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Abstract

Recent research has been focused on methods to produce hydrogen. There is growing interest in the properties of
hydrogen as an energy carrier and the prospects look good for hydrogen use in fuel cell applications, especially when
production processes involve clean, renewable sources.

Although natural gas steam reforming is the most common way to obtain hydrogen, ethanol steam reforming (ESR)
may reduce the dependence on fossil fuels and cut harmful emissions.

The ESR reaction is promoted at high temperatures, being strongly endothermic, but in some cases it can be performed
at low temperatures, using this process as a pre-reforming step before conventional methane steam reforming (MSR).
The low temperature range could reduce: the thermal duty, costs and CO formation, making the produced hydrogen
capable of being fed into a fuel cell.

The performances of Ni-based catalysts for ethanol steam reforming in a low temperature range (LT-ESR) were eval-
uated. In particular, the activity of bimetallic samples, prepared by impregnation and coprecipitation, was monitored
in both diluted and concentrated feed stream conditions. By comparing bimetallic catalysts with monometallic ones
prepared at different Pt or Ni loadings, it was possible to identify the most suitable sample. 3%wtPt / 10wt%Ni / CeO,
obtained by impregnation achieved the highest performances in terms of both H yield and durability, allowing perfect
agreement with thermodynamic data. However, during stability tests, reaction plugging phenomena occurred. By chang-
ing the water-to-ethanol molar ratio from 3 to 6, a considerable increase in durability was observed. The investigation
of exhaust catalysts through various characterization techniques was helpful for studying in detail possible sintering or
deactivation occurrence.
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1. Introduction steam reforming processes. The reactions are strongly en-
dothermic, consequently they usually take place in a high
temperature range of 700...900°C. Thus a large amount of
energy is consumed, which becomes a great obstacle in
on-site hydrogen production such as fuel cell application.

Hydrogen will play a key role in the trend toward harness-

ing sustainable energy sources. The demand for hydrogen

is continually increasing due to its use as an energy source

in hydrogen fuel cells. Hydrogen production from various
primary energy sources such as fossil fuels and biomass  High temperature processes require a lengthy start-up time

could prove to be a very important technology for meet-  for heating the catalyst bed and a heat-exchanger for achiev-
ing future energy demand. At present, regardless of the  ing higher energy efficiency. However, small commer-
feedstock, hydrogen is mainly produced through catalytic  cial technologies require a quick start-up and simple pro-
cesses, so the use of high temperatures causes serious prob-

“Corresponding author lems [1-3]. Therefore, a catalytic process working at lower
Email address: fcastaldo@unisa.it (Filomena Castaldo™) temperatures is desired, and high energy efficiency cou-
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pled with fast start-up features is the optimal compromise.
To date, many processes have been proposed for low tem-
perature hydrogen production, including oxidative reac-
tions like partial oxidation of methane / hydrocarbons

to produce syngas, autothermal reforming, and oxidative
steam reforming (oxyreforming). Some researchers have
investigated autothermal reforming and partial oxidation
of methane / hydrocarbons to produce synthesis gas at
lower temperatures than steam reforming of methane, but
their use of exothermic reactions (oxidation) decreases the
fuel’s calorific value [4-6].

Lowering the temperature may reduce energy consump-
tion and the cost associated with the material of the re-
former. However, it will also affect conversion and cat-
alytic activity. Therefore, a catalyst with high catalytic
activity at lower reaction temperature is required in a re-
alistic system.

Considering that MSR significantly impacts the environ-
ment, through the use of a non-renewable source and emis-
sions of toxic gases, clean and renewable raw materials
have been proposed for the steam reforming reaction [7—
10]. As a mature technology related to reformation of hy-
drocarbons already exists, the implementation of reforma-
tion processes involving other substrates, such as alcohols,
seems highly realistic [11].

Recently, industrial research has focused on ethanol, which
appears a good candidate for several reasons: it is renew-
able, increasingly available, easy to transport, biodegrad-
able, and low in toxicity; moreover, it easily decomposes
in the presence of water to generate a hydrogen-rich mix-
ture and is free of catalyst poisons such as sulfur. Fur-
thermore, a bio-ethanol to hydrogen system has two sig-
nificant advantages: (i) it is nearly CO, neutral, since the
carbon dioxide produced in the process is consumed for
biomass growth, offering a nearly closed carbon loop; (ii)
bio-ethanol, i.e. ethanol in aqueous solution, obtained
through the biomass fermentation can be used directly:
in fact, since steam is necessary for the reforming reac-
tion, an expensive step for the separation of water is not
required [12—14].

Ethanol steam reforming (ESR) is a catalytic and endother-
mic reaction (1).

C,HsOH+3H,0 & 6Hy+2C0;, [AH»9gx = —174 kJ/mol]
(1)
There are other reaction pathways, mostly undesired, that
could occur in parallel or in series. Some of them in-
volve C,Hs0OH dehydration to ethylene (C,H4) and wa-
ter, followed by polymerization of C,H4 to form coke,

C,HsOH decomposition or cracking to CHy, followed by
steam reforming, C;HsOH dehydrogenation to acetalde-
hyde (C,H40), followed by decarbonylation or steam re-
forming of C,H40, C;HsOH decomposition into acetone
(CH3COCH3), followed by steam reforming [15-17].
Various authors have tried to perform a thermodynamic
analysis of the ethanol steam reforming reaction, conclud-
ing that high temperature, together with a high water-to-
ethanol molar ratio and low pressure are necessary to pro-
mote selectivity towards hydrogen instead of by-products
formation [18-20].

In order to feed the hydrogen produced through steam re-
forming to a fuel cell, some downstream purification pro-
cesses are necessary, in particular the CO-WGS reaction
is needed to remove the carbon monoxide, which is harm-
ful to fuel cell anodes. Since it is exothermic, the WGS
reaction is promoted at low temperatures. Moreover, high
temperature ESR can suffer from thermal inefficiencies.
As a result, a low temperature range has also been pro-
posed [21, 22]. When carried out at temperatures lower
than 600°C, ESR can provide a hydrogen-rich gas and it
is also possible to reduce the overall thermal duty, enhanc-
ing plant compactness and lowering the capital costs.
LT-ESR is characterized by a high selectivity toward the
formation of coke precursors, responsible for faster cata-
lyst deactivation. As a consequence, the choice of catalyst
is crucial in LT-ESR in order to obtain, at low temperature,
a gas stream rich in CH4 and H, with low CO content, and
also to inhibit coke formation, ensuring high stability for
the system [23, 24].

Recent literature deals with the steam reforming of ethanol
on various catalytic systems, mainly supported on CeO,:
its oxygen storage / transport capacity and high oxygen
mobility [25-27] render this material very interesting for
steam reforming reactions to give stability to the final cat-
alyst, oxidizing possible coke deposits.

Noble metals (Au, Pd, Pt, Rh, Ru, Ir) as active species
were found to be very active in steam reforming and WGS
reactions [28-30]. For reasons of cost, non-noble met-
als have also been proposed [27-33], taking advantage of
their ability to break C-C bonds.

Nickel-based catalysts employing stable inert oxide sup-
ports, such as Al,O3 and MgO, are still commercially
used due to the reduced cost, despite serious problems
of coke formation and relatively low activity compared
to noble metals. Recently, catalysts containing more than
one active species (e.g. Cu-Ni, Co-Al, Cu-Zn-Al, Pt-Ni,
Pd-Ag-Ni, Ni-Co, Pt-Co) have also been investigated be-
cause of their significantly different catalytic properties
with respect to either of the parent metals [34—37]. Bimetal-
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lic catalysts may sometimes exhibit superior activity, se-
lectivity and deactivation resistance compared to those of
the corresponding monometallic ones. Enrichment of Ni-
based catalysts formulations by a very small amount of
noble metal can result in an inexpensive bimetallic sup-
ported system assuring both high activity and higher cok-
ing resistance. It has been reported that the introduction
of a small amount of Pt into Ni / ZSM-5 led to a sig-
nificant improvement in activity and stability of the cat-
alyst, which was attributed to increased Ni metallic dis-
persion caused by the intimate contact between Ni and Pt
at Ni loading of 6 wt.% [38]. Also, by adding platinum to
other non-noble metals, such as Co, sensible gains can be
achieved. In fact, it was found that in the case of bimetal-
lic Ni- or Co-based samples, enhanced catalytic perfor-
mances are possible even at an intermediate Pt load, lower
than the amount of platinum necessary in the monometal-
lic catalyst to obtain satisfactory activity and durability [39].
In the present work, we examined hydrogen production by
LT-ESR over Ni- based catalysts. In order to the select the
best catalytic formulation, monometallic and bimetallic
samples performances were compared, also studying the
effect of Pt addition. The properties of the catalysts, pre-
pared by two different techniques (impregnation and co-
precipitation), were highlighted through a series of char-
acterization techniques. Moreover, the influence of reac-
tion temperature, space velocity and feeding conditions on
activity and selectivities was investigated. After prelimi-
nary screening, the stability of the most interesting cata-
lyst was evaluated, with the intention being to examine the
possible coke formation tendency.

2. Experimental methods

2.1. Preparation of catalysts

The bimetallic catalysts were prepared by wet impregna-
tion and coprecipitation methods. In both cases, before

preparation, the support, commercially available CeO, (Aldric

BET surface area of 80 m? / g), was calcined in air at
600°C for 3 h (dT / dt=10°C / min) in a muffle furnace.

All chemicals used were HPL.C grade obtained from Aldrich.

The impregnated samples were obtained by dispersing the
calcined support in an aqueous solution of the active metal
precursors (0.1 M for Ni impregnation and 0.01 for Pt
one), the nickel acetate (C4HgO4Ni-4H,0) or the plat-
inum chloride (PtCly).

The impregnation procedure was carried out for 3 hours
at 80°C and then drying overnight at 120°C and calcina-
tion, carried out in the same conditions of the support,
occurred. Two following impregnations were performed

and the amount of precursor was selected in order to ob-
tain the desired metal loads, equal to 3wt% for the noble
metal and to 10wt% for the non-noble metal. These values
were optimized previously [39].

The coprecipitation technique starts by adding a NaOH
2 M solution to the aqueous solution of metal salts. The
resulting precipitate was centrifuged, washed, dried overnight
at 120°C and finally calcined.

The performance of a monometallic Ni / CeO, catalyst
was compared with the behavior of bimetallic samples,
based on Ni with an ascending amount of noble metal.
The monometallic Ni-, Co- and Pt-based samples have
been previously studied in detail [39], preparing them us-
ing the impregnation method and characterizing through
different techniques. It was found that the optimal metal
load was equal to 10wt% for a non-noble metal and at
least Swt% for platinum, the latter amount being required
to increase the stability and CHy4 selectivity. The experi-
mental tests results also showed that the addition of 10%
wt of a non-noble metal makes it possible to achieve ex-

cellent performance even at the intermediate Pt load (1...3wt%).

In this paper, the monometallic Pt- and Ni-based catalysts,
supported on CeO,, were considered as a reference for
the CeO,-supported bimetallic samples, containing both
Pt and Ni, which were studied in detail. The catalysts were
obtained through coprecipitation and impregnation; in the
latter case, the order of deposition of metals was also in-
vestigated. The impregnated bimetallic samples were de-
noted Pt / Ni or Ni/ Pt, depending on the order of impreg-
nation, while the coprecipitated ones were denoted Pt-Ni;
the metals’ names were preceded by the metal load (e.g.
1Pt/ 10Ni is a catalyst prepared by impregnation and con-
taining 1wt% of Pt and 10wt% of Ni). The samples were
properly characterized and the results were compared with
the properties of the monometallic ones, previously inves-
tigated. The catalytic performances in the LT-ESR were
evaluated in terms of activity, selectivity and stability, in
pf)th diluted and concentrated conditions.

2.2. Characterization of catalysts

The catalysts were characterized by EDXRF analysis, Nj
adsorption at -196°C, X-Ray Diffraction (XRD), Temper-
ature Programmed Reduction (TPR), Thermogravimetric
analysis-Mass Spectrometer (TG-MS), Micro Raman Spec-
troscopy and TEM analysis.

Chemical analysis was performed by Energy Dispersive
X-Ray Fluorescence (EDXRF) analysis (Thermo-Scientific
QUANT’X).

Nj adsorption at -196°C was carried out through a Costech
adsorption equipment, SORPTOMETER 1040 “Kelvin”
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by Costech Analytical Technologies. Each catalyst under-
went pre-treatment at 150°C for 1h in He flow to remove
possible moisture from the catalyst surface, followed by
specific surface area measurement using the B.E.T. method.
XRD was performed in a D-max-RAPID X-ray microd-
iffractometer, with a cylindrical imaging plate detector,
which with Cu-Kea radiation enables the collecting of diffrac-
tion data from 0 to 204° (2¢3) horizontally and from -45 to
45° (29) vertically. The incident beam collimators enable
different spot sizes to be projected onto the sample. The
equipment operated at 40 kV and 20 mA.

The average oxides crystallite sizes were calculated using
the Scherrer formula:

kA
d=
Bcosf

2)
where:

e k is the dimensionless shape factor (0.9);

e 1is the wave length (typically 1.54 A);

e 3 is the width at half height of the maximum in-
tensity (also known as FWHM: full width at half
maximum) in radiant;

e 6 is the diffraction angle.

TPR measurements were performed in the laboratory ap-
paratus for ethanol steam reforming. Fresh catalysts, be-
fore every ESR test, were reduced in situ at 600°C for 1 h
at 10°C / min heating rate under 1,000 cm? / min flow rate
of a gas mixture containing 5 vol% of Hj in Nj.

TG analysis were carried out in a thermogravimetric an-
alyzer Q600, TA Instrument (at 800°C at 10°C / min in
air), coupled with a Mass Spectrometer (MS).

The Raman spectra were produced with a Dispersive Mi-
croRaman (Invia, Renishaw), equipped with 785 nm diode-
laser, in the range 100...2,500 cm~! Raman shift.

TEM observations were performed with a FEI Tecnai F20
equipped with an EDX spectrometer.

All the characterization tests were carried out at the De-
partment of Industrial Engineering of the University of
Salerno, except for the TEM analysis, which was per-
formed at the Department of Earth Science “Ardito Desio”
of the University of Milan.

2.3. Lab-scale apparatus: description & procedure

The catalytic tests were carried out on the catalyst, after
the TPR measurements, using laboratory apparatus (Fig. 1)
which can be easily modified depending on the desired ex-
periment.

(a) ———— 1

§le] 28
©

—— Main path
— — - Heated path

Figure 1: (a) Experimental set up apparatus; (b) Feed section for di-
luted tests

All the gas pipes (1 /4” OD) are of Teflon, while the con-
nections are made with Swagelok union and two, three
and four way Nupro valves; all the gas comes from SOL
S.p.A with a purity degree of 99.999%.

The bio-ethanol feed stream is simulated by preparing a so-
lution of bidistilled water and pure ethanol. The prelim-
inary activity tests were undertaken using a diluted feed
stream, with the following feed gas composition: 0.5 vol%
EtOH / 1.5 vol% H,0O / 98 vol% N5. In this case, the re-
actants were fed through saturation of a nitrogen flow at

fixed temperature (Fig. 1b). Therefore a water-to-ethanol
molesto

ratio, defined as r.a. = , which was equal to

mnlesCZH5 OH
molesy,

3 and a dilution ratio, defined as r.d. = molescyon molesTyo

which was equal to 49 were employed.

In reality, the raw bio-ethanol stream contains up to 12%wt
of ethanol, which is about 5vol% of ethanol in the gas
phase. Thus, after preliminary screening in diluted con-
ditions, more concentrated feed mixtures were used, with
r.d. values of 4, 1.5 and 0.67, equivalent to 5, 10 and
15v0l% of ethanol in the feed stream. In these conditions,
it was indispensable for the feed equipment to properly
vaporize the liquid fuel. The liquid ethanol / water mix-
ture, prepared depending on the desired molar ratio be-
tween the two substances, is stored in a tank and sent to
the vaporization section after premixing with a N, dilu-
tion stream, and fed through a Brooks 5850 mass flow
controller (MFC). To feed an accurately controlled flow,
a Coriolis controller is used (Quantim by Brooks).

In both diluted and concentrated conditions, a water-to-
ethanol molar ratio corresponding to the stoichiometric
ratio was used. From the thermodynamic analysis, this
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Figure 2: Coke selectivity (S .) as a function of temperature at different
water-to-ethanol molar ratios (a) and dilution ratios (b) from thermo-
dynamic calculations

was found to be the minimum value to avoid coke for-
mation, as reported in Fig. 2a, in which it is possible to
observe coke selectivity as a function of temperature and
r.a.. In contrast, carbonaceous species selectivity is not
significantly affected by r.d. variations (Fig. 2b).

The reaction section is characterized by a three zone elec-
tric oven in which is placed a tubular stainless steel (AISI-
310) reactor (18 mm i.d.). The catalytic bed is located in
its annular section and the powder catalyst (180...355 mm)
is typically sandwiched between quartz flakes of same di-
mensions of the reactor. The temperature in the oven is
controlled by three temperature programmer-controllers
(TLK 43 by Tecnologic) connected to three K-type ther-
mocouples located inside the oven while the temperature
of the catalytic bed is measured through three other K-
type thermocouples that are placed at the inlet, the middle
and the outlet of the catalytic bed. A differential pressure
sensor controls the pressure drops through the catalytic
bed.

The products at the reactor outlet can be detected through
an online FT-IR multigas analyzer, able to simultaneously

analyze and display more than 30 gases, in addition to
noble gases such as xenon and argon, and homomolec-
ular diatomic molecules such as O,, N, and H,. The
H; and O, concentrations were measured respectively by
a CALDOS 27 thermoconductivity analyzer and a MAG-
NOS 206 paramagnetic analyzer. ABB continuous ana-
lyzers were also supplied with a sample gas conditioning
system. The analyzers were connected via ethernet to the
PC by the AO-OPC server, a standard software interface
to the AO 2000 series ABB gas analyzers.

To avoid water condensation, the whole connection from
the feed section to the FI-IR gas analyzer was heated by
heating tapes controlled by a K-type thermocouple con-
nected to a temperature programmer controller: TLK 43
by Tecnologic.

The gas cell used in diluted conditions was characterized
by an optical path length of 2 m while, for concentrated
conditions tests, a new cell with an optical path length of
12 cm was designed in order to avoid saturation phenom-
ena.

Catalytic tests in diluted and concentrated conditions were
performed at Q,,=1000 Ncm? / min and GHSV=15,000 h™';
catalyst performances were evaluated through ethanol con-

version, hydrogen yield and products selectivity:
(molesgiom,in — molesgion.ou)

XeioH = 100
molesgon,in
moles 6
Yu, = ( H2.0u1/0) 100
molesgon,in
moles
S b product,out 100

(v) * (molesgiom,in — molesgot,ou)

where
e P...-product(CHy4, H,O, CO, CO,)

e n...-stoichiometric ratio between the reaction prod-
uct and ethanol.

3. Results and discussion

3.1. Characterization results

The characterizations of the bimetallic catalysts are dis-
cussed in detail. From the SSA measurements, reported
in Table 1, a clear reduction of specific area with respect
to CeO, alone was observed. The support calcination step,
which foregoes impregnation, induced the first SSA low-
ering from 80 to 60 m? / g; also the deposition of metals on
CeO; caused a considerable decrease in the specific sur-
face area, probably due to the crystallites rearrangement
and the metals-support interaction during preparation and
calcination step [40].
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Table 1: List of catalysts and support and results of ICP analysis, SSA evaluation tests and crystallites dimension calculations

Catalyst Metal content by ICP analysis SSA, m?/ g dceor, nm  dyip, nm
Pt Ni
3Pt/1I0Ni 2.8 9.8 42 23 21
I0Ni/3Pt 2.7 10.8 39 26 18
3Pt-10Ni 3.2 109 41 6 21
3.0
NiO NiO NiO 25
| | | 2
= - n
3 : : g 20
2z 1 1 10Ni/3Pt @
- = 15
2 1 3Pt/10Ni ‘g‘.
= . o 40
3Pt-10Ni T .
0.5 b
20 36 4‘0 50 s‘o 76 80 0.0 s S )
20 100 200 300 400

Figure 3: XRD patterns of PtNi-based catalysts and of CeO,

The XRD characterizations have also been done, in order
to study both employed materials structure and crystallites
dimension.

The XRD patterns of the unreduced bimetallic catalyst,
based on both Pt and Ni, are presented in Fig. 3. They
were compared with the XRD profile of the calcined CeO,
and with the database of the International Centre for Diffrac-
tion Data (ICDD).

The peaks of the fluorite structure of the cerium oxide
were detected in each case. The Ni-based catalysts also
showed the peaks related to NiO (ICDD file: 78-0643,
at 37.265°, 43.298° and 62.896°), probably formed dur-
ing the calcination step. However, the comparison be-
tween the XRD spectra of the differently prepared cata-
lysts showed less intense peaks for coprecipitated ones.
For all the samples, no relevant peaks related to PtO, species
were detected probably due to the low metal load or to its
high dispersion on the catalyst.

The crystallites sizes, calculated using the Scherrer for-
mula (Eq. 2), are reported in Table 1; for NiO, the refer-
ence peak was located at 43.298° (1 1 0) while the crystal-
lite dimensions of cerium oxide were obtained as the aver-
age between the values calculated for the peak at 28.542°
(1, 1, 1), 47.475 (2, 2, 0) and 56.332 (3, 1, 1). The crys-
tallites sizes are of the same order of magnitude (about

Temperature, °C

Figure 4: TPR profile of Pt/ Ni catalyst after deconvolution

20 nm), except for the CeO, crystallites average dimen-
sion of the coprecipitated sample, which is 6...7 nm. This
is in agreement with the lower intensity observed in the
XRD profile.

The TPR profile, after deconvolution, for the 3 Pt/ 10 Ni
sample is reported in Fig. 4, showing that the reduction
of catalysts occurred in two main temperature regions, the
first, observed between 130 and 160°C, is assigned to the
reduction of PtO, species while the second wide bands at
higher temperature could be associated with the reduction
of the non-noble metal oxide [38, 41-44]. The same be-
havior is observed with 10Ni / 3Pt and 3Pt-10Ni sample,
even if the second peak of the impregnated catalyst with
the opposite impregnation order showed a wider and lower
intensity. After deconvolution, it was possible to ascribe
the contributions in a more precise way and to calculate
the hydrogen uptake. The results are reported in Table 2.
The experimental values were compared with the theoret-
ical ones, obtained as a function of the metals load and of
the expected metal oxides, taken from the literature. The
reduction of PtO, to metallic Pt, using a catalyst contain-
ing 3wt% of platinum, involved 380 mmol H; / g.4;. Con-
sidering that the amount of non-noble metals was 10wt%,
the hydrogen uptake related to the reduction of NiO to Ni
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Table 2: TPR H, uptake of bimetallic Pt and Ni-based catalyst

Catalyst T, Experi- Expected Expected Total Total
°C mental Pt — PO Ni** — Ni° experimental expected
168 480 287
3Pt/ 288 856 1673 1984 1960
10Ni
319 649
159 335 277
10Ni / 287 853 1843 1602 2120
3Pt
323 414
206 327 328
3Pt-ONi 245 1463 3309 2188
327 1058 1860
459 451

was 1707 mmol Hy / g.;-

The samples showed a discrete agreement between the
overall experimental hydrogen uptake and the expected
value, with some differences in single contributions, prob-
ably due to spillover phenomena [45]. This kind of behav-
ior can be particularly amplified in the case of coprecip-
itated catalysts, which showed an experimental hydrogen
uptake considerably higher than the theoretical one; be-
side this, this discrepancy could also be due to the low di-
mensions of the crystallites, which gives higher reducibil-
ity to the catalyst.

3.2. Catalytic tests in diluted conditions

The tests in diluted feed stream were performed in fixed
operating conditions: P = 1 atm, T = 300°C, GHSV =
15,000 h™!, Oror = 1,000 Ncm? / min. The feed mixture
had the following composition: 0.5 vol% EtOH/ 1.5 vol%
H>O /98 vol% N, hence the dilution ratio was 49 and the
water-to-ethanol molar ratio 3 (r.d.=49, r.a.=3). All tests
were carried out at GHSV = 15,000h~! for a reaction time
of about 60 min.

The bimetallic catalysts results, shown in terms of Xg,0q,
Yn2 and S, are reported in Tables 3 and 4 and compared
with the values obtained for the monometallic samples.
The monometallic platinum-based catalysts showed a very
interesting performance, but the formation of acetone as
by-product reduced hydrogen yields. In the presence of
these samples, in fact, dehydrogenation of ethanol to ac-
etaldehyde, followed by the decarbonylation of acetalde-
hyde to acetone occurs. However, by increasing the metal

Table 3: Ethanol and water conversion and hydrogen yield in ESR
on CeO, supported monometallic and bimetallic. Experimental con-
ditions: T = 300°C, EtOH = 0.5vol%, EtOH:H,O:N, = 0.5:1.5:98,
Total gas flow rate = 1000 Ncm? / min, GHSV = 15,000 h~!, Time on
stream = 1 h

Catalyst  Xgion, % Ymo, %
1Pt 90 30
3Pt 100 37
5Pt 100 38
10Ni 89 25
20Ni1 80 23
1Pt/ 10Ni 100 43
1Pt / 20Ni 100 42
3Pt/ 10Ni 100 45

load in the range 1...5, selectivity towards hydrogen and
carbon dioxide increases; in particular, with 5 wt% Pt /
CeO,, the reformate gas mainly contains CHs, CO; and
Hy, since the ability of the system to minimize CO and
C3HgO formation is higher.

Taking into account the significant activity of nickel in
steam reforming reactions and its lower cost with respect

to noble metals, it was also used as active phase in monometal-

lic cerium oxide-supported samples. The nickel-based cat-
alysts performed worse than the platinum-based samples.
In particular, ethanol conversion was lower than 90% and
undesired acetaldehyde was also detected in the products
distribution. However, by varying the nickel amount in
the range 10...20wt%), it is possible to observe the highest
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Table 4: Product selectivities in ESR on CeO, supported monometallic and bimetallic. Experimental conditions: T = 300°C, EtOH = 0.5vol%,
EtOH:H,0:N, = 0.5:1.5:98, Total gas flow rate = 1000 Ncm?® / min, GHSV = 15,000 h~!, Time on stream = 1 h

Catalysts ~ Scpa, % Sco,% Scoz, % Sz, % Scousa, % Sciueo, % Scauso, %
1Pt 31 21 26 30 0 16 0
3Pt 43 2 56 39 0 1 0
5Pt 40 0 59 38 0 0 0
10N1 17 20 8 28 0.2 9 7
20Ni 19 19 10 28 0.2 0 0
1Pt/ 10Ni 35 0.1 56 44 0.1 0 0
1Pt / 20Ni 34 0.5 55 42 0 0 0
3Pt/ 10Ni 50 1 56 44 0 0 0

hydrogen yield and ethanol conversion on 10% Ni / CeO,.

Some bimetallic samples, containing Pt and Ni, and sup-
ported on CeO;, were investigated, with the idea being
to combine the properties of noble and non-noble metals
by using a platinum load lower than Swt%. It is evident
that the formation of undesired products can be avoided
through the combination of a non-noble metal with a small
amount of noble metal, since any acetaldehyde, acetone
and ethylene trace is recorded for the Pt / Ni samples.
When nickel is already deposited on cerium oxide, the ad-
dition of a small amount of platinum (1wt%) is able to
considerably raise the ethanol conversion and hydrogen
yield, lowering, at the same time, CO levels in the prod-
ucts mixture. It was confirmed that the optimal nickel load
is 10 wt%, while it is not necessary to reach Swt% of plat-
inum, like in the monometallic sample. 3 Pt / 10 Ni /
CeO, gives a very interesting performance, ensuring to-
tal ethanol conversion. The maximum value of hydro-
gen selectivity is obtained, likely thanks to the aptitude
of platinum to enhance the hydrogenation capability of
nickel. Moreover, scarce carbon monoxide selectivity was

noticed and there was an absence of undesired by-products.

In fact, the carbon mass balance closure was verified, when
calculated considering CH4, CO and CO; as C-containing
products in the outlet stream.

The effect of temperature was also investigated, in the
range 300...450°C, for 3Pt / 10Ni. The results are re-
ported in Fig. 5, where the reactants conversion and hy-
drogen yield are shown as a function of temperature while
in Fig. 6 the product selectivities are presented as a func-
tion of temperature. Ethanol conversion is total in the tem-
perature range examined while water conversion reaches
63% at 450°C; the hydrogen yield increases 10% pass-
ing from 300 to 450°C. Moreover, at T>450°, the val-
ues remain stable. Concerning the production of carbon-
containing products, methane selectivity decreases from
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Figure 5: Effect of temperature on ethanol and water conversion and
on hydrogen yield in ESR on CeO, supported Pt / Ni catalysts. Exper-
imental conditions: EtOH = 0.5 vol%, EtOH : Hb,O : N, =0.5: 1.5 :
98, Total gas flow rate = 1,000 Ncm? / min, GHSV = 15,000 h™!, Time
on stream = 1 h

50 to 24% by increasing temperature from 300 to 450°C
and, simultaneously, CO, one varies from 44 to 65%. How-
ever, despite the considerable values of Hj yield (higher
than 50% at 450°C), the growth in CO selectivity from 0
to 9% must be taken into account.

The bimetallic catalyst is capable of achieving very in-
teresting performances, as it showed total ethanol conver-
sion, high hydrogen yield and no by-product formation
at very low temperatures. In contrast, in the case of the
monometallic samples, higher temperatures were required
to achieve complete ethanol conversions.

3.3. Catalytic tests in concentrated conditions

3Pt / 10Ni catalyst was also tested in more concentrated
conditions, in order to better simulate the real amount of
ethanol present in the raw bio-ethanol stream.

A total flow rate of 1,000 Ncm? / min was used, at the
following feed stream composition: 5% C,HsOH / 15%
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Figure 6: Effect of temperature on products selectivities in ESR
on CeO, supported Pt / Ni catalyst. Experimental conditions:
EtOH = 0.5 vol%, EtOH:H,O:N, = 0.5:1.5:98, Total gas flow
rate = 1000 Ncm? / min, GHSV = 15,000 h™!, Time on stream = 1 h
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Figure 7: Experimental (points: filled square H,O, filled diamond H,,
filled triangle CHy4, open square CO,, open diamond CO, filled circle
C,HsOH) and equilibrium (lines) products’ distribution as a function
of temperature for 3Pt / 10Ni in concentrated catalytic tests (total flow
rate = 1000 Ncm?® / min; GHSV = 15,000 h™!; r.d. =4;ra. = 3)

H,0 / 80% N (corresponding to r.d. = 4; r.a. = 3), the
GHSV was fixed at 15,000h~! and the temperature range
was 300...600°C.

In Fig. 7 the products distribution measured at the reac-
tor outlet after the LT-ESR reaction is shown in compari-
son with the equilibrium calculations. The sample perfor-
mance is very interesting, also in concentrated conditions:
besides complete ethanol conversion, even at low temper-
atures, there is very good agreement with the thermody-
namic predictions, even at low contact times.

The presence of platinum appears crucial for the desired
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Figure 8: Experimental (points: filled square H,O, filled diamond Hj,
filled triangle CH,4, open square CO,, open diamond CO, filled circle
C,HsOH) and equilibrium (lines) products’ distribution as a function
of temperature for 10 Ni/ 3 Pt (a) and 3 Pt-10 Ni (b) in concentrated
catalytic tests (total flow rate = 1,000 Ncm? / min; GHSV = 15,000
h'!;rd. =4;ra. =3)

In particular, in the range 330...480°C methane is the main
product and this aspect makes the Pt / Ni catalyst very
useful when LT-ESR is proposed as a pre-reforming step
before the MSR reaction [46].

The catalyst 10Ni / 3Pt, prepared by impregnation but
with a reverse order, was also used for LT-ESR in con-
centrated conditions. With respect to 3Pt / 10Ni, worse
agreement between the products distribution and the equi-
librium distribution was observed (Fig. 8a), in particular at
low temperature, where ethanol was not completely con-
verted. This was probably related to the deposition of
nickel on platinum: the poor availability of a noble metal
on the catalyst surface disadvantages the conversion of re-
actants.

The coprecipitated 3Pt-10Ni catalyst, despite the highest
reducibility, was characterized by no significant activity
for the desired reaction, as reported in Fig. 8b. In fact,

reaction, allowing more promising behavior than the monometglstrong disagreement with the thermodynamic previsions

lic sample, with higher conversion toward the desired prod-

ucts.

was observed and lower hydrogen yield were obtained.
As a consequence, the results of this first activity screen-
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ing lead to a preliminary conclusion that the catalysts pre-
pared by impregnation are more suitable for the ESR re-
action. In particular, adding the noble metal last ensures
higher performances. Therefore, as 3Pt/ 10Ni seemed the
most promising candidate for the LT-ESR reaction, the ef-
fect on its catalytic properties of other macroscopic pa-
rameters was studied.

The feed stream was further concentrated, using dilution
ratios of 1.5 and 0.67, corresponding to the following feed
stream compositions: 10%C,HsOH / 30%H,0 / 60%N,
and 15%C,HsOH / 45%H,0 / 40%N,.

As expected, in both cases, the sample performance was
negatively affected by the decrease in the dilution ratio,
since worse agreement with the thermodynamic calcula-
tions was observed and the ethanol was not completely
converted at low temperatures. Nevertheless, at temper-
atures higher than 450°C, the 3Pt / 10Ni sample appears
attractive again, ensuring total ethanol conversion and no
considerable change in the C-containing products. In fact,
the Pt / Ni sample appears highly active and selective for
the desired reaction in the investigated operating condi-
tions.

The effect of the GHSV was also studied (here not re-
ported), finding that, predictably, lower values lead to stronger
agreement between the experimental and the equilibrium
products distribution, even at very low temperatures. In
particular, at 7500 h™! ethanol was totally converted at
r.d.<4 and T<450°C.

Moreover, the Pt / Ni performances were investigated in
terms of stability, monitoring the activity and selectivity of
the catalyst as a function of reaction time, during LT-ESR.
The operating conditions of the Time-on-stream (TOS)
test were: T = 450°C, P = 1 atm, GHSV = 15,000 h™',
total flow rate = 1000 Ncm? / min with r.d. = 1.5 (10vol%
of ethanol) and r.a. = 3.

The results, reported in Fig. 9, are shown in terms of the
products concentration profile as a function of reaction
time. All the concentrations were almost stable, suggest-
ing high stability of the catalyst, However, after about 300
min, the TOS was stopped because a significant increase
occurred in the pressure drops. This behavior was related
to reactor plugging, which typically accompanies sinter-
ing or coke phenomena. Since the mass balance was close
to 99% and no evidence of gaseous by-products was de-
tected from FT-IR spectra related to the outlet stream, the
catalysts after the TOS test were further characterized to
better understand the reactor plugging. The crystallites
sizes were calculated using the Scherrer formula from the
XRD pattern of the Pt / Ni sample after the stability test
and compared with the ones calculated for the fresh cat-
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Figure 9: Product concentration profile as a function of reaction
time during the stability test. (Total flow rate = 1000 Nem?® / min;
GHSV = 15,000 h™'; r.d. = 4; r.a. = 3) for Pt / Ni sample
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Figure 10: Raman spectrum after stability test for Pt / Ni catalyst

alyst: the values were very close to each other, thus sin-
tering phenomena were considered absent or not appre-
ciable. N, adsorption experiments were repeated on the
3Pt / 10Ni after the TOS test and a higher SSA value was
measured (40 m? / g for the fresh sample vs 60 m? / g for
the treated catalyst). This result suggests the formation of
carbonaceous substances on the catalyst surface.

This hypothesis became certainty after the TG-MS anal-
ysis and Raman spectrum interpretation. Submitting the
sample to a flow of air at 10°C / min from room tempera-
ture to 800°C, a weight loss of about 3.4% was calculated
in the range 400...600°C, correlated to the CO, mass frag-
ment (m / z = 44). Moreover, the typical signals of car-
bonaceous species were detected at a Raman shift of about
1590 cm™! [47-49], as reported in Figure 10; the CeO,;
presence was also evident at about 460 cm™.

This result is very peculiar, ensuring closure of the carbon
mass balance even without considering any by-products.
In reality, the carbon deposited on the Pt / Ni surface was
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Figure 11: TEM image and EDS spectra ((a) and (c) respectively) of
Pt / Ni sample after TOS test (Total flow rate = 1000 Ncm?® / min;
GHSV = 15,000 h7!; 10 vol.% EtOH; T = 450°C); TEM image and
EDS spectra ((b) and (d) respectively) of Pt / Ni sample before ESR
reaction and after TPR (5 vol.% H, / N»; heating rate: 10°C / min up to
600°C). For interpretation of the color references in this figure legend,
the reader is referred to the web version of this article

quantified, discovering that it is less than 1% of the carbon
fed as ethanol. Therefore coke selectivity is too low to
be detected from balances and, consequently, to cause the
deactivation of the catalyst.

In Fig. 11, TEM-EDS observations of the 3Pt/ 10Ni cata-
lyst after the TOS test (Fig. 11a and c¢) and before the ESR
test (Fig. 11b and d) were compared.

TEM analysis of the exhaust sample showed ceria nano-
crystalline aggregates, Ni particles and amorphous car-
bonaceous filaments, also observed in the related EDX
spectra (CeO; (top), Ni (middle) and carbonaceous fila-
ments (bottom)) reported in Fig. 11c. In contrast, from
TEM-EDS observations of the sample after TPR measure-
ments (i.e. before the ESR test) no evidence of carbon was
detected and only a small number of CeO, and NiO grains
were present. In Fig. 11d, the EDX spectrum of one of the
grains of ceria (top) and of an aggregate of different grains
(bottom) were compared. The more intense Ni peak ob-
served in the latter case revealed that part of the grains in
the TEM image are Ni species.

These latter characterization results show the linkage be-
tween Pt signal and Ni particles, leading to the hypothesis
of the formation of a platinum-nickel solid solution. The

analysis of TPR profiles, described in Section 3.1, gave
further validation to this assumption: the stronger inter-
action between Pt and Ni oxides results in the higher re-
ducibility of Pt species in the Pt / Ni sample with respect
to the one prepared by impregnation with a reverse order.
By abstracting, it is easy to relate the hypothesis of a solid
solution to the better performance of the 3Pt/ 10Ni / CeO,
catalyst.

The stability of the 3Pt / 10Ni sample was also tested with
a higher water-to-ethanol molar ratio, using an r.a. value
of 6. A considerable increase in 3Pt / 10Ni stability was
observed: comparing the time required to reach a limit
value of pressure drops (about 1 bar) in the case of r.a. =3
and r.a. = 6, it is interesting to note the capacity of wa-
ter to enhance the durability of the system from 300 to
700 min. Also in this case, all the characterization tech-
niques were performed on the catalyst after the stability
test, observing, for instance, no SSA increase with respect
to the fresh catalyst. This leads to the conclusion that wa-
ter is very helpful, since it favors the gasification of the
coke deposited on the catalyst surface or, as reported in
some papers, has a specified role to play in avoiding car-
bon formation.

4. Conclusions

The LT-ESR reaction is here proposed as a competitive
method to produce hydrogen, using a clean, renewable
feedstock combined with well-established technology. It
is also proposed to carry out the ESR reaction at temper-
atures lower than 600°C, in order to reduce the thermal
duty and CO formation.

The catalytic aspects of LT-ESR were evaluated, through
the performances of bimetallic catalysts, based on Pt and
Ni. The activity, selectivity and stability of the samples
were compared with the behavior of the correspondent
monometallic catalysts, with the same non-noble metal
load. Various characterization techniques were helpful in
better understanding properties of the samples.

The activity of each catalyst was studied in a diluted feed,
to realize a first screening, and in more concentrated con-
ditions, to evaluate the effect of the main macroscopic pa-
rameters on the performance of the catalysts.

3Pt/ 10Ni / CeO, appears more promising than the equiv-
alent monometallic samples in the same circumstances,
especially in terms of activity and selectivity towards the
desired product, due to the presence of Pt at the gas-solid
interface promoting ethanol adsorption and hydrogenation
of CH, coke precursors [16, 41]. It was also more suitable
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than the catalyst prepared with reverse impregnation order
and the coprecipitated one.

The 3Pt/ 10Ni sample enabled high methane selectivity to
be achieved, even at low contact time and at a stoichiomet-
ric water-to-ethanol molar ratio. Its stability is affected by
coke formation phenomena, typical of nickel-based cata-
lysts, which can be avoided by using more water in the
feed stream. This is not an added cost, in terms of the
energy requirement linked to water vaporization, since in
the real bio-ethanol stream the amount of water is con-
siderably higher than the stoichiometric one (in the range
13...20, depending on the biomass) [12].
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