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Abstract

Biohydrogen (bioH,) and soluble metabolites products (SMPs) obtention from the co-digestion process of banana processing
wastewater (BPW) and synthetic sewage (SS) were investigated. The reactor performance was evaluated by BPW addition
with different initial concentrations: 2.0, 5.0, and 9.6 g of total carbohydrate (TC)/L (pure BPW) using SS to complete the
working volume. The dark fermentation process was carried out in a 1 L batch reactor operated at 37 °C/52 h and pH 7. The
composition of gas and liquid samples (TC, VFAs, alcohols, and pH) were analyzed during reactor operation. The highest
bioH, production yield (210.82 +32.07 NmL/g TC) and bioH, production rate (40.93 +7.60 NmL/g TC/h) were obtained at
an initial substrate concentration of 2.0 g TC/L. These results indicated that the co-digestion improved carbohydrate utiliza-
tion and induced a more effective metabolic pathway to bioH, production. At this condition, the main soluble metabolite
products were acetate and butyrate, whereupon Clostridiacae was the main family involved in BPW fermentation. The
prediction of functional gene expression evidenced a shift in the mechanisms of SMPs and bio H, obtention as the initial
concentration of substrate changes.

< Cintia Cristina da Costa Freire
cintia.freire @unesp.br

Institute for Research in Bioenergy, Sao Paulo State
University (UNESP), Rio Claro, SP 13500-230, Brazil

Municipal Institute of Higher Education, Catanduva,
SP 15.800-970, Brazil

3 Institute of Chemistry, Sdo Paulo State University (UNESP),
Araraquara, SP 14800-060, Brazil

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12649-023-02258-6&domain=pdf
http://orcid.org/0000-0001-5099-3715
http://orcid.org/0000-0002-8472-1547
http://orcid.org/0000-0003-1886-1039
http://orcid.org/0000-0003-2557-7263
http://orcid.org/0000-0002-3096-8843
http://orcid.org/0000-0002-4584-7649

1588

Waste and Biomass Valorization (2024) 15:1587-1601

Graphical Abstract

Variation of initial
concentration of BPW

@ Data collect and analysis

@ Microbial community analysis

9.6 g TC/L — Liquid and gasous samples
Optimum substrate concentration: 2.0 g TC/L g™
Prmax =210,82 + 32.07 NmL/gTC
Rm=40.93 +7.60 NmL/TC/h
5.0 g TC/L Maximum BioH in biogas = 8.82 + 0.02 %
2.0gTC/L
v
37ec =

20% inoculum
Codigested with SS

L1
0 (EC:11295.1)

&y
pe
&
o

Keywords Wastewater treatment - Renewable hydrogen - Organic acids - Functional gene prediction.

Statement of Novelty

Biohydrogen production from wastewater is still a develop-
ing area. The knowledge of the ideal fraction of BPW that
can be used for energy production, and the approach of the
changes in the microbial community dynamics is crucial to
optimize systems that the bioH, is the desired end-product.

Introduction

Hydrogen is a promising fuel source because of its envi-
ronmentally friendly characteristics. It has a great capacity
to reduce pollution, being applicable in various sectors like
transport (hydrogen fuel cell), ammonia and methanol syn-
thesis, and petroleum refineries [1, 2]. However, the tradi-
tional methods to produce hydrogen are fossil-fuel based,
such as natural gas reforming, coal gasification, or partial
oxidation of heavy hydrocarbon, which are unfriendly for
sustainable development and require high energy input [3].
As an initiative to achieve sustainable production strate-
gies, the nations have focused their interest on reducing the
greenhouse effect and other environmental pollutant gas
production by using new energy sources instead of fossil-
based fuels [2]. In this context, several clean methods that
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can be used for hydrogen production without harming the
environment have been reported in the literature, such as
biological, electrical, photonic, and thermal processes [4].

Hydrogen gas obtention via biological systems (i.e.
biophotolysis, photofermentation, and dark fermentation)
was recently reviewed by Ramprakash et al. [5], and future
perspectives and strategies were determined. The authors
reported it as a great alternative due to advantages such as
specific conversion, simple operations under balmy condi-
tions, carbon neutrality, and a low cost compared to other
production methods. Among them, dark fermentation (DF)
has been consolidated as an appropriate method to obtain
hydrogen because it requires a low external energy input
to drive the reaction and the rate of hydrogen production is
faster than biophotolysis and photofermentation [5, 6]. In
this process, the organic substrates are used as an energy
and electron source by microorganisms to produce the
commonly known as “biohydrogen”, and other Soluble
Metabolite Products (SMPs), such as volatile fatty acids
(VFAs), acetone, and alcohols.

Different feedstocks such as agricultural, food, and
dairy residues, glycerol, and domestic/industrial waste-
waters were recently considered for biohydrogen produc-
tion. The potential can be identified from the principle
that an ideal feedstock must be rich in available carbohy-
drates [6]. Wastewater is considered a promising source
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of biohydrogen production due to its abundance and easy
access considering the significant domestic and industrial
activity. It is a rich source of various organic products,
which are majorly soluble and biologically available [7].
According to Qadir et al. [8], the estimated global waste-
water production is expected to increase up to 24% by
2030 and 51% by 2050 over the current level, which is
around 380 billion m® annually. Industries - e.g., fruit and
food processing, pulp and paper, iron and steel, mining
and petrochemical, etc. - are the top contributors to global
wastewater generation and require extensive treatment
before discharging wastewater safely to the environment.
This treatment is motivated by regulations and legisla-
tions of the government to protect the environment and
marine life from toxic pollutants and pathogens [7, 9].
Recently, studies reported the potential of biohydrogen
production through dark fermentation using real waste-
water discharged from various industries, such as cheese
whey, confectionery wastewater, sugar beet processing
wastewater [10], winery wastewater [11], beverage waste-
water [12], lactate wastewater [13], cassava starch waste-
water [14], among others.

The banana is one of the most important commercial
subtropical fruits with global annual production exceeding
120 million tons [15]. Even though it is generally consumed
in natura, several banana derivatives, such as candies, chips,
dried fruit, jams, and wines, among others, have gained
space in the market, which shows the great versatility and
appreciation of this fruit and its processed derivatives [16].
Considering its expressive activity nowadays, the industry
of banana fruit processing also needs a paradigm shift from
wastewater disposal to wastewater utilization. There is a
need to promote cleaner and more sustainable processing
of fruit waste as well as to contribute to renewable energy
insertion in the energetic matrix [17]. Furthermore, con-
taining high content of carbohydrates (glucose, sucrose,
and fructose) from the fruit, as well as added sugars in the
derivatives elaboration process, BPW should be a potential
source for bioH, production by anaerobic fermentation.

To ensure that the dark fermentation process is viable
and a preferred treatment or energy recovery, the evalua-
tion of co-digestion in biohydrogen quantity and quality
has been assessed in the open literature. This technique has
gained space for promoting using more than one residue
while compensating for biomasses’ nutrient limitations
and enhancing biohydrogen production. Additionally, the
co-digestion technique is useful to enable the dilution of
potentially toxic compounds and to improve the synergistic
reactions of microorganisms and the buffering capacity
of the substrates [14, 18]. The benefits achieved by using
at least two different co-substrates were demonstrated by
Garcia-Depraect et al. [19] in the co-digestion of vinasse

and Nejayote. The results showed a maximum bioH, pro-
duction rate of 107 NmL H,/Lr h and bioH, yield of 115
NmL H,/g TVS,44.q at a vinasse/Nejayote ratio of 80:20,
a result of their mutual complementarity in the concentra-
tions of nitrogen, iron, magnesium, phosphorus, and alka-
linity. These co-digestion processes also showed a syner-
gistic effect on bioH, production for the mixture of fallen
leaves and sewage sludge in the investigation conducted by
Yang et al. [20]. The authors observed the optimal mixing
ratio of leaves/sludge at 80:20, achieving a bioH, produc-
tion yield of 37.8 mL/gVS, 4.4, emphasizing the advan-
tages over mono-digestion of sludge (10.3 mL/gVS, 44eq)-

Even though different real wastewater treatment using
the DF process is well documented in the open literature,
as far as is known the potential of biohydrogen and inter-
mediates production from BPW is lacking. Based on this,
this study explores the potential and ideal fraction of BPW
through co-digestion with Synthetic Sewage (SS) that can
be used for energy purposes through bioH, and soluble
metabolites production, involving the microbial commu-
nity investigation. This study specifically approaches the
following questions: Does the initial substrate concen-
tration affect the production yield of bioH, and soluble
metabolites? How does the microbial community change
after the fermentation process and what mechanisms are
behind the formation of the end products?

Materials and Methods
Substrates and Inoculum

BPW to feed the reactors was collected from a banana
processing industry located in Tapiratiba, Sdo Paulo, Bra-
zil, during the process of washing the cooking containers
to produce banana candy bars. The BPW was transported
and stored in plastic bottles at — 18 °C until its utilization
in the anaerobic batch reactors.

The synthetic domestic sewage (SS) to simulate real
domestic wastewater was prepared as described by Martin
et al. [21] (Supplementary Table 1 of Online Resource
1). The anaerobic consortium of H,-producing bacteria
was obtained from a UASB (Upflow Anaerobic Sludge
Blanket) reactor used in the treatment of poultry wastes
(Tieté, Sao Paulo, Brazil). The granular sludge was sub-
jected to a thermal pretreatment (100 °C for 15 min) to
inhibit hydrogen-consuming microorganisms and obtain
endospore-forming anaerobic bacteria [22]. Table 1 shows
the characteristics of the BPW, SS, and the anaerobic
sludge pretreated (AS-PT) used in the experiments:
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Table 1 Characterization of BPW, SS, and AS-PT.

Parameter  Unit BPW SS AS-PT

pH - 4.3+0.06 6.7+0.06 7.03+0.02
TS g TS/L 10.40+0.05 0.18+0.02 0.07+£0.001
VS g VS/L 10.1£0.03  0.06+£0.02 0.065+0.001
Ashes gashes/L 0.30+0.01 0.11+0.02 0.01+£0.0001
TC gTC/L  9.60+0.56 0.029+0.005 n.d.

COD g COD/L  14.88+0.05 0.058+0.07 n.d.

Ethanol g COD/L  0.495+0.08 0.008+0.001 n.d.

Acetate g COD/L 0.06+0.012 0.08+0.02 n.d.

Butyrate gCOD/L 0.02+0.01 0.02+0.003 n.d.
Propionate g COD/L 0.02+0.02 0 n.d.

Lactate gCOD/L 1.89+2.76 0 n.d.
Iso-butyrate g COD/L 0 0 n.d.

Data are given as mean + standard error of the mean of triplicate
results

n.d not determined

Experimental Set-up

To determine the effect of the initial concentration of
wastewater on the DF process, batch fermentation tests
were carried out for 52 h in anaerobic batch reactors of
1.0 L (working volume of 0.6 L) containing 20% (v/v) of
inoculum (120 mL) and different initial concentrations
of BPW, according to Table 2. Endogenous control was
measured using only deionized water and inoculum. The
initial pH of each reactor was adjusted to 7.0, and sodium
bicarbonate (5 g/L) was added as a buffer. Nitrogen gas
(99.9%) was fluxioned in each reactor for 5 min to remove
the remaining oxygen and promote anaerobic conditions.
After that, these were capped with bottle rubber stop-
pers, wrapped, and incubated without stirring at 37 °C.
The substrate-to-inoculum ratio (S/I) was calculated as
the ratio of the volume of BPW to the volume of the
inoculum. To ensure the reproducibility of experiments,
all assays were done in triplicate.

Analytical Methods

Liquid samples and biogas fractions were collected and
analyzed periodically during the reactor’s operation. The
amount of gas produced in the reactors was measured by the
water displacement method [23]. To liquid samples, TC, pH,
and concentration of fermentation products—rvolatile fatty
acids (VFA), acetone, and alcohols—were measured. The
determination of TC concentration (measured as glucose)
was conducted by the phenol method proposed by Herbert
et al. [24]. The pH was determined using a Jenway 3510
pH meter equipped with an electrode. The percentage com-
position of the biogas (H,, CH,, and CO,) was determined
by a gas chromatograph (GC-2014, Shimadzu®) coupled
with an using a thermal conductivity detector (TCD) and
Carboxen® #1010 PLOT (30 m X 0.53 mm) column, using
Argon as a gas carrier. Injector and detector temperatures
were set at 220 and 230 °C, respectively. Column tempera-
ture ramp was 120 °C (Hold time 1 min), 40 °C/min up
to 200 °C (Hold time 3 min), and 50 °C/min up to 230 °C
(Hold time 0.5 min) [25]. The concentration of some fer-
mentation products generated in the reactors, such as ace-
tic acid (HAc), butyric acid (HBu), propionic acid (HPr),
isobutyric acid (HIsob), isovaleric acid (HIsov), ethanol and
methanol, was determined by a gas chromatograph (GC-
2030, Shimadzu®), equipped with a flame ionization detec-
tor (FID) with an autosampler (AOC 6000 plus), a capillary
column HP-INNOWAX (30 m x 0.250 mm x 0.25 pm), and
using Nitrogen as the gas carrier [26]. High-Performance
Liquid Chromatography (HPLC) was used for the identi-
fication and quantification of lactic acid in the pre-filtered
samples (0.22 pm pore size filter). The refractive index
detector (Waters 2014) was maintained at 40 °C. The ana-
lytical column Aminex® HPX-87 H (300X 7.8 mm) was
held at 50 °C with a flow rate of 0.6 mL/min, using sulfu-
ric acid 0.005 mol/L as a mobile phase. The stoichiometric
COD factors assumed for the determination of total Soluble
Metabolites Products (SMPs) were: 1.24 g COD/g},cqic_acias
2.087 g COD/g.yanon 1.066 g COD/E, i acigr 1-514 g COD/
gpropionic_acid’ 1.318 g COD/gbutyric_acid and 2.036 g COD/

giso—valeric_acid [27]

Table 2 Scheme of the

a Initial concentration of SS (mL) AS-PT (mL) BPW (mL) Deionized NaHCO; S1
fermentative batch reactors BPW (¢ TC/L) H,0 (mL) (e/L)
9.6 0 120 480 0 5 4.0
5.0 230 120 250 0 5 2.0
2.0 380 120 100 5 0.8
Control 0 120 0 480 5 -

SS Synthetic domestic sewage, AS-PT anaerobic sludge pretreated, BPW banana processing wastewater, S//

substrate-to-inoculum ratio

@ Springer
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The TS, VS, and ashes content in BPW, SS, and AS-PT
were determined by gravimetric method, according to
APHA standard procedures. COD analysis was conducted
on samples collected at the beginning and at the end of the
dark fermentation process, on the pure BPW, and on SS [28].

Microbial Community Analysis

The biomass collected before the DF process (AS-PT) and
at the end of the assays, separately, was stored at — 80 °C in
a 50% glycerin solution, and used for DNA extraction, per-
formed according to Griffiths et al. [29], with adaptations.

The 16 S rRNA amplicon sequencing was performed
on Illumina NovaSeq6000 PE 250 platform by ByMyCell
(Ribeirdo Preto, Sdo Paulo, Brazil). The bacterial 16 S rRNA
genes V3-V4 regions were amplified from the microbial
genomic DNA using specific primers (515 F/806 R). The
taxonomic classification was performed using QIIME
(Quantitative insight into microbial ecology) v2022.2.0
[30]. The raw sequencing data had their quality metrics
measured at the beginning of the analysis process and reads
of unsatisfactory length and chimeras were removed. The
curated reads were used in the definition of ASV (Ampli-
con Sequence Variant) with similarity > 97%, then the
a-diversity indexes were calculated. SILVA SSU 138 rRNA
Database Project [31] was used for taxonomic assignment.

Metabolism prediction to elucidate the impact of differ-
ent initial substrate concentrations was done using Phylo-
genetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt v2.4.2) based on 16 S rRNA
sequencing data. Metagenome predictions were made
by corresponding the marker gene data and the reference
genomes in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database [32].

The raw sequences were submitted to the NCBI (National
Center for Biotechnology Information) SRA database
under accession numbers SRR22408487, SRR22408621,
and SRR22408622 for the assays using the different con-
centrations 9.6, 5.0, and 2.0 g TC/L, respectively, and
SRR22408407 for the anaerobic granular sludge (BioProject
PRINA643936).

Statistical Analysis and Kinetic Parameters
of Hydrogen Production

The experimental data were fitted using the software Statis-
tica 10.0. The average of the hydrogen yield evolution data
was adjusted to the modified Gompertz model (Eq. 1) [33].

H =P x exp {—exp [(FZD) x (£ - 1) + 1]}
()

where P is the BioH, production potential (NmL/g TC),
R,, is the maximum production rate (NmL/g TC/h), ¢ is the
incubation time of the reactors (h), £ is the phase before
BioH, production starts (h), and e =2.718. Biohydrogen
yields (Y) were calculated by dividing the cumulative hydro-
gen production potential by the amount of TC and VS added.
The experimental data are tested by analysis of variance
(ANOVA) and Tukey test (p <0.05), considering the com-
pletely randomized design with three treatments, using the
software Microsoft Excel 365 for Windows 11 to assess sig-
nificant differences among various parameters and expressed
as mean values + SD. Pearson correlation (p < 0.05) analysis
was performed to identify significant correlations between
DF performance and the microbial community using Jamovi
2.3.18.

Results and Discussion
Hydrogen Production from BPW

The effects of BPW concentration were evaluated on dark
fermentation during 52 h, the results obtained are summa-
rized in Table 3. It’s known that the biohydrogen yield is
primarily affected by the content of carbohydrates present
in the substrate. Overall, all assays presented a high total
carbohydrates removal (83.20-93.66%), resulting in dif-
ferent yields of biohydrogen production, where the high-
est yield (p <0.01) of biohydrogen (210.27 +32.40 NmL/g
TC) from BPW was observed at the lowest initial substrate
concentration (2 g TC/L). With the initial total carbohydrate
content increase to 5.0 and 9.6 g TC/L, the values decreased
to 78.22+7.12 and 56.83 +5.32 NmL/g TC, respectively.
The same behavior was observed in the lower substrate con-
centration offered with a significant difference (p <0.01) in
the bioH, content, in the amount of biohydrogen per gram
of VS added, per mol of TC, and per liter of BPW, showing
the maximum values of 8.82+0.02%, 155.10+23.90 NmL
H, /g VS, 1.56+0.23 mol H, /mol TC, and 1538.51 +314.42
NmL/L, respectively. No methane gas was detected in fer-
mentation reactors, indicating the effectiveness of the ther-
mal pretreatment of the inoculum (Table 3). In general,
although the low substrate concentrations have favored the
bioH, content in the produced biogas, the value obtained in
this condition was significantly low. BioH, contents close to
or even superior than 40% have been previously reported in
the literature [10, 12, 13]. Many factors might have signifi-
cant effects on bioH, production, such as the adjustment of
operational parameters (e.g., pH, temperature, S/I, among
others), that still need to be studied and were not covered by
the scope of the present investigation.

The reactors fed with higher substrate concentration
decreased pH (p <0.01), as seen for the initial concentration

@ Springer
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Table 3 Dark fermentation

. Parameter Substrate concentration (g TC/L) F - statistic CV (%)
performance at different
substrate concentrations after 9.6 (Pure BPW) 5.0 2.0
52 h of operation
Initial pH 7.33+0.05* 6.87+0.35° 7.0+0.05? 411N 291
Final pH 5.77+0.04¢ 6.03+0.10° 6.60+0.02°  121.05"  1.09
Cumulative H, (NmL) 362.66£29.68" 236.70+21.83" 158.00+2336° 42.96”  10.14
TC removal (%) 93.62+4.02* 93.66+1.55* 83.20+4.06° 8.88" 3.83
COD removal (%) 4.36+3.75% 15.93+6.41° 18.94+9.33? 375N 52,67
BioH, maximum content (%)  1.84+0.53¢ 5.19+1.04° 8.82+0.02*  79.18™  12.86
H,yields
NmL bioH, /g TC 56.83+5.32°  78.22+7.12°  21027+3240° 42.177  17.25
NmL bioH, /g VS 7275+6.81° 92944846  155.10+23.90° 1827  14.68
mol bioH, /mol TC 0.43+0.03° 0.58+0.05° 1.56+0.23*  4529™  16.55
NmL bioH, /L 755.54+61.83° 982.60+86.77° 1538.51+314.42* 19.11™ 14.30
Significance level: ** 1%, * 5%, + Standard Deviation. According to Tukey’s test, different lowercase let-
ters in the same row indicate a statistically significant difference between the mean values at the different
initial concentrations of substrate
NS not significant, CV coefficient of variation
450 8
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Fig. 1 Dynamics of cumulative BioH, production and pH variation
during fermentation of BPW at different initial concentrations repre-
sented as 9.6 g TC/L, A 5.0 g TC/L, @ 2.0 g TC/L and O Control

of 9.6 g TC/L, resulting in a final pH of 5.8 +0.04. In com-
parison, for concentrations 5.0 and 2.0 g TC/L, final pH
of 6.0+0.10 and 6.6 +0.02 were observed (Fig. 1). These
observations suggest that the accumulation of soluble
metabolites in the liquid phase - mainly the acidic prod-
ucts—had the greatest effect on the lowering of pH during
DF [13]. Moreover, the highest cumulative biohydrogen of
362.66 +29.68 NmL (p <0.01) was observed at the highest
initial substrate concentration (9.6 g TC/L) while lower val-
ues of cumulative production were observed as the concen-
tration of BPW decreased to 5.0 and 2.0 g TC/L, obtaining
236.70+21.83 and 158.00+23.36 NmL of biohydrogen,
respectively. The pH variation and cumulative bioH, pro-
duction are represented in Fig. 1.

@ Springer

The drop in production yields as the initial concentra-
tion increases (Table 3) may be related to the accumula-
tion of liquid products with subsequent over-acidifying of
bacterial cultures (mostly hydrogen producers). It could
be caused by an excessive substrate addiction during the
fermentation process [34-38], as seen in the assay 9.6 g
TC/L, demonstrating a significant decrease in pH at the
end of operational time.

The efficiency of hydrogen production during the fer-
mentation of wastewater is strongly influenced by the waste
concentration and by the nature of the substrate, which some
studies evidence high yields of biohydrogen production from
wastewater at lower substrate concentrations (lower than
40 g COD/L) [39]. Fangkum & Reungsang [34] also tested
the effect of initial total carbohydrate (5—40 g TC/L) in DF
of sugarcane bagasse hydrolysate. The study demonstrated
that the hydrogen production yield gradually declined at
concentrations greater than 10 g TC/L, achieving the maxi-
mum H, production yield of 0.84 mol H,/mol of TC_ ¢\ ed
at the initial concentration of 10 g TC/L. In the work of
Sivaramakrishna et al. [35], the hydrogen yield from probi-
otic wastewater (PW) under mesophilic conditions strongly
depended on the initial substrate concentration. Produc-
tion yield, similar to the one obtained in the present study
(1.8 mol bioH,/mol TC) was achieved at a substrate concen-
tration of 5 g/L and in the range of 2—-8 gpy,/L using mixed
anaerobic consortia.

The performance of the DF process also can be affected
by the S/I ratio. According to the work of Litti et al. (2022)
[10], the optimal S/I in terms of H, yield and H, production
from the fermentation of cheese whey in anaerobic batch
reactors were obtained at the range of 0.5-1.0. This result
explains the representative yield of biohydrogen production
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at the lower offered concentration, corresponding to an S/I
of 0.8 (Table 3).

A low degree of COD removal after DF of BPW was also
verified (4.66—18.94%). The result could be related to the
primary organic matter being converted mostly into organic
acids and alcohols due to partial anaerobic digestion. Con-
sequently, hydrogen makes up only a small part of the COD
balance of end products of dark fermentation [40].

The modified Gompertz model was used to describe the
progress of the batch fermentative hydrogen production from
BPW. The fitted model in comparison with the experimen-
tal data was plotted in Fig. 2, while Table 4 lists the fit-
ted parameters. The correlation coefficients were 0.99 for
all assays, indicating the reliability of the values obtained.
The maximum hydrogen production yield (210.82 +32.07
NmL/gTC) and the maximum production rate (40.93 +7.60
NmL/gTC/h) were achieved using the lower concentration
of BPW (2.0 g TC/L), at a significance level of p<0.01,

indicating the efficiency of the co-digestion with SS. A
lower value of lag phase () was observed in the assay 5.0 g
TC/L (p<0.001) indicating that this kinetic parameter can
be affected by changes in different initial concentrations.

Soluble Metabolites Production

Biohydrogen production is accompanied by the formation of
different SMPs during the fermentative process. The SMPs
concentration and distribution are useful indicators for moni-
toring the gas production by predicting the metabolic path-
ways assumed by the anaerobic consortium involved. It is
possible to mainly observe the presence of the metabolites
lactic acid (HLa), acetic acid (HAc), butyric acid (HBu), eth-
anol, and methanol at the beginning of the reactor operation.
This is probably attributed to the natural fermentation of the
residue. The presence of indigenous microorganisms can be
originally present in the substrate or proliferate during stor-
age and transportation [41]. It was previously correlated to
high amounts of lactate and acetate in the substrates by dif-
ferent studies, e.g. cassava starch wastewater [42] and sug-
arcane molasses [43]. Only propionic, isobutyric, isovaleric,
and caproic acid traces were detected after each run (Fig. 3).

Overall, it was observed that as the offered substrate con-
centration increased from 2.0 to 9.6 g TC/L, there was an
increased formation of HBu. In contrast, for decreasing con-
centration, there was an increased formation of HAc. Table 5
summarizes the final concentration of the main SMPs. In
the first 10 h, HLa concentration in the assays 9.6 and 5.0 g
TC/L increased considerably, achieving concentrations of
4.84 and 1.2 g COD/L, which corresponds to a portion of
62% and 42% of total SMPs, respectively (Supplementary
Fig. 1 of Online Resource 1). For the highest concentration
of 9.6 g TC/L (Fig. 3a), the HBu had the higher abundance
at the end of the fermentation, corresponding to 43% of the
total SMPs, followed by ethanol (25%), and HAc (24%). The
amount of HBu, ethanol, and HAc produced was 2.09 +0.93,
1.22+0.56 g COD/L, and 1.15+0.79 g COD/L, respectively

Table 4 Statistical analysis and

. Parameter Substrate concentration (g TC/L) F - statistic  CV (%)

non-linear Gompertz model at

different offered concentrations 9.6 5.0 2.0

of substrate
P NmL/g TC)  56.83+5.32° 78.23+7.12° 210.82+32.07* 43.32" 17.06
Pax (ML/L) 734.83+68.84°  938.76+85.48"  1572.83+237.67*  19.08" 14.45
Rm (NmL/g TC/h)  7.17+1.12° 9.28 +1.36° 40.93 +7.60° 41.07" 23.83
Rm (NmL/L/h) 92.81+14.50° 111.38+16.32>  304.10+56.08° 26.84™ 20.95
£ (h) 5.50+0.51* 4.26+0.23° 5.64+0.19 18.50" 5.87
R? 0.99 0.99 0.99 - -

Significance level: ** 1%, * 5%, + Standard Deviation. According to Tukey's test, different lowercase let-

ters in the same row indicate a statistically significant difference between the mean values at the different

initial concentrations of substrate

NS not significant, CV coefficient of variation
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Fig. 3 Profile of SMP production during the operation of reactors at a
different initial concentration of substrate: 9.6 g TC/L (a), 5.0 g TC/L
(b), and 2.0 g TC/L (c)

at the end of fermentation. Interestingly, mainly the HBu
level increased continuously with a reduction of HLa at the
rapid phase ranging from 10 to 52 h, coinciding with the

@ Springer

exponential phase of hydrogen production (Fig. 2), suggest-
ing that HBu and bioH, were generated from lactate con-
sumption during this stage.

As demonstrated by Matsumoto & Nishimura [44], sev-
eral species of microorganisms from the Clostridium genus
have been associated with the production of HBu and BioH,
from HLa, for example, Clostridium butyricum, C. diolis-
JPCC H3, and C. beijerinckii. Furthermore, Kim et al. [45]
reported the positive effect of HLa in a bioH,-producing
system. The authors reported that HBu made up the greatest
portion of all metabolites produced when the initial con-
centration was 8 g HLa/L, which also promoted the highest
hydrogen yield. Considering the significant production of
HBu feeding the reactor 9.6 g TC/L, the predominant path-
way assumed was the butyric acid route. In the butyrate-type
fermentation, only 2 mols of hydrogen are produced when
butyrate is the main fermentation product.

Several researchers[34—38] suggest that excessive addi-
tion of substrate concentration results in the generation of
too high partial pressure of hydrogen in the headspace. This
fact can inhibit further hydrogen formation and decrease
the specific yield of hydrogen due to the occurrence of a
solvent production pathway, resulting in enhanced alcohol
production. In the present study, it was verified the maxi-
mum final concentration of ethanol (p <0.05) in the assay
fed with 9.6 g TC/L (1.22+0.56 g COD/L), confirms the
solvent pathway.

In assay 2.0 g TC/L there was a marked formation of
acetic acid during the operation time, which at the end of the
reaction corresponded to a portion of 61% of the total solu-
ble metabolites formed, achieving the final concentration of
1.63+0.27 g COD/L (Fig. 3c). In this assay, the strong pre-
dominance of acetic acid formation explains the high hydro-
gen yield and content in biogas since the acetic acid pathway
is more favorable to hydrogen production. Theoretically, 4
mols of hydrogen are produced from 1 mol of glucose in
acetate-type fermentation.

As the substrate concentration offered decreased to 5.0
and 2.0 g TC/L, it was verified that, in the interval from
12 to 52 h of operation, a decrease in the concentration
of ethanol and an increase in HAc and BioH, production
occurred, achieving final concentration of 0.37+0.25 and
0.04+0.01 g COD/L, respectively. These results may char-
acterize a metabolic strategy used by bacteria to obtain
energy at low carbohydrate availability conditions using
ethanol fermentation as an alternative pathway [46]. Similar
results were obtained by Villa Montoya et al. [47] in the co-
digestion of coffee waste (coffee pulp, husk, and processing
wastewater) at similar conditions to this study (neutral pH
and mesophilic conditions). The study reported an increase
in HAc generation and a decrease in the concentration of
other organic acids and alcohols (mainly ethanol) at the end
of fermentation. These results suggested that the formation
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Table 5 .The main ﬁnal soluble Parameter Substrate concentration (g TC/L) F - statistic CV (%)

metabolites production at

different initial substrate 9.6 (Pure BPW) 5.0 2.0

concentrations
Ethanol 1.22+0.56 0.37+0.25% 0.04+0.01° 8.57" 65.63
HAc 1.15+0.79% 2.46+0.71* 1.63+0.27% 3.28N8 36.17
HBu 2.09+0.93 1.58+£0.18%® 0.44+0.15° 6.87" 40.74
HPr 0.16+£0.03* 0.19+0.02* 0.19+0.02% 0.64NS 17.22
Hisov 0.08 +0.04° 0.17+0.02? 0.21+£0.01° 13.30™ 20.20
Total SMPs 4.85+2.20° 4.95+0.78" 2.68+0.47° 2.60N 33.14
HBu/HAc 1.81 0.64 0.26

Significance level: ** 1%, * 5%, + Standard Deviation. All amounts are expressed in g COD/L. Accord-
ing to Tukey’s test, different lowercase letters in the same row indicate a statistically significant difference
between the mean values at the different initial concentrations of substrate

HAc acetic acid, HBu butyric acid, HPr propionic acid, HIsov isovaleric acidNS not significant, CV coef-

ficient of variation

Table 6 Biodiversity indexes for the inoculum and for samples of the
reactors at different initial substrate concentrations

Sample OTUs Alpha diver-
sity (Shan-
non)

Inoculum 465 7.96

2 g TC/L 338 7.29

5gTC/L 388 7.23

9.6 gTC/L 236 6.67

of ethanol without bioH, production occurred during the
first hours of fermentation, a thermodynamically favorable
reaction in neutral pHs, with the subsequent consumption of
ethanol into HAc and bioH, by the microorganisms through
acetogenesis, considering the high concentrations of this
volatile fatty acid.

Taxonomic Profile and Prediction of Functional
Genes Expression

The microbial diversity in an evaluated sample is com-
monly estimated by the Alpha diversity indexes. The Shan-
non index demonstrates the measure of diversity within
the sample, then a higher value of this index means higher
microbial diversity in a sample [20]. Microbial diversity data
was shown in Table 6. Higher diversity and richness of the
microbial communities were verified in the granular sludge
used as inoculum (7.96), followed by the reactor fed with
the initial substrate concentration of 2 g TC/L (7.29). Micro-
bial diversity tended to decrease as substrate concentration
increased to 9.6 g TC/L (6.67).

Figure 4 illustrates the taxonomic profile of microbial
communities for the samples from the assays at different
initial concentrations of BPW after 52 h of operation and
the inoculum

At the phylum level (Fig. 4a), the microbial commu-
nity of the inoculum sample was relatively diverse with an
abundance of 20 phyla higher than 1%, including mainly
the phyla Bacteroidota (27.38%), Patescibacteria (10.87%),
Firmicutes (10.55%), Cloacimonadota (10.18%), Desulfo-
bacterota (6.60%), and Chloroflexi (5.63%). After 52 h of
fermentation, all assays were dominated by the phylum
Firmicutes (with relative abundance ranging from 58.43 to
63.12%). The prevalence of the phylum Firmicutes might be
related to its ability to form endospores to resistant extreme
environmental conditions, which promotes a better ability
to recover their activity after the heat-shock pretreatment
compared with other remaining phyla [48]. Furthermore, the
phylum Firmicutes includes the most hydrogen-producing
microbes, which can utilize a wide range of substrates for
their growth, even including carbohydrates and proteins
[49]. This explains the considerable growth with the addi-
tion of BPW.

At the genus level, it can be seen from Fig. 4b that there
were 19 genera with relative abundance higher than 1% in
the inoculum. The most dominant genus was Bacteroidetes_
vadinHA 17 (9.29%), among others such as Lentimicrobium
(6.86%), SAR324 (4.03%), and Christensenellacae R7 group
(3.24%). After 52 h of fermentation in each reactor fed with
different initial substrate concentrations, changes in micro-
bial structures and dominant species in the fermentation sys-
tems were observed as a result of a decrease in pH due to the
soluble metabolites formation and the acclimation of some
indigenous microorganisms, mainly from the Clostridium
genus, which may be associated with the consumption of
the total carbohydrates contained in the BPW and the HLa
generated at the beginning of DF process of each reactor.

To assay 2.0 g TC/L, the microbial community dem-
onstrated high diversity, indicating a synergistic activity
of various microorganisms on the DF process. The most
dominant genus was Clostridium sensu stricto 2 (5.51%)
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Fig.4 Relative abundance of microorganisms identified at the phylum (a) and genus (b) levels through fermentation at different initial substrate

concentrations. Relative abundances > 1% are shown

followed by Lactococcus (5.58%), Clostridium sensu
stricto 1 (5.36%), Clostridium sensu stricto 10 (4.07%),
and Clostridium sensu stricto 13 (4.01%). The occurrence
of lactate-producing bacteria (e.g. Lactococcus, Lactoba-
cillus, Streptococcus, among others) in DF systems has
been widely discussed in an attempt to understand the
effects of these microorganisms on bioH, production. In
some studies it has shown a detrimental effect, while in
others it was observed that lactate improves bioH, produc-
tion [12]. The main reason underlying this discrepancy
still remains unknown. However, the presence of these
microorganisms associated with higher bioH, production
yield suggests that hydrogen-producing bacteria and lac-
tate-producing bacteria were able to cohabit under specific
conditions without apparently leading to negative impacts
on hydrogen production. In addition, studies have demon-
strated that lactate-based DF processes have been favored
under carbohydrate-limiting conditions [50], which justi-
fies the high yield of bioH, production to the tested condi-
tion of lower initial substrate concentration. Furthermore,
this successful hydrogen production via lactate-type fer-
mentation represents an opportunity to achieve practical
DF processes without the need for prior substrate steriliza-
tion and pretreatment of inoculum and/or substrate [41].
As the initial substrate concentration offered increased,
the microbial community was dominated by the repre-
sentative of the genus Clostridium sensu stricto 1. When
the initial concentration of substrate increased to 5.0 g
TC/L, the most dominant genus was Clostridium sensu
stricto 1 (15.67%), followed by Terrisporobacter (9.10%),
Clostridium sensu stricto 13 (7.62%), and Clostridium
sensu stricto 2 (5.85%). At an initial concentration of
9.6 g TC/L, Clostridium sensu stricto 1 (27.65%) became
the most dominant genus, followed by Paraclostridium

@ Springer

(5.43%), Terrisporobacter (5.10%), Clostridium sensu
stricto 2 (3.56%).

The genera Clostridium sensu stricto 1, Clostridium sensu
stricto 13, Clostridium sensu stricto 2, Clostridium sensu
stricto 7, Clostridium sensu stricto 10, and Lactococcus
were not found in the inoculum. These indigenous microor-
ganisms, probably coming from the non-sterile BPW, were
favored to grow in the environmental conditions imposed
such as pH, temperature, and substrate availability.

To better understand the functions of individual microbial
groups in dark fermentation of BPW, possible relationships
between main characteristic genera and kinetic parameters
of bioH, production (final pH, H, in biogas, yield, S/I, etha-
nol, HAc, HBu, and metabolites production) were evalu-
ated by the Pearson correlation analysis. Only two correla-
tions exhibited significatively data: the relative abundance
of Clostridium sensu stricto 1 was correlated negatively
with the percentage of H, in biogas (r = —0.99, p<0.05),
meanwhile, the relative abundance of the Clostridium sensu
stricto 13 genus was correlated positively with the acetate
production via fermentation (r=0.99, p <0.05) Fig. 5.

Clostridium sensu stricto 1 is a widely reported hydrogen-
producing genus, which is capable of using different feed-
stocks (e.g. sewage sludge, food waste, lignocellulosic bio-
mass, sucrose, starch, hemicellulose, glucose, and cellulose)
for bioH, production, and the typical species of this genus is
Clostridium butyricum [50]. Although a positive correlation
between biohydrogen productivity and the genus Clostrid-
ium sensu stricto has been reported [50], in the present work
the abundance of this genus resulted in a decrease of the
bioH, presence in the biogas, accompanied by a low yield
of bioH, and production of mostly HBu (Table 3; Figs. 2 and
3). This behavior may be explained by a change in Clostrid-
ial-type hydrogen producing fermentation mechanism, as
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Clostridium sensu stricto 2

Clostridium sensu stricto 1

Clostridium sensu stricto 13
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Lactococcus

Fig.5 Matrix of Pearson’s correlations between the most domi-
nant genera and kinetic parameters of bioH, production during DF
process. Statistically significant values are indicated by the symbol:
*p<0.05. Microorganisms were analyzed in terms of their relative
abundance

described by Hallenbeck study: these microorganisms are
potentially capable, under the right conditions, of producing
additional hydrogen by reoxidizing the NADH generated
during glycolysis. Since two moles of NADH are produced
during glycolysis, up to a maximum of two additional mol-
ecules of H, could potentially be generated by this pathway.
Thus, these organisms appear to be capable in theory of pro-
ducing up to 4H,/glucose. However, proton reduction with
NADH is unfavorable since the redox potential of hydrogen
(~450 mV at neutral pH, STP) is appreciably lower than that
of the NADH/NAD couple (~320 mV). Thus, the production

KEGG No. Functions

of H, with electrons derived from NADH is only possible at
greatly reduced hydrogen partial pressure. At moderate to
high hydrogen partial pressures (favored at high substrate
concentrations), the inability to reoxidize NADH leads to its
oxidation by pathways that produce reduced organic com-
pounds at the expense of hydrogen, commonly butyric acid
[51].

The prediction of encoding genes related to key enzymes
involved in the BPW fermentation might suggest the pres-
ence of particular pathways helping to elucidate the pro-
cess. PICRUSt analysis was further performed to reveal the
metabolism prediction and assess the impact of the different
initial concentrations of BPW on the expression of func-
tional genes encoding the enzymes closely related to the
formation of bioH, and SMPs. Thus, KEGG database-based
PICRUSt analysis was adopted in this study to give more
comprehensive information concerning the microbial func-
tional gene expressions. Figure 6 describes 19 key enzymes
encoded by correlated genes involved in bioH, production
and direct and indirect SMPs formation during BPW fer-
mentation at different initial concentrations, according to
functional orthologs from KEGG orthology (K)).

In the inoculum is possible to observe the predominance
of 6-phosphofructokinase (73.79%) and phosphotransbutyr-
ylase (26.20%), which was drastically reduced at the assays
since they are conducted after the inoculum pretreatment,
whereupon most microbes are inhibited due de unfavorable
conditions. The changes in the mechanisms of VFAs and
bioH, production after the pretreatment might be related
to the fermentation conditions that selectively enriched the

Metabolic routes

60.0 %

K00845 Glucokinase [EC:2.7.1.2]

K00850 6-phosphofructokinase [EC:2.7.1.11]

K00873 Pyruvate kinase [EC:2.7.1.40]

K00532 Ferredoxin hydrogenase [EC:1.12.7.2]

K00169 Pyruvate ferredoxin oxidoreductase [EC:1.2.7.1]

H2-producing pathway

40.0 %

K00626 Acetyl-CoA-acetyltransferase [EC:2.3.1.9]

K00074 3-hydroxybutyryl-CoA dehydrogenase [EC:1.1.1.157]
K17865 3-hydroxybutyryl-CoA dehydratase [EC:4.2.1.55]
K00248 Butyryl-CoA dehydrogenase [EC:1.3.8.1]

K00634 Phosphotransbutyrylase [EC:2.3.1.19]

K00929 Butyrate kinase [EC:2.7.2.7]

K01034 Butyryl CoA:acetate CoA transferase [EC:2.8.3.8]

HBu-producing pathway

K03778 D-lactate dehydrogenase [EC:1.1.1.28]
K00101 L-lactate dehydrogenase [EC:1.1.2.3]

HLa-consuming

20.0 %

KO01895 Acetate-CoA ligase [EC:6.2.1.1]
K04020 Phosphotransacetylase [Ec 2.3.1.8]
K00925 Acetate kinase [EC:2.7.2.1]

HAc-producing

K00001 Alcohol dehydrogenase [EC:1.1.1.1]

Alcohol-consuming

K00440 Coenzyme F420 [EC:1.12.98.1]

Homoacetogenesis
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Fig. 6 Relative abundances (%) of predicted functional genes encoding the key enzymes involved in BPW fermentation at different initial con-

centrations
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microbes favorable for the environment, directly influencing
the tolerance of different genes to pretreatment, determining
which one will be recovered [52].

Regarding the assay 2.0 g TC/L, Hac—the major solu-
ble metabolite produced—proceeds through Acetate-CoA
ligase (4.73%), responsible for the conversion of Acetyl-
CoA into acetate. Moreover, the acetyl-CoA produced can
be converted to acetate with concomitant ATP synthesis
from the acetyl-phosphate intermediate, generated by Phos-
photransacetylase (5.51%). Butyrogenesis proceeds through
butyryl-CoA generation from Acetyl-CoA via the interme-
diates acetoacetyl-CoA, hydroxybutyryl-CoA and croto-
nyl-CoA, both converted by acetyl-CoA-acetyltranferase
(10.36%), 3-hydroxybutyryl-CoA dehydrogenase (5.56%)
and 3-hydroxybutyryl-CoA dehydratase (3.70%), respec-
tively. The presence of phosphotransbutyrylase (33.70%)
and butyrate kinase (5.03%) completes the conversion into
butyrate. Alcohol dehydrogenase was also observed at the
abundance of 11.80% and might be related to the consump-
tion of ethanol at the end of the assay. A proportion of glu-
cokinase (9.72%) and pyruvate kinase (9.84%) played a rela-
tively major role in bioH, production.

The fermentation process at higher initial concentrations
demonstrates some changes in the mechanism of the obtain-
ment of the DF products. For the assay 5.0 g TC/L, the bioH,
production was mainly related to the activity of ferredoxin
hydrogenase (6.58%), which drives the hydrogen evolution
through the acceptance of reduced ferredoxin produced dur-
ing the conversion of pyruvate into acetyl-CoA and CO,.
It’s possible to observe the butyrate production proceeding
directly via butyrate kinase (13.38%), starting from de pre-
cursors acetyl-CoA-acetyltransferase (20.75%), 3-hydroxy-
butyryl-CoA dehydratase (14.06%), butyryl-CoA dehydro-
genase (8.53%) and butyrate kinase (13.38%), and also infer
the indirect conversion of butyrate by butyryl-CoA:acetate-
CoA transferase, which converts external acetate present in
the medium into butyrate. The relevant presence of alcohol
dehydrogenase (26.61%) might be related to ethanol con-
sumption during the last hours of the fermentation process.

Regarding the assay 9.6 g TC/L, is possible to infer the
direct production of HBu via the precursors Acetyl-CoA-
acetyltransferase (10.33%), 3-hydroxybutyryl-CoA dehy-
dratase (13.99%), which converts 3-hydroxybutyryl-CoA
into Crotonyl-CoA, that enables the formation of Butyryl-
CoA, used by Phosphotransbutyrylase (4.45%) to gener-
ates Butyrate-phosphate, the main component used to
butyrate formation via Butyrate kinase (even expressed at
low abundance). At the same time, the direct conversion
of acetate by the key enzymes involved in acetate produc-
tion and consumption, Phosphotransacetylase (5.81%) and
Acetate kinase (6.16%), through the intermediate Acetyl-
phosphate, was assumed. Alcohol dehydrogenase was
also identified (11.98%), and this enzyme has the ability
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to convert Acetyl-CoA into acetaldehyde, which will be
converted into ethanol while reoxidizing NADH to provide
the NAD™ needed by the glycolytic pathway for further
substrate utilization [51]. Because of the presence of Glu-
cokinase (10.88%), Pyruvate kinase (9.59%), 6-phosphof-
ructokinase (13.72%), it can be inferred that the abundance
of these enzymes related to the breakdown of carbohydrates
was associated with the initial concentration of substrate
offered, indicating the adaption of microorganisms to good
performance on carbohydrate utilization, also being prob-
ably the main pathway to produce bioH,. These enzymes are
implicated in the formation of pyruvate, strongly involved in
hydrogen production, especially in clostridial-type fermenta-
tion, and this is in accordance with the predominance of the
family Clostridiacae in the assay 9.6 g TC/L [53].

Both lactate and ethanol-forming processes are accom-
panied by the conversion of NADH to NAD*. As hydrogen
can be produced from NADH by hydrogenases, NADH-con-
suming metabolic pathways are considered restrictive for
hydrogen production [52]. In this work, key enzymes related
to hydrogen-consuming pathways such as D-lactate dehy-
drogenase and L-lactate dehydrogenase weren’t observed at
considerable relative abundances. In contrast, the signifi-
cant formation of ethanol associated with the strong relative
abundance of alcohol dehydrogenase in the assay 9.6 g TC/L
makes clear the limited bioH, yield.

Conclusions

This study demonstrates that the initial substrate concentra-
tion effectively affected bioH, and SMPs production. The
highest bioH, production yield (210.82 +32.07 NmL/g
TC) and bioH, production rate (40.93 +7.60 NmL/g TC/h)
were obtained at the initial substrate concentration of 2.0 g
TC/L. The main SMPs produced in the assays were acetate,
butyrate, and ethanol. However, a shift in the metabolic
pathway was noted as the initial substrate concentrations
changed from 2.0 g TC/L to 9.6 g TC/L, whereupon the
acetate pathway was followed at low BPW concentration.
In contrast, the butyrate pathway was followed at a higher
BPW concentration. Although the data obtained in the pre-
sent study are promising for bioH, production from BPW,
low percentages of hydrogen were observed in biogas pro-
duced. Thus, further investigation on other variables that
influence the fermentation process is still needed aiming to
optimize the system. Moreover, future research directions
should take into account assessing the continuous operation
of the system.

The predictive functional profiling of microbial commu-
nities revealed the changes in the mechanisms of DF prod-
ucts formation and the dynamic of dominant genera as the
initial substrate concentration changes, making the microbial
analysis more comprehensive and elucidating the reasons
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for the changed metabolites formation. Synergistic activity
of various microorganisms was observed at low initial con-
centrations, such as Clostridium sensu stricto 2, Lactococ-
cus, and Clostridium sensu stricto 1, whereas the last one
became dominant at high substrate concentrations. To the
initial concentration of substrate with the best performance
on DF, genes related to the breakdown of carbohydrates,
and production of bioH, and acetate, such as Glucokinase,
Puyruvate kinase, and Phosphotransacetylase, respectively,
were identified. The described process proved to be a sus-
tainable way to treat unexplored wastewater towards a cir-
cular economy, recovering energy and contributing to the
reduction of greenhouse gas emissions, boosting the devel-
opment of the banana production and processing chain.
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