.10. Furthermore, regressed isotherm parameters for
all studied adsorbents are summarized in Table 4.13.

114

63243 Gernat.indd 114

07-01-21 11:18

Selective off-flavour reduction by adsorption: A case study in alcohol-free beer

120%

Reduction [%]

100%
80%
2-methylpropanal
60%

2-methylbutanal
3-methylbutanal

40%

methional
Furfural

20%
0%

0

10

20

30

40

Temperature [C°]

Figure 4.10: Temperature influence on adsorption with polymer-bound ethylenediamine (50 g/g)
at 5, 15, RT and 30 degrees incubated for four hours and at 20 hours (separate triangles). The
concentration difference after adsorption is shown in percentage reduction.
Table 4.13: Regressed isotherm parameters for CBV28014, HiSiv 3000, P-360 and G-360
Aldehyde
2-MP

CBV 28014
ki [L/g]
3.8 ± 0.7

HiSiv 3000
ki [L/g]
3.52 ± 0.06

P-360
ki [L/g]
3.65 ± 0.17

G-360 (crushed)
ki [L/g]
3.32 ± 0.05

2-MB

60 ± 4

48 ± 2

52 ± 4

42 ± 2

3-MB

69 ± 2

47 ± 3

50 ± 2

41.5 ± 0.8

Met

7.38 ± 0.17

6.94 ± 0.10

8.0 ± 0.3

5.47 ± 0.09

FF

2.09 ± 0.06

1.56 ± 0.03

2.60 ± 0.14

1.43 ± 0.03

4
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Flavour-improved alcohol-free beer –
quality traits, ageing and sensory
perception

Abstract: The increasing popularity of alcohol-free beers (AFBs) fosters the industry interest
in delivering the best possible product. Yet, a remaining sensory defect of AFBs is the overperception of wort flavour, caused by elevated concentrations of small volatile flavour
compounds (i.e. aldehydes). Previously, molecular sieves (hydrophobic ZSM-5 type zeolites)
were found most suitable to remove these flavours by adsorption with high selectivity from the
AFBs. In this work, a flavour-improved beer is produced at pilot-scale using this novel
technology, and its chemical composition, sensory profile and stability are evaluated against a

5

reference. Aldehyde concentrations in the flavour-improved product were found 79-93% lower
than in the reference. The distinct difference was confirmed with a trained sensory panel and
could be conserved even after three months ageing at 30ºC. Future work will focus on the
process design to scale up this technology.

Published as: Gernat, D.C., Brouwer, E.R., Faber-Zirkzee, R.C., Ottens, M., Flavour-improved
alcohol-free beer – quality traits, ageing and sensory perception (2020). Food and Bioproducts
Processing, 123, pp. 450-458.
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5.1. Introduction
Due to increasing awareness, the importance of responsible drinking as well as other motivators
such as religion or fitness, one of the fastest growing categories in the beverage industry are
currently low- and alcohol-free drinks [1, 2]. Nonetheless, alcohol-free beers still lack behind
their regular counterparts, due to several sensory defects that can occur as a consequence of
their altered production process [2-4]. Therefore, a new process to produce a flavour-improved
alcohol-free beer (AFB) has been developed recently [5]: Zeolites, a type of molecular sieve,
are used to adsorptively remove wort off-flavours from biologically produced alcohol-free
beers, resulting in a product with a significantly reduced amount of Strecker aldehydes, which
are commonly known to cause the undesired wort off-flavour in AFBs. To be specific, 2- and
3- methylbutanal (2-MB and 3-MB) as well as methional (Met) have most often been related to
the wort flavour perception, but recent studies found more compounds such as 2methylpropanal (2-MP) to be involved [6-8].
Strecker aldehydes are formed through a heat-induced reaction between an amino acid and a
reducing sugar [9], but also alternative pathways through numerous reactive carbonyls are
possible [10-13]. It is therefore difficult to prevent their formation. Previous researchers in
brewing have addressed this matter in different ways, for instance by addition of masking
compounds, removal through fermentation or co-separation with ethanol during
dealcoholisation by thermal or membrane technologies. So far, either the degree in wort flavour
decrease or the selectivity has been limiting [14]. The advantage of using an adsorbent and in
particular zeolites for the separation task is their 2-fold selectivity based on molecular size and
hydrophobicity. In this way, only small (volatile), hydrophobic compounds are removed from
the product.
In this work, we present the quality traits of this novel product, as well as its sensory
characteristics. Furthermore, the ageing process of the AFB is studied for selected compounds.
The chemical and physical analysis presented in this work includes a comprehensive
representation of chemical groups and quality indicators. Particular focus lies, however, on four
common Strecker aldehydes, whose flavour descriptors and orthonasal (forward or sniffingsmell) and retronasal (backwards or mouth-smell) thresholds in AFB are given in Table 5.1.
Furthermore, furfural (FF) as a representative for compounds formed by heat-induced reactions
and trans-2-nonenal (t2N), a common indicator for ageing were studied in more detail [15].
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Table 5.1: Flavour detection thresholds in alcohol-free beer determined by logistic regression
and adjusted for false positives [8, 15]
Compound

Flavour/Odour

2-MP
2-MB
3-MB
Met

Fruity, grainy, nutty, chocolate
Fruity, sweet, almond, malt
Malty, nutty, chocolate
Boiled potato, metallic, wort

Detection threshold [μg/L] in AFB
Orthonasal
Retronasal
4.32
0.86
23.4
8.99
0.61
0.44
0.47
0.73

5.2. Materials & Methods
5.2.1. Chemicals
The adsorbent ZSM-5 G-360 was purchased from ACS Materials (United States). To prepare
solutions in the laboratory, either Milli-Q grade water (Merck, Millipore, United States) or
analytical grade, absolute ethanol (VWR International BV, The Netherlands) was utilized. The
pre-isomerized iso-α-acid solution was obtained from Joh. Barth & Son (Germany). If not
mentioned otherwise, other chemicals were purchased from Sigma Aldrich (United States).
5.2.2. Preparation of wort-flavour reduced beer
The adsorbent was prepared by soaking it in 70% ethanol for one hour and applying three
consequent washing steps with water, to remove less volatile hydrophobic compounds that
might have adsorbed during storage. It was then dried at 220ºC until a stable weight was
reached. After cooling, 4 kg of dry adsorbent were filled into a column with a diameter of 20

5

cm and adjustable height (Evolve 200, Astrea Bioseparations Ltd, United Kingdom) and purged
with sterile filtered nitrogen gas for 3 hours to remove as much oxygen as possible. Finally, it
was wetted by flushing the column with oxygen-free process water. As a substrate, an AFB was
produced by fermenting hop-free wort at 2-4ºC, with the composition outlined in Table 5.2.
Due to the low fermentation temperature, the formation of ethanol was inhibited. The resulting
unhopped, alcohol-free product was stabilized (Polyvinylpolypyrrolidone and silica) and
filtered through a Beer Membrane Filtration System (Pentair, The Netherlands). The batch was
then split into two vessels with a liquid volume of 200 L, respectively, adding a slight overpressure to avoid foaming. One of the vessels was then connected to the zeolite-filled column,
avoiding the introduction of air as much as possible. The AFB contained in this vessel was then
circulated over the column and samples were taken frequently. After 42 hours, the tank was
disconnected and both AFBs (flavour-improved and reference) were again filtered,
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standardized to 5.3ºP (1ºP equals 10 g sugar per kilogram wort), pasteurized with 50 PU (1 PU
equals pasteurization for 1 min at 60°C) and bottled into 0.3 L bottles made from brown glass.
Table 5.2: Specification of original extract, alcohol content, pH and colour in feed
Parameter
Original extract [°P]
Ethanol [% v/v]
pH
Colour [EBC]
Total iso-α-acids [mg/L]

Feed
12.12
0.015
4.2
8.54
<0.4

5.2.3. Ageing of samples
The bottled products were stored at 30ºC in a dry, dark room for a maximum of 4 months. Each
month, two bottles were sampled to analyse for ageing indicators. After 3 months samples were
tested by a sensory panel as described in section 5.2.9.
5.2.4. Determination of original extract, oxygen content, pH and colour
The original extract and pH of a product were determined by a digital density meter of the
oscillation type (Xample 510, Anton Paar, Austria) and a pH meter (Accumet Basics AB15,
Fisher Scientific, The Netherlands), respectively. The oxygen content was analysed with the
Haffmans CO2/O2 Gehaltemeter, type c-DGM (Pentair, The Netherlands) according to the
supplier instructions. To measure the product colour, the EBC method 9.6 was employed, i.e.
spectrophotometrically (Spectrostar Nano, BMG Labtech, Germany) and converted to the EBC
unit by equation 5.1, where A430nm is the absorption at 430 nm and d the dilution factor.
Colour [EBC] = 𝐴𝐴430𝑛𝑛𝑛𝑛 · 25 · d

(5.1)

5.2.5. Analysis of volatile aldehydes

Aldehydes, other than acetaldehyde, were analysed with an adapted method of Vesely et al.
[16] were the sample was concentrated by headspace solid-phase micro-extraction on a
PDMS/DVB fibre (57327-U, Supelco, United States) and then injected to a gas chromatograph
(Agilent 7890A) equipped with a 30m×0.25mm×0.25 μm VF17MS column and a mass
spectrometer as the detector in negative ionisation mode (Agilent 5975C MSD). To improve
the selectivity O-(2,3,4,5,6- pentafluorobenzyl)-hydroxylamine was used as derivatisation
agent.
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5.2.6. Analysis of other volatiles
The concentration of ethanol was determined with an enzymatic method with the test kit
obtained from Thermo Fisher Scientific (The Netherlands) according to the recommended EBC
method 9.3.1 [17]. Diacetyl and 2,3-pentanedione are quantified with an adapted method of
Ruehle et al. [18] by headspace gas chromatography (7820A, Agilent Technologies, The
Netherlands) equipped with a fused silica WCOT CP Sil CB wide bore column (50 m x 0.53
mm x 1µm) and detected with an electron capture detector. To increase accuracy, 2,3hexanedione was used as internal standard.
Acetaldehyde, ethyl acetate, isoamyl acetate and isoamyl alcohols were analysed by headspace
gas chromatography (7820A, Agilent Technologies, The Netherlands) equipped with a flame
ionization detector (7890B, Agilent Technologies, The Netherlands) according to EBC method
9.39 [19]. The compounds were separated over a polar capillary narrow bore column
(DBWaxETR, 60 m * 0.32 mm ID, 1 µm fused silica) and 4-heptanon and 1-butanol were added
to each sample as internal standard.
5.2.7. Analysis of non-volatile compounds
The total of fermentable sugars was calculated from the summation of glucose, fructose,
sucrose, maltose and maltotriose. These sugars were quantified by UPLC (Water Acquity,
Milford, United States) equipped with a RI detector and a BEH Amide column 1.7 μm (2.1 x

5

150 mm) as described in EBC method 9.27 [20]. To determine the free-amino nitrogen (FAN),
a CDR Beerlab test kit from FoodLab (Italy) was used according to the procedure described by
the manufacturer.
5.2.8. Analysis of foam stability and turbidity
The foam stability was determined at room temperature in a NIBEM-T meter from Pentair (The
Netherlands) [21]. Following MEBAK method 2.141.2, the sample’s turbidity was analysed
[22].
5.2.9. Sensory evaluation
To evaluate the improvement in the flavour of the AFB that has been contacted with the
selective adsorbent, three different sensory evaluation sessions were held. In the first session,
the unhopped base products, i.e. the flavour-improved (I A) and the reference (I B) were tasted.
To understand the impact of the adsorptive removal step on the final product, the base AFBs
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(both flavour-improved A and reference B) were spiked with a fruity/estery flavour mix (sample
III) as well as the fruity flavour mix and iso-α-acid solution (sample IV) and compared to the
base AFB (sample II) in the second session. Furthermore, the base AFBs were again tasted after
3 months ageing at 30°C in a third session. The overview of all tastings is given in Table 5.3.
The sensory evaluation of produced AFBs was performed with a trained sensory descriptive
panel consisting of a total of 16 trained assessors with a modified Quantitative Descriptive
Analysis (QDA) [23]. First, an attribute list was determined during a group discussion. Attribute
intensities were quantified in duplicate on a 100-point line scale during two individual sessions.
Panellists were aligned in their line scale usage and the samples were offered one-by-one in
randomized order. In a subsequent session, panellists were seated in individual sensory booths
and received 100 mL of each sample, presented in black-coated glasses that are coded with
three-digit codes. They were given approximately 10 minutes to evaluate each sample, allowing
to neutralise their palate in between. Per session, the panel evaluated a maximum of six samples.
Table 5.3: Overview on tastings of flavour-improved (A) and reference (B) AFBs performed
with the descriptive panel
Session Products included

Storage

1

# of
panellists
13

I) Base AFBs (A and B)
Fresh
II) Base AFBs (A and B)
III) Base AFBs spiked with fruity flavour mix (A and B)
2
Fresh
13
IV) Base AFBs spiked with fruity flavour mix and iso-α-acids
to adjust to 15 BU*(A and B)
3
V) Base AFBs (A and B)
Aged
11
*BU (bitterness unit) = 50·A275nm, where A275nm is the absorbance at 275 nm of a beer isooctane extract

5.2.10. Statistical analysis
The standard deviation of the sample σ and the standard error σm of each measurement were
determined according to equation 5.2 and 5.3, respectively. The propagated error σmQ was
determined as described elsewhere [24]. Thereby, the statistical error of the sample, as well as
the systematic error of the regressed calibration parameter, were taken into account. All errors
in the result section represent the standard propagated error, if not mentioned otherwise.
𝑛𝑛

1
𝜎𝜎 = √
∑(𝑥𝑥𝑖𝑖 − 𝑥𝑥̅ )2
(𝑛𝑛 − 1)
𝑖𝑖=1

(5.2)
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𝜎𝜎𝑚𝑚 =

𝜎𝜎

√𝑛𝑛

(5.3)

The data collection for the sensory evaluation is done in EyeQuestion 4.11.32. EyeOpenR (part
of EyeQuestion) is used for statistical analysis. EyeOpenR is based on the statistical language
R. The analysis is verified and documented by Qi Statistics Ltd.

5.3. Results & Discussion
5.3.1. Flavour-improved product
During the adsorptive removal through recirculation of the alcohol-free beer over the zeolitefilled column, samples were taken frequently to monitor the reduction in wort flavour over time.
The normalized results are depicted in Figure 5.1. The concentration decreases exponentially
over time, equilibrating at a plateau of 6-10% of their initial concentration, thus distinctly
decreasing the wort flavour in the product. According to previously reported data [5], however,
the theoretical capacity of the adsorbent should allow for a decrease of free aldehydes to near
zero.

5

Figure 5.1: Evolution of aldehyde concentrations during the adsorptive removal step

There could be several reasons for this observation, but, when considering the absolute
concentration range (<15 µg/L) and the fact that the oxygen level was significantly increased
during the trial (~210-1000 μg/L) one could suspect that oxygen caused the formation of new
Strecker aldehydes for instance through the formation of reactive dicarbonyls. Furfural’s
concentration shows a different behaviour, decreasing to 2% of its original amount, while still
further reducing in concentration after 42 hours. Contrary to the Strecker aldehydes, 2-MP, 2-
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MB, 3-MB and Met, whose formation are closely related to oxygen [25], furfural originates
from the reaction of a pentose with an amine or amino group to an imine called Schiff base,
which at pH < 5 further reacts to 3-deoxyosone. During a condensation reaction, ring formation
occurs and furfural is the product [26]. Thus, since oxygen is hence not involved in the
formation mechanism of furfural, the observed difference to Strecker aldehyde gives evidence
to support the theory of oxygen being the cause for the lower limit of Strecker aldehyde
removal.
Overall, however, the concentration in wort flavours is significantly decreased. Figure 5.2
shows the absolute concentration of the selected aldehydes in the end-product of the treated
product and the reference. The achieved reduction amounts to 79-93%. This reduction is less
pronounced than what was measured during the test, due to the intermediate pasteurization step,
where the aldehyde concentration is slightly increased again (data not shown).

Figure 5.2: Concentration of 2-methylpropanal, 2- and 3-methylbutanal, methional and furfural
in alcohol-free beer directly after pasteurization

To gain a full understanding of the effect of the adsorbent on the product quality, a thorough
analysis of numerous quality indicators was performed. The most informative data is
summarized in Table 5.4. Both products were adjusted to a similar original extract to make the
analysis comparable. Due to the process-related handling, the oxygen concentration in the
flavour-improved product was increased significantly. However, when scaling up, it is expected
that with a more sophisticated set-up, the introduction of oxygen can be avoided.
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Table 5.4: Specifications and their standard error of bottled products (reference and flavourimproved)
adjusted
Process related

unchanged

increased
decreased

Original extract [°P]
Oxygen [μg/L]
Colour [EBC]
Ethanol [% V/V]
FAN [mg/L]
pH
Total fermentable sugars
[g/L]
Turbidity [EBC]
Turbidity after 7 days at
57ºC
Foam Stability [s]
Acetaldehyde [mg/L]
Diacetyl [μg/L]
Ethylacetate [mg/L]

Flavour-improved
5.23 ± 0.02
61.1 ± 3.2
3.4 ± 0.0
0.01± 0.00
88 ± 2
4.76 ± 0.02
34.0 ± 1.5

Reference
5.30 ± 0.02
16.3 ± 1.3
3.3 ± 0.0
0.01 ± 0.00
90 ± 2
4.74 ± 0.02
33.9 ± 1.5

0.2 ± 0.0
0.1 ± 0.0

0.1 ± 0.0
0.2 ± 0.0

256 ± 5
1.4 ± 0.1
3.9 ± 0.3
<0.2 ± n/a

217 ± 4
2.3 ± 0.1
15.9 ± 1.1
0.3 ± 0.0

The measurements confirm that the optical appearance of the aroma-improved AFB is
unchanged. It exhibits the same colour and turbidity as the reference and even has a slightly
improved foam stability. Relatively polar compounds such as sugars and ethanol are not
removed and also the FAN content is similar to the reference. According to expectation, the
adsorbent removes small volatile compounds such as acetaldehyde, diacetyl or ethylacetate.
Isoamylacetate (<0.05 mg/L), amyl alcohols (<1.1mg/L) and 2,3-pentanedione (<2 μg/L) were
found below their respective detection limits for both samples and could hence not be included

5

in the analysis.
To confirm that the analytical results are also perceivable during consumption and to establish
whether the reduction in wort flavour is significantly lower as intended, a QDA was performed
with a trained descriptive panel. In the first set of tasting, only the hop-free base products (Ⅰ A
and Ⅰ B) were tasted by the panellists. The outcome is represented in the diagram of Figure 5.3.
The panellist found a clear difference in the perceived wort flavour (-8 points) between the two
samples. Particularly, raisins and rye bread flavour diminished, which is desired for AFBs.
Furthermore, the bitter and sour (after) taste was reduced. As a consequence, the treated sample
was found more watery and exhibited a lower odour and total intensity (-6 / -5 points).
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Figure 5.3: Sensory profile of base AFB, flavour-improved (solid line) and reference (dashed
line). Attributes who differ with a significance level of 95% are circled in black and with a
significance level of 90% in grey

To assess which impact the flavour improvement has on the final product, i.e. a product
exhibiting fruity beer flavour (not containing wort flavour) and bitterness, the second set of
tastings was executed. For this purpose, the base AFBs (II A and II B), a flavoured AFB (III A
and III B) and a flavoured AFB adjusted to 15 BU in bitterness (IV A and IV B) were tasted.
The results for the QDA are listed in Table 5.5. At first glance, it is prominent that the difference
in wort flavour between matching samples persists, although it is perceived less pronounced.
For instance, if sample II A and II B are compared, they differ in 3 points in wort flavour
contrary to the 8 points when the same samples (IA and I B) were tasted in a separate session.
It should be noted that samples I and II are the same sample, but tasted in different sessions.
The relative different perception of wortiness reduction is not related to the uncertainty of the
sensory evaluation. It rather means that the presence of fruity flavours and bitterness in one or
more samples tasted in the same session influences the panellist’s focus on the wort character.
Nonetheless, a significant difference in particular in rye bread flavour is detected. In between
samples II, III and IV one can clearly observe the masking effect of adding a fruity flavouring
and bitterness with respect to the wort character of the products. Interestingly, the panellists
perceived flavoured samples of the improved base higher in tropical fruit flavour than the
reference. As a consequence, flavour dosing could be reduced in the final product to achieve
the same sensory profile.
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Table 5.5: Sensory attributes quantified by the descriptive panel

Odour intensity
Sparkling mouthfeel
Bitter taste
Sour taste
Sweet taste
Wort flavour
Grainy flavour
Grass silage flavour
Raisins flavour
Rye bread flavour
Fruity/estery flavour
Peardrop flavour
Tropical fruit flavour
Artificial sweetener
flavour
Total intensity
Watery (lack of
taste/flavours)
Thickness mouthfeel
Astringent mouthfeel
Bitter aftertaste
Sour aftertaste
Sweet aftertaste

ⅡA

ⅡB

ⅢA

ⅢB

ⅣA

ⅣB

p-value

37
31
24
29
22
34
24
16
12
14
26
23
8
16

40
31
24
29
23
37
25
19
17
17
25
22
7
14

39
32
24
28
22
28
18
14
9
5
39
34
20
14

40
32
24
29
22
32
22
17
12
12
34
31
12
15

38
31
35
30
21
29
18
18
9
5
37
34
18
12

38
29
35
29
22
31
21
16
9
11
35
32
15
12

0.14
0.19
0.00
0.72
0.19
0.00
0.00
0.45
0.04
0.00
0.00
0.00
0.00
0.23

41
41

41
41

43
41

40
42

43
39

43
39

0.02
0.35

22
22
20
24
22

22
22
20
24
21

21
22
20
23
22

22
19
21
23
20

21
24
34
25
19

22
23
33
22
19

0.48
0.02
0.00
0.04
0.01

5.3.2. Ageing

5

Aldehydes are not only known wort off-flavours in AFBs, but also related to ageing during
storage. There is a vast variety of literature available, investigating flavours and their chemical
pathways involved in ageing of beers [26, 27]. In this study, we focus on a selected set of
aldehydes. The most recent studies in regular beer indicate that de novo formation of aldehydes
during the ageing process is limited and that the most dominant mechanism causing the increase
in aldehyde concentration over time is the release from cysteine and bisulphite adducts [28, 29].
To our knowledge, this is the first study to measure ageing in AFB. Figure 5.4 and Table 5.6
depict the time-wise concentration profile of the flavour-improved and reference beer for all
studied aldehydes during four months and their regressed formation rates, respectively. The
first remarkable observation is that the formation rate, i.e. the slope, of the flavour-improved
and the reference AFB are relatively similar in the case of 2-MP, 2-MB and FF, although the
formation rate of the treated AFB is generally lower. This means that the difference in
concentration between the improved and reference AFB will remain similar or even increase
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over the storage time. This is also the case for t2N, but here the treated product slightly
decreases in the ageing compound. This is different for 3-MB: here the formation rate in the
improved product is higher and hence the difference is lessening during storage. Methional’s
concentration is inclining in the improved product, however, barely seems to change in the
reference. The reason behind this different behaviour can only be speculated and are hence
ground for further research. Considering that the starting concentration of methional in the
reference is the highest of all measured Strecker aldehydes, one could postulate that it already
is in equilibrium with its educts. Another possible explanation is that it is simultaneously
formed and converted to degradation products such as methanethiol and acreolin as previously
reported in literature [30-32].
Table 5.6: Formation rate of aldehydes in flavour-improved and reference base beer during
storage at 30 ºC and comparison with literature range
Compounds
2-MP
2-MB
3-MB
FF
Met
t2N

Formation rate [μg/month] Approximated formation rate3
improved
reference range from [33, 34] [μg/month]
1.2 ± 0.1
1.8 ± 0.2
4.7-28.8
0.7 ± 0.0
0.8 ± 0.1
0.6-1.9
2.2 ± 0.3
1.3 ± 0.4
1.4-3.2
53 ± 9
69 ± 15
63 - 99
1.3 ± 0.3
-0.1 ± 0.7
0.9-2.1
-0.006 ± 0.004
0.016 ± 0.026
0.003-0.033

Since the beer is fermented at low temperatures resulting in minimal yeast activity, the studied
beer has several properties, which makes this case interesting to study and compare with data
reported in literature:
1. The starting concentration in the fresh beer is higher than in regular beer, particularly in
the reference product.
2. The ethanol content is <0.01 vol.% in ethanol
3. No sulphite is produced by yeast.
4. The fermentable sugar concentration is higher than in regular beer since they are not
consumed during fermentation.
Furthermore, no compounds originating from hops are contained in the AFB. Jaskula-Goiris et
al. (2011) studied the beer stability of pale lager beers from different breweries [33].

3

visual estimation from plotted data
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5

time [months]

Figure 5.4: Concentration of selected compounds over a course for 4 months for treated (dark)
and reference product (white)

Surprisingly, despite the numerous differences in the beer composition, the formation rate in
aldehydes is quite comparable (see Table 5.6). They found that staling was positively correlated
with the residual FAN content, and thus the concentration of amino acids in beer. In their study,
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fresh beers contained between 49.1-141.2 mg/L FAN, where in our products comparable levels
of 88-90 mg/L were determined. This observation supports the hypothesis that aldehyde
formation is strongly linked to the presence of amino acids in beer. Other authors report that
unhopped beer barely produces any aged flavour [35], contrary to what is observed in this
analysis.
When comparing the sensory profile of the aged products with each other, as shown in Figure
5.5, the difference between the flavour-improved and the reference product generally become
less distinct, i.e. in odour/total intensity and wort flavour is still found to be significant between
the two samples, however, this difference is less pronounced. The panellists also cannot
perceive clear differences in raisins and rye bread flavour anymore. Attributes that were found
slightly divergent in the fresh product such as the bitter taste and aftertaste are now perceived
similar. At a closer look, it is observed that the identified attributes slightly differ from the
tasting of the fresh product. While the artificial sweetener flavour is not recognized anymore,
the sweet aftertaste of the sample is becoming more pronounced in the reference beer and a
syrup flavour is noted by the panellists.

Figure 5.5: Sensory profile of base AFB, flavour-improved (Ⅴ
ⅤA, solid line) and reference (Ⅴ
ⅤB,
dashed line) aged for 3 months at 30 °C. Attributes differing with a significance level of 95% are
circled in black and with a significance level of 90% in grey

In literature, it is reported that over the whole course of ageing, sweetness and toffee-like or
caramel aroma increases and bitterness decreases [36, 37]. Ribes and cardboard flavour may
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appear during the ageing process, but after reaching a peak at about 4 weeks disappear
again [27, 38]. Thus, the above findings resonate well with the expectations from literature.
Although the difference in the actual concentration in wort flavour between the flavourimproved and the reference product is still very similar as in the fresh product, the same degree
of wort flavour reduction is not reflected in the sensory evaluation. One reason for this might
be that the curve of concentration and response in flavour intensity follows a sigmoidal shape,
hence is nearly linear in the range close to the flavour threshold, but, at higher concentrations
this response declines and might even saturate [39]. The same absolute difference in
concentration in two samples is hence less obvious at higher concentrations. Additionally,
synergetic effects can enhance this phenomenon [40].

5.4. Conclusion
In this work, a flavour-improved AFB was produced with a significantly decreased
concentration in characteristic wort flavours, resulting in a clean-tasting base beer. This
difference was confirmed during sensory evaluation with a trained panel. Due to the high
selectivity of the adsorbent, only small volatile compounds were removed, while other
parameters such as colour, foam stability or sugar content were similar. Addition of fruity
flavours and bitterness decreased the relative perceived difference in wort flavour between the
improved AFB and the reference, but a significantly lower wortiness remained. Even after three
months of forced ageing, quality differences were still detectable. Future work will focus on

5

designing a scalable and economically feasible process unit operation and investigate the
regenerability of the absorbent. Furthermore, more detailed investigations of the ageing
behaviour for instance with hopped AFB are necessary to improve the understanding of the
involved mechanisms.
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Chapter 6
Mass transfer limitations in binderless
ZSM-5 zeolite granules during adsorption
of flavour compounds from aqueous
streams
Abstract: Recently, a new process concept has been proposed to selectively adsorb wort offflavours, i.e. aldehydes, from alcohol-free beers with hydrophobic zeolites. In this work, we
investigated the uptake of a mixture of wort flavour compounds (2-methylpropanal, 2methylbutanal, 3-methylbutanal, furfural and methional), from a model solution onto
binderless, hydrophobic ZSM-5 zeolite granules to quantify mass transfer parameters and
identify bottlenecks. Subsequently, the homogenous solid diffusion model was employed to
regress the effective diffusion coefficients for each molecule and experimental condition, which
ranged between 10-15 and 10-13 m2/s, indicating strong intraparticle mass transfer limitation.
Furthermore, it was found that the effective diffusion coefficient is inversely correlated to the
molecules’ hydrophobicity, expressed as the logD value and its isotherm affinity constant.

6

These results give valuable insight to design and improve the adsorbent material and an offflavour removal unit at industrial scale.

Published as: Gernat, D.C. Rozenbroek, R., Brouwer, E.R., van der Wielen, L.A.M., Ottens, M.
Mass transfer limitations in binderless ZSM-5 zeolite granules during adsorption of flavour
compounds from aqueous streams. (2020) J Chem Technol Biotechnol., 95 (12), pp.3134-3148.
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6.1. Introduction
Mass transfer during gas adsorption in microporous materials has been widely studied [1-4].
Less studies are available investigating mass transfer in shaped microporous materials in
liquids, and more specifically, aggregated pellets or granules in dilute aqueous environments.
Even so, new applications of zeolites in aqueous systems are emerging. For instance,
wastewater treatment [5-7] or the separation and conversion of sugars has been investigated in
the past [8-12]. In the production of biofuels, zeolites have also been employed to optimize
production [13, 14]. In a recent study, a new technology has been developed to selectively
remove off-flavours from complex aqueous food streams, in particular, wort flavour from
alcohol-free beer with ZSM-5 type zeolites [15]. Wort flavour compounds, namely (Strecker)
aldehydes are often present in elevated concentrations, which distorts the sensory perception of
the product. The most dominant contributors to the wort flavour are 2-methylbutanal (2-MB),
3-methylbutanal (3-MB) and methional (Met) [16, 17] as well as 2-methylpropanal (2-MP)
[18]. Furthermore, furfural (FF), as a general indicator for flavour instability [19] is of interest
in this study. The authors reported that the separation based on hydrophobicity and size
exclusion ensured a high selectivity and capacity. Hydrophobic ZSM-5 type zeolites
(SiO2/Al2O3 molar ratio 360) proved to be particularly promising to target unwanted aldehydes
while retaining major contributors to the taste and flavour of the beer such as hop and small
organic acids in the product [15]. In order to show the technical and ultimately economic
feasibility of such a technology, the mass transfer in such a multicomponent system needs to be
studied and characterized thoroughly.
Previous work has mainly focused on studying the mass transfer in single-component systems,
e.g. sugar molecules in aqueous solutions [20-26], simple alcohols, ketones and aromatics [27,
28] or amino acids [29]. Relevant data is summarized in Table 6.1. The reported diffusivities
range vastly, from 8.0∙10-17 to 2.4∙10-11 m2s-1. Most commonly, a simplified equation of the
homogenous solid diffusion model (HSDM) is employed to regress the diffusivity, but the table
also illustrates that simplifications and assumptions of different mass transfer models are
applied, potentially leading to different results. This makes a comparison, even in the order of
magnitude, rather difficult.
The objective of this work is to quantify mass transfer parameters and identify possible
bottlenecks for mass transportation in the zeolite. In addition, a better understanding of the main
impact factors on transport is gained.
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This may lead to more insight for designing an adsorbent material with improved mass transfer
properties. Furthermore, the data can be implemented in process simulations for a conceptual
design of an adsorptive off-flavour removal unit. To do so, the structural properties of the solid
adsorbent were studied first, to obtain insight into the macro- and microstructure of the material.
Then, the adsorption process dynamics were determined during hydrodynamically defined
batch uptake experiments, varying the particle size of the ZSM-5 G-360 granules as well as the
solute starting concentrations. Subsequently, the HSDM was employed to regress effective
diffusion coefficients, which were then correlated to the respective molecular properties.

6.2. Theory
6.2.1. Isotherm model
The equilibrium isotherms of the tested solutes were regressed from experimental adsorption
data with the Freundlich isotherm model, according to equation 6.1 [30]. If n converges towards
1, the equation equals the linear adsorption model isotherm and the assumptions of a noncompetitive adsorption process can be considered within the defined experimental design space,
making a multicomponent isotherm model obsolete.
1/𝑛𝑛

6.2.2. Adsorption model

𝑞𝑞𝑒𝑒,𝑖𝑖 = 𝐾𝐾𝐹𝐹 ∙ 𝑐𝑐𝑒𝑒,𝑖𝑖

(6.1)

In principle, there are two types of microporous adsorbents; homogenous particles, which
exhibit a wide pore size distribution, and composite pellets, which are consisting of
microparticles (crystals) shaped into the desired form, that often show a well-defined bimodal
pore size distribution [31]. In the latter case, micropores and meso/macropores can be clearly
distinguished. Both pore type diffusivities can be limiting – depending on the conditions and
the system. Hence, mass transfer is classified into i) liquid film diffusion and ii) intraparticle
diffusion, consisting of diffusion through the macro- and micropores see Figure 6.1-A. While
within the macropore, two transport mechanisms are possible, i.e. pore diffusion through the
liquid and surface diffusion along the solid adsorbent surface, the transport in the micropores
of the crystals is limited to intracrystalline diffusion, which resembles surface diffusion in the
mechanism [32]. Additionally to the above explained transport mechanisms, surface barriers
e.g. at the particle shell or the crystal surface may occur and affect the sorption dynamics [31,
33-35]. Since mass action is a very rapid process in physisorption, it is neglected and hence,
either film or intraparticle diffusion always is the rate-limiting step [31].
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Figure 6.1: A) Mechanisms of diffusion in macro- and micropores (B) schematic representation
of the HSDM.

For this work, we created experimental conditions to eliminate external mass transfer conditions
as much as possible to measure the intraparticle diffusivity. The film mass transfer coefficient,
kf, was calculated according to the widely accepted correlation given in equations 6.2 – 6.3 [30,
36, 37].

𝐷𝐷𝑚𝑚 =

4𝐷𝐷𝑚𝑚 𝑢𝑢
𝑘𝑘𝑓𝑓 = √
𝜋𝜋𝑑𝑑𝑝𝑝

(𝜓𝜓𝜓𝜓)1/2
𝑇𝑇
7.4 ∙ 10−8
𝜂𝜂
𝑉𝑉𝑚𝑚0.6

(6.2)

(6.3)

In our case, granular particles of different diameters composed of small crystals are used. Such

6

aggregated materials can be controlled by micropore or macropore diffusion or even by a mixed
mechanism, where the adsorbate is transported through the relatively large macro- or mesopores
by (fast) pore diffusion and then diffuses into the solid microporous crystals through slower
intracrystalline diffusion. Although the studied material has a heterogeneous structure, the
above explanation shows that the underlying mass transfer mechanisms can be complex and
simplifications to model the adsorption process are required. Such a model, commonly
employed for representing intraparticle mass transfer in zeolites, is the homogenous solid
diffusion model (HSDM) [38, 39], which is described through equation 6.4-6.6. The HSDM
does not attempt to describe the adsorption process based on structural characteristics of the
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material such as surface area or pore size (distribution), but rather as a simplified process, where
the target compound adsorbs at the surface of the particle and then diffuses through it solely by
means of solid diffusion. Thereby, the solid concentration profile is gradually decreasing and
the intraparticle sorbate concentration in the liquid phase equals zero as shown in Figure 6.1-B.
This means, that the regressed diffusion coefficient is an effective one, rather than the specific
diffusivity of the solute in the material [40].
𝑉𝑉𝑏𝑏

𝜕𝜕𝑐𝑐𝑖𝑖
= −𝐽𝐽𝑖𝑖 𝐴𝐴𝑆𝑆
𝜕𝜕𝜕𝜕

𝐽𝐽𝑖𝑖 = 𝑘𝑘𝑓𝑓 (𝑐𝑐𝑖𝑖 − 𝑐𝑐𝑖𝑖,𝑠𝑠 )

𝜕𝜕𝑞𝑞𝑖𝑖
𝜕𝜕 2 𝑞𝑞𝑖𝑖 (𝑟𝑟, 𝑡𝑡) 2 𝜕𝜕𝑞𝑞𝑖𝑖
= 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 (
+
)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 2
𝑟𝑟 𝜕𝜕𝜕𝜕

(6.4)
(6.5)
(6.6)

Following assumptions are taken to simplify the system:
-

Adsorbates do not interact with each other, only with the adsorbent.

-

A non-competitive adsorption model (Freundlich) can describe the multicomponent
equilibrium between the liquid and the solid according to equation 6.1.

-

The HSDM assumes storage and transport of the sorbate only in the solid phase, making
surface diffusion the predominant transport mechanism.

-

The effective diffusivity is independent of the concentration.

-

The experimental conditions are as such that there is no concentration gradient over
the column bed of adsorbent particles so that the system can be modelled as an ideally
mixed, finite bath.

-

The average particle diameter of the granule is representative of the sample.

Equation 6.6 is solved with the boundary conditions defined in equation 6.7 - 6.9 meaning that
there is no flux across the centre of the particle, as well as that the concentration of the bulk is
c0 at t=0 and initial loading of the solid is equal to zero.
𝜕𝜕𝑞𝑞𝑖𝑖 (𝑟𝑟 = 0, 𝑡𝑡)
=0
𝜕𝜕𝜕𝜕
𝑐𝑐𝑏𝑏 (𝑡𝑡 = 0) = 𝑐𝑐0

6.2.3. Statistical analysis

𝑞𝑞𝑖𝑖 (𝑟𝑟, 𝑡𝑡 = 0) = 0

(6.7)
(6.8)
(6.9)

The standard deviation of the sample σ, was determined for the statistical deviations of the batch
uptake experiment and the analytical measurement (see equation 6.10). Furthermore, the
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systematic error of the calibration was taken into account. The propagated overall error of a
quantity Q was then calculated from the standard error, σm, according to equation 6.11 – 6.12
[41].
𝑛𝑛

1
𝜎𝜎 = √
∑(𝑥𝑥𝑖𝑖 − 𝑥𝑥̅ )2
(𝑛𝑛 − 1)
𝜎𝜎𝑚𝑚 =

𝑖𝑖=1

𝜎𝜎

√𝑛𝑛

𝜕𝜕𝜕𝜕 2 2
𝜎𝜎𝑚𝑚𝑚𝑚 = √∑ ( ) 𝜎𝜎𝑚𝑚𝑚𝑚
𝜕𝜕𝜕𝜕

(6.10)

(6.11)
(6.12)

𝑖𝑖

The error of regressed parameters was determined from the variance-covariance matrix,
calculated from the Jacobian of the fitting function.

6.3. Materials and methods
6.3.1. Materials
Solutions were prepared with milli-Q grade water (Merck Millipore, United States) or absolute
ethanol (VWR International BV, The Netherlands). Maltodextrin type C*Dry MD 01958 was
obtained from Cargill (Belgium) and phosphoric acid from J.T. Baker (The Netherlands). The
binderless zeolite granules ZSM-5 G-360 were purchased from ACS Materials (United States).
All other chemicals were purchased from Sigma Aldrich (The Netherlands).
6.3.2. Model solution
The physical properties and chemical composition of the model solution were chosen to

6

resemble an alcohol-free beer. The viscosity was set to 2.8 mPa·s by adding 65 g/L
maltodextrin. Maltodextrin was also chosen to represent sugars contained in alcohol-free beers
produced by arrested/restricted fermentation. The pH was adjusted to 4.2 by adding phosphoric
acid. Depending on the experiment, either 0.5, 0.25 or 0.125 mg/L of each flavour compound
(2-MP, 2-MB, 3-MB, FF and Met) dissolved in pure ethanol was added to the solution. The
resulting ethanol content was 0.1 vol. %.
6.3.3. Adsorbent preparation
Zeolite granules were sieved into three different particle sizes (small 2.35 ± 0.11 mm; medium
2.66 ± 0.10 mm; big 3.12 ± 0.20 mm) or crushed with a mortar and pestle with the addition of
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a small amount of water to avoid dust formation. Before the experiment, granules were
incubated overnight in 70 % ethanol. Then the ethanol was removed via vacuum filtration and
the particles were additionally washed with milli-Q grade water over the filter. After washing,
the particles were dried overnight at 220 °C to remove all liquid and reach a stable dry weight.
6.3.4. Determination of material characteristics
Gravimetric method to determine porosity
To understand the accessibility of the particles to liquid, the volumetric update of water and
ethanol-water mixtures was studied. First, the solid density was determined in a pycnometer.
To do so, it was filled with dried adsorbent particles and the mass was measured. Thereafter, it
was filled with 20 v/v % ethanol and left to equilibrate. After topping the pycnometer with
liquid, the weight was determined again. Knowing the density of the liquid, this allowed to
calculate the solid density according to equation 6.13. To calculate the porosity, the difference
in adsorbent liquid and dry weight was determined with 70 v/v % ethanol and milli-Q grade
water, respectively, and determined according to equation 6.14 and 6.15.
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝑑𝑑𝑑𝑑𝑑𝑑
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑉𝑉𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝑑𝑑𝑑𝑑𝑑𝑑
=
𝜌𝜌𝑙𝑙 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝑑𝑑𝑑𝑑𝑑𝑑

𝜌𝜌𝑠𝑠 =

𝜀𝜀𝑝𝑝 =

𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
=
𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎 /𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(6.13)
(6.14)
(6.15)

Determination of pore size distribution by volumetric adsorption measurement with nitrogen
A defined amount of sample was degassed at 105 ºC under vacuum prior to the measurement,
yielding in an approximate mass of 1.8 g of material for analysis. The sorption measurement
of oxygen-free nitrogen gas (B.O.C., United Kingdom) on ZSM-5 G-360 was carried out at 196 ºC with a surface area and porosimetry analyser (ASAP 2420, Micrometrics, United States)
using 40 adsorption and 30 desorption pressure points, respectively. Prior the analysis the
sample was outgassed under a vacuum of 10 µmHg at 50 ºC, and subsequently 110 ºC, for 2
hours. The corresponding isotherm was consequently analysed with the B.E.T. model [42],
assuming unrestricted multilayer formation according to equation 6.16. The measurement was
carried out in duplicate. The calculation of the overall and the micropore volume was done with
analysis software VersaWin (version 2.0) of Quantachrome Instruments.
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𝑝𝑝
1
(𝐶𝐶 − 1) 𝑝𝑝
=
+
𝑞𝑞𝑝𝑝 (𝑝𝑝𝑜𝑜 − 𝑝𝑝) 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶 𝑝𝑝𝑜𝑜

(6.16)

Determination of pore size distribution by volumetric adsorption measurement with mercury
A defined amount of sample was conditioned for 6 hours at 300°C and analysed in a mercury
porosimeter (Pascal 140 and 440, Porotech, Germany). The analysis was evaluated according
to ISO 15901-1 [43].
6.3.5. Microscopic analysis
Microscopic pictures were taken with a light microscope from Leica type M202 FA (Germany)
equipped with a digital camera (Leica DFC240) and a scanning electron microscope (SEM)
EVO LS 25 (Zeiss, Germany). Additionally, samples were analysed with energy dispersive Xray (EDX) of detector XFlash 5030 (BRUKER, United States).
6.3.6. Determination of multicomponent isotherm
To obtain multicomponent isotherms, simple batch uptake experiments were carried out with
crushed zeolite particles. The pre-determined amount of adsorbent was weighed into a glass
vial and the model solution was consequently added by carefully pouring it into the vial. The
vials were stirred overnight with a closed cap at 5 °C. An overview of the experiments
performed to determine the isotherm is given in Table 6.4 in the appendix. All experiments
were done in duplicate.
6.3.7. Hydrodynamically defined batch uptake experiments
Prior to the experiment, 1.5 g of washed and dried particles were incubated overnight in milliQ grade water to ensure equilibration with the solvent. They were then packed into a glass

6

column with a diameter of 1 cm and adjustable length (Omnifit, USA), which was connected
to a double-walled stirred reactor of 2 L capacity (Applikon, The Netherlands). The scheme of
the set-up is shown in Figure 6.2. During the duration of the experiment the temperature was
controlled with a water bath at 5 °C and the system was kept closed to avoid losses due to
evaporation. To start the experiment, the reactor was filled with 1.5 L model solution and stirred
at 600 rpm. A blank sample was taken from the sample port and after, the model solution was
circulated at a flow rate of 60 mL/min, resulting in a superficial velocity of 76.4 cm/min. The
flow rate was chosen as such that the concentration gradient over the column as well as external
mass transfer limitations were minimal to negligible (data is shown in appendix material, Figure
6.12). Samples were taken frequently during a period of 22.5 hours to follow the uptake of
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aldehydes and each experiment was carried out in duplicate to estimate the experimental error.
Three different particle sizes were tested. In order to ensure that equilibrium can be reached, a
prolonged batch of 54 hours was carried out in duplicate with particles of a diameter of 2.35
mm. The initial concentration of all five compounds of interested was set to c0 = 0.5 mg/L.

Figure 6.2: Schematic set-up for hydrodynamically defined batch uptake experiments

6.3.8. Analysis of aldehydes
To analyse the concentration of aldehydes, samples were diluted with 65 g/L maltodextrin
solution to the calibration range (<100 µg/kg) and consequently analysed by headspace solidphase micro-extraction (HS-SPME) in a GC-MS (Agilent 7890A and 5975C MSD) and a 30 m
x 0.25 mm x 0.25 μm 142 VF17MS column with an adapted protocol of Vesley et al.
(2003) [44]. The carrier gas (helium) was used at a flow rate of 1 mL/min. The calibration was
performed by internal standard addition to increase the accuracy.
6.3.9. Mathematical modelling

The model of the intraparticle mass transfer was built in COMSOL Multiphysics (version 5.3a)
and the regression was performed by coupling the model to Matlab R2018b, to identify the
optimal solution with lsqcurvefit, a nonlinear least-squares solver. Advanced Chemistry
Development Inc. (ACD/Labs) software [45] was used to estimate the logD values and the
molar volume.

6.4. Results & Discussion
6.4.1. Adsorbent characterization
The general structure of ZSM-5 G-360 granules is depicted in the light microscope images in
Figure 6.3-A and B. The granules consist of small zeolite crystals pressed into a spherical shape
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in a kind of ring formation. The edge where breakage occurs is, hence, spherical as well. A
closer look with SEM images in Figure 34C and D reveal a denser layer at the outer side of the
particle, forming a shell around the granule for stability purposes. In order to understand the
hierarchical structure of the material, further characterisation techniques were applied.

Figure 6.3: Light microscope images (top) and scanning electron microscopy picture of zeolite
G-360 (C) core and (D) shell

The analysis of the material by nitrogen adsorption (data in appendix) led to following findings:
As expected, the material exhibits a high micropore volume, caused by the for ZSM-5

6

characteristic micropores of 5.4-5.6 Å. Small mesopores were found in the range of 2.0-3.0 nm,
while pores > 5 nm were absent. Since the hysteresis observed in the N2 isotherm is relatively
narrow, we can conclude that also the pore size distribution is well defined. Furthermore, the
plateau of the isotherm indicates that there is only a small volume of mesopores present. This
was confirmed by analyzing the respective pore volumes: After applying the Rouquerol
correction, the micropore volume was determined with the t-plot method to 0.175 cm3/g. The
combined meso- and micropore volume was calculated to 0.195 cm3/g, meaning that the
resulting mesopores volume is approximately 0.020 cm3/g.
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Additionally, the porosity of larger pores in the range of ~10 nm – 100 μm was studied by
mercury porosimetry. A distinct peak was found around ~180 nm. This suggests that the granule
originally contained a binder that was removed during calcination, forming homogeneous
macropores for transport of the adsorbate to the crystals, rather than being synthesized and
grown from the seed. The macropore volume from the measurement amounted to 0.28 cm3/g
and the mesopore volume (10 – 50 nm) to 0.015 cm3/g. The mesopores volume is comparable
to that found during N2 sorption, however, in a higher pore size range. The mesopores pore
volume of pores < 10 nm is not evaluated, since the applied high pressure could potentially
destroy the material structure.
To determine the accessible volume for liquids, the porosity also was determined with a
gravimetric method using ethanol as a sorbate. The solid density and porosity were averaged
over all particle sizes, resulting in 2.23 ± 0.3 kg/L and 0.54 ± 0.2, respectively. The apparent
particle density hence is 1.05 ± 0.04 kg/L. The same experiment carried out with water led to a
20 % lower porosity, indicating that the granule is not fully accessible to the polar liquid. This
observation was previously made by Wach et al. (2018) as well, who found that the total
porosity experimentally determined by the retention of D2O was about 10 % lower than the
total porosity determined through N2 and Hg porosimetry [23]. Assuming the same solid
density, the porosity determined with the gravimetric method is compared to the porosity from
N2 and Hg adsorption. Here, a value of 0.51 is calculated, which is in good agreement with the
gravimetric value. The slightly higher value could be explained by the fact that microporosity
is often underestimated by the t-plot method in hierarchical materials [46], but also
experimental errors play a role. Because we are investigating the behaviour of organic
compounds in a liquid system, we consider the accessibility of the target molecules to the pores
resemble most likely those of ethanol. We hence chose to base our proceeding analysis based
on the results of the gravimetric method with water and ethanol.
6.4.2. Adsorption equilibrium
To be able to investigate the dynamics of the studied system, the equilibrium conditions, i.e.
the adsorption isotherms must be determined. Therefore, batch uptake experiments were
performed at different compositions of the model solution. The results are plotted in Figure 6.4.
Generally, the equilibrium uptake can be characterized by the Freundlich isotherm with a slight
decline in isotherm slope with increasing concentration. The parity plot confirms that the
distribution is equally spread and the model is a good representation of the experimental data.
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6
Figure 6.4: Freundlich isotherms and parity plot for all compounds of the model solution at pH
4.2

When regarding the affinities of the compounds to the adsorbent, one can find a relation
between the hydrophobicity of the compound with the affinity to the adsorbent. This was also
reported in previous research on alcohol-free beer [15]. 2- and 3-MB adsorb the strongest,
followed by Met, while 2-MP and FF show the lowest adsorption loading under given
conditions. Although there are multiple compounds in the system, we assume that the
diffusivity can be regressed for a single compound. This is based on the following reasoning:
1. The system is very dilute (c < 0.5 mg/L) and 2. The isotherms show a near linear behaviour
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in the observed range (<0.5 mg/L), hence, allowing the assumption of non-competitive
adsorption process.
6.4.3. Investigating mass transfer in model solution
In this section, the experimental data of uptake experiments is presented and the effective
diffusivity is regressed with the HSDM. Representative for all settings, Figure 6.5 shows the
uptake of 2-MP, 2-MB, 3-MB, FF and Met from the model solution starting at 0.5 mg/L and dp
= 2.35 mm. From Figure 6.5 we can observe that the uptake follows an asymptotic behaviour
and is relatively similar in shape for 2-MB, 3-MB, Met and FF, converging towards the
equilibrium loading. Nonetheless, even after an experimental time of 54 hours, the equilibrium
state is not reached.
While overall, the model describes the experimental data sufficiently well, a general trend of
overestimating the initial diffusivity and underestimating it in the later stage is observed. This
effect is emphasized in the parity plot of Figure 6.5, showing a deviation from the predicted
values in the lower range of concentrations. On the contrary to other studied compounds, the
uptake is of 2-MP is very well described by the model (R2 = 0.99). Remarkably, 2-MP follows
a less pronounced decline, only reducing to 40 % of its initial concentration it the bulk after 54
hours, despite being the smallest molecule studied. This goes against the expectation that mass
transfer is related to the molecular size.
The regressed effective diffusion coefficients, their average relative error (ARE) and associated
coefficient of determination (R2) of all performed tests are listed in Table 6.2. At first glance,
we can observe that the effective diffusivities are very small and range vastly from 1.6·10-15 (3MB) to 4.1·10-13 (FF) m2/s, which is nearly a factor 100 difference. This range is comparable
to literature values presented in Table 6.1. The coefficients of determination are > 0.9, except
for the medium-sized granules. Here, the initial slope in the bulk concentration is even flatter,
resulting in a less good fit with the model. Although the experiment was carried out in duplicate,
this might be related to non-optimal flow conditions resulting in additional resistance to the
mass transfer. The ARE is within a range of 2-15% reasonable and the model is, hence, able to
predict the mass transfer phenomena. Only methional’s diffusivity in the small granules shows
a larger ARE, which is due to the higher deviation of the predicted and experimental
concentrations as described above at ci<<c0.
.
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6
Figure 6.5: Experimental and model-based decrease of bulk concentration in model solution for
2-MP, 2-MB, 3-MB, FF, and Met for particles with a radius of 1.175 mm (small)

151

63243 Gernat.indd 151

07-01-21 11:18

Chapter 6
Table 6.2: Regressed effective diffusion coefficients, coefficient of determination and associated
error
dp
[mm]

C0
[mg/L]

2-MP
Deff [m2/s] σDeff
[m2/s]
-14
3.0·10
2.2·10-15
-14
2.5·10
9.5·10-15
-14
2.9·10
4.0·10-15
-14
2.2·10
5.8·10-15
-14
1.5·10
2.8·10-15

ARE
[%]
2.0
5.4
1.7
3.2
1.6

2.35
2.656
3.118
2.35
2.35

0.5
0.5
0.5
0.25
0.125

dp
[mm]

C0
[mg/L]

3-MB
Deff [m2/s] σDeff
[m2/s]
-15
4.2·10
7.4·10-16
-15
2.0·10
1.4·10-15
-15
2.5·10
8.8·10-16
-15
3.3·10
1.6·10-15
2.3·10-15
9.0·10-16

ARE
[%]
6.5
14.5
11.2
8.2
7.2

2.35
2.656
3.118
2.35
2.35

0.5
0.5
0.5
0.25
0.125

dp
[mm]

C0
[mg/L]

Met
Deff [m2/s] σDeff
[m2/s]
-14
3.8·10
1.2·10-14
2.3·10-14
1.1·10-14
2.5·10-14
9.6·10-15
1.8·10-14
9.0·10-15
-14
1.4·10
4.7·10-15

ARE
[%]
22.4
14.3
7.2
6.9
8.2

2.35
2.656
3.118
2.35
2.35

0.5
0.5
0.5
0.25
0.125

6.4.4.

Implication of results

R2
0.99
0.87
0.98
0.95
0.97

R

2

0.98
0.80
0.93
0.93
0.95

2-MB
Deff
[m2/s]
6.5·10-15
2.8·10-15
3.9·10-15
4.5·10-15
3.7·10-15

σDeff
[m2/s]
1.5·10-15
2.3·10-15
1.7·10-15
2.2·10-15
1.5·10-15

ARE
[%]
13.4
15.4
11.2
9.4
8.7

FF
Deff [m2/s] σDeff
[m2/s]
-13
4.1·10
1.2·10-13
-13
2.9·10
9.5·10-14
-13
2.4·10
7.6·10-14
-13
1.7·10
4.8·10-14
7.9·10-14
2.5·10-14

ARE
[%]
13.0
4.1
2.4
3.0
5.3

R2
0.98
0.75
0.91
0.93
0.95

R2
0.97
0.95
0.95
0.96
0.95

R2
0.96
0.90
0.93
0.92
0.96

In addition to the quantitative analysis of the mass transfer to regress diffusivities, the results
were analysed qualitatively to understand what the most dominant transport mechanism is and
where the highest resistance lies. Considering the order of magnitude of the regressed effective
diffusivities, the relatively large granule size and the high interstitial velocity, intraparticle mass
transport is supposedly the controlling step during the adsorption process. This is confirmed,
when calculating the respective Biot numbers (equation 6.17), which are presented in Table 6.3.
A Biot number >>10 indicates mass transfer controlled through intraparticle diffusion, while
1<Bi<10 mark a transitional regime, where both, external and intraparticle mass transfer
determine the adsorption process. In our case, intraparticle transport is indeed limiting
(Bi>>10). In the case of furfural at c0 = 0.5 mg/L and dp = 2.35 and 2.66 mm, the Biot number
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is found between 10 and 100, meaning that at lower flow rates, film diffusion may become
dominant eventually.
𝐵𝐵𝐵𝐵 =

𝑘𝑘𝑓𝑓 𝑟𝑟𝑝𝑝 𝑐𝑐0
𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 𝜌𝜌𝑝𝑝 𝑞𝑞𝑒𝑒𝑒𝑒 (𝑐𝑐0 )

(6.17)

When regarding the intraparticle mass transfer, particularly in composite pellets and granules,
macro-/meso-pore and micro-pore (i.e. intracrystalline) diffusivities can be differentiated. Both
of these resistances can be limiting to mass transport, depending on the relation of the
diffusional time constants (Dmicro/rc2)/(Dmacro/rp2). Varying the particle size during experimental
uptake tests is hence a way of understanding the bottleneck of the transport path [31]. Figure
6.6 shows the relation of the regressed effective diffusivities of all studied compounds to the
initial concentration and the particle size, respectively.
Table 6.3: Calculated Biot numbers for all conditions
dp [mm]

C0 [mg/L]

2.35
2.656
3.118
2.35
2.35

0.5
0.5
0.5
0.25
0.125

Biot number [ ]
2-MP 2-MB
435
420
555
1037
519
806
425
501
447
504

3-MB
529
1180
1023
551
648

FF
55
82
108
112
205

Met
182
320
319
310
321

From the figure, it appears that increasing the initial concentration slightly increases the
diffusion coefficient and that the diffusivity slightly decreases with increasing particle diameter.
However, due to the error associated with the regression, no significant statement can be made.
From the regressed experimental data, it is hence not clear, whether the diffusivity in the
transport macropores or the micropores of the zeolite crystals is limiting. A thorough study of
recent literature also reveals that beside macro- or micropore limitations also other effects, such

6

as surface barriers at the crystal surface [34, 35, 47] can be involved, making a straight-forward
analysis of the time-constants difficult. Other factors such as distribution in crystal size or
agglomeration of these may also influence the results [34]. The effect of the concentration,
depicted in Figure 6.6 is also important with regard to the assumption of a non-competitive
adsorption process. If vacant adsorption sites would be limiting, the diffusivity should be lower
at the higher initial concentration. Hence, we conclude that the separate analysis of compounds
holds.
As mentioned above, neither a correlation between the molecular weight and the diffusivity nor
a correlation between the molecular radius and the diffusion coefficients could be made. A
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tentative relation between increasing molecular volume and decreasing effective diffusivity can
be suggested as shown in Figure 6.7. However, there is a remarkable correlation between the
hydrophobicity (represented by the logD value) and hence the adsorbent affinity constant with
the diffusivity. That is, the more hydrophobic a compound and the higher the affinity to the
adsorbent, the slower the transport through the particle.
When considering equation 6.18 [23], the effect of the adsorption affinity constant on the
overall intraparticle mass transfer coefficient can be understood. Thus, this observation could
be interpreted as a manifestation of (macro)pore diffusion being the controlling mechanism as
the characteristic time of the macropore mass transfer is proportional to the affinity constant
K(c).
1

𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒

=

𝐾𝐾(𝑐𝑐)𝑟𝑟𝑝𝑝2
𝑟𝑟𝑐𝑐2
+
15𝜀𝜀𝐷𝐷𝑝𝑝 15𝐷𝐷𝑐𝑐

(6.18)

Alternatively, the dependency on the affinity constant could be related to intracrystalline
diffusion controlling the mass transfer. A similar relation on the adsorbent affinity constant was
reported by Wach et al (2018) for sugar molecules on hydrophobic Y-zeolite [23]. The authors
of the study concluded that a higher adsorbent affinity results in a slowed diffusion through the
micropores i.e. decreased intracrystalline diffusivity. Another systematic study of non-volatile
phenolic compounds’ diffusion in zeolite beta and silicalite crystals was performed by Linh et
al. (2016). Also in their case, the adsorption affinity rather than the critical diameter of the
adsorbate was correlated to the intracrystalline diffusivity [48]. This mechanism resembles that
of surface diffusion, which is limited by the adsorption energy of the sample. The migration of
strongly adsorbing compounds is hence restricted by the adsorbate-adsorbent-interaction [49,
50].
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6
Figure 6.6: Regressed effective diffusion coefficient versus initial bulk concentration (left) and
particle radius (right)
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Figure 6.7: Correlation of regressed effective diffusion coefficient to (A) the molecular
hydrophobicity (expressed as logD) and (B) the isotherm affinity constant as well as (C) the
minimal projection radius, (D) the molecular volume, and (E) the molar weight

Since the resistances in macro- and micropores are additive, it is probable that both, macropore
diffusion and intracrystalline diffusion, play a major role in our case. Moreover, in Figure 6.5,
it was observed that the model fit resulted in an overestimation of the diffusivity in the initial
stage of the uptake and an underestimation at higher adsorbent loading when the equilibrium
state was nearly reached. Overall, a logical explanation for the observed behaviour could be
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similar to the following: Initially, the adsorbate has to overcome the surface barrier posed by
the outer shell of the granule. It then diffuses along the macropore system, while at the same
time, the adsorbate begins to penetrate the surface and micropores of the (agglomerated)
crystals, which poses an additional transport resistance. After the adsorbate has fully penetrated
the macropores of the granule, the uptake rate solely depends on the micropore diffusivity.
Since the full volume of the granule is filled with adsorbate now, the uptake appears faster than
in the beginning. The effect of varying particle size could, therefore, become much less sharp.
Surely, other effects, such as agglomeration of crystals and the resulting variation of the
micropore resistance may play a role as well.
Even though the actual mass transfer mechanism remains hypothetical, some conclusions for
improving the material can be drawn. Decreasing the particle size of the granule itself, but also
the crystals (i.e. reduce crystal agglomerated sizes) would be an effective measure to accelerate
the mass transfer. However, also increasing the overall proportion of the transport pores would
be beneficial to accelerate the mass transfer through the particle. This could, for instance, also
mean introducing hierarchical structures into the zeolite crystals themselves in the form of
mesopores [51].
Knowing these limitations, a sophisticated process unit design will help to increase productivity
despite the mass transfer limitations. Both, the choice of a superior material (shape) as well as
the process conduct, must be optimized to make the selective wort flavour removal feasible.
Thereby, it is important to find a trade-off between fast mass transfer, which would be best in
a powder shaped adsorbent, and regenerability and practical handling, where shaped zeolites
are of advantage. A conceptual process design will give further insight into the optimal solution
for this case.

6

6.5. Conclusion
In this study, the mass transfer of five flavour compounds in binder-free, hydrophobic ZSM-5
granules was investigated. The characterization of the material indicated that the granule
consists of small crystals, connected by macropores of 180 nm and shaped into the bigger
granule that is surrounded by a denser outer layer or shell for mechanical stability. We found
the porosity calculated from gravimetrical experiments with ethanol were most representative
for the accessible pore volume for small organic molecules, including the void in
intracrystalline micropores. Following, the equilibrium of the multicomponent model solution
was studied, to obtain the adsorption isotherms described by the Freundlich model. Due to the
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near linear shape of the isotherms, it was concluded that the adsorption process is noncompetitive and hence, the behaviour of the single compounds can be studied independently in
the multicomponent solution.
Subsequently, during hydrodynamically well-defined batch uptake experiments, the dynamics
of the adsorption process were measured and the effective diffusivities were obtained by
applying the HSDM. The diffusivities ranged in the order of magnitude of 10-13- 15-15 m2/s. The
HSDM was suitable to regress the effective diffusion coefficient but showed some deviation at
the asymptotic area of the uptake curve. Because of the relative high associated error of the
diffusivities, there was no clear impact of a varying particle diameter or a concentration effect
visible. Furthermore, there was no obvious correlation between the diffusivity with the
molecular size or weight. Yet, a strong correlation between the intraparticle diffusion and the
hydrophobicity and hence the affinity of the compound to the adsorbent material was found.
While this data is very useful to model and design a unit operation to remove such flavour from
liquid food streams, the exact mass transfer mechanism remains hypothetical. Most likely, the
transport through the pores in combination with high resistance in the intracrystalline
micropores form the bottleneck in the mass transfer process.
Concluding, we recommend to develop materials that have a more optimal particle and crystal
size distribution of for liquid adsorption and/or a higher proportion of transport meso- and
macropores to ensure fast uptake of the target compounds and transport to the micropores.
Possibly, high-end analytical techniques such as micro-imaging [47] or NMR studies [31] could
help to elucidate the actual mechanism inside the granule. Many of these, however, do not apply
to liquids at such low concentrations and small crystal sizes. For future work, it would be
interesting to verify, if the correlation of diffusivity and hydrophobicity also holds for other
materials (shapes) and molecule groups. Furthermore, a conceptual process design study will
reveal the feasibility of the process at commercial scale.
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6.7. Nomenclature
Symbol
As
Bi
c
cs
C
Dc
dc /dp
Deff
dextr
DL
Dm
Dmacro
J
K
keff
kf
KF
M
m
n
p / po
Q
qe

Explanation/ SI units
External surface area of adsorbent granules [m2]
Biot number [ ]
Concentration in the bulk liquid
[mol/m3] or [kg/kg]
Concentration at the surface [mol/m3]
Brunauer–Emmett–Teller (BET) constant [ ]
Intracrystalline diffusivity [m2/s]
Crystal/particle diameter [m]
Effective diffusivity [m2/s]
Diameter extrudate [m]
Axial dispersion [m2/s]
Molecular diffusivity in water [m2/s]
Macropore diffusivity [m2/s]
Flux [mol/s/m2]
Adsorption equilibrium constant [ ]
Overall mass transfer coefficient [1/s]
Film mass transfer coefficient [m/s]
Adsorption equilibrium constant Freundlich
model (unit variable)
Molecular weight [kg/mol]
Mass [kg]
Adsorption equilibrium constant Freundlich
model (unit variable]
Pressure / saturation vapour pressure [kg·m/s2]

qt
qp
qmono
rp / rc
t

Quantity (unit variable)
Loading of adsorbent at equilibrium [mol/kg] or
[kg/kg]
Loading of adsorbent at time t [kg/kg]
Loading at pressure p [mol/kg]
Loading at monolayer coverage [mol/kg]
Radius of particle / crystal [m]
Time [s]

T
u
Vb
Vm

Temperature [K]
Interstitial velocity [m/s]
Liquid bulk volume [m3]
Molecular volume [m3]
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Symbol
ε
η
ρ
ξ
σ
σm
τ
𝜓𝜓

Explanation
Particle porosity [ ]
Viscosity [kg /(m· s2)]
Density [kg/m3]
Eigenvalue of Bessel function [ ]
Standard deviation (unit variable)
Standard error (unit variable)
Tortuosity [ ]
Constant solute-solvent interaction [ ]

Abbreviations
ARE
Average relative error
BEA
Zeolite framework type (beta)
EDX
Energy dispersive X-ray
FAU
Zeolite framework type (faujasite)
FF
Furfural
HSDM
Homogeneous surface diffusion model
2-MB
2-Methylbutanal
3-MB
3-Methylbutanal
2-MP
2-Methylpropanal
Met
Methional
R2
Coefficient of determination
SEM
Scanning electron microscope
ZSM-5
Zeolite Socony Mobil-5
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6.9. Appendices
6.9.1. Measurement of pore size distribution
Figure 6.8 to Figure 6.10 depict the adsorption and desorption isotherm of nitrogen and mercury
as well as the resulting pore size distribution, respectively.

Figure 6.8: Adsorption / desorption isotherm of ZSM-5 G-360 of (A) nitrogen and (B) mercury

Figure 6.9: Pore size distribution of ZSM-5 G-360 resulting from BET measurement with
nitrogen
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Figure 6.10: Pore size distribution of ZSM-5 G-360 resulting from sorption measurement with
mercury

6.9.2. Equilibrium batch uptake experiments
Table 6.4 summarized all tested conditions to obtain the adsorption equilibrium.
Table 6.4: Overview on selected batch uptake experiments to determine the multicomponent
isotherm
#
1
2

Phase
[kgliq/gads]
2.0
1.5

3

1.0

4

1.0

5

1.0

6

1.0

ratio

ci [mg/kgliq]
c2-MP = 1.425
c2-MB = 1.540
c3-MB = 1.280
cFF = 1.521
cMet = 1.700
c2-MP = 2.849
c2-MB = 3.081
c3-MB = 2.560
cFF = 3.042
cMet = 3.397
c2-MP = 5.698
c2-MB = 6.161
c3-MB = 5.120
cFF = 6.084
cMet = 6.793
c2-MP = 11.396
c2-MB = 12.322
c3-MB = 10.240
cFF = 12.168
cMet = 13.586
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6.9.3. Determination of viscosity and choice of model solution composition
The viscosity at various shear rates was measured with a rolling-ball viscometer (LOVIS 2000
ME, Anton Paar, Austria) according to the procedures recommended by the manufacturer.
Figure 6.11 shows the viscosity of various maltodextrin solutions in dependency of the shear
rate. Furthermore, the viscoelastic behaviour of alcohol-free beer (AFB) was analysed. Hence,
it was found that a maltodextrin solution of 65 g/L mimics the viscosity of AFB best.
6.9.4. Investigation of hydrodynamic conditions during uptake experiments
In Figure 6.12, a preliminary experiment was performed with the model solution containing
only furfural (c0 = 9 mg/L) to ensure that the flow rate does not effect the uptake dynamics
during the ZGC measurement. Despite some variance in the measurements, there is no
statistically significant difference between the uptake experiments at different flow rates and
also no trend can be observed. It is hence concluded, that at the chosen conditions (flow rate 60
mL/min), the affect of the intraparticular transport is isolated and can be observed
independently from the effect of film mass transfer or external diffusion limitations, i.e. the
bulk is ideally mixed.

Figure 6.11: Viscosity of various maltodextrin solutions at pH 4.2 and alcohol-free beer in
dependency of the shear rate
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Figure 6.12: Uptake of furfural at different flow rates over the hydrodynamically-defined batch
uptake experiment
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Chapter 7
Prospect and Challenges for the Production
of Flavour-Improved Alcohol-Free Beer
Abstract: The recent increase in the popularity of alcohol-free beverages has motivated the
development of new technologies to produce alcohol-free beers with better taste at lower
production costs. In this context, the adsorptive removal of wort off-flavours with zeolites has
been demonstrated successfully. The process represents a great alternative to the commercial
dealcoholisation process since the typical wort flavour of the beverage is reduced and thermal
treatment is not necessary. This work addresses the design of the unit operation based on an
exemplary case study and the assessment of its technical and economic feasibility. Overall, with
current assumptions taken, the new process results in 40% lower production costs than thermal
dealcoholisation. Resulting from the analysis the adsorbent regenerability proofs to be the most
critical parameter, which should be verified in follow-up research. Moreover, hurdles of
material stability and food safety need to be overcome.
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7.1. Introduction
Contributing to the increasing awareness of misuse of alcohol and a general trend to a healthier
lifestyle, the brewing industry has strongly focused their efforts in the development of greattasting, alcohol-free beers (AFBs) in recent years. Furthermore, the expansion of their product
portfolio opens the market for new consumer groups. Nevertheless, currently available products
still exhibit an over-pronounced and hence undesired wort-flavour, which is caused by small
volatile aldehydes formed through Strecker degradation [1-3]. Literature indicates that wort
flavour is related to Strecker aldehydes and in particular, 2-methylpropanal (2-MP) [4, 5], 2and 3-methylbutanal (2-MB, 3-MB) and methional (Met) [5, 6], which all exhibit a very low
flavour threshold in the range of 0.5-23.4 μg/L in AFBs. Furfural (FF) is a common indicator
for heat-induced (Maillard) reactions [7] and is considered as a representative for unidentified
wort flavour with a more hydrophilic behaviour.
Recently, a new technology has been developed to specifically remove these off-flavours from
AFBs through adsorption onto zeolites. Zeolites are a type of molecular sieve, which exhibit a
highly defined pore size and can, therefore, enable separations with high specificity. In
particular, hydrophobic ZSM-5 type zeolites are suited, since they can exclude larger hop
constituents or more hydrophilic organic acids from being taken up in the adsorbent pores [8].
A flavour-improved beer produced with this technology was shown to significantly reduce the
wort flavour and improve the taste of the aged product as well [9]. However, the adsorption
process is highly limited by intraparticle mass transfer [10]. This limitation may be overcome
by a suitable choice of the shape of the material as well as the most suitable design of the unit
operation.
In this chapter, we will compile the collected data of previous work and synthesize different
unit operation designs to produce a flavour-improved AFB. Exemplarily, an adsorption unit for
the production of 231000 hL AFB annually is designed. The aim is to show the feasibility of
the process, both technically and economically. Furthermore, direction to future research is
given by elucidating which process mode and configuration is most promising and which
parameters are critical to making the process feasible and more efficient.
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7.2. Process assumptions
7.2.1. Process definition, Plant location, capacity and battery limits
The suggested process is an alternative production process of AFBs and is hence compared to
commercialized dealcoholisation processes and biologically produced AFBs. The continuous
throughput of a commercial vacuum rectification plant commonly is 100 hL/h, running
approximately 8 h a day. The annual capacity at a plant utilization of 2100 h/a (= 87.5 d/a) is
hence 70000 hL/a (high-gravity product), which is equal to 231000 hL product at final
specifications. This is approximately one-third of the Dutch AFB market [11], and if
surrounding bigger markets, such as Germany are considered, the plant capacity is suitable for
the current market. The flavour removal unit should consequently be able to process 800 hL
(high-gravity product) within 24 hours. As the production site, the Netherlands are selected. As
aforementioned, only the design of the adsorptive off-flavour capture unit is considered as
outline in Figure 7.1.

Figure 7.1: Overview of the production process of flavour-improved beer and battery limits for
the unit operation design

7.2.2. Feed composition and product specifications
To achieve a significant reduction in wort flavour, the maximal allowable concentration of the
regarded wort flavours in the final product is 10 % of its feed stream concentration, as it was

7

proven that this results in a significantly reduced wort flavour [9]. Table 7.1 lists feed and outlet
concentrations of targeted wort flavours as well as the allowed concentration in the final
product. The matrix is modelled as an aqueous stream containing the studied wort off-flavours.
The impact of other beer constituents such as ethanol, small volatiles, sugars, proteins and
polyphenols is neglected since it has been shown previously that the model parameters are
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regressed isotherm constants which are not systematically affected by potentially competing
adsorbates within the design space. Furthermore, the feed does not contain CO2. The viscosity
of the stream has been previously determined to a value of 2.8 mPas [10] and the pH is set to
4.2-4.4, the conditions at which the isotherm parameters were determined.
Table 7.1: Specifications for feed and maximal outlet concentrations of wort flavour compounds

Compound

cfeed [μg/L]

2-MP
2-MB
3-MB
FF
Met

coutlet,max
[μg/L]
5
1
4
100
10

50
10
40
1000
100

cfinal, max
[μg/L]
1.5
0.3
1.2
30.3
3.0

7.3. Material & Methods
7.3.1. Chromatographic model
Assuming radial homogeneity, incompressibility of the mobile phase and a constant bulk liquid
density, the equilibrium-transport-dispersive model described in equation 7.1 [12] is employed
in combination with linear driving force approximation as a function of the solid loading
depicted in equation 7.2 to model the chromatographic process. This approximation lumps the
mass transfer resistances of the film and the particle into one coefficient [13].
𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕𝑞𝑞𝑖𝑖
𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕 2 𝑐𝑐𝑖𝑖
+ 𝐹𝐹
+ 𝑣𝑣
= 𝐷𝐷𝐿𝐿 2
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝑧𝑧
𝜕𝜕𝑞𝑞𝑖𝑖
∗
= 𝑘𝑘𝑜𝑜𝑜𝑜,𝑖𝑖 (𝑞𝑞𝑒𝑒𝑒𝑒,𝑖𝑖
− 𝑞𝑞𝑖𝑖 )
𝜕𝜕𝜕𝜕

(7.1)

(7.2)

The initial and boundary conditions for the inlet conditions required to solve the partial
differential equations are considered as in equation 7.3 and 7.4.
𝑐𝑐𝑖𝑖 (𝑡𝑡 = 0, x) = 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑐𝑐𝑖𝑖 (𝑡𝑡, 𝑥𝑥 = 0) = 𝑐𝑐𝑖𝑖

(7.3)
(7.4)

Since equation 7.1 contains two functions, ci and qi, another equation defining their relation is
required. For this purpose, the equilibrium isotherm is introduced (equation 7.5), which has
previously been shown to be a linear function of the liquid concentration in equilibrium [8].

172

63243 Gernat.indd 172

07-01-21 11:18

Prospect and Challenges for the Production of Flavour-Improved Alcohol-Free Beer

The mobile phase is aqueous and the adsorbent is hydrophobic, therefore it is furthermore
assumed that the mobile phase is not adsorbed.
𝑞𝑞𝑖𝑖 = 𝐾𝐾 ∙ 𝑐𝑐𝑒𝑒𝑒𝑒,𝑖𝑖

(7.5)

The pressure drop in the column is estimated locally, that is, for every node according to the
equation of Carman-Kozeny see equation 7.6 [14].To solve the partial differential equation, the
column is discretized with the upwind differencing scheme with 20 nodes as explained in
section 7.3.3. This equation is valid for the laminar flow regime in packed beds.

7.3.2. Model parameters

𝜕𝜕𝜕𝜕 −150𝜂𝜂(1 − 𝜀𝜀𝑏𝑏 )2
=
𝜈𝜈
𝜕𝜕𝜕𝜕
(𝑑𝑑𝑝𝑝 Ф)2 𝜀𝜀𝑏𝑏3

(7.6)

The parameters required for the equilibrium-transport-dispersive model are either available
from experimental studies described in previous publications [8, 10, 15] or estimated based on
commonly accepted correlations from literature. First, the axial dispersion coefficient, DL, is
calculated along the column using the relation of equation 7.7 and 7.8 [16].
𝐷𝐷𝐿𝐿 =

𝑣𝑣 ∙ 𝑑𝑑𝑝𝑝
𝑓𝑓𝑓𝑓𝑓𝑓 10−3 ≤ 𝑅𝑅𝑅𝑅 ≤ 103
0.2 + 0.011 ∙ 𝑅𝑅𝑅𝑅 0.48
𝑑𝑑𝑝𝑝 𝑣𝑣𝜌𝜌𝑙𝑙
𝑅𝑅𝑅𝑅 =
𝜀𝜀𝑏𝑏 𝜂𝜂𝑙𝑙

(7.7)
(7.8)

The lumped mass transfer coefficient kov defined in equation 7.9 consists of the resistance
through the film, with the coefficient given in equation 7.10, as well as the intraparticle
resistance, which is calculated from the effective intraparticle diffusivity Deff [17, 18]. For the
adsorption process, the values for the effective diffusivity are regressed from experimental
batch uptake data in AFB or model solution according to the method described previously [10]
and listed in Table 7.2. Two material shapes are differentiated for the mass transfer coefficients,
i.e. a granular and a powder-like form, to receive accurate predictions from the process
simulations. The powder-like form consists of crushed granular material, which has been sieved
and microscopically analysed to determine the particle size distribution (data not shown).
𝑘𝑘𝑜𝑜𝑜𝑜,𝑖𝑖 = [

−1

𝑟𝑟𝑝𝑝
𝑟𝑟𝑝𝑝2
+
]
3𝑘𝑘𝑓𝑓,𝑖𝑖 15𝐷𝐷𝑒𝑒𝑓𝑓𝑓𝑓,𝑖𝑖

7

(7.9)
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4𝐷𝐷𝑚𝑚 𝑢𝑢
𝑘𝑘𝑓𝑓 = √
𝜋𝜋𝑑𝑑𝑝𝑝

(7.10)

Furthermore, the linear isotherm constants of each component determined in AFB of pH 4.4 as
well as column specific and physical properties of the material are presented in Table 7.2. Since
the bed porosity is unknown, it was estimated from equation 7.11 according to Pushnov (2006)
[19].
𝜀𝜀𝑏𝑏 =

𝐴𝐴

(𝐷𝐷/𝑑𝑑𝑝𝑝 )

𝑛𝑛

+ 𝐵𝐵

(7.11)

Where A, B and n are constant equal to 1.0, 0.375 and 2.0 for spheres, respectively.
Table 7.2: Model parameters used for process simulations
Model parameter
Isotherm affinity constant (linear) [L/g]

Value
K2MP = 3.32 ± 0 .05
K2MB = 42.0 ± 2.0
K3MB = 41.5 ± 0 .8
KFF = 1.43 ± 0 .03
KMet = 5.47 ± 0 .09
2/
-14
Effective diffusivities [m s·10 ] granular form Deff,2-MP= 1.5 ± 0.3 (R2 = 0.97)
Deff,2-MB= 0.37 ± 0.15 (R2 = 0.95)
Deff,3-MB= 0.23 ± 0.09 (R2 = 0.95)
Deff,FF= 41 ± 12 (R2 = 0.97)
Deff,Met= 1.4 ± 0.5 (R2 = 0.96)
Effective diffusivities [m2/s·10-14] powder-like Deff,2-MP= 1.4 ± 1.2 (R2 = 0.96)
form
Deff,2-MB= 0.034 ± 0.061 (R2 = 0.92)
Deff,3-MB= 0.029 ± 0.047 (R2 = 0.93)
Deff,FF= 19.0 ± 25.1 (R2 = 0.96)
Deff,Met= 0.85 ± 0.75 (R2 = 0.96)
Column specific & physical material
parameters
Average particle diameter powder-like
262 µm
Average particle diameter granules
2350 µm
Intraparticle porosity [ ]
0.54
Bed porosity [ ]
0.375 for granules
0.35 for lumps of irregular shape
Overall porosity
0.71 for granules
0.70 for lumps of irregular shape
Adsorbent solid density [kg/L]
2.23

Desorption equilibrium and dynamics were not studied experimentally, hence, respective
parameters are estimated. In this case study, wort off-flavours are desorbed through heat in the
form of hot water. Alternatively, steam could be used. To quantify the impact of temperature
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on the affinity constant of target molecules to the adsorbent, the van ’t Hoff equation (see
equation 7.12 and 7.13) [20] was employed to calculate the respective parameters at T= 145°C.
Since the adsorption enthalpy is unknown and strongly dependant on the adsorbent and
adsorbate interaction, data from literature was not available for the studied system. Knowing
the isotherm constants at 288.15 K and assuming a value for the entropy, the adsorption
enthalpy was calculated from the van ’t Hoff equation. The entropy values for branched alkanes
on silicalite-1 were found in a range of (-)65 – (-)172 J/mol/K [21], so ΔS was assumed as -110
J/mol/K.
𝐾𝐾𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑒𝑒

𝑙𝑙𝑙𝑙

𝛥𝛥𝛥𝛥𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎
−∆𝐻𝐻𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎
−1
𝑅𝑅
𝑒𝑒 𝑅𝑅𝑅𝑅

𝑘𝑘2 −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 1
1
=
( − )
𝑘𝑘1
𝑅𝑅
𝑇𝑇2 𝑇𝑇1

(7.12)
(7.13)

Because in previous work it was shown that the effective intraparticle diffusion coefficient is
inversely correlated to the isotherm affinity constant, intraparticle mass transfer during
desorption [10] is expected to be significantly faster than during adsorption. Using the relation
of Deff versus K to extrapolate the diffusion coefficient during desorption results in values in
the order of magnitude of the calculated molecular diffusivity. Thus, since the interaction of
adsorbent-adsorbate is much smaller than during adsorption, the intraparticle diffusivity was
calculated based on the generally accepted correlation depicted in equation 7.14-7.16 [12].
𝐷𝐷𝑝𝑝 =

𝐷𝐷𝑚𝑚 =

𝜀𝜀𝐷𝐷𝑚𝑚
𝜏𝜏

(2 − 𝜀𝜀𝑝𝑝 )
𝜏𝜏 =
𝜀𝜀𝑝𝑝

(7.14)
2

𝑇𝑇
(Ф𝑀𝑀)0.5
7.4 ∙ 10−8
𝜂𝜂
𝑉𝑉𝑚𝑚0.6

(7.15)
(7.16)

7.3.3. Simulation of the adsorptive capture step
The chromatographic model described in section 7.3.1 was implemented in the simulation

7

environment Aspen Chromatography V8.8. The upwind differencing scheme (1) with 20 nodes
was used as partial differential equation discretization method.
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7.3.4. Estimation of costs
To provide a rough estimate of capital costs, Lang's preliminary factorial estimates were used,
which estimates the capital costs by multiplying the bare equipment costs with the Lang factor
characteristic for the process. Since the process handling is predominantly fluids, a factor of
6.00 was chosen according to an updated analysis of Sinnot & Towler (2012) [22]. The
operation costs were calculated based on the material, utility costs as well as costs for
maintenance and additional operating supplies resulting in the minimal direct operational costs.
The costs for maintenance and operating supplies were estimated at 5% and 1% of the capital
costs, respectively. The cost price of the studied adsorbent for the laboratory scale is 300
USD/kg (ca. 266 €/kg) [23], however, at industrial scale, a reduction in pricing can be expected.
Hence, for the feasibility study, a cost price of at 200 €/kg (25 % discount) is used. Another
considerable aspect that contributes substantially to the economics is the regenerability of the
adsorbent. For powdered or powder-like materials, handling is generally more difficult and
regenerability lower than for pelleted or granular materials [24]. For such a powder-like
material, Holtkamp (2010) found that it could be regenerated for at least 5 cycles with some
loss in capacity [25]. For pellets, after optimizing the regeneration procedure, 10 cycles were
concluded without loss in capacity, indicating that more cycles of reuse are possible. For this
study, we assume a scenario where the granules can be regenerated 10 times, and include this
factor in the sensitivity analysis to understand the impact of this assumption on the overall
feasibility. Prices for utilities and equipment were taken from the DACE price booklet edition
33 [26]. Overall production costs per volume unit were calculated according to equation 7.17,
where a project life-time of 10 years was used.
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
(
+ 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(7.17)

7.4. Results & Discussion

7.4.1. Options synthesis & selection
To design a feasible unit operation, several options are synthesized considering batch or (semi) continuous operation as well as different particle shapes and regenerability of the adsorbent,
resulting in 10 options as depicted in Figure 7.2. Three different degrees of regenerability are
assumed: 1. Slurries of zeolite crystals that are cumbersome to filter off and recycle and are
therefore only considered for single-use, 2. Powder-like materials consisting of fine particles
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with limited regenerability of 5 cycles and 3. Good regenerability of 10 cycles, achieved with
granular material. Furthermore, to be competitive with commercial thermal dealcoholisation
units, the maximum allowable material cost price is fixed to 1.50 €/hL, based on industrial
experience. In the following, all options are systematically compared to converge to the most
feasible solution.
In the first step, the required adsorbent mass under equilibrium conditions is calculated from
known isotherm parameters to achieve the desired reduction of >90% in wort flavours for each
option.

Figure 7.2: Overview of options for different unit operation configurations

Since furfural has the lowest affinity for the adsorbent, it is the capacity determining adsorbate.
Taking into account the dilution factor of 3.3 to obtain the final product and the material cost
price of 200 €/kg, the minimal material cost price per volume unit final product can be
calculated. The results are shown in Table 7.3, from which becomes clear that several options
are unfeasible as they exceed the allowed material cost price of 1.50 €/hL.
Table 7.3: Benchmark data for synthesized design options
Option #
mads,min,FF [g/hL]
min. costads,FF
[€/hL]

1
629

2
63

3
205

4
205

5
629

6
63

7
63

8
629

9
63

10
63

38.48

3.85

12.54

12.54

7.70

0.77

0.77

3.85

0.39

0.39

It is obvious that only the options where the adsorbent is regenerated and operated in a packed

7

bed are economically feasible. It should be kept in mind that economics can drastically change
if the regenerability is different in reality. Nonetheless, for the next selection step only options
6,7, 9 and 10 are considered.
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The second step considers mass transfer constraints. Because the intraparticle mass transfer is
slow and rate-limiting [27], it is expected that granular material will have a lower adsorbent
utilization and higher residence times are required to ensure binding during the adsorptive
capturing step. To determine the column volume required to achieve binding and good
productivity, the adsorptive capture step is simulated in Aspen Chromatography V8.8 for option
6 and 9. The feed flow rate is 40 hL/h, processing the batch of 800 hL within 20 hours. This
leaves approximately 4 hours for desorption and cleaning of the column until the next batch.
The prerequisite is that desorption is relatively fast compared to adsorption, an assumption that
will be investigated in the following in detail.
As expected, the required residence time in the column for option 6 is significantly lower than
the residence time required for option 9 (15 minutes versus nearly 10 hours) and hence the
required column volume is more than 40 times larger. As a result, the material requirements are
also significantly higher than calculated from the equilibrium relation. To make the process
feasible, that is, reduce the material cost price below 1.50 €/hL, the overall batch time of the
adsorptive capturing step needs to be extended. In the case of option 6, the column can be
operated for the duration of 8 batches until the concentration in the last batch exceeds the
required 90% reduction threshold. This has the advantage that if against expectations,
desorption is time-consuming, it can be planned in as a bi-monthly activity. Nonetheless,
frequent cleaning would be necessary to avoid microbial contamination and fouling.
Since the column volume of option 9 is much larger, it can be operated for up to 56 batches,
which is equivalent to 56 operation days, until breakthrough occurs. Only then, the column
needs to be regenerated. In principle the consumption of adsorbent per volume unit of product
could be optimized, but, due to the enormous column volume, a batch cycle would last for 56
days, which is 64 % of the annual production days. This is highly unacceptable from a quality
control point of view. Frequent cleaning steps are mandatory to guarantee food safety. If, as a
consequence, the regenerability is impaired, the process can quickly become infeasible.
The (semi-) continuous process mode employed in option 7 and 10 optimize adsorbent
utilization. Table 7.4 makes it clear that these systems have a high potential to reduce material
costs. Nonetheless, their implementation in the brewery is more complex; at least two columns
are required for this system as well as a flexible valve system to switch inlets as well as good
process control, which makes their capital investment costs greater. Overall, these short
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estimate calculations lead to the overview of bare equipment costs and annual costs for the
adsorbent as depicted in Table 7.5.
Table 7.4: Benchmark data for synthesized design options
Design option
Vcol [m ]
No of batches
mads [kg]
Adsorbent utilisation FF [%]
3

6
0.98
8
657
68

7
0.98
11
657
94

9
39.76
56
25492
12

101
39.76
228
25492
50

It is obvious that option 9 and 10 are technically not feasible and economically unattractive
with the currently considered material. Due to their faster mass transfer, the powder-like
material requires option 6 and option 7 are superior. Comparing the simple-packed bed
operation with the semi-continuous SMB, option 7 is slightly more economic. However,
considering that in this calculation 94% adsorbent utilization is assumed and that the flexible
valve system may cause additional costs, this difference might become smaller and cannot
outweigh the fact that the operation of such a semi-continuous system is more complex and
requires well-trained staff. Hence, overall, the granular filled packed bed in batch most is
chosen as the most viable option to scale up.
Table 7.5: Evaluation matrix for option selection
Equipment cost estimate
[k€]
Estimated capital cost [k€]
Material cost final product
[€/hL]
Annual material costs [k€/a]
Annual total costs
Easiness to integrate into
brewing process and
complexity in process
control
Technical difficulties

6

7

9

10

122

2x122

419

2x419

732

1464

2515

5030

1.24

0.90

3.46

0.85

287
361

209
355

799
1051

196
699

moderate

moderate to
difficult

easy to
moderate

moderate to
difficult

clogging
fouling
novel material
decrease in
capacity

clogging
fouling
novel material
decrease in
capacity

(microbial)
fouling

(microbial)
fouling

7

It should, however, be kept in mind that more suitable, pellet- or granule-shaped zeolites with
improvement in mass transfer could outperform the powder-like material since they are easier
to handle and often exhibit a better regenerability. Since the size distribution of powder-like
material is very broad and lots of small particles may result in high back pressure and eventually
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clogging of the column or cause issues during the subsequent filtration. It has also been shown
that the column utilization of such materials decreases over time by the effects of packing
compaction and resulting blockage of whole channels [28]. Furthermore, lower operating
pressures are possible for option 8-10, which might lower the cost for steel. Another factor
related to higher operating pressure is gas solubility. Gasses such as CO2 might saturate in the
liquid and disturb the adsorptive process. Based on this argumentation packed beds filled with
granular material may outperform packed beds with powder-like material (option 6) in the
future.
7.4.2. Design of unit operation
In previous paragraphs, packed bed adsorption column filled with powder-like material was
identified as the most promising unit operation design. To enable binding of target compounds,
a residence time of 14.7 min is required, resulting in a column volume of 982 L. The designed
column has a diameter of 50 cm and a bed length of 5 meters, resulting in an aspect ratio of
H/D of 10. Since this is a capturing process, the process efficiency is not dependant on the
aspect ratio, as long as the minimal column length is satisfied. The adsorption column model is
set up in the simulation environment of Aspen Chromatography V8.8 as described in section
7.3.1 passing through a complete cycle, consisting of the steps listed below:
1. Loading (20 h) at 4 m3/h and T = 4°C of interconnected columns
2. Washing with one column volume water T = 4°C (4 h)
3. Repetition of step 1 and 2 for another 7 batches
4. Regeneration at 8 m3/h and T = 145°C (3.5 h, ≡ 28 column volumes)
5. Cooling for 0.5 h at 4 m3/h and T = 4°C (≡ 2 column volumes)
The breakthrough curve and the resulting column profile at saturation as well as the bed
concentration profile during the regeneration phase are shown in Figure 7.3 and Figure 7.4..
Since 2- and 3-MB have a very low mass transfer coefficient, they are determining for the
column size and show a very broad mass transfer zone. This is why they are present at the
process outlet already during the first loading step. The further increase in concentration is,
however, not steep and hence none of them is capacity limiting. On the contrary, furfural
diffuses rather quickly into the particles but exhibits a much lower isotherm affinity constant.
Thus, when its average concentration exceeds 10% of the feed concentration in one batch, the
column has to be regenerated. The small jumps depicted in the breakthrough curve of Figure
7.3 are due to the intermediate washing steps of 4 hours, causing a momentary drop in the outlet

180

63243 Gernat.indd 180

07-01-21 11:18

Prospect and Challenges for the Production of Flavour-Improved Alcohol-Free Beer

concentration of each component. In between the loading steps, the column is washed with
process water to avoid product loss. This step could also be carried out as a back-wash step to
further increase the column capacity. To counteract microbial growth, washing could also be
carried out with hot water to pasteurize the equipment or with a suitable chemical that does not
impair the adsorbent’s structure. Consequently, after 8 batches the column is regenerated with
hot water at a temperature of 145°C, as it was calculated that the isotherm affinity constant is
nearly zero in this range and mass transfer is hence considerably faster. By increasing the flow
rate by factor 2, a fast regeneration process of a couple of hours can be achieved. The column
is consequently cooled down, to prepare for the following adsorption cycle. Since the
desorption step is based on parameters calculated from correlations and assumptions, this step
needs to be verified. Possibly, a higher temperature is required to desorb the flavours
completely. Other desorption fluids, such as steam or hot gas could be considered, but this is
outside of the scope of this work.

A

B

Figure 7.3: (A) Breakthrough curve (B) Concentration profile at outlet during regeneration of
the column

Because the flavour compounds are considered as a waste stream, extending the column length
is not desirable, as the cycle duration would increase even further. The aspect ratio may be
varied without affecting the capacity, as long as the minimum residence time is ensured and
other limitations, such as the building height are considered.

7
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Figure 7.4: Bed profile of solid loading at t=188 h

7.4.3. Estimation of costs
To understand, whether the production of flavour-improved AFB is economically feasible, an
estimation of the bare equipment and capital costs, as well as the operational expenses, is made.
Because the boundary conditions for the unit operation design are very defined and specialized,
indirect costs for the plant overhead, taxes or general expenses for research and development
or sales are not taken into account. The aim is not to provide a full economic analysis, but to
indicate the feasibility and identify the major cost drivers. This information, together with the
feasibility study will give direction to future research. Table 7.6 summarizes for capital and
operational costs based on rough estimates. Overall, the ball-park figure for the minimal
production cost amounts to 1.91 €/hL. In comparison, thermal dealcoholisation production costs
amount to 3.27 €/hL [29, 30].
Table 7.6: Estimates of capital and operational costs
Category
Bare equipment costs [k€]
Capital costs [k€]
Raw material costs [k€/a]
Utility costs [k€/a]
Min. direct production costs [k€/a]
Min. overall production costs [€/hL]

Estimate
This work
122
732
287
39
369
1.91

Estimate thermal
dealcoholisation
4459[29]
2670
n/a
328
488
3.27

The assumed plant utilization is with 2100 h/a relatively low; if the plant utilization and hence
the capacity is increased, the production cost per volume unit can be lowered. In previous
paragraphs, the focus was given to equipment sizing and consumption of adsorbent, and indeed,
9

equipment cost from Liguori et al. (2015) and adjusted with an inflation rate of 2.13 % to 2020 prices
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the first estimation of the utility costs (see Appendix Table 7.7), confirms that the utilities, only
minorly contribute to the overall operational costs. In the current scenario, it is assumed that
washes in between cycles are performed with cold water and regeneration at 145°C is sufficient.
However, if regeneration requires activation at 500°C, and thus a complete drying of the
material, this could increase operational costs significantly and this factor might become
relevant for the economic feasibility.
While this estimation is very rough and incomplete, it shows that the newly developed process
may reduce production costs as much as 40% when compared to current commercial
dealcoholisation techniques. It is also clear that the adsorbent costs and hence the regenerability
is crucial for the economic viability. Thus, in the following paragraph, the sensitivity of the
design is assessed.
7.4.4. Sensitivity study
Isotherm constants and mass transfer coefficients
Considering the data provided in Table 7.2, the error associated with the isotherm constants is
relatively small, however, composition fluctuations in the feed stream may cause a deviation
and hence the sensitivity of the design towards this factor is tested. Also and more importantly,
the zeolite capacity can be reduced due to incomplete regeneration. As a rather conservative
scenario, the impact of 20 % lower isotherm constants is tested. Here, the effect on mass transfer
parameters is neglected, but solely the effect on capacity observed. Since furfural is the capacity
limiting target molecule, the number of loading steps per cycle reduces from 8 to 7. This results
in an increase in material cost to 1.42 €/hL. Overall, this affects the production costs only
marginally, i.e. an increase of 10% to 2.10 €/hL and hence it is concluded that the feasibility is
not strongly depended on this parameter.
Furthermore, the effect of the mass transfer coefficient one order of magnitude lower was tested,
to understand the impact on the economic feasibility. As a result of the worsened mass transport,
the number of batches per cycle decreases to 6, causing higher production costs of 2.40 €/hL,

7

which is about 27% higher than in the base scenario. This is a considerable additional cost factor
hence, breakthrough column experiments are recommended to verify the regressed parameters
from the batch uptake system.
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Regenerability & material costs
The above unit adsorption design and economic calculations are based on several the
assumption of a moderate regenerability of the material as well as the material cost price. To
approximate the impact of these parameters, economic estimates were recalculated for more
conservative scenarios. The accessibility of the packed bed for the regeneration fluid might be
impaired during operation, resulting in dead zones and fouling. The dependency of the minimal
production cost price on the regenerability is depicted in Figure 7.5. In the case that the
regenerability is limited to 3 instead of 5 cycles, due to effects such as coking or deterioration
of the adsorbent structure, the production costs increase by 43% to 2.73 €/hL. This factor is
very critical for the economic viability of the process, and if N is lower than 3, this may become
a knock-out criterion for the feasibility. Moreover, as already discussed in previous paragraphs,
regeneration might require re-activation at around 500°C. If this is the case, the energy
consumption of the process will become decisive for the process feasibility. Alternatively,
desorption with eluents such as ethanol that are easier to evaporate and recycle could be
considered. Similarly, an increase of the material pricing to 300 €/kg is also of significant
influence, raising the overall production costs by 47%.
On the contrary, the regenerability could also be better than assumed. If the material could be
used for about ten cycles overall production costs would be reduced by 36 %, making the
process economically even more attractive.

overall min. production price
[€/hL]

4.00 €
3.50 €

3.00 €
2.50 €
2.00 €
1.50 €
1.00 €
0.50 €
0.00 €

0

10

20

30

40

50

number of regeneration cycles [ ]

Figure 7.5: Dependency of adsorbent regenerability on overall minimal production costs per
volume unit

Furthermore, parameters for desorption are determined from correlations but might differ in
reality. Both desorption dynamics, as well as the dependency of the isotherm constant on
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temperature, may prolong the regeneration procedure, resulting in higher cycle times and/or
costs for energy. Since the boundaries are unknown, this question is left for future research.
7.4.5. Capital cost
In the current estimation of capital expenses, a rather conservative Lang factor of 6.0 is used,
resulting in overall capital costs of 732 k€. Considering that only one unit operation is studied,
this might be overestimated. If the Lang factor is halved (3.0) overall production costs decrease
to 1.66€/hL.

7.5. Conclusion
The above process synthesis and analysis indicates that the flavour optimisation technology
developed in previous publications is technically and economically feasible. The analysis also
demonstrates that accurate data for the regenerability of the material and the desorption
procedure are required. To scale up the process to commercial application, several other factors
need to be taken into account, i.e. chemical and thermal stability and solubility in contacting
fluids, as well as hardness and mechanical strength [31]. Furthermore, since the taste of an AFB
product in a batch and a packed bed operation may differ, the improved product taste should be
verified with a trained panel. Another aspect to address is the assurance of product safety and
integrity. Additional washes with hot water or antimicrobial agents in between batches should
prevent microbial infection. Furthermore, the raw material safety should be checked on
regularly.
If the regenerability is undesirable and or technical issues, such as clogging or mechanical
instability cannot be prevented, the optimal options selected under paragraph 7.4.1 should be
reassessed. New developments in material science on granular or pelleted zeolitic materials
could enable the use of pellets and make them economically more viable. A higher number of
cycles and a better mass transfer would reduce required column volumes and decrease material
costs, and also reduce the environmental footprint of this process as in the current investigation
waste costs were not included.

7

Overall, our work shows the high potential of this flavour removal step. This technology may
be able to replace energy-intense and high CAPEX thermal dealcoholisation technologies and
have hence a high cost reduction prospect. Future research will show if the last hurdles can be
overcome.
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7.7. Nomenclature
Symbol
c
dp
Deff
DL
Dm
Dp
ΔH
kov
kf
K
M
p
q
R
rp
ΔS
t

Meaning SI units
Concentration in the bulk liquid [kg/m3]
Particle diameter [m]
Effective intraparticle diffusivity [m2/s]
Axial dispersion [m2/s]
Molecular diffusivity in water [m2/s]
Intraparticle diffusivity [m2/s]
Enthalpy [kg·m2/(mol·s2)]
Overall mass transfer coefficient [1/s]
Film mass transfer coefficient [m/s]
Adsorption equilibrium constant linear model [m3/kg]
Molecular weight [kg/mol]
Pressure [kg/(m·s2)]
Loading of adsorbent [kg/kg]
Gas constant [kg·m2/(K·mol·s2)]
Radius of particle [m]
Entropy [kg·m2/(K·mol·s2)]
Time [s]

T
u
Vm
z/x

Temperature [K]
Interstitial velocity [m/s]
Molecular volume [m3]
Abscissa or distance along column length

Symbol
εp
εb
η
ρ
Ф
ν
τ
𝜓𝜓

Explanation
Particle porosity [ ]
Bed porosity [ ]
Viscosity [kg /(m· s2)]
Density [kg/m3]
Sphericity of particles in the
packed bed [ ]
Superficial velocity [m/s]
Tortuosity [ ]
Constant
solute-solvent
interaction [ ]
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Abbreviations
AFB
Alcohol-free beer
FF
Furfural
2-MB
2-Methylbutanal
3-MB
3-Methylbutanal
2-MP
2-Methylpropanal
Met
Methional
R2
Coefficient of determination
ZSM-5
Zeolite Socony Mobil-5
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7.9. Appendix
Table 7.7: Estimates of utility costs
Utility

Annual costs [k€/a]

Cost per unit

Amount

1.50 [€/m3]

16 408 [m3/a]

24.6

Steam for heating

25.00 [€/ton]

485 [ton/a]

12.2

Electric power

0.15 [€/kWh]

11 934[kWh/a]

1.8

Process water

Total

38.6

7
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Conclusion and Outlook
In this thesis, a technology to produce an alcohol-free beer (AFB) with an improved taste has
been developed. After defining and studying the origin of wort off-flavours, a broad screening
of existing technologies in literature was done (chapter 2). Process innovation in the often rather
traditional food industry with its high standards and regulations has been limited so far. Until
now, the beverage industry has focussed on conventional approaches to reducing wort offflavours that either lack effectiveness or selectivity. Thus, the novel technology should enable
the production of an AFB with an improved flavour profile, i.e. reduced wortiness, but at the
same time preserve the original characteristics of a beer, such as colour, pH or bitterness.
Adsorptive flavour removal was concluded as a promising route to be explored further. As a
benchmark, a commercially employed thermal dealcoholisation unit (spinning cone column)
was studied at pilot scale (chapter 3). Through this technique, removal of 92-95 % of volatile
wort flavours was achieved, however, methional, accepted as one of the most dominant wort
flavours in AFB, could not be removed efficiently, due to its higher boiling point. Furthermore,
a significant impact of the applied energy in the form of heat was confirmed as well as a residual
concentration of all wort flavours as a result of the simultaneous formation and evaporation of
them. As a consequence, thermal dealcoholisation technologies are not best suited to decrease
wort flavour in AFBs.
Thus, a systematic study of potential adsorbents was performed, with the result that molecular
sieves, and in particular hydrophobic zeolites of the ZSM-5 type, are the most selective
separation medium to facilitate efficient off-flavour reduction. The choice of the micropore
diameter and the SiO2/Al2O3 proved crucial. The approach taken in chapter 4 to assess the
impact of the multicomponent system on the regressed isotherm parameters is thereby
transferrable to other complex systems, where trace compounds are to be removed. To take this
one step further, the flavour-improved AFB was produced at pilot scale. An assessment of its
chemical compositions as well as sensory characteristics proved that a superior product in terms
of wort flavour was obtained by the novel process. The study of ageing behaviour also gives

8

indications to solve the old puzzle of the origin of ageing in beer.
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The subsequent study of the material structure and mass transfer in granular ZSM-5 zeolite in
a model solution showed that intraparticle transport is the bottleneck and both, macro- as well
as micropore transport, may be mutually limiting. Since the diffusivities are very low, adapting
the material structure to liquid adsorption processes is crucial. The major conclusion here is that
improvements of the material morphology are required and both, crystal (agglomerate) size and
overall particle size should be reduced. Interestingly, a correlation of hydrophobicity, the
isotherm affinity constant and the diffusivity was found in chapter 4 and 6. This indicates that
the molecular size has a subordinate role in the molecular processes – as a sieve – and the
chemical interactions between adsorbent and adsorbate dominate.
Combining all the above findings, the conceptual process design (chapter 7) gives insight into
the technical and economic feasibility, and most importantly, emphasized which steps are
crucial to bring this technology forward. The newly developed process can indeed be
economically advantageous when compared to commercial dealcoholisation systems and
furthermore if optimized, be more sustainable due to lower consumption of energy and other
resources. The most critical parameters still to be investigated are regenerability and the
desorption procedure. Moreover, factors such as chemical and mechanical stability as well as
product safety and integrity need to be considered, as they may affect the overall feasibility to
a large extent.
Newer developments in material science, such as the availability of smaller pellets (<1.2 mm
in diameter) or granules with good mechanical strength, could also bring advantages with regard
to the practical handling in the brewery.
In terms of product development, the flavour-improved beer produced by this novel process
can be further optimized with regard to the overall balance in taste, and the addition of a fruit
flavour mix adjusted to the novel beer composition. Furthermore, more detailed investigations
of the ageing behaviour for instance with hopped AFB are necessary to improve the
understanding of the involved mechanisms.
In a broader view, zeolites should be considered as promising candidates for the treatment of
waste streams, for instance to de-odourise and valorise aqueous streams from the food industry.
Another interesting topic for further research is the correlation of the isotherm adsorbent
constant, hydrophobicity and effective intraparticle diffusivity. If such a correlation is
generalizable to other molecular groups and materials, it could be used to predict the adsorption
behaviour on complex aqueous streams with a minimal amount of experimental effort. If
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suitably shaped zeolites are available, one could use this technique also to fine-tune flavour
profiles through chromatographic separation.
Overall, this thesis highlights the great potential of microporous adsorbents in the food industry.
A novel technology has been developed from just an idea, through laboratory experiments, up
to the production of the novel product at pilot scale and verification of the flavour improvement
with a sensory panel. Despite the fact that there are still some hurdles to overcome, this novel
technology has the potential to compete or even replace established dealcoholisation systems.

8
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