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Abstract: The present work describes highly efficient hydrogen production from ethanol in a plasma-
catalytic reactor depending on the discharge power and catalyst bed temperature. Hydrogen pro-
duction increased as the power increased from 15 to 25 W. A further power increase to 35 W did not
increase hydrogen production. The catalyst was already active at a temperature of 250 °C, and its
activity increased with increasing temperature to 450 °C. The further temperature increase did not
increase the activity of the cobalt catalyst. The most important advantage of using the catalyst was the
increased ethanol conversion to CO; instead of CO production. As a result, the hydrogen yield was
very high and reached 4.1 mol(H;)/mol(C;HsOH). This result was obtained with a stoichiometric
molar ratio of water to ethanol of 3.
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1. Introduction

Primary energy consumption in 2020 was 556.83 E]J. Currently, the main sources of
energy are crude oil (31%), coal (27%), and natural gas (25%). Due to the use of these fuels,
CO; emissions exceeded 32 billion tons. Other energy sources not emitting CO, are nuclear
energy (4%), hydropower (7%), and renewable sources (6%). Their share in electricity
production is more significant and amounts to 10, 16, and 12%, respectively, because, for
example, crude oil is mainly used in transport. Renewable energy is developing rapidly,
annually, by ~13%. Currently, wind energy is of the most significant importance, but solar
energy production is growing the fastest [1]. A substantial barrier to developing these two
renewable energies is their dependence on weather conditions.

Hydrogen energy is not yet profitable, and an effective method of obtaining hydrogen
from renewable resources, e.g., water, biogas, bio-alcohols, has to be developed. Research
and development work on technologies for hydrogen production from these renewable
resources are carried out in many research centers. Traditional water electrolysis technology
is not energy efficient. However, new and more efficient electrolyzers are constantly being
constructed. Sarno and Ponticorvo [2] reported that in an electrolyzer with a cathode coated
with a nanocatalyst (RuS; and MoS,), the cost of hydrogen production was 3.8 kWh/Nm?.
Research on biogas and bio-alcohol conversion focuses on developing catalysts, plasma
and plasma-catalytic reactors enabling hydrogen production from these raw materials.

Biogas contains 30 to 70% CHy4, which is the source of Hy. The second component of
biogas is CO;, the concentration of which ranges from 25 to 50% [3]. The presence of CO,
in the raw material inhibits hydrogen production from biogas (CHy + 2H,0 S 4H, + CO»)
and results in small efficiency. Lachen et al. [4] reported that hydrogen production from
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biogas was from 0.4 to 0.8 mol(H;)/mol(CHy,). In addition, researchers observed that Hp
production decreased with increasing CO, content in the catalytic process [4].

Bio-alcohols are liquids and, after distillation, do not contain impurities that adversely
affect the process of hydrogen production. Therefore, the yield of hydrogen production
from bio-alcohols can be higher than from biogas. Tahir et al. [5] synthesized a cobalt
catalyst on which the highest hydrogen yield achieved was 3 mol(H;)/mol(C;HsOH).
Mosiriska et al. [6] synthesized a nickel catalyst on which the highest hydrogen yield
achieved was 2.1 mol(H;)/mol(CHsOH). The research on and comparisons of catalytic
processes are very complex because different catalysts are active in the steam reforming
process of methanol and ethanol. Konsalokakis et al. [7] reported that cobalt showed higher
activity than nickel in the steam reforming of ethanol, whereas Ma et al. [8] reported that
nickel showed higher activity than cobalt in the steam reforming of methanol.

Tatarova et al. [9] reported that in the microwave discharge, maximal hydrogen yield
was 1.72 mol(H;)/mol(CH3OH) or 3.01 mol(H;)/mol(C,H50H), respectively. Our previous
studies on the spark discharge showed that more hydrogen could be obtained from ethanol
than from methanol [10-12]. In contrast, Burlica et al. [13] reported that in the gliding
discharge, the process of hydrogen production from methanol was higher than that from
ethanol. Our previous research also indicated that a discharge type significantly affects
hydrogen production. The hydrogen yield was 1.12 mol(H;)/mol(C,H50H) [14] in a
dielectric barrier discharge, whereas in a spark discharge, the hydrogen yield was higher
and reached 2.01 mol(H;)/mol(Co,HsOH) [12]. A higher temperature is achieved in a
spark discharge than in a barrier discharge. Therefore, a spark discharge is more effective
than a barrier discharge. The advantage of a spark discharge over sliding and microwave
discharges is the possibility of working without additional gases, allowing the process to
generate discharges. A significant advantage of a spark discharge is the reliable and simple
design of the reactor.

One of the methods of increasing the efficiency of converting alcohol into hydrogen is
using hybrid plasma-catalytic systems. The use of hybrid plasma-catalytic techniques made
it possible to achieve higher hydrogen production than in plasma reactors [15-19]. Positive
effects of using plasma-catalytic reactors were also observed in hydrogen production from
biogas [20-22].

This work presents a plasma-catalytic reactor with a cobalt catalyst combined with
plasma generated by a spark discharge. A spark discharge allows higher ethanol conversion,
while a cobalt catalyst enables increased ethanol conversion to hydrogen and carbon
dioxide [23]. Instead of a supported catalyst, an innovative metal catalyst was used because
it does not reduce the amount of metal on the surface and is resistant to sintering. Sintering
and reduction of the metal content on the surface of supported catalysts are important
factors in catalyst deactivation [7,24,25]. These processes are irreversible and mean that
spent catalysts must be disposed of. In the case of an unsupported metal catalyst, these
two disadvantageous phenomena do not occur. The cobalt catalyst enables the efficient
production of hydrogen from ethanol. Ethanol allows more hydrogen to be produced per
alcohol consumed compared to methanol. Additionally, ethanol is cheaper than methanol
because it is easier to produce from biomass. The advantage of a spark discharge is the
presence of electrons of such high energy as to cause dissociation of chemical bonds in
water and ethanol molecules. Maintaining the appropriate distance between the electrodes
and the catalyst prevents the electrodes from shorting and enables the long-term operation
of the plasma-catalytic reactor.

2. Materials and Methods

The methods and apparatus used in the research were described in detail in our
previous study of Ulejczyk et al. [12,19]. In addition to the previously used SEM and
EDS methods to characterize the catalyst, this work also examined the catalyst using
X-ray diffraction (XRD) and temperature-programmed oxidation (TPO). The XRD was
performed with a Rigaku Ultima IV diffractometer with a Co lamp using a 40 kV voltage
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and a 40 mA current. The TPO experiment was performed with a TA-Instruments SDT
Q600 thermogravimetric analyzer at 100 mL/min airflow and a temperature rise rate
of 10 °C/min.

Herein, the conditions of the experiments are presented in Table 1. The volume of the
plasma zone was ~90 mm?>. The catalyst with a mass of 1 g and a specific surface area of
1.75 m? /g was placed in the reactor. The detailed procedure of the catalyst preparation can
be found elsewhere [23]. The distance between the ends of the electrodes and the catalyst’s
surface was 1 cm.

Table 1. Parameters of experiments.

Ethanol feed flow 0.25 mol/h
Water feed flow 0.75 mol/h
Discharge power 15-35 W
Catalyst mass lg
Temperature of the catalyst bed 250-600 °C

Distilled water obtained in the DE20plus distiller (Polna S.A., Przemyél, Poland) and
96% ethanol p.a. (POCh S.A., Gliwice, Poland) were used in the research.

The plasma-catalytic reactor’s performance was based on ethanol conversion, hy-
drogen yield, and production of hydrogen, carbon monoxide, carbon dioxide, methane,
acetylene, and ethylene. Each experiment was run for 2 h, and an average of three mea-
surements was used for the calculation. The first sample for chromatographic analysis was
taken after 30 min and then every 45 min. The catalyst stability studies were conducted for
5 days. Each day the process was conducted for 5 h.

Equations (1)-(8) were used for the calculations:

H; production (L/h) = gas flow under standard conditions x Hj concentration (1)

CO production (L/h) = gas flow under standard conditions x CO concentration  (2)
CO; production (L/h) = gas flow under standard conditions x CO, concentration (3)
CH4 production (L/h) = gas flow under standard conditions x CHy concentration (4)

CyH; production (L/h) = gas flow under standard conditions x C,H; concentration (5)

CyH4 production (L/h) = gas flow under standard conditions x C,Hy4 concentration (6)

C,H50H conversion (%) = moles of CoH50H converted /moles of C;HsOH feed x 100 (7)
H yield (molpydrogen/MOlethanol) = moles of Hy produced/moles of C;HsOH converted (8)
3. Results

Figures 1 and 2 show the effect of the discharge power and the catalyst bed temperature
on the ethanol conversion and hydrogen production. Increasing the discharge power
from 15 to 25 W caused a significant increase in both ethanol conversion and hydrogen
production. In contrast, the hydrogen production and ethanol conversion at 25 and 35 W
power were almost the same when the catalyst bed temperature was the same. The
analogous phenomenon occurred in a spark discharge without a catalyst. Increasing
the discharge power resulted in slight increases in hydrogen production and conversion,
which increased energy consumption in the hydrogen production process [12]. Our earlier
publication [23] presents the results of hydrogen production on the cobalt catalyst used
in this study. The cobalt catalyst was active from the temperature of 350 °C. The catalyst
was active at a lower temperature in a hybrid plasma-catalytic system. Already at a
temperature of 250 °C, an increase in hydrogen production and ethanol conversion was
observed compared to the plasma-catalytic reactor in which the catalyst was not heated. The
temperature range over which the catalyst achieves very high activity was also widened.
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In the plasma-catalytic reactor at temperatures from 450 to 600 °C, hydrogen production
was very high. On the other hand, the hydrogen production in the catalytic reactor was
very high in the temperature range of 500-600 °C.
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Figure 1. The ethanol conversion (markers with background relate to a process in which the catalyst
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Figure 2. The hydrogen production (markers with background relate to a process in which the
catalyst was not heated).

It can be assumed that the change in the catalyst activity range results from a change
in the composition of the gas introduced into the catalyst bed. Some ethanol and water
reacted to form radicals and stable products in the plasma. The reactions initiating the
chemical process in a spark discharge proceed with the participation of electrons and lead
to the formation of radicals or excited molecules:

H,O+eSH +OH +e

H20+e‘—_>HZO*+e

C2H5OH+ eS C2H5OH* +e

CH50H + e S CoHs0 +H: + e

CoHs0H + e S CoHy +OH: + e

C2H5OH +eS CH3' +CH,OH: + e

C,HsOH +e S C,H4OH + H + e

Next, the reactions leading to various stable products, e.g., Hy, CO, CO,, CH,O, CHy,
CyHy, CoHy, and coke, occur. The reactions in the plasma have been described in detail in
our previous publications [12,19,26]. The reactions with the radicals are very fast because
the radicals are very reactive. Therefore, only unreacted substrates and stable products
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reached the catalyst bed because the distance between the electrodes and the catalyst was
10 mm, and the radicals disappeared after traveling ~1 mm [27].

However, the passage through the plasma zone increased the internal energy of the
molecules because collisions with electrons of energy lower than that necessary for the
dissociation of chemical bonds increased the internal energy (Figure 3). The spark discharge
was also a source of photons, which also raised the internal energy of the molecules. More-
over, the increase in internal energy caused the activation energy of the excited molecules
with the catalyst and each other to decrease. As a result, the reactions could occur at a lower
temperature, and the chemical process was very efficient. Lowering the temperature by
50 °C resulted in a reduction in energy consumption. For ethanol (0.25 mol/h) and water
(0.75 mol/h) streams, the savings were 1.54 and 1.43 k] /h, respectively.

a
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Figure 3. The effect of molecule excitation on the activation energy (E,).

It is noteworthy that the effect of the catalyst on hydrogen production was more
significant than on ethanol conversion due to the increase in CO, production (Figure 4).
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Figure 4. The influence of the catalyst temperature on various compounds and hydrogen yield.
Discharge power: (a) 15 W; (b) 25 W; (c) 35 W. (d) Legend for charts.
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Even stable substrates can be dissociated with high efficiency in plasma, and chemical
reactions involving them can be initiated. On the other hand, collisions with electrons
that initiate chemical reactions in plasma are not very selective, and plasma processes are
usually non-selective. In contrast, catalytic processes are selective, but they are sensitive to
the temperature and purity of the substrates. There was a negligible amount of ethylene
and acetylene in the products obtained on the cobalt catalyst [23]. On the other hand, in the
spark discharge, the production of these hydrocarbons was many times greater [10,12].

The introduction of the catalyst behind the plasma zone did not limit the conversion
of ethanol to ethylene and acetylene. The production of hydrocarbons changed with the
change in discharge power. On the other hand, the catalyst bed temperature slightly influ-
enced the production of hydrocarbons. The effect was visible only at the lowest discharge
power, i.e., 15 W. For this power, CHy production increased from 0.47 to 0.83 L/h with
the temperature increase to 450 °C and remained at this level despite further temperature
increases, while the production of C,H, decreased from 0.34 to 0.25 L/h as the temperature
increased to 450 °C and remained at this level despite further temperature increases. C;Hy
production reached the maximum value (0.27 L/h) at the catalyst bed temperature of
300 °C, and from 450 °C, the production of C,Hy did not change and amounted to 0.2 L/h.
Hydrogen production from ethanol at a discharge power of 15 W was already relatively
high. On the other hand, the production of hydrogen from methanol in the plasma-catalytic
reactor at 15 W was small [19]. These processes differed in the catalyst, but ethanol is also a
more reactive chemical than methanol. The greater reactivity of ethanol was confirmed in
reactions with the hydroxyl radical [28] and atomic oxygen [29].

For the powers of 25 W and 35 W, CHy, C;Hj, and C;Hy production did not depend
on the catalyst bed temperature. This result indicated that the catalyst was practically
inactive in the hydrocarbon and steam reactions. On the other hand, the increase in ethanol
conversion and hydrogen and carbon dioxide production and the decrease in carbon
monoxide production indicated that the cobalt catalyst was active in the ethanol steam
reforming (C,Hs50H + H,O S 4H, + CO) and water—gas shift (CO + H;O S H; + COy)
reactions. The change in ethanol conversion was relatively small as most of the ethanol
reacted in the plasma. In contrast, the increase in CO, production and the reduction in
CO production were significant. The high activity of cobalt catalysts in water—gas shift
reactions was also observed by Baraj et al. [30].

The changes in hydrocarbon production observed with the discharge power of 15 W
resulted from the ethanol reaction on the catalyst. The effect of changes on the catalyst was
observable because the change in ethanol conversion was almost two-fold. In the reactor
where the catalyst was not heated and inactive, the ethanol conversion was 43%. When
the catalytic bed temperature was 250 °C, the ethanol conversion was 55% and increased
to 80% as the catalyst bed temperature increased to 450 °C. On the other hand, when the
discharge power was 25 and 35 W, the ethanol conversion increased to a lesser extent, and
no changes in the production of hydrocarbons were observed. The ethanol conversion was
76 and 79%, respectively, in the reactor with an unheated catalyst bed. Heating the catalyst
bed to 250 °C increased the ethanol conversion to 85 and 84%, respectively. Increasing the
catalyst bed temperature to 450 °C caused an increase in the ethanol conversion to 91 and
93%, respectively.

The most important advantage of using the plasma-catalytic reactor was the possibility
of achieving high selectivity of CO, production. CO was the main carbon-containing
product [10,27,31-36] in the plasma reactors. CO; was produced many times less than
CO in these reactors. In contrast, the cobalt catalyst favored the water—gas shift reaction.
With the catalyst bed temperature increase, the CO, production increased, and the CO
production decreased. It is a positive phenomenon because hydrogen is produced in the
water—gas shift reaction. The more CO that reacts with the steam, the greater the hydrogen
yield. The highest hydrogen yield was 4.1 mol(H;)/mol(C,HsOH), and it was 68.5% of the
theoretical yield of hydrogen production. The high value of hydrogen yield was achieved
with a water/ethanol molar ratio of 3. Increasing the water/ethanol molar ratio allows
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for greater hydrogen production efficiency but increases the process’s energy costs [26].
Using a stoichiometric molar ratio of the substrates means less energy must be spent to
heat and evaporate them. Our calculations presented in the earlier publication showed that
evaporation is the most energy-consuming step during hydrogen production from ethanol
and water [26]. Therefore, it was justified to search for a technology that would be efficient
for the stoichiometric composition of the reactor feed stream.

A carbon deposit was formed on the catalyst (Figure 5), but this deposit did not cover
all the cobalt. Cobalt was visible on the surface of the spent catalyst. Oxygen was also
present, which may be beneficial because cobalt oxide has photocatalytic properties [37],
and the spark discharge is a good source of photons [38]. Carbon was detected in the XRD
analysis of the used catalyst (Figure 6). Carbon was in the form of graphite and did not
form chemical compounds with cobalt.

(© (d)

Figure 5. SEM image and EDS maps of element distributions on the surface of the used catalyst.
Power—25 W. Temperature—500 °C. (a) Analyzed area. Magnification x1500; (b) carbon; (c) cobalt;
(d) oxygen.

A carbon deposit may be formed in several parallel reactions in hydrogen production
from ethanol. The Boudouard reaction (2CO S C + CO,) and the decomposition of methane
(CH4 S C + 2H3) can occur in the gas phase. However, the process conditions are unfavor-
able to these reactions. The exothermic Boudouard reaction (AH®9g = —172.5 k] /mol) is
inhibited by high temperature, and the presence of hydrogen formed in the spark discharge
inhibits the endothermic reaction of methane decomposition (AH29g = 74.9 k] /mol). The
leading cause of carbon deposition may be the presence of a C-C bond in ethanol. This
bond causes ethylene and acetylene to form from ethanol. These substances polymerize
easily. The polymer is then dehydrated, and carbon remains on the surface. As a result of
this process, various carbon structures, e.g., encapsulating and whisker-like, are formed.
A small part of the deposited carbon was whisker-like (Figure 7). It was opposite to our
previous research on hydrogen production from methanol in a plasma-catalytic reactor,
where mainly whisker-like carbon was formed [19]. The TPO measurement (Figure 8)
shows that the primary signal was at 482 °C, and the satellite signal was at 580 °C. In the
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studies devoted to analyzing carbon deposits, the signal recorded at a lower temperature
was ascribed to amorphous carbon, while the signal recorded at a higher temperature
corresponded to whisker-like carbon. The signal at 580 °C recorded for the studied catalyst
was very small and hardly visible. A similar course was recorded by Jiang et al. [39]. A
small signal indicates a small share of whisker-like carbon in the deposit. Whisker-like
carbon structures are porous and gas-permeable. Therefore, their presence is preferable to
the encapsulating forms. Even a small amount of whisker-like carbon allows the reagent
to have access to cobalt, and the catalyst activity is high for several hours. Then, it begins
to decrease slowly. As a result of the difficult access of reagents to the catalyst surface,
ethanol conversion and hydrogen production decreased (Figure 9a). However, hydrogen
production decreased faster than ethanol conversion. This was due to the reduced impor-
tance of the water—gas shift reaction, which also took place on the catalyst. As a result,
the selectivity of ethanol conversion to carbon monoxide increased, and to carbon dioxide

decreased (Figure 9b).

1400 — catalyst before experiment
catalyst after experiment
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Figure 6. XRD patterns of the fresh and used catalyst.

whisker —

Figure 7. SEM image of the surface of the used catalyst. Magnification x 50,000. Power—25 W.
Temperature—500 °C.
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Figure 8. TPO profiles of the carbon deposited on the used catalyst. Power—25 W. Temperature—500 °C.
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Figure 9. Stability performance of the catalyst. Power—25 W. Temperature—450 °C. (a) Ethanol
conversion and hydrogen production; (b) CO and CO, concentration.

4. Conclusions

Hydrogen production from a mixture of ethanol and water in a plasma-catalytic
reactor was characterized by high ethanol conversion and hydrogen production efficiency.
It was observed that the catalyst was active at a temperature of 250 °C, and its activity
increased with increasing temperature to 450 °C. After that, the activity remained high. The
discharge power mainly influenced hydrocarbon production. Contrarily, the influence of
the catalyst bed temperature on the production of hydrocarbons was minimal. On the other
hand, hydrogen and CO, production increased with the increase in the temperature of the
catalyst bed, and the production of CO decreased. It is a very positive phenomenon because
it enables a high hydrogen yield using a stoichiometric molar ratio of water to ethanol.
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