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ABSTRACT  

The catalytic upgrading of crude bio-oils obtained through the pyrolysis of lignocellulosic 

biomass remarkably improves the properties of the final bio-oil. It has been demonstrated that 

the impregnation of hierarchically structured ZSM-5 zeolites with metal cations (Sn, Cu, Ni or 

Mg) promotes oxygen removal. Remarkably, the Mg-loaded hierarchical zeolite has led to the 

best fuel characteristics, achieving the greatest reduction in the oxygen-content and the lowest 

acidity. The promotion of ketonization reactions of acids with aldehydes to produce ketones 

seems to be favored over the Lewis acid sites created after incorporation of Mg cations at the ion 

exchange sites. A slightly lower deoxygenation rate is obtained for Cu-loaded hierarchical ZSM-

5 zeolite. However, some subtle differences are identified. The most significant feature is the 

remarkable amount of evolved CO observed in the gas fraction. Thus, it could be assumed that 

decarbonylation of acids to aldehydes at Cu cations incorporated at ion exchange positions seems 

to be the prevalent deoxygenation reaction for this solid. Similarly, the preferential mechanism 

for O-removal using hierarchically structured Ni and Sn-ZSM-5 zeolites derived catalysts seems 

to proceed through decarbonylation and decarboxylation reactions at the metal acid Lewis sites. 

Although a prevalent reaction mechanism could not be identified, lower cation incorporation at 

ion exchange positions could explain the inferior deoxygenation rate. In all the cation-loaded 

hierarchical zeolites, the incorporation of metallic species at the ion exchange sites decreases the 

production of desired aromatics and this is linked with a lower amount of Brønsted acid sites.  

 

TEXT 
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Due to the great availability along with its relative low cost, lignocellulosic biomass is an 

attractive feedstock as a potential clean energy source1. Among the different pathways for the 

valorization of lignocellulosic biomass, pyrolysis seems to be one of the most advantageous 

methods to use the biomass. The transformation of lignocellulosic biomass through pyrolysis 

produces a liquid called bio-oil, composed by a complex mixture of oxygenated compounds, 

such as aldehydes, ketones, furans and phenolic compounds2,3, which jointly with carboxylic 

acids lead to many undesirable characteristics, preventing its direct application in the current 

infrastructures4. To overcome these limitations, catalytic cracking is identified as one of the most 

promising solutions, although additional efforts to develop stable and selective catalysts are still 

required to meet the current specifications5.  

Zeolites stem as the most promising candidates for the upgrading of the catalytic vapors due to 

their great hydrothermal stability, controllable acidity, porous structure and shape selectivity. 

Particularly, it has been observed that ZSM-5 zeolites have the ideal pore size and acidity for 

cracking and aromatization reactions, where enhanced accessibility to the zeolite acid sites 

remarkably increases the production of aromatics6, 7. Therefore, further improvement in the 

production of aromatics has been attained by the introduction of additional mesoporosity, due to 

a reduction in amount of the purely microporous domains in which the diffusion of hydrocarbons 

is often strongly constrained8. Significantly, the application of hierarchical ZSM-5 zeolites for 

the deoxygenation of pyrolysis vapors has shown promising selectivity benefits independently of 

the synthetic approach applied to introduce auxiliary mesoporosity9,10. More recently, we have 

found that not only mesoporosity and accessibility to the acid sites are key parameters for the 

production of aromatic-enriched bio-oils but there is also a porosity-acidity interplay11. Indeed, 

we have demonstrated that the increased aromatics fraction correlates with the increased number 
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of accessible Brønsted acid sites at the mesopore surface, where the preferential occurrence of 

decarbonylation reactions are essential for enhanced aromatic production.  

Additionally, it is also widely reported that the introduction of different cations as non-

framework species also improves bio-oil characteristics12,13 in combination with strong acid sites. 

Iliopoulou and co-workers14  found out that the incorporation Co and specially Ni in several 

ranges (1-10%wt.) over microporous zeolites, had a positive effect on deoxygenation process 

and led to an increase in the aromatics yield due to dehydrogenation reactions promoted by NiO 

and Co3O4 nanoparticles supported on the catalyst. Cheng et al15 found out that Ga- doped H-

ZSM-5 zeolite was a bifunctional catalyst where Ga promoted, decarbonylation and olefin 

aromatization pathways, while the remaining ZSM-5 portion catalyzed the rest of the reactions 

for the production of aromatics (oligomerization and cracking), enhancing the aromatic fraction 

up to 40% compared to the parent zeolite. In line with these findings, we have recently tested the 

behavior of several cation-impregnated microporous zeolites, noticing that those solids 

impregnated with Ga, Ni or Sn (1%wt.) led to the highest production of hydrocarbons. 

Additionally, although the presence of metal species always promoted deoxygenation reactions, 

the highest deoxygenation rate was reached with the Mg-impregnated ZSM-5 zeolite12.  

However, although both the development of mesoporosity and the incorporation of new metal 

active sites have demonstrated to be favorable routes for bio-oil upgrading, the use of 

mesoporous bifunctional catalysts is still limited to Ga-loaded zeolites16.  Therefore, owing to the 

advances achieved on the use of mesoporous H-ZSM-5 catalysts, the study of cation-loaded 

mesoporous catalysts results as a potential key for further improvements on bio-oil quality. 

The aim of the present work is to further increase the deoxygenation of biomass-derived 

pyrolysis oils using metal-loaded hierarchical ZSM-5 zeolites. A hierarchical ZSM-5 zeolite 



5 

 

prepared by a sequential process, coupling an alkaline treatment followed by acid washing of a 

commercial ZSM-5 (Si/Al =40) is wet impregnated with Ni, Sn, Cu and Mg nitrate salts, leading 

to four different 1 wt.% metal-loaded hierarchical zeolites. Oxygen reduction, aromatics 

formation, chemical composition and fuel properties of the upgraded bio-oils have been 

determined and the obtained results have been related to the main properties of the catalysts.  

 

 

EXPERIMENTAL SECTION 

Materials 

Production of raw pyrolysis bio-oil 

Raw pyrolysis bio-oil used in the experiments was obtained from an auger reactor of 100 kWth 

of nominal capacity for woody biomass. Experiment was carried out at 450 ºC using N2 as a 

carrier gas, feeding 2 kg/h of biomass at atmospheric pressure. The reactor operation and 

performance of the global process are described elsewhere17. The liquid obtained was separated 

in two different layers by centrifugation at 1500 rpm for 1 hour: the upper or aqueous layer and 

the bottom or organic layer. The organic layer was the most interesting to be upgraded for its 

potential use as a regular fuel due to its properties, both less water and oxygen content, and 

higher high calorific value (HHV) in comparison with the aqueous layer. From now on, the 

organic layer will be referred as raw bio-oil. Main raw bio-oil properties are as follows: water 

content: 11 wt.%; Total Acid Number (TAN): 34 mg KOH/gbio-oil; pH: 4.4; Viscosity: 86 cP; 

Density: 1.3 g/mL; HHV: 25 MJ/kg; Ultimate Analysis (wt.%):  60% C, 7.4 %H, 0.3% N, 32 

%O. GC/MS composition (area %): 51 % Phenols; 4.5 % Acids; 6.6 % Aldehydes; 11.7 % 

Furans, 11.1 % Ketones; 3.5 % Cyclic hydrocarbons, 0.7 % Aromatic hydrocarbons, 0.3 % 

Naphthenics; 7.2 % Polyaromatic hydrocarbons and 3.2 % Esters. 
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Catalyst preparation 

A commercial ZSM-5 zeolite (CBV 8014, Zeolyst International, nominal Si/Al ratio = 40, 

NH4-form) was converted to the protonic form by calcination at 450 °C for 6 h in static air (ramp 

rate = 5 °C/min). Hierarchical ZSM-5 was prepared by desilication in stirred aqueous NaOH (≥ 

98% Sigma Aldrich) solution (0.2 M, 65 ºC, 30 min, 30 cm3 /g zeolite) followed by a treatment in 

aqueous HCl (37 wt.% Scharlau) solution (0.1 M, 65 ºC, 6 hours, 100 cm3 per gram of zeolite) to 

restore a similar bulk Si/Al atomic ratio.18 The slurries resulting from each step were quenched 

in ice-water, filtered, and the isolated solids washed out extensively with deionized water and 

dried at 105 °C for 13 hours. The hierarchical sample was converted into the H-form by two 

consecutive ion exchanges in aqueous ammonium nitrate (99.8% Fisher Scientific) solution (1 

M, 80 ºC, 24 hours, 12 cm3/gzeolite) followed by calcination as described above. The loading of 

nickel, tin, copper and magnesium was carried out by wet impregnation, treating the zeolites (3 

g) in stirred aqueous solutions of the corresponding nitrates (1 wt.%). Samples are coded as 

Meso-HZ40 and Meso-MeHZ40 for acidic hierarchical and cation-loaded hierarchical zeolites 

respectively. 

 

Methods 

Catalytic tests 

Catalytic upgrading experiments were carried out in a fixed bed reactor (0.5 g catalyst, GHSV 

= 5 h-1) operating at atmospheric pressure, using N2 as carrier gas. Non-catalytic test under the 

same experimental conditions but using sand instead of the zeolite catalyst was also performed in 

order to study the effect of the catalyst on the overall performance. A brief description of the 

catalytic upgrading reactor was provided as supporting information. For a detailed description 

about the process and experimental protocol the reader is referred to reference 12. The acquired 



7 

 

products were divided in several fractions: upgraded bio-oil, which is separated into organic and 

aqueous fraction by centrifugation, solid residue and gas fraction. The solid residue consists of a 

mixture of char, tar and coke. Char accomplishes the solid fraction deposited on the top plug, 

which was gravimetrically assessed; tar is the acetone-soluble portion determined 

gravimetrically by evaporating the solvent after washing out the surface of the inner tube; and 

coke was calculated by the weight difference before and after heating the used catalyst in static 

air at 600 ºC for 2 h (heating rate: 20 ºC/min). Three replicate runs were carried out for Meso-

HZ40 sample, showing similar liquid, solid and gas yields with an experimental error lower than 

5.0 %. 

 

Characterization  

Characterization of the catalysts 

The characterization of the catalysts was completed by X-Ray diffraction (XRD), N2 

physisorption, Fourier-Transform Infrared spectroscopy (FTIR) with in situ adsorption of 

pyridine and transmission electron microscopy (TEM). X-Ray Diffraction patterns were 

measured with a Bruker D8 Advance series II diffractometer using monochromatic Cu-Kα 

radiation (λ = 0.1541 nm). Data were collected in the 2θ range from 3º to 40º using a scanning 

rate of 1º/min. N2 physisorption was performed by Quantachrome Autosorb 1 gas adsorption 

analyzer. Prior to the adsorption measurements, the samples were outgassed in situ under 

vacuum (4 mbar) at 250 ºC for 4 h. FTIR of pyridine was conducted in a Bruker IFS 66 

spectrometer (650-4000 cm-1, 2 cm-1 optical resolution, co-addition of 32 scans). Self-supporting 

wafers of catalyst (5 ton/m2, 30 mg, 1 cm2) were degassed under vacuum (10-3 mbar) for 4 h at 

420ºC, prior to adsorbing pyridine at room temperature. Gaseous and weakly adsorbed molecules 
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were subsequently removed by evacuation at 200ºC for 30 min. The total concentrations of 

Brønsted and Lewis acid sites were calculated from the band area of adsorbed pyridine at 1545 

and 1454 cm-1 respectively, using a previously determined extinction coefficient of ξ (B) = 1.67 

cm/µmol and ξ (L) = 2.94 cm/µmol. Finally, TEM images were acquired using a FEI Technai 

F30 microscope operated at 300 kV. The samples were supported on holey carbon coated copper 

(or nickel for Meso-CuHZ40) grids by dry dispersion. 

 

Characterization of the liquid and gas characterization  

The complete characterization of the liquid fuel was carried out by ultimate composition (Carlo 

Erba EA1108), calorific value (IKA C-2000, according to UNE 164001 EX), water content by 

Karl-Fischer titration (Crison Titromatic, according to ASTM E203-96), total acid number 

(Mettler Toledo T50), pH, density (Antor-Paar DMA35N) and viscosity at 40 ºC (Brookfield 

LVDV-E). Additionally, in order to compare the performance of the catalysts minimizing the 

impact of the separation step of the liquid fraction, the deoxygenation rate (%Deox) was 

calculated by excluding the amount of oxygen due to the water content in both the raw and the 

upgraded bio-oil. This parameter was calculated as follows: 

Deoxigenation		%�=
�%O-%OH2Oraw

-�%O-%OH2Oupgraded

�%O-%OH2Oraw

 x 100                                                        (1) 

where %O is the oxygen content determined by elemental analysis and %OH2O is the percentage 

of oxygen corresponding to the water content, which is calculated from the water content 

determined by the Karl-Fisher method.  

The chemical composition of the organic phase was analysed by GC/MS using a Varian CP-

3800 gas chromatograph connected to a Saturn 2200 Ion Trap Mass Spectrometer. A capillary 
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column, Agilent CP-Sil 8 CB, low bleed: 5% phenyl, 95% dimethylpolysiloxane, (60 m × 0.25 

mm i.d. x 0.25 µm film thickness) was used. An initial oven temperature of 40 ºC was 

maintained for 4 min. Then, a ramp rate of 4 ºC/min was implemented to reach a final column 

temperature of 300 ºC. This temperature was maintained for 16 min. The carrier gas was He (BIP 

quality) at a constant column flow of 1 mL/min. The injector, detector and transfer line 

temperatures were 300 ºC, 220 ºC and 300 ºC, respectively. Samples volumes of 1 µL (1:25, 

wt.%, in a mixture of 1:1 CH2Cl2:C2H6O) were injected applying 1:5 split mode, with a solvent 

delay of 7.5 min. The MS was operated in electron ionization mode within 35-550 m/z range. 

Each peak was assigned to selected compounds according to the corresponding m/z, which were 

previously defined in the automatic library search NIST 2011. Each sample was analyzed by 

duplicate and results were computed as an average. The compounds identified in the liquid were 

divided in the following classes: phenols, acids, aldehydes, ketones, furans, cyclic hydrocarbons, 

aromatic hydrocarbons, naphthenics, polyaromatic hydrocarbons and esters (see Table S1, 

Supporting Information). Some simplifications of the GC/MS analysis were assumed to 

determine the semi-quantitative composition of the different groups since, first, it was used an 

unique response factor for all the identified compounds and, second, it was supposed that the 

whole sample was eluted and analyzed in the GC/MS chromatogram. 

The non-condensable gases were determined by gas chromatography (GC) using a Varian’s 

490-GC PRO coupled to a thermal conductivity detector (TCD) and equipped with a Molsieve 5 

Å column to analyze H2, O2, N2 and CO at 60 ºC and with a HayeSep column to analyze CO2 

and hydrocarbons at 90 ºC.  

 

RESULTS AND DISCUSSION 

Characterization of the catalysts 
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The phase purity and crystallinity of the samples were verified by XRD, see Figure S2. In all 

cases, the patterns display the sharp reflections corresponding to the MFI structure and the 

absence of any metal-containing phase, which is indicative of either the amorphous character of 

the different metal oxides and/or the well-dispersed small nanoparticles in the external zeolite 

surface.  

Porous properties of the hierarchically-structured catalysts are summarized in Table 1. As 

shown in Figure S3, all the samples exhibited a type I-V isotherm, characteristic of mesoporous 

materials. The increased N2 uptake at high relative pressures (p/p0> 0.5) clearly indicates 

mesoporous occurrence. As expected, the surface area slightly decreases upon metal 

incorporation possibly due to the blockage of zeolite pores by metal species6,19. VMESO exhibits 

some differences depending on the metal loaded. Whilst the values were preserved for Meso-

SnHZ40 and Meso-NiHZ40, mesoporosity decreased after the introduction of copper and 

magnesium.  

Table 1. Porous and acidic characteristics of the acidic and cation-loaded hierarchical zeolites.   

Catalyst 

Porous characteristics Acidic properties 

SBET 

(m2/g) 

VMICRO 

(cm3/g) 

VMESO 

(cm3/g) 

CB,200  

(µmol/g) 

CL,200  

(µmol/g) 

Meso-HZ40 528  0.12 0.51  233 28 

Meso-SnHZ40 518  0.13 0.53 163 64 

Meso-CuHZ40 471  0.13 0.41 108 166 

Meso-NiHZ40 500  0.13 0.54 148 270 

Meso-MgHZ40 456  0.13 0.33 75 144 

Specific surface areas estimated from the BET equation (SBET). VMICRO and VMESO were calculated by the t-plot 
method. Acidic properties were calculated by FTIR of adsorbed pyridine 
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The occurrence of metal nanoparticles at the external surface of the hierarchical zeolites was 

examined by TEM, Figure S4. TEM images of the hierarchical zeolites clearly highlighted the 

uniform distribution of intracrystalline mesopores and indicated the presence of metallic 

nanoparticles at the external surface in the case of Meso-SnHZ40 and Meso-NiHZ40 catalysts. 

The use of hierarchical zeolites clearly reduces the tendency to sinter and form large 

nanoparticles20. Contrarily, metal-loaded conventional zeolites exhibit a different behavior likely 

due to the larger spatial separation in the hierarchical counterparts20,21. Indeed, magnesium or 

copper cation-loaded zeolites did not reveal the formation of nanoparticles at the catalyst surface. 

It should be pointed out that the presence of the corresponding metal, including either 

extraframework amorphous metal oxide clusters or metal cations at specific exchange sites, was 

confirmed by energy dispersive X-ray analysis, detecting concentration values comparable to the 

theoretical values (about 1 wt.%).  

Table 2. Product distribution of the bio-oil upgrading process over acidic and cation-loaded 

hierarchical zeolites. Both total water formation and the percentage of coke deposited on the 

zeolite per gram of the fresh catalyst during the upgrading process are also included. 

 

Process yields 
Org-Aq  

Phase a 

 (wt.%) 

Total Water b 

(gwater/ gbio-oil feed) 

Cokezeolite 
d 

(wt.%) 
Liquid  

(wt. %) 

Solid 
Gas 

(wt. %) 
Char  

(wt.%) 

Tar 

(wt.%) 

Coke c 

(wt.%) 

Non-catalytic 57 19 3 - 19 68-32 0.082 - 

Meso-HZ40 57 21 4 2 21 61-39 0.075 18 

Meso-SnHZ40 56 19 2 2 19 63-37 0.067 18 

Meso-CuHZ40 60 20 2 1 20 65-35 0.072 15 

Meso-NiHZ40 59 22 3 2 22 61-39 0.088 23 

Meso-MgHZ40 60 20 1 1 20 68-32 0.064 16 
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a percentage of organic and aqueous phase in the upgraded bio-oil; binitial water content was subtracted; c mass of coke formed during the 

upgrading process per 100 gbio-oil feed ; d percentage of coke deposited on zeolite per gram of the fresh catalyst. 

 

The evolution of the acidic properties after metal incorporation was assessed by the 

spectroscopic investigation of adsorbed pyridine. Compared to the Meso-HZ40 zeolite, the 

hierarchically loaded zeolites displayed reduced amount of Brønsted acid sites (CB), whereas the 

Lewis acidity (CL) increased upon cation impregnation, which can be related to the incorporation 

of the metal cations to the ion exchange sites during the impregnation process. The lowest 

reduction of CB was observed for the Sn-loaded sample. As observed by TEM, metal species 

were mainly disposed on the external surface of the zeolite as small nanoparticles, which is in 

agreement with the highest isoelectric point of tin oxide (ca. 5-7) compared to the oxides of the 

other promoters tested, which are in the 9-12 range. For Ni-loaded sample, the total acidity 

strongly increased. Whilst Brønsted acid sites were reduced due to the incorporation of Ni cation 

at ion exchange sites, Lewis acid sites increased by a factor of 10. This fact was linked to the 

presence of nickel nanoparticles at the external surface of hierarchical ZSM-5, as shown in 

Figure S3, which also exerted Lewis acidity12. Finally, the highest reduction of the Brønsted acid 

sites was observed for the Mg-loaded sample. This observation was in line with previous 

findings22 where the impregnation of conventional ZSM-5 led to the ion exchanged of protons 

for Mg2+, which resulted in a decrease of the number of Brønsted acid sites and an increased 

number of Lewis acid sites caused by the presence of Mg(OH)+. Accordingly, total number of 

acid sites was comparable to the parent Meso-HZ40. 

 

Catalytic upgrading performance 
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The catalytic performance of the synthesized materials in the bio-oil upgrading process is 

presented in Table 2. First, it is worth highlighting that the accurate identification of the different 

product yields led to adjust the mass balance with an accuracy of ±2.5%. The different metals 

did not introduce significant variations in the liquid yields, which were between 56 and 60 wt.% 

in all cases, being the proportion of organic phase from 61 up to 68 wt.%. The yield to organic 

fraction per gram of raw bio-oil feed is also a significant factor in designing an economically 

feasible process for bio-oil application. Meso-MgHZ40 reached a maximum value of 0.41 grams 

of upgraded organic phase per gram of bio-oil feed (gupgraded organic phase/gbio-oil feed). On the other 

hand, Meso-HZ40, Meso-NiHZ40 and Meso-SnHZ40 showed the lowest yields, 0.35 

gupgraded/gbio-oil feed. For these samples, the highest production of both coke and water was 

observed. Total water yield is a key factor resulting from catalytic dehydration reactions. These 

values were determined from the water content of each phase, leading to a total value ranging 

from 0.064 gwater/ gbio-oil feed for Meso-MgHZ40 up to 0.088 gwater/ gbio-oil feed for Meso-NiHZ40.  

Table 3. Yield to gas products over acidic and cation-loaded hierarchical zeolites.  

 
Gas yield (g/100 g bio-oil feed)

a 

H2 CH4 C2H4 C2H6 C3H8 CO CO2 

Non-Catalytic 0.69 7.71 2.00 2.47 2.47 1.93 21.59 

Meso-HZ40 0.55 4.80 3.69 0.96 0.70 14.77 11.45 

Meso-SnHZ40 0.95 3.50 2.76 1.10 0.71 14.84 11.30 

Meso-CuHZ40 0.63 4.72 2.83 0.94 0.59 18.11 11.81 

Meso-NiHZ40 1.44 5.03 2.84 0.93 0.57 15.08 10.05 

Meso-MgHZ40 0.33 4.89 2.97 1.26 0.77 15.07 15.48 

a N2 free basis. 

 

One of the main drawbacks during this upgrading process was the formation of char at the top 

of the catalyst bed (around 20 wt.% in all cases, see Table 2 ) which, in addition to the 
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decreasing yield, may limit the long-time continuous operation of the reactor due to excessive 

pressure drop. Another one was coke deposition on the zeolite, which could block the 

accessibility to the active sites, thus, diminishing the efficiency of the catalyst. In comparison to 

the parent hierarchical zeolite (18 wt.%), the incorporation of either magnesium or copper to the 

ion exchange sites entails the lowest amount of coke (16 and 15 wt.%, respectively) whereas the 

presence of nickel nanoparticles at the external zeolite surface strongly promotes its formation 

(23 wt.%), (see Table 2). Particularly, the increased amount of coke obtained by the nickel-based 

catalyst was associated to its reforming-promoted activity, where H2 was generated in situ23. 

Accordingly, the highest H2 yield was obtained for this catalyst (Table 3).  

H2, CO, CO2, and light hydrocarbons yields are presented in Table 3. CO and CO2 production 

are key parameters to identify the different deoxygenating pathways. In general, CO and CO2 

were the dominant components and CH4 was the hydrocarbon produced at the highest 

concentration. It can be observed that compared to the parent Meso-HZ40 zeolite, Sn- and Ni-

loaded hierarchical zeolites hardly modified the CO and CO2 yield in the gas. On the other hand, 

CO and CO2 yields considerably increased for Meso-CuHZ40 and Meso-MgHZ40 respectively, 

which account for the preferential decarbonylation reactions in the first case or decarboxylation 

reactions for the Mg-based catalyst. 

 

Properties of the bio-oil  

After the catalytic upgrading of bio-oil, a large variety of the oxygenated compounds initially 

present in the bio-oil were converted into aromatic hydrocarbons, CO, CO2 and H2O conferring 

to the liquid different properties as fuel (Table 4). Elemental analysis of the upgraded bio-oils 

showed that an outstanding reduction of oxygen content for Meso-HZ40 which further increased 
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for all metal-loaded catalysts. The highest deoxygenation degree was obtained by Meso-CuHZ40 

and Meso-MgHZ40 zeolites. Another important fuel parameter is the acidity quantified by TAN, 

which is related to the potential of the liquid to cause corrosion. All mesoporous zeolites-derived 

catalyst showed a reduced TAN compared to that obtained for the non-catalytic test. 

Interestingly cation-loaded catalysts also showed lower TAN (except in the catalyst with copper) 

than the parent hierarchical ZSM-5 zeolite, being the lowest value observed for Mg-loaded 

catalyst. On the other hand, it is worth commenting that although a noteworthy improvement of 

HHV was achieved after bio-oil upgrading (i.e. from 25 to 32 MJ/kg), cation loading did not 

show any relevant effect. Similar behavior was observed for other bio-oil physical properties 

such as viscosity or density.  

Table 4. Elemental analysis and fuel properties of initial, non-catalytic and catalytic tests. 

Deoxygenation rate during the upgrading process is also shown. 

 

Elemental analysis Fuel Properties 
Deox.b 

(%) %C %H %N %O 
H2O 

(wt.%) 

TAN 

(mgKOH /g) 
pH 

Density 

(g/mL) 

Viscosity 

(cP) 

HHV 

(MJ/kg) 

raw bio-oil 60.0 7.4 0.3 32.3 11.4 33.8 4.4 1.3 85.5 25.4 - 

Non-
Catalytic 

62.0 7.9 0.1 30.0 7.15 32.9 3.6 1.2 10.2 27.3 11.6 

Meso-HZ40 71.9 8.1 0.2 19.8 5.82 24.1 3.1 1.1 9.6 32.5 35.0 

Meso-
SnHZ40 

72.9 8.0 0.1 19.0 5.10 22.8 3.0 1.1 10.1 32.2 35.9 

Meso-
CuHZ40 

73.0 8.1 0.2 18.7 5.94 27.9 3.3 1.1 9.6 32.3 40.2 

Meso-
NiHZ40 

73.6 8.1 0.2 18.2 5.12 22.0 3.4 1.2 10.2 31.8 39.5 

Meso-
MgHZ40 

73.7 8.1 0.2 18.1 5.80 21.2 3.6 1.1 9.8 32.0 42.6 

a calculated by difference  b Deox: deoxygenation rate from initial bio-oil in dry basis, excluding the oxygen due to water content 
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GC/MS analysis was used to identify different compounds in the organic liquid fraction. More 

than 100 different compounds were detected (see Table S1, Supporting Information). The 

composition of the bio-oil was assessed by a semi-quantitative approach determining the relative 

area percentage for all the identified constituents, which were classified in different groups 

(phenols, acids, aldehydes, furans, ketones, cyclic HCs, aromatic HC, naphthenics, PAHs, and 

esters). The relative amount of each group was calculated based on the product of the relative 

area of each group, the liquid yield, and the weight percentage of the organic fraction, whose 

units are expressed as percentage per gram of feed (%/·gbio-oil feed). By taking into account the 

amount of bio-oil fed, this approach enables the most accurate form of qualitative comparison. 

The semi-quantitative approach showing the relative area percentage for the main fractions is 

shown in Table 5. For a better comparison of the catalysts performance on the distribution of the 

liquid products, the results obtained for the non-catalytic tests were included in the first column. 

The major components of raw bio-oil are phenols, aldehydes, ketones, acids, polyaromatics and 

furans. Phenols, furans and oxygen-containing compounds, such as acids and carbonyls 

(aldehydes and ketones) are considered undesirable fractions for energy production, whereas 

hydrocarbon fractions are desirable fractions. Nevertheless, ester compounds have also been 

used as renewable fuel due to their neutral character, remarkable stability under storage and 

compatibility with present infrastructures. 

Table 5. GC/MS semi-quantitative analysis of the upgraded bio-oil. %/gbio oil feed. Results of the 

non-catalytic test are also included for comparative purposes.  

FAMILY Non-Catalytic  Meso-HZ40  Meso-SnHZ40 Meso-CuHZ40 Meso-NiHZ40 Meso-MgHZ40 

Phenols  21.32 15.21 14.66 17.63 15.34 18.41 

Acids  0.19 0.11 0.13 0.16 0.12 0.13 
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Aldehydes  5.43 0.22 0.29 0.39 0.26 0.27 

Furans  0.78 0.92 0.78 0.94 0.91 0.96 

ketones  2.48 2.36 2.36 2.73 2.63 3.02 

Cyclic HC  1.09 0.96 1.11 1.09 1.06 1.14 

Aromatic HC  1.94 8.97 7.98 7.00 7.65 6.92 

Naphthenics  1.43 1.85 1.47 1.31 1.57 1.00 

Polyaromatic  

hydrocarbons 
3.88 4.06 4.05 4.90 3.94 5.32 

Esters 0.04 2.14 2.40 2.67 2.31 3.02 

HC: hydrocarbons 

 

After the catalytic upgrading process, the reduction of some of the undesired oxygenated 

compounds was evidenced. In particular, the relative amount of aldehydes and some of the 

phenolics compounds decreased, whereas the amount of aromatic compounds significantly 

increased for all the catalysts tested. Although the parent Meso-HZ40 catalyst yielded the highest 

amount of aromatics and naphthenics, Meso-MgHZ40, which was the catalyst with the highest 

deoxygenation rate, led to the greatest amount of ketones, esters and polyaromatic hydrocarbons. 

Accordingly, the deoxygenation rate w in line with the formation of new oxygen-containing 

compounds with lower oxygen content rather than the production of aromatic compounds, which 

was a prevalent deoxygenation route for the parent Meso-HZ40 zeolite. Although these results 

were opposite to those found for metal-loaded microporous zeolite-based catalysts12,14, it should 

be highlighted that the mesoporous zeolites exhibit distinct porous and acidic properties, which 

could result in a different speciation of the active species, and ultimately in a dissimilar and 

enhanced catalytic performance. 
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Figure 1. Variation of the formation of aromatics with the amount of Brønsted acid sites 

determined the spectroscopic investigation of adsorbed pyridine after degassing at 200ºC. 

 

 

 

Role of the acidic active sites and textural properties in bio-oil deoxygenation 

Bio-oil vapors can be deoxygenated by zeolites through several reactions such as cracking, 

dehydration, decarbonylation, decarboxylation, oligomerization and aromatization reactions13. 

We have recently observed that Brønsted acid sites at the mesopore surface on hierarchical 

ZSM-5 zeolites11 play a fundamental role in aromatization reactions and are critical for the 

cracking the oxygenated compounds in the pyrolysis vapor24,25, thus contributing to protolytic 

cracking and olefin oligomeration for aromatic hydrocarbons formation26. Accordingly, the 

results achieved in the present work showed that the higher the amount of Brønsted acid sites, 

the higher the yield to aromatics (Figure 1). This fact pointed out that cation exchanged was 

likely accomplished at the external surface and the mesopore walls, leading to lower production 
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of aromatic compounds during the upgrading process. However, although aromatization is one of 

the main mechanisms in deoxygenation by means of acidic zeolites, herein it was observed that 

deoxygenation rate decreased when increasing the Brønsted acidity (Figure 2a). This could 

indicate that decreasing the amount of Brønsted acid sites and creating new Lewis acid sites by 

cation incorporation to the specific exchange sites could have a preponderant role in the 

deoxygenation process. Accordingly, it was observed that, except in the case of the Ni-loaded 

catalyst, which presented a remarkably high value of Lewis acidity due to the presence of nickel 

nanoparticles, the extent of deoxygenation increases with the amount of Lewis acid sites (Figure 

2b). 

Figure 2. Variation of the extent of deoxygenation with the amount of Brønsted acid sites (a) 

and Lewis acid sites (b) after degassing at 200ºC. 

The highest rate of deoxygenation was achieved using Meso-MgHZ40, which was in line with 

the results found for metal-impregnated microporous ZSM-5 zeolites12. This behavior can be 

linked to the maximum of metal cations at ion exchange sites. The presence of Mg cations at 

extra framework positions was postulated for this solid, which could act as Lewis active sites for 

different deoxygenation reactions, such as the ketonization of the bio-oil acid compounds27. In 

fact, the maximization of CO2 by-product could be a proof for the presence of ketonization 
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reactions of acids with aldehydes to produce ketones as we have recently observed for 

microporous Mg-impregnated ZSM-5 zeolite12. This fact was in line with the observed data since 

the Mg-containing catalysts produced the highest concentrations of CO2 and ketones, and the 

lowest acidity. According to the literature28, these ketones could be consecutively converted into 

aldols (aldol condensation) and into aromatic compounds. In line with this, an inverse 

relationship between the formation of aromatics and ketones was observed for all the catalysts, 

suggesting that an important part of the aromatics formed proceeded from the decarboxylation of 

ketones (Figure 3). Unfortunately, this reaction seemed to be prevented for Mg-loaded zeolites, 

likely due to fact that these catalysts presented the lowest amount of Brønsted acid sites. In 

agreement with this, this catalyst produced the highest amount of polyaromatic hydrocarbons and 

the lowest coke formation, suggesting that the evolution of polyaromatic hydrocarbons at 

Brønsted acid sites as coke precursors, was not favored on these catalysts. On the other hand, 

although it cannot be totally ruled out that the highest deoxygenation rate could also be related to 

the promotion of esterification reactions since Meso-MgHZ40 showed the highest amount of 

esters and the lowest acidity, a higher water concentration should be expected for this sample.  
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Figure 3. Relationship between the production of aromatics and ketones. 

It should be also highlighted that Meso-CuHZ40 catalyst presented a high deoxygenation rate, 

only slightly lower than that observed for the Mg-loaded catalyst. In this case, product analysis 

presented some subtle differences. The most significant feature was the remarkable amount of 

evolved CO observed in the gas fraction. Thus, it seems that acids decarbonylation to aldehydes 

could be taking place. In fact, the highest amount of aldehydes was observed for this sample. 

Additionally, it cannot be ruled out that the presence of copper at the ion exchanged sites 

appeared to favor the decarbonylation of furans and aldehydes, preventing their dehydration on 

the Brønsted acid sites that eventually can yield into coke formation. As shown above, a 

minimum formation of coke was observed for this catalyst. 

Finally, it is worth commenting on the performance of Meso-NiHZ40 and Meso-SnHZ40. As 

previously mentioned for these solids, metal sites were predominantly deposited at the external 

surface as tiny nanoparticles. In both solids, although a higher deoxygenation rate than the parent 

hierarchical zeolite was obtained, an apparent role of these metal sites was not observed. Indeed, 

deoxygenation rate was again correlated with the decreasing amount of Brønsted acid sites. 

Although the presence of Ni and consequently higher in situ generated H2, may participate in 

hydrogen transfer reactions leading to an increase of saturated hydrocarbons12, this reaction 

mechanism was not relevant under our process conditions. Indeed, the preferential mechanism 

for O-removal using hierarchically structured Meso-Cu and Meso-SnZSM-5 zeolites derived 

catalysts also seems to occur through decarbonylation and decarboxylation reactions on the 

Lewis acid sites incorporated at ion exchange positions (Figure 2). Finally, it is worth 

commenting that although the impact of the different metallic species on the properties and 

composition of the upgraded bio-oil has been disclosed in the manuscript, the metal loading in 
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the catalyst could also be a key parameter. Experiments to determine the optimal composition of 

the catalyst are in progress.   

As a summary of the work undertaken, Scheme 1 presents the overall mass flow in the 

catalytic pyrolysis of pine woods and the further catalytic upgrading of the resulting crude bio-

oil. The results obtained in the catalytic upgrading by the parent hierarchical zeolite are 

compared with those obtained by the magnesium containing catalyst. A higher organic fraction 

was attained using the Mg-loaded hierarchical zeolite as well as a higher deoxygenation rate and 

a lower TAN, leading to an overall improvement of the bio-oil properties. 

 

Scheme 1. Overall mas flow in the catalytic pyrolysis of pine wood chips and subsequent 

catalytic upgrading of the resulting crude bio-oil over hierarchical zeolites. Meso-HZ40 (green) 

and Meso-MgHZ40 (blue). 

CONCLUSIONS 

In this work, we have investigated the development of metal-loaded hierarchical zeolites as 

catalysts for the deoxygenation of bio-oil. The impregnation of the hierarchical zeolite with 

different metals (Sn, Cu, Ni or Mg) reveals that an enhancement in the deoxygenation extent 

compared to the parent acidic hierarchical zeolite is achieved in all cases. In particular, Meso-

Biomass

Solid residue

Pyrolysis oil

Gas        
25 wt.%

48 wt.%

27 wt.%

Crude bio-oil

(organic fraction) 

Aqueous fraction

Gas         

Upgraded bio-oil

Solid residue

3.6 wt.%

3.8 wt.%

10.8 wt.%

10.3 wt.%

3.6 wt.%

3.9 wt.%

18 wt.%

30 wt.%

Aqueous fraction

Organic fraction
7.4 wt.%

6.3 wt.%

3.4 wt.%

4.3 wt.%

Deox. %

TAN 

51%

45 %

21.2 mgKOH/g

24.1 mgKOH/g



23 

 

MgHZ40 is the catalyst which has led to the best fuel characteristics. Despite the incorporation 

of magnesium active sites does not maximize production of desired aromatics, it has a positive 

effect on the quality of the final liquid, diminishing the problems associated with the acidity and 

achieving the greatest reduction in the oxygen-content. Although this is not a detailed 

mechanistic study, the deoxygenation seems to proceed mainly through decarboxylation and/or 

decarbonylation processes rather than through dehydration. 
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The use of hierarchical Mg-loaded ZSM-5 zeolites in the upgrading of bio-oil promotes oxygen 

removal and acidity reduction improving its fuel characteristics 
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