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Abstract: The aim of the present work was to study the potential of ultrafiltration with three polyacry-
lonitrile membranes (1, 10, and 25 kDa) to concentrate polyphenolic antioxidants in apple juice and
extract. The permeate flux, total polyphenols, polyphenolic profile, phenolic acid content, and total
antioxidant capacity were determined using the FRAP and DPPH tests, the content of water-soluble
proteins during ultrafiltration was established, and the concentration factors and rejections were
determined. The permeate flux decreased by increasing the volume reduction ratio and decreasing the
molecular weight cut-off of the membranes. The concentration factor and rejection of polyphenolics
increased with the increase in the volume reduction ratio (VRR) for all membranes and both liquids.
The concentration and rejection effectiveness of the 1 kDa membrane was higher than those observed
for 10 and 25 kDa during the ultrafiltration of the apple extract, while these values were comparable
for 1 and 10 kDa during the ultrafiltration of the apple juice. The concentration factors and rejections
of total polyphenols were higher in the extract than in the juice. Chlorogenic acid was the main
compound in the polyphenol profile of apple juice. The total content of phenolic acids, determined
by using HPLC, increased by 15-20% as a result of the membrane concentration, but the separation
process did not significantly change the ratio between the individual compounds.

Keywords: ultrafiltration; apple juice; apple extract; polyphenolic

1. Introduction

The plants are rich in flavonoids and polyphenolics and have high antioxidant activity.
They are widely used in medicine because they have many healthy effects, including anti-
inflammatory and antirheumatic, antiallergic, anticancer, and antiviral properties [1-3].

Nowadays, the determination of the concentration of polyphenols by using membrane
technologies is important from a scientific and industrial point of view because the low
temperatures of treatment allow researchers to avoid the thermal degradation of these
compounds. Usually, nanofiltration is used for the fractionation and concentration of
flavonoids, anthocyanins, carotenoids, sugars, and phenolic compounds from fruit and
vegetable matrices [4], while ultrafiltration is mainly used for the purification of juices [5,6].
Moreover, fractionation, purification, and concentration of polyphenols are of healthy
and economic interest to the food industry [7]. The traditional methods for concentrating
biologically active compounds, extracted from natural products, apply simple steam and
vacuum distillation and thus use high temperature and energy consumption [8]. The
first is inapplicable for heat-sensitive products. These methods may induce a loss of com-
pounds of low molecular weight, which can be removed together with the solvent during
evaporation [9]. The traditional concentration methods can be replaced by membrane
processes because they are carried out without phase transition and at a relatively low
temperature, which preserves the native characteristics of the separated components [10,11].
Other advantages of the membrane processes are environmental friendliness [12], lower
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power consumption [13], increased yield [14,15], higher quality of the final product [16,17],
reduction in production costs [18], and high selectivity [19].

Membrane technologies are applied in many branches of food production, including
the fruit juice industry. Many researchers have directed their efforts to study the effects
of important factors such as membrane filtration, interpretation, comparison of results,
and the practical use of membrane processes and proved that the juices produced via
membrane filtration have an excellent quality according to their physicochemical and
sensory characteristics [20].

The hydrophobic nature and molecular weight cut-off (MWCO) of the membrane
may affect the separation and concentration of valuable compounds [8,21,22]. The type
of the liquid and the level of concentration also have a significant influence on the main
characteristics of the process (permeate flux, concentration factor, and rejection) [20].

The aim of the present work was to study the potential of ultrafiltration with three
different membranes to concentrate polyphenolic antioxidants in apple juice and extract.

2. Materials and Methods
2.1. Materials
2.1.1. Chemicals

The following reagents and standards were used: DPPH [2,2-diphenyl-1-picrylhydrazyl],
TPTZ [24,6-tripyridyl-s-triazine], and Trolox [(£)-6-hydroxy-2,5,7,8-tetramethylchromane-
2-carboxylic acid] (Sigma-Aldrich, Steinheim, Germany); Folin—Ciocalteu reagent (FC-
reagent) (Merck, Darmstadt, Germany); gallic acid monohydrate, chlorogenic acid, caffeic
acid, and p-cumacic acid (Fluka, Buchs, Switzerland).

All other reagents and solvents had analytical or HPLC grades.

2.1.2. Plant Materials
Apple Extract

The VitaRed™ apple extract (70% polyphenols) was provided by Future Ceuticals
(Momence, IL, USA). The model solution (0.1%, w/v) of the apple extract was prepared
with distilled water, acidified (pH 3.0) with 1 M HCI to be close to the pH value of the apple
juice from the studied concentrate (pH 3.34), via treatment (20 min) in an ultrasonic bath
(USC200T, VWR International bvba/sprl, Leuven, Belgium).

Apple Juice from Concentrate

Depectinized cloudy apple concentrate (>70 Brix) was provided by Krichimfrukt
Ltd. (Krichim, Bulgaria). The concentrate was diluted with distilled water up to a soluble
solid content of 11.2 Brix. To achieve the necessary clarity (transmittance, T > 90%),
the juice was sequentially filtered through filter paper and paper filter Filtrak 390 (VEB
Spezialpapierfabrik Niederschlag, Niederschlag/Erzgebirge, Germany).

2.2. Methods
2.2.1. Membrane Equipment

Membrane filtration was carried out using laboratory equipment with a replaceable
plate and a frame membrane module with a membrane area of 1250 cm?, shown in Figure 1.
Polyacrylonitrile asymmetric membranes UF1-PAN, UF10-PAN, and UF25-PAN with molec-
ular weight cut-offs (MWCO) of 1 kDa (average pore size 1 nm), 10 kDa (average pore size
1.5nm), and 25 kDa (average pore size 2 nm), respectively, were used. The membranes were
produced at the University of “Prof. Dr. Asen Zlatarov”, Bulgaria. The volume of the feed
solution (V) was 6 L for each ultrafiltration experiment. The experiments were conducted
under the following working conditions: operating pressure 0.4 MPa; temperature 20 °C;
feed flow rate 330 dm?/h; volume reduction ratio 2, 4, and 6. The membranes were cleaned
with NaOH 0.5%, a temperature of 50 °C, pressure of 0.2 MPa, circulation time of 30 min,
and final rinsing with distilled water.
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Figure 1. Scheme of laboratory membrane equipment: 1—pressure regulator; 2—pipeline for reten-
tate; 3—manometer (0-1 MPa); 4—replaceable plate and frame membrane module; 5—manometer
(0-1 MPa); 6—3-frame piston pump; 7—pipeline for permeate; 8—tank for permeate; 9—pipeline for
feed solution/retentate; 10—tank for feed solution/retentate.

2.2.2. Calculation of Main Characteristics of Ultrafiltration Process

The permeate flux (J, L/ (m?h)) was calculated according to the following formula:

\%
]7A*t

)

where V is the volume of collected permeate, L; A is the membrane area, m?; ¢ is the time, h.
The volume reduction ratio (VRR) was calculated as follows:
Vg

RR = — 2
VRR = g @

where VF is the volume of the feed solution, dm?; Vg is the volume of the retentate obtained
during ultrafiltration, dm?3.
The rejection (R, %) was calculated using the following formula:

CF’
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where Cp is the concentration of the component present in the permeate, %; Cr is the

concentration of the component present in the retentate, %.
For calculating the concentration factor (CF), the following equation was used:

_ S
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where Cy is the concentration of the component present in the retentate, %; Co is the
concentration of the component present in the feed solution, %.

2.2.3. Sample Preparation
Sample Preparation for Spectrophotometric Analyses

A 5 mL sample (extract/juice) was placed in a 50 mL volumetric flask. Extraction
was performed with methanol overnight in a refrigerator (10 °C). The methanol extracts
obtained were filtered through a paper filter.

The extractions were performed in triplicate.

Sample Preparation for HPLC-DAD (High-Performance Liquid Chromatography with
Diode-Array Detection) Analysis

After adjusting to pH 1.5 (with an HCI solution), 50 mL apple juice samples were
extracted three times with ethyl acetate (50 mL). The combined extracts were filtered using
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anhydrous sodium sulfate, and the solvent was vacuum-evaporated. The dry residue
was dissolved in 5 mL of methanol. Prior to analysis, the samples were filtered through a
membrane filter (0.45 pm).

The extractions were performed in triplicate.

2.2.4. Spectrophotometric Analyses
Determination of Total Polyphenols

The content of total polyphenols was determined by using the method of Singleton
and Rossi [23], with some modifications. The methanol extract (0.1 mL) was mixed with
0.5 mL FC reagent (diluted with distilled water in a ratio of 1:4, v/v) and 1.5 mL of sodium
carbonate solution (7.5%, w/v), bringing the volume of the reaction mixture to 10 mL
with distilled water. The absorbance at 750 nm was measured after incubation at room
temperature for 2 h. The results are presented as gallic acid equivalents (GAE) in mg per
100 mL sample (juice/extract).

Determination of Total Antioxidant Capacity

The total antioxidant capacity was assessed by determining the free radical-scavenging
ability (DPPH test; 2,2-diphenyl-1-picrylhydrazyl) and the ferric-reducing ability power
(FRAP test). Trolox, a water-soluble analogue of vitamin E, was used as a standard, and
the results are expressed as equivalents of Trolox (TE) in pmol per 100 mL of sample
(juice/extract).

° DPPH Test

This procedure was based on the method of Brand-Williams et al. [24], applied with
the following modification: 2250 pL of a 6 x 10~> M DPPH solution in methanol (prepared
on the day of analysis) was mixed with 250 uL of methanol extract (diluted with distilled
water in a ratio of 1:3, v/v). The absorbance at 515 nm was measured after 15 min incubation
in the dark at room temperature.

e FRAP Test

This procedure was based on the method of Benzie and Strain [25], applied with some
modifications. The FRAP reagent was prepared on the day of analysis by mixing 2.5 mL of
a solution of TPTZ (10 mmol/L) in hydrochloric acid (40 mmol/L), 2.5 mL of an aqueous
solution of FeCl; (20 mmol/L), and 25 mL of acetate buffer (0.3 mol/L, pH 3.6). Then,
2250 pL of the FRAP reagent was mixed with 250 pL of the methanol extract (diluted with
distilled water in a ratio of 1:3, v/v). The absorbance at 593 nm was measured after 4 min
incubation in the dark at room temperature.

All spectrophotometric measurements were performed with a Helios Omega UV-
Vis spectrophotometer equipped with the VISIONIite software (all from Thermo Fisher
Scientific, Madison, WI, USA), using 1 cm path length cuvettes.

2.2.5. HPLC-DAD Analysis

The identification and quantification of polyphenols were performed using an HPLC-
DAD Agilent 1200 system, equipped with the ChemStation software (Agilent, Waldbronn,
Germany). A ZORBAX Eclipse XDB-C18 (4.6 x 150 mm, 5 um) chromatographic column
(Agilent) operating at 25 °C was used in combination with an Eclipse XDB—C18 guard
column (4.6 x 12.5 mm, 5um). The detector was set to record spectra in the range of
200-600 nm.

Chromatographic separation was performed according to Schieber et al. [26]. The
mobile phase consisted of 2% (v/v) aqueous acetic acid (Eluent A) and 0.5% acetic acid
in water and acetonitrile (50/50, v/v) (Eluent B). The following gradient program was
used: 10-55% B (50 min); 55-100% B (10 min); 100-10% B (5 min); and 10% B (5 min). The
polyphenol profile at 320 nm was recorded at a flow rate of 0.4 mL/min and an injected
sample volume of 10 pL. The identification of the individual components was performed
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by comparison with the retention time of standard substances. Standard curves were used
for the quantification of the identified components.

2.2.6. Determination of Total Water-Soluble Proteins

Briefly, 10 mL of chilled juice was mixed with 60 mL of chilled ethanol. After standing
overnight under refrigerated conditions (4 °C), the mixture was centrifuged for 40 min
at 6000x g min~! using an MPW-251 centrifuge (MPW MED. INSTRUMENTS, Warsaw,
Poland). The resulting precipitate was dissolved in 0.5 mL of distilled water.

The water-soluble protein content was determined by using the method of Brad-
ford [27], with bovine serum albumin (BSA) as a standard.

2.2.7. Statistical Analysis

The results reported in the present study are the mean values of at least three determi-
nations. Fisher’s least significant difference test at a significance level of 0.05 was used for
the comparison of the experimental values using Excel 2010 with a one-way analysis of
variance (one-way ANOVA).

3. Results and Discussion
3.1. Permeate Flux

Figure 2 shows the permeate flux as a function of VRR during the ultrafiltration of
the apple extract and juice. For each membrane, the permeate flux decreased with the
increase in the VRR. The increase in the concentration of the solution caused an increase in
dynamic viscosity, which led to a reduction in the mass transfer coefficient, and thus the
flux decreased. A similar trend was observed by Gagliano et al. [4] during the nanofiltration
of diafiltered apple juice. These authors considered that fouling mechanisms, such as the
adsorption of particles on the membrane pore walls and pore plugging, are additional
phenomena for the decrease in the permeate flux. The permeate flux of the apple extract
had higher values than that of the apple juice. The increase in the molecular weight cut-off
of the membrane led to an increase in the permeate flux.

49
----- extract, UF1-PAN
44
39 _—— extract, UF10-PAN
< 3 : _
t L extract, UF25-PAN
- ~
= 29 ™~
- ~— - juice, UF1-PAN
2 e —
_________________________ juice, UF10-PAN
9 M —===s==s—aaa.
14 | juice, UF25-PAN
2 3 4 5 B
VRR

Figure 2. Effects of the volume reduction ratio (VRR) on the permeate flux during ultrafiltration of
apple extract and juice.

3.2. Total Polyphenolics
3.2.1. Total Polyphenolic Content

The results for the change in the total polyphenolic content during the ultrafiltration
of the apple extract and juice with UF1-PAN, UF10-PAN, and UF25-PAN membranes are
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presented in Table 1. During ultrafiltration from VRR 2 to VRR 6, the polyphenol content
increased for all the investigated membranes (p < 0.05). The highest values were obtained
during ultrafiltration with the UF1-PAN membrane for the apple extract, and the lowest
was observed when working with UF25-PAN (p < 0.05) for the apple juice. When the
apple juice was ultrafiltered, there was no significant difference in the total polyphenols in
retentates at VRR 2 between all the membranes and in retentates at VRR 4 and 6 between
the UF1-PAN and UF25-PAN membranes. The UF10-PAN membrane showed the highest
total polyphenols when the apple juice was subjected to ultrafiltration. The concentration
of total polyphenols was higher in the retentates from the apple extract than in those from
the apple juice.

Table 1. Changes in total polyphenols (mg GAE/100 mL) during ultrafiltration of apple extract

and juice.
Membranes
Sample
UF1-PAN UF10-PAN UF25-PAN
Extract 65.9 + 1934 64.6 124 68.6 +2.1A
Feed solution
Juice 51.8 + 2.54 60.8 £ 34 58.2 +2.1 A
Extract 26.6 + 0.8 A 415+ 118 38.4 + 0.9bC
Permeate

Juice 475+ 1.5bA 50.5 4 2 bA 51.7 +£1.7bA
Extract 116.7 £ 3.2 A 944 +21¢B 91.6 +1.8<B

Retentate at VRR 2
Juice 62.7 £ 34 67.8 £29A 632 +£214A
Extract 2159 + 41494 165.0 + 3.2 9B 141.1 £1.99€

Retentate at VRR 4
Juice 79.4 + 35dA 841 +25¢B 752 +1.94dA
Extract 340.7 £ 5.0 &4 220.1 +2.8¢B 191.0 + 2.4 ¢€

Retentate at VRR 6
Juice 842 44194 95.4 +394dB 82.0+45dA

Note: Different lowercase letters (a—e) show significant differences between the total polyphenols of the feed
solution, permeate, and retentates (p < 0.05). Different upper letters (A-C) show significant differences between
the polyphenol content of the samples ultrafiltered with the three membranes (p < 0.05).

3.2.2. Concentration of Total Polyphenolics

The effects of the volume reduction ratio (VRR) on the concentration factor (CF) of total
polyphenols during the ultrafiltration of the apple extract and juice are presented in Figure 3.
The concentration factor increased when the volume reduction ratio increased for all three
membranes for both liquids (p < 0.05). When UF1-PAN was used, the concentration factor
increased from 1.77 (VRR 2) to 5.17 (VRR 6) for the apple extract and from 1.21 (VRR 2)
to 1.62 (VRR 6) for the apple juice. For UF25-PAN, this increase was from 1.33 (VRR 2) to
2.78 (VRR 6) for the apple extract and from 1.09 (VRR 2) to 1.41 (VRR 6) for the apple juice.
It can be seen that when the molecular weight cut-off increased, the concentration factor
decreased. The concentration factors were higher for the apple extract than the apple juice.
It was 5.17 at VRR 6 with the UF1-PAN membrane when the apple extract was ultrafiltered,
while under the same conditions for the apple juice, it was 1.62. This large difference could
be explained by some matrix compounds, e.g., arabinans and galacturonic acid oligomers,
that might be available in apple juice and their concentration during ultrafiltration, thus
decreasing the concentration level of polyphenols. A positive correlation was found
between the feed concentration and the concentration factor and recovery of polyphenolics
during the ultrafiltration of the apple juice [28]. The membrane material influences also
the separation and concentration of the components. Comparing the membranes with
MWCO of 50 kDa from polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF), and
polyethersulfone (PES) for the ultrafiltration of the apple juice, it was established that the
highest values of the total phenolic content were obtained when the PVDF membrane was
used [29]. A higher recovery rate of antioxidant compounds was also observed, especially
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in terms of the total phenolic compounds, in comparison with the conventional processes
in the concentrated and clarified juice obtained with NF and UF [30].

CF

[ )
jury
(=]
[F5)
H=

1
-
=l

VERER
----- extract UF1-PAN — — extract UF10-PAN

extract UF25-PAN
juice UF1-PAN juice UF10-PAN juice UF25-PAN

Figure 3. Effects of the volume reduction ratio (VRR) on the concentration factor (CF) of total
polyphenols during ultrafiltration of apple extract and juice.

3.2.3. Rejection of Total Polyphenolics

The dependence of the rejection (R, %) of total polyphenols on the volume reduction
ratio during the ultrafiltration of the apple extract and juice is presented in Figure 4. The
rejections of total polyphenols were higher for the apple extract in comparison to those
of the juice. It varied from 56.04% to 92.2% for the apple extract and between 18.2% and
47.1% for the apple juice. The rejection increased with increasing the volume reduction
ratio for all three membranes. Comparing the three membranes, it could be seen that the
highest values of the rejection rate were obtained with the UF1-PAN membrane when the
apple extract was subjected to ultrafiltration and with UF10-PAN for the apple juice. The
values for the UF10-PAN and UF25-PAN membranes were comparable, and there was
no significant difference between them (p > 0.05) for the apple extract. Huang et al. [31]
established that the molecular weight cut-off of the membrane influenced the rejection
rate of the juice compounds. This is probably due to the sieving effect of the membrane
processes. The rejection rate of total phenolics during the ultrafiltration of Valencia orange
juice was higher when a 20 kDa PS (polystyrene) membrane was used than with 30 kDa
PES (polyethersulfone) [32]. The rejection rate of total phenols and flavonoids decreased
when the MWCO of the membranes increased [8]. Figure 3 shows that when the apple juice
was ultrafiltered, there was no significant difference between the UF10-PAN and UF1-PAN
membranes (p > 0.05). This ultrafiltration behavior could be attributed to the complex
matrix of the juice, in particular, the presence of macromolecular compounds, binding
the polyphenols [21]. The retention depends on the membrane material (hydrophobic or
hydrophilic) and the nature of the components [33].
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Figure 4. Dependence of the rejection (R, %) of total polyphenols on the volume reduction ratio (VRR)
during ultrafiltration of apple extract and juice.

3.3. Water-Soluble Proteins in Retentates Obtained via Ultrafiltration of Apple Juice

As can be seen in Figure 5, the content of water-soluble proteins in the retentates
obtained from the apple juice at VRR 6 had the highest value when using the UF10-PAN
membrane and the lowest with the UF25-PAN membrane. Close values were obtained
for the UF1-PAN and UF10-PAN membranes. It is known that the active protein fractions,
with respect to the polyphenol-binding capacity, are in the range of 21-31 kDa in Granny
Smith apple juice [34] and 12-28 kDa in Jonagold apple juice [35]. Cai et al. [29] compared
the membranes with an MWCO of 50 kDa from polyacrylonitrile (PAN), polyvinylidene
fluoride (PVDF), and polyethersulfone (PES) for the ultrafiltration of apple juice. The
authors reported the highest values of the total protein content were observed when the
PAN membrane was used.

14

Water soluble proteins, mg BSA/L
——

UF1-PAN UF10-PAN UF25-FAN

Figure 5. Content (mg BSA /L) of water-soluble proteins in retentates (VRR 6) obtained via ultrafiltra-
tion of apple juice.
3.4. HPLC Separation of Polyphenols

The obtained polyphenolic profile of the apple juice, illustrated by the chromatograms
in Figure 6, is consistent with that found by other authors [28,36]. It could be seen that the
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main compound was chlorogenic acid, the concentration of which was approximately 40%
of the total polyphenolic content (based on the peak area).

1
} ]

n-_r,._/v_d_J/ A S WV Y N W LN NP L I | P | W — e

0 B 0 @ 5 C .

(a)

(b)

Figure 6. HPLC separation (320 nm) of polyphenols (1, chlorogenic acid; 2, caffeic acid; 3, p-coumaric
acid) in apple juice subjected to ultrafiltration (UF1-PAN): (a) initial solution; (b) retentate at VRR 6.

3.5. Phenolic Acids

Analogous to the changes in the total polyphenol content, the concentration of chloro-
genic acid in the retentates significantly increased for all three membranes (Table 2). These
results are in agreement with those reported by Wei et al. [28], who found a significant
increase in the concentration of phenolic compounds, determined by using HPLC in
the retentate.

Table 2. Content of phenolic acids (mg/L) in the ultrafiltration retentates (VRR 6).

Name of the Feed Solution Membranes
Compound (Apple Juice) UF1-PAN UF10-PAN UF25-PAN
Chlorogenic acid 35.67 £1.142 44.35 4+ 1.02° 43.60 +0.65°¢ 4153 £ 1.11°¢
Caffeic acid 5.78 £0.022 6.00 £0.232 621 £0212 6.26 £0.222
p-Coumaric acid 1.61+0.042 1.28 +£0.03P 1.61+0.092 1.72 +0.082
Sum of phenolic acids 43.06 51.63 51.42 49.51

Note: Different lowercase letters (a—c) show significant differences between the content of phenolic acids of feed
solution and retentates (p < 0.05).

As a result of the membrane concentration, the total contents of phenolic acids in-
creased by 15-20%. It is interesting to note that the separation process did not significantly
change the ratio between the individual compounds (Figure 7). This result is important
from a food quality point of view, implying that the membrane concentration of polyphe-
nols in apple juice does not affect the product authenticity.
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Figure 7. Relative content (%) of phenolic acids in the retentates (VRR 6) obtained via ultrafiltration
of apple juice.

3.6. Ferric-Reducing Antioxidant Power (FRAP)
3.6.1. Changes in the Ferric-Reducing Antioxidant Power during Ultrafiltration of Apple
Extract and Juice

The changes in the ferric-reducing antioxidant power (FRAP test, umol TE/100 mL)
depending on the volume reduction ratio during the ultrafiltration of the apple extract and
juice are presented in Table 3. It can be seen that the ferric-reducing antioxidant power
was lower in the juice than in the extract. It increased 5.46 times from the extract before
ultrafiltration to the retentate at VRR 6 (UF1-PAN), and 1.66 times when the apple juice
was ultrafiltered with the UF10-PAN membrane to VRR 6 (p < 0.05). The decrease in the
permeate was 104 pmol TE/100 mL for the extract and 170.5 umol TE/100 mL for the juice
(p < 0.05).

Table 3. Changes in the ferric-reducing antioxidant power (FRAP test, umol TE/100 mL) during
ultrafiltration of apple extract and juice.

Membranes
Sample
UF1-PAN UF10-PAN UF25-PAN
Extract 267.6 £ 5.5 4 279.4 + 4334 2753 + 3934
Feed solution -
Juice 1635 + 634 1635 + 6 a4 180.7 + 8.1 A
Extract 104.0 + 3.2bA 168.1 + 5.1 B 170.5 + 4.5 B
Permeate
Juice 131.0 £ 4 A 1369 £3.72A 1502 + 6.2bA
Extract 436.3 + 8.5 <A 364.8 + 4.1 B 302.5 +7.9¢C
Retentate at VRR 2 : A A A
Juice 1940 +£55¢ 195.1 £ 85¢ 1923 +4.3%
Extract 8773 £1024A 6067 + 8.9 9B 622.4 + 7348
Retentate at VRR 4 -
Juice 2214 4+ 724dA 2533 + 5.9 4B 2133 £ 84dC
Extract 14622 +12.8%A 9919 +11.0¢8  816.1 +13.1¢€
Retentate at VRR 6 -
Juice 258.4 + 8&A 2707 +724A 23704538

Note: Different lowercase letters (a—e) show significant differences between the ferric-reducing antioxidant power
of the feed solution, permeate, and retentates (p < 0.05). Different upper letters (A-C) show significant differences
between the ferric-reducing antioxidant power of the samples ultrafiltered with the three membranes investigated
(p <0.05).
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3.6.2. Concentration Factor of the Ferric-Reducing Antioxidant Power

The dependence of the concentration factor of the ferric-reducing antioxidant power
on the volume reduction ratio during the ultrafiltration of the apple extract and juice is
presented in Figure 8. The concentration factors increased with increasing the volume
reduction ratio for all three studied membranes. Comparing the three membranes, it
could be seen that the highest values of the factor were obtained with the UF1-PAN
membrane for the extract and with the UF10-PAN membrane for the juice. For the UF10-
PAN and UF25-PAN membranes, close values for the extract were observed. There was
no significant difference in the concentration factors at VRR 4 between UF10-PAN and
UF25-PAN membranes (p < 0.05) for the extract and at VRR 2 between UF1-PAN and
UF10-PAN membranes (p < 0.05) for the juice. The UF25-PAN membrane presented the
lowest values of the concentration factor for both investigated liquids.

juice UF1-PAN juice UF10-PAN juice UF25-PAN

Figure 8. Dependence of the concentration factor (CF) of ferric-reducing antioxidant power on the
volume reduction ratio (VRR) during ultrafiltration of apple extract and juice.

3.6.3. Rejection of Ferric-Reducing Antioxidant Power

The data for the rejection of ferric-reducing antioxidant power, shown in Figure 9,
present the highest values for the UF1 membrane (apple extract) and the UF10-PAN
membrane (apple juice). Close values were obtained for the UF10-PAN and UF25-PAN
membranes (extract) and the UF1-PAN and UF10-PAN membranes (juice). No significant
difference was observed between the rejections of UF10-PAN and UF25-PAN at VRR 4 for
the extract and between UF1-PAN and UF10-PAN at VRR 6 for the juice (p < 0.05). During
the ultrafiltration of the apple extract, the values were from 43.6% (UF25-PAN) to 92.9%
(UF1-PAN) and from 21.9% (UF25-PAN) to 49.4% (UF10-PAN) for the juice. Higher values
were established for the extract than for the juice. According to Cissé et al. [7], the rejection
rate is related to some interactions between the solutes and the membrane material, the
association of the solutes with retained macromolecules, etc. Conidi et al. [37] investigated
three polymeric membranes during the ultrafiltration of blood orange juice: PS (polystyrene)
at 100 kDa, PS at 50 kDa, and PAN (polyacrylonitrile) at 50 kDa. They established the
highest rejection of the total antioxidant power for the 50 kDa PAN membrane and the
lowest for the 100 PS kDa membrane. The rejection of the total antioxidant power during
the ultrafiltration of Valencia orange juice was higher when the 20 kDa PS (polystyrene)
membrane was used than with 30 kDa PES (polyethersulfone) [32].
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Figure 9. Dependence of the rejection (R, %) of ferric-reducing antioxidant power on the volume
reduction ratio (VRR) during ultrafiltration of apple extract and juice.

3.7. Free Radical-Scavenging Ability (DPPH)
3.7.1. Changes in Free Radical-Scavenging Ability

The changes in the free radical-scavenging ability (DPPH) depending on the volume
reduction ratio during the ultrafiltration of the apple extract and juice are presented in
Table 4. The radical-scavenging ability was positively influenced by the volume reduction
ratio for both liquids (p < 0.05), except for the juice ultrafiltered with the UF25-PAN
membrane (p > 0.05). Higher values were established for the extract than for the juice
(p < 0.05). The highest values were obtained for the extract at VRR 6 with the UF1-PAN
membrane (2194.4 umol TE/100 mL).

Table 4. Changes in the free radical-scavenging ability (DPPH test, umol TE/100 mL) during
ultrafiltration of apple extract and juice.

Membranes
Sample
UF1-PAN UF10-PAN UF25-PAN
Extract 309.6 + 10.5 4 360.4 +9.22B 387.4 +8.13C
Feed solution - A B C
Juice 1353 +£4.3% 1709 £ 524 384.9 +10.8%
Extract 114.6 £ 4504 1833 £ 5208 1945 + 5.0 bB
Permeate
Juice 127.0 + 3.8 A 160.5 + 5 bB 335.3 + 5.8 b€
Extract 5913+ 12494 5822 4+ 10.19A 565.3 + 11 &4
Retentate at VRR =2 - A B C
Juice 1489 + 44 202.1+53% 393.3 +10.0 >
Extract 1627.6 +1859A 10433 £2049B 10353 + 15.6 9B
Retentate at VRR = 4 -
Juice 192.8 + 6.0 4A 2253 4+ 9948 400.5 + 15524
Extract 21944 4+ 35.14 14917 £ 28.4¢B 12981 +32¢C
Retentate at VRR = 6 : d B C
Juice 1942 + 4194 2739 +£179¢ 4129 4+ 15.0 &

Note: Different lowercase letters (a—e) show significant differences between the radical-scavenging ability of
the feed solution, permeate, and retentates (p < 0.05). Different upper letters (A-C) show significant differences
between the radical-scavenging ability of the samples ultrafiltered with the three membranes investigated
(p < 0.05).

3.7.2. Concentration of the Antioxidants with Radical-Scavenging Ability

The influences of the concentration factor and the rejection of the antioxidants with
radical-scavenging ability on the volume reduction are presented in Figures 10 and 11,
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respectively. The concentration factors increased with increasing the volume reduction ratio
for all the investigated membranes (p < 0.05). Comparing the three membranes, it could be
seen that the lowest values were obtained for the UF25-PAN membrane and the highest
for the UF1-PAN membrane (extract), while the highest concentration factors for the juice
were when UF10-PAN was used. There was no significant difference in the concentration
factors at VRR 2 and VRR 4 between the UF10-PAN and UF25-PAN membranes during the
ultrafiltration of the extract (p > 0.05).

=
o]
LY

=
0]

=]
—
[E=]
e
(=)
Loy
1

> VRR

—_— e axtract UF 10-PAN extract UF25-PAN

juice UF10-PAN juice UF25-PAN

Figure 10. Dependence of the concentration factor (CF) of antioxidants with radical-scavenging
ability on the volume reduction ratio (VRR) during ultrafiltration of apple extract and juice.

100
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————— extract UF I-PAN = — extract UF 10-PAN extract UF25-PAN
juice UF1-PAN juice UF10-PAN juice UF25-PAN

Figure 11. Dependence of the rejection (R, %) of antioxidants with radical-scavenging ability on the
volume reduction ratio (VRR) during ultrafiltration of apple extract and juice.

3.7.3. Rejection of the Antioxidants with Radical-Scavenging Ability

The rejections (Figure 10) were between 65.6% and 94.8% (extract) and between 10.2%
and 41.4% (juice). The highest values were established with the UF1-PAN membrane
(extract) and with the UF10-PAN membrane (juice). There was no significant difference
in the rejection rates of all the VRRs investigated between the UF10-PAN and UF25-PAN
membranes when the apple extract was ultrafiltered (p > 0.05). Cissé et al. [7] reported
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that the retention of anthocyanins decreased following a logarithmic proportion as the
nominal MWCO of polyethersulphone membranes increased during the ultrafiltration
of roselle extract (Hibiscus sabdariffa L.). A linear increase in the total anthocyanins and
total ellagitannins with decreasing the nominal MWCO of polyethersulphone membranes
during the ultrafiltration of blackberry (Rubus adenotrichus Schltdl.) juice was established
by Acosta et al. [38].

4. Conclusions

The permeate flux, concentration, and rejection effectiveness depended on the type
of liquid, the volume reduction ratio, and the molecular weight cut-off of the membranes.
Chlorogenic acid was the main compound in the polyphenol profile of apple juice. The
total content of phenolic acids, determined by using HPLC, increased by 15-20% as a result
of the membrane concentration, and the separation process did not significantly change
the ratio between the individual compounds. Ultrafiltration can be used not only for the
clarification of juices but also for the concentration of polyphenolic antioxidants in order to
produce apple juice with health effects.

Author Contributions: Conceptualization, M.D. and K.M.; methodology, M.D. and K.M.; software,
M.D. and M.T; validation, M.D. and K.M.; formal analysis, A.D., K.V. and D.G.; investigation,
M.D., KM., AD., K.V. and D.G,; resources, M.D. and K.M.; data curation, M.D. and K.M.; writing—
original draft preparation, M.D.; writing—review and editing, M.D., KM., A.D.,K.V,, D.G. and M.T,;
visualization, M.D., K.M. and A.D.; supervision, M.D. and K.M.; project administration, M.D.; funding
acquisition, M.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the fund “Science” at the University of Food Technologies—
Plovdiv, Bulgaria, contract 12-15-H.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors thank Future Ceuticals (Momence, IL, USA) for providing the
VitaRed™ apple extract.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Aaby, K;; Skrede, G.; Wrolstad, R.E. Phenolic composition and antioxidant activities in flesh and achenes of strawberries (Fragaria
ananassa). J. Agric. Food Chem. 2005, 53, 4032-4040. [CrossRef] [PubMed]

2. Stiibler, A.S.; Lesmes, U.; Juadjur, A.; Heinz, V.; Rauh, C.; Shpigelman, A.; Aganovic, K. Impact of pilot-scale processing (thermal,
PEF, HPP) on the stability and bioaccessibility of polyphenols and proteins in mixed protein and polyphenol-rich juice systems.
Innov. Food Sci. Emerg. Technol. 2020, 64, 102426. [CrossRef]

3. Lamothe, S.; Guérette, C.; Dion, E.; Sabik, H.; Britten, M. Antioxidant activity of milk and polyphenol-rich beverages during
simulated gastrointestinal digestion of linseed oil emulsions. Food Res. Int. 2019, 122, 149-156. [CrossRef] [PubMed]

4. Gagliano, M.; Conidi, C.; De Luca, G.; Cassano, A. Partial removal of sugar from apple juice by nanofiltration and discontinuous
diafiltration. Membranes 2022, 12, 712. [CrossRef]

5. Echavarria, A.P; Falguera, V.; Torras, C.; Berdun, C.; Pagan, J.; Ibarz, A. Ultrafiltration and reverse osmosis for clarification and
concentration of fruit juices at pilot plant scale. LWT Food Sci. Technol. 2012, 46, 189-195. [CrossRef]

6. Gulec, H.A,; Bagci, PO.; Bagci, U. Clarification of apple juice using polymeric ultrafiltration membranes: A comparative
evaluation of membrane fouling and juice quality. Food Bioprocess Technol. 2017, 10, 875-885. [CrossRef]

7. Cissé, M,; Vaillant, F,; Pallet, D.; Dornier, M. Selecting ultrafiltration and nanofiltration membranes to concentrate anthocyanins
from roselle extract (Hibiscus sabdariffa L.). Food Res. Int. 2011, 44, 2607-2614. [CrossRef]

8.  Tylkowski, B.; Tsibranska, I.; Kochanov, R.; Peev, G.; Giamberini, M. Concentration of biologically active compounds extracted
from Sideritis ssp. L. by nanofiltration. Food Bioprod. Process. 2011, 89, 309-314. [CrossRef]

9.  Mondal, M.,; Biswas, PP.; De, S. Clarification and storage study of bottle gourd (Lagenaria siceraria) juice by hollow fiber
ultrafiltration. Food Bioprod. Process. 2016, 100, 1-15. [CrossRef]

10. Jahadi, M.; Ehsani, M.; Paidari, S. Characterization of milk proteins in ultrafiltration permeate and their rejection coefficients. J.

Food Biosci. Technol. 2018, 8, 49-54.


http://doi.org/10.1021/jf048001o
http://www.ncbi.nlm.nih.gov/pubmed/15884835
http://doi.org/10.1016/j.ifset.2020.102426
http://doi.org/10.1016/j.foodres.2019.03.068
http://www.ncbi.nlm.nih.gov/pubmed/31229066
http://doi.org/10.3390/membranes12070712
http://doi.org/10.1016/j.lwt.2011.10.008
http://doi.org/10.1007/s11947-017-1871-x
http://doi.org/10.1016/j.foodres.2011.04.046
http://doi.org/10.1016/j.fbp.2010.11.003
http://doi.org/10.1016/j.fbp.2016.06.010

Membranes 2022, 12, 1032 15 of 15

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Montenegro-Landivar, M.F.; Tapia-Quirds, P.; Vecino, X.; Reig, M.; Granados, M.; Farran, A.; Cortina, J.L.; Saurina, J.; Valderrama,
C. Recovery of natural polyphenols from spinach and orange by-products by pressure-driven membrane processes. Membranes
2022, 12, 669. [CrossRef] [PubMed]

Kumar, P,; Sharma, N.; Ranjan, R.; Kumar, S.; Bhat, Z.F; Jeong, D.K. Perspective of membrane technology in dairy industry: A
review. J. Anim. Sci. 2013, 26, 1347-1358. [CrossRef] [PubMed]

Baldasso, C.; Barros, T.; Tessaro, I. Concentration and purification of whey proteins by ultrafiltration. Desalination 2011, 278,
381-386. [CrossRef]

Macedo, A.; Pinho, M.; Duarte, E. Application of ultrafiltration for valorization of ovine cheese whey. Procedia Eng. 2012, 44,
1949-1950. [CrossRef]

Ong, L.; Dagastine, R.; Kentish, S.; Gras, S. Microstructure and composition of full fat cheddar cheese made with ultrafiltered
milk retentate. Foods 2013, 2, 310-331. [CrossRef] [PubMed]

Domagala, J.; Wszolek, M. Effect of concentration method and starter culture type on the texture and susceptibility to syneresis of
yoghurt and bio-yoghurts made of goat’s milk. Zywnosc. Nauka. Technol. Jakosc. 2008, 15, 118-126.

Domagala, J.; Wszolek, M.; Dudzinska, A. The influence of the fortification method and starter culture type on the texture and
microstructure of probiotic yoghurts prepared from goat’s milk. Milchwissenschaft 2012, 67, 172-176.

Mehaia, M.A. Manufacture of fresh labenh from goats” milk using ultrafiltration process. J. Food Technol. 2005, 3, 24-29.
Mohammad, A.W.; Ng, C.Y,; Lim, Y.P.,; Ng, G.H. Ultrafiltration in food processing industry: Review on application, membrane
fouling, and fouling control. Food Bioprocess Technol. 2012, 5, 1143-1156. [CrossRef]

Urosevi¢, T,; Povrenovi¢, D.; Vukosavljevi¢, P.; Urosevig, I.; Stevanovi¢, S. Recent developments in microfiltration and ultrafiltra-
tion of fruit juices. Food Bioprod. Process. 2017, 106, 147-161. [CrossRef]

Conidi, C.; Cassano, A.; Caiazzo, F.; Drioli, E. Separation and purification of phenolic compounds from pomegranate juice by
ultrafiltration and nanofiltration membranes. J. Food Eng. 2017, 195, 1-13. [CrossRef]

Matta, V.M.; Moretti, R.H.; Cabral, L.M.C. Microfiltration and reverse osmosis for clarification and concentration of acerola juice.
J. Food Eng. 2004, 61, 477-482. [CrossRef]

Singleton, V.L.; Rossi, ]J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol.
Viticult. 1965, 16, 144-158.

Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT Food Sci. Technol.
1995, 28, 25-30. [CrossRef]

Benzie, LEF,; Strain, ].J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal.
Biochem. 1996, 239, 70-76. [CrossRef]

Schieber, A.; Keller, P; Carle, R. Determination of phenolic acids and flavonoids of apple and pear by high-performance liquid
chromatography. J. Chromatogr. A 2001, 910, 265-273. [CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Wei, D.S.; Hossain, M.; Saleh, Z.S. Separation of polyphenolics and sugar by ultrafiltration: Effects of operating conditions on
fouling and diafiltration. Int. J. Nat. Sci. Eng. 2008, 1, 10-17.

Cai, M,; Xie, C.; Lv, Y; Yang, K_; Sun, P. Changes in physicochemical profiles and quality of apple juice treated by ultrafiltration
and during its storage. Food Sci. Nutr. 2020, 8§, 2913-2919. [CrossRef]

Dawale, S.A.; Jawade, N.R. Using nanofiltration and ultrafiltration for the concentration of Amla (Phyllanthus Emblica) juice. Int. ].
Interact. Des. Manuf. Technol. 2014, 8, 15-20.

Huang, W.; Wang, B.; Cheng, N.; Gao, H.; Cao, W. Effects of molecular weight cut-off (MWCO) on jujube juice quality during
ultrafiltration. Acta Hortic. 2013, 993, 225-230. [CrossRef]

Qaid, S.; Zait, M.; EL Kacemi, K.; ELMidaoui, A.; EL Hajji, H.; Taky, M. Ultrafiltration for clarification of valencia orange juice:
Comparison of two flat sheet membranes on quality of juice production. . Mater. Environ. Sci. 2017, 8, 1186-1194.

Peters, C.D.; Rantissi, T.; Gitis, V.; Hankins, N.P. Retention of natural organic matter by ultrafiltration and the mitigation
of membrane fouling through pre-treatment, membrane enhancement, and cleaning—A review. ]. Water Process Eng. 2021,
44,102374. [CrossRef]

Hsu, J.C.; Heautherbell, D.A.; Yorgey, B.M. Effect of fruit storage and processing on clarity, proteins and stability of granny smith
apple juice. J. Food Sci. 1989, 54, 660-662. [CrossRef]

Wu, L.-C,; Siebert, K.J. Characterization of haze-active proteins in apple juice. J. Agric. Food Chem. 2002, 50, 3828-3834. [CrossRef]
[PubMed]

Mihalev, K.; Schieber, A.; Mollov, P.; Carle, R. Effect of mash maceration on the polyphenolic content and visual quality attributes
of cloudy apple juice. J. Agric. Food Chem. 2004, 52, 7306-7310. [CrossRef]

Conidi, C.; Destani, F.; Cassano, A. Performance of hollow fiber ultrafiltration membranes in the clarification of blood orange
juice. Beverages 2015, 1, 341-353. [CrossRef]

Acosta, O,; Vaillant, F.; Pérez, A.M.; Dornier, M. Potential of ultrafiltration for separation and purification of ellagitannins in
blackberry (Rubus adenotrichus Schltdl.) juice. Sep. Purif. Technol. 2014, 125, 120-125. [CrossRef]


http://doi.org/10.3390/membranes12070669
http://www.ncbi.nlm.nih.gov/pubmed/35877872
http://doi.org/10.5713/ajas.2013.13082
http://www.ncbi.nlm.nih.gov/pubmed/25049918
http://doi.org/10.1016/j.desal.2011.05.055
http://doi.org/10.1016/j.proeng.2012.09.005
http://doi.org/10.3390/foods2030310
http://www.ncbi.nlm.nih.gov/pubmed/28239117
http://doi.org/10.1007/s11947-012-0806-9
http://doi.org/10.1016/j.fbp.2017.09.009
http://doi.org/10.1016/j.jfoodeng.2016.09.017
http://doi.org/10.1016/S0260-8774(03)00154-7
http://doi.org/10.1016/S0023-6438(95)80008-5
http://doi.org/10.1006/abio.1996.0292
http://doi.org/10.1016/S0021-9673(00)01217-6
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1002/fsn3.1593
http://doi.org/10.17660/ActaHortic.2013.993.34
http://doi.org/10.1016/j.jwpe.2021.102374
http://doi.org/10.1111/j.1365-2621.1989.tb04676.x
http://doi.org/10.1021/jf011471n
http://www.ncbi.nlm.nih.gov/pubmed/12059167
http://doi.org/10.1021/jf049480u
http://doi.org/10.3390/beverages1040341
http://doi.org/10.1016/j.seppur.2014.01.037

	Introduction 
	Materials and Methods 
	Materials 
	Chemicals 
	Plant Materials 

	Methods 
	Membrane Equipment 
	Calculation of Main Characteristics of Ultrafiltration Process 
	Sample Preparation 
	Spectrophotometric Analyses 
	HPLC–DAD Analysis 
	Determination of Total Water-Soluble Proteins 
	Statistical Analysis 


	Results and Discussion 
	Permeate Flux 
	Total Polyphenolics 
	Total Polyphenolic Content 
	Concentration of Total Polyphenolics 
	Rejection of Total Polyphenolics 

	Water-Soluble Proteins in Retentates Obtained via Ultrafiltration of Apple Juice 
	HPLC Separation of Polyphenols 
	Phenolic Acids 
	Ferric-Reducing Antioxidant Power (FRAP) 
	Changes in the Ferric-Reducing Antioxidant Power during Ultrafiltration of Apple Extract and Juice 
	Concentration Factor of the Ferric-Reducing Antioxidant Power 
	Rejection of Ferric-Reducing Antioxidant Power 

	Free Radical-Scavenging Ability (DPPH) 
	Changes in Free Radical-Scavenging Ability 
	Concentration of the Antioxidants with Radical-Scavenging Ability 
	Rejection of the Antioxidants with Radical-Scavenging Ability 


	Conclusions 
	References

