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ARTICLE INFO ABSTRACT

Keywords: Nejayote is recognized as the main by-product resulting from the nixtamalization process of maize kernels, which
Ni).(tamalization is categorized as an alkaline residue with a chemical composition based on carbohydrates (37.8-55.7%), fiber
Nejayote (22.8-25.5%), protein (4.9-7.4%), and lipids (0.4-1.5%). In addition, Nejayote has an extensive content of
Membrane processes . . . . . . .

simple (e.g., phenolic acids) and complex phenolic compounds (e.g., anthocyanins), which are responsible for the
Carbohydrates . . - . . . . e . .
Sugars pigmentation and antioxidant activity of maize; therefore, there is a need of their identification depending on the

type of maize. The current research has focused on the efficient extraction and identification of the phenolic acids
contained in Nejayote after the processing of different types of maize. The target of this work was to fractionate
Nejayote from white (NWM), red (NRM), and purple maize (NPM), using three different membranes, such as
microfiltration (MF with a pore size of 1 pm) and ultrafiltration (UF100 and UF1 with a molecular weight cut-off
of 100 kDa and 1 kDa, respectively), which were strategically applied to extract phenolic acids while retaining
other molecules. Such a membrane system exhibited a retention in the first stage of almost all carbohydrates
(MF-Retentate: ca. 12-19 g GE/L), while second stage (UF100-Permeate) a concentration of phenolic compo-
nents was recovered ranging from 768 to 800 mg GAE/L. Finally, in the third stage (UF1-Permeate), 14 phenolic
acids were identified, including ferulic and p-coumaric acids, derived from caffeic and ferulic acids, along with
other molecules (e.g., glucose and fructose).

Phenolic fractions

1. Introduction There is evidence suggesting that the Nejayote can be reused as

cooking water in following nixtamalization process, which would help

Nixtamalization is a thermal-alkaline protocol applied to maize that
allows the partial or total elimination of the pericarp from the kernel;
this protocol generates two main products the so-called nixtamal and
Nejayote. Nixtamal represents the softened grains that serve as in-
gredients for the preparation of tortillas, flour, and other nixtamalized
maize products; while Nejayote is the alkaline wastewater resulting
from cooking kernels (Serna-Saldivar and Rooney, 2015). This
by-product is generated in large volumes due to the demand for nixtamal
since nixtamalized products are the first necessity foods in Latin
America. A traditional nixtamalization process requires up to 7.5 L of
water per kg of maize, which becomes Nejayote (Diaz-Montes et al.,
2018).

to save clean water and reduce its production (Valderrama-Bravo et al.,
2015). On the other hand, several treatments have been implemented to
reduce the organic load from Nejayote, for example, the use of laccases,
activated sludge, or biological reactors to reduce the organic solids and
COD (Diaz-Montes et al., 2016, 2018). Other investigations have focused
on utilizing Nejayote as culture media (for Aspergillus awamori, Paeni-
bacillus amylolyticus, Pseudomonas putida and Acinetobacter), animal feed
(for broilers) (Velasco-Martinez et al., 1997) or in bakery products
(Diaz-Montes et al., 2016), considering that Nejayote has a high car-
bohydrate content (between 37.8 and 55.7%, dry base), crude fiber
(between 22.8 and 25.5%, dry base), protein (between 4.9 and 7.4%, dry
base), crude fat (between 0.4 and 1.5%, dry basis) and ash (between
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12.7 and 33.6%, dry basis) (Velasco-Martinez et al., 1997). Additionally,
Nejayote has also been appreciated as a source to obtain specific
phenolic compounds (e.g., ferulic and p-coumaric acids) (Gutiérrez-Ur-
ibe et al., 2010; Nino-Medina et al., 2009); which depend on the type of
corn they come from, for example, pigmented corn is composed of large
amounts of anthocyanins (Bello-Pérez et al., 2016), carotenoids (Bac-
chetti et al., 2013), and phenols (Hernandez-Martinez et al., 2016),
while phenolic acids predominate in white corn (Syedd-Leon et al.,
2020).

Phenolic components are secondary metabolites that originate from
primary metabolites (e.g., carbohydrates, amino acids, and lipids) in
plant species as a means of protection against pests (i.e., insects, viruses,
and bacteria) and UV radiation (Kumar and Goel, 2019). These com-
ponents can be grouped into simple phenols (e.g., phenolic acids and
polyphenols) and complexes (e.g., tannins, lignins, and flavonoids),
which are associated with the color and properties of each plant species
(Kumar and Goel, 2019; Méndez-Lagunas et al., 2020). Within the diet,
phenolic components are considered as active ingredients due to their
biological activity including antioxidant, anti-inflammatory, antimi-
crobial, anti-cancer, and anti-allergenic activity; and they related to the
prevention and treatment of chronic and acute diseases (e.g., heart
diseases, immune disorders, and cancer) of the human being (Galanakis
et al., 2020). In addition, the bioactive activity is associated with the
induction of enzymes, inhibition of reactions and protection against
external pathogens (Galanakis, 2021), because they strengthen the im-
mune system (Galanakis, 2020; Galanakis et al., 2021).

The recovery of phenolic components from plant sources is carried
out through the 5-Stage Universal Recovery Process, which consists of
pretreatment, molecule separation, extraction, purification and obtain-
ing products (Galanakis, 2012). The extraction stage in a conventional
way includes the use of organic solvents (e.g., acetone, ethanol, chlo-
roform, and methanol) (Diaz-Montes et al., 2021; Diaz-Montes and
Castro-Munoz, 2019; Nagarajan et al., 2016) or hydrotropic solvents (e.
g., nicotinamide, sodium cumene sulfonate, sodium salicylate, resor-
cinol, and citric acid) (Nagarajan et al., 2016). In recent decades,
alternative technologies have been implemented that include acceler-
ated solvent extraction, ultrasonication-assisted extraction, high-voltage
electrical discharges, microwave-assisted extraction, pulsed electric
fields, and ultrasound-assisted extraction (Bursac¢ Kovacevic et al., 2018;
Deng et al., 2015; Diaz-Montes et al., 2021). Conventional technologies
fulfill the purpose of extracting components from plant sources in a
shorter time and controlled temperature (Sarfarazi et al., 2020); how-
ever, most of them need large amounts of inputs, have high production
costs, and generate low process performance (Galanakis et al., 2016). In
this way, membrane-based technologies have been implemented in the
recovery of high added-value components (e.g., proteins, fibers, sugars,
and phenolic compounds) (Galanakis, 2015) from different systems,
such as plant sources (Arboleda Mejia et al., 2020; Conidi et al., 2020;
Diaz-Montes et al., 2020a), fermentation broths (Diaz-Montes et al.,
2020b; Diaz-Montes and Castro-Munoz, 2019; Prochaska et al., 2018),
and agro-industrial waste by-products (Castro-Munoz et al., 2021; Chen
et al., 2019; Diaz-Montes et al., 2018).

The aim of this work was the fractionation of Nejayote via three-step
membrane process including microfiltration (MF) and ultrafiltration
(UF) membranes. Such a process allowed us to recover carbohydrates,
sugars, and phenolic compounds coming from white (NWM), red
(NRM), and purple maize (NPM). Then, the latter fraction was exten-
sively analyzed identifying the phenolic acids and polyphenols present
in Nejayote.

2. Materials and methods
2.1. Preparation of Nejayote

Three varieties of maize kernels (Zea mays) were used: Mushito from
Michoacan (white), Elote Occidental (red) and Elotero from Sinaloa
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(purple); which were obtained in a local market in Patzcuaro,
Michoacan, Mexico. The wastewater was generated through a tradi-
tional nixtamalization process, in which the maize was heated (90 °C,
40 min) in alkaline calcium hydroxide solution (0.33%, w/v) in 1:3 ratio
(w/v). The kernels were left to stand in the alkaline solution for 16 h and
were subsequently drained. The kernels were then washed twice (3.5 L
each time), and the drained wastewater was allowed to sediment (25 °C,
5 h). This process was repeated to obtain Nejayote from white (NWM),
red (NRM), and purple maize (NPM).

2.2. Experimental set-up and procedures for the fractionation of Nejayote

The fractionation of Nejayote consisted in smartly applying a
sequential membrane process involving a MF membrane and two UF
membranes with different molecular weight cut-off (MWCO). The main
specifications of such membranes are detailed in Table 1.

As part of the characterization of the process, the permeate flux (Jp,
L/m? h) was determined as the permeate volume per unit area and time
(at 25 °C, feed flow rate (Qg) of 58 L/h), as represented in Eq. (1):

\Y

_ Y
inA*t @

where V,, (expressed in L) corresponds to permeate volume, A (m?)
corresponds to the membrane area, and t (h) corresponds to the oper-
ating time (Diaz-Montes et al., 2020a). The volume reduction factor
(VRF), as denoted by Eq. (2), expresses the ratio between feed (Vg,
expressed in L) and retentate (Vg, L) volumes (Diaz-Montes et al.,
2020a):
VRF:E (2)
Vr

A common parameter that dictates the selectivity of a membrane in
pressure-driven membrane processes is the rejection (R, %), which was
calculated using Eq. (3):

Cpi
Ri=(1-=2)*100 3
( C) @

Fi

where Cg (g/L) and Cp (g/L) correspond to the concentration of specific
compound (i) in feed and permeate streams, respectively. The limiting
transmembrane pressures (TMP);,,) for MF, UF100 and UF1 steps were as
1.3, 1.3, and 1.7 bar, as determined previously by Castro-Munoz and
Yanez-Fernandez (2015). The authors performed the experiments in
batch configuration mode (at 25 °C, Q¢ of 58 L/h), that is, recycling the
retentate stream and separately collecting the permeate. At each step,
the feed stream was coming for the previous membrane step; for
example, MF-Permeate was used as the feed for UF100 step, while the
UF100-permeate was then the feed for the final UF1 step.

Table 1
Specifications of the membranes employed for the fractionation of Nejayote.

Characteristics Membrane code
MF UF100 UF1
Model CFP-1-E—4A UFP-100-E—4A UFP-1-E—4
Manufacturer Amersham Amersham A/G Technology
Biosciences Biosciences
Membrane type Microfiltration Ultrafiltration Ultrafiltration
MWCO 0.1 pm 100 kDa 1 kDa
Membrane 420 cm? 420 cm? 420 cm?
surface area
Membrane Polysulfone Polysulfone Polysulfone
material
Configuration Hollow fiber filter Hollow fiber filter Hollow fiber filter

cartridges

cartridges

cartridges
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2.3. Membrane permeability

The membrane water permeability (Lp) was determined in all
membranes before and after the filtration of Nejayote. The experiments
were carried out on total recycling mode using water as feed at 25 °C and
Q¢ of 58 L/h. The Lp (expressed as kg/m? h bar) was determined by
Darcy’s law, which is denoted as the slope of the straight line obtained
plotting the water flux (Jy, kg/m? h) at different TMP values, as
expressed in Egs. (4) and (5):

—_P
== 4
Jw
Lp:TMP %)

where my, (kg/h) refers to the mass flow, A (m?) refers to the membrane
area, and TMP (bar) refers to the applied pressure into the system
(Diaz-Montes et al., 2020a). The membrane fouling index (FI, %) was
calculated by Eq. (6):

L
FI:< 7ﬁ>*100 )
Lp,

where Lpg (kg/m? h bar) and Lp; (kg/m? h bar) correspond to the water
permeabilities measured before and after processes, respectively (Dia-
z-Montes et al., 2020a). After each process, the membranes were sub-
jected to enzymatic cleaning (Ultrasil 67, Ecolab) at 1% v/v (50 °C, 180
min). The membrane cleaning efficiency (CE, %) was measured by the
flux recovery ratio, as expressed by Eq. (7):

L
CE= (ﬁ) %100 )
Lp,

where Lp, (kg/m? h bar) corresponds to the water permeability
measured after enzymatic cleaning (Diaz-Montes et al., 2020a).

2.4. Physicochemical analysis

The pH was determined in all samples using a laboratory pH-meter
(HI 98107, HANNA), which was previously calibrated with buffer so-
lutions (pH 4 and 7). The total dissolved solids (TDS) were determined
using a portable analog refractometer (FG-109, Zhifong) and expressed
as degrees Brix (°Bx). The total solids content (TS) (g/L) was determined
by drying (90 °C, 12 h). Finally, density (p) was calculated as the mass
and volume ratio and expressed as grams per liter (g/L) (Diaz-Montes
et al., 2018).

2.5. Total carbohydrates content analysis

Total carbohydrates content (TCC) was determined by the phenol-
sulfuric method; here, 0.5 mL of diluted sample (1:200), 0.5 mL of
phenol reagent (5% w/v) and concentrated sulfuric acid (2.5 mL) were
mixed and subsequently measured at 490 nm. The results were
expressed as grams of glucose equivalents per liter (g GE/L) using a ten-
point standard curve of glucose ranged from 0.016 to 0.162 g/L (Dia-
z-Montes et al., 2020a).

2.6. Sugar content analysis

The identification and quantification of sugars were determined by
high-performance liquid chromatography equipped with infrared de-
tector (HPLC-IR, Varian ProStar 9002) using a resin calcium column
(300 mm x 7.8 mm and 9 pm particle size, Aminex HPX-87C). For
sample preparation, 500 pL of sample was taken to a final volume of 5
mL with hydrochloric acid. The resulting solution was evaporated in a
vacuum oven (85 °C, 10 h), reconstituted with 1 mL of water and then
diluted (1:3 in water). The sample was eluted with a flow of 0.6 mL/min
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at detector temperature of 45 °C and column of 65 °C. The identification
was made based on retention times (Rt), while the quantification was
carried out using a six-point standard curve of glucose (from 0.01 to
0.06 g/L) and fructose (from 0.001 to 0.006 g/L).

2.7. Total phenols content analysis

The total phenolic content (TPC) was determined using the Folin-
Ciocalteu technique; 1 mL of the diluted sample (1:20), 1.8 mL of so-
dium carbonate (7.5% w/v) and 0.6 mL of Folin-Ciocalteu reagent were
completely mixed and measured at 760. The results were expressed as
milligrams of gallic acid equivalents per liter (mg GAE/L) using a seven-
point standard curve of gallic acid (from 6.23 to 43.60 g/L) (Dia-
z-Montes et al., 2020a).

2.8. Phenolic acids analysis

The identification of phenolic acids was determined by ultra-high
performance liquid chromatography equipped with diode array detec-
tor (UHPLC-PDA, Thermo Scientific) using a C18 column (50 mm x 2.1
mm and 1.8 pm particle size, Hypersil 3u). The analysis was performed
using a mobile phase composed of A: acetonitrile (20%) and B: water-
trifluroacetic acid pH 2 (80%) in isocratic conditions, running time of
9.87 min, flow rate of 104 pL/min, and injection volume of 0.3 pL. The
elution from the UHPLC was directly introduced into the mass spec-
trometry (micrOTOF-Q, Bruker) using electrospray ionization (ESI). The
detection was by ESI interface in negative ionization mode, scan range of
m/z 150-950, set capillary of 2.7 kV, set end plate off-set of —500 V, set
collision cell RF of 150.0 Vpp, set nebulizer of 1.0 bar, set dry heater of
200 °C, and set dry gas of 6.0 L/min.

2.9. Statistical analysis

Experiments and analytical methods were performed in triplicate
and the results were expressed as the mean + standard deviation (SD).
One-way analysis of variance (ANOVA) and correlation analysis were
performed using the Statistical Analysis System (SAS Institute Inc.).
Tukey’s multiple range tests were used to compare the means. Differ-
ences among the means of p < 0.05 were considered significant.

3. Results and discussion
3.1. Three-step membrane process

In the first process, the crude Nejayote was filtrated through the MF
membrane (1.3 bar, 58 L/h, 25 °C) obtaining two fractions, MF-
Permeate and MF-Retentate. The MF-permeate fraction was subjected
to the second process, UF100 (1.3 bar, 58 L/h, 25 °C), and the UF100-
Permeate and UF100-Retentate fractions were obtained. Finally, the
UF100-Permeate fraction was filtered through the UF1 process (1.7 bar,
58 L/h, 25 °C), resulting in the UF1-Permeate and UF1-Retentate frac-
tions. The processes were operated in batch concentration mode and the
Jp and the VRF were monitored as a function of operating time, as shown
in Fig. 1.

In general, the J, gradually decreased as a function of time while the
VRF increased. Importantly, it can be seen that the MF process (Fig. 1A)
exhibited the most drastic decrease of J, (approx. from 400 up to 121 L/
m? h) during the first 20 min; the UF 100 process (Fig. 1B) also had its
highest J,, decay (approx. from 29 up to 23 L/m? h) in the first 20 min
and subsequently the decrease was almost linear; while in the UF1
process (Fig. 1C), a constant J, (approx. 3 L/m? h) was observed
throughout its execution. It is known that the J, decrease in a membrane
process is influenced by the composition of the feed stream and the
fouling phenomenon. This behavior in J, has also been observed during
the treatment and clarification of natural juices (e.g., kiwifruit), espe-
cially in UF processes (Cassano et al., 2008).
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On the other hand, the behavior of the VRF was different in each
process and for each type of Nejayote, which was expected according to
the different physicochemical composition of the Nejayote. In the MF
process (Fig. 1A), VRF gradually increased until a value of 7 when the
decrease in J, had no longer significant changes; however, the filtrated
NWM required 40 min to achieve such a value, while the NRM and NPM
needed around 50 and 60 min, respectively. The UF100 process (Fig. 1B)
reached a VRF value of 3, but each extract (NWM, NRM, and NPM)
required different operating time (140, 200 and 240 min, respectively)
to achieve it. While in the UF1 process (Fig. 1C) achieved a VRF of 1.5 at
240 min. This difference in operating time was largely due to the
composition of the fractions that influenced the fouling of the
membrane.

Fig. 2 illustrates the resulting fractions of both retentates and per-
meates produced during the fractionation of Nejayote (NWM, NRM, and
NPM) at each step. A visible change in color tonalities has been
observed; for example, the MF-Retentate fractions turned yellow-brown
due to the high concentration of carbohydrates; while the UF1-Permeate

80 120 160 200 240 280

expressed with the mean + SD for each
sample (n = 3). (For interpretation of the
references to color in this figure legend, the
reader is referred to the Web version of this
article.)

Time (min)

fractions were translucent, which evidenced the low concentration of
carbohydrates but high concentration in phenolic compounds, which
will be discussed in detail in further sections.

3.2. Membrane fouling and permeability

In theory, fouling is the deposition of different compounds present in
the filtrated extract into the membrane pores; membrane fouling can
occur due to cake formation, adsorption blocking, partial or complete
blocking (Diaz-Montes and Castro-Munoz, 2019). Fouling is an inevi-
table issue in membrane processes and it is dependent on the physico-
chemical composition of the feed stream (Castro-Munoz et al., 2016).
Therefore, the calculation of the FI is a common practice when charac-
terizing the filtration of any extract. Table 2 enlists the parameters
related to the water permeabilities and fouling and cleaning efficiency.
The permeability (Lpg) depends on the MWCO of the membrane (MF >
UF100> UF1), however, the fouling depends on the composition of the
feed at specific step. For example, the MF membrane presented the

. . MF- MF- UF100- UF100- UF1- UF1-
Fraction Nejayote Permeate Retentate Permeate Retentate Permeate Retentate
NWM
NRM - -
NPM

Fig. 2. Physical aspect of the fractions obtained during the fractionation of the NWM, NRM, and NPM using membranes.
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Table 2
Water permeability (Lpo: before process; Lp;: after process; Lp, after cleaning),
fouling index (FI), and cleaning efficiency (CE) of MF and UF membranes.

Determination Membrane code

MF UF100 UF1
Lpo (kg/m? h bar) 472.75 + 8.28 248.64 + 0.00 2.98 + 0.00
Lp; (kg/m? h bar) 119.74 + 1.50 125.31 + 0.99 1.99 £ 0.00
Lp, (kg/m? h bar) 412.40 £+ 4.70 243.99 + 4.48 2.59 + 0.00
FI (%) 74.61 + 0.71 49.60 + 0.40 33.33 £ 0.00
CE (%) 87.44 +£1.77 98.13 + 1.80 86.96 + 0.00

Results expressed with the mean + SD for each sample (n = 3).

highest FI value (ca. 74.6%) and the UF1 membrane the lowest FI value
(ca. 33.3%), which suggests that the composition of Nejayote was
modified thanks to the retention of macromolecules during fraction-
ation. In particular, for the UF1 membrane, some macromolecules with
variable size and different shape could be able to clog the pores of the
membranes in various ways. It is reported that calcium cations display a
bio-flocculation effect in carbohydrates, fats, and proteins (Wan et al.,
2020) and thus such agglomerated molecules may cause the obstruction
of the membrane (Alazmi et al., 2010). In this way, the carbohydrates
from Nejayote probably bio-flocculated due to the presence of calcium
hydroxide On the other hand, it has been reported that calcium ions can
create a layer of incrustations in UF membranes, causing a permeate flux
decrease depending on the ion concentration and the operating time
(Prisciandaro et al., 2019). After cleaning protocol, the permeabilities of
the membranes (Lp;) were recovered between 87 and 98% thanks to the
enzymatic agent, since its effect is directly on organic material such as
polysaccharides (Rudolph et al., 2018).

3.3. Physicochemical composition

The physicochemical composition of Nejayote was determined in
terms of pH, TS, TDS, and density (p), as shown in Table 3. For the initial
extracts, they displayed an extremely alkaline pH (between 12.6 and
13.1), which is directly related to the concentration of calcium hy-
droxide used within the nixtamalization process. It is known that some
fraction (15 and 17%) of the calcium hydroxide is absorbed in the form
of calcium by the nixtamalized grain, the remaining is still present in the
Nejayote (Ruiz-Gutiérrez et al., 2012; Trejo-Gonzalez et al., 1982).
Regarding the TS and TDS, such parameters are the result of the removal
of the maize pericarp and the total and partial hydrolysis of the com-
pounds because of the alkaline solution; similarly, such components also
influenced the p of the resulting wastewater. The physicochemical
composition of the resulting indeed depend exclusively on the maize
type (Salinas-Moreno et al., 2013).

Even though each type of Nejayote had a different physicochemical
composition, however, the variation throughout the integrated mem-
brane system of MF-UF100-UF1 followed the same trend, as detailed in
Table 3. Although the pH generated by the addition of calcium hy-
droxide during the nixtamalization process resulted in a high alkalinity
(>12), the pH values progressively decreased compared to the initial
extract. In the MF process, the pH decreased between 0.7 and 2.5%
depending on the Nejayote type, which was possibly due to the retention
of calcium ions in the colloidal mass (e.g., bio-flocculants) that formed
on the surface of the membrane (Gul et al., 2021). During the UF100 and
UF1 steps, a reduction in pH was noted between 0.8 and 4.4% and be-
tween 2.7 and 12.5%, respectively, which could be ascribed to the
selectivity of the membrane. In particular, UF membranes have smaller
pores than the MF membrane, increasing the rejection of any solute (e.
g., calcium) thanks to pore size reduction; furthermore, it was observed
that the UF1 membrane had higher rejection compared to that of UF100.
In addition to this, it has been reported that in UF membranes the solutes
(e.g., calcium chloride, calcium sulphate, tin chloride, and tin sulphate)
tend to accumulate due to the polarization effect, which represents an
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Table 3

Physicochemical composition of NWM, NRM, and NPM, and their fractions
obtained after fractionation: pH, density (p), total solids (TS), and total dissolved
solids (TDS).

Determination pH p (g/L) TS (g/L) TDS (°Bx)
Nejayote
NWM 12.63 + 893.33 + 0.38 + 1.00 +
0.01¢ 11.55" 0.01° 0.00°
NRM 12.83 + 1002.55 + 0.54 + 1.50 +
0.02° 1.522 0.00° 0.00°
NPM 13.12 & 998.38 +1.95°  0.39 + 1.50 +
0.04° 0.01° 0.00%
MF Process
NWM
MEF-Permeate 12.41 + 966.67 + 0.27 + 1.20 +
0.01¢ 11.55° 0.00° 0.00°
MF-Retentate 12.42 + 980.00 + 1.72 + 1.10 +
0.01¢ 0.00* 0.01° 0.00¢
NRM
MF-Permeate 12.74 + 995.80 +£2.77°  0.23 + 1.00 +
0.02% 0.02¢ 0.00°
MEF-Retentate 12.70 + 992.58 + 2.36 + 2.00 +
0.02° 1.90% 0.17° 0.00°
NPM
MF-Permeate 12.79 + 997.51 +1.50*°  0.25 + 0.50 + 0.00°
0.05° 0.00°
MF-Retentate 12.72 + 1000.09 + 2.54 + 2.50 +
0.05° 1.15% 0.00° 0.00°
UF100 Process
NWM
UF100- 12.08 + 946.67 + 0.38 + 0.50 +
Permeate 0.03¢ 11.55" 0.00° 0.00°
UF100- 11.83 + 953.33 + 0.79 + 1.00 +
Retentate 0.01¢ 11.55° 0.02° 0.00%®
NRM
UF100- 12.73 + 999.13+1.01*  0.39 + 1.00 +
Permeate 0.02° 0.01° 0.00%°
UF100- 12.80 + 991.66 + 0.55°  0.96 + 1.00 +
Retentate 0.01° 0.00° 0.00°
NPM
UF100- 12.63 + 995.65 + 3.36°  0.32 + 1.00 +
Permeate 0.02¢ 0.00° 0.00%°
UF100- 12.79 + 983.59 +£2.19°  0.81 + 1.50 +
Retentate 0.01° 0.09° 0.00°
UF Process
NWM
UF1-Permeate 10.80 + 993.75 £ 0.32°  0.90 + 0.00 +
0.02¢ 0.01° 0.00°
UF1-Retentate 11.14 + 987.72+0.98"  0.61 + 0.50 +
0.03° 0.01° 0.00°
NRM
UF1-Permeate 12.48 + 996.12 +2.87°  0.94 + 0.00 +
0.06® 0.04° 0.00°
UF1-Retentate 12.20 + 985.75+1.33°  0.60 + 0.50 +
0.04¢ 0.01° 0.00°
NPM
UF1-Permeate 12,52 + 993.20 +£1.41°  0.82 + 0.00 +
0.03° 0.02° 0.00°
UF1-Retentate 12.38 + 983.43£2.58"  0.48 + 0.50 +
0.02° 0.02¢ 0.00°

Results expressed with the mean =+ SD for each sample (n = 3). Different letters
in each determination and process indicate a significant difference (p < 0.05)
according to the Tukey’s test.

extra barrier for the molecules to pass through (Qadir et al., 2017).
Over the MF-UF100-UF1 process, the p had statistical variation (p <
0.05) with values in the range of 946 and 1000 g/L. Interestingly, the
decrease in TS and TDS content in each type of Nejayote was more
evident (see Table 3); for instance, the MF step retained TDS between 48
and 83%, while the UF100 step retained between 50 and 67%, and the
UF1 step retained 100% of the remaining TDS with lower molecular
weight. In the case of TS were retained between 1.72 and 2.54 g/L in the
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first step, while the second step reached to retain between 0.79 and 0.96
g/L, and finally, the third process exhibited a retention ranged from 0.48
to 0.61 g/L. In general, it was clear that the MF step was good enough to
retain the highest content of TS and TDS compared to the other two
processes (UF100 and UF1) since the carbohydrates predominate in
wastewater and they present larger molecular weight and size. TS in-
cludes all dry matter that results from moisture removal; while the TDS
include sugars (e.g., mono and disaccharides) and dissolved solids, e.g.,
flavonoids, phenolics, among others. In any event, most of the retained
TS and TDS correspond to the compounds of the maize pericarp, which
were hydrolyzed by the alkaline treatment. It is worth mentioning these
compounds, including starch, proteins (e.g., albumin, globulin, and
zein), fiber (e.g., cellulose and hemicellulose), and lipids (e.g., fatty
acids), may present macromolecular sizes (>1 pm) (Hoseney, 1994).

3.4. Recovery of carbohydrates

Carbohydrates are organic molecules composed of carbon, hydrogen,
and oxygen, which constitute around 80% of the nutritional value of
grains and cereals (e.g., maize, rice, wheat, and barley) in the form of
monosaccharides (e.g., glucose and fructose), oligosaccharides (e.g.,
sucrose and maltose) or polysaccharides (e.g., starch and glycogen)
(Hoseney, 1994). The determination of carbohydrates with sulfuric acid
method causes an exothermic hydrolysis reaction, breaking down the
oligo and polysaccharides in their monosaccharides, which remain
dehydrated and reactive with phenol. The monosaccharide-phenol
complex is a colored compound that can be quantified by spectropho-
tometry (BeMiller, 2017).

Maize is constituted in a higher proportion (~70%) by starch, this
latter molecule is formed by repeated units of glucose and less propor-
tion (~10%) by cellulose (constituted by repeated units of glucose),
hemicellulose (constituted by repeated units of glucose, xylose, arabi-
nose, and galactose), and glucose; in such a way, the percentage of TCC
rejection was evaluated by means of the relation between the initial and
final content, as shown in Fig. 3A. Initially, the TCC in the NRM (ca. 6.5
g GE/L) was higher with respect to NWM (ca. 2.5 g GE/L) and NPM (ca.
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Fig. 3. A) Rejection of total carbohydrates content (TCC) and B) total phenolic
content (TPC) during fractionation. Results expressed as the mean + SD for
each sample (n = 3).
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5.1 g GE/L), which is attributed to the chemical composition of the
maize. It has been reported that colorful maize contains a higher per-
centage of carbohydrates (up to 9%) than other varieties (Lavado Soto
et al., 2013). Surprisingly, TCC rejection did not follow a specific trend
during fractionation. For the MF process, TCC rejection was 19.4, 81.6,
and 75.6% (equivalent to 11.6, 16.1, and 19.4 g GE/L, respectively) for
NWM, NRM, and NPM, respectively. In the UF100 process, the rejections
were 19.6, 39.9 and 11.6%, respectively; while in the UF1 process, the
TCC rejection resulted in 39.8, 64.4 and 26.7%, respectively. Parameters
influencing component separation via membrane processes are usually
temperature, pressure, process time, VRF, membrane characteristics (e.
g., material and MWCO) and feed characteristics (e.g., types of solutes)
(Mkadmini Hammi et al., 2017). Apart from the evident rejection due to
their molecular size, the retention of carbohydrates could be influenced
by their nature and kind of membrane, that is, carbohydrates are hy-
drophilic molecules due to their composition in hydroxyl groups (-OH)
(Jorand et al., 1998), which can be rejected by hydrophobic membrane
materials, such as polysulfone (Castro-Munoz, 2019). For instance,
Wang and Yu (2021) explained how the membrane pressure causes an
increase in the permeate flux due to the compaction and reduction of the
membrane thickness, causing an increase in the concentration polari-
zation and eventually a membrane fouling, which could indeed
contribute to the rejection of carbohydrates (Cohen et al., 2017). In this
study, the filtration processes were carried out consecutively for each
type of Nejayote, that is, the NWM was processed through the MF, fol-
lowed by the NRM and finally the NPM; with rinsing the membrane that
entered each process. However, membrane foulants were not completely
removed after NWM, which could increase carbohydrate retention of
NRM and NPV, as seen in Fig. 3A.

Castro-Munoz and Yanez-Fernandez (2015) reported similar TCC
retention values than this study when filtrating white corn Nejayote
using MF process, however, the retention values during the UF steps
(MWCO of 100 and 1 kDa) reported by the authors were higher (~65
and ~75%, respectively) than those determined for NWM with the
UF100 and UF1 membranes. Such differences were possibly influenced
by the initial carbohydrate concentration and the type of carbohydrates
contained in Nejayote, such as simple sugars, fibers, or polysaccharides,
which may somehow contribute to membrane fouling (Galanakis,
2015).

3.5. Recovery of phenolic compounds

Phenolic acids (e.g., p-hidroxybenzoic, p-coumaric, vanillic, and
ferulic acids) have been reported in most of varieties of maize (Sali-
nas-Moreno et al., 2017). The determination of phenolic compounds is
commonly carried out through redox reactions between the
Folin-Ciocalteu reagent (mixture of phosphomolybdic and phospho-
tungstic acids) and the ~OH groups of the aromatic ring, to form a blue
complex that can be quantified by spectrophotometry as a function of
some specific phenolic compound (Blainski et al., 2013).

Fig. 3B shows the percentage of TPC rejection in each stage after the
fractionation process. Initially, the TPC in the NRM and NPM (995 and
915 mg GAE/L, respectively) was twice higher than that of the NWM
(429 mg GAE/L). In principle, all membranes cannot retain components
with molecular weight lower than their MWCO (1 pm, 100 kDa, and 1
kDa, respectively); however, as previously mentioned, fouling can cause
partial or complete pore clogging and thus contribute to the retention of
small molecules such as phenolic compounds with molecular weight of
ca. 180 g/mol (e.g. hydroxycinnamic acid) (Cassano et al., 2008; Cas-
tro-Munoz and Yanez-Fernandez, 2015). Experimentally, the UF1 step
retained approximately 27.5, 13.7 and 3.9% of the phenolic compounds
present in the NWM, NRM, and NPM, respectively, which is equivalent
to the permeation of 556.8, 691.1, and 746.1 mg GAE/L. At this point,
this could be a result of possible interaction between polyethersulfone
membrane and polyphenols, along with adsorption fouling. Apart from
such evidence, specific interactions, such as hydrophobic and
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Coulombic intermolecular, between the molecules and membrane sur- Table 4
face (e.g., polyphenols-polyphenols, polyphenols-membrane) can Mass spectral data used for identification of phenolic acids in Nejayote from
apparently contribute to the polyphenol retention (Crespo and Brazinha, white (NWM), red (NRM), and purple (NPM) maize.
2010). N° of Rt [M- MS ions Tentative identify Reference
On the other hand, there is evidence of the adsorption of phenolic signal  (min) H]”  (m/2)
compounds on the membrane surface and inside the pores. Such (m/
adsorption is ascribed to polar interactions (e.g., van der Waals) and 2
hydrogen bonds between the ~OH groups of phenolic compounds and NWM
the membrane; which leads to an increase in their retention (Cas- 1 2.4 539 133,165,  Unknown _
tro-Munoz, 2019; Mkadmini Hammi et al., 2017). Arsuaga et al. (2010) 179, 191,
explain how the interactions between solutes and the membrane can 539, 540,
change the properties of its surface, such as charge and hydrophobicity, Zg;; gg;’
which generate new interactions that impair the operation of the pro- 2 2.5 377 179,377,  Caffeic acid derivative Bystrom
cess, the performance of filtrations, and increase the probability of 378, 379, et al. (2008)
irreversible fouling (Arsuaga et al., 2011). In addition, unavoidable in- 521,719,
teractions are generated between phenolic compounds with macro- 152’1 721,
molecules such as carbohydrates, due to the formation of hydrogen 10621
bridges between the ~OH groups of phenolic compounds and the oxy- 1063
gens of carbohydrates that are located in the glycosidic bonds (Jakobek, 3 2.7 377 179,377,  Caffeic acid derivative Bystrom
2015). In such a way, the phenolic components immersed in the poly- 378, 521, et al. (2008)
meric structure and their loss occurs during the rejection of the mac- ;i 720,
romolecules (Castro-Munoz, 2019). 1061,
Despite the phenomena that occurred during the recovery of 1063
phenolic compounds, the purpose of using the three-step membrane 4 5.9 193 112,134,  Ferulic acid Diaz-Montes
process was to retain the highest carbohydrate content to obtain a igz’ i;i’ etal. (2018)
concentrated extract with phenolic acids. Thus, 14 phenolic acids were 5 6.4 163 112: 119,  p-Coumaric acid Diaz-Montes
identified in the final fraction (UF-1 permeate), of which 10 were 162, 163, et al. (2018)
identified in all types of Nejayote (m/z 377, 377, 193, 163, 237, 329, 164, 715
207, 311, 311, and 293 [M-H] "), while 3 only in NWM (m/z 539, 385, 6 6.8 385 112,193, Dehydrodiferulic acid Ralph et al.
and 385 [M-H]"), and one in NPM (m/z 939 [M-H]"), as reported in g?g 3?2’ (1994)
Table 4. The identification of the compounds has been done by 715: 716
analyzing the MS data and some literature reports, as follows: 7 7.4 385 112,193,  Dehydrodiferulic acid Ralph et al.
385, 386, (1994)
e Compound at m/z 163 [M-H] : The MS data showed a signal at m/z 713,714,
162 [M-H-(15)]" corresponding to the loss of a hydrogen (H") and s 13.9 237 ﬁz 237,  Unknown B
another signal at m/z 119 [M-H-(44)]" which indicates the carbon 238
dioxide (CO3) removal. Here, the compound was mainly credited as 9 15 329 112,293,  Dihydroxyphenyllactoyl- ~ Chen et al.
p-coumaric acid (Diaz-Montes et al., 2018). 3;? 330,  tartaric acid (2012)

o Compound at m/:Z' 193 [M-H]": The MS data showed a signal at m/z 10 16.1 207 112, 115, Caffeoyltartaric acid Chen et al.
178 [M-H-(15)]", which was due to cleavage of methyl group (CH3), 207,208,  derivate (2012)
while a signal at m/z 149 [M-H - (44)]” could correspond to the 293, 294,
removal of CO,, and the signal at m/z 134 [M-H-(44 + 15)]" indi- 311, 312,
cated the removal of CO5 and CHs. Therefore, the compound was 529,713 L

. . . . 11 16.2 311 112, 207, Caffeoyltartaric acid (Chen et al.,
assigned as ferulic acid (Diaz-Montes et al., 2018). 208,293, isomer 2012; Schiitz

e Compound at m/z 207 [M-H] : MS data showed a signal at m/z 311 311, 312 et al., 2005)
[M-H+(104)]~ which belongs to caffeoyltartaric acid. The signal at 12 16.8 293 112,293,  Caffeoyltartaric acid (Chen et al,,
m/z 293 [M-H+(86)]  corresponds to dehydrated caffeoyltartaric 329 derivate 2012; Schiitz
acid. The clomp.ound was tentatively assigned as a derivative of caf- 13 185 311 112,115  Caffeoyltartaric acid ?zlj lm ZL?O]?)
feoyltartaric acid (Chen et al., 2012). 237,311,  isomer 2012; Schiitz

e Compound at m/z 293 [M-H] . MS data showed a signal at m/z 329 312, 347, et al., 2005)
[M-H+(18 + 18)] " indicating the addition of two molecules of water - 623
(H20) and another signal at m/z 112 [M-H-(162 + 18+1)]" corre- NRM
sponding to hydrated caffeic acid. The compound was tentatively 1 25 377 179,377,  Caffeic acid derivative Bystrom
assigned as a derivative of caffeoyltartaric acid (Chen et al., 2012; 379, 521, et al. (2008)
Schiitz et al., 2005). 719, 720,

e Compound at m/z 237 [M-H] : MS data showed signals at m/z 112, 721,

237, and 238 [M-H]" . Particularly, the signal at m/z 112 [M-H- 182;’
(125)]" could correspond to the loss of CO2 and H,O molecules, 1063’
however, there is no identification of this phenolic compound so far. 2 2.8 377 179,377, Caffeic acid derivative Bystrom

e Compound at m/z 311 [M-H]™: MS data showed compounds at 378, 379, et al. (2008)
different retention time (Rt) with a signal at m/z 293 [M-H-(18)]", 387, 521,
which indicates the elimination of HyO, while the signal at m/z 208 ;;?’ 1(2)2’1
[M-H-(44 + 44+15)]" refers to the elimination of CO, and a CHs 3 5.9 103 134: 149,  Ferulic acid Diaz-Montes
groups. The compounds were tentatively assigned as isomers of 178, 193, et al. (2018)
caffeoyltartaric acid (Chen et al., 2012; Schiitz et al., 2005). 194

(continued on next page)
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Table 4 (continued)

N° of Ry [M- MS ions Tentative identify Reference
signal (min) H]™ (m/z)
(m/
z)
4 6.4 163 119, 162, p-Coumaric acid Diaz-Montes
163, 164 et al. (2018)
5 13.9 237 237, 238 Unknown -
6 15 329 293, 329, Dihydroxyphenyllactoyl- ~ Chen et al.
330, 331 tartaric acid (2012)
7 16.1 207 207, 293, Caffeoyltartaric acid Chen et al.
311, 312, derivate (2012)
329
8 16.2 311 207, 293, Caffeoyltartaric acid (Chen et al.,
311, 312 isomer 2012; Schiitz
et al., 2005)
9 16.8 293 112, 293 Caffeoyltartaric acid (Chen et al.,
derivate 2012; Schiitz
et al., 2005)
10 18.5 311 311, 312, Caffeoyltartaric acid (Chen et al.,
347, 623 isomer 2012; Schiitz
et al., 2005)
NPM
1 2.5 377 179, 341, Caffeic acid derivative Bystrom
377, 378, et al. (2008)
379, 387,
719, 721,
1061,
1063
2 2.7 377 179, 377, Caffeic acid derivative Bystrom
378, 379, et al. (2008)
387, 521,
719, 720,
721, 1061
3 5.9 193 112, 134, Ferulic acid Diaz-Montes
149, 178, et al. (2018)
193, 194
4 6.4 163 112,119, p-Coumaric acid Diaz-Montes
162, 163, et al. (2018)
164
5 8.2 939 147,713, Unknown -
939, 940,
941, 942
6 13.9 237 112, 237, Unknown -
238
7 15 329 112, 115, Dihydroxyphenyllactoyl- ~ Chen et al.
237, 293, tartaric acid (2012)
329, 330,
331
8 16.2 207 112, 207, Caffeoyltartaric acid Chen et al.
208, 293, derivate (2012)
294, 311,
312, 329
9 16.2 311 112, 207, Caffeoyltartaric acid (Chen et al.,
208, 237, isomer 2012; Schiitz
293, 310, et al., 2005)
311, 312
10 16.8 293 115, 237, Caffeoyltartaric acid (Chen et al.,
293, 311, derivate 2012; Schiitz
329, 713 et al., 2005)
11 18.5 311 112, 115, Caffeoyltartaric acid (Chen et al.,
311, 312, isomer 2012; Schiitz
313, 347, et al., 2005)
623, 713

e Compound at m/z 329 [M-H] : The MS data with signal at m/z 293
[M-H-(18 + 18)]" indicates the removal of two H>0O molecules. The
compound was tentatively assigned as dihydroxyphenyllactoyl-
tartaric acid (Chen et al., 2012).

e Compound atm/z 377 [M-H] : MS data at different Rt with a signal at
m/z 179 [M-H-(198)]" could correspond to caffeic acid. The rest of
the signals are possibly belonging to polymeric compounds of caffeic
acid. Both compounds were tentatively assigned as derivatives of
caffeic acid (Bystrom et al., 2008).
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e Compound atm/z 385 [M-H] ~. MS data at different Rt with a signal at
m/z 193 [M-H-(192)]" could correspond to ferulic acid. The rest of
the signals are possibly belonging to dimers of ferulic acid. Both
compounds were tentatively assigned as dehydrodiferulic acid
(Ralph et al., 1994).

The general properties of phenolic compounds (e.g., catechin and
caffeic acid, and vitamin C) allow their application in different areas, for
example, within the food industry, they have been used as food additives
since they delay the oxidation of foods with a high content of lipids,
protect food with high humidity and water activity against microbial
attack (e.g., bacteria and yeast), improve both antioxidant properties
and nutritional quality of products (Galanakis, 2018). In the cosmetic
industry, specific phenolic compounds (e.g., parabens and benzophenon
derivatives) are used as ingredients in sun blockers and creams, because
they counteract aging caused by free radicals and UV rays (Galanakis
et al., 2018). While, in the medical area, some phenolic compounds are
used to treat diseases caused by oxidative stress such as diabetes because
they neutralize reactive species, inhibit the enzymes that produce
reactive species, and participate in the regulation of glucose and inulin
receptors, or cancer (e.g., hydroxybenzoic and hydroxycinnamic acids),
by blocking the enzymes responsible for mutagenic activities. In general,
the current demand for phenolic compounds increases, especially for
phenolic acids (Kumar and Goel, 2019).

4. Conclusions

A three-step membrane process was good enough to fractionate the
different types of Nejayote. After the fractionation, the initial membrane
water permeabilities were recovered over 80% after treating the alkaline
wastewater. When dealing with the extraction of high-added value
compounds, the MF step essentially retained most of the carbohydrates.
The UF100 and UF1 steps allowed the partial extraction of phenolic
compounds, where the UF1 offered high retention to concentrate them.
The extracted compounds could be used as ingredients in food products;
for example, carbohydrates and simple sugars (i.e., glucose and fructose)
in bread or other baked products, and phenolic acids (i.e., ferulic and p-
coumaric acids, and their derivatives) could enrich any potential func-
tional products. Of course, their application would need additional pu-
rification technologies (e.g., nanofiltration). Considering the
identification of the main phenolic fractions contained in Nejayote.
Regardless of the composition of the Nejayote, this work evidences the
potentiality of membranes to recover low molecular weight nutraceut-
icals from the extract in a simple but effective manner.
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