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ARTICLE INFO ABSTRACT
Article history: Ultrasound-assisted convective-microwave drying (UACMD) is an
Received: July 2025 emerging hybrid drying method that combines hot-air convection, mi-

Received: August 2025 crowave heating and ultrasound cavitation to enhance moisture transfer
Received in the revised form:

October 2025 and preserve bioactive compounds in medicinal herbs. This review
Accepted: November 2025 summarizes its advantages, including a 30-80% reduction in drying
time, improved energy efficiency, and better retention of antioxidants,

f/[?;g;;i;;lerbs; essential oils, and color. However, challenges, such as thermal degra-

hybrid drying; dation and scale-up complexity remain. Future developments empha-

bioactive compound preservation; size the integration of smart controls (artificial intelligence, computer

ultrasound drying; vision, and hyperspectral imaging) and the tailoring of protocols for

microwave-assisted drying specific herb types, positioning UACMD as a sustainable and high-per-
formance solution for modern herbal drying.

Introduction

The ultrasound-assisted convective microwave drying (UACMD) has emerged as a prom-
ising technique for medicinal plant processing, meeting the increasing demand for high-qual-
ity and sustainable herbal products (Nurhaslina et al., 2022; Zhang et al., 2021). Conventional
drying methods such as hot-air drying (HAD) often lead to long processing time, loss of
essential oils and volatiles, and color degradation (Zhao et al., 2020; Tepe and Tepe, 2024).
In response, advanced technologies, including microwave, vacuum, freeze and ultrasound-
assisted drying-have been developed to improve drying performance (Ghanbarian et al.,
2020; Hassoun et al., 2024).

Among the emerging hybrid methods, the ultrasound-assisted convective—-microwave
drying (UACMD) has attracted particular attention due to its integration of hot-air convec-
tion, microwave heating, and ultrasound-enhanced mass transfer. This combination enables
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more efficient moisture removal and shows potential for better preservation of bioactive com-
pounds such as antioxidants and volatile aromas, while maintaining product structure (Zbik
etal., 2023). Current studies report improvements in effective moisture diffusivity, protection
of heat-sensitive compounds like polyphenols and vitamins, and enhancements in texture,
porosity, and rehydration. From the energy perspective, the UACMD has been associated
with lower specific energy requirements compared to hot-air drying, although optimization
is still required to address challenges such as uneven heating and preprocessing demands.
These aspects provide the foundation for this review which summarizes available findings
and outlines the perspectives for future.

Principal Drying Technologies.

Conventional hot-air drying is simple and low-cost but often leads to long drying times
and poor bioactive retention. Microwave and ultrasound-assisted techniques improve speed
and efficiency yet may pose a risk of thermal degradation or structural damage if not opti-
mized. Combining them in the UACMD offers a balanced approach that enhances drying
performance while preserving sensitive compounds and product quality.

Convective Drying

Convective drying remains a widely adopted method in food and herbal processing due
to its balance of efficiency, cost, and product quality. It operates via heated airflow that in-
duces surface evaporation and internal moisture diffusion-reflecting coupled heat and mass
transfer driven by temperature gradients and vapor pressure differences. A drying rate is in-
fluenced by air temperature, velocity, and material thickness, with higher temperatures and
airflow enhancing evaporation, while greater thickness slows diffusion (Ghanbarian et al.,
2020; Szadzinska and Mierzwa, 2021). The process is often modeled using the convective
heat transfer coefficient (h) and mass transfer coefficient (h.), which quantify energy and
moisture exchange (Szadzinska and Mierzwa, 2021). Optimization of these parameters is
essential to improve the drying kinetics and maintain product integrity.

Convective drying remains one of the most widely utilized and economically viable dry-
ing methods across various sectors, notably in food and herbal processing (Bhattacharya et
al.,2015; Yoon, 2024). Its straightforward design, typically involving a blower, drying cham-
ber, and heating unit, facilitates ease of maintenance and scalability for both small-scale and
industrial operations (Casaverde-Pacherrez et al., 2022). The modular setup allows for ca-
pacity expansion with minimal structural modifications (Yoon, 2024). Thermally, convective
drying ensures stable and uniform heat distribution, reducing risks of structural deformation
and enhancing the process consistency (Szadzinska and Mierzwa, 2021; Inla et al., 2023).
Under optimal conditions, typically at 50-70°C with airflow velocities of 1.0-3.0m-s’!, the
method achieves high drying efficiency while preserving the product integrity (Ghanbarian
et al., 2020). Moreover, it can be hybridized with complementary Bhattacharya technologies
such as microwave or infrared drying to shorten drying time and improve energy use
(Mierzwa and Szadzinska, 2023; Van Kien et al., 2024). Convective drying is particularly
suitable for heat-sensitive compounds like vitamins and essential oils due to its adaptability
to low-temperature operation (Tomas-Egea et al., 2021; Castro et al., 2023). Empirical stud-
ies confirm its advantages in preserving nutritional and visual qualities in materials such as
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mushrooms, carrots, and tropical fruits (Ghanbarian et al., 2020; Silva Janior et al., 2023).
The integration of heat recovery systems can further reduce energy consumption by up to
15% (Szadzinska and Mierzwa, 2021).

Nevertheless, alongside these strengths, convective drying faces important limitations
that affect both efficiency and product quality. Primarily, the method is time-intensive due to
its reliance on surface heat transfer and internal moisture diffusion, often resulting in ex-
tended drying durations and elevated energy consumption (EL-Mesery et al., 2023; Sza-
dzinska, Mierzwa, 2021). For instance, drying grapes at 40-60°C with airflow at 2.0 m-s’!
may exceed 4,600 minutes (EL-Mesery et al., 2023), while mushrooms require up to 241
minutes at 50°C -nearly tenfold longer than the microwave drying (Szadzinska and Mierzwa,
2021). Longer exposure times are linked to greater cumulative energy losses, especially in
systems without heat recovery mechanisms (Ghanbarian et al., 2020); Farias et al., 2020),
and can degrade thermolabile compounds such as vitamin C, carotenoids, and polyphenols
by up to 30% (Horuz et al., 2017). Additionally, convective drying struggles with non-uni-
form heat distribution, particularly in materials with irregular geometries, leading to moisture
and temperature differentials up to 20% (Hasan et al., 2022). Surface hardening and internal
moisture retention are common in fruits like grapes and bananas (Farias et al., 2020; El-
Mesery et al., 2023). Overall, the energy consumption ranges from 27 to 70 MJ-kg™!' of water
removed, which is significantly higher than the advanced drying technologies (Zahoor et al.,
2023a).

Microwave Drying

Microwave drying offers a rapid and energy-efficient alternative to conventional convec-
tive methods, which often require prolonged thermal exposure and risk quality degradation.
Microwave-assisted drying has emerged as an efficient technique for reduction of the drying
time and enhancing energy utilization. According to the review by Hay Nguyen et al., (2022),
the microwave drying offers volumetric heating, leading to rapid moisture removal and uni-
form drying. The study highlights its advantages in preserving the nutritional and sensory
qualities of heat-sensitive materials, while reducing at the same time the energy consumption
compared to conventional methods. This positions microwave-assisted drying as a promising
solution for high-efficiency, quality-preserving thermal processing. Operating via volumetric
heating, microwaves at 915-2,450 MHz interact with dipolar water molecules to generate
heat uniformly from within the material (Mierzwa and Musielak, 2023). This internal heating
mechanism significantly accelerates moisture removal, especially in the early drying phase,
while minimizing thermal losses (Tepe and Tepe, 2024). As a result, microwave drying im-
proves overall efficiency and enhances the preservation of heat-sensitive compounds.

Microwave drying (MW) is a modern technique highly effective for heat-sensitive mate-
rials like medicinal herbs and functional foods. Its primary advantage lies in volumetric heat-
ing which reduces drying time by 50-90% compared to hot-air methods (Mierzwa and
Musielak, 2023); Hasan et al., 2022). For example, lemon slices dry in 25 minutes vs. several
hours by means of convection (Sadeghi et al., 2013), while turmeric dries in one-third of the
time (Tepe and Tepe, 2024). Moderate power settings (~100-300 W) enhance drying effi-
ciency and preserve bioactives like polyphenols and flavonoids (Zhu et al., 2023), while cut-
ting energy use by up to 50% (Bhattacharya et al., 2015). Nutritional retention also improves

313



Hay Nguyen et al.

the following: microwave drying preserves 85% of beta-carotene in carrots vs. 60% in case
of convection, and curcumin retention reaches 92% in turmeric vs. 78% via hot-air drying
(Tepe and Tepe, 2024). Furthermore, its uniform energy distribution ensures consistent mois-
ture content, especially in geometrically simple samples (Zahoor et al., 2023; Mierzwa and
Musielak, 2023).

On the other hand, despite these benefits, microwave drying also exhibits notable draw-
backs that may compromise the product quality and processing efficiency. Non-uniform heat-
ing may create hot spots that cause discoloration, edge burning, or even carbonization, espe-
cially in heterogeneous samples like Ganoderma and persimmons (Mierzwa and Musielak,
2023; Cho et al., 2020). Structural shrinkage and poor rehydration are common in dried
pumpkin and mushrooms (Mkhize et al., 2023; Szadzinska and Mierzwa, 2021), while color
deterioration, such as yellowing or browning, affects peas, plums, and fungi (Chahbani et al.,
2018). Rapid heating may also degrade bioactives like polyphenols, vitamin C, and chloro-
phyll (Zhu et al., 2023), and excessive power reduces antioxidant activity (Bhattacharya et
al., 2015). Additionally, MWD systems are costly, complex, and difficult to scale due to
uneven energy distribution and high thermal demand (Cao et al., 2020; Zahoor et al., 2023b).

Ultrasound-Assisted Drying

Recent studies have demonstrated the significant potential of ultrasound-assisted drying
in enhancing drying performance and product quality. For instance, Xuan Quang-Nguyen et
al., (2019) investigated the impact of ultrasound on heat and moisture transfer. The results
showed that ultrasound notably increased the thermal and moisture diffusivity while mini-
mizing undesirable color changes, thereby improving drying efficiency and preserving prod-
uct appearance. Similarly, Hay Nguyen et al., (2022) confirmed that ultrasound integration
enhanced drying rates, reduced energy consumption, and maintained the quality attributes of
Bo Chinh ginseng. These findings highlight the effectiveness of ultrasound as a non-destruc-
tive, energy-efficient drying enhancement technique suitable for high-value herbal and agri-
cultural products. The ultrasound drying (US), typically operating at 20-100 kHz, enhances
moisture removal via acoustic cavitation and mechanical oscillations that disrupt capillaries
and cell walls (Ding et al., 2024; Khmelev et al., 2024). These effects lower water surface
tension and improve the moisture transport. Integrated with conventional drying, The US
creates microchannels and a "sponge effect," improving effective diffusivity and mass trans-
fer (Umada et al., 2022; Yu et al., 2024; Dehghannya et al., 2020). Pretreatment with the US
shortens the drying time for carrots by 16.7-25% and apples by 13-17% (Salehi et al., 2023),
with energy savings reaching 30-36% (Dehghannya et al., 2020). The US also improves sen-
sory attributes-enhancing brightness and color stability, reducing shrinkage in mushrooms
and potatoes, and improving rehydration, especially in apples (Salehi et al., 2023; Zhou,
Chen, and Fan, 2024); Dehghannya et al., 2020). However, material-dependent outcomes
exist, with some cases showing increased shrinkage in carrots (Salehi et al., 2023). Chemi-
cally, US preserves bioactives like polyphenols and vitamin C, with some studies reporting
increases in TPC and TFC (Cao et al., 2020; Zhou, Chen, Chitrakar, et al., 2024). While
enhanced mass transfer may slightly raise energy dissipation (Zhang et al., 2021), the overall
benefits confirm the ultrasound as a valuable tool for efficient and sustainable drying.
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Synergistic Mechanism in Convective-Microwave Hybrid Drying Assisted
by Ultrasound

The ultrasound-assisted convective-microwave drying (UACMD) is an advanced hybrid
technique that synergistically combines surface heating, internal volumetric heating, and me-
chanical vibration to enhance drying performance and product quality (Tao etal., 2021; Zhou,
Chen, and Fan, 2024). Convective drying preserves quality but consumes time and energy
(Dehghannya et al., 2019), whereas microwave drying shortens drying time but risks uneven
heating and thermal degradation (Szadzinska and Mierzwa, 2021). The ultrasound improves
mass transfer by inducing cavitation and microchannel formation, further accelerating mois-
ture diffusion and evaporation (Kroehnke et al., 2018a). As a result, drying durations may be
reduced by over 60% for raspberries and more than 66 minutes for carrots, with notable im-
provements in Deff (Tao et al., 2021; Salehi et al., 2023). The UACMD also enhances energy
efficiency (Bhattacharjee et al., 2024), bioactive retention-including 67-69% vitamin C in
green chili and up to 45% increase in polyphenol content in mushrooms (Kroehnke et al.,
2018a; Szadzinska and Mierzwa, 2021) and supports better texture recovery and rehydration
capacity, especially in Ganoderma mushrooms (Inla et al., 2023). The schematic and compo-
nents of a typical hybrid UACMD system are illustrated in Figure 1.

Figure 1. Photo of the hybrid dryer: 1. Blower, 2. Heater, 3. Ultrasound generator (AUS),
4. Microwave generator, 5. Ultrasound plate, 6. Drying chamber, 7. Ultrasound transducer,
8. Balance, 9. Pyrometer, 10. Computer, 11. Control cupboard. Reproduced from Szadzinska
et al., (2020a). Ultrasound- and microwave-assisted intermittent drying of red beetroot

Effectiveness Analysis of Ultrasound-Supported Convective-Microwave Drying
Technology

This section presents and analyzes the overall effectiveness of the ultrasound-assisted
convective-microwave drying (UACMD) method based on key criteria such as drying rate,
energy efficiency, and post-drying product quality, as summarized in Figure 2(a). The aim is
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to evaluate the practical application potential of this technology in comparison with conven-
tional and single-mode drying methods.
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Figure 2. (a). Key factors influencing ultrasound-assisted convective—microwave drying
(UACMD) technology in medicinal plant processing. (b). The effect of microwave power and
drying temperature on drying rate under different ultrasound intensities. Color shading re-
flects varying ultrasound intensity levels. Data compiled from Tao et al., (2021); Zhu et al.,
(2024),; Mierzwa and Szadzinska, (2023); Szadzinska et al., (2017), and other peer-reviewed
sources

Improving Drying Kinetics and Energy Performance

The ultrasound-assisted convective-microwave drying (UACMD) integrates hot-air dry-
ing (HAD), microwave drying (MWD), and ultrasound (US) to significantly improve drying
kinetics across four key indicators: drying time, drying rate, effective moisture diffusivity
(Deff), and energy efficiency. Compared to HAD, pretreatment with MW and US reduced
carrot slice drying time from 225 to 158.8 and 193.8 minutes, respectively, with further re-
ductions to 130 minutes under increased MW exposure (Salehi et al., 2023). Raspberry dry-
ing time decreased by 79% using a CVMWUS hybrid system, while Ganoderma mushrooms
were dried in just 25 minutes- sixfold faster than HAD alone (Inla et al., 2023; Szadzinska et
al., 2017).

MW enhances vapor pressure through internal heating, while US induces cavitation and
microstreaming, accelerating moisture transfer (Bassey et al., 2021; Huang et al., 2025). In
bell peppers, the US-generated vibration accounted for 80% of drying rate improvement
(Kroehnke et al., 2018b). Deff values rose substantially - papaya by 28.8%, apples by 1.3 to
2.4 times, and potatoes from 4.89% to 20.7% - due to the enhanced pressure, cell disruption,
and microchannel formation (Lima et al., 2024; Zhao et al., 2020; Zhu et al., 2024).

Energy consumption decreased by 20-90% depending on the material, with drying time
reduced by 47-87%, while preserving bioactives such as vitamin C and betanin (Musielak et
al., 2024; Mierzwa and Musielak, 2023). These findings affirm the UACMD’s role in ad-
vancing drying performance for medicinal and functional food applications. As further sum-
marized in Table 1, the UACMD demonstrated the most efficient drying performance across
multiple trials, achieving up to 50% energy savings and reducing drying time to 15 minutes,
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while maintaining low power consumption (0.9 kWh). In contrast, traditional convective dry-
ing required 180 minutes and consumed 6.0 kWh. As demonstrated in Figure 2(b), the inter-
active effects of drying temperature, microwave power, and drying rate are depicted, with
ultrasound power represented by the sphere size and drying time indicated by a color gradi-
ent. The clustering of larger spheres within high drying rate zones suggests that the increased
ultrasound intensity significantly enhances moisture removal efficiency. Concurrently, the
predominance of blue-colored data points-representing shorter drying durations-in regions of
the elevated drying rate and input energy underscores the compounded influence of ultra-
sound, microwave heating, and thermal convection. These visual patterns collectively vali-
date the synergistic role of ultrasound in the ultrasound-assisted convective-microwave dry-
ing (UACMD) systems and further reinforce the superior thermodynamic and economic
efficiency associated with hybrid drying technologies.

Table 1.
Comparison of drying methods by time, temperature, energy consumption, and efficiency.

Drying Drying Energy Con-  Energy References (with

Drying Method Time Temperature sumption Savings )
(min) (°C) (MJ kg db) (%) raw material)
Convection dryin Szadzirska and
N ying 180 60 21.6 0% Mierzwa, 2021

(CH) (white mushrooms)

Szadzinska and

Microwave drying 30 . 1.1 30%  Mierzwa, 2021

(MW) (white mushrooms)
Ultrasound drying o Tao et al., 2021
(US) 120 ) 22 20% (blackberry)
Combined convection Szadzinska and
- microwave drying 25 50 4.7 40% Mierzwa, 2021
(CH-MW) (white mushrooms)
. . Dehghannya et al.,
Combined convection
- microwave - ultraso- 2020 (apple), 2019
. 15 50 32 50% (potato), Tao et
und drying al., 2021 (black
(CH+MW+US) N )
berry)

Preservation of Essential Oils and Volatile Aromatic Constituents

The ultrasound-assisted convective-microwave drying (UACMD) offers substantial ben-
efits in preserving essential oils and aroma compounds in medicinal plants, which are highly
sensitive to heat and oxidation (Mufioz-Almagro et al., 2021). Conventional hot-air drying
(HAD) can cause severe losses up to 65% at 60°C in Melissa officinalis due to gland damage
and volatilization. Moreover, HAD often leads to aroma degradation and oxidative byprod-
ucts like caryophyllene oxide (Zbik et al., 2023). In contrast, the UACMD synchronizes mi-
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crowave-driven internal heating with ultrasound-induced microchannel formation, facilitat-
ing rapid moisture removal and minimizing heat exposure (Ding et al., 2024; Mierzwa and
Szadzinska, 2023). This approach preserved up to 85% of essential oils in Lippia citriodora
and improved retention of volatiles such as citral and geraniol, outperforming HAD and mi-
crowave alone (Zbik et al., 2023). Additionally, UACMD reduced oxidative byproducts and
maintained aroma integrity, making it highly suitable for modern herbal applications
(Nowacka et al., 2019).

Preservation of Bioactive Compounds and Nutritional Value

Ultrasound-assisted convective-microwave drying (UACMD) exhibits strong potential
for preserving bioactive compounds and nutritional quality in food and medicinal plant ma-
terials. By combining thermal energy with ultrasound-induced mechanical enhancement, this
technique shortens drying time and minimizes heat-related degradation. For example, carrots
treated with US (75 W) and MW (100 W) retained 98% of a-carotene, 97% of B-carotene,
and 95% of lutein (Wiktor and Witrowa-Rajchert, 2020), while bell pepper samples preserved
up to 69% of vitamin C (Szadzinska et al., 2016). Mild drying conditions in feijoa and broc-
coli similarly resulted in high vitamin C retention (Castro et al., 2023; Cao et al., 2020).

Enhanced preservation of polyphenols and flavonoids was observed in mushrooms and
hawthorn fruit (Abbaspour-Gilandeh et al., 2021), with low-pressure drying increasing the
polyphenol content by up to 40% via cavitation-driven cell disruption (Zbik et al., 2023).
Combined ultrasound osmotic dehydration and pulsed microwave drying further improved
antioxidant capacity and inhibited PPO and POD enzymes in kiwifruit (Yu et al., 2024).

Additional studies confirm the beneficial effects of ultrasound on the phenolic content in
mushrooms, lotus root, and onions (Szadzinska and Mierzwa, 2021; Yu et al., 2024; Ghan-
barian et al., 2020), aroma compound retention in perilla leaves (Ding et al., 2024), and die-
tary fiber enhancement in pomelo peel (Mufloz-Almagro et al., 2021). However, excessive
microwave power may degrade polyphenols, as noted in carrots (Salehi et al., 2023). These
findings suggest that preservation outcomes depend on the material type, drying conditions,
and process optimization.

Enhancement of Color and Structural Integrity

The ultrasound-assisted convective-microwave drying (UACMD) offers notable ad-
vantages in preserving color and microstructure in dried plant materials. High temperature
drying often degrades chlorophyll, leading to color loss, while controlled UACMD processes
reduce both drying time and thermal exposure, thereby maintaining natural pigmentation
(Nurhaslina et al., 2022). In kale, UACMD at 50°C and moderate ultrasound-microwave set-
tings significantly lowered AE values compared to hot-air drying, indicating better retention
of green coloration (Mierzwa and Szadzinska, 2023). Ultrasound-induced cavitation creates
microchannels in tissues, and microwaves enable uniform internal heating-together prevent-
ing overheating and pigment breakdown. Additional studies on apples, peppers, and vegeta-
bles showed that UACMD enhanced tissue elasticity, reduced shrinkage by 15%, and pre-
served flavonoid levels through uniform thermal distribution and minimized moisture
gradients (Zhou, et al., 2024; Musielak et al., 2024). Ultrasound in low-pressure systems also
reduced the mechanical stress, improved chlorophyll retention and surface texture (Zbik et
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al., 2023). Overall, the UACMD offers superior outcomes compared to conventional drying
methods by simultaneously optimizing visual quality, tissue integrity, and drying efficiency.

Obstacles and Future Directions for Advancement

Despite its promising performance in the product quality and energy efficiency, the
UACMD still faces key technical and research challenges that limit its widespread applica-
tion in medicinal plant processing.

Despite the advantages of the ultrasound-assisted convective-microwave drying
(UACMD), several limitations exist. High microwave power may degrade sensitive bioac-
tives, reducing B-carotene, TPC, TFC, and antioxidant activity in carrots (Wiktor & Witrowa-
Rajchert, 2020), while CVMWI100W treatments resulted in lower phenolic retention
(Kroehnke et al., 2018b). However, prolonged ultrasound exposure may oxidize polysaccha-
rides (Li et al., 2021), and vacuum microwave drying can diminish vitamin C and chlorophyll
in okra (Zang et al., 2023). Similar losses have been observed in apples and black grapes
dried using ultrasound-hot-air combinations (El-Mesery et al., 2023).

Controlling and optimizing UACMD parameters remains challenging. Studies focusing
on bioactive peptide preservation are limited (Mufioz-Almagro et al., 2021), while non-intu-
itive interactions-such as those affecting TPC/TFC in Chinese pecans (Zhang et al., 2021)-
complicate the process design. Ultrasound frequency strongly affects efficiency: low fre-
quencies (20-40 kHz) enhance cavitation but risk tissue damage, whereas higher frequencies
(>50 kHz) are safer but less effective (Nurhaslina et al., 2022). Improper synchronization of
airflow, temperature, and MW-US input may induce structural deformation (Musielak et al.,
2024), while microwave “hot spots” compromise uniformity (Nurhaslina et al., 2022). With-
out precise control, energy savings may be minimal (Szadzinska et al., 2019).

Physical and sensory drawbacks include shrinkage, hardness, and color distortion-such
as elevated AE values in Ganoderma mushrooms (Inla et al., 2023) or reduced brightness in
scallions (Zhou, et al., 2024). Phenolic loss leads to browning and flavor decline (Wu et al.,
2024), while key volatiles and pectin structures may degrade in perilla leaves and goji berries
(Ding et al., 2024; Zhu et al., 2024).

In addition to the product-quality concerns, the UACMD faces practical challenges re-
lated to industrial adoption. Its reliance on specialized, high-cost hybrid equipment limits
integration with existing hot-air systems, reducing scalability (Musielak et al., 2024). More-
over, the need for precise control and skilled operation, along with potential increases in
energy demand, raises sustainability concerns (Tao et al., 2021; Szadzinska et al., 2020).

Future Directions for Advancement

The ultrasound-microwave drying is increasingly recognized for its ability to reduce dry-
ing time, energy consumption, and bioactive compound loss in medicinal herbs. To unlock
its full industrial potential, several areas warrant focused development. First, constructing
accurate mathematical and experimental models will be essential for predicting critical qual-
ity attributes such as moisture content, nutrient retention, microstructure, and color-allowing
for better process control, reproducibility, and transferability to large-scale systems. Along-
side modeling, optimizing key operational parameters-including microwave power, ultra-
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sound intensity, and convective temperature, is vital to strike a balance between drying effi-
ciency and the preservation of thermosensitive constituents like -carotene and vitamin C,
while also considering cost-effectiveness in industrial setups.

Furthermore, the integration of digital technologies such as hyperspectral imaging, com-
puter vision, and artificial intelligence is expected to play a transformative role in monitoring
drying in real time, enabling intelligent control and facilitating industrial scalability. At the
same time, practical issues such as retrofitting hybrid equipment into conventional hot-air
dryers, ensuring operator training, and addressing maintenance complexity must be resolved
to support reliable industrial deployment. Equally important is the need for targeted research
on specific categories of medicinal materials-ranging from leaves and roots to fungi and es-
sential oil-rich botanicals- to guide process customization based on structural and chemical
characteristics and to meet regulatory requirements in herbal medicine production.

Together, these advances will help establish ultrasound—microwave drying as a sustaina-
ble, high-performance solution tailored for the next generation of herbal processing applica-
tions.

Conclusion

The ultrasound-assisted convective-microwave drying (UACMD) is a promising tech-
nique for medicinal herbs and food products, offering reduced drying time and energy use
through synergistic mechanisms: ultrasound-enhanced mass transfer, microwave volumetric
heating, and hot-air convection. It effectively preserves bioactive compounds such as vitamin
C, polyphenols, and carotenoids, while improving texture and rehydration capacity. Although
color changes are possible, they can be effectively minimized through optimized process
conditions, ensuring visual quality alongside functional and nutritional preservation. To un-
lock the UACMD’s full potential, further studies on drying kinetics and bioactive stability
are needed. In-depth research into the drying mechanisms specific to each type of medicinal
plant will enable precise process optimization, ensuring consistent product quality at scale.
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ZINTEGROWANE SUSZENIE KONWEKCYJNO-MIKROFALOWE
WSPOMAGANE ULTRADZWIEKAMI DO DEHYDRATACJI
ROSLIN LECZNICZYCH

Streszczenie. Zintegrowane suszenie konwekcyjno — mikrofalowe wspomagane ultradzwigkami
(UMCD) do dehydratacji roslin leczniczych jest wschodzaca hybrydowa metoda suszenia, ktora taczy
w sobie konwekcje goracym powietrzem, ogrzewanie mikrofalowe oraz kawitacje ultradzwigkami
celem zwigkszenia transferu wilgoci i zachowania bioaktywnych sktadnikéw w ziotach leczniczych.
Niniejszy przeglad stanowi streszczenie zalet tej metody, do ktorych zalicza si¢ redukcje czasu suszenia
o 30-80%, poprawe¢ wydajnosci energetycznej oraz lepsza retencj¢ przeciwutleniaczy, olejkow
eterycznych i koloru. Jednak pozostaja wyzwania, takie jak degradacja termiczna oraz ztozonosc¢ ska-
lowania. Przyszte osiagnigcia klada nacisk na integracj¢ inteligentnych elementow sterowania (szt-
ucznej inteligencji, widzenia komputerowego i obrazowania hiperspektralnego) oraz dostosowywanie
protokotow do konkretnych rodzajow ziét, co czyni UACMD zréwnowazonym i wydajnym rozwiaza-
niem w zakresie nowoczesnego suszenia ziot.

Stowa kluczowe: Ziota lecznicze, suszenie hybrydowe, konserwacja zwiazkoéw bioaktywnych, susze-
nie za pomoca ultradzwigkow, suszenie mikrofalowe
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