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Abstract: In this work, Pt-Ni/Ce02-5i0Oz, as well as Ru-Ni/CeO2-SiO: catalysts, were obtained at
different loadings of the noble metal (in the interval 0-3 wt%) and tested for oxidative steam
reforming of ethanol. Stability performance was evaluated at 500 °C for 25 h under a steam to
ethanol ratio of 4 and an oxygen to ethanol ratio of 0.5. The weight hourly space velocity was fixed
to 60 h™1, which is considerably higher than the typical values selected for such processes. All the
catalysts deactivated with time-on-stream, due to the severe operative conditions selected.
However, the highest ethanol conversion (above 95%) and hydrogen yield (30%) at the end of the
test were recorded over the 2 wt%Pt-10 wt%Ni/CeO:-SiO: catalyst, which also displayed a limited
carbon formation rate (1.5 x 107 gcoke*geatalyst !+ Gearbon fed-h~!, reduced almost 5 times compared to the
samples that had a Pt or Ru content of 0.5 wt%). Thus, the latter catalyst was identified as a
promising candidate for future tests under real bioethanol mixture.
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1. Introduction

The development of sustainable processes for energy generation is one of the most important
goals of academic as well as industrial research. In this field, hydrogen conversion in fuel cells is
gaining increasing attention—water is the only byproduct and any other pollutant (i.e., CO2) is
released [1,2]. However, at present, hydrogen production predominantly depends on fossil fuels
resources, with methane steam reforming being the most widespread method for H generation and
nearly half of the world’s hydrogen still deriving from natural gas [3]. Thus, in response to the
problems of fossil fuels depletion and environmental pollution, the methods of producing hydrogen
from biomass have been regarded as potential ways to ensure hydrogen becomes the fuel of the
future. To this end, the catalytic reforming of bioethanol (produced by fermentation of biomass
sources) has been proposed as an interesting alternative [4,5].

However, the reaction mechanism is quite complex and several reactions may occur, reducing
hydrogen yield and causing carbon deposition on the catalyst’s surface. Thus, the development of
active catalysts with high resistance towards deactivation is one of the main issues in this process. To this
end, oxygen co-feeding was reported as a useful tool to promote the oxidation of carbonaceous deposits.

The performance of a large number of catalysts for ethanol reforming has been investigated in
the literature—the combination of nickel with reduced amounts of noble metals was proposed to
mitigate the coke formation tendency of nickel and limit and, at the same time, the price of the final
catalyst [6-8]. The choice of reducible support with a high surface area was also reported to improve
the catalyst’s resistance towards deactivation [9]. In our previous work, highly dispersed 3 wt%Pt-10
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wt%Ni/CeO2-SiO2 catalysts have been prepared, which displayed high stability during oxidative
steam reforming of ethanol [10].

In the present work, the effect of Pt loading on catalyst resistance towards deactivation was
investigated and the chance of substituting Pt by a less expensive metal (i.e., ruthenium) was also
discussed. The catalysts were tested under a simulated bioethanol stream (Ethanol:Water = 1:4) by
fixing a contact time of 50 ms, much lower than the typical values selected for reforming reactions.
The time on stream tests was performed for 25 h and the performance of the catalysts that had various
metal loadings were compared in terms of ethanol conversion, hydrogen yield and carbon formation rate.

2. Materials and Methods

The catalysts were prepared by the sequential impregnation of the non-noble metal and noble
metal on the CeO2-5iO:2 support. The latter material was prepared by adding calcined mesoporous
silica gel (provided by Sigma-Aldrich) to a solution of acetic acid/methanol (40/60 % vol.) containing
the ceria salt precursor (i.e., Cerium acetylacetonate). Nickel was deposited via the impregnation of
Ce0»-5i02 with an aqueous solution of nickel nitrate hexahydrate, while platinum chloride and
ruthenium chloride were selected as precursors of the noble metals. The CeO2/SiO: ratio was fixed to
0.3 while nickel content with respect to the ceria mass was equal to 10 wt%; the loading of the noble
metal was changed in the interval 0-3 wt%. Thus, the following catalysts were prepared: Ni/CeO»-
Si0z, 0.5Pt-Ni/CeO2-S5iO2, 1Pt-Ni/CeO2-5i02, 2Pt-Ni/CeO2-5i0z, 3Pt-Ni/CeO2-5i0z2, 0.5Ru -Ni/CeO:-
SiO2, 1Ru -Ni/CeO2-SiOz, 2Ru-Ni/CeO2-5i02, 3Ru-Ni/CeO:-SiO2.

The specific surface area of fresh and spent catalysts was determined via the BET (Brunauer—
Emmett-Teller) method by N2 adsorption at =196 °C (Costech Sorptometer 1040); before the analysis,
the samples were degassed at 150 °C under vacuum.

Temperature programmed reduction measurements (TPR) were performed in the laboratory
apparatus described below. The temperature was raised to 700 °C under a 5%H:/Ar stream and
hydrogen consumption was estimated from the profiles acquired via a Mass Spectrometer (supplied
by Hiden Analytical).

The carbon content on the spent catalyst was measured in a TA instrument (Q600) via
thermogravimetric analysis: 50 Ncm®min™ of air was fed in the chamber and temperature was
increased up to 1000 °C.

The plant employed for stability tests is made up of an electrical furnace, where a fluidized bed
reactor can be placed. The reactor was filled with 0.6 g of catalyst and 2.4 g of CeO2-SiO: (acting as
filler). Before every test, the loaded sample was reduced for 1 h at 600 °C under a 5%H:/Ar stream.
The simulated bioethanol mixture, fed at a rate of 31.6 h', can be sent to a boiler for vaporization; in
the latter tank, argon is also added as diluent. The latter stream, having a volumetric composition of
10% ethanol, 40% water and 50% argon, reaches the reactor through a traced line; 3.6 Ncm3min of
oxygen are sent to the reactor via an independent line. The weight hourly space velocity (WHSV),
referring to the ethanol mass flow rate, was fixed to 60 h™'. The product gas distribution was
monitored via a Mass Spectrometer provided by Hiden Analytical. The performance of the catalysts
were compared in terms of ethanol conversion (X), hydrogen yield (Y) and carbon formation rate
(CFR), based on the results of thermogravimetric analysis of the spent catalysts, which were defined
according to Equations (1)—(3), respectively.
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3. Results & Discussion

3.1. Characterization of the Fresh Catalysts

Table 1 summarizes the results of characterization in terms of BET surface area and hydrogen
consumption recorded during TPR analysis.

Due to the choice of silica as support, all the prepared catalysts displayed surface areas higher than
200 m*g~' and only a slight reduction of the final area was recorded upon active species deposition. The
employment of materials with high surface area was shown to be a useful tool in order to minimize
active phase sintering and improve the activity as well as the stability of the final catalyst [11].

The comparison between the expected and calculated hydrogen uptake revealed that, for all the
catalysts investigated in this work, the hydrogen consumption exceeded the theoretical values. These
results, enhanced by the addition of the noble metals, can be ascribed to the occurrence of spillover
phenomena: active metals such as Ni, Pt, Pd, Ru, Rh have been reported to significantly lower the
reduction temperature of cerium oxide. Thus, hydrogen adsorbs onto the metal phase in a
dissociative way and the resulting atomic hydrogen can be transported to the oxide support [12]. As
a consequence, the calculated uptake was enhanced with respect to the values calculated only
accounting for the active metals. This easier hydrogen transfer trough the catalyst was shown to
improve the reforming activity [13].

Table 1. Results of fresh catalysts characterization.

Sample BET Area Expected Hydrogen Calculated Hydrogen
(m*g™) Uptake (umolH2 gcatalyst™) Uptake (umolH2-geatalyst™!)

Ni/CeO2-5i02 230 1704 2035
0.5Pt-Ni/CeO2-SiOz 213 1755 2345
1Pt-Ni/CeO2-5i02 214 1806 2777
2Pt-Ni/Ce02-5i02 226 1909 2756
3Pt-Ni/Ce02-SiOz 227 2011 2829
0.5Ru-Ni/CeO2-SiO: 212 1803 2341
1Ru-Ni/CeO2-SiO:2 208 1902 2586
2Ru-Ni/CeO2-SiO:2 210 2099 2714
3Ru-Ni/CeO»-SiO: 218 2297 3095

3.2. Stability Evaluation during Oxidative Steam Reforming of Ethanol

The trend of ethanol conversion and hydrogen yield as a function of time-on-stream over the
various catalysts is reported in Figure 1.
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Figure 1. (a) Ethanol conversion; (b) hydrogen yield over Ni-based catalyst as a function of time-on-
stream; P =1 atm, T = 500 °C; C2HsOH:H20:02:Ar = 1:4:0.5:4.5, WHSV = 60 h™..

Both ethanol conversion and hydrogen yield decreased with time-on-stream, indicating that
deactivation phenomena occurred, irrespective of the chosen noble metal and its loading. However,
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the lowest activity loss was recorded over the 2Pt-10Ni/CeO2-5iO: catalyst, which displayed a
variation in ethanol conversion from 100% to 95% and a reduction in hydrogen yield from 40% to
30% during 25 h of test. The monometallic catalyst reached quite a high conversion at the end of the
test, with final values increased with respect to the Pt-Ni as well as Ru-Ni formulations. Conversely,
hydrogen yield was reduced in comparison to the 1Pt-Ni, 2Pt-Ni and 3Pt-Ni catalysts, which
demonstrated that the noble metal has a crucial role in promoting the pathways involved in H-
production. However, the samples containing 0.5 wt% of Pt or Ru displayed very poor stability. In
addition, under the selected operative conditions, ruthenium addition on the Ni/CeO:-SiO: was not
capable of improving the catalyst resistance towards deactivation. From these results, it is possible to
conclude that low amounts of noble metals are even detrimental in terms of stability. In addition, for
the Pt-based series, the stability performance increased with the Pt loading up to 2 wt%; a further
growth in the platinum content did not allow any benefit in terms of resistance towards deactivation.

3.3. Characterization of the Spent Catalysts

The catalysts, after the stability tests described in Figure 1, were characterized to evaluate the
effect of time on the stream on their specific surface areas as well as the extent of carbon deposition.
The BET area of the spent catalysts and the relative carbon formation rate (defined in Equation (3))
are listed in Table 2.

Table 2. Results of spent catalysts characterization.

Carbon Formation Rate

Sample BET Area (m>g) (Geoke-Gearbon fed” 1 Gestatysi-h1)

Ni/CeO2-5i0:2 182 3.9 x10°
0.5Pt-Ni/CeO2-SiOz 145 8.4 x 10
1Pt-Ni/CeO2-SiOz 179 2.4 x10°
2Pt-Ni/CeO2-5i02 191 1.5 x 10
3Pt-Ni/Ce02-5i02 186 2-x10°
0.5Ru-Ni/CeO2-SiO: 142 7.9 x 10
1Ru-Ni/CeO2-5i02 143 5.1 x10°
2Ru-Ni/CeO2-SiO: 145 5.8 x 10-¢
3Ru-Ni/CeO2-SiO: 149 6.3 x 10-¢

The Ru-based catalysts displayed a more pronounced surface area decrease compared to the Pt-
Ni/CeO2-SiO2 sample. In addition, the carbon formation rate grew from 5.1:10-6 of the 1 wt% Ru
sample to 7.9-10-¢ of the 0.5Ru-Ni geoke*Gearbon,fed ! Geatalyst 1-h1. These results are in line with the marked
deactivation observed over the latter catalysts, attested by the quite high rate of coke formation—
carbon deposits may occlude the catalyst pores, thus limiting the access of reactants to the catalyst
surface [14]. For the most stable sample (2Pt-Ni/CeO:-5i0z), the surface area reduction was only of
15% while CFR was as low as 1.5:107 gcoke'gearbon fed ! geatalyst'-h~!. Moreover, the Pt-catalyst having a
noble metal content of 0.5 wt% displayed the highest carbon formation rate among the tested
catalysts, which is in line with the pronounced decrease of ethanol conversion and hydrogen yield
observed in Figure 1. The results shown in Table 2 demonstrated that catalyst deactivation was
mainly caused by carbon deposition and that the 2Pt-10Ni/CeO2-SiO: catalyst was less susceptible to
deactivation induced by coke.

4. Conclusions

The Pt-Ni and Ru-Ni/CeO:-SiO2 catalysts with various platinum and ruthenium loading (0, 1, 2,
3 wt%) were prepared by sequential wet impregnation and the oxidative steam reforming of ethanol
was investigated in terms of ethanol conversion, hydrogen yield and carbon formation rate. The
results of stability tests showed that the severe operative condition selected (high space velocity)
caused a decrease in the performance of all the catalysts with time-on-stream. However, the catalyst
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resistance towards deactivation increased with the noble metal up to 2 wt% while, a further growth
in Pt as well as Ru content did not assess any benefit. The Pt-based samples were found to be more
stable than the Ru-Ni/CeO:-5iOz catalyst, which underwent a more pronounced surface area decrease
and displayed quite high carbon formation rates. After 25 h of test, the 2Pt-10Ni/CeO2-SiO: catalyst
displayed 95% of ethanol conversion and 30% of hydrogen yield. Thus, the latter catalyst was shown
to be an effective sample to improve stability and reduce carbon deposition during oxidative steam
reforming of ethanol.
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