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Abstract

Date palm (Phoenix dactylifera L.) by-products from bioethanol production represent an
underutilized resource rich in bioactive molecules. This study aims to their valorization
through characterization of polysaccharides and phenolic compounds from the Medjool
variety, both before and after yeast fermentation for bioethanol production. Three se-
quential types of by-products were analyzed—Ext1 (post hot-extraction), Ext2 (post fer-
mentation), and Ext3 (post distillation)—and compared with Dat-Me. High Performance
Liquid Chromatograp-Diode Array Detector-Mass Spectrometry (HPLC-DAD-MS) anal-
ysis allowed identifying 22 phenolic compounds, primarily cinnamic acid derivatives
and glycosylated flavones such as luteolin and chrysoeriol. Fermentation increased total
phenolic content from dry weight, while leading to an improved polysaccharide recovery
(i.e., from 14.2% to 42.1% dry weight). Two polysaccharide fractions (F1 and F2) were
isolated and characterized by 'H-NMR and Dynamic Light Scattering (DLS). F1 is a pectic
polysaccharide, with a galacturonic acid content ranging from 24.2% (Ext3) to 52.2% (Dat-
Me), a degree of methylation (DM) between 34.4 and 50.6%, and a degree of acetylation
(DA) of 23.6-42.2%. F2 consists of a non-pectic polysaccharide, characterized by a low
galacturonic acid content (5.6-6.8%) and a DM of 12.6-47.1%, but it is highly acetylated,
with a DA ranging from 90.1 to 93.3%. DLS analysis confirmed fermentation-induced
depolymerization, with molecular weights ranging from 6.6 x 10* to 8.5 x 10° KDa for
both the fractions. Overall, Medjool date by-products obtained after bioethanol production
represent a sustainable source of high-value phenolic antioxidants and polysaccharides
with different structures suitable for future applications in food, pharmaceutical, and
cosmetic formulations.

Keywords: date palm by-products; pectic polysaccharides; degree of methylation; galacturonic
acid; fermentation residues; circular bioeconomy; IH-NMR; DLS; HPLC-DAD-MS
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1. Introduction

The date palm (Phoenix dactylifera L.) belongs to the Arecaceae family, which in-
cludes around 200 genera and more than 2500 species [1]. Date palm was domesticated
in Mesopotamia between 3000 and 4500 B.C., and it is considered one of the oldest culti-
vated plants in human history [2,3]. Today, the Food and Agriculture Organization (FAO)
recognizes date palm fruit as a staple food in Arab and Middle Eastern countries. Global
production increased from 8.4 million metric tons in 2017 to 9.66 million metric tons in
2023, with Arab nations contributing approximately 75% of the total output [3,4]. Among
the many different varieties, Medjool (Phoenix dactylifera L., cv. Medjool) is one of the
most commercially valuable date cultivars worldwide, characterized by large fruit size,
soft texture, and high sugar content. Native to Morocco’s Tafilalet region, Medjool is now
cultivated in major arid production zones, including Egypt, California, and Mexico [5].

Today, the rising global demand for dates is driven not only by their taste but
also by their well-documented health benefits. These include anti-hyperglycemic, anti-
inflammatory, anti-hyperlipidemic, antioxidant, anti-angiogenic, antibacterial, and hepato-
protective properties [6]. The recent expansion of the date industry has led to the generation
of significant volumes of by-products, such as off-grade fruits, seeds, leaves, and stems
generated during cultivation and processing. Date fruit processing wastes can reach several
tons/year, and it is estimated that up to 20% of the annual production of date fruits can
be lost during the post-harvest process [7]. These materials represent valuable feedstock
for animal feed and biorefinery applications. Date by-products are particularly rich in
fermentable sugars (comprising 60-70% carbohydrates, mainly glucose, fructose, and su-
crose), as well as dietary fibers (including pectin, hemicelluloses, and lignin). Bioethanol
production is a key valorization pathway, efficiently utilizing the sugar content of date
waste. Recent studies have demonstrated the multifunctional potential of date by-products
beyond bioethanol production, including applications in food preservation, nutraceuticals,
bio-based packaging, and functional food ingredients, highlighting their versatility in
integrated biorefinery systems [8]. Specifically, date pomace serves as a functional ingre-
dient for food fortification at optimal levels: 10-15% in bread, 2-4% in yogurt, and 10%
in chocolate cake. These additions increase dietary fiber, antioxidant content, and texture
while preserving sensory quality [3].

A wide range of bioactive compounds, including phenolic acids (e.g., gallic, pro-
tocatechuic, p-hydroxybenzoic, vanillic, syringic, ferulic, caffeic, p-coumaric acids) and
flavonoids (e.g., quercetin, kaempferol glycosides, apigenin derivatives, catechin), with
demonstrated potential in food preservation and bio-based packaging systems, were found
in date by-products [3,8-10]. An amount of 7 to 10% of total polysaccharides was also
found in date fruit [10,11]. However, these compounds have been scarcely investigated
in date by-products, also considering their potential activities. Different natural polysac-
charides have shown good stability, safety, biocompatibility, biodegradability, and sev-
eral bioactivities, including immunomodulatory, antioxidant, prebiotic, anti-diabetic, and
anti-inflammatory properties [12]. Despite growing interest in date by-product valoriza-
tion, significant knowledge gaps persist, specifically, the structural characterization of
polysaccharides and phenolic compounds in date by-products remains poorly understood.
Co-extraction of polysaccharides and phenols from date by-products creates multiple
value streams, improving both economic feasibility and sustainability. Characterization
of their composition and functionality is essential for effective strategies to enhance the
circular bioeconomy.

The aim of this research was to characterize the chemical composition of polysaccha-
rides and phenolic compounds in date fruit by-products from the bioethanol production
using discarded Medjool fruits, and to evaluate the effects of the hot extraction, fermen-
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tation and distillation. To this end, Medjool date flesh (Dat-Me) was used as a reference
to evaluate compositional changes during the phases of bioethanol production. Three
sequential by-products were analyzed: Extl (post-warm-up), Ext2 (post-fermentation), and
Ext3 (post-distillation). The phenolic composition was determined using HPLC-DAD and
HPLC-MS, and antioxidant capacity was determined by the Folin—Ciocalteu at different
bioethanol production stages. For the polysaccharides, structural information was acquired
using Dynamic Light Scattering (DLS) and 'H NMR spectroscopy, with both techniques
applied both before and after chemical hydrolysis.

2. Results and Discussion

This study provides new insight into the compositional and structural evolution of
bioactive compounds within an integrated biorefinery framework. The study aimed to
valorize phenolic compounds and polysaccharides derived from Medjool date fruit by-
products through bioethanol production and post-fermentation residue recovery. The
combined recovery of bioethanol, phenols, and structurally characterized polysaccharides
represents an innovative and sustainable valorization strategy aligned with circular bioe-
conomy principles. Previous research has explored the extraction of bioactive compounds
from date fruit residues [3]; however, the combined effects of fermentation and distillation
on both phenolic compounds (Ph) and polysaccharides (Ps) in date fruit remain largely
unexplored. The experimental design included the Dat-Me (reference sample) and three
sequential extracts (Extl, Ext2, Ext3), representing key stages of industrial bioprocessing.
To our knowledge, this is the first study to assess compositional changes in phenols and
polysaccharides induced by fermentation and distillation. The overall scheme describing
the steps applied to obtain the three extracts, as well as their phenolic and polysaccharide
fractions, is shown in Figure 1.

2.1. Phenolic Compounds Characterization

The Dat-Me sample presented a moisture content of 24.1%, consistent with typical
values for semi-dried dates [10]. All extracts (Extl, Ext2, Ext3) were freeze-dried for
standardization before analysis. Phenolic compounds were extracted using 90% acetone,
an optimized solvent system that maximizes phenolic recovery while minimizing sugar
co-extraction [10,13]. HPLC-DAD-MS analysis allowed identifying 22 phenolic compounds
in the fresh date fruit by-products, including cinnamic acid derivatives and glycosylated
flavones such as luteolin and chrysoeriol (Table 1). The HPLC-DAD chromatograms of Ext1
and Dat-Me exhibited highly similar phenolic compositions, with all major compounds
preserved after hot extraction (80 °C, 30 min), indicating the stability of principal phenolic
constituents under mild processing conditions; therefore, Ph-Extl was not included in
Figure 2 and Table 1 due to its similarity with Ph-Dat-Me. The chromatographic profiles at
330 nm for fresh date flesh and extracts (Ext2-Ext3) are shown in Figure 2. Fermentation
induced significant compositional changes (Ph-Ext2), with several phenolic compounds
(peaks 2-3 and 16) undergoing biotransformation or degradation. This compositional
shift is evidence of microbial enzymatic activity, which favors the accumulation of free
forms [14], such as catechin isomers (peaks 2). A clear example of bioconversion is the
reduction in the abundance of ferulic acid (peak 16), which is consistent with the activity of
yeast-derived phenolic acid decarboxylase. This enzyme converts hydroxycinnamic acids
into less polar, volatile vinyl and ethyl derivatives [15,16]. The distillation process (Ext3)
further modified the phenolic fingerprint, with several new peaks appearing in the final
residue, suggesting formation of new phenolic derivatives (peaks 4-5). In contrast to the
degradation observed for ferulic acid (peak 16), flavonoids (peaks 19-24) accumulated in the
final residue, indicating differential stability or concentration effects during distillation. Due
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to the presence of some unidentified compounds (Table 1), total phenolic content (TPC) was
determined using the Folin—Ciocalteu assay, expressing results as gallic acid equivalents
(mg GAE/g dry extract, DE). This approach is widely used for complex biomasses and
food processing by-products [17-21].
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Figure 1. Scheme of the extraction procedure applied to recover phenolic extracts and polysaccharide
fractions (F1-F2) from Medjool date palm by-products. In color, images indicating analysis.
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Figure 2. Chromatographic profiles of the acetone extract of Ph-Dat-Me (green), Ph-Ext2 (red) and
Ph-Ext3 (blue) at 330 nm. Ph-Ext]l was not reported in the figure due to its similarity with Ph-Dat-Me.
The numbers refer to the analytes of Table 1 and evaluated to determine the total phenol content in
the extract.

2.2. Total Phenolic Content by Folin—Ciocalteu Assay

Total phenolic content (TPC), expressed as mg GAE/g dry extract (DE), showed
marked differences across the various processing stages (Figure 3). The initial date by-
products (Dat-Me) and Ph-Ext1 showed relatively low TPC, ranging from 15.6 to 17.6 mg
GAE/g. This low TPC can be attributed to the higher complexity of the starting material,
which may lead to the co-extraction of a greater amount of non-phenolic compounds,
thereby increasing the overall dry weight of the extract. Consequently, these less pro-
cessed /purified samples likely contain a higher proportion of these co-extracted substances,
resulting in comparatively lower TPC values [17]. Following fermentation and distillation,
TPC increased substantially in Ph-Ext2 and Ph-Ext3, reaching 73.0 (4.7-fold increase) and
91.9 (5.9-fold increase) mg GAE/g DE, respectively. Fermented extracts (Ph-Ext2 and
Ph-Ext3) showed significantly higher TPC values compared with non-fermented samples
(Ph-Dat-Me and Ph-Ext1), with no significant differences within each group. This increase
can be attributed to multiple factors: (i) depletion of interfering compounds during fermen-
tation; (ii) the release of bound phenolic compounds from glycosidic linkages and cell wall
polysaccharides during fermentation, mediated by microbial 3-glucosidases, cellulases,
and esterases [14,22]; and (iii) relative increase in concentration of phenolic compounds
following ethanol removal by distillation [23]. Individual phenolic compound profiling
by HPLC-DAD provided complementary insights into specific compositional changes
across processing stages (Table 1). The analysis confirmed a significant increase in free
phenolic acids, especially protocatechuic acid and catechin isomers, in post-fermentation
extracts (Ph-Ext2 and Ph-Ext3) compared to the initial sample (Ph-Dat-Me). This observed
enhancement in TPC following fermentation and distillation aligns with previous findings
reported by Adebo, Gabriela and Al-Habsi [3,23].

https:/ /doi.org/10.3390/pr14060948


https://doi.org/10.3390/pr14060948

Processes 2026, 14, 948

6 0f 20

TPC mg/g DE

100 - b 91.9
90 - ——
g0 73.0
70 - T
60 -
50 -

40 4
30 - ¢ c
50 15.6 17.6
10 -
0

Ph-Dat-Me Ph-Ext1 Ph-Ext2 Ph-Ext3

Figure 3. Total phenolic content (TPC), determined using Folin—Ciocalteu assay and expressed as mg
GAE/g DE. Different letters indicate significant differences at the 0.05 level (Fisher’s LSD test).

Table 1. Phenolic compounds (Ph) from Dat-Me, Ext2 and Ext3, tentatively identified by MS spectra
in negative ionization mode and the literature. Relative abundance is based on HPLC-DAD peak
area: +, ++ and +++ low, medium and high intensity, respectively. Ph-Extl is not included because it
is very similar to Ph-Dat-Me.

N Rt (min) Compound [M — H]~- Fragment Ions Ph-Dat-Me Ph-Ext2 Ph-Ext3 References
1 3.94 Syringic acid hexoside 359 197 + + + [24]
2 4.01 Catechin isomer 289 245, gg’ 137, + ++ +++ 3]
3 7.98 Not identified nd nd + ++ +++ -
4 9.09 Not identified nd nd + +++ +++ -
5 11.12 Protocatechuic acid 153 109 + + +++ [3]
6 12.51 Caffeic acid hexoside 341 179 + + ++ [24]
7 13.89 Di-caffeoyl shikimic acid 497 341,335,179 + - [24]
8 14.08 p-Coumaroyl hexose 325 163 [25]
9 15.99 Di-caffeoyl shikimic acid-derl 497 335,179 + + ++ [24]
10 17.7 Sinapic acid hexoside 385 223,179 + + + [26]
11 18.89 Apigenin dihexoside 593 431, 269 + ++ +++ [26]
12 20.59 Caffeoylshikimic acid 355 255,179 + ++ ++ [24]
13 20.98 Caffeoylquinic acid lactone 335 179 + ++ ++
14 28.5 Apigenin dihexoside- derl 593 431, 269 + ++ ++ [26]
15 29.8 p-coumaric acid 163 119 3]
16 31.02 Ferulic acid 193 178, 134 +++ + + [3]
3-methyl-isorhamnetin-7-O-
17 32.85 hexosyl(6-sulfate) 477 329 + ++ ++ [27]
18 34.89 Rutin 609 301 + + +
19 39.89 Luteolin-7-O-hexosyl(6-sulfate) 527 285 + ++ ++ [27]
20 41.05 Luteolin-7-O-hexosyl(6-sulfate) 527 285 + ++ ++ [27]
3-methyl-isorhamnetin-7-O-
21 42.05 hexosyl (6-sulfate 477 329 + + + [27]
22 42.92 Isoquercetrin sulfate 543 301 + ++ ++ [25,26]
23 45.01 Chrysoeriol hexoside sulfate 541 299 + ++ ++ [27]
24 4752 3-methyl-isorhamnetin-7-O- 477 329 + ++ ++ [27]

hexosyl(6-sulfate) derl

2.3. Extraction and Yield of Polysaccharides

Date palm fruit is a rich source of polysaccharides. These polysaccharides exhibit
antioxidant, anti-glycation, chemopreventive, prebiotic, and gelling properties, which make
them attractive candidates for food, pharmaceutical, and cosmetic formulations [10,11]. A
widely recognized method for isolation of polysaccharides from various matrices involves
hot water extraction to solubilize the polymers, followed by subsequent precipitation us-
ing ethanol [28,29]. However, when applied to raw date fruit and its by-products, this
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approach encounters a significant technical barrier: the exceptionally high monosaccharide
content (60-75% of dry weight) co-extracts with target polysaccharides, requiring extensive
purification. Within a circular bioeconomy framework, bioethanol fermentation of dates
offers an innovative solution to this challenge. The fermentation process selectively con-
verts low-molecular-weight sugars into bioethanol for biofuel production, reducing the
monosaccharide content from 60 to 75, resulting in solid residue traditionally considered a
waste that emerges as a naturally pre-purified matrix enriched in complex polysaccharides
and dietary fibers.

As shown in Figure 1, the solid residue remaining after phenolic compound extraction,
comprising both soluble and insoluble dietary fibers, was subjected to hydroalcoholic
treatment (EtOH:H,O 75:25 v/v) for 2 h to remove residual low molecular weight inter-
fering substances, including monosaccharides and organic acids, following established
protocols [10,30]. The solid residue obtained after centrifugation (5000 rpm, 8 min, 4 °C)
was subjected to hot water extraction to extract the polysaccharides.

Polysaccharide fractions were recovered through sequential extraction and centrifu-
gation steps. This approach allowed the direct recovery of two distinct polysaccharide
fractions (F1 and F2) and one insoluble residue (F3), for each sample (without the need for
ethanol-induced precipitation) [10]. According to the literature, F3 can be hypothesized to
consist predominantly of cellulose and lignin as components of the insoluble fiber [10,31];
indeed, Shafiei et al. [31] reported 49.9% lignin and 20.9% insoluble polysaccharides in
date fruit, confirming that F3 represents the recalcitrant lignocellulosic fraction resistant
to hot-water extraction. All three fractions (F1-F3) were freeze-dried to determine their
respective yields, with significant variation among samples, as summarized in Figure 4.
Raw date fruit (Dat-Me) and its initial aqueous extract (Ext1l) showed comparable total
contents of 14.2% and 13.8% on dry weight, respectively, with fractions F1, F2, and F3
similarly distributed. In contrast, the fermentation residues (Ext2, Ext3) achieved substan-
tially higher recovery: total polysaccharide fractions reached 40.5% and 42.1% (approx.
3-fold increase), with fractions F1, F2, and F3 similarly distributed between Ps-Ext2 and
Ps-Ext3. Statistically, polysaccharides in fermented samples Ps-Ext2 and Ps-Ext3 showed
significantly higher extraction efficiency than Ps-Dat-Me and Ps-Ext1 (p < 0.05), with no
significant difference within each group. This improvement has been attributed to a se-
lective monosaccharide depletion during fermentation (60-75%), which concentrates the
non-fermentable polysaccharides. Fractions F1 and F2 were further characterized using
Dynamic Light Scattering (DLS) and nuclear magnetic resonance (NMR) spectroscopy.

% Yields of polysaccharides on dry weight
45

a
a 42.1

. 40.2 P
40 | M%Fl m% F2 m%F3 = Total fractions I
35
30
25 a

a 20.83
] 18.75 z
20 b b . I
14.2 13.8 a
151 T = a 1250 2 1210
=
9.20
04 b X b b b 8.98
487 _>70 482 550
5 3.62 g 3.46 g
. . . .
0
Ps-Dat-Me Ps-Ext1 Ps-Ext2 Ps-Ext3

Figure 4. Polysaccharide content expressed as % on dry weight (w/w) of Dat-Me, Ext1, Ext2 and Ext3;
total fractions are expressed as sum of F1-F3 fractions. Values followed by different letters in each
series are significantly different (Fisher’s LSD test p < 0.05).
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2.4. Analysis of Polysaccharides by Dynamic Light Scattering

Dynamic Light Scattering (DLS) was employed to evaluate the hydrodynamic volume
of the polysaccharide fractions extracted from the different samples to provide valuable
information on molecular size, shape, and distribution in solution. The presence of one or
multiple peaks in the DLS intensity distribution profiles reflects the degree of sample homo-
geneity or polydispersity in terms of molecular size distribution. Results are summarized
in Table 2 for F1 and F2 fractions; the F3 fractions were not analyzed because of their water
insolubility. Fraction F1 showed distinct behavior between the Dat-Me and fermented
extracts, indicating fermentation-induced structural modifications in polysaccharides. The
PdI values of the F1 fractions ranged from 0.23 to 0.39, indicating a relatively homogeneous
molecular size across all samples. These values are comparable to those reported for date
polysaccharide fractions from Saudi Arabian varieties, where F1 fractions exhibited PdI
values of 0.17-0.28 [10]. Specifically, F1 of Ps-Dat-Me, Ps-Ext1, and Ps-Ext2 exhibited the
lowest range of PdI values (0.23-0.28), indicating narrow size distributions. F1 of Ps-Ext3
showed relatively higher PdI (0.39), suggesting a less uniform molecular size distribution.
This different homogeneity of fractions F1 was confirmed by the area percentage values
of the main peak (Pk1): Dat-Me, Ps-Ext1, and Ps-Ext2 showed Pk1 area percentages close
to 99%, while Ps-Ext3 exhibited a slightly lower value of 95.9%, indicating the presence of
minor components. Ps-Dat-Me and Ps-Extl showed comparable Z-averages (270 &+ 5.9 nm
and 265.7 &+ 6.9 nm), while Ps-Ext2 was smaller (229.7 £ 1.6 nm) and Ps-Ext3 was larger
(311 £ 13 nm). In contrast, fermented samples exhibited different sizes: 229.7 & 1.6 nm
(Ps-Ext2) and 311 + 13 nm (Ps-Ext3).

Table 2. Summary of the results from the DLS analyses of F1 and F2 samples for Dat-Me, Ps-Ext1,
Ps-Ext2, and Ps-Ext3. PdI, polydispersity index; D, diameter size; Z-Pk1, Z-average particle size of
the main peak; Pk1, Pk2 and Pk3, the detected peaks in each sample; KDa, Kdalton; nd, for values
below one unit; Est MW, Estimated Molecular Weight.

Variety PdI g-(Pkl Pk1 Pk2 Pk3 Pk 10 Pk 2o Pk 3o Est MW
nm) D (nm) D (nm) D (nm) Area % Area % Area % Pk 1 (KDa)

Ps-Dat-Me 0.23 £0.03 270.0 £5.9 328 +18 4879 £+ 169 nd 99.0+1.5 09+15 nd 2.33 x 10°

1 Ps-Ext1 0.23 +0.04 265.7 + 6.9 324+19 4899 £ 105 nd 99.1+1.2 09+0.8 nd 2.34 x 10°
Ps-Ext2 0.28 +0.03 229.7 +1.6 299 + 16 5141 £ 93 nd 98.7£1.1 1.3+11 nd 6.6 x 10*

Ps-Ext3 0.39 £0.05 311.0+13.1 411+12 4896 + 170 nd 959 +3.7 3.8+35 nd 5.1 x 10°
Ps-Dat-Me 0.76 £ 0.02 173.1+20.6 327 +19 4603 £ 246 nd 871453 76+22 47+34 8.5 x 10°

- Ps-Extl 0.75 £ 0.03 1754+ 183 333 +22 4615 £ 246 nd 88.4+4.3 82+22 3.8+31 8.5 x 10°
Ps-Ext2 0.73 £0.02 355.8 £63.2 352 +25 5340 £ 311 98 +28 53.4+54 144+54 25.0+3.7 6.3 x 10*

Ps-Ext3 0.80 £ 0.03 594.7 +104.1 498 £ 52 5212+ 51 135+13 76.8 £8.5 6.1+41 16.8+3.2 6.6 x 10*

In contrast to F1, the F2 fractions exhibited greater heterogeneity in their composition,
as evidenced by the high range values of PdlI (0.73-0.8). This increased polydispersity
was confirmed by the lower area percentage values of the main peak (Pk1). At the same
time, Fractions 2 of Ps-Dat-Me and Ps-Ext1 maintained relatively high Pkl area percentages
(87% and 88%, respectively), while that of fermented samples Ps-Ext2 and Ps-Ext3 showed
markedly reduced values (53.4% and 77%). Furthermore, the F2 fractions of Ps-Ext2 and
Ps-Ext3 were notably less homogeneous and characterized by the presence of multiple
polysaccharide populations. In Ps-Ext2, the secondary peaks (Pk2 and Pk3) accounted for
14.4% and 25% of the total area, respectively, and in Ps-Ext3, Pk2 and Pk3 represented 6.1%
and 16.8%. The Z-average values for F2 fractions showed marked variability, ranging from
173 to 175 nm for Dat-Me and Ps-Extl, to significantly higher values of 356-595 nm for
Ps-Ext2 and Ps-Ext3, respectively. Similar Z-average values (237—484 nm) have previously
been reported for date polysaccharide fractions [10].
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These increases were accompanied by the emergence of additional polysaccharide
populations: large aggregates in Pk2 (4603-5340 nm) detected in all F2 fractions, and
smaller components in Pk3 (97.6-135 nm) present in Ps-Ext2 and Ps-Ext3. These changes
suggest that fermentation induced both polysaccharide fragmentation (as evidenced by the
reduced Pk1 area percentage) and aggregation phenomena in water solution (as indicated
by the presence of Pk2 and Pk3 with larger hydrodynamic diameters).

The estimated MW values for Pkl ranged from 6.6 x 10* to 5.11 x 10° kDa in F1
fractions. These values are comparable with the range reported by Yang et al. (2018) [32] for
potato pectin characterized by DLS (2.43 x 10* to 1.87 x 10° g/mol). In F2, fermentation
decreased for MW, from 8.5 x 10° kDa for Dat-Me and Ps-Ext1 to 6.3-6.6 x 10* kDa for
Ps-Ext2 and Ps-Ext3, respectively, suggesting significant polysaccharide depolymerization
during the fermentation process. Similar fermentation-induced molecular weight reduc-
tions have been widely documented for polysaccharides from various plant sources [33].
Overall, DLS analysis revealed that fermentation (Ps-Ext2) and distillation (Ps-Ext3) exerted
distinct effects on polysaccharide structure compared to native polysaccharides in Dat-Me.
Fermentation induced severe depolymerization in both F1 and F2 fractions, accompanied
by the emergence of new polysaccharide populations. Distillation promoted aggregation,
particularly in F2, where the Z-average increased substantially in both fractions, while
maintaining the reduced molecular weights from fermentation.

2.5. 'TH-NMR Analyses of Polysaccharides

The few studies on date palm fruit available in the literature have reported the pres-
ence of methylated polysaccharides in other varieties of date fruit [10,34]. Notably, the
exceptionally high degree of acetylation (DA) observed in the F2 fractions of our samples
represents a novel structural feature not previously reported for date-derived polysac-
charides, as further discussed in the discussion section. The structural composition of
polysaccharides in F1 and F2 recovered through decoction and centrifugation, as shown in
Figure 1, was studied by 'H-NMR spectroscopy (Figure S1, Supplementary File). 'H-NMR
spectra confirmed structural modifications in polysaccharides following fermentation,
with distinct changes in functional group composition compared to the reference sample
(Ps-Dat-Me). The F1 fractions from Ps-Dat-Me and Ps-Ext1 exhibited an intense singlet at
5 3.68 ppm corresponding to O-methyl groups, and a singlet at § 1.85-2.04 ppm was as-
signed to O-acetyl groups (CH3COO-), both with an intensity comparable to those observed
in the proton spectra of commercial pectin from citrus fruit (Figure S2, Supplementary
File). The signal at 4 3.68 ppm indicates the presence of methoxylated galacturonic acid
(Gal-ac) units, a characteristic of naturally occurring pectic polysaccharide structures. The
intensity of these signals is directly related to the degree of methylation (DM) and degree
of acetylation (DA) of pectic polysaccharides [34], which are key structural parameters
influencing the water solubility and gelling capacity of pectin. These signals confirm the
presence of methylated and acetylated pectic polysaccharides in the date palm fruit frac-
tions. Among the samples analyzed, the 'H-NMR spectra of F1 fractions from Ps-Ext2 and
Ps-Ext3 showed lower signal intensities for the O-methyl group (5 3.68 ppm) and the acetyl
groups (6 1.85-2.04 ppm) compared to F1 extracted from Ps-Dat-Me and Ps-Ext1 (Figure 5).
This reduction can be attributed to the partial consumption of Gal-ac units during the yeast
fermentation process, which likely caused modification of the pectic structure.
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Figure 5. 'H-NMR spectra of dialyzed F1 fractions in DO, from (a) Ps-Dat-Me; (b) Ps-Ext2; (c) Ps-Ext3
(Ps, polysaccharide).

Proton spectra of the non-dialyzed polysaccharides before fermentation (Ps-Extl)
showed numerous signals corresponding to monosaccharides in the region from ¢ 3.00
to 4.00 ppm (Figure S1). In contrast, the intensity of these signals in Ps-Ext2 and Ps-Ext3
was strongly reduced, consistent with consumption of monosaccharides by yeast during
fermentation (Figure 5).

All dialyzed F1 and F2 polysaccharide fractions after acidic and alkaline hydrolyses
were analyzed by 'H-qNMR spectroscopy to determine the Gal-ac content (Figure 6) and
the DM and DA (Figure 7). All values were expressed as percentages on a dry sample basis
(Table 3).

Alkaline hydrolysis was performed to determine the DM and DA by using 'H-qNMR
as previously described by Miiller-Maatsch et al. [35]. The concentrations of methanol and
acetic acid released during hydrolysis were quantified by integrating the corresponding
singlets in samples previously spiked with maleic acid as an internal standard (Figure 7).
The 'H-NMR spectra obtained after alkaline hydrolysis showed the characteristic signals
of methanol and acetic acid, enabling accurate quantification. Quantitative data confirmed
the qualitative observations from the 'H-NMR profiles. The results in Table 3 revealed
significant structural differences between the reference sample and fermented extracts. For
F1 fractions, the Gal-ac content decreased progressively from 52.2 + 0.7% (Ps-Dat-Me) to
32.1 £ 1.5% (Ps-Ext2) and 24.2 & 0.4% (Ps-Ext3), indicating substantial loss of pectic content
during fermentation and distillation. Similar trends were reported in previous research on
palm date polysaccharides [10], where galacturonic acid content was in F1 (28-40%) and in
F2 fractions (14-22%). Mrabet et al. [36] reported galacturonic acid values ranging from
10.7 to 16.7% in both soluble and insoluble dietary fiber of Deglet-Nour and Allig date flesh.
DM values showed a similar trend, decreasing from 48.7% (Ps-Dat-Me) to 35.1% (Ps-Ext2)
and 34.4% (Ps-Ext3). Conversely, DA values increased from 23.6% (Ps-Dat-Me) to 42.2% (Ps-
Ext2) before decreasing to 28.7% (Ps-Ext3), suggesting selective enrichment of acetylated
domains during fermentation followed by partial deacetylation during distillation.
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Figure 6. "H-NMR spectra in D,O after acid hydrolysis by HySO4 2M of (a) the standard of Gal-ac;
the dialyzed F1 polysaccharide fractions of (b) Ps-Dat-Me; (c) Ps-Ext1; (d) Ps-Ext3.

Similar results were previously observed for DM values in F1 fractions from five Saudi
Arabian date varieties, ranging from 56.3% (Ajwa) to 83.1% (Barrny), while F2 fractions
exhibited more uniform DM values (43.1-52.3%), closely matching our F1 observations. The
F2 samples showed high acetylation (up to 68.4%), whereas F1 fractions remained below
25.1% DA in the Khalas variety [10]. All F2 fractions exhibited different characteristics: Gal-
ac content was considerably lower than in F1 samples, ranging from 5.6 &= 0.4% (Ps-Ext1)
to 6.8 &= 0.2% (Ps-Ext2). Such a result suggests that these fractions contain predominantly
non-pectic polysaccharides. DM values for F2 fractions were also notably lower than
those of F1 fractions: for Ps-Dat-Me and Ps-Ext1 samples, the values ranged from 45.6 to
47.1%, respectively, while for Ps-Ext2 and Ps-Ext3, they reached only 19.8% and 12.6%,
respectively. Conversely, F2 fractions in the unfermented samples showed the highest DA
values (90.1-93.3%) across all samples, suggesting the presence of several acyl groups also
in the polysaccharide backbone. Overall, analysis (Table 3) confirmed significant differences
between fermented and non-fermented samples and between F1 and F2 fractions (Fisher’s
LSD test, p < 0.05). Fermentation significantly changed Gal-ac, MeOH, and DM in F1, with
Ps-Ext3 showing the greatest changes.
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Figure 7. 'H-NMR spectra of all the fractions F1 and F2 after alkaline hydrolysis by NaOH, in the
presence of maleic acid as internal standard (Ps, polysaccharide).
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Table 3. Amount of galacturonic acid (Gal-ac), MeOH, acetic acid, degree of methylation (DM) and
degree of acetylation (DA) expressed as % on dry sample. Gal-ac was evaluated after acid hydrolysis,
while DM and DA were evaluated after alkaline hydrolysis; all values were determined by 'H-qQNMR,
and different letters indicate statistical significance at p < 0.05 (Fisher’s LSD).

Fractions Acronym Gal-ac MeOH Acetic Acid DM DA

Ps-Dat-Me 5224+ 0.7a 43+02a 38+02b 48.7+2.7a 236+ 15c¢

F1 Ps-Extl 499+02a 42+02a 3.7+02b 506 =19a 23.8+09c
Ps-Ext2 321+15b 1.9+ 0.03b 42+01a 351+£22b 422 +07a

Ps-Ext3 242 +£04c 14+01c 22+01c 344£29D 28.7£0.43b

Ps-Dat-Me 58+ 05¢ 0.5+£0.03a 1.7 £0.1bc 471+21a 933+ 1.7a

Fo Ps-Extl 56+ 0.1c 04+0.04a 1.6 £0.1c 456 +2.7a 932+ 18a
Ps-Ext2 6.8+ 02a 024+0.04b 19+03a 198 £2.8b 93.1+32a

Ps-Ext3 64+01b 0.14 £0.02 ¢ 1.8£01a 126 £28¢ 90.1 +493a

DA increased in F1 during fermentation (42.2%), and decreased post-distillation
(28.7%), while F2 fractions showed consistently high DA (90-93%) with no significant
variation (p < 0.05). Differences between F1 and F2 fractions likely reflect distinct functional
properties of these polysaccharides and indirectly confirm that the fractionation method
effectively separated structurally different polysaccharides. The compositional variations
observed are consistent with previous studies on other plants. Variable contents of Gal-ac
(43-63%), DM (17-25%), and DA (20-40%) have been reported for polysaccharides from
different okra genotypes [37], demonstrating the natural variability in pectic structures
across plant sources. However, the exceptionally high DA values in F2 fractions from
date palm by-products represent a distinctive feature not previously reported for date
palm polysaccharides. These structural differences affected solubility, with F1 showing
good water solubility, whereas F2 showed reduced solubility due to high acetylation.
'H-gNMR analysis combined with simple chemical hydrolysis provided key structural
information on these polysaccharides. The data showed that polysaccharides from fresh
fruit and fermented by-products display different methylation and acetylation patterns,
with implications for their functional properties and potential applications in the food,
pharmaceutical, and cosmetic industries.

3. Materials and Methods
3.1. Chemicals

Commercial standards, including ferulic acid (purity > 99%), luteolin-7-O-glucoside
(purity > 99%), and gallic acid (purity > 99%), were purchased from Extrasynthese S.A.
(Lyon, Nord-Genay, France). Maleic acid (purity grade 98%) and all other reagents and
solvents, both HPLC-grade and analytical grade, were purchased from Merck (Darmstatt,
Germany). Two commercial standards of citrus pectin with different degrees of esterifica-
tion (i.e., 55-70% and >85%) were obtained from Merck (Darmstatt, Germany). The dialysis
kit (12-14 kD cut-off, Spectra/Pro) was obtained from Spectrum Laboratories, Inc. (Breda,
The Netherlands).

3.2. Plant Materials

Date palm fruit by-product and three sequential extracts during the stages of
bioethanol production were obtained from National Dates LLC (Arar Farms brand, Zahran
Amman, Jordan), Jordan Valley, in 2023. The date fruits belonged to the Medjool variety
(Dat-Me). The three sequential extracts were produced by a company processing exclu-
sively Medjool date fruit by-products (fruit discarded due to unsuitability for the market)
to evaluate the impact of fermentation and distillation on the chemical composition of
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phenolic compounds and polysaccharides. Extract 1 (Extl) was prepared by mixing the
date palm fruit (separated from seeds) with water at a ratio of 30% (w/v). The mixture was
then heated at 80 °C under stirring for 30 min and subsequently cooled to room temper-
ature. The final solution exhibited a Brix degree of 17. Extract 2 (Ext2) was prepared by
inoculating date flesh (Ext1l) with baker’s yeast (Saccharomyces cerevisiae, 0.2% (w/v) g/L).
Fermentation was conducted under static conditions at 25 °C for 72 h to collect the Ext2.
Following fermentation, Ext2 was subjected to distillation to recover the produced ethanol,
and the remaining aqueous phase was collected as Extract 3 (Ext3). The three extracts
and reference date sample (Dat-Me) were freeze-dried and stored as dried samples until
analysis. Sample descriptions and acronyms are summarized in Table 4.

Table 4. Medjool date samples subjected to treatments (boiling, fermentation, distillation) and the
corresponding codes for the isolated phenolic and polysaccharide fractions. F1, Fraction 1; F2,
Fraction 2; Ph, phenolic extract; Ps, polysaccharide extract.

Phenolic

Sample Description Acronym  Amount Extracts Polysaccharides Fractions
Whole fresh dates‘;frﬁfjgo‘ﬂ cv. (reference Dat-Me 1kg Ph-DatMe  Ps-Dat-Me-Fl  Ps-Dat-MeF2
Fresh date of Medjool cv. after heating at 80 °C Extl 1L Ph-Extl Ps-Ext1-F1 Ps-Ext1-F2
Boiled flesh date after fermentation with
Saccharomyces cerevisiae (2 g/L., 25 °C, 72 h) Ext2 1L Ph-Ext2 Ps-Ext2-Fl Ps-Ext2-F2
Distilled sample after fermentation Ext3 1L Ph-Ext3 Ps-Ext3-F1 Ps-Ext3-F2

3.3. Extractions of Phenolic Compounds

Phenolic compounds were extracted from whole date fruit (Dat-Me) and the three
processed extracts (Extl, Ext2, Ext3) to obtain the corresponding phenolic fractions Ph-Dat-
Me, Ph-Ext1, Ph-Ext2, and Ph-Ext3, respectively, according to [10]. Dat-Me was cut into
small pieces, freeze-dried, and 12 g aliquots were extracted with 480 mL of acetone/water
(90:10, v/v; drug/solvent ratio 1:40, w/v) under magnetic stirring (400 rpm) at room temper-
ature (25 &= 2 °C) for 12 h. The processed extracts (Ext1, Ext2, Ext3) were freeze-dried and
subjected to the same acetone extraction procedure. The obtained solutions were filtered
(Whatman No. 1), dried under vacuum, and dissolved in 50 mL EtOH/H,O (1:1 v/v)
before HPLC-DAD-MS analysis. The extraction steps are summarized in Figure 1 and
Table 4.

3.4. Extraction and Fractionation of Polysaccharides

The solid residues remaining after initial phenolic extraction with acetone from (Dat-
Me) and the three extracts (Extl, Ext2, Ext3) were subsequently treated with 75% ethanol
(v/v) under magnetic stirring (400 rpm) for 4 h. The solid residues were freeze-dried and
then used to prepare a decoction, applying the procedure previously described by Khatib
etal. [10,29]. Briefly, 5 g of the dried residue from each sample was boiled in 200 mL of water
under stirring for 60 min. The supernatant was collected after cooling in an ice bath for
30 min and then centrifuged at 4 °C and 5000 rpm for 8 min. Two polysaccharide fractions
(F1, F2) and an insoluble residue (F3) were recovered from each sample (Table 4). F1 and
F2 fractions from each sample were pooled and freeze-dried for yield quantification and
subsequently dialyzed by a cut-off membrane of 9-12 kDa. The dialyzed polysaccharide
fractions were freeze-dried again and stored until further characterization by Dynamic Light
Scattering (DLS) and 'H-NMR spectroscopy. The complete extraction and fractionation
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procedure is shown in Figure 1. The extraction yield of the polysaccharide fractions was
calculated according to the following equation:

Yield (%) = {W1}/{Wo} x 100

W = weight of the recovered polysaccharide fraction (F1, F2, F3) after freeze-drying (g).
Wy = the initial dry weight of the samples (g).

3.5. Dynamic Light Scattering Analysis of Polysaccharides

The hydrodynamic diameters (nm) and size distributions of polysaccharide fractions
F1 and F2 from all four samples (Table 4) were determined using Dynamic Light Scattering
(DLS). Measurements were conducted with a Zetasizer Nano Z5S90 instrument (Malvern
Instruments, Worcestershire, UK), equipped with a 4 mW He-Ne laser operating at a wave-
length of 632.8 nm, an optical fiber-based detector, and a digital LV /LSE-5003 correlator.
Temperature was maintained at 25 °C by a Julabo water bath. The correlation functions
were analyzed using the ALV-60X0 software package (Malvern- Alfatest SrL, Roma, Italy)
version 7.2, in accordance with previously established protocols [38]. The hydrodynamic
diameter and polydispersity index (Pdl) were obtained from the autocorrelation function
analysis by fitting a single exponential to the correlation function. All measurements were
performed in aqueous solution at a concentration of 1.25 mg/mL, using a 4 mL optical
quality cuvette. Each sample was measured in triplicate, and the reported values represent
the mean of four independent readings per replicate.

3.6. 'TH-NMR Analyses

'H-NMR spectra of the polysaccharide fractions F1 and F2 from all date extracts
(Table 4) were acquired before and after dialysis at concentrations ranging from 4.5 to
6.0 mg/mL using an Advance 400 MHz Bruker instrument (Bruker, Bremen, Germany).
The dialyzed fractions F1 and F2 from each extract were analyzed to determine the degree
of methylation (DM) and degree of acetylation (DA) by following the method of Miiller-
Maatsch et al. and Khatib et al. [10,35], with slight modifications. Polysaccharide fractions
(approx. 2.5-4.5 mg/mlL, accurately weighed) were dissolved in 0.4 M NaOH prepared in
D,0. Basic hydrolysis was performed at room temperature for 120 min in 'H-NMR tubes.
After hydrolysis, 25 pL of maleic acid (Merck, Darmstatt, Germany) internal standard
(ISTD, 5.25 mg/mL in D,0O) was added to each sample.

Acetic acid and methanol contents were quantified by 'H-NMR through integration
of C-methyl signals at 1.80 ppm (acetyl groups, CH3CO-) and 3.72 ppm (O-methyl, CH30).
The maleic acid proton signal at 6.24 ppm served as the reference for quantitative evaluation,
as described by Khatib et al. 2016 and 2022 [10,39]. The content of acetic acid and methanol
in fractions F1 and F2 was calculated as follows:

_ lens  Npar , MWy Wy

C(%) = P:
( ) Imal X Nx X Mwmal X Wx X istd

C (%): content % of methanol or acetic acid.

a1t integral of the two protons of the Internal Standard (ISTD), maleic acid.
Icps: integral area of proton signal of CHz groups of methanol or acetic acid.
Nx: number of protons for the CHj groups for methanol or acetic acid.

Nma1: number of protons for ISTD.

MW, molecular weight of methanol (32 g/moL) and acetic acid (60 g/moL).
MW /p,.1: molecular weight of ISTD (116.1 g/moL).

W weight (mg) of dry F1 or F2 fractions.
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Wat: weight of maleic acid.
Ppha1: purity degree of maleic acid.

Galacturonic acid concentration was determined after acid hydrolysis of dialyzed
fractions (F1 and F2) by incubating samples in Pyrex tubes with 2.0 M H,SO4 in D,0O at
100 °C for 120 min [10,40]. Quantification was based on integration of anomeric proton
signals at 4.15 ppm (-GalA) and 3.45 ppm (3-GalA) using ISTD. In this case:

C%: content % of Gal-ac.
Ny: number of anomeric protons (1 for each anomeric form).
MW;: galacturonic acid molecular weight (194 g/mol).

The DM and DA were derived from the molar ratios of methanol, acetic acid, and
galacturonic acid, according to established equations [35,41]:

DM (%) = (moles of methanol/moles of galacturonic acid) x 100

DA (%) = (moles of acetic acid /moles of galacturonic acid) x 100

3.7. HPLC-DAD-MS Analysis of Phenolic Compounds

HPLC analyses of phenolic extracts from four samples (Table 4) were conducted in
accordance with Khatib et al. [10] with slight modifications by using an HP 1260L liquid
chromatography equipped with a DAD detector (Agilent Technologies, Palo Alto, CA, USA)
and Phenomenex, Luna C18 column C18, 5 um 100 A, 250 x 4.6 mm (from vers 7.2, Agilent,
Milano, Italy). The mobile phase was (A) formic acid/water (pH 3.2) and (B) CH3CN. The
following multistep linear solvent gradient was used: 0-1 min, 5% B; 14 min, 5-20% B;
4-30 min, 20-35% B; 30-32 min, 35-95% B; hold for 8 min; and re-equilibrate for 3 min. Total
elution time 43 min, flow rate 0.8 mL min~! and oven temperature 25 °C. The UV-Vis spectra
ranged from 200 to 500 nm, and the chromatograms were acquired at 280, 330 and 350 nm.
The MS experiments were carried out by the chromatographic system and an HP 1260 MSD
(G6125B) mass spectrometer equipped with both DAD and MSD detectors, and with an
API/electrospray interface (Agilent Technologies, Palo Alto, CA, USA). The analyses were
conducted with the following ESI parameters: nitrogen flow rate 10.5 L/min, drying gas
temperature 350° C; nebulizer pressure, 1811 Torr; and capillary voltage, 3500 V. Acquisition
was performed with a full spectrum scan (range of 150-1500 Th). The experiments were
performed in positive and negative ionization mode applying the following fragments:
120 V, 150 V and 200 V.

3.8. Antioxidant Activity with the Folin-Ciocalteu Assay

The total phenolic content and antioxidant capacity of all phenolic extracts (Table 4)
were evaluated using the Folin—Ciocalteu spectrophotometric assay according to the proce-
dure described by Campo et al. [42] with slight modifications. In particular, the absorbance
at 725 nm was measured for a solution of the sample and the Folin-Ciocalteu reagent,
after adding 20% NayCO3 and incubating for 60 min, using a calibration curve built by
measuring the absorbance of six reaction solutions containing gallic acid at different con-
centrations between (from 0.02 mg/mL to 0.51 mg/mL). The phenol content of the sample
was expressed as GAEs (gallic acid equivalents), as mg/g of dried fruit and dried extracts.

3.9. Data Analysis

DLS data were obtained from triplicates and processed using the Malvern soft-
ware package (7.2). Statistical analyses were performed using R-Studio software version
2025.05.1+513 with one-way ANOVA followed by Fisher’s Least Significant Difference
(LSD) post hoc test (p < 0.05) to determine significant differences between samples. Results
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are expressed as mean =+ standard deviation. Different letters in figures and tables indicate
statistically significant differences at p < 0.05.

4. Conclusions

This study demonstrates a sustainable biorefinery approach for valorizing Medjool
date palm by-products from bioethanol production. The samples investigated in the study
were provided by an industrial company and are already part of an existing production
process; thus, the process under investigation is considered already feasible at the industrial
level. The strategy enables the efficient recovery of bioactive phenolic compounds and
structurally diverse polysaccharides, contributing to circular bioeconomy principles. Three
key findings emerged:

1.  Phenolic Enhancement: Fermentation six-fold increased total phenolic (from 15.6 to
91.9 mg GAE/g) and allowed the identification of 22 compounds (predominantly
cinnamic acid derivatives and glycosylated flavones) by HPLC-DAD-MS, and notable
biotransformation during fermentation and distillation.

2. Polysaccharide Enrichment: Fermentation improved polysaccharide recovery 2.9-fold
(from 13.8 to 14.2% to 40.5-42.1%), attributed to the selective removal of monosaccha-
rides (60-75% of dry weight) by fermentation.

3. Structural Characterization: Two distinct fractions were isolated—F1, a pectic polysac-
charide (Gal-ac 24-52%, DM 34-51%, DA 24-51%), and F2, a highly acetylated non-
pectic polymer (Gal-ac 5.6-6.8%, DM 12-44%, DA 90-93%).

Future research should address biological activity validation and techno-economic
feasibility assessment for industrial implementation. This integrated biorefinery ap-
proach maximizes resource utilization by co-producing bioethanol and high-value bioac-
tive compounds, with potential applications across food, pharmaceutical, cosmetic, and
biomaterial industries.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr14060948/s1, Figure S1: 1H-NMR spectra of (a) Ps-Dat-Me-
F1; (b) Ps-Extl, in 10% of D20 before dialysis. Figure S2: 1TH-NMR spectra (D20) of commercial
pectin at different degrees of esterification: (a) 55-70%; (b) 85%. Maleic acid was used as internal
standard (ISTD).
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Abbreviations

The following abbreviations are used in this manuscript

DA Degree of Acetylation

DLS Dynamic Light Scattering

DM Degree of Methylation

FAO Food and Agriculture Organization

GAE Gallic Acid Equivalent

GalA Galacturonic Acid

HPLC-DAD-MS High-Performance Liquid Chromatography—-Diode Array Detector-Mass
Spectrometry

'H-NMR Proton Nuclear Magnetic Resonance

ISTD Internal Standard

Pdl Polydispersity Index

TPC Total Phenolic Content
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