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ANNOTATION 
Liu Yan. Technology of semi-finished product from dried beetroot, 

pretreated by freeze-thaw method and food products using it – Qualifying 

scientific work on the rights of manuscript. Dissertation for the degree of the 

Doctor of Philosophy in the specialty 181 − «Food technologies» − Sumy 

National Agrarian University, Sumy, 2023. 

The use of natural ingredients as preventative or therapeutic agents has 

drawn considerable attention on a global scale in recent years. Beetroot is a root 

vegetable containing betalain, ascorbic acid, polyphenols, flavonoids, saponins, 

carotenoids and a high content of nitrates. Beetroot provides a number of health 

benefits and can help prevent or be therapeutic for a variety of disorders and 

diseases due to its bioactive components. Meanwhile, due to its wide range of 

phytochemicals, beetroot is a potential source of nutraceutical substances that can 

be employed to create functional foods. In terms of pharmacology, beetroot has 

the potential to act as a powerful antioxidant, antimicrobial, anticancerous, 

hypocholesterolemic, and anti-inflammatory agent. Due to its growing popularity 

as a source of natural antioxidants, beetroot is increasingly being processed and 

used in products. Beetroot is intended for the food business and is used as a food 

coloring or additive in food products such as meat products, confectionery, bakery 

products, dairy products and other products. The beetroot extract is used to 

enhance the color in tomato pastes, soups, sauces, desserts, jams, jellies, candies 

and breakfast cereals. 

Fresh beetroot is exposed to spoilage due to its high moisture content. 

Drying is one of the oldest, widely-applied food preservation operations, which 

consists of the reduction in the water content slowing down microbial or 

enzymatic degradation oxidation. Drying methods applied may affect the color, 

shape, structure, nutritional and nutraceutical compounds in all kinds of ways. As 

a consequence, it is crucial to choose an optimal drying method. The optimization 

of the drying procedure is a critical step toward obtaining dehydrated beetroots 

with the lowest loss of the nutrients and maximum potential activities. The quality 
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of the product obtained depends largely on the methodology used. The use of pre-

treatments prior to drying is an alternative for better preserving fresh food 

attributes and reducing energy requirements. The results vary widely depending 

on the type of pre-treatments used and the product in question, although in some 

instances, an increase in drying rate and a greater retention of quality can be noted.  

The introduction and the first section presented the application of drying 

methods and pretreatments in beetroot processing, and application of beetroots in 

food industry and the development prospect of beetroots. Based on the review of 

literature sources, specific tasks and issues for further research are identified. 

Beetroot is a powerful dietary source of health-promoting substances with the 

potential to treat a variety of pathological conditions, and dried beetroot is 

promising as an economical, practical and, importantly, natural dietary product.  

In the second section, we introduced the experimental protocol in the study, 

defined the research topic and materials, described all the determination methods, 

and analyzed and processed the experimental data. The research was carried out 

at Hezhou University in China, Sumy National Agricultural University in 

Ukraine, the results of experiments are confirmed by relevant research protocols. 

In the third section, the scientific problem of different drying conditions on 

the physicochemical properties and antioxidant activity of beetroots have been 

discussed. For heat pump drying, the best drying process parameters were beetroot 

slices with thickness of 5 mm, drying temperature of 65 °C, and loading density 

of 2.0 kg/m2. Moreover, the most favorable conditions for vacuum microwave 

drying of beetroots were microwave power of 500 W, vacuum degree of –90 kPa, 

and sample thickness of 2 mm. Influence of different drying methods on quality 

parameters of beetroots were investigated. Different microwave-assisted drying 

methods, namely high-power microwave drying followed by low-power 

microwave drying (HMD+LMD), high-power microwave drying (HMD), low-

power microwave drying (LMD), high-power microwave drying followed by hot 

air drying (HMD+HAD), hot air drying followed by low-power microwave 

drying (HAD+LMD), high-power microwave drying followed by vacuum drying 
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(HMD+VD) and vacuum drying followed by low-power microwave drying 

(VD+LMD), on the quality characteristics of dehydrated beetroots were studied. 

According to the results, it was demonstrated that VD+LMD was the optimal 

microwave-assisted method for beetroot drying. Influence of different drying 

methods, namely heat pump drying (HPD), vacuum drying (VD), freeze drying 

(FD), microwave drying (MD), microwave vacuum drying (MVD) on the 

physical properties, bioactive compounds and antioxidant capacity of dehydrated 

beetroots were also investigated. Considering the quality attributes and drying 

time, the combined drying methods (HPD+MVD) may guarantee high quality of 

beetroots and a short drying time. In this section, freeze-thaw cycles such as 

freeze-thaw once (FT1), freeze-thaw two times (FT2), freeze-thaw three times 

(FT3), and without freeze-thaw pretreatment (FT0), different freezing 

temperatures (–4, –20, –50, and –80 °C), and different thawing methods 

(microwave thawing, water thawing, air thawing, refrigerator thawing, and 

ultrasonic thawing) on the physical properties, bioactive compounds and 

antioxidant capacity of dehydrated beetroots were studied. The results 

demonstrated that freeze thaw once (FT1) was the best number of freeze-thaw 

cycles, and the optimal freezing temperature was –20 °C, and water thawing was 

a more suitable way to thaw the frozen beetroots. 

In the fourth section presented the results of dried beetroot, pretreated by 

freeze-thaw method used in meat product and biscuits. Beetroot powder can 

improve the quality properties of the meat product, not only by increasing the 

sensory evaluation and increasing the protein content, but also by inhibiting the 

lipid oxidation of the meat product due to the presence of betalain. Also, betalain 

of beetroot powder is an effective antioxidant and food coloring in meat products 

and sausage products. It was revealed that the beetroot powder addition of 2.0% 

resulted in improve physicochemical properties of meat product. The results 

showed that the addition of dried beetroot, pretreated by freeze-thaw method to 

biscuits provides better sensory properties (color, taste and smell) and increases 

the nutritional value of biscuits. It was concluded that the substitution of low-



5 

gluten wheat flour with dried beetroot, pretreated by freeze-thaw method up to 

10% into the formulation of biscuits could enhance the organoleptic properties 

and nutritional value of biscuits. This study can provide important information for 

the further use of Beetroot powder in the technology of minced meat products 

such as sausages and meet-containing breads. 

Degustation of biscuits and meat products with the addition of beetroot 

powder was carried out at Hezhou University in China. Degustation results were 

recorded in the relevant degustation protocols. 

In the fifth section, practical implementation of dried beetroot, pretreated 

by freeze-thaw method and food products using it were introduce. Determination 

of the socio-economic effect of the introduction of the semi-finished beetroot 

production technology. To calculate the full cost of production, we took into 

account the cost of all costs for the production and sale of manufactured products 

as of 2023 in Ukraine. Based on the implementation of the results of the 

innovative strategy of developing new products, conducted theoretical and 

experimental research, the technology of semi-finished beetroot and culinary 

products using it has been tested and implemented in the food industry. The 

profitability of the products from the sale of the research and industrial batch in 

the amount of 30 kg of finished products is at a high level. 

Keywords: vegetables, powders, dried beetroot, freeze-thaw pretreatment, 

drying, dehydration, microwave vacuum drying, food coloring, bioactive 

compounds, confectionery, minced meat products, meat-containing bread, dietary 

food, quality characteristics, technological indicators. 

 

АНОТАЦІЯ 
Лю Янь. Технологія напівфабрикату з буряку заморожено-

розмороженого сушеного та харчових продуктів з його використанням. – 

Кваліфікаційна наукова праця на правах рукопису. Дисертація на здобуття 

наукового ступеня доктора філософії за спеціальністю 181 «Харчові 

технології». – Сумський національний аграрний університет, Суми, 2023. 
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Використання натуральних інгредієнтів як профілактичних або 

терапевтичних засобів останніми роками привернуло значну увагу в 

глобальному масштабі. Буряк - це коренеплід, що містить беталаїн, 

аскорбінову кислоту, поліфеноли, флавоноїди, сапоніни, каротиноїди та 

високий вміст нітратів. Буряк забезпечує низку переваг для здоров’я та може 

допомогти запобігти або бути терапевтичним засобом при різноманітних 

розладах та захворюваннях завдяки біоактивним компонентам. Тим часом, 

завдяки широкому спектру фітохімічних речовин, буряк є потенційним 

джерелом нутрицевтичних речовин, які можна використовувати для 

створення функціональних продуктів харчування. З точки зору 

фармакології, буряк може діяти як потужний антиоксидант, 

протимікробний, протипухлинний, гіпохолестеринемічний і 

протизапальний засіб. Завдяки зростаючій популярності, як джерела 

природних антиоксидантів, буряк все частіше переробляється та 

використовується в продуктах. Буряк призначений для харчового бізнесу, і 

його використовують як харчовий барвник або добавку до харчових 

продуктів, таких як м’ясні продукти, кондитерські вироби, хлібобулочні 

вироби, молочні та інші продукти. Екстракт буряка використовується для 

підсилення кольору томатних паст, супів, соусів, десертів, джемів, желе, 

цукерок і сухих сніданків. 

Свіжий буряк піддається псуванню через високий вміст вологи. 

Сушка є однією з найдавніших, широко застосовуваних операцій 

консервування харчових продуктів, яка полягає у зменшенні вмісту води, 

що сповільнює мікробні або ферментативні реакції окислення. 

Застосовувані методи сушіння можуть впливати на колір, форму, структуру, 

поживні та нутрицевтичні сполуки різними способами. Тому дуже важливо 

вибрати оптимальний метод сушіння. Оптимізація процедури сушіння є 

критичним кроком до отримання зневодненого буряка з найменшою 

втратою поживних речовин і максимальною потенційною активністю. 

Якість отриманого продукту багато в чому залежить від використовуваної 
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методики. Використання попередньої обробки перед сушінням є 

альтернативою для кращого збереження харчових властивостей і зниження 

потреби в енергії. Результати значно відрізняються залежно від типу 

використовуваної попередньої обробки та відповідного продукту, хоча в 

деяких випадках можна відзначити збільшення швидкості сушіння та краще 

збереження якості. 

У вступі та першому розділі представлено застосування методів 

сушіння та попередньої обробки при переробці буряків, застосування 

буряків у харчовій промисловості та перспективи розвитку буряківництва. 

На основі огляду літературних джерел визначено конкретні завдання та 

проблеми подальших досліджень. Буряк є потужним дієтичним джерелом 

речовин, що сприяють здоров’ю, з потенціалом для лікування різноманітних 

патологічних станів, а сушений буряк є перспективною як економічний, 

практичний і, що важливо, натуральний дієтичний продукт. 

У другому розділі ми представили експериментальний протокол 

дослідження, визначили тему дослідження та матеріали, описали всі методи 

визначення, а також проаналізували та обробили експериментальні дані. 

Дослідження проводились в Університеті Хечжоу в Китаї, Сумському 

національному аграрному університеті в Україні, результати експериментів 

підтверджені відповідними протоколами досліджень. 

У третьому розділі обговорено наукову проблему впливу різних умов 

сушіння на фізико-хімічні властивості та антиоксидантну активність буряку. 

Для сушіння за допомогою теплового насоса найкращими параметрами 

процесу сушіння були скибочки буряка товщиною 5 мм, температура 

сушіння 65 °C, щільність завантаження 2,0 кг/м2. Крім того, найбільш 

сприятливими умовами для вакуумного мікрохвильового сушіння буряків 

були потужність НВЧ 500 Вт, ступінь вакууму –90 кПа та товщина зразка 2 

мм. Досліджено вплив різних способів сушіння на показники якості буряків. 

Різні методи сушіння за допомогою мікрохвильової печі, а саме сушіння в 

мікрохвильовій печі високої потужності з подальшим сушінням у 
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мікрохвильовій печі низької потужності (МВП+МНП), сушіння в 

мікрохвильовій печі високої потужності (МВП), сушіння в мікрохвильовій 

печі низької потужності (МНП), сушіння в мікрохвильовій печі високої 

потужності шляхом сушіння гарячим повітрям (МВП+ГП), сушіння 

гарячим повітрям з подальшим сушінням у мікрохвильовій печі низької 

потужності (ГП+МНП), сушіння у мікрохвильовій печі високої потужності 

з наступним сушінням у вакуумі (МВП+ВС) і сушіння у вакуумі з 

подальшим сушінням у мікрохвильовій печі низької потужності (ВС+МНП), 

досліджено якісні характеристики зневоднених буряків. Відповідно до 

результатів було продемонстровано, що ВС+МНП є оптимальним 

мікрохвильовим методом сушіння буряка. Досліджено вплив різних методів 

сушіння, а саме сушіння тепловим насосом (ТП), вакуумного сушіння (ВС), 

сублімаційного сушіння (СС), мікрохвильового сушіння (МС), 

мікрохвильового вакуумного сушіння (МВС) на фізичні властивості, 

біоактивні сполуки та антиоксидантну здатність сушеного буряку. 

Враховуючи якісні показники та час сушіння, комбіновані способи сушіння 

(ВС+МНП) можуть гарантувати високу якість буряків та короткий час 

сушіння. У цьому розділі були вивчені різні цикли заморожування-

розморожування, такі як один раз заморожування-розморожування (T1), 

заморожування-розморожування два рази (T2), заморожування-

розморожування три рази (T3) і без попередньої обробки заморожування-

розморожування (T0), різні температури заморожування ( –4, –20, –50 і –

80 °C), а також різні методи розморожування (мікрохвильове 

розморожування, розморожування у воді, розморожування на повітрі, 

розморожування в холодильнику та ультразвукове розморожування) на 

фізичні властивості, біоактивні сполуки та антиоксидантну здатність 

сушеного буряка. Результати показали, що одноразове заморожування та 

розморожування (T1) було найкращою кількістю циклів заморожування-

розморожування, а оптимальна температура заморожування становила 
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- 20 °C, а розморожування у воді було більш прийнятним способом 

розморожування замороженого буряка. 

У четвертому розділі представлені результати використання сухого 

заморожено-розмороженого бурякового порошку в м’ясному продукті і 

печиві. Буряковий порошок може покращити якісні властивості м’ясного 

продукту, не тільки підвищуючи сенсорну оцінку і збільшуючи вміст білка, 

але також завдяки наявності беталаїну пригнічуючи окислення ліпідів 

м’ясного продукту. Також беталаїн бурякового порошку є ефективним 

антиоксидантом та харчовим барвником у м’ясних продуктах та ковбасних 

виробах. Встановлено, що додавання бурякового порошку 2,0 % покращує 

фізико-хімічні властивості м’ясного продукту. Результати показали, що 

додавання заморожено-розмороженого бурякового порошку у печиво 

забезпечує кращі сенсорні властивості (колір, смак і запах) і збільшує 

поживну цінність печива. Зроблено висновок, що заміна в рецептурі печива 

пшеничного борошна з низьким вмістом клейковини заморожено-

розмороженим буряковим порошком до 10% може підвищити 

органолептичні властивості та харчову цінність печива. Це дослідження 

може дати важливу інформацію щодо подальшого використання 

заморожено-розмороженого порошку буряка у технології фаршевих виробів, 

таких як ковбаси та м’ясні хліби. 

Дегустація бісквітів та м’ясних продуктів з додаванням порошку 

буряку проводились в Університеті Хечжоу в Китаї. Результати дегустації 

зафіксовані відповідними протоколами дегустації. 

У п’ятому розділі представлено практичне впровадження сушеного 

буряка, попередньо обробленого методом заморожування-розморожування, 

та харчових продуктів з його використанням. Визначення соціально-

економічного ефекту від впровадження технології виробництва бурякових 

напівфабрикатів. Для розрахунку повної собівартості продукції ми 

врахували вартість усіх витрат на виробництво та реалізацію виробленої 

продукції станом на 2023 рік в Україні. На основі реалізації результатів 
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інноваційної стратегії розробки нової продукції, проведених теоретичних та 

експериментальних досліджень апробовано та впроваджено в харчову 

промисловість технологію бурякових напівфабрикатів та кулінарних 

виробів з її використанням. Рентабельність продукції від реалізації 

дослідно-промислової партії в кількості 30 кг готової продукції знаходиться 

на високому рівні. 

Ключові слова: овочі, порошки, буряк сушений, попередня обробка 

заморожуванням-розморожуванням, сушіння, дегідратація, мікрохвильова 

вакуумна сушка, харчовий барвник, біологічно активні речовини, 

кондитерські вироби, фаршеві вироби, м'ясний хліб, дієтичне харчування, 

якісні характеристики, технологічні показники. 
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INTRODUCTION 
Relevance of the topic. 
Fresh beetroot becomes spoiled easily due to its high moisture content, and 

food industry is seeking to use various food preservation methods to preserve 

beetroot or its phytochemicals. Drying is one of the most effective methods to 

preserve food because it reduces the amount of water available for chemical, 

enzymatic, and microbiological reactions as well as minimizes physical and 

chemical reactions during storage. This makes the product more stable for storage 

and transportation. 

The drying technique used may have a variety of effects on the color, shape, 

structure, nutritional and nutraceutical components. As a consequence, it is crucial 

to choose the best drying technique. The optimization of the drying procedure is 

a critical step toward obtaining dehydrated beetroot with the lowest nutrient loss 

and maximum potential activities. 
The application of pretreatment can not only reduce drying time, boost 

drying rate, improve moisture distribution, and minimize energy consumption, but 

they can also improve the functional and nutritional quality features of dried 

products over untreated samples. It has been proved that the use of pretreatment 

ahead of drying is beneficial for improving the drying process efficiency and 

enhancing the quality of fruits and vegetables. However, there have been few 

reports on the connections between pretreatment microstructure alterations and 

the evolution of physicochemical attributes (texture, color, and rehydration ratio) 

of foods. As a result, more investigation is required to investigate the links 

between pretreatments, microstructure, and physicochemical aspects of products 

in order to improve structure formation and change functional qualities of food by 

selecting appropriate pretreatment methods. 

There has been an increasing interest in the biological activity of beetroot 

and its potential use as a functional food for health promotion and disease 

prevention. Beetroot contains a huge number of bioactive compounds that can be 

used as a functional food source to treat a variety of disease.  
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In this context, rationalization of the drying process can be solved in two 

main ways: improvement of drying methods and development of pretreatment. 

Pretreatment significantly reduces energy consumption, affects physical 

properties, retention of bioactive compounds and antioxidant capacity of 

products. 

The choice of drying and pre-treatment methods has recently become more 

and more active. Therefore, an urgent task is to develop methods of drying and 

pre-treatment of beets to substantiate the technology of semi-finished products 

from dried beetroot, pretreated by freeze-thaw method, as well as to study its 

effect on the organoleptic, physico-chemical and safety indicators of meat 

products and biscuits. 

Connection of work with scientific programs, plans, topics. 
The dissertation work was developed in accordance with the research plans 

of the Sumy National Agrarian University, according to research topics of the 

Department of Technology and Food Safety 0119U101237 "Innovative 

technological solutions in the production of food products" and 0122U201635 

“Development of technical documentation for semi-finished products from 

vegetable raw materials with increased biological value for dual purposes”. 

Scientific research of the dissertation work was carried out on the basis of the 

School of Food Sciences of the Henan Institute of Science and Technology, 

China. 

The aim and objectives of the study. The purpose of the work is research 

and substantiation of the method of obtaining a semi-finished product from dried 

beetroot, pretreated by freeze-thaw method for further use in the technology of 

meat products and biscuits. 

To achieve the goal, it is necessary to solve the following tasks: 

1. To study the influence of different drying conditions and methods on the 

physical properties, bioactive compounds and antioxidant activity of beets: 

- to study different conditions of heat pump drying for physico-chemical 

properties and antioxidant activity of beets; 
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- to study the conditions of vacuum microwave drying for quality 

characteristics of beets; 

- to study the influence of different methods of drying with the help of 

microwaves on the physical properties, bioactive compounds and antioxidant 

capacity of beets; 

- to study the effect of different drying methods (heat pump, vacuum, 

sublimation, microwave and vacuum microwave drying) on the quality 

characteristics of beets. 

2. To investigate the influence of different methods of pre-treatment by 

freezing-thawing on the quality characteristics of beets, as well as different drying 

methods on the quality characteristics of pre-treated beets by freezing-thawing. 

3. To study the effect of freeze-thaw cycles on the physical properties, 

bioactive compounds, and antioxidant activity of microwave dried beets: 

- to study the effect of different freezing temperatures on the physical 

properties, biologically active compounds and antioxidant capacity of beets dried 

by a heat pump; 

- to study the influence of different methods of defrosting on the physical 

properties, biologically active compounds and antioxidant activity of beets dried 

in a microwave oven; 

- to study the effect of different drying methods (sun, hot air, freezing, 

vacuum, microwave and vacuum microwave drying) on the quality characteristics 

of beets pretreated by freezing-thawing. 

4. To develop the technology of semi-finished products from dried beetroot, 

pretreated by freeze-thaw method. 

5. To study the effect of semi-finished products from dried beetroot, 

pretreated by freeze-thaw method on organoleptic, physico-chemical and safety 

parameters of meat products and biscuits. 

6. To justify the optimal recipe and rational parameters of the process of 

making meat products and biscuits using semi-finished products from dried 

beetroot, pretreated by freeze-thaw method. 
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7. To determine the economic efficiency of the implementation of the 

technology of research results in practical production. 

8. To develop regulatory documentation for a new type of semi-finished 

products from dried beetroot, pretreated by freeze-thaw method and food products 

with its use and to carry out industrial approval of the developed technology in 

production. 

The object of the study - fresh beetroots, dried beetroots and dried beetroot, 

pretreated by freeze-thaw method, beetroot powder. 

The subject of this study - the impact of drying conditions, drying methods 

and different freeze-thaw pretreatments on the physico-chemical and antioxidant 

properties of beetroots. Food quality indicators, produced by the addition of dried 

beetroot, pretreated by freeze-thaw method: nutritional and biological values, and 

organoleptic properties of products. 
Research methods. The methodology of the research is based on analysis 

and synthesis as well as information already known about the research problem, 

as well as new data collected in the course of the work. The results of the analysis 

available in the new literature form a scientific hypothesis based on the theoretical 

part of the study and confirmed in experimental studies. 

The scientific hypothesis and its theoretical basis will be formulated in 

Ukraine (Sumy National Agrarian University). Some of the experimental studies 

related to the determination of optimal parameters for prior processing and drying 

and its impact on the physicochemical properties and antioxidant activities of 

beetroots, the influence of different freeze-thaw pretreatments on the quality 

attributes of dried beetroots, as well as the addition of dried beetroot, pretreated 

by freeze-thaw method to the production of food products and the study of their 

quality indicators will be carried out at the Hezhou University in China with the 

participation of the head of School of Food and Bioengineering. The discussion, 

analysis and generalization of the results of the experiments will be done using 

the Internet. Dissertation work will be formulated and discussed at different levels 

in Ukraine. 
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Part of the Normal Technical Documentation, the manufacturing 

implementing acts will be approved in Ukraine, part in China. Ukraine's patent 

will be issued, developed and validated in Ukraine. 
The studies will use modern methods of analysis of the subject: physical 

and chemical methods, methods of experiment planning and optimization, organic 

and biological methods, and mathematical processing of experimental data 

computer programs. 

Research materials and results will develop and scientifically-based 

optimal pretreatment and a new combination will be based the drying method and 

its impact on the physico-chemical and antioxidant properties of the dried 

beetroots, as well as food technology with the addition of dried beetroot, 

pretreated by freeze-thaw method. Normal Technical Documentation validated, 

practically implemented, new production based on manufacturing implementing 

acts and scientific and protective documentation validated. It's Ukraine's patent. 

Scientific novelty of the obtained results. On the basis of analytical, 

scientific and experimental research and trends in the dissertation for the first 

time: 

- experimentally obtained a complex of data on the influence of different 

methods of drying on beet quality indicators; 

- the effect of various drying methods, namely heat pump drying (HPD), 

vacuum drying (VD), freeze drying (FD), microwave drying (MD), microwave 

vacuum drying (MVD) on the physical properties, bioactive compounds and 

antioxidant capacity of dried beet; 

- it was established that microwave vacuum drying is the optimal 

microwave method of drying beets. Considering the quality indicators and drying 

time, microwave vacuum drying can guarantee high quality beets and short drying 

time; 

- it was established that the best parameters of the microwave vacuum 

drying process were beet slices 5 mm thick, drying temperature 65 °C, loading 

density 2.0 kg/m2. In addition, the most favorable conditions for vacuum 
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microwave drying of beets were the microwave power of 500 W, the degree of 

vacuum -90 kPa, and the sample thickness of 2 mm; 

- different freeze-thaw cycles were studied, such as freeze-thaw once (T1), 

freeze-thaw twice (T2), freeze-thaw three times (T3) and without pretreatment 

freeze-thaw (T0), different freezing temperatures (–4, –20, –50 and –80 °C); 

- different methods of defrosting (microwave defrosting, water defrosting, 

air defrosting, refrigerator defrosting and ultrasonic defrosting) were studied for 

the physical properties, bioactive compounds and antioxidant capacity of dried 

beets; 

- it was found that single freeze-thaw (T1) was the best number of freeze-

thaw cycles and the optimum freezing temperature was –20 °C, and water thawing 

was the more acceptable way to thaw frozen beets. 

- the possibility of using dried beetroot, pretreated by freeze-thaw method 

in meat products and biscuits was studied; 

- optimization of the recipe of meat products and biscuits using semi-

finished products from dried beetroot, pretreated by freeze-thaw method; 

- a complex of new data characterizing the chemical composition, 

organoleptic, microbiological and toxicological indicators, nutritional value was 

obtained, and the conditions and terms of storage of meat products and biscuits 

using semi-finished products from dried beetroot, pretreated by freeze-thaw 

method were scientifically substantiated; 

- it was found that beetroot powder can improve the physicochemical 

properties of meat products, not only improving the sensory quality and increasing 

the protein content, but also inhibiting the lipid oxidation of meat products. It was 

established that the addition of 2.0% beetroot powder improves the physical and 

chemical properties of meat products. 

- results showed that dried beetroot, pretreated by freeze-thaw method in 

biscuits provides better sensory properties (color, taste, smell and taste). and 

increased the nutritional content (fat and protein) of the biscuits. It was concluded 

that replacing wheat flour with a low gluten content in the cookie recipe with dried 
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beetroot, pretreated by freeze-thaw method up to 10% can increase the 

organoleptic properties and nutritional value of biscuits. 

- acquired further development and generalization: 

- ways of using semi-finished products from dried beetroot, pretreated by 

freeze-thaw method in food products of different groups. 
Practical significance of the obtained results. On the basis of 

fundamental and applied research, a semi-finished products from dried beetroot, 

pretreated by freeze-thaw method with a high content of bioactive compounds, 

antioxidant activity and improved physico-chemical properties was developed for 

its further use in the technology of meat products and biscuits, as a semi-finished 

product that increases food and biological value, and also has a positive effect on 

the physico-chemical, structural-mechanical and organoleptic characteristics of 

these products. The results of the dissertation work can be used in the learning 

process for the "Food technology", "Nutritiology", "Food quality and safety" 

disciplines, "Processes and appliances of food production". At the same time, the 

results of the studies can be used in fundamental and detailed studies into food 

technology. Technical documentation has been developed and approved (TS 10.3-

04718013-007:2022 "Dried beetroot"; TS 10.3-04718013-008:2022 

"Concentrated and dried taro products"; Q/YTBG-0004S-2023 "Tough biscuits 

fortified with beetroot powder"; Q/YTBG-0005S-2023 "Chicken sausages 

fortified with beetroot powder"), which regulates the technical requirements and 

technological process for the production of semi-finished products from dried 

beetroot, pretreated by freeze-thaw method and food products using it. A 

Ukrainian patent for an invention (a202204792 "Dried beetroot, pretreated by 

freeze-thaw method" and a utility model (u202204698 "Method for obtaining 

dried beetroot, pretreated by freeze-thaw method") has been submitted. The semi-

finished product made from dried beetroot, pretreated by freeze-thaw method 

(beetroot powder) was introduced at the specialized enterprises: Individual 

entrepreneur "Filon A.M.", Shenzhen Wah Tai Xing Foods Co., Ltd., Individual 

entrepreneur "Klymenko L.O.". 
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The applicant's personal contribution. The applicant’s personal 

contribution is to plan and carry out experimental research under laboratory 

conditions, conduct mathematical processing and scientific analysis, form 

conclusions and suggestions, prepare materials for publication, as well as 

introduce new technologies into production. 

The dissertation work was carried out with the methodological and 

scientific support of Ph.D., Associate Professor Anna Helikh. 
Approbation of dissertation results. The main results of the dissertation 

work were reported discussed and endorsed the following conferences: XXV 

International Scientific and Practical Conference. June 27-30, 2023. San 

Francisco, USA. The 4 International Conference on Processing & Preserving of 

Fresh Food. August 15-17, 2020. Hezhou, China. II International Scientific and 

Practical Conference. September 16-18, 2020. London, United Kingdom. 2nd 

International Conference on Agricultural Science, Technology and Ecological 

Engineering. September 18-20, 2020. Changsha, China. 6th Food Drying 

Conference & 7th Symposium for Space Nutrition and Food Engineering. October 

28-30, 2020. Wuxi, China. 2nd International Conference on Agricultural Science 

and Technology and Food Engineering. May 28-30, 2021. Qingdao, China. 4th 

International Conference on Food Safety and Environmental Engineering. 

February 25-27, 2022. Xiamen, China. VII International Scientific and Practical 

Conference “Topical issues of modern science, society and education". February 

26-28, 2022.  Kharkiv, Ukraine. International Scientific Conference «Global and 

national trends in life sciences». May 14, 2022. Online conference at Zoom. 

Publications. The results of the dissertation are reflected in 18 printed 

works, including: 5 articles in scientific publications by specialty, included on the 

date of publication in the list of scientific specialized publications of Ukraine, 5 

articles in periodical scientific publications, which are indexed in the Scopus/Web 

of Science Core Collection database, 3 of which is in the journal of the 3rd quartile 

(Q3), 2 of which is in the journal of the 4th quartile (Q4), 8 abstracts of reports at 
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scientific, scientific-practical and international conferences, 2 of which are 

indexed in the Scopus/Web of Science Core Collection database. 

Structure and volume of dissertation. The thesis consists of an 

introduction, five sections and conclusions, 191 references, which are all from far 

abroad and 16 additions. The full text of the paper is 224 pages, with 64 tables 

and 37 figures.  



24 

TABLE OF CONTENTS P. 
THE LIST OF SYMBOLS 31 

SECTION 1 LITERATURE REVIEW ON THE TOPIC AND CHOICE 

OF RESEARCH DIRECTIONS 
32 

1.1 An introduction to beetroot 32 

1.1.1 Basic information of beetroot 32 

1.1.2 Bioactive compounds of beetroot 33 

1.1.3 Functional properties and biological value of beetroot 33 

1.2 Application of drying methods in beetroot processing 35 

1.3 Application of pretreatments in beetroot processing 40 

1.4 
Application and development prospect of beetroots in food 

industry 
45 

SECTION 2 OBJECTS, MATERIALS AND METHODS OF 

RESEARCH 
48 

2.1 Objects and plan of theoretical and experimental research 48 

2.2 Materials and equipment of this research 48 

2.2.1 Raw material, chemicals and solvents 48 

2.2.2 Equipment used in this research 50 

2.3 Research Methods 50 

2.3.1 Moisture content determination 51 

2.3.2 Determination of rehydration ratio 51 

2.3.3 Determination of shrinkage rate 51 

2.3.4 Color measurement 51 

2.3.5 Texture analysis 52 

2.3.6 Microstructure analysis 53 

2.3.7 Preparation of beetroot extracts 53 

2.3.8 Determination of betalains content 54 

2.3.9 Measurement of ascorbic acid content 54 

2.3.10 Determination of total phenolic content (TPC) 54 



25 

2.3.11 Measurement of total flavonoids content (TFC) 55 

2.3.12 Determination of DPPH radical scavenging ability 55 

2.3.13 Ferric reducing antioxidant power (FRAP) assay 55 

2.3.14 Determination of ABTS radical scavenging ability 56 

2.3.15 Sensory evaluation of meat products 56 

2.3.16 Sensory evaluation of sausage products 56 

2.3.17 Sensory evaluation of biscuits 57 

2.3.18 Determination of pH value in meat products 58 

2.3.19 Determination of TBARS and peroxide value in meat products 58 

2.3.20 
Determination of ash, fat and protein content in meat products 

and biscuits 
58 

2.3.21 Microbiological analyses of meat products 59 

2.3.22 Cooking loss in sausage products 59 

2.3.23 Emulsion stability of sausage products 59 

2.3.24 Moisture distribution of sausage products 60 

2.4 Laboratory research protocols 60 

2.5 Statistical analysis 60 

SECTION 3 TECHNOLOGY FOR OBTAINING DRIED BEETROOT 

AND IMPROVING THE FUNCTIONAL AND TECHNOLOGICAL 

PROPERTIES BY FREEZE-THAW PRETREATMENT 

61 

3.1 Technology for obtaining dried beetroots 61 

3.1.1 Effects of drying conditions on quality attributes of beetroots 61 

3.1.1.1 
Effects of heat pump drying conditions on quality characteristics 

of beetroots 
61 

3.1.1.2 
Effects of microwave vacuum drying conditions on quality of 

beetroots 
77 

3.1.2 
Influence of microwave-assisted drying methods on quality 

attributes of dried beetroots 
92 



26 

3.1.2.1 
Experimental conditions for different microwave-assisted drying 

methods 
93 

3.1.2.2 
Results and discussions on the influence of microwave-assisted 

drying methods on quality attributes of beetroots 
94 

3.1.3 
Influence of drying methods on the quality characteristics of 

dried beetroots 
104 

3.1.3.1 Experimental conditions for different drying methods 104 

3.1.3.2 
Results and discussions on the influence of drying methods on 

the quality of beetroots 
105 

3.2 
Methods and parameters for obtaining dried frozen-thawed 

beetroots 
116 

3.2.1 
Influence of freeze-thaw cycles on quality attributes of 

microwave dried beetroots 
116 

3.2.1.1 
Experimental conditions for freeze-thaw pretreatment and 

microwave drying 
116 

3.2.1.2 
Results and discussions on the effect of freeze-thaw cycles on 

quality of dried beetroots 
117 

3.2.2 
Influence of freezing temperatures on quality attributes of heat 

pump dried beetroots 
123 

3.2.2.1 
Experimental conditions for different freezing temperatures and 

heat pump drying 
124 

3.2.2.2 
Results and discussions on the influence of freezing 

temperatures on quality of dried beetroots 
125 

3.2.3 
Influence of thawing methods on quality attributes of microwave 

dried beetroots 
131 

3.2.3.1 
Experimental conditions for thawing methods and microwave 

drying 
132 

3.2.3.2 
Results and discussions on the influence of freezing 

temperatures on quality attributes of dried beetroots 
133 



27 

3.2.4 
Influence of drying methods on quality attributes of frozen-

thawed beetroots 
138 

3.2.4.1 Experimental conditions for different drying methods 138 

3.2.4.2 
Results and discussions on the influence of drying methods on 

quality attributes of frozen-thawed beetroots 
139 

3.2.5 
Technological scheme for obtaining dried beetroot, pretreated by 

freeze-thaw method 
152 

3.2.6 Food safety of dried beetroot, pretreated by freeze-thaw method 153 

Conclusions to Section 3 156 

SECTION 4 TECHNOLOGIES OF MEAT PRODUCTS WITH THE 

ADDITION OF DRIED BEETROOT, PRETREATED BY FREEZE-

THAW METHOD AND BISCUITS ENRICHED WITH DRIED 

BEETROOT, PRETREATED BY FREEZE-THAW METHOD 

158 

4.1 
Tehnology of meat products enriched with dried beetroot, 

pretreated by freeze-thaw method 
158 

4.1.1 
Recipe optimization of meat products with dried beetroot, 

pretreated by freeze-thaw method 
160 

4.1.1.1 Materials and reagents 160 

4.1.1.2 Preparation of meat products 160 

4.1.2 
Physicochemical properties of meat products fortified with dried 

beetroot, pretreated by freeze-thaw method 
162 

4.1.2.1 Moisture content and pH value of meat products 162 

4.1.2.2 Color parameters of meat products 163 

4.1.2.3 Texture profile analysis of meat products 165 

4.1.2.4 Sensory quality of meat products 166 

4.1.2.5 TBARS value and peroxide value of meat products 167 

4.1.2.6 Contents of ash, fat and protein in meat products 168 

4.1.3 Microbiological analyses of meat products 169 

4.2 Dried beetroot as food coloring in sausage products 170 



28 

4.2.1 Materials and reagents 171 

4.2.2 Preparation of sausage products 171 

4.2.3 
Determination of color parameters of sausage products with 

dried beetroot 
172 

4.2.4 
Cooking loss and emulsification stability of sausage products 

with dried beetroot 
172 

4.2.5 Texture profile analysis of sausage products with dried beetroot 173 

4.2.6 
Dynamic distribution of moisture sausage products with dried 

beetroot 
175 

4.2.7 
Nuclear magnetic imaging analysis of sausage products with 

dried beetroot 
176 

4.2.8 Sensory evaluation of sausage products with dried beetroot 177 

4.3 
Tehnology of biscuits enriched with dried beetroot, pretreated by 

freeze-thaw method 
178 

4.3.1 
Recipe optimization of biscuits with dried beetroot, pretreated by 

freeze-thaw method 
178 

4.3.1.1 
The ingredients for biscuits with dried beetroot, pretreated by 

freeze-thaw method 
178 

4.3.1.2 Preparation of dried beetroot, pretreated by freeze-thaw method 179 

4.3.1.3 Preparation of biscuits 180 

4.3.2 
Results and discussion on the quality properties of biscuits 

fortified with dried beetroot, pretreated by freeze-thaw method 
182 

4.3.2.1 Moisture content and sensory score of biscuits 182 

4.3.2.2 Color parameters of biscuits 183 

4.3.2.3 Texture parameters of biscuits 185 

4.3.2.4 Contents of ash, protein and fat in biscuits 186 

Conclusions to Section 4 187 



29 

SECTION 5 PRACTICAL IMPLEMENTATION OF DRIED 

BEETROOT, PRETREATED BY FREEZE-THAW METHOD AND 

FOOD PRODUCTS USING IT 

189 

5.1 

Determination of the socio-economic effect of the introduction 

of the semi-finished beetroot production technology (dried 

beetroot, pretreated by freeze-thaw method) 

189 

5.2 Implementation of research results into practice 196 

Conclusions to Section 5 198 

CONCLUSIONS 200 

REFERENCES 202 

Additions 224 

Addition A. "Protocols of experimental data"  

Addition B. "Degustation certificates"  

Addition С. TS 10.3-04718013-007:2022 "Dried beetroot"  

Addition D. TS 10.3-04718013-008:2022 "Concentrated and dried taro 

products" 
 

Addition E. Q/YTBG-0004S-2023 "Tough biscuits fortified with beetroot 

powder" 
 

Addition F. Q/YTBG-0005S-2023 "Chicken sausages fortified with 

beetroot powder" 
 

Addition G. Certificate of implementation "Sausage technology using 

freeze-thaw dried beetroot" 
 

Addition H. Certificate of implementation "Biscuit technology using 

freeze-thaw dried beetroot" 
 

Addition I. Certificate of implementation "Technology of sausage 

products using dried beetroot" 
 

Addition J. Certificate of implementation "Technology of chicken 

sausages using concentrated taro products" 
 



30 

Addition K. Certificate of implementation "Tough Biscuits Fortified With 

Beetroot Powder" 
 

Addition L. Certificate of implementation "Chicken Sausages Fortified 

With Beetroot Powder" 
 

Addition M. Certificate of implementation "Sausage technology using 

freeze-thaw dried beetroot" 
 

Addition N. Certificate of implementation "Biscuit technology using 

freeze-thaw dried beetroot" 
 

Addition O. Certificate of implementation "Technology of sausage 

products using dried beetroot" 
 

Addition P. Certificate of implementation "Technology of chicken 

sausages using concentrated taro products" 
 

  



31 

THE LIST OF SYMBOLS 
RR Rehydration ratio 
PR Pulse ratio 
C Chroma 
H° Hue angle 
∆E Total color change 

TPC Total phenolic content 
TFC Total flavonoids content 
GAE Gallic acid equivalent 
TE Trolox equivalent 

RE Rutin equivalent 

TPA Texture profile analysis 

FRAP Ferric reducing antioxidant power 

ABTS 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

DPPH 1,1-Diphenyl-2-picrylhydrazyl radical 

SEM Scanning electron microscope 

HAD Hot air drying 

MD Microwave drying 

VD Vacuum drying 

MVD Microwave vacuum drying 

FD Freeze drying 

HPD Heat pump drying 

SD Sun drying 

ANOVA One-way analysis of variance 

L* Lightness 

a* Redness 

b* Yellowness 

  



32 

SECTION 1 
LITERATURE REVIEW ON THE TOPIC AND CHOICE OF 

RESEARCH DIRECTIONS 
 

1.1 An introduction to beetroot 
1.1.1 Basic information of beetroot 
Beetroot (Beta vulgaris L.) is botanically classified as a biennial herb of the 

Chenopodiaceae family [1], which is originated from Eastern Europe, Southern 

Europe, and Northern Africa [2]. Beetroot is an annual or biennial crop that has 

become widely farmed from the Americas through Europe and Asia[3], which is 

mostly grown in temperate areas. The four basic beetroot varieties are Detroit 

Dark Red, Crosby Egyptian, Early Wonder and Crimson Globe [4]. The edible 

part of beetroot is the root, which is long, tapered, and stout. Beetroot is generally 

globe or cylindrical shaped with red-purple/golden yellow/red-white in color, 

depending on its variety [5]. 

According to studies, the nutritional composition of fresh beetroot varies 

with varieties, ecological factors, genetics, and harvesting conditions [6]. 

Macronutrients found in beetroot are carbohydrates (starch, fructose, sucrose, 

glucose and fibre), protein, and fat. According to USDA [7], the macronutrients 

of raw beetroot (100 g) contain an average energy of 43 kcal, water of 87.58 g, 

total sugar of 6.76 g, total dietary fiber of 2.8 g, proteins of 1.61 g, and fats of 0.17 

g. Beetroot contains a large number of essential and non-essential amino acids, 

such as methionine, leucine, threonine, tryptophan, lysine, isoleucine, serine, 

tyrosine, proline and aspartic acid [8].  

Beetroot is frequently consumed both raw and cooked, pickled or canned 

[9], and it is notably famous in Eastern Europe as the major ingredient of the sour 

soup known as borsch, which is prominent in the cuisines of Ukraine, Romania, 

Moldavia, Latvia, Lithuania, and Poland [10]. 
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1.1.2 Bioactive compounds of beetroot 
Beetroot is a vital source of bioactive compounds, such as betalains, 

carotenoids, ascorbic acid, flavonoids, polyphenols, nitrates, triterpenes, and 

saponins [6]. 

Research on beetroots have increased rapidly due to the presence of brightly 

colored water-soluble pigments that give the red hue, as well as due to other 

phytochemicals which function as antioxidants, antimicrobials, and anticancer 

agents. These pigments were wrongly considered earlier as anthocyanins, but later 

identified as betalains, which possess typical chemical structures and 

physiological properties. However, betalains is restricted to a minimum number 

of varieties in nature when compared to anthocyanins [11]. Betalains are water-

soluble nitrogen-containing pigments, which can be divided into betacyanins 

(red–violet) and betaxanthins (betaxanthins) pigments (yellow–orange) [6].  

Betalains as major bioactive compounds which are naturally present in 

beetroot, with betanin, isobetanin, betanidin and vulgaxanthin I predominating 

among twenty two pigments identified [12]. Five red beet varieties (Bonel, Nero, 

Favorit, Rubin, and Detroit) for their pigment composition was analyzed in [13]. 

It was found that in all cases, the major red violet pigments were betanin, 

isobetanin, betanidin and isobetanidin, and betanin was found to be the main 

component in all varieties. Vulgaxanthin I and vulgaxanthin II were the major 

yellow components. The research in [14], showed that each of the beetroot 

products possessed its own unique profile of betalain compounds and the total 

betalains content differed significantly between individual beetroot products. It 

was reported that the concentrations of betacyanins and betraxanthins in beetroots 

were between 0.4 and 2.1 mg/g of fresh weight and between 0.2 and 1.4 mg/g of 

fresh weight, respectively [15]. 

1.1.3 Functional properties and biological value of beetroot 
In addition to being a great source of nutrients, vitamins, minerals, vitamin 

B complex, and folic acid, beetroots also contain a significant amount of unique 

bioactive compounds with numerous medical and therapeutic benefits. The 
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medical benefits of beetroots include antioxidant, analgesic, hepatoprotective, 

anti-inflammatory, antihypertension, antimicrobial, antimigraine, 

antihypertension, antihyperglycemic, anti-progestogenic, antiviral, anti-anaemic, 

antipyretic, anti-mutagenic, anti-obesity, antiallergic, anti-tumorigenic, 

antithrombotic, and prevents hepatic damage and neurodegeneration [16–17].  

Beetoots are a rich source of antioxidant compounds, with one study ranked 

beetroots as the tenth-highest antioxidant content of vegetables [18]. It has been 

reported that betalains had antioxidant and anticancer activity, which can be a 

promising source of natural antioxidant and anticancer agent and definitely 

provide an alternative towards synthetic antioxidant [19]. Betalains are 

hydrophilic nitrogenous pigments that are widely used in the food industry as 

natural colorants for products such as processed meat, ice creams or baked goods 

[20]. Despite the fact that betalains are water soluble stable between pH 3 to pH 

7, betalains are less frequently utilized in food processing than anthocyanins and 

carotenoids [21]. As the major bioactive compound presented in beetroot, nitrate 

is known to have bioactivity in the cardiovascular system [22], which has effects 

on antihypertension and cognitive function [23]. Nitrate can produce NO 

enhancement, in which affects muscle function, resulting in the improvement of 

exercise performance [24].  

The authors of [25] investigated the antimicrobial potential of beetroot 

extract in the current research. Beetroot extracts were found to have antibacterial 

action against a variety of gram-positive and gram-negative bacteria, but no 

inhibitory activity against fungi and yeasts. It has been reported that beetroot 

extract had antibacterial activity against L. monocytogenes in [26]. The cancer-

preventive properties of red beetroot and the water-soluble betalains derived from 

the plant were reviewed in [27]. Due to its bioactive components, beetroot and the 

value-added products offer a range of health advantages and aid in preventing and 

treating a number of conditions.  

Beetroot is a potential source of nutraceutical compounds that can be used 

to build functional foods due to the variety of phytochemicals it contains. In terms 
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of pharmacology, beetroot offers a great deal of potential as an anti-inflammatory, 

anti-cancer, hypocholesterolemic, antioxidant, and antibacterial agent [28]. 

However, few studies have shown that beetroot has the activities of anti-HIV, 

fibrinogenolytic, anti-tyrosinase, vasorelaxant, antihypertension, and antiarthritis. 

It can be said that further research is of great significance for developing these 

activities so as to improve the applicability of beetroot in food industry [28]. 

Furthermore, the significant biological activities of beetroot aid in the exploration 

of a number of previously unknown areas where dietary supplements can be 

beneficial for health. 

1.2 Application of drying methods in beetroot processing 
As fresh beetroot becomes spoiled easily due to its high moisture content, 

and food industry is seeking to use various food preservation methods to preserve 

beetroot or its phytochemicals. The removal of water reduces the volume of the 

final product, lowers the amount of water available for chemical, enzymatic, and 

microbiological reactions, and minimizes physical and chemical reactions during 

storage, making drying one of the most effective ways for food preservation. 

Drying is one of the most effective methods to preserve preservation 

because it reduces the amount of water available for chemical, enzymatic, and 

microbiological reactions as well as minimizes physical and chemical reactions 

during storage. This makes the product more stable for storage and transportation 

[29-30]. The drying process can be challenging because it leads to the loss of 

various thermosensitive compounds. According to the literature, there are various 

kinds of drying methods for beetroots. 

As the best dehydration method for heat-sensible food, freeze drying (FD) 

is the process of removing water from a previously frozen product owing to the 

sublimation process, which involves three phases of freezing, sublimation, and 

desorption, and is carried out at a very low pressure and low temperature [31]. 

Usually, FD produces good-quality food with well-retained flavor and nutritional 

quality, and maintains the material volume with porous structures and good 

rehydration ability [32].  
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One of the most popular drying techniques is hot air drying (HAD), which 

has the benefits of great drying effectiveness, easy operation, low cost, and 

minimal environmental impact. However, there are also some disadvantages, such 

as relatively long drying time, high temperature, degradation of important 

nutritional substances [33], color change and shrinkage [34]. Convective drying 

(at 60 °C and 2 m/s; CD) and freeze drying (at -50 °C and 30 Pa; FD) were used 

to dry beetroot. It was shown that the CD sample displayed both a larger loss of 

phenolic compounds and a higher gain of these compounds in gastric juice, 

implying that CD is more conducive to releasing phenolic compounds from 

beetroots than FD samples [35]. 

Heat pump drying (HPD) is based on the inverse Carnot cycle principle, 

which allows it to recover energy from the exhaust, increase energy efficiency 

and independently control the drying temperature and air humidity [36]. This 

makes it particularly suitable for the retention of bioactive compounds in 

thermosensitive vegetables and fruits as drying can occur at low temperatures. 

Impact of different heat pump drying temperatures (45 to 65 °C) on the physical 

properties, bioactive compounds and antioxidant capacity of dried beetroots was 

investigated in [37]. The results exhibited that 65 °C was the optimal drying 

temperature for heat pump drying of beetroots. Various investigations have found 

that agricultural products dried by HPD have better color and flavor qualities than 

those dried by the conventional hot air dryer. 

Microwave drying (MD), either alone or in combination with other drying 

methods, is the most quick and effective processing method in laboratory and 

industrial applications for food preservation. MD has various advantages, 

including quick processing (short time), uniform volumetric heating, high 

efficiency, low cost (low energy consumption), and automatic and self-regulating 

system, which is compatible with other processing technologies [6].  

Vacuum drying (VD), a successful and practical process that has been 

employed in food industry, is based on the evaporation of moisture under reduced 

pressure, in which the wet material is spread out in thin layers on trays and water 
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is evacuated by a vacuum pump and condensed in a condenser [38]. The vacuum 

produced by vacuum drying allows for the quick and homogeneous evaporation 

of water from the material [39]. It has been confirmed that vacuum drying is a 

conceptually suitable method for heat-sensitive and oxygen-sensitive materials 

because it minimizes the possibility of oxidation reactions. Mella et al.[40] studied 

whether vacuum drying (VD) could be a proper alternative to freeze-drying (FD). 

The resulted indicated that VD samples retained the proximate composition 

content of beetroot, and the total polyphenol content and oxygen radical 

absorption capacity of VD (50 °C) were higher than those of FD sample, thus 

vacuum drying at 50 °C can be a suitable drying temperature instead of FD. 

Székely et al. [41] confirmed that VD is a more favourable method to preserve the 

nutritional characteristics of beetroots. In the study [42], beetroot powders were 

prepared by tray drying, drum drying, freeze-drying, and continuous vacuum-belt 

drying. Research has found that vacuum-belt drying could produce continuous 

beetroot powder, with a good color and betalain content similar to freeze-dried 

products. 

Microwave vacuum drying (MVD) or vacuum microwave drying (VMD) 

using microwaves under vacuum, and its main advantage is to achieve the 

required drying at lower temperatures, thereby retaining bioactive compounds. 

During the MVD process, microwave energy is absorbed by water located 

throughout the entire volume of the dried material [34], and a large vapor pressure 

is generated at the center of the material, which quickly transfers water to the 

surrounding vacuum and prevents structural collapse [43]. In addition, with the 

expansion phenomenon during the rapid dehydration process, a porous structure 

of the food is formed, which helps to obtain a crisp and delicate structure [44], as 

well as reduces the density and shrinkage of the product [34]. In the study [45], 

beetroot slices were pretreated in 40 °Bx chokeberry juice at 50 °C for 2 h, and 

then carried to MVD at different microwave power levels. The results indicated 

that as the microwave power increased, the bioactive potential decreased for 

untreated samples, while the bioactive potential of pretreated samples increased. 
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For osmotically pretreated beetroot slices with a specific surface area of 827 ± 18 

m2m−3, and VMD at 240 W was recommended to obtain high quality beetroot 

snacks. Under vacuum microwave drying, the total drying time and drying 

shrinkage decreased significantly compared with conventional drying. VMD led 

to lower compressive strength, better rehydration capacity and higher antioxidant 

activity than conventional drying [34]. The paper [46] displayed the effects of 

atmospheric, vacuum and microwave vacuum drying methods on the quality of 

dried beetroots, and it demonstrated that MVD reduced total drying time and 

decreased shrinkage compared to other drying methods, and the combined method 

(hot-air at 60 °C followed by microwave vacuum finish drying) was the most 

appropriate method to preserve the investigated parameters of dried beetroots in 

the highest amount. 
Foam mat drying consists of the conversion of liquid or semiliquid foods 

into stable foams via intense agitation and insertion of air, along with using 

foaming agents or stabilizing agents, and conducts at lower temperatures and 

shorter drying times which helps to maintain nutrient in vegetables [47]. The foam 

mat process of drying usually refers to dehydration of the thin layer of foam by 

hot air [48]. In the study [47], hot air dried beetroot pulp at 50 °C for 6 h in cabinet 

dryer, then successfully foamed using egg albumen and fish gelatine as foaming 

agents, and further hot air dried and grinded into powder. The results showed that 

beetroot with fish gelatine had good foam expansion, foam density, 

hygroscopicity and red color’s powder.  

Sun drying (35-45 °C), tray drying (40, 50 and 60 °C) and lyophilizer 

drying (–40°C) were used to drying beetroots in [49]. The results showed that the 

chemical composition and organoleptic quality of different beetroot powders were 

significantly different, and the powder prepared by lyophilizer had better texture, 

color retention and flavor, and higher total phenolic content, betalain content, 

antioxidant activity and overall quality than other drying methods used. The 

evacuated tube solar dryer (ETSD) was used to dry beetroot in [50], and the results 

demonstrated that the evacuated tube with heat pipe-based solar dryer has the 
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potential to shorten the drying time and guarantee improved quality characteristics 

of dried beetroot slices. The average betalain content, phenolic content and 

antioxidant capacity of ETSD dried beetroot slices were higher than those of sun 

drying. 
Any single drying method has its advantages and disadvantages, hence 

hybrid techniques made up of complimentary drying methods that each contribute 

their own advantages of the highest interest. The osmoticaly pretreated beetroots 

in sugar-salt mixed solution were further dehydrated using convective tray drier 

(55, 65 and 75 °C) up to a moisture content of 40 to 60% db) followed by 

microwave drying (540, 810 and 1080 W) to a moisture content of 6% to 

overcome the slow removal of moisture content in the end [51]. The results proved 

that beetroots dried at high air temperature followed by high microwave power 

showed high water activity, high total soluble solids and improved hardness as 

compared to fresh beetroot. In the study [34], beetroot cubes were produced using 

a combination of convective pre-drying (CPD) and vacuum-microwave finish 

drying (VMFD) at 240, 360, or 480 W, and convective drying in hot air at 60 °C. 

Compared to the convective approach, VMFD dramatically decreased drying 

shrinkage and the overall drying time. VMFD significantly shorted the total 

drying time and reduced drying shrinkage in comparison with convective method. 

The quality of beetroot cubes dried by CPD-VMFD can be enhanced by boosting 

microwave output and shortening drying time of CPD. Four hybrid drying 

methods, consisting in ohmic heating (17.5 V/cm) or microwave pretreatment 

(525 or 420 W) followed by forced convection at 100 °C by microwave were 

applied to obtain high quality beetroot powder [52].  

The drying technique used may have a variety of effects on the color, shape, 

structure, nutritional and nutraceutical components. As a consequence, it is crucial 

to choose the best drying technique. The optimization of the drying procedure is 

a critical step toward obtaining dehydrated beetroot with the lowest nutrient loss 

and maximum potential activities. 
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1.3 Application of pretreatments in beetroot processing 
In order to strengthen the drying process and improve the product quality, 

many different pretreatments have been proposed. The application of 

pretreatments can not only reduce drying time, boost drying rate, improve 

moisture distribution, and minimize energy consumption, but they can also 

improve the functional and nutritional quality features of dried products over 

untreated samples [53].  

Freezing pretreatment has been used in fruits and vegetables to accelarate 

the drying process, and maintain the product's quality. Large ice crystals form 

during freezing, resulting in a breakdown of the cellular structure and the 

formation of the porous structure [54], which could facilitate water migration and 

enhance mass transfer. As a result, freezing pretreatment has been used in fruits 

and vegetables to improve drying rate, reduce drying time and energy 

consumption, and maintain product quality [55]. Freezing pretreatment might 

damage the tissue structure, leading to the physicochemical changes of raw 

materials. At the same time, shortening the drying time could reduce the thermal 

exposure of raw materials, to better preserve the nutritional value [30]. 

Nevertheless, freeze-thaw pretreatment has an additional thawing process 

compared to freezing pretreatment, which is an efficient option to improve the 

drying rate by changing the permeability of cell membrane and destroying the 

structure of cell wall [56]. Due to ice-crystal formation and cell structure damage 

caused by freeze-thaw pretreatment [57], it is usually used in food industry. 

Freeze-thaw often occur in the circulation of meat products, so there has been 

many researches on Freeze-thaw pretreatment of meat products, such as Pacific 

white shrimp [58], tilapia fillets [59], and instant sea cucumber [60]. Freeze-thaw 

as a pretreatment method has also been applied in the different dried fruits and 

vegetables such as garlic slices [61], cape gooseberry [62], and quince fruit [63].  

Ultrasound is the frequency of a sound wave (more than 20 kHz) that 

induces cavitation in liquids, resulting in high pressure and temperature. Strong 

shear, cavitation, and turbulence effects cause changes in food matrix subjected 
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to ultrasound [64]. It has been reported that ultrasonic can be used to dry beetroots. 

The use of ultrasound in a drying process can overcome the drawbacks of 

traditional drying technologies by increasing the drying rate. The use of 

ultrasound for drying beetroots has been reported. Application of ultrasound in a 

drying process can overcome these shortcomings of drying methods by improving 

the drying rate. The mechanical energy provided by ultrasound can cause periodic 

compression and expansion, which is the same as that when continuously pressed 

and relaxed in a sponge, known as the “sponge effect” [65].  

This mechanism may have stronger forces than surface tension, which 

binds water molecules within fluid capillaries, producing minuscule channels and 

allowing matter to move [6]. The use of ultrasound considerably damaged the 

beetroot microstructure, shortened drying time, and increased the external mass 

transfer coefficients (28-49%) and effective diffusion coefficient (60-73%) [30]. 

In the study [66], ultrasound-assisted beetroot drying decreased the drying time 

by approximately 55%, reduced in energy consumption, and about three times 

increase in drying rate was observed in comparison with HAD. Meanwhile, 

ultrasound-assisted drying retained the original color of the sample, attractive 

appearance, and betanin retention was approximately 15% higher than hot air 

drying. Ultrasound bath (indirect) and ultrasound probe (direct) used as 

pretreatments in the production of oven-dried beet snacks decreased the total 

drying time up to 24% and 26%, respectively [67]. Therefore, ultrasound is an 

effective pretreatment when combined with other drying methods to dry beetroots, 

which significantly enhances the drying time and quality of beetroot. The effect 

of ultrasound and freezing pre-treatment on the drying curves, microstructure, and 

bioactive compounds of beetroots was investigated in [30]. Results displayed that 

the application of freezing pretreatment and ultrasound caused significantly 

destroyed the microstructure of beetroots, reduced the drying time, and enhanced 

the mass transfer. Besides, freezing caused significant increases in betalain and 

total polyphenol contents and antioxidant activity in comparison with those of the 

raw sample. 
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Osmotic dehydration (OD) is most widely practiced pretreatments prior to 

drying to reduce energy consumption and improve food quality, which involves 

the immersion of material in hypertonic solution (mainly sucrose or sodium 

chloride solution) for several hours [68]. During osmotic pretreatment, plant 

cellular structure acts as a semi-permeable membrane, undergoes countercurrent 

mass transfer: the solute flows into the product, while moisture is transferred from 

the inside to the hypertonic solution, which can dislodge 10%–70% of water from 

fruits and vegetables at ambient temperature without causing phase changes, 

which provides an alternative way to reduce drying time, and slows down the 

thermal effect of drying respect to the degradation of bioactive compounds [69]. 

In a study in which beets were pretreated by osmosis in a sugar-salt solution, the 

beets were first dried using a convective tray dryer combined with microwave 

drying at different air temperatures and microwave powers [51]. The results 

displayed that osmotic dehydration was an effective pretreatment prior to combine 

drying, which reduced the final drying time and improved the quality of dried 

beetroots. Meanwhile, microwave inassociation with hot air drying of osmotically 

pretreated beetroot slices exhibited better rehydration properties, lesser color 

degradation, stiff texture and higher total soluble solid. In the study [70], beetroots 

were pretreated by osmotic dehydration (OD) and ultrasound (US). The results 

demonstrated that US resulted in a higher drying rate and lower lipid, ash and 

energy values, while OD promoted higher ash and sodium values. It was revealed 

that the US was more efficient pretreatment for producing beetroot chips, because 

it significantly redued the drying time and made the sensory preference reach to 

an intermediate level.  

Conventional hot water blanching is the most popular and commercially 

adopted method, because of its simple equipment and convenient operation. It has 

been widely used in the pretreatment of agricultural products to improve the 

drying speed and enhance the product quality, but hot water blanching can 

generate a large quantity of waste water and increase the pollutant emissions [55]. 

It has been reported that blanching with conventional methods such as hot-water 
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immersion will lead to the loss of water soluble vitamins, minerals, and 

compounds [71]. Therefore, for the food industry, the use of blanching as an 

alternative method is very attractive. In order to minimize nutrients especially 

water-soluble nutrients and solids dissolved in hot water and reduce wastewater, 

steam blanching has been developed to replace hot water blanching [55]. Steam 

blanching can significantly improve the retention of ascorbic acid [72], 

significantly inactivate the biological enzyme [73], enhance extraction of 

phytochemicals in blueberries [74]. For the purpose of obtaining beetroot powder, 

beetroots were blanched using various methods, including hot water blanching 

with cold water immersion, steam blanching with cold water immersion, and 

steam blanching with refrigeration. The research revealed that beetroot powder 

prepared by blanching with refrigeration was the best [75]. To assess the 

efficiency of various blanching techniques, including vacuum-steam pulsed 

blanching (VSPB), steam blanching (SB), and hot water blanching (HWB) were 

used to pretreat beetroots. The results indicated that VSPB took less time to 

completely inactive peroxidase and polyphenol oxidase enzymes, retained more 

betalains and total phenolics in red beetroots, and mitigated cell damages 

compared to HWB and SB. The study demonstrated that VSPB is a potential 

blanching technology for beetroot [76]. The influence of blanching, ultrasound 

and freezing conditions on physical properties of freeze-dried red beet was 

investigated in [77]. The results showed that ultrasound reduced the water activity, 

while water blanching in reduced shrinkage and improved porosity of samples. In 

addition to the pretreatment, the sample's quality was impacted by the freezing 

conditions before drying. Slowly frozen samples had the best porosity, while 

combined freezing caused the greatest shrinkage, lowest porosity, and lowest 

water activity [77]. The influence of pretreatment methods (thermal or nonthermal) 

on the properties of powders obtained from beet juice and pomace after the freeze-

drying process were investigated. The results showed that steam and ultrasound 

led to a significant reduction in parameter b in the dried pomace. After 

pretreatment with ultrasound and steam for 15 min, a substantial rise in betanin 
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was seen in lyophilizates [78]. Instant controlled pressure drop (DIC) was applied 

as a blanching pre-treatment before drying, the resulted showed the combination 

of DIC blanching pre-treatment with swell drying treatment maintained the 

preservation of the betanin concentration, total phenolic, total flavonoids and 

antioxidant capacity dried beetroots [79]. 

Ohmic heating is an electron heating method based on the passage of 

electrical current through the food product having electrical resistance [80], and 

electric energy is converted into heat, and the heat generated through food is 

directly related to voltage gradient and conductivity [81]. Pretreatment with 

different powers (420 W or 525 W for 3 min) of microwave and ohmic heating 

(OH) at 17.5 V/cm (2 min) in the study [52], it was found that the OH reduced the 

rehydration time and had the lowest rehydration capacity, whereas the microwave 

had the slowest rehydration time and the largest rehydration capacity. Meanwhile, 

the microstructure of the samples revealed that the moderate hybrid heating 

treatment was OH pretreatment combined with microwave-convection drying. 
Because of its ability to produce non-thermal permeability of cell 

membranes, pulsed electric field (PEF) has grown in popularity. According to 

reports, the PEF pretreatment enhanced moisture diffusivity, lowering drying 

temperatures by 20-25 °C due to tissue damage caused by electroporation. 

However, more tissue structure disintegration has been noted in the PEF pre-

treated samples, and rehydration after drying does not allow the texture to recover 

to its original pre-drying state [82]. 

It has been proved that the use of pretreatments ahead of drying is beneficial 

for improving the drying process efficiency and enhancing the quality of fruits 

and vegetables. However, there have been few reports on the connections between 

pretreatment microstructure alterations and the evolution of physicochemical 

attributes (texture, color, and rehydration ratio) of foods. As a result, more 

investigation is required to investigate the links between pretreatments, 

microstructure, and physicochemical aspects of products in order to improve 
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structure formation and change functional qualities of food by selecting 

appropriate pretreatment methods. 

1.4 Application and development prospect of beetroots in food industry 
In addition to prolonging the shelf life, value addition and processing 

increase market opportunities and economic value of the product. Beetroot offers 

a lot of processing and value-adding potential. Dried beetroots can be consumed 

as chips as an alternative for traditional fatty acid-rich snacks, or as a component 

of quick meal (instant food) following simple or easy preparations [83–84]. Due 

to its health benefits, beetroot should be eaten on a daily basis in one form or more. 

As a result, appropriate processing and preservation techniques are required to get 

most advantages from beetroot. The beetroots can be utilized in salads and soups, 

baked as a whole, boiled in stews, roasted into tarts, pickled, and processed into 

jam, powder, wine, dehydrated slices, and juice [42, 85–88].  

Natural colorants are considered as safe substances for consumption and 

are more likely than synthetic colorants to be used commercially as food additives 

[5]. Beetroot powder can be applied as natural colorant for foods, an ingredient in 

beverages for athletes [47] and in meat products [89]. Beetroot powder or 

extracted pigments are used industrially for improving the color of tomato pastes, 

sauces, soups, desserts, jams, jellies, ice creams, sweets, and breakfast cereals [90]. 

Because of its numerous health-promoting properties, beetroot has significant 

promise as functional food ingredients used in the food and medical industries. In 

the study [91], beetroot powders were used as a potential substitute of nitrite for 

fermented dry sausages, and the results displayed that the addition of beetroot 

powders decreased moisture content and aw, and increased weight loss of sausages. 

Furthermore, beetroot powders affected the colour, pigments and lactic acid 

bacteria counts of sausages. In another study, beetroot powder was used to replace 

nitrite in Turkish fermented sausage [89]. The use of beetroot powder increased a 

value of samples and protected the desired red color during storage. The suggested 

storage period of reformulated Turkish fermented sausage using beetroot powder 

instead of nitrite was 56 days at 4 °C in vacuum bags. 
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The applicability of beetroot powder as a potential source of dietary fibre 

for baked rolls was investigated in [92]. It was found that the increase of beetroot 

powder in dough improved water absorption, delayed the development time of 

dough, and prolonged the stability of dough, but the mixed tolerance index 

decreased. With the increase of beetroot powder, the volume, specific volume and 

the lightness of baking rolls reduced significantly, while the redness of products 

increased. Cake supplemented by beetroot powder was developed in [93], four 

samples were prepared to contain different proportions of beetroot powder (5, 10, 

15, and 20% w/w) in combination with wheat flour, and the results indicated that 

the cake formulated by 15% (w/w) beetroot powder was comparatively more 

acceptable than other formulations (0, 5, 10 and 20% w/w) with better color, taste, 

flavor and texture. In the study [94], beetroot powder was added in wheat flour to 

make nutritionally fortified Chinese steamed bread. Beetroot powder addition 

greatly decreased the specific volume and staling rate, while increasing hardness 

and chewiness of Chinese steamed bread. Moreover, with the increase of beetroot 

powder incorporation, the antioxidant potential of Chinese steamed bread in vitro 

increased and the digestibility of starch in vitro decreased. Beetroot puree was 

added to jackfruit seed crackers to increase the appearance and nutritional content 

[95]. In the study [96], the effect of lyophilized beetroot water extract added to 

cemen paste on the Turkish pastirma quality was investigated. The results 

revealed that the addition of lyophilized beetroot water extract (1.0% or 1.2%) to 

cemen paste effectively improved the color stability, lipid oxidation, microbial 

and sensory quality of pastırma during storage. The application of beetroot extract 

in cooked meat revealed that beetroot extract decreased the number of L. 

monocytogenes cells, pH values, and lipid oxidation in cooked pork. Meanwhile, 

cooked pork become darker and redder compared to the control samples. So it 

was suggested that beetroot extract could be used as a natural preservative in 

cooked meat production to inhibit the growth of L. monocytogenes [26]. Research 

has shown that beetroot pulp (0-40%), as a component in noodle production, may 

improve nutritional status, thereby increasing nutritional value, bioactive 
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compounds, and color intensity [97]. The results showed that he betalain content, 

total phenol content and antioxidant activity of formulated noodles increased with 

an increase in level of beetroot incorporated. It proved that noodles with 30% 

beetroot were the best in nutritional, phytochemical, cooking and sensory quality 

attributes. 

In recent years, there has been an increasing interest in the biological 

activity of beetroot and its potential use as a functional food for health promotion 

and disease prevention. Beetroot seems to be a powerful dietary source of health-

promoting agents with the potential to treat a variety of pathological conditions, 

and beetroot supplementation holds promise as an economic, practical and 

importantly natural dietary intervention in clinical settings. Due to the high 

biological activity of beetroot, there are still several unexplored areas in which 

supplementation might confer health benefits, including pain reduction, cognitive 

function, vascular function and insulin resistance, especially in older and diseased 

populations [98]. The oxidative and physical stability of the reformulated 

mayonnaise with processed beetroot was studied in [99]. Results demonstrated 

that the oxidative stability of mayonnaise at the end of a storage period of 4 weeks 

(4 °C) was significantly improved by microwaved beetroot addition, and the 

antioxidant capacity of microwaved beetroot was equivalent to that of synthetic 

antioxidants used in commercial products. Betalains and betalain-rich diets are 

non-toxic, and may prove to be a promising alternative to supplement therapies 

for oxidative stress-, inflammation-, and dyslipidaemia-related diseases [100]. 

The use of betalains in food and associated industries may help allay worries about 

the potential health dangers of artificial colorants because of their toxicological 

safety, low cost, availability, biodegradability, and potential health effects [101].  

Further research is required to explore and make use of pigments, dietary 

fiber and antioxidants in beetroot. Beetroot contains a huge number of bioactive 

compounds that can be used as a functional food source to treat a variety of 

diseases [5]. Beetroot should be considered as a healthy food used by consumers 

as well as innovative functionalized food products in food industry.  
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SECTION 2 

OBJECTS, MATERIALS AND METHODS OF RESEARCH 

 

This section introduces the experimental protocol in the study, defines the 

research topic and materials, describes the determination methods of indicators, 

and processes the analysis methods for experimental data. The research was 

conducted at School of Food and Bioengineering, Hezhou University in China. 

2.1 Objects and plan of theoretical and experimental research 

Objective of the study: The first main objective of this study was to evaluate 

the influence of different drying methods (sun drying, hot air drying, heat pump 

drying, microwave drying, vacuum drying, freeze drying and vacuum microwave 

drying) on the the changes of physical properties, bioactive compounds and 

antioxidant activity in beetroots. The second main objective of this study was to 

investigate the different freeze-thaw pretreatments on the physical properties, 

bioactive compounds and antioxidant activity of dried beetroots. The third main 

objective of this study was to research on the application of dried beetroot, 

pretreated by freeze-thaw method in the food industry (meat products and 

biscuits). The scheme of theoretical and experimental research are presented in 

Fig. 2.1. 

2.2 Materials and equipment of this research 

2.2.1 Raw material, chemicals and solvents 

Fresh beetroots (Beta vulgaris L.) were procured from a local market 

(Xuzhou, China) and stored at 4 °C before use. 

Ascorbic acid assay kit was obtained from Nanjing Jiancheng Institute of 

Bioengineering (Nanjing, China). 2,2-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS, purity ≥ 98%), 1,1-diphenyl-2-picrylhydrazyl (DPPH, 

purity ≥ 98%), gallic acid (purity ≥ 98%), 6-hydroxy-2,5,7,8-tetramethylchroman-

2-carboxylic acid (Trolox, purity ≥ 98.0%), 2,4,6-tripyridinyl-1,3,5-triazine 
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(TPTZ, purity ≥ 98.0%), Folin-Phenol reagent (1.0 mol/L), catechin, and rutin 

(purity ≥ 98%) were supplied by Shanghai Yuanye Bio-Technology Co., Ltd 

(Shanghai, China). All other reagents used in this experiment were of analytical 

grade. 

 

 
Fig. 2.1 Scheme of theoretical and experimental research 
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2.2.2 Equipment used in this research 
Microwave drying system (SAM-255, CEM Corporation, USA). 

Microwave vacuum dryer (WBZ-10, Guiyang Xinqi Microwave Industry Co., Ltd, 

China). Freeze dryer (FDU-2110, Tokyo Rikakikai Co., Ltd, Japan). Vacuum 

drying oven (BPZ-6033B, Shanghai Yiheng Scientific Instrument Co., Ltd, 

China). Hot air dryer (DHG-9245A, Shanghai Yiheng Scientific Instrument Co., 

Ltd, China). Heat pump dryer (L3.5AB, Guangdong IKE Industrial Co., Ltd, 

China). Texture analyzer (TA.XT PLUS, Stable Micro Systems Ltd, UK). 

Colorimeter (CR-400, Konica Minolta Sensing, Inc., Japan). Scanning electron 

microscope (Quanta 450 FEG, FEI Nano Ports, USA). Thermal emission 

scanning electron microscope (Gemini 300, Carl Zeiss AG, Germany). Vortex 

mixer (VORTEX-5 Kylin-Bell Instrument Manufacturing Co., Ltd, China). 

Centrifuge (H1850, Xiangyi Centrifuge Co., Ltd, China). pH meter (PHS-3C, 

Shanghai Yidian Scientific Instruments Co., Ltd, China). Visible 

spectrophotometer (722N, Shanghai Youke Instrument Co., Ltd, China). Moisture 

analyzer (HX204, Mettler Toledo Co., Ltd, Switzerland). Refrigerator (BCD-

225SLDA, Qingdao Haier Biotechnology Co., Ltd, China). Ultra-low temperature 

freezer (DW-FL450A1, Zhongke Meiling Low Temperature Technology Co., Ltd, 

China). Muffle furnace (KSL-1200X, Hefei Kejing Material Technology Co., Ltd, 

China). Kjeldahl nitrogen analyzer (ATN-300, Shanghai Hongji Instrument 

Equipment Co., Ltd, China). Fat analyzer (SZF-06, Shanghai Xinjia Electronics 

Co., Ltd, China). Baking oven (MG38CB-AA, Guangdong Midea Kitchen 

Appliance Manufacturing Co., Ltd, China). Meat grinder (ZY-001, Langfang 

Jiapei Electrical Appliances Co., Ltd, China). Thermostat water bath (HH-S2, 

Jiangsu Jinyi Instrument Technology Co., Ltd, China) 

2.3 Research Methods 
Research methods include a complex of traditional and modern methods of 

sensory assessment, physics, chemistry, microbiology, experimental planning, 

and experimental data processing. 
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2.3.1 Moisture content determination 
A moisture analyzer was used to measure the sample's moisture content 

(wet basis) at 105 °C until it attained a consistent weight.   

2.3.2 Determination of rehydration ratio 
Rehydration ratio was determined according to the method given by Bozkir 

and Ergün [102]. Dried beetroot samples (2.0 ± 0.1 g) were immersed in a beaker 

with 200 mL of distilled water and the beaker was placed in the thermostat water 

bath at 80 °C for 15 min. Rehydrated beetroots were taken out, absorbed the 

superficial water with absorbent paper, and then weighed. Rehydration ratio was 

calculated according to Equation (1). 
2

1
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W


                  (1) 

Where, RR is rehydration ratio, W1 is the mass of dried beetroot samples, g, 

W2 is the mass of beetroots after rehydration, g. 

2.3.3 Determination of shrinkage rate 
The shrinkage rate was determined by the solid displacement method using 

superfine quartz sand. Based on the volume change of the sample, shrinkage rate 

was calculated according to Equation (2) [103].  
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Where SR is shrinkage rate, %, V0 is the volume of fresh beetroots, mL, V1 

is the volume of dried beetroots, mL. 

2.3.4 Color measurement 
Fresh beetroots were crushed into a pulp and then tested to guarantee color 

uniformity. Dried beetroot samples were ground into powder to determine the 

color.  

Color parameters were measured using a colorimeter equipped with D65 

illuminant system and 8 mm measuring area in the CIELAB system. Color 

parameters were expressed as L, a, and b. L indicates lightness read from 0 

(completely black) to 100 (completely white), +a value represents redness and -a 

is greenness, and +b value  shows yellowness (-b is blueness) on the hue-circle 
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[104]. Total color change (∆E) represents the magnitude of color change of 

sample after drying. Chroma (C) is the quantitative attribute of colorfulness, 

which denotes the saturation of the color. Hue angle (H°) indicates the color 

nuance and defines as follows: 0 (red–purple), 90 (yellow), 180 (bluish-green), 

270 (blue) [9]. The ∆E, C and H° were calculated according to Equation (3), 

Equation (4) and Equation (5), respectively. 
2 2 2
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Where, L, a, b are the values of dried samples, L0, a0, b0 are the values of 

fresh samples. 

2.3.5 Texture analysis  
Determination of hardness for dried beetroots: The textural profile of dried 

beetroot was analyzed using the texture analyzer equipped with a cylindrical 

probe (P/2). The following test specifications were used: Test force in 

compression mode; pre-speed and test speed of 2 mm/s; 10 mm/s post-speed and 

10 mm test distance; and trigger force of 5.0 g. Ten measurements were taken for 

each sample, and the average was calculated. 

According to the twice compression method, texture profile analysis (TPA) 

of meat products was determined using the texture analyzer equipped with a 

cylindrical probe (P50). The sample was compressed twice, with a 5-s delay 

between the descents, pre-speed of 5 mm/s; test-speed and post-speed of 1 mm/s; 

compression ratio of 50%; trigger force of 5.0 g [105]. The following texture 

profile parameters were quantified: hardness, springiness, cohesiveness, 

gumminess, chewiness, and resilience. The result was the average of at least eight 

measurements per batch. 

Determination of texture profile analysis (TPA) of sausage products. 

Sample was cut into 40x20 mm (heightxdiameter) cylinders to determine the 
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texture. The experiment uses the TPA puncture method to measure sausage 

products. The probe model is P/5. Set the measured parameters, 5 mm/s before 

the test rate, 1 mm/s test rate, 1 mm/s after the test rate, 50 % compression ratio, 

5 g trigger force. The measurement indicators include hardness, elasticity, 

cohesiveness, chewiness, adhesiveness and recovery. 

Determination of texture profile analysis (TPA) of biscuits. Texture 

analyzer fitted with a cylindrical probe (P2) was used to determine the hardness, 

fracturability, springiness, cohesiveness, gumminess and chewiness of biscuits. 

Biscuits were measured after cooling for 24 h. The testing parameters were as 

follows: Test force using puncture mode, pre-speed and test speed of 1 mm/s, 

post-speed of 5 mm/s and test distance of 10 mm, and trigger force of 5.0 g. 

Performed eight measurements on each group of samples and calculated the 

average value. 

2.3.6 Microstructure analysis 
The microrphology of dried beetroot was observed using a scanning 

electron microscope (Quanta 450 FEG). Dried beetroots were chopped into thin 

slices, placed to a copper tube with the cross section facing up, and then covered 

in gold using an ion sputtering device. An accelerating voltage of 20.0 kV was 

used for the scanning. 

The microrphology of dried beetroot, pretreated by freeze-thaw method 

was observed using a thermal emission scanning electron microscope (Gemini 

300). Dried beetroots were sliced into thin slices and placed on a copper tube with 

the cross-section facing up, and then gold was plated using an ion sputtering 

device. The scanning was done with a 5.0 kV accelerating voltage. 

2.3.7 Preparation of beetroot extracts 
Dried beetroots obtained from three repetitions were mixed and then 

ground into powder (passed through a 60-mesh sieve). Two grams of beetroot 

powder were placed in a 50 mL centrifuge tube and extracted with a vortex mixer 

for 2 minutes at room temperature with a 50% (v/v) ethanol solution (20 mL). 

After centrifugation at 5000 rpm for 10 min. The sediments were further extracted 
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twice with 20 mL of 50% ethanol solution (v/v). Three extraction supernatants 

were poured into a 100-mL volumetric flask and the volume was made up to 100 

mL with 50% (v/v) ethanol solution. The extracts were stored in reagent bottles 

at 4 °C for further analysis. 

2.3.8 Determination of betalains content 
The betalains content was determined using the colorimetric method 

described in [106] with appropriate modifications. The extract was diluted with 

0.05 M phosphate buffer solution (pH 6.5) to obtain absorption value between 0.8 

and 1.0 at 538 nm, and then the absorbance of diluted extract was measured at 

480, 538, and 600 nm, respectively. The betalains content was calculated 

according to Equation (6). 

ml
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Where, BC is betalains content, mg/g; A538, A480, and A600 are the absorbance 

of diluted extract at  480, 538, and 600 nm, respectively, DF is the dilution factor, 

and Ɩ is the path length (1 cm) of the cuvette; V is the volume of beetroot extract, 

L; m is the mass of beetroot powder, g. The molecular weights (MW) and molar 

extinction coefficients (ε) of betanin (MW = 550 g/mol; ε = 60000 L/(mol cm) in 

H2O; λ = 538 nm) and indicaxanthin (MW = 308 g/mol; ε = 48000 L/(mol cm) in 

H2O; λ = 480 nm) were used to quantify betacyanins content and betaxanthins 

content, respectively. 

2.3.9 Measurement of ascorbic acid content 
The ascorbic acid content was evaluated by a colorimetric technique using 

the ascorbic acid determination kit. Results were expressed as mg/100g. 

2.3.10 Determination of total phenolic content (TPC) 
Total phenolic content was determined by Folin-Ciocalteu method [107] 

with little modifications. 0.5 mL diluted extract was combined with 2.5 mL of 10% 

(v/v) Folin-Ciocalteu's reagent, followed by 2 mL of 7.5% (w/v) sodium 

carbonate solution. The mixture was incubated for 15 min at 50 °C before being 

cooled to room temperature, and the absorbance at 760 nm was measured against 
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a blank. With varied gallic acid concentrations (0–0.1 mg/mL), a standard curve 

was produced. The total phenolic content was expressed as milligrams of gallic 

acid equivalents (GAE) per gram. 

2.3.11 Measurement of total flavonoids content (TFC) 
Total flavonoids content was determined using a modified aluminum 

chloride colorimetric method [108]. 30 µL of 5% NaNO2 solution (w/v) was 

combined with 0.5 mL of diluted sample extract before standing for 5 min. Then 

30µL of 10% AlCl3 solution (w/v) was added and stirred for 6 min. 40 µL of 

distilled water and 0.4 mL of 1.0 M NaOH solution were added last. The mixture 

was given 15 min to stand at room temperature. The mixture's absorbance was 

measured at 510 nm. A calibration curve was obtained using different 

concentrations (0–1.0 mg/mL) of rutin/catechin. Results were expressed as 

milligrams rutin/catechin equivalents (RE/CE) per gram.  

2.3.12 Determination of DPPH radical scavenging ability 
The DPPH assay was conducted according to the method reported in [109]. 

The reaction took place in the dark at room temperature for 30 minutes after the 

diluted sample extract (2 mL) was combined with 4 mL of 0.2 mM DPPH solution 

for 30 s. The absorbance of the mixture at 517 nm was measured. A calibration 

curve with Trolox at concentrations of 0–80 μmol/L was established. Results were 

showed as milligrams of Trolox equivalents (TE) per gram.  

2.3.13 Ferric reducing antioxidant power (FRAP) assay 
Ferric reducing antioxidant power (FRAP) was determined according to 

Benzie et al [110]. FRAP reagent was prepared by mixing 20 mM FeCl3 solution, 

0.3 M acetate buffer (pH 3.6) and 10 mM Tri-2-pyridyl-s-triazine (TPTZ) solution 

in 40 mM HCl solution with the ratio of 1:10:1 (v/v/v). Before use, the FRAP 

reagent was incubated at 37 °C. FRAP reagent (6.0 mL) was fully reacted with 

0.2 mL of diluted sample extract. The absorbance at 593 nm was measured after 

a 10-minute incubation at 37 °C. A calibration curve was obtained using different 

concentrations (0–600 μmol/L) of Trolox. All solutions got ready the day of 

analysis. The results were expressed as mg TE/g. 
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2.3.14 Determination of ABTS radical scavenging ability 
The 2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) assay 

was conducted by the colorimetric method reported in 111] with small 

modifications. To make the ABTS+· solution, 7 mM ABTS and 2.45 mM K2S2O8 

solution were mixed in equal quantities. The ABTS+· solution was left to stand for 

16 h in the dark at room temperature. Before the measurement, the 

ABTS+· solution was diluted with 80% (v/v) ethanol to provide an absorbance of 

0.70 ± 0.02 at 734 nm. Diluted extract (0.4 mL) was reacted with 3.6 mL diluted 

ABTS+· solution for 6 min at room temperature. Absorbance was read at 734 nm. 

Trolox with different concentrations (0–150 μmol/L) was used as a calibration 

curve. Results were expressed as milligrams Trolox equivalents (TE) per gram 

(mg TE/g). 

2.3.15 Sensory evaluation of meat products 
Group of 20-trained specialists from the School of Food and 

Bioengineering, Hezhou University, China, conducted a sensory evaluation. 

Before participating in the sensory evaluation, the specialists were trained on the 

sensory descriptors of the different sausages. A ten-point hedonic scale was used 

to test the color, odor, flavor, texture and overall acceptability of sausage samples. 

The hedonic scale consisted of ten points: 1 – terrible; 2 – don't like it very much; 

3 – dislike moderately; 4 – don't like it a bit; 5 – neither likes nor dislikes; 6 – like 

it slightly; 7 – moderately liked; 8 – really like it; 9 – like it very much; 10 – 

excellent. 

2.3.16 Sensory evaluation of sausage products 
Invite 10 food majors with sensory evaluation experience to form an 

evaluation team. Cut off both ends of the heated sausage, cut the middle part into 

a 1 cm-long cylinder, and distribute sausage products of different experimental 

groups to the group members for evaluation. Mainly evaluate the color, hardness, 

flavor, viscosity and overall acceptability of sausage products. The scoring table 

is shown in Table 2.1. 
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Table 2.1 
Sensory evaluation standard of sausage products 

Evaluation 
index 

Evaluation score 
1~3 Score 4~6 Score 7~9 Score 

Color 
Average appetite, 

normal 

No appetite, poor 

color 

Appetite, attractive 

color 

Texture 
The taste is rough and 

hard 

The taste is slightly 

rough and hard 

The taste is fine and 

elastic 

Flavor No sausage taste Average sausage taste Suitable sausage taste 

Viscosity Sticky teeth Slightly sticky teeth Non-sticky teeth 

Overall 
acceptability 

Not accept Accept Like 

 

2.3.17 Sensory evaluation of biscuits 
According to the GB/T 20980-2021 General quality of biscuits [112], 10 

experienced sensory evaluators without special hobbies were selected to conduct 

sensory evaluation of biscuits. Biscuits were placed in a white porcelain plate 

under natural light. Criteria for sensory evaluation of biscuits is shown in Table 

2.2. 
Table 2.2 

Criteria for sensory evaluation of biscuits 

Index Evaluation criterion Score/ 
point 

Color 

Uniform color, purple red, no white powder and no 
burning. 
Color is uniform, with a small amount of over burnt 
and over white. 
Uneven color, poor luster, and a lot of over burnt and 
over white. 

21～30 

16～20 

1～15 

Appearance 

Complete appearance, no cracks, even thickness, few 
concave bottoms. 
The appearance is basically complete, with a few 
cracks, basically uniform thickness, and few concave 
bottoms. 
Incomplete appearance, uneven thickness, many 
cracks and concave bottoms. 

11～15 

7～10 

1～6 
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continuation of Table 2.2 

Organization 
structure 

Fine tissue, the fault is uniform, uniform and fine 
small pores inside. 
Rough tissue, basically uniform small pores, and 
different size of cavities.  
Poor organization, uneven small holes, and obvious 
difference in hole size. 

11～15 

7～10 

1～6 

Taste 

The taste is crisp, pure, and not sticky. 
The taste is crisp, sweet or light, slightly sticky. 
The taste is soft, not brittle, rough, too sweet or too 
light, sticky. 

16～20 

13～15 

1～12 

Odor and 
flavor 

Rich fragrance, unique beetroot flavor, harmonious 
smell, and no peculiar smell. 
Relatively strong flavor, low beetroot flavor, 
harmonious smell, and no peculiar smell. 
Fragrance is not obvious, without beetroot flavor, with 
peculiar smell. 

16～20 

8～15 

1～7 

 

The panelists were asked to evaluate the biscuits for different sensory 

attributes, namely color (30 points), taste (20 points), organization structure (15 

points), appearance (15 points), odor and flavor (20 points), and the overall 

acceptability was 100 points.  

2.3.18 Determination of pH value in meat products 
The pH values of the samples were determined using a pH meter. Taking 

10 g of meat products emulsion, added 100 mL of distilled water, well-mixed, and 

then stand for 10 min. At last, took the supernatant and measured the pH value for 

three times [113].  

2.3.19 Determination of TBARS and peroxide value in meat products 

The thiobarbituric acid reactive substances (TBARS) value was determined 

using the method described in [114]. Peroxide value was measured according to 

the method in [115]. 

2.3.20 Determination of ash, fat and protein content in meat products 
and biscuits 

Ash contents of samples were determined according to AOAC (2000) [116]. 

Fat content was measured using the Soxhlet extraction method in accordance with 
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AOAC (2006) [117]. Protein content was analyzed was determined by the 

automatic Kjeldahl nitrogen analyzer. 

2.3.21 Microbiological analyses of meat products 
25 g of meat products sample was homogenized with 225 mL of 0.1% 

peptone water, and serially diluted to a decimal scale. Lactic acid bacteria were 

quantified using agar (30 °C/72 h) under anaerobic conditions, aerobic mesophilic 

bacteria on a standard agar medium (35 °C/48 h), and total coliforms on brilliant 

green bile broth (35 °C/24 h). For mould-yeast count, potato dextrose agar 

(pH: 3.5) was used (aerobically incubation for 5 days at 25 °C). 

2.3.22 Cooking loss in sausage products 
Weigh 35 g of minced meat into a 50 ml centrifuge tube and centrifuge 

(3000 rpm, 5 min) to remove air bubbles in the tube. Then, heat it in a water bath 

(75 °C, 30 min), cool the heated sample at room temperature for 1 hour, weigh it 

after cooling, and record its mass. The calculation of cooking loss is shown in 

formula 7. 

𝐶𝑜𝑜𝑘𝑖𝑛𝑔 𝐿𝑜𝑠𝑠 =
𝑤 0−𝑤 1

𝑤 0
× 100%           (7) 

Where w0-weight of raw meat batters, g; w1-weight of cooked meat batters, 

g. 

2.3.23 Emulsion stability of sausage products 
Pour the liquid lost during cooking (centrifuge tube upside down for 40 

minutes) into a glass dish. Moisture loss is the weight of the liquid lost by cooking 

and drying after heating at 105 °C for 16 hours, while fat loss is the mass of the 

sample remaining after the drying of the liquid lost by cooking. The calculation 

of water loss and fat loss is shown in formulas 8 and 9. 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐿𝑜𝑠𝑠 =
𝑤 2−𝑤 3

𝑤 0
× 100%          (8) 

𝐹𝑎𝑡𝑡 𝐿𝑜𝑠𝑠 =
𝑤 3

𝑤 0
× 100%             (9) 

Where w0-weight of raw meat batters, g; w2-weight of cooking liquid, g; 

w3-remaining weight after heating, g. 
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2.3.24 Moisture distribution of sausage products 
In this experiment, low- field nuclear magnetic resonance (LF-NMR) 

technology was used to determine the dynamic distribution of internal water 

content of chicken intestines and raw meat paste in different experimental groups. 

Wrap the raw meat mince with plastic wrap into spherical samples with a diameter 

of about 1cm, cut the chicken intestines into 1cm×1cm×4cm, and wrap the sample 

with plastic wrap into cylindrical samples and place them in a nuclear magnetic 

test tube (test tube diameter is 1.8 cm, height 18 cm), use the analysis application 

software to determine the sample relaxation time. Inversely perform the lateral 

relaxation (T2) through the CONTIN software, and display the corresponding 

relaxation time (T2B, T21 and T22) and amplitude (A2B, A21 and A22). Use the 

imaging software that comes with the system to scan the sample into an MRI 

picture, and use the pseudo- color IPT.2014 software to make the MRI picture 

pseudo-color processing. 

2.4 Laboratory research protocols 
The research was carried out at Hezhou University in China, Sumy 

National Agricultural University in Ukraine, the results of experiments are 

confirmed by relevant research protocols. Research protocols are given in the 

Addition A. "Protocols of experimental data". 

2.5 Statistical analysis 
All experiments were performed in at least triplicate, and all values are 

expressed as mean ± standard deviation (SD). Figures were drawn using Origin 

2017 (Origin Lab, MA, USA). One way analysis of variance (ANOVA) and the 

Tukey’s multiple range test / Ducan’s multiple range test were computed with the 

SPSS Statistics Version 20 (IBM Corporation, Chicago, IL, USA) at a statistical 

significance level of 95% confidence level (p<0.05). By default, if the samples 

are listed in order in the column, values with different letters in the same column 

indicate a significant difference (p<0.05). If samples are indicated in turn in a row, 

values with different letters in the same row indicate a signifcant difference 

(p<0.05).  
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SECTION 3 
TECHNOLOGY FOR OBTAINING DRIED BEETROOT AND 
IMPROVING THE FUNCTIONAL AND TECHNOLOGICAL 

PROPERTIES BY FREEZE-THAW PRETREATMENT 
 

3.1 Technology for obtaining dried beetroots 
Fresh beetroots contain amounts of moisture and can not be stored for a 

long time. Additionally, it is expensive to transport fresh beetroots and simple to 

damage mechanical components. Therefore, transporting fresh beetroot over great 

distances is not recommended. As a result, processing beetroots is required to cut 

shipping costs and increase storage time. Drying is a well-known process for 

maintaining the quality of vegetables and fruits, and it works by using heat to 

remove moisture [118], which plays a critical role in extending the shelf life of 

fresh perishable foods, lowering packing costs, and reducing transportation 

weight [119]. Drying fresh beetroots can reduce moisture content and water 

activity, which in turn reduces microbial development, chemical reactions, and 

enzymatic activity, as well as storage and transportation expenses [120]. 

It is well known that the drying process causes nutritional losses and 

changes the chemical and physical properties of raw materials. Therefore, it is 

critical to select appropriate drying method/conditions in order to achieve high-

quality dehydrated beetroots. 

3.1.1 Effects of drying conditions on quality attributes of beetroots 
3.1.1.1 Effects of heat pump drying conditions on quality 

characteristics of beetroots 
Based on the inverse Carnot cycle theory, heat pump drying (HPD) can 

adjust the drying temperature and air humidity separately, recover energy from 

exhaust, and increase energy efficiency [36], which is particularly suitable for the 

heat-sensitive vegetables and fruits as drying can occur at low temperatures. 

Studies have shown that agricultural items dried using HPD have better 

color and flavor qualities than those dried using the traditional hot air dryer. The 
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bioactive components and antioxidant power of beetroot may be lost during the 

heat pump drying process. Consequently, the objective of this study was to 

investigate the influence of various heat pump drying conditions on the quality 

attributes of beetroots. 

Experiment design. The one-factor-at-a-time method was applied in this 

study to design experiments repeated three times. Investigated factors include 

slice thickness, drying temperature, and loading density. The levels of loading 

density were 1.5, 2.0, 2.5, and 3.0 kg/m2, respectively, those of drying 

temperatures were 45, 50, 55, 60, and 65 °C, correspondingly, and slice 

thicknesses were 2, 5, and 8 mm, individually. The beetroot samples were put 

single layer on a rectangular polyethylene tray (50 × 74 cm), which was put into 

a heat pump dryer. 

Results of physicochemical properties and antioxidant activity in beetroots. 

The effect of loading density on the heat pump drying of beetroots was carried at 

drying temperature of 65 °C and slice thickness of 5 mm. The color changes of 

beetroots affected by different loading densities are presented in Table 3.1. 

Table 3.1 

Effect of different loading densities on color parameters of beetroots 

Loading density, 
kg/m2 L a b ∆E 

1.5 38.56 ± 1.17a 21.62 ± 0.71d 0.82 ± 0.20e 7.40 ± 0.11a 

2.0 37.44 ± 0.60ab 23.11 ± 0.24c 1.47 ± 0.09c 5.95 ± 0.32b 

2.5 37.75 ±0.86ab 24.77 ± 0.31b 2.37± 0.30b 4.10 ± 0.12c 

3.0 38.95 ± 1.01a 25.28 ± 0.44b 1.23 ± 0.05d 3.82 ± 0.09d 

FD beetroots 38.71 ± 0.90a 28.73 ± 0.16a 2.86 ± 0.07a - 

 

The L values of beetroots dried at different loading densities were not 

significantly different compared to freeze dried (FD) beetroots. The a values of 

beetroots significantly increased with the increase of loading density, and were 

significant lower than that of freeze dried (FD) beetroots (p < 0.05). Different 
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loading densities had significant effects on the b values of beetroots, and the b 

values of beetroots dried at different loading densities significantly lower than 

that of FD beetroots (p < 0.05). In terms of ∆E, decreased with the increase of 

loading density, and the beetroots dried at loading density of 3.0 kg/m2 showed 

the lowest ∆E (3.82 ± 0.09), indicating that the color of beetroots dried at loading 

density of 3.0 kg/m2 was close to that of FD beetroots.  

As seen in Fig. 3.1, the rehydration ratio of dried beetroots increased with 

increasing loading density, and no significant difference was observed in 

rehydration ratio between beetroots dried at loading density of 2.5 kg/m2 and 3.0 

kg/m2. The beetroots dried at loading density of 1.5 kg/m2 displayed the lowest 

rehydration ratio of 4.68 ± 0.05. 

 
 

Fig. 3.1 The effect of loading density on rehydration ratio of dried 

beetroots 
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Contents of betalains and ascorbic acid presented in Table 3.2 indicate the 

influence of loading density. Contents of betacyanins and betaxanthins were 

showed the same tendency, and increased with the increase of loading density 

from 2.0 to 3.0 kg/m2. Betacyanins content was the highest (2.81 ± 0.03 mg/g) for 

dehydrated beetroots at loading density of 2.0 kg/m2, and the lowest (2.50 ± 0.06 

mg/g) for dehydrated beetroots dried at loading density of 3.0 kg/m2, while 

betaxanthins content reached to the highest (1.67 ± 0.02 mg/g) at loading density 

of 2.0 kg/m2, and to the lowest (1.41 ± 0.01 mg/g) at loading density of 3.0 kg/m2. 
Table 3.2  

Effect of different loading densities on betalains content and ascorbic acid 

content of dried beetroots 

Loading density, 
kg/m2 

Betacyanins, 

mg/g
 Betaxanthins, 

mg/g
 Ascorbic acid, 

mg/100g 
1.5 2.69 ± 0.02b 1.56 ± 0.05b 309.93 ± 5.21a 

2.0 2.81 ± 0.03a 1.67 ± 0.02a 302.16 ± 3.14ab 

2.5 2.67 ± 0.02b 1.59 ± 0.01b 296.55 ± 1.95bc 

3.0 2.50 ± 0.06c 1.41 ± 0.01c 290.29 ± 5.97c 

 

It can be seen from Table 3.2 that the ascorbic acid content decreased with 

the increase of loading density. It is not surprising that the larger loading density 

was, the longer the drying time was, and the more serious destruction of ascorbic 

acid was. Because the ascorbic acid is a heat-sensitive substance, which will be 

destroyed after long-time drying. The beetroots dried at 1.5 kg/m2 showed the 

highest ascorbic acid of 309.93 ± 5.21 mg/100g. 

Contents of total phenolic and total flavonoids in dehydrated beetroots 

affected by loading density were determined and are demonstrated in Fig. 3.2. 

Actually, there were no significant differences in total phenolic (p > 0.05) among 

dehydrated beetroots obtained at different loading densities, indicating that the 

loading density has little effect on the total phenolic content of dehydrated 

beetroots. The total phenolic content of dehydrated beetroots ranged from 9.36 ± 
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0.20 to 9.83 ± 0.17 mg GAE/g. The content of total flavonoids increased with the 

increase of the loading density, but the increase was not significant (p > 0.05) 

when the loading densities were 2.0, 2.5, and 3.0 kg/m2. The dehydrated beetroots 

dried at loading density 1.5 kg/m2 showed the lowest total flavonoids content of 

7.57 ± 0.16 mg CE/g.  

 
Fig. 3.2 Contents of total phenolic and total flavonoids of dehydrated 

beetroots as affected by different loading densities 

 

In order to achieve a more complete view, three methods (ABTS, DPPH 

and FRAP assays) were used to evaluate the antioxidant activities of dehydrated 

beetroots. Each method is based on a different chemical system and/or reaction, 

choosing multiple methods can be expected to obtain different antioxidant activity 

results, allowing researchers to better understand the great variety and range of 

action of antioxidant compounds found in beetroots [30]. Table 3.3 shows the 

antioxidant activities of dehydrated beetroots under difference loading densities. 
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The scavenging ability of DPPH radicals decreased with the increase of the 

loading density. ABTS radical scavenging ability decreased first and then 

increased with the increase of loading density. It was obvious that FRAP value 

decreased with the increase of loading density, but there was no difference in 

FRAP values among the loading densities of 2.0, 2.5 and 3.0 kg/m2. The highest 

DPPH radical scavenging activity, FRAP value and ascorbic acid content were 

found in the dried beetroots obtained at loading density of 1.5 kg/m2, indicating 

that DPPH radical scavenging and FRAP values were direct correlations to 

ascorbic acid content. Correlations between ascorbic acid content and FRAP value 

were also reported in other studies [121]. 

Table 3.3  

Antioxidant activities of dehydrated beetroot samples at different loading 

densities 

Loading density, 

kg/m2 DPPH, mg TE/g ABTS, mg TE/g FRAP, mg TE/g 

1.5 1.28 ± 0.04a 22.75 ± 0.42a 15.98 ± 0.13a 

2.0 1.11 ± 0.01b 20.89 ± 0.68b 15.33 ± 0.36b 

2.5 1.08 ± 0.02b 21.82 ± 0.46ab 15.06 ± 0.08b 

3.0 1.02 ± 0.02c 22.48 ± 0.52b 14.81 ± 0.23b 

 

To explore the influence of drying temperature on the bioactive compounds 

and antioxidant activities of dehydrated beetroots. The beetroot samples were 

dried at loading density of 2.0 kg/m2 and slice thickness of 5 mm, and the 

temperature of drying ranged 45, 50, 55, 60, and 65 °C.  

The color parameters of dried beetroots affected by different drying 

temperatures are displayed in Table 3.4. The highest L value of beetroot was dried 

at 50 °C, indicating the brightest character. The lowest L value was found in the 

dried beetroot produced using the lowest temperature of 45 °C, a similar 

conclusion has been reported in [122]. Compared to FD beetroots, the effect of 

drying temperature on L value was not significant. FD beetroots had the highest a 
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value, indicating the most redness. The value of a was discovered to decrease 

during the drying temperature range from 45 to 60 °C, and subsequently to 

increase at 65 °C. There was an decrease in yellowness (b) with an increase in 

drying temperature. The color variations of samples after drying at various 

temperatures cannot be fully explained by the individual analyses of the L, a, and 

b parameters. The Maillard reaction takes place during drying, creating dark 

pigments that alter the sample's color. The drying temperature has an impact on 

this process, with higher temperatures generating more dark pigments [122]. 

However, the drying time that the sample is subjected to this condition is also an 

important factor, on the other hand, drying time is a key aspect since the shorter 

the exposure time, the lower the formation of dark pigments, with a compensatory 

effect [123]. The ∆E values of beetroots dried at 45, 50, and 65 °C were 

significantly lower than those of beetroots dried at 55 °C and 60 °C, and there was 

no significant difference in ∆E values among the beetroots dried at 45, 50, and 

65 °C (p > 0.05). As a result, dried beetroots submitted to 45 °C displayed a larger 

tendency towards redness, yellowness, in comparison with those of dried 

beetroots subjected to other drying temperatures. 

Table 3.4 

Effect of different drying temperatures on color parameters of beetroots 

Drying 

temperature, °C L a b ∆E 

45 36.27 ± 0.27c 25.43 ± 0.22b 1.91 ± 0.14b 4.22 ± 0.30c 

50 39.20 ± 0.95a 25.04 ± 1.18bc 1.55 ± 0.23bc 4.05 ± 0.34c 

55 37.44 ± 0.60abc 23.11 ± 0.24c 1.47 ± 0.09bc 5.95 ± 0.32ab 

60 36.39 ± 1.56bc 23.03 ± 0.34c 1.44 ± 0.13bc 6.47 ± 0.19a 

65 39.10 ± 0.62ab 24.99 ± 1.29bc 1.22 ± 0.23c 4.17 ± 0.27c 

FD beetroots 38.71 ± 0.90abc 28.73 ± 0.16a 2.86 ± 0.07a - 

 

Rehydration capability, a key quality indicator for dried products, measures 

how well the material maintains its original shape following drying and the degree 
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to which the cellular structure has been harmed. It relies on the properties of the 

materials, the conditions of drying and rehydration, the degree of cellular material 

damage during drying, and the kind of pretreatment used. Typically, the drying 

process alters the material's structure permanently and prevents it from returning 

to its original shape. The rehydration ratio of dried beetroots prepared at different 

drying temperatures are illustrated in Fig 3.3. It can be seen that rehydration ratio 

of dried beetroots decreased significantly (p < 0.05) with the increase of drying 

temperature. Similar trend has been reported in [124]. Rehydration ratios at drying 

temperatures of 45 to 65 °C varied from 5.17 ± 0.09 to 4.50 ± 0.19, respectively. 

This could be because as the drying temperature rises throughout the drying 

process, the moisture on the sample's surface evaporates quickly, leaving a hard 

layer, and the high temperature disrupts the structure of the tissue, resulting in a 

drop in rehydration ratio [125]. As we know, the lower the rehydration ratio, the 

more severe the damage to the sample's cell structure. 

 
Fig 3.3 Influence of drying temperature on the rehydration ratio of dried 

beetroots 
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Betalains are naturally occurring water-soluble, nitrogen-containing 

pigments that can be separated into red-violet betacyanins and yellow-orange 

betaxanthins [126]. Table 3.5 displays the betalains content of dried beetroots as 

determined by the amounts of betacyanins (known as betanin) and betaxanthins 

(known as indicaxanthin). The betalains content of beetroots dried at various 

temperatures showed significant variances (p < 0.05). With an increase in drying 

temperature, dried beetroot had a significantly higher betacyanins content, 

ranging from 1.96 ± 0.02 to 3.59 ± 0.09 mg/g. Betacyanins content was the highest 

(3.59 ± 0.09 mg/g) for beetroot dried at 65 °C, and the lowest (1.96 ± 0.02 mg/g) 

for beetroot dried at 45 °C. With a rise in drying temperature, both betaxanthins 

and betacyanins content  exhibited the same trend. The betaxanthins content of 

dried beetroot ranged from 1.17 ± 0.01 to 2.09 ± 0.05 mg/g. The betaxanthins 

content was also the highest (2.09 ± 0.05 mg/g) for beetroot dried at 65 °C. 

According to reports, betalains in beetroots can degrade in a variety of ways 

during thermal processing, including decarboxylation, isomerization, and 

cleavage by acids and heat [127]. It was reported that betalains content and 

antioxidant activity of beetroot powder depended on drying temperature, and 

betacyanins decreased whereas betaxanthins increased with the increase of drying 

temperature from 50 to 120 °C [128]. In this study, the amount of betacyanins and 

betaxanthins varied significantly among the beetroots dried at various 

temperatures and increased with higher drying temperatures, indicating that the 

dehydration process's maximum drying temperature was insufficient to degrade 

the pigment. On the contrary, higher drying temperatures led to higher pigment 

concentrations. 

Table 3.5 

Effect of different drying temperatures on betalains content and ascorbic 

acid content of dried beetroots 

Drying 

temperature, °C 
Betacyanins, 

mg/g
 Betaxanthins, 

mg/g
 Ascorbic acid, 

mg/100g 
45 1.96 ± 0.02e 1.17 ± 0.01e 230.61 ± 2.57e 



70 

continuation of Table 3.5 

50 2.44 ± 0.02d 1.57 ± 0.02d 272.48 ± 1.53d 

55 2.81 ± 0.03c 1.67 ± 0.02c 302.16 ± 3.41c 

60 3.17 ± 0.03b 1.93 ± 0.02b 313.17 ± 6.82b 

65 3.59 ± 0.09a 2.09 ± 0.05a 365.83 ± 1.78a 

 

As an essential antioxidant, ascorbic acid plays an numerous role in human 

diet. It is generally known that ascorbic acid is highly vulnerable to oxidation in 

certain situations, such as heat, the presence of heavy metal ions and oxygen, and 

alkaline pH [129]. As shown in Table 3.5, the ascorbic acid content of dried 

beetroots were found in a range from 230.61 ± 2.57 to 365.83 ± 1.78 mg/100g 

that  a significant (p < 0.05) increase with increasing drying temperature, being 

the highest value (365.83 ± 1.78 mg/100g) at 65 °C.  

Figure 3.4 depicts how the total phenolic content and total flavonoid content 

of dried beetroot are affected by the drying temperature. As observed in Fig 3.4, 

the total phenolic content of dried beetroots at different drying temperatures 

increased from 8.39 ± 0.06 to 11.07 ± 0.60 mg GAE/g. The total phenolic content 

in dried beetroots was positively related to the heat pump drying temperatures. 

The beetroot sample dried at 65 °C exhibited the highest total phenolic content of 

11.07 ± 0.60 mg GAE/g. Thermal treatment is well acknowledged to be the most 

important factor that might influence the amount of phenolic chemicals. The total 

phenolic data obtained in this study suggested that raising the drying temperature 

greatly enhanced the total phenolic content in beetroot, which is consistent with 

Gokhale and Lele [124], who reported that total phenolic content of beetroots 

increased with the increase of drying temperatures (50–120 °C). It has been 

reported by Kubra and Rao [130] that heat energy may cause the breakdown of 

the cellular constituents leading to a higher release of polyphenols from the 

matrices, which may be the reason for the high content of total phenolic obtained 

at 65 °C in the current study. 
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Fig 3.4 Effect of different drying temperatures on total phenolic content 

and total flavonoids content of dried beetroots 

 

As seen from Fig 3.4 that increase in drying temperature led to an increase 

in total flavonoids content. The total flavonoids content exhibited the similar trend 

as total phenolic content. The highest content (9.50 ± 0.38 mg CE/g) of total 

flavonoids in dried beetroot was obtained at 65 °C. This total flavonoids content 

decreased to 9.14 ± 0.34 mg CE/g for the beetroot dried at 60 °C, and the total 

flavonoids loss was further obtained by decreasing the drying temperature, so the 

total flavonoids content was reached 6.96 ± 0.14 mg CE/g at 45 °C. The 

breakdown of cellular components caused by high drying temperatures releases 

the flavonoids and makes them available for extraction. However, a little exposure 

period during the drying process is good for the retention of flavonoids [131]. It 

has been shown that the presence of betalains and polyphenols influences 

antioxidant capacity, which increases after thermal treatment [126].  
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The influence of different drying temperatures on the antioxidant activities 

of dehydrated beetroots is presented in Table 3.6. 

Table 3.6 

Antioxidant activities of dehydrated beetroots at different drying 

temperatures 

Drying 

temperature, °C 
DPPH, mg TE/g ABTS, mg TE/g FRAP, mg TE/g 

45 1.56 ± 0.03a 20.49 ± 0.16b 12.74 ± 0.45d 

50 1.25 ± 0.01b 20.74 ± 0.13b 14.21 ± 0.35c 

55 1.11 ± 0.01c 20.89 ± 0.56b 15.62 ± 0.66b 

60 0.84 ± 0.01d 23.17 ± 0.45a 16.46 ± 0.08b 

65 0.40 ± 0.02e 24.10 ± 0.16a 17.81 ± 0.04a 

 

As observed in Table 3.6, a significant (p < 0.05) decrease of DPPH radical 

scavenging ability in dried beetroots by increasing the drying temperatures, where 

the lowest DPPH radical scavenging ability in dried beetroot was 0.40 ± 0.02 mg 

TE/g at 65 °C.  

With an increase in drying temperature, it was evident that ABTS radical 

scavenging ability increased. The ABTS radical scavenging ability was the lowest 

(20.49 ± 0.16 mg TE/g) at 45 °C and the highest (24.10 ± 0.16 mg TE/g) at 65 °C. 

Similar trend has been reported in [124].  

As seen in Table 3.6, the dried beetroots showed the lowest (12.74 ± 0.45 

mg TE/g) FRAP value at 45 °C, while the highest (17.81 ± 0.04 mg TE/g) FRAP 

value at 65 °C. The ABTS radical scavenging ability and FRAP values of 

beetroots followed similar trends with drying temperatures, peaking at 65 °C. 

Additionally, raising the drying temperature may result in a higher rise in the 

FRAP value and ABTS radical scavenging ability.  

The effect of slice thickness on the heat pump drying of beetroots was 

investigated at the loading density of 2.0 kg/m2 and drying temperature of 65 °C. 

Color parameters of beetroots affected by slice thicknesses are shown in Table 
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3.7. Compared to FD beetroots, the L values of beetroots with different slice 

thicknesses were not significant difference. The beetroots with different slice 

thicknesses showed significantly lower a values in comparison with that of FD 

beetroots. Meanwhile, the b values of beetroots with different slice thicknesses 

significantly lower than that of FD beetroots. The ∆E values of beetroots with 

different slice thicknesses were significant differences, and the beetroots with 

slice thickness of 2 mm showed the lowest ∆E value (2.44 ± 0.12).  

Table 3.7  

Effect of different slice thicknesses on color parameters of beetroots 

Slice thickness, 
mm L a b ∆E 

2 38.24 ± 1.14a 26.63 ± 0.76b 1.70 ± 0.10b 2.44 ± 0.12c 

5 37.44 ± 0.60ab 23.11 ± 0.24d 1.47 ± 0.09c 5.95 ± 0.32a 

8 39.92 ± 1.12a 24.68 ± 0.72c 1.40 ± 0.07c 4.48 ± 0.20b 

FD beetroots 38.71 ± 0.90a 28.73 ± 0.16a 2.86 ± 0.07a - 

 

Fig 3.5 shows the rehydration ratio of dried beetroots affected by different 

slice thicknesses. Significant differences were observed in the rehydration ratio 

of beetroots with different slice thicknesses (p < 0.05). The rehydration ratio 

significantly decreased with the increase of slice thickness, and the beetroots with 

2 mm illustrated the highest rehydration ratio. Meanwhile, the lowest rehydration 

ratio of beetroots with slice thickness of 8 mm was 4.15 ± 0.03. 

Table 3.8 shows the betalains content and ascorbic acid content in 

dehydrated beetroots at different slice thicknesses. The results revealed that the 

slice thickness significantly (p < 0.05) affected betacyanins content, which 

reached to the highest (2.81 ± 0.03 mg/g) at 5 mm and the lowest (2.01 ± 0.03 

mg/g) at 8 mm. It was obvious that betaxanthins content of dehydrated beetroots 

significantly (p < 0.05) decreased with the increase of slice thickness. When the 

thickness of dehydrated beetroots was 8 mm, the betaxanthins content reached to 

the lowest (1.12 ± 0.01 mg/g). 
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Fig 3.5 Rehydration ratio of dried beetroots with different slice 

thicknesses 

 

As shown in Table 3.8, slice thickness was significantly (p < 0.05) affected 

ascorbic acid content of dehydrated beetroots. The highest ascorbic acid content 

(302.16 ± 3.41 mg/100g) of dehydrated beetroots was obtained at the slice 

thickness of 5 mm. 

Table 3.8  

Effect of different slice thicknesses on antioxidant capacity of beetroots 

Slice thickness, 
mm 

Betacyanins, 

mg/g
 Betaxanthins, 

mg/g
 Ascorbic acid, 

mg/100g 
2 2.35 ± 0.02b 2.00 ± 0.02a 287.27 ± 2.77b 

5 2.81 ± 0.03a 1.67 ± 0.02b 302.16 ±3.41a 

8 2.01 ± 0.03c 1.12 ± 0.01c 229.96 ± 3.61c 
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flavonoids are illustrated in Fig 3.6. No significant difference (p > 0.05) was 

noticed in total phenolic content of dehydrated beetroots with slice thickness of 2 

mm and 5 mm. The total phenolic content of dehydrated beetroots was 

significantly (p < 0.05) reduced at slice thickness of 8 mm, in comparison with 

other slice thicknesses. The change trend of total flavonoids content with slice 

thickness was consistent with total phenolic content. The lowest total flavonoids 

content of dehydrated beetroots was 6.24 ± 0.31 mg CE/g at slice thickness of 8 

mm.  

 
Fig 3.6 Contents of total phenolic and total flavonoids of dehydrated 

beetroots as affected by slice thickness 

 

Table 3.9 shows the changes of antioxidant activities at different slice 

thicknesses. DPPH radical scavenging ability increased significantly (p < 0.05) 

with the increase of slice thickness. The free radical scavenging ability of DPPH 

was found to be the highest (1.75 ± 0.00 mg TE/g) in the dehydrated beetroots 
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with slice thickness of 8 mm. As observed from Table 3.9, no significant 

difference (p > 0.05) was observed in ABTS radical scavenging ability of 

beetroots at different slice thicknesses. It was found that the maximum FRAP 

value in dehydrated beetroots was obtained at slice thickness of 5 mm, which was 

highly correlated with ascorbic acid content and betacyanins content in 

dehydrated beetroots.  

Table 3.9 

Antioxidant activities of dehydrated beetroots at different slice 

thicknesses 

Slice thickness, 
mm DPPH, mg TE/g ABTS, mg TE/g FRAP, mg TE/g 

2 0.98 ± 0.02c 20.96 ± 0.26a 14.29 ± 0.24b 

5 1.11 ± 0.01b 20.89 ± 0.68a 15.62 ± 0.66a 

8 1.75 ± 0.00a 20.00 ± 0.31a 12.29 ± 0.22c 

 

Heat pump drying is an energy efficient technique, which can be used to 

dehydrate products with heat-sensitive compounds. The effect of heat pump 

drying conditions, including loading density, drying temperature, and slice 

thickness on the physical properties, bioactive compounds of dehydrated 

beetroots as well as its antioxidant activities were investigated. Higher loading 

density prolonged drying time, causing more loss in ascorbic acid and DPPH 

radical scavenging ability. With increase in loading density from 2.0 to 3.0 kg/m2, 

there was no significant difference in total phenolic content and total flavonoids 

content of dehydrated beetroots. However, contents of betacyanins and 

betaxanthins in dehydrated beetroots decreased significantly with the increase of 

loading density from 2.0 to 3.0 kg/m2. Drying temperature and slice thickness 

demonstrated significant impacts on the bioactive compounds and antioxidant 

activities of dehydrated beetroots. Contents of betalains, total phenolic, total 

flavonoids, and ascorbic acid of dehydrated beetroots increased significantly with 

increasing drying temperature. The FRAP value of dehydrated beetroots increased 
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significantly with the increase of drying temperature, while the DPPH radical 

scavenging ability decreased with increasing drying temperature. Contents of 

ascorbic acid and betacyanins reached to the highest value in the dehydrated 

beetroots with 5 mm. The DPPH radical scavenging ability of dehydrated 

beetroots increased with increasing of slice thickness. Changes in FRAP values 

were found to be correlated with changes in content of ascorbic acid and 

betacyanins.  

Overall, the optimal heat pump drying conditions were loading density of 

2.0 kg/m2, drying temperature of 65 °C, and slice thickness of 5 mm. 

3.1.1.2 Effects of microwave vacuum drying conditions on quality of 
beetroots 

Microwave vacuum drying (MVD) or vacuum microwave drying (VMD) 

is one of novel technologies, and a gentle and effective drying technique. The 

microwave's intense heating and the vacuum's low boiling point cause the material 

to be dried at a comparatively low temperature in a short period of time, helping 

to maintain a high level of healthy nutrition and sensory quality [132]. Although 

MVD has been studied in food applications, no studies have been found in the 

literature on the effects of drying conditions on the physicochemical attributes and 

antioxidant activity of beetroots. Therefore, this study was to investigate the effect 

of microwave vacuum drying conditions, including sample thickness, microwave 

power, and vacuum degree, on the physicochemical properties and antioxidant 

activity of beetroots.  

Experiment design. Fresh beetroots were washed, peeled, and then cut into 

slices (diameter = 60 mm). The one-factor-at-a-time method was applied in this 

study to design experiments. Fresh beetroot slices (800.0 g) were put on the tray 

(610 × 430 × 50 mm) of a vacuum microwave dryer for continuous dehydration 

at different microwave power (500, 1000, and 1500 W), vacuum degree (–50, –

70, and –90 kPa), and sample thickness (2, 4, and 6 mm). The drying process 

stopped as the final moisture content of beetroots lower than 7.0%.  
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Experimental results and discussions. Fresh beetroots were dried at sample 

thickness of 2 mm, vacuum degree of –80 kPa, and microwave power levels of 

500, 1000, and 1500 W to ascertain the impact of microwave power on the 

physicochemical parameters of beetroots. It can be seen from Fig. 3.7 that with 

an increase in microwave power, the drying time dramatically decreased, varied 

from 34.0 ± 1.0 to 87.3 ± 1.5 min. The drying time decreased by 43.0% when 

microwave power increased double (from 500 to 1000 W), and when the 

microwave power was increased to 1500 W, the drying time was only 38.9% of 

that of the microwave power of 500 W.  

The sample's cell structure will be damaged during the drying process. The 

rehydration ratio decreased in direct proportion to the degree of cell structural 

damage. Rehydration ratio was seen to decrease as microwave power rose from 

500 to 1500 W. The microwave power of 1500 W caused the most cell structural 

damage, as evidenced by the fact that this power level resulted in the lowest 

rehydration ratio. 

 
Fig. 3.7 Drying time and rehydration ratio at different microwave powers 
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The L0, a0, and b0 of fresh beetroots were 37.52 ± 1.03, 28.47 ± 0.74, and 

6.02 ± 0.22, respectively. As displayed in Table 3.10, L values of dried beetroots 

were found to be higher than fresh beetroots, indicating that the color of beetroots 

became brighter after drying. Similar results were also found for obtaining 

beetroot powder [47, 52]. The beetroots dried at microwave power of 1000 W 

showed the highest L value of 43.44 ± 0.56, showing a lighter color than those of 

other microwave powers. No significant difference was observed in L values at 

microwave power of 500 W and 1500 W (p > 0.05). The a values of dried 

beetroots prepared at different microwave powers ranged from 22.92 ± 0.42 to 

23.81 ± 0.55, and were lower than that of fresh beetroots. Compared with other 

microwave powers, a value of beetroots obtained at 1000 W was larger, 

representing a greater redness. The lowest b value (2.83 ± 0.08) was obtained from 

the beetroots dried at microwave power of 500 W, which was significantly 

different from other microwave powers. The chroma (C) value is a good indicator 

of the color, distinguishing vivid and dull color [133]. The lower C value of dried 

beetroots at 500 W indicated lower saturation and a duller appearance compared 

with those of dried beetroots obtained at other microwave powers. H° value of 

dried beetroots illustrated a slight decrease as the microwave power increased. 

The H° value of beetroots dried at 1500 W was the lowest (6.52 ± 0.29), indicating 

that the beetroots were much more red. At different microwave powers, the total 

color difference (∆E) were between 6.46 ± 0.42 and 7.95 ± 0.33 compared to the 

fresh beetroots. It was reported that the ∆E parameters of microwave vacuum 

dried red beetroot samples were between 5.06 and 13.39 in [46]. The beetroots 

carried to 1500 W showed the lowest ∆E value, while the beetroots subjected to 

1000 W showed the highest ∆E value of 7.95 ± 0.33.  

Parameters L, a, C, and ∆E were similarly influenced by microwave power, 

presenting the highest values in the dried beetroots carried to 1000 W. Beetroots 

dried at 1500 W displayed the most ideal color, with the lowest ∆E and H° values. 

 

 



80 

Table 3.10 

Color changes of dried beetroots as affected by microwave powers 

Color parameter 
Microwave power, W 

500 1000 1500 

L 40.92 ± 1.22b 43.44 ± 0.56a 40.58 ± 0.66b 

a 22.92 ± 0.42b 23.81 ± 0.55a 23.36 ± 0.54ab 

b 2.83 ± 0.08b 3.51 ± 0.20a 3.56 ± 0.22a 

C 23.09 ± 0.41b 24.07 ± 0.56a 23.63 ± 0.56ab 

H° 8.08 ± 0.29a 6.74 ± 0.30b 6.52 ± 0.29b 

∆E 7.35 ± 0.37a 7.95 ± 0.33a 6.46 ± 0.42b 

 

Contents of betalains, ascorbic acid, total phenolic and total flavonoids in 

beetroots affected by different microwave powers are exhibited in Table 3.11. 

Betacyanins content decreased significantly with the increase of microwave 

power (p < 0.05). The highest content of betacyanins (4.65 ± 0.03 mg/g) was 

obtained from beetroots dried at 500 W. 

Dried beetroots obtained at 500 W showed the highest betaxanthins content 

(3.34 ± 0.06 mg/g) in comparison with other microwave powers. It can be 

explained that polar bonds in molecules with multiple polar bonds, such as 

betalains, ascorbic acid, and flavonoid compounds, can become weaker under the 

influence of microwave energy radiation. Those bonds can vibrate dramatically 

under microwave irradiation, causing the bond rupture to induce chemical 

reactions [134]. 

There was no significant difference in betaxanthins content, ascorbic acid 

content and total flavonoids content of beetroots carried to 1000 W and 1500 W 

(p > 0.05). The highest ascorbic acid content (939.1 ± 3.3 mg/100g) was noted in 

dried beetroots obtained at 500 W. 
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Table 3.11 

Impact of microwave power on the contents of bioactive compounds in 

dried beetroots 

Bioactive compounds 
Microwave power, W 

500 1000 1500 

Betacyanins, mg/g 4.65 ± 0.03a 4.29 ± 0.07b 4.02 ± 0.04c 

Betaxanthins, mg/g 3.34 ± 0.06a 2.85 ± 0.04b 2.82 ± 0.01b 

Ascorbic acid, mg/100g 939.1 ± 3.3a 794.4 ± 11.7b 789.5 ± 5.6b 

Total phenolic, mg GAE/g 11.26 ± 0.18a 8.19 ± 0.08b 11.37 ± 0.08a 

Total flavonoids, mg RE/g 28.34 ± 0.44a 25.92 ± 0.49b 26.04 ± 0.49b 

 

As seen in Table 3.11, the total phenolic content of dried beetroots ranged 

from 8.19 ± 0.08 to 11.37 ± 0.08 mg GAE/g, and the beetroots dried at 1000 W 

exhibited the lowest total phenolic content, which significantly lower than those 

of beetroots dried at 500 W and 1500 W (p < 0.05). 

The dried beetroots' maximum total flavonoids content (28.34 ± 0.44 mg 

RE/g) was detected at microwave power of 500 W. The content of total flavonoids 

decreased as microwave power increased. Cranberries dried in a microwave 

vacuum with a similar outcome have been reported in [135]. As a result, the 

beetroots dried at microwave power of 500 W demonstrated higher contents of 

betalains, ascorbic acid, total phenolic, and total flavonoids compared to other 

microwave powers.  

Effects of microwave power on the FRAP values of dried beetroots are 

shown in Fig. 3.8. As presented in Fig. 3.8, ferric reducing ability power (FRAP) 

value of dried beetroots decreased significantly with the increase of microwave 

power (p < 0.05). It was clearly shown that dried beetroots obtained at microwave 

power of 500 W, revealed the highest FRAP value of 14.70 ± 0.17 mg TE/g. 
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Fig. 3.8 Effects of microwave power on the FRAP values of dried 

beetroots 

 

The highest FRAP value, as well as contents of betalains, ascorbic acid and 

total flavonoids were found in the beetroots subjected to 500 W, indicating that 
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flavonoids. These results are in agreement with the result in [126], it was 

discovered that the presence of betalains, which may have risen during the 

treatments, as well as other polyphenols affects the increase in antioxidant 
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kPa. Effect of vacuum degree on the drying time and rehydration ratio of beetroots 

are illustrated in Fig. 3.9.  

 
Fig. 3.9 Drying time and rehydration ratio at different vacuum degrees 
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3.12 shows the color parameters of dried beetroots affected by different vacuum 

degrees. Values L, a, and b in dried beetroots were found to be higher than those 

of fresh beetroots. Dried beetroots had the maximum L value (41.17 ± 0.90) at 

vacuum degree of –50 kPa and the lowest value (38.62 ± 1.02) at vacuum degree 

of –70 kPa. It was discovered that the value of a increased as the vacuum degree 

increased. The highest a value was found in beetroots dried at –90 kPa. The b 

values of beetroots dried at various vacuum degrees showed significant 

differences, and increased with the increase of vacuum degree (p < 0.05). 

It was also observed that increasing vacuum degree significantly increased 

C value of dried beetroots (p < 0.05). The highest C value (24.28 ± 0.35) of 

beetroots was appeared at –90 kPa. As seen in Table 3.12, values of H° and ∆E 

displayed the same trends, both decreased significantly with the increase of 

vacuum degree (p < 0.05). The H° values of dried beetroots ranged from 6.39 ± 

0.18 to 8.49 ± 0.34, indicating that all dried beetroots exhibited in purple-red 

range. The beetroots dried at –90 kPa indicated the lowest H° value of 6.39 ± 0.18, 

indicating a more redness hue. The lowest ∆E value of beetroots dried at –90 kPa, 

while the highest value (7.61 ± 0.37) was obtained at –50 kPa,  

Table 3.12  

Color characteristics of dried beetroots as affected by vacuum degree 

Color parameter 
Vacuum degree, kPa 

–50 –70 –90 

L 41.17 ± 0.90a 38.62 ± 1.02b 40.46 ± 1.09a 

a 22.73 ± 0.45b 23.25 ± 0.63b 23.99 ± 0.35a 

b 2.67 ± 0.13c 3.00 ± 0.06b 3.73 ± 0.11a 

C 22.89 ± 0.45b 23.44 ± 0.63b 24.28 ± 0.35a 

H° 8.49 ± 0.34a 7.71 ± 0.27b 6.39 ± 0.18c 

∆E 7.61 ± 0.37a 6.20 ± 0.33b 5.90 ± 0.27c 

 

In comparison with those beetroots dried at other vacuum degrees, the 

beetroots dried at vacuum degree of –90 kPa displayed a larger tendency toward 
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red and yellow, more color saturation, a more red hue, and a smaller overall color 

difference.  

The results to the influence of different vacuum degrees on the bioactive 

compounds are given in Table 3.13. As far as we known, vacuum treatment can 

remove the available oxygen or at low oxygen levels reduce pigment degradation 

better than under air atmosphere [46]. It was observed that betacyanins content 

and betaxanthins content considerably increased as the vacuum degree increased 

(p < 0.05). The explanation is that betalains are sensitive to high temperature and 

long-term processing. Therefore, the beetroots dried at vacuum degree of –90 kPa 

had the largest contents of betaxanthins (2.91 ± 0.01 mg/g) and betacyanins (4.09 

±  0.03 mg/g) 

Due to its poor heat-treatment stability, ascorbic acid is a crucial indicator 

of the quality of food. It has been reported that the drying process can lead to 

significant loss of ascorbic acid content [137]. The ascorbic acid content of dried 

beetroots was clearly affected by vacuum degrees (p < 0.05). The ascorbic acid 

content of dried beetroots increased with a rise in vacuum degree from –50 to –

90 kPa. 

Table 3.13  

Impact of vacuum degree on the contents of bioactive compounds in dried 

beetroots 

Bioactive compounds 
Vacuum degree, kPa 

–50 –70 –90 

Betacyanins, mg/g 3.38 ± 0.02c 3.65 ± 0.02b 4.09 ± 0.03a 

Betaxanthins, mg/g 2.57 ± 0.01c 2.79 ± 0.01b 2.91 ± 0.01a 

Ascorbic acid, mg/100g 730.2 ± 1.9c 835.4 ± 9.4b 870.2 ± 12.3a 

Total phenolic, mg GAE/g 12.47 ± 0.09a 9.56 ± 0.11b 9.64 ± 0.06b 

Total flavonoids, mg RE/g 25.49 ± 0.57a 22.37 ± 0.56b 20.09 ± 0.56c 
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The highest total phenolic content was occurred in the beetroots dried at –

50 kPa. It can be explained that the degradation of betacyanins may lead to the 

production of other phenolic compounds [10]. The degradation of phenolics in 

beetroots dried at –70 kPa and –90 kPa was higher than that of beetroots dried at 

–50 kPa. There was no significant difference in total phenolic content between 

beetroots dried at –70 kPa and –90 kPa (p > 0.05).  

A clear dependency between vacuum degree and total flavonoids loss was 

observed in beetroots, subjected to vacuum microwave drying. With an increase 

in vacuum degree from –50 to –90 kPa, there was a significant decrease in total 

flavonoids content (p < 0.05), which can be explained that the degradation of 

betcyanins and betaxanthins lead to other flavonoid compounds. 

The beetroots prepared at –90 kPa showed the lowest total flavonoids 

content of 20.09 ± 0.56 mg RE/g. Thus, it was found that the dried beetroots 

subjected to –90 kPa displayed higher betalains content and ascorbic acid content, 

and lower total phenolic and total flavonoids content in comparison with those 

dried beetroots subjected to other vacuum degrees.  

Effects of vacuum degree on the FRAP values of dried beetroots are shown 

in Fig. 3.10. It can be seen from Fig. 3.10 that FRAP decreased slightly with the 

increase of vacuum degree. The lowest FRAP value of beetroots was observed at 

–90 kPa, which was only 10.23 ± 0.15 mg RE/g. 

To explore the influence of sample thickness on the physicochemical 

properties and antioxidant activity of beetroots, the experiments were conducted 

at microwave power of 1500 W and vacuum degree of 2 mm. Three different 

levels of slice thickness, namely 2, 4, and 6 mm were investigated. 
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Fig. 3.10 Effects of vacuum degree on the FRAP values of dried beetroots 
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Fig. 3.11 Drying time and rehydration ratio at different sample thicknesses 
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lowest a value. The changes of b values were similar to that of a values. The 

highest b value (3.56 ± 0.22) was appeared in dried beetroots with thickness of 2 

mm.  

Table 3.14  

Color changes of dried beetroots as affected by sample thickness 

Color parameter 
Sample thickness, mm 

2 4 6 

L 40.58 ± 0.66b 42.73 ± 0.53a 42.15 ± 0.67a 

a 23.36 ± 0.54ab 21.05 ± 0.21c 21.97 ± 0.26b 

b 3.56 ± 0.22a 2.48 ± 0.12b 2.67 ± 0.10b 

C 23.63 ± 0.56ab 21.19 ± 0.20c 22.13 ± 0.26b 

H° 6.52 ± 0.29b 8.47 ± 0.43a 8.21 ± 0.25a 

∆E 6.46 ± 0.42c 9.74 ± 0.37a 8.67 ± 0.49b 

 

The lower C value was found in dried beetroots with thickness of 4 mm, 

demonstrating that a lower saturation and a duller appearance compared to those 

of dried beetroots with other thicknesses. H° values of dried beetroots showed a 

slight increase as the sample thickness increased. The H° value of beetroots with 

thickness of 2 mm was the lowest of 6.52 ± 0.29, indicating that the beetroots 

became much more red. The beetroots with thickness of 4 mm displayed the 

highest ∆E, while the beetroots with thickness of 2 mm showed the lowest ∆E of 

6.46 ± 0.42, which was much more close to the color of fresh beetroots. It has 

been reported that the main causes of material discoloration during the drying 

process were the Maillard and enzymatic reactions [137]. Enzymatic reactions 

and the Maillard reaction can be considerably reduced during the vacuum 

microwave drying process, giving the sample attractive color characteristics. 

The effect of sample thickness on the content of bioactive compounds in 

dried beetroots is shown in Table 3.15. There was no significant difference in 

contents of betacyanins and betaxanthins in the beetroots with thickness of 2 mm 

and 6 mm (p > 0.05). The beetroots with thickness of 4 mm showed the lowest 
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contents of betacyanins (3.44 ± 0.02 mg/g) and betaxanthins (2.52 ± 0.01 mg/g). 

As can be seen, sample thickness had a significant effect on ascorbic acid content 

of dried beetroots (p < 0.05). The lowest ascorbic acid content (676.8 ± 7.3 

mg/100g) was observed in beetroots with thickness of 4 mm. No significant 

difference was found in total phenolic content of beetroots with thickness of 4 mm 

and 6 mm (p > 0.05). The beetroots with thickness of 2 mm illustrated the highest 

total phenolic content, which was 11.26 ± 0.18 mg GAE/g. The total flavonoids 

content of dried beetroots significantly decreased with the increase of sample 

thickness (p < 0.05). The highest total flavonoids content of dried beetroots with 

thickness of 2 mm was 26.04 ± 0.49 mg RE/g. To sum up, the optimal sample 

thickness of beetroots was 2 mm, resulting in higher content of bioactive 

compounds in dried beetroots. 

Table 3.15 

Impact of sample thickness on the content of bioactive compounds in 

dried beetroots 

Bioactive compounds 
Sample thickness, mm 

2 4 6 

Betacyanins, mg/g 4.02 ± 0.04a 3.44 ± 0.02b 3.97 ± 0.00a 

Betaxanthins, mg/g 2.82 ± 0.01a 2.52 ± 0.01b 2.83 ± 0.00a 

Ascorbic acid, mg/100g 789.5 ± 5.6b 676.8 ± 7.3c 869.4 ± 3.8a 

Total phenolic, mg GAE/g 11.26 ± 0.18a 8.40 ± 0.10b 8.64 ± 0.10b 

Total flavonoids, mg RE/g 26.04 ± 0.49a 22.81 ± 0.98b 21.53 ± 0.24c 

 

As shown in Fig. 3.12, no significant difference in FRAP values was 

observed between dried beetroots with thickness of 2 mm and 6 mm (p > 0.05). It 

was clearly shown that the dried beetroots obtained at thickness of 4 mm revealed 

the lowest FRAP value of 10.62 ± 0.08 mg TE/g.  

In this study, FRAP assay was used to evaluate the antioxidant activity of 

dried beetroots. More methods should be employed to evaluate the total 
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antioxidant capacity of beetroots due to the different mechanisms of antioxidants. 

Moreover, it is critical to avoid high temperature and long time treatment in the 

processing of beetroots.  

 

 
Fig. 3.12 Effects of sample thickness on the FRAP values of dried 

beetroots 
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and sample thickness had significant effects on physicochemical properties and 
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vacuum degree. In other words, low vacuum degree prolonged drying time, 

resulting in lower rehydration ratio, more yellowish hue, larger total color change, 
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and more loss in betacyanins and betaxanthins. The beetroots dried at 500 W 

displayed longer drying time, higher rehydration ratio, more yellowish hue, higher 

contents of betacyanins and betaxanthins compared with other microwave powers. 

Meanwhile, the dried beetroots obtained at –90 kPa presented the shortest drying 

time, the best color appearance, the highest rehydration ratio, betacyanins and 

betaxanthins contents. The beetroots with thickness of 2 mm presented the highest 

rehydration ratio, betalains content, total phenolic content and total flavonoids 

content, and the lowest ∆E.  

The best physicochemical attributes and antioxidant activity of dried 

beetroots were maintained by using appropriate microwave power, vacuum 

degree, and sample thickness. The most suitable conditions for drying beetroots 

with a vacuum microwave were microwave power of 500 W, vacuum degree of –

90 kPa, and sample thickness of 2 mm, which led to better physicochemical 

properties as well as antioxidant activity of dried beetroots. Microwave vacuum 

dried beetroots, which contain a high concentration of bioactive components and 

have a high antioxidant activity, can be used as functional foods and value-added 

foods. 

3.1.2 Influence of microwave-assisted drying methods on quality 
attributes of dried beetroots 

It is vital to take into account combined drying methods because every 

drying technique has advantages and disadvantages. Combining two or more 

drying techniques to create a hybrid drying technology that is suitable for the 

properties of the dried material [138]. A large number of researches on the 

combined drying of fruits and vegetables have been carried out.  

Previous researches have indicated that the combination of microwave and 

hot air drying is better suitable for agricultural product processing [139–140]. 

However, the right combination of conventional drying techniques might produce 

surprising results. There are few studies in the literature on the impact of various 

microwave-assisted drying methods, particularly combinations of microwave 

drying and vacuum drying, and combinations of microwave drying and hot air 
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drying, on the quality attributes of beetroots. Therefore, different hybrid 

microwave-assisted drying methods were conducted to dry beetroots, exploring 

the effect of different combinations of microwave-assisted drying methods on the 

quality characteristics of beetroots, and looking forward to obtaining high-quality 

dried beetroots in this study. 

3.1.2.1 Experimental conditions for different microwave-assisted 
drying methods 

Before drying, fresh beetroots were stored at 4 °C. To remove impurities, 

the beetroots were washed under running water. The washed beetroots were 

peeled and cut with a stainless steel slicer, chopped into slices with 2 mm in 

thickness and 80 mm in diameter. 

Three drying devices, namely a microwave drying system, a hot air drying 

oven, and a vacuum drying oven, were used in this study. Fresh beetroot slices  

were subjected to different microwave-assisted drying methods as below: 

High-power microwave drying followed by low-power microwave drying 

(HMD+LMD): Fresh beetroot slices were firstly dried at 650 W, and then dried 

at 325 W in microwave drying system; the transition point of moisture content 

was 28.0 %. 

High-power microwave drying (HMD): Fresh beetroot slices were dried at 

650 W in the microwave drying system. 

Low-power microwave drying (LMD): Fresh beetroot slices were dried at 

325 W in the microwave drying system.  

High-power microwave drying followed by hot air drying (HMD+HAD): 

Fresh beetroot slices were dried at 650 W, and then dried under 60 °C in the hot 

air drying oven; the transition point of moisture content was 28.0 %. 

Hot air drying followed by low-power microwave drying (HAD+LMD): 

Fresh beetroot slices were dried at 60 °C in the above hot air drying oven, and 

then dried at 325 W; the transition point of moisture content was 28.0 %. 

High-power microwave drying followed by vacuum drying (HMD+VD): 

Fresh beetroot slices were dried at 650 W in the microwave drying system, and 
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then dried at 60 °C in the vacuum drying oven; the transition point of moisture 

content was 28.0 %. 

Vacuum drying followed by low-power microwave drying (VD+LMD): 

Fresh beetroot slices were dried at 60 °C in the vacuum drying oven, and then 

dried at 325 W in the microwave drying system; the transition point of moisture 

content was 28.0 %. 

Moisture content transition point of beetroots was determined according to 

the results of the pre-experiment. The drying process was stopped as the moisture 

content of beetroots below 7.0 %.  

3.1.2.2 Results and discussions on the influence of microwave-assisted 
drying methods on quality attributes of beetroots 

The drying time, moisture content, rehydration ratio and hardness of 

beetroots carried to different microwave-assisted drying methods are showed in 

Table 3.16.  The drying time refers to the time it takes to dry fresh beetroots to 

the final moisture content (less than 7.0%). As shown in Table 3.16, there were 

significant differences in drying time among different microwave-assisted drying 

methods (p < 0.05), ranged from 67.0 ± 3.5 to 308.0 ± 6.2 min. It required 67.0 ± 

3.5 min for HMD, reduced by 24.7% and 47.2% in comparison with the drying 

time for HMD+LMD (89.0 ± 3.5 min) and LMD (127.0 ± 3.5 min). The drying 

time for HAD+LMD was lower than that of HMD+HAD. Meanwhile, the drying 

time for HMD+VD was higher than that of HMD+HAD, but lower than that of 

VD+LMD. Furthermore, the drying times for HMD+LMD, HMD, and LMD were 

less than the drying times for combined drying methods (HMD+HAD, 

HAD+LMD, HMD+VD, and VD+LMD). VD+LMD required the longest drying 

time of 308.0 ± 6.2 min. As we all know, short drying time can greatly reduce 

production costs and improve production efficiency. 

The moisture content of dried product plays a critical role in maintaining 

product quality. The moisture content of dried beetroots prepared by different 

microwave-assisted drying methods ranged from 6.17 ± 0.74 to 6.48 ± 0.40%. 

There was no significant difference in the moisture content of beetroots subjected 
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to different microwave-assisted drying methods (p > 0.05).  

Rehydration capacity is common used as a quality indicator for dehydrated 

products that can indicate the cellular degree and structural disruption caused by 

drying process [141]. The beetroots dried by HMD absorbed a higher quantity of 

water than those of beetroots dried by other microwave-assisted drying methods. 

The beetroots dried by HMD displayed the highest rehydration ratio and followed 

by those prepared by HAD+LMD, HMD+HAD, HMD+LMD, LMD, HMD+VD, 

and VD+LMD, while the beetroots subjected to VD+LMD illustrated the lowest 

rehydration ratio of 3.55 ± 0.22. 

Table 3.16  

The drying time, moisture content, rehydration ratio and hardness of 

beetroots affected by different microwave-assisted drying methods 

Drying 
methods 

Drying time, 
min 

Moisture 
content,% 

Rehydration 
ratio Hardness, g 

HMD+LMD 89.0 ± 3.5f 6.23 ± 0.63a 3.90 ± 0.13abc 868.4 ±105.2b 

HMD 67.0 ± 3.5g 6.17 ± 0.74a 4.22 ± 0.17a 803.9 ± 103.2b 

LMD 127.0 ± 3.5e 6.19 ± 0.59a 3.88 ± 0.22abc 840.0 ± 105.9b 

HMD+HAD 230.0 ± 8.7c 6.20 ± 0.75a 3.95 ± 0.11ab 1332.0 ± 109.2a 

HAD+LMD 185.0 ± 6.2d 6.29 ± 0.76a 4.15 ± 0.05ab 932.6 ± 118.2b 

HMD+VD 265.0 ± 10.0b 6.40 ± 0.27a 3.81 ± 0.08bc 1237.7 ± 81.2a 

VD+LMD 308.0 ± 6.2a 6.48 ± 0.40a 3.55 ± 0.14c 910.9 ± 100.2b 

 

Texture is a vital quality attribute that affects food acceptance and was 

evaluated through hardness. As seen in Table 3.16, the hardness of dried beetroots 

ranged from 803.9 ± 103.2 to 1332.0 ± 109.2 g. Beetroots carried to HMD+HAD 

showed the maximum hardness value of 1332.0 ± 109.2 g, whereas beetroots 

prepared by HMD demonstrated the lowest hardness value, indicating that the 

texture of HMD beetroots was soft. There was no significant difference in the 

hardness of beetroots prepared by HMD+LMD, HMD, LMD, HAD+LMD, and 

VD+LMD (p > 0.05). The hardness of the beetroots prepared by HMD+HAD and 
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HMD+VD needed higher levels, indicating hot air drying and vacuum drying 

process changed the texture profiles of the HMD beetroots (p < 0.05). The results 

revealed that the hardness of beetroots obtained by HMD+HAD and HMD+VD 

was significantly higher than those of beetroots subjected to HMD, LMD, 

HMD+LMD, HAD+LMD, and VD+LMD.  

Color parameters of food are important attributes that determine the physical 

reflection of quality loss and certain chemical changes during processing [136]. 

The color of beetroots is important, especially due to the presence of betalains in 

beetroots, which is highly valued [142]. Color parameters of beetroots before and 

after drying are provided in Table 3.17. L value presents the brightness of 

beetroots, and varied from 36.83 ± 0.94 to 43.55 ± 0.75. Fresh beetroots illustrated 

the lowest L value, while beetroots subjected to HMD+LMD displayed the highest 

L value of 43.55 ± 0.75. HMD led to lower L value of beetroots than other 

microwave-assisted drying methods. The color of beetroots became significantly 

brighter after drying (p < 0.05).  

Table 3.17  

Color changes of beetroots prepared by different microwave-assisted 

drying methods 

Drying 
methods 

L a b ∆E 

HMD+LMD 43.55 ± 0.75a 22.79 ± 0.35bcd 3.82 ± 0.15b 9.36 ± 0.67ab 

HMD 40.84 ± 1.02b 22.20 ± 0.19cd 3.47 ± 0.13b 8.26 ± 0.60c 

LMD 42.05 ± 1.02ab 21.76 ± 0.67d 3.54 ± 0.29b 9.22 ± 1.01ab 

HMD+HAD 42.78 ± 1.08ab 21.48 ± 0.47d 2.09 ± 0.25c 10.36 ± 0.87a 

HAD+LMD 42.12 ± 1.26ab 23.37 ± 0.85bc 3.55 ± 0.40b 8.08 ± 1.50c 

HMD+VD 41.19 ± 0.55b 21.86 ± 0.91d 2.20 ± 0.25c 9.18 ± 0.91ab 

VD+LMD 41.87 ± 1.05ab 23.80 ± 0.77b 3.19 ± 0.31b 7.77 ± 1.25c 

Fresh beetroots 36.83 ± 0.94c 28.78 ± 0.79a 6.34 ± 0.54a - 
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Meanwhile, the dried beetroots showed significantly lower a and b values 

than those of fresh beetroots (p < 0.05). The decreases in a and b values were due 

to the degradation of pigments, such as betacyanins and betaxanthins. Values of 

a in beetroots ranged from 21.48 ± 0.47 to 23.80 ± 0.77. Compared to other 

microwave-assisted drying methods, VD+LMD resulted in a larger a value, was 

closed to the value of fresh beetroots. The b values of dried beetroots ranged from 

2.09 ± 0.25 to 3.82 ± 0.15. Beetroots carried to HMD+LMD exhibited a higher b 

value, which was close to that of fresh beetroots. Beetroots prepared by 

HMD+HAD and HMD+VD, showed lower b values than those of beetroots 

carried to other microwave-assisted drying methods. Beetroots carried to 

HMD+HAD showed the lowest a and b values.  

Beetroots subjected to VD+LMD exhibited the lowest ∆E value, while 

beetroots prepared by HMD+HAD showed the highest ∆E value of 10.36 ± 0.87. 

Moreover, beetroots subjected to VD+LMD displayed the most desirable color 

with the lowest ∆E. In addition, the color of beetroots prepared by HMD+HAD 

was the worst, indicating that the different combinations of hot air drying and 

microwave drying had great impacts on the color of final products. 

In order to comprehensively study the effects of different microwave 

assisted drying methods on the microstructure of dried beetroots, the 

microstructure was determined using scanning electron microscope (SEM). The 

results are illustrated in Fig. 3.13. 

Different microwave-assisted drying methods had a great impact on the 

internal structure of dried beetroots. As shown in Fig. 3.13, beetroots dried by 

HMD+LMD, HMD and LMD had porous structures, which can be explained by 

the fact that during the microwave drying process, a large amount of microwave 

energy was absorbed by beetroots, which generated an internal pressure, and the 

water quickly evaporated to cause microscopic holes [143]. However, beetroots 

dried by HMD+HAD and HAD+LMD demonstrated denser structures and 

collapse of the cell wall structure, indicating certain damage to the cell structure 

of beetroots. Beetroots obtained using HMD+VD and VD+LMD were found to 
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have thin porous walls and a few large microscopic holes, resulting in negative 

effects on the texture of products. 

 

 

 
Fig. 3.13 SEM micrographs (500 × magnification) of dried beetroots dried 

using different microwave-assisted drying methods 

 

Contents of betalains, ascorbic acid and total flavonoids of dried beetroots 

presented in Table 3.18 are proposed. Beetroot contains a large amount of 

betalains that can be applied as food colorant or food additive [126]. Betalains are 
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water-soluble pigments including betacyanins and betaxanthins. The results 

showed that betacyanins content of beetroots prepared by VD+LMD was the 

highest of 4.09 ± 0.05 mg/g, while the minimum betacyanins content of 2.81 ± 

0.05 mg/g was observed in beetroots obtained using LMD. The content of 

betaxanthins ranged from 2.43 ± 0.04 to 3.45 ± 0.04 mg/g. The betaxanthins 

content of beetroots obtained by VD+LMD was significantly higher than those of 

beetroots subjected to other microwave-assisted drying methods (p < 0.05). The 

lowest betaxanthins content of beetroots was 2.43 ± 0.04 mg/g, which was carried 

to LMD.  

As displayed in Table 3.18, the beetroots prepared by HMD showed the 

highest ascorbic acid content of 272.3 ± 4.4 mg/100g, closed following by those 

of VD+LMD and HMD+LMD. The beetroots carried to HMD+VD displayed the 

lowest ascorbic acid content of 222.1 ± 1.9 mg/100g. Compared to HMD+LMD 

and LMD, HMD led to the highest ascorbic acid content of beetroots, 

demonstrating that ascorbic acid contents increased with the increase of 

microwave powers. A similar discovery was reported in [144]. Ascorbic acid is 

well recognized to be highly vulnerable to oxidation under specific circumstances, 

such as heat, heavy metal ions, alkaline pH, and the presence of oxygen [129]. 

The result showed that HMD, HMD+LMD and VD+LMD illustrated higher 

retention of ascorbic acid, which may be due to the shorter drying time of 

beetroots and keep away from oxygen at the first stage, thereby reducing the loss 

of ascorbic acid. 

Flavonoids are a kind of bioactive compounds with numerous health 

benefits in beetroots. Different microwave-assisted drying methods had 

significant effects on total flavonoids content (p < 0.05). It can be seen from Table 

3.18 that the total flavonoids content of dried beetroots varied from 12.76 ± 0.08 

to 16.74 ± 0.26 mg RE/g. Beetroots obtained using LMD, HMD+HAD, and 

HMD+VD exhibited lower total flavonoids content. Meanwhile, the beetroots 

prepared by VD+LMD showed the largest total flavonoids content of 16.74 ± 0.26 

mg RE/g. Beetroots prepared by VD+LMD and HAD+LMD showed relatively 
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high total flavonoids content, which can be explained that the thermal treatment 

of beetroots accelerated the release of bound flavonoids due to the breakdown of 

cellular components, and the inactivation of endogenous oxidative enzymes 

enhanced the total flavonoids concentration in beetroots [75]. 

Table 3.18  

Contents of betalains, ascorbic acid and total flavonoids of dehydrated 

beetroots prepared by different microwave-assisted drying methods 

Drying 
methods 

Betacyanins, 
mg/g 

Betaxanthins, 
mg/g 

Ascorbic 
acid, mg/100g 

Total 
flavonoids, 
mg RE/g 

HMD+LMD 3.08 ± 0.05d 2.73 ± 0.04bc 262.1 ± 1.0ab 14.94 ± 0.39b 

HMD 3.18 ± 0.06d 2.74 ± 0.05b 272.3 ± 4.4a 13.91 ± 0.31c 

LMD 2.81 ± 0.05e 2.43 ± 0.04d 239.3 ± 3.8d 12.86 ± 0.21d 

HMD+HAD 3.52 ± 0.09c 2.51 ± 0.07d 254.6 ± 2.0bc 12.91 ± 0.18d 

HAD+LMD 2.97 ± 0.03de 2.56 ± 0.02cd 253.5 ± 4.4c 15.64 ± 0.09b 

HMD+VD 3.78 ± 0.09b 2.81 ± 0.08b 222.1 ± 1.9e 12.76 ± 0.08d 

VD+LMD 4.09 ± 0.05a 3.45 ± 0.04a 265.4 ± 4.6ab 16.74 ± 0.26a 

 

Beetroots are high in phytochemicals that have antioxidant properties. 

There are several methods to evaluate antioxidant capacity. Different mechanisms 

of antioxidants, such as reducing capacity, decomposition of peroxides, free 

radical scavenging, and binding of transition-metal ion catalysts [145–146]. Using 

multiple methods can be expected to obtain different antioxidant activity results, 

allowing us to better understand the great variety and range of action of 

antioxidant components found in beetroots [30]. In present study, FRAP value 

and ABTS radical scavenging activity were used to evaluate the antioxidant 

activity of dried beetroots.  

Fig. 3.14 presents the FRAP values of dried beetroots affected by different 

microwave-assisted drying methods. The FRAP value in beetroots subjected to 

VD+LMD was the highest of 14.95 ± 0.18 mg TE/g, followed by those of HMD  
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and HMD+LMD, which were significantly higher than those of beetroots 

prepared by other microwave-assisted drying methods (p < 0.05). HMD+VD led 

to the lowest FRAP value of 11.60 ± 0.06 mg TE/g. FRAP values of beetroots 

carried to HMD and LMD were significantly different, but no significant 

difference was seen in FRAP between LMD and HMD+HAD (p > 0.05). There 

were significant differences (p < 0.05) in the FRAP values of beetroots prepared 

by different combinations of HMD+HAD, HAD+LMD, HMD+VD, and 

VD+LMD. 

 
Fig. 3.14 Effect of different microwave-assisted drying methods on FRAP 

values of beetroots. 

 

Results of different microwave-assisted drying methods on the ABTS 

radical scavenging activity of beetroots are provided in Fig.3.15.  
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Fig.3.15 Effect of different microwave-assisted drying methods on ABTS 

radical scavenging activity of beetroots.  

 

Beetroots obtained using VD+LMD showed the highest ABTS radical 

scavenging activity equivalent to 16.92 ± 0.21 mg TE/g, whereas the lowest 

ABTS radical scavenging activity value corresponding to 13.27 ± 0.12 mg TE/g 

was obtained using HMD+HAD. As shown in Fig. 3.15, HMD+VD and 

HMD+HAD showed no significant effect on the ABTS radical scavenging 

activity of beetroots, and ABTS radical scavenging activities significantly lower 

than those of other microwave-assisted drying methods (p < 0.05). As a result of 

this, VD+LMD and HMD could well maintain ABTS radical scavenging activity 

of beetroots. 

In this research, FRAP assay and ABTS assay were carried out to evaluate 
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antioxidant activity of beetroots. Results were presented in Fig. 3.14 and Fig. 3.15. 

Beetroots carried to VD+LMD exhibited the highest FRAP value and ABTS 

radical scavenging activity. This meant that VD+LMD resulted in the highest 

antioxidant activity of dried beetroots, which could be attributed to the existence 

of bioactive components in beetroots such as total flavonoids, ascorbic acid, and 

other non-nutrient phytochemicals. Only two techniques were utilized in this 

investigation to evaluate the antioxidant capacity of beetroots. Future analysis can 

utilize more comprehensive evaluation techniques. 

In terms of physical properties, VD+LMD led to the longest drying time. 

No significant difference in the moisture content among the dried beetroots using 

different microwave-assisted drying methods (p > 0.05). The hardness of dried 

beetroots obtained by HMD+HAD and HMD+VD were significantly higher than 

those of other microwave-assisted drying methods (p < 0.05). Beetroots dried by 

VD+LMD showed a desirable color with the lowest ∆E. Dried beetroots prepared 

by HMD+LMD, HMD and LMD showed porous structures. However, beetroots 

carried to HMD+HAD and HAD+LMD exhibitd a few denser structures and 

collapse of the cell wall structure.  

Different microwave-assisted drying methods can significantly affect the 

bioactive compounds of beetroots. Beetroots subjected to VD+LMD showed the 

highest contents of betacyanins, betaxanthins, and total flavonoids. Moreover, 

beetroots obtained using LMD displayed the lowest betacyanins content and 

betaxanthins content. In addition, HMD led to the highest ascorbic acid content 

of 272.3 ± 4.4 mg/100g. 

For antioxidant activity results, beetroots prepared by VD+LMD revealed 

the largest FRAP value and ABTS radical scavenging activity. In other words, 

VD+LMD led to higher antioxidant activity of beetroots compared to other 

microwave-assisted drying methods. The dehydrated beetroots obtained using 

VD+LMD displayed powerful antioxidant capacity, which can be used as an 

antioxidant in the food industry. 
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3.1.3 Influence of drying methods on the quality characteristics of 
dried beetroots 

A variety of drying technologies, including hot air drying, vacuum drying, 

microwave drying, microwave vacuum drying, and freeze drying, have been used 

to produce dried vegetables. Drying method causes nutritional losses and affects 

the chemical and physical properties of the source material during the drying 

process. Thus, selecting the best drying technique is primarily determined by the 

final product's quality [147]. Dried beetroot powder and dehydrated beetroot 

slices are available in the market. The drying processing has a significant impact 

on the quality of the material. Product quality, drying time, and energy efficiency 

are all important considerations when selecting a drying method. The drying 

method has a considerable impact on the finished product's bioactive components 

and antioxidant activity. As a result, it is critical to select an appropriate drying 

method in order to achieve high-quality dried items.  

There is little research in the literature on the influence of different drying 

techniques on the quality features of dried beetroots. Therefore, the purpose of the 

research was to investigate the influence of different drying methods, including 

freeze drying, heat pump drying, microwave drying, vacuum drying, and 

microwave vacuum drying, on the quality characteristics of dried beetroots. 

3.1.3.1 Experimental conditions for different drying methods 
Fresh beetroots were washed, peeled, and cut into slices with 75 mm in 

diameter and 4 mm in thickness. The beetroot slices (300.0 ± 3.0 g) were carried 

to five different ways, respectively. The detailed drying conditions are as follows: 

Freeze drying (FD): Fresh beetroots slices were frozen at –20 °C for 12 h 

and then placed on the cavity in the freeze dryer at 4 Pa. The condenser 

temperature was set at –80 °C. 

Heat pump drying (HPD): Fresh beetroots slices were spread on a 

polyethylene tray of heat pump dryer. The temperature of heat pump drying was 

65 °C. 
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Vacuum drying (VD): Fresh beetroots slices were put on a tray of vacuum 

drying oven. The vacuum drying conducted at vacuum degree of 0.095 MPa and 

temperature of 60 °C. 

Microwave drying (MD): Fresh beetroots slices were spread on a circular 

fiberglass tray of microwave drying system. The microwave power was 390 W. 

Microwave vacuum drying (MVD): Fresh beetroots slices were placed 

uniformly on a tray of microwave vacuum dryer. Drying was carried out under 

constant vacuum of 0.09 MPa and microwave power of 1000 W. 

All of the drying experiments were carried out three times. 

3.1.3.2 Results and discussions on the influence of drying methods on 
the quality of beetroots 

Results of drying time and final moisture content of beetroots obtained by 

different drying methods are presented in Table 3.19. The drying time required by 

FD was the longest of 29.67 ± 0.58 h. MD and MVD were much faster drying 

methods than FD, VD, and FD. Significant differences (p < 0.05) in drying time 

were noted among different drying methods, except MVD and MD. It required 

the shortest drying time (0.77 ± 0.03 h) for MD to reach the final moisture content, 

while the drying time for MVD was 1.09 ± 0.01 h and was very close to MD. This 

indicated that the drying time was significantly reduced as microwave was used. 

The drying time of MD was reduced by 97.40% compared to FD, which was only 

9.83% that of VD and 11.27% that of HPD. The drying time required for MVD 

was about 3.67% of FD time, and reduced up to 84.04% and 86.08% in 

comparison with HPD and VD, respectively. 

Table 3.19  

Drying time and final moisture content of beetroots obtained by different 

drying methods 

Drying method Drying time, h Final moisture content, % 

FD 29.67 ± 0.58a 4.31 ± 0.61a 

HPD 6.83 ± 0.31c 4.64 ± 0.78a 



106 

continuation of Table 3.19 
VD 7.83 ± 0.29b 4.41 ± 0.81a 

MD 0.77 ± 0.03d 4.82 ± 0.60a 

MVD 0.56 ± 0.01d 5.44 ± 0.68a 

 

It is well known that the moisture content of dried product is critical for 

quality control and stability. Table 3.19 shows the final moisture content of dried 

beetroots. According to the results, the final moisture content ranged from 4.31 ± 

0.61 to 5.44 ± 0.68%. 

Dried beetroots prepared by VD and FD displayed a slightly lower final 

moisture content comparing to those of MD, HPD, and MVD. There were no 

significant difference (p > 0.05) in the final moisture content among all beetroots 

dried using different methods. 

Drying process usually leads to irreversible structural changes and restricts 

the material from restoring its original shape. The effect of different drying 

methods on the rehydration ratio of dried beetroots is presented in Fig. 3.16. It 

was observed that rehydration ratio of dried beetroots ranged from 3.26 ± 0.07 to 

4.77 ± 0.11 for different drying methods. 

The difference was not statistically significant (p > 0.05) between the 

rehydration ratio of the beetroots dried by FD and HPD. As shown in Fig. 3.16, 

the MVD beetroots had significantly higher (p < 0.05) rehydration ratio than that 

of beetroots prepared by other drying methods. 

Meanwhile, the lowest rehydration ratio (3.26 ± 0.07) was noticed in the 

beetroots obtained using MD, indicating the most severe damage to the cell 

structure of the beetroots. 
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Fig. 3.16 Rehydration ratio of dried beetroots affected by different drying 

methods 

 

The color values of dried food had great impacts on the quality and 

acceptability of products by consumers [67]. Color parameters of beetroots 

affected by drying methods are presented in Table 3.20.  

Table 3.20  

Color parameters of beetroots prepared by different drying methods 

Drying 
method L a b C H° ΔE 

Fresh 
beetroot 

37.54±0.69d 28.62±0.61a 6.09±0.20a 29.27±0.63a 4.63±0.11e - 

FD 43.52±0.62a 27.76±0.68b 4.02±0.16b 28.05±0.66b 6.88±0.39d 6.43±0.53c 

HPD 39.65±0.53c 21.92±0.69d 1.07±0.08f 21.94±0.69d 20.60±0.98a 8.65±0.68a 

VD 41.00±0.60b 25.46±0.45c 1.95±0.11e 25.53±0.46c 13.07±0.61b 6.28±0.46c 
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continuation of Table 3.20 
MD 41.82±0.91b 21.94±0.44d 3.49±0.24c 22.22±0.43d 6.26±0.43d 8.38±0.66a 

MVD 40.97±0.99b 22.79±0.33d 2.93±0.13d 22.98±0.33d 7.75±0.69c 7.50±0.69b 

 

As exhibited in Table 3.20, L values of dried beetroots ranged from 39.65 

± 0.53 to 43.52 ± 0.62, and the lowest value was in beetroots dried by HPD and 

the highest value using FD. There were no significant differences in L values 

among the beetroots prepared by VD, MD, and MVD (p > 0.05). Obviously, it 

can be seen that the L values of dried beetroots were significantly higher than that 

of fresh beetroots, demonstrating beetroots turned brighter after drying process. 

The a, b and C values of beetroots after drying were decreased significantly 

(p < 0.05) in comparison with those of fresh beetroots. The decrease of a and b 

values might be due to the degradation of pigments. The a values of dried 

beetroots prepared by different drying methods ranged from 21.92 ± 0.69 to 27.76 

± 0.68, and the beetroots obtained using FD showed the highest a value. It was 

noted that b values of beetroots subjected to different drying methods varied 

significantly (p < 0.05). The highest b value (6.68 ± 0.35) was obtained from 

beetroots carried to FD, while the lowest b value of beetroots was obtained using 

HPD. C values of dried beetroots varied from 21.94 ± 0.69 to 28.05 ± 0.66. The 

beetroots prepared by HPD displayed the lowest C value of 21.94 ± 0.69, 

indicating the smallest saturation and the dullest appearance, while the beetroots 

prepared by FD showed the highest C value among all the dried beetroots. C 

values of beetroots decreased after drying, resulting in a lower saturation and a 

duller appearance. 

Compared with fresh beetroots, H° values of beetroots were significantly 

increased (p < 0.05) after different drying processing. The H° with values from 

6.26 ± 0.43 to 20.60 ± 0.98, was in the red range to yellow-red for dried beetroots 

obtained by different drying methods. The beetroots prepared by HPD showed the 

highest H° value of 20.60 ± 0.98, indicting the heat pump drying caused a great 

degree shift to more yellow-red colors. In terms of ΔE, the beetroots dried by FD 
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and VD had no significant difference and showed lower values than those of 

beetroots prepared by MVD, MD, and HPD. The ΔE values of beetroots subjected 

to different drying methods ranged from 6.28 ± 0.46 to 8.65 ± 0.68. The beetroots 

dried by HPD showed the biggest ΔE of 8.65±0.68, indicating that HPD resulted 

greater changes in color of dried beetroots than other drying methods. 

As a result, dried beetroots prepared by FD showed the most ideal color 

with the highest values of L, a, b and C, and relatively lower H° and ΔE in 

comparison with the beetroots carried to other drying methods. 

In order to comprehensively study the effect of different drying methods on 

the microscopic attributes of beetroots, the microstructures of dried beetroots 

prepared by different drying methods were analyzed by scanning electron 

microscope (SEM). The results were displayed in Fig. 3.17. 

 

 

 
Fig. 3.17 Microstructures (500 × magnification) of dried beetroots 

prepared by different drying methods 
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The beetroots dried by FD displayed porous structures with thin pore wall, 

indicating that FD played an active role in maintaining porous cellular structures 

of beetroot tissue. It has been reported that the porous microstructure of the FD 

sample was formed by ice sublimation in the vacuum environment without cell 

shrinkage and external force collapse [148]. 

Compared with FD beetroots, thicker pore walls and denser structures were 

observed in the beetroots prepared by HPD, which was due to the shrinkage and 

collapse of cells during water evaporation. 

During the process of MD and MVD, rapid moisture evaporation caused 

the microscopic holes, so similar to FD beetroots, the beetroots dried by MVD 

and MD also had porous structures. The VD beetroots were found with thin 

porous walls and a few large microscopic holes, resulting in negative effects on 

the product’s texture. 

Beetroot contains high amounts of betalains that can be used as food 

colorants and food additives [126]. Drying processing will consequently change 

betalains content and the color of the products. The influence of different drying 

methods on betalains content of dried beetroots is presented in Fig. 3.18. 

As shown in Fig. 3.18, different drying methods significantly affected the 

betacyanin content of dried beetroots (p < 0.05). The betacyanin content of dried 

beetroots obtained using different drying methods varied from 2.98 ± 0.02 to 5.48 

± 0.03 mg/g. Meanwhile, the betaxanthin content ranged from 2.40 ± 0.02 to 3.57 

± 0.20 mg/g in the dried beetroots carried to different drying methods. 

The contents of betacyanin (2.98 ± 0.02–5.48 ± 0.03 mg/g) and betaxanthin 

(2.40 ± 0.02–3.57 ± 0.20 mg/g) of dried beetroots obtained using different drying 

were higher than the range propsed in [87] for seven beetroots varieties: 2.3 ± 0.2–

3.9 ± 0.5 mg/g for betacyanin content, and 1.5 ± 0.2–2.4 ± 0.3 mg/g for 

betaxanthin content. 
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Fig. 3.18 Betalains content of dried beetroots prepared by different drying 

methods 

 

Beetroots prepared by HPD illustrated the greatest betacyanin content of 

5.48 ± 0.03 mg/g and the highest betaxanthin content of 3.57 ± 0.20 mg/g, 

demonstrating that HPD played a remarkable role for the betalains preservation 

during drying (Fig. 3.18). The lowest betaxanthin content of dried beetroots was 

observed in MVD, and no significant difference was observed in betacyanin 

content between MVD and MD (p > 0.05).  

Results of the influence of different drying methods on the contents of 

ascorbic acid, total phenolic and total flavonoids of dried beetroots are illustrated 

in Table 3.21. Ascorbic acid can be utilized as an indicator of the quality of dried 

products because it is easily destroyed during the drying process and is relatively 

unstable to heat, oxygen, and light [149]. The longer the drying process takes, the 

temperature increases, and the more ascorbic acid in dried fruits and vegetables is 



112 

destroyed [150]. The findings revealed that the beetroots prepared by VD showed 

the greatest ascorbic acid content of 8.73 ± 0.23 mg/g, followed by those from 

MD, FD, and MVD. There was no significant difference in ascorbic acid content 

between MVD and FD (p > 0.05), and MVD and FD led to a relatively lower 

ascorbic acid content than other drying methods. This can be explained by the fact 

that microwave vacuum drying resulted in some higher temperature patches on 

the surface of the beetroots, resulting in the loss of heat-sensitive ascorbic acid 

[147].   

Table 3.21 illustrates the total phenolic content of dried beetroots obtained 

using different drying methods. The highest total phenolic content was observed 

in VD beetroots, followed by MVD, MD, whereas FD beetroots showed the 

lowest content of 8.01 ± 0.11 mg GAE/g. The use of low-temperature dehydration 

led to more serious degradation of polyphenols, which was understandable from 

the long drying time of 29.67 ± 0.58 h for FD. Other researchers have observed 

similar findings. Freeze drying of willow was found to have a lower total phenolic 

content than thermal drying methods such as hot air drying, oven drying, and tray 

drying [151]. When compared to other drying techniques, such as hot air drying, 

infrared radiation drying, and hot air coupled explosion puffing drying, it was 

discovered that freeze drying of raspberry fruits significantly reduced polyphenol 

retention [152]. VD and MVD resulted in higher total phenolic content, which can 

be explained by higher temperature drying causing more tissue damage, allowing 

more phenolic compounds to be extracted or causing changes in other compounds, 

resulting in higher total phenols [152]. There was no significant difference in total 

phenolic content between MVD and VD (p > 0.05).  

Table 3.21  

Effect of drying methods on the contents of ascorbic acid, total phenolic 

and total flavonoids of dried beetroots 

Drying 
method 

Ascorbic acid, 
mg/g 

Total phenolic, mg 
GAE/g 

Total flavonoids, 
mg RE/g 

FD 7.44 ± 0.06c 8.01 ± 0.11d 15.82 ± 0.15d 
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continuation of Table 3.21 
HPD 8.46 ± 0.10b 9.94 ± 0.05b 24.71 ± 0.47a 

VD 8.73 ± 0.23a 10.23 ± 0.08a 21.30 ± 0.34b 

MD 8.32 ± 0.10b 9.31 ± 0.14c 21.82 ± 0.17b 

MVD 7.17 ± 0.09c 10.20 ± 0.08a 19.26 ± 0.35c 

 

Flavonoids are the bioactive compounds in beetroots with numerous health 

benefits. The influence of different drying methods on total flavonoids content of 

beetroots was investigated and the results are displayed in Table 3.21. The results 

showed that the beetroots prepared by HPD displayed the highest total flavonoids 

content of 24.71 ± 0.47 mg RE/g, followed by MD, VD, MVD, and FD beetroots 

of 21.82 ± 0.17, 21.30 ± 0.34, 19.26 ± 0.35, and 15.82 ± 0.15 mg RE/g, 

respectively. Beetroots prepared by VD and MD showed relatively higher total 

flavonoids content than those of FD and MVD, and there was no significant 

difference in total flavonoids content between VD and MD (p > 0.05). Besides, 

FD led to the lowest content of total flavonoids in dried beetroots. 

Numerous phytochemicals with significant antioxidant activity can be 

found in beetroots. At least two approaches should be used to assess total 

antioxidant capacity due to multiple antioxidant mechanisms such as reducing 

capacity, peroxide breakdown, free radical scavenging, and transition metal 

binding.-catalysts based on metal ions [145–146]. The antioxidant activity of 

dried beetroots was evaluated by three methods in this study, including DPPH 

radical scavenging activity, FRAP value, and ABTS radical scavenging activity. 

Results are presented in Table 3.22. 

Table 3.22  

Effect of drying methods on the antioxidant activity of beetroots 

Drying method DPPH, mg TE/g FRAP, mg TE/g ABTS, mg TE/g 

FD 5.16 ± 0.02d 9.89 ± 0.13c 13.89 ± 0.29d 

HPD 5.65 ± 0.04c 12.63 ± 0.20b 15.57 ± 0.37c 
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continuation of Table 3.22 
VD 6.21 ± 0.05b 13.15 ± 0.11a 15.92 ± 0.08b 

MD 6.63 ± 0.03a 12.92 ± 0.14b 17.22 ± 0.35a 

MVD 6.62 ± 0.05a 13.36 ± 0.17a 16.30 ± 0.21b 

 

The beetroots carried to FD were found to display the lowest DPPH radical 

scavenging activity of 5.16 ± 0.02 mg TE/g. The beetroots subjected to MD and 

MVD demonstrated significantly (p < 0.05) higher DPPH radical scavenging 

activity than those of beetroots obtained using VD, HPD, and FD. As seen in 

Table 3.22, drying methods led to the degradation of bioactive compounds that 

were responsible for FRAP in beetroots to different degrees. MVD led to the 

highest FRAP value of 13.36 ± 0.17 mg TE/g, followed by VD, MD, HPD, and 

FD. Similar to DPPH radical scavenging activity, the beetroots prepared by FD 

illustrated the lowest FRAP value of 9.89 ± 0.13 mg TE/g. The beetroots dried by 

MD demonstrated the highest ABTS radical scavenging activity, followed by 

MVD, VD, HPD, and FD. The result was consistent with the outcome reported in 

[10] showed that betacyanin degradation resulted in other phenolic compounds, 

thereby increasing antioxidant activity. The beetroots processed by MD had the 

highest ABTS radical scavenging activity, but the lowest betacyanin content. The 

ABTS radical scavenging activity produced by FD was the lowest in comparison 

to other drying techniques. According to studies conducted under various drying 

settings, the ABTS radical scavenging capacity of freeze-dried sour cherries was 

much lower than that of vacuum microwave dried sour cherries [153].  

Through analysis of the antioxidant activity data, it was discovered that FD 

did not outperform the other drying techniques in terms of the antioxidant activity 

of beetroots. This result was in agreement with results published in [152], but 

contradicted that of Chan et al. [154], who reported that all resulted in greater 

antioxidant capacity reductions than freeze drying. The decrease in antioxidant 

activity can be related to a number of factors. Firstly, intensive and/or long-term 

heat treatment during the thermal process may result in the loss of natural 
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antioxidants, the majority of which are very unstable [155]. Furthermore, 

breakdown caused by enzymes or heating reduces antioxidant capacity. In 

addition, the antioxidant capacity may be increased by the intermediate products 

of the Maillard reaction and heating process [156]. The enzymatic and non-

enzymatic browning reactions that occur during the drying process may also 

produce antioxidative properties [157]. 

Among different drying methods, FD required the longest drying time, 

while MVD led to the shortest drying time of 0.56 ± 0.01 h. There was no 

significant difference in final moisture content of beetroots among different 

drying methods. Beetroots obtained by MVD showed the highest rehydration ratio 

of 4.77 ± 0.11. The color results indicated that beetroots prepared by FD displayed 

a better color appearance. According to the microstructure results, the beetroots 

prepared by FD, MD and MVD displayed porous structures, while the beetroots 

dried by HPD were observed denser structures. 

In terms of bioactive compounds, different drying methods significantly 

affected the bioactive compounds of beetroots. The beetroots dried by HPD 

exhibited the highest values of betacyanin, betaxanthin, and total flavonoids 

content.  

The beetroots prepared by MD and MVD had considerably higher DPPH 

radical scavenging activity than the beetroots prepared by VD and FD in terms of 

antioxidant activity. Moreover, the beetroots carried to MD had the highest level 

of ABTS radical scavenging activity. Additionally, the MVD led to the highest 

FRAP value. It is worth noting that the FRAP, DPPH, and ABTS values of 

beetroots processed by FD were the lowest, indicating the lowest antioxidant 

activity. Compared to other drying methods, MVD resulted in enhance 

antioxidant activity of beetroot. 

Considering the quality attributes and drying time, the combined drying 

methods (HPD+MVD) may guarantee high quality of beetroots and a short drying 

time. 
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3.2 Methods and parameters for obtaining dried beetroot, pretreated 

by freeze-thaw method 

3.2.1 Influence of freeze-thaw cycles on quality attributes of microwave 

dried beetroots 

Freeze-thaw technology is a non-thermophysical pretreatment method [55] 

that is composed of two steps, including freezing material to its freezing points, 

and thawing the frozen material at higher temperatures [158]. The freeze-thaw 

principle is based on crystallization, which occurs when free water pierces the cell 

membrane during the expansion of frozen water. This enables the free water to 

enter the cell in excess and facilitate mass transfer [159]. Freeze-thaw is an 

effective procedure for increasing drying rate by changing the permeability of the 

cell membrane and destroying the cell wall structure [56]. It has been shown that 

freeze-thaw pretreatment can greatly improve the performance of various thermal 

drying procedures by causing cell walls and cell membranes to rupture and 

preventing structural distortion during drying [61].  

To our knowledge, the effects of freeze-thaw cycles on the microwave 

drying of beetroots have not been studied yet. Furthermore, only little is known 

about the influence of freeze-thaw cycles on the physicochemical properties and 

antioxidant capacity of the beetroots. Therefore, we investigated the effects of 

freeze-thaw cycles on drying time, physicochemical properties and antioxidant 

capacity of microwave dried beetroots. 

 

3.2.1.1 Experimental conditions for freeze-thaw pretreatment and 

microwave drying 

Freeze-thaw pretreatment: Fresh beetroot slices (300.0 ± 3.0 g) were frozen 

at –20 °C for 12 h, and then put them in a constant temperature water bath ( 25 °C) 

to thaw for 3 h, the pretreated process was called as freeze-thaw once (FT1). Fresh 

beetroot slices were subjected to freeze-thaw once (FT1), freeze-thaw two times 
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(FT2) and freeze-thaw three times (FT3). Beetroot slices without freeze-thaw 

pretreatment (FT0) were prepared as a control group. Each pretreatment was 

repeated three times. 

In this study, a microwave drying system was used to dry frozen-thawed 

beetroots. Frozen-thawed beetroot slices were spread evenly on the tray as a thin 

layer, and then put the tray into the microwave drying system chamber. 

Microwave drying was carried out at microwave power of 520 W. The drying 

process was finished until the moisture content of beetroots was less than 6.0%. 

 

3.2.1.2 Results and discussions on the effect of freeze-thaw cycles on 

quality of dried beetroots 

Drying time and rehydration ratio of beetroots affected by freeze-thaw 

cycles are shown in Fig. 3.19. It was observed that freeze-thaw pretreatment could 

reduce drying time and drying time decreased with the increase of freeze-thaw 

cycles. Significant differences (p < 0.05) in drying time were noted among FT0, 

FT1, and FT2. 

The drying time required by FT0 (without freeze-thaw pretreatment) to 

reach to the final moisture content (below 6.0%) was the longest of 41.3 ± 1.7 

min, while FT3 resulted in the shortest drying time of 26.0 ± 1.7 min. Compared 

to the unpretreated  beetroots (FT0), FT1, FT2, and FT3 shortened the drying 

time by 18.3%, 29.8%, and 37.0%, respectively. 

The effect on microwave drying time was due to the changes in 

microstructure caused by the freeze-thaw pretreatment. As presented in Fig. 3.19, 

the rehydration ratio of beetroots decreased significantly (p < 0.05) with the 

increase of freeze-thaw cycles. The rehydration ratio decreased from 5.04 ± 0.07 

to 4.52 ± 0.08 as the freeze-thaw cycles increasing from FT0 to FT3. 
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Fig. 3.19 Influence of freeze-thaw cycles on drying time and rehydration 

ratio of microwave dried beetroots 

 

The highest rehydration ratio (5.04 ± 0.07) was obtained in microwave 

dried beetroots pretreated by FT0 (Fig. 3.19). The beetroots subjected to FT3 were 

characterized by the lowest rehydration ratio of 4.52 ± 0.08, indicating the most 

severe damage to the cell structure of beetroots. 

Color is an important quality indicator of dried products, impacts the 

product's market value and consumer acceptance [159]. Effects of freeze-thaw 

cycles on the color parameters of microwave dried beetroots are displayed in 

Table 3.23. The brightness of microwave dried beetroots were found to be 

significantly higher than that of fresh beetroots (p < 0.05), indicating that 

beetroots became brighter after freeze-thaw pretreatment and drying. As can be 

observed in Table 3.23, the redness of microwave dried beetroots decreased with 

increasing freeze-thaw cycles, and was lower than that of fresh beetroots. It was 
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found that the yellowness of beetroots were significantly lower than that of fresh 

beetroots (p < 0.05). The microwave dried beetroots with FT1 displayed the 

lowest yellowness of 0.79 ± 0.08. 

The total color difference (∆E) of microwave dried beetroots affected by 

freeze-thaw cycles were ranged from 11.18 ± 0.67 to 15.00 ± 0.55 compared to 

fresh beetroots. ∆E of microwave dried beetroots were increased with the increase 

of freeze-thaw cycles, and the microwave dried beetroots without freeze-thaw 

pretreatment (FT0) showed the lowest ∆E of 11.18 ± 0.67 and the microwave 

dried beetroots pretreated with FT3 presented the largest ∆E. 

Table 3.23  

Effects of freeze-thaw cycles on the color parameters of microwave dried 

beetroots 

Freeze-thaw cycles L a b ∆E 

Fresh sample 36.64 ± 0.42c 28.16 ± 0.43a 6.03 ± 0.30a - 

FT0 40.72 ± 0.80b 18.94 ± 0.60b 1.25 ± 0.16b 11.18 ± 0.67c 

FT1 42.70 ± 0.50a 17.41 ± 0.70c 0.79 ± 0.08d 13.42 ±0.67b 

FT2 41.09 ± 0.63b 15.54 ± 0.68d 1.17 ± 0.19bc 14.24 ± 0.82a 

FT3 42.50 ± 0.83a 15.31 ± 0.39d 1.02 ± 0.07c 15.00 ± 0.55a 

 

In order to better understand the effect of freeze-thaw cycles on the 

microstructures of microwave dried beetroots, the microstructures was observed 

by scanning electron microscope (SEM), and results are illustrated in Fig. 3.20. 

As presented in Fig. 3.20, cell structures of microwave dried beetroots 

without pretreated (FT0) were relatively complete, and the cell walls were clearly 

visible. While the microwave dried beetroots after freeze-thaw pretreatment, the 

cell structure of the microwave dried beetroots ruptured and the tissue structure 

collapsed. This was due to the freeze-thaw process. 
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Fig. 3.20 Microstructures of microwave dried beetroots affected by 

freeze-thaw cycles  

 

Effects of freeze-thaw cycles on the betalains content of microwave dried 

beetroots are presented in Fig. 3.21. As exhibited in Fig. 3.21, contents of 

betacyanins and betaxanthins decreased significantly with the increase of freeze-

thaw cycles (p < 0.05). 

The highest betacyanins content (2.81 ± 0.01 mg/g) and betaxanthins 

content (1.99 ± 0.01 mg/g) of microwave dried beetroots were appeared at FT0, 

while the lowest betacyanins content and betaxanthins content were observed at 

FT3. 
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Fig. 3.21 Influence of freeze-thaw cycles on betalains content of 

microwave dried beetroots 

 

The results of ascorbic acid, total phenolic and total flavonoids content of 

microwave dried beetroots as affected by freeze-thaw cycles are displayed in 

Table 3.24. 

Table 3.24  

Contents of ascorbic acid, total phenolic and total flavonoids of 

microwave dried beetroots as affected by freeze-thaw cycles 

Freeze-thaw cycles Ascorbic acid, 
mg/100g 

Total phenolic, 
mg GAE/g 

Total flavonoids, 
mg RE/g 

FT0 750.78 ± 10.61a 9.74 ± 0.09a 19.58 ± 0.51a 

FT1 678.07 ± 19.02b 8.13 ± 0.08b 16.20 ± 0.19b 

FT2 571.63 ± 1.20c 6.98 ± 0.08c 14.22 ± 0.39c 

FT3 503.87± 11.37d 6.54 ± 0.05d 13.00 ± 0.48d 
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 It can be seen that freeze-thaw cycles significantly affected the ascorbic 

acid, total phenolic and total flavonoids content of microwave dried beetroots, and 

the contents of ascorbic acid, total phenolic and total flavonoids significantly 

decreased with the increase of freeze-thaw cycles (p < 0.05). The microwave dried 

beetroots without pretreated (FT0) illustrated the highest contents of ascorbic acid 

(750.78 ± 10.61 mg/100g), total phenolic (9.74 ± 0.09 mg GAE/g) and total 

flavonoids (19.58 ± 0.51 mg RE/g), while FT3 led to the lowest contents of 

ascorbic acid, total phenolic and total flavonoids. 

As shown in Table 3.25, the microwave dried beetroots pretreated by FT1 

displayed the highest DPPH radical scavenging activity of 6.86 ± 0.03 mg TE/g, 

while FT3 led to the lowest DPPH radical scavenging activity. FRAP value and 

ABTS radical scavenging activity decreased with increasing of freeze-thaw cycles. 

Meanwhile, the microwave dried beetroots without freeze-thaw pretreatment 

(FT0) showed the highest FRAP value (9.72 ± 0.09mg TE/g) and ABTS radical 

scavenging activity (15.01 ± 0.18 mg TE/g). This is because the antioxidant 

activity of beetroot is related to the content of bioactive compounds, as the content 

of bioactive compounds decreases with freeze-thaw cycles, the antioxidant 

activity of beetroots decrease at the same time.  

Table 3.25  

Influence of freeze-thaw cycles on the antioxidant activity of  

microwave dried beetroots 

Freeze-thaw 
pretreatment DPPH, mg TE/g FRAP, mg TE/g ABTS, mg TE/g 

FT0 6.75 ± 0.02b 9.72 ± 0.09a 15.01 ± 0.18a 

FT1 6.86 ± 0.03a 8.81 ± 0.07b 14.28 ± 0.09b 

FT2 6.67 ± 0.02c 7.92 ± 0.18c 12.60 ± 0.09c 

FT3 6.29 ± 0.04d 6.15 ± 0.21d 11.27 ± 0.37d 

 

The quality properties of beetroots were significantly affected by freeze-

thaw cycles. In terms of physical properties, with the increase of freeze-thaw 
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cycles, the drying time and rehydration ratio decreased significantly, the 

microstructure was destroyed, and the total color difference also increased 

continuously compared with fresh beetroots. For bioactive compounds, contents 

of betalains, ascorbic acid, total phenolic and total flavonoids of microwave dried 

beetroots decreased with the increase of freeze-thaw cycles. The microwave dried 

beetroots pretreated by FT1 displayed the highest DPPH radical scavenging 

activity, while FRAP value and ABTS radical scavenging activity decreased with 

increasing of freeze-thaw cycles, and the microwave dried beetroots without 

freeze-thaw pretreatment (FT0) displayed the highest FRAP value and ABTS 

radical scavenging activity. 

In comprehensive consideration, it is better to pretreat fresh beetroots by 

freeze-thaw once (FT1), which can not only shorten the drying time, but also 

better maintain the physical properties, bioactive compounds and antioxidant 

activity of beetroots. 

3.2.2 Influence of freezing temperatures on quality attributes of heat 
pump dried beetroots 

The freeze-thaw process consists of two stages: freezing the material and 

thawing the material. The ice crystals formed at different freezing temperatures 

have different sizes, and the degree of damage to cells is also different. The 

resulting ice crystals contain up to 99% solid water, and the size of the ice crystals 

has a considerable impact on the porosity and structure of the dried material [77]. 

Shock freezing stimulates the creation of a large number of little crystals, resulting 

in less cell damage, whereas slow freezing produces massive crystals, allowing 

the product to dry faster due to more intense water vapour movement [160]. In the 

study [161], the effect of freezing on bioaccessibility of bioactives find in beetroot 

during in vitro gastric digestion was investigated. It was found that although 

freezing caused a decrease in TPC and ascorbic acid (AA) in beetroots before in 

vitro digestion, but the release of TPC and AA was about 20% more in frozen 

beetroot than in raw samples, thus the bioaccessibility of these bioactives 

increased. It was concluded that in addition to extending the storage life, freezing 
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can also effectively improve the bioavailability of bioactive substances in 

beetroots, and has great potential to be used as pretreatment to shorten the drying 

time of beetroots. 

Therefore, this study aimed to investigate the influence of various freezing 

temperatures (–4, –20, –50, and –80 °C) before heat pump drying on the quality 

attributes of beetroots and to identify the optimal freezing temperatures required 

to achieve the best quality of beetroots. 

3.2.2.1 Experimental conditions for different freezing temperatures 
and heat pump drying 

Fresh beetroots were cut into slices with 3 mm in thicknesses and 7 mm in 

diameter, and packed in polyethylene bags and frozen at different freezing 

temperatures. The specific freezing conditions are as follows: 

a. –4 °C: Fresh beetroot slices (800.0 ± 5.0 g) were placed in the 

refrigerator at –4 °C and frozen for 24 h. 

b. –20 °C: Fresh beetroot slices (800.0 ± 5.0 g) were placed in the 

refrigerator at –20 °C and frozen for 12 h. 

c. –50 °C: Fresh beetroot slices (800.0 ± 5.0 g) were frozen in ultra-low 

temperature refrigerator at –50 °C for 3 h. 

d. –80 °C: Fresh beetroot slices (800.0 ± 5.0 g) were frozen in ultra-low 

temperature refrigerator at –80 °C for 1.5 h. 

All the frozen beetroot slices were thawed with running water. When all the 

ice had melted, the thawing process were over. 

Frozen-thawed beetroot slices were dried in a heat pump drier (L3.5AB, 

Guangdong IKE Industrial Co. Ltd, China) with drying temperature of 65 °C to 

the final moisture content under 6%. 

Fresh beetroot slices (800.0 ± 5.0 g) were also were dried in the heat pump 

drying oven at 65 °C to the final moisture content below 6 % as the control group 

(CG). 
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3.2.2.2 Results and discussions on the influence of freezing 
temperatures on quality of dried beetroots 

The thawing time, thawing loss rate, drying time and final moisture content 

of beetroots affected by freezing temperatures are displayed in Table 3.26. During 

the thawing process, the ice crystals melt, and the juice of the beetroot flowed out, 

causing a part of the weight of the beetroots to be lost. It can be seen from Table 

3.26 that different freezing temperatures led to different thawing loss rates. The 

freezing temperature was –4 °C, the thawing loss rate of beetroots was the lowest 

(21.63 ± 0.15%), while the freezing temperature was –50 °C, the thawing loss rate 

was up to 36.02 ± 1.52%.  

Table 3.26  

Influence of different freezing temperatures on the thawing loss rate, 

drying time and final moisture content of beetroots 

Freezing 
temperature, °C 

Thawing loss 
rate, % Drying time, h Final moisture 

content, % 
–4 21.63 ± 0.15d 4.0 ± 0.0b 5.04 ± 0.67a 

–20 32.52 ± 1.14b 3.9 ± 0.3b 5.06 ± 0.38a 

–50 36.02 ± 1.52a 3.8 ± 0.3b 5.31 ± 0.34a 

–80 25.16 ± 0.78c 3.9 ± 0.3b 5.51 ± 0.36a 

CG - 5.3 ± 0.3a 5.02 ± 0.63a 

 

Freeze-thaw pretreatment can increase the drying rate of beetroots, 

resulting in a reduction in drying time. Beetroots without freeze-thaw 

pretreatment (CG) required the longest drying time of 5.3 ± 0.3 h, while after 

freeze-thaw pretreatment, the drying time reduced significantly, and the drying 

time was shortened by about 26.4%. But there was no significant difference in 

drying time among the beetroots obtained at different freezing temperatures (p > 

0.05). 

The final moisture content of heat pump dried beetroots ranged from 5.02 

± 0.63 to 5.51 ± 0.36%, and different freezing temperatures had no significant 



126 

effect on the final moisture content, indicating that the final moisture content had 

negligible effect on the quality attributes of heat pump dried beetroots. 

Influence of different freezing temperatures on the hardness, rehydration 

ratio, shrinkage rate and apparent density of heat pump dried beetroots are 

illustrated in Table 3.27. As displayed in Table 3.27, freezing temperatures 

significantly affected (p < 0.05) the rehydration ratio of heat pump dried beetroots. 

The heat pump dried beetroots frozen at –20 °C showed the highest rehydration 

ratio of 6.88 ± 0.14, while the heat pump dried beetroots frozen at –80 °C 

illustrated the lowest rehydration ratio (5.20 ± 0.19).  

 

Table 3.27  

Effects of different freezing temperatures on the rehydration ratio, 

shrinkage rate, apparent density and hardness of heat pump dried beetroots 

Freezing 
temperature, °C 

Rehydration 
ratio 

Shrinkage 
rate, % 

Apparent 
density, g/mL Hardness, g 

–4 6.42 ± 0.08b 93.68 ± 0.29c 1.06 ± 0.04c 1126.2 ± 106.6c 

–20 6.88 ± 0.14a 95.78 ± 0.42b 1.26 ± 0.07b 973.1 ± 153.0d 

–50 6.19 ± 0.06c 97.78 ± 0.21a 1.65 ± 0.09a 436.5 ± 70.8e 

–80 5.20 ± 0.19e 95.17 ± 0.42b 1.51 ± 0.14a 1940.7 ± 180.7a 

CG 5.68 ± 0.16d 90.54 ± 0.60d 0.83 ± 0.07d 1452.7 ± 98.6b 

 

During heat pump drying, the beetroot lost water and reduced its volume. 

The shrinkage rates of heat pump dried beetroots affected by different freezing 

temperatures are shown in Table 3.27. It can be seen that freeze-thaw pretreatment 

can significantly improved the shrinkage rate of heat pump dried beetroots 

compared with CG (p < 0.05). The heat pump dried beetroots frozen at –50 °C 

displayed the largest shrinkage rate of 97.78 ± 0.21%. Freeze-thaw pretreatment 

significantly increased the apparent density of heat pump dried beetroots in 

comparison with that of the CG (p < 0.05). Freezing temperature of –50 °C led to 

the highest apparent density (1.65 ± 0.09 g/mL). There was no significant 
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difference in apparent density among the heat pump dried beetroots frozen at –

50 °C and –80 °C. The hardness of heat pump dried beetroots was significantly 

affected by freezing temperatures (p < 0.05). The heat pump dried beetroots 

frozen at –50 °C showed the lowest hardness of 436.5 ± 70.8 g, while freezing 

temperature of –80 °C resulted in the highest hardness of 1940.7 ± 180.7 g.   

The microstructure of heat pump dried beetroots can be seen in Fig. 3.22. 

The cell structures of heat pump dried beetroots without freeze-thaw pretreatment 

(CG) was complete and clear, and the cell wall was clearly visible. Freeze-thaw 

pretreatment at different freezing temperatures resulted in cell wall rupture and 

severe loss cell structures of beetroots. 

 

 
Fig. 3.22 Influence of different freezing temperatures on the 

microrphology (100 ×) of beetroots 

 

The color characteristics of heat pump dried beetroots are displayed in 

Table 3.28. Compared with fresh beetroots (L = 27.62 ± 1.02 , a = 18.82 ± 0.75, 

b = 2.45 ± 0.31), heat pump dried beetroots showed higher values of L and a, 

indicating beetroots after drying became more brightness and redness. 
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The heat pump dried beetroots frozen at –50 °C had the highest L value of 

44.20 ± 1.09, while the heat pump dried beetroots frozen at –80 °C showed the 

lowest L value of 38.38 ± 1.59. The heat pump dried beetroots without freeze-

thaw pretreatment (CG) showed the highest a value of 28.94 ± 1.28. and a values 

of the heat pump dried beetroots frozen by different freezing temperatures 

significantly lower than that of CG. Freezing temperature of –50 °C led to the 

lowest b value of 0.75 ± 0.06. The b values of heat pump dried beetroots after 

freeze-thaw pretreatment were significantly lower compared with that of CG (p < 

0.05).  

Compared to CG, freeze-thaw pretreatment significantly decreased the ΔE 

values of heat pump dried beetroots. Heat pump dried beetroots frozen at –80 °C 

showed the lowest ΔE of 11.47 ± 1.24, and there was no significant difference in 

ΔE values among the heat pump dried beetroots frozen at –4, –20, and –80 °C (p > 

0.05).  

Table 3.28  

Color parameters of heat pump dried beetroots as affected by different 

freezing temperatures 

Color 
parameters 

Freezing temperature, °C 

–4 –20 –50 –80 CG 

L 39.90 ±1.02bc 40.47 ± 0.95b 44.20 ± 1.09a 38.38 ± 0.59c 43.76 ± 1.09a 

a 22.29 ± 0.53c 22.69 ± 0.62c 24.86 ± 0.40b 24.19 ± 0.71b 28.94 ± 1.28a 

b 1.04 ± 0.15c 1.03 ± 0.13c 0.75 ± 0.06d 1.99 ± 0.23b 2.51 ± 0.28a 

ΔE 12.03 ± 0.86c 13.27 ± 0.81c 17.33 ± 0.94b 11.47 ± 1.24c 19.12 ± 0.33a 

 

Beetroots are rich in betalains, which are water soluble nitrogen-containing 

pigments, containing betalamic acid as a chromophore, depending upon the nature 

of the betalamic acid residue. Betalains can be classified as either betacyanins 

(red/violet coloration) or betaxanthins (yellow/orange coloration) [162]. The 

effects of freezing temperatures on the betalains content of heat pump dried 
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beetroots are illustrated in Table 3.29. The heat pump dried beetroots frozen at 

different freezing temperatures showed significantly lower betalains content in 

comparison with that of CG. As displayed in Table 3.29, betacyanins content and 

betaxanthins content with the same trend of change, both showed the highest 

values in CG. After freeze-thaw pretreatment, the betacyanins content and 

betaxanthins content of heat pump dried beetroots were significantly reduced (p 

< 0.05), so the CG showed the highest betacyanins content (3.31 ± 0.02 mg/g) and 

betaxanthins content (1.98 ± 0.01 mg/g). The freezing temperature of –50 °C led 

to the lowest betalains content in heat pump dried beetroots. 

Table 3.29  

Effects of different freezing temperatures on the betalains content of heat 

pump dried beetroots 

Freezing temperature, °C Betacyanins, mg/g Betaxanthins, mg/g 

–4 2.82 ± 0.01b 1.60 ± 0.01b 

–20 2.73 ± 0.01c 1.55 ± 0.01c 

–50 2.46 ± 0.01e 1.35 ± 0.00e 

–80 2.59 ± 0.01d 1.42 ± 0.01d 

CG 3.31 ± 0.02a 1.98 ± 0.01a 

 

The effects of freezing temperatures on the contents of ascorbic acid, total 

phenolic, and total flavonoids in heat pump dried beetroots are presented in Table 

3.30.  

Table 3.30  

Influence of freezing temperatures on the contents of ascorbic acid, total 

phenolic, and total flavonoids in heat pump dried beetroots 

Freezing 
temperature, °C 

Ascorbic acid, 
mg/100g 

Total phenolic, 
mg GAE/g 

Total flavonoids, 
mg RE/g 

–4 258.3 ± 3.8bc 7.54 ± 0.21a 10.90 ± 0.41ab 

–20 251.6 ± 5.2c 7.45 ± 0.19a 10.26 ± 0.22c 
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continuation of Table 3.30 
–50 239.1 ± 4.0d 6.95 ± 0.21b 9.94 ± 0.16d 

–80 249.3 ± 4.2c 6.69 ± 0.12c 10.60 ± 0.18b 

CG 287.7 ± 8.8a 7.78 ± 0.24a 11.15 ± 0.21a 

 

It can be found that freeze-thaw pretreatment decreased the contents of 

ascorbic acid, total phenolic, and total flavonoids in heat pump dried beetroots, 

indicating that freeze-thaw pretreatment was not conducive to the preservation of  

ascorbic acid, total phenolic, and total flavonoids in heat pump dried beetroots. 

The heat pump dried beetroots frozen at –50 °C showed the lowest ascorbic acid 

content (239.1 ± 4.0 mg/100g) and total flavonoids content (9.94 ± 0.16 mg RE/g), 

while the heat pump dried beetroots frozen at –80 °C showed the lowest total 

phenolic content of 6.69 ± 0.12 mg GAE/g.   

The influence of freezing temperatures on the antioxidant activity of heat 

pump dried beetroots is displayed in Table 3.31. The antioxidant activity of heat 

pump dried beetroots frozen at different freezing temperatures showed lower 

antioxidant activity compared to those of CG, so the CG showed the highest 

DPPH radical scavenging activity, ABTS radical scavenging activity, and FRAP 

value. The heat pump dried beetroots frozen at –50 °C showed the lowest DPPH 

radical scavenging activity, FRAP value, and ABTS radical scavenging activity. 

Table 3.31  

Influence of freezing temperatures on the antioxidant activity of heat 

pump dried beetroots 

Freezing 
temperatures, °C DPPH, mg TE/g FRAP, mg TE/g ABTS, mg TE/g 

–4 6.53 ± 0.14b 10.27 ± 0.22a 17.94 ± 0.49ab 

–20 6.43 ± 0.11b 9.89 ± 0.34b 17.69 ± 0.44b 

–50 5.59 ± 0.15d 9.06 ± 0.30c 16.07 ± 0.64c 

–80 5.99 ± 0.13c 9.83 ± 0.41b 17.61 ± 0.41b 

CG 7.01 ± 0.14a 10.67 ± 0.44a 18.54 ± 0.60a 
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The beetroots were frozen at different freezing temperatures and then 

thawed. After that, all beetroots were dried by heat pump drying oven. The 

physical properties, bioactive compounds and antioxidant activity of heat pump 

dried beetroots were evaluated. The following conclusions were drawn: 

Different freezing temperatures had significant effects on thawing loss rate, 

rehydration ratio, shrinkage rate, apparent density, hardness, and color parameters 

of heat pump dried beetroots. There was no significant difference in drying time 

and final moisture content of heat pump dried beetroots frozen at different 

freezing temperatures. Freeze-thaw pretreatment resulted in cell wall rupture and 

severe loss of beetroots cell structures.  

Freeze-thaw pretreatment led to lower bioactive compounds in heat pump 

dried beetroots than those of CG. The heat pump dried beetroots frozen at –50 °C 

showed the lowest content of betacyanins, betaxanthins, ascorbic acid, and total 

flavonoids. 

After freeze-thaw pretreatment at different freezing temperatures, the 

antioxidant activity of heat pump dried beetroots decreased compared with that of 

CG. The heat pump dried beetroots frozen at –50 °C demonstrated the lowest 

DPPH radical scavenging activity, FRAP value, and ABTS radical scavenging 

activity. 

Considering the freezing time, physical properties, bioactive compounds, 

and antioxidant capacity of beetroots, it is considered that –20 °C was an 

economical and appropriate freezing temperature for fresh beetroots. 

3.2.3 Influence of thawing methods on quality attributes of microwave 
dried beetroots 

Freeze-thaw is a widely used pretreatment in foodstuffs. It has been 

demonstrated that freeze-thaw treatment can significantly shorten the drying time 

of agriculture products by forming ice crystals, which can cause cell separation 

and promote water migration during the drying process [61, 163].  

Thawing is the opposite process to freezing, which aim is to maintain the 

original food quality as much as possible [60]. The thawing methods of water 
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refrigerator, and air are usually adopted for food thawing [164]. Water thawing is 

a simple, easy and inexpensive method that involves placing frozen products in a 

container filled with water to absorb heat [60]. Refrigerator thawing is conducive 

to reducing food quality losses during production [165]. Air thawing as one of the 

simplest thawing methods, is based on the fact that the air temperature is higher 

than the temperature of the frozen product, thereby transferring heat to the frozen 

product to thaw it [166]. Through the rupture of cavitation bubbles, ultrasonic 

thawing transforms acoustic energy into thermal energy. Thermal energy speeds 

up the phase transition from ice to water, reducing thawing time and ensuring 

more uniform thawing of frozen food [167]. In the paper [168], freeze-thaw 

pretreatment was used to prepare hot-air drying of cooked-potato flour. Five 

thawing methods including air thawing (25 °C), running water thawing (25 °C), 

refrigerator thawing (4 °C), ultrasonic thawing, and microwave thawing were 

used. The results indicated that running water thawing required the largest drying 

rate, reduced total energy consumption by up to 32.9%, and freeze-thaw 

pretreatment was effective to lower  drying time of potato flour, and lower 

energy consumption. 

To the best of our knowledge, the effects of thawing methods on the 

microwave drying of beetroots have not been studied yet. Thawing methods have 

a potential impact on the quality of products. Consequently, this study 

investigated the effect of thawing methods, including air thawing, water thawing, 

ultrasonic thawing, microwave thawing, and refrigerator thawing, on the the 

quality characteristics of microwave dried beetroots.  

3.2.3.1 Experimental conditions for thawing methods and microwave 
drying 

Freezing treatment: Fresh beetroots were washed with tap water, peeled, 

cut into slices with thickness of 3 mm and diameter of 7.5 cm, and packed them 

in polyethylene plastic bags (each bag was 300.0 ± 3.0 g) and sealed. The sealed 

beetroot slices were frozen at –20 °C for 12 h. The frozen beetroot slices were 

thawed in different methods. The thawing methods are as follows: 
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Microwave thawing: Microwave thawing using a microwave oven at 

microwave power of 140 W. The thawing process was stopped when the beetroots 

were soft and the ice slush was gone. 

Water thawing: The frozen beetroot slices were thawed with running tap 

water. The tap water temperature was 23 °C. Stopped thawing when the beetroots 

were soft and the ice slush was gone. 

Air thawing: The frozen beetroot slices were thawed on the test table to 

thaw directly. The room temperature was 25 °C. Stopped thawing when the 

beetroots were soft and the ice slush was gone. 

Refrigerator thawing: Put the frozen beetroot slices in the refrigerator to 

thaw at 4 °C. Stopped thawing when the beetroots were soft and the ice slush was 

gone. 

Ultrasonic thawing: Put the frozen beetroot slices in an ultrasonic cleaning 

machine and thawed with an ultrasonic power of 200 W. Stopped thawing when 

the beetroots were soft and the ice slush was gone. 

Microwave drying: The frozen-thawed beetroot slices were dried by a 

microwave drying system at microwave power of 360 W. When the moisture 

content of beetroot slices were less than 6%, the drying process stopped. 

3.2.3.2 Results and discussions on the influence of freezing 
temperatures on quality attributes of dried beetroots 

Effects of different thawing methods on the thawing time, drying time, and 

rehydration ratio of microwave dried beetroots are illustrated in Table 3.32. 

Different thawing methods had significant differences in thawing time (p < 0.05). 

Refrigerator thawing showed the longest thawing time of 364.0 ± 3.5 min, while 

microwave thawing required the shortest thawing time (7.3 ± 0.6 min). Although 

the thawing time was different, but the microwave drying time of beetroots with 

different thawing methods was not significantly different, indicating that different 

thawing methods had no significant effect on the drying time. Different thawing 

methods had significantly different effects on the rehydration ratio of microwave 

dried beetroots. The microwave dried beetroots obtained from refrigerator 
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thawing showed the highest rehydration ratio of 4.85 ± 0.10, while air thawing 

led to the lowest rehydration ratio (4.23 ± 0.05). Moreover, no significant 

difference in rehydration ratio of microwave dried beetroots obtained from water 

thawing and ultrasonic thawing. 

Table 3.32  

Effects of thawing methods on the thawing time, drying time, and 

rehydration ratio of microwave dried beetroots 

Thawing methods Thawing time, 
min 

Drying time, 
min 

Rehydration 
ratio 

Microwave thawing 7.3 ± 0.6d 39.7 ± 0.6a 4.67 ± 0.09b 

Water thawing 18.0 ± 0.0c 39.0 ± 0.0a 4.59 ± 0.07c 

Air thawing 102.3 ± 2.5b 38.3 ± 1.2a 4.23 ± 0.05d 

Refrigerator thawing 364.0 ± 3.5a 39.3 ± 0.6a 4.85 ± 0.10a 

Ultrasonic thawing 19.3 ± 1.2c 37.0 ± 1.7a 4.58 ± 0.08c 

 

The effect of different thawing methods on the color parameters of 

microwave dried beetroots is displayed in Table 3.33.  

Table 3.33  

Influence of thawing methods on the color characteristics of microwave 

dried beetroots 

Thawing methods L a b ∆E 

Microwave 
thawing 

43.03 ± 0.20a 19.85 ± 0.39b 3.41 ± 0.16b 29.22 ± 2.79b 

Water thawing 39.51 ± 0.36d 17.90 ± 0.64d 2.80 ± 0.23d 16.01 ± 2.02d 

Air thawing 42.30 ± 0.17b 20.89 ± 0.20a 5.23 ± 0.11a 43.23 ± 2.78a 

Refrigerator 
thawing 

41.69 ± 0.27c 19.72 ± 0.93b 3.23 ± 0.08c 26.61 ± 1.18c 

Ultrasonic 
thawing 

41.25 ± 0.50c 19.60 ± 0.19c 2.51 ± 0.10e 24.90 ± 1.00c 

Fresh beetroots 25.90 ± 0.47e 16.52 ± 0.68e 2.47 ± 0.19e - 
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The L values of microwave dried beetroots were significantly higher than 

that of fresh beetroots, indicating that the beetroots became brighter after 

microwave drying. Different thawing methods had different effects on the L 

values of the microwave dried beetroots. Meanwhile, microwave dried beetroots 

obtained using microwave thawing demonstrated the highest L value of 43.03 ± 

0.20. Compared with fresh beetroots, a values of microwave dried beetroots 

obtained from different thawing methods increased, demonstrating that the 

microwave dried beetroots became redder. The microwave dried beetroots 

obtained from water thawing illustrated the highest a value (20.89 ± 0.20). The 

microwave dried beetroots obtained from different thawing methods exhibited 

higher b values in comparison with fresh beetroots. Besides, the highest b value 

(5.23 ± 0.11) appeared in the microwave dried beetroots thawed by water. 

Different thawing methods had significant effects on ∆E of microwave dried 

beetroots. It can be seen from Table 3.33 that water thawing resulted in the lowest 

∆E (16.01 ± 2.02) of microwave dried beetroots, while air thawing led to the 

biggest ∆E of microwave dried beetroots. As a result, water thawing can better 

preserve the color of beetroots. 

Results of bioactive compounds of microwave dried beetroots affected by 

thawing methods are presented in Table 3.34. 

Table 3.34  

Contents of betalains, total phenolic, and total flavonoids of microwave 

dried beetroots affected by thawing methods 

Thawing 
methods 

Betacyanins, 
mg/g 

Betaxanthins, 
mg/g 

Total 
phenolic, 

mg GAE/g 

Total 
flavonoids, 
mg RE/g 

Microwave 
thawing 

2.04 ± 0.02c 2.02 ± 0.01a 6.06 ± 0.11e 13.86 ± 0.23d 

Water thawing 2.20 ± 0.01b 1.97 ± 0.01b 8.15 ± 0.12a 16.50 ± 0.40a 

Air thawing 2.01 ± 0.01c 1.96 ± 0.01b 7.40 ± 0.10c 14.38 ± 0.15c 

Refrigerator 
thawing 

2.20 ± 0.02b 1.96 ± 0.00b 7.91 ± 0.10b 15.15 ± 0.26b 

Ultrasonic 
thawing 

2.28 ± 0.05a 1.94 ± 0.01b 6.52 ± 0.08d 16.59 ± 0.28a 
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It can be found that the microwave dried beetroots obtained from ultrasonic 

thawing showed the highest betacyanins content of 2.28 ± 0.05 mg/g. Meanwhile, 

the microwave dried beetroots obtained from microwave thawing displayed the 

highest betaxanthins content (2.02 ± 0.01 mg/g), which was significantly higher 

than microwave dried beetroots obtained by other thawing methods (p < 0.05).  

There was no significant difference in betaxanthins content among the microwave 

dried beetroots obtained from water thawing, air thawing, refrigerator thawing, 

and ultrasonic thawing (p > 0.05).   

As shown in Table 3.34, different thawing methods had significant effects 

on the total phenolic content of microwave dried beetroots. The microwave dried 

beetroots obtained from water thawing showed the highest total phenolic content 

of 8.15 ± 0.12 mg GAE/g, while the microwave dried beetroots obtained from 

microwave thawing displayed the lowest total phenolic content of 6.06 ± 0.11 mg 

GAE/g. There was no significant difference in total flavonoids content between 

the microwave dried beetroots obtained from water thawing and ultrasonic 

thawing, but  all significantly higher than those of microwave dried beetroots 

obtained from other thawing methods (p < 0.05). Moreover, microwave thawing 

led to the lowest total flavonoids content of microwave dried beetroots. 

Results of the effect of thawing methods on the antioxidant activity of 

microwave dried beetroots are shown in Table 3.35.  

Table 3.35  

Influence of thawing methods on the antioxidant activity of microwave 

dried beetroots 

Thawing methods DPPH, mg TE/g FRAP, mg TE/g ABTS, mg TE/g 
Microwave thawing 3.21 ± 0.02b 10.21 ± 0.26c 12.92 ± 0.09d 

Water thawing 3.04 ± 0.01c 13.83 ± 0.25a 13.97 ± 0.18a 

Air thawing 3.38 ± 0.03a 12.53 ± 0.22b 12.31 ± 0.09e 

Refrigerator thawing 3.20 ± 0.01b 10.08 ± 0.22c 13.20 ± 0.13c 

Ultrasonic thawing 2.88 ± 0.01d 10.48 ± 0.16c 13.58 ± 0.11b 
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As presented in Table 3.35, different thawing methods had different effects 

on the DPPH radical scavenging activity, FRAP value and ABTS radical 

scavenging activity of microwave dried beetroots. Different thawing methods 

significantly affected the DPPH radical scavenging activity of microwave dried 

beetroots, and the microwave dried beetroots obtained by air thawing showed the 

highest DPPH radical scavenging activity of 3.38 ± 0.03 mg TE/g, while 

ultrasonic thawing led to the worst DPPH radical scavenging activity (2.88 ± 0.01 

mg TE/g).  

Meanwhile, the microwave dried beetroots obtained from water thawing 

illustrated the biggest FRAP value of 13.83 ± 0.25 mg TE/g. Besides, there was 

no significant difference in FRAP values among the microwave dried beetroots 

obtained from microwave thawing, refrigerator thawing, and ultrasonic thawing 

(p > 0.05). In terms of ABTS radical scavenging activity, the highest value was 

13.97 ± 0.18 mg TE/g in the microwave dried beetroots obtained from water 

thawing, and the microwave dried beetroots obtained from air thawing displayed 

the lowest value of 12.31 ± 0.09 mg TE/g. Furthermore, different thawing 

methods significantly affected ABTS radical scavenging activity of microwave 

dried beetroots (p < 0.05).  

The thawing time was obviously different, the thawing time of refrigerator 

thawing was the longest, and the thawing time of microwave thawing was the 

shortest, but there is no significant difference in microwave drying time (p > 0.05). 

In addition, the microwave dried beetroots obtained from refrigerator thawing had 

the largest rehydration ratio of 4.85 ± 0.10, while air thawing resulted in the 

smallest rehydration ratio. Compared with other thawing methods, water thawing 

can better preserve the color of beetroots. 

In terms of bioactive compounds, the highest content of betacyanins 

appeared in the microwave dried beetroots obtained from ultrasonic thawing, and 

the microwave dried beetroots obtained from microwave thawing illustrated the 

largest betaxanthins content of 2.02 ± 0.01 mg/g, and the highest total phenolic 

content to be appeared in the microwave dried beetroots obtained from water 
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thawing. Furthermore, the microwave dried beetroots obtained from ultrasonic 

thawing presented the largest total flavonoids content of 16.59 ± 0.28 mg RE/g. 

For antioxidant activity, thawing methods had different effects on the 

DPPH radical scavenging activity, FRAP value, and ABTS radical scavenging 

activity of microwave dried beetroots. The microwave dried beetroots obtained 

from water thawing displayed higher FRAP value and ABTS radical scavenging 

activity than those of microwave dried beetroots obtained from other thawing 

methods. 

Comprehensive consideration of physical properties, bioactive compounds 

and antioxidant activity of beetroots, water thawing is a more suitable way to thaw 

frozen beetroot. 

3.2.4 Influence of drying methods on quality attributes of frozen-
thawed beetroots 

Dehydration of thermo-sensitive materials is a highly complex process that 

involves the mechanisms of heat and mass transfer, and the drying methods and 

drying parameters used frequently cause significant changes in physical, 

organoleptic, biological, and chemical properties of materials, including its color, 

texture, aroma, vitamins, and phenolic compounds [169].  

Freeze-thaw treatment prior to drying can improve the drying rate, reduce 

the drying time of agricultural products. The purpose was to evaluate the influence 

of six drying methods (microwave drying, microwave vacuum drying, freeze 

drying, vacuum drying, hot air drying, and sun drying) on the quality properties 

of freeze-thaw pretreated beetroots. 

3.2.4.1 Experimental conditions for different drying methods 
Before experiments, fresh beetroots were washed with tap water to remove 

surface impurities, peeled and then sliced crosswise into slices 7.5 cm in diameter 

and 4 mm in thickness using a stainless steel slicer.  

Freeze-thaw pretreatment: Fresh beetroot slices were put into polyethylene 

bags, put them in the refrigerator (–20 °C) to freeze for 12 h, then thawed them in 

the refrigerator (4 °C) for 12 h. 
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In this study, different drying methods were designed and analyzed. Freeze-

thaw pretreated beetroot slices were subjected to different drying methods as 

below: 

Microwave drying (MD): Freeze-thaw pretreated beetroots (300.0 ± 2.0 g) 

were put into on a circular fiberglass tray (diameter-30 cm) of microwave drying 

system. The microwave power was set at 650 W and the time interval of beetroots 

weighing was 4 min. 

Microwave vacuum drying (MVD): Freeze-thaw pretreated beetroots 

(900.0 ± 2.0 g) were placed uniformly on a tray of microwave vacuum dryer. The 

vacuum degree was –90 kPa. The microwave vacuum drying was conducted at 

microwave power of 1000 W. After drying for 45 min, the microwave power was 

switched to 500 W to continue drying. 

Freeze drying (FD): Freeze-thaw pretreated beetroots (300.0 ± 2.0 g) were 

frozen at –20 °C for 12 h and then placed on the cavity in the freeze dryer at  

temperature of –80 °C and vacuum degree of 4 Pa. 

Vacuum drying (VD): Freeze-thaw pretreated beetroots (300.0 ± 2.0 g) 

were spread evenly on a tray of vacuum drying oven. The vacuum drying 

conditions were temperature of 60 °C and vacuum degree of –95 kPa.  

Hot air drying (HAD): Freeze-thaw pretreated beetroots (300.0 ± 2.0 g) 

were spread evenly in a tray of hot air tray dryer. The temperature was set at 60 °C. 

Sun drying (SD): Freeze-thaw pretreated beetroots (300.0 ± 2.0 g) were 

placed on a tray and dried in the sun from 8 am to 6 pm. The temperature was in 

the range of 30 °C to 35 °C. 

All drying process stopped as the final moisture content of beetroots was 

below 7.00%.  

3.2.4.2 Results and discussions on the influence of drying methods on 
quality attributes of frozen-thawed beetroots 

The drying time and final moisture content of freeze-thaw pretreated 

beetroots are displayed in Fig. 3.23. It is well known that moisture content is 

critical to the quality control and stability of dried products. According to the 
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results, the final moisture content of freeze-thaw pretreated beetroots subjected to 

different drying methods ranged from 5.62 ± 1.00 to 6.05 ± 0.41%. As shown in 

Fig. 3.23, no significant difference was appeared in the final moisture content of 

freeze-thaw pretreated beetroots obtained by different drying methods (p > 0.05), 

indicting that the influence of moisture content on the physicochemical properties 

of dried beetroots could be neglected. FD required the longest drying time to dry 

fresh beetroots to the final moisture content (below 7.00%) of 1340.0 ± 34.6 min. 

MD and MVD showed faster drying rates than FD, SD, HAD, and VD, so shorter 

drying time were required, but there was no significant difference in drying time 

between MD and MVD. At the same time, drying time of VD and HAD was also 

not significantly different (p > 0.05). The drying time of MD was reduced by 

96.90% compared to FD, which was only 11.86% of HAD, 11.21% of VD, and 

7.28% of SD. The drying time required by MVD was about 5.25% that of FD, and 

reduced up to 87.67%, 81.0%, and 79.91% in comparison with SD, VD, and HAD, 

respectively. 

 
Fig. 3.23 Effects of different drying methods on drying time and final 

moisture content of freeze-thaw pretreated beetroots 
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The shrinkage rate and rehydration ratio of freeze-thaw pretreated beetroots 

affected by different drying methods are presented in Fig. 3.24. The shrinkage 

rates of freeze-thaw pretreated beetroots dried by different drying methods ranged 

from 74.32 ± 1.72 to 92.27 ± 1.04%. The freeze-thaw pretreated beetroots 

subjected to FD illustrated the smallest shrinkage rate, indicating minimal volume 

change compared to fresh sample. The largest shrinkage rate of freeze-thaw 

pretreated beetroots obtained by VD was 92.27 ± 1.04%. However, there was no 

significant difference in shrinkage rates among the freeze-thaw pretreated 

beetroots subjected to VD, MD, HAD, and SD (p > 0.05). 

The drying process usually causes irreversible changes in the structure of 

material and limits its return to its original shape. Rehydration rato is a major 

quality parameter that can indicate the ability of material to retain its original 

shape, and can be used to reflect the extent of damage to cellular material during 

drying process [170]. 

 
Fig. 3.24 Effects of different drying methods on shrinkage rate and 

rehydration ratio of freeze-thaw pretreated beetroots  
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It can be observed from Fig. 3.24 that rehydration ratio of freeze-thaw 

pretreated beetroots subjected to different drying methods ranged from 4.68 ± 

0.12 to 6.49 ± 0.06. FD led to the highest rehydration ratio (6.49 ± 0.06) of freeze-

thaw pretreated beetroots, while the difference was not statistically significant (p > 

0.05) in rehydration ratio of freeze-thaw pretreated beetroots dried by FD and VD. 

VD resulted in high rehydration ratio of freeze-thaw pretreated beetroots can be 

explained by the relatively small degree of damage to the cell walls, and the 

damage to the tissue structure during VD process was confirmed by macroscopic 

characteristics, including shrinkage or rehydration [171–172]. Meanwhile, 

rehydration ratio of freeze-thaw pretreated beetroots obtained from MD and SD 

were significantly lower than that of other drying methods, indicating that MD 

and SD had greater damage to the cell structure of freeze-thaw pretreated 

beetroots. 

 
Fig. 3.25 Effects of different drying methods on hardness of freeze-thaw 

pretreated beetroots 
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Texture is a significant quality characteristic affecting the acceptability of 

food and is assessed by hardness. The influence of different drying methods on 

hardness of freeze-thaw pretreated beetroots has been presented in Fig. 3.25. The 

hardness of freeze-thaw pretreated beetroot was significantly affected by different 

drying methods (p < 0.05). The hardness of freeze-thaw pretreated beetroots 

subjected to different drying methods ranged from 303.0 ± 34.8 to 

1805.4 ± 126.7 g. As observed in Fig. 3.25, the freeze-thaw pretreated beetroots 

obtained by SD showed the largest hardness of 1805.4±126.7 g, followed by those 

of HAD (1611.6 ± 141.8 g), VD (752.3 ± 119.8 g), MD (546.1 ± 95.3 g), and 

MVD (507.8 ± 73.4 g). FD led to the lowest hardness of freeze-thaw pretreated 

beetroots, indicating that the texture of freeze-thaw pretreated beetroots prepared 

by FD was soft. There was no significant difference in the hardness of freeze-thaw 

pretreated beetroots obtained using MD and MVD (p > 0.05).  

Color is one of the important visual indicators for dried beetroot quality, 

due to the fact that the pigment of beetroots is typical used as a natural colorant 

[173]. The color parameters of freeze-thaw pretreated beetroots prepared by 

different drying methods are displayed in Table 3.36. As shown in Table 3.36, the 

L values of freeze-thaw pretreated beetroots dried by different drying methods 

were observed to be increased compared with that of fresh sample, indicating that 

the freeze-thaw pretreated beetroots after drying became brighter than fresh 

sample. Whereas, there was no significance difference in L values of fresh sample 

and freeze-thaw pretreated beetroots dried by HAD and SD (p > 0.05). The freeze-

thaw pretreated beetroots dried by FD showed the highest L value of 40.47 ± 0.93.  

In terms of a values, the freeze-thaw pretreated beetroots after drying were 

significantly lower than that of fresh sample (p < 0.05), denoting that dried 

beetroots became lighter red color after drying. The possible reason for the lower 

a values might be related to the degradation reactions of betacyanins during 

drying [174]. Compared with other drying methods, the a value of freeze-thaw 

pretreated beetroots obtained using FD was higher, which was close to that of 

fresh sample. Meanwhile, SD led to the lowest a value of freeze-thaw pretreated 
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beetroots, which in accordance with the high degradation of betacyanins. 

The results revealed that freeze-thaw pretreated beetroots after drying 

presented significantly lower values of b compared to fresh sample (p < 0.05). For 

freeze-thaw pretreated beetroots undergoing to MD, FD, and FD, no significant 

difference was observed in b values. Compared to other drying methods, SD led 

to the lowest b value (0.42 ± 0.06) of the freeze-thaw pretreated beetroots. 

It is noted from Table 3.36, different drying methods had significant 

influences on the changes of C values. The C values of freeze-thaw pretreated 

beetroots prepared by different drying methods were indeed lower than that of 

fresh sample. C values of freeze-thaw pretreated beetroots decreased after drying, 

resulting in a lower saturation and a duller appearance. Moreover, the freeze-thaw 

pretreated beetroots prepared by SD displayed the lowest C value of 13.28 ± 0.48, 

indicating the smallest saturation and the dullest appearance. The C value was the 

highest in the of freeze-thaw pretreated beetroots dried by FD indicating the most 

vivid color. Notably, the C and a values showed similar values. This is in 

agreement with several authors who even considered C and a values as indicators 

describing the thermal degradation of betalains in beetroot products [40, 52, 76, 

174]. 

Table 3.36  

Color parameters of freeze-thaw pretreated beetroots affected by different 

drying methods 

Drying 
methods L a b C H° ΔE 

MD 39.37 ± 0.78b 20.07 ± 0.45d 2.63 ± 0.36b 20.25 ± 0.44d 7.71 ± 1.11d 9.60 ± 0.45c 

MVD 39.18 ± 0.84b 24.79 ± 0.66c 2.57 ± 0.57b 24.93 ± 0.61c 10.06 ± 2.23c 5.93 ± 0.49d 

FD 40.47 ± 0.93a 26.93 ± 0.75b 2.66 ± 0.19b 27.06 ± 0.76b 10.14 ± 0.63c 5.61 ± 0.48d 

VD 40.02 ±0.96ab 20.00 ± 0.40d 2.09 ± 0.23c 20.11 ± 0.39d 9.64 ± 1.15c 10.09 ± 0.56c 

HAD 37.02 ± 0.85c 17.60 ± 0.58e 1.44 ± 0.27d 17.66 ± 0.58e 12.61 ± 2.57b 11.95 ± 0.57b 

SD 37.21 ± 1.09c 13.27 ± 0.47f 0.42 ± 0.06e 13.28 ± 0.48f 31.90 ± 3.30a 16.34 ± 0.48a 

Fresh 
sample 

36.62 ± 0.50c 28.48 ± 0.77a 6.23 ± 0.38a 29.16 ± 0.78a 4.51 ± 0.27e - 
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The a, b, and C values of freeze-thaw pretreated beetroots after different 

drying methods were decreased significantly (p < 0.05) compared with those of 

fresh sample. The H° values of freeze-thaw pretreated beetroots obtained by 

different drying methods were observed to be significantly increased in 

comparison with that of fresh sample (p < 0.05). The H°, with values from 7.71 ± 

1.11 to 31.90 ± 3.30, was in the red range to yellow-red for freeze-thaw pretreated 

beetroots prepared by different drying methods. The freeze-thaw pretreated 

beetroots obtained by SD displayed the highest H° value of 31.90 ± 3.30, 

demonstrating sun drying caused a great degree shift to more yellow-red color.  

The greatest ΔE (16.34 ± 0.48) was seen in the freeze-thaw pretreated 

beetroots prepared by SD, followed by the freeze-thaw pretreated beetroots dried 

by HAD. It can be observed that FD led to the lowest ΔE (5.61 ± 0.48) of freeze-

thaw pretreated beetroots, followed by MVD. Furthermore, there is no significant 

difference in ΔE values of freeze-thaw pretreated beetroots obtained from FD and 

VD (p > 0.05).  

As a result, freeze-thaw pretreated beetroots dried by FD exhibited the most 

ideal color among the freeze-thaw pretreated beetroots subjected to different 

drying methods, with the lowest ∆E and the values of L, a, b, and C close to those 

of freshbeetroots. In addition, the worst color of freeze-thaw pretreated beetroots 

was prepared by SD, indicating that sun drying had a great influence on the color 

of final product, and was extremely unfavorable for the color retention of the 

freeze-thaw pretreated beetroots. 

In order to explain the influence of different drying methods on the quality 

characteristics of freeze-thaw pretreated beetroots, the microstructures were 

observed by SEM as described above. The microstructures of freeze-thaw 

pretreated beetroots obtained using different drying methods are presented in Fig. 

3.26. Obvious differences were observed in the microstructures of freeze-thaw 

pretreated beetroots with different drying methods. The freeze-thaw pretreated 

beetroots dried by FD exhibited typical homogenous porous structures, proving 

that FD displayed the minimal influecnce in cellular structure of beetroot tissue. 
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A previous study confirmed that the porous microstructure of the FD sample was 

formed by ice sublimation in the vacuum environment without cell shrinkage and 

external force collapse [148]. During the process of MD and MVD, rapid moisture 

evaporation caused the microscopic holes, so similar to FD, the freeze-thaw 

pretreated beetroots prepared by MVD and MD also had porous structures. The 

freeze-thaw pretreated beetroots obtained using VD were found to have thin 

porous walls, invisible cell boundaries, and extensive collapse of cell structures, 

resulting in negative effects on the texture of products. The freeze-thaw pretreated 

beetroots dried by HAD demonstrated tissue shrinkage and collapse of the cell 

structures, indicating severe damage to the cell structures of beetroots and leading 

to negative effects on hardness of final products. Similar results for free 

convection dried beetroots reported in [10]. However, SD led to a huge damage 

beetroots, resulting in complete breakage of cellular membrane, severe tissue 

shrinkage and collapse. Heating and moisture loss cause pressure in the cellular 

structures of the material, resulting in change and shrinkage of the microstructure. 

In addition, the microstructures and porosity of dried products are relevant to the 

migration mechanism of moisture and changes of external pressure [175].  

 

 
Fig. 3.26 SEM micrographs (500× magnification) of freeze-thaw 

pretreated beetroots obtained using different drying methods 
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The contents of betalain and ascorbic acid of freeze-thaw pretreated 

beetroots prepared by different drying methods are exhibited in Fig. 3.27. 

Betalains are sensitive to exposure to high temperature and long time processing 

[10]. Drying processing will change the content of betalains and consequently the 

color of the products. It can be seen from Fig. 3.27 that different drying methods 

significantly affected betalains content in the freeze-thaw pretreated beetroots (p 

< 0.05). The betacyanin content of freeze-thaw pretreated beetroots obtained by 

different drying methods ranged from 2.78 ± 0.07 to 4.38 ± 0.17 mg/g. Meanwhile, 

the betaxanthin content of freeze-thaw beetroots subjected to different drying 

methods ranged from 2.37 ± 0.05 to 3.12 ± 0.11 mg/g. Those values were 

obviously higher than the range reported by Wruss et al. [87] for seven beetroots 

varieties: 2.3 ± 0.2 to 3.9 ± 0.5 mg/g for betacyanin content, and 1.5 ± 0.2 to 2.4 

± 0.3 mg/g for betaxanthin content.  

 
Fig. 3.27 Effects of different drying methods on betalains content and 

ascorbic acid content of freeze-thaw pretreated beetroots 
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The results showed that the betacyanin content of freeze-thaw pretreated 

beetroots dried by MVD was the highest (4.38 ± 0.17 mg/g), while the minimum 

betacyanin content of 2.78 ± 0.07 mg/g was observed in freeze-thaw pretreated 

beetroots dried by HAD. Furthermore, no significant difference in betacyanin 

content of freeze-thaw pretreated beetroots dried by SD and HAD. The 

betaxanthin content of beetroots obtained by MVD was significantly higher than 

those of freeze-thaw pretreated beetroots obtained by other drying methods (p < 

0.05). The lowest betaxanthin content (2.37 ± 0.05 mg/g) was observed in freeze-

thaw pretreated beetroots prepared by HAD, and no significant difference was 

observed in betaxanthin content between VD and HAD (p > 0.05).  

Ascorbic acid is relatively unstable to heat, light and oxygen, and is easily 

degraded during drying process. As displayed in Fig. 3.27, different drying 

methods had significant effects on ascorbic acid content of freeze-thaw pretreated 

beetroots. The highest ascorbic acid content of 431.6 ± 3.5 mg/100g was observed 

in freeze-thaw pretreated beetroots obtained by MVD. Moreover, the freeze-thaw 

pretreated beetroots subjected to HAD showed the lowest ascorbic acid content 

of 290.2 ± 4.1 mg/100g, indicating that hot air drying resulted in the greatest loss 

of ascorbic acid in freeze-thaw pretreated beetroots, which can be explained that 

the higher the temperature, the longer the drying time, and the more degraded 

ascorbic acid in dried fruits and vegetables [150]. Besides, there was no 

significant difference in the ascorbic acid content of freeze-thaw pretreated 

beetroots obtained from FD and VD (p > 0.05).  

Fig. 3.28 shows the total phenolic content and total flavonoids content of 

freeze-thaw pretreated beetroots affected by different drying methods. It can be 

observed from Fig. 3.28 that different drying methods had significant influences 

on the total phenolic content of freeze-thaw pretreated beetroots (p < 0.05). The 

freeze-thaw pretreated beetroots dried by MVD illustrated the highest total 

phenolic content of 8.58 ± 0.04 mg GAE/g, followed by the freeze-thaw pretreated 
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beetroots obtained by MD (8.33 ± 0.09 mg GAE/g), VD (6.97 ± 0.10 mg GAE/g), 

FD (6.40 ± 0.13 mg GAE/g), and HAD (6.00 ± 0.10 mg GAE/g), respectively. 

MVD, VD, and MD resulted in higher total phenolic content of freeze-thaw 

pretreated beetroots. MVD and MD resulted in higher total phenolic content of 

freeze-thaw pretreated beetroots, which can be explained by the fact that the 

microwave irradiation treatments were very short compared to VD, FD, HAD, 

and VD treatments and microwave radiation leads to the release of phenolic 

compounds from the food matrix [176]. 

Moreover, the lowest total phenolic content (5.88 ± 0.09 mg GAE/g) was 

found in freeze-thaw pretreated beetroots prepared by SD. However, the effect of 

SD and HAD on the total phenolic content of freeze-thaw pretreated beetroots 

was not significantly different (p > 0.05). These values were in the range of those 

proposed by Székely et al. [46] for dried beetroot species ('Alto F1', 'Cylindra', 

'Detroit') prepared by mospheric, vacuum and microwave vacuum drying.  

The results showed that the freeze-thaw pretreated beetroots prepared by 

MVD displayed the highest total flavonoids content of 14.53 ± 0.44 mg RE/g, 

followed by the freeze-thaw pretreated beetroots obtained by FD, VD, MD, HAD, 

and SD with values of 12.14 ± 0.62, 12.06 ± 0.40, 11.85 ± 0.26, 10.73 ± 0.36, and 

9.37 ± 0.26 mg RE/g, respectively. Those values were significantly lower than the 

range proposed by Hamid and Nour [86] of sun-dried, oven-dried, and freeze-

dried beetroots with the values of 34.74 ± 0.54, 33.28 ± 0.72, and 36.11 ± 0.95 

mg RE/g, respectively. The reason for this difference may be related to the variety 

and production place, and the pretreatment of beetroots. 

Compared with other drying methods, SD resulted in the lowest content of 

total flavonoids and total phenolic in freeze-thaw pretreated beetroots, indicating 

that SD was not conducive to the preservation of total flavonoids and total 

phenolic in beetroots. 
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Fig. 3.28 Effects of different drying methods on total phenolic content and 

total flavonoids content of freeze-thaw pretreated beetroots 
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antioxidant activity can be attributed to various reasons. It has been reported that 

degradation caused by enzymes or heating can lead to a loss of antioxidant 

capacity. In addition, the intermediate products of thermal degradation and 

Maillard reaction can enhance antioxidant activity [156]. Moreover, during heat 

treatment, intense and/or long-term heat treatment may lead to the loss of natural 

antioxidants that most of them are relatively unstable [155]. Besides, the 

enzymatic reactions and non-enzymatic browning reactions may also lead to 

antioxidative characteristics during drying process [157]. 

 

 
Fig. 3.29 Effects of different drying methods on ABTS radical scavenging 

ability and FRAP values of freeze-thaw pretreated beetroots 
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3.2.5 Technological scheme for obtaining dried beetroot, pretreated by 
freeze-thaw method 

After experiments with different methods of drying frozen-thawed beetroot, 

a technological scheme for their production of dried beetroot, pretreated by 

freeze-thaw method was developed, which is presented in Figure 3.30. 

 
Fig. 3.30 Technological scheme for obtaining dried beetroot, pretreated 

by freeze-thaw method 
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3.2.6 Food safety of dried beetroot, pretreated by freeze-thaw method 

Since protein isolate and dried beetroot, pretreated by freeze-thaw method 

are products with a long shelf life (up to 2 years), one of key factors affecting their 

quality is the ability to maintain their microbiological and toxicological 

characteristics during the entire manufacturing and storage period. 

Dried beetroot must meet the requirements established in the technical 

specifications and be produced in accordance with the requirements of the 

technological instructions in compliance with the sanitary rules and norms 

approved at the enterprise in the established order. Therefore, food hygiene 

research is mandatory for dried beetroot, pretreated by freeze-thaw method. The 

study of food safety indicators was carried out according to the research methods 

of national standards. The concentration of toxic elements in dried beetroot, 

pretreated by freeze-thaw method during the three-month storage period remained 

at the same level as before the beginning of storage, which is shown in Table 3.37. 

Table 3.37 

The content of toxic elements, nitrates and radionuclides in dried beetroot, 

pretreated by freeze-thaw method, n=9 

Chemical elements Limit values Storage period: 
3 months 

Toxic elements, mg/kg 
lead 0.50 0.08 

cadmium 0.03 0.01 
arsenic 0.2 0.03 
mercury 0.02 0.01 
copper 5.0 1.7 

zinc 10 3.4 
tin 200 not found 

Nitrates 1400 340 
Radionuclides, Bq/kg 

cesium-137 240 12 
strontium-90 80 7 
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The values of toxicological indicators of dried beetroot are significantly 

influenced by growing conditions, so these values must be checked periodically 

to ensure food safety standards. 

Microbiology of dried beetroot, pretreated by freeze-thaw method are 

shown in Table 3.38. The resulting colonies were subsequently counted, and the 

results were expressed as log10 CFU (colony-forming unit)/g. 

Table 3.38 

Microbiology of dried beetroot, pretreated by freeze-thaw method, n=9 

Microbiological indicators Limit values Storage period: 
3 months 

The number of mesophilic aerobic and 
facultative anaerobic microorganisms, 

log10 CFU/g 
6 3 

Bacteria of the group of coliforms 
(coliforms) in 0.1 g 

not allowed not found 

Pathogenic microorganisms, in particular 
bacteria of the genus Salmonella, in 25 g 

not allowed not found 

Bacillus cereus, log10 CFU/g 3 2 

 

The study of microbiological parameters of dried beetroot, pretreated by 

freeze-thaw method during storage showed that bacteria of the group of coliforms, 

as well as pathogenic microflora in dried beetroot, pretreated by freeze-thaw 

method were not detected. 

The number of mesophilic aerobic and facultative anaerobic 

microorganisms and Bacillus cereus in dried beetroot, pretreated by freeze-thaw 

method slightly increased over time during storage, but according to the level of 

this microbiological indicator, after 3 months of storage, the dried beetroot met 

the hygienic requirements. 

Physical food contamination is a hazardous yet natural accident of 

contaminating food with dangerous objects around the kitchen or production base 

when being prepared. Physical contamination of dried beetroot during 3 months 

of storage is shown in Table 3.39. 
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Table 3.39 

Physical contamination of dried beetroot, pretreated by freeze-thaw 

method, n=9 

Physical elements Limit values Storage period: 
3 months 

The mass fraction of metal impurities (the size 
of the mass particles should not be more than 

0.3 mm in the largest dimension), % 
3×10-4 9×10-5 

Mass fraction of mineral impurities, % 0.01 0.003 

Foreign impurities forbidden not found 

Impurities of plant origin forbidden not found 

Affected by pests of grain stocks forbidden not found 

The presence of rotting dried beetroot and 
mold 

forbidden not found 

 

After three months of storage, the indicators of physical contamination of 

dried beetroot, pretreated by freeze-thaw method did not change and were 

significantly lower than the maximum level. Prohibited physical contaminants 

were not found in dried beetroot. This is due to the fact that the beetroot powder 

was stored in polyethylene vacuum bags, which prevented the beet from coming 

into contact with physical contaminants. 

Thus, safety indicators were studied during 3 months of storage. Based on 

the obtained data, it was established that dried beetroot, pretreated by freeze-thaw 

method can be stored at a temperature of 25°C for 3 months. Insignificant values 

of microbiological, toxicological and physical indicators of food hygiene confirm 

the effectiveness of storage at a temperature of 25°C and create prerequisites for 

confirming the maximum storage terms (2 years) of dried beetroot, pretreated by 

freeze-thaw method. 

In this study, different drying methods were used to dry freeze-thaw 

pretreated beetroots. The results induced that the drying methods had significant 

influences on the quality characteristics of freeze-thaw pretreated beetroots. 

Among six drying methods, FD resulted in the longest drying time, while MVD 
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and MD required shorter drying times. There was no significant difference in final 

moisture content of freeze-thaw pretreated beetroots obtained using different 

drying methods (p > 0.05). It has been found that the freeze-thaw pretreated 
beetroots obtained by FD showed the highest rehydration ratio and the lowest 

shrinkage rate. The color results indicated that the freeze-thaw pretreated 

beetroots prepared by FD displayed a better color appearance with the lowest ΔE, 

while SD resulted in the worst color in freeze-thaw pretreated beetroots with the 

biggest ΔE. According to the microstructure results, the freeze-thaw pretreated 

beetroots dried by FD, MD, and MVD demonstrated porous structures. SD and 

HAD caused great damage to the cell structure of freeze-thaw pretreated beetroots, 

resulting in severe tissue shrinkage and collapse.  

Different drying methods significantly affected the bioactive compounds of 

freeze-thaw pretreated beetroots. The freeze-thaw pretreated beetroots dried by 

MVD exhibited the highest contents of betacyanin, betaxanthin, ascorbic acid, 

total phenolic, and total flavonoids, while HAD resulted in the lowest contents of 

betalains and ascorbic acid, and SD resulted in the lowest contents of total 

phenolic and total flavonoids in freeze-thaw pretreated beetroots.  

Moreover, the freeze-thaw pretreated beetroots subjected to MVD showed 

the largest ABTS radical scavenging ability and FRAP values. Overall, higher 

quality properties and lower drying time suggest that MVD has greater potential 

as an optimal drying method for freeze-thaw pretreated beetroots. 

Conclusions to Section 3 
In this section, different drying methods and freeze-thaw pretreatments 

were used to obtained dried beetroots. The physical properties, bioactive 

compounds and antioxidant capacity of beetroots were investigated. Main 

conclusions obtained from this section are as follows: 

For heat pump drying, the best drying process parameters were beetroot 

slices with thickness of 5 mm, drying temperature of 65 ℃, and loading density 

of 2.0 kg/m2. In terms of vacuum microwave drying, the most favorable 
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conditions were microwave power of 500 W, vacuum degree of –90 kPa, and 

sample thickness of 2 mm.  

Different microwave-assisted drying methods (HAD+LMD, HMD+HAD, 

HMD+LMD, HMD, LMD, HMD+VD, and VD+LMD) significantly affected the 

quality characteristics of beetroots. According to the results, it was demonstrated 

that VD+LMD was the optimal method for microwave assisted drying of 

beetroots. 

Different drying methods (MVD, VD, MD, HPD, and FD) significantly 

affected the bioactive compounds of beetroots, and considering the quality 

attributes and drying time, the combined drying methods (HPD+MVD) guarantee 

high quality of beetroots and shorten drying time.  

The optimal freeze-thaw pre-treatment conditions for beetroots were 

freeze-thaw once with freezing temperature of –20 ℃ and water thawing. 

Moreover, it was found that MVD was an optimal drying method for freeze-thaw 

pretreated beetroots.
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SECTION 4 
TECHNOLOGIES OF MEAT PRODUCTS WITH THE ADDITION OF 
DRIED BEETROOT, PRETREATED BY FREEZE-THAW METHOD 

AND BISCUITS ENRICHED WITH DRIED BEETROOT, 
PRETREATED BY FREEZE-THAW METHOD 

 
4.1 Tehnology of meat products enriched with dried beetroot, 

pretreated by freeze-thaw method 
The research of meat products was carried out at Hezhou University in 

China, Sumy National Agricultural University in Ukraine, the results of 

experiments are confirmed by relevant research protocols. Research protocols are 

given in the addition A. "Protocols of experimental data". Degustation of meat 

products with the addition of dried beetroot, pretreated by freeze-thaw method 

was carried out at Hezhou University in China. Degustation results were recorded 

in the relevant degustation protocols. Degustation protocols are given in the 

Addition B. "Degustation certificates". 

Chicken breast is well known for its high protein and low fat content, 

making it a healthier food. The processing of chicken breast without any additives 

into sausages will lead to unattractive and colorless products. As a result, to 

produce an appealing sausage similar to beef sausage, chicken sausages frequently 

make use of food additives such as synthetic colorant [177]. Beetroot is 

considered as a rich source of betalains and nitrates. Betalain in beetroots is found 

to be a natrual coloring agent, containing two groups of red-violet (betacyanins) 

and yellow (betaxanthins) pigments [89]. As a source of nitrate, the intake of 

beetroot provides a natural way and has become a potential strategy for the 

prevention and management of diseases related to the reduction of NO 

bioavailability (especially hypertension and endothelial function) [98]. Nitrate is 

used in various purposes in meat products, such as providing antibacterial effect, 

required curing color, typical taste, and aroma, and preventing oxidation [178]. 

Beetroots have been proven to have important antioxidant and natural coloring 
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properties. Some studies have been carried out on the application of beetroot 

powder and beetroot extract in meat products, especially sausage. In the study 

[177], it was evaluated the function of red beetroot powder as filler and coloring 

agent in meat products. The results demonstrated that color, texture profile, water-

holding capacity, and sensory characteristics were impacted by the increasing 

level of beetroot powder ratio, and meat products with higher ratio of beetroot 

powder displayed good acceptability on flavor and color. It was reported in [178] 

that beetroot extract and beetroot extract powder as colorants were used in the 

production of sausages. The results showed that beetroot extract and powder had 

a positive impact on the sensory appearance, color, flavor, and overall acceptance 

of sausages. In the research of [89], beetroot powder was used to replace nitrite in 

Turkish fermented beef sausage. Results revealed that beetroot powder increased 

a* value of samples, and led to the protection of the desired red color during 

storage. Turkish fermented sausage reformulated with beetroot powder instead of 

nitrite and stored in vacuum bags for up to 56 days at 4 °C. The usability of 

lyophilized red beet water extract in cemen paste and its effects on the pastırma 

quality (especially colour, protein and lipid oxidation, microbial and sensory 

properties) during storage were investigated in [91]. The results showed that 

during the ripening process, nitrite was generated from radish and beetroot 

powders, and beetroot powder altered color, pigments, and lactic acid bacteria 

numbers. Adding 1.0% or 1.2% lyophilized red beet water extract to cemen paste 

could effectively improve the color stability, lipid oxidation, microbial and 

sensory quality of pastırma during storage. In addition, the use of beetroot 

powder/extract provides a simple way to produce red-colored products to improve 

its nutritional value and provide decorative food for consumers [179]. 

The different characteristics of additives and varied contents of additive 

would affect the characteristics of final product. The goal of this investigation was 

to evaluate the effect of dried beetroot, pretreated by freeze-thaw method on the 

physicochemical characteristics of meat products. 
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4.1.1 Recipe optimization of meat products with dried beetroot, 
pretreated by freeze-thaw method 

4.1.1.1 Materials and reagents 
Materials: Fresh beetroot (Beta vulgaris L. subsp. vulgaris var. conditiva 

Alef.), fresh snail meat without shell (Helix pomatia) were purchased from a local 

market in Xuzhou, China. Beets and snail meat were stored in a refrigerator (4 °C) 

until further use. Ingredients for sausages are chicken breast, dried beetroot, snail 

powder, pork rind, potato starch, ice, salt, dried garlic, ground mustard, dried 

marjoram, nutmeg, white pepper, white cooking wine, tripolyphosphate, sodium 

isoascorbate, and casings (salted pork intestines). 

Main reagents: Petroleum ether, trichloromethane, glacial acetic acid, 

potassium iodide, sodium thiosulfate, potassium hydroxide, sodium chloride, 

copper sulfate, potassium sulfate, sulfuric acid, ether, hydrochloric acid and 

thiobarbituric acid were all analytical reagent.  

4.1.1.2 Preparation of meat products 
Preparation of dried beetroot, pretreated by freeze-thaw method. Fresh 

beetroots slices with diameter of 7 mm and thickness of 3 mm were put into 

polyethylene bags, frozen in refrigerator (–20 °C) for 12 h, then thawed in the 

running water for 30 min, and wiped the superficial water of beetroot slices with 

absorbent paper to obtain frozen-thawed beetroot slices. 

Dried beetroot, pretreated by freeze-thaw method were obtained by 

combination of heat pump drying (HPD) and microwave vacuum drying (MVD). 

Frozen-thawed beetroot slices were put on a polyethylene tray (74 × 50 × 4 cm) 

of heat pump dryer dried at 65 °C for 2.0 h, and then continue dried using 

microwave vacuum dryer. The microwave vacuum drying process was carried out 

under microwave power of 1000 W and vacuum degree of –0.09 MPa. The drying 

process was stopped as the final moisture content of beetroot slices below 5.0%. 

The dried frozen-thawed beetroot slices were ground and then sieved through a 

60-mesh sieve. Beetroot powder was packed in a polyethylene bag, and then 

stored at 25 °C for further use. 
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Processing of meat products. Rinsed the pigskin with run water, boiled the 

pigskin in boiling water for 2 h, and then chopped the pigskin after cooling. 

Defrosted chicken breast, and then minced the chicken breast. Casings were 

cleaned by run water, then the casings were immersed by brine until for use. 

Dried beets were added to the recipe in the amount of 0 % (B0), 0.5 % (B1), 

1.0 % (B2), 1.5 % (B3), 2.0 % (B4), and 2.5 % (B5) from the weight of the chicken 

fillet. The ingredients used for the cooking of red sausages are listed in Table 4.1. 

Meat products processing is shown in Figure 4.1. 

Table 4.1 

Recipes of meat products with different additions of dried beetroot 

Sustainable ingredients, 

g/kg 
Control Meat product samples 

B0 B1 B2 B3 B4 B5 

Chicken breast 600 600 600 600 600 600 

Dried beetroot, 

pretreated by freeze-

thaw method (powdered) 
– 3 6 9 12 15 

Snail powder – 15 30 45 60 75 

Pork rind 100 85 70 55 40 25 

Potato starch 100 97 94 91 88 85 

Ice 140 140 140 140 140 140 

Salt 10 10 10 10 10 10 

Dried garlic – 4 4 4 4 4 

Ground mustard – 2 2 2 2 2 

Dried marjoram – 2 2 2 2 2 

Nutmeg 6 – – – – – 

White pepper 2 – – – – – 

White culinary wine 40 42 42 42 42 42 

Tripolyphosphate 1.5 – – – – – 

Sodium isoascorbate 0.5 – – – – – 
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Fig. 4.1 Technological scheme of semi-finished meat products 

 

4.1.2 Physicochemical properties of meat products fortified with dried 
beetroot, pretreated by freeze-thaw method 

4.1.2.1 Moisture content and pH value of meat products 
Moisture content and pH values of meat products are displayed in Table 

4.2. 

Mixing ingredients to a homogeneous 
consistency 

Filling pork intestines with minced meat 
l=12–15 cm, m=80–90 g 

Sausage aging 
t=8–10 °C 
τ=120 min 

Sausage packaging in vacuum bags 

Storage of raw red sausages 
t=2 °C, τ=4 days 

t=–10 °C, τ=4 months 

Cooking in steamer 
t=100–104 ºС 
τ=15–20 min 

Quality analysis 
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Table 4.2 

Moisture content and pH value of meat products 

Sample Moisture content, % pH  

B0 51.14 ± 0.31c 6.04 ± 0.01a 

B1 52.64 ± 0.38b 5.94 ± 0.01b 

B2 53.31 ± 0.45b 5.84 ± 0.01cd 

B3 57.81 ± 0.41a 5.81 ± 0.03d 

B4 57.07 ± 0.53a 5.86 ± 0.03c 

B5 58.00 ± 0.47a 5.91 ± 0.03b 

 

As shown in Table 4.2, the moisture content of meat products were affected 

by the addition of dried beetroot, pretreated by freeze-thaw method. Compared 

with the control group (B0), the moisture content of meat products fortified with 

beetroot powder increased. With the addition of dried beetroot, pretreated by 

freeze-thaw method, the moisture content of meat products increased gradually, 

and there was no significant difference in moisture content among B3, B4, and 

B5 (p > 0.05). 

pH value is one of commonly used physicochemical indicators to evaluate 

meat products quality, which can indirectly reflect the microbial characteristics 

and sensory quality of meat products. The pH values of meat products were 

significantly affected by the addition of dried beetroot, pretreated by freeze-thaw 

method. As shown in Table 4.2, the addition of dried beetroot, pretreated by 

freeze-thaw method significantly reduced the pH values of meat products. 

Similarly, some researchers indicated that the use of red beet caused a decrease in 

pH values of emulsion type sausages [180–181]. It has been reported that the pH 

value of the product can be affected by different factors such as product 

characteristics, production process, type and amount of additives [89]. 

4.1.2.2 Color parameters of meat products 
Color characteristics of meat products affected by dried beetroot, pretreated 

by freeze-thaw method addition are displayed in Table 4.3. Beetroot powder has 
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a significant impact on the color parameters of meat products. Dried dried beetroot, 

pretreated by freeze-thaw method addition had significant impacts on the color 

parameters of meat products. It can be seen from Table 4.3 that compared with 

B0, with the increase of dried beetroot, pretreated by freeze-thaw method, the L 

values of meat products decreased significantly (p < 0.05), indicating that the meat 

products became darkness with addition of dried beetroot, pretreated by freeze-

thaw method. The addition of dried beetroot, pretreated by freeze-thaw method 

caused an increase in the values of a for the inner surfaces of meat products (p < 

0.05). The highest a values were detected on the inner surface of meat products 

with beetroot powder addition of 2.5% (B5). The results indicated that beetroot 

powder was very effective in increasing the redness and maintaining the desired 

red color of meat products. Some academic research have already pointed out in 

beef sausage [89] and emulsified pork sausage [179] that redness (a) increased 

with the increased amount of frozen-thawed beetroot addition, which was 

attributed to the betalains content in beetroot powder. While the use of beetroot 

powder caused a significant increase in the yellowness (b) values (p < 0.05). With 

the increase of dried beetroot, pretreated by freeze-thaw method, b values of meat 

products decreased, but significantly higher than B0 (p < 0.05). Overall, the 

addition of dried beetroot, pretreated by freeze-thaw method had a significant 

effect on the color characteristics of meat products, and sample with 2% of dried 

beetroot, pretreated by freeze-thaw method (B4) exhibited better color. 

Table 4.3 

Color parameters of meat products 

Sample L* a* b* 
B0 62.16 ± 0.92a 5.09 ± 0.18f 6.24 ± 0.44e 

B1 58.69 ± 0.78b 10.96 ± 0.36e 11.17 ± 0.47a 

B2 54.18 ± 0.95c 15.12 ± 0.73d 10.38 ± 0.46b 

B3 50.06 ± 0.83d 18.16 ± 0.40c 8.95 ± 0.39c 

B4 48.45 ± 1.04e 19.00 ± 0.71b 9.46 ± 0.47c 

B5 43.43 ± 0.66f 21.62 ± 0.52a 7.35 ± 0.43d 
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4.1.2.3 Texture profile analysis of meat products 
In meat products, texture analysis can not only accurately reflect the 

sensory needs of consumers, but also reflect the structural integrity of protein 

matrix and the binding state with other components [183]. The changes of 

hardness, springiness, cohesiveness, gumminess, chewiness and resilience 

properties of meat products are shown in Table 4.4. In terms of hardness, the meat 

products with dried beetroot, pretreated by freeze-thaw method addition of 1.5% 

(B3) and 2.5% (B5) showed the higher values than that of control group (B0). The 

gumminess and chewiness of meat products with 2.0% of dried beetroot, 

pretreated by freeze-thaw method (B4) were significantly lower than those of B0, 

while the gumminess and chewiness of meat products with 2.5% of dried beetroot, 

pretreated by freeze-thaw method (B5) were higher than those of B0. However, 

the cohesiveness and resilience of meat products did not change much, and the 

differences were not significant (p > 0.05), which meant that addition of dried 

beetroot, pretreated by freeze-thaw method had no significant effect on 

cohesiveness and resilience of meat products. 

Table 4.4 

Texture profile analysis of meat products 

Sample Hardness, g Springiness, % Cohesiveness, % Resilience, % Chewiness 

B0 3138.1±175.3c 0.364±0.047ab 0.272±0.047a 0.070±0.009a 319.6±54.5ab 

B1 2472.5±112.5d 0.377±0.044a 0.251±0.025a 0.075±0.010a 240.9±30.5bc 

B2 3052.0±143.3c 0.316±0.027b 0.260±0.020a 0.071±0.007a 251.6±47.2bcd 

B3 3640.7±131.3b 0.328±0.017ab 0.264±0.027a 0.070±0.009a 306.6±46.2abc 

B4 2871.2±179.4c 0.304±0.022b 0.235±0.016a 0.064±0.005a 205.2±21.0d 

B5 4391.3±138.4a 0.335±0.020ab 0.249±0.021a 0.067±0.007a 347.6±36.4a 

 

Overall, the addition of dried beetroot, pretreated by freeze-thaw method 

did not lead to significant difference in the texture characteristics of meat 
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products, which was similar to the results from other studies [179], the addition 

of red beet powder (0.5% and 1.0%) into emulsified pork sausage did not result 

in any statistically significant difference in terms of texture properties. These 

results might be related to the low addition of beetroot powder used in these 

studies, so that no negative effect was observed on the textural characteristics of 

the samples [89]. 

4.1.2.4 Sensory quality of meat products 
As displayed in Table 4.5, the color, odor, flavor, texture, and overall 

acceptability of meat products were affected by the addition of dried beetroot, 

pretreated by freeze-thaw method. 

Table 4.5 

Sensory analysis of meat products 

Sample  Color Odor Flavor Texture Overall 
acceptability 

B0 7.02±0.11e 8.01±0.14a 8.41±0.15ab 8.33±0.07b 7.96 ±0.16b 
B1 7.74±0.11d 7.24±0.11bc 7.93±0.12c 8.02±0.08c 7.75±0.11bc 

B2 8.30±0.16c 7.44±0.11b 8.19±0.09b 8.21±0.07b 8.00±0.10b 

B3 9.75±0.11a 7.88±0.19a 8.33±0.12ab 8.64±0.11a 8.67±0.08a 

B4 9.38±0.10bc 7.98±0.12a 8.52±0.10a 8.67±0.12a 8.72±0.13a 

B5 9.51±0.08b 7.80±0.16a 8.40±0.16ab 8.62±0.13a 8.69±0.07a 
 

The color and flavor scores of meat products were significantly affected by 

dried beetroot, pretreated by freeze-thaw method (p < 0.05). The sensory scores 

of the meat products incorporating dried beetroot, pretreated by freeze-thaw 

method were better than those of the control group (B0). These results might be 

due to the fact that the beetroot powder provided a more natural color in the 

chicken sausages [176]. Moreover, due to the influence of color on other sensory 

perceptions and preferences, a higher flavor score may actually be related to a 

higher color score. These results are in accordance with the research in [89], 

adding beetroot powder (0.12, 0.24 and 0.35%) into cooked fermented sausages 
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resulted in a statistically significant increase in inner color scores (p < 0.05). The 

overall sensory quality of meat products depends on the formation of desired odor, 

color and flavor, and the addition of dried beetroot, pretreated by freeze-thaw 

method increased the overall acceptability scores of sausages. These results 

indicated that the use of dried beetroot, pretreated by freeze-thaw method 

provided an advantage in sensory quality of meat products. Similar results were 

reported from other studies [176, 179].  

4.1.2.5 TBARS value and peroxide value of meat products 
Lipid oxidation is one of the main factors affecting the quality 

characteristics of meat products, because it can lead to the development of 

rancidity and affect the nutritional value, color and flavor of products [181]. 

Peroxide is the first intermediate product after the oxidation of lipids. It is 

extremely unstable and can be decomposed into small molecular substances such 

as acids, aldehydes and ketones. Therefore, the degree of lipid oxidation can be 

determined from the peroxide value. 

It can be seen from Table 4.6, due to the addition of dried beetroot, 

pretreated by freeze-thaw method, the peroxide value of meat products decreased 

significantly in comparison with control group (B0), demonstrating that beetroot 

powder could reduce the lipid oxidation of meat products. 

TBARS value reflects the result of the reaction between the secondary 

substance produced by the oxidation and decomposition of unsaturated fatty acids 

in oil and malondialdehyde, and can indicate the secondary oxidation degree of 

fat [182]. As shown in Table 4.6, the addition of dried beetroot, pretreated by 

freeze-thaw method led to the TBARS values of meat products decreased 

significantly in comparison with that of B0. This may be due to the dried beetroot, 

pretreated by freeze-thaw method, which has antioxidant properties, tend to 

decrease lipid oxidation of meat products. Similar result has been reported in 

[179]. 
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Table 4.6 

TBARS and peroxide value of meat products 

Sample Peroxide value, g/100g TBARS, mg/100g 

B0 0.326 ± 0.006a 0.973 ± 0.036a 

B1 0.301 ± 0.005b 0.781 ± 0.014b 

B2 0.270 ± 0.007c 0.720 ± 0.022bc 

B3 0.248 ± 0.005d 0.667 ± 0.038c 

B4 0.249 ± 0.008d 0.671 ± 0.030c 

B5 0.253 ± 0.009d 0.673 ± 0.027c 

 

4.1.2.6 Contents of ash, fat and protein in meat products 
It can be seen from Table 4.7, with the addition of dried beetroot, pretreated 

by freeze-thaw method, ash content increased significantly in comparison with 

the control group (B0), while no difference was found among samples with 

different additions of dried beetroot, pretreated by freeze-thaw method (p > 0.05), 

it may be due to the low addition of beetroot powder. The fat content of meat 

products decreased slightly with the increase of dried beetroot, pretreated by 

freeze-thaw method addition, but no significant differences was appeared (p > 

0.05). 

Table 4.7 

Ash, fat and protein content of meat products 

Sample Ash content, 
g/100g 

Fat content, 
g/100g 

Protein content, 
g/100g 

B0 3.09 ± 0.01b 3.55 ± 0.05a 15.23 ± 0.15c 

B1 3.36 ± 0.02a 3.45 ± 0.05a 16.10 ± 0.20a 

B2 3.35 ± 0.03a 3.43 ± 0.09a 15.69 ± 0.18b 

B3 3.36 ± 0.01a 3.40 ± 0.06a 15.72 ± 0.11ab 

B4 3.37 ± 0.02a 3.38 ± 0.06a 15.68 ± 0.17b 

B5 3.39 ± 0.02a 3.39 ± 0.09a 15.80 ± 0.10ab 
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Compared with control group (B0), the addition of dried beetroot, 

pretreated by freeze-thaw method remarkably increased the protein content of 

meat products (p < 0.05). Moreover, the differences of protein content in meat 

products with different dried beetroot, pretreated by freeze-thaw method were not 

very significant. These results indicated that the addition of dried beetroot, 

pretreated by freeze-thaw method in meat products could slightly reduce the fat 

content, but increase the protein content and ash content of meat products. 

4.1.3 Microbiological analyses of meat products 
As shown in Table 4.8, the addition of beetroot powder led to an increase 

of aerobic mesophilic bacteria in meat products. 

Table 4.8 

Aerobic mesophilic bacteria, lactic acid bacteria, mould-yeast, and total 

coliforms of meat products on the fifth day of refrigeration (4 °C) 

Sample 
Microbiological indicators, log CFU/g 

Aerobic mesophilic 
bacteria 

Lactic acid 
bacteria Mould-yeast Total 

coliforms 
B0 6.45 4.24 3.24 59.0 

B1 6.59 4.39 3.35 93.5 

B2 6.62 4.45 3.59 108.0 

B3 6.68 4.58 3.51 123.0 

B4 6.73 4.46 3.67 165.5 

B5 6.79 4.27 3.48 186.0 

 

Lactic acid bacteria are important since they limit the growth of some 

undesirable microorganisms, improve the physicochemical properties while 

contributing to the aroma and flavor of products. The lactic acid bacteria count in 

the present study was higher in meat products containing beetroot powder during 

storage. Dried beetroot, pretreated by freeze-thaw method may have acted as an 

additional substrate for lactic acid bacteria. Therefore, lactic acid bacteria may 



170 

have used the sugar from the beetroot powder thus increasing the lactic acid 

amount in these samples. 

Counts of yeast-mould increased with the increase of dried beetroot, 

pretreated by freeze-thaw method. The lowest yeast-mould counts of meat 

products were detected as 3.24 log CFU/g in control group (B0). Yeast-mould 

flora has lipolytic and proteolytic activity, and affect the odour positively up to a 

certain threshold, beyond which they cause bad taste and odour, so they are 

undesirable. 

The total coliforms counts of meat products were found between 59 and 

186 MPN/g. The total coliforms in samples with dried beetroot, pretreated by 

freeze-thaw method showed higher values than that of B0, and the total coliforms 

counts increased with the increase of beetroot powder addition. All samples after 

15 days of storage could be consumed safely. 

 

4.2 Dried beetroot as food coloring in sausage products 
4.2.1 Materials and reagents 
Materials. Chicken breast, fatty pork, bran, tapioca starch, modified tapioca 

starch, potato starch, ice water, salt, five-spice powder, pepper, rice wine, red 

yeast rice powder, beet red (the beets are crushed after vacuum microwave drying 

treatment and sieved (particle diameter less than 250 micron, 60 mesh), Hezhou 

University Laboratory, China), Phosphate (Sodium pyrophosphate 60 %, sodium 

tripolyphosphate 39 %, sodium hexametaphosphate 1 %), casings (commercially 

salt-cured fresh Pig small intestine), beet red. 

Instruments and equipment. Colorimeter (CR-400, Shoufeng Instrument 

Technology Co., Ltd, Changzhou, China; Calibrated with a white plate, 

L* = +97.83, a* = -0.43, b* = +1.98). Water distribution analysis with low field 

nuclear magnetic resonance instrument, nuclear magnetic resonance imaging 

analyzer (NMI20, Shanghai Newmai Electronic Technology Co., Ltd, Shang Hai, 

China). Texture profile analysis was measured at room temperature with a texture 

analyzer (TA.XT PLUS, Stable Micro System, UK). 
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4.2.2 Preparation of sausage products 
Defrosting chicken breast → Casing cleaning → Soaking the casing for 

30min → Minced the chicken breast (including the fat) → Adding ingredients 

according to the ingredient list (Table 4.9) → Adding ice water and mixings The 

casing is put into the sausage machine → The casing is knotted at one end → 

Enema → Air in a ventilated place until the skin is dry → 80 °С water bath for 30 

minutes → Dry the sausage skin moisture → Cool to room temperature (20 °С) 

→ Refrigerate. 

Table 4.9 

Recipes of sausage products with different food coloring 

Ingredient (g) Control L1 L2 L3 L4 

Beet red 0.0 0.0 1.4 1.4 2.7 

Red rice powder 0.0 2.0 0.0 2.0 2.0 

Pig skin 131.4 129.4 130.0 128.0 126.7 

Chicken breast 520.0 520.0 520.0 520.0 520.0 

Fat (pig) 65.0 65.0 65.0 65.0 65.0 

Bran (part below 80mesh) 8.0 8.0 8.0 8.0 8.0 

Cassava starch 45.0 45.0 45.0 45.0 45.0 

Cassava denaturant starch 25.0 25.0 25.0 25.0 25.0 

Potato starch 25.0 25.0 25.0 25.0 25.0 

Ice water 130.0 130.0 130.0 130.0 130.0 

Salt 9.0 9.0 9.0 9.0 9.0 

Phosphate 2.0 2.0 2.0 2.0 2.0 

Spices 6.0 6.0 6.0 6.0 6.0 

Pepper 0.6 0.6 0.6 0.6 0.6 

Rice wine 33.0 33.0 33.0 33.0 33.0 
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4.2.3 Determination of color parameters of sausage products with dried 
beetroot 

Adding edible red pigment can improve the color of sausages and obtain a 

joyful color. The test results in Table 4.10 show that the redness a* value of meat 

emulsion and sausage with pigment increased significantly (P<0.05), while the 

L* value and b* value showed a decreasing trend (P<0.05). 

Table 4.10 

The effect of two different food colorings on the color difference of raw 

meat emulsion and sausage 

Sample 
L* a* b* 

Mashed meat Sausage Mashed meat Sausage Mashed meat Sausage 

Control 73.65±1.15a 73.04±0.89b 6.90±0.45d 5.50±0.48d 14.90±1.04a 13.88±0.18a 

L1 71.12±0.53b 69.57±2.01c 12.27±0.27c 11.29±0.06c 14.76±0.32a 13.34±0.66a 

L2 65.57±0.29c 67.32±1.32c 18.54±1.12b 13.27±0.23c 12.56±0.98bc 12.06±0.49b 

L3 61.96±1.48d 61.89±2.87d 19.51±1.70b 19.40±2.58b 11.13±1.03b 11.60±0.84c 

L4 59.37±0.23e 63.59±0.22d 24.21±1.17a 22.30±0.21a 8.95±0.61c 11.39±0.18c 

 
The L2 with 1.0g beet red was more red than the L1 with 1.5g of red yeast 

rice, indicating that beet red can provide a higher red value than red yeast rice. 

Compared with the L2, there was no significant difference in the a* value of raw 

meat emulsion, but the a* value of L3 sausage was significantly higher than that 

of L2 (P<0.05).  

The L4 continued to increase the amount of beet red, and the a* value of 

raw meat emulsion and sausage a* values are significantly higher than the other 

sample groups, and the red color is better. Liu Guoqing et al. used red yeast 

powder and ketchup to replace part of the sodium nitrite in frankfurter sausages. 

Red yeast powder and ketchup, the optimal amount of sodium nitrite is 0.001 %, 

10 % and 0.0005 %, which can be substituted 70 % nitrite. 
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4.2.4 Cooking loss and emulsification stability of sausage products with 
dried beetroot 

As shown in Table 4.11, compared with the control group, the cooking loss, 

water loss, and fat loss of the sample groups with different addition amounts of 

red yeast rice and beet red were significantly reduced (P < 0.05), this phenomenon 

indicates that different amounts of red yeast rice powder and beet red can reduce 

cooking loss, water loss and fat loss during the heating process of sausage 

products. 

Table 4.11 

The effect of two different food colorings on the cooking loss and 

emulsification stability of raw meat emulsion 

Sample Cooking loss Moisture loss Fat loss 

Control 11.99 ± 1.86a 11.70 ± 1.73a 0.29 ± 0.13a 

L1 10.24 ± 1.55ab 10.01 ± 1.51ab 0.23 ± 0.04a 

L2 10.56 ± 0.77ab 10.33 ± 0.81ab 0.23 ± 0.04a 

L3 8.52 ± 0.54b 8.26 ± 0.57b 0.26 ± 0.08a 

L4 9.57 ± 0.58b 9.36 ± 0.55b 0.21 ± 0.04ab 

 
Gelability has a positive effect, this may be due to the fact that dried beet 

powder contains a lot of cellulose that can retain moisture, and red yeast rice 

powder contains amylopectin that helps to form a gel to retain moisture, although 

they are added in small amounts. In summary, the L3 group had the lowest 

cooking loss, water loss and fat loss (P < 0.05), that was, when the amount of red 

yeast rice powder was 1.5g and beet red was 1g, the cooking loss rate of sausage 

products was the lowest, and the emulsification stability of sausage products was 

the highest. 

4.2.5 Texture profile analysis of sausage products with dried beetroot 
Through the texture analyzer to measure the hardness, elasticity, 

cohesiveness and chewiness of sausages and other indicators, objectively evaluate 

the edible quality of the product, which is a key feature for evaluating the quality 
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and acceptability of meat products. The results from Table 4.12 were shown that 

the addition of red yeast red and beet red two natural pigments can change the 

texture characteristics of raw meat emulsion and sausage products.  

Table 4.12 

The effect of two different food colorings on texture of raw meat 

emulsion and sausage products 

Sample Hardness Springiness Cohesiveness Gumminess Chewiness Resilience 

Samples of raw meat emulsion 

Control 90.18±38.91ab 0.57±0.31ab 0.45±0.21ab 44.70±37.74a 33.33±41.37a 0.04±0.01a 

L1 73.92±14.07b 0.91±0.01a 0.59±0.03a 44.09±9.71a 40.00±9.16a 0.05±0.00a 

L2 98.43±11.77ab 0.64±0.25ab 0.41±0.07ab 40.96±11.56a 27.76±18.34a 0.06±0.02a 

L3 116.45±14.12a 0.64±0.11ab 0.45±0.05ab 53.20±11.65a 34.61±12.65a 0.05±0.00a 

L4 60.47±5.00b 0.44±0.09b 0.35±0.07b 21.50±5.92a 19.90±4.79a 0.06±0.01a 

Samples of sausage products 

Control 206.83±106.43a 0.79±0.33a 0.47±0.17a 108.32±77.49a 101.07±83.17a 0.13±0.07a 

L1 103.00±5.92ab 0.16±0.03a 0.15±0.01a 105.64±0.26a 20.52±0.45a 0.03±0.00b 

L2 256.31±46.32a 0.28±0.14a 0.27±0.14a 84.22±10.05a 27.99±36.63a 0.06±0.05ab 

L3 115.78±7.29ab 0.54±0.43a 0.43±0.33a 51.30±31.04a 12.16±7.33a 0.04±0.00b 

L4 83.89±26.33b 0.71±0.43a 0.52±0.26a 38.75±11.46a 30.83±21.99a 0.06±0.03ab 

 
The hardness, viscosity, and chewiness of the sausage products change 

significantly. The L4 treated sausage products the hardness, chewiness and 

gumminess of the sausage products were significantly reduced, but the springiness 

did not change much, and the difference was not significant (P > 0.05). The 

hardness, springiness and cohesiveness of the sausage products in the L3 were 

moderate, but the chewiness value was the lowest. It can be seen that adding a 

small amount of natural plant pigments has a greater impact on the texture 

properties of sausage products. On the one hand, it can be seen from the data that 

there are some errors in the instrument, and texture parameters are only used as 
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scientific data for sausage research. The optimal results need to be combined with 

sensory evaluation and color parameter comprehensive evaluation. 

4.2.6 Dynamic distribution of moisture of sausage products with dried 
beetroot 

The T2 distribution after inversion and fitting shows 3 peaks according to 

the relaxation time. According to the different degrees of free movement of water 

molecules, from left to right, it indicates bound water (T2b), non-flowing water 

(T21) and free water (T22). It can be seen from Figure 4.2 that compared with the 

control group, the relaxation time of bound water and non-flowing water in the 

sample groups group added with red yeast rice powder and beet red all shifted to 

a shorter relaxation time, while the relaxation time of free water move in the 

direction of the long relaxation time. 

 

 
 

Fig. 4.2 Effects of food coloring additions on water distribution of sausage 

products 
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The relaxation time of free water has no obvious migration trend (P > 0.05), 

but the relaxation time of bound water and non-flowing water has a very obvious 

migration trend (P < 0.05), which shows that natural pigments are added and the 

pigments are mixed. In the sausage products meat emulsion, the flow capacity of 

the non-flowing water can be reduced, so that it is more closely combined with 

the meat chyme protein, and it is obvious in the figure that the free water is shifting 

to the non-flowing water (L4). The results of water distribution in Table 4.13 show 

that as the amount of red yeast red and beet red added to the sausage products 

increases gradually. 

Table 4.13 

Effects of food coloring additions on water distribution value of sausage 

products 

Sample T2b/ms T21/ms T22/ms A2b A21 A22 

Control 2.17±0.35a 40.73±6.61a 338.13±54.87a 2.74±0.15b 26.18±0.37d 2.10±1.57a 

L1 2.56±0.42a 40.73±6.61a 338.13±54.87a 2.00±0.11c 28.87±0.49c 1.24±0.09a 

L2 1.85±0.30a 34.61±5.62a 397.91±64.57a 2.91±0.21ab 31.62±0.70b 2.27±0.17a 

L3 2.17±0.35a 34.61±5.62a 468.27±75.99a 3.16±0.11a 39.10±1.14a 1.57±0.05a 

L4 2.17±0.35a 40.73±6.61a 397.91±64.57a 1.78±0.10c 33.52±0.65b 1.42±0.05a 

 

The A2b and A21 values both increase significantly, while the A22 value 

decreases significantly. This may be due to the two natural When food pigments 

are added to sausage products and act on the meat emulsion system, there will be 

a tendency for free water to change to bound water and difficult-to-flow water, so 

the free water is reduced. 

4.2.7 Nuclear magnetic imaging analysis of sausage products with dried 
beetroot 

Figure 4.3 shows a pseudo-color picture obtained by nuclear magnetic 

resonance by adding different amounts of red yeast rice powder and beet red to 

sausage products, which visually shows the distribution of moisture. 
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Fig. 4.3 Pseudo-color map of sausage products with dried beetroot 

 

With the increase of the amount of pigment added, the red and yellow areas 

in the pseudo-color picture gradually become less, and the water molecules in the 

sauseges gradually decrease, and L4 is significantly reduced. This may be because 

excessive pigment is added to the sausage, which makes the sausage products 

protein cross-linked. The capacity is weakened, which reduces the water holding 

capacity of the sausage, so that the free water distribution of the sausage products 

is reduced. 

4.2.8 Sensory evaluation of sausage products with dried beetroot 
As shown in Table 4.14, the color score of the sample groups with added 

pigment was significantly higher than that of the control group. 

Table 4.14 

Effects of food coloring additions on sensory evaluation of sausage 

products 

Sample Color Texture Flavor Viscosity Overall 
acceptability 

Control 2.80±0.79b 3.10±0.99bc 4.10±1.85a 4.00±1.76a 5.30±1.06ab 

L1 4.30±1.42a 4.50±1.08a 5.10±1.29a 5.00±1.56a 4.50±1.43b 

L2 4.50±1.08a 4.00±1.05ab 4.80±1.55a 3.90±1.52a 5.30±1.20ab 
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continuation of Table 4.14 
L3 5.00±1.49a 4.50±1.35a 4.50±0.85a 4.60±1.51a 5.90±0.88a 

L4 5.20±1.48a 2.70±1.25c 4.20±1.55a 4.10±1.20a 4.10±1.37b 

 

The texture scores of the L1 and L3 were significantly higher than those of 

the control group. The L1 flavor score was the highest, followed by the L2 and 

L3. The L3 had the highest overall acceptable score and was significantly different 

from the control group. In addition, the color score and texture score of the L3 

were significantly higher than those of the control group. Adding red yeast rice 

powder and beet red to sausages can make its color value more and more accepted 

by people, and the addition of red yeast rice powder and beet red has no effect on 

the flavor and viscosity of sausages, except to help increase appetite, and it is safe 

and has a suitable taste. The sensory scores of the L3 in all aspects are ideal. 

 

4.3 Tehnology of biscuits enriched with dried beetroot, pretreated by 
freeze-thaw method 

The research of biscuits was carried out at Hezhou University in China, 

Sumy National Agricultural University in Ukraine, the results of experiments are 

confirmed by relevant research protocols. Research protocols are given in the 

Addition A. "Protocols of experimental data". Degustation of biscuits with the 

addition of dried beetroot, pretreated by freeze-thaw method was carried out at 

Hezhou University in China. Degustation results were recorded in the relevant 

degustation protocols. Degustation protocols are given in the Addition B. 

"Degustation certificates". 

Biscuits were mixture of wheat flour and water, and may contain sugar, 

butter, baking powder, eggs and other ingredients, and those ingredients were 

mixed together into dough for making biscuits [186]. Biscuit is the most popular 

bakery consumed by almost all levels of society, due to its low cost, good 

nutritional quality and longer shelf life in different varieties [187]. Conventional 

biscuits are high in carbohydrates, fat, sugar and calories, but low in fiber, 
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vitamins and minerals, which make them unhealthy for daily consumption. It is 

required to improve nutritional quality of biscuits. Fortified biscuits have better 

nutritive value and healthy consumption choice [188]. 

Use of dried beetroot, pretreated by freeze-thaw method in bakery products 

have not been studied extensively. Therefore, the objective of this research work 

was to fortify the organoleptic and nutritional properties of biscuits with dried 

beetroot, pretreated by freeze-thaw method. 

4.3.1 Biscuits with dried beetroot, pretreated by freeze-thaw method 
4.3.1.1 The ingredients for biscuits 
The ingredients for biscuits include low gluten wheat flour, corn starch, 

sucrose, milk powder, eggs, butter, baking soda, baking powder and salt, which 

were obtained from a local market of Taixing (Hezhou, China).  

The reagents used in this experiment were all analytical reagents.  

4.3.1.2 Preparation of dried beetroot, pretreated by freeze-thaw 
method 

Fresh beetroots were washed, peeled and cut them into slices with diameter 

of 7 mm and thickness of 3 mm. Fresh beetroots slices were put into polyethylene 

bags, then put them in the refrigerator (–20 °C) to freeze for 12 h, then thawed 

them in the running water for 30 min. Finally, wiped the excess water on the 

surface of beetroot slices with absorbent paper to obtain frozen-thawed beetroot 

slices.  

Frozen-thawed beetroot slices (1000 g) were placed uniformly on a tray (61 

× 43 × 5 cm), and the tray was put into the microwave vacuum dryer cavity. The 

drying process was carried out under microwave power of 1000 W and vacuum 

degree of –0.09 MPa. The drying process was stopped when the final moisture 

content of beetroot slices was lower than 6.0% on a wet basis. The frozen-thawed 

beetroots were subjected to grind, then passed through 60-mesh sieve. dried 

beetroot, pretreated by freeze-thaw method was packed in a polyethylene bag and 

stored at 25 °C for further use. 
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4.3.1.3 Preparation of biscuits 
Recipes of biscuits: Biscuits fortified with dried beetroot, pretreated by 

freeze-thaw method were prepared by substituting low-gluten wheat flour with 

beetroot powder. Various blends were prepared using low-gluten wheat flour and 

beetroot powder in the ratio of 100:0 (0%, T0), 95:5 (5%, T1), 90:10 (10%, T2), 

85:15 (15%, T3), 80:20 (20%, T4). The ingredients used for the preparation 

biscuits were given in Table 4.15. Biscuits processing is shown in Figure 4.4. 

 

Table 4.15 

Recipes of biscuits with different additions of dried beetroot 

Ingredients 

Sample 

T0 

(100:0) 

T1 

(95:5) 

T2 

(90:10) 

T3 

(85:15) 

T4 

(80:20) 

Dried beetroot, pretreated by 

freeze-thaw method 

(powdered), g 

0 30 60 90 120 

Low-gluten wheat flour, g 600 570 540 510 480 

Sucrose, g 80 80 80 80 80 

Egg liquid, g 140 140 140 140 140 

Butter, g 55 55 55 55 55 

Milk powder, g 50 50 50 50 50 

Corn starch, g 27.5 27.5 27.5 27.5 27.5 

Baking soda, g 1.5 1.5 1.5 1.5 1.5 

Baking powder, g 2.5 2.5 2.5 2.5 2.5 

Salt, g 1.5 1.5 1.5 1.5 1.5 

Water, ml 42 42 42 42 42 
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Fig. 4.4 Technological scheme of biscuits 
 

Key operating points of technological process. 

Ingredients mixing: accurately weighed each auxiliary material, preheated 

and melted the butter in advance, added sucrose, beetroot powder, eggs, baking 

soda, baking powder and salt in order, and mixed them evenly to form an emulsion. 

Dough making: adding low gluten flour, milk powder and corn starch into 

Ingredients mixing 

Dough making 

Dough awakening 
t=20 °C 

τ=30 min 

Dough rolling forming 
h=3 mm 

Biscuit baking 
t=150 °C 
τ=15 min 

Cooling and packaging 
t=20 °C 

Quality analysis 
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the emulsion, fully mixed with auxiliary materials, and then knead by hand until 

the dough surface was smooth and the color was uniform. 

Dough awakening: waking up the dough at room temperature for 30 min. 

Rolling shaping: pressing the dough with a rolling pin to a thickness of 3 

mm, cut with biscuit mould, and then placed them on a baking tray. The molding 

pattern was required to be clear, free of cracks and uniform in thickness. 

Baking: the upper and lower baking temperature of baking oven were set at 

150 °C, and the baking time was 15 min. 

Cooling and packaging: taking out the baked biscuits from the oven, placed 

them at room temperature and cooled them before packaging. 

4.3.2 Results and discussion on the quality properties of biscuits 
fortified with dried beetroot, pretreated by freeze-thaw method 

4.3.2.1 Moisture content and sensory score of biscuits 

The moisture content and sensory score of biscuits are illustrated in 

Table 4.16. With the increase of dried beetroot, pretreated by freeze-thaw method 

addition, the change of moisture content in biscuits was not obvious, ranged from 

2.79 ± 0.63 to 3.30 ± 0.32%, and all the moisture content of biscuits was lower 

than 4.0%, which met the requirements of biscuit standards. 

Meantime, the sensory score of biscuits increased first and then decreased, 

and the maximum sensory score (89.1 ± 1.9 points) occurred when the addition 

of dried beetroot, pretreated by freeze-thaw method was 20 g (10%, T2), 

demonstrating that the sample with 10% replacement of low-gluten wheat flour 

with beetroot powder obtained better color, taste, appearance, odor and flavor. 

Our findings were consistent with those of Ingle et al. [189], who stated that 

replacing up to 10% wheat flour with beetroot powder resulted in good 

acceptability of biscuits. When the addition of dried beetroot, pretreated by freeze-

thaw method reached 20%, the color of biscuits was too dark that was no pleasant, 

and it had some rough and bitter taste, so the sensory score decreased. The sensory 

score reflected the effect of dried beetroot, pretreated by freeze-thaw method 

addition on the sensory quality of biscuits. Therefore, dried beetroot, pretreated 
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by freeze-thaw method addition was 10%, the sensory quality of biscuits was the 

best. 

Table 4.16 

Moisture content and sensory score of biscuits 

Sample Moisture content, % Sensory score, point 

T0 3.13 ± 0.50a 70.0 ± 2.4d 

T1 2.79 ± 0.63a 79.6 ± 2.0c 

T2 3.02 ± 0.60a 89.1 ± 1.9a 

T3 3.30 ± 0.32a 84.6 ± 2.0b 

T4 3.05 ± 0.34a 80.7 ± 1.8c 

 

4.3.2.2 Color parameters of biscuits 
The color of biscuits is an important factor determining the acceptability of 

consumers. As shown in Figure 4.5, adding dried beetroot, pretreated by freeze-

thaw method into the biscuits could make the biscuits appeared red color, which 

was easily accepted by consumers, but too much beetroot powder addition caused 

the color of biscuits to be too dark. 

The color parameters of biscuits were displayed in Table 4.17. The L 

(lightness) and b* (yellowness) decreased significantly with the increase of dried 

beetroot, pretreated by freeze-thaw method addition (p < 0.05), while with the 

increase of beetroot powder, the values of a (redness) first increased and then 

decreased. As shown in Table 4.17, the L value of control biscuits (T0) was 65.66 

± 2.47, and with the increase of dried beetroot, pretreated by freeze-thaw method 

addition, the L values of biscuits decreased, decreased from 48.76 ± 0.78 to 38.92 

± 0.77, indicating that the biscuits became darkness with the reduction in the 

proportion of low-gluten wheat flour. Moreover, the b values also significantly 

decreased with the increasing of dried beetroot, pretreated by freeze-thaw method 

addition, demonstrating the yellowness of biscuits kept decreasing. The change 

trend of L values and b values of biscuits were consistent with those of research 

in [9].  
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Fig. 4.5 Foto of biscuits with different additions of dried beetroot, 

pretreated by freeze-thaw method 
 

The a value of control biscuits (T0) was 11.34 ± 0.43 and biscuits 

substitution with different dried beetroot, pretreated by freeze-thaw method 

ranged from 22.56 ± 0.29 to 25.06 ± 0.39, showing more reddish color than 

control. The biscuits displayed the highest a value (25.06 ± 0.39) with the dried 

beetroot, pretreated by freeze-thaw method addition of 10% (20 g, T2), indicating 

that the addition of beetroot powder should be appropriate, which due to too much 

beetroot powder will reduce the redness value and the sensory quality (see Table 

2.2.2) of biscuits. The color difference is mainly caused by the pigment in the 

dried beetroot, pretreated by freeze-thaw method, the uneven surface area of 

biscuits exposed to high baking temperature, and colored compounds formed by 

chemical reactions such as caramelization and Maillard reaction during the baking 

process [190]. As a result, with addition of 10% (T2) dried beetroot, pretreated by 

freeze-thaw method, the biscuit displayed the best color characteristics in this 

study. 
Table 4.17 

Color parameters of biscuits 

Sample L* a* b* 

T0 65.66 ± 2.47a 11.34 ± 0.43d 22.32 ± 0.72a 

T1 48.76 ± 0.78b 23.16 ± 0.24bc 13.08 ± 0.46b 

T2 42.79 ± 0.66c 25.06 ± 0.39a 11.52 ± 0.51c 
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continuation of Table 4.17 
T3 40.46 ± 0.67d 23.35 ± 0.58b 9.61 ± 0.25d 

T4 38.92 ± 0.77e 22.56 ± 0.29c 7.67 ± 0.43e 

 

4.2.2.3 Texture parameters of biscuits 
As shown in Table 4.18, the hardness of biscuits decreased with the increase 

of dried beetroot, pretreated by freeze-thaw method addition, but there is no 

significant difference between the hardness of biscuits with different beetroot 

powder addition (p > 0.05). It can be seen from Table 4.18 that the fracturability 

of biscuits decreased with increasing of dried beetroot, pretreated by freeze-thaw 

method addition. The addition amount of dried beetroot, pretreated by freeze-thaw 

method had no significant effect on springiness (p > 0.05). In terms of 

cohesiveness, gumminess, and chewiness, the effect of dried beetroot, pretreated 

by freeze-thaw method addition was not obvious, and when the beetroot powder 

addition of 40 g (20%, T4), the biscuits showed the lower cohesiveness, 

gumminess and chewiness than those of other biscuits. Overall, the effects of 

dried beetroot, pretreated by freeze-thaw method addition on the texture 

characteristics of biscuits were not obvious. When the beetroot powder addition 

was 10% (T2), the texture attributes of biscuits had no significant difference with 

those of the control group (T0), indicating that it is more appropriate to replace 

low-gluten wheat flour with 10% of dried beetroot, pretreated by freeze-thaw 

method. 

Table 4.18 

Texture parameters of biscuits 
Sample Hardness, g Fracturability, g Springiness, % Cohesiveness, % Chewiness 

T0 228.3±90.8a 313.3±147.1a 0.967±0.026a 0.016±0.003ab 3.009±0.883ab 

T1 215.8±54.2a 259.3±83.8ab 0.924±0.056a 0.018±0.005ab 3.443±0.774a 

T2 209.0±90.2a 224.0±87.4ab 0.925±0.060a 0.021±0.007a 2.954±0.687ab 

T3 182.1±49.7a 224.5±61.1ab 0.967±0.036a 0.020±0.007ab 3.285±1.042a 

T4 165.9±32.3a 188.7±67.8b 0.965±0.024a 0.014±0.004b 2.190±0.719b 
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4.3.2.4 Contents of ash, protein and fat in biscuits 
It can be seen from Table 4.19 that the ash content and protein content of 

biscuits increased significantly with the increase of dried beetroot, pretreated by 

freeze-thaw method addition (p < 0.05). Ash content of biscuits was significantly 

increased from 1.47 ± 0.18 to 3.24 ± 0.07 g/100g with addition of dried beetroot, 

pretreated by freeze-thaw method up to 20% (T4), as well as protein content as 

significantly increased from 9.85 ± 0.07 to 10.80 ± 0.14 g/100g. Results showed 

that higher addition of dried beetroot, pretreated by freeze-thaw method resulted 

in increased ash and protein content in biscuits were consistent with the result in 

[188], which was revealed that with increase level of beetroot powder in biscuits, 

where was increase in ash content and protein content of biscuits.  

The addition of dried beetroot, pretreated by freeze-thaw method increased 

the fat content of biscuits, the result in accordance with the finding of Akanksha 

& Maurya [191], but was inconsistent with those results in [188–189]. There is 

no significant difference in fat content of biscuits with different beetroot powder 

additions (p > 0.05). The results indicated that the protein content and fat content 

of biscuits increased after dried beetroot, pretreated by freeze-thaw method 

replaced part of low-gluten wheat flour, demonstrating that the nutritional value 

of biscuits was improved with the addition of beetroot powder. 
Table 4.19  

Contents of ash, fat and protein in biscuits 

Sample 
Ash content, 

g/100g 

Fat content, 

g/100g 

Protein content, 

g/100g 

T0 1.47 ± 0.18d 7.80 ± 0.09b 9.85 ± 0.07d 

T1 2.08 ± 0.13c 8.12 ± 0.08a 10.10 ± 0.08c 

T2 2.34 ± 0.22bc 8.30 ± 0.10a 10.30 ± 0.11bc 

T3 2.75 ± 0.11ab 8.26 ± 0.09a 10.52 ± 0.09b 

T4 3.24 ± 0.07a 8.25 ± 0.07a 10.80 ± 0.14a 
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Conclusions to Section 4 

This study revealed that dried beetroot, pretreated by freeze-thaw method 

had significant potential for use as an additive in meat products. Compared with 

the control group (B0), the addition of dried beetroot, pretreated by freeze-thaw 

method increased the moisture content and decreased the pH value of meat 

products. Color analysis showed that the addition of dried beetroot, pretreated by 

freeze-thaw method to the meat products resulted in a reduction of L* and b* 

values, while a* values were increased compared to the control group. Texture 

profile analysis indicated that the addition of dried beetroot, pretreated by freeze-

thaw method did not lead to significant differences in the texture characteristics 

of meat products. Sensory evaluation demonstrated that the addition of dried 

beetroot, pretreated by freeze-thaw method positively affected color, flavor and 

overall acceptability of the meat products. The results confirmed that the use of 

dried beetroot, pretreated by freeze-thaw method significantly prevented further 

development of lipid oxidation in meat products due to the antioxidant activities 

of beetroot. The addition of dried beetroot, pretreated by freeze-thaw method 

increased the protein content and ash content of meat products. In conclusion, 

dried beetroot, pretreated by freeze-thaw method could improve the 

physicochemical properties of meat products, not only improving color 

characteristics and sensory quality, and increasing protein content, but also 

inhibiting lipid oxidation of meat products. Dried beetroot, pretreated by freeze-

thaw method could improve the physicochemical properties of meat products, not 

only improving sensory quality and increasing protein content, but also inhibiting 

lipid oxidation of meat products. The results revealed that adding 2.0% beetroot 

powder improve the physicochemical properties of meat products. 

Sausage products with 400 g of chicken, 50 g of pig back dart, 80 g of 

pigskin, 6 g of bran as the main raw materials, adding 1.5g of red yeast rice and 

1g of beet red, can provide the popular red color of sausages, and provide the 

cooking loss value of sausages. At the lowest, it helps to improve the hardness, 

stickiness and chewiness of sausages. Low-field NMR technology can be used to 
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visually observe the moisture content in sausage products. The addition of natural 

colorants had no negative effect on hicken sausage quality. In the industrial 

application stage, it will be possible to reduce the amount of nitrite used when 

natural colorants are support for the application of natural pigments in sausage 

products. 

It was observed that the addition of dried beetroot, pretreated by freeze-

thaw method to biscuits had no significant effect on moisture content and texture 

attributes, but improved greater overall acceptability of biscuits. For the color 

characteristics, the substitution of dried beetroot, pretreated by freeze-thaw 

method reduced the L* and b* value, but increased a* value. It may be concluded 

that dried beetroot, pretreated by freeze-thaw method enriched biscuits provided 

greater sensory properties (color, taste, odor and flavor). Nutritional analysis 

demonstrated that the increased dried beetroot, pretreated by freeze-thaw method 

addition increased the nutritional content (fat and protein) in comparison with 

control group (T0). The effects of dried beetroot, pretreated by freeze-thaw 

method addition on other macro-nutrients (carbohydrate, crude fiber), micro-

nutrients (calcium, iron, zinc, phosphorus, magnesium etc.) and starch 

digestibility of biscuits need to be further studied. This study provided a strong 

theoretical basis for the comprehensive utilization of dried beetroot, pretreated by 

freeze-thaw method in biscuits. The results demonstrated that dried beetroot, 

pretreated by freeze-thaw method in biscuits provided greater sensory properties 

(color, taste, odor and flavor), and increased the nutritional content (fat and 

protein) of biscuits. It was concluded that the substitution of low-gluten wheat 

flour with dried beetroot, pretreated by freeze-thaw method up to 10% into the 

formulation of biscuits could enhance the organoleptic properties and nutritional 

value of biscuits.  
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SECTION 5 
PRACTICAL IMPLEMENTATION OF DRIED BEETROOT, 

PRETREATED BY FREEZE-THAW METHOD AND FOOD PRODUCTS 
USING IT 

 
In this section, the results of determining the socio-economic effect of the 

introduction of beetroot semi-finished products (dried beetroot, pretreated by 
freeze-thaw method) and culinary products with its use are given, the cost is 
calculated, and generalized data on the approval of research results are given. The 
economic expediency of implementing the developments in the practical activities 
of food industry enterprises and restaurant establishments has been proven. 

5.1 Determination of the socio-economic effect of the introduction of 
the semi-finished beetroot production technology (dried beetroot, pretreated 
by freeze-thaw method) 

The evaluation of the socio-economic effect of the introduction of the semi-
finished beetroot technology (dried beetroot, pretreated by freeze-thaw method) 
was carried out with the following provisions in mind. In today's conditions, the 
formation of investment and current economic activity of restaurant 
establishments is based on the search for innovations that can be brought to the 
stage of industrial application. From these points of view, the technology of semi-
finished beetroot (dried beetroot, pretreated by freeze-thaw method) is quite 
attractive. Firstly, this technology implements the main components of the 
innovative development strategy - marketing, technological, organizational, 
technical, and secondly, the technological principles of obtaining semi-finished 
products from root crops are determined and substantiated during the research, 
which allow expanding the product range, which according to marketing forecasts 
will be demanded by consumers. 

The proposed technology involves complex processing of root crops, which 
was previously not used in the food industry due to the lack of industrial 
cultivation technologies. This approach to the processing of root crops allows to 
reduce the cost of production and make it affordable from an economic point of 
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view for the broad segments of the population of Ukraine, and to increase the 
efficiency of production. 

It is positive that as the main raw material in the technological cycle of the 
production of semi-finished products from dried beetroot, pretreated by freeze-
thaw method are purchased from agricultural enterprises of Ukraine, which to a 
certain extent reduces the risks that arise under the conditions of using imported 
raw materials, namely, the increase in transportation costs and storage, failure to 
meet the delivery deadline, etc. The creation and introduction of such technologies 
is relevant in the conditions of the modern market economy of the state and is a 
priority direction of its development. 

The technology of semi-finished products made from beetroot (dried 
beetroot, pretreated by freeze-thaw method) involves the use of natural raw 
materials of plant origin - root crops. Under these conditions, the creation of 
products with high nutritional and biological value is ensured, which helps ensure 
the health of consumers and increase their working capacity. 

A direct quantitative assessment of the effectiveness of this technology was 
carried out by calculating the cost of new products in comparison with the cost of 
market analogues (tomato powder), which are also used as food coloring. To 
determine the cost of production at the first stage, the cost of raw materials and 
materials, which are necessary for the production of 1000 kg of semi-finished 
products from beetroot, was calculated. Costs at each technological stage of semi-
finished beetroot production (dried beetroot, pretreated by freeze-thaw method) 
and equipment required for this are shown in table. 5.1. 

Table 5.1 

Cost modeling in the technology of semi-finished products from 
beetroot 

Stages of production Articles of expenditure Equipment/storage space 
required 

Purchase of beetroot and 

their storage for use in 

the technological process 

Buying beetroot 

Vegetable composition Electricity 

Workforce 
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continuation of Table 5.1 

Washing and peeling 

Water supply 
Vegetable peeling 

machine 
Electricity 

Workforce 

Cutting into slices 
Electricity Production slicer, 

Production table Workforce 

Freezing 
Electricity Freezer chamber 

Low-temperature 

monoblock Workforce 

Defrosting 
Electricity Refrigeration chamber 

Medium-temperature 

monoblock Workforce 

Drying 
Electricity 

Drying cupboard 
Workforce 

Packaging and labeling 

Packaging materials Polystyrene bags 

Vacuum cleaner 

Production table 

Label 

Electricity 

Workforce 

Storage 
Electricity 

Dry products composition 
Workforce 

 

Table 5.1 data make it possible to summarize the main items of costs in the 

production of semi-finished products from beetroot (dried beetroot, pretreated by 

freeze-thaw methodroot), which is necessary for determining the total cost of 

production. For a better understanding of the process of making a semi-finished 

product from beetroot (dried beetroot, pretreated by freeze-thaw method), the 

costs for the purchase of the necessary equipment for starting production and the 

costs for its operation were calculated, according to the technical characteristics 

listed in the table. 5.2. 
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Table 5.2 

Costs of the main means of production and their operation 

Necessary 
equipment Brand, sizes 

Quantity based 
on 1t of 

manufactured 
products, 

piece 

Electricity 
consumption 
per 1t, kW 

Water 
consumption 
per 1t, liters 

Market 
value as 
of 2023, 
UAH. 

Vegetable 
peeling 
machine 

Vektor ХН 30 
1020×590×590 

2 12 7000 81950 

Production 
slicer 

Frosty HLC 300N 
580×220×500 

2 4,4 - 42870 

Freezer 
chamber 

Polair 
Professionale 

КМН100 
3200×5300×2240 

1 - - 223224 

Low-
temperature 
monoblock 

МХМ LMN 331 
1060×851×960 

1 34,08 - 258988 

Refrigeration 
chamber 

Polair Standard 
КХС80 

4060×5260×2200 

1 - - 216379 

Medium-
temperature 
monoblock 

МХМ MMN 344 
1060×851×960 

1 27 - 217036 

Drying 
cupboard 

СП-1130 
904×1401×900 

6 360 - 1103400 

Production 
table 

Chimneybud, 
1800×700×850 

2 - - 38626 

Vacuum 
cleaner 

Vacuum 
packaging 
machine 

«Status SV-2000» 
420×270×170 

3 2,64 - 16350 

In total 2198823 
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Table 5.2 data make it possible to calculate the cost of production, which 

will make it possible to determine the price range for a semi-finished beetroot 

(dried beetroot, pretreated by freeze-thaw methodroot). 

To calculate the full cost of production, we took into account the cost of all 

costs for production and sales of manufactured products as of 2023 in Ukraine 

(Table 5.3). 

Table 5.3 

Calculation of the cost of semi-finished products from beetroot 

Cost items for the production and 

sale of semi-finished products 

Production factors per 1 ton 

of semi-finished products 

Based on 1000 

kg of semi-

finished 

product as of 

2023, UAH 

Purchase of raw materials (60 

UAH/kg) 
7000 tons 14000 

Labor force (number of employees 

and average daily wages) 

16 people/8 people per 

shift/12 hour working 

day/15 working days per 

month 

116524,8 

Transportation 
Delivery of 1t of raw 

materials once a day 
7500 

Electricity 440,12 kW 2090,57 

Water supply 7000 liters 228,55 

Rent of production premises 100 m 
2 

1 day 1050 

Product labeling and packaging 

1000 polystyrene bags 

(Vacuum bag PA/PE 

transparent food) 

3200 

Production cost - 144593,92 
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continuation of Table 5.3 

Equipment cost 2198823 - 

Costs for preparation, equipment 

and development of production 
3.5% of the equipment cost - 

Depreciation of equipment taking 

into account the costs of starting 

production (based on 10 years) 

2275781,81 UAH/year 632,16 

Costs for unsold products during the 

storage period 
2.5% of the production cost 3614,85 

Costs due to technical failure 1% of the production cost 1445,94 

Enterprise income tax 2 group of 

single tax payers 20% of the 

minimum wage (1340 UAH/month ) 

Based on the production of 

30 tons of semi-finished 

products per month 

44,7 

EUV of the enterprise 2 group of 

payers of the single tax 22% of the 

minimum wage (1474 UAH/month ) 

Based on the production of 

30 tons of semi-finished 

products per month 

49,1 

The minimum payment of personal 

income tax is 18% of the minimum 

wage (1206 UAH/month ) for an 

employee 

Based on the production of 

30 tons of semi-finished 

products per month (8 

employees) 

643,2 

The minimum payment of social 

security is 22% of the minimum 

wage (1474 UAH/month ) for an 

employee 

Based on the production of 

30 tons of semi-finished 

products per month (8 

employees) 

786,2 

The cost price of 1000 kg 151810,07 

Enterprise profit (minimum 15% markup) 22771,51 

The total cost of 1000 kg 174581,58 

VAT 20% 34916,32 

Selling price 1000 kg 209497,9 

 



195 

The average statistical rate of output from 1 ton of raw material (beetroot) 

is 145 kg on average. Since the calculations are based on 1 ton of finished 

products, it is determined that 1 day will be spent on its production. The rent of 

the production premises of 150 m2 was determined on the basis of 1 working day, 

with a total cost of 31500 UAH for 30 days of rent. 

Labor costs were calculated in accordance with the Law of Ukraine "On the 

State Budget of Ukraine for 2023" dated 03.11.2022 No. 2710-Ⅸ and amount to 

UAH 40.46/hour with a 12-hour shift work schedule. According to the tariffs for 

2023, which are presented separately for each region in Ukraine, the average cost 

of 1 kW of electricity for enterprises of voltage class 2, which consume more than 

750 kW per month, is 4.75 UAH/kW. The cost of 1m3 of water on average in 

Ukraine and the tariff for services for centralized water supply and drainage in the 

amount of UAH 32.65 are taken into account. After analyzing the freight 

transportation market in the sector of up to 5 tons, the cost per 1 km, on average 

in Ukraine, is 15 UAH/km. The maximum distance for the delivery of raw 

materials according to the maximum profitability of production is noted to be no 

more than 500 km, which is taken as a basis for calculations. The costs of 

preparation, equipment and development of production make 3.5 % of the cost of 

the equipment. Costs for unsold products during the storage period amount to 

2.5 % of the production cost. Costs due to technical defects amount to 1% of 

production cost. Thus, the calculations made it possible to determine the selling 

price of 1,000 kg of the developed product, which is 209,497.9 UAH. 

It was determined that the introduction of semi-finished product technology 

in restaurants and food industry enterprises will allow the business entity to earn 

a profit of 22.77...128.19 thousand UAH per ton of sold products. 

To determine the selling price of a semi-finished beetroot (dried beetroot, 

pretreated by freeze-thaw method), the market price of an analogue, tomato 

powder (which is also used as a food coloring), was taken into account, which on 

average amounted to 350 UAH/kg (the selling price of tomato powder is quite 

high , taking into account the average price of fresh tomatoes in the season of their 
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mass harvesting by farmers, which is 15 UAH/kg, which is 3 times higher than 

the price of beetroot) as of 2023. Therefore, taking into account that the cost price 

of dried beetroot, pretreated by freeze-thaw method is 151.81 UAH/kg, producers 

of these products can freely set the market price, determining the markup in the 

range from 15% (minimum markup) to 84.44% (maximum markup). At its 

discretion and depending on the situation in the region of sale and on the market 

for selling red food colorings. Such an opportunity to choose the price will allow 

it to be adapted to the economy of the region and create the most competitive 

products from dried beetroot, pretreated by freeze-thaw method while maximizing 

profit. 

5.2 Implementation of research results into practice 

Based on the implementation of the results of the innovative strategy of 

developing new products, conducted theoretical and experimental research, the 

technology of semi-finished beetroot (dried beetroot, pretreated by freeze-thaw 

method) and culinary products using it has been tested and implemented in the 

food industry. 

The normative documentation of TS 10.8-04718013-007:2022 "Dried 

beetroot" (Addition C) and TS 10.3-04718013-008:2022 "Concentrated and dried 

taro products" (Addition D) was developed and approved, which regulates 

technical requirements and the technological process of production. 

The regulatory documentation in the People's Republic of China has been 

developed and approved Q/YTBG-0004S-2023 «Tough biscuits fortified with 

beetroot powder» (Addition E); Q/YTBG-0005S-2023 «Chicken sausages 

fortified with beetroot powder» (Addition F), which regulates the technical 

requirements and the technological process of production at the food enterprise. 

The semi-finished product from beetroot (dried beetroot, pretreated by freeze-

thaw method) has been introduced at specialized enterprises (Table 5.4). The 

profitability of the products from the sale of the experimental and industrial batch 

is shown in Fig. 5.1. 

 



197 

Table 5.4 

Certificates of implementation of dried beetroot, pretreated by freeze-
thaw method 

Enterprise Name Addition 

Individual entrepreneur 

"Filon A.M." 

Sausage technology using dried beetroot, 

pretreated by freeze-thaw method 
Addition G 

Biscuit technology using dried beetroot, 

pretreated by freeze-thaw method 
Addition H 

Technology of sausage products using 

dried beetroot 
Addition I 

Technology of chicken sausages using 

concentrated taro products 
Addition J 

Shenzhen Wah Tai 

Xing Foods Co., Ltd. 

Tough Biscuits Fortified With Beetroot 

Powder 
Addition K 

Chicken Sausages Fortified With Beetroot 

Powder 
Addition L 

Individual entrepreneur 

"Klymenko L.O." 

Sausage technology using dried beetroot, 

pretreated by freeze-thaw method 
Addition M 

Biscuit technology using dried beetroot, 

pretreated by freeze-thaw method 
Addition N 

Technology of sausage products using 

dried beetroot 
Addition O 

Technology of chicken sausages using 

concentrated taro products 
Addition P 
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Fig. 5.1. Product profitability 

 

According to fig. 5.1, the profitability of the products from the sale of the 

research and industrial batch in the amount of 30 kg of finished products is at a 

high level. The proposed beetroot semi-finished product (dried beetroot, 

pretreated by freeze-thaw method) and examples of its use in optimized recipes 

for confectionery and sausage products allow the economically efficient use of 

beetroot semi-finished products (dried beetroot, pretreated by freeze-thaw 

method) in any food enterprises in Ukraine and China. 

Conclusions to Section 5 
1. An assessment of the socio-economic effect of the development and 

implementation of the semi-finished beetroot (dried beetroot, pretreated by 
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freeze-thaw method) technology and culinary products using it at food enterprises 

and restaurant establishments was carried out. It is shown that the determined 

technological principles of production of new products allow to ensure complex 

processing of beetroot, which helps to reduce the cost of production, increase the 

efficiency of the technological process. 

2. A complex of organizational and technical measures was carried out to 

implement new technologies at food enterprises and restaurant establishments: 

Individual entrepreneur "Filon A.M.", Shenzhen Wah Tai Xing Foods Co., Ltd., 

Individual entrepreneur "Klimenko". 

3. The calculations made it possible to determine the selling price of 1,000 

kg of the developed product, which is 209,497.9 UAH. It was determined that the 

introduction of semi-finished product technology in restaurants and food industry 

enterprises will allow the business entity to earn a profit of 22.77...128.19 

thousand UAH per ton of sold products. 
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CONCLUSIONS 
 

1. For heat pump drying, the best drying process parameters were beetroot 

slices with thickness of 5 mm, drying temperature of 65 ℃, and loading density 

of 2.0 kg/m2. The ideal conditions for vacuum microwave drying of beetroots 

were microwave power of 500 W, vacuum degree of –90 kPa, and sample 

thickness of 2 mm.  

2. Different drying methods significantly affect the quality properties of 

beetroots. According to the results, it was demonstrated that VD+LMD was the 

optimal microwave-assisted drying method for beetroot drying. Different drying 

methods (MVD, VD, MD, HPD and FD) can significantly affect the bioactive 

compounds of beetroots, and considering the quality attributes and drying time, 

the combined drying methods (HPD+MVD) may guarantee high quality of 

beetroots and a short drying time.  

3. The physical properties, bioactive compounds and antioxidant activity of 

microwave dried beetroots were significantly affected by freeze-thaw cycles. 

With the increase of number of freeze-thaw cycles, the drying time, rehydration 

ratio, bioactive compounds, FRAP value and ABTS radical scavenging decreased 

significantly. Freeze thaw once (FT1) was proved the best number of freeze-thaw 

cycles. The results demonstrated that freeze thaw once (FT1) was the best number 

of freeze-thaw cycles, and the optimal freezing temperature was –20 °C, and water 

thawing was a more suitable way to thaw the frozen beetroots. 

4. Beetroot powder could improve the physicochemical properties of meat 

products, not only improving sensory quality and increasing protein content, but 

also inhibiting lipid oxidation of meat products. Also, betalain of beetroot powder 

is an effective antioxidant and food coloring in meat products and sausage 

products. The results revealed that the addition of 2.0% beetroot powder could 

significantly improve the physicochemical properties of meat products. 

5.  The results showed that the addition of dried beetroot, pretreated by 

freeze-thaw method to biscuits provides better sensory properties (color, taste and 
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smell) and increases the nutritional value of biscuits. It was concluded that the 

substitution of low-gluten wheat flour with dried beetroot, pretreated by freeze-

thaw method up to 10% into the formulation of biscuits could enhance the 

organoleptic properties and nutritional value of biscuits. 

6. An assessment of the socio-economic effect of the development and 

implementation of the semi-finished beetroot (dried beetroot, pretreated by 

freeze-thaw method) technology and culinary products using it at food enterprises 

and restaurant establishments was carried out. It is shown that the determined 

technological principles of production of new products allow to ensure complex 

processing of beetroot, which helps to reduce the cost of production, increase the 

efficiency of the technological process. A complex of organizational and technical 

measures was carried out to implement new technologies at food enterprises and 

restaurant establishments. It was determined that the introduction of semi-finished 

product technology in restaurants and food industry enterprises will allow the 

business entity to earn a profit of 22.77...128.19 thousand UAH per ton of sold 

products.  
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