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Abstract: (1) Background: In the current highly competitive brewing industry, most breweries may
benefit from a reduction in mashing time. In this study, a novel enzymatic assay format was used
to investigate the activities of α-amylase and β-amylase during different mashing profiles, with the
aim to use it as a tool for optimizing the production time of an existing industrial mashing process;
(2) Methods: Lab-scale mashings with eight different time-temperature programs and two different
pilot brews were analyzed in terms of enzymatic activity, sugar composition, alcohol by volume in
the final beer, FAN and others; (3) Results: A 20-min reduction (out of an original 73-min mashing
program) was achieved by selecting a temperature profile which maintained a higher enzymatic
activity than the original, without affecting the wort sugar composition and fermentability, or the
ethanol concentration and foam stability of the final beer. (4) Conclusions: A method is presented
which can be used by breweries to optimize their mashing profiles based on monitoring α-amylase
and β-amylase activities.
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1. Introduction

Beer brewing is a consolidated industry with centuries of history, which was tradition-
ally dominated by small-scale production. Over the course of the nineteenth and twentieth
century, scientific and technological advances allowed the creation of big-scale facilities,
the dominion of large companies and the reduction of times and costs [1]. In the last two
decades, smaller breweries with focus on beer quality and flavor have regained public
attention and grown significantly in terms of market share; however, the market revenue
and the overall beer production is still dominated by the biggest brewing companies. In
addition to that, sustainability goals are on the agenda of most breweries, regardless of
size. In this context, production efficiency and cost reduction become essential to adapt to
a fast-changing competitive industry.

One of the most important steps in brewing is mashing. This process generally consists
of mixing milled malted cereals, most commonly barley, with hot water to solubilize the
grains’ starch and protein content. Increasing temperature in a controlled manner, including
rests at constant temperature, enables the hydrolysis of starch into fermentable sugars like
maltose, mainly catalyzed by the enzymes α-amylase and β-amylase. Temperature rests
are chosen according to the optimal enzymatic activity. In a traditional standard infusion
mashing, this includes a β-glucanase and protein rest around 45 ◦C, a β-amylase rest at
approx. 62 ◦C, and an α-amylase rest at 70 ◦C [2,3]. Because modern malts are generally
well-modified, many breweries nowadays omit the first rests and mash in directly at the
temperatures where the two amylases are more active [2,4,5]. In many breweries, it is
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a common practice to run several batches of similar mashings on the same day. Thus,
many brewers face tight production schedules, which limit the plant capacity, or result
in extensive operational hours. At the same time, breweries often need to make small
adaptations to the mashing time-temperature profile every year, due to seasonal changes
in the barley crops and the resultant malt quality [4].

Making significant changes to the mashing profile conflicts with usual practice at
brewhouses, which are generally regarded as conservative. In contrast, barley malt has
improved a lot in terms of enzymatic activity. For example, many years of selection of barley
malt varieties for amylolytic power since the end of Prohibition in North America have
increased the β-amylase and α-amylase activities significantly [6,7]. In studies by Duke
et al., the amounts of fermentable sugar produced in a gradual increase from 55 to 70 ◦C,
which is around the β-amylase activity optimum (63–65 ◦C), peaked after approximately
20 min, even without a step at a constant temperature [8,9]. When simulating the mashing of
barley malt based on kinetic models, Durand et al. showed that a fast temperature increase
from 50 to 63 ◦C, followed by a rest at the latter temperature, achieved the maximum
fermentable sugar concentration for the β-amylase rest also after around 20 min [10].
Furthermore, the maximum fermentable sugar composition, and dextrin concentration,
was also achieved in less than 5 min after a fast increase from 63 to 72 ◦C [10]. These results
are consistent with the ones of a recent publication by Langenaeken et al., where above
85% of the peak concentration of fermentable sugars during mashing was achieved after
20 min of the rest at 62 ◦C, and practically all the remaining sugars were obtained during
the initial 5 min of heating towards the α-amylase rest, when the temperature was around
65 ◦C [11]. Notably, a major increase in fermentable sugars was reported below the starch
gelatinization temperature. These studies suggests that there is room for optimization
of mashing profiles by adjusting β- and α-amylase rests with the aim to reduce overall
mashing time.

Knowing the enzymatic activity in the mashing wort is crucial for optimizing starch
hydrolysis and thus mashing time. Previous methods used for measuring α- and β-
amylase during brewing [2,7,12], based on either direct or indirect measurement of their
activity, were time-consuming and/or complex lab-dependent assays, as they require
long extraction times, as well as the special preparation of all reagents and/or substrates.
That prevented any amendment in the mashing profile based on the measurement of the
activity of these enzymes at productions sites, which usually lack the necessary facilities
and personnel. In contrast, the methods used in the present paper, which have been
developed for several years [13], do not require strong lab skills, a long analysis time,
as well as expensive or complex lab equipment, since the substrates and reagents are
prepared in individual kits, and the assay can be performed in 20 min per sample. The
principle of the method (Brewer’s Dream™) is a colorimetric assay, in which the cleavage
of a substrate by the specific enzyme of interest releases a chromophore, the color of
which is later mathematically correlated with the enzymatic activity. Thus, by reading the
absorbance of the final liquid in the assay, the activity of α- and β-amylase in malt and
wort samples can be determined. In this study, we used this novel assay to investigate
the evolution of enzymatic activity in different laboratory scale mashing profiles, with
the aim to use it as a tool for optimizing the production time of an existing industrial
program. Eight temperature profiles were investigated, with the first one being a typical
one from the industry which did not include any protein rest, but a β-amylase rest at
65 ◦C and an α-amylase rest at 72 ◦C. The other seven were shorter profiles with different
combinations of a protein rest at 45 to 55 ◦C, for 5 or 10 min, to promote β-amylase
extraction into the wort, since α-amylase is usually considered to be in excess [14], and
a shorter β-amylase rest at a lower temperature (63 instead of 65 ◦C), since this enzyme
is not thermally stable in this range of temperatures [1,2,9]. Moreover, the step at 72 ◦C
was either reduced or removed since its impact in producing further fermentable sugars
and dextrins in this step has been shown to be small in previous research [10,11]. With the
shortest mashing profile, we achieved a 20-min reduction of the mashing time, without
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affecting the concentration of fermentable sugars and free amino nitrogen (FAN) produced
in the wort. The data were confirmed in a pilot scale brew, and the resulting beer was
comparable to the industrial mashing program in ethanol and foam stability. This can
have a big benefit for breweries with a strict schedule and help breweries to become more
sustainable by reducing energy consumption.

2. Materials and Methods
2.1. Raw Materials

Barley pilsner malt produced in September 2020 was acquired from Viking Malt (Vord-
ingborg, Denmark). The hops used in the brewing were Magnum (for bittering), Perle and
Hallertau Mittelfrüh (for aroma), acquired from Caldic Nordic (Hedensted, Denmark). The
yeast used during the fermentation was strain S-189 (Saccharomyces pastorianus) acquired
from Fermentis (Marcq-en-Baroeul, France).

2.2. Lab-Scale Mashing and Pilot-Scale Brewing Experiments

Lab-scale mashing experiments were performed in duplicates using an LB Electronic
PC Mashing bath (Lochner Labor + Technik GmbH, Berching, Germany), following eight
different time-temperature profiles (Table 1). The first one (Original) was based on a typical
industrial mashing procedure, whereas the other seven (A-G) were alternative shorter
profiles. The heating rate was 1 ◦C/min in all experiments. Malt (100 g) milled at Bryghuset
Møn was mashed in with 300 mL of demineralized water. Samples for enzymatic activity
analysis were taken at the minutes indicated in Table 1, immediately filtrated with a fine
mesh strainer, and cooled with ice to stop enzymatic activity. The sampled volumes were
approximately 3 mL in the lab-scale experiments, in order to not significantly alter the grist
to water ratio, and 10 mL in the pilot scale experiments. A reference beaker filled with
the same grist:water ratio but unaffected by sampling was used to assess evaporation. At
the end of the mashing programs, the mash was cooled to room temperature, adjusted for
evaporation with demineralized water, and filtered through an open folded filter (#614 1/4,
Macherey-Nagel, Düren, Germany), recycling the first 100 mL. The samples were stored at
−18 ◦C until further analysis.

Table 1. Mashing profiles investigated in the present study.

Profile Mash In Protein Rest β-Amylase
Rest

α-Amylase
Rest Mash Out Samples Taken at min

Total Time
Lab/Pilot

Scale (min)

Original 55 ◦C None 65 ◦C, 30 min 72 ◦C, 20 min 78 ◦C, 1 min
Lab scale: 0, 10, 20, 26, 30, 39, 47,

57, 66, 73
Pilot scale: 0, 2, 7, 17, 23, 27, 36, 39,

48, 57, 60
74/61

A 45 ◦C 45 ◦C, 10 min 63 ◦C, 20 min 72 ◦C, 5 min 78 ◦C, 1 min 0, 9, 28, 38, 47, 57, 61, 68 69
B 55 ◦C 55 ◦C, 5 min 63 ◦C, 30 min 72 ◦C, 5 min 78 ◦C, 1 min 0, 4, 13, 28, 42, 52, 56, 63 64
C 55 ◦C 55 ◦C, 5 min 63 ◦C, 35 min None 78 ◦C, 1 min 0, 4, 13, 28, 47, 63 64
D 55 ◦C 55 ◦C, 10 min 63 ◦C, 30 min 72 ◦C, 5 min 78 ◦C, 1 min 0, 5, 9, 18, 36, 47, 57, 61, 68 69
E 55 ◦C 55 ◦C, 10 min 63 ◦C, 35 min None 78 ◦C, 1 min 0, 5, 9, 18, 33, 52, 68 70
F 50 ◦C 50 ◦C, 5 min 63 ◦C, 20 min 72 ◦C, 5 min 78 ◦C, 1 min 0, 4, 18, 37, 47, 51, 58 59

G/New 50 ◦C 50 ◦C, 5 min 63 ◦C, 20 min None 78 ◦C, 1 min Lab scale: 0, 4, 18, 37, 53
Pilot scale: 0, 4, 9, 15, 25, 35, 38, 40 55/41

Pilot brewing experiments were performed using a 100 L Kaspar Schulz (Bamberg,
Germany) pilot plant. The selected profiles were the Original and G (Table 1, from now
on mentioned as “new profile”), based on the enzymatic activity and sugar profile results
obtained at lab-scale. The heating rate was approx. 2 ◦C/min. Malt (14 kg) milled with
a Sommer Maltman® 75 mill (roller gap 6.5, Osnabrück, Germany) was mashed in with
42 L of tap water. Sparging with 75 ◦C water resulted in a kettle-full volume of 100 L. The
wort was boiled for 60 min, including three separated hop additions: Magnum within
the first minute, Hallertau Mittelfrüh after 30 min and Perle one minute before the end of
boiling. After the whirlpool, the approx. 97 L of cold wort were split into two fermenters
in batches of 40 L each, and the S-189 dry yeast added. Fermentation occurred at 14 ◦C for
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13 days, after which the beer was cold crashed to 3 ◦C, transferred to Cornelius kegs and
carbonated. Samples for analysis were taken after approx. 24 days of maturation at 5 ◦C.

2.3. Grist Composition

The grist composition was analyzed in duplicates with a Prüfsieb JEL 200 (J. Engels-
mann AG, Ludwigshafen, Germany) sieve shaker, to assess if the milling used in pilot
experiments could be comparable with the milling size used in the lab scale. The mesh
sizes used were 1000, 500, 250, and 160 µm. Milled grain (100 g) was put on the top sieve
and timer of the sieving device set for 5 min. The weight of grists retained on the sieves as
well as on the bottom were recorded relative to the original wight of the samples.

2.4. α- and β-Amylase Activity in Malt and Wort Samples

The activity of α- and β-amylase in malt and wort samples was measured using Gly-
coSpot Brewer’s Dream™ kits. For malt samples, α-amylase was measured by weighing
200 mg of finely milled malt in triplicates, and mixing each replica with 50 mL Brewer’s
Dream™ buffer and 70 mg of 1,4-Dithiothreitol for 5 min with the Roto-Therm™ Incubated
Rotator set at 35 ◦C. After letting it settle for 5 min, 200 µL of the supernatant of each extrac-
tion was mixed with 800 µL of Brewer’s Dream™ buffer in a tube containing GlycoSpot’s
α-amylase substrate. The tubes were immediately incubated with the Roto-Therm™ Incu-
bated Rotator set at 35 ◦C for 7 min. Right after, the incubation was stopped by filtering the
content of the tubes with a syringe and a 0.45 µm cellulose acetate filter. For β-amylase in
malt samples, 200 mg of finely milled malt was weighed in triplicates, and each replica was
mixed with 25 mL Brewer’s Dream™ buffer and 35 mg of 1,4-dithiothreitol for 10 min with
the Roto-Therm™ Incubated Rotator set at 35 ◦C. Right after the extraction, the content was
filtered with a syringe and a 0.45 µm cellulose acetate filter. Then, 250 µL of the filtrate was
placed in a tube containing GlycoSpot’s β-amylase substrate. The tubes were immediately
incubated with the Roto-Therm™ Incubated Rotator set at 35 ◦C for 7 min. Right after the
incubation was stopped by adding 250 µL of Brewer’s Dream™ stopping reagent.

For each wort sample, 600 µL was diluted in either 49.4 mL (α-amylase) or 24.4 mL
(β-amylase) of Brewer’s Dream™ buffer. β-Amylase diluted wort samples were diafiltrated
at room temperature in two rounds of 10 min at 15,000× g with a Corning® LSE™ high
speed microcentrifuge, UF 10 kDa filter Amicon Ultra-0.5 mL and Brewer’s Dream™ buffer.
The incubation proceeded as described for malt samples in each enzyme.

The resulting liquids from the incubation were transferred in a cuvette and the ab-
sorbance was measured in a Spectramax plus 384 spectrophotometer at 410 nm (for β-
amylase) and 595 nm (α-amylase). For β-amylase samples the reference used was the
sample extract mixed with the stopping reagent, in order to remove the effect of the back-
ground color of the sample. Calibration lines built with reference barley malt samples from
the Malt Analytes Scheme (MAPS) and the French Institute of Beverages, Brewing and
Malting (IFBM) were used to convert the absorbance into either dextrinizing units (DU) for
α-amylase and Windisch–Kolbach (WK) for β-amylase, since diastatic power, defined as
the combined activities of all amylolytic enzymes working together to degrade starch, is
virtually always only correlated with β-amylase activity [15,16].

2.5. Standard Wort and Beer Analyses

Free amino nitrogen (FAN) in final wort and beer samples was measured in triplicates in
accordance with EBC method 8.10 [17]. Specific gravity and extract were measured according
to EBC method 8.2.2, using an DMA 4500 density meter (Anton Paar, Graz, Austria).

Foam stability of the final beers was determined according to EBC 9.42 using a Pentair
NIBEM-T meter (Minneapolis, MN, USA), in four replicas. The beer was force-carbonated
to approx. 2.5 volumes CO2 two days prior to the analysis. The stability was recorded as
the time it took for the foam to collapse 30 mm below a reference point.
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2.6. Fermentable Sugars and Ethanol Concentration by High-Performance Liquid
Chromatography (HPLC)

Determination of fermentable sugars (glucose, maltose and maltotriose) was per-
formed on an Agilent HPLC system (Santa Clara, CA, USA) equipped with a Hi-Plex Ca
column (300 × 7.7 mm) with a Hi-Plex Ca guard column (50 × 7.7 mm). An external
calibration was performed with mixtures of concentrations between 0.1 and 10 mg/mL of
the respective sugars in ultrapure water. Elution was conducted with ultrapure water at
80 ◦C, with a flow rate of 0.6 mL/min. An amount of 1.0 mL of sample was transferred
to a micro tube and centrifuged at 10,000× g for 20 min at 4 ◦C. The supernatant was
filtered through a 0.2 µm filter and diluted by a factor of 10 times before measurement.
The injection volume was 20.0 µL. Ethanol concentrations were measured on the same
HPLC system equipped with an Aminex HPX-87H ion exclusion column (300 mm × 7.8
mm, Bio-Rad Laboratories, Hercules, CA, USA). An external calibration was performed in
the concentration range between 1% and 10% ABV. Elution was conducted with ultrapure
water at room temperature, at a flow rate of 0.6 mL/min. Samples were filtrated through a
0.2 µm filter before analysis, and the injection volume was 5 µL. An Agilent 1100 Series
Refractive Index Detector was used at 40 ◦C in both experiments.

2.7. Statistical Analysis

Statistical significance of FAN, foam stability and fermentable sugars between samples
from different mashing profiles were compared by performing a single factor analysis of
variance (ANOVA) in Excel, with an alpha value of 0.05.

3. Results
3.1. Malt Analysis

Grist analyses showed that the size distribution of the malt milled with Maltman®

75 from Sommer and the one usually obtained using a large capacity industrial mill at
Bryghuset Møn gave a similar range of values (Table 2). This is important to be able to
repeat this profile changes in a bigger scale, as the particle size distribution influences the
amount of surface area of the milled malt exposed to the water, which in turn also impacts
on the speed at which starch, other nutrients and enzymes are released into the wort.

Table 2. Grist analysis performed with Prufsieb JEL 200 sieve shaker (average ± standard deviation).

Sieve Size (µm) Maltman® 75 Industrial Mill

1000 68.5 ± 2.6% 60.5 ± 0.2%
500 13.5 ± 0.2% 16.9 ± 1.6%
250 7.4 ± 0.9% 10.0 ± 0.2%
160 2.5 ± 0.5% 3.2 ± 0.5%

bottom 8.0 ± 1.4% 9.3 ± 1.2%

Enzymatic activities of malt certified by the supplier showed a comparable result with
the ones of measured using Brewer’s Dream™ kits in terms of diastatic power (less than
one standard deviation), but a bigger difference in terms of α-amylase activity (more than
one standard deviation) (Table 3). One reason could be that the malt supplier measured
diastatic power using the EBC methods (4.12) and α-amylase is using the Ceralpha method,
whereas Brewer’s Dream™ method is calibrated using MAPS and IFBM reference samples
measured with EBC methods for both diastatic power and α-amylase (EBC methods 4.12.1
and 4.13).
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Table 3. Malt properties.

Analysis Certified by Supplier Measured with GlycoSpot Kit
(Average± Standard Deviation)

α-Amylase, DU 44 52 ± 7
Diastatic power, WK 254 264 ± 19

Total N, % of dry matter 1.73 -
Kolbach index, % 37 -

Friability, % 91.8 -
β-glucan in wort, mg/L 155 -

3.2. Enzymatic Activity during Mashing

The activities of solubilized amylases as measured by the Brewer’s Dream™ method
during mashing is shown in Figures 1 and 2, for the different time-temperature profiles. For
comparison purposes, the original profile is shown with a confidence interval of 95%. For
most laboratory scale results, duplicate results were comparable (<10 DU for α-amylase,
<30 WK for diastatic power). The only exception was profile B, for which some of the
replicates varied by more than 10 DU for α-amylase. Therefore, these results are not shown
in the present study. The results of α-and β-amylase are comparable to other studies [2,7,12].
α-Amylase activity follows a reverse u-shape profile over the time, with a plateau in the
63–65 ◦C step. The initial increase in the first minutes is due to the release of enzymes into
the wort, whereas the following plateau is due to the thermal stability of α-amylase at
63–65 ◦C. The sudden decrease at the end is caused by the temperature increase to 72 ◦C
(or 78 ◦C), where α-amylase shows less stability [1,2,9]. β-Amylase activity decreases over
the time, except for the initial increase observed if a sample is taken at the beginning of
mashing. As for α-amylase, the initial increase is due to the extraction of β-amylase into
the wort. The continuous decrease, more pronounced than for α-amylase, is due to the
lower thermal stability of this enzyme [1,2,9].
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the same time-temperature profiles at lab scale measured with Brewer’s Dream™ kits. The heating rate was 1 ◦C/min
for lab-scale experiments, and 2 ◦C/min for pilot-scale experiments. Mash out temperature was 78 ◦C, which was held
for 1 min.

3.3. Extract, FAN, Sugar Content, Ethanol Concentration and Foam Stability in the Wort and
Final Beer

The concentrations of fermentable sugars, determined using HPLC, were similar in all
lab-scale sweet worts: 120–126 g/L of maltose, 29–33 g/L of maltotriose and 15–18 g/L of
glucose. Gravity measurements were also consistent in a range of 20.6 to 21.1 ◦P. In contrast,
FAN values were 279 ppm for the original profile, whereas all alternative profiles (A–G)
had all an FAN slightly higher of 287–312 ppm. Based on the increase of enzymatic activity
during the mashings (Figure 1a,b) and the similarity of the sugar composition across the
different mashing profiles, the shortest of the suggested mashing profiles (profile G) was
chosen for the pilot brewing experiment.

The results of the pilot scale are displayed in Table 4 for kettle-full wort, and the
two tanks where each wort was fermented. Performing an ANOVA (single factor), it was
found that there were no statistically significant differences (p > 0.05) between FAN and
fermentable sugars in the preboiled wort. The gravity of the kettle-full wort (9.3 ◦P, Table 4),
increased to 9.6 and 9.7 ◦P (original and new profiles) after boiling and whirlpool, and
decreased to apparent gravity values of 2.2–2.6 ◦P in the final beer, consistent with typical
values from brewhouses [4], and achieving an apparent attenuation (fermentability) slightly
higher for the original profile than for the new profile (around 77% and 74% on average,
respectively, Table 4). No residual fermentable sugars were detected in the final beers, and
the final %ABV of the four final beers was virtually the same (4.0–4.2%). Most notably, the
foam stability of the beer from the new mashing profile was significantly higher than of
the beer brewed using the original mashing program. Therefore, it can be concluded that
the new suggested profile did not seem to have any negative impact into the main beer
quality parameters.



Beverages 2021, 7, 13 9 of 12

Table 4. Pilot scale wort and beer analysis (average ± standard deviation). n.d. = not detected.

Analysis

Original Profile New Profile:
50 ◦C, 5 min→ 63 ◦C, 20 min

Kettle-Full Wort
Final Beer

Kettle-Full Wort
Final Beer

1st Tank 2nd Tank 1st Tank 2nd Tank

FAN, ppm 107.5 ± 0.9 49.0 ± 0.8 46.5 ± 2.7 104.7 ± 4.8 68.7 ± 0.6 70.2 ± 3.3
Maltose, g/L 46.4 ± 7.1 n.d. n.d. 41.5 ± 4.0 n.d. n.d.

Maltotriose, g/L 11.1 ± 1.8 n.d. n.d. 12.0 ± 1.3 n.d. n.d.
Glucose, g/L 5.35 ± 1.1 n.d. n.d. 6.4 ± 0.3 n.d. n.d.

Gravity, ◦Plato 9.28 2.16 2.32 9.29 2.48 2.60
Ethanol, %ABV - 4.09 ± 0.06 4.09 ± 0.02 - 4.21 ± 0.06 4.01 ± 0.08
Attenuation, % - 77.5 75.9 - 74.4 73.2
Foam stability, s - 191 ± 7 - 265 ± 8

4. Discussion
4.1. Enzymatic Activity Differences with the Alternative Mashing Profiles

The alternative mashing temperature profiles all gave equal or higher α- and β-
amylase activities extracted into the wort over time compared to the original mashing
profile (Figure 1). For α-amylase, the profiles A-G had activities that were mostly higher
than the 95% confidence interval of the original profile, whereas the β-amylase activities
were higher for all alternative profiles. The latter is probably due to the initial step of
at least 5 min at temperatures equal to or below 55 ◦C, where β-amylases have a high
thermal stability [16,18], thus allowing these enzymes to be extracted into the wort without
denaturation. Notably, most mashing profiles lost a significant part of β-amylase activity
soon after reaching temperatures close to the traditional β-amylase rest at 63–65 ◦C. β-
Amylase is the limiting factor in the formation of fermentable sugar formation from of
barley malt [14,19,20], due to its considerably lower thermal stability compared to α-
amylase, which remains active for over an hour at 65 ◦C [16,18]. Therefore, optimizing
the parameters for shorter mash time should focus on improving the β-amylase activity
window. In the original mashing profile, β-amylase lost two thirds of its activity after
16 min (out of the 30 min of the rest) at 63–65 ◦C (Figure 1b). With an initial rest at 45–55 ◦C
and the resulting higher β-amylase activity transfer to the wort, this traditional β-amylase
rest can be reduced by up to 10 min while maintaining an overall higher activity.

For α-amylase, the overall higher activity in the A–G profiles, mostly during the
β-amylase rest, is probably due to a combination of the initial step at 45–55 ◦C and the
relatively low modification of the original malt: the Kolbach index is 37% (Table 3), slightly
below the usual 39–41% for barley malt [1,4]. The friability value, usually related to the level
of modification of barley, is 91.8% (Table 3), above the average values for pilsner malt [1],
but friability can be overestimated in malts with high amount of total nitrogen [21] (around
1.7%, like the one of this study, Table 3) in comparison with malts with lower amounts
(around 1.5%) [1,21]. During malting, aleurone cells produce enzymes such as α-amylases,
β-glucanases and xylanases [1,22]. The last two groups, when acting in combination,
are also responsible to break down aleurone cell walls, mostly formed by β-glucans and
pentosans [1,23–25], thereby helping in the release of α-amylase [1]. Evidence of intact
aleurone cell walls have been observed before, even in malts germinated for more than five
days at room temperature [24]. At the same time, a fraction of α-amylase was found in the
aleurone layer after a week of germination at 20 ◦C [26]. An undermodified malt could
have a lower degradation of aleurone cell walls, making some of the malt’s α-amylase
unavailable to the mashing wort. The initial step at 45–55 ◦C allows β-glucanase [4] and
xylanase to further degrade those walls and enhance the α-amylase extraction into the
wort. This can be possible because β-glucanase preserves part of its activity for 5 min at
50–55 ◦C [27] during mashing, whereas xylanases retains around 60% of its activity after
10 min at the same temperature range [25].
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Knowing the evolution of the enzymatic activity in a mashing profile can help brewers
to decide if the α- and β-amylase activity should be increased with a protein rest, as well
as decide if the 63–67 ◦C and 70–72 ◦C rests should be reduced in time and/or temperature
due to the low activity of each enzyme.

4.2. Sugar Profile, FAN and Foam Stability

The sugar composition and gravity of both the lab-scale sweet worts and the pilot scale
kettle-full worts showed no major differences between the respective A–G profiles and the
original mashing profile, which could be due to the fact the original profile did not give rise
to any hydrolysis beyond 20 min of the β-amylase rest and beyond 5 min of the α-amylase
rest. By simulating starch hydrolysis and formation of fermentable sugars during barley
malt mashing, Durand et al. showed that it can take less than 20 min at 63 ◦C to hydrolyze
above 90% of the starch and reach more than 95% of the final fermentable sugar composition
of the final wort [10], consistent with other studies where wort extract peaked in less than
20 min of a constant heating from 55 to 70 ◦C [8,9]. A similar pattern was observed by
Langenaeken et al., as almost all fermentable sugars were obtained after 20 min at 62 ◦C,
close to the barley starch gelatinization temperature, followed by a short increase to 65 ◦C
at a heating rate of 1 ◦C/min [11]. In the study from Durand et al. it was also reported
that it took around 5 min from the beginning of the temperature increase from 63 ◦C to
72 ◦C to reach the maximum concentration of fermentable sugars [10]. As aforementioned,
equal or higher α-and β-amylase activities were obtained with the new suggested profiles
(Figures 1 and 2), indicating a marginal effect of the last 10 min of the β-amylase rest and
of the α-amylase rest and justifying the selected time reductions. Analogously, a higher
α-amylase activity in the wort could have accelerated the fermentable sugar production
during the β-amylase rest, where the amount of extracted α-amylase activity was the
highest during the whole mashing (Figures 1a and 2a) even though the activity optimum is
at 70–75 ◦C [2]. The higher glucose contents on average obtained with the new profile at
pilot scale (Table 4) could be due to the fact that α-glucosidase is more thermolabile than
α- and β-amylase, especially above 40 ◦C [1,7,14]. Therefore, the initial rest at 50 ◦C could
have allowed a marginal action of this enzyme. However, this needs to be confirmed in
future studies, as there is no statistical significance (Section 3.2), partially due to the high
standard deviation of the glucose concentration found in the original profile.

Mashing in and including extensive temperature rests at temperatures around 45–55 ◦C,
where proteases are stable and active for at least a few minutes [2], is generally associated
with a negative effect on beer foam [5]. In contrast, the beer brewed with the new profile,
including mashing in and a five-minute rest at 50 ◦C, had a significantly higher foam
stability (265 s, cf. Table 4) than the beer brewed with the original profile (191 s). This
could be due to the lower temperatures allowing cysteine proteinases [28,29] to release
foaming polypeptides from hordein, improving foam stability [29]. An additional benefit
of the protease action in the protein rest of the A-G profiles would also be the degradation
of inhibitor proteins of β-amylase [20,30]. The final higher FAN content for the studied
profiles at lab scale could be attributed to the higher activity of carboxypeptidases at
45–55 ◦C than at 65 ◦C [2]. The increased activity of β-glucanase could also favor foam
stability by the addition of small amounts of β-glucans [31]. However, this requires further
study as β-glucan or protein sizes and concentrations were not measured in the present
study. Nevertheless, filtration problems were not observed in any of the two studied pilot
scale brews.

5. Conclusions

In the present study, we investigated the modification of an industrial mashing time-
temperature profile, facilitated by measuring the enzymatic activities of α- and β-amylase
during mashing. Time reductions of up to 20 min were possible, by initial mashing at
lower temperatures which increased the activity of these two enzymes. At the same time,
this was done without negatively affecting the major quality parameters of the wort and
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the produced beer, based on similar foam stability, sugar composition and final ethanol
concentrations. Therefore, measurement of α- and β-amylase activities during mashing is
a powerful tool for optimization of mashing with respect to time and resource utilization.
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