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A B S T R A C T   

Dry fractionation is low in energy and water use and thus a sustainable option to obtain protein-rich ingredients. 
Air-classification is used to remove starch from legumes, and electrostatic separation can be used to remove 
fibres from other starting materials like oilseeds. Flour from oil-rich crops needs to be de-oiled to facilitate dry 
fractionation, which involves the use of organic solvents or mechanical pressing and might affect the ingredient 
functionality. This research evaluated if the functionality of soy and lupin is affected by solvent de-oiling and 
electrostatic separation. Industrially toasted soy and lupin flour contained native protein, which was preserved 
upon electrostatic separation, de-oiling with hexane and de-oiling with acetone, but ethanol de-oiling resulted in 
protein denaturation. De-oiling with ethanol or hexane is preferred over de-oiling with acetone based on the 
flavour profile after de-oiling. The use of different solvents affected the solubility to a different extent and 
electrostatic separation resulted in a similar or higher solubility of the ingredients (22–49 %), dependent on the 
solvent, crop and pH condition used. Overall, electrostatic separation resulted in protein-enriched ingredients 
(43 %DM - 67 %DM Nfactor=5.7) that show potential for application as stabilizers in emulsion-based systems like 
dressings or frozen foam-based systems like ice-cream.   

1. Introduction 

For many years, foods have been created by combining ingredients 
that are neutral in taste and constant in quality, which resulted in the 
development of highly refined ingredients such as protein isolates 
(Lie-Piang et al., 2023). Producing protein isolates from plant-based 
seeds is conventionally done by wet fractionation. However, wet frac-
tionation has a significant impact on the environment in terms of water 
usage, energy usage and raw material losses, which amplifies the need 
for more sustainable ingredients (Henchion et al., 2017; Lie-Piang et al., 
2023). Dry fractionation can be used as an alternative to produce 
functional protein-enriched ingredients for the food industry (Schutyser 
et al., 2015). Here, air-classification is used to remove starch from le-
gumes, and electrostatic separation can be used to remove fibres from 
other starting materials like oilseeds. 

Electrostatic separation is a new dry separation technique for food 
ingredients, which is amongst others used to enrich components such as 
protein and fibre from fine milled legume flours (Vitelli et al., 2020). The 

separation is based on the tribo-electric charging properties of the par-
ticles, where the charge is induced by particle-particle interactions and 
particle-wall interactions (Landauer et al., 2019; Xing et al., 2021). 
Electrostatic separation has been successfully applied to oil rich seeds (i. 
e. lupin), de-oiled cakes (mechanically de-oiled, ~6 and 7 % oil) and 
de-oiled meals (solvent de-oiled ~<1 % oil), from for example soybean, 
rapeseed and sunflower seeds (Ancuţa and Sonia, 2020; Basset et al., 
2016; Kdidi et al., 2019; Laguna et al., 2018; Xing et al., 2018). Studies 
on the functionality of protein-enriched fractions after 
tribo-electrostatic separation are scarce compared to studies on air 
classification or sieving but show promising results. For example, the 
order of combined separation steps (air classification and electrostatic 
separation) did not significantly affect the protein solubility of CO2 
extracted rapeseed press-cake enriched ingredients (Wockenfuss et al., 
2023). Furthermore, tribo-electrostatic separation of navy bean (star-
ch-rich crop) resulted in protein-enriched fractions with excellent 
emulsifying and foaming properties and showed that the native protein 
functionality could be preserved upon electrostatic separation 
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(Tabtabaei et al., 2019). 
We therefore hypothesize that electrostatically separated fractions 

would similarly result in higher functionality than soy and lupin flours. 
However, the functionality is likely further affected by the pre-treatment 
steps applied. To illustrate, de-oiling is often a prerequisite for electro-
static separation of oil-rich seeds, but the choice of solvents affects the 
separation performance and the composition of the produced in-
gredients (Politiek et al., 2023). Furthermore, toasting and dehulling are 
generally applied as a pre-treatment steps to reduce the antinutritional 
factors, which can also affect the protein nativity and functionality of the 
fractions (Bader et al., 2011; Lawal et al., 2021). 

This research aimed to evaluate if the functionality of soy and lupin is 
affected by solvent de-oiling and electrostatic separation. This was done 
by systematically studying the protein nativity and flavour of the sam-
ples after pre-processing (no de-oiling and de-oiling with acetone, 
ethanol and hexane) and tribo-electrostatic separation (protein-enriched 
fractions). Based on the flavour profiles of the samples and the elec-
trostatic separation performance (protein purity and fraction yield) four 
protein-enriched ingredients were selected. The solubility of the selected 
ingredients was evaluated at different pH (3, 6 and 7). These pH values 
were chosen to represent products with lower pH like dressings (pH 3) 
and products with more neutral pH like ice-cream (pH 6 - pH 7). 
Furthermore, the emulsifying properties of the selected ingredients were 
assessed at pH 3 (creaming index and freeze-thaw stability) and the 
foamability of the ingredients was assessed at pH 6. A schematic over-
view of the different aspects discussed in this research is presented in 
Fig. 1. Lastly, an outlook is provided towards potential product appli-
cation of the protein-enriched ingredients produced by electrostatic 
separation. Here it is expected that samples with good emulsifying 
properties at pH 3 will be well applicable as stabilizers in dressings, 
whereas samples with good foamability at pH 6 can be used as stabilizers 
in foam-based systems with more neutral pH like ice-creams. 

2. Materials and methods 

2.1. Materials 

Fine impact milled toasted de-hulled soy flour (average particle size 
DV50=56±2 µm) and toasted de-hulled lupin flour (DV50=41±1 µm) 
were kindly provided by Frank Foods (Twello, the Netherlands). The 
materials were kept in screw-capped polyethylene containers at 4 ◦C. 
The toasted lupin and soy flours (400–500 g) were de-oiled for 6 h with 
ethanol (96 v/v%, VWR International, Rosny-sous Bois, France), acetone 

(Actu-all Chemicals, Oss, The Netherlands) and hexane (Actu-all 
Chemicals, Oss, The Netherlands) by using a custom-built Soxhlet 
extractor. The de-oiled flours were left in the fume hood overnight 
(20 ◦C) to evaporate the residual solvent and consecutively, powder 
lumps were broken up by milling approximately 150 g of material in 
500 ml bowls with a Pulverisette 5 bead mill (Fritsch GmbH, Germany), 
operated at 400 rpm for a total of 4 min with one min on and off as 
described in detail in our previous study (Politiek et al., 2023). After 
preparation, the samples were stored at 4 ◦C. 

2.2. Electrostatic separation to obtain protein-enriched fractions 

A custom-build electrostatic separator with a venturi tube was used 
to prepare the protein-enriched fractions as described by Politiek et al. 
(2023). For each separation approximately 100 g was fed into the ver-
tical electrostatic separator and separated into four fractions: ground 
electrode (GE-V), positive electrode (PE-V), ground collector (GC-V) and 
positive collector (PC-V). The protein enriched fraction was obtained at 
the ground electrode and the depleted fraction at the positive electrode 
(Politiek et al., 2023). This study focussed on the functionality of the 
protein-enriched fractions obtained at the ground electrode (referred to 
as enriched fraction). 

2.3. Protein denaturation 

Denaturation of the samples was determined by measuring a ther-
mogram of each sample with differential scanning calorimetry (DSC) 
(DSC-250, TA instruments, Newcastle, USA). 20 w/w% protein disper-
sions of each de-oiled flour and the enriched fraction were prepared and 
stirred at 1400 rpm for 2 h at 22 ◦C in an Eppendorf thermomixer. A 
large volume pan was filled with 53±5 mg of protein dispersion (con-
taining ~10 mg sample) and then well sealed. An empty pan was used as 
a reference. The samples were heated from 20 ◦C to 140 ◦C at a heating 
rate of 2 ◦C/min and then cooled to 20 ◦C. A second heating cycle was 
used to investigate the reversibility of the transition. The peak dena-
turation temperature (Td) and the enthalpy of denaturation were 
determined with TRIOS software (TA Instruments). 

2.4. Headspace analysis of volatile compounds with SPME GC-(O)-MS 

To trap and analyse the volatile compounds, solid phase micro-
extraction gas chromatography mass spectrometry (SPME GC–MS) was 
used as described previously (Pegiou et al., 2021). From each sample, 

Fig. 1. Schematic overview of the overall process and functionality analysis. Electrostatic separation (ES) was done for both the non-de-oiled and the de-oiled flours. 
The numbers refer to the paragraphs (§) where the results are discussed. 
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0.5 g powder was transferred to 10-ml ND18 headspace glass vials with 
magnetic screw caps (8 mm opening) with silicone/PTFE septa (BGB 
Analtik®, Germany) and mixed with 1.5 mL NaCl-H2O (26.3 w/w%) to 
release the volatiles to the headspace. The samples were preconditioned 
for 10 min at 50 ◦C agitating at 350 rpm. Volatiles in the headspace were 
afterwards trapped by inserting the SPME fibre (PDMS/DVB/CAR 
50/30 µm diameter, 1 cm length, Supelco, PA, USA) to the headspace of 
the vial for 15 min at 50 ◦C without agitation (Pegiou et al., 2021). The 
volatiles were desorbed from the SPME fibre in split-less mode by 
heating the fibre at 250 ◦C for 2 min onto the GC column (Zebron 
ZB-WAX 30 m x 0.25 mm x 1.00 μm, Phenomenex, the Netherlands) via 
a cooled injector system (CIS4, Gerstel, Germany) with a constant he-
lium flow of 1 ml/min) (Pegiou et al., 2021). The GC oven temperature 
was programmed according to the settings used by Siccama et al. (2021): 
2 min at 45 ◦C followed by a temperature increase with 8 ◦C/min to 
200 ◦C, and a final rate of 15 ◦C/min to 250 ◦C, which was maintained 
for 3 min. 

The lupin samples (none, acetone, ethanol and hexane de-oiled) were 
selected for evaluation with gas chromatography-olfactometry (GC–O) 
coupled to an MS system, to determine which peaks were odour active. 
For analysis with GC–O-MS double the amount of sample (1 g + 3 mL of 
NaCl water 26.3 w/w%) was used as the signal was split with a GC 
column splitter to split the signal 1:1 towards the MS and the Olfactory 
detection port (ODP2, Gerstel, The Netherlands). Three assessors per-
formed sniffing and assigned the peaks of the GC–O-MS profile to 
specific aroma attributes and noted down the perceived aroma per 
compound at the given retention times, without knowing which com-
pound corresponds to which peak as described by Pegiou et al. (2023). 
The sample order was randomised. Other conditions were the same as 
with SPME GC–MS. 

2.5. Material solubility and protein solubility 

Both the solubility and the protein solubility of the samples were 
accessed with adapted methods from Peng et al. (2021), Sweers et al. 
(2023) and Morr et al. (1985). For this, a 2 w/v% dispersion was pre-
pared in a 15 mL centrifuge tube with a final volume of 10 mL. After 
adding 9 mL of Milli-Q water, the pH of the dispersion was determined 
and adjusted to pH 3, 6 and 7 until stable with 5 M HCl (Actu-All 
Chemicals, the Netherlands) or 5 M NaOH (Sigma-Aldrich U.S.). The 
volume added to adjust the pH was tracked, and the total volume of the 
dispersion was adjusted to reach a final volume of 10 mL. The samples 
were moderately shaken for 2 h at ambient temperature and subse-
quently centrifuged with a Sorvall Legend XFR centrifuge (Thermo 
Scientific™, Waltham, U.S.) at 4500 g for 20 min at 4 ◦C to obtain a 
supernatant and pellet. The pellets and supernatants were oven-dried at 
105 ◦C and weighted (Peng et al., 2021). The initial material was also 
oven dried over-night to determine the dry matter content (DM) of the 
initial material. The overall solubility was then calculated with Eq. (1). 

Solubility[%] =
Weight supernatant[g DM]

Weight initial material[g DM]
100% (1) 

The protein content of the oven-dried samples was determined by 
Dumas analysis with a rapid N exceed protein analyser (Elementar, 
Germany). The sample weight was 50 ± 10 mg. A protein conversion 
factor of N x 5.7 was used and protein contents are reported on a dry 
weight basis (Maclean et al., 2003). The nitrogen solubility index (NSI) 
was calculated with Eq. (2). 

NSI[%] =
Soluble protein[g/100g DM]

Initial protein[g/100g DM]
100% (2)  

2.6. Emulsion preparation 

Protein dispersions were prepared by mixing 1.0 w/w% protein in 
~250 g phosphate buffer (10 mM, pH 3.0). A protein concentration of 1 

w/w% was chosen as previous research found that this concentration 
could already result in narrow particle size distributions in emulsions 
prepared with native soybean proteins (Palazolo et al., 2011). Addi-
tionally, 1.0 w/w% salt (NaCl) was added to the dispersions to represent 
salt concentrations in dressings. The dispersion was gently mixed with a 
magnetic stirrer at 350 rpm at room temperature for 3 h (Sridharan 
et al., 2020). Then 30 w/w% canola oil was slowly added to the dis-
persions and homogenised for 1 min at 11,000 rpm with a rotor-stator 
homogeniser (Ultra-Turrzx IKA T18 digital, Germany). The pH was 
adjusted to pH 3 with 0.1 M HCl (Ray and Rousseau, 2013). The pH of 
the coarse emulsions was checked and adjusted if necessary. The coarse 
emulsions were further homogenised to reduce the droplet size and 
polydispersity using a colloid mill (IKA Magic Lab, Staufen, Germany) 
with a gap width of 0.16 mm for 2 min at a speed of 15,000 rpm. The 
cooling element temperature was set at 20 ◦C to avoid potential protein 
denaturation upon emulsification, this was well below the denaturation 
temperatures measured with DSC (Section 3.2). The emulsions were 
stirred with a magnetic stirrer at 250 rpm for another 30 min, and then 
transferred to 50 mL and 15 mL tubes. Half of the tubes were stored at 
4 ◦C for a minimum of 3 h before further emulsion stability analysis 
(Sridharan et al., 2020). The other half was stored at -18 ◦C for at least 
22 h before further freeze-thaw treatments and analysis (Zhang et al., 
2017). 

2.7. Emulsion stability 

The emulsion stability was monitored over a period of seven days. At 
least four pictures were taken during the storage time, with fixed mea-
surements on day one and day seven. The unfrozen emulsions were used 
as such, whereas the frozen emulsions were thawed after one day by 
placing them in a water bath for 2 h at 20 ◦C (Zhang et al., 2017). The 
creaming index (CI) of the emulsions and thawed emulsions was 
calculated with Eq. (3). 

Creaming index (CI)[%] =
HS

HT
100% (3) 

Where HS is the height of the serum layer at the bottom of the tube, 
HT the total height of the emulsion (Zhang et al., 2017). HS and HT were 
measured using a ruler and Image J (version 1.52, National Institute of 
Health, USA). The morphology of the emulsion droplets was visualised 
by using light microscopy. Pictures were taken at day 1 and day 7 at 20x 
magnification, with a dilution of 10 times using a phosphate buffer (10 
mM, pH 3.0) to visualise individual droplets. 

2.8. Foamability 

The foamability of the flours and protein-enriched fractions were 
determined by using an adapted protocol from (Yang et al., 2022). 
Dispersions of 1.0 w/w% protein were prepared in phosphate buffer (10 
mM, pH 6.0). The dispersions were stirred on a magnetic stirrer plate for 
60 min at room temperature. Afterwards, 10 mL of the solution was 
transferred into a cylindrical tube with a diameter of 3.33 cm. The so-
lution was foamed for 2 min at 1000 rpm using an overhead stirrer. The 
cylindrical tube was transferred to a foaming set-up, where the foam 
height was monitored with a camera every 5 min. The samples were 
monitored in triplicate for a minimum of 30 min. The foam height was 
analysed with Image J (version 1.52, National Institute of Health, USA). 
The foam overrun was calculated with Eq. (4) (Yang et al., 2022). 

Foam overrun[%] =
Foam volume[mL]

Initial liquid volume[mL]
100% (4)  

2.9. Data analysis 

The statistical analysis of the data was performed by using IBM SPSS 
statistics version 29. Tukey post-hoc analysis was used if the variation 
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was homogeneous based on Levene’s test for homogeneity, and Games- 
Howel was used when the data was not homogeneous. To test for cor-
relation, the Pearson correlation test was performed. Here, significance 
was found at p <0.05 (2-tailed). 

3. Results and discussion 

3.1. Protein nativity 

The protein nativity of the flours and the protein fractions was 
examined with DSC (Fig. 2). The toasted lupin and soy showed a typical 
DSC profile with two peaks, which correspond to 7S and 11S protein 
(Devkota et al., 2023; Zhong and Sun, 2000). Both lupin and soy still 
contained native 7S protein (first peak) and 11S protein (second peak) 
(Fig. 2A; 2B). This transition was not reversible, as during the 2nd 
heating no further transitions occurred (Appendix Fig. A.1), showing 
that the toasted lupin and soy still contain native protein. The moisture 
content of lupin and soy used in this study was 11 % (Politiek et al., 
2023). The retention of native protein is consistent with expectations 
since heating at low moisture contents usually results in limited protein 
denaturation, even at high temperatures (up till at least 150 ◦C for soy) 
(Geerts et al., 2018). At low moisture content, the temperature at which 
proteins denature increases significantly (Bühler et al., 2022). The 
denaturation peak temperatures and enthalpies measured with DSC vary 
with moisture content, but also with sample weight and scanning rate, 
where variation in the sample weight (2.5 mg – 10 mg) and scanning 
rate (0.5 ◦C/min to 5 ◦C/min) can already result in a 3 ◦C peak tem-
perature difference (Morales and Kokini, 1997; Saeed et al., 2016; 

Zhong and Sun, 2000). Based on that, the peak denaturation tempera-
ture values measured for soy and lupin flour are in a similar range as 
previously reported values (Devkota et al., 2023; Peng et al., 2021, 
2023). The differences in measured peak temperatures were smaller 
than 3 ◦C for the 7S and 11S protein for lupin and soy under different 
conditions (Fig. 2). So de-oiling and electrostatic separation did not 
result in a significant change in peak temperature. 

The retention of protein nativity after solvent de-oiling depended on 
the solvent used and the solvents showed the same effects for lupin and 
soy (Fig. 2A and B). De-oiling with acetone and hexane had low to no 
influence on the enthalpy measured, whereas the 7S protein peak dis-
appeared upon de-oiling lupin and soy with ethanol (Fig. 2A and B). So 
de-oiling with ethanol resulted in complete protein denaturation of the 
7S protein for both lupin and soy. The difference in retention of protein 
nativity can be explained by the different hydrophobicity of the solvents, 
where more hydrophilic solvents have a higher denaturing power to-
wards than more hydrophobic solvents (Fukushima, 1969). 

Electrostatic separation did not result in further protein denaturation 
for both lupin and soy, as after electrostatic separation of lupin and soy 
two peaks were still visible in the DSC thermograms and these had a 
similar peak denaturation temperature as the non-separated material 
(Fig. 2). The enthalpy of the 11S peak was even higher after electrostatic 
separation of ethanol de-oiled soy than before separation, which sug-
gests that from the proportion of proteins present in the material rela-
tively more native protein was collected in the enriched fraction. The 
preservation of native protein upon electrostatic separation is a unique 
property for soy protein products, as commercial produced soy flours 
show endothermic peaks, and thus contain native protein, but most 

Fig. 2. DSC thermograms of lupin flour (A), soy flour (B), lupin GE fraction (C) and soy GE fraction (D) for non-de-oiled material, ethanol de-oiled material, acetone 
de-oiled material and hexane de-oiled material. The tables show the enthalpy and peak denaturation temperatures (Td) of the samples. ND indicates that no peak was 
detected. The duplicate measurements for the fractions are included in Appendix Figure A.2. 
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commercially produced soy protein isolates and concentrates were 
completely denatured (no detectable peaks in the DSC thermogram), or 
had a lower enthalpy per g protein (3.1–3.5 Joule/g protein) (Lee et al., 
2003), than the soy protein concentrates produced in this study (Fig. 2). 
In our previous research, we evaluated the effect of solvent (none, 
acetone, ethanol, and hexane) on the electrostatic separation perfor-
mance of soy and lupin (Politiek et al., 2023). Electrostatic separation of 
toasted dehulled lupin- and soy flour resulted in protein enriched frac-
tions with 48%DM protein and 43%DM protein respectively with a 
fraction yield of 27 % (Politiek et al., 2023). Polar solvents acetone and 
ethanol appeared favourable for dry fractionation of lupin based on 
composition (protein content 65–67 % DM), whereas hexane was more 
favourable for soy (protein content 60 % DM) in terms of protein purity 
and fraction yield (Politiek et al., 2023). Protein denaturation was found 
as an undesired side effect for ethanol de-oiling. So, next to composition 
the impact of solvent choice on protein nativity needs to be considered. 

3.2. Acetone extraction, where does the smell come from? 

The decision for one or the other pre-treatment may not only per se 
depend on the protein purity and fraction yield and protein nativity, but 
also on other properties of the ingredients. It was noticed upon per-
forming experiments in the lab that the flavour changed after de-oiling 
of the flours, where some of the samples had a different or even an 
unpleasant off-flavour. This could be due to the formation of new vol-
atile compounds, removal or suppression of odour active compounds or 
the release of volatile compounds upon de-oiling (Bader et al., 2011). 
The aroma of the flours de-oiled with acetone was perceived as sour and 
fermented, whereas the flours de-oiled with hexane had a very mild 
legume like aroma. The non-de-oiled material had no specific aroma and 
the material de-oiled with ethanol had a very mild yeast-type of aroma, 
which was associated with bread dough. 

Aroma properties are mainly reflected by the composition of volatile 

organic compounds. To better understand the flavour composition of the 
samples and try to explain the different aromas as smelled in the lab and 
described above, a selection of samples was analysed with GC–MS and 
GC–O-MS. For GC–MS, this selection included lupin and lupin de-oiled 
with acetone, ethanol and hexane, and soy de-oiled with acetone and 
hexane. For soy, the flour de-oiled with acetone was selected to verify 
the results for lupin, as de-oiling with acetone resulted in unfavourable 
off-flavours. Soy de-oiled with hexane was selected for GC–MS because 
this process gave the best electrostatic separation performance for soy. 
As lupin and soy showed similar GC–MS spectra after de-oiling (Ap-
pendix Fig. B.1), only lupin was selected for GC–O analysis. Clear dif-
ferences were observed in the volatile profiles of the various samples 
after de-oiling (Appendix Fig. B.1). To annotate the different peaks, the 
mass spectra of lupin, lupin de-oiled with acetone, ethanol and hexane 
and soy de-oiled with acetone and hexane were compared to those 
present in the NIST17 Mass Spectral Library and in-house databases. 
Hexanal (base peak 51 at 9.31 min) was present in the de-oiled lupin and 
soy flours (Appendix Fig. B.1). The hexanal peak was odour active and 
perceived as a grassy, fresh aroma by at least two accessors upon GC–O 
analysis (Table 1). This is in agreement with other literature where 
hexanal was identified as having a green, beany, grass or fresh aroma 
(Kaczmarska et al., 2018; Pegiou et al., 2020; Schindler et al., 2011). A 
C6H12O ketone (base peak 43 at 10.31 min) was present in both acetone 
de-oiled soy and lupin flour and this compound was annotated as 
4‑hydroxy-4-methyl-2-pentanone (Appendix Fig. B.1). This ketone may 
have been formed by aldol condensation of two acetone molecules 
(McGorrin, 2007), which explains why the peak was specifically 
observed with GC-(O)-MS after acetone extraction and not after ethanol 
or hexane extraction. In addition, the aroma perceived around 10.30 
min was described as mouldy/spicy in the GC–O-MS analysis. There-
fore, this compound is suggested to highly contribute to the strong 
off-flavour of the acetone extracted lupin and soy. Focusing on the 
retention time (RT) window between 10 and 21 min, more volatile 

Table 1 
Summary of GC–O-MS results of lupin de-oiled with acetone, ethanol and hexane. Compounds were annotated by comparing their mass spectra to those in 
the NIST17 mass spectral library and in-house databases. When the annotation is not reliable, compounds are listed as “unknown” and as “<LOD” when the 
signal was below the detection limit. The compounds that could have been responsible for the mild bread dough like flavour in ethanol is highlighted in 
green and the compounds that could have been responsible for the sour fermented smell after de-oiling with acetone are highlighted in blue.  
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compounds were detected for lupin de-oiled with acetone (Appendix 
Fig. B.2). Some of these compounds were also found to be odour-active 
when GC–O-MS was performed. For example, the peak annotated as 
2-octenal/nonenal (RT 15.10 min), 1-octen-3-ol (RT 15.16 min) or the 
mouldy aromatic compound (RT 21.49 min). Additional to the ketone 
(RT 10.30 min), these components might have been responsible for the 
sour and strong off-flavour that was perceived in the lab when smelling 
the lupin de-oiled with acetone (Table 1). 

Concluding, the lupin and soy flours de-oiled with acetone had a 
different volatile profile compared to the other flours. Moreover, the 
compounds detected after de-oiling with acetone were odour-active and 
assigned to strong off-flavours (Table 1; Appendix B). This aligns with 
the findings found for lentil protein isolate, where treatment with 
acetone resulted in the accumulation of more volatile compounds, while 
treatment with isopropanol and ethanol resulted in samples with lower 
contents of volatile compounds (Chang et al., 2019). The accumulation 
of volatile compounds upon de-oiling with acetone is considered to have 
a negative impact on the sensory profile as it results in a lower consumer 
acceptance (Bader et al., 2011). Consumer acceptance is mainly based 
on sensory properties such as texture, flavour and taste (Lesme et al., 
2020). Therefore, the flours de-oiled with ethanol or hexane are ex-
pected to have a higher consumer acceptance based on their flavour 
profiles and these are thus considered as favourable solvents to de-oil 
soy and lupin flour with prior to electrostatic separation. As the polar 
solvents were more favourable for electrostatic separation of lupin 
(Politiek et al., 2023) and ethanol de-oiled lupin had a better flavour 
profile than acetone de-oiled lupin, ethanol was chosen to de-oil lupin 
and hexane was chosen to de-oil soy. 

3.3. Solubility of enriched fractions 

The solubility and the nitrogen solubility index of the flours and 
fractions were determined at pH 3, pH 6 and pH 7. This section focusses 
on the results of the selected samples, which are lupin, lupin de-oiled 
with ethanol, soy and soy de-oiled with hexane and the corresponding 
protein enriched fractions. The solubilities of acetone de-oiled lupin and 
soy, hexane de-oiled lupin and ethanol de-oiled soy are included in the 
solubility analysis to allow further generalization of the results. 

The solubility of lupin was significantly higher at pH 3 and pH 7 than 
pH 6 (Fig. 3A), whereas for soy the solubility was not significantly 
different at pH 3, 6 and 7 (Fig. 3B). To evaluate whether the solubility of 

soy could be further increased upon extremer pH, the solubility of soy 
was also measured at pH 8 (33 %), which was significantly higher (P- 
value=0.006) than the solubilities at pH 3, 6 and 7. The low solubility of 
both legume flours at pH 6 can be explained by typical protein solubility 
curves, which show a high solubility at acidic pH, low solubility (<20 %) 
around the isoelectric point (pH 4 – pH 6) and again a high solubility at 
basic pH (Ma et al., 2022; Shrestha et al., 2021). The higher solubility at 
extremer pH conditions is caused by the positive charge of the proteins 
at acidic pH and negative charge of the proteins at basic pH, which re-
sults in weak hydrogen bonds between protein and water. These 
protein-water interactions are essential for the protein solubility (Torres 
et al., 2007). To confirm that the increase in solubility was caused by an 
increase in protein solubility, a correlation test was executed. Here, the 
solubility and nitrogen solubility index were positively correlated 
(P-value <0.001) (Appendix Fig. C.1). 

The solubility of lupin and soy was affected upon de-oiling, where 
the effect (increased, similar or decreased solubility) depended on the 
solvent used. Upon de-oiling lupin with ethanol the solubility decreased 
(Fig. 3A). The lower solubility after ethanol de-oiling is caused by the 
denaturation of native protein compared to the non-de-oiled flour as 
also evident by DSC (Fig. 2) and in accordance with others (Bader et al., 
2011; Ma et al., 2022). De-oiling soy with ethanol also resulted in a 
lower solubility than the non-de-oiled flour (Fig. 3B), so the lower sol-
ubility observed after de-oiling with ethanol was independent of the 
legume used and caused by the decreased protein nativity. De-oiling soy 
with hexane increased the solubility at pH 3 and pH 7 (Fig. 3). The 
higher solubility after de-oiling with hexane might be attributed to the 
lower oil content or distinctions of protein subunits as was found by Yue 
et al. (2021) upon de-oiling oat with hexane. However, the higher sol-
ubility after de-oiling with hexane is legume dependent as hexane 
de-oiled lupin (Fig. 3), or hexane de-oiled lupin flakes (Bader et al., 
2011), resulted in a similar solubility as the non-de-oiled lupin flour. 
Acetone de-oiling resulted in similar solubilities for lupin and similar or 
higher (at pH 3) solubilities for soy, which was comparable to the ob-
servations for hexane de-oiling of both legumes (Fig. 3). So, hexane and 
acetone de-oiling do not negatively affect the material solubility, 
whereas ethanol de-oiling decreases the solubility. 

Electrostatic separation did not negatively affect the solubility of the 
protein enriched fractions (Fig. 3). The lupin protein-enriched fractions 
had a similar or slightly higher (not significantly) solubility, whereas the 
soy protein-enriched fractions had a significantly higher solubility at pH 

Fig. 3. Solubility of lupin samples (A) and soy samples (B) at pH 3, pH 6 and pH 7. The solid bars indicate the non-de-oiled flour (brown), ethanol de-oiled flour 
(green), acetone de-oiled flour (blue) and hexane de-oiled flour (orange). The white-filled bars represent the enriched fractions of the corresponding flours. The error 
bars represent the standard deviation and different letters indicate a significantly different solubility (P<0.05). 
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3 (Fig. 3). The solubility of ethanol, acetone and hexane de-oiled lupin 
increased significantly at pH 3 and pH 7 after electrostatic separation 
(Fig. 3A), and electrostatic separation of hexane de-oiled soy also 
resulted in a significantly higher solubility at pH 3 (Fig. 3B). This was 
caused by a higher protein solubility, so the results point towards a 
higher ratio of soluble proteins in the protein-enriched fractions than in 
the flour. The ratio of soluble proteins versus insoluble proteins might 
have changed after electrostatic separation because smaller particles (i. 
e. protein bodies) are easier caught by the electrodes than the larger 
poorly soluble aggregated particles, due to the higher charging capacity 
of small particles (Basset et al., 2016; Tang et al., 2009). The solubility of 
electrostatic separated hexane de-oiled soy was not significantly higher 
at pH 7, as was observed for hexane de-oiled lupin. This might be 
attributed to the generally lower solubility of soy than the solubility of 
lupin at pH 3 and pH 7, which is caused by a difference in nitrogen 
solubility curves. The nitrogen solubility curve was steeper for lupin 
than for soy when moving away from the isoelectric point (Appendix 
Fig. C.2). So, at extremer pH the solubility might also be significantly 
higher after electrostatic separation of hexane de-oiled soy. 

The nitrogen solubility of soy flour (4–10 %) was in a similar range as 
reported for commercially produced soy flours and showed a similar 
solubility pattern as flours with a reported solubility below 20 % around 
pH 3 (Lee et al., 2003). The nitrogen solubilities of toasted lupin flour 
(64 ± 1 %) and the protein-enriched fraction from toasted lupin flour 
(65 ± 1 %) at pH 7 were similar to the nitrogen solubility of lupin 
protein isolate (64 ± 3 %) previously reported, which was de-oiled with 
n-hexane prior to the wet fractionation (Schlegel et al., 2019). However, 
the harsher conditions (i.e. longer temperature exposures or higher 
acidic environment) upon wet fractionation at larger commercial scale 
likely will result in lower solubility (Ma et al., 2022). Next to that, even 
without de-oiling, the lupin samples already showed high solubility at 
pH 3 and pH 7 (Fig. 3). So, producing protein concentrates with similar 
solubility as de-oiled wet fractionated lupin protein isolates via 

electrostatic separation, is a huge advantage as there is less risk of a 
reduction in protein solubility upon industrially processing and the 
protein-enriched fractions might even have superior functionality over 
the wet fractionated material as was found for electrostatically sepa-
rated navy bean (Tabtabaei et al., 2019). 

3.4. Emulsification and foamability of lupin and soy enriched fractions 

Emulsions with non-de-oiled lupin, ethanol de-oiled lupin, non-de- 
oiled soy and hexane de-oiled soy and the corresponding protein 
enriched fractions were prepared at pH 3 to screen whether they could 
be applied in dressing like emulsions (pH 3, 30 % oil) and the creaming 
index was monitored over time. The emulsions prepared without de- 
oiling lupin had a lower creaming index than the emulsions prepared 
with non-de-oiled soy (Fig. 4). This was likely caused by the higher 
solubility of lupin at pH 3 than soy at pH 3 (Fig. 3). A positive correlation 
between solubility and emulsifying properties has also been confirmed 
by many other studies (Burger and Zhang, 2019). De-oiling lupin with 
ethanol resulted in an increased creaming index (Fig. 4A, D, E), which 
might be caused by the denatured protein and less soluble material after 
ethanol de-oiling. For soy, de-oiling with hexane resulted in a slightly 
lower creaming index and also colour wise a more milk like emulsion 
(Fig. 4B, I and J). The lower creaming index after hexane de-oiling might 
also have been caused by the increased solubility after hexane de-oiling 
(Fig. 3B). The more milk-like colour is caused by a smaller droplet size in 
the emulsion with the hexane de-oiled soy than toasted soy (Appendix 
Fig. D.1), which leads to a stronger light scattering and therefore to a 
whiter, milk-like appearance of the emulsion (Fan et al., 2023). 

After electrostatic separation the creaming index remained similar 
for the non-de-oiled lupin protein-enriched fractions, but was even 
worse for the protein-enriched fractions after electrostatic separation of 
ethanol de-oiled lupin (Fig. 4A, C, F), even though the solubility of the 
enriched fraction was higher (Fig. 3). The reason behind the poorer 

Fig. 4. Creaming index of lupin (A) and soy (B) at pH 3 (1 w/w% protein). The solid lines and symbols represent the non-de-oiled flour (brown), ethanol de-oiled 
flour (green) and hexane de-oiled flour (orange). The dashed lines and open symbols represent the enriched fractions of the corresponding flours. The error bars 
represent the standard deviation. Pictures of the emulsions after 1 day are provided from best to worst for lupin (C-F) and for soy (G-J), which were lupin enriched 
fraction (C), lupin flour (D), lupin ethanol (E), lupin ethanol enriched fraction (F), soy enriched fraction (G), soy hexane enriched fraction (H), soy hexane (I) and soy 
flour (J). 
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emulsification might be that there is less dry matter added in the 
emulsion with the enriched fraction and that the other components 
present in the ethanol de-oiled lupin, such as carbohydrates, contributed 
to the emulsion stability by increasing the viscosity of the continuous 
phase (Funke et al., 2022; Zhou et al., 2020). For soy, the enriched 
fractions had a similar creaming index for soy de-oiled with hexane and 
for non-de-oiled soy the creaming index decreased the most after elec-
trostatic separation and the colour of the emulsion was also more milk 
like after separation (Fig. 4B and G). This follows a similar pattern as was 
observed for the solubility of soy, which improved after de-oiling with 
hexane and consecutive electrostatic separation. The non-de-oiled lupin 
protein-enriched fraction was most promising for (non-frozen) dressing 
like emulsions. The other protein-enriched fractions also show potential 
for dressing like applications, but this would likely require a higher mass 
fraction to form emulsions with a lower creaming index than presented 
in Fig. 4. 

Next to the creaming index, the freeze thaw stability was evaluated 
for potential frozen applications. The creaming indices measured after 
thawing the frozen emulsions in our study can be divided into two 
groups; one with a creaming index between 25 and 35 % and one with a 
creaming index above 50 % after thawing (Fig. 5). The hexane de-oiled 
soy and the corresponding enriched fraction were not destabilized after 
freeze-thaw treatment as the creaming indices with and without freezing 
were the same (Fig. 5). This is a unique property as frozen emulsions are 
usually significantly destabilized after thawing (Ghosh and Coupland, 
2008; Zhang et al., 2017). To illustrate, an emulsion prepared with soy 
protein isolate at extremer pH value (pH 8) with less oil (20 %) and more 
protein (1.5 %) destabilised with 45 % relative to the initial emulsion 
(Zhang et al., 2017), while the conditions used were more favourable 

(extremer pH, less oil and more protein) than the emulsification con-
ditions used in the present study. So, the hexane de-oiled soy flour and 
the enriched fraction produced after electrostatic separation of 
hexane-de-oiled soy are most promising for frozen applications. The 
lupin, lupin enriched fraction and the ethanol de-oiled lupin showed a 
similar creaming index (25–35 %), so the samples were not completely 
destabilized (<30 % relative to the initial emulsion, dashed line Fig. 5) 
after freezing and might also be promising for frozen applications. The 
frozen emulsions with creaming indices above 50 % are considered to be 
unfavorable for frozen applications, as these were most destabilised. 

To evaluate whether the flours and enriched fractions would be 
applicable in foam-based systems like ice-creams, they were foamed at 
pH 6 and the foam volume was measured over time. The foam overrun 
was used as a measure of the relative foam volume to the initial liquid 
volume (Eq. (4)). The foam abilities (foam overrun at t = 0) of soy and 
lupin were similar (27–28 %) and de-oiling resulted in a higher foam 
overrun for both lupin and soy (Fig. 6). This can be explained by the 
reduction of the oil concentration, as at high oil concentration, the oil 
leads to coalescence of the foam bubbles during the foam generation 
process by disrupting the foam films (Arnaudov et al., 2001). Next to 
that, the hexane de-oiled soy had a higher solubility than the soy flour 
and a smaller particle size (Politiek et al., 2023), which can also explain 
the better foamability (Moll et al., 2022). The foam overruns of the 
non-de-oiled lupin and soy flours were not significantly different from 
the foam overruns of the corresponding protein-enriched fractions, 
which is likely due to the low initial foamability caused by the higher 
initial oil content of the samples. The foam overruns of the protein 
enriched fractions of lupin de-oiled with ethanol and soy de-oiled with 
hexane were similar or slightly lower than the unseparated material, 
which might be because less dry matter is added to the foams prepared 
from the enriched fractions. As hexane de-oiling improved the foam-
ability more than ethanol de-oiling the solvent used likely affected the 
foamability of the materials, next to the oil content. Overall, as hexane 
de-oiling combined with electrostatic separation also resulted in a good 
freeze-thaw stability next to the high foamability, the enriched fractions 
after electrostatic separation of hexane de-oiled soy have most potential 
for frozen applications like ice-cream. 

4. Conclusion 

The functionalities and flavour profile of the soy and lupin protein- 
enriched fractions obtained after electrostatic separation were affected 
by the de-oiling method. Industrially toasted and milled lupin and soy 
flours could be used as a starting material to produce functional protein- 
enriched ingredients with electrostatic separation. No de-oiling, hexane 
de-oiling and acetone de-oiling were favorable pre-treatments to pre-
serve native protein, whereas ethanol and hexane de-oiling were 
preferred solvents over acetone for a better flavour profile of the pro-
duced ingredients. Electrostatic separation was favorable for the solu-
bility of lupin and de-oiled lupin, where pH 7 showed the highest 
solubility for the lupin-based ingredients and for soy electrostatically 

Fig. 5. Creaming index after freeze-thaw treatment against creaming index 
without freeze thaw treatment of lupin samples (circles) and soy samples (tri-
angles). The solid symbols represent the non-de-oiled flour (brown), ethanol de- 
oiled flour (green) and hexane de-oiled flour (orange). The open symbols 
represent the enriched fractions of the corresponding flours. The error bars 
represent the standard deviation. The dotted line represents 0 % destabilisation 
and the dashed line represents 30 % destabilisation relative to the initial 
emulsion. The closer to the y = x line the better the freeze-thaw stability. 

Fig. 6. Foam overrun against time for lupin (A) and soy (B) at pH 6, 1 w/w% protein. The solid lines and symbols represent the non-de-oiled flour (brown), ethanol 
de-oiled flour (green) and hexane de-oiled flour (orange). The dashed lines and open symbols represent the enriched fractions of the corresponding flours. The error 
bars represent the standard deviation, lines are added to guide the eye. 
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separated hexane de-oiled soy resulted in the highest solubility at pH 3. 
The protein-enriched fractions had equal or better functionality than the 
flours, except for emulsification of ethanol de-oiled lupin. 

For emulsion-based applications at pH 3, no de-oiling appears 
necessary prior to electrostatic separation of lupin. For soy, either no de- 
oiling or hexane de-oiling could be used as a pre-treatment to obtain 
protein-enriched ingredients for emulsion-based applications like 
dressings, but a higher amount of the ingredient should be added to 
produce emulsions with more similar properties as the lupin protein- 
enriched ingredient. For foam-based applications de-oiling seems 
necessary as the presence of oil negatively affected foam stability. 
Overall, the results in this study can be used as a starting point to further 
optimize lupin and soy protein-enriched ingredients for food 
applications. 
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