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Abstract: The aim of this study was to determine the optimal conditions for dark fermentation
using agro-industrial liquid wastewaters mixed with sweet sorghum stalks (i.e., 55% sorghum,
40% cheese whey, and 5% liquid cow manure). Batch experiments were performed to investigate the
effect of controlled pH (5.0, 5.5, 6.0, 6.5) on the production of bio-hydrogen and volatile fatty acids.
According to the obtained results, the maximum hydrogen yield of 0.52 mol H2/mol eq. glucose
was measured at pH 5.5 accompanied by the highest volatile fatty acids production, whereas similar
hydrogen productivity was also observed at pH 6.0 and 6.5. The use of heat-treated anaerobic sludge
as inoculum had a positive impact on bio-hydrogen production, exhibiting an increased yield of
1.09 mol H2/mol eq. glucose. On the other hand, the pretreated (ensiled) sorghum, instead of a
fresh one, led to a lower hydrogen production, while the organic load decrease did not affect the
process performance. In all experiments, the main fermentation end-products were volatile fatty
acids (i.e., acetic, propionic, butyric), ethanol and lactic acid.

Keywords: agro-industrial wastes; dark fermentation; cheese whey; ensiled sweet sorghum; cow
manure; pH effect; organic load effect; pretreatment effect

1. Introduction

Renewable energy production has attracted great interest from the international com-
munity during the last decades, with biomass being one of the oldest and most promising
energy sources. To that end, organic wastes and by-products such as animal manures,
wastewaters, energy crops, agricultural and agro-industrial residues have been extensively
investigated as potential feedstocks for efficient production of biofuels. Towards a circular
economy, the valorization of agro-industrial wastes, livestock wastes and by-products,
and the generation of renewable energy from wastes among others, are in line with sus-
tainable development. Anaerobic digestion (AD) is considered as an alternative waste
management process that complies with the European circular economy concept [1].

Cheese whey (CW), for example, is the main by-product of cheese manufacturing
containing significant amounts of carbohydrates (4–5%), mainly lactose, soluble proteins
(0.6–0.8%), lipids (0.4–0.5%), lactic acid less than 1% and salts that may range from 1% up
to 3% [2]. Due to its high organic content (up to 70 g Chemical Oxygen Demand (COD)/L),
CW disposal contributes to environmental pollution with lactose being mainly responsible
for its high COD. The small size and the seasonal production, along with the geographic
dispersion of the producers, make difficult and effective management for added-value
applications. Among hydrogen- and biogas-producing agro-industrial wastes, CW appears
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to be one of the most promising feedstocks [3]. Additionally, cow manure is one of the
most polluting agro-industrial by-products. Large amounts of liquid cow manure (LCM)
are usually poorly managed, while decomposing livestock manure is considered to be a
targeted environmental pollutant due to its high organic matter, nutrients (i.e., nitrogen
and phosphorous concentrations), methane and ammonia emissions, and also pathogens.

Sweet sorghum was mainly used as food and animal feed, while it is considered
as feedstock for bioenergy production due to high concentrations of fermentable free
sugars [4,5]. Sweet sorghum stalks have been examined for biogas (methane) produc-
tion [6,7] as it is one of several plant species that has been identified as a potential “energy
crop” for the production of liquid biofuels and biogas, due to its high crop yields and
biodegradability [8,9]. Sweet sorghum’s biomass is composed mainly of cellulose, hemicel-
lulose, and lignin, while its fraction of soluble sugars is rich in glucose and sucrose [10].
Fermentable soluble sugars are the primary source for the production of bioethanol and
biogas, whereas second-generation biofuels (biogas included) may be produced through
the exploitation of their content.

Ensiling is an efficient approach for sweet sorghum fermentation due to residual
nutrients, sugars, and low cost. During the ensiling process, the lactic acid bacteria and
water-soluble carbohydrates prevail, achieving good quality silage fermentation [11]. A lig-
nocellulosic feedstock is characterized by complex structural composition, while usually
pretreatment is required in order to remove the rigid lignin, exposing cellulose and hemicel-
lulose. Alkali pretreatment, among others, enhances dissolution of hemicellulose and, thus,
delignification of the biomass is achieved, maximizing carbohydrates solubilization [12,13].

Among conversion technologies for energy exploitation of biomass, biological pro-
cessing focusing particularly on biogas production [14]. The latter has economic and
environmental advantages compared to chemical (thermal) technologies. With the aim to
increase both process and equipment performance, in terms of produced biogas, multi-
ple waste streams of organic substrates can be mixed to generate a rather homogeneous
feedstock for anaerobic digesters. To this end, co-digestion of different types of organic
substrates, such as agro-industrial wastewaters [15] combined with energy crops [16],
have been increasingly applied in order to enhance biogas production. At the same time,
co-digestion of multiple feedstocks may contribute to overcoming a number of problems ei-
ther of managerial types, such as seasonal availability of wastes, or, most importantly, of the
microbial process itself, such as nutrient imbalance and presence of inhibiting compounds,
among other factors.

In particular, the two-stage AD of organic substrates aiming at simultaneous hydrogen
and methane production has been reported to provide higher process efficiency and energy
recoveries as compared to the conventional one-stage AD [17]. Anaerobic acidogenesis
or dark fermentation is known as the first step in the AD of soluble organic materials
to hydrogen and CO2. Carbohydrates are one of the main energy booster nutrients and
sources of hydrogen that fermentation processes require. Therefore wastes, energy crops,
and/or carbohydrate-rich agricultural residues can be considered as potential substrates
for hydrogen production [18].

Under fermentative conditions, carbohydrates degradation is accompanied by the pro-
duction of hydrogen and metabolic products, mainly volatile fatty acids (VFAs) (i.e., acetic,
propionic, butyric acid), lactic acid, and ethanol. The biochemical pathway(s) followed,
and consequently, the production of hydrogen and fermentation end-products are highly
dependent on the conditions of the process, such as pH [19–21], among others. A number
of studies point to a pH value of 5.0 to 6.0 for maximum hydrogen yields [19,22,23].

According to observations and theoretical considerations reported in the literature,
homoacetogenesis and propionic acid production would occur predominantly at pH 5.0 or
higher. Homoacetogenesis is unlikely to occur at pH 5.0 or lower due to the fact that the
production of acetic acid acts as an uncoupler under such conditions [24]. The production
of methane is strongly related to hydrogen-consumption, under acidic conditions [25].
According to Lay [22], heat-treated inoculum may also change the microbial community
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during acidogenesis by developing hydrogen-producing bacteria. Thermal treatment
is considered as a pretreatment process for biogas production enhancement during the
AD process since organic matter degradation and methane production are significantly
increased [26,27]. Several studies have been conducted for the inoculum thermal pretreat-
ment efficiency using a variety of substrates [28].

Referring to published studies, waste streams of animal origin such as liquid swine
or buffalo manure have been tested for hydrogen production via dark fermentation, com-
bined mainly with a carbon source such as glucose, potato and pumpkin waste. More specif-
ically, for the case of liquid swine manure and glucose at pH 5.0, a yield of 1.63 mol H2/mol
glucose was achieved [29], while a mixture of potato waste, pumpkin waste and buffalo
manure at pH 7.5 led to 135.6 cm3 H2/VS [30]. The dark fermentation of cheese whey
could result in various yields, strongly depended on the pH value and the physicochemical
characteristics of the substrate, presenting a range of 0–1.5 mol H2/mol lactose [31]. Con-
cerning the dark fermentation of sweet sorghum and the expected hydrogen yields, a maxi-
mum of 2.6 mol H2/mol C6 sugar was achieved after alkaline pretreatment, while sweet
sorghum leaves reached 213.14 L H2/kg of fermentable sugars [18]. To our knowledge,
there are no studies involving such an agro-industrial waste mixture as the substrate for
the process of dark fermentation.

The aim of this study was to investigate the effect of pH during dark fermentation of
an agro-waste mixture consisting of CW and LCM with sweet sorghum stalks on hydrogen
production and end-products (i.e., VFAs, lactic acid, ethanol) distribution. The pH values
tested ranged from 5.0 to 6.5 with a 0.5 increment and were maintained constant throughout
the fermentation process. This study also assessed experimentally the influence of heat-
treated sludge as inoculum, the organic loading of the initial substrate, and the role of
ensiled sorghum (ES) on the obtained hydrogen yield.

2. Materials and Methods
2.1. Substrates and Inoculum

The tested waste mixture in this study consisted of 55% fresh sweet sorghum stalks (FS)
(suspension of 8% w/w FS dry matter in water), 40% CW, and 5% LCM (v/v/v). This study,
in fact, is a sequel to a previous study in which equal organic loading was used, consisting of
55% olive mill wastewater (OMW), 40% CW, and 5% LCM [21]. The reason for using sweet
sorghum in this study was to replace OMW, which exhibits seasonal availability (October
to February) during a year-round operation of a biogas plant [15], and compare the two
system performances as OMW consists not only of carbohydrates but also of fats/oils,
which could lead to lower hydrogen production (per g VS) [32]. Additionally, anaerobic co-
digestion of ES sorghum, LCM and CW [12] has already exhibited many advantages such
as process stability, methane yield improvement and process feasibility due to the seasonal
production of these kinds of wastewaters, as well as nutrients addition minimization.

The raw agro-wastes, i.e., CW and LCM, used in this study were collected from
small local plants in the area of Patras (Western Greece). In particular, CW was provided
from a cheese factory producing mainly white “feta” cheese with daily production of
approximately 30 m3 of CW, while LCM was collected from a dairy farm breeding 230 cows.
Following collection, both wastes were immediately stored in the freezer at −18 ◦C until
subsequent use throughout the experimentation period. Sweet sorghum (Sorghum bicolor
L. Moench var. Keller) was cultivated at the University of Patras facilities according to
European regulation (EC 2092/91) and was harvested in early October. Geo-coordinates
of the fields were 38◦17′51.14 ” N, 21◦48′2.28 ” E. After harvesting, the sweet sorghum
was chopped into pieces (of particle size 1–3 cm), dried at 55 ◦C, and then ground into
1 mm particle size with a kitchen blender and sieved to powder of <315 µm diameter.
A mechanical shredding step is essential to reduce particle size and increase the surface
area of the sweet sorghum prior to fermentation. Acclimatized anaerobic culture seed
sludge, which was obtained from a lab-scale anaerobic acidogenic continuous stirred tank
reactor (CSTR) that was being fed with a mixture of 55% OMW, 40% CW, and 5% LCM
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(v/v/v) was used as inoculum. Prior to batch experiments, centrifugation (4500 rpm) of the
inoculum was performed in order to remove the soluble part.

2.2. Experimental Conditions

All experiments were conducted in a double-walled, cylindrical stainless steel (INOX
316) fermentor under controlled temperature and stirring rate conditions. The temperature
was kept constant at 37 ◦C (mesophilic conditions) via a thermocouple controller and
the stirring rate was set at 70 rpm by a geared motor drive unit installed on the top of
the fermentor, ensuring thus homogeneous mixing and facilitating rapid diffusion of
the produced hydrogen. The working volume of the fermentor was adjusted to 900 mL.
The amount of anaerobic sludge used as inoculum was 20% (v/v) of the working volume,
while the remaining consisted of the tested waste mixture. The pH of the mixed liquor was
kept constant during the experiments via automatic control (using a HACH PID-controller)
by adding NaOH or HCl solution (6 N) drop-wise as constant regulated pH values during
dark fermentation have exhibited higher hydrogen productivity comparing to unregulated
experiments [33]. Anaerobic conditions were imposed on the culture by sparging with
nitrogen gas at the beginning of each experiment.

Anaerobic batch experiments were performed in duplicate to study the acidogenesis of
an agro-waste mixture of FS, CW, and LCM (in a ratio of 55:40:5, v/v/v) at different constant
pH values, namely pH 5.0, 5.5, 6.0 and 6.5. When the optimum pH value was selected,
based on the obtained results, additional anaerobic batch experiments were carried out to
assess and compare their performance in terms of bio-hydrogen yield and acidified end-
products. The following experiments were thus carried out using: (a) heat-treated enriched
anaerobic sludge (100 ◦C for 20 min) [28] instead of the acclimatized anaerobic culture
seed sludge (to assess the effect of inoculum), (b) half initial mixed substrate concentration,
i.e., 17.15 g total carbohydrates/L (to assess the effect of initial organic loading) and (c)
pretreated sorghum (ensiled), instead of a fresh one. The ES pretreatment was performed
at a constant temperature of 80 ◦C for 120 min with the addition of alkaline solution 1.0%
NaOH and 1.0% KOH (w/w) (optimum conditions for the pretreatment of ensiled sorghum,
ES) [12]. The reactor configuration and the sets of experiments are described in detail
in Figure 1.
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2.3. Analytical Methods

Detailed physicochemical characterization was performed in all raw agro-waste
streams (in triplicate) and fermented effluents (fermentation end-products, in duplicate).
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The off-line pH measurements were carried out using an electrode (Thermo Scientific Orion
3-star benchtop pH meter. Total Suspended Solids (TSS), Volatile Suspended Solids (VSS),
Total Solids (TS), Volatile Solids (VS), total and soluble COD, Biochemical Oxygen Demand
(BOD5), Total Kjeldahl Nitrogen (TKN), ammonium nitrogen, total and ortho—phosphates
and alkalinity were determined according to Standard Methods for the examination of Water
and Wastewater [34]. Concerning the TSS/VSS measurement and the soluble characteristics
(soluble organic carbon (SOC), lactic acid, VFAs, etc.), the insoluble residue was sepa-
rated from the supernatant by filtration (Whatman® glass microfiber filters Grade GF/F
(GE Healthcare Life sciences, Chicago, Illinois, USA)). Carbohydrates determination was
accomplished after colorimetric measurement of a colored sugar derivative, which was
produced through the addition of L-tryptophan, sulfuric and boric acid [35]. Total organic
carbon (TOC) and SOC were analyzed with a Carbon TOC-V analyzer (Shimadzu, Kyoto,
Japan). Composition analysis of VFAs, ethanol, biogas and lactic acid were measured by
Gas (Agilent, CA, USA) and Ion (Dionex, CA, USA) Chromatography as described in detail
by Dareioti et al. [21]. Briefly, for the VFAs and ethanol determination, a capillary column
(DB-FFAP, 30 m in length, 0.25 mm I.D. and 0.25 mm film) and a flame ionization detector
were used, while for the biogas composition a capillary column (HP-PLOT/Q, 30 m in
length, 0.53 mm I.D. and 40 mm packing film) and a thermal conductivity detector were
used. Lactic acid was measured using an analytical column (AS19 length 4 × 250 mm
and 7.5 mm I.D.), a guard column (4 × 50 mm length and 12 mm I.D.) and an electron
conductivity detector.

Cellulose, hemicellulose and lignin content of dried sweet sorghum were measured
according to the NREL method [36] and high-performance liquid chromatography (HPLC)
analysis [37]. Structural carbohydrates (i.e., glucose, xylose, arabinose) were determined,
and the cellulose and hemicellulose contents estimation followed (Equations (1) and (2)):

Cellulose (% VS) = Glucose (% VS)/1.11 (1)

Hemicellulose (% VS) = [Xylose (% VS) + Arabinose (% VS)]/1.13 (2)

where: 1.11 represents the ratio of the molecular weights of glucose to glucan (180/162),
whereas 1.13 represents the ratio of the molecular weights of xylose and arabinose to xylan
(150/132).

Total biogas and hydrogen volume, produced during each experiment, was converted
at standard temperature and pressure conditions (STP) (0 ◦C and 1 atm).

3. Results and Discussion
3.1. Chemical Composition of Each Substrate

Prior to experiments, chemical composition characterization of each substrate was
performed. Table 1 presents the average values obtained during the CW and LCM char-
acterization, whereas the chemical composition of FS and ES, after drying and milling,
is given in Table 2. In particular, CW can be described as a high organic load waste stream,
mainly due to its carbohydrates (lactose) content, whereas LCM was characterized by a
high concentration of VFAs and nitrogen. The physicochemical characteristics of both
substrates are similar to other studies [12,38]. Sweet sorghum mainly consisted of soluble
and insoluble polysaccharides (cellulose and hemicellulose) and high lignin content. Dur-
ing the ensiling procedure, soluble carbohydrates are converted mainly to lactic acid and
ethanol by fermentative bacteria [39]. Thus, the amount of soluble carbohydrates in the ES
was low, whereas lactic acid and ethanol were present.
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Table 1. Chemical composition of CW and LCM.

Parameter Units CW LCM

pH - 6.17 ± 0.03 7.26 ± 0.18
TSS g/L 38.00 ± 0.11 48.60 ± 0.24
VSS g/L 34.60 ± 0.14 35.80 ± 0.53
TS g/L 69.40 ± 0.34 52.40 ± 0.93
VS g/L 60.17 ± 0.25 35.83 ± 0.64

Total COD g/L 75.00 ± 0.29 62.50 ± 2.12
Soluble COD g/L 66.73 ± 0.17 23.02 ± 0.26

TOC g/L 31.45 ± 0.64 24.19 ± 0.16
Total carbohydrates 1 g/L 64.40 ± 0.90 8.12 ± 0.31

Soluble carbohydrates 1 g/L 62.80 ± 1.04 1.20 ± 0.01
TKN g/L 0.84 ± 0.08 3.36 ± 0.00

Ammonium-N g/L 0.10 ± 0.02 2.39 ± 0.02
Alkalinity g CaCO3/L 0.50 ± 0.00 12.38 ± 0.32

TVFA g/L 0.07 ± 0.00 7.24 ± 0.02
1 in equivalent glucose (eq. glucose).

Table 2. Chemical composition of FS and ES.

Parameter FS ES

pH 5.6 ± 0.1 4.6 ± 0.2
Moisture (% wet weight) 76.7 ± 0.1 77.7 ± 0.3

TS (% wet weight) 23.3 ± 1.0 22.3 ± 0.2
VS (%DM) 94.5 ± 0.2 94.4 ± 0.1

Ash (%DM) 5.5 ± 0.3 5.6 ± 0.8
TOC (%DM) 59.8 ± 0.1 51.0 ± 1.3

Total carbohydrates 1 (%DM) 81.0 ± 3.1 36.9 ± 1.0
Soluble carbohydrates 1 (%DM) 49.0 ± 0.3 2.9 ± 0.1

Cellulose (%DM) 23.0 ± 0.4 27.9 ± 2.1
Hemicellulose (%DM) 11.0 ± 0.7 12.5 ± 1.2

Lignin (%DM) 8.0 ± 0.4 11.9 ± 3.1
Total Nitrogen, TKN (%DM) 0.1 ± 0.0 0.2 ± 0.0

Proteins (%DM) 0.7 ± 0.1 1.1 ± 0.1
Lactic Acid (%DM) N.D. 1.2 ± 0.1

Ethanol (%DM) N.D. 8.9 ± 0.1
1 in equivalent glucose (eq. glucose); DM: Dry Matter; N.D.: Not Detected.

3.2. Effect of pH

Batch experiments were carried out using a mixture of agro-wastes at a ratio of 55%
FS, 40% CW and 5% LCM (v/v/v) in order to assess the effect of pH on bio-hydrogen
production and the composition of dark fermentation end-products. The pH of the agro-
industrial waste mixture was controlled at 5.0, 5.5, 6.0 and 6.5. At regular intervals (4 ± 2 h),
samples were withdrawn for composition analysis, i.e., determination of carbohydrates, lac-
tic acid, VFAs, ethanol, etc. Qualitative and quantitative composition analysis of produced
biogas was performed throughout the course of each experiment. The consumption of total
carbohydrates was high in all pH values tested (Figure 2a), with a maximum carbohydrates’
degradation of 77% at pH 6.5. However, the soluble carbohydrates consumption was simi-
lar (~95–96%) at all pH values (data not shown), suggesting that the microorganisms’ ability
to consume carbohydrates was not altered within this pH range. The dominant soluble
end-products were VFAs (i.e., acetic, propionic, butyric), ethanol and lactic acid in all pH
values tested (Figure 2b). Both acetic and butyric acid are well-known metabolites in the
anaerobic hydrogen fermentation of carbohydrates, whereas propionic acid is considered
an undesirable product of hydrogen fermentation [40]. Acetic and butyric acid were the
most abundant end-products at each pH (except pH 5.0), whereas the concentrations of
propionic acid and ethanol were substantially lower (<2.3 g/L and 0.9 g/L, respectively).
Limited amounts (<0.25 g/L) of i-butyric, valeric, i-valeric and caproic were detected in
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all tests. Accumulation of lactic acid, as an intermediate product, was observed at pH 5.0
(8.86 g lactic acid/L), whereas at higher pH it was metabolized during the process and
thus not detected at the end of each batch test (Figure 2b). Lactate accumulation at pH
5.0 accompanied by low or no H2 production has been also observed during the dark fer-
mentation of municipal solid wastes using mixed culture as inoculum [41,42]. As depicted
in Figure 2b, the distribution of main soluble end-products was similar at all pH values,
apart from pH 5.0. Hence, at these pH values, biogas and hydrogen productivity was also
approximately at the same level (Figure 2c). Figure 2a presents additional results at each
pH tested, including organic carbon and solids’ degradation.
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As shown, the highest degradation of TOC was obtained at pH 5.5 (17.1%), as well
as VS degradation (22.9%). Taken together, these data show that the pH value of 5.5 is the
most suitable in terms of hydrolysis. Hydrogen yield (calculated as mol H2/ mol carbo-
hydrate consumed) is a good indicator for the effectiveness of hydrogen production and
represents the capability of microorganisms to convert carbohydrates into hydrogen gas.
Figure 2c presents the net hydrogen yield (mol H2/mol eq. glucose of total consumed carbo-
hydrates) at each pH tested. The maximum hydrogen yield of 0.52 mol H2/mol eq. glucose
was observed at pH 5.5, which is considered satisfactory since similar tests with untreated
seed sludge generally exhibit low H2 productivity (<1 mol H2/mol glucose) [31]. The re-
sults indicate that pH had indeed an effect on hydrogen yield and, thus, pH adjustment
during dark fermentation of the studied agro-industrial mixture may determine the type of
anaerobic fermentation pathway followed during the anaerobic bio-hydrogen process.
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In literature, many studies have been presented about the effect of initial and controlled
pH on hydrogen production using many different substrates, including the substrates used
in this article, as mono substrates. Many of them are in line with the results of the present
study, where the optimum pH concerning the H2 yield appeared to be 5.5, with similar
behavior up to pH 6.5. For instance, in the study of Van Ginkel et al. [23], the highest rate
of hydrogen production (74.7 mL H2/LR·h) using sucrose and a heat-treated inoculum was
observed at pH 5.5. Similarly, the maximum hydrogen content of 26.9% and production
rate of 31.8 mL H2/h were observed at pH 5.5 by Hernández and Rodríguez [43] who
studied pig manure fermentation in an anaerobic batch reactor. Fang and Liu [19] studied
the conversion of glucose to hydrogen at different pH values (4.0 to 7.0) and suggested
that pH 5.5 was the optimum with the highest hydrogen content (64.2%) and yield of
2.1 ± 0.1 mol H2/mol glucose. However, Davila-Vazquez et al. [3] studied the effect of
initial pH (3.88–8.12) on hydrogen production using three different substrates, namely lac-
tose, CW powder and glucose. pH 7.5 was found as the optimum for lactose and glucose,
whereas pH 6.0 was suggested for the CW powder. According to Elbeshbishy et al. [20],
one of the most critical factors of dark fermentation is pH due to the end-products determi-
nation, the microbial community structure, and the catalysis of intracellular metabolism.
In order to enhance H2 production and avoid inhibition, pH maintenance with an optimum
range is of great importance. On the other hand, as various inhibitors of dark fermentation
have been identified, co-fermentation of several feedstocks could control or even minimize
inhibition by factors such as nutrients, organic load [42] or toxic compounds [44].

Figure 3 displays the batch experimental results at the optimum pH 5.5. Figure 3a pre-
sents the concentration of total and soluble carbohydrates over the fermentation process,
indicating that the achieved degradation was 62.8% and 96.1%, respectively. 90% of to-
tal carbohydrates’ degradation was accounted for by the degradation of soluble ones,
whereas the rest (10%) was due to hydrolysis and degradation of particulate carbohydrates.
The carbohydrate fermentation contributed to the increase of VFAs, lactic acid, and ethanol
concentrations (Figure 3b). The most abundant metabolic products were lactic and acetic
acid during the first 10 h of the batch experiment. Significant accumulation of butyric
acid (~9.5 g/L) was observed after a period of 10 h, as a result of lactic acid bioconver-
sion, which was also accompanied by simultaneous production of hydrogen (Figure 3c).
The produced biogas consisted exclusively of hydrogen and carbon dioxide. No methane
was observed in any of the batch experiments that were conducted although LCM was
used in the mixture. The complete absence of methane could be attributed to a number
of reasons with the most valid ones being the use at a very low percentage (5% v/v) of a
rather recalcitrant to biomethanization substrate (LCM), fermented under acidic conditions.
Herein, it can be mentioned that pH can exert remarkable effects on end-products distribu-
tion. For instance, at the lowest pH tested in this study (5.0) accumulation of lactic acid,
without further bioconversion, was observed due to kinetic limitations in the reactions
converting lactic acid to butyric acid and subsequently to hydrogen production.

Taking into account the results obtained in this work and the concept of biorefinery, in
which the best compromise between hydrogen and VFAs production has to be considered in
an integrated way aiming to maximize energy production in the overall system comprising
of an acidogenic and methanogenic reactor, the pH 5.5 was considered as optimum for
further work. Moreover, the use of pH 5.5 implies the use of a lower amount of alkaline
solution for pH control, leading to lower cost and minimum potential inhibition to the
subsequent step of methanogenesis due to sodium cations’ presence compared to operation
at higher pH values [45].
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Figure 3. (a) Consumption of carbohydrates; (b) evolution of main VFAs and lactic acid and (c) gaseous products (biogas 
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3.3. Kinetic Analysis

It is well known that lactic acid is produced from glucose via three metabolic pathways,
i.e., the homofermentative (Equation (3)), the heterofermentative (Equation (4)) and the
bifidum pathway (Equation (5)). In all three pathways, the hydrogen balance is zero, i.e., no
hydrogen is consumed nor produced.

Lactic acid, as a major intermediate soluble product, may also decompose to acetic
and propionic acid (Equation (6)) [46] or to butyric acid accompanied by simultaneous
production of hydrogen via the following metabolic pathway (Equation (7)) [21,47].

In the batch experiments conducted in this study, lactic acid depletion was accompa-
nied by a simultaneous consumption of acetic acid and hydrogen. According to Bhat and
Barker [48], in the C. kluyveri fermentation, butyric acid may be formed by condensation
of two moles of acetic acid with two moles of hydrogen (Equation (8)). Dareioti et al. [21]
reported briefly, using mass balance calculations, the bioconversion of acetic acid and
hydrogen to butyric acid.

C6H12O6→2CH3CH(OH)COOH (3)

C6H12O6→CH3CH(OH)COOH + CH3CH2OH + CO2 (4)

2C6H12O6→3CH3COOH + 2CH3CH(OH)COOH (5)

3CH3CH(OH)COOH→2CH3CH2COOH + CH3COOH + CO2 + H2O (6)

2CH3CH(OH)COOH→CH3CH2CH2COOH + 2CO2 + 2H2 (7)
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2CH3COOH + 2H2→CH3CH2CH2COOH + 2H2O (8)

Taking into account the transformation pathways (Equations (3)–(8)), the experimental
data obtained at the optimum pH (5.5) of this study were used to calculate mass balances in
order to estimate the pathways that result in hydrogen production under these conditions
(Table 3). In order to facilitate calculations, they were carried out before and after the peak
detection of lactic acid (8.5th h). Firstly, the contribution of each pathway (Equations (3)–(5))
to the production of intermediates was investigated (0–8.5 h). Ethanol formation was at-
tributed to glucose degradation via the heterofermentative pathway (Equation (4)) with
simultaneous lactic acid production (Table 3, Reaction (2)). On the other hand, the pro-
duced acetic acid was attributed to the bifidum pathway (Equation (5)), whereas the rest
glucose was decomposed to lactic acid via the homofermentative pathway (Equation (3)).
Moreover, in the first period of the experiment (0–8.5 h), a slight lactic acid depletion
was observed. The propionic acid formation was attributed to lactic acid bioconversion
with simultaneous acetic acid production, according to Equation (6) (Table 3, Reaction (4)).
Butyric acid production was correlated with lactic acid degradation with simultaneous
hydrogen production (Table 3, Reaction (5)) and also, with acetic acid and hydrogen deple-
tion (Table 3, Reaction (6)). An error of 6.48% was calculated in the mass balances of lactic
acid accumulation, which is attributed to the complexity of microbial populations present
in the mixed culture used in our experiments.

Table 3. Mass balances for hydrogen production at the optimum pH 5.5.

Reactions for Period: 0–8.5 h Equation
Calculated Values (mmoles)

Glucose Lactic Ethanol Butyric Acetic Propionic H2

1. C6H12O6→2CH3CH(OH)COOH (3) −6.76 +13.52
2. C6H12O6→CH3CH(OH)COOH + CH3CH2OH + CO2 (4) −9.04 +9.04 +9.04
3. 2C6H12O6→3CH3COOH + 2CH3CH(OH)COOH (5) −75.25 +75.25 +112.87
4. 3CH3CH(OH)COOH→2CH3CH2COOH + CH3COOH +
CO2 + H2O (6) −13.08 +4.36 +8.72

5. 2CH3CH(OH)COOH→CH3CH2CH2COOH + 2CO2 + 2H2 (7) −16.40 +8.20 +16.40
6. 2CH3COOH + 2H2→CH3CH2CH2COOH + 2H2O (8) +5.80 −11.60 −11.60

Net calculated values −91.05 +68.33 +9.04 +14.08 +105.63 +8.72 +4.80
Experimental values −91.05 +64.17 +9.04 +14.08 +105.63 +8.72 +4.78

Error (%) 0.00 6.48 0.00 0.00 0.00 0.00 0.42

Reactions for period: 8.5–44.5 h

7. C6H12O6→2CH3CH(OH)COOH (3) −10.67 +21.34
8 C6H12O6→CH3CH(OH)COOH + CH3CH2OH + CO2 (4) −0.70 +0.70 +0.70
9. 2C6H12O6→3CH3COOH + 2CH3CH(OH)COOH (5) −0.00 +0.00 +0.00
10. 3CH3CH(OH)COOH→2CH3CH2COOH + CH3COOH +
CO2 + H2O (6) −8.60 +2.87 +5.74

11. 2CH3CH(OH)COOH→CH3CH2CH2COOH + 2CO2 +
2H2

(7) −69.18 +34.59 +69.18

12. 2CH3COOH + 2H2→CH3CH2CH2COOH + 2H2O (8) +10.95 −21.90 −21.90
Net calculated values −11.37 −55.74 +0.70 +45.54 −19.03 +5.74 +47.28
Experimental values −11.37 −55.74 +0.70 +45.54 −19.80 +5.74 +47.55

Error (%) 0.00 0.00 0.00 0.00 3.89 0.00 0.57

+: production; −: consumption.

A calculation was then carried out at the second phase of the experiment (8.5–44.5 h),
where lactic acid bioconversion with simultaneous hydrogen production mainly took place.
The continued degradation of carbohydrates after the 8.5th h till the end of the experiment
was calculated in the same way as described in the first period, in order to estimate the
further lactic and acetic acid production (Table 3, Reactions (7)–(9)).

Equation (6) was used in order to correlate the propionic acid production via lactic
acid consumption (Table 3, Reaction (10)), whereas the rest of lactic acid was decomposed to
butyric acid and hydrogen, according to Equation (7) (Table 3, Reaction (11)). Finally, an ad-
ditional calculation was carried out regarding acetic acid depletion with the corresponding
hydrogen towards the rest of butyric acid production (Table 3, Reaction (12)). According to
Table 3, marginal errors of 3.89% and 0.57% were estimated in the mass balances of acetic
acid and hydrogen, respectively, which however, can be partially attributed to experimental
errors and also to biomass production, which was not encountered in all calculations.



Processes 2021, 9, 1017 11 of 16

3.4. Heat-Treated Inoculum

In an attempt to estimate the effect of inoculum pretreatment on hydrogen productiv-
ity, a batch experiment was performed at the optimum pH 5.5, using heat-treated enriched
anaerobic sludge (Figure 4a–c), which could potentially enhance the sludge’s Clostridia
characteristics [22]. The total and soluble carbohydrates consumption during the course
of this experiment is presented in Figure 5a, reaching up to 58.9% and 94.9%, respec-
tively, which is almost similar to the ones obtained with untreated inoculum. The main
metabolic end-product observed was butyric acid (Figure 4b), which was produced from
the bioconversion of lactic acid, while the concentration of acetic acid was substantially
lower than in the previous batch experiments. The pretreatment of inoculum prior to
fermentation led to different metabolic pathways via killing or inactivating one or more
bacterial types presented in a typical anaerobic mixed culture. Such types usually refer
to non-spore-forming bacteria, while Clostridium, Bacillus (spore-forming bacteria) and
acetic/propionic/lactic acid bacteria are able to survive. Hydrogenotrophic methanogens
as well as Enterobacter or Citrobacter, which are hydrogen-producers are also eliminated [49].
In particular, a significant accumulation of lactic acid (13.7 g lactic acid/L) was realized
during the first 30 h of the experiment, whereas acetic acid production of 1.6 g/L was
also observed. This indicates a change in the main metabolic pathway followed towards
homofermentation. The lactic acid concentration was almost two-fold the one measured
in the previous experiments which resulted in higher production of butyric acid with
simultaneous hydrogen production (Figure 4c). The experimental results are in accordance
with the aforementioned information about the microbial changes.
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Figure 4. (a) Consumption of carbohydrates; (b) evolution of main VFAs and lactic acid and (c) gaseous products (biogas
and hydrogen) using heat pre-treated enriched anaerobic sludge, at pH 5.5.
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Figure 5. (a) Carbohydrates consumption and H2 yield; (b) biogas, H2 and soluble main end-products accumulation at pH
5.5 for all tested factors.

In Table 4 the mass balance calculations, obtained in the same way as described in
the previous batch, are reported using the experimental data of batch with heat-treated
inoculum. The calculations were also carried out before and after the peak detection of
lactic acid (30.5th h). As previously mentioned, the main metabolic pathway of glucose
degradation was homofermentation (Table 4, Reaction (1)). Consequently, a higher con-
centration of lactic acid was observed compared to the previous batch experiments with
untreated inoculum. Moreover, in the first period (0–30.5 h) no lactic acid bioconversion
was observed, which occurred only in the second phase (30.5–139.5 h). Using mass balance
calculations, a negligible error of 1.74% was obtained from the bioconversion of lactic acid.
In the second period of the experiment (30.5–139.5 h) similar calculations were conducted,
revealing higher hydrogen production, due to the higher lactic acid amount, compared to
the experiment with untreated sludge that was carried out at pH 5.5. The heat-treated
inoculum resulted in equal carbohydrate consumption compared to the test at pH 5.5 with
untreated inoculum. However, even if the produced main end-products were decreased,
the H2 yield increase because of the different metabolic pathways (Figure 5).

Clostridium species are considered to be the dominant microorganisms responsible
for butyric acid fermentation [50]. It has been widely reported that heat-treatment is one
of the most promising established methods able to eradicate bacteria in inoculums, that
have an adverse effect on hydrogen fermentation and to accelerate thus an enrichment of
microbial population with hydrogen-producing bacteria, such as Clostridium species, which
are highly tolerant to extreme environments due to their spore-forming ability [49,51].
Indeed, the overall hydrogen yield estimated in this test was increased (1.09 mol H2/mol
eq. glucose) compared to the previous experiments where untreated inoculum was used
(0.52 mol H2/mol eq. glucose).

This is in agreement with previous studies mentioned by Wong et al. [28], where
untreated and heat-treated inocula of the same origin were compared regarding their
efficiency in hydrogen production. More specifically, for most of the reported tests, the
H2 yield of the heat-treated inoculum was usually two to four times higher compared
to the untreated inoculum tests. On the contrary, only a few studies mention lower H2
yields after the heat-pretreatment of the inoculum (compared to the corresponding yield of
untreated inoculum). Indicatively, according to Dessi et al. [51], the H2 efficiency decreased
almost four times after the heat shock of the inoculum, for the thermophilic batch dark
fermentation of xylose. In a recent study by Słupek et al. [52], it was shown that higher
concentrations of hydrogen and methane were obtained during the dark fermentation
process under mesophilic conditions than in the process under thermophilic conditions.
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Table 4. Mass balances for hydrogen production using heat-treated inoculum at pH 5.5.

Reactions for Period: 0–8.5 h Equation
Calculated Values (mmoles)

Glucose Lactic Ethanol Butyric Acetic Propionic H2

1. C6H12O6→2CH3CH(OH)COOH (3) −42.02 +84.04
2. C6H12O6→CH3CH(OH)COOH + CH3CH2OH + CO2 (4) −0.96 +0.96 +0.96
3. 2C6H12O6→3CH3COOH + 2CH3CH(OH)COOH (5) −8.96 +8.96 +13.44
4. 3CH3CH(OH)COOH→2CH3CH2COOH + CH3COOH +
CO2 + H2O (6) −0.00 +0.00 +0.00

5. 2CH3CH(OH)COOH→CH3CH2CH2COOH + 2CO2 + 2H2 (7) −0.00 +0.00 +0.00
6. 2CH3COOH+2H2→CH3CH2CH2COOH + 2H2O (8) +0.00 −0.00 −0.00

Net calculated values −51.94 +93.96 +0.96 +0.00 +13.44 +0.00 +0.00
Experimental values −51.94 +92.35 +0.96 +0.00 +13.44 +0.00 +0.00

Error (%) 0.00 1.74 0.00 0.00 0.00 0.00 0.00

Reactions for period: 8.5–44.5 h

7. C6H12O6→2CH3CH(OH)COOH (3) −9.31 +18.62
8 C6H12O6→CH3CH(OH)COOH + CH3CH2OH + CO2 (4) −0.00 +0.00 +0.00
9. 2C6H12O6→3CH3COOH + 2CH3CH(OH)COOH (5) −1.94 +1.94 +2.91
10. 3CH3CH(OH)COOH→2CH3CH2COOH + CH3COOH +
CO2 + H2O (6) −13.46 +4.49 +8.97

11. 2CH3CH(OH)COOH→CH3CH2CH2COOH + 2CO2 +
2H2

(7) −85.46 +42.73 +85.46

12. 2CH3COOH+2H2→CH3CH2CH2COOH + 2H2O (8) +10.21 −20.42 −20.42
Net calculated values −11.25 −78.36 +0.00 +52.94 −13.02 +8.97 +65.04
Experimental values −11.25 −78.36 +0.00 +52.94 −13.76 +8.97 +60.12

Error (%) 0.00 0.00 0.00 0.00 5.38 0.00 8.18

+: production; −: consumption.

3.5. Initial Organic Load

A batch experiment with half the initial organic load (17.15 g total carbohydrates/L)
was conducted at the optimum pH 5.5 in order to assess substrate inhibition phenom-
ena to hydrogen and VFAs production. The evolution of carbohydrates consumption,
soluble main end-products, and biogas production are presented in Figure S1 (Supplemen-
tary Material). Based on our results, no effect of the initial organic load was identified,
as the hydrogen yield (0.53 mol H2/mol eq. glucose) was almost the same, compared
to the previously conducted batch experiment at pH 5.5 (0.52 mol H2/mol eq. glucose)
(Figure 5a). The hydrogen yield was calculated in this work for initial soluble carbohy-
drates concentration (20.2 g carbohydrates/L, as shown in Figure 5a). Such behavior
usually indicates that, under conditions, a higher organic load may become inhibitory due
to acid production or increased hydrogen partial pressure. However, the aforementioned
results do not lead to a clear conclusion as the system performance also depends on other
factors such as the inoculum origin, the type, and the composition of the substrate [20].
Hence, avoidance of such inhibitory conditions is considered mandatory for the achieve-
ment of maximum hydrogen conversion efficiency and production rate at high substrate
concentrations. Few studies have suggested that higher hydrogen molar yield was found
at low organic load [3], whereas high initial substrate concentration caused high initial hy-
drogen production, increased hydrogen partial pressure and acid toxicity or pH inhibition.
Slezak et al. [53] found the highest hydrogen yield (76.1 mL/g VS) using kitchen wastes at
an organic load of 14.3 g VS/L, after several tests ranging from 4.1 to 48.2 g initial VS/L,
while Rangel et al. [54] attained the maximum hydrogen yield treating residual biomass at
an initial organic load of 10 g VS/L and an inoculum to substrate ratio of 1. Based on the
results of the current study, it is considered that the inhibitory/toxic thresholds are specific
to each system, depending on the type of substrate and inoculum used, while it seems that
for the current tested organic load the inhibitory threshold was not reached.

3.6. Effect of Ensiled Sorghum

The effect of using sweet sorghum obtained following an ensiling procedure, instead of
a fresh one, on hydrogen production was also assessed in this study. The experiment was
conducted at constant controlled pH of 5.5. Figure S2a illustrates the total and soluble
carbohydrates bioconversion to soluble (Figure S2b) and gaseous (Figure S2c) end-products
during the fermentation (Supplementary Material). 52.2% removal of total carbohydrates
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and 88.2% of soluble ones were observed during this experiment as can be seen in Figure 5a.
The distribution of end-products was quite similar to the experiment with FS. The most
abundant metabolic end-products were acetic and butyric acid, whereas lactic acid was
initially accumulated (reaching 4.9 g/L) and then metabolized to butyric acid. However,
hydrogen production in this experiment (Figure 5b) was lower (694.5 mL) than the H2
production obtained in the previous similar experiment conducted with FS, most probably
due to the significantly lower content of carbohydrates (Table 2). As a result, the calculated
hydrogen yield was thus also lower (0.37 mol H2/mol eq. glucose) compared to the one
obtained with FS (Figure 5b).

4. Conclusions

Batch experiments were carried out in order to investigate the effect of pH on hydrogen
production and the distribution of end-products. The maximum hydrogen yield (0.52 mol
H2/mol eq. glucose) was observed at pH 5.5 accompanied by the highest VFAs production,
although similar hydrogen productivities were also realized in pH 6.0 and 6.5. No substrate
inhibition was identified, as the half organic load test exhibited the same yield. Heat-treated
inoculum resulted in twofold hydrogen yield (1.09 mol H2/mol eq. glucose) compared to
the use of typical inoculum most probably due to partial inactivation or death of hydrogen-
consuming microbial populations. On the other hand, utilization of ES instead of fresh one
led to limited hydrogen yield, leading to the conclusion that the inoculum heat-treatment
and fresh sorghum use are of great importance for the maximization of hydrogen yields.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9061017/s1, Figure S1: (a) Consumption of carbohydrates; (b) evolution of main volatile
fatty acids and lactic acid; (c) gaseous products (biogas and hydrogen) using half initial organic load,
at pH 5.5, Figure S2: (a) Consumption of carbohydrates; (b) evolution of main volatile fatty acids and
lactic acid (c) gaseous products (biogas and hydrogen) using pre-treated ensiled sorghum, at pH 5.5.
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