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A B S T R A C T

Hydrothermal liquefaction (HTL) of wet and lignocellulosic biomass yields bio-oil and an aqueous phase rich in 
furans, aldehydes, ketones, organic acids, and phenolics. Bio-oil can be used as a drop-in fuel after hydrotreat
ment to enhance its energy density and compatibility with conventional fuels. Steam reforming (SR) of the 
aqueous phase has been proposed to source hydrogen for hydrotreating the bio-oil. Despite levulinic acid (LA) 
being a main cellulose-derived product in the aqueous phase of HTL, information on its steam reforming is 
limited. In this work, we studied the SR of LA on Ni/Mg-Al catalysts obtained from hydrotalcite-like precursors, 
both unpromoted and promoted with Zr and Ce. The catalysts were synthesized by coprecipitation and calci
nation at 450, 600 and 750 ◦C, and activated by reduction at 600 ◦C. Activity was tested for 16 h at 500 and 
600 ◦C at steam-to-carbon molar ratios (S/C) of 2.4, 5.4 and 8.4. Filamentous and multilayered carbon structures 
were observed in the unpromoted catalysts, especially at the lower temperature and S/C ratios. Promotion with 
Zr decreased coking resistance and increased the formation of carbon filaments. Addition of CeO2 reduced the 
extent of coking, but still multilayered carbon deposits and whiskers were formed. A Ce-promoted catalyst 
maintained constant activity for 100 h at 600 ◦C, S/C of 8.4, and WHSVLA of 6.47 h− 1, achieving complete LA 
conversion, a fractional yield of hydrogen of 0.91, and selectivity to carbon dioxide, carbon monoxide and 
methane of 0.83, 0.11 and 0.01, with a carbon balance closure above 96 %.

1. Introduction

The environmental impact of fossil fuels and the growing energy 
demand have driven the search for alternative fuels for transportation 
and industry. Biomass, as a unique source of biogenic carbon, can 
contribute to the substitution of fossil resources. Among several routes, 
fast pyrolysis (FP) and hydrothermal liquefaction (HTL) can convert 
biomass into liquid fuel precursors [1,2]. FP at near atmospheric pres
sure and 450 – 550 ◦C is suitable for dry lignocellulosic biomass like 
wood, straws, and agriculture by-products [3,4]. HTL proceeds in 
aqueous environment at 5 – 20 MPa and 250 – 350 ◦C, and it is better 
suited for wet biomass such as algae, food-processing waste, animal 
manure and sewage sludge, but it can process lignocellulosic feedstocks 
as well [4,5]. Both processes give variable yields of gas, char, and liquid 
products depending on the type of biomass, temperature, the use of 
catalysts, and in HTL the use of solvents different from water [2]. The 
liquid fraction, commonly referred to as biocrude or bio-oil, is the 

desired product in both processes. Bio-oil is a complex mixture formed 
by the thermochemical depolymerization of the biomass constituents. It 
includes aromatics from lignin, anhydro sugars, furans, aldehydes, ke
tones and organic acids from cellulose and hemicellulose, and in 
microalgae and other wet biomasses, fatty acids and long chain hydro
carbons evolving from oils and fats [4,6]. Comparative studies have 
shown that FP and HTL bio-oils differ in composition and properties. 
HTL bio-oils have better quality and stability [1,7,8] since they are less 
oxygenated and have a higher energy density [9]. FP oil is unstable upon 
storage because ketones and phenolic monomers repolymerize with 
pyrolytic lignin rising the viscosity [10–12]. Aged bio-oil splits into a 
viscous tarry phase consisting of phenolics and lignin aromatics, and an 
aqueous phase (APh) that concentrates organic acids, anhydro sugars, 
and low molar mass polar compounds [10,12]. Since HTL is conducted 
in aqueous media, it directly splits into aqueous and organic phases [4]. 
The latter constitutes the bio-oil, but the aqueous phase is rich in polar 
compounds derived from carbohydrates. In addition, the HTL of 
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biomasses containing lipids produce bio-oils rich in fatty acids and long- 
chain hydrocarbons. Bio-oils from HTL are generally unstable, although 
their aging characteristics strongly depend on the biomass [13]. Even if 
many of the compounds present in FP and HTL bio-oils are valuable 
platform chemicals, their recovery is not economical given the low 
concentrations at which they are present. Consequently, the envisaged 
use of bio-oil is as drop-in fuel. FP and HTL bio-oils are unsuitable as 
fuels due to their immiscibility with conventional liquid fuels, inferior 
physicochemical properties, and lower energy density compared to 
conventional fuels [2]. Hydrotreating and hydrocracking are effective 
techniques to upgrade bio-oil. Hydrotreating increases the energy den
sity and reduces the oxygen content, and it lowers the organically bound 
nitrogen in oils produced from high protein biomasses. Hydrotreating of 
the bio-oil obtained by HTL of lipid-rich biomass holds promise to 
produce biofuels within the kerosene range [14]. Hydrocracking reduces 
viscosity by breaking down the larger fragments of pyrolytic lignin into 
smaller molecules [2,9,15]. The hydrogen needed for both processes can 
be obtained by steam reforming (SR) either a fraction of the bio-oil, or 
the aqueous phase decanted from the bio-oil [2,9,16,17]. The latter is 
interesting as it valorizes the aqueous phase and does not consume 
additional feedstocks to rise hydrogen [18].

Steam reforming of fast pyrolysis bio-oil and its aqueous phase has 
proven challenging due to rapid catalyst deactivation, and many studies 
have focused on model compounds to investigate the underlying phe
nomena. Catalysts based on nickel are the most common, but other 
metals active for the steam reforming of hydrocarbons such as Co and Rh 
have been studied as well. Those metals have been also tested as nickel 
promoters in bimetallic catalysts. Common support materials include 
alumina, lanthanum oxide, cerium oxide, magnesium oxide and zinc 
oxide, and mixed oxides obtained by impregnation with support modi
fiers or synthesized by coprecipitation techniques. The main difficulty in 
SR of whole bio-oil or bio-oil APh is carbon deposition. This is a complex 
phenomenon that must be controlled to prevent a rapid deactivation of 
the catalyst. The underlying mechanisms of carbon deposition during 
bio-oil and APh steam reforming are equivalent to those of methane and 
higher hydrocarbons. The extent of catalyst coking depends on the na
ture of the organic feedstock, the characteristics of the catalytic surface, 
the availability of water (S/C ratio), and temperature. The combination 
of those factors determines not only the rate of carbon accumulation but 
the morphology and the structure of the deposited carbon as well. 
Highly oxygenated and reactive compounds such as anhydro sugars 
form amorphous pyrolytic carbon by thermal cracking in the gas phase 
at high temperature that results in the blockage of the catalyst bed even 
if the catalyst surface is clean of carbon deposits, while at lower tem
perature they polymerize encapsulating the catalyst with amorphous 
carbon [19,20]. Furans and aromatics polymerize on the catalyst surface 
and form encapsulating carbon that passivates the catalyst [21–23]. 
Aliphatic compounds such acetic acid tend to form aromatic carbon 
filaments and graphitic whiskers [19,24–28]. Those do not cause rapid 
deactivation, but the whiskers growing inside the porous structure of the 
catalyst exert compressive forces that finally disintegrate the particles 
and cause an increase of pressure drop in the reactor. The type of carbon, 
and not the sheer quantity, is therefore the key factor concerning 
deactivation during SR of FP bio-oil. The availability of water adsorbed 
on the surface of the catalyst plays a crucial role in favoring the pro
duction of hydrogen gas over carbon monoxide or methane and facili
tates the gasification of carbon precursors. The steam-to-carbon ratio (S/ 
C) determines the partial pressure of water in the gas, but the water 
affinity of the surface is equally important. Modifiers and promoters that 
increase the availability of oxygen vacancies in the catalyst surface like 
CeO2, La2O3, ZnO, MgO or SiO2 increase steam adsorption and favor the 
gasification of the deposited coke [28–39]. The basicity and acidity of 
the support phase play a significant role in catalyst coking. Surfaces with 
strong acidic and basic centers promote dehydration, ketonization, and 
condensation reactions of the adsorbed oxygenated organics, which 
results on the formation of encapsulating carbon [31,35,40–42], but the 

presence of weak basic sites is beneficial to improve the gasification of 
the deposited carbon [43]. Regarding the active phase, Ni tends to 
produce carbon filaments and whiskers, while Co and especially Rh tend 
to form encapsulating deposits [25,34,44]. The formation of carbon 
whiskers can be reduced in nickel catalysts using modifiers and pro
moters that favor the dispersion of the metal and the formation of small 
metal particles upon reduction. Temperature is the most influential 
parameter in SR, but it must be adjusted to balance the processes 
influencing catalyst activity and its deactivation rate. In general, tem
perature reduces coking and increases the yield of hydrogen by pro
moting the rate of gasification of the deposited carbon [20,21,45], but 
the effect of temperature on coking depends on the active metal [25]. 
Temperature makes the carbon deposits more polyaromatic and olefinic 
and less aliphatic and oxygenated [23]. However, excessive tempera
tures may produce amorphous pyrolytic carbon by thermal cracking of 
the feedstock [25]. Sintering is also a concern in SR catalysts, particu
larly due to the high temperatures typically needed for reforming and 
the presence of superheated steam. However, sintering may not be 
readily observable in practice because coke deposition deactivates the 
catalyst well before sintering becomes evident. To reduce sintering, 
operation temperatures significantly above the Tammann temperature 
of the active phase should be avoided [46]. Sintering has been repeat
edly reported in Ni-based catalysts for bio-oil SR above 600 ◦C 
[36,37,44,47,48]. Susceptibility to sintering can be reduced with mod
ifiers that increase the interaction with the support [28,33,47,48] or by 
using metal promoters that form metal alloys with Ni [37,49], which 
may also improve the dispersion of the metal [38]. Rh based catalysts 
can withstand operation temperatures as high as 800 ◦C with minimum 
sintering [25].

In contrast to the abundant literature on the steam reforming of FP 
bio-oil, the production of hydrogen by steam reforming of HTL bio-oil 
and its aqueous fraction has been less studied. Park et al. [50] investi
gated the SR of desalted bio-oil from the HTL of Saccharina japonica on a 
17 % Ni/SrTiO3 catalyst. At 800 ◦C and S/C 15.8 the catalyst achieved 
stable operation for 20 h and it produced a higher yield of hydrogen and 
accumulated less carbon than a Ni/Al2O3 catalyst with the same nickel 
content. This was attributed to a larger amount of reactive lattice oxygen 
that favored the conversion of carbon monoxide to carbon dioxide and 
hydrogen. In another study from the same group, desalted bio-oil from 
the HTL of Saccharina japonica was steam reformed using several Nix

Cu(1− x)Mg1.5Al1.0 hydrotalcite-derived catalysts [49]. A catalyst con
taining a 1:1 Ni:Cu atomic ratio maximized hydrogen production with a 
H2/CO ratio of 28 in the reformate gas at 750 ◦C and a S/C of 10, and it 
was stable for 5 h TOS without substantial coke deposition. Those results 
demonstrate the feasibility of reforming the aqueous phase of HTL bio- 
oil to produce hydrogen, but they are limited to bio-oil from a single 
source of aquatic biomass. SR of HTL bio-oils produced from other wet 
biomasses and lignocellulosic wastes may pose additional challenges 
compared to FP bio-oil due to differences in composition caused by the 
dissimilar reaction environments. The presence of an aqueous phase at 
high pressure during HTL modifies the reaction pathways involved in 
the conversion of cellulose and hemicellulose with respect to those of FP 
[4]. In a comparative study using beech wood between FP in a cyclone 
reactor and HTL in a conventional autoclave, Doassans-Carrère et al. [8] 
observed several compositional differences in the bio-oil and the 
aqueous fraction. Notably, the main products from cellulose were lev
oglucosan in FP and levulinic acid (LA) in HTL. Moreover, the latter was 
absent in the aqueous phase of FP, while levoglucosan was not amongst 
the products of HTL. Lu et al. [51] reported the formation of LA as the 
main carboxylic acid in the HTL of residues from the bioethanol 
fermentation of reed and corn stover, along with acetic and propionic 
acids. Lee and coworkers reported the formation of LA during the HTL of 
coconut shells [52] and empty fruit bunches [53] using CuCl2 as cata
lyst. In the HTL of several lipid-rich algae and microalgae LA was also 
one of the main products in the aqueous phase [6,18].

There is little information in the literature about the steam reforming 
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of levulinic acid. To the best of our knowledge, only two recent studies 
by the same group have been published. Li et al. [54] achieved almost 
complete conversion of LA to gases and a hydrogen yield of 92.8 % at 
800 ◦C and a S/C ratio of 24 during 40 h with a catalysts containing 15 
wt% of Ni supported on a NiAl2O4 spinel. The high yield of hydrogen can 
be explained by the large S/C ratio that was used, which displaced the 
water gas shift and methanation reactions towards the formation of 
hydrogen. Even at this high S/C ratio, carbon deposition was observed 
on the catalyst by SEM imaging and XRD after 40 h of operation, but the 
amount and type of carbon deposited on the catalyst were not reported. 
In a subsequent paper by the same group, Su et al. [55] addressed the 
steam reforming of mixtures of levulinic acid with formic acid and 
furfural using the same catalyst and studied the influence of trace 
amounts of sulfuric acid on its deactivation. Addition of Cu or Co to 
produce Ni-M/NiAl2O4 bimetallic catalysts improved their resistance to 
the presence of the sulfuric acid, and a stable reforming activity was 
achieved at 800 ◦C and a S/C of 12. Given the limited data available on 
the steam reforming of levulinic acid and the high temperatures and S/C 
ratios required on the published works, in this paper we have investi
gated a Ni/Mg-Al layered double hydroxide precursor, both unpromoted 
and promoted with Zr and Ce, to obtain a catalyst that was active and 
stable at milder reforming conditions. Addition of Mg as support mod
ifier to the Ni/Al system was considered since it enhances the basicity of 
the support and improves water adsorption and OH mobility, thus 
reducing coking during the steam reforming of acetic acid [25,30,35] 
and FP bio-oil [22,32,36]. Promotion with ZrO2 changes the acidic/ 
basic characteristics of the support and enhances the adsorption of steam 
and carbon oxides [33], while its high oxygen vacancies and redox 
capability favor the oxidation of carbon deposits [41]. Ce is an effective 
promoter in Ni/Al catalysts during the SR of oxygenated molecules. It 
enhances the dispersion of the active Ni phase upon reduction while 
cerium oxides provide oxygen mobility that contributes to water 
adsorption and facilitate the oxidation of dehydrogenated carbon spe
cies deposited on the surface [30,32,34,36,39]. We have studied the 
influence of the temperature of calcination of the LDH precursors and 
the addition of Zr and Ce as promoters on the structure and activity of 
the Ni/Mg-Al catalyst. The activity has been assessed in SR experiments 
at atmospheric pressure using S/C molar ratios from 2.4 to 8.4 and 
temperatures of 500 and 600 ◦C. The study has also focused on the 
characteristics of the carbon deposited on the catalysts. Finally, an 
extended test of 100 h has been conducted to demonstrate the stability of 
the Ce-promoted catalyst at 600 ◦C at a S/C ratio of 8.4.

2. Materials and methods

2.1. Synthesis of the catalysts

The catalysts were obtained by calcination and reduction of double 
layered hydroxides (LDH) precursors prepared by coprecipitation at 
controlled pH. The precursors had atomic ratios of Ni:Mg:Al of 2:1:1. To 
synthesize the LDH, 100 mL of a solution containing 1 mol⋅L− 1 of Ni 
(NO3)2⋅6 H2O (98 % purity, Thermo Scientific), 0.5 mol⋅L− 1 of Mg 
(NO3)2⋅6 H2O (extra pure, Thermo Scientific and 0.5 mol⋅L− 1 of Al 
(NO3)3⋅9 H2O (98 % purity, Fisher Scientific) were added dropwise to a 
100 mL 0.30 mol⋅L− 1 Na2CO3 (99.5 % purity, Fisher Scientific) solution 
under constant stirring. The pH of the mixture was controlled to 10 ±
0.5 by the addition of a 2 mol⋅L− 1 in NaOH (98 % purity, PANREAC) 
solution. The resulting suspension was aged at 60 ◦C for 18 h. The solid 
product was separated by vacuum filtration, it was washed thoroughly 
several times with deionized water until the washings had a pH of 7, and 
it was dried at 100 ◦C for 12 h. The resulting LDH was then ground into a 
powder before undergoing calcination at 450, 600 or 750 ◦C for 5 h in 
static air. The calcined materials were labeled HTn, where n represented 
the calcination temperature in degrees Celsius (for instance, HT450). 
The catalysts containing zirconia were synthesized following the same 
procedure but adding 0.03 mol⋅L− 1 of ZrO(NO3)2⋅⋅H2O (technical grade, 

Sigma Aldrich) to the solution of nickel, magnesium and aluminum ni
trates to produce a LDH precursor with a nominal atomic ratio of Ni:Mg: 
Al:Zr of 2:1:0.95:0.05. The precursor was calcined at 450, 600 or 750 ◦C 
for 5 h in static air, and the calcined materials were labelled HTn/Zr (for 
example, HT450/Zr). The ceria-promoted catalysts were prepared by 
incipient wetness impregnation of the calcined HT450. Two catalysts 
containing 0.12 and 0.40 atom % of Ce were synthesized, which 
correspond to 0.33 and 1.32 metal mass %. Those values were selected 
based on the work of Bimbela et al. [32], who established that a 0.5 mass 
% of Ce gave the best result for the steam reforming of the aqueous phase 
of FP oil on Ni-Ce/MgAl catalysts. The materials were prepared by 
adding a solution of (NH4)2[Ce(NO3)6] (98.5 % purity, Sigma-Aldrich) 
dropwise to a sample of calcined HT450. The concentration of nitrate 
and the volume of solution added were based on the total pore volume of 
the calcined material. After impregnation, the solid was dried at 100 ◦C 
for 12 h and it was calcined at 450 ◦C for 5 h in static air. The calcined 
materials were labelled HT450/Ce1 (0.1 atom % of Ce) and HT450/Ce4 
(0.4 atom % of Ce). The active forms of the catalysts were obtained by 
reducing the calcined materials in a tubular reactor. The samples were 
heated at 10 ◦C⋅min− 1 from room temperature to 600 ◦C and kept for 18 
h under a constant flowrate of 10 mLn⋅min− 1 of hydrogen. If the catalyst 
sample was intended for characterization, the reduced catalyst was then 
cooled down to room temperature under 20 mLn⋅min− 1 of nitrogen. 
Once cold, the reactor was flooded with ethanol and disassembled, and 
the catalyst suspension was transferred to a vial that was sealed to 
prevent the reoxidation of nickel by contact with air. If the catalyst 
sample was intended for activity testing, it was first mixed with silica 
particles as described in section 2.3 and reduced following the same 
protocol. The reduced catalysts were labelled adding − R to their tag (for 
instance, HT450/Ce4-R).

2.2. Characterization of the catalysts

The textural properties of the catalysts were determined from the 
nitrogen adsorption–desorption isotherms at 77 K on a QuadraSorb SI 
Model 4.0 instrument with the QuadraWin Software (Quantachrome 
Instruments, v5.0). The samples were degassed under vacuum (6 mTorr) 
at 120 ◦C for 18 h before analysis in the instrument pre-chamber (FloVac 
Degasser, Quantachrome Instruments) to remove the adsorbed species. 
The surface area was calculated with the BET model, while the BJH 
model was applied to the desorption branch of the isotherm to calculate 
the pore volume and the pore size distribution. Temperature- 
Programmed Reduction (TPR) was conducted on an Autochem 2920 
chemisorption analyzer (Micromeritics) equipped with a cold trap 
containing isopropanol at − 90 ◦C and a TCD detector. Samples of ca. 
100 mg of calcined materials were placed in a U-quartz microreactor and 
treated at 300 ◦C for 30 min under a constant flow of 30 mL⋅min− 1 of He 
to remove adsorbed species, and subsequently cooled to 40 ◦C. Tem
perature was then rampled up to 800◦C at 10◦C⋅min− 1 under a flow of 
30 mL⋅min− 1 of a 10 % H2/Ar mixture. The hydrogen consumption was 
calculated from the TCD detector signal. The crystalline structure of the 
materials was analyzed by X-Ray Diffraction (XRD) using a Siemens 
D5000 diffractometer (Bragg-Brentano parafocusing geometry and 
vertical θ − θ goniometer) fitted with a curved graphite diffracted-beam 
monochromator, incident and diffracted-beam Soller slits, a 0.06◦

receiving slit and scintillation counter as a detector. The angular 2 θ 
diffraction range was between 5 and 80◦. The data were collected with 
an angular step of 0.05◦ at 3 s per step and sample rotation. Cuk α ra
diation was obtained from a copper X-ray tube operated at 40 kV and 30 
mA. Environmental scanning electron microscopy (ESEM) was con
ducted with a Quanta 600 instrument (FEI Company). Field emission 
scanning electron microscopy (FESEM) was performed on a Scios-2 in
strument (ThermoFisher) under high vacuum. Transmission electron 
microscopy (TEM) images were acquired using a JEOL 1011 TEM 
operated at 100 kV. High-resolution transmission electron microscopy 
(HR-TEM) images were acquired using a JEOL J200 operated at 200 kV, 
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elemental analysis was performed with an EDS Centurio Detector. 
Raman spectra were recorded at ambient temperature using a Raman 
Renishaw InVia Spectrometer equipped with a confocal DM 2500 Leical 
optical microscope, a CCD detector, and a diode laser operating at 785 
nm. The applied power of the laser beam focusing on the sample was 3 
mW. The spectra were mesured in the 900–1900 cm− 1 range in single 
scan with 30 s of exposure time. The basicity of the catalysts was 
investigated by temperature-programmed desorption of CO2 (CO2-TPD) 
on a Micromeritics AutoChem II 2920 chemisorption analyzer. Initially, 
the catalyst samples (200 mg) were loaded in the U-quartz microreactor 
and reduced at 600 ◦C for 120 min while flowing 30 mL⋅min− 1 of a 10 % 
H2/Ar mixture. Subsequently, the samples were cooled down to 70 ◦C 
and exposed to a flow of 30 mL⋅min− 1 of 2.5 % CO2/He for 45 min. After 
that, the samples were cooled down to 40 ◦C with He and until the de
tector signal was stable. The temperature was then ramped up to 600 ◦C 
at a rate of 10 ◦C⋅min− 1 under a helium flow of 30 mL⋅min− 1. The 
desorbed CO2 was measured using a thermal conductivity detector 
(TCD). The thermal decomposition characteristics of the carbon depos
ited on the spent catalysts was investigated by thermogravimetry anal
ysis (TGA) in a Sensys Evo TG-DSC thermobalance (SETARAM) 
equipped with an online mass spectrometer detector (QMG-220, Pfeiffer 
Vacuum). Samples of ca. 10 mg of spent catalyst were heated at 
10 ◦C⋅min− 1 to 100 ◦C, held for 15 min to fully dry the sample, and then 
heated to 800 ◦C at 10 ◦C⋅min− 1 under a total flowrate of air of 30 
mLn⋅min− 1. The combustion of the carbon deposits was monitored by 
the change in mass of the sample and the respons of carbon dioxide in 
the MS detector.

X-ray photoelectron spectroscopy (XPS) analysis was performed 
using an ProvenX-NAP (Specs Surface Nano Analysis GmbH, Berlin, 
Germany) spectrometer with a dual (AlKα = 1487 eV / AgLα = 2984 eV) 
monochromatic X-ray source (µFocus450). The measurements were 
collected under these conditions: power of X-ray of 100 W (AlKα anode), 
the hemispherical analyzer operating in the main fixed analyzer trans
mission mode, entrance slit of 7 × 20 mm and exit slit open with mesh. 
The data were recorded with a PHOIBOS 150 NAP 1D-DLD and the total 
pressure in the main vacuum chamber during analysis was around 5 10-9 

mbar. Survey spectrum was collected at 80 eV of pass energy and 0.7 eV 
of step size. To obtain more detailed information about chemical envi
ronment and oxidation states, high-resolution spectra were recorded 
from individual peaks at 30 eV of pass energy, 0.3 Dwell Time and 0.05 
eV of step. Due to the poor conductivity of the samples, a flood gun 
source (COSCON − FG 22/35, SPECS) had to be used to compensate for 
charging problems and the size of the X-ray spot had to be increased. To 
characterize the reduced catalysts, the samples were reduced previously 
in a high-pressure cell (HPC) connected to the main chamber through 
the load lock chamber. The reduction was carried with a flowrate of 10 
mLn⋅min− 1 of hydrogen (99.999 % purity) at 600 ◦C and 1 bar during 1 h 
(heating ramp 10 ◦C⋅min− 1). After the reduction, the hydrogen was 
evacuated until the pressure in the HPC chamber was lower than 8⋅10-8 

mbar. Afterwards, the samples were transferred to the main chamber in 
UHV conditions, thus preventing the samples from coming into contact 
with air. Each specimen was analyzed at an emission angle of 0◦ as 
measured from the surface normal. Data processing was performed 
using CasaXPS processing software (version 2.3.26.PR1.0, Casa Soft
ware Ltd., Teignmouth, UK). Binding energies were referenced to the C 
1 s peak at 284.8 eV (adventitious carbon) [56]. The atomic concen
trations of the detected elements were calculated using integral peak 
intensities and the sensitivity supplied by the manufacturer. The Ni 2p3/ 

2 region was fitted following the methodology described by Beisinger 
[56,57], in which each nickel species is fitted using distinct components. 
The analysis of the Ce 3d region was carried out following Schierbaum’s 
procedure [58] and Burroughs nomenclature [59]. The rest of elements 
were fitted using a Gaussian-Lorentzian function.

2.3. Steam reforming procedure and product analysis

The steam reforming activity of the catalysts was studied at atmo
spheric pressure on a laboratory-scale continuous packed bed reactor. A 
description of the unit and a schematic diagram are provided in the 
supplementary material (Fig. S1). Experiments were conducted with ca. 
250 mg of calcined catalyst sieved to 200 – 300 μm. To improve tem
perature homogeneity in the packed bed, the catalysts were diluted with 
ca. 6 g of quartz particles of the same granulometry. Prior to the reac
tion, the precursors were reduced in situ with 10 mLn⋅min− 1 of hydrogen 
by heating at 10 ◦C⋅min− 1 from room temperature to 600 ◦C and keeping 
that temperature for 18 h. After reduction, temperature was adjusted to 
the reaction value, the flow of hydrogen was interrupted, 50 mLn⋅min− 1 

of nitrogen were added to the system as internal standard for the 
chromatographic analysis of the product gas, and the feed of the aqueous 
solution of levulinic acid was started. Typically, a flowrate of 0.2 
mL⋅min− 1 delivered by a Gilson 305 HPLC pump was used, but the 
actual mass flowrate of liquid fed during each test was calculated by 
recording the variation of the mass in the feed reservoir with a balance. 
Each catalyst sample was tested for a time on stream of 16 h under 
constant conditions. After the reactor, the product was cooled to 5 ◦C in 
a gas–liquid separator. The liquid consisted of water, unconverted lev
ulinic acid and trace amounts of byproducts. It was collected in separate 
fractions every 2 h and the mass of each fraction was measured with a 
scale. The concentration of unconverted levulinic acid in each sample 
was determined by HPLC on an Agilent 1100 chromatograph equipped 
with a refractive index detector and an Aminex HPX 87-H column (Bio- 
Rad) at 55 ◦C. A flowrate of 0.6 mL⋅min− 1 of a 0.005 mol⋅L− 1 H2SO4 
aqueous solution was used as solvent. The detector was calibrated with 
standards of known mass fractions of levulinic acid in deionized water. 
Samples of the liquid phase were extracted with CHCl3 to isolate un
known compounds appearing in the HPLC analysis. Identification of the 
main compounds in the extract was performed by nuclear Magnetic 
Resonance (NMR) in a Bruker Avance Neo 400 MHz spectrometer. 1H 
NMR (401 MHz) and 13C NMR (101 MHz) spectra were obtained as 
solutions in deuterated chloroform. Chemical shifts were reported in 
parts per million (ppm, δ). For 1H NMR spectra, multiplicities were 
reported as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) 
or a combination of these. The composition of the dry gas was deter
mined with an online gas chromatograph (3000 microGC system, Agi
lent Technologies). Gas samples were automatically analyzed along the 
activity test every 5 min. The products observed in the gas were 
hydrogen, methane, carbon dioxide, carbon monoxide, and trace 
amounts of ethane and ethylene. The molar flow rates of the gas prod
ucts (Fj) were calculated from the molar flowrate of nitrogen added to 
the reactor as internal standard during the test (FN2,0), and the molar 
fraction composition of the dry gas (xj), averaged during the 2 h period 
of collection of a liquid sample (equation (1). The fractional conversion 
of levulinic acid (XLA), the selectivity to hydrogen (SH2) and to carbon- 
containing products (Sj), the fractional yield of hydrogen (YH2), and 
the carbon balance closure (CB) were calculated according to equations 
(2) to (6), where FLA,0 is the feed molar flow rate of levulinic acid, Fj is 
the molar flow rate of species j at the reactor outlet, and nCj is the 
number of carbon atoms in species j. 

Fj = FN2,0

(
xj

xN2

)

with j = CO2,CO, CH4,C2H6, C2H4,H2 (1) 

XLA =
FLA,0 − FLA

FLA,0
(2) 

SH2 =
FH2

11
(
FLA,0 − FLA

) (3) 

Sj =
nCj Fj

5
(
FLA,0 − FLA

) with j = CO2,CO, CH4,C2H6, C2H4,AGL (4) 
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YH2 =
FH2

11 FLA,0
(5) 

CB =
1

5 FLA,0

∑

j
nCj Fj with j = LA, CO2,CO, CH4,C2H6, C2H4,AGL (6) 

When an activity test concluded, the reactor was cooled to room tem
perature under a constant flow of 10 mLn⋅min− 1 of nitrogen and the bed 
material was recovered. The catalyst was separated from the silica 
particles using a magnet and it was stored in sealed vials for further 
analysis. The used catalysts were labeled adding the suffix − Um to their 
tags, where m represented the S/C ratio of the experiment (for instance: 
HT450/Ce4-U8.4).

2.4. Reaction conditions

The steam reforming experiments were performed at 500 and 600 ◦C 
using steam-to-carbon molar ratios S/C of 2.4, 5.4 and 8.4, which 
correspond to mass fraction compositions of levulinic acid (LA) in water 
of 0.349, 0.189 and 0.131. Temperature was limited to 600 ◦C to avoid 
surpassing the Tammann temperature of nickel and prevent catalyst 
sintering [46]. Concerning the S/C ratio, a minimum of 2.4 was chosen 
to ensure that thermodynamically stable carbon could not form in the 
system. For a specific organic feed, temperature, and pressure, stable 
carbon deposits will form below a critical steam-to-carbon ratio [60,61] 
that is determined by thermodynamics, even if carbon deposits typically 
occur above this thermodynamic S/C limit due to the reaction mecha
nisms involved in steam reforming. Even if catalyst coking is kinetically 
controlled [62,63], conditions that favor thermodynamically stable 
carbon deposits during the reaction should always be avoided. The 
conditions that lead to stable carbon during the steam reforming of LA 
were assessed to select S/C ratios that were suitable for the catalytic 
activity tests. The combinations of temperature and S/C that led to the 
formation of stable solid carbon were calculated at absolute pressures of 
1, 10 and 30 bar. Calculations were performed with the ASPEN Plus v12 
process simulator using the PSRK (Predictive Redlich-Kwong-Soave) 
thermodynamic method, based on the minimization of the free energy 
of the system at the specified temperature, pressure, and feed compo
sition (Gibbs reactor). The minimum S/C ratio required to prevent stable 
carbon decreased with temperature (Fig. 1). Pressure had little influence 
on the carbon formation boundary between 250 and 600 ◦C and favored 
the formation of stable carbon above that temperature. Below 250 ◦C, 
the boundary became independent of the S/C ratio once temperature 
was low enough to form a liquid phase by the condensation of water. At 
the pressures considered, an S/C ratio above 1.6 was needed to prevent 
stable carbon at 500 ◦C. This S/C ratio is higher than the stoichiometric 
requirement of 1.4 needed to completely convert levulinic acid 
(C5H8O3) to carbon dioxide and hydrogen (equation (7), and it justifies 
the use of an excess of steam to conduct the reaction. A minimum S/C of 
2.4, which is ca. 50 % above the thermodynamic limit between 500 and 
600 ◦C was therefore chosen. Still, the steam reforming of oxygen- 
containing compounds and hydrocarbons larger than methane in
volves a complex set of reactions that is represented poorly by the 
general stoichiometry in equation (7). A better description is given 
considering the water gas shift and the methanation reactions as well 
(equations (8) to (10). An excess of water is not only needed to prevent 
stable carbon, but to minimize the formation of carbon monoxide and 
methane by displacing the water shift and methanation reactions to
wards the formation of hydrogen and carbon dioxide. This is illustrated 
in Fig. 1, where the equilibrium yield of hydrogen and the selectivity to 
methane and carbon oxides are depicted at atmospheric pressure for S/C 
ratios of 2.4, 5.4 and 8.4. The equilibrium yield of hydrogen in the 500 – 
600 ◦C region chosen for the experiments is very sensible to the S/C ratio 
since CH4 and CO are favored at low S/C. Based on those results, S/C 
ratios of 2.4, 5.4 and 8.4 were selected to conduct the catalyst screening 

experiments. These values fall within the range of 1.5 to 24 used in the 
available literature for the SR of LA [54,55]. 

CxHyOz + (2x − z)H2O→xCO2 +
(

2x +
y
2
− z

)
H2 (7) 

CxHyOz + (x − z)H2O→xCO +
(

x +
y
2
− z

)
H2 (8) 

CO + H2O⇄CO2 + H2 (9) 

CO + 3H2⇄CH4 + H2O (10) 

3. Results and discussion

3.1. Catalyst characterization

Composition of the calcined materials was determined by FESEM 
(Table 1). A nickel atomic ratio from 40 to 50 % was obtained with ratios 
between bivalent and trivalent metals (M2+/M3+) close to 3, the typical 
value in naturally existing hydrotalcites. In the promoted catalysts, the 
Zr content was found to be from 0.77 to 0.95 atomic %, while Ce was 
0.40 %. Nitrogen physisorption was used to determine the textural 
properties of the calcined materials. All had type IV isotherms with type 
H4 hysteresis loops according to the IUPAC classification (Fig. S2), 
which are characteristic of materials formed by parallel laminar struc
tures [64]. The surface area of the material calcined at 450 ◦C (HT450) 
was only 60 m2⋅g− 1, with a pore volume of 0.27 mL⋅g− 1 and an average 
diameter of 8.4 nm (Table 1 and Fig. S2). Calcination at 600 ◦C (HT600) 
gave a surface area of 102 m2⋅g− 1 with a pore diameter of 7.1 nm, but at 

Fig. 1. Thermodynamic analysis of the steam reforming of levulinic acid: 
temperature − S/C boundaries for the formation of stable carbon deposits at 
absolute pressures of 1, 10 and 30 bar (top), and equilibrium yield of hydrogen 
and selectivity to methane and carbon oxides in dry-basis at atmospheric 
pressure and S/C ratios of 2.4, 5.4, and 8.4 (bottom).
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750 ◦C (HT750) the pore diameter grew to 17.4 nm with the subsequent 
decrease in surface area. The addition of zirconia as promoter stabilized 
the structure of the mixed oxides; surface areas of ca. 88 m2⋅g− 1 were 
obtained regardless of the calcination temperature, although pore 
diameter grew from 8.4 nm in HT450/Zr to 11.9 in HT750/Zr. The 
addition of ceria to the material calcined at 450 ◦C (HT450/Ce4) almost 
doubled the surface area (112 m2⋅g− 1) of the unpromoted HT450 
without changing the average pore diameter.

The unpromoted and Zr-promoted coprecipitated precursors pre
sented the XRD diffraction signals characteristic of a layered double 
hydroxide phase with a hydrotalcite-like structure (Fig. S3). No other 
phases were observed, which indicates the isomorphic replacement of 
Mg2+ cations by Ni2+ and Al3+ in the brucite layers. On both precursors, 
there was a superposition of planes (009) and (012) around 34.9 degrees 
that is characteristic of hydrotalcites with a high degree of purity [65]. 
The XRD patterns of the calcined samples (Fig. 2) had reflections char
acteristic of oxides with a cubic NaCl-type crystal structure (s.g. Fm3m) 
typical NiO (PDF#00–047-1049, a = 4.177 Å), formed by decomposi
tion of the hydrotalcite above 300 ◦C [66–69]. The diffraction peaks at 
37.4, 43.7, 63.3, 76.1, and 79.6 corresponded to planes (111), (200), 
(220), (311), and (222), respectively. The intense (111) reflection was 
related to an enrichment in Ni cations in the mixed oxides [67]. The 
crystallinity of this phase was similar after calcination at 450 and 
600 ◦C, but it grew in the sample calcined at 750 ◦C (HT750). Promotion 
with Zr gave a similar crystallinity regardless of the calcination tem
perature. Finally, the sample promoted with ceria (HT450/Ce4) pre
sented a peak with low crystallinity at 28.6 degrees of the (111) plane of 
CeO2 (fluorite structure, PDF#00–034-0394), which is characteristic of 
a good impregnation of the precursor oxide with ceria. In all the calcined 
materials, signals corresponding to a segregated alumina phase were not 
observed, which indicates that aluminum was integrated into the crys
talline network of mixed oxides [70].

H2-TPR of the calcined materials (Fig. S4) revealed peaks related to 
the reduction of nickel oxide to metallic nickel. The catalysts calcinated 
at 450 ◦C presented two asymmetric peaks. The first around ca. 350 ◦C 
can be assigned to the reduction of nickel oxide and hydroxides with 
weak interactions with Mg(Al)O, or the reduction of surface oxygen or 
oxygen capping species. The second peak, located at 540 ◦C, corre
sponded to the reduction of the bulk nickel oxide with strong interaction 
with a MgAl mixed oxide phase [69,71,72]. Calcination temperature 
suppressed the low interaction peak and shifted the strong interaction 
peak to higher reduction temperatures due to the formation of a spinel 
phase. Promotion with Zr had a clear impact on reducibility. In the 
HT450/Zr material, the presence of Zr increased the amount of nickel 
oxides with weak interaction with the support, but simultaneously 
shifted the temperature of the strong interaction oxides from 540 to 
646 ◦C. The shift in the temperature of reduction was even more 
important in HT600/Zr and especially in HT750/Zr, where the addition 
of zirconia increased the interaction of the nickel oxide with the mixed 
oxide matrix and decreased its reducibility. The lower reducibility of 
NiO in the materials calcined at higher temperature agreed with NiO 
showing more intense signals in the XRD spectra due to a higher crys
tallinity and stronger interaction with the support. Concerning the 

Table 1 
Characterization of the calcined materials: textural properties determined from the nitrogen adsorption isotherms, and metal elemental composition based on FESEM 
surface analysis.

Textural properties Elemental analysis
Catalyst SBET (m2⋅g− 1) VBJH (mL⋅g− 1) dBJH (nm) Ni (wt%) M2+/M3+ Ni (atom %) Mg (atom %) Al (atom %) X (atom %)

HT450 60 0.27 8.4 39.2 2.6 43.4 28.7 27.9 −

HT600 102 0.37 7.1 48.1 2.8 50.3 23.4 26.3 −

HT750 69 0.54 17.4 46.6 2.9 48.2 25.9 25.9 −

HT450/Zr 88 0.35 8.4 42.8 3.0 46.6 27.8 24.8 0.8
HT600/Zr 88 0.51 9.9 38.8 3.1 47.9 27.2 24.0 0.9
HT750/Zr 87 0.50 11.9 43.8 3.1 47.8 27.0 24.2 1.0
HT450/Ce4 112 0.41 8.3 45.7 3.1 49.5 25.5 24.6 0.4

Fig. 2. XRD diffractograms of the HT samples calcined at 450, 600 and 700 ◦C, 
and reduced at 600 ◦C: unpromoted (top), promoted with Zr (center), and 
HT450 promoted with Ce (bottom).
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promotion with Ce, only a small displacement in the reduction tem
perature was observed compared to the unpromoted HT450.

The XRD spectra of the HT450-R catalyst reduced at 600 ◦C (Fig. 2) 
revealed a crystalline phase of metallic nickel with peaks at 44.9, 51.7 
and 76.3 degrees with a cubic unit cell parameter a = b = c = 3.525 Å 
(PDF#00–004-0850, a = b = c = 3.524 Å). The diffractogram also 
contained very weak signals characteristic of NiO with cubic NaCl-type 
crystal structure (PDF#00–047-1049). The small contribution of the NiO 
signals in HT450-R suggests that a high degree of nickel reduction at 
600 ◦C, in agreement with H2-TPD, and a high dispersion and small 
crystallite size of the unreduced NiO. The precursor calcined at 600 ◦C 
also showed weak signals of NiO and intense signals of Ni0, pointing to 
the formation of larger crystallites of reduced nickel. In HT750-R, 
however, reduction at 600 ◦C was clearly incomplete since the diffrac
tion bands of Ni0 were noticeably smaller than those of NiO. Reduction 
of the Zr-promoted materials was incomplete regardless of the calcina
tion temperature, and even in HT450/Zr-R the signals of the NiO planes 
were well defined. This was consistent with the lower reducibility of 
these materials as determined from H2-TPR. Finally, the ceria-promoted 
catalyst, HT450/Ce4-R, only presented small signals of Ni0 with weak 
contributions of NiO and CeO2. The sizes of the reduced nickel particles 
were calculated from the XRD diffractograms and they were also 
determined from HR-TEM imaging of the reduced catalysts for the ma
terials obtained by calcination at 450 ◦C (Table 2 and Fig. S5. More 
detailed HR-TEM/EDX images of the three reduced catalysts are pre
sented in Fig. S6, S7 and S8). Both methods gave equivalent results. The 
addition of CeO2 as promoter improved the dispersion of Ni0 and 
reduced the average nickel crystallite size from ca. 17.8 nm in the 
unpromoted HT450-R to 8.5 nm in HT450/Ce4-R. On the contrary, the 
addition of Zr aggregated nickel in larger crystallites with an average 
diameter of ca. 25 nm and a broad distribution of sizes because of the 
stronger interaction with the support (Fig. S5). This agrees with the 
higher reduction temperatures of the materials promoted with zirconia. 
HR-TEM/EDX also revealed a complete dispersion of Zr and Ce in the 
promoted catalysts (Fig. S7 and S8, respectively).

The chemical states of the surface components of HT450-R, HT450/ 
Zr-R and HT450/Ce4-R were studied by XPS (Fig. 3). The samples were 
reduced in situ prior to the analysis to avoid the reoxidation of nickel 
upon contact with air. The O 1 s spectra of the three catalysts presented a 
dominant peak centered at low binding energy (530 – 531 eV) corre
sponding to lattice oxygens (OL), and a small shoulder at high binding 
energy (532 – 533 eV) related to oxygen vacancies in superficial defects 
of the lattice structure (OV) [39,41]. The defects on the lattice facilitate 
the adsorption of water and its mobility during steam reforming. The 
ratio between oxygen vacancies and lattice oxygen (OV/OL) was 0.25 in 
HT450-R, 0.23 in HT450/Ce4-R and 0.22 in HT450/Zr-R. At the 
amounts used in this study the addition of Ce and Zr did not create 
additional lattice defects, and it even decreased their concentration 
slightly. The Ni 2p3/2 spectra were fitted following the procedure 
described by Beisinger [56,57] and the proportion of reduced nickel 
(Ni0) was calculated from the areas of the Ni0 and Ni2+ peaks. The 
percentage of Ni0 was 36.3 % in HT450-R, 48.2 % in HT450/Ce4-R and 

51.1 % in HT450/Zr-R. The addition of Zr augmented the presence of 
nickel oxides with low reducing temperature (Fig. S4) and formed larger 
Ni0 particles (Table 2), which resulted on a larger fraction of reduced 
nickel surface. Concerning Ce in HT450Ce4-R, it interacted with nickel 
favoring its dispersion and improving its reducibility. The Ce 3d XPS 
spectra was analyzed following Schierbaum’s procedure [58]. The 
Ce3+/(Ce3+ + Ce4+) ratio was 58.2 %. Since Ce was used as a dopant 
agent, it was dispersed through the surface in the vicinity of the particles 
of reduced nickel. Ce3+ thus created oxygen vacancies on the vicinity of 
the nickel particles, even if the total number of vacancies was close to 
that of the unpromoted catalyst due to the predominant presence of 
oxygen in aluminum and magnesium mixed oxides.

Temperature programmed desorption of carbon dioxide (CO2-TPD) 
was used to determine the basicity of the reduced catalysts (Table 2 and 

Table 2 
Characterization of the reduced catalysts. Average Ni particle diameters deter
mined by XRD and HR-TEM, and distribution of basic sites determined by CO2- 
TPD.

Average diameter (nm) Basic sites (mmol CO2⋅g− 1)
Catalyst HR-TEM XRD Total Weak Middle Strong

HT450-R 14.7 17.8 0.340 0.053 0.216 0.071
HT600-R − 20.3 0.230 0.035 0.122 0.074
HT750-R − 36.8 0.242 0.032 0.127 0.071
HT450/Zr-R 27.1 25.5 0.401 0.071 0.213 0.116
HT600/Zr-R − 25.2 0.313 0.104 0.117 0.092
HT750/Zr-R − 28.7 0.274 0.093 0.099 0.081
HT450/Ce4-R 8.2 8.5 0.306 0.077 0.171 0.058

Fig. 3. XPS spectra of the reduced catalysts: O 1 s (top), Ni 2p3/2 (middle), and 
Ce 3d (bottom).
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Fig. S9), which in this type of materials is highly dependent on the 
composition and the use of promoters [71,73–75]. The signals were 
deconvoluted as the superposition of three peaks corresponding to the 
desorption of CO2 from weak basic sites associated with Brønsted OH 
groups (100 to 150 ◦C), the desorption of CO2 from bidentate carbonates 
on intermediate strength metal–oxygen Lewis pairs (170 to 220 ◦C), and 
the release of CO2 attached to oxygen anions in strong Lewis sites (>
250 ◦C) [72,76–78]. Catalyst HT450-R had a total basicity of 0.340 
mmol CO2⋅g− 1 with a predominance of middle-strength Lewis sites. 
Calcination temperature decreased the total basicity and tended to 
reduce weak and intermediate sites while strong Lewis sites remained 
constant. Addition of Zr increased the total basicity of the catalysts. 
Weak and strong sites increased, while those of intermediate strength 
remained unaffected. Finally, promotion with Ce reduced intermediate 
and strong sites (HT450/Ce4-R), while the weak Brønsted groups 
increased respect the unpromoted catalyst calcined at the same tem
perature. Similar effects have been reported in literature for nickel- 
based catalysts supported on Ce and Zr oxides [71,72].

3.2. Catalytic activity

3.2.1. Unpromoted catalysts
The unpromoted catalysts were tested under constant conditions for 

a time on stream of ca. 16 h. The activity test of catalyst HT450 at 500 ◦C 
and an S/C ratio of 8.4 illustrates a typical experiment (Fig. 4). The 
fractional conversion of LA was complete at the beginning of the run, but 
it decreased until it stabilized at ca. 0.80 ± 0.02 after 8 h. The yield of 
hydrogen and the selectivity to carbon dioxide, carbon monoxide and 
methane grew from the start and stabilized after 8 h at respective values 
of 0.68 ± 0.03, 0.73 ± 0.02, 0.070 ± 0.003 and 0.049 ± 0.006. The 
carbon balance followed the same trend. It was only 0.79 after 2 h of 
time on stream, and it grew to an average value of 0.96 ± 0.06 beyond 8 
h. The unsteady behavior during the initial stage of the experiment was 

caused by two factors. First, the dead volume of the system (feed and 
product lines, reactor, condenser and gas liquid separator), which was 
initially filled with nitrogen gas and had to be flushed by the reformate 
gas. From blank experiments at low temperature with only silica parti
cles in the bed, it was determined that the time needed to reach a steady 
state in the composition of the gas and the liquid products was less than 
one hour. The second factor was related to the stabilization of the fresh 
catalyst. The dry reformate gas composition measured by the online 
microGC every 5 min (Fig. 4) showed that it took more than 4 h to 
stabilize the composition of the reformate gas. The gas had lower con
centrations of hydrogen and carbon dioxide and more carbon monoxide 
at the beginning of the run, especially during the first two hours. 
Ethylene and ethane were the only higher hydrocarbons present, and 
only in trace amounts. They reached maximum molar fractions of ca. 1.3 
10− 3 and 5.0 10− 4 after only 30 min of experiment and decreased af
terwards. Ethylene is a well-known precursor of carbon deposition on 
nickel-based catalysts, and its presence in the reformate gas is a signal of 
catalyst coking. An unknown byproduct was observed as well in the 
HPLC chromatograms of the samples of liquid (Fig. S10). After extrac
tion with chloroform and analysis by NMR it was identified as β-angelica 
lactone (AGL, Fig. S11). The selectivity to AGL reached a maximum of 
0.045 after 4 h and stabilized at 0.032 ± 0.003 after 10 h. The reaction 
pathways of LA leading to the identified products are presented in 
Scheme 1, which is based on the stablished mechanisms involved on the 
steam reforming of higher hydrocarbons and oxygenated molecules 
[60–63,79–81]. It is proposed that LA decomposes by α-scission of the 
carbon–carbon bonds to form reactive CHn species, carbon, and carbon 
monoxide absorbed on the catalyst. Those may react on the nickel 
crystallites with water adsorbed on the superficial oxygens of the lattice 
of metal oxides of the support to produce hydrogen and carbon dioxide 
by the steam reforming and the water gas shift (WGS) reactions. Alter
natively, the adsorbed carbon species can diffuse into the nickel crys
tallites to form carbon filaments by nucleation, or they may form 

Fig. 4. Catalytic activity test of HT450-R at atmospheric pressure, 500 ◦C, and an S/C ratio of 8.4 (S/C of 8.4). Top: levulinic acid conversion, hydrogen yield, carbon 
balance, and selectivity to the identified products. Bottom: molar fraction composition of the dry-gas. The dashed lines only visualize trends.
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encapsulating graphitic carbon structures by dehydrogenation, surface 
migration and growth. Cracking is responsible for the formation of 
ethylene, which may detach from the catalyst surface, be hydrogenated 
to ethane, or evolve into carbon deposits by polymerization. Concerning 
AGL, it is formed by the dehydration of LA on acidic or basic sites, which 
is an endothermic and reversible reaction. The partial pressure equi
librium constant of this reaction was estimated to be of only 0.2 atm at 
275 ◦C from experimental data [82]. The equilibrium constant should be 
higher at the usual steam reforming temperatures, but the formation of 
AGL would be hindered by the large excess of water used in the process 
(H2O/LA molar ratios of 12, 27 and 42 in our case), which is consistent 
with the low selectivity to AGL that we have observed. In addition, 
above 300 ◦C AGL undergoes oligomerization and cracking to form 
amorphous carbon deposits [82]. Likewise, LA may react on acidic and 
basic surfaces by self-condensation [83,84] and may undergo ketoni
zation and polycondensation [85–88], leading to the formation of 
disordered carbonaceous deposits at high temperature.

The effect of the steam-to-carbon molar ratio (S/C) was explored 
with the HT450 catalyst at a reforming temperature of 600 ◦C using S/C 
ratios of 2.4, 5.4 and 8.4 (Fig. 5). The reported results correspond to the 
average values and their uncertainties at the 95 % probability level 
determined from the data gathered after the catalyst achieved near- 
stationary conditions. An experiment performed with an inert bed of 
silicon dioxide at 600 ◦C and a S/C of 8.4 proved that the decomposition 
of levulinic acid by the combination of homogeneous thermal reactions 
and an eventual catalytic action of the reactor’s stainless-steel walls or 
the particles of SiO2 was not extensive. Fractional conversion was below 
0.1 and the only gas products detected were hydrogen and carbon di
oxide. The carbon balance was 0.97 ± 0.02, which falls within the ex
pected results in steam reforming studies. The silicon dioxide particles 
recovered after the test were light gray in color. The eventual gain in the 
mass of the bed material caused by the accumulation of carbon was 
negligible, even if it could not be measured accurately due to the prac
tical impossibility of recovering all the silicon particles loaded into the 
reactor. With the HT450 catalyst the conversion of LA was complete (>
0.9995) at the three S/C ratios studied. A larger excess of steam favored 
the yield of hydrogen and the selectivity to carbon dioxide over methane 
and carbon monoxide. However, the yield of hydrogen and the selec
tivity to carbon oxides were lower than those corresponding to 

equilibrium at 600 ◦C while the selectivity to methane was higher. The 
carbon balances were acceptable except at an S/C of 2.4, where it was 
only 0.84 ± 0.14. The poor balance and the large dispersion were caused 
by the deposition of carbon on the packed bed, which led to a partial 
blockage and an irregular flow through the system due the rise of the 
reactor pressure. At a S/C ratio of 2.4 the availability of adsorbed water 
was insufficient to make steam reforming, WGS, and carbon gasification 
faster than the processes leading to carbon deposition. Furthermore, the 
low concentration of water facilitated the formation of AGL by dehy
dration of LA. The condensation reactions of AGL and LA and the growth 
of carbon filaments were probably dominant given the rapid accumu
lation of carbon and the partial bed blockage. At higher S/C ratios, su
perficial water made SR faster, which reduced coking by filament 
growth and encapsulation, impeded the formation of AGL, and facili
tated a faster gasification of the of disordered and more reactive carbon 
originated from LA and AGL, but it promoted the sintering of nickel. 
Sintering and partial reoxidation due to the action of steam were 
observed on the spent catalysts at the three S/C ratios by XRD (Fig. 6). 
The materials displayed small diffraction signals of NiO, which were 
absent on HT450-R, and had signals of Ni0 stronger than those of HT450- 
R indicating larger crystallite sizes. The extent of sintering grew with the 
S/C ratio. A wide diffraction signal at 26◦ corresponding to graphitic 
carbon was observed, especially in the test at a S/C ratio of 8.4, which is 
consistent with the formation of more carbon filaments due to the in
crease in the size of the nickel crystallites by sintering.

The temperature of calcination influenced the crystallinity of the 
mixed oxide precursors and their reducibility, as it was previously dis
cussed. The reforming activity of the unpromoted catalyst calcined at 
different temperatures and reduced at 600 ◦C was tested at an S/C of 8.4 
and 500 ◦C (Fig. 7). Conversion of LA was 0.81 in HT450-R with a 

Scheme 1. Reaction pathways occurring in the steam reforming of levu
linic acid.

Fig. 5. Catalytic activity tests of HT450-R at atmospheric pressure, 600 ◦C, and 
4/C ratios of 2.4, 5.4 and 8.4. Top: levulinic acid conversion, hydrogen yield 
and carbon balance. Bottom: selectivity to carbon dioxide, methane, and carbon 
monoxide. The dashed lines only visualize trends of the equilibrium values.
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hydrogen fractional yield of 0.68 and a carbon balance of 0.96. 

Selectivity to carbon dioxide, methane, carbon monoxide and AGL were 
0.77, 0.050, 0.060 and 0.034, respectively. The selectivity to ethylene 
was the highest during the first hour of reaction (3.16 10− 3) but stabi
lized afterwards at 1.10 10− 3. The HT600-R catalyst gave better con
version (0.97) and had a similar carbon balance (0.96), but the hydrogen 
yield and the selectivity to carbon oxides and AGL were lower than those 
of HT450-R. This was because HT600-R favored methane, with a 
selectivity of 0.22. This was attributed to a reduced water adsorption 
capacity of the surface due to the lower amount of weak basic sites in 
this catalyst (Table 2). Finally, the catalyst calcined at 750 ◦C had low 
reforming activity. It had a conversion of 0.80, but the carbon balance 
was only 0.75 due to an extensive deposition of carbon on the catalyst. 
This resulted on a low yield of hydrogen and low selectivity to carbon 
dioxide. The selectivity to ethylene was also very small despite the 
extent of carbon deposition, and more AGL was formed pointing to a 
slightly higher capacity for the dehydration of LA. This was consistent 
with the low presence of weak basic sites to promote water adsorption 
and the incomplete reduction of Ni in this catalyst, which gave a low 
density of sites active for reforming and favored coke formation by 
polymerization of levulinic and its decomposition. Overall, the catalyst 
prepared from the mixed oxides calcined at 450 ◦C offered the best re
sults in terms of hydrogen yield and carbon conversion to carbon 
dioxide.

3.2.2. Promoted catalysts
Promotion of the catalysts with Zr and Ce was investigated. The 

catalysts promoted with Zr were prepared by calcination at 450, 600 and 
750 ◦C and reduction at 600 ◦C, and their activity was tested at 500 ◦C 
with an S/C of 8.4 (Fig. 8). HT450/Zr-R achieved complete conversion 
of LA with a hydrogen yield and a carbon dioxide selectivity equivalent 
to those of the unpromoted HT450-R, while the carbon balance was only 
0.92 ± 0.04. Selectivity to methane was higher and selectivity to carbon 
monoxide lower than in the unpromoted catalyst, while AGL was only 
detected in trace amounts. The calcination temperature had an adverse 
effect. The conversion of LA, the yield of hydrogen, the selectivity to 
methane and the carbon balance were lower in HT600/Zr-R and HT750/ 
Zr-R, the selectivity to carbon oxides was mostly unaffected, but the 
selectivity to ethylene, ethane and AGL increased, especially in HT750/ 
Zr-R. The diffractogram of the spent HT450/Zr-U9 (Fig. 6) exhibited 
little contribution of a nickel oxide phase and revealed sintering of the 
metallic nickel phase, that gave stronger signals that in the unused 
reduced catalyst. This implies that the hydrogen gas formed by the 
reforming of LA reduced the NiO phase during the activity test, while 
steam probably induced sintering of the Ni phase. A diffraction band 
consistent with the graphitic carbon was clearly observed. Promotion 

Fig. 6. XRD diffractograms of the used catalysts. Top: unpromoted HT450-R 
catalyst after reaction at 600 ◦C and S/C ratios of 2.4, 5.4 and 8.4 (HT450- 
U2.4, HT450-U5.4 and HT450-U8.4). Bottom: promoted catalysts after reaction 
at an S/C ratio of 8.4 and 500 ◦C (HT450/Zr-U8.4 and HT450/Ce4-U8.4), and 
the HT450/Ce4-R tested for 100 h at S/C of 8.4 and 600 ◦C (HT450/ 
Ce4-U8.4–100).

Fig. 7. Catalytic activity test of HT450-R, HT600-R and HT750-R at 500 ◦C and S/C ratio of 8.4: levulinic acid conversion, hydrogen yield, carbon balance and 
selectivity to carbon dioxide (left), selectivity to methane, carbon monoxide and β-angelica lactone (center), and selectivity to ethane and ethylene (right).
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with Ce was tested by impregnating the HT450 catalyst with 0.12 Ce 
atom % (HT450/Ce1-R) and 0.40 Ce atom % (HT450/Ce4-R). The ac
tivity of both catalysts was measured at 500 ◦C with an S/C of 8.4 after 
reduction at 600 ◦C. To determine the reproducibility of the reaction 
system and the operational procedure, the catalyst HT450/Ce4-R was 
tested in duplicate (Fig. 9) giving a LA conversion, a hydrogen yield and 
a selectivity that were equal in both tests within the uncertainty of the 
results. The presence of Ce improved the conversion of LA and the yield 
of hydrogen, and the selectivity to carbon dioxide slightly. The load of 
Ce did not have a significant effect on the performance of the catalyst, 
except for a small decrease in selectivity to carbon monoxide, ethane 
and ethylene, and more methane in HT450/Ce1-R. Overall, the HT450 
catalysts promoted with Zr and Ce gave close results, except for the 
carbon balance that was better in HT450/Ce4-R. Sintering occurred 
during reforming and the spent HT450/Ce4-U9 presented sharper sig
nals of metallic nickel, as well as a band of carbon, although the latter 
was more intense in HT450/Zr-U9 (Fig. 6).

The nature of the carbon deposits in the used catalysts (HT450-U9, 
HT450/Zr-U9 and HT450/Ce4-U9) was investigated by Raman spec
troscopy (Fig. S12). The spectra were deconvoluted into the four char
acteristic bands of coke: the G band at 1600 cm− 1 caused by condensed, 
ordered or graphitic aromatic structures, the D (1350 cm− 1) and its 
image D3 (1500 cm− 1) bands corresponding to disordered aromatic 
structures, and the band at 1200 cm− 1 resulting from aliphatic C–H 
bonds [79]. The unpromoted catalyst presented an ID/IG intensity ratio 

of 1.04 indicating the coexistence of disordered and ordered poly
aromatic carbon structures, but also the presence of aliphatic carbon 
deposits was clear from the band at 1200 cm− 1. Promotion with Zr and 
Ce resulted in carbon deposits that were less aliphatic, and with more 
disordered aromatic structures (ID/IG intensity ratios of 1.22 and 1.21, 
respectively).

Analysis of the spent catalysts by HR-TEM/EDX gave further evi
dence of the nature of the deposited carbon. HT450-U9 mostly retained 
the morphology of the reduced catalyst, but the surface was covered 
with carbon deposits that also enclosed the nickel crystallites (Fig. 10
and Fig. S13). Nickel particles were present at the growing end of wide 
carbon whiskers and filaments, but they were covered in carbon as well 
(Fig. S13). This suggests that carbon deposition during SR of LA evolved 
following a sequence similar to that proposed by Montero et al. [79] for 
ethanol SR on a Ni/La2O3– α Al2O3 catalyst. According to Scheme 1, 
filamentous aromatic carbon started to grow once CHn fragments were 
formed on the fresh catalyst by α − scission of LA. This initial period of 
ca. 2 h was characterized by little deactivation of the catalyst and the 
presence of higher concentrations of carbon monoxide and ethylene in 
the gas (Fig. 4). On a subsequent phase, the catalyst experienced a faster 
deactivation until it tended to stabilize after 8 h TOS. It is likely that 
amorphous and disordered aromatic carbon accumulated on the surface 
by ketonization of LA and condensation of AGL during this period since 
it corresponded with the maximum concentration of β-angelica lactone 
on the products. The catalyst then reached a pseudo-steady state in 

Fig. 8. Catalytic activity test of HT450/Zr-R, HT600/Zr-R and HT750/Zr-R at 500 ◦C and S/C ratio of 8.4: levulinic acid conversion, hydrogen yield, carbon balance 
and selectivity to carbon dioxide (left), selectivity to methane, carbon monoxide and β-angelica lactone (center), and selectivity to ethane and ethylene (right).

Fig. 9. Catalytic activity test of HT450/Ce1-R and HT450/Ce4-R at 500 ◦C and S/C ratio of 8.4: levulinic acid conversion, hydrogen yield, carbon balance and 
selectivity to carbon dioxide(left), selectivity to methane, carbon monoxide and β-angelica lactone (center), and selectivity to ethane and ethylene (right).
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which the rate of deposition of disordered carbon equilibrated with its 
rate of gasification, while filamentous carbon and non-filamentous 
graphitized formations expanded at a lower rate, which allowed the 
catalyst to maintain its activity during the 16 h of TOS. The addition of 
zirconium favored the formation of filamentous carbon as the primary 
coking mechanism on HT450/Zr-U9 (Fig. 10 and Fig. S14). A massive 
formation of carbon filaments was observed and those disintegrated the 
catalyst, although most nickel particles remained attached to fragments 
of the magnesium–aluminum oxide matrix. Furthermore, the layer of 
disordered carbon covering the surface was absent in most of the sam
ple. This was due to the large size of the nickel crystallites in HT450/Zr- 
R (27.1 nm, Table 2), which induced the diffusion of carbon into the 
nickel crystallite and the grow of filaments by nucleation as the 

preferential route for coking. Concerning HT450/Ce4-U9, it presented 
sections that maintained the original morphology of the catalyst 
although the nickel particles appeared to be slightly larger, which is 
consistent with the sintering detected by XRD. In other sections, fila
mentous carbon had grown and fragmented the material (Fig. 10, and 
Fig. S15 and S16). It grew from the edges of the catalyst particles and 
large whiskers entrapped sizable nickel aggregates, similarly to the 
unpromoted catalyst. In most cases, the nickel particles in those carbon 
filaments were detached from the Mg/Al oxides, but in other cases Mg 
and Al were still mixed with nickel. The nickel particles at the end of the 
carbon filaments seemed free of carbon, but the nickel aggregates at the 
tip of the large whiskers were entirely covered in carbon. Some sections 
of the surface were covered with a layer or amorphous or turbostratic 

Fig. 10. HR-TEM of the reduced catalysts (left images), and the used catalysts (center and right images) after 16 h of TOS at 500 ◦C and a S/C ratio of 8.4 (see 
Fig. S13, S14, S15 and S16 for EDX element mapping).
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carbon, similarly to the unpromoted catalyst.
The spent catalysts were investigated by TGA-MS to further assess 

the characteristics of the carbon structures formed based on their 
oxidation temperatures (Fig. 11). The unpromoted catalyst presented a 
mass loss of 35 % from 300 to 620 ◦C, although mass increased to 102 % 
at 400 ◦C by the oxidation of Ni overlapping with the oxidation of the 
most reactive carbon species. The formation of carbon dioxide presented 
several overlapping peaks with maxima located at ca. 410, 460, and 
580 ◦C. The first two peaks can be attributed to aliphatic carbon de
posits, disordered aromatic structures, and carbon forming nickel car
bides and interacting with the Ni-support interfaces, while the higher 
temperature peak corresponds to more ordered carbon deposits, 
graphitic carbon filaments, and whiskers [20,23,25–28,48,50]. There
fore, the peaks below 500 ◦C probably correspond to the gasification of 
amorphous and disordered aromatic carbon formed by the ketonization 
and condensation of LA and AGL, while the higher temperature peak 
corresponds to the graphitic carbon filaments and ordered carbon de
posits, in agreement with the results of the Raman spectrum and HR- 
TEM imaging. The mass loss of HT450/Zr-U9 was close to 54 %, 
showing that carbon deposition was higher than in the unpromoted 
material. Most of the carbon combusted between 500 and 660 ◦C with a 
single maximum at 625 ◦C, which corresponds to the temperature of 
combustion of graphitic filaments [26,50]. This agrees with the massive 
presence of filaments observed by HR-TEM and indicates little presence 
of disordered and aliphatic carbon as inferred from the Raman spectrum. 
Promotion with Zr was thus detrimental since it gave lower surface area 
and a poorer nickel dispersion with larger nickel particles (Table 2), 
which favored the growth of filamentous carbon and reduced the rate of 
reforming [89] resulting on the disintegration of the catalyst by the 
filaments. Carbon deposition was also higher in HT450/Ce4-U9 than in 
the unpromoted catalyst, with a mass loss of 50 % during TGA. However, 
combustion shifted to lower temperature (290 to 590 ◦C) with a 
maximum at 520 ◦C and a shoulder at 390 ◦C. This is consistent with the 
lesser presence of graphitic carbon filaments and suggests that aliphatic 
and disordered aromatic carbon deposits were dominant. Addition of 
CeO2 improved the dispersion of nickel due to the interaction between 
nickel and ceria. It enhanced de redox properties of the surface due to 
the high Ce3+/Ce4+ ratio and created oxygen vacancies in the vicinity of 
the nickel crystallites [90], while its fluorite structure, in which the 
oxygen atoms are all in a plane with one another, facilitated a rapid 
diffusion of the oxygen vacancies near the nickel crystallites [91]. The 
vacancies led to a higher local availability of adsorbed water, which in 
turn enhanced the rate of steam reforming and reduced the rate of 
growth of the graphitic filaments [30,90], which was also inhibited by 

the small particle size of the nickel crystallites.

3.2.3. Extended catalyst stability test
The HT450/Ce4-R catalyst was selected for an extended activity test 

of 100 h under constant conditions at atmospheric pressure, S/C of 8.4, 
and a levulinic acid WHSV of 6.47 h− 1. In this case, a reaction temper
ature of 600 ◦C was used since a higher reforming temperature signifi
cantly decreases the extension of coking. A complete conversion of 
levulinic acid and a stable performance of the catalyst were observed 
throughout the experiment (Fig. 12). The average fractional yield of 
hydrogen was 0.91, with a selectivity to carbon dioxide, carbon mon
oxide and methane of 0.83, 0.11 and 0.01, respectively. The carbon 
balance closure was 0.96, with a stable value along the experiment. XRD 
of the spent catalyst (Fig. 6) showed a broad and weak signal of graphitic 
carbon, together with a more intense signal of Ni0 than in the unused 
catalyst and the presence of a NiO phase (Fig. 2), which could be 
attributed to sintering. The deposition of carbon was assessed by HR- 
TEM imaging (Fig. 13 and Fig. S17). Most of the catalyst presented the 
same structure than the unused catalyst, although the nickel particles 
were larger thus confirming the occurrence of sintering. Some carbon 
was deposited throughout the surface without the presence of filamen
tous structures. In some zones, the structure of the spent catalyst had 
been disrupted by the formation of compact aggregates of carbon that 
contained very large particles of nickel, and those were almost free of 
aluminum and magnesium oxides (Fig. S17). Analysis of the spent 
catalyst by TGA-MS revealed that the amount of carbon on the catalyst 
was small. The mass increase caused by the oxidation of nickel 

Fig. 11. Carbon combustion in air by TGA-MS analysis of the spent catalysts. 
Percentage of mass loss and CO2 signal of the MS detector vs. sample temper
ature: HT450-U8.4 (a), HT450/Ce4-U8.4 (b), and HT450/Zr-U8.4 (c) after 16 h 
of TOS at 500◦C and a S/C ratio of 8.4, and catalyst HT450/Ce4-U8.4–100 (d) 
after 100 h of TOS at 600 ◦C and a S/C ratio of 8.4.

Fig. 12. Lifetime test of HT450/Ce4-R at atmospheric pressure, 600 ◦C, S/C 
ratio of 8.4, and a WHSV of 6.47 h− 1. Top: hydrogen yield, carbon balance and 
selectivity to carbon dioxide, carbon monoxide, and methane. Bottom: dry gas 
mole fraction composition.
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compensated the mass loss by the oxidation of carbon, as demonstrated 
by the small peak of CO2 recorded by the MS detector. The carbon was 
oxidized between 300 and 400 ◦C implying that the observed aggregates 
consisted mostly of amorphous carbon, which were probably formed by 
condensation of AGL and LA in areas of the catalyst where the avail
ability of adsorbed water was insufficient to gasify the carbon deposits. 
Even if the catalyst was relatively clean of carbon, char powder was also 
collected from the packed bed and separated from the catalyst with a 
magnet. The char was analyzed by HR-TEM/EDX (Fig. S18). It consisted 
of massive carbon particles containing nickel particles of 50 – 100 nm 
attached to a few carbon filaments and to small fragments of catalyst 
retaining its original morphology. The formation of the char particles 
seemed to evolve from the aggregates of amorphous carbon, which 
probably grew over time to form carbon particles that entrapped nickel 
and small fragments of catalyst. Those grew into dense and non- 
filamentous particles of char with sizes in the scale of micrometers.

Carbon deposition at 600 ◦C after 100 h of TOS was much lower than 
in the same catalyst tested at 500 ◦C for only 16 h, which shows that 
temperature had a positive role on the performance of the catalyst. 
Temperature enhanced the rate of steam reforming over the rates of 
growth of carbon filaments and disordered graphitic deposits and 
increased the rate of carbon gasification, but the formation of carbon 
aggregates that evolved into char particles could not be totally sup
pressed. During the 100 h of the experiment pressure rose by ca. 1 bar 
due to the accumulation of char in the bed. Even if the activity of the 
catalyst was maintained during the test, these results indicate that 
coking would eventually lead to the destruction of the catalyst after 
extended time on stream.

4. Conclusions

Steam reforming of levulinic acid, a model compound of the aqueous 
phase produced from the hydrothermal liquefaction of biomass, was 
studied using Ni-Mg-Al catalysts obtained from an hydrotalcite-like 
precursor. The precursor was synthesized by coprecipitation and had a 
Ni:Mg:Al nominal atomic ratio of 2:1:1. The conditions of calcination 
and the use of Zr and Ce as activators were assessed. The main conclu
sions of the work can be summarized in the following points: 

• The temperature of calcination influenced the reducibility of the 
catalysts and their activity. The unpromoted material calcined at 
450 ◦C and reduced at 600 ◦C gave better selectivity to hydrogen and 
carbon dioxide and less carbon deposition during the 16 h TOS 
screening tests than the samples calcined at higher temperature. This 
was attributed to a better dispersion of nickel in the catalyst calcined 

at 450 ◦C, and to a larger presence of weak basic sites that favored 
the adsorption of water and enhanced reforming and char 
gasification.

• The steam-to-carbon ratio also played a significant role. A S/C of 2.4, 
although higher than the minimum requirement to prevent the for
mation of thermodynamically stable carbon (ca. 1.6 at 500 ◦C), was 
too low and resulted in unstable operation due to the rapid accu
mulation of carbon in the packed bed. Consequently, a S/C of 8.4 was 
chosen for most of the experiments, including the 100 h stability test 
with the Ce-promoted catalyst at 600 ◦C. This S/C is substantially 
lower than the values of 12 and 24 used at 800 ◦C on the two pub
lished works on the SR of LA available [54,55].

• Promotion of the catalyst with zirconium (Ni:Mg:Al:Zr nominal 
atomic ratio of 2:1:0.95:0.05) made the material harder to reduce, 
especially after calcination at 750 ◦C, and resulted on a poor 
dispersion of nickel. Even if Zr increased the conversion of LA, the 
yield of hydrogen, and the selectivity to carbon dioxide, the depo
sition of carbon was substantial, and sintering of the metal phase was 
observed, even at a reforming temperature of 500 ◦C. Promotion of 
the calcined HT450 precursor with cerium (0.40 atom %) improved 
the dispersion of nickel upon reduction and facilitated the diffusion 
of oxygen vacancies, resulting on less sintering and a higher stability 
of the catalyst.

• Carbon deposition on the catalysts resulted from the combination of 
three mechanisms: i) diffusion of carbon into the nickel crystallites 
followed by nucleation and filament growth, ii) dehydrogenation of 
CHn promoters, surface migration and growth of encapsulating 
graphitic structures, and iii) formation of disordered pyrolytic car
bon from the products evolving from the ketonization and conden
sation of LA and AGL. Varying proportions of aliphatic carbon, 
disordered aromatic carbon, and graphitic carbon deposits were 
present in the catalysts tested at 500 ◦C. Promotion with Zr induced 
the formation of carbon filaments as the main mechanism of coking 
due to the poor dispersion of nickel. Promotion with Ce favored the 
formation of aliphatic and disordered aromatic carbon and dimin
ished the formation of filaments. Reforming at 600 ◦C and S/C of 8.4 
substantially inhibited the deposition of carbon.

• An extended test demonstrated a stable operation of the HT450-Ce4- 
R for 100 h TOS at 600 ◦C, S/C 8.4 and a levulinic acid WHSV of 6.47 
h− 1. A 91 % yield of hydrogen and an 83 % selectivity to carbon 
dioxide were achieved. However, although the catalyst was rela
tively free of carbon deposits, a substantial amount of char particles 
accumulated in the packed bed. These char particles trapped frag
ments of the catalyst and nickel aggregates, suggesting that they 
originated from the carbon initially deposited on the catalyst.

Fig. 13. HR-TEM of two samples of the spent HT411/Ce4-U8.4–100 catalyst after 100 h of TOS at 600 ◦C, a S/C ratio of 8.4, and a WHSV of 6.47 h− 1 (see Fig. S14 for 
EDX element mapping).
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