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Abstract: As one of the main chili varieties in Mexico, Yahualica chili requires year-round availability.
This study examines the feasibility of five drying methods (open-air, solar, microwave, freeze-drying
and shade drying) used to preserve this culturally and economically valuable product. The results
show the drying duration and rate for solar drying with varying air temperatures (40, 50, 60, and
70 ◦C) and airflows (150, 200, 250, and 300 m3/h) and microwave drying with varying power levels
(90, 160, 360, and 600 W). Convection drying efficiency increased with temperature and airflow,
according to the findings. Microwave drying significantly reduced drying time, and higher powers
further accelerated moisture removal. Open sun and shade drying was the slowest, and open
sun drying was also susceptible to factors compromising quality. Total Phenolic Content (TPC),
Total Capsaicinoids Content (TCC), and antioxidant activity had a positive effect, since the drying
methodologies favored the release of these compounds.

Keywords: Yahualica chili; antioxidant activity; drying characteristics; total capsaicinoid content

1. Introduction

Chili pepper (Capsicum annuum L.) is an annual herbaceous plant in the Solanaceae
family. Yahualica chili is a prized variety originating in Mexico. The specific growing
region and traditional methods that Mexican producers employ are responsible for these
characteristics. In the States of Jalisco and Zacatecas, Mexico, the Yahualica chili is one of the
leading crops. Its fruit is mainly sold in its state as a particular ingredient in typical dishes of
the national gastronomy, pickles, and sauces, as well as raw material for industrial use and
the production of finished products, which has led to an increase in production [1,2]. The
main varieties, including Capsicum annuum, Capsicum frutescens, Capsicum chinense, and
Capsicum pubescens [3,4], are distinguished by health-promoting phytochemicals such as
phenolics, flavonoids, and carotenoids, which reduce the risk of developing cardiovascular
diseases and arthritis and exert antiaging and immunomodulatory activities [3,5,6]. Several
reported biological properties have been attributed to plant secondary metabolites, such as
phenols or capsaicinoids [7,8].
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Worldwide, 36.3 million tons of chili peppers and peppers are produced, and Mexico
contributed 3.11 million tons in 2022, making it one of the largest producers worldwide [9].
However, food loss and waste in Mexico is estimated to be over 30%; this global problem is
due to inadequate infrastructure (such as storage and refrigeration facilities), weather con-
ditions, labor shortages, and problems related to packaging and marketing systems [10,11].
In this sense, drying is one of the easiest conservation methods to apply, as it prevents the
growth and reproduction of microorganisms and reduces losses in the harvest. On the
other hand, the final product’s nutritional content and quality attributes are positively or
negatively affected by drying, depending on the technique used [12,13]. Numerous drying
techniques have been implemented to ensure the quality and improve the stability of bioac-
tive compounds; for example, fluidized bed drying, heat pump drying, freeze-drying, and
rotary drying with liquefied petroleum gas are some industrial conservation techniques.
However, generally, these techniques use fossil fuels as a heat source, which makes the
process expensive. Large-scale chili powder production often employs counter-current
convection dehydration, but small- and medium-sized industries mainly use open sun
drying, particularly in developing countries. The traditional preservation method is to
spread the food on the ground when there is sufficient solar radiation. Hot air drying
exhibits the disadvantages of loss of aroma and color, the occurrence of oxidation reactions,
reduced rehydration capacity, and hardening of the epidermis [3,14]. Over the last three
decades, numerous solar dryers (direct, indirect, and mixed) have been developed to dry
fruits and vegetables. Some works have reported on the different solar drying systems at
different scales of operation and their main characteristics [15]. Some have reported heating
designs using biomass [16,17].

The sustainability aspects of chili drying encompass various dimensions that underline
its environmental, economic, and social impacts [18,19]. It is important to consider the
sustainability aspects of food drying, which highlight its environmental, economic, and
social impacts [18,19]. From an environmental perspective, using solar energy to dehydrate
food reduces the dependence on fossil fuels, mitigating greenhouse gas emissions and
minimizing the carbon footprint. On the other hand, adopting sustainable drying methods
increases the value and management of resources for chili producers, facilitating financial
resilience and promoting long-term viability within the agricultural sector [15].

Evaluating different drying techniques focusing on product quality contributes to
market competitiveness and sustainability of the value chain, improving economic oppor-
tunities for chili producers and promoting food security and income stability, especially in
vulnerable communities. The quality of dried chilies is somewhat subjective and depends
on consumer acceptance, mainly influenced by color, pungency, and aroma, particularly
flavor and taste. Volatile organic compounds are associated with food aromas; identifying
and quantifying these compounds can provide information on their quality once they have
dried [3,6].

Previous research on chili pepper drying has primarily focused on the performance of
various drying techniques, including conventional [3,20], direct solar [21], solar hybrid [22],
indirect solar [23], and those incorporating thermal storage [17,24]. Emerging technologies
such as microwave and vacuum drying have also been explored [25]. These studies
have investigated the drying kinetics and their impact on chili peppers’ chemical and
nutraceutical properties, including the degradation or release of secondary metabolites like
phenolic compounds and capsaicinoids. While the phytochemical composition of related
capsicum species, such as bell peppers, has been documented, the variation in capsaicin
content, color, and nutrient profile among different chili cultivars remains an area of interest.
Additionally, the influence of drying methods on preserving tocopherols and carotenoids
in chili peppers has been reported [26,27].

Given the agricultural and commercial importance of Yahualica chili, a Mexican crop
with a protected designation of origin, and the absence of previous studies on its physical
and chemical assessment using different drying methods, this research aimed to evaluate
the capsaicinoid content, total phenolic compounds, and antioxidant capacity of Yahualica
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chili using different drying methods, including open-air drying, solar drying, microwave
drying, and shade drying. These drying methods were selected to cover conventional
large-scale practices and alternative approaches.

2. Materials and Methods
2.1. Biological Material and Reagents

In August, fresh Yahualica chili peppers were purchased from Nochistlán de Mejía
municipality, Zacatecas, Mexico. The average dimensions of the selected fruits were 8 cm in
length, 1.5 g in weight, and 1 cm in diameter. A moisture analyzer (Ohaus, MB25, Nanikon,
Switzerland) 5 mg/0.05% was used at 105 ◦C to determine the initial moisture content.
After careful selection and washing, the chili peppers were stored at 4 ◦C until they were
used in the experiments.

The reagents used were purchased from Sigma Aldrich (St. Louis, MO, USA), in-
cluding Folin-Ciocalteu phenol, 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(Trolox), gallic acid, formic acid, capsaicin, dihydrocapsaicin, ethanol, methanol, acetonitrile
(HPLC grade), p-iodonitrotetrazolium chloride, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and
2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). Ultrapure water purified
using a Milli-Q filtration system (Millipore, Bedford, MA, USA) was used.

2.2. Drying Equipment
2.2.1. Indirect Forced Convection Solar Dryer

This study employed a solar dryer with a dedicated air collector and a drying chamber.
To optimize air movement, a control panel, a fan, and an air duct were incorporated into
the system (Figure 1 is a visual representation of the drying system). A dedicated inlet
draws ambient air into the collector, where the air is warmed up before entering the drying
chamber, eliminating moisture from the foods controlled by the control panel. Pre-heating
the exhaust air enhances the overall drying efficiency by maintaining a uniform temperature
distribution within the drying chamber.
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Figure 1. Convective indirect solar dryer utilized in the experiment [28].

2.2.2. Microwave Dryer

The microwave drying (MD) experiments utilized a modified microwave oven. This
oven operated with standard household specifications: 230 V, 50 Hz, and a frequency of
2450 MHz. The system offered adjustable power levels, allowing us to conduct drying
trials at 90 W, 160 W, 360 W, and 600 W. The dimensions of the microwave oven chamber
are 370 mm × 327 mm × 207 mm. The drying chamber had a fan to ensure consistent
airflow and maintain optimal magnetron cooling (Figure 2). The control panel allowed for
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simultaneous adjustment of microwave power and exposure time. The microwave drying
experiments utilized power levels of 90 W, 160 W, 360 W, and 600 W.
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2.3. Drying Modes
2.3.1. Solar Drying

The drying experiments were used to explore the drying kinetics at various conditions.
We tested four temperature levels: 40, 50, 60, and 70 ◦C. Additionally, we examined airflow
rates of 150 m3/h, 200 m3/h, 250 m3/h, and 300 m3/h. In this study, the solar drying of
Yahualica chili was influenced by the temperature, relative humidity, and product weight.
K-type thermocouples were used to monitor the temperature, while a humidity sensor
and digital balance were used measure the relative humidity and mass, respectively. In
order to achieve efficient mass measurement, a digital balance with an accuracy of ±1 g
was positioned outside the drying chamber. The data collection intervals ranged from
5 to 30 min, with a higher frequency occurring during the final drying stages. A thermo-
hygrometer HI 9564 was used to measure the temperature and relative humidity with an
accuracy of ±0.1 ◦C and ±2%, respectively.

2.3.2. Microwave Drying

A digital balance was used to precisely monitor the product mass of 50 g of Yahualica
chili peppers during microwave drying, with data collected at one-minute intervals using
digital balance software. A dedicated outlet on the oven wall helped to extract the moisture
generated within the drying chamber.

2.3.3. Open Sun Drying Process

A total of 150 g of Yahualica chili peppers were exposed to natural environmental
conditions for open sun drying on a mesh in a random position. The product mass was
recorded at 30 min intervals until a constant weight was reached.

2.3.4. Shade Drying Process

In a controlled laboratory environment, a mesh with 150 g of Yahualica chili peppers
and ambient temperatures ranging from 18 ◦C to 25 ◦C were used for shade drying. The
product mass was recorded every 24 h until a constant weight was achieved.

2.3.5. Freeze-Drying Process

The samples were freeze-dried using a freeze dryer (FreeZone 6 L Benchtop, Labconco,
Kansas, MO, USA) using conditions of−50 ◦C and 130 mbars to obtain similar low moisture
contents (5%), which were determined using a thermobalance (OHAUS, MB25, Nanikon,
Switzerland). The results were used for phytochemical analysis comparisons.
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2.4. Drying Kinetics Parameters
Moisture Ratio

The drying curves were plotted based on the moisture ratio (Mr) values obtained at
different time intervals using the following equation:

Mr(t) =
Mc(t)−Mceq

Mc0 −Mceq
(1)

where Mceq is the equilibrium moisture content of the product, and Mc0 is the initial
moisture content.

2.5. Quality Parameters
2.5.1. Phytochemical Composition

The samples were pulverized in a mill (KRUPS, Model GX41000, Jalisco, Mexico)
to a powder with a particle size of <500 µm. Finally, the samples were stored at room
temperature until further analysis.

Total Phenolic Content (TPC)

The total phenolic compounds were extracted according to [29] Lyophilized powder
(200 mg) was placed in 15 mL conical tubes (FalconT M) with 10 mL of ethanol/water
(50/50 v/v), and extraction was carried out in an ultrasonic bath (Branson Ultrasonic
Cleaner model 3510, purchased from Sigma Aldrich, St. Louis, MO, USA) for 40 min. Quan-
tification was performed according to the methodology of [30] using the Folin–Ciocalteau
reagent. Briefly, 250 µL of Folin–Ciocalteau reagent (1N) was mixed with 20 µL of each
extract, 1250 µL of Na2CO3 (7.5%) was added to each sample, then 480 µL of distilled water
was added. The absorbance of the reaction mixtures was measured at 760 nm using a
UV–vis spectrophotometer (Thermo Fisher Scientific, Biomate 3S, Madison, WI, USA) after
30 min. The TPC analysis was performed in triplicate, and mean values were expressed as
mg Gallic Acid Equivalents (GAE)/g dried wt.

Total Capsaicinoid Content (TCC) Determination

The extraction, identification, and quantification of capsaicinoids were performed
based on chromatographic analysis [30] using a UPLC Acquity H Class (Waters, Milford,
CA, USA) chromatographer. The official Analytical Method 21.3 of the American Spice
Trade Association (ASTA) was used for capsaicin (CS) and dihidrocapsaicin (DHC) quan-
tification. Additionally, calibration curves for the respective analytical standards ranging
from 5 to 300 µg/mL were used. All measurements were performed in triplicate.

2.5.2. Antioxidant Activity

As García-Moreira et al. (2023) described, the ABTS and DPPH radical assays were
used to determine the antioxidant activity in the evaluated treatments. The antioxidant
activity of the samples was expressed as µEq of Trolox g-1 dry wt [29].

2.5.3. Color Determination as a Quality Parameter

A MiniScan EZ4500L colorimeter (Hunter Associates Laboratory, Inc., Reston, VA,
USA) was used to determine the colors of CIELAB L* (0 = black; 100 = white), a* (negative—
green; positive—red), and b* (negative—blue; positive—yellow). All of the measure-
ments were performed in triplicate. In order to determine the color differences compared
to the freeze-dried samples, according to Medina-Torres et al. (2021), the delta E (∆E)
(Equation (2)) hue anle (Equation (3)) and Chroma (Equation (4)) were also calculated [30].

∆E =

√
(∆L)2 + (∆a)2 + (∆b)2 (2)
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Hue angle = tan−1
(

b*
a*

)
(3)

Chroma =

√
(a*)2 + (b*)2 (4)

2.5.4. Statistical Analysis

Each quality was tested in triplicate, and the findings were presented as means and
standard deviations. One-way analyses of variance (ANOVA) were performed on the data,
and Tuckey’s test was performed for comparison analysis. Significance was defined as
p < 0.05. The Statgraphics Centurion XVI software (Statistical Graphics Corp., Manugistics,
Inc., Cambridge, MA, USA) was used for data analysis.

To determine uncertainty, we utilized the following equation using the experimental
errors of the measured parameters [31]:

UP =

√(
∂P
∂x1

u1

)2
+

(
∂P
∂x2

u2

)2
+

(
∂P
∂x3

u3

)2
+ . . . +

(
∂P
∂xn

un

)2
(5)

where P = f(x1, x2, x3, . . ., xn) is a function of independent variables xn; and un represents
the uncertainty in the variable.

3. Results and Discussion

An extensive evaluation was undertaken in September 2023 to enhance the value of
Chili Yahualica. This investigation involved 13 trials, employing various combinations of
drying air temperature, airflow rates, and drying methods (open-air drying, solar drying,
microwave drying, and shade drying). The trials were conducted under fluctuating ambient
conditions: the temperature ranged from 26.6 to 37.2 ◦C, the relative humidity varied
between 8 and 30.5%, and the solar irradiance levels fluctuated between 39 and 874 W/m2.
It is important to note that for solar drying, specifically, the drying air temperature range
was narrowed to 40–70 ◦C. This study used a completely randomized design, where each
factor varied independently, since the study involved multiple variables (e.g., drying
methods, temperatures, airflow rates, and microwave power levels). During the drying
experiment, we conducted 14 trials. Each experiment was replicated two times. Across all
the trials, we used the same raw material (the same batch of Yahualica chili) and the same
mass of approximately 150 g. Drying experiments of each mode were conducted separately.

3.1. Drying Experiments

Figure 3a,b show the impact of temperature and airflow rate on drying speed. Higher
values for both led to a faster decrease in the moisture ratio. Three drying phases were
identified, with phases 0 and I sometimes being absent due to negligible temperature
differences. Phase II, the falling rate period, was dominated by internal moisture diffusion.
Here, airflow rate plays a crucial role—increased airflow enhances moisture removal by
strengthening air currents within the drying chamber. The drying process can generally be
divided into three distinct phases. The first phase, often called Phase 0 (the increasing dry-
ing phase), is when the product absorbs sensible heat. During this phase, the temperature
of the material rises as it heats up. Pre-treatment can minimize or even eliminate this phase
in some cases, such as with thin materials. The drying rate accelerates during this stage
as free moisture is removed. In Phase I (the steady drying phase), free moisture remains
on the product’s surface, and the drying rate stays relatively constant as moisture content
decreases. During this period, the drying process is efficient, and the product’s temperature
increases slowly and gradually. Finally, Phase II marks the point when moisture movement
from the inner pores to the surface becomes the rate-limiting factor, leading to a decline
in the drying rate. This stage is characterized by a more complex mechanism of moisture
migration involving both liquid and vapor states. Water diffusion within the material
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becomes the critical factor governing the drying process during this final phase. In Figure 3,
for solar drying, it can be observed that, with a constant airflow rate, the drying rate and
moisture ratio are inversely related. As the air temperature increases, the moisture ratio
declines. Likewise, when the air temperature is held steady, increasing the airflow rate
causes the drying rate to drop, which can be attributed to the increased air velocity and
enhanced heat transfer between the product and the air. This aligns with previous chili
pepper drying studies using solar methods [12,32,33].
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Microwaving significantly reduced the drying time compared to solar drying (Figure 3c).
Steeper slopes in the moisture ratio curves indicate faster moisture loss with higher mi-
crowave power. Parallel to other food drying methods, a rapid initial decrease followed
by a gradual decrease dominated the process. Microwave drying is quicker than solar
drying because, in solar drying, moisture diffusion is driven by the temperature gradient.
In contrast, microwave drying directly targets the water molecules within the product using
electromagnetic energy, significantly shortening the drying time. The constant-rate phase
was often difficult to distinguish for these thin samples. Overall, higher microwave power
resulted in faster drying, as evidenced by the steeper curves, which is consistent with other
chili pepper drying research [32,34,35].

The open sun drying shown in Figure 3d exhibited the longest drying time compared
to other techniques. This method has several drawbacks: it takes considerably longer
than other methods, leading to a slower decrease in moisture ratio, and it is susceptible
to external factors, because the product is vulnerable to insect and bird damage, dust con-
tamination, and fluctuating weather conditions, potentially affecting quality. In open sun
drying, moisture removal occurs through natural convection due to direct solar radiation,
which explains the slower moisture diffusion than the forced convection used in indirect
solar drying. For shade drying, diffusion removal is even slower due to the absence of
solar irradiation.

As shown in Figure 3e, shade drying is similar to open sun drying; shade drying
presented the longest drying time among the studied techniques.

3.2. Phytochemical and Quality Parameters
3.2.1. Total Phenolic Content (TPC) and Antioxidant Activity

The total phenolic content was determined for all drying modes to evaluate their
effects compared to fresh material dried without thermal treatment. The value of TPC
for the Freeze Drying (FD) treatment was 9.49 ± 0.30 mg GAE/g dry wt. These values
were the lowest among the evaluated modes, which provided values ranging from 9.4 to
19.2 mg GAE/g dry wt (Table 1). The OS drying mode presented values similar to the FD
mode, suggesting that heating did not directly affect TPC. Nevertheless, treatments using
300 m3/h at 40, 50, and 60 ◦C presented higher values of TPC. This might be related to
the degradation of some compounds at these relatively low and controlled temperatures
and the apparent liberation of other phenolic compounds, as reported by Ornelas-Paz
et al. (2010) for thermally treated chili peppers [36]. Compared to other fruits and peppers,
Yahualica chili presented the same tendency to increase in TPC content at high temperatures,
similar to beta vulgaris obtained via convective drying [37] and the TPC contents of cherry
laurel fruit obtained via convective drying [38]. Nevertheless, the TPC values were found
to be approximately ten times higher for the Yahualica chili dried samples than thermally
processed samples of habanero, Manzano, serrano, jalapeño, caribe, chilaca, poblano, bell,
and xcatic chili peppers [36–39]. Significant differences (p < 0.05) were also observed among
all the drying modes studied.

The antioxidant activity values obtained using the ABTS method were higher than
those reported using DPPH. The ABTS values also increased directly with the TPC values,
which showed a linear correlation. For the ABTS method, the 300 m3/h 60 ◦C treatment
presents the highest antioxidant activity, which is significantly different (p < 0.05) from
the other treatments. The DPPH values presented values that were 4 to 6 times lower
than the ABTS analysis, indicating that this last technique presents a better reaction of
the ABTS radical due to its higher sensitivity to hydrophilic compounds, as reported by
Shah et al. [40]. Furthermore, it is interesting to emphasize that the antioxidant activity
of the different extracts of the dried Chili Yahualica was higher than that reported for
habanero pepper [30], Xcatic pepper [39], and other foods that were thermally treated with
sustainable technologies such as beta vulgaris [41].
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Table 1. Total phenolic content and antioxidant activity determined using ABTS and DPPH techniques
for the different treatments of dried Yahualica chili.

Drying Mode TPC (mg GAE/g Dry wt)
Antioxidant Activity

ABTS (µmol Eq Trolox/g Dry wt) DPPH (µmol Eq Trolox/g Dry wt)

Drying in the shade 10.53 ± 0.55 c 157.81 ± 9.14 abc 41.05 ± 1.10 bc

Open sun drying 9.40 ± 0.07 a 137.58 ± 5.81 ab 23.63 ± 0.53 a

Freeze Drying 9.49 ± 0.30 ab 125.88 ± 14.21 a 23.97 ± 0.58 a

70 ◦C, 150 m3/h 11.73 ± 0.28 d 186.91 ± 6.30 bcde 41.48 ± 0.95 bc

70 ◦C, 200 m3/h 10.70 ± 0.27 c 161.87 ± 8.48 abc 27.44 ± 0.31 a

70 ◦C, 250 m3/h 10.40 ± 0.20 bc 180.21 ± 19.05 bcde 31.84 ± 4.27 ab

40 ◦C, 300 m3/h 12.48 ± 0.01 def 196.72 ± 2.35 cde 51.40 ± 3.79 d

50 ◦C, 300 m3/h 14.67 ± 0.18 g 225.11 ± 37.93 ef 54.18 ± 1.81 d

60 ◦C, 300 m3/h 19.23 ± 0.36 h 262.62 ± 36.63 f 69.09 ± 4.52 ef

90 W, MwD 11.89 ± 0.09 de 171.22 ± 5.36 abcd 50.79 ± 1.82 cd

160 W, MwD 11.97 ± 0.32 de 216.43 ± 10.46 def 57.42 ± 8.04 d

360 W, MwD 13.30 ± 0.61 f 198.16 ± 10.02 cde 59.38 ± 3.79 de

600 W, MwD 12.75 ± 0.30 ef 194.08 ± 0.31 cde 69.97 ± 1.30 f

MwD = microwave drying. Values with the same letter in the same column were not significantly different at
p < 0.05, determined via multiple comparisons of means using the Tuckey test.

3.2.2. Total Capsaicinoid Content (TCC)

The total capsaicinoid content is presented in Table 2 and expressed in Scoville units
(SHU). As for the TPC results for the different drying samples, these samples were com-
pared to the values of the FD treatment, reported as 36,000 SHU. The TCC values increased
across all drying modes, presenting the highest value of 65,520 SHU with a drying tempera-
ture of 70 ◦C and flow rate of 250 m3/h, presenting significant differences (p < 0.05) among
the treatments. The increment in capsaicinoid content after thermal treatment was also
reported by [36], who indicated that thermal treatment, such as the grilling process, can in-
crease the TCC by approximately 30% compared to the non-thermal treatment of habanero
peppers. The initial value was 20,300 SHU, increasing to 31,300 SHU and 29,000 SHU
for green peppers and 44,000 SHU for red ones. There was also an approximately 20%
increase in TCC for Manzano and Serrano peppers, with an average TCC of 11,000 SHU.
Furthermore, Li et al., 2024, reported significantly increased the capsaicinoid contents for
Capsicum annuum var. conoides, commonly used for dried pepper production in China,
indicating that this is related to rapid dehydration. However, after 800 min of processing
using high temperatures, the heat favors alkyl cleavage, forming vanillin, 8-methyl-6-
nonenoamide, and 8-methyl-6-nonenoic acid via further oxidation [42]. On the other hand,
even though the boiling processes reported by [36] did not increase the TCC, it preserved
the TCC values, as significant differences (p < 0.05) for TCC among these peppers were
not observed in their work. Several factors may contribute to this increase. The thermal
processing likely disrupted the food matrix, enhancing compound extractability through
dehydration. This can be confirmed based on the reduction in the capsaicin values in the
freeze-dried samples reported herein, when high temperatures were not applied, or based
on the samples that were microwave dried with low watt values. Moreover, the liberation
of conjugated capsaicinoids, the inactivation of capsaicinoid-degrading enzymes, and the
intrinsic thermostability of these compounds might also play roles in both capsaicinoids
evaluated [36].
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Table 2. Total capsaicinoid content (TCC), capsaicin, and dihydrocapsaicin contents of Yahualica
chilis dried using different treatments and percentage of the increment of capsaicin (∆CP) and
dihydrocapsaicin (∆DHC) compared to the freeze-dried samples used as reference.

Sample TCC (SHU)
Capsaicinoids

Capsaicin (mg/g Dry wt) Dihydrocapsaicin (mg/g Dry wt) ∆CP (%) ∆DHC (%)

Freeze drying 35,724 ± 203 a 1.70 ± 0.01 ab(63%) * 0.52 ± 0.00 a (37%) * 0 0

Drying in the shape 46,380 ± 5342 ab 1.85 ± 0.21 abc(64%) * 1.03 ± 0.12 bcde (36%) * 8.18 49.72

Open sun drying 58,192 ± 2493 c 2.27 ± 0.09 cd (63%) 1.34 ± 0.07 f (37%) 25.11 61.51

70 ◦C, 150 m3/h 61,015 ± 4722 c 2.54 ± 0.20 de (67%) 1.25 ± 0.10 ef (33%) 32.89 58.80

70 ◦C, 200 m3/h 54,070 ± 4244 c 2.51 ± 0.25 de (67%) 1.25 ± 0.10 ef (33%) 32.1 58.86

70 ◦C, 250 m3/h 65,520 ± 892 c 2.78 ± 0.04 e (68%) 1.29 ± 0.07 ef (32%) 38.78 59.94

40 ◦C, 300 m3/h 46,732 ± 2210 ab 1.93 ± 0.09 bc (66%) 0.97 ± 0.04 bcd (34%) 11.95 46.74

50 ◦C, 300 m3/h 54,451 ± 2872 bc 2.28 ± 0.12 cd (67%) 1.10 ± 0.06 cdef (33%) 25.22 53.30

60 ◦C, 300 m3/h 62,263 ± 723 c 2.65 ± 0.03 de (68%) 1.22 ± 0.01 def (32%) 35.70 57.67

90 W, MwD 35,477 ± 468 a 1.41 ± 0.01 a (63%) 0.80 ± 0.02 b (37%) −21.01 35.21

160 W, MwD 40,093 ± 2260 a 1.60 ± 0.08 ab (64%) 0.89 ± 0.06 bc (36%) −6.56 42.17

360 W, MwD 60,659 ± 8384 c 2.55 ± 0.35 de (67%) 1.21 ± 0.17 ef (33%) 33.32 57.50

600 W, MwD 39,968 ± 942 a 1.63 ± 0.04 ab (66%) 0.85 ± 0.02 b (34%) −4.22 39.20

TCC = Total capsaicinoid content, SHU = Scoville units, MwD = microwave drying. * Values representing the
initial content of the TCC. ∆CP (%) represents the increment in the percentage of the capsaicin content, and ∆DHC
represents the increment in the percentage of the dihydrocapsaicin content. According to the Tuckey test, multiple
comparisons of means values in the same column with the same letter were not significantly different at p < 0.05.

Additionally, Si et al. (2014) reported that a higher initial content of capsaicinoids
resulted in higher protection and stability of capsaicinoids during thermal treatment; this
is related to the higher amount of destructive energy required for degrading capsaicinoid
molecules. Furthermore, capsaicinoids may be more stable in the food matrix during
heading, as many ingredients are present, causing a reduction in its destruction rate, as
some additives could be more sensitive to heat [43]. The increment of TCC could also
explain the increment in antioxidant activity related to capsaicinoid compounds. A deeper
analysis of the specific capsaicinoid compounds revealed a 63% capsaicin content and 37%
dihydrocapsaicin content; a relation that changes with thermal treatment in some cases
by about 5%. The maximal capsaicin content was also obtained for a drying temperature
of 70 ◦C and flow rate of 250 m3/h, and for the dihydrocapsaicin content, the open sun
drying allowed for a better liberation for both cases, which was significantly different
(p < 0.05). These results suggest that the capsaicinoid content will increase, regardless
of the drying mode tested, when moderate temperatures are used, favoring the biolog-
ical activity of the Yahualica chilis in most cases. Nevertheless, the maturity stage of the
product may play a role in capsaicinoid content modification after the drying treatments,
as several parameters are involved; for instance, higher initial contents are reported for
different types such as Habanero, Cayenne, Jalapeño, Paprika, and Serrano, as reported by
Bae et al. [44]. Additionally, the TCC for Yahualica chili peppers is higher than the values
reported for habanero, manzano, serrano, jalapeño, caribe, chilaca, poblano, and bell chili
peppers reported by [36] but lower than reported by [30] for habanero peppers, which are
recognized as Mexican peppers with higher capsaicinoid contents with values of around
290,000 SHU. Although, there are several documents related to the stability of capsaici-
noids during thermal treatment, few of them compare different methodologies for dried
pepper production.

3.2.3. Color Parameters

The drying modes affected the L, a, and b parameters of the Yahualica chilis; in all
cases, luminosity and yellowness decreased. Nevertheless, redness increased, revealing
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statistically significant differences (p < 0.05) among the treatments (Table 3). Significant
changes in color (Table 4) were observed for the 300 m3/h 50 ◦C and 300 m3/h 60 ◦C
treatments based on the chroma results. In the case of microwave drying, it presented a
high luminosity (L); however, it showed a decrease in the red color and a constant yellow
color. The drying process at 70 ◦C also showed high brightness; however, it also had the
highest yellow shift compared to the other methods presented. It is well-studied that color
changes are present during the food drying process [45–47]. However, this does not imply
a reduction in the acceptability of the product by the consumer. In the particular case of
chili peppers, since generally, dried chili peppers are well accepted in Mexican cuisine and
are used in several traditional dishes, with their dried version known as chipotle chili or
ancho chili—the dried versions of smoked dried jalapeño and dried poblano, respectively.
However, consumers tend to select products with a more uniform color.

Table 3. Color parameters in dried samples of Yahualica chili determined based on CIELAB representation.

Sample L* a* b* ∆E ◦Hue Chroma

Drying in the shape 52.55 ± 1.79 cde 8.91 ± 1.15 c 31.60 ± 1.49 bcd 16.39 b 0.54 ± 0.49 a 32.84 ± 1.68 bc

Open sun drying 51.20 ± 1.04 cd 14.28 ± 0.83 f 30.27 ± 0.59 b 21.40 c −1.66 ± 0.32 a 33.47 ± 0.85 c

Freeze drying 63.1 ± 1.01 −1.6 ± 0.01 38.2 ± 1.55 NA NA NA

70 ◦C, 150 m3/h 52.52 ± 2.01 cde 7.58 ± 0.84 bc 33.05 ± 1.51 cd 15.07 ab 3.70 ± 3.15 a 34.53 ± 1.10 c

70 ◦C, 200 m3/h 51.97 ± 0.88 cde 8.95 ± 0.58 c 31.22 ± 0.75 bc 16.88 b 0.39 ± 0.27 a 32.48 ± 0.80 bc

70 ◦C, 250 m3/h 53.85 ± 0.86 de 12.40 ± 0.93 e 36.27 ± 1.93 e 17.01 b −0.21 ± 0.36 a 38.34 ± 1.76 e

40 ◦C, 300 m3/h 48.40 ± 1.46 b 8.13 ± 0.45 c 29.88 ± 1.03 ab 19.53 c 0.67 ± 0.44 a 30.98 ± 0.94 ab

50 ◦C, 300 m3/h 42.77 ± 1.06 a 14.73 ± 0.72 f 33.72 ± 1.27 d 26.51 d −1.15 ± 0.09 a 36.80 ± 1.44 de

60 ◦C, 300 m3/h 41.78 ± 2.73 a 10.50 ± 0.96 d 27.72 ± 1.16 a 26.74 d −0.55 ± 0.22 a 29.64 ± 1.37 a

90 W, MwD 53.80 ± 0.99 de 5.45 ± 0.50 a 31.60 ± 1.49 bcd 13.39 a −0.51 ± 0.45 a 32.84 ± 1.68 bc

160 W, MwD 53.80 ± 1.01 de 6.25 ± 0.55 ab 31.93 ± 0.92 bcd 13.74 a −4.43 ± 3.77 a 33.91 ± 1.65 bc

360 W, MwD 50.55 ± 1.24 bc 8.37 ± 0.80 c 31.60 ± 1.49 cd 16.74 b 1.41 ± 0.74 a 36.93 ± 0.41 cd

600 W, MwD 54.25 ± 0.41 e 7.77 ± 0.20 c 31.60 ± 1.49 e 13.07 a −4.25 ± 3.89 a 32.25 ± 1.28 de

Surface colors: ∆E, ◦Hue, Chroma, a* = redness, b* = yellowness, L* = lightness. According to the Tuckey test’s
multiple comparisons of means, values in the same column with the same letter were not significantly different at
p < 0.05. NA: Not relevant.

Table 4. Color difference comparison between the drying methods.

Sample Color Sample Color Sample Color
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Moreover, consumers tend to select products with a more uniform color. Nevertheless,

sensorial analysis should be conducted for future studies to ensure that color will not hinder
the commercialization of Yahualica chilis. Due to the interplay between food color and
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human perception of food acceptability, including color–taste, color–olfactory, and color–
flavor interactions, color is a quality indicator that reflects product condition. The drying
process significantly impacts the physical properties of bioactive compounds, including
color, flavor, texture, shrinkage, and chemical modifications. Maintaining color in the final
product is a primary consideration for consumer acceptance [48].

4. Conclusions

Yahualica chili drying is usually based on a traditional open-air solar drying process.
This chili is known for its characteristic flavor and moderate spiciness, which is why it is
used in various dishes, sauces, and marinades. Given its commercial importance in Mexico,
it is important to characterize the drying process and determine techniques that could
provide a better quality than traditional drying. Drying initiatives focusing on the quality of
dehydrated chili can empower rural communities, alleviate poverty, and promote equitable
socioeconomic development by promoting a circular economy. The characterization of
solar drying is necessary for the enrichment of the literature and is an essential tool for
better understanding the behavior of food during the drying process.

Convective drying experiments revealed that higher temperatures and airflow rates
resulted in faster drying. Microwaves significantly reduced drying times compared to solar
drying, and increasing power accelerated moisture removal. Open sun drying and shade
drying emerged as the slowest methods, with open sun drying being further susceptible
to external factors that could compromise quality. Key findings indicate that solar drying
is a promising method to preserve this economically valuable product using clean and
renewable energy.

Thermal treatments affect the phytochemical composition parameters of the Yahualica
chili; however, a positive effect was observed for TPC, TCC, and antioxidant activity, as the
drying methodologies favored the release of these compounds, responsible for biological
activities such as antioxidant activity. A relationship is shown between the total phenol
content and antioxidant activity. The results suggest that an average temperature of 60 ◦C
for convective drying and a power of 160 W for microwave drying are the methods that
best preserve the antioxidant activity. Regarding capsaicin content, it was observed that
high temperatures during convective drying promote a greater retention or even liberation
of this compound, possibly for a shorter processing time. Additionally, the TCC for the
Yahualica chili pepper was higher than the values reported for manzano, serrano, jalapeño,
caribe, chilaca, poblano, and bell chili peppers. As expected, open-air solar drying resulted
in the lowest values of the bioactive compounds evaluated.

The quality of dried chili peppers is contingent upon consumer acceptance, primarily
influenced by color, pungency, and aroma. Particularly, the distinctive aroma of these
products significantly impacts their sensory attributes. These results could be of interest to
the industry dedicated to the extraction of these bioactive compounds. For future studies, it
is necessary to evaluate the drying of Yahualica chilis, considering their maturity stage and
its effect on the qualities that make it organoleptically and commercially attractive based
on sensorial analysis.
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