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Abstract
This work evaluates the purification of melon peel extracts obtained by two eco-friendly methods: autohydrolysis and 
sodium acetate/urea/water extraction (1:3:1.6), an alkaline deep eutectic solvent (DES). For that, sequential ethanol precipi-
tation and resin adsorption/desorption stages were proposed for the separate recovery of the pectic and phenolic fractions. 
In order to screen the optimal purification conditions, in a first step, the effect of ethanol concentrations (from 70 to 85%) 
on the precipitation of pectic oligosaccharides was assayed. Subsequently, the influence of the selected resin (Amberlite 
XAD4, XAD16HP and XAD7HP), liquid/resin ratios, and desorption sequences (varying ethanol concentrations and pH) 
on the phenolic compounds was also studied. The highest pectin yields were achieved with 85% ethanol: 16.11 and 18.05 g 
pectin/100 g water-insoluble solids (WIS) for autohydrolysis and DES extracts, respectively. All pectins presented a galac-
turonic acid content of about 45%, while autohydrolysis pectin presented a higher amount of neutral sugar side chains. The 
presence of low methoxyl GalA and both linear and branched OGalA with DP from 2 to 20 was also confirmed by FTIR 
and HPAEC-PAD analysis, respectively. Concerning the phenolic fraction, the resin adsorption and desorption steps at the 
selected conditions (XAD4 resin, liquid/resin ratio of 2 mL/g, eluted with 50% ethanol thrice) resulted in 79.55 and 4.08 mg 
GAE/g non-volatile content (NVC) for autohydrolysis and DES extracts, respectively, with improved antioxidant capacity. 
Moreover, some phenolic acids (protocatechuic and ferulic acids) and flavonoids (orientin, vitexin and naringenin) were 
quantified in the extracts by HPLC–PDA-MS/MS.
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Abbreviations
Ac-OS	� Acetic acid units in oligosaccharides
AH	� Autohydrolysis liquor
AHL	� Liquor from autohydrolysis after pectin 

precipitation
AHP	� Pectin from autohydrolysis liquor
AHRE	� Phenolic fraction from autohydrolysis recov-

ered with resin adsorption
AHRL	� Autohydrolysis liquor free from pectin and 

phenolics
AHS	� Solid from autohydrolysis treatment
Ara	� Arabinose
AraOS	� Arabinose units in oligosaccharides

DA	� Degree of acetylation
DES	� Deep eutectic solvent
DES-E	� Liquor from DES extraction
DES-EL	� Liquor from DES extraction after pectin 

precipitation
DES-EP	� Pectin from DES extracts
DES-ERE	� Phenolic fraction recovered with resin 

adsorption from DES-EL
DES-L	� Mixture of DES-EL and DES-WL
DES-RE	� Phenolic fraction recovered with resin 

adsorption from DES-L
DES-RL	� DES extracts free from pectin and phenolics
DESS	� Solid from DES treatment
DES-W	� Liquor from water washing after DES 

extraction
DES-WL	� Liquor from water washing after DES extrac-

tion and pectin precipitation
DES-WP	� Pectin from water washing after DES 

treatment
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DES-WRE	� Phenolic fraction recovered with resin 
adsorption from DES-WL

DM	� Degree of methyl esterification
DP	� Degree of polymerization
E	� Water-soluble extractives
GAE	� Gallic acid equivalents
Gal	� Galactose
GalA	� Galacturonic acid
GalOS	� Galactose units in oligosaccharides
GOS	� Glucose units in oligosaccharides
HG	� Homogalacturonan
ManOS	� Mannose units in oligosaccharides
MP	� Melon peels
MS	� Monosaccharides
NVC	� Non-volatile content
OGalA	� Oligogalacturonides
OS	� Oligosaccharides
PGA	� Polygalacturonic acid
PS-DVB	� Polystyrene-divinylbenzene
RG	� Rhamnogalacturonan
Rha	� Rhamnose
RhaOS	� Rhamnose units in oligosaccharides
TE	� Trolox equivalents
TPC	� Total phenolic content
WIS	� Water-insoluble solids
XOS	� Xylose units in oligosaccharides
Xyl	� Xylose

Introduction

Melon (Cucumis melo L.) is a crop extensively cultivated 
worldwide due to its capacity to adapt to different climates. 
This fruit, in addition to presenting a high nutritional value, 
is considered a source of bioactive compounds that provide 
health benefits and reduce the risks of illnesses such as can-
cer or cardiovascular diseases (FAO, 2021; Miller et al., 
2020; Rolim et al., 2019; Silva et al., 2020). The industrial 
processing of melon generates high amounts of peels and 
seeds as by-products, representing about one third of the 
weight of the fruit (Rico et al., 2020a). These by-products 
could be valorized since they are considered an abundant 
and low-cost source of bioactive natural molecules such as 
polyphenols, pectin polysaccharides, fatty acids or proteins 
(Gómez-García et al., 2021b; Rico et al., 2020a; Silva et al., 
2020).

Pectin is a complex polysaccharide that presents homoga-
lacturonan (HG), rhamnogalacturonan I (RG-I) and rham-
nogalacturonan II (RG-II) in its structure (Kumar et al., 
2020; Mao et al., 2019a). HG accounts for about 65% of pec-
tin in plants and is made of a linear backbone of galacturonic 
acid (GalA) that is characterized with partial methyl esterifi-
cation at the carboxyl groups at C-6 (determining the degree 

of methyl esterification, DM) and acetyl-esterification at O-2 
or O-3 (degree of acetylation, DA). RG-I represents 20–35% 
of pectin and is composed of GalA and rhamnose (Rha) 
disaccharides with side chains made of galactose (Gal) and 
arabinose (Ara) units. RG-II accounts for less than 10% of 
pectin, and it is heavily branched with 12 types of glycosyl 
residues linked by at least 22 types of glycosidic bonds (Li 
et al., 2021; Mao et al., 2019a; Thibault & Ralet, 2003). 
The structure and composition of the pectin and its content 
in HG, RG-I, and RG-II determine its properties and appli-
cations (Huang et al., 2021), and these parameters can be 
modulated by the selection of the extraction technology. For 
instance, pectins with a high content in neutral sugar side 
chains have shown higher prebiotic activity (Kumar et al., 
2020; Mao et al., 2019a), whereas more linear pectins are 
believed to possess higher viscosity, which improves film 
formation (Huang et al., 2021).

Phenolic compounds are a wide group of secondary plant 
metabolites with important health benefits due to their anti-
oxidant, antimicrobial, anti-inflammatory, and antidiabetic 
activities (Ding et al., 2020; Rolim et al., 2019; Silva et al., 
2020). Countless works have been published exploring the 
extraction of free phenolic compounds from plant matrixes, 
with less focus on non-extractable polyphenols, which are 
bound to macromolecules such as polysaccharides or pro-
teins and therefore they cannot be recovered by traditional 
aqueous-organic extractions (Ding et al., 2020; Dzah et al., 
2020). However, non-extractable polyphenols account for 
an important part of the total phenolic compounds in plant 
residues, and its extraction by alternative acid, alkali or 
enzymatic treatments would allow achieve much higher 
polyphenol yields (Dzah et al., 2020; Wang et al., 2020).

In addition to the extraction stage, another important 
aspect to take into account for further pharmaceutical and 
food applications, is the subsequent purification and charac-
terization of pectic oligosaccharides and phenolic extracts 
obtained (Chiriac et al., 2021; Dranca & Oroian, 2018). 
Several alternatives have been evaluated for the purifica-
tion of pectic oligosaccharides, including precipitation, 
membrane filtration, dialysis, ionic exchange, nitration, or 
combined methods (Dranca & Oroian, 2018; Míguez et al., 
2016; Moreno-González & Ottens, 2021). Precipitation with 
ethanol achieves good pectin yields at low costs, while mem-
brane filtration results in higher purities (Dranca & Oroian, 
2018). Even though ethanol precipitation is the most com-
monly used method for the purification of pectin (Çilingir 
et al., 2021; Davis et al., 2021; Tsuru et al., 2021), only a 
few studies have evaluated the effect of the conditions on the 
recovery of oligosaccharides (Guo et al., 2016; Klinchongkon 
et al., 2019). Concerning the phenolic fraction, solid phase 
extraction and liquid–liquid extraction are between the most 
employed purification methods (Chiriac et al., 2021; Dzah 
et  al., 2020; Moreno-González & Ottens, 2021). In this 
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context, adsorption with macroporous resins is an efficient 
and easily scalable technology based on mass transfer, with 
low cost and simple design and operation (Niknam et al., 
2021; Pérez-Armada et al., 2019). This approach has been 
previously successfully used for the purification and con-
centration of phenolic compounds from different extracts 
(Ismail et al., 2020; Ozgen & Sarıoglu, 2013; Pérez-Armada 
et al., 2019; Rodríguez-Juan et al., 2021; Saha et al., 2019). 
However, most works dealing with the recovery of phenolic 
compounds do not evaluate their purification (Davis et al., 
2021; Kutlu et al., 2021; Moraes et al., 2020).

Several technologies have been tested for the valoriza-
tion of melon by-products in the last years. In this line of 
research, recent studies deal with the recovery of pectin or 
pectic polysaccharides from melon peels using acid hydroly-
sis (Güzel & Akpınar, 2019; Muthukumaran et al., 2017; 
Raji et al., 2017), microwave-assisted extraction (Golbargi 
et al., 2021), autohydrolysis (Rico et al., 2020b), and extrac-
tion with deep eutectic solvents (DES) (Rico et al., 2021). 
Phenolic compounds have been also recovered from melon 
peels and seeds with organic solvents (Ganji et al., 2019; 
Mallek-Ayadi et al., 2018), in pressurized aqueous media 
(Rico et al., 2020b), with deep eutectic solvents (DES) (Rico 
et al., 2021) and by ultrasound-assisted extraction (Vella 
et al., 2019). On the other hand, the recovery of protein 
(Gómez-García et al., 2021a) and seed oil (Bouazzaoui et al., 
2018) have also been addressed recently from melon by-
products. To the best of our knowledge, the purification of 
phenolic compounds extracted from melon peels has not yet 
been studied. Moreover, pectin purification from melon peel 
extracts has only been assessed in several studies by pre-
cipitation in ethanol at fixed operational conditions, where 
concentrations between 50 and 75% were selected (Golbargi 
et al., 2021; Güzel & Akpınar, 2019; Muthukumaran et al., 
2017; Raji et al., 2017; Rico et al., 2020b, 2021).

In this work, the purification of melon peel extracts 
obtained by two environmentally friendly methods (autohy-
drolysis and alkaline DES extraction) has been addressed. 
With this purpose, sequential stages of ethanol precipita-
tion and resin adsorption/desorption were designed for the 
recovery of the pectic and phenolic fractions, respectively. A 
screening of the optimal conditions for the purification was 
carried out and the selected products were characterized.

Materials and Methods

Raw Material

Melon peels (var. piel de sapo), a by-product of fresh cut 
produce, were kindly supplied by FreshCut, S.L. (Vigo, Pon-
tevedra, Spain). They were cut into small pieces and kept at 
−18 °C until use.

Preparation of Melon Peel Liquors

The two alternatives proposed for the valorization of 
melon peels are shown in Fig. 1 and explained in the fol-
lowing sections.

Aqueous Extraction

Melon peels (MP) were subjected to an aqueous extraction 
to separate soluble sugars, following the methodology pre-
viously reported by Rico et al. (2020a, 2021). Briefly, MP 
were first centrifuged at 2800 rpm for 15 min (SV4028, 
AEG Electrolux), separating the solids from the aqueous 
fraction. Next, the solid was washed for 15 min at room 
temperature with distilled water in a 10 L stirred reactor 
(40 g of water/g of oven dry MP) and solid and liquid frac-
tions were separated again by centrifugation in the previ-
ously cited conditions. The washing and centrifugation 
steps were repeated once more.

Autohydrolysis

The hydrothermal treatment was carried out as described 
in a previous work (Rico et al., 2020b), with some modi-
fications. Deionized water and wet water-insoluble solids 
(WIS) samples were mixed at the desired liquid to solid 
ratio (25 g water/g dry WIS) and heated in a 0.6 L stainless 
steel, pressurized reactor (model 4842 from Parr Instru-
ments, Moline, IL, USA) up to 165 °C, and then cooled 
immediately. After separating by filtration, the liquid 
phase (AH) was stored at −18 °C until analyzed (follow-
ing the methodology described below).

Solid/Liquid Extraction with Sodium Acetate/Urea Deep 
Eutectic Solvent

Sodium acetate/urea/water 1:3:1.6 (corresponding to a 
water content of 10% w/w) deep eutectic solvent (pre-
pared by heating at 90 °C for 1 h) was used for solid/
liquid extraction under experimental conditions previously 
optimized (Rico et al., 2021): 50 g DES/g dry WIS, 10 min 
at 90 °C. After the treatment, the solution was immediately 
poured in deionized water (2 mL water/g DES) to dissolve 
the extracted compounds and DES components. After sep-
arating by filtration, the liquid phase (DES-E) was stored 
at −18 °C and, in order to improve the oligosaccharides 
(OS) recovery, the solid phase was washed with deionized 
water three times for 15 min, using a liquid to solid ratio 
of 50 mL water/g dry WIS. The washing water of the three 
steps (DES-W), was recovered by filtration, mixed and 
stored at −18 °C. Aliquots of both phases were analyzed 
using the methodology described in the next sections.
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Recovery of Pectic Oligosaccharides

The effect of final ethanol concentrations of 75, 80, 
and 85% v/v on the pectin recovery from AH has been 
assessed. The solutions were allowed to precipitate over-
night at 4 °C, the precipitates were collected by centrifuga-
tion (for 20 min at 4000 rpm in a Rotixa 50 RS centrifuge, 
Hettich Lab Technology, Tuttlingen, Germany) and then 
washed twice with 96% ethanol. The obtained pectin was 
oven dried at 60 °C to a constant weight and ground. The 
same procedure was followed with DES-E and DES-W, 
using an ethanol concentration of 85% v/v. An aliquot of 
each precipitate was redissolved in water for further analy-
sis (see the “Chemical Characterization of Liquors” sec-
tion). The degree of acetylation (DA) was calculated as the 
molar ratio of acetic acid to galacturonic acid (determined 
by HPLC analysis), and the degree of methyl esterification 
(DM) was estimated from the FTIR spectra with the cali-
bration curve determined by Manrique and Lajolo (2002).

(1)DM (%) = 124.7
A
1740

A
1740

+ A
1630

+ 2.2013

where A1740 and A1630 are the areas under the peaks asso-
ciated with esterified and free carboxyl groups. Homoga-
lacturonan (HG) and Rhamnogalacturonan-I (RG-I) molar 
contents were calculated as defined by M’sakni et al. (2006), 
and the sugar ratios of each pectin were determined accord-
ing to Houben et al. (2011):

where GalA, Rha, Gal, Ara, and Xyl are galacturonic acid, 
rhamnose, galactose, arabinose, and xylose contents in molar 
%. Sugar ratio 1 represents the linearity of pectin, sugar ratio 

(2)HG (%) = GalA − Rha

(3)RG − I (%) = [GalA − HG] + Rha + Gal + Ara

(4)Sugar ratio 1 =
GalA

Rha + Ara + Gal + Xyl

(5)Sugar ratio 2 =
Rha

GalA

(6)Sugar ratio 3 =
Ara + Gal

Rha

Fig. 1   Process flowchart for melon peel valorization
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2 represents the contribution of RG to pectin population and 
sugar ratio 3 represents the branching of RG-I.

Recovery of Phenolic Compounds

The high content of ethanol in pectin-free liquors was 
evaporated under reduced pressure at 40 °C (using a rota-
tory evaporator R-210, Buchi, Switzerland), and then, the 
concentrated liquor was redissolved in water to reach simi-
lar concentrations to the original liquors (AH, DES-E, and 
DES-W). The recovery of phenolic compounds was evalu-
ated with three commercial food grade non-ionic polymeric 
resins: Amberlite XAD4 (Sigma-Aldrich, Steinheim, Ger-
many), XAD16HP (Supelco, Bellefonte, PA, USA) and 
XAD7HP (Sigma-Aldrich, Steinheim, Germany). Table 1 
shows the main properties of these resins. Before the adsorp-
tion, resins were conditioned as follows: (1) washed twice 
with deionized water, at 30 °C and 200 rpm for 10 min; (2) 
activated with methanol during 30 min in the same condi-
tions; and (3) rinsed with deionized water twice for 10 min 
to remove the methanol. Activated resins were kept at 4 °C 
until use.

Phenolic compounds adsorption from autohydrolysis pec-
tin free liquors (AHL) was evaluated in an orbital shaker 
at 30 °C and 150 rpm for 120 min and at liquor to resin 
ratios of 2, 6, 10, and 20 mL/g, wet basis. Afterwards, the 
resins were separated by filtration and in order to complete 
the removal of undesired compounds, they were rinsed 
twice with deionized water for 20 min using a ratio of 3 
mL water/g wet resin, while keeping the other operational 
variables as in the previous stage. Lastly, several desorption 
stages were performed in different media under the same 
experimental conditions. In the first set of experiments, two 
sequential desorption steps with ethanol 96% were evalu-
ated. Afterwards, several desorption sequences were tested: 
(A) 50% ethanol, 96% ethanol and acidified 96% ethanol 
(pH 3); (B) 50% ethanol thrice; (C) 50% ethanol with 0.5% 
NaOH, 50% ethanol and acidified 50% ethanol (pH 3); and 
(D) acidified 50% ethanol (pH 3) thrice. The selected condi-
tions for AHL were applied for DES extracts, testing both 
96% and 50% ethanol for the desorption.

The total phenolic content (TPC) was determined for 
all liquid fractions after freeze drying and redissolving in 
a small volume of water (according to the methodology 

described below). The adsorption of TPC was calculated 
with the following equation:

where TPC0, TPCe, and TPCw are the total phenolic con-
tents of the pectin free liquor before the adsorption, after 
the adsorption and of the washing water (in mg gallic acid 
equivalents (GAE)), respectively. The adsorption capacity 
of TPC was calculated as:

The desorption of TPC was calculated using:

where TPCD is the total phenolic content in the liquors after 
the desorption step (in mg GAE).

Finally, the total recovery of TPC was calculated as 
follows:

Analytical Methods

Analysis of the WIS

The dried WIS were analyzed according to the methodology 
previous reported by Rico et al. (2020b).

Chemical Characterization of Liquors

Aliquots of each liquor were filtered through 0.45 μm mem-
branes and analyzed by HPLC for the determination of acids 
and monosaccharides, and subjected to enzymatic and acid 
posthydrolysis followed by HPLC analysis for the deter-
mination of oligosaccharides, as described by Rico et al. 
(2020a, 2021). In samples with high contents of DES com-
pounds, OGalA (oligogalacturonides) were determined by 
the spectrophotometry method previously described (Rico 

(7)Adsorption (%) =
TPC

0
− TPCe − TPCw

TPC
0

× 100

(8)Capacity
(

mg GAE∕g wet resin

)

=
TPC

0
− TPCe − TPCw

g wet resin

(9)Desorption (%) =
TPCD

TPC
0
− TPCe − TPCw

× 100

(10)Recovery (%) =
TPCD

TPC
0

× 100

Table 1   Physical properties 
of the commercial resins used 
for the recovery of phenolic 
compounds

PS-DVB polystyrene-divinylbenzene

Resin Matrix Surface area 
(m2/g)

Average pore 
diameter (Å)

Particle size 
(mesh, wet)

Pore volume 
(mL/g)

Polarity

XAD4 PS-DVB 725 40 20–60 0.98 Non-polar
XAD16HP PS-DVB 800 100 20–60 1.82 Non-polar
XAD7HP Acrylic 380 300–400 20–60 0.5 Weakly polar
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et al., 2021). Acetic acid could not be determined in samples 
containing a high amount of sodium acetate since both com-
pounds are eluted in the same peak. OS were expressed as 
monosaccharide (MS) equivalents. In autohydrolysis liquors, 
ash was determined by the T-244-om-93 method and protein 
was calculated from the nitrogen content (assuming 6.25 g 
protein/g nitrogen), which was determined by a modified 
Dumas method (Rico et al., 2020b). In the case of liquors 
containing urea, the protein was determined by a two-step 
method using the commercial Compat-Able™ Protein Assay 
Preparation Reagent Set (Thermo Scientific, USA) and BCA 
protein assay kit (Thermo Scientific, USA) (Nuutinen et al., 
2019; Rico et al., 2021). The content of non-volatile com-
pounds (NVC) was determined by oven-drying at 60 °C until 
constant weight. All samples were analyzed in triplicate.

TPC

The total phenolic content of samples was measured by the 
Folin–Ciocalteau method (Singleton & Rossi, 1965), and 
the results were expressed as mg of gallic acid equivalents 
(GAE)/g NVC or mg GAE/g dry WIS. All samples were 
analyzed in triplicate.

Antioxidant Capacity

Three different methods were used to assess the anti-
oxidant capacity of the liquors: DPPH (α,α-Diphenyl-β-
picrylhydrazyl radical scavenging assay), ABTS (2,2-azino-
bis-3-ethylbenzothiazoline-6-sulphonic acid), and FRAP 
(ferric reducing antioxidant power) according to the meth-
odology described by Gullón et al. (2017). The results were 
expressed as mg Trolox equivalents (TE)/g NVC as mean 
of three replicates.

Identification and Quantification of Major Phenolic 
Compounds Using HPLC–PDA‑MS/MS

HPLC–PDA-MS/MS analysis was used to identify and quan-
tify phenolic compounds using the methodology described 
in a previous work (Rico et al., 2020b). The separation was 
performed on a Phenomenex Luna C18 column (150 mm × 
2 mm; 3 μm), with an injection volume of 5 μL and a flow 
of 300 μL/min. The mobile phase was 0.1% (v/v) formic 
acid in water (A) and 0.1% (v/v) formic acid in acetonitrile 
(B). The gradient used was: 98% A (v/v), 0–4 min; 98–80% 
A (v/v), 4–7 min; 80–10% A (v/v), 7–14 min; 10% A (v/v), 
14–15 min; 10–98% A (v/v), 15–17 min. The mass spec-
trometer (AB SCIEX Triple Quad 3500 (AB Sciex, Foster 
City, CA)), equipped with a turbo V™ electrospray ioniza-
tion source and to a Waters 996 photodiode array detector) 
was run in positive and negative ionization, using N2 as the 
nebulizer and collision gas, with an ion spray voltage of 

4500 V, source temperature of 400 °C and nebulizer gas 
pressure of 55 psi.

Structural Characterization of the Recovered Pectic 
Oligosaccharides

Further information about structural characteristics of the 
recovered pectic oligosaccharides were obtained by FTIR 
and HPAEC-PAD analysis following the methodology of 
previous works (Gómez et al., 2013; Rico et al., 2020b, 
2021).

The FTIR analysis was performed on a Nicolet 6700 
Spectrometer. Samples of each pectin were assayed by the 
KBr pellet method. A total of 34 scans were accumulated 
per sample and the spectrum was obtained from a range of 
4000–400 cm−1.

The HPAEC–-PAD analysis of the pectic oligosaccha-
rides was carried out using an ICS3000 chromatographic 
system (Dionex, Sunnyvale, CA, USA), fitted with a Car-
boPac PA-1 column (2 mm i.d. × 250 mm) in combination 
with a CarboPac PA guard column (2 mm i.d. × 25 mm) and 
an ISC3000 PAD detector. A standard of pectic oligosaccha-
rides was prepared by the hydrolysis of a 1% (w/w) solution 
of commercial polygalacturonic acid at 121 °C for 40 min at 
pH = 4.4 adjusted with NaOH, and commercial standards of 
GalA with DP 1, 2 and 3 were used as well to identify their 
peaks (not shown in the presented chromatogram).

Data Analysis

The HPLC and HPAEC-PAD chromatograms were pro-
cessed using ChemStation LC B.04.03 software (Agilent 
Technologies). All data were analyzed using the commercial 
software Microsoft Excel (Microsoft, USA). The existence 
of significant differences among the results was analyzed by 
one-way analysis of variance (ANOVA), followed by t-test 
(two-sample, two-tailed distribution) using Microsoft Excel.

Results and Discussion

Chemical Composition of the WIS and the Obtained 
Liquors

MP were washed with water at room temperature to sepa-
rate water soluble compounds. The aqueous extracts (E) 
accounted for 60.05 g/100 g MP and contained mainly glu-
cose (22.21 g/100 g E), fructose (32.29 g/100 g E), and pro-
tein (10.61 g/100 g E). WIS represented the remaining 39.95 
g/100 g MP and were mainly composed of glucan (24.76 
g/100 g WIS), galacturonan (18.41 g/100 g WIS), Klason 
lignin (15.70 g/100 g WIS) and protein (9.70 g/100 g WIS).
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The valorization of WIS has been approached through 
two strategies: autohydrolysis and sodium acetate/urea/
water extraction (1:3:1.6), performed under improved opera-
tional conditions (see more details in the “Autohydrolysis” 
and “Solid/liquid extraction with sodium acetate/urea deep 
eutectic solvent” sections). In this case, a slightly acidic 
and an alkaline reaction media were selected in order to 
yield pectins with different chemical and structural proper-
ties. Table 2 shows the chemical composition of the liquors 
obtained from the two treatments proposed. OS were the 
main components of the liquors, with the highest amount 
being recovered by autohydrolysis (18.55 g OS/100 g WIS), 
while DES-W and DES-E liquors together accounted for 
11.30 g OS/100 g WIS. As can been expected, the main 
OS detected was OGalA (with values close to 10 g/100 g 
WIS), followed by GalOS (galactose units in OS), AraOS 
(arabinose units in OS), Ac-OS (acetic acid units in OS), 
RhaOS (rhamnose units in OS), and minor contents of GOS, 
XOS, and ManOS (glucose, xylose, and mannose units in 
OS, respectively). The experimental conditions selected as 
well as the washing steps implemented in this study allowed 
to improve the OS recovery percentages obtained in our 

previous works (16.28 and 8.84 g/100 g WIS by autohy-
drolysis and DES extraction with sodium acetate/urea/water, 
respectively) (Rico et al., 2020b, 2021). A similar amount of 
monosaccharides was solubilized by each treatment (around 
2 g/100 g WIS), which were mostly glucose and fructose. 
Some organic acids were also found in the liquors (formic, 
glucuronic, acetic and citric acids), especially in AH with 
2.19 g/100 g WIS. Concerning the TPC, its value was higher 
for AH liquor (10.38 mg GAE/g WIS), followed by DES-E 
and DES-W (4.00 and 2.12 mg GAE/g WIS, respectively).

Recovery of Pectic Oligosaccharides

For the recovery of pectin by precipitation in alcohol media, 
three ethanol concentrations were tested: 75, 80 and 85% 
(v/v). This interval was selected not only based on our pre-
liminary results (Rico et al., 2020b, 2021), but also on Guo 
and coworkers’ ones, who reported that high ethanol con-
tents could favor the precipitation of highly branched pectin 
fractions (Guo et al., 2016). Moreover, Klinchongkon and 
coworkes reported a significant increase in carbohydrates 
precipitation at ethanol concentrations higher than 80% 
(Klinchongkon et al., 2019). The effect of ethanol concen-
tration on the recovery of the main pectic oligosaccharides 
and protein in AH is shown in Table 3. From the results, it 
should be noted that an increase in ethanol content from 75 
to 85% resulted in an increase in the total OS recovery of 
8%. This way, the total oligosaccharides content was close to 
72%, considerably higher than that in autohydrolysis liquors 
(62%). Therefore, the effectiveness of this method for the 
purification of pectic oligosaccharides is proven. Besides, 
the total amount of precipitate increased progressively when 
increasing the concentration of ethanol from 75 to 85% 
(12.32 to 16.11 g/100 g WIS). These results are in contrast 
with those reported by Guo et al. (2016) for pectic oligosac-
charides, where no improvement was found when increasing 
the ethanol concentration over 78%. However, they are in 
agreement with the results reported by Klinchongkon et al. 
(2019) for mannooligosaccharides. This information con-
firms the initial hypothesis of higher ethanol concentrations 
favoring the precipitation of neutral oligosaccharides. Thus, 
in this work, the highest oligosaccharide recoveries were 

Table 2   Composition of autohydrolysis and DES treatments liquors

All polymers expressed as monomer equivalents
AH autohydrolysis liquor, DES-E liquor from DES extraction, DES-
W washing water after DES extraction, WIS water-insoluble solids, 
OGalA, RhaOS, GalOS, AraOS, and Ac-OS: galacturonic acid, rham-
nose, galactose, arabinose, and acetic acid units in oligosaccharides, 
respectively, OS oligosaccharides, MS monosaccharides

AH DES-E DES-W

Chemical composition (g/100 g WIS)
  OGalA 10.21 ± 0.18 3.96 ± 0.25 5.41 ± 0.30
  RhaOS 0.59 ± 0.07 0.01 ± 0.00 0.12 ± 0.05
  GalOS 3.79 ± 0.07 0.33 ± 0.07 0.90 ± 0.05
  AraOS 1.55 ± 0.03 0.09 ± 0.00 0.39 ± 0.01
  Ac-OS 0.67 ± 0.02 - -
  Total OS 18.55 ± 0.21 4.44 ± 0.26 6.86 ± 0.31
  Total MS 2.15 ± 0.02 1.46 ± 0.09 0.74 ± 0.07
  Total acids 2.19 ± 0.02 0.40 ± 0.08 0.29 ± 0.05
  Protein 3.29 ± 0.05 - -
  Ash 2.10 ± 0.15 - -

Table 3   Effect of ethanol 
concentration on the recovery 
yields of the main components 
of pectin precipitated from AH

In each column, different letters (a–c) mean significant differences (p < 0.05) in t test
OGalA oligogalacturonides, GalOS galactose units in oligosaccharides, OS oligosaccharides

OGalA GalOS Total OS Protein
Ethanol (% v/v) Recovery (% w/w)

75 61.63 ± 0.92a 69.77 ± 0.99a 53.89 ± 1.09a 8.05 ± 0.06a

80 64.87 ± 1.44b 74.21 ± 1.39b 56.28 ± 0.95b 12.53 ± 0.88b

85 71.26 ± 1.30c 75.79 ± 1.54b 62.22 ± 0.85c 13.77 ± 1.30b
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found using the highest ethanol concentration, with OGalA 
and GalOS recoveries of 71.26 and 75.79%, respectively.

In these conditions, the pectin yields for AH, DES-E, and 
DES-W were 16.11, 5.20, and 12.85 g/100 g WIS, respec-
tively. These values are in range with data given in literature 
for the extraction of pectin from melon by-products with dif-
ferent technologies (Güzel & Akpınar, 2019; Kazemi et al., 
2021; Muthukumaran et al., 2017; Rico et al., 2020b, 2021). 
The amount of pectin recovered from the DES treatment 
(DES-EP + DES-WP) is higher than that of autohydrolysis 
(AHP), but the total amount of OS in those pectins is lower 
(11.55 g OS/100 g WIS for AHP and 10.68 g OS/100 g WIS 
for DES-EP + DES-WP). AHP presented an OS content of 
71.67%, while DES-EP and DES-WP a value slightly under 
60%, due to a lower presence of neutral oligosaccharides, 
mainly GalOS. As can be seen in Table 4, the three pectins 
contained around 45% of galacturonic acid, close to those 
reported for melon by-products in other works (47–55%) 
(Muthukumaran et al., 2017; Rico et al., 2020b, 2021). After 
galacturonic acid, the next main compound found in pectin 
was galactose, with contents of 17.82% in AHP and 8.17 and 
7.29% in DES-EP and DES-WP, respectively.

Recently, there is an increasing interest in targeted 
extraction of RG-I due to its superior bioactivities over HG, 
including prebiotic potential, and immunomodulatory and 

anti-apoptotic activities (Hou et al., 2022; Mao et al., 2019a; 
Wu et al., 2020; Zhu et al., 2019). The alkaline DES treat-
ment proposed in this study resulted in pectins with higher 
HG and lower RG-I than autohydrolysis ones (see Table 4). 
However, other authors reported that alkaline conditions 
tend to extract RG-I-rich pectins, while neutral and acid 
ones result in highly linear pectins (Mao et al., 2019a, b). 
Moreover, AHP showed a higher amount of neutral sugar 
side chains than DES-EP and DES-WP (with RG-I contents 
of 38.90, 24.62, and 23.72%, respectively), which a priori 
was not expected due to the alkaline nature of the DES 
used. However, this can be explained by the temperature 
selected for the autohydrolysis treatment, since it was chosen 
to maximize the amount of total OS. OGalA has a higher 
susceptibility to autohydrolysis reactions than neutral OS 
(Gómez et al., 2013; Martínez et al., 2009, 2010; Rico et al., 
2020b), therefore increasing the treatment temperature could 
degrade HG and thus increase the content in neutral OS. In 
this line, recent studies also observed that acid extraction 
and hydrothermal treatment can be tuned to recover pectins 
with different compositions (Chen et al., 2021; Zhang et al., 
2022). The RG-I contents and sugar ratios obtained for the 
pectins recovered in this work (see Table 4) are in range with 
those of sugar beet pulp pectins extracted in alkaline media 
(Sugar ratio 1: 0.9–4.0, sugar ratio 2: 0.01–0.08, sugar ratio 
3: 11.1–16.2) (Mao et al., 2019b).

All pectins were low methoxyl, with DES-WP having the 
lowest DM (8.85%) and AHP the highest (27.57%). This is 
in agreement with the dominant degradation mechanisms 
of pectin at pH 3–7 (β-elimination) and neutral to alkaline 
(demethoxylation), which are accelerated at high tempera-
tures such as the one used for autohydrolysis in this work 
(Mao et al., 2019b). AHP also had the highest degree of 
acetylation (16.53%). Besides oligosaccharides, pectins 
contained a small amount protein (under 5% in every case), 
organic acids, mainly citric and glucuronic (1–3%), phenolic 
compounds (4–7 mg GAE/g pectin) and negligible contents 
of monosaccharides (≤ 0.03%).

Structural Characterization

FTIR and HPAEC-PAD were used to acquire information 
about the structure of the three pectins recovered in this 
work.

The FTIR spectra (Fig. 2) confirmed the presence of the 
characteristic functional groups of pectin, with OH and CH 
stretching vibrations at 3271–3345 cm−1 and 2935–2940 
cm−1, and esterified and free carboxylic acid vibrations at 
1732–1738 cm−1 and 1596–1604 cm−1 (Chen & Lahaye, 
2021; Chen et al., 2021; Kazemi et al., 2021; Manrique & 
Lajolo, 2002; Rico et al., 2021). The bands of esterified car-
boxyl groups (1732–1738 cm−1) had lower intensity for pec-
tins from the DES treatment, especially DES-WP, due to the 

Table 4   Composition of the precipitated pectins

All polymers expressed as monomer equivalents
AHP precipitate from autohydrolysis liquors, DES-EP precipitate  
from DES extraction, DES-WP precipitate from washing water after  
DES extraction, OS oligosaccharides, OGalA, RhaOS, GalOS, AraOS,  
Ac-OS, and GOS: galacturonic acid, rhamnose, galactose, arabinose, 
acetic acid, and glucose units in oligosaccharides, respectively, 
DM degree of methyl esterification, DA degree of acetylation, HG 
homogalacturonan, RG-I rhamnogalacturonan-I

AHP DES-EP DES-WP

OS composition (% w/w)
  OGalA 45.16 ± 0.14 44.28 ± 0.25 45.72 ± 0.23
  RhaOS 1.46 ± 0.25 0.55 ± 0.10 0.87 ± 0.01
  GalOS 17.82 ± 0.24 8.17 ± 0.29 7.29 ± 0.26
  AraOS 4.23 ± 0.31 3.60 ± 0.30 3.33 ± 0.07
  GOS 0.69 ± 0.01 1.44 ± 0.13 1.03 ± 0.15
  Total OS 71.67 ± 0.50 58.67 ± 0.53 59.60 ± 0.38

Other parameters
  DM (molar %) 27.57 16.36 8.85
  DA (molar %) 16.53 ± 1.01 4.63 ± 0.98 9.64 ± 0.20
  HG (molar %) 60.08 ± 0.71 72.79 ± 0.85 74.56 ± 0.64
  RG-I (molar %) 38.90 ± 0.70 24.62 ± 1.47 23.72 ± 1.03
  HG/RG-I 1.54 ± 0.05 2.96 ± 0.18 3.14 ± 0.14
  Sugar ratio 1 1.71 ± 0.02 3.14 ± 0.00 3.47 ± 0.00
  Sugar ratio 2 0.04 ± 0.01 0.01 ± 0.00 0.02 ± 0.00
  Sugar ratio 3 14.29 ± 2.40 20.62 ± 3.81 11.85 ± 0.32
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demethoxylation at alkaline conditions, resulting in lower 
DM (Hou et al., 2021). The peak at 1650–1651 cm−1 in DES-
EP and DES-WP could be related to a small amount of pro-
tein (Kpodo et al., 2017). The signals at around 1410, 1370, 
and 1330 cm−1 might be related to symmetric stretching of 
free carboxyl groups, CH stretching vibrations and the COO 
functional group in pectin, respectively (Gnanasambandam 
& Proctor, 2000; Kpodo et al., 2017; Muthukumaran et al., 
2017; Rico et al., 2020b). Finally, the signals between 900 
and 1200 cm−1 are part of the “finger print” area (unique to 
a compound and difficult to interpret), and could be attrib-
uted to the stretching of glycosidic bonds in the pectin struc-
ture (Gnanasambandam & Proctor, 2000; Hou et al., 2021; 
Kazemi et al., 2021; Raji et al., 2017).

Figure  3 shows the HPAEC-PAD chromatograms 
obtained for the recovered pectins and hydrolyzed commer-
cial polygalacturonic acid (PGA), as reference. Commercial 
galacturonic acid standards with DP1, DP2, and DP3 (degree 
of polymerization 1, 2, and 3) were also used to identify 
the corresponding peaks. Linear OGalA are eluted accord-
ing to their polymerization degree, since the methyl ester 
groups are removed during the analysis due to the high pH 
of the eluent (Gómez et al., 2013; Ralet et al., 2005). The 

three pectins showed a similar DP distribution, from DP2 
to over 20. The presence of linear OGalA was confirmed by 
the peaks aligning with the standards in each pectin, with 
some of these peaks being more notably present in AHP 
than in DES-EP and DES-WP (especially DP7, DP8, and 
DP9). However, an important part of the peaks shown in the 
chromatogram do not correspond to the linear OGalA shown 
by the standard, which means they could be attributed to the 
presence of branched OGalA or neutral OS. This is in agree-
ment with the considerable amount of RG estimated previ-
ously for each pectin. The response areas of DES-EP for 
high DP were higher than for DES-WP and AHP, indicating 
a higher concentration of high DP oligomers. This observa-
tion suggests that the autohydrolysis treatment caused more 
depolymerization than the DES treatment.

Recovery of Phenolic Compounds

The liquid phase from pectin precipitation was subjected 
to rotatory evaporation until concentrated to the original 
volume to eliminate the ethanol. These liquors (AHL for 
autohydrolysis, DES-EL for the DES extracts and DES-WL 
for the aqueous washing after DES extraction) contained 

Fig. 2   FTIR spectra recorded for the recovered pectins: AHP, pectin from autohydrolysis treatment; DES-EP, pectin from DES extraction; DES-
WP, pectin from water washing after DES extraction
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about 90% of the TPC of the liquors before precipitation. In 
order to recover and concentrate the phenolic compounds 
of these liquors, adsorption stages with Amberlite XAD4, 
XAD16HP, and XAD7HP were proposed. They were 
selected based on previous literature focused on the recov-
ery of phenolic compounds from aqueous and DES solutions 
(García et al., 2016; Niknam et al., 2021; Pérez-Armada 
et al., 2019; Rodríguez-Juan et al., 2021; Saha et al., 2019).

Adsorption

To optimize the phenolics adsorption from pectin free AH liq-
uors, liquid/resin ratios (mL/g, wet basis) of 2, 6, 10, and 20 
were firstly selected based on the bibliography (Ferri et al., 
2011; Pérez-Armada et al., 2019; Yang et al., 2016). As can be 
seen in Table 5, in these experiments, an increase in the liquid/
resin ratio resulted in higher adsorption capacities, with values 
in the range 0.37–2.29 mg GAE/g wet resin. Previous studies 
found a lot of variability in the capacities of these resins, which 
could be due to the different phenolic profiles with varying 
molecular size and form (Silva et al., 2007). For instance, Soto 
et al. (2012) using the same resins at a ratio of 1.7 mL/g with 
winery wastes reported capacities around 2 mg GAE/g wet 

resin, whereas Ismail et al. (2020) applying XAD16 to baobab 
pulp at a ratio of 50 mL/g found values under 2 mg GAE/g. On 
the other hand, Pérez-Armada et al. (2019) evaluated liquid/
resin ratios from 1.7 to 500 mL/g dry resin and found capaci-
ties between 1 and 95 mg GAE/g dry resin for XAD16HP with 
hazelnut shell autohydrolysis liquors.

Regarding the adsorption yields, increasing the amount of 
resin (decreasing the liquid/resin ratio) increased the adsorp-
tion rate significantly for every resin in this work. However, 
Niknam et al. (2021), in a study performed with olive pom-
ace extracts, found small differences in the adsorption of 
phenolic compounds when increasing the liquid/resin ratio 
from 10 to 20 using XAD4, XAD16, and NPAC resins. And, 
in the above cited work, Pérez-Armada et al. (2019) found 
virtually no decrease in adsorption with XAD4, SP700, and 
SP825 resins when increasing the liquid/resin ratio from 1.7 
to 5; however, XAD16HP resin did decrease its adsorption 
from around 80% to around 40%.

Comparing the three studied resins, the highest adsorption 
capacity was obtained with XAD16HP, followed by XAD4 
and XAD7HP. This could be due to the higher specific sur-
face area and pore volume of XAD16HP (Pérez-Armada 
et al., 2019). The decrease in capacity when increasing resin 

Fig. 3   HPAEC–PAD chromatograms obtained for each pectin and PGA (polygalacturonic acid) standard. AHP, pectin from autohydrolysis treat-
ment; DES-EP, pectin from DES extraction; DES-WP, pectin from water washing after DES extraction; DP, degree of polymerization
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dosage was lower for XAD4 than XAD16HP, with both res-
ins achieving similar adsorption yields with the highest resin 
dosage (liquid/resin ratio of 2). However, XAD7HP achieved 
lower yields in every case. The same trend was found for the 
adsorption of antioxidants from winery wastes (Soto et al., 
2012), where XAD16HP and XAD4 resulted in adsorp-
tions of around 80% whereas XAD7HP only reached val-
ues of 70%. XAD4 and XAD16HP basically differ on pore 
diameter dimensions. Therefore, XAD16HP is more suited 
for the recovery of larger molecules, but their adsorption 
performances are similar for small compounds (Ferri et al., 
2011). This fact could explain the better results obtained 
with XAD16 in comparison with XAD4 in previous studies 
(Niknam et al., 2021; Pérez-Armada et al., 2019).

In order to evaluate the effect of the ethanol presence and 
try to improve the adsorption rates, an additional rotatory 
evaporation stage was applied to the pectin free liquors to 
eliminate most of the liquid. Afterwards, deionized water 
was added up to the original volume to maintain the con-
centration of phenolic compounds (0.42 g GAE/L). This 
way, adsorption yield was increased for every resin by an 
average of 9%.

Considering the results of the adsorption tests, XAD4 and 
XAD16HP and the liquid/resin ratio of 2 were selected for 
the following experiments.

Desorption

Firstly, desorption in two steps with 96% ethanol was 
assayed, achieving desorption percentages of only around 
50% with XAD4 and XAD16HP. To improve this results, 
four sequences of three desorption steps were tested with 
both resins: (A) 50% ethanol, 96% ethanol, acidified 96% 
ethanol (pH 3), (B) 50% ethanol thrice, (C) 50% ethanol with 
0.5% NaOH, 50% ethanol, acidified 50% ethanol (pH 3), (D) 

acidified 50% ethanol (pH 3) thrice. The desorption yields 
achieved in these experiments are shown in Fig. 4.

The sequential desorption with pH changes (denoted as 
C) resulted in poor desorption yields, similar to the ones 
achieved with 96% ethanol. No difference was detected in 
the first step performed at basic pH. 50% ethanol showed 
higher desorption rates than 96% ethanol, with values of 
72.69 and 66.14% in two steps for XAD4 and XAD16HP, 
respectively. Besides, when using 50% ethanol in the first 
step and 96% in the second one, the results were also lower 
than when using 50% ethanol twice (66.83 and 61.75% for 
XAD4 and XAD16HP, respectively). These results are in 
agreement with those reported by Yang et al. (2016) with 
XAD16 resin, during the desorption of adlay bran free phe-
nolics with ethanol.

As can be seen in Fig. 4, acidifying the solvent in the 
first and fourth sequences had a slight positive effect. How-
ever, that difference was not significant, so 50% ethanol in 
three steps was selected as the optimal desorption method. 

Table 5   Effect of liquid/resin ratio on the capacity and adsorption yield of TPC in pectin free AH liquors

Adsorption experiments were carried out in an orbital shaker at 30 °C and 150 rpm for 120 min. Different letters (a–d) in each column mean sig-
nificant differences between liquid/resin ratios, and different superscript numbers (1–3) in each row mean significant differences between resins 
(p < 0.05 in t test)

Liquid/resin ratio (mL/g) XAD4 XAD16 XAD7
Capacity (mg GAE/g wet resin)

2 0.45 ± 0.01a1 0.44 ± 0.01a2 0.37 ± 0.01a3

6 1.21 ± 0.03b1 0.95 ± 0.02b2 0.75 ± 0.03b3

10 1.23 ± 0.05b1 1.33 ± 0.05c2 1.16 ± 0.04c3

20 1.90 ± 0.08c1 2.29 ± 0.08d2 1.64 ± 0.09d2

Adsorption yield (%)

2 54.31 ± 0.70a1 51.83 ± 0.66a2 42.50 ± 0.67a3

6 48.33 ± 0.70b1 37.08 ± 0.46b2 29.20 ± 1.04b3

10 29.41 ± 0.87c1 31.68 ± 0.88c2 27.45 ± 0.42c3

20 23.03 ± 0.56d1 27.17 ± 0.55d2 19.67 ± 0.61d3

Fig. 4   Effect of different solvents on the desorption yield of TPC with 
resins XAD4 and XAD16HP
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The desorption yields in these conditions were 76.58% and 
75.29% for XAD4 and XAD16HP, respectively. These val-
ues compare favorably with the reported yields for winery 
wastes with HP20, SP207, and XAD16HP resins (51–67%) 
(Soto et al., 2012). However, they are in range with the ones 
obtained in a recent study performed with olive pomace 
extract using XAD4 and XAD16 with a liquid/resin ratio 
of 10 mL/g (80.08 and 70.30%, respectively), but are lower 
than those achieved with a ratio of 20 mL/g (96.99 and 
79.89%, respectively) (Niknam et al., 2021).

Considering there was no significant difference between 
the desorption yield of XAD4 and XAD16HP, XAD4 was 
chosen as the best option since it achieved a slightly higher 
adsorption yield than XAD16HP. Therefore, the selected 
purification sequence for authohydrolysis pectin free liq-
uors was the following: XAD4 resin, liquid/resin 2 and 3 
desorption steps with 50% ethanol. Under these operational 
conditions, a 66.56% of the TPC is adsorbed into the resin, 
of which 76.85% is desorbed (AHRE stream). In this way, a 
50.97% of the TPC present in the pectin free liquor (AHL) 
would be recovered, which would be equivalent to 46.83% of 
the TPC contained in the autohydrolysis liquor (total recov-
ered TPC of 4.86 mg GAE/g WIS). Similar TPC recoveries 
were achieved for olive pomace extracts (55.86%) (Niknam 
et al., 2021) and for a stock solution of low molecular weight 
phenols (Ferri et al., 2011), using in both studies XAD16 
resin and 50% ethanol as desorbing solvent.

The selected conditions were applied as well to the liq-
uors obtained from DES extraction: DES-EL, DES-WL, and 
a mixture of both (DES-L). The initial concentrations of 
phenolic compounds in DES-EL, DES-WL, and DES-L were 
0.026, 0.018, and 0.024 g GAE/L, respectively. The adsorp-
tion of TPC for DES-EL (38.70%) and DES-L (37.79%) 
was similar, whereas for DES-WL, it was slightly higher 

(41.55%). These results suggest that, even if highly diluted, 
the DES lowers considerably the adsorption of phenolic 
compounds into the XAD4 resin. However, Panić et al. 
(2019) reported an increase in the recovery of anthocyanins 
using Sepabeads SP207 after diluting the DES to 80% water.

As for the desorption, in this case, 50% and 96% ethanol 
were tested. The desorption yields obtained with three liq-
uors were similar, with 50% ethanol giving the best results 
(73.29, 78.75, and 76.88% for DES-EL, DES-WL, and 
DES-L, respectively). Hence, in this work, 50% ethanol was 
selected as desorption solvent for the recovery of phenolic 
compounds from XAD4 in all the liquors tested. This way, 
the final recoveries of TPC for each of the DES liquors were 
28.37% for DES-ERE (recovered from DES-EL), 32.72% 
for DES-WRE (from DES-WL) and 29.05% for DES-RE 
(from DES-L). In brief, 37.79% of the TPC is adsorbed into 
the resin, of which 76.88% is desorbed (DES-RE stream); 
achieving a recovery of 29.05% of the TPC present in the 
pectin free liquor (DES-L) or 23.66% of the TPC present 
in both DES-E and DES-W liquors (total recovered TPC of 
1.45 mg GAE/g WIS).

Antioxidant Capacity and Phenolic Content of the Purified 
Streams

The TPC and antioxidant capacities (determined by DPPH, 
ABTS, and FRAP methods) of the obtained fractions are 
summarized in Table 6. It should be noted that the recovered 
phenolic compounds showed an improved antioxidant capac-
ity. For autohydrolysis streams, AHRE contained 46.83% 
of the TPC of the original liquor (AH), but about 60% of 
the antioxidant capacities (measured by the three methods). 
When referring the results to dry mass content, antioxidant 
capacities are about 200% higher for the purified stream 

Table 6   Phenolic content, 
antioxidant capacity and HPLC 
identification of phenolic 
compounds in the streams 
recovered by XAD4 resin 
adsorption for autohydrolysis 
and DES treatments

AHRE DES-ERE DES-WRE DES-RE

Phenolic content
  Recovery of TPC (%) 50.97 ± 1.78 28.37 ± 1.28 32.72 ± 3.15 29.05 ± 0.21
  TPC (mg GAE/g NVC) 79.55 ± 4.05 2.58 ± 0.17 12.55 ± 0.55 4.08 ± 0.40

Antioxidant capacity
  DPPH (mg TE/g NVC) 22.80 ± 0.59 0.72 ± 0.19 1.93 ± 0.04 0.98 ± 0.03
  ABTS (mg TE/g NVC) 49.00 ± 2.92 2.75 ± 0.13 9.92 ± 1.06 3.21 ± 0.01
  FRAP (mg TE/g NVC) 32.06 ± 1.11 0.93 ± 0.26 5.02 ± 0.34 1.28 ± 0.06

HPLC identification
  Phenolic acids (µg/g NVC) 21.56 ± 0.86 0.63 ± 0.06 1.47 ± 0.02 1.23 ± 0.10
    Protocatechuic acid 20.79 ± 0.86 0.19 ± 0.05 0.98 ± 0.02 0.65 ± 0.00
    Ferulic acid 0.77 ± 0.01 0.43 ± 0.04 0.50 ± 0.01 0.58 ± 0.10
  Flavonoids (µg/g NVC) 215.28 ± 3.64 8.13 ± 0.34 16.88 ± 2.24 23.02 ± 4.83
    Orientin 11.69 ± 0.64 0.27 ± 0.04 1.03 ± 1.07 0.77 ± 0.14
    Vitexin 4.08 ± 0.48 1.56 ± 0.01 6.00 ± 1.59 3.45 ± 0.45
    Naringenin 199.51 ± 3.56 6.30 ± 0.34 9.85 ± 1.15 18.81 ± 4.81
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than the original liquor, while the TPC content is only 127% 
higher (79.55 mg GAE/g NVC in AHRE versus 35.05 mg 
GAE/g NVC in AH), showing the improved antioxidant 
capacity. This TPC yield is in range with those obtained 
for hazelnut shell autohydrolysis liquors using XAD4 and 
XAD16HP (110 and 81 mg GAE/g NVC, respectively) 
(Pérez-Armada et al., 2019).

Comparing the results with a previous autohydroly-
sis work, the purified phenolic compounds contained a 
higher amount of TPC (4.86 versus 1.89 mg GAE/g WIS) 
than the unpurified liquors from a different batch of melon 
peels using autohydrolysis at 140 °C (Rico et al., 2020b). 
Moreover, they presented higher DPPH and FRAP capaci-
ties (1.41 and 1.99 versus 0.65 and 0.83 mg TE/g WIS) but 
lower ABTS antioxidant capacity (3.04 versus 7.52 mg TE/g 
WIS). Therefore, the different autohydrolysis approach taken 
in this work has improved the recovery of phenolic com-
pounds with shown antioxidant capacity while also produc-
ing a similar amount of pectic oligosaccharides.

Regarding the DES treatment, DES-RE contained 23.66% 
of the TPC of the original liquors (DES-E and DES-W) and 
about 40% of the capacities measured by DPPH and FRAP, 
but only 18.51% of the capacity measured by ABTS. The 
ABTS capacity could be overestimated by the effect of the 
DES on the kinetics of free radical scavenging reactions in 
the assay, as hypothesized previously (Ozturk et al., 2018; 
Rico et al., 2021). The lower content of DES components 
after purification by resin adsorption would lower this effect 
and give a more reliable result. The TPC yields were much 
lower than the ones achieved for AHRE: 2.58, 12.55, and 
4.08 mg GAE/g NVC for streams DES-ERE, DES-WRE, 
and DES-RE, respectively, suggesting that the DES compo-
nents are still present. The same can be said for the antioxi-
dant capacities, with the capacities of AHRE being about 20 
times higher than those of DES-RE.

In order to evaluate the composition of the phenolic com-
pounds, the four streams were also analyzed by HPLC–PDA-
MS/MS. As shown in Table 6, two phenolic acids (protocat-
echuic and ferulic acids) and three flavonoids (orientin or 
luteolin-8-glucoside, vitexin or apigenin 8-glucoside, and nar-
ingenin) were detected in all streams. Protocatechuic and feru-
lic acids and naringenin have been previously found in melon 
peel extracts in other works (Gómez-García et al., 2021b; 
Mallek-Ayadi et al., 2017; Vella et al., 2019), whereas orien-
tin and vitexin have only been detected in melon fruits (Filho 
et al., 2020). In agreement with the TPC, all the phenolic 
compounds were found in higher amounts in AHRE, where 
the high content of naringenin (199.51 µg/g NVC) stands out, 
followed by protocatechuic acid (20.79 µg/g NVC). However, 
there was not much of a difference in the content of ferulic 
acid and vitexin between AHRE and DES-RE. The differences 
found in the phenolic profile of the purified extracts obtained 

by each treatment could explain the discrepancies observed in 
adsorption yields, as stated in the previous section.

Conclusions

The sequential recovery of pectic oligosaccharides and phe-
nolic compounds from melon peel extracts can be achieved by 
ethanol precipitation followed by resin adsorption. The pre-
cipitation with 85% ethanol managed to recover pectins with 
a galacturonic acid content of about 45% from autohydrolysis 
liquors and DES extracts. The presence of low methoxyl GalA 
was confirmed by FTIR and both linear and branched OGalA 
with DP from 2 to 20 were confirmed by HPAEC–PAD for 
every pectin. Resin adsorption with XAD4 followed by des-
orption with 50% ethanol achieved recoveries of 50.97 and 
29.05% of the total phenolic content for the pectin free liq-
uors, with final contents of 79.55 and 4.08 mg GAE/g NVC, 
for autohydrolysis and DES treatments, respectively. Phenolic 
acids (protocatechuic and ferulic acids) and flavonoids (orien-
tin, vitexin and naringenin) were detected by HPLC–PDA-MS/
MS in every case. These results prove that both the oligosac-
charide and phenolic fraction present in the extracts can be 
recovered using ethanol precipitation and resin adsorption as 
a sequential purification scheme.
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