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ound treatments enhance
hydration properties and induce structural
modifications in dietary fibre concentrates derived
from orange peels

Julia Nutter, ab Robert Soliva-Fortuny, ab Olga Mart́ın-Belloso ab

and Pedro Elez-Mart́ınez *ab

Recent studies have focused on the modification of individual soluble and insoluble dietary fibre (DF) fractions

from fruit by-products to enhance the techno-functional properties of ingredients. However, the potential to

improve these properties in DF concentrates while preserving the combined functionality of both fractions

remains underexplored. This study aimed to optimise ultrasound treatment conditions—power (W), solid–

liquid ratio (g mL−1), and time (min)—to improve the hydration properties of DF concentrates derived from

orange peels (OP-DFC) and to explore the structure–function relationships associated with ultrasound-

induced modifications. Ultrasound treatments resulted in the selective enhancement of solubility (SOL, 320 W,

1 : 30 g mL−1, 30 min), swelling capacity (SC, 80 W, 1 : 25 g mL−1, 25.6 min), and water retention capacity

(WRC, 208 W, 1 : 20 g mL−1, 30 min), with increases of up to 60% compared with untreated OP-DFC.

Simultaneous optimisation yielded the best compromise at 188 W, 1 : 28 g mL−1, and 30 min. Enhancements

in hydration properties were associated with cavitation-induced structural modifications, including matrix

disruption, increased porosity, and partial depolymerisation of DF. These changes were reflected in a decrease

in the insoluble DF content from 49.4% to 42.4–46.2% and an increase in the soluble DF content from 6.6%

to 9.5–12.1%. From a technological perspective, increased SOL facilitates ingredient incorporation into foods

while higher SC and WRC enhance rehydration behaviour and binder performance across a wide range of

products. Overall, this strategy supports the development of clean-label, DF-rich ingredients from orange by-

products with targeted hydration functionalities, broadening their potential use in diverse formulations.
Sustainability spotlight

During orange processing for juice production, the food industry generates large amounts of pulp and peels that are typically discarded despite their potential as
cost-effective sources of dietary bre. This study demonstrated that, by optimising treatment conditions, ultrasound processing can be strategically applied to
tailor the hydration properties of orange-peel dietary bre concentrates, enhancing their potential use in food formulations. This work aligns with the UN's
Sustainable Development Goals 12, 9, and 3 by promoting the valorisation of underutilised biomass, the adoption of energy-efficient processing technologies,
and the development of bre-enriched ingredients that support healthier diets.
1. Introduction

The growing consumer interest in healthy, clean-label ingredi-
ents produced through more sustainable processes has driven
the food industry to adopt innovative approaches that align with
these demands.1 In this context, the development of novel die-
tary bre (DF)-rich ingredients is particularly relevant given the
well-documented physiological benets of DF, including
cholesterol reduction, attenuation of glycaemic response, and
improvements in gut and metabolic health.2
ring, and Science, University of Lleida,
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y the Royal Society of Chemistry
Fruit transformation industries generate large volumes of
underutilised by-products that represent cost-effective sources
of DF. Orange peel is especially attractive due to its abundance
and high levels of DF, with relatively high proportions of soluble
DF (SDF), mainly pectin.3 The balance between SDF and insol-
uble DF (IDF) largely determines the performance of DF-rich
ingredients once incorporated into foods. On the one hand,
soluble fractions disperse easily in aqueous systems, facilitating
their integration into diverse formulations, although high levels
of pectin may cause undesirable viscosity increases in liquid
and certain semi-solid products.4,5 On the other hand, insoluble
fractions contribute to water retention capacity (WRC),6–8 which
can improve juiciness in processed meats andmeat analogues8,9

and storage stability in baked goods.10 However, DF competes
Sustainable Food Technol.
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with other food constituents for water molecules, interfering
with gluten development and starch gelatinization and, thus,
leading to nal products of lower sensory acceptance.11,12 In this
context, evaluating hydration properties, such as solubility
(SOL), water retention capacity (WRC), and swelling capacity
(SC) provides an initial indication of how a novel ingredient may
behave when incorporated into foods.6

The technological limitations associated with SDF and IDF
highlight the need for innovative processing strategies capable
of modulating DF fractions and enhancing their techno-
functional performance. Traditionally, physical, chemical,
thermal, and enzymatic methods have been used, individually
or combined, to extract DF fractions or isolate specic poly-
saccharides from fruit by-products.1 More recently, research
efforts have been focused on modifying the bre composition
and structure rather than isolating specic fractions.13–16 This
approach aims to preserve and even enhance the combined
physiological and techno-functional benets of IDF and SDF
within a single product,1 while reducing the processing steps
associated with purication and isolation.

Ultrasound (US) is recognised as a “green” physical pro-
cessing technology, as it can be operated at mild temperatures
and under water-based processes, minimising or avoiding the
use of chemical reagents, while requiring relatively short pro-
cessing times and low energy inputs.17,18 In US, soundwaves
generate positive and negative pressure cycles in a liquid
medium. When the negative pressure exceeds the medium's
tensile strength, bubbles form, expand, and collapse. The
violent collapse near solid surfaces creates high velocity
microjets that can rupture plant tissues and loosen cell wall
polymer networks.15 However, research on US modication of
DF derived from orange by-products remains limited. Among
these, most studies focus on the modication of isolated DF
fractions or polysaccharides,6,7,19–22 which may increase process
complexity and do not fully exploit the combined functionality
of both SDF and IDF fractions. In contrast, novel ingredients
obtained through physical modication of DFC could benet
from the hydration properties of both DF fractions simulta-
neously. To the best of our knowledge, only one study has
evaluated the effect of US treatment on orange by-products to
modify their techno-functional and physiological properties.23

In that study, only modest improvements in WHC and no
enhancement in SOL were reported for powders derived from
orange pulp and peel mixtures, highlighting the need to explore
a broader range of processing conditions and optimisation
strategies. Therefore, the present study aimed to evaluate and
optimise the effect of US treatment conditions (power, solid–
liquid ratio, and time) to improve the hydration properties of DF
concentrates derived from orange peel (OP-DFC). Additionally,
it sought to explore the structure–function relationships
underlying potential modications induced by US.

2. Materials and methods
2.1. Materials

Oranges (Citrus sinensis var. Navel) at edible maturity stage
(total soluble solids: 11.9 °Brix, acidity: 1.1% citric acid) were
Sustainable Food Technol.
acquired from a local market (Lleida, Spain). Ascorbic acid,
citric acid, pepsin (695 IU per mg), and a-amylase (13 IU per mg)
were provided by Sigma-Aldrich (Saint Louis, Missouri, USA),
and amyloglucosidase (14 IU per mg) was acquired from Roche
(Basel, Switzerland).
2.2. Obtention of dietary bre concentrates from orange
peels

Oranges [78.53 ± 0.59% moisture, 60.08 ± 0.70% (dry weight
basis, dw) total dietary bre (TDF), 26.28 ± 0.32% (dw) digest-
ible carbohydrates, 5.73 ± 0.19% (dw) protein, 4.52 ± 0.30%
(dw) fat, and 3.02 ± 0.17% (dw) ash] were decontaminated with
sodium hypochlorite (135 mM), rinsed, dried, and peeled. The
peels were chopped and washed sequentially with hot deionized
water (85 °C), cold deionized water (4 °C), a citric acid (5 g L−1)-
ascorbic acid (10 g L−1) solution, and deionized water at room
temperature to reduce potential enzymatic activity.16 The peels
were drained, freeze-dried (−80 °C, 0.6 mbar, 96 h), ground,
sieved (<0.2 mm), packed in hermetic polyethylene containers,
and stored at −40 °C. The moisture content of the resulting OP-
DFC was 9.06 ± 0.15%.
2.3. Experimental design

A three-factor, three-level Box–Behnken design with 15 experi-
mental runs, including three central points, was used to
investigate the effects of US power (Χ1), solid–liquid ratio (SLR,
Χ2), and treatment time (Χ3) on the hydration properties (SOL,
SC, and WRC) of OP-DFC (Table 1). Power was evaluated at 80,
200, and 320 W; SLR at 1 : 30, 1 : 25, and 1 : 20 g mL−1; and
treatment time at 10, 20, and 30 min. Selected power levels and
treatment times were within the ranges reported in literature to
allow structural modication and prevent excessive poly-
saccharide degradation in similar DF-richmatrices, whereas the
SLR range was selected to ensure proper contact between the
solvent and OP-DFC and to avoid excessive viscosity of the
suspension, which may hider cavitation efficiency.15 The
experimental runs were performed in random order. A second-
order polynomial model (eqn (1)) was tted to the data using the
least squares regression method, where Y is the predicted
response (SOL, SC, WRC), Χi, ΧiΧj, and Χi

2 are the linear,
interaction, and quadratic effects of the independent variables
inuencing the response variables, respectively, and b0, bi, bij,
and bii are the regression coefficients for the intercept, linear,
interaction, and quadratic terms, respectively.

Y ¼ b0 þ
X3

i¼1

biΧi þ
X2

i¼1

X3

j¼2; j. i

bijΧiΧj þ
X3

i¼1

biiΧiXi
2 (1)

Response surface methodology (RSM) was used to determine
the best conditions for maximising the response variables,
individually and simultaneously, with the desirability function
under the larger-the-best criterion.24 Each model was validated
by performing a set of three independent experiments using the
conditions obtained from the individual and simultaneous
optimisations to evaluate the reliability of the predicted models.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Box–Behnken design for ultrasound treatment conditions and their response variables expressed as mean± standard deviation (N= 3)a

Run

Independent variables Response variables

Power
(Χ1, W)

Solid–liquid
ratio (Χ2, g mL−1)

Time
(Χ3, min)

Solubility
(% dw)

Swelling capacity
(mL g−1 dw)

Water retention capacity
(g g−1 dw)

Total energy input
(kJ kg−1)

1 80 1 : 30 20 48.45 � 1.35 15.95 � 0.71 6.57 � 0.35 240
2 80 1 : 20 20 40.20 � 2.36 15.65 � 0.81 6.72 � 0.17 240
3 320 1 : 30 20 56.87 � 2.03 12.12 � 0.53 6.28 � 0.64 960
4 320 1 : 20 20 52.08 � 2.07 12.51 � 0.51 7.09 � 0.18 960
5 80 1 : 25 10 40.67 � 2.30 15.46 � 0.80 6.36 � 0.03 120
6 80 1 : 25 30 45.01 � 0.36 17.28 � 0.90 7.13 � 0.38 360
7 320 1 : 25 10 45.79 � 1.52 13.90 � 0.13 6.37 � 0.47 480
8 320 1 : 25 30 57.12 � 2.31 10.48 � 0.50 7.90 � 0.19 1440
9 200 1 : 30 10 44.76 � 1.74 14.45 � 0.23 7.34 � 0.34 300
10 200 1 : 30 30 54.23 � 3.01 13.47 � 0.31 8.02 � 0.27 900
11 200 1 : 20 10 41.43 � 1.57 14.35 � 0.42 6.85 � 0.35 300
12 200 1 : 20 30 47.97 � 2.35 13.42 � 0.33 8.72 � 0.35 900
13 200 1 : 25 20 46.90 � 1.16 15.39 � 0.32 7.92 � 0.43 600
14 200 1 : 25 20 46.44 � 1.16 15.62 � 0.59 7.55 � 0.19 600
15 200 1 : 25 20 47.49 � 1.04 16.04 � 0.51 7.55 � 0.29 600
UT-1 : 30 0 1 : 30 0 40.82 � 1.09 10.95 � 0.28 6.19 � 0.04 0
UT-1 : 25 0 1 : 25 0 40.36 � 1.41 10.84 � 0.42 6.28 � 0.31 0
UT-1 : 20 0 1 : 20 0 40.32 � 2.12 10.63 � 0.12 6.31 � 0.19 0

a UT-1 : 30, UT-1 : 25, and UT-1 : 20 refer to untreated dietary bre concentrates derived from orange peels (OP-DFC) prepared at solid–liquid ratios
of 1 : 30, 1 : 25, and 1 : 20, respectively, to match the conditions used for the ultrasound-treated OP-DFC.
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The relative standard error (RSE) was calculated for each pair of
predicted and experimental values (eqn (2)). An RSE below
a 10% was considered acceptable. The conditions resulting in
the maximum SOL, SC, and WRC were coded as SOL-OPT, SC-
OPT, and WRC-OPT, respectively, meanwhile that resulting
from the simultaneous optimisation was coded as SIM-OPT. OP-
DFC obtained under optimal conditions were subsequently
characterised.

Relative standard error

¼ jpredicted value� experimental valuej
predicted value

� 100 (2)

2.4. Ultrasound treatments

Ultrasound treatments were performed using an UP400S ultra-
sonic homogenizer (Hielscher Ultrasonics GmbH, Teltow, Ger-
many) operating at a frequency of 24 kHz and a maximum
nominal power output of 400 W (100% amplitude), equipped
with a 14 mm diameter sonotrode (maximum amplitude of 125
mm, H14, Hielscher Ultrasonics GmbH, Teltow, Germany). The
device amplitude was adjusted to 20, 50, and 80% to deliver US
powers of 80, 200, and 320 W, respectively. OP-DFC was
dispersed in distilled water (suspension mass of 200 g), stirred
at 1000 rpm for 30 min, stored at 4 °C for 1 h, and then trans-
ferred into a double-jacketed sample vessel with water recircu-
lation (4 °C) and constant stirring (500 rpm). The sonotrode tip
was immersed in the suspension, leaving a 4 cm gap between
the tip and the vessel bottom. OP-DFC suspensions were treated
in pulsed mode (50% duty cycle, 1 s on, 1 s off) under the
conditions specied in Table 1. Ultrasound power, treatment
time, duty cycle, and the mass of OP-DFC suspensions were
© 2026 The Author(s). Published by the Royal Society of Chemistry
used to calculate the total energy input (eqn (3)). Untreated OP-
DFC suspensions were prepared at 1 : 30, 1 : 25, and 1 : 20 SLR as
control. Untreated and US-treated suspensions were immedi-
ately freeze-dried (−80 °C, 0.6 mbar, 96 h), sieved (<0.2 mm),
and stored in hermetic polyethylene containers at −40 °C for
subsequent analysis.

Total energy input
�
E; J kg�1

�

¼ powerðWÞ � ½0:5� time ðsÞ�
OP-DFC suspension massðkgÞ (3)

2.5. Techno-functional properties

The hydration properties (SOL, SC, and WRC) and the oil
retention capacity (ORC) were evaluated following the proce-
dures described by Nutter et al. (2025)14 and calculated from eqn
(4)–(7), respectively. Solubility describes the fraction of DF that
dissolves in water, SC reects the ability of the DF matrix to
absorb water expand, and WRC and ORC represent the capacity
of the DF matrix to physically entrap water or oil, respectively.
Results were expressed on a dw basis.

SOLð%; dwÞ ¼ WOP-DFC � WDP

WOP-DFC

� 100 (4)

SC
�
mL g�1; dw

� ¼ VP

WOP-DFC

(5)

WRC
�
g g�1; dw

� ¼ WW

WOP-DFC

(6)

ORC
�
g g�1; dw

� ¼ WO

WOP-DFC

(7)
Sustainable Food Technol.
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whereWOP-DFC is the weight of OP-DFC;WDP is the weight of the
pellet resulting from OP-DFC aer solubilisation in excess water
(3 h), centrifugation, and drying (60 °C, 24 h); VP is the volume
occupied by the hydrated OP-DFC aer incubation in excess
water for 24 h; WW and WO are the weights of water or oil
adsorbed by the pellet resulting from OP-DFC aer incubation
in excess water (24 h) or oil (1 h), respectively.

2.6. Physical properties

The apparent viscosity of 6% (w/w) OP-DFC suspensions was
measured using an SV-10 vibro-viscosimeter (A&D Instruments
Ltd, Abingdon, UK) at 25 °C and aer 24 h of storage at 4 °C.
This concentration was selected to comply with the “source of
bre” claim (>3% TDF) by the European Safety Authority
(EFSA),25 based on the TDF content in OP-DFC (2.2). The mean
particle size was determined by laser diffraction using aMS3000
mastersizer (Malvern Instrument, Worcestershire, UK). Orange
peel-DFC were dispersed in deionized water (1% w/v) and
transferred into the instrument's dispersion unit. The mean
particle size, dened as the diameter (in mm) at which 50% of
the particle volume is smaller and 50% is larger, was calculated
by the instrument soware from the particle size distribution
curve.

2.7. Total, insoluble and soluble dietary bre content

The DF content was determined using the gravimetric–enzy-
matic method described by Goñi et al. (2009).26 Briey, OP-DFC
(300 mg) was dispersed in 10 mL phosphate buffer (0.1 M, pH
7.5), the pH was adjusted to 1.5, and the suspension was incu-
bated at 40 °C for 1 h with 0.2 mL pepsin solution (300 mg
mL−1, in 0.08 M HCl–KCl). The pH was raised to 7.5, and the
suspension was incubated at 37 °C for 6 h with 1 mL pancreatin
solution (5 mg mL−1, in 0.1 M phosphate buffer). Subsequently,
10 mL of phosphate buffer (pH 7.5) was added, the pH adjusted
to 6.9, and the suspension incubated at 37 °C for 16 h with 1 mL
a-amylase solution (162 mg mL−1, in 0.1 M trizma-maleate
buffer). The enzymatic hydrolysate was centrifuged (3000×g,
15 min, 4 °C), and the pellet washed twice and dried at 105 °C
for 24 h to obtain the IDF fraction. Sodium acetate buffer (0.2 M,
10 mL, pH 4.75) was added to the supernatant and incubated
(60 °C, 45 min) with 0.1 mL amyloglucosidase solution (10 mg
mL−1). The supernatant was dialysed (12 kDa cut-off cellulose
membranes) for 48 h, and the dialysate was freeze-dried (−80 °
C, 0.6 mbar, 96 h) to yield the SDF fraction. TDF was calculated
as the sum of IDF and SDF. An enzyme blank was subtracted
from both IDF and SDF fractions. Results were expressed as
grams per 100 g (% dw).

2.8. Microstructure

The microstructure was examined by scanning electron
microscopy (SEM). Briey, OP-DFC were placed on double-sided
carbon tape, coated with a thin layer of gold (90 s, 30 mA), and
visualized with an FEI Scios DualBeam scanning electron
microscope (Fei Company, Hillsboro, Oregon, USA) operating at
an accelerating voltage of 20 kV. Images were obtained at
magnications of 300, 1000, and 5000-fold.
Sustainable Food Technol.
2.9. Thermal properties

The thermal analysis was evaluated by differential scanning
calorimetry (DSC) using a STARe SYSTEM DSC 3+ differential
scanning calorimeter (Mettler Toledo, Columbus, OH, USA). For
this purpose, 4–6 mg of OP-DFC was transferred into 40-mL
aluminium crucibles, and the experiments were conducted in
an inert N2 atmosphere (50 mL per min ow). The temperature
range was 30–200 °C and the heating rate was 10 °C min−1. The
peak temperature was acquired from the thermograms using
STARe Excellence soware (Mettler Toledo, Columbus, Ohio,
USA).

2.10. Crystalline structure

The crystalline structure was analysed by X-ray diffraction (XRD)
using an Ru2500 Rigaku diffractometer (Rigaku, Neu-Isenburg,
Germany) equipped with a rotating anode. The instrument was
operated at 40 kV and 80 mA with a Cu anode, and a graphite
monochromator was used to select the Ka radiation. Diffraction
patterns were recorded over a diffraction angle (2q) of 10° to 50°,
with a step size of 0.03° and, 1 s per step.

2.11. Molecular structure

The molecular structure was studied by Fourier transform
infrared (FTIR) spectroscopy. Measurements were performed on
a 6300 FT-IR spectrometer (Jasco Inc., Madrid, Spain) equipped
with a MIRacle attenuated total reectance accessory (Pike
Technologies, Madison, Wisconsin, USA). Spectra were recor-
ded in absorbance mode by averaging 32 scans over the range of
4000–650 cm−1, with a resolution of 4 cm−1. A background
spectrum was acquired prior to each measurement to account
for environmental variations. Spectra were baseline-corrected
and normalized to minimise confounding effects such as
sample thickness.27 Normalization to the C–H stretching
vibration band (∼2930 cm−1) was performed due its stability
across samples and lack of overlap with other bands.

2.12. Statistical analysis

Experimental runs (Table 1) were performed in triplicate; three
independently prepared suspensions were subjected to the
same treatment conditions. Results were reported as mean ±

standard deviation. Data was analysed using JMP version 18.0.1
(JMP Statistical Discovery LLC, Cary, North Carolina, USA). For
RSM, analysis of variance (ANOVA) followed by Tukey's multiple
comparison test was performed. Model adequacy was assessed
through lack of t tests, coefficient of determination (R2), and
adjusted R2 using a 95% condence level. Comparisons
between optimal treatments were also performed using ANOVA
followed by Tukey's test.

3. Results & discussion
3.1. Effect of ultrasound treatment conditions and process
optimisation

Response surface methodology using a Box–Behnken experi-
mental design was employed to evaluate the effects of US
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Estimated regression coefficients of the adjusted quadratic models obtained for solubility (SOL), swelling capacity (SC), and water
retention capacity (WRC) with response surfacemethodology as a function of coded variables for power (Χ1), solid–liquid ratio (Χ2), and time (Χ3)

a

SOL (%) SC (mL g−1) WRC (g g−1)

Parameter
estimates

Standard
error p-value

Parameter
estimates

Standard
error p-value

Parameter
estimates

Standard
error p-value

Intercept 46.2805 0.5362 <0.0001** 15.6822 0.1814 <0.0001** 7.7061 0.0814 <0.0001**
Linear — — NS
Χ1 4.6929 0.3947 <0.0001** −1.9138 0.1111 <0.0001** — — NS
Χ2 −2.8542 0.3947 <0.0001** — — NS — — —
Χ3 3.9854 0.3947 <0.0001** −0.4350 0.1111 0.0004** 0.6142 0.0762 <0.0001**
Crossed
Χ1 Χ2 — — NS — — NS — — NS
Χ1 Χ3 1.7501 0.5581 0.0033** −1.3033 0.1571 <0.0001** — — NS
Χ2 Χ3 — — NS — — NS 0.2975 0.1077 <0.0001**
Quadratic
Χ1

2 1.3641 0.5792 0.0238* −0.6290 0.1635 0.0005** — — NS
Χ2

2 1.2616 0.5792 0.0357* −0.9907 0.1635 <0.0001** −0.8954 0.1115 <0.0001**
Χ3

2 — — NS −0.7732 0.1635 <0.0001** — — NS
Lack of t 0.1443 0.5907 0.1030
ANOVA <0.0001** <0.0001** <0.0001**
R2 0.8924 0.9233 0.7853
R2 adjusted 0.8753 0.9088 0.7578
Desirability 0.996 0.864 0.864

a Coefficients with p-values between 0.01 and 0.05 and less than 0.01 were considered signicant (*) and highly signicant (**), respectively.
Coefficients with p-values greater than 0.05 were considered not signicant (NS) and were excluded from the nal models (—).
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treatment conditions, namely power, SLR, and treatment time, on
the hydration properties of OP-DFC. Table 1 summarizes the
experimental design and the corresponding values of SOL, SC, and
WRC, whereas Table 2 shows the regression coefficients of the
adjusted quadratic models obtained for these response variables.
The associated RSM plots are presented in Fig. I–III of the SI.

Solubility increased at most US treatment conditions (Table
1). The highest SOL was attained at 320 W, 1 : 30 SLR, and
30 min (1440 kJ kg−1), representing a 40% increase compared
with the untreated OP-DFC. The ANOVA (p < 0.0001, adjusted R2

0.88) conrmed that the quadratic model adequately tted the
experimental data, allowing reliable prediction of SOL.

Solubility increased (p < 0.0001) with both power (Χ1) and
treatment time (Χ3), and their interaction (Χ1Χ3) was also
signicant (p = 0.0033), indicating a synergistic effect.
Increasing the applied power intensies the acoustic energy
delivered to the medium, causing cavitation bubbles to form
and collapse more violently near plant tissue surfaces and
generating intense microjets and shear forces that fragment cell
walls.15,18 This structural disruption facilitates the release of
soluble constituents, including SDF, sugars, proteins, and
bioactive compounds,28–30 as well as the weakening of inter- and
intramolecular non-covalent bonds within the DF network,
increasing the availability of hydrophilic groups for water
interaction.16,31 These effects are further accentuated as treat-
ment time progresses,15 ultimately leading to the observed rise
in OP-DFC SOL. Furthermore, SOL increased (p < 0.0001) as SLR
(Χ2) decreased from 1 : 20 to 1 : 30 g mL−1, meaning that US-
induced solubilisation was favoured in more diluted OP-DFC
suspensions. Lower SLR enhances mass transfer by increasing
the contact area between the solvent and plant material,
© 2026 The Author(s). Published by the Royal Society of Chemistry
promoting the release and dissolution of soluble poly-
saccharides.32 Additionally, at lower SLR (e.g., 1 : 30), less solid
material is available to absorb the acoustic energy, which may
intensify matrix disruption and further increase the exposure of
hydrophilic groups, thereby promoting solubilisation. In
contrast, cavitation is typically attenuated in more concentrated
suspensions (e.g., 1 : 20) because bubble formation requires
greater energy to overcome the strong cohesive forces charac-
teristic of viscous liquids.33

The quadratic terms for power (Χ1
2) and SLR (Χ2

2) were
signicant (p < 0.05) and positive, suggesting that SOL
increased more sharply at higher powers, whereas the effect of
SLR was more attenuated between high-to-intermediate ratios
(1 : 20–1 : 25) but became more pronounced when moving from
intermediate-to-low ratios (1 : 25–1 : 30).

Swelling capacity increased by up to 60% following US treat-
ments respect to untreated OP-DFC (Table 1), with the highest
value obtained at 80 W, 1 : 25 SLR, and 30 min (360 kJ kg−1). The
experimental data were well tted by the quadratic model (p <
0.0001, adjusted R2 0.91), supporting a reliable prediction of the
response. Power (Χ1) had a signicant (p < 0.0001) negative effect
on SC,meaning that lower powers enhanced the ability of OP-DFC
to absorb water and expand, but this effect was attenuated as
power increased from 80 to 320 W. Similarly, treatment time (Χ3)
exerted a signicant (p = 0.0004) negative effect, with higher SC
values observed at shorter sonication times. The interaction
between power and time was also signicant and negative (p <
0.0001), suggesting that applying low powers for short periods
further enhanced the SC of OP-DFC. Additionally, all quadratic
terms were signicant (p < 0.001) and negative, indicating that SC
would generally peak at intermediate levels of the factors. The
Sustainable Food Technol.
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swelling of plant cell wall polysaccharides results from a balance
between hydration forces, driven by the interaction of water with
hydrophilic groups, and elastic resistance exerted by ionic and
covalent bonds within the DF network. In this context, US can
disrupt intra- and intermolecular interactions and consequently
expose additional hydroxyl groups, therefore increasing the
driving forces for matrix swelling.33 Moderate-intensity and rela-
tively short treatments may open small pores in the matrix,34

shiing the equilibrium towards water–polymer interactions. In
contrast, high-intensity and prolonged treatments likely cause
structural collapse, thus reducing the swelling capacity of OP-DFC.

Water retention capacity increased under certain US condi-
tions, reaching a peak at 200 W, 1 : 20 SLR, and 30 min (900 kJ
kg−1), corresponding to a 40% increase compared with untreated
OP-DFC. The predicted quadratic model showed an acceptable t
to the experimental data (p < 0.0001, adjusted R2 0.76), allowing
a reasonably reliable prediction of the response. Treatment time
(Χ3) had a signicant (p < 0.0001) positive effect, indicating that
longer sonication favoured the ability of OP-DFC to adsorb water.
The interaction between SLR and treatment time (Χ2Χ3) was also
signicant (p < 0.0001) and positive, indicating that at more
concentrated OP-DFC suspensions, longer US exposure further
increased the WRC. Moreover, the quadratic term for SLR was
signicant (p < 0.01) and negative, meaning that WRC peaked at
intermediate-to-high concentrations. Water retention capacity
arises from both the physical entrapment of water within
a porous matrix and the adsorption of water molecules onto
hydrophilic groups. Ultrasound disrupts the DF network creating
pores and microchannels that enhance water binding by capil-
larity effects while increasing the availability of hydrophilic
groups through surface area enlargement.34,35 In this context,
longer treatments might promote progressive structural reor-
ganisation of the DF network, while more concentrated suspen-
sions favour a controlled distribution of acoustic energy. This
combination possibly limits excessive matrix collapse33 and
instead improves the matrix's ability to adsorb and entrap water,
ultimately increasing its WRC.
Table 3 Individual and simultaneous optimisation of ultrasound treatme
and water retention capacity (WRC) of dietary fibre concentrates der
responses under these conditionsa

Optimised condition

Power
(W)

SLR
(g mL−1)

Time
(min)

Total ene
input (kJ

Individual
optimization

SOL 320 1 : 30 30 1440
SC 80 1 : 25 25.6 307
WRC 208 1 : 20 30 936

Simultaneous
optimization

188 1 : 28 30 846

Untreated 0 1 : 25* 0 0

a RSE: relative standard error between predicted and experimental respon
selected as the control, since no signicant differences were observed in
evaluated.

Sustainable Food Technol.
The optimal conditions that maximised the hydration
properties of OP-DFC are presented in Table 3. For individual
responses, maximum values were predicted at 320W, 1 : 30 SLR,
30 min for SOL, 80W, 1 : 25 SLR, 25.6 min for SC, and 208W, 1 :
20 SLR, 30 min for WRC, whereas simultaneous optimization
yielded the best compromise at 188 W, 1 : 28 SLR, and 30 min
treatment time. Overall, the validation of the models showed
close agreement between predicted and experimental values,
with RSE below 10% generally considered acceptable. For
simultaneous optimization, the RSE for WRC was slightly
higher but remained acceptable given the multi-response
compromise.
3.2. Characterisation of OP-DFC treated under optimal US
conditions

The US treatment conditions that maximised SOL, SC, andWRC
of OP-DFC are hereaer referred to as SOL-OPT (320 W, 1 : 30
SLR, 30 min, 1440 kJ kg−1), SC-OPT (80 W, 1 : 25 SLR, 25.6 min,
307 kJ kg−1), and WRC-OPT (208 W, 1 : 20 SLR, 30 min, 936 kJ
kg−1), respectively, whereas the condition corresponding to the
simultaneous optimisation is referred to as SIM-OPT (188W, 1 :
28 SLR, 30 min, 846 kJ kg−1). The appearance of the OP-DFC
obtained under these conditions is shown in Fig. IV of the SI.
Ultrasound-treated OP-DFC were subsequently characterised in
their techno-functional and physical properties, DF content,
microstructure, crystalline structure, thermal properties, and
molecular structure.

3.2.1. Techno-functional properties. As previously di-
scussed (3.1), US treatments led to a general enhancement in
the hydration properties of OP-DFC, regardless of the optimi-
sation conditions applied (Fig. 1A). SOL increased by 54, 38, 31,
and 24% in OP-DFC treated under SOL-OPT, SIM-OPT, WRC-
OPT, and SC-OPT, respectively, compared with untreated OP-
DFC. As expected, higher powers and longer treatment time
resulted in higher OP-DFC solubilisation. Moreover, when
comparing treatments with similar powers (i.e., WRC-OPT and
nt conditions to maximise the solubility (SOL), swelling capacity (SC),
ived from orange peels (OP-DFC), with predicted and experimental

Response

rgy
kg−1) Predicted Experimental RSE (%)

62.19% 62.82 � 2.35% 1.0
17.21 mL g−1 16.12 � 0.28 mL g−1 6.7
8.77 g g−1 8.74 � 0.06 g g−1 0.3
SOL = 50.80% SOL = 56.32 � 0.73% 9.8
SC = 14.59 mL g−1 SC = 12.85 � 0.58 mL g−1 13.5
WRC = 8.32 g g−1 WRC = 8.06 � 0.14 g g−1 3.2

SOL = 40.90 � 1.74%
SC = 10.77 � 5.12 mL g−1

WRC = 6.42 � 0.14 g g−1

se. [*] Solid–liquid ratio (SLR) of 1 : 25 g mL−1 (intermediate value) was
the hydration properties of untreated OP-DFC across the different SLR

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Techno-functional and (B) physical properties of orange
peel dietary fibre concentrates under optimal ultrasound conditions
for solubility (SOL), swelling capacity (SC), and water retention capacity
(WRC), individually and simultaneously (SIM-OPT). Different letters
indicate significant differences (p < 0.05) within each property. SOL-
OPT: 320 W, 1 : 30 SLR, 30 min; SC-OPT: 80 W, 1 : 25 SLR, 25.6 min;
WRC-OPT: 208 W, 1 : 20 SLR, 30 min; SIM-OPT: 188 W, 1 : 28 SLR,
30 min.
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SIM-OPT), lower SLR values resulted in higher SOL, supporting
that US-induced disruption and release of soluble material are
favoured in more diluted suspensions. These results differ from
those reported in a recent study, which found no effect of US
(400W, 45min, 1 : 37 SLR) on SOL in DFC obtained from orange
pulp-peel mixtures.23 Differences among studies suggest that,
beyond certain thresholds of processing conditions, solubility
of DFC derived from orange by-products may be hindered.

Swelling capacity increased by 50% under SC-OPT condi-
tions and by 19% under both WRC-OPT and SIM-OPT treat-
ments compared with untreated OP-DFC. Although SC values
were relatively similar at intermediate-to-high powers (188–320
W), a clear downward trend was observed (188 > 208 > 320 W),
with SOL-OPT ultimately showing no improvement over the
control. These results are consistent with the regression model
(3.1), where both power and treatment time had signicant
negative effects, and their interaction further accentuated the
reduction in SC under prolonged high-power conditions. These
results are consistent with previous studies on US-assisted
extraction of pectin from grapefruit peel, where the highest
SC of the resulting ingredient was achieved at power densities of
0.33–0.53 W mL−1.33 In this context, the lowest power evaluated
in the present study (80 W) corresponded to a power density of
© 2026 The Author(s). Published by the Royal Society of Chemistry
0.4 W mL−1 (∼200 mL suspension), which falls within this
optimal range.

Water retention capacity also improved under all conditions
evaluated, with increases of 36% (WRC-OPT), 26% (SOL-OPT
and SIM-OPT), and 19% (SC-OPT) compared to untreated OP-
DFC. These results align with the regression model (3.1),
which showed no signicant effect of power, while treatment
time exerted a positive inuence, further enhanced by its
interaction with SLR. Accordingly, the highest WRC was ob-
tained under WRC-OPT (208 W, 1 : 20 SLR, 30 min), where the
synergy between SLR and treatment time was maximised. In
contrast, SC-OPT showed the lowest increase, as it was exposed
to the shortest sonication treatment (25.6 min). Meanwhile,
SOL-OPT (320W, 30min) and SIM-OPT (188W, 30min) resulted
in similar WRC values despite their power differences, sup-
porting that treatment time was a key factor inuencing the
WRC of OP-DFC. Similarly, Manthei et al.23 reported an overall
increase in WRC following US treatments, with no signicant
effect of US power. This enhancement has been attributed to the
increased availability of hydrophilic functional groups resulting
from cavitation-induced matrix disruption.23

The effect of US treatments on ORC, an indicator of the
binding of lipids and lipid-soluble avours during cooking, was
also evaluated. Ultrasound treatments (307–1440 kJ kg−1)
increased the ORC of OP-DFC by 23–41%, compared with the
untreated counterpart; however, no signicant (p > 0.05)
differences were observed among treatments (Fig. 1A). Recent
studies applying US (∼970–5800 kJ kg−1) on DFC derived from
orange by-products found limited or no effects on ORC. A 7.6%
increase was reported only under specic conditions (∼1950 kJ
kg−1, 400 W, 15 min, 1 : 37 SLR), whereas both higher and lower
energy inputs showed no improvement compared to untreated
DFC.16,23 Differences across studies likely reect variations in
process severity. Under moderate US conditions, the DF matrix
may loosen, creating pores that physically entrap lipids and
expose internal hydrophobic groups, thereby enhancing lipid
binding capacity.14,36 Conversely, more intense conditions may
cause structural collapse, diminishing potential gains in ORC.

3.2.2. Physical properties. Apparent viscosity was also
evaluated as it inuences the processability (e.g., mixing,
pumping, lling) and sensory attributes (e.g., thickness,
mouthfeel) of food products into which DF-rich ingredients are
incorporated.37 OP-DFC suspensions were prepared at a 6% (w/
w) concentration, which complies with the “source of bre”
claim (>3% TDF dw) established by EFSA.25 The apparent
viscosity of untreated OP-DFC suspension was 5.76 mPa s at 25 °
C and decreased by 52–61% in suspensions prepared with US-
treated OP-DFC, with SOL-OPT and WRC-OPT exhibiting
slightly higher values than SC-OPT and SIM-OPT (Fig. 1B).
Ultrasound-induced deceases in viscosity have previously been
reported as evidence of partial depolymerisation of plant cell
walls.38 This effect can be attributed to cavitation-induced
mechanical forces acting at solid interfaces. This forces typi-
cally lead to particle fragmentation and weakened interparticle
entanglements, ultimately lowering the viscosity of suspen-
sions.15 From a technological perspective, the reduced viscosity
of 6% (w/w) OP-DFC suspensions offers promise for nutritional
Sustainable Food Technol.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00922g


Fig. 2 Total (TDF), insoluble (IDF), and soluble dietary fibre (SDF)
content in orange peel dietary fibre concentrates under optimal
ultrasound conditions for solubility (SOL-OPT), swelling capacity (SC-
OPT), and water retention capacity (WRC-OPT), individually and
simultaneously (SIM-OPT). Different letters indicate significant differ-
ences (p < 0.05) for each dietary fibre fraction. SOL-OPT: 320 W, 1 : 30
SLR, 30min; SC-OPT: 80W, 1 : 25 SLR, 25.6min; WRC-OPT: 208W, 1 :
20 SLR, 30 min; SIM-OPT: 188 W, 1 : 28 SLR, 30 min.
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improvement while limiting the viscosity increases usually
associated with adding DF-rich ingredients into low-viscosity
foods such as beverages and soups, which may contribute to
preserving their original sensory attributes.

Aer 24 h at 4 °C, the apparent viscosity of untreated OP-DFC
suspensions increased to 9.11 mPa s. This rise is likely due to
the physical association of solubilised pectic substances during
cold storage, promoting chain interactions and the formation of
junction zones that immobilise water and thicken the suspen-
sion.39 Similarly, all US-treated OP-DFC suspensions showed
higher viscosities aer cooling compared to 25 °C, yet they
remained lower than that of the untreated OP-DFC suspension.
Notably, the viscosity of the SOL-OPT suspension was 38%
higher than that of suspensions obtained under the other US
treatments (∼3.5 mPa s). This trend likely reects a greater
release of soluble polysaccharides, including pectin, which
thicken aqueous systems more effectively, particularly at low
temperatures.40

The mean particle size of US-treated OP-DFC was 26–61%
higher than that of the untreated counterpart (Fig. 1B). These
results contrast with those reported by Manthei et al. (2024),23

who reported particle size reduction of orange peel-pulp
mixtures aer US, although peel-rich formulations retained
signicantly larger particles than pulp-rich ones. During cavi-
tation, soluble molecules such as proteins and polyphenols are
released from citrus cells29 and may interact with DF to form
polysaccharide–protein and polysaccharide–polyphenol
complexes,41,42 thereby promoting agglomeration and
increasing mean particle size. In agreement, a previous study by
our group reported increased mean particle size of OP-DFC but
decreased size in DFCs derived from orange bagasse following
pulsed electric elds treatment.14 This effect was suggested to
arise from the signicantly higher polyphenol content of the
former. Despite the increase in particle size observed in the
present study, the resulting values remained within the sug-
gested range (∼45–450 mm) to ensure adequate incorporation of
DFCs into different food products.43

3.2.3. Total, insoluble, and soluble dietary bre content.
Untreated OP-DFC consisted of 56.0% TDF, of which 49.4%
corresponded to IDF and 6.6% to SDF. Following US treatments,
IDF content decreased by 6.7–14.0%, while SDF levels increased
by 44.0–83.6%, compared to untreated OP-DFC (Fig. 2). The
most pronounced changes in DF fractions were observed under
SOL-OPT conditions, where the IDF : SDF ratio decreased from
7.5 : 1 (untreated) to 3.5 : 1, followed by SIM-OPT (3.7 : 1), WRC-
OPT (4.1 : 1), and SC-OPT (4.9 : 1). Only a slight decrease (0.7–
3.7%) in TDF content was observed, suggesting that US treat-
ments did not lead to major degradation of DF, but rather to
a redistribution of their fractions. Furthermore, SDF content
was strongly correlated with OP-DFC SOL (r = 0.9288, p <
0.0001), suggesting that US-driven gains in SOL likely arose
from an increase in SDF. These results align with previous
ndings showing that US disrupts plant tissues and causes cell
wall fragmentation, improving protopectin hydrolysis and
pectin solubilisation in grapefruit peels.33 In addition, US has
been reported to promote partial depolymerisation of IDF into
Sustainable Food Technol.
SDF in orange peel when combined with deep eutectic
solvents.22

The higher SDF content observed in OP-DFC treated under
SOL-OPT supports the apparent viscosity results (3.2.1), as it
likely contributed to greater water immobilization during cold
storage, resulting in the thickest suspension among US-treated
systems.

3.2.4. Microstructure. The microstructure of untreated OP-
DFC consisted of compact fragments with relatively smooth
surfaces and few visible openings (Fig. 3A–C), in accordance
with previous reports.14 Aer US treatments, OP-DFC micro-
structure became rougher and more porous than that of the
untreated material. These modications are attributed to
cavitation-induced shear forces causing tissue erosion and
fragmentation.33,44

Among treatments, SOL-OPT induced the most pronounced
structural changes in OP-DFC, transforming smooth surfaces
into highly porous matrices that exposed internal structures
(e.g., vascular bundles) (Fig. 3D–F). These features align with the
intense treatment conditions applied (1440 kJ kg−1), under
which high power and prolonged sonication maximised matrix
disruption. Moreover, the low SLR (1 : 30) results in a high
energy input per unit of solid, further intensifying this effect.
This degree of disruption is consistent with the release and
solubilisation of cell wall polysaccharides, likely leading to the
highest solubility (Fig. 1A) and SDF levels (Fig. 2). In addition,
the more porous structure increases surface area, facilitating
interactions between hydrophilic groups and water molecules
and, in turn, contributing to the moderate enhancement in
WRC (Fig. 1A).

In contrast, SC-OPT (307 kJ kg−1) resulted in the least altered
microstructure and was characterised by the presence of
smooth and compact fragments, comparable to those in
untreated OP-DFC, interspersed with rougher ones (Fig. 3G–I).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electron microscopy images of untreated orange peel dietary fibre concentrates (A–C) and concentrates treated under optimal
ultrasound conditions for solubility (SOL-OPT, D–F), swelling capacity (SC-OPT, G–I), and water retention capacity (WRC-OPT, J–L), individually
and simultaneously (SIM-OPT, M–O). Rectangles indicate the magnified areas, from left (300×) to right (5000×). Continuous arrows indicate
pores; dotted arrows indicate exposure of internal structures; R: rough surface; S: smooth surface.

© 2026 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol.
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Fig. 4 (A) Differential scanning calorimetry thermograms and (B) X-ray
diffraction patterns of orange peel dietary fibre concentrates under
optimal ultrasound conditions for solubility (SOL-OPT), swelling
capacity (SC-OPT), and water retention capacity (WRC-OPT), indi-
vidually and simultaneously (SIM-OPT). SOL-OPT: 320 W, 1 : 30 SLR,
30 min; SC-OPT: 80 W, 1 : 25 SLR, 25.6 min; WRC-OPT: 208 W, 1 : 20
SLR, 30 min; SIM-OPT: 188 W, 1 : 28 SLR, 30 min.
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The latter exhibited irregular, folded surfaces with limited
porosity. This loose yet not extensively disrupted morphology
likely favoured water absorption within the DF network and
subsequent expansion,17,34 leading to the highest SC values
among treatments (Fig. 1A). Unlike SOL-OPT OP-DFC, the
absence of exposed vascular bundles supported a milder level of
disruption. Accordingly, smaller increases in SOL, WRC, and
SDF levels were observed under SC-OPT conditions (Fig. 1A and
2).

The microstructure of OP-DFC treated under WRC-OPT
(Fig. 3J–L) was characterised by rough fragments with
moderate porosity and limited exposure of internal structures,
as fewer vascular bundles were observed compared with SOL-
OPT. This structural conguration resulted in the highest
WRC, possibly by providing sufficient exposure of hydrophilic
groups while preserving matrix integrity, enabling efficient
water binding and retention.17 These features are consistent
with the intermediate specic energy input applied (936 kJ
kg−1), which led to moderate increases in SOL, SC (Fig. 1A), and
SDF levels (Fig. 2) compared with SOL-OPT and SC-OPT.

Orange peel-DFC treated under SIM-OPT (Fig. 3M–O)
showed similar microstructural attributes to those observed
following WRC-OPT, in agreement with the comparable energy
input (846 kJ kg−1). Accordingly, SOL and SC values were similar
to those obtained under WRC-OPT. Nevertheless, WRC was
lower under SIM-OPT (1 : 28 SLR) than WRC-OPT (1 : 20 SLR),
likely due to the positive effect of higher solid concentrations on
WRC, as previously discussed (3.1).

3.2.5. Thermal properties. The DSC thermogram of
untreated OP-DFC showed a single endothermic event with
peak temperature of 163.5 °C (Fig. 4A), consistent with values
previously reported for citrus by-products.14 This transition has
been attributed to water evaporation from heat absorption.45

The DSC prole of OP-DFC treated under SC-OPT (307 kJ
kg−1) was similar than that of the untreated counterpart,
showing a small increase in peak temperature (+1.6 °C) and
associated enthalpy. These changes likely reect the limited
structural disruption induced by SC-OPT treatment (Fig. 3),
which slightly loosens the matrix and promotes water absorp-
tion. In contrast, endothermic peak temperatures decreased by
7, 12, and 28 °C for OP-DFC treated under WRC-OPT (936 kJ
kg−1), SIM-OPT (846 kJ kg−1), and SOL-OPT (1440 kJ kg−1)
conditions, respectively, compared with untreated OP-DFC.
These peaks were also broader and atter, in line with a more
heterogeneous matrix,46 which required less energy for water
release. This reduced thermal stability provides evidence for US-
induced partial depolymerisation of DF and exposure of soluble
domains in OP-DFC. The most pronounced changes occurred
under SOL-OPT, reecting its highly disrupted microstructure
and increased pore density, where water molecules might
interact weakly with the DF network. WRC-OPT and SIM-OPT
showed intermediate decreases in peak temperature, in line
with their moderate but evident matrix opening.

3.2.6. Crystalline structural properties. The diffractograms
of untreated OP-DFC revealed low crystallinity, with a broad
amorphous region centred between 18–24° 2q, characteristic of
the disordered domains of pectin, hemicellulose, and
Sustainable Food Technol.
amorphous cellulose in citrus cell wall polysaccharides.7,19,30

Moreover, weak peaks at ∼16.5°, 21–22°, and 37.5° 2q (Fig. 4B)
appeared superimposed to this region, and were assigned to the
crystalline cellulose I reections from the 101, 002, and 004
planes, respectively.7,22

Aer US treatments, the positions of the cellulose diffraction
peaks remained mostly unchanged, indicating that US treat-
ments did not alter the crystalline structure of cellulose.
However, the peaks in the 18–22° 2q region became slightly
sharper than in untreated OP-DFC, suggesting an apparent
increase in relative crystallinity. These results may reect partial
detachment of amorphous polymers, such as pectin, hemi-
cellulose, and amorphous cellulose, from the cell wall matrix
under US. This hypothesis is consistent with the redistribution
of DF fractions and the increase in SDF content in OP-DFC
(Fig. 2). Furthermore, under SOL-OPT conditions, the diffrac-
tion peak at 37.5° 2q disappeared, suggesting that the most
intense US treatment (1440 kJ kg−1) disrupted, at least partially,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the intra- and intermolecular hydrogen bonds responsible for
conferring structural order to crystalline cellulose. This result
aligns with DSC and SEM ndings, where OP-DFC treated under
SOL-OPT displayed the lowest thermal stability (Fig. 4A) and the
greatest microstructural disruption (Fig. 3D–F).

3.2.7. Molecular structure. The normalized FTIR spectrum
of untreated OP-DFC exhibited the characteristic absorption
bands previously reported for cell wall polysaccharides in
orange peel.14 The spectra of US-treated OP-DFC showed the
same band positions as the untreated counterpart, with small
differences in peak relative intensities (Fig. 5).

The broad band at∼3330 cm−1 is assigned to O–H stretching
vibrations n(O–H).47 The n(O–H) band intensity for OP-DFC
treated under SC-OPT was comparable to that of untreated
OP-DFC, whereas an increasing trend was observed for WRC-
OPT (+1.4%), SIM-OPT (+7.4%), and SOL-OPT (+12.5%). This
increase indicates greater availability of hydroxyl groups,45

which overall tended to increase as the US energy input
increased. These results are consistent with the cavitation-
driven fragmentation of cell walls and pore formation (Fig. 3),
that likely increases the exposure of hydroxyl groups previously
involved in intra- or intermolecular interactions within the DF
Fig. 5 FTIR spectra of orange peel dietary fibre concentrates under opt
(SC-OPT), and water retention capacity (WRC-OPT), individually and sim
3800 to 2900 cm−1; (C) magnified region from 1800 to 1500 cm−1. SO
WRC-OPT: 208 W, 1 : 20 SLR, 30 min; SIM-OPT: 188 W, 1 : 28 SLR, 30 m

© 2026 The Author(s). Published by the Royal Society of Chemistry
network. The small increase in n(O–H) band intensity of WRC-
OPT likely reects a balance between increased exposure of
hydroxyl groups and higher levels of bound water, which is
consistent with its highest WRC.

The band at ∼2920 cm−1, assigned to C–H stretching vibra-
tions of methyl n(CH2) andmethylene n(CH3) groups,47 was used
for spectral normalization, and remained unchanged in both
untreated and US-treated spectra. The bands at ∼1740 and
∼1605 cm−1 correspond to ester carbonyl stretching vibrations
n(C]O) and carboxylate antisymmetric stretching vibrations
n(COO−), respectively.47 Aer US treatments, the n(C]O) band
intensity decreased by ∼15% in all OP-DFC samples, consistent
with partial pectin de-esterication caused by US-induced
hydrolysis of methyl and acetyl groups.27,48 Conversely, all US
treatments led to increases in n(COO−) band intensity. The
largest rise (+25%) was observed under SOL-OPT conditions,
reecting more extensive DF network disruption and conse-
quent exposure of hydrophilic groups. These results support the
enhanced hydration properties of US-treated OP-DFC, as newly
available carboxyl groups can bind water molecules through
electrostatic and hydrogen bond interactions, thus enhancing
SOL, SC, and WRC.
imal ultrasound conditions for solubility (SOL-OPT), swelling capacity
ultaneously (SIM-OPT). (A) full FTIR spectra; (B) magnified region from
L-OPT: 320 W, 1 : 30 SLR, 30 min; SC-OPT: 80 W, 1:25 SLR, 25.6 min;
in.
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The absorption bands at ∼1440 and ∼1416 cm−1 arise from
CH2 bending d(CH2) in cellulose and n(COO−) symmetric
stretching in pectin and xyloglucan (hemicellulose), respec-
tively. The absorption band at ∼1278 cm−1 is attributed to C–O
stretching vibrations n(C–O) of pectin. In addition, the region
centred at ∼1200–900 cm−1 contained contributions from
several bond vibrations, including n(C–O) and n(C–C) of the
polysaccharide backbone of cellulose (∼1101 and ∼1030 cm−1),
pectin (∼1093 and ∼1014 cm−1), and xyloglucan (∼1071 cm−1).
The bands at ∼850 and 830 cm−1 are assigned to C1–H bending
in cellulose/xyloglucan, and ring vibration in pectin, respec-
tively.49 Overall, no major changes were observed in these band
intensities across treatments. In particular, the comparable
intensity of peaks in the 1200–900 cm−1 region between
untreated and US-treated OP-DFC suggests that the glycosidic
backbone of DF polysaccharides was largely preserved under
the US conditions evaluated in this study. Instead, US likely
promoted the detachment of smaller domains, held together by
non-covalent interactions, and the partial de-esterication of
pectin. These structural rearrangements are consistent with
matrix loosening which the increased SDF content and exposed
hydrophilic groups (hydroxyl and carboxyl), together contrib-
uting to the improved hydration properties.

4. Conclusions

This study demonstrated that RSM adequately modelled and
quantied the effect of US treatment conditions (power, SLR,
and time) on SOL, SC, and WRC of OP-DFC and reliably pre-
dicted the conditions that maximised these hydration proper-
ties. Relatively long US treatments (25.6–30 min) increased all
hydration properties, whereas optimal US power and SLR
combinations were 320W – 1 : 30 g mL−1 for SOL, 80 W – 1 : 25 g
mL−1 for SC, and 208 W – 1 : 20 g mL−1 for WRC. Simultaneous
optimisation yielded the best compromise at 188 W, 1 : 28 g
mL−1, and 30 min of sonication. Enhancements in hydration
properties were mechanistically associated with cavitation-
induced DF matrix disruption, pore formation, redistribution
of DF fractions, and the release of amorphous domains from
the DF network. Notably, the glycosidic backbone of poly-
saccharides remained largely intact, with only partial depoly-
merisation occurring under US treatments, as supported by
decreases in the apparent viscosity of OP-DFC suspensions.
These physical modications led to an increase in surface area,
SDF levels, and exposure of hydrophilic groups, which in turn
increased SOL, SC, and WRC. The extent of these effects
depended on treatment conditions. Higher powers and lower
SLRs produced greater structural disruption and higher SDF
levels, increasing SOL. From an industrial perspective,
increasing SOL without introducing viscosity changes facilitates
the incorporation of DF-rich ingredients into beverages and
liquid foods, improving their nutritional prole while
preserving desirable sensory attributes. Low-to-medium powers
and medium-to-high SLRs better preserved the microstructure
and promoted water absorption and capillary effects, enhancing
SC and WRC. In this context, higher SC contributes to reducing
lump formation during powder rehydration and supports
Sustainable Food Technol.
structure development in semi-solid systems, such as cake
batters. Likewise, improved WRC enhances the binder perfor-
mance of ingredients in food systems, which may contribute to
increased juiciness in processed meats and meat analogues and
to reducedmoisture loss and staling in baked goods. Overall, US
can be strategically applied to tailor the hydration properties of
OP-DFC while contributing to the sustainable valorisation of
underutilised orange peels through physical, water-based
processes and supporting the development of clean-label,
value-added ingredients within a circular bioeconomy
framework.
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