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Abstract
Fermented beetroots can be osmotically dehydrated and then dried to make a nutritious snack known as fermented beet chips. 
To ensure the best product quality, it is necessary to determine optimal parameters of osmotic dehydration. Therefore, the 
aim of this study was to determine the optimal parameters of pulsed vacuum osmotic dehydration (PVOD) of fermented 
beetroot slices. The response surface methodology (RSM) was employed to optimize PVOD and improve the efficiency 
of the process. The experimental parameters considered: (T) processing temperature (20 < T < 40 °C), (SC) sugar concen-
tration (40 < SC < 60%), (VT) vacuum impregnation time (10 < VT < 50 min), and (ST) slice thickness (2 < ST < 6 mm). 
PVOD was optimized in terms of properties of beetroot tissue (hardness, HT, redness, a*T, water loss, WL, solid gain, SG) 
and osmotic solution (dry matter content,  DMS, redness, a*S). The optimum qualities of beetroot tissue (HT = 202.0 N, 
a*T = 11.8, WL = 55.5%, SG = 7.1%) and osmotic solution  (DMS = 57.3%, a*S = 38.9) were obtained at T = 20 °C, SC = 60%, 
VT = 10 min, ST = 6 mm and T = 40 °C, SC = 60%, VT = 50 min, ST = 2 mm, respectively. The beet tissue obtained by PVOD 
in optimal parameters was characterized by 2.58 ± 0.21 kg  H2O/kg DM moisture content  (MCF), 4.64 ± 0.37 mg GA/g DM 
total polyphenols (TPC), 2.2 ± 0.2 mg TE/g DM ferric reducing antioxidant power (FRAP), 1125 ± 10 kg/m3 density (ρT), 
and 4.29 ± 0.24 total color change (ΔE*) compared to material before PVOD. 2D and 3D images of the beetroot surface 
structure allowed to observe the collapse of the structure and the appearance of a semi-transparent coating (most likely a 
sugar solution) on the material after PVOD.

Keywords Pulsed vacuum osmotic dehydration (PVOD) · Fermented beetroot · Optimization · Response surface 
methodology (RSM)

Introduction

Beetroot (Beta vulgaris L.) is a biennial plant in the Che-
nopodiaceae family. The edible part of beetroot is globe 
or cylindrically shaped root with red–purple, golden yel-
low, or red-white color, depending on the variety of the 
beet (Chhikara et al., 2019). Beetroots are characterized by 
a high antioxidant capacity mostly attributed to the large 
amount of colorants (betalains) (Kerr & Varner, 2020). In 

addition, beetroots contain folic acid, vitamin C, and group 
B vitamins (Carrillo et al., 2019). Since beetroots increase 
immunity, reduce blood pressure, and prevent aging or the 
occurrence of cancer, they should be included into human 
diet (Clifford et al., 2015).

Most often, beetroots are eaten fresh or cooked, but they 
can also be used in the processing industry for the lactic acid 
fermentation to produce the beetroot leaven (Chhikara et al., 
2019). While leaven is a final product of lactic acid fermen-
tation of beetroot, fermented tissues often are considered 
waste. Nevertheless, this product still has a high nutritional 
value, and fermented beetroots can prevent and manage met-
abolic disorders, cardiovascular diseases, cognitive improve-
ment, immune enhancement, etc. (Sivamaruthi et al., 2018). 
An interesting idea to utilize the fermented beetroots seems 
to be the production of fermented beetroot chips. Dried beet-
root chips can be a good snack as an ideal alternative to fried 
potato chips. A properly selected heat source, method, and 
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process parameters may have a significant impact on dry-
ing time and thus the properties and nutritional value of the 
obtained dried chips (Kudra & Mujumdar, 2009).

To partially reduce the initial amount of water in the 
material and thus shorten the drying time while maintaining 
the health-promoting properties of the product, non-thermal 
pre-treatment methods such as osmotic dehydration can be 
used (Pan et al., 2003). Osmotic dehydration can be carried 
out at atmospheric pressure (OD) or using a pulsed vacuum 
(PVOD) for a short period at the start of the process (James 
et al., 2014). During PVOD process, a hydrodynamic mecha-
nism (HDM) and deformation-relaxation phenomena (DRP) 
take place. Due to HDM and DRP, water loss and solids 
gain are higher at the beginning of the PVOD compared to 
OD (Correa et al., 2010). In the PVOD, the most important 
variables are temperature, osmotic solution concentration, 
duration of vacuum impregnation and process time (Ito 
et al., 2007). However, the intensity of mass transfer during 
the vacuum pulse can be significantly influenced by bio-
logical characteristic of the material (Correa et al., 2010). 
The PVOD technique has been already applied to dehydrate 
fresh beetroot, carrot, eggplant, apple, cranberries, strawber-
ries, mango, banana, and fig (Cheng et al., 2014; de Jesus 
Junqueira et al., 2018; Huerta-Vera et al., 2017; Ito et al., 
2007; Liu et al., 2020; Macedo et al., 2021; Sahin & Ozturk, 
2016; Wang et al., 2022). It was found that the application of 
PVOD before drying increased effective moisture diffusiv-
ity, thus shortened the drying time, and decreased shrinkage 
of dried figs (Sahin & Ozturk, 2016). However, the effect of 
vacuum on mass transfer parameters during osmotic dehy-
dration and properties of dehydrated material is strongly 
related to the food microstructure (Derossi et al., 2012). 
For example, fresh beetroots were found to be less sensi-
tive to the effect of PVOD than carrot or eggplant because 
of their less porous and more compact structure (de Jesus 
Junqueira et al., 2018). Additionally, fermentation is one of 
the treatments that can significantly affect the structure of 
the material. In case of table olives, fermentation caused the 
degradation of the skin cuticle, which facilitated polyphenols 
release from the tissues into the brine (Servili et al., 2008).

The intensity of the mass transfer associated with HDM 
and DRP during PVOD is closely related to the three-
dimensional food microstructure and mechanical proper-
ties of solid matrix (Derossi et al., 2012). In order to better 
understand the properties and potential health benefits of 
fermented beetroots, it is necessary to conduct research on 
optimizing the PVOD of fermented beetroot. Therefore, the 
aim of this study was to determine the optimal parameters of 
PVOD of fermented beetroots in terms of dehydrated tissue 
as well as osmotic solution. The response surface methodol-
ogy (RSM) was employed to optimize PVOD and improve 
the efficiency of the process. The specific objectives of this 
study were to: (i) investigate the effect of PVOD parameters 

i.e., temperature, sugar concentration in osmotic solution, 
duration of vacuum impregnation and slice thickness on the 
mass transfer parameters, redness and hardness of the beet 
tissue, and dry matter content and redness of the osmotic 
solution; (ii) fit experimental data to mathematical models; 
(iii) find optimum PVOD parameters; (iv) validate the esti-
mated models, i.e., compare predicted model output to meas-
ured output; and (v) characterize the properties of PVOD 
products (tissue and solution).

Materials and Methods

Material

Fresh beetroots were obtained from a local supermarket 
(Olsztyn, Poland). The initial moisture content of fresh beet-
roots was estimated at 6.29 ± 0.60 kg  H2O/kg DM (AOAC, 
1990). The ripe vegetables were free from all diseases and 
were comparable in freshness and size. Before lactic acid 
fermentation, they were clean by a tap water and cut into 2-, 
4-, and 6-mm slices.

Lactic Acid Fermentation of Beetroot

Beetroot slices (5 kg) and other spices: peppercorns (2.5 g), 
allspice (5.0 g), bay leaves (4.5 g), and garlic cloves (125 g) 
were placed together in glass jars. Then, the contents of 
the jars were poured with a 1.8% NaCl water solution. The 
sample to solution ratio was 1: 1.2. The beetroots were fer-
mented at 20 °C for 9 days. Moisture content of the fer-
mented beetroots was estimated at 12.45 ± 0.59 kg  H2O/kg 
DM (AOAC, 1990). After fermentation, the beetroot slices 
were placed in string bags in a single layer, so that the indi-
vidual slices did not touch each other. Then, the material was 
frozen at −18 °C (LIEBHERR GT 4932 Comfort, Bischof-
shofen, Austria) and kept for further processing.

Experimental Design

The experimental conditions were defined according to a 
Box-Behnken design. The independent variables were: tem-
perature (T), sugar concentration in osmotic solution (SC), 
duration of vacuum impregnation (VT), and slice thickness 
(ST). In the case of osmotically dehydrated beetroot tissue, 
the dependent variables were as follows: hardness (HT), red-
ness (a*T), water loss (WL), and solid gain (SG). In the 
case of osmotic solution, the content of dry matter  (DMS) 
and redness (a*S) was set up as dependent variables. Matrix 
composed of 30 experiments was used to evaluate the opti-
mal PVOD parameters for the material and solution. The 
matrix included 6 replicas at the center point to help control 
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for variability and ensure the reliability of the PVOD results. 
The full experimental design was presented in Table 1.

To analyze the relationship between the independent vari-
ables and the dependent variables, a second-order polyno-
mial equation (Eq. 1) was applied to fit the experimental 
data of each dependent variable:

where Y is the response variable and x corresponds to the 
coded variables, with the sub index i to n; a0 represents 
the constant of the model; ai is the coefficient of the linear 

(1)Yi = a0 +
∑n

i=0
aixi +

∑n

i=1
aiix

2

1
+
∑∑n

i<j
aijxixj

terms; aii is the coefficient of the quadratic terms; aij is the 
coefficient of the interaction terms.

Pulsed Vacuum Osmotic Dehydration

The frozen fermented beetroots were kept at room tempera-
ture for approx. 24 h to thaw before the dehydration process. 
Moisture content of the fermented beetroots (after thawing) 
was estimated at 11.79 ± 0.41 kg  H2O/kg DM (AOAC, 1990). 
PVOD was performed in the vacuum drying oven (DZ ZBC 
II, Chemland, Stargard Szczecinski, Poland) under differ-
ent conditions, i.e., temperature (20, 30, and 40 °C), sugar 

Table 1  Experimental design according to Box-Behnken plan and actual responses related to beetroot tissue and osmotic solution

Values in parentheses represent the experimental points in the coded scale
T processing temperature °C, SC sugar concentration in osmotic solution %, VT vacuum impregnation time min ST slice thickness mm, H hard-
ness N, a* redness, WL water loss %, SG sugar gain %, DM dry matter content %, C central point

T beetroot tissue, S osmotic solution

Test condition Process variables Responses related to beetroot tissue Responses related to 
osmotic solution

T [°C] SC [%] VT [min] ST [mm] HT [N] a*T [-] WL [%] SG [%] DMS [%] a*S [-]

1 20 (−1) 40 (−1) 30 (0) 4 (0) 413 10.9 46.4 9.5 40.5 42.1
2 40 (+1) 40 (−1) 30 (0) 4 (0) 274 12.4 37.3 11.1 38.1 35.7
3 20 (−1) 60 (+1) 30 (0) 4 (0) 228 8.4 65.4 6.4 58.1 35.8
4 40 (+1) 60 (+1) 30 (0) 4 (0) 216 10.2 62.1 12.9 54.6 30.6
5 30 (0) 50 (0) 10 (−1) 2 (−1) 463 16.6 46.7 16.9 47.8 40.9
6 30 (0) 50 (0) 50 (+1) 2 (−1) 549 13.7 49.5 10.4 47.9 40.1
7 30 (0) 50 (0) 10 (−1) 6 (+1) 212 12.9 48.0 7.1 46.3 34.8
8 30 (0) 50 (0) 50 (+1) 6 (+1) 278 9.2 51.5 6.2 49.3 33.5
9 (C) 30 (0) 50 (0) 30 (0) 4 (0) 423 11.8 53.5 6.4 48.5 38.1
10 20 (−1) 50 (0) 30 (0) 2 (−1) 456 16.4 44.9 15.3 48.1 39.9
11 40 (+1) 50 (0) 30 (0) 2 (−1) 489 13.2 45.8 23.1 48.4 37.6
12 20 (−1) 50 (0) 30 (0) 6 (+1) 246 9.1 52.5 9.6 49.9 31.7
13 40 (+1) 50 (0) 30 (0) 6 (+1) 253 10.1 39.6 11.6 50.0 31.9
14 30 (0) 40 (−1) 10 (−1) 4 (0) 348 13.8 47.0 13.6 40.0 35.7
15 30 (0) 60 (+1) 10 (−1) 4 (0) 298 12.9 64.0 11.9 58.1 30.2
16 30 (0) 40 (−1) 50 (+1) 4 (0) 309 11.2 35.5 17.9 40.2 35.4
17 30 (0) 60 (+1) 50 (+1) 4 (0) 264 12.0 63.3 10.6 56.3 33.3
18 (C) 30 (0) 50 (0) 30 (0) 4 (0) 304 11.9 51.1 8.8 48.6 35.7
19 20 (−1) 50 (0) 10 (−1) 4 (0) 331 12.3 57.9 9.3 45.6 34.7
20 40 (+1) 50 (0) 10 (−1) 4 (0) 290 13.2 56.6 11.6 48.0 36.1
21 20 (−1) 50 (0) 50 (+1) 4 (0) 366 9.2 53.0 9.7 46.5 37.5
22 40 (+1) 50 (0) 50 (+1) 4 (0) 292 11.2 52.6 17.7 47.7 36.0
23 30 (0) 40 (−1) 30 (0) 2 (−1) 439 15.7 34.5 22.5 38.9 43.1
24 30 (0) 60 (+1) 30 (0) 2 (−1) 443 11.6 50.1 20.5 57.6 44.0
25 30 (0) 40 (−1) 30 (0) 6 (+1) 244 11.5 38.5 13.7 40.4 37.3
26 30 (0) 60 (+1) 30 (0) 6 (+1) 278 11.1 54.7 8.2 58.3 31.5
27 (C) 30 (0) 50 (0) 30 (0) 4 (0) 316 11.0 50.3 14.0 46.2 30.6
28 (C) 30 (0) 50 (0) 30 (0) 4 (0) 348 10.8 53.7 8.6 46.2 33.7
29 (C) 30 (0) 50 (0) 30 (0) 4 (0) 351 10.2 43.4 11.2 46.9 36.7
30 (C) 30 (0) 50 (0) 30 (0) 4 (0) 378 11.0 52.7 8.9 45.9 31.6
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concentration in osmotic solution (40, 50, and 60%), dura-
tion of vacuum impregnation (10, 30, and 50 min), and slice 
thickness (2, 4, and 6 mm). Initially, the material and the 
osmotic solution were subjected to vacuum for 10 to 50 min, 
and then the samples were dehydrated at atmospheric pres-
sure for up to 180 min. The material to solution ratio during 
PVOD was set at 1:4. The osmotic solution contained 5% 
NaCl. PVOD experiments were performed in triplicate.

Mass Transfer Parameters

The weight and the moisture content of beetroots were deter-
mined before and after PVOD. The weight was measured 
with an accuracy of ± 0.001 (PS 210.R2, RADWAG, Bia-
lystok, Poland). Moisture content was determined gravimet-
rically using vacuum drying oven (DZ ZBC II, Chemland, 
Stargard Szczecinski, Poland) according to the standard 
(AOAC, 1990). The air temperature in the drying chamber 
was set at 70 °C, and heating time was 24 h. Water loss 
(WL) and solid gain (SG) were calculated according to the 
formulas presented in the literature (El-Aouar et al., 2006).

The dry matter content  (DMS) of the solution was deter-
mined gravimetrically using drying oven (FED53  127, 
Binder, Bohemia, USA). The solution (about 5 g) was dried 
at 105 °C for 24 h.  DMS was calculated according to the 
formula presented in the literature (Khajehei et al., 2015). 
The measurements were performed in 6 replications.

Mechanical Properties

Texture profile analysis (TPA) was performed using a texture 
analyzer (TA-HD plus, Stable Micro Systems, Godalming, 
UK). The time between compressions was 1 s, relative defor-
mation 50% and piston speed 2 mm/s. Mechanical properties 
of beetroot samples were calculated using the MATLAB 
software (R2019a, MathWorks, Natick, USA). Such prop-
erties as hardness (H), cohesiveness (C), springiness (Sp), 
gumminess (G), and chewiness (Ch) were obtained from 
the force–deformation curve (Zielinska et al., 2015). Each 
sample was analyzed in 15 repetitions.

Color

Beetroot tissue and solution color measurements were 
carried out using a spectrophotometer (3Color 9000Neo, 
TRI-COLOR, Narama, Poland) in reflection mode under 
standard D65 illumination, 10° observer, and 18 mm dia-
phragm. Results were expressed in the CIEL*a*b* space. 
The indices—ΔE* (total color difference), ΔC* (total 
saturation difference), and ΔH* (total hue difference)—
were calculated according to the formulas presented in the 

literature (Zielinska & Markowski, 2012). The results for 
beetroot tissue and osmotic solution were averaged over 
30 and 6 measurements, respectively.

Density

Density of osmotic solution was determined by pycnomet-
ric method using demineralized water as a reference. Den-
sity of beetroot tissue was determined by the hydrostatic 
method, i.e., weighing the sample in air and in demineral-
ized water. The weight was measured with an accuracy 
of ± 0.001 (PS 210.R2, RADWAG, Bialystok, Poland). 
Density measurements of osmotic solution and beetroot 
tissue were performed at room temperature (20 ± 1 °C) in 
3 and 5 repetitions, respectively.

Dynamic Viscosity of Osmotic Solution

The dynamic viscosity (η) of the osmotic solution was 
determined using a rotary rheometer (Rheotest 2.1, VEB 
MLW, Medingen, Germany). Based on tangential stress 
values measured at selected shear rates in the range from 
0.03 to 1300 1/s, the flow curves were plotted. The measur-
ing chamber of the rheometer was surrounded with a water 
jacket with thermo-circulation, which helped to maintain 
the required measurement temperature (t = 20 °C). The 
measurements were performed in triplicate.

Viscoelastic Properties of Beetroot Tissue

The rheological properties of fermented beetroot tissue 
were evaluated by stress relaxation test using Texture Ana-
lyzer (TA.HD plus, Stable Micro Systems Ltd., Godalm-
ing, UK). The strain and duration set for the test were 20% 
and 60 s, respectively. Slices with a diameter of 12.5 mm 
and a thickness of 6 mm were used in the experiments. 
The parameters of a three-element Maxwell model (Eq. 2) 
were estimated based on stress relaxation curves over time 
domain, utilizing Excel Solver as a tool (MS Excel, Micro-
soft, Washington, USA):

where σ is stress [Pa]; ε0 is initial deformation [-]; E is stiff-
ness modulus [Pa]; t is time [s]; and τR is relaxation time [s].

Subsequently, the summed stiffness modulus (ΣE, as 
the sum of  E0,  E1,  E2, and  E3) and mean relaxation time 
(τRM, as the mean value of τR1, τR2, and τR3) were calcu-
lated. The measurements were performed in 12 repetitions.

(2)

�
M
= �0 ∙

(

E0 + E1 ∙ e

(

−t

�R1

)

+ E2 ∙ e

(

−t

�R2

)

+ E3 ∙ e

(

−t

�R3

))
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Surface Images

Digital image microscopy was used to capture 2D and 3D 
surface images of the beetroot tissue before and after PVOD 
treatment at magnification of × 20, × 100, and × 500. The 
images were obtained using digital microscope with dedi-
cated software (Keynes VHX 7000, Mechelen, Belgium) and 
captured at 4 k resolution using at full illumination system.

Total Phenolics and Antioxidant Activity 
by Spectrophotometric Method

Bioactive compounds were extracted from a pulverized dried 
sample (approx. 0.05 g) by sonication (VC 750, Sonics & 
Materials, Newtown, CT, USA) with 1 mL of acidified 80% 
methanol (0.1% HCl: v/v) for 30 s. The extraction procedure 
has been described in detail in the literature (Zielinska & 
Zielinska, 2019). The extraction was performed in triplicate.

The total phenolics content (TPC) and ferric reducing 
antioxidant power (FRAP) were determined according to the 
procedure described by Zielinska and Zielinska (Zielinska & 
Zielinska, 2019). The TPC and FRAP values were expressed 
as mg of gallic acid (mg GA) and Trolox (mg TE) equivalents 
per g of dry matter (g DM), respectively. All measurements 
were performed in triplicate.

Statistical Analyses

Statistical analyses were performed using the STATISTICA 
13.0 software (TIBCO Software Inc., Palo Alto, CA, USA). 
Regression analysis and analysis of variance (ANOVA) were 
performed to fit the models represented by the Eq. 1 and 
to examine the statistical significance of model conditions. 
Only significant model conditions were included into the 
final version (p < 0.05). To assess the quality of the model 
fit to the experimental data, two metrics, i.e., the coeffi-
cient of determination (R2) and percentage global relative 
square error of the approximation (GRSE) were utilized. 
The lowest values (nearest to zero) of GRSE and the highest 
values of R2 (> 0.90) indicated the best fit of the model to 
the experimental data (Staniszewska et al., 2022). Correla-
tions (r) between the independent and dependent variables 
were analyzed using the Pearson correlation coefficient test.

Optimization and Validation of the Process Conditions

Optimization of PVOD was performed using the STATIS-
TICA 13.0 software (TIBCO Software Inc., Palo Alto, CA, 
USA). The aim of optimization was to determine the appro-
priate level of the four factors (temperature, sugar concentra-
tion in osmotic solution, duration of vacuum impregnation, 

and slice thickness) that would result in (1) the highest a*T 
and WL and the lowest HT and SG for dehydrated beetroot 
tissue and (2) the highest a*S and  DMS for osmotic solution.

To validate the predicted process conditions, an experi-
ment was conducted using the optimized conditions, and 
the predicted values from the models were compared to the 
actual values obtained during the experiment. The relative 
error (RE) was used to compare the experimental and pre-
dicted values. RE was calculated according to the formula 
given in the literature (Gao et al., 2006).

Results and Discussion

Model Fitting

The design of experiments, including levels of four inde-
pendent variables and actual responses for each combina-
tion, is presented in Table 1. Experimental responses related 
to the beetroot tissue, i.e., hardness (HT), redness (a*T), 
water loss (WL), solid gain (SG), and final moisture content 
of the material  (MCF) varied from 212 to 549 N, from 8.4 
to 16.6, from 34.5 to 65.4%, from 6.2 to 23.1%, and from 
1.42 ± 0.21 to 2.74 ± 0.30 kg  H2O/kg DM, respectively. The 
experimental responses for the dry matter content of osmotic 
solution  (DMS) and redness (a*S) ranged from 38.1 to 58.3% 
and from 30.2 to 44.0, respectively (Table 1). A second-
order polynomial equation (Eq. 1) was fitted based on the 
experimental data. Values of full model parameters, as well 
as t- and p-values of each estimated regression coefficients, 
are presented in Table 2.

The high determination coefficients (0.97 > R2 > 0.72) 
indicate that obtained quadratic models well described influ-
ences of independent variables on the analyzed responses. 
However, analysis of variance (ANOVA) and calculated 
p-values indicated that not all of the model terms were 
significant. Therefore, in relation to the analyzed depend-
ent variables, the full forms of the models were reduced 
by non-significant coefficients (p > 0.05). Term reduction 
was simultaneously evaluated by R2 and GRSE. Simplified 
models of dependent variables were as follows:

(3)
H

T
= 352.35 − 110.79X4 − 39.57X2

2
(R2 = 0.84;GRSE = 13.7)

(4)

a
∗
T
= 10.92 − 0.76X2 − 1.27X3 − 1.94X4 + 0.98X2

3

+ 1.34X2

4
(R2 = 0.86; GRSE = 8.2)

(5)
WL = 51.31 + 10.04X2 − 5.87X2

4
(R2 = 0.89;GRSE = 4.9)

(6)
SG = 11.11 + 2.35X1 − 4.37X4 + 2.66X2

4
(R2 = 0.75;GRSE = 18.1)
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The values of R2 and GRSE of the reduced models 
varied from 0.75 to 0.98 and from 2.5 to 18.1, respec-
tively (Eqs. 3–8). The results indicate good correlation 
(0.98 > r > 0.79) between the actual and predicted values 
(Fig. 1). It can be noticed, especially in the case of SG and 
a*S, that the simplification of the models allowed to obtain 
higher fit coefficients.

The highest correlations were found between the depend-
ent variables and process parameters, i.e., between  DMS vs 
SC (r = 0.97), HT vs ST (r = −0.81), WL vs SC (r = 0.79), 
a*S vs ST (r = −0.64), a*T vs ST (r = −0.62), and SG vs  
ST (r = −0.61). These correlations were reflected in the 
significance of the regression coefficients. The regression 
coefficients of the models with the dependent variables that 
were most correlated to the independent variables were  
found to be the most significant or among the most signifi-
cant (p = 0.001) (Table 2).

Influence of Process Variables on the Responses

Response surface plots for variables predicted by reduced 
models are presented in Fig. 2. As can be seen, slice thick-
ness (ST) was the most influential process condition, and it 
was a significant factor in all output variables studied.

Hardness of Tissue

The modeled value of hardness of beetroot tissue (HT) after 
PVOD varied from 202 to 463 N (Fig. 2a). The linear neg-
ative significant effect of slice thickness (ST) on HT was 
observed (Table 2), and the value of linear regression coef-
ficient was −110.79 (Eq. 3). This suggests that the hard-
ness of the tissue increased as the slice thickness decreased 
(Fig. 2a). This can be related to the significant linear nega-
tive influence of slice thickness (ST) on the solid gain (SG) 
during PVOD (Eq. 6). The dry matter content in thinner 
samples could lead to a direct increase in their hardness 
(Zhao et al., 2014).

At the quadratic level, the most significant parameter of 
the process affecting the HT was sugar concentration of the 
osmotic solution (SC) (Table 2). The value of the quadratic 
regression coefficient related to this independent variable 
was -39.57 (Eq. 3).

Redness of Tissue

After PVOD, the predicted redness of beetroot tissue (a*T) 
varied from 9.6 to 16.5 (Fig. 2b). Table 2 indicates that 

(7)
DM

S
= 47.54 + 8.74X2 + 1.03X2

4
(R2 = 0.98;GRSE = 2.5)

(8)
a
∗
S
= 34.97 − 1.99X2 − 3.75X4 + 2.21X2

4
(R2 = 0.79;GRSE = 6.3)

the process temperature (T) was the only process variable 
that did not have a significant effect (p < 0.05) on the a*T 
value. Based on the linear regression coefficients of reduced 
model, it can be stated that slice thickness (ST) (−1.94)  
followed by vacuum time (VT) (−1.27) and solid concentra-
tion (SC) (−0.76) had the most significant, negative effect 
on the redness of beetroots (Eq. 4). Higher retention of red 
pigments at lower solid concentration could result from the 
lower diffusion coefficient of water-soluble betalains into 
the solution (de Jesus Junqueira et al., 2018).

Betalains, which are water-soluble pigments responsible 
for red color in many plants, have also a lower diffusion 
coefficient in water compared to other pigments. Therefore, 
at lower solid concentration, there is a slower diffusion of 
betalains into the solution, resulting in a higher retention of 
red pigments in the plant tissue.

However, vacuum time (VT) and slice thickness (ST) 
were also significant parameters at the quadratic level and 
their effect was opposite to that found for the linear terms 
(Table 2). This indicate that only the influence of sugar con-
centration (SC) on the redness of beet tissue can be inter-
preted unequivocally as linear and negative, while the influ-
ence of other significant variables was found to be more 
complex and not obvious in interpretation.

Water Loss of Tissue

Predicted water loss (WL) during PVOD was from 33.6 
to 64.8% (Fig. 2c). The most significant linear regression 
coefficient was sugar concentration (SC) and it was 10.04 
(Table 2, Eq. 5). In the reduced model, slice thickness (ST) 
at the quadratic level was the only significant regression 
coefficient and its value was -5.87 (Eq. 5). The results indi-
cate the increasing nature of water loss (WL) along with the 
increasing sugar concentration (SC), and the highest WL at 
solid concentration (ST) of 4 mm (at each SC).

Solid Gain of Tissue

The values of solid gain (SG) predicted by the reduced mod-
els were in range from 7.0 to 21.7% (Fig. 2d). Slice thick-
ness (ST) was found to have the most significant negative 
linear influence (−4.37) on the solid gain of beetroot tissues 
(Eq. 6). This could be due to less penetration of sugar inside 
the deeper part through osmosis during PVOD. The results 
are consistent with the data published for instant ginger 
candy (Nath et al., 2013). The slice thickness (ST) at the 
quadratic level (Table 2) also had a significant effect on the 
solid gain (SG) of beetroot tissues and the square regression 
coefficient of SG was 2.66 (Eq. 6). The process temperature 
(T) showed a linear positive effect (2.35) on solid gain (SG) 
(Eq. 6). Similar effect of temperature (T) on the solid gain 
(SG) during osmotic dehydration of potato and apple was 
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Fig. 1  Relations between predicted and experimental values of a HT, b a*T, c WL, d SG, e  DMS, and f a*S with fitted line plot. Symbols: H, 
hardness, N; a*, redness, -; WL, water loss, %; SG, sugar gain, %; DM, dry matter content, %. Subscripts: T, beetroot tissue; S, osmotic solution
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described in the literature (Eren & Kaymak-Ertekin, 2007; 
Sereno et al., 2001).

Dry Matter Content of Solution

The predicted content of dry matter of the osmotic solu-
tion  (DMS) ranged from 38.8 to 57.3% (Fig. 2e). Solution 
concentration (SC) had significant linear and slice thickness 
(ST) significant quadratic positive effect on  DMS (Table 2, 
Eq. 7). The quadratic positive effect of slice thickness (ST) 
on the degree of moisture loss  (DMS) could be strongly 
related to the fact that slice thickness has a significant quad-
ratic influence on water loss (WL) in a negative way (Eq. 5). 
Thus, samples with a slice thickness of 4 mm exhibited the 
highest water loss (WL) during PVOD, leading to a lower 
percentage of dry matter content in the osmotic solution 
(Figs. 2c, e).

Redness of Solution

The modeled redness of the osmotic solution (a*S) ranged 
from 31.5 to 42.9 (Fig. 2f). It is noticeable that the lowest 
and highest values of a*S were predicted at the same temper-
ature (T) and vacuum time (VT) and different solid concen-
tration (SC) and slice thickness (ST). This can be attributed 
to the significant effect of SC and ST on a*S, where SC had 
a linear and negative impact, while ST had both a linear 
negative and quadratic positive impact (Table 2, Eq. 8).

Optimization of the Process Conditions

The optimal parameters of the PVOD process were valid 
only in the selected experimental domain, which was in the 
range 20–40 °C of T, 40–60% of SC, 10–50 min of VT, and 
2–6 mm of ST. Minimization of HT and SG and maximiza-
tion of a*T and WL were used as criteria in optimization of 
PVOD of beetroot tissue. The optimized values were found 
to be T = 20 °C, SC = 60%, VT = 10 min, and SC = 6 mm. 
The predicted HT, a*T, WL, and SG values under optimum 
conditions were 202 N, 11.8, 55.5%, and 7.1%, respectively. 
The maximization of  DMS and a*S was criterion in optimi-
zation of PVOD of osmotic solution. In this case, the optimal 
process parameters were as follows: T = 40 °C, SC = 60%, 
VT = 50 min, and ST = 2 mm. With the optimal process 
parameters determined through this approach, the predicted 
 DMS and a*S values were 57.3% and 38.9, respectively.

Model Validation

The model validation was carried out using the optimal 
PVOD parameters that were determined through the opti-
mization approach that utilized beetroot tissue properties, 
i.e., T = 20 °C, SC = 60%, VT = 10 min, and ST = 6 mm. 

According to the regression models, the predicted values 
of HT, a*T, WL, SG,  DMS, and a*S under above conditions 
were 202 N, 11.8, 55.5%, 7.1%, 57.3%, and 31.5, respec-
tively (Table 3). Table 3 shows that the values of the output 
variables were deemed satisfactory based on the relative 
error (RE), which ranged from 1 to 3%.

Characterization of PVOD Products

PVOD of fermented beetroot slices carried out under optimal 
parameters allowed to reduce the moisture content of beet-
root tissue by 78%, i.e., from 11.79 ± 0.41 to 2.58 ± 0.21 kg 
 H2O/kg DM. During PVOD, the TPC and FRAP of beetroot 
tissue decreased by 48 and 83%. At the same time, TPC and 
FRAP in the osmotic solution increased and amounted to 
49.2 ± 9.6 mg GA/g DM and 204 ± 12 mg TE/g DM, respec-
tively (Table 4). The main mechanism responsible for the 
reduction of phenolic compounds in beetroot tissue during 
the PVOD was water diffusion. It can be stated that water-
soluble phenols can be leached out through the water flow 
from the plant material into the surrounding osmotic solu-
tion (Nicetin et al., 2022).

PVOD caused more significant changes in color param-
eters (L*, a*, b*) and color indices (ΔE*, ΔC*, ΔH*) of 
osmotic solution than beetroot tissue (Table 4). This was 
probably due to the leaching of other water-soluble com-
pounds, such as betalains, which are a natural pigments of 
beetroot tissue (de Jesus Junqueira et al., 2018). Due to the 
transparent color of the solution before dehydration, the addi-
tion of these compounds caused a significant change in color.

PVOD also had a significant effect on mechanical and 
rheological properties of beetroot tissue (Table 4). Dur-
ing processing, hardness of the material decreased from 
333 ± 15 to 197 ± 15 N. These results are consistent with lit-
erature data (Pei et al., 2023). Other mechanical properties, 

Table 3  Predicted and experimental values of dependent variables 
after PVOD carried out under optimal parameters

Table shows means ± standard errors
The validation of the models was carried out with the optimal PVOD 
parameters determined in relation to the material properties, i.e., pro-
cess temperature 20  °C, sugar concentration in the osmotic solution 
60%, vacuum impregnation time 10 min, slice thickness 6 mm
H hardness N, a* redness, WL water loss %, SG sugar gain %, DM dry 
matter content %, RE relative error %

Dependent 
variables

Predicted 
values

Experimental 
values

RE 
[%]

HT [N] 202 197 ± 15 2
a*T [-] 11.8 12.0 ± 0.3 1
WL [%] 55.5 56.5 ± 1.7 2
SG [%] 7.1 6.9 ± 1.5 3
DMS [%] 57.3 58.5 ± 0.1 2
a*S [-] 31.5 32.0 ± 0.4 2
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such as cohesiveness, chewiness, gumminess, and springi-
ness also increased during processing (Table 4). The mean 
values of rheological parameters of beetroot tissue such as 
ΣE and τRM show that the tissue was less stiff and resilient, 
and more liable for stress relaxation after osmotic dehydra-
tion (Table 4).

During PVOD, density of the beetroot tissue increased 
by 9%, while density of osmotic solution decreased by 4%. 
This was due to the moisture diffusion from the material 
into the solution and solids (sugar) from the solution into the 

material. Moreover, due to dilution of the osmotic solution, 
the dynamic viscosity of the osmotic solution decreased by 
75% from 135 ± 1 to 35 ± 1 mPa⋅s (Table 4).

The influence of PVOD on the surface structure of the 
beetroot tissue was presented in Fig. 3. A significant change 
in the maximum relative height of the sample (the difference 
between the highest and lowest point in the examined area) 
can be found in the 3D images of samples at each given 
magnification. For example, the maximum relative height of 
the beetroot tissue before PVOD was 938 μm (Fig. 3a, mag-
nification of × 20), while after PVOD, the height increases 
up to 2026 μm (Fig. 3d, magnification of × 20). Most likely, 
the difference was related to the water loss from beetroot 
tissue during processing, which led to volume reduction and 
material shrinkage. Before PVOD, highly porous structure of 
the surface of beetroot tissue was clearly presented using 2D 
images of samples (Fig. 3a, b). After osmotic dehydration, 
semi-transparent layer of sugar solution coated the surface 
of beetroot tissue, providing additional barrier to moisture 
removal during subsequent drying processes (Fig. 3e, f).

Fig. 2  Response surface plots for the following: a HT in relation to 
ST and SC; b a*T in relation to VT and ST; c WL in relation to ST 
and SC; d SG in relation to T and ST; e  DMS in relation to ST and 
SC, and f a*S in relation to ST and SC. Conditions of other factors 
were kept constant at their central values, i.e., T at 30 °C, SC at 50%, 
VT at 30 min, and ST at 4 mm. Symbols: T, processing temperature, 
°C; SC, sugar concentration in osmotic solution, %; VT, vacuum 
impregnation time, min; ST, slice thickness, mm; H, hardness, N; 
a*, redness, -; WL, water loss, %; SG, sugar gain, %; DM, dry matter 
content, %. Subscripts: T, beetroot tissue; S, osmotic solution

◂

Table 4  Color, 
physicochemical, mechanical, 
and rheological properties of 
beetroot tissue and osmotic 
solution before and after PVOD 
(under optimal parameters)

Table shows means ± standard errors
The material and osmotic solution were characterized before and after PVOD carried out under optimal 
parameters, i.e., process temperature 20  °C, sugar concentration in the osmotic solution 60%, vacuum 
impregnation time 10 min, slice thickness 6 mm
TPC  total polyphenols, mg GA/g DM,  FRAP  ferric reducing antioxidant power, mg TE/g DM,  L*  light-
ness,  a* redness,  b* yellowness,  ΔE* total color difference, ΔC* total saturation difference, ΔH* total  
hue difference, H hardness, N, Ch chewiness, N, C cohesiveness, Sp springiness, G gumminess, ∑E summa-
rized stiffness modulus, kPa, τRM mean relaxation time, s, ρT true density, kg/m3, η dynamic viscosity, mPa⋅s
nd not detected
a,b Different letters in rows show significant differences between samples (p < 0.05)

Parameter Beetroot tissue Osmotic solution

Before PVOD After PVOD Before PVOD After PVOD

TPC [mg GA/g DM] 8.89 ± 0.29b 4.64 ± 0.37c nd 49.2 ± 9.6a

FRAP [mg TE/g DM] 12.8 ± 0.5b 2.2 ± 0.2c nd 204 ±  12a

L* [-] 22.2 ± 0.1b 21.5 ± 0.1b 26.9 ± 0.3a 6.6 ± 0.2c

a* [-] 16.5 ± 0.2b 12.0 ± 0.3c −0.06 ± 0.09d 32.0 ± 0.4a

b* [-] 3.07 ± 0.17b 1.74 ± 0.07b 0.98 ± 0.09c 10.5 ± 0.3a

ΔE* [-] - 4.29 ± 0.24b - 39.1 ± 0.3a

ΔC* [-] - −4.07 ± 0.25b - 32.7 ± 0.4a

ΔH* [-] - 0.84 ± 0.06b - 7.01 ± 0.03a

H [N] 333 ±  15a 197 ±  15b - -
Ch [N] 27.4 ± 1.8b 39.8 ± 4.8a - -
C [-] 0.18 ± 0.01b 0.40 ± 0.04a - -
Sp [-] 0.46 ± 0.01a 0.50 ± 0.02a - -
G [-] 58.6 ± 2.8b 77.4 ± 7.7a - -
ΣE [kPa] 148 ±  19a 91 ±  11b - -
τRM [s] 19.6 ± 1.0a 11.1 ± 1.5b - -
ρT [kg/m3] 1034 ±  5d 1125 ±  10c 1336 ±  1a 1280 ±  1b

η [mPa⋅s] - - 135 ±  1a 35 ±  1b
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Conclusions

Pulsed vacuum osmotic dehydration (PVOD) of fermented 
beetroots was optimized in terms of properties of both beet-
root tissue (HT, a*T, WL, SG) and osmotic solution  (DMS, 
a*S). Response surface methodology was utilized to opti-
mize PVOD. The experimental parameters considered: 
(T) processing temperature (20 < T < 40 °C), (SC) sugar 
concentration in osmotic solution (40 < SC < 60%), (VT) 
vacuum impregnation time (10 < VT < 50 min), and (ST) 
slice thickness (2 < ST < 6 mm). The optimum properties of 
beetroot tissue (HT at 202 N, a*T at 11.8, WL at 55.5%, SG 
at 7.1%) and osmotic solution  (DMS at 57.3%, a*S at 38.9) 

were obtained for T = 20 °C + SC = 60% + VT = 10 min + S
T = 6 mm and T = 40 °C + SC = 60% + VT = 50 min + ST = 
2 mm, respectively.

PVOD caused a significant physicochemical, mechanical, 
rheological, and color changes in both beetroot tissue and 
osmotic solution. During PVOD, the TPC and FRAP values 
of beetroot tissue decreased by 48 and 83%, while TPC and 
FRAP values of solution increased up to 49.2 ± 9.6 mg GA/g 
DM and 204 ± 12 mg TE/g DM. It was due to the leaching 
of water-soluble bioactive compounds from the material 
into the surrounding solution. Also, migration of bioactive 
compounds from the material to the solution caused a sig-
nificant total color change, i.e., 39.1 ± 0.3 and 4.29 ± 0.24 

Fig. 3  2D and 3D images of beetroot tissue surface before PVOD at magnification of a × 20, b × 100, c × 500 as well as after PVOD at magnifi-
cation of d × 20, e × 100, f × 500
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for the solution and beetroot tissue, respectively. Due to the 
moisture diffusion during PVOD, the density of the mate-
rial increased from 1034 ± 5 to 1125 ± 10 kg/m3, while the 
density of the osmotic solution decreased from 1336 ± 1 to 
1280 ± 1 kg/m3. Dilution of the osmotic solution also caused 
the decrease of its viscosity by 75%, i.e., from 135 ± 1 to 
35 ± 1 mPa⋅s. 2D and 3D images of the beetroot surface 
structure allow observation of the collapse of the structure 
and the appearance of a semi-transparent coating (most 
likely a sugar solution) on the material after PVOD. This 
coating may provide an additional barrier to water removal 
during subsequent drying.

The optimal PVOD conditions of fermented beetroot 
slices determined in this work may be beneficial for produc-
ers of fermented products for managing of post-fermentation 
products. In future works, it would be interesting to carry 
out PVOD processes without the freezing stage, which may 
affect the structure of the material, and thus the kinetics of 
the process. Also, it would be interesting to explore non-
thermal methods, such as ultrasound, to assist with PVOD 
and investigate their impact on mass transfer during the pro-
cess and the quality of fermented beetroot slices.
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