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From bitter to better: optimizing polyphenol
extraction from yellow pea (Pisum sativum L.) using
natural deep eutectic solvents (NADES) for
improved plant protein products

Amy McMackin, 2 Gloria Muller, Joseph Dumpler 2 * and Alexander Mathys

World food systems are shifting toward more sustainable and ethical production, driving demand for plant-
based proteins. Yet, consumer acceptance remains limited due to undesirable flavor, color, and texture.
Natural deep eutectic solvents (NADES) can be used to sustainably remove bitter and astringent
phytochemicals from plants, yielding whitened, odorless, and protein-rich materials. This study examines
the selective extraction of polyphenols from yellow split peas (Pisum sativum L.) using two food-grade
NADES (betaine or choline chloride with 1,2-propanediol). Kinetic modeling is derived from analytical
data from varying pea particle size (fractions of 0.25-0.5, 0.5-1, 1-2, and 2-3.15 mm), temperatures (35,
45, 55, 65, 75 °C) and NADES hydration levels (0, 10, 20% water), revealing how these parameters
influence extraction behavior. Comparisons with 1,2-propanediol (0, 10, 20% water) highlight the key
role of eutectic solvents’ components in determining kinetics and yields. The studied NADES achieve
selective polyphenol extraction (around 550 mg kg™% while retaining proteins (around 8 g kg™, co-
extraction), outperforming conventional ethanol or water as solvents. Increasing NADES hydration
enhanced diffusion and extraction rates, demonstrating water's importance as a ternary component in
these systems. This work underscores NADES' potential as an efficient, scalable, and sustainable strategy
for purifying plant proteins in a promising step towards improving these products’ sensory quality and
consumer appeal.

This study introduces a novel natural deep eutectic solvent-based approach for purifying plant proteins for sustainable food processing. Derived from food-
grade, biodegradable components, NADES offer a low-impact alternative to conventional organic solvents, directly supporting the Sustainable Development
Goal on Responsible Consumption and Production (SDG 12). This research demonstrates how differences in solubilization potential between proteins and
polyphenols from yellow peas can be harnessed to obtain protein materials for foods aligned with consumer preferences. By minimizing chemical waste and
enabling efficient, scalable protein recovery from plants, this approach promotes more sustainable, circular food systems. Moreover, the direct application of
this technology to plant-based foods promotes Good Health and Well-Being (SDG 3).

1 Introduction

astringent flavors.>* While these attributes may appeal to
vegans and vegetarians, they tend to deter flexitarian and

Consumers are increasingly interested in plant-based proteins
as substitutes for animal products, motivated by environmental
concerns, animal welfare, health benefits, and the need to
secure sustainable food sources for a growing global population
under changing climate conditions."” As a result, there is
a growing need to diversify and enhance the quality of plant-
based foods and nutraceuticals. Many plant-based protein-
rich products still struggle with issues related to functionality
and sensory quality, such as unpleasant textures and bitter or
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omnivorous consumers: groups that account for the majority of
global consumers.**®

Innovative plant-protein processing methods that enhance
functionality, nutritional value, and taste are key to creating
a more sustainable food system aligned with consumer prefer-
ences. Expanding research into alternative plant protein sour-
ces is also essential for enhancing food security and
biodiversity. Currently, most plant proteins are derived from
a very limited number of crops, namely soybeans and wheat,
although many other sources contain significant, nutritious
protein levels (ie., peas, lupines, rapeseed).”® Developing
versatile and efficient methods to isolate functional, neutral-
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tasting proteins from these sources is essential to developing
the plant-based protein market.

The yellow field pea (Pisum sativum L.) is known for its high
protein content (20-30%), availability, affordability, and
adaptability to various climatic conditions.® Pea proteins are
predominantly albumins (lectin, pea albumin 1, pea albumin 2)
and globulins (legumin, vicilin, convicilin), represent a low risk
of allergenic response, and boast a digestible indispensable
amino acid score (DIAAS) of 1.0.°*> Despite this, pea protein use
in dairy, meat, egg, and seafood analogues may be restricted by
weak functional properties or met with poor consumer accep-
tance due to undesirable flavors and colors from co-extracted
pea polyphenols.**®** Pea protein purification presents a solu-
tion to these limitations.

The most widely used methods for plant protein extraction
and purification rely on aqueous alkali or salt-based systems.
Isoelectric precipitation after alkaline extraction isolates
proteins by solubilizing them at alkaline pH and then precipi-
tating them at their isoelectric point, where they have minimal
solubility."*** Alternatively, salt-based extraction takes advan-
tage of ionic interactions to solubilize proteins at increased ion
concentrations, then encourage their aggregation by reducing
ion concentration through subsequent ultrafiltration or dial-
ysis.'®” These methods often fail to remove antinutritive
compounds like polyphenols, which interfere with protein
functionality and impart unwanted flavors and taste on protein
isolates.**'*2° Indeed, alkaline extraction-isoelectric precipita-
tion may enrich polyphenol concentrations in protein extracts,
as polyphenol solubilization also increases under alkaline
conditions.”* Organic solvents, often associated with toxicity
and hazards, are often used for separating phytochemicals from
proteins. However, they may denature proteins, reducing yield
and compromising functionality.'>*** Alternatively, using
supercritical carbon dioxide for phytochemicals extraction from
protein-rich plants has been shown to reduce off-aroma
compounds in protein isolates but may increase perceived
bitterness.”® Elsewhere, exploring enzymatic or mechanical
techniques such as ultrasonication reduces the phytochemical
content in refined proteins but the likelihood of protein dena-
turation remains.'***

In contrast, deep eutectic solvents (DES) provide a sustain-
able approach for protein refining. DES are defined as mixtures
of Brgnsted or Lewis acids and bases, where specific molar
ratios lead to charge delocalization through supramolecular
hydrogen bonding networks. This results in the mixture's
melting point being lower than that of its individual compo-
nents.” Typically, DES are formed by complexing a hydrogen
bond acceptor (HBA) (i.e., quaternary ammonium salt), with
a hydrogen bond donor (HBD) (i.e., metal salts, sugars,
carboxylic acids, amino acids).>*** Natural deep eutectic
solvents (NADES) are a subclass of DES prepared from natural
compounds, and are believed to be the missing link in stabi-
lizing enzymatic activity, catalyzing various metabolic reactions,
and solubilizing intermediate polarity compounds in plant
cells.** If DES are considered the next generation of ionic liquids
(ILs), offering similar properties with improved sustainability
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and cost-effectiveness,**** then NADES can be seen as the next
step in sustainability for novel solvents.

NADES' intrinsic non-toxicity, stabilizing nature, and
exceptional selectivity predict their extension to plant-based
food processing applications.*'**** Recent research has vali-
dated such applications, showing that NADES can stabilize
proteins and enzymes beyond the cellular environment, pro-
tecting them from denaturation and facilitating selective
molecular interactions.?****® Lores and co-workers pioneered
this food science research in 2017 by studying the solubility of
wheat gluten in NADES.* Since then, NADES have been
employed to recover small amounts of high-purity proteins
from oilseed press cakes, brewery residues, pomegranates, and
fava beans.’*** Elsewhere, research demonstrates NADES'
ability to extract specific bioactive compounds (i.e., flavonoids,
tannins, terpenoids) from a variety of plant matrices. These
include traditional medicinal plants, rattan palms, agrifood by-
products, olive oil and related processing wastes, grape skins,
grapevine canes, blueberries, and microalgae.***~>® When used
in protein or phytochemical extraction, NADES compatibility
with techniques such as ultrasound- or microwave-assisted
extraction can further improve yields or reduce processing
times.?***3%°557 However, even when coupled with mechanical
techniques, protein extraction using NADES typically results in
low yields, as these solvents are not particularly effective at
solubilizing proteins. On the other hand, NADES excel at
selectively extracting intermediate polarity polyphenols and
other phytochemicals from plant materials.?®** When operating
within these solubility differences, NADES pre-processing of
plant-based materials could become a strategy to mitigate off-
flavors and colors in plant-based, protein-rich foods. This
frames NADES as powerful tools to control food properties
through selective extraction processes, beyond their participa-
tion in Maillard reactions, suspected synergism with extracted
compounds to enhance bioactive properties, or inherent
distinct characteristics.?*%-%

This work consequently presents the first integrated
approach employing natural deep eutectic solvents (NADES) for
the extraction of polyphenols from yellow peas, with a particular
focus on elucidating the extraction kinetics under various
experimental conditions. Understanding the rates at which
NADES can extract polyphenols versus proteins from yellow peas
is key to optimizing both the efficiency and selectivity of the
process, as well as eventually extending the approach to other
legumes.

2 Materials and methods
2.1 Materials

Dehulled, dried yellow peas were purchased from Biofarm
Genossenschaft (Kleindietwil, Switzerland) in July 2023. Anhy-
drous betaine (>99%) and crystalline choline chloride (>98%)
were obtained from Healthy Husbandry Sci-tech Co., Ltd (Zhe-
jiang, China), while 1,2-propanediol (>99.5%, for synthesis) was
sourced from Carl Roth GmbH+ Co. (Karlsruhe, Germany).
Quercetin (>99.5%, HPLC grade, solid), anhydrous sodium
carbonate (=99.5%, powder, ACS reagent), sodium bicarbonate,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sodium hydroxide, and absolute ethanol (>99.8%, for analysis)
were obtained from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany). Bovine serum albumin (2.0 mg mL '), as well as
reagents A (bicinchoninic acid in 2% sodium carbonate solu-
tion) and B (4% cupric sulfate solution in 0.4 N sodium
hydroxide) for the Pierce™ BCA Protein Assay were obtained
from ThermoScientific (Rockford, USA). Stearin organic wax
granules (melting point 66 °C) were obtained from Glorex AG
(Fullinsdorf, Switzerland) and Safranin Coloring Fluid
(PB.5295) was from Euromex Microscopen BV (Duiven, the
Netherlands). Water used throughout this work was deionized.

2.2 NADES selection & preparation

A pre-screening of 16 different NADES according to their
respective viscosities identified the most promising hydrogen
bond donor (HBD) as 1,2-propanediol of the 16 pre-screened
options, NADES prepared with 1,2-propanediol presented the
lowest viscosities, and viscosity is recognized as a critical factor
in solid-liquid extraction as high viscosities limit the mass
transfer rate and overall process efficiency.* It is also believed
that starch swelling in water would improve overall extraction
rates,” as well as the general hydration of the cell wall (thereby
opening cellular pores and capillaries),*® but that this would
also lead to greater protein co-extraction due greater solubility
potential in water or salt solutions.®” These ideas are underlined
in previous work, where a maximum of 20% water addition to
NADES provided the best compromise between maximum
polyphenol extraction with minimal protein co-extraction.®
Consequently, this work only studied NADES or 1,2-propanediol
with 10 or 20% water addition. Further rationale behind the
NADES pre-screening and selection process is described in
previous work.®

Specifically, betaine and 1,2-propanediol at a 1 : 4 molar ratio
(BetaPro_14) and choline chloride and 1,2-propanediol ata 1: 3
molar ratio (ChChlPro_13) were selected for this work due to
their relatively low viscosities compared to other NADES and
neutral pH. To prepare these NADES, the common “heating”
method was used.***** Briefly, the required quantities of
betaine or choline chloride and 1,2-propanediol were mixed in
a flask, then slowly heated to 80 °C. Under constant stirring at
300 rpm, the mixture was held at 80 °C for 10 minutes, ensuring
the establishment of the NADES' particular hydrogen bond
networks. Finally, NADES was cooled, transferred to closed
containers, and stored at room temperature.

2.3 Yellow pea grinding and sieving

Solid-liquid extraction experiments involved four different pea
particle size fractions derived from ground whole peas. To this
end, whole, dehulled peas were milled at room temperature
using a commercial grinding mill (Bosch MUZ5GM3) attached
to a stand mixer (Bosch MUM 86) at fineness level 3 (coarse) and
milled a second time at fineness level 1 (fine). Particle size
fractionation (AS 200-digit cA, Retsch, Germany) was performed
at an amplitude of 1.7 mm g~ for 15 min using test sieves. Size
fractions, pictured in Fig. 1, were obtained as follows: small
(0.25 mm = x < 0.5 mm), medium (0.5 mm =< x < 1 mm), large
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(1 mm =< x < 2 mm), and extra-large (2 mm =< x < 3.15 mm).
Particles smaller than 0.25 mm or larger than 3.15 mm were
discarded. Milled pea particle fractions were stored in a dark
environment in ambient conditions until further use.

2.4 Compositional analysis & reference solid-liquid
extraction experiments

Compositional analysis of ground yellow peas (0.25-2 mm
particle size) was performed by Amt fiir Verbraucherschutz
(AVS), Steinhausen, Switzerland. Protein was analyzed in trip-
licate in digested peas using the Kjeldahl method (N-conversion
factor of 6.25).7

Peas were subjected to exhaustive polyphenol extraction,
using a method reported elsewhere.” Briefly, peas were ground
to a fine powder, dried at 50 °C in an oven overnight, and stored
in a desiccator until use. Then, 5 g were filled into cellulose
extraction thimbles, and loaded into a Soxhlet extraction setup.
The samples were extracted with a refluxing 70% aqueous
methanol solution at 70 °C for 3 hours. Soxhlet extraction was
performed in triplicate.

Moreover, solid-liquid extraction experiments were per-
formed with 60% aqueous ethanol and deionized water. While
60% aqueous ethanol is recognized as an effective solvent for
intermediate polarity compounds such as plant polyphenols,
deionized water provides a reference for protein extraction,
mainly due to the water-soluble albumin fraction of yellow
peas.’®®” These experiments provide an opportunity to compare
the extractive behaviors of the NADES and 1,2-propanediol
against that of conventional solvents. These batch extraction
experiments were also performed in triplicate.

2.5 Solid-liquid batch extraction

Yellow pea particles and solvent were mixed at a 1:10 (w/w)
solid-to-liquid ratio. Samples were placed in a water bath atop
a multi-position magnetic stirring plate set to 350 rpm. The

Fig.1 Microscope images of the distinct particle size fractions of the
ground peas used in this work: (a) small (0.25 mm = x < 0.5 mm), (b)
medium (0.5 mm = x <1 mm), (c) large (1 mm = x < 2 mm), and (d)
extra-large (2 mm = x < 3.15 mm).

Sustainable Food Technol.
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Table 1 Evaluated experimental factors in the NADES-refining of
yellow pea particles through batch solid-liquid extraction experiments

Experimental factor Evaluated conditions

Solvent type BetaPro_14
ChChlPro_13
1,2-Propanediol

0, 10, 20

Small (0.25 < x < 0.5)
Medium (0.5 = x < 1)
Large (1 = x<2)
Extra-large (2 < x < 3.15)
35, 45, 55, 65, 75
Variable, 0.16 to 96

Solvent hydration (%)
Particle size fraction (mm)

Temperature (°C)
Duration (h)

Fig.2 Visualization of the (a) general discoloration of extracts after 1 h,
and discoloration of specific solvents and extracted pea particles (0.5
= x < 1 mm) after 1 h: (b) 1,2-propanediol, (c) BetaPro_14, (d)
ChChlPro_13, (e) water and (f) 60% ethanol.

water bath was maintained at a constant temperature using
a separate recirculating heating bath. Solid-liquid extractions
were performed in triplicate.

Sampling was performed at defined times ranging from 0.16
to a maximum of 96 hours. Samples of the suspensions were
taken in a manner ensuring that the 1:10 solid-to-liquid ratio
remained constant throughout the experiment. The liquid
phase was preserved at —20 °C until analysis, while extracted
peas were discarded.

Solid-liquid extraction experiments involved five variables:
solvent type, solvent hydration, yellow pea particle size, extrac-
tion temperature, and extraction duration (time). For a given
duration, a single variable was changed systematically in each
trial to assess its influence on polyphenol and protein extraction
from yellow peas. Besides evaluating the extraction efficiency of
the two pre-selected NADES, this work also looks at the extrac-
tion efficiency of the HBD component of the NADES (1,2-pro-
panediol) alone as a negative control. Quantities of water are
added to these solvents, increasing solvent polarity and
reducing viscosity. In NADES, up to 40% water can be added as
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a ternary compound, without disrupting the solvent's unique
supramolecular structure.**”> Table 1 summarizes the experi-
mental parameters.

2.6 Bicinchoninic acid (BCA) assay for polyphenol and
protein quantification

Centrifuging the liquid extracts from solid-liquid batch
extraction and reference solid-liquid extraction experiments
(9 min at 12 300 xg, ambient temperature) resulted in a pellet of
insoluble plant material (starch and fiber) and a supernatant
containing the solvent itself and the analytes (polyphenols and
proteins). Since both polyphenols and proteins can reduce Cu®*
and produce a colored compound with BCA,” a sample prepa-
ration procedure that quantitatively separates the two was
developed and verified, as described elsewhere.® Briefly, the
supernatant was combined with ethanol at a 1:9 ratio and
vortexed for 5 s. These tubes were stored overnight (>14 h) at
—21 °C to encourage protein precipitation. Next, the samples
were centrifuged for 7 min at 12 300xg. Then, 25 pL aliquots of
supernatant and 200 pL of BCA working reagent were pipetted
into a 96-well plate in triplicate. The working reagent (WR) was
prepared immediately prior to plating by mixing a 50 : 1 ratio of
reagent A with reagent B (Pierce™ BCA Protein Assay). Then,
samples were incubated for 30 min at 37 °C, and their absor-
bance at 562 nm was recorded using a microplate reader
(TECAN Spark, TECAN, Austria).

To analyze polyphenols in samples: absorbance data was
related to the polyphenol content in the samples through
a quercetin standard series (2, 5, 10, 25, 50, and 75 mg per L
quercetin). The average linear regression for the quercetin
standards across all plates (n = 76) delivered an R> of 0.9999.
The corresponding eqn (1) relates absorption to total poly-
phenol content (TPC):

crpe,Qe = (X — Xo) x m x 10 (1)

where crpcqr represents TPC expressed as quercetin equiva-
lents (QE) in mg L', (x) represents the absorption of the
sample, (x,) represents the absorption of the blank, and m is the
slope of the linear expression relating the two. The tenfold
dilution of the sample during the ethanol precipitation was also
corrected (10).

Then, to analyze protein content in samples: the excess
ethanol-based supernatant used in TPC quantification was di-
scarded, such that 100 pL liquid and protein pellet remained.
The protein pellet was resolubilized by adding 400 pL of an
aqueous solution of 2% Na,CO; and 0.95% NaHCO; (pH 11.25)
and vortexed. An additional centrifuging step for 7 min at 12
300xg was applied to settle out any remaining fibrous compo-
nents. Similarly to TPC analysis, 25 pL aliquots of protein-
containing supernatant were mixed with 200 uL of BCA reac-
tion working reagent into a 96-well plate, incubated for 30 min
at 37 °C, and analyzed for light absorbance at 562 nm.

Due to residual polyphenols in the protein phase, protein
concentration needed to be calculated in three steps. First,
absorbance data was related to apparent protein content with
a bovine serum albumin (BSA) standard series (25, 125, 250,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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500, 750, 1000, 1500, and 2000 mg per L BSA), with the resulting
average second-order polynomial regression across all plates (n
=76, R* of 0.9962), using eqn (2):

CPC,apparent — d X (X - xO)Z +b x (X - X()) (2‘)

where ¢pc apparent T€Presents protein content expressed as BSA
equivalents (BSAE) in mg L™, (x) represents the absorption of
the sample, (x,) represents the absorption of the blank, and
a and b are the regression parameters. Then, residual poly-
phenols could be calculated in BSA equivalents using eqn (2),
using absorbance values measured for the polyphenol fraction
of the samples, using eqn (3):

2
CTPC,residual — @ X (X - xO) +bx (X - X()) (3)

Finally, the actual protein content (cpc psar) Was calculated
using eqn (4), where both 57" and 5 represent dilution factors
used in sample preparation, as described above:

CTPC residual
CPCBSAE = (CPc,apparem -5 x5 @)

Due to the fixed solid-to-liquid mixing ratio used in the
extraction experiments, the concentration of TPC and proteins
extracted from the peas (provided in mg L™" solvent through
the BCA test) can be converted to mg kg™ peas by a factor of
11 L kg .

2.7 Color analysis of liquid extracts

The major polyphenols in yellow peas, kaempferol and quer-
cetin, are associated with a yellowish hue.” Throughout the
solid-liquid extraction process, these and other yellow-colored
polyphenols migrate from the peas to the solvent, marked by
a noticeable yellowing of the solvent and whitening of the peas.
This process could be quantified through color analysis, adding
a numerical value to validate visual observations and associ-
ating colorimetric changes to TPC as quantified by BCA.
Firstly, a Chroma Meter CR-410 colorimeter (Konica Minolta
Inc., Japan) was calibrated against a solid, pure white surface.
Liquid extracts from the batch extractions of all four particle
size fractions were prepared at 55 °C using water, 60% ethanol,
BetaPro_14 and ChChlPro_13 NADES, and 1,2-propanediol. No
additional water was added to the NADES or 1,2-propanediol.
Samples were taken after 1, 3, and 5 hours, and analyzed (n = 3).

2.8 Kinetic modeling and statistical analysis

The essence of the solid-liquid batch extraction process is the
mass transfer of solutes (polyphenols and protein) from their
intracellular diffusion to the solvent. This unstable mass
transfer process is defined by three main steps: (1) solvent and
solid mixing, solvent penetration of the solids, and solute
dissolution; (2) internal diffusion of dissolved solutes diffuse to
the solids' surfaces; (3) external diffusion of solutes to the bulk
solution. Kinetic modeling based on experimental results
defines the kinetically limiting factor for this process, relying on
several assumptions: spherical and constant solid particle

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dimensions, constant solid-to-liquid ratios throughout
sampling, uniform solute distribution throughout the solid
particles, chemical inertia between solvent and solutes,
constant temperatures, uniform distribution of solid particles
within the liquid, and negligible mass transfer resistance of the
solutes on the solids' surfaces.” With these assumptions, eqn
(5) describes a general differential equation, derived from
Lagergren's 1898 empirical kinetic equation for solute behavior
in solid-liquid systems, and is used to model extraction
kinetics:”®

% =ky x (Kp x ¢s—@1)" (5)
where k, is the apparent rate constant in h™*, Kp, is the distri-
bution coefficient, ¢, is the maximum concentration in the
liquid assuming complete solubilization of the solute (mg L"),
¢ is the solute concentration in the liquid phase (mg L™), n is
the reaction order, and ¢ is time in hours. The initial condition
is implicitly ¢ = 0, ¢; = 0, and the boundary conditions are ¢t = ¢,
a=q.

Integrating eqn (5) for a reaction order of 1 provides eqn (6):

K ><CS Ka X
1H|:I<D>[27CS_L]:| Zkal or C]:KDXCSX (17e4& 1) (6)

Alternatively, integrating eqn (5) for a reaction order of 2
provides eqn (7), where the apparent rate constant is denoted as
K, (mg L™" h™"), distinct from the rate constant for the first-
order model.””

1 1
Kp xcs—c¢ Kp X ¢

(Kp x ;)" x Ky x 1
1+ Kp xeg x Ky xt
(7)

=K,t or ¢=

The Bayesian Information Criterion (BIC), chosen for its
capacity to balance model complexity with goodness-of-fit,
indicated which of the two models was most appropriate to
determine the kinetic parameters describing specific extraction
experiments (first- vs. second-order functions). All analytical
data was processed and analyzed using OriginPro 2025 software
(OriginLab Corporation, Northampton, MA, USA).

3 Results and discussion

3.1 Compositional analysis & reference solid-liquid
extraction experiments

The total protein content of the peas used in this study was
determined according to the Kjeldahl method, revealing
a concentration of 181 g per kg protein (nitrogen conversion
factor 6.25). The protein content for dried peas aligns with
values reported in the literature,” and is close to the average
value reported by the manufacturer of 213 g per kg protein. For
reference, protein extraction was targeted with reference water-
based extraction experiments.

Peas were subjected to Soxhlet exhaustive extractions to
determine baseline TPC. Analysis of the methanol-based
extracts using the BCA method, revealed a polyphenol yield of

Sustainable Food Technol.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fb00009f

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:22:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Food Technology

550 mg per kg QE. This value corresponds with TPC values re-
ported in the literature, ranging from 126 to 1286 mg per kg
TPC, reported in gallic acid equivalents.” Crucially, peas of
a more intense or darker color are known to contain higher
amounts of TPC.”® For batch extraction experiments involving
60% ethanol, an approximate extraction of 473 mg per kg TPC,
QE was recorded after extraction at 55 °C, with a 2-3.15 mm
particle size, over 96 hours. It is to be expected that a Soxhlet
extraction approach yields higher quantities of solute compared
to maceration-based batch extraction.”

3.2 Color analysis of liquid extracts

Visual observations of the extraction process indicated the
general trend of the solvent's discoloration from colorless to
greenish-yellow with prolonged extraction times, as seen in
Fig. 2. As the major polyphenols in yellow peas (i.e., kaempferol,
quercetin) are associated with a yellowish hue,” this discolor-
ation is used as a preliminary visual indication of extraction
efficiency. Correlating with solvent discoloration, pea particles
became noticeable paler compared to their original color. In
this sense, measuring solvent discoloration as a proxy of pea
whitening is important in terms of overall process efficiency.
Consumer studies report that product whiteness is associated
with favorable acceptance of protein concentrates and isolates.
Hence, color analysis to characterize food ingredients is re-
ported in similar work.**-%>

General discoloration of the solvents is shown in Fig. 2.
Water and 60% ethanol led to strong discoloration of the
solvent and whitening of the pea particles. This indicates more
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exhaustive polyphenol extraction, as validated through BCA
analysis of the samples. In contrast, the NADES and pure 1,2-
propanediol showed weaker color transfer, which is equally
confirmed through quantitative sample analysis. Adding water
to the NADES and 1,2-propanediol solvents improved their
degree of discoloration. These trends are confirmed quantita-
tively through the BCA analysis of the extracts and kinetic
modeling of the extraction process (Fig. 3 and 4). Crucially, non-
hydrated NADES (0% water addition) has a limited capacity to
extract polyphenols from peas, seen both through qualitative,
colorimetric observations (Fig. 2) and quantitative analysis
(Fig. 3).

Water extracts exhibited the highest turbidity, indicating
protein solubilization, particularly of water-soluble albumins.*”
Although this confirmed water's strong extractive power, it was
undesirable in regard to the goal of maximizing polyphenol
extraction and minimizing protein co-extraction. Turbidity was
therefore a quick qualitative proxy for protein extraction, com-
plementing quantitative methods such as BCA analysis of the
extracts.

Regardless of solvent, extract color intensified (yellow, green,
or brown tones) with longer extraction times or smaller parti-
cles, aligned with the literature.*® Water produced the darkest
brown extracts, rich in both polyphenols and proteins, whereas
ethanol extracts tended towards greenish hues. Non-hydrated
NADES caused the least discoloration, consistent with its
lower extraction yield described below. The pattern paralleled
known extraction kinetics' associations to color analysis of
solvents, such as in coffee brewing, where smaller particle sizes
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Fig.3 Extraction of total phenolic compounds (TPC) from the large pea particle size fraction at 55 °C with (a) 1,2-propanediol, (b) BetaPro_14, (c)
ChChlPro_13, each with 0—-20% water, and (d) water and 60% ethanol, fitted with the first- (solid line) and second-order models (dotted line) over
time. Plots show mean values and standard deviation (n = 3). TPC is represented in terms of quercetin equivalents (QE).
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Fig.4 Extraction of protein from the large pea particle size fraction at 55 °C with (a) 1,2-propanediol, (b) BetaPro_14, (c) ChChlPro_13, each with
0-20% water, and (d) water and 60% ethanol, fitted with the first- (solid line) and second-order models (dotted line) over time. Plots show mean
values and standard deviation (n = 3). Protein is represented in terms of bovine serum albumin equivalents (BSAE).

accelerate solute release and lead to a more intensely-colored
solution.® Full color analysis data can be found in the SI.

Importantly, color analysis of liquid extracts quantified
discoloration via AEy,, but this only reflected colored phenolic
compound extraction. Some pea polyphenols (i.e., gallic and
vanillic acids) are colorless and undetectable by optical
methods.” Moreover, solvatochromism can complicate direct
interpretation of colorimetric data.* This underlies the need for
kinetic modeling based on robust chemometric data, such as
the BCA assay, as described below.

3.3 Kinetic modeling

Although an abundance of literature suggests NADES' promise
in extracting polyphenols from intact plant tissues, comments
on extraction rates as a function of experimental parameters
remain limited to select Design of Experiments (DOE) anal-
yses.***® Furthermore, this approach considers protein co-
extraction, revealing a pathway whereby NADES may be used
as a crucial pre-processing step for polyphenols from foods,
prior to protein recovery according to conventional methods.
Kinetic modeling also allows for the consideration of water
content as a ternary component of NADES systems. Previous
work applied this methodology to rapeseed as a model oilseed,*
while this work examines peas as a model legume. Composi-
tional differences between oilseeds and legumes may influence
their behaviors in NADES-based solid-liquid extraction
experiments.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig. 3 and 4 clearly reveal the impact of adding water as
a ternary component to NADES on extraction rates and effi-
ciency. With increasing water content, more TPC and protein
are extracted, although extraction rates remain similar. This
impact is extended to 1,2-propanediol alone, although 10%
water addition is revealed to be more useful for TPC extraction
than 20%. Adding 10 or 20% water to NADES or 1,2-propanediol
achieves similar TPC extraction efficiencies and rates as
demonstrated by conventional solvents (water and 60%
ethanol), without the drawbacks of high protein co-extraction
(water) or protein denaturation (ethanol).*® These findings are
particularly relevant for larger pea particle size fractions.
Specifically, 10% water content in 1,2-propanediol or 20% water
content in ChChlPro_13 NADES can extract around 550 mg per
kg TPC after 6.5 hours, achieving the same exhaustive TPC
extraction as Soxhlet extraction or batch extraction in water.
These conditions represent between 8 and 13 g per kg protein
co-extraction, while water co-extracts around 33 g per kg
protein.

Extraction experiments involving different particle size
fractions of the ground peas reveals how smaller pea particles
generally favor faster extraction rates (Fig. 5 and 6). This is
especially relevant for protein extraction, where decreasing
particle size is strictly accompanied by a faster extraction rate.
Although overall yields remain similar for TPC and protein,
independent of particle size, one notable discrepancy is
observed for water. Here (Fig. 6¢), smaller particle size fractions
correlate with higher protein extraction as a function of
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BetaPro_14, (c) ChChlPro_13, (d) 60% ethanol, and (e) water, fitted with the first- (solid line) and second-order models (dotted line) over time.
Plots show mean values and standard deviation (n = 3). TPC is represented in terms of quercetin equivalents (QE).
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increasing cellular rupture from more intensive grinding. This
is further validated upon experimental analysis of a commercial
pea protein concentrate, presented in the SI. Consequently,
extraction should find compromise between desirable fast rates
and larger particle size, especially when using solvents with
increasing water content, to avoid protein co-extraction.
Although extraction experiments were carried out at 35, 45,
55, 65, and 75 °C, the data for 35 °C is omitted from Fig. 7 and 8.
For all solvents and sampling times, measured concentrations

Table 2 Bayesian Information Criterion (BIC) comparison of the first-
and second-order models for TPC extraction as a function of solvent
type and hydration

Model
Solvent % Water First order Second order Difference
1,2-Propanediol 0 28.4 19.4¢ 9.0
10 40.5 34.5¢ 6.0
20 24.0 17.5¢ 6.5
BetaPro_14 0 33.7 30.7¢ 3.0
10 22.4 17.0¢ 5.4
20 23.0¢ 28.5 5.4
ChChlPro_13 0 35.1 29.3¢ 5.8
10 30.1 22.9¢ 7.2
20 27.5 24.1¢ 3.4
Ethanol 40 16.6 13.5¢ 3.1
Water 100 44.9 4214 2.8

“ A lower BIC value indicates the model that is more likely to be correct.

Sustainable Food Technol.

of TPC and protein were outside of the limit of detection of the
methods used in this work. Consequently, it is possible to
conclude that 35 °C does not encourage extraction rates that can
be reliably captured within the experimental boundaries,
although with sufficient time similar overall yields could theo-
retically be expected. Overall, regardless of solvent type, higher
temperatures encourage higher extraction rates which is
aligned with the Arrhenius principle. Around 75 °C, starch
gelation rates increase. At higher temperatures, extraction
kinetics may change due to starch gelation-induced structural
modifications of the pea particles.* It is possible that the onset
of starch gelation also explains the discrepancies for TPC
extraction in water (Fig. 7e).

Fig. 8e describing protein extraction by water does not
feature the first- and second-order models, as the data cannot
be described by these functions. Instead, there is a clear
competing reaction occurring, whereby enzymes may be
hydrolyzing proteins as they are extracted by the water.*® This
explains the initial increase of proteins in solution over the first
few minutes of the extraction experiment, followed by a decline
as the rate of protein hydrolysis exceeds additional extraction.

To have both, a fast and efficient extraction, high rate
constants (k,) and high distribution coefficients (Kp x ¢g) are
necessary. As this work seeks to maximize polyphenol extraction
and minimize protein co-extraction, the ideal operating condi-
tions are defined by the point at which the values of k, and Kp
are most different between polyphenols and proteins. For 1,2-
propanediol and both NADES, these differences are most

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Bayesian Information Criterion (BIC) comparison of the first-
and second-order models for protein extraction as a function of
solvent type and hydration

Model
Solvent % Water First order Second order Difference
1,2-Propanediol 0 56.3 51.1¢ 5.1
10 72.9 60.6" 12.3?
20 84.5 75.9¢ 8.7
BetaPro_14 0 66.8 65.6% 1.2
10 84.5 72.7% 11.8°
20 95.2 88.4¢ 6.8
ChChlPro_13 0 85.6 84.3¢ 1.3
10 82.7 79.3¢ 3.4
20 87.0 84.6% 2.4
Ethanol 40 115.8° 116.2 0.4
Water 100 77.8% 85.6 7.8

“ A lower BIC value indicates the model that is more likely to be correct.
b An absolute BIC difference greater than 10 indicates the model that is
decisively correct.

evident when working with larger particle size fractions or when
adding 10-20% water to the solvent. Rate constants and
distribution coefficients from the second-order models plotted
on Fig. 3 and 4 are summarized in Fig. 9. The BIC analysis
indicated that the second-order model provides a more accurate
description of TPC and protein extraction from peas (Table 2
and 3). All other plotting rate constants, distribution coeffi-
cients, and results of the BIC test can be found in the SI.

4 Conclusions

In this study, we mapped out the conditions whereby NADES
refining of yellow pea particles can ensure maximal polyphenol
extraction and minimal protein co-extraction to minimize
protein losses. Moreover, identifying the specific extraction
kinetics under different processing conditions provides valu-
able insights for eventual process up-scaling to meet growing
consumer demand for high-quality, plant-based proteins from
yellow peas with improved sensory properties. This work ach-
ieved both objectives, paving the way for yellow pea's prolifer-
ation in the alternative protein market. It also facilitates the
method's extension to other legumes—such as soybeans, fava
beans, and lupines—thereby enhancing the variety and appeal
of plant-based food analogues.
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