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Abstract: The aim of the work was to analyze the impact of biochar produced under various produc-
tion conditions on the course of the dark (hydrogen) fermentation process. A series of experiments
were planned, in which the starting material was digestate from a functioning agricultural biogas
plant. Changes in the physicochemical properties and microstructure of biochar obtained in the
manufacturing process with different parameters were also analyzed. Another issue analyzed was
the size and dynamics of the gas production during dark fermentation with the use of various types
of auxiliary material. This work showed that increasing the temperature and holding time during
the production of biochar from digestion pulp improved the dynamics of biohydrogen production
during the process of dark fermentation. The results of this research can be used in industrial research
to optimize the process of biohydrogen production using biochar.
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1. Introduction

In the last decades, research in Poland and in eastern and central Europe has focused
primarily on using biomass for direct combustion (production of heat), the production of
liquid biofuels in transesterification and esterification and the production of methane (in
anaerobic digestion process (AD)) [1,2]. The constant increase in the demand for electricity
and heat as well as fuels to power the engines of cars, ships and planes has led to further
crises, not only energy ones. Hydrogen is currently considered one of the most promising
energy carriers. It is characterized by a high content of energy per unit of mass (142 kJ-g 1)
and low emissions (its oxidation leads to the generation of water (in the form of water vapor)
besides energy) [3-5]. An additional advantage of using hydrogen in energy and industry
is the possibility of using it directly in combustion engines or fuel cells. Intensive work is
underway around the world to introduce these technologies to the commercial market [6,7].
In other industrial sectors, hydrogen is commonly used as a reagent in fertilizer production,
industrial ammonia synthesis and petroleum refining. It should also be noted that these
industries still face many challenges related to hydrogen production, especially using
ecological methods. The problem hindering the widespread use of hydrogen as a fuel is the
high cost of its production. Another challenge involves the technical problems related to its
temporary storage and distribution to end recipients. Currently, hydrogen is produced on
an industrial scale in the process of steam reforming from natural gas and pipelines and on
a small scale in the process of coal gasification and water electrolysis [8,9]. However, as
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mentioned earlier, these processes are very energy-intensive and require non-ecological
fossil fuels to produce the hydrogen. Therefore, hydrogen production using biological
methods is a promising and future-proof solution because it is not an energy-intensive
process [10].

Biological hydrogen production processes include methods dependent on light (direct
biophotolysis of water carried out by algae and photofermentation with photosynthetic
bacteria) and methods that do not require access to light (dark fermentation (DF) carried
out by anaerobic bacteria and indirect biophotolysis of water using cyanobacteria) [10,11].
In the coming years, DF may become one of the most important technologies for generating
green energy from organic waste, such as waste from the agri-food industry or municipal
waste, which can also be used in AD and DF.

One of the serious problems related to the AD and DF processes is the production
and maintenance of a digestate with appropriate nutritional parameters before its use as
fertilizer. In most cases, the digestate has a high moisture content, and in an attempt to
reduce it, phase separation equipment is used, which causes losses in terms of total nitrogen
and phosphorus. Recovering nutrients from the digestate reduces the loss of nutrients but
also reduces the economic value of the investment. There is growing interest in the use of
biochar in AD and DF to both increase the recovery rates and reduce the nutrient losses
before and after its application to soil [12].

In recent years, there has been a growing interest in biochar’s properties and its appli-
cations in various fields of science and the economy (including the energy industry [13],
agriculture and environmental protection [14]. This is due to the fact that the following ma-
terial can be produced from different types of substrates (including plant biomass, animal
waste, food waste and sewage sludge) and under various process conditions [15], which
can contribute to the biochar having new chemical and physical properties. As a result of
the spread of science, it is possible to determine the properties of biochar, e.g., in methane
fermentation, more thoroughly [16,17]. Materials published in recent years confirm that
the use of biochar increases the efficiency of AD [18,19].

Biochar itself is a material that, both in terms of its structure and basic properties,
resembles traditional charcoal. According to the available literature, it is defined as a
material resulting from the pyrolysis of biomass from a plant or animal origin and is
characterized by a fine-grained form, a high carbon content and a slight susceptibility to
degradation [20,21], and it is formed during thermal transformation of biomass at high
temperature without the presence of oxygen. As a result of this process, other liquid and
gas products with a high energy value are also generated [22].

The most important features of biochar include its high chemical stability, its developed
specific surface area, its microporosity and the presence of functional groups that allow for
its extensive application in environmental protection [23-25]. In addition, it can be utilized
to increase the activity of microorganisms in various biochemical processes, such as being a
supporting material in the methane fermentation process [16]

It should also be added that all stages of the methane fermentation process and the
dark fermentation process have a correct course, unless the appropriate environmental
conditions and parameters are met [26]. The most important include the pH, temperature,
nutrient content and C/N ratio in the applied medium and the occurrence of inhibitors.
The occurrence of process inhibitors particularly applies to substrates with high nitrogen or
sulfur contents. According to sources in the literature, the toxic concentrations of ammo-
nium, ammonia and sulfur for the fermentation process are >2.7 mg/L [27], >4000 mg/L
NHj; [28-30] and >100 mg/L s2-, respectively [31]. However, due to its physical and chemi-
cal properties, biochar is one of the substances that is able to remove these inhibitors [12,32].

The main putative mechanisms for the effective performance of biochar are its favor-
able physicochemical properties, such as its high porosity and surface area [33], which
enable surface complexation to interact with nutrient cycles, the precipitation of minerals
for immobilization or adsorption and its modified symbiotic relationships with microbial
communities [34].
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The mechanisms of both the methane fermentation process as well as dark fermenta-
tion are well known and are described in the scientific literature. However, in particular,
the latter requires an in-depth analysis at the basic level, including an examination of the
impact of new supporting materials on the dynamics of hydrogen production, bacterial
microflora development and the neutralization of existing process inhibitors. Supporting
materials that are utilized in various fields of science include biochar produced from the
pyrolysis of biomass from a plant or animal origin, which is characterized by a high con-
tent of organic carbon and a slight susceptibility to degradation. The primary feature is
the developed specific surface area, microporosity and the presence of functional groups.
However, there is not much information on the effect of the properties of this material on
the process of hydrogen production during fermentation.

The aforementioned factors prompted us to conduct research into the impact of the
parameters of the biochar production process on the course of the dark fermentation
process, which was the subject of the proposed project. In connection with the project’s
defined goal, the impact of different types of biochar on the course of the dark (hydrogen)
fermentation process were analyzed.

The research hypothesis of this study assumes that an increase in the temperature
and retention time during the production of biochar from digested pulp will improve
the dynamics of hydrogen production during the dark fermentation process. This article
consists of main elements such as an Introduction (I), the Materials and Methods section (II),
which describes the materials used in the research, a description of the production of
biochar from digestate, the methods of physicochemical analysis used and an analysis of
biohydrogen production during dark fermentation. Then, the Results and Discussion (III)
are presented in relation to the available literature. The Conclusions (IV) are included at
the end.

2. Materials and Methods
2.1. Materials

In the conducted research, the liquid fraction of digestion pulp obtained by the me-
chanical separation of digestion pulp from a functioning agricultural biogas plant located
in Dziatyni (Poland) was used as a mesophilic bacterial inoculum. The installation operates
at a temperature of 39 °C and is fed with maize silage, slurry and manure. The inoculum
was stored under room-temperature conditions. However, for the tests carried out under
thermophilic conditions (52 °C), the same inoculum was used but was previously adapted
to higher thermal conditions by storing it in a water bath at the appropriate temperature.
In both cases, before starting the research, the inoculations were subjected to thermal
treatment in order to limit the development of methanogenic microflora (90 °C during
60 min).

Biochar produced from the solid fraction of post-fermentation pulp from a functioning
biogas plant in Dzialyni (Poland, Wielkopolskie Voivodeship) was used in the research.

Throughout the experiment, the charge material (medium in the fermentation process)
was crystalline dextrose. Crystalline glucose (x-D-glucose) in a fine crystalline form was
obtained as a result of the enzymatic hydrolysis of starch. The manufacturer of the material
was Przedsiebiorstwo Przemystu Spozyczego PEPEES S.A. 18-402 Lomza, street Poznariska
Street 121, Poland. The crystalline glucose used was in accordance with obligatory Polish
and European Food Legislation. This substrate was characterized by a simple and homoge-
neous chemical structure, which allowed for maintaining optimal conditions for the growth
of all the groups of microorganisms involved in the fermentation process. In addition,
this material was characterized by high microbiological purity, thanks to which the risk of
inhibiting the production of hydrogen by introducing undesirable microflora along with
the substrate was limited.
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2.2. Biochar Production

The biochar samples were produced following a previously described methodology [35].
The post-fermentation pulp was ground and dried to dry mass before the biochar produc-
tion. For the grinding, a laboratory knife mill (Testchem, model LMN-100, Psz6éw, Poland)
with a screen of 3 mm was used. Then, the ground (homogenized) material was dried in a
laboratory dryer (Wamed, model KBC-65W, Warsaw, Poland) at 105 °C for 24 h. For the
biochar production, a muffle furnace (Snol, model 8.1/1100, Utena, Lithuania) was used.
For each process, a sample of ~130 g was used. The sample was placed in a heat-resistant
glass vessel that was placed in the middle of the muffle furnace. Before heating, the furnace
was flushed for 5 min with inert CO; gas (to facilitate an inert atmosphere). After the
heating started, the CO; flow rate was ~5 dm3-min~! (to maintain the inert atmosphere). A
heating rate of 50 °C-min~! was used. The biochar samples were produced at 200-600 °C
(with 100 °C intervals) with residence times of 5-30 min (with 5 min intervals). After the
process (end of residence time), the muffle furnace was left to cool down. The produced
biochar samples were removed from the furnace when the temperature was ~100 °C (dur-
ing the cooling stage, CO, gas also was supplied to prevent the biochar samples from
self-igniting). For each temperature and residence time, one repetition was conducted.

2.3. Physical and Chemical Analysis

The produced biochar samples and the unprocessed material were subjected to a
proximate analysis. The moisture content (MC) and dry matter content was determined
following the PN-EN 14346:2011 standard [36] using a laboratory dryer (WAMED, model
KBC-65W, Warsaw). The organic matter content (measured as a loss on ignition) (OM)
was determined following the PN-EN 15169:2011 standard [37]. The ash content (ash) and
combustible part (CP) were determined following the PN-Z-15008-04:1993 standard [38].
For the determination of the OM, ash and CP, a muffle furnace (Snol, model 8.1/1100, Utena,
Lithuania) was used. All parameters were determined in three repetitions.

The contents of nitrogen, carbon, hydrogen and sulfur were determined using the
dynamic combustion method in an EA Vario EL IIIP elemental analyzer. An analysis of
the presence of functional groups was performed on the basis of the spectrum based on
FTIR-ART infrared spectroscopy. In addition, for a more accurate analysis of the structure
of the auxiliary materials, microscopic examinations of the microstructure of the biochar
samples were carried out using a scanning electron microscope.

2.4. Methodology of Hydrogen and Biogas Efficiency Research

The research on the methane efficiency of the substrates in batch culture technology
was carried out in the Institute of Fluid-Flow Machinery of the Polish Academy Of Sciences
on the basis of internal procedures, based on the adapted standards DIN 38 414-58 and
VDI 4630, which are commonly used in Europe. A detailed methodology of the performed
research was presented by Cieslik et al. [39] and Dach et al. [40]. Acid treatment was used
as the pre-treatment process. The required amount of inoculum was acidified with 9M
H,SO4 to a pH value of about 2.5. After a period of 24 h, the pH of the inoculum was raised
with the use of a concentrated NaOH solution to a value of approx. 5.5.

The fermentation set-up consisted of 31 biofermenters. A total of 1200 mL of previously
prepared inoculum, 2.4 g of carrier (biochar) and crystalline glucose in the amount of 15 g
of VIS/L inoculum were placed in the 31 reactors. In each series, there was an additional
1 reactor containing inoculum and glucose (without the addition of biochar), which was
a reference sample. Fermentation was carried out until the daily production of gases
was stopped. Each individual fermenter (which was made from glass) had a volume of
1.8 dm?. The process was carried out under mesophilic conditions at 39 °C & 1 °C and
thermophilic conditions at 55 °C £ 1 °C. The produced biogas in each fermenter chamber
was transported via a Teflon pipe to the gas storage. These reservoirs were made from
plexiglass in the form of an inverted cylinder immersed in water. Between the water and
gas areas, there was a liquid barrier preventing the dissolution of CO, in the water. The
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shape of the test stand is presented in Figure 1, and its effectiveness has been confirmed
during previous research [41].

e
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Figure 1. Shape of the AD reactors in BMP test (1. biofermenter with an input of 1.8 dm? of capacity;
2. sampling tube; 3. tube for biogas flow; 4. water pump; 5. water heater with a temperature in the
range of 20-70 °C; 6. isolated hot liquid tube; 7. temperature sensor; 8. reservoir; 9. biogas container
made of poly (methyl methacrylate); 10. liquid barrier) [41].

The analysis of the composition of the generated biogas was carried out using the gas
chromatography technique coupled with a thermal conductivity detector (GC-TCD). A
column with a Restek® 2 m/2 mm ID 1/8" OD silica packing and argon as a carrier gas
was used. The final results of the biogas and hydrogen yields were converted into glucose
VTS.

Figure 2 graphically presents the methodology of the conducted research.
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Figure 2. Shape of research methodology.

3. Results and Discussion
3.1. Inoculum

The project involved testing the impact of different types of biochar on the course
of the dark fermentation process and the resulting H, and CO; production. In addition,
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an analysis of changes in the properties of this material was conducted depending on the
temperature and holding time during its production. In the first stage of the research,
the basic physical and chemical parameters of the materials were determined. The solid
fraction of the digestate used for the production of the biochar samples was characterized
by the percentage content of dry matter and dry organic matter at the level of 5.06% FM
and 82.67% DM, respectively. Table 1 contains the basic physicochemical parameters of the
inoculum and monocrystalline glucose used in the further part of the project.

Table 1. Basic physicochemical parameters of inoculum and monocrystalline glucose.

Parameter Mesophilic Thermophilic Crystalline
Inoculum Inoculum Glucose

Dry matter (DM) [% FM] 4.50 4.84 91.11

Organic Dry Matter (ODM) [%] 70.12 70.75 99.77
DM after acid treatment [%] 6.58 6.34 -
ODM after acid treatment [%] 69.22 68.46 -
pH before acid treatment [—] 7.68 7.72 -
pH during acid treatment [—] 2.8 2.59 -
pH after acid treatment [—] 5.65 5.55 -

The research process that was carried out allowed for the determination of the useful-
ness of the dry fermentation pulp fraction for the biochar production process and for the
determination of the appropriate proportions of the fermentation mixtures and substrate
dosage in the further stages of the project.

3.2. Biochar Production and Analysis

During the research, 30 types of biochar were produced, which were characterized
by different temperatures (200 °C, 300 °C, 400 °C, 500 °C and 600 °C) and residence times
(5 min, 10 min, 15 min, 20 min, 25 min, 30 min) during the production process. The flow
of carbon dioxide into the combustion chamber was kept constant in all cases in order
to obtain anaerobic conditions during the pyrolysis process. Table 2 presents the basic
physicochemical parameters of the produced biochar samples.

Table 2. The basic physicochemical parameters of the produced biochar samples.

Biochar Production Biochar .
Number  Name of Sample Temperature Holding Time Motsture OV IS
€0 (min) (%) (% TS)
1 Control (RAW) - - 5.06 82.67
2 200/5 200 5 5.78 84.48
3 200/10 200 10 5.67 82.18
4 200/15 200 15 5.40 81.96
5 200/20 200 20 5.06 82.38
6 200/25 200 25 5.35 83.88
7 200/30 200 30 4.99 81.80
8 300/5 300 5 5.62 82.49
9 300/10 300 10 4.39 80.29
10 300/15 300 15 3.85 71.12
11 300/20 300 20 3.47 72.67
12 300/25 300 25 3.60 61.83
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Table 2. Cont.

Biochar Production Biochar .
Number Name of Sample Temperature Holding Time Motsture OV TS
Q) (min) (%) (% TS)
13 300/30 300 30 3.71 64.21
14 400/5 400 5 4.27 79.33
15 400/10 400 10 4.50 67.69
16 400/15 400 15 4.37 67.21
17 400/20 400 20 4.87 66.95
18 400/25 400 25 5.05 66.65
19 400/30 400 30 5.34 68.38
20 500/5 500 5 4.12 74.69
21 500/10 500 10 473 69.79
22 500/15 500 15 492 66.53
23 500/20 500 20 5.10 66.84
24 500/25 500 25 5.14 60.53
25 500/30 500 30 4.56 56.97
26 600/5 600 5 4.46 79.97
27 600/10 600 10 4.70 61.28
28 600/15 600 15 4.39 63.25
29 600/20 600 20 4.22 54.08
30 600/25 600 25 5.04 53.26
31 600/30 600 30 5.43 57.31

The highest content of moisture and dry organic matter was found in the biochar
samples produced at 200 °C. The highest moisture and organic matter contents were
recorded for the biochar produced at 200 °C and with a holding time of 5 min. The above
parameters were 5.78% and 84.48 TS, respectively. The obtained results confirmed the
analyses conducted by Ajeng et al., which confirmed that wet roasting is preferred for the
conversion of biomass with a high moisture content [42,43]. These raw materials require an
energy-intensive drying process. It is believed to be a better pretreatment method for fast
biomass pyrolysis because dry roasting causes severe cellulose degradation, and a reduced
degree of crystallinity with more carbon residues is produced with increasing temperature,
which was confirmed by this study [42].

When biomass undergoes pyrolysis, water loss through dewatering and the release of
volatile compounds from the carbon matrix contribute to the formation of the biochar’s
pore structure, which also affects the development of primary pores [44]. In order to
determine the active and adsorption surface of the resulting biochar, the iodine number
was determined, specifying the available surface area in m?/g of pure coal. This was
used to measure the amount of micropores in the biochar. The highest value of this
parameter was obtained for the biochar produced at 200 °C and with a holding time of 5 min,
i.e., 181.523 m?/g. The lowest value was obtained for the biochar produced at 600 °C and
with a holding time 25 min, i.e., 84.515 m2/ g. A decrease in the iodine number was also
observed with the increase in the holding time during the production of the biocarbon
from the digestate from a value of 149.580 + 16.914 m? /g (for a holding time of 5 min) to
145.243 £ 22.760 m? /g. For the AD digestate fibers in the pyrolysis process (500 °C and
600 °C for 60 min), values of 134 and 142 m?/ g were obtained, respectively [45]. However,
for typical biogas substrates such as pig manure and sewage sludge, active surface values of
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47.4 and 71.6 m? /g, respectively, were obtained during the pyrolysis carried out at 500 °C

for 4 h [46].

For all the produced biochar samples and digestates, an analysis of the presence of
functional groups was performed on the basis of spectra obtained from FTIR-ART infrared
spectroscopy. In addition, in order to more precisely analyze the structure of the auxiliary
materials, microscopic examinations were carried out. Microscopic photos of the produced

biochar samples are shown in Figure 3.
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Figure 3. Microscopic photos of biochar samples produced during the project.
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As part of determining the properties of the biochar samples, an elemental analysis
was performed, the results of which are presented in the graphs shown in Figure 4.



Energies 2023, 16, 7484

90f17

600°C, 30 min
600°C, 25 min
600°C, 20 min
600°C, 15 min
600°C, 10 min

600°C, 5 min
500°C, 30 min
500°C, 25 min
500°C, 20 min
500°C, 15 min
500°C, 10 min

500°C, 5 min
400°C, 30 min
400°C, 25 min
400°C, 20 min
400°C, 15 min
400°C, 10 min

400°C, 5 min
300°C, 30 min
300°C, 25 min
300°C, 20 min
300°C, 15 min
300°C, 10 min

300°C, 5 min
200°C, 30 min
200°C, 25 min
200°C, 20 min
200°C, 15 min
200°C, 10 min

200°C, 5 min

Biochar variant

o

10 20 30 40 50 60

Element content [%]
EN[%] mC[%] mH[%] ©=S[%]

Figure 4. Charts of the content of elementary components of biochar samples (N, C, H and S)
produced during the project.

Biochar samples with different physicochemical properties were prepared under
different temperatures. According to the elemental analysis shown in Figure 4, the total
N content and total C content increased with the increase in the pyrolysis temperature.
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It should be assumed that this was mainly due to the higher degree of graphitization
and carbonization of the material [47]. However, it should also be remembered that the
elemental composition of biochar is inherently linked to the kinds of materials and the
temperature at which it is created [48].

3.3. Hydrogen and Biogas Efficiency

The next stage of the project was to conduct research on the dark (hydrogen) fermen-
tation process under mesophilic and thermophilic conditions using the produced biochar.
Throughout the experiment, the charge material (medium in the fermentation process)
was crystalline glucose. This substrate was characterized by a simple and homogeneous
chemical structure, which allowed for the maintenance of optimal conditions for the growth
of all groups of microorganisms involved in the fermentation process. In addition, this
material was characterized by a high microbiological purity, thanks to which the risk of
an inhibitory effect on the hydrogen production by introducing undesirable microflora
along with the substrate was limited. Figures 5 and 6 present graphs of the cumulative
daily production of hydrogen using the individual types of biochar under mesophilic and
thermophilic conditions, respectively.
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Figure 6. Accumulated hydrogen production using biochar samples under thermophilic conditions
(mL H; /g glucose/day).

The hydrogen production time of the biochar samples was in the range of between
6 (for the sample 600-5) and 17 days (for the sample of 400-10) with mesophilic digestion.
In the case of the tests conducted under thermophilic conditions, an extended hydrogen
fermentation time was found. This could be due to the lack of adaptation of the thermophilic
microflora to the hydrogen production process, despite the previous acid treatment. Table 3
presents the biogas and hydrogen efficiency from the biochar with the dark fermentation
process under mesophilic and thermophilic conditions.

In the dark fermentation process carried out under mesophilic conditions, the highest
efficiency of hydrogen and biogas production was found with the sample marked 600-30 I,
which were 101.1 mL H;/gODM glucose and 335.4 mL/gODM glucose, respectively.
The biohydrogen production and yield during DF is dependent on temperature of the
fermentation process, among other factors. According to the commonly known van’t Hoff
equation, the rate of a chemical reaction increases as the temperature of the chemical process
increases. Anaerobic digestion and dark fermentation are catalyzed by microorganisms
that are prone to activity loss at temperatures that deviate from their optimum (e.g., more
than 60 °C and less than 20 °C). Most of the research on biohydrogen fermentation to date
has been conducted at mesophilic temperatures (30-40 °C) [49-51]. The results of one study
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showed that the rate of hydrogen production increases up to 40 °C, and the process is
inhibited at 45 °C [52], which was also shown by the research in this publication. These
results were made available in the published version by Du et al. [53].

Table 3. Biogas and hydrogen efficiency from biochar with dark fermentation process under
mesophilic and thermophilic conditions.

DF Mesophilic DF Thermophilic

Name of Cumulative (IZ)umulat'ive Cumulative Cumulafive

Sample Production of H, s?(]ig?:;l:sn Production of H; P(f;)(]iglil(j;l:sn

(mLG Illz/gODM (mL/gODM (mL H,/gODM (mL/gODM

ucose) Glucose) Glucose) Glucose)

Control 40.6 271.0 36.7 136.0
RAW 54.6 210.1 342 130.8
200-5 8.5 379 28.5 1254
200-10 13.5 55.9 24.0 111.5
200-15 13.8 54.8 231 99.4
200-20 7.1 47.6 19.7 103.3
200-25 14.3 64.1 24.0 106.2
200-30 26.8 100.4 239 103.6
300-5 8.6 41.0 25.3 104.2
300-10 21.7 824 243 109.0
300-15 324 106.2 22.0 101.6
300-20 19.7 88.5 244 1104
300-25 34.6 113.9 23.9 99.2
300-30 18.3 75.7 245 111.9
400-5 29.7 108.0 23.2 111.7
400-10 48.2 147.4 28.7 123.2
400-15 10.9 50.1 23.2 108.6
400-20 67.6 230.6 224 108.8
400-25 43.6 128.8 17.8 95.3
400-30 69.3 252.1 18.7 101.7
500-5 72.6 248.5 9.2 80.8
500-10 93.7 290.0 10.1 85.6
500-15 71.4 256.9 114 91.2
500-20 90.4 287.5 125 94.5
500-25 88.1 282.2 11.0 162.3
500-30 100.1 304.3 12.1 100.2
600-5 101.0 303.0 15.1 1014
600-10 76.2 253.3 124 90.4
600-15 78.7 269.9 16.3 120.7
600-20 90.3 279.9 11.3 90.6
600-25 101.0 334.8 11.7 94.6

600-30 1011 335.4 16.4 112.9
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In the literature, DF under thermophilic conditions has also been investigated. The
results of earlier research show that elevated temperatures result in increased enzymatic
activity (hydrogenases) and the inhibition of microorganisms responsible for lactic acid
formation [54]. The conducted tests did not show an increase in the efficiency of hydrogen
production with increasing the temperature. All of the produced biochar samples were
characterized by a lower efficiency of biohydrogen production than the control sample. This
could be due to the failure to develop thermophilic bacteria responsible for the production
of biogas and biohydrogen.

Further development perspectives should include an analysis of machine learning
or artificial neural networks to predict the efficiency of biohydrogen production using
biochar. These models could effectively predict important parameters in industrial chemical
processes without the need for costly, energy-intensive and complex experiments [55].

4. Conclusions

During the tests, 31 biochar samples were produced under varying temperature
conditions and with varying holding times. The highest moisture and organic matter
contents were recorded for the biochar produced at 200 °C and with a residence time
of 5 min. The highest value of the active and adsorption surface was obtained for the
biocarbon produced at a temperature of 200 °C and with a residence time of 5 min,
ie., 181.523 m2/ g. The conducted research and analyses confirmed that an increase in the
temperature and holding time during the production of biochar from fermentation pulp
improves the dynamics of hydrogen production during the dark fermentation process un-
der mesophilic conditions. During the conducted research, no increase in the biohydrogen
production efficiency was observed for the thermophilic technology. The highest efficiency
of hydrogen production was obtained for the biochar produced at 600 °C and with a 30 min
residence time, i.e., 101.1 mL H;/gVTS glucose. The research described in this article was
basic in nature. The published results constitute the basis for further considerations on the
influence of the parameters of the produced biochar on the DF process.
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