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A B S T R A C T

Side streams rich in irregular and deformable plant particles represent an untapped resource for sustainable food 
innovation. Pea hull fibres are an example of such underutilized, but increasing side stream material, whose 
functional limitation require targeted modification. In this study, we present a combined strategy using me
chanical shearing and pectate lyase enzymatic treatment to enhance the functionality of pea hull fibres. This dual 
treatment alters their physicochemical properties, leading up to increase in their water retention capacity (WRC) 
and a shift in composition and microstructure revealed by optical microscopy. Enzymatic degradation of pectin 
improved water absorption and swelling ability, which translated into an increase in the viscosity of pea hull 
fibre suspensions. Importantly, we explore the rheological behaviour across an extended pea hull concentration 
range and identify three distinct regimes (dilute, intermediate and concentrated). These transitions were suc
cessfully captured and predicted using soft particle rheological models, demonstrating for the first time, the 
applicability of the models on suspensions based on pea hull fibres, as well as a prediction framework for pea hull 
fibre suspensions. Our findings show that mathematical models developed for soft plant particles can be used to 
predict suspension behaviour of pea hull fibres and establish a scalable approach to valorise plant-based side 
streams into high-performance functional ingredients.

1. Introduction

Plant material suspensions are encountered across sectors such as 
food, forestry and biofuels. In the food industry in particular, side 
streams generated during the extraction of protein or carbohydrates 
often consist of aqueous suspensions rich in irregular, polydisperse plant 
particles. These suspensions vary widely in particle size, shape and 
deformability, posing substantial challenges for both their character
ization and functional exploitation. From a rheological perspective, 
most classical models are based on hard spheres as particles (Mewis & 
Wagner, 2009), which do not adequately reflect the nature of food 
suspensions, systems that are largely dominated by soft matter com
pounds such as swollen plant cells and droplets (Mezzenga et al., 2005). 
This soft and deformable nature becomes especially critical at higher 
particle concentrations, where interactions become increasingly elastic 
and complex, influencing both behaviour and texture. In food applica
tions, where texture, hydration, and processability are key, lack of un
derstanding the structure-rheology relationship constrains the 

valorisation of these streams into functional ingredients.
In case of soft particle suspensions, the concentration dependence 

becomes complex, often exhibiting viscoelastic properties at high con
centration under low shear conditions (Lopez-Sanchez & Farr, 2012; 
Shewan & Stokes, 2015). Above a certain yield stress, the suspension 
starts to flow. Both experimental studies and computer simulations have 
attempted to develop unified models to describe the behaviour of soft 
particle suspension, going beyond existing models designed for rigid 
particles. The earliest model describing suspension rheology was pro
posed by Einstein for hard spheres in dilute conditions. The Einstein 
model was later modified by Krieger-Dougherty and Quemada including 
the semi-dilute regime (Krieger & Dougherty, 1959; Quemada, 1977). 
However, Einstein and Krieger-Dougherty and Quemada models fall 
short when applied to consider the deformation in particle morphology 
that happens at higher concentrations of soft particles (Leverrier et al., 
2021).

Studies on soft particles suspensions in industrial food applications 
systems, has been conducted using broccoli, carrot and tomato as 

1 Joint corresponding author.

Contents lists available at ScienceDirect

Future Foods

journal homepage: www.elsevier.com/locate/fufo

https://doi.org/10.1016/j.fufo.2026.100945
Received 21 August 2025; Received in revised form 19 January 2026; Accepted 6 February 2026  

Future Foods 13 (2026) 100945 

Available online 6 February 2026 
2666-8335/© 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-9743-1514
https://orcid.org/0000-0002-9743-1514
www.sciencedirect.com/science/journal/26668335
https://www.elsevier.com/locate/fufo
https://doi.org/10.1016/j.fufo.2026.100945
https://doi.org/10.1016/j.fufo.2026.100945
http://creativecommons.org/licenses/by/4.0/


resources (Bayod et al., 2007; Day, Xu et al., 2010; Lopez-Sanchez et al., 
2012; Lopez-Sanchez & Farr, 2012). These studies focus on specific 
concentration regions and did not show a unified model over a wide 
concentration range to predict suspension properties. On the other hand, 
Leverrier and colleagues demonstrated that the rheological properties of 
apple purees align that of models for soft particle suspensions. 
Expanding on a model by Mendoza, Leverrier and colleagues showed 
that the flow behaviour of apple purees could be predicted/modelled 
across different concentration regimes (Leverrier et al., 2021; Leverrier 
et al., 2016; Mendoza, 2013).

Pea hulls are a side stream generated during the processing of yellow 
peas (Pisum Sativum L.) or extraction of protein from yellow peas (Pisum 
Sativum L.). Pea hull fibres have limited uses in the food industry owing 
to poor techno-functional properties. Currently, pea hull fibres are 
mainly used to enrich fibre content of food products (Ratnayake & 
Naguleswaran, 2022). Improved functionality, and uses of the pea hull 
fibres can reduce waste in the food system and increase circularity. Pea 
hull fibres have interesting nutritional properties in terms of high fibre 
content and low allergenicity (Auffret, Ralet, Guillon et al., 1994; Bou
kid, Rosell, & Castellari, 2021). The poor techno-functional properties of 
pea hull fibres relates to their large particle size, their insolubility in 
water and oil, as well as limited water retention capacity (Tosh & Yada, 
2010). Methods, aimed at improving the functionality, have particularly 
targeted increased water retention, viscosity and viscoelasticity of pea 
hull fibre dispersions. These approaches include grinding (Auffret et al., 
1994), heating (Karlsson et al., 2024), extrusion (Kumari, Das, & Deka, 
2022), microfluidisation (Morales-Medina et al., 2020; Morales-Medina, 
Manthei, & Drusch, 2024), chemical extraction (Gutöhrlein et al., 2020; 
Ramirez, Temelli, & Saldaña, 2021) and enzymatic hydrolysis (Kumari 
et al., 2023; Morales-Medina et al., 2024). Among the enzymes tested, 
cellulases, hemicellulases (e.g., xylanase), and pectinases are the most 
commonly applied. Pectinases are a varied group of enzymes (e.g. pol
ygalacturonases (PG), pectin methyl esterases (PME) and pectate lyases 
(PL)) with different active sites. So far, mixtures of PG, PME and PL has 
been tested on pea hull fibres, but not individual pectinases 
(Morales-Medina et al., 2024). Morales-Medina and colleagues demon
strated that a combined enzymatic pre-treatment improved the 
water-binding and rheological properties of pea hull fibre suspensions 
(Morales-Medina et al., 2024). Notably, the mixture of cellulase and 
hemicellulase combined with microfluidisation yielded the most sig
nificant change in water binding, viscosity and viscoelasticity. These 
improvements were attributed to the release of high molecular weight 
polysaccharides, which were absent in other enzymatic pre-treatments, 
probably due to the reduction of the interaction/crosslink between 
cellulose and pectins. Similarly, Kumari and colleagues showed that 
enzymatic treatment of green pea hulls using cellulase and xylanase 
enhanced swelling, water holding and surface area of the green pea hull 
fibre (Kumari et al., 2022).

In this study, we investigated the impact of mechanical shearing 
combined with enzymatic hydrolysis of pea hull fibres using PL. PL have 
importance in the softening of plants and fruits, and has multiple ap
plications in pulping, food and textile industry (Uluisik & Seymour, 
2020; Wu et al., 2020) but has of yet not been tested for functionalisa
tion of pea hull fibre. To assess the effectiveness of the treatment, we 
characterized the composition, particle size distribution (PSD), Bru
nauer–Emmett–Teller (BET) surface area, particle microstructure and 
water retention capacity (WRC) of the resulting pea hull fibre. The 
suspension behaviour of the sheared and hydrolysed pea hull fibre was 
determined using flow and oscillatory rheological measurements across 
several concentration regimes. The rheological results were analysed 
using established models for soft particle suspensions, allowing us to 
contextualize the behaviour of the pea hull fibre within a broader 
framework of suspension systems.

2. Materials and methods

2.1. Materials

The yellow pea hull fibre was Vestkorn Fibradan® F20X (Vestkorn 
Milling A/S, Denmark) with 89.5 % total dietary fibres on a dry base as 
provided by the supplier. The dietary fibres mainly consist of glucose (62 
%), xylose (15.5 %), uronic acids (13.6 %) and arabinose (5.6 %), with 
smaller fractions of other monosaccharides (Karlsson et al., 2024). 
Pectate lyase (Aspergillus sp.) (180 U/mg) were acquired from Mega
zyme Ltd, Bray, Ireland. All chemicals used were obtained from Merck 
(Darmstadt, Germany) unless otherwise stated and were of analytical 
grade.

2.2. Sample preparation and enzymatic hydrolysis

The different samples were prepared in multiple steps (Fig. 1). A total 
of three samples were prepared; untreated (U), sheared (S) and sheared 
and pectate lyase treatment (P). Untreated pea hull fibre samples (U, U-I 
and U-Sol) were prepared by adding 450ml of Milli-Q (MQ) water to 50g 
of pea hull fibres (10 % w/w). The dispersion was stirred at 20◦C for one 
hour, centrifuged at 12,000 g for 10 minutes and then separated by 
pellet (called untreated-insoluble, or U-I) and supernatant (called un
treated supernatant, or U-Sol). A non-centrifuged sample containing 
both insoluble and soluble fractions was called U. All samples were then 
freeze-dried for use in further analysis. From here on, “I” in the sample 
name stands for the insoluble part of the suspension (pellet) and “Sol” 
for the supernatant.

A mechanically sheared sample (S, S-I and S-Sol) was prepared in the 
same way as U but with the added step of mechanical shearing. To shear 
the suspension, a Silverson L5M-A (Chesham, UK) was used at 7,000 rpm 
for two minutes. Centrifugation, separation and freeze-drying followed 
in the same way as with the U samples.

The enzymatically hydrolysed sample with pectate lyase (P, P-I and 
P-Sol) was prepared by adding a buffer of 450ml of pH 8, 100mM 
phosphate buffered saline (PBS) to 10g of pea hull fibres. The Silverson 
L5M-A (7,000 rpm for two minutes) was then used for mechanical 
shearing. The dispersion was heated to 45◦C under stirring and pectate 
lyase (5 U/g pea hull fibre) was added and allowed to react for 24 hours. 
To stop the hydrolysis, the temperature was increased to 90◦C for 10 
minutes. The final steps of centrifugation, separation and freeze-drying 
were performed as with the U samples.

2.3. Monosaccharide analysis

The neutral monosaccharide content of the pea hull fibre samples 
were determined using a modified method described by Sluiter and 
coauthors (Sluiter et al., 2008). Shortly, 200mg of sample was added to a 
150ml beaker, and mixed with 3ml 72 % H2SO4. The beaker was placed 
under vacuum for 15 minutes and then immersed in a water bath at 30◦C 
for one hour. Every 20 minutes, the samples were stirred and 84g 
deionised water was added after the one hour. Samples were autoclaved 
at 125◦C for one hour and then filtered through vacuum. All samples 
were then diluted to 100 ml and fucose was added as an internal stan
dard at 400mg fucose/L. Samples were filtered into HPLC vials through 
0.45μm syringe filters.

The analysis was performed using high-performance anion exchange 
chromatography (HPAEC) with a pulsed amperometry detector (PAD) 
(ICS 3000 Dionex, Sunnyvale, USA). The system was equipped with an 
AEC column CarboPac PA 1 analytical (4 × 250mm) and Milli-Q water 
was used as mobile phase. Cleaning using 60 % v/v 200mM NaOH and 
40 % v/v 200mM NaOH +170mM NaOAc was injected between the 
samples. The flow was 0.13ml/min and post column 200mM NaOH was 
added. D (+) glucose, D (+) xylose, D (+) galactose, L (+) arabinose, L 
(+) rhamnose and D (+) mannose was used as standards.

Uronic acids (galacturonic acid and glucuronic acid) was analysed 
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according to Massironi and coauthors (Massironi et al., 2024). There, the 
samples were subjected to a two-step methanolysis followed by tri
fluoracetic acid (TFA) hydrolysis. The quantities were determined in a 
high-performance anion exchange chromatography coupled with a 
pulsed amperometric detection (HPAEC-PAD) (ICS-6000 Dionex, 
Thermo Fischer, USA). The column used was a CarboPacTM PA20 (3 ×
150mm) at a flow of 0.4ml/min. A gradient method was employed using 
Milli-Q water, 200 mM NaOH, and 100 mM NaOH +100 mM NaAc, as 
eluents A, B, and C. The method was as following: 1.2 % of B for 8min of 
equilibration; 1.2 % B for 20min; 50 % B for 10.1min; 100 % C for 
15.9min; 100 % B for 3.9min; 1.2 % B for 10.1min. Galacturonic acid 
and glucuronic acid was used as standards.

2.4. Particle size analysis

To measure the particle size distribution (PSD), 1 % (w/w) suspen
sions of the samples were prepared. Then, 0.5ml of suspension was 
added dropwise to a Mastersizer 2000 (Malvern Instruments Ltd, Mal
vern, UK) equipped with a 2000 Hydro-SM accessory, filled with 100ml 
of deionised water. A refractive index of 1.47, absorption of 0.01 and 
obscuration range 5-10 % was used. A model for irregular shape was 
selected due to the anisotropic shape of the particle. The volume-based 
D[4,3] and surface area-based D[3,2] average diameters (Equations 1 and 
2) were calculated from the intensity profiles of the scattered light using 
the instrument software (Mastersizer 2000, version 6.01). 

D[4,3] =
∑

i
nid4

i

/
∑

i
nid3

i (1) 

D[3,2] =
∑

i
nid3

i

/
∑

i
nid2

i (2) 

In Eq. 1 and Eq. 2, ni is the number of particles and di is the diameter 
of the particle.

2.5. Water retention capacity (WRC)

The WRC of the pea hull fibres was measured according to Johansson 
and colleagues (Johansson et al., 2024). Suspensions at 5 % (w/w) in 
distilled water were prepared for each sample. The suspensions were left 
agitating overnight on a PSU-20i Orbital Shaking Platform (Grant 

Instruments, Cambridge, UK) and then centrifuged at 580 x g for 10 
minutes. Excess water was removed using a pipette and the remaining 
sample was weighted. The WRC was calculated as grams of retained 
water per gram of dry sample.

2.6. Brunauer-Emmet-Teller (BET) surface area

The BET surface area of the pea hull fibres was determined using a 
Tristar 3000 (Micromeritics Instrument Corporation, Norcross, US). The 
samples were degassed at 60◦C under vacuum (P = 2µmHg) with an 
ASAP 2020 PLUS (Micromeritics Instrument Corporation, Norcross, US). 
Nitrogen at -196◦C was used as adsorption gas with the relative pressure 
(P/P0) ranging from 0.01 to 0.98 for the adsorption isotherm. The BET 
surface area was calculated according to the consistency criteria 
(Rouquerol et al., 2007).

2.7. X-ray diffraction (XRD) analysis

Diffractograms with X-rays of pea hull fibres were obtained using a 
diffractometer (D8 Discover, Bruker, Berlin, Germany). The radiation 
source was a Cu Kα (λ = 1.54Å), covering 2θ from 5◦ - 60◦. The exposure 
duration and total analysis time for each sample was 2,100 seconds. The 
pea hull fibre powder was mounted on single crystal Si holders. A 
qualitative comparison of the crystallinity index in the samples was 
performed using the Segal peak height method according to Segal, 
Creely, Martin Jr, and Conrad (1959) (Segal et al., 1959).

2.8. Microstructural characterisation using light microscopy

Samples were frozen in liquid nitrogen and mounted to holders 
before being cryo-sectioned into 8µm thick sections in a Leica CM3050S 
cryostat. The sections were then applied to Polysine® microscope slides 
(VWR International, Radnor, USA). Hydrated sections were examined 
via an Olympus BX53 light microscope (Olympus Life Science, Tokyo, 
Japan) with a 20x objective, using differential interference contrast 
(DIC) imaging to increase the contrast of different structures. At least 10 
micrographs were captured for each sample with a CMos SC50 camera 
(Olympus Life Science) and processed using the Olympus cellSense 
Entry software.

Fig. 1. Overview of the sample preparation for the four different pathways, with eight samples in total. The pathways are untreated pea hull fibre (U), mechanically 
sheared pea hull fibre (S) and enzymatic hydrolysis of pea hull fibre with pectate lyase (P). The I and Sol denote the insoluble and solubilised fractions after 
centrifugation.
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2.9. Flow and oscillatory analysis

The rheological measurements were carried out using a rheometer 
DHR-3 (TA Instruments, New Castle, USA). The geometry equipment 
used depended on the sample being measured. A 40mm parallel plate 
geometry was used for pellet samples (U-I, S-I and P-I).

Flow measurements using the parallel plate geometry used a gap of 
1mm, while the cone-and-plate geometry used a 57µm truncation gap. A 
Peltier plate was used to maintain the temperature at 25◦C. MQ water 
was added to the freeze-dried samples and stirred overnight in a closed 
vial. The samples were added to the rheometer using a pipette and pre- 
sheared at 10 s-1 for 10 seconds and then rested for one minute, followed 
by shear sweep between 0.01 s-1 and 100 s-1. The displayed viscosity 
measurements are shown as ηrelative and are calculated as Eq. 3. 

ηrelative =
ηmeasured

η0
(3) 

where ηmeasured is the measured absolute viscosity and η0 is the viscosity 
of the suspension liquid.

Oscillatory measurements used a 1mm gap and a 57µm truncation 
gap for the parallel plate and cone-and-plate geometries respectively. A 
Peltier plate was used to maintain the temperature at 25◦C. Samples 
were stirred overnight with MQ-water in closed vials before measure
ment. The samples were pipetted and loaded into the rheometer and pre- 
sheared at 10 s-1 for 10 s and then rested for one minute. The strain (γ) 
sweep ranged from 0.01 to 100 %, with a frequency of 6.28 rad/s. 
Datapoints for the G' and G'' were taken within the linear viscoelastic 
region (LVR).

2.10. Particle suspension models

The rheological measurements for the P-I sample were fitted to 
existing particle suspension models, (Table 1). All analysis and model- 
fitting were conducted in OriginPro 2023 version 10.0.0.154 
(OriginLab).

2.11. Statistical analysis

Fractions of the soluble and insoluble pea hull fibre, WRC, particle 
size and BET surface area were measured in triplicate. Statistical sig
nificance was calculated using analysis of variance (ANOVA) with a 
significant level of 5 %. When ANOVA results were significant, a Tukey’s 
post-hoc test was used to compare group means. The statistical analysis 
was done using Python in Visual Studio Code (version 1.99.3). All 
rheological measurements were done in triplicate.

3. Results and discussion

3.1. Impact of enzymatic hydrolysis on particle composition and 
properties

The monosaccharide composition of the insoluble fractions (U-I, S-I 
and P-I) were primarily composed by glucose, xylose, and galacturonic 
acid (GalA), reflecting the presence of cellulose, hemicellulose and 
pectin in the pea hull fibre (Table 2) (Karlsson et al., 2024; Ralet et al., 
1993). No or minor difference of the insoluble part was obtained be
tween treatments. In contrast, the soluble fractions (U-S, S-S and P-S) 
displayed more pronounced differences. Notably, U-S and S-S containing 
higher amounts of xylose, GalA and arabinose, while glucose remained 
low in all soluble fractions, suggesting that cellulose remains in the 
insoluble fraction after mechanical shearing. The P-S sample had the 
largest concentration of GalA (10.8 g/100g) and glucuronic acid (GlcA) 
(6.9 g/100g), which indicates that pectate lyase can access and degrade 
the pectin, resulting in enhanced pectin solubilisation. These findings 
confirm the selective degradation of pectic polysaccharides, validating 
the enzyme's efficiency in targeting pectin components within the fibre 
matrix. However, the persistence of a notable pectin fraction in the P-I 
sample suggests that part of the pectin was inaccessible by pectate lyase, 
and that further hydrolysis might enhance other physicochemical 
properties more markedly.

Among the solubilised fractions, no significant differences (p = 0.07) 
in total mass were observed between the treatments. However, it is 
possible to note the solubilisation trend to be higher for P treated sam
ples (8.0 %), in comparison with U (5.1 %) and S (5.4 %) samples 
(Table 3). The trend of increased mass solubilised mirrors the changed 
observed in water retention capacity (WRC). The untreated sample 

Table 1 
All models used for fitting the flow and oscillatory data. Equations 4 to 7 are used to fit specific concentration regimes (dilute, 
intermediate and concentrated). Equations 8 to 10 are used to fit the entire concentration range.

η(c) = η0(1 + kc) eq. 4 (Einstein, 1906)
η(c) = acb eq. 5 (Leverrier, Almeida, Menut, & Cuvelier, 2017)
η(c) = η0(a + blnc) eq. 6 (Leverrier et al., 2017)

Gʹ = A
(

1 −
ϕc
ϕ

)1
3 eq. 7 (Adams, Frith, & Stokes, 2004)

η(ϕ) = η0

(

1 −
ϕ

ϕrcp

)− kϕrcp eq. 8 (Krieger & Dougherty, 1959)

η(ϕ) = η0

(

1 −
ϕ

1 − kϕ

)− [η]
; k =

1 − ϕc
ϕc

; ϕc = ϕrcp + βϕα
eq. 9 (Mendoza, 2013)

η(ϕ) = η0

(

1 −
ϕ

1 − kϕ

)− S
; k =

1 − ϕc
ϕc

; ϕc = ϕrcp +
ϕmax − ϕrcp

1 + exp [ − Λ(ϕ − ϕi)]

eq. 10 (Leverrier et al., 2021)

Note: For eq. 4, 5 and 6, η(c) is the viscosity, η0 is the viscosity of the suspension liquid and c is the concentration of the particles in 
g/100g. k, a and b are coefficients. For eq.7, Gʹ is the storage modulus, ϕc is the critical volume fraction, ϕ is the volume fraction 
and A is a coefficient. For eq. 8, 9 and 10, η(ϕ) is the viscosity, η0 is the viscosity of the suspension liquid, ϕ is the volume fraction, 
ϕrcp is the volume fraction at random close packing. k, [η], β, α, S, ϕmax, ϕi and Λ are coefficients.

Table 2 
Total monosaccharides in the hydrolysed samples stated in g/100 g sample.

Sample U-I U-S S-I S-S P-I P-S

Arabinose 3.4 5.1 3.3 7.2 2.8 4.5
Rhamnose 0.2 0.6 0.2 0.5 0.2 0.5
Galactose 1.1 3.6 1.1 4.8 0.8 1.9
Glucose 35.5 3.9 33.8 2.6 36.0 n.d
Xylose 13.3 9.3 13.0 10.3 13.6 3.7
Mannose 0.2 0.1 0.1 n.d 0.1 n.d
Galacturonic acid* 6.4 7.2 8.7 6.9 5.8 10.8
Glucuronic acid* 3.6 1.2 5.4 1.5 3.9 6.9
Total 63.7 31.0 65.6 33.8 63.2 28.3

n.d – monosaccharide content below limit of detection (<1mg/L)
*Galacturonic acid and glucuronic acid content was determined using meth
anolysis (Massironi et al., 2024).
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showed the lowest WRC (5.1ml/g), which was statistically significantly 
lower than the WRC of both S and P samples, ranging from 5.7 to 5.9, 
respectively. The values of WRC obtained here were similar to those 
obtained using chemical treatment (Gutöhrlein et al., 2020) but lower 
than the WRC observed by Morales-Medina and colleagues. The com
parison indicate that the micro-fluidisation step in the study done by 
Morales-Medina and colleagues, is a major contributor for increasing the 
WRC of pea hull fibres (Morales-Medina et al., 2024).

The volume weighted mean diameter (D[4,3]) of the particles varied 
on response to the treatment. Interestingly, the size for the untreated 
fibre (338.5µm) was statistically significantly smaller (p = 0.008) than 
the S and P samples. The apparent increase in D[4,3] after shearing and 
enzymatic hydrolysis is most probably due to increased swelling of the 
particles after treatment. Degradation of the pectin in the fibre particles 
result in a more porous structure and thus a higher water uptake and 
swelling (Morales-Medina et al., 2024). An increase in porous structure 
is supported by the increase in WRC of the enzymatically treated pea 
hull fibres, but not by the surface area as determined using BET. The lack 
of statistically significant variation in BET, is in contrast to results ob
tained by Kumari and colleagues, where an increased BET surface area 
was shown after enzymatic modification with cellulase and xylanse on 
the peel of green pea (Kumari et al., 2022). The particle size distribution 
(PSD) of the insoluble fraction for the different preparation methods 
shifted slightly after pectate lyase treatment (Fig. 2). The crystallinity 
index measured with XRD was not affected by shearing or enzymatic 
hydrolysis. Crystalline parts of the pea hull fibre are expected to be 
cellulose, which are unaffected by the shear or PL hydrolysis (degra
dation of pectin).

The P-I sample shows a larger proportion of small (< 100µm) and 
large (> 1000µm) particles. The smaller fraction at < 100µm is likely 
caused by pea hull fibre degradation by the pectate lyase, while the 
fraction that is > 1000µm can be explained by the PL producing a more 
porous structure pea hull fibre and thereby increasing its water uptake. 
In contrast, the PSD of the S-I sample remained similar to the untreated 
U-I sample, indicating that mechanical shearing alone had a limited 
impact on fibre breakdown and porosity.

The microstructure of the pea hull fibre is visible using light micro
scopy (Fig. 3). There is a noticeable difference between the U-I and the P- 
I sample. After the use of mechanical shearing and PL hydrolysis, the cell 
structure showed a more disrupted and irregular morphology, as 
compared to the starting material. The combined effect of mechanical 
shearing and pectate lyase hydrolysis caused the cell structure to 
collapse, reducing structural uniformity. These observation are consis
tent with the role of pectin supporting the cell structure and contributing 
to the loadbearing properties, where pectin degradation drives to a less 
rigid structure (Broxterman & Schols, 2018; Höfte et al., 2012).

3.2. Comparison of the rheological behaviour of suspensions

In order to understand the macroscopic or suspension behaviour of 
the pea hull fibre, the reconstituted insoluble fractions of the untreated, 
sheared and sheared and PL treated pea hull fibre was studied. The P-I 
sample has a higher viscosity at 6g and 12g/100g H2O (Fig. 4). The 
change in viscosity of P-I compared to U-I aligns with the changes 
observed using WRC and microscopy, with the explanation of increased 
swelling and water uptake being enabled through a less rigid plant cell 

Table 3 
The insoluble fraction (I), solubilised fraction (Sol), WRC, particle size (D[4,3]), BET surface area and crystallinity index of samples prepared with three different 
preparation methods.

Sample I fraction (wt %) Sol fraction (wt %) WRC (ml/g) D[4,3] (µm) BET surface area (m2/g) Crystallinity index ( %)

Untreated (U) 94.9 ± 1.5a 5.1 ± 1.5a 5.1 ± 0.1a 338.5 ± 3.4a 0.53 ± 0.01a 61.4
Sheared (S) 94.6 ± 1.6a 5.4 ± 1.6a 5.7 ± 0.2b 358.6 ± 6.0b 0.56 ± 0.16a 63.0
Sheared and pectate lyase (P) 92.0 ± 0.7a 8.0 ± 0.7a 5.9 ± 0.2b 368.0 ± 11.1b 0.66 ± 0.10a 61.7

The values are expressed in mean ± standard with n = 3. The different letters in superscript indicate values that are significantly different at p < 0.05. Means values not 
expressed with letters represent samples with no statistical significance by ANOVA assay.

Fig. 2. Particle size distribution (PSD) of the U-I (black), S-I (orange), P-I (green).
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wall structure. The P-I sample is expected to occupy a larger volume 
fraction at the same solid concentration and thus has a higher relative 
viscosity.

Additionally, the ηrelative of the reconstituted insoluble fraction in 
water (U-I, S-I and P-I) and that of the full samples was compared (not 
shown). The viscosity is similar, suggesting that the viscosity of all 
samples is dominated by the insoluble particles. There is no obvious 
trend when observing the full samples at different concentrations, 
regardless of the sample preparation; the variation could be due to the 
limited control of the serum phase for the full sample.

3.3. Modelling of the rheological properties: hard vs soft particle 
behaviour

Additional flow sweep measurements were performed on the 
reconstituted P-I sample, in order to study the suspension behaviour in a 
broader concentration regime. The particle concentration was widened 
to range from 0.1g/100g to 18.7g/100g. Three regimes were observed in 
this concentration span and named I, II and III (Fig. 5). These three re
gimes have been observed in plant cell wall suspensions and fitted 
individually using particle models (Leverrier et al., 2016).

Below 2.3g/100g the suspension is in the first regime (I), where the 
viscosity is not dependent on particle properties. As seen in Fig. 5, the 
viscosity of the samples has no or little dependence on solid 

concentration in this regime. The suspensions exhibited Newtonian 
behaviour and can be fitted to Einstein’s linear model, see Eq. 4 
(Table 1). In this model, the volume fraction of hard spheres relative to 
the suspension viscosity generates a slope of k = 2.5. A value greater 
than 2.5 would indicate stronger hydrodynamic interaction between the 
particles, while a lower value suggests weak interactions. The P-I sample 
displays a lower slope in the dilute region, around 0.3, which indicate 
neither aggregation nor particle interaction occurring under shear 
(Supplementary Fig. S.1 and Table S.1) (Leverrier et al., 2016). At this 
concentration, sedimentation occurs, which is why the viscosity is close 
to that of the liquid phase (water).

The viscosity increases rapidly in the second regime (II), to between 
2.3g/100g and 11.6g/100g. The viscosity results can be modelled using 
a power law equation (Equation 5, Table 1), similar to what has been 
used for carrot suspensions (Lopez-Sanchez et al., 2012; Lopez-Sanchez 
& Farr, 2012), where c is the concentration of insoluble particles (Sup
plementary Fig. S.1 and Table S.1). A b value of 4.7 was observed, which 
is higher than the observed value of ~2 for apple purees (Leverrier et al., 
2016). The absolute value of b increases with the particle polydispersity, 
which agrees well with the large PSD we observed for P-I (Fig. 1). The 
sharp increase in viscosity is due to particle-particle interactions. The 
main interactions between the particles are long-range hydrodynamic 
interactions but the viscous deformation is also influenced by lubrica
tion forces and friction between the particles when sliding past each 

Fig. 3. Light microscopy images of pea hull fibre after different treatments. The untreated insoluble fraction (U-I), sheared insoluble fraction (S-I) and sheared and 
pectinase insoluble fraction (P-I) are the samples shown. Scalebar: 50µm.

Fig. 4. Flow sweep measurements of the reconstituted insoluble fraction in water. The reconstituted insoluble fraction was measured at four concentrations (1, 6, 12 
and 18g/100g H2O). The samples were U-I (black), S-I (dark grey) and P-I (light grey).
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other (Lopez-Sanchez et al., 2012).
The third regime (III) is reached when the insoluble solid concen

tration reaches 11.6g/100g. The viscosity in the third regime is less 
dependent on particle size and shape, as the particles are closely packed 
and, in the case of soft particles, they can deform to fit into the available 
space. However, the concentration at which the suspension enters this 
regime depends on the particle properties. A greater polydispersity and 
particle size allow the system to reach a concentrated state, or regime III 
at lower particle content (Servais, Jones, & Roberts, 2002). The presence 

of small particles allows them to fit into the voids between larger par
ticles and, therefore, pack efficiently at lower concentrations. Thus, a 
higher concentration would be required to reach the same viscosity as a 
monodisperse sample. A logarithmic approach was used to fit this region 
using models inspired by the compaction in clay and cement-based 
materials (Eq. 6, Table 1) (Khelifi et al., 2013; Leverrier et al., 2016). 
The logarithmic function is used to fit the disappearance of available 
space between the particles, which can also be applied to our case 
(Supplementary Fig. S.1 and Table S.1).

Fig. 5. Viscosity as a function of total solid content for the P-I sample ranging from 0.1 to 18.7g/100g. The three concentration regimes visualised are the dilute (I), 
intermediate (II) and concentrated (III) domains.

Fig. 6. Storage (grey) and loss (white) modulus of the P-I sample in the concentration range of 2.0 to 18.7g/100g H2O. The concentration regimes visualised are the 
same as in Fig. 5; dilute (I), intermediate (II) and concentrated (III).
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Viscoelastic properties of the P-I suspension were evaluated in 
similar fashion to the viscous properties (Fig. 6). The three regimes 
(dilute, intermediate, concentrated) are also observed for oscillatory 
measurements (G') as a function of concentration. However, the shift 
between regimes I and II is less clear. Regimes I and II can be modelled 
using the functions previously used for the viscosity measurements, as 
the dilute and intermediate regions display identical behaviour, (Sup
plementary Fig. S.2 and Table S.1). However, given the absence of 
percolating particle network formation, oscillatory measurements at low 
total solid content (< 2g/100g) yielded no meaningful data. The regime 
shift (I to II) was therefore set to the same concentration as predicted in 
the viscosity data. Leverrier and co-authors encountered a similar 
problem when investigating apple puree but observed that the regime 
shift predicted by the viscosity and viscoelastic data agreed (Leverrier 
et al., 2016). The second regime was fitted with a power-law equation 
and has the exponent value of b = 8.1, which is significantly higher than 
the value observed in the viscosity data and by Leverrier. Leverrier and 
colleagues observed an increasing exponent value with increasing par
ticle size and irregular shape. P-I has large particle size, PSD and 
non-spherical shape which would indicate a large b value. The large 
particle size causes the particle to jam at lower concentrations and thus 
generate a network. Smaller particles within a polydisperse sample can 
fill the void space between the larger particles, enhancing the rigidity of 
the network (Farr & Groot, 2009; Farris, 1968).

At high concentration, the third regime is reached (III), where the G' 
>> G''. This region can be modelled using an equation proposed by 
Adams and co-authors (Equation 7, Table 1) (Adams et al., 2004). The 
equation uses the volume fraction ϕ, critical volume fraction ϕc (where 
the particles are closely packed) and a variable constant A. To use this 
model, a simplification was made, with the total insoluble particle 
concentration (c and cc) used instead of the volume fraction. The critical 
packing concentration (cc) was predicted at 10.8g/100g using the 
Adams model, which is close to the observed value of 11.6g/100g for the 
viscosity measurements.

The separate regimes in the viscosity and viscoelastic measurements 
have previously been modelled. However, when it comes to a unified 
model for the entire concentration range, complexity increases. One 
problem is that most models (such as Einstein, Krieger-Dougherty and 
Mendoza) use the volume fraction occupied by the insoluble particles, 
rather than the total insoluble particle concentration. This brings com
plications because there are limited methods of determining the volume 
fraction for soft particles (Boehm, Warren, Baier, Gidley, & Stokes, 
2019). The challenge when it comes to predicting suspension behaviour 
is to determine the de facto volume fraction that the particles occupy. 
Centrifugation or sedimentation is common and simple ways to measure 
the volume fraction but, in the case of soft particles, the volume occu
pied by those particles will change when force is applied during 
centrifugation (Boehm et al., 2019; Poon, Weeks, & Royall, 2012). This 
will result in a volume fraction depending on the force applied during 
centrifugation and is thus not representative of the volume fraction in 
the initial suspension/sample (Lopez-Sanchez et al., 2012). A way 
around this problem is to use a theoretical approach to calculate the 
volume fraction instead, similar to what was shown earlier by Day and 
colleagues (Day et al., 2010) and Leverrier and colleagues (Leverrier 
et al., 2016). Plant cell particles can pack with greater efficiency 
compared to hard spheres, which only reaches a maximum volume 
fraction of 74 %. The plant cells can deform and will therefore fit into the 
shrinking available space, even at high particle concentrations. Thus, 
the concentration at which the regime shifts between II and III (now 
noted as c**) can be assumed to be equal to a volume fraction of 1. 
Subsequently, c** It is thereby defined as the concentration at which the 
particles occupy all the volume but do not deform or shrink. This 
methodology works for viscosity measurements (Leverrier et al., 2016) 
and viscoelastic measurements (Day et al., 2010). For our measure
ments, the c** of the P-I sample occurs at 15.6g/100g for the viscous 
data and 13g/100g for the viscoelastic data. Thus, the exact 

concentration at which c** is obtained differs between the two rheo
logical properties. The total insoluble particle concentration can be 
converted to an apparent volume fraction by using c** from the viscous 
data, see Eq. 11. 

ϕapp =
c

c**
(11) 

With an apparent volume fraction defined, it is possible to use 
established models to predict the rheological behaviour (Table 1). A 
simple model to fit the dilute region could be the Einstein model (Eq. 4, 
Table 1). As this model only examines dispersions with no particle in
teractions (thus exhibiting only Newtonian behaviour) it would not be a 
good fit for the whole concentration range. A natural step towards 
expanding the Einstein model is to introduce a parameter to limit the 
maximum packing density. This was done by Krieger and Dougherty 
who modelled hard spheres, giving a maximum packing of 0.635 due to 
random close packing (Table 4 and Fig. 7) (Krieger & Dougherty, 1959). 
The Krieger-Dougherty model introduces behaviour for non-Newtonian 
suspensions and more accurately fits our data in the intermediate region 
but is limited by the maximum packing density. The model covers a 
greater proportion of the concentration regimes compared to the Ein
stein model and generates a k value of 3.9, which is closer to the theo
retical value for hard-sphere systems. The limitation of the 
Krieger-Dougherty model is that it does not consider particle shape or 
deformability. This causes it to deviate from the complexity of the P-I 
sample.

A follow-up was proposed by Mendoza to introduce a variable crit
ical packing parameter, which allows the maximum packing efficiency 
to extend above random close packing, whilst including hydrodynamic 
interactions and crowding effects (Table 4) (Mendoza, 2013). This 
model fits the data well in the entire volume fraction range. The [η] 
value is comparable to the k value for the previous models and has 
previously been correlated to particle shape, with larger values pro
duced by more irregular particles (Mueller et al., 2010). Pea hull fibre 
particles in the P-I samples are highly polydisperse and irregular which 
would yield a large exponent value. The α value was interpreted by 
Mendoza to be affected by the particle deformation, as when particle 
deformability increases, the α value decreases. A value of 2.2 was ob
tained for the P-I sample which is slightly higher than observed for star 
polymers (1.74-1.90), which would imply that the star polymers are 
more deformable. However, Leverrier and colleagues saw similar values 
for apple cells (2.10-2.16) and hypothesised that the α value is also 
related to surface irregularities and sphericity (Leverrier et al., 2021). 
Leverrier and colleagues argue that lower surface irregularity and higher 
sphericity increase the value of α. However, with our system, we achieve 
an even larger α with non-spherical particles and high surface irregu
larities. The β value has been related to particle softness, with softer 

Table 4 
Models and obtained parameters used to fit the viscosity vs apparent volume 
fraction data for sample P-I.

Krieger-Dougherty
η(ϕ) = η0

(

1 −
ϕ

ϕrcp

)− kϕrcp

​ ϕrcp=0.637; k=3.9
Mendoza

η(ϕ) = η0

(

1 −
ϕ

1 − kϕ

)− [η]

​
k =

1 − ϕc
ϕc

; ϕc = ϕrcp + βϕα

​ ϕrcp=0.637; [η]=10.4; α=2.2; β=1.9
Leverrier

η(ϕ) = η0

(

1 −
ϕ

1 − kϕ

)− S

​
k =

1 − ϕc
ϕc

; ϕc = ϕrcp +
ϕmax − ϕrcp

1 + exp [ − Λ(ϕ − ϕi)]

​ ϕrcp=0.637; S=10.7; ϕmax=5.0; ϕi=1.0; Λ=4.2

Note: For eq. 8, 9 and 10, η(ϕ) is the viscosity, η0 is the viscosity of the suspension 
liquid, ϕ is the volume fraction, ϕrcp is the volume fraction at random close 
packing. k, [η], β, α, S, ϕmax, ϕi and Λ are coefficients.
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particles producing a greater β. We obtained a value of 1.9, which is 
considerably larger than the β value obtained for star polymers 
(0.244-0.966) and apple cells (0.913-1.177), which in our case would 
indicate soft particles. The outer part of the pea hull fibre is expected to 
have a rigid structure (even if softened by the enzymatic hydrolysis) 
compared to the inner part of the fibre, whose structure would be softer.

Leverrier expanded on Mendoza’s model and added a maximum 
packing fraction parameter (ϕmax) to limit the volume fraction to in
crease infinitely (Table 4) (Leverrier et al., 2021). The maximum 
packing fraction parameter is necessary as the soft particles will reach a 
maximal compression, which is dependent on the particles’ nature. To 
calculate ϕmax, a sigmoid law is used with additional parameters ϕi and 
Λ, where ϕi describes the point at which the particle concentration to 
particle compressibility is at a maximum and Λ is the slope after the 
inflection point. Lower values of ϕmax and ϕi (5.0 and 1.0, respectively) 
were obtained compared to apple cells (16.0 and 2.38). This shows that 
the P-I samples are deformable and able to fit into the available space at 
high concentrations but might be limited by the compressibility indi
cated by the ϕi = 1 value. The Λ is significantly larger than for apple cells 
(4.2 versus 1.87) further demonstrating that the ϕmax will be reached at 
a lower volume fraction. Nonetheless, the high complexity of the P-I 
sample makes interpretation of the parameters non-trivial. A theoretical 
value derived from spheres of ϕrcp = 0.635 was used for all models, as its 
effect on the model outcome has been shown as negligible (Leverrier 
et al., 2021; Leverrier et al., 2017).

Overall, the model proposed by Mendoza and Leverrier fits the P-I 
experimental data through the entire concentration range. The Mendoza 
model was based on star polymers with a different number of arms. 
Leverrier and colleagues then introduced a maximum packing fraction 
parameter to the Mendoza model and showed that it also predicted the 
viscosity behaviour of apple cells as a function of volume fraction. The 
dispersions of pea hull fibre are of high complexity, as they contain large 
particles, with an irregular shape and surface and are largely poly
disperse. Nonetheless, the models proposed by Mendoza and Leverrier 
fitted the rheological behaviour of pea hull fibres well as a function of 

volume fraction. Thus, the models can be used to predict the viscous 
behaviour of pea hull fibres over a wide concentration range.

4. Conclusion

The results of this study demonstrated that the techno-functional 
properties of yellow pea hull fibres, especially rheological behaviour 
and water retention capacity (WRC) can be enhanced by a combination 
of mechanical shearing and enzymatic hydrolysis using pectate lyase. 
Among the treatment tested, the enzymatically treated sample (P) 
showed the most pronounced changes, including compositional 
changes, increased WRC, particle swelling and altered microstructure. 
While more soluble components are produced after shearing and 
enzymic treatment, flow sweep and oscillatory analysis demonstrated 
that the insoluble fraction was the main contributor to viscosity and 
viscoelasticity in all samples, with P-I sample displaying a marked in
crease in suspension properties.

Three distinct concentration regimes were identified for the P-I 
suspension: dilute, intermediate and concentrated. The behaviour across 
these regimes could be effectively modelled using soft particle rheo
logical models originally proposed by Mendoza for star polymers and 
later expanded by Leverrier for apple puree. The models of Mendoza and 
Leverrier enable close prediction of suspension properties across several 
concentration regimes of the pea hull fibre. While the models were able 
to accurately predict viscosity behaviour, limitations remain in inter
preting the parameters used in the models due to the high degree of 
complexity of the modified fibre structures.

Overall, these findings highlight the potential to transform the 
microstructure and techno-functional properties of pea processing side 
streams into high value functional ingredients for food applications. By 
tailoring hydration, swelling and predicting suspension properties, pea 
hull fibres can be more effectively as texturizing systems, fibre-enriched 
formulations, or plant-based food products, supporting both sustain
ability and functionality in food design.

Fig. 7. Experimental data for reconstituted P-I sample suspension and theoretical modelling displaying the relative viscosity with the apparent volume fraction. 
Models and parameters can be found in Table 3. Symbols represent experimental data and lines relate to models.
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