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conditions on quality, microbial
stability, and shelf-life kinetics of beetroot juice
concentrate

Das Trishitman *ab

Beetroot juice (Beta vulgaris L.) with an initial 5.0 °Brix was concentrated to approximately 60 °Brix using

forward osmosis (FO). The concentrate was then stored under ambient (25 °C ± 2 °C and 60–70% RH)

and accelerated (37 °C ± 2 °C and 90% RH) conditions for 12 weeks. Throughout this period, physical,

chemical, and microbiological properties were evaluated at two-week intervals. Results indicated that

the quality of the beetroot juice concentrate (BRJC) was influenced by the storage environments over

time, with minimal changes in pH, titratable acidity, and total soluble solids. However, betalain content

and antioxidant activity were more sensitive to storage time and temperature. The degradation of

betalains in ambient and accelerated conditions was 28.53% and 43.57%, respectively, at the end of 12

weeks of storage. The HMF and browning index (BI) levels of BRJC increased more significantly at 37 °C

than at 25 °C. Betalain degradation followed first-order kinetics. Overall, the findings suggest that FO is

an effective non-thermal method for concentrating beetroot juice as it preserves quality and extends

shelf life. Additionally, a moderate to strong correlation was found between betalain content and total

color difference in the BRJC stored under ambient and accelerated storage conditions.
Sustainability spotlight

Beetroot betalains represent a sustainable, multifunctional pigment source aligned with current trends toward natural, safe, and circular product development.
While storage and stability issues remain hurdles, ongoing innovations in encapsulation and processing are unlocking their broader potential. In this study, the
derived beetroot juice concentrate retained a high amount of betalain content, which is a violet-red pigment and can be used in various food industries,
particularly in confectionery, meat, dairy, and beverages. As industries continue to prioritize environmental responsibility, betalains are poised to play a vital
role in the next generation of eco-conscious colorants and bioactive compounds.
1 Introduction

Color is one of the very vital factors of fresh and processed foods
that affects consumer acceptance. This is a natural indicator of
the quality of the food and may be the only factor that
a consumer evaluates before selecting or purchasing foods.
Hence, it is very important for the producer to consider the
visual appearance of the produce. Beetroot (Beta vulgaris L.)
juice has a natural red food colorant that can be used in jam,
jellies, dry mixes, soups, ice cream, sweets, etc. The health
benets of beetroot juice include antioxidative, anticancer,
antidiabetic, cardioprotective, anti-inammatory, anti-obesity,
and antimicrobial effects.1,2 The color of beetroot juice origi-
nates from its purplish-red and yellow pigments (betacyanin
and betaxanthin, respectively), collectively known as betalains.
The colorant betalains in beetroot juice also show antioxidant
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activity.3,4 Among the numerous natural sources such as
amaranth, prickly pear, and dragon fruit, beetroot is the only
food containing majorly this class of compounds, betalains .5,6

While processed foods are typically colored with synthetic,
inorganic, and nature-identical food dye/colorants, there is
a growing customer demand for all-natural and clean-label
products. This trend has led to an increased interest in beet-
root juice betalains as a potential natural alternative to articial
colorants in processed foods. However, like other plant
pigments (e.g., anthocyanins), betalains are prone to color
degradation during processing and storage. Their low stability
and tinctorial strength limit their development, processing, and
broader applications.7–12 Color is a critical sensory attribute of
food, making the color reduction of the pigment through pro-
cessing and storage a crucial factor for maintaining quality.
Betalains, in particular, offer a vibrant red hue at acidic pH
levels, making the beetroot juice concentrate an excellent
choice for coloring fruit juices, nectars, so drinks, candies,
desserts, dairy products, meat products, conserves, jellies and
confectionery.13–15
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Storage stability is a crucial factor that impacts both the
quality and shelf life of the nal concentrated products, as well
as the overall economic worth of the process. The visual
appearance plays a signicant role as it is a primary concern for
consumer's appeal. The degradation of beetroot juice betalains
during food storage signicantly impacts the color, quality, and
nutritional properties.16 Therefore, color serves as a crucial
indicator of pigment degradation. Minimizing pigment damage
during processing and storing is a vital quality parameter,
important to both industry standards and consumer prefer-
ences. The incorporation of storage studies on forward osmosis-
concentrated betalain-rich beetroot juice can cultivate sustain-
able solutions in food processing involving optimizing storage
conditions to enhance product quality and safety. The concen-
tration of beetroot juice, storage conditions of concentrates,
and packaging signicantly affect its color stability, nutrient
retention, and microbial safety. Understanding shelf-life
kinetics under various conditions helps in designing eco-
friendly preservation methods while minimizing waste. This
approach ensures consumer health and product consistency in
further applications of beetroot juice concentrates as a food
colorant while also supporting broader sustainability goals in
the food industry.

Bibliometric analysis offers valuable insights for foretelling
future trends within disciplines. It is a quantitative research
method that focuses on analyzing the external characteristics of
scientic literature. It is commonly used to assess the current
research landscape, identify emerging areas, and track the
development trajectories of specic elds. Several studies have
been conducted on the storage stability of fruit juices, concen-
trates, processing parameters, concentration methods, and
storage conditions. However, to the best of our knowledge, no
research has been carried out on the storage stability of beetroot
juice concentrates (BRJC). Therefore, this study evaluates the
impact of storage duration and conditions on the physical,
chemical, organoleptic, and microbiological properties of
beetroot juice concentrated using forward osmosis, a non-
thermal process.
2 Materials and methods
2.1 Materials

Beetroot (Beta Vulgaris L.) was procured from the Devraja local
market of Mysore, Karnataka, India. NaOH, citric acid, Trolox,
ABTS (2,20-azinobis (3-ethylbenzothiazoline-6-sulphonic acid)),
and DPPH (2,2-diphenyl-1-picrylhydrazyl) were obtained from
Sigma-India (Bengaluru, Karnataka, India). All the additional
solvents and chemicals used were obtained from Merck
(Darmstadt, Germany) and were of HPLC grade or analytical
grade.
2.2 Bibliometric analysis

The bibliometric analysis focuses on publications related to the
storage of beetroot juice colorant betalains from 2000 to 2025.
Data was retrieved from the Scopus database on February 27,
2025, using the following keyword search: TITLE-ABS-KEY
© 2025 The Author(s). Published by the Royal Society of Chemistry
(beetroot) and TITLE-ABS-KEY (betalains) and TITLE-ABS-KEY
(storage). A total of 67 publications on beetroot juice colorant
betalains were identied. The different elements in a collection of
publications on beetroot juice storage was examined for similarity
visualization (VoS) using VOSviewer soware (version 1.6.20) to
generate co-occurrences of key terms from the published works.
2.3 Plant materials, juice extraction, clarication,
concentration, and storage

2.3.1 Plant material and juice extraction. The mature
beetroots were washed with clean water, peeled, and manually
cut into 1 cm cubes. The beetroot cubes were added with an
equal amount of water (1 : 1, wt/wt) to a juicer. The juice was
extracted using a household juicer manufactured by Preethi
Appliances, Chennai, India, and then stored under refrigerated
conditions before clarication. Each batch of processed juice
was set aside separately to minimize seasonal variations. The
juice was cleared using centrifugation at 10 000 rpm for 15
minutes using a tabletop centrifuge (M s−1 Thermosher,
Waltham, Massachusetts, USA), and the supernatant was
collected for future experiments. The clear juice was stored at
−20 °C for later usage, concentration, and analysis.

2.3.2 Beetroot juice concentration. The beetroot juice
concentrate was prepared using a membrane concentration
process, forward osmosis. The juice was concentrated to an
ultimate ∼60-degree Brix (°Brix) from an initial °Brix of 5.0 by
forward osmosis (FO) process.

2.3.2.1 Forward osmosis. The FO experimental setup
comprises an acrylic plate module supported by an SS plate with
an active membrane area of 0.0135 m2, as shown in Fig. 2. The
acrylic plate module parts have been mentioned in the previous
report by Trishitman (2025) and Trishitman et al. (2023).17,18 The
feed solution (beetroot juice) and 6 M NaCl draw solution were
circulated on each side of the membrane in a co-current mode
by means of a peristaltic pump (Ener Tech Pvt Ltd, India). The
active layer of the forward osmosis membrane (cellulose triac-
etate asymmetric hydrophilic membrane (thickness 0.05 mm))
(developed by Osmotek Inc., Corvallis, OR USA) was placed
towards the feed solution during the concentration process. The
volume of the feed to the draw solution ratio was kept at 1 : 10,
and the draw solution concentration was kept constant
throughout the concentration process. All experiments were
conducted at a temperature of 25 °C± 2 °C, with the ow rate of
both the feed and osmotic solutions maintained at 150
mLmin−1. The betalain-rich beetroot juice was concentrated for
12 h until the ultimate total soluble solids (TSS) reached
approximately 60 °Brix.

2.3.3 Storage conditions. The FO-concentrated beetroot
juice was transferred into separate glass bottles (25mL), ushed
with nitrogen gas before and aer being lled, and sealed
securely. The sealed bottles were then piled under ambient
conditions of temperature (25 °C ± 2 °C) and 60–70% relative
humidity (RH) and accelerated conditions of temperature (37 °C
± 2 °C) and 90% relative humidity (RH). The physicochemical
properties and microbial analysis of juice concentrates were
conducted at two-week intervals.
Sustainable Food Technol., 2025, 3, 1916–1926 | 1917
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Fig. 1 Network visualization of the bibliometric analysis on the storage
of beetroot juice betalains.

Fig. 2 Schematic of the beetroot juice concentration process using
forward osmosis (FO).

Fig. 3 (A) pH, (B) titratable acidity (TA), and (C) total soluble solids
(TSSs) of forward osmosis (FO) concentrated beetroot juice stored
under ambient and accelerated conditions for 12 weeks.
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2.4 Measurement of pH, titratable acidity and total soluble
solids

The pH, titratable acidity (TA), and total soluble solids (TSS)
were measured at 25 °C ± 2 °C. The concentrates were used
directly for pH measurement using a hand-held pH meter. An
Eutech pH 510 (Eutech Instruments, Singapore) was employed,
calibrated with pH buffers 4, 7, and 10 for the measurement
throughout the studies.

The titratable acidity (TA) was measured following the 965.30
AOACmethod, where the juice sample was diluted 10 times and
titrated with standardized 0.1 N sodium hydroxide (NaOH) to
a pH value of 8.1. The TA was expressed as g L−1 of citric acid
equivalent (CAE).19

TSS was determined using a digital refractometer (Hanna
Instruments, Rhode Island, United States) and expressed in °
Brix.

All experiments were performed in triplicate, and the average
values are reported with standard deviations.
1918 | Sustainable Food Technol., 2025, 3, 1916–1926
2.5 Measurement of total betalain content

The betalain content was determined using a UV-1800-
spectrophotometer (M s−1, Shimadzu Corporation, Kyoto,
Kyoto, Japan) as described by Nilsson (1970) and Trishitman
et al. (2021) using the following equation20,21
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Color profile of beetroot juice concentrates stored at ambient (25 °C) and accelerated (37 °C) conditions for 12 weeksa

Storage conditions Storage time (weeks) L* a* b* DE

Ambient (25 °C) 0 27.57 � 0.09a 54.23 � 0.09g 43.63 � 0.20a 0.00 � 0.00a

2 34.82 � 0.05d 49.55 � 0.07f 52.88 � 0.09d 12.65 � 0.08b

4 33.17 � 0.01b 45.68 � 0.05e 51.71 � 0.09c 13.03 � 0.05c

6 33.23 � 0.01b 45.32 � 0.05d 52.68 � 0.19d 13.90 � 0.15d

8 36.10 � 0.03e 44.07 � 0.06c 52.91 � 0.12d 16.19 � 0.11f

10 34.87 � 0.04d 41.74 � 0.07b 53.55 � 0.21e 17.54 � 0.14g

12 33.34 � 0.02c 41.47 � 0.03a 51.10 � 0.13b 15.87 � 0.07e

Accelerated (37 °C) 0 27.57 � 0.09A 54.23 � 0.09G 43.63 � 0.20A 0.00 � 0.00A

2 40.83 � 0.05D 38.97 � 0.06F 58.10 � 0.15G 24.86 � 0.10B

4 40.27 � 0.03C 33.77 � 0.05E 55.63 � 0.10D 26.91 � 0.05C

6 39.68 � 0.03B 33.17 � 0.06D 58.03 � 0.17F 28.24 � 0.04D

8 41.46 � 0.03E 29.77 � 0.03C 54.91 � 0.19C 30.31 � 0.08E

10 44.31 � 0.01F 26.76 � 0.03B 57.44 � 0.08E 35.01 � 0.03F

12 52.66 � 0.02G 24.98 � 0.05A 52.35 � 0.06B 39.51 � 0.05G

a Letters (lowercase and uppercase separately) that differ within the same column denote statistical signicance at p < 0.05.
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Total betalains
� mg

100 mL

�
¼ 1:33� A480 þ 0:893� A540 (1)

Here, A480 and A540 represent the maximum absorption at
480 nm and 540 nm, respectively.

The beetroot juice samples were centrifuged at 5000 rpm for
15 minutes, and the supernatant was analysed directly in a UV
spectrophotometer. All the concentrated samples were diluted
with distilled water before measurements, and the results are
Fig. 4 Effect of storage on (A) betalain content, (B) betalain degradatio
forward osmosis (FO) concentrated beetroot juice under ambient and a

© 2025 The Author(s). Published by the Royal Society of Chemistry
reported aer multiplying with the appropriate dilution factor.
All experiments were performed in triplicate, and the average
values are reported with standard deviations.
2.6 Color measurement

The color of beetroot juice concentrates were measured by
a CM-5 Minolta colorimeter (M s−1. Konica Minolta Sensing
Inc., Osaka, Japan), which assessed the juice based on three
n kinetics, antioxidant activity measured by (C) ABTS and (D) DPPH of
ccelerated conditions for 12 weeks.

Sustainable Food Technol., 2025, 3, 1916–1926 | 1919
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Fig. 5 Changes in (A) a* (redness), (B) DE (total color difference), (C) browning index (BI), and (D) hydroxymethyl furfural (HMF) of forward
osmosis (FO) concentrated beetroot juice stored under ambient and accelerated conditions for 12 weeks.
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color coordinates: L* (lightness/brightness), a* (red/green), and
b* (blue/yellow). The data were recorded in terms of these three
coordinates referring to the CIE Lab color system.

The total color difference (TCD) (DE) was calculated with
respect to the original beetroot juice as reference:

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L* � L*

0

�2 þ ða* � a*0Þ2 þ
�
b* � b*0

�2q
(2)
2.7 Measurement of antioxidant activity (DPPH and ABTS
methods)

To determine the antioxidant activity, each sample of the
beetroot juice concentrate (BRJC) was diluted using deionized
Table 2 Degradation kinetic parameters (zero, first and second order)
concentrates at ambient and accelerated storage conditions for 12 wee

Storage conditions Betalains

Kinetics
order

Ambient (25 °C) Accelerated (

k (weeks) R2
k
(weeks)

Zero −0.0969 0.98 −0.1517
First −0.0265 0.97 −0.0492
Second 0.0073 0.96 0.0149

1920 | Sustainable Food Technol., 2025, 3, 1916–1926
water. The radical scavenging activity was assessed using the
DPPH (2,2-diphenyl-1-picrylhydrazyl) method, as described by
Brand-Williams et al. (1995), with modications to the reaction
time.22 The antioxidant concentration by DPPH was measured
by the 50% inhibition of lipid peroxidation (IC50), which was
calculated in triplicate at ve different antioxidant
concentrations.

Additionally, the ABTS (2,20-azinobis (3-
ethylbenzothiazoline-6-sulfonic acid)) radical cation (ABTSc+)
method was also used, as described by Re et al. (1999).23

Calibration curves in the range of 0.001–0.01 mg mL−1 were
used to quantify the antioxidant activity from both methods.
The investigation was conducted in quintuplet (n = 5), and the
of betalain content and DE (total color difference) of beetroot juice
ks

DE (total color difference)

37 °C) Ambient (25 °C) Accelerated (37 °C)

R2
k
(weeks) R2

k
(weeks) R2

0.90 −0.3426 0.88 −0.9164 0.95
0.97 0.0237 0.90 0.0320 0.95
0.95 −0.0017 0.91 −0.0011 0.06

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Degradation kinetic parameters of beetroot juice concentrate stored under ambient and accelerated conditions for 12 weeks

Storage condition Process B0 (g L−1) k (weeks) t1/2 (weeks)
D
Value (weeks) R2

Ambient (25 °C) Forward osmosis 4.25 −0.0265 26.16 86.9 0.97
Accelerated (37 °C) Forward osmosis 4.25 −0.0492 14.09 46.8 0.97

Table 4 Correlation between betalain content and total color differ-
ence during storage of beetroot juice concentrate under ambient and
accelerated conditions for 12 weeks

Storage condition

Forward osmosis

Pearson correlation, r p-Value

Ambient (25 °C) −0.746 0.054
Accelerated (37 °C) −0.886 0.008

Fig. 6 Effect of storage on the total plate count of forward osmosis
(FO) concentrated beetroot juice during storage at ambient and
accelerated conditions for 12 weeks.
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data were stated as mean ± standard error, with units in mg
Trolox per Litre (mg Trolox L−1).

2.8 Browning measurement by UV-spectroscopy

Beetroot juice concentrate (BRJC) samples were centrifuged at
5000 rpm for 15 min, and the supernatant was diluted (600
times) with deionized water. The browning of the diluted juice
was assessed by measuring the absorbance of the supernatant
at 420 nm using a Multiplate reader in triplicate (n = 3) as
dened by Baxter (1995) and Selen Burdurlu and Karadeniz
(2003).24,25

2.9 Measurement of HMF

HMF (5-hydroxymethylfurfural) measurement is used to assess
the quality of juice concentrates. It is typically absent in fresh
juices; however, its concentration increases during processing
and storage. Carrez I solution and Carrez II solution were used
to measure the HMF content of the juice concentrates
© 2025 The Author(s). Published by the Royal Society of Chemistry
throughout the storage as described by White Jr (1979).26 The
absorbance of the sample mixed solutions was measured at
wavelengths of 284 and 336 nm. The HMF concentration was
quantied using the following equation:

HMF (mg L−1) = (A284 − A336) × 149.7/sample (3)

Factor ðFÞ ¼ 126

16830
� 1000

10
� 1000

5
¼ 149:7

Here, 126 = mol. wt of HMF; 16 830 = molar absorptivity of
HMF at 284 nm; 1000 = mg g−1; 10 = centimetre per L; 1000
= mL juice reported; 5 = nominal sample weight.

All experiments were performed in triplicate, and the average
values are reported with standard deviations.
2.10 Measurement of total plate count

One mL of a series of decimally diluted juice concentrate
samples was inoculated onto plate count agar medium and
incubated at 37 °C for 24 h to analyse the total plate count
(TPC), as described in FSSAI.27
2.11 Data analysis

2.11.1 Shelf-life kinetics of beetroot juice concentrate for
betalain content and total color difference. The degradation
kinetics of betalains content of the concentrate was studied
using zero and rst-order reactions, which are given as follows:

Zero-order: Bt = −B0 + k × t, t1/2 = B0/2k0 (4)

First-order: ln(Bt/B0) = −k1 × t, t1/2 = −ln 0.5/k (5)

Second-order: 1/Bt = −k2 × t + 1/B0, t1/2 = 1/(k × B0) (6)

Bt and B0 are the betalain contents at time t and t0, respectively,
k0, k1 and k2 are the zero, rst and second order kinetic
constants, respectively, and t is the storage time (week).

Further, the half-life value t1/2 of the total betalain content
was calculated; D-value (the time required for 90% degradation
of betalains was also calculated as D = ln 10/k, as described by
Alighourchi and Barzegar (2009) and Cisse et al. (2012).28,29

2.11.2 Statistical analysis. All experiments were conducted
in triplicate, and the data are presented as mean ± standard
deviation (SD). Statistical analysis was performed using SPSS
12.0 (SPSS, Inc., Chicago, IL, USA). Group comparisons were
made using Duncan's multiple range test, along with one-way
analysis of variance (ANOVA). Differences were considered
statistically signicant at a p-value of <0.05.
Sustainable Food Technol., 2025, 3, 1916–1926 | 1921
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3 Results and discussion
3.1 Bibliometric analysis of the storage of beetroot juice
colorant betalains

The bibliometric analysis, carried out through a co-occurrence
analysis of the storage of beetroot juice colorant betalains
using the Scopus database and VOSviewer soware, is illus-
trated in Fig. 1. The gure presents three clusters: betalains
(red-violet), beetroot (green), and storage (yellow), categorized
by their signicance. The correlation between the terms related
to beetroot juice storage reects the co-occurrence of keywords
from a dataset of 67 articles published between 2000 and 2025.
The analysis reveals the prominence of research in betalains
(red-violet), beetroot (green), and storage (yellow). However,
there is a noticeable gap in research focused on the storage of
beetroot juice colorant betalains under different storage
conditions, highlighting a substantial opportunity for further
investigation and development in this eld.

3.2 Changes in pH, titratable acidity and total soluble solids

The pH of the FO samples were varied between 5.69–5.80 during
12 weeks of storage under ambient (25 °C) and accelerated (37 °
C) conditions (Fig. 3A). Bull et al. (2004) and Rodrigo et al. (2003)
did not detect any substantial changes in the pH values of
dissimilar juices during their storage for 12 weeks.30,31

The initial TA values of BRJC were 8.97 g L−1 for the FO
concentration process. The TA values for the FO BRJC samples
were slightly decreased and varied between 6.40 to 8.97 and 7.04
to 8.97 g L−1 during storage under ambient (25 °C) and accel-
erated (37 °C) conditions, respectively (Fig. 3B). The substantial
decrease in TA throughout the storage was possibly related with
the degradation of oxalic acid, which is majorly present in
beetroot juice.32

The primary total soluble solids (TSS) of the concentrated
beetroot juice obtained through forward osmosis (FO) were 62.3
°Brix. The TSS values of FO concentrated BRJCs were slightly
decreased under both ambient (25 °C) and accelerated (37 °C)
storage conditions, and varied between 60.7–62.3 °Brix during
12 weeks of storage (Fig. 3C). These results are consistent with
those previously stated by Ayhan et al. (2001) and Bull et al.
(2004) for pasteurized juices.30,33

3.3 Changes in color prole during storage

Changes in the color prole of the BRJC samples by FO
throughout the storage are presented in Table 1. A signicant
increase in L* values was observed in both ambient (25 °C) and
accelerated (37 °C) storage conditions for the BRJCs during 12
weeks. The lightness (L*) of FO BRJC degraded from 27.57 to
33.34 at ambient storage conditions (25 °C) aer 12 weeks. The
lightness (L*) of the FO BRJCs changed in the range of 27.57 to
52.66 at accelerated storage conditions (37 °C).

Differences in a* (redness) and b* (yellowness) were
observed between the storage under ambient (25 °C) and
accelerated (37 °C) conditions in FO BRJCs. The loss of a* values
of FO BRJCs changes from 54.23 to 41.47 and 24.98 at 25 °C and
37 °C storage temperature throughout the 12 weeks of storage
1922 | Sustainable Food Technol., 2025, 3, 1916–1926
(Fig. 5A). The b* values of the FO beetroot juice concentrates
(BRJCs) increased from 43.63 to 51.10 and 52.35 aer 12 weeks
of storage at ambient conditions (25 °C ± 2 °C and 60–70% RH)
and accelerated conditions (37°C ± 2 °C and 90% RH),
respectively.

The total color difference (DE) was visible in the BRJC
samples kept in ambient (25 °C) and accelerated (37 °C) storage
conditions for 12 weeks. The changes in DE values for FO
samples at ambient (25 °C) and accelerated (37 °C) conditions
were 15.87 and 39.51, respectively (Fig. 5B). Similar effects were
observed by Herbach et al. (2007, 2006b, 2006a) for L* and DE,
which increased slowly in the purple pitaya juice kept under
light and dark at 20 °C for 6 months.34–36

The bright violet-red color of BRJCs becomes tawny as indi-
cated by the decrease in a* values, suggesting that the color loss
of the BRJCs could be attributed to betalain degradation during
storage. Many researchers have reported that the stability of
betalains depends on pH, temperature, light, water activity,
presence of oxygen and metal ions, in particular.10,15,21 The
decrease in L* and a* values can be attributed to the degrada-
tion of betalains at a high temperature and fading of the typical
red color of beetroot juice or puree.8,11 The heat destroyed
betalain pigments, which are unstable in the presence of
oxygen, and high water activity explained the decrease in L* and
a* values during the different storage conditions.10,15 The
increase in b* values indicates deep red to red to brown to
yellowing of red pigment betalains.11,13,14 The increase in
b* values resulted in the formation of isobetanin due to the
isomerization of betanin (red in color), and decarboxylation
leads to an increase in vulgaxanthin, which is yellow in color.35

It also indicates a rise in yellowness (betaxanthins) or a reduc-
tion in redness (betacyanins), resulting from the decarboxyl-
ation of betanin into vulgaxanthin-I and the formation of other
betaxanthin derivatives.15,34

The decline in DE values was observed in both FO BRJC
samples during the 12-weeks storage, and this may be attrib-
uted to enzymatic or non-enzymatic browning of the juice
concentrates and fading of color from vivid to duller that could
reect the decolorization of betalains.9,14 The increasing trend
of total color difference (DE) values in the BRJC samples indi-
cates a more noticeable visual color change during storage.37
3.4 Changes in betalain contents of beetroot juice
concentrates (BRJCs)

Betalains are the major constituents of BRJC and are a crucial
quality factor that inuences the acceptance of the juice and its
use as a colorant. The bright violet-red color of the BRJCs
becomes tawny as indicated by betalain degradation
throughout the storage. The loss of betalains in BRJCs by FO
samples was visible, as shown in Fig. 4A. The initial betalain
content of FO BRJCs was 4.25 g L−1. The betalain degradation of
the FO sample in ambient (25 °C) and accelerated (37 °C)
conditions was 28.53% and 43.57%, respectively, at the end of
12 weeks of storage. These results indicate that betalain content
was well preserved when stored at 25 °C compared to 37 °C
during storage for 12 weeks. Similar results were described by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Siow and Wong (2017), who found 93% and 67% betacyanin
retention in red-eshed dragon fruit at 4 and 25 °C aer 8 weeks
of storage.38 Herbach et al. (2007) demonstrated a 60% reduc-
tion in betacyanins in purple pitaya juice kept at 20 °C in the
dark without ascorbic acid for 6 months.34 The higher retention
of betalains in the BRJCs may probably indicate betalain
regeneration as previously reported by numerous authors, who
found higher color retention in betanin solution, red beet and
red-eshed dragon fruit juice at low storage temperatures.9,38,39

3.5 Kinetic change of betalain content during storage of
beetroot juice concentrates

Fig. 4B shows the betalain content in beetroot juice concentrate
(BRJC) following a rst-order kinetic reaction model as a func-
tion of storage time. In this study, the rst-order kinetic model
was preferred over the zero-order and second-ordermodels, as it
resulted in a higher R2 value, indicating the best t for the data
(Table 2). The reaction rate constant (k), initial betalain content
(B0), half-life (t1/2), D value, and coefficient of determination (R2)
were determined and are presented in Table 3. The negative
values of the reaction rate constant indicate a reduction in
betalain content over time. The BRJCs stored at the accelerated
temperature of 37 °C (−0.0492) exhibited a higher degradation
of betalains compared to those stored at ambient conditions of
25 °C (−0.0265), indicating a greater loss of betalains at the
higher temperature. The half-life of FO BRJC was 26.16 weeks at
ambient storage conditions (25 °C), whereas the half-life of
BRJC samples at accelerated conditions (37 °C) was 14.09 weeks.
The D-values of the FO BRJC samples based on betalain content
was 86.9 and 46.8 weeks at ambient (25 °C) and accelerated (37 °
C) storage conditions, respectively. These results are in accor-
dance with the k values of red-eshed dragon fruit juice re-
ported by Siow and Wong (2017), which were 0.0102, 0.04 and
0.0828 weeks for a storage temperature of 25, 37 °C and 45 °C.38

Similar results were reported by Derossi et al. (2010), where the k
value at 25 °C was 0.198 days and 0.130 days for a storage
temperature of 25 °C by Odriozola-Serrano et al. (2009).40,41

Kırca et al. (2007) reported the k values for 64 °B black carrot
juice anthocyanins were 0.00276 and 0.02489 at a storage
temperature of 20 °C and 37 °C of and the t1/2 values were 35.9
and 4 weeks at 20 and 37 °C.42,43

3.6 Correlation between betalain content and total color
difference

The degradation kinetics parameters for the total color differ-
ence of FO-concentrated BRJCs stored at different conditions
(ambient (25 °C ± 2 °C and 60–70% RH) and accelerated (37 °C
± 2 °C and 90% RH) conditions) are shown in Table 2. First-
order reaction kinetics provided the best t compared to zero-
order and second-order models. For the BRJC samples stored
in ambient conditions, the degradation was less compared to
the samples stored at accelerated conditions, consequently
resulting in less color degradation and greater retention. The
decreasing trend in betalain content in FO BRJCs stored under
both conditions is correlated with the total color difference
(TCD) of the concentrate over time. The correlation between
© 2025 The Author(s). Published by the Royal Society of Chemistry
betalain content and TCD of BRJC of FO samples is shown in
Table 4. The Pearson correlation of BRJC kept at ambient
conditions of 25 °C was −0.746, which showed a high to
moderate negative correlation between the two variables. A
strong correlation of −0.886 was observed between betalain
content and TCD in stored BRJCs under accelerated conditions
at 37 °C. Various studies have reported different degradation
patterns of betalains at varying temperatures.8,10,15,44

3.7 Changes in antioxidant capacity

The changes in antioxidant capacity of beetroot juice concen-
trates by FO, during storage, were evaluated by ABTS and DPPH.
The antioxidant capacity of BRJCs was measured using ABTS
radical scavenging methods and expressed in terms of Trolox
equivalent antioxidant capacity (TEAC) per litre of juice
concentrates (Fig. 4C). The initial antioxidant capacity of BRJCs
evaluated by ABTS radical scavenging methods was 7.98 g trolox
equivalent per litre for FO BRJC. The TEAC of FO BRJCs was
reduced to 5.34 and 5.26 g Trolox equivalent per litre at the end
of 12 weeks at ambient (25 °C) and accelerated (37 °C) storage
conditions, respectively. The loss in antioxidant capacity of
BRJCs by FO was 33.03% and 34.11% at the end of 12 weeks of
storage at ambient (25 °C) and accelerated (37 °C), conditions,
respectively. The decrease in antioxidant activity, measured
with the ABTS+ radical cation method in rosehip nectars during
8 months of storage at 25 °C, 35 °C and 45 °C, of glass-bottled
samples was 11.2%, 16.6%, and 27.8% respectively.45

The antioxidant activities of BRJCs were measured using the
DPPH method and expressed as IC50 values, representing
the mL of juice required to inhibit 50% of DPPH per litre. The
DPPH assay also showed a similar variation trend of ABTS
radical scavenging methods and a pronounced drop of antiox-
idant capacity was visible (Fig. 4D). The antioxidant activity of
BRJCs by FO was reduced from 0.49 to 1.59 and 2.54 mL L−1 at
ambient (25 °C) and accelerated (37 °C) storage conditions at
the end of 12 weeks. The reduction in antioxidant activity of the
BRJCs was similar to the previous study by Klimczak et al.
(2007), where the antioxidant activity of orange juice measured
by DPPH assays declined by 18%, 45% and 84% aer 6 months
of storage at 18 °C, 28 °C and 38 °C, respectively.46

The different results from TEAC and DPPH assays could be
attributed to different electron-transfer mechanisms. The
degradation of antioxidant capacity of BRJCs may be associated
with the loss of vitamin C during storage.11,47 The decrease in
the antioxidant capacity of orange juices and carrots was related
to the decrease in polyphenols and vitamin C during storage.
Kalt et al. (1999) reported a linear relationship between phenolic
compounds and antioxidant activity upon storage of small
berries, which could be reected by the decrease in antioxidant
capacity of beetroot juice concentrate during 12 weeks of
storage.48–50

3.8 Changes in browning index (BI)

Browning is one of the signicant reactions that occurs during
the processing and storage of juices and juice concentrates.
Enzymatic and non-enzymatic browning can both affect the
Sustainable Food Technol., 2025, 3, 1916–1926 | 1923
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quality of concentrates, depending on the type of foods and
degrade the visual appearance of foods.51 Enzymatic browning
is related to the oxidation of phenolic compounds, whereas
non-enzymatic browning is referred to as the Maillard reaction,
where reducing sugars degrade in reaction with amino acids,
peptides or proteins. The initial absorbance value of the BI of
FO BRJC was 0.265. The browning index of all the BRJCs
predominantly increased aer 6 weeks of storage at ambient (25
°C) and accelerated (37 °C) storage conditions (Fig. 5C). FO
BRJCs BI the BI absorbance values of FO BRJCs changed to
0.326 and 0.336 aer 12 weeks of storage at 25 °C and 37 °C,
respectively. The higher changes in the FO juice concentrate
samples were visible at a higher storage temperature of accel-
erated (37 °C) compared to ambient (25 °C) storage conditions
due to exposure at a higher temperature for a longer time.

Lyu et al. (2018) demonstrated a signicant impact of storage
time of over 40 days and temperature on the browning degree of
peach juice, with browning degree values increasing by 0.382 at
25 °C and 0.533 at 37 °C.52 The reaction between dehydro-
ascorbic acid and proteins, amino groups of amino acids and
other amines forms aldehydes, carbon dioxide and a-amino
carbonyl compounds, leading to the formation of pigments
(melanoidins).53–55 Chandran et al. (2014) and Güneşer (2016)
reported that the color of the beetroot puree transformed from
a deep violet-red to a yellowish-brown during heating, and this
change occurs due to the degradation of betalains, which may
lead to an increase in the BI of BRJCs.8,10
3.9 Changes in HMF

The formation of HMF was visible (Fig. 5D) in all the samples
kept at ambient (25 °C ± 2 °C and 60–70% RH) and accelerated
(37 °C ± 2 °C and 90% RH) conditions during the 12-weeks
storage. The initial values of HMF for FO BRJCs were
0.40 mg L−1. The accumulation of HMF for samples was
signicant at accelerated storage conditions (37 °C) and by the
end of 12 weeks, it increased to 2.69. Meanwhile, the formation
of HMF in ambient storage conditions (25 °C) for BRJCs by FO
was comparatively low and the values increased readily aer 8
weeks of storage; at the end of 12 weeks, it increased to
2.10 mg L−1. The development of HMF in fruit juices in storage
primarily depends on the juice type, pH, concentration, and
storage temperature.56 The HMF content of fresh peach juice
was 1.75 mg L−1, while the values increased to 6.63 and
8.06 mg L−1 at the end of 40 days of ambient (25 °C) and
accelerated (37 °C) storage conditions, respectively.52

HMF development is more common in fruit juice concen-
trates than in fresh juices, as the reaction rate is inuenced by
the TSS levels and storage conditions.57,58 The HMF can be
formed by the enolization and dehydration of glucose or fruc-
tose, under acidic conditions.59 The formation of HMF depends
on the storage conditions. In previous studies, it was found that
the formation of HMF at lower temperatures was comparatively
lower than at higher storage temperatures. The International
Federation of Fruit Juice Processors (IFFJP) has established
a maximum limit of 5–10 mg L−1 for fruit juices and 25 mg kg−1

for concentrates, while the European Union has set
1924 | Sustainable Food Technol., 2025, 3, 1916–1926
a recommended limit of 20 mg kg−1 for 5-HMF in juices
intended for children.57 The whole FO BRJCs have lower HMF
initially and a slight increase in HMF were observed during
storage at both the conditions; however, for all the samples the
HMF content was under the permissible limits.
3.10 Changes in microbial growth

The changes in the growth of microorganisms at ambient (25 °C
± 2 °C and 60–70% RH) and accelerated (37 °C ± 2 °C and 90%
RH) storage conditions for FO BRJCs are shown in Fig. 6. The
initial total plate count found for BRJCs was 3.55 log CFUmL−1,
respectively. The maximum increase in the total plate count
(TPC) was visible aer the 2nd week of storage for all the BRJCs
at ambient (25 °C) and accelerated (37 °C) conditions. The FO
samples showed an increase in TPC and were measured at 5.49
and 5.72 log CFU mL−1, respectively, at ambient (25 °C) and
accelerated (37 °C) storage conditions aer 12 weeks. The
increase in TPC during ambient (25 °C) and accelerated (37 °C)
storage conditions was impacted due to the initial load of 3.55
log CFUmL−1 of the juice concentrates. The increase in the TPC
was around 2 log CFU mL−1 during both the ambient (25 °C)
and accelerated (37 °C) storage conditions.

Beetroot is a subterranean crop that is exposed to microor-
ganisms present in the soil, irrigation water, and during
handling aer harvest, due to which beetroot juice may contain
a signicant initial microbial load. Also, the juice may be prone
to cross-contamination during processing and concentration.
This can be avoided by initial pasteurization of the juices before
concentration or aer concentration before storage. The pres-
ence of lactic acid-forming anaerobic microorganisms, such as
Leuconostoc spp and Lactobacillus spp, may be the reason for the
increase in TPC, whichmore frequently occurs in unpasteurized
juices during storage.60,61 According to good manufacturing
practices, the maximum acceptable limit for total yeast count
during the storage of food products is set at 6 log CFU mL−1 for
pasteurized juices.62 Therefore, the FO BRJCs stored at ambient
(25 °C) and accelerated (37 °C) conditions for 12 weeks were
considerably safe.
4 Conclusions

Beetroot juice concentrate obtained through forward osmosis
was stored at ambient conditions (25 °C± 2 °C and 60–70% RH)
and accelerated conditions (37 °C ± 2 °C and 90% RH) for 12
weeks, which showed signicant changes in betalain content,
total color, antioxidant capacity, browning index, HMF and
microbial count. The betalain content and antioxidant capacity
in BRJCs by the FO process generally decreased along with the
storage time at both storage conditions; however, at ambient
conditions, the reduction was less compared to that at accel-
erated conditions. The beetroot juice concentrate is signi-
cantly impacted by storage conditions (temperature and relative
humidity), affecting its color stability, nutrient retention, and
microbial load. Despite the substantial rise in microbial count,
the FO BRJCs were still acceptable as the total plate counts were
considered within the permissible limit. The study on the FO
© 2025 The Author(s). Published by the Royal Society of Chemistry
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BRJCs focused on the physical, chemical, and microbiological
properties, which can further help in improving the storage
conditions to enhance product quality and safety. The betalain
content and TCD in BRJCs by FO decreased over the storage
duration under both conditions, with the degradation of beta-
lains following a rst-order reaction model. The degradation
was more pronounced under accelerated storage conditions. A
moderately strong correlation was observed between the beta-
lain content and TCD in BRJCs stored under ambient condi-
tions, while a strong correlation was found for those stored
under accelerated conditions. These insights and control of
spoilage mechanisms will also reduce product loss due to
quality and microbial degradation. To minimize the betalains
and other physicochemical degradation, it is recommended
that beetroot juice concentrates be stored at refrigerated
conditions as soon as they are produced.

This study on shelf-life stability will help to ensure optimal
product quality throughout the supply chain, enabling wider
distribution, including export to distant markets, without the
need for synthetic preservatives. Furthermore, the red betalain
colorant-rich beetroot juice concentrate can be used as
a supplement or as a colorant in different foods. Additionally, it
can help manufacturers optimize natural preservation tech-
niques to meet consumer demand for minimally processed,
additive-free beverages, supporting more sustainable food
systems and offering both economic and environmental
benets.
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