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Abstract
Dark fermentation process appears to be one of the most promising techniques to obtain clean energy, however, there are 
some limitations to this process. In the present study, stirred tank reactors under different modes [batch (BR) and continuous 
(CR)] were used to determine the evolution of hydrogen-producing microbial communities when nixtamalization (nejayote) 
and abattoir wastewater were co-digested. The inoculum consisted of granular sludge subjected to (a) thermal treatment (TT); 
and (b) UV irradiation. When the inoculum underwent TT (15 min at 100 °C) in BR (40 RPM, 35 ± 1 °C, pH 5.50 ± 0.05), 
the highest cumulative biohydrogen (bioH2) content was obtained (350 mL). In this case, the organic matter degradation 
reached 70%. In addition, the sequencing analysis showed Clostridium butyricum was the predominate strain (68–87%) 
between 48 and 72 h of the reaction. Conversely, when UV-pretreated inoculum was used, Clostridium butyricum only made 
up 1% after 60 h of reaction. The CR was operated for 20 cycles at a hydraulic retention time of 6 h. Volatile fatty acids 
confirmed butyrate acetate fermentation. Herein, the bioH2 yield was generated at a fivefold rate compared to previous studies. 
Specifically, 223 mL H2 g−1 total volatile solids and 8 mL H2 L−1 h−1 were produced. Moreover, Clostridium was present 
at 59–62% after 14 cycles, confirming a better efficiency in bioH2 production when the reactor works in continuous mode.
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Statement of Novelty

•	 The TT was the most effective treatment suppressing 
the methanogenic microorganisms

•	 Clostridium was the main genera present in 59–62% 
after 14 cycles of fermentation

•	 The maximum yield of bioH2 was 223 mL H2 g−1 TVS 
using a CRTT at HRT = 6 h

•	 The bioH2 production was generated at a fivefold rate 
with CRTT in comparison to BRTT​

Introduction

Population growth is closely related to increasing energy 
demands. Therefore, the consumption of fossil fuels, 
including coal and oil, and greenhouse gas emissions 
have increased substantially in recent years [1]. Hydrogen 
gas (H2) does not generate CO2 emissions and displays an 
energetic density of 120 kJ g−1 which is 2.5 times higher 
than that of gasoline [2]. It is considered an important 
candidate to replace fossil fuels. H2 is an odorless, 
colorless, and tasteless gas that is nonpolluting, as it only 
produces water after combustion [3]. When H2 is generated 
via a biological pathway, it is called biohydrogen (bioH2). 
These pathways include water biophotolysis, indirect 
biophotolysis, photofermentation, microbial electrolysis 
cells (MECs), and dark fermentation (DF) by green algae, 
cyanobacteria, photosynthetic bacteria, electrogenic 
bacteria, and anaerobic bacteria, respectively [2]. Dark 
fermentation is considered a simple process that has 
several advantages over the other biological technologies. 
In addition to not requiring light, DF has high conversion 
rates and can be performed with a variety of substrates, 
including municipal, industrial, and agricultural wastes 
[4–9].

Substrates for bioH2 production through DF must 
display a high carbohydrate content generated from 
sustainable and accessible resources, require minimal 
pretreatment, and, if possible, must be cost-effective [2]. 
According to previous studies, the efficiency of bioH2 
production can be improved when two different substrates 
are used (co-digestion) because, under these conditions, 
a better buffer effect can be achieved [8, 9]. In addition, a 
better carbon: nitrogen (C/N) ratio can be obtained using 
two or more substrates, owing to their physicochemical 
characteristics. In fact, a C/N ratio of 20–40 is widely 
used as a standard parameter as it is associated with the 
enhancement of bioH2 production, owing to its buffering 
effect on the system [9, 10]. An optimal C/N ratio is 

required for the proper growth of microorganisms during 
this process. The optimization of the C/N ratio is one 
method used to reduce or avoid ammonia inhibition. When 
C is higher than the optimum N concentration in the C/N 
ratio, there is poor biogas production. However, when C is 
lower, this results in ammonia accumulation [11].

In addition to substrates, inoculum selection is extremely 
important in DF because it is the main component containing 
the microorganisms responsible for bioH2 production. An 
appropriate amount of inoculum is essential to achieve 
effective DF [12]. Enterobacter aerogenes, Clostridium 
butyricum, and Clostridium acetobutyricum were used as 
pure cultures for bioH2 production. However, mixed cultures 
of granular anaerobic sludge were also selected because they 
contained different microorganisms, including Clostridium 
spp., Prevotella spp., and Megasphaera spp. [9]. However, 
these mixed cultures require pretreatment before use in 
bioH2 production. One of the most frequently reported 
pretreatments is thermal treatment (TT). However, there are 
other options, including UV irradiation, alkaline and acid 
treatments, and microaeration, which require less energy and 
processing time. More in-depth studies of these processes 
are necessary to determine their impact on bioH2 production 
[12, 13].

Nejayote (NEJ) and abattoir wastewater (ABW) have high 
contents of biodegradable organic matter and are produced 
in large amounts in different countries. In Mexico, the annual 
generation of NEJ reaches 14,800 million liters [14], and 
the processing of cattle requires approximately 1,000 liters 
of water per animal. It is estimated that 95% of this water 
becomes wastewater [15]. Therefore, they can be used as 
substrates for DF [16]. Nixtamalization is a thermal-alkaline 
method applied to maize that allows the elimination of the 
pericarp from the kernel, generating two main products, 
nixtamal and NEJ. Nixtamal represents softened grains that 
serve as ingredients for the preparation of tortillas, flour, 
and other nixtamalized maize products, whereas NEJ is an 
alkaline wastewater resulting from cooking kernels [17, 18]. 
Previous studies have indicated that NEJ generation reaches 
2.2–3.5 m3 t−1 of processed corn annually [17, 19]. Calcium 
hydroxide is added during the nixtamalization process, 
therefore displaying an alkaline pH (12–14) [14] in addition 
to a chemical oxygen demand (COD) of approximately 
25–40 g L−1 and a TS concentration of approximately 9–25 
g L−1 [20, 21]. In contrast, ABW has a COD of 20–24 g 
L−1, pH values between 6 and 7, and a TS concentration of 
30–35 g L−1 [15].

García-Depraect et al., reported a bioH2 production of 
6400 mL when tequila vinasses were co-digested with NEJ 
(ratio 20:80) and used in DF for 72 h at a 5.8 pH and a 
temperature of 35 °C, NEJ was used as the main source 
of carbon [14, 22]. This process was performed in a 3 L 
batch bioreactor in the presence of an inoculum containing 
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Lactobacillus, Clostridium, Acetobacter, and Sporobacillus 
as the predominant species [14]. In addition, Maravilla 
et al., evaluated the effect of NEJ concentration on bioH2 
yield. For this purpose, these researchers selected 250 mL 
anaerobic reactors with glucose as substrate and inoculum 
and maintained it at 37 °C. According to their results, the 
highest bioH2 composition (47.26 ppm) was obtained after 
48 h, when NEJ was added at a rate of 40% [23]. Thus, NEJ 
has been used in mono-digestion and co-digestion processes 
to produce bioH2 via DF. However, 80% of NEJ components 
correspond to complex sugars that are hardly degradable by 
microorganisms. These polysaccharides include arabinose, 
xylose, glucose, and d-glucuronic acid, among others [23, 
24]. Different treatments including sonochemistry can be 
used to improve the hydrolysis of these sugars. Sonochemical 
methods are efficient for the hydrolysis of lignocellulose and 
complex sugars [25, 26]. In contrast, ABW has been used 
in co-digestion with oil palm trunk hydrolysate (OPT) for 
bioH2 production as the main nitrogen source. Khamtib and 
Reungsang reported bioH2 production of 2604 ± 86 mL H2 
L−1 substrate using ABW-OPT co-digestion in 120 mL batch 
reactors with an initial pH of 6.50 and at a temperature of 
60 °C using Thermoanaerobacterium thermosaccharolyticm 
KKU19 as inoculum [27].

Accordingly, this study aimed to determine the effect of 
the type of pretreatment of granular sludge (GS) inoculum: 
TT (100 °C/30 min) and UV irradiation (254 nm/15 min), 
as well as the operational mode of reactors (batch (BR) 
and continuous (CR)) using co-digestion of NEJ-ABW 
previously treated with sonochemistry in 5 L reactors for 
bioH2 production. In addition, the evolution of microbial 
communities during DF was studied.

Materials and Methods

Inoculum

In this study, GS inoculum obtained from an anaerobic 
reactor operating at the wastewater treatment plant of a 
brewery located in Monterrey, Mexico was used. Samples 
were collected according to NOM-004-SEMARNAT-2002 
using random sampling [8]. For each sample, the temperature 
and pH were measured in situ before placing them in 1 L 
plastic bottles after rinsing 3 times with the same sludge 
and stored at 4 °C until required. In this study, two different 
pretreatments (TT and UV irradiation) were used to suppress 
the growth of methanogenic microorganisms and promote 
bioH2 production [28]. In the thermal pretreatment, the 
inoculum was heated for 30 min at 100 °C using a hot plate 
(Cimarec, Thermo Scientific). For UV irradiation, a UV 
lamp (Coospider CUV-7/11, 7 W) was used at a wavelength 
of 254 nm. During the procedure, the UV lamp was placed 

inside a quartz-cooling jacket that was immersed in a 1 L 
beaker containing the inoculum. The solution was stirred 
continuously to ensure homogenization. The complete 
system was placed in a dark wooden box. The inoculum 
was then irradiated for 15 min.

Co‑digestion Procedure and Characterization

In this study, DF was performed through the co-digestion 
of NEJ and ABW, which have been characterized before 
its use. The substrate mixture was adjusted to a (C/N) 
ratio of 30. Before DF, hydrolysis of the polysaccharides 
present in the NEJ-ABW co-digestion was performed 
through a sonochemical procedure at 20 kHz for 30 min 
using an ultrasonic processor (750 watts Cole-Parmer) [25]. 
Subsequently, pH was adjusted to 5.50 ± 0.05 to provide the 
optimal environment for bioH2 production [28]. To adjust 
the pH, NaOH 1N and H2SO4 5N solutions were used.

Set Up of Bioreactors

In these experiments, 5 L bioreactors (Sartorius Stedim 
Biostat A) with a working volume of 3 L were used. The 
bioreactors were set up in batch and continuous modes. 
Two separate reactors were used in the BR experiments 
to determine the effect of inoculum pretreatment on bioH2 
production and one in the CR experiment to determine the 
impact of operational conditions. As previously indicated, 
the inoculum was subjected to (a) TT and (b) UV. In 
addition, the continuous reactor with thermal treatment 
(CRTT) displayed the same characteristics as the batch 
reactor thermal treatment (BRTT). The three bioreactors 
were continuously stirred at 40 RPM and maintained at a 
temperature of 35 °C. The CRTT was fed using an internal 
Biostat A peristaltic pump and an external peristaltic 
bomb (Diagger Thermo Scientific) was used to extract the 
bioreactor effluent to maintain a hydraulic retention time 
(HRT) of 6 h. The dissolved oxygen, pH, and temperature 
were automatically regulated with the bioreactor software. 
To maintain the proper pH, NaOH 1N and H2SO4 1N were 
added as required. The biogas produced during the DF was 
quantified using the water displacement method [30]. In the 
experiments, the inoculum and the reinforced clostridial 
medium (RCM) (10 g L−1 meat extract, 10 g L−1 peptone, 
3 g L−1 yeast extract, 5 g L−1 d-glucose, 1 g L−1 starch, 5 g 
L−1 NaCl, 3 g L−1 C2H3NaO2, 0.5 g L−1 l-cysteine chloride, 
and 0.5 g L−1 agar-agar) were added to the reactor at a 10% 
v/v ratio with respect to the working volume. The selected 
working volume was 3 L, and NEJ-ABW co-digestion was 
performed at a C/N ratio of 30 and a pH of 5.5. The BRTT 
and BRUV were operated for 72 h and 60 h with an initial 
total volatile solid (TVS) concentration of 11,326 and 14,307 
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mg L−1, respectively. Whereas the CRTT was operated for 
20 cycles at an HRT of 6 h with an organic loading rate 
(OLR) of 27 ± 8 g L−1 d along the process.

Analytical Methods

For substrate characterization, the following parameters were 
determined: (a) pH, using a pH meter (Thermo Scientific); 
(b) total carbohydrates (CH) using the Dubois method [29]; 
(c) chemical oxygen demand (COD), according to NMX-
AA-030-SCFI-2001 using the methodology reported by 
Lirio María Reyna-Gómez et al., [9]; and (d) total nitrogen 
(TN) was quantified using the standardized Hach method 
(Hach kit 10–150 mg/L). A UV-Vis Perkin Elmer Lambda 
365 spectrometer was used for the CH, COD, and TN 
measurements.

The composition of biogas and volatile fatty acids (VFAs) 
were determined by gas chromatography (7820A, Agilent 
Technologies), as previously reported [30]. The biogas 
composition was determined using a thermal conductivity 
detector, a silica capillary column (30 m × 0.53 mm, 
Supelco Carboxen 1006 plot), and argon as the carrier gas. 
In addition, VFAs were analyzed using a flame ionization 
detector (FID) with an HP-Inowax column (50 m × 0.20 
mm) and argon as the carrier gas.

Samples from the BRTT and BRUV were analyzed every 
12 h, whereas the CRTT samples were analyzed at the end 
of each cycle. Physicochemical analyses were performed 
as previously mentioned. The measured parameters 
included COD, pH, and CH. Total solids (TS) and TVS 
were determined using the methodologies reported in 
the “Standard Methods for the Examination of Water and 
Wastewater” [31].

The bioH2 yield was calculated using equation 1 for BR 
and equation 2 for CR:

WhereVBioH
2

 is the volume of bioH2 produced and 
TVScons is the concentration of TVS consumed during the 
DF process.

where: YBioH
2

 is expressed as a function of the OLR for TVS 
in the influent (mL bioH2 g−1  TVSinfluent), BH2PR is the 

(1)YBioH
2
=

VBioH
2

TVScons

(2)YBioH
2

=

BH
2
PR

TVSinfluent ∙ Finfluent

bioH2 production rate (mLH2 h−1), TVSinfluent is the TVS 
concentration in the influent gTVS mL−1, Finfluent is the daily 
volume of the influent (mL h−1).

DNA Extraction and Analysis

The microbial compositions of the BR and CR were 
determined. For this purpose, the following samples were 
analyzed: (a) BRTT at 24 and 72 h, (b) BRUV at 60 h, and 
(c) cycles 7 and 14. DNA extraction was done in a 0.25 g 
sample using the QIAGEN DNeasy PowerSoil kit [8]. In 
this case, cell lysis was promoted through mechanical and 
chemical methods that caused bacterial cell walls to rupture 
[32], allowing for the release of genetic material. Nucleic 
acids were adsorbed using different salts, and genomic DNA 
was captured on a silica membrane. After centrifugation 
(30 s at 10,000×g), DNA was rinsed and eluted [33]. 
After DNA extraction, sequencing was performed to 
identify the microbial species present in the samples, as 
previously described. The DNA samples were sent to the 
RTL Genomics Laboratory in Texas, USA, where amplicon 
sequencing was performed by PCR of the 16s rRNA gene 
with the aid of a MiSeq Illumina platform.

Results and Discussion

Substrate Characterization

Substrate properties have been reported to substantially 
affect the bioH2 yield and stability of co-digestion systems 
[34]. Thus, the physicochemical characterization of sub-
strates is required to properly design bioreactors and pro-
cesses (Table 1). The results indicated that in the case of 
NEJ, the substrate presented an alkaline pH (10.35 ± 1.97), 
TN of 179 ± 80 mg L−1, high CH concentration (17,747 ± 
1910 mg L−1), and a COD of 35,212.0 ± 2,054.0 mg L−1 
[14, 17, 19]. In addition, ABW displayed a pH of 5.69 ± 
0.06, low CH concentration (1217 ± 358 mg L−1), COD of 
15,969.0 ± 4,936.0, and TN levels of 2588 ± 793 mg L−1 
[16, 20, 21]. Which are similar to those reported by García-
Depraect et al., as they used NEJ as a substrate in DF to pro-
duce bioH2. These researchers reported that NEJ presented a 
pH of 12 ± 0.2, TN levels of 440 ± 21.2 mg L−1, and a CH 
concentration of 16,015.8 ± 1649.7 mg L−1 [14]. The pH 
of NEJ varies because different corn grinders use different 
amounts of calcium hydroxide during nixtamalization. With 

Table 1   Physicochemical 
characteristics of individual 
substrates

Substrate pH CH ( mg L−1) COD (mg L−1) TN (mg L−1) TS (mg L−1) TVS (mg L−1)

NEJ 10.35 ± 1.97 17,747 ± 1910 35,212 ± 2054 179 ± 80 24.21 ± 5.24 18.13 ± 4.81
ABW 5.69 ± 0.06 1217 ± 358 15,969 ± 4936 2588 ± 793 18.22 ± 0.02 16.64 ± 0.01
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respect to ABW, Khamtib, and Reungsang [27] reported 
pH values of 7.12 ± 0.14, which are different from those 
obtained herein (5.69 ± 0.06). It was also found that the 
system contained CH concentrations of 440 ± 80 mg L−1, 
almost a third of the values (1217 ± 358 mg L−1) observed 
in this study. The addition of ABW to the feedstock offers 
a valuable opportunity to enhance process stability and 
improve the carbon and nitrogen balance. The contribution 
of N by ABW can bolster the buffer capacity [35]. Further-
more, it resulted in a significant decrease in feedstock pH 
compared to that of the NEJ. According to these data, both 
substrates were successfully used in the co-digestion when 
the C/N ratio was adjusted to 30. This C/N ratio is extremely 
important because it directly affects bioH2 production during 
DF by providing a balance of micro-and macronutrients and 
promoting the buffering effect [8, 9, 36].

However, given the alkaline pH of NEJ, the 5 N H2SO4 
solution was added until a pH of 5.5 ± 0.05 was reached. 
According to the literature, this pH is within the reported 
range and can be used even when the inoculum is pretreated 
to suppress methanogens [37, 38].

Effect of Inoculum Pretreatment on NEJ‑ABW 
Co‑digestion Using Batch Bioreactors

Organic Matter Removal

Figure 1 shows the results of CH consumption in the BRTT 
and BRUV bioreactors. In the first experiment, NEJ-ABW 
co-digestion showed CH consumption between 10 and 35% 
from the beginning of the process and up to 72 h. In contrast, 
BRUV presented a CH consumption of 37% during the first 

12 h, reaching 70% after 60 h. These differences may be due 
to the higher microbial diversity of BRUV. This probably 
occurred because, in batch reactors, UV treatment was less 
effective than TT in ensuring the abatement of methanogenic 
activity. The TT allowed the selection of species participat-
ing in bioH2 generation. To the best of our knowledge, CH 
removal using NEJ-ABW co-digestion has not been previ-
ously reported. Previous studies have used thermally pre-
treated GS as an inoculum in co-digestion processes using 
BR [8, 9]. In other experiments, CH was removed in 30–80% 
and 25–70% after 30 h of co-digestion with cheese whey-
brewery and -bakery wastewater, respectively. According 
to the authors, the balance between macro-and micronutri-
ents (including CH) and a C/N ratio of 30 favor the meta-
bolic pathways involved in bioH2 generation. In addition, in 
mono-digestion processes, CH removal was up to 50% when 
the C/N ratio varied between 15 and 30 [8]. Moreover, Del 
Angel-Acosta et al., performed a co-digestion of NEJ brew-
ery wastewater. Their data was similar to that of this study as 
they indicated a CH removal of 68% after 122 h [16].

Table 2 displays COD, TS, and TVS removal, as well 
as the percent of bioH2 present in the biogas after NEJ-
ABW co-digestion in batch reactors. In BRTT, the highest 
COD reduction was observed at 12 h. After this point, COD 
mostly showed a percent removal of 37 ± 10% and decreased 
to 19% at the end of the reaction. This behavior may be 
caused by the growth of bioH2-producing microorganisms 
within the first few hours. The BRUV showed greater stabil-
ity as compared to BRTT, as a COD removal of 30.0 ± 4% 
was achieved during the 60 h of reaction. Even when BRUV 
contained a higher microbial diversity (Fig. 7) metabolic 
pathways may present a limiting factor [37]. Thus, in our 
experiments, slightly higher COD removal was reached as 
compared to that reported by Garcia-Peña et al., who indi-
cated a value of 25% when fruits and vegetable residues 
were used as substrates [39].
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Fig. 1   CH removed during DF processes in batch reactors assay at 40 
RPM, 35 ± 1 °C, and pH 5.50 ± 0.05)

Table 2   Percentage of COD, TS, and TVS removed during DF in 
BRTT and BRUV bioreactors

Reactor Time (h) COD (%) TS (%) TVS (%) BioH2 (%)

BRTT​ 12 47 ± 10 4 ± 2 3 ± 2 66 ± 16
24 25 ± 10 3 ± 2 4 ± 2 66 ± 16
36 31 ± 10 15 ± 2 27 ± 2 11 ± 2
48 37 ± 10 18 ± 2 31 ± 2 13 ± 2
60 37 ± 10 17 ± 2 31 ± 2 66 ± 16
72 19 ± 10 13 ± 2 27 ± 2 33 ± 16

BRUV 12 31 ± 4 4 ± 2 15 ± 3 16 ± 4
24 31 ± 4 9 ± 2 21 ± 3 9 ± 4
36 35 ± 4 15 ± 2 32 ± 2 8 ± 4
48 30 ± 4 16 ± 2 34 ± 2 16 ± 4
60 24 ± 4 18 ± 2 39 ± 2 17 ± 4
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The data also indicated a final TS reduction of 16 ± 2 
and 17 ± 2% for BRTT and BRUV, respectively. The reactor 
with the highest microbial diversity exhibited the greatest 
organic matter reduction. The same behavior was observed 
when TVS removal was quantified. In this case, 39% of TVS 
was reduced in BRUV after 60 h, whereas 27% was removed 
in BRTT after 72 h.

BioH2 Production and Biogas Composition

Figure 2 and Table 2 show the bioH2 production and COD, 
TS, and TVS removal in the BRTT and BRUV bioreactors, 
respectively. After 72 and 60 h, the accumulation of bioH2 
reached 359 and 191 mL, respectively. In addition, after 
DF in BRTT, 66 ± 27% of produced biogas corresponded 

to bioH2 and the remainder to CO2. Nevertheless, between 
36 and 48 h, a reduction in bioH2 generation occurred only 
in 13 ± 2% (Table 2). The absence of CH4 in the biogas 
resulted from the efficiency of the inoculum pretreatment 
method. However, BRTT reactivation after 60 h probably 
occurred because of changes in the microbial consortium 
[40]. With respect to BRUV, the composition of the biogas 
corresponded to bioH2 (15 ± 4%), methane (19 ± 6%), 
and the rest was CO2 at 60 h. Thus, bioH2 production was 
affected after 60 h of DF (Table 2) [28, 37].

The results showed that the BRTT and BRUV yielded 112 
and 38 mL H2 g−1 TVS; and 1.96 and 0.94 mL H2 L−1 h−1, 
respectively. Accordingly, the performance of the bioreactors 
was completely different. Specifically, BRTT presented an 
efficiency and productivity of 81 and 57% higher, compared 
to BRUV.

Table  3 presents bioH2 production when different 
substrates and GS were used in the DF process, as well as 
the results obtained in the present study. These data indicate 
that the yields obtained in our experiments were 8 times 
higher than those obtained in previous studies [39, 41, 
42]. In contrast, bioH2 production in the present study was 
slightly lower than that shown in Table 3. This behavior was 
attributed to the use of more complex substrates. In addition, 
microorganisms require more time to adapt to the carbon 
sources (NEJ) [17].

Volatile Fatty Acids

Figure 3a and b show the production of VFAs during DF 
in the co-digestion of NEJ-ABW in the BRTT (12, 24, 48, 
and 72 h) and BRUV (12 and 60 h). In BRTT (Fig. 3a), 
the predominant compound was acetic acid (24–18 mmol), 
followed by formic acid (5–2 mmol), propionic acid (~1 
mmol), and butyric acid (<1 mmol). The highest VFA con-
centration (38 mmol) was observed after 12 h. At this point, 
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Fig. 2   BioH2 accumulated during DF process in batch reactors (40 
RPM, 35 ± 1 °C, pH 5.50 ± 0.05)

Table 3   Comparison of hydrogen yield and productivity in bioH2 production in different studies

T temperature, V volume, NR not reported

Operation mode Codigestion Inoculum and 
Pretreatment

Operation conditions Hydrogen 
yield (mL h2/
gtvs)

Productivity 
(mLh2/L h)

Reference

BATCH Fruit peels + primary 
sludge

Granular sludge, TT C/N = 30, pH 5.5, 
T = 37 °C, V = 0.1 L

25 2.6 [42]

BATCH Fruit and vegetable wastes Granular sludge, TT C/N = NR, pH 5.5, 
T = 35 °C, V = 0.5 L

60 1.58 [40]

BATCH Municipal wastes + food 
wastes

Granular sludge, TT C/N = NR, pH 4.0, 
T = 30 °C, V = 0.125 L

14 NR [41]

BATCH BRTT​ Granular sludge, TT C/N = 30, pH 5.5, 
T = 35 °C, V = 3 L

112 1.96 This study

BATCH BRUV Granular sludge, UV C/N = 30, pH 5.5, 
T = 35 °C, V = 3 L

38 0.94 This study
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27 mmol acetic acid was generated. The maximum bioH2 
production occurred at this time, reaching 127 mL of bioH2. 
This value represents 66% of bioH2 present in the biogas. 
These metabolites indicate that butyrate-acetate fermenta-
tion occurred [43]. These data agree with those reported by 
Khamtib and Reungsang, who co-digested palm tree hydro-
lysates and ABW. They also found that the highest bioH2 
production during the DF process was reached when acetic 
acid and butyric acid presented the maximum concentra-
tions [27].

The VFA concentration was slightly higher in BRUV 
than that of BRTT (Fig.  3b), as 43 mmol of these 
compounds was quantified after 13 h of DF. In addition, 
13 mmol corresponded to formic acid. In addition, VFA 
concentrations decreased after 60 h. This was attributed 
to changes in the metabolic pathways associated with 
CH4 production. The concentration of formic acid was 
maintained at a constant. According to Chong et al., VFA 
accumulation hinders the DF by increasing the ionic strength 
of the medium. However, this process did not completely 
inhibit the methanogenic hydrogen-consuming bacteria 
present in the inoculum [44].

Effect of Continuous Operation on NEJ‑ABW 
Co‑digestion

Organic Matter Removal

Figure  4 shows CH consumption when NEJ-ABW was 
digested for 20 cycles in CRTT operated at an HRT of 6 
h. The highest variation in CH degradation was observed 
in the first cycle (60%). In the second cycle, degradation 
decreased to 40% and increased until reaching 70%, a poten-
tial cause of this variation can be the addition of RCM. It 
then decreased during cycles 11 and 12 before increasing 

again. This behavior could be explained by the adaptation of 
the microbial species involved in the co-digestion process.

According to the results, 85% of CH was removed in 
CRTT in cycle 13. In contrast, the BRTT showed a reduction 
of 37% CH. Thus, when DF was carried out in continuous 
mode, the microbial communities were able to adapt better 
because of the constant presence of nutrients in the substrate 
[39, 45]. These results are superior to those reported in 
previous studies in which NEJ was used as the main source 
of CH [16].

Table 4 shows the data for organic matter removal (COD, 
TS, and TVS) during NEJ-ABW co-digestion in CRTT with 
an OLR of 27 ± 8 g L−1 d. Results correspond to cycles 3, 
7, 10, and 17 when the reactor was operated at an HRT of 
6 h. The data indicated that 22 and 42% of COD removal 
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Fig. 3   VFAs production (mmol) during DF carried out in batch reactors: a BRTT, b BRUV (40 RPM, 35 ± 1 °C, pH 5.50 ± 0.05)
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was achieved and there was no significant difference. These 
numbers were higher than those obtained with the BRTT. In 
the experiments, COD was maintained between 10 and 15 g 
L−1 and removal was 3–28%, which is in correspondence to 
CH reduction. Thus, CRTT showed higher consumption than 
BRTT because, in the former, more nutrients were available 
due to 6 h of HRT, which facilitated the adaptation of bioH2 
producing microorganisms [37]. The TVS were degraded at 
a rate between 20 and 49%. These data were similar to those 
published in [8]. These researchers reported a TS and TVS 
removal of 20 and 40%, respectively, when cheese whey and 
brewery wastewater were co-digested in the presence of GS 
using an up-flow anaerobic sludge blanket (UASB) reactor 
operated at an HRT of 9 h.

BioH2 Production and Yield

Figure 5 shows cumulative bioH2 production when NEJ-
ABW was used as the substrate in the DF of the CRTT oper-
ated at an HRT of 6 h. After 20 cycles, the bioH2 volume 
was 1805 mL, which is 5 times higher than that obtained 
using BRTT [46]. However, bioH2 showed a concentration 
of 10–20% over the 20 cycles. It is likely that the operating 

conditions affected these results as bioH2 producing micro-
organisms were probably washed out [8, 47] and microor-
ganisms indigenous to the substrate probably proliferated.

Given that during the 20 cycles a high amount of bioH2 
was accumulated, CRTT showed a higher yield (223 mL 
H2 g−1 TVS) and productivity (8 mL H2 L−1 h−1) than 
BRTT (Table 3). Garcia-Peña et al. used fruit and vegetable 
residues and reported a yield of 60 mL H2 g−1 TVS and 
a productivity of 1.58 mL H2 L−1 h−1 [40]. In contrast, 
Reyna-Gómez obtained a yield of 25 mL H2 g−1 TVS and 
a productivity of 2.6 mL H2 L−1 h−1 when they performed 
the co-digestion of fruit peels and sewage sludge [30]. The 
values obtained in the present study were slightly higher 
than those previously reported. However, when NEJ and 
tequila vinasses were used as substrates, a yield of 91 mL 
H2 g−1 COD, and productivity of 102 mL H2 L−1 h−1 were 
achieved [34].

Volatile Fatty Acids

Figure 6 shows the VFAs produced during cycles 7, 10, 
and 14. The highest concentration in the three cycles cor-
responded to acetic acid, with values between 13 and 17.5 
mmol. These data agree with the results obtained for bioH2 
(9–20% in the biogas). In addition, in the three cycles, CH 
removal was approximately 70%. Our results showed that 
other metabolic pathways were present in cycle 10, after 
which the concentration of propionic acid was increased to 8 
mmol. The highest VFA concentration was observed during 
this cycle. It is likely that this process negatively affected 
bioH2 production. Propionic acid inhibits bioH2 generation 
during DF. To produce propionic acid, molecular H2 must 
be consumed [43, 48]. This process has been previously 
reported by Cruz-López et al. They observed high acetic 

Table 4   Percentage of COD, TS, and TVS removed during DF in 
CRTS

Reactor Cycle COD removed 
(%)

TS removed (%) TVS removed 
(%)

CRTT​ 3 22 ± 12 3 ± 2 20 ± 7
7 32 ± 12 28 ± 2 49 ± 7

10 37 ± 12 22 ± 2 43 ± 7
17 42 ± 12 10 ± 2 37 ± 7
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Fig. 5   a BioH2 accumulated during DF performed in CRTT. b BioH2 in biogas during DF carried out in CRTT. (40 RPM, 35 ± 1  °C, pH 
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acid concentrations when a continuous bioreactor was oper-
ated at an HRT of 9 h during the co-digestion of cheese 
whey and brewery wastewater [8]. Similarly, in cycle 10, 
the concentration of propionic acid was increased to 550 mg 
L−1 [8] and acetic acid was the predominant acid. For this 
reason, bioH2 production remained constant.

Microbial Composition in Bioreactors

To characterize the microbiome, samples were collected 
from the reactor at different reaction times. DNA extraction 
was performed, and nucleic acids were identified by ampli-
con sequencing using the MiSeq Illumina platform. Figure 7 
shows the microbial diversity at the species level for BRTT 
and BRUV. In the BRTT, Clostridium was the dominant 
species with 87 and 68% after 24 and 72 h, respectively. As 
shown in this Figure, after 24 h, the predominant species was 

Clostridium butyricum (87%), followed by Clostridium bei-
jerinckii with only 1% of total Clostridium. Moreover, after 
72 h, higher Clostridium diversity was observed. In this case, 
Clostridium lundense was present in 25%, Clostridium sp. in 
13%, C. beijerinckii in 12%, C. butyricum in 9%, Clostrid-
ium sporogenes in 5%, and Clostridium oryzae in only 1%.

The presence of C. butyricum was confirmed 24 h after 
the BRTT. This species is known as a bioH2 producer 
when mesophilic conditions prevail [40]. It is also known 
for its high bioH2 conversion rate regardless of substrate 
complexity. A maximum bioH2 yield of 3.6 mol H2 mol−1 
hexose was reported when C. butyricum was used to digest 
organic residues. This value is similar to the maximum 
theoretical bioH2 yield of 4 mol H2 mol−1 hexose [49]. 
Other authors have used C. butyricum as an inoculum in 
addition to pure glucose and hydrolyzed starch as substrates 
where yields of 1.98 and 1.5 mol H2 mol−1 glucose were 
produced, respectively [50, 51]. The C. butyricum genome 
contains the hydA gene, which encodes hydrogenases. These 
enzymes are involved in monosaccharide metabolism and 
bioH2 production [52].

In the BRTT, C. beijerinckii was the predominant species. 
Both C. butyricum and C. Beijerinckii are strict anaerobic 
bacteria that have been identified as highly efficient 
bioH2 producers. This is due to their theoretical yields of 
approximately 4 mol bioH2 mol−1 glucose. However, the 
maximum experimental value appeared to be 2 mol bioH2 
mol−1 glucose [47, 53]. C. beijerinckii is predominantly 
found in microbial consortia used in bioH2 production under 
mesophilic conditions. García-Depraect and León-Becerril 
used a continuous stirred-tank reactor (CSTR) loaded with 
tequila vinasses at a temperature of 35 °C. They reported a 
yield of 124 mL H2 g−1 TVS and identified C. beijerinckii 
as the predominant species [54]. Rambabu et al., performed 
the fermentation of rice industry wastewater in a BR with 
the same bacteria under mesophilic conditions (37 °C) 
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and reported a yield of 215 mL H2 L−1 [55]. Thus, if the 
proper conditions are met, the presence of these two species 
guarantees efficient bioH2 production.

In our experiments, C. lundense was present in higher 
proportions in the BRTT after 72 h. Even when this species 
does not produce bioH2, it is usually studied because it can 
hydrolyze lipids. Thus, it may participate in the hydrolysis of 
DF [56]. These microorganisms are spore-forming bacteria 
that can grow under mesophilic conditions and at pHs 
between 5.5 and 7 [56, 57]. In the present study, it was also 
determined that Lactobacillus shenzhenensi represented 20% 
of the BRTT microbiota after 72 h. Even when Lactobacillus 
is not able to form spores [58], their presence in the final 
stages of DF may be due to the protection provided by 
GS [42]. It was also observed that the percentage of 
Lactobacillus shenzhenensi increased from 1 to 20% 
during the last 48 h of bioreactor operation. The positive 
effects of lactic acid bacteria on DF have been extensively 
discussed [37]. In the present study, our data indicated 
that Lactobacillus inhibited bioH2 production because of 
competition with bacteria of the genus Clostridium [40].

Similar to BRTT, 73% of BRUV microbiota corresponded 
to Clostridium. After 60 h of BRUV operation, among the 
predominant species, Clostridium frigoriphilum (46%), 
Clostridium sp. (15%), Clostridium perfringens (4%), 
Clostridium estertheticum (3%), and C. oryzae (1%) have 
all shown potential as bioH2 producers; however, as shown 
in Fig. 7, only 1% was featured by C. butyricum, which is 
a highly efficient bioH2 producer [59]. According to these 
results, the low bioH2 production observed in the BRUV was 
caused by the low rate of BioH2-producing Clostridium. The 
predominant species in this reactor, C. frigoriphilum, and 
C. estertheticum, have been reported to be tolerant to low 
temperatures and are responsible for the decomposition of 
vacuum-packaged frozen meat [60]. The presence of these 

species was probably due to the nature of the ABW used 
during substrate co-digestion. In these experiments, meat 
was used to prepare a synthetic solution to simulate the 
abattoir wastewater [61].

In addition, it is likely that the presence of CH4 in 
BRUV was responsible for the low bioH2 production. No 
methanogens were identified during this stage of the study. 
However, after 60 h of DF, 21% of the microbiota were not 
characterized. Some methanogenic species may be present 
in this portion of the microbiota. These microorganisms also 
participated in organic matter degradation.

The CRTT microbiota was analyzed in cycles 7 and 14. 
The highest CH consumption (75%) was observed in cycle 
7. In addition, the maximum bioH2 production (17% bioH2 
in the biogas, 131 mL total bioH2) was observed in cycle 14.

Figure  8 presents CRTT microbial diversity at the 
species level during cycles 7 and 14, where Clostridium 
represented the most predominant genera at concentra-
tions of 59 and 62%, respectively. During cycle seven, the 
distribution was Clostridium sp., (47%), C. frigoriphilum 
(5%), C. oryzae (4%), C. butyricum (1%), C. beijerinckii 
(1%), and Clostridium carboxidivorans (1%). To the best 
of our knowledge, this is the first time Clostridium car-
boxidivorans have been identified in these reactor types. 
These bacteria are classified as acetogenic, and produce 
acetate, ethanol, butyrate, and butanol [62]. Therefore, it 
is considered to be a bioH2-producing bacteria. However, 
C. butyricum, C. acetobutyricum, and C. beijerinckii [63] 
displayed higher efficiencies than the former. During cycle 
14, lower Clostridium diversity was observed. Specifically, 
Clostridium spp. and C. oryzae were found in proportions 
of 97 and 3%, respectively. However, a high proportion 
of these bacteria might be responsible for the high bioH2 
production. Also, in cycle 7, a total of 4% Ethanoligen-
ens sp., were quantified. These bacteria produced up to 

Fig. 8   Microbial diversity at 
cycles 7 and 14 when DF was 
performed in CRTT (40 RPM, 
35 ± 1 °C, pH 5.50 ± 0.05, HRT 
6 h)

7 14
0

20

40

60

80

100

A
bu

nd
an

ce
 (%

)

Cycle

Leuconostoc sp
Lactobacillus oligofermentans
Ethanoligenens sp
Clostridium carboxidivorans
Clostridium beijerinckii
Clostridium butyricum
Clostridium oryzae
Clostridium frigoriphilum
Clostridium sp
Not identified
Others



2155Waste and Biomass Valorization (2024) 15:2145–2158	

1 3

2.6 mol bioH2/mol substrate [40, 55]. They also showed 
high hydrolytic capacity. Therefore, they show high per-
formance during CH removal, and consequently, elevated 
CH consumption was observed in this cycle [40]. Other 
bacteria that were identified included Leuconostoc sp. 
(6%) and Lactobacillus oligofermenans (2%), which hin-
der bioH2 production as they compete for the substrate 
with bioH2-producing species [45]. Notably, Lactobacil-
lales produce different CH-degrading enzymes including 
fructokinase, lactate dehydrogenase, and glucose 6 phos-
phate dehydrogenase [64]. In contrast to cycle 7, reduced 
microbial diversity was observed in cycle 14 because only 
Clostridiaceae and a small percentage of Ethanoligenens 
spp. were identified. The absence of Lactobacillus resulted 
in low bioH2. In addition, a high proportion of Clostridium 
species was observed during this cycle.

Conclusions

In this study, the effect of inoculum pretreatment on bioH2 
production was determined. Our data indicated that the best 
pretreatment corresponded to TT because it resulted in the 
most effective microbial diversity for bioH2 production 
compared to UV treatment. In this case, the predominant 
bacterial species was Clostridium, which produces bioH2. 
In addition, the highest bioH2 productivity (8 mL H2 L−1 
h−1) and maximum yield (223 mL H2 g−1 TVS) were 
obtained when the reactor was operated in continuous 
mode at an HRT of 6 h. The results presented herein prove 
that continuous bioH2 production can be achieved through 
co-digestion of DF with NEJ-ABW. Therefore, we present 
an alternative method for treating wastewater generated by 
these industries.
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