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Abstract — Wastewater from the nixtamalization process re-
presents a challenge due to its complex and highly alkaline compo-
sition. The present work aims to enhance methane production by 
anaerobic digestion of nejayote with conductive materials based 
on carbon modified with iron. Through two experimental phases, 
the most significant results show that the metal load in granular 
activated carbon (GAC) does not stimulate electron transfer in a 
medium such as nejayote. On the other hand, when the pH is kept 
at neutral values, an 88 % reduction in COD and high values of 
accumulated methane are obtained. The study describes the rela-
tionship between using GAC and nejayote as a methane promoter 
in anaerobic digestion, which can be a sustainable alternative.1

Keywords: Anaerobic digestion, wastewater, nejayote, metha-
ne production, conductive materials, direct interspecies electron 
transfer (DIET). pp. 37-43

Resumen — Las aguas residuales provenientes del proceso de 
nixtamalización representan un reto por su composición compleja 
y altamente alcalina. El presente trabajo tiene como objetivo poten-
ciar la producción de metano mediante la digestión anaeróbica de 
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nejayote con materiales conductores a base de carbón modificado 
con hierro. A través de dos fases experimentales, los resultados más 
significativos muestran que la carga metálica en el carbón activa-
do granular (CAG) no estimula la transferencia de electrones en un 
medio como el nejayote. Por otro lado, cuando el pH se mantiene 
en valores neutros, se obtiene una reducción del 88 % en la DQO y 
altos valores de metano acumulado. El estudio describe la relación 
entre el uso del CAG y el nejayote como promotor de metano en la 
digestión anaeróbica, lo que puede ser una alternativa sustentable.

Palabras Clave: Digestión anaerobia, agua residual, nejayote, 
producción de metano, materiales conductores, transferencia di-
recta de electrones entre especies (DIET).

I. INTRODUCTION

CORN is the crop that generates the most significant eco-
nomic value in Mexico (seven largest producer world-

wide) [1]. The tortilla is the main way of consuming corn in 
Mexico and is a fundamental part of its diet [2], the annual per 
capita tortilla consumption in urban areas is 56.7 kg, and in ru-
ral areas is 79.5 kg [3]. Most corn-based products are subjected 
to an alkaline treatment called nixtamalization, which allows 
them to increase their nutritional value [4]. Nixtamalization is 
a thermo-alkaline treatment that consists of cooking corn by 
adding calcium hydroxide, this preparation is cooked for 50 
to 90 minutes and left to soak in the cooking water for 14 to 
18 hours [5], [6]. This treatment helps to remove the pericarp 
from the grain, making amino acids (niacin and tryptophan) 
and minerals such as calcium more available; it also facilita-
tes milling and improves the adhesiveness and extensibility 
of the dough produced [7]. After soaking, the cooking water 
known as “nejayote” is removed. Nejayote has an approximate 
composition of 92 - 94% water with a large amount of organic 
matter, and 6-8% solid corn residues, which include the peri-
carp, endosperm, germ, calcium and carotenoids, which give 
it its characteristic yellow pigmentation [6], [8]. It is estimated 
that a tortilla factory with a capacity of 600 tons of corn/day 
generates between 1500 and 2000 m3 of nejayote [9]. Nejayote 
is one of the most challenging effluents to treat because it is 
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highly alkaline (pH>10) and has high concentrations of dis-
solved and suspended organic matter, with values of biologi-
cal oxygen demand (BOD) between 7000 to 14 000 mg/L and 
Chemical oxygen demand (COD) in a range from 10 000 to  
20 000 mg/L [10], [11]. Nejayote is rarely treated and is dis-
charged directly into surface waters or public sewers [12]. This 
effluent generates turbidity and causes a reduction in dissol-
ved oxygen, compromising the survival of various aquatic or-
ganisms. It also increases the content of nutrients (N and P), 
which contribute to the eutrophication process, leading to a 
significant environmental impact [11], [13].

Aerobic water treatment systems are not considered an 
option due to the characteristics of nejayote; however, anae-
robic digestion (AD) is a viable option for eliminating the 
organic load and producing biogas. AD is a four-stage bio-
logical process (hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis); in the absence of oxygen, a mixed consor-
tium of microorganisms transforms complex organic matter 
into its most oxidized (CO2) and most reduced (CH4) states 
[14]. The strategy through AD of generating clean energy 
from methane and biohydrogen has been explored [12], [15]. 
Currently, strategies have been established to improve the 
stages of AD, especially for complex compounds, and ade-
quate electron transfer is required to increase the methane 
content in biogas. Direct electron transfer between species 
(DIET) is a syntrophic process that effectively promotes elec-
tron transfer in the anaerobic microbial consortium, being 
able to give up and accept electrons directly between species, 
promoting methane production during anaerobic digestion, 
in which they can involve electroactive bacteria, methano-
gens, anaerobic methane-oxidizing consortia, Geobacter 
species and co-cultures [10], [17]. Several studies have re-
ported using electron-conducting materials, which improve 
the syntrophic relationships between fermentative bacte-
ria and methanogenic archaea during methane production. 
Some processes in which conductive materials participate 
and promote during anaerobic digestion are shown in Fig. 1.  
In the last decade, carbon-based materials have been widely 
studied; in 2012, the use of iron oxide minerals was repor-
ted, obtaining favorable results, such as an increase in the 
maximum methane production rate and a significant reduc-
tion in the lag phase [18]. Adding carbon-based materials 
and metals is an option to improve methanogenesis during 
AD processes.

The main objective of this work is to treat wastewater from 
the nixtamalization process (nejayote) using carbon-based con-
ductive materials, with and without iron, to enhance methane 
production. The objective was achieved through two experi-
mental phases: 1) To evaluate the impact of different percen-
tages of Fe in activated carbon to increase methane production 
during anaerobic digestion of nejayote; 2) To evaluate the pro-
duction and composition of biogas by anaerobic digestion of 
nejayote, in a reactor with continuous stirring (CSTR) added 
with conductive material.

Fig. 1. Processes in which conductive materials participate and promote during 
anaerobic digestion and their impact on the productivity of methane and other 
products. Adapted from [19].

II. MATERIALS AND METHODS

A. Wastewater and inoculum
The nejayote wastewater was collected from a small corn 

tortilla factory that uses the nixtamalization process, located in 
Cd. Obregon, Mexico. The wastewater was sedimented for 24 
hours, and pH and soluble chemical oxygen demand (CODs) 
were subsequently determined. The anaerobic granular slud-
ge used for both experimental phases contained 16 % volatile 
suspended solids (VSS) in wet weight, collected from a large-
scale UASB reactor of a local brewery, and dispersed to obtain 
a particle size of 425 µm. It was used as inoculum without prior 
acclimation to nejayote.

B. Conductive materials
Granular activated carbon (GAC) was used during the AD 

kinetics for methane production, which was produced from bi-
tuminous coal (Carbotecnia), was crushed and sieved to obtain 
particles between 150 and 250 μm; it was subsequently washed 
with distilled water to remove fine particles and dried at 55 ºC 
for 24 h. The modification of the GAC was carried out by an 
impregnation method [20], with Fe doses of 0.25, 0.5, and 1 %, 
in a solution of iron nitrate (Fe (NO3)3 9H2O) (Sigma-Aldrich) 
by weight according to Equation 1:

	 (1)

A is the metal used, MWA is the molecular weight of the me-
tal, MWB is the molecular weight of the precursor metal, and C 
is the mass of the supporting material. The impregnation was 
carried out with 10 g of GAC with the iron nitrate solutions at 
80 °C for 8 h at neutral pH, then the water present in each solu-
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tion was evaporated at 110 °C for 12 h and finally thermally ac-
tivated at 350 °C for 4 h with a temperature ramp of 10 °C/min.

C. Methane production kinetics with nejayote
The first experimental phase was carried out in 120 mL sero-

logical bottles, with 60 mL of nejayote operating volume. The 
initial CODs concentration was 15,688± 90 mg/L, inoculated 
with 1 g of SSV/L of anaerobic sludge. The bottles were sea-
led with rubber stoppers and aluminum caps, and then N2 was 
bubbled into the liquid to establish an anaerobic atmosphere. 
The incubations in triplicate were placed in an orbital shaker 
at 37 ºC and 130 rpm for 15 days. The liquid displacement 
method used a 2 % NaOH solution to determine the volume 
of methane produced. At the end of the kinetics, pH, and COD 
were determined; likewise, the results of methane production 
were analyzed to determine the kinetic parameters using the 
modified Gompertz model (Eq. 2) [21].

	 (2)

Where P is the cumulative methane production (mL), Pmax 
is the maximum methane production (mL), Rmax is the maxi-
mum methane production rate (mL/day), t is the time (days), 
and λ is the lag phase (days). Parameters were estimated using 
Statistic Six Sigma 13 with minimal sum-of-squares residual 
errors between the experimental data and the model curves. 
Additionally, analysis of variance and Tukey test were perfor-
med with statistical software (InfoStat) to determine differen-
ces between means (p < 0.05).

To carry out the second phase, based on the results obtai-
ned in the first experimental phase, the iron-free GAC was se-
lected to be added into a tank reactor with continuous stirring 
(150 rpm) at 37 ºC for 20 days, with an operating volume of 
2 L, initial pH of 12.54 that was adjusted to 7.05, during the 
operation it was regulated to pH 7.1, using a NaOH solution 
(5M), this pH was selected because it favors the metabolism 
of methanogenic bacteria, the reactor was inoculated with 1 g 
SSV/L of granular anaerobic sludge and 10 g/L of the selected 
conductive material was added. The initial CODs was 12392 ± 
153 mg/L. 2 mL were taken each day to evaluate CODs, which 
was previously centrifuged at 5000 rpm for 5 minutes. The 
methane produced was quantified by an automatic methane 
meter (AMPTS II equipment from BPC Instruments, Sweden); 
the composition of the gas produced was a gas chromatograph 
(Shimadzu Nexis GC-2030), equipped with a polar capillary 
column (ZB-624PLUS, 30 m length, 0.32 mm diameter, 1.0 μm  
film thickness), in the same equipment ethanol, acetic, pro-
pionic and butyric acids were determined from liquid samples 
taken periodically, previously centrifuged at 5000 rpm for 5 
minutes and filtered through a 0.22 μm membrane.

III. RESULTS AND DISCUSSION

Nejayote wastewater is a complex effluent with a high varia-
tion in COD; this may be due to the tortilla production method, 
type of corn, quality of water used, amount of lime, and coo-
king time [22]. Nejayote water cannot be treated by a biological 

system without prior conditioning, specifically pH adjustment, 
due to its high alkalinity, inhibiting microorganism’s metabo-
lism. To achieve DA, it is necessary to consider that if the ob-
jective is to produce methane, the pH must range between 6.8 
and 7.2 [23].

A. First experimental phase: impact of different percentages 
of Fe in activated carbon to increase methane production dur-
ing anaerobic digestion of nejayote

The results of accumulated methane volume are shown in 
Fig. 2, in order from highest to lowest production for each con-
dition evaluated: Control>GAC>GAC + Fe 0.25 % > GAC + 
Fe 0.5 % > GAC + Fe 1 %. The accumulated volume does 
not show a significant difference between the control and GAG 
with the lowest Fe loads (0.25 and 0.5 %). On the other hand, 
the CAG with the highest load obtained the lowest methane 
production (56.5 mL), being 14 % lower than the control. Use 
trace metals like Fe, Co and Ni has been proved to stimulate 
the growth of anerobic microorganisms and improve bacteria 
activity and increase the yield of gas [24], [25]. Nonetheless, 
research reported in 2024, where they evaluated GAC impreg-
nated with 1.5 and 3 % of Fe, values higher than those ca-
rried out in this work, suggests that the increase in the metal 
load blocks the pores of the GAC, which limits the interaction 
between the effluent and the microbial consortium [26]. The 
increase in the metal load in the GAG does not favor methane 
production with treat nejayote.

The final COD are shown in Table 1, the highest GAC + Fe 
0.5 % had the highest COD consumption, followed by GAC 
+ Fe 0.25 %. GAC reduced COD by 23 % more compared to 
the control. GAC + Fe 1% only reduced COD by 7.3 % less 
than the final control value. The results with a lower metal load 
(Fe 0.25 %) favor a reduction in organic load, however, the 
DIET mechanism is not promoted because it does not increase 
methane production.
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Fig. 2. Production of accumulated methane from nejayote DA with Fe-impreg-
nated conductive materials.

Carbon-based conductive materials have been widely used 
to stimulate the DIET by enhancing electron transfer for metha-
ne production [27], especially the use of GAC, due to their 
electrical conductivity, surface area, biofilm formation capaci-
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ty, corrosion resistance, and potentially toxic substance adsorp-
tion capacity [28], [29]. Depending on the type of GAC, the 
adsorption mechanism can occur through physical interactions 
(microporosity and particle size) and chemical interactions 
(elemental composition, functional groups, and point of zero 
charge) [30]. In order to select the material that can achieve 
the best performance for producing methane, not only its pro-
perties and characteristics must be considered, but it will also 
depend on the interaction between the microbial consortium 
and the working medium, which is the case in nejayote. Accor-
ding to the results, the CAG does manage to reduce the organic 
load present in the nejayote, compared to the GAC impregnated 
with Fe and the control. For this reason, the Gompertz kine-
tic parameters will be crucial to determine the selection of the 
conductive material.

TABLE I 
FINAL PH, REMOVAL COD AND ACCUMULATED METHANE  

OF ANAEROBIC DIGESTION OF NEJAYOTE WITH GAC  
AND GAC WITH DIFFERENT PERCENTAGES OF FE

Condition Final COD
(mg/L)

Removal 
COD (%)

Accumulated 
methane (mL)

Final
pH

Control 8,596.6 45.2 64.4 4.78

GAC 6602.5 57.9 63.3 4.72

GAC + Fe 
0.25% 5875.0 62.5 61.8 4.76

GAC + Fe 
0.5% 5300.8 66.2 60.5 4.72

GAC + Fe 1% 7965.0 49.2 56.5 4.71

The kinetic parameters obtained from the accumulated 
methane production, according to the maximum methane pro-
duction, GAG obtained the highest value (66.11 mL), followed 
by the control (62.81 mL), while the GAC impregnated with Fe 
obtained similar values, with an average of 58.09 mL ± 1.13 
mL, all conditions do not show statistically significant diffe-
rence between them (Tukey test p < 0.005), this reiterate that 
adding iron salts does not stimulate methane production when 
the medium is nejayote. The use of GAG + magnetite was re-
ported, in concentrations of 20 to 40 g/L with dairy industry 
wastewater, which also has a highly alkaline pH, has been re-
ported, achieving an 80% increase in the methane production 
rate and a 90% increase in methane conversion [31]. The di-
fference in the results suggests that the interactions between 
the conductive material, medium, and consortium change ac-
cording to the origin and composition of the wastewater, even 
when they share physicochemical characteristics, such as alka-
linity and organic matter content.

The Rmax results (Fig. 3) show the impact of the conductive 
material on the DA process, where the production rate is sti-
mulated by the effect of the DIET, being 2.3 times faster GAC 
and GAG + Fe 0.25 % with respect to the control, while GAG ​​
with 0.5 and 1.0 % of Fe, were 2 times faster compared to the 
control. Therefore, GAC without metal loading can produce 
faster and higher volumes of methane since there is a statisti-

cally significant difference with respect to the control and GAC 
with iron (Tukey test p < 0.005). Iron can be easily dissolved, 
allowing it to be used as a micronutrient in methanogenesis 
in different ways, both positive and negative, all depending on 
its physicochemical properties and its syntrophic partners [32], 
which directly influences methane production.

The efficiency of methane production is one of the most im-
portant criteria during anaerobic digestion [33], there are seve-
ral factors that influence it, such as pH, temperature, inoculum, 
among others; however, the pH value is the fundamental factor. 
The final average pH of the conditions tested was 4.73 (Table 1),  
this can cause inhibition for the methanogenic consortium, 
which is why methane production can be stopped; The optimal 
pH range to obtain the maximum methane yield in anaerobic 
digestion is 6.5 to 7.5, the range is relatively wide on the plant 
scale and the optimal pH value varies with the type of effluent 
and mode of operation [34]. It is highly recommended to keep 
this physical parameter at neutral values to promote COD con-
sumption, which can allow high methane production.

Fig. 3. Maximum methane production rate (Rmax) determined from Gom-
pertz model. 

B. Second experimental phase: production and composition  
of biogas in CSTR added with conductive material.

The use of a CSTR reactor allows the control of the pH in 
an optimal range for methane production. The results showed 
that the COD was reduced by 88 %, considering the initial 
and final values. At the end of the kinetics, the accumulated 
methane volume was 6312 mL. Fig. 4 shows the COD con-
sumption over time, in contrast to the generation of produ-
ced methane. GAC has been used before in real and synthetic 
effluents, reporting values ranging from 60 to 70 % in metha-
ne production with residual water from the brewing industry 
with 5 g GAC/L [35]; with residual activated sludge with 27 g 
GAC/L, an increase of 37 % in methane production [36]. GAC 
is a material that stimulates the DIET process by promoting 
electron transfer. Fig. 4 shows a null lag phase and a direct 
relationship between the consumption of organic matter and 
methane production obtained from the DA of nejayote, which 
has not been previously reported.
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Fig. 4. Methane production and COD consumption of nejayote DA with GAC.

In several studies, the increase of methane content in the 
biogas produced has been reported when GAC is added to AD 
systems [37], [38]. Fig. 5 shows the biogas composition pro-
duced during days 2, 6, 10, and 12; the percentage of methane 
during the first days confirms methanogenic activity, with va-
lues close to 90%, positively impacting the methane production 
rate. However, the percentage of methane in the biogas is redu-
ced on day 6; this may be due to a change in the composition of 
the medium or a change in the metabolic route by the consor-
tium since there is a considerable increase in the CO2 content, 
however, from day 10, the methane content remained between 
85-90% approximately, suggesting that GAC promotes DIET 
by significantly increasing the methane content in the biogas 
produced during the AD of nejayote. The typical composition 
of CH4 is reported to be between 50 to 75 % and CO2 to be 
between 25 and 50 % [39]. GAC could allow biomethane gene-
ration from the anaerobic digestion of nejayote, representing an 
alternative energy source.
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Fig. 5. Composition of biogas produced during AD of nejayote with GAC.

The final pH was 7.31, which favors the methanogenic con-
sortium due to the high consumption of organic matter. The 
acidification obtained in the first experimental phase could oc-
cur due to the accumulation of organic acids, such as volatile 
fatty acids (propionic, butyric, valeric, among others). Fig. 6 
shows the production of ethanol (ET), acetic acid (AA), pro-
pionic acid (PA) and butyric acid (BA). Raw nejayote contains 
26.5 % ET, 42.9 % AP, and 30.5 % BA. During the first days, 
the concentration of these intermediate products increases. 
From the fifth day on, the ET is reduced to 12 %, decreasing as 
the days go by until reaching values of 1 %, causing an accu-
mulation of PA and BA.

GAC stimulates DIET through the consumption of VFA 
[40]; however, the accumulation of PA and BA, which are 
compounds not directly consumed by methanogenic bacteria, 
favors the stabilization of methanogenic microorganisms [41]. 
Therefore, it is necessary to continue evaluating the different 
conductive materials to understand better and describe the in-
teractions between the medium, microorganisms, and the tes-
ted material. It is advisable to work with a controlled medium, 
where the optimal pH range of the metabolism of the microor-
ganisms of the producer of interest is maintained, methane 
being the objective of this work, to interpret a response and be-
havior mechanism. This allows to continue developing research 
and to be able to generate a universally accessible database to 
consider proposals to treat a complex effluent such as that of 
the nixtamalization process.
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Fig. 6. VFA production during AD of nejayote with GAC.

IV. CONCLUSIONS

Nejayote is a complex effluent, which represents a challen-
ge for its treatment, where DA is a viable option, which pro-
motes an energetic valorization of said effluent, methane is an 
alternative source of energy with a calorific value higher than 
that of hydrocarbons. The GAC modified with iron does not 
stimulate the direct transfer of electrons when the aqueous me-
dium is nejayote. The GAC promotes the DIET mechanism, 
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increasing the consumption of organic matter and AGV, increa-
sing the methane production rate and significantly reducing the 
lag phase. This study represents a precedent for understanding 
the syntrophic interactions between the species of anaerobic 
microorganisms, type of residual water, and conductive mate-
rial. Future research is proposed to promote the generation of 
alternative energy sources and establish sustainable treatment 
strategies, even in complex waters, such as nejayote.
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