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Dry fractionation has shown to be a promising method to obtain less refined protein ingredients from legumes
with novel technofunctionalities compared to solvent extracted protein isolates. However, the relationship be
tween composition and functionality of such fractions especially for use as emulsifiers in concentrated emulsions
is still unclear. In this study, investigations were carried out with a variety of lentil fractions having different
protein contents, on their ability to emulsify and stabilize concentrated oil-in-water emulsions. Fractions pro
duced by dry fractionation had protein, starch, and fiber contents of 11–54%, 0–58% and 19–32%, respectively,
and median particle sizes of samples varied between 6 and 78 μm. Protein solubility and zeta potential varied
little, and concentrated oil-in-water emulsions prepared with these different fractions at similar protein contents
had similar oil droplet sizes. In contrast, the bulk rheology differed markedly with emulsions exhibiting a more
solid like behavior when formed with less-refined fractions. Similarly, differences in the development of inter
facial rheology were found. These effects were attributed to differences in the amount and size of non-protein
particles, which are entrapped in the droplet network and interact with the interfacial layer, highlighting the
importance of the presence of such compounds.

1. Introduction
An increasing global demand for protein requires a transition from
animal protein sources to more economic and sustainable plant or mi
crobial protein sources (Aiking & De Boer, 2018). However, the sus
tainability advantage of plant proteins vs. animal proteins is reduced by
the extensive use of energy, water and other solvents for protein puri
fication by wet fractionation (Schutyser, Pelgrom, van der Goot, &
Boom, 2015). In addition, only a part of all proteins is recovered; often
albumins are not fully precipitated and are thus lost in the waste water.
Protein enrichment by dry fractionation processes such as air classifi
cation have thus been found to be superior in terms of sustainability (van
der Goot et al., 2016).
Air classification is a promising way to increase the protein content
of flours from starch-rich legumes. Pulses are milled such that key bio
logical functional structures (e.g. granules) are kept intact. This allows
for a subsequent separation of the smaller protein bodies from the larger
starch granules into a protein-rich fine fraction and the starch-rich
coarse fraction. The composition of the air classified fractions can be
controlled by settings like the classifier wheel speed and the air flow

through the classifier wheel. Classifier wheel speed and air flow are
inversely proportional to the cut point, which is the size where a particle
has an equal chance to end up in the fine or in the coarse fraction. The
lower the cut point, the smaller the average diameter of the particles in
the fine fraction, which in turn increases the protein content of the fine
fraction. However, a cut point that is too low will result in agglomera
tion of the small particles due to van der Waals forces, leading to worse
separation. It may also lead to damage to the starch and protein gran
ules, thus compromising the quality and possibly the purity of the
fractions (Pelgrom, Vissers, Boom, & Schutyser, 2013).
Generally, the protein content of air classified fractions is lower than
that of wet fractionated protein isolates. However, previous studies
indicated that in many application scenarios, extensive refinement of
legume proteins is not necessary to obtain desired technofunctionalities
required for food design and manufacture (Boye, Zare, & Pletch, 2010).
The air classified fractions may possess different – and sometimes even
better – functional properties compared to conventionally-produced
protein isolates. In the dry fractionation process, proteins do not un
dergo pronounced structural modifications as is the case in wet frac
tionation processes, i.e. the loss of native structure (Geerts, Nikiforidis,

* Corresponding author.
E-mail address: j.weiss@uni-hohenheim.de (J. Weiss).
https://doi.org/10.1016/j.lwt.2021.112718
Received 2 September 2021; Received in revised form 25 October 2021; Accepted 26 October 2021
Available online 27 October 2021
0023-6438/© 2021 The Authors.
Published by Elsevier Ltd.
This is an open
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

access

article

under

the

CC

BY-NC-ND

license

M. Funke et al.

LWT 154 (2022) 112718

van der Goot, & van der Padt, 2017) as well as changes in the legu
min/vicilin ratio or the globulin/albumin ratio (CanKaraca, Low, &
Nickerson, 2011; Schutyser & van der Goot, 2011). As a consequence,
dry fractionated proteins differ from their wet-extracted counterparts in
solubility and interfacial properties, such as adsorption kinetics, thick
ness and rheology (Geerts, Nikiforidis, et al., 2017). Aside from the
protein state, the composition of the air classified fractions differs. Air
classified fractions are complex mixtures containing a variety of func
tional components such as proteins, polysaccharides and polyphenols
with some, but not all of those components being soluble. The func
tionality of complex ingredients is not only determined by the properties
of the individual components but also by interactions between them,
and synergistic effects have shown to contribute to improved tech
nofunctionalities (Li & Vries, 2018; Lin et al., 2017). However, knowl
edge about the relationship between composition and functionality of
these novel ingredients is still limited.
Emulsions are a ubiquitous class of foods and thus of interest to ac
ademic and industrial researchers. However, emulsifying properties of
air classified fractions of legumes have to date not been frequently
investigated (Gumus, Decker, & McClements, 2017; Saldanha do Carmo
et al., 2020). In the currently available studies, application of dry frac
tionated legume proteins as emulsifiers in dilute emulsions without
further refinement led to bimodal size distributions (Gumus et al.,
2017). This was caused by the presence of large insoluble particles, such
as insoluble protein aggregates and starch granules. Removal of insol
uble particles of the air classified fractions with an additional centrifu
gation step consequently led to improvements in the emulsion stability
(Geerts, Mienis, Nikiforidis, van der Padt, & van der Goot, 2017; Gumus
et al., 2017). While detrimental in dilute emulsions, the presence of such
dense particles could be beneficial in the stabilization of concentrated
emulsions, where sedimentation is inhibited due to the high degree of
droplet packing. Solid particles like starch granules could in fact
contribute to the viscoelastic network present in such systems. More
over, such particles could be used to modulate the emulsion’s micro
structure thereby allowing a tailoring of rheology, texture, and stability
(Dickinson, 2016). Since less refined fractions contain mixtures of bio
polymers, adsorption at the oil-water interface could lead to the for
mation of mixed interfaces with viscoelastic properties (Dickinson,
2003). Particles in less refined fractions may also inducing depletion or
bridging flocculation, which has shown to be an advantage in concen
trated emulsions by contributing to network formation (Mackie, Ridout,
Moates, Husband, & Wilde, 2007; Tsibranska et al., 2020). For example,
a study with dry fractionated faba bean protein concentrate indicated
that these proteins were able to form interfacial layers with gel-like
properties in oil-in-water emulsions (Felix, Romero, Carrera-Sanchez,
& Guerrero, 2019). In this context, the ability of legume proteins to
form strong interfacial membranes was demonstrated in a recent study
with lentil protein isolate alone and when complexed with fenugreek
gum (Gadkari, Longmore, Reaney, & Ghosh, 2019).
The purpose of our study was to take a closer look at the relationship
between composition and functionality of air classified lentil fractions to
gain some further understanding of how to classify less-refined fractions.
We hypothesized that rather than the mixing ratio of protein to poly
saccharides, the protein content may be a determining factor that im
pacts the ability of such fractions to stabilize in particular concentrated
emulsions, since proteins could act as anchors via interfacial adsorption
for attached carbohydrates providing for thick, viscoelastic interfacial
membranes. To test this hypothesis, we prepared concentrated emul
sions with different air classified fractions as emulsifiers, but with
identical protein content and characterized their behavior.

origin USA) were provided by Transimpex Warenhandelsgesellschaft
mbH (Lambsheim, Germany). Miglyol 812 N, a medium chain tri
acylglyceride mixture was purchased from Cremer Oleo GmbH & Co. KG
(Hamburg, Germany). Analytical grade hydrochloric acid (HCl) and
sodium hydroxide (NaOH) were purchased from Carl Roth GmbH & Co.
KG (Karlsruhe, Germany). To inhibit microbial spoilage, sodium azide
(purity ≥99%) obtained from Merck (Darmstadt, Germany) was used.
2.2. Air classification and product characterization
2.2.1. Fractionation
Lentil fractions with differing protein to polysaccharide content ra
tios were produced based on the process of Pelgrom, Boom, and Schu
tyser (2015). The lentils were dehulled and pre-milled to lentil grits
(d0.5 = 234 μm) using an ultra-centrifugal mill (ZM 200, Retsch GmbH,
Haan, Germany) equipped with a ring sieve of 0.75 mm perforation at a
rotational speed of 12,000 rpm. Then, the grits were milled to lentil flour
using an impact classifier mill (ZPS50, Hosokawa-Alpine, Augsburg,
Germany). The impact mill speed was set to 8000 rpm, and the classifier
wheel speed to 2000 rpm. The feed rate was ~0.7 kg/h and the internal
pressure of the classifier 7 mbar. The lentil flour (Sample abbreviation:
Unrefined) was air classified in two steps as shown in Fig. 1 using an air
classifier (50 ATP, Hosokawa-Alpine, Augsburg, Germany). There, the
air flow was set to 52 m3/h, and the feed rate kept in the range of
1.5–3.5 kg/h with the internal pressure of the classifier being adjusted to
30–39 mbar. In the first classification step the classifier wheel speed was
set to 6000 rpm, yielding a fine fraction (Fr-A) and a coarse fraction
(Fr–B). The fine fraction was then air classified in a second separation
step at 12,000 rpm to yield a double-refined fine fraction (Fr-A1) and a
coarse fraction (Fr-A2). The coarse fraction obtained in the first air
classification step was also separated a second time at 3000 rpm,
yielding a double-refined fine fraction (Fr-B1) and a coarse fraction
(Fr-B2). Yields were recorded for the calculation of the cut points.
2.2.2. Compositional analysis
The protein content of fractions was analyzed using a combustion
method (Dumatherm N Pro, C. Gerhardt GmbH & Co. KG, Königswinter,
Germany). A nitrogen conversion factor of 6.25 was used to calculate the
protein content. The starch content was determined enzymatically with
a starch analysis kit (Cat. No. 10207748035, R-Biopharm AG, 64,297
Darmstadt, Germany). The mineral content was determined by ashing
according to AACC 08–01.01. The content of cations Ca, Cu, Fe, K, Mg,
Mn, Na, P and Zn in the ash was determined via inductively coupled
plasma optical emission spectrometry (ICP-OES) (VDLUFA, 2007). The
water content was determined by the Karl-Fischer titration method as
described by Salminen et al. (Salminen et al., 2019). Lipid content was
measured by Soxhlet extraction (B-811 LSV, Büchi Labortechnik AG,
Flawil, Switzerland) using petroleum ether in the Standard Soxhlet
mode for 2 h. The analyses of protein, mineral and water content were
done in triplicate. Starch, lipid, and cation contents were measured in
duplicate. The non-starch carbohydrate content was defined as the
remaining percentage.
2.2.3. Particle size distribution
Particle size analysis of lentil grits, lentil flour and the air classified
fractions was performed with static laser diffraction (Mastersizer 2000,
Malvern Instruments, Worcestershire, UK) in triplicate. The particle size
distributions of the air classified fractions are available as supplemen
tary data (Fig. S1). All particle size distributions are presented as mean
of three measurements. Eq. (1) was used to calculate the cut points at
the different classifier wheel speeds based on particle size distributions
and yields of the respective fractions (Pelgrom et al., 2013):

2. Materials and methods
2.1. Materials

T(x) =

Medium-sized green lentils (Lens culinaris Medikus variety Richlea,
2

g⋅qG (x)
qA (x)

(1)
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Fig. 1. Schematics of process scheme of the air classification used to produce fractions with different degrees of refinement and protein enrichment from lentil flour.
Fr-A was the fine fraction and Fr–B the coarse fraction obtained by the first air classification step with a classifier wheel speed of 6000 rpm. Fr-A1 was the fine
fraction and Fr-A2 the coarse fraction obtained by air classification of Fr-A at 12,000 rpm, Fr-B1 and Fr-B2 were the fine and coarse fraction obtained by air
classification of Fr–B at 3000 rpm. The cut points were calculated using yields and particle size distributions of the respective fractions. Median particle sizes (d0.5) (n
= 3) elucidate the mechanism of air classification.

where the cut point is defined by the condition T(x) = 0.5, x is the
particle size, g is the ratio of the weight of the coarse fraction to the sum
of the coarse and the fine fraction (− ), qG (x) is the frequency distribution
of the coarse fraction (− ), and qA (x) is the frequency distribution of the
feed material.

Protein  solubility  (%)  = 

Protein concentration in supernatant
× 100%
Total protein concentration

(2)

2.3.4. Interfacial rheology
The interfacial rheology of aqueous dispersions of the air classified
fractions Fr-A1, Fr-A, Fr-A2, and lentil flour was analyzed using a pre
viously established method (Dai, Bergfreund, Reichert, Fischer, & Weiss,
2019; Erni et al., 2003). In brief, a shear rheometer (MCR 502, Anton
Paar, Graz, Austria) equipped with a biconical bob geometry (5◦ cone
angle, 68.3 mm diameter) was used to measure the rheology of a planar
interface formed between the aqueous dispersions and Miglyol. Time
sweeps were carried out for 4 h at 1% strain and were followed by
amplitude sweeps from 0.1 to 1000% strain. The angular frequency was
kept constant at 0.3 rad/s. To eliminate potential errors from interfacial
active residues all equipment was cleaned with acetone and distilled
water beforehand. Measurements were performed in triplicate with
freshly prepared samples at 25 ◦ C.

2.3. Protein sample preparation and analysis
2.3.1. Preparation of aqueous dispersions
For the ζ-potential analysis, protein solubility and interfacial
rheology, aqueous dispersions with a protein content of 0.1 wt% were
prepared by dispersing flour and the air classified fractions in double
distilled water using a high shear blender (Silent Crusher, Heidolph
Instruments GmbH and Co. KG, Schwabach, Germany) for 1 min at 9000
rpm. The weighed portions for the dispersions were calculated using the
respective protein contents of flour and the air classified fractions. So
dium azide was added to a concentration of 0.02 wt%. The pH was
adjusted to 7.0 with 1 M HCl and/or 1 M NaOH and the solutions were
stirred overnight at 5 ◦ C. The next day the pH was adjusted again to 7.0
when necessary.

2.4. Emulsion preparation and analysis
2.4.1. Emulsion preparation
Emulsions were prepared based on the method of Zeeb et al. (2013).
Aqueous dispersions of the air classified fractions Fr-A1, Fr-A, Fr-A2, and
lentil flour were prepared as described in section 2.3.1, but with a
protein content of 5 wt%. 40 wt% aqueous dispersions were mixed with
60 wt% Miglyol using a high shear blender for 3 min at 20,000 rpm,
resulting in a protein content of 2 wt% in the concentrated emulsion.
The samples were cooled during homogenization using ice water to
prevent denaturation of the proteins. Subsequently, the samples were
placed in a vacuum chamber and the pressure was reduced to about 100
mbar to remove air bubbles in the emulsions for subsequent rheology
measurements.

2.3.2. ζ-potential
The ζ-potential of the aqueous dispersions was measured at least in
quadruplicate using a particle electrophoresis instrument (Nano-ZS,
Malvern Instruments, Malvern, U.K.). The instrument measures the
electrophoretic mobility and calculates the ζ-potential from the
measured velocity of present particulates. The Smoluchowski approxi
mation was used for the calculation.
2.3.3. Protein solubility
The protein solubility at pH 7 was determined by measuring the
protein concentration in the initial aqueous dispersion and in the su
pernatant after centrifugation (30 min, 16,000 g, 5 ◦ C) using a bicin
choninic acid (BCA) assay kit (Pierce™ BCA Protein Assay Kit, Thermo
Fisher Scientific Inc., Rockford, IL, USA) according to the manufac
turer’s protocol. Measurements were done in duplicate, and the protein
solubility was calculated using Eq. (2):

2.4.2. Droplet size distribution
The droplet size distributions of emulsions were measured with a
static light scattering device (Horiba LA-950, Retsch Technology GmbH,
Haan, Germany). The samples were withdrawn and diluted to a droplet
concentration of about 0.005 wt% with bi-distilled water (pH 7) to avoid
3
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multiple scattering effects. Refractive indices of 1.45 and 1.33 were used
for the oil droplets and the dispersion medium, respectively.

2.5. Statistics
Means and standard deviations were calculated with Excel (Micro
soft Excel, Microsoft Corporation, Redmond, Washington State, USA).
Statistical analysis of the measurements was performed through a oneway analysis of variance (ANOVA) combined with a Tukey-post-hoc
test using IBM SPSS Statistics 25 (IBM Corp., Armonk, NY, USA). Sta
tistically significantly different values (α = 0.05) were denoted with
different letters. Pearson’s correlation coefficients were calculated with
SPSS as well.

2.4.3. Optical microscopy
Microscope images were taken at 400-fold magnification with an
optical light microscope (AXIO Scope. A1 Light Microscope, Carl Zeiss
MicroImaging GmbH, Jena, Germany) equipped with a camera (Canon
Powershot G10 Digital camera, Canon, Tokyo, Japan) using normal light
and polarized light. The undiluted samples were gently pressed between
a microscope slide and a cover slip to avoid entrapment of air bubbles in
between slide and cover.

3. Results and discussion

2.4.4. Emulsion rheology
Rheological properties of concentrated emulsions were determined
with a shear rheometer (MCR 502, Anton Paar, Graz, Austria). The de
vice was equipped with a plate–plate geometry (PP25S) with a diameter
of 25 mm and a sandblasted surface. The gap width to the sandblasted
bottom plate was set to 1 mm. Approximately 0.5 g of the sample was
analyzed. Amplitude sweep measurements were performed by
increasing the strain rate from 0.01% to 400%, while keeping the
angular frequency at 10 rad/s. Frequency sweep measurements were
performed at 0.5% strain with angular frequencies from 0.6 to 100 rad/
s. Flow curves of the concentrated emulsions were determined by
increasing the shear rates from 0.001 to 100 s− 1. The flow curves were
fitted to the power law model (Eq. (3)):

σ = K⋅γ̇n

3.1. Dry fractionation and composition of lentil flour and the air classified
fractions
The processing of unrefined lentil flour to obtain fractions with
differing composition and particle sizes by air classification is shown in
Fig. 1, and the particle size distribution of unrefined lentil flour as well
as the cut points for the different fractions are indicated in Fig. 2.
Although air classification has a high separation sharpness, the air
classified fractions somewhat overlap. The first air classification step at
6000 rpm separated the lentil flour at a cut point of 14.1 μm into 29% of
a fine fraction (Fr-A) and 71% coarse fraction (Fr–B) (Fig. 1). The sub
sequent air classification steps at 12,000 rpm (cut point: 9.9 μm) and
3000 rpm (cut point 31.9 μm) further refined the fractions Fr-A into FrA1 and Fr-A2, and Fr–B into Fr-B1 and Fr-B2 with yields of 56 and 44,
and 80 and 20%, respectively. The compositions of the air classified
fractions and their median particle sizes d0.5 are shown in Table 1 and
Fig. 1. Fr-A1 had a protein content of 54.0%, which was well in the range
of values obtained by previous authors using air classification for lentil
flour, e.g. 57.9% (Sosulski & Youngs, 1979), 64.6% (Tyler, Youngs, &
Sosulski, 1981), 49.3% (Elkowicz & Sosulski, 1982) and 58.5% (Pelgrom
et al., 2015). Overall, the protein content increased with decreasing

(3)

where σ is the shear stress, K is the consistency coefficient, γ̇ is the shear
rate, and n is the flow behavior index. n = 1 indicates Newtonian, n > 1
shear-thickening, and n < 1 shear thinning flow behavior. The viscosity
of the flow curves at a shear rate of 100 s− 1 was the apparent viscosity
ηa,100 . All measurements were conducted at least in triplicate at 25 ◦ C.

Fig. 2. Particle size distribution of unrefined lentil flour used as a base material for dry fractionation. The dashed vertical lines are the calculated cut points at a
classifier wheel speed of a) 12,000 rpm, b) 6000 rpm, and c) 3000 rpm.
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Table 1
Chemical composition (%) of lentil flour and the fractions obtained by air classification (n ≥ 2).
Sample

Protein

Fr-A1
Fr-A
Fr-A2
Fr-B2
Unrefined
Fr–B
Fr-B1

54.00 ±
42.83 ±
28.15 ±
23.05 ±
22.71 ±
13.75 ±
11.75 ±

a

0.25
0.08
0.11
0.16
0.04
0.19
0.10

Starch

Non-starch carbohydratesa

Water

0.0 ± 0.0
12.1 ± 0.1
29.2 ± 0.6
36.3 ± 0.1
40.6 ± 0.1
53.5 ± 0.9
58.3 ± 0.2

31.7
31.5
30.0
28.6
25.0
22.0
19.4

8.04 ±
8.37 ±
8.97 ±
8.97 ±
8.59 ±
8.72 ±
8.72 ±

0.05
0.03
0.04
0.07
0.07
0.09
0.09

Mineral

Lipid

4.80 ±
3.82 ±
2.60 ±
2.21 ±
2.19 ±
1.45 ±
1.31 ±

1.42 ±
1.36 ±
1.06 ±
0.92 ±
0.93 ±
0.62 ±
0.59 ±

0.02
0.09
0.08
0.03
0.05
0.03
0.02

0.27
0.03
0.06
0.00
0.02
0.04
0.05

Calculated.

Table 2
Pearson’s correlation coefficients of the compositions of lentil flour and the fractions obtained by air classification.
Protein
Starch
Non-starch carbohydrates
Water
Mineral
Fat

Protein

Ca
0.972**

Protein

Starch

Non-starch carbohydrates

Water

Mineral

Lipid

1
− 0.992**
0.869*
− 0.760*
1.000**
0.974**

− 0.992**
1
− 0.924**
0.676
− 0.990**
− 0.988**

0.869*
− 0.924**
1
− 0.355
0.860*
0.932**

− 0.760*
0.676
− 0.355
1
− 0.769*
− 0.643

1.000**
− 0.990**
0.860*
− 0.769*
1
0.970**

0.974**
− 0.988**
0.932**
− 0.643
0.970**
1

K
− 0.384

Mg
0.911**

Na
− 0.761*

Fe
− 0.970**

Mn
0.715

P
0.423

Cu
0.865*

Zn
0.859*

** correlation is significant at the 0.01 level (2-tailed).
* correlation is significant at the 0.05 level (2-tailed).

Table 3
Cation contents of the ash of lentil flour and the fractions obtained by air classification (n = 2).
Sample

Ca

K

Mg

Na

P

g/100 g ash
Fr-A1
Fr-A
Fr-A2
Fr-B2
Unrefined
Fr–B
Fr-B1

Fr-A1
Fr-A
Fr-A2
Fr-B2
Unrefined
Fr–B
Fr-B1

1.40
1.27
1.06
0.92
1.04
0.83
0.68

± 0.06
± 0.10
± 0.06
± 0.03
± 0.01
± 0.01
± 0.01

38.1 ±
38.1 ±
40.6 ±
38.6 ±
38.9 ±
40.9 ±
37.9 ±

1.1
2.6
0.3
1.4
0.4
0.2
0.8

4.32 ±
4.22 ±
3.86 ±
3.66 ±
3.84 ±
3.42 ±
2.94 ±

Cu
mg/100 g ash

Fe

35.2
34.6
34.1
30.2
31.6
27.4
24.3

153 ±
184 ±
253 ±
245 ±
246 ±
320 ±
309 ±

± 0.1
± 0.5
± 0.4
± 0.1
± 0.1
± 0.0
± 0.0

0.18
0.32
0.20
0.13
0.03
0.03
0.03

4
14
13
8
2
2
5

particle size, except for the air classification of Fr–B, where insufficiently
milled particles with higher protein content accumulated in Fr-B2. The
starch content was negatively correlated (R = − 0.992) with the protein
content (Table 2) and was between 58.3% in Fr-B1 and not detectable in
Fr-A1, with a content of 40.6% in the unrefined lentil flour (Table 1).
The non-starch carbohydrate content increased with increasing protein
content and ranged between 19.4 and 31.7%. The water content was
only slightly affected by the air classification process and ranged from 8
to 9% for all samples. The lipid content was between 0.59 and 1.42%
and was correlated with the protein content (R = 0.974), which was
likely due to the association of protein bodies and small oil bodies. The
mineral content correlated with protein content as well (R = 1.000),
likely because of the location of the minerals in globoids within the

1.23 ±
1.09 ±
1.28 ±
1.22 ±
1.92 ±
2.70 ±
2.36 ±

0.17
0.05
0.29
0.06
0.02
0.01
0.04

14.7 ± 0.7
15.2 ± 1.2
15.1 ± 0.8
14.7 ± 0.5
15.1 ± 0.2
14.9 ± 0.1
13.2 ± 0.2

Mn

Zn

49.2 ± 0.3
50.4 ± 0.9
54.1 ± 0.2
38.5 ± 0.5
44.8 ± 0.1
39.2 ± 0.1
35.3 ± 0.1

174
175
166
153
160
144
123

±9
± 15
±8
±4
±2
±0
±3

Table 4
ζ-potential and protein solubility (pH 7) of lentil flour and the fractions obtained
by air classification (n ≥ 2).
Sample

ζ-potential (mV)

Fr-A1
Fr-A
Fr-A2
Fr-B2
Unrefined
Fr–B
Fr-B1

−
−
−
−
−
−
−

24.7 ±
25.8 ±
24.8 ±
33.3 ±
28.0 ±
33.4 ±
33.1 ±

0.9a
1.0ab
1.3a
1.4c
1.0b
2.2c
3.1c

Protein solubility (%)
64 ±
62 ±
53 ±
62 ±
54 ±
57 ±
53 ±

4a
7a
5a
8a
16a
1a
9a

Means with superscripted letters are significantly different (p < 0.05).
5

M. Funke et al.

LWT 154 (2022) 112718

protein bodies (Do & Singh, 2019). A cation analysis showed varying
compositions of the minerals in the ash (Table 3), and in particular Ca,
Cu, Mg and Zn correlated positively with the protein content (Table 2).
Fe correlated negatively with protein content, which is likely due to the
location of ferritin primarily in the cytoplasm and in the amyloplasts of
legume seeds (Cvitanich et al., 2010). In contrast, K, P and Mn did not
correlate with the protein content. Overall, the resulting ionic strength
for all prepared aqueous solutions as well as emulsions in this study was
approximately the same. The protein solubility was about 60% for all
samples, and the ζ-potential values at pH 7 varied little and were
negative with values ranging between − 24.7 and − 33.5 mV (Table 4).
Nevertheless, the ζ-potential was significantly different between the
protein-enriched fractions Fr-A1, Fr-A, and Fr-A2 and the low protein
fractions Fr-B1, Fr–B, and Fr-B2. The lower ζ-potential of the low protein

fractions might be related to the higher carbohydrate content and more
precisely to components such as soluble polysaccharides and pectin
(Cheng et al., 2018).
3.2. Concentrated emulsions
Protein-enriched fractions Fr-A1, Fr-A, and Fr-A2 were then used to
prepare 60 wt% oil-in-water emulsions containing 2 wt% protein and
compared to emulsions made with unrefined lentil flour. To gain insight
into the microstructure of concentrated emulsions, droplet/particle size
distributions were determined, and microscope images were taken
(Fig. 3). The oil droplet sizes were normally distributed and had similar
mean diameters d32 of about 7 μm. This provides a first indication that
the protein content is of key importance in the emulsification ability of

Fig. 3. Microscope images (400-fold magnification) of concentrated emulsions (60 wt% oil, 2 wt% protein) prepared with the air classified fractions and with the
unrefined lentil flour. Non-protein contents were 1.7, 2.7, 5.1, and 6.8% respectively. Pictures with unpolarized light and polarized light show the same section on
the microscope slide.
6
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Fig. 4. Influence of air classification on storage (A) and loss moduli (B) of concentrated emulsions (60 wt% oil, 2 wt% protein) at different angular frequencies
determined by frequency sweeps with a constant strain of 0.5%. The non-protein contents arise from the use of the unrefined sample and the air classified samples FrA1, Fr-A, Fr-A2 which have different protein contents. Different letters indicate statistical difference (p < 0.05) between samples.

Fig. 5. Influence of air classification on the apparent viscosity at a shear rate of 100 s− 1 (A), and on power law consistency coefficient K and flow behavior index n (B)
of concentrated emulsions (60 wt% oil, 2 wt% protein). The non-protein contents arise from the use of the unrefined sample and the air classified samples Fr-A1, Fr-A,
Fr-A2 which have different protein contents. Different letters indicate statistical difference (p < 0.05) between samples.

protein-rich fractions since the different samples were made with the
same protein content but varying starch and non-starch contents. The
higher volume-based mean diameter d43 of the sample made with un
refined material was likely related to elevated contents of larger starch
granules as confirmed by microscopy (Fig. 3). Microscopy with polar
ized light revealed the presence of starch granules in concentrated
emulsions. Birefringence occurred because the starch granules had still a
semi-crystalline structure since the samples had not been heated. The
average starch granule size decreased with increasing classifier wheel
speed leading to an increasing degree of refinement by air classification.
Starch granules in unrefined lentil flour had sizes of up to about 50 μm,
while the first air classification at 6000 rpm limited the starch granule
size to about 20 μm (Fr-A). A subsequent second air classification at
12,000 rpm then removed most remaining starch granules (Fr-A1).
While differences in starch and non-starch fiber content did not

contribute to the emulsification abilities of protein-rich fractions, dif
ferences in starch granule size and quantity did influence the bulk
rheology of the concentrated emulsions. Elevated amounts of nonprotein components correlated with larger shear moduli, apparent vis
cosities, and power-law consistency coefficient K (Fig. 4, Fig. 5). The
presence of granules likely led to a higher packing of oil droplets since
their presence requires volume as well, resulting in a higher shear
modulus and viscosity of the concentrated emulsion. In addition, the
more rigid, less deformable particles act as fillers in the network,
providing additional resistance against deformation. Schematically, we
illustrate this in Fig. 6, showing the structures of concentrated emulsions
prepared with a highly refined fraction (a), a moderately refined fraction
(b), and unrefined material (c).
The observed changes in rheology were also related to the amounts
of other biopolymers in the less refined samples, such as
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Fig. 6. A: Schematic illustration showing the mechanics of the observed functional changes of dry fractionated ingredients as a function of the degree of refinement
in protein (red) stabilized concentrated emulsions (60 wt% oil, 2 wt% protein). Non-protein particles are denoted in green. Presence of a complex mixture of
biopolymers (blue) may have increased the viscosity and induced depletion flocculation. B: Illustration of aqueous solution (0.1 wt% protein) in vicinity to the oil
phase with protein particles (red) and polysaccharides (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 7. Influence of air classification on the crossover strain of concentrated emulsions (60 wt% oil, 2 wt% protein) (A) and on the interfacial crossover strain using
aqueous solutions (0.1 wt% protein) (B) measured with amplitude sweeps. The angular frequency was kept constant at 10 rad/s and 0.3 rad/s, respectively. The nonprotein contents arise from the use of the unrefined sample and the air classified samples Fr-A1, Fr-A, Fr-A2 which have different protein contents. Different letters
indicate statistical difference (p < 0.05) between samples.

polysaccharides, pectins, and fiber, summarized as non-starch carbo
hydrates in Table 1. These biopolymers are present at larger concen
trations in the continuous phase when less refined material was used,
which may also led to additional increases in the viscosity of the

continuous phase, which in turn alters the bulk rheology of concentrated
emulsions by limiting the hydrodynamic flow around the oil droplets.
Biopolymers are also known for their ability to induce depletion floc
culation and promote the formation of a three-dimensional network of
8
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aggregated oil droplets (McClements, 2016). Indeed, the formation of
such networks was confirmed by rheological measurements, showing
that all prepared concentrated emulsions had elastic properties (Fig. 4).
For example, the shear modulus, apparent viscosity, and the power-law
consistency coefficient K all increased with increasing non-protein
content, while the flow behavior index n decreased. A lower value of
n indicates stronger shear thinning, which could have been caused by
different types of structural changes in the shear field: a) orientation of
non-spherical particles or agglomerates, b) disintegration of agglomer
ated or flocculated particles, c) deformation of oil droplets (Mezger,
2012). Finally, the crossover strain with the unrefined sample
(non-protein content of 6.8%) was significantly (p < 0.05) lower
compared to the emulsions with the air classified fractions Fr-A1, Fr-A,
and Fr-A2, indicating that samples became more solid-like (Fig. 7A).
As such, several mechanisms may be responsible for the observed
changes in rheological behavior as a function of non-protein content:

reported that the formation of the interfacial layer can take several hours
for globular proteins (Berton-Carabin, Sagis, & Schroën, 2018), and
similar experiments with wet fractionated chickpea protein isolate (Felix
et al., 2019; Moser, Nicoletti, Drusch, & Brückner-Gühmann, 2020) and
dry fractionated faba bean protein (Félix et al., 2019) showed compa
rable results. Compared with results in our study though, the interfacial
network strengths differed and were possibly impacted by the degree of
refinement by air classification, as a trend towards a faster increase of
storage moduli with lower non-protein contents indicated (Fig. 8). The
dynamics of the interfacial rheology consists of the adsorption, rear
rangement, and intramembrane crosslinking events of interfacially
active components. Since all solutions had the same protein content,
some of these interfacial processes are probably influenced by the
presence of non-protein components or particles, such as water-soluble
polysaccharides (e.g. hemicellulose and pectin) (Nomura, Sakai,
Ohboshi, & Nakamura, 2021) or complexes of protein and poly
saccharides (Li & Vries, 2018). To date, we have no detailed knowledge
of the specific nature of the complexes of protein and polysaccharides in
less refined fractions, for example whether the presence of glycoproteins
or physically linked protein and polysaccharide complexes were
responsible for this, and further investigations into the composition and
structure of interfacial layers should therefore be carried out.
After the 4-hour process of interfacial layer formation, we performed
amplitude sweeps to evaluate the stability of the developed interface by
determining the interfacial crossover strains, which provide additional
information on structural breakdown behavior under stress. The nonprotein content had no significant (p > 0.05) influence on the interfa
cial crossover strain even though the strength of the interfacial layer at
the beginning of the amplitude sweep, respectively at the end of the time
sweeps varied due to the mentioned differences in adsorption kinetics
(Fig. 7B). All measured interfacial crossover strains were in the range of
100%. In a previous study with pea protein isolate and similar settings
for the interfacial rheology measurements, crossover strains of just
above 10% were found (Reichert et al., 2017), which is profoundly
lower than the one observed here. Hence the ability of the interfacial
layer to withstand larger deformations appears influenced by the frac
tionation method (i.e. a solution/precipitation treatment where proteins
may have incurred some state change, or a dry fractionation maintaining
the native state) rather than the degree of refinement. This is corrobo
rated by previous findings that have reported a rather small influence of

• Air classification decreases the proportion of larger particles or ag
gregates with increasing degrees of refinement, and thus less particle
fillers were present.
• Depletion flocculation was less pronounced with less non-protein
components being present, and hence a disintegration of floccu
lated droplets under shear occurred more readily.
• Differences in the viscoelastic properties of the interfacial layer may
have influenced the susceptibility of the oil droplet networks to be
disrupted under shear.
3.3. Interfacial rheology of the air classified fractions and lentil flour
To elucidate the influence of the interfacial properties on the
observed rheological changes as suggested above, aqueous dispersions
of fractions were subjected to interfacial rheometry at a planar oil-water
interface. The development of the interfacial layer was analyzed with a
time sweep. The results show that Gi’ exceeded Gi′′ already after a few
minutes, indicating that a cohesive and viscoelastic interfacial layer
formed quickly (Fig. 8). The values of Gi’ and Gi′′ increased over time
and the interfacial storage moduli values reached their maxima at the
end of the 4 h time sweep. It should be noted that a preliminary
experiment had shown that both interfacial moduli increased for at least
24 h, but that the changes after 4 h were small. In the literature it was

Fig. 8. Influence of air classification on interfacial shear moduli using aqueous solutions (0.1 wt% protein) at different points in time of interface formation. The
shear moduli values at 4 h were also the starting value of the subsequent amplitude sweep. The non-protein contents arise from the use of the unrefined sample and
the air classified samples Fr-A1, Fr-A, Fr-A2 which have different protein contents. Different letters indicate statistical difference (p < 0.05) between samples.
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the purity of protein concentrates on the interfacial properties (Geerts,
Nikiforidis, et al., 2017).

oil-water interface. Journal of Colloid and Interface Science, 551, 297–304. https://
doi.org/10.1016/j.jcis.2019.05.029
Dickinson, E. (2003). Hydrocolloids at interfaces and the influence on the properties of
dispersed systems. Food Hydrocolloids, 17(1), 25–39. https://doi.org/10.1016/
s0268-005x(01)00120-5
Dickinson, E. (2016). Exploring the frontiers of colloidal behaviour where polymers and
particles meet. Food Hydrocolloids, 52, 497–509. https://doi.org/10.1016/j.
foodhyd.2015.07.029
Do, D. T., & Singh, J. (2019). Legume microstructure. In L. Melton, F. Shahidi, &
P. Varelis (Eds.), Encyclopedia of food chemistry (pp. 15–21). Amsterdam: Elsevier.
Elkowicz, K., & Sosulski, F. W. (1982). Antinutritive factors in eleven legumes and their
air-classified protein and starch fractions. Journal of Food Science, 47(4), 1301–1304.
https://doi.org/10.1111/j.1365-2621.1982.tb07673.x
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4. Conclusions
Our results indicate that dry fractionation yields protein-enriched
ingredients that are well suited to stabilize especially concentrated oilin-water emulsions. No noteworthy differences in emulsification abil
ity were found at similar protein content, evidenced by nearly identical
droplet sizes under constant homogenization conditions. However, the
air classified fractions did exhibit pronounced differences in bulk
rheology as well as changes in the kinetics of the interfacial rheology.
The presence of non-protein particles is likely responsible for these
differences, with non-protein particles acting as fillers in the droplet
network and/or participating as agents in the rearrangement of inter
facial layers. As such, even at normalized protein contents, dry frac
tionated ingredients can be expected to behave different compared to
refined proteins. Our study highlights that the non-protein contribution
to overall properties deserves more attention. The establishment of a
composition–functionality relationship thus likely requires a more indepth quantification and qualification of such non-protein compo
nents, including the possibility of Pickering-type stabilization. For that,
investigations on the fiber-enriched fractions rather than the proteinenriched fractions may be useful.
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