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Abstract

This work is dedicated to the steam reforming study of ethanol in a non-thermal plasma reactor at low temperature and at atmospheric
pressure. The plasma reactor was powered by a high voltage 50 Hz AC power supply with a 155 mA sinusoidal current. The voltage delivered
by this system was self-adjusted between 0.4 and 1 kV according to the primary voltage of the transformer. Outlet concentration species,
mainly H2, CO and CO2, were determined using chemical analysis apparatus and studied as functions of the electrical power and electrical
discharge characteristics. Reactor behaviour and plasma product distribution are strongly determined by the electrical power and ethanol/water
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atio. Chemical species and physical parameter variations have been described using two overall reactions: the ethanol steam re
ndothermic cracking reactions. This present paper shows interesting results in comparison with catalytic processing of eth
eforming.
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. Introduction

Fuel cells are considered as a clean energy source. Never-
heless, since hydrogen is difficult to transport and store, its
roduction in situ from an easily transported liquid feedstock
an be an efficient alternative. The use of ethanol for energy
roduction is an effective solution for the reduction of CO2
missions and preserves the fossil energy resources. Taking

hese aspects into consideration, the bio-ethanol steam re-
orming seems to be a promising technique[1,2]. Ethanol
an be obtained by fermentation of surplus or agricultural
esidues and therefore is a renewable energy source that can
e used to the H2 production. During last decade, studies
howed that hydrogen present a potential use as a fuel for
lectricity generation and transportation purposes. Moreover,
2 is a renewable energy source and do not contribute to the
reen house effect[3,4]. The use of ethanol catalytic reac-

ors for H2 production had been presented in previous stud-
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ies[1,2,5–8]. Nevertheless, some authors have performe
possibility to use plasma reactors for the hydrogen produ
from water and hydrocarbons[9–12].

The aim of the present paper is to study the ste
reforming from ethanol with a non-thermal plasma rea
to perform chemical analysis of the exhausts gas by
cro gas chromatography (�GC) and Fourier transform infr
red techniques (FTIR) and to identify the main ways im
cated.

2. Experimental

The experiments were conducted at atmospheric pre
with a liquid ethanol/water mixture heated by graphite e
trodes in a plasma reactor. The electrode gap was 10 mm
length and diameter of the electrode were 150 and 25
respectively.Fig. 1 is a schematic representation of the
perimental reactor. The ethanol and water mole frac
ratio of the inlet mixture studied was in the range fr
E-mail address:olivier.aubry@univ-orleans.fr (O. Aubry). 0–0.72.
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Fig. 1. Schematic reactor experimental.

The outlet gas composition was analysed using two tech-
niques: micro gas chromatography (�GC, Varian CP2003-P)
and Fourier transform infra-red (FTIR, Nicolet Magna-IR
550 series II). The�GC analyser contained 5̊A Molecular
sielve and Plot Q columns. Both columns were equipped
with thermal conductivity detectors (TCD) calibrated with
standards of known composition. The temperatures of the
column and injector for the analysis of H2, CH4 and CO
on the Molecular sielve 5̊A column were 70 and 85◦C for
Poraplot Q and the analysis of hydrocarbons and CO2. The
10 m long FTIR analysis cell was maintained at 110◦C.
The species detected and analyzed were H2, CH4, C2H2,
C2H4, C2H6, CO, CO2, C2H5OH and H2O. The latter
two were detected only in humid gas. The H2O concen-
tration at reactor output was estimated from the C, H and
O balances, since no other specie was detected in our
work.

The exhaust gas was sampled through a hole, in the sec-
ond electrode, which was linked to�GC via a heating pipe
(110◦C) to quantify the moisture gas or via the heating pipe
until a cryogenic trap (−30◦C) to analyse the desiccated
gas.

The current and voltage waveforms were measured us-
ing a TCP202 Tektronix Hall effect probe and a P5205 Tek-
tronix high voltage differential probe connected to a voltage
divider with a ratio of 0.01. The signals from the probes were
recorded on a Tektronix TDS 460A digital oscilloscope and
processed in a PC.

The gas discharge power was determined from voltage and
current measurements. The electrical discharge was powered
by a 50 Hz high voltage step-up transformer with leakage flux
(AUPEM SEFLI high voltage transformer: primary 230 V,
10000/100,I2 = 155 mA). The sinusoidal current remains at
a constant value of 155 mA. In order to verify the running sta-
bility, several voltage and current recording were performed
for each liquid mixture. Finally, the signal processing was
performed on a PC.

3. Results

3.1. Chemical analysis
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Fig. 2. Composition of the dried
.1.1. Dry gas
The dessicated gas mole fractions as functions of th

et mole fractions ratio are displayedFig. 2. FTIR and�GC
ere associated in this study. The species detected wer2,
O, CO2, CH4 and C2 hydrocarbons. No reactive spec

C2H5OH and H2O) were detected with the use of the cr
enic trap.

As the inlet ethanol/water ratio rises, the mole fract
f H2 and CO2 decrease, from 0.72 to 0.62 and from 0.1
.013, respectively. The concentration of the others sp

t gas vs. the inlet ethanol/water ratio.
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Fig. 3. Composition of the wet exhaust gas vs. the inlet ethanol/water ratio.

increase: CO mole fraction rises from 0.16 to 0.28 and the
concentration of the hydrocarbons species stays below 0.05
in the entire studied domain.

3.1.2. Wet gas
The study of dry gases does not enable all species present

at reactor output to be quantified. Indeed, to analyse all the
products and especially the no-consumed species (H2O and
C2H5OH), we have studied the wet exhaust gas composition.
Mole fractions of these species are presented inFig. 3 as
functions of the inlet mole fractions ratio.

H2 concentration slightly increases from 0.29 to 0.34
when the ethanol/water ratio rises. Simultaneously, the
mole fractions of CO, CH4, C2H2, C2H4 and C2H6 rise
from 0.06 to 0.15, 6.8× 10−3 to 2.4× 10−2, 2.4× 10−3 to
1.14× 10−2, 1.46× 10−3 to 9.86× 10−3 and 1.56× 10−4

to 5.32× 10−4, respectively. The CO2 decreases from
4.16× 10−2 to 8.74× 10−3.

Trends in mole fractions variations for the others species
are similar to the dried gas results. Low concentrations of
hydrocarbons are observed in the outlet gas.

Our dry results show that there were high mole fractions
of H2 at reactor output, of the order of 0.6 to 0.7. In order to
carry out the complete energy balance involved in this pro-
cess, however, it is necessary to take into account all species
p com-
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Table 1
Examples of C2H5OH and H2O conversion rates

InletXC2H5OH/XH2O 0.12 0.32 0.70

τ C2H5OH 0.39 0.27 0.22
τ H2O 0.15 0.23 0.36

expression:

τ = ncons

ni
(1)

wherencons represents the consumed number of moles of
each reactant andni is the number of moles of inlet reactant.
Results are shown inTable 1. Conversion rates depend on the
inlet ethanol/water ratio. Ethanol conversion decreases and
water conversion increases when C2H5OH/H2O ratio rises.

3.2. Characteristics of the discharge

Fig. 4 shows the variations of the voltage and current as
functions of the time for a given liquid mixture: ethanol/water
ratio = 0.12.

F ime.
E

resent at reactor output, i.e. wet gas. Dry and wet gas
arisons of no-condensed species show that the mole

ions in the wet outlet gas are nearly divided by 2. In the
ase, the concentrations of H2, CO, CO2, CH4 and of C2 com-
ounds decreased because H2O and C2H5OH were included

n the quantification of species at reactor output. This sh
hat it is important to take all species present and not
ry gases into account, in order to establish a complete

erial and energy balance in this type of process. More
he precursors (C3, C4) of aromatic or polyaromatic speci
hat lead to the formation of soot are absent, explaining
bsence of carbon deposit.

C2H5OH and H2O are not fully converted. The corr
ponding conversion rates,τ, are defined by the followin
ig. 4. Variation of the voltage and current as functions of the t
thanol/water = 0.12.
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The plasma reactor is powered by a 50 Hz step-up trans-
former. Root mean square (RMS) value of the sinusoidal
current is 155 mA. The secondary voltage applied to the dis-
charge gap is self-adjusted as an effect of leakage flux in the
range: 0.4–1.0 kV. Periodic ignition of the discharge is cor-
responding to a voltage pulse. The ignition pulses magnitude
values are in the range 400–500 V. A characteristic parameter
of the plasma was determined, corresponding approximately
to the maximum degree of ionization, by measuring the resis-
tance value of the ionized column when current is maximal.
This value in a steam plasma is 1600� when the length of the
ionized column is 15 mm. The voltage drop at the electrodes
is 60 V. The instantaneous discharge resistance changes with
time during each half-period of current.

As the plasma is recombining the resistance is increasing
and greatest voltage values are observed for a correspond-
ing time of about 10 ms. Pulses magnitude and maximum
voltages are linked to the inlet ethanol/water ratio.

Fig. 4shows voltage and current variations of the plasma
discharge. Ignition values and maximum of voltage can be
observed. Due to the leakage flux effect, a large inductance
appears and the current remains at a nearly constant RMS
value of 155 mA with a sinusoidal waveform. Voltage is de-
termined by ionization properties of the gaseous mixture.
Previous studies[13–15] had shown a non-thermal plasma
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Fig. 6. Power of the discharge vs. the inlet composition.

Fig. 5 shows four phases are observed corresponding to
the following effects:

(A) increasing voltage without significant current;
(B) full ionisation region corresponding to current increas-

ing;
(C) recombination region with increasing of the plasma col-

umn resistance;
(D) weak ionisation region.

Transition from A to B is characterized by a breakdown
potentialVB (ignition of the discharge). This potential is a
function of the gas mixture.VB is increasing as the C2H5OH
concentration increases.

The input electrical discharge power,Pi , is calculated
from voltage and current measured for each mixture:Pi =
1
T

∫ T

o
u(t)i(t) dt;with u(t) and i(t) voltage and current, respec-

tively.
As shown inFig. 6, Pi strongly depends on the inlet com-

position.Pi rapidly increases from 57 to 69 W when the inlet
ethanol/water mole fractions ratio rises from 0.05 to 0.20.
Above this upper limit, the input power slightly increases up
to 72 W. This means that the voltage is linked to the inlet com-
position because of a constant value of the current. Therefore,
the average voltage increases when the input power rises.
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espectively. The order of magnitude of the maximum
emperature is 2000 K and the average temperature at t
ctor outlet is about 600 K. In light of the voltage drop at
lectrodes and of the temperature difference between

rons and the gas, it can be said that the discharge is a
ischarge”, illustrating the non-thermal nature of the plas

In the case ofFig. 4, the average power provided to plas
ischarge is about 66 W. A non-linear behaviour of the pla
ischarge can be observed. This non-linear effect is sho
igs. 4 and 5.

Fig. 5. Dynamical current–voltage characteristic. Ethanol/water = 0.
. Interpretation and energy balance

The fine interpretation of the reaction mechanisms
olved in this type of reactor requires the use of a kin
odel coupled with a hydrodynamic model of the pla

hat includes electron reactions. This study is complex
equires the participation of specific high level compete
ur current understanding does not enable us to prese

omparison between a model and local measurements
ensity of different species. Taking the context into acco
e present only the overall experimental results, des

ng the principal parameters of system advancement. S
stimate the energy balance, we represented the che
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Fig. 7. Conversion degree of the overall reactions Eqs.(2) and(3).

system from two global reactions. Indeed, from our exper-
imental data, the general evolution observed for the main
species in the wet gas could be described by considering two
overall reactions:

C2H5OH + 3H2O → 2CO2 + 6H2 (2)

C2H5OH + H2O → 2CO + 4H2 (3)

For each C2H5OH–H2O mixture, H2, CO, CO2, C2H5OH
and H2O mole fractions can be expressed in terms of the
progress variablesα, β of reactions (2) and (3). A least square
procedure has been used to deriveα andβ values to minimize
the sum

∑
(Xiexp − Xicalc)2. In order to calculate the relative

importance of the two global reactions representing changes
of major species (H2, CO, CO2, C2H5OH, H2O) and to cal-
culate the energy involved in the chemical process, we deter-
mined the consumption of reactants in the two reactions. We
calculated the mole fractions of species, noted Xicalc, ver-
sus the progress values (α andβ) of the two reactions (2)
and (3). This provides the lowest sum

∑
(Xiexp − Xicalc)2

for each reaction mixture. TheXiexpvalues are the mole frac-
tions measured of the species analyzed. The results are shown
in Fig. 7.

α decreases down to 0 andβ decreases to a stable value
(0.22) for the highest ethanol mole fraction. This latter ex-
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Fig. 8. Experimental mole fractions (symbols) and calculated values (solid
lines) vs. the inlet composition.

thus use these degrees of advancement to calculate an energy
balance.

By taking into account the progress variables of the two
overall reactions, power balance of the reactor can be per-
formed.Fig. 9 displays different powers: input power,Pi ,
power used to vaporize the inlet mixture,Pv, and power im-
plied in the two overall chemical reactions,Pr.

The vaporization power,Pv, is calculated from the liq-
uid volume consumed, ethanol and water vaporization en-
thalpies (−42.3 and−44 kJ mol−1) and the inlet mole frac-
tion of ethanol. The vaporization power calculated is in the
range from 58 to 72 W when ethanol/water ratio increases
from 0.05 to 0.72.

Previous studies showed that theses electrical discharges
imply low electron densities, high electron temperature and
low gas temperature. We assumed a maximum gas temper-
ature in the plasma column of about 2000 K[13–15]. The
enthalpies of the overall reactions (2) and (3) were calculated
at 2000 K:∆rH2 and∆rH3 are 220.05 and 272.1 kJ mol−1,
respectively.

F rs vs.
e

lains the nearly constant H2, CO and CO2 mole fractions
2O and C2H5OH are consumed by these reactions. Fo

owest inlet ethanol mole fraction, the consumption of eth
ccurs by reactions (2) and (3) in same part and contribu

orm H2.
When inlet C2H5OH mole fraction increases, react

3) dominates the consumption of ethanol which expl
he lowest CO2 mole fractions in favour of the CO prod
tion.

The experimental mole fractions are compared with
ole fractions calculated from the progress variables (Fig. 8).
he results inFig. 8show that the description using two re

ions mentioned above, combined withα andβ, is sufficien
or an overall description of the effect of the plasma. We
ig. 9. Input, vaporization, reaction and vaporization + reaction powe
thanol/water ratio.
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Thus, the overall enthalpy in the reactions is expressed by
the equation (4):

∆rH = α∆rH1 + β∆rH2 (4)

α andβ are the progress values obtained previously (Fig. 7).
From∆rH calculated, the power used in the chemical re-

actions,Pr, can be estimated.Pr is a function of the inlet
ethanol mole fraction. This power is in the range from 6 to
28 W.

Our results showed that the vaporization of the
ethanol/water mixtures require more energy than that im-
plied in the chemical process. These powers are strongly in-
fluenced by the composition of the inlet mixture. As lowest
ethanol/water ratio, the power implicated in the hydrogen
production is decreasing. If we compare input power and the
sum ofPv andPr as functions of inlet ratio, we can observe
thatPv +Pr is close toPi when the inlet ethanol/water ratio
is above 0.2. As it is shown inFig. 9, main part of the input
power is used to the vaporisation and chemical reactions.

A dramatic influence of the inlet mixture was observed in
input power and applied voltage. The rise of the ethanol/water
ratio leads to an increase of the electric resistance in the ion-
ized gas phase. Moreover, the ionized gas phase composition
in the electric discharge is an important factor on plasma
and gas phase temperatures. Electron densities and tempera-
t rties
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lysts while plasma method implies relative high CO mole
fractions. The others species present same concentration
levels.

This comparison indicates that plasma steam reforming
of the ethanol is a competitive way to produce H2 with CO
and CO2. Nevertheless, the CO concentration is the main
drawback because of concentrations higher than 10 ppm. This
value is considered as a limit in order to avoid poisoning fuel
cells.

5. Conclusions

This work shows that non-thermal plasma steam reform-
ing of the ethanol at atmospheric pressure is a promising
technique for H2 production. Our results are very close to
ones obtained in the catalytic reactors.

Chemical analysis of the outlet gas and characteristics
of the discharge had been studied. We quantified the wet
and dry exhaust gas composition. Thus, several species had
been quantified: no-consumed reactive species (C2H5OH and
H2O), oxygenated, and hydrocarbon products (H2, CO, CO2,
CH4, C2H2, C2H4, C2H6). The mole fractions of CO and CO2
depended on the inlet composition while H2 concentrations
remained constant. These results showed that the optimiza-
t ole
f ells;
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ures depend on the inlet parameters and electrical prope
hus, an increase of the hydrocarbon species concent
an lead to a decrease of these temperatures. Therefo
ecrease of the electrical resistance of the ionized gas
an be understood.

A comparison between the results of this plasma s
eforming and catalytic steam reforming appears to be i
sting.

Nevertheless, it is very difficult to find in the literatu
esults on the concentrations of the species produced i
ases. Therefore,Table 2presents the mole fractions of ma
pecies present in the dry gas in different ethanol stea
orming processes.

The catalytic and non-thermal plasma results show a
rder of magnitude for H2, CO, CO2 and CH4 concentrations
e observe that plasma technology allows to achieve a

evel of H2 mole fraction in a great range of ethanol/wa
atio comparing to the catalytic techniques. Llorca et al[5]
btained gas exhaust without CO in the case of Co/ZnO

able 2
omparative H2, CO, CO2, CH4 mole fractions in the dry outlet gas vs. in
thanol/water ratio and vs. steam reforming techniques used

This work Aupr̂etre
et al.[1]

Llorca et
al. [5]

nlet ethanol/
ater ratio

0.05–0.72 0.33 0.07

2 0.62–0.72 0.44–0.72 0.65–0.73
O 0.16–0.28 0.07–0.20 –
O2 0.10–0.12 0–0.21 0.216–0.2
H4 0.017–0.052 0–0.21 0.003–0.0
.

e

ion of the process was important to reduce the CO m
raction. Indeed CO was poisoning specie for the fuel c
ts concentration must be limited near 10 ppm. Chemica
erpretation of the results in term of two overall reacti
howed that parallel reactions could describe the conve
f the inlet ethanol and water. For the lowest inlet eth
ole fractions, the progress variable values were in the
rder of magnitude. For the highest ethanol mole fraction
eaction leading to the CO2 production becomes negligib
he method for producing hydrogen from ethanol with
lasma reactor described here is interesting and could,
dditional work and depending on the results obtained
eveloped at the industrial scale. Compared to convent

echniques, its principal advantages would be ease of us
ncomplicated control of the various operating parame
e can envision the regulation of gas flows by adding a

ary heating, combined with a command suited to the po
elivered by the plasma. In addition, the plasma system

nates problems related to the use of catalysts prepared
ostly materials (Pt, Rh, Ru, Co,. . .) and that require pre
autions in use and operation in order to optimize conve
ates and avoid the inactivation of catalysts by poisoning
nergy balances show that it is possible to reach yields
lose to those calculated from the laws of thermodynam
hese balances carried out with a laboratory scale react
determinant element that should arouse the interest

ustries concerned in order to continue investigations o
ossible applications of this technology.

The non-thermal plasma appears as a good techniq
he steam reforming from bio-ethanol with a high H2 con-
entration. Energetic costs could be decreased by re-inje
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the condensed gas phase containing water and ethanol. More-
over, to achieve low CO mole fractions, studies on others inlet
mixtures with hydrocarbon-ethanol and/or a plasma-catalysis
technique can be envisaged.
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