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Abstract

The presence of numerous bioactive compounds in fruit wastes indicates the potential to use them as low-cost resource
for generating value-added ingredients. The integral use of residual biomass from wine and cider industries was proposed.
Phenolic-rich liquid extracts were produced from grape marc (GM), grape stalk (GS), and apple pomace (AP) by applying
hydrothermal (T), ultrasound-assisted (US), and enzymatic (EZ) extractions, and the remaining solid fraction (RSF) was
then converted into fiber concentrated powders by air-drying. Additionally, the direct conversion of the whole initial
wastes into integral powders rich in both fiber and phenolic compounds was proposed. An integral physicochemical study
was performed: phenolic compounds, content and techno-functional properties of dietary fiber, and physical and stability
properties. The T extraction conducted for 75 min at 75 °C demonstrated superior efficacy in terms of total polyphenol
content (TPC) and antioxidant capacity (AC). Under these optimal conditions, the extracts exhibited a TPC content of
251+2 mg GAE/100 g from GM, 1420 +5 mg GAE/100 g from GS, and 23 +2 mg GAE/100 g from AP. GS extract
was mainly composed of procyanidins, catechin, and epicatechin, while in AP, flavonols (mainly rutin) represented the
majority group. The GM extract showed a richer polyphenol profile including condensed tannins, flavonols (mainly rutin),
flavan-3-ols (catechin), and a greater variety of phenolic acids. Within the fiber-rich powders produced from the RSF
(optimal extraction conditions), those from grape wastes registered higher remaining TPC and total dietary fiber content
(47-51%), mainly composed of insoluble fiber (IDF). AP powders (integral and from RSF) showed a higher soluble fiber
content (SDF), a more balanced IDF/SDF ratio (1.9 and 3.3, respectively), and better hydration properties. Among the
integral powders, GM and GS showed high level of TPC (997-1600 mg GAE/100 g), and suitable techno-functional
properties. Physical properties are suggestive of free-flowing stable powdered ingredients in all cases. The findings offer a
substantial advance in waste valorization, benefiting not only scientists, but also wine and cider producers, as well as the
food industry. They pave the way for converting various fruit wastes into diverse food ingredients. This approach enables
the economic value recovery while delivering substantial environmental benefits, achieving a zero waste state. Employing
these ingredients in creating new functional foods could enhance public health.

Keywords Agro-industrial wastes - Emerging technologies - Fiber-rich powders - Phenolic extraction - Techno-functional
properties
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peels, followed by seeds, shells, pods, cores, pulp, and
pomace. Its perishable nature, product traits, logistics issues,
and disposal are some of the main concerns that make the
valorization of this waste a challenging practice [2]. Hence,
fruit wastes hold promising potential when transformed into
valuable materials applicable in food, packaging, cosmetics,
pharmaceuticals, wastewater treatment, and various other
industrial sectors. This approach offers multiple advantages,
such as waste reduction, resource conservation, and the
development of environmentally friendly products [3].
Industries such as wineries, cider houses, and juicers generate
large amounts of residual biomass, which, in addition to
being an environmental threat, constitute an important source
of biocompounds with industrial interest, such as dietary
fiber and antioxidant compounds [4, 5]. These compounds
have gained popularity since they appear to contribute
significantly to lowering cholesterol level, preventing
cardiovascular disease, and improving overall health [6].
In the wine industry, for every 100 kg of grapes processed,
about 25 kg of waste is produced, comprising roughly 50%
grape skins, 25% stalks, and the remaining 25% seeds. Grape
marc, the main by-product of the winemaking process, is
the solid waste generated after crushing and pressing the
grapes in the juice separation step. Since it is composed
of grape skin, seeds, and pulp, it is an important source of
dietary fiber, anthocyanins, polyphenols, tannins, tartaric
acids, and other antioxidant compounds [7, 8]. Grape stalks,
obtained after the initial destemming process, are mainly
composed of lignocellulosic materials containing cellulose,
hemicelluloses, and lignin, also containing other compounds
like polyphenols [9, 10]. According to recent studies, the
discharge of grape stalks into soil originated inhibition of the
soil germination properties, because of the biological oxygen
demand, carbon, and phenolic compounds. Therefore, the
valorization of grape stalks has become an important field
of research to minimize the environmental impact [10].
Particularly in the juice and cider industry, apple pomace
is the waste left after the fruit juice extraction during the
pressing stage [11]. It is mainly composed of skin, seeds, and
flesh tissues, containing nutrients and phytochemicals with
antioxidant and biological activities [12]. It consists of cell
wall polysaccharides (e.g., cellulose, hemicellulose, lignin,
pectin, and gums) and skin-bound phenolic compounds.
The alternatives available for phenolic compound
recovery are diverse. Numerous studies have demonstrated
the effectiveness of traditional extraction techniques,
including maceration processes and the Soxhlet extrac-
tion. However, using such techniques requires the use of
a lot of time, energy, and solvent [13]. From the “Green
Processes” concept, environment-friendly techniques are
becoming more attractive; therefore, researchers are aim-
ing at optimizing the most eco-friendly ways of extraction.
Innovative methods, such as those assisted by microwaves,
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pulsed electric fields, ultrasound, enzymes, or supercritical
fluid extraction, have shown to reduce the extraction time
and therefore the consumed energy [14-18]. The use of
safe solvents, moderate temperatures to minimize thermo-
labile chemical degradation, the ability to alter selectiv-
ity, and increased extraction efficiency are all features of
these innovative extraction methods [16]. The ultrasound
extraction technique takes advantage of the sonic waves
that induce microbubble formation. The ultrasound fre-
quencies collapse cavitation bubbles near the cell walls,
leading to stronger agitation and allowing the solvent to
penetrate the cells, thereby intensifying mass transfer [19].
Enzymatic pre-treatment is a biodegradation process that
breaks the cellular wall in moderate circumstances. The
enzymatic pre-treatment has also the benefit of not requir-
ing complex equipment [16]. On the other hand, among
the traditional methods, the hydrothermal extraction also
appears as an eco-friendly option with several advantages,
such as the absence of organic solvents and related corro-
sion problems, and the fact that it is easy to operate and
cost-effective [20]. Moreover, some authors such as Kabir
et al. [21] have shown a better performance for bioactive
recovery compared to solvent extraction.

It is important to consider that the phytochemical com-
position of fruits, vegetables, and agro-industrial wastes is
related to different proportions of simple and complex phe-
nols, such as cinnamic acids, coumarins, tannins, lignins,
lignans, and flavonoids [11, 22]. These diverse forms of
phenolic compounds showed variable responses to different
extraction conditions [23]. Several studies were reported on
bioactive compound extraction from different fruits, such as
maqui [24], elderberry [25], and blackcurrant [26, 27], as
well as from by-products of vegetable origin such as orange
pomace [28], apple pomace [29], grape pomace [30-32],
mango peel [33], orange, mango, and tuna wastes [34], and
olive leaves [35]. Most works have focused on the extraction
process of bioactive compounds to later convert them into
flours or powders, discarding the remaining solid fraction
of the extraction process, without significantly reducing the
waste volume. There is thus a need for processing alterna-
tives to allow the condition of “zero waste” to be achieved.
In this sense, the whole wastes from fruit industries can be
used, turning them into different fractions, such as liquid
extracts with antioxidant potential, and powders concen-
trated in fiber or in both, fiber and polyphenols. These frac-
tions could be incorporated as ingredients into food products
to add multifunctionality. For instance, powders can be used
as cost-effective and low-calorie bulking agents to replace
some of the fat, sugar, or flour in baked products. In addi-
tion, food functionality can be improved by enhancing water
and oil retention and emulsion stability. Extracts can be used
for phenolic enrichment in antioxidant product development
[13].
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This complete valorization strategy could allow healthier
foods to be developed, whose consumption could increase
the daily intake of fiber and/or polyphenols in addition to
reducing the waste volume and contributing to the circular
economy [1, 36].

The integral valorization of bio-wastes from wine and
cider industries is proposed in this work by applying (1)
the extraction of phenolic compounds using environment-
friendly techniques, comparing traditional and emerging
processes, and (2) the production of fiber-rich dry ingredi-
ents by direct processing of the initial wastes or by recon-
version of the residual solids resulting from the extraction
process. An integral evaluation of the physicochemical prop-
erties and bioactive potential was carried out on the obtained
powders and liquid extracts in order to predict their potential
use as nutraceutics or functional ingredients in foods.

2 Materials and methods
2.1 Materials

The fruit wastes were collected from industries located in
the Rio Negro province (Argentine Patagonia). Humberto
Canale S.A. winery provided grape waste (var. Sauvignon
Blanc), and La Flor S.A. cider industry provided green
apple waste (var. Granny Smith). Three types of waste were
studied: grape marc (GM), grape stalk (GS), and green apple
pomace (AP). After collection, the waste samples were
immediately frozen and stored at —22 °C until use.

2.2 Waste characterization

The waste characterization was done according to the
Official Methods of Analysis of the Association of Official
Agricultural Chemists [37]: soluble solids (932.12), acidity
(945.26), pH (945.27), and moisture (925.09). Water
activity (a,,) was determined using an Aqualab Series 3
TE (Washington, USA). Acidity results were expressed
as g tartaric acid per 100 g sample on dry basis (d.b.) for
grape wastes (GM and GS) and as g malic acid per 100 g
sample (d.b.) for apple pomace (AP) Total phenolic content
(TPC and PCH) and antioxidant capacity (AC) methods are
described below in Sect. 2.3.2 and in “Phenolic content and
antioxidant capacity.”

2.3 Polyphenol-rich extract obtaining
and characterization

Fruit wastes were processed as follows: thawing at room
temperature for 10 min, waste weighing (40 g), milling with
a mixer for 60 s, and subjected to three extraction processes
(hydrothermal, enzyme-assisted, and ultrasound-assisted)

using distilled water as solvent (solvent/waste ratio, 2/1) in
all cases.

2.3.1 Operative conditions of the extraction processes

Hydrothermal extraction (T) It was carried out in a
Biosmartest thermostated bath (Buenos Aires, Argentina)
with constant agitation, at different temperatures (30, 60, and
75 °C) and different extraction times (20, 75, and 120 min).

Ultrasound treatment (US) A TBO2TACA TestLab ultra-
sonic processor (Buenos Aires, Argentina) at a frequency of
40 kHz and 100% amplitude (80 W) was used. Two extrac-
tion temperatures (30 and 60 °C) and two extraction times
(20 and 75 min) were evaluated.

Enzymatic treatment (EZ) A pectinolytic enzyme
(Novozymes Pectinex® Ultra Color, Bagsvaerd, Denmark)
was used, following the methodology reported by Gomez
Mattson et al. [38] at the optimal temperature—time
condition defined by these authors (enzyme concentration,
160 ppm; extraction time, 75 min; temperature, 50 °C). The
enzyme was added and the mixture was placed into a water
bath set at the corresponding temperature (50 °C). After
maceration (75 min), the mixture was immersed in boiling
water to inactivate the enzyme (1 min at 80 °C); then, it was
immediately cooled up to 30-35 °C.

After treatments, the processed wastes were cooled over
an ice bath, and then centrifuged (6000 rpm, 15 min) and
filtered. The supernatants (extracts) and the remaining
solid fraction (RSF) were separated, and frozen for further
processing.

Figure 1 summarizes the sequence of treatments applied
in order to achieve zero waste condition. Each treatment is
described in detail below, along with the analytical methods
used for the physicochemical study performed on all the
obtained products (extracts and powders).

2.3.2 Bioactive potential of the extracts

All chemical determinations were done on methanolic
extracts obtained according to Sette et al. [39]. The
spectrophotometric measurements were carried out using
a spectrophotometer T60 UV-visible (PG instruments,
Leicestershire, UK).

Polyphenol content Spectrophotometric analysis: The
total polyphenol content (TPC) was determined using the
Folin—Ciocalteu reagent according to Sette et al. [39]. The
calibration curve was made using gallic acid as standard.
The results were expressed as mg gallic acid equivalents (mg
GAE) per 100 g sample on dry basis (d.b.).
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Fig. 1 Flowchart of the processes proposed for the treatment of fruit
wastes. Pathway 1: Phenolic extraction using different methods. Path-
way 2: Reuse of the remaining waste for fiber-rich powder produc-

Qualitative-quantitative HPLC-DAD analysis: Individual
phenolic compounds were determined according to the pro-
tocol described by Gomez Mattson et al. [38], using an Agi-
lent 1260 HPLC system (Agilent Technologies, Waldbronn,
Germany) with a diode array detector (DAD), controlled by
Agilent’s OpenLAB Chem Station software.

Antioxidant capacity (AC) AC was determined through three
different methods: FRAP, ABTS, and DPPH. The ferric
reducing-antioxidant power (FRAP) method and the bleach-
ing method of the free radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH) were both performed according to Sette et al. [39].
The ABTS bleaching method was carried out according
to Franceschinis et al. [40]. A calibration curve was con-
structed using gallic acid as standard, and the results were
expressed as mg GAE per 100 g sample on dry basis (d.b.).
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tion by convective drying. Pathway 3: Direct processing of the ini-
tial waste obtaining a powder rich in both phenolic compounds and
dietary fiber

2.4 Powdered waste obtaining and characterization
2.4.1 Drying and grinding processes

Different powders were obtained from (1) the initial fruit
waste without the previous extraction processes (GM, GS,
and AP), and (2) the remaining solid fraction obtained after
the application of the selected processes to each fruit waste
(RSFg\, RSFqg, RSF,p). The processing pathways can be
observed in Fig. 1.

The samples were dried by convective drying at 60 °C
(10% relative humidity, air rate of 1-1.5 m/s, and 12 h
drying time) using an oven with forced circulation model
Venticell 111 Standard (MMM Medcenter Einrichtungen
GmbH, Munich, Germany). The drying time was set to
achieve a final a,,<0.3.
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Dried wastes were then ground at room temperature for
15 min using a hammer mill model FZ-102 (EKO, Arcano,
China) at a speed of 1400 rpm. The ground samples
were sifted using a sieve ASTM-USA, mesh 30 (particle
size <590 pm).

2.4.2 Bioactive potential of the powdered wastes

Phenolic content and antioxidant capacity Powdered wastes
were analyzed for total polyphenol content (TPC) and total
polyphenols including those associated with cell wall
components (PCH), which were quantified after alkaline
hydrolysis to release the linked phenolic groups, according
to Bunzel et al. [41]. The supernatants obtained from alka-
line hydrolysis were separated by centrifugation. Total poly-
phenol content was determined using the Folin—Ciocalteu
technique (previously described in the “Polyphenol content”
section) on methanolic extracts obtained with and without
alkaline hydrolysis to evaluate the PCH contribution to total
content. This analysis was also performed on initial wastes.

The antioxidant capacity (AC) was determined through
the methodologies described in Sect. 2.3.2.

Dietary fiber content The contents of total dietary fiber
(TDF) and insoluble fiber (IDF) were measured according
to the AOAC method 991.43 [37]. The soluble fiber content
(SDF) was calculated by subtracting the IDF proportion
from the TDF value [42]. The results were expressed as g of
dietary fiber per 100 g sample on dry basis (d.b.).

Analysis by Fourier transform infrared spectroscopy tech-
nique The Fourier transform infrared spectroscopy (FTIR)
spectra of the different waste powders were obtained
according to Sette et al. [43], using an Infralum FT-08 FTIR
spectrometer (Mission, Canada).

2.4.3 Techno-functional properties of the powdered
wastes

The methodologies reported by Sette et al. [43] were
employed to determine the swelling capacity (SC), the
water holding capacity (WHC), the water retention capacity
(WRO), the retention water (RW), the oil holding capacity
(OHC), and the emulsifying activity (EA). The following
expressions were used:

Swelling capacity (SC):

SC (/)

where V), is the volume of the hydrated sample and w is the
weight of the dry sample.
Water holding capacity (WHC):

Vi (ml)
)

ey

W, =W,
WHC (&/,) = ————

(7e) = = )
where W, is the weight of the dehydrated sample and W), is
the weight of the hydrated sample.

Water retention capacity (WRC) and retention water
(% RW).
A
WRC(g/g)zE (©)
where W represents the water mass (g) and R represents the
dry residue (g). The percentage of RW was calculated with
the following equation:

\
RW (%) = V\_/t 100 )
where RW is the percentage of retained water, W is the water
mass (g), and W, is the total water added (g).
Emulsifying activity (EA):

%EA = % x 100 (5)

where Vel refers to the volume of the emulsified layer (mL)
and Vis the total volume of fluid (mL).

2.5 Physical properties of the powdered wastes
2.5.1 Superficial color

The superficial color was measured according to Sette
et al. [43]. A photocolorimeter model CR400 (Minolta Co,
Tokyo, Japan) was used. Color functions were obtained
in the CIELAB uniform color space for illuminant C at
2° standard observer. Values of L* (luminosity/darkness),
a* (redness/greenness), and b* (yellowness/blueness)
were obtained. These numerical values were converted
into “global color difference” (AE*,,) using the following
equation:

1/2
AEy, = |(AL) + (8" + (8,)’] ©)

where

AL, = (L~ L)
ads, = (d o)
Ab, = (55~ 1)

L, a;, andbj correspond to the values of the powders
without the previous extraction processes.
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L*,a* andb* correspond to the values of the powders
obtained from the remaining solid fraction (obtained after
the application of the extraction process).

2.5.2 Bulk, compacted density, and cohesiveness (Hausner
ratio)

Bulk and compacted density (g/mL) and Hausner ratio (H)
were determined according to Sette et al. [43]. The Hausner
ratio (H) is related to the powder cohesiveness: levels below
1.2 are considered low, between 1.2 and 1.4 are intermedi-
ate, and above 1.5 are high.

2.5.3 Angle of repose and Carr’s index (Cl)

The angle of repose (AR) and Carr’s index (CI) were deter-
mined according to Garrido Makinistian et al. [44]. Based on
Carr’s compressibility index, the following flow conditions
are considered to evaluate the powders: CI < 10% excellent,
11% < CI< 15% good, 16% < C1<20% fair, 21% < C1<25%
acceptable, and 26% < CI<31% poor flow [45]. Repose
angles between 25° and 30° indicate excellent flowabil-
ity, within 31°-35° the flow is good, and within 36°-40°
the flow is fair. Values higher than 41° represent poor flow
properties.

2.6 Powder stability
2.6.1 Water activity and water content

Water activity and water content were determined according
to Sect. 2.2.

2.6.2 Glass transition temperature (Tg)

The glass transition temperatures were determined by dif-
ferential scanning calorimetry (DSC; onset values) using a
calorimeter model 822 (Mettler Toledo, Schwerzenbach,
Switzerland) according to Franceschinis et al. [46]. Ther-
mograms were evaluated using Star® software v. 3.1 (Mettler
Thermal Analysis).

2.6.3 Hygroscopicity (Hi)

The hygroscopicity of powders was determined according
to the methodology described by Garrido Makinistian et al.
[44]. Powders (approximately 0.3 g) were stored in contain-
ers at 20 °C and 75% RH (given by a saturated solution
of NaCl). Hygroscopicity was expressed as the average of
grams of adsorbed water per 100 g of dry solids after 7 days.

3 Results and discussion
3.1 Fruit waste characterization

Physicochemical properties of fruit wastes are variable and
highly dependent on many factors, such as type of fruit,
growing conditions, industrial operation, and storage condi-
tions [47]. Additionally, it is also necessary to consider other
variables such as the kind of biomass for the same process
(i-.e., grape stalk or grape marc) and previous treatments of
the waste. Table 1 shows some physicochemical and poten-
tially functional properties of the different fruit wastes. The
apple pomace (AP) registered significantly higher water
content compared to grape wastes (GS and GM), due to the
higher proportion of flesh presented in AP compared to GS

Table 1 Physicochemical and

. . . Properties GM GS AP
potentially functional properties
of fruit wastes: grape marc Water content (% w.b.) 62.3+1.4° 583+0.5 87.3+0.8°
;ngg’p%ﬁzist&g (GS), and a, 0.954+0.003" 0.959+0.004*  0.978+0.005"
pH 47+0.2° 4.32+0.12% 4.12+0.2°
Acidity (% d.b.) 3.3+0.2° 3.4+0.3 3.8+0.3%
TPC (mg GAE/100 g d.b.) 1124 +12° 1716 +£24° 462+ 15°
PCH (mg GAE/100 g d.b.) 6611 +43° 13,200 +74* 3080+22°
AC (mg GAE/100 g d.b.) FRAP 5840 +95° 33,118 +36¢ 1914 +51%
DPPH 263+15% 1041 +28° 253+27*
ABTS 364+11° 2092 +2164 161+ 11°
L* 34.5+3.8 39.2+2.3° 423+1.7°
a* 6.2+1.4° 2.4+0.8° 5.4+0.6°
b* 18.4+2.7° 17 £2° 17.5+1.2°

Means within rows with a different lowercase superscript letter are significantly different (p <0.05). d.b.,

dry basis; w.b., wet basis; a
(n=3)

w?
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and GM wastes that have a higher proportion of seeds and
stems. AP water content value was similar to that reported
by Gal [48], for apple pomace collected under the same con-
ditions as those used in this work, after the pressing pro-
cess in a cider industry (water content=80.9% w.b.). The
three wastes (grape marc, grape stalks, and apple pomace)
exhibited similar acidity and pH values, in accordance with
results previously reported for these fruit wastes (acidity val-
ues between 3.3 and 3.5 g tartaric acid/100 g d.b. for grape
wastes and 4.2 g malic acid/100 g d.b. for apple pomace,
and pH values between 3.9 and 4.5) [8, 49]. Regarding waste
color, all samples presented yellow-brownish tones.
Concerning the bioactive compounds (Table 1), the grape
stalk (GS) exhibited significantly higher levels of total poly-
phenols (TPC) and antioxidant capacity (AC) in comparison
with grape marc (GM) and apple pomace (AP). Apple pom-
ace showed the lowest TPC values (x73% lower compared
to GS, and ~59% lower compared to GM). When comparing
GM and GS, the main differences were observed in AC,
regardless of the analytical method employed. These results
coincided with those obtained by other authors when com-
paring the phenolic content of grape stalk, grape pomace,
and different fruit wastes (apple, pear, and quince) [21, 50,
51]. The TPC value of apple pomace from cider industries
reported by Difieiro Garcia et al. [52] ranged between 550
and 720 mg gallic acid/100 g (d.b.), a range consistent with
the findings of our study. At subcellular level, phenolic com-
pounds accumulate at two major sites in plant cells: in the
vacuole, containing various soluble phenolic compounds and
derivatives, but also in the cell wall matrix, a porous poly-
saccharide-based material where lignin is deposited and also
simpler molecules, such as flavonoids and esterified ferulic
acid, can be found. At tissue level, in most cases, soluble
phenolic compound concentration is higher in the external
tissues of fleshy fruits (epidermal and subepidermal layers)
than in internal tissue (mesocarp, pulp). It has been shown
that in apples and grapes, polyphenols are mostly linked to
the cell wall matrix, which makes it difficult to recover these
compounds by traditional solvent extraction methods [53].
The polyphenols’ binding capacity of plant cell walls, which
has been extensively studied for these fruits, occurs due to
a combination of hydrogen bonding, hydrophobic interac-
tions, and ionic interactions [54]. According to the results
of Budak et al. [55], since apple polyphenols are concen-
trated in the peel, after the pressing process for the juice
extraction, the remaining waste having a high content of
peel consequently presents high polyphenol content. Poly-
phenols in grapes are located mainly in the seeds and skin
cell walls; therefore, a considerable proportion of polyphe-
nol compounds would not be extracted during the winemak-
ing process, remaining in the residual biomass [8, 56, 57].
Additionally, differences between industries regarding the
equipment used for juice extraction or processing methods

modify the extractability of the cell wall compounds. In this
context, it was worthy to further analyze the proportion of
polyphenols within the wastes, considering not only solu-
ble compounds (upon methanolic extraction), but also cell-
bound compounds, both represented by the PCH variable.
It is noteworthy that bound phenolic compounds account
for more than 80% of the total polyphenol content in all the
analyzed wastes (83% in GM, 87% in GS, and 85% in AP).

3.2 Selection of extraction conditions

Table 2 shows TPC and AC results, as well as the solu-
ble solid content (SS) of the extracts obtained from all the
fruit wastes subjected to the different extraction processes
(ultrasound (US); hydrothermal (T); enzymatic (EZ)). As
expected from the waste characterization results, substan-
tially higher TPC and AC values were observed with grape
wastes (GP and GM) when compared with apple pomace,
especially in the extracts produced from stalks. Fuchs et al.
[58] obtained polyphenol-rich extracts from grape waste
using methanol as solvent, with a solvent/solid ratio of 25/1
and stirring at 25 °C for 90 min. They obtained grape stalk
extracts with the highest TPC content (6650 mg GAE/100 g
d.b.), followed by the grape pomace extract (5890 mg
GAE/100 g d.b.). As for apple pomace extracts, similar val-
ues of TPC (684 +0.38 mg GAE/100 g d.b.) were reported
by Pollini et al. [59] when using 4 h maceration at 25 °C and
ethanol as solvent, and a solvent/pomace ratio of 2/1.

On the other hand, except for some conditions with AP,
richer extracts were achieved (Table 2), if a comparison with
the corresponding initial waste (Table 1) is performed. Even
for GS, the amount of extracted phenolic compounds in most
of operating conditions exceeds that obtained when alka-
line hydrolysis is carried out for the analysis (PCH values).
The applied processes affected the integrity of cell walls
and membranes differently depending on the type of extrac-
tion, making the phenolic compounds in fruit waste more
accessible and resulting in extracts substantially enriched in
antioxidant compounds, despite the use of water as solvent.

When comparing the different extraction processes stud-
ied, the highest content of TPC and AC was obtained when
the hydrothermal method (T) was applied at 75 °C. At low
temperatures (30 °C and 60 °C), no major differences were
observed when the extraction time was increased from 20
to 75 min, while at 75 °C considerable higher extraction
of bioactive compounds occurred at 75 min. However, no
differences were observed between 75 and 120 min for
GM and AP extracts, while in GS extract, both TPC and
AC decreased with increasing extraction time from 75 to
120 min. Long extraction times could have accelerated the
phenolic compound degradation in this case while produc-
ing a greater consumption of time and energy. It can be
concluded that, when using the traditional method (T), the
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Table 2 Total polyphenol
content (TPC), antioxidant

capacity (AC), and soluble solid GM Ultrasound 30
content (°Brix) of the extraction 30
methods. GM, grape marc; GS,

grape stalk; AP, apple pomace. 60
TPC and AC results are Hydrothermal 30
expressed in mg GAE/100 g dry 60
basis (d.b.) 60

75

75

75

Enzymatic 50
GS Ultrasound 30
30

60

Hydrothermal 30
60

60

75

75

75

Enzymatic 50
AP Ultrasound 30
30

60

Hydrothermal 30
60

60

75

75

75

Enzymatic 50

Sample Extraction method Temp. (°C) Time (min) Soluble solids TPC AC
20 55+0.1" 123754 598 +19°
75 5.63+0.06¢ 1539+32f  728+22¢
20 5.87+0.07" 35254238 136443
75 4.62+0.03¢ 3258 +148 1944 +25FK
20 5.77+0.06" 3538 +34" 2024 +2!
75 5.97+0.05' 31364220 2013+12!
20 5.33+0.05° 3059+12" 1508+ 14/
75 5.5+0.2f 4572+21" 2280+12™
120 6.43+0.06 4517+5"  2450+13™
75 6.6+0.3 32264258 1257+17"
20 6.85+0.02% 7813 +24™ 29494 13°
75 7.02+0.05! 9137+15" 3357+24P
20 7.14+0.05"  17,849+38" 53534344
75 5.98+0.04' 16,678 +339 5945+ 17"
20 6.23+0.05 17,906 +22°  6096+22°
75 6.88+0.03% 16,143 +16° 6262+33°
20 6.85+0.04%  15,821+37° 6404422
75 7.08+0.04"  20,055+36° 7154+16
120 7.45+0.05™  15,709+40° 6505+ 33"
75 7.88+0.05" 16,537 +559 5589 4234
20 4.12+0.5° 208 +5° 175 +5%
75 4.22+0.04° 243+7°  214x4°
20 4.34+0.12¢ 4744104 402+5¢
75 3.87+0.05 443 +6° 370 +4¢
20 4.05+0.04° 475459 39448¢
75 4.12+£0.02° 429 +6° 391+34
20 4.22+0.02¢ 420+14° 407 +8¢
75 4.27+0.14° 532 +4° 669 +4°
120 4.55+0.03¢ 526 +5° 676+6"
75 4.69+0.144 434 +4¢ 369 +4°

Means within rows with different lowercase superscript letters are significantly different (p <0.05). The
values are expressed as the mean =+ standard deviation (n=3)

temperature variable has major effect on the extraction of
phenolic compounds, achieving the best condition at 75 °C
for a period of 75 min.

Regarding US treatment, the best condition was observed
at 60 °C for 20 min. When comparing the alternative extrac-
tion methods concerning T, in the case of GM, a lower TPC
content was observed for US and EZ (23% and 29% respec-
tively). When analyzing GS and AP, a TPC decrease of 11%
and 18% was observed for US and EZ, respectively. In the
case of antioxidant capacity, GM and AP showed 40% and
45% decrease for US and EZ, respectively, while GS showed
a decrease of around 22-25%. According to these results, the
T method showed greater efficiency (Fig. 2).

The optimal operative conditions in terms of total poly-
phenol content (TPC) and antioxidant capacity (AC) for the
T method were found to be an extraction time of 75 min and
a temperature of 75 °C. Under these extraction conditions,
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the TPC content (wet basis) was 251 +2 mg GAE/100 g
for GM, 1420+ 5 mg GAE/100 g for GS, and 23 +2 mg
GAE/100 g for AP, which could be considered valuable con-
sidering that the consumption of commercial apple juice pro-
vides between 15 and 60 mg TPC/100 g of juice [59] while
commercial grape juice provides between 111.2 and 343 mg
TPC/100 g juice, indicating the high potential of the extracts
as source of natural phenolic compounds.

Unfortunately, emerging technologies did not always
result in positive outcomes, even when using organic
solvents. For instance, Ntourtoglou et al. [60] studied
the combination of pulsed electric field and ultrasound-
assisted on polyphenol extraction in grape stalk, using
methanol and water as extraction solvent, and concluded
that the US method needs the combination with another
method to optimize the polyphenol extraction in this waste.
Haas et al. [61] studied grape wastes and three extraction
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Fig.2 Total polyphenol content 25000
(TPC) and antioxidant capacity

(AC) corresponding to the best

condition for each extrac-

tion method. US, ultrasound

treatment (60 °C, 20 min); 7, 20000
hydrothermal extraction process
(75 °C, 75 min); EZ, enzyme-
assisted extraction process =
(50 °C, 75 min, 160 ppm). <
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methods (ultrasound, orbital shaker, and plate shaker) using
a hydroalcoholic solution (80% v/v methanol), obtaining
higher polyphenol concentrations when using orbital and
plate shaking.

The ability of US to enhance recovery of specific metabo-
lites has been attributed to its ability to disrupt cell mem-
branes through the transmission of ultrasound pressure
waves and the subsequent phenomenon of cavitation [19,
62]. On the other hand, the pectic substances located in
the middle lamella and the primary cell of plant tissues are
attacked by the pectolytic enzyme used in EZ extraction.
The enzyme-assisted extraction dissolves cell wall ele-
ments and increases the release of intracellular content [4,
13]. Heating treatments under the conditions used in this
work often result in tonoplast and plasmalemma disruption,
as well as disorganization of cell wall structure, represent-
ing alteration of individual cell wall polysaccharides (pectic
polysaccharides, cellulose, hemicellulose) [63]. In addition,
water immersion for long times generally leads to solubi-
lization and depolymerization of hemicellulose and pectin
contributing to wall loosening and disintegration. Besides,
during heat treatments, in addition to compound degra-
dation, new phenolic compounds or interactions between
them can occur, increasing polyphenol concentration, as
observed for instance by Marsiglia et al. [64], when study-
ing polyphenol extraction from jaboticaba peel. Therefore,
the T extraction process, especially the one performed at
higher temperatures, affected to a greater extent the binding
capacity of cell walls, favoring the polyphenol extractability.
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The time—temperature combination must be then carefully
analyzed to determine the specific range that improves the
extraction performance and prevents the specific compound
degradation according to the waste type to be addressed.
The worst performance of alternative methods could
probably be ascribed to the damage already produced
on tissue structure during the industrial processing;
therefore, the US ability to disrupt the cell membranes
through the cavitation phenomenon or the enzymes to

Table 3 Polyphenol content of samples extracted under the best
extraction condition (T, 75 °C; 75 min) determined by HPLC-UV/
DAD. Results were expressed in mg/100 g of dry basis (d.b.). GS,
grape stalk; GM, grape pomace; AP, apple pomace

Polyphenol AP extract GS extract GM extract
Procyanidins 27.4+0.1* 864.8+0.1° 363.2+0.2°
(+)-Catechin 13.5+0.2% 216.5+£0.1°  217.1+£0.2°
Epicatechin nd 196.6+0.2° nd

Rutin 184.1+0.1° 83.7+£0.1°  203.2+0.1°
Quercetin nd 58.5+0.1° 133+0.1°
Other flavonols 34.7+0.2% nd nd

Gallic acid nd 88.4+0.2° 50.1+0.2°
Chlorogenic acid nd nd 51.9+0.2%
Ellagic acid nd nd 25.4+0.1*
Total polyphenols 259.7+0.3* 1508.5+0.2° 923.9+0.2°

nd., not detected. Different lower-case letters between columns indi-
cate significant differences (p <0.05) for each polyphenol compound
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destroy cell wall structure did not have a significant effect
for linked phenolic release.

Quantification of individual phenolic compounds by
HPLC (Table 3) was carried out to analyze the composi-
tion achieved using the best extraction process for each
fruit waste. In agreement with spectrophotometric measure-
ments (Fig. 2), higher content of individual compounds was
observed by HPLC in grape stalk extract. In GS extract, pro-
cyanidins represented the main phenolic group (~ 57%), fol-
lowed by catechin and epicatechin (~ 27%). In apple pomace
extract (AP), flavonols represented 84% (mainly rutin) of the
total quantified phenolic compounds, accounting for the rest
of the compounds as condensed tannins. Grape marc extract
showed a richer polyphenol profile compared to the other
wastes (Table 3), identifying in these samples a greater vari-
ety of polyphenols types (40% of condensed tannins, 23%
of flavonols and flavan-3-ols, and 14% of phenolic acids).
Similar results were obtained by Teixeira et al. [65] who

also quantified procyanidins as the major polyphenol group
in grape stalk extracts. According to Tylewicz et al. [66],
apple pomace mainly contains flavan-3-ols (catechin and
epicatechin), proanthocyanidins, and chlorogenic acid; and
grape pomace contains condensed tannins, phenolic acids
(gallic in the seeds), quercetin and its glycosides, and flavan-
3-ols such as catechin, epicatechin, and proanthocyanidins.
These authors, when studying grape stalk, also reported
the presence of flavan-3-ols (catechin and epicatechin), fla-
vonols (quercetin glycosides, including rutin), and phenolic
acids. Nevertheless, fruit by-products like apple pomace are
complex matrices presenting variation in their composition
as they have undergone different industrial processes that
impact their final state [67]. Finally for grape marc extracts,
similar results were found by Perra et al. [68], who found the
highest level of flavan 3-ols, accounting for approximately
50% of the total phenolic content after solid-liquid extrac-
tion from grape pomace using a hydroethanolic mixture.

Table 4 Physicochemical and bioactive properties of waste powders. Produced from initial wastes: apple pomace (AP), grape marc (GM), and
grape stalk (GS). Produced from the RSF of selected extraction processes: apple pomace (RSF,p), grape marc (RSFg,,), and grape stalk (RSFq)

Properties GS RSFgg GM RSFgm AP RSF,p
Water content (% w.b.) 4.17 £0.08° 4.93+0.05° 3.22+0.06% 3.35+0.04 4.05+0.17° 4.34+0.02¢
pH 4.13+0.02° 4.08 +0.06 4.18+0.02° 4.08+0.05° 3.74+0.22° 3.72+0.03
Acidity (% w.b.) 4.51+0.04" 3.42+0.05° 3.09+0.34¢ 2.17+0.13° 2.9+0.2° 1.89+0.05"
TPC (mg GAE/100 g d.b.) 1599 + 4 759 +18¢ 997 +6° 578 +7° 137+12° 91 +5°
PCH (mg GAE/100 g d.b.) 12,550 +135° 5384 +230¢ 7949 +108° 3278 +201°¢ 1512+96° 976+ 34°
TDF (g/100 g d.b.) 61+2f 50.5+1.8¢ 55.3+0.8° 46.6+0.6° 423+0.7° 34.6+0.5%
IDF (g/100 g d.b.) 38.2+14° 44+1° 38.4+0.5" 43.4+0.7 23+1° 26+3°
SDF (/100 g d.b.) 23+1° 6.3+0.3° 17.4+0.7¢4 3.1+0.2° 19.3+0.5¢ 8.5+2.4°
IDF/SDF 1.6+0.2° 7.02+0.02¢ 2.24+0.03° 14+1° 1.19+0.02* 3.3+0.5¢

In each row, means with a different lowercase superscript letter are significantly different (p <0.05). The values are expressed as mean = standard

deviation. d.b., dry basis

Fig.3 Antioxidant capacity 800
(AC) of waste powders through
three analytical methods: FRAP 700
(), DPPH (), ABTS (Il
) (d.b. =dry basis). Powders
produced from initial wastes: 5 600 1
apple pomace (AP), grape marc ?o
(GM), and grape stalk (GS). o 500 -
Produced from the RSF of =
selected extraction processes: E 400 -
apple pomace (RSF,p), grape o)
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(RSFgy) g 3009
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< 200 1
100 A
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3.3 Physicochemical and functional properties
of fruit waste powders

Table 4 and Fig. 3 show relevant properties of the pow-
ders obtained from the residual solid fractions (RSF) of the
selected phenolic extraction, to be evaluated together with
those produced from the integral use of the initial wastes
(GS, GM, and AP). Both valorization options would allow
zero waste dumping to be achieved at the industrial sites. It
is worth pointing out that RSF accounted for = 87% of the
total waste weight in GM, 64% in GS, and 57% in AP wastes.

Powder water content was less than 5% (wet basis) in
all cases being the values consistent with those obtained
by other authors when using similar dehydration processes
in fruit wastes [69]. In general, a significant effect of the
extraction process on chemical properties was observed,
because many compounds initially present in the fruit wastes
migrated to the extracts (Fig. 2; Table 2), directly impacting
on several properties such as acidity and bioactive potential.

Regarding potentially bioactive compounds, wine wastes
registered higher TDF content, mainly composed of IDF
(62-70%), while powders from apple waste presented a
more balanced ratio between types of fiber and the high-
est proportion of SDF (24.6% and 45%, for RSF,;, and AP,
respectively) that is related to the higher proportion of solu-
ble hemicellulose and pectin of apple matrices [70]. On the
other hand, the extraction process produced SDF decrease,
which led to an increase in the IDF/SDF ratio in all cases.
As expected, the RSF5g and RSFg,; samples showed a sub-
stantially higher IDF percent (87-93%) and a greater IDF/
IDS ratio. Taking into account that an IDF/SDF ratio ranging
between 1 and 3 is considered desirable to yield maximum
health benefits [71], the RSF, value would indicate a better
quality for use as a food ingredient. The data reported, for
example, on apple pomace powder obtained by drying waste
provided by a juicer at 70 °C [72] fall within the range of
TDF values obtained in this study for AP and RSF,» samples
(37.7and 47.9 g/100 g, d.b.).

In terms of polyphenol content (TPC) (Table 4) and anti-
oxidant capacity (AC) (Fig. 3), in line with the extraction
results, GS powder was the one showing the highest bio-
active potential. The extraction process led to a significant
decrease in powder TPC and AC, being the RSF;4 sample
the one that registered the greatest decreases in both vari-
ables: TPC (52%) and AC through most of the tested meth-
ods (64-78%). It can also be observed from PCH data that
most of the phenolic compounds seem to be bound to the
solid phase in powders, mainly composed of dietary fiber.

Recent reports show that dietary fiber exerts a variety
of biological benefits on the host’s health [73]. Fiber pro-
vides a source of nutrition for the gut microbiota that is
able to decompose it and produce short-chain fatty acids
and other valuable metabolites that affect directly the host’s

health [74]. Additionally, polyphenols have shown a protec-
tive effect on the gastrointestinal tract, which was related to
the maintenance of the eubiosis of the gut microbiota [75].
Other studies show that the gastrointestinal system is con-
tinuously exposed to reactive oxygen species [76]; then, the
antioxidant compounds like polyphenols may help maintain
the redox balance in these organs [77].

FTIR spectra of the waste powders are presented in Fig. 4.
All spectra exhibited the same shape and only variations in
the absorption intensity were detected.

Samples showed two characteristic absorption peaks at
3350 and 1040 cm™!, which were attributed to the stretching
vibration of the hydroxyl group mainly due to cellulose and
hemicelluloses or phenols in which hydrogen atoms par-
ticipate in hydrogen bonds [78—80]. These two peaks were
more intense in grape stalk samples (GS and RSFg), which
could be related to the higher dietary fiber and polyphenol
content (Table 4). The characteristic peaks at 1635 cm™!
corresponded to the aromatic benzene ring of lignin [81] or
C=C vibrations of polyphenols [82] which were observed
in all samples. This peak is more intense in the grape waste
samples (Fig. 4b), which could be related to the higher con-
tent of insoluble fiber and polyphenols in these samples. The
strong bands about 2900 cm~! were representative of C-H
vibrations from some methyl groups of polysaccharides and
carbonyl groups of lignin [82, 83].

Figure 5 shows the contributions of the main phenolic
groups (flavan-3-ols, flavonols, phenolic acids, and con-
densed tannins) to the phenolic profile of the waste pow-
ders. The grape pomace and grape stalk powders presented
a richer phenolic profile. The flavan-3-ols were predominant
in the three types of wastes, except for the RSFgy; sample,
which showed a greater proportion of condensed tannins.
In the case of apple waste powders (AP and RSF,), phe-
nolic acids were not detected, but condensed tannins (pro-
cyanidins), flavan-3-ols (catechin), and flavonols (rutin and
quercetin) were quantified. Catechin accounted for 59%
of the total phenolic compounds in AP and 83% in RSF,;
powders. In the grape stalk powders, the main quantified
compounds were gallic acid (17-19%), catechin (43%),
and rutin/quercetin (38-40%). Mohammadi et al. [84] also
investigated the chemical profile of apple pomace powder
generated from industrial apple juice production. Their find-
ings revealed that flavanols and flavonols were abundant,
comprising 53% of the total phenolic compounds.

Techno-functional properties of fiber depend on plant
source, degree of processing, and IDF/SDF ratio, as well
as on powder particle size, porosity, and density. Regard-
ing the hydration properties (Table 5), the apple waste pow-
ders (AP and RSF,p) absorbed greater amounts of water
(>SC,>WHC, and > WRC) when compared to grape ones
in accordance with the higher content of SDF (24.6-45%).
The loss of water holding capacity of powders previously
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subjected to phenolic extraction (RSF) could be ascribed to
alterations in dietary fiber content and composition, as well
as to changes in waste structural features such as breakdown
of the cell wall polysaccharide network but heat and solubili-
zation of pectins during water immersion. The greater capac-
ity to retain water of these powders may be more related
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to the IDF proportion increase (% IDF =75-93%), since
insoluble fiber forms a matrix in which water is entrapped.
All the waste powders exhibited higher WRC values com-
pared with those of other reported agricultural by-product
powders, such as from grape pomace (2.26 g/g), lemon
juice by-product (1.85 g/g), and orange juice by-product
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Table 5 Techno-functional properties of powders: swelling capac-
ity (SC), water holding capacity (WHC), water retention capacity
(WRC), retention water (RW), oil holding capacity (OHC), and emul-
sifying activity (EA). Waste powders without previous extraction

process: apple pomace (AP), grape marc (GM), and grape stalk (GS).
Powders produced from the remaining solid fraction obtained after
the selected extraction process: apple pomace (RSF,p), grape marc
(RSFgy, and grape stalk (RSFg)

Functional properties GS RSFgq GM RSFgy AP RSF,p

SC (ml H,0/g d.b.) 5.9+0.2% 6.2+0.4° 5.6+02° 53+0.2° 6.5+0.5° 8.2+0.3
WHC (g H,0/g d.b.) 8.5+0.3° 7.2+0.3° 6.75+0.24° 5.12+0.22° 12+2¢ 9+1°
WRC (g H,O/g d.b.) 4.9+0.2° 6.9+0.3° 4.89+0.55 55+0.4° 7.12+0.57° 8.9+0.8°
RW (g H,0/ 100 g d.b.) 13.9+0.6* 18.7+0.7% 13.8+0.3° 164+1.2° 19.1+1.6° 242+1.6°
OHC (g oil/g d.b.) 1.3+0.3° 1.77+0.05° 1.38+0.06 1.9+0.1¢ 1.13+0.03* 1.2+0.2%
EA (%) 51+2° 45+1° 48 £2%® 47.8+1.8% 482 46.6+0.4*

In each row, means with a different lowercase superscript letter are significantly different (p <0.05). The values are expressed as mean =+ standard

deviation. d.b., dry basis

(1.65 g/g) reported by Santos et al. [36]. OHC is another
important fiber property; dietary fibers with high OHC can
be used to stabilize food emulsions and decrease fat diges-
tion and absorption in the gastrointestinal tract [85]. RSF
powders also showed a greater oil holding capacity, because
of the higher proportion of IDF (75-93%) when compared
with powders without extraction (55-70%). The RSFgy,
and RSF;4 samples presented the highest OHC values, in
accordance with those reported by Lopez-Marcos et al. [86]
in air-dried grape pomace (OHC =2.3 g 0il/g). On the other
hand, the EA of the six powders was comparable to that
of commercial fibers [87] without appreciable differences
between samples. According to these results, the low OHC
values of the powders (< 1.9 g/g) suggest they would pro-
vide a non-fatty sensation in food, with great potential as
ingredient in for instance fried products [88]. In general,
all powders presented good hydration capacity; therefore,
they could be used to increase the viscosity of those foods
to which they are added [89]. In particular, the best hydra-
tion properties were observed for RSF,, and AP samples,
which indicate that these powders can be used as functional
food ingredients to reduce calories, to avoid syneresis, and
to modify the viscosity and texture of the final product [86].
Manthei et al. [90] also obtained good hydration properties
(WHC=13.2 g H,0/g d.b.) in powders obtained from apple
wastes by convective drying at 55 °C.

Figure 6 shows images of the different powders together
with the chromatic parameters (L*, a*, and b*). All the
powders presented similar brownish tones. Regarding the
global color difference (AE*,,), no significant differences
were observed between powders with and without extrac-
tion (3.15, 4.1, and 5.3, for GM, GS, and AP, respectively).

The Hausner ratio and Carr’s index are used for assessing
the tendency of powders to flow and determine the interac-
tion among the powder particles that affect the flow behav-
ior [91]. The extraction process had no significant effect on
powder flowability (Table 6). All the powders presented low
cohesiveness (i.e., Hausner ratio values < 1.12) and excellent

or good flowability (Carr’s index values between 6.44 and
12.3%). The apple waste powders (AP and RSF,;) presented
the poorest flowability (> density, > angle of repose, > Carr
index). These results were similar to those obtained by Kaur
et al. [92] who observed good flowability on air-dried carrot
pomace powder, having an angle of repose =33.69 and a
Hausner ratio of 1.46. In addition, Alam et al. [93] obtained
air-dried banana flour of good quality with Carr’s index
values ranging from 9.38 to 13.65 and good cohesiveness
(Hausner ratio between 1.13 and 1.16).

In this work, the waste powders showed 7, values higher
than 39 °C (Table 7), suggesting physical stability for
storage at temperatures lower than~30 °C. Ferrari et al.
[94] obtained similar results in mango peel powders, with
T, values between 31.37 and 42.40 °C.

Additionally, the samples presented a,, values lower than
0.3, indicating that the microorganism growth would be
hindered, while chemical and physical changes would be
limited [95]. Regarding hygroscopicity (Table 7), the studied
powders showed values between 9.3 and 18 g/100 g d.b.,
which, according to Tontul et al. [95], can be considered not
very hygroscopic materials. Overall, the physical properties
of the waste powders show adequate properties for handling
and storage.

4 Conclusions

The combination of a phenolic extraction step using envi-
ronment-friendly techniques, followed by convective dehy-
dration of the residual solid fraction, was successfully
applied for the total valorization of apple pomace and grape
wastes from regional industries. It was found that all the
extracts obtained using the different extraction methods,
especially those produced from the grape stalks, presented
high polyphenolic content and antioxidant capacity, even
overcoming the content of commercial fruit juices, suggest-
ing their potential as functional ingredients in foods or for
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Fig.6 Images of waste powders
and color coordinates (a*, b*,
and L*)
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Table 6 Physical properties of waste powders. Powders without pre-
vious extraction process: apple pomace (AP), grape marc (GM), and

obtained after the selected extraction process: apple pomace (RSF,p),
grape marc (RSFg),), and grape stalk (RSFgg)

grape stalk (GS). Powders obtained from the remaining solid fraction

Properties GS RSFgq GM RSFgm AP RSF,p

Bulk density (g/mL) 0.38+0.02° 0.37+0.03* 0.38+0.02° 0.39+0.04* 0.52+0.02° 0.56+0.02°
Compacted density (g/mL) 0.42+0.02 0.41+0.02* 0.42+0.04* 0.39+0.05* 0.57+0.02° 0.54+0.03°
Hausner ratio 1.07+£0.03* 1.02+0.05% 1.08 +£0.03* 1.04+0.02% 1.12+0.04* 1.09 +£0.04*
Carr index 6.67 +0.05% 6.4+0.9° 7.8+1.6® 75+£1.2% 123+1.5¢ 11.8+1.3¢
Angle of repose 33.8+0.4 32.3+0.5% 35.5+0.8° 35.7+£0.9° 36.3+0.6° 37.2+0.5°

In each row, means with a different lowercase superscript letter are significantly different (p <0.05). The values are expressed as mean =+ standard

deviation. d.b., dry basis

nutraceutical development. On the other hand, a great variety
of powders rich in dietary fiber and antioxidant compounds
could be produced, with physical and techno-functional
properties adequate for different applications. Both the lig-
uid extracts and the powders obtained from grape and apple
wastes could be used as potentially functional ingredients.
Finally, considering that fruit waste represents approxi-
mately 50% of the raw materials processed by fruit indus-
tries, this entails economic losses due to the underutilization
of raw materials and costs associated with waste collection
and final disposal. In this regard, industries need to take
advantage of the generated wastes or by-products to miti-
gate production costs. Even in some cases, large investments

@ Springer

would not be necessary; for instance, juice producers could
utilize existing juice extraction lines, and powdered products
could be obtained in simple convective dryers with subse-
quent grinding stage. Valorizing wastes will enable their
reintroduction into the production system, thereby reducing
environmental impact.

The main limitations of this work are related to the high
variability of the raw material, depending on the biologi-
cal variability of the fruit available for industrial processing
each season. However, the broad spectrum of technologies
presented in this work has the potential to overcome the
variability in raw wastes, thereby enabling the generation
of multiple valuable ingredients.
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Table7 Waste powder’s physical stability: 7, a,, and hygroscopic-
ity (Hi). Waste powders without the extraction process: apple pom-
ace (AP), grape marc (GM), and grape stalk (GS). Powders produced
from the remaining solid fraction of the selected extraction process:
apple pomace (RSF,p), grape marc (RSF),), and grape stalk (RSFg)

Samples a, T, (°C) Hi (g/100 g d.b.)
GS 0.290 +0.002° 39.06+0.01* 10.03+0.34°
RSFgg 0.214+0.003*  43.28+0.02¢ 9.3+0.2°
GM 0.287 +0.002° 41.08+0.01¢ 11.7 £0.4%
RSFgy 0.222+0.002*  41.85+0.02° 10.6+0.7°

AP 0.291+0.001° 40.09+0.01° 18+1¢
RSF,p 0.287+0.001°  40.52+0.01° 12.140.2¢

In each column, means with a different lowercase superscript let-
ter are significantly different (p <0.05). The values are expressed as
mean + standard deviation. d.b., dry basis

The findings of this study provide insights into the
development of liquid extracts and powdered ingredients
derived from fruit wastes, varying in technological and
functional quality.
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