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Abstract: A hybrid anaerobic reactor was operated under the complementary effluents concept to
reduce the unbalanced/inhibitory capacity of the provided piggery effluent. Brewery wastewater
was chosen to complement piggery effluent (60:40% v/v, respectively). The HRT reduction from
6.7 to 3.0 days allowed the testing of an organic load increase from 4.5 to 10.0 g COD/L·d, which
resulted in the almost doubling of biogas production. Biogas volumes (1.2 and 2.1 L/L·d, respec-
tively) associated with its quality (>77% CH4) revealed that the hybrid anaerobic reactor responded
positively to the operational changes and that piggery effluent can be advantageously digested using
the brewery wastewater as the complementary effluent. The unit bottom and the packing bed were
the main functional sections recognized in the hybrid. At the beginning of anaerobic digestion,
bacterial populations belonged mostly to Bacteroidales (33%) and Clostridiales (35%). The process
stability and the biogas quality at 3-d HRT were related to a change in the structure composition,
since Flavobacteriales (18%), Bacillales (7%), Pseudomonadales (11%) and members of the Alcaligenaceae
family (5%) also integrated the microbial communities. An evident change had also occurred in
archaeal populations at this phase. Methanosaeta became the dominant genus (95%), confirming that
acetoclastic methanogenesis was the main way for methane production.

Keywords: anaerobic digestion; biogas/methane; unbalance/inhibiting organic waste streams;
brewery wastewater; piggery effluent; microbial communities profiling; Next Generation Sequencing

1. Introduction

Beer is one of the oldest and most consumed beverages worldwide after water and
tea. Global beer production evolved from 1.3 billion hectoliters (1998) to about 1.91 billion
hectoliters (2019), where China, United States and Brazil are the leading beer producing
countries [1]. In Portugal, the volume of beer produced amounted to more than 6.76 million
hectoliters in 2018 [1]. The production of this beverage always creates a large volume
of wastewater, in addition to the water spent on washing bottles, tanks, and machines,
whose discharge (3–10 L for every liter of beer) will contribute to the oxygen depletion and
eutrophication of water bodies [2]. It has been estimated that 1 L of beer packaged in glass
bottles consumes 17.5 MJ of primary energy and generates 842 g of CO2 eq. emissions [3].

The livestock sector has a relevant contribution to the economy of several countries.
Pork and poultry are the most consumed meats in the world, and it is expected that the
global consumption of pork will increase from 117.35 ktons in 2017 to about 131 ktons by
2027 [4]. At the end of 2013, Portugal represented 1.37% of the European pig population
with a total of 2.02 million heads. In 2019, the annual number of pigs in Portugal was
2.216 million heads [5]. Livestock has been held responsible for its harmful effects on the
environment, such as water pollution, the increase in the greenhouse effect and the reduc-
tion of biological diversity, which are essentially due to the form of management which has
no concern for sustainability [6]. Consequently, suitable management will be necessary by
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taking advantage of the generated effluent through its treatment and recovery. Among the
different ways of proceeding with the treatment of an effluent, anaerobic digestion stands
out as an alternative and advantageous process [7]. Anaerobic digestion converts the
substrate organic content into biogas (mainly CH4 and CO2) under the absence of oxygen,
preserving its nutrients in the digestate. Controlled anaerobic digestion and the consequent
biogas application will release carbon dioxide back to the carbon cycle and displace fossil
fuel use [8,9]. Anaerobic digestion is a complex biochemical process of successive metabolic
stages (hydrolysis, acidogenesis, acetogenesis and methanogenesis), that are coordinated
by bacteria and archaea communities in close interaction and interdependence [10]. The
performance and stability of the anaerobic digestion process are vulnerable issues that
depend on inhibitory or recalcitrant factors intrinsic to the composition of the substrate [11].
Pre-treatments are a common approach to enhance the anaerobic process and provide
higher methane production [12,13]. Operational techniques based on the complementary
effluents concept can alternatively contribute to solve the disadvantageous initial composi-
tion of an “anti-substrate”. Effectively, the combination of effluents that complement each
other has been successfully applied in anaerobic digestion of unbalanced, toxic and/or
concentrated substrates to promote organic matter conversion, avoiding substrate chemical
adjustments and/or pre-treatments [14–20]. In addition, the reduction in plant operational
expenses can be expected.

One of the relevant aspects in the scope of anaerobic digestion concerns the charac-
teristics of the anaerobic reactor to be installed and its performance. Different types of
anaerobic reactor have been used in the research of organic materials conversion [9], and
the importance of reducing the reactor volume in the installation costs implies operating in
conditions of stability, with a short hydraulic retention time that withstands high organic
loads and allows its maximum conversion into methane. One way to achieve this perfor-
mance is to concentrate the microbial biomass through its immobilization, as happens in
the high-rate anaerobic reactors. As examples there exists the anaerobic filter (AF) with
a packing bed along the column that supports a suspended biomass, and the up-flow
anaerobic sludge blanket (UASB) that keep dense granules settled in the reactor. According
to Pérez-Pérez et al. [21], AF and UASB are the most studied units regarding the treatment
of swine manure by anaerobic processes, and individually present some functional disad-
vantages during long periods of operation. In the case of AF, the drawbacks correspond to
the formation of preferential paths and/or the creation of clogging in the packing bed over
time, whose main consequence is the decrease in the useful volume of the unit. Regarding
the UASB reactor, it can lose biomass (granules) as is devoid of any filling medium and, in
an extreme situation, it can be subjected to system washout, especially when an overload
occurs. The combination of these two types of reactors resulted in the hybrid anaerobic
reactor, which, by having the packing medium only in the upper area of the unit, gath-
ers the advantageous characteristics and avoids the operational inconveniences of each
one. Different configurations of the hybrid anaerobic reactor have been reported in the
treatment of effluents. The integral hybrid system, configured in two-sections—the UASB
section under anaerobic conditions (initial volume of 2 L) and the UASB section + aerobic
packing bed with polyethylene rings (total volume of 3 L)—was used to degrade the swine
wastewater [22] where the novel hybrid anaerobic–aerobic baffled reactor was applied to
the treatment of the manure-free piggery wastewater, without any supplementation of
an external carbon source [23]. The hybrid anaerobic baffled reactor was also reported to
digest (synthetic) brewery wastewater [24].

In a previous study, the authors used the Next-Generation Sequencing (NGS) tech-
nique to find that changes in the organic composition of the substrate had a clear rela-
tionship with changes in the structure of microbial communities during the anaerobic
digestion of olive mill wastewater (OMW) and piggery (PE) effluent, by exploiting the
complementary effluents concept [20]. The reduction in the initial population diversity
occurred towards an acclimation of the operational conditions in the anaerobic process, and



Appl. Sci. 2021, 11, 4364 3 of 21

the predominant microbial sequences allowed the finding of the best substrate proportion,
30% OMW plus 70% PE (v/v).

The present work intends to continue the previous work, considering the concept
of the complementarity of substrates, using brewery wastewater (BWW) to decrease the
toxicity and complement the unbalanced substrate, such as the piggery effluent. The
experimental conditions were scaled-up to a hybrid anaerobic reactor, as it is important to
assess the toxicity of an unbalanced substrate, such as the provided piggery effluent, by
exploiting the complementary effluents concept. It aims to assess hybrid anaerobic reactor
behavior under high organic load conditions, through the efficiency of organic matter
conversion and biogas/methane production as well as the molecular characterization and
dynamic changes of microbial communities.

2. Materials and Methods
2.1. Sampling of Substrates

The brewery wastewater (BWW) was collected at the SOCIEDADE CENTRAL DE
CERVEJAS E BEBIDAS (SCC, Vialonga, Portugal), which, after a primary treatment on site,
was brought to be used in this trial. The piggery effluent (PE) was collected at VALOR-
GADO Company (Salvaterra de Magos, Portugal). The effluent produced in the piggery
was directed to a solid–liquid separator device. The resulting liquid fraction, that was free
of most of the solids, was collected for this assay before reaching the stabilization pond.

2.2. Anaerobic Digestion Experimental Set-Up

The hybrid anaerobic reactor used in the experiment is a laboratory-scale unit with a
total volume of 2 L, designed and assembled at LNEG (Laboratório Nacional de Energia
e Geologia, Portugal), and was described elsewhere [25–28]. It comprises a packing bed
(anaerobic filter—AF) selected from previous studies [14–16] that was allocated only in the
upper third of the reactor column height, and by a sludge bed in the lower unit section
(up-flow anaerobic sludge bed—UASB). The hybrid anaerobic reactor is an up-flow unit
that was equipped with several ports placed along the column (Figure 1) which allow
the collection of samples from inside the unit, analyzing different parameters, and the
assessment of the profile characteristics of the hybrid column reactor.

Figure 1. The experimental set scheme of the hybrid anaerobic reactor: (1) peristaltic pump for
effluent feeding, (2) hybrid reactor, (3) liquid trap, (4) mechanical gas meter. Sampling ports: P3
(14 cm), P2 (37 cm), P1 (48 cm), Effluent exit (66 cm).

BWW and PE were mixed at proportions of 60% BWW and 40% PE (v/v) and fed as the
influent of the hybrid anaerobic digestion unit, under two operational conditions, as shown
in Table 1. Hydraulic retention times (HRT) of 6.7 and 3.0 days were tested by increasing
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organic loading rates (OLR) from 4.5 to 10 g COD/L·d during the experiment. The
anaerobic digestion process was performed under mesophilic conditions of temperature
(37 ± 1 ◦C).

Table 1. Anaerobic digestion of BWW + PE (60:40, v/v) in continuous conditions, in the hybrid
anaerobic reactor.

Process Time (d) HRT (d) OLR (g COD/L·d) OLR (g VS/L·d)

0–19 6.7 4.50 2.22
20–37 3.0 10.0 4.96

BWW—Brewery wastewater; PE—Piggery effluent; HRT—hydraulic retention time; OLR—organic loading rate.

2.3. Analytical and Chromatograph Methods

The performance of the process was monitored by analytical characterizations of all
samples and by the volume and quality of the biogas. Analytical measures of described
parameters were performed at the beginning (IN) and at the end (OUT) of the assay
experimental time. Total and volatile solids (TS, VS), chemical oxygen demand (COD),
total nitrogen (Kjeldahl, TKN), ammonium (NH4

+-N), and pH, were assayed according
to standard methods [29]. Total content of phenols was determined by a colorimetric
method [30], using caffeic acid as standard for calibration curve.

Volatile fatty acids (VFA) were evaluated by using a gas chromatograph (Hewlett
Packard 5890), provided with a flame ionization detector and 2 m × 2 mm Carbopack B-
DA/4% Carbowax 20 M (80–120 mesh) column. Nitrogen was the carrier gas (30 mL/mn).
Temperatures of the column, injector and detector were 170, 175 and 250 ◦C, respectively.
Total VFA (acetate, propionate, butyrate, iso-butyrate, iso-valerate and valerate) concentra-
tions were expressed as acetic acid.

The methane content in biogas was measured by the injection of a 0.5-mL gas sample
into a gas chromatograph (Varian CP 430-GC), equipped with a thermal conductivity detec-
tor and a Porapack S column of 1/8” × 3 m. Column, injector and detector temperatures
were 50, 80 and 100 ◦C, respectively. Nitrogen was utilized as the carrier gas (20 mL/mn).
Quantification of each produced gas was performed by comparing the obtained graphical
peak areas with patterns of the injected gas mix at the beginning of each analysis.

2.4. Metagenomic Analysis
2.4.1. DNA Extraction and MiSeq Sequencing (Next-Generation Sequencing, NGS) of 16S
rRNA Gene Amplicons

An aliquot of each sample, in triplicate, was collected at the beginning (IN) and at the
end (OUT) of the experiment and was merged and homogenized for DNA extraction and
gene sequencing.

DNA extraction was made as described by Zhou et al. [31] and adapted for these
samples by Eusébio et al. [32]. After chloroform–isoamyl alcohol steps, a 0.01 volume of
10 mg/mL RNAse was added. The aqueous phase was precipitated with a 0.6 volume of
isopropanol and a 0.1 volume of 2.5 M C2H3NaO2 solution and was kept at −20 ◦C for 1 h.
The pellet of crude nucleic acids was recovered by centrifuging at 12,800× g for 20 min.
Then, cold ethanol 70% was added, the solution left overnight at −20 ◦C, centrifuged at
12,800× g for 20 min, and resuspended in TE solution (10 mM Tris.HCl, pH 7.5, 1 mM
EDTA). The extracted DNA was pooled, quantified, and checked for purity using QubitTM
(Thermo Fisher Scientific, Wilmington, NC, USA) prior to storage at −20 ◦C.

NGS was performed at STAB VIDA facilities (Lisbon, Portugal). For NGS, V3 and V4
regions of bacterial and archaeal 16S rRNA gene were amplified with universal primers
515F (GTGCCAGCMGCCGCGGTAA)—806R (GGACTACNNGGGTATCTAAT). Library
construction was performed using the Illumina 16S Metagenomic Sequencing Library
preparation protocol [33]. The generated DNA fragments (DNA libraries) were sequenced
with the MiSeq Reagent Kit v3 in the lllumina MiSeq platform, using 300-bp paired-end
sequencing reads.
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2.4.2. Data Analysis

The bioinformatics analysis of the generated raw sequence data was carried out using
the Quantitative Insights into Microbial Ecology (QIIME2, version 2018.11) [34]. The reads
were denoised using the Divisive Amplicon Denoising Algorithm 2 (DADA2) plugin [35],
where the following processes were applied: trimming and truncating low quality regions;
dereplicating the reads; filtering chimeras. After denoising, the reads were organized in
features, which are operational taxonomic units (OTUs), and a feature table was generated
using the plugin feature-Table (https://github.com/qiime2/q2-feature-Table, accessed
in February 2021), with each feature being represented by exactly one sequence. After
applying the plugins Alignment [36], Phylogeny [37], and Diversity (https://github.com/
qiime2/q2-diversity, accessed in February 2021), a pre-trained sk-learn classifier [38] based
on the SILVA [39] (release 132 QIIME) with a clustering threshold of 97% similarity was
applied to generate taxonomy tables. Taxonomic classification was achieved by using the
plugins Feature-classifier (https://github.com/qiime2/q2-feature-classifier, accessed in
February 2021) and Taxa (https://github.com/qiime2/q2-taxa, accessed in February 2021),
where only OTUs containing at least 10 sequence reads were considered as significant.

All the raw data were deposited at the NCBI Sequence Read Archive (SRA) database
with accession numbers of SRR13579864, and SRR13697433–SRR13697436.

3. Results and Discussion
3.1. Chemical Composition of Substrates

BWW holds the lowest concentration of organic material (7 g/L COD, 4 g/L TS and
1 g/L VS), having an acidic pH and low nitrogen content (Table 2) as its main characteristics.
These characteristics are related directly to the primary treatment carried out on site before
the wastewater was collected for this work. On the contrary, PE contains remarkably
high concentrations of organic compounds (around 90 g/L COD, Table 2). Other features
measured in PE, such as neutral pH, and contents of nitrogen and of VFA, favor the
attainment of a more balanced substrate that promotes the start-up and the working
stability of the anaerobic process.

Table 2. Chemical composition of effluents.

Parameters Units
BWW PE

This Work [2] [40] [41] This Work [42] [43] [44]

pH 5.1 3–12 4.5 3.2–3.9 7.3

COD (g/L) 7 ± 0 2–6 8.2–20 22.5–32.5 93 ± 5 0.82 ± 0.23 26–51 20–91
TS (g/L) 4 ± 0 5.1–8.7 5.1–8.75 47 ± 1 28–54 23–61
VS (g/L) 1 ± 0 32 ± 1 16–51

TKN (mg/L) 25 ± 0 25–80 0.02–0.03 320–450 5000 1500–6100
NH4+-N (g/L) 0.01 ± 0 3 ± 0 0.51 ± 0.14 1.15–4.8

Total VFA (g/L HAc) 3.13 1–2.5 5.64

Acetic acid (g/L) 2.27 1.37
Propionic acid (g/L HAc) 0.55 0.56
Isobutyric acid (g/L HAc) 0.07 2.16

Butyric acid (g/L HAc) 0.24 1.54

Total phenols (g/L caffeic acid) 0.00 0.9 ± 0.0

BWW—Brewery wastewater; PE—Piggery effluent; COD—chemical oxygen demand; TS and VS—total and volatile solids; TKN—total
Kjeldahl nitrogen; HAc—Acetic acid.

BWW presents a lower total VFA concentration than PE (3.1 versus 5.6 g/L HAc),
acetic acid being the main component (about 72%, Table 2). In turn, the longer chain
acids (isobutyric and butyric) are mainly found in greater quantities in PE. It shows some
degradation of the collected flow, probably due to the effluent handling process during
the passage of the original piggery effluent through a solid–liquid separator. Additionally,
the absence of total phenols in BWW (Table 2) can be a beneficial factor when it is digested

https://github.com/qiime2/q2-feature-Table
https://github.com/qiime2/q2-diversity
https://github.com/qiime2/q2-diversity
https://github.com/qiime2/q2-feature-classifier
https://github.com/qiime2/q2-taxa
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together with PE, as it can minimize the potential inhibition capacity of this effluent with a
total phenol content of 0.9 g/L caffeic acid.

Untreated BWW is generally described in the literature as a typical pollutant with
high organic concentration and low nutrient content, characterized by wide variations
in these parameters [41,45,46], yet the values found in the literature were much lower
comparatively with PE (Table 2). Moreover, the lower values of COD and TS found for
BWW in this work (Table 2) are justified by the primary treatment to which the effluent
was subjected.

Effectively, the provided PE is an unusual effluent with several inhibiting character-
istics. It is known that the piggery effluent composition is highly variable depending on
several factors, such as the farm management practices, animal feed, and storage condi-
tions at the piggery and treatment plant; nevertheless, the PE under study comparatively
presents higher concentrations than those stated by other authors (Table 2). This can be ex-
plained by the breeding conditions of the animals and the effluent management carried out
on this farm in which, as mentioned, the substrate obtained is devoid of most of the solids.

In addition to the toxic potential associated mainly with the total of acids and phenolic
compounds found in the PE, high concentrations of nitrogen must be considered. Nitrogen
performs contrasting functions in the digestion process. It plays the role of a nutrient, has
buffering capacity and exerts inhibitory or toxic action in the solution. Total nitrogen is
combined with ionized ammonium nitrogen (NH4

+) and unionized ammonium nitrogen
(free ammonia form, NH3), whose form heavily depends on the pH and temperature
of the medium. Fernandes et al. [47] studied the inhibition effect of ammonia on the
anaerobic hydrolysis of carbohydrates and lipids, using biomass adapted to 4.9 g NH4

+-
N/L, and concluded that concentrations of total ammonia nitrogen between 2.4 and 7.8 g
NH4

+-N/L (283–957 mg NH3-N/L) do not inhibit the hydrolysis process. Unlike the
ammonium ion, free ammonia is known as the main inhibitory form of methanogenesis
since it can diffuse through the cell membrane and inhibit the cell functioning [48]. The
free ammonia form increases from 1 to 10% of the total ammonia by varying the pH
from 7 to 8, respectively, while maintaining the temperature at 35 ◦C. Looking at the
review by Rajagopal et al. [11], the effect of ammonia levels on the anaerobic digestion
process is categorized as “Beneficial”, “No antagonistic effect”, “Inhibition (especially at
higher pH values)”, and “Complete inhibition or toxic at any pH” for the concentrations
of 50–200; 200–1000, 1500–3000 and >3000 mg NH4

+-N/L, respectively. According to
this information, the PE tested, containing 3000 mg of NH4

+-N/L, is positioned in the
upper range of the “Inhibition” category, confirming its effective inhibitory capacity and the
advantage of digesting it with another effluent that complements and dilute its composition.
The advantage of joining substrates was also mentioned by Wang et al. [49], who note
that the joint digestion of corn stalk and pig manure provided a greater production of
biogas/methane than the individual process because the materials blend makes the process
more resistant to harmful inhibitory effects. Treu et al. [50] found that the limited buffering
capacity of whey mono-digestion can be resolved by adding cattle manure to stabilize
methane production and decrease acid accumulation. The interest in applying the concept
of complementary substrates lies not only in avoiding substrate pre-treatments but also
in the quality of the digested flow. If piggery effluent is anaerobically digested alone, the
digested effluent usually contains large amounts of nutrients, mainly nitrogen, which must
be removed by additional processes [51,52]. Thus, the concept of complementary substrates
can also avoid the need to apply a post-treatment to the digestate.

3.2. Anaerobic Digestion of the BWW and PE Mixture

During the first phase of 19 days of this trial, conducted under the HRT of 6.7 d and
OLR of 4.5 g COD/L·d, biogas production ranged between 0.4 and 1.2 L/L·d, mainly
composed of methane in concentrations of 63–78% (Figure 2). A biogas production rate of
0.996 L/L·d and 0.928 L/L·d, containing 65% methane, was registered after the digestion
of pre-treated manure (140 ◦C, 40 min) and without pre-treatment, respectively [12]. The
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values for biogas and methane content are of the same order of magnitude than those
obtained in this work (1.1–1.2 L/L·d), however they were performed under identical
OLR (2.5 g VS/L·d versus 2.2 g VS/ L·d) but advantageous operating conditions. They
resulted from a higher digestion process temperature and longer HRT than the conditions
in this work (55 ◦C, 18 d HRT versus 37 ◦C, 6.7 d HRT) [12]. Thermophilic conditions of
temperature, such as 55 ◦C, promote higher biogas productions than the mesophilic ones
(37 ◦C) as shown by Kasinski [53]. On the other hand, the increase in HRT allows for a
better conversion of organic matter and, consequently, greater volumes of biogas will be
expected as concluded by Shi et al. [54]. Bearing these considerations in mind, the data
obtained in the present work are comparatively of relevant interest because they indicate
that it is possible to obtain a similar production in biogas (energy) and treat a higher
volume of effluent in the same period and, at lower process temperature, conditions that
will certainly provide an energy balance more attractive for the operating unit. Considering
the co-digestion of Pennisetum hybrid and pig manure (50:50) under a mesophilic range
of temperature (35 ± 1 ◦C) [55], the results obtained are comparable to those of this
work, although with a lower methane content: biogas production of 1.16 and 2.07 L/L·d
with 77.8 and 79.5% CH4 (OLR 2.22 and 4.96 g VS/L·d) versus 0.87 and 1.92 L/L·d with
56.7 and 60.3% CH4 (OLR 2.0 and 5.0 g VS/ L·d [55]) were registered, respectively.

Figure 2. Anaerobic digestion of BWW and PE mixture under fed-batch conditions in the hybrid anaerobic reactor: biogas
production and methane composition. HRT = hydraulic retention time.

The variations in biogas volume under HRT 6.7 d (Figure 2) were certainly stressed by
the failure to feed the reactor on Sundays. Despite these operating conditions, it was found
that the unit always reacted positively, providing successive increments in biogas volume
during every week of testing. Thus, the work continued according to the experimental
plan outlined, but with an additional objective: to test the unit ability to withstand or not
withstand more aggressive operating conditions by decreasing HRT and increasing the
loading rate.
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In the next phase (HRT 3.0 d), there was a clear intensification in the biogas volume
(1.1–2.3 L/L·d), suggesting that both hydraulic and microbial reactor conditions were able
to support the OLR rise to 10.0 g COD/L·d (4.06 g SV/L·d). The good process response
was confirmed by the improvement in the biogas quality, on which a slight increase in
concentrations from around 76 to 80% was registered (Figure 2). Another relevant aspect
is the stability in biogas production indicated by the constant values measured in the last
week of operation (Figure 2). In fact, the methane level of about 80% in the biogas obtained
at the stable period was confirmed by measurements following this experimental phase
(data not shown). Amaral et al. [56] reported comparable methane content (77.9%) yet
operating under an HRT of 17.86 d (OLR of 1.16 g COD/L·d, 0.45 g SV/L·d) to digest
swine effluent.

At this point, roughly comparing these two operational periods, it seems that by
doubling the organic load (4.5 to 10 g COD/L·d, Table 1), approximately twice the volume
of biogas was obtained (1.2 up to 2.3 L biogas/L·d). The attained data indicate that the
hybrid anaerobic reactor reacted positively to the change in operating conditions, showing
capacity to accommodate this increase in organic load. On the other side, the reactor design
was able to withstand high loads of organic-rich substrate and produce high volumes
of biogas/methane, taking advantage of both suspended growth and attached-growth
anaerobic microbial biomass as pointed out by Lo et al. [57].

Gas production is a result of the organic matter conversion, and the partial removal
of influent contents is consequently achieved. According to the parameters in Table 3, the
decrease in substrate concentration, shown in each process stage, indicates that the mix-
ture digestion took place properly under the tested experimental conditions, as expected.
However, regarding the data obtained, COD removal decreased from 52 to 12% with the
reduction in the HRT from 6.7 d to 3.0 d, contradicting the increase in biogas production
(Figure 2). A possible explanation for this would be the presence of additional material
in the effluent, such as suspended biomass that reached the top of the hybrid, and was
counted as COD content, when the sample was taken for analysis. Regarding solids, the
greatest removal amounts of 54% in TS, and 68% in VS, were obtained precisely at HRT 3
d, suggesting that microbial populations were able to convert the majority of the organic
matter into biogas. Values of this order of magnitude (55–65% TS and 59–68% VS) were
also reported by Demirer and Chen [58] when digesting dairy manure in an anaerobic
hybrid reactor, equipped with a floating support for biomass immobilization, yet these
values were obtained at a higher HRT of 15 d. In another experiment, Lo et al. [57] achieved
COD removal of 57% using a hybrid UASB reactor to test the swine manure treatment.

The neutral pH (7.0, Table 3), measured in the feed mixture resulted from PE character-
istics that had counteract the acid conditions of BWW. Slightly higher pH values (7.9–8.1)
were measured in the digested flow, indicating that there is a suitable occurrence between
the components that provide buffering capacity to the medium and those that act as acidity
promoters, such as nitrogen compounds and VFA, respectively, providing conditions for
degradation of the acids contained in the substrate and those that are formed during the
organic matter digestion, without further accumulation in the reactor.

Regarding nitrogen compounds, despite the similarity between the input and output
of TKN values during the initial stage (HRT 6.7 d), the decrease in concentration (21%)
achieved after the regimen at HRT 3 d suggests protein degradation by microbial populations,
within the hybrid anaerobic reactor, under this last operational condition (Table 3). The
ammonium nitrogen data did not provide much additional information due to the small
difference registered between the substrate and digestate concentrations. Considering that
the proportion of ionized and non-ionized forms (the toxic one) in the medium is pH-
dependent and that values in the basic pH range (7.9–8.1) were registered in this work, some
toxicity from ammonia could be considered. Nevertheless, from the available data, the initial
amount of 800 mg NH4

+-N/L is low enough to have any inhibitory effect on the process [11].
As expected, ammonium nitrogen concentration increased in the digestate during the first
stage, although not in a very marked way. In the next phase (HRT 3 d), a low removal of
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ammonium was registered, indicating that both the ammonium contained in the substrate
and the ammonium obtained from the conversion of compounds were used in the process.
In fact, the greatest VFA removal (95%, Table 3) was registered in the HRT 3 d operational
condition, signifying the presence of an adequate buffer capacity in the medium.

Table 3. Anaerobic digestion performance: brewery wastewater and piggery effluent mixture.

Parameters HRT 6.7 d HRT 3.0 d

COD (g/L) IN 30 ± 1 30 ± 1
COD (%) R 52 ± 2 12 ± 3
TS (g/L) IN 23 ± 1 23 ± 1
TS (%) R 8 ± 4 54 ± 2

VS (g/L) IN 15 ± 1 15 ± 1
VS (%) R 22 ± 5 68 ± 1

TP (g/L caffeic acid) IN 0.4 ± 0 0.4 ± 0
TP (%) R 38 ± 0 38 ± 1

pH IN 7.0 7.0
pH OUT 8.1 7.9

TKN (g/L) IN 1.1 ± 0.0 1.1 ± 0.0
TKN (%) R −4 ± 0.0 21 ± 0.0

NH4
+-N (g/L) IN 0.8 ± 0.0 0.8 ± 0.0

NH4
+-N (%) R −0.7 ± 0.0 6 ± 2.0

Total VFA (g/L Hac) IN 4.24 4.24
Total VFA (%) R 87 95

Acetic acid (g/L) IN 2.63 2.63
OUT 0.24 0.15

Propionic acid (g/L HAc) IN 1.08 1.08
OUT 0.25 0.02

Isobutyric acid (g/L HAc) IN 0.23 0.23
OUT 0.03 0.01

Butyric acid (g/L HAc) IN 0.29 0.29
OUT 0.02 0.01

HRT—hydraulic retention time; COD—chemical oxygen demand; TS and VS—total and volatile solids; TP—total
phenols; TKN—total Kjeldahl nitrogen; VFA—volatile fatty acids; HAc—in terms of acetic acid; IN—input;
OUT—output; R—removal.

Global VFA removal resulted from partial removals of its constituents, as shown
in Table 3. Acetic acid is the main component of inputs, comprising 62% of total VFA.
Other acids such as propionic, isobutyric and butyric acids are also present in all influ-
ents in addition to acetic acid, although in lower concentrations. All these acids were
removed efficiently under the tested operating conditions, suggesting that microbial com-
munities could break down the more complex acids into acetate and convert them into
biogas/methane, as a result of the active working balance between hydrogen-producing
bacteria and hydrogenotrophic methanogens.

Despite the evidence of the good performance of the hybrid anaerobic reactor digest-
ing the mixture of two complementary effluents, through the verified biogas quality and
the VFA removal, for instance, the resulting methane yield did not exceed 0.118 L CH4/g
CODIN (Table 4). The results obtained confirm the fact that the process efficiency decreases
with the reduction in HRT and with the consequent increase in the organic load. Compara-
tively, the methane yield obtained at 6.7-d and 3-d HRT conditions is compatible with that
reported in another hybrid unit treating dairy effluent under an HRT of 15 d [58]: 0.238 L
and 0.195 L CH4/ g VSIN (OLR = 2.2 and 5.0 g VS/L·d, respectively) versus 0.191 L CH4/g
VSIN (OLR = 7.30 g VS/L·d). By applying another reactor type (UASB) to digest surplus
yeast and brewery wastewater, higher values were reported by Neira and Jeison [13] who
found a methane production of 0.301 L CH4/g CODIN, however digesting a substrate
much less concentrated than the one applied in this work (influent 30 versus 4 g/L COD).
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Table 4. Anaerobic digestion performance: gas yield.

HRT OLR Biogas Yield Methane Yield
References(d) (g COD/L·d) (g VS/L·d) (L biogas/g VSIN) (L CH4/g VSIN) (L CH4/g CODIN)

6.7 4.5 2.22 0.306 0.238 0.118
This work3.0 10.0 4.96 0.245 0.195 0.096

15 6.9 7.30 0.293 0.191 - [58]

- 8.2 - - 0.301 [13]

HRT—hydraulic retention time; OLR—organic loading rate; VS—volatile solids; COD—chemical oxygen demand; IN—input; R—removal.

3.2.1. Hybrid Anaerobic Reactor Profile

The hybrid anaerobic reactor profile was created from the samples collected in ports
placed at different column heights (Figure 1), at the end of the 3-d HRT phase. As shown in
Figure 3a, the highest matter concentration represented by the COD, TS and VS parameters
is found, as expected, at the bottom of the hybrid anaerobic reactor (P3, 14 cm, Figure 1),
indicating the presence of a dense material known as a sludge blanket. Comparing samples
at the P3 and at P2 (37 cm) sampling ports, a decrease in concentrations is observed which
continues in the next section (P2 and P1) but in a more pronounced way. Considering
that the P1 (48 cm) sampling port is in the packing bed section and the collected sample
corresponds to biomass material from the support medium, the greatest decrease verified
in the concentration, mainly in terms of COD, could be justified by the functional action of
the packing bed in retaining the digesting material and promoting the substrate conversion.
However, when comparing the values obtained in the influent and effluent, the difference
concerning solids is greater than in the case of COD (54%, 68% versus 12% TS, VS and COD
removal, respectively). As was already pointed out, this low removal capacity of COD does
not agree with the stable behavior observed in a hybrid anaerobic reactor related to daily
production of biogas/methane. The additional material in effluent could be associated to
some suspended biomass, coming from the lower layers that passed through the packing
bed medium, or even to be related to the aggregated biomass in it that was dragged in the
gaseous flow and/or in the digestate exit.

As shown in Figure 3b, the main consumption of VFA was carried out at the bottom of
the hybrid anaerobic reactor, in the first column section, about 14 cm high (P3). Accordingly,
identical information is given by the pH values. The main evolution of pH to more basic
values happened in the same bottom section, which remain relatively stable throughout the
column of the hybrid anaerobic reactor until the sample output (at 66 cm height). Figure 3c
shows that acetic acid is the main constituent of VFAs at the influent and, together with
the other components of VFAs, was converted at the bottom of the hybrid anaerobic
reactor (P3).

According to the composition of the reactor (lower and upper sections, Figure 1), the
recorded data suggest that a stratification occurs inside the hybrid anaerobic reactor, and
the majority of hydrolytic, acidogenic and acetogenic microbial populations are located at
the lower layers, acting on the material in digestion and converting most of the compounds
for methanogenesis and biogas production. A sludge bed formation in the bottom of the
hybrid anaerobic reactor is suggested by the content increase obtained at the 14 cm (P3)
sampling port section. The effect of the sludge bed biomass on the hybrid anaerobic reactor
has already been observed in another study in which most of the removal of total phenols
took place mainly at the reactor base [25]. In addition, the effectiveness of the packing bed
placed on top of the hybrid anaerobic reactor used in this assay in promoting the retention
of digested material was demonstrated by the fact that the greatest decline in parameters
concentrations (COD and solids) were obtained in this section (48 cm column height).
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Figure 3. Hybrid anaerobic reactor profile: (a) COD, TS, and VS; (b) total VFA and pH; (c) VFA composition. Sampling ports:
P3 (14 cm), P2 (37 cm), P1 (48 cm). COD—Chemical oxygen demand; TS—total solids; VS—volatile solids; VFA—volatile
fatty acids.

3.2.2. Molecular Characterization of Microbial Communities in the Hybrid
Anaerobic Reactor

To compare distribution of microbial populations during the experiment, a microbial
analysis of effluents and samples, collected at the beginning of HRT 6.7 d IN and at the end
of HRT 3 d OUT, was conducted. The sample collected at the end of the first phase (HRT
6.7 d OUT) of anaerobic digestion failed library preparation and was excluded from the
sequencing run.

After NGS, the samples generated were between the minimum of 609,126 and maxi-
mum of 682,804 raw sequence reads, which corresponded to samples HRT 6.7 d (IN) and
HRT 3 d (OUT), respectively. A total of 777,827 sequences (775,651 bacterial, 2123 archaeal,
and 53 unassigned) were retrieved and analyzed (Table 5). Libraries were composed of a
total 2634 observed OTUs, that were detected in each sample.

Table 5. Sequencing summary and microbial community (bacteria and archaea) diversity index
of samples.

Samples No. of Sequences OTU
Shannon–Wiener Index
Bacteria Archaea

BWW 194,323 334 3.25 -
PE 193,742 1623 3.52 2.95

HRT 6.7 d (IN) 168,868 1589 4.95 5.28
HRT 3.0 d (OUT) 220,894 891 4.03 1.23

BWW—brewery wastewater; PE—piggery effluent; HRT—hydraulic retention time; OUT—operational taxo-
nomic unit.

The highest Shannon–Wiener indices (4.95 and 5.28 for bacteria and archaea, re-
spectively, Table 5), suggested that microbial communities were the most diverse at the
beginning of experiment (HRT 6.7 d IN). The further decrease observed in Shannon–Wiener
index values, until the end of the anaerobic digestion, confirms the occurrence of the
microbial acclimation (bacteria and archaea) to the operating hydraulic condition, that
is, shortening HRT to 3 d with concomitant increase in OLR up to 10 g COD/L·d. The
decrease in microbial diversity means that the microbiota suffers a specialization shift in the
microbial structure, consistent with the good performance of the hybrid anaerobic reactor.

In the case of microbial diversity analysis, it is necessary to know whether the number
of reads of the sequencing reaches a reasonable amount so that more sequencing does
not significantly increase species diversity. Figure 4 indicates that, with 97% similarity
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levels, the rarefaction curve was asymptotic; that is, a flat portion of observed OTUs was
attained, representing that the sequencing was sufficient for all samples, and the dataset of
sequences had thoroughly sampled diversity in this analysis and sufficient sequence depth
was achieved.

Figure 4. Alpha rarefaction curves for the occurrence with which OTUs were detected at each sample
from effluents and from hybrid anaerobic reactor. PE—piggery effluent; BWW—brewery wastewater;
HRT—hydraulic retention time; OUT—operational taxonomic unit.

Relative abundance of bacterial and archaeal groups was determined in terms of
the percentage of total number of sequences in each sample. As predictable, bacteria
predominated the microbial populations in all samples, accounting for more than 99.7%
of relative abundance at domain level (Table 6). The discrepancy found between Bacteria
and Archaea is normal, real and has already been reported by other authors in anaerobic
digestion processes [59–61]. Most of the microorganisms presented in the substrate (HRT
6.7 d IN) belonged to the Bacteria domain, with 0.7% represented by the Archaea domain
(Table 6).

Table 6. Relative abundance of the Bacteria and Archaea domains.

Sample Relative Abundance (%)
Bacteria Archaea Unassigned

BWW 100.0 0.00 0.00
PE 99.73 0.27 0.00

HRT 6.7 d (IN) 99.26 0.71 0.03
HRT 3.0 d (OUT) 99.81 0.19 0.00

During the second phase (HRT 3 d) of the anaerobic digestion process in the hybrid
anaerobic reactor, archaea populations drastically decreased yet, at a later phase, HRT 1 d,
they recovered to the initial values of 0.7% (data not shown), confirming the maintenance
quality of the biogas, at methane levels of around 80%.

The composition of the phyla with relative abundances of bacterial communities
greater than 1% in at least one sample is illustrated in Figure 5. There were detected nine
major phyla including Actinobacteria, Bacteroidetes, Cloacimonetes, Firmicutes, Fusobac-
teria, Proteobacteria, Spirochaetae, Synergistetes, and Tenericutes, accounting for 97.1%
(PE)–99.9% (BWW) of the entire bacterial community. Members of phyla Bacteroidetes,
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Cloacimonetes, Firmicutes, Proteobacteria, Spirochaetae, and Synergistetes are known to
be part of a structural community that efficiently converts the biomass, chemically complex
feedstocks, into high-yield methane containing biogas [62]. Proteobacteria, Firmicutes,
and Bacteroidetes are likely abundant in all anaerobic digestion systems and have been
referred to by several authors (e.g., [59–61,63]). Moreover, these phyla contain several
species whose metabolism can contribute to one or more of the phases of the general
anaerobic digestion process.

Figure 5. Relative abundance and dynamics of bacterial communities, taxonomic classification of
bacterial reads at phylum level in samples collected at different operating conditions and efflu-
ents. BWW—Brewery wastewater, PE—Piggery effluent, HRT—Hydraulic retention time, OUT—
Operational taxonomical unit. Other phyla were not considered in this discussion due to their low
presence (0.01–1.2%) in the community: Armatimonadetes; Atribacteria; BRC1; Candidatus Berkel-
bacteria; Chlamydiae; Chlorobi; Chloroflexi; Cyanobacteria; Deinococcus-Thermus; Fibrobacteres;
Hydrogenedentes; Lentisphaerae; Microgenomates; Nitrospinae; Parcubacteria; Planctomycetes; SR1
(Absconditabacteria); Saccharibacteria; TM6 (Dependentiae); Verrucomicrobia; WS6; and unidenti-
fied bacteria.

A diverse bacterial population was found in both effluents (Figure 5), being dominated
mainly by Bacteroidetes (53%) on BWW and by Firmicutes (65%) on PE. These bacterial
populations remain predominant throughout the experiment, and Firmicutes increases
from 41% to 49% on the last phase (HRT 3 d OUT) becoming the predominant phylum in
this sample. The observed decrease in Bacteroidetes during anaerobic digestion further
implies that it may have competed with Firmicutes over the same resources on the reactor,
the latter prevailing. Buhlmann et al. [64] already mentioned that Bacteroidetes and
Firmicutes have been identified as the main bacterial phyla present within anaerobic
digesters. Most of members of the phyla Bacteroidetes are known for their ability either to
convert easily degradable amino acids, sugars, and alcohols into VFA, which emphasizes
their potential crucial role in acido- and acetogenesis. On the other hand, the Bacteroidetes
activity can be self-inhibited by the accumulation of acids [65]. Some Firmicutes are
known to be syntrophic bacteria capable of degrading VFAs, such as butyrate and its
analogues [63]. In addition, most of strains in the phylum Firmicutes might hydrolyze
cellulose, glucose, starch, and proteins into small molecular organic acids such as acetate,
highly contributing to improvement of the methane production yield [66,67]. Microbial
community profiles are demonstrated with more detail at genus level in Figure 6. In
the anaerobic digestion process, most of the members of Bacteroidetes were assigned to
Bacteroidales or Flavobacteriales, respectively, at 33% and 18% for HRT 6.7 d IN and HRT
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3 d OUT, and most of the members of Firmicutes were assigned to Clostridiales (35%
and 37%, respectively, for HRT 6.7 d IN and HRT 3 d OUT). At the end of the HRT 3 d
phase (Figure 6b), microbial populations of the order Flavobacteriales became predominant
(18%), and consisted mainly of members of the family Flavobacteriaceae, genus Moheibacter
(17.8%), replacing the Bacteroidales populations. Moheibacter has been described as a strictly
aerobic bacterium and without an important role in the breakdown of complex or other
carbohydrates [68,69], which can explain its sudden appearance at this stage. Apparently,
these changes in bacterial populations are meaningless and without much influence on
the performance of the process. During this phase, Bacillales also became part of the
composition structure of microbial communities (7.8%). Bacillales, whose order consisted
mainly of members of the family Planococcaceae, and genus Sporosarcina (7.4%), which are
known as good carbohydrate-utilizing species [60], and as Clostridiales, also Bacillales can
decompose protein, cellulose, fat, and carbohydrates to produce VFAs [65].

As can be observed in Figure 5, Proteobacteria, known degraders of polysaccharides
and more complex substrates [65], predominate at phase HRT 3 d (19%). All five classes
within the Proteobacteria were detected during the experiment, Beta- and Gammapro-
teobacteria dominated at HRT 3 d representing, respectively, 5% and 13% of the total
bacterial sequences (Figure 6b). Betaproteobacteria is involved in the first steps of degra-
dation during the anaerobic digestion process, and they are the main consumers of pro-
pionate, butyrate, and acetate [70]. Most of the members of Betaproteobacteria belong to
the family Alcaligenaceae that increased from 1% (6.7-d HRT, Figure 6a) to 4.8% (3-d HRT,
Figure 6b) of total sequences. At HRT 3 d (Figure 6b), Gammaproteobacteria represented
28,784 sequences, with the genus Pseudomonas representing 81% of those sequences and
11% of bacterial sequences. Pseudomonadaceae is a group with important environmental
functions, such as bioremediation of toxic residues, as well as xenobiotic compound degra-
dation. The presence of Pseudomonas in the microbiota also has been related with phenol
degradation and organic matter removal, during the effluents biotreatment processes [32].

During the anaerobic digestion of the mixture BWW + PE (60:40, v/v), slight changes
in the structure of the bacterial populations were observed, mainly at HRT 3 d, in which
the pronounced increase in Bacillales, Pseudomonadaceae and Alcaligenaceae certainly may
have contributed to the stabilization of the process at a continuous feeding regime with
OLR of 10 g COD/L·d, achieving 95% VFA removal rates, and around 2 L biogas/L·d.

Methanogenesis has three major pathways, each converting a different substrate into
methane gas [71]: methylotrophic (decarboxylation of methyl alcohols/methyl amines/
methyl sulfides); hydrogenotrophic (reduction of H2/CO2); and acetoclastic methanogen-
esis (decarboxylation of acetate). The pathway which leads to the methane production
occurring in an anaerobic reactor only depends on the methanogenic populations and the
availability of the suitable substrates for the anaerobic digestion process.

Regarding the Archaea domain, Figure 7 shows considerable changes that occurred
during anaerobic digestion in the hybrid anaerobic reactor. Of most archaeal sequences, 99%
were classified within the phylum Euryarchaeota, and only 18 sequences were assigned to
the phylum Woesearchaeota, present in the piggery effluent and at the beginning (HRT 6.7 d
IN) of the assay, which were later not detected after anaerobic digestion. As for the Bacteria
domain, Archaea also shows high diversity, 5.28 (Table 5) on samples at the beginning of
the anaerobic digestion (HRT 6.7 d IN), with predominance in archaea communities of
the obligately hydrogen-dependent methylotroph Candidatus Methanoplasma (40%) and
the hydrogenotrophs Methanobrevibacter (29%), and Methanospirillum (9%), as shown in
Figure 7.
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Figure 6. Cont.
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Figure 6. Relative abundance of bacterial communities at genera level in samples from anaerobic
digestion phases (a) HRT 6.7 d and (b) HRT 3 d, in the hybrid anaerobic reactor. The abundance is
presented in terms of a percentage of the total number of sequences in a sample.
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Figure 7. Relative abundance and dynamics of archaeal communities and taxonomic classification of archaeal reads at genus
level in samples collected at two operating conditions and effluents. BWW—Brewery wastewater, PE—Piggery effluent,
HRT—Hydraulic retention time, OUT—Operational taxonomical unit.

Since no archaea populations were detected in brewery wastewater, it can be con-
cluded that the archaeal populations in piggery manure were crucial to further production
of methane in this experiment. After the anaerobic digestion of the mixture BWW + PE
(60:40, v/v), a considerable shift in the archaeal populations had occurred, and Methanosaeta,
an obligate acetoclastic methanogen, became the dominant genus, reaching 95% of archaea
populations at the end of HRT 3 d (Figure 7), and 84% in a later phase, HRT 1 d (data not
shown). The presence of Methanosaeta in these phases means that the methane produced
during anaerobic digestion in the hybrid anaerobic reactor was formed through acetoclastic
methanogenesis as the main pathway [49,72,73]. These results are in line with the high
biogas composition in methane (between 77% and 80%) along the anaerobic digestion
(Figure 2), indicating the presence of the active methanogenic archaea populations at all
tested conditions. The important involvement of Methanosaeta in the methanogenesis
process is evident, also being reported in the literature as predominant in several anaerobic
digestion systems [49,59,74].

In addition, VFA concentrations (Table 3) never reached the inhibitory level for
methanogenic activity throughout the experiment and, more importantly, the limit of
propionic acid concentration was maintained lower than 2000 mg/L, as stated by Lee
et al. [75], not inhibiting the methanogens.

These results show that communities of bacterial and archaeal populations were
affected by the composition of the substrates mixture of brewery wastewater and piggery
effluent, and by the HRT and OLR operating conditions.

4. Conclusions

The inhibiting capacity of the unusual and concentrated piggery effluent can be ad-
vantageously overcome by applying the complementary effluents concept. The brewery
wastewater used as the complement provided the decrease in the piggery effluent concen-
trations, such as nitrogen, VFA and TP contents, making the anaerobic digestion process
viable without any previous change in its composition. The tested hybrid anaerobic reactor
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withstood large substrate streams (HRT of 6.7 d and 3 d) whose high organic loading rates
of 4.5 and 10.0 g COD/L·d provided productions in biogas of 1.2 and 2.1 L/L·d (77.8–79.5%
CH4), respectively.

Different functional sections of the hybrid anaerobic reactor could be recognized: (a)
the unit bottom (0–14 cm) identified as the sludge blanket section, presents the highest
matter concentration (COD, TS and VS) and carries out the main consumption of VFA and
the basification of pH; (b) the unit central section (14–37 cm) where a decrease in previous
concentrations was observed and VFA is maintained in low content and pH in the same
basic value; (c) the unit upper section (37–48 cm) shows the greatest reduction in the matter
concentrations that is justified by the functional action of the packing bed in retaining the
material in digestion. VFA and pH were maintained at the preceding values.

The metagenomic analysis presented a considerable shift of the microbial populations
during the experiments towards a specialization to the operational conditions in the anaer-
obic processes, with the loss of the initial population diversity. The high relative abundance
of Bacillales, Clostridiales and Pseudomonas could be indicative of the important contribu-
tion of these bacteria to the efficient bioconversion at HRT 3 d. Likewise, Methanosaeta
was the predominant methanogenic archaeal genus, strongly suggesting that acetoclastic
methanogenesis could be the main pathway in the process.

Long-term studies will provide more insights on the hybrid reactor behavior digesting
unbalance/inhibiting effluents concerning its efficiency under extreme operating conditions
of organic load. Microbial biomass stratification and function and the packing bed effect on
the unit removal capacity will be the predictable goal of future research in the continuation
of this work.
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