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l-like sorbents derived from
pomelo (Citrus grandis L.) peel powder via an
immediate setting emulsion approach†

Haoxin Wang,a Peng Wang,b Stefan Kasapisa and Tuyen Truong *ac

This study developed emulsion gel-like sorbents by valorising pomelo peel (Citrus grandis L.) powder

enriched with fibres (52.11–59.59%) and antioxidants. The process utilized an emulsion-based gelation

approach, where an immiscible oil–water mixture with various oil-to-water ratios (1 : 3, 1 : 1, and 3 : 1)

was first blended with a pre-emulsion using high-shear mixing. PP powder (10–40% w/w) with two

particle sizes (125 and 250 mm) was then incorporated into the pre-emulsion, where its amphiphilic

nature enabled interactions with both the oil and water phases, stabilising the emulsion and promoting

gelation. Upon mixing, the PP powder rapidly absorbed the oil and water phases, forming self-sustaining

gel-like sorbents within 2 min at room temperature. Comprehensive analyses of their chemical

composition, antioxidant properties, texture, rheology, microstructure, and oxidative stability showed

that increasing the water phase reduced the amount of PP powder required, softened the sorbents, and

enhanced their cohesiveness. Conversely, higher PP concentrations and oil phases increased the gel

strength and textural hardness by forming denser structures and altering oil droplet sizes. Stability testing

revealed that oil-rich sorbents (3 : 1 oil-to-water ratio) maintained a peroxide value below 4 meq kg−1,

attributed to their low water content and the antioxidant-rich properties of PP powder. This research

provides a robust and eco-friendly approach to developing functional and stable PP-based sorbents,

with potential applications as fat replacers for creating low-fat food products.
Sustainability spotlight

The global challenge of reducing food waste and developing sustainable alternatives to high-fat food products aligns with the need for innovative, eco-friendly
solutions. This study addresses these issues by valorising pomelo peel, a common agricultural byproduct, into gel-like sorbents with potential applications as fat
replacers in low-fat food formulations. Using an emulsion-based gelation approach, the research not only reduces waste but also promotes resource efficiency by
leveraging the natural amphiphilic and antioxidant properties of pomelo peel powder. This work directly supports UN Sustainable Development Goal (SDG) 12
(Responsible Consumption and Production) by encouraging circular economy practices and SDG 3 (Good Health and Well-being) by providing healthier food
options. It offers a scalable pathway for sustainable food production.
1 Introduction

Gels are widely used in the food industry for various purposes,
such as thickening, stabilising, and gelling. Emulsion gelling is
an efficient oil structuring strategy that stabilises oil–water
mixtures using gelators to crosslink and create a three-
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25, 3, 1114–1127
dimensional (3D) structure to trap oil, resulting in the forma-
tion of emulsion-based gels.1 Emulsion gels are typically made
from gelators, water and oil with their properties signicantly
inuenced by gelling methods including heating, cooling, pH
adjustments, enzymatic treatments, and salt addition.2,3 They
show great potential as fat replacers due to their inherent
emulsion properties, offering superior juiciness and hardness
compared to traditional starch-based fat replacers while
reducing the oil content.1,4

Although emulsion gels are widely studied, their fabrication
still faces certain limitations, with one of the most critical
factors being the requirement of prolonged heating time.5,6 At
present, almost all gelators (e.g., polysaccharides, protein, and
starch) rely on heating to form 3D structures. However, pro-
longed heating duration negatively impacts both oil and water
phases, leading to fat oxidation, water droplet coalescence, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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phase separation.3,7 Minimising the heating treatment is one of
the feasible approaches to mitigate these adverse effects.
Therefore, developing non-thermal methods for setting emul-
sion gels is crucial to maintain their functional and nutritional
properties while also reducing energy consumption.

Plant by-products rich in phenolic compounds and cost-
effective are valuable materials generated from food process-
ing.8 However, they remain largely underutilised and are
primarily used as animal feed. Previous studies have shown that
these plant-based materials, including bamboo, apple pomace,
corn cob, and citrus peels, can naturally function as amphi-
philic sorbents, forming gels through the amphiphilicity of the
side chain and porous structure of the particles.9–13 Most of
these studies employed high concentrations of gelators and
large particle sizes, which may negatively affect the sensory
properties and digestibility of the resulting gels.10,14 In addition,
most studies focused on plant waste absorbing either water or
oil as the solvent, leaving out the potential of plant waste to
form emulsion gels, combining both oil and water phases,
largely unexplored and in need of further investigation for
application in functional food systems.

Pomelo (Citrus grandis L.), the largest citrus fruit, generates
substantial peel waste, with approximately 2.1 million tons
discarded annually from global production.15 Pomelo peels
(PPs) are rich in antioxidants and can help alleviate chronic
diseases such as type 2 diabetes and cancer.16 Due to the porous
structure and amphiphilic properties of pomelo peels, they can
be used as a natural gelator. Our previous study demonstrated
the formation of oleogel-like and hydrogel-like sorbents from
PP powders (10–40%w/w) bymixing with oil and distilled water,
respectively, for two minutes without heating. The oleogel-like
sorbents required a higher PP content (25–35%) compared to
hydrogel-like sorbents (10–20%).13 The ndings revealed that
the gelling mechanism is driven by the high bre content of PP
and the interactions between powder particles and solvent
droplets. Utilising an emulsion-based approach to develop PP-
based sorbents can further enhance health benets by
reducing the oil content while offering greater exibility in
tailoring the gel-like sorbents' properties through varying oil-to-
water ratios to achieve desired functionality.

This study employs an emulsion-based gelation process in
which an immiscible oil–water mixture is transformed into
a pre-emulsion through high-shear mixing (e.g., using an Ultra-
Turrax homogeniser). Pomelo peel powder is then added to the
pre-emulsion. The amphiphilic nature of the PP powder facili-
tates interactions with both the oil and water phases, stabilising
the emulsion and initiating gelation. The inuence of varied
oil : water ratios and PP powder particle size (125 mm and 250
mm PP) was examined. Comprehensive analyses of the physico-
chemical characteristics, microstructure, and oxidative stability
of the resulting sorbents were carried out to examine the
mechanisms of sorbent formation and identify the key factors
inuencing the properties of PP-based sorbents. The knowledge
gained will contribute to the understanding of the gelling
mechanisms of PP-based sorbents and the identication of
optimal conditions for emulsion-based/gel-like sorbent forma-
tion. The outcomes of this study will provide an eco-friendly
© 2025 The Author(s). Published by the Royal Society of Chemistry
approach to valorising agricultural byproducts, enabling the
development of healthier, low-fat food products by using PP-
based sorbents as potential fat replacers for processed meat,
baked goods and confectionery while meeting industry
demands for sustainable production practices.

2 Materials and methods
2.1 Materials

Whole pomelo fruits and rice bran oil were purchased from the
local market (Melbourne, Victoria, Australia). All chemicals,
including Nile red, butanol, hexane, ammonium thiocyanate, p-
anisidine, glacial acetic acid, isooctane, iron(III) chloride (FeCl3)
and uorescein isothiocyanate isomer I (FITC) were acquired
from Sigma (Burlington, USA). All chemicals were of analytical
grade.

2.2 Preparation of pomelo peel (PP) powder

As described by Wang et al.,13 the pomelo peels were manually
dehulled and cut into 2–3 cm pieces using a knife. The pomelo
peels were then dried in an oven (Ezzi Vision, Chirnside Park,
Australia) at 70 °C for 72 h. The dried pomelo peels (less than
5% w/w moisture) were ground using an ultra-grinding cycle in
a Ninja Auto-IQ food processor (Mann & Noble, NSW, Australia)
for 2 min and passed through 250 mm and 125 mm sieves to
obtain 2 fractions of different sizes, denoted as 250 mm and 125
mm powders, respectively. The powders' particle sizes were
measured using a Mastersizer 3000 (Malvern Ltd, Malvern, UK).
The resulting pomelo peel powder was carefully packed in
sealed plastic bags and stored at −20 °C until further analyses.
Our previous study detailed the chemical composition of
pomelo peel powder with 7.44–9.86% starch, 7.96–8.63%
protein, 2.48–2.68% ash, and 52.11–59.59% bres. The 250 mm
PP powder contains 23.91% insoluble bres, comprising
15.72% cellulose, 8.11% hemicellulose, and 0.09% lignin, while
the soluble bre content is 28.20%. Similarly, the 125 mm PP
powder has a higher insoluble bre content of 25.43%, con-
sisting of 19.35% cellulose, 5.98% hemicellulose, and 0.10%
lignin, with a soluble bre content of 34.16%.13

2.3 Chemical and microstructural characterisation of PP
powders

2.3.1 Phenolic content. The phenolic fragments were
extracted following the method described by Singleton & Rossi,17

as adapted fromWang et al.18One gram PP powder was immersed
in 45mLmethanol and water bathed at 60 °C for 2 h. Themixture
was then centrifuged in a Beckman centrifuge (Indianapolis, USA)
at 2500g for 10 min. The process was repeated three times; the
supernatant was collected and evaporated by a rotary vacuum
concentrator (Martin Christ, Osterode, Germany) to dryness at
45 °C. Then, the phenolic fragment was redissolved in 10 mL
methanol and stored at −20 °C until measurement. The phenolic
fragments were diluted 10 times during analysis.

2.3.2 Total phenolic content (TPC). TPC determination was
done following the method of Singh et al.19 with minor modi-
cations. One hundred microliter phenolic fragment was mixed
Sustainable Food Technol., 2025, 3, 1114–1127 | 1115
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with 200 mL of 10% v/v Folin–Ciocalteu reagent and 800 mL of
7.5% w/v Na2CO3. The mixture was then heated to 60 °C for
30 min using a water bath. The absorbance was measured at
765 nm using a CLARIOstar® microplate reader (BMG Labtech,
Ortenberg, Germany) with gallic acid as the standard. The TPC
value was expressed as milligrams of gallic acid equivalent per
gram (GAE mg g−1).

2.3.3 Total avonoid content (TFC). TFC was determined
by a method reported by Singh et al.19 The phenolic fragment
(100 mL) was combined with 300 mL of 80% (v/v) methanol, 20 mL
of 10% (w/v) aluminum chloride, and 20 mL potassium acetate
in the dark for 10 min. The mixture was then diluted with 560
mL distilled water, allowed to react in the dark for 30 min and
then measured using a CLARIOstar® microplate reader at
415 nm. Rutin was used to generate the standard curve for
quantication. The TFC value was expressed as milligrams of
rutin equivalent per gram (RTE mg g−1).

2.3.4 Scanning electron microscopy (SEM). The micro-
structure of PP powders of different particle sizes was observed
with a FEI Quanta 200 SEM system (FEI Company, Hillsboro,
OR, USA). The microscope was set in high vacuum mode and
operated at a voltage of 15 kV and with a spot size of 2.5. The
magnication was set from 300 times to 2000 times.
2.4 Preparation of gel-like structures by mixing PP powder
with pre-emulsions

The gel-like structures were prepared by rst creating a pre-
emulsion, an intermediate mixture of oil and water, which
was then gelled by incorporating pomelo peel (PP) powder. To
form the pre-emulsion, rice bran oil was mixed with water at
ratios of 1 : 3, 1 : 1, and 3 : 1 using a T-25 digital Ultra-Turrax
homogeniser (IKA Asia, Selangor, Malaysia) at 15 000 rpm for
15 min, resulting in a milky solution. The pre-emulsions, with
xed oil to ratios, were immediately combined with a pre-
weighted amount of PP powder (125 mm and 250 mm) at
concentrations in the range of 10–40%. The mixture was
manually stirred for 1 min and vortexed for an additional
minute. If gelling was successful, the emulsion gels were set
immediately without any standing time.

A total of 42 samples were produced (with 3 oil : water ratios
× 7 PP powder concentrations (10, 15, 20, 25, 30, 35, and 40%w/
w) × 2 particle sizes) in which 15 samples were self-sustained.
Additionally, 100% rice bran oil mixed with 30% and 35% PP
powder was used as a control to produce oleogel-like sorbents,
based on a previous study by Wang et al.13 These concentrations
were chosen to ensure the formation of self-sustaining gels.
Aer preparation, all sorbents were le to stand at room
temperature for 2 hours before further analyses. Detailed
compositional data and sample names are provided in
Appendix 1. The self-sustained sorbent samples are labelled
based on the particle size of the PP powder and their respective
PP concentrations. Samples made from 125 mm PP powder are
denoted as 125 mm-S1, -S2, -S3, -S4, -S5, -S6, -S7, and -S8, while
those made from 250 mm PP powder are labelled as 250 mm-S1,
-S2, -S3, -S4, -S5, -S6, and -S7. Each label corresponds to
a specic PP concentration used in the formulation.
1116 | Sustainable Food Technol., 2025, 3, 1114–1127
2.5 Characterisation of gel-like sorbent samples

2.5.1 Oil loss. A subsample weighing 1.5 g (w0) was trans-
ferred to a 2mL centrifugation tube and centrifuged for 15min at
10 000 rpm using a Sigma 1–14k centrifuge (John Morris Group,
Deepdene, Australia). The excess solvent was then removed, and
the remaining sample was weighed (w1). The percentage of oil
loss was calculated using the following formula:

w0 � w1

w0

� 100% (1)

in which w0 is the initial weight of sorbent and w1 is the weight
of sorbent aer oil removal.

2.5.2 Texture prole analysis (TPA). The texture analysis of
the sorbent samples was conducted using a TA.XTplusC texture
analyser (Stable Micro Systems, Godalming, UK) according to
the method of Wang et al.12 First, the sorbent samples were
lled into a 34 × 12 mm round mould, then trimmed, and le
to stand for 10 min. Then, a double compression program was
implemented on the sorbents using a 45 mm round compres-
sion probe. The compression speed was set at 1.0 mm s−1, and
the depth was 9 mm and 6 mm for the rst and second cycles,
respectively. The texture prole analysis (TPA) curves were
generated using the Exponent soware version 6.1.23.0 (Stable
Micro Systems, Godalming, UK), from which hardness (N) and
cohesiveness (%) values were calculated.

2.6 Rheological behaviour

Oscillation strain sweep and frequency sweep tests were carried
out with a DHR-2 hybrid rheometer (TA Instruments, New
Castle, USA) with a 40 mm parallel plate and a geometry gap of
1.2 mm.12 Amplitude stress sweeps were used to determine the
linear viscoelastic range, and frequency sweeps (1–1000 rad s−1

with an increment of 10 rad s−1) were used to determine the
stress value within the range.

2.7 Microstructural analysis

2.7.1 Bright-eld microscopy. Bright-eld microscopy was
used to investigate themorphological features of the sorbents. A
ne smear of sorbents was placed on a slide and covered with
a glass slide. The sample was observed under an ECLIPSE Ci
POL polarised light microscope (Nikon, Tokyo, Japan) in
normal mode. The images were recorded with a D610 digital
camera (Nikon, Tokyo, Japan) at 200× magnication.

2.7.2 Confocal laser scanning microscopy (CLSM). Rice
bran oil and water were distilled with 0.5% Nile Red and FITC,
respectively. The sorbents were then prepared following the
method described in Section 2.4. A thin layer of sorbents was
transferred onto microscopic slides and observed using a Nikon
A1R microscope (Nikon, Tokyo, Japan). The samples were
excited at wavelengths of 488 nm and 505 nm for Nile Red and
FITC, respectively. Images were captured at 40× magnication.

2.8 Oil droplet size

The oil droplet size was determined following Luo et al.20 Two
grams of sorbent sample was mixed with 20 mL of 5 wt% SDS
and 50 mM 2-mercaptoethanol. The mixture was shaken
© 2025 The Author(s). Published by the Royal Society of Chemistry
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overnight at room temperature, and the mixture was measured
with a Mastersizer 3000 (Malvern Ltd, Malvern, UK). The
refractive index was set at 1.47 for rice bran oil droplets.
2.9 Oxidative stability

Evaluation of the oxidative stability of the resultant sorbents
was done following a modied accelerated method of Liu et al.21

The sorbents were placed in 70 mL vials with loose caps and
stored in a 50 °C oven for 10 days. The oxidation stability of
sorbents was measured on day 0, day 2, day 4, day 6, day 8, and
day 10. The sub-samples (0.1 g) were rst dissolved in 3 mL
hexane and allowed to evaporate at 45 °C for 4 h to dryness
using an RVC 2–33 rotary concentrator. The dried oil was used
for further analysis.

2.9.1 Peroxide values. The primary oxidative products of all
sorbents were determined using the peroxide value (PV)
according to the method of Liu et al.21 with minor modica-
tions. First, a working solution was prepared by mixing meth-
anol with butanol in a ratio of 2 : 1. Subsequently, 15 mL of the
extracted oil was dissolved in 15 mL of the working solution.
Furthermore, the diluted oil sample was mixed with 15 mL of
ammonium thiocyanate and allowed to stand in the dark for
20 min at room temperature. A standard curve was plotted by
replacing the oil with FeCl3, while the blank was measured by
substituting the oil with the working solution. The nal absor-
bance was obtained at 510 nm using a POLARstar Omega plate
reader (BMG Labtech, Mornington, Australia). The results were
expressed in 10 meq kg−1.

2.9.2 p-Anisidine value. To determine the secondary
oxidative products, the p-anisidine value (PAV) was measured
following the method described by Zuo et al.22 In brief, 15 mL of
the extracted oil sample was diluted 100 times with isooctane
and reacted with 30 mL of 2.5 mg mL−1 p-anisidine in glacial
acetic acid. The pure extracted oil was used as a blank. The
absorbance was measured at 350 nm using a POLARstar Omega
plate reader (BMG Labtech, Mornington, Australia).
2.10 Colouration

The colour of the sample during storage was assessed using
a GT0167 colorimeter (Gabbrielli Technology, Calenzano, Italy).
Prior to measurement, a white standard was calibrated with the
colorimeter. The samples were then measured ve times, and
the results were recorded as L* (lightness), a* (redness), and
b* (yellowness). The samples were measured on day 0 (day 0)
and day 10 (day 10). The total colour difference DE was calcu-
lated as
DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL* day0� L* day10Þ2 þ ða* day0� a* day10Þ2 þ ðb* day0� b* day10Þ2

q
(2)
2.11 Statistical analyses

The entire experiment was conducted in triplicate with each
measurement performed at least twice. One-way ANOVA and
© 2025 The Author(s). Published by the Royal Society of Chemistry
Tukey’s test (p < 0.05) were carried out to compare the differ-
ences among samples using Minitab Express (Version 1.2.0,
Minitab Pty Ltd, Sydney, Australia). The level of signicance was
selected as p < 0.05.
3 Results and discussion
3.1 Morphological features of the emulsion-based sorbents

Fig. 1 illustrates the appearance of emulsion-based sorbents
formed using 125 mm and 250 mm PP powders. These sorbents
showed gel-like features due to their self-standing appear-
ance against gravity.12 At an oil-to-water ratio of 1 : 3, the 125
mm PP powder produced sorbents at 20% (125 mm S1) and
25% (125 mm S2) PP powder contents, respectively. As the oil-
to-water ratio increased to 1 : 1 and 3 : 1, sorbents were
formed across a wider range of PP powder contents from 15%
to 25% (125 mm S3–S8 samples). In contrast, the 250 mm PP
powder formed sorbents at 10% to 15% for all oil-to-water
ratios: 1 : 3 (250 mm S1–S2 samples), 1 : 1 (250 mm S3–S4
samples), and 3 : 1 (250 mm S5–S6 samples). At a 3 : 1 ratio, 250
mm PP powder can form sorbents at 20% concentration (250
mm S7 sample). These visual observations imply that the 250
mm PP particles may have superior oil/water sorption
capacity, and increasing the oil phase enhances their oil/
water holding capacity.

Regarding 125 mm sorbents, increasing the oil content
reduces the amount of PP powder required to form sorbents.
For an oil-to-water ratio of 1 : 3, 20% PP was necessary to form
stable sorbents (125 mm S1), whereas 15% PP resulted in a sticky
emulsion (125 mm S0, Fig. 1). However, at higher oil-to-water
ratios (1 : 1 and 3 : 1), sorbents could form with only 15% PP.
Previous studies have shown that a higher oil content can
increase the viscosity of solvent mixtures and enhance the
gelling capacity and emulsion viscosity.10,23 However, it is
important to note that increasing oil content does not consis-
tently reduce the amount of gelator required to form sorbents.
As shown in Fig. 1(G1, G2 & H1), control samples absorbing only
rice bran oil required the highest PP concentration (25–35%) to
form self-standing sorbents. These sorbents, extensively ana-
lysed in our previous study, exhibited gel-like morphology and
gravitational resistance. Our previous study reported that PP
has an amphiphilic nature but tends to favour water absorp-
tion.13 In water-rich emulsions, saturation limits oil absorption,
whereas in oil-rich systems, both water and oil can be absorbed.
Besides, the PP is rich in bres, including pectin and cellulose,
which likely contribute to emulsion stability by enhancing its
viscosity, steric hindrance, and structural stability.24,25
3.2 Microstructure of PP powders and the resultant sorbents

Fig. 2 presents SEM images of PP powders having 250 mm and
125 mm particle sizes. The observed microstructure was
Sustainable Food Technol., 2025, 3, 1114–1127 | 1117

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00027k


Fig. 1 Visual appearance of sorbents produced using pomelo peel (PP) powders with different particle sizes (125 mm and 250 mm), oil-to-water
ratios (1 : 3, 1 : 1, and 3 : 1), and PP powder concentrations (10–35% w/w). The left three columns represent sorbents formed with 125 mm PP
powder, while the right three columns represent those formed with 250 mm PP powder. Five samples correspond to the 1 : 3 oil-to-water ratio
(A1–A3, B1, and B2), five to the 1 : 1 ratio (C1–C3, D1, and D2), and six (E1–E3 and F1–F3) to the 3 : 1 ratio. The last row shows oil-only sorbents
(control samples). Each subfigure specifies the particle size and PP powder concentration used for the respective sorbents (e.g., “125 mm 15%”
indicates sorbents made from 125 mm PP powder at a 15% concentration).

Fig. 2 Scanning electron microscopy (SEM) images of pomelo peel (PP) particles of different sizes, with 125 mm PP particles shown at 400×
magnification (A1) and 2000× magnification (A2) and 250 mm PP particles at 300× magnification (B1) and 1800× magnification (B2); the scale
bars represent 100 mm (A1), 20 mm (A2), 200 mm (B1), and 20 mm (B2).

1118 | Sustainable Food Technol., 2025, 3, 1114–1127 © 2025 The Author(s). Published by the Royal Society of Chemistry
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consistent with previous studies that the 250 mm PP particles
exhibit a more complete honeycomb structure, which enhances
their ability to attract and retain water and oil.12,26 Additionally,
the micrographs reveal that the surface of the 250 mm PP
particles (Fig. 2B) is rougher compared to that of the 125 mm PP
particles (Fig. 2A). Mahmoud27 studied the oil absorption
properties of ax bres and found that bres with rough
surfaces containing small pores can increase oil retention by
enhancing the oil trapping efficiency. The rougher surface also
increases frictional forces, which aids in retaining oil droplets.
This explains the higher overall sorption rate of 250 mm PP
particles than their 125 mm counterpart.

Both light microscopy (Fig. 3) and CLSM (Fig. 4) were used to
characterise themicrostructure of the resultant sorbents. In Fig. 3,
the 250 mm sorbents show an accumulation of large aggregates
which exhibit more particle-to-particle interactions, whereas the
125 mm sorbents show a small but uniform structure which
displays greater particle-to-droplet interactions, consistent with
previous studies.10,12 The 125 mm sorbents also show a continuous
tendency of droplet-to-particle conversion. However, when the PP
powder particles became larger (250 mm sorbents), the structure
shows more dispersion at low PP concentrations (Fig. 3(B1 & B2)).
This indicates a reduction in particle-to-particle interaction. It was
reported that the oil/water droplets can increase droplet-to-
droplet interactions, which enhances the gelation process.5

Therefore, introducing a water phase into the oil phase can reduce
the amount of PP powder required to form a gel.
Fig. 3 Bright field microscopy images (40 times magnification) of sorben
(125 mm and 250 mm), oil-to-water ratios (1 : 3, 1 : 1, and 3 : 1), and PP po
sorbents formed from 125 mm PP powder, while the right three colum
correspond to the 1 : 3 oil-to-water ratio (A1, A2, B1, and B2), five to the 1
The last row shows oil-only sorbents (control samples). Each subfigure
respective sorbents (e.g., “125 mm 15%” indicates sorbents made from 12

© 2025 The Author(s). Published by the Royal Society of Chemistry
CLSM images (Fig. 4) of the resultant sorbents provide valuable
insights into their microstructure, with red indicating the oil
phase, green representing the water phase, and black corre-
sponding to the pomelo peel (PP) powder. The PP particle size
examined in this study is relatively large, limiting the ability to view
the overall microstructure of the sorbents and instead focusing on
selected internal structures. Overall, sorbents prepared from 125
mm PP exhibited smaller droplet sizes and more uniform micro-
structures, indicating less phase dispersion, particularly at a 1 : 1
oil-to-water ratio. In contrast, sorbents made from 250 mm PP
showed greater aggregation with great phase separation, likely due
to reduced interfacial interaction of larger particles.

Compared to traditional emulsion gels, which typically
display distinct water and oil phases, the sorbents formed
through the emulsion-based approach exhibited a more inter-
twined microstructure.4 The oil and water phases appeared
more closely integrated, likely due to the amphiphilic nature of
the PP powder and the dynamic interactions during the emul-
sion setting process.12 This interwoven microstructure may
contribute to enhanced stability and unique functional prop-
erties, making these sorbents a promising alternative for
applications requiring integrated oil–water systems.28
3.3 Textural and rheological behaviour

Table 1 presents selected TPA values of the produced sorbents.
Overall, the inclusion of water in the form of an immediate
ts produced using pomelo peel (PP) powders with varied particle sizes
wder concentrations (10–35% w/w). The left three columns represent
ns represent those formed from 250 mm PP powder. Four samples

: 1 ratio (C1–C3, D1, and D2), and six (E1–E3 and F1–F3) to the 3 : 1 ratio.
specifies the particle size and PP powder concentration used for the
5 mm PP powder at a 15% concentration).
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Fig. 4 CLSM micrographs (40 times magnification with a scale bar of 200 mm) of sorbents produced using pomelo peel (PP) powders with
different particle sizes (125 mm and 250 mm), oil-to-water ratios (1 : 3, 1 : 1, and 3 : 1), and PP powder concentrations (10–35% w/w). The left three
columns represent sorbents formed from 125 mm PP powder, while the right three columns represent those formed from 250 mm PP powder.
Four samples correspond to the 1 : 3 oil-to-water ratio (A1, A2, B1, and B2), five to the 1 : 1 ratio (C1–C3, D1, and D2), and six (E1–E3 and F1–F3) to
the 3 : 1 ratio. The last row shows oil-only sorbents (control samples). Each subfigure specifies the particle size and PP powder concentration
used for the respective sorbents (e.g., “125 mm 15%” indicates sorbents made from 125 mm PP powder at a 15% concentration).

Table 1 Textural profile analysis and oil loss of self-sustained sorbents derived from pomelo peel powder (10–25%) with two particle sizes (250
and 125 mm), formed using an immediate setting emulsion approach with various oil-to-water ratios; control samples represent sorbents formed
exclusively from PP powder and oila

Sorbent samples Oil : water ratios PP conc. Oil loss (%) Hardness (N) Cohesiveness (%)

250 mm particle size
250 mm S1 1 : 3 10% 5.38 � 0.41aC 0.55 � 0.04bC 51.02 � 3.85aA

250 mm S2 1 : 3 15% 4.48 � 2.00aC 1.08 � 0.15bC 54.20 � 2.86aA

250 mm S3 1 : 1 10% 32.14 � 2.11aB 1.02 � 0.04bA 34.58 � 0.73aB

250 mm S4 1 : 1 15% 29.83 � 0.57aB 2.47 � 0.05bA 32.05 � 0.83bB

250 mm S5 3 : 1 10% 50.80 � 1.03aA 0.84 � 0.09cB 35.71 � 1.54aB

250 mm S6 3 : 1 15% 37.21 � 1.51bA 1.68 � 0.06cB 27.06 � 1.45bC

250 mm S7 3 : 1 20% 20.07 � 2.20c 3.41 � 0.12b 29.15 � 1.72b

250 mm control 1 : 0 25% 0.89 � 0.04d 25.40 � 1.20a 8.78 � 1.02c

125 mm particle size
125 mm S1 1 : 3 20% 22.40 � 1.28aB 0.49 � 0.04cA 26.63 � 0.53aA

125 mm S2 1 : 3 25% 14.72 � 0.36cC 2.22 � 0.12cB 28.93 � 2.54aA

125 mm S4 1 : 1 15% 36.05 � 2.57a 0.42 � 0.11c 28.77 � 2.04b

125 mm S4 1 : 1 20% 25.19 � 0.54bB 1.01 � 0.09cB 27.90 � 2.54aA

125 mm S5 1 : 1 25% 26.40 � 1.22bB 1.99 � 0.01cB 23.35 � 0.23aB

125 mm S6 3 : 1 15% 35.63 � 2.44a 0.81 � 0.02d 21.21 � 8.78a

125 mm S7 3 : 1 20% 25.19 � 0.50bB 2.36 � 0.25dA 16.07 � 2.95aB

125 mm S8 3 : 1 25% 22.40 � 1.21bA 9.42 � 1.42cA 18.46 � 1.04aC

125 mm control 1 : 0 30% 18.33 � 0.52c 12.98 � 0.34b 17.78 � 0.51a

125 mm control 1 : 0 35% 6.82 � 0.15d 32.21 � 2.28a 16.97 � 1.83a

a Superscript capital letter(s) represent(s) statistically signicant difference between different oil-to-water ratios, while lowercase letter(s) denote(s)
statistically signicant difference within the same particle size and oil-to-water ratio (P < 0.05).
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emulsion during fabrication signicantly reduces the hardness
of the sorbents as compared to the control samples absorbing
rice bran oil only regardless of PP particle sizes and concen-
trations. The hardness values of emulsion-based/gel-like
sorbents in this study fall within the range of 0.42 to 32.21 N,
which is comparable with previous ndings on candelilla wax,
monoglycerides, egg-soybean protein isolate, monoacylglycerol
and whey protein concentrate-based emulsions.6,23,29 For 250
mm sorbents, the control sample (25.40 N) was 7-fold harder
than the hardest water-inclusive sorbents (250 mm S7; 3.41 N).
Similarly, 125 mm sorbents with 30% oil content exhibited
a hardness of 12.98 N, exceeding the hardness of all water-
inclusive sorbents (ranging from 0.49 to 9.42 N).

The signicant reduction in the hardness of sorbents via the
emulsion-based method, compared to control samples
absorbing only rice bran oil, can be attributed to several factors.
In oil-only systems, PP particles rely entirely on particle-to-
particle interactions to form a dense, rigid network. This
compact structure contributes to the hardness of the
sorbents.10,12 In contrast, the inclusion of water in the emulsion
Fig. 5 Frequency sweeping test of sorbents produced using pomelo pee
water ratios (1 : 3, 1 : 1, and 3 : 1), and PP powder concentrations (10–35%
(S1–S8) formed from 125 mm PP particles and 2 oil-only sorbents as co
samples (S1–S7) formed from 250 mm PP particles and 1 oil-only sorbent
water ratios are presented in Appendix 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
introduces a secondary phase (water droplets) that disrupts
these direct interactions, leading to a less dense and more
exible network.29 Water also hydrates and lubricates PP bres,
reducing interparticle friction and further decreasing hard-
ness.30,31 In emulsion-based systems, the heterogeneous
microstructure resulting from the distribution of oil and water
creates a so and less rigid structure due to the interaction of PP
particles, oil droplets, and water droplets, regardless of the PP
particle size or concentration.30,31 In this study, it is also
observed that increasing the PP powder concentration
enhanced the hardness of the sorbents. This is due to the lling
effects of PP particles, which is widely reported in past
studies.9–13 These ndings highlight how emulsion-based
fabrication methods signicantly impact the textural proper-
ties of PP-based sorbents, offering opportunities to tailor their
functionality for specic applications.

Cohesiveness measured by TPA refers to the degree to which
a material can withstand a second deformation relative to its
rst, providing a measure of its internal bonding strength and
elasticity during compression.32 In summary, the additional
l (PP) powders with different particle sizes (125 mm and 250 mm), oil-to-
w/w); storage moduli (A1) and loss moduli (A2) of 8 sorbent samples
ntrol samples; storage moduli (B1) and loss moduli (B2) of 7 sorbent
as the control sample; details of PP powder concentrations and oil-to-
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Table 2 Oil droplet sizes of self-sustained sorbents derived from
pomelo peel powder (10–25%) with two particle sizes (250 and 125
mm), formed using an immediate setting emulsion approach with
various oil-to-water ratios; control samples represent sorbents
formed exclusively from PP powder and oila

Sorbent samples
Oil : water
ratios

PP
concentration D4,3 (mm)

250 mm particle size
250 mm S1 1 : 3 10% 357.40 � 2.19aA

250 mm S2 1 : 3 15% 274.40 � 3.83bA

250 mm S3 1 : 1 10% 246.20 � 3.83aB

250 mm S4 1 : 1 15% 182.64 � 10.03bC

250 mm S5 3 : 1 10% 241.20 � 6.38aC

250 mm S6 3 : 1 15% 202.20 � 2.59bB

250 mm S7 3 : 1 20% 166.26 � 3.63c

250 mm control 1 : 0 25% 230.21 � 19.06c

125 mm particle size
125 mm S1 1 : 3 20% 128.60 � 1.36aA

125 mm S2 1 : 3 25% 115.82 � 3.76bA

125 mm S4 1 : 1 15% 126.80 � 0.75aA

125 mm S4 1 : 1 20% 114.20 � 0.75cB

125 mm S5 1 : 1 25% 77.04 � 3.68dC

125 mm S6 3 : 1 15% 95.06 � 4.74bB

125 mm S7 3 : 1 20% 95.22 � 3.91bC

125 mm S8 3 : 1 25% 82.24 � 2.21cB

125 mm control 1 : 0 30% 116.60 � 0.80b

125 mm control 1 : 0 35% 113.20 � 0.40b

a Superscript capital letter(s) represent(s) statistically signicant
difference between different oil-to-water ratios, while lowercase
letter(s) denote(s) statistically signicant difference within the same
particle size and oil-to-water ratio (P < 0.05).
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water phase signicantly enhances the cohesiveness of most
sorbents (Table 1), which can be attributed to enhanced
hydration, elasticity, and balanced microstructure provided by
the inclusion of water.30 The cohesiveness decreased as the oil-
to-water ratio increased. This may be due to the hydration of PP
bres in water-rich systems, which enhances the exibility and
recovery aer deformation, whereas oil-only sorbents lack this
hydration, resulting in brittleness.12,33 Water droplets in the
sorbents can act as “bridges” between PP particles, strength-
ening interparticle interactions and leading to a more inter-
connected network formed by physical bonds.34 These water-
mediated connections contribute to a more cohesive and
elastic network, as opposed to oil-only systems, where interac-
tions are primarily hydrophobic and less exible. The results
obtained are in accordance with our previous study which
demonstrated that PP-based hydrogel-like sorbents exhibit high
cohesiveness, while PP-based oleogel-like sorbents are charac-
terised by high hardness. In this study, the produced sorbents
contained both water and oil phases, and the inclusion of water
creates a more balanced microstructure with both hydrophilic
and hydrophobic interactions, supporting higher TPA cohe-
siveness compared to the more rigid, hydrophobic-dominated
structure of oil-only sorbents.13 However, at an oil-to-water
ratio of 3 : 1, the 125 mm sorbents (Tables 1 and S6–S8†)
showed no improvement in cohesiveness, indicating that
insufficient water limits network formation, which leads to
a structure similar to oil-only sorbents.29

The rheological data showed a similar trend with the hard-
ness of the sorbents. Fig. 5 presents loss and storage moduli of
all sorbents produced. Most sorbents exhibited a higher G0

(storage modulus) value than G00 (loss modulus) throughout the
frequency sweep, except for 125 mm S3 and S6 samples, which
displayed a different trend at the end of the test. This indicates
that the majority of the sorbents possess gel-like behaviour and
can be classied as strong gels.13 However, the 125 mmS3 and S6
samples exhibited more emulsion-like characteristics, likely
due to their lower PP powder content (15%). As discussed in the
Microstructural analysis section, the PP powder plays a critical
role in the structural integrity of 125 mm sorbents due to
droplet-to-particle interactions. Reducing the PP powder
content weakens the sorbents by resulting in a less cohesive
structure and reduced lling effects.

The textural and rheological properties of the sorbents
exhibited characteristics similar to those of traditional emulsion
gels. For example, the k-carrageenan and whey protein-based
emulsion gel displayed a storage modulus ranging from 102 to
104, which aligns with the ndings of this study.6 Additionally,
candelilla wax-based emulsion gels demonstrated a hardness of
20–50 g, which also corresponds to the range observed in this
research.29 Thus, the emulsion-based/gel-like sorbents studied
exhibit similar characteristics to traditional gels. In addition, it
reduced the oil content compared to pure oleogel-like sorbents as
we presented in past studies.12,13 Furthermore, the cohesiveness
of the sorbents signicantly increased with the addition of water,
a critical factor for food processing.35 This feature highlights their
potential to be developed into a convenient, healthy, and cost-
effective fat replacer.
1122 | Sustainable Food Technol., 2025, 3, 1114–1127
3.4 Oil loss

Oil loss is a key indicator of the functionality of a sorbent,
particularly in terms of its stability, structural integrity, and
suitability for specic applications. Table 1 presents that oil loss
decreases when the concentration of PP powder is increased.
For example, the oil loss of 250 mm sorbents at an oil-to-water
ratio of 3 : 1 decreased from 50.80% to 20.07% in samples S5–
S7 (10–20% PP powder). A similar trend was observed in 125 mm
sorbents, where oil loss decreased from 35.63% to 22.40% in
samples S6–S8 (15–25% PP powder). These ndings align with
the observations of El Gheriany et al.,26 who noted that an
increase in the gelator content enhanced the surface area for
oil–water interactions, leading to reduced oil loss.

In contrast, as the oil phase became more dominant (e.g.
with an oil-to-water ratio shiing from 1 : 3 to 3 : 1) both 125 and
250 mm sorbents exhibited increasing oil losses. For 250 mm
sorbents, oil loss increased signicantly from 5.38% (S1) to
50.80% (S5). A similar trend was seen in 125 mm sorbents, where
oil loss increased from 14.72% (S2) to 22.40% (S8).

Most sorbents exhibited an oil loss of 20–30%, while some,
such as 250 mm S5, demonstrated a signicantly higher oil loss
of up to 50%, which compromises stability during processing.
Liu et al.21 reported that sorghumwax-based oleogels have an oil
loss rate of 20–30%. Therefore, 250 mm S5 and S6 samples may
not be suitable for food processing applications. Future studies
should focus on 250 mm S7 and 125 mm S6–S8 samples, as they
© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrate similarities to emulsion gels and exhibit low oil
loss.

3.5 Oil droplet size and the impacts of water

Table 2 presents the oil droplet sizes in emulsion gel-like
sorbents, indicating that the sorbents with a particle size of
250 mm have larger oil droplets compared to those with
a particle size of 125 mm. Specically, the D4,3 values for the 250
mm and 125 mm sorbents range from 166.26 to 357.40 mm and
from 77.04 to 128.60 mm, respectively. The particle size
measurement results align well with the microstructural
observation under a confocal laser scanning microscope in
which 125 mm sorbents contained numerous smaller particles
compared to 250 mm sorbents (Fig. 4). Additionally, the oil
droplet size showed a tendency to decrease as the oil phase
concentration increased. For instance, when the oil-to-water
ratio increased from 1 : 3 to 3 : 1, the oil droplet size of the
250 mm sorbents (with 10% PP content) decreased from 357.40
mm to 241.20 mm. A similar trend was observed for the 125 mm
sorbents. In this case, as the oil-to-water ratio increased from 1 :
3 to 3 : 1, the oil droplet size of the 125 mm sorbents (with 20%
oil content) reduced from 128.60 mm to 95.22 mm. This tendency
occurs because a higher oil phase concentration increases the
emulsion viscosity, creating a more structured system with
densely packed oil droplets, which ultimately lead to a reduc-
tion in oil droplet size.36 Additionally, the wetting of PP particles
Fig. 6 (A1) Total flavonoid content (TFC) and (A2): total phenolic content
sorbents produced using pomelo peel (PP) powders with different partic
the 10 day accelerated storage test at 50 °C, where blank bars and bars w
125 mm PP-based sorbents, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
induces steric hindrance, which limits the occulation and
coalescence of oil droplets, thereby reducing their size.37

An increase in PP powder content also led to a reduction in
oil droplet size within the sorbents. For example, at an oil-to-
water ratio of 3 : 1, the D4,3 value of 250 mm sorbents
decreased from 241.20 mm (250 mm S5 sample) to 166.26 mm
(250 mm S7 sample). A similar trend was observed in 125 mm
sorbents, where the droplet size decreased from 95.06 mm (125
mm S6 sample) to 82.24 mm (125 mm S8 sample) at the same oil-
to-water ratio. The reduction in particle size signies a more
dispersed oil-in-water system. Previous studies on bigel systems
have shown that smaller particle sizes result in harder gels due
to the increased viscosity and enhanced textural properties of
the bigels.38,39

3.6 Oxidative stability and phenolic content of emulsion-
based/gel-like sorbents

The oxidative stability of the produced sorbents is critical for
their potential application as fat replacers. In this study, all
water-rich sorbents (oil-to-water ratios of 1 : 3 and 1 : 1) fail the
oxidative stability test due to visible mold growth aer 2 days of
storage at the accelerated temperature (50 ± 1 °C). This can be
partly attributed to the nutrient-rich composition of the PP
powder, which provides an excellent substrate for mold growth
when combined with high moisture levels.40 Additionally, the
gel matrix of the sorbents, formed from the PP powder, may not
(TPC) of pomelo peel (PP) powders (125 mm& 250 mm); (B) DE values of
le sizes (125 mm and 250 mm) formed at a 3 : 1 oil-to-water ratio during
ith backslashes represent DE values of 250 mm PP-based sorbents and
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effectively bind, or immobilise all the water, leaving some free
water available to support microbial activity.41 As a result, only
the oil-rich sorbents were evaluated for oxidative stability, and
the phenolic content was determined to evaluate their resis-
tance to oxidation in relation to their inherent phenolic
compounds.

Fig. 6(A1 & A2) show the total phenolic content (TPC) and
total avonoid content (TFC) of PP powder, which are signi-
cantly inuenced by particle size. Specically, 250 mm PP
particles exhibit signicantly higher TPC (4.54 vs. 3.75 GAE mg
g−1) and TFC (0.95 vs. 0.78 RTE mg g−1) values compared to 125
mm particles. This difference is likely due to the increased
surface area of smaller particles, whichmakes themmore prone
to oxidation during grinding.42 PP powder used in this study
contains a higher phenolic and avonoid content than other
plant products, such as sorghum pericarp (4.13 GAE mg g−1).43

These compounds are natural antioxidants with potential
health benets, including anticancer, anti-inammatory, and
anti-aging properties. The high antioxidant capacity of PP
powder further enhances the health benets of its use as a fat
replacer.44 Moreover, the high levels of phenolics and avonoids
in PP can inuence lipid oxidation and colour stability of
sorbents during storage. The TPC and TFC of rice bran oil were
also tested and found to be negligible (less than 0.1 GAE mg g−1

and 0.01 RTE mg g−1, respectively). This indicates that the
antioxidants in PP powders are the major contributors to the
Fig. 7 Peroxide value (PV) and p-anisidine value (PAV) of sorbents formed
250 mm) during a 10 day accelerated storage test. Panels A1 and A2 show P
two oil-only control samples. Panels B1 and B2 show PV and PAV value
control sample. Detailed compositions of all samples are provided in Ap

1124 | Sustainable Food Technol., 2025, 3, 1114–1127
oxidative stability of the sorbent systems. While a high phenolic
content may provide potential health benets and help delay
lipid oxidation, it can also impart bitterness, which may
compromise the sensory acceptability of the product.45 There-
fore, it is crucial to optimise the fat replacement ratio, partic-
ularly if this sorbent system is intended for use in food
formulations, to balance functionality with sensory quality
associated with the incorporation of PP powder.46

Fig. 7 presents the peroxide value (PV) and p-anisidine value
(PAV) of all sorbents (oil-to-water ratio 3 : 1) studied. The
peroxide value measures the primary oxidative products, while
the p-anisidine value quanties the secondary oxidative prod-
ucts derived from the primary ones. Sorbents with 250 mm
particles exhibited better oxidative stability compared to those
with 125 mm particles, as indicated by lower PV and PAV values.
This enhanced stability is likely attributed to the higher
phenolic and avonoid contents in the 250 mm PP powders,
which delayed the oxidation of the sorbents. These antioxidants
impede lipid peroxidation through their chelating properties,
free radical scavenging abilities, and capacity to neutralise
carbonyl compounds.47

Moreover, the PP powder content was inversely related to
lipid peroxidation for sorbents of the same particle size. For
example, the 125 mm S6 sample exhibited the highest PV and
PAV. This is because increasing the concentration of PP powder
enhances the antioxidant effect.48 The PV of the 125 mm S6
at a 3 : 1 oil-to-water ratio from pomelo peel (PP) powder (125 mm and
V and PAV values, respectively, for 125 mm sorbents (S6, S7, and S8) and
s, respectively, for 250 mm sorbents (S5, S6, and S7) and one oil-only
pendix 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00027k


Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 1
1:

40
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
sample appears to exhibit a large standard deviation at the early
stage, indicating high oxidative instability. This remarkable
variation suggests that the 125 mm S6 sample, which contains
a lower concentration of PP powder, may be unsuitable for long-
term storage.49 In contrast, samples containing higher PP
concentrations (20–25%) formed a denser gel matrix, effectively
entrapping oil droplets and reducing oxygen permeability,
which collectively improved the oxidative stability, further
limiting lipid peroxidation.50

Fig. 6B shows the DE values of sorbents during storage. The
colour stability of sorbents is primarily governed by PP particle
size. For instance, at 15% PP content, 125 mm S6 showed a DE
value of 24.49 which is signicantly lower than 250 mm S6
which had a DE value of 60.67. As mentioned before, this is
due to the lower phenolic and avonoid contents of 125 mm
than 250 mm PP powder. Similarly, increasing the PP content
also decreased the DE value by enhancing the total antioxidant
capacity. Besides, a small particle size accelerated the pigment
oxidation due to its large surface area and the resulting high
DE value.51

The stability test of the selected sorbents demonstrated
high oxidative stability. Generally, the peroxide value (PV)
should not exceed 10 during storage to ensure product quality.
All samples in this study maintained PV values below this
threshold, indicating that these sorbents possess sufficient
stability for practical applications.52 Therefore, these sorbents
show strong potential as fat replacers due to their high
oxidative stability.
4 Conclusion

This study successfully developed emulsion-based gel-like
sorbents using pomelo peel (PP) powder with particle sizes
of 125 mm and 250 mm. The sorbents, formed through an oil–
water emulsion approach, exhibited properties that are
inuenced by oil-to-water ratios, particle sizes, and PP powder
concentrations. Compared to oil-only sorbents, the emulsion-
based sorbents required less PP powder and reduced overall
oil content, providing a healthier alternative. Adding a water
phase signicantly impacted the sorbents' structural integ-
rity, texture, rheology, and oil retention. While the water
phase reduced hardness by disrupting the dense network of
oil-only systems and improving the cohesiveness through
enhanced bre hydration, it also increased oil loss and
introduced free water, heightening mold susceptibility. This
trade-off highlights the balance between texture and stability.
Adjusting the oil-to-water ratio, PP particle size, and powder
concentration allows customisation of the sorbents' struc-
tural and functional properties, positioning PP-based
sorbents as versatile and sustainable fat replacers. Their
similarity to traditional gel-based fat replacers suggests
potential applications in meat, bakery, and confectionery
products. Future research should further explore the appli-
cation of these emulsion gel-like sorbents, focusing on their
impact on sensory attributes and processing characteristics
across diverse food systems.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Appendix

Appendix 1. Formulations of the produced sorbents made with
pomelo peel (PP) powders of varied particle sizes (125 and 250
mm) and various oil : water ratios.
Sample
names
PP powder
particle size

O
r

Sustainab
il : water
atios

P
(

le Food Te
P powder
%)
chnol., 2025
Oil (%)
, 3, 1114–
Water (%)
S1
 250 mm 1
 : 3 1
0.0
 22.50
 67.50

S2
 250 mm 1
 : 3 1
5.0
 21.25
 63.75

S3
 250 mm 1
 : 1 1
0.0
 45.00
 45.00

S4
 250 mm 1
 : 1 1
5.0
 42.50
 42.50

S5
 250 mm 3
 : 1 1
0.0
 67.50
 22.50

S6
 250 mm 3
 : 1 1
5.0
 63.75
 21.25

S7
 250 mm 3
 : 1 2
0.0
 60.00
 20.00

Control 25%
 250 mm 1
 : 0 2
5.0
 75.00
 N/A

S1
 125 mm 1
 : 3 2
0.0
 20.00
 60.00

S2
 125 mm 1
 : 3 2
5.0
 18.75
 56.25

S3
 125 mm 1
 : 1 1
5.0
 42.50
 42.50

S4
 125 mm 1
 : 1 2
0.0
 40.00
 40.00

S5
 125 mm 1
 : 1 2
5.0
 37.50
 37.50

S6
 125 mm 3
 : 1 1
5.0
 63.75
 21.25

S7
 125 mm 3
 : 1 2
0.0
 60.00
 20.00

S8
 125 mm 3
 : 1 2
5.0
 56.25
 18.75

Control 30%
 125 mm 1
 : 0 3
0.0
 70.00
 N/A

Control 35%
 125 mm 1
 : 0 3
5.0
 65.00
 N/A
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M. HadnaCev, Inuence of oil phase concentration on
droplet size distribution and stability of oil-in-water
emulsions, Eur. J. Lipid Sci. Technol., 2013, 115(3), 313–321.

37 S. M. Hodge and D. Rousseau, Flocculation and coalescence
in water-in-oil emulsions stabilized by paraffin wax crystals,
Food Res. Int., 2003, 36(7), 695–702.

38 L. Zeng, J. Lee, Y.-J. Jo and M.-J. Choi, Effects of micro- and
nano-sized emulsions on physicochemical properties of
emulsion–gelatin composite gels, Food Hydrocolloids, 2023,
139, 108537.
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