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Abstract: This study aimed to optimize the microwave drying process of black carrot pretreated with ultrasound-assisted osmotic
dehydration (UAOD). The effect of salt concentration (2-10%), sonication time (5-15 min), and microwave power (300-600 W) on total
phenolic matter (TFM) and drying time was monitored. Single response optimization was performed using the Taguchi method (TM),
while the desirability function approach (DFA) was used to optimize multiple responses. The analyses were conducted using Taguchi Lg
orthogonal design. Single response optimization results showed that TFM content was changed between 11.59 and 18.57 mg GAE/g
sample dry matter, while the drying time ranged from 8 to 20 min. In multiple response optimization, the DFA with a composite
desirability (CD) value of 0.973 demonstrated that the optimal conditions for both maximizing TPC and minimizing drying time were
obtained with 10% salt concentration, 15 min sonication, and 600 W microwave power. ANOVA results revealed that microwave power
contributed the highest to both responses, followed by salt concentration and sonication time, respectively. However, microwave power
and salt concentration had a substantial impact on the CD. Overall results showed that the Taguchi-based DFA was successfully applied
to optimize the microwave drying process of black carrots pretreated with UAOD, maximizing the phenolic compound content and
minimizing the drying time.
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1. Introduction this conventional technique has several disadvantages,

The black carrot (Daucus carota subsp. sativus var.) is
characterized by its dark purple color, attributable to
anthocyanins—water-soluble plant pigments with
antioxidant and anti-inflammatory properties. In addition
to anthocyanins, black carrots contain a variety of
phytonutrients, including carotenoids, flavonoids, and

including alterations to physical properties such as
texture, color, nutritional value, and shape. Furthermore,
it is a time-consuming and energy-intensive process.
Consequently, there is an increasing demand for
developing novel drying methods that can address these
limitations, while offering the advantages of reduced

phenolic acids, which have been associated with a range of
health benefits (Ayar-Sumer et al, 2024). All these
compounds contribute to reducing the risk factors
associated with chronic diseases. While carrots are
primarily consumed in their fresh form, their extracts are
extensively utilized in various food products such as
juices, soft drinks, baked goods, confectionery, ice cream,
and as natural colorants. In Tiirkiye, the black carrot has a
cultural significance, particularly in producing "shalgam,"
a traditional fermented beverage (Keskin et al,, 2021).

Drying, one of the oldest and most significant preservation
methods, plays a crucial role in enhancing storage capacity
while preserving the physical and nutritional quality of
agricultural products (Kaveh et al,, 2021). Hot air drying,
a widely employed technique, relies on the concurrent
application of heat and mass transfer to facilitate the
removal of moisture from fruits and vegetables. However,

energy consumption and accelerate drying times.
Microwave drying has emerged as a promising alternative,
offering several advantages over traditional methods.
These include enhanced drying efficiency, reduced energy
consumption, and decreased drying time. However, it is
important to note that microwave drying can result in
non-uniform drying, leading to uneven heat distribution
within the product. This, in turn, can compromise the
quality of the final product. To address these concerns, the
employment of non-conventional techniques, including
pretreatment methods prior to drying, emerges as a
pivotal strategy to enhance the quality of the final product.
Pretreatment application can enhance material porosity,
thereby facilitating mass transfer, reducing drying time,
and minimizing undesired alterations during the drying
process. Ultrasound-assisted dehydration
(UAOD) is one such pretreatment technique that can

osmotic
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further improve the drying process (Mohammadi et al,,
2023).

Osmotic dehydration is a non-thermal, partial drying
process that removes water from food by immersing it in
a hypertonic solution, thereby creating a concentration
gradient that drives water loss and cellular shrinkage. The
UAOD enhances this process through acoustic cavitation,
where rapid compression and relaxation cycles induce
bubble formation and collapse, significantly increasing
mass transfer rates. Recent studies have emphasized that
ultrasound pretreatment both increases the drying rate
and reduces the loss of bioactive components compared to
conventional methods. These improvements highlight the
potential of UAOD as a technique to improve both process
efficiency and product quality (Memis et al.,, 2024).

The Taguchi method (TM) has been widely utilized in
numerous studies to investigate the effects of control
parameters on an output response. It provides a
structured and systematic approach to optimizing
manufacturing processes, ensuring efficient and effective
control over process variables to enhance product quality
and performance (Dang et al, 2024). The TM employs
orthogonal arrays to minimize the experimental trials and
reduce the costs. The data obtained from the analysis
transform the signal-to-noise ratio (SNR) to optimize
response variables. The TM is employed to optimize the
process in studies on drying in food processing. In a recent
study, Chen et al. (2023) investigated the impact of drying
factors on the quality of the final product and energy
consumption using the TM. The results revealed that the
transition moisture content was the most influential
characteristic affecting the MAFD in pineapple drying.
Tirkan and Etemoglu (2020) adopted the Taguchi
approach to minimize the drying time of cucumber in a
convective drier. The optimal levels for air velocity, drying
temperature, and sample thickness were determined as 1
m/s, 60 °C, and 5 mm, respectively. A study conducted by
Mecha etal. (2024) utilized Taguchi design to optimize the
responses such as drying rate, specific moisture extraction
rate, color change, and rehydration ratio in the chanterelle
mushroom drying process. The drying process was
conducted in a heat pump drier, and the experiments were
run according to the Taguchi Lo design to optimize the
mushroom shape and the drying air temperature
parameters. The results indicated that the mushrooms
with cubic shapes dried at 56 °C exhibited optimum
characteristics. The aforementioned studies demonstrate
the application of the TM in the optimization of single-
response problems. On the hand, hybrid
optimization techniques are required for the optimization
of multi-response problems. The desirability function
approach (DFA) is an optimization method that provides
optimal solutions for multi-response problems. The DFA
is often integrated into response surface methodology
designs to optimize multiple responses in microwave
drying studies of pretreated apple slices (Taghinezhad et
al,, 2023), mango cubes (Shinde and Ramaswamy, 2021),
and tomato slices (de Souza et al., 2023).

other

To the best of our knowledge, no DFA integrated with TM
for the optimization of drying processes in food drying.
Therefore, the objective of this study was to optimize the
drying conditions for UAOD followed by microwave
drying of black carrots. The Taguchi L9 experimental
design was employed, and the optimization process was
conducted using the Taguchi-based DFA method. The
process factors were selected as salt concentration,
sonication time, and microwave power, while the
response variables were identified as total phenolic
matter (TFM) content and drying time.

2. Materials and Methods

2.1. Material

Fresh black carrots were procured from a local supplier in
Sakarya, Tirkiye. After peeling, the samples were cleaned
and sliced into spherical by a mechanical slicing machine.
The salt and chemicals utilized in the study were of
analytical purity.

2.2. Ultrasound-Assisted Osmotic
(UAOD)

Osmotic dehydration was conducted using aqueous NaCl
solutions containing 20, 60, and 100 g of soluble solids per
kg of solution. The solutions were prepared at room
temperature by dissolving the osmotic agent in distilled
water. The sample weight was 35 + 0.2 gand kept constant
throughout  the dehydration
experiments were conducted in an ultrasonic water bath
(Creworks, PS-304, China) at a constant temperature
(30£2 °C). The ultrasonic bath operated at a fixed power
of 150 kW and a frequency of 40 kHz. Samples were
exposed to osmotic solutions for various durations (5-15
min) under acoustic treatment.

2.3. Microwave Drying

Osmotic dehydrated samples were gently placed between

Dehydration

process.  Osmotic

filter paper for 1 min to remove surface water.
Subsequently, the black carrots were placed on the tray of
a domestic microwave (Samsung, Model MS23F300EES,
Malaysia) and dried at power levels of 300, 450, or 600 W.
The weight of the tray was noted at 30 s intervals during
the drying process, which continued until the sample
achieved a constant moisture content of 10%.

2.4. Analysis

2.4.1. Total phenolic matter (TFM) content

Total phenolic content in black carrot powders was
analyzed by a modified assay reported by Sonmez and
Sahin (2022). Briefly, 1 g of powder was mixed with 25 mL
of 80% (v/v) methanol, agitated at 400 rpm for 15 min.
The mixture was then centrifuged (K242R, Centurion
Scientific, England) for 15 min at 5000 rpm, and the
resulting supernatant was used to determine the TFM. In
this method, 0.1 mL of the resulting extract was mixed
with 2 mL of distilled water and 0.2 mL of Folin-Ciocalteu
reagent. After 5 min, 1 mL of Na2COs3 solution (20% (w/v))
was added into the test tube. The reaction was allowed to
proceed for 60 min in the dark and the absorbance was
read in a UV-VIS spectrophotometer (Shimadzu, UVmini-
1240, Japan) at 765 nm. Various concentration of gallic
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acid solutions (25-100 mg/L) was used to obtain a
calibration curve. The results were calculated as mg gallic
acid equivalent (mg GAE) in g sample dry matter (dm).
2.4.2. Drying time

The drying time for each pretreated black carrot was
defined as the duration required for the moisture content
of the final product to fall below 10%. The moisture
content of the samples was measured by drying them in a
laboratory oven at 105 °C until a constant weight was
achieved.

2.5. Experimental Design

2.5.1. Taguchi optimization technique

The TM was developed to optimize total quality control
processes by systematically analyzing the effects of
various response characteristics and
determining their optimal levels. This method enables the
identification of experimental conditions with minimal
variability, offering a significant
conventional statistical design approaches (Zolgharnein
etal, 2013). Traditional experimental design methods are
often complex, with the number of required experiments
increasing proportionally to the number of experimental
factors, making them less practical for food applications
(Li et al,, 2024). The TM basically uses orthogonal arrays
to quantify the effect of process factors on response

factors on

advantage over

variables and then evaluates experimental test results
using SNR values. In the present study, the Taguchi Lo
orthogonal array, which was composed of three factors
and three levels, was selected (Table 2). The process
factors including salt concentration, sonication time and
microwave power and their corresponding levels were
given in Table 1.

Table 1. Process parameters and levels

Process Symbol Unit -1 0 +1
parameters

Salt concentration A % 2 6 10
Sonication time B min 5 10 15
Microwave power C W 300 450 600

Table 2. Taguchi Lo orthogonal array

Experimental design Mean values SNR (dB)
Run A B c  TFM Dr.ying Dr.ying
time time
1 -1 -1 -1 11.59 20.00 21.28 -26.02
2 -1 0 0 16.27 15.00 24.23 -23.52
3 -1 +1 +1 1414 11.50 23.01 -21.21
4 0 -1 0 18.57 14.50 25.37 -23.23
5 0 0 1 17.28 9.50 24.75-19.55
6 0 +1 -1 13.35 17.00 22.51 -24.61
7 +1 -1 1 14.09 8.00 22.98 -18.06
8 +1 0 -1 13.02 16.00 22.29 -24.08
9 +1 +1 0 1810 9.00 25.15-19.08

For responses, the “larger is better” function (equation 1)
was selected to maximize TFM. However, the “smaller is
better” (equation 2) was chosen because drying time was

targeted to minimize in this research.
1 1

$/y = —10log [; =132 (1
1

S/y = —10log [T, ¥?] 2)

where i indicates the experimental order, y; is the result
and n is the design parameter.

2.5.2. Desirability function approach (DFA)

The DFA is an effective tool for optimizing multiple
responses. The primary advantage of desirability function
analysis lies in its ability to address multi-response
optimization problems by transforming multiple
responses into a normalized scale within the range [0, 1].
A desirability value of “1” represents the most favorable
outcome, while “0”
Depending on the specific response characteristics,
desirability functions are classified into three forms: the

indicates the least favorable.

nominal-the-best, larger-the-best, and smaller-the-best.
In this study, the “larger-the-best” was used for TFM
(equation 3). On the other hand, the “smaller-the-best”
form given in equation 4 was utilized for drying time.

_ {0( Yi—Ymin )S Yi<Vmin (3)
- 1 Ymax—Ymin ’ Ymin<YiS¥Ymax, 520

Yi>Ymax
_ {0( Yi—Ymax )S Yi<Vmin (4)
- 1 \Vmin—YVmax ’ Ymin<YiS¥Ymax, 520

Yi>Ymax

where ymin and ymax denote the lower and upper limits of
the response variables. The parameter “s” in equations 1-
2 represents the weight value, which is determined using
either subjective or objective weighting methods.

Finally, these individual desirability values are then
combined using equation 5 to determine the overall
desirability (OD), enabling the simultaneous optimization
of multiple responses in a straightforward and effective

manner (Dang et al,, 2024).

oD = W\/d{“ Xdy? X e d)? (5)
where di indicates the desirability value of response “i”,
while w represents the number of responses.

2.6. Statistical Analysis

Minitab (version 19.0, USA) was used to develop an Lo
orthogonal array based on the Taguchi optimization
method for microwave drying black carrot samples pre-
treated with UAOD. Additionally, the software was used to
conduct ANOVA analysis to evaluate the contribution ratio
of independent variables such as salt concentration,
sonication time, and microwave power on TFM and drying
time, within the context of the Taguchi-based DFA
optimization.

3. Results and Discussion

3.1. Taguchi Optimization

The TM was used to obtain optimal process levels for each
response variable. Table 2 shows the mean and the
corresponding SNR values for the TFM and drying time
responses. The TFM content of the nine samples ranged
from 11.59 to 18.57 mg GAE/ g sample dm. However, the
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drying time of the samples exposed to sonication for
different durations (5-15 min) in the medium with
different salt content (2-10%) varied between 8 and 20
min in the microwave with various powers (300-600 W).
One of the most critical stages in the TM is that the results
of the responses are transformed into the SNR values
(Zhang et al., 2024). In this project, the “larger the better”
and “smaller the better” functions were used to convert
the response values of TFM and drying time into the SNR
values, respectively. To obtain the SNR table, these SNR
values were further analyzed through Minitab software. In
Table 3, the level with the highest SNR value among each
process factor level for a response indicates its optimum
setting. Therefore, it can be concluded that the maximum
TFM content was determined using %6 salt, 10 min
sonication, and 450W microwave power (A2B2Cz). On the
other hand, the optimal drying time could be obtained
under experimental conditions using %10 salt, 15 min
sonication, and 600W microwave power (A3B3Cs).

Table 3. The SNR table for the responses

TFM Drying time
Level A B C A B C
1 2284 2321 2203 23.59 2244 2490
2 2421 2376 2492 2246 2239 2194
3 2347 2356 23.58 2041 2164 1961
Delta 1.37 0.54 2.89 3.18 0.80 5.29
Rank 2 3 1 2 3 1

*Italic values indicate optimal levels.

Analysis of variance (ANOVA) can be used to observe the
impact of each control factor (salt, sonication time,
microwave power) on the response variable (TFM and
drying time). In this study, ANOVA analyses were carried
out using Minitab software. Statistical analysis of the
results was carried out with a 95% confidence level. The
ANOVA results for TFM and drying time are shown in
Table 4. It can be deduced from Table 4 that the percent
contribution of salt, sonication time, and microwave
power on TFM response is 17.75, 1.85, and 76.72,
respectively. Similarly, the variation in microwave power
is identified as a dominant factor, attributing contribution
rates of 72.47% for drying time, followed by 22.86% for
salt concentration and 3.14% for sonication time. These
findings indicated that microwave power is a critical
determinant in optimizing the response variables.
Furthermore, salt concentration was observed to have a
moderate effect. Sonication time, on the other hand, has a
limited effect on the optimization process.

Table 4. ANOVA results for the responses

Factors  df SS MS k- Contribution
value (%)
A 2 8.653 4326 481 17.75
B 2 0.901 0.451 0.50 1.85
T* c 2 37.41 18.703 20.79 76.72
Error 2 1.799 0.899
Total 8  48.76
A 2 30722 15361 1495 22.86
B 2 4222 2.111 2.05 3.14
D* C 2 97389 48694 4738 72.47
Error 2 2.056 1.028
Total 8 134.389
T*= TFM, D*= Drying time.
3.2. Desirability Function Approach (DFA)

Optimization

The DFA was applied for multiple response optimization
of TFM and drying time responses in the microwave
drying process of black carrot slices subjected to UAOD. In
this method, firstly, the experimental results obtained
using Taguchi Lo orthogonal design were normalized. In
this process, since the TFM response has a maximization
objective, the “larger-the-best” (equation 3) was selected.
On the other hand, the “smaller-the-best” (equation 4) was
used because the aim of the study was to reduce the drying
time. Then, the desirability values (d;) were calculated by
considering the weighting factor values of the normalized
results obtained for the responses. For a subjective
approach, principal component analysis (PCA) was used
to calculate the weighting factors for the responses
(Guldane, 2023). As a result, these values for TFM and
drying time were determined as 0.15 and 0.85,
respectively. Composite desirability (CD) values were
obtained by using the weighted desirability values in
equation 5. Table 5 shows the normalization, di and CD
values calculated for all experiments. Among the nine
runs, Run 9 achieved the highest CD value (CD=0.959),
indicating the optimal conditions for both responses,
which is referred to as the initial process parameter. This
was followed closely by Run 5 (CD=0.930) and Run 7
(CD=0.926). In contrast, Run 1 exhibited the lowest
desirability index (CD=0.000), suggesting non-optimal
conditions for both TFM and drying time.

Table 6 presents the average impact of each parameter
level on CD. In this table, the Max-Min value corresponds
to the difference between the highest and lowest level data
of each process parameter. This indicates the degree of
importance of the respective parameter on CD. Also, in this
table, the highest value of the process parameter levels
indicates the optimal value for relevant process factor.
When the Max-Min results were analyzed, it was
determined that the effect of the microwave power
parameter was the most significant on CD, followed by salt
concentration and sonication time, respectively. In
addition, the optimum parameter combination for
maximization of TFM and minimization of drying time was
obtained as 10% salt, 15 min sonication, and 600W
microwave power (A3B3Cs).
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Table 5. Multi-response optimization with DFA

Run Normalization Desirability index (di) D Range
TFM Drying time TFM Drying time
1 0.000 0.000 0.000 0.000 0.000 9
2 0.671 0.417 0.942 0.475 0.669 6
3 0.365 0.708 0.860 0.746 0.801 4
4 0.999 0.458 1.000 0.515 0.718 5
5 0.815 0.875 0.970 0.893 0.930 2
6 0.252 0.250 0.813 0.308 0.500 8
7 0.358 1.000 0.857 1.000 0.926 3
8 0.204 0.333 0.788 0.393 0.557 7
9 0.933 0.917 0.990 0.929 0.959 1*

*[nitial process parameters, CD= composite desirability.

Table 6. Response table for the mean values of the CD

Factors Level Level Level Max- Rank
1 2 3 Min

A 04899 0.7162 0.8137 0.3238 2

B 0.5479 0.7186 0.7533 0.2054

C 0.3523 0.7818 0.8857 0.5334 1

The bold values show the optimal process levels.

Figure 1 plots the effect of control factors on the CD. As
shown in the graph, an increase in salt concentration leads
to a significant increase in CD. This means that osmotic
dehydration at an increasing level from 2% to 10% in
osmotic solution had a positive influence on maximizing
the TFM and especially minimizing the drying time. The
formation of chemical bonds between salt and the plant
tissue matrix causes a decrease in the resistance of the cell
wall and membrane and an improvement in the diffusion
process (Asghari et al,, 2024). An increase in water loss
and a decrease in solute gain was observed in the osmotic
dehydration process of lemon (Deepika and Sutar, 2017),
aonla (Alam and Singh, 2010), and cauliflower
(Vijayanand et al, 1995) samples in an increasing salt
concentration. Figure 1 also revealed that the mean CD
value increased with increasing sonication treatment
during the osmotic dehydration process. The application
of sonication during the osmotic dehydration process
leads to the disruption of cell walls due to the cavitation
effect and thus drying process.
Furthermore, this process prevents the degradation of
phenolic compounds (Cichowska-Bogusz et al, 2020).
Similarly, Guo et al. (2023) studied the effect of ultrasound
treatment on hot air drying characteristics of garlic slices.
They reported a significant improvement in the drying

accelerates the

process in sonicated samples, which had a more porous
structure compared to untreated garlic slices. This
reduction in drying time was also observed in freeze
drying of goji (Wang et al., 2024), air drying of apple cubes
(Magalhies et al,, 2017), and microwave freeze drying of
sea cucumber (Duan etal., 2008). The plot drawn in Figure
1 also indicated that an increase in the level of microwave
power leads to an increment in CD value, as expected. Saha

et al. (2019) investigated the effect of the microwave
drying process at different power levels (300W, 600W,
900W) on antioxidant compounds and the drying time of
corncob slices. As a result, microwave power levels higher
than 300W had a negative effect on the antioxidant
capacity of the dried samples. On the other hand, the
drying rate of the samples increased as increasing
microwave power levels. Similarly, we observed the SNR
values of the black carrot samples dried at higher
microwave power levels than 450W (Table 3).

Salt (%)

Sonication time (min) Microwave power (W)

Mezan

2 § 10 H 1 15 300 430 600

Figure 1. Effect of process variables on CD.

ANOVA results in Table 7 show the effect of process
variables on CD. F- and p- values were used to evaluate this
effect in the black carrot drying process where UAOD
pretreatment was applied. Higher F- and lower p- values
increase effective drying factors’ contribution to the
process. The results showed that microwave power was
the most important parameter affecting CD, followed by
salt concentration and sonication time. Microwave power
contributed 66.05% on CD, followed by salt concentration
and sonication time with 22.78% and 9.98%, respectively.
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Table 7. ANOVA table for composite desirability (CD)

Factors df SS MS vaFllle P-value Contribution (%)
A 2 0.166 0.083 19.23 0.049 22.78

B 2 0.073 0.036 8.43 0.106 9.98

C 2 0.480 0.240 55.74 0.019 66.05
Error 2 0.009 0.004

Total 8 0.726

*Significant at p<0.05; S=0.0656. R’=98.82%. R%(ad})=95.26. R¥(pred)=76.01.

3.3. Validation Experiments

Confirmation experiments were carried out to determine
the enhancement in CD value obtained statistically by the
DFA. The hybrid improvement in TFM and drying time
responses was evaluated by comparing the values
obtained at the settings (salt
concentration 6%, sonication time 15 min, microwave
power 450W) with those obtained at the optimum
parameter levels (salt concentration 10%, sonication time
15 min, microwave power 600W). The results were also
predicted wusing Minitab software. To
observational data, 3 replicate experiments were
performed with the optimum combination of CD values.
Table 8 illustrates the average results of the validation
studies. As can be seen, the CD for the initial drying
parameter setting of black carrot samples pretreated with
UAOD was 0.959. While this value increased to 0.973 after
the optimization process, an improvement of 1.46%.
Consequently, the overall results of this study revealed
that the optimal drying conditions,
determined using a Taguchi-based desirability function

initial parameter

obtain

which were

approach to reduce drying time and produce a product
with a high concentration of phenolic compounds for
black carrots subjected to osmotic dehydration via
microwave drying, were as follows: a salt concentration of
10%, sonication for 15 minutes, and 600 W microwave
power.

Table 8. Results of validation tests

Optimal process

Initial
. parameters
Responses settings Predicted Test
A2B3C; A3B3C3 A3Bs3Cs
TFM 18.10 15.13 16.42
Drying time 9.00 6.39 7.50
CD 0.959 1.000 0.973

4. Conclusion

This study was carried out to optimize the microwave
drying process of black carrot slices with ultrasound-
assisted dehydration pretreatment. Salt
concentration, sonication time, and microwave power
variables were selected as control factors. The total

osmotic

phenolic matter content and drying time variables of the
dried samples were optimized using a hybrid method,
Taguchi-based desirability function approach. The study

revealed that an increase in the control parameter levels
led to an increase in the composite desirability value.
Furthermore, the contributions of these parameters to the
drying process were determined to be in the following
order of importance: power > salt
concentration > sonication time. This study demonstrated

microwave

that the Taguchi-based desirability function approach is
effective for optimizing multiple response optimization in
similar drying operations.
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