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Ex-situ catalytic upgrading of pyrolysis vapors using mixed metal oxides 
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A B S T R A C T   

Ex-situ catalytic fast pyrolysis (CFP) was employed to produce bio-oils from beech wood. The effect of Nb-based 
mixed oxides (with second metal oxide = W, Al or Mn) in upgrading the pyrolysis vapors was compared to an H- 
ZSM-5 catalyst and to non-catalyzed pyrolysis. The catalysts acidic properties were assessed by NH3-TPD and 
FTIR of adsorbed pyridine. The bio-oils obtained were characterized by Karl-Fischer titration, GPC, CHNS an-
alyses, 13C-NMR, GC–MS, GCxGC–MS. In spite their very different acidic properties, the NbxMnyOz catalyst (with 
essentially Lewis acid sites) exhibited similar performances as H-ZSM-5 (that presents a high density of Brønsted 
sites), in terms of liquid phase selectivity and reduction of oxygen content in the bio-oils produced. These ob-
servations were accompanied by a reduction of compounds such as acids, aldehydes, ketones, ethers and sugars 
that contribute to the detrimental properties of bio-oils. Finally, the results suggest that the Lewis acid sites of 
NbxMnyOz are converted into Brønsted sites in the presence of water vapor produced by pyrolysis of wood, 
whereas the strongest Brønsted sites of H-ZSM-5 have a limited impact on the upgrading process due to their 
limited accessibility for most components of pyrolysis vapors.   

1. Introduction 

In order to reduce the fossil fuels dependency, the European Parlia-
ment and Council implemented the Renewable Energy Directive (RED) 
in 2009 (Directive 2009/28/EC). One objective of this energy policy was 
to increase the percentage of renewable fuels in the European energy 
matrix. On its last revision in 2018, it was stipulated the target of at least 
32 % of renewable energy in 2030 [1]. An alternative to reduce fossil 
fuels dependency without heavy investment on new refineries is to in-
crease the percentage of renewable energy in co-processing bio-oils 
derived from lignocellulosic biomass with conventional fossil feed-
stocks. An advantage of this strategy is the possibility to use the existing 
refinery structures, reducing investment costs [2]. However, the inte-
gration of bio-oil in this process faces some technical difficulties such as 
their high oxygen content, poor miscibility with hydrocarbon fuels, low 
chemical stability, high acidity, low heating value, high moisture con-
tent [3]. Therefore, it is necessary to improve bio-oils quality before 
mixing them with traditional oils to produce fuels. One possible option is 
to reduce the oxygen content through hydrodeoxygenation (HDO), 
however, this upgrading step requires high hydrogen pressures (up to 
200 bar [4]) and consumption [5]. An alternative option is ex-situ cat-
alytic fast pyrolysis (CFP), in which the vapors produced by thermal 
pyrolysis are converted on a catalyst before their condensation, at 

atmospheric pressure [6]. In the first step, the fast pyrolysis of ligno-
cellulosic biomass is realized at high temperature range (400− 600 ◦C) 
[7] with short residence time (~1 s) [8]. Then, in a second step, the 
vapors are driven on the catalytic bed where the upgrading reactions 
occur. As a result, the condensed oil has a superior quality due to the 
conversion of unstable and reactive compounds and to the reduction of 
the overall oxygen content. 

With this reactor configuration, the catalyst and biomass are not in 
direct contact, which prevents the catalyst deactivation by ash deposi-
tion or its contamination and gives the possibility of using optimal 
conditions for each process (pyrolysis of biomass and vapor reforming) 
[9,10]. 

Zeolite-based catalysts, especially H-ZSM-5, are the most studied 
catalysts to improve the quality of bio-oils due to their high activity and 
selectivity for hydrocarbons production and the capability to reduce the 
formation of undesirable products, such as carboxylic acids and 
oxygenated compounds [11]. However, zeolites are susceptible to 
deactivation, essentially through coking [12], which affects operational 
costs of the process and reduces its competitiveness compared with fuel 
production from exclusively fossil feedstocks [8,13]. As an alternative 
for traditional catalysts, metal oxides can display acidic properties and 
good resistance to coke formation [14]. Among them, niobium-based 
oxides has been studied in heterogeneous catalysis [15], but have not 
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been assessed in upgrading of pyrolysis vapors. Niobium oxide exhibits 
both Brønsted and Lewis acidity, and its acidic properties can be pro-
moted by introduction of other acidic oxides such as W, Al and Mn 
oxides. 

The aim of this work was to synthesize, characterize and evaluate 
different niobium-based metal mixed oxides in the ex-situ conversion of 
wood pyrolysis vapors. These mixed metal oxides with different acidities 
were compared to a H-ZSM-5 catalyst. 

2. Materials and methods 

2.1. Biomass 

The feedstock consists of beech wood chips with particle size in the 
range 0.75–2.5 mm, supplied by J. Rettenmaier & Söhne (JRS). Its bulk 
density was measured by weighing the amount of sample contained in a 
volume of 100 mL. The ash content was obtained by calcining wood 
samples at 600 ◦C for 3 h (1 ◦C/min) under air. The moisture content was 
determined by weight difference between the raw sample and the 
sample dried at 110 ◦C for 1.5 h, keeping the dry sample in a desiccator 
while cooling down to room temperature before weighing in an her-
metically sealed flask. For the determination of extractives, the biomass 
was dried at 110 ◦C for 1 h. 6 g of beech wood chips were extracted with 
n-hexane using an automatic solvent extractor (SER 158 – Velp Scien-
tifica) for 4 h. Then, the process was repeated over the same sample 
using acetone as solvent. This methodology was adapted from the work 
of Zule and Moze [16]. 

The thermal degradation of the wood was studied by thermal 
gravimetric analysis (TGA), under air or N2 at temperatures between 25 
◦C and 900 ◦C (10 ◦C/min) on a Setsys Evolution 1200 (SETARAM) 
thermogravimetric analyzer. Elemental analysis (CHNS) was carried out 
in an equipment Flash2000 (Thermo Scientific). Scanning Electron Mi-
croscopy (SEM) was performed using a JEOL JSM 5800 L V microscope 
equipped with an EDS analyzer. 

2.2. Catalyst preparation 

The chemicals were purchased from Sigma-Aldrich or Merck and 
used without further purification. The catalysts were prepared by the 
citrate gel method. Initially, the precursor salts of metal oxides 
(ammonium niobateV oxalate hydrate, ammonium metatungstate hy-
drate, aluminum nitrate nonahydrate or manganese (II) nitrate hydrate) 
and citric acid were mixed in demineralized water in an appropriate 
proportion aiming to obtain the following molar ratios: citric acid/(Nb +
M) = 2, Nb/M = 1.5. The pH was adjusted to 7 using ammonia aqueous 
solution (32 %) and the solution was heated at 90 ◦C under stirring to 
evaporate the water until a viscous gel was obtained (about 2 h). This gel 
was dried in an oven at 170 ◦C for 12 h and the resulting powder was 
crushed then calcined at 600 ◦C for 3 h (1 ◦C/min) under a flow of air. 
Finally, the catalyst powder was sieved to a particle size between 100 
and 300 μm. The catalysts obtained were named as NbxMyOz where M =
W, Al or Mn. In addition, a pure niobium oxide catalyst was prepared 
using the same procedure. 

The H-ZSM-5 catalyst sample with a Si/Al ratio of 40 was supplied by 
Céramiques Techniques Industrielles (CTI) Salindres, France. It was 
calcined and sieved similarly to the Nb-based catalysts. 

2.3. Catalyst characterization 

The metal contents were obtained by chemical analysis using 
inductively coupled plasma optical emission spectrometry (ICP-OES) 
performed on an Activa (Jobin Yvon). 

The presence of crystallized phases and their identification were 
obtained using a Bruker D8 Advanced A25 diffractometer, equipped 
with radiation Cu Kα1+2 (λ = 1.5Å) and detector LynxEye, with 2θ from 
4◦ to 80◦ and step of 0.02◦. 

The textural properties of catalysts were characterized by nitrogen 
adsorption at − 196 ◦C on a Belsorp II adsorption measurements appa-
ratus. Before the analysis, the samples (about 300 mg) were desorbed at 
200 ◦C under vacuum overnight. The specific surface area and total pore 
volume were estimated using the Brunauer-Emmett-Teller (BET) equa-
tion and the Barrett-Joyner-Teller (BJH) method was applied to calcu-
late the average pore diameter. 

The total of acidity of catalysts was quantified by NH3-TPD using a 
Belcat M apparatus equipped with a thermal conductivity detector. The 
samples were pretreated at 600 ◦C prior to NH3 adsorption at 100 ◦C, 
followed by TPD under He. The Brønsted/Lewis acidic properties of the 
solids were assessed by Fourier Transform Infrared spectroscopy (FT-IR) 
using pyridine as probe molecule. This analysis was carried out using 
self-supported wafer of catalyst with 14 mm of diameter. Prior to pyri-
dine adsorption, the samples were treated at 450 ◦C overnight under 
vacuum. Then, the background IR spectrum was recorded. Afterward, 
adsorption of pyridine was performed at room temperature for 15 min 
and then, pyridine desorption was performed under vacuum at 150, 250, 
350 and 450 ◦C for 1 h. IR spectra were recorded at room temperature on 
a Nicolet Magna-550 spectrometer. The spectra of pyridine adsorbed on 
the catalysts were obtained by subtraction of the background spectrum. 

2.4. Pyrolysis set-up 

A pyrolytic set-up already described previously [17] was used after 
some modifications. The wood chips were dried at 110 ◦C for 1.5 h 
before being placed in a gas-tight hopper and kept under N2. A solid 
dispenser allowed a semi-continuous delivery of the wood chips (every 
2.5 s), with a feeding rate of 20 g/h. The wood chips fall by gravity in a 
quartz tubular reactor equipped with internal spikes to slow down the 
fall and increase the residence time of wood particles in the pyrolysis 

Fig. 1. Scheme of pyrolysis set-up.  
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section (Fig. 1). In the reactor, a first quartz frit stops the solid residues, 
while the vapors are driven through the catalytic bed placed down-
stream on a second frit. 

The reactor was heated by a tubular oven which regulated the py-
rolysis section temperature to 500 ◦C and the catalyst temperature to 
470 ◦C. Two inert gas flows were dispensed separately in the two reactor 
parts: 260 s ml/min of N2 from the wood hopper to the pyrolysis section 
of the reactor (this flow serves to keep the wood chips under inert at-
mosphere and to drive the pyrolysis vapors towards the catalyst bed) 
and 240 s ml/min of N2 + 20 s ml/min of He (internal standard) sent 
directly to the catalytic bed (this flow is used to prevent retro-diffusion 
of vapors and to adjust the total gas flow rate). A trap system including 
A) a condenser and a round bottom flask at 10 ◦C, B) an electrostatic 
precipitator, C) a trap filled with Pyrex beads at -15 ◦C and D) a silica gel 
beads trap at ambient temperature, prevents any condensable liquids 
from reaching the on-line micro-GC analyzer. The main part of the bio- 
oils was directly recovered in the first cold trap at 10 ◦C, but other 
portions were also recovered downstream in the different parts of the 
glassware assembly (cold traps, electrostatic precipitator, Pyrex and 
silica gel beads). The total mass of bio-oils formed in the experiments 
was established by mass difference, by weighing the different glassware 
parts before and after the experiments. The mass of solid residue 
deposited on the first frit glass was weighed, whereas the gaseous 
products were quantified by GC and converted to a mass of gaseous 
products, in order to determine the mass balance of gas, liquid and solid 
products. In catalytic experiments, 2 g of catalyst were used (discounting 
the water content determined by TGA) and before starting the wood 
delivery, the reactor was heated to 500 ◦C for 1 h in order to reach a 
stable temperature and to desorb the catalysts. 

2.5. Products analysis 

2.5.1. Gas phase composition 
The non-condensable products were analyzed on-line using a micro 

gas chromatograph Inficon 3000 (SRA instruments) equipped with three 
analytical modules (MolSieve, Plot U and Alumina columns) in order to 
identify and quantify all the gaseous compounds produced (He, H2, CO, 
CO2 and C1-C5 hydrocarbons). Each analysis duration was 6 min and 
they were run successively for 90 min. The GC response of all gaseous 
compounds was calibrated using appropriate calibration mixtures. He-
lium was used as internal standard for quantitative analysis, because the 
production of gaseous compounds resulted in a net effluent flow rate 
higher than the inlet flow rate. 

2.5.2. Bio-oil analysis 
The water content of bio-oils was determined by Karl-Fischer Titra-

tion, using a Titrando 852 from Metrohm. The samples were diluted in 
methanol (≈ 2 %wt. of oil) and the coulorimetric method was employed. 

The average molar mass and molar mass distribution of organic 
fraction readily recovered was obtained by gel permeation chromatog-
raphy (GPC). The measurements were performed with an Agilent 
equipment (1200 series) using two PL gel columns with different pore 
size (500 and 50 Å) equipped with a refractive index detector (RID) and 
a UV detector operating at 254 nm. The mobile phase used was THF with 
flowrate of 1 mL/min. Bio-oil samples were diluted in THF with a con-
centration of 1 wt% and filtered (0.45 μm) before analysis. These ana-
lyses were performed at 35 ◦C and the system was calibrated using 
hydrocarbons (HC) standards with molecular weights between 86 and 
1000 g/mol. This calibration was preferred over calibration with poly-
styrene (PS) standards because the MW of two reference compounds that 
can be considered as lignin model compounds, eugenol (164 g/mol) and 
1-(2,4-Dihydroxyphenyl)-2-(4-methoxyphenoxy)ethenone (DHPMPE, 
274 g/mol) were determined more accurately when the HC calibration 
was applied (− 4% and − 15 %, respectively with HC calibration, 
whereas PS calibration led to strongly overestimated MW (+57 % and 
+70 %, respectively). 

The 13C-NMR spectra were recorded with a spectrometer Bruker 
AVANCE 400 MHz and the spectra were analyzed using TopSpin 3.0 
software. Each sample was analyzed with 6000 scans at room temper-
ature. The samples were placed in the tube and a thinner tube containing 
DMSO-D6 was inserted, allowing to recover the oil-samples without 
modification after the analysis. In order to quantify the organic func-
tions in the bio-oil, trioxane was diluted in DMSO-D6 with a concen-
tration of 2.7 % wt. %. The choice of trioxane is due to its specific 
chemical shift (at 93 ppm) that is well defined and does not overlap with 
other peaks of the bio-oils. 

The organic fraction of bio-oils was analyzed using a gas chro-
matograph coupled with a mass spectrometer (Shimadzu GCMS-QP2010 
SE) equipped with a Zebron ZB Wax-Plus column (Phenomenex) 60 m, 
0.25 mm I.D., film thickness 0.25 μm. The oven temperature program 
starts at 70 ◦C (hold for 10 min), then heating rate of 5 ◦C/min up to 150 
◦C. At this point the heating rate changes to 3 ◦C/min up to 250 ◦C (hold 
for 15 min). 

The two-dimensional gas chromatography coupled with mass spec-
trometry (GCxGC-MS) was carried out in equipment from Agilent (GC 
6890 N). The first separation was performed by a polar column VF-1701 
MS (I.D 0.25 mm; Film thickness 0.25 μm; length 30 m) followed by a 
second column apolar DB1 (I.D 0.25 mm; Film thickness 0.25 μm; length 
1.5 m) to promote the second dimension of separation. The modulation 
was performed by a cryogenic modulator from Zoex Corporation (USA) 
at each 12 s. Compounds were identified by the coupled MS detector 
(5975B). This inversed configuration (with polar column first) gives a 
better characterization of oxygen and nitrogen containing compounds as 
well as hydrocarbons [18]. 

Regarding the temperature program, the first oven (first column) 
starts at 50 ◦C–300 ◦C with a heating rate of 1.75 ◦C/min, then, the 
heating rate changes to 1.8 ◦C/min and the temperature is increased to 
320 ◦C, while the second oven goes from 50 ◦C to 320 ◦C at 1.8 ◦C/min. 
The sample were prepared by diluting the oil in methanol at a concen-
tration of 20 wt.%. 

3. Results and discussion 

3.1. Biomass characterization 

The main properties of beech wood chips are summarized in Table 1. 
The Higher Heating Value was calculated from the elemental anal-

ysis using the equation proposed by Channiwala and Parikh [19] as 
reported below. 

HHV = 0.3491[C] + 1.1783[H] − 0.1034[O] − 0.0151[N] − 0.0211[ASH]

The calculated HHV is expressed in MJ/Kg and [C], [H], [N], [O] and 
[ASH] are expressed in mass percentages on dry basis. This equation is 
valid for the specific range of values, i. e. C: 0.00–92.25 %; H: 
0.43–25.15%; O: 0.00–50.00%; N: 0.00–5.60%; Ash: 0.00–71.40%. 

Table 1 
Properties of beech wood.  

Property Beech wood 

Bulk density (ρbulk)  0.31 kg/L 
Moisture 7 ± 1 (%wt.) 
Elemental analysis (wt. %)  
C 50.3 ± 0.2 
H 5.4 ± 0.2 
N 0.1 ± 0.04 
*O 44.2 ± 0.3 
Estimated Higher Heating Value (HHV) 19.3 ± 0.3 MJ/Kg 
Ash content 0.9 ± 0.1 (%wt.) 
Extractives (%wt.)  
n-hexane 0.16 ± 0.02 
acetone 0.69 ± 0.08  

* -Obtained by difference. 
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The total amount of extractible compounds was less than 1 wt.%, 
with a higher amount extracted in acetone (polar solvent) than in n- 
hexane (apolar), which agrees with the low lipid contents expected in 
wood. Regarding the extractives found in beech wood, Zule and Može 
[16] reported the presence of hydrophobic lipids in hexane extract 
(≈0.1 wt. %) whereas polar compounds, such as low molecular weight 
sugars and phenolic compounds, were found in acetone extracts (total 
amount 0.7 wt. %),. 

TGA analyses were performed under air (Fig. S1) and under N2 
(Fig. S2) to accurately assess the amounts of inorganic ashes and non- 
volatile (chars) residues, respectively, in the beech wood used in py-
rolysis experiments. The amount of inorganic ashes after TGA in air was 
1.6 wt.% at 900 ◦C, this amount being probably more accurate than the 
one determined by simple calcination of wood (Table 1). Under nitro-
gen, the solid residue (mixture of char and inorganic compounds) at the 
pyrolysis reaction temperature (500 ◦C) was approximately 23 wt.%. 

Aiming to obtain more information about the composition of 
biomass and to identify the presence of inorganic components, such as 
metals, that may have an influence on the pyrolysis process, the ashes 
were analyzed using SEM-EDS (semi-quantitative analysis). Table 2 
shows the respective concentration of elements found. 

Since the SEM images showed that the ash particles were visually 
heterogeneous, these values were calculated as an average of analyses 
collected at 11 different spots. It was possible to identify 14 elements, 
the most abundant being Ca and K. The compositions analyzed at 
different sample location were also heterogenous, which translates in 
the large values of absolute errors, leading, in some cases, to numbers 
without statistical significance (for instance, as observed for Al and Cl). 

3.2. Catalyst characterization 

The elemental composition of the prepared catalysts was determined 
using ICP and the results are presented in Table 3. 

The diffractograms for the catalysts studied are displayed in Fig. 2. 
The first diffractogram shows the typical MFI structure, character-

istic of zeolites H-ZSM-5, with the main lines between 7− 9◦ and 22− 25◦

that correspond to an orthorhombic structure [20–22]. 
Fig. 4b shows the diffractograms for metal mixed oxides and pure 

niobium oxide. The structures found are listed in Table 4. 
The catalyst prepared with only Nb precursor corresponds to a pure 

orthorhombic Nb2O5 phase. Similarly, the main reflection of the Nb2O5 
phase (near 23◦) is observed for all NbxMyOz catalysts. The NbxWyOz 
catalyst was very poorly crystallized and mostly amorphous, except for 
the main reflections of Nb2O5. According to the literature [23], the 
substitution of Nb for W in Wb-Nb-O mixed oxides results in a pro-
gressive loss of crystallinity. Given the similarity between the ionic radii 
in octahedral coordination (rVINb5+ =0.64 Å, rVIW6+ =0.60 Å [24]), a 
solid solution can be formed by partial substitution of W cations in the 
Nb2O5 lattice. 

The NbxAlyOz catalyst exhibited only the diffraction lines of 

orthorhombic Nb2O5 and there was no evidence of Al2O3 phases, which 
is in agreement with literature [25]. 

The NbxMnyOz catalyst was well crystallized and exhibited several 
reflections in addition to those corresponding to Nb2O5: Nb2MnO6, 
Mn3O4 and Mn2O3 could be identified in the diffractogram. Lian and co- 
workers [26] observed similar phases in Nb/Mn mixed oxides, except 
Mn3O4. However, it is noteworthy that these authors calcined the cat-
alysts at 500 ◦C. Therefore, the presence of Mn3O4 could be related to 
the higher temperature of calcination (600 ◦C) that leads to the con-
version of Mn2O3 into Mn3O4 [27]. Besides the formation of a Nb2MnO6 
mixed phase, however, the presence of several pure Mn phases suggests 
that the Nb2O5 structure can accommodate only a limited amount of Mn 
cations in its lattice, possibly because Mn3+ cations are more stable in a 
cubic coordination. 

The textural properties of catalysts are presented in Table 5. 
The specific surface areas (SSA) of the Nb-based catalysts calcined at 

600 ◦C are in the range 26-93 m2/g, which is the range expected for 
citrate gel synthesis of metal oxides and treated at similar temperature. 
The calcination temperature of 600 ◦C was chosen higher than the py-
rolysis temperature to ensure that the catalysts structural and textural 
properties were fully stabilized and to prevent catalyst sintering during 
the catalytic tests. Yang and co-workers [15] obtained surfaces values of 
108 m2/g and 150 m2/g for NbxWyOz and NbxAlyOz, respectively, 
however after calcination at 500 ◦C. Higher temperatures led to sinter-
ing of metal oxides, resulting in a reduction of SSA and porous volume, 
as demonstrated by Yang et al. [15] in the same work. Lian and col-
laborators [26] evaluated a catalyst based on Nb and Mn calcined at 500 
◦C and found specific area of 58 m2/g, which is higher than observed at 
this work, but the same justification related to the higher calcination 
temperature can be employed here. In contrast, the SSA of H-ZSM-5 is 
much higher, but H-ZSM-5 is a microporous solid and its high SSA 
corresponds essentially to the surface of the micropores. 

The increase in the specific area of NbxWyOz compared to pure 
Nb2O5 agrees with literature. According to Jehng et al. [28], the particle 
sintering that leads to the reduction of surface area is related to surface 
dihydroxylation of amorphous Nb2O5 to form crystalline Nb2O5, and the 
presence of a second metal oxide can partly inhibit the dihydroxylation 
and therefore sintering. The material can retain the textural properties 
even when calcined at high temperature (500 ◦C). In addition, the au-
thors reported that this effect depends on the interaction of the second 
metal with the niobium oxide, in the way that the higher is this inter-
action, the higher the resulting surface. 

Delgado and co-workers [23] evaluated the influence of Nb con-
centration on the textural properties of mixed metal oxides with tung-
sten. The authors reported that for low Nb/W molar ratios the specific 
area was lowered by a reduction of mesopores. These modifications 
were ascribed to alterations at crystalline structure due to isomorphic 
substitution of W by Nb in the lattice, given their similar ionic radius 
(rVINb5+ =0.64 Å, rVIW6+ =0.60 Å). 

The total acidity of catalysts was measured using NH3-TPD. The TPD 
profiles of Nb-based catalysts (Fig. 3) could be decomposed into two 
main Gaussian peaks centered at 187 ± 3 and 281 ± 8 ◦C, which rep-
resented ≈30 % and ≈70 % of the total surface, respectively. The 
maximum temperature of the second peak varied in the order: Nb < Nb- 
Mn < Nb-Al < Nb-W, suggesting that the acidity strength increased is 

Table 2 
Composition of ashes derived from beech wood 
obtained by SEM-EDS.  

Component wt. % 

O 39 ± 7 
Na 0.5 ± 0.3 
Mg 6 ± 2 
Al 0.1 ± 0.3 
Si 0.5 ± 0.3 
P 1.3 ± 0.5 
S 2 ± 1 
Cl 0.09 ± 0.4 
K 19 ± 9 
Ca 29 ± 11 
Mn 2 ± 1  

Table 3 
Chemical composition catalysts and relevant atomic ratios.  

Catalyst Nb (wt. 
%) 

M (wt. %) 
M = W, Al or 
Mn 

Nb/M atomic 
ratio 

Si/Al atomic 
ratio 

NbxWyOz 25.6 39.1 1.37 – 
NbxAlyOz 50.5 11.0 1.33 – 
NbxMnyOz 47.4 20.5 1.30 – 
H-ZSM-5 – – – 40.5  
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this order. In comparison, these peaks were shifted at 204 ◦C (53 %) and 
401 ◦C (47 %) in H-ZSM-5 NH3-TPD profiles, and the desorption 
continued at 600 ◦C. The total amounts of acid sites are reported in 
Table 6. They agree with the total numbers of acid sites reported by Yang 
et al. for Nb-based mixed oxides [15]. Although H-ZSM-5 exhibits the 
highest amount of aid sites on a mass basis, it is interesting to note that 
the Nb-based mixed oxides present a 2–3 time higher density of acid sites 
per surface area than the zeolite. 

Transmission IR spectroscopy of pyridine adsorbed on the catalysts 
was used to assess more specifically the type of acid sites present on the 
surface. The spectra are displayed in Fig. 4. 

The adsorption bands at 1545 and 1455 cm− 1 can be assigned to 
Brønsted and Lewis sites, respectively. The band at 1490 cm− 1 is 
attributed to the combination of these two types of acid sites [29]. In 
addition, the bands at 1615 and 1623 cm− 1 are assigned to Lewis acid 
sites with weak and strong acid strength, respectively [30]. Table 6 
shows the quantification of Brønsted and Lewis acid sites expressed as a 
function of mass of catalyst as well as its specific area. 

In agreement with NH3-TPD, H-ZSM-5 showed the highest concen-
tration of acid sites referred to the mass of catalyst. Furthermore, H- 
ZSM-5 exhibited a high concentration of Brønsted sites, while the Nb 
oxides solids present essentially Lewis sites, which is in agreement with 
the literature [15,31–33]. However, due to the large difference in spe-
cific surface areas, the acid sites concentrations are not so different when 

referred to the catalyst BET surface areas. 
Niobic acid (hydrated niobium oxide) exhibits a high density of 

Brønsted acid sites when calcined at moderate temperature (≤ 300 ◦C), 
whereas surface dehydroxylation by calcination at 400 ◦C leads to the 
formation of coordinatively unsaturated Nb cations that behave as 
strong Lewis sites [34]. The Brønsted sites have been reported to be fully 
eliminated after calcination at 580 ◦C (under dry conditions); consis-
tently, the Nb2O5 catalyst prepared in the present study, which has been 
calcined at 600 ◦C, exhibits only Lewis sites. 

W, Al and Mn oxides are also solid acids. WO3 presents strong B and L 
sites, whereas γ-Al2O3 presents a weak Brønsted acidity and strong Lewis 
sites. Similarly, MnO2 (obtained by calcination at 400 ◦C) and Mn2O3 
(obtained by calcination at 600 ◦C) exhibit Lewis acid sites, which are 
much stronger for the latter [35]. The B/L ratio of oxide surfaces de-
pends on the calcination temperature and on the presence or absence of 
steam, since Brønsted acidity also arises from acid-base complexation of 
Lewis sites by water molecules [36]. Regarding the bimetallic metal 
oxides, Table 6 shows that the presence of a second metal increased the 
amount of Lewis and Bronsted acid sites. Datka et al. [37] studied the 
effect of impregnation of niobium oxides over different metallic oxides 
supports, such as Al2O3 and they reported that the creation of acidity is 
associated with the formation of bridging hydroxyls between the 
niobium and aluminum cations. In addition, Yamashita et al. [38] 
observed that the presence of tungsten oxide created Brønsted acid sites 
when mixed with niobium oxide. 

3.3. Catalytic treatment of pyrolysis vapors 

The effect of catalysts on the conversion of beech wood pyrolysis 
vapors was assessed by comparing purely thermal experiments with runs 
performed in the presence of catalysts placed in the reactor directly at 
the outlet of the pyrolysis zone (Fig. 1). 

3.3.1. Mass balance and products distribution in pyrolysis experiments 
The mass of gas, solid and liquid products and the global mass bal-

ance of the pyrolysis experiments with or without catalytic conversion of 
vapors are presented in Table 7. Triplicate experiments were run 
without catalyst and with the NbxWyOz catalyst to assess the repro-
ducibility of the results. 

The mass balance was close to 100 % for all samples, except in the 
experiment with NbxAlyOz. This may result from a total wood injection 
above average in this experiment. 

The selectivity for each phase is presented in Fig. 5. 
The error bars displayed in this graphic were obtained from the 

triplicate experiments without catalyst and with the NbxWyOz catalyst. 
The solid fraction was similar in all experiments (≈19 wt.%) and in 

good agreement with that obtained in TGA experiments on beech wood 
under N2 (Fig. S2). Since the solid is formed in the reactor before any 
contact of the reaction products with the catalyst bed, the presence of 

Fig. 2. X-ray diffractograms for a) H-ZSM-5 and b) mixed metal oxides.  

Table 4 
Crystalline phases identified in catalyst diffractograms.  

Catalyst Formula System a (Å) b (Å) c (Å) 

Nb2O5 Nb2O5 Orthorhombic 6.2 29.2 3.9 
NbxWyOz Nb6.7W10.3O47 Orthorhombic 12.3 36.6 3.9 
NbxAlyOz Nb2O5 Orthorhombic 3.6 – 3.9 

NbxMnyOz 

Nb2MnO6 Orthorhombic 14.4 5.8 5.1 
Nb2O5 Orthorhombic 6.2 29.2 3.9 
Mn3O4 Tetragonal 5.8  9.5 
Mn2O3 Cubic 9.4    

Table 5 
Textural properties of catalysts.  

Catalyst SBET
a (m2 

g− 1) 
Average pore diameterb 

(nm) 
Total pore volume (cm3 

g− 1) 

Nb2O5 26 18 0.12 
NbxWyOz 44 9 0.09 
NbxAlyOz 93 8 0.20 
NbxMnyOz 26 12 0.08 
H-ZSM-5 423 0.55c 0.18  

a BET surface. 
b Obtained by BJH method. 
c from International Zeolite Association database. 
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catalysts is not expected to affect the formation of the solid fraction. A 
significant increase in the gas phase selectivity, associated to a decrease 
in liquid phase selectivity, was observed with the H-ZSM-5 catalyst, and 

to a smaller extent with NbxAlyOz and NbxMnyOz catalysts. This 
behavior can be assigned to the acidic properties of catalysts that favor 
cracking reactions of vapor stream components, resulting in a formation 
of light and non-condensable compounds. 

3.3.2. Characterization of gaseous products 
The total mass flow of the gas phase as a function of time for all 

experiments is presented in Fig. 6. 
The H-ZSM-5 catalyst exhibited the highest production of gaseous 

products when compared to other catalysts throughout all experiment 
duration, but the NbxAlyOz and NbxMnyOz catalysts produced almost 
similar quantities. In contrast, the presence of Nb2O5 and NbxWyOz 
catalysts did not modify the formation of gas phase products compared 
to the thermal reaction. The production of gases did not stop immedi-
ately when the injection of wood chips was cut off, but it declined 
rapidly within ≈15 min. This indicates that the pyrolysis of wood resi-
dues (that are collected on the first frit, before the catalyst bed) con-
tinues in the reactor until they are fully converted into chars. 

In order to understand the impact of catalyst on product distribution 

Fig. 3. NH3-TPD profiles of Nb-based and H-ZSM-5 catalysts.  

Fig. 4. IR spectra of pyridine adsorbed at 150 ◦C.  

Table 6 
Acidic properties of catalysts measured by NH3-TPD and IR of pyridine adsorbed 
at 150 ◦C.   

NH3-TPD IR/ pyridine  

Total acidity Brønsted acid sites Lewis acid sites 

Catalyst μmol/g μmol/m2 μmol/g μmol/m2 μmol/g μmol/m2 

Nb2O5 89.9 3.46 n.d. n.d. 7 0.27 
NbxWyOz 176.3 4.01 9 0.22 26 0.62 
NbxAlyOz 201.4 2.17 2 0.02 90 0.97 
NbxMnyOz 75.1 2.89 n.d. n.d. 19 0.71 
H-ZSM-5 501.0 1.18 127 0.30 45 0.11 

n.d. : not detected (below detection limits). 

Table 7 
Mass of gas, liquid and solid products and overall mass balance of experiments.  

Catalyst 

Mass (g) 
Total mass (g) / Mass 
balance Gas phase Liquid 

phase 
Solid 
phase 

Without 
catalyst 

5.1 12.0 4.0 21.0 / 103 % 

3 experiments 
3.5 11.3 3.8 18.6 / 91 % 
4.2 10.9 3.9 18.9 / 92 % 

Average ± SD 4.27 ±
0.80 

11.4 ±
0.56 

3.9 ±
0.10  

Nb2O5 4.8 11.4 4.0 20.2 / 99 % 
NbxWyOz 5.2 11.7 4.0 20.9 / 102 % 

3 experiments 
4.9 12.2 4.5 21.6 / 105 % 
4.9 10.5 4.1 19.5 / 95 % 

Average ± SD 
5.0 ±
0.17 

11.47 ±
0.87 

4.2 ±
0.26  

NbxAlyOz 7.7 12.1 4.2 24.0 / 117 % 
NbxMnyOz 7.2 10.8 4.1 22.1 / 108 % 
H-ZSM-5 8.4 9.7 3.9 22.0 / 107 %  
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on gas phase, the accumulated mass of different products families is 
presented in Fig. 7. 

COx compounds accounted for more than 85 % of the total mass of 
gaseous products, followed by hydrocarbons with 1, 2 and 3 carbons 
(representing 12 wt.% in average, for the most part methane) and, 
finally H2, (corresponding to less than 1 wt.% of all gas phase products, 
or ≈3.7 mol.%). According to the literature [39], the effect of acidic 
catalysts, and particularly H-ZSM-5, is to remove oxygen as H2O and 
COx. As expected from the mass balance data, H-ZSM-5, NbxAlyOz and 
NbxMnyOz catalysts led to an increase in the yields of hydrocarbons, COx 
and H2. The increase in light hydrocarbons production corroborates the 
hypothesis about the occurrence of cracking reactions in the presence of 
catalysts and more particularly in the case of H-ZSM-5, which has the 
highest concentration of acid sites. 

3.3.3. Characterization of liquid products 
Fig. 8 shows the amounts of liquid products formed in pyrolysis ex-

periments. They were mostly collected directly in the first cold trap 
downstream the reactor. Except for pyrolysis in the absence of catalyst 
that produced a single liquid phase, all catalysts promoted changes in 
this liquid fraction composition that resulted in its separation into two 
immiscible liquids by centrifugation, i.e. a light orange/brown aqueous 

phase on top of a dark brown organic phase. When phase separation 
occurred, this aqueous phase accounted for 26–37 % of the total liquid 
mass, as shown in Fig. 8. 

Another fraction (denoted as “recovered organic phase”) remained 
stuck on the glassware in the two cold traps and in the electrostatic trap 
and was recovered by washing them with methanol, followed by evap-
oration of the solvent. A significant fraction was also found in the sub-
sequent traps (Pyrex and silicagel beads), denoted as “not recovered”, 
which was weighed but not recovered because washing the Pyrex beads 
would have involved too much solvent, or because it was not possible to 
extract it from the silicagel. 

The overall mass of liquid products was 10.8–12 g with the Nb-based 
catalysts, and slightly lower with the H-ZSM-5 reference catalyst (9.8 g), 
which provided however the highest yield in total organic phases (74 %) 
and the lowest in aqueous phase. 

The bio-oils characterizations reported below were carried out on the 
organic phase that separated physically from the aqueous phase for the 
samples obtained in the presence of catalysts (or on the single liquid 
phase that was obtained without catalyst). The “recovered organic 
phase” was assumed to have a similar composition but it was only 
quantified by weighing. Indeed, the recovery process involved washing 
the glassware with methanol followed by evaporating the solvent, which 
can modify its composition since the lighter components will evaporate 
as well. Therefore, the characterizations were made on the raw organic 
phases which have not undergone any treatment. 

The water content of the organic phase was determined by Karl 
Fischer titration; the values of water content, absolute and relative error 
are displayed in Table 8. 

As expected from the single liquid phase obtained in this case, the 
sample obtained without catalyst showed the highest water content. 
Comparing the results obtained using catalysts, the bio-oil produced in 
presence of H-ZSM-5 has the lowest quantity of water. 

The molar mass distributions are presented in Fig. 9. The peak in-
tensities are normalized to the maximum intensity. 

As a first observation, the MW range of bio-oil components was 
relatively low, since the MWs below 260 g/mol accounted for at least 70 
% of the chromatograms total surface areas for all samples (this limit 
corresponds approximately to the maximum MW of compounds that can 
be analyzed by GC methods). For the thermal bio-oil, the maximum 
intensity was observed at 168 g/mol, with shoulders at 116, 142, 200, 
and 268 g/mol. These MW, however, are probably slightly under- 
estimated because the MW measured for two reference compounds, 
eugenol (164 g/mol) and DHPMPE (274 g/mol), were found smaller 
than the real ones, the chromatograms exhibiting their maxima at 158 
(− 4%) and 234 (− 15 %) g/mol, respectively. This difference is due to 
fact that the hydrodynamic volume of the measured compounds is 
different from that of the hydrocarbon standards used for calibration. 
Compared to the non-catalyzed bio-oil, the maximum intensity for the 
catalyst-processed bio-liquids was slightly shifted to 158–162 g/mol, 
depending on the catalyst, and the chromatograms exhibited similar 
shoulders at 116 and ≈140 g/mol, but the intensity of these low MW 
peaks was clearly higher (Fig. 10). 

The response of a RI detector in GPC has been shown to be strongly 
compound-dependent, therefore comparing directly the peaks intensity 
is valid only for strictly similar compounds [40]. However, since the 
peak shoulders appear at similar MW in the chromatograms of thermal 
and catalyzed bio-oils and assuming that the low MW products formed 
are similar but in different amounts, in the presence of catalysts more 
low MW products were formed. In the 200–300 g/mol range the trends 
were difficult to assess because, as shown by Hoekstra et al. [40] using 
various model compounds in the 180–620 g/mol range, the RID 
response factor can vary up to a factor of 10 depending on the compound 
considered. 

The average molecular weights of the organic fraction obtained by 
gel permeation chromatography (GPC) are presented in Table 9. 

The average molar masses were close in all experiments, and the 

Fig. 5. Selectivity into solid, liquid and gas products.  

Fig. 6. Total mass flow of gas phase products as a function of time.  
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presence of catalysts resulted in a modest but significant decrease in the 
mean molecular mass. The H-ZSM-5 catalyst resulted in the lowest mean 
MW. The contact of the pyrolysis products with the acidic catalysts 
appears to promote the cracking of reaction oligomers, thus decreasing 
the average molar mass. 

GPC analyses using the UV detector operating at 254 nm were also 
used to obtain a more selective insight on the compounds with aromatic 
and/or conjugated unsaturated bonds present in the bio-oils. Here, the 
UV detector signal was here normalized to an equal mass of dry bio-oil 
injected (100 μg), in order to correct the intensity for small differences in 

Fig. 7. Accumulated mass of the different gas products in pyrolysis experiments.  

Fig. 8. Mass of organic and aqueous phases recovered in the traps downstream 
the pyrolysis reactor. 

Table 8 
Water content and errors for organic phase.  

Experiment Water content Relative error 

Without catalyst 46.3 ± 0.6 % 1.4 % 
Nb2O5 29.7 ± 1.3 % 4.5 % 
NbxWyOz 27.8 ± 0.3 % 1.2 % 
NbxAlyOz 21.6 ± 0.2 % 0.9 % 
NbxMnyOz 28.3 ± 0.4 % 1.5 % 
ZSM-5 17.9 ± 0.7 % 3.8 %  

Fig. 9. Molecular mass distribution measured by GPC.  
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sample dilution and for the different contents of water in each bio-oil 
(this correction being possible since the absorption of pure water at 
254 nm is very weak and can be neglected) (Table 10). 

Except for the peak close to 100 g/mol, very intense for the thermal 
bio-oil, the chromatograms of the catalytically processed bio-oils exhibit 
higher peaks intensities in the whole 120− 350 g/mol range compared to 
the thermal bio-oil. This suggests that higher amounts of aromatic/ 
conjugated compounds in this MW range are formed in the presence of 
catalysts, which could result from a better depolymerization of lignin. 

The elemental compositions and estimated HHV of bio-oil samples 
are presented in Fig. 11. It is worth mentioning that sulfur S was also 
analyzed but found below the detection limit (≈0.075 wt.%) in all 
samples. The Higher Heating Value (HHV) was calculated applying the 

equation proposed by Channiwala and Parikh [19]. 
The presence of catalysts always resulted in a decrease in the oxygen 

content compared to non-catalyzed bio-oil, the reference catalyst (H- 
ZSM-5) showing the highest reduction level (≈− 46 %). Among the Nb- 
based oxides, the NbxMnyOz catalyst showed the highest deoxygenating 
behavior (− 39 %). Consequently, the HHV of the catalyst-processed bio- 
liquids are higher (25 MJ/kg without catalyst and 31.8 MJ/kg with H- 
ZSM-5) of nearly 27 %. Compared to literature data, the estimated HHV 
values are slightly higher than usually found for bio-oil produced from 
woody biomass in the absence of catalysts [41–43,17]. 

The Van Krevelen representation of the O/C and H/C molar ratios 
(calculated on dry basis) is presented in Fig. 12. 

The effect of catalysts is more pronounced on the O/C ratio than on 
the H/C ratio. The highest oxygen content reduction is obtained with H- 
ZSM-5 and NbxMnyOz catalysts: The O/C ratio of 0.68 in the initial 
biomass is reduced to 0.15 and 0.17, respectively, vs. 0.34 for the 
thermal bio-oil. 

Despite the importance of oxygen removal for improving bio-oil 
quality, it should not be the only factor considered to assess the qual-
ity of upgraded bio-oils. As discussed by Venderbosch [44], in some 
cases the presence of oxygenated compounds can be beneficial to the 
fuel properties, for example methanol and ethanol, which contain 
respectively 50 and 25 wt% of oxygen. Conversely, the partial 

Fig. 10. GPC-UV chromatograms of thermal and catalytically-processed bio- 
oils, normalized to 100 μg of dry bio-oil. 

Table 9 
Molecular weight distribution metrics for bio-oils using RI detector (in HC 
equivalent).   

Number average mass Mn (g/ 
mol) 

Weight average mass Mw (g/ 
mol) 

Standards 
Eugenol 151 147 
DHPMPE 232 234 
Bio-oils 
Without 

catalyst 
191 235 

Nb2O5 172 211 
NbxWyOz 185 230 
NbxAlyOz 178 221 
NbxMnyOz 178 220 
H-ZSM-5 167 202  

Table 10 
Elemental composition and estimated HHV of the organic phase.   

Elemental composition (dry basis) HHV (MJ/ 
Kg) C (wt%) H (wt%) N (wt%) O* (wt%) 

Without 
catalyst 

63.4 ±
1.5 

4.9 ±
0.1 

3.0 ±
1.8 

28.6 ±
0.2 

25.0 

Nb2O5 70.0 ±
2.0 

6.0 ±
0.5 

1.0 ±
0.6 

23.0 ±
2.2 

29.1 

NbxWyOz 70.3 ±
0.9 

5.5 ±
0.2 

1.1 ±
0.8 

23.1 ±
1.5 

28.6 

NbxAlyOz 70.6 ±
0.3 

5.8 ±
0.1 

1.1 ±
0.2 

22.6 ±
0.4 

29.1 

NbxMnyOz 75.7 ±
1.3 

5.2 ±
0.1 

1.6 ±
0.5 

17.6 ±
1.0 

30.7 

H-ZSM-5 76.9 ±
0.1 

5.5 ±
0.2 

2.2 ±
1.4 

15.4 ±
1.7 

31.8  

* -obtained by difference. 

Fig. 11. Elemental composition of bio-oils and calculated HHV (*: oxygen 
content calculated by difference). 

Fig. 12. O/C and H/C molar ratios in the organic phase for different catalysts.  
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polymerization of compounds may reduce the oxygen content in liquid 
fuels obtained from pyrolysis of biomass, but also result in an increase of 
viscosity. Therefore, it is also important to evaluate the chemical mod-
ifications promoted by the presence of catalysts. 

In this sense, 13C-NMR is a useful technique given its ability to 
identify the different functional groups containing carbon. The chemical 
shift range for each functional group are summarized in Table 11. 

The 13C-NMR carbon distribution of functional groups in the organic 
liquids obtained for each experiment is displayed in Fig. 13. 

Among the catalysts evaluated, H-ZSM-5 promoted the most signif-
icant changes on functional groups distribution. However, some trends 
can be observed regarding the impact of catalysts. First, the total aro-
matics concentration increased, whatever the linkage (C–H, C–O or 
C–C) considered. The increase in these fractions may be related to a 
more efficient depolymerization of lignin oligomers in the presence of 
catalysts [48,49]. 

The Brønsted acid sites of protonic zeolites are generally considered 
responsible for the formation of aromatic compounds through cracking 
and dehydration reactions, but zeolites with Lewis acidity are also active 
for the isomerization and dehydration of sugars and sugar-derived 
compounds [50]. In addition, anhydrosugars can be formed from the 
other fractions of biomass (cellulose and hemicellulose). These anhy-
drosugars can also lead to aromatic compounds through a series of 
acid-catalyzed reactions such as dehydration, oligomerization, decar-
bonylation and decarboxylation [51,52]. Polycyclic aromatic com-
pounds can be formed through cracking reactions of lignin during 
pyrolysis, these oligomers can be also converted into aromatics through 
cracking reactions over acidic catalytic sites. 

Another important trend observed in Fig. 13 is the reduction of 
sugar, alcohol, ether and carboxylic acids and derivatives. Further than 
reducing the oxygen content on bio-oil, the reduction of these com-
pounds, especially sugars, is important to improve the stability of the 
bio-oil [53]. 

It was not possible to observe significant changes regarding the 
aliphatic C–C bonds, except with H-ZSM-5. As shown previously with 
the analyses of the gas phase (Fig. 7), this catalyst produced the highest 
amounts of C1–C3 hydrocarbons, indicating a higher occurrence of 
cracking reactions, which can result in a reduction of C–C bounds in the 
liquid phase. 

GC–MS analyses provided a more detailed insight on the composition 
of the bio-liquids. It was not possible to calibrate the GC response for all 
detected compounds (around 600 different compounds were identified 
in the different chromatograms [see Supplementary information], but 
the peak areas of the common compounds found in all chromatograms 
can be compared to assess the trends related to the effect of catalysts 
[54–56]. Furthermore, given the vast amount of compounds, the 

chromatographic resolution may be affected by peak coelution, which 
makes the compound identification less accurate [57]. 

Additionally, it is worth mentioning that only compounds that can be 
volatilized at 250 ◦C can be analyzed through this technique, which 
excludes the heaviest compounds present in bio-oil samples. As an 
example, the DHPMPE (274 g/mol) used as reference compound in GPC 
analyses was eluted at the end of the temperature program in GC–MS 
analyses. However, as shown previously by GPC, at least 70 % of the 
compounds present in the bio-oils have MW below ≈260 g/mol and 
should be detected in GC methods, provided that they do not decompose 
in the injector upon heating. 

GC–MS analyses enabled the identification of most peaks through 
their fragmentation pattern, and compounds with similar chemical 
functions were grouped into compound families. The proposed families 
and respective examples are presented in Table 12. 

These families obtained for all experiments are presented in Fig. 14. 
As previously observed with 13C-NMR, the H-ZSM-5 catalyst resulted 

in the most significant modification on compounds families’ selectivity. 
Besides, some trends are similar for all catalysts. First, the oxygenated 
aromatic families (aromatic ethers, phenols, guaiacols, syringols) 
increased. As discussed before, the formation of these compounds is 
derived from the degradation of lignin (depolymerization), and these 
reactions of C–C bond cleavage are clearly improved in the presence of 
all catalysts [58]. The main aromatic compound observed was 2,6-dime-
thoxy-4-(2-propenyl)-phenol (close to 30 % of the guaiacol/syringol 
family), which clearly originates from lignin degradation. 

Another important modification is the reduction of the sugars, furans 
and acid/ester family’s selectivity. As mentioned before, these com-
pounds contributes to the instability of bio-oils and they are precursors 
to macromolecules that leads to plugging of reactors and tubing and 

Table 11 
Chemical shifts for each functional group. Adapted from: [45–47].  

Functional group Range (ppm) Example 

Aldehydes, ketones 180− 230 

Carboxylic acid and esters 166− 180 

Aromatics 105− 166  
–Aromatics (CO) 142− 166 

–Aromatics (CC) 132− 142 

–Aromatics (CH) 105− 132 

Sugars, alcohols and ethers 60.8− 105 

Methoxyl - aromatic 55.2− 60.8 

Aliphatic (C–C) 0− 55.2 

Fig. 13. Organic functions identified with 13C-NMR.  

Table 12 
Compound families and examples of compounds that represents each group for. 
GC–MS.  

Compound family Examples 

Acid/ester Organic acids (acetic, propanoic, butanoic…), vinyl 
butyrate 

Alcohols 1,2-Ethanediol, Cyclopropyl carbinol 
Aldehyde/ketone/ether 1-hydroxy-2-Propanone, cyclopentenones 
Aromatics Benzene, xylene, styrene 
Aromatic ether 1,2,4-Trimethoxybenzene, 3,4-Dimethoxytoluene 
Furans 2(5H)-Furanone, Furfural, 5- 

Hydroxymethylfurfural 
Guaiacol/syringol 2,6-dimethoxy-phenol, m-Guaiacol, 2,6-dimethoxy- 

4-(2-propenyl)-phenol 
Nitrogen-containing 6-methyl-4(1H)-Pyrimidinone, 3-Methylpyridazine 
Other Dimethyl peroxide, Thiopropionic acid S-isopropyl 

ester 
Polycyclic Aromatic 

Hydrocarbons (PAH) 
Indane, Naphtalenes, 

Phenols Catechols, alkyl-phenols 
Sugars Levoglucosan, DL-Arabinose, 2,3-Anhydro-D- 

mannosan  
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catalyst deactivation by coke deposition [59,60]. The main sugar found 
in bio-oils was 1,6-anhydro-β-D-glucopyranose (also named as levoglu-
cosan) that can originate from the depolymerization and dehydration of 
cellulose [61]. Similarly, furans can also be obtained from the dehy-
dration of sugars and depolymerization of hemicellulose [62]. Among 
the organic acids present in bio-oils, acetic acid was the predominant 
carboxylic acid present, which is mainly produced from hemicellulose, 
but it also can be produced from depolymerization of lignin and sub-
sequently release of an acetyl group [48,63]. As reported in the litera-
ture, the presence of catalyst can also promote the decarboxylation of 
carboxylic groups [58]. 

Due their high polarity, these compounds are probably more soluble 
in the aqueous phase. Since liquid phase separation was observed for all 
samples obtained with catalysts, the reduction of these families in the 
organic phase can also be attributed to their partition during the phase 
separation. Indeed, GC–GC analyses of the aqueous phase obtained in 
the presence of HZSM-5 catalyst showed essentially the presence of 
small organic acids, ketones, aldehydes and some sugars, however in 
very small amounts compared to the organic phase. 

Aiming to improve the resolution of chromatograms, two- 
dimensional gas chromatography (GCxGC) was used to add a second 
dimension to the analysis which can result in a better separation of co- 
eluting compounds. With GCxGC, the volume of the blobs is propor-
tional to the concentration, allowing to compare the trends of com-
pounds families between the different chromatograms, similarly with 
GC–MS. These groups are represented in Table 13. Due to the different 
chromatographic conditions between the two techniques (columns na-
ture, maximum allowed temperature, injector temperature) and to the 
2D separation of compounds in GCxGC, it was not possible to group the 
compounds in strictly similar families as with GC–MS (i.e. carboxylic 
acids/esters had to be grouped with ketones in a common “aliphatic 
oxygenated” family). 

Compounds families’ selectivity are represented in Fig. 15. 
In agreement with the previous technique, an increase in oxygenated 

aromatic compounds (phenols and methoxy-phenols) is observed. 
Additionally, there is a reduction in aliphatic oxygenated compounds. In 

contrast with GC–MS analyses, it was not possible to identify sugars with 
GCxGC-MS. This can be related to the injection at higher temperature 
that can degrade thermosensitive compounds such as sugars [57]. Very 
few fully deoxygenated aromatic compounds (benzene, toluene, xy-
lenes, styrene, naphthalene…) were detected, even with the H-ZSM-5 
catalyst. This contrasts with previously reported studies in which sig-
nificant yields of such compounds could be produced from either lignin 
[64] or glucose [65] using H-ZSM-5 catalysts. However, they were ob-
tained at high catalyst/biomass ratios (3/1 or 19/1, respectively) and 
were related to heavy coke deposition on the zeolite. In the present study 
the catalyst/biomass ratio was set to 1/10, which appears more realistic 
from a catalysis standpoint but probably limits the formation of deox-
ygenated aromatics. 

From these two GC-based characterization techniques, common 
trends such as the reduction in carboxyl and carbonyl groups could be 
identified. These compounds contribute to deleterious properties of bio- 
oils, i.e. acidity, instability and corrosiveness [3,66]. The increase in 
aromatics, resulting from the depolymerization of lignin structure [48, 
49,63], is also confirmed by both techniques. And finally, the reduction 
of sugars and anhydrosugars, these compounds being related to forma-
tion of light compounds such as furans and furaldehydes [67] but also 
sugars-derived polymeric compounds through the caramelization pro-
cess [68], that can plug tubes or block reactors. 

Given the complexity of the processes that can take place during the 
pyrolysis of biomass and the catalytic upgrading reactions of produced 
vapors, it was not possible to stablish a direct correlation between the 
acidic properties of catalysts, in terms of Brønsted/Lewis acidity, and the 
bio-oil properties. H-ZSM-5 showed the most significant changes in bio- 
oil properties and this catalyst presented the highest concentration of 
acidic sites per gram of catalyst, particularly Brønsted sites. However, 
according to IR studies, the very strong Brønsted acid sites of H-ZSM-5 
are only present inside the zeolite pores and do not exist on the external 
surface, whereas Lewis acid sites are present on its external surface area 
[34]. The NbxMnyOz catalyst exhibits only Lewis acidity, based on IR of 
adsorbed pyridine, and a much smaller SSA than H-ZSM-5, but it dis-
plays very similar performances on bio-oil upgrading. Surprisingly, both 
types of acidities appear to lead to similar performances for bio-oil 
upgrading. A plausible explanation could be that the large amounts of 
steam present in the pyrolysis vapors generate Brønsted acid sites on the 
Nb-based catalyst surface under pyrolysis conditions (470 ◦C). Indeed, 
the strong effect of steam on the acidity of a Nb2O5 catalyst has been 
evidenced by Omata and Nambu [69]: the activity of niobium oxide for 
cumene cracking was strongly promoted in the presence of steam, the 
number of Lewis acid sites decreased and the Brønsted acidity increased 
in the presence of steam, this effect being reversible. In contrast, a 
H-ZSM-5 catalyst showed constant activity in presence or absence of 
steam; the Lewis acidity of H-ZSM-5 also decreased in the presence of 
steam but its Brønsted acidity did not increase, suggesting that some 
Lewis sites were poisoned by water. The acidity of ZSM-5 based catalysts 
has also been shown to be strongly reduced with time on stream during 

Fig. 14. Compound families analyzed with.GC–MS.  

Table 13 
Compound families and examples of compounds in each group for GCxGC-MS.  

Compound family Examples 

Aliphatic non-oxygenated (E)-2-Hexene, 2,4-dimethyl-2,4- 
Heptadiene, 

Aliphatic oxygenated Acetic acid, cyclopentenones 
Aromatic Xylenes, styrenes, benzenes. 
Benzofurans Alkyl benzofurans 
Methoxy-phenols 2,6-dimethoxy-phenol, m-Guaiacol, 
Polycyclic Aromatic Hydrocarbons (PAH) Naphtalenes, indenes 
Phenols Alkyl phenols, phenol 
Polycyclic Oxygenated Aromatic 

Hydrocarbons (POAH) 
Derived from lignin with high molar 
weight  

Fig. 15. Compounds families analyzed by GCxGC-MS.  
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pyrolysis of oak wood [12]. Clearly, the concentration of acid sites 
measured on fresh catalysts under dry conditions (Table 6) does not 
reflect the catalysts acidity under pyrolysis conditions. 

The pore size of catalysts should also be taken into consideration: the 
micropores of H-ZSM-5 (diameter ≈0.55 nm) forbid the diffusion of 
many components of pyrolysis vapors inside the zeolite channels. As an 
example, the kinetic diameters of compounds such as tetrahydrofuran 
(0.63 nm), xylitol (0.66 nm) or glucose (0.86 nm, [69]) are already too 
large for them to diffuse inside the pores of H-ZSM-5, which restricts its 
active surface to the external surface area for most components of py-
rolysis vapors (of the 423 m2/g SSA of H-ZSM-5, 363 correspond to the 
microporous surface and 60 m2/g to the external surface area). In 
contrast, the mesopores of Nb-based mixed metal oxides could allow the 
diffusion of larger compounds and contribute to a better utilization of 
the available surface acid sites. Finally, increasing the surface areas of 
Nb-based catalysts could allow improving their activity for the catalytic 
upgrading of pyrolysis vapors. 

4. Conclusions 

The catalytic treatment of beech wood pyrolysis vapors was inves-
tigated using Nb2O5 and NbxMyOz (M = W, Al, Mn) catalysts, and their 
performances were compared to a reference H-ZSM-5 catalyst, and to a 
purely thermal pyrolysis. IR of adsorbed pyridine showed that the cat-
alysts exhibited different acidic properties in terms of number, strength 
and Brønsted/Lewis ratio. All catalysts modified the yields and compo-
sition of the bio-oils produced, to a different extent. The oils obtained 
with catalysts had an overall lower oxygen content than the thermal oil. 
GC–MS, GCxGC and 13C NMR analyses of the organic phase showed that 
it contained less aldehydes, ketones, ethers and more aromatics and 
methoxy phenols compounds. The best Nb-based catalyst, NbxMnyOz, 
exhibited similar performances for bio-oils upgrading as HZSM-5, in 
spite of their very different acidic properties. The results suggest that the 
Lewis acid sites of NbxMnyOz are converted into Brønsted acid in the 
presence of water vapor produced by pyrolysis of wood, whereas the 
strongest Brønsted sites of H-ZSM-5 are probably not accessible to most 
components of the pyrolysis vapors, therefore limiting their role in the 
upgrading process. 
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