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Reverse (RO) and forward osmosis (FO) are membrane processes that are alternatives to thermal
evaporation, operating at room or lower temperature during concentration of liquid foods, using less
energy and retaining heat-labile components. Pasteurized cranberry juice (5.5° Brix, pH 2.6) was
concentrated by RO at 3.5 MPa and 25 °C to 17.8° Brix and further concentrated by FO at 25 °C to 52.3°
Brix. Potassium citrate (2.35 mol L) was used as FO draw solution. Samples were stored refrigerated at
4 °C for 6 months. Total soluble solids, pH, water activity, titratable acidity, citric and malic acids, CIE
color, % polymeric color, total phenolics, flavonoids, monomeric anthocyanins, DPPH and ABTS
antioxidant activities were measured on concentrated and/or reconstituted samples before and after
processing and monthly for 6 months. Total plate and yeast and mold counts were evaluated before and
after FO processing and after 1, 3, and 6 months on concentrated samples. Results showed that during
RO, anthocyanins decreased by 4% while FO induced no significant changes (p > 0.05) in the
physicochemical properties. During storage, color values in the RO + FO concentrate decreased
significantly (p < 0.05), with a total color change (AE) of 10.4 + 0.9 at the end of 6 months. Polymeric
color increased 2-fold while anthocyanins and DPPH Trolox equivalents decreased by 57% and 23%
respectively after 6 month storage. Total phenolics, flavonoids and ABTS antioxidant activity were
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after FO processing and after storage. No yeast and molds were detected. These findings suggested that

DOI: 10.1039/d5f00142k a combined RO + FO can produce high-quality cranberry juice concentrate that retains quality attributes

rsc.li/susfoodtech and bioactive components but may need frozen storage for preservation of anthocyanins.

Sustainability spotlight

Using reverse osmosis (RO) and forward osmosis (FO) as a concentration technology for fruit juices aligns with the goal of ensuring sustainable consumption
and production patterns. Compared to thermal evaporation, which is the typical juice concentration process, RO and FO are less energy-intensive. By using RO,
energy usage can be reduced by up to 90% and using FO can lower greenhouse emissions by up to 94%. In our work, we concentrated cranberry juice using
a combined RO and FO process, resulting in a concentrate that retains overall quality and health-promoting heat-sensitive components present in the original
juice. Therefore, we can significantly improve the sustainability of the concentration process without excessive heat input while maintaining product quality.

Juice is prepared in several ways. It can be a fresh extract,
pasteurized, mixed with other juices or concentrated. Juice

1 Introduction

Cranberry juice is a valued commodity due to its health benefits.
Several studies have demonstrated that cranberry juice can be
advantageous for urinary tract health' and may offer anti-cancer
and anti-inflammatory properties® due to its proanthocyanidin
and flavonoid content. It also has antioxidant activities due to
the presence of polyphenols, ascorbic acid and triterpenes.’”
However, the processing methods to produce juices can influ-
ence the retention of these bioactive compounds.®
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concentrates available commercially are conventionally
prepared by thermal evaporation. Although the processing
conditions during evaporation render the product safe by
inactivating microorganisms, the exposure of the juice to higher
temperatures for a long residence time degrades the heat-labile
components such as bioactive phenolic components and vola-
tile compounds responsible for aroma and flavor.”® In a study
by Coté et al. (2011),° the cranberry juice concentrate produced
through vacuum evaporation retained 11% and 6% of the total
phenolic content compared to the level in the juice after
pressing and clarification, respectively, before evaporation. To
minimize the negative effects of heat and better preserve the
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juice qualities, nonthermal approaches in concentrating juices
studied, which include freeze concentration and
membrane concentration processes. In freeze concentration
(FC), the water in the fruit juice is frozen to form ice crystals
which are then separated from the liquid, resulting in
a concentrated solution. FC produces high-quality juice and
consumes less energy than thermal evaporation, but it is an
expensive, technically complex, and slow process.'® Some
components are also lost, trapped in the ice crystals.*

Other alternative technologies for concentration that operate
at room temperature or lower are membrane concentration
processes such as reverse osmosis (RO) and forward osmosis
(FO). RO applies external pressure to force the water to pass
through a semi-permeable membrane.” The applied pressure
must be high enough to counteract the osmotic pressure
exhibited by the feed, especially when the feed becomes more
concentrated as the process progresses. For an effective RO
process, transmembrane pressure (TMP) is one of the critical
factors. Variable levels of TMP during the concentration of
apple juice' and grape juice ranging from 2.5 to 7.0 MPa were
investigated, suggesting that an increase in permeate fluxes can
be achieved by increasing the TMP. RO is advantageous over
thermal concentration due to its low processing temperature,
low energy consumption,*®'” and high permeate fluxes, making
it a suitable concentration process but it can be challenging due
to pronounced fouling and concentration polarization.' This
limits the use of RO as a pre-concentration step since the total
soluble solids content that it can achieve is less than that of
thermal evaporation. Several studies on RO applied to fruit
juices obtained a total soluble solids content ranging from 20 to
36° Brix, although high pressure, up to 7000 kPa, was
required."?® For cranberry juice and blends, RO was used as
a pre-concentration step to achieve 15° Brix soluble solids.**>¢

To reach higher concentrations in an efficient manner, other
technologies will be required. FO represents an option as it
concentrates liquid foods by drawing the water from the food
using a draw solution (DS) and a semi-permeable membrane.
The osmotic pressure gradient between the feed and the DS acts
as the driving force, eliminating the need for external pressure
application compared to the RO process. The DS is a key
component of FO, thus it must have a higher osmotic pressure
compared to the feed. For fruit juice concentration, the DS must
be food grade and able to provide high water and low reverse
solute fluxes.>”?® In previous works, juices processed by FO
using sodium chloride as DS included apple juice,* grape
juice,*® pomegranate juice,* and sugarcane juice,* achieving
total soluble solids concentration of up to 60° Brix. Aside from
sodium chloride, there are other materials used as DS to
minimize the impact of reverse solute flux in terms of flavor
profile and juice quality, including sugars (glucose, sucrose),
organic acids (citric acid), salts (potassium sorbate, potassium
lactate, sodium benzoate, sodium lactate, sodium citrate), and
other food additives.****

FO is more advantageous than thermal concentration due to
low operating temperatures that maintain juice quality.*” FO is
less susceptible to fouling compared to other pressure-driven
membrane separation processes,*® allowing higher juice
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concentration than RO.** However, when compared to RO, one
drawback of FO is that it is a relatively slow process due to lower
fluxes. The development of a sequential RO + FO process can
render a high-quality nonthermally concentrated juice at tar-
geted soluble solids content with improved efficiency. There
have been no published reports on using RO followed by FO for
cranberry juice concentration. The sequential RO + FO process
could address the unique challenges of cranberry juice
concentration due to the juice's low pH, while retaining the
bioactive compounds. Therefore, this study researched the
feasibility of a novel sequential RO and FO concentration
process for cranberry juice, and evaluating product quality and
microbial stability during 6 months of refrigerated storage.

2 Materials and methods
2.1 Reverse osmosis (RO) concentration

The schematic diagram of RO is shown in Fig. 1a. The RO
experiments were conducted using the Alfa Laval PilotUnit
Multi Filtration system equipped with a RO98 pHt™ spiral-
wound membrane (Alfa Laval Inc., Richmond, VA, USA) at the
Seneca Foods Foundation Pilot Plant, Cornell AgriTech, Geneva,
NY, USA. The membrane has a filtration area of 4.5 m* and has
=98% rejection rate measured using 2000 mg L™ ' NaCl solution
at 1.6 MPa and 25 °C. All parameter adjustments were
controlled, and data were recorded and acquired through the
built-in human-machine interface (HMI) control panel. To
determine the best conditions to concentrate the cranberry
juice via RO, a model solution containing glucose and citric acid
was used as the feed material due to the high-volume require-
ment of the pilot unit. Glucose and citric acid are the main
sugar and organic acid present in cranberry juice, respectively.*®
The model solution was prepared by dissolving glucose powder
(TLC Ingredients, Inc., Crest Hill, IL, USA) in deionized water
until the total soluble solids content (TSSC) was 7.6 %+ 0.2° Brix
(~Brix for commercial cranberry juice). The pH of the model
solution was adjusted to 2.5 using anhydrous citric acid (ADM,
Decatur, IL, USA) to match the pH of single-strength cranberry
juice. During RO concentration, the transmembrane pressure
was varied: 2.5, 3.0, and 3.5 MPa. After the best condition was
determined from the model solution RO experiments, it was
used to concentrate the pasteurized, single-strength cranberry
juice (5.5° Brix, pH 2.6) sourced from Ocean Spray Cranberries,
Inc. (Middleborough, MA, USA).

A similar RO procedure was applied to both glucose solution
and cranberry juice. A total of 150 kg of model solution or juice
were loaded into the feed tank. Then, the feed was pumped into
a heat exchanger to achieve the target processing temperature of
25 °C. The feed passed through the two booster pumps used to
achieve the desired TMP and then to the membrane. The
retentate was recirculated to the system until the end of the
processing. The permeate was collected separately in stainless
steel buckets. The RO process was ended when the permeate
flow rate was negligible to none. The RO concentrate was
collected for analysis and stored at 4 °C until FO processing.

To ensure membrane performance, CIP cleaning was con-
ducted after each run following the recommendation of the
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Fig. 1

manufacturer. The cleaning was conducted at a TMP of 4 MPa.
The unit was rinsed with deionized water to remove the product
residue. Afterwards, alkaline cleaning was performed using
Ultrasil 110 (Ecolab, Saint Paul, MN) mixed with deionized
water at pH 10.5-11.0. The alkaline solution was recirculated in
the unit for 30 min at 46-48 °C. The solution was drained and
the unit was rinsed with deionized water until pH recovery on
the permeate side. An enzymatic cleaning followed. A solution
of Ultrasil 110 was prepared following the procedure for alka-
line cleaning except that the pH was between 9.75 and 10.5.
After recirculating the Ultrasil 110 solution in the unit for 2 min
at 46-48 °C, Ultrasil 67 (Ecolab, Saint Paul, MN) was added at
0.4% (v/v) and recirculated for 28 min. The solution was drained
and the unit was rinsed with deionized water until pH recovery
on the permeate side. Acid cleaning followed by mixing Ultrasil
75 (Ecolab, Saint Paul, MN) in deionized water to achieve a pH
of 2.0-3.0. The acid solution was recirculated in the unit for
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Schematic diagram of (a) reverse osmosis*® and (b) forward osmosis concentration processes.

30 min at 38 °C. After acid cleaning, the solution was drained
and the unit was rinsed with deionized water until pH recovery
on the permeate side. Water flux was measured after cleaning to
evaluate the efficiency. The membrane was stored in 0.5%
sodium metabisulfite solution during storage to prevent
microbial growth.

The fouling mechanism during the RO concentration of
cranberry juice was determined using Hermia's filtration
models reported in Brown et al. (2008)*" and Quoc et al. (2022),*>
which include complete blocking filtration, intermediate
blocking filtration, standard blocking filtration, and cake layer
formation. The assumptions, descriptions and linearized form
of the equations of each fouling mechanism have been previ-
ously described by Brown et al. (2008)** and Garcia-Castello et al.
(2011).* The RO permeate flux data and time were fitted in the
linearized form of each filtration model and linear regression
was performed to determine the best fit.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2 Forward osmosis (FO) concentration

The FO membrane used had a pH operating limit of 3-8 feed
pH. Thus, before FO concentration, the pH of the draw solution
and the RO-concentrated cranberry juice were adjusted. For the
RO-concentrated juice, the pH was increased from 2.4 to 3.1 +
0.1 by adding potassium bicarbonate (Chem-Impex Interna-
tional, Wood Dale, IL, USA). Food-grade potassium citrate was
used as the draw solution (DS) to match the cranberry juice
composition with citric acid as the predominant organic acid
and potassium as the main mineral.** The DS was prepared by
dissolving potassium citrate (ADM, Decatur, IL, USA) in deion-
ized water to a concentration of 2.35 mol L™, providing an
osmotic pressure of 35 MPa. Then, the pH was decreased from
8.3 to 7.0 using anhydrous citric acid (Alpha Chemicals, Cape
Girardeau, MO, USA).

The FO concentration was done using the evapEOs® micro
pilot unit (Ederna SAS, Toulouse, France) and the schematic
diagram is shown in Fig. 1b. The unit was equipped with
a cellulose triacetate spiral-wound membrane (Fluid Tech-
nology Solutions, Inc., Albany, OR, USA) with an effective
filtration area of 0.54 m”. The membrane has a draw solution
sugar rejection rate of 99.9%. During FO concentration, 10 L of
cranberry juice was transferred into the feed tank as the initial
volume. The juice was pumped into a heat exchanger at an
initial feed pressure of 0.1 MPa and then passed on the active
layer side of the membrane (AL-FS mode). The retentate was
returned to the feed tank and recirculated until the end of
processing. Similarly, the draw solution was pumped at a rate of
7.6 kg h™' to a heat exchanger and then passed on the support
layer side of the membrane in a co-current flow. The diluted
draw solution was collected and was not recirculated into the
system. Both the feed and the draw solution were maintained at
25 °C. The FO process was ended when the difference in pres-
sure between the feed and the concentrate reached 70 kPa, the
operational limit of the membrane.** The RO + FO concentrated
cranberry juice was collected, packaged in 50 mL polypropylene
bottles and stored refrigerated at 4 + 1 °C until further analysis.

After juice concentration, the membrane was cleaned
following the procedure reported by Beldie et al (2025).*
Briefly, the cleaning procedure includes enzymatic alkaline
cleaning, acid cleaning and disinfection. Rinsing with deion-
ized water was performed between each cleaning step. The
water flux was measured after cleaning steps to ensure that
membrane performance is maintained.

2.3 Shelf life study and analysis of cranberry juice

Refrigerated shelf-life study was conducted for 6 months with 1
month sampling interval on concentrated and reconstituted RO
+ FO juice. The reconstituted juice was prepared by adding
deionized water to the concentrate until the TSSC was 5.5° Brix.
The single-strength cranberry juice (before RO), the RO
concentrate, the RO reconstituted juice, the FO concentrate and
the FO reconstituted juices were analyzed to determine the
effects of processing on juice quality. The reconstituted juice
samples were prepared on the same day before conducting the
analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3.1 Physicochemical analyses. The TSSC (as °Brix) was
measured using a digital refractometer (300053, Sper Scientific,
Scottsdale, AZ, USA). The pH was measured using the Orion™
Versa Star Pro™ Benchtop pH Meter (Thermo Fisher Scientific,
Waltham, MA, USA). The water activity (a,,) was measured using
the AQUALAB 4TE meter (Meter Group, Pullman, WA, USA).

The titratable acidity was measured by potentiometric titra-
tion according to AOAC method (942.15, 2019) with modifica-
tions.” A 10 mL aliquot of reconstituted cranberry juice
concentrate was titrated with 0.1 mol L™' NaOH (Ricca,
Arlington, TX, USA) using EasyPlus Automated Titrator (Mettler
Toledo, LLC, Columbus, OH, USA) until the endpoint pH of 8.2.
The results were expressed as anhydrous citric acid (g L™') and
calculated as follows:

Titratable acidity = (Vnaon X 0.1 X 64)/Viample (1)

where V is the volume of NaOH or the sample in mL, 0.1 is the
molarity (mol L") of NaOH, and 64 is the anhydrous citric
equivalence factor (g mol %)

Citric and malic acids were quantified using enzymatic
assays at the Cornell Craft Beverage Analytical Lab, Cornell
AgriTech, Geneva, NY. Samples were prepared, and citric and
malic acids were quantified following the procedure in citrate
lyase/malate dehydrogenase and r-malase dehydrogenase kits
(BioSystems, Costa Brava, Barcelona, Spain), respectively. The
absorbances of the test solutions were read at 340 nm in
a photometer (SPICA, BioSystems, Costa Brava, Barcelona,
Spain). Deionized water was used as a blank and the results
were reported as g L.

The color was measured using UltraScan VIS colorimeter
(HunterLab, Reston, Virginia, USA) equipped with D65/10°
illuminant-observer combination. The sample was transferred
to a cuvette with 1 cm pathlength and measured in the color-
imeter using total transmission mode. The CIE L*, a*, and
b* values were recorded and the total color difference (AE) was
calculated as follows:

AE = \/(AL*) + (aa*) + (Ab*) 2

The percent polymeric color (PPC) was determined using the
bisulfite method according to Dorris et al. (2018)* with modifi-
cations. Juice samples were diluted 20-fold using deionized
water. Two cuvettes were prepared and 2.8 mL of diluted juice
sample were transferred in each. Then, 0.2 mL of deionized water
was added to one of the cuvettes and 0.2 mL of bisulfite solution
(0.2 mg mL™") to the other. The mixtures were equilibrated for
15 min before measurement. The absorbance (A) of each cuvette
was read in a UV-Vis spectrophotometer (GENESYS 20, Thermo
Spectronic, Rochester, NY, USA) at 420, 520, and 700 nm wave-
lengths. PPC was calculated using the eqn (3) below:

1 ic col
% Polymeric color (PPC) = %&Zgi;r x 100  (3)

where polymeric color (bisulfite bleached sample) was calcu-
lated as
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Polymeric color (PC) = [(A420 — A700) + (As20 — A700)] X DF(4)

and DF was the dilution factor. The color density (sample with
water) was calculated as

Color density = [(A420 — Ag0) + (ds20 — A700)] X DF  (5)

The turbidity was measured by transferring 10 mL of juice
into the sample tube and was read using a turbidity meter
(2020wi, LaMotte, Chestertown, MD, USA). The results were
reported as Formazin Nephelometric Units (FNU).

2.3.2 Phenolics and antioxidant activity analyses. The total
phenolic content (TP) was determined following the Folin-
Ciocalteau colorimetry microscale protocol.*’ A 20-fold dilution
of the reconstituted cranberry juice concentrate was prepared as
the test sample. The absorbance was read at 765 nm wavelength
using a UV-Vis spectrophotometer (GENESYS 20). The TP was
calculated against a gallic acid (Chem-Impex Int'l, Wood Dale,
IL, USA) calibration curve and expressed as gallic acid equiva-
lent (mg GAE per L).

The total monomeric anthocyanin (TMA) was determined
according to Lee et al. (2005).*® Juice samples were diluted 20-
fold with potassium chloride buffer (0.025 mol L', pH 1.0) and
sodium acetate buffer (0.4 mol L™, pH 4.5) and allowed to
equilibrate for 15 min. The absorbance of the diluted samples
was read at 520 and 700 nm wavelengths in a UV-Vis spectro-
photometer using a cuvette with 1 cm pathlength. Distilled
water was used as a blank. The TMA was calculated using eqn
(6) and the results were expressed as cyanidin-3-glucoside
equivalent (mg CGE per L).

A x MW x DF x 1000

TMA =
ex 1 ©)

where A = (ASZO_A7()0)pH 1.0 — (As520A4700)pHa4.5; As20 and Azgq are
the absorbance readings from the spectrophotometer at 520 nm
and 700 nm wavelengths, respectively; MW = 449.2 g mol~'; DF
is the dilution factor; and ¢ = 26 900 L x mol™* x cm™ .

The total flavonoid content (TF) was determined according
to Nowak et al. (2022).°* Juice samples were diluted 20-fold with
deionized water. Then, 1 mL of diluted juice sample was
pipetted to a test tube and 0.3 mL of 5% sodium nitrate solution
was added and vortexed briefly. The mixture was left to stand for
5 min. Afterward, 0.3 mL of 10% aluminum chloride solution
was added, vortexed briefly, and left to stand. After 1 min, 2 mL
of 1 mol ™" NaOH solution and 2.4 mL of deionized water were
added and vortexed briefly. The mixture was transferred to
a 1 cm plastic cuvette and the absorbance was measured in
a UV-Vis spectrophotometer at 510 nm wavelength. The TF was
determined by plotting the absorbance against a quercetin
(Sigma Chemical, St. Louis, MO, USA) standard curve. The
values are expressed as quercetin equivalent (mg QE per L).

Antioxidant activities were determined using DPPH and
ABTS assays. DPPH assay was conducted according to Nowak
et al. (2022).°* The DPPH (TCI America, Portland, OR, USA) was
dissolved in methanol to a concentration of 0.1 mmol L™" and
the absorbance was adjusted to 1.00 & 0.05 before using. Single-
strength and reconstituted juice samples were diluted 20-fold

1614 | Sustainable Food Technol, 2025, 3, 1610-1623
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with deionized water. A 0.1 mL of diluted juice was added to
2.9 mL 0.1 mmol L™' DPPH solution and mixed. The mixture
was incubated for 30 min in the dark at room temperature.
Then, the absorbance of the mixture was measured in a 1 cm
cuvette at 517 nm using a UV-Vis spectrophotometer. The ABTS
assay was performed according to Re et al. (1999)** with modi-
fications. A 7 mmol L™ ABTS stock solution was prepared by
dissolving ABTS (Sigma-Aldrich, St. Louis, MO, USA) salt in
deionized water. Then, potassium persulfate (Honeywell, Mus-
kegon, MI, USA) was added in the ABTS stock solution to a final
concentration of 2.45 mmol L', The mixture was stored in the
dark at room temperature for 12-16 h. The absorbance of the
ABTS-potassium persulfate solution was adjusted to 0.70 & 0.02
at 734 nm using methanol before analysis. Single-strength and
reconstituted juice samples were diluted 10-fold with deionized
water. A 20 pL of juice samples were mixed with 2 mL ABTS-
persulfate solution and left to stand for 6 min in the dark at
room temperature. Then, the absorbance was read in a cuvette
with 1 cm pathlength using a UV-Vis spectrophotometer at
734 nm wavelength. The resulting absorbance for DPPH and
ABTS was plotted against a Trolox (AG Scientific, San Diego, CA,
USA) calibration curve and the results were reported as Trolox
equivalent (mg TE per L).

2.4 Kinetic data calculation for TMA degradation and PC
formation

The kinetics of total monomeric anthocyanins (TMA) degrada-

tion and polymeric color (PC) formation in cranberry juice

during refrigerated storage for 6 months were estimated using

zero-order (eqn (7)) and first-order (eqn (8)) kinetic models:**
Zero-order:

C, = Co — kof, tip = C0/2k0 [7)
First-order:
ln(C,/CO) = *k][, ty = —In OS/kl (8)

where C, and C, are the concentration (mg CGE per L for TMA
and Absorbance Units for PC) at time 0 and at any time ¢,
respectively, k, is the zero-order constant (units/month), &, is
the first-order rate constant (per month), ¢ and ¢,,, are the time
and half-life in months of refrigerated storage.

2.5 Microbiological analyses

The cranberry juice concentrates before FO, after FO, and
during 1, 3 and 6 months of refrigerated storage were analyzed
for total plate count (TPC) and yeast and mold count (Y&M). The
samples were analyzed at the Microbial Food Extension Lab at
Cornell AgriTech, Geneva, NY. Briefly, for TPC, 1 mL of
concentrated juice was serially diluted with 0.1% peptone water
(Difco, Becton Dickinson, Sparks, MD, USA). Then the mixture
was pour-plated in plate count agar (Alpha Biosciences, Balti-
more, MD, USA) and incubated at 30 °C for 48 to 72 h. For Y&M,
the same procedure was performed, except that the diluted
samples were transferred to plates with potato dextrose agar
(Alpha Biosciences, Baltimore, MD, USA) adjusted to pH 3.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with tartaric acid (Sigma Chemical Co., St. Louis, MO, USA).
Microbiological analyses were conducted in triplicates and each
sample was plated in duplicates.

2.6 Statistical analysis

All trials were performed in triplicate. Data were analyzed with
one-way ANOVA with Tukey's HSD post-hoc test to determine
significance. The difference was deemed statistically significant
at p < 0.05. Spearman's correlation was used to determine the
correlation coefficients between variables. All analyses were
done using JMP Pro 17 statistical software (JMP Statistical
Discovery LLC, Cary, NC, USA).

3 Results and discussion
3.1 Reverse osmosis concentration of model solution

During reverse osmosis (RO) concentration of the model solu-
tion, the transmembrane pressure (TMP) directly influenced the
permeate water flux (see Fig. 2), where flux increased when the
TMP was higher. This observation is typical of the RO
process®** due to increased driving force when operating at
higher TMP.>**® As mentioned earlier, RO with TMP of up to
7.0 MPa was used to concentrate juices but this study limited
the maximum TMP to 3.5 MPa to be within the recommended
typical membrane operating pressure of 1.5-4.0 MPa. Although
further increasing the TMP could result in higher fluxes, at
higher TMP, a limiting flux can be encountered where flux no
longer increases when pressure is increased.?” This observation
was reported by Menchik & Moraru (2019)*® during RO
concentration of acid whey where a plateau in flux was reached
at TMP higher than 3.5 MPa and could be a result of membrane
compaction at higher pressure, thereby limiting water perme-
ability.*® At the end of RO concentration of the model solution,
the total soluble solids content (TSSC) achieved at TMP of 2.5,
3.0 and 3.5 MPa were 14.1 + 0.2, 16.6 + 0.2 and 18.1 + 0.4° Brix

(%)
(e
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respectively. From these results, the RO concentration of cran-
berry juice was carried out at a TMP of 3.5 MPa.

3.2 Reverse osmosis and forward osmosis concentration of
cranberry juice

The RO permeate flux during cranberry juice concentration
behaved similarly to the permeate flux of the model solution at
3.5 TMP (see Fig. 2). When compared to FO concentration, RO
had a higher water flux at the beginning of the process than FO
as shown in Fig. 3, due to the higher effective pressure differ-
ential brought about by the external pressure applied in RO.*
However, RO has a rapid and steep decline in flux compared to
FO. The results of the statistical evaluation of Hermia's fouling
mechanism models (see Table 1) showed that complete block-
ing best fitted the model. Since the correlation coefficients
between complete blocking, standard blocking, and interme-
diate blocking differ by <10%,*" it can be inferred that the RO
runs exhibited these mechanisms. The decline in flux during
RO concentration of cranberry juice could primarily be due to
the combined effects of fouling, resulting from multiple pore-
blocking mechanisms occurring simultaneously, and concen-
tration polarization, resulting from the increase in osmotic
pressure brought by the increase in TSSC.*>**

On the other hand, during FO concentration using asym-
metric membranes, the permeate flux decline was slower and
predominantly caused by internal concentration polarization®
due to the increase in osmotic pressure of the feed as the
concentration proceeds. Other factors can contribute to FO flux
decline, such as the juice composition, which can result in
fouling of the membrane.>** During the FO concentration of
grapefruit juice, unfiltered juice caused a rapid flux decline
compared to the filtered juice due to the presence of the pulp,
suspended solids and pectin.* In this study, the cranberry juice
was clarified prior to the concentration steps, thus, the reduc-
tion in the flux as concentration progresses during FO can be
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Fig. 2 Permeate fluxes during reverse osmosis concentration of model solution at transmembrane pressures of (@) 2.5, (@) 3.0, and (@)
3.5 MPa, and (@) cranberry juice at 3.5 MPa. Values presented are mean =+ standard deviation.
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Fig. 3 Permeate flux and total soluble solids content (TSSC) during reverse osmosis (RO) and forward osmosis concentration of cranberry juice.
Values presented are mean + standard deviation. (@) RO flux; (@) FO flux; (@) TSSC during RO; (@) TSSC during FO.

Table 1 Statistical results of Hermia's fouling mechanism models for
reverse osmosis process’

Fouling mechanism R RMSE
Complete blocking 0.986 0.056
Standard blocking 0.960 0.016
Intermediate blocking 0.913 0.017
Cake layer formation 0.751 0.008

@ R? = correlation coefficient; RMSE = root mean square error.

attributed to the increase in the TSSC, causing a reduction in
the osmotic pressure gradient between the juice and the draw
solution.*>**¢¢ Similarly, the increase in juice viscosity as
a result of an increased TSSC can exacerbate concentration
polarization and can increase the resistance of the water to flow
through the membrane, therefore reducing the permeate
flux.®”*® To better understand the fouling mechanisms both in
RO and FO processes, a microscopic analysis, such as SEM, of
the membrane would be beneficial to include in further studies.

Fouling phenomena occurs in RO and FO processes and
coupling with other technologies can address fouling and other

challenges with membrane processing. Both electric field and
ultrasound was applied to membrane processes to mitigate
fouling. In the studies of Jiang et al. (2019)* and Rouina et al.
(2016),” the electromagnetic field-assisted RO resulted in an
increased membrane performance and controlled membrane
fouling and scaling. In a study by Trishitman (2025)* on FO
concentration of pomegranate juice, the ultrasound-assisted FO
enhances the flux performance by reducing fouling and miti-
gating concentration polarization. While improvement was
observed in FO performance and concentration time with
ultrasound, it was accompanied by an increase in reverse solute
diffusion. A similar observation was reported in several studies
on ultrasound-assisted forward osmosis.”>”* Although the effect
on process performance was illustrated, it poses a challenge in
terms of the scalability of the assisted membrane process.
After RO concentration, the TSSC of cranberry juice was
17.80 + 0.04° Brix as shown in Table 2. After further concen-
trating by FO, the TSSC of cranberry juice was 52.3 £ 0.7° Brix
(see Table 2). With the combined processes, cranberry juice was
concentrated to 3.2-fold using RO and to 9.5-fold after FO from
an initial TSSC of 5.5° Brix. The TSSC level achieved was still
below the typical range of thermal concentrate (~67-70° Brix)

Table 2 Selected physicochemical properties of cranberry juice concentrate before RO, after RO and after FO processing®

Before RO RO concentrate FO concentrate

Total soluble solids, °Brix 5.50 + 0.01 17.80 £+ 0.04 52.3 + 0.7
pH 2.56 + 0.01 2.40 £+ 0.01 3.02 £ 0.05%
Ay 0.991 + 0.001 0.979 + 0.001 0.893 £ 0.003
Color

L* 40.3 £ 0.1 21.8 £ 0.2 5.5+ 0.2

a* 69.5 + 0.1 56.4 £ 0.3 32.2+ 0.4

b* 53.6 = 0.4 36.9 + 0.3 8.9 £+ 0.6

¢ pH raised by K,CO; addition due to FO membrane pH limitation.
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due to the limitations of the equipment impeding higher TSSC
but the process still offers benefits on transport and storage
costs due to the significant volume reduction while retaining
juice quality. This study used a benchtop FO unit where the
process needed to stop due to the pressure operational limita-
tions of the equipment, i.e. when the difference in pressure
between the feed and the concentrate reached 70 kPa.**
However, this limitation can be easily overcome in a different
membrane system such as the continuous industrial-scale FO
system which was demonstrated to concentrate watermelon
juice by FO to ~65° Brix in a study by Milczarek et al. (2020).7*

The RO and FO process has potential industrial implications
in terms of energy consumption, cost and environmental
impacts. It was shown that up to 90% reduction in energy
consumption and up to 85% reduction in energy cost can be
achieved during RO concentration of maple syrup, compared to
thermal evaporation.” FO 1is also less energy-intensive,
providing up to 80% in energy savings and up to 94% lower
greenhouse emissions compared to thermal concentration,
while retaining juice quality.”® Large-scale RO units exist espe-
cially with RO application in wastewater treatment. For FO,
although the use of an industrial scale was demonstrated,” the
process was still accompanied by several challenges such as
internal concentration polarization, reverse solute flux and
regeneration of the draw solution which can be energy inten-
sive.”” These challenges require further membrane develop-
ment and identification of draw solutions that will provide high
permeate water flux, low reverse solute flux and can easily be
regenerated.”
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Freeze concentration is another nonthermal concentration
process used for juices can produce a product that is very
similar to the original juice. It can be advantageous over
membrane separation processes like reverse osmosis and
forward osmosis, which can prevent nutrient losses due to
permeation. However, it requires freezing which can be energy-
intensive and costlier in terms of capital and operational
expenses."”® Freeze concentration can be slower and a chal-
lenge for high-volume production. Lastly, the achievable total
soluble content may be limited compared to forward osmosis
concentration.™

3.3 Physicochemical and antioxidant properties of cranberry
juice before and after RO and FO processing

The juice concentrates after processing were reconstituted to
the original TSSC and then analyzed to determine the effect of
RO and FO processing. The reconstituted samples were
compared to the juice before RO and the results for different
juice properties are shown in Table 3. There were no significant
changes (p > 0.05) in pH and titratable acidity before and after
RO and before and after FO. The difference in pH and titratable
acidity of the reconstituted juice after RO and before FO was
mainly due to the addition of potassium bicarbonate to adjust
the pH before FO and was not an effect of the process. The
adjustment was necessary due to the limitations of the oper-
ating pH range (3-8) of the FO membrane.

A small reduction (4%) in total monomeric anthocyanin
content from 66.4 + 0.7 mg L™ to 63.8 + 0.6 mg L " was
observed after RO concentration but remained the same after

Table 3 Physicochemical properties of cranberry juice samples, as single strength, before and after reverse osmosis (RO) and forward osmosis

(FO)*

Before RO RO conc. recon. Before FO recon. FO conc. recon.
Total soluble solids content, °Brix 5.50 + 0.01 5.50 + 0.01 5.50 &+ 0.01 5.50 + 0.01
pH 2.56 + 0.01° 2.54 + 0.01° 3.05 + 0.03° 3.04 + 0.06°
ay 0.991 = 0.001 0.993 =+ 0.001 0.993 =+ 0.000 0.993 + 0.001
Titratable acidity, g L™ 15.92 + 0.35° 15.84 + 0.07° 13.89 + 0.10° 13.72 4 0.20°
Citric acid, g L™ 7.70 + 0.06° 7.49 + 0.20° 7.54 + 0.07° 7.49 + 0.21°
Malic acid, g L™* 5.06 + 0.08? 4.86 + 0.04™ 4.95 + 0.04°° 4.70 £ 0.07°
Color
L* 40.3 + 0.1° 40.0 + 0.5%° 39.1 + 0.2° 39.0 + 0.7°
a* 69.5 & 0.1* 67.6 + 1.3° 67.1 & 0.2° 66.5 + 0.1°
b* 53.6 + 0.4 50.9 + 3.5°" 46.8 + 1.0° 46.6 + 2.2°
AE — 33400 73409 7.8 £ 2.0
% polymeric color 17.6 + 1.6 18.1 + 1.0° 24.7 + 2.4° 20.0 + 3.6°°
Total phenolics content, mg GAE per L 1190 + 190% 1300 + 200% 1415 + 98* 1318 + 97°
Total monomeric anthocyanin, mg CGE per L 66.4 + 0.7° 63.8 & 0.6" 62.8 & 1.0° 62.5 + 0.6"
Total flavonoid content, mg QE per L 1306 + 21° 1307 + 447 1355 + 527 1345 + 607
Antioxidant activity
DPPH, mg TE per L 1998 =+ 51° 1460 + 170° 1860 =+ 140* 1770 + 150°
ABTS, mg TE per L 2860 + 130° 2530 + 360° 2865 + 66° 2900 =+ 200*

“ RO conc. recon. - reconstituted RO concentrate; before FO recon. - reconstituted RO concentrate after pH adjustment; FO conc. recon -
reconstituted FO concentrate. GAE - gallic acid equivalent; CGE - cyanidin-3-glucoside equivalent; QE - quercetin equivalent; TE - trolox
equivalent. The titratable acidity is expressed as anhydrous citric acid. Values presented are mean + standard deviation (n = 3). Values with
different letters in each row are significantly different (ANOVA, Tukey's HSD, p < 0.05).
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Table 4 Selected physicochemical properties of cranberry juice RO + FO concentrate during refrigerated storage®

Storage, months
Color 0 1 2 3 4 5 6
L* 5.5 + 0.2% 5.6 + 0.2% 5.3 £ 0.5% 4.7 £0.3%° 4.2 + 0.4%° 3.8 +0.2° 3.5 £ 0.2°
a* 32.2 £ 0.4° 32.7 £ 0.7° 30.4 + 0.9 29.1 + 0.8 27.0 + 1.4 24.5 + 1.29¢ 22.6 + 1.4°
b* 8.9 + 0.6% 9.1 + 0.0° 8.5 + 0.2% 7.4 £0.5° 6.6 + 0.1°¢ 6.0 + 0.3 5.5 + 0.5¢
AE — 0.7+ 0.2 2.0+ 0.6 3.5+ 0.4 5.9 4+ 0.7 8.4+ 0.6 10.4 + 0.9

“ Values are mean =+ standard deviation (n = 3). Values with different letters in each row are significantly different (ANOVA, Tukey's HSD, p < 0.05).

FO concentration. Several studies reported that the reduction in
the TMA levels can be attributed to several factors such as the
presence of oxygen and enzymes during the processing®*®' or
some could be lost to the permeate.***® In the case of our
experimental runs, an equivalent of 0.7 + 0.1 mg CGE per L of
TMA was quantified in the RO permeate, suggesting losses of
TMA to the RO permeate. A similar observation was reported
where anthocyanins were lost to the permeate during RO
concentration of grape juice.*® There were no significant
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changes in the total phenolics content and total flavonoid
content before and after RO and FO processing, as shown in
Table 3, indicating the positive effect of the nonthermal
processes on retaining polyphenolic compounds.

Changes in color were observed after RO and FO processing
as indicated by AE increase when the reconstituted samples
were compared to the original juice as shown in Table 3. Choi
et al.*® and Cserhalmi et al.*® indicated that a AE = 2.0 can be
visible when samples are compared side by side. When the pH
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Fig.4 Color values (a) L* — light to dark, (b) a* — red to green, (c) b* — yellow to blue, and (d) AE — total color change of reconstituted RO + FO
cranberry juice concentrate during refrigerated storage. The values presented are mean + standard deviation (n = 3). Different letters indicate
significant difference between storage period (ANOVA, Tukey's HSD, p < 0.05).
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of the juice was increased before FO concentration, a AE =4.5 &+
0.3 was observed, suggesting that there was a color change after
RO and before FO. This could be attributed to pH adjustment
and not to the degradation of anthocyanin since the TMA and %
polymeric color were not statistically different (p > 0.05). The
increase in pH may have shifted the anthocyanin structures
consistent with the pH-dependent color changes reported by
Torskangerpoll & Andersen (2005).*” We recommend conduct-
ing quantification of the anthocyanin composition to assess the
changes in the pigment composition.

3.4 Selected physicochemical properties of RO + FO
cranberry juice concentrate during refrigerated storage

After RO and FO concentration, samples were stored refriger-
ated, and analyses were conducted every month. Table 4 shows
the selected physicochemical properties of RO + FO cranberry
juice concentrate during 6 months of refrigerated storage.
There were no significant changes (p > 0.05) in TSSC (52.1 + 0.7
to 52.3 + 0.8), pH (2.9 £ 0.1 to 3.1 £ 0.1) and a, (0.98) during
refrigerated storage of the juice concentrate. However, changes
in the L*, a* and b* color values were observed, with a* and
b* values decreasing significantly after 3 months of storage
when compared to the concentrate after processing. Further,
the AE values increased during storage. When compared to
juice concentrate after processing, a AE = 0.7 in the first month
was recorded, showing a minimal change that is not easily
perceived by the naked eye. However, after two months of
refrigerated storage, the color change was noticeable since the
AE > 2.0. Color changes were more evident in the reconstituted
juice samples, which are discussed in the next section.

3.5 Physicochemical properties and antioxidant activity of
reconstituted RO + FO cranberry juice concentrate during
refrigerated storage

The stored RO + FO cranberry juice concentrate was recon-
stituted (5.5° Brix) to evaluate changes over time. There were no
significant differences (p > 0.05) in pH (3.0-3.1), water activity
(0.99), titratable acidity (13.3-13.7 g L™ '), and citric acid content
(7.5-8.0 g L") after reconstitution. Color parameters, L*, a*,
and b*, decreased over time (see Fig. 4a—c) similar to the color
change observations in RO + FO concentrate. The AE increased
(see Fig. 4d) from 7.8 + 2.0 to 27.2 £ 0.4 during storage when
compared to the initial juice color before RO processing.
Although L* (r = —0.92, p < 0.001), a*, and b* (r = —0.92, p <
0.001) negatively influenced AE, a* had the highest influence (r
= —0.98, p < 0.001). The positive value on a* refers to redness,
thus the reduction from 66.5 + 0.1 to 50.0 & 0.2 is an indication
of the degradation of anthocyanins present in the juice. Several
studies have also reported that the decrease in a* is attributed
to polymerization or degradation of anthocyanins.**** Cran-
berry juice contains polyphenolic compounds that are respon-
sible for its color®** and the color change could also be due to
changes in other pigments during storage. Further studies
focusing on quantifying the individual polyphenolic
compounds in the cranberry juice will help elucidate their
contribution to total color change during refrigerated storage.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The total monomeric anthocyanin content (see Fig. 5a)
decreased from 62.5 £+ 0.6 to 26.8 = 1.7 mg CGE per L after 6
months, which was predicted earlier from the color indicator,
a*. The degradation of monomeric anthocyanins can be
attributed to several factors, such as interaction with other

compounds present in the juice and polymerization
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Fig. 5 (a) Total monomeric anthocyanin content, (b) percent poly-

meric color, and (c) turbidity of reconstituted RO + FO cranberry juice
concentrate during refrigerated storage. The values presented are
mean =+ standard deviation (n = 3). Different letters indicate significant
difference between storage period (ANOVA, Tukey's HSD, p < 0.05).
CGE = cyanidin-3-glucoside equivalent. NFU = formazin nephelo-
metric units.
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Table 5 Physicochemical properties of reconstituted cranberry juice RO + FO concentrate (5.5° Brix) during refrigerated storage®

Storage, month per s

0 1 2 3 4 5 6
Total phenolic content, mg GAE per L 1318 + 97* 1324 4+ 267° 1498 + 66° 1380 + 247* 1527 + 106® 1634 + 190° 1451 + 10°
Total flavonoid content, mg QE per L~ 1345 + 60% 1283 £ 95 1196 + 134 1308 £+ 136° 1333 +48* 1321 +51* 1198 + 92?
Antioxidant activity
DPPH, mg TE per L 1769 + 147° 1645 = 40°® 1395 + 255° 1521 4+ 164°° 1496 + 88°° 1363 + 58" 1362 + 88"
ABTS, mg TE per L 2895 £ 202 2622 £ 524 2414 + 502 2277 £ 105 2487 £ 143 2322 £238 2319 £ 45

% GAE = gallic acid equivalent; CGE = cyanidin-3-glucoside equivalent; QE = quercetin equivalent; TE = trolox equivalent. Values are mean =+
standard deviation (n = 3) and different letters in each row are significantly different (ANOVA, Tukey's HSD, p < 0.05).

reactions.”>*>** Percent Polymeric Color (PPC) is another indi-
cator of anthocyanin degradation.”® When anthocyanins
degrade, there is an increase in PPC.” The cranberry juice
before RO and FO concentration had a PPC of 17.6 &+ 1.6 (Table
3). At the end of 6 months, the PPC value (see Fig. 5b) was equal
to 43.1 £+ 0.5%, more than twice the original, suggesting the
polymerization or degradation of anthocyanins during storage.
Similar observations occurred during the storage of black carrot
juice,®® strawberry juice,®” grape juice,” and sour cherry juice®
where PPC increased over time. Similarly, the turbidity followed
the same trend as with PPC where it increased during refriger-
ated storage as shown in Fig. 5c. The turbidity in the cranberry
juice was caused by the formation of insoluble complexes that
precipitate over time. These precipitates in cranberry juice were
the product of anthocyanins being polymerized, mostly con-
sisting of polymeric colors as reported by Dorris & Bolling
(2021).* To understand the mechanism of degradation, it is
suggested that anthocyanins be quantified by other methods.
Total phenolic and flavonoid contents had no significant
changes (p > 0.05) during refrigerated storage as shown in
Table 5, further indicating the stability of these compounds
when processed by RO and FO.

For antioxidant activities, there were no significant differ-
ences (p > 0.05) for ABTS values (Table 5). However, a significant
reduction (23%) in DPPH was observed during 6 months of
refrigerated storage.'® suggested that anthocyanins in cran-
berry juice may have more contribution to the antioxidant effi-
cacy compared to the phenolic acids. Although TMA decreased
during storage, the DPPH antioxidant activity could not only be
attributed to anthocyanins (r = 0.67, p < 0.001). The overall
antioxidant activity may be due to the combined effects of the
anthocyanins, phenolics (r = —0.56, p < 0.01), and flavonoid
contents (r = 0.55, p < 0.01).

3.6 Kinetic data for anthocyanin degradation and polymeric
color formation

The TMA and polymeric color data were fitted to zero-order and
first-order kinetics. The kinetic parameters are shown in
Table 6. Linear regression showed that TMA degradation
follows a first-order reaction where the reaction rate is propor-
tional to the anthocyanin concentration and indicates that
anthocyanin decreases exponentially due to polymerization and

1620 | Sustainable Food Technol., 2025, 3, 1610-1623

Table 6 Kinetic parameters of anthocyanin degradation and poly-
meric color formation in reconstituted RO + FO cranberry juice
concentrate during refrigerated storage®

Total monomeric Polymeric
anthocyanins color
Zero-order
ko, U/months —5.796 0.130
R 0.911 0.960
t1/2, months — 2.8
First-order
k;, month per s —0.142 0.116
R? 0.963 0.911
t1», months 4.9 —

“ U = mg cyanidin-3-glucoside equivalent per L (for total monomeric
anthocyanins) and U = absorbance units (for polymeric color); k, =
zero-order rate constant; k; = first-order rate constant; R> =
coefficient of determination; ¢,,, = half-life.

oxidative reactions.”® The TMA degradation following a first-
order kinetics was similar to reports in previous studies on
different fruit juices during storage.**°*'°* The half-life of TMA
was estimated at 4.9 months. The polymeric color formation, on
the other hand, follows a zero-order kinetic model having
a higher coefficient of regression, as shown in Table 6, indi-
cating that polymeric color formation proceeds at a constant
rate of 0.130 absorbance units per month. The polymeric color
formation following a zero-order kinetics was in agreement with
several studies on juices during storage.***® The estimated half-
life for polymeric color formation was 2.8 months.

3.7 Microbiological quality of cranberry juice before FO and
during refrigerated storage

The cranberry juice before FO and the RO + FO concentrate were
evaluated for total plate counts (TPC) and yeast & mold counts
(Y&M). Before FO processing, the TPC was 1.34 £ 0.31 log CFU
mL " and remained at the same level after FO concentration.
No reduction occurred during FO since the juice was processed
at room temperature. A reduction in the TPC was observed after
1 month of refrigerated storage to 1.24 & 0.33 log CFU mL .
The TPC counts were below the level of detection (<1.0 log CFU
mL™") after 3 months and remained undetectable after 6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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months of refrigerated storage. Y&M was undetectable (<1.0 log
CFU mL™") before and after FO processing and during the
refrigerated shelf-life. The reduction in TPC during refrigerated
storage could be attributed to the intrinsic properties of the
juice. It has been reported in several studies that cranberry juice
concentrate has antibacterial activity and the reduction in
microbial counts could be due to the synergistic effect of low pH
and the presence of phenolic compounds.'®*™%*

4 Conclusion

A sequential RO and FO process successfully concentrated
cranberry juice to 52° Brix. At least 87% of total phenolics and
total flavonoid contents were retained during refrigerated
storage compared to thermal concentration where up to 89% of
cranberry juice phenolics were degraded,’ offering superior
nutritional quality. Most quality attributes were also retained
but there were observable changes in color and the degradation
of anthocyanins was evident during refrigerated storage.
Though the anthocyanins were mostly retained during the RO
and FO processes, the losses during refrigerated storage suggest
that frozen storage (below —18 °C), which is a typical storage
condition for most juice concentrates, may be necessary for the
product to maintain high quality,'”® even though the RO + FO
cranberry juice concentrate was microbiologically stable for 6
months. Further studies are needed to compare the quality and
stability of nonthermally and thermally concentrated cranberry
juice, and to assess the feasibility of a large-scale setup,
considering that this study utilized a pilot RO and benchtop FO
units.
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