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Abstract
Fruit and vegetable waste (FVW) is made up of biodegradable organic compounds whose disposal in
land�lls leads to water and environmental pollution and the emission of lethal greenhouse gases such as
methane. Given the high organic content of FVW and its abundant and constant supply, FVW can serve
as valuable feedstock for energy production and other value added bio-commodities. Whilst anaerobic
digestion is a mature and proven waste management technology, there is need to investigate and develop
other environmentally friendly waste treatment technologies. Dark fermentation is a promising alternative
waste treatment technology that can be utilized to generate biohydrogen, however, more R&D is still
required to improve process e�ciency and enhance hydrogen yields. This study investigated the
production of biohydrogen via dark fermentation using fruit and vegetable waste as a substrate. To
enhance hydrogen production the study applied seed inoculum pre-treatment including heat, alkali, acid,
and heat-alkali. The results show that FVW can be used as a feedstock for biohydrogen production and
that inoculum pre-treatment enhances hydrogen yields. Acid pre-treatment resulted in the highest
hydrogen yield (142, 74 Nml/g VS) and hydrogen content (54%) while heat pre-treatment generated the
lowest hydrogen yield (0, 90 Nml/g VS). The hydrogen yields of the pre-treatments tested were
substantially different (p<0.001). From highest to lowest, the order of pre-treatment e�cacy in terms of
hydrogen yield enhancement was acid>heat-alkali>alkali>heat. Under all pre-treatments and controls, the
main volatile fatty acid (VFA) formed was valeric acid. The maximum valeric acid fraction observed was
86.1% under acid inoculum pre-treatment. 

1. Introduction
The production and consumption of fruit and vegetables generates large volumes of organic waste [1, 2].
According to [3], China and India discard up to 100 billion and 5.6 million tons, respectively, of FVW every
year. In Europe, fresh FVW accounts for roughly 44 million tonnes of FVW generated annually [4]. South
Africa, on the other hand, generates about 4.4 million of FVW per year [5]. The disposal of such high
volumes of organic waste through conventional methods such as open dumping and land�lling has
several downsides including GHG emissions, environmental pollution and health hazards [6]. This has
stimulated research into alternative waste management methods such as Waste to Energy (WtE)
technologies, which are viewed as more sustainable and environmentally friendly [6].

Whilst anaerobic digestion (AD) has emerged as a preferred WtE technology, there are a few
environmental and economic challenges associated with traditional operation of AD biogas plants. For
example, [8] reports that the 2017 market price for electricity was around 30 €/MWh while the operating
costs for a biogas CHP unit was 25€ /MWh, indicating low pro�tability of conventional biogas plants. As
a result, there is growing research interest in harvesting the intermediary products of AD including
hydrogen and volatile fatty acids (VFAs) instead of methane gas, in a process known as dark
fermentation which corresponds to the acidogenesis and acetogenesis stages of AD [9–11].
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The intermediary products of AD have higher economic value than methane gas, and have a higher
market demand owing to a wide range of industrial applications including ammonia synthesis,
hydrogenation of edible oils, fertilizer and diesel re�ning [12, 13]. This is re�ected in the market price of
AD products reported by [14]: methane gas (USD 100 - 600 per ton), hydrogen (USD 600 - 1800 per ton)
and, VFAs (USD 400 - 2 500 per ton). Furthermore, hydrogen is a clean burning fuel as water is the only
combustion by-product. Hydrogen also has a high energy density (122 kJ/g), which is about 2.75 times
higher than that of other hydrocarbon fuels [12, 13].

The production of biohydrogen via dark fermentation of FVW is attractive for several reasons which
includes that FVW is a low-cost, renewable substrate that is readily available [15]. Compared to chemical
processes such as electrolysis and steam reforming of hydrocarbons, dark fermentation is more eco-
friendly and sustainable. This is because dark fermentation is not reliant on fossil fuels for feedstock, is
less energy intensive, and more cost effective [15, 16]. There are, however, barriers to practical
commercial production of biohydrogen via dark fermentation of organic substrates. One of which is the
low hydrogen yields obtained per unit substrate [16]. As a result there are a number of strategies being
investigated to achieve improved hydrogen yields including inoculum pre-treatment.

Dark fermentation is a mixed culture system, consisting of various kinds of microorganisms, including
hydrogen producing bacteria (HPB), hydrogen consuming bacteria (HCB) and, non- hydrogen producers
[17]. During dark fermentation, non-hydrogen producers can compete with hydrogen producing bacteria
for substrates, resulting in low hydrogen conversion e�ciency. Additionally, HCB can also convert the
hydrogen produced during fermentation to other products such as acetate acid via acetogenesis or
methane via methanogenesis [17–19]. Therefore, inoculum pre-treatment that selectively inhibits HCB
while enriching HBP is essential for enhancing hydrogen yields.

Whilst various research studies are in agreement that inoculum pre-treatment enhances hydrogen
production, there is no consensus on the best inoculum pre-treatment method to use [20, 21]. According
to [22], this is because the e�cacy of an inoculum pre-treatment method is affected by numerous
physical, chemical and biological factors including substrate type, type of inoculum, and operating
conditions. It is therefore necessary to identify the best inoculum pretreatment method for each potential
feedstock. Thus, the objective of this study was to evaluate the e�ciency of different inoculum pre-
treatment methods on anaerobic mixed micro�ora to enhancing hydrogen production of dark
fermentation of mixed FVW.

2. Materials And Methods

2.1 Inoculum characteristics and pre-treatment
Anaerobic sludge collected from a commercial biogas plant situated in Bronkhorstspruit, Pretoria, was
used as inoculum for the experiments. The inoculum was characterized for pH, total solid (TS) and
volatile solid (VS) content, recorded in Table 1. The pH was measured using the HACH 1682 pH probe,
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while TS and VS were determined according to Environmental Protection Agency (EPA) Method 1684:
Total, Fixed, and Volatile Solids in Water, Solids, and Bio solids (EPA, 2001) [23].

Table 1
Substrate and inoculum composition

Parameter Unit FVW Inoculum

TS % 11,42 2,48

VS % 1,45 10,25

VS/TS % 58,76 89,75

pH -- 6,6 8

Prior to dark fermentation, the parent inoculum was subjected to four different pre-treatments (T1-T4) to
selectively enrich hydrogen producing mixed micro�ora. Untreated inoculum was used as a control. The
four inoculum pre-treatments are described in Table 2.

Table 2
Description of inoculum pre-treatment applied during the study

Treatment Treatment Procedure Purpose

T1(Heat) Inoculum was heated at a constant temperature of 90 OC
for 30 min using a pre-heated water bath

Non-spore forming
methanogens are
destroyed at high
temperatures

T2
(ALKALI)

The pH of the inoculum was increased to pH 12 using 4 M
NaOH and maintained for 24 h. After 24 hours, the initial
pH was readjusted to pH 6.5 using H2SO4 (98 %).

To impede activity of
methanogenic bacteria
in mixed consortia due to
their low pH range
compared to H2
producers

T3 (Acid) The pH of the inoculum was lowered to pH 4 using H2SO4
(98%) and maintained for 24 h following. The pH of the
inoculum was lowered to pH 4 using H2SO4 (98%) and
maintained for 24 h following which the pH was increased
to pH 6.5 by adding 4 M NaOH

Activity of methanogens
and other non-
sporulating bacteria
cannot survive at pH
below 6.3 or above 7.8

T4 (Heat-
ALKALI)

The inoculum was subjected to alkali pre-treatment (pH 12)
followed by heat treatment (900 C for 30 min) as described
previously

 

2.2 Substrate characteristics
The mixed fruit and vegetable waste (FVW) used in this study was collected from a waste bin at a fruit
and vegetable shop. The mixed FVW (Figure 1) consisted mainly of peels, seeds and trimmings of fresh
fruit and vegetables left over during the preparation of pre-cut vegetables and fruit salads. Immediately
after collection, the FVW was blended using a household electric food blender (Kambrook, 500W Glass
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Jug Blender) to reduce particle size and homogenize the mixture and, thereafter analysed for pH, TS and
VS content (Table 1). The blended FVW was stored in a freezer at – 20oC until time of use wherein the
FVW was thawed overnight in a fridge a day before setting up the experiment.

2.3 Dark fermentation batch tests
Dark fermentation batch tests were conducted at mesophilic temperature of 37 oC and ran for 15 days.
The study employed the Bioprocess Control Automated Methane Potential Test System (AMPTS II) to run
the batch tests. The pre-treated inoculum and fruit and vegetable substrate were weighed and loaded in
to 500 ml reactor bottles, at an inoculum (I) to substrate (S) ratio (I/S) of 2 and working volume of 400
ml. The reactor bottles were placed in a heating water bath set at 37 0C using a 5 row x 3 column
experimental layout. A row was assigned for each inoculum pre-treatment type (5 rows = control + 4 pre-
treatments), and each pre- treatment was run in triplicates. After loading, the headspace of each reactor
was �ushed with a carbon dioxide and nitrogen (20/80) gas mixture for a period of one minute to purge
oxygen and create an anaerobic environment within the reactors.

2.4 Analytical Methods
The methane (CH4), hydrogen (H2) carbon dioxide (CO2) and Oxygen (O2) content of the biogas was
measured every second day using the NOVA 970P Portable Multi-Gas Industrial Analyser. The portable
analyser is equipped with an infrared detector for measuring methane and carbon dioxide, a thermal
conductivity detector for hydrogen measurement, as well as an electrochemical sensor for oxygen. The
measurement range of the analyser is 0-100 % for all the gases [24].

On the last day of the experiment, Day 15, a 15 mL aliquot of the reactor broth (digestate) was withdrawn
from each pre-treatment (T1-T4) and the control for VFA analysis. The VFAs present in the digestate were
analysed using High-Performance Liquid Chromatography (HPLC). The HPLC analyses was conducted
following procedures described by [25]. A temperature of 55 0C under isocratic conditions was used. The
mobile phase was made up of 0.005 mol/L solution of H2SO4. The mobile phase solution was �ltered
using a 0.45 µm membrane and degassed before use. The samples were also �ltered with a 0.20 µm
membrane before injection. An injection volume of 20 µL and �ow rate of 1.0 mL/min was used and the
VFAs were detected using UV detector at 210 nm.

2.5 Statistical and Kinetic Analysis
Statistical analysis of the collected experimental data was conducted using IBM SPSS Statistics 27.0
software package A one-way analysis of variance test (ANOVA) set at a 95% con�dence level (p< 0.05)
was used to analyse the statistical signi�cance of the inoculum pre-treatments.

3. Results And Discussion

3.1 Effect of inoculum pre-treatment on biogas
composition over time
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The biogas composition for all treatments varied with time, as shown in the graphs (Figure 2A-E). The
biogas composition of the control consisted mainly of methane (40 -62 %) and carbon dioxide gas (23-36
%). Over the course of the 15-day period, very little hydrogen was detected, as anticipated.

The biogas composition under heat inoculum pre-treatment (T1) comprised of carbon dioxide, methane
and hydrogen in varying fractions (Figure 2B). At the beginning of the experiment, carbon dioxide and
hydrogen were the main gas fractions at 88 % and 9 % respectively. Nevertheless, there was a shift in gas
composition at the end of the experiment with the gas mainly consisting of methane (77 %) and carbon
dioxide (21 %). Comparing the hydrogen and methane fractions, although the hydrogen content was low
(less than 20 %) it was higher than the methane content up to Day 6, however, beyond Day 6 the hydrogen
content dropped while methane increased. This indicates that heat pre-treatment had a short-term
positive impact on hydrogen production and partially inhibited methane production for a short period.
This is a shortcoming of inoculum pre-treatment, as reported by [26], who stated that pre-treating
inoculum to inhibit hydrogen consumers is ineffective in the long run, and that repeated pre-treatment is
needed to achieve sustained biohydrogen production. Scholars [13, 27] agree that inhibition of hydrogen
consuming bacteria can be temporary, adding that spore forming hydrogen consuming bacteria can
reactivate after a period of time, forming new stable microbial communities that are adapted to the
environment. Researchers [29] ,mention that it is also possible for an inoculum pre-treatment to also
suppress non-sporing hydrogen producing bacteria while some sporulating hydrogen consuming bacteria
(methane producers) manage to survive the harsh pre-treatment conditions. For example, [23] states that
suppression of non-spore forming HPB from the genus Enterobacter can occur while sporulating HCB like
Clostridium aceticum and Clostridium thermoautotrophicum can withstand pre-treatment.

In contrast to heat pre-treatment, biogas under alkaline pre-treatment (T2) comprised mainly of carbon
dioxide and hydrogen. The carbon dioxide content was high (85 %) at the start of the experiment
gradually dropping to 38 %. The hydrogen content increased as the experiment progressed reaching a
maximum of 48 % on Day 8, at which point gas production ceased. Throughout the experiment, small
quantities of methane (7.5-10.6 %) were observed, indicating that methanogens were not fully inactivated
by alkaline pre-treatment. This is similar to the results of [27] who detected small amounts of methane
gas during thermophilic dark fermentation of cassava using alkaline pre-treated inoculum.

The biogas generated under acid pre-treatment (T3) consisted mainly of carbon dioxide and hydrogen.
However, a lower carbon dioxide content was observed (40-50 %) compared to pre- treatment T2, and the
reaction stopped after only 3 days. The hydrogen content was also higher, ranging between 46 and 54 %,
the highest hydrogen content observed of all the pre-treatments investigated. Additionally, no or little
methane was detected, indicating that acid pre-treatment had fully inhibited the activity of methanogens.
In another study, [28] also found negligible methane after acid pre-treatment, concluding that methane-
producing bacteria were effectively inhibited by acid pre-treatment. They further hypothesized that
methane-producing bacteria become inactivated when culture environments become too acidic or
alkaline, with acidic conditions causing more extreme inhibition.
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Alkali-heat pre-treatment (T4) also produced biogas consisting mainly of carbon dioxide and hydrogen
with no methane detected during the 9 day run period. However, a higher carbon dioxide content was
observed compared to pre-treatment T3 (60 -84% ) and, the hydrogen content was lower (11- 34 %).

3.2 Effect of inoculum pre-treatment on hydrogen yield
The cumulative hydrogen yield obtained for each treatment is shown in Figure 3. The graph shows that
inoculum pre-treatment had a positive effect on hydrogen production. This is consistent with other
research �ndings [26, 27–30], which found that chemical and physical pre-treatment of the inoculum
enhances hydrogen production. Figure 3 also shows that the different inoculum pre-treatments clearly
had a varied effect on hydrogen production. This is similar to the observations made by [31–33] who
found statistical differences in hydrogen yields between inoculum pre-treatment groups.

Amongst the investigated pre-treatment methods, acid pre-treatment yielded the highest hydrogen yield
(142, 74 Nml/ gVS), while heat pre-treatment produced the lowest hydrogen yield (0, 90 Nml/ gVS). Other
works also found that acidic pre-treatment outperformed heat pre-treatment [30, 34]. In comparison, [35–
37], found inoculum heat pre-treatment to be the most effective way to boost H2 yields from organic
waste such as municipal waste, ground wheat and palm oil mill e�uent. While several studies have
reported increased hydrogen production as a result of heat pre-treatment, literature also suggests that
when temperatures above 80 oC are used, as in this research, hydrogen yields are reduced [38].

3.3 Effect of inoculum pre-treatment on VFA production
Numerous studies have shown that dark fermentation hydrogen production is accompanied by the
production of VFAs and other low-molecular-weight compounds [25, 30, 33]. Figure 4 depicts the
percentage composition of the VFAs produced during the dark fermentation experiments which included
acetic, butyric, propionic and valeric.

The main VFA produced in all pre-treatments, including the control, was valeric acid. The highest VFA
fraction (86 %) was observed under acid pre-treatment. In general, a high valeric fraction (above 60%)
was observed for pre-treatments that had high hydrogen content (T2 –T4), whereas pre-treatment (T1)
with negligible hydrogen production recorded low valeric acid distribution (~ 20 %).

The fact that low amounts of acetic/propionic/butyric acid was found in the pre-treatments linked to
hydrogen production (T2-T4) was particularly intriguing. This is in stark contrast to other research studies
that report that the key metabolites produced during dark fermentation are acetic, propionic and butyric
acid [31, 30, 33,].High hydrogen yields are typically associated with butyric and acetic acid production,
this is because the metabolic pathways involved in the formation of acetate and butyrate (equations
1and 2) show a positive correlation with hydrogen production and acetate [32]. However, high acetic
concentration isn't always associated with high hydrogen volume, as acetic production can result from
hydrogen consumption via homoacetogenesis [31].

C6H12O6 + 2 H2O → 2 CH3 COOH + 2 CO2 + 4 H2 (1)
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Glucose Water Acetate carbon dioxide hydrogen

C6H12O6 → CH3 CH2 CH2 COOH + 2 CO2 + 2 H2 (2)

Glucose Propionic acid Carbon Dioxide hydrogen

3.4 Comparison of inoculum pre-treatment methods
To compare the effectiveness of the investigated inoculum pre-treatment methods for enhancing
hydrogen production while inhibiting methane production, the hydrogen yield was considered as well as
applying one-way ANOVA.

Hydrogen yield

Based on the mean hydrogen yields obtained from this study (Figure 5), the effectiveness of inoculum
pre-treatment, ranked in descending order is: Acid >Alkaline- heat>Alkaline>Heat. Comparing the
effectiveness of inoculum pre-treatment results obtained in this study other studies (Table 3), no
conclusive answer can be given on the best pre-treatment method for enhancing hydrogen production
from dark fermentation of FVW. This is because the effectiveness of inoculum pre-treatment is affected
by substrate composition, operating conditions and inoculum type amongst other factors [31, 41]. In their
works, [31] gave further insight on the variation in results of the best inoculum pre-treatment methods,
explaining that the type of substrate affects the effectiveness of the inoculum pre-treatment owing to
variances in substrate biodegradability. Moreover, differences in composition of the parent inoculum also
in�uences the effectiveness of a pre-treatment method, further contributing to contradiction in results
between studies. This is due to the fact that the microbial communities present in the parent inocula
display different levels of tolerance towards changes in environmental conditions, thus inocula responds
differently to the harsh conditions they are subjected to by pre-treatments [31].
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Table 3
Comparison of literature inoculum pre-treatment ranking with study results

Inoculum Investigated pre-
treatment

Most effective
pre-treatment

Ranking Ref

Anaerobic
sludge

Acid, alkali, heat,
heat-alkali

Acid Acid>heat-alkali>alkali>control
>heat

This
study

Activated
sludge

Acid, alkali, BES
heat, aeration,
chloroform

Acid Acid>alkali>heat>
aeration>chloroform>BES

[34]

Anaerobic
granulated
sludge

Chloroform, acid,
alkali, heat, freeze
thaw

Heat (1000C,
1h)

Heat>alkali>chloro>acid>freeze
thaw>control

[36]

Anaerobic
sludge

Acid, alkali,
chloroform, heat,
load shocking

Untreated
sludge(control)

Control>load
shock>alkali>heat>acid>chloroform

[27]

Anaerobic
mixed
micro�ora

Acid, base, heat Heat (80 0c, 30
min)

Heat> base >acid [38]

However, this study notes that the majority of studies in Table 3 ranked heat pre-treatment as the most
effective method. Similarly, a study paper by [42] concluded that among the pre-treatment approaches
they reviewed, heat and acid pre-treatments are the most commonly investigated and most effective.
Researchers [43] also stated that heat and acid-base pre-treatments are widely used because they
facilitate the proliferation of HPB spores, which are better able to adapt to harsh environmental
conditions (high temperature and acidic or basic pH) by removing zero spore forming hydrogen
consuming bacteria. However, other novel pre-treatment approaches, such as sonication, BESA, or LA
addition, have been found to be more successful in other studies [42]. In addition, new technologies
including infrared and ionizing irradiation are proving to be more useful for inoculum pre-treatment [43].

While there is no consensus on the best inoculum pre-treatment method, this study and other previous
research con�rms that inoculum pre-treatment enhances hydrogen production.

Statistical and Kinetic Analysis

ANOVA analysis (Table 4) showed signi�cant differences in the mean hydrogen yield between different
pre-treatment groups (p <.001). The differences were also correlated with variances in metabolic products
(VFAs) observed, which could be explained by the diversity of microbial populations.
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Table 4
ANOVA results comparing mean hydrogen yields between pre-treatment groups
ANOVA

  Sum of Squares df Mean Square F Sig.

Between Groups 45180.633 4 11295.158 85.750 <.001

Within Groups 1317.217 10 131.722    

Total 46497.849 14      

4. Conclusion
The batch dark fermentation results showed that by pre-treating the inocula to selectively enhance
hydrogen generating bacteria while suppressing hydrogen consuming methanogens, it is possible to
generate hydrogen and VFA from FVW via AD mixed culture fermentation processes. Furthermore, the
experimental �ndings support the study's hypothesis that the AD process can be used to generate a
variety of other value-added products in addition to methane, either separately or concurrently. As a result,
AD can form an integral part of waste biore�neries of the future.

The pre-treatment methods used for selective enhancement of hydrogen generating bacteria (heat, alkali,
acid, heat-alkali) had a major impact on hydrogen yield and VFA composition. The current study
concludes that acid pre-treatment was the most effective method for increasing hydrogen yield for the
FVW substrate investigated, out of the various inoculum pre-treatments investigated.
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Figure 1

Fruit and vegetable waste used as substrate
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Figure 2

(A-E) Biogas composition under different inocula pre-treatments from Day
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Figure 3

Time pro�le cumulative hydrogen yield for the different inoculum pre-treatments
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Figure 4

Composition of VFA generated under various inoculum pre-treatment methods
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Figure 5

Mean hydrogen yield as a function of pre-treatment
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