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This paper presents the study of the influence that air activation rate and reforming temperature have on the
gaseous products composition and conversion efficiency during the plasma-catalytic reforming of ethanol. The
analysis of product composition showed that the conversion efficiency of ethanol has a maximum in the studied
range of reforming temperatures. Researched system provided high reforming efficiency and high hydrogen energy
yield at the lower temperatures than traditional conversion technologies.
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INTRODUCTION

In order to achieve truly sustainable economy
humanity has to shift production to the renewable raw
materials wherever it is possible [1]. A shift from the
fossil hydrocarbons to the renewable raw materials
produced from the biomass is the biggest and most
essential of such transitions for reaching the goals of the
sustainable development. The main technological issue
that slows down widespread implementation of
renewable hydrocarbons lies in the lack of the well-
developed methods for the efficient conversion of the
renewable hydrocarbon raw materials into the desired
final or intermediate products [2]. The traditional
conversion technologies, such as thermos-chemical or
catalytic reforming, were developed and optimized with
fossil hydrocarbons in mind, which have less complex
and varied composition than renewable ones. The
application of thermochemical technologies to the
renewable raw materials often results in the generation
of undesirable products and consumes large quantities
of energy. The catalytic approaches use significantly
less energy, however, they often have diminished yields
and lower lifetime of the employed catalysts compared
to the conversion of fossil hydrocarbons [3]. The cause
of decreased catalyst performance lies in the catalyst
poisoning by the impurities that are present in the raw
materials. As such, catalytic conversion requires the
extensive preprocessing and cleaning of the renewable
raw materials.

Plasma is a chemically active environment with the
high concentration of active species (ions, electrons,
radicals, excited particles etc.) and can stimulate and
support the long-chain chemical reactions. This effect is
known in plasma chemistry as plasma catalysis [4]. The
use of plasma catalysis in place of the conventional
catalyst removes the possibility of the catalyst poisoning
and provides additional benefits, such as short reaction
times and high degree of control over the process. The
experiments on the plasma-catalytic reforming showed
that it can achieve high values of conversion efficiency
at low energy input [5]. Despite the effectiveness of
plasma-catalytic reforming systems, the impact of
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various reforming parameters on the conversion
processes and on its efficiency remains largely
unstudied.

In order to gain a better understanding of the
processes during the plasma-catalytic reforming of the
renewable hydrocarbons we studied the plasma-catalytic
conversion of ethanol in a reforming system based on
rotating gliding discharge. This paper focuses on the
impact of air activation rate and reforming temperature
on the composition of gaseous reforming products. The
air activation rate represents the ratio of air activated in
discharge chamber to the total flow of air that is

introduced into the reforming system during the
conversion.
1. EXPERIMENTAL SET-UP
Fig.1 shows the simplified scheme of the

experimental setup.
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Fig.1. Schematic of experimental setup: 1 — discharge
chamber; 2 — reaction chamber; 3 — cooler;

4 — condenser; 5 — combustion of produced gas
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During the experiment we conducted the partial
oxidation reforming of 96 % ethanol using atmospheric
air. The chemical equation of partial oxidation reaction
():

C2H5OH + 0502 =2CO + 3H2 (1)

Reforming system features two connected chambers:
a discharge chamber (1) and a reaction chamber (2). The
flow of air that is required for the reforming is supplied
into the system by a compressor and separated between
both chambers. The air injected into the discharge
chamber is activated by the discharge and used as a
basis for the generation of active species. The air
introduced into the reaction chamber is mixed with the
ethanol. Airflows in both chambers are introduced
tangentially to the chamber wall. The air injection is set
to create the vortex flow of air in the discharge chamber
and reverse vortex flow in the reaction chamber. We
controlled the air activation rate by changing the ratio
between the flows of air injected into the discharge and
air introduced into the reaction chamber.

The air plasma produced in the rotating gliding
discharge is injected into the reaction chamber as a
torch. The power introduced into the discharge ranged
from 20 to 70 W. The active species in air plasma
interact with the air-ethanol mixture and initiate the
chain reactions of partial oxidation reforming. The
temperature in the reaction chamber can be regulated by
either using an external electric heater coil or by
increasing the input airflows and causing the complete
oxidation of ethanol in the reaction chamber. The
temperature was monitored by the thermocouples
attached to the top and bottom of the reaction chamber.

The products of ethanol reforming flow through a
water cooler (3) that uses running tap water at room
temperature. A part of the products condenses into
liquid and is captured in a condenser (4). The gaseous
products leave the condenser and flow towards either a
sampling port or a combustion device (5). The samples
of gaseous reforming products were collected in the
0.5 I glass flasks. The rest of produced gas is combusted
in order to prevent its accumulation in the experimental
setup.

The composition of gaseous reforming products was
determined using Agilent 6890 N gas chromatograph
and MX-7301 mass spectrometer. The total flow of
produced gas was measured by Dwyer RMA-22-SSV
and RMA-23-SSV rotameters.

2. RESULTS AND DISCUSSION

For all studied reforming modes ethanol flow into
reaction chamber was 256 g/h and discharge current was
set to 60 mA. The influence of the reforming
temperature on the composition of gaseous reforming
products was studied at reforming temperatures from
200 to 350 °C range. The air activation rate was set to
0.17, which is the minimum used in this research. The
total airflow corresponded to a chemical equation (2):

C,H50H + 0.60,= 1.92CO + 2.88H,.
+0.12H,0 + 0.08CO,.  (2)

The gas chromatography results for the gaseous
reforming products are shown at Fig. 2.
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Fig. 2. Dependence of main gaseous products flows on
reforming temperature
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The main reforming products are hydrogen, carbon
monoxide, and light hydrocarbons, such as methane and
ethane.

Gas chromatography showed that the production of
hydrogen, carbon monoxide and methane during
reforming had a maximum at 250 °C. Obtained data on
product composition allows to calculate the reforming
efficiency () using equation (3) [6]:
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1 » (3)
where LHV proques IS the combined lower heating value of
all gaseous reforming products with an exception of the
unreacted reactants, Gproaucts 1S the total flow of gaseous
reforming products, Plasma power is the energy input
into the plasma generation, LHV reactants 1S the combined
lower heating value of all reactants, Gyeactants iS the total
flow of reactants.

The efficiency of the reforming system in terms of
hydrogen production can be evaluated from its
hydrogen energy yield Ey(H,). It corresponds to the
flow of produced hydrogen G(H,) divided by the
electric power spent on plasma generation Plasma
power: [ ]

g G(H,) |
Ey (H2) [kWh] ~ Plasma power [kW] " (4)

The Plasma power was 30 W at 200 °C and 24 W at
250, 300 and 350°C. The values of H,/CO ratio,
conversion efficiency and hydrogen energy yield during
the conversion at different reforming temperatures are
presented in Table 1.

Table 1
Reforming characteristics at different reforming
temperatures at 0.17 air activation rate

Reformln%otgnperature, 200 | 250 | 300 | 350
H,/CO ratio 0.8 | 0.75|0.74 | 0.85

n, [%] 72 | 90 84 | 81

Ev(H,), [g/kWh] 230 | 350 | 285 | 265

The highest conversion efficiency observed during
the experiment was 90% when the reforming
temperature was maintained at 250 °C. Such conversion
efficiency is comparable to the value during the ethanol
conversion at the optimal regimes of catalytic partial
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oxidation and during the thermochemical reforming.
The reforming temperature is two times lower than the
common temperature used for the catalytic partial
oxidation (approx. 500 °C [7]) and almost three times
lower than the lower limit of the temperature used for
the thermochemical reforming (> 700 °C [8]).

The H,/CO ratio of the gaseous reforming products
depends on the reforming temperature and was in range
from 0.74 to 0.85.

We studied the influence of the air activation rate on
the composition of reforming products and reforming
efficiency by keeping the reaction chamber at constant
temperature and changing the ratio between the flows of
air injected into the discharge chamber and air injected
into the reaction chamber. The air activation rates were
0.17, 0.21, 0.5, and 0.61. Reforming temperature was
maintained at 250 °C.

The flows of different gaseous reforming products at
studied air activation rates are shown at Fig. 3.

Gas chromatography data showed that the increase
of air activation rate has small impact on the hydrogen
yield, which remains almost constant. The increase of
air activation rate from 0.17 to 0.61 leads to the
decrease of carbon monoxide yield by approx. 20 % and
the reduction of methane yield by approx. 50 %. The
increase of carbon dioxide flow at higher air activation
rates can imply the increased occurrence of complete
oxidation reactions during reforming.

The change of the ratio between the air flows
through the discharge and reaction chambers controlled
the air activation rate. However, the increase of flow
through discharge gap caused the rise of voltage needed
to maintain the rotating gliding discharge, which
resulted in the increase of Plasma power. The
Plasma power and reforming characteristics at the
different air activation rates are shown at Table 2.

Gaseous products flows dependence on air
activation rate

~
n

'\—72.0
f=
£ N
13 0.17
£10 m0.21
= ‘ 0.5
Gos J 0.61
» ul Nl
H2 co CH4 Co2 C2H4
Components

Fig. 3. Dependence of main gaseous products flows
on air activation rate
Table 2

Reforming characteristics at different air activation
rates at 250 °C reforming temperature

A\ir activation rate 0.17 0.21 0.5 0.61

Plasma power, [W] 24 24 60 48

H,/CO ratio 075 | 0.77 | 0.87 | 0.92
n, [%] 90 86 | 79 | 73
Ev(Hy), [g/kwh] | 350 | 315 | 130 | 175
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The data shows that the increase of air activation
rate leads to the increase of H,/CO ratio in the gaseous
reforming products. While the vyield of hydrogen
remains approximately the same, the yield of carbon
monoxide and light hydrocarbons decreases with the
increase of air activation rate. This, in addition to the
increased value of Plasma power, causes the decrease of
reforming efficiency from 90 % at 0.17 air activation
rate to 73 % at 0.61 air activation rate.

The highest values of reforming efficiency and
hydrogen energy yield in the different systems for the
plasma-assisted reforming of ethanol are presented in
Table 3.

Table 3
Reforming efficiency and hydrogen energy yield in
different systems for plasma-assisted conversion of ethanol

H T]x EY(HZ)l
Plasma source Reaction [%] | [g/kwh]
Laval nozzle arc [9] P_artlgl <90 200
oxidation
Dielectric barrier Dry
discharge [10] reforming >95 6.7
Microwave
discharge (2.45 Pyrolysis | ~99 0.55
GHz) [11]-[13]
Microwave .
discharge [14] Pyrolysis | ~100 14.8
. Partial
Arc discharge [15] oxidation <65 120
GEN3 Partial
[16], [17] oxidation | <70 | 144
Dielectric barrier Steam
discharge [10] reforming 100 133
Rotating gliding Partial
discharge (this work) | oxidation %0 350

The data presented in Table 1 shows that the plasma-
catalytic reforming system studied in this work shows
both high reforming efficiency and high hydrogen
energy yield.

CONCLUSIONS

The impact of reforming temperature and air
activation rate on the gaseous reforming products
composition and the reforming efficiency was studied
using the plasma-catalytic reforming system based on
rotating gliding discharge. The reforming efficiency
obtained during the plasma-catalytic conversion of
ethanol at approx. 250 °C is comparable to that of
thermochemical conversion at >700°C or catalytic
partial oxidation at approx. 500°C. The highest
reforming efficiency in the reforming temperature range
of 200...350 °C was approx. 90 % at 250 °C. The flows
of produced hydrogen, carbon monoxide and methane
depend on the reforming temperature and during the
experiment all had maxima at 250 °C. During the
increase of the air activation rate the hydrogen
production rate remains constant, while the carbon
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monoxide production rate decreases. This leads to the
increase of H,/CO ratio and to the decrease of reforming
efficiency with the increase of air activation rate.

The energy yield of produced hydrogen decreases
with the increase of air activation rate. The hydrogen
energy yield of the plasma-catalytic reforming system
with rotating gliding discharge reached 350 g/kWh. This
value is among the highest values reached by the
systems for the plasma-assisted conversion of ethanol.
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INVIASMEHHO-KATAJIMTHYECKOE PE@OPMUPOBAHUE 3TAHOJIA: BJIMSSHUE CTEIIEHA
AKTHUBAIINU BO3AYXA U TEMIIEPATYPbI PEOOPMUPOBAHUS

O.A. Heowvioaniwk, B.A. Yepuak, H.H. @eoupuux, B.Il. /lemuuna, B.A. bopmuvuuesckuii, P.B. Kopic

W3noxxeHO uccieioBaHue BIMSHUS CTETIEHH aKTHBAIMK BO3/yXa W TEMIEpaTypbl pe)OpMUpPOBaHHS Ha COCTAB
ra3000pa3HbIX HPOJYKTOB IUIA3MEHHO-KaTAIMTHYECKOT0 pe(opMHUpOBaHMS 3TaHOJIA M Ha ero 3(pQEKTUBHOCTS.
AHanmu3 cocTaBa IOJYYEHHBIX MPOAYKTOB TOKa3ajd, 4To 3()(EeKTHBHOCTH peOpMUPOBAHHS MMEET MAKCHMyM B
WCCIICIOBAHHOM  JMana3oHe Temmeparyp. MccienoBaHHass cHUCTeMa HMEET BBICOKYIO  3(QeKTHBHOCTH
pedopMHUPOBaHUS U BBHICOKUI PHEPTeTHYECKHHA BBIXOJ BOJIOPOJA MPH TeMIEepaTypax HIXKeE, YeM B TPaTUIIMOHHBIX
TEXHOJIOTHX pe(hOPMHUPOBAHNS.

TILJIA3MOBO-KATAJITAYHE PE@OPMYBAHHSA ETAHOJTY: BIJIMB CTYIIEHIO AKTUBAIIII
MOBITPSA TA TEMIIEPATYPU PEOOPMYBAHHSA

O.A. Heoubanwk, B.A. Yepnsax, I.1. @edipuuk, B.I1. /lemuuna, B.A. Bopmuwescvkuii, P.B. Kopoic

[IpencraBneHo MOCTIPKEHHSI BIUIMBY CTYIEHS aKTHBalii MOBITPS Ta TeMIepaTypu pedopMyBaHHS Ha CKIaj
ra3onofiOHUX TPOAYKTIB peQOpMyBaHHS €TaHONY Ta Ha HOro e(eKTHBHICTb. AHami3 CKJIaLy IPOAYKTIB
pedopmyBaHHS NOKa3aB, M0 €PEKTUBHICTh pe)OPMyBaHHS MAa€ MAKCUMYM Y JIOCJIDKEHOMY Jiana3oHi TeMIeparyp
pedopmyBanHs. JJocmimkena cuctema 3a0e3nedye BUCOKY e(DeKTHUBHICTh pehopMyBaHHS Ta BUCOKHI €HEPTeTHIHUI
BHXIiJI BOJHIO 32 TEMIIEPaTyp, 110 € HWHKIUMH, HIXK Y TPAAUIIIHHAX TEXHOJIOTIAX peopMyBaHHS.
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