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bstract

Catalytic and technological aspects in the use of bio-ethanol as fuel to produce hydrogen in both internal (IR-MCFC) and indirect internal
eforming (IIR-MCFC) configurations have been considered. In MCFC conditions, even operating at total ethanol conversion, hydrogen productivity
epends on the catalyst efficiency to convert methane formed through a mechanism, which foresees as first step the dehydrogenation of ethanol to
cetaldehyde and as a second step the decomposition of acetaldehyde to CO and CH4. Potassium doped Ni/MgO, Ni/La2O3 and Rh/MgO resulted
o be the most promising catalysts to be used for the hydrogen production by steam reforming of bio-ethanol. Coke formation represents a serious
roblem, however, it can be drastically depressed by adding to the reaction stream a low amount of oxygen.

On the basis of catalytic and technological evaluations, indirect internal reforming configuration should be the more suitable to operate with

io-ethanol. MCFC electric performance using a hydrogen rich gas coming from steam reforming of bio-ethanol is very similar to that of MCFC
ed with pure hydrogen. However, the high content of steam in the flow reaction stream must be careful computed for a good thermal balance of
he overall plant.

2007 Elsevier B.V. All rights reserved.
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. Introduction

High temperature fuel cells (MCFC, SOFC) are promising
ystems to co-generate heat and electricity with high efficiency.

∗ Corresponding author. Tel.: +39 090624233; fax: +39 090624247.
E-mail address: francesco.frusteri@itae.cnr.it (F. Frusteri).
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n case of molten carbonate fuel cell (MCFC) it is very impor-
ant to evaluate the thermal balance of the stack to design a
ystem characterized by high yield. Although natural gas is the
ost investigated fuel, the MCFC can be fed by a wide variety
f fuels. Here, the possibility to use the heat generated at elec-
rodes to produce hydrogen by ethanol reforming processes has
een considered. Indirect and direct internal reforming configu-
ations were evaluated either in terms of heat and mass transfer
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be burned and recycled to cathode inlet. This technical solution
makes the MCFC system able to produce electricity and steam
at high temperature (923 K). The production of heat is directly
correlated to the current density and it is so large to require a
F. Frusteri, S. Freni / Journal of

henomena or in terms of compatibility of catalyst with cell
omponents.

. Working principle of MCFC

As well known, the fuel required by the MCFC consists of
hydrogen rich gas mixture like hydrocarbon reformed gas.
he working temperature for MCFC is around 923 K and the
ell releases heat when produces electricity. A such peculiar
ondition makes possible the integration of the electrochem-
cal cell section with the fuel reformer reactor in order to
esign high thermal efficiency system. This concept is called as
internal reforming” (IR) and can be realized by two different
eometric configurations defined as “direct internal reforming”
DIR) and indirect internal reforming (IIR). The first config-
ration is based on a thermo-chemical integration between
eformer and cell anode module. In this case the reforming reac-
ion will produce hydrogen which is immediately consumed
y electro catalytic cell reaction, furthermore, the heat gener-
ted by hydrogen oxidation is directly used for the reforming
rocess since there is no physical barrier between reformer
nd anode catalyst. In addition the reforming process equi-
ibrium will take advantage from the fact that hydrogen is
onsumed when produced. In Fig. 1 is schematically represented
he MCFC operating with direct internal reforming configura-
ion.

In the indirect internal reforming configuration, the reforming

atalyst is placed into a cell metallic hardware but it is physi-
ally separated from anode compartment. In this geometry, the
quilibrium of reforming process is not influenced by hydro-
en consumption, but the contact between electrolyte vapours

s
o
t
r

Fig. 1. MCFC system: direct inter

Fig. 2. MCFC system: indirect inte
r Sources 173 (2007) 200–209 201

nd reforming catalyst is avoided. The scheme of IIR-MCFC is
hown in Fig. 2.

The direct or indirect internal reforming configurations affect
he thermal efficiency of the system, but they do not influence
he semi-reactions of electrodes that remain:

o the anode : H2 + CO3
2− → H2O + CO2 + 2e−

O + CO3
2− → 2CO2 + 2e−

nd to the cathode : O2 + 2CO2 + 4e− → 2CO3
2−

hat can be expressed by the following overall reaction:

2 + CO2 + 1
2 O2 → H2O + CO2

From the analysis of the overall reaction, it is evident that
O2 balance is neutral. In fact, CO2 is produced by the anode

emi-reaction and consumed by the cathode semi-reaction. This
s possible by recycling CO2 from anode exhaust to cathode inlet.
hus, a MCFC plant lay-out will be provided with an external
ombustor, where unreacted fuel (exhaust anode outlet gas) will
tack cooling system to avoid the overheating risk. The coupling
f endothermic reactor (like reformer) to the cell can enhance
he thermal balance in the system and this is the goal of internal
eforming configurations.

nal reforming configuration.

rnal reforming configuration.
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Table 1
EtOH steam reforming: outlet gas stream composition

H2 CO2 H2O C2H5OH CH4 CO

Out Composition (%) 30.10 7.50 56.52 0 1.69 4.19
Selectivity (%) – 56.07 – – 12.66 31.27
Conversion (%) – – – 100 – –
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. Thermodynamic and cell dynamics evaluations

If we consider that ethanol steam reforming proceeds accord-
ng to the following scheme [1]:

2H5OH + H2O � 4H2 + 2CO (1)

O + H2O � H2 + CO2 (2)

O + 3H2 � CH4 + H2O (3)

he thermodynamic equilibrium constants K1, K2 and K3 can be
xpressed by the following equations:

1 = x2
COx4

H2

xEtOHxH2O
P4 (4)

2 = xCO2xH2

xCOxH2O
(5)

3 = xCH4xH2O

xCOx3
H2

P−2 (6)

here xi is the component molar fraction and P is the overall
eaction pressure.

As well known, the equilibrium composition of each prod-
ct can be determined if we consider the non-linear equations
ystem comprising the equilibrium constants relationship and
he mass balance corresponding to the above reported process
eactions. The simplest way to solve such a system consists in
he compilation of a mathematical model based on iterative pro-
ess. Thus, starting from initial values for reaction conversions
nd for equilibrium constants, a multi-dimensional convergent
ethod should be able to solve the system.
The outlet gas composition, through gas partial pressures,

ill affect directly the cell Nernst’s potential, given by:

= V0 + RT

2F
ln

[PH2P
1/2
O2

PCO2(c)]

[PH2OPCO2(a)]
(7)

here Vo is the standard potential of cell reactions, P the partial
ressure of gases, R the universal gas constant (8.314 J K−1 mol)
nd F is the Faraday’s constant (96487 C/g-eq).

Further, the fuel cell is affected by irreversible potential losses
ue to electrodes over-potentials and ohmic resistance of the
ell components. Thus, the working cell voltage, Veff, can be
etermined by the following relationship [2]:

eff = V − (μa + μc) − IRiSo (8)

here μa and μc are the anode and cathode over-potentials, I
he current density, Ri the specific ohmic cell resistance and So
s the effective electrodes surface.

As regard to the overall energy balance, it should take into
ccount both the inlet and the outlet contributions, than the inlet
nergy (fuel + oxidant) must be equal to the outlet energy (elec-
ricity plus recovered heat plus lost heat) and can be expressed

s follow [3]:

fhf + moho = W + Qu +
∑

w

Qw +
∑

w

mwhw (9)

t
m
b
c

est conditions: TR = 923 K; P = 0.16 MPa; H2O/C2H5OH = 8.4 mol vol−1;
HSV = 37,500 h−1; catalyst = 5% Rh/Al2O3.

here m is the mass, h the enthalpy, W the electric energy
eleased by the cell, Q the heat exchanged while the index f,
, u, w are referred to fuel, oxidant, useful fraction and wasted
raction.

The efficiency of the transformation process from heat to
lectricity can be determined by the following expression:

= W

mfhf
(10)

In case bio-ethanol is used as a fuel in MCFC, on the basis of
hermodynamic considerations, at 650 ◦C a full ethanol conver-
ion can be expected. Considering that bio-ethanol is a diluted
ixture (11–12 vol% of ethanol in water), the high steam/carbon

atio will makes unfavorable conditions for methane and carbon
onoxide formation and contributes to remove coke, while in the
eantime enhances hydrogen production and ethanol decompo-

ition [4]. To confirm such assertion, in Table 1, as example, the
utlet gas composition detected in the process of bio-ethanol
team reforming is reported [1].

Notwithstanding the large presence of steam, coming also
rom electrochemical reaction, the Nernst potential determined
or a MCFC, fed to the anode with reformed bio-ethanol gas
nd to the cathode with air and CO2 mixture (80 and 20%,
espectively), results to be equal to 1151 mV (Vo = 1021 mV).
his value does not significantly differ from that expected for a
CFC fed by syngas coming from a conventional hydrocarbon

eforming process.
In terms of thermal balance, in case of bio-ethanol use, the

igh flow rate of steam in the outlet flow stream must be careful
omputed, in fact, a lot of heat is required for water vapourization
nd the design of the plant should comprise a system to recover
he latent heat of exhaust steam released at MCFC anode side.

. Thermal balance of IR-MCFC fed by ethanol

The heat balance of an MCFC with internal reforming
IR-MCFC) appears to be complex if compared to a conven-
ional molten carbonate fuel cell. In fact, the overall energy
roduction is the resultant of several contributions, among
hem the most important is the electricity, but if only the
eat flux will be taken into account, it appears that the
verall thermal balance is a function of the cell current den-
ity. For a MCFC, two different zones exist: one, where

he endothermicity of reforming is prevailing and the heat

ust be supplied from an external source (zone characterized
y low current density); another one, where the electro-
hemical cell reaction takes place producing the heat which
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Table 2
DIR-MCFC fed with ethanol/water mixture: working conditions

Temperature (K) 923
Pressure (bar) 1.0
Specific cell resistance (� cm−2) 0.75
Inlet flow of ethanol (ml h−1 cm−2) 41.87
H2O/EtOH (mol mol−1) 3.0
Cathode inlet flow (ml h−1 cm−2) 590
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athode inlet flow composition (%) 80 air + 20 CO2

xidant utilization (%) 35 at 0.15 A cm−2

ould be used to sustain the endothermic reforming reac-
ion.

In the IR-MCFC, the heat balance is strictly depending upon
urrent density. Then, in practice, to sustain the endothermic
team reforming process a minimum value of current density
s required. As example, for a IR-MCFC system, working at
perative conditions reported in Table 2, the minimum current
ensity required to reach the thermal equilibrium corresponds to
14 mA cm−2 as also shown in Fig. 3. For large power MCFC
lant integrated with a cogeneration system the heat balance can
e evaluated as follow [5]:

cell + QX − Qref + (QA in − QA out)

+ (QC in − QC out) − QW + QEXT = 0 (11)

cell = Qreact − QE

react is the electrochemical energy of cell reaction given by:
H Xh2, �H the enthalpy of water formation reaction; Xh2 the
ow of converted hydrogen, Qe the electric energy released by

he system, QX the heat generated by direct reaction of cross-
ver reactans, Qref the heat required for steam reforming process,
QA in − QA out) the heat due to the difference between heat con-
ent of inlet and outlet anode gases, (QC in − QC out) the heat due
o the difference between heat content of inlet and outlet cathode
ases, Qw the heat lost by thermal radiation and QEXT is the heat
xchanged with external sub-system devices.
It can be seen from Eq. (11) that to careful evaluate the overall
eat balance of a MCFC stack it is need to take into consideration
lso: (i) the heat of combustion released by direct oxidation
f hydrogen diffused by cross-over, QX; (ii) the heat lost by

Fig. 3. Thermal power density as a function of current density.
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hermal radiation, Qw and (iii) the heat exchanged with external
ub-system devices, QEXT.

. Technological aspects

The steam reforming is an endothermic process and when it is
oupled to a MCFC, that as well known, is an isothermal process,
he overall thermal balance enhances as well as the thermal inte-
ration is efficient. But, such an integration implies that anode
uel composition is depending by the thermodynamic equilib-
ium of reforming process. So, temperature, pressure and current
ensity will be the operative parameters that can influence such
composition and consequentially, the MCFC system’s perfor-
ance.
Some authors have studied [6–8] the variations of equili-

rated gas composition as a function of pressure (0.1–0.5 MPa)
nd temperature (873–973 K) into a wide range typical of MCFC
perative conditions. Test conditions taken into account by the
uthors are slightly different from that expected by using bio-
thanol, in fact, they adopted an H2O/EtOH ratio equal 2.0
gainst 8.4 that is the typical one for bio-ethanol/water mix-
ure. However, this difference should not invalidate the approach
ollowed to evaluate the influence of the operative parameters
temperature and pressure) on the overall process.

The influence of temperature appears to be very significant
n both reformer and cell performance. Thus, when the sys-
em (reformer plus MCFC) will operate at low temperature (less
han 923 K) a drop of cell voltage must be expected due to:
i) the lowering of hydrogen yield (because lower temperature
eans poorer reformer performance); (ii) the increasing of cell

hmic losses (poorer electrolyte conductibility) and electrode
olarizations (slower kinetic of electro catalytic reactions).

Quite negligible appears to be the influence of the pressure
n the cell performance. In this case, a variation of this param-
ter influences two different mechanism. In fact, higher values
f pressure will inhibit the hydrogen production with a drop
f reformer performance but, in the meantime, it will enhance
he hydrogen partial pressure and consequently also the elec-
rochemical cell reaction will be favored. On the whole, these
wo mechanisms will produce two opposite effects whose global
esultant is nearly negligible. It has been demonstrated that a
omplete conversion of ethanol can be expected if H2O/EtOH
atio above 2 is used, independently from the selected system
onfiguration (IIR or DIR).

As example, the hydrogen concentration (see Fig. 4a and b)
or DIR-MCFC supplied by a mixture of H2O/EtOH = 2 and
ow rate of EtOH corresponding to a 75% of hydrogen utiliza-

ion at a current density of 190 mA cm−2, changes with reformer
emperature (from 58.9% at 973 K and 0.1 MPa, to 46.8% at
73 K and 0.1 MPa), pressure (see Fig. 4b) and cell current
ensity (when is I = 0, only reformer parameters will influence
he hydrogen concentration). Further, these operative conditions
nfluence the global gas compositions through formation of CO

nd CH4. In Fig. 5, the gas composition versus current density for
MCFC integrated directly with an ethanol reformer is shown,

he expected concentration of methane and carbon monoxide at
node is 8 and 17%, respectively.
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Fig. 4. (a) Hydrogen concentration on anode gas composition vs. current den-
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ity at P = 0.1 MPa and T = 873–973 K for EtOH DIR-MCFC, (b) hydrogen
oncentration on anode gas composition vs. current density at T = 923 K and
= 0.1–0.5 MPa for EtOH DIR-MCFC.

As above-mentioned, the configuration of direct internal
eforming represents the best solution to integrate reformer and
ell sub modules, but it exists a severe problem due to the
hysical interaction between electrolyte vapours and reform-
ng catalyst that makes such application quite critical [9,10]. On
his order, some authors [11] studied the possibility to solve this
roblem by insertion of porous membranes into anode compart-
ent to protect internal reforming catalyst. But, in this case, the
eforming step must be performed at high pressure in order to
ave enough hydrogen flux permeation through the membrane
tructure and, thus, to have enough supplying of hydrogen to the

ig. 5. Outlet anode gas composition vs. current density at 973 K and 0.1 MPa
or EtOH DIR-MCFC.
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ig. 6. Ni distribution along cross section of ER-MCFC for different operative
emperature and operational time.

node. The system complexity of this configuration makes very
ifficult its concrete application.

Otherwise, the indirect internal reforming configuration is
onsidered a good compromise to have a good thermal integra-
ion between reformer and electrochemical sub-modules and to
rotect the catalyst from poisoning by alkali vapours.

Usually, MCFC balance plant is designed for having a par-
ial recycling of outlet anode gas flow to the inlet cathode side
n order to supply the carbon dioxide needed to cathode semi-
eaction. Extremely attention must be paid on the determination
f the flow rate of carbon dioxide which must be recycled
ecause high partial pressure of CO2 on cathode side will dra-
atically accelerate the dissolution of the electrode. The basic
aterial (pre-lithiated NiO) of the cathode structure tends to

eact with the recycled CO2 to form Ni ions that have a slightly
olubility in the electrolyte melt. Due to this solubility, the Ni2+

ons migrate by the electrolyte melt, toward anode side where
hey are reduced to metallic Ni by the hydrogen diffused into the

elt. This process is slow but constant in the time and produces
he cathode destruction and the formation of a thick layer of

etallic nickel in the middle of the electrolyte tile cross section
12,13]. The distribution of Ni particles detected into the cross
ections of MCFC, operating at three different temperatures, is
hown in Fig. 6. The mechanism of NiO dissolution is a function
f the acidic/basic properties of the carbonates melt. In general,
melt of carbonates tends to be dissociated into its acidic and
asic compounds:

2CO3 ↔ M2O + CO2 (I)

here, M2O acts as base by supplying O2− ions

2O ↔ 2M+ + O2− (II)

nd CO2 respect to the acidic component:

O2 + O2− ↔ CO3
2− (III)

The NiO in contact with carbonates melt can be involved
nto two different chemical reaction mechanisms. The first is

alled “acidic dissolution” and it is expressed by the following
eaction:

iO ↔ Ni2+ + O2− (IV)
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cases controlled by methane steam reforming and water gas
shift reactions. Naturally, this means that catalytic systems ade-
quate to perform steam reforming of ethanol should possess
physical–chemical properties similar to that used for conven-
F. Frusteri, S. Freni / Journal of

this is the preferential pathway of NiO dissolution when the
ctivity of O2− ions activity is very low) and the second mech-
nism is called “basic dissociation” and the reactions involved
re:

iO + O2− ↔ NiO2
2−

NiO + O2− + 1
2 O2 ↔ 2NiO2

2−

With regard to MCFC, working at 923 K and 0.1 MPa with a
utectic mixture of lithium and potassium carbonates, the experi-
ental evidences have indicated that the NiO acidic dissolution

s the prevailing mechanism of cathode deterioration. From a
eneral point of view, for MCFC, this mechanism is influenced
y the basicity of electrolyte melt, by the CO2 partial pressure
n the cathode inlet flow and by temperature. The basic proper-
ies of the electrolyte can be improved if K2CO3 (more acidic
hat Li2CO3) will be substituted with more basic carbonate, like
a2CO3, even if this choice can require additional investigations

bout segregation problems that can arise for long-term opera-
ions. The CO2 partial pressure value influences directly the rate
f NiO solubility on the carbonate melt. CO2 is needed on cath-
de side because it is involved in the electrode semi-reaction
nd a poor CO2 content will produce high polarization losses.
ut high CO2 partial pressure enhances dramatically NiO dis-

olution process, thus, the choice of CO2 concentration on inlet
athode flow must not exceed 25–30% at 923 K and 0.1 MPa. At
ast, the temperature influences the basicity of a molten carbon-
te mixture and then the rate of cathode dissolution [14]. In fact,
ith respect to the acidic dissolution, the influence of the tem-
erature can be explained by taking into account the carbonates
ecomposition reaction:

O(l)3
2− → O(l)

2− + CO2(g) (V)

hen temperature decreases, carbonate dissolution is greatly
n-favored and this produces a global lower of O2− activity
due to the increase of melt acidity) with a consequent shift
f reaction (IV) towards right side with an overall promotion
f NiO acid dissolution. This statement has been confirmed by
xperimental evidences, in fact, as reported in Fig. 6, a MCFC
perating at 873 K (versus 923 K as usual operating temperature)
or relatively short time (6200 h) showed a massive deposition
f dissolved Ni in the middle cross section of the tile.

. Catalytic aspects

Steam reforming is a well-established industrial process for
he production of hydrogen or syngas from natural gas, other
ydrocarbons and alcohols. In particular, steam reforming of
ethane is highly endothermic (�H = 206 kJ mol−1) and the

arge scale industrial process is usually carried out above 700 ◦C
nd low pressure to ensure high methane conversion and then
igh hydrogen production. In case of alcohol, for example

ethanol, since alcohols are much more reactive than methane,

he reaction can be carried out at lower temperature (for example
ethanol can be reformed at 250 ◦C over Cu based catalysts).
ven ethanol could be steam reformed at low temperature

F
g

Fig. 7. Steam reforming of ethanol: reaction mechanism scheme.

250–300 ◦C) but unfortunately even if it is possible to oper-
te at total ethanol conversion, hydrogen productivity is usually
ow due to the formation of side products like acetaldehyde and

ethane.
To better understand such last assertion, it is necessary to refer

o the reaction mechanism recently proposed by different authors
15–18] (see Fig. 7). Ethanol, in the presence of transition met-
ls usually utilized as active catalyst to perform steam reforming
rocesses, is firstly dehydrogenated to acetaldehyde [16]. Fur-
her to consider the possibility to obtain syngas directly from
cetaldehyde (CH3CHO + H2O = 2CO + 3H2), since acetalde-
yde is not so stable, its tends to decompose in CH4 and CO.
his step is crucial, since if acetaldehyde evolves towards the

ormation of methane, the hydrogen productivity is linked to the
ethane conversion obtainable by steam reforming reactions

nly. Then, according to the thermodynamic equilibrium previ-
ion (see Fig. 8) to obtain high methane conversion, temperatures
igher than 800 ◦C are required.

From the discussion above reported it clearly emerge that
ydrogen production by steam reforming of ethanol, notwith-
tanding ethanol is a very reactive molecule, could in many
ig. 8. Thermodynamic conversion values of CH4 steam reforming and water
as shift reactions.
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ional methane steam reforming process, but they must operate
ith the disadvantage to be in contact with a organic molecule

ike ethanol that at high temperature can easily decompose. A
urther complication arising from the use of ethanol regard the
ossibility that its may be dehydrated to ethylene, and this as
ell known, is a big problem since ethylene is a well known

oke formation promoter.
Several papers have been published in the last decade both

onsidering the possibility to produce hydrogen from bio-
thanol at low or high temperatures. In the following paragraphs,
oth approaches are considered.

.1. Ethanol steam reforming at low temperature

In recent years, several papers have been published to evalu-
te the possibility to produce hydrogen from bio-ethanol at low
eaction temperature. Even though it is not easy to rationalize
esults obtained in different labs and then in different reaction
onditions, an effort has been done addressing the attention to
valuate how physical–chemical properties of catalyst can affect
eaction pathway.

Cobalt has been largely investigated and proposed as appro-
riate metal to promotes the production of CO free hydrogen
19–24]. The influence of support properties on activity, stabil-
ty and product distribution of Co supported on MgO, Al2O3,
iO2, TiO2, V2O5, ZnO, La2O3, CeO2 and Sm2O3 has been
valuated [19]. On acidic carriers mainly of alumina, even
perating at high ethanol conversion significant amount of ethy-
ene was formed while on basic carriers acetaldehyde was
revalent. Co/ZnO catalyst resulted to be the most promising
ne, low amount of CO was detected and H2 and CO2 selec-
ivity of 71.3 and 20.2% where obtained, respectively [20].
owever, even on such promising system CH4, C2H4, C3H6,
H3CHO and Me2CO were detected confirming that reaction
volves with a complex mechanism and by operating at rel-
tively low reaction temperature (<400 ◦C) the obtainment of
ure hydrogen is really a challenge. The same authors have
ecently evaluated the effect of sodium as promoter of Co/ZnO
atalyst concluding that sodium enhance activity and stability
ainly depressing coke formation, furthermore only a small

mount of methane was detected as side product [21]. Other
apers devoted to the study of Co supported catalysts revealed
hat deactivation due to the coke formation and methane pro-
uction represent problems, which are not easy to overcome
22].

The possibility to use Ni as active metal has been largely
onsidered [23–29]. The behaviour of Ni/Y2O3, Ni/La2O3 and
i/Al2O3 has been evaluated by operating at reaction temper-

ture ranging from 250 to 350 ◦C [23]. Even though on all
atalytic systems investigated it is possible to operate at ethanol
onversion very close to 100%, too high methane selectivity
20–30%) were observed. By comparing such results with those
btained on Co catalysts seems clear that Ni works with a dif-

erent mechanism promoting the formation of methane through
ehydrogenation of ethanol to acetaldehyde followed by the
ecomposition of acetaldehyde to CO and CH4. The addition of
u [24–26] seams to depress methane formation but probably

h
T
e
r

r Sources 173 (2007) 200–209

egatively affects Ni reforming activity since high acetaldehyde
electivity (>40%) was observed.

The influence of Ce/Zr ratio on the redox behaviour of Ni
n a series of NiO-CeO2-ZrO2 catalysts was investigated [27].
he catalysts exhibited good catalytic activity and stability

endurance test of 500 h was performed) but even in such case
ethane selectivity higher than 6–7% have been obtained. The

eaction of ethanol over noble metals has also been considered
ince noble metals are known to be very active in activation of the
arbon–carbon bond [28–31]. Rh-Pt/CeO2 [28], Pd/C [29] and
d/Al2O3 [30] have been investigated and as expected they work
ith high ethanol conversion rates, but high CH4 and acetalde-
yde selectivity in case of Rh and Pd, respectively, has limited
he obtainment of high hydrogen productivity.

.2. Ethanol steam reforming at high temperature

Taking into account that MCFC is a co-generative system
perating at 650 ◦C high temperature ethanol steam reforming
rocess is attractive because it offers the possibility to be directly
oupled with a MCFC system utilizing the heat generated at elec-
rode to produce hydrogen. Naturally, as previously described,
urther to consider the problem linked to the deactivation of
atalyst caused by the presence of alkali carbonate originating
rom electrolyte, the high reactivity of ethanol and the presence
f high partial pressure of water vapour in case of use of bio-
thanol represent furthers complications for the design of an
ppropriate catalyst for such purpose.

Ni based catalysts have been largely investigated [31] but
lso Co and noble metal catalysts, mainly Rh, have been stud-
ed. Results obtained over Ni catalysts supported on La2O3,
l2O3, YSZ and MgO [32] revealed the fundamental role

xerted by La2O3 in stabilizing the catalyst activity by decorat-
ng the Ni particles with a thin film of lanthanum oxycarbonate
pecies, which acts as a cleaner of metallic surface of car-
on deposits (La2O2CO3 + C → La2O3 + 2CO). At 650 ◦C and
2O/C = 3 Ni/La2O3 catalyst resulted to be the most stable

nd active system but hydrogen selectivity lower than 77%
as obtained due to the formation of appreciable amounts of
H3CHO and CH4.

Steam reforming of bio-ethanol, in simulated MCFC opera-
ive conditions (H2O/C = 4.2, TR = 650 ◦C) was investigated over

gO supported Ni, Co, Pd and Rh catalysts [16]. The use of a
asic carrier such as MgO allowed to work with modest coke
ormation. The advantages gained are attributable to the inhibi-
ion of the ethanol dehydration reaction (ethylene production)
nd to the electronic enrichment of supported metal which con-
ribute to depress the Boudouard reaction (2CO → C + CO2).
ndurance test of 650 h performed at 10,000 h−1 revealed a
ood performance of Ni/MgO which worked at total ethanol
onversion with a H2 selectivity higher than 96% [4]. The
ddition of alkali (Li, K) stabilizes the Ni/MgO catalyst sys-
em mainly by depressing the metal sintering [33]. Authors

ave reported that Ni particle size (ds) affects the TOF: higher
OF for higher ds. The structure-sensitive character of the
thanol dehydrogenation reaction was invoked to explain such
esult.
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to be completely free (Fig. 11b). TEM results were confirmed
Fig. 9. Coke formation over different supported catalysts.

In general, what emerge from literature data available is that
team reforming of bio-ethanol at high temperature is mainly
ffected by metal sintering, very probably due to the presence
f large amount of water, and coke formation caused by the low
hermal stability of ethanol, which easily decompose and to the
ormation of ethylene by dehydration reaction. Notwithstanding
everal papers have been published, only a few data concerning
he coke formation were reported [16,22,34]. In Fig. 9, a com-
arison of literature data in terms of coke formation rate over
ifferent catalysts is reported. It can be observed that catalysts
ased on the use of acidic carriers like alumina and silica are
ffected by the formation of huge amount of coke since acidic
ites promote dehydration of ethanol to ethylene.

However, the kinetic of coke formation is not depending upon
he support nature only, but also from the nature of active metal.
n particular, on Pd/MgO higher coke formation rate respect
o Ni/MgO were observed, while on Rh/Al2O3, in spite of the
resence of alumina coke forms with very low rate.

As regard, the morphology of carbon formed during reaction,
urther to depend upon the reaction condition used, a fundamen-
al role was played also by the nature of both support and metal
nd from their chemical–physical interaction. TEM overview of
oth used bare and alkali doped Ni/MgO catalysts (see Fig. 10)
evealed the formation of both filamentous and condensed car-
on. In general terms it seems that a relationship exist between
he size of carbon filament and the Ni particle size: the higher is
he Ni particle size the higher is the size of carbon filaments.

As reported in the current literature, in case of methane
eforming on Ni based catalysts, it is well known that methane
ecomposes on the exposed surface of the metal particle releas-
ng hydrogen and carbon which tends to dissolve in the metal
article. Naturally, the solubility of carbon in a metal depends
pon several factors. For example, due to the exothermic decom-
osition of methane, it is believed that a temperature gradient
xists across the catalyst particle. Since the solubility of car-
on in a metal is temperature dependent, precipitation of excess
arbon will occur at the colder zone behind the particle, thus,
llowing the solid filament to grow with the same diameter as

he width of the catalyst particle [35]. Further to consider the
ffect of temperature, the carbon diffusion through the Ni par-
icle depends upon: (i) thickness of particle (effective length of

b
c
o

ig. 10. Steam reforming of ethanol: TEM images of Ni/MgO aged catalysts:
a) bare Ni/MgO and (b) K doped Ni/MgO.

arbon diffusion); (ii) metal specific surface area; (iii) concen-
ration of carbon in metal at the gas side and (iv) concentration
f carbon at the rare side of metal particle [36]. As a conse-
uence, it can be inferred that the carbon formation is directly
roportional to the driving force of diffusion. At steady state, the
oking rate equals the rate of carbon diffusion through the metal
articles. It was evident from literature that metal particle size
lays a crucial role in the kinetic coke formation independent
f the carrier used to support the active metal. The benefit of
sing of K doped catalyst (see Fig. 10b) to avoid the formation
f carbon filaments with Ni at tip is identified in the electronic
nrichment of the active phase which reflects both in depress-
ng the Bouduard reaction and the hydrocarbon decomposition
ctivity which are considered the main responsible in the coke
ormation during reforming reactions [37]. As a consequence,
he concentration of carbon on metal Ni surface never reach high
alue and carbon diffusion trough Ni particle is limited. In case of
h/Al2O3 coke tends to encapsulate the particles (see Fig. 11a)
hile in the presence of oxygen in the reaction stream coke

ormation was drastically depressed and Rh particles appear
y carbon elementary analysis (CHNS) shown in Fig. 12: the
oke formation rate significantly decreases in the presence of
xygen.
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(CH4 selectivity higher than 5–10% have been reported [44]). Pd
resulted to be less active than Rh and in addition is not so active
in methane conversion and this negatively affects the hydrogen
productivity [45].
ig. 11. Steam reforming of ethanol: TEM images of Rh/Al2O3 aged catalyst:
a) without oxygen in the fed gas and (b) with oxygen in the fed gas.

Different authors have observed significant benefits in per-
orming steam reforming of ethanol in the presence of oxygen,
oth in terms of activity and catalysts stability [34]. Oxy-
en contributes to oxidize carbon residues formed during

eaction maintaining free the metal active surface. Results
btained in our laboratory [38], reporting the behaviour of
i/MgO and Ni/CeO2 catalysts in reforming of bio-ethanol (see
igs. 13 and 14) in the presence of steam (SR) and oxygen (ATR)

ig. 12. Steam reforming of bio-ethanol over Rh/MgO catalyst: coke formation
ate in the absence and in the presence of oxygen in the reaction stream.

F
c
G

ig. 13. Steam reforming of bio-ethanol: coke formation on Ni/MgO and
i/CeO2 catalysts in the steam and auto-thermal reforming.

ave shown the fundamental role exerted by oxygen which, fur-
her to contribute to depress coke formation it enhances both
atalyst activity and stability.

The steam reforming of ethanol at high temperature over
oble metals has been also studied [39–43]. It is beyond doubt
hat Rh based catalysts shows the best performance both in terms
f specific activity and catalyst stability. However, a perplexity
emains concerning the extremely high activity in methanation
eaction, which negatively reflects on the hydrogen productivity
ig. 14. EtOH conversion vs. reaction time on (A) Ni/CeO2 and (B) Ni/MgO
atalysts. A comparison between SR and ATR conditions: TR = 650 ◦C;
HSV = 40,000 h−1.
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Ru-containing catalysts supported on cordierite monolith has
een recently proposed for the hydrogen production by partial
xidation of ethanol [45]. Catalyst seems to be enough stable
ut too high selectivity to CH4, C2H4 and C2H6 were found.

. Conclusions

Bio-ethanol steam reforming appear to be very promising to
produce hydrogen for MCFC application;
MCFC electric performance using a hydrogen rich gas coming
from reforming of bio-ethanol is very similar to that of MCFC
fed with a conventional fuel;
for a good thermal balance of the MCFC overall plant the
high flow rate of steam in the reaction stream must careful
computed;
the ethanol steam reforming reaction mechanism in general
evolves through the formation of acetaldehyde as first step.
Acetaldehyde, further to be steam reformed, decomposes into
methane and CO restraining so the hydrogen productivity to
the conversion of methane by steam reforming;
the metal sintering and the coke formation represent the main
causes of deactivation of reforming catalyst;
in IR-MCFC configuration further to consider the catalyst
deactivation due to the metal sintering and coke formation,
the deposition of vapour carbonates coming from electrolyte
must also be considered;
the presence of low amount of oxygen in the reaction stream
positively affects both activity and stability of reforming cat-
alyst mainly depressing the coke formation;
Co/ZnO catalyst resulted to be a promising catalyst for the CO
free H2 production at low temperature;
Ni/La2O3, Rh/MgO and K-Ni/MgO demonstrated to posses
adequate properties to be used at high temperature in MCFC.
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