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HIGHLIGHTS
Fruit and vegetable waste can be used as low-cost
substrate for biohydrogen production.
Vermicompost was used as novel source of
hydrogen-producing bacteria.
Use of mild heat-pretreated FVW substrate
markedly enhanced biohydrogen yield.
Clostridium species were the dominant
microorganisms in the bioprocess.
Biohydrogen production through FVW valorization
using the developed process was found promising.
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This study reports for the ﬁrst time on biohydrogen production by dark fermentation using a novel combination of mild heatpretreated fruit and vegetable waste (FVW) as raw material and vermicompost as an economical source of hydrogen-producing
bacteria. A suspension rich in reducing sugars obtained from FVW was used at different initial concentrations (5 to 25 g reducing
sugars/L) during the bioprocess conducted in batch reactors at mesophilic temperature of 35 °C. The use of a mild heat-pretreated
substrate and the consequent elimination of the natural microbiota present in the FVW led to higher hydrogen production than
the control. Clostridium species, hydrogen-producing bacteria via butyric acid fermentation pathway, were the dominant
microorganisms in the bioprocess. Hydrogen production, volumetric hydrogen production rate, and pretreated substrate
degradation efficiency (63.0 mL/g VS, 372.6 mL/L/d, and 50% BOD5, respectively) obtained in the experiments performed with
the highest substrate concentration demonstrated that the developed bioprocess was promising simultaneously leading to high
hydrogen contents in biogas and high substrate removal efficiencies.
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1. Introduction
The current challenges of global warming and climate change on one hand
and atmospheric pollution resulting from increasing fossil fuels consumption
on the other hand are the main driving forces behind the research on alternative
energy carriers (Emodi et al., 2019). A very appealing course of action is the
application of biological processes to the production of fuels (Hallenbeck and
Ghosh, 2009). Hydrogen appears as one of the best alternatives for two reasons:
i) the only by-product of its combustion is water (Ghimire et al., 2015), and ii)
its energy content per unit mass is the highest, reaching 122 kJ/g, a value
approximately 2.75 times higher than that of conventional hydrocarbon fuels
(Elbeshbishy et al., 2017).
While steam reforming of natural gas is the dominant hydrogen production
process and is still associated with extensive consumption of fossil fuels (Xia
et al., 2016), the biological production route has emerged as one of the most
vigorous research areas in the field of hydrogen production (Cai and Wang,
2016). It has the advantages of reducing greenhouse gas emissions by 57-73%,
and the ability to run on a cheap and less energy intensive technology (Arimi
et al., 2015).
Among the biohydrogen production processes, dark fermentation seems to
be a favorable process due to its simplicity, minor energy requirements, higher
hydrogen production rates, and the use of waste as raw material (Cui and Shen,
2012). Hydrogen, carbon dioxide, and volatile fatty acids (VFA) are produced
during the acidogenesis phase of carbohydrate-rich organic wastes degradation
by anaerobic fermentative bacteria (Keskin et al., 2018).
The seed microorganisms used as inoculum and their pretreatment represent
a key factor for hydrogen fermentation. In comparison with pure cultures,
mixed microbial ones are more commonly used because of their low cost,
easiness in control, high versatility, and broader choice of substrate (Li and
Fang, 2007; Braguglia et al., 2018). Species of the genera Clostridium,
Enterobacter, and Bacillus have been frequently isolated from mixed cultures
and are responsible for biohydrogen production during dark fermentation
(Bundhoo et al., 2015; Raﬁeenia et al., 2018). Moreover, these bacterial
consortia, capable of producing hydrogen, are widely present in natural habitat
such as sludge, compost, soil, sediments, leachate, and organic wastes (Wang
and Yin, 2017). In order to enrich mixed microbial inoculums for dark
fermentative hydrogen production, the inhibition of hydrogen-consuming
microorganisms, namely hydrogenotrophic methanogens, is one of the main
steps. To achieve that, inoculum pretreatment is carried out through which
biohydrogen-producing bacteria can survive when exposed to harsh
environmental conditions such as pH and temperature, due to their ability to
form spores (Saady, 2013; Raﬁeenia et al., 2018).
Given the fact that natural materials can be potential sources for enriching
hydrogen producers (Wang and Yin, 2017), new inoculum sources are being
proposed, including the use of vermicompost (Oceguera-Contreras et al.,
2019). Vermicomposting is a low-cost bio-oxidative process of organic matters
facilitated by microorganisms and earthworms, mainly the Californian red
earthworm (Eisenia fetida), which yields a biofertilizer popularly known as
vermicompost (Domínguez et al., 2010; Gómez-Brandón and Domínguez,
2014). The passage of the organic material through the earthworm favors the
existence of an active microbial population, with abundance of bacteria
belonging to the Clostridium genus, in the egested material (Hong et al., 2011;
Blomström et al., 2016). Therefore, vermicompost is a valuable and economical
product as natural source of biohydrogen-producing bacteria.
New sources of cost effective substrate need to be investigated and evaluated
according to their potential for biohydrogen production (Ghimire et al., 2015).
Food waste constitutes the most representative fraction of municipal solid
waste and is also the main factor responsible its methane emissions and landfill
leachates (Algapani et al., 2016). Globally, around 2 billion tons of municipal
solid waste are formed annually, of which 34–53% is biodegradable organic
waste, mainly food waste collected from households and restaurants, but the
composition may vary from country to country (Braguglia et al., 2018). Up to
a third of the food produced worldwide for human consumption is spoiled or
squandered before its consumption. In this scenario, fruit and vegetable have
the highest loss rate, i.e., between 40 to 50% (FAO, 2011). Therefore, fruit and
vegetable waste (FVW) has a great potential for biohydrogen production due
to its organic composition and biodegradable nature (Venkata Mohan et al.,
2009; Tawfik et al., 2015). Moreover, FVW meets the main criteria considered
for the selection of waste for biohydrogen production, i.e., availability and cost,
carbohydrate content, and biodegradability (Eker and Sarp, 2017).

The pretreatment methods of organic waste play a significant role in
increasing the availability of the substrate (Salem et al., 2018). Among the
known methods, heat-based pretreatments for biogas/biohydrogen
production seem to be good options resulting in improved digestatability.
These pretreatments have been extensively applied in solubilizing
lignocellulosic biomasses and enhancing their enzymatic hydrolysis in
order to improve the rate and degree of their degradation, thus increasing
gas generation (Bundhoo et al., 2015; Braguglia et al., 2018; Wang and Yin,
2018). Microwave-based pretreatment has also been considered as an
appealing alternative method owing to its lower energy requirements.
However, the results obtained have not been completely satisfactory
because despite an increased solubility of organic matter, biogas production
was low (< 10%) (Braguglia et al., 2018). Moreover, pretreatments at
temperatures as high as 175 °C reportedly led to the formation of refractory
compounds (melanoidins) inhibiting biogas generation (Shahriari et al.,
2012; Braguglia et al., 2018). Mechanical pretreatments, e.g., ultrasounds
at 20 kHz, exclude the risk of inhibitory compounds formation, but they
require high energy consumption (electricity). Enzymatic pretreatments
intensify the hydrolytic activity and require much less energy inputs than
the mechanical and heat-based methods. However, cost, enzyme selectivity
(lipase or glucoamylase), and process efficiency remain as major
challenges. Chemical pretreatments with strong acids, alkalis or oxidants,
achieve availability levels much higher with respect to those obtained with
the other pretreatments, but the risk of chemical contamination and
formation of recalcitrant compounds should be considered. Moreover,
chemical pretreatments are not suitable for easily biodegradable substrates
such as FVW (Braguglia et al., 2018). To the best of our knowledge, there
are no reports in the published literature correlating the effect of mild heat
pretreatment of FVW on both i) biohydrogen production, and ii) microbial
community. Moreover, studies using vermicompost as a source of
hydrogen-producing bacteria have not yet been fully explored. There is
only one recent work performed by Oceguera-Contreras et al. (2019) using
E. fetida lixiviated earthworm and agro-industrial waste as inoculum and
substrate, respectively.
Hence, the present study was set to investigate the potential of
biohydrogen production by dark fermentation combining a suspension rich
in reducing sugars obtained from mild heat-pretreated FVW and heat shock
treated vermicompost as inoculum. The influence of the heat pretreatment
of the substrate and the initial concentration of reducing sugars on the
production of biohydrogen and soluble metabolites, as well as on substrate
degradation, were studied by using fermentation batch experiments.
2. Materials and Methods
2.1. Inoculum
A mixed bacterial culture from a commercial vermicompost
(Terrafertil, Argentina) enriched by heat shock was used in the experiments.
The inoculum was diluted with distilled water to obtain a concentration
range of volatile suspended solids (VSS) from 10 to 100 g/L and was
pretreated to eliminate methanogenic microorganisms in favor of
hydrogen-producing populations such as Clostridium species. Given the
fact the highest H2 yield was achieved using 25 g/L, this concentration was
selected for the dark fermentation process to produce biohydrogen. The
pretreatment consisted of submerging the inoculum in a water bath at 100
°C for 15 min and then incubating it at 35 °C for 24 h (Raﬁeenia et al.,
2018). The heat shock pretreatment was chosen because it is a fast, highly
efficient, and simple process (Bakonyi et al., 2014).
2.2. Fruit and vegetable waste suspension
The FVW used herein included a wide variety of fruit and vegetable, i.e.,
bananas, apples, pears, pineapples, melons, kiwis, mandarin oranges,
lemons, tomatoes, potatoes, eggplants, cucumbers, cabbages, squash,
carrots, radishes, and zucchinis. The waste was grinded using a 2 L
household food grinder with distilled water (ratio 1:1 w/v) for 3 min at top
speed. Solids were separated using both sieves in different sizes and a 400
micron filter cloth (nylon/polyamide knit filter). The filtered suspension
obtained from FVW was pretreated in a water bath at 63 °C for 30 min to
eliminate the microbiota contained in the substrate, which could have
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otherwise competed with the inoculated microorganisms. The resulting
suspension was used as substrate in the biohydrogen production.

3. Results and Discussion
3.1. Feedstock characterization

2.3. Reaction system
The experiments on dark fermentative hydrogen production were conducted
using batch cultures in 120 mL serum bottles with 80 mL of culture broth. The
bottles were hermetically sealed with rubber corks and metallic caps. First, they
were gassed for 60 s with nitrogen to achieve anaerobic conditions. Each bottle
containing 72 mL of the filtered suspension obtained from the FVW at 35 °C
was inoculated with 8 mL of enriched inoculum (2.5 g VSS/L). Before loading,
the suspension was adjusted to a pH 5.5 with NaOH 1M. The process was
repeated using different dilutions of mild heat-pretreated and untreated
substrate and distilled water. The purpose was obtaining reactants with
reducing sugars concentrations of 5, 10, 15, 20, and 25 g/L with a biodegradable
organic charge ranging between 4.5 and 22.7 g BOD5/L. All trials were carried
out at least in triplicate.
2.4. Analysis
The volume of biogas production was measured by plunger displacement
method (Owen et al., 1979) using 60 mL syringes equipped with 20 mm
needles. The biogas composition (H2, CO2, and CH4) was determined by a gas
chromatograph (Hewlett-Packard 5890 Series II Plus) equipped with a thermal
conductivity detector (TCD) and a 30 m long HP-PLOT/Q capillary column.
The oven temperature was set at 60 °C for 3 min and was then increased at 15
°C/min until it reached 250 °C. The injector temperature was 200 °C and that
of the detector was 260 °C. The carrier gas used was He. To determine the
concentration of VFA and other organic compounds with low-molecular
weight in liquid phase, headspace (HS) was used as sample preparation
technique and the subsequent analysis of the gas phase was performed by using
a gas chromatograph mass spectrometer (GC/MS) (Thermo Scientific Trace
1310) (Cruwys et al., 2002). A 60 m long TG-5SILMS capillary column was
used, which operated at 35 °C for 4 min, 4 °C/min until 60 °C, and 10 °C/min
until 150 °C. The injector and the ion source both reached a temperature of 200
°C. The transfer line temperature was 250 °C. The HS technique was performed
placing 10 mL of the sample in a glass headspace vial; then the vial was sealed
and heated at 60 °C for 30 min in an oven with automatic temperature
controller. The concentration of reducing sugars was measured using the DNS
colorimetric method (Miller, 1959). The pH (Method 4500-H+ B), total solids
(TS) (Method 2540 B), volatile solids (VS) (Method 2540 E), VSS (Method
2540 D), biochemical oxygen demand (BOD5) (Method 5210 B), and chemical
oxygen demand (COD) (Method 5220 D) were determined according to the
Standard Methods (APHA, 2012).
For the quantification of microorganisms associated with the Clostridium
spp. genus, the most probable number (MPN) method of sulphite-reducing
anaerobes described by the international standard ISO 6461/1-1986 was
followed (ISO, 1986) was employed. Microorganisms of the Enterobacter spp.
genus were determined by the multiple-tube fermentation technique for
members of the coliform group (Method 9221 B) (APHA, 2012).
2.5. Kinetic model
The modified Gompertz equation (Eq. 1) has been widely used to describe
the progress of the cumulative hydrogen production from a batch experiment
(Wang and Yin, 2017):
𝑅𝑚𝑎𝑥 .𝑒

𝐻 = 𝐻𝑚𝑎𝑥 . exp {−exp [

𝐻𝑚𝑎𝑥

. ( − 𝑡) + 1]}

Eq. (1)

where H (mL) is the cumulative biohydrogen production in the incubation
period t (h), Hmax (mL) is the maximum amount of hydrogen produced, Rmax
(mL/h) is the maximum hydrogen production rate, “e” is 2.718, and λ (h) is the
lag period (Bo et al., 2012). Hmax, Rmax, and λ values for each batch were
determined by adjusting the biohydrogen production data by Equation 1 with
a nonlinear least-squares regression and minimizing with the LevenbergMarquardt method. The biohydrogen production potential (mL/L) and the
volumetric hydrogen production rate (VHPR, mL/L/d) were calculated based
on Hmax and Rmax per working volume (80 mL), respectively. Hydrogen yield
(mL H2/g VS) was calculated by dividing Hmax per the added VS.

The characteristics of the filtered FVW suspension used as substrate are
listed in Table 1. The approximately 1900 g of FVW used in the experiment
yielded 2000 mL of filtered suspension containing 26.5 g reducing
sugars/L. According to the BOD5/COD ratio, about 70% of the organic
matter was biodegradable (Cruz-Salomón et al., 2017; Keskin et al., 2018).
The organic content (in terms of VS/TS) indicated high viability of
biological treatment (Salem et al., 2018).
Table 1.
Characteristics of the filtered suspension obtained from fruit and vegetable waste (FVW).
Parameter

Value

VS/TS (%)

87 ± 4

BOD5 (g O2/L)

24 ± 2

COD (g O2/L)

33 ± 2

Reducing sugars (g/L)

26.5 ± 0.5

pH

4.2 ± 0.1

3.2. Biohydrogen production
All the conducted experiments produced methane-free biogas containing
H2 (21–46%) and CO2 (54–79%). This confirmed the absence of
methanogenic organisms and revealed the efficiency of the heat shock
pretreatment of the inoculum (Bundhoo et al., 2015; Raﬁeenia et al., 2018).
Figure 1 displays the temporal variation of cumulative hydrogen volume
for different substrate concentrations (5–25 g reducing sugars/L) under
untreated and mild heat pretreatment conditions. It can be observed that the
cumulative volume increased for a certain period of time and remained
constant afterward, reaching its maximum value after 120 h using the mild
heat-pretreated substrate with 25 g reducing sugars/L.
All the experimental data presented in Figure 1 on hydrogen gas
production highly correlated with the modified Gompertz equation with
correlation coefficients > 0.97. Table 2 summarizes the parameters
obtained in the dark fermentative processes with different concentrations of
FVW substrate conducted using either mild heat-pretreated or untreated
substrate.
The volumetric hydrogen production in dark fermentation batch reactors
using untreated substrate increased with the increment of initial content of
reducing sugars from 5 to 15 g/L and decreased until it completely ceased
with increasing concentrations from 20 to 25 g/L. The highest value was
300 mL/L with 30% v/v of hydrogen in the biogas at 15 g reducing
sugars/L. The propagation of natural microbiota in the untreated substrate
(see Section 3.4) and the acidification observed during the experiments (as
indicated by the decrease in pH value from 5.5 to 4), must have inhibited
the hydrogen-producing bacteria (Lin et al., 2007), resulting in the drop in
hydrogen production. Regarding to the mild heat-pretreated substrate, the
hydrogen content in the gas phase and the volumetric hydrogen production
increased in response to the increments in initial reducing sugars content.
The highest values (i.e., 46% v/v and 615 mL/L) were achieved when the
highest concentration of substrate was tested. Compared with the untreated
substrate, the peak value of volumetric hydrogen production doubled with
the mild heat-pretreated substrate.
The data tabulated in Table 2 reveal the advantage of applying the mild
heat pretreatment on FVW substrate. More specifically, the Gompertz
kinetic parameters for the batch experiments using the mild heat-pretreated
substrate were higher than those obtained for the dark fermentation batch
conducted with the untreated substrate. Moreover, it can be observed that
i) the trend for the Rmax values was similar to that of the Hmax values,
increasing by rising substrate concentration, and ii) the highest values of
the Hmax and the Rmax were obtained at 25 g/L (49.2 mL and 1.2 mL/h,
respectively). The difference in the lag period () using mild heatpretreated and untreated substrate (47 h and 36 h, respectively) could be
attributed to the fact that the natural microbiota contained in the mild heatpretreated substrate was eliminated (see Section 3.4) and the hydrogen-
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Fig. 1. Dark fermentative hydrogen production: variations in cumulative hydrogen volume vs. time at different initial concentrations of reducing sugars (5–25 g reducing sugars/L) using (A) the
untreated and (B) the mild heat-pretreated substrate.

Table 2.
Effect of mild heat pretreatment of the substrate on biohydrogen production.

Gompertz parameters
Substrate

Untreated

Mild heatpretreated

Initial reducing
sugars (g/L)

Final pH

BOD5 removal
(%)

5

5.2

10
15
20

5.0
5.0
4.7

H2
(%)

H2
(mL/L)

33

21

33
35
43

28
30
23

λ

Hmax*
(mL)

Rmax
(mL/h)

(h)

22

13.5

0.3

24
30
12

21.5
24.0
16.3

0.4
0.5
0.3

VHPR
(mL/L/d)

H2 yield
(mL/g VS)

169

88.3

86.6

269
300
204

128.5
143.7
102.0

68.8
51.1
26.1

25

4.0

7

0

0

---

0

0

0

0

5

5.0

29

20.2

0.5

42

31

252

146.5

129.2

10
15
20

5.0
4.8
4.6

35
43
45

28.0
31.5
38.3

0.6
0.9
1.0

44
46
49

35
39
42

350
394
478

184.7
265.7
300.3

89.5
67.2
61.2

25

4.6

50

49.2

1.2

55

46

615

372.6

63.0

* Hmax: peak hydrogen production; Rmax: hydrogen production rate; λ: lag time; VHPR: volumetric hydrogen production rate.

producing bacteria in the inoculum required a longer adaptation time. In spite
of that, the highest Hmax and Rmax values corresponded to the longest .
In addition, as shown in Table 2, mild heat pretreatment significantly
enhanced the biohydrogen production performance at all substrate
concentrations. The hydrogen yield was increased to 129.2 mL/g VS when the
FVW substrate was pretreated vs. the untreated substrate, corresponding to a
50% higher yield. The same behavior was also observed for the VHPR where
its maximum value was raised in response to the application of the mild heat
pretreatment to 372.6 mL/L/d at 25 g/L, corresponding to a 160% enhancement
vs. the untreated substrate (substrate concentration = 15 g/L). Since VHPR is
attribute to the inoculum capacity for biohydrogen production (Chen et al.,
2002), the different VHPR values obtained for two tested systems would
suggest the involvement of different microorganisms in the fermentation
process. In another words, these findings confirmed that the process carried out
with the mild heat-pretreated substrate benefited a more efficient microbial
population.
Within a suitable range, increasing the reducing sugars content of the
substrate improved the bioprocess. The results obtained herein were in

agreement with those reported by other researchers indicating the
correlation between the biogas and biohydrogen production and the
carbohydrate content of the substrate used (Alibardi and Cossu, 2016). In
this context, previous studies on batch production of biohydrogen have
proved that the substrate/inoculum ratio (S/I) influenced the efficiency of
the fermentative process and, contrary to what observed for methane yields,
efficient hydrogen production were strictly related to high S/I ratios (Pan et
al., 2008; Nathao et al., 2013).
Table 3 compares the hydrogen production values achieved in this study
with those reported previously. The differences observed could be generally
ascribed to the different characteristics of the wastes used caused by
different sources, processing and handling methods, food habits, culture,
and seasons (Xu et al., 2018). Nevertheless, it be comprehended that the
bioprocess developed in the present study was superior further highlighting
the significant contribution of mild heat pretreatment of the substrate to
biohydrogen production. Thus, the use of pretreated FVW substrate at the
highest initial concentration tested led to the highest hydrogen content (46%
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Table 3.
Comparison of the results of different studies on batch biohydrogen production from different organic wastes containing fruit and vegetable.

H2 production

H2 (%)

SDE*

Substrate

Inoculum

T (°C)

pH

Reference

Leaf-shaped vegetables waste

No inoculum

28

6.8

24 mL/g VS

28

NR

Marone et al. (2014)

Leaf-shaped vegetables waste +
potato peels

No inoculum

37

6.8

19 mL/g VS

32

NR

Marone et al. (2014)

Leaf-shaped vegetables kitchen waste

Kitchen waste compost

55

6.0

11 mL/g CODc

40

27.4% carbohydrate

Lee et al. (2008)

Vegetable market waste

Acid enriched anaerobic
sludge

32

6.0b

89 mL/g COD

NR

65% COD

Venkata Mohan et al. (2009)

Vegetable waste

Heat pretreated cow dung

37

NC

4.9 mL/g VS

98.8

81.3% COD

Bansal et al. (2013)
Pan et al. (2008)

Food waste

Anaerobic sludge

50

NC

57 mL/g VS

37

39% VS

Food waste

Anaerobic sludge

35

NC

39 mL/g VS

35

46% VS

Pan et al. (2008)

FVW

Anaerobic sludge

55

7.0b

76 mL/g VS

28

70-78% COD

Keskin et al. (2018)

Autoclaved FVW

Anaerobic sludge

55

5.5-6.75

27.19 mL/g VS

41

NR

Abubackar et al. (2019)

Mild heat-pretreated FVW; 5 g/La

Vermicompost

35

5.5b

129.2 mL/g VS

31

29% BOD5

This work

Mild heat-pretreated FVW; 25 g/La

Vermicompost

35

5.5b

63.0 mL/g VS

46

50% BOD5

This work

*SDE: substrate degradation efficiency; NR: not reported; NC: non control.
a

Initial concentration of reducing sugars in substrate.
Initial level.
c
Calculated from data provided in the manuscript.

b

v/v, 63.0 mL/g VS) in the biogas together with the highest efficiency of
substrate degradation (50% BOD5).
While hydrogen production was lower (63 mL/g VS) at reducing sugars
concentration of 25 g/L than at 5g/L (129.2 mL/g VS), it should be noted that
water consumption for substrate dilution was also minimal under this condition.
Moreover, the hydrogen production of 63 mL/g VS was still higher than almost
all the previously reported records under mesophilic conditions (Pan et al.,
2008; Bansal et al., 2013; Marone et al., 2014). Keskin et al. (2018) obtained a
16% higher hydrogen yield than the value obtained in the present work but they
operated the bioreactor under thermophilic conditions (55 °C). It should also
be noted that biohydrogen production at lower temperatures (such as 35 °C in
the present investigation) corresponds to significant reductions in energy
consumption.
The hydrogen generation recorded herein was 2.3 times higher than those
recently reported by Abubackar et al. (2019), who also used a heat pretreated
FVW substrate but under more severe thermal conditions (autoclaving).
Although they used dry fermentation conditions arguing a lower water
consumption and the absence of agitation in their bioprocess, the wet
fermentation batches (< 10% solids) operated in this work presents several
advantages in addition to the increased hydrogen yield. Those include milder
substrate pretreatment conditions (63 °C vs. 120 °C), lower temperature of
fermentation broth (35 °C vs. 55 °C), and no use of chemical additives for pH
control.
3.3. Substrate degradation
The variation in reducing sugars concentration was monitored through the
course of the experiments to evaluate its impacts on both hydrogen production
and substrate degradation. The degradation efficiency of reducing sugars was
over 95% in all the assays conducted (data not showed). Moreover, the
utilization of the biodegradable organic matter (measured as BOD5 reduction)
in the batch reactors was evidenced, indicating the progress of the bioprocess
(Náthia-Neves et al., 2018). BOD5 removal efficiency varied between 7% and
30% in the experiments performed with the untreated substrate; while it was
higher varying from 29% to 50% with increasing substrate concentration in the
dark fermentation processes using the mild heat-pretreated substrate (see Table
2). Comparing the dark fermentation batches that produced the highest
hydrogen content using the untreated and pretreated substrate (15 g/L and 25
g/L of initial reducing sugars, respectively), it is important to point out that the
maximum efficiency of the BOD5 removal increased by about 67% in response
to the mild heat pretreatment of the FVW substrate.

As can be seen in Table 3, the substrate degradation efficiency values in
the literature are presented in different units such as % carbohydrate, %
COD, % VS, % BOD5, and therefore no direct comparison would be
possible.
3.4. Soluble metabolites production and microbial community
Hydrogen formation can be accompanied by the generation of VFA and
other low-molecular weight products (Silva et al., 2018). Their distribution
depends on the experimental conditions and the microorganisms involved
in the bioprocess (Bansal et al., 2013). In this work, the metabolites formed
during the dark fermentation process were analyzed to investigate their
effects on biohydrogen production. Figure 2 shows the concentration of
VFA and alcohols produced during the dark fermentation process,
indicating that the mild heat pretreatment of the substrate had an enhancing
impact on VFA production. The soluble metabolites produced were butyric
acid, acetic acid, ethanol, and butanol. Among them, acetic acid was the
main metabolite produced by the untreated substrate fermentation (76–
91%), while butyric acid was the main compound produced during the dark
fermentation of the mild heat-pretreated substrate (71–81%). In each batch
reactor, the concentration of the main metabolites produced increased in
response to increases in the initial concentration of reducing sugars within
the tested range, with the VFA concentration recorded higher than the
alcohol concentration. Thus, the formation of the majority of these
compounds led to the acidification of the fermentation broth. In addition,
and under the experimental conditions used herein, the liquid phase
contained no propionic acid, which is of relevance, given the fact that this
organic acid may repress the activity of hydrogen-producing bacteria and
reduce hydrogen yield (Venkata Mohan et al., 2009; Bundhoo and Mohee,
2016).
In the experiments carried out with the mild heat-pretreated FVW
substrate, a higher amount of butyric acid was generated compared to acetic
acid, resulting in a more favorable microenvironment for the acidogenic
activity. In general, biohydrogen formation and VHPR were increased
significantly when the butyric acid concentration was higher. These results
were in agreement with those reported by Bansal et al. (2013), who showed
that hydrogen production with anaerobic bacteria proceeded generally via
butyrate-type fermentation. Taking into account that Clostridium species
are expected to be the dominant microorganisms in the batch reactors
(Blomström et al., 2016), they would be responsible for butyrate-type
fermentation (Chen et al., 2002; Kim et al., 2013). Moreover, other
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Fig. 2. Soluble metabolites formed during the dark fermentative hydrogen production at different initial concentrations of reducing sugars (5–25 g reducing sugars/L) using (A) the untreated and
(B) the mild heat-pretreated substrate.

researchers have reported that the presence of ethanol and butanol correlates
with the metabolic activity of Clostridium sp. (Silva et al., 2018). This could
also be confirmed based on the results obtained in the microbiological assays
performed on samples of inoculum, substrate, and dark fermentation broth (for
substrates concentrations which produced the highest hydrogen contents)
(Table 4). Thus, bacterial species associated with the genus Clostridium (5.1 ×
105 MPN/100 mL) were the main microorganisms identified and quantified in
the dark fermentation broths containing the mild heat-pretreated FVW

substrate. This finding revealed that vermicompost was an excellent and
economical source of enrichment for hydrogen-producing bacteria and
resulted in efficient fermentation of the substrate rich in reducing sugars to
biohydrogen.
The distribution of soluble acid metabolites in the experiments
conducted using the untreated FVW could be attributed to the presence of
Enterobacter species in the substrate (Table 4). In this scenario, these
bacteria could compete with the inoculated microorganisms (Clostridium
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Table 4.
Microbiological analysis of the raw materials and fermentation batch reactors.

Substrate
Microorganisms (MPN/100 mL)

Fermentation broth

Inoculum
Untreated

Clostridium spp.

2.2 × 10

5

Negative

Enterobacter spp.

Negative

9.2 × 104

Mild heat-pretreated

US15

PS25

Negative

5.1 × 10

3

5.1 × 105

Negative

1.6 × 104

Negative

US15: fermentation broth with untreated substrate (15 g reducing sugars/L); PS25: fermentation broth with pretreated substrate (25 g reducing sugars/L).

spp.) and generate high amounts of acetic acid resulting in a marked pH
decrease, which could consequently reduce the efficiency of the fermentation
process (Wang and Yin, 2017). In this context, it could be concluded from
Figures 1 and 2 that the highest concentration of this organic acid was related
to the lowest biohydrogen production. Thus, increasing concentrations of the
untreated substrate must have provided larger populations of natural
microorganisms impeding the biohydrogen production process while this
challenge was effectively overcome through the implementation of the mild
heat pretreatment of FVW, eliminating the competing microbial populations in
favor of the hydrogen-producing bacteria.

[5]

[6]

[7]

4. Conclusions
In this work, vermicompost as economical source of hydrogen-producing
bacteria and FVW as a low-cost substrate were innovatively combined for
biohydrogen production. Effects of mild heat pretreatment of the substrate and
its concentration on the bioprocess were studied. Comparatively, higher
biohydrogen production (63.0 mL/g VS) and BOD5 removal (50%) were
observed in the dark fermentative experiments performed with mild heatpretreated substrate. Substrate pretreatment improved the hydrogen production
through the elimination of the natural microbiota present in the FVW which in
turn provided a more favorable (competition-free) microenvironment for the
inoculated microorganisms. The distribution of soluble metabolites suggested
that the metabolic pathway leading to the formation of butyric acid was
effective in the production of hydrogen gas. Clostridium species were the
dominant organisms in the bioprocess. The results obtained herein could
contribute to the knowledge applicable to both FVW recovery via biological
treatment reducing the amount of wastes deposited in landfills, and the
development of new technologies leading to biohydrogen generation as clean
energy carrier.
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