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--------------------------------------------------------ABSTRACT---------------------------------------------------------------- 

Red pepper is an important agricultural product due to its high vitamin C, carotenoid, phenolic compound, and 

capsaicinoid content. However, the high moisture content after harvest causes microbial spoilage, shortening the 

product's shelf life. To prevent this, it has become necessary to use various drying methods. This review aims to 

evaluate the effects of different drying techniques on the product quality of red pepper. The evaluations revealed 

that sun drying, the oldest and most traditional method, has disadvantages such as long drying time and loss of 

product quality, despite its low cost. Hot air drying, despite its widespread industrial use, caused loss of aromatic 

compounds, a decrease in phenolic content, and a reduction in ascorbic acid content. In contrast, freeze-drying 

and vacuum-assisted microwave drying emerged as effective methods due to their ability to preserve color 

stability, high ascorbic acid content, and antioxidant properties. Hybrid systems have been found to significantly 

reduce drying time and increase energy efficiency. In summary, while freeze-drying and vacuum-assisted 

microwave systems are recommended for obtaining high-quality products, hybrid systems are recommended when 

evaluating speed and cost balance on an industrial scale. 

KEYWORDS; red pepper; Capsicum annuum; drying techniques; bioactive compounds; hybrid drying 

techniques. 
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I. INTRODUCTION 

Pepper is a plant belonging to the Capsicum annuum L. family. There are different varieties in terms of 

morphology, taste, and pungency. These include bell peppers, stuffing peppers, pointed peppers, charleston 

peppers, and hot peppers (cayenne, jalapeno, etc.). Red pepper (Capsicum annuum L.) is an important agricultural 

product widely used both fresh and in dried form due to its high nutritional value, characteristic aroma profile, 

and bioactive compound content [1]. Carotenoids (especially capsanthin), phenolic compounds, ascorbic acid, and 

capsaicin are the key components that give peppers their red color, antioxidant capacity, and pungent taste profile 

[2]. Freshly harvested peppers typically contain high moisture content, which increases the risk of spoilage, 

microbial growth, and quality loss. Therefore, the drying process, although preferred as a preservation method, 

increases the value and marketability of the raw product [3]. 

Historically, for producers, the most cost-effective and widespread drying method has been sun drying; 

however, this method has significant disadvantages such as long drying times, risk of microbial contamination, 

dependence on climate, and quality variations [4]. Due to these disadvantages, scientific and industrial 

applications have shifted towards more controlled and rapid drying techniques. Studies conducted in the 2020s 

show that this transformation offers significant advantages, particularly in terms of energy efficiency, quality 

preservation, and process standardization [5]. 

Modern drying techniques include hot air drying, microwave drying, infrared (IR) drying, vacuum 

drying, freeze-drying, and various hybrid combinations of these methods (e.g., microwave + hot air, IR + hot air). 

These techniques have the potential to shorten drying time, reduce energy consumption, minimize tissue 

deformation, and limit color, aroma, and active ingredient losses. In particular, low-temperature and controlled 

drying processes (freeze-drying and vacuum drying) stand out in minimizing pigment and bioactive compound 

losses [2].   

In contrast, high-temperature and prolonged drying (such as conventional methods like hot air) can result 

in darkening of the pepper's color, carotenoid degradation, and losses in phenolic content and aroma. For example, 

in one study, increasing the thermal drying time resulted in darkening of the surface color of red peppers, a 

decrease in red-yellow tones, and microstructural changes [2].   
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On the other hand, from the perspective of consumer expectations, simply removing moisture is not 

sufficient: it is important to preserve the color, aroma profile, nutritional value, and rehydration properties of dried 

peppers. Therefore, it is necessary to select the drying method and optimize the controlled parameters. In this 

context, the literature frequently emphasizes that low temperature + controlled drying (vacuum, freeze-drying), 

microwave or IR-assisted rapid drying, and hybrid methods offer balanced performance [5].   

This review aims to comprehensively evaluate traditional and modern techniques used in drying red 

peppers (hot air, microwave, IR, vacuum, freeze-drying, hybrid systems) and to comparatively analyze their 

performance in terms of product quality (color-pigment stability, aroma and volatile compounds, bioactive 

compounds) and drying time. This study aims to contribute to the academic literature and provide a practical guide 

for industrial practitioners. 

 

II. OVERVIEW OF RED PEPPER 

Applications of red pepper 

Due to its rich content, red pepper is used in many areas both fresh and dried. Fresh and dried red peppers 

are frequently used in many types of dishes to enhance flavor and aroma. In industrial operations, it is used in 

canning, sauce and ketchup production, and ready-made meals (soups, sauces, etc.), as well as in spice blends and 

deli products to add color and aroma. Due to the antioxidant properties of capsaicin and carotenoids in its content, 

it is also preferred in the health sector as a supplement or functional food additive [6], [7]. 

 

Production of red pepper in Turkey and worldwide 

Red pepper varieties are quite diverse worldwide and in Turkey. Turkey has a rich range of agricultural 

products thanks to its geographical location and climate diversity. The Mediterranean, Aegean, and Marmara 

regions account for approximately 80% of total pepper production. The most commonly produced pepper varieties 

in Turkey are bell peppers, pointed peppers, charleston peppers, stuffing peppers, and hot peppers. These peppers 

are grown both fresh and for drying and occupy an important place in both the Turkish and global markets due to 

their high yield and durability. 

Globally, the largest producers of red peppers are China, Mexico, the USA, India, and South American 

countries. These countries have significant shares in both consumption and exports. According to 2022 FAO data, 

36.97 million tons of peppers are produced worldwide each year. China stands out among other countries with a 

production of 16.8 million tons, followed by Mexico with 3.1 million tons, Indonesia with 3 million tons, Turkey 

with 3 million tons, and Spain with 1.5 million tons [8]. 

Turkey is the largest vegetable producer after China, India, and the United States. In recent years, 

vegetable production in Turkey has exceeded 31 million tons, and as of 2024, total pepper production is 3,428,038 

tons, an increase of 11.3% over the previous year. Bell peppers account for 56.6% of Turkey's total pepper 

production, pointed peppers account for 27.2%, stuffing peppers account for 12.3%, and charleston peppers 

account for 3.9%. Turkey has secured an important place in the market not only in terms of production but also in 

terms of exports. Red pepper exports, which amounted to 21,830 tons in 2019, were recorded as 50,691 tons 

according to 2023 data. Germany and Bulgaria rank first among the exporting countries [9], [10]. 

 

Components of red pepper 

100 grams of fresh red pepper contains 92 g of water, 6 g of carbohydrates, 1 g of protein, 0.3 g of fat, 

and has an energy value of 31 calories. Red pepper is rich in minerals such as K, Mg, and Ca, as well as vitamins 

A and C, and has low levels of saturated fat and sodium. 100 grams of fresh red pepper contains approximately 

130 mg of vitamin C, which meets about 200% of the daily vitamin C requirement [11] The basic form of vitamin 

C is ascorbic acid, and the ascorbic acid content increases in direct proportion to the ripeness of the pepper. 

Red pepper contains various carotenoid pigments such as capsaicin, β-carotene, and capsorubin, and is 

highly effective in eliminating free radicals due to its antioxidant properties [12]. The active ingredients in red 

pepper are capsaicin and capsaicinoids. These active ingredients give red pepper its pungent taste [13]. 
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Figure 1. Chemical structure of capsaicinoids 

 

Red pepper contains phenols such as quercetin and luteolin, in addition to vitamin C and carotenoids. 

These phenolic compounds form an important phytochemical group due to their free radical scavenging properties, 

and the amount of these compounds varies depending on the development and ripening process [14]. 

 

Red pepper in the field of health 

Colored fruits and vegetables are important for health due to their vitamin, mineral, and bioactive content, 

and their daily consumption is recommended. Red pepper is a prominent food due to its important vitamin and 

mineral content and antioxidant properties. It plays an important role in health with its vitamin A content of 

101mg/100 g RE, riboflavin content of 0.122 mg/100 g, vitamin C content of approximately 150.7 mg/100 g and 

lutein content of 381 µg/100g [15]. 

Red pepper has been used in traditional medicine not only for the treatment of conditions such as cough, 

toothache, sore throat, rheumatism, and parasitic infections, but also as an antiseptic, appetite stimulant, irritant 

reliever, antioxidant, and immunomodulator [16], [17], [18]Red pepper is used as a medicine for bloating and 

atonic dyspepsia because it increases motility in the gastric antrum, duodenum, proximal jejunum, and colon [17], 

[18]. Its leaves also have antioxidant activity [19]. One study found that fermented red pepper paste reduced total 

cholesterol and LDL-C cholesterol levels [20]. In an in vitro study, it was observed that hot peppers can moderately 

transactivate the PPARα transcription factor in NTH-3T3 cells, thereby helping to increase HDL and lower TG 

levels, ultimately improving the lipid profile [21]. Thus, it can be predicted that red pepper has a regulatory effect 

on HDL, LDL, and especially total cholesterol levels. 

 

III. DRYING TECHNIQUES 

Hot Air Drying 

Hot air dryers have a closed operating system where heated air circulates within the system. Hot air 

drying is a classic drying method commonly preferred for agricultural products. Its basic mechanism is; 

Convective heat transfer + diffusive mass transfer 

 Advantages 

Simple equipment  

Widespread industrial use  

Low investment cost 

 Disadvantages 

Long drying time  

 Color loss 

 Loss of aromatic compounds 

 Decrease in vitamin C and phenolic compound content 

 

Freeze-Drying (Lyophilization) 

Freeze drying is a drying technique used primarily in the food industry for the preservation and 

production of food, as well as in the pharmaceutical industry for drug production [22], [23]. 

Advantages 

Color and aroma preservation  

Porous structure (high rehydration capacity) 

Disadvantages 
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Long drying time 

High cost 

High energy consumption 

 

Microwave Drying Microwave Drying 

In the microwave drying method, water molecules within the material are directly targeted and a selective 

heating process is performed [24]. Thus, heating occurs from the inside out. Like other techniques, this technique 

has both advantages and disadvantages. It is generally preferred to use it in combination with other drying 

techniques. 

Advantages 

One of the fastest drying methods 

Formation of a porous structure 

Color preservation 

High energy efficiency 

Disadvantages 

High investment cost 

Loss of aroma in the product 

Requires special design 

 

Infrared (IR) Drying 

Infrared drying can be considered an artificial form of natural drying by the sun. The electromagnetic 

radiation sent to the product surface is absorbed by the material and increases internal molecular vibrations, 

generating heat and thus causing moisture to evaporate [25]. 

Advantages 

Fast drying 

High energy efficiency 

Homogeneous heating 

Easy control of material temperature 

Disadvantages 

The product's structural properties may be compromised 

Limited applicability (thickness issue) 

 

Vacuum Drying 

Vacuum dryers are based on the principle of drying the sample at low pressure and evaporating the 

moisture in the material at lower temperatures. This drying method is used for heat-sensitive materials and 

materials that are sensitive to changes in color, appearance, nutritional content, and vitamin content [26]. 

Advantages:Low-temperature drying:Rapid drying;Minimal oxidation; Easy material handling; 

Disadvantages:High equipment cost;Low efficiency  

 

Hybrid Drying Systems 

Hybrid drying systems are methods that use multiple drying techniques to achieve the desired dryness 

level without compromising product quality [27]. This technology can be used as an innovative and in term of 

energy efficiency alternative for drying foods. 

 

Infrared-Assisted Hot Air Drying 

IR is often used in conjunction with other drying techniques to overcome the limitations of the technology 

when used alone. The IR-assisted hot air drying technique achieves higher drying efficiency compared to the use 

of these techniques alone [28]. During IR-assisted hot air drying, high-speed air comes into direct contact with 

the material surface, forming a thin boundary layer on the material surface and thus increasing heat and mass 

transfer efficiency. This significantly reduces the drying time [29]. 

 

Vacuum-Assisted Microwave Drying 

Studies on vacuum-assisted microwave drying have shown that this method produces more porous 

product structures with higher drying rates compared to conventional drying techniques. It has also been reported 

that samples obtained using this method have lower bulk density and minimal shrinkage. In drying processes using 

both microwaves and vacuum, samples with higher rehydration capacity compared to traditional methods, as well 

as lower water retention capacity, hardness, flexibility, stickiness, and chewability values have been obtained [30], 

[31], [32], [33]. 
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IV. EFFECTS OF DRYING TECHNIQUES ON THE QUALITY CHARACTERISTICS OF RED 

PEPPER  

Drying techniques play a significant role in the quality characteristics of dried peppers. These quality 

parameters include color, vitamin C level, aroma and flavor, rehydration capacity, and microbial safety. Red 

pepper is a sensitive product containing high pigment content, phenolic compounds, and aromatic compounds; 

therefore, even a minor change in drying conditions can significantly affect product quality. 

 

Colour Parameters 

Color can be the most effective quality indicator for red peppers. This is because color quality 

significantly determines the product's market price and consumer perception. Recent studies show that the most 

efficient methods for preserving the color of red peppers are hybrid methods such as microwave-assisted or 

infrared drying. Despite this advantage, maintaining color consistency between batches during large-scale 

production remains a challenge [34], [35]. 

 

Vitamin C Level 

 Vitamin C level is also an important factor in determining the drying method. One study found that hot 

air drying reduced the vitamin C content and antioxidant capacity of peppers [36]. On the other hand, freeze-

drying and vacuum drying methods have been found to be the most effective methods for preserving vitamin C 

levels. However, disadvantages such as investment cost and energy consumption pose obstacles in industrial 

applications [3].  

 

Aroma and Flavor Parameter 

The choice of drying method has a significant effect on the aroma and flavor quality of peppers. The 

shade drying technique better preserves pigments, aroma compounds, and flavor, and minimizes the degradation 

of chemical components [37]. 

 

Rehydration Capacity 

Rehydration capacity is an important indicator of physical quality. Freeze-drying is an important 

technique used for this purpose, but it has disadvantages such as high cost in addition to its advantages [38]. 

 

Microbial Load 

Peppers are highly susceptible to microbial spoilage due to their high moisture content at harvest and 

their rapidly deteriorating structure. Even when stored under refrigerated conditions, their shelf life is limited [39]. 

IR drying is a promising technique in terms of its gentle and uniform heat distribution, preservation of color and 

nutrient content, and maintenance of microbial safety. However, the technique still has areas for improvement, 

such as the potential for surface burns due to high energy and limited penetration depth [40]. 

 

V.EFFECTS OF DIFFERENT DRYING METHODS ON QUALITY PARAMETERS  

 

A comparision of the effects of drying methods on quality parameters of dried materials obtained from some 

studies in literature are illustrated in Table 1. 
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Table 1. Comparision of Different Drying Techniques 
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In the freeze-drying method of hot red peppers, it was observed that the product obtained had a redder 

color than the raw material. A dried product with high color retention and high capsaicinoid retention was obtained 

at 40 °C. However, a decrease was observed as the temperature increased. The freeze-drying method also provides 

high polyphenol content in the products. In the vacuum drying method, the longest drying time was obtained at 

40 °C. As in freeze-drying, the highest brightness and redness were achieved. When the temperature was increased 

from 40 °C to 60 °C, there was a 37% reduction in drying time for vacuum drying and a 32% reduction for freeze-

drying [41]. 

When the effect of drying methods on fresh and dried powdered sweet peppers was investigated using 

infrared (IR), hot air, and intermittent microwave methods, lower color change (p < 0.05) was observed in the 

intermittent microwave method compared to the other two methods. This may be because microwave energy is 

directly absorbed by the water in the material and converted into heat through molecular motion, causing the 

temperature in the material to increase and thus providing a more stable drying process through effective 

redistribution of heat [42]. The compounds found in red pepper have been reported in previous studies [48]. An 

increase in the concentration of aroma compounds occurred after the drying process. Furthermore, the results 

obtained from the study showed that the total phenolic compound content was similar in intermittent microwave 

and hot air drying, while it was higher in infrared drying [42]. 

Another study on red pepper examined the effects of pulsed vacuum drying, infrared-assisted hot air 

drying, and hot air drying methods as drying techniques. It was observed that increasing the drying temperature 

reduced the drying time. At 80 °C, the shortest drying times were achieved with IR-assisted hot air drying (4 

hours), hot air drying (5 hours), and pulsed vacuum drying (6 hours), respectively. Pulsed vacuum drying provided 

higher water retention capacity, brighter color, higher red pigment, and higher ascorbic acid content compared to 

the other two methods at the same drying temperature. Additionally, pulsed vacuum drying promoted the 

formation of a more porous structure, while hot air and IR-assisted hot air methods resulted in a less porous 

structure [44]. 

The effects of different drying techniques on Capsicum chinense (Chinese pepper) peppers were 

investigated. The results showed differences in antioxidant and nutritional properties depending on the drying 

method used and the ripeness level of the pepper. Microwave drying showed that red peppers dried using this 

method retained high levels of essential nutrients such as phenolic compounds, carotenoids, and ascorbic acid. 

Sun drying stood out for its high water retention capacity and ability to preserve flavonoid content [45]. 

In a study examining the quality characteristics of red pepper (Capsicum annuum) using different drying 

methods, sunlight, oven, and far-infrared rays (FIR) were used as methods. The shortest drying time was recorded 

as 11 hours in the FIR dryer at 50 °C, while it was 38 hours in sun drying and 46 hours in oven drying at 50 °C. 

The rehydration property was found to be almost similar (  39 hours) in sun drying and oven drying at 60 °C. 
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Compared to oven drying, the FIR method caused more volatile matter loss due to outdoor drying. This study 

showed that there was no significant difference between the far-infrared and oven dryer drying methods in terms 

of water content, VRS, ash level, and yield recovery [43]. 

The quality characteristics and drying kinetics of red pepper were investigated using various solar drying 

methods. As a result of the drying process carried out using direct solar dryers, indirect solar dryers, and mixed-

mode solar dryers, a moderate change in color parameters was observed, and the average Δ L*, Δ a*, and Δ b* 

values were found to be -5.08, -23.71, and - 13.62, respectively. The highest phenolic compound content, 44.71%, 

was obtained in products dried using mixed-mode solar dryers. Compared to other drying methods, mixed-mode 

solar dryers showed lower total microbial counts, higher phenolic compound content, and antioxidant activity 

preservation properties [46]. 

As a result of vacuum-assisted microwave drying and drying red pepper in a hot air oven, the moisture 

content of red pepper decreased from 91.74% to below 10% in both processes. The drying time required to reach 

this level was determined to be 45-90 minutes. The highest antioxidant activity and total phenolic content were 

obtained with the vacuum-assisted microwave method. The highest vitamin C (ascorbic acid) level and high color 

retention were also observed with the vacuum-assisted microwave method [47]. 

 

V. CONCLUSION 

According to the literature data reviewed in this study, the selected drying method was found to play an 

important role in the nutritional and sensory properties of red peppers. Although the traditional drying method, 

sun drying, is low-cost, it falls short of industrial standards due to long drying times, the potential risk of microbial 

contamination in the product, and seasonal dependence. Freeze-drying and vacuum-assisted microwave methods 

are preferred for preserving heat-sensitive bioactive compounds (ascorbic acid, total phenolic content, antioxidant 

capacity, etc.). When considering the color parameter, which is important for producers and especially consumers, 

pulsed vacuum drying, freeze drying, and vacuum-assisted microwave methods offer satisfactory results. In short, 

by using hybrid systems, both drying time can be shortened and energy efficiency increased, and the quality 

parameters of the product can be preserved at a higher level. Hybrid systems can be developed and promoted to 

eliminate the disadvantages of standalone systems. 
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