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ABSTRACT

This study investigated the potential of yellow peas, with and without dehulling, as a biorefinery feedstock for
sequentially producing multiple products such as fiber, starch, and proteins. It also investigated the effect of two
different pea varieties, Ingrid and Clara, on the biorefinery efficiency and the quality of the recovered fractions
by analyzing the composition and mass balance of four main fractions (hull, starch-rich, soluble dietary fiber/
protein-rich, and main protein-rich fractions) generated during wet fractionation via the pH-shift method.
Among dehulled samples (pea flour and crude protein isolate) Ingrid resulted in higher purity in specific fractions
such as protein, starch, and dietary fiber than Clara while no difference was observed between the whole (with
hull) and dehulled pea seed samples. Protein extraction efficiency, amino acid, and fatty acid profile did not show
significant differences between whole and dehulled samples. Overall, these findings underscore the versatility of
peas as a multiple-product biorefinery feedstock using the pH-shift method with the impact of variety being more
pronounced on protein fraction quality, while preprocessing steps like dehulling play a decisive role in opti-

mizing the composition and purity of fiber- and starch-rich fractions for targeted applications.

1. Introduction

Plant-based product development from pulses is a major global goal
in the food sector as demand for environmentally sustainable food
consumption is increasing. Yellow Pea (Pisum sativum L.) is an important
legume with significant potential as a plant-based food source. This is
due to peas’ diverse compositional profile, broad geographical cultiva-
tion, and global production volume of approximately 14-15 million
metric tons annually (Boukid et al., 2021). It is widely grown in regions
spanning Europe, North America, Asia, and Oceania, making it a ver-
satile crop adaptable to diverse climatic conditions and agricultural
systems (Tulbek, Wang, & Hounjet, 2024). As a legume, it contributes to
sustainable agriculture by fixing atmospheric nitrogen through symbi-
osis with Rhizobia, reducing the need for synthetic nitrogen fertilizers,
and improving soil health (Mng ong’o et al., 2023).

Pea contains approximately 20-25 % protein, 40-50 % starch, and
10-15 % dietary fiber, along with essential micronutrients, making it a
valuable raw material for various applications (Daba & Morris, 2022).
The protein fraction of pea, known for its favorable amino acid profile
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and functional properties, has gained extensive interest in food appli-
cations, particularly in the growing plant-based and hybrid product
markets (Shanthakumar et al., 2022). Due to the higher value of the
protein fraction and growing global demand for proteins, it has gained
the highest attention while it represents a minor component of peas.
However, to establish peas as a sustainable food source, it is essential to
fully utilize other valuable fractions generated during pea fractioniza-
tion for protein production (Tassoni et al., 2020). Here, embracing the
biorefinery concept presents a promising approach to maximize the
utilization of pea’s diverse components, unlocking its full potential in
food, feed, and bio-based applications.

A biorefinery is a processing system that converts biomass into
multiple high-value products, including food, feed, bio-based materials,
and even energy, with the goal of maximizing resource efficiency and
minimizing waste. Successful examples include corn wet milling, which
produces starch, sweeteners, ethanol, and feed, and sugarcane bio-
refineries, which generate sugar, ethanol, and bioelectricity (Sorita
et al., 2020). These systems exemplify how the integrated valorization of
all components can enhance economic viability and sustainability.
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While biorefineries for crops like corn and sugarcane are well estab-
lished, the concept has not been fully expanded to peas, a promising
source of protein, starch, and fiber. For example, the starch fraction, the
largest component, can be processed into bio-based products such as
bioplastics, bioethanol, or functional food ingredients. The fiber frac-
tion, rich in prebiotic components, finds applications in food, feed, and
bioenergy production. Leveraging a biorefinery approach for peas could
offer similar benefits, enabling the production of multiple high-value
fractions while addressing the growing demand for sustainable and
versatile food systems.

The conventional method for pea fractionation which can be trans-
formed to a biorefinery platform uses wet extraction by pH-shift method
(Fig. 1) and generates different fractions rich in fibers (FR1 and FR3),
starch (FR2), and protein (FR4). However, the full detailed profile and
potential of each fraction generated during the pH-shift processing of
pea, as a biorefinery feedstock, has not yet been systematically reported
to the best of our knowledge.

In addition, finding the right cultivar is extremely important from a
commercial point of view when establishing peas as a biorefinery
feedstock. The composition of peas, in terms of protein content, amino
acid profile, type of starch, their protein-fiber ratio, and distribution of
soluble and insoluble fiber differs substantially among pea varieties
(Daveby et al., 1993). There are also wide compositional profile differ-
ences between the pulse hull and cotyledon (Wood et al., 2017; Wood &
Malcolmson, 2021). These compositional variations can substantially
impact the pea fractionation efficiency as well as the quality of the pea
constituents (protein, fiber, and starch) which needs careful
investigation.

The present study aimed to evaluate (i) the potential of yellow pea (+
dehulling) as a biorefinery feedstock for parallel or sequential produc-
tion of multiple products, including fiber, starch, and proteins, by
investigating the composition of four fractions emerging during its
processing using the pH-shift method and their mass balance for further
cascading (ii) the effect of two different pea varieties, Ingrid and Clara
on the biorefinery process efficiency and quality of the recovered
fractions.
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2. Materials and methods
2.1. Materials

The yellow pea (Pisum sativum L.) varieties Ingrid and Clara were
harvested in season 2019, in Svalov, Sweden. Pea seeds were dried to 14
% moisture content by air blowing at 30 °C and stored in farmhouse
facilities within plastic bags right after their harvesting by Lantménnen
Lantbruk Sweden. Pea samples were transferred as 1 kg vacuumed
packages to our laboratories and stored at 4 °C in the dark, until further
use. All used chemicals were analytical grade and purchased from
Sigma-Aldrich unless otherwise specified.

2.2. Pre-processing/fractionation of pea samples and protein isolation

The dehulling process was conducted by a Satake TMO05 abrasive mill
(Satake, Japan) (Moller et al., 2021), followed by aspiration. The
removed hull fraction was named FR1 (Fig. 1). Dehulled pea splits and
cotyledons were ground at 12,000 rpm in a Retsch ZM 200
ultra-centrifugal mill (Retsch, Germany) with a 500 um screen (Gu et al.,
2021). Pea flour was stored in the dark at 4 °C in 150 mL sealed plastic
jars until further usage.

The wet fractionation was applied to pea flour for isolating crude pea
protein. Pea flour and distilled water (1:15) were homogenized for 1 h at
pH 9.0 using 2 M NaOH (Karaca et al., 2011). Starch-rich fraction of the
pea flour was removed from the mixture by the first decantation (4000 x
g, 20 min, 20 °C) and named FR2 (Fig. 1). The supernatant was
collected, and dissolved proteins were precipitated at pH 4.5 using 2 M
HCL at the end of 10 min incubation. Following the second decantation
with the same parameters, residual supernatant FR3 (Fig. 1), which is
the soluble fiber and protein-rich fraction, was freeze-dried and stored as
a powder. The precipitated crude protein named FR4, the protein-rich
fraction, was collected, neutralized, freeze-dried, and stored in zipped
plastic bags in the dark at 4 °C for further analysis.

2.3. Protein extraction efficiency analysis

Various yield and recovery scores could be calculated during the
protein isolation process applying specified equations that are described
below, where H, S1, and S2 denote the soluble protein content of the

Hull
Insoluble Fiber Rich fraction

(FR1)

Starch Rich Fraction

Soluble phase

(FR2)

Soluble phase

Soluble Fiber Rich Fraction
(FR3)

Insoluble phase

Protein Rich Fraction

" (FR4)

Fig. 1. Simplified pea biorefinery process flow diagram for simultaneous fiber, protein, and starch fractions recovery.
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homogenate at selected pH, at supernatant after the first centrifugation,
and second centrifugation, respectively (Sajib et al., 2023). Soluble
protein content in the biomass was measured using an adapted version
of the Lowry method (Lowry et al., 1951).

Total Soluble protein content in S1
lubilizati ield (%) =
Solubilization yield (%) Total Soluble protein content in homogenate

x 100
(€Y

_ Total soluble protein content in the (S1 — S2)

Precipitati ield (%) =
recipitation yield (%) Total soluble protein content in S1

x 100
2)
Total yield (%) — Toral protein co.ntent in th.e (Homogenate — S2)
Total protein content in the homgenate
x 100
3

A f in isol.
Mass yield (%) — mount of dry proFeln iso at.e « 100 @
Amount of dry starting material

Amount of final product x protein content
Amount of starting material x protein content

%x 100

Protein recovery (%) =

)

2.4. Chemical and nutritional properties

2.4.1. Proximate composition analysis

Moisture content was determined by gravimetric analysis based on
the method AOAC 930.15, ash content was measured according to
AOAC 942.05, and total protein content was determined following the
Kjeldahl method based on AOAC 920.53 using 6.25 as the nitrogen
conversion factor (AOAC, 2012). The total fat content was determined
based on a modified method of Lee et al. (1996) to ensure the extraction
is more suitable for lower amounts of fat-containing biomasses. Around
0.5 g sample was mixed with 20 ml ice-cold chloroform: methanol (2:1)
solution with 0.1 % (w/v) BHT. At this stage, 50 pl C17 (1000 ppm) was
added as an internal standard, and samples were exposed to mixing for
30 min. To clarify the slurry, 8 ml 0.5 % NaCl was added to each sample
and then vortexed for 30 s. The final solution was centrifuged for 6 min
at 3000xg (4 °C), and the bottom part was transferred for evaporation.
Dried samples were then weighed to calculate the lipid content gravi-
metrically. The starch content in flour was determined by selective hy-
drolysis with thermostable a-amylase and amyloglucosidase as
suggested by Aman et al. (1994).

2.4.2. Dietary fiber measurement

Dietary fiber and its components were quantified by the Uppsala
method (Theander et al., 1995), subsequently modified by Andersson
et al. (1999) for separate measurements of soluble and insoluble dietary
fiber. Uronic acid residues were determined colorimetrically, and Klason
lignin was determined gravimetrically as the acid-insoluble material.
Total dietary fiber was calculated as the sum of sugar residues, uronic
acid residues, and Klason lignin for the Ingrid and Clara whole seed
samples. For the cotyledon and hull portion of the pea samples, we
analyzed soluble and insoluble dietary fiber separately to find the
differences.

2.4.5. Amino acid profiling

Acidic hydrolysis was conducted by adding 4 mL of 6 N HCl into
freeze-dried and powdered samples then the acidic mixture was incu-
bated at 110 °C for 24 h. The solutions were filtered through a syringe
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filter (0.45 pm) and clear samples were diluted before injection to LC/
APCI-MS. Agilent 6120 quadrupole operating in SIM positive mode
with Phenomenex 250 x 4.6 mm x 3 pm C18 column was used to detect
the amino acid profile of precisely injected 2 pL sample via the LC-MS
system (Agilent Technologies, Waldbron, Germany). Agilent Mass
Hunter software was used to quantify the detected peak area against the
AA standard mixture (ref no NCI0180. 20,088, Thermo Scientific Pierce,
Rockford, IL, USA).

2.4.6. Fatty acid methyl esters (FAME) profiling

The previously extracted fats used to determine total fat content
were then methylated by the addition of 1 mL toluene and 1 mL meth-
anol:acetyl chloride (10 %, v/v) solution and exposed the incubation at
60 °C for 120 min Fredrikson et al. (2002). At the end of the incubation
period, 1 mL Milli-Q water and 1.5 mL petroleum ether were added to
the mixture and centrifuged (2500xg for 5 min). The methylated fatty
acids containing upper parts were transferred for evaporation then
redissolved in 500 uL isooctane for injection. Identification and quan-
tification were conducted by GC-MS, Agilent 7890A GC system, and
Agilent 5975C triple-axis MS detector (Agilent Technologies, Santa
Clara, CA, USA). Following the injection of 1 pL into the system (15:1
split ratio), the separation of fatty acids was conducted by VF-WAX
column (30 m x 250 pm x 0.25 pm) (Phenomenex, Torrance, CA,
USA). The temperature ramp was 4 °C for between 100 °C and 205 °C
while the ramp was 1 °C for between 205 °C and 230 °C with a holding
time for 5 min and the inlet temperature was set at 275 °C. Helium was
used as the carrier gas with a constant flow rate (1 mL/min). GLC 463
(Nu-Check Prep, Inc., Elysian, USA) was used as the standard mixture to
identify the fatty acid methyl esters profiles.

2.5. Statistical analysis

The differences between the measurements with standard deviation
were analyzed using a one-way analysis of variance test (ANOVA) (p <
0.05) followed by Tukey’s test as a post-hoc analysis using the Statistical
Package for the Social Science software (SPSS 22.0. SPSS Inc., Chicago.
IL. USA). The number of observations was three to conduct for statistical
analysis unless otherwise specified.

3. Results and discussion
3.1. Mass balance

In Fig. 2, the mass balance belonging to the biorefinery process is
presented over one of the chosen varieties (Ingrid) as a proof of concept.
Displaying the protein amount in each fraction in the different bio-
refinery steps is important for finding the selected pea variety's
upscaling potential as a suitable raw material for industrial protein
isolation. Furthermore, protein quantities that each fraction had are also
pointed out to highlight the protein loss and recovery potential of the
applied wet fractionation technique.

The mass balance is of importance in terms of both industrial and
technological perspectives since it was demonstrated that “at least” 42.6
% of the initial protein (initial protein content was 19.5 g/100 g in
whole pea while the collected protein content was 11.2 g (FR4)) within
the whole pea is being lost during the wet fractionation process. The
content was emphasized with the term “at least” since a higher amount
of loss should be expected at industrial-scale wet fractionation. During
the preparation and wet fractionation processes, the utmost level of
attention was paid at every level to prevent any loss thus it was aimed to
obtain one of the highest possible protein recovery rates. This highly
considerable amount of loss is quite concerning in terms of sustainability
hence, novel alternative approaches are urgently required to prevent the
protein loss during wet fractionation. The improvement strategies
should focus on the FR1 (dehulling) and FR3 (second decantation) stages
to avoid protein losses at any level since these fractions contain 85.8 %
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of the total lost protein (7.13 g out of 8.31 g). In addition, the FR2

Total Inlet: 100 g DM + 1200 g W

1
1(19.5% protein)

(14.9% protein)

Total Outlet: 99.01 g DM +1192.1 g W (2 41% protem db)

Overall recovery: 99.3% (DM + W)

DM: Dry Matter

W: Water
db: Dry basis

Fig. 2. Mass balance for the pea variety Ingrid during wet fractionation, focusing on protein quantity.

possesses 14.2 % of the total lost protein (1.18 g out of 8.31 g). From
another point of view, 30 % of the total lost protein can be recovered

with an improved dehulling process while 70 % of the total lost protein

can be recovered from overall decanted water fractions.

Table 1

Dietary fibers in different parts (whole seed, cotyledon and hulls) of Ingrid and Clara pea samples (g/100 g dry matter).

(22.67% protein, db)
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(84.6% protein, db)

3.2. Dietary fibers in the whole seed, cotyledon, and fraction 1 (FR1)

The variation in dietary fiber in different portions (whole pea,
cotyledon, and hull) of Ingrid and Clara pea varieties are presented in

Table 1. The content of total dietary fiber in the whole seed was slightly
higher for Clara (12.35 %) compared to Ingrid (11.65 %). Hulls (FR1)
were obtained after dehulling of the whole pea seeds which constitute

Sample Total dietary Klason Sugar residues
fibre lignin Uronic acid Rha Fuc Ara Xyl Man Gal Glc
Ingrid 11.65 + 1.52° 0.04° 0.92¢ 0.17° NF 3.01° 1.15° 0.23° 0.54° 5.77°
whole
Clara whole ~ 12.35 + 0.46° 0.12° 0.99° 0.21° NF 2.93% 1.18° 0.26" 0.59° 6.05"
Soluble Klason Soluble uronic  Soluble Soluble Soluble Soluble Xyl ~ Soluble Soluble Gal  Soluble Glc
dietary fibre lignin acid Rha Fuc Ara Man
Ingrid 0.48 + 0.01° NF 0.18¢ NF NF 0.13° 0.04 0.05¢ 0.04°¢ 0.06¢
cotyledon
Ingrid hull 3.71 + 0.22° NF 2.38° 0.14° 0.01¢ 0.48° 0.32°¢ 0.13¢ 0.18¢ 0.07¢
Clara 0.48 + 0.04° NF 0.20¢ NF NF 0.11° 0.02¢ 0.05° 0.04 ¢ 0.06¢
cotyledon
Clara hull 3.70 + 0.12° NF 2.49° 0.16° 0.01¢ 0.31° 0.27¢¢ 0.15¢ 0.25¢ 0.06¢
Insoluble Klason Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble
dietary fibre lignin uronic acid Rha Fuc Ara Xyl Man Gal Glc
Ingrid 7.88 + 0.32¢ 0.23% 1.18° 0.17° 0.04° 3.25° 0.35° 0.28" 0.52° 1.86°
cotyledon
Ingrid hull 75.87 + 0.46° 0.60° 10.712 1.12° 0.172 3.34% 9.84° 0.39° 1.04° 48.65"
Clara 7.07 + 0.39¢ 0.11° 1.14° 0.12° 0.04° 2.837 0.31°¢ 0.24° 0.52° 1.77¢
cotyledon
Clara hull 77.43 + 0.47° 0.40° 10.88% 1.13° 0.19° 1.67° 10.35% 0.33° 1.09° 51.387

Values are means of the analysis of two samples. Superscript letters represent significant difference for different samples (p < 0.05). Standard deviation values are only
shown for total dietary fibers to increase readability of the table. Analysis of fructans was not performed for these samples. Sol: Soluble and Insol: Insoluble, NF: not
found. The abbreviation of sugar residues, Rha: Rhamnose, Fuc: Fucose, Ara: Arabinose, Xyl: xylose, Man: Manose, Gal: galactose, Glc: Glucose.
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around 17 % of the initial mass (Fig. 2). Total soluble and insoluble
dietary fiber content were significantly higher in the pea hulls (78-80 %)
compared to the cotyledons (7.5-8.5 %). Scientific literature also reports
that pea hulls are rich in cellulose, xyloglucan, pectin (uronic acid de-
rivatives), and lignin. (Daveby et al., 1993; Ralet, Della Valle et al.,
1993, 1993). Furthermore, the pea hulls contain around 15 % crude
protein (Fig. 2). The protein content in the Ingrid pea hull is slightly
higher than some reported data in the literature such as around 13 %
hull protein content of a Canadian pea variety (Ramirez et al., 2021).
The difference in the hull protein ratios might be due to the efficiency of
the dehulling process since tiny cotyledon pieces might contaminate the
hull fractions during the abrasive milling.

The dietary fiber compositional profiles of whole seed Clara and
Ingrid were very similar. The compositional profile of Clara whole seed
showed a slightly higher amount of Klason lignin, uronic acid, and total
sugar residues compared to Ingrid whole seed (Table 1). There were no
significant differences between Clara and Ingrid fractions. Insoluble
fiber dominated the total dietary fiber content for both the cotyledon
and hull portions in both the pea varieties. Uronic acid, xylose, and
glucose residues were found to be significantly higher in the hulls
compared to cotyledons. Glucose residues come from cellulose and
xyloglucan, while uronic acid residues come from pectic substances
(Daveby et al., 1993; Ralet, Della Valle et al., 1993). Other important
sugar residues found in the insoluble dietary fiber fractions were arab-
inose and xylose. Insoluble arabinose residues were not significantly
different in the cotyledon and hulls or between the pea varieties (Ingrid
and Clara). For the soluble dietary fiber profile, uronic acid content was
dominating and was found significantly higher in the hulls compared to
cotyledons. Both Ingrid and Clara had similar soluble uronic acid con-
tent, and it was expected to be coming from the pectic components
present in the pea seeds (Daveby et al., 1993; Ralet, Della Valle et al.,
1993). Soluble rhamnose, xylose, and fucose residues were either not
found or almost negligible in the cotyledons for the two pea varieties.
Based on the sugar residue analysis, we can infer that Ingrid and Clara
cotyledon, and hulls comprise cellulose (glucose), xyloglucan (xylose,
glucose, galactose), arabinan (arabinose) and pectin (arabinose, rham-
nose, uronic acid, galactose) in distinctively different amount in the
whole seed, hull, and cotyledons. The maximum cellulose and pectin
content of the pea seeds comes from the pea hull fractions for both the
pea cultivars. Soluble (extractable) and insoluble (unextractable) di-
etary fibers and their relative distributions play many important roles in
our bodies. Broadly these roles fall into two categories: physiological
and technological. Physiological roles are nutrient digestion and uptake,
colonic fermentation, etc. Technological roles are bulk structuring,
water holding, viscosity, gel-forming, and residence time in the digestive
tract. The soluble dietary fibers include compounds such as hemicellu-
lose (e.g. xyloglucans, galactomannans mixed-linkage glucans), pectin,
gums, and mucilage. On the other hand, cellulose, lignin, and resistant
starch are considered insoluble dietary fibers. However, depending on
the plant source, and processing operation conditions, many of these
polymer types can be either soluble or insoluble. All of these fibers differ
in their monosaccharide components and the glycosidic linkages.
Therefore, information and knowledge about soluble and insoluble di-
etary fraction proportions in pulse seed flour like Swedish peas can help
in food product development strategies.

Clara (51.4 % and 51.7 %, dry basis-db) also showed higher starch
content in the whole seed and cotyledon, respectively, compared to
Ingrid which were 47.6 % and 49.8 % (db), respectively. Both, Ingrid
and Clara pea varieties had only 1.1 % and 0.5 % starch content (db) in
the hulls respectively.

The total starch and dietary fiber content of the pea samples and their
relative distribution in the hull and cotyledons are dependent on various
factors like genotype and environmental conditions (Wood et al., 2018).
The protein extraction efficiency during the biorefinery process was
influenced by the amounts of starch and fibers. One can also speculate
that their interactions with protein and phenolics may have played a role
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in the yield of different components in the four fractions obtained from
the biorefinery process (Rashwan et al., 2023).

Altogether, the dietary profile of the seed and their distribution in
two fractions of hulls and cotyledon showed that there is high potential
for further processing and application of pea hulls as a dietary fiber
source, especially non-soluble fibers which are dominant in the hull and
their quantity and composition was negligibly affected by pea variety. It
also revealed the importance of dehulling pea seeds as a simple step for
the more efficient valorization of this fraction.

3.3. Starch-rich fraction (FR2)

The bulk of the pea components during the wet fractionation using
the pH-shift method ends up in fraction 2 (FR2), which is the starch-rich
fraction and has low solubility in the alkaline conditions used for the
extraction of proteins. The total amount of starch content obtained from
the fractionation process in FR2 with whole seed flour (Ingrid (61.55 %),
Clara (58.92 %)) was significantly (p < 0.05) lower than the cotyledon
flour (Ingrid (68.98 %), Clara (70.45 %)). This higher starch yield was
due to the removal of the hull before the extraction and starting of the
biorefinery process with a biomass having less insoluble dietary fiber.
The total dietary fiber amount found in the FR2 was significantly higher
for both Ingrid and Clara whole seed flour based biorefinery process
compared to the cotyledon flour-based process. Uronic acid, arabinose,
and glucose residues were the dominant types of dietary fibers found in
the FR2 or whole seed FR2 (WFR2) fractions (Table 2). This also high-
lights the importance of dehulling for achieving a FR2 fraction if tar-
geted as a feedstock for production of pea starch. Uronic acid, xylose and
glucose residues were present in much higher amounts in WFR2 for both
Ingrid and Clara compared to FR2. No marked differences were observed
for arabinose residues in both FR2 and WFR2 for Ingrid and Clara.
Therefore, starch-rich fractions (both FR2 and WFR2) had high dietary
fiber amounts (Ingrid: 11.27 and 20.89 %, Clara: 10.49 and 19.76 %),
respectively. The crude protein content of the FR2 for the variety Ingrid
is determined as 2.4 %, db (Fig. 2).

According to the results obtained, while FR2 shows significant po-
tential as a starch source in pea biorefinery, the initial preprocessing,
such as dehulling, plays a more critical role than the choice of variety in
determining its composition and suitability for specific applications in
food and industrial sectors.

3.4. Soluble fiber-rich fraction (FR3)

Fraction 3, is the processing water at the isoelectric point of proteins,
containing proteins remaining soluble at this condition and soluble di-
etary fiber which was a diluted fraction being collected from the pea
biorefinery process. FR3 is generally obtained like a very dilute slurry
where the total solid content varied between 1-1.5 % for the whole and
dehulled samples of varieties Ingrid and Clara. From this dilute slurry, it
is not feasible for complete drying to recover the soluble fiber and
protein content due to the very high water content and therefore is
generally discarded during plant-protein isolation. However, this frac-
tion possesses around 23 % protein content (db), which is mainly al-
bumin (Fig. 2). Despite the lack of industrial recovery feasibility of FR3,
it has an economic potential due to the significant functionality be-
haviors (such as foam-producing and stabilizing abilities) of the albu-
mins (Yang & Sagis, 2021). Further research is required to find an
optimum approach for the recovery and utilization of this soluble fiber
and albumin-rich fraction.

3.5. Protein-rich fraction (FR4)

Fraction 4 is the protein-rich fraction obtained from the pea bio-
refinery process. The success of any biorefinery process with the primary
target of protein extraction particularly from plant-based sources,
should achieve maximum protein recovery as well as minimal
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Table 2

Applied Food Research 5 (2025) 100910

Dietary fiber content (g/100 g dry matter) in the different fractions obtained during the biorefinery process for Ingrid and Clara pea samples.

Cultivar Code Fraction name Total dietary fibre Klason lignin Uronic acid Sugar residues
Rha Fuc Ara Xyl Man Gal Glc

Ingrid FR2 IngridFR2 11.27 £0.12° 0.08%° 1.74° 023° 005° 513 050° 017 066" 272°
Ingrid WFR2  IngridWholeFR2  20.89 + 0.28 ° 0.182 3.09? 036* 0.07* 516° 1.75%  0.23° 075> 93172
Ingrid FR4 IngridFR4 2.79+0.21°¢ 0.11 % 0.22°¢ NF NF 035° 0079 025 1.27%® 053¢
Ingrid WFR4  IngridWholeFR4  4.29 + 0.41 0.01°¢ 0.26 NF NF 0.37° 010°¢ 0.16" 2.44%  0.96°
Clara FR2 ClaraFR2 10.49 + 0.09 ° 0.05 * 1.56 ° 021° 005 4532 046° 017%® 067" 279°
Clara WFR2  ClaraWholeFR2 19.76 +0.14 2 0.012 2,972 035% 007 414° 1.74° 0.21° 073> 9447
Clara FR4 ClaraFR4 3.49 +0.32°¢ NF 0.17 ¢ NF NF 0.29° 0039 015% 201 084°
Clara WFR4  ClaraWholeFR4 2.81 £0.01°¢ NF 0.23°¢ NF NF 032> 011°¢ 0.15° 1.47% 053¢

Values are means of the analysis of two samples. Superscript letters represent significant differences for different samples (p < 0.05). NF=not found.
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Fig. 3. Proximate compositions of pea flours and crude protein isolates of whole and dehulled Ingrid and Clara pea varieties. Different letters represent significant
differences (p < 0.05) within groups. n = 3.
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carbohydrate/fiber contents in this fraction for both dehulled and whole
seed samples. On the other hand, the characteristic properties of the
isolated proteins from different pea varieties in the form of dehulled and
whole seed samples are of crucial importance.

3.5.1. Proximate composition of pea flours and protein isolates

Pea flours of dehulled and whole seeds of varieties Ingrid and Clara,
together with their crude protein isolates were analyzed for the proxi-
mate compositions which can be seen in Fig. 3. Focusing on ash content,
dehulled Ingrid flour had a higher value than all other flours while for
the crude protein isolates, Clara (both dehulled and whole seed isolates)
had the significantly higher ash content than the Ingrid isolates. There
was not any significant difference in moisture and crude fat content
between the whole/dehulled seed flour samples as well as in the pea
varieties. However, a 4-fold reduction in moisture content and around
2.5-fold increase in fat content were observed following the protein
isolation yet no significant difference was detected between the
varieties.

Ingrid pea flour had a higher protein content than variety Clara and
the presence of hulls did not yield any significant difference compared to
dehulled flours for both varieties. The same situation was observed for
the protein isolates as well. Overall, protein content is up-concentrated
at least 4-fold once isolated from the whole pea seed. In the literature
there is not a recent study comparing the protein (and proximate
composition) content difference between dehulled and whole pea
flours/isolates however, the proximate composition of 12 different
European-based pea varieties was comparable for some components
with Ingrid and Clara flour and protein isolates. In addition, the protein
content of the Swedish pea varieties’ flours (average of 19 %) was lower
than the European pea flours, with an average ratio of 24 % (Arteaga
etal., 2021). In another study, different types of whole peas were used to
isolate pea protein, and similarly, protein content in the crude isolate
was consistent with the varieties Ingrid and Clara. Nonetheless, the
protein content in those six different Serbian pea flours was higher than
in the Swedish pea varieties (Barac et al., 2010). A similar trend could be
observed against Canadian pea varieties but this time, the protein con-
tent in the isolates was also higher (above 90 %) than that of Swedish
pea varieties together with way lower crude fat content in the flours (0.3
%) and isolates (around 2.5 %) whereas Ingrid and Clara have around

120
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3.5 % crude fat in flours and around 10 % fat in the protein isolates (Lam
et al., 2017). It should be noted that the Canadian study was conducted
with de-fatted pea flour and isolate samples.

Total carbohydrate for the flour samples represents the total starch
and dietary fiber content, and for the protein isolates samples, it comes
from mainly residual dietary fibers (Fig. 3). Ingrid (dehulled and whole)
variety had the lower starch content in flour form but for the protein
isolates, not a significant difference was detected between the varieties.
Similarly, total starch and dietary fiber content results were found
compatible with the literature data as explained earlier (Arteaga et al.,
2021; Barac et al., 2010; Lam et al., 2017).

3.5.2. Protein extraction efficiency analysis

Protein extraction efficiency calculations are based on protein solu-
bilization yield, precipitation yield, total yield, mass yield and total
protein recovery (Sajib et al., 2023) (Fig. 4). Mass yield and total protein
recovery ratios were determined as the same for all samples without any
significant differences between them. Regarding the solubilization yield,
there was not any significant difference between pea varieties, however
the values were lower when whole seed flours were used. Ingrid variety
presented a higher protein precipitation yield and total yield than Clara
variety however their whole flour versions had the lowest values for
these scores. Consequently, protein extraction efficiencies of different
varieties and the presence of the hull fractions in the biomasses are not
differentiated by the conducted wet fractionation process despite their
slight differences in protein solubility and precipitation ratios. This
might indicate the robustness of the applied wet fractionation process
ending up with similar mass yield and protein recovery scores. Protein
recovery (or extractability) of Swedish pea varieties was found signifi-
cantly higher than the Serbian pea varieties where it was around 66 %
for Ingrid and Clara but was around 40 % (at pH 8.0) for Serbian vari-
eties, on average (Barac et al., 2010). On the other hand, the protein
recovery of a Canadian pea variety was declared as 56-70 % in a pH
interval-extraction study, which is more consistent with the Swedish
varieties (Hansen et al., 2022).

3.5.3. Amino acid and fatty acid profiles
Amino acid and fatty acid profiles of any protein isolate are as critical
as the quantity of the isolated protein content in terms of their

Mass Yield Protein Recovery

Clara Clara - Whole

Fig. 4. Protein extraction efficiency analysis of whole and dehulled Ingrid and Clara pea varieties. Different letters represent significant differences (p < 0.05) within

groups, n = 3.
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nutritional and technological characteristics (Lu et al., 2020). Assess-
ment of pea flours and protein isolates for their nutritional scores,
together with digestion and amino acid bioavailability, are not in the
scope of this work however, profile differences between two different
varieties, absence/presence of hull fraction in the biomass towards the
protein isolation was evaluated.

Amino acid profiles of the flour and protein isolate samples of vari-
eties Ingrid and Clara are presented in Fig. 5. At first glimpse, the general
profile pattern seems unchanged for all samples (both varieties of
whole/dehulled). Only histidine, cysteine, and asparagine concentra-
tions were increased due to the up-concentration and induced a slight
change in the spider-web pattern. Dehulled Ingrid flour and protein
isolates have the highest total amino acid content rather than the other
samples. Considering the pea flours, the presence/absence of hull frac-
tion did not affect the amino acid quantities and Ingrid samples had

a) Pea Flours LSN
PHE 18
16
LEU 14
12
10
ILE
TYR
MET
VAL
PRO
ASP
b) Pea Protein Isolates LSN
PHE 160
140
LEU 120
ILE
TYR
MET
VAL
PRO

ASP
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around 16 % higher total amino acid content than Clara samples. Among
the protein isolates, Ingrid (whole) and Clara (whole and dehulled)
samples had statistically the same total amino acid content while Ingrid
dehulled protein isolates were 15 % higher than those. It is not feasible
to make a one-by-one comparison, but it should be declared that the
contents of individual amino acids of Swedish pea varieties are in line
with the literature data such as the profiles of Canadian pea varieties,
with some inherent fluctuations (Wang et al., 2020). However, the
contents of the individual amino acids of Swedish pea variety flours
were 1 order of magnitude lower than some United Kingdom pea vari-
eties (Millar et al., 2019). This difference could be due to the variance
between the used analytical tools/methods. The amino acid content is
increased 1 order of magnitude in protein isolates compared to the flour
samples (Fig. 5) which is in line with some Canadian pea varieties as the
same amount of up-concentration was observed when they were

GLU

ARG —Ingrid
—Ingrid-Whole
HIS
—Clara
GLY —Clara-Whole
CYS
SER
ALA
THR
—1Ingrid
ARG
—Ingrid-Whole
HIS
—Clara
GLY —Clara-Whole
CYsS
SER
ALA
THR

GLU

Fig. 5. Amino acid profile of whole grain and dehulled pea flours (a) and protein isolates (b) of varieties Ingrid and Clara (u/1000 u).
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exposed to the protein isolation process (Chigwedere et al., 2023).
Fatty acid methyl esters distributions of all samples are presented in
Table 3. The presence and/or absence of hull fraction within the flour
and protein isolate did not yield any significant difference for the indi-
vidual fatty acids. Furthermore, a significant difference between the
varieties was not detected with some exceptions such as oleic, linoleic,
and linolenic acids. Despite the ratios of fatty acids in the bulk like total
saturated, and mono/polyunsaturated fatty acids remained statistically
the same, their total content increased from around 60 ug/mL to 420 ug/
mL once the protein fraction was isolated from the pea flour. It should be
noted that the total fat content for all samples increased around 4-5
times in the final protein isolates while the total fatty acid concentration
increased around 7-8 times compared to that of the flour samples. The
obtained fatty acid profile (in terms of g/100 g) for the Swedish pea

Table 3
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varieties was comparable with the literate data. The content of fatty
acids for Canadian pea varieties corresponds to the result for Swedish
pea varieties, particularly with oleic, linoleic, and linolenic acids (Padhi
et al., 2017). Consequently, the presence/absence of hull for the pea
seed had not have a significant effect on fatty acid distributions in both
pea flour and crude pea protein isolates. Furthermore, varieties Ingrid
and Clara did not differ from each other in terms of fatty acid
distributions.

3.5.4. Carbohydrate profiling

Total dietary fibers present in the protein fraction (WFR4) obtained
from Ingrid and Clara whole seeds were 4.29 and 2.81 % respectively
(Table 2). However, dietary fiber residues in the FR4 were 2.79 and 3.49
% respectively for Ingrid and Clara, when the extraction process was

Fatty acids composition of flour and protein isolate Ingrid and Clara pea samples (% of total fatty acid methyl esters).

Pea Flours Pea Protein Isolates
Fatty acid methyl esters I I-w C C-w I I-w C C-w
Nonanoic acid (C9) 0.03 0.02
Capric acid (C10) 0.07 0.03
Undecanoic acid (C11) 0.04 0.02
10-Undecenoic acid (C11:1) 0.04 0.02
Lauric acid (C12) 0.17 0.90
cis-5-Dodecenoic acid (C12:1) 0.10 0.05
Tridecanoic acid (C13) 0.07 0.04
C13:1 0.07 0.04
Myristic acid (C14) 0.39 0.40 0.48 0.49 0.29 0.30 0.39 0.40
Methyl myristoleate (C14:1n5) 0.13 0.07
Pentadecanoic acid (C15) 0.20 0.18
C15:1 N5 cis 0.07 0.04
Palmitic acid (C16) 13.49 13.51 14.14 14.06 13.53 13.61 14.71 14.69
Palmitoleic acid (C16:1n7) 0.24 0.15
Margaric acid (C17) 0.32 0.34 0.30 0.32 0.27 0.28 0.24 0.24
cis-10-Heptadecenoic acid (C17:1n7) 0.16 0.08
Stearic acid (C18) 3.84 3.78 3.91 3.90 3.54 3.57 3.85 3.77
Oleic acid (C18:1n9) 21.43 21.66 18.59 18.86 22.46 22.87 19.95 19.98
Vaccenic acid (C18:1n11) 0.28 0.34 0.33 0.31 0.39 0.39 0.35 0.36
Linoleic acid (C18:2n6)-cis 46.94 46.26 45.73 45.47 48.18 47.53 46.08 46.32
Gamma Linolenic acid (C18:3n6) 0.09 0.05
cis-10-Nonadecenoic acid (C19:1n9) 0.11 0.07
Linolenic acid (C18:3n3) 8.11 8.17 11.31 11.36 8.07 8.14 11.10 11.42
Arachidic acid (C20) 0.57 0.59 0.65 0.65 0.46 0.48 0.55 0.55
11-Eicosanoic acid (C20:1n11) 0.18 0.11 0.11 0.09 0.09
Eicosadienoic acid (C20:2n6) 0.25 0.17
Eicosatrienoic acid - trans (C20:3n6) 0.09 0.05
Arachidonic acid (C20:4n6) 0.11 0.06
Eicosatrienoic acid - cis (C20:3n3) 0.10 0.06
Eicosapentaenoic acid (C20:5n3) 0.25 0.13
Docosanoic acid (C22) 0.35 0.37 0.35 0.40 0.25 0.28 0.30 0.31
Docosenoic acid (C22:1n9) 0.65 0.70 0.66 0.68 0.37 0.38 0.41 0.35
Docasadienoic acid (C22:2n6) 0.16 0.08
Docosatetraenoic acid (€C22:4n6) 0.16 0.08
Docosatrienoic acid (C22:3n3) 0.18 0.75
Docosapentaenoate (C22:5n3) 0.37 0.20
Docosahexaenoic acid (C22:6n3) 0.53 0.30 0.31 0.27 0.28
Y SFA 19.54 18.98 19.83 19.82 19.52 18.51 20.03 19.96
Y UFA 80.81 77.13 76.62 76.67 82.03 79.73 78.26 78.80
Y, MUFA 23.47 22.69 19.58 19.85 23.84 23.75 20.81 20.78
Y PUFA 57.34 54.43 57.04 56.82 58.19 55.98 57.45 58.02
Y (ug/mL) 61.69 ° 59.27 62.25° 61.15° 44512 424.06 ° 477.78 2 479.19°

SFA: saturated fatty acids.

UFA: unsaturated fatty acids.

MUFA: monounsaturated fatty acids.
PUFA: polyunsaturated fatty acids.

I: Ingrid

C: Clara

W: Whole

Values are the average of the analysis of two samples. Standard deviation values are not shown since the magnitude is on the third digit after the comma.

Small letters representing the statistical difference are only shown for total fatty acid content since the ratios did not change for the individual compounds between the
samples. Avoiding standard deviation and statistical insignificance aimed to avoid redundancy.

One common numerical value in one row but for multiple columns represents the mutual columns have the same numerical value. It is applied to reduce repeating

statements.
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carried out with only cotyledon flour after the removal of the hulls from
the whole seeds. Interestingly, Clara variety showed an unexpected
behavior as the dietary fiber residues were higher in FR4 when the
extraction was done with cotyledon fiber only. As the hulls of pea seeds
contain higher dietary fibers, this result is rather surprising and inter-
esting. Our measurements are just an average of two, it may be better in
the future to check the data consistency by carrying out the biorefinery
process in optimized conditions several times. Klason lignin, a phenolic
constituent, which was found in the whole seed, cotyledon, and hulls,
was not found in the protein fractions (FR4 and WFR4) for Clara. The
major sugar residues found in the protein fractions (WFR4 and FR4)
obtained from whole seed as well as cotyledon flours were galactose,
glucose, and arabinose for both Ingrid and Clara pea varieties. More-
over, protein-rich fractions (FR4 or WFR4) also showed a significantly
higher galactose residue content compared to starch-rich fractions (FR2
and WFR2) for both the pea cultivars. It is pertinent to mention here that
peas are a rich source of free and bound galactose, which is present in
the form of glycoprotein or glycolipids or pectin, etc. (Acosta & Gross,
1995). Therefore, it may be speculated that some of the galactose resi-
dues originate from glycoproteins which end up in the FR4 or WFR4.
Also, the pH-shift processing for protein extraction may be completely in
sync with the solubility of the galactose-containing polymers during the
biorefinery process and resulted in higher galactose residues in the
protein-rich fraction.

4. Conclusion

The potential of two different Swedish pea varieties, Ingrid and Clara
as whole and dehulled seeds, as feedstock for multiple product bio-
refinery using the classic wet fractionation process (pH-shift process) as
well as the protein and fiber quality of the major emerging fractions
were investigated. As the first fraction optionally emerging before the
wet fractionation process, pea hulls showed a high concentration of
dietary fibers (78-80 %) making it an ideal candidate for either direct
application or further downstream processing as a fiber source, espe-
cially non-soluble fibers. The second fraction emerging during the first
decanting step of the pH-shift process showed significant potential as a
starch source in pea biorefinery where the initial dehulling showed a
more critical role than the choice of variety in determining its compo-
sition and suitability for specific applications. The pea varieties had a
significant effect on the recovery, composition and nutritional quality of
the third protein-rich fraction as the typical product targeted in the
conventional single-product approach. On the other hand, we did not
find an absolute need for the dehulling process to obtain a high-quality
protein product. However, it might be obligatory to achieve another
fiber-rich product but also obtain a higher purity in the starch fraction
before its subsequent downstream processing. Further, studies on the
fourth emerging fraction (the remaining processing water) which is
highly diluted are needed. Overall, this study highlights the versatility of
peas as a promising biorefinery feedstock, enabling the production of
diverse products such as dietary fiber, starch, and high-quality protein,
with the impact of variety being more pronounced on protein fraction
quality, while preprocessing steps like dehulling play a decisive role in
optimizing the composition and purity of fiber- and starch-rich fractions
for targeted applications.
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