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a b s t r a c t
Nejayote is a wastewater byproduct of traditional processes used to make corn tortilla flour, and 
needs to be treated to protect the environment. In this work, nejayote was treated by subjecting it 
to coagulation/flocculation and electrocoagulation processes. These two processes were evaluated 
independently and in combination. In the coagulation/flocculation process, the dose of coagulant/
flocculant and the influence of pH were determined. The electrocoagulation process was carried out 
using an Al/Fe (anode/cathode) system, and the effectiveness of the electrocoagulation as a function 
of pH and electrolysis time was studied. The control variables were the cell potential difference and 
NaCl concentration. The nejayote treatments was analyzed by measuring the resulting color, turbid-
ity, and chemical oxygen demand (COD), and carrying out a UV-Vis analysis. The results showed 
that exclusive application of the electrocoagulation process to the nejayote was the most effec-
tive, having nearly completely eliminated color (99.4%), turbidity (98.08%) and COD (84.0%) after 
150 min of electrolysis. The coagulation/flocculation process using the Sudflock P-63/Sumex Biofloc 
A-01 system was the least effective in reducing color (86.7%), turbidity (82.7%) and COD (34.2%), 
while the combined process (coagulation/flocculation–electrocoagulation), at a pH of 9.0 and 
195 min of electrolysis, managed to remove 98.5% of the color, 97.7% of the turbidity and 78.0%  
of the COD.

Keywords:  Wastewater from nixtamalization (nejayote), Chemical coagulation/flocculation, 
Electrocoagulation

1. Introduction

Nixtamalization is a traditional process in Mexico and 
Central America whereby corn is treated with calcium 
hydroxide, cooked, then dried and ground to produce the 

flour used to make tortillas; this process is known as nix-
tamalization and the residual effluent, that is, wastewater, 
from this operation is called nejayote. The fresh nejayote is 
light yellow and contains lime, husk residues, endosperm 
corn, and a large amount of organic matter; it also shows 
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an alkaline pH (10–12) and high chemical oxygen demand 
(COD > 24,000 mg/L) and biological oxygen demand (BOD 
ranging from 7,000 to 10,000 mg/L) [1,2]. Large amounts 
of nejayote are produced in Mexico as a consequence of  
the large production of corn tortilla, which is the basis 
of the population’s diet; specifically, 14.4 million m3/y of 
nejayote is produced by the corn processing industry in 
Mexico [3–5]. Nejayote is considered a pollutant because 
of its high pH and high organic matter load. It is com-
monly dumped into the sewer system, bodies of water, or 
into the soils, without performing legally required treat-
ments. Studies related to the treatment of nejayote have 
emphasized the importance of such treatment; they have 
explored the possible uses of derivatives of nejayote as 
well as the decreases in nejayote contamination afforded 
by different treatment methods, including biological, 
physical, chemical and/or physicochemical methods 
[6–11]. Treating nejayote using aerobic or anaerobic bio-
reactors is able to reduce its chemical oxygen demand 
(COD) [4,12–14]. In general, these systems remove 
between 40% and 90% of the COD of an effluent [11–13].  
A physical-mechanical method to filter nejayote and hence 
reduce its COD was reported by Valderrama-Bravo et al. 
[2–15]. The authors evaluated a constant-pressure filtration 
cell under optimal filtration conditions using different fil-
tration media. Filtration, as a physical mechanical method, 
allows for separating insoluble solids from nejayote and is 
considered to be an alternative to wastewater reuse or the 
use of value-added material. Castro-Muñoz et al. [10] used 
a coupled membrane system to analyze nejayote fraction-
ation under three separation stages, with which it was pos-
sible to reduce total soluble solids (by 100%), turbidity (by 
99.5%), total organic carbon (by 87.2%) and concentrate the 
polyphenols (by 79.94%) and keep 92.5% of the carbohy-
drates. Applying the coagulation–flocculation process to 
nejayote using chitosan as a non-hazardous substance was 
reported by Suárez et al. [16]. Their results showed that 
chitosan can be used as an adsorbent at pH 5.5 to obtain 
80% efficiency in turbidity reduction. An enzymatic oxi-
dative treatment of nejayote with laccase and in the pres-
ence of chitosan under optimal conditions (pH 6, 35°C, 
24 h, and 0.3025 nmol laccase) resulted in a 70% reduction 
of phenolics and 78% reduction of COD [17]. The authors 
suggested that the process involving a single enzymatic 
step could be adequate to decrease the effluent COD and 
to generate polymers with potential applications in the 
food and pharmaceutical industries. The electrocoagula-
tion process for removal of color in biodigester effluent 
of maize (corn) based starch industry wastewater (BDE-
MSIWW) was investigated in an electrolytic batch reactor 
using aluminum as a sacrificial electrode [18]. A signifi-
cant electrocoagulation-mediated reduction in the color 
of the effluent occurred at pH values < 7 and the extent 
of color reduction also increased with current density. A 
patent for treating nejayote by using electrocoagulation 
was presented by González Martínez et al. [19], with the 
patent claiming a 98.7% reduction in the COD resulting 
from the electrocoagulation treatment. The authors con-
sidered that electrocoagulation is an efficient process to 
treat nejayote water and avoid its direct deposition in the 
drain. In our current work, coagulation/flocculation and 

electrocoagulation treatments of nejayote were evaluated 
independently and in combination in order to test their 
abilities to reduce color, turbidity and COD of residual 
water of the nixtamalization process.

2. Experimental

2.1. Characterization of nixtamalization process 
wastewater (nejayote)

The nejayote used in the current work was collected from 
a nixtamal mill in Puebla City, Mexico. The wastewater sam-
pling protocol was followed as recommended by the Official 
Mexican Standard (NMX-AA-003–1980). The nejayote was 
characterized, before and after each treatment, for pH, tur-
bidity, color, and chemical oxygen demand (COD) as well 
as by performing UV-Vis absorption spectroscopy. The raw 
nejayote was filtered using filter paper, Brand Ahlstrom 
No. 5 and refrigerated at 4°C. All coagulation/flocculation 
and/or electrocoagulation experiments were carried out 
with filtered nejayote. To facilitate the notation referring to 
nejayote, we use the following abbreviations: raw nejayote 
(RN), filtered nejayote (FN), nejayote treated using coag-
ulation/flocculation (CFN), nejayote treated using electro-
coagulation (ECN) and nejayote treated using coagulation/
flocculation combined with electrocoagulation (CFN + ECN).

2.2. Materials and methods

2.2.1. Reagents

Sodium hydroxide and hydrochloric acid solutions 
were both prepared at 1% w/w using deionized water and, 
respectively, sodium hydroxide (Merck, AR) and concen-
trated hydrochloric acid (37% w/w, Merck, AR). These solu-
tions were used to adjust the pH of the nejayote samples. 
Sudflock P-63 (5% w/w suspension; activated alkaline alu-
minosilicate or alkaline bentonite) and Sumex Biofloc A-01 
(0.1% w/w suspension; polyacrylamide, cationic polymer) 
were used in the treatment of nejayote as coagulant and floc-
culant, respectively. These reagents were supplied by SUD 
CHEMIE DE MEXICO S.A. DE C.V. The specifications of the 
coagulant and flocculant are described in Table 1. Sodium 
chloride (J.T. Baker, AR) was used as a supporting electro-
lyte in the electrochemical cell used for electrocoagulation  
experiments.

2.2.2. Coagulation/flocculation methodology

The coagulation/flocculation experiments were con-
ducted in a jar test device with multiple agitators using 1 L of 
sample. The coagulation/flocculation process was analyzed 
based on the relation of coagulant (Sudflock P-63)/flocculant 
(Sumex Biofloc A-01) and pH of the sample. The effect of 
pH was tested on samples of nejayote with different coag-
ulant/flocculant ratios. The pH values of the nejayote sam-
ples were adjusted by adding hydrochloric acid or sodium 
hydroxide solution. The nejayote samples were stirred at 
120 rpm for 60 s in order to homogenize the medium and 
then at 40 rpm for 20 min to enhance the formation of flocs. 
The experiments were performed in triplicate to assess the 
reproducibility of the experimental results.
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2.2.3. Electrocoagulation methodology

All of the experiments were carried out in an electrolytic 
cell with a capacity of 150 mL. The volume of each nejayote 
sample in the cell was 100 mL. NaCl (5.0 g/L nejayote) was 
used as supporting electrolyte with constant agitation.  
The electrocoagulation process was performed using an Al/
Fe anode/cathode system. The dimensions of each electrode 
were 3 cm × 15 cm with a contact area of 10.5 cm2. The two 
electrodes were placed vertically and 2.0 cm apart in the elec-
trochemical cell. Both electrodes were connected to an exter-
nal dc power supply. Electrocoagulation effectiveness was 
studied as a function of pH (3–9) with a controlled cell poten-
tial difference (9 V) and constant electrolysis time. Current 
and voltage were measured using a conventional multime-
ter. This methodology was applied to the CFN and FN sam-
ples, with electrolysis times of 195 and 150 min, respectively. 
The cell potential of 9 V and electrolysis times were selected 
based on experiments using the same electrochemical sys-
tem with an applied potential of 6, 9 or 12 V; specifically, 
the combination of cell potential and electrolysis time that 
gave the maximum percentage reductions of color, turbidity 
and COD was selected for each nejayote sample (CFN or FN).

2.2.4. Coupled treatment: coagulation/flocculation + electro-
coagulation

The combined treatment involved first carrying out the 
coagulation/flocculation process and then the electrocoagu-
lation process. The nejayote obtained from the coagulation/ 
flocculation process under the most favorable experi-
mental conditions to reduce color, turbidity and COD, 
was subjected to the electrocoagulation process following 
the methodology indicated in section 2.2.3.

2.2.5. Analytical measurements

COD, color and turbidity data were obtained using a 
spectrophotometer (SQ118, Merck). COD was evaluated 
using COD vials (Merck, Germany) with different sensitiv-
ity ranges. The procedure corresponds to DIN ISO 15705 
and is analogous to EPA 410.4, APHA 5220 D and ASTM 
D1252-06 B. The evaluation of COD assumes that chloride is 
the dominant source of inorganic interference and is masked 
by mercuric sulfate. Nejayote samples were subjected to a 
digestion process in a Thermoreactor Merck model TR 300 
for 2 h at 148°C. pH was determined using a Conductronic 
PC 45 instrument. UV-Vis absorption spectra of treated and 

untreated nejayote samples were obtained using a Perkin 
Elmer Lambda 20 spectrometer.

3. Results and discussion

3.1. Characteristic parameters of nejayote

The physicochemical parameters of raw nejayote 
(RN) and filtered nejayote (FN) are shown in Table 2. The 
raw nejayote effluent showed a highly alkaline charac-
ter (pH 12.4) and high organic load (COD 24,580 mg/L). 
Application of the filtration process to raw nejayote (to 
produce filtered nejayote: FN) reduced the magnitude of 
some physicochemical parameters: COD was reduced by 
8%, and turbidity by 55%. However the color and pH did 
not change substantially as a result of the filtration process.

3.2. Coagulation/flocculation of nejayote

The coagulation/flocculation process applied to the 
filtered nejayote (FN) was carried out with the Sudflock 
P-63 coagulant (activated alkaline aluminosilicate or alka-
line bentonite) and the Sumex Biofloc A-01 flocculant 
(polyacrylamide: cationic polymer) described above. The 
coagulation/flocculation process has been shown to be 
influenced by the pH of the solution, coagulant/floccu-
lant ratio, order of the addition of coagulant and floccu-
lant, and stirring conditions [20]. Preliminary tests of the 
application of coagulation/flocculation to filtered nejayote 
(FN) allowed for a determination of the appropriate coag-
ulant/flocculant combination (Sudflock P-63/Sumex Biofloc 
A-01) and the pH conditions to best reduce COD, color 
and turbidity. In a first set of tests, it was found that treat-
ment of nejayote at pH 5 with a combination of Sudflock 
P-63 coagulant at 0.05 mL/L sample and flocculant Sumex 
Biofloc A-01 at 0.02 mL/L sample led to a 78.5% reduction 
in color, 71.2% reduction in turbidity and 29.9% reduction 
in COD, as shown Fig. 1.

The variation of the percent reductions of color, tur-
bidity and COD in nejayote FN samples as a function of 
pH under a constant coagulant/flocculant ratio (Fig. 1) 
suggests that varying the pH induces a reconfiguration of 
surface charges of the coagulant–flocculant system, with 
pH 5 giving the maximum percent reductions.

Based on this result, the coagulant/flocculant ratio 
was analyzed at pH 5; in these experiments the flocculant 
concentration (Sumex Biofloc A-01) was kept constant 
(0.02 mL/L sample) while various coagulant (Sudflock P-63) 

Table 1
Specifications of the coagulant and flocculant used to treat nejayote

Coagulant Flocculant

Tradename Sudflock® P-63* Sumex Biofloc® A-01*
Chemical name Activated alkali aluminosilicate (alkaline bentonite) Polyacrylamide (cationic polymer)
Composition Bentonite (95%) crystalline silica (<5%) Polyelectrolyte (100%)
Density 2.2 g/cm3 0.82–0.84 g/cm3

pH 7–10 7–10
*Supplier: SUD CHEMIE DE MEXICO S.A. DE C.V.
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concentrations in the range of 0.05 to 0.27 mL/L sample were 
tested. The color, turbidity and COD were observed to be 
reduced to greater extents when the coagulant concentra-
tion (Sudflock P-63) in the nejayote sample was increased, 
as shown in Fig. 2.

That is, when the concentration of Sudflock P-63 was 
0.21 mL/L, the coagulation/flocculation process was most 
effective, yielding the greatest percent reductions in color, 
turbidity and COD, namely 86.7%, 82.7% and 34.2%, respec-
tively, in relation to FN. For concentrations greater than 
0.21 mL/L of coagulant (Sudflock P-63), slight decreases in 
the percent reductions of color, turbidity and COD were 
observed. Therefore, at pH 5, 0.02:0.21 mL/L was determined 
to be the ratio of coagulant (Sudflock P-63) to flocculant 
(Sumex Biofloc A-01) that yielded the greatest reduction of 
color, turbidity and COD from nejayote. The Sudflock P-63/
Sumex Biofloc A-01 system applied to nejayote as a coagu-
lant/flocculant at pH 5 was shown according to the obtained 
results to have favorable properties for the removal of organic 
matter, color and turbidity, as can be seen in Table 2 when 
comparing the values of FN and CFN.

The coagulant used in our experiments, Sudflock P-63 
(commonly known as bentonite), with the general formula 
Al4Si8O20(OH)4·nH2O, also known as hydrated aluminum 
silicates, mainly made up of montmorillonite that has a 
high affinity for organic species, particularly oils, fats, and 
natural dyes or pigments in certain chemical reactions pro-
moted by its excessive charge [21]. Consequently, Sudflock 
P-63 (bentonite) has the ability to destabilize the charges of 
contaminating particles during the chemical coagulation pro-
cess. The Sumex Biofloc A-01 flocculant consists of cationic 
polymers and has been used to help promote coagulation for 
inducing flocculation and sedimentation—with this func-
tion due to the action of several functional groups (generally, 
 –NH3

+, =NH2
+, ≡N+) that can adsorb pollutant or colloidal parti-

cles, specifically with one end of the polymer able to adsorb a 
colloidal particle and the other end able to adsorb other parti-
cles, hence forming large agglomerates [22]. Therefore, com-
bining the coagulant (Sudflock P-63) with the Sumex Biofloc 
A-01 flocculant (cationic polyacrylamide) has been found to 
cause the formation of large aggregates with a spongy and 

compact structure held together by van der Waals interac-
tions and electrostatic forces [21]. The pH of the medium has 
a significant effect on this process: Bouras et al. [23] reported 
that, at low pH values, the surface of colloidal bentonite 
particles becomes positively charged as a result of the pro-
tonation of hydroxyl groups (Al–OH, Si–OH) and interacts 
with any permanent negative charge to form a bridge and 
promote the coagulation process; as the pH is increased,  
the hydroxyl groups on the surface of the colloidal bentonite 
particles undergo successive deprotonation and the positive 
charges on the surface revert to being negative charges—and 
this new charge configuration of the bentonite particles may 
also promote the coagulation process depending on the dom-
inant charge in the contaminants. In our experiments, a pH 
of 5 was the most favorable pH in the coagulation/floccula-
tion process applied to nejayote wastewater. Thus, use of the 
coagulant/flocculant system (Sudflock P-63/Sumex Biofloc 
A-01) at a pH of 5 and with a 0.02:0.21 mL/L ratio of coag-
ulant to flocculant was found to promote the purification of 
nixtamalization-derived residual water (nejayote) as can be 
seen in Table 2 for CFN.

3.3. Nejayote subjected to electrocoagulation after being 
subjected to chemical coagulation

Some of the nejayote samples subjected to the coagula-
tion/flocculation process (CFN) were then subjected to an 
electrocoagulation treatment in order to further reduce its 
color, turbidity and COD.

The electrocoagulation process applied to CFN was per-
formed at various pH conditions in an electrolytic cell with 
an Al/Fe electrodes array (anode/cathode). The sample had 
a volume of 100 mL and included NaCl (5.0 g/L) as a sup-
port electrolyte. CFN nejayote samples in the cell were stirred 
continuously during the electrolysis. The cell potential dif-
ference was set to 9 V and the electrolysis time to 195 min. 
Fig. 3 shows the percent reductions in the color, turbidity 
and COD of the CFN nejayote then subjected to electro-
coagulation under the different pH conditions.

Fig. 2. Percent reductions of color, turbidity and COD in FN 
nejayote samples. The dose of the coagulant (Sudflock P-63) 
was varied while the concentration of flocculant (Sumex Biofloc 
A-01) was maintained at 0.02 mL/L; pH 5.

Fig. 1. Percent reductions of color, turbidity and COD in FN 
nejayote samples as a function of pH with a constant coagulant/
flocculant ratio of 2.5.



T. Zayas et al. / Desalination and Water Treatment 280 (2022) 44–5148

For all pH values, the CFN nejayote samples then sub-
jected to electrocoagulation became nearly completely  
colorless and non-turbid, indicating a decrease in the con-
centration of the species responsible for the color. The COD 
was also reduced considerably—by 65% in the pH range 
of 3–7, and by 78% at pH 9.0.

The fundamental reactions in the electrocoagulation 
process using the Al/Fe anode/cathode system have been 
shown to include in situ generation of Al3+ ions at the anode 
[Eq. (1)] and the oxygen evolution reaction [Eq. (2)] when 
the anode potential is high enough, and the water reduction 
reaction at the cathode [Eq. (3)] [24–26].

Anode:

Al Al� �� �3 3e  (1)

2 4 42 2H O O H� � �� �e  (2)

Cathode:

2 2 22 2H O H OH� � �� �e  (3)

Gao et al. [26] considered that the electrochemical 
reduction of O2 could also take place at the cathode [Eq. (4)].

O H O OH2 � � �� �
2 4 4e  (4)

The Al3+ ions generated as a result of electrolytic dis-
solution of the anode [Eq. (1)] have been indicated to 
immediately undergo spontaneous hydrolysis reactions 
to produce monomeric and polymeric Al species such 
as Al(OH)2+, Al(OH)2

+, Al2(OH)2
4+, Al(OH)4

−, Al6(OH)15
3+, 

Al7(OH)17
4+, Al8(OH)20

4+, Al13O4(OH)24
7+, Al13(OH)34

5+, Al(OH)3, 
[27]. The mode of action of the Al species generated in the 
electrocoagulation process is generally explained in terms 
of two mechanisms: charge neutralization of negatively 
charged colloids by hydrolyzed cationic products and 
incorporation of impurities into the amorphous hydroxide 
precipitate (sweep flocculation) [24]. These processes were 
apparently mainly responsible for the reduction of color, 
turbidity and COD in the pH range of 3–7, as shown in Fig. 3.

On the other hand, the presence of NaCl used as a sup-
port electrolyte in aqueous medium also promotes other 
types of competitive reactions that occur in the electrode 
and that depend on electrolysis conditions such as electrode 
potential, electrolyte concentration and pH. The beneficial 
effect of chloride ions on the performance of the electroco-
agulation process has been reported by several investiga-
tors [24–26,28]. This beneficial effect of chloride ions has 
been attributed to three modes of action of these ions: (a) 
their ability to increase the electrical conductivity of the 
treated water; (b) their ability to promote the breakdown 
of the insulating oxide film (Al2O3) through pitting cor-
rosion [24] and (c) the oxidation of chloride ions that can 
lead to the formation of active chlorine species according 
to Eqs. (5)–(7), as occurs in the case of dimensionally stable 
anodes (DSAs) [29–31].

2 22Cl Cl� �� � e  (5)

Cl H O HClO HCl2 2� � �  (6)

HClO H ClO� �� �  (7)

Molecular chlorine (Cl2), hypochlorous acid (HClO), 
and hypochlorite ions (ClO–) are all strongly oxidizing 
chlorine species and are collectively referred to as active 
chlorine [29–31]. The active chlorine species in a solution 
depend fundamentally on the pH [32]. At pH < 7, HClO 
predominates, whereas hypochlorite ions predominate 
at pH > 7. These species are responsible for the mecha-
nism of indirect oxidation of organic matter that occurs 
in the bulk solution [31–33]. Consequently, the pollutants 
are destroyed in the bulk solution by the oxidation reac-
tion with the generated oxidant (active chlorine species). 
The active chlorine might, by oxidizing the pollutants, 
improve the efficiency of their removal, thus enhancing 
the performance of electrocoagulation [26].

Therefore, the electrocoagulation process may be 
accompanied by possible side reactions such as the for-
mation of chlorine, formation of hypochlorous acid/ 
hypochlorite ions, oxygen formation and precipitation 
reactions [34,35]. Based on these considerations, the 
greater percent reduction of COD observed at pH 9 com-
pared to other pH levels (Fig. 3) could be concluded to 
be due to the presence of chloride ions having promoted 
the formation of the hypochlorite ions under such a basic 
condition, with the hypochlorite ions then oxidizing the 
organic matter in the solution and hence accelerating 
the reduction of COD. The mechanism of oxidation of 
organic matter induced by the hypochlorite intermediate 
has been extensively studied and is recognized to be an 
indirect electrooxidation [29,31]. Additionally, the elec-
trocoagulation process was shown in the current work to 
have the capacity to increase the extent of the reduction 
of color, turbidity and COD in nejayote (CFN), implying 

Fig. 3. Percent reductions of color, turbidity and COD in CFN 
nejayote samples then subjected to electrocoagulation, as a 
function of pH. Electrolysis conditions: CFN as the nejayote 
sample, NaCl (5.0 g/L) as the electrolyte, system of Al/Fe 
electrodes (anode/cathode), potential difference of 9 V, and 
electrolysis time of 195 min.
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that the electrocoagulation process is capable of eliminat-
ing or transforming the species responsible for color and 
turbidity, as well as further reducing its COD.

3.4. Nejayote treated exclusively by electrocoagulation

The electrocoagulation treatment applied to filtered 
nejayote (FN) was analyzed as a function of pH in the pres-
ence of NaCl (5.0 g/L), under a potential difference of 9 V 
and electrolysis time of 150 min. Specifically, as shown in 
Fig. 4, the percent reductions in the color, turbidity and 
COD were determined at various pH conditions for FN 
samples subjected to the electrocoagulation treatment. Here, 
the measurement of color and turbidity showed the same 
behavior, namely an approximately 95% reduction in each 
of these parameters throughout the pH range 3–9. On the 
other hand, the percent reduction of COD depended on pH, 
with the lowest percent reduction (67%) observed at pH 
3, highest value (84.5%) at pH 5, and intermediate values 
(approximately 70%) at pH ≥ 7.

A comparison of the graphs of the results of the elec-
trocoagulation processes applied to the CFN (Fig. 3) and 
FN (Fig. 4) effluents showed similar behaviors of color and 
turbidity reductions in both cases, with percent reductions 
on the order of 95%. This set of results indicated that the 
electrocoagulation process is capable of removing color and 
turbidity either from the nejayote effluent previously sub-
jected to chemical coagulation treatment (CFN) or from fil-
tered nejayote (FN). In contrast, the effect of pH on the COD 
reduction percentage differed for the effluents (Figs. 3 and 
4), suggesting that the properties of the CFN effluent could 
be different from those of the FN effluent, with these differ-
ences manifested in the electrocoagulation process. And the 
electrocoagulation process applied directly to the FN yielded 
the greatest reduction in COD (84.5%) at pH 5. Under these 
operating conditions (pH 5; NaCl 5.0 g/L; electrolysis with 
a potential difference of 9.0 V for 150 min), the removal of 
organic matter could be favored with the contribution of the 
HClO that in general predominates in slightly acid condi-
tions and promotes the oxidation of organic matter; there-
fore, it significantly decreased the reduction in COD from 
filtered nejayote (FN) in relation to nejayote previously sub-
jected to the coagulation/flocculation process (CFN). The 
presence of NaCl may have affected chlorine formation, 
which in turn has been shown to contribute to the removal 
of organic load from solutions by participating in oxidation  
reactions [36].

The results obtained suggested that removal of pollut-
ants carried out using electrocoagulation could be accom-
panied by an indirect electrooxidation process mediated 
by the presence of chloride ions [36]. Taking into account 
the above, we can assume that the reductions of COD 
resulting from the electrocoagulation process applied to 
CFN and FN proceeded with different mechanisms. For 
CFN, the better reduction of COD in alkaline conditions 
apparently proceeded through an indirect electrooxi-
dation mechanism with the participation of hypochlo-
rite ions; in contrast, for FN, the better reduction of COD 
in acidic conditions apparently proceeded through an 
electrocoagulation mechanism with the participation  
of HClO.

Fig. 5 shows the UV-Vis spectra obtained of the FN, 
CFN, CFN + ECN, and ECN nejayote samples. The UV-Vis 
spectrum of the filtered nejayote showed two contributions 
to the absorption energy, one between 400 and 500 nm 
(visible region) and other between 200 and 400 nm (UV 
region)—with the UV absorption peaks in the spectrum 
so broad that it was difficult to identify the chromophore 
groups. Similar characteristics in UV-Vis spectra were 
reported by Wang et al. [37] in a study of organic pollut-
ant characteristics of Lurgi coal gasification wastewater. 
The UV-Vis spectra of the nejayote samples subjected to 
the different applied treatments (FN, CFN, CFN + ECN, 
ECN) each showed three absorption bands: one between 
200 and 250 nm and two between 250 and 350 nm, with 
all three bands associated with π–π electronic transi-
tions of the aromatic organic compounds. The intensities 
of the absorption bands were observed to be dependent 
on the type of treatment applied—with the most intense 

Fig. 5. UV-Vis spectra of nejayote samples subjected to different 
treatments: (a) FN, (b) CFN, (c) CFN + ECN, and (d) ECN.

Fig. 4. Percent reductions of color, turbidity and COD as a 
function of electrolysis time. Electrolysis conditions: filtered 
nejayote as the sample (FN), NaCl (5 g/L) as the electrolyte, sys-
tem of Al/Fe electrodes (anode/cathode), potential difference 
of 9 V, electrolysis time of 150 min.
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bands observed for FN, followed by progressively weaker 
bands for CFN and then CFN + ECN, and the weakest 
bands for ECN. This set of results indicated that the elec-
trocoagulation treatment applied exclusively to filtered 
nejayote at pH 5 was more effective than was the chemi-
cal coagulation treatment followed by electrocoagulation  
at pH 9.

Table 2 summarizes the effects of the different treat-
ments applied to the residual water from the nixtamaliza-
tion process (nejayote) on the reduction of color, turbidity 
and COD.

4. Conclusions

The electrocoagulation process applied with a con-
stant difference potential of 9 V and electrolysis time of 
150 min directly to nejayote samples (NF) at a pH of 5 and 
including NaCl (5.0 g/L) showed better results than did the 
coagulation/flocculation (CFN) treatments or the combina-
tion of coagulation/flocculation treatment plus electroco-
agulation (CFN + ECN); specifically, it reduced the color 
by 99.4%, turbidity by 98.8% and COD by 84.5%. That is, 
the effectiveness of the Sudflock P-63/Sumex Biofloc A-01 
coagulant/flocculant system was lower than that of the 
electrocoagulation process, and the electrocoagulation 
applied directly to nejayote was more effective than was 
the electrocoagulation applied after the coagulation/floc-
culation process. This set of results suggested different 
electrocoagulation mechanisms for the two conditions and 
greater effectiveness of electrocoagulation when applied 
directly to nejayote. The presence of NaCl as an electrolyte 
support apparently promoted the indirect electrooxidation 
of organic matter through active chlorine species, thus 
favoring the synergy of the electrocoagulation process 
with the action of active chlorine species. This phenom-
enon occurred more effectively in the nejayote electroco-
agulation process than in the electrocoagulation applied 
to nejayote previously subjected to Sudflock P-63/Sumex 
Biofloc A-01 coagulation/flocculation treatment, which 
apparently modified the composition of the medium 
and made the promotion of oxidation of organic matter 
with active chlorine species more difficult.
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