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Fibres from different agri-food by products have varying physicochemical and functional properties that require
further investigation in the context of sustainable food production to fundamentally understand the relationship
between composition, structure and function. In this study, physicochemical and rheological properties of dietary
fibres (DF) extracted from nine different sources namely apple pomace, wheat straw, hemp fibres, oat hulls, oat
bran, pumpkin seeds, mushrooms compost, and coffee silverskin were compared to methylcellulose. The hy-
dration, emulsifying, structural, and rheological properties were characterised. Hemp fibre (69.63 g/100g) and
apple pomace (19.52 g/100g) had the relatively highest and lowest DF contents. Onion peels dietary fibre
(OPDF) exhibited the highest water binding (0.94 g/g) and swelling capacities (13.85 mL/g). Methylcellulose
(MCQ), acid-extracted apple pomace dietary fibre (AC-APDF) had the highest water holding capacities (12.74 g/g).
MC was the only sample to exhibit excellent emulsification property with no serum layer observed. All DF
samples and MC exhibited shear thinning behaviours with increasing shear rates. The spectral analysis showed
that all DF samples contained characteristic peaks of polysaccharides. The findings correlate with results from
PCA analysis and indicate the potential of DF from onion peels and apple pomace to act as a functional ingredient
in the food industry.

Moreover, multifunctional dietary fibres have been extensively studied
for their beneficial effects on human health and their role in the food

1. Introduction

There has been a growing interest in the utilisation of agri-food by-
products such as seeds, husks, pomace, hulls, stems, peels, pods, and
pulp in recent years as raw materials for the extraction of dietary fibres
(DF). Although there are several potential uses for these agri-food by-
products they are often overlooked and discarded in the food industry.
Such by-products possess inherent physicochemical and functional
properties that render them useful resource materials for the food in-
dustry. Their use goes beyond being animal feed or as the primary ma-
terial for biomass production. Recently, valorisation strategies have
focused on extracting dietary fibres from a range of agri-food products
including wheat, oats, citrus fruits, apples, carrots, and psyllium husk
(Mateos-Aparicio, 2021). Findings suggest that DF have great potential
of acting as thickening and stabilizing agents in food formulations.

* Corresponding author.

industry (Meng et al., 2021). These DF have been reported to have the
potential to promote satiety and health, aid digestion, enhance food
texture, stabilise emulsions, bind ingredients, and improve moisture
retention (Chen et al., 2021; Zhang et al., 2023). The mentioned prop-
erties are mainly influenced by the physicochemical and functional
properties of the DF.

A better understanding of the physicochemical properties enhances
knowledge of DF behaviour in food matrices and their implications for
food quality. These properties are often attributed to variation in the
fibre chemical composition, geographical origin and extraction pro-
cesses (Chen et al., 2021; Dong et al., 2023; Wang et al., 2017). It has
been reported that the type of extraction method has different effects on
the physicochemical properties of extracted DF (Lan et al., 2012;
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Moreover, Dong et al., 2023, found that the geographical origin of
plant-based materials and agri-food by-products affects the physico-
chemical and functional properties of extracted DF. Additionally, the
nature and type of raw materials have been shown to influence the
functional, and structural properties of extracted DF (Gouw et al., 2017;
Wu et al., 2024). To this end, recent studies have shown that DF from a
range of origins such as fox millet, orange peels, de-oiled cumin, and
bamboo shoots, etc have great potential to be used as functional in-
gredients in the food industry such as food binders and stabilisers (Gouw
et al., 2017; Sanchez-Zapata et al., 2009; Zhu et al., 2018).

DF are versatile macromolecules with diverse functional properties.
One of their key attributes is their ability to act as binding agents be-
tween water and other macromolecules such as proteins (Lu et al.,
2019). The binding properties of DF is said to be influenced by their
molecular structure, surface area, and overall charge density which
enables them to interact with water, oil and other molecules through a
combination of covalent, hydrogen bonding, electrovalent, polar and
hydrophobic interactions (Luo et al., 2017; Zhang et al., 2023). DF work
as binders by absorbing water, forming gels, and interacting with mol-
ecules or ions to form cohesive chains. The hydrophilic nature of DF, due
to hydroxyl and carboxyl groups, enables water retention via hydrogen
bonding, facilitating gel formation, which in turn creates a matrix that
binds particles together (Feng et al., 2023). Also, most DF can increase
viscosity which helps particles to suspend by reducing their movement
and allowing them to stick together (Nasrollahzadeh et al., 2021, pp.
47-96). DF from pear pomace, bamboo shoot shell, de-oiled cumin were
reported to have exhibited significant binding capacities to oil, water
and glucose (Luo et al., 2018; Yan et al., 2019; Zhang et al., 2023).
Understanding and optimising fibre binding properties enables innova-
tive product development as well as sustainable practices through the
valorisation of by-products.

Not all agri-food by-products have been explored as potential sources
of DF. Currently, there is lack of comparative data evaluating DF
extracted from widely accessible sources in UK and Ireland, such as
apple pomace, oat hulls, oat bran, wheat straw, onion peels, pumpkin
seeds, mushroom compost, hemp fibres, and coffee silver skin, alongside
an industry standard food binder, methylcellulose (MC) using techno-
functional, structural and rheological properties. (These sources are
also common in other places in N. Europe and beyond). Due to the
increasing interest in natural and sustainable ingredients, a thorough
investigation of the DF’s binding properties could provide useful insights
into their application as alternatives to synthetic binders such as MC,
contributing to the development of healthier and more environmentally
friendly food products. MC production involves chemically modifying
cellulose through an energy-intensive processes, often using chemicals
like methyl chloride (Abolore et al., 2024). This process is considered
unsustainable and may result in harmful waste generation and envi-
ronmental emissions if not effectively managed. Therefore, to broaden
the potential applications of DF in the food industry, it is essential to
investigate their physicochemical and rheological properties.

Previous studies have demonstrated the potential of DF obtained
from different sources having different physicochemical and functional
properties (Dong et al., 2023; Kuan et al., 2011; Wu et al., 2024; Xie
et al.,, 2017). Dong et al. (2023), demonstrated that DF from four
different bamboo shoots, each from a different origin, showed variations
in their water holding capacity (WHC) (10.00-13.05 g/g), oil holding
capacity (OHC) (6.5-10.42 g/g) and swelling capacity (SC) (6.8-11.2
mL/g) as well as their microstructures. Wu et al. (2024) confirmed that
DF from cereal brans from the same origin obtained using the same
extraction methods had varying microstructures and intrinsic viscos-
ities. On the other hand, Jacometti et al. (2015) reported that DF from
different agri-product residues (rice hulls, oat hulls, banana pseudo
stems and malt bagasse) presented low OHC (2.68 g of oil/g of DF) with
DF from oat and rice hulls having no emulsification potential. Most
existing research fails to provide detailed comparison of key parameters
such as proximate, hydration, emulsification, rheological, and structural
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properties of DF from different agri-food by-products obtained via
different extraction methods as compared to an industry standard food
binder MC, as well as their exploitation as potential binding agent in the
food industry.

The objective of this study was to extract and evaluate the binding
efficiency of DF extracted from nine regionally available agri-food by
products (apple pomace, oat hulls, oat bran, wheat straw, onion peels,
pumpkin seeds, mushroom compost, hemp fibres, and coffee silver skin)
benchmarking them against a commercially available food binder (MC)
to assess their suitability as sustainable functional ingredients. By
characterising the physicochemical and rheological properties of the
extracted DF fractions, we seek to enhance our understanding on the
functional potential of these by-products in food applications. The
purpose of the study is to contribute to a broader understanding of how
agri-food by-products can be utilised as functional ingredients in food
formulations, thereby promoting sustainability and innovation in food
research.

2. Materials and methods
2.1. Materials

The solvents, and chemicals, including the enzymes used in the study
were of highest level of purity and of analytical grade. Specifically, all
enzymes (a-amylase (activity; 0.34 x 107% to 1.00 x 1073 kat) and
Protease from Bacillus licheniformis (activity; >4.01 x 108 kat) used
were purchased from Sigma-Aldrich (Gillingham, UK). Food grade sol-
vents (ethanol) were used for extraction. Food grade HCL and NaOH
were obtained from Sigma-Aldrich. Agri-food by-products were ob-
tained from local suppliers in the UK and Ireland. Mushrooms were
obtained from Monaghan Mushrooms (Tyholland, Ireland), hemp fibre
from a local farmer in Northen Ireland (Ian Marshall), Triticum aestivum
(wheat) straw from Capper Trading Limited (Dungannon, Northern
Ireland), apple pomace from Davisons Quality Foods- (Craigavon,
Northern Ireland), onion peels from restaurants in Belfast, oat bran and
oat hulls from White Oats (Tandragee, Northern Ireland), coffee silver-
skin from Lucid Coffee (Belfast, Northern Ireland), pumpkin seeds
were collected from pumpkins sourced locally, and methylcellulose
(commercial grade of high purity >0.99) from Sigma Aldrich (Gilling-
ham, UK). Sunflower oil was purchased from a retailer.

2.2. DF extraction procedure

This study employed different methods of dietary fibre (DF) extrac-
tion based on the proximate composition and the nature of the materials.
Fig. 1 below summarizes the different extraction methods used.

2.2.1. Extraction from wheat straw, hemp fibre and coffee silverskin

DF from wheat straw, hemp fibre and coffee silverskin was extracted
following a protocol described previously (Yamazaki et al., 2005) with
some modifications. About 100 g of ground samples were soaked in
1500 mL of 20 g/L NaOH in a Grant water bath for 2 h at 50 °C. The
samples were transferred into 50 mL conical tubes and centrifuged at
4000xg for 15 min an Eppendorf centrifuge 5810 R (Eppendorf,
Hamburg, Germany) with a swing bucket rotor (Rotor A-4-81). The
supernatant was discarded, and precipitates were washed with 20 g/L
NaOH solution and centrifuged at 4000xg for 15 min using the same
centrifuge, rotor (Rotor A-4-81) and conical tubes as mentioned above.
The insoluble fraction precipitates were collected and soaked in 1000
mL of 36.46 g/L HCI solution for 2 h at 50 °C. The mixture was centri-
fuged at 4000xg for 15 min using the same centrifuge, rotor (Rotor
A-4-81) and conical tubes as mentioned above and washed with 18.23
g/L HCI solution. Precipitates were collected and washed with distilled
water and insoluble DF were collected, freeze dried using the Lablyo
Plus freeze dryer (Frozen in Time Limited, York, England, United
Kingdome) for 48 h, milled using a high-speed multifunction grinder for
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Fig. 1. Workflow for DF extraction and characterisation: methodology overview.

Created in BioRender. Vale-hagan, W. (2025) https://BioRender.com/nlqddlc.

3 min (1 min rest for every minute of grinding) (CGOLDWALL, Dor-
chester Centre, Massachusetts, USA) and passed through a 35 pm sieve.
The DF were kept at 4 °C until needed.

2.2.2. Extraction from oat hulls

DF was extracted from oat hulls according to a protocol described by
(Wen et al., 2017) with some modifications. About 100 g milled oat hulls
were soaked in 1000 mL of deionized water for 90 min at 50 °C in a
water bath. The mixture was then transferred into 50 mL conical tubes
and centrifuged at 4000xg for 15 min with an Eppendorf centrifuge
5810 R (Eppendorf- Germany) with a swing bucket rotor (Rotor A-4-81).
The resulting residue were soaked in 100 0 mL of 30.00 g/L NaOH for
120 min at 50 °C. The pH of the mixture was adjusted using 18.23 g/L
HCl and incubated at 100 °C for 15 min. Exactly 1 g (1g/100g of sample)
of heat resistant a-amylase (activity; 34 x 10~*t0 1.00 x 102 kat) was
added to the slurry and kept at 95 °C for 40 min. The slurry was
centrifuged at 4000xg for 5 min with an Eppendorf centrifuge 5810 R
(Eppendorf- Germany) with a swing bucket rotor (Rotor A-4-81) in 50
mL conical tubes and washed with distilled water. The precipitates were
freeze dried, milled and passed through a 35 pm sieve. The fibres were
kept at 4 °C until needed.

2.2.3. Extraction from onion peels and pumpkin seeds

DF from onion peels and pumpkin seeds were extracted following a
protocol described by (Meng et al., 2021) with some modifications.
Samples were freeze dried, milled and refluxed with 700 mL/L ethanol
to get rid of low molecular weight compounds. About 100 g of refluxed
powders were soaked in 1500 mL of deionized water and the pH was
adjusted to 2.0 with 182.30 g/L HCI. The mixture was incubated at 90 °C
for 90 min and centrifuged at 4000 x g with Eppendorf centrifuge 5810 R
(Eppendorf, Hambourg, Germany), with a swing bucket rotor (Rotor
A-4-81) in 50 mL conical tubes. The supernatant was discarded, and
precipitates were incubated at 75 °C using 30.00 g/L NaOH for 2 h.
After, the mixture was centrifuged at 4000xg using Eppendorf centri-
fuge 5810 R (Eppendorf, Hamburg, Germany), with a swing bucket rotor
(Rotor A-4-81) in 50 mL conical tubes and residues were precipitated in
800 mL/L ethanol at 4 °C overnight. The mixture was centrifuged with
the same parameters above, and the remaining residues were washed
with deionized water. Samples were freeze dried using the Lablyo Plus
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freeze dryer (Frozen in Time Limited, York, England, United Kingdome)
for 48 h, milled using a high-speed multifunction grinder for 3 min (1
min rest for every minute of grinding) (CGOLDWALL, Dorchester
Centre, Massachusetts, USA), and passed through a 35 pm sieve. DF were
kept at 4 °C until needed.

2.2.4. Extraction from oat bran

DF from oat bran was extracted following a previously described
protocol by (Guo et al., 2021) with some modification. About 20g of
milled oat bran samples were suspended in 0.2L deionized. The pH of the
slurry was adjusted to 6.0 using 18.23 g/L HCI and 0.32 g of heat
resistant a-amylase (activity; 34 x 10™* to 1.00 x 1072 kat) was added
and incubated at 60 °C for 40 min in an agitating water bath. The
temperature was allowed to drop to 40 °C and 0.16 g of protease from
Bacillus licheniformis (activity; >4.01 x 108 kat) was added. The slurry
was left to digest for 2 h at 40 °C and centrifuged at 4000xg for 15 min
with an Eppendorf centrifuge 5810 R (Eppendorf- Germany), with a
swing bucket rotor (Rotor A-4-81) in 50 mL conical tubes. After, the
supernatant was discarded and residue were freeze dried, milled, and
passed through a 35 pm sieve. Fibres were kept at 4 °C until needed.

2.2.5. Extraction from apple pomace

Both acid and alkali methods were used in extracting fibres from
apple pomace following the protocol described by (Fidriyanto et al.,
2023). For acid extraction, 100 g of freeze dried and milled apple
pomace was dispersed in 2000 mL of water and pH was adjusted to 2.0
using 182.30 g/L HCl. After, the mixture was agitated for 4 h in a
shaking water bath at 80 °C. For alkaline extraction, 100g of freeze dried
and milled apple pomace was mixed with 2000 mL of 2.00 g/L NaOH
and pH was adjusted to 7 using a 182.30 g/L HCI solution. The mixture
was stirred on a hot plate at 45 °C for 4 h. After incubation, both acid and
alkali apple pomace slurries were centrifuged separately at 4000xg for
15 min with an Eppendorf centrifuge 5810 R (Eppendorf- Germany),
with a swing bucket rotor (Rotor A-4-81) in 50 mL conical tubes. The
supernatants were discarded, and precipitates were washed with
deionized water twice. The residues were freeze dried, milled, and
passed through a 35 pm sieve. Fibres were kept at 4 °C until needed. and
dried using the freeze drier.
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2.2.6. Extraction from mushroom compost

DF were extracted from Agaricus bisporus mushrooms according to a
previously described protocol by (Jia et al., 2020) with some modifi-
cations. About 50 g of freeze dried and milled Agaricus bisporu mush-
rooms were weighed and dispersed in 1000 mL of distilled water. The pH
of the mixture was adjusted to 7.0 and the mixture was hydrolysed with
0.75 g heat-resistant g-amylase (activity; 34 x 10™*to 1.00 x 1073 kat)
(1.5 g of enzymes/100 g of sample). at 60 °C for 2 h. After the tem-
perature was adjusted to 40 °C and mixture was hydrolysed with 0.6g
protease from Bacillus licheniformis (activity; >4.01 x 108 kat) (1.2 g
of enzymes/100 g of sample). After, the mixture was centrifuged at
4000xg using Eppendorf centrifuge 5810 R (Eppendorf, Hamburg,
Germany), with a swing bucket rotor (Rotor A-4-81) in 50 mL conical
tubes. The supernatant was discarded, and the residue were precipitated
with four volumes of 900 mL/L ethanol for 1 h at 4 °C. After precipitates
were collected and washed three times with acetone. The residues were
freeze dried, milled, and passed through a 35 pm sieve. Fibres were kept
at 4 °C until needed. and dried using the freeze drier.

2.3. Proximate compositional analysis of extracted DF

The moisture contents were determined using the oven drying
method per AOAC 925.10, crude protein were determined using Dumas
method per AOAC 992.23, crude fibre was determined by a gravimetric
method per AOAC 962.09, ash contents were determined using dry
ashing method by AOAC 923.03 and fat contents using the Soxhlet
extraction method as described by AOAC 920.39. The carbohydrates
content was calculated by difference: 100g - (moisture + ash + protein
+ fat + fibre) based on the Association of Analytical Chemists (AOAC)
protocol (AOAC, 2016). The fibre composition analysis including ex-
tractives, cellulose, hemicellulose and lignin contents was determined
using Ankom Analyser’s fibre analysis protocol.

2.4. Water holding capacity, swelling capacity and water binding capacity

The water holding capacity (WHC) and water binding capacity
(WBC) of the various DF were determined according to a previously
described protocol (Qiu et al., 2017). WHC and WBC were calculated
using the equation:

mw —m

WHC = (€]

WBC = mw —mb @
mw

Where: m,, is the weight of the samples following water absorption (g),
m is the weight of the samples before water absorption, and my, is the
weights of the samples after drying. Both WHC and WBC measurement
for each sample was done in triplicate.

The swelling capacity (SC) of the DF were determined following a
previously described protocol (Qiu et al., 2017). SC was expressed as the
volume change after water swelling:

v2-w1

SC
mO0

3)
Where: Vj is the volume of the samples after water absorption (mL), V1 is
the volume of the fibre samples before water absorption (mL) and m, is
the weights of the samples (g). The SC measurement for each sample was
done in triplicate.

2.5. Oil holding capacity

The oil holding capacity (OHC) of the DF was determined according
to a previously described protocol (Qiu et al., 2017). OHC was calculated
using the equation:
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mo—m

OHC = 4)
Where: m, is the weight of the samples following oil absorption (g) and
m is the weight of the samples before oil absorption. The OHC mea-
surement for each sample was done in triplicate.

2.6. Particle size analysis

The particle size of the dietary fibres was measured using a particle
size laser analyser (Mastersizer 3000, Malvern Panalytical Co., Ltd., UK).
The refractive indices of dispersants were (1.33) and of samples were
1.36 for AL-APDF and AC-APDF; 1.53 for WSDF, OHDF, HFDF, and
PSDF; 1.6 for CSDF and MCDF; 1.47 for OBDF and 1.4 for OPDF,
respectively. Each sample was dispersed in circulating water and treated
with ultrasonic vibration until it met the laser signal conditions. The
particle size was calculated and expressed in terms of the Dv 10 (pm), Dv
50 (pm), Dv 90 (pm) and span values.

D90 — D10
Span= —Dso 5)
Where: D10 is the particle diameter at the 0.10 vol fraction of the dis-
tribution, D50 is the particle diameter at the 0.50 vol fraction of the
distribution and D90 is the particle diameter at the 0.90 vol fraction of
the distribution.

2.7. Emulsifying activity and stability

Emulsifying activity (EA) and stability (ES) were determined
following a previously described protocol (Xie et al., 2017) with some
modifications. The emulsion was homogenised at 13500 rpm for 5 min
(30 s rest for every minute of homogenization) and centrifuged at 4500
rpm for 15 min with an Eppendorf centrifuge 5810 R (Eppendorf- Ger-
many) rotor (Rotor A-4-81) in a 50 mL conical tubes. Emulsifying ac-
tivity was calculated as: EA was calculated as:

mL He
EA(IOOmL) 7EX100 6)

Where: H; is the total height of the emulsion and H, is the height the
emulsified layer, respectively.
ES was calculated as follows:

mL V1
S (m) = (7> X100 @

Where: V and V1 are the volumes of the emulsified layer before heating
and the layer after heating, respectively. For each experiment, group
differences were analysed independently via one-way ANOVA with post-
hoc corrections (Tukey’s test). Data variability is presented as error bars
of the Standard error of mean (SEM), calculated as standard deviation
divided by the square root of sample size (SD/ \/n).

2.8. Rheological analysis

The rheological properties of the DF samples (5g of solids/100 mL)
were tested using an AR-G2 Rheometer, (TA Instruments, Elstree, United
Kingdom) according to a previously described protocol (Eren et al.,
2015) with some modifications. A stainless-steel parallel plate (40 mm)
was used to run an apparent viscosity and temperature sweep tests. For
flow behaviour, a steady shear experiment was performed at an
increasing shear rate from 0.01 to 10/s with a gap of 2000 pm. For
oscillatory tests, a strain sweep test was carried out with a strain range
from 0.0001 to 10 to establish the linear viscoelastic region (LVR) of the
samples. A temperature sweep test was performed at a strain value of
0.001 within the LVR, with an increasing temperature from 20 to 85 °C,
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at a frequency of 1Hz and a ramp rate of 5 °C.
2.9. Structural analysis

2.9.1. FTIR spectroscopy

The FTIR spectra of DF samples were obtained by using a Nicolet
iS50 FT-IR Infrared spectrometer (Thermo Fisher Scientific Co. Ltd.,
Waltham, Massachusetts, USA). The range of wavelengths was 4000-
400 cm ™, resolution of 4 cm™'; 64 scans were conducted. A graph of
relative transmittance was plotted against wavelength (Liu et al., 2020).

2.9.2. Scanning electron microscopy (SEM)

The morphology of the DF samples was observed and photographed
with a scanning electron microscope (TESCAN LYRA3, Brno, Czech
Republic) at 1000 x . A copper plate was attached to a sample stage and
the samples were placed on the copper stage and spattered with gold.
The surface morphology of the samples was observed at a working beam
of 5 kV and a speed scan of 3 with an emission gun as the source of
electron field.

2.10. Statistical analysis

All experiments were performed in triplicate for each sample and
results were expressed as means =+ standard deviations (SD). All charts
were created using either Excel or GraphPad prism 9. Using SPSS version
26 software, one-way ANOVA and Tukey’s test were performed to
compare means of different groups. A P value < 0.05 demonstrated
significant difference. All values were tested for normality using SPSS
version 26. Using Origin Pro, Principal Component Analysis (PCA) an-
alyses were performed and plotted to further explore the relationships
and patterns within the dataset.

3. Results and discussion
3.1. Fibre composition analysis

Table 1 shows the proximate analysis of the different DF samples in
terms of their moisture, fat, crude fibre, protein, ash and carbohydrate
contents.

The proximate composition plays a crucial role in determining the
functional properties and potential applications of the fibres in various
industries, such as food, nutraceuticals or material science. The moisture
contents of the samples ranged from 2.81 g/100g for MC to 8.04 g/100g
for coffee silverskin dietary fibre (CSDF), with most of the samples being
in the range of 4-8 g/100g. The results obtained were similar to mois-
ture contents of other DF samples (6.95-9.08 g/100g) (Lopez-Marcos
et al., 2015). The moisture content plays an important role in applica-
tions such as water-binding and water retention. Based on the results

Table 1
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obtained, samples with higher moisture content had lower water bind-
ing capacities and vice versa. The crude fibre content of the DF samples
varied greatly ranging from 3.24 g/100g oat bran dietary fibre (OBDF)
to 96.41 g/100g (MC). MC, HFDF, and wheat straw dietary fibre (WSDF)
had the highest crude fibre content indicating that they are predomi-
nantly fibrous materials. MC was a commercial sample with a purity
content of >90 parts per 100. OBDF had relatively lower fibre content
below 10 g/100g. All other samples had fibre contents of >30 g/100g.
The fat content of the fibres ranged from 0.05 g/100g (MC) to 28.61
g/100g pumpkin seeds dietary fibre (PSDF) with most samples having a
fat content below 10 g/100g. PSDF (28.61 g/100g) had a notably high
fat content compared to the other samples, making it suitable for ap-
plications where a higher lipid content is desirable, such as in functional
foods or dietary supplements that require a source of healthy fats.
However, for the purpose of the application of fibres as hydrocolloids, a
higher fat content may interfere with the gelation, binding and thick-
ening ability as this reduces the number of available sites for water
interaction. Onion peels dietary fibre (OPDF) (0.16 g/100g), and MC
(0.05 g/100g) had very low-fat contents which makes them suitable for
the application as hydrocolloids in food. Similarly, DF samples from
some agri-products presented a higher variation in fat content
(0.48-20.96 g/100g) with pomegranate seeds DF having a fat content of
20.9 g/100g, tiger nut (9.85 g/100g) and lemon albedo (7.22 g/100g)
fibres had moderate levels, while grapefruit dietary fibre (0.48 g/100g)
was lowest (Lopez-Marcos et al., 2015). The total mineral content of the
DF samples, as determined by ashing, ranged from 0.31 g/100g for MC
to 1.46 g/100g for hemp fibre dietary fibre (HFDF). The variations in
the ash contents could be attributed to the nature and source of materials
used. The protein content of the DF samples varied significantly with
mushroom compost dietary fibre (MCDF) showing the highest value
(33.46 g/100g) and MC the lowest (0.06 g/100g). The protein content
of MC was below the detectable limits. OPDF (0.77 g/100g), HFDF
(0.77 g/100g), WSDF (0.78 g/100g), and oat hulls dietary fibre (OHDF)
(0.58 g/100g) had very low protein contents of less than 1 g/100g.
However, MCDF and OBDF had comparatively higher protein contents.
Carbohydrate content is usually measured by difference in proximate
analysis, which includes all organic components not quantified as pro-
tein, fat, moisture, ash, or fibre. Sugars, starches, and non-fibre poly-
saccharides often constitute most of the available carbohydrate. The
carbohydrates content of the DF samples ranged from 0.23 g/100g
(PSDF) to 64.96 g/100g (OBDF). The variation in the chemical
composition is an indication of the different sources and processing
techniques used, highlighting the importance of tailoring these factors to
achieve specific physicochemical and functional properties.

Fig. 2 presents the fibre compositional analysis for the various DF
samples based on their percentages of extractives, hemicellulose, cel-
lulose and lignin. Each sample presents a unique profile, reflecting the
variability in the composition of the different DF samples. The

Proximate composition of extracted dietary fibre samples from various agri-food by-products sources.

Sample code Moisture (g/100g) Fat (g/100g)

Ash (g/100g)

Crude fibre (g/100g) Protein (g/100g) CHO (g/100g)

OBDF 7.67 £ 0.11% 8.75 + 1.84° 0.49 + 0.05% 3.24 + 0.33% 14.89 + 0.04° 64.96 + 2.20°
HFDF 3.83 +0.13" 1.01 + 0.38¢ 1.46 + 0.21° 81.57 + 2.12° 0.77 + 0.02" 11.36 + 2.75°
AC-APDF 4.28 + 0.25" 7.55 + 0.00%° 1.21 +0.21° 44.28 + 2.46° 5.48 + 0.15¢ 37.20 + 2.91%
AL-APDF 412 +0.31° 4.82 +1.10" 0.76 + 0.00¢ 34.92 + 0.96¢ 4.83 +0.01° 50.55 + 0.30
OHDF 7.40 + 0.04° 0.22 + 0.31¢ 1.05 + 0.21° 54.04 + 0.56° 0.58 + 0.01° 36.71 + 0.31°°
WSDF 5.62 + 0.08¢ 0.67 +0.13¢ 1.21 + 0.22° 72.70 + 0.70° 0.78 + 0.01¢ 19.02 + 0.99°
PSDF 5.27 + 0.05%¢ 28.61 + 0.95° 0.89 + 0.27° 53.56 + 0.16° 11.44 + 0.05 0.23 + 0.028
CSDF 8.04 + 0.31% 2.21 + 0.04% 0.34 + 0.168 52.95 + 0.39° 13.63 + 0.018 22.83 + 0.56°
MCDF 6.61 + 0.66¢ 1.80 + 0.12¢ 1.05 + 0.21" 51.10 + 2.03¢ 33.46 + 0.00" 5.98 + 0.62"
OPDF 7.71 £0.13% 0.16 + 0.04¢ 0.88 + 0.118 53.82 + 0.68° 0.77 + 0.03b° 36.67 + 0.28°
MC 2.81 + 0.20° 0.05 + 0.00¢ 0.31 + 0.03° 96.41 + 2.108 0.06 + 0.01' 0.36 + 0.02¢

NB: all data are means and S.D. of triplicate measurements; different letters denote significant difference in the column at P < 0.05. OHDF: oat hulls dietary fibre,
WSDF: wheat straw dietary fibre, AL-APDF: alkaline extracted apple pomace dietary fibre, AC-APDF: acid extracted apple pomace fibre, OPDF: onion peels dietary
fibre, MCDF: mushroom compost dietary fibre, HFDF: hemp fibre dietary fibre, CSDF: coffee silverskin dietary fibre, OBDF: oat bran dietary fibre, PSDF: pumpkin seed

dietary fibre, MC: methylcellulose.
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Fig. 2. Fibre compositional analysis of the dietary fibre samples obtained from
various agri-food by-products sources.

Notes: OHDF: oat hulls dietary fibre, WSDF: wheat straw dietary fibre, AL-
APDF: alkaline extracted apple pomace dietary fibre, AC-APDF: acid extrac-
ted apple pomace fibre, OPDF: onion peels dietary fibre, MCDF: mushroom
compost dietary fibre, HFDF: hemp fibre dietary fibre, CSDF: coffee silverskin
dietary fibre, OBDF: oat bran dietary fibre, PSDF: pumpkin seed dietary fibre,
MC: methylcellulose.

extractives content represents the pectin, sugars, lipid and protein
contents in the DF samples. The DF samples exhibit a wide range of
extractives from as low as 4.45 g/100g (WSDF) to as high as 39.26 g/
100g (AL-APDF). A higher extractive content in OBDF and AL-APDF
may indicate the presence of higher non-fibrous components such as
pectin, protein and fats. As illustrated in Table 1, OBDF had the lowest
crude fibre content but relatively higher carbohydrate and protein
components. The hemicellulose content of the samples ranged from
4.46 g/100g (OPDF) to 58.52 g/100g (OBDF). Cellulose was the most
dominant component in many of the samples with values ranging from
4.24 g/100g (OBDF) to 68.76 g/100g (HFDF) due to source and pro-
cessing conditions. These values were in similar ranges of cellulose
content of DF from rice bran (8.11-26.11 g/100g) subjected to different
processing conditions (Liu et al., 2021). HFDF, WSDF and OPDF had the
highest cellulose contents whereas AC-APDF, AL-APDF and PSDF had
moderate cellulose contents. The cellulose content of rice bran
(4.39-6.78 g/100g) varied due to differences in processing treatments
between defatted and full-fat samples (Casas et al., 2019). The lignin
contents are the non-digestible components of the DF, and it ranged
from 2.76 g/100g (OPDF) to 43.45 g/100g (PSDF). AL-APDF and
AC-APDF although from the same source had different lignin contents
due to the processing conditions. Alkaline treatment may have cleaved
lignin-CHO bonds hence a lower lignin content than the acid treated
sample (Chu et al., 2019). The lignin content of rice bran varied
significantly across different processing conditions, reflecting the impact
of treatment methods on DF composition (Casas et al., 2019; Liu et al.,
2021) The differences in the extractives, hemicellulose, cellulose and
lignin contents of the various DF samples highlight the impact of source
material and processing conditions on fibre composition. The effect of
different processing methods was seen to have increased the cellulose,
hemicellulose and lignin contents of DF from rice bran (Liu et al., 2021).
Fermentation with Bacillus natto altered the fibre composition of millet
bran, reducing hemicellulose (47.3-44.4 g/100g), cellulose (17.3-14.3
g/100g), and lignin (8.8-7.9 g/100g) (Chu et al., 2019). Similar trends
have been seen in rice, wheat, millet and oat bran DF, showing that
processing and raw material differences affect fibre composition and
functionality (Casas et al., 2019; Chu et al., 2019; Liu et al., 2021).
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3.2. Particle size distribution

The particle size distribution is a key parameter in understanding the
functional and structural composition of dietary fibres (Ma & Mu, 2016).
The particle size distribution of the various dietary fibres are shown in
Fig. 3 below and Table 2, results include the D¢, Dsg and Dgg values,
along with the span and volume fraction, providing a comprehensive
characterization of particle size.

The particle size distribution shows great variations among the
various dietary fibre samples as illustrated in Fig. 3 and Table 2 above. In
Fig. 3, MCDF showed a very narrow distribution with the highest volume
fraction, indicating uniform particle sizes but limited diversity. Simi-
larly, PSDF and OBDF had narrow peaks and low volume, suggesting
fine particles with minimal heterogeneity. In contrast, CSDF and OHDF
showed broader distributions and relatively higher volume percentages,
indicating more diverse particle sizes. HFDF had the broadest span but
the lowest volume fraction, suggesting a highly heterogeneous particle
population. The distribution of AC-APDF, OPDF, AL-APDF and WSDF
were very similar which were neither too narrow nor extremely broad.
The D19, Dsg, and Dgg values (Table 2) confirms these observations
quantitatively. Notably, there were no significant difference in Djq
values among samples PSDF, MCDF and OBDF, suggesting comparable
fine particle content. However, PSDF and OBDF shared similar Dsg
values, indicating comparable median particle sizes while AL-APDF, AC-
APDF and WSDF clustered in Dsg, suggesting similar mid-range distri-
butions. The Dgg values were mostly distinct, except for AL-APDF and
AC-ADDF, which were statistically similar, aligning with their shared
source despite different extraction methods. The span values reinforced
these trends, with OBDF and HFDF being similar in breadth, while AL-
APDF, AC-APDF, OPDF and WSDF grouped together, indicating consis-
tent moderate distribution widths which were a reflection in their good
hydration properties illustrated in Table 3 below. This suggests that
optimal functionality requires a balanced particle size distribution, as
Ma & Mu, 2016 found that both excessively small (<40 pm) and large
(>120 pm) particles exhibited poor hydration properties, a reflection in
the WHC and WBC results. Similar to our results, Huang et al., 2021 and
separately, Ma & Mu, 2016, reported that while processing affects par-
ticle size, smaller particles do not always enhance functionality, high-
lighting that structural factors may outweigh size in determining
hydration and emulsification properties.

3.3. Hydration and oil holding properties of dietary fibres

The hydration capacity of a material is an important parameter that
influences the physicochemical, functional, and quality of the material.
Various parameters such as WHC, WBC and SC can be used to assess the

Volume fraction

0 500 1000 1500 2000 2500 3000 3500

Size classes (um)

Fig. 3. Particle size distribution chart of the dietary fibre samples obtained
from various agri-food by-products sources.
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Table 2

Particle size distribution dietary fibres samples from different agri-food by-products.
Sample codes D10 (pm) Dso (pm) Dgo (pm) Span
OBDF 14.70 + 0.60° 119.33 + 0.58° 463.67 + 5.51° 3.76 + 0.06
HFDF 48.43 + 0.25° 309.33 + 2.89" 1183.33 + 15.28° 3.55 + 0.06%
AC-APDF 50.10 + 3.16° 328.33 + 7.23¢ 669.67 + 15.13° 1.89 + 0.01%
AL-APDF 46.70 + 0.26" 319.67 + 4.04¢ 651.33 + 9.07 1.89 + 0.02
OHDF 155.67 + 3.79° 450.67 + 6.669 987.33 + 2.00° 1.80 + 0.04°¢
WSDF 102.33 + 0.58¢ 318.33 + 1.53" 1.92 + 1.53f 1.92 + 0.02"
PSDF 16.17 + 3.32% 95.40 + 5.75° 393.00 + 5.758 3.99 + 0.22¢
CSDF 212.67 + 5.51° 630.00 + 14.53° 1226.67 + 14.53" 1.62 + 0.03%
MCDF 20.30 + 2.72° 392.33 + 11.59° 630.67 + 15.63¢ 1.56 + 0.06
OPDF 61.37 + 0.91° 237.67 + 5.03% 556.33 + 5.03 2.10 + 0.03¢

NB: all data are means and S.D. of triplicate measurements; different letters denote significant difference in the column at P < 0.05. OHDF: oat hulls dietary fibre,
WSDF: wheat straw dietary fibre, AL-APDF: alkaline extracted apple pomace dietary fibre, AC-APDF: acid extracted apple pomace fibre, OPDF: onion peels dietary
fibre, MCDF: mushroom compost dietary fibre, HFDF: hemp fibre dietary fibre, CSDF: coffee silverskin dietary fibre, OBDF: oat bran dietary fibre, PSDF: pumpkin seed

dietary fibre, MC: methylcellulose.

Table 3
Water holding, water binding and swelling capacities of dietary fibre samples
from various agri-food by-products sources.

Sample WHC (g/g) WBC (g/8) SC (mL/g) OHC (g/g)
codes
OBDF 290+ 0.17°  0.82+0.01* 248 +0.33"  1.58 +0.06°
HFDF 7.82+0.54°  0.89 +0.00°  4.50 + 6.76 + 0.25¢
Llsbcd
AC-APDF 12.74 +£0.86°  0.93+0.00  6.18 +1.04 561 +0.18¢
AL-APDF 12,56 +0.85¢  0.94+0.019 731 +1.56¢ 853 +0.58"
OHDF 3.58 £0.04°  0.81 £0.01°  253+0.37°  1.59 + 0.03°
WSDF 9.63+0.10°  0.91 +£0.001° 6.34 +0.78°  6.38 +£0.27°
PSDF 4.40 + 0.06™  0.82 + 0.00% 0.61 +0.25°  2.60 = 0.15°
CSDF 498 +0.23" 086+0.01° 297+0.63"  3.07+0.06"
MCDF 3.30 £ 0.04°  0.82+0.01*  3.02+0.35°  0.86 +0.03°
OPDF 11.91 +0.41¢  0.94 + 0.01¢ 13.85 + 1.88 + 0.09°
0.45°
MC 12.74 + 0.42¢  0.94 + 0.01¢ 473 +£0.73"  2.22 + 0.08°

NB: all data are means and S.D. of triplicate measurements; different letters
denote significant difference in the column at P < 0.05. OHDF: oat hulls dietary
fibre, WSDF: wheat straw dietary fibre, AL-APDF: alkaline extracted apple
pomace dietary fibre, AC-APDF: acid extracted apple pomace fibre, OPDF: onion
peels dietary fibre, MCDF: mushroom compost dietary fibre, HFDF: hemp fibre
dietary fibre, CSDF: coffee silverskin dietary fibre, OBDF: oat bran dietary fibre,
PSDF: pumpkin seed dietary fibre, MC: methylcellulose.

hydration properties of a material to optimize its processing, formula-
tion, and storage conditions to achieve the desired product quality
attributes.

WHC is the amount of water absorbed per gram of sample (Wang
etal., 2017). The WHC of the extracted fibres ranged from 2.90 to 12.74
g/g with MC and AC-APDF having the highest and OBDF having the
lowest WHC values, respectively. The WHC values obtained for the DF
were in the ranges similar to WHC values of some agriculture
by-products from rice hull (2.58 g/g), malt bagasse (3.68 g/g), fibrous
residue from banana pseudo-stems (4.71 g/g) (Jacometti et al., 2015);
maize hulls (2.32 g/g), wheat hulls (2.48 g/g) (Zambrano et al., 2001);
alkaline extracted flax seed gum (4.85 g/g), enzyme extracted flaxseed
gum (6.35 g/g) (Moczkowska et al., 2019); papaya peel (4.93 g/g)
(Zhang et al., 2017). There were no significant differences at p < 0.05
observed for the WHC values of AL-APDF, AC-APDF, OPDF and MC.
AL-APDF, AC-APDF, MC and OPDF recorded WHC values of >10.0 g/g
while all other samples recorded WHC values of <10.0 g/g. According to
previous studies, the WHC of DF are primarily influenced by a number of
factors including their soluble dietary fibre to insoluble dietary fibre
ratio, microstructure of the samples, surface of area of the material,
particle size distribution and the presence of hydrophilic sites (Jacometti
et al., 2015; Zhang et al., 2017; Zou et al., 2022). The DF samples with
more porous microstructures, and a more balanced particle size distri-
bution tend to have a relatively higher WHC value than the other DF

samples (Fig. 7). The samples with extremely narrow and extremely
broad particle size distribution had relatively poor WHC values.

WRBC, i.e. the ability of the material to hold water molecules in its
structure when subjected to stress conditions, is a very important
physicochemical properties that defines the usefulness of a food material
in food processing. The WBC of the various DF samples ranged from 0.82
to 0.94 g/g. The WBC values were lower than some DF obtained from
different types of mushroom Sclerotia (2.72-6.66 g/g)(Wong & Cheung,
2005); IDF from wheat bran (3.2-4.4 g/g) (Liao et al., 2022); DF from
de-oiled cumin extracted using different methods and of different par-
ticle sizes (3.30 g/g to 7.28 g/g) (Ma & Mu, 2016); and DF from black
rice bran (6.30-8.15 g/g) (Zhang et al., 2024). The samples that showed
the potential of having similar water binding properties as MC included
OPDF, AL-APDF and AC-APDF with no significant differences at p < 0.05
being observed between their WBC. The samples (OPDF, MC, AL-APDF,
AC-APDF and WSDF) with relatively lower moisture content as dis-
played in Table 1 and moderately uniform particle size distribution with
balanced volume, indicating a well-distributed profile that supported a
relatively higher WBC content. This could be because of more free and
available hydroxyl groups in these samples to bind with water (Zou
et al., 2022).

The SC of DF refers to the volume of fully hydrated fibre per gram of
initial material, and is influenced by factors such as surface area, particle
size, molecular structure, fibre composition, and porosity. OPDF and
PSDF had the highest (13.85 mL/g) and lowest (0.61 mL/g) SC values,
respectively, and were significantly different at p < 0.05 from all the
other samples. There were no significant differences observed for the SC
values of MC, MCDF, CSDF, OHDF, HFDF, and OBDF. The SC values of
the DF samples were in the same range as the SC values of fibrous
components from pear pomace (3.10-7.89 mL/g) (Yan et al., 2019);
apple pectin (6.51 mL/g) (Gouw et al., 2017); malt bagasse (4.53 mL/g),
rice hull (3.27 mL/g), fibrous residue from banana pseudo-stems (4.98
mL/g) (Jacometti et al., 2015); and orange soluble DF (2.03 mL/g) (Zou
et al., 2022). However, all SC values were lower than the SC values re-
ported for psyllium arabinoxylan (14.38 mL/g) and flaxseed soluble DF
(15.52 mL/g) (Zou et al., 2022). The varying range of SC amongst the
fibres could be attributed to the different chemical composition of the
DF samples, the microstructure of the DF as well as the extraction
method properties (Gouw et al., 2017; Zou et al., 2022). Fig. 7 below
shows the different microstructure of the DF, with OPDF and AL-APDF
having a more porous surface with more pore spaces which enabled
them to trap more water and increase their SC.

There were no significant differences at p < 0.05 in the OHC values
of OBDF, OHDF, OPDF and MC. However, there were significant dif-
ferences observed between MC and the other sources of DF. AL-APDF
had the highest OHC with a value of 8.53 g/g and MCDF recorded the
lowest OHC value of 0.86 g/g. The OHC of DF are determined by its
hydrophobicity, charge density, extraction conditions, nature of
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materials and surface properties (Kuan et al., 2011; Moczkowska et al.,
2019; Yan et al., 2019). The OHC values for the various DF samples were
within the same range of OHC of soluble DF from flaxseed (Moczkowska
et al., 2019); rice hull (1.85 g/g), malt bagasse (2.46 g/g) (Jacometti
et al., 2015); pear pomace (1.15-1.40 g/g) (Zhang et al., 2017). The
OHC of DF from pear pomace was reported to be affected by the
extraction methods with high pressure extracted DF having a higher
OHC value as compared to super fine grinding (Yan et al., 2019). Also,
ultrasound-alkaline assisted extraction was reported to have enhanced
the OHC property of DF from pear pomace as compared to alkaline
extraction only (Zhang et al., 2017). Kuan et al. (2011) reported that the
type of raw material influenced the OHC value of DF extracted from corn
cob and wheat straw with corn cob having a relatively higher OHC value
than wheat straw.

Following the study of the basic physiochemical parameters, it was
necessary to consider their impact on the emulsifying properties of DF as
hydration plays an important role on how DF stabilises and enhances
emulsions.

3.4. Emulsifying properties (emulsion capacity and stability)

The DF samples were studied for their emulsifying capacity (EC) and
emulsion stability (ES) to evaluate their functionality further. ES refers
to the ability of a molecule to maintain an emulsion and its resistance to
rupture, whereas EC refers to its ability to facilitate the solubilisation of
immiscible liquids.

Fig. 4 shows the emulsion capacity and emulsion stability of the
various DF samples. The EC values ranged from 0.00 to 44.41 mL/mL
with MC having the lowest EC value and OBDF having the highest EC
value. The lower the EC value the better the emulsion formed. The fibre
samples with the lowest EC values showing a potential as good emul-
sifiers <20 mL/mL included OPDF (12.04 mL/mL) and AL-APDF (17.08
mL/mL); these could act as decent emulsifiers in formulated foods.
However, samples such as MCDF, PSDF, HFDF, WSDF, CSDF, OHDF and
OBDF showed no emulsifying potential. This is because these samples
lack sufficient hydrophobic and hydrophilic regions causing an imbal-
ance, hence, not being able to stabilise the two interfaces (oil and water).
These samples demonstrated relatively lower WHC and OHC values. DF

80.00 120
70.00 Wow o
3 5 B B - 5 B 00 3
§ 60.00 = H EE
.
£ 5000 = 8 £
& z
S gh gh =
H 40.00 . 60 =
5] 2
2 30.00 w
Z 2000 —E
£ d 2
2 10.00 I I 0 A
iz
0.00 0

$ $ $ $
@9 &9 <z° @ ~z~° 35’ S & §\c° O K
™ 9’

= Emulsion Capacity Emulsion Stability

Fig. 4. Emulsifying capacity and stability of the various DF samples.

OHDF: oat hulls dietary fibre, WSDF: wheat straw dietary fibre, AL-APDF:
alkaline extracted apple pomace dietary fibre, AC-APDF: acid extracted apple
pomace fibre, OPDF: onion peels dietary fibre, MCDF: mushroom compost di-
etary fibre, HFDF: hemp fibre dietary fibre, CSDF: coffee silverskin dietary fibre,
OBDF: oat bran dietary fibre, PSDF: pumpkin seed dietary fibre, MC: methyl-
cellulose. Statistical significance is indicated separately for each experiment.
For emulsion capacity (blue bars), different letters (a-h) denote significant
differences in the graph at p < 0.05. For emulsion stability (orange bars),
different letters (t-z) denote significant differences in the graph at p < 0.05. The
error bars. For each analysis, the error bars represent the standard error of the
means from three independents replicates for each sample.
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with good WHC and OHC have been reported to form stable emulsions
as they are able to bridge the two interfaces together and prevent phase
separation (Huang et al., 2021). MCDF and PSDF lacked emulsifying
capacity despite moderate heat-to-temperature ratios, a condition that
typically enhances functionality in biopolymers. This suggests that heat
to temperature ratio alone may not determine emulsification perfor-
mance. Beyond thermal effects, protein interfacial behaviour plays a
significant role in emulsification. Proteins are well-known surface-active
agents due to their ability to adsorb at oil-water interfaces and stabilise
emulsions (Murray et al., 2011). Despite the relatively high protein
contents of MCDF (33.46 g/100g) and PSDF (11.44 g/100g), their poor
emulsifying properties may have resulted from structural or functional
constraints of the proteins, such as denaturation, aggregation, or in-
teractions with non-protein components, which may have hindered their
interfacial activity. In addition, while some plant polysaccharides, such
as sugar beet pectin and gum arabic, contain amphiphilic groups that aid
in adsorption at oil-water interfaces (Bai et al., 2017), MCDF and PSDF
may have had limited surface activity or insufficient amphiphilicity to
effectively lower interfacial tension. Similarly, corn fibre gum has been
reported to show poor emulsification due to slow interfacial adsorption,
a lack of amphiphilic groups, and an unfavourable molecular structure
(Bai et al., 2017). MC had the best EC as no emulsion layer was observed
and the stability of the emulsion was not altered, with no sign of serum
layer after heating.

The ES of the prepared emulsions under heating conditions was also
evaluated. The emulsion serum of some samples remained the same after
heating. MC remained the same with no emulsion layer forming, as MC
is an excellent emulsifier, showing no separation after heating and
centrifugation. The EC of MC was significantly different from all DF
samples. However, it was comparable to the EC values of soluble DF
obtained from nodes of lotus root (0.17-0.47 mL/mL) (Chen et al., 2018)
and higher than EC values of corn cob DF (0.0373 mL/mL), WSDF
(0.0529 mL/mL) (Kuan et al., 2011); and DF from tiger nut by-products
(0.7033 mL/mL) (Sanchez-Zapata et al., 2009). The emulsions made
with OPDF, MCDF, AL-APDF, AC-APDF and OHDF had an ES value of
100 mL/mL with no changes in the serum layer before and after heating.
The samples with the lowest ES were OBDF, PSDF and HFDF and also
had relatively poor EC values. The ES of all samples except OBDF, PSDF
and HFDF were higher the ES values of corn cob DF (80 mL/mL) (Kuan
et al., 2011) and peanut shell DF (66.37-79.69 mL/mL) (Wang et al.,
2023). However, the ES values of OPDF, MCDF, AL-APDF, AC-APDF and
OHDF were similar to ES values of DF from tiger nut by-products
(Sanchez-Zapata et al., 2009) and passion fruit (Selvamuthukumaran
& Shi, 2017). DF with high ES values (100 mL/mL) is an indication that
they could act as good emulsifiers in foods such as plant-based confec-
tionery, beverages, sauces, and other processed food products that
require stabilisation of emulsions for an extended period of time (Kuan
etal., 2011). However, although useful, emulsifying properties alone do
not give a full picture on the DF’s functional and structural performance
in a food system and therefore, rheological investigation was necessary.

3.5. Rheological properties

3.5.1. Apparent viscosity

A steady shear experiment was used to understand the flow behav-
iour of the DF samples in a solution.

As shown in Fig. 5, the apparent viscosity of all samples decreased
with increasing shear rates at 25 °C exhibiting a shear thinning behav-
iour. Similar behaviours were observed for soluble DF from flaxseed
(Moczkowska et al., 2019), orange, psyllium seed, soybean, oat glucan,
konjac glucomannan, and apple pectin (Zou et al., 2022), and node of
lotus root (Chen et al., 2018). At lower shear rates the order of viscosity
for the DF fibres were OPDF > HFDF > WSDF > AL-APDF > OHDF >
AC-APDF > MC > CSDF > OBDF > PSDF. MC, AL-APDF, AC-APDF,
WSDF, OPDF, HFDF, and OHDF observed a sharp decrease in their vis-
cosity with increasing shear rates with a higher apparent viscosity above
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Fig. 5. Effect of increasing shear rate of the viscosity of DF samples.

Notes: OHDF: oat hulls dietary fibre, WSDF: wheat straw dietary fibre, AL-
APDF: alkaline extracted apple pomace dietary fibre, AC-APDF: acid extrac-
ted apple pomace fibre, OPDF: onion peels dietary fibre, MCDF: mushroom
compost dietary fibre, HFDF: hemp fibre dietary fibre, CSDF: coffee silverskin
dietary fibre, OBDF: oat bran dietary fibre, PSDF: pumpkin seed dietary fibre,
MC: methylcellulose.

1000 Pa s as compared to the other DF samples. PSDF, OBDF, MCDF and
CSDF observed the lowest apparent viscosity <100 Pa s with increasing
shear rate. Peanut shells derived DF from various extraction methods
exhibited shear thinning behaviours with apparent viscosity values <
100 Pa s (Wang et al., 2023). MCDF and PSDF exhibited shear thinning
behaviour as the shear rate was increasing and changed to a shear
thickening behaviour at a shear rate of 10/s. MCDF and PSDF exhibited
poor WHC, WBC, and SC properties, which may be indicative of their
hydrophobic nature. At high shear rates, hydrophobic interactions and
hydrogen bonding among polysaccharide chains may have intensified
due to the forced proximity of molecules, promoting transient associa-
tions that may have increased resistance to flow. These interactions may
have caused the polysaccharide chains to temporarily stick or cluster,
making the mixture thicker and contributing to the observed shear
thickening behaviour. Additionally, the presence of insoluble fibre
fractions, possibly characterised by a high lignin content in PSDF, may
have led to the formation of temporary physical networks. As shear
compressed these particles into closer contact, they may have formed
dynamic structures that resisted deformation. This combination of mo-
lecular interactions and physical entanglement may have contributed to
the increased viscosity under shear. Likewise, OBDF and CSDF observed
a steady increase and decrease in their viscosity with increasing shear
rate. There was not a stable observation in terms of their flow behaviour.

3.5.2. Temperature sweep

Temperature sweep tests were carried out on all DF suspensions to
characterize the viscoelastic behaviour as a function of temperature.

Fig. 6 shows how each DF behaves with increasing temperature. MC
the standard had both storage modulus (G) and loss modulus (G")
increasing sharply with increasing temperature, with initial G' and G”
values of around 1000 Pa. Aside MC, other DF suspensions such as PSDF,
CSDF, and MCDF exhibited similar behaviour with an increasing G’ and
G values with increasing temperature. However, their initial G’ and G
values were <100 Pa and the final values were <1000 Pa. These fibres
had initially a lower degree of viscosity, but with increasing temperature
the viscosities increased making the material resistant to deformation
and dissipating a significant amount of energy as heat under stress
conditions. The observation of an increase in both loss and storage
moduli with increasing temperature suggests a complex thermal
response of the DF, possibly associated to changes in structural transi-
tions, intermolecular interactions, or molecular mobility (Chen et al.,
2018). WSDF, HFDF, OPDF, AL-APDF and AC-APDF although had
relatively higher initial G' and G” values, the dispersions observed a
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Fig. 6. Effect of temperature on viscosity of DF samples. OHDF: oat hulls dietary
fibre, WSDF: wheat straw dietary fibre, AL-APDF: alkaline extracted apple pomace
dietary fibre, AC-APDF: acid extracted apple pomace fibre, OPDF: onion peels di-
etary fibre, MCDF: mushroom compost dietary fibre, HFDF: hemp fibre dietary fibre,
CSDF: coffee silverskin dietary fibre, OBDF: oat bran dietary fibre, PSDF: pumpkin
seed dietary fibre, MC: methylcellulose.

different behaviour to the standard (MC) were their G’ and G” values
decreased slightly with increasing temperature. Similarly, Chen et al.
(2018) observed that the viscosity of soluble DF from nodes of lotus root
decreased as the temperature increased.

3.6. Structural analysis

3.6.1. Scanning electron microscopy

The microstructure of DF is an important characteristic that in-
fluences the functional properties of a material such as the WHC, WBC,
SC and its interaction with other components (Zou et al., 2022). This is
essential to understand the impact on the hydration and solubility
properties of DF and its interaction with water, oil and other molecules
present.

The various microstructures of the fibres are displayed in Fig. 7 and
all samples showed distinct structures. AC-APDF displayed a flakier
structure with quite a smooth and porous structure. AL-APDF on the
hand had a loose, smoother, and porous structure with a wide surface
area indicating it would be easier to form a network structure with water
molecules, which was evident in its hydration and other physicochem-
ical properties. Fidriyanto et al. (2023) observed acid extracted apple
pomace to have a porous structure with aggregated irregular smooth
layer and cavities on the outer surface as compared to alkali extracted
apple pomace. Also, steam explosion extracted apple pomace fibres
presented loose and crumbled surfaces with a several holes (Liang et al.,
2018). CSDF had a flaky particle structure with no pores and a flatter
surface. CSDF’s non-porous, and flat surface limited water penetration
and reduced available surface area for interaction, leading to poor hy-
dration properties. This morphology also hindered emulsifying capacity
due to fewer active sites at the interface. Additionally, limited water
uptake and structural rigidity contributed to its low apparent viscosity
by restricting network formation in dispersion. HFDF displayed a long
and fibrous structure resembling threads with varying length and uni-
form thickness. The surface appeared as textured with irregularities
making it look like a cluster of fibre bundles with a hierarchical struc-
ture, loose surface and concentric layers. MCDF had particles with a
roundish structure and with relatively cleaner and smaller particle sizes
which contrasts with the observation made by Wong and Cheung
(2005); the microstructure of three different species of mushrooms
presented fragments of interwoven hyphae, and the number of hyphae
was different for each species. OBDF exhibited a loose stacked smaller
particle with a compact and a non-porous structure. OHDF and WSDF
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Fig. 7. Scanning electron micrographs of (a) acid extracted dietary fibre from apple pomace (AC-APDF) (b) alkaline extracted dietary fibres from apple pomace (AL-
APDF) (c) coffee silver skin dietary fibres (CSDF) (d) hemp fibre dietary fibres (HFDF) (e) mushroom dietary fibres (MCDF) (f) oat bran dietary fibres (OBDF) (g) oat
hulls dietary fibres (OHDF) (h) onion peels dietary fibres (OPDF) (i) pumpkin seeds dietary fibres (PSDF) (j) wheat straw dietary fibres (WSDF) (k) methylcellulose

(MC). Scale provided in each picture in pm.

showed similarities in their microstructure, as both fibres had irregu-
larly shaped flakes of uneven sizes and a dense surface with smaller
particles on the surfaces. In contrast, alkali extracted wheat straw
nanofibers showed a coarse and flaky surface (Kuan et al., 2011). OPDF
showed a highly irregular structure consisting of small and clean par-
ticles separated by small pores which enhanced water penetration and
surface interaction. This porous morphology likely promoted better
hydration, emulsification, and viscosity by increasing water uptake,
swelling capacity, and molecular entanglement, leading to improved
overall functional properties. PSDF densely packed, small particles with
a compact, stacked-plate morphology restricted water accessibility and
surface area, resulting in limited hydration, reduced emulsification ef-
ficiency, and lower rheological performance. MC, which is the standard,
displayed long chains that appear interconnected with fibrous structures
of varying length and thickness unevenly disperse. MC had a textured
appearance that was characterised by roughness, irregularities and
cluster forming chains.

3.6.2. FTIR

FTIR (Fourier Transform Infrared) spectroscopy analysis was con-
ducted to compare and identify the molecular structural differences,
chemical compositions and the functional groups present in the different
DF. This helps us to understand the molecular bonds present and predict
their interactions within a food matrix.

A characteristic absorption peak for cellulose polysaccharides was
observed in all DF samples. The FT-IR spectra of all DF samples showed a
broad stretching characteristic peak at around 3400 cm™! as seen in
Fig. 8 indicating the presence of stronger intermolecular hydrogen
forces, which were attributed to O-H the stretching vibration of hemi-
cellulose (Jacometti et al., 2015). The hydroxyl stretching vibration of
cellulose and hemicellulose occurred at around 3419 cm ', while the
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Fig. 8. Infrared spectroscopy of dietary fibres obtained from various agri-food
by-products samples. OHDF: oat hulls dietary fibre, WSDF: wheat straw dietary
fibre, AL-APDF: alkaline extracted apple pomace dietary fibre, AC-APDF: acid
extracted apple pomace fibre, OPDF: onion peels dietary fibre, MCDF: mushroom
compost dietary fibre, HFDF: hemp fibre dietary fibre, CSDF: coffee silverskin dietary
fibre, OBDF: oat bran dietary fibre, PSDF: pumpkin seed dietary fibre, MC:
methylcellulose.

vibration of cellulose -CH and -CH, occurred at 2800-3000 cm ™!
(Kanwar et al., 2023; Zou et al., 2022). The peak intensity for hydroxyl
stretching vibration of cellulose and hemicellulose was more prominent
in OBDF, WSDF, CSDF, AL-APDF and AC-APDF. While hydroxyl groups
are generally associated with hydrophilicity due to their ability to form
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hydrogen bonds with water, the poor water-holding and swelling ca-
pacities observed in OBDF and CSDF suggest that these ~-OH groups may
be embedded within highly ordered structures, limiting their accessi-
bility and interaction with water. This structural constraint may have
also negatively influenced other physicochemical properties, such as
apparent viscosity, emulsifying ability, and oil holding capacity, by
reducing the fibres’ surface activity and interaction with surrounding
media. In addition, the C-H and —CHj, stretching vibrations, particularly
intense in PSDF, OBDF, and CSDF, may indicate a greater presence of
non-polar or structurally rigid components, such as crystalline cellulose
or lignin-rich regions. This interpretation is supported by our composi-
tional data, which showed that PSDF and CSDF had relatively higher
lignin contents, while OBDF exhibited a higher hemicellulose content.
Although hemicellulose contains some hydrophilic groups, it is often
embedded within complex fibre matrices, and its functionality can be
influenced by its structural arrangement and interactions with lignin or
cellulose. The combined presence of lignin and rigid polysaccharide
structures in these samples may have contributed to reduced surface
activity and molecular flexibility, thereby limiting their physicochem-
ical activities. The absorption peak near 1535 cm ™! was assigned as the
stretching vibration absorption of the aromatic hydrocarbons in lignin
(Varban et al., 2021). The absorption peak near 1620 cm™! corre-
sponded to the characteristic absorption of the C=0 bond in uronic acid
present in hemicellulose and pectin (Chu et al., 2019). From the spectra,
it shows that MC had no peak around 1620 cm™! likewise WSDF, HFDF
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and OHDF. The peak between 1000 and 1200 cm ™! is indicative of C-O
stretching vibrations of sugar rings of cellulose and hemicellulose cor-
responding to the presence of C-O-C and C-O-H (Zhang et al., 2017). The
peaks in the range of 759-1010 cm ™! are indicative of the presence of a-
and p-pyranose, furanose, and p-glucoside bond which were character-
istic in all DF samples (Xie et al., 2017).

3.7. Multivariate pattern recognition analysis

Principal Component Analysis (PCA) as applied to explore the cor-
relation between the various DF samples and MC (standard) as shown in
Fig. 9.

The first and second principal component (PC) explained 57.8 and
26.2 parts per hundred respectively of the total variables with a total of
three clusters, clusterl; MC, AL-APDF, AC-APDF, WSDF and HFDF,
cluster 2; OBDF, OHDF, CSDF, MCDF, and PSDF cluster 3; OPDF forming
a single cluster. From the score plot, MC, AL-APDF, AC-APDF, WSDF and
HFDF were correlated positively to PC 1 axis. OBDF, OHDF, CSDF,
MCDF and PSDF formed a cluster and were positively correlated to PC2
axis, whilst OPDF was negatively correlated to PC2 axis. The cluster
formed by OBDF, OHDF, CSDF, MCDF and PSDF were not correlated to
PC1 axis. Therefore, these samples were not associated with OHC, WBC,
WHC and SC. This correlates with the observations made in the WHC,
WBC, OHC and SC analysis where these samples did not meet the ex-
pected physicochemical and functional properties. This indicates that
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Fig. 9. Principal component analysis of extracted dietary fibres from various agri-food by-products: (A) PCA scores plot highlighting sample groupings (B) PCA
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these samples were like each other in terms of their functionalities but
were different from the standard MC. The loading plot shows that
certain properties (WHC, OHC,WBC, SC) strongly influence the main
differences in our data, grouping samples with similar properties closely
together. The rheological parameters including the apparent viscosity
values were negatively correlated to PC2, whilst OHC, WBC, WHC and
SC were positively correlated to PC1 and PC2 axes. According to the PCA
results the physicochemical and rheological properties of the different
fibres were distinctively different. The PCA results appeared to be
consistent with the results of the physicochemical properties discussed
earlier.

4. Conclusions

The findings from the study show that the physicochemical and
rheological properties vary for each DF and the type of extraction may
influence the functionalities. While method-dependent differences exist,
we identified which by-product and method combinations optimize
specific functional properties. This enables targeted selection of
extraction approaches for sustainable valorisation. MC, AL-APDF, AC-
APDF and OPDF showed the highest WHC, WBC, and SC values. The
findings suggest that MC exhibited the highest emulsifying and stabi-
lizing capacity, OPDF, AC-APDF and AL-ACDF also showed potential in
these properties. The differences in microstructure were likely influ-
enced by composition and extraction methods leading to variations in
the rheological properties. Notably, all extracted DF samples displayed
shear-thinning properties, highlighting the impact of structural and
compositional factors in their functionality. The variations in peak po-
sitions observed in the FT-IR spectra indicate differences in the chemical
composition of the samples, highlighting the presence of distinct func-
tional groups. The correlation analysis results appeared to be consistent
with the results from the physicochemical analysis of the samples and
suggests a positive correlation between MC, AL-APDF, AC-APDF, WSDF
and HFDF samples associated with properties such as WBC, WHC, SC
and OHC. The variations in results for each property is an indication of
how processing techniques and raw materials sources play a useful role
in altering the physicochemical and functional properties of a material.
Understanding the composition of DF is important for determining the
appropriate applications of each DF, whether as functional ingredient in
food, feed, pharmaceutical or non-food applications.
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