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Abstract: This research describes the results of the anaerobic digestion of gelatine as a potential
hydrogen source with heat-shocked inoculum. The concentrations of applied gelatine were of
VSS (volatile suspended solids) ranging from 10 g VSS/L to 30 g VSS/L. The initial process pH
was 5.5, and, depending on the concentration, reached pH values from 7.5 to 7.8 after 55 days.
Although the inoculum was heat-shocked in 30 g VSS/L of collagen, the process that occurred was
hydrogenotrophic anaerobic digestion. In gelatine concentrations below 30 g VSS/L, hydrogen
production was dominant only during the first 5 days of the experiments. Then, there was a change
from dark fermentation to hydrogenotrophic methane production. The optimal hydrogen and
methane yields resulted from the concentrations of 10 g VSS/L (7.65 mL + 0.01 mL H,/g VSS
and 3.49 + 0.01 L CHy/g VSS). Additionally, 10 g VSS/L had the lowest accumulated emission of
hydrogen sulphide (10.3 & 0.01 mL of H;S), while 30 g VSS/L (0.440 &+ 0.01mL H,S/g VSS) produced
the lowest yield. After a lag time, the hydrogen production and hydrogen sulphide grew with a
specific ratio, depending on the concentration. The hydrogen sulphide emission and sulphur added
analysis proved that hydrogen sulphide originating from biogas created by bacteria remains longer
than that from a substrate.
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1. Introduction

Dark fermentation (DF) is a case of anaerobic digestion (AD) in which substrates are
converted into hydrogen and volatile acids (stops in acidogenesis). Dark fermentation has
the potential to become a cheap method of alternative hydrogen production [1] if some of
its limitations, such as low conversion and yield, can be solved [2]. Another benefit of DF is
its high potential for utilizing organic wastes, such as food waste or lignocellulose, with
the production of organic acids besides hydrogen [3,4]. This study focuses on overcoming
the limitations of DF by investigating the extension of potential substrates among different
kinds of wastes [5]. Among the most relevant conditions for the process are stressed
inoculum and acidic pH (5.0 to 6.5). The optimal temperature for DF depends on the
type of bacteria, which can be psychrophilic (20-30 °C) [6], mesophilic (32—42 °C [7]),
or thermophilic (55-65 °C [8]). The process has been widely reviewed with a focus on
the roles of different substrates [1,5,9], including sugarbeet rests [10,11], crop residues
(such as corn) [2,3], bagasse [12], cotton [13], cashew bagasse [14], molasses [15], rice
bran [16], potatoes [17], petrochemical wastes [6], sunflower oil cakes [18], grape juice [19],
vegetable waste from restaurants [20], fruit peels (orange peels and banana peels) [21],
other food residues [22], animal waste such as cow manure [23], chicken meat [24], fish
residues [18,24], OMSW residues [25] and sewage wastes [26], and other biodegradation
methods leading to hydrogen production [27]. Sugar processing tries to use beets with
some hydrogen production to fulfill their energy demand [28]. The stressing of inoculum
stops the methanogenesis influenced by heat, centrifuging, pH, and chemicals [29]. In
2021, bacteria are mostly pretreated using heat shock or some combination of heat shock
and other methods [30]. Some research centers are still developing other pretreatments,
such as radiation with cobaltium [31], freezing [32], ultrasounds [33], aeration [34], and
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autofermentation [35,36]. Some studies on pretreatments for dark fermentation stated
that more hydrogenic bacteria are selected in heat shock because they are less acidic
and rest very little [37]. Much research has been conducted on the optimization of heat
shock pretreatment [38,39]. This pretreatment is often used for preparing mixed-culture
systems for hydrogen production [40,41]. According to Mehata et al. [42], the optimum
temperature range for heat shock is between 80 °C and 130 °C, with exposure time from 15
to 1440 min. On the other hand, Acar et al. [43] preheated inoculum at 70 °C for 30 min.
Mixed cultures of Clostridium are boiled to a temperature of 100 °C for 15 min [16]. However,
according to Kucharska et al. [44], heat treatment for 20 min at a temperature of 121 °C
decreased competitive microbial cultures significantly. The heat shock method disables
hydrogenotrophic bacteria that uptake generated hydrogen and compile anaerobic bacteria
such as Clostridium [45]. The non-spore-forming methanogens should be removed from the
system via pretreatment [46]. In the case of the Clostridium species, heat shock pretreatment
most often leads to the butyric type of fermentation [47]. There is little research about
the potential of only protein wastes [48,49] as a source of DF. Protein waste utilization
is an enormous problem in the tannery, fish, and butchery industries [50]. Gelatine is a
hydrolyzed form of collagen (one of the most common such wastes) that was tested as a
substrate for DF due to its sustainability.

Hydrogen sulphide emission is a vital problem of anaerobic digestion [51]. Thus,
it is important to check the appearance of this compound in dark fermentation before it
can be viable for industrialization [52]. Another aim of this research was to monitor the
relationship between hydrogen and hydrogen sulphide [53], observed in the fermentation
of cotton wastes [54]. Additionally, the optimal load for the process was investigated
and tested. The detection of the bottom products of the digestion of proteins allows for
the projection of the potential pathways of biogas production. The bottom products of
dark fermentation are usually volatile organic acids [55], but ammonia compounds also
appear [56]. These compounds cause pH changes, transforming the process from DF
to AD (hydrogenotrophic [57] or methanotrophic) [58]. The eventual liquid products of
dark fermentation can be used as bioresources for cosmetics and chemistry (low organic
acids) [59] or fertilizers [60]. Some studies on anaerobic digestion applied protein-rich
substrates such as leathers or meat [49,61,62].

In the case of DF, many studies added a substrate to a portion of agar plates without
publishing results on agar plates alone [63,64]. Therefore, pork gelatine was chosen as a
similar, but more feasible collagen content substrate, as it can be bought in every grocery
store. In this experiment, it is worth checking the process trends, their spontaneity, and the
necessity of their regulation.

Another aim of this research was to check the behaviour of stressed inoculum after
switching the pH and adding proteins. The digestion of proteins should increase the
ammonia concentration, similar to chicken manure [65]. The protein composition of
collagen is well-known and can serve as a model substrate for protein digestion, similar to
glucose (the carbohydrate) in DF [66] and AD [67]. The addition of gelatine with a known
mass of methionine and cysteine allows for the identification of the source of hydrogen
sulphide emission. Therefore, it can be observed if the hydrogen sulphide originates from
the added gelatine, bacteria rests, or both. Hydrogen sulphide emission can cause problems
regarding odour in biogas plants and landfills [52]. In this paper, analyses and observations
of the dark fermentation of collagen with hydrogen and methane production are reported.

2. Materials and Methods
2.1. Sample Preparation and Measuring

The inoculum was collected from an agricultural biogas plant in Darzyno (near
Gdarnisk), working at a temperature of 38 °C, and mainly consisted of maize silage and cow
manure sludge. The inoculum was stored at room temperature in plastic closed buckets for
about 14 days to minimize its biogas production and sieved before filling test reactors to
remove large particles.
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The experiments were carried out in the Laboratory of Biomass Energy Transformation
at The Szewalski Institute of Fluid-Flow Machinery in Poland. Experiments were conducted
according to the NREL procedure for biogas production [68]. Fermentation setups consisted
of fifteen 2 L glass reactors with a working load of 1.2 L. The tested substrates were filled
in the reactor with inoculum. The pH of the digestion of gelatine was measured once per
week but not regulated. A batch system is one of the most economical first-experimental
methods for checking whether a selected design/product is worth scaling up. Among the
most commercially available is one that was proposed by Dach et al. [69,70]. Therefore,
such a model was used for checking gelatine hydrogen and methane availability.

Initially, the inoculum was treated by heat shock for 0.5 h at 105 °C, as recom-
mended [71,72]. This method is widely used, and now it is a major approach to the
pretreatment of inoculum [73,74]. Later, the initial pH of 7.84 was lowered to pH 5.5 using
HCI and applied to the DF process. The bacterial layer was pretreated analogous to a
Nasirian et al. [75] procedure for DF of wheat straw, but a cheaper 0.1 M solution of HCI
replaced the 0.1 M solution of HSO4. As a source of collagen, powdered pork gelatine
from a grocery store was used. The chosen gelatine contains only hydrolyzed collagen
without any additives. Gelatine was added to the reactor with an inoculum of different
concentrations. The collagen was added at concentrations from ranging 10 g VSS/L to
30 g VSS/L. The general characteristics are shown in Table 1.

Table 1. Physicochemical characteristics of the inoculum and substrates used in various tests.

Material pH C:N Ratio TS [%FM] VSS [%TS]
Inoculum 7.6 10.53 1.09 £ 0.03 36.35 4= 1.02
Collagen (pork gelatine) - 12.8 89 £0.03 96.5 + 1.06

The process was established at a temperature of 38 °C because it was used in the
Darzyno plant and used in some glycerol fermentation [76,77]. Biogas produced in every
reactor was collected in a cylindrical vessel filled with barrier liquid to prevent biogas
solubility. The system worked on the principle of connected vessels. All the experiments
were carried out in triplicate. There were three reactors with only inoculum, as prime
samples, and 12 reactors with gelatine. Before and after comparisons of masses of reactor
mixture were made using a standard Zelmer laboratory scale with an accuracy of 0.0001 [g].
Results were the average values determined. Batch experiments were continued until
daily biogas production was less than 1% of total biogas production according to NREL
norms [68]. The setups were shown in Figure 1.

The volume of measured methane/biogas was normalized to standard conditions
(0 °C and 1.013 bar) using Equation (1).

Vi TsPm

Vo= —ns M

where Vs—a volume of measured gas at standard temperature and pressure, Vi,—a volume
of measured gas at ambient condition, Tr,—ambient temperature, Ts—standard tempera-
ture 273. 15 (K), and Ps—standard pressure (1013 hPa), P,—ambient pressure.
Conversion of ppm to mg/L in case of hydrogen and hydrogen sulphide was done

using Equation (2)

mg M Ts Pq

T = ppm X 5o % T 1 T. X o
where: ppm—is the volume of hydrogen/hydrogen sulphide measured by a gas ana-
lyzer, M—is molar mass (which in the case of hydrogen was 2.02 g/mol and in the case
of hydrogen sulphide was 34.08 g/mol), and 22.4 L was the volume that one mole of
gas occupies.

()
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Figure 1. Scheme of Fermentation setups used in the experiment [56] (Reproduced with permission
from Sotowski Heliyon Elsevier 2021).

2.2. Equipment and Analysis

Biogas measurements were carried out every day with an accuracy of £0.0001 dm?3.
The ambient temperature was measured using a room thermometer at the laboratory and
noted every day of experiments. The qualitative and quantitative assessments of the gases
were performed and determined in two stages, as written in [78]. During the first stage, the
gas was measured using a portable biogas analyser (GA5000, Geotech QED Environmental
Systems, Inc., Coventry, UK), with the volume of biogas in the cylinder being at least
0.45 dm3. The analyser poses ATEX II 2G Ex ib IIA T1 Gb (Ta from —10 °C to +50 °C),
IECEx and CSA quality certifications, and UKAS ISO 17,025 calibration certificate. The
equipment allowed measurements of CHy, CO,, O,, Hy, and H,S in the ranges 0-100%,
0-100%, 0-25%, 0-1000 ppm, and 0-5000 ppm, respectively. Additionally, the gas analyser
measured the ambient pressure used for calculation. The second stage occurred when
hydrogen concentration was above 1000 ppm (upper limit of detection of hydrogen for
the device), and the gas content was assessed using a gas chromatograph (GC) GC SRI
8060 with a thermal conductivity detector (SRI) and argon as a carrier (gas flow rate
was 0.6 mL/h), as recommended by Hitit and Hallenbeck [79]. Hydrogen sulphide and
hydrogen (in case of concentration of lower than 1000 ppm) were converted to percentage
fractions and then used to calculate volumes of those gases. If hydrogen concentration
exceeded 1000 ppm the hydrogen concentration, results for analysis were taken from GC
analysis. A Silco packed column Restek® with characteristics of 2 m/2 mm ID 1/8” OD
Silica was used. The detector temperature was between 46 °C and 196 °C. The oven was
working at a temperature from 23 °C to 200 °C. The injection temperature (splitless mode)
method was 45 °C.

The carbon and nitrogen ratio of gelatine and inoculum was analysed using Elementar
Analyzer Flash 2000 (Thermo Scientific, Waltham, MA, USA). Determining the C:N ratio
consisted of catalytic combustion in a proper amount of oxygen. Ammonium cuvette tests
NH4.N/L (Hach, UK) were applied for ammonia detection. Before the analyses, samples
of liquids were filtered with a 0.45 uM membrane syringe filter (Pureland). The error of
measurement was £0.01 mL. The volatile acid analysis is provided by Ekotechlab lab, with
characteristics listed in Table 2.
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Table 2. Characteristics of volatile acid contamination and determination of compounds.

Technique and method:

Volatile acids contamination in sample using (GC-FID)

Equipment:

Gas chromatograph Thermo Scientific Trace 1300

Analysis conditions:

Column: Rxi 5MS 60 m
Gas carrier: helium
Flow: 1.0 mL/min
The temperature of injection: 250 °C
Stream separation: 1:10
Detector FID: 300 °C
Temperature program: from 40 °C (3 min)—20 °C/min to 300 °C —300 °C (5 min)

Sample preparation:

To sample (6 mL) sulphuric acid (VI) (drop 0.25 mL) and sodium chloride (100 mg), then
extracted with tert-butyl-methyl ether (2 mL)

Technique and method:

Determination of compound in gas chromatograph with a mass spectrometer (GC-MS)

Equipment:

Gas chromatograph of firm Shimadzu GC-2010Plus

Analysis conditions:

Column: Rxi 5MS 60 m
Gas carrier: helium
Flow: 1.0 mL/min
The temperature of injection: 250 °C
Stream separation: 1:20
Detector MS: 210 °C
Temperature program: from 50 °C (4 min)—20 °C/min to 300 °C-300 °C (5 min)

Sample preparation:

To sample (6 mL) sulphuric acid (VI) (drop 0.25 mL) and sodium chloride (100 mg), then
extracted with tert-butyl-methyl ether (2 mL)

3. Results and Discussion

In the prime tests (without gelatine), biogas production was not detected. The biogas
was observed only in samples with added gelatine.

3.1. Biogas Pathways

The dark fermentation of collagen required making some modifications to the common
reactions pathways for the process. Modifications were made according to the results of
the analysis mentioned earlier.

Hydrogen production was reported only in protein-rich substrates [80]. According to
some theories, proteins could be a source of hydrogen in DF [81].

The volatile acids analysis determined the presence of ammonia, propionic, and butyric
acids. The common pathway [82] should be modified to a current substrate, see Figure 2.
Therefore, the potential reactions of the process after the bottom analysis looked like this.
The figure assumes gelatine, which is hydrolyzed collagen, to be a collagen mixture.

The processing time of methanogenesis occurrence depended on the gelatine concen-
tration. In gelatine concentrations below 30 g VSS/L, methane production occurred after
five days. In concentrations of 30 g VSS/L, methane production lasted the entire time.
The heat shock and low pH were insufficient to stop methanogenesis in this case. The
process can be classified as dark fermentation in all samples [83]. However, according to
Angelidaki et al. [84], DF only occurred in the first five days for gelatine concentrations from
10 g VSS/L to 20 g VSS/L; afterwards, there was hydrogenotrophic anaerobic digestion.
In the experiment, there were significant changes in the measured parameters (hydrogen
production, hydrogen sulphide emission, methane production, ammonia, volatile acids,
and pH changes) during all 55 days of the process. The results of the previously mentioned
biogas components were given for the first 20 days and then for all 55 days to stress the
transition of the dark fermentation process into anaerobic digestion.
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Figure 2. Potential pathways of collagen digestion by DF and AD.

3.2. pH Change, Ammonia, and Volatile Organic Acids Concentrations

The change in pH was caused by the appearance of ammonia and volatile organic acids.
There is continuous pH mitigation that was not observed in the shocked inoculum with
the digestion of sour cabbage or glucose [55]. The pH stays in the acidic range, although
propionic and butyric acid production rather than hydrogen production dominates in the
first 5 days at gelatine concentrations of 10 g VSS/L, 15 g VSS/L, and 20 g VSS/L. Between
the 3rd and 6th days, the pH increased from 6.0 to 6.2 (10 g VSS/L), 6.3 (15 g VSS/L), 6.5
(20 g VSS/L), and 6.8 (30 g VSS/L). After 15 days, the pH was between 6.75 (10 g VSS/L),
6.8 (15gVSS/L),20g6.9 (20 g VSS/L), 7.1 (30 g VSS/L), 7.3 (20 g VSS/L and 10 g VSS/L).
Looking at Figure 3, pH oscillations after earlier growth could be discerned between the
18th and 30th days.

Figure 3. Change of pH value of gelatine concentrations from 10 g VSS/L to 30 g VSS/L.

An increase in ammonia concentration resulted in changes in pH (see Figure 4).
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Figure 4. Ammonia concentrations change at dark fermentation of gelatine concentrations from
10 g VSS/L to 30 g VSS/L after 55 days.

The pH growth depended on the gelatine concentration. Between the 19th to the 39th
day of fermentation at 30 g VSS/L of gelatine, the pH value reduced and then returned
to the earlier point. During this period, the pH was decreased by low volatile acids (see
Figure 5).

Figure 5. Volatile acid concentrations after 55 days of anaerobic fermentation of gelatine concentra-
tions from 10 g VSS/L to 30 g VSS/L.

In the concentrations of gelatine ranging from 15 g VSS/L to 20 g VSS/L, the pH
growth was slower. The sudden decrease in pH occurred on the 30th day of fermentation
at those concentrations. In the gelatine concentration of 10 g VSS/L, a drop in the pH
value started on the 38th day and continued to decrease until the 43rd day (similar to
the concentrations of 15 g VSS/L and 20 g VSS/L). Then, the increase in the pH values
of gelatine 10 g VSS/L was higher than those at 15 g VSS/L and 20 VSS/L. On the 51st
day, in concentrations of gelatine from 15 g VSS to 30 g VSS/L, the pH increased, whereas
10 g VSS/L reached the lowest value at the end of the process. Similar behaviour was
observed by [4]. The growth of the pH in the case of 20 g VSS/L ‘overtook’ other concen-
trations. The pH change results were the background for the liquid compound and biogas
component analyses of the reason behind the shift of the process from DF to AD.

Figure 4 showed an increase in the ammonia concentration with the growth of the
gelatine concentration. This was caused by the higher decomposition of the gelatine,
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resulting in ammonia growth. The highest pH growth coincided with the medium highest
ammonia concentration.

Other bottom products were volatile organic acids: butyric and propionic acids.
The production of volatile organic acids did not block the increase of pH at a gelatine
concentration of 20 g VSS/L. Figures 6 and 7 showed low hydrogen production in those
points, caused by the conversion of volatile organic acids to methane.

Figure 6. Accumulated hydrogen production from gelatine in the first 20 days for gelatine concentra-
tions from 10 g VSS/L to 30 g VSS/L.

Figure 7. Accumulated hydrogen yield from gelatine during 55 days for concentrations from
10 g VSS/L to 30 g VSS/L.

The liquid products influenced the transformation from DF to AD, similar to [85]
wheat straw. The biogas relationship coincided with volatile acids and ammonia analysis.

The GC analysis determined the presence of propionic and butyric acid. The highest
concentration of volatile acids coincided with the highest pH values—see Figures 4 and 5—
in the gelatine concentration of 20 g VSS/L. There was also a production of butyric and
propionic acids that slowed down the increase of pH, more so in 30 g VSS/L than in
20 g VSS/L. Other than in the concentration of 30 g VSS/L, propionic acids occurred in
much lower volumes than butyric acids. In 30 g VSS/L, the ratio of butyric to propionic
acid is the highest. However, the propionic pathway is less spontaneous than butyric [86],
and thus, more special conditions are required [87]. In the gelatine concentration of
30 g VSS/L, butyric acid was on the level of propionic acids. There, both acids were
in lower concentrations than in other cases. This was caused by immediate methane
production that converted volatile organic acids [88]. The volatile acid concentration did
not differ much between 30 g VSS/L and 20 g VSS/L in pH value. The volatile acids’
absence in the gelatine concentration of 30 g VSS/L resulted in a pH that was slightly lower
than that of 20 g VSS/L. The propionic acid concentrations were similar to the digestion of
gelatine from 10 g VSS/L to 30 g VSS/L. The differences in the butyric acid concentration in
gelatine concentrations from 10 g VSS/L to 20 g VSS/L were shrinking. The butyric acids
to propionic acids volumes were the lowest in the gelatine concentration of 20 g VSS/L and
the highest at 10 g VSS/L. In these concentrations, the lower the concentration of volatile
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acids, the higher the pH was. Propionic acid in the fermentation of gelatine replaced the
usually occurring acetic acids [89,90].

3.3. Hydrogen Production

The hydrogen production results were shown in the first 20 days (Figure 6) and 55 days
(Figure 7). The division of the two periods improved the readability of the hydrogen growth
trends, responding to fluctuations in the pH value in Figure 3.

A significant pH growth from 5.5 to 7.3 (above one pH unit) lasted during the first ten
days. On the first day of the research, the highest hydrogen production was from a collagen
concentration of 10 g VSS/L. Then, until the fifth day, the produced biogas volumes in
10 g VSS/L were not measurable. Comparing Figures 6 and 7, a significant progression of
hydrogen production was occurring in the first 20 days. The highest collagen concentration
of 30 g VSS/L resulted in the lowest volume of hydrogen from the 5th day onward.
Before the 5th day, the lowest volume of hydrogen was from the collagen concentration of
15 g VSS/L. This was caused by changes in the pH that resulted in the growth of ammonia
and volatile organic acids. When the pH reached 6.8 in the concentrations of 30 g VSS/L
and 10 g VSS/L, the hydrogen production slowed down, replaced by methane production.
The pH increased for the concentrations of 15 g VSS/L and 20 g VSS/L at the same time as
in the remained concentrations, but the hydrogen production did not significantly mitigate
methane production (see Figures 8 and 9).

Figure 8. Accumulated methane production yield in the first 20 days for gelatine concentration from
10 g VSS/L to 30 g VSS/L.

Figure 9. Accumulated methane yield in the 55 days for gelatine concentration from 10 g VSS/L to
30 g VSS/L.

In the figures, points were placed to show the measurable volumes of the obtained
biogas. In 15 g VSS/L, the hydrogen production increased, with stable and remarkable
growth on the 6th and 14th days, despite having pH values that were higher than those
of other cases. The pH grew on the 21st day, which coincided with the optimal growth of
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hydrogen production for the concentration of 15 g VSS/L. The pH changes blocked the
hydrogen production, similar to [91,92]. In the gelatine concentration of 15 g VSS/L, the
hydrogen production from the 28th day onward overtook that of 10 g VSS/L. After the
53rd day, an increase in the pH of 30 g VSS/L was met with hydrogen production growth.
Higher concentrations of volatile acids and ammonia in the reactors were correlated with
constant hydrogen growth. The correlation of ammonia is another dependent form of
discerned volatile acids [93].

3.4. Hydrogen Sulphide Emission

Hydrogen sulphide emission trends (see Figures 10 and 11) were similar to the accu-
mulated hydrogen production, growing in the gelatine concentrations from 10 g VSS/L
to 20 g VSS/L. In 30 g VSS/L, the hydrogen sulphide emission was lower than that of the
gelatine concentration of 15 g VSS/L, and the hydrogen production was similar to that of
20 g VSS/L.

Figure 10. Accumulated hydrogen sulphide emission from gelatine in the first 20 days for gelatine
concentration from 10 g VSS/L to 30 g VSS/L.

Figure 11. Accumulated hydrogen sulphide emission from gelatine in all 55 days for gelatine
concentration from 10 g VSS/L to 30 g VSS/L.

The accumulated hydrogen sulphide emission volumes in those gelatine concentra-
tions were higher than those of the gelatine concentration of 10 g VSS/L. The emission
of hydrogen sulphide increased for all samples, mostly in the first 5 to 7 days, similar to
hydrogen production. In the gelatine concentration of 15 g VSS/L, hydrogen sulphide
was initially lower than that of the gelatine concentration of 30 g VSS/L in the first five
days, as was hydrogen for this concentration. The ratios of hydrogen sulphide and hy-
drogen production stabilized at around 5 or 6 days. After this period, hydrogen sulphide
and hydrogen production formed a permanent and stable ratio, besides in the gelatine
concentration of 10 g VSS/L during all processes (see Figure 12).
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Figure 12. Ratio of total hydrogen to hydrogen sulphide ratio in all 55 days for gelatine concentration
from 10 g VSS/L to 30 g VSS/L.

Since gelatine (here as a hydrolyzed form of gelatine) has a known mass of sulphur
from the sumaric formula, calculations were made using equation (2) and the data from
Figure 12 (shown in Table 3). The accumulated hydrogen sulphide, the accumulated
emission volume multiplied by the density of the hydrogen sulphide at room temperature
pH2s (1.313 g/cm3), and the percentage of sulphur in the hydrogen sulphide (94.11%)
divided by the mass of sulphur added with gelatine (sulphur mass is 0.2% the mass of
collagen) gave the ratio (3).

94.11 % VHZS ‘PH25

Ratio =
atio Mass of sulphur added with collagen

®)

The data of the sulphur that was added to and emitted by the hydrogen sulphide were
given in Table 3.

In this study, mass analysis is performed, with the mass that was initially reduced
(inoculum with gelatine) added after the experiment. The initial mass is 1200 g (initial
workload), and the final mass after the experiment was calculated by Equation (4).

94.11 % VHZS ‘PH2s
Mass of sulphur added with collagen

4)

Ratio =

Table 3. Sulphur added with gelatine in samples and the ratio of sulphur converted in emitted
hydrogen sulphide % and mass.

Mass of Gelatine Added Mass of Sulphur in Added The Percentage of Sulphur Mass Converted to Gas%
[g VSS/L] Gelatine [g VSS/L] Converted in Emitted H,S%
10 0.0203 46.402 3.2
15 0.031 107.59 4.66
20 0.041 96.41 5.15
30 0.06 26.1 8

The ratio of sulphur converted as hydrogen sulphide (Table 3) at a gelatine concen-
tration of 15 VSS/L proved its origin. It originated from bacterial rests, not only from
substrates. This agrees with the conclusion of glycol ethylene fermentation [78]. Because
the mass of sulphur in the produced hydrogen sulphide was higher than the sulphur added
from gelatine and the hydrogen sulphide emitted from biogas converted 108% of the added
sulphur that was added to the gelatine concentration of 20 g VSS/L, it could not have only
originated from substrates.
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3.5. Methane Production and Overall Discussion

Methane was the main biogas product after two days at a gelatine concentration of
30 g VSS/L (see Figures 8 and 9). Figure 9 illustrated that in the gelatine concentrations
from 15 g VSS/L to 20 g VSS/L, until the fifth day, methane production did not occur with
increasing pH. Therefore, in this time range, there was classical dark fermentation [94].
Later, at these three concentrations and the gelatine concentration of 30 g VSS/L [95],
hydrogenotrophic anaerobic digestion occurred [96,97]. In the case of 10 gVSS/L, methane
production occurred in the beginning; however, in the first 5 days, there was no overwhelm-
ing hydrogen production. The boiling of the inoculum and the modified Dach setup for
biomethane measurement potential were enough to make dark fermentation with leading
hydrogen production for sour cabbage and cotton [5], but not for gelatine. In the gelatine
concentration of 30 g VSS/L, during the time range with the highest pH, which was from
the 10th day to the 19th day, the methane production was the highest of all the gelatine
concentrations. Then, a decrease in pH until the 25th day resulted in an increase in methane
that was lower than that of 10 g VSS/L and 20 g VSS/L. On the 25th day, despite the
decreasing pH, there was a relevant increase in methane production in the head before
the 35th day (see Figure 9), when the gelatine concentration of 30 g VSS/L reached its
minimum pH value (after the 11th day of the process). Afterwards, increases in methane
volumes were not as significant as those at the gelatine concentrations of 15 g VSS/L or
20 g VSS/L. The spike of methane production in the gelatine concentrations of 15 g VSS/L
and 20 g VSS/L coincided with the highest hydrogen production growth, though a usual
increase in methane reduced hydrogen production, similar to [81]. The methane production
from the fifth day for gelatine concentrations from 10 g VSS/L to 20 g VSS/L changed
rapidly during a time, similar to pH (Figure 3). From the 18th day to the 24th day, the
gelatine concentration of 10 g VSS/L reached the highest methane accumulated volume of
all the concentrations (during its increase from pH 6.8 to 7.3). After pH 7.3, the increase in
methane production was not as high as in other cases. In this range, an increase in methane
production did not coincide with an increase in hydrogen production. The methane pro-
duction from 15 g VSS/L was the most changeable of all the gelatine concentrations, in time
with rapid pH changes (Figures 3, 11 and 12). At that concentration, hydrogen production
and hydrogen sulphide emission were the lowest up until the 25th day. The increase in
methane production after the 251 day in this gelatine concentration was large enough to
reach the highest accumulative methane volume between the 38th and 43rd day; thus, in
this range, pH was decreased again to 7.2 value from 7.6. When the pH increased, the
methane volume was lower than that of 20 g VSS/L. These figures showed that the heat
shock stress for block methanogens is dependent on the substrate load. If the substrate
contained proteins, depending on the concentration, the effect of stress shifting was reduced
(gelatine from 10 g VSS/L to 20 g VSS/L), shifting sooner to hydrogenotrophic methane
production (simultaneous dark fermentation and dark fermentation) after 6 days of dark
fermentation or methane production in the case of 30 g VSS/L. The hydrogen yield from
gelatine was in the middle (see Table 4). Gelatine is a quite promising source of hydrogen
by dark fermentation. The methane production was very high, though the inoculum was
stressed. The hydrogen production from gelatine with pH control was higher than in the
cases of uncontrolled cotton, potato, and wheat straw fermentation, but still twice as low as
the case of controlled pH [98]. The highest accumulated biogas production concentrations
were different from the most efficient concentrations (see Table 4). The yields of methane
and hydrogen were the highest for the gelatine concentration of 10 g VSS/L. The lowest
hydrogen sulphide emission yield resulted from the gelatine concentration of 30 g VSS/L,
though the accumulated hydrogen sulphide emission was higher than that of the gelatine
concentration of 10 g VSS/L. For an odourless process, the concentration of 30 g VSS/L
was the most suitable. The worst hydrogen yield and sulphide accumulated emission and
yield were produced by the gelatine concentration of 20 g VSS/L. Regarding Table 3, an
increase in the concentration causes an increase in the mass conversion to gas products.



Hydrogen 2022, 3 191

Table 4. Comparison of hydrogen and methane yield from gelatine and substrates found in articles.

Substrate Hydrogen Yield Ag;;;:;itr?d Methane Yield Accumulatefi Methane Hy.drogen Sulphide Hycﬁf)cguel;ugzlt;ﬁi de Reference
[mL/gVSS] Production [mL] [L/gVSS] Production [L] Yield [mL/gVSS] Emission [mL]

Pork gelatine 30 g 2.14 64.21 1.63 48.97 0.44 12.53 This study

Pork gelatine 20 g 7.36 147.2 2.86 57.23 153 30.6 This study

Pork gelatine 15 g 6.12 91.77 3.47 52 1.2 18.5 This study

Pork gelatine 10 g 7.65 76.47 3.49 34.88 1.03 10.3 This study
Rapeseed oil 15 g VSS/L 0.007 0.11 [99]
Glycerol 10 g VSS/L 0.08 0.8 [100]

Cow manure with food wastes

(butter mixture, palm oil, meat, 0.31 3.1 [101]

and margarine) of ratio 1:8

Chicken manure with rotten
butter Oxygen Flow Rate 2.6 8 0.83 25 0.05 15 [102]
1.4 mL/h butter 30 g VSS/L

Lipid waste 1.67 g VSS/L (tuna
7.5% butter 22.3%, apple 27%,
banana 27%, chicken breast 27.93 46.64 0.26 0.43 [103]
7.5%, bread 1.5%, pasta 1.5%,
minestrone soup 5.5%)

Protein waste 1.67 g VSS/L
(tuna 31.1% butter 5.5%, apple
7.85%, banana 7.85%, chicken 8.02 13.4 0.35 0.58 [103]
breast 31.1%, bread 3.2%, pasta
3.2%, minestrone soup 10.2%)

Switchgrass

5 VSS/L 0.26 15 [104]

The organic fraction of
municipal solid waste 5 g VSS/L 069 345 [105]
Cotton stalk hydrolysate 179 7160 [106]

40 g VSS/L
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4. Conclusions

After five days, the dark fermentation of gelatine from the concentrations of 10 g VSS/L
to 20 g VSS/L transferred into hydrogenotrophic anaerobic digestion. At a gelatine concen-
tration of 30 g VSS/L, the process was, from the beginning, hydrogenotrophic anaerobic
digestion. The heat shock was not enough to block methanogenesis if the gelatine concen-
trations were 10 g VSS/L and 30 g VSS/L. Heat shock stopped methanogenesis for 5 days at
the gelatine concentrations of 15 g VSS/L and 20 g VSS/L. The optimal biogas production
was due to the accumulative production for the gelatine concentration of 20 g VSS/L:
147.2 mL of hydrogen and 57.23 L of methane. The highest yields of hydrogen and methane
(7.65 mL H,/g VSS, 3.49 L CHy /g VSS) were at the gelatine concentration of 10 g VSS/L.
Thus, gelatine is a promising source of hydrogen and methane. Additionally, 10 g VSS/L
had the lowest accumulated emission of hydrogen sulphide (10.3 mL of H;,S), though the
lowest yield came from 30 g VSS/L (0.44 mL H,S/g VSS). The hydrogen production and
hydrogen sulphide emission after stabilization grew, depending on the gelatine concentra-
tions. Gelatine can become a model protein substrate, such as glucose for polysaccharides
and glycerol for fats. The hydrogen sulphide emission and sulphur added to the analysis
proved that the hydrogen sulphide originated from the biogas of gelatine from bacteria
rests more than from substrate.
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