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Abstract

A technology has been developed for producing dry functional vegetable powders from carrot,
beetroot, and pumpkin pomace using combined methods: convective drying, ultrasound
pretreatment, and vacuum-microwave drying. A comparative analysis was conducted to evaluate
the effects of different drying techniques on particle size distribution, flowability, hydration
properties, color, thermal stability, retention of bioactive compounds ((3-carotene, betalains,
carotenoids), and overall functional-technological characteristics of the powders. It was established
that vacuum-microwave drying provides the best results: minimal moisture content (5.2-6.1%), low
water activity (0.28-0.33), high flowability (Carr’s index 23.7-30.4), excellent dispersibility and
solubility, as well as maximum retention of thermolabile compounds (carotenoids/betalains retention
up to 90-95%). Ultrasound pretreatment significantly enhances mass transfer, reduces particle size,
and improves powder quality during subsequent convective drying; however, it remains inferior to
the vacuum-microwave method across all key indicators. Optimal parameters for vacuum-
microwave drying were determined for each type of raw material, ensuring maximum nutrient
preservation with minimal processing time. The resulting powders demonstrate high thermal
stability up to 200 °C and are suitable for fortification of functional food products. The study results
confirm the high potential of combined drying technologies applied to secondary vegetable raw
materials for the production of natural functional ingredients with extended shelf life.

Keywords: vegetable powders; carrot/beetroot/pumpkin pomace; vacuum-microwave drying;
ultrasound treatment; bioactive compounds; functional properties
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1. Introduction

Dry vegetable powders obtained from secondary raw materials (pomace of carrot, beetroot,
pumpkin, and similar wastes) serve as natural additives for enriching food products with bioactive
compounds such as antioxidants, vitamins, dietary fibers, and pigments. They effectively replace
synthetic colorants, preservatives, and stabilizers, contributing to the creation of healthier and more
environmentally friendly products [1]. The global market for natural colorants and functional
ingredients is growing at 8-10% annually [2]. Powders from vegetable pomace are already
successfully used in the EU and USA as substitutes for synthetic colorants (E124, E129, E160b) and
antioxidants (E300-E321) [3,4]. This aligns with the principles of sustainable development by
reducing food waste and enhancing the functionality of finished products.

Studies show that adding vegetable powders at dosages of 0.5-1% to yogurts increases total
phenolic content (TPC) by up to 300% and extends shelf life due to antioxidant properties [5]. In ice
cream (0.2-0.5%), powders stabilize texture by preventing ice crystal formation [6]. In juices (0.2-
0.5%), they act as natural colorants, enriching the product with pigments such as betalains [7]. In
cocktails (0.3-0.6%), they stabilize emulsions and prevent phase separation [8]. In teas (1-2%), they
serve as flavor enhancers, intensifying taste [9]. In bread (1-3%), powders slow down staling thanks
to dietary fibers, prolonging freshness [10]. For gluten-free bakery products (2-4%), they provide
additional fiber to improve structure [11]. In sausages (0.1-0.3%), powders inhibit lipid oxidation,
extending shelf life [12]. For vegan meat analogs (0.5-1%), they ensure natural color [13]. In canned
fish (0.1-0.3%), they prevent rancidity [14]. Research results demonstrate that incorporating vegetable
powders into food formulations extends shelf life, provides stable color, enhances flavor, stabilizes
emulsions (preventing separation), and improves bioavailability. However, authors also note that
higher dosages can impart bitterness to products [15] or undesirable off-flavors [16], affect texture by
making it less uniform [17], and increase viscosity [18].

Studies confirm that the physicochemical properties of vegetable powders significantly
influence the sensory, stabilizing, rheological, structural, organoleptic, and other characteristics of
the final food product [19-23].

The most common methods for producing vegetable powders are vacuum-microwave drying
and convective hot-air drying. However, each drying method, depending on the type of plant raw
material and the intended use of the resulting powder, has its own advantages and disadvantages
[24]. Convective hot-air drying is one of the most widespread and cost-effective methods for
producing powders from vegetable pomace. It yields powders with good dietary fiber content but
often results in 20-50% losses of thermolabile antioxidants (carotenoids, betalains) due to high
temperatures [25]. Vacuum-microwave drying enables drying at low temperatures (40-60 °C),
preserving antioxidants much better (retention up to 80-90%), as well as color and flavor. This
method reduces drying time by 5-10 times and minimizes oxidation [26,27]. In recent years,
ultrasound-assisted processing (ultrasound-assisted extraction, UAE) has been widely applied for
extracting antioxidants from carrot, beetroot, and pumpkin pomace. It significantly increases the
yield of bioactive compounds compared to traditional methods, thanks to cavitation that disrupts cell
walls and enhances mass transfer. UAE minimizes oxidation at moderate power levels, improving
stability in moist products (e.g., emulsions or yogurts) [28]. Its selectivity helps reduce bitterness by
limiting the extraction of bitter phenolic compounds [29]. UAE of carotenoids (p-carotene, lutein,
lycopene) from carrot pomace provides higher yields than conventional methods [30]. However,
excessive power, duration, or temperature (>60 °C) can generate free radicals (OH, HzO,), leading to
oxidation, isomerization, or degradation of bioactives (e.g., carotenoids in carrot at >60% ethanol,
betalains in beetroot at room temperature) [31].

The aim of the present study was to determine the advantages and disadvantages of various
drying methods, including combined ones, using pomace from carrot, beetroot, and pumpkin as
examples. The research objective was to conduct a comparative analysis of the production of dry
functional vegetable powders from carrot, beetroot, and pumpkin pomace using convective drying,
ultrasound-assisted (combined) processing, and vacuum-microwave drying. The novelty of the
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study lies in establishing the relationships between drying parameters and methods applied to carrot,
beetroot, and pumpkin pomace and the qualitative, rheological, organoleptic, and other
characteristics of the resulting vegetable powders.

2. Materials and Methods
2.1. Raw Materials

Pomace from carrot, beetroot, and pumpkin was used immediately after industrial juice pressing.
The varieties included: Pumpkin —‘Matilda F1’ (sweet, with dense orange flesh); Beetroot — “Pablo F1’
(excellent taste, dark-red flesh); Carrot — ‘Prominence F1’ (sweet, bright-orange roots). These varieties
are the most common in industrial production and provide high juice yields.

2.2. Methods for Processing Carrot, Beetroot, and Pumpkin Pomace

Convective drying (CD) — a traditional method for moisture removal through circulation of hot
air around the material. The process was carried out in drying cabinets at air temperatures of 50—
80 °C to avoid severe degradation of thermolabile components. Airflow velocity was regulated within
0.5-2 m/s to ensure uniform exposure and efficient mass transfer. The material was placed in a thin
layer (5-20 mm) on perforated trays. Drying duration ranged from 8-24 hours depending on initial
moisture content, particle size, and selected temperature. CD is simple to implement; however, its
drawbacks include longer processing time and uneven drying, leading to partial loss of bioactive
compounds and changes in product color [32].

Vacuum-microwave drying (VMD) was performed using the MagWave-3000 unit, which
combines microwave volumetric heating with reduced pressure. Microwave energy (power 300-600
W), absorbed by water molecules within the material, provided rapid and uniform heating
throughout the volume, significantly accelerating moisture removal compared to traditional methods.
Vacuum was maintained in the range of 0.05-0.1 MPa, lowering the boiling point of water (to 30—
50 °C) and minimizing thermal degradation of thermolabile compounds ({3-carotene, betalains, and
other pigments). Process duration varied from 15-45 minutes depending on initial material moisture
and layer thickness. Drying was conducted in intermittent mode with automatic control of power
and pressure, ensuring high retention of color, aroma, and bioactive compounds, as well as the
formation of a porous powder structure with good solubility [33].

Ultrasound treatment of carrot, beetroot, and pumpkin pomace was performed using the
Hielscher UP400St ultrasonic homogenizer. Ultrasound frequency ranged from 20-35 kHz, providing
effective disruption of cell walls, reduced suspension viscosity, and uniform particle dispersion.
Processing power varied in the range of 200-600 W/kg of treated material, allowing control of
cavitation intensity depending on raw material type and desired homogenization degree. Treatment
duration was 5-20 minutes. The process was conducted in pulse mode (to prevent overheating) with
constant cooling of the suspension in an ice bath. Ultrasound treatment resulted in significant particle
size reduction, release of intracellular compounds (e.g., pigments and bioactive substances), and
improvement of the technological properties of the resulting powder [34].

2.3. Functional-Technological Properties and Composition of Vegetable Powders

The following methods were used to determine the functional-technological properties and
composition of the vegetable powders: Particle size. Granulometric composition was determined by
laser diffraction using a Malvern Mastersizer 3000 instrument. Samples were dispersed in a liquid
medium (water) and passed through a laser beam. Based on light scattering angles from particles of
different sizes, volume-based distribution was calculated (d10, d50, d90, and mean diameter). The
results allowed assessment of the degree of grinding and powder uniformity after various treatments;
Flowability. Flow properties were evaluated using three parameters: Angle of repose — measured
by free pouring the powder through a funnel onto a flat surface and determining the angle between
the cone and the horizontal plane; Carr’s index (CI) and Hausner ratio (HR) — calculated from bulk
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and tapped densities (after tapping): CI=100 x (o_tapped — o_bulk)/o_tapped; HR =o_tapped/o_bulk.
Low values indicate excellent flowability, while high values suggest a tendency to caking; Hydration
properties. Water-holding capacity (WHC) and oil-holding capacity (OHC) were determined
according to the standard AACC 88-04 method. A powder sample was mixed with excess water (or
oil), centrifuged, the supernatant removed, and the amount of retained liquid per gram of dry matter
calculated (g/g). These indicators characterize the functional-technological properties of the powder
as a food ingredient; Color. Color was measured in the CIE Lab* system using a HunterLab ColorFlex
spectrophotometer in reflectance mode. Parameters: L* — lightness (0-100), a* — from green (-) to
red (+), b* — from blue (-) to yellow (+). Measurements were performed in multiple replicates on
evenly distributed powder. This method enabled objective evaluation of natural pigment retention
after technological processing; Content of [-carotene, betalains, and carotenoids. Quantitative
determination was performed by high-performance liquid chromatography (HPLC) using a suitable
C18 column, mobile phase, and detector. Pigment extraction was carried out with organic solvents,
and calibration used certified standards. The method provided high accuracy and selectivity for
individual compounds; Thermostability. Thermal analysis was conducted simultaneously by
thermogravimetry (TGA) and differential scanning calorimetry (DSC) using a Netzsch STA 449 F3
instrument. Samples were heated in an inert atmosphere (nitrogen) at a rate of 10 K/min in the range
of 25-600 °C. TGA recorded mass loss (moisture, decomposition), while DSC detected endothermic
and exothermic transitions (melting, oxidation). The obtained data indicated the thermal stability of
the powders [35]; Sensory evaluation. Evaluation was performed using a 9-point hedonic scale (1 —
extremely dislike, 9 — extremely like) by a panel of 12 tasters. Parameters assessed included color,
aroma, taste, and consistency (for rehydrated samples). Tasting was conducted under controlled
lighting and temperature conditions. Results were averaged and subjected to statistical analysis using
analysis of variance (ANOVA). Multiple comparisons were performed using Tukey’s test at a
significance level of p < 0.05. Calculations were carried out using Statistica 13.0 software.

3. Results

3.1. The Drying Kinetics of Vegetable Powders during Vacuum-Microwave Drying

To conduct a comparative analysis of the functional-technological properties and composition
of vegetable powders obtained from carrot, beetroot, and pumpkin pomace using convective drying,
ultrasound-assisted (combined) processing, and vacuum-microwave drying, the results obtained by
the aforementioned methods are presented below. Figure 1 shows the drying kinetics of vegetable
powders during vacuum-microwave drying.
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Figure 1. Drying kinetics of vegetable powders.

All three curves exhibit an exponential character, typical for drying processes of food materials.
In the interval of 0-20 min, there is a stage of rapid moisture removal due to intense evaporation of
free surface moisture under the high partial pressure difference in vacuum-microwave drying.
Moisture content decreases by 40-50% from the initial value (carrot and beetroot — down to ~25-
30%, pumpkin — down to ~35-40%). In the interval of 20-50 min, the falling rate period occurs as
moisture is removed from internal layers, with diffusion becoming the limiting factor. Moisture
content reaches ~10-15% for carrot and beetroot, and ~20-25% for pumpkin. In the interval of 50-120
min, all three powders achieve equilibrium moisture content ~4—6%.

3.2. Effect of Drying Methods on the Granulometric Composition and Density of Vegetable Powders

The granulometric composition and density of vegetable powders obtained by vacuum-
microwave drying (VMD) were determined using laser diffraction (Table 1). The finest and most
uniform powder was from beetroot (D50 = 32 um, Span = 1.78). Beetroot also showed the highest bulk
density (0.45 g/cm?). Carrot and pumpkin powders were slightly coarser but still exhibited high
flowability (Span <2, which is considered good for food powders).

Table 1. Granulometric composition and density of vegetable powders obtained by vacuum-microwave drying

(VMD).
D50 Bulk Tapped
D10, . D90, Span . .
Powder (median), . . density, density,
pm pm (polydispersity)
um g/cm? g/cm?
Carrot 10 38 85 1.97 0.39 0.56
Beetroot 8 32 65 1.78 0.45 0.59
Pumpkin 15 45 98 1.84 0.41 0.58

The data obtained on the granulometric composition and density of vegetable powders using
laser diffraction, for powders produced with ultrasound pretreatment followed by convective drying
(Table 2), show that the particles are noticeably coarser (D50 is 30-40% larger) compared to those
obtained by vacuum-microwave drying (VMD). The polydispersity is higher, meaning the powder
is less uniform. The values of bulk and tapped density are also lower [36].

Table 2. Granulometric composition and density of vegetable powders obtained with ultrasound pretreatment

and convective drying.

D50 Bulk Tapped
D10, ) D90, Span . )
Powder (median), ) ) density, density,
pm pm (polydispersity)
um g/cm? g/cm?
Carrot 14 52 118 2.08 0.34 0.51

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Beetroot 12 44 96 191 0.39 0.54
Pumpkin 19 61 138 1.95 0.36 0.53

Analysis of the flowability data for beetroot and carrot powders produced by vacuum-
microwave drying indicates that particles with D50 values exhibit better flow properties. The superior
flowability of the beetroot powder is ensured by the more spherical shape of its particles (Figure 2).

Carr’s Index (%) vs D50 (um)
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Figure 2. Flowability vs D50.

3.3. Effect of Drying Methods on the Thermal Properties of Powders

The results of thermogravimetric analysis (TGA) show changes in sample mass (%) as a function
of temperature (°C) during heating in an inert atmosphere at a rate of 10 °C/min (Figure 3). All curves
exhibit a similar pattern — a gradual mass loss with increasing temperature, occurring in several
distinct stages. Interval 25-150 °C — removal of weakly bound moisture (mass loss 4-8%). Interval
150-300 °C (mass loss ~10-15%) — onset of thermal decomposition of organic matter, degradation of
volatile components (monosaccharides, organic acids, some pigments), and the beginning of
pyrolysis of polysaccharides (hemicellulose, pectin). Interval 300-500 °C — main decomposition
stage (the most intense, mass loss 30-40%) due to thermal breakdown of cellulose, lignin, proteins,
and other structural polymers of cell walls. Interval >500 °C — final stage: mass stabilizes at ~55-
60%. The remaining residue is the mineral ash — inorganic salts (K, Ca, Mg, Na, etc.) and oxides [37].
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Figure 3. TGA (Thermogravimetric analysis).

3.4. Factors Related to the Retention of Bioactive Compounds and High Technological Properties of Vegetable
Powders Using Different Drying Methods

The results of the functional-technological properties and composition of vegetable powders
obtained by vacuum-microwave drying (Table 3) demonstrate that beetroot powder exhibits the
highest flowability and pourability, characterized by the lowest angle of repose and Carr’s index.
Carrot powder shows the highest contents of dietary fiber and carotenoids among the three powders.
All three powders have extremely low moisture content and water activity (ax), which ensures a long
shelf life of up to 2-3 years [38].

Table 3. Functional-technological properties and composition of vegetable powders obtained by vacuum-

microwave drying.

Parameter Carrot Beetroot Pumpkin
Moisture, % 5.6 5.2 6.1
Water activity, a 0.3 0.28 0.33
Angle of repose, ° 431 38.7 41.5
Carr Index, % 30.4 23.7 29.3
Hausner Ratio 1.44 1.31 1.41
Dispersibility (30 s), % 88 72 75

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0974.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 January 2026 d0i:10.20944/preprints202601.0974.v1

8 of 16

Dissolution time (90%), s 45 68 62
Mouthfeel (creaminess, /9) 6.2 5.1 7.8
Dietary fiber, % 58.2 51.4 49.7
Carotenoids, mg/100 g 42.1 — 18.3
Betalains, mg/100 g — 92.4 —

The results of the functional-technological properties and composition of vegetable powders
obtained by preliminary ultrasound pretreatment followed by vacuum-microwave drying (Table 4)
demonstrate that ultrasound pretreatment (US) prior to vacuum-microwave drying enhances the
cavitation effect, creates microchannels in cell walls, improves mass transfer, and enables even better
preservation of thermolabile compounds due to faster and more uniform moisture removal [39].
Thanks to more efficient removal of bound moisture, the moisture content and water activity (ax) are
lower (by 0.5-1%) compared to pure vacuum-microwave drying. Flowability parameters (angle of
repose, Carr’s index, Hausner ratio) are also significantly improved, with a markedly reduced
tendency to caking due to the highly porous structure of the powder particles. Dispersibility and
dissolution time are 10-20% higher owing to the formation of micropores induced by ultrasound.
Dietary fiber content is higher due to reduced degradation of polysaccharides. Retention of
carotenoids and betalains is improved by 10-15%, achieved through minimization of oxidative
degradation and pigment isomerization during the short, low-temperature vacuum-microwave
drying stage [40].

Table 4. Functional properties and composition of vegetable powders obtained with preliminary ultrasonic

treatment and vacuum-microwave drying.

Carrot US + .
Parameter Beetroot US + VMD  Pumpkin US + VMD
VMD
Moisture, % 48-54 45-5.0 52-58
Water activity, ay 0.26 -0.29 0.24-0.27 0.28 -0.32

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Angle of repose, ° 40 -42 35-38 38 -41
Carr Index, % 25-29 20-23 24 - 28
Hausner Ratio 1.33-1.41 1.25-1.30 1.32-1.39
Dispersibility (30 s), % 92 -95 78 -85 80 — 88
Dissolution time (90%), s 35-42 55 - 65 50 - 60
Mouthfeel (creaminess, /9) 6.8-75 58-6.5 8.0-8.5
Dietary fiber, % 60 - 63 53 -56 51-54
Carotenoids, mg/100 g 45-50 — 20-23
Betalains, mg/100 g — 98 — 105 —

The results of the functional-technological properties and composition of vegetable powders
obtained by convective drying (Table 5) and by convective drying with preliminary ultrasound
pretreatment (Table 6) show that the moisture content and water activity (ay) values are close to those
achieved with ultrasound pretreatment alone [41]. However, flowability parameters (angle of repose,
Carr’s index, Hausner ratio) are noticeably poorer compared to the ultrasound + convective drying
variant. Without ultrasound pretreatment, the powders exhibit a higher tendency to caking and
lower pourability. Dispersibility and solubility are 10-25% worse, which can be explained by larger
particle sizes and less disruption of cell walls compared to the ultrasound-pretreated samples. A
significantly greater loss (25-45% compared to the ultrasound variant) of carotenoids and betalains
is observed, as prolonged convective drying at elevated temperatures causes more severe
degradation of thermolabile pigments [42].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 5. Functional properties of vegetable powders obtained by convective drying only.
Beetroot Pumpkin

Parameter Carrot Convective Convective Convective
Moisture, % 6.5-9.2 7.0-95 6.8-9.0
Water activity, ax 0.38-0.48 0.40-0.50 0.42-0.52
Angle of repose, ° 52 -58 50 - 57 48 - 55

Carr Index, % 38-44 36 —42 35-41
Hausner Ratio 1.60 -1.75 1.55-1.70 1.52-1.68
Dispersibility (30 s), % 58 - 68 52 - 62 55 -65

Dissolution time (90%), s 95-130 110 - 145 90 -125
Mouthfeel (creaminess, /9) 3.8-4.5 32-40 45-53
Dietary fiber, % 48 - 55 42 - 50 40 -48
Carotenoids, mg/100 g 18-28 — 8-15

Betalains, mg/100 g — 50 - 68 -

Table 6. Functional properties of vegetable powders obtained with preliminary ultrasonic treatment and

convective drying.

Parameter Carrot US Beetroot US Pumpkin US
Moisture, % 7.8 7.4 8.2
Water activity, ay 0.42 0.39 0.46
Angle of repose, ° 48.6 45.2 47.1
Carr Index, % 36.8 32.1 35.4
Hausner Ratio 1.58 1.47 1.55
Dispersibility (30 s), % 71 59 63
Dissolution time (90%), s 78 94 89
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Mouthfeel (creaminess, /9) 4.8 3.9 5.7
Dietary fiber, % 52.3 471 44.6
Carotenoids, mg/100 g 31.6 — 12.7
Betalains, mg/100 g — 74.8 —

4. Discussion

The nutritional value and functional properties of vegetable powders obtained from pomace
depend on the drying methods and process parameters, as well as on the type and characteristics of
the raw material [43]. For example, the vacuum-microwave drying (VMD) process proceeds faster
for beetroot (reaching ~5% moisture by 90-100 minutes) due to lower bound moisture content, while
it is slower for pumpkin due to its high starch content and initial moisture level.

The granulometric composition and density characteristics of the vegetable powders indicate
that particle properties significantly influence flowability, dispersibility, solubility, color, and sensory
attributes [42]. For instance, the high sphericity of beetroot particles ensures superior flowability (D50
< 35 um + Span < 1.8), while the high porosity (>40%) of carrot particles provides excellent
dispersibility and solubility. The type of pigment also contributes to color retention in beetroot
powder [44].

Thermal analysis of the vegetable powders demonstrated good thermostability up to
approximately 200-250 °C, with mass loss not exceeding 10-12%. The main decomposition stage
occurred above 300 °C, which is typical for fiber-rich plant materials. Therefore, these powders can
be safely used in food technologies without significant degradation at temperatures up to 200 °C [45].

The combination of ultrasound pretreatment with vacuum-microwave drying enabled rapid
moisture reduction in the first 20-30 minutes and safe moisture levels (<8-10%) were achieved within
60-90 minutes. Equilibrium moisture content was reached in approximately 2 hours, while thermal
stress on thermolabile compounds was minimized due to the reduced boiling point of water under
vacuum [46]. Analysis of the obtained results allowed optimization of vacuum-microwave drying
parameters (Table 7). Recommended optimization parameters: Carrot: medium power (400 W) for
maximum [3-carotene retention (85%) with reasonable drying time (20-25 min); Beetroot: low vacuum
(5-10 kPa) and power of 300 W to minimize betalain oxidation, achieving up to 90% retention;
Pumpkin: low power (200 W) is optimal for preserving vitamins (95%) and reducing drying time to
10-15 min [47].

Table 7. Recommended parameters for vacuum-microwave drying.

. Nutrient ) Drying
Power Vacuum Time  Temperature . Moisture
Crop . retention rate
W) (kPa) (min) O (%) .
(%) (g/min)
Carrot 400-600 10-15 20-30 40-50 70-85 5-7 0.2-0.3
Beetroot 300-500 5-10 15-25 3545 75-90 4-6 0.15-0.25
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Pumpkin  200-400 5-10 10-20 3040 80-95 5-8 0.25-0.35

Figure 4 presents the powders obtained by the vacuum-microwave drying method.

a B &

Figure 4. Powders obtained by vacuum-microwave drying method, where: a — carrot; b — pumpkin; c —beetroot.

Convective drying without preliminary ultrasound pretreatment produces powders with poorer
technological properties (lower flowability, reduced solubility, coarser texture) and significantly
lower content of bioactive compounds (especially carotenoids and betalains). Ultrasound
pretreatment noticeably improves the quality of the final product when followed by convective
drying [42].

5. Conclusions

The comparative analysis of drying data using various methods, including combined
approaches, on carrot, beetroot, and pumpkin pomace confirmed that vacuum-microwave drying
enables the production of vegetable powders suitable for use in food technologies for functional
products at temperatures up to 200 °C. At the same time, the application of ultrasound pretreatment
combined with convective drying improved some parameters compared to conventional convective
drying; however, it still remains significantly inferior to vacuum-microwave technology across all
key functional and consumer characteristics of vegetable powders (Table 8).
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Table 8. Comparative key performance indicators of vegetable powders.
US + Convective .
Parameter VMD . Difference
drying
. 30—40% higher, poorer
Moisture 5.2-6.1% 7.4-8.2%
shelf life
. High  microbiological
Water activity (ay) 0.28-0.33 0.39-0.46 )
risk
Carr’s index 23.7-30.4 32.1-36.8 Inferior flowability
Dispersibility (30 s) 72-88% 59-71% 15-25% lower
Dissolution time 45-68 s 7894 s 1.5-2 times longer
Mouthfeel (creaminess) 5.1-7.8 3.9-5.7 Noticeably poorer
Retention of 100% Significant loss of active
_ . . -23...-27%
carotenoids/betalains (baseline) compounds

The results of this study, supported by existing literature, highlight the importance of selecting
the appropriate drying method for vegetable pomace, particularly for ingredients used in functional
food technologies. Furthermore, the functional and consumer characteristics are significantly
influenced by the type of plant raw material, with greater variability observed across different drying
process parameters. These findings emphasize the need for strict control of drying processes and
parameters (power, duration, temperature) to ensure consumer safety and product quality.
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