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A B S T R A C T

The aim of this study was to develop a scalable crossflow diafiltration/ultrafiltration procedure for quinoa 11S
globulin purification starting at the bench scale using Ultra15 centrifugal filter devices. The electrophoretic
profiles of centrifugal ultrafiltration fractions showed a high heterogeneity in the bands, while crossflow ul-
trafiltration reduced the phenomena of protein sticking to the membrane, avoiding aggregate formation. In the
crossflow protein concentration, flux decline curves were studied according to Hermia’s fouling mechanisms and
the resistance in a series model. High reversible resistance was related to external mechanisms due to complete
blockage of the membrane surface followed by cake formation. The crossflow ultrafiltration was the most ef-
ficient technique for obtaining 57 kDa chenopodin isolate with higher processing capacity, purity and protein
yield. The diafiltration/ultrafiltration process proved to be adequate and easy to handle to scale up the pro-
duction of the 11S quinoa globulin.

1. Introduction

Proteins from plant sources have a high applicability in various
processes as food ingredients due to their high availability, biode-
gradability, renewable characters and functional properties such as
biocompatibility; good amphiphilic properties; water solubility; and
foaming, emulsifying, gelling and film-forming abilities (Quintero,
Rojas, & Ciro, 2018). Among vegetable proteins commonly studied and
widely used, we find soy (Salze, McLean, Battle, Schwarz, & Craig,
2010; Giri & Mangaraj, 2014), canola (Tan, Wang, & Moraru, 2014),
pea (Fredrikson, Biot, Alminger, Carlsson, & Sandberg, 2001; Boye
et al., 2010) and some pseudocereal proteins such as amaranth proteins
(Aceituno-Medina, Mendoza, Lagaron, & López-Rubio, 2013). To serve
as a food ingredient in dietary supplements, these macromolecules must
be obtained in the form of highly purified fractions (biofunctional in-
gredients) with high commercial value.

Quinoa (Chenopodium quinoa Willd) is a South American dicotyle-
donous plant that is considered as pseudocereals since it is a broadleaf
plant that has been used like the cereals. Quinoa seeds are re-
commended as an alternative high-quality protein resource because of
their high protein content (12–23%) (Abugoch et al., 2009). There are

two main globular storage proteins: 2S-type albumins (Alb) and 11S-
type globulins, which are also known as chenopodins (Brinegar &
Goundan, 1993; Brinegar, Bethel, & Nwokocha, 1996; Abugoch et al.,
2009). The amino acid composition of this protein shows that it is high
in cysteine, arginine, and histidine, which is why quinoa has a high
nutritional value, although it has only recently been used as a novel
functional food.

Quinoa protein isolates (QPI) can be traditionally prepared by ex-
traction of the defatted flour with an alkaline solution (pH of 8 to 11)
followed by acid precipitation (Elsohaimy, Refaay, & Zaytoun, 2015;
Avila Ruiz, Arts, Minor, & Schutyser, 2016). Some authors have com-
bined the effect of NaCl concentrations (0.0–1.0 M in 50 mM Tris-HC1,
pH 8.0) and pH extract acidification (3.0–6.0) to increase the efficiency
of chenopodin extraction (Brinegar & Goundan, 1993; Elsohaimy et al.,
2015), since globulins are soluble proteins in saline solutions (Osborne,
1924). Other factors to consider in the extraction process optimisation
are temperature, operation time, solid/solution ratio and stirring.

Traditional methods of producing protein concentrates, such as
isoelectric precipitation, reduce oligosaccharides to negligible level but
may contain large amounts of phytic acid (Ali, Ippersiel, Lamarche, &
Mondor, 2010; Mondor, Ali, Ippersiel, & Lamarche, 2010) and insoluble
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carbohydrates. In conventional methods, proteins are exposed to harsh
conditions, which alter their functional properties. More recent findings
have shown that membrane separation techniques, such as ultrafiltra-
tion (UF), can be used as an alternative to isoelectric precipitation to
yield protein isolates with improved functionality. These membrane
separation techniques can also be effectively used to remove some anti-
nutritional components (Boye et al., 2010).

The major advantages of ultrafiltration are the high throughput of
the product, relative ease of scale-up, and cleaning and sanitisation.
One of the most widely used forms for protein separation by UF is
crossflow filtration since large volumes of solution can be processed
(Rosenberg, Hepbildikler, Kuhne, & Winter, 2009). However, these
comparatively large sample volumes are usually not available during
the early phases of development. Therefore, small scale techniques such
as ultrafiltration that employ centrifugal filters can be used as alter-
natives in preformulation development (Shire, Shahrokh, & Liu, 2004).
However, these batch processes are too difficult to scale up.

The major problem in UF applications is the limitation of the
permeate flux to far below the pure solvent flux under the same pres-
sure difference (Aimar, Howell, Clifton, & Sanchez, 1991). This lim-
itation is a consequence of the accumulation of retained solutes at the
surface of the membrane. During the ultrafiltration of macromolecular
solutions, the increased solute concentration causes a rise in the os-
motic pressure, which partially cancels the applied pressure difference.
The basic working equation for the UF process is Darcy’s law (Eq. (1)):

=

μ
Jp TMP

Rm (1)

where TMP is the transmembrane pressure, µ is the permeate viscosity
and Rm is the resistance offered by the membrane.

Protein fractionation using ultrafiltration is still a challenge, and
sometimes, it is not possible to remove all of a component from a feed
using simple ultrafiltration. In this situation, diafiltration (DF) may be
very useful. Extensive diafiltration should eventually reduce the con-
centration of low molecular weight compounds to very low levels
(Grandison & Lewis, 1996). Diafiltration can be performed in combi-
nation with ultrafiltration to enhance either product yield or purity. DF
is the fractionation process that washes smaller molecules through a
membrane and leaves larger molecules in the retentate without ulti-
mately changing concentration. There are two ways to perform diafil-
tration: continuous diafiltration, in which the diafiltration solution
(water or buffer) is added to the sample feed reservoir at the same rate
as permeate is generated, and discontinuous diafiltration, in which the
solution is first diluted and then concentrated back to the starting vo-
lume (Grandison & Lewis, 1996).

Numerous studies report the separation of vegetal proteins by UF/
DF techniques (Boye et al., 2010; Mondor et al., 2010). Navarro-Lisboa
et al. (2017) evaluated the effect of the ultrafiltration process using
ceramic membranes on physicochemical and conformational char-
acteristics of quinoa protein fractions at two pH values above the iso-
electric point of quinoa protein extracts. In such a study, various protein
bands (17–95 kDa) were obtained in the concentrated sample, and the
authors suggested a strategy to wash the concentrate stream using DF.

The objective of this work was to develop a scalable procedure using
discontinuous DF/UF crossflow that allows us to obtain a purified
fraction of chenopodin (55–57 kDa) with the same characteristics as
that obtained by Ultra15 centrifugal filter devices at the bench scale
since this batch process is difficult to scale up. The goal is to increase
the protein yield for production volumes of the concentrate, shorten the
processing time and develop a procedure using industrial equipment
that allows for the production of high volumes of protein concentrate
for their later use as food ingredients. Considering the native hexameric
form of chenopodin (~320 kDa), the separation was achieved using a
30 kDa membrane followed by a 100 kDa membrane.

2. Material and methods

2.1. Materials

The seed flour of dehulled quinoa (Chenopodium quinoa Willd, from
VI Region, Chile) used in this work was supplied by Promauka. The
flour was stored at 4 °C until use. The following is the approximate
composition of quinoa flour expressed per 100 g: the moisture was
11.3 g, protein 11.2 g, fat 4.9 g, ash 55.5 mg and carbohydrates 72.6 g
(AOAC, 1995).

2.2. Preparation of quinoa protein extract

The protein extract was prepared according to Brinegar and
Goundan (1993) by suspending the defatted flour in a buffer of 0.5 M
NaCl/50 mM Tris-HCl pH 8.0 at a ratio of 1:10. The mixture is stirred
for 1 h, and the suspension was centrifuged (HERMLE Z-323 Germany)
and prefiltrated with a PVDF membrane of 0.45 µm (Durapore
HVLP04700).

2.3. Isolation of 11S globulin by Ultra15 centrifugal filter devices (UFc)

The 11S globulin fraction (56 kDa) –chenopodin– was obtained by
UFc, using Amicon Ultra15 tubes (Millipore, Cork, Ireland) with 30 and
100 kDa molecular weight cut-offs (MWCO) according to the procedure

Nomenclature

UF Ultrafiltration
UFc Centrifugal ultrafiltration
DV Diavolume
DDF/UF Discontinuous diafiltration/ultrafiltration
DF Diafiltration
DF/UF Diafiltration/ultrafiltration
MWCO Molecular weight cutoff
ET Quinoa total extract
UFc-R30 Centrifugal retentate for 30 kDa
UFc-R100 Centrifugal retentate for 100 kDa
UFc-P30 Centrifugal permeate for 30 kDa
UFc-P100 Centrifugal permeate for 100 kDa
DF30 Diafiltrate for 30 kDa
DF100 Diafiltrate for 100 kDa
C100 Concentrate for 100 kDa
QPI Quinoa protein isolate

2-ME β-mercaptoethanol
VCF Volumetric concentration factor
FF Crossflow rate, mL/min
SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electro-

phoresis
TMP Transmembrane pressure, kPa
Rt Total resistance, m−1

Rm Clean membrane resistance, m−1

Ri Irreversible resistance, m−1

Rr Reversible resistance, m−1

J0 Initial flux, L/h.m2

J Permeate flux, L/h.m2

J0 exp Experimental initial flux, L/h.m2

Km Cake filtration model constant, s.m−2

Kp Pore constriction model constant, m−1

Ki Intermediate blocking model constant, s−0.5m−0.5

Kc Complete blocking model constant, s−1
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described in Fig. 1. The membrane material was Ultracel® low binding
regenerated cellulose. The sample in retentate was collected and stored
at 4 °C for further analysis.

Quinoa protein fractions were labelled as ET (quinoa protein ex-
tract), UFc-R30, UFc-R100, UFc-P100, and UFc-P30 according to the
membrane cutoffs (30 or 100 kDa) and the R or P fraction (retentate or
permeate). Samples were collected and stored at 4 °C for the analysis of
the soluble protein content using the Bradford method and SDS-PAGE.

2.4. Crossflow equipment

A crossflow system (SARTOFLOW® Slice 200 Benchtop Crossflow
System) was used with 30 and 100 kDa weight cut-off membranes
(Sartocon® Slice 200 Hydrosart® Cassettes made of stabilized cellulose-
based membrane). Data were collected using Win Wedge PC interface
Software (TAL Technologies, Inc.). The membranes and system were
thoroughly flushed with deionised distilled water before use to remove
any residual storage agents.

2.5. Crossflow ultrafiltration performance and resistance-in series model

UF experiments were carried out in concentration mode (in which
the concentrate is recirculated to the feed tank) with distilled water and

quinoa protein fractions. The system was operated at room temperature
(20 °C), and the crossflow rate (FF) was set to 50 mL/min. The per-
meability tests through both membranes were performed by measuring
the permeate flux in litres per hour per metre squared (L/hm2) at dif-
ferent transmembrane pressures (TMP). The transmembrane pressure
(TMP) was varied by adjusting at five different pressure values.

During ultrafiltration of a solution under constant pressure, the
permeation flux can be calculated using Equation (1), and it followed
the resistance-in-series model. The resistance model assumes that flux
(J) is proportional to transmembrane pressure (P) and inversely pro-
portional to permeate viscosity (μ) and the membrane hydraulic re-
sistance (Cheryan, 1998). For quinoa protein extract, the total re-
sistance in a membrane system is the sum of the membrane and the
fouling resistances (Eq. (2)):

= + +Rt Rm Rr Ri (2)

Rm is determined from the water flux through a clean membrane, and
the other resistances can be determined from permeation flux versus
pressure data. Total resistance (Rt) is the sum of the clean membrane
resistance (Rm), irreversible resistance (Ri) and reversible resistance
(Rr). Together, the irreversible and reversible resistances represent the
total fouling of the membrane.

Fig. 1. General scheme for the processing and fractionation of quinoa protein by centrifugal filters (UFc) and crossflow UF (UFt) systems.
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2.5.1. Diafiltration of the quinoa protein extract
Discontinuous diafiltration (DDF) experiments were run at a TMP of

10.34 kPa because this value was established in previous tests with
quinoa protein extracts. Moreover, since the mechanism of fouling
appears to be strongly dependent on the concentration polarization
(Aimar et al., 1991), the samples were diluted in 4 diafiltration steps or

diavolumes (4 DV). Diafiltration was initially performed with the
30 kDa membrane for which 200 mL of the extract was diluted with an
equal volume of a buffer of 0.5 M NaCl/50 mM Tris-HCl, pH 8.0. Later,
the diluted sample was concentrated back to its original volume by
ultrafiltration, and this process was performed up to 4 DV. After this,
the remaining retentate sample was processed for another four

Fig. 2. Results of soluble protein and SDS-PAGE profiles of quinoa protein fractions obtained by centrifugal and crossflow UF systems. Different letters show
significant differences (p < 0.05).
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diafiltration steps with the 100 kDa membrane. Diafiltration samples
were labelled as DF30 and DF100 according to the membrane cut-offs (30
or 100 kDa).

2.5.2. The concentration of the 11S globulin fraction
After the DDF steps with 30 and 100 kDa membranes, the diafil-

trated sample (200 mL) was used as a feed solution in the final con-
centration using five different TMP values (as in the permeability tests)
for selecting the critical TMP value. Concentration was performed with
only the 100 kDa membrane, and the retentate was continuously re-
cycled back to the feed tank until it reached 20% of the initial feed
volume discarding the permeate. The final retentate sample was la-
belled as C100.

All retentate samples in the crossflow DF/UF were collected as
quinoa protein fractions and stored at 4 °C for subsequent analysis of
the soluble protein concentrations and SDS-PAGE.

2.6. Modelling of fouling mechanisms during the concentration step using
100 kDa membrane

The contributions of the fouling mechanism or blocking pattern
during the concentration process of the quinoa protein fraction were
evaluated from the models developed by Hermia (1982). Hermia’s
models consider four main types of membrane fouling: complete
blocking, intermediate blocking, standard blocking (pore constriction)
and cake layer formation. The fit accuracy for each model was eval-
uated in terms of the regression coefficient (R2

adj) and the standard
deviation (SD).

2.7. SDS-PAGE analysis

Polyacrylamide gel electrophoresis (PAGE) was run on gel minislabs
(Mini Protean III Model, Bio-Rad Laboratories, CA, USA) under non-
reducing and reducing conditions. Sodium dodecyl sulfate (SDS)-PAGE
were performed according to Laemmli (1970). SDS-PAGE gels con-
tained 12% (w/v) acrylamide (5% acrylamide stacking gels). The mo-
lecular mass of the polypeptides was calculated using a molecular mass
standard (blue prestained protein standard) from New England BioLabs
with a broad range of 11–190 kDa (11, 17, 22, 25, 32, 46, 58, 75, 100,
135 and 190 kDa). The sample loading buffer contained 0.124 M Tris-
HCl (pH 6.8), 15% (v/v) glycerol, and 2% (w/v) SDS. For reducing
conditions, 5% (v/v) β-mercaptoethanol (2-ME) was added and the
samples were heated (100 °C, 4 min). Protein bands were stained with
Coomassie Brilliant Blue R.

2.8. Statistical analyses

All the results were expressed as the means with their corresponding
standard deviation (SD) values. Data analysis was performed using
Statgraphics Centurion XVI.II Statistical Software (Statistical Graphics
Corp., Herdon, USA). Analysis of variance (ANOVA) tests were con-
ducted by Fisher’s least significant difference (LSD), and the differences
were taken to be statistically significant when the p-value was< 0.05.
All experiments and analytical measurements were conducted in tri-
plicate.

3. Results and discussion

3.1. Soluble protein content and SDS profiles of the fractions obtained by
ultrafiltration systems

The results presented in Fig. 2 show a significant increase
(p < 0.05) in the protein concentration using the UFc filters method
for both membranes (30 and 100 kDa). Higher protein concentrations
were detected in the retentates (35.31 and 48.81 mg/mL for UFc-R30

and UFc-R100, respectively), whereas permeate samples showed lower

protein contents (0.51 and 1.49 mg/mL for UFc-P30 and UFc-P100, re-
spectively). The initial protein content for the quinoa extract (ET) was
16.15 mg/mL, and thus, it was confirmed that UF is a suitable process
to produce quinoa protein concentrates.

Centrifugal filters are commonly used in the fractionation and
concentration procedure of monoclonal antibodies (Rosenberg et al.,
2009; Eppler, Weigandt, Schulze, Hanefeld, & Bunjes, 2011) and other
proteins of biological sources. There are just a few works that used UF
in vegetable proteins (Balciunaite et al., 2015), and this is the first re-
port that isolates quinoa protein using this technique to explore the
possibilities of industrial scale-up.

In the crossflow system, the soluble protein content decreased after
two diafiltration steps with the 30 and 100 kDa membranes (12.53 and
11.28 mg/mL for DF30 and DF100, respectively). The first diafiltration
step with the 30 kDa membrane removed, approximately 22.41% of
proteins from the initial feed solution (16.15 mg/mL). Instead, the
second diafiltration step removed only 9.98% of the proteins. This ef-
fect is probably due to the high retention of chenopodin hexamers.
Throughout DDF, a buffer is continually introduced, and permeate re-
moved from the system. Thus, the product (chenopodin) remains in the
retentate, and low molecular weight components of extract go to into
the permeate. Thereby exchanging buffers and reducing the con-
centration of albumin in the retentate. In the concentration step, the
protein content of the C100 fraction increased significantly to a value of
21.11 mg/mL (Fig. 2), which represented 37.43% of the proteins in the
diafiltrated feed.

SDS-PAGE analysis of UFc protein fractions under nonreducing and
reducing conditions showed a particularly high abundance of high
molecular weight species (Fig. 2). The UFc-R30, UFC-R100 and UFc-P100
samples showed identical electrophoresis patterns with different poly-
peptide groups with molecular weights between 14 and 63 kDa. The
bands at 47 and 63 kDa were related to 11S globulin or chenopodin
(Brinegar & Goundan, 1993; Abugoch et al., 2009). Under reducing
conditions, most of these bands disappear resulting in other bands that
correspond to the acid (31 kDa) and basic (25 kDa) subunits of the
chenopodin. A globulin band has been found at approximately
55–57 kDa in quinoa protein isolates (Abugoch et al., 2009; Valenzuela,
Abugoch, Tapia, & Gamboa, 2013) and in quinoa protein fractions
obtained by ultrafiltration (Navarro-Lisboa et al., 2017). A soluble ag-
gregate (an SDS nondissociable aggregate) was detected just above
180 kDa and in the wells (it was unable to enter the gel). Protein so-
lutions whose concentrations are too high may precipitate out of so-
lution and, once aggregated, will sit on the top of the running gel and
not migrate. There are many situations in which the protein con-
centration or surface density becomes excessively high in the con-
centration processes, as well as in ultrafiltration, resulting in the ag-
gregation and heterogeneity of protein solutions or inefficient
processes. In particular, this can occur when using pressure-type or
centrifugation-type devices. Loading proteins will be concentrated at
the membrane surface leading to crowded conditions (Binabaji, Ma,
Rao, & Zydney, 2016).

We mainly found bands of peptides of less than 34 kDa (30–34 kDa)
in UFc-R100 and UFc-P100 fractions. Furthermore, all protein bands less
than 20 kDa (14–18 kDa) corresponded to albumin components ac-
cording to Brinegar et al. (1996), and in the UFc-P30 fraction, this
polypeptide band (14 kDa) increased the intensity under reducing
conditions. This result is due to the extraction occurring at an alkaline
pH in which the 11S globulin fractions might have been hydrolysed into
fractions with lower molecular weights and associated through in-
creased hydrophobic interactions and intermolecular disulfide bonds
into aggregates (Valenzuela et al., 2013).

SDS profiles for crossflow UF fractions revealed the presence of the
main bands at 57 and 50 kDa for the ET and the DF30, DF100 and C100

fractions with high intensity in the concentrated sample (C100). The
classic acidic (31 kDa) and basic (21 and 23 kDa) subunits connected by
disulfide bonds were disrupted in the presence of 2-ME. Under
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nonreducing conditions, a protein band at 32 kDa was barely percep-
tible and corresponded to the acidic subunit of chenopodin. Alkali is
known to cause disulfide bond cleavage, resulting in the dissociation of
11S globulin (Abugoch et al., 2009). The 11 kDa band (2S quinoa al-
bumin) was barely visible in the DF100 and C100 samples but was highly
prominent in ET and DF30 fractions. Thus, it was expected that proteins
smaller than the membrane cut-off would pass through the permeate
due to the selectivity of the membrane. Compared with the UFc frac-
tions, the strategy of washing the concentrate stream with several
diafiltration steps improved the transmission of particles below the
membrane cut-off. Hence, crossflow ultrafiltration allowed the isolation
of quinoa 11S globulin having a molecular weight in the range of in-
terest and the increase in their concentrations.

3.2. Diafiltration of the quinoa protein extract

In ultrafiltration, it is vital to maintain high permeate flux either in
concentration or diafiltration. Nevertheless, this is a challenge
straightforward to meet in diafiltration, since it requires us to diluted
the feed. Thus, the protein concentration in the feed does not usually
increase, and it maintains a relatively high permeate flux. In this case
(Supplementary material: Fig. S1), diafiltration was carried out at
constant pressure, and the permeate flux decreased with time due to
membrane fouling. The permeate flux was reduced at the fourth stage
of the diafiltration process for both MWCOs; however, it was sharply
reduced for the 100 kDa membrane. This may be justified by the fact
that, as time progresses, the concentration polarisation layer becomes
thicker, which causes lower permeation as well as high resistance.

The 4 diafiltration steps lasted nearly 1 h for the 30 kDa membrane,
while for the 100 kDa membrane, the duration was approximately
20 min. The permeate flux was lower with the decrease in MWCO be-
cause of the more compact nature of the membrane. As the MWCO of
the membrane decreases, the smaller average pore size of the mem-
brane resulted in higher membrane resistance and less permeability.
Thus, the 30 kDa membrane has smaller pores than the 100 kDa
membrane leading to a smaller flux and a longer diafiltration duration
at a given pressure difference.

3.3. The concentration of the 11S globulin fraction

Fig. 3 shows the permeate flux and the concentration of protein
versus TMP throughout the concentration stage. The relationships be-
tween permeate flux and TMP is close to linear until an approximate
TMP value of 8.96 kPa is reached. Besides, at 12.41 kPa the flux de-
creased significantly, which suggests that the concentration polarisa-
tion/fouling is still negligible. In general, the permeate flux increases
linearly with TMP up to some value of the TMP where a combination of
the effects of concentration polarisation and fouling becomes sig-
nificant (Bacchin et al., 2006). Due to the effect of concentration po-
larisation provoked a high osmotic pressure at the membrane surface.
This osmotic pressure “subtracts” from the measured hydrostatic pres-
sure difference across the membrane thereby reducing the solvent flux.
Membrane fouling (i.e., membrane surface adsorption, membrane pore
plugging, and gel layer formation on the membrane surface) could be
explained through the formation of salt bridges between the membrane
and quinoa proteins. Thus, fouling the membrane also reduces the flux
(Ko & Pellegrino, 1992).

Moreover, when the applied TMP is under the required value
(~8.96 kPa in this case) for the threshold flux of the membrane, the
polarised layer on the membrane is dynamic and most rejected particles
near the membrane surface are floating inducing an almost constant
filtration resistance. Thus, the driving force will increase when the TMP
rises. However, if the TMP exceeds the required value for the threshold
flux, more retained particles may assemble leading to a more com-
pacted fouling layer (Zhu et al., 2015).

The concentration of protein in the retentate (Fig. 3) increased with

the increase in TMP (from 11.99 to 46.48 mg/mL). This effect may be
explained due to the formation of a denser fouling layer at higher TMP.
At higher TMP, more solute flows towards the membrane and the po-
larised layer acting as a secondary membrane promotes a higher re-
jection because of the higher compaction of the deposited solute layer
(Sarkar, Ghosh, Dutta, Sen, & Bhattacharjee, 2009). Consequently, for
the concentration of quinoa protein at 8.96 kPa (23.87 mg/mL) could
be defined as a critical TMP above which data starts deviating from the
linear regime and below which no membrane fouling occurs. However,
considering that flux values at 8.96 and 10.34 kPa are not significantly
different (p < 0.05), we decided to keep working at 10.34 kPa with
higher protein content in the retentate (25.75 mg/mL).

The effects of time on permeate flux and volumetric concentration
factor (VCF) at 10.34 kPa are shown in Fig. 4a. There was a gradual
decrease in the initial permeate flux (0.55 L/h.m2) with the time course
when the VCF (the ratio between the feed volume and the volume of the
retentate) increased because the concentration polarization and fouling
phenomena reached a value of 0.38 L/h.m2 (at the final time of 4 min).
The VCF reached a maximum of 3.82 at approximately 20% of the in-
itial 200 mL of the diafiltrated sample.

Permeate flux reduction is characteristic of the concentration mode
tests as a consequence of the phenomena of concentration polarisation
and/or membrane fouling, as explained before. Flux decline was at-
tributed to the generated aggregates deposited on the membrane sur-
face that caused pore clogging of the membrane resulting in less fluid
being passed through the membrane (Grenier, Meireles, Aimar, &
Carvin, 2008). According to several authors, the more concentrated the
solution of protein the lower the permeate flux until a static condition is
reached. Due to the higher osmotic pressure and the higher accumu-
lation of solute molecules in the polarised layer, the flux thickness in-
creases and, consequently, so does its resistance to permeation (Bacchin
et al., 2006; Baldasso, Barros, & Tessaro, 2011).

Several types of fouling mechanisms could take place in a UF pro-
cess. For this reason, it is necessary to obtain a model that predicts that
permeate flux decline with time and determine the optimum operating
conditions and, thus, minimise fouling in quinoa protein processing.
Hermia’s models and the resistance-in-series model were used to iden-
tify the most suitable fouling mechanism in the quinoa protein con-
centration process with the 100 kDa membrane.

3.3.1. Resistance-in-series model
The total resistance (Rt) of the 100 kDa membrane as a function of

time for the concentration of quinoa protein fraction is shown in
Supplementary material Fig. S2. The increase in Rt in the whole fil-
tration process showed a linear performance because fouling occurs
through a combination of different fouling mechanisms. This behaviour
is in agreement with the results shown in Fig. 4a in which the declining
permeate flux with time is one of the most critical limitations in fil-
tration processes as feed components accumulate on the membrane

Fig. 3. Flux and soluble protein variations versus transmembrane pressure
during concentration of the diafiltrated quinoa protein (Taverage = 20 °C;
FF = 50 mL/min; 100 kDa membrane).
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surface resulting in a polarisation layer and possibly cake formation and
pore plugging. However, the behaviour of the total resistance versus
time curves alone does not provide clear information about the main
fouling mechanism. Thus, the different fouling mechanisms can be
distinguished using the resistance in the series model.

The fouling resistance contains the reversible fouling resistance (Rr)
and the irreversible fouling resistance (Ri) (see Eq. (2)). The reversible
fouling, including the concentration polarisation and part of the loosely
attached deposit, was removed by rinsing the membrane with water.
The remaining part of the deposit was considered as the irreversible
fouling (due to adsorption and strongly attached foulants). At the end of
the concentration process, the reversible resistance was the main re-
sistance for the 100 kDa membrane (data not shown). The Rm and Ri
showed values of 3.55 × 109 and 4.11 × 108 m−1, respectively, while
the Rr value was 9.67 × 1016 m−1, which represented approximately
99.99% of the total resistance (1.00 × 1017 m−1). These results

demonstrated that the concentration polarisation and cake resistances
are much more important for the total resistance than other effects. This
is due to an increase in the concentration gradient of the protein in the
bulk flow on the membrane surface with time, and this concentration
increase created a gel layer that led to a greater aggregation phenom-
enon for proteins and consequently higher formation of a cake layer (Li,
Zhao, Zhou, Xing, & Wong, 2007).

These results suggest that most of the loosely bound fouling part
surface layer can be removed by physical means, such as relaxation and
back-washing. Similar results were obtained by Mondor, Ippersiel,
Lamarche, and Boye (2004) in the ultrafiltration performance of three
soy protein extracts processed at different pH values. In this study, the
resistance of both the concentrated layer and cake layer together was
the primary resistance to the liquid permeation.

Fig. 4. Flux decline during concentration of the diafiltrated quinoa protein (Taverage = 20 °C; TMP = 10.34 kPa, FF = 50 mL/min; 100 kDa membrane). Variation in
flux and VCF versus time (a), experimental flux and predicted flux by the cake filtration (b), intermediate blockage (c), pore constriction (d), and complete blockage
(e) models. LCL: low confidence level, HCL: high confidence level, LPL: low predicted level, HPL: high predicted level.
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3.3.2. Modelling of fouling mechanisms during the concentration step using
100 kDa membrane

The fouling mechanism for the 100 kDa membrane at the TMP of
10.34 kPa was estimated by Hermia’s model (Table 1), and the fit of the
four models was evaluated in the light of the linear regression coeffi-
cient adjusted (R2

adj). The values of the experimentally measured initial
permeate flux (J0 exp) and the initial permeate flux predicted by Her-
mia’s models (J0) are presented in Table 1.

Predicted values were more than the measured values, and the
complete blockage and pore constriction models provided the best
predictions for this parameter. However, the differences between
measured and fitted values were lower than the experimental error of
measurements. It can be observed that the predicted models (cake fil-
tration, intermediate blocking, pore constriction and complete
blocking) had similar coefficients, which seems to indicate that mem-
brane fouling was caused by the simultaneous occurrence of multiple
blocking mechanisms and concentration polarisation phenomena.
Concentration polarisation is a boundary layer phenomenon established
during operation of all pressure-driven membrane processes and is not
taken into account in Hermia’s model (Cassini, Tessaro, & Marczak,
2011). In general, all experimental data of permeate flux fit well in
Hermia’s models with all the R2

adj values above 0.95. However, the best-
fitting model for the experimental data was the complete blocking
model (0.9973) followed by pore constriction and the intermediate
blockage models.

For a better interpretation of the fouling phenomenon in the ex-
perimental tests with the concentration of quinoa protein isolate, the
experimental data were fit to these models (Fig. 4b–e). It may be ob-
served that the complete blockage mechanism matched almost all the
experimental data quite satisfactorily during the whole process (Fig. 4e)
followed by the pore constriction model (Fig. 4d), which also gave a
close prediction with a value of 0.9938 for R2

adj (Table 1). In this way, it
was demonstrated that some blocking mechanism was governing the
process. Fig. 4c shows the trend of the intermediate blockage model
where it started to follow the experimental data approximately 20 s
after the concentration process began. For the cake filtration model, the
prediction of flux decline was close to the experimental data between
40 and 211 s (Fig. 4b). However, the initial flux decline data was
overpredicted below 40 s.

Flux decline can be controlled by cake layer formation or pore
blocking. When pore-blocking occurs, it can take place inside the pores
(pore constriction) or outside of them (intermediate and complete
blocking). In pore constriction, solute molecules (proteins) go entirely
inside the membrane pores. If pore-blocking occurs outside the mem-
brane pores, the molecules causing pore-blocking may have a similar
size to the membrane pores and can be partially introduced into the
membrane pores (intermediate blocking) or may be larger than the
membrane pores (complete blocking) (Hermia, 1982). The complete
blocking model considers that this type of fouling occurs when the size
of the solute molecules in the feed solution is larger than the membrane
pores. Therefore, solute molecules do not enter the membrane pores
and do not arrive at the permeate side. In this study, the chenopodin

molecule is a monomer with a molecular weight of 55–57 kDa. How-
ever, its native form is hexameric (~320 kDa) and thus it has a mole-
cular size larger than the membrane pore size (100 kDa).

Numerous researchers have demonstrated the prevalence of a
blocking mechanism when the pore sizes are relatively large. Rai,
Majumdar, Sharma, Das Gupta, and De (2006) demonstrated that the
flux decline in a 100 kDa membrane is the sharpest for the complete
pore-blocking model among all the used UF membranes (including the
30 kDa membrane). Similar findings were obtained by Giri and
Mangaraj (2014) during the evaluation of the effects of membrane pore
size and pressure on soymilk ultrafiltration. Moreover, in the study by
Corbatón-Báguena, Álvarez-Blanco, and Vincent-Vela (2015) complete
blocking and cake formation were the predominant mechanisms for all
the membranes and BSA feed solutions tested.

The values of fouling constants, or Hermia’s model parameters (Km,
Ki, Kp and Kc), for the fitted fouling mechanisms were applied in this
work and are shown in Table 1. The high value of the cake formation
parameter (2.21 × 1011 s.m−2) could indicate that the extent of fouling
contributed by the cake layer effect is significant, and this confirms that
membrane fouling is a dynamic process with two distinctive stages:
pore blockage that dominates at early filtration times followed by a
cake layer mechanism that dominates at longer filtration times. In this
way, it could be proposed that the flux starts to decline due to the
deposit of native hexameric chenopodin on the membrane surface,
which blocks the entrance of some pores completely. Simultaneously,
some particles (low molecular species such as globulin dissociated
monomers and dimers) with similar diameters to the membrane pores
could deposit partially or entirely inside causing a progressive blocking
of some pores during filtration. Finally, at approximately 40 s after the
process starts, the particles continue depositing onto the membrane
surface and form a cake.

The present findings seem to be consistent with the resistance-in-
series model. When the concentration process is longer than approxi-
mately 40 s, external or reversible fouling mechanisms becomes im-
portant (complete blockage and cake filtration) avoiding a severe in-
ternal clogging.

In this study, the flux behaviour of a crossflow system was inter-
preted based on Hermia’s models developed for dead-end filtration. It is
important to consider the differences between crossflow and dead-end
filtration. In crossflow filtration, the feed solution flows parallel to the
membrane surface, and, in dead-end filtration, the feed solution flows
perpendicular to the membrane surface. Nevertheless, in both flow
configurations (dead-end and crossflow) the driving force is perpendi-
cular to the membrane surface. Thus, it is possible to consider that the
type of fouling included in Hermia’s models for dead-end filtration may
also occur in crossflow filtration (Cassini et al., 2011). Besides,
permeate flux in crossflow filtration is nearly constant and decreases
very slowly until a permeate flux of zero is obtained for very long time
scales. This can explain the fact that, in crossflow filtration, the steady-
state condition does not take place in a rigorous way but a quasi-steady-
state condition occurs in actual applications. Hermia’s models have
been used for experimental data obtained through crossflow UF because

Table 1
Hermia’s model parameters and R2

adj values from the experimental data in quinoa protein fraction concentration using the 100 kDa membrane.

Fouling mechanisms Linear equation J0 (L/hm2) K-value* R2
adj J0 exp (L/h.m2)

Cake filtration model (n = 0)
= + ∗Km t

J J
1
2

1
02

0.64 ± 0.01 2.21 ± 0.06 0.9729 0.57 ± 0.02

Intermediate blockage (n = 1)
= + ∗Ki t

J J
1 1

0
0.61 ± 0.00 14450.91 ± 221.56 0.9888

Pore constriction (n = 1.5)
= + ∗Kp t

J J
1
0.5

1
00.5

0.60 ± 0.02 2.62 ± 0.03 0.9938

Complete blockage (n = 2) = + ∗LnJ LnJ Kc t0 0.60 ± 0.00 1.91 ± 0.03 0.9973

The values were represented as the mean ± standard deviation (n = 3).
* Resistance coefficient filtration models: Cake filtration, Km (× 1011 s m−2); Intermediate blockage, Ki (m−1); Pore constriction, Kp (s−0.5m−0.5); Complete

blockage, Kc (× 10-3 s−1).
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these models can predict the membrane fouling at different experi-
mental conditions with precision.

3.4. Comparison between centrifugal and crossflow UF processes for the
isolation of quinoa protein

In this study, the centrifugal filtration could achieve the highest
concentration (42.81 mg/mL), although the most rapid concentration
was observed for crossflow filtration. It took a very long time to reach
high protein concentrations by using Ultra15 centrifugal filter devices,
and the handling was more difficult (Table 2). To obtain approximately
844.40 mg of protein per 40 mL of a final concentrate of chenopodin
through crossflow ultrafiltration, only 1.5 h was required, while
Ultra15 centrifugal filter devices technique produced 17.12 mg in ap-
proximately 33.66 hrs. Also, is important to point out that, in cen-
trifugal techniques, 100 steps of spin time with the 30 kDa membrane
are necessary to reach the 15 mL needed for filtration with 100 kDa.

The UFc technique only required 15 mL to achieve a higher con-
centration, which was a smaller amount of material than in crossflow
filtration. This is because the Ultra15 centrifugal filter devices can be
refilled with the concentrated protein solution, and the process can be
repeated. The starting volume of the sample for crossflow UF was
limited to only 200 mL since higher starting volumes limited the high
concentration by the viscosity of the concentrated solution (Shire et al.,
2004).

In terms of protein recovery, the crossflow UF appeared more ef-
fective than the centrifugal filters method by recovering 26.14% of the
total protein solubilised by the alkaline buffer extraction of the quinoa
flour. A high retention rate of protein was found in the concentration of
the diafiltrated quinoa fraction with a value of 98.75% (data not
shown). The protein quantity (844.4 mg) obtained through the cross-
flow DF/UF system represented 37.70% of the total protein, which is
comparable with the results of Bringer, Bethel, & Nwokocha (1996)
who found that chenopodin as one of the major storage protein frac-
tions purified by gel filtration (37% of the total protein). The low
protein yield value is due to the washing effect during the DF steps
transmitting a significant proportion of molecules with a molecular
weight lower than the membrane cut-off in the permeate such as the
albumin (11–14 kDa) and another low molecular species. It is possible
to recover more albumin in the permeate by increasing the diavolumes
in diafiltration up to a certain point where the protein recovery will no
longer be significant. Hence, this percentage of protein yield is a rate
between the chenopodin fraction (mg) and the total protein content in
the extract (feed). Nevertheless, it must be considered that the protein
loss caused by its participation in membrane fouling and the foam
formation during the concentration process.

The crossflow cassettes have a larger area than the Ultra15 cen-
trifugal filter devices, and this is why the crossflow system can process
higher volumes of feed per unit of area and time (7.25 L/h.m2) than the
centrifugal UF process (0.59 L/h.m2). The Sartocon® Slice 200 filter

cassettes are the same as larger Sartorius Stedim Biotech Sartocon®
0.1 m2 or 0.7 m2 production scale cassettes. Therefore, this result
provides helpful information and predictable performance for linear
upscaling, as well as future production requirements for chenopodin
separation.

On the other hand, SDS PAGE analysis revealed some differences in
the concentration techniques (Fig. 2), whereas the UFc technique
caused heterogeneity in the bands with the formation of soluble ag-
gregates. A reason for this might be the dilution steps during diafil-
tration with both membranes. It is well known that DF is used for
protein purification to eliminate problems associated with high con-
centrations in the retained product, generating high purification, while
retaining a good performance process (Ebersold & Zydney, 2004). The
crossflow reduces the sticking of protein to the membrane avoiding a
“dead end” filtration situation. Consequently, it can avoid the blocking
of the membrane and the formation of aggregates caused by the ex-
tremely high concentrations of protein that can build up in the gel and
polarization boundary layer near the membrane (Rosenberg et al.,
2009).

4. Conclusions

In summary, the best results concerning the highest achievable
concentration and quality of the chenopodin were observed for the
crossflow UF method. This technique was the most efficient and easy to
handle, resulting in a shorter concentration time. These results are the
first that show the isolation of 57 kDa quinoa fraction by using the
crossflow system preceded with diafiltration steps. Although the use of
Ultra15 centrifugal filter devices resulted in higher protein concentra-
tion, this method showed the formation of soluble aggregates.

Crossflow ultrafiltration is an attractive technique for quinoa pro-
tein processing, and the DF/UF technique is suggested for scaling-up for
industrial purposes. Nevertheless, further work is required in this area.
It is recommended that the application of a continuous UF with dia-
filtration steps after sample concentration is used because this way
requires a lower volume of diafiltration buffer.

According to the resistance in the series model and the four mem-
brane blocking models proposed by Hermia, the experimental data
pointed to the concentration polarisation and cake filtration as the
predominant fouling mechanisms. Hence, under similar conditions, this
method can predict membrane flux in the scale-up crossflow ultra-
filtration equipment for quinoa extract. A systematic membrane
cleaning and pretreatment of the feed (quinoa protein extract) are
crucial for controlling membrane fouling. Reducing membrane fouling
is still an important research goal for achieving membrane processes
that are more efficient and to obtain higher quality products.

The present study highlights the opportunities to produce 11S glo-
bulin from quinoa seed for use as a foods ingredient.

Table 2
Comparison of some technical parameters for the centrifugal and crossflow UF for quinoa protein isolation.

Parameters UFc Crossflow UF

DDF Concentración

30 kDa 100 kDa 30 y 100 kDa 100 kDa

Feed volume (mL) 15 15 200 200
Operating time (h) 33.33 0.33 1.32 0.06
J (L/hm2) 0.59 7.25
Final concentrate volume (mL) 0.15 0.4 200 40
Soluble protein content in final concentrate (mg/mL) 42.81 21.11
Milligrams of protein in final concentrate 17.12 844.40
Protein yield (%)* 1.06 26.14

* mg of protein in final concentrate /mg of protein in the feed (extract).
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