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Nanometric ruthenium-modified LaNiO3 perovskites prepared by coprecipitation method in aqueous and non-
aqueous solvents were tested as catalysts in the steam reforming of butanol, acetone and ethanol and their
mixture, named ABE, usually produced by fermentation. ABE is potentially of great interest for hydrogen
production, notwithstanding the strong tendency of this mixture of oxygenated compounds to produce coke in
the steam reforming conditions. The tested catalyst showed high feed conversions with improved stability.

1. Introduction

The renewable production of hydrogen from sustainable resources such as biomass is becoming more and
more attractive. In this context oxygenated compounds obtained from biomass fermentation constitute a very
promising feedstock. Through fermentation of a wide variety of lignocellulosic materials it is possible to obtain
a mixture of oxygenated compounds, principally ethanol, acetone and butanol (generally in a mass ratio
butanol:acetone:ethanol of about 6:3:1) [Karimi et al., 2015]. The mixture, usually known with the acronym
ABE (acetone-butanol-ethanol ), other than as biofuel, in blend with diesel and gasoline [Algayyim et al.,
2018], can constitute a potential source of Hz, due to its high weight % of hydrogen content. Moreover this
mixture is easy to handle and obviously such to assure a neutral carbon dioxide balance in the hydrogen
production. Notwithstanding the use of the mixture of oxygenated compounds obtained from fermentation
broths could be a very economical option, considering the cost of the separation processes necessary to
obtain the single constituents, few studies are available on its reforming and also on reforming of butanol and
acetone [Kumar et al., 2018]. For the steam reforming of these oxygenated compounds and their mixtures
nickel and cobalt based catalysts are the most suggested [Yadav et al., 2018; Wang et al., 2016; Bizkarra et
al.,, 2015; Cai et al. 2012; Roy et al., 2011], anyway the challenge of developing catalysts with a suitable
resistance to deactivation by coke deposition is still open. In this context growing attention have received
perovskite-type oxides (ABO3, where A = alkali, alkaline earth or rare-earth elements and B = transition
metal). These oxides show high thermal stability and when subjected to reduction of the B-sites cations they
produce nanometric particles with the transition metal highly dispersed at the surface of the support, thus
increasing the catalytic activity and stability and providing unfavourable conditions to carbon deposition.

In the present work nanometric ruthenium-modified LaNiO3 perovskites were prepared by coprecipitation
method in agqueous and non-aqueous solvents and characterized. The results of their use as catalysts for the
steam reforming of model mixtures constituted of butanol, acetone and ethanol are presented. The tests were
performed in a fixed bed reactor in a temperature range of 500-700 °C. The stability of the catalysts over time
were also evaluated.

2. Experimental
2.1 Catalysts synthesis

Catalysts were prepared by coprecipitation method using two different solvents, water and a deep eutectic
solvent (DES). Nickel nitrate hexahydrate (Sigma-Aldrich, purum p.a., 297.0), lanthanum nitrate hexahydrate
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(Fluka, puriss. p.a., 299.0%) and ruthenium nitrosyl nitrate (Sigma-Aldrich, diluted nitrate solution, 1.5 % Ru)
were used as metals precursors.

In the water route, to a solution of the metal precursors in the stoichiometric ratio necessary to obtain the
target perovskite was rapidly added, under intense stirring at room temperature, an equivalent volume of
NaOH solution 3.2M. The obtained suspension was left under stirring at room temperature overnight, then was
filtered, washed with water to neutrality, dried at 80 °C for 24h and finally the resultant solid was grinded and
calcined at 750 °C for 6 hours under static air.

For the DES route was used as solvent a deep eutectic solvent constituted by choline chloride and urea in a
1:2 molar ratio. The procedure was the same as in the water route, but performed at a temperature of 80 °C to
assure the low viscosity for the DES necessary for a correct mixing and homogeneity of the suspension.

Both LaNiO3z and ruthenium-modified with 5%wt Ru (LaRuxNiixO3) catalysts were prepared in water and in
DES. To evaluate the formation of the perovskite structure and the degree of crystallinity, X-ray diffraction
(XRD) was performed on all the obtained samples. XRD patterns were obtained using a Philips Analytical
PW1830 X-ray diffractometer, equipped with Cu Ka (1.54056 A) radiation, in the 28 range from 15 to 70° with
a step size of 0.02° and a time for step of 3.5 sec. The data were collected with an acceleration voltage and
applied current of 40 kV and 30 mA, respectively. X-ray microdiffractometer, Rigaku D-max-RAPID, using Cu-
Ka radiation.

2.2 Experimental set-up

The laboratory set-up consisted in a stainless steel tube reactor (id= 10mm, h= 330 mm) with a support grid
for the catalytic bed constituted by 0.1 g of catalyst diluted in 2 g of silicon dioxide. The reactor was heated by
an external cable heater and controlled by a PLC.K-type thermocouples were used for temperature
measurements. Deionized water and one between acetone (Sigma-Aldrich, ACS reagent, 299.5%), n-butanol
(Sigma-Aldrich,

puriss. p.a., 299.5%), ethanol (Sigma-Aldrich , puriss., 299.8%) or a mixture of these three (A:B:E
0.27:0.43:0.30 molar ratio) were fed separately with two syringe pumps to the reactor, in the selected steam to
carbon (S/C) ratio that is 3.8. N2 was employed as carrier gas and was mixed with the reactants in a mixing
valve before entering to an evaporator held at 230 °C to vaporize the feed before it entered to the reactor. The
experimental set-up scheme is reported in [B. de Caprariis et al., 2017]. The laboratory set-up and the
operative conditions used in the experimental tests are reported in Figure 1 and Table 1, respectively.
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Figure 1: Experimental set-up

Table 1: Operative conditions used in the steam reforming tests.

Operative conditions Operative conditions
Temperature (°C) 500-700 Catalyst bed volume (cm®) 1
N2 flow rate (I/h) 6.6 Catalyst amount (g) 0.1
Liquid feed flow rate (ml/h ) 7.5 S/C 3.8
GHSV (h™) 13703

At the reactor exit the condensable fraction (unreacted feed and condensable products) was separated and
the gas sent to an online analyzer (Siemens Ultramat 23) for the CO, CO2 and CHs4 . The hydrogen
concentration was measured by a GC mass spectrometer (Hiden QGA).
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Before the reforming tests catalysts were activated in situ at 750 °C using a hydrogen-nitrogen mixture with
the following procedure: 1 h gas flow rate of 0.6 NI min™" with a Hz/N; ratio of 0.15; 1 h gas flow rate of 0.4 Ni
min™" with a Ha/N; ratio of 0.50.

The spent catalyst was recovered after the tests and the carbon deposition was determined gravimetrically by
coke combustion.

3. Results and discussion
3.1 Catalysts characterization

Figure 2 reports the X-ray diffraction profiles of the prepared catalysts. The main phase present in all catalysts
was the perovskite structure of LaNiOs, as highlighted by the diffraction lines at 32°, 47° and 58°. Furthermore,
the sample obtained by DES route shows reflections due to NiO and an additional spinel-type phase
(La2NiO4). These latter have been reported as intermediate phases generated when the calcination
temperature is not enough for the transformation into LaNiO3 [Yang et al., 2016].
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Figure 2: XRD pattern of catalysts synthetized in a) water, b) DES.

In the sample synthetized in water, the insertion of Ru did not affect the LaNiO3; perovskite structure. In
addition, the XRD pattern also shows the diffraction lines of NiO along with the lines of the hexagonal
lanthanum oxycarbonate (La>0,CQOs3) phase. It has been proposed that the La;0,CO3 phase plays a key role
in reducing carbon deposition [Yang et al., 2015]. For Ru substitution in the DES route whereas there are also
reflection lines of LaOCI. No diffraction peaks corresponding to RuO;, or metallic Ru were detected. The
crystal sizes of the LaNiO3 perovskite structure, calculated from the full width at half maximum (FWHM) of the
most intense diffraction peak using Scherrer formula, are listed in Table 2. Upon Ru insertion, the particle
sizes slightly increased.

Table 2: Crystallite size of the synthetized perovskite structures

Sample Crystallite size of LaNiO3z (nm)
LaNiO; H.O 16.09
LaNiO3 + 5%Ru H,0O 16.13
LaNiO; DES 19.0
LaNiO; + 5%Ru DES 19.7

3.2 ABE steam reforming tests

In the Figure 3 the results of the tests performed with the single compounds are reported in terms of carbon
specie conversion which was calculated as:

Fco,outtFcoz,outtFcaa,out+2*FcaHa,0ut (1 )
number of Cx Fin

Y%conv =
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Figure 3: Carbon conversion as a function of temperature with the four prepared catalysts of a) acetone, b)
butanol, c) ethanol.

In the investigated interval of temperatures, the conversions range between 0.4-0.95 for acetone and butanol
and higher when ethanol is used as feed, in the range of 0.65-0.95. The catalysts with Ru give generally
higher conversions and between them the catalyst synthetized in water seems to have the best performances
especially at low temperature. In Figure 4 the carbon conversion of ABE and the hydrogen selectivity
calculated as follow are reported.

SHZ — in,out (2)
tot,out
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Figure 4: a) Carbon conversion as a function of temperature with the prepared catalysts of ABE, b) H;
selectivity

The behavior is the same observed for the three single compounds, the catalysts containing 5 % of Ru have
higher activity leading to major conversions. The values of conversion in the whole temperature range vary
from 0.64, the lowest value obtained with the LaNiO3 synthetized in water and 0.97 that is the value obtained
at 700 °C with the two catalysts with Ru. The values of hydrogen selectivity range between 0.64 and 0.75 and
no considerable differences are observed changing the catalyst.
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Looking at Table 3 and Table 4 where the gas composition is reported for the four catalysts in the entire
temperature range, it can be noticed that the catalysts with Ru produce the minor amount of methane (Table
4) and between them the lowest is measured with the one synthetized in DES. As expected, the amount of
methane decreases with the increase of temperature for all the tests since the methanation reaction becomes
unfavored. Furthermore, with the LaNiO3s + 5% Ru DES, the production of ethylene is the lowest meaning that
also the coke amount on this catalyst should be low as confirmed by the data reported in Table 5.

Table 3: Gas composition N, free basis for LaNiO3 DES and LaNiOz H»O.

LaNiO3 DES LaNiO3 H20
T (°C) 500 600 700 500 600 700
H2 % vol 65.0 71.4 72.0 711 721 73.1
CO % vol 6.1 6.7 7.9 5.1 6.7 7.4
CO2 %vol 217 17.7 16.7 18.5 18.6 17.7
CH4 %vol 3.5 25 1.8 2.8 2.0 1.6
C2H4 %vol 3.7 1.7 1.6 2.5 0.6 0.2

Ntot (mol/s) 3.88*10° 5.31%10° 6.49%10° 5.98*10° 6.46*10° 7.13*10°

Table 4:Gas composition N free basis for LaNiO; DES + 5% Ru and LaNiO3 H,O + 5% Ru

LaNiO3 DES +5% Ru LaNiO3 H20 +5% Ru
T (°C) 500 600 700 500 600 700
H2 % vol 66.7 70.5 71.8 65.5 68.7 70.9
CO % vol 5.4 6.7 7.5 5.9 6.6 7.7
CO2 %vol  25.3 213 19.8 25.7 22.5 19.8
CH4 %vol 1.5 0.9 0.6 1.7 1.2 0.8
C2H4 %vol 1.1 0.6 0.3 1.2 1.1 0.8

Ntot (mol/s) 5.52*10° 6.42%10° 7.59%10° 5.22%10° 6.56*10° 8.24*10°

Table 5: Coke formed during the long duration tests

Sample Coke Ywt
LaNiO3 H20 8.54
LaNiO3 + 5%Ru H20 0.04
LaNiO3 DES 7.39
LaNiO3 + 5%Ru DES 1.67

The long duration steam reforming tests at 700 °C on ABE (Figure 5) show good performances for all the
catalysts; the excellent stability for the catalysts containing 5% Ru has to be noted, as confirmed by their very
low coke deposition tendency, reported in Table 5. The extremely low percentage of coke showed by the
LaNiOs + 5% Ru H20 confirms the function of the lanthanum oxycarbonate phase in reducing carbon
deactivation by reaction with carbon deposited on the active sites [Aupretre et al., 2002; Yang et al., 2015].
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Figure 5: Conversion of ABE in the long duration tests for the four catalysts at 700 °C.
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4. Conclusions

In this work nanometric ruthenium-modified LaNiOs perovskites were prepared by coprecipitation method in
water and DES and the effects of the solvent and of the presence of Ru was evaluated in the steam reforming
of mixtures constituted of butanol, acetone and ethanol, typically obtained through fermentation of
lignocellulosic materials and notoriously hard to use as feed due to deactivation of the catalysts by coke
deposition. All the catalysts show good performances in ABE steam refroming with conversion values ranging
from 65-97% in the temperature interval tested. Furthermore, both the Ru-modified LaNiO3 catalysts showed
an improved stability in long duration tests, confirming the recognized catalytic characteristics of perovskite-
type structures. This is particularly evident for the sample synthetized in water, with an ABE conversion higher
than 96% and a weight percentage of carbon deposition of 0.04 at the end of the long duration test compared
with 8.54 % for the corresponding catalyst without Ru.
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