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Abstract: In the present work the process of hydrogen production was conducted in the plasma-
catalytic reactor, the substrates were first treated with plasma and then introduced into the catalyst
bed. Plasma was produced by a spark discharge. The discharge power ranged from 15 to 46 W. The
catalyst was metallic nickel supported on Al,O3. The catalyst was active from a temperature of 400 °C.
The substrate flow rate was 1 mol/h of water and 1 mol/h of methanol. The process generated Hj,
CO, CO; and CHy. The gas which formed the greatest amount was Hj. Its concentration in the
gas was ~60%. The conversion of methanol and the production of hydrogen in the plasma-catalytic
reactor were higher than in the plasma and catalytic reactors. The synergy effect of the interaction of
two environments, i.e., plasma and the catalyst, was observed. The highest hydrogen production
was 1.38 mol/h and the highest methanol conversion was 64%. The increased in the discharge power
resulted in increasing methanol conversion and hydrogen production.

Keywords: plasma; catalyst; methanol; hydrogen; spark; discharge

1. Introduction

Plasma-catalytic reactors are complex systems in which chemical reactions and the
effect of plasma on a catalyst must be taken into account. Various plasma-catalytic systems
are used. A catalyst may be located in a plasma zone [1-7], an electrode may be the
catalyst [8,9], and often the catalyst is located outside the plasma zone [1,10-18]. This
way of placing the catalyst prevents the destruction of the catalyst by plasma and the
disturbance of the discharge. Especially catalysts in which the active phase is a metal
capable of conducting an electric current on the surface and lead to a short circuit.

Plasma-catalytic reactors are used to improve the selectivity and efficiency of chemical
processes. Such reactors combine the advantages of plasma and a catalyst. In plasma, in
collisions with high-energy electrons very reactive radicals are formed, and the catalyst is
subjected to selectively desired chemical reactions. As a result of introducing the catalyst
into the plasma reactor, the conversion increases, which results in a reduction of the energy
cost of the process. Processes such as gas purification [1-3], hydrogen production [5,7],
Fischer-Tropsch synthesis [6] are carried out in plasma-catalytic reactors.

In this work, a plasma-catalytic reactor was used to generate hydrogen from a mixture
of water and methanol place:

CH;30H + H,O = CO; + Hp (R1)

However, other methods of producing hydrogen from methanol are also investigated,

e.g., plasma, catalytic, and electrochemical [19-24].
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The H, production using methanol/water mixture is endothermic. The reaction
enthalpy for the reactants in the gas phase is 131.57 k] /mol, and for the reactants in the
liquid phase it is 49.51 k] /mol. The difference in enthalpy is due to the energy consumption
for the evaporation of methanol and water.

Methanol and water have several advantages as hydrogen sources. They are easy to
transport as liquids. Water is a commonly available resource. Methanol can be obtained
from biomass. The energy of the bonds in methanol is 3.63, 4.08, and 4.38 eV [25], and
in water 5.10 eV [26] (Figure 1). Therefore, in collisions with high-energy electrons these
molecules can dissociate, and radicals will be formed:

5.1eV

Figure 1. The energy bond in methanol and water.

CH;0H + e —» CH,OH + H + e (R2)
CH30H + e - CH30 + H + e (R3)
CH30OH + e -+ CH3 + OH + e (R4)
H,O + e »OH + H + e (R5)

In this work, plasma was produced by a spark discharge. This discharge consists of
many discharge channels in which the electron density reaches 107 ecm~! [27]. Not all
collisions lead to dissociation. Most of the collision raises the internal energy of water and
methanol. There are many electrons, they are small and mobile, so molecules can collide
with them many times and be excited to another energy state. After obtaining sufficiently
high energy, they can dissociate, and methanol can also decompose:

CH;OH—CO +2H,  (R6)

The return of the excited molecules to lower energy states is accompanied by the
emission of photons, which allow photochemical reactions to take place on photocatalysts.
Nickel deposited on carriers has photocatalytic properties [28-30]. Nickel catalysts also
show catalytic activity in the process of steam reforming of methanol [31-33]. A catalyst
with a metallic nickel content of 2.5% by weight was used in the tests.

Other metals also have catalytic properties in the steam reforming of methanol. There
are, for example, platinum [34], gold [35], and copper catalysts [36]. However nickel is
cheaper than noble metals. A copper catalyst’s stability is poor [36].

2. Results and Discussion
2.1. Catalytic Reactor

The activity of the catalyst used in the conducted process was observed starting from
the temperature of 400 °C. The products of the catalytic process included Hy, CHy, CO,
and CO; (Table 1). In the studied temperature range (400-600 °C), the concentration of
H; in the cooled gases was high and ranged from 60.1 to 60.8%. The CO concentration
ranged from 15.3 to 24.2%. The CO, concentration ranged from 5.4 to 10.6%. The CHy
concentration ranged from 0.3 to 0.4%. In addition to the products, the cooled gas also
contained water vapor (~2%) and methanol (~10%).
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Table 1. The concentration of products in the cooled gases.
Concentration, %
Reactor Power, W  Temperature, °C
H, co CO, CH,4

400 60.1 242 3.5 0.3

450 60.6 20.3 6.8 0.3

Catalytic - 500 61.0 18.5 8.0 0.4
550 614 15.3 10.4 0.4

600 60.8 18.9 7.7 0.4

400 59.2 25.5 2.7 0.6

450 60.2 21.2 6.1 0.5

Plasma-catalytic 15 500 60.5 193 7.5 0.6
550 60.9 17.1 9.1 0.6

600 60.4 18.8 7.8 0.6

400 59.4 2211 5.4 1.1

450 59.8 21.6 5.8 0.9

Plasma-catalytic 30 500 60.0 19.5 7.4 1.1
550 60.1 18.2 8.3 12

600 59.0 219 5.4 1.3

400 59.4 221 54 11

450 59.7 21.6 5.8 0.9

Plasma-catalytic 46 500 60.0 195 7.3 11
550 60.0 18.1 8.3 12

600 58.9 21.9 54 1.3

The high concentration of CO indicates that methanol decomposes on the nickel
catalyst (R6). Then CO; is formed in the water—gas shift reaction:

CO+ Hzo = C02 + Hp (R7)
CO can also be converted to methane:
CO+ 3H2<:> CH4 + Hzo (RS)

The methanation (R8) is of minor importance as it requires four molecules, so it is
more difficult to carry out than the water—gas shift reaction. Additionally, the amount
of water vapor is greater than the amount of hydrogen. This composition of the reaction
mixture favors the water—gas shift reaction (R7), which is the desired reaction because it is
responsible for the increase in hydrogen production.

Figures 2 and 3 show the effect of temperature on the methanol conversion and
hydrogen production in the catalytic reactor. They show that the methanol conversion and
hydrogen production reached a maximum at 500 °C.

2.2. Plasma Reactor

The gaseous products generated in the spark discharge from the methanol and water
mixture were Hp, CHy, CO, and CO, (Figure 4a). The concentration of H; in the cooled
gases was high in all conditions and ranged from 58.0 to 58.9%. The second product in
terms of concentration in the cooled gases was CO. Its concentration ranged from 15.3 to
24.2%. The concentration of CO was correlated with the concentration of CO,. When the
CO concentration was the highest then the CO, concentration had the lowest values, 3.5%.
When the CO concentration was the lowest, then the CO, concentration was the highest,
10.6%. The CH4 concentration ranged from 1.0 to 1.3%.
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Figure 2. The conversion of methanol in: (#) catalytic reactor; (W) plasma-catalytic reactor, 15 W of
power; (A) plasma-catalytic reactor, 30 W of power; (o) plasma-catalytic reactor, 46 W of power.
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Figure 3. The hydrogen production in: (¢) catalytic reactor; (W) plasma-catalytic reactor, 15 W of
power; (A) plasma-catalytic reactor, 30 W of power; (o) plasma-catalytic reactor, 46 W of power.

The high concentration of CO results from the mechanism of an initiation reaction
in plasma, i.e., the collision of molecules with high-energy electrons. CH,OH and CH30
radicals are formed from methanol mostly because it has the highest number of bonds with
hydrogen (one O-H and three C-H). These radicals are in mutual equilibrium [37]:

CH,OH S CH;0°  (R9)

Reactions of them lead to the formation of formaldehyde [38—42]:

CH,OH' + hv — CH,O + H (R10)
CH;0O + hv — CH,O + H’ (Rll)
CH;0" + hv — CHj + O (R12)
CHOH + H —CH,O + H,  (RI3)
CH,OH + OH — CH,O + H,O (R14)
CH;0O + H — CH,O + H, (R15)
CH;0 + OH — CH,O + H,0  (R16)
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Figure 4. The influence of the discharge power on the operation of the plasma reactor. (a) The concentration of: (O) hydrogen;

(®) carbon monoxide; (A) carbon dioxide and ([J) methane in the gas; (b) methanol conversion; (c) hydrogen production;

(d) energy yield.

Formaldehyde in plasma is rapidly decomposed [43-45]:

CH,O + hv — CO + Hy (R17)
CH,O + hv — CHO + H' (R18)
CH,O + H — CHO' + H, (R20)

Formyl radical is unstable and decomposes within 1 ms [46]:

CHO »CO+H  (R21)

CO; can be produced by the reaction with water vapor (R7), atomic oxygen, hydroxyl
radical, or hydrogen peroxide [47-50]:
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H + OH — H, + O (RZZ)
OH + OH — H;O + O (R23)
CO + O — CO, (R24)
CO + OH — CO, + H (R25)
OH + OH — H;0; (R26)
CO + H,O, — CO, + H,O (R27)

CH, is formed by reactions with methyl radical [51-55]:

CH; + H,O — CHy + OH (R28
CH; + H — CHy (R29
CH; + CH30H — CHy + CHzO (R30
CH; + CH30H — CHy + CH,OH  (R31
CH; + CH30" — CHy + CHO (R32
CH; + CH,OH — CH4 + CH,O (R33
CH; + CH,O — CHy + CHO (R34
CH, + CHO' — CH, + CO (R35)

— N

Figure 4 shows the effect of the discharge power on the methanol conversion (Figure 4b)
and hydrogen production (Figure 4c) in the plasma reactor. It shows that the methanol
conversion and hydrogen production increased with increasing discharge power. The
increase in the methanol conversion and hydrogen production with increasing discharge
power is the expected effect. We observed a similar effect in our earlier work on ethanol
steam reforming in the dielectric barrier discharge. It is worth noting that the higher the
discharge power, the greater the hydrogen production (0.20 mol/h and 0.46 mol/h for
15 W and 30 W, respectively). That is a two-fold increase in power resulted in a more than
two-fold increase in the hydrogen production. A further increase in the discharge power
to 46 W, by ~50%, resulted in a much smaller increase in the hydrogen production, only
to 0.54 mol/h, i.e., by ~20%. Therefore, at 30 W of the discharge power the energy yield
reaches a maximum (Figure 4d).

2.3. Plasma-Catalytic Reactor

The gaseous products of the plasma-catalytic process included Hp, CHy, CO, and CO,
(Table 1). In the studied temperature range (400-600 °C), the concentration of H; in the
cooled gases was high and ranged from 58.9 to 60.9%. The CO, concentration ranged from
2.7 t0 9.1%. The CH4 concentration ranged from 0.5 to 1.3%.

In the plasma-catalytic reactor, the substrates first pass through the plasma zone where
radicals are formed. The average residence time of the reactants in the plasma zone is
7 ms. Then, after 40 ms, the reactants are contacted with the catalyst. In comparison to the
catalytic process, the reaction of methanol decomposition in the plasma-catalytic reactor is
slower. This is due to the fact that the concentration of methanol in the stream of reactants
fed into the catalyst bed is lower in the plasma-catalytic reactor than in the catalytic reactor.
On the other hand, the reactions involving CO and H, will run faster because CO and
H; are already present in the gases introduced to the catalyst bed. The obtained CHy
concentration in the plasma-catalytic reactor was higher than in the catalytic converter.
However, it is surprising that the concentration of CO, in the plasma-catalytic reactor
is similar or even lower than in the catalytic reactor. This indicates that the conditions
in the catalyst bed are not favorable for the water—gas shift reaction (R7) but favor the
methanation (R8) or the Sabatier reaction (R36):

C02 + 4H2<:>CH4 + 2H20 (R36)

In the plasma-catalytic reactor the methanol conversion and hydrogen production
were higher than that for the plasma reactor or the catalytic reactor even though the
unfavorable phenomenon of methane formation was observed. Figures 2 and 3 show
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the dependence of the methanol conversion and hydrogen production on the catalytic
bed temperature and the discharge power. The methanol conversion and hydrogen pro-
duction were maximum at 500-550 °C and increased with increasing discharge power
(Figures 2 and 3) as it was observed for the plasma reactor. The increase in the discharge
power from 15 to 30 W resulted in a significant increase in the methanol conversion and
hydrogen production. In contrast, a further increase in the discharge power to 46 W caused
a small increase in methanol conversion and hydrogen production.

2.4. Catalyst Characteristic

Figure 5 shows the EDX analysis of the fresh and used catalysts. The following ele-
ments Al, O, Ni, Ca, Mg, and Na were present in the fresh catalyst. Nickel was introduced
into the catalyst during its preparation. The remaining elements are the carrier components.
The main component of the carrier was aluminum oxide. The remaining elements were
found in small amounts. Calcium, magnesium, and sodium were 0.85, 0.80, and 0.17%,
respectively. Al, O, and Ni were evenly distributed on the surface of the fresh catalyst
(Figure 6). The EDX dot mapping analysis of the surface of the used catalyst (Figure 7)
indicates that there is no change in Ni dispersion under the influence of plasma.

m o

Figure 5. EDX spectrum of elemental microanalysis: (a) the fresh catalyst; (b) the used catalyst.

(a)

Figure 6. EDX dot mapping analysis of the surface of the fresh catalyst: (a) aluminum; (b) oxygen; (c) nickel.

(b) (©)

The EDX spectrum showed the presence of carbon in the used catalyst (Figure 5b).
Carbon covered the entire surface of the catalyst and the intensity of EDX signals from Al,
O and Ni were lower in the used catalyst than in the fresh catalyst (Figures 5-7).

The SEM micrographs of the fresh and used catalyst are shown in Figure 8. In the
fresh catalyst, particles with a size of ~1 um were visible on the surface. The morphology
of the used catalyst was different. The catalyst surface were covered with a deposit of
carbon nanofibers. This deposit was porous and gas permeable, therefore no reduction in
the catalyst activity was observed during the tests.
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() (d)
Figure 7. EDX dot mapping analysis of the surface of the used catalyst: (a) aluminum; (b) oxygen;
(c) nickel; (d) carbon.

The carbon deposit could be formed in the following reactions [56]:

2CO = C — CO, (R37)
CO-H, =2 C—oHO  (R38)
CO, — 2H, = C — 2H,O  (R39)

Figure 8. Cont.
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(b)
Figure 8. SEM images of: (a) the fresh catalyst; (b) the used catalyst.

The presence of CO in the gases introduced into the catalytic bed is favorable for
both reactions. However, the presence of water vapor inhibits R38 and R39. While the
temperature of 400-600 °C and the low content of CO, in the gases introduced into the
catalyst bed favor the Boudouard reaction (R37). Therefore, most likely this reaction is
responsible for the formation of a deposit of carbon nanofibers.

In the catalyst used, there were local spherical particles showing an increased content
of nickel and oxygen (Figure 9), also covered with a carbon deposit. The elevated oxygen
content indicates that some part of nickel is oxidized. In the presence of water this is not
surprising. Water can be decomposed on nickel catalysts and nickel can be oxidized [57].
The presence of nickel oxide may be advantageous because it makes the photochemical
reactions run more efficiently [58]. Other metal oxides are photo-catalysts, on which the
water splitting process takes place [59,60].

160

140

120

o
o
L

Intensity [cps]
8
!

@
=3
1

N
=)
L

N
o
L

o

0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6 18
dystance [um]

Figure 9. EDX linear scanning of the used catalyst.

3. Materials and Methods

Figure 10 presents the apparatus used during the experiments. The main part was a
reactor with quartz casing of 100 mm in length and the internal diameter of 8 mm. The
electrodes were placed in 50 mm long quartz arms. The electrodes were made of 316L
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grade stainless steel and had a diameter of 3.2 mm. The seal between the electrodes and
the casing was made of high-temperature silicone. A layer of quartz wool was placed over
the electrodes. This layer increased the surface of the liquid evaporation and the mixing
of the substrates vapors. One gram of the catalyst was placed under the electrodes. The
distance between the ends of the electrodes and the catalyst was 10 mm. The catalyst bed
was heated by an electric furnace. The temperature of the catalyst bed was controlled in
the range of 400 to 600 °C.

liquid mass flow controllers

plasma-catalytic reactor
voltage probe

mfurnace with temperature controller

S B
o R,

—
spark discharge

catalyst temperature and moisture meter

vent
F

=

water

receiving
flask

oscilloscope | LI

gas meter

gas chromatographs
Figure 10. A schematic diagram of the experimental setup.

The Al,Os carrier was manufactured by INS Putawy, Poland. The carrier was impreg-
nated with a solution of Ni(NOj3),-6H,O (Avantor Performance Material Poland SA) using
incipient wetness method. The next steps of the catalyst preparation were: drying (24 h),
calcination at 600 °C (24 h), reduction at 400 °C (6 h) under H; flow and cooling to 40 °C
under Hj flow. The obtained catalyst has the surface area (Sggr) of 7.6 m?2/ g estimated
by Ny physisorption method using ASAP 2020 (Micromeritics, Norcross, GA, USA). The
morphology of the catalyst was determined with a Quanta 3D (FEG SEM) field emission
gun scanning electron microscopy. The chemical composition was estimated using FEG
SEM EDS spectrometer of 20 kV acceleration voltage.

The substrates (water and methanol) flow rates were 1 mol/h for each reagent and
were controlled with liquid mass flow controllers (Bronkhorst/EIEWIN, Gliwice, Poland)
calibrated to water and methanol.

The outlet gas was passed through a quartz fiber filter and cooled to 17-18 °C to
condense water and methanol (measured by weigth). The gas flow rate was measured
with the Illmer-Gasmesstechnik (Berlin, Germany) gas-meter, the temperature and water
vapor content in the gases were measured with the Apar (Raszyn, Poland) AR236/2 sensor.
The concentration of the gases was measured using the Hewlett-Packard (Palo Alto, CA,
USA) 6890 gas chromatograph with the thermal conductivity detector. The composition
of the liquid was measured with the Thermo Fisher Scientific (Waltham, MA, USA)Trace
1300 chromatograph equipped with the single quadrupole mass spectrometer. The same
research methodology was used in our previous studies [7,61].

The reactor was powered by alternating current with a frequency of 15.3 kHz using the
power supply constructed at the Faculty of Electrical Engineering of the Warsaw University
of Technology. The discharge powers were 15, 30 and 46 W.

The discharge was turned on when starting the feeding of the reactor with the sub-
strates. The recording of the discharge parameters (i.e., voltage and current) using a Tek-
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tronix (Beaverton, OR, USA) TDS3032 oscilloscope with a Tektronix P6015A voltage probe
and a Tektronix TCP202 current probe was conducted with an interval of 15 min. Based on
these measurements, the discharge power was calculated according to the formula (1):

P=f~(/ U - I(t) dt (1)

P—discharge power, W
F—frequency, Hz
U—voltage, V
I—current, A

t—time, s

The parameters used to assess the process of hydrogen production, i.e., concentration
of products, hydrogen production, methanol conversion, and energy yield of hydrogen
production were measured or calculated according to the formulas (2)—(4):

W[Hy]=q-c/V )

W[H;]—production of hydrogen, mol/h
q—gas flow rate [STP], dm3/h
c—concentration of hydrogen

V—molar volume of gas [STP], dm?/mol

X = (Win[MeOH] - W[MeOH])/Wj,[MeOH] - 100% (©)]

x—methanol conversion, %
Win[MeOH]—inlet methanol flow rate, mol/h
W[MeOH]—outlet methanol flow rate, mol/h

V—molar volume of gas under standard conditions, dm?3/mol

Y = W[H,]/(1000 - P) @)
Y—energy yield, mol(H,)/kWh

4. Conclusions

The plasma-catalytic reactor allowed to achieve higher hydrogen production and
methanol conversion in comparison to the plasma reactor or the catalytic reactor. The
methanol conversion and hydrogen production were dependent on the discharge power
and the temperature of the catalytic bed. The best results were obtained when the catalytic
bed temperature was 500-550 °C. The conversion methanol and hydrogen production
increased as the discharge power increased. However, while the increase in the discharge
power from 15 to 30 W caused a large increase in the methanol conversion and hydrogen
production, a further increase to 46 W was not very effective. Therefore, the discharge
power of 30 W was optimal. For this power and the temperature of 500 °C methanol
conversion and hydrogen production were 61% and 1.31 mol/h, respectively. The highest
achieved values of methanol conversion and hydrogen production were slightly higher
and amounted to 64% and 1.38 mol/h, respectively. They were obtained for the discharge
power of 46 W and the temperature of 500 °C.

Both in the plasma and on the catalyst the decomposition of methanol was the main
reaction. Subsequent reactions leading to the formation of CO, and CHy4 occurred to a small
extent. The presence of the catalyst was advantageous because it increased the importance
of the subsequent reactions.
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