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Biomass catalytic fast pyrolysis is one of the most promising 
technologies for the production of renewable aromatics and olefins 
directly from solid biomass. In this study, catalytic pyrolysis experiments 
were carried out on biomass in a fluidized bed reactor using typical 
metal-loaded (Mg, K, Fe, Ga, and Ni) ZSM-5 zeolites as catalysts. The 
effects of catalysts on the product distribution and bio-oil components 
were investigated to determine the cheapest and most efficient metal-
loaded catalyst. The results showed that bio-oil yields with metal-loaded 
catalysts (40 to 43.4 wt.%) were a little lower than that of pure ZSM-5 
(46.4 wt.%). Metal-loaded catalysts produced more CO2 and CO than did 
pure ZSM-5. Fe/ZSM-5 produced the highest yield of CO2 (13.8 wt.%), 
as well as the highest yield of olefins (2.7 wt.%). Fe/ZSM-5 showed the 
same catalytic characteristics as Ga/ZSM-5 (aromatic hydrocarbon 
proportion in bio-oils of more than 80%), but it is much cheaper than 
Ga/ZSM-5.  
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INTRODUCTION 
 

Biomass is the most abundant and inexpensive sustainable source of carbon that 

can be used to produce renewable fuels and chemicals (Huber et al. 2006). The 

development of energy-efficient processes for biomass conversion is of great importance 

in light of future petroleum shortages and the associated environmental issues worldwide. 

Many studies have focused on biomass fast pyrolysis with pyrolysis oil (bio-oil) as the 

product (Bridgwater and Peacocke 2000; Dobele et al. 2007; Liu et al. 2013). As a pre-

treatment step to increase the energy density of biomass, pyrolysis could reduce transport 

costs up to 87% (Luque et al. 2008). However, the produced bio-oil has many 

disadvantages, such as high oxygen content, high viscosity, corrosivity, and thermal 

instability. Therefore, improvement of bio-oil is necessary to extend its applications.  

Catalytic fast pyrolysis (CFP) is one of the most promising technologies for 

producing renewable aromatic and olefin compounds directly from solid biomass. In the 

CFP process, biomass first thermally decomposes to pyrolysis vapors. These vapors then 

enter the pores of zeolite catalysts and are converted into aromatic and olefin compounds, 

along with CO, CO2, H2O, char, and coke. Biomass pyrolysis and catalytic upgrading can 

be conducted in one reactor, which eliminates the costly condensation/re-evaporation 

processes required for bio-oil upgrading. 
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The catalyst used in the CFP process is the key factor for producing a high yield 

of hydrocarbons. Many catalysts, including microporous (e.g., ZSM-5, USY) and 

mesoporous (e.g., MCM-41, MSU, SBA-15) materials, have been used for CFP of 

biomass. Among these catalysts, ZSM-5 is one of the most suitable for producing 

hydrocarbons due to its special pore structure and activity (Cheng and Huber 2012; 

Zhang et al. 2012; Zhao et al. 2012). However, the rapid deactivation of ZSM-5 catalyst 

and low hydrocarbon yield are the two main barriers for CFP of biomass. This can be 

attributed to the strong acidity of ZSM-5, which leads to a decrease in the organic 

fraction of bio-oil via further cracking to hydrocarbons, gases, and more coke. The acid 

sites contribute to the deoxygenation of pyrolysis vapors and deactivation of the catalyst 

(Mortensen et al. 2011). Tuning the acid sites is important in designing the catalyst, as it 

not only affects the selectivity of products, but also determines the extent of coke 

formation. 

It has been suggested that the presence of transition metals affects the mode of 

oxygen rejection by producing more carbon oxides and less water, which makes more 

hydrogen available to form hydrocarbons. Therefore, transition metal-modified zeolite 

catalysts (Ce-ZSM-5, Co-ZSM-5, Ga-ZSM-5, and Ni-ZSM-5) were used in biomass 

pyrolysis to verify whether these materials can produce higher yields of hydrocarbons 

and less coke (Cheng et al. 2012; French and Czernik 2010; Neumann and Hicks 2012). 

Recently, the highest yield of aromatics (23.2%) was achieved using gallium-substituted 

ZSM-5. This new catalyst boosted the hydrocarbon yield by 40% compared to pure ZSM-

5 (Cheng et al. 2012). However, gallium-substituted ZSM-5 is still very expensive. More 

efforts should be focused on designing efficient and cheap metal-loaded catalysts for CFP 

of biomass. 

In this work, some cheap metal-loaded (Mg, K, Fe, and Ni) ZSM-5 catalysts were 

synthesized for CFP of biomass. Ga-loaded ZSM-5 was synthesized for comparison.  

CFP of willow wood was conducted in a fluidized bed reactor using these catalysts. The 

catalytic characteristics of all metal-loaded catalysts on the product yields and 

selectivities were studied and compared with that of pure ZSM-5 catalyst. Fe/ZSM-5, 

which is more efficient and cheaper than Ga/ZSM-5, was utilized in this study.  

 
 
EXPERIMENTAL 
 
Materials 

Willow wood was used as the biomass feedstock. The elemental composition of 

the willow wood (air-dry basis) was 44.05 wt.% carbon, 4.97 wt.% hydrogen, 0.73 wt.% 

nitrogen, and 46.77 wt.% oxygen (by difference). The willow wood’s lower heating value 

was 16.19 MJ/kg. Its proximate analysis (air-dry basis) was 3.56 wt.% moisture, 73.8 

wt.% volatiles, 19.16 wt.% fixed carbon, and 3.48 wt.% ash. Prior to all experiments, the 

feedstock was cut and sieved to the range of 1.5 to 2.5 mm in diameter and 4.0 to 6.0 mm 

in length. The particles were then dried at 105 °C until a constant weight was achieved.  

A mixture of quartz sand and catalyst was used in all the experiments. The 

particle size of quartz sand was from 0.05 to 0.075 mm, while that of the catalyst was 

from 0.075 to 0.10 mm because of its lower density. The mass ratio of sand to catalyst 

was 1. The total amount of the heat transfer material (sand and catalyst) in the fluidized 

bed was 20 g. The catalyst material (provided by Sinopec Yangzi Petrochemical 

Company Ltd.) was an equilibrium, commercially diluted ZSM-5 catalyst. This zeolitic 
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catalyst was further modified with typical metals (Fe, Ni, Ga, Mg, and K) via a traditional 

wet impregnation method at 2 wt.% metal loading using aqueous solutions of 

corresponding nitrate salts. All of the metal-modified catalysts were calcined under an air 

atmosphere at 600 °C for 6 h. The characteristics of the diluted ZSM-5 and its metal-

loaded (Mg, K, Ga, Fe and Ni) catalysts are listed in Table 1.  

 

Table 1. Characteristics of Diluted ZSM-5 and Its Metal-loaded Catalysts 
  

Characteristics 
Diluted ZSM-5 and its Metal-Loaded Catalysts 

ZSM-5 
(diluted) 

Mg 
/ZSM-5 

K 
/ZSM-5 

Ga 
/ZSM-5 

Ni 
/ZSM-5 

Fe 
/ZSM-5 

BET surface (m
2
·g

-1
) 220.21 196.83 199.53 206.49 201.12 208.37 

Pore diameter (nm) 2.14 1.87 1.94 1.99 1.95 2.01 

Pore volume (cm
3
·g

-1
) 0.22 0.14 0.16 0.21 0.18 0.19 

 

Methods  
Experimental setup 

A schematic diagram of the pyrolysis system used in this study is shown in Fig. 1. 

This reactor was refitted from the one used in previous studies (Zhang et al. 2009,  2011). 

It consisted of a flow control unit, temperature control unit, fluidized bed reactor, feed 

unit, condenser, gas purifier, accumulative flowmeter, and gas-collecting bag. The inside 

diameter and height of the fluidized bed reactor were 32 mm and 450 mm, respectively. 

A porous plate and two pieces of wire netting (200-mesh size) at the bottom of the reactor 

were used to support the bed materials and provide uniform distribution of the fluidizing 

gas.  
 

 
 

Fig. 1. Schematic diagram of a fluidized bed system for biomass catalytic pyrolysis  (1. Nitrogen; 
2. Mass flowmeter; 3. Mass flow controller; 4. Gas pre-heater; 5. Temperature controller; 6. K-
type thermocouple; 7. Electrical furnace; 8. Fluidized bed reactor; 9. Feed hopper; 10. 
Temperature controller; 11. Ceramic filter; 12. Condenser; 13. Cotton wool filter; 14. Silica gel 
filter; 15. Accumulative flowmeter; 16. Gas-sampling bag) 

 

 The reactor used quartz sand with a particle size of 0.6 to 0.9 mm or its mixture 

with catalyst as the bed material and pure nitrogen (99.999%) as the fluidizing gas. A 

mass flow controller was used to control the flow rate of the carrier gas. Before entering 

the reactor, the carrier gas was heated to 400 °C by a pre-heater. A cylindrical furnace 

was used to supply the heat needed in the pyrolysis reactions. The connecting pipe 

between reactor and condensers was maintained at about 400 °C to prevent tar 

condensation by the strip heater. A ceramic filter was located after the reactor to remove 
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fine particles. Following the ceramic filter, the product vapors were passed through a 

condenser to collect liquid products. A cotton filter and silica gel filter were used to 

ensure that all of the condensable vapors were captured. The non-condensable gas was 

collected with a bag for analysis. 

 

Procedure and product analysis 

At the beginning of each test, the bed materials were placed in the reactor and 2 g 

of willow was placed in the feed hopper, which was purged with 450 mL/min N2 to 

guarantee a reduction atmosphere during the experiment. Next, the furnace started to heat 

the reactor. After the desired temperature (600 °C) in the reactor was reached, the 

feedstock was fed into the bed. Liquid products condensed in the condenser, and non-

condensable gases were collected using a gas-collecting bag. The experiment was carried 

out for approximately 10 min to ensure the complete pyrolysis of willow wood. After the 

experiment, the furnace was turned off, and the N2 was maintained until the reactor 

reached room temperature to avoid the oxidation of char. The char was separated from 

bed materials and weighed. The condenser was cleaned using ethanol, and the washings 

were heated at 60 °C for ethanol evaporation. The total liquid products included the 

liquids collected by the condenser, the weight increases of the cotton wool and silica gel 

filters, and the weight of the washing evaporation residues. The liquid products were 

identified by gas chromatography-mass spectrometry (GC-MS; GC, 7890A, Agilent; MS, 

5975C, Agilent). The bed materials were dried at 120 °C until a constant weight was 

reached and then combusted with air in a muffle furnace at 600 °C for 2 h. The coke 

output was determined by the difference in weight of the bed materials before and after 

combustion. The gas output was calculated by the total collected gas volume measured by 

the accumulative flowmeter, as well as the components and their percentages determined 

by GC-FID/TCD (Shimadzu 2014 GC system). The product yields were calculated by the 

weight of the products divided by the feedstock weight (air-dry basis). The liquid yields 

were obtained by difference. Each experiment was repeated three times under the same 

conditions to ensure its repeatability. 

 
 
RESULTS AND DISCUSSION 
 

 The bio-oil, non-condensable gas, char, and coke deposits on the catalyst obtained 

by the fast pyrolysis with different metal-loaded catalysts are shown in Fig. 2. Compared 

to pure ZSM-5, all of the metal-loaded catalysts increased the gaseous products, the 

biomass residue (char), and the coke deposits on the catalyst at the expense of the total 

liquid yield. It is obvious that each catalyst seemed to affect the product yields to a 

different extent. The highest liquid yield (46.4 wt.%) was achieved with pure ZSM-5 

catalyst. Ga/ZSM-5 produced the highest coke yield, while K/ZSM-5 produced the 

highest yield of bio-oil. Depending on the material, the liquid yield ranged from 40 wt.% 

to 43.4 wt.%. The char yield decreased, ranging from 25.4 wt.% to 33.9 wt.% while the 

coke increased, ranging from 3.7 wt.% for the control case to 5.8 wt.%. Gaseous products 

increased in the presence of all metal-loaded catalysts, ranging from 29.1 wt.% to 31.3 

wt.%, compared to 24.5 wt.% with pure ZSM-5. The liquid yields and elemental analysis 

of organic fraction are listed in Table 2.  
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Fig. 2. Product yields of willow wood catalytic pyrolysis with different metal-loaded catalysts 

 

Table 2. Yields of Liquids and Elemental Analysis of Organic Fraction (wt.%) 
 

Catalysts Liquid 
Organic 
Fraction 

Water 
Elemental Analysis of Organic Fraction  

C H O
a
 

ZSM-5 46.40 18.71 26.97 70.54 8.30 21.16 
Mg/ZSM-5 41.34 14.51 26.10 74.05 9.83 16.12 
K/ZSM-5 43.40 16.47 26.21 72.65 8.77 18.57 
Ga/ZSM-5 42.05 14.05 27.27 76.68 8.35 14.97 
Ni/ZSM-5 40.10 12.30 27.07 80.01 10.53 9.46 
Fe/ZSM-5 39.98 12.43 26.82 80.55 8.82 10.63 

   a 
by difference.  

 

 The compositions of bio-oil obtained from catalytic pyrolysis experiments with 

diluted ZSM-5 catalysts are shown in Fig. 3. The most representative organic compounds 

of the thermal bio-oil were classified into 4 major functional groups: aromatic 

hydrocarbons, aliphatic hydrocarbons, acetals, and others, the latter of which included 

phenols, furans, acids, esters, alcohols, ethers, aldehydes, ketones, nitrogen compounds, 

and heavier compounds. Among these, aromatic hydrocarbons and aliphatic hydro-

carbons are considered to be the most desirable products for biofuel production. As can 

be seen from Fig. 3, Fe/ZSM-5, Ni/ZSM-5, and Ga/ZSM-5 showed good characteristics 

in the CFP process. Aromatic hydrocarbons proportion was more than 80% in the bio-oil 

with these catalysts, which is much higher than other catalysts. More detailed chemical 

compositions of the bio-oils are listed in Table 3. Fe/ZSM-5 and Ni/ZSM-5 showed the 

same catalytic characteristics as Ga/ZSM-5, but they are much cheaper than Ga/ZSM-5. 

CFP of biomass with K/ZSM-5 produced more acetals and fewer aromatics. Some studies 

have obtained similar results with catalytic pyrolysis of lignin with HZSM-5 and K/ZSM-

5 (Jackson et al. 2009). 

Figure 4 shows the relative content of aromatic hydrocarbons in the bio-oils of 

catalytic pyrolysis with different metal-loaded catalysts, principally benzene, toluene, 

xylenes, and naphthalene. The reported proportions of aromatic hydrocarbons are based 

on chromatogram peak areas. Toluene made up the largest part of the liquid products 

from willow wood fast pyrolysis with every ZSM-5 catalyst. Ga/ZSM-5 showed the 

ZSM-5
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highest toluene relative content (37.4%), while Ni/ZSM-5 showed the highest relative 

content of xylenes (27.3%). Fe/ZSM-5 produced the highest relative content of benzene 

(17.9%). The naphthalene content was lower than benzene, toluene, and xylenes. The 

relative contents of naphthalene were less than 5% with every catalyst. 
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Fig. 3. Area percentages of different chemical 
groups of the bio-oils obtained from catalytic 
pyrolysis of willow wood with different metal-
loaded catalysts 

Fig. 4. Relative content of aromatic 
hydrocarbons in bio-oils obtained from catalytic 
pyrolysis of willow wood with different metal-
loaded catalysts 

 

 

Table 3. Chemical Composition of Bio-oils 
 

Compound Formula 

Area Percentage (%) 

ZSM-5 
Mg/ 

ZSM-5 
K/ 

ZSM-5 
Fe/ 

ZSM-5 
Ga/ 

ZSM-5 
Ni/ 

ZSM-5 

2-Pentene, 3-methyl-, (E)- C6H12 0.11      

Acetic acid glacial C2H4O2 1.77  0.87    

1,4-Cyclohexadiene C6H8 1.21 0.66 1.07 0.50 1.21 0.78 

2-Cyclopentene-1-propanal C8H12O     1.18 0.75 

Cyclopentene, 1-methyl- C6H10 1.06 0.65 0.47 0.39 1.04 0.78 

Benzene C6H6 6.10 6.95 4.10 13.30 14.62 10.39 

Cyclopentene,3-methylene- C6H8   0.54   0.67 

Cyclohexene C6H10 0.30    0.34  

1-Heptene C7H14 0.43  0.29    

Cyclopentene, 4,4-dimethyl- C7H12 1.47 0.57 1.05 0.34 0.70 0.49 

Vinylfuran C6H6O 0.48      

Acetal C6H14O2 20.16 16.14 25.59 7.55 1.00 6.57 

1,4-Cyclohexadiene, 1-methyl- C7H10 1.32 0.54 1.13 0.43 0.86 0.73 

1-Ethylcyclopentene C7H12 1.05  0.55  0.58  

Toluene C7H8 9.36 20.38 10.21 30.48 36.05 31.77 

Propane, 2,2-diethoxy- C7H16O2 1.27 0.84 0.66 1.10 2.54 1.87 

2-Pentene, 3-methyl-, (E)- C6H12 0.25      

2-Octene, (E)- C8H16 1.01  0.61    

1-Propene, 3,3-diethoxy- C7H14O2 10.13 4.66 8.18 0.83 0.42 1.90 

Propane, 1,1-diethoxy- C5H12O2 6.34 3.46 6.05 1.15  1.19 

2,4-Dimethyl-2,4-pentanediol C7H16O2 0.55 0.25 0.35    

2,2-Dimethoxybutane C6H14O2 0.96 0.67 0.84  0.56 0.40 

2-Cyclopenten-1-one C5H6O 1.29      

javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB5852662&postData3=CN&SYMBOL_Type=A');
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Ethylbenzene C8H10 3.13 2.68 3.05 3.54 2.68 2.77 

Xylene C8H10 8.03 17.47 7.54 22.34 24.80 24.85 

Pyrrolidine-2,4-dione C4H5NO2 1.97 1.48 1.32    

Styrene C8H8 2.12 1.62 1.56 1.49 1.50 1.18 

Cyclohexanone C6H10O 0.66  0.23    

cis-2-Nonene C9H18 0.56      

Butane, 1,1-diethoxy- C8H18O2 0.57 0.29 0.56    

2-Cyclopenten-1-one, 3-methyl- C6H8O 0.47      

n-Caproic acid vinyl ester C8H14O2  0.30 0.36    

4-Methylthiazole C4H5NS 1.55 0.62 0.83   0.30 

Benzene, propyl- C9H12 0.56 0.35 0.53 0.30  0.22 

Pentane, 1,1-diethoxy- C9H20O2 0.34  0.35    

Benzene, 1-ethyl-2-methyl- C9H12 3.41 3.01 3.00 2.06 1.75 1.83 

Benzene, 1,2,3-trimethyl- C9H12 1.29 0.58 0.85 0.39 0.51 0.39 

.alpha.-Methylstyrene C9H10 2.77 1.06 1.23 1.05 0.87 0.99 

5-Norbornane-2-carboxaldehyde C8H10O 0.79      

Propane, 1,1,3,3-tetraethoxy- C7H16O3 0.51 0.64 0.30    

Benzene, 1-propenyl- C9H10 1.11 0.67 0.74 0.63 0.53 0.56 

Indene C9H8 1.61 1.65 1.30 1.87 1.25 1.35 

2-Indanol C9H10O 1.19 0.55 0.65 0.39  0.43 

2-Furanethanol, .beta.-ethoxy- C8H12O3  0.41 1.06    

2-Furaldehyde diethyl acetal C9H14O3  3.11 3.96 0.32  0.54 

2-Acetyl-5-norbornene C9H12O  0.80 1.11    

Hexane, 1,1-diethoxy- C10H22O2  0.33 0.90 0.24   

Bicyclo[2.2.1]hept-2-ene, 2-methyl- C8H12  0.44 1.10 0.47   

2-Methylindene C10H10  0.63 0.38 0.68 0.54 1.02 

Naphthalene C10H8  1.57 0.78 4.97 3.17 2.84 

Ethanone, 2-ethoxy-1,2-diphenyl- C16H16O2  0.50 0.56 0.22  0.22 

1H-Indene, 4,7-dimethyl- C11H12       

Naphthalene, 2-methyl- C11H10  1.71 2.03 2.15 1.33 1.72 

Naphthalene, 2,7-dimethyl- C12H12  0.36  0.36   

Eugenol C10H12O2  0.42     

 

Figure 5 shows the non-condensable gas obtained by CFP of willow wood with 

different catalysts.  
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Fig. 5. Yields of the main gas product 
components in non-condensable gas from 
catalytic pyrolysis of willow wood with different 
metal-loaded catalysts 

Fig. 6. The carbon selectivities of ethylene, 
propylene, and butanes in olefins obtained 
from catalytic pyrolysis of willow wood with 
different metal-loaded catalysts 
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The main gaseous products were CO2, CO, CH4, and C2-C4 olefins. The use of 

metal-loaded catalysts led to an increase in all of the gas components, especially olefins. 

The main aim of using catalysts is deoxygenating the bio-oil. Oxygen can be removed 

from the pyrolysis vapors in the form of CO2, CO, and H2O. The most effective way of 

deoxygenating is via CO2; the high-value hydrogen would be reserved, and one carbon 

could release two oxygen atoms. Fe/ZSM-5 gave the highest CO2 yield (13.8%) among 

the catalysts.  

Olefins are desired compounds that can be used as petrochemicals. Fe/ZSM-5 also 

produced the highest yield of olefins (2.7%). The obtained olefins contained ethylene, 

propylene, and butylenes. The carbon selectivities of these products in olefins are shown 

in Fig. 6. Both Fe/ZSM-5 and Ga/ZSM-5 gave higher ethylene selectivity (about 73%). 

Fe/ZSM-5 and Ga/ZSM-5 gave the lowest selectivities of propylene and butanes, 

respectively. 

The color of all the catalysts became darker after experiments. Besides, the metal-

loaded catalysts led to the significant increase of coke yield according previous product 

analysis. It seems that the metal-loaded catalysts favored the deposition of polymerizing 

compounds on the surface of the bed materials. All of the catalysts showed similar 

surface appearance before and after reactions, so Fe/ZSM-5 was chosen as the example 

for SEM analysis.  

As can be seen from Fig. 7, the fresh catalyst had surface irregularities, which are 

beneficial to catalytic reactions. However, the surface of the used catalyst was smoother 

than that of the fresh one due to coke formation. Abrasion is another important factor for 

the smoothening of the catalyst surface.  

 

  

  
Fresh Fe/ZSM-5 Spent Fe/ZSM-5 

 
Fig. 7. SEM analysis of the Fe/ZSM-5 catalyst before and after the reaction 
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CONCLUSIONS 
 

1. Catalytic fast pyrolysis of willow wood with different typical metal-loaded ZSM-5 

catalysts (Mg/ZSM-5, K/ZSM-5, Ga/ZSM-5, Fe/ZSM-5, and Ni/ZSM-5) was 

conducted in a fluidized bed reactor. Fe/ZSM-5 showed the same catalytic 

characteristics as Ga/ZSM-5 (aromatic hydrocarbon proportion in bio-oils more than 

80%), but it is much cheaper than Ga/ZSM-5. 

2. The bio-oil yields of metal-loaded catalysts were a little lower than that of pure ZSM-

5, but all of them were between 40 and 47 wt.%. CO2 is the best method of bio-oil 

deoxygenation. Metal-loaded catalysts produced more CO2 and CO than pure ZSM-5, 

especially the Fe/ZSM-5 catalyst. Fe/ZSM-5 also produced the highest yield of 

olefins (2.7 wt.%). 

3. The synthesized catalysts loaded with Ga, Fe, or Ni improved the percentages of 

benzene, toluene, and xylenes in bio-oils. Ga/ZSM-5 showed the highest relative 

content of toluene (37.4%), while Ni/ZSM-5 showed the highest relative content of 

xylenes (27.3%). Fe/ZSM-5 produced the highest relative content of benzene (17.9%). 
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