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Abstract

Why was the work done: Crystal malts are used in brewing to add colour, flavour
and mouthfeel to beers. In their manufacture, aroma compounds are formed
through thermal flavour generation during roasting of stewed green malt. As
part of a wider project to generate novel flavour extracts from roasted products,
strategies to maximise aroma compounds in crystal malt were investigated.
How was the work done: Crystal malts were prepared at laboratory/micro-
malting scale using a Box-Behnken experimental design where three parameters
were varied: (i) germination time (4-6 days), (ii) stewing time at 65°C (1-24 hours)
and (iii) roasting temperature (120-160°C). The major aroma compounds in the
malts were quantified using Solid Phase Micro Extraction Gas Chromatography
with Flame lonisation detection.

What are the main findings: Response surface models are reported which
predict the concentration of the quantitatively dominant compounds: acetic
acid, furfural, 2-furanmethanol, maltol, HMF, 2,3-dihydro-3,5-dihydroxy-6-
methyl-4(H)-pyran-4-one (DDMP), 5-methylfurfural and phenylacetaldehyde as
a function of green malt germination time (2-6 days), stewing time (1-24 h) and
roasting temperature (120-160°C). By optimising these factors, the concentration
of bulk aroma compounds (sugar degradation products) increased up to sixfold
relative to ‘standard’ conditions (four days germination, 1 hour stew at 65°C and
roasting at 140°C). Optimal conditions for the formation of each compound are
discussed in mechanistic terms. An image analysis method using cross polarised
light microscopy was developed to quantify the degree of crystallinity of starch
granules during stewing. Data indicate that under conventional manufacturing
conditions there is a pool of ungelatinised starch in crystal malt kernels which
represents an untapped source of aroma compound precursors.

Why is the work important: The results show that varying the production
conditions changed the amounts and relative proportions of the main aroma
compounds and hence the flavour of crystal malt. This may help maltsters
understand differences in the flavour of products from different production
facilities. Application of cross polarised light microscopy with image analysis
revealed that a proportion of starch remains ungelatinised following standard
industry stewing conditions. This demonstrates the potential to generate novel
crystal malts with more flavour.
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Introduction

Crystal malts are used in the brewing industry to
impart beer with characteristic colour, aroma and
mouthfeel (Sammartino 2015). They are produced
by the roasting of germinated unkilned green barley
malt which has been stewed by heating to 60-70°C
in a closed/humidified environment for around one
hour. The stewing process allows for amylolytic
and proteolytic enzymes to digest the endosperm,
creating precursors for colour and flavour formation
during subsequent roasting. Starch breakdown
creates dextrins and sugars in the endosperm,
whilst protein breakdown creates amino acids
which can catalyse the degradation of sugars via
Maillard reaction pathways. Sugars are precursors
to aroma compounds (Cerny 2008) as well as colour
compounds that are polymerised or adducted to
dextrins.

A schematic overview of crystal malt production is
shown in Figure 1. In the initial stage, raw barley is
steeped in water to increase the moisture level of
the grain to 40-45%. The rise in moisture triggers

Figure 1.

a cascade of hormones from the embryo, signalling
the aleurone layer to create hydrolytic enzymes
(Sebree 1997). These enzymes are released into
the starchy endosperm. Germination allows for the
conversion of storage macromolecules into useful
feedstocks to support plant growth. Breakdown
of the protein matrix and starch granules leads to
an increase in free sugars and amino acids over
the course of germination. Smaller compounds
are transported to the embryo for respiration or
anabolism.

The biological process of breaking down large
macromolecules into smaller subunits provides
maltsters with an opportunity. By controlling
germination, the maltster can produce a green malt
with a high enough enzyme content but with limited
carbohydrate loss (Sebree 1997). Prior to roasting,
green malt is stewed at about 65°C to increase
the conversion of starch into sugars and dextrins.
During this period, the roasting drum is sealed so
that moisture cannot escape and the amylolytic
enzymes present can act on starch. A temperature
of 65°C allows for maximal amylase activity without
any significant denaturation (Briggs 1998).

Crystal malt production. Steeping: Raw barley is submerged under water until the grain moisture is 40-45% which
triggers germination. Germination: Grains are maintained at 40-45% moisture to allow modification of the endosperm
and production of hydrolytic enzymes. Stewing: Germinated green malt is heated to 65°C in a sealed malting drum
such that enzymes hydrolyse starch in the endosperm. Roasting: The roasting drum is vented and the temperature
increased to dry the stewed green malt. This develops the desired colour and aroma of crystal malt.

Steeping

Raw Barley Steeped Barley

Germination

)t b,
02Dge. 02Pyo

@~ & 2+ 0

Green Malt

Stewing and Roasting

Stewed Malt Crystal Malt

© 2024 Institute of Brewing & Distilling

jib.ibd.org.uk

J Inst Brew 2024,130:221-237'222



Journal of the Institute of Brewing

Stewing also gives enzymes greater access to
starch due to gelatinisation. Barley starch consists
of linear chains of amylose and branched chains
of amylopectin (Zhu 2017). Starch granules in the
barley endosperm contain amorphous and semi-
crystalline layers, which display A-type diffraction
patterns of light (Cornejo-Ramirez et al. 2018).
Highly branched amylopectinisthe main component
of the amorphous layers (lamellae), which are inter-
dispersed with more ordered crystalline regions
where amylopectin side chains assemble into tightly
packed helical structures. Some amylose chains
are associated with these regions. By denying
amylases access, this structure provides resistance
to amylolysis of the starch granule by enzymatic
attack (Karkalas et al. 1992). The crystallinity of
an individual starch granule is affected by its size,
amylose/amylopectin content, and association with
lipids and other macromolecules (Cornejo-Ramirez
et al. 2018). When heated to 65°C the structure
becomes diffuse and water can enter and surround
the individual chains, dissolving them and allowing
access of amylolytic enzymes.

Following stewing, the grain is roasted. The
temperature of the roasting drum is increased and
moisture is allowed to escape. The temperature of
the drum during the roasting phase is dependent
on the required flavour and colour profile of the
final product (Parr et al. 2021). Aroma compounds
are generated thermally via the Maillard,
caramelisation and pyrolytic pathways. The myriad
of Maillard pathways to aroma formation are
initiated by reactions between reducing sugars and
amino acids. Amino acids are catalysts for an initial
rearrangement before fragmentation and cyclisation
creates oxygen containing heterocycles (Jousse et
al. 2002). The Maillard pathways occur slowly at
ambient temperatures but are much faster at high
cooking and roasting temperatures. Caramelisation
pathways allow for the thermal breakdown of sugars
without the involvement of amino acids to facilitate
the formation of intermediates. This pathway has a
higher activation energy than Maillard pathways and
requires temperatures above 120°C (Kroh 1994).
Both the Maillard and caramelisation pathways
produce similar oxygen containing heterocyclic
compounds although in different quantities.

Further reactions of these aroma compounds lead
to polymerisation or adduction to macromolecules
that become colour active melanoidins (Bork et al.
2022).

Our previous work has shown the effect of roasting
parameters - time, temperature and moisture - on
the aroma of a range of roasted products used in
brewing (Yahya et al. 2014; Parr et al. 2021). The
aim of the research reported here was to maximise
the concentration of aroma compounds in crystal
malt products by manipulating the concentration
of key precursors. The hypothesis was that
‘standard’ crystal malt processing is not optimised
for aroma generation and, by manipulating the
extent of germination of green malt, the length of
stewing and the roasting temperature, more richly
flavoured products could be developed. To better
understand the breakdown of starch to aroma
precursors during the stewing of green malt, a
novel image analysis protocol was used to monitor
the loss of starch crystallinity. This work enables, for
the first time, aroma formation in crystal malts to
be considered relative to the breakdown of starch
during germination and stewing.

Materials and methods

Materials

Spring barley var. Laureate was supplied by Paul’s
Malt (Bury Saint Edmunds, UK) and winter var.
Flagon was sourced from Crisp Malt (Fakenham,
UK). High purity water from Water Purification
Systems (SUEZ Water, Thame, UK) was used for all
chemical analysis and for washing of glassware.

All chemical standards were >97.5% purity.
5-hydroxymethylfurfural ~ (HMF), acetic acid,
furfural, and 2-furanmethanol were supplied by
Sigma Aldrich (Gillingham, UK). Maltol and sodium
chloride were sourced from Fischer Scientific
(Loughborough, UK).
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Production of green malt

Green malt was produced in a Curio two-tank steep-
germinator unit (Curio Malting, Milton Keynes, UK).
Each tank consisted of four germination cages
containing 300 g of raw barley (Laureate, Paul’s
Malt, UK). Raw barley was screened over a 2.25
mm slotted sieve to remove kernels that were
undersized.

Steeping was performed at 17°C with three wet
phases interrupted by two air rests (8 h wet, 16 h
dry, 8 h wet, 16 h dry, 4 h wet). No steep aeration
was used and the malting cages were turned
automatically for one in every 10 minutes during
steeping and germination. Germination was
performed at 12°C for between 2-6 days (according
to the experimental design). A low germination
temperature was selected to favour the production
of diastatic enzymes.

Stewing of green malt

Green malt was divided into 100 g portions in wide
neck 500 mL Duran bottles. Green malt was kept at
5°C for a maximum of 6 hours before use. Bottles
were placed in an oven at 65°C, with stewing time
varyied between one and 24 hours.

Laboratory scale roasting

Crystal malt was roasted on a custom-built
laboratory scale drum roaster (Parr et al. 2021).
The roaster consists of a gas chromatograph oven
(Hewlett Packard, 6890 series) and a barbeque
rotisserie motor (GM012 model, BBQ Foukou,
Koraskas, Cyprus) set through the oven wall. The
spit controlled the rotation at 43 rpm of a roasting
cage, attached by a push-fit connector. There was
a solid baffle inside the cage to aid mixing. The
roasting cage was placed in the oven and allowed
to attemperate, at the roasting temperature (120-
160°C), for 30 min before the addition of stewed
malt. Stewed green malt (100 g) was added into
the cage and connected to the rotating shaft. Malt
was roasted for 40 min at the required temperature
(120, 140 or 160°C).

On removal from the roaster, the crystal malt was
transferred to an aluminium foil tray and submerged
in liquid nitrogen. Frozen crystal malt was abraded
over a 2 mm sieve to remove rootlets and allowed
to return to room temperature. Samples were then
sealed in foil bags and stored at -80°C until analysis.

Sample preparation for SPME-GC-FID

Crystal malt was ground using a Bihler-Miag disk
mill (Uzwil, Switzerland) with the gap set to 0.2 mm
(fine). Ground crystal malt (0.5 g +0.01 g) was added
to an amber crimp top headspace vial (20 mL), and
the weight taken. Sodium chloride solution (2 mL,
350 mg/mL) was then added. The internal standard
5-nonanone (50 pl, 800 mg/L) was added and the
weight of the addition was taken so the internal
standard concentration could be calculated. Vials
were crimp sealed and stored at 5°C for at least 48
hours to equilibrate.

Aroma compound analysis using
SPME-GC-FID

Samples were analysed using SPME-GC-FID using
a Bruker Scion 456 Gas Chromatograph (Scion
Instruments, Livingston, Scotland, UK) fitted with
a ZB-Wax column (30 m x 0.25 mm ID 1.0 um film
thickness; Phenomenex, Macclesfield, UK). The GC
was fitted with a flame ionisation detector. The vial
seals were pierced by a DVB/CAR/PDMS SPME fibre
(Merck, Darmstadt, Germany) and equilibrated for
45 min at 50°C. The fibre was desorbed using a
split/splitless inlet - operated in splitless mode - at
220°C for 5 min. The oven temperature was held at
40°C for 10 mins and ramped at 4°C/min to 170°C.
It was then ramped at 16°C/min to 230°C and held
for 10 min.

Identification of aroma compounds

Linear retention indices of compound peaks were
determined using liquid injection of an alkane
series (C8-C40) from VWR International Ltd. The
liguid injection conditions for the GC used the same
column, oven temperature profile and detector.
Retention indices were compared to database
values for retention indices on a wax phase in the
literature.
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Five roasted crystal malt samples were further
analysed using GC-MS to confirm peak assignment
by mass spectra library matching in addition to
linear retention index values of authentic standards.
Volatiles were separated using a Trace 1300 gas
chromatograph using the same column type and
dimensions as for GC-FID together with the same
inlet temperatures and oven heating regime.
Effluent was analysed by EI-MS (Thermo Scientific,
Waltham, MA, USA). EI-MS library matching was
performed to verify peak identities.

Quantitation of aroma compounds

A stock solution of the stock solution was prepared
containing 10 mg/mL of 5-hydroxymethylfurfural
(HMF), acetic acid, furfural, 2-furanmethanol and
maltol in water. Calibration headspace vials were
prepared as described above but contained 0.5
g of milled pale malt, with 0, 10, 20, 30, 40, or 50
uL of the added external standard stock solution.
Calibrant series were run before and after crystal
malt samples. 2,3-dihydro-3,5-dihydroxy-6-methyl-
4(H)-pyran-4-one (DDMP), 5-methylfurfural and
phenylacetaldehyde were semi-quantified using the
calibration curve for the standard with the closest
retention time in each case.

Response Surface Modelling of aroma
formation

A modified Box-Behnken design was used to
determine the experimental conditions for
germination time, stewing time, and roasting
temperature (Table 1). The experimental design
used the Design Expert 10 software (StatEase,
Mn, USA). In all, 15 crystal malts were made.
Germination time was 2, 4, or 6 days with stewing
time of 1, 7, or 24 h; the centre point was modified
from 12.5 due to constraints on working hours.
This increased the error in model predictions at
longer stewing times. However, the models had
a precision of less than + 2.5% across the design
space, and the mean standard errors for maltol,
HMF, furfural, and DDMP were 1.057, 1.105, 1.147,
and 1.122 respectively. The roasting temperatures
were 120, 140, and 160°C. The design space had
three centre point repeats. Separate models were
developed to predict the concentrations of each
aroma compound across the design space.

ANOVA was used to determine the significance
of the model terms. To avoid overfitting, non-
statistically significant model terms (p>0.05) were
removed, unless necessary for hierarchy.

Microscopic analysis of starch
gelatinisation/loss of crystallinity

In addition to the response surface modelling,
a better understanding of whether the design
space incorporated the maximum potential for
aroma compound formation was needed. That
is, was there further scope to break down starch
to yield precursors for flavour formation, or had
a maximum vyield been approached. Accordingly,
novel microscopy/image analysis was developed to
evaluate the extent of starch granule breakdown
in green malt that was germinated and stewed to
varying extents.

Production of ground stewed green malt

With the practical need for small samples, a ‘nano
malting regime’ was used to malt 60 g of barley
at a time for starch gelatinisation analysis. Raw
barley (Flagon, Crisp Malt, UK) was steeped and
germinated in square tubs at 15°C. Grain (60 g) was
steeped with 120 mL of water in three wet phases
with the following steep cycle: 8 h wet — 16 h dry
— 8 h wet —16 h dry — 4 h wet. After the final wet
stand, the grain was drained and returned to Duran
bottles (500 mL) and incubated at 15°C with mixing
once a day to detangle rootlets. Germination time
was either 4 or 6 days. Green malt was stewed in
triplicatein 30 g portionsin sealed vessels at 65°C for
0.25,0.5,0.75, 1, 2, 3, 5 and 8 hours. After stewing,
the malt was ground using a Delonghi KG200 electric
coffee grinder for 2 x 30 s, with stirring in between.
Ground malt was stored at -80°C until analysis.

Preparation of samples for microscopy

Ground stewed green malt was suspended in water
at 2% (w/w) and mixed on a Stuart SRT6D roller
bed for one hour and used within three hours
of preparation. Samples were vortexed before
the suspended starch (10 plL) was placed on a
microscope slide and covered with a coverslip with
an attached polarising light filter.
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Table 1. Sample Germination Stewing Time  Roasting temperature
Number time (days) (hours) (°C)

Box-Behnken experimental

design for crystal malt 1 2 1 140

production.
2 2 7 120
3 2 7 160
4 2 24 140
5 4 1 160
6 4 1 120
7 4 7 140
8 4 7 140
9 4 7 140
10 4 24 120
11 4 24 160
12 6 1 140
13 6 7 160
14 6 7 120
15 6 24 140

Microscopy Image Analysis

Microscopy was performed using a Nikon Eclipse Ci
microscope with a 20 x lens. Images were captured
using a Q imaging Retiga R1 camera and NIS
elements software v5.11 (Laboratory Imaging s.r.o,
Prague, Czech Republic). Images of starch were
captured without the cross-polarised filter below
the condenser. The same area was then captured
using a polarising filter below the condenser at
90° to the coverslip filter. The lamp brightness was
then increased until the total image intensity on
the greyscale was 1.83 x 10® + 0.05 x 108, where
each pixel has a value between 0-255 and the total
image pixels were 1409024. 15 pairs of images were
captured per sample using at least three slides of
suspended starch of each sample produced.

Images were analysed using Imagel2 (National
Institute of Mental Health, Bethesda, Maryland,
USA). The unpolarised image was used for automatic
recognition of starch granules which were converted
into binary to recognise edges of starch granules.
The “fill holes’ function was used to fill in granules
and those not completely identified were manually
outlined. The ‘watershed” function was used to
separate overlapping starch granules. Particles
analysed >50 pixels and outlines overlaid were
sent to the Regions of Interest software manager.
Outlines were overlaid onto the polarised image
with intensity and area of starch coverage measured
together with total intensity and image size. The
image intensity for total image and individual starch
granules was measured. For each image and starch
granule the intensity ratio was calculated by dividing
starch area by the mean background intensity of
that image. The adjusted intensity values for each
image (n=15) were averaged accounting for area
covered by starch in each image.
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Results and discussion

Impact of germination time, stewing
time and roasting temperature on aroma
formation

Acetic acid, furfural, 2-furanmethanol, maltol and
5-hydroxymethylfurfural were quantified using GC-
SPME-FID. Further, DDMP, 5-methylfurfural, and
phenylacetaldehyde were semi-quantified using
the external standard calibration for the nearest
eluting quantified compound. This method of
quantification assumes that headspace samples
have (prior to analysis) reached the equilibrium
of the volatile analyte distribution between milled
malt, saline solution, headspace and SPME fibre. It
was also assumed that the milled pale malt was a
representative matrix that would interact similarly
with spiked standard concentrations of flavour
volatiles as with the crystal malt products. Such
assumptions resuklt in some error in absolute
quantitation, but the method is appropriate for
comparing the impact of process conditions on
flavour formation. Further, the concentration of the
analysed compounds are within the typical ranges
reported in previous studies, particularly where
similar process conditions were employed.

To determine how the processing of green malt
prior to roasting affected the final concentrations
of aroma compounds in crystal malt, a Box-Behnken
experimental design was used. The design had three
levels for each factor: germination time (2, 4, and
6 days), stewing time (1, 7 and 24 h) and roasting
temperature (120, 140 and 160°C).

Details of the resulting models and their significant
factors are reported in Table 1. The model
coefficients reported are for the equation in
‘coded terms’ — i.e. for each variable the highest
level across the design space is coded +1 and the
lowest as -1. This gives a better comparison of the
weighting of a factor numerically in the equation
because the coefficients which are expressed are
not distorted by the magnitude of the factor units.
All the derived models were highly significant and
with good predictive power (model R? = 0.89-0.99).

The coefficient for roasting temperature - a model
term that included roasting temperature - had
the highest magnitude in all models except for
DDMP. As previously shown (Parr et al. 2021), this
demonstrates that the concentration of aroma
compounds in crystal malt are highly dependent
on roasting temperature. This reflects the need
for precursors of aroma compounds to overcome
the activation energy to react. Higher roasting
temperatures can lead to higher rates of formation
but also higher rates of the loss of volatile aroma
compounds. Therefore, the optimal roasting
temperature to maximise the concentration of an
aroma compound in finished crystal malt depends
on the pathways for formation and loss (via onwards
reactions, decomposition or volatility).

For all compounds, except 2-furanmethanol, there
was an increase in concentration with the time of
green malt germination (Table 2, factor A). Over
the course of germination there is an increase in
free amino acids, free sugars and diastatic power
(Sebree 1997). This modification and generation of
precursors for thermal flavour generation explains
the increase in aroma compounds found after
germinating for longer periods of time.

The released sugars and amino acids increase the
pool of available precursors for aroma formation
through caramelisation, Maillard chemistry or
pyrolysis. A prolonged period of germination would
also lead to a higher concentration of amylases
(Vinje et al. 2015) which would impact on the initial
rate of conversion of starch to sugars during the
stewing part of crystal malt production.

With the exception of furfural, stewing time was
a significant factor in all compound models (Table
2, factor B). Stewing time will also affect the
concentration of aroma compound precursors
before roasting. Stewing at 65°C allowed starch
to be gelatinised and degraded. Gelatinisation
exposes regions of the amylose and amylopectin
chains, making them vulnerable to degradation by
amylases resulting in dextrins and sugars such as
maltose. Longer stewing times allow for greater
conversion of starch into sugars that can then
undergo thermally driven aroma forming reactions.
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In most models, the magnitude of the model
coefficients for germination and stewing time were
of a similar order to the coefficient for roasting
temperature. This indicated that germination
and stewing time greatly impacted the final
concentration of aroma compounds in crystal malt.
Accordingly, extending the germination and stewing
times beyond conventional manufacturing practice
has the potential to generate crystal malt products
with higher concentrations of aroma compounds,
and particularly the bulk aroma compounds
resulting from sugar degradation.

Response surface models for maltol, HMF, furfural
and DDMP at each of the three different roasting
temperatures are shown in Figures 2 and 3. There
was a higher concentration of maltol in crystal malts
that were roasted at higher temperatures with
a plateauing or decrease when germination and
stewing time were increased. However, this could be
overridden by an increase in roasting temperature.
The interaction between roasting temperature and
the other two variables suggested that, at higher
roasting temperatures, alternative pathways such

Table 2.

as caramelisation may become more significant.
These pathways would offer precursors that were
increased by extended germination and stewing.

The concentrations of 5-hydroxymethylfurfural
(HMF) in crystal malt showed a positive linear
relationship with stewing time, germination time,
and roasting temperature (Table 2, Figure 2).
The model included a term for the interaction
between germination time and stewing time. HMF
is formed from the dehydration of hexose sugars,
such as glucose and fructose through Maillard or
caramelisation pathways (Kowalski et al. 2013). The
higher concentration of HMF in crystal malt roasted
at higher temperatures, showed that increasing
the roasting temperature led to a larger increase
in the rate of formation than rate of loss. Higher
HMPF concentrations in crystal malt, which had been
germinated and stewed for a longer time, suggests
that there is greater conversion of starch into
maltose and maltotriose under these conditions. A
lack of curvature in the response surface model, as
compared with that for maltol, may mean that the
formation of HMF at higher temperatures in the

Statistics for response surface models fitted to aroma compound concentration across the design space.
p-values are shown in brackets. Non-significant terms (p>0.05) are only included for model hierarchy. The models for
furfural and 5-methylfurfural used a square root transformation prior to modelling.

Response surface model coefficients and R?

Model statistics

A B C
Germination  Stewing time  Roasting temp.

Compound time (2-6 days) (1-24 h) (120-160°C) AB AC BC A? B? c? Model type Model R?
Acetic acid (o})%is) (0.22231) (<o}.;g§o1) (oi;?m ; (o_.igge) (ofxsxgz) Modified Quadratic 0.9705
Furfural (<02_6]6601) - (<04,i)7($01) - - - Modified Linear 0.9477
2-Furanmethanol (<02.36701) (0'201633) - - - ( 0’%‘(‘)'081) Modified Quadratic 0.9030
Maltol (0256(1)1) (026621) (<o?gc?01) (0?071'38) ((Js.gi) (65)%191) (o-.ggga Modified Quadratic 09300
HMF (<o£.lc())301) (0.3%21) (<o‘.lgc?01) (o.tsﬁl) (oiaﬁz) B . ) Moidr:tf::r:cztit)a:tor 0.9563
bowp o000y 000y (oassn) Pyt - Wi 08893
5-Methylfurfural (0%5:056) (0%%‘?;'3) (<02.g:)201) - (;f(')‘:’] Zg) (;f[')':’);:) Modified Quadratic 0.9765
Phenylacetaldehyde (oiszgz) (02325) (c-Jz.;dc()J;) (fbgg) ((;.S()).(};S) ((;.lol1fs) (o-.tf)fs) Modified Quadratic 0.9568
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Figure 2.

Response Surface Models for maltol and HMF in crystal malt as a function of germination time (days), stewing
time (hours) and roasting temperature. Dark and light red circles represent data points above and below the
surface.

maltol/ mg/kg maltol/ mg/kg

maltol/ mg/kg

omg/kg [ 700 mg/kg 0mg/kg [EIM 2000 mg/kg
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range (120-160°C) depended on caramelisation
rather than the Maillard pathway, as the
concentration was not limited by amino acid
concentration as influenced by germination.

The response surface model for the concentration
of furfural in crystal malt (Figure 3) used a square
root transformation, indicating a greater variation
in the results at higher concentrations (Hattab
2018). The model had a positive linear correlation
with roasting temperature (0.872) and, less tightly,
germination time (0.374). There was no statistically
significantimpact of stewing time. Furfural is formed
from the dehydration of pentose sugars during
caramelisation (Danon et al. 2014) and can also be
formed from hexose sugars through Maillard and
caramelisation reactions, as reported in the heating
of sugar cane juice (Huang et al. 2023). The higher
concentration of furfural in crystal malt roasted
at higher temperatures indicates that the rate of
formation increased faster than the rate of loss.
Higher concentrations of furfural in crystal malt
germinated for an extended period suggest the
formation of more pentose sugar which are derived
from the degradation of cell walls in the endosperm
matrix (Sebree 1997). The lack of any statistically
significant impact of stewing time suggests that
the furfural concentrations in crystal malt were
independent of starch breakdown into hexose
sugars and were more likely to have been formed
from pentoses.

For the formation of 2,3-dihydro-3,5-dihydroxy-6-
methyl-4(H)-pyran-4-one (DDMP) (Figure 3), the
model shows that the concentration was optimised
atlower roastingtemperatures. There was a positive,
linear correlation between the concentration of
DDMP in crystal malt and germination (0.726)
and stewing times (0.467). Additionally, the term
modelling the interaction between germination
time and roasting temperature showed that
germination time had a lower impact on DDMP
concentration in crystal malt at higher roasting
temperatures. DDMP is formed through Maillard
and caramelisation pathways (Li et al. 2019; Li et al.
2020). DDMP, like HMF, is formed by 2,3-enolisation
from the breakdown of hexose sugars. Indeed,
the shared precursors to aroma compounds may
suggest competition between pathways for the

formation of these two compounds. A positive
correlation between germination and stewing
time is expected as both these factors increase the
concentration of the hexose, maltose. A decrease
in DDMP levels at higher roasting temperatures
may be caused by the competing pathways that,
at higher temperatures, result in the loss of DDMP
through volatilisation or onward chemical reactions.
In addition, roasting conditions result in the
conversion of DDMP to DMHF (2,4-dihydroxy-2,5-
dimethyl-3-(2H)-furanone) (Kim and Baltes 1996).

For the standard operating conditions - four days
germination, 1 hour stewing and 140°C - the
derived models were used to predict the maximum
increase in concentration of each compound that
could be obtained across the design space and
the conditions under which this could be achieved
(Table 3). By varying the processing conditions, the
predicted maximum increase ranged from 1.6 fold
(2-furanmethanol) to 6.1 fold (HMF). This suggests
there is scope for increasing the concentration of
aroma compounds in commercial crystal malts.

It is noteworthy that the changes in concentration
were not uniform for the aroma compounds in
crystal malt that were acievable (Table 3). The
optimal conditions and increase in concentration
for each compound are different. As previously
suggested (Parr et al. 2021), changes in the
processing conditions will lead to crystal malts with
varied aroma profiles, which could be attractive
for developing novel products with unique aroma.
Sensory analysis would be required to determine
how altered processing affects the perceived aroma
of crystal malt, as opposed to measurement of the
concentration of the compound.

Table 3 shows that, in general, five to six days of
germination was optimal for the formation of
aroma compounds due to the associated increase
in aroma compound precursors. Over the course of
germination there are many biochemical changes
which could impact the final concentration of
aroma compounds in crystal malt including: (i) the
formation of hydrolytic enzymes; (ii) degradation of
macromolecules into aroma compound precursors
and (iii) structural changes to starch granules. It
was only in the model for 2-furanmethanol that
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Figure 3.

Response Surface Models for furfural and DDMP in crystal malt as a function of germination time (days),
stewing time (hours) and roasting temperature. Dark and light red circles represent data points above and below
the surface.

furfural/ mg/kg furfural/ mg/kg

furfural/ mg/kg
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germination time was not a significant factor.

The optimal stewing time for individual compounds
varied between 17-24 hours, suggesting that
stewing as a variable has the potential to change
the ratio of key flavour compounds in crystal malts,
albeit that longer processing times in manufacturing
would not always be commercially viable. Longer
stewing time offers the potential to increase the
concentration of aroma compounds (Table 3). This
led to a consideration - as a function of stewing time
- of the extent to which starch granules are broken
down to generate sugars.

Starch gelatinisation during stewing
using image analysis

In crystal malt processing, the majority of sugars
are produced by amylolysis during the stewing
phase (Briggs 1998). This is usually performed at
around 65°C so that the amylases are not quickly
denatured and can hydrolyse longer chain amylose
and amylopectin into dextrins and maltose. This
temperature is also required to ensure that starch is
gelatinised, allowing the amylases to access amylose
and amylopectin (Langenaeken et al. 2019). As
sugar concentrations impact on the final level of

Table 3.

aroma compounds in crystal malt, it follows that
starch gelatinisation is important to their formation.

It is suggested that starch gelatinisation during
the stewing of green malt has not been previously
studied. Optimising gelatinisation before roasting
could allow for greater conversion of starch into
sugars, and resultinanincreasein the concentration
of precursors to aroma compounds. Accordingly, a
technique using cross-polarised light microscopy
was devised to monitor the loss of crystallinity of
starch granules during the stewing of green malt.
This enabled the extent to which this conversion was
complete to be assessed at different time points.

Green malt is maintained at a moisture content
of 40-45% so as to allow germination to occur. In
this environment the amount of free water that is
available for the gelatinisation of starch is limited.
It is therefore important to understand how the
starch structure is taking up water during the
stewing phase. To investigate this, green malt was
germinated for four and six days and stewed for
eight hours. The crystallinity of the starch granules
was then determined using cross-polarised light
microscopy (Ovalle et al. 2013).

Potential fold increase in the concentration of aroma compound through manipulation of germination time,
stewing time and roasting temperature (predicted from models reported in Table 1).

Reference process Optimal Optimal ?ogg?nal I:;i?;j d
Compound predicted concentration  germination time*  stewing time* g * P . Fold increase
temperature concentration
(mg/kg) (days) (hours) Q) (ma/kg)
Acetic acid 566 5.35 17.13 160 1585 2.80
Furfural 77 6.00 n/a 160 243 3.14
2-Furanmethanol 85 n/a 24.00 146 135 1.60
Maltol 199 5.53 18.29 160 640 3.21
HMF 277 6.00 24.00 160 1682 6.08
DDMP** 24 6.00 24.00 120 98 4.00
5-methylfurfural®** 14 5.01 24.00 160 35 2.44
Phenylacetaldehyde** 38 5.61 24.00 132 64 1.66

Reference process: 4 days germination, 1 h stewing, 140°C.

* Optimal processing conditions were determined using the ‘predicted maximum value’ function for each model in

Design Expert.

** Semi-quantified against the external standard peak with the closest retention time.
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In this previous study with cross-polarised, light
microscopy to detect gelatinisation, granules were
categorised as either having a ‘Maltese cross’ or not
(Ovalle et al. 2013). This suggests that gelatinisation
is a binary process where granules are either
gelatinised or not. However, water is taken into the
granule gradually and the semi-crystalline structure
is progressively disrupted. In this study, the scale
of the ‘degree of gelatinisation” was determined by
comparing the light intensity of starch granules to
the background intensity, to provide an 'intensity
ratio' (see Table 4). Greater values of the intensity
ratio are due to the higher birefringence in the
more crystalline granules. Assigning each granule
with a value enables the starch to be viewed as a
population with frequency plots of the intensity
ratios (Figure 4).

These plots showed a gradual shift of the population
towards a gelatinised state as stewing progressed
over eight hours —as can be seen by the distribution
and the peak moving to lower intensity ratios
reflecting the loss of crystallinity (Figure 4).

25

Figure 4.

Frequency distribution of ——0 &
the starch granule intensity —e—o07n O
ratio with varying durations -2 3
of stewing (0-8 hours) at ——3 g2
65°C.

25

20

st
bv
Frequency (%)

0.75

After germination and before stewing (time = 0),
there was a large spread of intensity ratios for green
malt germinated for either four and six days. This
means that, although a median starch granule has
an intensity ratio of approximately 1.10, there was
a proportion of starch granules already accessible
to degradation by amylases. As the green malt was
stewed the frequency of the modal intensity ratio
increased and shifted towards a smaller intensity
ratio as the starch was gelatinised and became
more homogeneous. After two hours, or shortly
afterwards, most of the changes had occurred to
the frequency curves.

Malt that had been germinated for six days displayed
a faster shift towards lower intensity ratios with a
larger skew in the same direction than was observed
with malt germinated for four days (Figure 4). The
greater shift suggests that more starch is available
to amylolytic enzymes earlier on in the stewing
phase when they are at their most active (Viader
et al. 2021). Although a previous study of the
physicochemical structure of barley starch during

Four Day Germination

0.85 0.95 1.05 1.15 1.25 135

Intensity ratio

Six Day Germination

0.85 0.95 1.05 1.15 1.25 1.35

Intensity ratio
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Table 4.

Microscopic images of starch granules with
corresponding calculated intensity ratios.

A high ratio implies high retained crystallinity and
birefringence.

Intensi Cross
. ty Bright field .
ratio polarised

1.722
1.250 |
1.171
/ -
1.166 l
1.094
x/ dﬂm\\-
1.000 ’ )
J
0.983

0.919 ¢ ’)

malting has shown an increased gelatinisation
temperature at the start of germination, a decrease
towards the end was also found (Contreras-Jiménez
et al. 2019). Increased activity of the debranching
enzyme, limit dextrinase may have impacted the
rate of gelatinisation in green malt germinated for
six days compared to four days, as limit dextrinase
is rapidly converted to a free form between four
to six days of germination (McCafferty et al. 2000).
Although enzymic debranching of starch increases
the crystallinity of starch upon cooling due to
retrogradation (Pratiwi et al. 2018), attack from
hydrolytic enzymes during stewing (before the
starch has cooled), could have increased sugar
formation and degraded debranched amylose
chains available for retrogradation. After six days
of germination, the capacity for degrading these
amylose chains in the endosperm would have also
been greater than after four days of germination
due to higher concentrations of amylases (Vinje et
al. 2015).

This faster rate of gelatinisation due to the
longer stewing time may explain the increased
concentration of aroma compounds after extended
germination (Table 2). A faster rate of gelatinisation
suggests that there is a higher concentration
of substrate for amylases to act on before any
denaturation can take place. A higher conversion
of starch to sugars means there is a greater pool of
aroma compound precursors before roasting. From
this, a greater concentration of aroma compounds
is formed during roasting and retained in the final
product.

Starch gelatinisation could be a significant barrier to
the formation of aroma compounds in crystal malt.
Moisture levels in green malt at 40-45% suggest
that the ratio of water to starch is limiting and
could not completely gelatinise starch. This is not
surprising as full gelatinisation of starch requires a
stoichiometry of 14 molecules of water per hexose
subunit (Donovan 1979). A 14:1 ratio would require
a minimum moisture content of 48%, assuming 60%
of the dry weight of green malt is starch and all the
available water is utilised for gelatinisation, which
is unrealistic. Therefore, a practical strategy to
increase aroma compounds is to increase moisture
levels in green malt prior to stewing, over and above
normal industrial practice. However, this strategy
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may be limited by the physical/biological constraints
of the grain which have a finite volume for uptake of
water and, if moisture is too high, germination stops.
Indeed, a recent publication on the gelatinisation of
starch in a brewery mash has shown there to be a
limit on gelatinisation due to the increased solute
concentration of hydrolysis products (De Schepper
and Courtin 2022). Further, end-product inhibition
of amylase will also limit hydrolysis during stewing
(Lizotte et al. 1990). This inhibition mechanism
protects the barley grain against degrading starch
reserves faster than the embryo can take them
up during germination. Increasing the moisture
content of green malt during stewing would aid in
overriding this mechanism and allow for greater
conversion of starch to maltose.

Conclusions

The concentration of aroma compounds in crystal
malt is not just dependent on roasting parameters
(time and temperature) but also on the processing
of the green malt before the high temperature
phase of roasting. Extending the germination and
stewing times of green malt allowed for a greater
concentration of aroma compound precursors
and a bigger compliment of hydrolytic enzymes to
release them during stewing. This increase in aroma
compound precursors was found to increase the
concentration of aroma compounds sixfold under
experimental conditions.

There is potential to increase the concentration
of sugars in green malt prior to roasting through
maximising starch gelatinisation. Current methods
of processing crystal malt do not fully gelatinise
starch, which was demonstrated here using a novel
image analysis technique. Thisrepresents potentially
an untapped source of aroma compounds in the
form of ungelatinised starch which is inaccessible to
amylolysis. Further increases in aroma compound
concentrations in crystal malt may depend on
overcoming this, possibly though increasing the
moisture content of green malt.
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