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Abstract: With the continuous development of food processing technologies, drying techniques have
become increasingly important in fruit processing. Different drying methods have significant impacts on
the nutritional components and flavor of fruits, directly affecting the nutritional value and market
competitiveness of the products. This paper reviews the principles, technical characteristics, and effects
of four main drying technologies—hot air drying, freeze drying, vacuum drying, and microwave drying—
on the nutritional components and flavor of fruits. By comparing the retention effects of these drying
methods on vitamins, minerals, dietary fibers, and antioxidants, the paper explores future research
directions and suggests technical optimization strategies. The study indicates that different drying
technologies have varying advantages and disadvantages in terms of nutrient retention, flavor
preservation, and drying efficiency. Strategies such as multi-factor optimization, technological
combinations, and exploration of new drying technologies are proposed to provide valuable references
and guidance for the fruit processing industry.
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Introduction

In the field of food processing, drying technology is widely used for the preservation and processing
of fruits, with the main goal of extending the shelf life of fruits while maintaining their nutritional value.
However, different drying methods have varying impacts on the nutritional components and flavor of
fruits, which largely determines the quality of the dried products. Understanding the working principles
of different drying technologies and their specific effects on fruit nutrition is crucial for enhancing the
scientific and practical aspects of food processing.

In recent years, with the increasing consumer demand for healthy foods, the requirements for fruit
drying processes have become more stringent. Traditional drying methods, such as hot air drying,
although widely used in industrial production, have certain limitations in preserving vitamins and flavor.
Newer drying technologies, such as freeze drying, vacuum drying, and microwave drying, offer better
protection for the nutritional components and flavor of fruits while ensuring effective drying. Therefore,
exploring the advantages and disadvantages of different drying methods and proposing corresponding
optimization strategies is an urgent issue in the field of food processing.

1. Principles and Technologies of Different Drying Methods
1.1 Hot Air Drying Technology

1.1.1 Basic Principle of Hot Air Drying

Hot air drying technology is a common method of heat conduction drying. Its basic principle involves
utilizing the convective heat transfer effect of hot air to evaporate moisture from the surface of the fruit,
thereby achieving the drying process. Hot air drying typically involves heating the air and circulating it
over the surface of the fruit to be dried. The temperature and flow rate of the air directly affect the drying
rate and the quality of the final product. The efficiency of this method is closely related to the air
temperature, humidity, and airflow speed. Excessively high temperatures may lead to the loss of fruit
nutrients, while excessively low airflow speeds may prolong the drying time.



1.1.2 Effects of Process Parameters on Drying Efficiency

In the hot air drying process, process parameters such as temperature, humidity, airflow speed, and
drying time significantly impact drying efficiency. Increasing the temperature can accelerate moisture
evaporation, but excessively high temperatures may lead to the degradation of heat-sensitive components.
Humidity control is a critical parameter in the drying process; lower humidity helps to increase the drying
rate but may also raise energy consumption. Airflow speed affects the efficiency and uniformity of heat
transfer. Appropriate airflow speed can prevent uneven drying and improve the quality of the drying
process.

1.1.3 Applications and Limitations of Hot Air Drying

Hot air drying technology is widely used for drying fruits, vegetables, and other foods. Its advantages
include simple equipment, ease of operation, and relatively low cost. However, hot air drying also has its
limitations. It can cause nutrient loss in temperature-sensitive foods and may result in uneven drying
during the process. Additionally, this method may require longer drying times for certain high-moisture
fruits, leading to increased energy consumption.[!]

1.2 Freeze Drying Technology

1.2.1 Working Mechanism of Freeze Drying

Freeze drying (lyophilization) is a drying method that involves first freezing the food and then
sublimating the ice directly into vapor under vacuum conditions. The basic working mechanism consists
of three main stages: freezing, primary drying (sublimation), and secondary drying (removal of residual
moisture). This method converts the moisture in the fruit into ice crystals through low-temperature
freezing, and then removes the ice crystals by sublimation under vacuum, thereby preserving the fruit's
structure and nutritional components.

1.2.2 Control of the Sublimation Process in Freeze Drying

In the freeze drying process, the sublimation stage is a crucial step that directly determines the final
drying outcome. Controlling the sublimation process requires precise adjustment of vacuum levels and
heating temperatures to ensure that ice crystals sublimate uniformly without reverting to liquid water.
Proper control of the sublimation process is essential for reducing fruit breakage, color differences, and
for preserving flavor and nutritional components. Optimizing the sublimation process can improve drying
efficiency, reduce drying time, and lower energy consumption.?!

1.2.3 Applications of Freeze Drying in High-Value Fruits

Freeze drying technology is well-suited for high-value fruits such as strawberries, blueberries, and
kiwifruits because it can maximize the preservation of the fruit's original flavor, color, and nutritional
components. Although the investment in freeze drying equipment is relatively high, the technology is
widely used in the high-end market due to its ability to produce high-quality dried products. This method
avoids the flavor loss and nutrient degradation issues commonly associated with traditional drying
methods, making it especially suitable for producing high-quality health foods and nutritional
supplements.

1.3 Vacuum Drying Technology

1.3.1 Technical Characteristics of Vacuum Drying

Vacuum drying technology involves heating materials in a low-pressure environment to evaporate
and remove moisture. The core feature of this method is its ability to perform drying at lower
temperatures, which helps to minimize the loss of heat-sensitive components and preserve the flavor and
nutritional components of the fruit. Vacuum drying is suitable for processing heat-sensitive foods or fruits
that need to retain their original form.

1.3.2 Advantages and Industrial Applications of Vacuum Drying

Vacuum drying offers significant advantages, including lower drying temperatures, high-quality dried
products, and minimal loss of nutritional components. This makes it widely used in the processing of
high-quality fruits, medicinal materials, and bioproducts. Although the investment and operating costs of
vacuum drying equipment are relatively high, it produces high-value-added dried products. It is
particularly suited for industries with strict quality requirements, such as pharmaceuticals and food



processing.
1.4 Microwave Drying Technology

1.4.1 Principles and Electromagnetic Wave Action of Microwave Drying

Microwave drying technology utilizes microwave electromagnetic waves to generate heat within the
material. The electromagnetic waves cause water molecules to vibrate rapidly, leading to the drying
process. The principle of microwave drying involves heating the interior of the material through
electromagnetic radiation, causing rapid evaporation of moisture. This method significantly increases the
drying rate, allowing for fast and uniform drying while reducing drying time and energy consumption.

1.4.2 Uniformity Control in Microwave Drying

Uniformity control is one of the key issues in microwave drying. Because microwaves can cause
localized overheating or uneven drying within the material, it is essential to optimize microwave power
and adjust drying parameters to achieve uniform drying. Using appropriate turntables, stirring devices,
and evenly distributed microwave sources can effectively address this issue and improve the drying effect.

2. Effects of Different Drying Methods on Fruit Nutritional Components
2.1 Changes in Vitamin Content

2.1.1 Comparison of the Impact of Various Drying Methods on Sensitive Components such as Vitamin
C and Vitamin A

Vitamin C and Vitamin A are crucial nutrients in fruits, and their levels vary significantly under
different drying methods. Hot air drying, due to its high-temperature environment, leads to substantial
degradation of Vitamin C because Vitamin C is highly sensitive to heat and oxygen. Freeze drying, which
dehydrates the fruit at low temperatures, retains Vitamin C relatively well since it minimizes loss of heat-
sensitive components. Although spray drying is a fast process, it results in significant loss of Vitamin C
due to the high temperatures and rapid heat exchange. Vacuum drying, with its low-temperature and low-
pressure environment, preserves Vitamin C and other sensitive components to a greater extent. Vitamin
A is relatively more stable but may still experience some degradation under high-temperature drying
conditions, especially in hot air and spray drying processes.[’!

2.1.2 Analysis of Nutrient Loss Mechanisms During Drying

The mechanisms of nutrient loss in different drying methods are primarily related to factors such as
temperature, oxygen, and drying time. In hot air drying, high temperatures lead to the oxidation and
degradation of Vitamin C and Vitamin A, with Vitamin C being particularly susceptible to heat and
oxygen damage. Freeze drying, by sublimating moisture at low temperatures, reduces the impact of heat
on nutrients, thus resulting in minimal nutrient loss. In spray drying, high temperatures and rapid heat
exchange cause thermal degradation and oxidation of nutrients. Vacuum drying, with its low-temperature
and low-oxygen environment, minimizes nutrient degradation, though prolonged drying may still affect
Vitamin C to some extent. Understanding the impact of different drying methods on vitamin content
helps in optimizing drying processes to retain more nutrients.

2.2 Changes in Minerals and Dietary Fiber

2.2.1 Effects of Drying on Mineral Content (e.g., Potassium, Calcium) and Dietary Fiber

Minerals such as potassium and calcium are relatively stable during fruit drying, as their degradation
is generally less sensitive than that of vitamins. However, different drying methods still impact mineral
content. Hot air drying has a minimal effect on minerals, but high temperatures and prolonged drying
conditions may still lead to some loss. Freeze drying typically retains minerals well, as the process does
not involve high temperatures. Spray drying has a relatively minor impact on minerals, but high
temperatures may cause some mineral loss. Vacuum drying effectively preserves minerals due to its low-
temperature and low-oxygen environment, though the stability of dietary fiber may be somewhat affected
by the drying process. Overall, mineral retention is generally good, while dietary fiber content is usually
well preserved during drying.



2.2.2 Discussion of Nutrient Retention Effects Under Different Drying Conditions

The retention of minerals and dietary fiber varies under different drying conditions. Freeze drying
and vacuum drying perform better in retaining minerals and dietary fiber due to their favorable low-
temperature and low-oxygen conditions. Research indicates that selecting the appropriate drying method
is crucial not only for maintaining mineral and dietary fiber content but also for the nutritional value and
health benefits of the fruit. Therefore, when choosing a drying method, it is important to consider its
effect on the retention of minerals and dietary fiber to ensure the nutritional quality of the final product.™

2.3 Changes in Antioxidants

2.3.1 Analysis of the Impact of Different Drying Methods on Antioxidants (e.g., Polyphenols,
Flavonoids) in Fruits

Antioxidants such as polyphenols and flavonoids often undergo some degree of degradation during
the drying process. Hot air drying, due to its high-temperature treatment, can cause significant
degradation of antioxidants, especially for heat-sensitive polyphenolic compounds. Vacuum drying, with
its low-temperature and low-oxygen environment, effectively reduces the degradation of antioxidants;
however, the prolonged drying time may still have some impact on certain sensitive antioxidant
components.

3. Impact of Different Drying Methods on Fruit Flavor
3.1 Changes in Color and Texture

3.1.1 Comparison of the Effects of Various Drying Methods on Fruit Color Retention and Texture
Changes

Different drying methods significantly affect fruit color and texture. Common drying methods include
hot air drying, freeze drying, spray drying, and vacuum drying. Hot air drying often leads to noticeable
color fading in fruits due to high temperatures and oxidative reactions that degrade pigments. In contrast,
freeze drying, which operates at lower temperatures, better preserves the natural color of fruits by
effectively minimizing heat loss and oxidative reactions. Both spray drying and vacuum drying show
varying degrees of color retention, with vacuum drying generally performing better in maintaining fruit
color, while spray drying may cause slight color changes due to high-temperature processing.
Additionally, the impact of drying methods on fruit texture varies. Hot air drying can make the texture
dry, hard, and brittle, while freeze drying tends to better preserve the original texture of fruits, though it
may result in a somewhat puffed texture.

3.1.2 Exploring the Impact of These Changes on Consumer Sensory Evaluation

Changes in color and texture directly affect consumers' sensory evaluation of dried fruits. Color is a
crucial indicator in sensory assessment because it is often closely associated with the freshness and
quality of the fruit. Vibrant and natural colors are generally preferred by consumers. Texture changes also
influence the taste experience; for example, an overly dry and hard texture may not meet consumers' taste
preferences, while a puffy texture may offer a better mouthfeel. Studies indicate that the impact of drying
methods on color and texture ultimately affects consumers' purchasing decisions and product satisfaction.
Therefore, selecting an appropriate drying method to maintain optimal color and texture is crucial for
market acceptance.l]

3.2 Examination of Aroma Compound Dynamics in Drying Processes

3.2.1 Analyzing the Loss and Changes in Fruit Aroma Compounds During Drying

During the drying process, the aroma compounds of fruits often undergo significant changes. Hot air
drying, due to high temperatures and prolonged drying times, can lead to a loss of some aromatic volatiles,
affecting the fruit's aroma. Freeze drying, conducted at lower temperatures, can better retain fruit aroma
compounds, although some volatile aroma components may still be lost during the freeze-drying process.
Spray drying, with its high temperatures and rapid airflow, can result in substantial volatilization and loss
of aroma compounds, particularly those with high volatility. Vacuum drying, by lowering the temperature
and pressure during the drying process, can effectively reduce the loss of aroma compounds, though
some changes in aroma components may still occur. Therefore, properly controlling drying conditions



and time is crucial to minimize the loss of aroma compounds and preserve the fruit's original flavor.
3.2.2 Studying the Differences in Aroma Retention Among Various Drying Methods

Different drying methods exhibit significant differences in the retention of aroma compounds. Freeze
drying generally retains fruit aroma well because it is conducted at lower temperatures, effectively
reducing the volatilization of aroma compounds. Vacuum drying also demonstrates good aroma retention
due to its low-pressure environment, which helps minimize aroma loss. In contrast, hot air drying and
spray drying, due to high temperatures, result in more substantial volatilization of aroma compounds.
These methods require optimized process conditions to reduce aroma compound loss as much as possible.
Studies indicate that selecting the appropriate drying method is crucial for maintaining the aromatic
characteristics of fruits and meeting consumer expectations for flavor.[®

3.3Sensory Evaluation of Fruit Characteristics Affected by Drying Method

3.3.1 Examining the Impact of Drying on Fruit Sweetness, Acidity, and Overall Flavor

The drying process significantly affects the sweetness, acidity, and overall flavor of fruits. Hot air
drying typically alters the sugar and acidity levels in fruits, as high temperatures can cause some sugar
degradation, impacting the fruit's sweetness. Additionally, high temperatures may change the fruit's
acidity, thereby affecting the overall flavor. Freeze drying, conducted at lower temperatures, better
preserves the fruit's sweetness and acidity, though it may cause slight changes in flavor. Spray drying
also influences fruit flavor due to high temperatures, which can lead to losses in sugar and acidity and
result in flavor changes. Vacuum drying usually maintains the fruit's sweetness and acidity well and
preserves the overall flavor to a certain extent. The impact of different drying methods on fruit sweetness,
acidity, and flavor ultimately determines the product's market acceptance and consumer preference.

3.3.2 Exploring Consumer Perceptions of Fruit Texture in Different Drying Methods

Fruits dried using hot air drying often have a hard and crispy texture, which may not appeal to some
consumers, especially those who prefer a softer texture. In contrast, freeze-dried fruits, which better retain
the original texture and flavor, are generally favored by consumers as this method preserves more of the
fruit's natural taste and mouthfeel. Spray drying and vacuum drying yield different textures. Spray-dried
fruits may have a powdery texture, while vacuum-dried fruits better maintain the original texture and
flavor. Consumer preferences for the texture and flavor of dried fruits vary with the drying method used,
and understanding these preferences is crucial for product adjustments to achieve market success.
Furthermore, consumer texture preferences may be influenced by fruit type and specific drying process
conditions, making in-depth analysis of consumer sensory experiences essential for optimizing product
development and marketing strategies.

Conclusion

This paper reviews the effects of four drying technologies—hot air drying, freeze drying, vacuum
drying, and microwave drying—on fruit nutritional components and flavor, summarizing their respective
advantages and disadvantages. Future research should focus on optimizing drying processes, particularly
through multi-factor optimization for nutrient retention, synergistic optimization of drying time and
temperature, and integration of different drying methods and technologies. Additionally, exploring new
drying technologies such as infrared drying and electric field drying could enhance drying efficiency and
food quality. In-depth studies on the applicability of drying methods for different fruit varieties, combined
with flavor optimization and nutrient retention based on consumer needs, will provide more
comprehensive guidance for the development of fruit drying technologies.
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