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The role of hydrothermal treatment (steaming and tempering) parameters on oat groat, flake, and flour prop-
erties was studied by using experimental design and response surface modelling approach. The modelled
properties were oat groat hardness, oat flake hardness, and oat flour particle size milled from oat groats and oat
flakes. In the design of experiments, the studied factors were moisture content, temperature, and duration of the
hydrothermal treatment using the central composite face-centred design (CCF). Three untreated oat groat
cultivar samples with varying native groat hardness were studied. Among the studied factors, tempering tem-
perature influenced both groat hardness and flour particle size in all samples. High temperature led to fragile
groats and fine flours, while low temperature resulted in hard groats and coarse flours. The treatment parameters
affected groat and flour properties in a generally similar way, but sample-specific differences remained in groat
hardness and flour particle size after identical treatments. In the sample with the softest native groats, also the
moisture content influenced groat hardness and flour particle size. Our results suggest that with a proper se-
lection of the native groats and by adjusting the hydrothermal treatment parameters, the milling properties of oat

could be optimised for specific uses.

1. Introduction

Oat flour has gained popularity as a food ingredient, but the milling
technology of oat is not known well. The oat milling process includes a
hydrothermal treatment, which aims to inactivate lipolytic enzymes in
oat that may cause rancidity during storage. Traditionally, the hydro-
thermal treatment has been performed in two sequential stages
(Ganssmann & Vorwerck, 1995). According to Ganssmann and Vor-
werck (1995), the groats are first given a longer heat treatment (kiln
drying, kilning) to stabilize the enzymatic activity, where the groats are
steamed and heated rapidly to reach about 18% moisture content and
100 °C temperature. Sufficient moisture content is crucial for enzyme
inactivation. Additional heating is followed as the groats flow pass the
heating radiators. At the end of the 90-120 min heat treatment, the
groats are dried and cooled. Additionally, before flaking, oat groats
usually undergo a second, shorter steam treatment to assist flaking that
includes steaming and tempering. The groats are steamed for 1-2 min to
increase the moisture content and to reach the temperature of the groats
to around 95-104 °C (Ganssmann & Vorwerck, 1995). After steaming, a

* Corresponding author.

tempering step allows moisture equalization before flaking. Steaming
softens the groats and reduces the tendency to fracture (Gates, 2007, p.
69).

The second treatment step alone, steaming and tempering before
flaking, has been reported to be sufficient for enzyme inactivation and to
assist flaking, which questions the need for a traditional two-step
treatment. Gates, Sontag-Strohm, et al. (2008) reported that commer-
cial kilning alone did not totally inactivate the lipolytic enzymes, but the
moisture content of the groats during the commercial kiln was not
specified. According to Gates, Dobraszczyk, et al. (2008), steaming and
tempering treatment parameters influenced the mechanical properties
of oat groat, while commercial kilning did not affect these properties.
Gates et al. (2004, 2008b) reported that kilning was not necessary for
the storage stability of oat flakes if the samples were sufficiently
steam-treated. Kilning had only little effect on oat flake properties, while
steam treatment before flaking was critical for the oat flake texture
(Gates et a. 2004, 2008b). According to Hutchinson et al. (1951) and
Deane and Commers (1986), as the groats are heated during kilning,
their moisture content decreases and thus, lipase activity remains in the
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kilned groats and the steam treatment prior to flaking eliminates the
lipase activity. In the previous studies (Table 1), the groat moisture
content during kilning was not always specified and thus, probably not
controlled. Thus, a separate kilning step is not necessary in oat pro-
cessing if the groats are steam-treated at sufficient moisture content.
These days, at industrial scale, a one-step process is common where the
flaking is done directly after the hydrothermal treatment. However,
there is no standard for the treatment and thus, several variations of the
hydrothermal treatment in the oat milling process exist.

The use of oat has increased in several types of food products, and
with further knowledge about the milling behaviour of oat, the oat flour
properties could be optimised for particular food processes. Recently,
large variation in oat cultivar sample properties has been reported in oat
grain and oat groat properties, and chemical composition (Jokinen et al.,
2021). As the physicochemical properties differ between oat cultivar

Table 1

The conditions of two- and one-step kilning and steaming treatments of oat

groats according to the literature.

Reference

Kilning conditions

Steaming and tempering
conditions

Jokinen et al.
(2021)
Duque et al. (2020)

Girardet and
Webster (2011)
Head et al. (2010)
Gates, Dobraszczyk,
et al. (2008)
Gates (2007)
Rhymer et al.
(2005)
Gates et al. (2004)
Ames and Rhymer
(2003)
Bryngelsson et al.

(2002)
Zhou et al. (2000)

Sontag-Strohm
et al. (1996)

Ganssmann and
Vorwerck (1995)

Molteberg et al.
(1995)

Salovaara (1993)

Mahnke-Plesker

(1991)

Deane and
Commers (1986)

Kilning at 115 °C for 30 min

Reference to Ganssmann
and Vorwerck (1995)

Steaming groats to 17%
moisture, then kilning at
88-98 °C for 100 min
Industrial kiln of 90 min

Steaming groats to 17-19%
moisture at 80-102 °C for
over 90 min

Steaming groats to 17%
moisture, then at 100 °C for
10 min with a lid on and 45
min without a lid

At 85 °C for 2.5 h (Biihler
kiln)

Steaming at 100 °C for 60
min

Steaming for 9 min, kilning
at 100 °C for 45 min, at

65 °C for 15 min
Conditioning groats to
12-20% moisture and
heated at 95 °C for 1-2 h
Steaming groats to 17-18%
moisture and to 102 °C,
90-120 min in total

Groats soaked in water for 2
min, then steaming at 100 °C
for 10 min and drying at
100 °C for 3.5-4 h
Steaming groats to 16-17%
moisture for 2-3 min,
heating at >95 °C for over
70 min, and drying for 30
min

Steaming for 0.5-2 min,
kilning at 100-120 °C for
1-3h

Kilning groats at 88-93 °C
for at least 1 h

Steaming at 155 °C for 40 s,
15-20 min stabilization
Steaming at 100-104 °C for
18 min

Steaming to increase the
moisture content 3-5%,
tempering at 95-102 °C for
20-30 min

Steaming at 101 °C for 30 s,
tempering at 80-110 °C for
30-90 min

Steaming to 12-19%
moisture at 95-105 °C for
10-30 min

Conditioning the groats to
16% moisture content
overnight at room
temperature

Tempering at 95-100 °C for
45 min

Steaming for 30 s, tempering
at 100 °C for 15 min
Steaming at 100 °C for 20
min

Resteaming for 5 min

Steaming for 1-2 min to
increase groat moisture
content 3-5% and
temperature to 95-104 °C,
tempering for 15-25 min

1-2 min steaming at 100 °C
to increase the groat
moisture to 17%, 15 min
tempering

12-15 min steaming at
99-104 °C
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samples, presumably the milling properties vary as well. A further study
showed that in the set of 20 oat cultivar samples, oat flour particle size
parameters (average particle size D43 and median particle size Dsp)
were related to the baking quality of whole grain oat flours (Sammalisto
et al., 2021). Regarding oat flakes, it has been reported that oat cultivar
samples varied in the oat flake properties (Jokinen et al., 2022; Lapve-
telainen et al., 2001), oat flake granulation and oatmeal texture
(Rhymer et al., 2005). In addition to cultivar-related differences, hy-
drothermal treatment conditions have been reported to influence oat
groat strength and oat flake properties (Gates, Dobraszczyk, et al., 2008;
2008b). According to our knowledge, no studies about the relations
between the oat cultivar samples, hydrothermal treatment, and oat flour
properties have been published. Based on previous studies, it could be
assumed that both the oat cultivar sample and the hydrothermal treat-
ment parameters influence oat groat, oat flake, and oat flour properties,
and these properties could be altered by the treatment parameters.
Further knowledge about the relations between the hydrothermal
treatment and oat groat and oat flour properties could provide tools to
adjust the oat flours to be most suitable for specific types of food
products.

The aim of this study was to investigate whether oat groat hardness,
oat flake hardness, and oat flour particle size could be controlled by the
hydrothermal treatment that is included in oat processing. Three oat
cultivar samples of differing native groat hardness were selected in this
study to observe the possible variation between the cultivar samples.

2. Materials and methods
2.1. Materials

The materials of this study were oat groat samples from three
cultivar-pure oat batches grown in Finland in 2019. The unkilned oat
groats were dehulled by Vaaksy Mill Ltd. (Asikkala, Finland). The oat
groats were stored in the freezer before the experiments (in sealed bags
at —19 °C). The chemical compositions of these oat cultivar samples
(coded with the same sample numbers G24, G28, G29) were published
earlier by Jokinen et al. (2021), and the main chemical data is presented
in section 2.2.1, Table 2.

2.2. Methods

2.2.1. Analyses of the native oat groats

The basic chemical compositions of the oat cultivar samples G24,
G28, and G29 were reprinted with a permission of Jokinen et al. (2021)
(Table 2). The oat groat samples were selected to the study according to
the hardness of the untreated groats in preliminary experiments: one
sample of low groat hardness (G24), intermediate groat hardness (G28),
and high groat hardness (G29) (Table 2). The method for groat hardness
measurement is described in detail in section 2.2.5 but in the pre-
liminary experiments, the groats were analysed at room temperature.
From the untreated native groats, the amount of broken groats was
analysed with a sieve shaker (CISA RP-08-S, Cedaceria Industrial, Spain)
from three replicate samples of 10 g that were sieved for 3 min at an
amplitude of 0.8 mm. The amount of small groat material (% of the
original sample weight) that passed a 1.8 mm screen represented the
amount of broken groats. Groat thickness (mm) was measured with a
micrometer (Mitutoyo, Japan) from thirty randomly selected, intact oat
groats.

2.2.2. Design of experiments

Response surface methodology (RSM) was applied to investigate the
influence of the steaming and tempering parameters (groat moisture
content, tempering temperature, tempering time) on oat groat hardness,
oat flake hardness, and oat flour particle size. In RSM, the values of
response variables are predicted by regression analysis, based on the
controlled experimental design. MODDE Pro software (MODDE 13,
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Table 2
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The basic chemical composition of the oat cultivar flour samples (analysed from the heat-treated flours), and the physical properties of the oat groat samples (analysed
from the untreated groats). The hardness of untreated oat groats was measured by a compression test at room temperature. The hardness values are presented as
average values of fifteen measurements, amount of broken groats as average values of three measurements, and groat thickness as average of thirty samples. Error

values represent standard errors of the means (SEM).

Sample Starch” Protein® Fat” TDF™" Beta-glucan® Groat hardness (N)“ The amount of broken groats (%)° Groat thickness (mm)“
G24 63.6 14.2 6.9 11.0 3.3 46 + 2 41 +2 2.12 +0.03
G28 60.4 16.4 7.6 11.9 4.2 51+3 26 +1 2.11 £ 0.03
G29 62.7 16.1 8.0 11.0 3.9 57 +3 17+1 2.15 + 0.04

 Percentage by dry mass basis, results reprinted with a permission of Jokinen et al. (2021).

b Total dietary fibre.
¢ Analysed from the untreated oat groats.

Sartorius Stedim Data Analytics AB, Umed, Sweden) was used to design
the experiments of central composite face-centred design CCF (Table 3),
calculate the regression analysis, and plot the response surfaces. In the
central composite design, each process variable (groat moisture content,
tempering temperature, and tempering time) had three levels, —1, 0,
and +1, and twenty experiments were conducted in randomized order
with each oat cultivar sample. The levels of —1 (15%, 85 °C, 30 min),
centre point (17.5%, 100 °C, 60 min), and +1 (20%, 115 °C, 90 min)
were determined based on the literature, and the centre point was
repeated six times (experiments N15-N20). Peroxidase test was con-
ducted to measure the possible residual enzymatic activity present after
the hydrothermal treatment. The samples after the mildest treatment
conditions (experiment N1, 15%, 85 °C, 30 min) were tested negative, so
it was assumed that the rest of the samples did not have enzymatic ac-
tivity. The measured response variables were oat groat hardness, oat
flake hardness, and average particle size (D4 3) and median particle sizes
(Dso) of oat groat flours and oat flake flours.

2.2.3. Moistening the oat groats

Untreated oat groats (100 g per sample) were weighed into
aluminium containers (volume of 0.85 L), and distilled water was added
to reach the desired moisture content of the groats (15%, 17.5%, or
20%) to simulate the steaming of the groats. The groats and the water
were mixed carefully to form a thin layer, and the sealed containers were
stored at 5 °C overnight (18 h) to allow the moisture content to equalize
in the groats before the hydrothermal treatment. The required amounts
of added water to reach the desired moisture contents were studied in
preliminary experiments.

Table 3
Design of experiments for the hydrothermal treatments for each oat cultivar
sample.

Experiment Moisture Tempering Tempering time
Number content (%) temperature (°C) (min)
N1 15 85 30
N2 20 85 30
N3 15 115 30
N4 20 115 30
N5 15 85 90
N6 20 85 90
N7 15 115 90
N8 20 115 90
N9 15 100 60
N10 20 100 60
N11 17.5 85 60
N12 17.5 115 60
N13 17.5 100 30
N14 17.5 100 90
N15 17.5 100 60
N16 17.5 100 60
N17 17.5 100 60
N18 17.5 100 60
N19 17.5 100 60

N20 17.5 100 60

2.2.4. Hydrothermal treatment, flaking and milling

Hydrothermal treatment, flaking and milling were performed on a
laboratory scale. The moistened groats were equilibrated to room tem-
perature in the sealed aluminium containers before the treatments. The
groats were kept first at 170 °C in a convection oven for 3 min (Sveba
Dahlen, Fristad, Sweden) to simulate the intensity of steaming and to
ensure that the groats enter the second oven already hot. After the first
oven, the groats were rapidly transferred to the second oven (Memmert
GmbH + Co.KG, Germany) and tempered for 30, 60, or 90 min at 85,
100, or 115 °C, according to the experimental design.

After the tempering treatment, groat hardness was analysed imme-
diately. The groats were flaked directly after the treatments as well. The
laboratory-scale flaking machine was similar to the one previously used
by Gates, Sontag-Strohm, et al. (2008). A speed of 70 rpm and a roll gap
of 0.4 mm were used in flaking. After the flaking and groat hardness
measurements, oat flakes and oat groats were placed in a fume hood for
1 h to stabilize the moisture content and the temperature (25 °C, 16%
RH). After that, the samples were packed in plastic bags for storage.

After the treatments, oat groats and oat flakes were milled with a
centrifugal mill (ZM 200, Retsch GmbH, Germany) using a 0.5 mm
screen, a 11.2 cm diameter rotor and a speed of 8000 rpm (400 g). Both
oat groat flours and oat flake flours were milled with the same
procedure.

2.2.5. Oat groat and oat flake hardness

Oat groat hardness was studied with a Texture Analyser (TA XT2i
Texture Analyser, Stable Micro Systems, Godalming, UK) using a
method adapted from Gates, Dobraszczyk, et al. (2008). The groats were
placed crease-down and compressed at 1 mm/s speed with a 36 mm
diameter probe into 50% deformation. The deformation was held for 5,
and the peak force of the compression represented groat hardness. The
groats were analysed immediately after the heat treatments and a
heating cabinet was connected to the equipment and set to 65 °C to
simulate the industrial oat flaking conditions. Twenty replicate samples
were measured, and a 10 kg load cell was used in the analyses.

Oat flake hardness was studied with a pin-deformation test by
Texture Analyser (TA XT2i Texture Analyser, Stable Micro Systems,
Godalming, UK), with a method reported by Gates et al. (2004). A blunt
steel pin (diameter 2 mm) was driven through the intact oat flake at a
speed of 10 mm/s. The peak force of the compression represented oat
flake hardness. Twenty replicate samples were measured, and a 5 kg
load cell was used in the analyses.

2.2.6. Particle size analyses of the oat flours

Particle sizes of the oat groat flours and oat flake flours were ana-
lysed by laser diffraction using a dry feed unit (Mastersizer 3000 Aero S,
Malvern Instruments Ltd., Malvern, UK). A refractive index of 1.47,
input pressure of 3 bar and input power 30% were used in the analyses.
Values of Dsg (median particle diameter, pm) and D43 (mean particle
diameter, pm) were calculated from three replicate measurements.
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2.2.7. Statistical analyses

MODDE Pro software was used to create the design of experiments
and to process the data. The response surface models were created in
CCF design by using partial least squares (PLS), which describes the
effects of factors in polynomial equations. The models were verified with
an additional experiment to estimate the predictive capacity of the
models. Only the models with high reproducibility and with no signifi-
cant lack of fit are reported in this paper. The percent of the variation of
the response predicted by the model according to cross validation (e})
indicated how well the model predicts the data in a new experiment. A
measure of fit (R is the percent of the variation of the response
explained by the model and explains how well the model fits the data. A
useful and good model should have the values of Q2 > 0.5 and of R? >
0.5. Lack of fit >0.25 is considered a good, valid model.
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3. Results
3.1. Particle size distributions of the oat flour samples

After the hydrothermal treatments, whole grain oat flour milled from
groats yielded generally coarser flours compared to flake flours, and the
particle size distributions differed between the flours milled from groats
and flakes (Fig. 1A-C). In Fig. 1A-C, the average particle size distribu-
tions are presented after each treatment (N1-N20). Groat flours had a
more bimodal particle size distribution and fewer particle size classes in
the flour, while flake flours had generally smaller particle size and
higher amount of particle size classes in the flour. In the mathematical
models, groat flours were modelled generally better than flake flours
(section 3.2.1).
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Fig. 1A-C. Particle size distribution of the whole grain oat flours milled from oat groats (left) and oat flakes (right) after experiments N1-N20, sample G24 (A).
Particle size distribution of the whole grain oat flours milled from oat groats (left) and oat flakes (right) after experiments N1-N20, sample G28 (B). Particle size
distribution of the whole grain oat flours milled from oat groats (left) and oat flakes (right) after experiments N1-N20, sample G29 (C).
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3.2. Response surface methodology

3.2.1. Optimisation of the hydrothermal treatment

PLS model was used to predict the influence of moisture content,
temperature, and duration of the treatment on the oat groat, oat flake,
and oat flour properties for all oat cultivar samples. The mathematical
models were validated with additional, verifying experiments from the
optimal area, and only the acceptable models are presented where the
measured value fitted to the range of predicted value (Table 4). Average
particle size (D4,3) was modelled generally better than median particle
size (Dsp) and thus, only the average particle size values are presented
here.

The relations between the treatment conditions and the response
factors were fitted by PLS (Table 5) and with these mathematical
models, oat groat hardness and oat flour particle size could be predicted.
For instance, groat hardness could be predicted for these samples within
this experimental area by the following equations:

Groat hardness (sample G24) = 49.78 + 3.63Moist - 2.54Temp
Groat hardness (sample G28) = 57.21-3.6Temp + 3.34Moist*Temp
Groat hardness (sample G29) = 59.52 + 2.84Moist — 5.298Temp

Oat groat hardness and average particle size of groat and flake flours
could be modelled from all samples, while oat flake hardness was
modelled only in sample G29 (data not shown), which was the sample
with the greatest native groat hardness. The most influential variable on
groat hardness and flour particle sizes was the tempering temperature.
Increased tempering temperature generally decreased groat hardness
and yielded finer flours while at lower temperature, groat hardness
increased and coarser flours were obtained. In the softest and hardest
native groats (G24, G29), additionally, moisture content influenced
groat hardness, as higher moisture content increased groat hardness.
Moisture content also influenced the particle size of the groat and flake
flours of sample G24 (softest native groat hardness), particle size of the
groat flours of sample G28 (intermediate native groat hardness), and
neither of the particle sizes of sample G29 (hardest native groats). The
average particle size of the groat flours of sample G29 was influenced
only by the tempering temperature and regarding the average particle
size of the flake flours, only the quadratic effect of tempering temper-
ature had an influence. Tempering time did not significantly influence
any measured property, except the average particle size of groat flour in
sample G24 (softest native groats). Thus, the sample with the softest
native groats (G24) was most influenced by the treatment parameters.

3.2.2. Response surface plots

Response surface plots were drawn from the groat hardness of the
samples G24 and G29, which were influenced both by the groat moisture
content and the tempering temperature (Fig. 2A and B). The influence of
the moisture content and tempering temperature on the groat hardness
was similar in both samples, although groat hardness remained higher in
sample G29, initially hardest sample, compared to sample G24, initially
softest sample. Thus, groat hardness could be altered by the hydro-
thermal treatment parameters but after the treatments, sample-specific

Table 4
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differences still existed.

Response surface plots of average flour particle size (D43) of the
samples G24 and G28 indicated that the treatment parameters had
rather similar effects on flour particle size in these samples (Fig. 3A-C),
as the maximum and minimum values were located in similar areas in
the surface plots. When comparing the average particle size plots
(Fig. 3A-C) to the groat hardness plots (Fig. 2A and B), it is clear that
softer groats resulted in fine flours and harder groats in coarse flours. In
the softest sample (G24), the average particle sizes of oat groat and oat
flake flours were modelled very similarly (Fig. 3A and C).

3.3. Oat groat hardness and fracture

Increasing tempering temperature decreased the measured groat
hardness in all cultivar samples. After the experiment N11 (17.5%,
85 °C, 60 min), the groat hardness curves were generally uniform
whereas after the temperature was increased to 115 °C, experiment N12
(17.5%, 115 °C, 60 min), the oat groat samples were softer as they
fractured during the compression to a greater extent (Fig. 4). Thus,
increasing tempering temperature increased the fracture of oat groats.
Additionally, the samples behaved in different ways in the compression
test, as the sample of the softest native groats and the greatest amount of
broken groats (G24) showed greater tendency to fracture also at lower
temperature (experiment N11) compared to the other samples (G28,
G29).

4. Discussion

In our study, both oat cultivar sample properties and hydrothermal
treatment parameters influenced the oat groat and oat flour properties.
Additionally, oat groats and oat flakes showed different milling behav-
iour, as they differed in particle size distribution and as groat flours were
generally modelled better. High temperature during the hydrothermal
treatment led to more fragile oat groats and fine flours, whereas low
temperature led to harder groats and coarse flours. In the sample of the
softest native groats, also the moisture content during the treatment
influenced groat hardness and flour particle size. In the sample of the
softest groats, high moisture content resulted in harder groats and
coarser flours, while low moisture content led to softer groats and finer
flours. These results suggest that oat groat hardness and oat flour par-
ticle size could be controlled by adjusting the hydrothermal treatment
parameters, and softer native groats could be controlled better than
harder groats.

In this study, harder groats resulted in coarser flours and softer groats
resulted in finer flours after milling. In wheat, as well, harder groats
generally yield coarser flours (Dobraszczyk et al., 2002). However, oat
differs greatly from wheat regarding the chemical composition and
endosperm structure and thus, their milling properties also differ. The
wheat milling process includes several steps, where the objective is the
efficient separation of the endosperm from the rest of the grain to pro-
duce mainly white wheat flour, but also other milling fractions of
varying composition and particle size can be separated (Campbell et al.,
2012). Compared to wheat, oat bran does not separate cleanly from the
endosperm, and contains also aleurone and subaleurone layers (Girardet

Measured and predicted values (with the range) for groat hardness and average particle sizes of the groat and flake flours of three oat cultivar samples after the

treatment 15%, 115 °C, 60 min, at the optimal area. *

Sample Groat hardness (N) D, 3 of groat flours (pm) Dy 3 of flake flours (um)

Measured value Predicted value Measured value Predicted value Measured value Predicted value
G24 36 41 (34-47) 224 225 (212-240) 212 207 (197-217)
G28 40 39 (33-44) 248 238 (227-249) 257 257 (250-265)
G29 40 39 (34-45) 256 265 (254-276) 255 266 (251-280)

D, 3 Average particle size of the flour.

 The predicted values were calculated by response surface modelling with a software MODDE 13 (Sartorius Stedim, Sweden).
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Table 5
The effects of treatment factors with coefficients in validated models for oat groat, oat flake, and oat flour properties. *
Factor” Sample G24 Sample G28 Sample G29
Groat Groat flour, Flake flour, Groat Groat flour, Flake flour, Groat Groat flour, Flake flour,
hardness Dy 3* Das hardness Das D43 hardness Dy s* Das
Constant 49.78 2.39 227.63 57.21 277.63 2.4 59.52 2.48 28.49
Moist 3.63 0.017 6.44 - 7.43 - 2.84 - -
Temp —2.54 —0.0280 -9.59 -3.6 —10.89 —0.0088 —5.298 —0.015 -
Time - —0.0027 - - - - - - -
Moist*Moist ~ — 0.014 - - - - - - -
Temp*Temp  — - - - —9.04 0.013 - —0.011 -9.34
Time*Time - - - - - - - - -
Moist*Temp - - - 3.34 - - - - -
Moist*Time - 0.018 - - - - - - -
Temp*Time - - - - —4.43 —0.0084 - - -
R? 0.776 0.815 0.779 0.893 0.884 0.723 0.807 0.732 0.787
Q? 0.619 0.624 0.519 0.664 0.598 0.514 0.595 0.565 0.617
Lack of fit 0.88 0.88 0.71 0.65 0.93 0.81 0.26 0.34 0.48

D4 3 average particle size of the oat flours; * logarithm of the response.

@ Only the values are presented with validated, significant coefficients (95% confidence level); -, not significant (p > 0.05).

b Moist, moisture content of the groats; Temp, tempering temperature; Time, tempering time; Moist*Moist, quadratic effect of moisture content;

Moist*Temp,

interaction between moisture content and temperature; R? measure of the fit of the model; Q? predictive power of the model.
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Fig. 2A-B. Response surface plots of groat hardness of sample G24 (A) and sample G29 (B), treatment time 60 min.

& Webster, 2011). The oat milling process is simpler, and the main
milling fractions are either whole grain oat flour or oat bran and
endosperm oat flour. The high fat content of oat groat and groat softness
make milling and separation processes challenging (Fulcher, 1986). It
has been shown that fat removal enhanced the separation of oat
B-glucan, starch, and protein to distinct fractions (Sibakov et al., 2011).
In our study, the sample with the softest groats was the lowest in fat, and
the sample with the hardest groats was the richest in fat. The higher
amount of fat could possibly interfere with the milling process and make
modelling more complicated, but the differences in fat content were not
prominent in this study. Instead, the amount of broken groats (analysed
by sieving) seemed to be related to native oat groat hardness and thus, to
the particle size of the milled flours. Possibly, the amount of broken
groats could predict the milling behaviour of oat.

Oat flake hardness was fitted into a model only in the sample of the
hardest native groats, and not in other samples. Also previously, Gates,
Sontag-Strohm, et al. (2008) did not identify a relation between pro-
cessing parameters and flake strength. Gates, Sontag-Strohm, et al.
(2008) discussed that the sample variation in oat flakes caused small
differences between the treatments that were difficult to detect. Oat
flaking causes disruptions in the cell wall, starch granule and protein
body organization in the oat endosperm (Lookhart et al., 1986). In our
study, flake flours were more difficult to model than groat flours. In the
sample with the hardest native groats, flour particle size could not be
modelled as well as in the samples of softer native groats. Possibly, the
harder groats broke less regularly and were more complex to model

compared to the samples of softer native groats.

In our study, higher tempering temperatures led to softer groats and
finer particle size of the milled flours, as the groats fractured more easily
and resulted in finer particles from more fragile groats. Gates (2008a)
also reported an increased number of cracks in oat groats as the tem-
perature of the hydrothermal treatment increased. At increasing tem-
peratures, it is possible that protein denaturation could have been
responsible for the increased groat fracture. In the oat endosperm,
protein bodies are located on the surfaces of the starch granules and cell
walls in discrete structures (Lookhart et al., 1986). Globulins, the storage
proteins of oat, are rather resistant to denaturation, with a denaturation
temperature of around 112 °C (Marcone et al., 1998). Sontag-Strohm
et al. (1996) studied the denaturation of oat protein fractions at 95 °C
and reported a dramatic solubility decrease in albumin and avenin
fractions during the heat treatment. Enzymes belong to the albumin
fraction, which is mainly located in the outer endosperm, and sub-
aleurone and aleurone layers, as their role is to hydrolyse storage
components (starch, proteins, lipids) during germination to obtain nu-
trients for the embryo (Fulcher, 1986). As the enzymes are found in the
surface structures, the solubility decrease or denaturation of this fraction
could have led to a weakened groat structure, because the connecting
points in the endosperm have been lost, resulting in softer groats. In
addition, Gates (2007, p. 69) suggested that the bonds between starch
granules are responsible for oat groat hardness.

Oat lipids are located in discrete oil bodies in the aleurone layer and
germ while in the endosperm, the bodies often fuse with each other and
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form a continuous matrix with protein and starch (Heneen et al., 2008).
Part of the lipids of oat are adhered to the starch granule surface
(Morrison, 1981; Paton, 1987). During the treatments of increasing
temperatures, lipids or amylose-lipid complexes could have melted and
their organization might have changed. The melting temperature of
amylose-lipid complexes has been reported to be between 89 and 111 °C
studied by differential scanning calorimetry (Li et al., 2021; Paton,
1987; Zhou et al., 2000), which is within the temperature range that was
used in our study (85-115 °C). In our study, melting of the complexes
could have resulted in softer groats and smaller particle size of flours in
milling. Previously, Gates and Talja (2004) suggested that the breakage
of oil bodies in oat endosperm could allow the oil to plasticize the
structure.

Moisture content during the treatment influenced the groat hardness
in the samples of the lowest and highest native groat hardness. At the
higher moisture contents, harder groats were obtained. Water-induced
stiffening during the hydrothermal treatment of oat has been previ-
ously reported by Gates and Talja (2004), which could have occurred in
our study, as well. Gondek and Lewicki (2006) also reported that at
certain water activities, water-induced stiffening was observed as the
structure of corn flakes swelled and became more compact. The mois-
ture content during the treatment influenced the particle size of both
groat and flake flours of the softest sample while in the other samples,
the role of moisture content on the particle size was significant only in
groat flours of the sample with intermediate hardness. In the interme-
diate and harder native groats, which also had less broken groats, the
penetration of water could have been less complete or uniform during
the treatments due to the denser structure and thus, mathematical
models could not be formed from the particle sizes of the flours and
moisture content. In conditioning of wheat, grain hardness affects the
time required to reach the desired moisture content of the grains, and
harder grains absorb the water at a slower rate (Campbell et al., 2012).

Regarding the other structural elements of oat groat, oat f-glucan is
considered moderately stable in heat treatments. Notable starch pasting
should not occur during the hydrothermal treatment, as the moisture
content of oat groats remained between 15 and 20%, which is not
enough for starch gelatinization (Ganssmann & Vorwerck, 1995;
Mahnke-Plesker, 1991, p. 209). However, Lookhart et al. (1986) re-
ported that oat kilning induced compound starch granules to break into
individual granules. The hydrothermal treatment might weaken the
groat structure by influencing the physical starch integrity and thus,
increase the facture and yield finer flours in milling.

Oat cultivar samples of this study differed in groat hardness both as
native groats and after the hydrothermal treatments. Among the native
groat properties, the softest groat sample had notably higher amount of
broken groats compared to the other samples, and the groats had a
greater tendency to fracture during compression test. Regarding the
basic chemical properties, some variation was observed between the
samples mainly in the f-glucan and protein contents (Jokinen et al.,
2021). In the oat groat, f-glucan is located in the cell wall and according
to Engleson and Fulcher (2002), related to groat hardness by strength-
ening the structure. In our study, p-glucan content was the lowest in the
softest native sample and rather higher in harder native samples (Joki-
nen et al., 2021). In wheat, grain hardness has been shown to be related
to the presence of endosperm-specific proteins (Morris, 2002). However,
wheat and oat endosperm structures differ from each other regarding the
protein composition and distribution (Zhou et al., 1998). In oat endo-
sperm, protein bodies are located on the surfaces of the starch granules
and cell walls in discrete structures (Lookhart et al., 1986), and not in a
continuous matrix, as in wheat (Zhou et al., 1998). Still, increasing
protein content has been reported to increase oat groat hardness (Eng-
leson & Fulcher, 2002). In our study, the sample of the softest native
groats had somewhat lower protein content compared to the other
samples that had harder native groats (Jokinen et al., 2021).
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Fig. 4. Groat hardness of samples G24, G28, and G29 after experiment N11 (17.5%, 85 °C, 60 min, on the left side) and after experiment N12 (17.5%, 115 °C, 60

min, on the right side) from 20 replicate measurements.
5. Conclusions

It is crucial to understand the role of hydrothermal treatment pa-
rameters on the groat and flour properties in the oat milling process, so
that the oat flour properties could be optimised for specific food uses. In
this study, the tempering temperature influenced oat groat hardness and
oat flour particle size in all samples while in the sample of the softest
native groats, also the moisture content of the groats influenced these
properties. Sample-specific differences of oat cultivar samples remained
after the treatments, as the sample with the softest native groats
remained the softest after the treatments and was controlled by the
treatment parameters. Also, oat samples showed different tendency for
fracture at the compression test. Our results strongly suggest that with a
proper selection of the native groats and by adjusting the hydrothermal
treatment parameters, the milling properties of oat could be controlled
and optimised for specific uses. This study provides tools for millers for
optimisation of their oat milling processes and could arouse interest to
conduct more studies about oat milling, so that the scientific knowledge
could be deepened.
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