FOOD TECHNOLOGY
PROGRESSIVE
SOLUTIONS

Collective monograph

Edited by
Olesia Priss



Published in 2024
by Scientific Route OU
Parda tn 4, Kontor526, Tallinn, Harju maakond Estonia, 10151

All rights reserved. No part of this book may be reprinted or reproduced or utilised in any form
or by any electronic, mechanical, or other means, now known or hereafter invented, including
photocopying and recording, or in any information storage or retrieval system, without permis-
sion in writing from the authors.

This book contains information obtained from authentic and highly regarded sources. Reason-
able efforts have been made to publish reliable data and information, but the author and pub-
lisher cannot assume responsibility for the validity of all materials or the consequences of their
use. The authors and publishers have attempted to trace the copyright holders of all material
reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write
and let us know so we may rectify in any future reprint.

The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher
nor the authors or the editors give a warranty, express or implied, with respect to the material
contained herein or for any errors or omissions that may have been made.

The Open Access version of this book, available at monograph.route.ee, has been made avail-
able under a Creative Commons Attribution 4.0 International License.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks,
and are used only for identification and explanation without intent to infringe.

DOI: 10.21303/978-9916-9850-4-5
ISBN 978-9916-9850-4-5 (eBook)
ISBN 978-9916-9850-5-2 (ePub)

e Enfrir %

o ISBN 978-9916-9850-4-5 (eBook)
=l 1 ISBN 978-9916-9850-5-2 (ePub)
=1L AT

© Authors 2024



AUTHORS

Chapter 1

Olesia Priss

Doctor of Technical Sciences, Professor
Department of Food Technology and Hotel

and Restaurant Business

Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0002-6395-4202

Szymon Glowacki

Doctor of Technical Sciences, Professor
Department of Fundamentals of Engineering

and Power Engineering

Institute of Mechanical Engineering

Warsaw University of Life Sciences (SGGW)
ORCID: https://orcid.org/0000-0002-0373-6633

Chapter 2

Liudmyla Kiurcheva

PhD, Associate Professor

Department of Food Technology and Hotel

and Restaurant Business

Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0002-8225-3399

Serhii Holiachuk

PhD, Associate Professor

Department of Technologies and Processing
Enterprises Equipment

Lutsk National Technical University

ORCID: https://orcid.org/0000-0002-4835-8154

Chapter 3

Kyrylo Samoichuk

Doctor of Technical Sciences, Professor,

Head of Department

Professor Fedir Yalpachyk Department

of Processing and Food Production Equipment
Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0002-3423-3510

Valentyna Verkholantseva

PhD, Associate Professor

Professor Fedir Yalpachyk Department

of Processing and Food Production Equipment
Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0003-1961-2149

Nadiia Palianychka

PhD, Associate Professor

Professor Fedir Yalpachyk Department

of Processing and Food Production Equipment
Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0001-8510-7146

Alexandr Kovalyov

PhD, Senior Lecturer

Professor Fedir Yalpachyk Department

of Processing and Food Production Equipment
Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0002-4974-5201

Dmytro Dmytrevskyi

PhD, Associate Professor

Department of Equipment and Engineering

of Processing and Food Industries

State Biotechnology University

ORCID: http://orcid.org/0000-0003-1330-7514

Dmytro Horielkov

PhD, Associate Professor

Department of International E-commerce

and Hotel and Restaurant Business

V. N. Karazin Kharkiv National University
ORCID: http://orcid.org/0000-0002-9315-9322

Vitalii Chervonyi

PhD, Associate Professor

Department of International E-commerce

and Hotel and Restaurant Business

V. N. Karazin Kharkiv National University
ORCID: http://orcid.org/0000-0002-9085-2260



Food technology progressive solutions

Volodymyr Voitsekhivskyi

PhD, Associate Professor

Professor B. V. Lesik Department of Storage,
Processing and Standardization of Plant Products
National University of Life and Environmental
Sciences of Ukraine

ORCID: https://orcid.org/0000-0003-3568-0985

Chapter 4

Iryna Bandura

Doctor of Agriculture Science, Associate Professor
Department of Food Technology and Hotel

and Restaurant Business

Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0001-7835-3293

Tetiana Krupodorova

PhD, Senior Researcher

Department of Plant Food Products

and Biofortification

Institute of Food Biotechnology and Genomics
National Academy of Sciences of Ukraine
ORCID: https://orcid.org/0000-0002-4665-9893

Chapter 5

Igor Dudarev

Doctor of Technical Sciences, Professor
Professor Fedir Yalpachyk Department

of Processing and Food Production Equipment
Lutsk National Technical University

ORCID: https://orcid.org/0000-0002-2016-5342

Svitlana Panasyuk

PhD, Associate Professor

Professor Fedir Yalpachyk Department

of Processing and Food Production Equipment
Lutsk National Technical University

ORCID: https://orcid.org/0000-0001-9734-3998

Iryna Taraymovich

PhD, Associate Professor

Professor Fedir Yalpachyk Department

of Processing and Food Production Equipment
Lutsk National Technical University

ORCID: https://orcid.org/0000-0003-4129-2671

Volodymyr Say

PhD, Associate Professor

Professor Fedir Yalpachyk Department

of Processing and Food Production Equipment
Lutsk National Technical University

ORCID: https://orcid.org/0000-0002-6187-6175

Nadiia Zahorko

PhD, Associate Professor

Department of Food Technology and Hotel

and Restaurant Business

Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0003-4828-5343

Chapter 6

Yuliia Honchar

PhD, Associate Professor

Department of Food Technology and Hotel

and Restaurant Business

Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0002-8087-0641

Victoriya Gnitsevych

Doctor of Technical Sciences, Professor
Department of Restaurant and Craft Technologies
State University of Trade and Economics

ORCID: https://orcid.org/0000-0002-6089-1082

Chapter 7

Tetiana Kolisnychenko

PhD, Associate Professor

Department of Food Technology and Hotel

and Restaurant Business

Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0003-0560-9520

Kateryna Sefikhanova

PhD, Associate Professor, Dean

Autonomous subdivision "Dnipro Faculty

of Management and Business of Kyiv University
of Culture"

ORCID: https://orcid.org/0000-0002-7921-6108



Authors

Chapter 8

Olena Danchenko

Doctor of Agricultural Sciences

Department of Food Technology and Hotel

and Restaurant Business

Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0001-5049-3446

Daniil Maiboroda

PhD student

Department of Food Technology and Hotel

and Restaurant Business

Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0003-4649-992X

Viktoriya Gryshchenko

Doctor of Veterinary Sciences

Department of Biochemistry and Physiology

of Animals named after Academician M. F. Gulyi
National University of Life and Environmental
Sciences of Ukraine

ORCID: https://orcid.org/0000-0001-6601-1392

Mykola Danchenko

PhD

Department of Higher Mathematics and Physics
Dmytro Motornyi Tavria State Agrotechnological
University

ORCID: https://orcid.org/0000-0001-7555-6511

Chapter 9
Olha Sumska

PhD, Associate Professor

Department of Food Technologies

Kherson State Agrarian and Economic University
ORCID: https://orcid.org/0000-0003-1606-6103

Nataliia Panchenko

PhD

Department of Food Technologies

Kherson State Agrarian and Economic University
ORCID: https://orcid.org/0009-0004-3306-7161

Olena Ishchenko

Doctor of Technical Sciences, Associate Professor
Department of Chemical Technologies and
Resource Saving

Kyiv National University of Technologies and Design
ORCID: https://orcid.org/0000-0002-9510-6005



ABSTRACT

The monograph "Food Technology Progressive Solutions" is dedicated to finding
effective solutions for reducing food resource losses, their rational use, analysis, and
the implementation of innovative technologies in the food industry aimed at improv-
ing the quality and preserving the beneficial properties of food products. The book
consists of nine chapters, each covering different aspects of food technologies and
offering promising solutions for the modern food industry.

Strategies for reducing postharvest losses of vegetables through integral as-
sessment of antioxidant status.

The application of edible coatings with antioxidant properties is an effective
strategy for preserving vegetable quality during storage. To make an informed choice
of the concentration of exogenous antioxidants in food coatings, it is recommended
to evaluate the antioxidant status of the product. A method for the integral assess-
ment of the antioxidant status of vegetables using the analytical hierarchy process
has been developed. An example of this integral assessment is provided for three
varieties of asparagus of different colors.

The advantages of using sublimation for preserving the antioxidant properties
of cranberries.

The benefits of using sublimation for preserving cranberry antioxidant proper-
ties have been explored. Sublimation drying has emerged as the most efficient and
innovative method, ensuring the retention of cranberry antioxidants. Following the
sublimation cycle, the material's final moisture content is only 2-5 % of the initial
amount, guaranteeing maximum preservation of beneficial properties and high-
quality product production.

Analysis of the hypotheses of milk fat phase dispersion and structural features
of homogenizers.

A detailed analysis of the structural features of homogenizers and their impact on
the dispersity of the milk fat phase, which affects the quality of dairy products, is pre-
sented. Analysis of methods of intensifying the dispergating process of milk emulsions
resulted into distinguishing prospective ways to increase energy efficiency of homo-
genizers and designs with the biggest potential for diminishing energy consumption.

Qualimetric assessment and features of quality formation for cultivated mush-
rooms in accordance with the methods of further processing.

The study examines factors influencing the quality of harvested mushrooms
from the Calocybe, Cyclocybe, and Pleurotus genera, as well as methods for assessing
raw material quality for processing. It establishes parameters for comprehensive

vi



Abstract

quality assessment, including individual and group indicators, evaluates morpholo-
gical changes during mushroom maturation, and investigates the nutritional value
of mushrooms.

Technology of multilayer and glazed fruit and vegetable chips.

A technology has been developed for producing multilayered and glazed fruit and
vegetable chips with enhanced nutritional composition. This method preserves the
taste, color, and nutrients of the raw materials, while chocolate helps balance the nu-
tritional value. Additionally, the incorporation of powders from freeze-dried plants en-
riches the chips with vitamins and minerals, providing them with new flavors and colors.

Improving the quality of dairy sauces by using condensed low-lactose milk whey.

This chapter of the monograph presents research on using fermented mashed
pumpkin pulp with high pectin content and condensed low-lactose milk whey in emul-
sion sauces similar to mayonnaise. The study establishes rational oil emulsification
parameters and examines model samples with varying ratios of fermented mashed
pumpkin pulp and condensed low-lactose milk whey.

Crafting fermented pepper-based hot sauces.

This study examines craft hot sauce technology, organizing theoretical and me-
thodological advancements, and offering insights into production methods for the
restaurant industry. It delves into the principles, features, and practical experien-
ces of craft hot sauce production, emphasizing the benefits of employing innovative
technologies in this sector.

Biological activity of phenolic compounds of oats depending on the technology
of its use in feeding geese.

The study compares the effects of aqueous extracts from sowing oats and oatson the
development of geese and the nutritional value of their meat. Results show that adding
oats and alfalfa to the geese's diet boosts meat nutrients. These benefits persist even
during prolonged low-temperature storage, improving the meat's nutritional value.

Justification of the technology for the use of phyllophora (zernov field) carra-
geenan as a regulator of the consistency of food products.

The results of theoretical and experimental studies, as well as progressive solu-
tions regarding the utilization of the phytocolloid carrageenan extracted from the
Black Sea red algae Phyllophora Brody as a food consistency regulator, are presented.
The technological aspects of employing carrageenan from the Black Sea red algae
Phyllophora Brody are also substantiated.

Keywords
Postharvest loss and waste, storage, vegetables, antioxidants, antioxidant sys-

tem, edible coatings, hierarchy analysis method, cranberry, drying technology,
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sublimation, nutritional value, polyphenolic compounds, milk homogenization,
hydrodynamic factors of emulsions dispersion, design analysis of homogenizers,
principle of homogenizer action, classification of homogenizers, Calocybe, Cyclo-
cybe, Pleurotus, pioppino, gold oyster mushroom, lung oyster mushroom, milky
mushroom, quality, cultivation, fruit chips, vegetable chips, multilayer chips, glazed
chips, healthy chips, properties of chips, sauce, emulsification, mayonnaise, egg-free
sauce, milk whey, lactose intolerance, lactose malabsorption, craft production, hot
pepper, fermentation, biological value, functional properties, organoleptic indica-
tors, sowing oats, avenanthramides, goose meat, end products of lipoperoxidation,
vitamin E, B-carotene, fatty acids, amino acids, carrageenan, phytocolloid, consisten-
cy regulator, extraction, rheological properties, physical and chemical properties.
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CIRCLE OF READERS AND SCOPE OF APPLICATION

The collective monograph "Food Technology Progressive Solutions" serves as
a valuable resource for scientists, food engineers, and professionals in the food in-
dustry seeking to implement innovative technological solutions for enhancing the
quality and efficiency of food production. The scope of application of the research
results presented in the monograph includes:

- modernizations of technologies in the food industry: scientists, food engineers, and
professionals in the food industry can apply the findings to implement innovative tech-
nological solutions aimed at enhancing the quality and efficiency of food production;

- postharvest loss reduction: strategies for reducing postharvest losses of vege-
tables through antioxidant status assessment can be applied by agricultural profes-
sionals and food processors to preserve vegetable quality during storage;

- food preservation technologies: techniques such as sublimation drying for pre-
serving cranberry antioxidants offer practical applications in food preservation and
processing industries;

- dairy product quality improvement: insights into homogenizer features and their
impact on dairy product quality can guide dairy processors in optimizing energy effi-
ciency and reducing energy consumption while maintaining product quality;

- mushroom cultivation and quality assessment: mushroom growers and processors
can utilize qualimetric assessment methods to ensure the quality of cultivated mush-
rooms and optimize processing methods;

- snack food production: the development of multilayered and glazed fruit and ve-
getable chips offers new opportunities for snack food manufacturers to produce nu-
tritious and flavorful snack options;

- sauce manufacturing: the research on improving dairy sauce quality with con-
densed low-lactose milk whey provides valuable information for sauce manufac-
turers seeking to enhance product quality and nutritional value;

- hot sauce production: analysis of craft hot sauce technology and innovative solu-
tions provides insights for hot sauce producers to improve production processes and
product quality;

- poultry farming and meat production: the study on the biological activity of oats
phenolic compounds in goose feed can be applied by poultry farmers to optimize feed
formulations and improve meat quality;

- food texture modification: the research on using phyllophora carrageenan as
a food consistency regulator offers potential applications in food texture modifica-
tion and product development for food manufacturers.
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INTRODUCTION

Focus on food system challenges

Olesia Priss

Intoday's world, food systems are facing unprecedented challenges. The fragility
of these systems is becoming increasingly evident as they are continuously strained
by numerous factors, including climate change, population growth, resource short-
ages, and economic instability. One of the most pressingissues is the increase in food
resource loss and waste, which not only exacerbates environmental degradation
but also undermines food security. The monograph «Progressive Solutions in Food
Technologies» addresses these critical challenges, presenting innovative technolo-
gical solutions aimed at enhancing the resilience and sustainability of food systems.

Focusing on reducing food resource losses, promoting the rational use of secon-
dary resources, enhancing the biological value of food products, and implementing
advanced technologies in the food industry, this monograph highlights technological
solutions designed to strengthen global food systems. Covering all aspects of food
systems, from solutions for growing raw food materials, post-harvest handling, pro-
cessing raw materials into final products to consumption, these technologies offer
comprehensive solutions to current and future problems.

Food losses and waste are serious issues for global food systems. Post-harvest
losses, inefficient processing methods, and improper storage are primary factors in
the degradation of food quality and depletion of valuable resources. The monograph
emphasizes strategies to mitigate these problems, including the use of advanced
storage methods for fruit, vegetable, and mushroom products that account for
he potential of the raw materials. For example, assessing the antioxidant status of
vegetables and applying edible coatings with antioxidant properties can significantly
extend shelf life and maintain quality, thereby reducing waste. Modern methods of
optimizing post-harvest procedures and storing mushrooms have identified critical
storage periods based on processing directions.

Another important aspect discussed in the monograph is the use of secondary
resources in food production. The food industry generates a significant amount of
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by-products, which, if not properly managed, can contribute to environmental pol-
lution. However, these secondary resources have enormous potential for reuse in
various applications. The monograph explores innovative uses of condensed low-lac-
tose whey and fermented pumpkin pulp puree in dairy and sauce products. These
ingredients not only enhance the nutritional profile of the final products but also rep-
resent a sustainable approach to managing food by-products. This approach allows
for the efficient use of secondary resources while meeting diverse dietary needs,
including lactose intolerance. Such innovations highlight the potential for creating
high-quality, nutritious food products through the rational use of food by-products.

Focusing on improving the energy efficiency of the milk homogenization process,
the monograph proposes homogenizer designs with the greatest potential for reduc-
ing energy consumption.

Enhancing the biological value of food raw materials is crucial for ensuring that
food products are both nutritious and beneficial for health. The monograph pre-
sents several technological solutions aimed at increasing the nutritional value of
food products. One study address feeding geese with extracts from oats and alfal-
fa to increase the biological value of meat and its stability during storage. Adding
these extracts to the diet not only increased meat yield but also boosted protein
content by 5.0 %, which is particularly important in the context of growing protein
deficiency. The importance of mushrooms in the modern diet is also highlighted due
to their functional properties. The monograph examines the expansion of the as-
sortment and quality of cultivated mushrooms, establishing parameters for compre-
hensive quality assessment, as well as methods for evaluating and preserving their
nutritional value.

Preserving the nutritional and biologically active compounds in food products
is essential for maintaining their health benefits. For example, developing multilayer
and glazed fruit and vegetable chips demonstrates how combining traditional in-
gredients with innovative processing technologies can create snacks rich in vita-
mins and minerals. Adding freeze-dried plant powders to these chips further en-
riches their nutritional value, providing consumers with healthier snack options.
The monograph discusses advanced preservation methods, such as freeze-drying,
which has proven effective in maintaining the antioxidant properties of cranberries.
It also analyzes the technologies and biological value of new sauce products based
on fermented hot peppers.

Improving the texture and stability of food products is another focus of the
monograph. The use of Phyllophora carrageenan, a phytocolloid derived from Black
Sea red algae, as a food consistency regulator exemplifies this approach. By utiliz-
ing the unique properties of natural ingredients, food technologists can enhance
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the texture and stability of food products, meeting consumer expectations while
promoting sustainability.

We hope that the theoretical and practical aspects of technological approaches
to process and system improvements proposed in this monograph will be useful for
food industry professionals. Additionally, we aim to inspire researchers to address
the complex challenges facing modern food systems, ensuring a more stable, nutri-
tious, and sustainable food supply for future generations.



CHAPTER 1

Strategies for reducing postharvest losses of vegetables
through integral assessment of antioxidant status

Olesia Priss
Szymon Glowacki

Abstract

The global food system is facing a challenge due to high total food losses and
waste, with the problem exacerbated by unpredictable events like pandemics and
conflicts. The loss of fruit and vegetable products, particularly during storage, be-
comes a critical issue demanding attention and technological advancement. Reduc-
ing such losses will not only ensure a sustainable food resource, but also contribute to
the reduction of greenhouse gas emissions and efficient use of resources. Long-term
and efficient storage of vegetable products is, however, a difficult task, since many
vegetables have a short production and marketing cycle and perish quickly. After
separation from the mother plant, vegetables are exposed to various stress factors
that lead to the generation of reactive oxygen species, which are harmful to cells,
but also act as signal messengers at low concentrations. The plant's antioxidant sys-
tem, comprising both low-molecular and high-molecular antioxidants, plays a crucial
role in regulating the level of reactive oxygen species (ROS) and maintaining redox
homeostasis. A well-functioning antioxidant system is important for preserving the
quality of vegetables during storage and preventing postharvest disorders. The use
of edible coatings with antioxidant properties is an effective strategy for maintaining
the quality of vegetables during storage. However, it is important to note that high
doses of antioxidants can potentially have a toxic effect, and their efficacy may vary
depending on the concentration and type of vegetables. To strengthen the endoge-
nous antioxidant system, it's crucial to determine the concentrations of exogenous
antioxidants that align with the endogenous pool of antioxidants in plant tissues
and ensure the maintenance of the antioxidant status and the preservation of the
quality of vegetables during the postharvest period. To assess the antioxidant status,
we propose employing the method of analyzing hierarchies (AHP). The main draw-
back of AHP is its susceptibility to subjective evaluation judgments. This subjectivity
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can be eliminated by relying on experimental or analytical information about the
quantitative indicators of the chemical composition, correlations between the com-
ponents of the antioxidant system and with markers of oxidative stress. This study
introduces the method of integral assessment of the antioxidant status of vege-
tables using the hierarchy analysis method. The integral assessment was conduc-
ted on three varieties of asparagus with different colors. We suggest adjusting the
concentration of antioxidants in the composition of edible coatings based on the de-
termined antioxidant status of vegetables. This approach ensures the prevention of
product losses during an extended shelf life.

Keywords

Postharvest loss and waste, storage, vegetables, antioxidants, antioxidant sys-
tem, edible coatings, hierarchy analysis method.

1.1 Introduction

To date, the global food system exhibits a considerable fragility. Russia's war in
Ukraine has notably exacerbated the negative trends within the current state of
the world food system, leading to breaches in guaranteeing obligations to ensure
food security [1]. Undoubtedly, the consequences of Russian aggression, such as
the blockade of Ukrainian seaports (which serve as the primary logistical route for
grain export), the looting of crops in occupied territories, the destruction of arable
land in combat zones, and the demolition of the Kakhovka Dam, will have lasting
repercussions not only for Ukraine's food system but also for global food security.
The food system includes all stages from the production (growing) of food raw
materials to the consumption of ready-made food. Mandatory links of the food
system are cultivation, harvesting, postharvest processing, pre-processing stor-
age, raw material transformation into finished products, storage of the finished
products, their delivery to distribution centers, distribution, and sale to the final
consumer. Naturally, transportation involving loading and unloading occurs bet-
ween these stages, thus leading to losses of food raw materials and products at
each link of the food chain.

Food losses and waste are symptomatic of the inefficient functioning of the
food system. After all, the production of food requires significant resources, such
as water, soil, energy and fertilizers. When part of the products turns into waste,
these resources are irretrievably lost and become an additional source of green-
house gas emissions. This leads to the use of non-renewable resources to produce
food that will not be used (for example, about 25 % of the water resources used by
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agriculture annually and 23 % of arable land, which generates about 8 % of annual
global greenhouse gas emissions) [2]. Concerned with the problem of food loss re-
duction, Food and Agriculture Organization (FAO) introduced the global initiatives
"Safe food" and "Technical Platform on the Measurement and Reduction of Food
Loss and Waste". Fruits and vegetables occupy leading positions in the list of food
losses and waste (40-50 % of their total production). Reducing the loss of fruit and
vegetable products thus is not only vital for sustainable food resources but also aids
in mitigating the environmental impact by curbing greenhouse gas emissions and
promoting more efficient use of valuable resources within the food industry. This en-
deavor necessitates involvement across the entire food chain, from agricultural pro-
ducers to consumers, in order to effectively reduce postharvest losses of vegetables.

According to the analysis of the food waste market, in 2022 the fruit and vege-
table segment dominated the market and accounted for 20.3 % of the total revenue
share. This dominance is attributed to factors such as improper handling, storage,
processing, and cultivation practices of these products [3]. Losses of fruit and vegeta-
ble products occur at all stages, including cultivation, harvesting, processing, storage,
logistics and distribution to consumers. The later the losses occur, the more damage
these losses will cause to the global food system. It is known that in countries with
imperfect collection, processing, and storage technologies, the greatest losses occur
at the initial stages. In countries with high-tech systems of agriculture with a well-de-
veloped cold chain, the largest share of products is thrown away at the stage of retail
trade and consumption of products. In both cases, a certain share of fruit and vegeta-
ble products is lost at the stage of storage. One of the solutions to this problem is the
improvement of storage technologies and methods that allow to extend the shelf life
of vegetables and reduce their losses.

On the other hand, according to the FAO recommendations, the share of fruit
and vegetable products in the population's diet should constantly increase with the
transition to sustainable consumption patterns [4]. Fruits and vegetables contribute
to health by providing essential phytonutrients such as phenolic compounds, carot-
enoids, vitamins, mineral compounds including potassium, calcium and magnesium,
iron, iodine, zinc and fiber. They are important for the prevention of "hidden hunger".
The spectrum of biologically active compounds is, however, a feature specific to spe-
cies and variety. Bioactive substances in fruits and vegetables with redox modulator
properties may also mitigate the risk of chronic diseases such as diabetes, vision dis-
orders, as well as asthma and viral infections. Numerous studies have shown a direct
correlation between the consumption of vegetables and the reduction of cardiovas-
cular diseases (Mediterranean, flexitarian diets). Vegetables contain more protein
and fiber and less carbohydrates than fruits.
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In general, FAO recommends consuming at least 400 g (5 portions of 80 g) of
fruits and vegetables per day. It is believed that at least three portions (240 g/day)
should consist of vegetables [5]. The general concept is that including various ve-
getables in the diet is a key element for a balanced diet. Hence, significant attention
should be devoted to addressing the issue of reducing vegetable losses, given their
importance as a valuable food resource.

1.2 Problems of reducing losses during storage of vegetables

Effectively storing vegetable products poses a significant challenge due to se-
veral issues. The production of vegetables is seasonal and their production and mar-
keting cycle is quite short. In general, for many vegetable crops, this cycle lasts only
for 2-3 months. Some cruciferous vegetables - cauliflower, kohlrabi, broccoli can
be stored for only 2-3 weeks. However, there are very perishable vegetables (for
example, leafy and fruit vegetables), which shelf life is measured not even in weeks,
but only in days. This leads to oversaturation of the market during the production
season followed by further large losses and waste. Almost all types of vegetables,
with the exception of some varieties of pumpkins, possess thin covering tissues that
are susceptible to mechanical damage during the loading and unloading processes,
leading to potential injuries. These damages, as a rule, become evident already in
storage, which leads to increased losses. After all, injured tissues become an easy tar-
get for pathogens that multiply quickly and attack intact vegetables. High free water
content in tissues can cause wilting and weight loss as a result of natural shedding.
Vegetables with low turgor become more vulnerable to pathogens, quickly undergo
microbiological spoilage and lose their quality.

The preservation of vegetables is affected by a combination of various factors,
the main of which are: botanical and biological properties of raw materials, climatic
and soil growing conditions, agrotechnical measures during the growing season, con-
ditions of collection, transportation, postharvest processing and storage.

The main purpose of storage (long-term or short-term) of fruit and vegetable
products is to maintain the initial quality of products during a certain period. After
harvesting, fresh vegetables remain living biological objects and continue metabolic
activity. Temperature, humidity, lighting affect the life processes of the fruit almost as
much as before separation from the mother plant. The speed of metabolic reactions,
including respiration, slows down by 2...3 times with a decrease in temperature for
every 10 °C and, accordingly, accelerates with its increase. Respiration is considered
the main physiological process of the postharvest period, which performs certain
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functions in the plant organism. First of all, the energy released during the oxida-
tion of biological substrates (acids, sugars) is transformed into convertible forms of
cellular energy and is used to maintain vital processes. When biological substrates
undergo oxidation, they produce metabolites that are utilized in various biosynthe-
tic pathways. Due to metabolic processes and transpiration, moisture loss occurs.
In the postharvest period, as photosynthesis ceases, replenishing reserve substances
and moisture becomes impossible. Accumulated substances are constantly spent on
maintaining metabolism, which leads to the loss of nutritional value, decline in organ-
oleptic indicators, weight loss, and a decrease in quality. Therefore, quality losses of
fruit and vegetable products during storage is a natural and irreversible process. Since
itis already impossible to improve the quality of vegetables in the postharvest period,
the main task is to maintain the proper quality of products for as long as possible.

Primarily, normal metabolism is inhibited by altering physical factors such as
temperature, relative humidity, or gas composition within the storage atmosphere.
The maximal preservation of food, retention of vitamin value, maintenance of qua-
lity parameters, and ensuring safety of fruit raw materials, along with minimizing
production losses, can only be achieved through the application of artificial refri-
geration. It is known that a decrease in storage temperature is directly correlated
with the intensity of respiration, production of ethylene, inhibition of metabolism, as
aresult of which the shelf life is extended. Different types and varieties of vegetables
require different modes not only for storage, but also for pre-cooling and subsequent
heating after storage. The difficulty of choosing the optimal storage regimes also lies
in the fact that the recommendations developed for products grown in different re-
gions and agro-climatic conditions may differ.

Traditional methods of vegetables storage, based on artificial refrigeration, fail
to comprehensively address the challenge of long-term storage and loss prevention.
Low positive temperatures only slow down, but do not stop, oxidation-reduction pro-
cesses and the development of microflora, and therefore, during vegetables storage
in ordinary refrigerating chambers a relatively high rate of aging processes and sig-
nificant losses from microbiological diseases and physiological disorders are noted.
Control of relative air humidity along with the temperature control is important for
reducing mass loss. Increase in relative humidity in storage leads to stimulation of the
development of fungal pathogens. As a supplement to the influence of temperature
and relative air humidity, other technological methods can be used during storage.
Supplementing the cold chain with a regulated storage atmosphere further slows
postharvest metabolism and extends shelf life. However, controlled atmosphere stor-
age can be beneficial, ineffective, or even harmful depending on the type of product.
There is great variability in the tolerance of fruit and vegetable products to a regulated
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atmosphere, and genetic factors determine the product's ability to withstand stress
from changes in the composition of the atmosphere [6]. In addition, there are ques-
tions about the environmental friendliness of this method of storage. Nowadays,
itisimportant to develop and implement vegetable storage technologies that not only
reduce losses, but also minimize the negative impact on the environment.

In any case, preventing the natural process of aging and deterioration of fruits and
vegetables during storage is a fundamental challenge from a technical point of view.

1.3 Endogenous mechanisms of maintaining normal metabolism
in the postharvest period

After separation from the mother plant, vegetables undergo various stress factors
during postharvest processing and storage, including mechanical shocks and dam-
age, compromise of covering tissue integrity, fluctuations and changes in tempera-
ture regimes, and conditions leading to increased water loss. These stress factors
cause intensive generation of partially reduced reactive oxygen species (ROS), such
as singlet oxygen (*O,), superoxide anion (O,’), hydrogen peroxide (H,0,), hydroxyl
radical (OH’), peroxynitrite (ONOQ"). Free radicals and other oxygen derivatives
are inevitable side products of biological redox reactions, as well as a consequence of
aerobic metabolismin plants [7]. They are formed in the process of respiration, photo-
synthesis, oxidation of fatty acids. Depending on their concentration in the cell, ROS
can be both harmful and beneficial. At high concentrations, ROS can damage vari-
ous types of biomolecules, whereas at low or moderate concentrations, they serve as
messengers in intracellular signaling pathways [8]. ROS signaling is important during
plant vegetation. However, in the postharvest period, excess ROS generation leads to
the loss of the body's ability to maintain cellular redox homeostasis. The duration of
reactive oxygen species (ROS) activity within tissues is determined by the antioxidant
system or the antioxidant status of the cell (AOS), comprising a collection of protec-
tive mechanisms within cells, tissues, organs, and systems aimed at preserving and
maintaining homeostasis. Endogenous antioxidants help maintain a low steady-state
level of ROS, thereby preventing oxidative damage during the postharvest period.

The antioxidant system of plant tissues is formed basing on the complex of non-en-
zymatic (low-molecular) and enzymatic (high-molecular) antioxidants. Low-molecu-
lar-weight antioxidants (AO) are most important in the early stages of activation of
increased ROS formation. These substances donate their hydrogen atom, transform
free radicals into stable molecules and prevent the development of a chain reaction
of peroxide oxidation. However, with time their number is quickly exhausted and
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depends on the activity of enzymes that restore them. Low-molecular non-enzymatic
antioxidants are present in all plant organs and include ascorbic acid, carotenoids,
phenolic compounds, glutathione, etc. [8].

Ascorbic acid (AA) has several antioxidant properties: it acts as a primary sub-
strate in the cyclic pathway of enzymatic detoxification of ROS (H,0,), has the abi-
lity to directly neutralize superoxide radicals, singlet oxygen, and hydroxyl radicals.
AA also serves as a cofactor for many enzymes and promotes ROS detoxification.
In addition, the endogenous level of AA plays an important role in the regulation of
aging processes and protection against pathogens [9]. Certain vegetables contain
large amounts of AA. However, AA content tends to decrease during storage. Losses
of AA during storage of plant products are associated with enzymatic metabolism
and oxidation by ascorbate oxidase localized in the cell wall. Plant AA is also oxidized
by peroxidase.

Plant carotenoids (CAR) belong to the group of lipophilic antioxidants and are
able to neutralize various forms of ROS. Carotenoids are the main utilizers of singlet
oxygen [10]. They protect cellular structures from the influence of ROS, not only by
extinguishing singlet oxygen, but also prevent peroxidation of lipid components of
cell membranes by neutralizing peroxide radicals and interrupting the chain reac-
tions of free radical oxidation of unsaturated carboxylic acids. The ability of caro-
tenoids to utilize excess ROS and prevent or minimize the formation of triplet chlo-
rophyll is defined by the specificity of their chemical structure. CARs have a chain of
isoprene residues with multiple double bonds that allow easy absorption of energy
from excited molecules and dissipation of excess energy as heat. Carotenoids also
serve as precursors of signaling molecules that influence the development of plant
responses to biotic and abiotic stresses [10].

Phenolic compounds (PC) are various secondary metabolites (flavonoids, tan-
nins, hydrocinnamic esters and lignin) that have antioxidant properties. Polyphenols
contain an aromatic ring with several hydroxyl groups, which determines their bio-
logical activity, including antioxidant action. In terms of antioxidant activity, phenolic
substances are not less efficient than ascorbic acid or a-tocopherol. Polyphenols can
chelate metal ions with the help of phenolic OH groups. Metals with variable valence
are often involved in the generation of free radicals through the decomposition of
hydrogen peroxide and lipid hydroperoxides, with the formation of hydroxyl or al-
kyl radicals, respectively. Flavonoids, by chelating the metal, can isolate these ions,
and thus prevent the generation of free radicals. In addition, flavonoids and phenyl-
propanoids are oxidized by peroxidase, and hydrogen peroxide is utilized through
the PC/AA/peroxidase system [10]. Total phenolic content (TPC) in plant products is
strongly correlated with their antioxidant activity.
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Studies of the last decade prove that simple carbohydrates in plant cells also per-
form the functions of antioxidants and signaling molecules [11]. Thus, on the one
hand, an increase in the content of sugars (SAC) can be the cause of changes in the
ROS generation by mitochondria, on the other hand, the activation of the pentose
phosphate oxidation pathway can be a source of antioxidants. As a new concept,
a theory is proposed, according to which soluble carbohydrates can participate in
vacuolar antioxidant processes under stress [12]. According to this point of view,
sugars that accumulate in significant amounts in vacuoles can act as scavengers of
ROS, acting together with vacuolar phenolic compounds. It is believed that any sac-
charide in close proximity to any cell membrane has the potential to act as a ROS
acceptor and contribute to membrane stability under stress conditions. During the
storage of fruit and vegetable products, simple saccharides are formed during the
degradation of polysaccharide components and at the same time are used to main-
tain the postharvest metabolism, which is the reason for the change in the concen-
tration of soluble saccharides during the storage of vegetable products.

Three enzymes are mainly responsible for the enzymatic system of protecting the
body against oxidative damage: superoxide dismutase, catalase, and peroxidase [8].

Superoxide dismutase (SOD) is one of the most important components of the
system of protecting cells and tissues from oxidative destruction. Superoxide dis-
mutase plays a central role in protection against oxidative stress in all aerobic or-
ganisms. SOD exists in four isoforms (CuZn-SOD, Mn-SOD, Fe-SOD, Ni-SOD) [7].
SOD is present in plant cells where redox processes involving oxygen occur. A com-
parison of data on the localization of different forms of SOD shows that CuZn-SOD
is most abundant in plant cells. All isoforms of SOD are united by a single function -
dismutation of superoxide radicals. Superoxide radicals are a source of formation of
other ROS, including more reactive ones. Because hydroxyl radicals, singlet oxygen,
and peroxynitrite actively oxidize protein molecules, there are no specific deactiva-
tor enzymes for these reactive oxygen species (ROS). Instead, their levels in the cell
are indirectly regulated by SOD through the utilization of superoxide radicals, which
are the source of their formation. Hence, SOD serves as the primary line of defense
against oxidative damage by interrupting the oxidation of cellular macromolecules
at the initiation stage.

The result of dismutation of superoxide anions is hydrogen peroxide, therefore,
utilizing hydrogen peroxide is a necessary link in plant antioxidant protection. In the
cell like this, it is provided by such enzymes as catalase and peroxidase - part of the
second line of defense against ROS. Catalase (CAT) catalyzes the conversion of H,O,
into water and O.,. It is believed that catalase does not have a high affinity for H,0,
and cannot efficiently neutralize this compound at the low concentrations present
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in the cytosol. In peroxisomes, where the concentration of hydrogen peroxide is high,
catalase actively destroys it. However, catalase is practically absent in some cell com-
partments, so there is a need for the functioning of other enzymes involved in the
detoxification of hydrogen peroxide.

Peroxidases (PODs) catalyze hydrogen peroxide reduction reactions involving
various substrates. In dependence of the substrate, peroxidases are divided into
three groups. Guaiacol peroxidase is present in cell walls and vacuoles, where it re-
duces hydrogen peroxide due to the oxidation of phenolic compounds. Ascorbate
peroxidase is involved in the H,0, detoxification in the cell due to the oxidation of
ascorbic acid. In addition, glutathione peroxidase is present in plant tissues. This en-
zyme can potentially use glutathione to reduce hydrogen peroxide. In general, per-
oxidases, reacting with hydrogen peroxide, form substrate oxidation products and
water. Some scientists single out the vacuolar ascorbate/phenol/peroxidase system
as an important component of the antioxidant complex [13].

Endogenous antioxidants contained in vegetables create an inner circle of anti-
radical protection, which contributes to the preservation of their natural quality
and nutritional properties. As a result of the disruption in the synthesis pathways
of substances essential for normal metabolism, the system of antioxidant control
over the generation of reactive oxygen species (ROS) functions properly only for
a limited duration. When irreversible aging processes develop, the ROS level increa-
ses dramatically [14] and the antioxidant defense capabilities exhaust, which leads
to a number of metabolic disorders and cell death.

A well-functioning antioxidant system is necessary to protect against posthar-
vest stresses, maintain the quality of vegetables during storage, and prevent post-
harvest physiological disorders. A reliable relationship between the endogenous
pool of antioxidants and the preservation of fruit and vegetable products has not
been established. However, the formation of a powerful system of antioxidant pro-
tection can contribute to increasing the preservation of vegetables.

1.4 Regulation of postharvest metabolism by exogenous substances

Application of coatings on the surface of fruit and vegetable products has been
actively used since the beginning of the 2000s. In contrast to synthetic polymer
packaging, biodegradable coatings offer a more environmentally friendly solution.
The use of edible coatings can be an effective strategy for maintaining the endoge-
nous system of vegetables and ensuring their quality during a long period of storage.
Such coatings can also affect the shelf life, reducing losses and helping to preserve
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the valuable properties of vegetables. Edible coatings act as an additional layer that
covers the stomates. The main function of edible coatings is to limit respiratory gas
exchange and transpiration, hence slowing down the ripening and aging process of
the fruit. Such coatings can be used as an alternative method of protection against
oxidative stress and food spoilage. However, the gas permeability of the coating
could prevent the development of anaerobic fermentation and undesirable changes
in taste qualities. From a practical point of view, achieving such an effect can be no-
ticeably difficult.

Edible coatings can be produced from various biopolymers. Among the most
widely used are various natural polysaccharides (chitosans, alginates, pectins, starches,
cellulose derivatives, carrageenans and gums), protein polymers (caseinates, milk pro-
tein concentrate, whey protein, gelatins, zein, gluten) and lipid components (waxes,
paraffin, essential oils, resins, actoglycerides, emulsifiers and plasticizers) [15].

Ideal coatings should meet many requirements, namely:

- be generally recognized as safe;

- do not grant vegetables an extraneous smell and taste;

- be transparent and not affect the natural color of the fruit;

- ensure the slowing down of breathing and evaporation of moisture;

- maintain a normal level of oxygen in the tissues, preventing the creation of an-
aerobic conditions;

- possess antimicrobial properties;

- have a melting point above 40 °C;

- have low viscosity and high plasticity;

- dry well without additional measures;

- be non-sticky and non-brittle after drying.

Nowadays, however, edible coatings still have certain disadvantages. For exam-
ple, natural polysaccharides, as a rule, are hydrophilic compounds, have low water
resistance and unsatisfactory mechanical properties. At the same time, chitosan
coatings have a good antimicrobial effect. Protein coatings significantly affect mois-
ture and gas exchange, slowing down metabolism, but do not have bactericidal pro-
perties and can cause allergic reactions. Lipid coatings have hydrophobic properties,
so they are an excellent barrier to moisture loss. Still, these coatings have unsatisfac-
tory mechanical characteristics and are highly brittle. The mechanical properties of
coatings are improved with the help of low-molecular plasticizers (glycerin, sorbitol,
polyethylene glycol). On the other hand, such compounds change the organoleptic
properties of products, so their use is undesirable.

Several recent scientific studies consider the possibility of obtaining edible and
biodegradable films by combining different polysaccharides, proteins and lipids.
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Their goal is to leverage the properties of each component effectively and attain
synergy among them. The mechanical and barrier characteristics of these coatings
depend not only on the compounds used in the polymer matrix, but also on their in-
teraction and compatibility. Improving the composition of edible coatings is recog-
nized as one of the key problems of scientific research in this area. This task requires
careful formulation of the components of the films so that they correspond to the
properties of the specific fruits and vegetables to which their application is planned.

A new trend in edible coatings is the introduction of components with high bio-
logical activity to obtain desired properties and expand their functionality. Most of-
ten this applies to antimicrobial and antioxidant substances. After all, the constant
increase in the amount of ROS due to the aging processes must be balanced by a pool
of antioxidants. This concept, therefore, is utilized by introducing exogenous anti-
oxidants into the composition of edible coatings. Using synthetic antioxidants for
this purpose is currently limited because of their potential toxic effects. Moreover,
consumers perceive use of the natural antioxidants as an advantage, although they
possess weaker antioxidant activity. The addition of such antioxidants as ascorbic
acid, citric acid, resveratrol or tocopherol to the composition of edible coatings was
demonstrated [16]. Essential oils and natural phenolic compounds are also often
used. Extensive research on natural antioxidants for preserving fruit and vegetable
raw materials is driven by their additional properties. In particular, flavonoids were
shown to cause anti-carcinogenic, antibacterial, anti-allergic and antiviral effect.

The efficiency of storage significantly varies depending on the concentration of
processing substances, storage conditions, and the type of fruit along with its charac-
teristics. The effect of exogenous antioxidants is also dose-dependent. For example,
in case of agave storage, a combined coating based on sodium caseinate and gum
arabic with cinnamon and lemongrass oils in different concentrations was used. The
use of cinnamon oil and lemongrass oil at a concentration of 1 % made it possible to
obtain good color characteristics of guava (L* value varied between 63-72). How-
ever, when both oils were used at a concentration of 2 %, the color characteristics
were significantly degraded (L* value was 39). In addition, at higher concentrations
of essential oils, the content of ascorbic acid and the overall antioxidant activity
of guava decreased [17], which is evidence of a pro-oxidant effect.

Maintaining the pro-antioxidant balance in plant tissues is crucial for preserving
the quality of vegetables in the postharvest period. High doses of certain antioxidant
compounds can be toxic, due to their pro-oxidant effects or the ability to react with
physiological concentrations of ROS, which are necessary for the optimal function-
ing of the cell [18]. Such an extreme dependency of antioxidant effectiveness on con-
centration poses a significant obstacle to their widespread utilization. Namely, when
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using antioxidants in edible coatings for a different type or variety of vegetables, it
is necessary to check the effectiveness of the selected concentrations each time ex-
perimentally. As a consequence, when conducting research, the selection of effective
concentrations of exogenous antioxidants takes a lot of time and labor resources.

To bolster the potency of the endogenous antioxidant system, it's logical to set
concentrations of exogenous biologically active substances based on the evalua-
tion of the plant organism's antioxidant status. In other words, concentrations of
exogenous antioxidants should be inversely correlated with the endogenous pool
of antioxidants.

1.5 Integral assessment of the antioxidant status of vegetables

Antioxidant status can be defined as the overall ability of a system or organism
to neutralize free radicals and prevent oxidative stress. In contrast, "antioxidant ac-
tivity" is a specific indicator or measure of the ability of a particular antioxidant or
group of antioxidants to neutralize free radicals. Antioxidant activity is measured in
percentages or other units of measurement and indicates how effectively a particu-
lar antioxidant is able to prevent oxidation.

The integral assessment of the antioxidant status of the system is a challeng-
ing task. Laboratory methods for assessing total antioxidant activity have a number of
features that limit the possibilities of their application. Neither method measures all
the antioxidants present in the system. The tests are limited to estimation of the effect
of oxidatively active antioxidants, and therefore do not measure the catalytic effect of
high molecular weight antioxidants. Some methods can be less specific and determine
content of not only antioxidants, but also other compounds. Number of biologically
active substances in plants do not necessarily have a pronounced antioxidant effect,
but can still cause interference during analysis, leading to inaccurate results. Some
processes in sample preparation (grinding, stabilization) before analysis itself might
alter antioxidant properties of the sample, which makes the results less accurate.
Today, there is no universally accepted "standard" method for determining antioxi-
dant status, and even with the same method, reaction conditions can vary greatly in
different laboratories, thus creating difficulties for interpretation and operation with
results obtained by other researchers. Some variability in results, available in the lite-
rature, may arise from differences in the chosen measurement methods or from indi-
vidual differences between samples. It is worth noting that laboratory methods of re-
search require specialized equipment and are labor intensive, which makes them less
reasonable to use on a mass scale or in settings where rapid assessment is required.
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The obtained information is not always direct, which additionally complicates inter-
pretation of results and determination of the exact relationships.

Insuch cases, it is advantageous to ensure the accuracy of judgments using mathe-
matical methods. While there are numerous methods for tackling complex multi-cri-
teria problems, most of them come with significant limitations and shortcomings that
restrict their applicability. Previously [19] we suggested to use the Analytic Hierar-
chy Process (AHP), developed by T. Saaty [20] for the mathematical assessment of
the antioxidant status of fruits and vegetables. Hierarchy analysis method is widely
used in project management, decision-making, strategic planning and other areas.
It allows to systematize and coordinate various aspects of decision-making and de-
termine their importance in a hierarchical structure.

The primary drawback of AHP is arguably the subjectivity of evaluation judg-
ments. However, an undeniable advantage of AHP is its capability to accommodate
the variation in measurement units of the components within the antioxidant system.
This method enables the comparison and assessment of the antioxidant status of
any type of product. The subjectivity of the assessment can be mitigated by relying
on experimental or analytical data regarding the quantitative indicators of the che-
mical composition.

The basicidea behind AHP is to break down a complex solution into smaller, more
manageable steps. The process includes the following stages:

1. Hierarchy creation: breaking down the problem on the levels of criteria and
alternatives to form a hierarchical structure.

2. Pairwise comparison analysis: evaluating the importance of each element of
the hierarchy by means of pairwise comparisons. A matrix of pairwise comparisons is
usually used to obtain numerical values of importance.

3. Element importance calculation: calculating the importance of each element
using mathematical operations such as generalized eigenvalues.

4. Decision synthesis: making decisions and comparing alternatives based on the
calculated importance.

5. Sensitivity to changes: providing assessment of the impact of changes in the
input data or decisions made on the final result.

The step of creating hierarchies in AHP is considered as the initial step in solv-
ing a complex problem or making decisions. This stage includes defining the goal
and creating a hierarchical structure by breaking down the problem into component
parts. For example, here the AOS evaluation of asparagus of three different color
varieties (green Prius, green-purple Rosalie and purple Erasmus) is demonstrated.
Experimental data of the asparagus biochemical composition were obtained by our
group under the identical laboratory conditions and averaged (Table 1.1).
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Table 1.1 The content of antioxidants in asparagus

Antioxidants Prius Rosalie Erasmus
AA, mg-100 g 'FW 18.04 22.68 13.64
TPC, mg-100 g 'FW 93.90 94.15 98.82
CAR, mg-100 g™ *FW 3.76 4.39 4.12
SAC, g-100 g 'FW 2.63 2.89 2.95
SOD, % inhibition of adrenaline auto-oxidation 108.55 101.26 119.32
CAT, pmol H,0,-g *-min™* 43.27 59.83 62.13
POD, umol H,0,-g™-min™* 59.94 24.62 68.97

The built structure includes three levels: a global criterion (general goal - integral
assessment of AOS), a level of criteria (individual antioxidants of the system) and
alevel of alternatives (species or varieties of vegetables) (Fig. 1.1).

AOS

AA [ TPc | [ car | | sac | [ sob | | car | [ PoD

A B C

Fig. 1.1 Hierarchical structure of antioxidant status assessment
of three vegetable varieties

Depending on the available experimental or analytical data on the components
of the antioxidant protection system of a specific species or variety of vegetables, the
criteria of the hierarchy can be supplemented with other antioxidants or changed,
as well as sub-criteria can be evaluated. For example, it is possible to base evalua-
tion not on the total content of phenolic substances, but on content of phenolic acids
or flavonoids, or to consider them as sub-criteria of the hierarchy.
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At each level of the hierarchy, the importance of elements relative to each other
is determined. Experts rank each criterion and alternative relative to the global cri-
terion. For this, the procedure of pairwise comparisons is used, where for each pair
of elements their relative influence or importance is evaluated. When assessing the
importance of each antioxidant, it's essential to consider their individual contributions
to the antioxidant system (AQS), as well as correlations between components and with
markers of oxidative stress like malondialdehyde. This approach helps mitigate subjec-
tivity in the assessment process. This approach allows to systematize and take into ac-
count various aspects of antioxidant activity ensuring objectivity in decision-making.

For each level, a matrix of pairwise comparisons is created, where elements re-
lative to each other receive numerical values, reflecting the degree of their impor-
tance. To present the results of assessments in quantitative terms, T. Saaty introdu-
ces a pairwise comparison scale [20] (Table 1.2).

Table 1.2 The pairwise comparison scale by T. Saaty

Relative impor-

tance (score) Definition Explanation
1 equal importance both elements contribute
equally
3 one element is slightly more important than  experience and judgement
another slightly favour one element
over another
5 strong advantage experience and judgement
strongly favour one over
the other
7 very strong advantage the dominance if one
element is efficiently
demonstrated in practice
9 absolute superiority of one over the other the evidence favouring one
element over another is of
the highest possible order
of affirmation
2,4,6,8 intermediate scores between adjacent acompromise decision
statements
Reciprocal if one element is assigned a number between areasonable assumption

valuesofthe  1and 9 when comparing it with another, then
above-mentioned when comparing the second element with
scores the first, the reciprocal value is obtained

According to this scale, the difference in units of measurement does not matter.
The scale involves a pairwise comparison of the weight (importance) of each element
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with the weight of other elements of the set, which is carried out using expert
judgments that are quantified. The primary advantage of the method is its dimen-
sionless nature, eliminating issues when converting to the same units of measure-
ment (Table 1.3).

Table 1.3 Pairwise comparison matrix for the set of criteria

Antioxidant AA TPC CAR SAC SOD CAT POD Eigenvector ~ Mrority

vector

AA 1 8 8 5 1 1 1 1.7226 0.1833
TPC 1/3 1 2 4 1/5 1/5 1/4 0.5959 0.0634
CAR 1/3  1/2 1 4 1/5 1/5 1/4 0.4888 0.0520
SAC 1/5 1/4 1/4 1 1/7 1/7 1/5 0.2437 0.0259
SOD 7 1 3 4 2.9827 0.3174
CAT 1 7 1/3 1 2 1.9737 0.2100
POD 1 5 174  1/2 1 1.3895 0.1480
z 9.3967 1.0000
Aenax 7.4982
C.l. 0.0830
C.R. 0.0629

To obtain priority estimation from the matrix, an algorithm is employed, which
follows a schematic form like the following:

1. According to the approximate formula, the main eigenvector of the matrix is
determined as the geometric mean of the corresponding row:

w, = ”/Hai,- , (1.2)
=1

where w;, - components of the eigenvector; n - matrix dimension (7 in the current
example); a; - components of the matrix,ie{l..n}, je{l...n}.

Hence:w, =%/1-3-3:5:1-1.1 =345 =1.7226, etc. (Table 1.2).
2. The found components of the eigenvector are normalized:

where v, - components of the normalized vector.
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7
Y \w,=9.3967, thus:

i=1

v, = 7228 1833y, = 99997 _00434; etc. (Table 1.2).
9.3967 9.3967

The consistency of the inversely symmetric source matrix of pairwise compari-
sons is equivalent to the condition of equality between its maximum eigenvalue .,
and the number of compared objects n, i.e. A.x=n. Therefore, as a measure of incon-
sistency, it is customary to consider the normalized deviation from n, called the con-
sistency index. Consistency of priorities is calculated as a matrix consistency index:

A —h

Cl==m2—, 13
P (1.3)

where C.I. - consistency index; A, - the largest eigenvalue of the matrix, which is
found according to the standard algorithm available in online calculators.

The Amax Of the matrix of pairwise comparisons for the criteria level was calcu-
lated as 7.50. Then:

_75-7

Cl=
7-1

=0.083.

To assess the degree of consistency of judgments, the index of consistency C.I.
is compared with a random index. A random index is a consistency index calculated for
a square n-dimensional positive inversely symmetric matrix, the elements of which are
generated by a random number sensor for the range of values from 1 to 9 (Table 1.4).

Table 1.4 Random consistency index (R.1.)
Matrix size 1 2 3 4 5 6 7 8 9 10

R.I. 0 0 058 09 112 124 132 141 145 149

Having the consistency index and choosing from the Table 1.3 random index for

the given order of the matrix, the consistency ratio can be calculated:
C.L.

CR=—, 14
R (14

where C.R. - consistency ratio; R.I. - random consistency index.

CR.= 0083 _ 0.063.
1.32
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The acceptable value of C.R. must be about 10 % or less. If C.R. exceeds these
limits, the judgment in the matrix have to be checked. In our case, C.R.=0.063, i.e.
the received priorities are completely consistent. The ranking of AOs according to
the calculated priority estimations is presented in the Fig. 1.2.

0.3

0.2

Ul

SOD CAT AA POD TPC CAR SAC

Fig. 1.2 Ranking of endogenous AOs in vegetable tissues

Based on Fig. 1.2, it's evident that SOD makes the maximum contribution to AOS,
while sugars play a minimal role.

The next step involves comparing asparagus varieties based on second-level cri-
teria. For each criterion, we compare the asparagus varieties by compiling 3x3 judg-
ment matrices. According to the algorithm described earlier (formulas (1.1)-(1.4)),
priority ratings and consistency of the matrix are calculated for each criterion.
The matrix of pairwise comparisons for AA is characterized by an acceptable con-
sistency of about 9 % (Table 1.5).

Table 1.5 Comparison matrix for AA

Asparagus Prius Rosalie Erasmus Eigenvector Priority vector
Prius 1 1/4 6 1.1447 0.2430
Rosalie 4 1 9 3.3019 0.7008
Erasmus 1/6 1/9 1 0.2646 0.0562
) 47112 1.0000
Aonax 3.1080
C.l. 0.0540
C.R. 0.0931

Rosalie has the highest priority for AA, and Erasmus has the lowest.
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The matrix of pairwise comparisons for TPC allows to obtain an estimate of
priority with a consistency of the matrix of about 1.5 % (Table 1.6).

Table 1.6 Comparison matrix for TPC

Asparagus Prius Rosalie Erasmus Eigenvector Priority vector
Prius 1 1/2 1/4 0.5000 0.1365
Rosalie 2 1 1/3 0.8736 0.2385
Erasmus 4 8 1 2.2894 0.6250
z 3.6630 1.0000
Aomax 3.0180
C.l. 0.0090
C.R. 0.0155

The maximum priority of PC is for Erasmus, and the minimum for Prius.

For carotenoids, the matrix consistency ratio is only 0.3 %. However, such a high
degree of agreement can be a disadvantage and may indicate excessive confidence of
experts in their judgments (Table 1.7).

Table 1.7 Comparison matrix for CAR

Asparagus Prius Rosalie Erasmus Eigenvector Priority vector
Prius 1 1/5 1/3 0.4055 0.1094
Rosalie 5 1 2 2.1544 0.5816
Erasmus 8 1/2 1 1.1447 0.3090
z 3.7046 1.0000
Aomax 3.0040
C.l. 0.0020
C.R. 0.0034

The consistency of the matrix for sugars is identical to the matrix for phenolic
compounds (Table 1.8).

As can be seen from the Table 1.8, Erasmus asparagus has the highest priority
in terms of sugar content.

According to SOD activity, the highest priority is typical for Erasmus. The con-
structed matrix has a consistency ratio of 4.7 % (Table 1.9).
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Table 1.8 Comparison matrix for SAC

Asparagus Prius Rosalie Erasmus Eigenvector Priority vector
Prius 1 1/2 1/3 0.5503 0.1692
Rosalie 2 1 1 1.2599 0.3874
Erasmus 8 1 1 1.4422 0.4434
z 3.2525 1.0000
Aonax 3.0180
C.l. 0.0090
C.R. 0.0155

Table 1.9 Comparison matrix for SOD

Asparagus Prius Rosalie Erasmus Eigenvector Priority vector
Prius 1 3 1/4 0.9086 0.2176
Rosalie 1/3 1 1/6 0.3816 0.0914
Erasmus 4 6 1 2.8845 0.6910
z 4.1746 1.0000
Anax 3.0540
C.l. 0.0270
C.R. 0.0465

The matrix of pairwise comparisons of asparagus by catalase activity allows to
obtain estimations of priority with a consistency of about 2 % (Table 1.10).

Table 1.10 Comparison matrix for CAT

Asparagus Prius Rosalie Erasmus Eigenvector Priority vector
Prius 1 1/4 1/5 0.3684 0.0974
Rosalie 4 1 1/2 1.2599 0.3331
Erasmus 5 2 1 2.1544 0.5695
) 3.7828 1.0000
Aomax 3.0250
C.l. 0.0125
C.R. 0.0215
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The largest catalase activity priority vector is typical for Erasmus, and the
smallest for Prius. The matrix of paired comparisons of fruit and vegetables by per-
oxidase activity has a consistency ratio of 0.0560 (Table 1.11).

Table 1.11 Comparison matrix for POD

Asparagus Prius Rosalie Erasmus Eigenvector Priority vector
Prius 1 5 1/3 1.1856 0.2789
Rosalie 1/5 1 1/7 0.3057 0.0719
Erasmus 8 7 1 2.7589 0.6491
b 42503 1.0000
Aonax 3.0650
C.l. 0.0325
CR. 0.0560

Peroxidase activity has the highest priority for Erasmus and the lowest for Rosalie.

After determining the importance of all elements and constructing matrices of
pairwise comparisons, an analysis is carried out to obtain the importance (weight) of
each element. A synthesis of the hierarchy is carried out, which allows to consider all
aspects and make the decision.

Global priorities, which will be integral assessments of the antioxidant status of
asparagus varieties, are calculated using the following formula:

Ligs =P2-P3+P2-P2+..+P*.P?, (1.5)

where I, - integral assessment of antioxidant status; P?...P? - priority evaluations
of the matrix of criteria; P?...P° - priority evaluations of the matrix of alternatives.
For asparagus of Prius variety:

l,0s=0.1833-0.2430+0.0634-0.1365+0.0520-0.1094+
+0.0259-0.1692+0.3174-0.2176+0.2100-0.0974+0.1480-0.2789 =
=0.1940~0.19 (Tables 1.3, 1.5-1.11).

By similar calculations, we get:

- for Rosaliel,,;=0.2934~0.29;

- for Erasmus|/,,,=0.51245~0.51.

The calculated integral evaluation shows that, among the studied varieties, the
highest antioxidant status is in asparagus of the Erasmus variety, and the lowest
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in asparagus of the Prius variety. Therefore, when applying exogenous edible coat-
ings, the concentration of antioxidants in the composition can be adjusted according
to the established antioxidant status. Such approach ensures the prevention of pro-
duct losses during extended shelf life.

Conclusions

Reducing losses of fruit and vegetable products, particularly during storage, is
a pressing issue that requires attention and technological advancement. Addressing
these losses not only ensures a sustainable food resource but also aids in reducing
greenhouse gas emissions and optimizing resource utilization.

Maintaining a well-functioning antioxidant system is crucial for preserving vege-
table quality during storage and preventing postharvest disorders. Utilizing edible
coatings with antioxidant properties emerges as an effective strategy for maintain-
ing vegetable quality throughout the storage period. However, it is important to note
that excessive antioxidant doses can potentially have toxic effects, and their efficacy
is influenced by the concentration and type of vegetables.

To enhance the potency of the endogenous antioxidant system, it is vital to es-
tablish concentrations of exogenous antioxidants that correlate with the endoge-
nous antioxidant pool in plant tissues. This approach ensures the maintenance of
antioxidant status and quality preservation during the postharvest period. Here we
propose a method that employs hierarchical analysis for objective assessment of
vegetable antioxidant status.

While the hierarchical analysis method offers a systematic approach, it has draw-
backs related to the subjectivity of the evaluation judgments. They can be omitted
by integrating into calculations experimental or analytical data on chemical compo-
sition, as well as correlations between antioxidant system components and oxidative
stress markers. The proposed integrated approach provides objectivity and aids de-
cision-making in determining vegetable antioxidant status, thereby contributing to
the prevention of product losses during extended storage.
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CHAPTER 2

The advantages of using sublimation for preserving
the antioxidant properties of cranberries

Liudmyla Kiurcheva
Serhii Holiachuk

Abstract

The benefits of using the sublimation method for preserving the antioxidant
properties of cranberries have been studied. Cranberries are known for their anti-
oxidant properties, which help combat infections, reduce the risk of heart disease,
and improve arterial pressure. This berry is particularly beneficial in prostate cancer.

Most of the beneficial compounds in cranberries are found in their skin, which
may lose its properties during traditional juice extraction. Drying is an alternative
method for preserving antioxidants, but traditional methods can lead to a loss of
product quality.

Sublimation drying has proven to be the most efficient and innovative method, as
it ensures the preservation of cranberry antioxidant properties. After the sublima-
tion cycle, the final moisture content of the material is only 2-5 % of the initial con-
tent, guaranteeing the maximum retention of beneficial properties and the produc-
tion of a high-quality product. This method is promising for maintaining the quality of
raw materials during drying and preserving their medicinal properties.

Keywords

Cranberry, drying technology, sublimation, nutritional value, antioxidant proper-
ties, phenolic compounds, polyphenolic compounds, anthocyanins.

2.1 Therelevance of sublimation drying

In recent times, both in Ukraine and worldwide, the popularity of healthy eating
is expanding, which includes consuming fresh or, for example, dried products such
as berries and fruits. Providing the population with diverse high-quality and bene-
ficial food products becomes an important task for the food industry. The benefits
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of products created by nature form the basis for healthy eating. Consumption of
vitamins, micronutrients, and enzymes allows improving the quality of human life.

The drying process is widely used in the food industry to preserve the proper-
ties of berries. The use of modern methods contributes to the improvement of
drying technologies. Products subjected to drying retain vitamins, nutrients, flavor
qualities, color, and aroma, and can easily be reconstituted in various conditions [1].

For effective preservation of the properties of berries during drying, it is neces-
sary to carefully justify the process and drying regime, as it involves complex ther-
mophysical and technological processes. Currently, sublimation drying is considered
the most efficient and innovative method for preparing berries and other products
for preservation and long-term storage.

The first use of sublimation drying occurred in Paris in 1906 when electrophy-
siologist Jacques-Arsene d'Arsonval, along with his assistant Frédéric Bordas, first
applied this process to preserve the rabies virus. This discovery contributed to the
further development of the first vaccine in history against this disease.

Modern equipment for sublimation drying was developed during World War II,
when a large number of wounded soldiers were successfully treated thanks to this
technology. Additionally, serum was transported from the USA to Europe using
a sublimator: previously, it was unsuitable for use in hospitals as a transfusion material
because it spoiled during transportation. Initially, sublimation (lyophilization) drying
was developed for commercial use to chemically stabilize serum without refrigera-
tion. Subsequently, sublimation began to be used for storing antibiotics of the penicil-
lin series, and this method also made it possible to preserve biological substances [2].

Today, the technological process of drying using sublimation is widely used in pro-
cessing industries and for treating a wide range of substances. This methodology has
become an integral component in industries such as pharmaceuticals, food process-
ing, laboratory activities, and others. Sublimators (lyophilization equipment) are even
used for restoring water-damaged documentation, carbohydrate research, and more.

The demand for processing food raw materials with a lyophilizer is due to the
ability to evaporate ice without it transitioning into a liquid state. To perform ice subli-
mation, specific conditions need to be created. The advantage of preserving fruit and
berry raw materials through sublimation drying, compared to other methods, is the
possibility of further long-term storage of the product at room temperature. The ad-
vantage of the method lies in the significant evaporation of moisture during such sub-
limation processing, resulting in a natural reduction in the weight of the final product.
This simplifies the further transportation and handling of the food products. The stor-
age period consequently becomes longer, facilitating the distribution of high-quality
products with high nutritional value.
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High-quality freezing and sublimation drying today are made possible thanks
to PIGO technologies [3]. In the "Yagidnyk" journal, the advantages of freezing and
sublimation were discussed as a method for creating the maximum possible added
value for products. While freezing allows for the complete preservation of all the
nutritional values of food products, the subsequent stage - sublimation - enables the
avoidance of all requirements regarding the cold chain and specific temperature con-
ditions during prolonged storage and transportation, as well as modern preservation
of the quality of fresh or frozen products. However, the quality of frozen and subli-
mated fruit and berry products depends on the equipment used by manufacturers.
Today, the PIGO company is one of the few companies in the world that offers all
three technologies for preserving food raw materials: freezing, drying, and sublima-
tion drying. They refine existing technologies and introduce new solutions to achieve
a higher quality end product.

Therefore, today, more and more producers and processors of berry products
are paying attention to the method of storage and processing known as sublimation,
which has recently been close to revolutionizing the food industry. This innovative,
modern technology allows retaining up to 97 % of nutrients, vitamins, and micronu-
trients in the raw materials. Sublimated berries, fruits, and vegetables preserve their
natural aroma, taste, color, and even their original shape, visually indistinguishable
from fresh raw materials.

Such products preserve excellently without any preservatives for at least five
years (without access to oxygen and water) while enduring temperature fluctua-
tions (from -50 °C to +50 °C), which is a significant advantage compared to other
preservation methods. The technological drying process is based on removing mois-
ture from fruit and berry raw materials using heat or cold and heat until they reach
a residual moisture level suitable for long-term storage [4].

The complexity of the components of fruit and berry raw materials in their che-
mical composition leads to quite profound physico-chemical, structural, and bio-
chemical changes during moisture removal at elevated temperatures. This typically
results in changes in organoleptic properties and the nutritional value of the product.
The nature and extent of these changes depend on the composition and initial pro-
perties of the raw material, the methods and drying regimes employed, as well as
the amount of moisture removed from the product.

The removal of moisture from the raw material during drying depends on the
total moisture content and the type of moisture association with the material. Mois-
ture association with the material is characterized by the amount of free energy of
isothermal dehydration, i.e., the force required to remove 1 mole of water at a con-
stant temperature without changing the chemical composition of the raw material.
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If there is free moisture in the raw material, then the moisture energy will be zero.
With the removal of moisture, the strength of its connection with the berry will in-
crease, and the binding energy will increase. Thus, the lower the moisture content
in the berry, the higher the value of the binding energy. If the raw material contains
moisture that is subjected to temperature treatment or periodic exposure to mois-
ture and heat, it will change its physical characteristics, affecting the bonds of ab-
sorbed liquid [5].

Fruit and berry raw materials are characterized by high moisture content, result-
ing in a significant amount of water (75-95 %), which creates a favorable environ-
ment for the growth of microflora causing spoilage, as well as for various enzymatic
reactions and life processes. Therefore, various methods are used to remove mois-
ture from fruit and vegetable products.

Each drying method has its own advantages and disadvantages, and fruit and ve-
getable products differ in their organoleptic characteristics. For example, products
dried by sublimation retain their appearance, volume, color, and taste, and quickly
regain their original properties. In turn, fruit and berry raw materials dried with in-
frared radiation appear better than those dried by convective methods. For solar
drying, the raw material is spread out on trays and racks, exposed to direct sunlight
in open spaces, or placed in the shade under a shelter with sufficient air circulation.
While this drying method does not require significant expenses, it is rather time-con-
suming (4-20 days), and there is a risk of contamination of the fruit and berry raw
materials with sand, dust, and infestation by flies, wasps, etc.

Thanks to modern developments in the technological process of sublimation
drying, high-quality flat heaters are used for heating, capable of uniformly heating
the product and compensating for heat losses during ice evaporation. Therefore,
such equipment configuration for sublimation drying is currently in high demand
among professionals [6].

Sublimation drying has also recently been used for the production of spices from
various herbs: parsley, dill, basil, marjoram, rosemary, oregano, and other plants for
seasoning dishes. Additionally, soluble coffee, various types of tea, and spices are
also processed.

In today's world, where diets and weight control have become commonplace, the
range of dried products is expanding, for example, through the production of berry
snacks. As the number of competitors in the snack market increases, there is an op-
portunity to expand the range of "healthy" snacks. Consumers focused on a healthy
lifestyle carefully scrutinize the product ingredients. They want snacks free from pre-
servatives, flavor enhancers, and harmful additives. Approximately 60 % of consumers
are willing to pay extra if it guarantees the quality of the product. Snacks containing
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vitamins and micronutrients are popular. This has led to the development of the mar-
ket for berry pastilles and fruit bars, which are distinguished by an increased amount
of beneficial substances.

The technological process of sublimation drying is also known as lyophilization
or sublimation. This process is widely used not only in the food industry but also in
pharmaceuticals for drying vaccines and food supplements [7].

The technological process of lyophilization consists of the following stages,
which must be carried out sequentially: pre-processing of the product - freezing -
drying - packaging of the product.

The methodology of such drying, as well as the terms and method of storing food
products, depend on their final chemical composition. For example, products con-
taining animal protein should not be subjected to overheating after drying, as it may
lead to protein denaturation. Fruit and berry products processed by the sublimation
method should be isolated from contact with the surrounding environment, meaning
they should be hermetically sealed; otherwise, the fats and vitamin components of
the raw material may begin to oxidize. The degree of drying is determined by consid-
ering the portion of reducing substances, calculating the exact amount of moisture
to be removed. Also, during the preparation of food raw materials for sublimation,
a certain bacterial threshold of the products is ensured.

Freezing fruit and berry raw materials can be done either in a specially designed
chamber or directly in the lyophilizer by creating a vacuum environment and partial
evaporation of moisture. This method is much easier to perform compared to con-
ventional freezing, but it may not be suitable for all food products. During vacuum
freezing, the initial indicators of the biochemical composition of the raw materials
are lost, so raw meat, fish, as well as juices and purees, are not recommended to be
frozen using the vacuum method.

Lyophilization has its technological peculiarities, namely: during pre-freezing,
thawing of the raw material before drying must be avoided. During sublimation,
products lose between 70 to 90 % of their moisture, and final drying is carried out at
positive temperatures. At each stage of drying, the temperature threshold is regu-
lated by technological parameters. The main requirement for maintaining a specific
temperature of the product is its biochemical properties and the drying cycle. Dif-
ferent types of raw materials require specific temperature parameters for the subli-
mation process. More often, the temperature ranges from -15 to +35 °C, but juices
from fruit and berry raw materials require temperatures within the range of -25 °C
due to their high carbohydrate content, while animal-origin raw materials require
temperatures of -16 to -20 °C. During the sublimation stage, approximately 50 %
of the moisture evaporates, and about 60 % of the processing cycle time is spent.
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At the next stage, the drying of food raw materials is carried out at high tempera-
tures, where the final removal of moisture from the product occurs. To maintain the
biochemical composition at a high level and ensure product quality, temperature pa-
rameters must precisely meet technological requirements. The duration of process-
ing is significant and depends on the technological process. During the drying stage,
the temperature range is between +45 to +85 °C, and the duration can be up to 40 %
of the total processing cycle, resulting in a loss of up to 30 % moisture.

One advantage of lyophilization is the preservation of the beneficial properties
and taste of the product. The structure of the product becomes porous, which pro-
motes sorption processes: at the beginning of storage, the products actively absorb
oxygen, leading to rapid oxidation, and also adsorb moisture, significantly reducing
the quality of the raw material. Therefore, to prevent adsorption, it is recommen-
ded to compress processed products before packaging, eliminating contact with the
surrounding environment. The dried raw material cannot be stored without airtight
packaging, so packaging is done immediately after drying. Polymer packaging is most
commonly used, incorporating aluminum foil as a component of the packaging. Poly-
mer films also have excellent operational properties, low weight, and high strength.

2.2 The chemical composition and biological value of cranberries

Cranberry is a sour berry that is considered one of the healthiest berries due to
its unique content of mineral salts and bioactive substances. It is typically added
tojuices, sauces, and food supplements. Additionally, dried cranberries are an excel-
lent alternative to raisins for baking or garnishing various dishes.

The chemical composition of cranberries includes vitamins: B1, B2, B6, B9, B12,
K, C, A, E, PP; minerals: potassium, sodium, calcium, magnesium, phosphorus, iron,
iodine, silver, copper, lead, barium, manganese. In addition, flavonoids, glycoside vac-
cinine, triterpene acids - oleanolic and ursolic, organic acids - benzoic, citric, quinic,
and oxoglutaric have been found in them. Cranberries also contain sugars such as
glucose, fructose; polyphenols: quercetin, myricetin; pectin, tannins, nitrogenous
and coloring substances, and phytoncides, cyanides. In particular, about 30 types
of organic acids have been found in the berry, and the large amount of benzoic acid
allows cranberries to be stored throughout the winter without thermal processing
and the addition of preservatives. The chemical composition of fresh cranberries (ac-
cording to the Nutrition resource) [8] is presented in Table 2.1.

In summary, fresh cranberries are nutrient-dense fruits rich in vitamins, minerals,
and dietary fiber, making them a valuable addition to a balanced diet.
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Table 2.1 Chemical composition of fresh cranberries

Titles Content per 1(?0 g Daily intake
of raw material requirement

Vitamin C 13.3mg 22%
Vitamin E (tocopherol) 1.2mg 6%
Vitamin K (phylloquinone) 5.1 mcg 6%

Vitamin B1 (thiamine) 0.02mg 10%

Vitamin B2 (riboflavin) 0.02mg 10%

Vitamin B3 (pantothenic acid) 0.30 mg 25%
Vitamin Bé (pyridoxine) 0.1mg 5%

Vitamin B9 (folic acid) 1.0 mcg 0.5%

Vitamin PP (niacin) 0.4 mg 25%

Calcium 14.0mg 1.4%
Potassium 105.0 mg 2%
Magnesium 15.0mg 5%
Phosphorus 11.0mg 1%
Copper 0.1mg 3%

Iron 0.6 mg 75%
Manganese 0.4 mg 18 %
Carbohydrates 12.2¢g 4%

Proteins 05¢g 0.4 %

Fiber 46¢g 23%

Cranberries are included in many dietary supplements, herbal remedies, sauces,
and other food products due to their unique content of mineral salts and bioactive
substances, making them one of the most beneficial berries.

Cranberries are also a source of antioxidants, specifically polyphenols, includ-
ing quercetin, myricetin, peonidin, malvidin, and delphinidin. Along with cyanidin
and peonidin, these compounds are responsible for the rich red color of cranberries.

Antioxidants are primarily found in the skin of the berry, so there are significantly
fewer of them in cranberry juice. This berry has physiological effects on the human
body, possessing antioxidant, refreshing, and toning properties. It improves physical
and mental performance, stimulates the secretion of gastric and pancreatic juices,
exhibits antimicrobial and diuretic effects. The potent antioxidants in the berries
fight various infections (bacterial and viral) and lower the level of "bad" cholesterol,
while plant compounds have a protective effect.
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Cranberries also reduce the risk of heart disease, lower blood pressure, and in-
hibit the formation of a compound called homocysteine, which is known to damage
the lining of blood vessels. Adding cranberries to one's diet can help manage seve-
ral risk factors for cardiovascular diseases, including systolic blood pressure (the
blood pressure level against the walls of the arteries during heart contractions).
Cranberries contribute to reducing body mass index (BMI) and improving levels
of "good" cholesterol.

Some dietitians classify cranberries as superfoods, which are predominantly
plant-based products with high levels of beneficial nutrients. This berry contains
powerful antioxidants that fight infections, lower "bad" cholesterol levels, and pos-
sess anti-inflammatory properties. Cranberries can be particularly beneficial in pros-
tate cancer due to the presence of ursolic acid, which has antioxidant and anticancer
effects. It is believed that this berry is particularly beneficial in prostate cancer due
to the presence of ursolic acid, a plant compound with antioxidant, anti-inflammato-
ry, and potential anticancer properties [9, 10].

Cranberries improve the taste of food, promote better digestion, and enhance
food absorption. Some dietitians refer to cranberries as stimulators of pancreatic
secretion, as they enhance the secretion of the pancreas. In cases of pyelonephritis,
cranberries enhance the antibacterial action of other medications, thus contributing
to their therapeutic effect.

In medicine, cranberries are recommended for patients recovering from severe
illnesses. They have a toning and refreshing effect and enhance the mental and phy-
sical abilities of the human body.

The berry possesses bactericidal properties: cranberry juice inhibits the growth
and development of Staphylococcus aureus, Escherichia coli, and Salmonella bacteria,
reducing the risks of developing ulcerative diseases. Infection caused by the Heli-
cobacter pylori bacterium is considered the main cause of stomach inflammation
and ulcers. Therefore, the phenolic compounds of cranberries exhibit 9 % inhibi-
tion of urease activity, so consuming cranberries may inhibit Helicobacter pylori in
the gastrointestinal tract.

However, this berry is not beneficial for everyone, as it is not recommended for
patients with stomach ulcers. Its consumption in such conditions is only advisable
under the recommendation of a doctor depending on the individual's condition [11].

Dried cranberries are recommended for the prevention and treatment of urinary
tract infections. Such infections are caused by the bacterium Escherichia coli, which
attaches to the inner surface of the bladder and urinary tract. Thanks to the presence
of type-A proanthocyanidins, which possess anti-adhesive properties, cranberries
can prevent the development of the disease.
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Consuming dried cranberries strengthens the immune system, prevents the for-
mation of kidney stones, cleanses the lymphatic system from cholesterol, removes
heavy metals from the human body, treats and prevents gastritis and ulcers, and also
prevents the rapid growth of tumors.

Dried cranberries are obtained by dehydration, which involves removing mois-
ture from fresh cranberries (Vaccinium Oxycoccos) with the addition of sugar to
neutralize acidity. Some manufacturers, in the production of dried cranberries, coat
them with a small amount of vegetable oil to prevent them from sticking together.
For example, in the United States, they are called "craisins", akin to our raisins. They
contain such microelements as phosphorus and magnesium, manganese, potassi-
um, iron, and zinc, as well as calcium and copper. The vitamin complex includes vita-
mins B6,B12, E, C (20 % of the daily norm), K, and A.

Flavonoids in dried cranberries reduce the amount of cholesterol that deposits
on the walls of arteries, thereby protecting the body from atherosclerosis, while
antioxidants repair cells in the cardiovascular system damaged by free radicals.

Dried cranberries are extremely beneficial for the health of the human digestive
system. In folk medicine, they are featured in many recipes as an effective remedy
for stomach and duodenal ulcers. They are also considered as a remedy for cancer
due to their anti-tumor properties. "Dehydrated" northern berries are characteri-
zed by a high content of vitamin C and antioxidants, which are capable of inhibiting
the development of malignant cells, for example, in breast cancer. Moreover, regular
consumption of dried cranberries reduces the risk of osteoporosis and joint diseases.

Thanks to the unique chemical composition, dried cranberries prevent bacteria
from sticking to tooth enamel, thus blocking the formation of dental plaque and pre-
venting tooth decay. This also leads to improved oral health. According to the Center
for Oral Biology proanthocyanidins benefit oral health by preventing bacteria from
adhering to the surface of teeth.

2.3 Technological process of sublimation in the production of dried berries

Dehydration or sublimation drying is used to preserve the antioxidant properties
of fruit and berry products, as well as any ingredients. Both methods allow preserv-
ing the freshness and nutritional value of the product for a long time. Thus, fruits,
berries, and vegetables can be consumed not only during their typical ripening sea-
sons but also throughout the entire year.

Technological lines enable the organization of continuous flow production of
goods, including sequential preparation of raw materials and materials, technological
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operations, and packaging of finished products. In the technological line, all produc-
tion operations are performed in a specific sequence, taking into account the main
technical and economic indicators.

The dehydrator, as one of the components of the technological line, is unique
equipment designed for drying berries, fruits, vegetables, and so on. With the help
of the dehydrator, moisture is removed from the raw materials, and then they are
placed in a freezer to preserve them for a long period. The dehydration process is
extremely simple and does not require any excessive effort; processing occurs
automatically. The product, after thawing, retains its unique taste and aromatic
properties almost unchanged, and any changes in appearance occur due to dehydra-
tion, which is the basis of the dehydrator's operation.

The dehydration and drying processes occur as follows: the food dehydrator re-
moves water from the product by air circulation at low temperatures.

To ensure that plant raw materials remain preserved for as long as possible, it is
necessary to remove moisture, as such products deteriorate very quickly. The pro-
cesses of decay occur as a result of bacterial action, which initiates chemical pro-
cesses in the structure of biomaterials. The main factors under which bacteria de-
grade the quality of raw materials are temperature - as bacteria become active only
at certain temperatures, and moisture or water. Thus, by altering both factors, their
shelf life can be extended. Dehydration removes a high percentage of moisture con-
tained in the raw material, but to extend the shelf life of the product, it is necessary
to subject it to drying, that is, to carry out the process of complete dehydration of
the raw material.

Sublimation drying can occur under vacuum or at normal atmospheric pressure.
The process at low temperature and atmospheric pressure takes a considerable
amount of time, so equipment capable of creating a vacuum is used to expedite it.
Decreasing the pressure enhances more efficient evaporation by increasing the
mass transfer coefficient. Since vacuum drying takes place in a sealed chamber, con-
vective heat transfer is insufficient. To ensure intensive evaporation in a vacuum en-
vironment, heat is generated to evaporate moisture, which is then transferred to the
products through heat conduction from heated metal surfaces (via contact with elec-
tric heaters) or through radiation from heated screens (using infrared radiation) [1].

The sublimation process consists of three sequential stages: product prepara-
tion, freezing, sublimation, and the final drying stage.

Initially, the product is frozen to temperatures lower than its solidification point.
This creates ice crystals in the berries, which disappear during the sublimation stage.
During the sublimation stage, the main drying process occurs - slow, uniform heat-
ing to the temperature at which water transitions from a solid to a gaseous state.
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The freezing stage affects the quality of the final product; if it is conducted very
rapidly and deeply, the ice crystals will be small and will evaporate very quickly.
Drying requires the application of heat at a temperature not exceeding 40 °C.

The principle of operation of a sublimation-vacuum dryer lies in the fact that
at low atmospheric pressure (the "triple point" threshold, calculated for water at
a pressure of 0.01 °C 611, 657 Pa), water exists only in solid and gaseous states.
Therefore, under these conditions, vapor can directly convert to ice without passing
through the liquid phase.

During the technological process of sublimation, it is important to adhere to the
sequence of stages, which include:

1. Preparation of the substance or product for drying, which may involve con-
centrating the products, modifying their composition, reducing vapor pressure, or
increasing the surface area of the product. Pieces of the product may be individually
frozen to transfer the solvent to a free state before the drying stage.

2. Freezing, which can be done, for example, in laboratory conditions using a spe-
cial rotating flask in a "shell freezer". This process increases the surface area of the
product to accelerate drying. In industrial settings, freezing occurs in lyophilization
equipment, where the material is cooled below its triple point to ensure optimal sub-
limation. The triple point refers to the freezing period when the liquid in the raw ma-
terial can simultaneously exist in three phases: liquid, solid, and gaseous. This feature
guarantees sublimation rather than melting, and the large crystals formed during
freezing are better suited for sublimation. To obtain such crystals, either freezing
must be carried out for a long time or the temperature must be cyclically raised and
lowered. However, this type of freezing is not suitable for berry production because
they freeze slowly, affecting their texture and reducing nutritional value. Therefore,
fruit and berry raw materials need to be rapidly frozen to prevent crystal formation
altogether. The freezing stage is one of the most critical phases of the entire sub-
limation process. If not properly executed, the raw material becomes unsuitable
for further processing.

3. The primary stage of drying involves reducing pressure while delivering heat
to the product to sublimate ice. During this phase, approximately 95 % of the liquid
is removed from the product. It is not advisable to accelerate this process because
excessive heat can severely disrupt the structure and damage the raw material.
The pressure in the chamber can be controlled using a partially formed vacuum
aimed at accelerating drying. The condenser cold chamber and condenser plates
contribute to the secondary freezing of the liquid. The condenser does not affect
the freezing of the product; instead, it prevents vapor from entering the vacuum
pump and operates at a temperature of less than -50 °C.
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4. The secondary drying stage involves the removal of unfrozen liquid molecules,
while the remaining ice has already sublimated. Lyophilization is regulated here by
the isotherms of material adsorption. The drying temperature environment is higher
than in the first stage and may even be above 0 °C. The pressure is lowered to sti-
mulate desorption.

After the sublimation process is complete, the vacuum environment created
in the working chamber is replaced by inert gases, and the dried product is sealed.
The final water content in the product after sublimation can be a maximum of 4 %.

Adhering to the conditions is the key to quality sublimation drying. Therefore,
the majority of moisture in the product should be present in the frozen state, and the
total volume of ice should not be less than 70 % of the product's weight. It is essential
to control the sublimation of ice by monitoring the pressure difference between the
vapor emissions above the product's surface and the vapor in the chamber. Main-
taining the pressure level is crucial because precise indicators ensure the transition
of ice into a vapor state bypassing the liquid phase. Condensation of vapor emissions
should be carried out using special evaporative devices.

During the drying process, the berries reach a certain temperature and release
heat during the evaporation of ice. To compensate for heat losses and maintain a spe-
cific temperature regime, continuous heat supply is necessary. The vapor generation
boundary gradually shifts from the surface layers of the raw material to its center,
complicating effective heat transfer. Therefore, sorted berries should be stored at
room temperature before loading into the sublimator. After the equipment is turned
on, the vacuum pump reduces the pressure in the chamber to 10-30 Pa.

Thanks to the vacuum environment and partial evaporation of moisture, the
raw material begins to freeze. A larger percentage of the raw material's moisture
transforms into crystalline ice. Then the technological process of sublimation occurs.
Due to the operation of the vacuum pump, the moisture that has turned into vapor is
transferred to the desublimator, and the air from it enters the atmosphere. The final
stage of the sublimation drying process is the activation of heaters, which provide
heat, thereby removing the remaining moisture from the product. The equipment
also includes a defroster section for thawing the ice.

So, let's outline the main steps of sublimation:

Step 1. Preparation. Cleaning the berries, the possibility of disinfection, and then
loading the tray with prepared berries into the drying chamber.

Step 2. Freezing. A vacuum is created in the chamber, and cranberries are cooled
to their solidification temperature. The better the freezing (considering the speed
and depth of freezing), the finer the ice crystals will come out in the berries, and
the faster they will then turn into vapor.
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Step 3. Sublimation. The frozen berries are slowly heated to the point where
ice transitions into vapor, which is directly the process of drying the raw material.
After removing the water, the dried berries should be placed in a sealed package for
at least twenty hours.

The use of freeze-drying is a modern method of producing berry snacks. Plant-
based and berry snacks, such as cranberry pastille, can be utilized in special diets for
individuals following a vegetarian or healthy eating regimen, or those with dietary
restrictions or allergies. Today, employing such a production method for cranberry
pastille allows for significant expansion of the market for antioxidant-rich products
and meets consumer demand.

2.4 Assessment of the nutritional value and antioxidant properties
of cranberries

Berries naturally have capillaries and a porous structure. The membrane of the
capillaries is elastic and swells during moisture absorption. During moisture remo-
val, the berry undergoes shrinkage and may become brittle.

Fresh cranberries have a high-water content and a low percentage of dry matter.
Most of the beneficial compounds in cranberries are found in the berry's skin and
may be lost during juice extraction. Since it's impossible to eat fresh berries year-
round, dried berries can serve as an alternative source of beneficial compounds and
valuable antioxidants.

The assessment of the nutritional value and antioxidant properties of cranber-
ries was conducted using standard methodologies [12].

The organoleptic evaluation of fresh and dried berries was conducted using ex-
pert tasting methods, with pre-prepared evaluation forms using a 5-point scoring
system. The obtained results were averaged and presented in a radar chart. Calcula-
tions of the results and the significance of the research factors were performed using
the statistical computer program Excel with the QIMacros® add-on.

Quantitative determination of anthocyanins and flavonoids content was carried
out using spectrophotometric methods.

The energy value was determined using energy coefficients: 1 g of fats -
9.0 kcal (37.7 kJ); 1 g of carbohydrates - 3.75 kcal (15.7 kJ); 1 g of starch -
4.1 kcal (17.2 kJ); 1 g of organic acids - 2.5-3.6 kcal (10.5-15.1 kJ); 1 g of proteins -
4.0 kcal (16.7 kJ). The actual caloric content of the raw material was calculated taking
into account the digestibility coefficients: proteins - 84.5 %, fats - 94 %, carbo-
hydrates - 95.6 %.
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To determine the energy value in the International System of Units (SI), i.e., in
kilojoules, the conversion coefficient was used: 1 kcal=4.186 kJ. The energy value of
the product was calculated per 100 grams of edible portion.

To assess the quality of the raw material, a sensory evaluation of cranberries was
conducted based on organoleptic indicators. In order to determine changes in qua-
lity indicators, experimental batches of dried (sublimated) berries of two varieties,
"Black Veil" and "Washington", were prepared. The tasting was conducted for fresh
and dried cranberries, and the results of the organoleptic evaluation of the product
quality are presented in Table 2.2.

The cranberries subjected to sublimation drying were in a stage of technical ripe-
ness, which was determined by their size, external appearance, color, characteristic
taste and aroma, and consistency. Only high-quality raw material is suitable for dry-
ing, while wilted, overripe, unripe, cracked, or berries affected by diseases or pests
are not suitable for drying.

Based on results of cranberry tasting evaluation, the flavor profile of "Black Veil"
fresh cranberries received high ratings across all parameters, with a score of 5.0 for
taste, aroma, and external appearance, and 4.5 for color and consistency. The flavor
profile is described as "Sweet and sour".

"Washington" fresh cranberries also received high ratings, with a score of 4.5 for
taste and color, and 5.0 for aroma, consistency, and external appearance. The flavor
profile is described as "Sweet-sour".

In comparison, the dried "Black Veil" cranberries received slightly lower ratings
across all parameters, with a score of 3.8 for taste and aroma, 4.0 for color and con-
sistency, and 3.8 for external appearance. The flavor profile is described as "Sweet".

Similarly (Fig. 2.1), the dried "Washington" cranberries also received slightly
lower ratings compared to the fresh ones, with a score of 4.0 for taste, 4.1 for aroma,
3.8 for color, 4.0 for consistency, and 3.5 for external appearance. The flavor profile
is described as "Sweet".

Table 2.2 Results of cranberry tasting evaluation

Evaluation on a 5-point scale

. Flavor
Variety Taste Aroma Color Consistency AE;:\:E?\IC e profile
Black Veil 5.0 5.0 4.5 4.8 5.0 Sweet and sour
Washington 45 5.0 4.8 45 5.0 Sweet-sour
Dried Black Veil 3.8 4.0 4.0 4.1 3.8 Sweet
Dried Washington 4.0 4.1 3.8 4.0 3.5 Sweet
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= Black Veil Washington Dried Black Veil Dried Washington

Taste

External Appearance ( y Aroma

Consistency Color

Fig. 2.1 Results of organoleptic evaluation of fresh and dried cranberries

Dried cranberries stand out with an attractive appearance, non-sticky berries,
asweet taste, and rich aroma. It was not possible to determine a preference for a par-
ticular variety because both varieties have excellent taste and an elastic, unbroken
structure after the sublimation drying process, indicating the preservation of quality
indicators and the ability for transportation and storage of the final product.

During the study of the antioxidant properties of cranberries, the presence and
content of biologically active compounds in the berry were identified and deter-
mined (Table 2.3).

Dried cranberries contain a higher concentration of procyanidins compared
to fresh ones (0.36 % vs. 0.14 %). This suggests that the drying process may re-
sult in the concentration of procyanidins in cranberries. Both fresh and dried
cranberries contain phenolic compounds, with dried cranberries having a slightly
higher content (1.32 % vs. 1.16 %). Similar to phenolic compounds, dried cranber-
ries have a higher concentration of polyphenolic compounds compared to fresh
ones (0.92 % vs. 0.48 %). Overall, the drying process affects the concentration of
various antioxidant compounds in cranberries, with some compounds being con-
centrated while others are reduced.
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Table 2.3 Content of biologically active compounds in cranberries

Based on absolutely dry raw material (m=5), %

Quantitative contents

Fresh Cranberries Sublimated (dried) Cranberries
Anthocyanins 0.23+0.01 0.16+0.01
Procyanidins 0.14+0.01 0.36+0.01
Phenolic compounds 1.16+0.01 1.32+0.01
Polyphenolic compounds 0.48+0.01 0.92+0.01

The biochemical composition of dried cranberry products contains a significant
amount of compounds with biological activity. Phenolic compounds such as antho-
cyanins, leucoanthocyanins, and catechins contribute to increased enzyme activity
and improved elasticity of blood vessels. Pectins found in cranberries form strong
compounds with heavy and radioactive metals, aiding in their removal from the body.

Based on the results of conducted research, it can be concluded that freeze-dried
cranberries retain biologically active compounds at a high level. Therefore, cranber-
ries are a very beneficial fruit, possessing anti-inflammatory, antibacterial, hypoten-
sive, immunomodulatory, antioxidant, antiviral, and cytotoxic properties.

Berry snacks in the form of pastilles are becoming increasingly popular due to
their high content of vitamins, minerals, and antioxidants, as well as their low satu-
rated fat and cholesterol compared to traditional meat or dairy snacks. Cranberry
pastille is a special type of confectionery made from puree, sugar, and gelatin. It has
a smooth texture and sweet taste, containing vitamins and beneficial substances.
Pastille can be enjoyed as a dessert or simply as a tasty and healthy low-calorie snack.

The energy value, or caloric content, is the amount of energy produced during
the biological oxidation of fats, proteins, and carbohydrates contained in the raw
material, expressed in kilocalories (kcal) or kilojoules (kJ).

According to the chemical composition, fresh cranberries contain on average:
fat - O g, protein - 0.5 g, carbohydrates - 4.8 g, while in dried cranberries, respec-
tively: fat - 0.16 g, protein - 0.38 g, carbohydrates - 8.2 g.

To determine the theoretical caloric content, we considered the energy value co-
efficient of nutrients and their content in cranberries. Therefore, for fresh cranber-
ries, the theoretical caloric content is: 2.0 kcal (carbohydrates)+18.0 kcal (proteins)=
=20.0 kcal; for dried cranberries, the theoretical caloric content is: 1.44 kcal (carbo-
hydrates)+1.52 kcal (proteins)+30.75 kcal (carbohydrates)=33.71 kcal.

Knowing the theoretical caloric content, we determined the actual caloric
content taking into account digestibility, expressed as the digestibility coefficient.
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For mixed nutrition, the digestibility is: 84.5 % for proteins, 94 % for fats, and 95.6 %
for carbohydrates.
For fresh cranberries:

(2.0-84.5)/100+(18-95.6)/100=18.9 kcal.
For dried cranberries:
(1.44-94.0)/100+(1.52-84.5)/100+(30.75-95.6)/100=32.04 kcal.

Therefore, the actual caloric content per 100 grams of fresh cranberries is
18.9 kcal, and for dried cranberries, it is 32.04 kcal, taking into account the diges-
tibility coefficient.

To obtain the energy value in the International System of Units (Sl), which is ki-
lojoules, we used the conversion factor: 1 calorie=4.186 kilojoules. Therefore, the
energy value of fresh cranberries was 18.9 calories (79.19 kilojoules), and for dried
cranberries, it was 32.04 calories (134.25 kilojoules) per 100 grams of edible portion.

Conclusions

The benefits of using the sublimation method for preserving the antioxidant
properties of cranberries have been studied. Cranberries are known for their anti-
oxidant properties, which help combat infections, reduce the risk of heart disease,
and improve arterial pressure. This berry is particularly beneficial in prostate cancer.

Most of the beneficial compounds in cranberries are found in their skin, which
may lose its properties during traditional juice extraction. Drying is an alternative
method for preserving antioxidants, but traditional methods can lead to a loss of
product quality.

Sublimation drying has proven to be the most efficient and innovative method, as
it ensures the preservation of cranberry antioxidant properties. After the sublima-
tion cycle, the final moisture content of the material is only 2-5 % of the initial con-
tent, guaranteeing the maximum retention of beneficial properties and the produc-
tion of a high-quality product. This method is promising for maintaining the quality
of raw materials during drying and preserving their medicinal properties.

The obtained results indicate that the application of sublimation drying allows
preserving the bioactive compounds and quality indicators in cranberries. The excel-
lent sweet taste and rich delicate aroma of the berries remain even after the drying

44



Chapter 2 The advantages of using sublimation
for preserving the antioxidant properties of cranberries

process. The caloric content of dried cranberries is approximately 32 calories per
100 grams of berries.
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CHAPTER 3

Analysis of the hypotheses of milk fat phase dispersion
and structural features of homogenizers
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Abstract

We have carried out the analysis of hypotheses, mechanisms, prevailing hydro-
dynamic factors of the milk emulsion fat phase dispersion, hydrodynamic conditions
of milk fat globules disruption in the modern designs of dispergators and methods
of analysis of the equipment for micro emulsions homogenization.

It points out a wide range of designs of homogenizers and a large number of
existing hypotheses of milk emulsion dispergating that contradict each other.

Despite substantial differences, the general features of designs which allow re-
ceiving a high degree of dispergating is to create hydrodynamic conditions to pro-
vide increasing relative velocity of movement of the fat globule and acceleration of
the emulsion stream.

Analysis of methods of intensifying the dispergating process of milk emul-
sions resulted into distinguishing prospective ways to increase energy efficiency
of homogenizers and designs with the biggest potential for diminishing energy
consumption.

Keywords

Milk homogenization, hydrodynamic factors of emulsions dispersion, design
analysis of homogenizers, principle of homogenizer action, homogenization hy-
potheses, classification of homogenizers, mechanisms of milk fat globules disrup-
tion, homogenization intensification methods.
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3.1 Introduction

The milk homogenization is understood as the process of its processing which
leads to the dispersion of the fat (dispersed) phase and its uniform distribution over
the volume of the dispersed phase [1].

Today, the vast majority of milk as a raw material for the production of drinking
milk, cream and other types of dairy products is subjected to homogenization. The main
advantages of products produced using homogenization are given in Table 3.1 [1, 2].

Table 3.1 Advantages of homogenized dairy products

Type of dairy products

Advantages of the product after homogenization

Whole milk after milking

Pasteurized milk and
cream

Sterilized milk and cream

Sour milk products (sour
cream, kefir, yogurt, etc.)

Canned condensed milk

Dry whole milk

Reconstituted milk, cream
and fermented milk drinks

Milk with fillers

Some hard cheeses

Some cheeses from
recombined milk and
some fresh fermented
milk cheeses (creamy, etc.)

Milk mixtures for the ice
cream production

Reduction of the development of oxidation processes, destabili-
zation and whipping during intensive mixing and transportation

Providing uniformity of color, taste, fatness.

Improving the consistency, increasing the intensity of white color.
Reduction of fat film during boiling, which preserves milk solids.
Increase in digestibility (homogenized milk corresponds to boiled
milk in terms of fat digestion)

Increased stability during storage.
Reduction of fat deposition

Increasing the clot strength, stability and improving the consis-
tency of protein clots, increasing the viscosity, reducing the whey
secretion

Prevention of the separation of the fat phase during long-term
storage

A decrease in the amount of free milk fat, not protected by pro-
tein shells, which leads to its rapid oxidation under the influence
of atmospheric oxygen

Better taste of the product and prevention of the appearance of
awatery aftertaste

Improves taste, increases viscosity and reduces the likelihood of
sediment formation

Facilitating the access of mold lipases to milk fat during cheese
ripening

Preventing the deposition of a fat layer during a relatively long pe-
riod of gel formation, contributing to the improvement of product
homogeneity, as well as the formation of a loose and brittle texture

Improvement of whipping of mixtures for the ice cream produc-
tion, its structure and homogeneity
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In addition to the dairy industry, the preparation of highly dispersed emulsions,
which are stable for a long time, is widely used in the preparation of:

- mixtures for ice cream (preparation of the mixture "milk base - vegetable fat");

- mayonnaise, margarine, ketchup, etc. products;

- non-stick emulsions (layers) for greasing bread molds and sheets;

- emulsions for surface treatment of agricultural products - creation of a film-
forming protective layer on their surface;

- cooked sausages, when raw fat is added to the minced meat in the form of a wa-
ter-fat emulsion;

- dough when emulsion is introduced instead of fat, thanks to which up to 90 %
of fat is preserved;

- cosmetic and pharmacological preparations, in which emulsions are absorbed
faster by the body, soften the irritating effect of the ingredients;

- medicinal oils that lose unpleasant taste and smell;

- obtaining an emulsion based on the use of skimmed milk by adding fat and other
necessary ingredients during the production of whole milk substitutes.

In addition to the advantages, the homogenization of dairy products also has dis-
advantages:

- increase in the cost of the product;

- increased sensitivity to light, which leads to taste defects, such as rancidity,
soapiness and oxidation;

- milk becomes unsuitable for the production of many types of hard cheeses, due
to too soft coagulation and difficulty in releasing moisture;

- whole milk is not suitable for homogenization due to the rapid deterioration of
the aroma due to the action of lipase.

3.2 Properties of milk emulsion as an object of hydrodynamic dispersion
and homogenization

The dispersion phase of milk emulsion is milk plasma, which is a solution of milk
sugar and salts in water. Some authors [3, 4] distinguish a third phase of milk - the
protein phase, consisting mainly of insoluble casein micelles and submicelles, as well
as whey proteins.

Special attention is not paid to the uniformity of the distribution of microscopic
fat particles due to their constant (Brownian) motion, due to which the fat concen-
tration in the microvolume of the milk emulsion is equalized without applying special
means and conditions.
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The fat phase of milk is milk fat in the form of fat globules (droplets, particles),
the size of which in whole milk ranges from 0.1 to 10 pm.

The majority of fat globules in such milk is 2-6 um in size, and their average size
is2-4 um.

The number of fat globules in raw milk is 1.5-3.0 billionin 1 ml.

Inthe process of homogenization, the average diameter of fat globules decreases
to 0.75-1.2 um, while the number of fat globules increases to 40-80 billion in 1 ml,
and the surface area of fat globules increases 13-27 times.

There are no standards and regulations regulating the dispersion degree of
milk fat particles after homogenization. The only homogenization standard is
GOST 27203-87 "Gomogenizatory dlya moloka. Osnovnyie parametry" (State stan-
dard of USSR 27203-87 "Homogenizers for milk. Main parameters"), which regu-
lates only the main technical parameters of plunger homogenizers of the valve type
without taking into account the degree of dispersity of milk fat after processing (cur-
rently not active).

To determine the sufficient dispersion of the fat phase after homogenization,
there are the following guidelines:

- the chemical control instruction, in which it is recommended to check the qua-
lity of homogenization by settling the fat for 48 hours or by the centrifugation me-
thod, and it is stated that the method of microscopic determination of the size of fat
globules is considered the most reliable;

- the average size of fat globules in the most common valve homogenizers, which
reaches 0.75-0.80 um at operating modes aimed at the maximum dispersion de-
gree[1, 3];

- the average size of fat globules after processing in valve homogenizers ac-
cording to the recommended modes of homogenization (pressure) in technological
schemes for the production of drinking milk and cream, which is considered suf-
ficient, is 1.0-1.2 um [2];

- the lower limit of dispersion of milk fat emulsion after processing in serial
but less common types of homogenizers (vacuum, rotary-pulsating, etc.) is 1.0-
1.2umI3, 4];

- in accordance with the United States Public Health Service, in well-homoge-
nized milk, there is no visible settling of cream within 48 hours;

- the fat content in the top 100 ml of a 250 ml bottle should not differ by more
than 10 % from the milk in the rest of the bottle.

Thus, it can be considered that the dispersion of the milk emulsion is high when
the average size of the fat globules is 0.75-0.8 um and less, and sufficient when the
average diameter is 1.2 ym.
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3.3 Analysis of the dispersion hypotheses of the fat phase of milk

Dispersion consists of two stages: deformation of the fat globule and its dis-
ruption. After dispersion, the newly formed fat globule must be stabilized. Other-
wise, the process of its coalescence may occur.

The process of deformation and disruption of milk fat globules is difficult to study
experimentally (Table 3.2).

Table 3.2 The main reasons for the difficulties in obtaining visual data on the disruption of
fat globules of milk during homogenization

A possible way to solve

The main reasons the problem

High velocities of movement of fat globules (up to 200 m/s) High-velocity filming
Microscopic dimensions of fat globules (0.1-5 pm) Optical or electron microscopy
Low transparency of milk emulsion Special dyes

There is little difference in the density of milk plasma and
milk fat

The need to place the objective of the optical microscope Performance of the objective as
at adistance of less than 1 mm from the object of study a part of the working body of the
homogenizer

The large length of the disruption zones of fat globules re- Use of pulsed microlasers
lative to their size (3 orders of magnitude larger than the
diameter of the fat globule)

The lack of necessary experimental data led to the appearance of many hypo-
theses of the dispersion mechanism of the fat phase of milk (homogenization), the
main ones of which are presented in Table 3.3.

Let's consider the essence and reliability of most theories using the example of
the most studied valve homogenizers, which have the highest dispersion degree.
The disruption of the fat globule in the valve homogenizer occurs in the gap between
the valve and the seat of the homogenizing head, the size of which is 0.3-1.5 mm.
The milk supply pressure is 10-25 MPa, as a result of which the velocity of milk in the
valve gap reaches 150-200 m/s.

Criticism of the hypothesis of the disruption of fat globules by Prof. Baranovsky,
which appeared in the 50s of the last century, is presented in many works [5] and
is confirmed by the latest data [6]. The essence of the theory is that a fat globule of
milk, moving towards the valve gap, with dimensions d at a flow rate v, at a plasma
pressure p,, is pulled out at the entrance to the valve gap, with a height h where its
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velocity increases significantly to v,, at a pressure p,, and then disintegrates under

the action of surface tension forces (Fig. 3.1).

Table 3.3 Basic hypotheses of the milk homogenization mechanism

The essence of the hypothesis

The authors
of the hypothesis

The disruption of fat globules under the influence of the longitu-
dinal gradient of the flow velocity at the entrance to the valve gap

Disruption under the influence of the transverse gradient of the
flow velocity

Disruption due to centrifugal force during rotation of a fat globule
Disruption due to Kolmogorov-Khintse turbulence

Disruption due to cavitation

Disruption of microparticles by blowing from the surface of a fat
globule during impulse effects on the emulsion

Disruption due to low-temperature cavitation homogenization
Disruption by boiling of microvolumes of emulsion in a vacuum

Disruption due to the velocity difference between the fat globule
and the dispersion medium in the jet collision zone

M. V. Baranovsky
P. O. Rebinder, H. Wittig

V. D. Surkov
Kolmogorov-Khintse

A. A. McKillop, H. A. Kar-
dashev, A. N. Tkachenko
and others

M. M. Oreshyna

E. A Fialkova
A. A. Dolynskyi
K. O. Samoichuk

Velocity increase zone
L~

>VUm

Y
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Fig. 3.1 The scheme of homogenization according to the Prof. Baranovsky's theory

The main arguments of the opponents of this theory: the actual scale of the pro-
cess, where the dimensions of the fat globule are 1-2 orders of magnitude smaller
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than the size of the valve gap, the impossibility of obtaining a significant difference in
velocity over a length comparable to the dimensions of the fat globule (1-3 um), etc.
Calculations of the theoretically possible conditions for crushing a fat globule ac-
cording to this hypothesis in a valve (the most widespread and studied) homogenizer
showed that the necessary pressure drop for the disruption of a fat globule is created
only under the condition of entering the valve gap at an angle of 68°, which is unlikely.

H. Wittig proposed to consider the initial fat globule before homogenization as
"mother" consisting of several fat particles (Fig. 3.2).

" "Mother globule"

Fig. 3.2 Scheme of the "Mother globule" formation according to Wittig's hypothesis

Thus, the contradiction between the non-observance of the scale between the
sizes of the fat globule and the valve gap in Baranovsky's theory was avoided. But,
if to agree with this point of view, then the presence of a stagnant zone is necessary,
in which the fat globules would merge and form the maternal one. Experiments with
the flow of liquid in the gap between the valve and the seat did not confirm the pre-
sence of such a zone. In addition, if such a zone existed, the eddy current that would
form in this zone would prevent the formation of the mother globule [7].

According to Rebinder's hypothesis (subsequently this theory was also put for-
ward by Wittig) the reason for the deformation and disruption of fat globules of milk
is considered to be a large gradient of milk movement velocity in the homogenizing
gap of the valve homogenizer. Under the influence of forces acting from the side of
the flow, fat globules are stretched into cylinders or threads, overcoming the forces
of surface tension and entering an unstable state, and then, under the influence of
the same forces of surface tension, they break up into smaller ones. Rebinder estab-
lished that the disintegration of globules occurs when the ratio of the length of the
cylinder to the diameter is equal to or greater than m.

According to the calculations of the conditions created in the valve homogenizer,
only half of the fat globules passing through the valve gap can perceive the stretch-
ing effect of the velocity gradient (Fig. 3.3). The rest of the fat globules pass through
the central part of the flow, where the velocity gradient is insufficient for dispersion.

53



Food technology progressive solutions

&
2 x ° \
5 ‘O—c \/k Insufficient velocity gradient
s
(o] . .
= > 5/7/ for disruption
Lo [T e
© — High velocity gradient
Q
_|E o
Flow rate

Fig. 3.3 Field of flow velocities in the valve gap of the A1-OG2S homogenizer

Prof. V. D. Surkov suggested that the fat globules should rotate and disintegrate
due to centrifugal force in the slit channel. His hypothesis is based on the action of
the transverse velocity gradient in the flow, which has different velocities in the
cross section. According to this theory, a torque caused by the difference in velo-
cities is applied to the surface of the globule, which is at the boundary of the layers.

L1

o
[ ] Velocity distribution

\.. 4&-1 5 Eﬁ\in the valve gap
Torque of forces g " % sl
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Fig. 3.4 Dispersion of a fat globule according to V. D. Surkov

Under the influence of this moment, each globule, which performs a rotational
movement, loses its initial shape, then the centrifugal forces increase, become greater
than the forces of surface tension, after which the globule disintegrates into smaller
ones. According to this theory, the laminar flow mode in the valve gap is most suit-
able, which is refuted by experimental studies. Calculations show that half of the fat
particles that pass through the central part of the valve gap, where the velocity gra-
dient is small, cannot be destroyed according to the theory of centrifugal disruption.

The hypothesis about the predominant influence of cavitation as the main factor
in the homogenization process developed in leaps and bounds: from the main one for
valve homogenization to a minor and not influential one [4]. Evidence of cavitation
in the valve gap is erosive annular formations on the working surfaces of the seat
and valve. But first by M. V. Baranovsky, and later by other researchers, it was experi-
mentally proven that the intensity of cavitation does not affect the homogenization
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degree, and strongly deformed fat globules pass through the cavitation zone in the
initial part of the valve gap intact, and are destroyed much later. Experiments [8] es-
tablished that the intensity of cavitation in the valve gap is small, in contrast to the
exit from the valve gap, where cavitation occurs much more intensively.

Cavitation disintegration, as the main factor of dispersion, develops in two di-
rections: hydrodynamic and acoustic, the mechanism of influence of which on the
dispersion of the dispersed phase of the emulsion does not differ.

According to Tkachenko's hypothesis, pulsating cavitation bubbles appear in
the cavitation zone and collapse upon contact with droplets of the dispersed phase.
Cumulative jets formed in bubbles hit the fat globule and break it into smaller ones.
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Fig. 3.5 Scheme of the cavitation dispersion process:
a - pulling afat drop into a bubble; b - disruption of a fat droplet of a dispersed phase

According to the principle described above, for the disruption of a fat globule, the
coincidence in space and time of at least two factors is necessary:

- the presence of a fat drop in the immediate vicinity of the cavitation bubble;

- the location of the fat drop on the side of the appearance of the cumulative jet.

Such a coincidence of conditions is possible only with a large multiplicity of pro-
cessing of one volume of emulsion or long-term processing.

Another, and more likely, mechanism of cavitation is the dispersion of the fat
phase due to high local pressure differences (shock waves) during the collapse of
cavitation bubbles (Fig. 3.6).

In the zone of local high pressure around the collapsing cavitation bubble, the
pressure reaches 1000 MPa. In addition to hydraulic shock, the temperature rises
significantly and hydrogen is released, the presence of which worsens the proper-
ties of milk.

The appearance of local high-velocity zones leads to the appearance of high ac-
celerations of microvolumes, which leads to a high velocity of sliding of fat globules
relative to the plasma and to their disruption according to the Weber's criterion.
In this case, the sliding velocity during cavitation is most affected by the size of the
cavitation bubbles and their concentration. It was found [4] that in order to increase
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the dispersion degree of the fat phase, it is necessary to reduce the size of the cavita-
tion bubbles, which occurs with an increase in the flow rate in the cavitation zone (in-
crease in the Reynolds number), which coincides with the dependence of the disper-
sion of the fat phase of milk on the flow rate in the valve gap. This may be indirect
evidence of disruption due to the sliding velocity of the fat globule.
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Fig. 3.6 The scheme of the disruption of fat globules during cavitation:
| - formation of a cavitation bubble; Il - reaching the maximum size of the bubble;
Il - decrease in size; IV - explosion of the bubble with the formation of a cumulative jet

With cavitation dispersion, the effect of cavitation on the dispersion degree
of the emulsion gradually decreases during repeated processing until the moment
when dispersion stops due to cavitation. Experiments showed that the minimum size
of fat globules due to cavitation reaches only 1.4-2.0 uym. An industrial plant for ca-
vitation milk homogenization will have a low productivity (less than 500-1000 I/h),
with an average emulsion dispersion of 2.0 pm and energy consumption much higher
than valve machines (20 J/cm?®) at a higher cost of the device.

Thanks to the theory of cavitation, the fact that when cavitation appears, the
relation between the homogenization degree and energy consumption changes sig-
nificantly: with the same supplied energy, homogenization becomes more effective.
Homogenization in the valve gap can be organized without cavitation, but this redu-
ces the efficiency of the process.

Taking into account the results of cavitation research, this process can only be
an additional intensifying factor for the milk homogenization if it is necessary to ob-
tain highly dispersed emulsions (<1 um), and the cavitation mechanism of disintegra-
tion can be explained by the occurrence of a high sliding velocity during the explosion
of cavitation bubbles in milk.

A. N. Kolmogorov and . O. Khintze presented theories of turbulent dispersion of
drops: isotropic and viscous (Fig. 3.7).

According to the mechanism of isotropic turbulence, dispersion occurs due to
pressure fluctuations caused by microvortices. In the case of a viscous mechanism -
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shear stresses of larger-scale vortices. The turbulent homogenization mechanism is
the main one compared to the gradient hypotheses of dispersion and cavitation dis-
persion. According to Kolmogorov's hypothesis, the size of hydraulic vortices deter-
mines the dispersion of the emulsion: the smaller the size of the vortices, the small-
er the size of fat droplets. And the size of microvortices decreases with increasing
flow velocity.
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Fig. 3.7 Schematic presentation of turbulent dispersion mechanisms: a - isotropic; b - viscous
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According to the Kolmogorov-Khintse theory, the following can destroy a drop:
dynamic pressure and the force of viscous friction. Depending on which of the forces
acting on the surface of the drop dominates, two mechanisms of drop disruption are
possible. The main factor that determines the dynamic pressure is the velocity of the
external medium relative to the droplet (sliding velocity). The average shear rate and
specific energy dissipation are decisive for the force of viscous friction. Later, Sleicher
proved in visual experiments based on the results of high-velocity photography that:

- the main parameter for the disruption of a fat drop is velocity;

- the Kolmogorov-Khintse theory of isotropic turbulence cannot be used to dis-
rupt droplets in a flow where there is a high velocity gradient;

- the most frequent mechanism of disruption is the pulling out of drops, and
when the ratio of their length to the diameter is greater than 4, several new small
drops are formed, and when the ratio is less than 4, only two new drops are formed.

Thus, according to the theory of turbulence, it was experimentally proven by vi-
sual observations of the disruption of a drop during its extraction according to the
viscous mechanism, the main factor of which is the drop velocity. In 2005, these con-
clusions were confirmed experimentally for the valve gap [8].

The maximum size of droplets formed during crushing in the flow of a continuous
medium is determined mainly by three mechanisms:

- Kelvin-Helmholtz instability, which is determined by the value of the rela-
tive velocity;
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- Rayleigh-Taylor instability determined by the acceleration value;

- the mechanism of disruption by A. N. Kolmogorov's turbulent pulsations, deter-
mined by the magnitude of power dissipation.

Therefore, in order to find out the predominant mechanism of the dispersion of
the fat phase in the valve gap of the high-pressure homogenizer, thorough studies
of the velocity fields of microparticles were carried out using the most modern me-
thods of pulsed lasers [8]. Experiments have shown that cavitation is concentrated
in the first half of the valve gap, while the intensity of turbulence in this place is very
low. Turbulence is most effective in the exhaust chamber after the valve gap. This
confirms the formation in this place of the chamber of turbulent eddies with dimen-
sions comparable to fat globules, which are known to be the most effective for dis-
ruption. High turbulence in the last part of the valve gap leads to an increase in the
energy of large turbulent eddies and a decrease in the energy of small eddies. This
will mean a relative increase in the influence of the turbulent viscous mechanism
of disruption in comparison with the turbulent inertial mechanism when dispersity
increases. Comparing these findings with the visualization of the dispersion process,
turbulence, to a greater extent than cavitation, is the dominant factor in homoge-
nization in the valve gap.

Thus, to date, the predominant effect of the viscous turbulent mechanism of
milk homogenization in the valve gap has been experimentally confirmed. Cavita-
tion plays a secondary role, but increases the dispersion efficiency.

E. A. Fialkova puts forward the hypothesis of low-temperature cavitation homo-
genization or vitrification of fat globules of milk in the process of dispersion, which
is based on the idea of the formation of "micro-icicles" on the sub-cavitation surface
of cavitation bubbles, formed as a result of sublimation and destroying both the fat
globules and the working surface of the valves [9].

According to this theory, in the high-velocity zones of homogenizers, the liquid
pressure decreases to such values that sublimation of the surface layer of fat glo-
bules occurs due to low temperatures, i.e., their transition into a solid state (Fig. 3.8).
During further movement, microscopic particles of ice moving at high velocity crush
the fat globules.

The author believes that dispersion in the valve homogenizer occurs precisely
according to this theory and confirms the pressure distribution in the valve gap ex-
perimentally studied by Katsnelson and Mukhin, where the ultra-low pressure zone
is shown [9].

The time of presence of a fat globule in the valve gap is only (1-2)-107° s. The
author did not calculate the freezing rate of the surface layer of fat globules in such
a short time. Experiments did not confirm the idea of vitrification of fat globules.
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Fig. 3.8 Stages of a fat globule crushing according to Prof. E. A. Fialkova

In the early 2000s, a class of vacuum homogenizers was introduced that was
developed on the basis of research by the Institute of Technical Thermal Physics of
the National Academy of Sciences of Ukraine. The principle of their operation is in
injecting milk heated to 60 °C through a nozzle into a chamber where a vacuum is
maintained. The depth of the vacuum is calculated in such a way that the milk drops
boil, due to which the fat globules are destroyed. A fundamentally new principle
of homogenization provides such advantages as deodorization and reduction of
milk acidity. However, in vacuum homogenizers, it was not possible to reduce the
average size of milk fat globules to 1.2 um.

The homogenization theory by boiling microvolumes of emulsion in a vacuum
is fundamentally different from other dispersion methods and can only be applied
to vacuum homogenizers.

If to compare the theories of M. V. Baranovsky, A. N. Tkachenko, H. Wittig and
E. A. Fialkova, the influential factor in all cases will be the velocity of the flow. Indeed,
Baranovsky proved that the homogenization degree is affected only by the velocity
of the liquid flow. When the flow rate increases through the valve gap, the amount of
vacuum will increase and, as a result, cavitation, which is the driving force of homo-
genization according to the cavitation theory and the theory of Fialkova. At the same
time, the velocity gradient increases, which is the cause of disruption according to
Rebinder and Wittig. This once again confirms that the factors of the homogeniza-
tion process and the lack of visual data about it can lead to significant discrepancies
and errors in the explanation of its mechanisms and driving forces.

Thus, over the past 60 years, a huge amount of experimental material on homo-
genization research in valve machines has been accumulated, but it has not yet been
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possible to directly observe the disruption of fat globules. A breakthrough in this di-
rection was the research of Dr. Frederick Innings at the University of Lund (Sweden).
A sapphire window with pulsing lasers along the lumen was created in the homo-
genizing head, which made it possible to observe the sequence of the fat globule
splitting process and photograph it with high-velocity cameras. As a result, it was
concluded that fat globules are deformed under the action of acceleration upon
entering the gap and pass through it in such a deformed state in an elongated form.
Separation occurs only under the influence of turbulent flows, when the globules
go outside. It is the velocity gradient - the phenomenon of the difference in ve-
locity of movement of different parts of the stretched globules - that ensures its
disruption.

The hypothesis of disrupting a fat globule by blowing microparticles from its
surface was put forward by M. M. Oreshyna and then developed by N. A. Palia-
nychka and K. O. Samoichuk [10]. A fat globule is considered like a drop of liquid
that is crushed in a high-velocity air stream. The crushing mechanism is based on
the breakup of the drop depending on the difference in velocity of the fat globule
and its surrounding plasma (sliding velocity), which determines the Weber's cri-
terion (Fig. 3.9).
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Fig. 3.9 Homogenization scheme according to Prof. M. M. Oreshyna

The mathematical model of the crushing of fat globules by hydraulic disturban-
ces is based on the hypothesis that the dispersion medium captures the fat globule
in motion and, taking this into account, the relative movement of the medium and
the particle is formed. The significant role of the acceleration of the fat globule was
highlighted [11, 12].

The downward or upward movement of the impactor piston causes the disper-
sion phase to move at a velocity v,, which flows around the fat globule moving in
the opposite direction due to the inertial force F, (Fig. 3.10) [10].

Experiments on the deformation and disruption of liquid droplets during air
flow, carried out in work [9], made it possible to obtain photographs of the disrup-
tion and to highlight several characteristics of the disintegration of the globules
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depending on the Weber's criterion. For M. M. Oreshyna it was possible to obtain
photographs of the disruption of an oil droplet in a water flow by pulsed effects,
which simulates the characteristics of a fat globule in a plasma flow. According to
the author, the size of fat globules of milk after processing in the developed pulse
homogenizer is smaller than when processing in valve homogenizers and, on aver-
age, is 0.5 ym.
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Fig. 3.10 The scheme of the emergence of inertial forces during impulse homogenization
during the movement of the impactor piston: a - down; b - up

The fat globule has a complex structure: milk fat globules are covered with a thin
protein-lipid shell, under which is a layer of refractory fats. Such a resilient and at
the same time elastic shell creates additional difficulties in crushing the fat globule.
In addition, after its disruption, shells are formed again on the surface of new, smaller
fat globules, which prevent the process of their agglomeration, which also takes time.
If the complex internal structure of the fat globule is neglected, then the view of the
process of its crushing will be too simplified and will not correspond to reality. In view
of this, a drop of oil in the experiments of M. M. Oreshyna cannot be considered an
adequate model of the fat globule of milk.

A small difference between the density of the plasma and the fat globule creates
a significant involvement of the movement of the adjacent layers of milk. Therefore,
the direct transfer of the mechanisms of liquid grinding in the air stream, where the
difference in density differs by almost 3 orders of magnitude, to the grinding of the
fat globule in the milk plasma is doubtful. Despite this, the high dispersion degree of
the fat phase of milk in the pulse homogenizer allows to conclude that the mecha-
nism of dispersion due to the sliding velocity of the fat globule is promising for fur-
ther research.

To create the maximum sliding velocity of the fat globule, the homogenization
theory during the collision of milk jets was suggested [13]. In the collision zone of
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the jets, the fat globule, due to the forces of inertia, moves in a straight line with the
velocity v, (Fig. 3.11), while the velocity of the surrounding plasma v, changes the
direction of movement first by 90° and then by 180°. For some time, the fat globule
moves in in the counter-jet flow, where the maximum sliding velocity of the fat glo-
bule is created, which leads to its disruption in accordance with the Weber's crite-
rion, modified for the case of counter-jet homogenization.

When processed in a counter-jet homogenizer, the sizes of fat globules are com-
parable or smaller than their sizes during valve homogenization, however, visual ob-
servation of the dispersion process was not obtained.

Milk flow line

Fat globule
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Fig. 3.11 Scheme of homogenization in the collision zone of jets of
a counter-jet homogenizer

As a result of the conducted analysis, it is clear that a significant number of ho-
mogenization hypotheses are caused by difficulties in obtaining visual data of the
disruption of fat globules. Recent studies of the process of dispersion of the fat phase
in valve homogenizers indicate a strong stretching of fat globules in the valve gap
before disruption and confirm the validity of the turbulent viscosity theory, accord-
ing to which disruption occurs as a result of Kelvin-Helmholtz and Rayleigh-Taylor
destabilization. Such globule disruption mechanisms are caused by the velocity and
acceleration of the emulsion flow. Cavitation intensifies the valve homogenization
process, but its effect is secondary.

A high degree of dispersity of the fat phase of milk is achieved when using de-
vices built on the hypotheses of blowing the surface of microparticles and the dif-
ference in velocity in the collision zone of the jets. The commonality between these
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hypotheses is the creation of conditions for the occurrence of the maximum velocity
difference between milk phases.

Hypotheses of homogenization by boiling microvolumes of emulsion in a vac-
uum and sub-cavitation homogenization are fundamentally different from others.
The first of them did not receive visual confirmation for the valve homogenizer, and
the second is applicable only for vacuum homogenizers, the dispersion degree in
which does not reach the level of valve machines.

Despite the significant differences of the hypotheses discussed above, they have in
common the creation of hydrodynamic conditions in the disruption zone, which con-
tribute to an increase in the relative velocity of the fat globule. For gradient theories,
this occurs at the relative velocity of the emulsion layers, for turbulent disruption - at
the formation of microvortices, for cavitation - pressure and velocity pulsations in
the collapse zone of cavitation bubbles, blowing of microparticles - movement of the
emulsion with high acceleration and sliding of the fat globule relative to the plasma
due toinertial forces, for the collision of jets - inertial forces during a sudden change
in the plasma movement around the fat globule, for sub-cavitation disruption - alter-
nating zones with low pressure and a high velocity gradient.

3.4 Analysis of structural features of homogenizers and
generalization of the predominant hydrodynamic factors
of dispersion of emulsions

Dozens of devices are used to carry out dispersion processes and obtain emul-
sions, which are structurally significantly different from each other. Attempts to
classify homogenizers used for milk processing are given in works [1, 5, 7, 9], which
are based on both structural features and the principle of action together with hy-
drodynamic conditions in the grinding zone and the mechanism of fat particle dis-
ruption. The combination of several features for classification leads to uncertain-
ty, which is exacerbated by the fact that for many types of homogenizers there is
no certainty either in the type of the predominant mechanism of dispersion, or in
the hydrodynamic conditions in the grinding zone. Classification according to the
most defined - constructive signs allows avoiding the above-mentioned contradic-
tions (Fig. 3.12).

Slot (valve) homogenizers. The most common in production are valve-type ho-
mogenizers, in which the mixture processed under high pressure (from 8 to 25 MPa)
passes through a narrow annular gap (0.1-0.5 mm) formed by a valve and a valve
seat (Fig.3.13)[1,7].
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Fig. 3.12 Classification of devices for milk homogenization according
to structural features
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Fig. 3.13 The principle of processing in the valve head of the high-pressure homogenizer

The main advantages of valve homogenizers, due to which they received the
highest industrial implementation in the world:

- when processing products, it is possible to obtain highly dispersed emulsions
with an average diameter of the dispersed phase of 0.75-0.8 um;

- insensitivity to obliteration of the working surfaces of the valve and seat due
to the "floating" design of the valve;
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- versatility, that is, the ability to process milk and cream of different fat content,
as well as other products with a wide range of viscosities;

- the vast majority of technological schemes and product production instruc-
tions contain recommendations (homogenization modes) developed specifically for
valve homogenizers.

Disadvantages of valve homogenizers are significant:

- high cost (more than 120,000 USD at a productivity of 20 t/h);

- the highest, among industrially developed types of machines, energy consump-
tion: 7.4-9 kWh/t, thanks to which the electricity costs for a year of operation reach
half the cost of a new machine;

- high mass-dimensional indicators (more than 3 t with a productivity of 10 t/h);

- rapid wear of seals and valves (including cavitation), due to which the cost of
maintenance and replacement of worn parts reaches 16,000 EUR/year during milk
processing (in the case of homogenization of tomato paste, etc. abrasive products
the amount increases significantly);

- the complexity of the design due to the use of a high-pressure plunger pump
and high noise level.

Despite numerous improvements of valve homogenizers, the efficiency factor,
and therefore the energy efficiency of the homogenization process, remains very
low - 0.18 %. At the same time, the mechanical efficiency is quite high (70-85 %),
which indicates the imperfection of the homogenization mechanism in valve machines.

Valve homogenizers have the longest history and are characterized by the most
research among all other types of dispersers, therefore reliable knowledge of the
mechanism of disruption of milk fat globules in this type of homogenizer is key to
determining ways to increase the efficiency of homogenization in general. Therefore,
let's consider the dispersion process in such a homogenizer in more detail.

The impossibility of observing the milk fat dispersion process led to the emer-
gence of dozens of hypotheses about the possible mechanisms of homogenization in
valve homogenizers. Practically each of the hypotheses described in subsection 1.1
was considered the main and predominant one for the valve head of the homogeni-
zer in a certain period of time. But visual experimental data of the process of disrup-
tion of fat globules showed that in the valve gap they stretch strongly, pass through
the valve gap and break up into small drops at the exit from the working gap.

The obtained results allow to draw the following conclusions:

- visually (stretching into cylinders, with a ratio of length to diameter greater than ),
the process coincides with the hypotheses of gradient hypotheses of homogenization;

- hypotheses of disruption due to centrifugal forces (another form of deforma-
tion of the fat globule), cavitation, sub-cavitation (which occur only in narrow annular
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sections of the valve gap) and blowing of microparticles from the surface (according
to which deformation in the form of "parachutes" or "umbrellas" is assumed) do not
correspond to reality;

- the disintegration of strongly elongated fat globules at the exit from the valve
gap occurs due to turbulent pulsations [14, 15], but cavitation increases the efficien-
cy of this process, because in this part of the valve head there is a zone of intense
cavitation [4];

- strong stretching of fat globules (formation of long cylinders) before disruption
is consistent with the data of Yu. F. Dityakin and M. S. Volynskyi for dispersing highly
viscous emulsions in experiments on the disruption of drops and the theory of turbu-
lent viscous dispersion of Kolmogorov-Khintze.

The last conclusion connects the process of dispersing a fat globule of milk with
the well-studied process of liquid droplet disruption, which is determined by We-
ber's criteria and induction time [12]. Weber's criterion is based on the determina-
tion of the difference in velocity of the fat globule relative to the surrounding layer
(milk plasma). This velocity is called the sliding velocity of the fat globule. The time of
induction of the drop dispersion process, as well as the time of its complete disrup-
tion, depends on the Laplace criterion, and therefore on the strength of the surface
tension of the drop, the drop size and the emulsion velocity. These factors are deci-
sive in the research of valvular homogenization. Of these, the size of the fat globule
before homogenization and its surface tension are constant, and the sliding velocity,
which mainly depends on the rate of change of the emulsion velocity (or the velo-
city gradient, or the acceleration of the emulsion) in the valve gap, and the induction
time (the influence of dispersion forces) are variable.

Thus, to increase the dispersion degree in the valve homogenizer, it is necessary:

1) increase the gradient (acceleration) of the velocity, for which increase the ho-
mogenization pressure and (or) reduce the length (height) of the valve gap;

2) increase the time the fat globule stays in the valve gap, that is, reduce the flow
rate and (or) increase the length of the valve gap.

As it is possible to see, these ways of increasing the homogenization degree in
the valve head are in contradiction. Perhaps this is the main drawback of this type
of homogenizer. Despite more than a hundred years of existence, a huge amount of
research and improvements - attempts to reduce its energy consumption without
worsening the quality of dispersion, they actually did not succeed. Modern domes-
tic (Odesa Mechanical Plant) and foreign valve homogenizers (Alfa-Laval, "APV",
"Bran&Luebbe", Manton-Gaulin, "Cherry-Burrell", Rannie, etc.) have similar techni-
cal characteristics and differ mainly only in the degree of automation and technical
perfection of their mechanical part.
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Ultra-high pressure homogenizers. Industrial and laboratory valve homoge-
nizers have a structure similar to valve homogenizers, operating at ultra-high pres-
sure (UHP) - from 10 to 300 (1000) MPa [4, 16]. The main differences of the UHP
homogenization process:

- dispersion of fat globules reaches 0.1 um and less;

- in the valve head, the temperature rises to 95 °C, due to which milk is disinfec-
ted from pathogenic microflora at the same time as homogenization.

Die homogenizers. In such devices, the product is pushed through parallel holes
with a constant or variable cross-section. Such devices are the SVA-3 die device and
the MDH401 unit (Unitech&Flant-M, Russia-Bulgaria). In these devices, multi-stage
processing takes place, which reduces the required pressure compared to valve ho-
mogenizers. During the operation of such devices, the efficiency of homogenization
is low and is about 17 %, and when processing for 20 minutes - 20 % [17].

Screw homogenizers. Screw devices operate according to the spinner type, in
which the screw and the housing form successively located gaps (the ALM unit by
Pierre Guerin) [17]. The product passes through a thin screw channel, which signifi-
cantly increases the processing time. The dispersion degree of milk in screw homog-
enizers is higher than in die homogenizers.

Rotary-pulsating (rotor-impulse) devices. A typical design of a radial rotor-pul-
sating device (RPD) is presented in Fig. 3.14.
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Fig. 3.14 The design of the radial RPD
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The working elements of such devices are coaxially arranged cylinders of the
rotor and stator, on the side surface of which there are channels for the passage of
the processed medium. The part of the RPD, which includes the holes of the rotor
and stator, is called the modulator. The principle of RPD operation is as follows [18].
The processed emulsion is introduced into the device through the central nozzle.
Passing through the working bodies, the liquid is subjected to significant alternating
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loads, as a result of which significant shear stresses arise in it. In addition, high-fre-
quency pulsations and cavitation phenomena act on the mixture processed during
RPD operation.

When the rotor rotates, its channels periodically overlap or coincide with the
stator channels. In the first case, the pressure in the rotor cavity increases, and in
the second case, it is reset in a short period of time. As a result, a pulse of excessive
pressure spreads through the stator channel, followed by a short-term pulse of re-
duced ("negative") pressure, since the combination of the rotor and stator channels
is complete and the supply of liquid to the stator channel occurs only due to the tran-
sit flow from the radial gap between them. The volume of liquid that has entered
the stator channel tends to leave it, and inertial forces create tensile stress in the
liquid, which causes cavitation. Cavitation bubbles grow under the action of a pulse
of reduced pressure and collapse or pulsate when the pressure in the stator channel
increases. Part of the cavitation bubbles is carried into the working chamber.

Since the velocity of the liquid flow in the stator channel is high and is also a vari-
able, the flow is turbulent. The working surfaces of the rotor and stator affect the
liquid heterogeneous medium due to high shearing and shearing forces arising in the
radial gap and turbulent eddies.

Rotary devices refer to devices with periodic transient hydromechanical processes
with the excitation of hydrodynamic and acoustic pulsed cavitation and large velocity
gradients and significant pulsations. Transient unstable processes are determined by
the fact that the period of modulation of the cross-sectional area is shorter than the
time of establishment of the main hydrodynamic parameters: velocity and pressure.

Rotary devices are adapted for autonomous operation with or without an exter-
nal pressure source. In the first case, a product processed by an external pump is fed
through the RPD, which is sometimes technologically convenient. In the second case,
the pressure is created under the action of centrifugal forces, and to increase the
pumping effect, vanes (similar to centrifugal pumps) or a screw-type pre-pump are
installed inside the rotor.

According to the method of processing and movement, RPD emulsions are divided
into two main types: radial and axial. The radial device is considered above (Fig. 3.14),
and in the axial devices, the initial components move in the axial direction. Here, the
processing of the medium takes place in a narrow gap between the flat discs of sta-
tors and rotors with radial slots. The efficiency of such devices is lower than that of
radial devices. Radial-type RPDs provide more uniform processing of the medium
and are easier to manufacture and operate.

The spectrum of RPD designs, their technological characteristics, and the struc-
ture of unsteady flows of processed products are given in works [18]. The peculiarity
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of unsteady flows in RPD is the variety of their forms (cavitation, non-cavitation,
resonant, non-resonant, oscillating, and others), and when designing to maximize
cavitation, numerous methods of its excitation are added (acoustic, hydrodynamic,
mixed, pulse, resonant, high-frequency, low-frequency, etc.).

RPDs make it possible to intensify technological processes due to carrying them
out in non-stationary conditions, using the energy of sound vibrations and secondary
acoustic effects, due to the discrete introduction of energy into the processed medium.
The devices that most fully meet all of the above requirements include rotary devices
with different names:

- rotor apparatus with flow modulation (RAFM);

- rotary-pulsating device (RPD);

- rotor-type pulsating device (RTPD);

- rotor-type hydrodynamic apparatus (RTHDA);

- liquid, hydroacoustic sirens, "Ultraturrax";

- hydromechanical disperser.

These devices are distinguished by their simple design, high reliability and ef-
ficiency. They have the same basic design scheme, but the mechanism of action on
the processed emulsion of these devices is significantly different, which is related
to the size of the radial gap between the rotor and the stator. In rotary devices such
as RAFM, RTPD, hydromechanical dispersers, the gap is sought to be minimal -
no more than 0.1 mm, while in RPD the indicated gap is more than 0.2 mm and can
reach several millimeters. Intensification of dispersion processes in rotorcraft is
primarily facilitated by intense pulsed acoustic cavitation [18], high turbulence and
a high velocity gradient in working volumes [19].

Most RPD is designed to create advanced cavitation.

Rotary devices are distinguished by the simplicity of their manufacture. Their
energy efficiency is due to the fact that the liquid medium is both a source and an
object of oscillations and, thus, the mechanical energy of the processed liquid me-
dium is directly transformed into useful energy - necessary for dispersion. Impulse
concentration of energy in short periods of time determines their high intensity [19].
The time and frequency of exposure to the emulsion can be adjusted by feeding
the product into the RPD.

When studying the dispersion of emulsions processed in RPD, it was established
that, in general, the average diameter of the particles of the dispersed phase does not
exceed 1 pum [9], but the dispersed composition is uneven and contains an increased
number of undisrupted fat globules.

To describe the mechanism of dispersion of emulsions in RPD, three main hypothe-
ses are used: cavitation, turbulence, and gradient. A high velocity gradient (6.8-10°s™)
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is created in the gap between the rotor and the stator, which can be compared only
with the velocity gradient in the working gap of the valve homogenizer (8.4-10°s™) [9].
At the same time, high values of the velocity gradient almost uniformly cover the
entire volume of the working gap, in contrast to the valve homogenizer. In addition,
in the RPD, compared to the valve homogenizer, the time of action of disruption fac-
tors increases. But these advantages of RPD did not allow obtaining a dispersion
degree comparable to a valve homogenizer. Therefore, the hypothesis of gradient
disruption was not experimentally confirmed.

In the 1980s, the prevailing hypothesis of homogenization in RPD was turbulent
dispersion. But the authors failed to find experimental confirmation of this theory by
visual observation data. In recent times, most RPD researchers use the hypothesis
of cavitation disruption as a basic one.

Pulsating devices with a vibrating rotor. A variety of rotor-pulsating devices is
a design with a rotor that performs axial oscillations (vibrations) during operation -
a pulsating device with a vibrating rotor (PD with VR) [20]. When additional oscilla-
tions are imposed due to the vibrating rotor, the energy distribution becomes uni-
form, and due to the coordination of the rotor oscillations with the overlap of the
holes, a resonance of pulsations is created, which additionally increases the efficien-
cy of the process in comparison with the classical RPD. This leads to an increase in
the uniformity of the dispersed composition of milk after homogenization and a de-
crease in the energy consumption of the process. But studies of the operation of such
a device were practically not carried out.

Centrifugal rotor homogenizers. In centrifugal homogenizers, under the influ-
ence of the rotation of the rotor, liquid under pressure passes through nozzles or
slotted holes and hits special reflectors. The disruption of fat globules occurs due
to cavitation in cavitation cavities, which are formed behind reflectors [21].

Centrifugal devices are simpler than valve devices, they are less metal-intensive,
they do not have fast-wearing plunger pairs. Their main drawback is a low degree of
milk homogenization (the average size of fat globules is more than 2 ym) and signifi-
cant foaming of the product during its processing. Such devices are more often used
as mixers, and not as homogenizers.

Colloid mills. Fine dispersion can be carried out in fine grinding mills when
the product passes through thin gaps between the working bodies of these ma-
chines [22]. But in order to create an emulsion with a dispersion of 1 um, it is neces-
sary to create developed friction of the working organs of the mill, which conta-
minates the emulsion with wear products of the surfaces of the working organs and
significantly increases the required power of the process. Therefore, colloid mills
were not used for milk homogenization.
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Vacuum homogenizers. During vacuum homogenization, in addition to dispersing
milk fat, such additional advantages are achieved as: reducing acidity, increasing heat
resistance, degassing, deodorizing milk, as well as partial inhibition of microflora [23].
The essence of the method is based on the fact that two- or three-fold adiabatic sud-
den boiling of milk in the chambers leads to crushing of milk fat globules.

In the developed VG-5 vacuum homogenizers, the size distribution of fat glo-
bules is comparable to processing in valve devices, but their average size is signifi-
cantly larger and is 1.5-2.5 um. The mechanism of milk fat dispersion in vacuum
homogenizers differs significantly from other devices in the absence of cavitation.
Despite this, when milk drops are boiled in a vacuum chamber, the fat globule enters
conditions similar to the hydrodynamic conditions in the zone of high local pressures
around the collapsing bubble. That is, intense local pressures act on the fat globule,
causing microvortices, which, according to the turbulent theory of disruption, are
the cause of the disruption of milk fat globules.

Cavitation devices for dispersion. The principle of operation of cavitation disper-
sers is based on the use of oscillations from vibration (tens and hundreds of Hz) to the
acoustic ultrasonic range (>103 Hz) for the disruption of dispersed phase droplets [24].
Hydromechanical and hydrodynamic generators are used to create oscillations.

According to the principle of operation and construction, cavitation devices are
divided into 4 types:

- hydrodynamic (cavitation is generated hydrodynamically as a result of choos-
ing the shape of the working chamber, or by placing cavitating elements in the lat-
ter - cavitators);

- hydroacoustic (with and without a resonator) - in which cavitation occurs as
a result of pressure pulsations from the vibrations of the acoustic emitter in the ul-
trasonic frequency spectrum;

- vibrating, in which cavitation occurs as a result of variable pressure due to vi-
brations caused by external stimuli, such as piezoelectric, magnetostrictive and elec-
trodynamic;

- discharge-impulse, in which a high-voltage discharge in a liquid (electrohydrau-
lic effect) is used, as a result of which electric breakdown in the area surrounding the
discharge channel creates high pulse pressures, shock waves and acoustic cavitation.

The intensifying effect of hydrodynamic cavitation is due to the occurrence of
anumber of effects, namely: pressure pulsations (102-10° MPa) and rarefaction-com-
pression waves during the pulsation of steam-gas cavitation bubbles; cumulative mi-
crocurrents of high energy potential, which destroy phase interfaces; phase transi-
tions on the surface of the bubbles; temperature pulsations (over 10° K) due to the
collapse of cavitation bubbles.
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Cavitation devices are much less energy-intensive than valve devices, compact
and easy to maintain, while simultaneously with dispersion and emulsification, the
disruption of microflora and cells of microorganisms. Acoustic emulsification makes
it possible to obtain dispersion of emulsions starting with a size of 1.2-1.8 um, which
is significantly greater than dispersion after processing in valve homogenizers.

Electrohydraulic homogenizers. Due to extremely high-pressure pulses in the
processed product, shock waves are created, which lead to the effect of electro-hy-
draulic shock. This creates high local pressure and velocity gradients and cavita-
tion, which leads to the dispersion of fat globules to sizes less than 1 um. But for the
uniformity of emulsion processing, it is necessary to significantly increase the pro-
cessing frequency, which reduces the energy efficiency of the device and worsens
the dispersion composition of the emulsion, due to the simultaneous coalescence
of fat globules. The taste of the product changes with long-term action of electro-
hydraulic influence.

Jet and stream homogenizers. In jet (stream) devices for dispersing the fat phase
of milk, homogenization occurs due to the action of a jet (both free and submerged)
or a product flow.

The jet homogenizer is a nozzle or nozzle, the jet of which:

- reflected by a closely located reflector (drums);

- immersed in the dispersion liquid of this emulsion (separate homogenization) [25];

- collides with another jet (counter jet) [13];

- exits into a larger chamber, due to which cavitation caverns are created;

- creates hydroacoustic and hydrodynamic cavitation both due to the cavitator,
resonator, and due to alternating high and low pressure (cavitation) zones.

OGV nozzle homogenizer was developed by V. Ya. Granovsky. The homogenizing
head of this homogenizer consists of two chambers, in the first of which the product
is given rotational movement, in the second - translational movement when the lig-
uid passes through the nozzles. Homogenization occurs when the product is inject-
ed into the second chamber and when it exits the nozzle. According to the author,
the vortex movement of the medium does not play a special role. The main principle
of the disruption of fat globules is due to cavitation and turbulence. Therefore, the
efficiency of homogenization is 80 % at a pressure of 10 MPa, and the average dia-
meter of fat globules is 1.2 um, which is 1.5 times larger than in a valve homogenizer.

High sliding velocities are achieved in counter-jet homogenizers consisting
of two coaxially located nozzles. The dispersion of the fat phase of milk is very
high (0.7-0.8 um) and is comparable to the dispersion achieved in valve homogenizers.
Despite low energy consumption and high processing quality, significant foaming
prevents the widespread use of such devices [13].

72



Chapter 3 Analysis of the hypotheses of milk fat phase dispersion
and structural features of homogenizers

Jet homogenizers that do not have the above-mentioned drawback are homo-
genizers with separate feeding of the fat phase into the jet of skimmed milk, or
skimmed milk into the jet of cream (T-homogenizers) [25, 26]. Such devices make
it possible to achieve a high velocity difference between the fat globule and plasma
and are not inferior to valve devices in terms of homogenization efficiency. Due to
the use of separate homogenization (treatment of only the fat phase), they have low
energy consumption (less than 2 kWh/t) [25]. They can also combine the operation
of normalizing the milk mixture by fat content, but at the same time, they require
preliminary separation of milk into cream and skimmed milk (separation). Due to
the need to use thin channels to increase the dispersion degree, counter-jet devices
have a high tendency to obliterate the inner surfaces of the nozzles (overgrowth
with a product layer). Also, this type of homogenizer makes high demands on the
purity of the cream to prevent channel clogging.

Hydrodynamic and hydroacoustic cavitation devices are structures in which ca-
vitation is initiated by alternating zones with different velocities or by interaction of
a jet (flow) with a cavitator or resonator. The advantages of hydrodynamic cavita-
tion (decrease of pressure in the flow to values close to the pressure values of satu-
rated water vapor under appropriate conditions) compared to acoustic cavitation are
the uniformity of spatial processing of the liquid phase medium and high productivity.

Microfluidizers make it possible to obtain the highest dispersion degree with the
sizes of dispersed particles smaller than in the valve UHP homogenizer: 10-100 nm
and a narrower range of distribution of fat globules by fractions [27]. The microfluidizer
consists of a loading tank, a high-pressure pump (from 100 to 300 MPa) and a working
chamber where two (or more) emulsion jets collide at high velocity (more than 400 m/s).
During the passage of flows through thin channels (50-300 pm), significant shear
stresses (gradient up to 107 s™?) arise in the liquid, and during the collision in the shock
chamber, high turbulence, cavitation, and high velocities of fat globules flow around.

Microfluidizers allow multiple processing if necessary, but have high specific en-
ergy consumption and low productivity (5-50 liters per minute).

Pulsation piston homogenizers. There are devices where the emulsion is formed
due to the reciprocating movement of the piston - the so-called pulsating (pulsation)
devices [10]. They are usually made in the form of plates or disks with holes, fixed
on vertical rods that perform reciprocating movements. The downward or upward
movement of the impactor piston causes the dispersion phase to move at a velo-
city v,, which flows around the fat globule moving in the opposite direction due to
the inertial force F, (Fig. 3.8).

There are also pulsating devices, which are structurally made in the form of
a camera immersed in the device with a system of various nozzles. The dispersion
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of the emulsion exceeds this indicator for valve homogenization due to the creation
of high sliding velocities of the fat globule.

A pulsating homogenizer with two pistons connected by an elastic element
showed high efficiency. With the dispersity of the milk emulsion at the level of valve
homogenizers, the energy consumption of an industrial model is less than 2 kWh/t.

Impulse impact homogenizers. Dispersion of milk emulsion in pulse homogeni-
zers occurs with piston disturbances with an intensity of 1.5 MPa and a frequency
of 50 Hz, created with the help of hydraulic or pneumatic pulse drives [10]. In such
homogenizers it is possible to obtain an emulsion with a dispersion that exceeds
the parameters of valve homogenizers (0.5 pm), with energy consumption less than
4 kWh/t, which is 2 times less than valve homogenizers. The proposed hypothesis of
homogenization in impulse devices (by blowing microparticles from the surface
of the fat globule) is questionable due to the complexity of implementing such a dis-
ruption mechanism for milk, the density of the dispersed and dispersed phases of
which differs by only 5-6 %. But this hypothesis is based on the creation of the slid-
ing velocity according to Weber's criterion, which generally coincides with modern
ideas about the homogenization mechanism. The creation of pressure pulses (distur-
bances) of high intensity is a consequence of the use of a drive with a high braking
and acceleration effect, which requires high energy consumption.

High-velocity mixers. Stirrers with a high rotation frequency are universal and
widely used equipment for creating stable emulsions of various compositions [17, 28].
They create high velocities of product movement and, unlike valve ones, unlimited time
of impact of destructive forces. The variety of constructions of working bodies contri-
butes to the possibility of creating high gradients of emulsion movement. But the mode
of operation of mixers is periodic. For uniformity of dispersion during the operation of
the stirrer, the product undergoes multiple processing, as a result of which one micro-
volume of the emulsion is subjected to many "extra" influences of the working bodies,
which do not lead to the dispersion of dispersed particles, which significantly reduces
the energy efficiency of the process. With constant movement of the stirring organs,
despite the high velocity of the emulsion, the velocity gradient decreases, which redu-
ces the dispersion degree. To increase it, it is necessary to use pulse modes of move-
ment of the mixer, which are energy inefficient due to high energy consumption during
acceleration and braking. Thus, high-velocity mixers have not been widely used for the
preparation of microemulsions, such as homogenized milk, and are most often used as
emulsifiers (with the required dispersion of more than 2 um).

Vortex homogenizers. Vortex homogenizers are designed to create maximum
dispersion conditions according to the theory of low-temperature cavitation ho-
mogenization, the driving force of which is sublimation [29]. The design of this type
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of homogenizer is based on the principle of a vortex tube, the theory of which is cur-
rently not developed, which, according to the authors, allows obtaining the maxi-
mum length of ultra-low pressure zones.

The dispersity of the emulsion after processing in the vortex apparatus reaches
1.2 um, and the energy consumption s at the level of countercurrent-current 3.8 kWh/t.

The Y9-OGZ brand jet-vortex apparatus is an emulsification block with six holes
with a diameter of 5 mm. The productivity of the machine is 8,000 I/h, the working
pressure is 0.3-0.4 MPa. The average diameter of fat globules after processing in an
emulsoris 1.6-2.2 um.

Let's analyze the main dispersing factors in modern homogenizers of the dairy
industry (Table 3.4).

Table 3.4 Predominant hydrodynamic phenomena that lead to the disruption of fat
globules of milk in the main types of devices for homogenization

Homogenizer type -Eg:]t::: Lfllll;/:/d aroE:::jV; fat C?i\;i;c]a- I[E\If;:;g- r::gg'n aBsg'cT.i Ir:
gradient globule lic shock
Valve (die, screw) . . . .
Microfluidizer ° . . .
Impulse .
Pulsating .
Rotary-pulsating . . . .
Ultrasound . . .
Counter-jet . °
Vortex (jet-vortex) . . .
Jet with separate .
homogenization
Colloid mills . °
Mixers . . .
Electrohydraulic . .
Vacuum .

The main hydrodynamic Relative velocity of dispersed and dispersive phases and emulsion
factors of disruption  flow acceleration

Developers and researchers of homogenizers consider the main causes of disper-
sion to be turbulence, liquid flow gradient (in longitudinal and transverse directions),
flow around a fat globule, and cavitation. Electro-hydraulic shock combines the ac-
tion of cavitation and hydraulic shock (high flow gradient). But all these factors can be
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combined with such hydrodynamic factors as the relative velocity of the dispersed and
dispersive phases and the acceleration of the emulsion flow. Indeed, both the turbu-
lence, the flow gradient, and the flow around the fat particle lead to the appearance of
the fat globule sliding relative to the dispersion medium. This velocity is proportional
to the acceleration of the liquid flow. At the same time, the acceleration factor promi-
ses to be a more universal indicator for many types of homogenizers, thanks to which
itis possible to create designs of highly efficient devices with low energy consumption.

3.5 Generalization of the disruption mechanisms of milk fat globules

Although a huge number of works have been devoted to the issue of breaking up
droplets (dispersion, emulsification), the first among which is the study of A. N. Kol-
mogorov, a sufficiently complete picture of this complex phenomenon does not exist.
The most significant results related to this problem were also published in the works
of V. G. Levych, R. I. Nigmatulin, H. A. Stone. In apparatuses with stirrers, research
was carried out on the crushing of drops in the absence of coalescence, as well as the
process of mass transfer from bubbles and drops.

Stone singled out four reasons for the internal movement of a liquid in a droplet:
shear flow during a continuous medium; interphase tension; movement caused by
droplet buoyancy (i.e. density difference); a change in interfacial tension (Marangoni
effect) and/or the presence of surfactants.

Let's try to generalize the possible mechanisms of disrupting fat globules and
evaluate the degree of their influence on the final size of particles of the dispersed
phase. At the same time, let's consider systems without surface-active substances
and with constant interphase tension. The number of such mechanisms reaches ten:

1. Kelvin-Helmholtz instability, arising as a result of a sufficient difference in velo-
cities between the dispersed and dispersive phases.

2.Rayleigh-Taylor instability, which occurs when the force vector is directed from
a heavy liquid to a light one (a liquid with a higher density to a lower one).

3. Disrupting droplets in a turbulent liquid flow caused by turbulent pulsations.

4. Tolmin-Schlichting instability, which occurs during the transition from a lami-
nar mode to a turbulent one, when a parallel-jet laminar flow becomes unstable due
to the dominance of inertial forces over the forces of viscous friction; can also occur
in homogeneous systems.

5.Benardo instability, which occurs due to density fluctuations (when heavy layers
of liquid are above light ones), caused in turn by temperature and concentration gra-
dients; can also occur in homogeneous systems.
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6. Cavitation mechanism: when a cavitation bubble collapses, due to a local drop
in pressure, a stream appears on the surface of the liquid interface, followed by the
detachment of one or more drops from it. According to B. G. Novytskyi, this process
can also occur due to the transfer of drops of one liquid on the surface of a cavitation
bubble during its migration into another liquid (flotation). There is also a hypothesis
about the cumulative mechanism of cavitation emulsification.

7. Dynamic - the occurrence of internal dynamic pressure in the drop, caused
by toroidal flow or even turbulent movement in it, capable of overcoming external
pressure and capillary forces.

8. Crushing of drops near solid walls and other elements of the device.

9. The presence of shear and tensile stresses in a continuous medium capable of
significantly deforming a droplet - Couette flow, various types of hyperbolic flows.

10. In case of non-stationary movement of liquids, another droplet crushing me-
chanismis possible - inertial, experimentally and numerically studied by Stone.

Let's note that most often there is no sharp boundary between the described
mechanisms, sometimes some of them can be reduced to others. For example, dy-
namic and inertial to one degree or another can be considered equivalent.

Let's consider the role of these mechanisms in the disruption of fat globules, for
which let's compare the diameters of fat globules of milk in a pulsating resonance
apparatus, RPD of cylindrical and disk-cylindrical types (properties of the me-
diums at a temperature of 60 °C: p,=923 kg/m?, p,=1030 kg/m? p,=1.8-107 Pa-s,
pu=5-10"°Pa-s, 5=0.05 N/m) [30]. RPD properties: the frequency of longitudinal os-
cillations of the rotor is 50 s¢, the radial velocity in the apparatus is 32 m/s, the ma-
ximum velocity in the modulator of the apparatus is 130 m/s.

The analysis results of the globule disruption mechanisms are summarized
in Table 3.5 [18, 20].

Table 3.5 Results of calculating the size of milk fat globules

Dispersion Globule disruption mechanisms
mechanism 4 2 3 4 5 6 7 8 9 10
Pulsating resonance apparatus
d,pm 12 1.67 75 - - 36 043 82 3000 0.68
Cylindrical rotary-pulsating device
d,ym 0.1-10 0.15-6 0.2-25 - - 43 38 43 94  0.12-6.9

Disk-cylindrical rotor-pulsating apparatus

d,um 1-135 1-133 - - - 300 - 17-38 28-633 -
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Having analyzed the results of the table, it can be concluded that the dominant
mechanisms that give the data closest to the experimental ones are Kelvin-Helm-
holtz, Rayleigh-Taylor, inertial and dynamic instabilities.

In addition to the above reasons for the deformation and crushing of drops in
an oscillating liquid, there may also be specific mechanisms associated with the flu-
ctuations of the drop itself.

Rayleigh obtained an expression for calculating the natural frequencies of small
oscillations of a liquid drop "near its spherical equilibrium figure":

1 [8n(h-1)(n+2
fn = M, (3.1)
2n\ [(n+1)p,+np,1d
where n - number of oscillations mode; ¢ - interphase tension, N/m; p, - density of
solid medium, kg/m3; p, - density of liquid in a globule, kg/m?; d - globule diameter, m.

The diameter of the particle that resonates with the oscillation frequency of the
emulsion and is crushed into smaller particles:

(3.2)

de 2n(n-1)(n+2)c
(fnrc)z[(n+1)p2 +np,]

The zero mode (n=0) corresponds to the radial expansion-compression os-
cillations of the drop and is impossible for an incompressible liquid, the first
mode (n=1) corresponds to the translational oscillations of the drop as a whole,
which is also impossible for a liquid with constant interphase tension. The results
of calculations according to formula (3.2) at d=2-5 for the considered system are
presented in Table 3.6.

Table 3.6 The diameter of the particle that resonates with the oscillation frequency of
the emulsion of the self-oscillations of the spherical droplets

Globule diameter, um

Fo Hi2 2 3 4 5
10 5500 7600 9400 11000
100 1200 1600 2000 2400
1000 260 350 440 510
10000 55 76 94 110
500000 a1 56 6.9 81
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It follows from Table 3.6 that a vibration frequency of about 500 kHz is required
to disrupt a fat globule with a diameter of 5 pm. Such frequencies are difficult to
achieve even in ultrasonic dispersing devices: hydrodynamic whistles, sirens, etc.

Analyzing the application of the above mechanisms for disrupting a fat globule
of milk moving in the medium of milk plasma, let's leave in the formulas only vari-
able factors, considering density, viscosity, surface tension and other constants as
constants. The results are given in Table 3.7.

Table 3.7 Analysis of essential factors for disrupting a fat globule of milk

Character of dependence of particle diameter
on main factors

Dispersion mechanism

Kelvin-Helmholtz instability d~i2
v
. . - 1
Rayleigh-Taylor instability d~—
Ja
Disrupting drops in a turbulent liquid flow 1>
(according to Kolmogorov and Levych) d- o5
The dynamic mechanism of disrupting d 1
drops (according to Levych) V2
Sliding mechanism of emulsification d 1
(according to Gopal) %
The inertial mechanism of disrupting d 1
drops T2

Analyzing the datain the Table 3.7, it is possible to understand why most authors
use the Weber's criterion to assess the dispersion degree of milk fat [12]:

2
We:M’Ord.,%. (3.3)
U2

According to this criterion, the diameter of the globule is inversely proportio-
nal to the square of the velocity, which coincides with most dispersal mechanisms,
or is close to them. Also, with the data in the table, it is possible to explain why
the authors use the velocity of the flow, where the fat globule moves, instead of
the sliding velocity of the fat globule (the difference in velocity between the fat
globule and the surrounding plasma). This is a simple way, but it does not reflect
the essence of the phenomenon at all. The sliding velocity is extremely difficult or
impossible to calculate and estimate. Indeed, the velocity of the flow can be as high
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as desired, but if the fat globule moves together with the dispersion medium, then
its sliding velocity is zero, and its disruption does not occur. Dispersion occurs only
with a sudden change in the flow, which occurs in valve homogenizers at the mo-
ment of passing through a narrow gap and in jet homogenizers when the jets collide.
At the same time, the jet change rate will be proportional to the jet rate (v~U),
which is experimentally confirmed by homogenization experiments in valve and jet
homogenizers [5, 7, 31].

3.6 Justification of intensification methods of the dispersing milk
emulsion process

Toincrease the efficiency of homogenization: reducing energy consumption and/or
increasing the homogenization degree of milk emulsions is used:

- separate homogenization;

- imposition of mechanical vibrations on the processed emulsion;

- resonance phenomena;

- multiple processing;

- multi-stage homogenization.

3.6.1 Use of separate homogenization

Separate homogenization involves separation of cream from milk by separation
and homogenization of only the fat phase (cream) [32]. Homogenized cream is mixed
with skim milk after homogenization. This form of homogenization is widely used
in the production of pasteurized milk. A significant reduction in the volume of the
product to be homogenized proportionally reduces energy consumption by up to
80 % and the required productivity of the machine (approximately 5 times). When
processing cream in a valve homogenizer, the required homogenization pressure is
reduced by 20-40 % compared to milk.

Some types of homogenizers (jet with separate feeding of the fat phase and T-ho-
mogenizers) require mandatory separation of milk before feeding it into the machine.
The disadvantage of separate homogenization is the additional costs for separat-
ing milk into skimmed milk and cream. There are restrictions on the maximum fat
content of cream for processing in a valve homogenizer (18-20 %). In addition, the
coalescence degree of fat globules increases, which can lead to a deterioration in the
quality of the homogenized emulsion.
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3.6.2 Imposition of mechanical vibrations on the processed emulsion

A group of researchers [18-20, 33] studied the effect of low-frequency pulsa-
tions on the course of dispersion. The experiments showed that at relatively low
frequencies (of the order of tens and hundreds of Hz) and amplitudes of the order
of 10° m, phenomena similar to those occurring in the voiced with the ultrasound
liquid are observed, such as vibroturbulation, development and collapse of cavita-
tion bubbles, dispersion of drops, etc., which are of direct interest from the point of
view of intensification of the milk homogenization process.

Let's compare two ways of introducing energy into a liquid: in classic homogeni-
zers and when imposing mechanical vibrations. If to consider the power dissipation
in such homogenizers as valve, pulsating, rotary, and jet homogenizers, then due to
the high unevenness of its distribution over the device volume (in the wall zones of
the working organs, the velocity gradient is an order of magnitude higher than in
the central ones), the power dissipation does not occur on the surface phase sepa-
ration, as a result of which energy is used inefficiently. There are well-known cases
when, for example, no more than 10 % of particles circulate in an emulsion that is
processed three times longer than others, which are "lucky" to more often fall into
the zone of action of local pressure gradients and cavitation. Since the entire volume
of a heterogeneous liquid vibrates when a vibration is applied, it is logical to assume
that dissipation will occur in the entire volume with the same intensity. At the same
time, stagnant zones with a low velocity gradient and deficiencies in the dispersed
composition of the processed product will be eliminated. Thus, by directing the ener-
gy introduced into the device, mainly on the interface of phases, and also in the con-
ditions of resonant oscillations, it is possible to achieve the maximum reduction of
energy consumption.

Vibration of working bodies is successfully used in pulse, pulsating and rota-
ry-pulsating devices with a vibrating rotor. As experimental studies show, it is in
these types of homogenizers that the highest degree of milk emulsion dispersity is
achieved with energy consumption 2-4 times lower than the energy consumption
of valve homogenizers.

3.6.3 Use of resonance phenomena

The use of externally controlled vibrational influences to create resonance in
mass-energy exchange processes is a known way to significantly intensify dispersion
processes [34].
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In the mechanics of linear systems without damping (conservative systems),
a sharp increase in the amplitude of constant forced oscillations of the system,
caused by the proximity of the frequency of external periodic influence on the sys-
tem and one of the frequencies of its own (non-damping) oscillations, is called the
phenomenon of resonance [20]. The peculiarity of these influences is that the fre-
quency of oscillations of the exciting external force corresponds to the frequen-
cy of the self-oscillations of the system "apparatus - heterogeneous medium be-
ing processed" and is consistent with the maximum mass-energy transfer either
in the heterogeneous medium itself or at its boundaries (for example, the walls of
the apparatus). At the same time, there are advantages compared to traditional
devices, which are associated with a decrease in energy consumption, an increase
in relative velocity, volume fraction and a decrease in the size of particles (drops
and bubbles).

The features of phase relations during resonance in systems with viscous dissipa-
tion (when the friction force is proportional to the velocity of movement) include the
vector balance of inertial and elastic forces, between which the reactive component
of power is exchanged, and the balance of the vectors of the external (forcing) force
and the force in strong friction, and the external force performs work to compensate
for losses of active power. Thus, resonance is characterized by the fact that external
influences at a steady state of oscillations are needed only to maintain the ampli-
tude of oscillations achieved during the transient process and are spent entirely on
compensating for energy losses caused by dissipation in the system. For this reason,
the requirement to carry out processes at resonance is taken into account by many
researchers when designing pulsating devices.

The analysis of the sizes of drops and bubbles formed in resonant oscillatory ap-
paratus showed that the dominant mechanisms of fragmentation are dynamic, due
to high relative oscillating velocities of the phases or their accelerations; the role of
turbulent pulsations is secondary [35].

The disadvantage of using resonant modes of operation of the equipment can be
an increased mechanical load on the moving parts and units of the device.

In valve, rotary, pulsating and jet homogenizers, the consumed power is dissi-
pated not only on the contact surface of the phases, but also in the entire volume,
as a result of which the energy consumption of the device is much greater than the
energy required for dispersing fat globules of milk. It is natural to expect that one
part of the fat globules will not have time to collapse, and the other will have time to
be exposed to destructive forces multiple times. In order to remove to a large extent
of the listed drawback, it is necessary to create significant accelerations in mediums
with an excellent density of phases.
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Let some volume of liquid containing a particle or a globule oscillate. Due to the
difference in density, relative periodic slippage of the particle will be observed. Thus,
energy dissipation will occur near the phase interface, and all the power supplied to
the device will be converted into useful power. Since the entire volume of the hetero-
geneous medium oscillates, it is logical to assume that with uniform distribution of
particles throughout the device volume, dissipation will occur with the same intensity
throughout the volume and the forces of interphase interaction will also be the same.

But during the improvement of devices intended for the creation of homoge-
neous emulsions and dispersions, the creation of conditions for the emergence of
resonant vibrational or acoustic oscillations, only in rare cases attention was paid to
such anissue as the correspondence of the mode parameters (frequency, amplitude,
velocity) of the device to the optimal conditions for homogenization [36]. Thus, the
restraining factor in the use of resonant oscillating homogenizers is insufficient study
and lack of reliable methods for calculating amplitude-frequency, hydrodynamic and
mass transfer characteristics, especially in the resonant mode of oscillations.

Analysis of the design of rotor-pulsating devices with intensification of the pro-
cess of dispersing the dispersed phase of the emulsion by resonance phenomena.
Over the past 20 years, more than 100 patent documents aimed at improving the
RPD design have been suggested, and not always the given changes lead to an in-
crease in the efficiency of the process. An analysis of the main design solutions of the
RPD, which allow to increase the dispersion degree and/or reduce the specific ener-
gy consumption of this process due to resonance effects. Let's dwell in more detail
on the most promising, in our opinion, RPD design, in which the rotor, in addition to
rotation, performs axial oscillations of a pulsating device with a vibrating rotor. Such
RPD (Fig. 3.15) consists of a housing 1 in which an electromagnet 10 is mounted.

The rotor 4 is mounted on the shaft 7 and pressed by the spring 8 to the nut 9.
The stator 5 is rigidly fixed on the cover 6. There is a minimum gap between the rotor
and the stator. The device also includes a cover 11, a seal 12, nozzles 2 for input and
3 for output of components.

The device works like this. The medium processed through the inlet pipe 2 en-
ters the central part of the device and, under the action of centrifugal forces, passes
into the gap between the rotor 4 and the stator 5. Due to the impact of the particles
on the teeth of the rotor and stator, as well as shear stresses arising in the gap, the
particles are being grinded. When an alternating voltage is applied to the coil of the
electromagnet 10, axial oscillations of the rotor 4 occur.

The gap increases at the moment of its attraction to the electromagnet. The va-
lue of the radial gap is a variable value in time, which allows changing the value of
the shear stresses of the heterogeneous medium. In the process of rotor rotation,
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there is a periodic overlap of the slots, as a result of which a hydraulic shock occurs and
the acoustic vibrations are generated. Thus, elastic oscillations and axial vibrations are
simultaneously applied to the processed medium. For the device to work effectively,
the following condition must be met: the frequency of rotor vibrations is a multiple of
the overlapping frequency of the rotor slots. After passing through the active zone,
the mixture enters the outer chamber and is discharged through the nozzle 3. Thus,
in the suggested design of the RPD due to the electromagnet installed in the body, it
is possible to process the medium in resonance conditions, which allows to intensify
the technological processes in it and improve the quality of the obtained product.

\ 6
3
10 ~1
12 s
8
11 % § 4
7 = ; .
2
1 N
X
\ d

Fig. 3.15 Rotor-pulsating device with a vibrating rotor

Based on the considered structural and technological features of the RPD, the
following conclusions can be drawn [37, 38]:

- almost all structural elements are designed to increase the amplitude of pres-
sure pulsations, shear stresses, the development of turbulence and/or cavitation;

- in the existing designs of resonators in the form of needles, membranes and
other elastic elements, it is impossible to create modes where the frequency of vi-
brations and pulsations can be adjusted independently of the rotor rotation fre-
guency. Such possibilities are present only in structures where the rotor oscillates
relative to the axis of rotation, which can be controlled independently of the rotation
of the rotor;
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- for PD with VR, it is noted that the rotor vibration frequency must be a multiple
of the overlapping frequency of the holes, which creates conditions for the occur-
rence of resonance;

- studies of dispersion quality and thorough theoretical studies of RPD with me-
chanical vibration generators have not been carried out, therefore, the study of such
devices is a promising direction of further research, which can increase the efficiency
of emulsion homogenization in RPD.

3.6.4 Multi-stage homogenization

Multi-stage homogenization has been established in valve homogenizers. For this
purpose, the valve head consists of two independent "valve-seat" sets. The milk suc-
cessively undergoes the first stage of processing (under pressure through the annular
gap formed by the valve and saddle), and then through the second. The main advan-
tage of multi-stage homogenization is a reduction in the size of fat globules and a nar-
rower distribution of their sizes.

The pressure of the second stage (P,) is lower than the pressure of the first stage (P,).
The best results are obtained when using the pressure of the second stage of 0.2P,. The
second stage creates a decrease in the pressure drop on the first stage of the valve ho-
mogenizer [39]. The mechanism of influence is explained by: changes in the cavitation
mode in the valve gap of both stages, changes in turbulence or the disruption of agglome-
rates of fat globules that formed after passing through the first stage of the valve head.

Two-stage valve homogenizer heads are serially produced, which allow reducing
the specific energy consumption of the process by 15-20 % [7]. At the same time,
the pressure at the second stage of homogenization is lower than the pressure at the
first stage. In addition to valve homogenizers, two-stage homogenization is used in
vacuum homogenizers of the GV type.

The mechanism of energy consumption reduction during multi-stage homoge-
nization is explained: firstly, by increasing the exposure time of the hydrodynamic
factors of disruption, and secondly, by covering most of the fat globules with its de-
structive factors.

3.6.5 Multiple processing

Increasing the multiplicity of fat emulsion processing - the number of pas-
ses through the working bodies of the homogenizer - is used in many types of
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homogenizers, such as ultrasonic, pulsating, die, jet, electrohydraulic, and mixers.
Multiple passing of the product through the working organs of the device leads to
a significant increase in emulsion dispersion (by 2 or more times), in contrast to two-
stage homogenization, due to which dispersity increases by a maximum of 20 %.

For mixers, ultrasonic and electro-hydraulic devices, multiple processing is ne-
cessary to achieve high dispersion due to the fact that the working bodies in one
cycle of passing the emulsion do not provide either complete coverage of the entire
volume of the emulsion, or the necessary intensity of impact. Involvement of most of
the fat globules under the influence of destructive factors during multiple processing
is necessary due to the heterogeneous structure of the flow in the homogenizers.
For example, in mixers, the hydrodynamic conditions of the wall layer of the emulsion
differ significantly from similar conditions in the central zone, where the flow rate
is lower. The velocity gradient in the wall zones is 2-3 times higher than in the cen-
tral part of the flow [15].

In contrast to the multi-stage homogenization, the hydrodynamic conditions in
the working bodies do not change during multiple homogenization.

With multiple processing, the fat particles, which during the first passage through
the valve gap got into zones unfavorable for disruption, can avoid such zones during
the second (or more) passing. Thus, with an increase in the frequency of processing,
the probability of fat globules entering the zones of the working bodies of homo-
genizers with hydrodynamic conditions sufficient for disruption (high velocity gra-
dient, zones of cavitation micro- and macro-perturbations, zones of high flow acce-
leration, etc.) increases.

According to experimental data obtained by E. V. Nuzhin [7] for valve homoge-
nization, the dependence of homogenization efficiency on multiplicity (the number
of passes through the valve gap of the homogenizing head) is parabolic (Fig. 3.16).
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Fig. 3.16 Dependence of the homogenization efficiency (i) % on the homogenization
pressure (P) MPa and the frequency of passing through the valve head K
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Several conclusions were drawn from these data:

- when developing or improving homogenizers in order to reduce specific energy
consumption, it is necessary to try reducing the frequency of passing the product
through the working organs of the machine;

- it is possible to reduce the specific energy consumption of the homogeniza-
tion process due to multiple processing, if at the second (or more) stage, modes
with lower energy consumption are used, for example, to reduce the homogeniza-
tion pressure;

- to reduce the frequency of processing, it is necessary to create the most uni-
form conditions of hydrodynamic dispersion in the working bodies of homogenizers;

- pressure (and homogenization efficiency) can be represented as a dependence
on the acceleration of the emulsion flow in the valve gap.

Conclusions

1. Despite the widespread use of the homogenization process in the dairy in-
dustry, there is a lack of standards and regulations that regulate this process.
On the basis of literature sources and technological documentation, which regulate
the required pressure of the most common valve homogenizers, the dispersity of
the milk emulsion, sufficient for existing dairy production technologies, has been
determined: 0.75-0.85 pm.

2. It has been determined that due to the complexity of the structure of the fat
globule and its shell, the generally accepted approach of considering only the surface
tension as the main characteristic of the strength of the fat globule shells is erroneous.

3. Asignificant number of generally accepted hypotheses and theories of homog-
enization, which contradict each other, have been noted. The latest scientific data on
the process of dispersing the fat phase in valve homogenizers confirm the validity
of the turbulent viscosity theory, according to which disruption occurs as a result
of Kelvin-Helmholtz and Rayleigh-Taylor destabilization. Common to these mecha-
nisms is the creation of hydrodynamic conditions in the disruption zone, which con-
tribute to an increase in the relative velocity of movement of the dispersed and dis-
persive phases and acceleration of the emulsion flow.

4. As a result of the generalization of the ideas of the milk emulsion dispersion
process of the developers and researchers of homogenizers, the predominant hydro-
dynamic phenomena that lead to the disruption of fat globules have been established:
turbulence, liquid flow gradient (in longitudinal and transverse directions), flow
around the fat globule and cavitation. It has been substantiated that the mentioned
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phenomena can be combined by such hydrodynamic factors as the relative velocity
of the dispersed and dispersive phases and the acceleration of the emulsion flow.

5. The analysis of intensification methods of the dispersing milk emulsion process
makes it possible to identify promising directions for increasing the energy efficien-
cy of homogenizers: increasing the acceleration of the emulsion flow when using
sign-changing pulsations, imposing mechanical oscillations, creating conditions for the
occurrence of resonance phenomena, and optimizing the multiplicity of emulsion pro-
cessing and the relative velocity of emulsion phases when implementing the method
supplying the fat phase of the milk emulsion into the flow of skimmed milk. 3 principle
schemes of promising dispersers have been justified to reveal the potential of the se-
lected areas of efficiency improvement: a pulsating device with a vibrating rotor, a jet
homogenizer with a separate feed of the fat phase, and a pulsating piston homogenizer.
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CHAPTER 4

Qualimetric assessment and features of quality
formation for cultivated mushrooms in accordance
with the methods of further processing

Iryna Bandura
Tetiana Krupodorova

Abstract

Recently mushrooms, due to their special functional properties, are confidently
included in the daily diet of people who consider the possibilities of nutrition to im-
prove their health. Therefore, the production and consumption of mushrooms, as well
as products of their processing, is growing rapidly, and the range of species available
on the market is actively expanding. In this study, the topical issues of expanding the
assortment and quality of cultivated mushrooms are highlighted, the main principles
of ensuring the quality of the mushroom harvest are considered. The possibility of pre-
serving the value of the harvest by expanding the options for processing mushrooms
is also examined. The difficulties and visible prospects of expanding the range of pro-
ducts are considered. The monograph discusses the factors that determine the qua-
lity of the harvest of cultivated fungi of the genera Calocybe, Cyclocybe, Pleurotus, and
the features of the qualitative assessment of mushroom raw materials in accordance
with the directions of its processing. The parameters for a comprehensive assess-
ment of qualitative indicators of fruiting bodies of Calocybe indica, Cyclocybe aegerita,
Pleurotus citrinopileatus, P. pulmonarius have been established, and the coefficients of
the values of individual and group indicators of crop quality have been determined.
An experimental evaluation of changes in morphological parameters in the technical
and biological maturity of the fruit bodies of mushrooms was carried out, and their
nutritional value has been investigated. Modern methods of optimizing post-harvest
procedures and storage of mushrooms determined their critical storage terms ac-
cording to directions of processing. The proposed seasonal approach to the cultiva-
tion of the studied strains indicates the possibility of reducing the cost of the mush-
room crop. The qualimetric assessment of the post-harvest characteristics of strains
from the domestic collection makes suggests high prospects for use the studied mush-
rooms for visual attraction customers to expand the range of mushroom products

© The Author(s) 2024 DOI: 10.21303/978-9916-9850-4-5.ch4



Food technology progressive solutions

on supermarket shelves. A comprehensive analysis of the proposed qualimetric as-
sessment and the quality features of the cultivated mushrooms studied, depending on
the methods of further processing, indicates the prospects of this area of research and
the feasibility of bringing other species of exotic cultivated mushrooms to the market.
Keywords
Calocybe, Cyclocybe, Pleurotus, pioppino, gold oyster mushroom, lung oyster mush-
room, milky mushroom, storage, processing, quality, cultivation, market.

4.1 Introduction

Mushroom consumption properties are heavily influenced by cultural and tradi-
tional habits, and even some myths. One of the scares is the fear of toxic compounds
in mushrooms with bright color caps. Another myth with deep roots is the difficulty
in converting mushrooms by the digestive system of young or old organisms. Fur-
thermore, common cuisines in some European countries have a very limited number
of recipes that include mushroom ingredients. At the same time, the rapidly develop-
ing cultivation of mushrooms makes it possible to expand the range of species with
proven health properties and saturate the market with a variety of mushroom fla-
vors and textures. Therefore, the organization of an open and understandable qua-
lity management system to produce fresh mushrooms and their processed products
is a topical topic. Let's believe that only the continuous improvement of this system
at each stage of the production cycle and the demonstration of the results obtained
to the modern consumer will help to get rid of the existing prejudices regarding the
introduction of mushrooms into the daily diet of people of any age.

4.2 Actual issues of expanding the assortment and forming quality
of the cultivated mushrooms

On the global mushroom market, a significant increase in demand for mushrooms
is observed every year. In 2022, mushroom production was ranked sixth in the list of
the total value of vegetable production. According to the Global Market forecast:
"Revenue in the Root Vegetables & Mushrooms market will reach 118.10 billion USD
in 2024. The average volume per person in the root vegetables and mushrooms sec-
tor is expected to reach 8.9 kg market in 2024" [1].

The observed progress is due to the unique functional properties of mushrooms,
which include a high protein and dietary fiber content, as well as a low-fat content.
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Such a nutrient balance fully corresponds to modern trends in healthy eating and
cannot but attract representatives of the food industry. In addition, the physiological
features of mushroom nutrition make it possible to regulate the nutrient composi-
tion of the crop and contribute to the accumulation of essential elements in the fruit-
ing bodies by modelling the composition of substrates and aqueous solutions used
for moistening plant raw materials and technological irrigation. It should be noted
that the mushroom industry is quickly responds to market needs. Ten years ago, no
more than 4 types of mushrooms could be found on the shelves of vegetable stores
in European countries and North America: bottom mushroom, shiitake, oyster mush-
room and eryngii. Nowadays, the range offered has expanded significantly, mainly
thanks to the technical solutions of Chinese researchers who have introduced, ac-
cording to various sources, from 20 to 60 species of mushrooms into commercial
cultivation over the past decade [2]. If desired, a modern European consumer can
diversify their daily diet with fresh exotic fungi: enoki (winter mushroom), pioppi-
no (poplar mushroom), shimeji (beech mushroom), oyster mushrooms (lung, golden,
pink) and many other species. However, the high price of fresh mushrooms and short
shelf life limit the use of their health-promoting potential in the daily diet of the aver-
age consumer. Modern research in practical mycology is still focused on finding ways
to expand the range of edible fungi with proven biological value and the possibility of
reducing harvesting costs.

4.2.1 The basic principles of ensuring the quality of mushroom crop

The expansion of the range of artificially grown mushrooms on the world market
creates additional questions regarding the determination of the quality indicators
of the obtained harvest. The main indicator of quality is the food safety of mush-
room products, which is clearly regulated by the requirements of Codex Alimen-
tarius. There are three standards that control the safety of fungi and their products:
CXS 38-1981 - Standard for Edible Fungi and Fungus Products; CXS 39-1981 -
Standard for Dried Edible Fungi and Separate Regional Standard for Wild Chan-
terelles; CXS 40R-1981 - Regional Standard for Chanterelles [3]. Due to the rapid
expansion of the market range, the general standardization system cannot manage
all requirements to quality of edible mushrooms. To develop a quality management
system for the cultivation and processing of edible and medicinal mushrooms, it is
significant important to identify safety issues. The analysis of published scientific
data and practical studies made it possible to the develop a program that outlines
the basic principles of mushroom harvest quality (Fig. 4.1).
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Fig. 4.1 Program of mushroom crop quality formation

According to most operators of the mushroom business, the quality of the sub-
strates used is one of the main factors affecting the crop quality. The formula's
balance of organic and mineral components, microbiological electivity, purity, and
availability of raw materials are the most common factors that influence it [4, 5]. The
conditions for growing mushrooms are equally important. The optimal environmen-
tal parameters for each culture are different, including temperature, humidity, light-
ing, and air composition [6]. The technical regulation of microclimatic conditions
at each stage of mushroom culture development, considering their specific needs,
is constantly being studied and improved. The shelf life of harvested mushrooms
is limited. The loss of crop weight in the first hours after harvest is caused by the
peculiarities of physiological processes (intensive respiration) and high enzymatic
activity in fungal cells, regardless of temperature. In addition, scientists have em-
phasized that fruiting bodies undergo rapid changes in chemical composition and
physical and microbiological deterioration during stored [7]. Clearly organization
of post-harvest procedures is no less important for preserving the quality of the
harvest. The organoleptic, technical, and functional properties of mushroom yield
directly depend on the genetic characteristics of the cultivated species and strain.
It is necessary to determine the specific time of harvesting when the appearance
and biochemical composition of the fruiting bodies will meet the requirements of
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the buyer or processor as much as possible. Only highly qualified personnel can
implement this approach. The organization of timely analyses can be simplified
through close cooperation between manufacturing companies, research centers,
universities, or private laboratories.

The complexity of the qualitative assessment of the harvest lies in the need to
determine the main quality indicators of mushroom products, which, first of all, must
meet the requirements of the average consumer. In most cases, organoleptic charac-
teristics are the most important elements of the evaluation. However, the formation
of the pricing policy, and, consequently, the availability of mushrooms for buyers,
depends primarily on the technical features of growing a particular species. As a re-
sult of the analysis of production processes at domestic and foreign enterprises for
the cultivation and processing of mushrooms, ways to managing the quality of the
harvest of new introduced species have been determined. Thus, following the gene-
ral principle of forming complex indicators of product quality, the relative quality
coefficient of a new type of crop can be determined by the formula:

Q=" (i=1..n),
Pse

where P, - value of the i-th indicator of mushroom crop; P, - value of the i-th indi-
cator of control (base) cultivar, for example: A. bisporus; n - number of indicators.
It can be: P, - morphology or other organoleptic indicators; P, - dry matter (or water
content); P, - biomass texture (dense, fibrous, delicate); P, - quantity of bioactive
substances; P, - biological efficacy; P, - duration of the technological cycle; P, - terms
of shelf life; P, - weight loss coefficients in post-harvest procedures; P, - market pric-
ing policy; P, , - other individual parameters.

The calculated coefficient determines the advantages (more than 1) or disad-
vantages (less than 1) of the implemented technology in comparison with the one
already used at the enterprise. It makes it possible to consider the market reaction to
a new species of mushroom, as well as the increase or decrease in production costs.
The proposed formula makes it possible to analyze the features of the formation of
crop quality at individual enterprises, namely:

- reasonable selection of species and strains that are of interest to the local market;

- improvement of technological solutions for the organization of microclimatic
conditions;

- determination of the timing of harvesting and ways of selling the obtained
mushrooms.

Local markets have specific requirements for the quality of mushrooms, which
are determined by the country's consumer culture and purchasing power levels.
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An individual approach is also applied to the search for technological solutions in
the creation of a microclimate in the premises where mushrooms are cultivated.
However, maintaining the crop quality by optimizing post-harvest procedures and
processing methods are quite general that it is possible to consider in more detail.

4.2.2 Expansion of processing areas as a tool to preserve the crop value

One of the main problems of the mushroom industry is the preservation of the
quality of the harvested crop, so the fruiting bodies have a short shelf life in fresh form
from 2-3 days (Hericium erinaceus (Bull.) Pers) to a month (Lentinula edodes (Berk.)
Pegler) [8]. Therefore, the possibilities of preserving the nutritional and biological
value of mushroom crops are actively being studied. Scientists are testing improve-
ments in post-harvest procedures post-harvesting procedures: UF lightening, modi-
fied packaging, spraying with antibacterial solution etc. One of the main ways is rapid
processing into a variety of food products available to a wide range of consumers.
A wide range of mushroom products, from bakery products to beverages, are already
available on store shelves. Based on the results of the analysis of scientific publica-
tions containing information on the use of mushrooms in the food industry, a scheme
of existing and possible processing options was drawn up (Fig. 4.2).

Researchers offer several options for the temperature effect on raw materials:

1) high-temperature - frying, boiling, drying;

2) low-temperature - freezing.

Baking mushrooms involves the additional use of fats, which contradicts to the
general concept of a healthy eating. But today, it is a widely used approach to quick
cooking of both main dishes and side dishes, as well as salads, sauces, pates. The me-
thod of frying and stewing is more often used for processing mushrooms at home and
in public catering establishments: restaurants, cafes, common culinary. A separate
direction of frying is the production of mushroom chips. Modern vacuum deep-frying
technology can significantly reduce the fat content of such a product, making it very
popular among consumers of all ages. Proponents of this processing direction are
considering the possibility of balancing the nutrient composition of mushroom raw
materials by introducing a fat component and making it a full-fledged component
of the daily diet. The researchers emphasize the possibility of a significant reduction
in microbiological objects on the surface of chips, which contributes to an increase
in shelf life [9, 10]. The growing popularity of Asian cuisine has contributed to the
active study of the most common method of heat treatment of mushrooms: boiling
in water and steaming.
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Emphasizing the need to find individual solutions, the scientists argue that in
order to preserve antioxidant properties, the preferred steam treatment time for
F. velutipes was 1.5 minutes, while for P. ostreatus and L. edodes (4.5 minutes). For A. bis-
porus using a microwave oven for 1.5 minutes turned out to be the most optimal. The
antioxidant value of the P. eryngii culture was highest in the experiment when using
pressure-cooked in 100 mL of distilled water at 121 °C under 2 MPafor 15 min [11].
Blanching or short-term boiling is considered a prerequisite to produce semi-finished
products, fermented mushroom products and marinades (pickles). Biological pres-
ervation of mushroom fruiting bodies using lactic acid fermentation is currently not
applicable on an industrial scale; nonetheless, in the middle of the last century this
method was very popular. Current research from Poland has shown the fungal raw
material can be successfully preserved via lactic acid fermentation and the finished
product can be an alternative to salted, marinated, or sterilized mushrooms [12]. Such
products can be both independent dishes and semi-finished products, which are used
in the preparation of minced meat for meat products and vegetable mixtures, fillings
for pies, pate, soups, bakery products, salads, etc. Boiled or steamed mushrooms can
be left whole or crushed for subsequent freezing, which allows to increase the shelf
life up to 6 months [7].

Scientists do not recommend freezing mushrooms without pre-blanching or
short-term boiling. Ice crystals destroy the delicate cells of the fungal tissue, which
leads to a significant loss of mass and functional substances after defrosting. The de-
activation of enzymes during heat treatment helps to preserve the biological value
of mushrooms even during long-term storage of frozen semi-finished products (up to
12 months) [13]. For short-term storage, it is proposed to wash chopped fresh mush-
rooms in water containing sodium metabisulfite (5 g/l), which prevents browning of
the fruiting bodies [14]. Blanched, sterilized mushrooms successfully replace frozen
ones in further culinary use (soups, vegetable mixes, pies).

Drying mushrooms is considered to be the cheapest way to preserve their nutri-
tional and biological value. Many drying methods have been studied, but the most
popular is convection at temperatures up to 50 °C, as it reduces the browning of
fruiting bodies and preserves their structure [15]. The proposed modern approach,
which combines microwave and vacuum effects, is more expensive, but, according
to the developers, makes it possible to improve the technical characteristics of the
resulting semi-finished product for further use. Microwave vacuum drying made it
possible to preserve a greater amount of flavor-active amino acids, as well as improve
nutrient retention and color characteristics. In addition, the uniform honeycomb
mesh created by microwave vacuum drying as well as the less coagulated structure
of dried samples can be used to explain the observed the high rehydration factor
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observed during drying [16]. The use of dried mushrooms and mushroom powders
attracts the greatest attention of researchers, since the terms and conditions of stor-
age of such semi-finished products are the most interesting for further processing.
The concentration of bioactive components in dried mushrooms is much higher and
is constant for a long time, which increases the possibility of regulated fortification of
products for daily consumption: bakery, pasta and meat products, sauces and many
other products [17, 18]. But scientists are especially attracted by the possibility of
using mushroom powders to increase the health functions of baby food [19]. It has
long been known about the immune-regulating and restorative effect of mushroom
consumption, which is especially important in childhood and adolescence [20]. But
it is also known about the low digestibility and difficulty of digestion of mushrooms
in the human body. Therefore, there is a strong opinion that mushrooms and mush-
room products are not recommended for those who have digestive problems and
children under 12 years of age [21]. Research results confirm the safety and expe-
diency of introducing mushroom components with a high degree of grinding or de-
coctions (extracts) into children's diets [22-25].

The use of aqueous and chemical extraction is one of the most used methods
for obtaining bioactive ingredients of mushroom raw materials for the food indus-
try and medicine [26, 27]. Besides conventional extraction methods, a wide range
of advanced extraction technologies is available nowadays for the recovery of these
bioactive ingredients from mushrooms, such as ultrasonic-assisted extraction, mi-
crowave-assisted extraction, enzyme-assisted extraction, ultrasonic-microwave
synergistic extraction, subcritical water extraction, pulsed electric field-assisted ex-
traction, agueous two-phase extraction, integrated extraction techniques, and other
novel extraction technologies [28]. Extracted fractions of mono-, oligo- and poly-
saccharides of mushrooms and other biologically valuable products: unique organic
acids, enzymes and vitamins are successfully used in the production of various be-
verages [29, 30]. Unlike solid semi-finished products obtained from mushroom raw
materials, extracts are easily absorbed by the human body and can be used in diets
for consumers of all ages. Extracts from fruiting bodies, spore material and mycelium
biomass are successfully used in the food industry.

4.2.3 Difficulties and prospects of expanding the assortment
of mushroom products

Growing a variety of mushrooms is a challenging task for a farmer. As already
mentioned, each species has its own characteristics that must be taken into account
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when planning technological operations aimed at achieving high-quality harvest.
The specific characteristics of the carpophores, which are manifested in the va-
riety of shapes and colors of fruiting bodies, form the buyer's interest in the first
place. But no less important factor for making a purchase is the affordability of
mushrooms. Therefore, it is not enough to improve the visual representation of the
crop on store shelves; for its successful sale, it is necessary to minimize production
costs. Let's believe that one of the ways to solve such a complex issue is to cultiva-
tion of seasonal species and strains, for which the creation of optimal temperature
conditions for fruiting will be the least expensive. In previous studies, 2 groups of
oyster mushroom strains and pulmonary oyster mushrooms were studied, the sea-
sonal cultivation of which made it possible to reduce the duration of technological
cycles with the achievement of high biological efficiency [31]. This study exami-
nes the technological features of growing and processing four varieties of edible
mushrooms in order to improve the color presentation of mushroom products on
store shelves: Calocybe indica 2598, Cyclocybe aegerita 2231, Pleurotus citrinopilea-
tus 2161, P. pulmonarius 2314. Technological regimes of growing of these strains
and their impact on the biological efficiency of crops have been studied in previous
studies (Table 4.1).

Table 4.1 Technical cultivation parameters (minimum and maximum index) according
to publication data and different treatment in our previous research

Days of Daysto Biological Fruiting Refe-

Species incubation mushroom efficien- tempera- rences
term flush cy, % ture, °C
Agaricus bisporus (J.E. Lange) Imbach ~ 13...20 18..21 49.81 14...19 [32]
Calocybe indica Purkay. & A. Chandra  19...25 4.8 90..180 25..35 [33]
Cyclocybe aegerita (V. Brig.) Vizzini 25..32 4...10 10..25 12..18 [34]
Pleurotus citrinopileatus Singer 18...30 5.8 53..85 14..28 [35]
Pleurotus ostreatus (Jacq.) P. Kumm 12..25 4.8 30...97 8...28 [36]
Pleurotus pulmonarius (Fr.) Quél 11...15 2.5 52...96 16...28 [37]

In comparison with the main cultivars of the European region: bottom and oyster
mushroom (A. bisporus and P. ostreatus), it was found that the qualimetric assessment
of habit and texture of fruiting bodies in the studied strains was higher. The duration
of the vegetative growing period in the presented species did not exceed, and for
P. pulmonarius 2314 it was significantly shorter than the average indicators of other
species. The highest biological efficacy was recorded in the case of C. indica 2598
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cultivation, the lowest for C. aegerita 2231, although in data published by other re-
searchers these indices are higher or at the level of the main cultivars (Table 4.1).
A significant advantage of the studied strains is the reduction of costs for maintain-
ing the microclimate. The bright fruiting bodies of C. aegerita and P. citrinopileatus
can be obtained at a temperature of 12...16 °C, and in the hot summertime produce
P. pulmonarius and tropical mushroom C. indica, capable of bearing fruit at a tem-
perature of 28 °C. It is logical that the introduction of new, species unfamiliar to the
buyer will require initial marketing efforts, and the volume of their sales in fresh
form is likely to be significantly lower than those of bottom or oyster mushrooms.
Accordingly, the problem of maintaining the quality of the crop and finding ways to
process new cultivars in a timely manner is quite acute. Therefore, the purpose of
the experimental study was to conduct a qualimetric assessment of the post-har-
vest indicators of edible mushrooms C. indica 2598, C. aegerita 2231, P. citrinopilea-
tus 2161, and P. pulmonarius 2314.

4.3 Experimental evaluation of crop quality preservation features of
C.indica 2598, C. aegerita 2231, P. citrinopileatus 2161,
and P. pulmonarius 2314

4.3.1 Materials and methods
4.3.1.1 Spawn

Pure cultures of mushrooms were obtained by cutting pieces of trama from the
inner parts of the carpophores and transferring them to agar medium with malt ex-
tract and incubated for 14 days at 25 °C. Pure cultures were deposited at the IBK
Mushroom Culture Collection of the M. G. Kholodny Institute of Botany of the Na-
tional Academy of Sciences of Ukraine, which is officially recognized as the national
heritage of the country. They were maintained on 3 % malt extract agar medium and
stored at 4+ 1 °C (C. aegerita 2231, P. citrinopileatus 2161, P. pulmonarius 2314), at
16+2 °C for C. indica 2598, because it is not thermoresistant strain. Some cultures
days (P. citrinopileatus 2161, P. pulmonarius 2314) were incubated 7 at 24 °C, and at
30 °C for culture C. indica 2598. Only C. aegerita 2231 required 10 days under 24 °C
for fulling Petry dish surface. Actively growing mycelia was used for mycelia spawn
preparation, which contained barley, wheat, rape, flax, and chalk (CaCO,) combined
in the ratio 60:30:8:1:1 [38]. Pre-cooked barley and wheat, pre-soaked rapeseeds,
flaxseeds, and chalk were properly mixed before loading (6 kg) into polypropylene
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bags of size (570x470 mm), PP75/BEU6/X47-57 (Sac02, Belgium). The bags were
sterilized at 128 °C, 1.8 atm for 3 h. Upon cooling, the sterile grain mixture was in-
oculated with mother spawn (0.5 % w/w), sealed, and incubated at 22 °C (C. aegeri-
ta 2231, P. citrinopileatus 2161, P. pulmonarius 2314) and 30+ 1 °C (C. indica 2598)
for six or seven days, followed by shaking and thorough mixing to achieve uniform
mycelia colonization throughout the bag. After 8+ 1 days for P. citrinopileatus 2161
and P. pulmonarius 2314, and 10+ 1 days for C. indica 2598 and C. aegerita 2231, the
resulting spawn and was ready. Spawn of C. aegerita 2231, P. citrinopileatus 2161 and
P. pulmonarius 2314 was cooling to 10+ 1 °C and after that placing in refrigerator
and storing at 2+ 1 °C until use. Grain mycelium of C. indica 2598 stored at 15+1 °C.

4.3.1.2 Substrate

The substrate was made from barley straw, sunflower husk, sunflower husk pel-
lets, rapeseeds, corn flour, and chalk combined in the ratio 30:40:70:20:17:1 and
water content adjusted to 68+ 1 %. The substrate was packed into 580x480 mm
polypropylene bags with four 20x480 mm filter strips located 150 mm apart on
one side of the bag. The substrate was sterilized for 2 h at 125+ 1 °C, cooled under
aseptic conditions to 28+ 1 °C, and inoculated with spawn (5 % w/w). The bags were
sealed, and the spawn was carefully mixed in by shaking to achieve even distribution
throughout the substrate. The average weight of each substrate bag inoculated with
spawn was 3330+ 123 g. 30 bags with substate used for each treatment.

4.3.1.3 Incubation

The substrates with mushroom cultures were incubated under 24+2 °C and 65 %
air relative humidity (RH) during different time for each cultivar C. aegerita 2231 at
28+ 3 days, P. citrinopileatus 2161 - 18+2 days, P. pulmonarius 2314 - 12+ 1 days to
start of pinning. lllumination was not applicable. The substrates with C. indica 2598
were incubated at 28+ 2 °C, and the average temperature inside the substrate bags
was to 34+ 1 °C. On the 19th day, the bags were transferred to the fruiting cham-
ber, opened, leaving a 6-7 cm high rim and applicated 30 mm casing from peat moss,
which was soaking to 75 % water content. The casing layer was moistened with wa-
ter at the rate of 100 ml per 0.047 m? every 48 hours. After casing, the following mi-
croclimate parameters were maintained in the fruiting room: temperature 29+ 3 °C,
RH=91%4 %, CO, content 1520+ 310 ppm, and illumination 150+ 30 lux.
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4.3.1.4 Fruiting

The environment conditions for fruiting formation supported under optimal pa-
rameters for each cultivar. It was for C. aegerita 2231 and P. citrinopileatus 2161 at
16+2°C,RH-96+2%.CO,- 1150+ 150 ppm (0.11 %), illumination was 150-200 lux
during no less 8 hours per day. Fruiting of P. pulmonarius 2314 started without tem-
perature changingat 24+2°C,RH-90+£2 % CO, - 900+ 150 ppm. For C. indica 2598
fruiting the microclimate did not change after casing. In previous studies, a signifi-
cant influence of the harvest time of 2 groups of P. ostreatus and P. pulmonarius strains
on their technical, chemical and organoleptic indicators was revealed [31]. There-
fore, for the studied cultivars, first of all, the possibility of harvesting at different
stages of maturity was determined. The P. pulmonarius 2314 strain, which has been
studied in previous experiments, has been designated as the baseline. Fruit bodies
cropped in two maturates stage: before sporulation (technical) and when sporula-
tion had started (biological). The total weight of the fruiting bodies obtained from
each bag. The weight, the diameter (for C. aegerita 2231 and C. indica 2598, P. citrino-
pileatus 2161) and thickness of the caps, the height and width of caps for P. pulmona-
rius 2314 (because cap has oyster shape); the diameter and height of the stipe were
measured for 100 fruiting bodies randomly. The biological efficiency (BE) was calcu-
lated for each flush as the total weight of fruiting body yield per flush divided by the
dry weight of starting substrate (SW) multiplied by 100 % [39].

4.3.1.5 Storage and processing

The freshly harvested fruiting bodies were quickly cooled with active ventilation
inarefrigerator with atemperature of 2+ 1 °C. Stored for no more than a day before
processing: boiling or drying. After 12 hours of such storage, the fruiting bodies of
C. indica 2598 were damaged, began to drain, lose elasticity, and the surface dark-
ened (Fig. 4.3, f). Therefore, in further studies, fresh C. indica fruiting bodies were
used for processing, which were stored at a temperature of 14+ 1 °C for no more
than a day. Boiled mushrooms (300 g) in boiling water for 5 minutes, cooled and
let the water drain on a sieve, after 10 minutes the resulting sample was weighed.
Drying was carried out by convection method at a temperature of 60+5 °C for 6
to 12 hours to a constant weight. Dried samples were ground to particles less than
1 mm and used for further analyses. It was stored for no more than 2 weeks at
a temperature of 4+ 1 °C in a hermetically sealed container. The repetition of each
experiment is threefold.
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4.3.1.6 Nutritional and chemical analysis

Fresh fruiting bodies were dried at 45-50 °C until constant weight, followed by
grinding to particles less than 1 mm in diameter. The resulting powder was further
dried in an oven at 9242 °C to obtain absolute dry weight. The percentage moisture
content in fruiting bodies was calculated as the difference in weight between fresh
and absolute dry weight of fresh mushrooms multiplied by 100 %. The ash content
was determined by weighing 3 g of absolute dry fruiting body powder into cera-
mic crucibles of known weight, burn in the oven (550+ 10 °C) for three hours, and
cooled in a desiccator. The difference in weight between the leftover and starting
dry fruiting body material in the crucible is the ash content expressed in percentage.
Total nitrogen was determined by Kjeldahl method multiplied by a factor of 4.38.
The lipids content was determined by extraction from the mushroom sample (abso-
lute dry) with petroleum ether as a solvent, using a Soxhlet apparatus (AOAC, 1995).
The carbohydrate content was determined according to the formula: 100 - (percent-
age proteins, lipids, and ash combined).

4.3.1.7 Statistical data analysis

Statistical data analysis was performed using Microsoft Office Excel 2016
MSO (16.0.4266.1001). The ANOVA Single Factor was used for comparing variable
data. Differences were considered significant at p<0.05. The repetition of each ex-
periment is threefold.

4.3.2 Morphological changes during technical and biological maturity

The external characteristics of the fruiting bodies changed significantly during
the onset of sporulation (Table 4.2).

Inall cultivars, the edge of the cap was thinned, but the pigmentation of its surface
decreased to varying degrees, and the lamellae of the hymenal layer darkened. The
flesh of the cap became looser with the onset of biological maturity. Common to all
strains were changes in the structure of the legs: they became more rigid and fibrous.

The appearance of the baseline (control) C. indica 2598 and P. pulmonarius 2314
changed slightly with age (Fig. 4.3). It should be noted that due to the decrease in
turgor in the pulp cells, the fruiting bodies of C. indica 2598 became less elastic, and
when mechanically pressed during harvesting, slightly visible watery spots were
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formed on the stems. In general, the qualitative characteristics of the fruiting bodies
of these two strains in of varying degrees of maturity remained satisfactory.

Table 4.2 Morphological descriptions of mushroom crop with different maturities

Para-

Species and strains

meter Maturity  cajocybe indica Cyclocybe Pleurotus citrino-  Pleurotus pul-
2598 aegerita 2231 pileatus2161  monarius 2314
1 2 3 4 5 6
Cap  Technical Round,convex, Round,convex, Rounded,with Rounded,
shape symmetrical, with down- clear edges, rarely slightly
sometimes having turned edges, anddeepening oystered,the
aslight elevation connectedbya inthecenter  widthisalways
inthe center,and vail to the stipe almost equal to
its edge is smooth the height, with
and dense even, firm edges
Biological Round, flattened, Round,flat or Rounded, Oyster, wider
the edgeis thin, slightly convex, sometimeswith  than height,
sometimes with  edges smooth, aslightly offset  edges loose,
small cracks upto sometimes with center and slightly wavy,
1-3 mmdeep remnants of wavy, brittle sometimes
a pieces of vail edges curved upwards
on the edges
Cap  Technical The color is milky The color The color is The surface is
color white, matte, and ranges from yellow, but the  uniformly gray-
free of any blem- darkbrownto centeris more brown, with
ishes or tints bright brown, intense aslight lighter
sometimes with color at the
alighter edge stipe attach-
and velvety ment point
Biological Milky with aslight Lightbrown- Lightyellowat Lighter shade
yellowness, less darkerinthe  theedge,more  comparedto
saturated at the center and intenseinthe biological matu-
edgeofthecap almostwhiteon center,some- rity, noticeable
the edge timeswithdark ripplesinthe
watery spots  form of darker
and more loopy
areas, espe-
cially along the
edge of the cap
Hyme- Technical Milky white, Pinkish-white, Transparent White, with a
nium matte. The gills gills are trans- white, witha  slight beige tint
color are translucent lucent slight boogie
inthe light tint
Biological Pinkish with Brown, rich, Light beige, Beige, "dirty"
a beige tint, velvety with a slightly due toslight
intense pinkish tint unevenness
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Continuation of Table 4.2
1 2 3 4 5 6
Stipe  Technical Long, dense, Dense, elastic, Dense butnot  Short, fibrous,
proper- elastic,butnot  doesnotbreak rigid, withcen-  but not rigid,
ties fibrous, with no well, tightly tricorslightly ~ asymmetrical
visible differences  connected to asymmetrical  attachment to
in density around the cap attachmentto the cap, hyme-
the perimeter the cap nium smoothly
transitions to
the stem
Biological The enlarged Fibrous, easily The loose With age,
lower part is detached from tissue of the it does not
slightly compac- the cap, cov- stipe becomes increase or
ted, at the point  ered with scales  denser, espe- thicken, does
of attachment to upto1lmm cially around not become
the substrate the perimeter stiffer

Fig. 4.3 Changes in mushrooms with age: P. pulmonarius 2314 fruiting clusters in the

technical (a) and biological (b) maturity; C. indica 2598 whole (c) and cutting fruiting bodies (d);
carpophores after day storage at 14+1°C (e) and at 2+ 1 °C (f)

The fruiting bodies of P. citrinopileatus 2161 became brittle and crumbled at the
base of the stalk. In the fruiting bodies of C. aegerita 2231, with the onset of biological
maturity, the cover was torn, and the cap was easily separated from the stem during
harvesting. The shedding of dark spores caused the surface to turn brown, which
spoiled the appearance of the crop. Therefore, the cultivars C. aegerita 2231 and
P. citrinopileatus 2161 should only be harvested at the stage of technological maturity.
Increased temperatures during the fruiting period contribute to the acceleration of
physiological processes in the fruiting bodies of fungi, which, accordingly, leads to
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rapid ripening. Therefore, in order to preserve the quality of the crop, P. pulmona-
rius 2314 is harvested 2-3 times a day. It is possible to recommend the same ap-
proach when growing C. indica 2598.

The morphological features of the fruiting bodies were analyzed, the variability
of which in the samples did not exceed 20 %, which indicates the satisfactory constan-
cy of this indicator of the quality of the harvest for all studied varieties (Table 4.3).

Table 4.3 Morphological characteristics of fruiting bodies (technical maturity)

. . FB FB Stipe Stipe diame- Cap diame-
Species, strain weight,g height, mm length, mm ter, mm ter, mm
C.indica 2598 84.7+48 130.1+59 100.7+1.31 34.2+1.1 80.6+1.9
C. aegerita 2231 55+06 78.2+23 68.6+2.1 8.3+0.3 28.6+1.2

P.citrinopileatus 2161 10.5+0.9 74.6+1.7 455+2.1 12.2+0.7 51.2+2.3
P. pulmonarius 2314 3.5+0.2 38.5+1.0 18.6+0.8 5.6+0.2 41.1+14

The fruiting bodies of C. indica 2598 had the highest weight, which ranged from
20 to 380 g inisolated cases, while more than 80 % of the crop consisted of fruiting
bodies weighing from 55 to 127 g. Let's assume that such differences will make it
possible to influence the visual perception of the assortment of mushrooms on su-
permarket shelves and, thus, attract the attention of customers.

4.3.3 Nutritional value of fruiting bodies
Cultivars recommended for summer cultivation significantly (p<0.05) differed in
a higher content of dry substances in fruiting bodies in comparison with the condi-

tional "winter" group of studied strains (Table 4.4).

Table 4.4 Chemical composition of cultivars

Contents, % (DW)

. . Dry
Species, strain o _
matter, % Crude . Carbo
0 proteins Lipids hydrates Ash
C.indica 2598 11.02+0.51 12.31+0.37 5.27+0.66 74.75+0.83 7.63+0.21
C. aegerita 2231 8.49+049 19.36+0.17 2.59+0.08 70.73+0.04 7.33£0.25

P.citrinopileatus 2161 8.54+0.05 21.46+0.51 1.56£0.23 68.33+0.31 8.64+0.08
P.pulmonarius 2314  11.17+0.22 18.75+0.63 1.12+0.13 72.81+0.27 7.11+0.03
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At the same time, there were practically no differences in this indicator within
these conditional groups. The fruiting bodies of P. citrinopileatus 2161 (21.46+0.51 %)
had the highest protein content, while C. indica 2598 had the lowest protein con-
tent in the experiment (12.31+0.37 %). C. indica 2598 had the highest fat con-
tent (5.27+0.66 %), which is 4.7 times higher than that of P. pulmonarius 2314, which
had the lowest score (1.12+0.13 %), and 2 times C. aegerita 2231. The total carbo-
hydrate content ranged from 74.75+0.83 % (C. indica 2598) to 68.33+0.31 % (P. ci-
trinopileatus 2161), however, no significant differences were found between
other strains. The highest ash content among the studied cultivars was found in the
fruiting bodies of P. citrinopileatus 2161 (8.64+0.08 %), while the lowest in P. pul-
monarius 2314 (7.11+0.03). The ratio protein/fat/carbohydrate nutrients were
different for the studied strains 2:1:14 (C. indica 2598), 7.5:1:27 (C. aegerita 2231);
14:1:44 (P. citrinopileatus 2161); 17:1:65 (P. pulmonarius 2314) and but all had in
common a low-fat content. It should also be taken into account that the amount
of easily digestible carbohydrates in mushrooms does not exceed 0.1 % [40]. Such
a balance makes it possible to use mushrooms and products of their processing in
low-calorie diets that meet the general trends in the development of the modern
food industry.

4.3.4 Determination of the yield coefficient of semi-finished products
in different processing options

To establish an integral quality indicator that incorporates the costs of obtain-
ing the final product, it is necessary to have a precise forecast of losses at every
stage of raw material processing. For the studied strains, the greatest losses at the
purification stage were found during the processing of the C. indica 2598 crop -
7.3 % and P. citrinopileatus 2161 - 7 %, while during the cleaning of the clusters
P. pulmonarius 2314 lost no more than 1 % of the weight of the collected mush-
rooms (Table 4.5).

Table 4.5 Yield coefficients of semi-finished mushroom products processing stages

Species, strain Cleansing Boiling Drying
C.indica 2598 0.927+0.021 0.798+0.009 0.088+0.007
C. aegerita 2231 0.956+0.004 0.803+0.006 0.092+0.005
P. citrinopileatus 2161 0.930+0.011 0.853+0.019 0.098+0.006
P. pulmonarius 2314 0.991+0.017 1.095+0.028 0.090+0.003
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Let's attribute this to the lack of a cluster base in this strain, which makes it pos-
sible to easily separate the fruiting bodies from each other for pickling or drying. The
increased weight loss of C. indica 2598 during cleaning depends on the need to remove
the remaining casing soil from the base of the stem. Short-term boiling of P. pulmona-
rius 2314 mushrooms was accompanied by a slight increase (up to 1 %) in the mass of
processed raw materials due to moisture retention by loose tissues of fruiting bodies.
Perhaps this is due to the high content of water-soluble components, the need to deter-
mine which is dictated by the possibility of using mushroom decoctions to make broths
or obtain extracts. The highest loss rate is typical for the processes of obtaining dry
semi-finished mushroom products. Thus, the drying of C. indica 2598 led to a decrease
in the weight of the crop by 91.2 % (the maximum indicator in the experiment), and the
smallest losses were recorded when the fruiting bodies of P. citrinopileatus 2161 (90. 2 %)
were dried. In general, the highest losses of raw materials were identified in the pro-
cessing of the C. indica 2598 crop, and the lowest in the case of the control strain.

It is necessary to note the change in the organoleptic characteristics of the studied
strains after boiling. For example, the fruiting bodies of P. citrinopileatus 2161 changed
their bright yellow color to beige (Fig. 4.4), which indicates that it is inexpedient to use
this cultivar for the preparation of marinades in transparent glass containers. How-
ever, the boiled fruiting bodies of this strain acquired a pleasant aroma of seafood, and
the broth turned a pleasant yellow color. Such changes, in our opinion, restaurateurs
will be interested in making main dishes: soups, side dishes, as well as minced meat,
fillings, patés. The powder obtained from the dried mushrooms of this strain had plea-
sant yellow hue and aroma, which makes it possible to use it as a natural coloring and
flavoring agent in the creation of sauces, pasta and bakery products.

The fruiting bodies of C. aegerita 2231 did not lose their color and elasticity after
boiling. "Crispy", with a rich mushroom aroma - they were most suitable for pick-
ling (Fig. 4.5). At the same time, minced meat from this raw material was tender
and elastic but had a dark brownish tint. Dried mushrooms were easily crushed, the
powder had a brownish hue, a pleasant mushroom aroma. Semi-finished products
obtained from the crop P. pulmonarius 2314 had similar organoleptic characteristics.
After boiling, the fruiting bodies did not lose pigmentation on the surface of the
cap, remaining elastic, and were easily chewed. The consistency of the minced meat
was homogeneous, like minced meat from C. aegerita 2231. The aroma was neutral,
unsaturated, which, in our opinion, makes it possible to use such raw materials as
a filler and a partial replacement of the meat component in cutlets, sausages and
patés. It should be noted the high moisture-holding capacity of such a semi-finished
product. Powder from P. pulmonarius 2314 had a light gray hue and a faint, bare-
ly perceptible aroma. Therefore, the harvest of these mushrooms is most suitable
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for pickling, the manufacture of meat and vegetable semi-finished products and
finished products, but to a lesser extent for sauces and fillings.

Fig. 4.4 Pleurotus citrinopileatus 2161 clusters (a) and carpophores (b) and changing of
carpophore color after of 3 minutes (c) and 10 minutes (d) boiling

Fig. 4.5 Cyclocybe aegerita 2031 clusters (a) and carpophores (b) and carpophores after
of 10 minutes boiling (c) and as pickles with 2 % acetic acid (d)

The large fruiting bodies of C. indica 2598 must be crushed before processing,
which negatively affects the visual perception of marinades. It is also necessary to
consider that heat treatment for more than 5 minutes makes the flesh of these mush-
rooms tough. The minced meat was coarse-grained, dense, and difficult to mix with
other ingredients. The most successful method was the quick blanching of slices or
bars with a thickness of no more than 5 mm, instant salads, sauces and first courses.
The powder from the dried fruiting bodies did not have a pronounced mushroom
aroma, it was fine-grained, almost airy. Thus, the processing of the crop of this cul-
tivar can be more successful in the direction of the production of blanched semi-
finished products for restaurants and cafes, as well as powders used in the future to
produce sauces, pasta and bakery products.

Conclusions

In recent decades, mushrooms, due to their special functional properties, are
confidently included in the daily diet of people who consider the possibilities of
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nutrition to improve their health. Therefore, the production and consumption of
mushrooms, as well as products of their processing, is growing rapidly, and the range
of species available on the market is actively expanding. The organization of a sys-
tem for assessing the quality of the mushroom harvest and products made from it is
a complex process, since, in addition to food safety, it must consider the peculiarities
of the morphology and physiology of the cultivars, individual changes during storage
and heat treatment process, and, in addition, constantly changing market preferences.
Main indicators for a complex estimate of mushroom crop quality for future process-
ing procedures include safety characteristics, organoleptic indicators, dry matter (or
water content), and biomass texture (dense, fibrous, delicate). One way to solve the
problem of preserving the quality of mushroom crop, which has a limited shelf life,
is to expand the ways of its processing. This investigation presents the results of the
study of morphological, technical, and chemical indicators of the harvest and pro-
cessed products of edible fungi Calocybe indica (milky mushroom), Cyclocybe aege-
rita (pioppino), Pleurotus citrinopileatus (golden oyster mushroom), and Pleurotus
pulmonarius (lung oyster mushroom). The qualimetric assessment of the post-harvest
characteristics of strains from the domestic collection makes suggests high prospects
for use the studied mushrooms for visual attraction customers to expand the range
of mushroom products on supermarket shelves. The proposed seasonal approach to
the cultivation of the studied strains considers the possibility of reducing the cost of
the mushroom crop. A comprehensive analysis of the proposed qualimetric assess-
ment and the quality features of the cultivated mushrooms studied, depending on the
methods of further processing, indicates the prospects of this area of research and
the feasibility of bringing other species of exotic cultivated mushrooms to the market.
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Abstract

Fruit and vegetable chips are a growing segment of the global snack market.
These chips are an alternative to high-calorie potato chips. Fruit and vegetable chips
can be a useful snack between main meals, allowing the human body to get the ne-
cessary vitamins, macro and micro elements. No oil is used in the production of fruit
and vegetable chips, and they do not contain added sugar, artificial colours and flavors.
Instead, these chips contain beneficial substances that are rich in fresh fruits and
vegetables, albeit in smaller quantities.

Because fruits and vegetables lose valuable nutrients during storage, they must
be processed into high-quality fruit and vegetable chips. Blanching, immersion in
various solutions and osmotic dehydration of the plant raw materials before dry-
ing are used to reduce the loss of nutrients during the production of fruit and vege-
table chips and to preserve the taste, smell and colour of the plant raw materials in
the finished product. The developed technologies of multilayer and glazed fruit and
vegetable chips allow consumers to obtain an innovative product with original taste
properties and nutritional composition. The modes of the proposed technology of
multilayer chips allow producers to preserve as much as possible the taste and co-
lour of plant raw materials (fruits and vegetables) in the finished product, as well as
nutrients. As a result of combining different types of plant raw materials (vegetables,
fruits, seeds) it is possible to obtain a wide range of multilayer chips with different
tastes that can satisfy the preferences of different categories of consumers. By com-
bining plant raw materials, manufacturers can also balance the nutrient content of
the chips and obtain a functional product for specific target groups of consumers.
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The proposed chocolate-glazed (with black, white or milk chocolate) multilayer
chips are a promising product in the sweet chips segment. The use of chocolate makes
it possible to balance the nutritional value of the multilayer chips, and the addition of
freeze-dried plant powders (fruits, vegetables, berries) or their combination to the
glaze enriches the product with vitamins, macro and micro elements, and gives the
chips new flavors and colours.

Keywords

Fruit chips, vegetable chips, multilayer chips, glazed chips, technology of fruit
chips, technology of vegetable chips, healthy chips, properties of chips.

5.1 Introduction

Snacking is the modern trend in eating patterns, defined as eating outside of the
main meals (breakfast, lunch and dinner). The popularity of snacks is due to urbani-
zation, accelerated pace of life, economic and social factors, etc. If the energy intake
from a meal is less than 15 % of the recommended daily energy intake, it is a snack [1].
Inthe global market, a significant segment of snacks consists of salty and sweet foods
that can contribute "empty" and excess calories that do not provide essential nu-
trients to help consumers meet their nutritional needs [2]. In addition, snacks are
often considered a major contributor of fat and simple carbohydrates to the diet [3].
This has led most consumers to believe that snacks are unhealthy foods. Also, snack
food consumption is often associated with the socioeconomic status of consumers.
Low socioeconomic status is thought to lead to the consumption of foods that are
low in nutrients but high in energy [4]. But proper snacking has a number of health
benefits related to appetite control and weight management [5]. Eating nutritionally
balanced snacks with vitamins and minerals between main meals may contribute to
meet the recommended daily intake of healthy foods [1]. To achieve a positive ef-
fect from snacking, it is important to plan snacks properly and consider their energy
value, taking into account a person's age and lifestyle.

The most popular snack in the world is potato chips, which are prepared by
deep-frying raw solid potato slices or pre-cooked and dried potatoes in the form of
flakes or powder with starch in vegetable oils [6]. Dried onion, garlic, parsley, celery
and dill, mushrooms, cabbage, carrot, salt, etc. are added to the potato chips to en-
hance the taste and flavor. Spicy and aromatic parts of plants (seeds, roots, bark,
leaves, flowers, etc.) are also used to improve the sensory properties of potato chips.

During deep-frying, the physical, chemical and sensorial characteristics of
potato chips are modified [7]. In fried foods, the amount of fat reaches 1/3 of the
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total weight of the food, which can pose a risk to human health [8]. Methods to re-
duce oil absorption by fried foods have been developed [7, 9]: soaking potato sli-
ces in NaCl solution; frying potato slices in vacuum; blanching potato slices before
frying; microwave treatment of potato slices; drying or baking potato slices before
frying; using hydrocolloids added to the breading coating to create a barrier against
oil absorption.

When potato chips are fried at high temperatures (170-190 °C), acrylamide,
a potentially carcinogenic compound, is also formed [10]. Acrylamide content in po-
tato chips can range from 211 to 3515 pg kg * [11]. During frying in oil, vitamin C
losses in potatoes can reach 83.35 %, depending on the heating level and time [12].
Changes in the mineral content of fried potatoes are caused by water loss. Due
to the high starch content of potatoes, potato products are among the products
with a high Glycemic Index (Gl), in particular, the Glycemic Index of potato chips
is77+4[13].

The driving force in the snack market is the development of allergen-free, ve-
gan and gluten-free natural products with reduced calories, sodium and saturated
and trans fats [14]. Consumers also choose snacks based on price, brand, taste and
packaging that extends shelf life without compromising quality. Fruit and vegetable
snacks are growing in popularity due to changing lifestyles and a focus on healthy
eating, especially products fortified with vitamins, minerals, antioxidants and plant
extracts that are low in fat, salt and sugar and free of synthetic food dyes, additives
and GMOs. Chips made from vegetables, fruits, berries, and grains are one of the
most common types of plant-based snacks. Drying, frying, baking, extruding, or
a combination of these techniques are used to produce plant-based chips.

The development of new vegetable and fruit chips, with the possibility of combin-
ing different plant-based ingredients in one product, is promising for the expansion
of the snack range.

5.2 Nutritional value of plant-based ingredients for chips

Vegetables, fruits, berries, seeds and their processed products are plant-based
ingredients for chips. Various types of chocolate, a product made from roasted and
ground cocoa beans, are used to glaze the chips. Fruits, vegetables and other plant-
based ingredients in chips have high nutritive value in both raw and processed forms.
This section provides a brief description of the nutritional value of certain types of
plant raw materials used in the production of fruit and vegetable chips and choco-
late-glazed chips.
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5.2.1 Apple

Apple fruits are a source of organic acids, vitamins and minerals (mg 100 g %) [15, 16]:
malic acid - 919+ 109; citric acid - 21.5+3.7; ascorbic acid - 24.14+0.18; so-
dium (Na) - 3.76-23.70; potassium (K) - 112.3-795.1; calcium (Ca) - 4.43-26.39;
magnesium (Mg) - 7.99-21.82; iron (Fe) - 0.28+0.02; zinc (Zn) - 0.19+0.02; manga-
nese (Mn) - 0.04+0.0; copper (Cu) - 0.05+0.0. Apple fruits have a high sugar content
of 8.9-15.0 % and water content of 76.7-88.4 %, and also contain soluble dry matter of
10.8-16.5 % and ash in the amount of 1.6-2.8 % [15]. The polyphenol content of apple
fruit is in the range of (mg 100 g™ DW) [17]: flesh - 9.6-41.6; peel - 36.39-256.19.
For the production of chips, it is recommended to use sour and sweet-sour varieties
of apples with soluble sugar content of 13.0-14.7 %. The nutritional value of apple
is as follows (g 100 g™*) [18]: protein - 0.3; fat - traces; carbohydrates - 12.0; fruc-
tose - 5.6; glucose - 1.8; sucrose - 2.6.

5.2.2 Pear

Pears are a nutrient-rich fruit, containing the following nutrients (%) [19]: wa-
ter - 84.9; protein - 0.3; fat - 0.1; carbohydrates - 14.4; dietary fiber - 1.9. The
mineral content of pears is in the range of (mg kg™) [20]: sodium (Na) - 3.2-138.6;
potassium (K) - 2685.1-9212.7; calcium (Ca) - 303.1-2424.9; magnesium (Mg) -
16.0-765.3; iron (Fe) - 6.0-52.0; zinc (Zn) - 2.8-16.9; manganese (Mn) - 1.2-6.8;
copper (Cu) - 1.5-11.6; phosphorus (P) - 353.3-1799.8. The content of vitamin C
in pears is in the range of (mg 100 g*) [21]: flesh - 9.1-29.7; peel - 9.5-35.9. Other vi-
tamins are contained in this amount (mg 100 g™*) [18]: vitamin E (o-tocopherol) - 0.12;
thiamin - 0.012; riboflavin - 0.025; niacin - 0.157; pyridoxine - 0.028. The pear peel
has a higher phenolic content than the pear flesh [21]. The sugar content of pears is
as follows (g 100 g™) [18]: fructose - 5.3; glucose - 4.2; sucrose - 1.2; total - 10.7.

5.2.3 Carrot

Carrot is a source of carbohydrates and minerals; it contains the following nu-
trients (%) [22]: water - 86-89; protein - 0.7-0.9; fat - 0.2-0.5; carbohydrates -
6.0-10.6; dietary fiber - 1.2-2.4; ash - 1.1. The mineral and vitamin content
of carrots is as follows (mg 100 g™) [22]: sodium (Na) - 40.0; potassium (K) -
240.0; calcium (Ca) - 34.0; magnesium (Mg) - 9.0; iron (Fe) - 0.1; zinc (Zn) - 0.2;
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copper (Cu) - 0.02; phosphorus (P) - 25.0; thiamine - 0.04; riboflavin - 0.02; nia-
cin - 0.2; vitamin C - 4.0. In different varieties of carrots, the content of a-carotene
is in the range of 530-35833 g 100 g, and the content of B-carotene is in the
range of 1161-64350 ug 100g™*[23].

5.2.4 Table beet

Table beets contain folic acid and have a high concentration of betalain pig-
ments, which are powerful antioxidants. Also, table beets contain the following
nutrients (%) [24]: water - 87.4+0.3; fat - 0.3+0.1; protein - 1.35+0.2; carbohy-
drates - 7.59+0.4; crude fiber - 1.9+£0.2; ash - 1.4+0.2. The total sugar content in
table beets varies between 21.03-31.58 g kg™ [25]. The mineral and vitamin content
of table beets is as follows (mg 100 g™?) [24]: sodium (Na) - 72.6; potassium (K) - 30.1;
calcium (Ca) - 12.2; iron (Fe) - 0.75; zinc (Zn) - 0.21; copper (Cu) - 0.09; vitamin B, -
0.067; niacin - 0.334; vitamin C - 7.2.

5.2.5 Zucchini

The total sugar content of zucchini varies between 3.7-3.9 g 100 g, in parti-
cular, fructose - 1.8-1.9 g 100 g, glucose - 0.9-1.0 g 100 g, sucrose - 0.9-1.1 g
100 g*[26]. The content of vitamin C in zucchiniis in the range of 7.6-8.0mg 100 g™,
phenolic acids - 37.9-40.9 pg g™, flavonoids - 4.2-4.4 ug g 1 [26]. The mineral con-
tent of zucchini is as follows (mg 100 g™ DW) [27]: potassium (K) - 2999.2-4660.0;
calcium (Ca) - 243.7-359.0; iron (Fe) - 3.4-7.3; zinc (Zn) - 4.0-4.5; copper (Cu) -
0.36-0.90; phosphorus (P) - 541.2-600.0; magnesium (Mg) - 243.7-319.0; manga-
nese (Mn) - 2.3-2.7.

5.2.6 Flaxseeds

The chemical composition of flax seeds may vary depending on the characteristics
of the variety and growing conditions. The chemical composition of flax seeds is as
follows (%) [28]: water - 6.99+0.24 %; protein - 21.76+0.58 %; fat - 42.41+1.01 %;
carbohydrates - 26.11+0.80 %; ash - 4.00+0.25 %. Flax seeds are also a source of
dietary fiber (40g 100g™), o-linolenic acid (22.8 g 100 g™), linoleic acid (5.9 g 100 g™)
and oleic acid (7.3 g 100 g*) [29]. The mineral and vitamin content of flax seeds is as
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follows (mg 100 g™) [29]: sodium (Na) - 27.0; potassium (K) - 831.0; calcium (Ca) -
236.0; iron (Fe) - 5.0; zinc (Zn) - 4.0; copper (Cu) - 1.0; phosphorus (P) - 622.0;
magnesium (Mg) - 431.0; manganese (Mn) - 3.0; thiamine - 0.53; riboflavin - 0.23;
niacin - 3.21; ascorbic acid - 0.50; pyridoxine - 0.61; pantothenic acid - 0.57; folic
acid - 0.112. Due to its chemical composition, flaxseed is an important functional
ingredient in the diet.

5.2.7 Freeze-dried vegetable and fruit-berry powders

To improve the colour, taste and nutritional value of foods, freeze-dried vege-
table and fruit-berry powders are added to them as ingredients. The mineral content
of freeze-dried plant powders (strawberry, raspberry, apricot, blackcurrant, pump-
kin) is in the range of (mg 100 g™*) [30]: sodium (Na) - 62.7-152.2; potassium (K) -
703.6-1610.7; calcium (Ca) - 124.3-223.3; iron (Fe) - 3.8-11.6; zinc (Zn) - 2.4-5.3;
copper (Cu) - 34.0-464.1; phosphorus (P) - 115.7-340.1; magnesium (Mg) - 73.1-170.4;
manganese (Mn) - 0.3-1.4. The content of phenolic compounds in freeze-dried
plant powders (blueberry, raspberry, blackberry, pomegranate, table beet) is as fol-
lows (mg 100 g * DW) [31]: catechin - 10.09-35.41; epicatechin - 48.34-58.50;
anthocyanins - 138.74-32933.63. Freeze-dried plant powders (carrot, beet, pump-
kin, apple, raspberry, apricot) contain the following nutrients (%) [32]: protein -
3.2-9.2; fat - 0.0-1.0; carbohydrates - 52.3-73.0.

5.2.8 Chocolate

There are many types of chocolate (dark, milk, and white) with varying content
of cocoa, cocoa butter, and milk. The nutritional composition of chocolate depends
mainly on the cocoa content [33]:

- white chocolate (g 100 g™Y): protein - 5.87; fat - 32.1; carbohydrates - 59.2;

- milk chocolate (g 100 g™Y): protein - 7.65; fat - 29.7; carbohydrates - 59.4;

- dark chocolate with 45-59 % cocoa content (g 100 g™%): protein - 4.88; fat - 31.3;
carbohydrates - 61.2.

The level of minerals in different types of chocolate with different cocoa content
varies widely:

- white chocolate (mg 100 g™*) [33]: potassium (K) - 286; calcium (Ca) - 199;
iron (Fe) - 0.24; zinc (Zn) - 0.45; phosphorus (P) - 176; magnesium (Mg) - 12; manga-
nese (Mn) - 0.008; selenium (Se) - 0.0045;

123



Food technology progressive solutions

- milk chocolate (mg 100 g?) [34]: sodium (Na) - 72.91+1.48; potassium (K) -
379.05+10.94; calcium (Ca) - 180.43+3.00; iron (Fe) - 1.19+0.03; zinc (Zn) -
0.94+0.04; copper (Cu) - 0.31+£0.00; phosphorus (P) - 198.91+2.72; magne-
sium (Mg) - 52.28+2.03; manganese (Mn) - 0.31+0.00; selenium (Se) - 0.06+0.01;

- dark chocolate with 60-90 % cocoa content (mg 100 g™) [34]: sodium (Na) -
3.30-5.20; potassium (K) - 465.55-720.11; calcium (Ca) - 64.33-90.83; iron (Fe) -
9.73-11.24; zinc (Zn) - 2.24-3.52; copper (Cu) - 1.43-2.02; phosphorus (P) -
221.80-396.51; magnesium (Mg) - 158.78-252.21; manganese (Mn) - 1.65-2.05;
selenium (Se) - 0.08-0.10.

The vitamin content of different types of chocolate is as follows (mg 100 g™*) [33]:

- milk chocolate (mg 100 g™%): thiamine - 0.112; riboflavin - 0.298; niacin - 0.386;
vitamin E - 0.51;

- dark chocolate with 45-59 % cocoa content (mg 100 g™): thiamine - 0.025;
riboflavin - 0.05; niacin - 0.725; vitamin E - 0.54;

- white chocolate (mg 100 g™%): thiamine - 0.063; riboflavin - 0.282; niacin - 0.745;
vitamin E - 0.96.

Milk chocolate contains between 0.05 % and 0.17 % caffeine, while dark choco-
late contains between 0.23 % and 0.31 % [35].

5.3 Materials and methods
5.3.1 Materials and laboratory equipment

The developed compositions of multilayer fruit and vegetable chips containing
apples, carrots, pears, table beets, zucchini, flax seeds, chocolate (dark, milk, and
white), freeze-dried plant powders (mango, bilberry, strawberry, blueberry, raspber-
ry, currant) were examined. Fruits, vegetables, freeze-dried plant powders, flax seeds,
and chocolate were purchased from a local supermarket (Lutsk, Ukraine). The cocoa
content in the chocolate (chocolate chips) was as follows: white chocolate - 31 %;
milk chocolate - 38 %; dark chocolate - 70.5 %. Samples of multilayer chips and multi-
layer glazed chips were prepared according to the developed technologies.

During the study, the following laboratory equipment was used: GORENJE Sli-
cer R 506 E; Morphy Richards Intellisteam Food Steamer 470006; Dehydrator Exca-
libur 4926T Black; Hamilton Beach Fresh Grind Electric Coffee Grinder; Esperanza
Electric Hot Plate EKHOO8; Laboratory Drying Cabinet SNOL-250/350; Thermometer
Testo 405V 1; Laboratory Balances FEN-V2003; IRAffinity-1S Spectrometer. The study
was conducted in the laboratory of the Lutsk National Technical University (Ukraine).
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5.3.2 Methods
5.3.2.1 Moisture content and nutritional value determination

Moisture content of samples of multilayer chips was determined by standard
method (AOAC Official Method) [36]. The moisture content of dried multilayer
chips of all compositions (without glaze) ranged from 6.0 % to 8.0 %.

The protein, fat and carbohydrate contents were determined by the methods
described in [37].

The determination of the mineral content of the developed chips consisted of
two steps. In the first step, the determination of mineral content in samples of dried
apple, carrot, pear, table beet, zucchini, and flax seeds, chocolate (dark, milk, and
white), freeze-dried powders (mango, bilberry, strawberry, blueberry, raspberry,
currant) was carried out by the technique of analysis by spectrophotometry plasma
emission [34]. In the second step, the mineral content of the chips was determined
by calculation, taking into account the mineral content of the dried components of
the chips and their ratio in the finished product.

5.3.2.2 Sensory analysis and quality evaluation method

The sensory properties (appearance, colour, taste, smell and consistency) of mul-
tilayer chips and multilayer glazed chips were evaluated by experts according to the
methodology [38] on a five-point scale (5 points - the quality is excellent; 4 points -
the quality is good; 3 points - the quality is satisfactory; 2 points - the quality is
poor (barely acceptable); 1 point - the quality is very poor). In addition to scoring the
sensory properties of compositions of multilayer chips and multilayer glazed chips,
experts gave their verbal description.

The weighting coefficients of the sensory properties of the examined multilayer
chips were determined by the ranking method based on the results of an expert
survey. The quality index Q of the samples of multilayer chips and multilayer glazed
chips were determined by the expert method [38] and calculated by the Equation:

n

Q-3 M4 (5.1)

’
izt Qpi

where m; is the weighting coefficient of the sensory properties of multilayer chips
and multilayer glazed chips; g; is the mean value of the sensory property of multilayer
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chips and multilayer glazed chips (points); g, is the base value of the sensory proper-
ty of multilayer chips and multilayer glazed chips (for all sensory properties the base
value is 5 points).

5.3.2.3 Determination of the colour of the multilayer glazed chips

The colour of the multilayer glazed chips was determined using the camera of
the Xiaomi Redmi Note 8 Pro smartphone (China) and the Color Detector & Catcher
mobile application, using the RGB additive colour model. The colour of multilayer
chips was not determined because different layers of chips had different colours,
which is characteristic of the colours of dried raw materials.

5.3.2.4 Calorie content determination

The calorie content of multilayer chips and multilayer glazed chips was calcula-
ted by the Equation:

E=4P+9F+3.75C, (5.2)
where E is calorie content (kcal 100 g™%); 4, 9, 3.75 are calories per 1 g of protein, fat,
and carbohydrate, respectively (kcal); P, F, C are the mean amounts of protein, fat
and carbohydrates, respectively, per 100 g of multilayer chips and multilayer glazed
chips (g 100 g™).

5.3.2.5 Statistical analysis and calculations

All data reported as mean + standard deviation (SD). Statistical analysis and cal-
culations were conducted using the Mathcad 14 software.

5.4 Technologies of multilayer and glazed fruit and vegetable chips

The technology of multilayer fruit and vegetable chips is shown in Fig. 5.1. In or-
der to separate the damaged and spoiled fruits, they are sorted. High quality, ripe
fruits and vegetables are washed and peeled as needed. For the base layer of chips,
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washed vegetables or fruits are sliced into 2-3 mm thick slices. During calibration,
small and damaged slices are separated. Solid slices are blanched in steam at a tem-
perature of 85-95 °C for 120-180s.

Fruits and vegetables Flax seeds

v v

Sorting - Washing Cleaning

v v

Grating <« Peeling (as needed) Grinding
Slicing

Calibration

v

Blanching

v

Freeze-dried Forming a multilayer
plant powders —»  semi-finished product

Pressing of a multilayer
semi-finished product

Drying

v

Cooling

v

Multilayer chips

Fig. 5.1 Flowchart of technology of multilayer fruit and vegetable chips

Flax seeds are cleaned to remove impurities and ground to a fraction size of less
than 2 mm. Some fresh fruits and vegetables are grated after washing. After the
preparation of plant raw materials, multilayer semi-finished products are formed. For
this reason, blanched slices of fruits and vegetables are breaded on one side in freeze-
dried plant powder or powder mixture, and also breaded in crushed flax seeds. Over
the layer of crushed flax seeds, a 2-3 mm thick layer of grated fruit or vegetables or
both is formed. The formed multilayer semi-finished product is pressed and dried
at a temperature of 63-70 °C to a moisture content of 5-8 %. The drying time can
be 6-10 hours, depending on the plant raw material and its initial moisture content.
In this regime of hot air drying, the useful substances contained in the plant raw
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materials are preserved with the minimum loss in the finished product. Increasing
the temperature of air drying causes an increase in the loss of nutrients and dete-
rioration of the quality of the dried product, especially the quality of dried plant
products deteriorates at a drying temperature of 80-95 °C [39]. Dried multilayer
chips are cooled. Multilayer fruit and vegetable chips must be stored in a closed
package at an air temperature of 0-20 °C and an air humidity of 75 % or less.

The technology of chocolate-glazed multilayer chips with freeze-dried plant
powder or powder mixture is shown in Fig. 5.2.

Fruits and vegetables Flax seeds

Sorting - Washing Cleaning

v

Grating <«  Peeling (as needed) Grinding
Slicing

v

Calibration

Blanching

Forming a multilayer

L
semi-finished product

Chocolate (dark,  Pressing of a multilayer

milk, white) semi-finished product
Gritding Drying
Miting Cotling
Blending —» Glating
v

Freeze-dried

Coolin
plant powders g

Glazed multilayer chips

Fig. 5.2 Flowchart of technology of glazed multilayer fruit and vegetable chips

The preparation of plant raw materials is similar to the technology of multi-
layer chips. Blanched fruit and vegetable slices are breaded on one side in crushed
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flax seeds. Then, a 2-3 mm thick layer of grated vegetables and fruits is formed over
the layer of crushed flax seeds. The multilayer semi-finished product is pressed and
dried at a temperature of 63-70 °C to a moisture content of 5-8 %. The dried multi-
layer semi-finished product is cooled.

Chocolate (white, dark, milk) is ground and melted. Freeze-dried plant powder
or a powder mixture is blended with melted chocolate. The content of freeze-dried
plant powder in the chocolate glaze does not exceed 10 %. The cooled semi-finished
product is glazed on both sides in chocolate mass with plant powder. Chopped nuts
may be sprinkled on both sides of the multilayer glazed chips. The finished product is
cooled to the temperature of 15-20 °C. The storage conditions for chocolate-glazed
multilayer chips are the same as for unglazed chips.

5.5 Characteristic of multilayer fruit and vegetable chips
5.5.1 Sensory properties of multilayer fruit and vegetable chips

The developed multilayer fruit and vegetable chips are shown in Fig. 5.3 (samples
of chips are marked as follows: A - solid apple slice; P - solid pear slice; T - solid
table beet slice; Ma - mango powder; F - crushed flax seeds; Ag - grated apple;
C - grated carrot; Pu - grated pumpkin; B - bilberry powder; Bl - blueberry powder;
R - raspberry powder; S - strawberry powder). The appearance of the samples from
the base layer side and their cross-section are also shown in Fig. 5.4. The base layer
of the multilayer chips was a solid slice of apple, pear or table beet. Freeze-dried
powders of mango, strawberry, bilberry, blueberry and raspberry were used to bread
blanched apple, pear and table beet slices. The apple, pear and table beet slices were
also breaded on one side with crushed flax seeds. Grated apple, carrot and pumpkin
were used for the top layer of the multilayer chips.

The main sensory indicators of multilayer fruit and vegetable chips are appea-
rance, colour, taste, smell and consistency. The results of the expert evaluation of the
sensory properties of multilayer fruit and vegetable chips on a five-point scale are
presented in Table 5.1.

Multilayer chips had different shapes. The shape of the chips depended on
the fruits and vegetables used for the base layer of the chips and the direction in
which they were cut. Some multilayer chips had a hole in the central part from the
cut core of a fruit containing seeds or pips (e. g. apples, pears). As a result of drying,
the base layer of the chips was deformed, resulting in a wavy surface of the fini-
shed product.
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A-MaF-C

P-MaF-Pu

P-S-F-C

P-B-F-C P-S-F-Pu A-S-F-C

P-BI-F-Pu A-BI-F-Pu

A-R-F-Pu

T-MaF-Ag T-BI-F-Ag T-R-F-Ag TS-F-Ag

Fig. 5.3 Samples of multilayer fruit and vegetable chips

The surface of multilayer chips from the base layer side was typical of dried
vegetable and fruit slices. Due to added layers of crushed flax seeds and grated
vegetables or fruits, the surface of multilayer chips was uneven. The appearance of
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multilayer chips A-R-F-C (4.86+0.35), P-Ma-F-Pu and A-R-F-Pu (4.71+0.45) was
rated the highest. And the appearance of the P-B-F-C composition was rated the
lowest (3.43+0.50).

T-Ma-F-Ag

T-MaF-Ag P-Ma-F-C BMaF-C

Fig. 5.4 The appearance of the samples from the base layer side and their cross-section

The colour of the multilayer chips was similar to the colour of dried vegetables and
fruits, mostly different shades of yellow and brown. Multilayer chips with a pear base
layer were darker in colour than chips with an apple base layer. The table beet base
of the chips was dark maroon with a light brown apple layer. The addition of freeze-
dried plant powders significantly affected the colour of the chips. Bilberry and blue-
berry powders, which have a burgundy colour, caused the multilayer chips to have
unsightly dark spots. Freeze-dried mango powder was not visible on the surface of
the multilayer chips because it took on the colour of dried fruits and vegetables after
drying. Strawberry and raspberry powders caused dark brown spots on the surface
of the chips after drying. Crushed flax seeds, which were brown in colour, was also
visible on the surface of the multilayer chips. No plant powders were visible on the
beetroot-based chips. Developed chips with a base layer of apple and freeze-dried
mango powder received high scores (4.57-4.71) because they had an attractive co-
lour of traditional chips. The P-B-F-C and P-BI-F-Pu compositions of chips received
the lowest score (2.86+0.35).

Multilayer chips tasted like the dried fruits, berries, and vegetables used in the
recipe. Developed chips had dried fruit and berry smell. Apple-based chips with blue-
berry and bilberry powders had a sour taste. Pear-based multilayer chips had a sweet
taste. All beet-based chips tasted like table beets. The taste of freeze-dried mango
powder was not noticeable in the chips. Instead, strawberry and raspberry powders
gave the multilayer chips a pleasant taste and smell of these berries. There was also
an aftertaste of flax seeds, dried carrot and pumpkin. Multilayer chips with an apple
base layer scored higher than those with a pear base layer.

The A-S-F-Pu composition received the highest score (4.86+0.35) for taste.
According to the experts, P-Ma-F-C multilayer chips had the least pleasant
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taste (3.71+0.45). Two compositions (A-S-F-C and A-R-F-Pu) received the highest
score (5.00+0.00) for smell.

The consistency of all compositions of multilayer chips was crispy and brittle,
i. e. similar to traditional chips. This consistency is due to the moisture content of
the multilayer chips of 6-8 %. The consistency of the developed chips was rated
by experts with high scores of 4.29-4.86. A special feature of multilayer chips is the
feeling of crushed flax seeds in the mouth.

Table 5.1 Evaluation of the sensory properties of multilayer chips

Multilayer chips  Appearance Colour Taste Smell Consistency

P-Ma-F-Pu 4.71£045 4.14+035 3.86+0.35 4.00+0.00 4.57+0.50
P-Ma-F-C 4.57+0.50 4.00+0.00 3.71+045 4.00+0.00 4.43+0.50
A-Ma-F-Pu 443+0.50 4.57+0.50 4.14+0.35 4.14+035 4.71+0.45
A-Ma-F-C 4.29+045 4571050 4.00+0.00 4.14+035 4.71+045
P-S-F-C 4.14+0.35 4.14+0.35 4.43+0.50 4.57+050 4.29+045
A-S-F-Pu 4.29+£045 429+045 486+0.35 4.57+050 4.43+0.50
A-B-F-Pu 3.86+0.35 3.71+045 4.00+0.00 4.14+0.35 4.57+0.50
P-B-F-Pu 3.57+0.50 3.57+0.50 4.00+0.00 4.00£0.00 4.43+0.50
A-B-F-C 3.86+0.35 3.57+0.50 4.29+045 4291045 4.43+0.50
P-B-F-C 3.43+050 2.86+0.35 3.86+0.35 4.00+045 4.57+0.50
P-S-F-Pu 3.86+0.35 3.00+0.00 4.43+0.50 4.86+0.35 4.43+0.50
A-S-F-C 4.14+035 3.71+£045 4.71+045 5.00+000 4.71+045
P-BI-F-Pu 357+0.50 2.86+0.35 4.00+0.00 4.29+045 4.43+0.50
P-BI-F-C 3.71+045 3.00+0.35 4.00+0.00 4.29+045 4.43+0.50
A-BI-F-Pu 400£0.00 3.86+0.35 4.29+045 4.57+050 4.86+0.35
A-BI-F-C 371+045 3.86+0.35 4.14+0.35 4.57+0.50 4.86+0.35
P-R-F-Pu 4.29+£045 3.14+0.35 4291045 4.71+045  4.43+0.50
P-R-F-C 443+£0.50 3.71+£045 4.29+045 471+045 4.29+045
A-R-F-C 486+0.35 471+045 4.57+0.50 4.86+035 4.86+0.35
A-R-F-Pu 4.71£045 457050 4.71+045 5.00+0.00 4.86+0.35
T-Ma-F-Ag 3.86+0.35 3.71+045 4.14+035 4.71+045 4711045
T-BI-F-Ag 3.86+0.35 3.71+045 4.71+045 4711045 4711045
T-R-F-Ag 3.86+0.35 3.71+045 4.71+045 486+0.35 4.71+045
T-S-F-Ag 3.86+0.35 3.71+045 4.43+0.50 4.86+0.35 4.71+0.45
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In order to generalise the results of the sensory analysis of the developed multi-
layer chips, the quality index of chips Q was calculated (Table 5.2). To calculate the
quality index, the weighting coefficients of the sensory properties of chips were
determined as follows: appearance - m,=0.24; colour - m,=0.15; taste - m;=0.30;
smell - m,=0.11; consistency - m.=0.20.

Among the multilayer chips with a pear base layer, the P-S-F-C composition
obtained the highest value of the quality index (Q=0.861), and the lowest value -
P-B-F-C (Q=0.753). Among the chips with an apple base layer, the A-R-F-Pu compo-
sition received the highest value of the quality index (Q=0.950). The T-R-F-Ag com-
position was rated the highest (Q=0.875) among beet-based chips. The following
multilayer chips also obtained a high-quality index: A-S-F-Pu - Q=0.904; A-R-F-C -
Q=0.920. Among the apple-based chips, the A-B-F-Pu composition had the lowest
quality index (Q=0.810).

Table 5.2 Quality index of multilayer chips

Multilayer chips Quality index Q Multilayer chips Quality index Q

P-Ma-F-Pu 0.853 P-S-F-Pu 0.825
P-Ma-F-C 0.827 A-S-F-C 0.891
A-Ma-F-Pu 0.878 P-BI-F-Pu 0.769
A-Ma-F-C 0.863 P-BI-F-C 0.780
P-S-F-C 0.861 A-BI-F-Pu 0.860
A-S-F-Pu 0.904 A-BI-F-C 0.837
A-B-F-Pu 0.810 P-R-F-Pu 0.838
P-B-F-Pu 0.784 P-R-F-C 0.857
A-B-F-C 0.821 A-R-F-C 0.920
P-B-F-C 0.753 A-R-F-Pu 0.950
T-Ma-F-Ag 0.837 T-R-F-Ag 0.875
T-BI-F-Ag 0.871 T-S-F-Ag 0.858

5.5.2 Nutritional value and calorie content of multilayer fruit and
vegetable chips

The nutritional value and calorie content of multilayer fruit and vegetable chips
are presented in Table 5.3. The nutrient content of multilayer chips depended on
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their composition. It was found to be in the range of (g 100 g™%): protein - 5.77-9.12;
fat - 8.32-8.66; carbohydrates - 37.42-53.92. Beet chips had the highest protein
content (8.95-9.12 g 100 g™%). Multilayer chips with grated carrot had a higher pro-
tein content than chips with grated pumpkin, when other ingredients were equal.
Chips with mango and strawberry powders had lower protein content than those
with blueberry, bilberry, and raspberry powders. The addition of freeze-dried blue-
berry powder and pumpkin to the recipe of multilayer chips resulted in a decrease in
the fat content compared to other ingredient combinations. However, the fat con-
tent of chips with different combinations of plant-based ingredients varied slightly.
The T-R-F-Ag composition had the highest fat content (8.66 g 100 g™%). Flax seeds are
a source of protein and fat, so adding it to chips can increase the amount of these nu-
trients in the finished product. Carbohydrate content decreased in multilayer chips
with the addition of freeze-dried blueberry powder compared to other freeze-dried
plant powders. Multilayer chips with grated carrot had a higher carbohydrate con-
tent than chips with grated pumpkin.

The calorie content of multilayer fruit and vegetable chips varied between 238.9
and 312.0 kcal 100 g™. Multilayer chips containing grated carrot had more calories
than those containing grated pumpkin. The T-R-F-Ag composition had the highest cal-
orie content (312.0 kcal 100 g™*). Chips containing pear, blueberry powder, crushed
flax seeds and grated pumpkin had the lowest calories (238.9 kcal 100 g™%).

Table 5.4 shows the mineral content of multilayer chips. The mineral content of
the chips varied as follows (mg 100 g™%): iron (Fe) - 1.58-4.51; magnesium (Mg) -
105.34-139.36; calcium (Ca) - 64.57-107.41; potassium (K) - 447.53-769.71. The
highest iron content (4.51 mg 100 g™*) was in the A-S-F-C composition. Chips con-
taining apple and carrot had the highest iron content, while samples containing pear
and pumpkin had the lowest. The strawberry powder enriched the chips with iron
more than the other powders used. The T-S-F-Ag composition had the highest mag-
nesium content (139.36 mg 100 g™). Compositions of chips containing apple and car-
rot had higher magnesium content than samples containing combinations of such
raw materials: apple-pumpkin, pear-pumpkin, pear-carrot. The addition of raspberry
and strawberry powders fortified the chips with magnesium. The A-R-F-C composi-
tion had the highest calcium content (107.41 mg 100 g™). Compositions of multilayer
chips containing carrot had a higher calcium content than those containing other
ingredients. The highest calcium enrichment of chips was found when raspberry
powder was added. The highest potassium content (769.71 mg 100 g™!) was found in
the A-R-F-C composition of chips. Samples containing carrot had the highest potas-
sium content. The addition of raspberry powder fortified the chips with potassium
more than the addition of other freeze-dried plant powders.
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Table 5.3 Nutritional value and calorie content of multilayer chips

Multilayer Protein, Fat, Carbohydrates, Calorie content,
chips g100g™ g100g™ g100g™ kcal 100g™

P-Ma-F-Pu 5.77+0.24 8.39+0.14 38.90+0.98 244.4
P-Ma-F-C 7.57+0.31 8.48+0.16 5342+1.21 306.9
A-Ma-F-Pu 5.77+0.21 8.39+0.16 37.85+0.87 240.5
A-Ma-F-C 7.57+0.26 8.48+0.13 52.37+£1.13 302.9
P-S-F-C 7.58+0.26 8.49+0.15 53.37+£1.15 306.8
A-S-F-Pu 578+0.22 8.40+0.15 39.30+£0.96 246.1
A-B-F-Pu 5.92+0.19 8.38+0.18 39.40+0.94 246.8
P-B-F-Pu 5.92+0.21 8.38+0.15 38.95+1.01 2451
A-B-F-C 7.72+0.30 8.47+0.14 53.92+1.17 309.3
P-B-F-C 7.72+0.29 8.47+0.16 5347+1.22 307.6
P-S-F-Pu 5.78+0.18 8.40+0.16 38.85+0.95 244.4
A-S-F-C 7.58+0.24 8.49+0.13 53.82+1.14 308.5
P-BI-F-Pu 5.94+0.20 8.32+0.10 37.42+1.03 238.9
P-BI-F-C 7.74+0.27 8.41+0.16 51.94+1.17 301.4
A-BI-F-Pu 5.94+0.18 8.32+0.12 37.87+£1.00 240.6
A-BI-F-C 7.74+0.25 8.41+0.15 52.39+£1.19 303.0
P-R-F-Pu 5.93+£0.19 8.49+0.15 38.58+0.92 2448
P-R-F-C 7.73+£0.25 8.58+0.16 53.10+£1.15 307.3
A-R-F-C 7.73+0.28 8.58+0.14 53.55+1.18 309.0
A-R-F-Pu 5.93+0.17 8.49+0.15 39.03+1.03 246.5
T-Ma-F-Ag 8.95+0.11 8.55+0.12 53.04+£1.06 311.6
T-BI-F-Ag 9.12+0.14 8.48+0.16 51.56+£1.12 306.1
T-R-F-Ag 9.11+0.12 8.66+0.09 52.72+1.00 3120
T-S-F-Ag 8.96+0.07 8.57+0.06 52.99+1.08 311.6
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Table 5.4 Mineral content of multilayer chips

Mineral content, mg 100 g*

Multilayer
chips Fe Mg Ca K

P-Ma-F-Pu 1.69 108.09 64.57 468.58
P-Ma-F-C 241 120.09 85.78 697.48
A-Ma-F-Pu 3.45 114.89 82.39 521.09
A-Ma-F-C 4.17 126.89 103.60 750.00
P-S-F-C 276 120.70 100.94 709.06
A-S-F-Pu 3.79 115.49 84.23 532.67
A-B-F-Pu 3.49 113.46 82.33 511.26
P-B-F-Pu 1.73 106.66 77.83 458.75
A-B-F-C 4.21 125.46 103.54 740.16
P-B-F-C 245 118.66 99.04 687.65
P-S-F-Pu 2.04 108.70 100.94 480.16
A-S-F-C 451 127.49 105.44 761.57
P-BI-F-Pu 1.58 105.34 74.31 447.53
P-BI-F-C 2.30 117.34 95.52 676.43
A-BI-F-Pu 3.33 112.14 78.81 500.04
A-BI-F-C 4.05 124.14 100.02 728.94
P-R-F-Pu 1.73 110.92 81.70 488.30
P-R-F-C 245 122.92 102.91 717.20
A-R-F-C 421 129.71 107.41 769.71
A-R-F-Pu 3.49 117.71 86.20 540.81
T-Ma-F-Ag 3.19 117.39 81.64 496.72
T-BI-F-Ag 3.07 114.64 78.06 475.67
T-R-F-Ag 3.23 136.00 85.45 516.44
T-S-F-Ag 3.53 139.36 83.48 508.30
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5.6 Characteristic of multilayer glazed fruit and vegetable chips
5.6.1 Sensory properties of multilayer glazed fruit and vegetable chips

The multilayer glazed fruit and vegetable chips are shown in Fig. 5.5 (samples
of glazed chips are marked as follows: A - solid apple slice; T - solid table beet slice;
Z - solid zucchini slice; F - crushed flax seeds; Ag - grated apple; C - grated carrot;
D - dark chocolate; M - milk chocolate; W - white chocolate; Cu - currant powder).
Fig. 5.6 shows the appearance of the A-F-C-D-Cu sample from the base layer side
and its cross-section. The base layer of the multilayer glazed chips was a solid slice of
apple, table beet or zucchini. The apple, table beet and zucchini slices were breaded
on one side with crushed flax seeds. Grated apple and carrot were used to form the
layer over crushed flax seeds. Different types of chocolate (dark, milk, and white) and
freeze-dried currant powder were used to prepare the glaze for the multilayer chips.

The results of the expert evaluation of the sensory properties of multilayer
glazed chips are presented in Table 5.5. Table 5.6 shows the results of determining
the colour of multilayer glazed chips using the RGB additive colour model.

The shape and size of the multilayer chocolate-glazed chips depended on the
shape and size of the fruits and vegetables used for the base layer of the chips. On the
side of the base layer, the multilayer glazed chips had a smooth, wavy surface co-
vered by the chocolate glaze. On the opposite side, the glazed chips had a bumpy
surface that was the result of applying a glaze to a layer of grated fruit or vegetable.
Some samples of chips had cracks in the glaze (e. g. A-F-C-D and A-F-Ag-D samples).
On the side of the grated fruit and vegetable layer, small localized areas of the chips
were not completely covered by the glaze. To eliminate these defects, it is necessary
to grate the fruits and vegetables finer for the top layer of multilayer chips and also to
make this layer thinner. The inner fruit and vegetable layers of all samples of glazed
chips were not crisp and brittle. The glaze crumbled when the chips were cut and
became sticky where the chips were held by the fingers [40].

The appearance, colour, taste and smell of the multilayer glazed chips depended on
the combination of ingredients: vegetables, fruits, plant powders and chocolate. The
sensory properties of the multilayer chips with glaze containing white chocolate and
freeze-dried currant powder were rated higher (appearance - 3.29-4.71; colour -
3.29-4.71; taste - 4.29-4.71; smell - 4.00-4.71) than those of the chips with glaze
containing white chocolate only (appearance - 3.00-3.29; colour - 3.00-3.71; taste -
3.29-4.29; smell - 4.00-4.71). The addition of currant powder to the white choco-
late glaze did not significantly affect the smell rating of the chips. Glaze with white
chocolate and currant powder made the appearance of the chips more attractive.
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Fig. 5.5 Samples of multilayer glazed fruit and vegetable chips [40]
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A-F-C-D-Cu A-F-C-D-Cu

Fig. 5.6 The appearance of the A-F-C-D-Cu sample from the base layer side
and its cross-section

The berry powder gave the white chocolate glaze a sweet-sour flavor that har-
monized with the flavor of the dried vegetables and fruits. The sensory properties
of multilayer glazed chips with an apple had higher scores than the sensory proper-
ties of the chips with zucchini. The consistency of the white chocolate glazed chips
ranged from 1.71 to 3.00 points. Such low scores are due to the fact that the glazed
multilayer chips did not have a crisp consistency.

Milk chocolate glazed chips had the following sensory property scores: appea-
rance - 3.71-4.00; colour - 3.29-4.00; taste - 3.29-4.71; smell - 4.00-4.29; con-
sistency - 1.29-2.00. The sensory properties of the multilayer glazed chips were
improved by adding currant powder to the milk chocolate glaze as follows: appea-
rance - 4.29-5.00; colour - 4.00-4.71; taste - 3.71-5.00; smell - 4.00-4.71. The con-
sistency scores of the chips continued to be low (1.29-3.00). Milk chocolate glazed
multilayer chips were light brown, while those glazed with milk chocolate glaze with
currant powder were dark brown. Milk chocolate glazed chips had a sweet chocolate
taste with a hint of the vegetable or fruit used. And milk chocolate glazed chips with
currant powder had a sweet and sour taste, but the chocolate taste was dominant.
All samples of the milk chocolate glazed chips had a slight chocolate flavor.

The appearance of the dark chocolate glazed chips with currant powder was ra-
ted from 4.71 to 5.00 points, and the appearance of the dark chocolate glazed chips
was rated from 4.29 to 5.00 points. The colour of chips glazed with dark chocolate
was dark brown, it was rated from 4.29 to 5.00 points. When currant powder was
added, the colour of the chips became darker. The dark chocolate glazed chips had
a bitter taste of dark chocolate. Adding currant powder to the glaze gave the chips
asour taste. The glazed beet chips had a beet aftertaste. The taste score of dark cho-
colate glazed chips ranged from 3.29 to 5.00. In addition, chips containing an apple
had the highest score 5.0+0.00. Adding freeze-dried currant powder to the dark cho-
colate glaze did not affect the smell of the chips, they all had a light chocolate smell.
The smell of chips with dark chocolate glaze was estimated at 3.71-4.71 points. The
consistency of the dark chocolate-covered chips was estimated at 1.71-3.00 points.
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Table 5.5 Evaluation of the sensory properties of multilayer glazed chips [40]

Multilayer

glazed chips Appearance Colour Taste Smell Consistency

Z-F-Ag-W 3.29+0.45 3.29+0.45 4.00+0.00 4.00+0.00 2.00+£0.00
Z-F-Ag-M 4.00+0.00 4.00+0.00 4.00+0.00 4.00+0.00 2.00+£0.00
Z-F-Ag-D 4.71+0.45 4.71+0.45 3.71+0.45 4.00+0.00 2.29+0.45
Z-F-Ag-W-Cu  4.29+0.45 4.29+0.45 4.71+0.45 4.00+0.00 2.00+£0.00
Z-F-Ag-M-Cu  4.71+0.45 4.71+0.45 4.71+0.45 4.00+0.00 2.00+£0.00
Z-F-Ag-D-Cu  4.71+045 4.71+0.45 4.71+0.45 4.00+0.00 2.29+0.45
Z-F-CW 3.29+0.45 3.71+£0.45 3.29+0.45 4.00+0.00 2.00+£0.00
Z-F-C-M 3.71+£0.45 3.29+0.45 3.29+0.45 4.00+0.00 2.00+£0.00
Z-F-C-D 4.29+£0.45 4.29+0.45 3.29+0.45 3.71+0.45 2.29+0.45
Z-F-C-W-Cu 4.29+£0.45 4.29+0.45 4.29+0.45 4.29+0.45 2.00+0.00
Z-F-C-M-Cu 4.29+£0.45 4.00£0.00 3.71+£0.45 4.00£0.00 2.00+0.00
Z-F-C-D-Cu 4.71£0.45 4.71£0.45 4.29+0.45 3.71+0.45 2.29+0.45
A-F-CW 3.00+0.00 3.29+0.45 4.29+0.45 4.29+0.45 2.00+0.00
A-F-CM 3.71+0.45 3.29+0.45 4.29+0.45 4.29+0.45 1.71£045
A-F-C-D 5.00+0.00 5.00+0.00 4.00£0.00 4.71+£0.45 2.29+0.45
A-F-C-W-Cu 4.71£0.45 4.71£0.45 4.71£0.45 4.71+£0.45 2.00+0.00
A-F-C-M-Cu 4.71+£045 4.71+£045 5.00£0.00 4.29+0.45 1.71+0.45
A-F-C-D-Cu 5.00+£0.00 5.00£0.00 3.71+£0.45 4.71+0.45 2.29+0.45
A-F-Ag-W 3.29+£0.45 3.00£0.00 4.29+045 4.71+0.45 1.71+0.45
A-F-Ag-M 4.00+0.00 3.71£0.45 4.71+045 4.29+0.45 1.29+0.45
A-F-Ag-D 5.00+£0.00 5.00£0.00 4.71+045 4.71+0.45 2.00£0.00
A-F-Ag-W-Cu  4.00+£0.00 4.29+0.45 4.71+045 4.71+0.45 1.71+0.45
A-F-Ag-M-Cu  5.00+0.00 4.71+045 5.00£0.00 4.71+0.45 1.29+0.45
A-F-Ag-D-Cu 5.00+£0.00 5.00£0.00 5.00+£0.00 4.71+0.45 1.71+0.45
T-F-Ag-D 5.00+£0.00 5.00£0.00 4.00+0.00 4.71+0.45 3.00+£0.00
T-F-Ag-D-Cu 5.00+0.00 4.71+0.45 4.29+0.45 4.71+0.45 3.00+£0.00
T-F-Ag-W-Cu  3.29+045 3.29+0.45 4.29+0.45 4.71+0.45 3.00+£0.00
T-F-Ag-M-Cu  4.71+0.45 4.71+0.45 4.29+0.45 4.71+0.45 3.00+£0.00
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Table 5.6 Colour of multilayer glazed chips

Multilayer glazed chips  RGB colours  Multilayer glazed chips RGB colours
152,124,112
Z-F-Ag-W 133,78,43 A-F-C-W 181.81.31"
86,46,42
Z-F-Ag-M 89,50, 30 A-F-C-M 107,32,15"
Z-F-Ag-D 36,14,3 A-F-C-D 54,34,30
120,86, 80
Z-F-Ag-W-Cu 68, 37,39 A-F-C-W-Cu 181.81.31"
Z-F-Ag-M-Cu 47,23,24 A-F-C-M-Cu 77,35,25
Z-F-Ag-D-Cu 33,25,27 A-F-C-D-Cu 56,33,27
156,112,79
Z-F-CW 181,81,31" A-F-Ag-W 178, 142,94
68,29,18
Z-F-C-M 107,41,31" A-F-Ag-M 101, 46, 29
Z-F-C-D 43,32,33 A-F-Ag-D 48,27,23
121,87,82
Z-F-C-W-Cu 181.81.31" A-F-Ag-W-Cu 102,73,67
Z-F-C-M-Cu 50, 25,20 A-F-Ag-M-Cu 77,36,27
Z-F-C-D-Cu 27,19,24 A-F-Ag-D-Cu 33,13,13
T-F-Ag-D 64,39,33 T-F-Ag-W-Cu 176,137,120
T-F-Ag-D-Cu 64, 39,35 T-F-Ag-M-Cu 87,42,25

Note: ‘'main colour; “colour of the carrot visible under the glaze

The weighting coefficients of the sensory properties of multilayer chocolate
glazed chips, which were used to calculate the quality index, were determined as
follows [40]: appearance - m,;=0.25; colour - m,=0.15; taste - m;=0.33; smell -
m,=0.11; consistency - m;=0.16. The calculated quality index of the multilayer
chocolate glazed chips is shown in Table 5.7.

Compositions of multilayer chips containing chocolate glaze with freeze-dried
currant powder had a higher value of the quality index than chips where the glaze
did not contain currant powder. The exception was the A-F-C-D-Cu composition
with a quality index Q=0.822, since the A-F-C-D composition had a lower quality
index Q=0.842. The A-F-C-W-Cu composition had the highest quality index va-
lue (Q=0.854) among the chips with white chocolate. The quality index of the milk
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chocolate-covered chips ranged from 0.654 to 0.866, with the A-F-Ag-M-Cu com-
position (Q=0.866) having the highest value (Q=0.866). The quality index of the
multilayer chips with dark chocolate varied within 0.716-0.888. The A-F-Ag-D-Cu
composition had the highest value of the quality index Q=0.888. Therefore, the dark
chocolate glazed chips had the highest quality indices.

Table 5.7 Quality index of multilayer glazed chips [40]

Multilayer glazed chips Quality index Q Multilayer glazed chips  Quality index Q

Z-F-Ag-W 0.700 A-F-C-W 0.692
Z-F-Ag-M 0.736 A-F-C-M 0.716
Z-F-Ag-D 0.782 A-F-C-D 0.842
Z-F-Ag-W-Cu 0.806 A-F-C-W-Cu 0.854
Z-F-Ag-M-Cu 0.838 A-F-C-M-Cu 0.856
Z-F-Ag-D-Cu 0.848 A-F-C-D-Cu 0.822
Z-F-C-W 0.646 A-F-Ag-W 0.696
Z-F-C-M 0.654 A-F-Ag-M 0.758
Z-F-C-D 0.716 A-F-Ag-D 0.878
Z-F-C-W-Cu 0.786 A-F-Ag-W-Cu 0.798
Z-F-C-M-Cu 0.732 A-F-Ag-M-Cu 0.866
Z-F-C-D-Cu 0.814 A-F-Ag-D-Cu 0.888
T-F-Ag-D 0.864 T-F-Ag-W-Cu 0.746
T-F-Ag-D-Cu 0.874 T-F-Ag-M-Cu 0.860

5.6.2 Nutritional value and calorie content of multilayer glazed fruit and
vegetable chips

The nutritional value and calorie content of the multilayer chocolate glazed chips
are presented in Table 5.8. The nutritional content of the developed compositions
of chocolate-covered chips is as follows (g 100 g™%): protein - 8.02-11.94; fat -
15.09-18.02; carbohydrates - 47.48-58.23. The effect of adding freeze-dried cur-
rant powder to the glaze of different types of chocolate on the protein, fat and car-
bohydrate content of multilayer glazed chips is statistically insignificant. This is due
to the small amount of currant powder in the chocolate glaze.
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Table 5.8 Nutritional value and calorie content of multilayer glazed chips [40]

Multilayer glazed Protein, Fat, Carbohydrates, Calorie content,
chips g100g™ g100g™ g100g™ kcal 100 g

Z-F-Ag-W 10.40+0.37 17.92+0.42 54.32+1.17 406.0
Z-F-Ag-M 9.89+0.34 16.63+0.38 55.49+1.02 397.6
Z-F-Ag-D 10.03+0.29 17.41+0.51 53.67+£1.10 398.3
Z-F-Ag-W-Cu 10.44+0.31 17.93+0.44 54.50£1.09 406.9
Z-F-Ag-M-Cu 9.92+0.24 16.72+0.36 55.92+0.98 398.0
Z-F-Ag-D-Cu 10.03+0.37 17.40+0.38 53.83+£1.15 398.8
Z-F-C-W 11.91+0.36 18.02+0.40 48.22+1.07 390.1
Z-F-C-M 11.39+0.42 16.84+0.39 49.32+1.09 381.2
Z-F-C-D 11.52+0.40 17.63+0.39 47.48+1.16 382.0
Z-F-C-W-Cu 11.94+0.33 18.01+0.33 48.34+1.11 390.5
Z-F-C-M-Cu 11.41+0.28 16.82+0.34 49.40+1.14 381.7
Z-F-C-D-Cu 11.52+0.37 17.60+0.42 47.62+1.00 3825
A-F-CW 9.92+0.32 16.72+0.45 50.82+1.13 380.8
A-F-CM 9.39+0.35 15.49+0.36 51.88+1.02 3720
A-F-C-D 9.51+0.33 16.29+0.18 50.21+£1.10 3728
A-F-C-W-Cu 9.91+0.38 16.72+0.25 50.93+1.17 381.3
A-F-C-M-Cu 9.40+0.40 15.53+0.18 52.03+1.08 3725
A-F-C-D-Cu 9.52+0.37 16.29+0.30 50.32+£1.08 3732
A-F-Ag-W 8.52+0.36 16.58+0.33 57.04+£1.11 397.2
A-F-Ag-M 8.03+0.38 15.40+0.31 58.12+1.19 388.3
A-F-Ag-D 8.14+0.27 16.23+0.35 56.41+1.15 389.1
A-F-Ag-W-Cu 8.52+0.35 16.59+0.29 57.10+£1.14 397.6
A-F-Ag-M-Cu 8.02+0.31 15.40+0.36 58.23+1.01 388.8
A-F-Ag-D-Cu 8.14+0.26 16.21+0.19 56.52+1.07 389.5
T-F-Ag-D 8.33+0.26 16.12+0.22 50.18+1.02 366.6
T-F-Ag-D-Cu 8.33+0.18 16.11+0.24 51.01+£1.08 369.6
T-F-Ag-W-Cu 8.40+0.21 15.12+0.18 52.49+1.19 366.5
T-F-Ag-M-Cu 8.27+0.17 15.09+0.11 52.64+1.21 366.4
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The protein content of multilayer chips covered with different types of chocolate
varies as follows (g 100 g™):

- covered with white chocolate - 8.40-11.94;

- covered with milk chocolate - 8.02-11.41;

- covered with dark chocolate - 8.14-11.52.

Chips containing apple and table beet had lower protein content than those con-
taining zucchini and carrots.

Multilayer chips glazed with milk chocolate had the lowest fat content (15.09-
16.84 g 100 g™?). The fat content of chips glazed with white and dark chocolate
was 15.12-18.02 g 100 gt and 16.11-17.63 g 100 g}, respectively. Regardless of
the type of chocolate used for the glaze, the fat content of the zucchini and carrot
chips was higher.

Chips glazed with dark chocolate had the lowest carbohydrate content
47.48-56.52. The carbohydrate content of chips glazed with white and milk cho-
colate was 48.22-57.10 and 49.32-58.23, respectively. The highest carbohydrate
content was found in multilayer chips in which the plant raw material of the base
and the grated layer was apple.

The calorie content of chocolate-glazed chips ranged from 366.4 to 406.9 kcal
100 g*. Chips glazed with white chocolate had more calories than those glazed
with milk and dark chocolate.

The mineral content of multilayer glazed chips is presented in Table 5.9, which
shows the effect of the type of chocolate on the mineral content of the chips. The
mineral content of the glazed chips varied as follows (mg 100 g™%):

-iron (Fe) - 2.60-5.10;

- magnesium (Mg) - 92.07-145.88;

- calcium (Ca) - 71.22-212.25;

- potassium (K) - 457.8-1228.0.

Multilayer chips glazed with dark chocolate had a higher iron content than
those glazed with white and milk chocolate. The iron content of the chips was
also increased by adding currant powder to the chocolate glaze. The highest iron
content (5.10 mg 100 g™*) was found in the A-F-Ag-D-Cu composition. The highest
magnesium levels were also found in compositions glazed with dark chocolate.
Adding currant powder to the glaze increased the magnesium content of the chips.
The Z-F-C-D-Cu composition had the highest magnesium content (145.88 mg
100 g™1). Milk glazed multilayer chips with currant powder had the highest calcium
and potassium levels. Multilayer chips glazed with dark chocolate had the lowest
calcium content. The lowest potassium levels were found in chips with white cho-
colate glaze.
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Table 5.9 Mineral content of multilayer glazed chips

Multilayer glazed Mineral content, mg 100 g™*

chips Fe Mg Ca K
Z-F-Ag-W 3.20 106.83 151.50 1075.0
Z-F-Ag-M 3.58 123.63 197.40 1127.0
Z-F-Ag-D 481 14313 105.30 1098.0

Z-F-Ag-W-Cu 3.39 109.57 151.99 1087.0
Z-F-Ag-M-Cu 374 125.25 194.83 1137.0
Z-F-Ag-D-Cu 4.89 143.45 108.87 1109.0
Z-F-CW 2.77 109.25 166.35 1166.0
Z-F-C-M 3.15 126.05 212.25 1219.0
Z-F-C-D 438 14555 120.15 1189.0
Z-F-C-W-Cu 2.96 112.00 166.84 1179.0
Z-F-C-M-Cu 331 127.68 209.68 12280
Z-F-C-D-Cu 446 145.88 123.72 1201.0
A-F-CW 2.98 96.14 135.03 632.3
A-F-C-M 3.36 112.94 180.93 685.1
A-F-CD 459 132.44 88.83 655.4
A-F-C-W-Cu 3.17 98.89 135.52 645.0
A-F-C-M-Cu 3.52 114.57 178.36 694.3
A-F-C-D-Cu 4.67 13277 92.40 666.7
A-F-Ag-W 341 93.72 120.18 540.6
A-F-Ag-M 3.79 110.52 166.08 593.4
A-F-Ag-D 5.00 130.02 73.98 563.7
A-F-Ag-W-Cu 3.60 96.46 120.67 553.3
A-F-Ag-M-Cu 3.95 112.14 163.51 602.6
A-F-Ag-D-Cu 5.10 130.34 7755 574.9
T-F-Ag-D 4.02 125.63 71.22 468.2
T-F-Ag-D-Cu 4.10 125.95 74.79 479.4
T-F-Ag-W-Cu 2.60 92.07 117.91 457.8
T-F-Ag-M-Cu 2.96 107.75 160.75 507.1
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Conclusions

Fruits, vegetables, and berries are seasonal products that spoil quickly and lose
nutrients without proper storage conditions. Long-term storage of fruits, vegetables
and berries requires the creation of special conditions that maintain recommended
air temperature and air humidity regimes. Storage is an energy-intensive process and
requires large warehouses. Therefore, it is advisable to process fruits, vegetables and
berries directly at the farms where they are grown. The processing of these plant raw
materials, in particular the production of chips from them, will allow agricultural pro-
ducers not to lose the harvested crop, to refuse significant costs for its storage and
to obtain additional profits. However, the production of chips requires technological
equipment and production buildings for its installation, as well as qualified personnel.

Dried fruit and vegetable chips are positioned in the market as a healthy food.
They can be a healthy snack between main meals. Their consumption allows the hu-
man body to obtain the necessary nutrients, especially vitamins, macro- and microele-
ments. Chips made of plant raw materials can have a positive effect on the metabolism
in the human body, prevent excessive food consumption and provide a balanced diet.

The results of the study can be summarized as follows:

1. For the production of "healthy" chips it is important to choose an effective tech-
nology. For their production it is recommended to use hot air drying at the temperature
of the drying agent up to 80 °C. At this drying temperature, the nutrients contained in
fresh fruits and vegetables can be preserved without significant losses in the finished
product. In addition, in order to reduce the loss of nutrients during the production of
chips, as well as to preserve the taste, smell and colour of the plant raw materials in
the finished product, it is advisable to blanch the plant raw materials for a short time.

2. The processing of fruits, vegetables and berries into freeze-dried powders is
a promising technology. Freeze-dried plant powders, especially raspberry, currant
and strawberry, can be used in various combinations as an ingredient in multilayer
chips to fortify them with minerals, as well as to diversify flavors.

3. Flax seeds are another innovative ingredient for chips. It is a source of useful
substances for the human body. The combination of flax seeds with vegetables and
fruits in one product (chips) makes it possible to balance the nutritional content.

4. Glazing multilayer chips with different types of chocolate increases the calorie
content of snacks. The dark chocolate glaze fortifies the multilayer chips with iron
and magnesium, and the milk chocolate glaze fortifies the chips with calcium and po-
tassium. These chips can be recommended for children because they contain fruits
and vegetables. At the same time, it is important that children consume these snacks
in the recommended amounts.
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5. Using the developed technology, it is possible to produce an innovative pro-
duct (multilayer chips or chocolate-glazed multilayer chips) with original taste pro-
perties and nutritional composition. The possibility of combining different types of
plant raw materials (vegetables, fruits, berries, flax seeds, etc.) in one product al-
lows producers to obtain a wide range of multilayer chips with taste properties that
satisfy the preferences of different categories of consumers. The combination of
plant raw materials also makes it possible to balance the nutritional content of the
chips and obtain a functional product for specific target groups of consumers.

6. According to the results of sensory analysis of chips with different combi-
nations of plant raw materials and determination of the quality index of chips, the
following multilayer chips are recommended for production: A-S-F-Pu, A-R-F-C,
A-R-F-Pu, T-R-F-Ag. The nutritional value and the calorie content of these chips
are in the following range: protein - 5.78-9.11 g 100 g'%; fat - 8.40-8.66 g 100 g%;
carbohydrates - 39.03-53.55 g 100 g'%; calorie content - 246.1-312.0 kcal 100 g™*.
The following multilayer chocolate-glazed chips are also recommended for pro-
duction: T-F-Ag-D-Cu, A-F-Ag-D, A-F-Ag-D-Cu. The nutritional value and the calo-
rie content of these chips are in the following range: protein - 8.14-8.33 g 100 g'%;
fat - 16.11-16.23 g 100 g'%; carbohydrates - 51.01-56.52 g 100 g™%; calorie con-
tent - 369.6-389.5 kcal 100 g™

Further research to determine the physicochemical and sensory properties of
multilayer chips with different combinations of plant raw materials such as fresh
vegetables, fruits, berries, seeds, freeze-dried plant powders, etc. is relevant.
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CHAPTER 6

Improving the quality of dairy sauces
by using condensed low-lactose milk whey

Yuliia Honchar
Victoriya Gnitsevych

Abstract

For optimal functioning of all organs and systems in the human body, nutrition
must be complete and balanced. This is achieved by improving recipes and produc-
tion technologies of existing food products to preserve their nutritional properties
or provide them with new properties. In the presence of associated diseases, espe-
cially food allergies, malabsorption or even intolerance to certain food substances,
the existing range of food products should be expanded by developing technolo-
gies for special nutrition. Mayonnaise products, popular among consumers but not
highly biologically valuable or balanced, cannot be included in the diet of individuals
allergic to egg products. There have been efforts to replace egg ingredients in mayon-
naise with plant-based proteins, but whey proteins in mayonnaise products have
not received enough attention. Although secondary dairy raw material - milk whey-
is a valuable and cost-effective resource that must be processed, searching for its
applications is ongoing. Additionally, mayonnaise products based on whey can not
only expand the range of sauces for people allergic to eggs but also serve as a source
of animal proteins for lactose-intolerant individuals after lactose removal. This new
direction of its use is crucial because previous studies have shown that excluding
lactose-containing foods from the diet or partially restricting them does not improve
human health. This issue can be addressed using low-lactose protein-carbohydrate
dairy raw materials - processed milk whey.

This chapter of the monograph presents research results on the possibility of
using fermented mashed pumpkin pulp (FMPP) with a high content of pectin and
condensed in vacuo low lactose milk whey (CLLW) in emulsion sauces similar to mayon-
naise. Rational oil emulsification parameters have been established, and the characte-
ristics of model samples using FMPP and CLLW in different ratios have been studied.
The quality of sauces with an emulsified oil volume of 60 % has been evaluated.
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To establish the rational ratio of main components in the semi-finished product,
the rheological properties of model systems have been studied, including their in-
fluence on the formation of structuring indicators, such as emulsifying properties.
The possibility of using a protein-carbohydrate semi-finished product (SFLLW)
based on CLLW and FMPP as a base for emulsion-type sauces like mayonnaise has
been demonstrated.

Keywords

Sauce, emulsification, mayonnaise, egg-free sauce, milk whey, fermented mashed
pumpkin pulp with a high content of pectin, condensed in vacuo low lactose milk
whey, model of the system, lactose intolerance, lactose malabsorption.

6.1 Introduction

Nutrition is one of the most important factors in human life, directly influencing
health, productivity, and physical and mental development. For optimal function-
ing of all organs and systems in the body, nutrition must be complete and balanced.

The issue of rational nutrition among the population holds significant social im-
portance. It plays a crucial role in ensuring the quality and longevity of human life
and their health. In Ukraine, the most significant disruptions in the food system in-
clude excessive consumption of animal fats and carbohydrates, alongside a deficit of
complete proteins of animal origin, polyunsaturated fatty acids, micronutrients, vita-
mins, and dietary fibers. Therefore, scientists are tasked with creating a range of new
products with functional purposes that improve the nutritional status of individuals.

Global trends in nutrition are associated with creating an assortment of func-
tional products that contribute to strengthening public health and reducing the
risk of nutrition-related diseases. This task is addressed by including functional
ingredients in food products, positively affecting one or several physiological
functions of the human body. The creation of functional food products is based on
modifying traditional (classical) technologies, allowing for incorporating beneficial
ingredients into the finished product within the physiological norms of their con-
sumption (10-50 % of the average daily requirement).

At the same time, the body may find it difficult to absorb nutrients in certain
diseases. A common barrier to the complete or partial absorption of certain groups
of nutrients is food allergy, intolerance, malabsorption or sensitivity to it. A food al-
lergy happens when the immune system overreacts to a specific protein. Unlike food
allergies, food intolerances do not involve the immune system but are missing the en-
zymes that break down nutrients. The lighter form of intolerance is malabsorption,
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when the concentration of enzymes isn't enough to break the nutrient completely.
Non-disease sensitivity is a new syndrome of intolerance. Free from this specific nu-
trient, the diet leads to a complete regression of symptoms. Symptoms can range
from mild (rashes, gasses, hives, swelling, itching, etc.) to severe (trouble breathing,
loss of consciousness, etc.). More than 170 foods have been reported to cause aller-
gic reactions. The major food allergens are milk because of the lactose as a carbohy-
drate and egg because of the complex of proteins. Therefore, there is a demand for
traditional products in which ingredients that may cause a negative reaction in the
body are replaced. One type of such product is sauces. The main sauces and their de-
rivatives mainly contain products that can cause such reactions: milk, eggs, nuts, etc.
Therefore, considering the prospects and directions for improving sauce production
for special diets is worth considering.

Overall, the global market for food and beverage products aimed at improving
health and overall well-being continues to grow at an average rate of 8 %. The num-
ber of people consuming functional food products and dietary supplements is con-
stantly increasing.

The international market for sauce products is diverse. However, all products in
this category have the same significance, namely as a flavor enhancement for dishes.
In this market, the success of launching new products depends on continuously mon-
itoring consumer preferences and analyzing competitive products.

The global mayonnaise market demonstrates steady growth rates, with a pro-
jected production increase of approximately 4 % over the next five years [1].

According to data from the State Statistics Service of Ukraine, the Ukrainian Cus-
toms Service, and the company "Pro-Consulting", the competition level in the Ukraine
sauce market is high, primarily from domestic manufacturers. Mayonnaise produc-
tion holds the largest market share, accounting for 57 % of the market structure [2].

Mayonnaise is a popular condiment known for its creamy texture and tangy flavor.
It is typically produced from a blend of oil, vinegar or lemon juice, egg yolks, and
seasonings. The mixture is emulsified to create a smooth and stable sauce. Emul-
sified fat-containing products play a significant role in nutrition because when fats
are consumed, the human body absorbs them only after they are converted into an
emulsified state.

It is widely employed as a spread for sandwiches, burgers, and wraps and serves
as a base for various dressings and sauces. Its versatility has made it a staple in culi-
nary applications in home kitchens and the commercial food industry. Additionally,
it is known for enhancing the taste and mouthfeel of dishes, contributing a rich and
satisfying element. Nowadays, it is incorporated into dips and marinades due to its
creamy nature across the globe.
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The growing food service industry primarily drives the market. In addition, the
increasing number of products for convenient and easy meal alternatives, including
wraps, salads, and sandwiches, is influencing the market growth. Also, the growing
health awareness among consumers, the rising product demand in global culinary
options, and the rising disposable incomes are augmenting the market growth. More-
over, introducing health-conscious product variations, including eggless, gluten-free,
lactose-free, low-fat, vegan, and vegetarian mayoresses offerings, represents ano-
ther major growth-inducing factor. Besides this, the shift in consumer lifestyles and
the widespread product integration within the food and beverage sector are pro-
pelling the market growth. The convenience of procuring products from various re-
tail outlets contributes to market growth. Furthermore, the growing recognition of
mayonnaise's nutritional value and versatility creates a positive market outlook. This
chapter explores the problems of improving the quality of sauces.

In Ukraine, the production of mayonnaise and mayonnaise-based sauces is reg-
ulated by the State Standard of Ukraine 4487:2015, "Mayonnaises and Mayonnaise
Sauces. General Technical Conditions" According to section 3.1 of DSTU 4487:2015,
mayonnaise is a finely dispersed homogeneous emulsified product with a fat con-
tent of not less than 50 %, made from oil, water, egg products, with or without the
addition of processed milk products, food additives, and other food ingredients (ac-
cording to the recipe). Furthermore, according to section 5.4.4 of DSTU 4487:2015,
mayonnaise produced under the traditional name "Provansal" must have a fat con-
tent of 67 % and an egg product content, including fermented ones, calculated ondry
egg yolk of not less than 1.5 %. However, despite their functionality, eggless recipes
inindustrial production can only be called "a-la mayonnaise", indicating the imperfec-
tion and non-inclusivity of Ukrainian legislation. Nevertheless, the existing demand
for such products must be met.

First and foremost, excluding egg raw materials from mayonnaise formulation
meets the needs of individuals with egg allergies, which affects approximately
1in 10 adults [3], as well as vegetarians [4].

In their work, Nopparat Prabsangob and Sunsanee Udomrati used acid-mo-
dified pea protein isolate and okara cellulose crystal as a co-emulsifier to improve
the physicochemical stability of fat-reduced eggless mayonnaise [5]. However, the
resulting product had a drawback of a gelatinous consistency and a specific aroma.
Miray Biiylk, Ada Ata, and Ahmet Yemenicioglu proposed using aquafaba as a source
of mainly water-soluble proteins and carbohydrates, used in combination with citrus
pectin and grape seed extract [6] as a co-emulsifier. The major benefit of this techno-
logy is related to the reduction of emulsion droplet size, but it still has short-term stor-
age, high risks of lost emulsion and additionally specific organoleptic characteristics.
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Another work of innovative technology for developing egg-free mayonnaise was
shown, which uses -carotene and soy-protein binding but has an inappropriate in-
tensive yellow colour [7]. Another obvious disadvantage of this technology is the
use of soy proteins since soy is an allergen. However, there are relatively few studies
dedicated to using whey proteins for preparing mayonnaise recipes, and all of them
are focused on creating recipes for low-fat sauces. The majority of studies also in-
volve the use of dried demineralized whey. However, no studies have been conduc-
ted regarding using an intermediate product of its production - condensed whey -
including partial demineralization of about 40 % instead of 90 %. An essential pointin
this case is the necessity of prior lactose removal to prevent crystallization and make
this product accessible to individuals with lactose intolerance and malabsorption.
This is particularly important since the percentage of such individuals among the
populations of Asian and African countries is 90 %, Southern Europe - 70 %, Austra-
lia, Northern Europe, and North America - up to 17 %. In Central Europe, it's 30 %;
in Southern Europe - 70 %; and in Ukraine, 16 % of the population has been officially
diagnosed and confirmed by laboratory tests with malabsorption, with many undi-
agnosed cases additionally [8]. Including low-lactose food products based on hydro-
lyzed protein-carbohydrate milk raw materials (PCM) in production will allow the
development of a product suitable for consumption by a wide range of consumers.

Acid whey is cheap and a lot in sizes souse, the potential of which in Ukraine is
not fully realized for food purposes. As of the first half of 2020, 735 thousand tons of
whey were produced, with only 30.4 thousand tons subject to processing, while the
rest was discarded as waste [9]. Therefore, the priority issue becomes the creation of
technologies for low-lactose semi-finished products based on them for further use in
special food product technologies.

Structuring agents are needed to develop emulsified sauce products based on
whey proteins. Excellent structuring properties distinguish plant raw materials with
a high content of pectin substances. Pumpkin pulp can be used as such raw material,
characterized by potential properties of structuring agents, structure stabilizers,
and regulators of sensory indicators of food products. However, in its untreated
form, the amount of pectins is insufficient for use as structuring agents.

Based on previous research, a protein-carbohydrate semi-finished product
based on low-lactose condensed whey and fermented pumpkin puree (SFLLW) was
developed [10]. However, the issue of researching emulsified sauce products based
on it was not fully explored.

Therefore, this monograph chapter is dedicated to investigating the quality of
emulsified sauces, using mayonnaise as an example, with the utilization of semi-
finished based on low lactose whey.
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6.2 Organization and research methods

An innovative strategy for developing emulsified sauce technology has been
proposed to address physiological, raw material, environmental, technological, and
economic issues.

In this regard, the main principles of mayonnaise sauce development and re-
quirements for its technological properties were formulated. It should:

1. Meet the needs for essential nutrients of individuals with malabsorption who
have restrictions on lactose consumption and egg intolerance.

2. Be aggregate-stable immediately after production and during storage.

3. Be produced from locally available raw materials in Ukraine with the realiza-
tion of their food and functional-technological properties.

4. Reduce the volumes of secondary raw dairy materials (unused milk whey),
which are potential environmental pollutants.

5. Make the technological process of sauce production based on SFLLW acces-
sible to both high-capacity productions, small craft manufactories and restaurant
establishments.

Implementing these principles is possible only through reasoned and targeted
influence on the selected dairy and plant raw materials to most fully utilize their
technological properties.

Based on the provisions of the innovative development strategy, a working
hypothesis was formulated, which suggests that the use of plant raw materials as
a source of low-esterified pectin substances and fermented milk whey as a source
of proteins, calcium, phosphorus, low-lactose, with directed regulation of functio-
nal-technological properties during fermentation and thickening, using a low-
lactose semi-finished product based on whey, will allow obtaining functional emul-
sified sauce.

The aim of the work is to investigate the rheological properties of model sauce
systems, based on SFLLW, condensed fermented whey with reduced lactose content,
and fermented pumpkin puree with increased pectin content.

The object of the research is the technology of mayonnaise emulsion sauce based
on SFLLW and its quality.

The subject of the research is SFLLW, functional-technological properties of
model systems based on SFLLW, and the quality of the developed culinary products.

The properties of "Provansal with 67 % fat content" mayonnaise of the classic
recipe were investigated as a control sample by own production.

The basis for SFLLW used in sauce production owes its excellent emulsifying
properties to its composition.
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Model compositions of SFLLW with FMPP content exceeding 60 % and CLLW
content lower than 40 % exhibited unsatisfactory organoleptic characteristics; there-
fore, they were not used for further research.

To produce SFLLW, pre-fermented milk whey is condensed under vacuum. The
condensing process occurs at a reduced pressure of P=-0.1 Pa, at a constant tem-
perature of 50+ 2 °C, for 6-3600 sec. The concentration factor is 10 [11]. As a result
of condensation, the effective viscosity index increases, providing grounds for using
condensed in vacuo low-lactose milk whey (CLLW) in viscoelastic systems. Adjusting
the acidity of CLLW to neutral pH levels is achieved.

Simultaneously, preliminary hydrothermal treatment of pumpkin pulp was car-
ried out, followed by fermentation with enzyme preparation Vetom 1.1. The optimal
parameters for the fermentation process in the production of fermented mashed
pumpkin pulp (FMPP), which leads to the maximum accumulation of soluble pectin,
are a temperature of 55+ 3 °C, a duration of 15:3600 sec, and a concentration of en-
zyme preparation of 1.5 % [12].

A key issue in determining the functional-technological properties of the semi-
finished product and its nutritional and biological value is establishing a rational ratio
of system components.

One of the main requirements for sauce production based on SFLLW is the pre-
sence of the necessary texture and the ability to maintain structural characteristics.
During the production of emulsion sauces, viscosity (1, Pa-sec) and stability (V, %)
are the most indicative parameters during the emulsification stage. These parame-
ters are directly dependent on the pH values of the emulsion system, emulsification
temperature (t, °C), oil dripping speed (v, ml/sec), and the speed of rotation of the
mixer's working element (V, 1/sec).

The SFLLW content in sauce model systems varied within 40...90 % with a step
of 10 %. The mixture components were stirred at a temperature of 20+ 1 °C for dura-
tion of 60 sec until homogeneity was achieved using the IKA Ultra-Turrax T18 basic
homogenizer at V=11200 RPM.

The oil droplet size of the emulsions was observed using a Biological digital mi-
croscope MICROmed XS-3330 LED, and the volume-weighted diameter (DS, nm)
was recorded, where DSD shows the % number of particles with diameter d..
The measurement was used to provide distribution patterns of the oil droplet sizes.

The effective viscosity was determined using the rotational viscometer BPN-0.2M.
The working temperature in the thermostat was +23.3+ 1.5 °C. Up to five rota-
tion period values were taken for a fixed voltage value, excluding gross errors,
and the average value was calculated. The samples' shear stress limit (SSL) was
determined by extrapolating the linear section of the curve 1=f(y) at a shear
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rate of 100 1/sec, corresponding to values during sensory evaluation during pro-
duct consumption.

The fat-binding capacity was determined by the amount of vegetable oil (sun-
flower) required to reach the inversion point. Determination of the phase inversion
point to assess the emulsifying ability of model systems was carried out according
to the method of O. M. Gurov [13]. Oil was emulsified using the DLH mechanical
top-drive mixer with a dissolving attachment, mixing material from top to bottom
and bottom to top under high turbulence and cross-force action for 25-35 min,
depending on the component ratio. Emulsion stability (ES) was determined by the
amount of unlayered emulsion. The emulsion type was determined by dilution in
water. The phase inversion point value corresponded to the mass content of oil used
in the process.

6.3 Investigation of the rheological properties of model emulsion
sauce systems

Various interactions may occur in systems containing milk whey proteins and
esterified pectin derived from fermented pumpkin puree. Depending on the tem-
perature, processing time, pH of the medium, ionic strength of the solution, and the
ratio of proteins to pectin, complexes may form (intra-molecular, inter-molecular,
electron-neutral, charged coacervates) [9]. Therefore, it is advisable to investigate
the nature of the interaction between pectin-containing FMPP and whey proteins
in CLLW. To assess the effectiveness of SFLLW application, model compositions were
studied at different ratios of FMPP to CLLW and amounts of emulsified oil.

The new mayonnaise composition was prepared using CLLW in combination with
FMPP at different ratios as an emulsifier. Sample of mayonnaise by own production
stabilized with egg yolk powder, was used as control for comparison. The dispersion
characteristics were observed visually using a microscope, and the number of oil
droplets of different sizes was counted. The results of the calculated average values
of the size of emulsified oil droplets in different samples, taking into account the
error, are shown in Fig. 6.1.

Lower stability was clearly observed for the control sample and the sample with
a 90:10ratio, as indicated by its higher average droplet size. Compared to these sam-
ples, those with ratios of 70:30, 60:40, and 50:50 had smaller average oil droplet sizes.
This correlated with optical images of the emulsions. The results demonstrated the
feasibility of using SFLLW as an emulsifier for preparing emulsion sauce, as expected
from its strong emulsifying ability, as previously demonstrated [14].
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Fig. 6.1 Differences in oil droplet sizes (DS, nm) of emulsion depending on the nature
composition of model systems

However, using FMPP in quantities of 30 % and 40 % of the SFLLW mass resul-
ted in smaller droplet sizes. Consequently, this explains the increased physical sta-
bility of freshly prepared mayonnaises in these model compositions. The addition of
FMPP in quantities of 30 % and 40 % of the SFLLW mass is attributed to improved
interfacial activity of whey proteins due to changes in hydrophilicity and hydropho-
bicity balance, as well as molecular flexibility in the presence of pectins.

For the control sample, a wide range of emulsion droplet sizes was obser-
ved (Fig. 6.2), with the majority being large in size, indicating lower stability of the
control sample.

In comparison to the control, samples with CLLW in the main component ratio of
CLLW:FMPP in amounts of 70:30 and 60:40 not only had smaller oil droplets but also
showed adenser grouping of sizes. There are sharp peaks in the curves shownin Fig. 6.2,
indicating high homogeneity of the emulsified droplets in terms of size. However, for
the sample with a CLLW:FMPP ratio of 50:50, the droplet size distribution curve was
fragmented, indicating the presence of more homogeneous droplets in size and a small
but significant number of large droplets. This indicates the reduced stability of such
a system, which is consistent with optical images of the investigated emulsion sauces.

The rest of the samples showed significant variations in the ratio of droplet sizes.
Although the average sizes of the 40:60 and 80:20 CLLW:FMPP samples were
smaller than the control, these systems had significantly lower stability as they
tended to separate more rapidly due to uneven droplet distribution. The obtained
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results demonstrated the effectiveness of using SFLLW as an emulsifier for prepar-
ing egg-free mayonnaise, as could be expected from its powerful emulsifying ability,
as shown in Fig. 6.1, 6.2. However, using CLLW:FMPP in ratios of 70:30 and 60:40
resulted in smaller droplet sizes with a narrower size distribution structure. This
trend corresponded to greater stability in these mayonnaise samples compared to
the control sample.

DSD, %
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20%
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o L
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Fig. 6.2 Droplet size distribution patterns of sauce model systems

The interaction between whey proteins and pectin can be evaluated using rheo-
logical methods. Rheological methods of investigation can detect abnormal changes
in viscosity and shear stress of systems, based on which it can be concluded whether
substances interact or not. The results of effective viscosity studies of model sys-
tems are presented in Fig. 6.3.

As the FMPP content increased from 10 % to 60 %, the effective viscosity in-
creased by 3.1 times. Therefore, it can be concluded that there is no coacervation
of protein-pectin complexes and no thermodynamic incompatibility of proteins with
pectins at the studied component ratios. In such cases, the viscosity of the system
would decrease. The obtained data indicate the interaction of whey proteins and pec-
tins with interpenetrating polymer network structures during micelle formation. This
significantly affects the stability of the prepared emulsions. The obtained data were
compared with the viscosity of the control sample prepared using a classic recipe.
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A shear rate is constant and equal to 100 1/sec.

In a classic mayonnaise, the interaction between egg yolk proteins and oil drop-
lets plays a crucial role in forming a network to stabilize the mayonnaise system. The
higher emulsification rate of the control sample could be due to its lower viscosity
and larger size of oil droplets in the emulsion (Fig. 6.1, 6.2), which reduces the emul-
sion's dispersing ability.
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Fig. 6.3 Effective viscosity (n, Pa-sec) of model compositions on the CLLW: FMPP ratio

On the contrary, samples with CLLW:FMPP ratios of 40:60, 50:50, 60:40 ex-
hibited higher viscosity compared to the control. The use of CLLW in combination
with FMPP additionally improved the viscosity of mayonnaises, especially at higher
FMPP concentrations. These results can be explained by inter- and intramolecular
interactions between adsorbed proteins and pectins on the surface of oil droplets,
leading to the formation of hydrocolloid networks. Simultaneous or sequential for-
mation of interpenetrating polymeric mesh structures causes microphase separa-
tion of proteins and carbohydrates due to incompatibility arising from interchain
nodes with subsequent oriented extrusion of pectin molecules onto the protein
surface. Increased carbohydrate concentrations in microvolumes lead to enhanced
self-association, hydrogen bonding, merging zones of pyranose pectin structures,
resulting in faster viscosity growth. This process hampers pectin phase distribution,
ensuring the necessary structuring of their structures and stabilizing the system's
structure. Furthermore, water-soluble pectins with hydrophilic nature can effective-
ly interact with water, increasing emulsion viscosity. Enhanced viscosity of the water
phase can limit oil droplet movement, restricting collision between droplets, leading
to improved emulsion stability. Additionally, visible viscosity is closely related to

162



Chapter 6 Improving the quality of dairy sauces by using condensed
low-lactose milk whey

mouthfeel, indicating a velvety texture of food emulsions. Thus, increased mayon-
naise viscosity due to SFLLW usage can lead to improved textural characteristics
of the product.

Determining the magnitude and dependence of the shear stress limit (SSL) on the
component content allows for identifying the possible type of interaction and charac-
terizing the rheological behavior of the systems. It has been established that with an
increase in the FMPP content, the shear stress limit also increases. It should be noted
that the dependence of SSL on the puree content shows the presence of a breaking
point on the curve for the sample with CLLW:FMPP ratios of 70:30 (Fig. 6.4).
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Fig. 6.4 Dependence of SSL (Pa) of systems on the CLLW:FMPP ratio

64.5+0.22

The break in the curve in Fig. 6.4 indicates a change in the interaction between
proteins and pectins. An increase in the structure-forming ability was observed for
the sample with CLLW:FMPP ratios of 70:30. Based on the obtained data, it can be
stated that at this ratio of components, SFLLW achieves maximum realization of
structure-forming properties during emulsification, and the systems are characte-
rized as visco-plastic. Further, anincrease in SSL results from changes in the interac-
tion between whey proteins and pectin. This is evidenced by the SSL rate increase.
Presumably, the solubility of complexes, molecular weight, and diffusion coefficient
change, which is consistent with studies showing that with an increase in pectin con-
tent, the size of protein-pectin particles also increases.

The investigation of shear rate is useful for sensory evaluation of consistency and
overall appearance of samples. Since the addition of SFLLW increases the viscosity
of mayonnaise due to its high ability to bind free water and oil as stabilizers for the
continuous phase. However, samples with CLLW:FMPP at a ratio of 40:60 quickly
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transitioned from a stage of maximum viscosity to emulsion stratification, indicating
insufficient strength of complexes with lower protein content.

It can be concluded that by incorporating SFLLW into the composition of mo-
del emulsion sauce systems, it is possible to regulate viscosity over a wide range as
a stability factor. Since the effective viscosity opposes the oil emulsification process,
leading to significant energy consumption, it is necessary to evaluate the emulsify-
ing capacity of the system. The emulsifying capacity of model systems was assessed
by the phase inversion point (Fig. 6.5), i.e., conditions under which the system strati-
fies were determined.
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Fig. 6.5 Dependence of the emulsion inversion point (FC, %) of systems
on the CLLW:FMPP ratio

To study the behavior of the system and determine the standard inversion point,
an analysis of the recipe composition using SFLLW for different ratios of CLLW and
FMPP, corresponding to different viscosities, was performed.

To determine the standard inversion point, each pre-balanced sample continued
to be emulsified under unchanged system parameters: the stirring speed of the agi-
tator, ambient temperature, and oil dripping rate. The variable was the amount of
emulsified oil at which the system stratified.

It has been established that the dependence of the inversion point on the com-
ponent ratio has an extreme character. In the interval of FMPP content of 0...30 % in
SFLLW, the emulsifying capacity increases. A further increase to 40...60 % leads, on
the contrary, to a decrease in the emulsifying capacity of the systems by 1.3 times.
In systems using CLLW:FMPP at a ratio of 70:30, the phase inversion point of the
emulsion corresponds to a fat content of 91...92 %. This is probably due to the
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formation of complex protein-carbohydrate complexes, the maximum hydropho-
bicity of which is formed in systems with an FMPP content of 30 %.

With an FMPP content of more than 40 %, the hydrophilic-lipophilic balance may
change, dimensional characteristics increase, and as a result, the diffusion coefficient
decreases. This negatively affects the emulsifying capacity.

The conducted studies of emulsion stability during emulsification indicate that
with an increase in oil content, the stability of the emulsion increases. However, an
important factor is the influence of the oil dripping rate, which directly affects the sta-
bility of emulsions and the amount of emulsified oil. The optimal emulsification rate of
the oil was determined under conditions of constant stirring speeds of the agitator and
ambient temperature. The range of analyzed oil dripping rates was 0.09...0.11 ml/s.

As can be seen from Fig. 6.6, the effective viscosity index is directly proportion-
al to the oil dripping intensity during its emulsification process. The rational visco-
sity zone corresponds to effective viscosity indices in the range from 0.586 Pa-sec
to 0.640 Pa-sec. These viscosity values corresponded to an oil dripping rate of 0.05
and 0.1 ml/sec. Increasing the oil flow intensity to 0.2...0.4 ml/sec resulted in incom-
plete emulsification and accelerated the time to emulsion inversion. At the same
time, reducing the flow intensity to 0.01 ml/sec led to stratification of the system
already at 70 % of the added oil, which is explained by the non-uniform distribution
of the oil phase under the established stirring regimes.

Therefore, a model system with CLLW:FMPP in a ratio of 70:30 and oil content
of 60 %, with emulsion stability of 98+2 %, is achieved, which meets the require-
ments of mayonnaise products according to regulatory documentation.
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Fig. 6.6 Dependence of the emulsion inversion point (FC, %) and effective viscosity (n, Pa-sec)
depends on the oil dripping rate (v, ml/sec)
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Itis worth noting that in systems with an oil content of up to 60 % and FMPP con-
tent of 40...60 % in SFLLW, emulsion stability remains practically unchanged. How-
ever, the system's viscosity based on SFLLW increases in this range. Therefore, it
can be assumed that different complexes are formed based on their surface activity
and hydrodynamic properties (size, charge, molecular weight) at FMPP contents up
to 30 % and at FMPP contents of 40...60 %.

Based on the analysis of the absolute values of emulsifying capacity and emulsion
stability, it is possible to recommend a rational ratio of components in model sys-
tems based on SFLLW for obtaining emulsion-type sauces, like mayonnaise without
egg-products.

Thus, the provided data indicate that using SFLLW to acquire certain functional-
technological properties has several advantages. Firstly, this includes increasing the
nutritional and biological value and providing products with therapeutic and prophy-
lactic characteristics. Secondly, FMPP is capable of retaining moisture in the product
structure, increasing stability, and enhancing the viscosity of emulsion-type sauces
with high oil content. Thirdly, in this case, FMPP acts as a colorant and CLLW as
a flavor enhancer.

Conclusions

The proposed innovative model for producing emulsion sauces similar to mayon-
naise of the new generation involves the use of SFLLW as the main component, which
acts as an emulsifier due to the presence of whey proteins and as a structure former
due toits high content of soluble pectin.

As a result of the conducted research, the range of values of rational parame-
ters for individual indicators of the technological process of preparing such emulsion
sauces has been determined. Therefore, it is objectively justified to establish opti-
mal values.

Studies of rheological and functional-technological properties have allowed to
establish that with an increase in the FMPP content, the shear stress of model sys-
tems increases. Based on the obtained data, it is stated that with an FMPP content
of 30 %, the maximum realization of structure-forming properties is achieved, and
the systems are characterized as visco-plastic.

Based on the results of the research on rheological and functional-technological
properties, a rational ratio of CLLW:FMPP as 70:30 and 60:40 is substantiated. Such
a ratio exhibits high emulsifying and stabilizing properties, allowing to obtain emul-
sion systems with maximum stability at an oil content of 60 %.
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CHAPTER 7

Crafting fermented pepper-based hot sauces

Tetiana Kolisnychenko
Kateryna Sefikhanova

Abstract

In today's business environment in the food industry, business entities need to
focus on improving and diversifying the range of products and dishes offered on the
consumer food market. This requires the development and implementation of inno-
vative technologies in production, focusing not only on the nutritional value of pro-
ducts, but also on their usefulness and compliance with individual consumer needs.

Currently, the creation of a variety of new products to improve the nutritional status
of humans is a timely and relevant issue facing food scientists. Food technologies use
functional ingredients with enhanced protective and improved technological properties.

The article analyzes the essence of the technology of craft hot sauces, systematizes
the theoretical basis and methodological developments on the information base on
the technology of production of craft hot sauces for restaurant business enterprises
in modern economic conditions. A corresponding analysis of the principles, features
and practical experience of craft production of hot sauces is carried out. A compara-
tive analysis of the technology for the production of craft hot sauces by characteristic
properties is carried out. Based on the results of the scientific research, the advantages
of using innovative technologies for the production of hot sauces in craft production
are determined. The importance of taking into account changes in tastes and consu-
mer priorities in the nutrition of visitors to restaurant establishments is emphasized.

Comprehensive studies allow to state with confidence that the use of available
vegetable raw materials and raw materials with high nutritional value allows expand-
ing the range of craft sauces for restaurant business enterprises.

It is proved that when creating new compositions of hot sauces to ensure the gua-
rantee of their production with the necessary structural, mechanical and organoleptic
properties, the choice and justification of the use of natural resource raw materials for
the recipe ingredients, their rational combination are taken into account.
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7.1 Introduction

In the food industry, business entities face the issue of improving and diversifying
the products and dishes offered on the consumer market, which requires the need to
develop and implement innovative technologies, focus not only on their nutritional
value, but also on their usefulness and individualization of demand. In the modern
world, where the pace of life is rapidly increasing, and the daily rhythm becomes more
stressful, sauces have become an integral part of culinary culture. Considering the glo-
balization of culinary preferences, exotic flavors and non-traditional seasonings are
increasingly found in sauces. These products have numerous advantages and simplify
the cooking process, making it more efficient and convenient. Sauces allow for a wide
range of flavors and aromas in culinary use. With their diverse palette of tastes, they
can be successfully used to prepare various dishes, from classic to exotic. Most im-
portantly, sauces can be a beneficial addition to a balanced diet and have functional
properties. The richness of vitamins, minerals, and antioxidants in some of them makes
these products not only tasty but also beneficial for health. Including plant-based in-
gredients in their composition can help combat hidden hunger, providing the body
with necessary phytonutrients [1]. Additionally, sauces have high added value, and
their production is quite profitable. The results of market research have confirmed
the need for the creation of new types of food products made using only natural ingre-
dients as stabilizers and flavorings [2]. The combination of high-quality raw materials
will make it possible to produce a product with a balanced composition of nutrients.

This, for the most part, necessitates planning production processes with due re-
gard to a set of optimization measures - economic, financial, organizational, techno-
logical, environmental, etc. In a competitive environment, a vivid example of adap-
tation to the conditions of uncertainty, risk and crisis is the activity of restaurants.
For effective operation, they must find their unique product proposition in the con-
sumer market, which involves not only organizing customer service processes, ser-
vice, but also expanding the range at optimal costs without sacrificing quality.

Anexample is the use of a palette of sauces for various dishes. Sauce is an additional
component with a liquid or semi-liquid consistency that is used in the cooking process
or served with the finished dish to improve the taste and flavor. In modern cuisine, they
are an integral part of a wide range of hot and cold dishes, appetizers, desserts, etc. [3].
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Sauces can be classified according to various criteria, including geographic origin (for
example, Italian, Indian, Japanese sauces, etc.), serving temperature (for example, hot or
cold sauces), flavor (for example, mild or spicy sauces), acidity (for example, low-acidity
sauces or acidic ones), sweetness (for example, sweet or savory sauces), color (for exam-
ple, brown sauces, pink sauces, green sauces, etc.) [4]. Different condiments with vary-
ing sensory profiles are preferred and regularly consumed by people of different ethnic
groups in different countries. Soy sauce is the leading condiment in Asian markets, with
up to 5,876,000, 856,000, and 420,000 metric tons used annually in China, Japan, and
Indonesia, respectively. This compares to some 679,600 metric tons of ketchup that
was consumed in the United States in 2013, and approximately 333,000, 285,000, and
37,000 metric tons of fish sauce consumed in Vietnam, Thailand, and Myanmar, respec-
tively [5]. Over the past 5-10 years, sauces made using the so-called "craft" method
have become particularly popular, due to the growth of private family-owned small
businesses and farms, where, in particular, it is possible to carry out a full range of pro-
duction processes - "from field to table". Craft production differs from mass industrial
production, first of all, in that production is carried out without the use of its characte-
ristic technologies and at low capacity, i.e. it refers to small enterprises. Craft producers
can manufacture products in small batches and cater to both traditional and exotic con-
sumer tastes. Hot and spicy sauces are an integral part of the traditional cuisine in Asian,
South American, and American countries. For most European consumers, hot sauces
are considered exotic and are consumed in small quantities.

The number of consumers who focus on and show increased interest in the chemi-
cal composition, nutritional value, and presence of functional ingredients in food pro-
ducts is rapidly growing. This is driven by the issue of unbalanced nutrition due to the
consumption of refined, processed foods, at a time when a healthy diet requires satura-
tion with dietary fibers, vitamins, micronutrients, minerals, unsaturated fatty acids, etc.
Taking into account the growing interest in healthy eating, the consumer food market
is in need of products with increased nutritional value, enriched with biologically ac-
tive components and excellent organoleptic characteristics. This effect can be achieved
through the use of non-traditional plant raw materials in the production technology.

The production of food products with improved chemical composition and in-
creased content of bioactive substances is one of the most pressing issues. This prob-
lem can be solved through the development and use of food technologies that combine
different types of raw materials, which will ensure high quality of the finished product.

As practice shows, the sauces that meet the criteria of enhanced nutritional value
positioned as "healthy food" or possess functional properties are the most popular.
Therefore, expanding the range of craft sauces with increased nutritional value for
HORECA sector enterprises is a relevant task.
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7.2 Requirements for the production of craft sauces

The concept of "craft sauce" is associated with such definitions as unique-
ness of recipe, use of natural ingredients, and application of technologies that al-
low for maximum preservation of freshness and flavor of quality components of
the product.

If to analyze the norms and requirements for the design and recipe of craft pro-
ducts and dishes, it is worth noting the absence of strict requirements for their pro-
duction technology. The main principle, as mentioned above, should be, as a result
of predominantly manual and family labor at all stages of the production process,
a guarantee of the absence of artificial preservatives, colorants, food additives and
chemical ingredients. However, this is not a reason for craft producers to ignore the
need to obtain relevant certificates and meet sanitary requirements. Thus, in order
to sell craft products, entrepreneurs must have all the certificates of health safety
required by the current legislation of the country where the craft food is produced.
In fact, each craft product has a unique recipe, which determines the high quality of
such a unique product. It is worth noting that the technology of manufacturing craft
products involves careful quality control of the selection of all components without
exception and their combination based on a unique recipe. In this case, the manufac-
turer's skill is of great importance. Practice proves the uniqueness of a craft product
throughout the entire cycle - from growing or purchasing the right kind of natural
ingredients (raw materials) from producers to selling it to the consumer in its ori-
ginal packaging, where attention should be focused on the uniqueness and natural
ingredients and the environmental orientation of the technology of both product
production and packaging.

In fact, there is currently no legislatively defined concept of "craft production"
in Ukraine, which, given the national nature of production, requires compliance
with certain criteria, including the predominance of manual labor rather than
mechanized labor; only high-quality raw materials are used. The philosophy of
a craft product is based on responsibility to the consumer, the desire to match
the general culture of consumption with the indicator of quality and significance.
At present, there are no legislatively defined requirements for the area, volume,
and capacity of craft production in Ukraine, i.e. it can be either small or large-scale
production. The only exceptions are restrictions on those industries that require
a certain type of license permit, which is granted separately for the manufacture of
the product and for the sale, for example, beer from a craft brewery. With regard
to the differences between mass production and craft production, it is advisable to
take into account the experimental nature of such production, driven by the desire
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to achieve the highest, sometimes original taste, which affects pricing and requires
intensifying the search for its own consumers and taking into account changing
tastes. For such activities as "artisanal”, which relate to the smallest producers
and family food producers, favorable conditions are created to attract donors, fi-
nancial support for the development of family businesses and the development of
rural communities.

However, sanitary regulations apply to enterprises involved in food production,
regardless of ownership form and departmental subordination, and must be fully
complied with. A threat to food safety may be posed by a biological, chemical or phy-
sical agent in food that may cause adverse health effects. Food safety is ensured
by the joint efforts of all participants in the food chain.

Culinary products are produced in the form of dishes, culinary products and culi-
nary semi-finished products that differ in their main characteristics (Fig. 7.1).

Culinary products
Main characteristics

[ Type of raw materials used ] ‘ Cooking method of processing ’

[ Thermal condition

—

Consistency ]

‘ The nature of ’

consumption Acknowledgement ]

Fig. 7.1 Main characteristics of culinary products

Hygienic standards for microbiological indicators include control over four
groups of microorganisms: sanitary indicators, potentially pathogenic microorga-
nisms, pathogenic microorganisms, and microorganisms that cause product spoil-
age [6]. Microbiological standards also apply to products of intensive technologies:
using microwave and infrared heating, as well as to products made from fermented
raw materials, which is of interest and important when applying the technology of
hot sauce production. Regarding compliance with microbiological standards for
sauces or dressings for second courses produced by catering companies for garnishes,
here are examples. In particular, the total number of mesophilic aerobic and faculta-
tive anaerobic microorganisms CFU should not exceed 3.5-10 in 1 g/cm?®; the mass
of the product in which BCCP (coliforms) is not allowed is 1.0 g/cm?; the mass of the
product in which E.coli is not allowed is 0.1 g/cm?; the mass of the product in which
S.aureus is not allowed is 5 g/cm®[6].

173



Food technology progressive solutions

7.3 Assortment and ingredients of hot sauces

There are many variations and names of hot sauces. In fact, every culture has its
own original sauces, including spicy ones, as natural ingredients for them are most-
ly grown within the territory of a particular country and are characteristic of that
country, corresponding to its culinary traditions. Even within one country, seemingly
similar sauces differ in ingredients, their proportions, and technological features.
Currently, in Ukraine, hot sauces from craft producers have their own differences
not only due to natural raw materials, but also due to the manufacturing technology.
The advantage of hot sauces is their inherent ability not only to enrich the taste of
dishes, but also to create new dishes based on hot sauce, thereby creating conditions
for expanding menu offerings.

In such European countries as those located in the north and east, hot sauces
are popular as a seasoning for almost all types of meat, fish, poultry, vegetables and
are popular in Germany, Alsace, many countries of Central and Eastern Europe, etc.
In England, for example, hot sauces are used to enrich the flavors of roast beef and
in the United States, fast food restaurants use hot sauces.

Ukrainians, according to their culinary preferences, tend to lean towards Euro-
pean cuisine. Therefore, hot and spicy sauces are used here significantly less than in
Asian or American cuisine. Traditionally, spicy sauces made from the seeds of plants
such as white mustard (Sinapis alba), brown mustard (Brassica juncea), black mus-
tard (Brassica nigra), and horseradish root (Armoracia rusticana) are widely popular.

Mustard seed is good source of protein, fiber, minerals, vitamins, antioxidants,
and phytonutrients. In addition, mustard is a source of valuable phytonutrients. Its
main biologically active components are glucosinolates (sinigrin and sinalbin) and
their breakdown products, rich in sulfur-containing isothiocyanates, phenolic com-
pounds, and phytosterols. These compounds possess antioxidant, anti-inflammatory,
anticancer, antimicrobial properties [7].

Mustard is a condiment sauce made from ground, often de-fatted mustard seeds,
mixed into a paste with water, vinegar, salt, oil, and other spices, and then refined.
By using different varieties of seeds and adjusting the concentrations of the main
ingredient, milder or spicier sauces are obtained.

Horseradish or Armoracia rusticana is a perennial herbaceous plant in the Bras-
sicaceae family, which also includes mustard, wasabi (sometimes called Japanese
horseradish), cabbage, and broccoli. Horseradish is a popular culinary addition due
to its ability to enhance the flavors of dishes and sauces, as well as its functional pro-
perties. In recent years, scientists have been paying increasing attention to horsera-
dish due to its high content of biologically active compounds. The specificity of these
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compounds gives horseradish antioxidant, antibacterial, fungicidal, and anti-tumor
properties [8]. Like in mustard, the sharp, pungent taste of horseradish is attribu-
ted to glucosinolates. In addition to glucosinolates, horseradish contains many other
antioxidants, some of which not only destroy and block free radicals, but also pre-
vent the appearance of mutations that can occur in humans under the influence of
adverse environmental conditions and side effects from taking medications, which
in turn can increase the likelihood of developing various degenerative diseases [8].
In Ukraine, a moderately spicy snack called "Buriachky" of grated boiled beetroot, mixed
with chopped fresh horseradish root, vinegar, sugar and salt, is traditionally cooked.
A popular addition to meat dishes in Eastern Ukraine is grated horseradish mixed with
thick cream. A traditional "Horseradish and Beetroot" spicy seasoning is produced
on an industrial scale, where crashed horseradish roots are mixed with raw beetroot.

Many hot sauces are based on peppers (Capsicum spp.). The most common is con-
sidered to be chili sauce. Chili sauce is a condiment prepared from the edible portion
of healthy and clean fresh chili peppers or processed chili, such as chili that has been
roasted into powder, chopped, or pickled in vinegar or other acid. It may also contain
mango, papaya, tamarind, tomatoes, garlic, onions, carrots, sweet potatoes, other
spices and herbs, honey, and other edible ingredients [9].

Peppers are commonly considered vegetables, but from a botanical perspective,
they are berries. Pepper varieties are classified based on the characteristics of their
fruits, such as spiciness, color, fruit shape, as well as their usage. When ripe pods of red
peppers are dried and ground, they become the most consumed spice in the world.
Practically all pepper varieties cultivated for commercial purposes in the USA belong
to the species Capsicum annum. However, one main type, "Tabasco", belongs to Capsi-
cum frutescens. Two other pepper species gaining popularity are Capsicum chinense,
"Habanero" and "Rocotillo", and Capsicum pubescens, "Peron" and "Manzano" [10].

Hot pepper is the only plant crop that contains capsaicin. Recent scientific studies
have shown that capsaicin contained in hot peppers has antimutagenic and antitumor
effects [11]. This component inhibits the growth of cancer cells, which confirms its
effectiveness. The presence of this substance determines the beneficial properties
of the product. According to research, the alkaloid capsaicin has a pronounced anti-
inflammatory, analgesic and antioxidant effect. In addition, hot peppers help prevent
oxidative stress, protecting cells from damage and keeping them young. Pepper con-
tains vitamins B,, B,, A, E, C, P, as well as various trace elements that are essential
for the normal functioning of the body, such as calcium, iron, phosphorus and silicon.

Hot pepper has beneficial properties because it acts as a natural preservative.
Its complex components have antimicrobial and antibacterial effects that prevent
the development of harmful microorganisms in foods.
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As an example of research aimed at determining the antioxidant properties of
certain plant species, it is advisable to consider the results of the study of Iranian chili
pepper extract, for which some solvents, such as water, ethanol, and a water-etha-
nol solution, were used [12]. Two types of tools were used to influence the object of
study, including with and without treatment with ultrasonic waves. The amount of
tocopherol and phenolic compounds in the extracts was measured by the stoichio-
metric method, and the antioxidant capacity of the extracts was measured and ana-
lyzed using beta-carotene and DPPH tests. As a result, the oxidative stability of the
extracts was determined. The data were statistically analyzed using analysis of vari-
ance (ANOVA) and Duncan's test. The level of P<0.05 was considered statistically sig-
nificant. The maximum and minimum extraction efficiencies of phenol and tocophe-
rol compounds were obtained using ethanol and water, respectively. Thus, due to
its high antioxidant capacity, hot peppers can be widely used in the food industry.

The technology for preparing a special premium group of hot sauces involves
the use of a pepper fermentation process. Sauces have a consistency from liquid
to pasty, and can be moderately or extra hot. Also, hot sauces can differ in color -
green, red, brown.

Among the variety of hot sauce formulations, in Ukraine, hot sauces based on
peppers, such as "Chili", "Habanero", and "Trinidad Scorpion", are widely popular
among consumers' taste preferences.

When we use the term "hot" sauce, we associatively understand that it refers
to acertain degree of hotness. Nowadays, this hotness is given to hot sauces by the
spicy ingredient capsaicin, which, when added to liquid and paste-like mixtures,
contributes to the creation of the original flavor. Thanks to this spice, any dish can
deepen its flavor.

Today, one of the most well-known hot sauce companies is Tabasco, which was
actually the first to start packaging hot sauce in bottles. Among the well-known
suppliers of hot sauces for HORECA are, in particular, those that offer exotic or
author's hot sauces based on Scorpion Trinidad with BBQ and Habanero. Techno-
logists and culinary specialists also offer new author's hot sauces, including, for
example, the hot sauce Zapal Horeca, which is in demand among restaurateurs.
There is also a constant demand for modernization of classic recipes in the restau-
rant industry. Especially popular in the world are recipes based on fruits, includ-
ing pineapple, mango with the addition of habanero or chili peppers. However, it is
worth noting a certain difference in the flavor properties of hot sauces depending
on the region of their origin.

For a more detailed consideration of the features of hot sauce production tech-
nology, it is worth paying attention to the essence of the system that measures the
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level of capsaicinoids in a particular substance. We are talking about spicy chemicals,
not just capsaicin in a substance. This system is called the Scoville Scale in honor of
the pharmacist Wilber Scoville, who developed this indicator in 1912, measured in
Scoville Heat Units (SHU) and used to assess the spiciness of a particular dish. If this
indicator is determined in a hot sauce, this system allows to find out the level of its
burning sensation. Thus, if during a standard tasting there is a certain subjectivity
in determining the hotness of a hot sauce, then by measuring chemicals on the Sco-
ville scale, it is possible to obtain an objective result.

7.4 Features of the technology and organoleptic characteristics
of hot craft sauces

Even during the COVID-19 quarantine and amid the war in Ukraine, the niche of
craft food products and dishes based on natural ingredients and using environmen-
tally friendly technologies continued to be enriched with new offers. Among other
things, the range of craft hot pepper sauces is constantly expanding.

Pepper is one of the most profitable products for processing, as with the right ap-
proach, only the stem remains from the waste. The pepper itself goes into the sauce,
and from the pomace, oil or spices can be made. The original processing and produc-
tion technology of hot sauces was developed using fermentation methods, similar to
how it was done in ancient times to preserve products, or made based on fermented
peppers, i.e., those fermented in oak barrels.

The technology of making hot sauces requires taking into account all stages from
preparation to growing plants to final production and packaging. Issues such as the
method of growing peppers in heated greenhouses or two- to three-year storage
of plants, measures to avoid over-pollination, fruit change processes, pungency and
taste for the following years are addressed. Experiments are being conducted with
different varieties, their yields and growing technology. In order to avoid cross-polli-
nation, no more than 12-17 varieties of pepper are selected from at least 40-50 va-
rieties of pepper for further use in the production of hot sauces based on the results
of greenhouse experiments. In addition to the requirements for agro-technological
issues, the technology for processing the pepper harvest and making sauces is also
unique. The company uses its own development, cold fermentation, which makes it
possible to produce the final product without preservatives. In fact, the company has
developed atechnology that "allowed it to avoid large-scale capital expenditures" and
has proven to be effective. To produce a hot sauce of appropriate pungency and flavor,
a number of requirements must be met. For example, peppers should not be watered
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two weeks before harvesting, as this affects the pungency, which will increase due
to the low amount of moisture. Pepper seeds are also a very important component.

The technology of making hot sauces by cold fermentation allows to produce the
final product without preservatives and is unique, although its development requires
too much time to determine the optimal mode. Fermentation during the experiments
was carried out in both large and small metal containers. The search was made to en-
sure sufficiently moistened wort and to protect it from oxygen. An important aspect
of developing the technology for the production of craft hot sauces was that it was
necessary to develop a technology that would avoid large-scale capital expenditures
and be effective at the same time.

For the production of hot sauces, the fermentation method is used, similar to the
process of creating red wine, which allows to avoid oxidation of flavoring substanc-
es and preserve their bouquet in the finished product. The peculiarity of fermenta-
tion is that this process can also occur without the participation of microorganisms.
In this case, fermentation occurs exclusively due to the tissue's own enzymes, which
are subject to such treatment, and the fermentation process takes place on the cut,
i.e., in the presence of air oxygen, polyphenol oxidases oxidize polyphenols and qui-
nones are formed. In turn, quinones oxidize amino acids and as a result, melanin,
a brown pigment, is formed.

Itisimportant to distinguish the fermentation process from the process of indus-
trial cultivation of microorganisms in bioreactors to produce a variety of valuable
products, from biofuels to animal protein substitutes and antibodies. There is also
adifference between the fermentation process and the technology of using enzymes
isolated from microorganisms to break down complex molecules, i.e., the method of
enzymatic hydrolysis.

And although craft producers today emphasize the innovation of the fermenta-
tion technology for the production of hot sauces, it is fair to say that this method
was actually used in one form or another by our distant ancestors. Today, fermented
foods are back in the spotlight, mainly because of the positive health effects of fer-
mented foods. In practice, fermentation is a unique biotechnological process that
not only helps to preserve food and beverages for a long time, but also helps to sig-
nificantly increase the nutritional value of products and create fundamentally new
ones. As for the classification of fermented products, they are distinguished accord-
ing to the type of raw materials and the methods of biochemical transformation of
substances. Experiments have proven that different microorganisms are involved
in the formation of all fermented products, where each species has its own role and
result of its activity. It is worth noting that the majority of fruits, vegetables, cereals,
and dairy products are fermented by the first type of fermentation, i.e. when lactic

178



Chapter 7 Crafting fermented pepper-based hot sauces

acid fermentation accumulates organic acids, which lead to a decrease in pH and the
appearance of an acidic taste, as well as change the texture of the product and can
increase its nutritional value. It is important to realize that in this case, the human
body absorbs these fermentation products better due to the increased solubility of
mineral elements [13].

Most traditional fermented foods are characterized by a complex combination of
the vital processes of various microorganisms. Almost all vegetables and their mix-
tures contain sugars, which are used in the fermentation process. Among the most
popular vegetables for fermentation are cabbage, cucumbers, and olives. In fact, all
parts of the plant are a natural environment for a wide variety of microorganisms,
including bacteria, yeast, and molds. Due to the contact of plant surfaces with atmo-
spheric air, it is almost impossible to avoid the appearance of aerobic bacteria, fungi
and facultative anaerobes that can exist both in the presence of oxygen and in its
absence. On plants, lactic acid bacteria, which are anaerobes and therefore die from
oxygen, may be present in small quantities.

The process of lactic acid fermentation is characterized by the following fea-
tures: after a number of bacteria that grow differently in the fermentation medium
for a certain period of time have undergone the process of fermentation, their
growth is inhibited or stopped due to the accumulation of metabolic products; then
another group of bacteria develops in the anaerobic environment. If anaerobic con-
ditions are not maintained, i.e., there is access to atmospheric air, aerobic bacteria
and fungi begin to develop to replace lactic acid bacteria, which causes rotting and
mold formation.

When making pepper sauce, the fruits are first processed into a homogeneous
mass, then a few hours later, the process of lactic acid fermentation takes place,
which can last from one to several weeks. While there is still some oxygen in the
pepper wort tank, facultative anaerobes dominate among the bacteria, but after
1-2 days in the absence of oxygen, lactic acid bacteria begin to prevail, which pro-
motes the fermentation of sugars to lactic acid to produce a small amount of ace-
tic acid and ethyl alcohol. At this stage of the fermentation process, intense carbon
dioxide is released. Additional fermentation substrate can be created by the syn-
thesis of enzymes by some bacteria. The resulting enzymes break down cell wall
polysaccharides, including hemicelluloses, starch, pectins, and cellulose. As a result
of the fermentation processes, which are quite complex, a significant amount of by-
products is recorded, including alcohols and organic acids, which, in turn, enter into
an esterification reaction to form esters, volatile compounds with a pleasant odor.
These processes contribute to the formation of new flavors in the fermented sauce,
which distinguishes it from the smell of fresh pepper.
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Also, due to the release of compounds contained in fresh pepper fruits, a unique
bouquet of smells and flavors is formed in the sauce wort, i.e.,, the taste and aroma
properties of the product are improved. At the same time, these substances inhibit the
growth of yeast. As a result of the accumulation of acid in the sauce wort, its pH drops
to 4.5, and the fermentation rate slows down. This is because under such conditions,
only acid-resistant bacteria survive, which causes the fermentation of the remaining
sugars. The fermentation process is eventually completed when the pH level is fixed
at about 3.4. As a result, the growth of the vast majority of microorganisms is inhi-
bited, which contributes to the increase of the shelf life of such wort in the absence
of air access [14]. Thus, fermented hot sauce is rightly considered a unique product,
the taste and pungency of which is influenced not only by the pepper fruit, but also
by strains of bacteria and microorganisms that affect the fermentation process [15].

At the same time, the issue of intensifying the development of new recipes and
technologies for culinary products for healthy eating, including sauces, remains in-
sufficiently addressed.

Currently, Ukrainian scientists have proposed a number of scientific approaches
to develop new types of sauces with the addition of functional ingredients. Ukrainian
scientists continue to work on developing recipes for sauces with soluble dietary
fiber, which helps to bind and remove anthropogenic pollutants and products of
metabolic disorders from the body. The main condition for obtaining a high-quality
sauce product should be to obtain a stable and uniform consistency that would pro-
tect against delamination when serving the sauce to the consumer, i.e., its viscosity
is ensured [16]. When it comes to the appearance of sauces, in the HORECA sector,
it'simportant to consider its significant impact on both the physiological and psycho-
logical perception of consumers. The sauce should be homogeneous in appearance,
without films and fatty substances on the surface [16].

Inrecent years, foreign scientists have also obtained a number of positive results
in developing new technologies for the production of sauces, including the study
of the introduction of okra in natural and lyophilized forms into tomato sauce as
athickener and emulsifier of mucus; the proposed technology of natural sauce made
from processed cheese flavored with essential oils; the development of a techno-
logy for enriching white sauces with red bell pepper and the determination of the
sensory characteristics and consumer acceptability of new white sauces [17].

A rational recipe composition was experimentally selected and the production
technology and assortment of craft hot sauces were developed (Fig. 7.2). The sauces
are either made by salting, as was done in ancient times to preserve food, or made
on the basis of fermented peppers, i.e. fermented in oak casks, with the addition of
quince, pear and honey.
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Fig. 7.2 Spicy craft sauces

The main factors that determine the state of human health are food safety and
quality. Therefore, any development of food technology should include the study of
these indicators. Usually, organoleptic properties are the first among the quality in-
dicators to be studied. Sensory analysis allows to establish the patterns of formation
of organolepticindicators, since these are the indicators by which potential consum-
ers primarily evaluate the product.

Assessing the quality of food products using the human senses is the oldest and
most common method. Modern laboratory methods of analysis are more complex
and require more effort compared to organoleptic evaluation, but they allow charac-
terizing certain quality attributes. Organoleptic methods are fast, objective and re-
liable for the overall assessment of product quality. Sensory control allows to quickly
and purposefully influence all stages of food production.

The developed hot sauces were subjected to an organoleptic analysis, which is
important for food manufacturers, as it allows them to quickly assess the quality
of not only finished products but also products at different stages of production.
Identification of defects and shortcomings of semi-finished products allows timely
correction of technological violations and prevention of low-quality finished pro-
ducts (Table 7.1).

According to the analysis presented in Table 7.1, it can be concluded that the de-
veloped spicy craft sauces have high taste quality, which will positively affect the per-
ception of the new product.

During the research, a quality assessment system for hot sauces based on fer-
mented peppers was developed, taking into account the importance of each crite-
rion (Table 7.2), which allowed to demonstrate high organoleptic quality indicators
of the products.
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Table 7.1 Organoleptic characteristics of concentrated craft hot sauces

Sauces names

Name of
indicators Habanero sauce Habanero sauce (pear, honey)
Appearance Homogeneous, evenly mashed Homogeneous, evenly mashed

puree-like mass that does not spread
on a horizontal surface

Consistency Homogeneous, without foreign

puree-like mass that does not spread
on a horizontal surface

Homogeneous, without foreign

inclusions inclusions
Color Light yellow Light yellow
Odor With a pronounced flavor of pepper ~ With a pronounced flavor of pepper,
and quince pear and honey
Taste Spicy-sour-sweet with a pronounced Spicy-sour-sweet, with a pronounced
quince aftertaste pear and honey aftertaste
Table 7.2 Results of organoleptic analysis of craft hot sauces
Nameof Weight- %2"3';?::; Evaluation, points
indica- ing weighting Features Habanero Habanero sauce
tors factor factor sauce (pear, honey)
1 2 3 4 5 6
Appear- 0.2 0.83 Homogeneity 4.80 4.80
ance 0.17 Absence of inclusions 4.70 4.80
Total score by indicator 0.95 0.96
Consis- 0.25 04 Homogeneity 4.80 4.90
tency 03 Density 470 470
0.3 Fluidity 4.90 4.90
Total score by indicator 1.19 1.20
Color 0.15 0.3 Intensity 470 4.90
0.2 Expression 4.90 5.00
0.2 Homogeneity 5.00 5.00
0.3 Naturalness 5.00 4.80
Total score by indicator 0.74 0.74
Taste 0.25 0.1 Balance 5.00 4.90
0.2 Expressiveness 5.00 4.80
0.1 Speed of release 5.00 5.00
0.3 Naturalness 4.90 5.00
0.3 Purity 4.90 5.00
Total score by indicator 1.24 1.24
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Continuation of Table 7.2

1 2 3 4 5 6
Odor 0.15 0.3 Purity 5.00 5.00
0.2 Expressiveness 4.90 5.00
0.2 Stability 4.90 4.90
0.3 Compliance with the type 5.00 4.90

of raw materials used

Total score by indicator 0.74 0.74
Overall assessment 4.86 4.88

The results of the tasting evaluation show an unambiguously positive response
to the developed food product. The profiles of organoleptic quality assessment of
hot craft sauces are shown in Fig. 7.3,7.4.

During the organoleptic analysis, it is found that the obtained sauces have high
quality indicators in terms of organoleptic characteristics. The system of scoring
the quality of sauces, taking into account the importance coefficient, shows that the
overall score for sauces is as follows: for Habanero craft hot sauce - 4.86, for Haba-
nero craft hot sauce (pear, honey) - 4.88. The developed craft sauces have a tradi-
tional taste that is positively perceived by consumers, which will contribute to the
success of the innovative product.

Fig. 7.3 Organoleptic profile of Habanero craft hot sauce
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Fig. 7.4 Organoleptic profile of Habanero craft hot sauce (pear, honey)

Conclusions

Thus, even during times of war, the production of certain products in small bat-
ches with the processing of local raw materials by farmers and the manufacture of
craft products based on it makes it possible to develop mini-enterprises in the food
industry. These enterprises can operate during a state of war, require minimal capital
investment, have a better understanding of the dynamics of the regional market, and
take into account all aspects of the population's food needs.

In cooperation with research scientists and taking into account consumer de-
mand, the fluctuations of which should be studied, it is possible to achieve positive
results in the food industry and restaurant business. Among the various technolo-
gies for the production of hot sauces, including at craft enterprises, it is currently
advisable to highlight the importance of fermentation technology as one that con-
tributes to the creation of products with increased nutritional value and unique
properties and health benefits. It is recommended to pay special attention to
the cold fermentation technology, which is used in Ukraine to produce hot sauces
directly at craft enterprises.

Given the wide range of topical areas of research, to reveal the essence of the
stated topic, the results of monitoring the state and processes and technology
of developing hot sauces at small businesses, in particular family-type enterprises
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operating in Ukraine, are mainly presented. The author also analyzes the current
regulatory framework in Ukraine on the production of sauces, the organization and
features of craft food production, the principles of operation of restaurant business
enterprises in the current business environment and their motivating factors for
using hot sauces in their production activities. It is proved that when creating new
compositions of hot sauces to ensure the guarantee of their production with the
necessary organoleptic properties, it is important to take into account the choice
and justification of natural resource raw materials for the recipe ingredients, their
rational combination.
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Abstract

Avenanthramide phenolic compounds are present in the composition of the
green mass and seed oat grain. These compounds have powerful biological activity,
however, the content of these compounds fluctuates significantly. The purpose of
the conducted research was to determine the content of avenanthramides in the
composition of the green mass of oats of the Spurt variety of milk-wax maturity and
further optimization of the technology of using oats in feeding geese. The results of
the chromatographic analysis of oat samples proved the presence of avenanthra-
mides, tricin and oxylipins both in the grain and in the green mass of oats. A compa-
rative study of the influence of the aqueous extract of the green mass of sowing oats
and the green mass of oats in the geese diet on their development in ontogenesis
and the biological value of the obtained meat was conducted. It has been established
that under the influence of biologically active compounds of oats, the antioxidant
activity of the muscle tissues of geese increased significantly during ontogenesis,
which contributed to the increase in the nutritional value of the obtained meat.
It has been proven that oat extract contributes to a more powerful activation of the
antioxidant system of geese muscle tissues during the physiological stress of feather
formation. However, a higher content of ®3- and wé-polyunsaturated fatty acids
of lipids in skeletal muscles after slaughter was established for geese that received
green mass of oats. Addition of oat extract to the geese diet prolonged the state of
pro-oxidant-antioxidant balance and contributed to an increase in the content of
essential fatty acids in meat during 120 days of storage of whole goose carcasses.

The addition of oats and alfalfa to the geese diet led to an improvement in poultry
meat yield and an increase in its protein content. A positive effect of oats and alfalfa

© The Author(s) 2024 DOI: 10.21303/978-9916-9850-4-5.ch8



Chapter 8 Biological activity of phenolic compounds of oats depending
on the technology of its use in feeding geese

on the ability of meat to retain moisture and loss of mass during defrosting was es-
tablished. An increase in the content of ®m3-polyunsaturated fatty acids, vitamin E,
B-carotene and essential amino acids threonine and methionine was also observed.
At the same time, the level content of other essential amino acids remained at the
level of the meat of the control group.

In the thigh goose meat of the experimental group, during low-temperature stor-
age, the processes of peroxide oxidation were activated 12 days later than in the cor-
responding samples of the control group. At the end of storage, the meat of the re-
search group had a significantly higher content of vitamin E, B-carotene and ©3-PUFA.
The content of essential amino acids valine, leucine and isoleucine in the experimental
sample also exceeded the corresponding indicators of the control group.

Keywords

Sowing oats, avenanthramides, goose meat, end products of lipoperoxidation,
vitamin E, B-carotene, fatty acids, amino acids.

Goose breeding is a traditional and promising sub-sector of poultry production
in Ukraine. It does not compete with other agricultural industries, as goose farming
canuse land that is unsuitable for plowing and grazing. Goose breeding has a number
of advantages over other poultry industries, namely: high quality meat, efficient use
of feed, high growth rate, multifunctionality of goose products, natural pest control,
frost resistance, etc.[1].

The COVID-19 pandemic has caused a sharp decline in poultry production and
supply, resulting in serious economic losses on local and international markets.
The war in Ukraine has significantly deteriorated the situation in our domestic ag-
ricultural market, including the poultry industry. The goose industry is particularly
affected, as it is the one that primarily needs free pastures.

8.1 The use of biologically active substances of oats in feeding geese
as away to improve the quality of geese farming products

Among modern goose breeds, one of the most promising is the Legart Danish.
These geese are characterized by early maturity and high feed conversion [2]. The
meat of this breed of geese is considered dietary because fat accumulates in the
subcutaneous layer. This feature makes it useful for a variety of diets and healthy
eating. In addition, this breed of geese is characterized by low maintenance and
rapid growth.
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However, goose meat, due to its high content of unsaturated fatty acids, is
highly susceptible to oxidative damage during storage. These processes adverse-
ly affect the quality of meat products, reduce the nutritional value of meat and
shorten its shelf life [3-5]. One of the ways to counteract oxidative spoilage of
poultry meat during storage is to use antioxidants, compounds that can inhibit
the oxidation of fatty acids, primarily unsaturated ones. Providing the general
population with quality food products requires the use of safe antioxidants of
natural origin.

In recent years, consumers have been increasingly preferring more natural and
less processed foods. The food industry is responding to this demand with clean-
label products that use natural antioxidants and preservatives derived from plants.
These ingredients not only extend the shelf life, but also bring health benefits. The
positive impact of biologically active plant compounds on meat quality has been
proven by many recent studies [6-9].

Since 1995, scientists of the TADTU under the leadership of Doctor of Agricul-
tural Sciences, Professor V. Kalytko have been conducting research to determine the
effect of synthetic and natural antioxidants on the development of poultry and the
quality of meat. A reliable positive effect on the quality of poultry meat of grape seed
extracts, dioecious nettle and other wild plants has been proven. In 2018, we started
researching the effect of biologically active compounds of oats on the development
of poultry and the quality of meat.

QOats (Avena sativa L.) is a cereal crop that is an important source of natural an-
tioxidants and is noted for its numerous nutritional, medical, and pharmaceutical
benefits. These antioxidants include flavonoids, phenols, saponins, tocopherols, and
unique oat compounds called avenanthramides (AVNSs) [10, 11]. The structure of
avenanthramide molecules determines their multifunctionality, which provides pro-
tection against many diseases.

Scientists at the University of Wageningen proved [12] that the composition
of seed oats contains 28 unique avenanthramides, including the new avenan-
thramide 6f. It has been found that the content of avenanthramides increases
25 times from seed to seedling. Avenanthramides 2p, 2c, and 2f, which are usual-
ly identified as the main avenanthramides, accounted for less than 20 % of their
total content in seedlings. Therefore, quantitative analysis should include a wider
range of avenanthramides to prevent underestimation of the total amount of
these compounds.

In view of this, oats have been recognized worldwide as a highly valuable
food product for maintaining a healthy lifestyle and a rational diet. In Ukraine,
oats as a crop do not have a significant market value for most farmers, which is
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confirmed by the low level of interest of commodity producers in its cultivation
over a long period of time. However, in fact, oats have significant and still inva-
luable opportunities that are directly related to global trends in changing hu-
manity's views on a healthy lifestyle and the development of organic agriculture,
including poultry farming.

The analysis of scientific literature shows that the use of biologically active
phenolic compounds of oats in the production of geese for meat can provide
a number of potential benefits to the meat obtained. First, it is an increase in an-
tioxidant activity. Phenolic compounds found in oats, such as ferulic acid, caffe-
ic acid, and avenanthramides, are powerful antioxidants. These compounds help
neutralize free radicals in the body, reducing oxidative stress and inflammation.
The inclusion of oats in the geese diet can provide antioxidant protection, which
will help improve the overall health of the bird and reduce the risk of oxidative
damage to tissues, including muscle. Secondly, oat phenolic compounds have been
shown to have anti-inflammatory properties, have a positive effect on animal de-
velopment and, consequently, on the quality of the meat produced. Avenanthra-
mides have a beneficial effect on the cardiovascular system, including lowering
blood pressure and improving blood lipid profile. The inclusion of oats in the geese
diet can help improve the condition of the cardiovascular system, which indirectly
affects the quality of poultry meat. Thirdly, oat phenolic compounds reduce stress
in animals. The inclusion of oats in the geese diet will help to reduce the negative
impact of stress on the condition of the bird, which will also potentially lead to
improved meat quality. Fourth, phenolic compounds improve the flavor profile of
oats. Geese raised on adiet rich in oat phenolic compounds produce meat with im-
proved flavor characteristics, which is also desirable for consumers. Fifth, natural
preservation. Some phenolic compounds have antimicrobial properties that can
help inhibit bacterial growth and extend the shelf life of meat products. Although
the direct impact of oat phenolic compounds on meat preservation may be limi-
ted, their antioxidant and anti-inflammatory effects will indirectly contribute to
the quality and shelf life of meat.

However, depending on the technological modes of oat use, the effect of its bio-
logically active substances can vary significantly.

The aim of the research was to determine:

1. The content of avenanthramides in the green mass of sowing oats at the stage
of milky-wax ripeness.

2. Influence of the technology of using green oat mass in feeding geese on their
development and nutritional value of the resulting meat and its further oxidative
deterioration during low-temperature storage.
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8.2 Schemes and methods of research
8.2.1 Phenolic compounds of oats of the Spurt variety

The oats of Spurt variety were used in the research, the seeds of which were ob-
tained from Synelnikov SDG ZG of Ukraine. The oats were grown on the black soil of
the agricultural company "Victoria" of the Priazovsky district of Zaporizhzhia region.

The chromatographic analysis of phenolic compounds in oat samples was carried
out by scientists from the Netherlands University, Department of Food Chemistry.
For the extraction of phenolic compounds, the aerial part of oat Avena sativa L. was
used in the earing and flowering phase. The extraction of flavonoids from the start-
ing material was carried out with by methanol. The preliminary preparation of

these oat samples included drying, grinding, and subsequent extraction of fats
with hexane (Fig. 8.1) [12].
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Fig. 8.1 Scheme of preparation of oat samples for chromatographic determination
of phenolic compounds

8.2.2 Peculiarities of the influence of the technology of using oats

in feeding geese on the poultry development and the quality
of the meat obtained

The purpose of the first experiment was to determine the effect of the extract
of Avena sativa L. on the antioxidant status and fatty acid composition of lipids
in skeletal muscle of geese, dynamics of their live weight and pterilographic pa-

rameters during physiological stress formation of contour and juvenile feathers
in this bird.
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The study was conducted on Leghorn geese. At the age of 14 days, 2 groups
of goslings (control and experimental) were formed on the principle of analogues,
26 birds each. Throughout the experiment, the birds of the control group were
kept on a standard diet balanced in terms of metabolic energy, protein and vi-
tamins according to recommendations [13]. Goslings of the experimental group
were fed with oat extract from day 14 to day 49. For the extraction of biologi-
cally active compounds (BAS), the aerial part of oat Avena sativa L. was used in the
earing and flowering phase. The extraction of phenolic compounds from the
feedstock was carried out with water (ratio of feedstock to extractant - 1:10,
extraction time in a boiling water bath - 60 min) followed by dilution of the ex-
tract 3 times. The object of study was the muscle tissue of geese limbs. Determi-
nation of the antioxidant activity and fatty acid composition of these tissues was
carried out in physiologically reasonable terms: 14th day - completion of post-
natal adaptation, 28th day - formation of contour feathers, 49th day - formation
of juvenile feathers, 56th day - presence of formed plumage, stabilization of pro-
oxidant-antioxidant balance [2]. The period of poultry keeping was determined
by DSTU 3136-95 (8-9 weeks).

Geese were slaughtered and biological material for biochemical studies was
collected weekly in compliance with the Council of Europe Convention for the
Protection of Animals Used in Scientific Research (Strasbourg, 1986) and the First
Scientific Congress of Ukraine on Bioethics (September, 2001).

The intensity of peroxidation processes was assessed by the content of its end
products (TBARC) in tissue homogenates and by the initiation of lipid peroxida-
tion (LPO) by Fe?* (TBARCI) [14]. As an integral indicator of the state of the anti-
oxidant defense system (AOS), the antioxidant activity coefficient (K,,) was used.
It was calculated as the ratio of TBARC to TBARCI, since tissue homogenates con-
tain not only the peroxidation substrate, but also components of the antioxidant
defense system that can inhibit lipid peroxidation [15].

The fatty acid content was determined by gas-liquid chromatography, and
lipid extracts for analysis were prepared according to the method of E. G. Bligh
and W. J. Dyer with the recommendations of F. B. Palmer [16]. In addition to the
total content of unsaturated fatty acids (SFA) (XC), the total equivalent concen-
tration of SFA relative to multiple bonds (unsaturation, =N) was calculated [15].
In parallel, the dynamics of live weight of geese and their pterilographic para-
meters were monitored. Statistical processing of the results was performed using
Microsoft Office Excel 2013 and SPSS v.13 with Student's t-test.

In the second experiment, a comparative analysis of the effect of oat ex-
tract and green oat mass on the antioxidant activity of geese muscle tissue in the
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pre-slaughter period (from day 35 to day 63) and the nutritional value of the result-
ing meat was performed.

On the 35th day of postnatal goslings' development, 3 groups were for-
med (1 control and 2 experimental, 26 goslings in each). Geese in the control group
were kept on a standard diet balanced in terms of metabolic energy, protein, and
vitamins throughout the experiment according to recommendations [13]. The
goslings of the | experimental group were supplemented with oat extract. Gos-
lings of the Il experimental group received an equivalent weight of the aerial part
of milk-wax ripeness oats as part of the diet.

8.2.3 Analysis of the influence of oats on oxidative damage to meat

For the first experiment, we used goose meat from two samples. Meat of the
control sample was obtained from geese of the control group, which were kept on
a standard diet balanced in all nutrients. Meat of the experimental sample was ob-
tained from geese of the experimental group, to the diet of which an aqueous ex-
tract of sowing oats was added from day 10 to day 50. Goslings were slaughtered
at 60 days of age. After slaughtering, the goose carcasses were processed, frozen
and then stored for 210 days at a temperature of -18 °C.

For the second experiment, two groups of 5 geese were formed. Geese of the
control group received a standard diet, which included mixed fodder and grass mass,
the basis of which was bird's foot (Polygonum aviculare L.). Geese in the experimental
group received a similar diet, but 50 % of the grass mass was replaced with oats and
alfalfa (25 % each). The addition of oats and alfalfa to the feed of geese in the experi-
mental group lasted from day 7 to day 62. Geese were slaughtered on day 63. At this
stage, the slaughter rates of geese were determined. After slaughtering, the geese
carcasses underwent a number of technological procedures: exsanguination, scald-
ing (70-75 °C), feather removal, removal of internal organs, washing, portioning
and cooling (0-1°C).

Goose meat from both groups were stored at -18 °C for 90 days. During this period,
analytical measurements were made to determine meat quality indicators, including
acidity, moisture content, protein, fat, moisture binding capacity, weight loss during de-
frosting, content of lipid peroxidation products, vitamins E, A, and B-carotene, fatty acid
and amino acid composition. The above analyzes were performed on drumstick meat.

The moisture content of the meat samples was determined by the standard
method, which includes the process of drying the samples in bunks [17].

The protein content was determined by the photocolorimetric method [18].
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The content of intramuscular fat was determined by chloroform extraction us-
ing a Soxhlet apparatus. The method for determining moisture-binding capacity is
based on the release of water from 300 mg of a sample during a 10-minute pressing
with a 1 kg weight [17].

Vitamin E was analyzed by a spectrophotometric method based on the ability of
vitamin E to reduce Fe** ions to Fe?. The resulting Fe* forms colored compounds
upon interaction with 2.2-dipyridyl, which are identified and quantified [19].

For the analysis of vitamin A, we used its ability to form blue complex compounds
when interacting with boron trifluoride ether (C-H-OBF,,,,) [19].

The B-carotene content was determined by the color intensity of the extract
by the photocolorimetric method. The color intensity was measured at a wavelength
of 450 nm [19].

The study of amino acids was carried out on an automatic analyzer T 339 manu-
factured in the Czech Republic by ion-exchange liquid column chromatography [20].

8.3 Results and discussion
8.3.1 Phenolic compounds of oats

The results of chromatographic analysis of the methanolic extract of oat green mass
and seeds confirmed the presence of avenanthramides in its composition (Fig. 8.2).

Avenanthramides o o
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120 . OOH
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g 80 \ in young oat leaves.
g 60 Y/ Highest concentration
£ a avenanthramides detected in
< 40 \ oat seeds.
C
% 20 l Concentration in line with
o e literature.
Oat leaves Oatleaves Oatroots Oatseeds 8 types of avenanthramides
young old detected.
Sample

Fig. 8.2 Comparative analysis of avenanthramide content in oat plants and seeds
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Comparative analysis of the green mass of oat and its seeds for the AVNs con-
tent shows that the content of these compounds in oat seeds is 3.72 times higher
thanin the aerial parts of plants. However, it should be borne in mind that the mass
of oat greens in the geese diet is several times higher than the mass of oat seeds
in the feed of this bird [11]. The presence of differin glycerol (DFG), an organic
compound consisting of two molecules of ferulic acid esterified with a glycerol mo-
lecule, has been proven. This compound is a natural antioxidant and has antibac-
terial properties. In addition, it was found that oats also contain special phenolic
compounds called oxylipins. The presence of 9 types of oxylipins in the studied oat
samples was found, with the highest content in oat seeds (Fig. 8.3).

OCH,3

Compounds in all samples

Tricin and tricin derivatives
identified in all samples.

9 types of oxylipins identified,
largest diversity/intensity in
oat seeds

Fig. 8.3 The content of avenanthramides in oat plant parts and seeds

In humans, oxylipins play an important role in various processes, such as inflam-
matory and immune responses, apoptosis (programmed cell death), and regulation
of hormone secretion. Some studies also point to possible beneficial properties
of oxylipins for human health, including their antioxidant and anti-inflammatory
effects [11]. The chromatogram of oat seeds shows the presence of tricine and its
derivatives and oxylipins in addition to avenanthramides (Fig. 8.4).

In general, the results of the chromatographic analysis proved the presence
of a number of compounds with powerful antioxidant properties not only in the
grain, but also in the composition of the green mass of oats. Thus, the results of
the chromatographic study confirmed the feasibility of using green oat mass in
poultry feeding.
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Fig. 8.4 Chromatogram of oat seeds

8.3.2 Peculiarities of the influence of oats in the geese diet
on the development of the bird and the quality of the obtained meat

The formation of an adaptive response to the conditions of postnatal existence
during the first two weeks of goslings' life is accompanied by an increase in the anti-
oxidant status of their body [15]. The results of the experiment confirm a sufficiently
high level of K., in the studied tissues of 14-day-old goslings (Table 8.1).

From day 14 to day 28, contour feathers are formed, and a 29.4 % decrease in
Kaon is observed in the skeletal muscles of goslings of the control group. At the same
time, under the influence of oat extract, the decrease in K, in these tissues of gos-
lings of the experimental group slows down (only by 25.0 %).

It is known that one of the mechanisms for improving the antioxidant status of
tissues of a functioning organism during physiological stress may be adecrease in the
content of the main substrate of lipid peroxidation, unsaturated fatty acids, and, ac-
cordingly, the ability of biomembrane lipids to oxidative damage [15-16]. The study
of changes in fatty acid composition during the formation of contour and juvenile
feathers helps to determine the mechanisms of increasing the adaptive status of
geese at this period of ontogeny.

A comparative analysis of fatty acid composition (FAC) the muscle tissue of
geese in the control group at 14 and 28 days of age shows some changes, but these
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differences are insignificant compared to the difference in FAC of 28-day-old geese
in the control and experimental groups (Table 8.2). First of all, a sharp drop in the
total content of SFA under the influence of the extract is noteworthy. In the SM
tissues of the experimental group, this indicator decreased by 3.6 times compared
to the corresponding indicator of the control group.

The unsaturated fat content also decreases in SM by 2.3 times. Thus, the in-
crease in antioxidant activity occurs both due to a reduction in the total content of
PUFAs and metabolic processes aimed at reducing the content of polyunsaturated
fatty acids (PUFAs), which is possibly realized by inhibiting fatty acid synthase [21]
and blocking the expression of genes for other lipid metabolism enzyme.

Among all the differences in the unsaturated fatty acids in the SM tissues of
28-day-old geese, a sharp decrease (86.47 times) in the content of oleic acid under
the influence of the extract is noteworthy. At the same time, a significant increase
in saturated palmitic and stearic acids by 1.83-1.97 times was found in these
tissues. Also, a significant decrease in the content of essential linoleic acid was
found: under the influence of the extract in the SM tissues, its content decreased
by 4.22 times. The content of the second essential linolenic acid decreased by 66.7 %.
The content of essential arachidonic acid also significantly decreased (14.2 %),
and the most unsaturated ®-3 docosahexaenoic acid disappeared under the influ-
ence of the extract.

Thus, the physiological stress in the body of geese associated with the forma-
tion of contour feathers under the influence of oat extract is significantly reduced
due to the inclusion of regulatory mechanisms that selectively inhibit the synthe-
sis of unsaturated fatty acids (UFA) [21]. This primarily concerns A-9 desaturase,
which is involved in the synthesis of oleic acid. At the same time, elongases involved
in the synthesis of palmitic and stearic acids are activated.

Further changes in FAC, accompanied by the formation of juvenile plumage in
49-day-old geese, are characterized by the FAC equalization of the control and
experimental groups, first of all, an increase in the content of oleic acid in the
SM of the experimental group to the level of the control group and, converse-
ly, a decrease in the content of palmitic and stearic acids. The most significant
differences in the tissues of 49-day-old goslings were found in -3 PUFA (lino-
lenic by 41.2 % and docosahexaenoic by 2.33 times). Thus, the antioxidant ef-
fect of the extract is also manifested during the formation of juvenile plumage
of a bird. However, the mechanism of realization of this effect at the stage of
juvenile feather formation is different, which is confirmed by a decrease in the
significant difference of the FAC of 49-day-old geese of the control and experi-
mental groups.
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The stabilization of prooxidant-antioxidant balance in 56-day-old geese, which
indicates the completion of feather formation processes, is characterized by a sig-
nificantly higher content of ®-3 and w-6 PUFAs in the SM of goslings of the expe-
rimental group.

Control of the dynamics of goslings' weight during the experiment shows a certain
tendency to increase the weight of goslings of the experimental group compared to
the control group (Table 8.1). However, the weight of geese of the experimental group
compared to the control group (by 17.9 %) became significantly higher only at the end
of the experiment at 56 days of age, which is an additional confirmation of the acti-
vation of the antioxidant defense system in geese under the influence of oat extract.

During the comparative analysis of the plumage condition in geese of the control
and experimental groups at the end of the experiment (Fig. 8.5), it was found that
in the control group the plumage of birds looks untidy, especially the forming wing
feathers. The development of the feather cover is somewhat delayed, especially the
primary and secondary feathers of the wing and rudder feathers compared to the
contour feathers, in addition, the growth of feathers on the thighs and sides of the
body is delayed.

Control group Experimental group

Fig. 8.5 Condition of wing feathers of geese of the experimental group at 56 days of age

In the experimental group, the plumage as a whole and on individual pteriles looks
healthy and fresh. The flight and steering feathers on the back continue to grow.
On other pterilia, the growth and development of feathers is complete, including
down feathers and tassel feathers on the fifth point.

Thus, the addition of oat extract to the geese diet during feather formation in-
creases the antioxidant activity of geese tissues. The increase in antioxidant activity
in geese tissues not only contributes to a significant increase in the weight of geese
at the end of the experiment, but also to the improvement of their pterilographic

200



Chapter 8 Biological activity of phenolic compounds of oats depending
on the technology of its use in feeding geese

indicators, which will also help reduce production costs, since geese feathers and
down are a by-product that is in demand.

However, the technology with use of extract in poultry feeding involves additio-
nal costs for its production. In order to optimize the costs associated with the use of
oat extracts, a comparative analysis of the effect of oat extract and its green mass in
the geese diet in the pre-slaughter period (from 35 to 63 days) on the development
of this bird and the quality of the meat obtained. This period of geese ontogeny is
characterized by physiological stress in the bird's body (from day 42 to day 56) due
to the formation of juvenile feathers. This process requires high energy and amino
acids, including sulfur-containing ones. Therefore, even against the background of
a diet balanced in terms of metabolic energy and protein, the process of juvenile
feather formation is accompanied by tension in the antioxidant defense system [21].

A comparative analysis of the dynamics of TBAAP content in the muscle tissue of
geese of the control and experimental groups shows (Fig. 8.6) that the addition of oat
extract to the geese diet of the | experimental group, even for a week, contributes to
a significant decrease in the TBAAP level in their muscle tissue (by 19.0 %, p<0.05).
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Fig. 8.6 Dynamics of TBAAP content in muscle tissue of geese of control (—),
| experimental (——) and Il experimental (- - - -) groups, nMol/g (M+m, n=5) (l experimental
group - the oat extract, Il experimental group - green mass of oat)

In 49-day-old goslings of the experimental group |, during the maximum stress of
juvenile plumage formation and further until the end of the experiment, the content of
these lipid peroxidation products remained significantly lower than the corresponding
indicator of the control group of goslings (by 17.4-22.1 %, p<0.05). Unlike oat extract,
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the addition of its green mass to the diet of goslings of Il experimental group at the
beginning of the experiment did not cause significant changes in this indicator. How-
ever, in 49-day-old goslings of this group, against the background of the formation of
juvenile plumage, a decrease in TBAAP content by 10.9 % (p<0.05) was observed com-
pared to the control. Later, in 56-day-old goslings, this difference increased to 25.7 %,
but at the end of the experiment, the TBAAP content in the muscle tissue of geese of
the control and Il experimental groups probably did not differ (6.7 %).

The results of the correlation analysis of the TBAAP dynamics of the control and
experimental groups of geese show that the addition of extract and green mass of
oats to the geese diet does not significantly change the nature of the dynamics of
this indicator in geese of both experimental groups compared to the control. This is
confirmed by intergroup correlation coefficients of changes in TBAAP content (con-
trol and experimental groups): r,=0.950 (y=0.01) and r,=0.863 (y=0.06). Under the
influence of oat extract, the average level of TBAAP in geese of the first experimental
group decreased by 16.6 % compared to the control, and of the second experimental
group - by 9.7 %, respectively.

The analysis of the results of this experiment shows that the positive effect of
oats on the antioxidant activity of the geese SM is observed regardless of the tech-
nology of its use in poultry feeding [21]. During physiological stress, the formation
of juvenile plumage in 49-day-old geese K,,, muscle tissues of both experimental
groups of geese significantly exceeded the corresponding indicator of the control
group (by 62.5 and 34.4 %, respectively) (Fig. 8.7). The last two weeks of the expe-
riment were characterized by a gradual restoration of prooxidant-antioxidant ba-
lance in the poultry body. However, even against the background of stabilization of
the antioxidant defense system in 63-day-old geese, a significant increase in K,,, of
muscle tissues in the experimental groups compared to the control group was obser-
ved (by 32.7 and 25.0 %). The average level of K, in the first experimental group ex-
ceeded the corresponding indicator of the control group by 27.9 %, and in the second
experimental group - by 19.2 %.

The results of the correlation analysis of the dynamics of this indicator indicate
that oat extract not only promotes more powerful activation of the antioxidant
defense system of geese muscle tissue during the physiological stress of juvenile
feather formation, but also significantly changes its nature: the correlation coeffi-
cient of the dynamics K,,, of geese muscle tissue in the control and experimental
groups r=0.570. At the same time, the consistency of changes in this indicator of the
control and Il experimental groups was kept at a very close level (r=0.935). Thus, the
antioxidant effect of the oat aqueous extract is more significant, which is probably
due to the better bioavailability of oat phenolic compounds in the extract.
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Fig. 8.7 Dynamics of the coefficient of antioxidant activity of skeletal muscles
of geese (I experimental group - the oat extract, Il experimental group - green mass of oat)

A comparative analysis of the fatty acid composition of lipids in the geese meat
of the control and experimental groups after slaughter (63 days) shows that with the
participation of oat BAC, there is a redistribution of fatty acids (Fig. 8.8, 8.9).

The general tendency to decrease the content of saturated fatty acids with a si-
multaneous increase in the level of unsaturated, including essential, fatty acids is
noteworthy. Thus, the total content of saturated palmitic and stearic acids in the
goose meat of the first experimental group decreased by 17.7 %, and the second ex-
perimental group - by 19.9 %, respectively, while the content of essential linoleic
and linolenic acids significantly increased in the meat of the | group of geese, and
essential arachidonic acid - in the meat of the Il group. As a result, it was in the meat
of the Il experimental group that a greater increase in ®3- and wé-polyunsaturated
fatty acids (PUFAs) was found.

Thus, under both technological modes of application of oat BAC in feeding
geese, an increase in the antioxidant activity of muscle tissue and, accordingly, the
activity of endogenous antioxidants in meat obtained after slaughter was found.
However, the differences in the FAC of lipids in the meat of the experimental
groups of geese prove the existence of differences in the mechanisms of anti-
oxidant effects. Further research should be aimed at optimizing the technological
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modes of application of oat bioactive substances in order to obtain goose meat of
higher quality.
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Fig. 8.8 The content of fatty acids in geese meat after slaughter (M+m, n=6) (I experimental
group - the oat extract, Il experimental group - green mass of oat)
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Fig. 8.9 The content of fatty acids in geese meat after slaughter (M+m, n=6) (I experimental
group - the oat extract, Il experimental group - green mass of oat)
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8.3.3 Peculiarities of influence of oats and alfalfa in feeding geese
on the quality of the obtained meat

This section presents the results of a study of the influence of aqueous extract
of oats and a mixture of oats and alfalfa in the geese diet on the quality of meat
during storage.

The live weight of geese before slaughter in the experimental group treated with
oat extract was 11.3 % higher (p<0.05) compared to the control group (Table 8.3).
The weight of the gutted carcass of the experimental group was also higher by
11.8 % (p<0.05) compared to the control group. The muscle weight of geese of
the experimental group exceeded that of the control group by 12.4 % (p<0.05).
Anincrease in breast and leg weight was also noted by 21.2 % and 11.7 %, respec-
tively (p<0.05).

Table 8.3 Geese meatyield (M+m, n=6, experimental group - with oat extract in the geese diet)

Indicator Control group Experimental group
Live weight before slaughter, g 3215.0+86.8 3567.3+£157.0*
Weight of gutted carcass, g 1802.0+75.7 2014.7+70.5*
Output of gutted carcass, % 56.1+1.7 56.5+1.7
Muscle mass, g 949.7+37.0 1067.4+42.7*
Meatiness index, % 29.5+0.8 29.9+1.0
Weight of edible parts, g 1643.8+70.7 1749.8+64.7
Edible parts index, % 51.1+1.8 49.1+14
Breast weight, g 202.4+5.3 245.3+8.3*
Weight of the lower legs, g 209.8+8.0 234.4+10.5*

The addition of a mixture of oats and alfalfa contributed to an increase in live
weight of geese in the experimental group by 11.5 % (p<0.05). An increase in the
weight of gutted carcasses of geese of the experimental group by 17.1 % was re-
corded compared to the corresponding indicator of the control group (Table 8.4).

The advantage in the weight of muscle tissue in geese of the experimental group
was found to be 18.3 %. The introduction of oats and alfalfa into the diet caused an
increase in the weight of edible parts by 12.1 % (p<0.05). There was also a significant
increase in the weight of the thoracic muscle part and legs by 26.4 % and 24.5 %.

The positive impact on meat yield may be due to the presence of phenolic com-
pounds in oats and alfalfa, which play a key role in improving the growth characte-
ristics of animals. These substances can stimulate the secretion of digestive enzymes,
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minimize the presence of pathogenic microflora in the gastrointestinal tract and
improve intestinal morphology. A a result of this biochemical interaction, nutrient
absorption is more efficient, which contributes to the increase in animal weight [22].

Table 8.4 Geese meat yield (M+m, n=6, experimental group - with oat and alfalfa grass
in the geese diet)

Indicator Control group Experimental group
Live weight before slaughter, g 3697.8+81.1 41244+115.6*
Weight of gutted carcass, g 2100.0+824 2458.2+97.3*
Output of gutted carcass, % 56.7+1.0 59.5+0.7
Muscle mass, g 1151.6+37.6 1362.2+32.7*
Meatiness index, % 31.1+0.3 33.0+0.4*
Weight of edible parts, g 1705.4+48.9 1910.4+58.2*
Edible parts index, % 46.1+04 46.3+0.4
Breast weight 248.6+12.3 314.2+7.8**
Weight of the lower legs 214.0+9.3 266.4+9.2*

Analysis of the moisture content of the meat of the control group showed that
during the specified shelf life, this indicator decreased by 9.2 %. In the meat of the
experimental group, which was obtained with the use of oat extract, the decrease
in moisture content was 8 % (Fig. 8.10).

The research results of the effect of oat and alfalfa grass on goose meat revealed
adecrease in moisture levels in samples from both groups (Fig. 8.11).

After a shelf life of 90 days, a 7.8 % decrease in moisture content (p<0.01) was
found in the geese meat of the control group. Similar dynamics of moisture reduction
was recorded for the goose meat of the experimental group. In the goose meat of the
experimental group, a higher protein content was found by 5.0 % (p<0.05). The level
of intramuscular fat remained at the same level in the meat of both groups through-
out the entire storage period.

A gradual decrease in moisture and protein content in meat during storage at
low temperatures is possible due to the formation of ice crystals in the intercellular
space and changes in the concentration of dissolved substances in water that does
not become solid. These phenomena can lead to the destruction and oxidation of pro-
tein structures, which affects the ability of meat to retain water. The freezing process
causes denaturation of myofibrillar proteins, including changes in their secondary and
tertiary structure due to cold denaturation. Activation of cellular enzymes is also ob-
served, which accelerates the processes of protein degradation and oxidation [23].
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On the other hand, alfalfa as a source of protein and amino acids helps to increase
the protein content in the muscle tissue of geese. The use of alfalfa silage in the diet
enriches the diet with amino acids and biologically active components. This improves
metabolic processes, increases the efficiency of digestion and absorption of nutrients,
reduces the accumulation of fat deposits and increases the amount of muscle mass [24].

Insignificant fluctuations in pH were recorded in the meat of the control and ex-
perimental groups, to the diet of which oat extract was added (Table 8.5). The mois-
ture binding capacity (MBC) of meat was higher in the experimental group during
the entire storage period. The largest difference in this indicator for the control and
experimental groups was found on the 60th and 210th day of storage and amounted
t0 10.2 % and 10.4 % (p<0.05), respectively.

Table 8.5 Indicators of geese meat during storage (M+m, n=6, experimental group - with
oat extract in the geese diet)

helf Weight loss during
I?feeof pH defrosting, % GWP, %
davs K E K E K E
1 604:001 603001 - - 871327 87.6+2.99

60  6.01+0.01 6.01+001 357£0.05 3.55+£0.05 722+216 79.5+1.55"
120 598+0.02 5.99+0.03 3.60+0.07 3.57+0.08 685+1.12 73.9+245
210 594+0.02 596+0.03 3.64£0.08 3.58+0.08" 66.4+1.13 73.3+1.57*

In the experiment, with the addition of oats and alfalfa to the geese diet, a de-
crease in the acidity of meat for both groups of geese was found during 90 days of
low-temperature storage (Table 8.6). The moisture-binding capacity of meat in the
control group decreased by 17.7 % after 90 days of storage, while in the experimen-
tal group a decrease of 14.4 % was observed. On the 45th and 67th day of storage
in the experimental group, the moisture content of meat was higher by 6.1 % and
7.3 % (p<0.05), respectively. An increase in meat weight loss during its defrosting
was found with an increase in the shelf life. However, in the experimental samples,
weight loss was lower at all stages of storage. The largest difference was recorded
on the 45th day of storage, when the mass loss in the experimental group was 8.3 %
lower (p<0.05).

The increase in moisture-binding capacity in the meat of the experimental group
is possible due to an increase in the amount of hydrophilic proteins that contribute
to water retention in meat tissues. Among these proteins, myosin and other sarco-
plasmic components play a crucial role in moisture retention. They ensure less water
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loss during the cryopreservation process and subsequent thawing. The freezing pro-
cess converts water in meat into ice crystals, which can cause mechanical damage to
meat fibers and lead to dehydration during thawing. However, the increased mois-
ture-binding capacity of meat can help minimize structural damage to meat fibers,
significantly reducing water and weight loss during defrosting.

Table 8.6 Indicators of geese meat during storage (M+m, n=6, experimental group - with
oat and alfalfa grass in the geese diet)

Weight loss during
Shelf life PH defrosting, % GWP,%
of days
K E K E K E
0 615001 6.14+001 - - 914101 932+1.10

23 6.14+0.01 6.14£0.01 2.74+0.08 2.54+0.07 81.0+1.43 85.8+0.59*
45 6.12+0.01 6.13+0.01 3.09+0.05 283+0.07* 77.5+1.05 822+0.63"
67 6.12+0.01 6.13+0.01 3.14+0.05 2.92+0.05* 75.0+1.40 80.5+0.84"
90 6.11+0.01 6.12+0.01 3.28+0.05 3.05+0.07* 752+1.61 79.8+1.34

During the first 60 days of storage in the meat of the control group, there was
a gradual decrease in lipid peroxidation products (LPO), reaching a minimum level
that was 2.6 times lower than the initial value. The further intensification of LPO
processes in the control meat sample was due to the accumulation of endogenous
oxygen during storage. A particularly pronounced increase in the activity of lipid per-
oxidation was recorded starting from the fourth month of storage, which led to a sig-
nificant increase in the content of secondary lipoperoxidation products - 8.2 times
after 210 days of storage compared to the initial value.

The goose meat from the experimental group was characterized by 83.8 % higher
TBAAP levels than the meat of the control group (Fig. 8.12). The inclusion of oat ex-
tract in the geese diet contributed to the preservation of the stability of the prooxi-
dant-antioxidant balance in the meat of the experimental sample. During the first
60 days of storage, the content of lipoperoxidation end products remained stable.
With further storage from the 60th to the 120th day, a 3.7-fold decrease in this in-
dicator was observed, and from the 120th to the 210th day, activation of lipid pero-
xidation began, which led to a 10.7-fold increase in TBAAP levels. In general, during
the entire storage period, the content of secondary lipoperoxidation products in the
meat of the experimental sample increased by 3.2 times, but at the end of storage
it was 28.6 % lower than that of the control group.
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Fig.8.12 Dynamics of the TBAAP content in the goose meat thighs (M+m, n=_3, experimental
group - with oat extract in the geese diet)

In the second experiment, when studying the effect of oat and alfalfa grass on
goose meat, the analysis of the content of LPO products in the goose meat of the
control group showed that during the first 23 days of storage this indicator remained
unchanged (Fig. 8.13). Starting from the 23rd day, an activation of oxidative processes
was observed, which led to an increase in the TBAAP level by 18.3 % on the 45th day
of storage. From the 45th to the 67th day, there was a further increase in the con-
centration of LPO products by 38.7 %. After that, by the end of the storage period,
the level of lipid peroxidation products in the meat of the control group stabilized.

The meat of the experimental group was characterized by a lower content of lipid
peroxidation products by 8.9 % (p<0.05) compared to the control group. In addition,
it showed a prolongation of the period of stability of prooxidant-antioxidant equilib-
rium, where the accumulation of LPO products was slower. By the 45th day of stor-
age, the difference in TBAAP content between the control and experimental groups
increased to 13.9 % (p<0.01), and by the 67th day - to 28.3 % (p<0.01). However,
after the 67th day of storage, an acceleration of the LPO processes was observed
in the experimental samples, and by the 90th day the content of LPO products in-
creased by 35.8 % (p<0.01).

The inclusion of oats and alfalfa in the geese diet helps to prolong the period of
stabilization of prooxidant-antioxidant balance during meat storage [25]. It is known
that the antioxidant potential and quality of nutrients entering the animal's body
is determined by the diet composition and the BAS bioavailability [26]. The change
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in the amount of ROS products in the goose meat of the experimental group is pro-
bably the result of the action of avenanthramides, polyphenols, flavonoids, and other
bioactive substances contained in oats and alfalfa. Such changes contribute to opti-
mizing the biochemical composition and increasing the biological value of meat [26].

—o— Control group = o= Experimental group
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109.21 110.02

110.00
7/
100.00 ~ 106.37
90.00
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Storage period, day

Fig. 8.13 Dynamics of the TBAAP content in the goose meat thighs (M+m, n=5, experimental
group - with oat and alfalfa grass in the geese diet)

This is confirmed by the detected changes in the dynamics of TBAAP indicators,
which indicates an improvement in the stability of the fatty component of meat
throughout the entire storage period. Thus, the established changes in the dynamics of
TBAAP indicate that the addition of oats and alfalfa to the geese diet has a positive ef-
fect on the stability of the lipid component of meat throughout the entire shelf life [27].

Depending on the initial state of chickens and the technological conditions of
their keeping, the fatty acid composition of poultry meat lipids can change signifi-
cantly [28, 29]. The analysis of the fatty acid composition of the goose meat of the
first experiment shows that among the unsaturated fatty acids in the meat of the
control group, the highest content is oleic, linoleic, and arachidonic acids, and among
the saturated ones, palmitic and stearic acids (Table 8.7). During the first 120 days of
storage, the total share of PUFAs in the goose meat of the control group increased by
11.7 % due to oleic (23.9 %), linoleic (13.6 %) and linolenic (2.22 times) acids. A sig-
nificant decrease in the content of the most unsaturated docosahexaenoic acid (by
2.57 times) compensated for a more significant increase in the level of unsaturated
fatty acids during this period. The second part of the experiment was characterized
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by significant losses of the most unsaturated fatty acids: arachidonic (by 42.9 %)
and docosahexaenoic (by 34.8 %). At the same time, the content of essential linoleic
and linolenic acids increased significantly (by 47.1 % and 2.65 times, respectively).

Table 8.7 Dynamics of the content (o, %) of fatty acids in geese meat during storage (M+m,
n=3, experimental group - with oat extract in the geese diet)

Shelf life, days
Fatty acid 1 120 210
K E K E K E

(16:0) 19.48+£0.51 20.74+0.79 19.05%0.65 20.92+0.77* 20.09+0.7 20.99+0.92
(18:0) 22.31+0.89 18.61+0.8** 17.9+0.55 18.24+0.51 15.7+0.53 16.07+0.53
(18:1)  27.84+0.84 30.49+0.76 34.48+1.55 27.3+0.93* 32.12+0.84 35.56+1.42*
(18:2) w6  14.7+£0.66 16.25+0.73* 16.74+0.54 18.99+0.85* 24.56+1.11 17.41+0.5*
(18:3) 3  0.09+£0.01 0.13+0.01** 0.2+0.01 0.15+0.01* 0.53+0.02 0.29+0.01**
(
(

20:4) w6 6.04+0.25 6.64+£0.23* 5.63+0.23 7.47+0.28" 3.19+0.13 5.12+0.18**
22:6)®3 0.59+0.02 0.55+0.02 0.23£0.01 0.62+0.02** 0.15+0.01 0.17+0.01
SFA 45.56+1.54 42.65+1.68 39.57+1.29 42.26+1.39 37.48+1.29 39.24+1.52
UFA 53.81+1.93 57.15+1.86 60.14+£2.43 57.39+2.21 62.29+2.16 60.61+£2.19
MUFA  31.27+0.95 3259+0.84 36.42+1.62 29.17+101 33.79£0.9 37.25+1.48
PUFA  2254+0.98 24.56+1.02 23.72+£0.81 28.22+12* 285+126 23.36%0.71*
®3-PUFA  0.68+0.02 0.68+0.02 0.43+0.02 0.77£0.03** 0.68£0.02 0.45+0.02**
w6-PUFA  20.74£0.92 22.89+0.96* 22.38+0.77 26.46+1.14* 27.75+1.23 22.53+0.68*

These oppositely directed changes in the FAC of meat of the control group re-
sulted in stabilization of both total unsaturation and total PUFA content during this
experimental period. The results of the comparative analysis of the fatty acid com-
position of the meat of the control and experimental samples at the beginning of the
experiment confirm the positive effect of oat extract on the fatty acid composition
of goose meat. Before being stored, the experimental sample of meat exceeded the
control sample in terms of oleic (by 9.5 %) and essential linoleic (by 10.5 %), linole-
nic (by 44.4 %) and arachidonic acids (by 9.9 %). In terms of the total content of NFAs
and their unsaturation, the experimental sample exceeded the control sample less
significantly (by 6.2 % and 6.9 %, respectively, p<0.05). After 120 days of storage, the
meat of the experimental sample contained 13.8 % more linoleic acid, 33.9 % more
arachidonic acid, and 2.70 times more docosahexaenoic acid compared to the corre-
sponding control meat sample. In terms of total unsaturation of FA, the experimental
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sample significantly (by 6.3 %, p<0.05) exceeded the control sample. Thus, the posi-
tive effect of oat extract on the fatty acid content of geese meat was observed during
120 days of storage. In the second part of the experiment, the changes in the quality
of the meat of the experimental sample were less positive. After 210 days of storage,
the experimental sample had a significantly higher content of the most abundant un-
saturated oleic acid (by 10.7 %), arachidonic acid (by 59.4 %), and docosahexaenoic
acid (by 13.3 %). However, the content of linoleic and linolenic acids was lower than
that of the control sample (by 29.1 % and 45.3 %, respectively).

The analysis of the goose meat FAC after slaughtering the birds of the second ex-
periment revealed that as a result of the use of oats and alfalfa (Table 8.8), the content
of oleic acid in the meat of the experimental sample decreased by 9.7 % (p<0.05).
At the same time, an increase in the content of polyunsaturated fatty acids, namely
linoleic and linolenic acids, was recorded by 19.1 % (p<0.01) and 32.0 % (p<0.01),
respectively. In addition, a significant increase in the level of docosahexaenoic acid (by
20.6 %) was found. There was also an increase in the total content of ®3- and wé-poly-
unsaturated fatty acids in the meat of the experimental samples by 24.2 % (p<0.01)
and 10.8 % (p<0.05), respectively.

Table 8.8 Dynamics of fatty acid content in geese meat during storage (w, %, M+m,n=3,
experimental group - with oat and alfalfa grass in the geese diet)

Shelf life, days

Fatty acid 1 90
Control Experiment Control Experiment
(16:0) 21.78+0.72 21.91+0.9 20.66+0.81 20.86+0.73
(18:0) 14.3+04 14.97+0.66 15.73+0.77 13.43+0.48**
(18:1) 35.39+1.34 31.96+1.05* 32.87+1.02 33.68+0.98
(18:2) w6 13.95+£0.5 16.61+0.6™* 17.1+£0.75 17.94+0.77
(18:3) w3 0.26+£0.01 0.34+£0.01** 0.35+£0.01 0.47+0.02**
(20:4) w6 8.1+£0.32 7.81+£0.22 6.91£0.28 6.49+0.19
(22:6) w3 0.55+0.02 0.66+0.03** 0.62+0.02 0.96+0.04**
SFA 38.57+1.21 39.65+1.66 39.11+1.38 36.64+1.29
UFA 61.05+2.31 59.78+1.99 60.52+2.18 62.77+2.12
MUFA 37.9+1.45 33.95+1.12 35.02+1.1 36.05+1.05
PUFA 23.15+0.87 25.84+0.87* 25.49+1.08 26.72+1.07
®3-PUFA 0.81+0.03 1.01+0.04** 0.97+0.03 1.42+0.06**
w6-PUFA 22.05+0.83 24.42+0.82* 24.0+1.03 24.73+0.98
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After 90 days of low-temperature storage, an increase in the content of lino-
leic and linolenic acids by 22.6 % and 34.6 % (p<0.01), respectively, was observed
in the goose meat of the control group. A decrease in the level of arachidonic acid
by 14.8 % (p<0.01) was detected. In the sample of meat of the experimental group,
the content of linolenic and docosahexaenoic acids exceeded the value of the meat
of the control group by 32.3 % and 53.8 %, respectively. There was also a tendency
to a decrease in the content of saturated fatty acids and an increase in the content
of polyunsaturated fatty acids. The content of ®3-polyunsaturated fatty acids in the
experimental group was 46.4 % higher than that of the control group.

The recorded improvement in the fatty acid profile of meat in the experimental
group can be explained by the influence of antioxidants, in particular those contained
in oats. After all, oats have been shown to be rich in antioxidants such as 3-glucan,
avenanthramides, polyphenols, flavonoids, and B-carotene [5]. These substances
play a key role in protecting lipids from oxidation, contributing to the preservation of
unsaturated fatty acids in meat [10].

Such changes may also be due to the high levels of linoleic and linolenic acids pre-
sent in oats and alfalfa [10]. These acids can be assimilated by the body of geese, which
contributes to the optimization of the fatty acid content of the goose meat in the
experimental group [30]. An increase in the proportion of ®3-PUFA may be caused
too by the preservation of a certain activity of the corresponding desaturases [31].

The addition of oats and alfalfa to the geese diet had a positive effect on the
vitamin composition of the meat obtained (Fig. 8.14). A significant increase in the
content of vitamin E by 38.5 % and B-carotene by 19.6 % (p<0.01) was found in
the goose meat of the experimental group.

After 90 days of low-temperature storage, a decrease in the content of vita-
min A and B-carotene in the meat from the control group was observed by 33.6 %
and 64.2 %, respectively. A decrease in vitamin E content by 12.3 % (p<0.05) was
also recorded.

On the other hand, in the meat of the experimental group on the 90th day of stor-
age, the vitamin E content exceeded that of the control group by 50.9 %. In addition,
the experimental sample showed a 20 % higher content of B-carotene (p<0.01). The
study found no significant effect of oats and alfalfa on the vitamin A content of goose
meat. The changes in the content of vitamin E and B-carotene may be based on their
high content in oats, which could be incorporated into the poultry body [10]. Also,
a decrease in the intensity of oxidative processes in meat may be caused by the ac-
tion of bioactive elements present in oats that have antioxidant activity. Among these
components, a special place is occupied by avenanthramides [32]. The reason for the
decrease in the amount of B-carotene during storage is its oxidation, which can occur
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by enzymatic and non-enzymatic means [33]. The decrease in the level of vitamin E
can be explained by its antioxidant activity and, accordingly, the ability to protect meat
lipids from oxidation [10]. However, its insignificant loss is evidence of the implementa-
tion of other mechanisms of antioxidant protection in the meat of the control sample.
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Fig. 8.14 Dynamics of the content of vitamins A, E and B-carotene (ug/g) in the goose
meat (Mt+m, n=5, experimental group - with oat and alfalfa grass in the geese diet)

The analysis of changes in the amino acid composition of goose meat (Table 8.9)
indicates an increase in the content of essential amino acids in the goose meat of the
experimental group.

This was observed not only immediately after slaughter, but also after 90 days
of low-temperature storage. An increase in threonine and methionine by 26 %
and 22.8 %, respectively (p<0.01) was detected.

After 90 days of storage, a decrease in the content of threonine and methionine
was observed in the meat of both groups. In addition, a decrease in the amount of
phenylalanine was detected in the test sample. At the same time, an increase in the
level of valine was noted in both study groups, and an increase in isoleucine was
also recorded in the samples of the experimental group. Against the background of
the use of oats and alfalfa in the geese diet, a statistically significant increase in the
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content of lysine (by 13.4 %), valine (by 23.7 %), isoleucine (by 26.3 %), leucine (by
17.7 %) was recorded on the 90th day of storage of meat of the experimental group
compared to the control group. At the same time, a 21 % decrease in threonine and
a 49 % decrease in phenylalanine was found.

Table 8.9 Dynamics of amino acid content in goose meat during storage (mg/100 g, M+m,
n=3, experimental group - with oat and alfalfa grass in the geese diet)

Shelf life, days

Amino acid 1 90
Control Experiment Control Experiment
Lysine 2.00+0.1 2.09+0.1 2.11+0.11 2.39+0.12**
Histidine 0.56+0.03 0.62+0.03* 0.31£0.02 0.25+0.01**
Arginine 1.59+0.08 1.61+£0.08 1.26+0.06 1.22+0.06
O-proline 1.31+0.07 0.99+£0.05** 0.88+0.04 0.58+0.03**
Aspartic acid 1.11+0.06 1.21+0.06* 1.63£0.08 141+0.07*
Threonine 0.72+0.04 0.91+£0.05** 0.26£0.01 0.21+£0.01*
Serine 0.64+0.03 0.79+£0.04** 0.39£0.02 0.32+0.02**
Glutamic acid 2.94+0.15 3.17+£0.16 3.56+0.18 3.54+0.18
Proline 0.94+0.05 0.81+£0.04* 0.84£0.04 1.00+£0.05**
Glycine 0.90+0.04 0.98+0.05* 1.03£0.05 1.16+0.06*
Alanine 1.19+0.06 1.29+0.06 1.67+0.08 1.76£0.09
Cystine 0.46+0.02 0.51+£0.03* 0.33+£0.02 0.32+£0.02
Valine 0.83+0.04 0.91£0.05* 0.98+0.05 1.22+£0.06**
Methionine 0.29+0.01 0.35+£0.02** 0.16£0.01 0.15+£0.01
Isoleucine 1.08+0.05 1.10+0.06 1.11+0.06 1.40+0.07**
Leucine 1.89+0.09 1.94+0.1 2.14+0.11 2.52+0.13*
Tyrosine 0.48+0.02 0.61+£0.03** 0.35+£0.02 0.27+0.01**
Phenylalanine 0.90+0.05 0.91+£0.05 0.91£0.05 0.46+0.02**

The reason for the changes in the amino acid composition of meat may be the
presence of oats and alfalfa in the diet. The addition of alfalfa has been shown to in-
crease protein content, reduce cholesterol and fat, and improve the antioxidant sta-
tus of chicken meat [7]. Oats contain high levels of threonine, methionine and other
essential amino acids, which may also contribute to their increase in geese meat [34].
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Conclusions

The results of the chromatographic analysis proved the presence of compounds
with powerful antioxidant properties of avenanthramides of 8 types not only in the
grain, but also in the composition of green oat mass and, thus, confirmed the feasibi-
lity of using green oat in poultry feed.

With both technological regimes of using oats in feeding geese (green oat mass
or its extract), an increase in the antioxidant activity of muscle tissue and, accord-
ingly, the activity of endogenous antioxidants in meat obtained after slaughter was
observed. However, the addition of green oat to the geese diet of experimental group
Il led to a significantly greater increase in the content of 3- and wé-polyunsaturated
fatty acids compared to the control after slaughter.

Addition of oat extract to the geese diet led to an increase in the time of pro-oxi-
dant-antioxidant balance in meat during storage. An increase in the content of essen-
tial fatty acids was found in the meat of this experimental group. After 120 days of
storage, the content of linoleic, arachidonic, and docosahexaenoic acids was higher
in the meat of the experimental group. After 210 days of storage, an increase in the
content of oleic, arachidonic and docosahexaenoic acids was observed in the meat
of the experimental group compared to the control group. However, in terms of the
content of linoleic and linolenic acids, the experimental sample yielded to the control.

Incorporating a mixture of oats and alfalfa into the geese diet leads toan 11.5 %
increase in live weight, indicating the high effectiveness of this dietary component
in stimulating growth and development. This geese diet contributed not only to the
improvement of poultry meat yield, but also to an increase in its protein content
by 5.0 %, confirming the improvement in the quality characteristics of the product.

A positive influence of oats and alfalfa on the technological characteristics of meat
during low-temperature storage was established, namely, an increase in the ability
of meat to retain moisture and a smaller loss of mass during defrosting. There was
also an increase in the content of ®w3-polyunsaturated fatty acids, vitamin E, B-caro-
tene, as well as the essential amino acids threonine and methionine, while the level
of other essential amino acids remained at the level of the meat of the control group.

During low-temperature storage in the meat of this experimental group, the pro-
cesses of peroxide oxidation were activated 12 days later than in the corresponding
samples of the control group. At the end of storage, a significantly higher content
of vitamin E, B-carotene and w3-PUFA was found in the meat of the experimental
group. The content of essential amino acids valine, leucine and isoleucine in the ex-
perimental sample also exceeded the corresponding indicators of the control group.
However, the meat of the experimental group was characterized by a lower content

217



Food technology progressive solutions

of phenylalanine. Thus, the admixture of oats and alfalfa in the geese diet contributes
to the enrichment of meat with important food components. These positive changes
are preserved even during long-term low-temperature storage, which ensures an
increase in the nutritional value of meat products.
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CHAPTER 9

Justification of the technology for the use
of Phyllophora (Zernov field) carrageenan as a regulator
of the consistency of food products

Olha Sumska
Nataliia Panchenko
Olena Ishchenko

Abstract

The results of theoretical and experimental studies and progressive solutions
regarding the use of the phytocolloid - carrageenan Phyllophora (Zernov field) ex-
tracted from the Black Sea red algae Phyllophora Brodyas food consistency regu-
lator is presented. The technological aspects of the use of carrageenan from the
Black Sea red algae Phyllophora Brody are substantiated. The study shows that the
use of this drug ("PZF" carrageenan) is appropriate for expanding the range of con-
sistency regulators of food industry products. It is found that "PZF" carrageenan
extracted from the Black Sea red algae Phyllophora Brody has a 3.6-anhydroga-
lactose content of 21.3 %; the mass fraction of sulfoether groups (in terms of SO,)
is 24.2 %. The concentration dependence of the viscosity of the carrageenan solu-
tions "PZF" is studied. With an increase in the concentration of "PZF" carrageenan
to 2 %, the flow index of the solution decreases sharply, which indicates an increase
in the structuredness of the system. The dependence of the viscosity of the "PZF"
carrageenan solutions on the shear rate gradient in the interval 3-1312 s7% is es-
tablished. In the studied range of shear rates, the viscosity of solutions obeys the
power law and is described by the Ostwald-Weyl equation. It is found that the re-
versible destruction of the structure occurs under the action of shear. The degree of
thixotropic reduction of the "PZF" carrageenan solution is 87.9 %. The influence of
temperature and pH on the rheological properties of "PZF" carrageenan solutions is
studied. It is found that at temperatures up to 45 °C, carrageenan macromolecules
exist in a spiral conformation, and at higher temperatures they undergo a thermo-
reversible transition into a coil conformation. This transition causes a decrease in
viscosity and gelation of the solution. It is found that "PZF" carrageenan solutions
retain their abnormally viscous properties in a wide pH range. When the pH of the
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solution changes from 1 to 11, no signs of a conformational transition of macromo-
lecules of "PZF" carrageenan are detected. In the process of storage, the viscosi-
ty of "PZF" carrageenan solutions first increased, and then decreased, regardless
of the pH value. A solution with pH=4 has high stability during storage. An acidic
environment prevents the development of microorganisms; however, in this case
it is not strong enough to cause significant hydrolysis of the polysaccharide. The
obtained data on the chemical and physic-mechanical properties of "PZF" carra-
geenan solutions make it possible to predict the properties of viscous solutions
and gels for structured food products.

Keywords

Carrageenan, phytocolloid, consistency regulator, extraction, rheological pro-
perties, physical and chemical properties, food technology.

9.1 Justification of using carrageenan feasibility as regulators of food
products consistency

9.1.1 Analysis of modern theoretical information on the gel-forming
ability of carrageenan

Carrageenan is an anionic sulfated polysaccharide consisting of alternating long
linear chains of (1—3)-B-d-galactose and (1—4)-3.6-anhydro-o.-d-galactose (3.6-AG)
or (1—4)-o-d-galactose with ether sulfates (15-40 %) [1]. These natural polymers
are divided into six main forms based on their source, solubility, and sulfate content:
kappa, iota, lambda, mu, nu, and theta. Thanks to the numerous works of Riess and
co-authors [2], several "saturated", i.e., idealized structures of carrageenan were es-
tablished. This made it possible to divide carrageenans into so-called "types", which
differ in the content of 3.6-anhydro-galactose, the location and number of sulfate
groups. Currently, more than 16 carrageenan structures are known, but the main
ones are the so-called gelling types, which include kappa- and iota-carrageenans,
and non-gelling lambda-carrageenans. These types of carrageenans are of commer-
cial value [3-5].

The practical use of carrageenan is largely determined by its physicochemical
properties, which are dissimilar for different types of carrageenans. The gelling pro-
perties of carrageenans depend on their chemical structure, the nature of the cation,
the temperature of the solution, and the concentration of the polymer. The gelling
properties are higher, the fewer the residues of sulfuric acid in the polysaccharide
and the higher the content of 3.6-dihydrogalactose in it. Increasing the content
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of the latter from 28 to 35 % leads to a significant increase in gelling properties,
which can be achieved by special alkaline treatment [6]. Due to the presence of
a highly charged sulfate group in the polymer molecule, carrageenans are in solu-
tion in the form of stable K*, Na* or Ca** salts. The nature of the cation determines
the gelling properties of the polysaccharide. Natural extracts have various gell-
ing properties. Kappa carrageenan does not gel in the Na* form, but the addition
of K*, Ca*" or NH, in the case of kappa and Ca™ in the case of iota promotes the for-
mation of stable transparent gels.

The viscosity of aqueous solutions of carrageenans depends on their type, tem-
perature and pH of the solution, the presence or absence of ions, the concentration
and molecular weight of the polymer. Similar to other polysaccharides that have
a charge along the entire chain of the macromolecule, the viscosity of solutions in-
creases with increasing concentration and molecular weight of carrageenan and
decreases with increasing temperature and ionic strength of the solution. Most com-
mercial samples of carrageenan form solutions with a viscosity of 25 to 500 mPa
and a core area of 25 to 100 mPa. At the same time, native lambda-carrageenan
can produce solutions with a viscosity of up to 20,000 mPa [5].

Kappa, iota and lambda carrageenans are rationally used as food consistency
regulators due to their viscoelastic and gelling properties.

Fig. 9.1 shows the chemical structures of gelling carrageenans, which are the
most commercially used. lota-carrageenan (lota) is a nearly homopolymer of
G45-DA2S disaccharide units, containing a very low amount (about 5 mol %) of
G4S-DA disaccharide units. Kappa-carrageenan (Kappa) is slightly more heteroge-
neous, up to 10 mol % of G4S-DA2S disaccharide units break blocks of G4S-DA
disaccharide units [6]. A third gelling carrageenan, commercially known as kappa-2
or weak kappa (Kappa 2), has gradually received an industrial boost. Kappa 2 repla-
ces Kappa and lota blends in niche applications where intermediate gelling proper-
ties are required between the hard and brittle gels formed by Kappa and the softer
but deformable gels formed by lota [1]. Kappa 2 is a random block copolymer made
of G4S-DA sequences (representing 45-80 mol % of the hybrid chain) [7, 8] and
G4S-DA2S [9, 10]. Depending on the seaweed and the extraction method used
for isolation polysaccharide, the G4S-DA and G4S-DA2S blocks can be separated
by more sulfitated disaccharide units, such as G4S-D64S (mu-carrageenan) and
G45-D2S,6S (nu-carrageenan) [11].

In his comprehensive review of the gelation of carrageenans, Piculell gathered
compelling evidence for network formation at the superhelical level for kappa
gels, giving hard gels in contrast to soft lota gels, where the network can occur
in a helix. Fewer studies have attempted to systematically compare the network
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structure of carrageenan with the corresponding elastic properties of the gel in
order to identify structure-elasticity relationships. The purpose of the article [5]
is to review the recent progress made in defining such relationships. The aim is
to show the lack of rationalization of structural and elastic data by theories deve-
loped to describe the special elasticity of fillamentous networks. The latter have
been used with some success to elucidate the relationship between structure and
rheological properties in various biopolymers and polymer gels that have struc-
tural and elastic similarities to carrageenan gels. L. Hilliou showed that reports
on nonlinear rheological properties of carrageenan gels are still critically lacking
in the literature, as emphasized by Van de Velde [8]. The significance of nonlinear
elastic properties for the identification of structural features in these networks
is emphasized. Preliminary nonlinear rheological data for Kappa, lota, and Kap-
pa 2 gels are presented. These results demonstrate concentration scaling in the
strain-hardening behavior of lota and Kappa 2 gels. The strain-hardening is ana-
lyzed using theories to extract elastically relevant structural features for compa-
rison with structural information.

DISACCHARIDES POLYSACCHARIDES
0505 >pem
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Fig. 9.1 Chemical structures of industrially suitable
gel-forming carrageenans
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Although many studies used commercial samples as received, most of the re-
sults presented here were obtained after performing a purification step to obtain
a polyelectrolyte with one type of counterion. This is of primary importance for
Kappa, which is known to exhibit specific gel properties depending on the type of
salt used to form the gels [12]. In contrast, it was found that lota does not show such
sensitivity to cations unless a significant amount of G4S-DA units remain present
as impurities in lota [13].

Overall, the picture that emerges from the data reviewed by L. Hilliou is that
the large differences in the elasticity of the lota and Kappa gels are difficult to
reconcile with their rather similar structures, which essentially consist of semi-
flexible filaments with a length L of the order of 100 nm and a thickness d of the
order of 10 nm, located in a dense network with cell size € of the order of nano-
meters or tens of nanometers. Structural heterogeneity, where different filament
types coexist with different fillament aggregates, has long been reported in car-
rageenan gels. Structural heterogeneity on length scales larger than 100 nm and
with correlations in the micron was recently revealed by confocal scanning laser
microscopy in Kappa gels, showing significant turbidity in contrast to the uniform
and clear lota gels.

The reviewed here literature on the relationship between gel structure and
elastic properties provides ample evidence for the filamentous nature of respon-
sible for the elasticity of carrageenan gels networks. This structure explains the
power-law dependence of the linear modulus of elasticity of the gel on the con-
centration of carrageenan and the strain hardening behavior of lota gels. Although
it is not well documented in the literature, strain failure has been established in
a study [14] and rationalized by theoretical models. The latter explains the qua-
dratic concentration scaling of strain hardening, which arises from the rod-like
shape of the filaments (with fractal dimensions of 1.7 rank), which gives the net-
work more enthalpic elasticity than entropy. The picture for kappa-gels is much
less clear, since difficulties in rheological testing of these materials may explain
the scatter of power-law values reported in the reviewed literature to describe
the concentration dependence of GO. Due to its longer persistence, Kappa self-as-
sembles into straighter and more connected strands compared to lota. However,
a review of the literature shows that both systems exhibit nearly identical chain
lengths (about 100 nm) and radii (about 1 nm). It is also reported that the cell sizes
in the network are almost the same. Thus, the higher elasticity of kappa gels is
attributed to the greater stiffness of the kappa filaments (or filaments), as sugges-
ted by the authors who found that kappa forms straighter filaments [15]. Several
recent theoretical developments in the elasticity of filamentous networks, briefly
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reviewed here, suggest that kappa-gels should exhibit strain hardening in this
case. However, strain rarefaction followed by abrupt gel failure is consistently
reported in the limited sample of literature reviewed here. This study confirms
this high deformation behavior. Based on the results of the literature review, it can
be concluded that reoptic measurements will help determine structural changes
in the behavior of large deformations. Nonlinear elasticity should be studied us-
ing additional methods that include strain time [16], without limiting the study
to dynamic vibration tests. In particular, such time must be taken into account
when studying the thixotropy of carrageenan gels, which is a matter of industrial
interest. Thus, the specific extraction of carrageenans from selected seaweeds
seems preferable to the conversion of commercial samples into a single cationic
form, since such processes are known to degrade the polysaccharide [17]. It is
expedient to study the physicochemical properties of carrageenan extracted from
red seaweed, which can be obtained in industrial quantities from undeveloped
natural sources.

9.1.2 Use of carrageenan in the food industry

Natural food additives, which are able to adjust the beneficial properties and
chemical composition of food products, are of particular value for the creation of
full-fledged food products for mass and medical and preventive purposes. In the
developed countries of the world, there is a constant increase in the production
of carrageenan. In the early 1990s, its annual production reached 15.5 thousand
tons, and now it is 30 thousand tons [18]. The main companies that produce car-
rageenan are concentrated in Europe and the USA, its production is developing
very actively in the Philippines, Chile and China. The annual sale of carrageenan
in the world is more than 200 million USD. The increase in the production of this
polysaccharide-hydrocolloid is due to the increase in demand for food products
containing carrageenan.

Currently, the food industry uses 80 % of all manufactured carrageenan, and
the average consumption of this product is 250 mg/day per person [4]. The use of
carrageenan in food products is based on the general recognition of its "safeness".
In the USA and EU countries, carrageenan is considered safe and useful, approved
for use as a food additive. In Japan, it is considered a "natural product" and is not
subject to the rules governing the use of food additives.

Leading international health organizations such as the World Health Organi-
zation (WHO), the US Food and Drug Administration, the European Union, Health
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Canada and other independent international organizations allow the use of carra-
geenan in food products because it is absolutely safe for human consumption. This
is confirmed by comprehensive research by scientists conducted in July 2014 -
Carrageenan in Infant Formula [19, 20].

After a comprehensive scientific review of carrageenans by scientists in July 2014,
the World Health Organization (WHO) and the Joint FAO/WHO Expert Committee
on Food Additives (JECFA) concluded that carrageenan is safe for use in formula
milk, including infant formula children with special diseases. Moreover, carrageenan
is an important component of such infant formulas, as it is a source of essential nut-
rients available to the child's body.

Currently, more than 150 different carrageenan-containing products are pro-
duced in the world. The main branches of the food industry that use carrageenan are
dairy, confectionery and meat.

Different fractions of carrageenan are widely used in the food industry for ge-
lation, thickening and stabilization of emulsions in systems, on milk and water. They
are often used to balance and improve the properties of other gels, as they have the
ability to form complexes with other hydrocolloids.

Carrageenan is superior to agar and alginate in cases where high viscosity and
accompanying thickening, emulsification and suspension are required. Thus, at
low concentrations (0.01-0.03 %), it suspends cocoa particles and prevents the
separation of fats during the preparation of pasteurized chocolate milk, soy pro-
tein drinks with chocolate additives. Kappa-carrageenan within a narrow range of
viscosity, from 7 to 10 mPa, exhibits special properties - it prevents the ability to
thicken milk, even at high concentrations, so it can be used as an additive to milk
and ice cream. It stabilizes fat in ice cream, condensed milk, baby formula, vege-
table oil for salads.

Lambda-carrageenan does not gel by itself, but provides thickening and sta-
bilization of cold milk and is used for the preparation of cold chocolate milk, for
thickening and stabilization of quick-dissolving powdered milk puddings, fruit
drinks, as well as drinks based on natural plant raw materials, syrups, cheese
spreads. Dairy products containing carrageenan do not require homogenization
during preparation, the presence of lambda-carrageenan in them gives them a
mousse structure.

The quality and range of confectionery products are largely determined by
the availability and quality of the used gelling agents - emulsifiers and stabilizers.
Carrageenans have a relatively high melting point, and this property is used for
the preparation at room temperature of specific fruit confections, very plastic milk
puddings of the "zhuangdong - soft ice" type. The aqueous gelling characteristics
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of carrageenan are particularly useful in diet foods such as jellies and low-sugar
syrups [5].

In the production of creamy desserts, carrageenan significantly affects the rheo-
logical properties of the final product. Each manufacturer can choose the appro-
priate concentration of carrageenan for their technological system in order to pro-
duce a product that appeals to the consumer, with maximum shelf life and resistance
to the processes of retrogradation and syneresis.

Modified carrageenans have an obvious protective property against fat oxida-
tion and therefore can be used as ideal antioxidants. In the form of a coagulate, car-
rageenan can be used as a fixative in canned meat, fruit gels, and jellies. Moreover,
the polysaccharide added to the mixture with water, to the defatted minced meat,
gives the meat its original taste. At the end of 1990, the McDonald's company began
trial marketing of low-fat hamburgers called LeenDelux, the fat content of which
was reduced by 91 %. Carrageenan gives cutlets juiciness and keeps their shape.
At the same time, the taste of the cutlets does not deteriorate.

Specific examples of the use of carrageenan in food products testify to the exces-
sive variety of areas of use of this polysaccharide.

The amount of carrageenan in food products usually does not exceed 2 % and in
this concentration it cannot affect digestion. If this amount is exceeded, the process
of assimilation of food slows down and there is a feeling of satiety, which in no way
affects the further absorption of food in the intestines, so it is possible to hope that
carrageenan will be used to prepare products that "increase the feeling of satiety".

Equally important is the fact that carrageenan has a wide range of different bio-
logical activities. Pharmacological studies have shown that it has immunostimulating
and immunosuppressive effects; it has anticoagulant activity (primarily antithrom-
botic effect); is an enterosorbent and can be used to remove heavy metals from
the body; inhibits lung metastases; used to treat atopic ulcers. Thus, carrageenan
is a unique basis for the creation of new therapeutic and preventive products
and drugs. Carrageenan is certified for use in EU countries. It is in such products
that the food industry "feels" an acute shortage.

9.2 Research materials and methods

9.2.1 Block diagram of research

Theoretical and experimental studies were carried out according to the block
diagram shown in Fig. 9.2.
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Fig. 9.2 Block diagram of conducting theoretical and experimental research

9.2.2 Obiject of study

Characteristics of "PZF" carrageenan: moisture - 11 %, mass fraction of ash - 25.5 %.
The content of 3.6-anhydrogalactose is 21.3 %, the mass fraction of sulfoester groups (in
terms of SO,) is 24.2 %.

9.2.3 Materials, reagents and equipment
9.2.3.1 Products and reagents

Product: Acetic acid. Acetic acid is an organic compound, a monobasic carboxylic
acid of the composition CH,COOH. It is produced in accordance with the national
standard DSTU 2450:2006 "Vinegars from food raw materials. General technical
conditions". Food supplement E260.

Product: Baking soda. Chemical name: sodium bicarbonate. Chemical formula:
NaHCO,. Baking soda is a crystalline powder-like substance of fine grinding, white
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in color, odorless. A distinctive feature of baking soda is its mild alkaline properties,
which do not have a negative effect on plant and animal tissues. GOST 2156. Food
supplement E500.

Product: Technical resorcinol. Chemical name: resorcinol. Chemical formula:
C(H.O,. White, slightly yellowish scales with a specific smell. Water-soluble, solu-
ble in alcohol, diethyl ether. Hardly soluble in benzene, carbon disulfide, chloroform.
The chemical properties are the same as those of phenols. Resorcinol requires care-
ful handling, as its vapors and dust are irritating to the respiratory tract and eyes.
CAS: 108-46-3.

Product: Rectified ethyl alcohol. Chemical name: ethanol. Chemical formula:
C,H.OH. Colorless liquid product, clear characteristic odor and fiery taste obtained
by distillation of the must from the alcoholic fermentation of the molasses, subse-
quently rectified. The alcoholic strength achieved during distillation must not be less
than 96 % Vol. DSTU 4221:2003.

Product: Granulated sugar. Chemical name: Sucrose. Chemical formula: C,,H,,0,,.
It is sucrose in the form of separate white or white with yellowish crystals with sizes
ranging from 0.2 to 2.5 mm. The mass fraction of sucrose is 99.55-99.75 % (in terms
of dry matter). Mass fraction of moisture - 0.14-0.15 %. In addition to direct use
by the population as food, granulated sugar is widely used in the food industry for
the production of canned milk, baby food, in the biopharmaceutical industry, etc.
DSTU 2316.

Product: Potassium hydroxide. Chemical name: Potassium hydroxide. Chemical
formula: KOH. Colorless, very hygroscopic crystals, but less hygroscopic than so-
dium hydroxide. Aqueous solutions of KOH are highly alkaline. It has many indust-
rial and niche applications, most of which utilize its caustic nature and its reactivity
toward acids. TU 20.13.25-025-5227004-2015.

Product: Potassium chloride. Chemical name: Potassium chloride. Chemical
formula: KCI. Potassium chloride is a metal halide salt composed of potassium
and chlorine. It is odorless and has a white or colorless vitreous crystal appea-
rance. The solid dissolves readily in water, and its solutions have a salt-like taste.
TU 2184-042-00209527-97.

Product: Hydrochloric acid. Chemical name: Hydrochloric acid. Chemical formula:
HCI. Hydrochloric acid is the aqueous solution of hydrogen chloride gas and the main
component of gastric acid, an acid produced naturally in the human stomach to help
digest food. Hydrochloric acid is produced synthetically for a variety of industrial
and commercial applications. DSTU 3118.

Product: Isopropyl alcohol. Chemical name: Isopropyl alcohol. Chemical formula:
C,H,O. Colorless transparent liquid with a bitter taste and a sharp smell of alcohol
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and acetone. Isopropanol is used as a disinfectant to kill bacteria, viruses and fungi,
as well as to clean surfaces and treat skin before injections. Contained in household
cleaners and hand sanitizers. DSTU 9805:84.

Product: Phenolphthalein. Chemical name: Phenolphthalein. Chemical formula:
C,oH,,0,. Triphenylmethane dye, an acid-base indicator that changes color from co-
lorless to red-violet, "crimson". At pH>12 the indicator becomes discolored again.
TU 6-09-5360-88.

Equipment and chemical utensils:

- Rheotest-2 rotary viscometer (Germany) (Fig. 9.3);

- pH meter pH-121 (Fig. 9.4);

- KFK-2MP photoelectrocolorimeter (Fig. 9.5);

- technical scales;

- laboratory ionometer;

- electric plates;

- chopper of vegetable raw materials;

- containers;

- precision refractometer;

- water bath;

- stopwatch;

- viscometers;

- measuring flasks, conical flasks, chemical glasses, graduated pipettes;

- burettes, watering cans;

- tripods with rings;

- filter paper.

Fig. 9.3 Rheotest-2 rotary viscometer (Germany)
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Fig. 9.5 KFK-2MP photoelectrocolorimeter

9.2.4 Research methods

9.2.4.1 Determination of the content of 3.6-anhydrogalactose
in "PZF" carrageenan according to the modified Yafe method

2 ml of the test solution (sample) was added to one test tube with a polished re-
flux condenser, and 2 ml of the standard solution (control) to the second. Then 2 ml
of a 0.1 % solution of resorcinol in 96 % ethyl alcohol and 6 ml of a 30 % solution of
hydrochloric acid were added to both test tubes. The contents of the test tubes were
mixed and heated in a water bath for 8 min at a temperature of 80. After heating,
the solutions were cooled and colorimetric at a wavelength of 490 nm [21].
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The extinction value of the solution containing the condensation product of oxy-
methylfurfural formed from 3.6-anhydrogalactose with resorcinol was determined.

The mass concentration of 3.6-anhydrogalactose in the test sample (ug/ml) was
calculated according to the formula:

£

0

C
where E, and E, - extinction of the tested and standard solutions, respectively; Q - co-

efficient that is the ratio of the mass concentration in the standard sample to the vo-
lume of the sample.

9.2.4.2 Determination of the content of sulfoester groups
in "PZF" carrageenan
Determination of the content of sulfoester groups in "PZF" carrageenan was car-
ried out gravimetrically in the form of BaSO,.
9.2.4.3 Assessment of organoleptic characteristics
The main requirements for carrageenans are listed in Table 9.1.

Table 9.1 Requirements for the release form of carrageenan

Name of the indicator Characteristic and norm
Appearance Finely dispersed powder
Color From light cream to beige
The smell of carrageenan and gel with a mass fraction of dry Neutral

carrageenan 0.85 %
The taste of the gel with a mass fraction of dry carrageenan 0.85 % No extraneous aftertaste

The presence of extraneous impurities Is not allowed

9.2.4.4 Determination of carrageenan solubility

Refractive indices were measured on an IRF-23 refractometer at a temperature
of 25 °C. 1 g of the drug was added to 100 g of water and the resulting mixture was
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heated in a water bath at a rate of 0.5 °C/min. Every 10 minutes, the value of the re-
fractive index of the mixture was determined. The dissolution was considered com-
plete if the value of the refractive index of the composition acquired a constant value.

9.2.4.5 Study of rheological characteristics

The rotary viscometer Rheotest-2 (Germany) was used to determine the visco-
sity of Newtonian liquids and conduct rheological studies of non-Newtonian sys-
tems [21]. Measuring node - coaxial cylinders.

The range of changing shear rate gradient is from 3to 1312 s

The temperature of the measuring unit was kept with an accuracy of 0.1 °C.

The dependence of viscosity on the shear rate was calculated using the computer
program "Techiya".

9.2.4.6 Determination of thixotropic reduction degree
of the solutions viscosity

The value of the degree of thixotropic reduction of viscosity of "PZF" carrageenan
solutions was calculated by the formula:

s=13 M 100%,
N Mo
where S - the degree of thixotropic restoration of viscosity, %; n - the number of
fixed values of the shear rate gradient; n, - the viscosity at the i-th shear rate, which
is measured in the mode increasing shear rate gradient, Pa-s; 1, - the viscosity
at the i-th shear rate, which is measured in the mode descending gradient and shear
rate, Pa-s.

9.2.4.7 Determination of the pH indicator

One of the main physico-chemical indicators determining the course of the tech-
nological process is pH. Hydrogen indicator pH is a value that shows the degree of
activity of hydrogen ions (H+) in a solution, that is, the degree of acidity or alkalinity
of this solution. This characteristic determines the structure formation in the fi-
nished product, as well as its storage terms.
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The pH of the solutions was determined according to the standard procedure.

To determine the pH, 100 g of a 1 % suspension of the carrageenan preparation in
distilled water was prepared. The suspension is dispersed for 15 min at room tempera-
ture and the pH is determined on a pH meter pre-calibrated with standard buffers.

9.3 Research results and discussion

9.3.1 Determination of the "PZF" carrageenan characteristics,
which determine the possibility of its use as a regulator of food
products consistency

9.3.1.1 Determination of the 3.6-anhydrogalactose content in "PZF"
carrageenan

Carrageenans (sulfated red seaweed galactans) are a unique class of polysaccha-
rides. The basis of the molecules of most galactans is a carbohydrate chain built from
alternating residues of (1—3)-B-d-galactopyranose and (1—4)-a-galactopyranose.
These 4-linked residues can be partially or completely in the form of a 3.6-anhydro
derivative and belong to the D-series.

It is known that a necessary condition for the manifestation of gelling properties
is a high content of 3.6-anhydrogalactose residues and a high level of regularity of
the structure of polysaccharides.

Compared to other natural polysaccharides, the use of chemical methods in
galactans from red algae has a number of features associated with the presence
of 3.6-anhydrogalactose and sulfate groups.

An important component of galactans, 3.6-anhydrogalactose is the only 3.6-an-
hydrohexose found in nature, and it is not found anywhere except in red algae. This
monosaccharide is highly prone to degradation in an acidic environment, so that un-
der the conditions of acid hydrolysis of glycosidic bonds, which is used to determine
the monosaccharide composition of polysaccharides, 3.6 anhydrogalactose is com-
pletely destroyed. Such easy destruction allows selective determination of 3.6-an-
hydrogalactose in the presence of other sugars by color reaction with resorcinol.

In this research, the determination of the content of 3.6-anhydrogalactose in the
studied "PZF" carrageenan was carried out according to the colorimetric resorcinol
method of Jaffe (color reaction with resorcinol) with a minor modification proposed
by the researchers [21]. The resorcinol reagent was prepared 3 hours before the
colorimetric study. Briefly, resorcinol reagent was prepared from 9 ml of resorcinol
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solution (1.5 mg/ml), 1 ml of acetaldehyde solution (0.04 vol/vol %) and 100 ml
of concentrated hydrochloric acid. Next, a 0.03 ml aliquot of the sample solu-
tion (1 mg/ml) was added to a centrifuge tube followed by the addition of 0.2 ml of
distilled water. After placing in an ice bath for 5 minutes, 1 ml of resorcinol reagent
was added, homogeneously mixed in an ice bath, and then placed at room tempera-
ture for 2 minutes. The mixture was incubated for 10 minutes at 80 °C, followed by
cooling for 5 minutes in an ice bath. The absorbance of 3.6-anhydrogalactose was
measured at 555 nm, and the concentration of 3.6-anhydrogalactose was calcula-
ted using a calibration curve with galactose standards. All samples were analyzed
in triplicate.

According to the research results, the content of 3.6-anhydrogalactose in "PZF"
carrageenan is 21.3 %. This is a high content of this component in the general struc-
ture of carrageenan. A high content of this monomer can affect the physical and
chemical properties of carrageenan. The high content of 3.6-anhydrogalactose
in "PZF" carrageenan characterizes it as a drug potentially prone to gel formation
and gives grounds for its potential use in functional food products.

9.3.2 Study of rheological properties of "PZF" carrageenan

Much attention is paid to the rheological properties of food products, because
they determine the quality of condensed or emulsion products and their storage sta-
bility [22-24].

When performing the work, a study of the rheological properties of "PZF" carra-
geenan gels of various concentrations was carried out.

Systems with a concentration of 0.07 %; 0.08 %; 0.1 %; 0.15 %; 0.2 %; 0.3 %; 0.4 %;
0.5%;0.6 %;0.7 %;0.8 %; 0.9 %; 1 %; 1.5 %; 2 % were studied.

There are several approaches to the graphical interpretation of the concentration
dependence of the viscosity of polymer solutions. The relationship between the vis-
cosity of solutions of almost any polysaccharide and its concentration is exponential.

The dependence of the viscosity of "PZF" carrageenan solutions on the shear rate
gradient in the interval 3-1312 s was established. As for most high-molecular sys-
tems, with an increase in the shear rate, there is an anomalous decrease in viscosity.
The obtained dependences are, most likely, sections of the "structural branches" of
the complete rheological curves, since there are no signs of a transition to the re-
gimes of flow with the highest or lowest viscosity.

Inthe studied range of shear rates, the viscosity of solutions obeys the power law
and is described by the Ostwald-Weyl equation:
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The values of the constants k and n of the equation for 0.1-2 % of "PZF" carra-
geenan solutions are given in the Table 9.2.

Table 9.2 The value of the Ostwald-Weyl equation constants

Carrageenan concentration "PZF", % k, Pa-s n
0.1 3.7-10°® 0.950
0.3 0.234 0.609
0.5 5.320 0.420
1.0 7.467 0.411
20 10.43 0.403

With an increase in the concentration of "PZF" carrageenan to 2 %, the flow in-
dex of the solution decreases sharply, which indicates an increase in the structure
of the system. Solutions containing more than 2 % "PZF" carrageenan have a fairly
developed spatial structure.

Marmalade, jelly candies, fruit jelly desserts have a jelly-like structure. Their tech-
nology involves boiling the recipe mixture, processing the marmalade mass, forming,
drying. During these technological stages, the mass transitions from the sol state to
the gel state. The structure of the gel is characteristic of the finished product. In pro-
duction, there are situations when the mass prepared for forming, due to various rea-
sons, cannot be formed. Then the transition of the sol structure to the gel structure
occurs. There is a need for the reverse process - converting the gel into a sol. In this
context, the application of thixotropic properties is important [25].

The process of thixotropic restoration of the viscosity of "PZF" carrageenan solu-
tions, which is represented by the "direct" and "reverse" branches of the viscosity
dependence on the shear rate, was studied.

According to the results of experimental data, the degree of thixotropic resto-
ration of viscosity of 1 % "PZF" carrageenan solutions is:

5=87.9%.
When studying thixotropies of gels containing carrageenan, the authors [23] no-
ted that thixotropic recovery is never complete. For cold shear of already formed gels,

ripening time before shear was not a significant factor for aqueous gels, but caused
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significant differences in the final texture of the model desserts. In our studies of the
"PZF" carrageenan solution, the presence of hysteresis was revealed when measur-
ing the effective viscosity in the modes of increasing and decreasing shear rate gra-
dient. This indicates that reversible changes associated with the internal structure
occur during the shear impact, but additional research is still required to establish
the nature of the structural changes occurring.

9.3.2.1 Determination of the content of sulfoester groups

In addition to 3.6-anhydrogalactose, sulfate groups are an equally important struc-
tural element of galactans that determines their properties and chemical behavior.
These groups are cleaved in an acidic environment at rates comparable to the rate of
hydrolysis of galactoside bonds, so that complete acid hydrolysis of the polysaccharide
also results in complete desulfation. In an alkaline environment, including polysaccha-
ride methylation conditions, sulfate groups are usually stable, with one exception: the
sulfate at position 6 of the galactose residue bound at position 4 easily undergoes in-
tramolecular substitution with a free hydroxyl at C-3 to form 3.6-anhydrogalactose.

This sequence of reactions (enzymatic sulfation of C-6 followed by enzymatic
elimination of sulfuric acid, which leads to the formation of a 3.6-anhydrocycle) is the
basis of the biosynthesis of 3.6-anhydrogalactose residues in the galactans of red
algae, and in industry, alkaline treatment of algae is often used to increase the con-
tent of 3.6-anhydrogalactose and, therefore, to improve the gel-forming properties
of polysaccharides released.

Determination of the content of sulfoester groups in "PZF" carrageenan was car-
ried out by the gravimetric method in the form of BaSO,,.

The method is based on the precipitation of sulfate ions in the form of a crystalline
white precipitate of BaSO, and obtaining the gravimetric form (BaSO,) by calcinations:

SOZ +Ba?*=BaS0,.

During research, the attention was paid to the process of obtaining the precipi-
tated form. As soon as the sediment settles and the liquid above it becomes clear,
check the completeness of the BaSO, precipitation. To do this, 2-3 drops of hot solu-
tion of BaCl, are added to the solution above the sediment, being careful not to dis-
turb the sediment. If no turbidity of the solution is observed, the completeness of
the precipitation is achieved, otherwise add another 1 ml of hot solution of BaCl,,
allow the precipitate to settle and check the completeness of the precipitation again.
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Then the beaker is placed, heated for 2-3 hours to ripen the sediment, after which
the sediment is filtered and washed.

To check the completeness of sediment washing, a few drops of filtrate are taken
on awatch glass and a qualitative reaction is carried out for chloride ions, from which
the sediment is washed. Rinsing ends with a negative test result.

After the end of ashing, the sediment in the crucible is roasted in a muffle furnace
at a temperature of 800 °C until a constant mass of the crucible with a gravimetric
form is obtained.

Based on the results of the analysis, calculate the mass of sulfate (SO,) in the
sample. The proportion is:

1 mol of BaSO, (233.4 g) contains 1 mol of SO, (96.06 g);
inmg-xg.

According to the experiment, the weight of the ashed sediment is 0.588 g.

Thus, the mass fraction of sulfoester groups in "PZF" carrageenan (in terms
of SO,) is 24.2 %.

In accordance with international legislation, carrageenans, as commercial prepa-
rations for the food industry, must have a sulfoester group content of at least 20 %.
That is, the studied "PZF" carrageenan according to the characteristic - the con-
tent of sulfoester groups meets the requirements for commercial carrageenans for
the food industry.

When discussing the obtained results, it should be noted that k-carrageenan con-
sists of a repeating unit consisting of a disaccharide, B-(1—3)-d-galactose-4-sulfate
and o-(1—4)-3.6-anhydro-d-galactose. 1-carrageenan has two sulfate groups in the
disaccharide repeating unit; B-(1—3)-d-galactose-4-sulfate and a-(1—4)-3.6-anhy-
dro-d-galactose-2-sulfate. A-carrageenan consists of 3-(1-3)-d-galactose-2-sulfate
and o-(1—4)-d-galactose-2,6-disulfate, including three sulfate groups. It should be
noted that the presented structure is ideal, and real samples contain a number of dif-
ferent types of sequences. Under appropriate conditions, k-carrageenan and t-carra-
geenan in aqueous solutions undergo a thermoreversible sol-gel transition, while
gelation does not occur in A-carrageenan with a larger number of electrolyte groups.
It is widely recognized that the gelation of carrageenan is based on the formation of
a double helical structure. Carrageenan adopts a random helix conformation in the
sol state, and low temperature induces the anhydro-galactose sequences to twist
in a double helical fashion. Further aggregation also favors the formed double he-
lical moieties. Part of the hydrate sequences functions as a helix break. Eventual-
ly, the aggregation of the double helices forms a domain of crosslinks and leads to
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an infinite network structure sufficient to complete gelation. Since the repeating
units of carrageenan have an electric charge in the sulfate groups, counterions have
been found to play arole in gelation.

Thus, the experimentally determined mass fraction of sulfoester groups in "PZF"
carrageenan (in terms of SO,), which is 24.2 %, gives reason to consider "PZF" car-
rageenan potentially suitable for gelation. Therefore, it is advisable to carry out fur-
ther research in the direction of studying the rheological properties of the viscous
systems that it forms, in conditions that are realistically close to the technologies for
making jelly desserts.

9.3.3 Study of the temperature influence on the rheological properties
of "PZF" carrageenan solutions

In practice, solutions of polysaccharides, which are used to adjust the consisten-
cy of food products, are subjected to temperature effects. This determines the theo-
retical and practical interest of data characterizing the effect of temperature on the
rheological properties of "PZF" carrageenan solutions.

Fig. 9.6 shows the dependence of the viscosity of the "PZF" carrageenan solution
on temperature.

Dependence of carrageenan viscosity on temperature and heating time

B Viscosity n, % B Temperature, °C

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270
Time, min

Fig. 9.6 Diagram of the dependence of carrageenan solution viscosity
on temperature and heating time
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As the temperature rises from 25 °C to 40-45 °C, a relatively small decrease in
viscosity is observed. A further increase in temperature above 45 °C leads to a sharp
drop in viscosity, at 70-90 °C the decrease in viscosity becomes pronounced. The
resulting dependence is practically symmetrical with respect to the inflection point.
A somewhat unusual temperature dependence of the viscosity of the "PZF" carra-
geenan solution was revealed. It can be assumed that the most probable cause is
a change in the conformation of the "PZF" carrageenan macromolecules under the
influence of temperature. This assumption is due to the fact that in concentrated
solutions at normal temperatures, sulfated galactans (including carrageenans) are in
a spiral conformation. On the other hand, an increase in the intensity of thermal mo-
tionin such solutions inevitably leads to the transition of a high-molecular compound
from one conformation to another, and, in the absence of chemical transformations,
from a more ordered to a less ordered one.

As arule, low temperatures and even freezing are used to preserve food products.
The thermal stability of food products under conditions of freezing and thawing is
a very important factor that determines the quality of the product during storage,
so the next stage was to investigate the effect of low temperatures on the rheological
and thixotropic properties of carrageenan gels.

Before the experiment, gels from "PZF" carrageenan were pre-frozen at a tem-
perature of -18 °C and after thawing were subjected to research.

It was established that after thawing, the gels formed by "PZF" carrageenan lose
their strength the more the concentration of carrageenan is higher. Thus, gels with
concentrations of 3g/llost 29 %, 5 g/l - 40 % and 8 g/| - 74.3 %.

Questions regarding the possible use of "PZF" carrageenan in food products sub-
ject to freezing require further research.

9.3.4 Study of the pH effect on the rheological properties
of "PZF" carrageenan solutions

The formation of product quality is carried out at all stages of the technological
process of its production. Many technological indicators that ensure the creation of
a high-quality product depend on the active acidity (pH) of the food system.

Almost every food product has optimal conditions for the cooking process. It is
extremely important that the "PZF" carrageenan solution has the necessary rheo-
logical properties under these conditions. One of the criteria for the suitability of
a solution of a high-molecular compound as a gelling agent is the pH range within
which this drug retains its technological and consumer properties.
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To study the effect of acidifying agents, 30 % acetic acid was used, which was
added to gels with different concentrations to pH 1-2. The pH was monitored using
a pH meter.

The most acceptable alkaline agent for the food industry is calcium bicarbo-

nate (baking soda) - the cheapest reagent that creates milder hydrolysis conditions
compared to alkalis.

To study the effect of alkaline agents, a 15 % solution of baking soda was used,
which was added to gels of various concentrations to a pH of 10-11. The pH was
monitored using a pH meter.

Fig. 9.7 shows the dependence of the viscosity of "PZF" carrageenan solutions
on pH at ashear rate of 1312 s and a temperature of 25 °C.
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Fig. 9.7 Dependence of viscosity of "PZF" carrageenan solutions on pH

As the pH increases from 1 to 10, the viscosity decreases slightly. In a more alka-
line environment, the viscosity of the solution drops steeper, probably due to partial
ionization of hydroxyl groups of mannose and especially galactose units. In weak-
ly acidic and weakly alkaline environments (pH=5-8.5), the viscosity varies within
relatively small limits (no more than 0.009 Pa-s). With an increase in alkalinity up

to pH=9.5-10, the viscosity of the "PZF" carrageenan solution remains almost at
the previous level.

243



Food technology progressive solutions

As the acidity of the environment increases, the viscosity of "PZF" carrageenan-
based solutions increases significantly. An increase in the concentration of hydro-
gen ions complicates the dissociation of groups that give macromolecules a negative
charge (sulfoether groups). A decrease in the dissociation degree reduces the mu-
tual repulsion of polyanions, contributing to the formation of intermolecular bonds
and increasing viscosity. "PZF" carrageenan retains abnormally viscous properties in
astrongly acidic environment, up to pH=1.

A study of the effect of pH on the stability of viscous solutions of "PZF" carra-
geenan during storage was of some practical interest.

Experimental data characterizing the dependence of the viscosity of "PZF" carra-
geenan solutions on the storage time at 25 °C are shown in Table 9.3.

Table 9.3 Viscosity of carrageenan solutions during storage

Storage time, Viscosity, % of the initial value
hours pH=2 pH=4 pH=6 pH=7 pH=10
0 100 100 100 100 100
12 102.1 101.6 100.9 100.9 100.2
24 102.8 103.3 102.1 101.5 101.8
36 103.9 105.2 104.8 104.9 105.6
42 103.6 105.8 105.1 105.3 106.5
48 102.7 105.9 105.5 105.4 106.5
54 102.1 106.2 105.3 104.9 106.2
60 100.8 106.7 105 104.8 104.6
66 99.5 106.7 104.7 104.4 104.4
72 98.3 106.9 104.2 103.9 104.4
78 97.6 106.9 103 102.7 104.1
84 95.4 106.8 102.3 100.3 103.3
90 94.5 105.5 100.1 97.5 102.1
90 92.5 104.7 97.8 96.3 99.6
102 89.9 103.6 97.1 93.5 97.5
108 87.5 103.1 94.7 92.2 96
114 85 101.9 92.7 89.1 94.2
120 82.9 99.7 915 86.6 92.5
132 77.4 97.3 83.9 83.1 88.4
144 741 95.1 82.3 77.5 86
156 69.7 93.1 78.2 733 83
168 65.8 92.3 74.7 67.6 80.2
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The viscosity of "PZF" carrageenan solutions 1 hour after preparation is taken
as 100 %. In the process of storage, the viscosity of the solutions first increased,
and then decreased, regardless of the pH value. The increase in viscosity at the
initial stage can possibly be explained by some increase in the concentration
of "PZF" carrageenan due to the partial evaporation of water from the viscous
solution. The subsequent decrease in viscosity is most likely caused by the hy-
drolysis of carrageenan.

The fastest, after 1.5-2 days, the viscosity of "PZF" carrageenan solutions begins
to decrease at pH=2. Clots with a neutral and alkaline reaction environment fully
retain their rheological properties during 3-3.5 days of storage. A week after prepa-
ration, the "PZF" carrageenan solution loses up to 30 % of its initial viscosity. A solu-
tion with pH=4 has high stability during storage. An acidic environment prevents
the development of microorganisms, however, in this case, it is not strong enough to
cause noticeable hydrolysis of the polysaccharide.

Conclusion

1. The technological aspects of the use of carrageenan from the Black Sea
red algae "Phyllophora Brody" are substantiated. It is shown that the use of such
adrug ("PZF" carrageenan) is expedient for expanding the range of consistency re-
gulators of food industry products.

2. The concentration dependence of the viscosity of "PZF" carrageenan solutions
is studied. With an increase in the concentration of "PZF" carrageenan to 2 %, the
flow index of the solution decreases sharply, which indicates an increase in the struc-
ture of the system.

3. The dependence of the viscosity of "PZF" carrageenan solutions on the shear
rate gradient in the interval 3-1312 s is established. In the studied range of shear
rates, the viscosity of solutions obeys the power law and is described by the Ost-
wald-Weyl equation. Reversible destruction of the structure occurs under the action
of shear. The degree of thixotropic reduction of "PZF" carrageenan solution is 87.9 %.

4. The effect of temperature on the rheological properties of "PZF" carrageenan
solutions is studied. It is assumed that at temperatures up to 45 °C, carrageenan
macromolecules exist in a spiral conformation, and at higher temperatures undergo
a thermoreversible transition into a coil conformation. This transition causes a de-
crease in viscosity and gelation of the solution.

5. It is established that "PZF" carrageenan solutions retain their abnormally
viscous properties in a wide pH range. When the pH of the solution changes
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from 1 to 11, no signs of a conformational transition of "PZF" carrageenan macro-
molecules are detected.

6. The obtained data on the chemical and physical-mechanical properties of
"PZF" carrageenan solutions indicate the expediency of continuing research with
the aim of forming viscous solutions for structured food products with the expan-
sion of their functional purpose.
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