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Abstract

This study aimed to investigate the effects of different drying methods on salted goose meat,
with a particular focus on its microstructure, drying kinetics, color, TBARS (Thiobarbituric
acid reactive substances), rehydration, and shrinkage parameters. Goose breast meat with
6% (w/w) salt was dried using hot air and infrared drying at temperatures of 55 °C, 65 °C,
and 75 °C, as well as microwave at power levels of 120 W, 350 W, and 460 W. The results
revealed that increasing temperature and power levels increased the drying rate in all
drying methods. The microwave-dried samples at 460 W and 350 W showed the highest
average L* values, followed by the samples dried at 75 °C using infrared and hot air. On the
other hand, the lowest temperature (55 °C) and power (120 W) levels resulted in the highest
average TBARS values across all drying processes. Furthermore, the highest shrinkage
rate was observed at the highest temperature (75 °C) or power level (460 W), while the
highest average rehydration rate was recorded in the samples dried at 75 °C using infrared
and hot air. Considering the microstructure of the dried meats, the drying method and
the temperature/power conditions were found to cause a change in the fibril structures to
varying extents.

Keywords: goose meat; drying kinetics; microwave drying; infrared drying; meat
microstructure

1. Introduction

Drying is a fundamental food preservation technique based on reducing the water
activity, an indicator of food perishability caused by microorganisms. This control over
microbiological, biochemical, and chemical activities is achieved through the removal of
water from the product under hygienic conditions [1,2]. Historically, food preservation
through drying relied on natural techniques. However, with the advent of industrializa-
tion, hot air drying—a method that has many advantages over natural approaches—has
emerged as a widespread technique of food preservation. Recent studies focused on devel-
oping alternative methods to replace traditional natural drying and conventional hot air
drying [3,4] and highlight infrared and microwave drying methods [5-7].

In recent years, in the search for improving drying efficiency and product quality, dif-
ferent drying methods have been increasingly investigated as alternatives to conventional
techniques. Infrared drying is notable for its rapid performance, facilitated by the direct
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absorption of infrared rays, eliminating the need to heat the drying chamber [8]. This tech-
nique offers several advantages, including reduced energy consumption, cost-effectiveness,
and improved product quality, all of which position it as a promising emerging drying
methodology [6,9]. Microwave technology, a modern approach used in various stages of
food production, operates on the principle of heat release through molecular mobility via
electromagnetic waves within the frequency range of 300 MHz to 300 GHz [10]. Microwave
drying offers distinct advantages over traditional hot air drying, including significantly
reduced heating times and decreased energy consumption, especially for products with
lower water content [11,12]. Drying meat, a highly perishable food, is important both for
processing it into new products and for extending its shelf life. In addition, meat drying is
frequently used in combination with processes such as salting, curing, or smoking [13-15].
Dried beef, fish, and poultry are among the important meat products preferred in some
countries [16].

Goose meat represents an economically important product within the poultry sector.
According to FAOSTAT, China is the world’s largest producer of goose meat and accounts
for 89% of global goose stock and 95% of goose production [17]. Furthermore, Hungary and
Poland continue to play a significant role as major producers of goose meat [18]. Other major
goose meat producers include Myanmar, the Russian Federation, Ukraine, Madagascar,
Egypt, and Tiirkiye [19]. In Tirkiye, goose meat production is mostly concentrated in
the high-altitude Northeastern Anatolia region, characterized by long, cold, and harsh
winters [20].

Goose (Anser anser) is a widely consumed poultry species in different cultures. Goose
meat has been processed in various cuisines across different countries, giving rise to the
widely recognized products like Weihnachtsgans from Germany, roast goose from Hong
Kong, and “Martinjska guska s marunima” from Croatia [21]. An example of goose meat in
Tiirkiye is salted and dried goose meat, which is traditionally produced in the provinces of
Kars (altitude: 1756 m) and Ardahan (altitude: 1900 m) in the fall, especially just following
the snowfall. For inhabitants of this geographical region, where the snow cover persists for
several months, salted and dried goose meat serves as a crucial source of protein and an
important food supply during the extended winter period.

Goose meat is known for its high levels of unsaturated fatty acids, particularly oleic
acid, making it a potentially valuable source of fat-soluble nutrients. In addition, it serves
as an important supplier of essential amino acids in the human diet [22]. By implementing
traditional meat processing techniques (e.g., curing, drying, salting, etc.) commonly used
for beef, goose meat can also be transformed into products like polgesek [23], fermented
sausage [24], and salami [25], all of which offer enhanced sensory characteristics and
improved shelf life.

As in other meats, goose meat is also susceptible to microbial spoilage, a characteristic
that compromises the effectiveness of the natural drying method that, in addition to taking a
long time, has a temperature range suitable for microbial growth. By contrast, technological
methods offer a more reliable option to prevent spoilage. Salting processes causing osmotic
water loss through salt diffusion into the tissue are known to affect several physicochemical
parameters of meat [26,27]. Taking into account the advantages of salting processes, it
is important to examine the effectiveness of various drying techniques for salted goose
meat compared to traditional methods, particularly in terms of both drying kinetics and
physicochemical changes in the product. Previous studies on poultry meat documented
that the amount of connective tissue proteins in goose and turkey is lower as compared
to broiler and duck meat, while the total lipid content in goose breast meat exceeds that
of broiler, turkey, and duck breast meat [28]. During the drying of poultry meat, moisture
must diffuse through the connective tissue layers located in the endomysial, perimysial,
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and epimysial regions before being released from the product [29]. The shrinkage behavior
of connective tissue during drying affects the pore structure of the meat, thereby directly
impacting moisture migration [30]. The efficiency of the drying process is also affected by
variations in intramuscular fat content [3]. Considering the potential effect of differences
in muscle chemical composition on drying behavior, it is evident that drying kinetics
should be investigated separately for each poultry species. However, although drying
techniques have been widely and successfully applied to poultry meats such as chicken
and turkey to accelerate moisture removal and maintain quality [31,32], to the best of our
knowledge, none of the previous studies has addressed the application of hot-air, infrared,
and microwave drying techniques to salted goose meat.

To fill this gap in the literature, the present study aimed to comparatively investigate
the effects of Hot Air Drying (HAD), Microwave Drying (MD), and Infrared Drying (ID)
techniques on the physicochemical quality parameters and drying kinetics of goose meat.
To this end, TBARS values, color parameters, microstructure, shrinkage, and rehydration
rates of the samples were analyzed, and the drying kinetics were evaluated using nine
different mathematical models.

2. Materials and Methods
2.1. Raw Material and Salting Process

The present study was conducted using female geese (1 = 36) obtained from a goose
farm in Gole district, Ardahan, Tiirkiye. After slaughtering the birds, their breast meat,
separated from carcasses, was purchased and transported to the laboratory in a cooler. The
breast meat was then separated from the skin. After skinning, samples were taken from the
raw meat for analysis, and the remaining breast meat was subjected to dry-salting with
rock salt at 6% (w/w; 6 g NaCl per 100 g meat) by rubbing uniformly onto all surfaces. After
salting, the meat was vacuum-packaged and equilibrated at 4 °C for 24 h before drying.

2.2. Drying Process with Different Techniques

Salted meats were cutinto 3 x 3 X 1 cm pieces and dried to a constant moisture content
using three different methods—HAD, MD, and ID. The drying endpoint was determined
by the moisture rate (MR), and a value of 0.1 was used as the approximate MR. The average
MR after drying was determined to be 0.117 = 0.019. For HAD, the salted meats were dried
in an oven (WiseVen Wof-155, Daihan Scientific Co., Seoul, Republic of Korea) at 55, 65, and
75 °C under constant air flow. In the case of ID, the drying was carried out in a halogen
lamp infrared dryer (And Mx-50, A&D Company, Tokyo, Japan) at 55, 65 and 75 °C. Finally,
for MD, the drying process was carried out using a microwave oven (Md 574 S, Argelik
A.S., Istanbul, Tiirkiye) at 120, 350, and 460 W power. Drying kinetics were characterized
at different temperatures and microwave power levels; in addition, drying was continued
until the moisture content reached 25% on a wet basis.

2.3. Sampling

For the characterization of the proximate composition, TBARS, color, and pH of the
raw goose meat, samples were taken from each muscle before processing. Following the
salting process, samples were taken from the salted breast meat for TBARS analysis. During
the drying of the salted meat, the necessary data for drying kinetics were collected. After
drying, dehydrated samples were used for determination of TBARS, color, and calculation
of shrinkage and rehydration rates.
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2.4. Dry Matter, Ash, Fat Content, and pH

The dry matter, ash, protein, and fat contents were analyzed using the procedures of
AOAC previously described by Gokalp et al. [33]. Dry matter was determined by oven
drying until constant weight at 105 £ 2 °C. The ash was determined by holding it to a
constant weight at 550 £ 10 °C after pre-drying. Total fat content was determined by
Soxhlet extraction using petroleum ether for 6-8 h. Protein content was analyzed with the
Kjeldahl method using a factor of 6.25 for nitrogen. For pH measurement, 5 g of minced
raw material were weighed, and 50 mL of distilled water was added to each sample. The
mixtures were then homogenized using an Ultra-Turrax (Wisetis Hg-15d, Daihan Co., Seoul,
Republic of Korea) for 1 min. Subsequently, the pH values of the homogenized samples
were measured using a calibrated pH meter (HI 2211, Hanna Instruments, Woonsocket,
RI, USA).

2.5. Thiobarbituric Acid Reactive Substance (TBARS) Analysis

To determine malondialdehyde (MDA) content, 2 g of the dried samples were mixed
with a 12 mL TCA solution (7.5% TCA, 0.1% EDTA, 0.1% Propyl gallate dissolved in 3 mL
ethanol) and homogenized using an Ultra-Turrax (Daihan Wisetis Hg-15d) for 15-20 s. After
filtration (Whatman 1), 3 mL of the filtrate were collected, and 3 mL of TBA solution (0.02
M) was added. The mixture was then heated in a boiling water bath (100 °C) for 40 min.
Afterwards, the mixture was cooled in cold water for 5 min and subsequently centrifuged
(TDZ5-WS, Xiangyi Centrifuge Instrument Co., Hunan, China) at 2000 x g for 5 min. The
supernatant’s absorbance at 530 nm was measured using a spectrophotometer (Jenway
6300, Staffordshire, UK), following Lemon’s [34] method. TBARS were expressed as mg
MDA /kg product at the end of drying. In addition, TBARS analysis was also conducted on
raw meat and salted meat.

2.6. Color Parameters

The cross-sectional surface color intensities of the raw, salted, and dried meats were
measured using a colorimeter (Wr-10, FRU, Shenzhen, China) with an 8 mm diameter aper-
ture, D65 illuminant. After blooming (oxygenation), raw and salted meats were measured
for 30 min at 4 °C. The colorimeter provided L* (lightness), a* (redness), and b* (yellowness)
values, which were obtained based on the three-dimensional color measurement criteria
set forth by the International Commission on Illumination (Commision Internationale
de I’Eclairage).

2.7. Shrinkage Rate

The shrinkage rate, serving as an indicator of surface change, was determined by
measuring the diameter and thickness of salted and dried meats separately. To account for
any possible deformation in the shape during drying, sample dimensions were measured
with a digital vernier caliper (£0.1 mm) at multiple points along the major axes. The
calculation of the shrinkage rate was calculated using Equation (1) [35]:

(SH — DH) + (SW — DW) + (SD — DD)

Shrinkage Rate (%) = SH +SW +SD

1)

where SH and DH denote the sample height in the salted and dried states, respectively; SW
and DW refer to the sample width in the salted and dried states, respectively; and SD and
DD denote the sample depth in the salted and dried states, respectively.
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2.8. Microstructural Imaging

Microstructures of the dried samples were examined at the Central Research Labo-
ratory (NABILTEM) of Tekirdag Namik Kemal University. For this analysis, the samples
were cut parallel to the muscle fibers. Subsequently, the prepared samples were placed in a
scanning electron microscope (Quanta FEG 250, FEI, Hillsboro, OR, USA) and imaged with
an LFD detector under low vacuum conditions at 90 Pa pressure and 5.0 kV voltage.

2.9. Rehydration Rate

After weighing, the dried meat samples were placed in a glass beaker containing
50 mL of water until they reached constant weight. The samples were then rehydrated
in a 90 °C water bath. Excess water on the surface was dried, and the weights of the
samples after rehydration were measured. The rehydration rate (%) was determined using
Equation (2) [36]:

Rehydration Rate = M (2)
My

where M is the sample weight after rehydration and M, is the sample weight
before rehydration.

2.10. Modeling of Drying Data

Moisture rate (MR) was calculated from sample weights measured at regular intervals
during drying (Equation (3)) [37]:

o Mt_Me

MR = —t—"¢
Moy — M.,

©)
where M) is the initial moisture content (kg water/kg dry matter), M; is the moisture
content (kg water/kg dry matter), and M, is the equilibrium moisture content. The value
of M, is zero because it is relatively lower than My or M; [38]. Effective moisture diffusion
coefficients were calculated using Fick’s second diffusion model shown in Equation (4).

2D, st
MRZSExp<—7T ff) 4)

T2 412

where D, is the effective moisture diffusion coefficient (m?/s), tis the drying time (s),
and L is half of the sample height (m). The temperature dependence of the effective
diffusion coefficient was determined by the Arrhenius equation for HAD and ID methods
(Equation (5)).

E
Deff = Dy exp (R;) (5)

where Dy is the pre-exponential factor of the Arrhenius equation (m?/s), E, is the activation
energy (j/mol), R is the ideal gas constant (j/molK), and T is the temperature in Kelvin. In
MD processes, which are based on power and not on temperature, the modified form of
the Arrhenius equation by Dadali and Ozbek (Equation (6)) [39] was used.

Eu*m
DEff = Dy exp( P ) (6)

where E, is activation energy (W/g), m is raw sample weight (g), and P is microwave power
(W). The drying data underwent modeling using 9 different models shown in Table 1. The
R? coefficient was used to select the best model to represent the drying curves. Besides R?,
various statistical parameters such as reduced chi-square (x?) and root mean square error
(RMSE) were used to evaluate the best fit. The regression parameters (k, ko, k1, a, b, ¢, g, h, )
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and coefficients (R?) were calculated by nonlinear regression (SPSS Statistics 27, IBM Corp.,
Armonk, NY, USA). The reduced chi-square (x?) and RMSE values were calculated using
Equations (7) and (8) [40].

2
2 Zfi] (MRexp,i - MRpre,i)
X = N 2 @)

1 N 2 12
RMSE = sz‘zl (MRprei _MRexrbi) ®

where MR,,p,i and MR, ; are the experimental and predicted moisture contents, N is the
number of trials, and Z is the constant number of the drying model.

Table 1. Mathematical models used to analyze the drying data.

Model Names Model Ref.

Lewis (Newton) MR = exp(-kt) [41]

Page MR = exp (-ktn) [42]

Weibull MR = a exp (-ktn) [43]
Henderson and Pabis MR = a exp (—(kt)) [44]
Modified Henderson and Pabis ~ MR = a exp (-kt) + b exp (-gt) + cexp (-ht)  [45]
Logarithmic MR = a exp (—(kt)) + ¢ [46]
Two-term MR = a exp (—kot) + b exp ((-kit) [47]

Wang and Singh MR =1 + at + bt2 [48]

Verma MR = a exp (-kt) + (1-a) exp (-gt) [49]

2.11. Statistical Analyses

Experiments were conducted in two independent replicates for each drying method.
The data were examined for normal distribution using various methods, including Kurtosis-
Skewness values, Q-Q graphs, histograms, and the Kolmogorov—-Smirnov test. The results
indicated that the data exhibited a normal distribution. Next, the homogeneity of variances
was assessed using Levene’s test. Following confirmation of homogeneity, the data were
analyzed using analysis of variance (ANOVA). Significant differences between the means
were determined using the Duncan multiple comparison test.

3. Results and Discussion
3.1. Proximate Composition and pH of Raw Material

The mean proximate composition of raw goose breast meat was as follows: dry matter
26.88 £ 0.54%, fat 1.95 + 0.12%, protein 21.84 £ 0.51%, total mineral content 1.06 £ 0.03%,
and pH value 5.82 =+ 0.02%. Similarly, Oz and Celik [50] reported proximate composition
values for raw goose meat that were comparable to our results.

3.2. Color and TBARS

Color and TBARS values of raw, salted, and dried samples are presented in Table 2.
The L* value measured in raw goose meat was the highest among all groups, and salting
was observed to cause a significant decrease in the L* value of the product. A statistically
significant difference (p < 0.05) was found between the L* value of raw meat and all other
groups. However, no statistically significant difference was observed between salted meat
and the drying groups. Regarding the drying process, the highest average L* value was
measured in the samples dried by microwave treatment at 460 W, and this value was
statistically different (p < 0.05) from those measured in the dried samples of ID65, HADS55,
and HADG65. As observed in the L* value, the highest a* value was determined in raw meat,
and a statistically significant difference (p < 0.05) was found between this group and all
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other groups. Salting caused a significant decrease in the a* value, reducing the average
to 10.73. However, with the drying process, a further decrease in a* value was observed,
and a statistically significant difference (p < 0.05) was found between the salted meat group
and all drying groups. By contrast, the differences among the average values of the drying
groups were not significant. The lowest b* value was observed in raw meat, while salting
resulted in a significant increase in the b* value of the meat (p < 0.05). No significant
difference (p > 0.05) was found in average b* values between samples dried by infrared and
hot air methods, whereas microwave-dried samples showed higher b* values than other
methods (p < 0.05), which is largely consistent with Ozbay and Sarigoban’s [51] results
on microwave-dried meat. In a hot air-drying study, it was observed that increasing the
drying temperature led to higher L* values and lower a* values in red meat samples [52].

Table 2. Color and TBARS values of raw, salted, and dried goose meat (mean + SD; n = 36).

TBARS
: * * *

Drying Method Temperature/Power L a b (mgMDA/kg)
Raw meat 39.08 +3.32°¢ 18.04 + 1.23¢ 5.76 + 0.44 2 0.43 +0.012
Salted meat 29.41 4+ 0.93 @b 10.73 + 0.89 P 9.36 + 0.64 b 0.49 +0.02b
55 °C 27.64 4+ 0.12 3 346+ 0402 875+ 0.71b 0.79 + 0.02 8

ID 65 °C 2712 +0.192 3.56 +0.20 2 8.90 + 0.67P 0.72 + 0.07

75 °C 27.83 4+ 0.40 2P 440 + 0312 891 +0.83P 0.64 +0.04¢

55 °C 27.01 +£0.902 3.48 +0.372 8.75 + 0.66 P 0.91 +0.031

HAD 65°C 26.87 + 0.37 2 3.78 +0.29 2 875+ 1.04b 0.84 +0.02h

75 °C 27.83 +0.32 b 447 +0.222 891 +0.6° 0.75 + 0.02 f

120 W 2733 +023%  3.67+021° 1236 £0494  0.83+0.038"

MD 350 W 2888 £0.79%  388+£0.11°  11.68 052  0.69 £0.02
460 W 29.74 + (.78 b 45440212 11.01 +£ 0.62°¢ 0.67 + 0.09 <d

a—i: Values marked with different letters in the same column indicate statistically significant differences (p < 0.05).

Lipid oxidation is an important factor in dried products, and processing conditions
influence the oxidation reaction [53]. The TBARS value for meat products has to be below
2 mg MDA /kg [54]. In the present results, the lowest TBARS value was observed in raw
meat, while salting was found to increase this value. This result can be attributed to the
pro-oxidant effect of salt on meat lipids [26]. On the other hand, there was an increase in
TBARS values measured after salting based on this result. All drying methods applied
in the study increased the TBARS values of the product during the drying process. A
statistically significant difference (p < 0.05) was found between the average TBARS values
measured as a result of drying processes. Accordingly, the highest average TBARS values
were determined at the lowest temperature (55 °C)/power (120 W) values, while the lowest
average TBARS values were measured at the highest temperature (75 °C)/power (460 W)
values. This change in TBARS is consistent with previous studies showing that faster IR
and MW heating shortens exposure and can reduce secondary lipid oxidation compared to
prolonged convective drying [31,55-57].

The shorter drying time resulting from increased temperature or power may reduce
air exposure, limiting oxidative reactions—a finding consistent with Demiray et al.’s [31]
findings showing that increasing drying temperature from 50 °C to 70 °C decreased TBARS
values from 1.43 + 0.05 to 1.09 &+ 0.03 mg MDA /kg.

3.3. Shrinkage and Rehydration Parameters

The effect of drying on the shrinkage and rehydration rates is presented in Table 3.
Overall, shrinkage results from myofibrillar shortening and connective tissue contraction
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caused by a temperature increase, and these microstructural changes reduce porosity and
water pathways, thereby reducing rehydration and altering tissue [58]. In the present
results, the highest shrinkage rates were observed at the highest temperature/power
settings (75 °C/460 W). This outcome could be attributed to faster drying, which aligns
with Aksoy et al. [59] study on minced meat. According to the aforementioned study,
increasing temperature (25 °C, 35 °C, 45 °C) increased shrinkage rates in vacuum and
ultrasound-vacuum drying. However, in contrast to our results, Ozbay and Sarigoban [51]
found that varying energy levels in MD did not significantly impact the shrinkage rate of
meat samples. The highest mean rehydration rate was observed at 75 °C in both infrared
and dry air (p < 0.05), followed by the samples dried at 65 °C. MD showed the lowest
rehydration rates. Of note, rehydration rates can vary with the drying method. In line
with our findings, a previous study on minced meat using vacuum drying, ultrasound-
assisted vacuum drying, and freeze-drying reported rehydration rates above ‘1" in all
groups, showing variations between drying methods [59]. Rehydration occurs when water
moves inward from the surface of the dried meat and enters the spaces within the structure;
rehydration of dried meats is affected by different factors such as the microstructure of the
sample and the drying process [7].

Table 3. The effect of drying on shrinkage and rehydration parameters (mean =+ SD; 1 = 36).

Drying Method  Temperature/Power  Shrinkage Rate Rehydration Rate

55 °C 17.01 £ 0.622 1.44 +0.03 ¢

D 65 °C 2118 +0.71°¢ 152 +0.02 ¢
75 °C 25.95 +1.30°¢ 1.58 +0.02 ¢

55 °C 18.40 + 0.86 P 1.38 +£0.02°

HAD 65 °C 23.11 +0.434 151 +0.014
75 °C 29.13 +1.21f 1.62 +0.02¢

120 W 2493 +1.01°¢ 111 +£0.042

MD 350 W 29.49 + 0.71f 1.36 + 0.03 P
460 W 31.00 + 0.66 8 1.36 + 0.05P

a—g: Values marked with different letters in the same column indicate statistically significant differences (p < 0.05).

3.4. Microstructure

Figure 1 shows microstructure images of goose meat dried by different methods and
temperatures. The images are consistent with previous findings on food materials [2,60].
The images were captured in a direction parallel to that of the muscle fibrils. Figure 1 also
shows salt crystals added by the salting process. The gaps between the fiber bundles are the
result of salting, dehydration of water and drying processes [61]. As can be seen in Figure 1,
different drying methods and the applied temperature and power parameters yielded
different results. Connective tissue deformations occurred during drying processes [62].

More specifically, MD-dried samples were more deformed as compared to other
drying methods (Figure 1g-i). Although the drying time in MD is shorter than that of other
techniques, the electromagnetic energy of MD penetrates directly into the inner parts of
the samples and is absorbed there, which results in rapid and non-uniform temperature
increases. This may be the cause of the observed deformation, as such uneven heating can
also induce protein denaturation and thereby exacerbate structural damage. MD caused
more damage to fiber bundles and connective tissues, particularly at 120 W as compared to
350 and 460 W, possibly due to longer application times.
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Figure 1. Microstructures of goose breast meats dried using different methods and temperatures
((a—c): 55, 65, 75 °C ID; (d—f): 55, 65, 75 °C HAD; (g-i): 120, 350, 460 W MD; s, salt; gs, gap size)
((a), (b) and (c) represent 55, 65, and 75 °C in ID, respectively; (d), (e), and (f) represent 55, 65, and
75 °C in HAD, respectively; (g), (h), and (i) represent 120, 350, and 460 W in MD, respectively).

Structural damage to the product during drying can cause the closure of microchannels
and adversely affect rehydration capacity. In the present results, an inverse relationship
was observed between the microstructural damage of dried products (Figure 1) and their
rehydration capacity. Therefore, samples in which MD caused more severe microstructural
damage exhibited lower rehydration properties. This is because a high rehydration capacity
in a dried product requires minimal structural damage. Similarly, Prothon et al. [63]
reported structural alterations and degradations in the cell wall after microwave-assisted
drying, which consequently led to a reduction in rehydration capacity. Furthermore, Li
et al. [64] reported that microwave heating of yak meat resulted in higher cooking loss,
protein denaturation, and microstructural damage, leading to fiber fracture and contraction.
In line with this evidence, the statistically significant increase in L* values observed in
our study may also be attributed to protein denaturation and fiber contraction caused by
microwave treatment.

3.5. Drying Kinetics of Goose Meats

The drying curves of goose breast meat dried by different methods at different temper-
atures as a function of time are shown in Figure 2. The drying rate increased exponentially
against time As documented in several previous studies [10,40], the drying rate increased
exponentially against time. Drying was accelerated with increasing temperature in infrared
and HAD and with increasing power in MD, which is largely consistent with the litera-
ture [32,65,66]. In addition, as can be seen in Figure 2, the ID process was faster at the same
temperatures, and at 75 °C, the graphs coincided.
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Figure 2. Drying curves of goose breast meat dried using different methods and temperatures. (a) ID,
(b) HAD, (c) MD.

The estimated model parameters, coefficients of determination (R?), chi-square x?)
and RMSE values obtained by applying the drying data to different kinetic models are
reported in Table 4. High R? and low x? and RMSE values determine how successful the
model fit is. As can be seen from Table 4, the Weibull and Page models provided the best fit
for the MD data, the two-term model for the HAD data, and the two-term together with
the Verma model for the infrared data.

Mathematical models play a pivotal role in the analysis of the drying kinetics, which is
the core of controlling the drying process and, thus, is of significant theoretical and practical
importance in ensuring drying quality, reducing energy consumption, and optimizing
the drying process. Dry-basis drying kinetics and their models are increasingly used to
ensure effective process control. A close agreement between experimental kinetics and
fitted models enables food engineers/technologists to monitor the process reliably, while
the resulting drying data provide benchmarks for the development and optimization of
alternative processes [29]. In this study, all models also exhibited high R? values and
acceptable error levels, indicating that they represented the drying data quite well. In this
context, the data in Table 4 provide comprehensive information for the drying sector.
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Table 4. Estimated parameters obtained from kinetic models.
ID HAD MD
Model  Parameters  g50c  g50c  75°C  55°C  65°C  75°C  120W  350W  460W
k 0.116 0.141 0.167 0.099 0.122 0.160 8.058 39.904 45.251
§ R? 0.990 0.987 0.984 0.944 0.971 0.976 0.945 0.945 0.941
o x> x 108 0.949 1.253 1.484 3.064 1.678 1.417 4.633 5917 6.201
RMSE 0.03034 0.034799  0.037808  0.054419  0.040139 0.036776  0.06734  0.073344  0.07424
k 0.163 0.201 0.241 0.183 0.182 0.226 24.789 333.063 464.773
° n 0.839 0.817 0.790 0.727 0.799 0.807 1.504 1.565 1.592
8P R? 0.999 0.998 0.999 0.999 0.995 0.997 0.998 0.999 0.999
= X% x 103 0.124 0.203 0.152 0.0783 0.266 0.168 0.166 0.0743 0.0878
RMSE 0.01096 0.013998  0.012091  0.008698  0.015966  0.012668  0.01276  0.008219  0.008837
a 1.001 0.997 1.001 0.990 0.976 0.978 1.024 1.012 1.007
- k 0.164 0.198 0.242 0.176 0.164 0.208 22.209 300.343 432.357
2 n 0.838 0.821 0.789 0.738 0.835 0.838 1.440 1.533 1.571
k) R? 0.999 0.998 0.999 0.999 0.996 0.998 0.999 1.000 0.999
= X% x 103 0.124 0.205 0.136 0.075 0.232 0.137 0.11 0.0538 0.0777
RMSE 0.01098 0.014092  0.011427 0.008516  0.014922  0.011424  0.01040  0.006992  0.008312
S k 0.111 0.133 0.157 0.083 0.107 0.143 9.444 44.809 50.480
g _§ a 0.966 0.960 0.957 0.887 0.918 0.922 1.138 1.108 1.097
o A R? 0.993 0.991 0.990 0.983 0.990 0.992 0.977 0.965 0.960
g x% x 10° 0.623 0.797 0.948 0.94 0.548 0.471 1.946 3.735 4242
=" RMSE 0.02458 0.027765  0.030208  0.030148  0.022933  0.021198  0.04364  0.058274  0.061406
c a —0.531 0.615 —0.547 0.781 0.626 0.610 3.432 —14.588 7.613
2 b 5.058 —0.908 4.792 —1.643 —1.327 —1.290 2.211 7.091 5.328
_§ - c —4.532 0.262 —4.253 0.779 0.628 0.613 —5.564 7.554 —12.896
£8 h —0.005  —0.005 —0.007 —0.004 —0.004 —0.005 0.912 8.964 2.723
- g 0.300 0.142 0.496 0.095 0.108 0.146 2.846 8.949 8.108
T k 0.301 —0.005 0.497 —0.004 —0.003 —0.005 2.844 2.948 8.266
% o R? 0.999 0.993 0.999 0.989 0.991 0.993 0.994 0.991 0.992
=4 X% x 103 0.058 0.67 0.0681 0.608 0.533 0.426 0.537 0.942 0.861
> RMSE 0.00751  0.02545  0.008095  0.024234  0.022631  0.020163  0.02292 0.02926  0.027673
o a 0.904 0.900 0.875 0.796 0.874 0.879 1.684 1.840 2.512
‘B k 0.133 0.158 0.200 0.121 0.124 0.166 4.501 18.339 14.144
o= c 0.073 0.070 0.096 0.130 0.057 0.059 —0.605 —0.784 —1.649
5 R? 0.995 0.994 0.994 0.991 0.992 0.994 0.993 0.991 0.992
éo x> x 108 0.415 0.595 0.586 0.492 0.489 0.381 0.568 0.989 0.878
RMSE 0.02006  0.02398  0.023751  0.02181  0.021669  0.019071  0.02357  0.029986  0.027933
kq 1.062 1.584 1.563 0.863 1.615 2.252 2.818 11.085 8.499
ko 0.097 0.116 0.132 0.072 0.099 0.133 2.427 9.845 7.014
,,E, a 0.131 0.141 0.165 0.204 0.137 0.131 12.583 18.753 19.006
T b 0.873 0.863 0.837 0.796 0.865 0.869 —-11.504 -17.697 —17.962
E R? 1.000 0.999 1.000 1.000 0.999 1.000 0.993 0.991 0.992
X2 % 10° 0.036 0.0563 0.043 0.00209 0.0614 0.00885 0.549 0.982 0.875
RMSE 0.0059  0.007376  0.006433  0.001423  0.007676  0.002906  0.02318  0.029878  0.027894
< a —0.099 —1.118 —0.142 —0.090 —0.108 —0.138 —5.536 —28.041  —30.469
£ = b 0.003 0.004 0.006 0.002 0.004 0.006 5222 137.166 99.316
oo 2 R? 0.997 0.971 0.969 0.931 0.952 0.956 0.985 0.987 0.988
8@ x% x 103 2174 2.705 2.793 3.788 2.743 2.623 1.231 1.432 1.218
= RMSE 0.04592 0.051136  0.051864 0.060516  0.051318  0.050036  0.03471  0.036076  0.032907
k 0.097 0.116 0.132 0.099 0.099 0.133 0.864 5.401 2.795
« a 0.872 0.862 0.836 —0.429 0.865 0.869 —10462  —16.853 —17.751
£ g 1.002 1.490 1.511 0.099 1.594 2.251 1.288 6.669 4267
2 R? 1.000 0.999 1.000 0.944 0.999 1.000 0.985 0.986 0.988
x% x 103 0.038 0.0588 0.0433 3.066 0. 0618 0. 00885 1.261 1.493 1.237
RMSE 0.00604 0.007539  0.006461 0.054444 0.007704 0.002906  0.03514  0.036845 0.033157
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For both infrared and HAD, the drying rate constant (k) consistently increased with ris-
ing temperature, whereas for MD it increased with increasing microwave power, indicating
that higher temperatures or powers accelerated moisture removal. However, the k values
obtained in MD were considerably higher than those of HAD and infrared drying, which
can be attributed to the direct penetration of microwave energy into the inner parts of the
material and the rapid heating of water molecules, resulting in faster moisture diffusion
and evaporation [40,59,60].

Effective moisture diffusion (Deg), an important concept for the determination of
physical and thermal properties, is defined as the transport of moisture at a decreasing rate
period during drying [67]. Deg values varied with increasing temperature in infrared and
HAD, and with applied power in MD (Table 4). MD had higher D¢ values, indicating
more effective heat distribution and convection [65]. Activation energy is defined as the
energy required to remove moisture from a solid [68]. Activation energies for drying were
17,169.91 J/mol in ID, 24,526.51 ] /mol in HAD, and 26.98 W /g in MD (Table 5). ID was less
sensitive to temperature changes as compared to HAD, as indicated by lower activation
energy in ID.

Table 5. Effective moisture diffusion and Arrhenius equation parameters of drying techniques.

Arrhenius Parameters

Drying Method D¢ (m?/s)
eff Do Ea (J/mol) R2

2.44 x 10710
ID 297 x 10710 1.325 x 107 17,169.91 0.999
351 x 10710

2.05 x 10710
HAD 2.52 x 10710 1.601 x 10 24 526.51 0.988
3.38 x 1010

1.71 x 108
MD 8.72 x 1078 1.802 x 1077 26.98 (W/g) 0.993
9.74 x 10~8

4. Conclusions

The results of the present study revealed that drying methods and operating pa-
rameters significantly affect both product quality attributes and drying time. Increasing
temperature (HAD/IR) or microwave power (MD) accelerated moisture removal, and MD
achieved the shortest drying times. SEM micrographs revealed inter-fibrillar gaps formed
due to water removal and method-dependent degrees of fiber damage; these microstruc-
tural changes were probably associated with rehydration capacity and color attributes.
Therefore, the drying method together with its set-points (temperature/power) jointly
determined the trade-off between process time and quality attributes, allowing conditions
to be tuned to a targeted quality profile.

To conclude, the present study provided relevant evidence to guide the selection
of the appropriate drying method according to target product attributes and processing
conditions, rather than promoting a single best technique. The findings also offer practi-
cal guidance for the food industry and for food engineers and technologists in tailoring
method choice to specific constraints (e.g., prioritizing rehydration quality and structural
integrity versus throughput and process economy). For instance, our findings demon-
strate that MD achieved shorter drying times (i.e., higher drying-rate constants, k) than
the other techniques, whereas HAD and IR were superior in rehydration capacity and
preservation of microstructure. Accordingly, in contexts where rehydration performance
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and structural integrity are critical, HAD or IR are preferable; conversely, when throughput
and process economy are prioritized, MD can be advantageous despite its microstructural
drawbacks. Overall, this study provides a comprehensive comparative assessment and
supports application-specific selection of the drying method.
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