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Abstract. The baking properties of green buckwheat, lentil, corn, coconut, amaranth, and brown rice flours as well their
effect on the rheological properties of dough semifinished products made from wheat flour were investigated. For the study,
high-grade wheat flour as well as mixtures of high-grade wheat flour and the flours under investigation (5; 10; 15; 20;
and 25% replacement) were taken. The breadmaking properties of the flour types were tested at 5, 15, and 25% replacement.
Rheological properties were determined using farinograph (Brabender), alveograph (Chopin), amylograph (Brabender),
and falling number measurement device (Perten). It was found that amaranth flour had the greatest effect on the water
absorption capacity of the flour mixture, with its increase by 13.3% when replacing wheat flour at a 25% ratio. To evaluate
the baking properties of the studied flour types, an analysis on their influence on the volume of finished products, sensory
characteristics of bread, and change of bread softness during storage was conducted with the use of a texture analyzer
(TA.XTplus100C). When 10% coconut flour was added to the dough, its kneading stability increased significantly, reaching
48 minutes 49 seconds. Alveographic tests demonstrated a decrease in the baking power of the dough semifinished
products in all samples, with the corn flour sample showing the smallest decrease of 35.2% and the lentil flour sample
showing the largest decrease of 75.4%. Based on the studies conducted, the amylograms of the flour mixtures showed
the highest increase of 486 units in the gelatinization maximum in the sample containing corn flour at 25% dosage.
Replacing wheat flour with coconut flour, corn flour, and hydrothermally unprocessed buckwheat flour reduced the specific
volume of bread. The most pronounced decrease in specific volume was observed when replacing with coconut flour,
by 0.6 cm3/g at 25% replacement. The optimum ratio of dough rheological properties and baking quality was achieved
in the mixture of high-grade wheat flour with 25% amaranth flour.
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Annoramusa. Vcotenosau xeb0neKapHble CBOMCTBA MyKH U3 3€JIEHOH I'PEYNXH, YUeUeBHUIIbI, KyKYPYy3bl, KOKOCA, AMapaHTa,
Oyporo puca U UX BJIUSHUE HAa PEOJIOTHYECKHE CBOMCTBA TECTOBBIX MOIy(haOPHUKATOB HA OCHOBE MIIEHUYHOU MYKH.
OOBeKTaMy M3y4YeHUsI CTAJIM: MyKa IMIIEHWYHASA BBICIIETO COPTA U CMECH IIIEHUYHOH U MCCIIEAYEMBIX BUJIOB MYKH
B IOBUPOBKAX 5; 10; 15; 20 U 25% OT 00IIeil Macchl MyKU. XJieboneKapHble CBOMCTBA HCCIIENYEMBIX BHUJIOB MYKH
MIpOBEPSJIM B JIO3UPOBKAaxX 5; 15 U 25%. Peosiormyeckue CBOWCTBA OIpEAE/SIIA C HCHOJIB30BAHHEM IpUOOPOB
dapunorpad (Brabender), anpBeorpad (Chopin), amumorpad (Brabender) u mpubopa omnpezeneHnsa qucia mageHus
(Perten). YcraHOBIEHO, UTO aMapaHTOBAs MyKa B HAUOOJIBIIIEl CTETIEHH ITOBJIHSIIA HA BOJIOIOIVIOTUTEIIBHYIO CIIOCOOHOCTD
My4YHOU CMeECH, YBEJIUUYUB JJAHHBIA MMOKa3aTesb Ha 13,3% B J03UPOBKe 25% oOT o6Ineil Macchl MyKH. J[Jis OIeHKHU
xJ1e00TIeKaPHBIX CBOMCTB M3y4aeMbIX BUIOB MYKH IPOBOJMJIMA aHAJIU3 HX BIUAHUSA HAa 00bEM TOTOBBIX H3/IEIHH,
OpraHOJIENTHYECKHE XapaKTEPUCTHKU XxJIeb6a U H3MeHEHUE ero MATKOCTH INPU XPaHEHHH C HCII0JIh30BAHHEM
a"aynmzaropa TekeTypsl (TA.XTplus100C). [Ipu gobaBieHnn 10% KOKOCOBOM MYyKH B TECTO, €T0 YCTONIHUBOCTH K 3aMeCy
3HAYUTEJIbHO YBEJIMUIIIACK, IOCTUTHYB 48:49 MuH. VIcibITaHUSA Ha albBeorpade MoKazaiy CHIKeHNe XJ1e00eKapHoi
CUJIBI TECTOBBIX MOJTy(habpUKATOB BO BCeX 00pasiax, mpu 3ToM 06pasel] ¢ KYKypy3HOH MyKOH BBISIBHJI HauMeEHbIIIee
cHkeHue (35,2%), a ob6paszel] ¢ YeueBUYHON MyKOH — HaubosbIee (75,4%). Ha ocHOBe JaHHBIX aMUJIOTpaMM, B 00pasIie
¢ nobaBieHneM 25% KyKYpPy3HOU MYKH 3aperdCTPHUPOBAIH MPUPOCT MaKCHMyMa KieicTepusanuu Ha 486 eTUHUI]
B CPaBHEHHHU C KOHTPOJIBHBIM 06PA3I[0M, UTO CTAJI0 HAUOOJIBIIINM [IOKa3aTeIeM. 3aMeHa MIIIEHUYHOW MyKH Ha KOKOCOBYIO,
KYKYPY3HYIO U MyKY U3 3eJIEHOM IPEUNXH CHIIKAET YAEJIbHBIN 00beM XJ1e6a, I/ie HanboJsiee BBIPAYKEHO 3TO IMPOSBUIIOCH
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IpU 3aMeHe Ha KOKOCOBYIO MYKY — Ha 0,6 cM3/T B JO3UPOBKe 25%. ONTHMAJIPHOE COOTHOIIIEHNE PEOJIOTHYECKHX CBOMCTB
TEeCTa ¥ KAYECTBA BBIIIEUKH JIOCTUTHYTO B CMECH IIITEHUYHON MyKH BBICIIIETO COPTA C 25% aMapaHTOBOU MyKH.
KiioueBble c10Ba: OMOTEXHOJIOTHS; XJ1e000yIOUHbIE U3JIEJIHST; PEOJIOTUUECKHE CBOMCTBA TecTa; Oe3IJII0TEHOBAsA MYKa;
OpraHoJIENTUYECKHE CBOUCTBA

duHaHCcUpoBaHue: Pabora BHINIOJIHEHA B paMKax TIpaHTa Poccuiickoro HaygHoro ¢onza N2 23-26—00134,
https://rscf.ru/project/23-26-00134

Introduction

In recent years, the search for ways to improve nutritional properties and expand the range of bakery
products has driven interest in the use of alternative flour types in the baking industry. In this context, the study
aims to analyze the influence the flour of various alternative types (coconut, corn, amaranth, lentil,
hydrothermally unprocessed common buckwheat, brown rice) has on rheological properties of dough and
organoleptic properties of wheat-based bakery goods.

Previous research has shown that the dough samples made using the alternative flours have rheological
properties that are significantly different compared to wheat dough [1, 2]; at the same time, mixtures of various
flour types have unique and distinguished properties [3].

Previous research in the field has shown that the inclusion of coconut flour allows to increase plant fiber
content in dough, while replacement of wheat flour with coconut flour in quantities up to 15% by total flour
mass improves the aroma and water binding capacity [4, 5].

Addition of coconut flour in quantities higher than 15—20% of the total mass of flour leads to a sharp
decline in technological and sensory characteristics: dough development time increases, water absorption
capacity, specific volume and porosity, crumb elasticity decrease, appearance, aroma, taste and texture of the
product deteriorate [6, 7].

Addition of corn flour allows to reduce the time of dough development, increase the resistance of bread
to staling, and from the organoleptic side gives the product a golden hue and specific flavor highly appreciated
by a wide group of consumers. In addition, corn flour has a high nutritional value due to its balanced amino
acid composition (the only limiting amino acid is lysine), as well as a high content of flavonoids and other
compounds [8, 9]. On the other hand, the introduction of corn flour significantly disrupts the structure of the
gluten network, which reduces the stability, extensibility, and other rheological characteristics of the dough
[9, 10]. Extrusion of cornmeal can slightly improve these parameters, but it loses the increased resistance
of products to staling [10].

The addition of amaranth flour increases the water absorption capacity of the dough and increases the
gelatinization temperature of starch, which can have a positive effect on the specific volume of products. Also,
the addition of amaranth flour in amounts up to 20% of the total flour mass can increase the stability of the
dough; extensibility, however, decreases, while development time increases [11]. In terms of nutritional value,
amaranth flour is rich in proteins and minerals, and a number of amaranth varieties have a complete protein
composition [12, 13].

Lentil flour in the amount of 10% has little effect on the consumer properties and rheological
characteristics of the product — however, its addition in amounts of 15-20% and higher leads to a decrease
in the volume of products and accelerated staling [14]. At the same time, preliminary germination of lentils before
milling allows to obtain a flour mixture that positively affects a number of technological parameters of the
product — so, the addition of 7.5% of flour from sprouted lentils allows to increase the specific volume, porosity
and elasticity of products compared to products made entirely of wheat flour, but at the same time their stiffness
also increases [15]. As for the nutritional value of lentil flour, it is known to be rich in antioxidants and have
an amino acid composition that is close to complete — only sulfur-containing amino acids are deficient [16—19].

Hydrothermally unprocessed buckwheat and brown rice flours are also used to create gluten-free
products, but their influence on rheological properties is less thoroughly studied. Buckwheat starch is known
to have a higher water absorption capacity compared to wheat and corn starches, which may account for the
higher water absorption capacity of flour mixtures with its use [20]. In addition, buckwheat contains a large
amount of phenols, particularly proanthocyanidins, which can strengthen wheat gluten [21]. Regarding the
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nutritional value of hydrothermally unprocessed buckwheat flour, a high antioxidant content is also known
to be present [16, 22, 23].

Brown rice flour is known to have a high nutritional value: unlike polished white rice, brown rice has
a complete protein composition and contains a large amount of nicotinic acid, riboflavin, and thiamine [24, 25].
In addition, it is known that the addition of flour from sprouted brown rice in the amount of 30% increases
the water absorption capacity of the flour mixture, but at the same time significantly increases the resistance
of the dough to extension. The addition of phytase and hemicellulase allows the increase the volume of the
obtained products [26].

Still, most of the reviewed works describe the characteristics of only certain types of flour, which does
not allow for a full-fledged comparative analysis of their impact on the rheological properties of dough and
the final quality of bakery products. At the moment, the issues of optimal proportions and combinations
of different types of flour, which would improve the rheological properties of dough without deterioration
of consumer properties of bakery products, are not sufficiently studied. A deeper understanding of the
mechanisms for the interaction of components of the different types of flour with the gluten network of wheat
flour is needed, which will allow to develop recommendations for their use in breadmaking.

The aim of this study is to conduct a comparative analysis of the effect of various alternative flours, including
coconut, corn, amaranth, lentil, hydrothermally unprocessed buckwheat and brown rice flours, on the rheological
properties of dough and the breadmaking properties of bakery products made with wheat flour. This study plays
an important role in expanding the range of bakery products, increasing their nutritional value and improving
their sensory characteristics, as well as for the development of new formulations using alternative flours.

Materials and methods

The following types of flour were used in the study: high-grade wheat flour (GOST 26574-2017,
produced by Petersburg Milling Plant, Russia), coconut flour (produced by UFEELGOOD, Russia), corn flour,
lentil flour, and brown rice flour (produced by Garnec, Russia), amaranth flour (produced by Russkaya Oliva,
Russia) and hydrothermally unprocessed common buckwheat flour (produced by Garnec, Russia). The moisture
content of each type of flour was evaluated using UniBloc MOC63u automatic moisture content meter
(Shimadzu, Japan), and the obtained values were taken into consideration in subsequent studies. These types
of flour were selected based on their nutritional properties, potential influence on the rheological properties
of dough and organoleptic properties of baked products.

Rheological study

For rheological studies, the studied types of flour were added in dosages of 5, 10, 15, 20 and 25% instead
of high-grade wheat flour (GOST 26574-2017), (Petersburg Milling Plant, Russia). A sample of high-grade
wheat flour without additives served as control.

A Brabender farinograph (Germany) was used to study the effect of non-traditional flours on the water
absorption capacity of the flour mixture and dough stability in accordance with GOST ISO 5530-1-2013.

The change in the baking power of dough was determined using Chopin alveograph (US) in accordance
with GOST P 51415-99.

Amylolytic activity of flour mixture was determined using Brabender amylograph (Germany) in accordance
with GOST ISO 7973-2013 and Perten FN-1500 (Sweden) falling number measuring device in accordance
with GOST 27676-88. The influence of different types of flour on the maximum gelatinization and falling
number index was investigated.

The change in the mass fraction of crude gluten and the change in the gluten deformation index were
evaluated using the IIJTAYH UJIK-3 M (PLAUN IDK-3 M) device (Russia) according to GOST 27839-2013.
Gluten washing was carried out manually.

To analyze the effect of studied types of flour on the quality of baked products, they were added instead
of wheat flour at dosages of 5%, 15% and 25%. Bread baked with 100% wheat flour served as a control. The dough
recipes are presented in Table 1.

Laboratory baking

Evaluation of breadmaking properties of baked products was carried out by laboratory baking. All bread
samples were prepared in a single stage without the use of sourdough.
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Table 1. Dough recipes
Ingredients, kg/100kg flour

Materials 5% 15% 25%
Control
replacement replacement replacement
High-grade wheat flour 100.0 95.0 85.0 75.0
Flour of s tudied type - 5.0 15.0 25.0
Table salt 1.8 1.8 1.8 1.8
Compressed baker’s yeast 2.5 2.5 2.5 2.5

An SP 24F dough mixer (Diosna, Germany) was used to knead the dough. Kneading was carried out for
4 minutes at slow speed and 5 minutes at fast speed. The dough temperature was 27—28°C, after which dough
was left for 10 min at room conditions, then divided into 550 g pieces and placed in molds, proofing was carried
out at 35°C and 775% relative humidity, baking was conducted using Miwe Condo oven (Miwe, Germany) at 220°C
for 20 min with steam. The baked products were cooled down to 25°C and then packaged.

Quality assessment of baked products was determined by physicochemical and organoleptic parameters.

Specific volume was determined as the volume to mass ratio of baked products. The obtained value was
expressed in cm3/g [27].

The softness of the product during storage was evaluated on the third day of storage based on the
hardness value. Crumb hardness of the finished products was measured using TA.XTplus100C texture analyzer
(UK) according to the methods provided by the device manufacturer.

During the tests, the force required to press a 36 mm diameter cylinder into a 25 mm thick slice of bread
to a depth of 6.25 mm was measured. Three slices of bread of the specified thickness were cut for each test
sample. The cylinder was lowered in the center of the slice at a distance of >2 cm from the edge of the crust.

During the organoleptic analysis the crust color, crumb structure and color, aroma and taste of finished
products were evaluated. Organoleptic parameters of bread samples were determined by sensory evaluation
according to GOST 5667-2022.

Results and discussion
Water absorption capacity

The results of water absorption capacity tests in dough made with flour mixtures as per farinographic
tests are presented in Table 2.

Table 2. Results of water absorption capacity measurements in high-grade wheat flour with addition
of alternative flours

Hydrothermally
unprocessed
buckwheat flour

Coconut Corn Lentil Brown Amaranth

Proportion of tested flour flour flour rice flour flour

flours added, %
water absorption capacity, %

0 (reference/wheat flour) 57.7 60.2 57.7 60.2 57.8 57.6
5 59.3 60 59.1 60.2 60 57.3
10 60.3 60.1 59 59.7 63 57.2
15 60.9 59.9 58.5 59.5 65.9 56.8
20 61.4 60 59 59.5 68.8 57.2
25 61.4 59.8 59.6 59.4 71.1 57.5

Reproducibility of water absorption capacity is 1.6% according to GOST ISO 5530—1—2013

Incorporation of corn flour, lentil flour, brown rice flour and hydrothermally unprocessed buckwheat
flour had an effect on water absorption capacity within a +2% difference, indicating a similar water absorption
capacity to that of high-grade wheat flour. In similar studies, brown rice flour did not lead to any change in this
indicator by more than 2% either [27]. There appears to be insufficient information on farinographic studies
of wheat dough with corn, lentil or hydrothermally unprocessed buckwheat flour added. Adding coconut flour
increased the water absorption capacity by 3.7% at the dosages of 20 and 25% by weight of wheat flour. An earlier
study describes the negative effect of coconut flour on the water absorption capacity of flour mixture, which may
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be due to the different grind size of coconut flour [28]. The largest increase in water absorption capacity was
registered in the sample containing 25% amaranth flour and constituted 13.3% relative to the reference sample,
which is explained by the fact that amaranth flour has the highest content of dietary fiber [29].

The results of farinographic studies showed that the addition of various types of flour significantly affects
the water absorption capacity of the dough. This factor is of great importance in the production of bread and
other flour-based products, as it determines their texture, volume and quality.

Stability time of dough

The results for stability of dough made with a mixture of flours as measured with farinograph are shown

in Table 3.

Table 3. Results of kneading stability measurements in dough made with high-grade wheat flour with
addition of alternative flours

Hydrothermally
unprocessed
buckwheat flour

Coconut Corn Lentil Brown Amaranth

Proportion of studied flour flour flour rice flour flour

flours added, %
stability time, min

0 (reference/wheat flour) 9:31 14:38 9:31 14:38 10:55 07:34
5 20:09 14:11 12:28 13:28 8:35 15:32
10 48:49 7:10 6:59 16:15 5:27 17:14
15 - 7:01 5:53 12:14 4:03 8:44
20 32:45 4:16 4:53 12:03 3:05 7:49
25 25:32 4:14 4:13 15:52 2:25 6:23
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Figure 1. Farinogramm or the dough with 25% coconut flour replacement

When corn and amaranth flours were added, the stability time decreased as the dosage of the tested flours
replacing wheat flour increased. This was due to a decrease in the gluten content of the flour mixture, which
does not allow the dough to retain its consistency under mechanical action during kneading [30]. The most
pronounced decrease in stability was registered with the introduction of amaranth flour, as the replacement
of 25% led to a decrease in stability by 8 minutes 30 seconds. This can be explained by the most pronounced
weakening of the gluten network, which is likely to be due to a higher fat content in the composition of flour [31].
The addition of brown rice flour resulted in a change in the stability time within +3 min, indicating comparable
degrees of liquefaction of brown rice flour and of wheat flour. When lentil flour was added at a dosage of 5%
of wheat flour, the indicator was observed to increase. However, with a further increase in dosage, there was
a decrease in dough kneading stability time compared to the reference, which results in an increase in dough
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stickiness due to the release of moisture from the gluten network [32]. The greatest increase in dough stability
was registered in the mixture of wheat and coconut flours. The maximum stability was observed in the sample
with 10% coconut flour, with the gain of 39:18 min relative to the reference sample. Meanwhile, in the test
with 25% coconut flour, farinogram was remarkably unstable (Figure 1). These results may be related to the high
content of dietary fiber in coconut flour, which may affect the dough formation time and consistency [33].
The analysis of test results shows that adding various types of flour has a significant effect on dough
stability and its quality.
Dough deformation energy
The deformation energy of dough made with the use of flour mixtures, as measured using the alveograph
are shown in Table 4.

Table 4. Results of dough deformation energy measurements in dough made with high-grade wheat flour
with addition of alternative flours

) . Coconut Corn Lentil Brown Amaranth Hydrothermally
Proportion of studied flour flour flour rice flour flour unprocessed
flours added, % buckwheat flour
W, *104 J (deformation energy)

0 (reference/ wheat flour) 203 281 203 281 354 330

5 281 259 234 265 288 274

10 235 237 164 230 263 229

15 - 221 122 230 224 201

20 — 199 81 199 202 162

25 — 182 72 175 164 129

The reproducibility variation coefficient is: 8% for W and P according to GOST R 51415—99

The introduction of all tested types of flour leads to a decrease in energy deformation. The most pronounced
decrease was observed in the dough with lentil flour added. The maximum decrease in the deformation energy
of the dough was observed when 25% lentil flour was added instead of wheat flour — the decrease amounted
to 75.4%. A similar result was obtained in the study of the effect of flour from sprouted lentil seeds on the
deformation energy of dough [34]. The application of amaranth and corn flour at a dosage of 25% of the weight
of the flour mixture resulted in a decrease in deformation energy by 53.7% and 35.2%, respectively. A decrease
in the deformation energy of flour was also observed when coconut flour was added. Due to the significant
decrease in dough elasticity with coconut flour added, it was not possible to investigate mixtures with dosage
of 15% of wheat flour weight and above. The reason for this is the difference in the particle size (coarseness)
of the flour, which has an adverse effect on the formation of a homogeneous dough. This also makes tests with
mixtures at higher dosages unfeasible.

Incorporation of all the types of flour tested decreases the energy deformation. The strongest decrease
is observed in the dough with lentil flour.

This decrease in deformation energy in all the samples studied can be attributed to the decrease in gluten
content of the flour mixture. Similar data were also obtained in other studies [35].

Amylolytic activity of flour

Results of gelatinization maximum measurements for flour mixtures, as measured with amylograph
are shown in Table 5.

Incorporation of coconut flour resulted in a decrease in the maximum gelatinization, with the highest
decrease of 233 amylograph units observed in the sample with 25% of wheat flour replaced with coconut
flour. These results may be due to a lower starch content in the chemical composition of coconut flour
compared to wheat flour, which may result in less efficient gelatinization of coconut flour during heating.
Addition of amaranth flour also led to a decrease in the maximum gelatinization as the dosage increased,
which may be due to the size of the starch granules that are significantly smaller in amaranth flour compared
to that of wheat [36].

On the other hand, adding corn flour, brown rice flour and hydrothermally unprocessed buckwheat
flour led to an increase in gelatinization maximum. In the highest dosage of 25%, corn flour increased the
maximum gelatinization by 69.6%, which can be explained by the higher gel-forming ability of corn starch
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in comparison with wheat starch [37]. Brown rice flour increased the gelatinization maximum by 62.0% and
hydrothermally unprocessed buckwheat flour by 68.2%. When lentil flour was added, the maximum decrease
was observed in the dosage of 15%, and amounted to 7.6%, which can be explained by the different grinding
size of the studied types of flour, which entails changes in the size of starch granules.

Table 5. Results of amylolytic activity measurements in dough made with high-grade wheat flour with
addition of alternative flour

. Coconut Corn Lentil Brown Amaranth Hydrothermally
Content of studied flour flour flour rice flour flour unprocessed
flours added, % buckwheat flour
gelatinization maximum, AU
o (reference/wheat flour) 946 698 946 698 916 606
5 925 758 969 777 858 670
10 849 900 898 877 787 721
15 787 1002 874 978 816 784
20 717 1114 890 1042 706 864
25 713 1184 917 1131 672 1019

Absolute error does not exceed 231 AU, which is in accordance with GOST ISO 7973—2013

Thus, the data obtained indicate the influence of all the studied flours on the amylolytic activity of the mixture.
Falling number

The results for the measurement of falling number in dough are listed in Table 6. The addition of coconut
flour resulted in a decrease in the falling number of the mixture from 404 sec in the reference sample to 372 sec
in that with 25% replacement. The data obtained may indicate that the viscosity of the suspension decreased
during heating due to the low gelatinization capacity of coconut flour starch. The addition of lentil and amaranth
flours also reduced this metric due to the lower starch content of these flours. Meanwhile, the addition of corn
flour, brown rice flour and hydrothermally unprocessed buckwheat flour resulted in an increase in the falling
number. The most pronounced increase was found in the samples of the mixture with hydrothermally
unprocessed buckwheat.

Table 6. Results of falling number measurements in dough made with high-grade wheat flour with addition

of alternative flours
. . Coconut Corn Lentil Brown Amaranth Hydrothermally
Proportion of studied flour flour flour rice flour flour unprocessed
flours added, % buckwheat flour
falling number, s

0 (reference/wheat flour) 404 335 404 335 377 274

5 403 345 380 353 372 201

10 395 354 387 354 370 320

15 381 358 360 357 370 335

20 370 357 364 372 365 349

25 372 363 335 380 350 370

At present, there does not seem to be sufficient research data investigating the effect of alternative flours
on the falling number in flour mixtures. However, several studies have shown that amylolytic enzyme activity
has a key influence on the metric and that it may vary depending on the activity of water required to activate
alpha amylase in the flour [38].

All investigated types of flour affected the falling number, characterizing the activity of amylolytic enzymes.
The greatest increase in the index was observed when hydrothermally unprocessed buckwheat flour was added
to the mixture.

Gluten deformation index

The results for the gluten deformation index measurement are shown in Table 7. The gluten deformation
index decreased in all samples with the addition of coconut flour instead of wheat flour. The maximum
decrease in gluten deformation index was 18 units, observed in the sample on 15% replacement with coconut
flour. When more than 20% coconut flour is added, the gluten becomes excessively loose and crumbly. Thus,
it is not possible to wash the gluten in the sample with 25% coconut flour instead of wheat flour.
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The addition of lentil flour also reduced the index, indicating the formation of stronger disulfide bonds
in wheat flour.

Corn and amaranth flours as well as hydrothermally unprocessed buckwheat and brown rice flours had
aless pronounced effect on gluten deformation index. The change in this index varied within the range of no more
than +7.4 gluten deformation index units. This indicates a less pronounced effect of wheat flour gluten compared
to coconut and lentil flours.

Table 7. Results of gluten deformation index measurements in washed gluten of high-grade wheat flour
with addition of alternative flours

Hydrothermally
unprocessed
buckwheat flour

Coconut Corn Lentil Brown Amaranth

Proportion of studied flour flour flour rice flour flour

flours added, %
gluten deformation index, GDI units

o (reference/wheat flour)  70.2 56 70.2 56 70.8 70.5
5 60.4 57 57.8 60 71.2 67.5
10 55.4 60.4 55.4 61 70.4 65.1
15 51.4 60.7 54.1 60.4 67.5 65.2
20 52.8 60.8 52.4 60.3 71.4 63.9
25 — 62 52.7 63.4 — 64.7

Absolute error between the results does not exceed 5 gluten deformation index units, which is in accordance with GOST 27839-2013

All investigated types of flour had an impact on the rheological properties of dough. There was a general
tendency to decrease the deformation energy of dough due to a decrease in the mass fraction of gluten in the
mixture. The change in the indicators is related to the properties of the studied types of flour, which, in their
turn, affect the dough. These changes can be caused by moisture and coarseness of flour milling, as well as the
differences in the quantity of protein and fiber.

Test baking

To support the data obtained through rheological tests and to study the influence of alternative flours
on the baking properties of finished products, a number of laboratory baking tests were performed adding
the investigated flours in the doses of 5, 15 and 25% of wheat flour weight. Bread made of 100% wheat flour
served as a reference.

To determine the effect of various types of flour on the volume of baked products, the specific volume
of bread, characterizing the gas-holding capacity of the dough, was measured (Table 8).

Table 8. Results of specific volume measurements in bread samples made with high-grade wheat flour
with addition of alternative flours

Hydrothermally
unprocessed
buckwheat flour

Coconut Corn Lentil Brown Amaranth

Proportion of studied flour flour flour rice flour flour

flours added, %
specific volume, cm3/g

0 (reference/wheat flour) 2.3 2.3 2.3 2.3 2.3 2.3
5 D5 2.3 2.3 2.4 2.3 2.4
15 2.0 2.2 2.4 2.3 2.4 2.2
25 1.7 2.1 2.3 2.5 2.5 1.9

Absolute erroris +0.1 cm3/g

Laboratory baking showed a decrease in the specific volume of bread with coconut flour, corn flour and
hydrothermally unprocessed buckwheat flour. The most pronounced decrease was 0.6 cm3/g when 25%
coconut flour was used. The incorporation of amaranth flour resulted in bread with greater volume relative
to the reference sample. The influence of lentil and brown rice flour on the specific volume of bread was
within a margin of error.

To assess the storability of baked products, the average hardness index was measured on a texture
analyzer. The results can serve as indicators of freshness: the less effort is required to compress the crumb,
the fresher the bread is. Due to the variability in the biochemical composition of the studied types of flour the
process of bread staling had a varying intensity. The results obtained are summarized in Table 9.
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Table 9. Results of hardness measurements in bread samples made with high-grade wheat flour with
additional alternative flour

. . Coconut Corn Lentil Brown Amaranth Hydrothermally
Proportion of studied flour flour flour rice flour flour unprocessed
flours added, % buckwheat flour
average hardness, g
O (reference/wheat flour) 1152 1152 1152 1152 1152 1152
5 1104 1297 1392 1294 1070 1280
15 1070 1428 1420 1336 920 1450
25 1113 1641 1617 1370 754 1702

Brown rice and hydrothermally unprocessed buckwheat flours as well as corn and lentil flours caused
an increase in the average crumb hardness of baked products on the third day of storage, which is an adverse
effect. This indicates a more pronounced retrogradation of starch in bread samples with these types of flour
added. This also complements the results of previous studies on hydrothermally unprocessed buckwheat
flour [39]. The hardest crumb was observed in the bread samples with hydrothermally unprocessed
buckwheat flour in the dosage of 25% of wheat flour weight. When coconut flour was added, the change in the
crumb softness was less pronounced and was within +7.1% of the reference. The introduction of amaranth
flour decreased the hardness of bread crumb compared to the control sample: the crumb of the bread with 25%
of amaranth flour is 498 g less hard relative to the reference sample, which indicates an improvement in the
consumer qualities of the finished product.

In previous studies it was noted that the use of coconut flour and amaranth flour had an adverse effect
on this indicator of bread quality. However, it should be noted that in our study, the amount of water used
in mixing was adjusted according to the water absorption capacity of the flour mixture investigated in our study.
This may have a positive effect on this indicator [5, 40, 41].

Sensory evaluation of final products

Organoleptic parameters of all baked samples were evaluated at 16 hours after baking. Bread samples made
with coconut flour had a denser, more finely porous and creased crumb and had a lighter color than the reference
sample. Meanwhile, the volume of the product was lower. There was a pronounced sweet flavor and odor of coconut
flour. On the third day of storage the crumb became more granular. The data obtained is in accordance with
those from earlier studies [5].

Corn flour introduced into the mixture instead of wheat flour, allowed to obtain bread with a denser
and drier crumb. The crumb color was darker, on the yellow side. There was a slight increase in the pore size
compared to the reference. The flavor and odor of corn flour is less pronounced and only recognized in the
samples with 25% corn flour replacement.

The data collected in the current study are comparable to that from the previous studies [42].

The addition of lentil flour also had a pronounced effect on organoleptic properties of bread. The crumb
is more coarse-pored, slightly dry. The crumb and the crust colors are darker, with the crumb having a reddish
hue. The flavor and odor are typical for lentil flour, with a light bitterness.

The data is in agreement with the results of other authors [43].

Brown rice flour had a lower effect on the quality of baked products. The volume of bread is slightly
lower. The crumb color and the porosity structure remain without any pronounced changes compared to the
reference. The crumb is slightly denser. The flavor and the odor do not differ significantly from the reference sample.

The addition of amaranth flour had a positive effect on the volume of baked products. The crumb
structure did not manifest noticeable changes. The color of the crumb and the crust is darker compared to the
reference. The crumb is softer and more elastic. The flavor and odor are typical for amaranth flour. Similar
results were obtained in earlier studies [44].

Bread made with hydrothermally unprocessed buckwheat flour has a darker, denser and coarser crumb.
The color of the crust was also darker. The volume of the products was lower compared to the control sample.
The flavor and odor were highly pronounced. The results are summarized in Figure 2 and Table 10.

By comparatively testing six alternative flours in one experiment, it is possible to evaluate them relative
to each other.
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Figure 2. Baked bread samples made with 25% addition of: coconut flour (1), corn flour (2), lentil flour (3), brown rice
flour (4), amaranth flour (5), and hydrothermally unprocessed buckwheat flour (6) compared to the reference sample (K)

Table 10. Organoleptic properties of bread with the addition of 25% alternative types of flour

Sensory evaluation

N Appearance Color Smell and taste Crumb structure
indicators

Volume Neutral taste and

Reference wheat Crumb and crust Porous structure,

satisfactory, surface . aroma, typical of .
flour uniform color light golden wheat bread satisfactory
Low-volume bread, Crumb and crust e
Coconut flour . . pronounced coconut Dense structure
uniform surface color light
aroma
Crumb color Mild corn flavor and
Corn flour . .
yellowish; crust light aroma Laree-pore
Volume Crumb and crust Characteristic lentil str%lctll)lre
Lentil flour satisfactory, color dark with taste and aroma, with
smooth surface reddish tint a slight bitterness
. Crumb and crust Mild, neutral taste Porous structure,
Brown rice flour . .
color light and aroma satisfactory
Amaranth flour Crumb and crust Moderate amaranth ~ Porous structure,
Low-volume bread, color dark taste and aroma satisfactory
Hydrothermally T S8 Crumb and crust Distinct buckwheat Large-pore
unprocessed
color dark flavor and aroma structure

buckwheat flour

The addition of the studied types of flour to wheat flour resulted in a significant change in the quality
of baked products. The baked samples differed in the specific volume and softness retention during storage
after three days.

To determine the optimal dosage of water for dough mixing, we considered the water absorption
capacity of the tested flours. The ability of flour to absorb moisture plays a key role in the efficient commercial
production of bread. The yield of finished products from 100 kg of flour depends on this ability, as when working
with the flour of low water absorbing capacity it is necessary to reduce the amount of water added to achieve
the desired consistency. This entails a reduction in the volume of the finished products and, consequently, in the
profit of the enterprise. The results are summarized in Table 11. This information has not been given before
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by other researchers, but it has undoubted practical and economic significance and should be taken into account
in the development of new products.

Table 11. Measured dough yield obtained with high-grade wheat flour with addition of alternative flours

. . Coconut Corn Lentil Brown Amaranth Hydrothermally
Proportion of studied flour flour flour rice flour flour unprocessed
flours added, % buckwheat flour
dough yield, kg per 100 kg flour
0 (reference/wheat flour) 160.3 160.3 160.3 160.3 160.3 160.3
5 163.3 161.3 161.3 160.3 163.3 161.3
15 167.3 163.3 161.3 160.3 164.3 162.3
25 169.3 164.3 161.3 159.3 165.3 163.3

The data obtained demonstrates that the introduction of coconut flour in a dosage of 25% of the total
flour mass allows to increase the dough yield by 9 kg from 100 kg of flour. Replacing wheat flour with corn
and amaranth flours in the same dosage increases dough yields by 4 and 5 kg, respectively. Lentil flour and
hydrothermally unprocessed buckwheat flour had a less pronounced effect on dough yield: at a dosage of 25%
the introduction of thermally unprocessed buckwheat flour increased the dough yield by 3 kg, that of lentil
flour by 1 kg. The addition of brown rice flour reduced water absorption capacity, which caused the dough
yield to decrease by 1 kg relative to the control sample.

Conclusions

The results of this study confirmed and expanded upon the data of previous works concerning the effect
of different types of alternative flours on the rheological properties of dough and the organoleptic properties
of bread made from a mixture of different types of flours.

It was found for the first time that replacing 25% of wheat flour (produced by Petersburg milling plant JSC)
with coconut flour (produced by UFEELGOOD JSC) increased the stability of the dough to 48 minutes and
49 seconds, which is 5 times greater than control, but reduced the specific volume of bread by 0.6 cm3/g. At the
same time, the results obtained complement previous studies that also showed an increase in the water
absorption capacity of a similar flour mixture [6, 7]. It is recommended to limit the coconut flour content to 10%
to maintain the volumetric characteristics of the bread.

For the first time, it was shown that replacing 25% of wheat flour with corn flour (produced by Garnec JSC)
reduces the dough deformation energy by 35.2%, which significantly affects the dough structure. However,
these findings confirm previous studies that reported the negative effect of corn flour on gluten network
structure and dough rheological characteristics [45]. According to these findings, it is recommended to limit
the corn flour content in the mixture to 5% to improve the texture of bread.

It was also discovered for the first time that replacing 25% of wheat flour with amaranth flour (produced
by Russkaya Oliva JSC) reduces the hardness of bread by 34.6%, which makes it a preferred ingredient for
improving the texture of bread. It was also found that such replacement increases the water absorption
capacity of the dough by 13.3%, which is in agreement with previous findings [12, 13]. Amaranth flour had
a positive impact on bread quality metrics in all studied formulations, suggesting that a replacement ratio
of no less than 25% could be warranted.

The study found that lentil flour (produced by Garnec JSC) added at 25% total reduces dough deformation
energy by 75.4%, which significantly affects its texture. This complements the previously known data, according
to which the addition of lentil flour in the amount of 10% improves crumb quality [46]. It is recommended to adhere
to a dosage of no more than 10% when using lentil flour in bread formulations.

The study has also shown that the addition of hydrothermally unprocessed buckwheat flour (produced
by Garnec JSC) reduces the specific volume of bread and increases its hardness, which complements the
existing body of knowledge on the water binding capacity of buckwheat flour [20]. Intense absorption of water
by starch reduces its availability for gluten network formation, which reduces the ability to retain carbon
dioxide and thereby directly affects the volume and texture of bread. For this reason, it is recommended to limit
the addition of this type of flour to 15%.

It is identified for the first time that brown rice flour (produced by Garnec JSC) increases the hardness
of bread. The effect of brown rice flour on increasing the water absorption capacity of dough was confirmed,
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as shown in the studies of Morita N. [26]. As a result of the study, it is recommended to add brown rice flour
in quantities of up to 20%.

This research work demonstrates a comprehensive comparison of six alternative flour types and reveals
quantitative changes in dough rheological properties and breadmaking properties of bread. The practical
significance of the research is determined by the possibility of optimizing bakery product formulations using
these flours to improve nutritional and sensory characteristics. Amaranth flour, added in the quantities of up
to 25%, has shown itself as the most promising option, as it reduces the hardness of bread and increases the
water absorption capacity, which makes it preferable for improving the texture, retaining softness during
storage and increasing the yield of finished products from 100 kg of flour. For the successful use of other
types of flour, it is recommended to take into account the results obtained in this study and further adjust the
properties of dough semi-finished products by adding additional ingredients. Also, the results obtained for
other types of flour help to take into account the identified peculiarities at the stage of bread recipe planning
and correct them by adding additional ingredients. Further research is planned to focus on the combined use
of several alternative types of flour to achieve optimal rheological and quality parameters of bread, as well
as adjusting the quality characteristics of finished products through the use of specially selected baking
sourdough starters.
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