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Abstract

In this study, the effect of hot air drying (HAD, 55 °C), infrared drying (IRD, 62 W), and combined
infrared and hot air drying (CD) with different IR pretreatment times (30, 60, 90 min) on the drying
kinetics, color, and rehydration of orange and black carrots was evaluated. IRD was characterized by
the shortest drying time (140-160 min) and the highest effective moisture diffusion coefficient (1.40—
1.42 x 102 m?/s), shortening the total drying time by 65-70% compared to HAD. The combined drying
method (CD-90) with a 90-min IR pretreatment showed the best performance in terms of color
retention (AE = 3.60-4.80) and rehydration rate (5.07-5.19), while achieving diffusion rates
comparable to IRD. The Midilli-Kiiciik model described the drying kinetics of carrots with high
accuracy for all drying methods (R? > 0.9998). The results also indicated carrot variety-specific
differences, with black carrots exhibiting faster moisture diffusion and higher structural strength.
Results obtained in this study have shown that infrared-hot air combined drying, especially with
extended infrared pretreatment of 90 minutes, is an energy-efficient and industrially applicable way
to produce high-quality dried carrots capable of maintaining rehydration capacity and color retention
capability.

Keywords: carrot drying kinetics; combined drying; effective moisture diffusivity; color retention;
rehydration ratio

1. Introduction

Postharvest preservation of horticultural crops is crucial for reducing global food loss and
ensuring a stable supply. Among these technologies, drying has emerged as one that greatly extends
shelf life by significantly limiting microbial growth and enzymatic activity [1]. Carrots (Daucus carota
L.) are one of the most important root vegetables worldwide, not only because they are widely used
in different culinary forms but also due to their rich content of bioactive compounds. This
phytochemical profile is genotype-dependent. Orange carrots are rich in carotenoids like (3-carotene,
which is a provitamin A compound, while black carrots represent a significant source of stable
anthocyanins, contributing greatly to health [2].

However, despite such widespread use, drying triggers adverse physicochemical
transformations that could degrade critical quality attributes beyond acceptability. Among those,
microstructure is highly sensitive, which plays a decisive role in functional properties such as
rehydration and color integrity, directly linked with pigment stability. The major drawbacks of
pigment oxidative degradation and cellular structural collapse, appearing as color loss and poor
rehydration capacity, still remain a big challenge to be overcome in the conventional drying process

13].
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HAD is still an industrially widely used drying method because of its operational simplicity and
uniformity of dehydration. However, the consequent heat transfer by convection normally involves
long processing time, high energy density, and severe thermal degradation of heat-sensitive nutrients
and pigments [4]. IRD presents a more sophisticated and innovative technology that directly applies
radiant energy to water molecules in the product matrix. The related mechanism, due to its higher
efficiency, enables rapid heating and considerably reduces the drying time. However, one of the
serious problems facing IRD systems is surface overheating, especially with geometrically
complicated samples, which may result in nonuniform moisture profiles. This may lead to
deterioration of product quality [5].

It is within this framework that hybrid drying strategies have emerged to overcome hot air and
infrared drying, considering the commonly used methods result in long-lasting, energy-negative
impacts. Recently, the IRD-HAD system has attracted particular attention in drying processes due to
its high potential. This integrated system combines the advantages of infrared drying and hot air
drying methods, which are desired but not wholly achieved by both individual methods. It utilizes
intensive infrared pretreatment for fast initial moisture removal and then finally completes drying
by hot air at a final gentle stage to reach uniform final moisture content and product stabilization.
The synergy of the system enhances drying efficiency while maintaining product quality [6,7].

While this is true for drying kinetics and quality criteria for many fruits, vegetables, and other
foods, direct and systematic studies in comparing orange and black carrots using HAD, IRD, and
combined IRD-HAD processes are noticeably missing in the literature. Given their different chemical
structures, the dominant pigments in these varieties of carrots (lipophilic carotenoids and hydrophilic
anthocyanins) may also differ significantly in stability under different thermal regimes. A
comparative assessment of the influence of the drying technologies applied on quality indices,
namely color accuracy and rehydration capacity-an immediate indicator of microstructural integrity-
for these two cultivars of carrots, is required.

This study, therefore, carries out a comprehensive comparative analysis on the effect of hot air
drying, infrared drying, and their combination on the drying kinetics and quality characteristics of
orange and black carrot slices. It is hypothesized that the combined IRD-HAD approach will be
superior to individual methods by enhancing drying kinetics and preserving color and rehydration
capacity in both genotypes. Specific objectives are as follows: (1) to evaluate and model the drying
kinetics for each carrot cultivar and method; (2) to quantify the effect on color parameters, L*, AE,
and BI, to determine the stability of pigments; and (3) to analyze rehydration characteristics as an
indication of structural damage and final product quality. The findings will give useful information
for the development of genotype-specific drying protocols aimed at maximizing functional and
sensory property preservation in dried carrot products.

2. Materials and Methods

2.1. Carrot Preparation

Orange carrots (Daucus carota L.) of the Ankara-Beypazar genotype and black carrots of the
Konya-Eregli genotype (Daucus carota L. spp. sativus var. atrorubens Alef.) were obtained
commercially. After receiving them, carrot roots were kept in a climate chamber at 4 + 0.1°C to keep
them fresh before further processing. For measurements, carrots were cleaned with tap water, peeled
manually, and then sliced mechanically to obtain uniform discs of 6 + 0.1 mm thickness. To provide
a basis for comparison, the moisture content of raw materials was determined in triplicate using the
official guidelines of AOAC (2016) [8]. All preparatory steps were fully standardized between
samples to ensure homogeneity and allow for experimental reproducibility.

2.2. Drying Protocols

Three different methods were used to analyze the drying behavior: convective drying (HAD),
infrared drying (IRD), and infrared-convective combined drying (IR-HA). In the HAD process,
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samples were dried in a tray dryer (APV & PASILAC Limited, UK) operating at 55°C temperature
with a constant air flow velocity of 2 m/s. The infrared drying technique was performed using an
infrared moisture analyzer, Snijders Moisture Balance (Snijders b.v., Netherlands), which was used
under constant radiant power of 62 W. In the infrared-convective combination method of IR-HA,
carrot slices first underwent some predrying in the infrared system for 30, 60, or 90 minutes,
respectively; afterward, they were sent for HAD at 55 °C to attain a final moisture content of 10% on
a dry basis. Each drying experiment was performed three times to ensure reliability in the data.

2.3. Drying Kinetics and Mass Transfer Analysis

Drying performance was carefully investigated to find the reduction of moisture loss from carrot
slices as a function of time. The following parameters were calculated for the study of drying kinetics
and to determine basic mass transfer properties.

2.3.1. Moisture Ratio

Moisture ratio of carrots slices dried in all drying systems was determined in Equation (1) [9]:

M; — M,
MR = o 31 1)
where M, M,, and M, are the moisture content at time t, the initial moisture content, and
equilibrium moisture content, respectively, in g water/g dry solid. It has been observed that under
the high temperature drying conditions, the value of M, is negligible compared to MO and Mt [9].
Therefore, MR was simplified as in Equation (2) for model fitting and kinetic analysis:
M;

MR =
Mo

)
The following form is widely adopted in thin-layer drying kinetics analyses of food materials
[10]:

2.3.2. Effective Moisture Diffusivity

Deff is a critical transport property that represents internal resistance to moisture movement
through a solid matrix. Application of Fick's second diffusion law has been employed for the
determination of effective moisture diffusivity. For one-dimensional moisture movement, an infinite
plate geometry, constant diffusion coefficient, and homogeneous initial distribution, the solution
takes the form of Equation (3) [11]:

—(21'1 + 1) e Defft) (3)

8w 1
MR = —z
2 Ly (2n+ 1)? exp < 412
n=

For long drying times, the solution converges rapidly and the logarithmic form, retaining only
the first term (n=0), is a reliable linear model as indicated in Equation (4):

In(MR) = In (%) — <%> t 4)

where L is the half thickness of the carrot slice (m). The effective moisture diffusion coefficient
was calculated as in Equation (5) from the slope (K) of the linear regression between In(MR) and time
(®):
412
Detr = K.— 5)

All experiments were performed in triplicate, and results are expressed as mean values * SD.
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2.4. Mathematical Modelling of Drying Kinetics

The thin-layer drying behavior of carrot slices has been mathematically characterized by fitting

the experimental MC data to eleven established models based on drying time, as outlined in detail in
Table 1.

Table 1. Mathematical models employed for thin-layer drying curve fitting of carrot slices.

Model Equation References
Lewis MR = exp(—kt) [12]
Henderson & Pabis MR = aexp(—kt) [13]
Logarithmic MR = aexp(—kt) + ¢ [14]
Midilli & Kucuk MR = aexp(—kt™) + b [15]
Wang & Singh MR =1+ at + bt? [16]
Aghbashlo et al. MR = exp (— a ) [17]

1+ bt

Page MR = exp(—kt™) [18]
Logistic MR = T aexn(—kD) ae:p kD [19]
Jena & Das MR = aexp(—kt + bVt) + ¢ [20]
Vega — Galvez I MR = exp(n + kt) [21]
Vega & Lemus MR = (a + kt)? [22]

The empirical, semi-empirical, and theoretically derived approaches have been selected since
such models have proven benefits in describing the phenomenon of moisture transport in porous
food materials. The model parameter estimates were carried out using nonlinear regression analysis
implemented in TIBCO Statistica®, version 14.1.0, 2023, which minimizes the sum of residual squares
between experimental and predicted MR values. The suitability of each model was statistically tested
based on the coefficient of determination, R?; root mean square error, RMSE; and reduced chi-square,
X2 The model with the highest R? value and the lowest RMSE and x? values was selected as the best
model for the carrot slice drying kinetics. All the parameter estimates were done with a 95%
confidence interval.

2.5. Colorimetric Evaluation and Browning Index

Color of the surface was measured using a handheld colorimeter (PCE-CSM 1) in triplicate and
mean values for CIE L, a, b* were recorded. The total color difference (AE) from fresh carrot slices (Lo,
ao, bo) was then calculated by the Equation (6) [23]:

AE = \/(AL)? + (Aa*)? + (Ab*)? (6)

The Browning Index (BI) was developed to quantify the intensity of non-enzymatic browning.
Bl is a good indicator of color change promoted by heat treatment and the advancement of the
Maillard reaction, and it was determined by the Equation (7) and Equation (8) [24]:

_ [100(x — 0.31)]

Bl 0.172

@)

where

a*+ 1.75Lr

_ 8
X = 56451 + a* — 3.012b" ®
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2.6. Evaluation of Rehydration Properties

Drying food matrices' rehydration behavior is an important indicator of the degree of cellular
and structural integrity conserved during the process of dehydration. The rehydration capacity is
inversely proportional to the rate of the physicochemical deterioration, thus being an important
criterion for the evaluation of quality of the final product and efficiency of process [25].

The kinetics of rehydration of dried carrot slices were studied by soaking in distilled water
(solid-solvent ratio 1:100 w/v) at 30.0 + 0.5°C for 7 hours until almost saturated. After hydration, the
samples were taken out and drained on a standard sieve for 120 seconds to remove unbound surface
water and then dried with laboratory-grade absorbent paper. Rehydration performance was
quantified by two main criteria: Rehydration Ratio (RR) and Water Absorption Capacity (WAC).

Rehydration Ratio is the mass of the hydrated sample compared to its initial dry mass and
calculated by the Equation (9) [25]:

“I‘
RR = —~
Wy ©)

where W, and Wd denote the mass of the rehydrated and dried samples, respectively.
WAC is expressed as a percentage and represents the mass of water absorbed and retained per
unit mass of dry matter and calculated by the Equation (10) [26,27]:

wac) = [ Wa
d

All analyses were performed in triplicate to ensure statistical accuracy and results are reported
as mean values + standard deviation.

2.7. Statistical Evaluation

Data were analyzed using TIBCO Statistica® version 14.1.0, 2023; TIBCO Software Inc., Palo
Alto, CA, USA. Model parameters have been estimated through nonlinear regression using the
Levenberg—Marquardt algorithm. To describe model fit, R?, reduced chi-square (x?), and RMSE were
employed-a comprehensive approach for describing fit and prediction accuracy. All experiments
were repeated three times. To investigate the influence of drying method and variety of carrot, a two-
way ANOVA was performed; significant differences (p < 0.05) were further examined for pairwise
comparisons by Tukey's HSD post-hoc test.

3. Results

This study describes the complex interactions among dehydration methodology, moisture
transport mechanism, and the preservation of physicochemical and quality properties for two
different carrot varieties, orange and black. Clearly, the results show that the drying mechanism,
together with the structural and biochemical composition of the plant matrix, dictates not only the
kinetics of water removal but also the functional, nutritional, and sensory properties preserved in the
final dehydrated product. Thus, statistical and mechanistic approaches were used to analyze drying
kinetics, rehydration performance, and chromatic behavior in order to create a holistic framework
linking process parameters to microstructural and quality outcomes.

3.1. Drying Time and Effective Moisture Diffusion Coefficient (Deff)

Kinetic analysis showed that the drying method and product type were statistically significant
factors that determined Deff and total drying time. Interaction between the two factors can be
explained by the hypothesis that the drying kinetics are controlled by a synergistic relationship
between the intrinsic properties of the plant tissue and the drying method applied. Results for carrot
types are shown in Table 2 and Figure 1; orange and black carrots gave significantly different results
to the various drying protocols.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Drying time and effective moisture diffusivity of carrot cultivars.

Drying time

Carrot cultivar Drying method (min.) Deff (m?/s)
HAD 570 4.44 x 10710

IRD 160 1.40 x 10~

Orange CD-30 300 7.79 x 10710
CD-60 240 9.37 x 10710

CD-90 195 1.17 x 10-°

HAD 360 5.23 x 10710

IRD 140 1.42 x 10~

Black CD-30 255 8.88 x 10710
CD-60 210 1.08 x 10-°

CD-90 165 1.30 x 10-°

Figure 1. Drying time and effective moisture diffusivity (O: Orange carrot and B: Black carrot)

HAD resulted in the longest dehydration times and the lowest effective moisture diffusivity
values for Deff in both carrot cultivars; thus, it indicates that moisture removal is limited mainly by
external mass transfer resistance and thermal conduction within the porous tissue matrix [28]. Orange
carrots took 570 min to reach the target moisture content, and its effective moisture diffusivity (Deff)
value was calculated as 4.44 x 10-1© m2/s. Whereas, this time was 360 min for black carrots, and its
Deff value was found to be 5.23 x 10-© m?/s. The results agree with the previous reports that
mentioned underlined slow migration of moisture inside the carrot matrix due to the drying system
and, hence, the longer drying time, which may increase oxidative pigment and tissue degradation
[29,30].

Unlike the convective hot air drying system, infrared drying (IRD) significantly increased the
drying rate, decreasing the total drying time about 60-70% as compared to HAD. The orange carrots
reached the target moisture level in 160 min with a Deff value of 1.40 x 10 m?/s; for black carrots,
this took 140 min with a corresponding Deff of 1.42 x 10 m?/s. The significant difference observed
could be attributed to the volumetric heating effect due to which infrared radiation directly stimulates

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the water molecules to initiate the vapor formation inside the carrot samples and creates a
considerable vapor pressure gradient that acts as a trigger for moisture migration [31]. This is in
agreement with the studies of Lee et al. [32] and Teymori-Omran et al. [33], who reported that infrared
treatment enhances moisture flux and better retention of bioactive compounds by reducing exposure
to convective losses.

Combined Drying (CD) approaches shortened the drying time with progressive enhancement
of Deff and provided an extension of IR pretreatment times. For orange carrots, Deff values ranged
from 7.79 x 1071 m?/s for the CD-30 to 1.17 x 10~° m?/s for the CD-90, while for black carrots, the
respective increase was from 8.88 x 1071° m?/s for the CD-30 to 1.30 x 10 m?/s for the CD-90,
corresponding to a reduced drying time from 300 min to 195 min and from 255 min to 165 min,
respectively. This confirms the synergistic effect between the series combination of IR and convective
mechanisms. After the rapid removal of surface and capillary moisture, the controlled convective
desorption of bound water, without immediate surface hardening and structural collapse, occurs due
to IR radiation [34]. CD-90 emerged as the best treatment protocol from all of the combined drying
protocols in terms of balancing high diffusion against the minimum drying time. It also agrees with
the findings on similar root vegetable systems. The time required for yam slices to achieve target
moisture content using IR-HAD at 50, 55, 60, 65, and 70°C was 270, 240, 195, 180, and 165 minutes,
respectively, as reported by Zhang et al. [35]. On the other hand, conventional HAD required 405,
360, 315, 270, and 240 minutes at the same temperatures. IR-HAD hence cuts drying time by
approximately 31-38% compared to HAD. Taghinezhad et al. [36] demonstrated that turnip samples
dried by hybrid convective—infrared (HCIR) drying recorded significantly shorter drying times,
though this varied depending on the pretreatment method used. Once combined with any
pretreatment methods like microwave or ultrasound, HCIR drying has considerably increased the
drying rate due to increased moisture diffusion and evaporation rates. This explains the potential
benefits of HCIR technology combined with advanced pretreatment methods to achieve fast and
efficient dehydration processes and can be applied to large-scale, high-throughput food processing.
A clear trend was also observed in the experiment regarding the response of the two tested cultivars.
Black carrots have given consistently shorter drying time and slightly higher Deff values in all drying
regimes. These cultivar-dependent effects are in agreement with the literature, as Swiacka et al. [38]
showed that significant factors affecting drying kinetics are related to tissue morphology and
biochemical composition.

3.2. Modelling of Drying Kinetics

The drying kinetic of orange and black carrot slices was investigated using eleven well-known
thin-layer drying models to characterize the moisture removal behavior under hot air, infrared, and
combined drying systems. The corresponding model constants and statistical parameters for oranges
and black carrots are given in Tables 3 and 4, respectively. Considering all the models tested, the
Midilli and Kucuk model showed the best fit for both varieties of carrot and gave an excellent
predictive capability in representing the drying process.

Table 3. Suitability statistics for various thin-layer drying models applied to orange carrot slices.

Drying Model Constants 5 RMS
Model R? V4

Method a b c k n E
Lewis 0.0056 09967 0.0230 0.1697
Henderson &

1.0426 0.0058 0.9977 0.0192 0.1220
Pabis
HAD

Logarithmic 1.0754 -0.0579  0.0050 0.9995 0.0085 0.1208
Midilli & Kucuk  0.9894 -0.0003 0.0027 1.1255 0.9999 0.0029 0.0030
Wang & Singh -0.0041  0.0004 0.9968 0.0225 0.2243

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Aghbashlo et al. 0.0047  -0.0006 0.9998 0.0047  0.0063
Page 0.0025 1.1453 0.9996 0.0079 0.0202
Logistic 21972 1.2200 0.0076 0.9998 0.0049  0.0098
Jena & Das -0.1145 01991  1.1445 0.0043 0.9993 0.0100 0.0362
Vega & Galvez I -0.0058 0.0417 0.9977 0.0192 0.1220
Vega & Lemus 0.9768  -0.0019 0.9965 0.0224 0.6122
Lewis 0.0187 0.9904 0.1842 0.0434
Henderson &
1.0724 0.0200 0.9934 0.1271  0.0360
Pabis
Logarithmic 1.1481 -0.1068  0.0156 0.9978 0.1292  0.0207
Midilli & Kucuk  0.9949 -0.0006 0.0053 1.2996 0.9999 0.0014 0.0031
Wang & Singh -0.0137  0.0004 0.9993  0.0303 0.0113
1D Aghbashlo et al. 0.0137  -0.0037 0.9994 0.0590 0.0103
Page 0.0051 1.3114 0.9998 0.0034 0.0053
Logistic 1.5462  0.5451 0.0316 0.9998 0.0036 0.0034
Jena & Das -0.0512 05049 1.0684  0.0211 0.9992 0.0253 0.0119
Vega & Galvez I -0.0200 0.0699 0.9934 0.1271  0.0360
Vega & Lemus 1.0025  -0.0068 0.9987  0.0907 0.0137
Lewis 0.0185 09871 0.2394 0.0531
Henderson &
1.0820 0.0199 0.9910 0.1733  0.0388
Pabis
Logarithmic 1.2047 -0.1624  0.0142 0.9979 0.0766  0.0183
Midilli & Kucuk  0.9983 -0.0001 0.0049 1.3076 0.9998 0.0032 0.0059
Wang & Singh -0.0135  0.0004 0.9993 0.0051 0.0118
b-30 Aghbashlo et al. 0.0128  -0.0042 0.9995 0.0308 0.0100
Page 0.0041 1.3637 0.9995 0.0175 0.0100
Logistic 1.4425  0.4415 0.0332 0.9996 0.0143  0.0089
Jena & Das -0.0408 0.5453  1.0572  0.0230 0.9994 0.0098 0.0101
Vega & Galvez I -0.0199 0.0788 0.9910 0.1733  0.0388
Vega & Lemus 1.0079  -0.0068 0.9993 0.7190 0.0110
Lewis 0.0250 09782 0.2149  0.0696
Henderson &
1.0854 0.0270 0.9834 0.1657  0.0608
Pabis
Logarithmic 1.4637 -0.4275  0.0140 0.9974 0.0093 0.0223
Midilli & Kucuk  1.0005 -0.0006 0.0049 1.3991 0.9998 0.0024 0.0049
Wang & Singh -0.0178  0.0007 0.9978 0.0094 0.0219
D60 Aghbashlo et al. 0.0153  -0.0077 0.9992 0.0025 0.0129
Page 0.0035 15145 0.9991 0.0121 0.0128
Logistic 12613  0.2618 0.0533 0.9992 0.0106  0.0120
Jena & Das -0.0201  0.8038  1.0284  0.0412 0.9996 0.0023  0.0099
Vega & Galvez I -0.0270  0.0819 0.9834 0.1056 0.0590
Vega & Lemus 1.0200  -0.0097 0.9983 0.0085 0.0201
CD-90 Lewis 0.0245 0.9776  0.1839  0.0679
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Henderson &

1.0684 0.0262 09816 0.1532  0.0617
Pabis
Logarithmic 1.8753 -0.8640  0.0095 0.9996 0.0159  0.0086
Midilli & Kucuk  0.9988  -0.0024 0.0082 1.1929 0.9999 0.0010 0.0033
Wang & Singh -0.0168  0.0005 0.9997  0.0069 0.0074
Aghbashlo et al. 0.0150  -0.0080 0.9998  0.0065 0.0063
Page 0.0040 14765 0.9968 0.0459 0.0256
Logistic 1.2379  0.2566 0.0528 0.9978 0.0375 0.0210
Jena & Das -0.0311  0.6750  1.0337  0.0319 0.9998 0.0015 0.0042
Vega & Galvez I -0.0262  0.0661 09816 0.1532 0.0617
Vega & Lemus 1.0152  -0.0096 0.9977 0.0318 0.0215

In Table 3, R? values for the drying of orange carrots are in the range of 0.9998-0.9999, while x?
and RMSE values vary between 0.0014-0.0032 and 0.0033-0.0059, respectively. Similar values for black
carrots are given in Table 4; there, the R? values also ranged from 0.9998 to 0.9999, and x? and RMSE
values varied from 0.0010 to 0.0034 and from 0.0033 to 0.0049, respectively. These statistical indicators
confirm the excellent fit between the experimental and predicted MR values, establishing the Midilli-
Kii¢iik model as the most reliable model for describing the drying kinetics of both carrot types.

Table 4. Suitability statistics for various thin-layer drying models applied to black carrot slices.

Model Constants )

Drying Method Model R? V4 RMSE
a b c k n

Lewis 0.0073 09966 0.1286  0.0234

Henderson & Pabis ~ 1.0303 0.0075 09972 0.1115 0.0211

Logarithmic 1.1013 -0.1018  0.0060 0.9998  0.0060  0.0055

Midilli & Kucuk 1.0075  -0.0002 0.0074 09711 0.9998 0.0017 0.0041

Wang & Singh -0.0055  0.0008 0.9966 0.0853  0.0232

HAD Aghbashlo et al. 0.0063  -0.0007 0.9993 0.0334 0.0106
Page 0.0041 11133 0.9985 0.0659 0.0152

Logistic 25849  1.6073 0.0095 0.9987 0.0574 0.0141

Jena & Das -0.1326  0.2100  1.1583  0.0051 0.9990 0.0164 0.0127

Vega & Galvez I -0.0075 0.0298 0.9972 0.1115 0.0211

Vega & Lemus 09731  -0.0024 09965 0.1029  0.0238

Lewis 0.0171 0.9838 0.2387  0.0575

Henderson & Pabis ~ 1.0889 0.0186 09889 0.1707  0.0475

Logarithmic 1.3097 -0.2695  0.0115 0.9984 0.0086 0.0173

Midilli & Kucuk 1.0026  -0.0003 0.0044 1.3030 0.9999 0.0033 0.0033

Wang & Singh -0.0125  0.0003 0.9988 0.0165 0.0155

1D Aghbashlo et al. 0.0115  -0.0044 0.9993 0.0048 0.0118
Page 0.0031 14045 0.9994 0.0264 0.0111

Logistic 1.3919  0.3874 0.0324 0.9994 0.0242 0.0108

Jena & Das -0.0329 05715  1.0498  0.0237 0.9993 0.0092 0.0117

Vega & Galvez I -0.0186 0.0852 0.9889 0.1707  0.0475
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Vega & Lemus 1.0133  -0.0065 0.9993 0.0081 0.0112
Lewis 0.0250 09782 0.2149 0.0696
Henderson & Pabis  1.0854 0.0270 0.9834 0.1657 0.0608
Logarithmic 1.4637 -0.4275  0.0140 0.9974 0.0093 0.0223
Midilli & Kucuk 1.0005 -0.0006 0.0049 13991 0.9998 0.0024 0.0049
Wang & Singh -0.0178  0.0007 0.9978 0.0094 0.0219
CD-30 Aghbashlo et al. 0.0153  -0.0077 0.9992  0.0025 0.0129
Page 0.0035 1.5145 0.9991 0.0121 0.0128
Logistic 1.2613  0.2618 0.0533 0.9992  0.0106  0.0120
Jena & Das -0.0201 0.8038 1.0284  0.0412 0.9996 0.0023  0.0099
Vega & Galvez I -0.0270 0.0819 09834 0.1056 0.0590
Vega & Lemus 1.0200  -0.0097 0.9983 0.0085 0.0201
Lewis 0.0152 0.9920 0.1228 0.0411
Henderson & Pabis  1.0478 0.0159 0.9936 0.1005 0.0338
Logarithmic 1.1994 -0.1878  0.0110 0.9997 0.0236  0.0069
Midilli & Kucuk 1.0001  -0.0004 0.0082 1.1128 0.9999 0.0034 0.0044
Wang & Singh -0.0113  0.0003 0.9996 0.0060 0.0083
CD-60 Aghbashlo et al. 0.0115  -0.0028 0.9998 0.0041 0.0061
Page 0.0052 1.2479 0.9987 0.0309 0.0163
Logistic 1.6660  0.6787 0.0241 0.9990 0.0250 0.0138
Jena & Das -0.0630 04166 1.0706  0.0154 0.9995 0.0032  0.0089
Vega & Galvez I -0.0159 0.0467 0.9936 0.1005 0.0338
Vega & Lemus 0.9936  -0.0054 0.9994 0.0186 0.0104
Lewis 0.0245 09776  0.1839  0.0679
Henderson & Pabis  1.0684 0.0262 0.9816 0.1532  0.0617
Logarithmic 1.8753 -0.8640  0.0095 0.9996 0.0159 0.0086
Midilli & Kucuk 0.9988  -0.0024 0.0082 1.1929 0.9999 0.0010 0.0033
Wang & Singh -0.0168  0.0005 0.9997 0.0069 0.0074
CD-90 Aghbashlo et al. 0.0150  -0.0080 0.9998 0.0065 0.0063
Page 0.0040 1.4765 0.9968 0.0459 0.0256
Logistic 1.2379  0.2566 0.0528 0.9978 0.0375 0.0210
Jena & Das -0.0311  0.6750  1.0337  0.0319 0.9998 0.0005 0.0042
Vega & Galvez ] -0.0262 0.0661 0.9816 0.1532  0.0617
Vega & Lemus 1.0152  -0.0096 09977 0.0318 0.0215

The parity graphs for orange and black carrot varieties are presented in Figure 2 and 3,
respectively, demonstrating a good fit between the experimental and predicted moisture content. The
proximity of the data points to the line of equality at a 45° angle and the minimal dispersion confirm
the robustness of the Midilli and Kii¢iik model. Excellent concordance gives evidence that the model
represents the main physical processes controlling the drying behaviour of carrot slices under the
variation of operating conditions tested, namely internal moisture diffusion and surface evaporation.
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Figure 2. Experimental vs. Predicted MR for Midilli & Kucuk model for orange carrot.
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Figure 3. Experimental vs. Predicted MR for Midilli & Kucuk model for black carrot.

Moreover, the robustness of the model across all three drying methods, namely, hot air, infrared,
and combined drying, further underlines the wide applicability of process modeling, optimization,
and industrial-scale drying control. Results of this modeling study are in good agreement with those
by Kidane et al. [39], Rida et al. [40], and Ambawat et al. [41], and also indicated that the Midilli and
Kii¢iik model was the best in describing the thin-layer drying characteristics of agricultural products.
Thus, both orange and black carrot slices dried, and the Midilli and Kiigiik models were found to best
represent the drying kinetics with high coefficients of determination, low error indices, and excellent
proximity of data points to the 45° equivalence line, proving their appropriateness in modeling,
simulation, and optimization of the industrial drying of crops.

3.3. Chromatic Stability and Preservation of Pigment

Colorimetric analyses directly measure the visual quality of dried products and quantitatively
reflect the chemical and structural transformations induced by different drying methods. Colour is
considered one of the most important sensory parameters and a key indicator of biochemical
integrity, while it is also directly related to the level of preservation of carotenoids, anthocyanins, and
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phenolic compounds responsible for the nutritional value and consumer acceptance of foods [42,43].
Color analysis results of carrots after being dried are summarized in Table 5 and graphically

presented in Figure 4.

Table 5. Color parameters of dehydrated carrots

Carrot cultivar Drying method L* AE BI
Fresh carrot  57.40+0.69a 0.00+0.00f  104.0 +£0.4e
HAD 4129 +1.12f 2550+0.70a 165.5+0.8a
IRD 50.14+0.41e 13.77+0.27b 125.8+0.4b
Orange CD30  45104026d 19.83+045c 147.2+08c
CD-60 5290+0.59¢ 9.03+0.35e 115.3+0.6d
CD-90 56.29+0.54b 4.80+0.20f 107.6+0.4e
Fresh carrot  22.05+0.19a  0.00 + 0.00e 97.4+0.5d
HAD 13.30 £ 0.54e 10.92+0.17a 118.5+0.5a
Black IRD 16.74+0.15d 6.40+0.26b  103.6 = 0.4b
CD-30 15.89+0.32d 7.73+0.30b  109.1 +0.6¢
CD-60 18.61 +0.24c 4.47+021d 101.1+0.3d
CD-90 19.31+£0.12b  3.60+£0.20e  99.0 £0.2e
(Values represent mean + SD, n = 3. Different letters within each column indicate significant
differences at p < 0.05.)
HAD (0)
170
60 D30(0)
p
140 IRD (0)
ﬂi] CD-90 (0)
100 HAD B) resh Carrot (0)
s D30 ®)
o "
] e
o

Figure 4. Color changes of carrot cultivars in different drying systems (O: Orange carrot and B: Black carrot).

The results of experimental tests showed that both drying method and variety significantly
affected the chromatic properties of orange and black carrots. By two-way ANOVA, significant main
effects of drying method, carrot cultivars, and their interaction were found on L*, AE, and BI values,
confirming the complexity of the process and pigment stability (p < 0.05). Tukey's HSD test clarified
specific differences between groups.

Fresh orange carrots had a high lightness L* = 57.40 + 0.69, minimum AE = 0.00 + 0.00, and a
baseline BI of 104.0 + 0.4, which refers to natural visual quality. Convective hot air drying, HAD at
55°C, provoked the greatest discoloration in carrot samples, reducing L* to 41.29 +1.12 and increasing
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AE to 25.50 + 0.70, while increasing BI to 165.5 + 0.8. High discoloration is indicative of extensive
Maillard and caramelization reactions accompanied by oxidative degradation of carotenoids as
previously established [44,45].

Infrared drying (IRD, 62 W) significantly improved color retention with values of L* = 50.14 =+
0.41, AE =13.77 £ 0.27 and BI = 125.8 + 0.4. This is because volumetric energy absorption and rapid
water removal reduce the exposure of chromophores to high-temperature oxidative stress [46,47].

Infrared pretreatment significantly and progressively improved chromatic quality in combined
drying protocols. While L* = 45.10 + 0.26, AE = 19.83 + 0.45, and BI = 147.2 + 0.8 were obtained for CD-
30, L* increased to 52.90 + 0.59, AE decreased to 9.03 = 0.35, and BI decreased to 115.3 = 0.6 for CD-60.
Near-native color values were obtained for the CD-90 treatment (L* = 56.29 + 0.54, AE =4.80 + 0.20, BI
= 107.6 £+ 0.4), which showed that the rapid moisture removal caused by IR reduced pigment
degradation due to the synergistic effect of controlled hot air finishing while maintaining structural
integrity [48].

Fresh black carrots had a naturally darker L* value at 22.05 + 0.19, indicative of anthocyanin
build-up. HAD significantly decreased L* to 13.30 + 0.54, with AE increasing to 10.92 + 0.17 and BI
reaching 118.5 + 0.5, highlighting the sensitivity of anthocyanins to extended thermal stress and
oxidation [49]. IRD counteracted these changes to a certain extent, giving a L* of 16.74 + 0.15, AE =
6.40 + 0.26, and BI =103.6 + 0.4.

The pigment retention was also enhanced by the CD treatments. Thus, the following values were
obtained: L* = 15.89 + 0.32, AE = 7.73 + 0.30, and BI = 109.1 + 0.6 for CD-30, while for CD-60, L* was
further increased to 18.61 + 0.24, AE = 4.47 + 0.21, and BI = 101.1 + 0.3. Maximum color preservation
was obtained for CD-90: L* = 19.31 + 0.12, AE = 3.60 + 0.20, and BI = 99.0 + 0.2, reflecting better
anthocyanin stability for rapid IR-assisted dehydration followed by convective finishing. This result
agrees with previous observations indicating that although anthocyanins are heat-sensitive, under
controlled thermal regime conditions they may exhibit enhanced stability when sequestered in intact
vacuoles [50,51].

Because of their structurally dark anthocyanin pigments, the absolute lightness value of black
carrots was always lower than that of orange carrots through all treatment conditions. However,
lower AE values measured in black carrots during the IR and CD treatments indicate that
anthocyanins have a higher thermal stability compared to 3-carotene. The trends in BI further confirm
this, with HAD increasing browning more intensely in orange carrots (BI = 165.5 + 0.8) compared to
that in black carrots (BI = 118.5 = 0.5), presumably due to the differential susceptibility of carotenoids
to oxidative degradation.

Results obtained show that hybrid drying methods, and specifically the CD-90 method, preserve
color clarity as well as pigment stability by reaching an optimum between fast moisture removal and
limited thermal exposure. The results show that varietal drying protocols play a significant role in
maintaining qualitative appearance and functional quality during dehydration of root vegetables.
These data strongly support the industrial-scale applicability of IR-assisted hybrid drying systems
for the processing of high-value-added vegetable products [52-54].

3.4. Rehydration Characteristics

It is now widely accepted that rehydration capacity reflects the preservation of microstructural
integrity of dried plant tissues, a parameter responsible for the ability of a sample to reabsorb water,
at least partially recovering its original morphology [55]. Table 6 presents the final Rehydration Rate
(RR) and Water Absorption Capacity (WAC) values for orange and black carrot cultivars during 7 h
of rehydration period under standard conditions. Figure 5 shows in graphical form the variation of
RR and WAC values according to drying systems and carrot cultivars..
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Table 6. Rehydration ratio (RR) and water absorption capacity WAC) of carrot cultivars.

Carrot cultivar Drying method RR WAC (x 102)
HAD 3.93+0.07f  2.94+0.04f

IRD 470+0.02c  3.70+0.02c

Orange CD-30 4.45+0.0le 3.46+0.02e
CD-60 4.82+0.04b 3.82+0.02b

CD-90 5.07+0.03a  4.07+0.03a

HAD 4.57+0.05d  3.61+0.03d

IRD 4.75+0.02bc  3.75 + 0.03bc

Black CD-30 4.69+0.02c  3.67 +0.02cd
CD-60 491+0.06b  3.91+0.02b

CD-90 519+0.03a 4.18+0.02a

d0i:10.20944/preprints202511.0477.v1
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(Values represent mean + SD, n = 3. Different letters within each column indicate significant differences at p < 0.05.).

Figure 5. RR and WAC change with respect to drying systems and carrot cultivars (O: Orange carrot and B: Black

carrot).

Convective hot air drying (HAD, 55 °C) yielded the poorest rehydration performance of all
treatments. Orange carrots dried by HAD showed a RR of 3.93 + 0.07 and a WAC of 2.94 + 0.04 g/g,
whereas that for black carrots reached a RR =4.57 + 0.05 and WAC = 3.61 = 0.03 g/g. These lowered
values evidence extensive structural collapse, hornification of cellulose networks, and partial starch
gelatinization, which together reduce capillary connectivity and inhibit water uptake [56]. The
pronounced difference between HAD-treated orange and black carrots further reflects intrinsic
varietal differences wherein the denser parenchymal structure and higher content of phenolics in
black carrots mitigate collapse and maintain moderate rehydration [57].

IRD at 62 W significantly enhanced the water absorption and tissue healing ability of carrots.
Orange carrots treated by IRD reached an RR value of 4.70 £ 0.02 and a WAC of 3.70 + 0.02 g/g, while
for black carrots the corresponding values were RR = 4.75 + 0.02 and WAC = 3.75 + 0.03 g/g. The
improved performance is attributed to volumetric heating and rapid moisture removal that
minimized the accumulation of mechanical stresses and preserved the internal porosity, facilitating
efficient water diffusion during rehydration [58].
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Combined drying (CD) protocols further improved structural adhesion, and the improvements
showed correlation with the duration of IR pretreatment. For orange carrots, RR gradually increased
from 4.45 + 0.01 (CD-30) to 4.82 + 0.04 (CD-60) and reached 5.07 + 0.03 for CD-90, while WAC
correspondingly increased from 3.46 + 0.02 to 3.82 + 0.02 to 4.07 + 0.03 g/g for carrots. Black carrots
presented RR = 4.69 = 0.02, 4.91 + 0.06 and 5.19 + 0.03, WAC = 3.67 + 0.02, 3.91 + 0.02, 4.18 £ 0.02 g/g
for CD-30, CD-60 and CD-90, respectively. The superior performance of CD-90 samples indicated
that initial IR-induced rapid moisture removal creates vapor-mediated microchannels to maintain
the three-dimensional capillary networks and prevent excessive tissue shrinkage of the samples. This
allowed a gentle removal of the remaining moisture by the subsequent convective finishing step,
minimizing structural deformation and favoring maximum water absorption during the rehydration
process [59].

Under all drying conditions, black carrots exhibited consistently higher RR and WAC values
than orange carrots, indicating a stronger preservation of textural integrity. This difference can be
attributed to a more developed parenchyma cell structure and the comprehensive stabilizing effect
of phenolic images, both of which can effectively limit tissue collapse caused by the thermal
dehydration process [60,61]. The processed and rehydrated carrot samples presented in Table 6, along
with previous studies on the cultivation of root vegetables, demonstrate that hybrid drying
techniques, in this study, enhanced rehydration processes and preserved tissue structure [62].
Overall, these findings demonstrate that optimizing dehydration rates for both the variety and the
targeted product properties is clearly evident. In particular, IR-assisted hybrid regime methods with
the CD-90 configuration offer an effective approach for preserving microstructural integrity and
maximizing functional rehydration capacity. This creates a viable solution for high-quality vegetative
regional production.

3.5. Overall Optimization, Energy Efficiency, and Industrial Applicability

The hybrid drying protocol of CD-90 brings a better result compared to conventional hot air and
infrared methods alone in preserving the nutritional and functional quality parameters of carrot
varieties. This potential makes it an effective strategy for industrial-scale drying of carrot varieties.

In comparison to the conventional HAD system, the CD-90 protocol reduced the total drying
time for orange carrots from 570 to 195 minutes and that of black carrots from 360 to 165 minutes,
thus giving a significant drying time reduction by about 55-65%. This reduction in drying time also
contributes to a reduction in energy demand, hence increased overall thermal efficiency.

From the point of view of process scalability, the application of sequential IR pretreatment with
HAD offers a flexible and adaptable framework for industrial applications. First, IR modules quickly
remove moisture from the carrot surface and make the development of internal microchannels
possible. Then, the stage of HAD performs a controlled desorption of bound water. This combination
not only allows for a short drying time but also reduces thermal stress applied to the tissues,
minimizing the risk of structural collapse and shrinkage.

In regard to product quality, the CD-90 protocol constantly had the highest rehydration ratio
and color retention for both cultivars. In black carrots, the highest RR (RR = 5.19 + 0.03) and WAC
(WAC =4.18 + 0.02 g/g) were noted, while superior color characteristics (AE < 4.8, BI < 107.5) were
retained in orange carrots. These data indicate less cellular damage and a high pigment stability,
enhancing the sensory, nutritional, and functional quality. These quality criteria meet the growing
consumer demand for minimally processed dried vegetable products rich in nutrients.

Consequently, IR-assisted hybrid drying can be regarded as both a technological and
economically favorable way of drying carrots or, generally, colored root vegetables rich in
anthocyanins or carotenoids. The CD-90 protocol achieved faster drying kinetics with reduced energy
consumption and better retention of quality attributes, hence being industrially suitable for
sustainable, high-yield, and high-quality food processing.
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3.6. Limitations and Future Research Directions

Despite this valuable contribution, there are some limitations to the applicability of the present
study to the industrial field. The experiments were performed under controlled laboratory
conditions; thus, results may hardly be directly extrapolated to an industrial scale. The absence of
cultivars other than the two carrots studied here limits the generalization of the findings across
genotypes. Analyses focused on physical and colorimetric properties, while no study concerning the
preservation of biologically active compounds and nutritional values was conducted.

Recommended lines for further research will involve:

e Evaluation of the retention of nutrients and bioactive compounds like carotenoids,
anthocyanins, and phenolics is needed..

e Integration of real-time process monitoring and adaptive control strategies in hybrid IR-
HAD systems..

e  Sensory analyses and shelf-life assessments for consumer-focused quality verification.

e  This could also be expanded to include studies of other carrot cultivar and root vegetable
crops in order to increase the applicability of the findings.

These trends will lead to increasing industrial applicability and lay a sound basis for the
production of high-quality, nutritionally preserved dried vegetables by efficiently using energy..

4. Conclusions

This study thoroughly investigated the interactions between different drying methods,
including HAD, IRD, and CD, and the retention of structural, functional, and color properties of
carrot cultivars. The findings showed that moisture transport kinetics, tissue integrity, and pigment
stability are determined by both the energy transfer mechanism and the biochemical and
morphological properties of carrot tissue. Hot air drying (HAD) was characterized by long drying
times, low effective moisture diffusion coefficients, and significant cell deformation. Cell deformation
significantly reduced the rehydration rate, while oxidative reactions induced by long drying times,
combined with the presence of oxygen in the drying air, and Maillard reactions induced by high
temperatures also caused color loss..

From an infrared drying system perspective, the infrared drying system (IRD) significantly
increased drying rates and significantly improved quality parameters such as color and rehydration
rate compared to the hot air drying system (HAD), thanks to advantages such as volumetric energy
absorption, improved moisture diffusion, preserved cellular porosity, and reduced pigment
degradation. The combined drying method (CD), specifically the CD-90 protocol, utilized the
synergistic effects of IR and HAD to achieve higher drying efficiency, better color stability, and
superior rehydration capacity. Variety-specific responses were also observed in the study. Black
carrots experienced faster moisture loss and exhibited greater structural stability and higher
rehydration capacity. This is attributed to the high soluble solids content, anthocyanin-rich vacuoles,
and phenolic cross-links present in black carrots.

On the other hand, based on color analysis, orange carrots, rich in {-carotene, are more
susceptible to pigment degradation during prolonged heat treatment. Our findings highlight the
need for effective drying strategies to be based on a holistic assessment of the textural and chemical
properties of individual varieties. The CD-90 hybrid drying protocol offers an energy-efficient and
industrially applicable approach to producing high-quality dried carrots that retain structural
integrity, functional properties, and color stability while maintaining high rehydration capacity.
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