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Engineering the acidity and accessibility of the zeolite ZSM-5 for 
efficient bio-oil upgrading in catalytic pyrolysis of lignocellulose 
Héctor Hernando,a Ana M. Hernández-Giménez,b Cristina Ochoa-Hernández,c,† Pieter C. A. 
Bruijnincx,b Klaartje Houben,d Marc Baldus,d Patricia Pizarro,a,e Juan M. Coronado,a Javier 
Fermoso,a Jiří Čejka,c Bert M. Weckhuysen,b David P. Serranoa,e* 

The properties of the zeolite ZSM-5 have been optimised for the production and deoxygenation of the bio-oil* (bio-oil on 
water-free basis) fraction by lignocellulose catalytic pyrolysis. Two ZSM-5 supports possessing high mesopore/external 
surface area, and therefore enhanced accessibility, have been employed to promote the conversion of the bulky 
compounds formed in the primary cracking of lignocellulose. These supports are a nanocrystalline material (n-ZSM-5) and 
a hierarchical sample (h-ZSM-5) of different Si/Al ratios and acid site concentrations. Acidic features of both zeolites have 
been modified and adjusted by incorporation of ZrO2, which has a significant effect on the concentration and distribution 
of both Brønsted and Lewis acid sites. These materials have been tested in the catalytic pyrolysis of acid-washed wheat 
straw (WS-ac) using a two-step (thermal/catalytic) reaction system at different catalyst/biomass ratios. The results 
obtained have been assessed in terms of oxygen content, energy yield and composition of the produced bio-oil*, taking 
also into account the selectivity towards the different deoxygenation pathways. The ZrO2/n-ZSM-5 sample showed 
remarkable performance in the biomass catalytic pyrolysis, as a result of the appropriate combination of accessibility and 
acidic properties. In particular, modification of the zeolitic support acidity by incorporation of highly dispersed ZrO2 
effectively decreased the extent of secondary reactions, such as severe cracking and coke formation, as well as promoted 
the conversion of the oligomers formed initially by lignocellulose pyrolysis, thus sharply decreasing the proportion of the 
components not detected by GC-MS in the upgraded bio-oil*. 

Introduction 
Biomass catalytic fast pyrolysis (CFP) is considered one of the 
most feasible routes for the production of liquid biofuels from 
lignocellulose, as it is a relatively simple process that takes 
place at atmospheric pressure, moderate temperatures and 
with short residence times 1,2. In addition to the liquid fraction 
(bio-oil), gases and a carbonaceous solid (char) are also 
produced. Bio-oil is viewed as an interesting product that 
could be applied for both biofuels and bio-based chemicals 
production 3,4. However, it contains a large variety of 
oxygenated compounds and significant amounts of water, 
which provides it with a number of undesired properties, such 
as low calorific value, immiscibility with fossil-derived fuels and 

acid pH (corrosiveness) 1. Moreover, bio-oil is not a stable 
product since even at room temperature it undergoes a 
number of reactions and transformations upon storage, which 
usually provokes phase separation and formation of solids 3,5. 
Accordingly, the bio-oil produced by thermal degradation of 
lignocellulose should be regarded as a low-quality fuel with 
limited economic value 6. 
In recent years, two main chemical routes have been proposed 
for improving the bio-oil properties: catalytic pyrolysis using 
acid solids, and hydrodeoxygenation over metal-containing 
catalysts 7,8. Catalytic pyrolysis presents the advantages of 
operation at the atmospheric pressure and not consuming 
external hydrogen, although it is limited by extensive 
formation of carbonaceous deposits leading to catalyst 
deactivation and reduction in the bio-oil yield 9–13. On the other 
hand, other catalytic transformations have been recently 
explored for bio-oil upgrading based on the use of catalysts 
with ketonization and aldol condensation activities, which 
allow the oxygen content of the bio-oil to be reduced with 
simultaneous C-C bond formation, hence increasing the 
molecular weight of the species present in the bio-oil 14–17. 
Bio-oil upgrading by catalytic pyrolysis can be performed in-
situ or ex-situ regarding the pyrolysis reactor 2,18,19. The second 
configuration is more convenient since in this case the direct 
contact of the catalyst with the raw biomass is avoided, 
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limiting at least partially the catalyst deactivation. In addition, 
both thermal and catalytic steps can be operated under 
different reaction conditions affording a more efficient 
biomass conversion and bio-oil upgrading 2,9. Indeed, it has 
been earlier shown that the optimum temperatures for 
biomass pyrolysis and bio-oil catalytic conversion differ 
significantly, demonstrating the convenience of ex-situ 
reaction systems for lignocellulose catalytic pyrolysis 9. 
Among solid catalysts employed in biomass catalytic pyrolysis, 
zeolites exhibited a remarkable performance in terms of bio-oil 
quality and deoxygenation degree 20,21. In particular, ZSM-5 
zeolite has led to promising results, selectively promoting the 
formation of aromatic hydrocarbons, hence opening the 
possibility of using the obtained upgraded bio-oil in the 
formulation of advanced biofuels 22–25. This effect has been 
mainly related to the medium size of the micropores and 
strong acidity of ZSM-5 zeolite 26. However, the use of this 
zeolite in biomass catalytic pyrolysis leads to low bio-oil yields 
as it also suffers from hindered accessibility to the active sites, 
coke deposition over the catalyst and occurrence of severe 
cracking reactions that promote the formation of gaseous 
hydrocarbons 18.  
A strong research effort has been devoted to improve the 
ZSM-5 behaviour in biomass catalytic pyrolysis. Thereby, the 
ZSM-5 properties have been modified by reduction of the 
crystal size 11,23,27, introduction of a secondary porosity in the 
mesopore range 11,23,28,29 or use of 2D ZSM-5 materials in order 
to increase the accessibility of the compounds present in the 
bio-oil vapours to the active sites 30. Likewise, the addition of 
metals to ZSM-5 zeolite has been extensively investigated to 
increase the aromatisation activity and/or to decrease the 
coke formation during biomass pyrolysis. Thus, numerous 
works have been published using ZSM-5 zeolites, modified by 
incorporating a variety of elements, such as Pt, Pd, Ni, Ga, Mg, 
Zn, Co and Fe, in the catalytic pyrolysis of different 
lignocellulosic feedstock 10,22,31–39. 
On the other hand, ZrO2-based catalysts have been reported in 
the past years as materials with suitable catalytic properties 
for different biomass transformations, including not just 
biomass catalytic pyrolysis, but also other reactions of interest 
for the conversion of biomass-derived intermediates, such as 
ketonization 14, aldol condensation 40–42 and esterification 42,43. 
In contrast, almost no examples can be found in the literature 
exploring the modification of ZSM-5 with ZrO2 for biomass 
catalytic pyrolysis. A rare example is provided by Li et al., who 
have recently investigated the biomass catalytic pyrolysis over 
Fe-, Zr- and Co-modified ZSM-5 zeolites 32,39, showing some 
positive effects of the incorporation of these elements in 
terms of product distribution, but providing no information on 
the deoxygenation degree of the bio-oil neither on its energy 
yield and on other relevant properties related to the level of 
upgrading achieved. Moreover, the zeolitic support used by 
these authors is a standard ZSM-5 of micrometer crystal size 
and, therefore, with very limited mesopore/external surface 
and accessibility, which may explain the relatively small effect 
seen upon zeolite modification. 

In this context, the present work aims at adjusting the ZSM-5 
properties to overcome its limitations in biomass catalytic 
pyrolysis for the production of upgraded bio-oil. Thereby, two 
main properties of the ZSM-5 zeolite are considered in the 
catalyst engineering strategy: high accessibility and tailored 
acidity. Thus, enhanced accessibility to the active sites was 
ensured by using two different non-standard ZSM-5 zeolites: a 
hierarchical ZSM-5 sample prepared by desilication (h-ZSM-5) 
and a nanocrystalline ZSM-5 material (n-ZSM-5). Both zeolites 
have high mesopore/external surface areas and reduced 
diffusional pathway lengths, properties expected to promote 
the conversion of the bulky molecules present in the bio-oil 
vapours. In addition to the variation of the Si/Al ratio, the 
incorporation of highly dispersed ZrO2 over these ZSM-5 
samples is here reported as a very efficient strategy for 
modulating and complementing the zeolite acidic features and 
improving their performance in biomass catalytic pyrolysis, as 
demonstrated by a variety of characterization techniques. The 
results obtained in the catalytic tests have been assessed using 
a quite complete set of parameters, including composition and 
mass yield of the different fractions obtained in the pyrolysis 
process (bio-oil, gases, water, char and coke formed over the 
catalyst), deoxygenation pathways selectivity and energy yield 
of the produced bio-oil. 

Experimental 
Detailed information about the catalysts preparation and 
characterization techniques, as well as on the procedure and 
set up employed for the biomass catalytic pyrolysis tests, is 
provided as Supporting Information. 

Results and discussion 
Catalysts properties 

Basic characterization of the catalysts. The parent ZSM-5 samples 
used in this work possess very different Al content with values of 
the Si/Al molar ratios of 42 and 12 for the n-ZSM-5 and h-ZSM-5 
samples, respectively (Table 1). The high Al content of the h-ZSM-5 
zeolite is caused by the NaOH desilication treatment employed to 
generate the secondary porosity present in this material, which 
provokes extensive silica extraction from the zeolite framework. 
High-angle X-ray diffraction patterns of the ZSM-5 samples (Fig. S1) 
exhibited typical diffraction lines of highly crystalline zeolites with 
MFI topology. The incorporation of ZrO2 to the supports had no 
evident effect on their crystallinity. The fact that the impregnated 
samples did not exhibit diffraction peaks of pure zirconium oxide 
phases is indicative of the existence of either ZrO2 particles with 
very small size and homogeneous dispersion over the ZSM-5 
supports or the absence of crystalline ZrO2 particles. In line with the 
XRD data, Raman spectroscopy also did not show any evidence for 
the presence of a perfectly crystalline ZrO2 component (Fig. S2). 
Thus, the main broad band seen in the Raman spectra for both Zr-
containing samples at 381 cm-1 coincides with a vibration of 
monoclinic ZrO2, but other bands expected for this phase, e.g. at



Green Chemistry  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3   

Please do not adjust margins 

Please do not adjust margins 

Table 1 Physicochemical properties of the catalysts 

a Quantities in molar ratio; b BET surface area; c Mesopore + external surface area; d Micropore surface area; e Total pore volume at P/P0≈ 
0.98; f Micropore volume. All textural and acidic properties are expressed per gram of zeolitic support in the sample. 

 
475, 615 and 637 cm-1 are hardly or not detected 44,45. 
Orthorhombic and tetragonal ZrO2 phases can also be discarded, as 
they would show significantly different Raman features than those 
detected for the ZrO2/h-ZSM-5 and ZrO2/n-ZSM-5 samples 46,47. 
These results show that the ZrO2 present over the zeolitic support is 
poorly crystalline, most likely amorphous.  
The textural properties of the catalysts were determined from the 
Ar adsorption isotherms at −186 °C applying the NL-DFT model, 
which allowed the contribution of the zeolite micropores and that 
of the mesopore/external surface to be distinguished (Table 1). 
Both parent samples present similar BET areas and a significant 
amount of mesopore/external surfaces, as expected taking into 
account their nanocrystalline and hierarchical features. This effect is 
more pronounced in the case of the h-ZSM-5 sample (SMES+EXT = 206 
m2/g), confirming that the desilication treatment was very effective 
in generating mesopores. After Zr incorporation, some attenuation 
of the textural properties was observed for both ZSM-5 samples. 
This variation was more accentuated for h-ZSM-5, whose micropore 
surface area and micropore volume were especially affected (32% 
of reduction), indicating that part of the Zr species are located 
within the zeolite micropores. In contrast, for the n-ZSM-5 catalyst 
Zr incorporation had a stronger effect on the mesopore+external 
surface (reduction of 25%) while no reduction is observed in the 
micropore one; hence, it can be concluded that in this sample the 
ZrO2 is mainly located over the outer part of the zeolite 
nanocrystals rather than within the micropores. 
TEM and SEM examination of the h-ZSM-5 zeolite (Fig. 1a and S3a, 
respectively) showed coffin-shaped crystallites with sizes in the 
micrometer range (about 1 – 2.5 µm). Moreover, the presence of a 
high proportion of voids within the crystals is clearly observed, 
confirming the effectiveness of the desilication treatment for 
generating mesopores (see high resolution images in Fig. 1a). After 
zirconia impregnation, no apparent differences can be observed in 
the hierarchical zeolite catalysts (Fig. 1b), except for a rougher 
appearance for the Zr-promoted sample (Fig. S3b). Yet, SEM-EDX 
dot-mapping on ZrO2/h-ZSM-5 sample showed Zr (Fig. S3b3) to be 

homogeneously dispersed over the crystallites, most likely being 
located within the zeolite micropores, with a Si/Zr molar ratio of ca. 
12 (Fig. S4). On the other hand, TEM and SEM images of the n-ZSM-
5 zeolite sample showed aggregates between 20-50 µm in size, 
consisting of crystallites of about 25-50 nm and thus confirming its 
nanocrystallinity (Fig. 1c and S3c, respectively). The Zr-promoted 
nanozeolite crystals appeared to be uniformly coated by ZrO2 
nanoparticles of rugged morphology located more on the external 
surface of the zeolite crystals (Fig. 1d). The SEM-EDX image of the 
ZrO2/n-ZSM-5 (Fig. S3d) indicated that the Zr (d3) is evenly 
distributed over the sample, as evidenced by EDX dot-mapping, 
with a Si/Zr molar ratio of ca. 14 (Fig. S4), which is very close to the 
overall one (Si/Zr = 15). 
Al environment and acidity. Aluminium speciation in the 
different catalyst samples was examined by solid-state 27Al 
ssMAS (Fig. 2a,b) and 27Al MQ ssMAS NMR (Fig. 2c,d) analyses. 
For the h-ZSM-5 sample, in addition to framework tetrahedral 
(AlIV, 53 ppm, A) and extra-framework octahedral (AlVI, 0 ppm, 
E) Al 48–50, some penta-coordinated extra-framework Al (AlV; C) 
is also present, as detected at ca. 30 ppm 51. Other minor 
resonances at ca. 40 ppm (B) and -10 ppm (F) correspond to 
distorted tetrahedral and octahedral Al, respectively, as 
deduced from the 2D MQ ssMAS NMR spectra (Fig. 2c). This 
variety of Al environments in the h-ZSM-5 sample is a direct 
consequence of the desilication treatment applied for the 
generation of mesoporosity, lowering the Si/Al ratio and 
generating extraframework Al. ZrO2 addition (green series in 
Fig. 2) led to slight distortions of the different signals, in 
particular of the one associated with species C, whereas a 
shoulder (species D) is observed in the region of octahedral Al 
environments. These changes denote the existence of 
interactions between the Zr and some of the Al species of the 
zeolite. On the other hand, Zr4+ incorporation into the 
framework is excluded, as this would have resulted in more 
significant distortions and the formation of defects in the 
structure. The 1D Al spectra of h-ZSM-5 (Fig. S5a) and ZrO2/h- 

Sample Si/Ala ZrO2 
(wt%) 

SBETb 
(m2/g) 

SMES+EXTc 
(m2/g) 

SMICd 
(m2/g) 

VTe 
(cm3/g) 

VMICf 
(cm3/g) 

CB 
(mmol/g) 

CL   
(mmol/g) 

h-ZSM-5 12 --- 447 206 241 0.584 0.144 0.192 0.179 
ZrO2/h-ZSM-5 12 7.8 362 197 165 0.550 0.100 0.091 0.083 
n-ZSM-5 42 --- 445 133 312 0.512 0.186 0.134 0.061 
ZrO2/n-ZSM-5 42 9.2 413 100 313 0.420 0.190 0.128 0.100 
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Fig. 1 TEM images of h-ZSM-5 (a), ZrO2/h-ZSM-5 (b), n-ZSM-5 (c) and ZrO2/n-ZSM-5 (d). The marked areas in d correspond to 
regions rich in ZrO2 nanoparticles. 

ZSM-5 samples (Fig. S5b) were fitted, with the number and 
peak maxima of the Gaussians having been obtained from the 
MQ MAS spectra (see Table S1). The ratio between framework 
and extra-framework Al species is also presented in Table S1, 
suggesting a small drop in framework Al sites after Zr 
incorporation 48,50. In strong contrast with the h-ZSM-5 
catalyst, the n-ZSM-5 sample, which was not subjected to any 
desilication process, almost exclusively showed tetrahedral Al 
species located at 54 ppm (A, blue series Fig. 2e, f) and very 
little octahedral Al at 0 ppm (AlVI, E). The same is seen after 
ZrO2 addition (red series in Fig. 2e), with the spectrum of 
ZrO2/n-ZSM-5 being practically identical to the one obtained 
for the pure zeolite. In this case, no interactions between any 
Zr species and Al seem to be detected, which is consistent with 
the ZrO2 location on the external surface of this sample, as 
suggested by TEM and by Ar physisorption. 
The concentration, type and strength of the acid sites have 
been determined by pyridine adsorption at 150 °C followed by 
FTIR (Py-FTIR). Table 1 summarizes the results obtained for the 
different samples in terms of Brønsted and Lewis acid sites 
concentration (BAS and LAS, respectively). The h-ZSM-5 
sample possesses a higher acid sites concentration in line with 

its lower Si/Al ratio. The incorporation of ZrO2 to h-ZSM-5 
support caused a significant decrease in the concentration of 
both BAS and LAS, which may be due to a direct interaction 
between the Zr species and the acid sites and/or to a partial 
blockage of the zeolite micropores as above denoted from the 
variation of the textural properties.  In the case of the n-ZSM-5 
support, the addition of ZrO2 provoked just a slight decrease in 
the BAS concentration. However, an increase is observed in 
the content of LAS. Thus, the ZrO2/n-ZSM-5 material showed 
higher LAS concentration than the parent support, denoting 
that additional LAS were generated upon ZrO2 incorporation. 
In order to analyse this last effect in more detail, Fig. 3 
compares the FTIR spectra of the n-ZSM-5 and ZrO2/n-ZSM-5 
samples before and after pyridine adsorption followed by 
evacuation at different temperatures. In the hydroxyl 
stretching vibration region (Fig. 3a and c), it is observed that 
before adsorption both samples display two bands at 3745 cm-

1 and 3610 cm-1 assigned to terminal silanol groups and acidic 
bridging OH groups (Si-OH-Al), respectively. The intensity of 
these bands was slightly lower in the case of ZrO2/n-ZSM-5. 
After pyridine adsorption, these bands disappeared, with new 
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Fig. 2 Normalized 27Al MAS ssNMR (a,b) and overlaid 27Al MQ ssMAS NMR (c,d) spectra of h-ZSM-5 (orange) and ZrO2/h-ZSM-5 
(green) (a,c), and n-ZSM-5 (red) and ZrO2/n-ZSM-5 (blue) (b,d). A to F correspond to the different contributing Al species which 
compose the NMR spectrum (see Fig. S5). 

 
Fig. 3 FTIR spectra of the OH stretching vibration (a and c) and the pyridine vibration regions (b and d) for n-ZSM-5 (a and b) and 
ZrO2/n-ZSM-5 (c and d). 
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ones emerging ascribed to different ring vibration modes of 
the pyridine interacting with the acid sites (Fig. 3b and d): υ8a 
(1650-1600 cm-1) and υ19b (1580-1430 cm-1). The new bands at 
1636 cm-1 and 1546 cm-1 correspond to pyridine chemisorbed 
on the BAS of n-ZSM-5 (pyridinium ions, PyH+), whereas those 
at 1624 cm-1 and 1456 cm-1 are attributed to pyridine adsorbed 
on Al3+ ions in tetrahedral environment (Lewis acidity, PyL). 
Moreover, two additional bands at 1609 cm-1 and 1448 cm-1 
could be distinguished for the ZrO2/n-ZSM-5 sample, which can 
be assigned to the presence of pyridine interacting with LAS 
associated to Zr species 52. The relative strength of the acid 
sites can be deduced from the evolution of the pyridine 
desorption with the temperature. Thus, both samples 
exhibited a similar behaviour in terms of BAS in the range of 
evacuation temperatures from 150 °C up to 350 °C. However, 
the intensity of the bands at 1609 cm-1 and 1448 cm-1, related 
to ZrO2, decreased faster upon increasing the temperature 
than those associated with the zeolitic LAS (Fig. 3d), indicating 
that the former are of lower strength. 

Selective staining of the materials with 4-fluorostyrene 
(Scheme S1a) was used to probe the (local) Brønsted acidity 
properties of the zeolites, before and after ZrO2 addition. On 
Brønsted sites of sufficient acidity, 4-fluorostyrene reacts to 
give (cyclic) dimers (see Scheme S1b, compounds 3-5), or 
higher oligomers, such as trimer (6) species. The formation of 
cyclic species (7) over the linear oligomers (5, 6) is favoured 
over stronger Brønsted acid sites (BAS). The in-situ UV-Vis 
absorption bands recorded for the different samples are 
displayed in Fig. 4, with the time evolution of selected 
wavelengths in the in-situ CFM emission spectra shown in Fig. 
S6 53,54. Here, it should be noted that the absorption and 
emission bands evolve in the same manner. 
The band profiles and peak positions of the maxima seen are 
similar for all catalyst samples with the main difference being 
the evolution of the bands with time-on-stream. The high ratio 
of cyclic to linear species - represented in the right axis of Fig. 
S6 as the intensity ratio of the 515 nm/555 nm bands 55 - is in 
line with the strong, initial Brønsted acidity of both the

 
Fig. 4 Evolution of UV-Vis absorption spectra (continuous line) and ex-situ (30 min after reaction) fluorescence spectra (scattered line) of 
the 4-fluorostyrene oligomerization reaction products recorded at 100 °C for: (a) h-ZSM-5; b) ZrO2/h-ZSM-5; c) n-ZSM-5; d) ZrO2/n-ZSM-5. 
Excitation lasers are fixed at λ = 488, 561, 642 nm. Insets are optical images of the corresponding samples after 15 min of 4-fluorostyrene 
oligomerization.
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h-ZSM-5 and n-ZSM-5 zeolites, as shown by Py-FTIR. The 
staining results confirm that the Brønsted acidity initially 
present in the pure zeolites is partially preserved after ZrO2 
impregnation. The fact that less of higher oligomers, denoted 
as 6a and 6b species, are seen for the ZrO2 impregnated 
zeolites (Fig. 4 and Fig. S6a-b, c-d) would be in line with less 
accessible acid sites compared to the parent sample, in 
particular for the hierarchical zeolite. 
While the final UV-Vis spectra of h-ZSM-5 and n-ZSM-5 are 
very similar (despite their different Si/Al ratios), the time 
profiles of 5 and 7 (Fig. S6) are rather different. Indeed, the 
reaction seemed to occur faster on the nano-sized zeolite, 
likely because of better diffusivity, with the concentration 
profiles plateauing much faster. This result confirms the 
existence of a partial micropore blockage in the h-ZSM5 
sample, provoked by the high concentration of extra-
framework Al species, which is further enhanced by Zr 
incorporation, as concluded above from the Ar adsorption-
desorption isotherms. Likewise, the optical images of the 
samples after staining and reaction are included in insets in 
Fig. 4, showing pink colouration of all samples, except for the 
ZrO2/h-ZSM-5 material, which looks purple. The pink colour, 
over purple, indicates the presence of more cyclic species (7), 
visually confirming the observation made by Py-FTIR that 
ZrO2/h-ZSM-5 has less strong BAS accessible to the pyridine 
molecules. 
 

Biomass catalytic pyrolysis tests 

Wheat-straw was employed as biomass feedstock representative of 
agriculture residues. Prior to the pyrolysis tests, it was subjected to 
acid washing (WS-ac) to minimize any possible interference 
associated with indigenously catalytic components naturally 
present in the raw biomass, such as alkali and alkali earth metals 
(AAEM) 56. The catalytic pyrolysis experiments were performed in a 
two-zone reactor in which the thermal and catalytic conversions 
take place at different temperatures (550 and 400 °C, respectively), 
allowing optimization of the bio-oil production in each step. The 
different catalysts were tested using two catalyst/biomass ratios 
(0.4 and 0.7 g/g) in order to obtain results at two levels of bio-oil 
upgrading. With this configuration, the residual solid fraction (char) 
formed in the thermal conversion zone was very similar in all cases, 
with a mass yield of around 19 wt%. This product originated entirely 
from the initial biomass devolatilization and was retained in the 
upper reactor zone, avoiding direct contact with the catalyst bed. 
Products distribution and bio-oil oxygen content. Fig. 5a 
depicts the product distribution in terms of mass yield for the 
catalytic pyrolysis of WS-ac employing the two ZSM-5 supports 
(n-ZSM-5 and h-ZSM-5) with a catalyst to biomass ratio of 0.7. 

The products include the organic part of the bio-oil (denoted 
as bio-oil*), the non-condensable gases, water and the coke 
deposited over the catalyst. Fig. 5b shows the oxygen content 
of the bio-oil* obtained in the different pyrolysis experiments, 
whereas Fig. 5c illustrates the mass yield corresponding to the 
different components present in the gas fraction: CO, CO2, CH4, 
gaseous olefins (GO) and gaseous paraffins (GP). As reference, 
the results corresponding to a pure thermal test are also 
included in this figure. 
As expected, the incorporation of the zeolite catalyst bed for 
upgrading the bio-oil vapours causes strong changes in both 
the product distribution and the bio-oil* oxygen content 
compared to the pure thermal test, showing a high catalytic 
activity of the two ZSM-5 catalysts here employed. Thus, a 
notable reduction in the bio-oil* oxygen content is observed 
from the thermal bio-oil* to the catalytic ones. Note that the 
thermal bio-oil* presents an oxygen content (39 wt%) quite 
close to that of the raw biomass (42.8 wt%), indicating that a 
pure thermal degradation is poorly effective for deoxygenating 
the liquid organic fraction. In contrast, the use of ZSM-5 
catalysts led to the production of bio-oils* with less oxygen, in 
the range of 20.7 – 27.3 wt% according to the data shown in 
Fig. 5b. However, the bio-oil* upgrading by catalytic 
deoxygenation was accompanied by a strong decrease in the 
bio-oil* yield at the expense of the enhanced formation of 
gases and water, as well as of the appearance of a new solid 
fraction (coke) deposited over catalysts. Within the non-
condensable gases, the zeolite catalysts increased strongly the 
formation of CO, CO2 and gaseous olefins (mainly propylene), 
with a more moderate effect on the yields of methane and 
other gaseous paraffins. The enhanced formation of water, CO 
and CO2 occurred in agreement with the bio-oil* 
deoxygenation by dehydration, decarbonylation and 
decarboxylation routes, respectively. Likewise, the strong 
increase in the production of light hydrocarbons, in particular 
of gaseous olefins, over the zeolite catalysts reflects that these 
materials also promote severe cracking reactions, which are 
detrimental for the bio-oil* yield. Methane has earlier been 
proposed to originate mainly from the lignin biopolymer 12 by 
demethylation of the abundant methoxyl groups in the lignin 
structure. On the other hand, gaseous olefins may be formed 
through decarbonylation of light oxygenated intermediates or 
by cracking of alkyl aromatics 57. 
Interesting differences can be denoted in Fig. 5 between the 
product distribution obtained over both zeolitic supports (n-
ZSM-5 and h-ZSM-5), mainly regarding the bio-oil* yield and its 
oxygen content. Thus, the n-ZSM-5 sample produces more bio-
oil* than the h-ZSM-5 material, and with a significantly lower 
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Fig. 5 Products yield distribution (wt%) (a), Bio-oil oxygen concentration (wt%, dry basis) (b) and gaseous components yield (wt%) (c), in 
the fast-pyrolysis of WS-ac (Catalyst/Biomass = 0.7 g/g, T = 550/400 °C). GO: gaseous olefins (C2–C4); GP: gaseous paraffins (C2–C4). 

oxygen content, showing its superior properties for bio-oil* 
upgrading. 
The variation in the bio-oil* production can be manly related 
to the higher acid site concentration in h-ZSM-5 sample, which 
promotes the generation of more gases and the formation of 
more of coke deposits. Increased coking causes a faster zeolite 
deactivation, explaining the lower bio-oil* deoxygenation 
degree achieved with the hierarchical ZSM-5 sample.  
The results obtained in biomass catalytic pyrolysis when 
incorporating ZrO2 over the two ZSM-5 samples have been also 
included in Fig. 5. For both supports the addition of Zr 
positively affected bio-oil* yield while reducing the gas 
production, with minor variations in water formation. 
Interestingly, this enhanced production of bio-oil* is 
accompanied by a small but noticeable reduction in its oxygen 
content. Within the gas fraction, Zr-incorporation decreased 
mainly the production of CO and CH4, with little changes in the 
case of CO2, gaseous olefins and paraffins. Moreover, for the 
h-ZSM-5 sample, Zr modification also reduced coke deposition 

over the catalyst attenuating its deactivation. These results can 
be directly related to the fine tuning of the zeolite acidity by Zr 
incorporation, since it reduces the concentration of strong acid 
sites, limiting undesired severe cracking and coking reactions. 
Deoxygenation selectivity. The oxygen contained in the raw 
biomass and, subsequently, in the bio-oil* can be removed by 
a variety of reactions that can be grouped into three main 
routes, depending on the final product that contains the 
oxygen atoms: dehydration, decarbonylation and 
decarboxylation. Least preferred is decarbonylation as it brings 
a significant loss of both mass and energy yield of the bio-oil*. 
In term of mass, the oxygen removal through decarbonylation 
involves the formation of one molecule of CO containing 57.1 
wt% of oxygen, i.e. it takes place with a 42.9 wt% carbon loss. 
In contrast, for decarboxylation and dehydration the 
respective oxygen contents in CO2 and H2O are 72.7 and 88.9 
wt% O, which implies considerably lower mass losses of C and 
H, respectively. Regarding the chemical energy yield, 
decarbonylation is also a less favourable route compared to 
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decarboxylation and dehydration, since CO still contains a 
significant heating value (12.6 MJ·Nm-3). Thus, the term overall 
deoxygenation selectivity is defined as the mass of oxygen 
removed from the original biomass by means of CO, CO2 and 
H2O. By subtracting the thermal overall deoxygenation 
contribution to those of the catalytic experiments, catalytic 
deoxygenation selectivity was calculated in a similar way. 
Taking into account the yield of H2O, CO and CO2 obtained in 
the different biomass pyrolysis tests, as well as their oxygen 
content, the overall deoxygenation selectivity is shown in Fig. 
6a. For non-catalytic biomass pyrolysis, the major pathway was 
dehydration (with a selectivity of 72%), followed by 
decarboxylation and with a minor contribution of 
decarbonylation. Nevertheless, it must be taken into account 
that in the thermal experiment deoxygenation has little effect 
on the bio-oil* fraction since its oxygen content is just slightly 
lower than that of the raw biomass. This means that in the 
non-catalytic pyrolysis the observed deoxygenation pathways 
are really surpassed for the formation of char, which shows 
reduced oxygen content compared to the raw biomass, as 
concluded previously 9. 

 
Fig. 6 Overall deoxygenation (a) and catalytic deoxygenation (b) 
selectivity in the fast-pyrolysis of WS-ac. (Catalyst/Biomass = 0.7 
g/g, T = 550/400 °C). 

For the catalytic experiments, dehydration is still the main 
overall deoxygenation route, although a larger contribution of 
decarboxylation and in particular of decarbonylation is 
observed. By subtracting the thermal contribution to the 
overall production of H2O, CO and CO2, it was possible to 
assess the catalytic deoxygenation selectivity, as shown in Fig. 
6b. For both ZSM-5 supports, decarbonylation is the 
predominant route of catalytic deoxygenation, followed by 
dehydration (over n-ZSM-5) or decarboxylation (over h-ZSM-
5). Decarbonylation selectivity was higher for the hierarchical 
ZSM-5 sample, reaching a value of 45.7%. These facts highlight 
one of the limitations of ZSM-5 zeolite for efficiently upgrading 
bio-oil as it promotes the least favourable deoxygenation 
route, i.e. decarboxylation. However, the addition of Zr to the 
zeolitic supports, and associated moderation of strong BAS in 
ZSM-5 zeolites, reduced decarbonylation selectivity, which is a 
positive effect in terms of both mass an energy yields of the 
remaining bio-oil* fraction. This result was more pronounced 
in the case of the h-ZSM-5 sample.  
Energy yield distribution. Since typically the main goal of 
biomass catalytic pyrolysis is the production of biofuels, one 
important parameter is how the chemical energy initially 
present in the biomass is distributed among the different 
fractions obtained. In this way, Fig. 7 shows the chemical 
energy distribution per fraction corresponding to the 
experiments performed with a catalyst/biomass ratio of 0.7, 
including also the results corresponding to the thermal test.  
In the thermal, non-catalytic experiment, almost 70% of the 
biomass chemical energy is present in the bio-oil* fraction and 
just a small proportion in the gases. The remainder of the 
chemical energy is contained in the char produced in the 
pyrolysis process due to its relatively low oxygen content. 
For the catalytic pyrolysis tests, sharp changes are observed in 
the energy yield distribution. Thus, the h-ZSM-5 and n-ZSM-5 
parent zeolites exhibit a relatively low bio-oil* energy yield, 
with values almost half of that corresponding to the thermal 
bio-oil, as a great part of the chemical energy is contained in  

 
Fig. 7 Energy yield distribution (%) in the fast-pyrolysis of WS-ac. 
(Catalyst/Biomass = 0.7 g/g, T = 550/400 °C). GO: gaseous olefins 
(C2–C4); GP: gaseous paraffins (C2–C4). 
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the coke, CO and gaseous olefins formed. This finding denotes 
the relevance of, not only having a favourable deoxygenation 
pathway, but also of avoiding the formation of coke and 
gaseous hydrocarbons during biomass catalytic pyrolysis in 
order to minimize the bio-oil* energy yield losses during the 
upgrading process. 
Zr incorporation onto both ZSM-5 zeolitic supports had a 
positive effect on the bio-oil* energy yield, with their modified 
acidity being responsible for the improved biomass catalytic 
pyrolysis with lower production of coke, light hydrocarbons 
and CO. 
Bio-oil upgrading efficiency. The above results show that bio-
oil* deoxygenation over zeolite catalysts is accompanied by a 
sharp decrease in both mass and energy yield of this fraction. 
To make a proper comparison between the different catalysts, 
both parameters must be assessed together. Fig. 8 illustrates 
the evolution of the bio-oil* oxygen content versus the mass 
and energy yields, respectively, of the bio-oil* fraction. For 
each catalyst, the results obtained operating at two different 
catalyst/biomass ratios (0.4 and 0.7 g/g, respectively) have 
been represented in this figure to illustrate the corresponding 
bio-oil* upgrading pathways. As expected, regardless of the  

 
Fig. 8 Bio-oil* oxygen concentration versus bio-oil* mass (a) and 
energy (b) yields obtained in the fast-pyrolysis of WS-ac varying the 
catalyst to biomass ratio (T = 550/400 °C).  

zeolite used, a higher catalyst to biomass ratio led to a 
reduction of the bio-oil* oxygen concentration, although also 
causing a decrease in the bio-oil* yield. The trend of the curves 
varies significantly depending on the catalyst employed, which 
in turn is a result of the efficiency of each material for 
promoting deoxygenation without paying too much of a 
penalty in terms of mass and energy yields of the bio-oil* 
fraction. 
The data in Fig. 8 confirm that the n-ZSM-5 support is superior 
in all cases than the h-ZSM-5 one for catalytic biomass 
pyrolysis, affording the production of bio-oils* with higher 
deoxygenation degrees and with higher/superior yields. The 
microcrystalline h-ZSM-5 zeolite, prepared by desilication 
hence showing a low Si/Al ratio, was not very efficient at bio-
oil upgrading: it led to a strong reduction in the bio-oil* yield 
with just moderate deoxygenation, due to the occurrence of 
undesired reactions, as seen in previous sections. On the other 
hand, this figure illustrates clearly how for the two ZSM-5 
supports the incorporation of Zr had a very positive effect, as it 
improves both the bio-oil* yield and its deoxygenation degree.  
The ZrO2/n-ZSM-5 sample was the most efficient, allowing the 
production of a highly deoxygenated bio-oil* while reducing 
the mass and energy losses due to secondary transformations. 
Thus, for a catalyst/biomass ratio of 0.7 g/g, this catalytic 
system was able to decrease the bio-oil* oxygen concentration 
to reach a value as low as 20 wt% containing still 40% of the 
biomass chemical energy. Compared to the thermal bio-oil*, 
these figures show that the oxygen content is halved, retaining 
about 60% of its chemical energy. 
Bio-oil GC-MS composition. Due to numerous compounds 
present in the bio-oil, GC-MS is often applied as a semi-
quantitative tool for product distribution analysis, based on 
relative area%, in spite of the large variation between their 
response factors. Moreover, it is known that the compounds 
identified by GC-MS represent just a fraction of the total 
components contained in the bio-oil* sample. In particular, 
oligomers derived from the partial fragmentation of the three 
biopolymers in lignocellulose cannot be detected by GC-MS. To 
avoid these problems, in this work the most abundant 
components in the different organic products families have 
been quantified after calibration, allowing the results to be 
provided as mass yield relative to the initial raw biomass 
weight. Likewise, from the elemental composition of the 
quantified matter, its contribution in terms of chemical energy 
yield was determined. The results obtained from the GC-MS 
analyses of the bio-oil* produced over the catalysts based on 
the nanocrystalline ZSM-5 material are shown in Fig. 9 and 
compared with the thermal bio-oil*. 
Bio-oil obtained in the absence of any catalysts consists mainly 
of not quantified matter, which accounts for about 70% of the 
total in this sample (Fig. 9a). This result denotes the high 
content of oligomers in the non-catalytic bio-oil*, showing the 
limitations of a pure thermal treatment in achieving a total 
fragmentation of the lignocellulose biopolymers.  
In the case of the catalytic pyrolysis tests, Fig. 9a shows that 
while the overall bio-oil* yield dropped upon addition of the n-
ZSM-5 catalyst to the reaction system, the amount of non-
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quantified matter was significantly reduced, this effect being 
nhanced at higher catalyst/biomass ratios. This fact highlights 
the ability of ZSM-5 zeolite to convert the biomass oligomers, 
although this transformation is not really very efficient from 
the point of view of upgraded bio-oil* production, as the yield 
corresponding to the quantified matter does not improve 
compared to the thermal experiment. Accordingly, it can be 
concluded that the n-ZSM-5 sample promotes the conversion 
of the oligomers mainly through non-desired secondary 
reactions, leading to the formation of gaseous hydrocarbons, 
CO and carbonaceous residues.  
However, this picture is quite different when analysing the 
results obtained over the ZrO2/n-ZSM-5 sample. With this 
catalyst, the reduction in the oligomers is accompanied by an 
enhancement of the mass yield into the quantified 
components. This variation is more pronounced when the 
comparison is made in terms of chemical energy yield due to 
the high deoxygenation degree of the bio-oil* produced. 
Therefore, the presence of Zr species over the catalyst and, in 
particular of new Lewis acid sites, provides it with a 
remarkable catalytic activity for converting the biomass 
oligomers into smaller components in the bio-oil* fraction, 
overcoming the limitations of the parent ZSM-5 support. Thus, 
for a catalyst/biomass ratio of 0.7 g/g, the ZrO2/n-ZSM-5 
catalyst leads to the production of a bio-oil* with little 
oligomers, achieving simultaneously a reduction to half of the 
oxygen content shown by the thermal bio-oil. 
The yields of the main components present in the quantified 
fraction of the bio-oil are shown in Fig. 9b. Products have been 
classified according to the following families: carboxylic acids 
(AC), light oxygenates (LO: aldehydes, ketones, ethers and 
alcohols), furans (FUR), oxygenated aromatics (O-AR), aromatic 
hydrocarbons (AR) and anhydrosugars (SUG). For the thermal 
bio-oil, the major components by far are the anhydrosugars 
(mainly levoglucosan), with also significant yields of other 
compounds families such LO and O-AR. In contrast, any 
hydrocarbons present in this bio-oil fall below the detection 
limit. In a previous work 9, a simplified reaction mechanism 
scheme was proposed to account for the main transformation 
routes occurring during the biomass catalytic fast-pyrolysis. 
According to this scheme, levoglucosan, furans and 
oxygenated aromatics are considered to be the main products 
coming from the depolymerisation of cellulose, hemicellulose 
and lignin, respectively. Their subsequent conversion leads to 
the formation of other families of oxygenated species, such as 
carboxylic acids, ketones and ethers. 
As expected, bio-oil product distribution was strongly affected 
by the incorporation of the n-ZSM-5 catalyst to the reaction 
system, this effect being more pronounced for the experiment 
performed at the highest catalyst/biomass ratio. Thus, for the 
catalytic bio-oil* SUG is no longer the major fraction as 
levoglucosan is almost completely converted, probably by 
dehydration into furans 58,59. In the same way, the yield 
corresponding to most of the other oxygenated compounds 
families (AC, LO and FUR) decreased in the case of the catalytic 
pyrolysis tests upon increasing the catalyst/biomass ratio. 
However, this is not the case for O-AR since its yield increases 

when working at the highest catalyst/biomass ratio. On the 
other hand, while the thermal bio-oil* does not contain any 
appreciable amount of hydrocarbons, the n-ZSM-5 catalyst led 
to the appearance of aromatic hydrocarbons. According to the 
literature 9,60,61, one of the predominant pathways for the 
formation of these aromatic hydrocarbons consists of first the 
dehydration of levoglucosan into furans, followed by Diels-
Alder condensation of the latter with light alkenes, mainly 
propylene, which are present in significant amounts in the 
non-condensable gas fraction. Nevertheless, the contribution 
of a carbon-pool type mechanism cannot be discarded in the 
formation of aromatic hydrocarbons.  
Interestingly, the modification of the n-ZSM-5 zeolite with ZrO2 
had a profound effect on the product distribution shown in Fig. 
9b. For both catalyst/biomass ratios, an increase in the yield of 
all families of oxygenated compounds is observed compared to 
the pure ZSM-5 support, in agreement with the ability of the 
ZrO2-modified catalysts to promote the conversion of the 
oligomers present in the bio-oil. These enhanced yields are  

 
Fig. 9 Total/Quantified bio-oil* components (a), and bio-oil* 
components mass yields in terms of main organic compounds 
families (b) obtained in the fast-pyrolysis of WS-ac (Catalyst to 
biomass weight ratio indicated in brackets, T = 550/400 °C). 
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particularly remarkable in the case of oxygenated aromatics 
and, to a lesser extent, for carboxylic acids (consisting mainly 
of acetic acid), which can be interpreted as a direct result of 
the conversion of oligomers into smaller compounds, catalysed 
by the new types of Lewis acid sites generated upon ZrO2 

incorporation. Accordingly, a remarkable overall upgrading of 
the bio-oil* fraction is achieved when using the Zr-modified n-
ZSM-5 sample. 

Conclusions 
Nanosized and hierarchical ZSM-5 zeolites, showing enhanced 
accessibility, have been investigated in biomass catalytic 
pyrolysis to promote the conversion and upgrading of the 
bulky molecules coming from the thermal fragmentation of 
the lignocellulose biopolymers into partially deoxygenated bio-
oil*. Acid washed wheat straw (WS-ac) has been used as a 
feedstock representative of agriculture wastes. The tests have 
been performed in an ex-situ catalytic pyrolysis system, which 
allows the thermal and catalytic steps to operate under 
different, previously optimised reaction temperatures. 
In spite of the favourable accessibility of these ZSM-5 samples, 
they still suffer from a number of limitations in biomass 
catalytic pyrolysis that negatively affect the bio-oil* yield. The 
excessive presence of strong acid sites in ZSM-5 zeolite favours 
the occurrence of undesired reactions, such as severe cracking 
leading to gaseous hydrocarbons and the formation of 
carbonaceous residues over the catalyst, causing its 
deactivation. Moreover, among the different deoxygenation 
pathways, the ZSM-5 zeolite extensively promotes 
decarbonylation, which is undesired as it results in a significant 
loss of both mass and energy yields of the bio-oil*. Regarding 
the composition of the liquid organic fraction, the ZSM-5 
catalysts are able to transform a great part of the oligomers 
present in the bio-oil* compared to the non-catalytic test, 
significantly increasing the components detected by GC-MS. 
However, even by working at high catalyst/biomass ratio, the 
parent ZSM-5 samples cannot completely convert those 
oligomers, which negatively affects the bio-oil* properties. 
Incorporation of Zr to the ZSM-5 supports, in the form of 
highly dispersed species, modifies the ZSM-5 physicochemical 
properties and strongly improves its catalytic performance for 
biomass catalytic pyrolysis. The addition of Zr allows the 
zeolite acidity to be adjusted, decreasing the concentration of 
the strong acid sites linked to the zeolitic support and 
generating a new type of Lewis acid sites associated with the 
highly dispersed ZrO2 phase. This effect is more pronounced 
for the nanocrystalline ZSM-5 catalyst since in this material Zr 
is mainly in the form of very small ZrO2 nanoparticles 
distributed over the external surface of the zeolite crystals. 
The modification of ZSM-5 with Zr leads to enhanced bio-oil* 
yields combined with a high deoxygenation degree, as a result 
of: a decrease in severe cracking reactions, less coke formation 
and reduction in the extent of deoxygenation by 
decarbonylation. Moreover, the Zr-modified catalysts show 
considerably better activity for the conversion of the oligomers 
present in the bio-oil*, suggesting the participation of the new 

population of Lewis acid sites in these reactions. The best 
results are obtained with the ZrO2/n-ZSM-5 catalyst, which 
show the highest bio-oil* yields in terms of both mass and 
chemical energy, producing a partially deoxygenated liquid 
organic fraction with low content of oligomeric species. 
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