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Abstract

Although present in concentrations in microgrammes per litre level, aldehydes, in particular those derived from Strecker degra-
dation, 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 CO, 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 short-
comings of current techniques and overcome bottlenecks either by developing more specific methods for aldehyde removal and/
or a clever combination of unit operations to optimise the separation and process integration.

Keywords Strecker aldehydes - Alcohol-free beer - Removal - Wort flavour

Introduction the UK only beverages with an alcohol content of less than 0.05

vol.% fall under this category, other European countries such as

Current market trends show that consumers are shifting more
and more to a health-conscious lifestyle (Lehnert et al. 2009)
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 low-alcoholic and
alcohol-free products (Lehnert et al. 2009; Nederlandse-
Brouwers, 2019). The definition of alcohol-free and non-
alcoholic beers differs significantly between countries. While in
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Germany allow beverages to contain up to 0.5 vol.% of alcohol
(Branyik et al. 2012). In the USA, there is a clearer separation
between ‘alcohol-free’, meaning no alcohol contained and ‘non-
alcoholic’ beer, where the upper limit is 0.5 vol.% (Montanari
et al. 2009). In this review, the term alcohol-fiee is utilised.

Yet, the overall flavour and taste associated with AFBs is
not comparable with its alcohol-containing equivalent
(Sohrabvandi et al. 2010). Market studies conducted in the
Netherlands, for instance, show that out of the population of
Dutch consumers who do not consume non-alcoholic bever-
ages, 60% state the sensorial defects as the reason (de Jongh
and Peters 2014). 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 (Catarino et al. 2009; Karlsson and
Tragardh 1997). In alcohol-free products, worty flavours are
often considered over-pronounced. This perception is closely
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related to an elevated beer aldehyde content and results in an
inferior sensory experience compared with a regular drink
(Branyik et al. 2012).

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 pro-
cessing. 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 re-
moval technologies and state of the art in the brewing industry
is given and future research opportunities are highlighted.

Aldehydes as Flavour-Active Components
in (Alcohol-Free) Beer

Relevant Flavour-Active Aldehydes in Beer

Flavour profiles of alcoholic beers and AFBs are complex (De
Schutter et al. 2008). A broad outline of most relevant flavour-
active aldehydes in beer extracted from literature is given in
Table 1. The list comprises 11 molecules, yet, most persistent
and outstanding wort off-flavours are 3-methylbutanal (3-
MB), 2-methylbutanal (2-MB) (Beal and Mottram 1994) and
methional (Perpéte and Collin 1999a), where methional has
4.2 ppb, the lowest sensory threshold in beer amongst the
three (Saison et al. 2009). 2-MB is often characterised as
malty or almond like, while 3-MB also exhibits a chocolate
character. The flavour of methional is related typically to a
wort character and the smell of cooked potatoes (Andrés-
Iglesias et al. 2016; Baert et al. 2012; Saison et al. 2009).
Often, synergistic effects are observed. Currently, it is as-
sumed that the unpleasant taste of AFBs results from the syn-
ergic interaction of 2- and 3-MB to sulphur-containing degra-
dation products of methional (Blanco et al. 2016).

Chemistry of Aldehydes in (Alcohol-Free) Beers

Aldehyde formation in beer involves different substrates and
mechanisms and mainly occurs during wort mashing and boil-
ing (Blanco et al. 2016; De Clippeleer et al. 2010). The most
important pathways are: (1) oxidation of unsaturated fatty
acids by enzymatic oxidation, autoxidation and photo-oxida-
tion, (2) Maillard reactions, (3) Strecker degradation, (4) deg-
radation of bitter acids, (5) aldol condensation, (6) melanoid-
catalysed oxidation of higher alcohols, (7) secondary autoxi-
dation of aldehydes and (8) aldehyde secretion by fermenting
yeast (Baert et al. 2012). Out of these, the most relevant mech-
anisms for the formation of 2- and 3-MB and methional dom-
inance in alcohol-free products are further explained in the
paragraphs below.

@ Springer

Maillard reactions or also called non-enzymatic browning
reactions summarise all reactions of amines, amino acids, pep-
tides 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 diverse (Saltmarch
and Labuza 1982; Smit et al. 2009). The most important alde-
hydes 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 (Carabasa-Giribet and Ibarz-Ribas 2000; Contreras-
Calderon et al. 2008; De Schutter et al. 2008; Pereira et al.
2011). Their formation pathways are shown in Fig. 1. The
carbonyl group of an aldose (pentose in case of FF, hexose
in case of 5-HMF) 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) (Harrison et al. 1998), 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) (Baert et al. 2012; Vanderhaegen et al. 2006).

Strecker degradation is defined as the heat-induced reaction
of an o-dicarbonyl or hydroxycarbonyl, such as glyoxal,
methylglyoxal, diacetyl or 3-deoxyosone (Bravo et al. 2008;
Chuyen 1998), with an amino acid according to the general
mechanism outlined in Fig. 2a (Schonberg and Moubacher
1952). 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 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 «-
ketoamine and the so-called Strecker aldehyde (Baert et al.
2012; Rizzi 2008; Yaylayan 2003).

Strecker degradation is generally thought to be related to
the chemistry of reducing sugars. During the Maillard reac-
tion, the Schiff base can rearrange to the a so-called Amadori
product (Hodge 1955; Hodge and Rist 1953; Yaylayan 2003),
as shown in Fig. 1, which then degrades to the o«-dicarbonyl
component (Smit et al. 2009). 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 (Delgado et al. 2015; Hidalgo
and Zamora 2004; Hidalgo et al. 2013; Rizzi 2008). 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
(Delgado et al. 2015). One mechanism proposed for the for-
mation of Strecker aldehydes in presence of reactive carbonyls
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Table 1

Summary of relevant flavour-active aldehydes, their sensory threshold in beer (Meilgaard 1975; Saison et al. 2009) and sensory descriptor

(Andrés-Iglesias et al. 2016; Baert et al. 2012; Chambers Iv and Koppel 2013; Kroh 1994; Saison et al. 2009)

Description

m Green apple, fruity
m Produced through Strecker degradation of valine or oxidative degradation

of isohumulones (hops component)
m Grainy, varnish, fruity

m Produced through Strecker degradation of isoleucine or in presence of oxygen

m Almond, apple-like, malty

m Produced through Strecker degradation of leucine or in presence of oxygen

m Malty, chocolate, cherry, almond

m Product from fatty acid oxidation

m Green, grassy

m Produced through Strecker degradation of methionine

m Cooked potatoes, worty

m Produced through Strecker degradation of phenyl alanine

m Hyacinth, flowery roses

m Reaction between heptanal and acetaldehyde or auto-/enzymatic

oxidation of linoleic
m Cardboard, papery, cucumber

Name (group) Threshold (ng L
Acetaldehyde (linear aldehyde) 1114-25,000
2-Methylpropanal (Strecker aldehyde) 86"-1000
2-Methylbutanal (Strecker aldehyde) 45-1250
3-Methylbutanal (Strecker aldehyde) 56600

Hexanal (linear aldehyde) 88-350

Methional (Strecker aldehyde) 4.2-250

Phenyl acetaldehyde (Streckeraldehyde) 105-1600
Trans-2-nonenal (linear aldehyde) 0.03-0.11
Benzaldehyde aromatic aldehyde 515-2000

m Produced in presence of oxygen

m Almond, cherry stone

Furfural (heterocyclic aldehyde) 15,000°-150,000

m Product of Maillard and caramelisation reaction (heat indicator)

m Indicator of flavour instability in beer
m Caramel, bready, cooked meat

5-Hydroxy-methyl-furfural
(heterocyclic aldehyde)

35,784*-1,000,000

m Product of Maillard reaction and caramelisation
m Bready, caramel

#Odour threshold

derived from lipid oxidation is shown in Fig. 2b. 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 rearrange-
ment, the molecule forms a second imine, which then hydro-
lyses to the Strecker aldehyde. The ‘by-product’ of this reac-
tion in turn is unstable and initiates further reactions with
amino acids (Hidalgo and Zamora 2016).

The above overview on Strecker aldehyde formation in
beer is only a rough insight on involved reactions and path-
ways. Kinetic modelling of the involved reaction during wort
boiling has been attempted, but it is still in its infancy (Huang
etal. 2017).

Origin of Aldehyde Formation During Regular
and Alcohol-Free Beer Brewing

The common cause of the different compositions and hence
taste of AFBs is the deviating brewing process of AFBs
compared with regular beer. Figure 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 fla-
vour concentration is observed in mashing, fermentation and

maturing (Briggs et al. 2004), but some formation of the com-
pounds already occurs during kilning in the malting step
(Yahya et al. 2014). Thereby, the heat subjected to the grains
to stop the germination process induces Maillard reactions,
caramelisation, Strecker degradation as well as fatty acid ox-
idation. After malting, the grist is added to the mash mixer 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 x-acids are isomerised. 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 subsequent fer-
mentation, yeast metabolises the fermentable sugars in the
wort as well as most aldehydes to their respective alcohol
(Boulton 2013; Briggs et al. 2004). The final product contains
only very small amounts of wort flavour.

For the production of AFBs, several process strategies
are pursued. These include biological methods such as
fermentation-free brewing, dilution, restricted alcohol fermen-
tation and physical dealcoholisation techniques like thermal or

@ Springer
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Fig. 1 Overview on Maillard reactions leading to the formation of FF and 5-HMF (Baert et al. 2012; Vanderhaegen et al. 2006)

membrane technologies. An overview on employed produc-
tion technologies and their respective aldehyde levels is given
in Fig. 4 (Branyik et al. 2012; Sohrabvandi et al. 2010).

While physical methods include a regular fermentation
and the downstream removal of the produced alcohol, the
biological methods follow the strategy of restricting etha-
nol production during fermentation, allowing for flavour
development and off-flavour removal to a certain extend.
These fermentations can be carried out in batch or contin-
uous 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 (Montanari et al. 2009)
and the reduction of fermentable fractions to non-fermentable
fractions by a changed mashing process (Sieben and Zastrow
1991). Physical methods fall into two categories, which are
thermal dealcoholisation methods and membrane-based
dealcoholisation technologies. Thermal dealcoholisation
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 (Branyik et al.
2012) and osmotic distillation (Russo et al. 2013).

As diverse as the production processes known for brewing
AFB are the related organoleptic defects of AFBs (Branyik
etal. 2012). A major problem in dealcoholised beers described
in literature is that during the process, not only ethanol is

@ Springer

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 vol-
atile aromas compared with the original (Branyik et al. 2012).
Furthermore, if thermal methods of dealcoholisation are ap-
plied, 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 un-
pleasant taste of sweet wort due to the fact that yeast cannot
sufficiently reduce the high aldehyde concentration in the wort
at given operating conditions (Montanari et al. 2009). Other
process alternatives such as dealcoholisation by gas desorp-
tion (Hertel 2011), extraction with supercritical CO, or ad-
sorption with silica gels have been developed but are of no
industrial relevance (Miiller et al. 2016).

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
(Branyik et al. 2012; Narziss et al. 1993) and the change in
the composition of the beer matrix. Consequently, even if the
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amino acid and «-dicarbonyl group (Baert et al. 2012; Schonberg and
Moubacher 1952). b Proposed mechanism of formation of Strecker

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 (Conner et al.
1998; Philippe et al. 2003). Literature provides thresholds
for the perception of worty off-flavours for regular beer.
However, it has been proven that these thresholds do not hold
for an AFB matrix due to three effects:

1) The absence of ethanol as a matrix component in-
creases the polarity of the matrix and hence results
in an increased partition coefficient for more non-
polar aldehydes. If compared, the retention of alde-
hydes in regular beer ranges between 32 and 39%,
while a non-alcoholic beer of 0.5 vol.% could only
retain 8—12% of measured aldehydes (Branyik et al.
2012; Perpéte and Collin 2000c). Because most fla-
vour molecules are detected by the nose, the taste of a

NS,

imine A

2

NN,

aldehydes from amino acids in presence of lipid-derived reactive
carbonyls (Hidalgo and Zamora 2016)

beverage results primarily from its vapour phase
(Normand et al. 2004). Thus, the increased volatility
of aldehyde causes the worty character in AFBs to be
over-pronounced, which consequently causes a poor
taste experience (Blanco et al. 2016; Perpéte and
Collin 2000c¢).

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 ace-
tate, the flavour threshold of 2-MB and methional in reg-
ular beer increased by 250 and 40%, respectively (Saison
et al. 2009).

3) The presence of higher concentrations of monosaccha-
ride sugars typically observed in AFBs causes a ‘salt-
ing out’ effect for aldehydes from the beer matrix,
which leads to a further increase in the perceived wort

@ Springer
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Formation of aldehydes by heat-induced
Maillard reactions, caramelisation and
Strecker degradation and fatty acid
oxidation

evaporation
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)
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Fig. 3 Overview on simplified brewing process and the related impact on the aldehyde concentration

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 (Perpéte and Collin
2000c). 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 (Meilgaard 1975; Saison et al. 2009).

Besides these three factors, other matrix components influ-
ence the retention of aldehydes in beer. Studies suggest that
polyphenols, such as catechin impact the volatility of not only
esters but also aldehydes (Dufour and Bayonove 1999; Jung
et al. 2000). 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% (Dufour and Bayonove 1999). Typically, catechin and
epicatechin concentrations in beer are found to be below
10 mg L™ (Li and Deinzer 2009) but can reach up to 30 mg
L' (McGuinness et al. 1975). 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
(Maier 1973; Maier and Hartmann 1977). Baert et al. (Baert
et al. 2015a) showed that aldehydes in beer tend to form ad-
ducts with cysteine and bisulphite at beer pH (Baert et al.
2015a; Baert et al. 2015b). Consequently, two strategies can
be pursued to decrease the perception of worty off-flavours.

Alcohol-free beer production methods |

Physical Methods: Dealcoholisation | Biological Methods | Fermentation-free
| Brewing
Thermal Membrane Traditional Brewing Plant Special Equipment
Technology » Rectification + Dialysis + Arrested/restricted + Continuous
+ Evaporation * Reverse Osmosis fermentation fermentation with
+ Stripping + Changed Mashing immobilized yeast
+ Special Yeast
Characteristics + Loss of volatiles Heat + Less body and low- * Worty off-flavour
damage aromatic » Lack of pleasant fruity ester aroma
+ Sweet
Aldehyde 2-MB: 1.67-3.34 2-MB: 3! 2-MB: 3.16% 15.88° 2-MB: 1.67-3.34
concentration 3-MB: 0.97-3.68 3-MB: 9! 3-MB: 357°-27.14 3-MB: 0.97-3.68
[ugiL] Met: n/a Met < 1 pg/L Met: n/a Met: n/a

'close to detection limit of applied technique; 2short fermentation; 3special yeast

Fig. 4 Schematic classification of AFB production methods adapted from Branyik et al. (2012) and Sohrabvandi et al. (2010; (Miiller et al. 2016)) and
characteristics (Blanco et al. 2016) and respective levels of relevant aldehydes (Andrés-Iglesias et al. 2016)
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Methods of (Selective) Aldehyde Removal

The complex nature of aldehyde chemistry implies that re-
moving educts such as methionine from the feedstock would
decrease the concentration of the corresponding aldehyde to
an extend, 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 (Miiller et al. 2016). Figure 5 shows possible
mechanisms to accomplish a selective removal of aldehydes
from AFBs. The removal can either be based on physical prop-
erties of the molecules, such as size and volatility, or based on
interactions with other molecules and surfaces, where the selec-
tivity is defined by the specificity of the interaction. Through a
thorough study of state of the art in literature, patented technol-
ogies for aldehyde removal and the status quo in brewing in-
dustry in this work, technologies making use of the removal
mechanisms were compiled as depicted in Fig. 6 and analysed
for their selectivity in the following paragraphs.

General Technologies for Aldehyde Removal

Adsorptive Removal: Physisorption on Hydrophobic Resins
and Activated Carbon

One molecular property often exploited, e.g. in pharmaceuti-
cal industry for separation of proteins and antibodies is the

G R
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Fig. 5 Possible mechanisms for the removal of aldehydes from AFBs

hydrophobicity of a compound (Lu et al. 2009). Since alde-
hydes such as FF can act as fermentation inhibitors, its remov-
al 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 per-
formed superior to XAD-7, which is explained by the higher
hydrophobicity of the polystyrene-divinylbenzene copolymer
of XAD-4, when compared with the methacrylate backbone of
XAD-7. At atemperature of 30 °C, the FF concentration could
be reduced by factor 100-500, from 1-5 to 0.01 g Lfl, and
desorption was proven to be feasible with ethanol (Weil et al.
2002). In a similar context, the removal of FF and HMF from a
biomass hydrolysate by Amberlite XAD-8 was measured.
After 1 h 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 re-
duced to 35-41% of the initial concentration. The reduction
of HMF showed to be dependent on the pH. The reduction
was found to be 20 and 42% at pH 5.5 and 10.0, respectively
(Nilvebrant et al. 2001). 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 were compared with the adsorption behaviour of
adsorbent manufactured through post-polymerisation
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 (Jefabek et al.
1994).

The kinetics and impact of several experimental parameters
on FF adsorption on activated carbon (AC) in aqueous phase
was investigated by Sahu et al. (Sahu et al. 2008). The remov-
al step was found to follow pseudo-second-order kinetics and
showed optimal performance at pH 5.9 and an adsorbent dos-
ing of 10 g L™! solution. The experimental data could be best
characterised by the Redlich-Peterson isotherm model (Sahu
et al. 2008).

Hydrophobic resins and AC have also been subject of re-
search for applications in food and beverage industry (Aimoto
et al. 2011; Lucas et al. 2004; Medeiros et al. 2006; Ottens
etal. 2016; Rojas et al. 2006; Saffarionpour et al. 2016; Zhang
etal. 2010). 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 CO, on AC, and the impact of
process parameters was studied. The adsorption showed to
be dependent on processing temperature and CO, density
(Lucas et al. 2004). A similar study was conducted by
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Fig. 6 Overview on existing removal technologies for aldehydes

Canteli et al. (Canteli et al. 2014) to investigate the fixed-bed
adsorptive removal of the coffee flavour benzaldehyde from
an aqueous solution with granular AC (Canteli et al. 2014). A
comparison of two hydrophobic resins with AC was conduct-
ed to test the feasibility of recovering microbiologically pro-
duced 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 experi-
ments were ethanol, acetaldehyde (AcA), ethyl acetate, ethyl
propionate and isoamyl acetate. Three different resins 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 (Medeiros et al. 2006). In a
recent study of Miiller-Maatsch et al. (Miiller-Maatsch et al.
2019), the removal of glucosinolates and volatiles, e.g. alde-
hydes, from an anthocyanin-rich extract of red cabbage was
investigated. From the studied adsorbent and flocculants
(Amberlite XAD 16 HP, polyamide, chitosan, and lignosulfo-
nate), Amberlite, chitosan and lignosulfonate reduced the al-
dehyde content. However, also other molecules such as fatty
acids, sulphides, glucosinolates and the isothiocyanates were
taken up (Miiller-Maatsch et al. 2019).

Adsorptive Removal: Chemisorption on Aminated Materials

Amine groups are known to form bonds with aldehydes. The
so-called imine formation shown in Eq. 1 (Zhu et al. 2006) is
particularly favoured at pH 4-5 (Neuman 2006); therefore, this
system is well applicable to beer or wort feedstocks.
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Aminosilica resins have been utilised to remove alde-
hydes from complex mixtures. A study of Drese et al.
(Drese et al. 2011) tested solid aminosilica adsorbents,
namely pore-expanded SBA-15 functionalized with 3-
aminopropyltrimethoxysilane, 3-(2-amino-
ethyl)aminopropyltrimethoxysilane and 3-[2-(2-amino-
ethyl)amino-ethyl] aminopropyltrimethoxysilane, on a model
solution (‘bio-oil’) of phenols, cyclohexane, hexanol, alde-
hydes, ketones and diketones. Light alcohols were not inves-
tigated 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 adsor-
bent capacity increased with primary amines content and
increasing temperature (Drese et al. 2011). 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
(Carey and Sundberg 2007). The reactivity of aldehydes
with aminosilica depends strongly on their chemical func-
tionality, but for all tested aldehydes at least moderate re-
moval was achieved. Partial resin regeneration was proven
to be feasible by acid hydrolysis of the adsorbent, however,
resulted in a significant loss in reactivity (Drese et al. 2011).

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
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include silica and also polymer-linked systems. Different al-
dehyde 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 alde-
hydes. 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 men-
tions that during the aldehyde removal process, if executed
with silica, other compounds are also removed by means of
hydrogen-bonding principles or physical filtration mecha-
nisms. Besides attaching scavengers to polymeric backbones,
polymeric amino group-rich systems such as chitosan can be
made of use for aldehyde removal (Zhu et al. 2006). Chitosan
is a naturally occurring amine-rich polymer generally regarded
as safe (GRAS) by the U.S. Food and Drug Administration
(FDA 2002), which has been found to react according to Eq. 1
with aldehydes to form imines (Monteiro and Airoldi 1999).

One more application of aminosilica is the improvement of
air quality by removing volatile organic compounds such as
airborne formaldehyde (Ewlad-Ahmed et al. 2012; Lee et al.
2008b; Nomura and Jones 2013; Strommen and Gesser 2011;
Zhu et al. 2012). The first patent was filed by Gesser in 1985
(Gesser 1985; Gesser 1990), but since then many others have
followed (Koller et al. 1999; Nomura and Jones 2013). Zhu
et al. (Zhu et al. 2012) functionalised uniform mesoporous
silica SBA-15 with N-(2-amino-ethyl)-3-aminopropyl]-
trimethoxysilane and found the so obtained adsorbent to have
a good chemoselectivity for formaldehyde (Zhu et al. 2012).
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 formalde-
hyde from air. Aminosilica with a primary amine function
showed an around twofold higher loading for form- and
AcA compared with secondary amine-functionalised
aminosilica. The capacity for hexanal, however, was only in-
creased 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 benzalde-
hyde took more than 10 h (Nomura and Jones 2013).
Furthermore, it was observed that there is an optimal amine
loading for maximising the (gaseous) formaldehyde adsorp-
tion. Medium loaded aminosilica are most effective as at
higher loadings steric hindrance is suspected to counteract
efficient imine formation (Nomura and Jones 2013; Sae-Ung
and Boonamnuayvitaya 2008).

Another potent aldehyde scavenger employed as abate-
ment of indoor pollutants is polyamine polyethylenimine
(PEI) (Gesser 1985; Gesser 1990; Gesser and Fu 1990). Yet,

the compound finds vast application in other fields. PEI is
employed in active materials in food packaging in order to
enhance food freshness (Suloff 2002). 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 poly-
ethylene 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-(-CH,-(CH,),-NH-),,-H, where n equals most preferably
1 and m is bigger than 100 (Brodie and Visioli 1995; Suloff
2002). The authors do not give an explanation for the under-
lying mechanisms, but the study of the sorption kinetics of
hexanal performed by DelNobile et al. (DelNobile et al.
2002) suggest that “the sorption process of hexanal in the
investigated aldehyde scavenger film could be described in
terms of the hypothesised ‘sorption-reaction’ mechanism”
(DelNobile et al. 2002).

The compound is furthermore described as by-product ad-
sorber 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 (Speer et al. 1999). In a similar invention (US
6057013), the use of pentacthylene hexamine, triethylene
tetraamine, and polyvinyl oxazoline for aldehyde scavenging
is patented (Ching et al. 2000).

Another effective aldehyde scavenger type frequently used
in packaging industry is polyamides. Amides are long known
to react with aldehydes in a condensation reaction (Mehra and
Pandya 1938; Noyes and Forman 1933; Pandya and Sodhi
1938), but depending on the conditions applied, the reaction
of aldehydes with amides can result in numerous products
(Tejedor and Garcia-Tellado 2007). In order to reduce by-
products, in particular AcA, from ozonated water during stor-
age in the bottle, a functional material consisting of a
polyester/polyamide blend for lessening the concentration of
AcA is described in US patent 6042908 (Long et al. 2000).
The mechanism is believed to be the formation of an imine as
described in Eq. 1 (Suloff 2002). A series of aldehyde scav-
engers 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 with the control sample; however, selectivity
is not discussed (Howell and Ponasik 2008).

An effort of producing such a polyamides resin at low cost
to capture aldehydes and ketones was made by de Oliveira
et al. (de Oliveira et al. 2015). The authors synthesised the
isoniazid-functionalized resin Amb15-iso by reacting com-
mercially 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
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different solvents. The overall amount of ketone removed in-
creased with increasing polarity of the solvent and the adsorp-
tion 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 effi-
ciency 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 (de Oliveira et al. 2015).

In the field of organic chemistry, a separation medium was
developed to particularly target aromatic aldehydes, compris-
ing polymer-supported benzylhydrazines to react according to
Eq. 1 (Zhu et al. 2004). Organic chemists also studied a
copoly(styrene-divinylbenzenesulfonylhydrazine) resin con-
taining the chemical functional group of sulphonamides,
which was characterised and tested for scavenging aldehydes,
ketones and glucose in water. These molecules are presumably
bound by forming the corresponding sulfonylhydrazone de-
rivatives. For ketones, it was observed that the extension 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 (Emerson et al. 1979). 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
(Welch et al. 2003).

Similarly, a polystyrene resin functionalized with
sulphonamides and pendant oligo(ethyleneimines) was
developed to separate aldehydes from hydrocarbon mix-
tures. Bigak et al. (Bicak et al. 1997) 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 alde-
hydes, which carry an o-hydrogen can also form aldol
products in solution. In the case of aliphatic aldehydes,
their aldol products are also adsorbed, which limits their
recovery. Depending on the amine content of the resin,
two different mechanisms for aldehyde scavenging, name-
ly the formation of a Schiff base and five-membered
imidazoline rings, are observed as shown in Fig. 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 (Bicak and Senkal 1997).

In continuation of this work, 1,2-diaminoethane con-
taining epoxy resins was studied for aldehyde separation.
1,2-Diaminoethane units function as the polymeric
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analogue of Wanzlick reagent, which forms imidazolines
in a condensation reaction. Both studies describe the re-
moval 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 (Bicak et al.
1999).

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 alde-
hyde (or ketone) with a polyol such as sorbitol, mannitol
or alkoxylated polyols. The formed acetal exhibits a lower
volatility than aldehydes and is therefore less detectable in
food products (Al-Malaika 2000; McNeely and
Woodward 1993; Wiegner et al. 2001). The exemplary
reaction of valeraldehyde with D-sorbitol is given in Fig.
8. Suloff (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 stor-
age of a model solution of pH 3.6. Furthermore, it was
observed that small molecular weight aldehydes were pre-
ferred over larger aldehydes (Suloff 2002).

Adsorption on Other Materials

Aldehydes have been shown to have a high affinity to-
wards L-cysteine. Therefore, the application of an L-cys-
teine-containing gel has been for proposed for the remov-
al of AcA from indoor air. The researchers found that
amongst tested amino acids (glycine, L-lysine, L-methio-
nine, L-cysteine and L-cysteine), treating air with L-cyste-
ine resulted in a the highest reduction of aldehyde con-
centration of 91% in comparison with 50—64% to water or
solutions of other amino acids (Yamashita et al. 2010).

Nilvebrant et al. (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 (Nilvebrant et al. 2001).
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Fig. 7 Aldehyde binding by three
different polymer-supported
oligo(ethyleneimines); a
sulfamide bond ethylenediamine;
b sulfamide bond
diethylenetriamine; ¢ sulfamide
bond triethylenetetramine;
adapted from (Bigak and Senkal
1997)

P4
T

n—"=290

o

+ R—C=—=0
H

NH,

N—C—R
H
O—C——R
H
R
NH,
O—=C—R
H

@ Springer



Food Bioprocess Technol

(0]
/\/Y+2HO

H OH OH

valeraldehyde D-sorbitol

OH

OH

acid catalyst

_—

valeraldehyde-sorbitol acetal OH

Fig. 8 Reaction of valeraldehyde with D-sorbitol to the corresponding
acetal (Suloff 2002)

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
(Santos et al. 2007). 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 (Schroeder et al. 1995). While there
was no effect of temperature and pressure on the recov-
ered mass of essential oil, the operating conditions influ-
enced the composition of the essential oil. When the tem-
perature 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 iden-
tified as the most important molecule class in the oil
(Santos et al. 2007).

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 CO, extraction (Makin
1984). A Chinese patent approaches the problem from a dif-
ferent angle by extracting vanillin from the crude mixture with
supercritical CO, (Changgqing et al. 2010).

Lee et al. (Lee et al. 2008a; Lee et al. 2008b) investigated
the extraction process of fish oil with supercritical carbon
dioxide and off-flavour removal from fish viscera. Contrary
to the above results, they found that with raising pressure and
temperature, the recovered quantity was increased. It is also
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reported that off-flavours such as aldehydes in the remaining
powder are significantly reduced after the extraction. For in-
stance, 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 af-
ter the extraction (Lee et al. 2008a). Similar trends where
observed by Roh et al., but they were able to nearly complete-
ly 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 CO, extraction has also been investigated
for the dealcoholisation of cider (Medina and Martinez
1997). Although aldehydes were not investigated in this
publication, the authors report that flavours are extracted
along with the ethanol. More specifically, aroma extrac-
tion if favoured at 40 °C and 12.5 MPa, while ethanol
extraction if more favourable at 40 °C and 25.0 MPa.
This may be an interesting concept to translate to alde-
hyde removal from AFBs.

Separation by Extraction: Extractant-lmpregnated 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 Fig. 9. The recovery of benzaldehyde from a model
solution was studied by Babi¢ et al. (Babi¢ et al. 2006). The
highest capacity was achieved with porous adsorbent Amberlite
XAD-16 impregnated with Primene 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 (Babi¢ et al. 2006).

A similar approach was taken by Vidal et al. (Vidal et al.
2012) by functionalizing silica materials with ionic liquids to
extract organic acids, amines and aldehydes from atmospheric
aerosols. In the past years, ionic liquids, which are composed
of bulky non-symmetrical organic cations or different inor-
ganic 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 (Han and Row 2010). 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 ap-
pears to be the dominant interaction, nonetheless,
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hydrophobic interaction and hydrogen bonding was also
found to contribute (Vidal et al. 2012).

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 (Smit et al. 2009;
Velisek 2014). 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 (Arnau et al. 1998;
Bradshaw et al. 1992; Chen 1977; Hatanaka et al. 1974;
Schneider-Bernlohr et al. 1981; Smit et al. 2009; Temino
et al. 2005). In turn, the conversion of 3-MB to 3-methyl
butanoic acid was found to be carried out by aldehyde dehy-
drogenase in Staphylococcus xylosus (Beck et al. 2002; Smit
et al. 2009).

In waste water treatment, the removal of odourous alde-
hydes from drinking water was attempted by employing the
UV/H,0, process. Overall, a reduction in aldehyde concen-
tration (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) (Jo and
Dietrich 2009). Another technique tested with waste water for
the removal of aldehydes and polyphenols is
electrocoagulation. Olya and Pirkarami (Olya and Pirkarami
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 forma-
tion of metal hydroxides flocs during electrocoagulation and
consequent adsorption of aldehyde (polymers) to the floc
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Fig. 9 Extractant-impregnated resin technology (Babic¢ et al. 2006)

surface area or direct oxidation of the organic compounds on
the anode (Olya and Pirkarami 2013).

Classic organic chemistry has also identified efficient
catalysts to accelerate the oxidation/reduction reactions of
aldehydes. For the conversion to carboxylic acid, oxidising
agents such as permanganate, bromine, oxone or copper(Il)
oxide are commonly employed (Haines 1988; Smith and
March 2006b). Since these compounds are strong
oxidising agents, they are not chemoselective and for ex-
ample also convert alcohols (Tojo and Fernandez 2007).
Typically, the addition of organic solvents is suggested,
but examples for the preparation in aqueous solution can
also be found. Saadati et al. (Saadati et al. 2016) prepared a
nanosized copper(Il) 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 (Saadati et al.
2016). Another example is the oxidation of HMF to 2,5-
furandicarboxylic acid at high pressure conditions (40 bar)
and 100 °C by active carbon functionalized with platinum
and bismuth-platinum catalyst (Rass et al. 2013). The cat-
alytic 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 to-
bacco smoke by a filter medium. The filter support material
is a polymeric composition containing acetoacetate resi-
dues and a metallic oxidising agent or oxidation catalyst
(such as Cu(Il)), which oxidised contained aldehydes (Kuo
et al. 2010).

The reduction of aldehydes and ketones to primary and
secondary alcohols, respectively, is catalysed by complex
metal hydrides such as lithium aluminium hydride or so-
dium borohydride. Generally, these catalysts do not re-
duce carbon-carbon double or triple bonds, which is ad-
vantageous when compared with 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 agents have been reported to reduce
aldehydes more rapidly than ketones, amongst them are
sodium triacetoxyborohydride or zinc borohydride (Smith
and March 2006b). The removal of aldehydes by reduc-
tion to their alcohol is described in a patent for purifica-
tion of ethylene oxide. The conversion is achieved by
adding sodium or potassium borohydride according to
Eq. 2. In this case, however, sodium borohydride is not
chemoselective and also reacts with ketones to the ade-
quate alcohol (Randall 1965).

NaBH; + 4CH,0 + 2H,0 =", 4CH;0H + NaBO,  (2)
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Alternatively to oxidation or reduction, the reaction of gly-
cine and L-tyrosine with n-heptanal has been studied to pro-
duce 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 (Montgomery
and Day 1965). 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 in-
stance, 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 sulphuric acid solution (Carter et al. 2011).

Also, bisulphite is known to form adducts with aldehydes,
methyl ketones, cyclic ketones, x-keto esters and isocyanates,
as shown in Fig 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 ob-
served for most ketones, presumably due to steric hindrance
(Smith and March 2006a).

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 of less than 10% (Mameniskis and Washall 1974).
Another way of addressing the separation problem was pro-
posed by Boucher et al. (Boucher et al. 2017). In their work, a
liquid-liquid extraction process was developed, where alde-
hydes were allowed to react with bisulphite in a water-
miscible solvent and then separated from the substrate by ad-
dition of a water-immiscible organic solvent (Boucher et al.
2017).

Removal by Pervaporation

In food industry, pervaporation has gained attention to
separate and concentrate flavour compounds (Saffarionpour
and Ottens 2018). An example of applying this technique
is the concentration of key flavours of soluble coffee by
pervaporation. Weschenfelder et al. investigated the impact
of feed flow rate, temperature and permeate pressure on the
process performance. While they were able to separate and
concentrate flavour compounds from the industrial solution,
optimisation is required to achieve the desired aroma profile in
the product (Weschenfelder et al. 2015). An earlier study per-
formed in 2005 successfully recovered key flavour
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compounds from apple essence, orange aroma and black tea
distillate, both, in batch and continuous pervaporation opera-
tion. However, the authors state that a significant loss of
aromas was observed due to evaporation leakage (She and
Hwang 2006). 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 (Raisi and
Aroujalian 2011). Nonetheless, quantitative studies are re-
quired to understand and describe the coupling phenomena.

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 metab-
olism. 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 (Narziss et al.
1991). The effect heat-deactivated yeast cells at 0 °C on the
aldehyde concentration in wort was studied by Perpéte and
Collin (Perpete and Collin 1999a) and compared with to the
concentration profile of a fermentation with viable yeast at the
same conditions (Perpéte and Collin 1999b). 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
(Perpéte and Collin 1999b).

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 evolu-
tion 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- and 3-
MB, respectively. The yeast was yet again able to reduce the
added aldehydes within 5 h 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
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after 5 h. 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 dis-
tinguish 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 alde-
hyde interaction with wort components might be the reason
for the limited degradation of worty off-flavours (Perpéte and
Collin 2000b). As suggested elsewhere, involved components
for aldehyde binding are cysteine and sulphite (Baert et al.
2015a; Baert et al. 2015b).

The hypothesis that sulphite readily binds to aldehydes and
interferes in the aldehyde reduction during CCF was experi-
mentally 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 dif-
ference had not been observed during the fermentation stud-
ies. Furthermore, the sulphite concentration during the origi-
nal fermentation was only at ppb level. Hence, the authors of
this work conclude that other wort compounds must be re-
sponsible for the binding of aldehydes during CCF (Perpéte
and Collin 2000b). From the study of wine polyphenols, it is
known that interactions with aroma substances occur (Dufour
and Bayonove 1999). As polyphenolic compounds also occur
in wort, they might be involved in the binding of wort alde-
hydes. 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’s ¢ test. The authors
hence conclude an involvement of polyphenols in the
inhibited aldehyde removal by yeast (Perpéte and Collin
2000D).

On a closer look, it becomes apparent that yeast is even
able to produce aldehydes, such as 3-MB, in the later stage of
the CCF. An experiment of Perpéte and Collin (2000) with
deuterated leucine, a precursor for 3-MB formation, provides
evidence that yeast is able to synthesise the aldehyde at such
low temperatures. It must be noted, however, that the rate of
formation of 3-MB increases over time and a minimum alde-
hyde concentration can be identified for each process.

Therefore, close monitoring of the CCF to avoid elevated
aldehyde levels is a key factor (Perpéte and Collin 2000a).

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
(Selecky et al. 2008). In a study of two 5,5,5-trifluoro-DL-
leucine-resistant Saccharomyces pastorianus strains, sponta-
neous mutants were able to produce higher levels of isoamyl
alcohol and isoamyl acetate when compared with 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.% (Strejc et al. 2013).

Reduction of Aldehydes During Continuous Fermentations
of AFBs

Similar to the CCF process immobilised yeast strains are cul-
tivated in specialised reactors under stress conditions, which
limit the cell metabolism. Under these conditions, only a frac-
tion of the contained sugars is metabolised, resulting in low
ethanol concentrations (< 0.08%). In the absence of oxygen,
the redox balance is impacted, which enhances reduction of
wort aldehydes and intracellular metabolites thus the forma-
tion of esters and higher alcohols (van lIersel et al. 1995).
Depending on the fermentation parameters (aeration, resi-
dence 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 alco-
hols to esters formed. The difficulty lies in achieving the cor-
rect balance of sensory compounds in the short time. Higher
concentrations of diacetyl and aldehydes have been observed,
while ester concentrations remain relatively low (Lehnert
2009). During the fermentation, van Iersel et al. (Van Iersel
et al. 2000) found that immobilising yeast on DEAE-cellulose
improves the reducing capacity during the production of AFB.
On varying the oxygen transfer rate of a continuous fermen-
tation process it was found that with decreasing oxygen trans-
fer rate, the reduction efficiency of aldehydes could be in-
creased. The reduction in 3-MB was as high as 92% and near
to 100% for unbranched aldehydes such as hexanal at an ox-
ygen 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
(Lehnert et al. 2008).

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 Perpéte (1999) showed
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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 bind-
ing occurs within the first 30 min 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 mea-
sured in the medium suggests furthermore that the formed
chemical bond is based on an endothermic reaction (Perpéte
and Collin 1999b). The impact on other beer constituents was
not included in the study and therefore the selectivity for al-
dehydes is in question.

A similar approach was applied in US patent 280399A1,
where the wort flavour of a ‘beer-like malt beverage’ is re-
duced 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 volatil-
ity in key wort flavour compounds was not analysed
(Murakami et al. 2013).

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 with their alcoholic starting
beer, but on increasing the operating temperature to 4248 °C,
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 twofold
concentration of 2-furfural and y-nonalacton (Miiller et al.
2016).

Fig. 11 Aldehyde concentrations 100 4
in different AFBs compared with 90
average concentration in lagers

adapted from Andrés-Iglesias 80
etal. (Andrés-Iglesias et al. 2016).
a Spanish beer (0.01 vol.%),
dealcoholized by vacuum
distillation; b Czech beer (0.49
vol.%), dealcoholized by vacuum
distillation; ¢ Czech beer (0.49
vol.%) produced by special yeast
strain; d Czech beer (0.50 vol.%) 30
produced by CCF 20

70 4

60
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40 4
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A vast study of aldehyde profiles in Czech and Spanish
lager beers was performed by Andrés-Inglesias et al. (2016).
Twenty-eight beers, including four AFBs were analysed for
defined aldehydes and ketones. The results are depicted in Fig.
11. Generally, concentrations of aldehydes and ketones are
lower, however for some compounds close or in case of
trans-non-2-enal above their respective flavour threshold
(Andrés-Iglesias et al. 2016). This is particularly true, when
the matrix effect explained in ‘Impact of Alcohol-Free Beer
Composition on the Perception of Wort Off-Flavours’ 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 vac-
uum distillation (see Fig. 11, beer a and b), with biologically
produced AFBs (see Fig. 11, beer ¢ and d) it is conspicuous
that cold contacted fermented beer shows the highest concen-
tration 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.

Development in Membrane-Based Technologies

Newer developments can be discovered in the field on
membrane-based separations. Catarino and Mendes
(Catarino and Mendes 2011) propose to separate flavours se-
lectively 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 (Catarino and Mendes
2011). 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. (Liguori et al. 2015). In their work, modified

sa
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3-MB FF e-non-2-enal diacetyl



Food Bioprocess Technol

osmotic distillation was employed to dealcoholize beer to an
ethanol content < 0.5 vol.%. The total aldehyde 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 alde-
hydes only.

Removal Through Adsorptive Technologies

The idea of reducing the wort flavour with adsorptive tech-
niques has been described in several patents (Shimizu and
Takashio 2003; Takura et al. 2012). In US 2012/0207909,
AC is used for batch uptake tests at low temperatures to re-
move aldehydes. They found that using an amount of 10—
30 gac kg ' of malt 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 kgwo,{1 showed a reduction of 2-MB from
10.2 to 6.4 ug Lfl, 3-MB from 29.6 to 20.2 and methional
from 19.2to 10.1 pg L™". A higher removal could be achieved
by using a higher phase ratio or a different type of AC (Takura
et al. 2012). 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) proved to reduce typical wort flavours in alcoholic
beers, even after storing the beer at 30 °C for 1 month. The
process is, however, not selective for aldehyde removal, but
during the treatment, other molecules such as Maillard com-
ponents, organic acids and polyphenols are also removed
(Shimizu and Takashio 2003).

Methods Employed for Formation Inhibition in Regular Beer

The formation of Strecker aldehydes during the storage of
regular beer is a commonly recognised issue. Besides reduc-
ing the oxygen level in the bottled product, several other
methods have been developed to reduce or inhibit the forma-
tion of wort flavour during storage. As such enzymes, i.c.
aldose reductase have been patented to metabolise 3-
deoxyglucosone, which is involved in the Strecker degrada-
tion. By converting the precursor, aldehyde formation is
circumvented (Bravo et al. 2002). As it is known, that the
main factor contributing to staling are the malt quality and
the brewing process itself (De Clippeleer et al. 2010), another
approach was taken by Yano et al. (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 adsor-
bents (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 with a reference brew.

However, since the chemical analysis of the fresh beer showed
only a reduction in y-nonanlacton concentration and other
components such as Strecker aldehydes were unaffected, it
was postulated that this difference is not related to a direct
wort flavour removal, but rather, the reduction of precursors
(Yano et al. 2008).

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 and also
obeying to general regulations of food administration, the pro-
cess development for selective off-flavour removal from AFB
has been restricted so far. At this point, applied technologies
are either not selective or effective enough to efficiently sep-
arate aldehydes from the beer stream. The motivation of cre-
ating a healthy and safe beverage alternative that meets the
customer’s expectation is, however, a key driver for the up-
coming 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 alde-
hyde removal is a focus of interest in many fields and indus-
tries, 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 con-
cepts 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 hydro-
phobic resins or amino-modified polystyrenes should be in-
vestigated in order to discover the complex interaction of al-
dehydes, 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 investi-
gated for this application, yet.

Reducing sugars, hop acids, hydrophobic flavour compo-
nents, 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 nu-
trients to the separation medium. It is for instance known, that
amines and amides as functional aldehyde scavenger also re-
act with organic acids, thus resulting in a reduced selectivity
for targeted compounds (Speer et al. 1999). 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
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importance. The combination of biological methods for AFB
production with a 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 re-
search should furthermore consider the impact of other flavour
groups to identify specifically problematic compounds with
regard to the perception of alcohol-free beverages.
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