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Abstract 

Nickel or ruthenium have been dispersed on commercial -Al2O3 pellets promoted 

with magnesium oxide for use as catalysts in the upgrade of bio-ethanol into butanol 

as possible higher alcohol additive into gasoline. Interactions between MgO and 

Al2O3 as well as between the active metal and the composite Mg/Al substrate have 

been investigated by XRD, SEM/EDX, N2 physisorption, H2-TPR, CO2-TPD. The 

conversion of ethanol into butanol has been investigated at 350-400°C under diluted 

ethanol feed conditions in order to define properties promoting high butanol yields.  

 

Introduction 

The use of fuels from renewable resources offers some environmental advantages as 

the reduction of greenhouse gas emissions. Bio-ethanol is widely used as a fuel 

additive but it requires modifications of engines and can be added to gasoline in a 

limited amount [1] due to its water solubility, corrosivity and low calorific value [1]. 

On the contrary, n-butanol can be burned in the existing engines and can be 

transported via the existing gasoline pipelines [2]. Bio-butanol can be produced by 

biomass fermentation using Clostridium microorganisms (Acetone Butanol Ethanol 

or ABE fermentation) [2, 3]. The fraction of ethanol produced in this process could 

be upgraded to butanol via catalytic routes [1-5]. The main process to increase the 

carbon number of alcohols is called Guerbet reaction. Results of a preliminary 

screening of nickel or ruthenium dispersed on different supports (hydroxyhapatite, 

Al2O3 and MgO) as powder catalysts suggested that metal-promoted MgO provided 

the best butanol yields compared to the other supports [5]. The basic properties of 

MgO and its high surface area, both properties further improved by metal dispersion, 

were identified as key-features for good butanol productivity. 

The preliminary screening carried out on powder catalysts for a lab-scale rig [5], was 

followed by the scale-up of the MgO-based catalysts into a structured form (pellets) 

to be used in a larger scale rig.  Thus, the preparation, characterization and the 

performance in the Guerbet reaction of Ni and Ru on MgO-coated -Al2O3 pellets 

have been investigated comparing results with those obtained using pure MgO 

pellets and powder MgO with the same fraction of dispersed metal. 
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Materials and methods 

Pure MgO pellets were supplied by Harshaw (BET area=13 m2/g). MgO/-Al2O3 

pellets were prepared by incipient wetness impregnation of NORPRO -Al2O3 

pellets supplied by Saint-Gobain (BET area=169 m2/g) with a solution of 

Mg(NO3)2
.6H2O to obtain about 15%MgO. After drying at 120°C pellets were 

calcined 2h at 600°. A fraction of these pellets was further calcined 2h at 900°C. 

Nickel was dispersed by incipient wetness impregnation starting from a solution of 

Ni(NO3).6H2O whereas ruthenium was dispersed from a 1.4 % ruthenium (III) 

nitrosyl nitrate solution. The nominal loading of metal in the catalysts is 1wt %.  

Hereafter, the composite pellets will be labelled as MeMg/Al, with Me representing 

the active metal (Ni or Ru).  

XRD analysis was performed on powder samples with a Bruker D2 Phaser 

diffractometer. BET specific surface area and pore size distribution measurements 

were performed with a Quantachrome Autosorb 1-C by N2 adsorption at 77 K after 

degassing samples for 2h at 150°C. Scanning electron microscopy (SEM) was 

carried out on pellet cross section with a FEI Inspect instrument equipped with an 

energy dispersive X-ray (EDX) probe. Temperature programmed reduction (TPR) 

and CO2 TPD experiments were carried out with a Micromeritics AutoChem 2020 

equipped with a TC detector on catalysts and supports pre-treated in air at 600°C 

heating the sample at 10 °C min-1 up to 900°C under H2/N2 mixture for TPR and 

under He flow for TPD after adsorption of CO2 at room temperature. 

Catalytic tests were carried out at 350-400°C in a lab-scale fixed bed reactor loaded 

with 1 g catalyst feeding a 3% vol. ethanol/N2 mixture, as described in [5]. Reactants 

and products were analysed by an online GC (Hewlett Packard 1540A) equipped 

with FI detector and a ZB-WAXplus column. Percentage butanol yield was 

expressed as butanol produced/ethanol reacted x 100 (vol./vol.).  

 

Results and discussion 

XRD analysis of MeMg/Al showed that -alumina structure was preserved in MgO-

coated pellets and, in addition to the signals of -Al2O3, the main signals of periclase 

MgO phase at 42.7° and 62.3° [JCPDS 78-0430] were detected for Mg/Al sample 

calcined at 600°C. These two signals almost disappear for Mg/Al pellets calcined at 

900°C, indication of possible migration of Mg2+ into alumina lattice. The same 

occurred for MeMg/Al pellets, suggesting the formation of an amorphous solid 

solution with metal incorporation into MgO. The values of BET surface area indicate 

that, as expected, MgO deposition onto alumina slightly decreases its original surface 

area, which is also reduced by exposure to the higher calcination temperature. 

TPD of CO2 was used as fingerprint to evaluate the MgO exposure on alumina pellets 

through the comparison with the distribution of basic sites typical of magnesia or 

alumina. On the basis of TPD results it was assessed that the calcination of Mg/Al at 

900°C promoted the formation of an alumina-like structure, whereas pellets calcined 

at 600°C showed basic sites typical of MgO indicating an effective coverage with a 

magnesia layer. 
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The dispersion of metals represented a crucial step in the preparation of pellets due 

to the possible poor penetration of the metal inside the pellet core. White pure MgO 

pellets turned into green pellets after Ni impregnation, as shown in Figure 1 (left). 

Nevertheless, the pellet consists of an external thin green layer and a white inner core 

according to an egg shell Ni distribution, as shown in Figure 1 (right). 
 

 
 

Figure 1. Picture of MgO and Ni/MgO pellets (left) and corresponding cross 

section of a Ni/MgO pellet (right). 

 

The same was observed for Ni/Mg/Al pellets showing a very uniform distribution of 

Mg on alumina in contrast to Ni which was confined on the external surface although 

in a thicker layer than on pure MgO pellets. This phenomenon, also observed by 

others [6], can be attributed to the precipitation of Ni(OH)2 from the nitrate solution 

at the first contact with the very basic MgO surface which is more rapid than 

penetration of nickel nitrate inside the pellet. A limited penetration depth was 

observed for Ru as well. 

In order to promote metal penetration, an attempt to modify the preparation 

procedure was done. Ni and Mg were simultaneously impregnated on -Al2O3 pellets 

from their nitrate precursors in order to hinder the contact between Ni2+ and 

preformed MgO layer. This procedure led to a very homogeneous distribution of Ni 

across the whole pellet as detected by SEM/EDX analysis. 

In Table 1 butanol yield obtained in the catalytic tests carried out at 350 or 400°C 

for all catalysts investigated is reported and compared with the results recorded over 

a Ni/MgO powdered catalyst under identical operating conditions. 

All catalysts activate ethanol and produce butanol in addition to acetaldehyde, 

ethylene and traces of crotonaldehyde. Ni/MgO pellets provide butanol yield slightly 

lower than that obtained over Ni/MgO powder, likely ascribable to the lower surface 

area of the pellets with the same composition and to the bad Ni distribution inside 

the pellets. Mg/Al pellets calcined at 600°C have a good intrinsic activity towards 

butanol production, in contrast with Mg/Al pellets calcined at 900°C which, despite 

of the very high ethanol conversion (almost doubled with respect to the material 

calcined at 600°C), produce a low amount of butanol. This catalytic behavior, 

already observed for alumina [5], confirms that the high calcination temperature 

promotes the formation of a surface aluminate phase. Therefore, these results show 
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that ethanol mostly contact a MgO layer for Mg/Al pellets calcined at 600°C whilst 

an alumina-like surface for those calcined at 900°C. 

The addition of nickel strongly improves butanol yield at both temperatures for an 

ethanol conversion very close to that obtained over the parent Mg/Al pellets (about 

40% at 400°C). The enhanced performance is not completely assignable to the 

increase of surface area but should also involve a synergic effect of the Ni-Mg 

mixture. Addition of ruthenium provides an even higher butanol yield for similar 

ethanol conversion. On the other hand, notwithstanding the very good dispersion of 

Ni in the co-impregnated catalyst, its performance is very similar to that of Mg/Al 

pellets. A TPR analysis carried out on the co-precipitated catalyst indicated that a 

highly more reducible nickel is present on this sample in contrast with the hardly 

reducible metal in close contact with MgO obtained through the two steps 

preparation. In other words, nickel interacts with alumina rather than with MgO 

when the impregnating solution contains both Mg2+ and Ni2+.  

Finally, the comparison between performances of Ni/MgO and Ni/Mg/Al pellets 

highlights the importance of MgO dispersion. The higher butanol yield obtained with 

Ni/Mg/Al pellets compared to Ni/MgO pellets is in agreement with the increase of 

surface area.  

 

Table 1. Butanol yield for the different catalysts (1g catalyst, 3 l h-1 3% EtOH/N2) 

 

 

 

 

 

 

 

 

 

 

 

 

Catalyst BET surface 

area 

(m2 g-1) 

Butanol yield 

(%) 

350°C 400°C 

MgO powder 75 - 4.03 

Ni/MgO 29 - 3.45 

Mg/Al pellets calc. 600°C 141 0.63 1.97 

Mg/Al pellets calc. 900°C 127 0.46 0.73 

Ni/Mg/Al 144 4.55 6.36 

Ni/Mg/Al co-impr.  128 0.98 1.68 

Ru/MgO/Al 125 5.76 - 
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Conclusion 

Nickel and ruthenium supported on MgO-coated -alumina pellets were prepared, 

characterized and tested for the catalytic conversion of ethanol into butanol. The 

preparation conditions were investigated defining those providing pellets keeping or 

improving performance of powder catalyst with the same formulation.  

Calcination of MgO-coated pellets at 600°C allows the formation a well dispersed 

MgO layer on the alumina pellet for the subsequent metal addition.  

The formation of the solid solution between active metal (Ni or Ru) and MgO is 

responsible for a good butanol production, much higher than that obtained using 

corresponding powder catalysts with the same composition, despite of the low MgO 

load in the reactor. 
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