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The aim of this study was to understand the processability of thirty pure cultivar oat batches and how the
physical properties of oat groats and flakes affect the characteristics of oat flake flour. This was conducted by
investigating the relationship between the chemical composition of oats and the physical characteristics of oat
groats, flakes and flours produced by industrial scale milling process. It was clearly shown that the oat batches
behaved differently in the milling process and that the physical characteristics of oat groats, flakes and flours
were interrelated. For example, separation of bran and endosperm particles of oat flours by dry fractionation was
connected to the chemical composition as well as particle size distribution of the flours. Furthermore, it was
shown that flowability properties of oat flours affect the bran-endosperm separation of oat flour by dry frac-
tionation. This study demonstrated the role of the oat raw material in the milling process as well as the rela-
tionship between the different mill products, which deepens the understanding of oat milling process and is

important when aiming at producing oat products with high quality.

1. Introduction

Traditionally oats (Avena sativa L.) have been consumed for food as
flakes for porridges and as bakery ingredients for biscuits and bread
(Webster, 2011). Due to the growing amount of oat-based food products,
the use of oat flour is increasing, and there is a need to improve the
understanding about the properties of oat flour and oat flakes in order to
produce high quality products and to increase the predictability of food
processes. Compared to wheat, oat raw materials have not been as
extensively optimized for different food industry applications.

Oat milling process includes cleaning, dehulling and heat treatment
steps, after which the groats are typically flaked (Pomeranz, 1995).
Kilning including steaming and heating is conducted in order to inac-
tivate the lipid-degrading enzymes that may cause rancidity during
storage (GanBmann & Vorwerck, 1995). Oat flour may be milled either
from flakes or directly from groats, and the flour is usually used as whole
grain flour (Girardet & Webster, 2011). Furthermore, oats are often
delivered to mills as mixtures of oats comprising of different cultivars

* Corresponding author. ;.

grown in different locations and it has been shown that the chemical
composition and properties of oats vary significantly (Jokinen et al.,
2021; Lapvetelainen et al., 2001; Shewry et al., 2008). One of the major
challenges in the oat milling process is related to the high lipid content
of oats, which is related to the tendency of the material to accumulate to
the surfaces of the milling equipment (Girardet & Webster, 2011).
Several physical attributes of grain, such as hardness of grains, have
been shown to be important factors for wheat flour end quality after the
milling process (Campbell et al., 2012). Studies concerning differences
in physical properties and chemical composition of oats and oat mill
product quality have been studied to some extent. Physical and chemical
properties of oat flakes have been shown to be influenced by cultivar,
thus it has been suggested that the oat flaking process would be opti-
mized on a cultivar basis (Lapvetelainen et al., 2001; Rhymer et al.,
2005). Similar oat cultivar or batch related connections have not been
elucidated for oat flour properties and different oat-based food appli-
cations. As use of oats flour has been increasing in different food ap-
plications, it is important to understand how oat groat and flake
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properties affect the quality of oat flours.

Physical properties of oat flours, such as particle size and water
holding capacity, affect their use in processing. For example, Samma-
listo et al. (2021) demonstrated a connection between the median par-
ticle size and baking properties of oat flours. Furthermore, physical
properties of oat flours also affect their utilization in dry processes, such
as sieving or air classification, which can be utilized after the milling
process in order to obtain ingredients with higher amount of starch,
protein or p-glucan than in the original oat flour (Assatory et al., 2019;
Sibakov et al., 2012; Wu & Doehlert, 2002; Wu & Stringfellow, 1995).
Behaviour of flours and powders in processing depend on several factors
such as moisture content, chemical composition, particle size and
flowability of the flour. For example, it has been previously established
for oats that lipid content is one of main factors affecting the fraction-
ation properties of oat flour (Sibakov et al., 2011).

Relationship between the physical and chemical properties of oat
grain and flakes in oat milling process have been studied, whereas there
is a limited number of reports on the factors affecting the processability
and physical properties of oat flours. Furthermore, understanding the
relationship between the flake and flour properties would be important,
since the flours are often produced from flakes in oat milling. We have
previously investigated the connection between the native oat grain and
oat flour characteristics (Jokinen et al., 2021) and identified the factors
related to the baking quality of oat flours (Sammalisto et al., 2021).
Therefore, this study aimed at investigating the impact of hardness of
oat groat and physical properties of oat flakes on physical characteristics
of the produced whole grain oat flour. The results produced in this study
were correlated with the previous data by Jokinen et al. (2021) con-
cerning the chemical composition of the 30 Finnish oat batches. As the
chemical composition of these samples showed variation, it was hy-
pothesized that the behaviour in the milling process and the physical
properties of these samples will vary as well. In addition, it was hy-
pothesized that hardness of oat groat and physical properties of oat
flakes show significant relationship with the physical properties of the
oat flours, including flour water holding capacity, particle size,
bran-endosperm separation by air classification and flow properties.

! A) Native oat grains, samples 1-10 (Finland, n=10)
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2. Materials & methods
2.1. Materials

Thirty Finnish oat sample batches representing different oat cultivars
were obtained from Boreal Plant Breeding Ltd., Peltosiemen Ltd.,
Vadksyn Mylly Ltd., Plantanova Ltd., Raisio plc and Lantménnen Agro
Ltd. The samples were processed as pure cultivars and three different
crop years, 2017, 2018 and 2019, were represented. The chemical
composition of the whole grain oat flours has been published earlier by
Jokinen et al. (2021) and corresponding oat sample codes were used in
our study. All samples were analysed as heat-treated oat groats, oat
flakes and whole grain oat flour, which were produced at Vaaksyn Mylly
Ltd. (Asikkala, Finland) (Fig. 1). The milling process included drying,
de-hulling, kilning, flaking and milling with a stone mill, as described in
Jokinen et al. (2021). The whole grain oat flour was milled from oat
flakes. The milling stone was replaced after processing of the 10 first
samples which caused difference in particle size of the samples 1-10 and
11-30. Flour samples 11-30 were re-milled with a hammer mill
(Hamermolln mono 6, Werkhuizen Schepens NV, Dendermonde,
Belgium) equipped with a 0.5 mm sieve at approximately 120 kg/h feed
rate.

2.2. Oat groat hardness

Oat groat hardness of oat groat samples 1-10 was determined with a
method adapted from Gates, Dobraszczyk, et al. (2008) from
heat-treated oat groats. Twenty replicate groats (placed crease down)
were compressed into 50% deformation with a Texture Analyser
(TA-XT2i, Stable Microsystems, Surrey, UK), with a 10 kg load cell. The
compression was done at a speed of 1 mm/s using a cylindrical probe of
36 mm in diameter. The probe was held at 50% deformation for 5 s, and
the maximum force during the measurement was considered groat
hardness.

2.3. Oat flake properties

Oat flake analyses included measuring the water absorption of oat

I| Oat groats, samples 1-10 (n=10) |<— Drying. dehulling. kilning

* Groat hardness

L » Flaking

A
I Oat flour, samples 1-10 (n=10) |

» Approximate chemical composition?

+ Particle size by laser diffraction

»  Water holding capacity

+ Falling angle

* Dry fractionation (ash and B-glucan separation)

*  Water absorption
» Flake thickness
* Amount of fines
* Specific weight

* Approximate chemical composition 2
+ Particle size by laser diffraction ®
»  Water holding capacity ®

v

Re-milling with hammer mill

Oat flour, samples 11-30 (n=20)

+ Particle size by laser diffraction
* Dry fractionation
(ash and B-glucan separation)

Fig. 1. Oat raw material processing and analysed properties. Processing steps are underlined, samples analysed are outlined with black line and analysed properties
listed with bullet points. ® Reprinted with permission from Jokinen et al. (2021). Copyright 2021 Jokinen et al. ® Reprinted with permission from Sammalisto et al.

(2021). Copyright 2021 Sammalisto et al.
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flakes (AACC method 56-40), oat flake thickness with a micrometer
(Mitutoyo 0-25 mm, 0.01 mm, Mitutoyo Corporation, Japan), specific
weight, and the share of fines by separating particles that are less than
2.5 mm with a sieve shaker (CISA RP-08-S, CISA Cedaceria Industrial,
Barcelona, Spain). The sieving measurement was carried out for 6 min at
an amplitude of 2 mm. All measurements were performed in triplicates,
but oat flake thickness was analysed from twenty replicate samples.

2.4. Oat flour properties

2.4.1. Particle size distribution of oat flours

Particle size distribution of the flours were analysed by laser
diffraction method. The analysis based on laser diffraction was carried
out using a Mastersizer 3000 with a dry feed unit (Aero S, Malvern In-
struments Ltd, Malvern, Worcestershire, UK). The refractive index of the
sample was 1.47 as defined by Alvarez et al. (2013), input pressure 3 bar
and feed rate 30%. Values of D5, Dgg and D4 3 were determined from
three replicate measurements, and they represent volume-based results.
Dsp is the median particle diameter, while D43 represents the mean

Component content in the fraction (%)

LWT 163 (2022) 113595

D ight of the fracti
Mass yield (% dm) = ry weight of the fraction (g)

= 100%
Dry weight of the raw material (g) x Y

@

Ash content of the combined duplicate coarse fractions from air
classification was determined in a muffle furnace (Model P300 N11/HR,
Nabertherm, Lilienthal, Germany) using a temperature program
including increase to 103 °C for 3 h, hold at 103 °C for 4 h, increase to
550 °C in 9 h and hold at 550 °C for 7 h followed by cooling to ambient
temperature. -Glucan content of the combined duplicate coarse frac-
tions was determined according to the AOAC Method 995.16 using a
Megazyme assay kit (f-Glucan Assay Kit, Megazyme, Bray, Ireland).
B-Glucan content of coarse fractions was determined in triplicates and
ash content of coarse fractions in duplicates. f-Glucan and ash separa-
tion efficiencies (SE) were calculated to evaluate the component sepa-
ration efficiency with Equation (2) adapted from Tyler et al. (1981)
using the p-glucan and ash contents of the raw material flours published
earlier by Jokinen et al. (2021).

Separation efficiency (% dm) = Mass yield of fraction (%,dm) x

particle diameter. Dy is the particle diameter, of which 90% of the
particles are smaller. Analysis was performed in triplicate for each
sample.

2.4.2. Water holding capacity of oat flours

Water holding capacities of the flour samples 1-10 were measured
with AACC standard method (56-30, 2000) with small modifications.
Between mixing and each centrifugation of the samples, samples were
kept at room temperature for 20 min to allow a proper water absorption
of the flour and to improve the repeatability. In the original method,
incubation time was not specified. Analysis was performed in triplicate
for each sample. Water holding capacities of the coarse flour samples
11-30 before re-milling have been published by Sammalisto et al.
(2021).

2.4.3. Dry fractionation

Air classification of all of the thirty oat flours was performed using a
Minisplit Air Classifier (British Rema Manufacturing company Ltd.,
Chesterfield, UK) with 2500 rpm air classifier wheel speed, 220 m®/h air
flow rate and a sample feed rate of approximately 1.7 kg/h. Oat flour
samples 1-10 were classified directly after the industrial milling process
and the flour samples 11-30 after re-milling with the hammer mill. In
each sample set, 700 g of oat flour was air classified in duplicate, the
masses of the two fractions were weighed and recorded and mass yield
of each fraction was calculated with Equation (1).

Table 1

Component content in the raw material (%)

(2)

2.4.4. Flowability analysis

Flow properties of the oat flour samples 1-10 were determined by
analysing the avalanche angle of the flours, which is defined as the
maximum angle at which powder begins to flow. Measurement was
conducted using a purpose-built device with a sample drum (50 mL
volume, 41 mm diameter) rotating at 4 rpm as described by Calton et al.
(2019). Each sample was analysed in 10 replicates.

2.5. Statistical analysis

In order to investigate the interaction between the chemical char-
acteristics of oats and physical properties of oat grains, flakes and flours,
the data obtained in the current study was correlated with the results
previously published by Jokinen et al. (2021) and Sammalisto et al.
(2021). The results are represented as average values, and the numbers
of replicate measurements are separately detailed. All results, standard
deviations and coefficients of variations were obtained using Excel
spreadsheet software (Excel 2016; Microsoft, Redmond, US). The in-
teractions between the different sample parameters were estimated
based on the Pearson correlation coefficients. Differences between the
flowability values of each sample were analysed with ANOVA with
Tukey’s honestly significant difference (HSD) (p < 0.05) posthoc test.
Statistical difference between hardness of groats, flake properties, water

Average + standard deviation, minimum and maximum values of hardness of oat groats (n = 10) and water absorption, thickness, share of fines, and specific weight
values of oat flakes (n = 30). Minimum and maximum values of hardness of groats and thickness of flakes are expressed as average values of 20 replicate measurements
(n = 20). Minimum and maximum water absorption, share of fines and specific weight of flakes are expressed as average values of 3 replicate measurements (n = 3).

Heat-treated groat (n = 10)
Samples 1-10

Oat flake (n = 30)
Samples 1-30

Share of fines (%) Specific weight (g/L)

Hardness (N) Water absorption (mL/g) Oat flake thickness (mm)
Average 46.1+8 1.2 +£0.01 0.6 £+ 0.01 10.2 + 0.8 370+ 3
Min 35 1.0 0.5 3 330
Max 56 1.5 0.7 27 413
CV (%) * 10-24% 0.2-3.2% 1.5-3.9% 1.5-19% 0.2-1.9%

2 CV = coefficient of variation.
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holding capacity and particle size values of flours and dry fractionation
values of flours of each sample were estimated with a Kruskal-Wallis
one-way analysis of variance test (p < 0.05). Independent sample T-tests
(p < 0.05) were performed to compare the parameters of oat flour
samples 1-10 and samples 11-30. The Pearson correlation coefficients,
ANOVA, Kruskal-Wallis test and independent sample T-tests were car-
ried out with SPSS-software (IBM SPSS Statistics, version 26, IBM, New
York, NY, USA).

3. Results
3.1. Oat groat and flake properties

Oat groat hardness varied between 34.5 and 55.8 N, and the average
was 46.1 N (Table 1, Appendix Table Al). Hardness values showed
significant (p < 0.05) variation between the samples. Oat flake water
absorption values were between 1.0 and 1.5 mL/g, oat flake thickness
values were between 0.5 and 0.7 mm, share of fines was 3-27% and
specific weight values were between 330 and 413 g/L (Table 1, Ap-
pendix Table A2). All flake parameters exhibited statistically significant
differences (p < 0.05) between the different samples.

3.2. Oat flour properties

3.2.1. Physical oat flour properties

Water holding capacity values of the oat flour samples ranged be-
tween 1.0 and 1.6 mL/g flour, with the average of 1.2 mL/g and the
values were significantly different (p < 0.05) between the samples
(Table 2., Appendix Table A3). Water holding capacities of the coarse
oat flour (samples 11-30) ranged between 1.1 and 1.5 mL/g flour
(Sammalisto et al., 2021). Due to the differences in the particle sizes
between the two sample sets from the mill, samples 11-30 were
re-milled with a hammer mill prior to dry fractionation to allow com-
parison of all 30 samples in air classification. Particle size values of oat
flour samples 1-10 were significantly different (p < 0.05) compared to
the particle size values of re-milled samples 11-30 (Table 2, Appendix
Table A3). The average of Dso values for the oat flours of the flour
samples 1-10 was 51 pm and average of D5 values for the oat flours of
the flour samples 11-30 was 54 pm. D4 3-values were 138 pm and 130
pm and Dgp-values were 387 pm and 361 pm for the samples 1-10 and
11-30, respectively. The particle size distribution of the coarse flours
(sample flours 11-30 before re-milling) has been published by Sam-
malisto et al. (2021).

3.2.2. Dry fractionation and flow properties

To evaluate the flowability of the oat flours, avalanche angle values
were measured from the oat flours of the samples 1-10 (n = 10) and
those varied from 39.5 to 51.9° (Appendix Table A4). Based on the
avalanching behaviour of the oat flours during the measurement, all
exhibited cataracting flow regime (Fig. 2.). The aim of the dry frac-
tionation was to obtain a coarse fraction representing 20-30% of the
original sample and a fine fraction representing 70-80% of the original
sample (Sibakov et al., 2012) targeting separation of bran (coarse) and

Table 2
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Fig. 2. Example of a freeze-frame of oat flour during avalanche test. Angle of
avalanche is shown in yellow. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

starchy endosperm (fine) parts of the groat. In the flour samples 1-10,
mass yields of the fine and coarse fractions obtained by air classification
from oat flours were 71.7-79.8% and 16.8-25.0%, respectively (Table 3,
Appendix A5). For the flour samples 11-30, the mass yields of fine and
coarse fractions were 66.5-78.7% and 17.7-31.1%, respectively. A sig-
nificant difference (p < 0.05) between mass yields of the 1-10 samples
and the re-milled samples 11-30 was observed (Table 3). Original
B-glucan content of the oat flours published by Jokinen et al. (2021)
varied between 2.9 and 4.6% and the p-glucan contents of the coarse
fractions varied from 9.7 to 13.8%. p-Glucan separation efficiencies to
coarse fraction varied between 50.4 and 87.7%. Ash content of the oat
flours was 1.6-2.3% while the ash content of fractions varied between
4.2 and 5.3% and ash separation efficiencies to coarse fraction were
43.6-63.3%. B-Glucan and ash content of the coarse fractions of samples
1-10 and 11-30 were significantly different (p < 0.05).

3.3. Statistical analysis

Pearson’s correlation coefficients were calculated between the
physicochemical properties of oat flours, hardness of groats and physical
properties of oat flakes and oat flours (chemical composition of flours by
Jokinen et al. (2021) and water holding capacity and particle size dis-
tribution with laser diffraction by Sammalisto et al. (2021)). Correla-
tions between the physical properties of oat flakes, water holding
capacity of oat flours 1-10 and particle size distribution data of the two
sample sets were analysed separately, due to the difference in the milling
method. Several interactions were observed between the chemical
composition of oat flours, hardness of groats and physical properties of
the oat flour samples 1-10 and 11-30 (re-milled coarse flour set)

Average + average standard deviation, minimum and maximum values of particle sizes of oat flour samples 1-10 (n = 10) obtained directly from the mill and of the oat
flour samples 11-30 (n = 20) after re-milling with a hammer mill analysed by laser diffraction. Ds is the median particle diameter, while D4 5 represents the mean
particle diameter and Dgj is the particle diameter, of which 90% of the particles are smaller.

Oat flour samples 1-10 (n = 10)

Oat flour samples 11-30 (n = 20)

Average Min Max CV (%) " Average Min Max CV (%)
Dso (pm) 51 + 1a® 44 62 1-5 54 + 2b 44 75 2-8
Dy 3 (pm) 138 + 3b 129 148 0-3 130 + 5a 113 163 1-8
Dy (pm) 387 + 7b 355 417 0-3 361 + 14a 310 454 1-8

@ Different letters within each row indicate statistically significant difference (p < 0.05) between samples based on an independent sample t-test.

b CV = coefficient of variation.
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Table 3
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Average + average standard error, minimum and maximum values of mass yields of fine fractions and mass yield and properties of coarse fractions produced by air
classification from oat flours (n = 30) at an air classifier wheel speed of 2500 rpm and airflow of 220 m*/h. Minimum and maximum mass yield values are expressed as

average values of two replicate air-classifications (n = 2).

Samples Fine fraction Coarse fraction
Mass yield (% dm) Mass yield (% dm) B-glucan (% dm) SE of p-glucan (%) b Ash (% dm) SE of ash (%)

Average 1-10 75.6 + 0.9b" 20.9 + 0.5a 12.4 + 0.1b 62.5b 4.7 + 0.0b 49.3a

Min 1-10 71.7 16.8 10.9 50.4 4.2 43.6

Max 1-10 79.8 25.0 13.8 76.8 5.3 54.5

CV (%) © 0-3 0-9 0 0-3

Average 11-30 72.7 £1.2a 23.6 + 0.6b 11.5 + 0.1a 68.8a 4.2 + 0.0a 51.3a

Min 11-30 66.5 17.7 9.7 58.9 3.6 46.4

Max 11-30 78.7 31.1 13.7 87.7 5.2 63.3

CV (%) 0-6 0-20 0 0-5

@ Different letters within each column indicate a statistically significant difference (p < 0.05) between the samples based on an independent sample t-test.

b SE — separation efficiency.
¢ CV = coefficient of variation.

Table 4

Pearson correlation coefficients of hardness of oat groats and chemical and physical properties of oat flours. Dsg is the median particle diameter, while D, 5 represents
the mean particle diameter and Dy is the particle diameter, of which 90% of the particles are smaller. WHC = water holding capacity.

Hardness WHC Angle of avalanche Starch” Protein” Lipid® Ash” TDF" B-glucan”
Samples 1-10 (n = 10)
Hardness - -.817+%* - 794%% L 779%% _ _.864%* B B
WHC -.817%* 1.0 .637* -.865** .890** - .920** - .828**
Angle of avalanche - .637* 1.0 — _ _ 776%% _ _
Ds o .817* - - 732% _651* _ 764% _ B
Dqs - - - - - - 776%% - -
Dgo = .637* - - - - — _ 654
Samples 11-30 (n = 20)
Dso na na - - _ _ _ 455%
D43 na na - - - - — _
Doo na na - - - - _ _

-. Correlation is not significant at the 0.05 level (2-tailed). na. not analysed.
Correlation is significant at the 0.01 level (2-tailed).
Correlation is significant at the 0.05 level (2-tailed).

 Reprinted with permission from (Jokinen et al., 2021). Copyright 2021 Jokinen et al.

(Table 4). Groat hardness correlated positively (p < 0.01) with starch
content and median particle size diameter value (Ds¢) of the oat flour
samples 1-10, whereas it showed a negative correlation (p < 0.01) with
protein content, ash content and water holding capacity of the oat flour
samples 1-10.

Regarding physical properties of the flours, water holding capacity of
the oat flour samples 1-10 showed significant positive correlation (p <
0.01) with protein, ash and B-glucan content of oat flours while signif-
icant negative correlation (p < 0.01) with starch content of oat flours.
Angle of avalanche of the oat flour samples 1-10 showed positive cor-
relation (p < 0.01) with ash content of the sample flours 1-10. Signifi-
cant negative correlations were observed between D5 values of the oat
flour samples 1-10 and protein (p < 0.01) and ash (p < 0.05) contents of
the flour samples 1-01, while starch content of the samples 1-10 showed
a positive correlation (p < 0.01) with Dsg values of flour samples 1-10.
Mean particle size diameter value (D43) of oat flour samples 1-10
showed positive correlation (p < 0.01) with ash content. Particle size
value Dgg correlated positively with p-glucan content of the flour sam-
ples 1-10 (p < 0.05). Particle size distribution values of oat flour sam-
ples 11-30 did not show any significant correlations with the chemical
composition of the flours except a weak positive correlation (p < 0.05)
between Ds value and p-glucan content of oats.

Hardness of oat groat samples 1-10 did not exhibit any significant
correlation with the physical properties of oat flakes, whereas in-
teractions were observed between the chemical composition of oat
flours and physical properties of the flours and flakes (Table 5). Water
absorption values of oat flakes exhibited significant positive correlation
(p < 0.01) with total dietary fibre content of oats, weak positive

correlation (p < 0.05) with protein content and weak negative corre-
lation (p < 0.05) with starch content of oat. Among the oat flake
properties, oat flake thickness correlated negatively with oat flake water
absorption (p < 0.001). Water holding capacity of oat flour samples
1-10 correlated negatively (p < 0.01) with thickness of flakes. In the
samples 1-10, the share of fines in the flakes correlated positively with
Dso (p < 0.05) while oat flake thickness correlated negatively with Dgg
(p < 0.05). No other correlations were observed between the particle
size values of the oat flour samples 1-10 and oat flake properties. Par-
ticle size distribution of the coarse oat flours showed weak positive
correlation (p < 0.05) with the specific weight of the flakes and no in-
teractions were observed between physical properties of oat flakes and
particle size distribution values of the re-milled oat flour samples 11-30.

In air classification, mass yields of fine and coarse fractions, as well
as ash and p-glucan contents and their separation efficiencies showed
several significant relationships with chemical composition and particle
size properties of oat flours and physical properties of oat flakes
(Table 6, Appendix Table A6). Groat hardness of the oat groat samples
1-10 exhibited significant negative correlation (p < 0.01) with mass
yield of the coarse fraction and separation efficiencies of ash and
p-glucan (Appendix Table A6). Starch content of the oat flours showed
negative correlation (p < 0.01) with mass yield of coarse fraction.
Protein and lipid content of flours correlated positively (p < 0.01) with
mass yield of coarse fraction. Total dietary fibre content of the flour
showed positive correlation (p < 0.01) with the mass yield of the coarse
fraction, negative correlation (p < 0.05) with the ash content of the
coarse fraction and positive correlation (p < 0.05) with the f-glucan
separation efficiency to the coarse fraction. p-Glucan content of flours
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Table 5
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Pearson correlation coefficients between physical properties of oat flakes, hardness of oat groats and chemical and physical properties of oat flours. Ds is the median
particle diameter, while D, 3 represents the mean particle diameter and Dq, is the particle diameter, of which 90% of the particles are smaller.

Oat flake properties

Water absorption Share of fines Thickness Specific weight
Oat groats (n = 10) Hardness - - - -
Oat flake (n = 30) Water absorption 1 - -.611%* -
properties Share of fines - - -
Thickness -611%* - 1 .372*
Specific weight - - .372% 1
Oat flour (n = 30) Starch * -.430* - 444* -
Composition “ Protein * 426% -.399% -.410% -
Lipid * - - - -
Ash - - - -
Total dietary fibre * 625%* - -.513%* -
p-glucan * - - -.396* -
Oat flour samples 1-10 (n = 10)
properties Water holding capacity - - -.853**
Dso - .680* - -
D a3 - - - -
Dgo - - -771%* -
Coarse oat flour samples 11-30 (n = 20)
properties Water holding capacity b - - - -
Dso ” - - - .490*
D 43" - - - -546*
Doo” - - - .547%
Oat flour samples 11-30 (n = 20) properties Dso - - - -
D a3 - - - -
Dgo - - - -

-. Correlation is not significant at the 0.05 level (2-tailed).
Correlation is significant at the 0.01 level (2-tailed).
Correlation is significant at the 0.05 level (2-tailed).

# Reprinted with permission from Jokinen et al. (2021). Copyright 2021 Jokinen et al.
b Reprinted with permission from Sammalisto et al. (2021). Copyright 2021 Sammalisto et al.

correlated positively with f-glucan content of coarse fractions. Particle
size distribution values D [4,3) and Dgg were positively correlated (p <
0.05) with the mass yield of the coarse fraction as well as separation
efficiency values of the ash and p-glucan. Angle of avalanche correlated
positively (p < 0.05) with ash and p-glucan content of coarse fraction
and water holding capacity of the flours showed positive correlation (p
< 0.05) with mass yield, p-glucan content and f-glucan separation ef-
ficiency of coarse fraction (Appendix Table A6).

Table 6

Pearson correlation coefficients of parameters measured from the coarse fraction
obtained by air classification, oat flour particle size Dsg D4 3 and Doy value and
chemical composition of flours (n = 30). Dsg is the median particle diameter,
while Dy 3 represents the mean particle diameter and Dy, is the particle diam-
eter, of which 90% of the particles are smaller.

Coarse fraction

Mass yield ~ Ash AshSE  p-glucan  p-glucan SE

Flour  Starch® -.619%* - - - -.507**

Protein * .656% - .383% - .509%*

Lipid * .57 -.466** - - .391*

Ash * .419* .433* - - -

TDF * .582%* -.379* .423* - .497%*

p-glucan * - - - .665%* -

Dso - - 440% - -

Dia3 .385% - 556%* .403*

Do .430% - 563%+ 441%

-. Correlation is not significant at the 0.05 level (2-tailed).
Correlation is significant at the 0.01 level (2-tailed).
Correlation is significant at the 0.05 level (2-tailed).
# Reprinted with permission from Jokinen et al. (2021). Copyright 2021
Jokinen et al.

4. Discussion

This study was conducted to understand processability of various oat
batches and how the different characteristics of oat groats and flakes are
connected to the physical properties of oat flours. Previous studies have
mainly focused on finding linkages between oat grains and oat flakes,
whereas the factors affecting the physical properties of oat flours have
not been studied to same extent. Although there are some studies that
have focused on finding the linkages between the oat cultivar and the
product quality, the variation of the behaviour of different oat batches in
the milling process has not been elucidated.

In the current study, groat hardness was shown to be related to the
chemical composition of oat groats, as higher starch content was con-
nected to higher hardness values of groats, and higher protein and ash
contents to lower hardness values of groats. Grain hardness is a gener-
ally used indicator of wheat milling quality as it is related to particle size
distribution, chemical composition of the subsequent flour and bread
making quality in wheat (Campbell et al., 2012). It was observed in the
previous study by Sammalisto et al. (2021), that the particle size prop-
erties of the oat flours affect the baking quality, whereas similar linkages
have not been discovered for oat groat hardness. In wheat, the hardness
of grain has been connected to presence or absence of
endosperm-specific proteins called as puroindolines (Morris, 2002).
Contrary to the current findings, Doehlert and McMullen (2000) re-
ported that higher p-glucan content of groats was connected to higher
hardness values of groats and that protein and starch content of groats
were not related to hardness. However, Doehlert and McMullen (2000)
used single kernel characterization system (SKCS) to evaluate the groat
hardness whereas the method used by Gates, Dobraszczyk, et al. (2008)
and the current study is based on compression measurement by Texture
Analyser. Therefore, the results are not completely comparable.
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Apart from measuring methods, the differences observed in corre-
lations with grain hardness might originate from the differing processing
conditions during milling. According to Gates, Dobraszczyk, et al.
(2008), heat treatment and moisture content of the groats have a sig-
nificant impact on the behaviour of oat groats during compression and
may yield softer or harder oat groats depending on the treatment con-
ditions. They observed that the maximum force required for compres-
sion of groats increased when heat treatment temperature increased
from 80 to 110 °C. They postulated that this was due to the
water-induced stiffening related to the swelling of the groat structure
that reduces the amount of air cells and other discontinuities. The
milling process utilized in the current study included drying at 145 °C
for 3 h and kilning at 150 °C for 40 s followed by a 15-min stabilization
period at 110 °C, which can be considered intensive compared to the
conditions previously described in the literature where temperatures
rarely exceed 115 °C (Duque et al., 2020; Gates, Dobraszczyk, et al.,
2008; Girardet & Webster, 2011). Regardless of the differences in the
kilning conditions, the observed hardness values of oat groats showed
similar variation as in the previous study by Gates, Dobraszczyk, et al.
(2008), where the maximum force, i.e. hardness in the current study,
varied between 49 and 62 N in kilned oat groats. This highlights that raw
material as well as the heat treatment affect the hardness of the oat
groats after the kilning, as the kilning conditions were constant in the
current study.

Oat flake properties, water absorption, thickness and specific
weights, showed statistically significant differences among the thirty oat
samples and were in accordance with the previous studies by Gates,
Sontag-Strohm, et al. (2008) and Lapvetelainen et al. (2001). Particu-
larly, the share of fines varied considerably, mainly between 3 and 16%
for most of the samples and even 27% for one sample. The high share of
fines observed in the current study indicates extensive flake breakage
during the flaking process. For example, the values reported in one study
by Gates, Sontag-Strohm, et al. (2008) were below 3%, where the oat
flake breakage was connected to intensity of the heat treatment. The
kilning conditions utilized in the current study presumably facilitated
the formation of substantial share of fine flake particles in some of the
samples during the flaking process. When the chemical composition was
evaluated against the flake properties, higher protein content was con-
nected to lower values of the share of fines and flake thickness. In a
previous study by Lapveteldinen et al. (2001), protein content of oat
groats did not correlate with any of the oat flake properties. The current
findings show that the effect of the heat treatment on the amount of flake
breakage depends on the protein content of the raw material as the
flaking process was constant for all of the samples.

The previous literature regarding the correlations between the oat
flake properties is inconsistent with the current findings in many re-
spects. For example, according to Lapvetelainen et al. (2001) thicker oat
flakes are connected to lower amount of the share of fines in the flakes,
which was not observed in the current study. Then again, Gates,
Sontag-Strohm, et al. (2008) observed that thicker oat flakes are related
to higher specific weight of the flakes, which is in agreement with the
current study. Gates, Sontag-Strohm, et al. (2008) did not observe a
significant correlation between flake thickness and water absorption of
oat flakes, which was observed in the current study. Nevertheless, our
study focused on the variation in the properties of different pure cultivar
samples in constant processing conditions whereas Gates,
Sontag-Strohm, et al. (2008) studied the effect of the different process-
ing conditions on one raw material consisting of different oat cultivars. It
is apparent, that the differences in the milling process conditions of oat
flakes affect the end properties of the flakes and thus make comparison
of the previous findings with the current work challenging. The con-
tradictory results also highlight the impact of milling process on the oat
flake quality, suggesting that the milling conditions should be optimized
depending on the raw material.

Physical properties of oat flours showed significant correlations with
both chemical composition of the oat flours and physical properties of
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the oat groats and oat flakes. Particle size distributions of thirty oat flour
samples showed large variation. In the current study, groat hardness
showed a significant positive correlation with the Dgy value of the oat
flours from the flour samples 1-10 revealing that the milling of the
harder groats resulted in larger median particle size of the flour. When
considering particle size distribution in wheat milling, hard wheats yield
more middle size ranged particles and less small and larger particles
whereas softer wheats yield more small sized particles, some middle-
sized particles and a tail of larger bran particles (Campbell et al.,
2012). Based on the results of the current study, this phenomenon does
not apply to oats. However, it is important to note, that the milling
process and chemical composition of oats are very different compared to
wheat, especially by the heat treatment applied to oat groats. Some
connections were found between the amount of fine particles and
thickness of flakes and the particle size distribution of oat flours, but
they were inconsistent between the samples 1-10 and 11-30, which can
be expected to originate from the change of the milling stone. As particle
size distribution of oat flours has been shown to be connected to the
baking properties of oats, the role of the different raw materials should
be considered when producing oat flours intended for certain food use
(Hiittner et al., 2010; Sammalisto et al., 2021).

Dry fractionation by air classification was applied to understand the
behaviour of the whole oat flours when producing fine starchy
endosperm-rich and coarse beta-glucan- and bran-rich fractions from
whole grain oat flours. Ash and p-glucan are mainly located in the bran
layers of oat groats and therefore their separation to the fractions can be
used to estimate the enrichment of bran layers into the coarse fraction
(Rainakari et al., 2016; Shewry et al., 2008; Sibakov et al., 2012). In the
current study, p-glucan was clearly enriched into the coarse fraction and
ash was enriched to some extent based on the separation efficiency
values, suggesting that bran was separated into the coarse fraction, thus
the results are in line with previous reports for oats (Sibakov et al.,
2011). The separation efficiency values were significantly different be-
tween the different samples and exhibited large variation, although the
dry fractionation parameters were constant. This further confirms that
processes utilized for oats should be optimized on oat raw material basis.

Grain and seed hardness have been observed to affect the dry frac-
tionation result in wheat as well as in legumes (Létang et al., 2002; Tyler,
1984). In this work, the harder the groat, the lower the mass yield of
coarse fraction as well as the separation efficiencies of the ash and
B-glucan into the coarse fraction in the oat flour samples 1-10 were. This
observation is logical as higher hardness values were related to higher
starch content of the oats and thus indicate a higher endosperm share of
oats yielding lower mass yields of coarse fraction. Particle size distri-
bution of the flour is one of the important factors affecting the separation
in dry fractionation (Assatory et al., 2019). This was observed also in the
current study as flours with larger mean particle diameter and higher
amount of larger particles increased the mass yields of the coarse frac-
tions as well as the separation efficiency of ash and p-glucan to the
coarse fraction.

Angle of avalanche was determined to evaluate of oat flour samples
1-10 which can be used to estimate the behaviour of flours in process-
ing. Values observed in the current study for the samples 1-10 are
similar as described in the literature for other food materials (Calton
et al., 2019; Montes et al., 2019). Calton et al. (2019) have reported
avalanche angle values of 41-56° for protein and starch rich powders
and Montes et al. (2019) values of 40-68° for differently processed
coffee and cocoa powders. Based on the avalanching behaviour of the
oat flours during the measurement, all exhibited cataracting flow
regime, i.e. flour build-up of the leading edge before collapsing to the
bed surface, which shows that the flours resisted flow under these
conditions (Boateng & Barr, 1996; Calton et al., 2019). Flow properties
of the powders depend on several attributes such as shape and size of the
particles, as well as density and moisture content of the material (Montes
et al., 2019). In general, lower angle of avalanche values are related to
good flowability. Surprisingly, particle size distribution values of the
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flour samples 1-10 did not show any significant correlations with the
angle of avalanche values. Angle of avalanche showed a weak positive
correlation with water holding capacity of the oat flour samples 1-10
which indicates that flours with higher water holding capacity have
poorer flowability. Furthermore, higher ash and p-glucan content of the
coarse fraction were connected to increased angle of avalanche values,
but not with to the mass yield of the coarse fraction of the samples 1-10.
This indicates that separation of bran layers in dry fractionation may be
improved in flours with poorer flowability properties.

As oat lipid content is known for affecting the processing and milling
behaviour of oats, it was expected that dry fractionation and flowability
properties of the flours would be affected by the lipid content of oats
(Girardet & Webster, 2011; Sibakov et al., 2012; Wu & Doehlert, 2002;
Wu & Stringfellow, 1995). Lipid content of oat flours was found to be
related to dry fractionation properties in the current study, as high lipid
content was connected to lower mass yields of fine fraction and higher
mass yields of coarse fraction. Lipids have been shown to prevent the
dispersion of the flour particles in air in different legumes (Assatory
et al., 2019). If the dispersion of the flour particles is limited, it can be
expected that the smaller particles are not separated as effectively to fine
fraction and thus end up in the coarse fraction, as observed in the current
study. While dry fractionation of the flours was related to the lipid
content of oats, no significant interaction was observed between the
lipid content of oat flour and flowability properties, i.e. the angle of
avalanche test.

5. Conclusions

The current study demonstrated the significant differences in the
processing behaviour of thirty pure cultivar oat batches. Additionally,
relations between oat groat hardness, oat flake properties, and oat flour
properties were identified. It was observed that the milling process of oat
batches resulted in great variation in the physical characteristics of oat
flakes and flours. For example, the amount of flake breakage, i.e. amount
of fines, showed great variation between the batches although the
flaking process was constant, and the higher breakage was related to
lower protein content. Furthermore, it was shown that the physical
properties of the different mill products, i.e., groats, flakes and flours
were mainly related to the chemical composition of the raw material but
also interrelated. The hardness of oat groat and physical properties of
the oat flakes were connected to the chemical composition and physical
properties of the subsequent oat flours. In addition, it was shown that
behaviour of oat flours in dry fractionation is connected to hardness of
groats and affected by the particle size distribution of the flours. Flours
with poorer flowability properties were connected to increased bran-
endosperm separation in dry fractionation. This study highlighted,
that the oat batches exhibit significant variation in their processibility
and physical properties and therefore process optimisation should be
made based on the raw material. In addition, further efforts are required
to predict the behaviour of oat in milling process and the connection of
the raw material to the quality of oat-based food products.
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