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Graphical abstract 

 

 

Highlights 
• • Synthesis of mesoporous Al-SBA-15 catalyst with similar acidity to ZSM-5.  

• • Testing of high acidity Al-SBA-15 in comparison to ZSM-5 for CFP of beech wood.  

Jo
ur

na
l P

re
-p

ro
of

mailto:a.v.bridgwater@aston.ac.uk


2 
 

• • Solid acid catalysts initially followed similar reaction pathway.  

• • Shape selectivity of ZSM-5 directed selectivity towards aromatic production.  

• • Mesoporous Al-SBA-15 lacked shape selectivity and formed more coke.  
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Abstract 

The catalytic fast pyrolysis (CFP) of biomass represents an efficient integrated process to produce 

deoxygenated stable liquid fuels and valuable chemical products from lignocellulosic biomass. The 

zeolite ZSM-5 is a widely studied catalyst for the CFP process. However, its microporous structure may 

limit the diffusion of high molecular weight pyrolysis intermediates to its active sites. Mesoporous 

aluminosilicates such as Al-SBA-15 are promising materials with larger pore sizes that can overcome 

these diffusional limitations. Previous comparisons between mesoporous aluminosilicates and ZSM-5 

for the CFP process have neglected the disproportionately high acidity of ZSM-5. In this study, an 

Al-SBA-15 catalyst has been synthesised with high acidity, comparable to that of a ZSM-5 catalyst with 

a Si:Al ratio of 15:1. The synthesised Al-SBA-15 catalyst was characterised by N2 physisorption, XRD 

and propylamine-TPD, and was compared to a ZSM-5 catalyst and a typical industrial equilibrium fluid 

catalytic cracking catalyst (e-FCC). All three catalysts were used at three different catalyst to biomass 

(C/B) ratios, to investigate the effect of varying concentrations of acid sites on the product distribution 

from the catalytic fast pyrolysis of beech wood. Interestingly, despite their dissimilar structural 

architectures, all three solid acid catalysts displayed similar reaction pathways towards the cracking 

of high molecular weight products such as levoglucosan and formation of intermediates including 

phenolics and furans. However, the selectivity towards the final catalytic products was dictated mainly 

by the structure of the catalysts. Despite their very similar surface area and acidity, the ZSM-5 

exhibited high selectivity for the formation of desirable aromatic hydrocarbon products due to its 

shape-selective micropore structure, while Al-SBA-15 instead shifted the selectivity towards the 

formation of undesirable coke. The results highlighted the importance of catalyst shape-selectivity in 

the catalytic fast pyrolysis of biomass for the conversion of pyrolysis vapours into desirable products 

and the suppression of undesirable solid byproduct formation. 

 

Keywords: Analytical pyrolysis; Catalytic fast pyrolysis; Zeolite; Mesoporous materials; Biomass 
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1 Introduction 

The conversion of biomass into fuels and chemicals has been of growing interest by industry, 

governments and the scientific community over the past 40 years [1]. Biomass is the only source of 

non-gaseous renewable carbon and is abundant worldwide. Growing concerns surrounding energy 

security, and the environmental effects of large-scale fossil fuel consumption, will lead to the 

increased utilisation of biomass resources in the coming years. 

Fast pyrolysis of biomass is a thermochemical conversion process that can convert solid biomass into 

a pyrolysis liquid (bio-oil), non-condensable gas products and solid char (biochar). The fast pyrolysis 

process involves the rapid heating of biomass to high temperatures (400-600 °C) in the absence of 

oxygen. This thermally deconstructs the complex biopolymer components of biomass, forming 

pyrolysis vapours. Subsequent rapid cooling of the evolved vapours (hot vapour residence times <2 s) 

inhibits secondary cracking and polymerisation reactions to minimise gas and solid phase products 

and maximise liquid yields [2]. 

Much of the focus of biomass fast pyrolysis has been on the production of fuels and chemicals [3,4]. 

The main liquid product (bio-oil) is a complex mixture of water and over 400 oxygenated compounds 

derived from the thermal decomposition of the biomass feedstock [5,6]. Bio-oil has higher energy 

density than biomass and is easier to transport and handle. However, bio-oil is characterised by a 

series of undesirable properties, such as immiscibility with hydrocarbon fuels, low calorific value, 

corrosivity to common, as well as instability and proneness to aging, which make its storage, 

transportation and processing into transportation fuels and chemicals, challenging [7]. These 

undesirable properties have been attributed to the reactive oxygenates it contains and in general to 

its high oxygen content (35-40 wt. %) [2]. For these reasons, bio-oil is considered a low-quality product 

and several strategies have been investigated for its upgrading, in order to facilitate processing into 

transportation fuels and high added value chemical products. 

Bio-oil upgrading strategies focus on the reduction of its oxygen content and reactive components. 

Post-pyrolysis upgrading processes such as catalytic cracking and hydrodeoxygenation, have been 

investigated by many groups [8,9], though processing can be challenging due to the instability of the 

bio-oil. Catalytic fast pyrolysis (CFP) is a process for the one-step production of an improved-quality 

liquid product (catalytic bio-oil) from biomass pyrolysis. CFP involves the fast pyrolysis of biomass in 

the presence of a heterogeneous catalyst, either in-situ (catalyst in contact with biomass) or ex-situ 

(no contact between biomass and catalyst). The vapours released from biomass react on the catalyst 

surface and reactive oxygenates are converted into more stable products, while oxygen is removed in 

the form of CO2, CO and water. As a result, a partially deoxygenated bio-oil is produced, which is more 

energy dense, less corrosive and has improved stability compared to thermal bio-oil. Due to its 
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improved properties, catalytic bio-oil can be more readily upgraded to drop-in biofuels and bio-based 

commodity chemicals utilizing downstream processes [10–12]. On the downside, the yield of the 

organic bio-oil is substantially reduced due to the removal of oxygen, as well as due to carbon losses 

from the formation of byproducts such as catalytic coke and non-condensable gases. As such, the 

design and selection of suitable catalysts is crucial for the efficient deoxygenation of the pyrolysis 

vapours, the minimization of undesirable byproducts, the selective formation of high added value 

chemicals and by extension, the economic feasibility of the process.  

Solid acid catalysts such as zeolites, metal oxides and mesoporous aluminosilicates (for example 

ZSM-5, zinc oxide, magnesium oxide, silica-alumina and Al-MCM-41), have been studied for the 

catalytic pyrolysis of biomass [13–18]. The acidity of the catalyst, particularly Brønsted acidity, is 

critical for cracking oxygenates in the pyrolysis vapours. Theoretically, the cracking activity of the solid 

acid catalyst is proportional to its acidity [14]. The addition of a catalyst to the process increases the 

complexity due to the need to consider both fast pyrolysis variables and the catalytic process variables. 

The product distribution can be manipulated by varying the fast pyrolysis variables such as heating 

rate and reaction temperature, as well as the properties of the catalyst, catalyst to biomass ratio (C/B) 

and residence time of the vapours across the catalyst bed [19]. 

The ZSM-5 zeolite is the most widely studied catalyst for the CFP of biomass. It possesses high acidity 

and it has been shown to be highly selective for the production of aromatic hydrocarbons due to its 

three-dimensional shape-selective micropore system with pore diameters ca. 0.5 nm [20]. However, 

its microporous structure also limits the diffusion of large pyrolysis intermediates to the internal pores 

of the zeolite, where a large proportion of the catalytically active acid sites are located. For this reason, 

mesoporous materials such as Al-MCM-41 and Al-SBA-15 with larger pore sizes (2-10 nm) have been 

considered to address the challenge of cracking high MW molecules. Al-MCM-41 and Al-SBA-15 are 

structurally similar, however, Al-SBA-15 offers several advantages over Al-MCM-41, such as larger 

pore sizes and increased hydrothermal stability owing to thicker pore walls [21]. 

Previous research by Adam et al. [22], on the CFP of spruce wood with Al-MCM-41 and Al-SBA-15, 

concluded that use of these catalysts resulted in an increased concentration of desirable compounds 

in the bio-oil; compounds such as hydrocarbons, alcohols and phenolics were increased, while the 

concentration of less desirable compounds such as organic acids and carbonyls was decreased 

compared to non-catalytic CFP. Similar findings were presented by Jeon et al. [23] on the CFP of 

biomass components over mesoporous SBA-15 catalysts. It was claimed that the quality of oil 

increased in terms of decreased acidity and increased aromatic content using Al-SBA-15 compared to 

non-catalytic pyrolysis and SBA-15. The improvement in oil quality was attributed to the increased 

acidity of the Al-SBA-15 catalyst compared to SBA-15. A more in-depth assessment was performed by 

Custodis et al. [24], on the CFP of lignin with a variety of mesoporous aluminosilicates and zeolites, 
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including ZSM-5, Al-MCM-41 and Al-SBA-15. The results concluded that a complex relationship exists 

between the product distribution and the catalyst properties, such as pore size, number of acid sites 

and pore connectivity. The enhanced shape selectivity of ZSM-5 to aromatics was also observed. Lu et 

al. [25,26] compared the catalytic cracking of biomass pyrolysis vapours over Al-SBA-15 catalysts and 

zeolitic ZSM-5 and HY catalysts. They reported that SBA-15 catalysts favoured the formation of furan, 

furfural and other oxygenates, while the zeolitic catalysts was more effective for the production of 

high yields of hydrocarbons. Yaman et al. [27] also compared the catalytic activity of ZSM-5 and Al-

SBA-15 and observed in both cases a decreased yield of the organic fraction of the bio-oil. However, 

ZSM-5 was highly selective towards aromatic hydrocarbons. On the other hand, Al-SBA-15 produced 

almost no aromatics, while the yields of phenolics, aldehydes and ketones and most significantly coke 

were all increased. This resulted in both the loss of carbon in the desirable products and catalyst 

deactivation. 

Based on the literature above, it is evident that mesoporous aluminosilicates offer an improvement 

of liquid quality compared to non-catalytic pyrolysis but the microporous ZSM-5 is a superior catalyst 

for the formation of more valuable aromatic hydrocarbon products, as well as for the minimization of 

coke formation. However, as previously mentioned, the catalytic activity of solid acid catalysts is 

largely determined by their acidic properties. Previous comparisons between ZSM-5 and mesoporous 

aluminosilicates (Al-MCM-41 and Al-SBA-15) in the CFP of biomass utilized mesoporous 

aluminosilicates with acidity significantly lower than that of typical ZSM-5 zeolites [22–24,27]. 

Aluminium is typically introduced into the structure of SBA-15 using a direct synthesis method which 

deposits aluminium on the surface of the catalyst. This results in low amounts of aluminium in a 

tetrahedral environment which is essential for the generation of strong Brønsted acidity, as seen in 

zeolites. Therefore, the previously reported inferior performance of the mesoporous aluminosilicates 

could also be attributed to their low acidity and not simply due to the difference in pore size and 

structure. 

In this study, an enhanced aluminium incorporation strategy was used for the synthesis of a highly 

acidic Al-SBA-15, as a simple yet effective approach to obtain high contents of Al in the tetrahedral 

environment, generating acidity similar to zeolites. The newly created mesoporous Al-SBA-15 catalyst 

was used in the catalytic pyrolysis of beech wood and compared to a commercially available ZSM-5 

zeolite. The pyrolysis experiments were carried out using a Frontier labs tandem micro-pyrolysis unit 

attached to a gas chromatograph equipped with a mass spectrometer (MS), a thermal conductivity 

detector (TCD) and a flame ionization detector (FID). The experimental setup allowed for both the 

identification and quantification of the major products. Although this experimental set-up may not 

fully represent “real-world” conditions experienced by the catalyst during CFP of biomass at the 
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industrial scale, the micro-pyrolysis unit has been used a convenient tool by many research groups to 

evaluate prospective catalysts with high accuracy [28,29]. 

The properties of the catalysts such as acidity and porosity were measured to investigate their 

influence on the product distribution and composition. A commercial equilibrium FCC catalyst (e-FCC) 

with lower acidity, containing FAU zeolite as the active component, was also used for the CFP of beech 

wood to investigate product formation at lower catalyst acidities. It is also an industrially relevant 

catalyst employed for the catalytic conversion of heavy petroleum feedstocks. Furthermore, the 

experiments were carried out at three different catalyst to biomass (C/B) ratios, 1:1, 5:1 and 10:1, in 

order to investigate the product distribution and catalyst selectivity across varying concentrations of 

acid sites. The high C/B ratio of 10:1 was employed to ensure adequate conversion considering the 

short residence time of the micro-pyrolysis unit (<2 s) compared to fluidised bed reactors (2-10 s) 

[30,31]. In addition, these C/B ratios are in the range often employed in the fluid catalytic cracking 

(FCC) process, where generally a catalyst to feed ratio at the bottom of the riser is typically 5.5  [32]. 

The catalytic pyrolysis experiments were carried out at 500 ºC in order to maximise volatile organic 

products, thereby minimising thermal effects [2]. 

2 Materials and methods 

2.1 Feedstock characterisation 

Beech wood (fagus sylvatica) purchased from J. Rettenmaier & Sohne GmbH + Co. KG, Rosenberg, 

Germany was used as biomass feed in this work. The beech wood sample was ground and sieved to a 

particle size range of 100-150 µm. Analysis of the ash content of the beech wood sample was carried 

out using the ASTM E1755-01 method. Elemental analysis of carbon, hydrogen, nitrogen and sulphur 

(CHNS) on a wt. % dry ash-free basis was determined using a ThermoScientific Flash 2000 CHNS-O 

analyser. Oxygen content was estimated as the percentage difference after consideration of the ASTM 

ash content. For the proximate analysis, approximately 10 mg of beech wood sample was 

characterised by thermogravimetric analysis using a Perkin-Elmer Pyris 1 TGA. Heating was 

programmed from 50 °C to 900 °C at 10 °C min-1 under a nitrogen flow rate of 20 ml min-1. The heating 

value of the beech wood feedstock was measured experimentally using an IKA C 1 static jacket oxygen 

bomb calorimeter. 

2.2 Catalyst synthesis and characterisation 

The FCC catalyst used in this study was a commercial equilibrium FCC catalyst and is denoted e-FCC. A 

ZSM-5 zeolite in the ammonia form was purchased from Alfa Aesar with a Si:Al ratio of 15:1. The ZSM-5 

was converted to the H form by calcination in air at 575 °C for 6 hours at a heating rate of 2 °C min-1. 
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An Al-SBA-15 catalyst was prepared using a modified two-step “pH adjustment method”, to produce 

a catalyst with a low Si:Al ratio of 5:1 and high acidity, similar to that of ZSM-5. This method was 

developed by Wu and co-workers [33], using Al (NO3)3 9H2O as the aluminium source. Four grams of 

Pluronic P123 triblock copolymer, used as the pore-directing agent, was dissolved in 125 ml of 2 M 

HCl solution and stirred at 35 °C for 4 hours. Tetraethyl orthosilicate was used as the silica source (8.5 

ml) and was added dropwise and stirred for 3 hours. Then, 3 g of Al (NO3)39H2O was added to the 

mixture to give the desired Si:Al ratio of 5:1 and stirred for 20 hours. The resulting gel was heated at 

100 °C for 48 hours before being cooled to room temperature. The pH value of the mixture was 

increased to 7.5 by the dropwise addition of 4 M NH4OH under stirring. The mixture was then 

subjected to a second hydrothermal treatment at 100 °C for 72 hours. This longer hydrothermal 

treatment step was to increase pore size [34]. The solid product was separated by vacuum filtration, 

washed with water, and dried at 60 °C before calcination in air at 550 °C for 6 hours at a ramp rate of 

1.5 °C min-1. 

Nitrogen physisorption analyses were performed at -196 C using a Quantachrome Nova 1000 

porosimeter and analysed using NovaWin software. Samples were degassed under vacuum at 250 C 

for two hours prior to analyses. Surface areas (SA) were calculated using the Brunauer, Emmet and 

Teller (BET) model and the de Boer “t-plot” method was applied to calculate micropore surface area 

and micropore volume. The total pore volumes were calculated using the Barrett, Joyner and Halenda 

(BJH) method at the recorded relative pressure of 0.98 in the desorption branch. The BJH method was 

also applied to the adsorption branch at relative pressures between 0.02 and 0.20 to calculate the 

mean pore sizes. 

Wide angle X-ray diffraction patterns were recorded on a Bruker D8 Advance diffractometer fitted 

with an X’celerator and Cu Kα (1.54 Å) radiation source and nickel filter. A low angle X-ray diffraction 

pattern was recorded for Al-SBA-15 in order to display the shape and uniformity of the pore structure. 

Catalyst acidity was determined using Gorte’s method [35] of propylamine temperature programmed 

desorption (TPD), where Brønsted acid sites catalyse the decomposition of propylamine through the 

Hofmann elimination reaction to propene and ammonia. The desorption temperature of the formed 

propene is inversely proportional to the strength of the acid site. Prior to analyses, propylamine was 

added dropwise to 100 mg of catalyst sample until saturation. Excess propylamine was removed by 

drying the sample under vacuum at 35 °C overnight. Temperature programmed desorption was then 

performed using a Mettler Toledo TGA/DSC 2 StarSystem between 40 and 800 °C under a nitrogen 

flow of 40 ml min-1 and at a ramp rate of 10 °C min-1. Propylamine was converted to propene and 

ammonia, which were detected using a Pfeiffer Vacuum, ThermoStar MS at m/z = 41 and 17, 

respectively. The total acidity was subsequently calculated from the moles of adsorbed propylamine 
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derived from the mass loss in the temperature region where propene and ammonia formation were 

detected. 

2.3 Experimental procedure 

Catalytic fast pyrolysis experiments were carried out using a Frontier Labs single-shot tandem 

micropyrolysis system (Rx-3050tr, Fig. 1). The system contained an independently temperature-

controlled quartz pyrolysis tube reactor (4.7 mm ID, 114 mm length). The temperature of the interface 

between the reactor and the GC inlet was set at 350 °C to prevent premature condensation of pyrolysis 

products. The biomass sample (approx. 0.3 µg) was first weighed into a deactivated stainless-steel 

sample cup. Then the required amount of catalyst was added to the sample cup and thoroughly mixed 

to achieve the required C/B ratio (either 1, 5 or 10). Finally, a small amount of quartz wool was added 

to prevent any escape of solid particles. The sample cups were purged with helium for approximately 

5 min and then dropped into the pyrolysis reactor. Helium was used as a carrier gas (120 ml min-1) to 

transport the volatile products through the reactor system to the connected GC for online-analysis. 

 

Fig. 1. Schematic diagram of the Frontier Labs tandem micro-pyrolysis reactor-GC-MS/FID/TCD system 

used in this work. Reproduced from reference [28]. 

The pyrolysis products were analysed by an Agilent gas chromatograph (Agilent 7890B) equipped with 

two Agilent medium polarity 1701 columns (Agilent VF1701 ms, 60 m x 250 µm x 0.25 µm) to separate 

the condensable compounds. The injector was maintained at 270 °C with a split ratio of 42:1 and a 

carrier gas flow of He set to 120 ml min-1. The GC oven was programmed to start at 35 °C for 7.5 min 

and then the temperature was ramped to reach 300 °C at a rate of 10 °C min-1. Products were identified 

using a coupled mass spectrometer (Agilent 5977A). The mass spectrometer was equipped with an 

Electron Ionisation (EI) source and scanned over the mass range of 15 to 350, with a step size of 0.1 

and a frequency of 4.2 scans sec-1. Identified products were quantified using an FID. Light gases and 
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hydrocarbons were separated using a GasPro column (Agilent GS-GasPro) and quantified using a TCD. 

Representative GC chromatograms are presented in the supporting information for the non-catalytic 

(Fig. S2) and catalytic (Fig. S3, S4 and S5) fast pyrolysis experiments. 

A set of calibration curves were produced using standard solutions comprised of 35 biomass pyrolysis 

compounds (see supporting information, Table S1), representing a range of the most abundant 

pyrolysis products. A total of 60 compounds were quantified assuming the same response factors for 

structurally similar compounds. All standards were purchased from Sigma-Aldrich. Instead of sample 

cups, a syringe was used for the introduction of liquid and gas standards into the micro-reactor 

through a septum. The calibration curves produced linear correlations with coefficient of 

determination (R2) values exceeding 0.99. The product yields are presented on a carbon basis [36], 

which was defined as: 

Eq. 1:       𝑌𝑖𝑒𝑙𝑑 (𝐶 %) =
𝑐𝑎𝑟𝑏𝑜𝑛 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑐𝑎𝑟𝑏𝑜𝑛 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑓𝑒𝑒𝑑
 𝑥 100% 

Char/coke yields were calculated by pyrolysis at 500 °C using a known amount of beech wood (ca. 0.5 

mg) and catalyst (corresponding to the desired C/B ratio). The mass of the samples was recorded 

before and after pyrolysis using a microbalance. The mass difference was considered to be volatile 

components, while the remaining mass minus the catalyst mass was assumed to be all carbon and was 

reported as char/coke. All calculations were on a biomass dry ash free basis. 

3 Results and discussion 

3.1 Feedstock characterisation  

The results of the ultimate and proximate analyses, as well as the higher heating value, are given in 

Table 1. Beech wood was used as a representative hard wood feedstock. The results in Table 1 show 

that the beech wood had a high oxygen content (50 wt. %) and relatively low ash content (< 1 wt. %), 

both of which are typical values for wood biomass feedstocks. 

Table 1. Elemental and compositional analysis of beech wood. 

 
Beech wood 

Ultimate analysis (wt. % 
(d.a.f)

)  

C 44.1 

H 6.3 

N 0.2 

S 0.0 

O by difference 49.4 

Proximate analysis (wt %
(d.b)

)  

Moisture 4.7 

Volatile matter 87.6 

Fixed carbon 8.0 

Jo
ur

na
l P

re
-p

ro
of



11 
 

ASTM ash content 0.8 

Higher heating value (MJ kg 
-1

) 19.5 

 

   d.a.f. = dry ash free. d.b. = dry basis 

3.2 Catalyst characterisation 

The XRD patterns of the catalysts, shown in Fig. 2, exhibited the crystalline nature of the e-FCC and 

ZSM-5 materials. In addition, the diffraction pattern of the e-FCC catalyst is consistent with the planes 

of FAU type zeolite that it contains. The XRD taken in the low-angle region of the Al-SBA-15 materials 

shows one intense peak attributed to the (1 0 0) plane and two lower-intensity peaks attributed to 

the (1 1 0) and (2 0 0) planes, characteristic of well-ordered two-dimensional hexagonal structures 

[34]. 

 

Fig. 2. X-ray diffraction patterns of e-FCC, Al-SBA-15 and ZSM-5 catalysts (Al-SBA-15, in inset, was 
measured in low angle region). 

The nitrogen physisorption isotherms are presented in Fig. 3. The isotherm of e-FCC was characterised 

as a type IV isotherm, indicative of mesoporous solids and is associated with capillary condensation 

taking place in the mesopores [37]. The corresponding hysteresis loop was classified as being H4 type. 

H4 hysteresis loops are associated with particles with internal voids of irregular shape and broad size 

distribution. This was attributed partly to interparticle mesoporosity and partly to the mesoporosity 

of the non-zeolitic catalyst phase [38,39]. 

10 20 30 40 50 60 70 80

1 2 3 4 5

 

 

 

 Al-SBA-15

 

In
te

n
s
it
y
 (

a
.u

.)

2

 e-FCC

 ZSM-5

 FAU type

Jo
ur

na
l P

re
-p

ro
of



12 
 

 

Fig. 3. N2 physisorption isotherms for e-FCC, Al-SBA-15 and ZSM-5 catalysts. 

The surface and porous properties of all catalysts are presented in Table 2. The BET surface area of 

the ZSM-5 catalyst was 420 m2 g-1, which is typical for a ZSM-5 zeolite and within the range of the 

manufacturer stated values [40]. The Al-SBA-15 catalyst had a very similar surface area of 414 m2 g-1. 

Al-free SBA-15 materials typically have surface areas of ca. 800 m2 g-1 [41]. However, Al incorporation 

into the silica structure of the SBA-15 results in loss of microporosity, leading to a substantially 

mesoporous structure as evidenced by the type H1 hysteresis loop in the raw isotherm [42]. In turn, 

this results in lower total surface areas, in agreement with what was observed for the Al-SBA-15 

catalyst in this work.  

Table 2. Structural/textural and acidic properties of catalytic materials. 

Catalyst 
BET Surface 
Area 
(m2 g-1) 

Micropore 
Surface 
Area 
(m2 g-1) 

Micropore 
volume 
(cm3 g-1) 

Total pore 
volume 
(cm3 g-1) 

Mean pore 
diameter 
(nm) 

Acidity 
(µmol g-1) 

e-FCC 167 133 0.06 0.17 1.5 45 

Al-SBA-15 414 0 0.00 0.91 6.8 564 

ZSM-5 420 353 0.16 0.21 1.2 539 

 

Comparing the porous properties (Table 2), ZSM-5 was a microporous material with relatively high 

micropore volume and micropore surface area, while Al-SBA-15 was a purely mesoporous material 
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with significantly higher total pore volume. The e-FCC catalyst also exhibited relatively high micropore 

surface area, contributing nearly to all of its total surface area, which was attributed to the FAU zeolite 

phase in the material. The mean pore diameters, calculated using the BJH method applied to the 

desorption branch of the isotherms, were expectedly different between the catalysts. Al-SBA-15 

exhibited the largest mean pore diameter at 6.8 nm, with a narrow pore size distribution (see Fig. S1 

in the supporting information). ZSM-5 and FAU zeolite (the zeolite type present in e-FCC) are known 

to have pore sizes of ca. 0.5 nm and ca. 0.7 nm, respectively [43]. 

The acidic properties of the catalysts were measured and quantified using propylamine-TPD and are 

also presented in Table 2. The ZSM-5 and Al-SBA-15 catalysts both displayed high and comparable 

acidity of 539 and 564 µmol g-1, respectively. According to the literature, the quality of aluminium 

incorporation for the generation of Brønsted acid sites is highly dependent on the synthesis procedure 

[34]. The typical synthesis method of Al-SBA-15 is via direct synthesis, which is the direct mixing of 

silicon and aluminium precursors in the synthesis solution. However, this results in less control over 

the nature of the aluminium incorporation and achievable acidities range from 58 to 440 µmol g-1, 

therefore much less than is typically displayed by zeolites [44,45]. The much higher acidity of the 

Al-SBA-15 produced in this paper indicated that the synthesis procedure employed (see Section 2.2) 

was effective for the incorporation of a substantial quantity of Al atoms in the tetrahedral 

environment in the structure of the material. As mentioned, the high acidity in both ZSM-5 and 

Al-SBA-15 is caused by framework aluminium and is responsible for catalysing a host of reactions such 

as cracking, deoxygenation and aromatization, which are prominent in catalytic fast pyrolysis [23,24]. 

In contrast, the e-FCC exhibited the lowest acidity at 45 µmol g-1, which was expected considering its 

low surface area. 

Although acid strength cannot be directly quantified using the propylamine-TPD method, the acid 

strength of the three catalysts can be compared using the temperature of peak propene desorption 

(Fig. 4). The greater the temperature of maximum propene desorption the weaker the acid strength 

due to the requirement of increased thermal energy to drive the reaction rate. The propene TPD 

profiles (Fig. 4) revealed two distinct peaks for ZSM-5 (T= 419 and 487 °C), indicative of two types of 

acid sites with different strengths. The type of site with the greatest acid strength, T= 419 °C, was 

around four times larger than the type of site with weaker strength, T= 487 °C. In contrast, both e-FCC 

and Al-SBA-15 had only one distinguishable peak at 430 °C and 441 °C, respectively. Therefore, 

together with the quantitative data, the Al-SBA-15 can be considered to display similar acidic 

properties to those found in zeolites. 
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Fig. 4. TPD profiles of reactively formed propene from propylamine decomposition over the e-FCC, 

ZSM-5 and Al-SBA-15 catalysts. 

3.3 Micro-reactor experimental results 

3.3.1 Non-catalytic pyrolysis of beech wood 

The non-catalytic pyrolysis of beech wood at 500 °C decomposed the woody-biomass sample into a 

wide range of products. A comprehensive list of the detected products is included in Table S2 in the 

Supporting Information. It must be noted that the non-catalytic fast pyrolysis of beech wood typically 

yields a very complex mixture of volatiles composed of over 300 individual products [8]. Quantification 

of the most common 30 compounds, listed in Table S1, is consistent with previously reported data 

[46] and provided a baseline for the comparison with the catalytic pyrolysis results. The quantification 

results are presented in Table 3, where the condensable products were grouped into acids, alcohols, 

aldehydes, esters/ethers, monocyclic aromatic hydrocarbons, polyaromatic hydrocarbons, furans, 

phenolics and anhydrosugars for easier comprehension. A more detailed breakdown of the quantified 

condensable products is provided in the Supporting Information, in Table S2. Jo
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Table 3. Product distribution from the non-catalytic and in-situ catalytic pyrolysis of beech wood, at 
different catalyst to biomass ratios (C/B) and 500 °C (carbon yields, C %). 

 
No 
catalyst 

e-FCC Al-SBA-15 ZSM-5 

C/B  1:1 5:1 10:1 1:1 5:1 10:1 1:1 5:1 10:1 

           

Acids 7.0 ±0.2 
7.6 
±0.2 

7.6 
±0.2 

7.1 
±0.0 

6.3 ±0.3 
2.3 
±0.0 

0.7 ±0.0 
5.7 
±0.3 

0.9 
±0.0 

0.4 
±0.1 

Alcohols 2.3 ±0.0 
2.7 
±0.3 

3.6 
±0.1 

3.4 
±0.4 

4.1 ±0.1 
3.0 
±0.1 

4.1 ±0.3 
0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

Aldehydes 7.3 ±0.2 
6.9 
±0.4 

3.5 
±1.9 

1.6 
±0.0 

1.5 ±0.1 
0.0 
±0.0 

0.0 ±0.0 
1.2 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

Ester/Ether
s 

4.2 ±0.1 
2.2 
±0.0 

2.1 
±0.0 

1.7 
±0.2 

2.3 ±0.1 
2.2 
±0.2 

2.0 ±0.2 
1.4 
±0.1 

0.0 
±0.0 

0.0 
±0.0 

Aromaticsa 0.0 ±0.0 
0.0 
±0.0 

0.04 
±0.0 

0.05 
±0.0 

0.0 ±0.0 
0.5 
±0.0 

0.7 ±0.1 
2.0 
±0.1 

13.9 
±0.5 

15.7 
±0.5 

PAHs 0.0 ±0.0 
0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 ±0.0 
0.3 
±0.0 

0.4 ±0.0 
1.5 
±0.1 

5.2 
±0.2 

5.8 
±0.0 

Furans 0.8 ±0.0 
1.8 
±0.1 

2.6 
±0.2 

3.2 
±0.0 

2.6 ±0.1 
2.8 
±0.0 

1.9 ±0.0 
2.7 
±0.2 

0.3 
±0.0 

0.0 
±0.0 

Phenolics 2.4 ±0.1 
2.6 
±0.1 

2.4 
±0.1 

1.8 
±0.1 

1.4 ±0.1 
0.1 
±0.0 

0.0 ±0.0 
2.9 
±0.5 

0.5 
±0.0 

0.1 
±0.0 

Anhydrosug
ars 

7.6 ±0.8 
4.0 
±0.9 

0.8 
±0.3 

0.0 
±0.0 

1.0 ±0.1 
0.0 
±0.0 

0.0 ±0.0 
2.5 
±0.4 

0.0 
±0.0 

0.0 
±0.0 

           

Total Gas 6.3 ±0.5 
7.9 
±0.2 

9.0 
±0.6 

11.1 
±0.4 

10.5 
±0.2 

13.2 
±0.2 

15.5 
±0.5 

15.3 
±0.2 

22.8 
±0.6 

25.1 
±1.5 

CO 3.1 ±0.3 
4.1 
±0.0 

5.2 
±0.5 

6.8 
±0.3 

6.6 ±0.2 
8.9 
±0.2 

9.5 ±0.1 
9.7 
±0.1 

14.2 
±0.2 

15.6 
±0.8 

CO2 3.1 ±0.2 
3.8 
±0.2 

3.8 
±0.1 

4.3 
±0.0 

3.8 ±0.0 
4.2 
±0.0 

4.6 ±0.1 
4.1 
±0.3 

5.1 
±0.0 

5.4 
±0.1 

Ethene 0.0 ±0.0 
0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 ±0.0 
0.0 
±0.0 

0.8 ±0.5 
0.8 
±0.0 

2.3 
±0.4 

2.6 
±0.5 

Propene 0.0 ±0.0 
0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 ±0.0 
0.0 
±0.0 

0.6 ±0.2 
0.6 
±0.0 

1.2 
±0.0 

1.5 
±0.1 

           

Char/Coke 19.8 ±1.6 
29.5 
±2.0 

28.0 
±3.7  

27.3 
±0.3  

46.1 
±2.7 

47.5 
±6.2  

40.3 
±5.1 

32.5 
±8.4 

33.7 
±7.2 

35.6 
±2.9 

           

Total 57.6 65.2 59.6 57.3 75.7 71.9 65.6 67.7 77.3 82.7 

aMono-cyclic aromatic hydrocarbons. 

The three main product groups obtained from non-catalytic pyrolysis, on a C % basis, were acids (7%), 

aldehydes (7.3%) and anhydrosugars (7.6%). Acids were primarily composed of acetic acid; aldehydes 

were mainly composed of succindialdehyde and glycolaldehyde, in relatively equal proportions. 

Anhydrosugars were mostly composed of levoglucosan, the primary decomposition product of 

cellulose. Lower MW compounds, including alcohols, esters, ethers and furans, were produced in 

smaller quantities. A wide range of phenolic products were observed in relatively low concentrations 

and were primarily alkoxy-phenols, i.e. guaiacyl- and syringyl-type compounds that were derived from 

the decomposition of lignin. 

The total gas yield for the non-catalytic run was 6.3 C %, with carbon ending up as both CO and CO2 in 

equal proportions. The char/coke yields obtained by the non-catalytic pyrolysis of beech wood were 

consistent with the proximate analysis results obtained by thermogravimetric analysis (see Table 1) 
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and demonstrated that 19.8 C % (8.7 wt. %) of carbon in the feedstock was converted to fixed carbon. 

The total carbon yield from non-catalytic pyrolysis of beech wood was ca. 57.6 C %, which is relatively 

low. This was attributed to the fact that a significant portion of the products from the pyrolysis of 

lignocellulosic biomass are non-GC-detectable and could not be quantified [47]. 

3.3.2 Catalytic fast pyrolysis of beech wood 

The catalytic fast pyrolysis of beech wood with ZSM-5, Al-SBA-15 and e-FCC was investigated at 500 

°C and at three different C/B ratios; 1, 5 and 10:1. As discussed previously, the ZSM-5 and Al-SBA-15 

catalysts had similar acidity and surface areas (see Table 2), enabling a close comparison between 

their catalytic activity. On the other hand, the e-FCC had significantly lower acidity and surface area, 

as explained earlier. This enabled a comparison of the products from CFP with two highly acidic 

catalysts (ZSM-5 and Al-SBA-15) and a typical industrial catalyst with significantly lower acidity and 

surface area (e-FCC). 

One of the most notable observations was that all catalysts significantly increased the yields of 

gaseous products in the order of ZSM-5 > Al-SBA-15 > e-FCC, as can be seen in Fig. 5. The main gaseous 

products in all experiments were CO and CO2. Notably, the CO:CO2 ratio increased in all catalytic 

experiments, suggesting that the acidic catalysts primarily catalysed decarbonylation reactions, 

consistent with CFP studies at larger scales [18,48]. With the introduction of ZSM-5 at a C/B ratio of 

1:1, total gas production was increased by approximately threefold in comparison to the non-catalytic 

pyrolysis. Notably, the production of alkenes, which is characteristic of extensive cracking reactions, 

was apparent from a low C/B ratio (1:1) in the case ZSM-5. 

 

Fig. 5. Comparison of carbon yields of non-condensable gaseous products from the non-catalytic and 

catalytic pyrolysis of beech wood at 500 °C. The number following each catalyst’s name indicates the 

C/B ratio.  
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In comparison, alkenes in the case of the Al-SBA-15 catalyst were not detected until a C/B ratio of 10:1 

was used. Moreover, the total gas yield with the Al-SBA-15 catalyst was markedly lower than with the 

ZSM-5, despite the similar acidity and surface area of both catalysts. This suggested that high acidity 

was not the only factor affecting the cracking and deoxygenation of the pyrolysis vapours; pore 

structure, acid site density (number of acid sites per unit of pore volume) and acid strength (see Fig. 

4) possibly also played a significant role. Nonetheless, as previously stated, alkenes were not detected 

using e-FCC suggesting that the low acidity and surface area was still too low to produce the 

hydrocarbon gases. 

All catalysts decreased the yield of levoglucosan, even at low C/B ratios. e-FCC decreased the yield of 

levoglucosan to approximately 4 C % from around 8 C %, while ZSM-5 decreased the yield to around 

2.5 C %. Al-SBA-15 was the most effective catalyst for the degradation of levoglucosan and reduced 

the yield to approximately 1 C %. Levoglucosan is the primary decomposition product of cellulose and 

is a thermally stable intermediate. Cracking experiments at temperatures as high as 600 °C have 

displayed no subsequent degradation intermediates [49]. Therefore, in this work, the decomposition 

of levoglucosan was solely attributed to catalytic reactions and not to thermal cracking. 

The kinetic diameter of levoglucosan is 0.67 nm [20], whereas the well-defined pore geometries of 

FAU (e-FCC) and MFI (ZSM-5) are ca. 0.7 nm [50] and ca. 0.5 x 0.5 nm [51], respectively. The N2 

physisorption measurements of the Al-SBA-15 catalyst showed that the catalyst exhibited a hexagonal 

cylindrical pore arrangement with a much larger mean pore diameter of approximately 7 nm (Table 2). 

Therefore, the diffusion of levoglucosan was most likely limited in ZSM-5, preventing its conversion 

on the majority of the catalyst’s acid sites. Instead, the catalytic degradation of levoglucosan most 

likely took place on the acid sites located on the external surface of the ZSM-5. 

A combination of the acidity of the catalyst and the accessibility of the acid sites were key factors in 

the catalyst’s activity towards levoglucosan conversion. This was evident as Al-SBA-15, with a similar 

acidity to ZSM-5, displayed increased conversion of levoglucosan at lower C/B ratios. In comparison, 

e-FCC had a much lower acidity and was significantly less effective for the conversion of levoglucosan. 

In the proposed mechanism of acid catalysed decomposition of levoglucosan by Lin et al. [52], 

levoglucosan is first decomposed through dehydration to other anhydro-monosaccharides such as 

levoglucosenone. Following this, the anhydro-monosaccharides are decomposed to form furanoses 

and a variety of fragmentation species such as glycolaldehyde and glyceraldehyde, through 

dehydration, decarbonylation, decarboxylation and retro/aldol condensation reactions. 

The production of furanic compounds was increased by all three catalysts in comparison to the non-

catalytic pyrolysis of beech wood (Table 3 and Fig. 6). This was attributed to the breakdown of 

levoglucosan, as described above, in addition to the cyclisation of hemicellulose intermediates [53]. 
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The yield of furan products was increased at increasing C/B ratios using the e-FCC catalyst (Table 3). 

The highest yield of total furan products achieved by e-FCC was 3.2 C %. Similarly, high initial yields 

were evident in both ZSM-5 and Al-SBA-15, which supported the hypothesised furan formation 

mechanism via acid catalysed degradation of levoglucosan and hemicellulose. At increased C/B ratios 

of both ZSM-5 and Al-SBA-15 catalysts, the yield of total furans was reduced. Although, this was 

particularly evident by ZSM-5 compared to Al-SBA-15. This suggested that furans were intermediate 

catalytic products and were further converted to other compounds, or by-product coke and gas when 

more acid sites became available. Furthermore, the smaller pore size of ZSM-5 compared to Al-SBA-

15 facilitated the conversion of furans at a higher rate. 

The data on the yields of individual furan type products, provided in the supporting information (Table 

S2) shows there was variability across the three C/B ratios and across the three catalysts. This may 

provide mechanistic information on their formation and conversion. For example, as evident in Fig. 6, 

the yield of furfural initially increased using the e-FCC catalyst from 0.9 C % to 1.3 C % at C/B ratio of 

1:1 and 5:1, respectively. At a C/B ratio of 10:1 of e-FCC, the yield of furfural is decreased in favour of 

the formation of furan. This suggests that furfural is probably decarbonylated to furan as the number 

of available acid sites increases.  
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Fig. 6. Comparison of yields of key products from the non-catalytic and catalytic pyrolysis of beech 

wood. The number following each catalyst’s name indicates the C/B ratio. 
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A mechanism for the acid catalysed conversion of furfural to furan was proposed by 

Charoenwiangnuea et al. [54] and is depicted schematically in Fig. 7. A previous experimental 

investigation by Fanchiang and Lin [55], and a successive theoretical investigation over ZSM-5 by 

Charoenwiangnuea et al. [54], both proposed that furan is subsequently converted to intermediate 

products such as cyclohexene and 3,4-dimethylbenzaldehyde and then to higher aromatics in the 

pores of ZSM-5. This theory is supported by this study, with high initial yields of furan at 1:1 C/B ratio 

and a reduction in furan in favour of aromatics at higher C/B ratios. 

 

Fig. 7. Proposed mechanism by Charoenwiangnuea et al. [54] for the acid catalysed conversion of 

furfural to furan and carbon monoxide.  

The high yield of acidic products in fast pyrolysis liquid, in particular, acetic acid, is well-known and is 

responsible for its detrimental effects such as low stability and corrosiveness [7]. In this study, there 

was a high yield of acid products for the uncatalysed pyrolysis of beech wood. The yield of acidic 

products was increased slightly with the introduction of the e-FCC catalyst. This was attributed to the 

acid-catalysed cracking of biomass oligomers facilitated by e-FCC. In contrast, a significant reduction 

in the yield of acidic products was evidenced by both the Al-SBA-15 and ZSM-5 catalysts. 

It was suggested by Corma et al. [56] that acetic acid is first converted to acetone and subsequently 

dehydrated to iso-butene. It is then further converted to aromatics, alkenes and coke in acidic 

catalysts, which is in agreement with our observations in the case of the ZSM-5 catalyst (see Table 3 

and Fig. 6). However, the conversion of acetic acid by Al-SBA-15 did not result in the increase of 

significant yields of any identified compounds apart from non-condensable gases and coke. This was 

despite the fact that the Al-SBA-15 catalyst had very similar total surface area and acidity to the ZSM-5 

catalyst (see Table 2). This suggested that the higher acid site density and the microporous shape-

selective structure of the ZSM-5 were more important factors for the formation of desirable aromatic 

hydrocarbons (Fig. 8, acetic acid and toluene). The absence of these key shape-selective properties 

resulted in the conversion of the highly reactive biomass-derived compounds to coke and non-

condensable gases, as was observed in the case of the Al-SBA-15 catalyst. 
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Fig. 8. Relationship between acetic acid, syringol, toluene and naphthalene 2-methyl and the number 

of acid sites in each experiment. The number of acids sites on the x axis were calculated as the mass 

of catalyst used in the reactor (g) multiplied by the catalyst’s acidity (μmol g-1). 

The yield of alkoxy-phenols was slightly increased for both e-FCC and ZSM-5, while the yield was 

reduced for Al-SBA-15 at the low C/B ratio, compared to the uncatalysed experiment (Fig. 6). In 

addition, the yield of alkylated phenols also increased at low C/B ratios for all catalysts compared to 

the uncatalysed experiment. However, for the two higher acidity catalysts, Al-SBA-15 and ZSM-5, the 

yield of alkylated phenols was reduced with increased C/B ratio. This effect was more pronounced in 

the case of the Al-SBA-15 catalyst. Considering the similar acidity and surface area, this was attributed 

to the lack of diffusional limitations of Al-SBA-15 compared to the ZSM-5 catalyst. Increasing the C/B 

ratio of these catalysts resulted in the complete elimination of alkoxy-phenols but also the reduction 

and eventual elimination of alkyl-phenols as well, which was advantageous in terms of oxygen 

rejection. On the other hand, in the case of the e-FCC catalyst, a notable increase of alkoxy-phenols 

was observed, accompanied by an increase in the yields of alkyl-phenols, which further increased with 

increasing C/B ratio. Based on these observations it can be concluded that the acid catalysts facilitated 

the decomposition of lignin-derived oligomers into alkoxy-phenolic products (Fig. 8, syringol). These 

further reacted on the acid sites to form deoxygenated alkyl-phenols, i.e. increased oxygen rejection. 
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Higher acid site availability by the introduction of more catalyst in the reactor (higher C/B ratios) 

resulted in the conversion of the alkyl-phenols to other products, such as aromatic hydrocarbons, non-

condensable gases and coke. 

Work by To and Resasco [57], on the conversion of low MW phenolic compounds over ZSM-5 and 

zeolite Y (FAU type), evidenced the conversion of phenolics to aromatics via the formation of a reactive 

phenolic pool. Furthermore, in their work, ZSM-5 showed better performance in terms of production 

of aromatics and increased resistance to deactivation than zeolite Y. However, it was observed that 

below 600 °C, a considerable proportion of the reactant phenolics and products became trapped 

inside the pores of the zeolites resulting in coke formation. This was due to the high adsorption 

capacity of the zeolites which led to increased coke yields due to entrapment within the pores. 

Increasing the temperature of their experiments resulted in the cracking of the adsorbed phenolics 

and the formation of aromatic hydrocarbons. Consequently, the yield of coke was also reduced. 

Our results appear to be in disagreement with other work in terms of phenolic production where the 

CFP of biomass with mesoporous aluminosilicates was investigated. Work by Adam et al. [22] observed 

an increased yield (by up to 13.1 wt. %) of phenolic products compared to non-catalytic fast pyrolysis 

experiments. An increased yield (by 12.5 wt. %) of phenolic products was also noted by Triantafyllidis 

et al. [58] using Al-MCM-41. However, a sharp decrease in phenolic products down to 1.3 wt. % was 

observed using a mesoporous aluminosilicate with similar acidity to Al-MCM-41. In comparison to this 

study, the previously tested mesoporous catalysts are of much lower acidity compared to the 

Al-SBA-15 catalyst used in this work which could be the reason for the discrepancy in phenolic product 

formation. An increased yield of phenolic products was also evidenced by the low acidity e-FCC 

catalyst. At increased catalyst acidities it can be expected that a larger proportion of lignin will be 

cracked. In addition, the increased catalyst acidity will result in the conversion of phenolic products to 

alkyl-phenols and aromatics, or coke. This was observed in this study with both Al-SBA-15 and ZSM-5 

at higher C/B ratios.  

As expected, the ZSM-5 catalyst was particularly effective for the formation of monoaromatic 

hydrocarbons. At the lowest C/B ratio (1:1), the monoaromatic hydrocarbons yield was ca. 2 C % yield 

and was significantly increased to nearly 14 C % at a 5:1 ratio. Interestingly, at 10:1 ratio there was 

only a relatively slight increase in aromatics and that was not proportional to the increased C/B ratio. 

This suggests that there is an optimum ZSM-5 C/B ratio for the formation of aromatic hydrocarbons. 

As discussed earlier, despite the similar acidity and surface area of the Al-SBA-15 and ZSM-5 catalysts, 

Al-SBA-15 produced a lower quantity of aromatics compared to ZSM-5. It was hypothesised the 

combination of large pore volume and a high number of acid sites facilitated the repolymerization of 

the highly reactive biomass-derived products to large, high molecular weight products and eventually 
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to coke [59]. e-FCC produced a very small quantity of aromatics (< 0.05 C %), even when high C/B 

ratios were employed. The low yield was attributed to the low acidity and low surface area of the 

catalyst. 

An almost linear trend is evident between the formation of monocyclic aromatics (BTX) and PAHs in 

ZSM-5. As previously mentioned, this suggested an inefficient diffusion of the monocyclic aromatics 

out of the pore network of the ZSM-5, allowing excessive aromatisation reactions to take place. 

However, even considering this, the ZSM-5 exhibited superior performance compared the Al-SBA-15 

in terms of limiting excessive aromatization reactions for the formation of bulky PAH products. Even 

though the overall yield of aromatics produced by Al-SBA-15 was significantly lower, the ratio of PAHs 

to monocyclic aromatics was substantially greater in the case of Al-SBA-15 (0.64) than in the case of 

ZSM-5 (0.37). This again can be attributed to the larger pore size of Al-SBA-15 compared to ZSM-5. 

The larger pore size of Al-SBA-15 resulted in enhanced product and reactant diffusion, however, due 

to the large available pore space, it also readily allowed the formation of higher MW PAHs. This was 

further supported by the fact that lower MW PAHs, such as naphthalene and naphthalene 2-methyl, 

were formed in ZSM-5 in higher proportions due to the restricted pore space (Fig. 8, naphthalene 2-

methyl). In contrast, Al-SBA-15 produced a larger proportion of higher MW PAHs, such as anthracenes. 

These contributed to 52 % of overall PAHs compared to 7 % in ZSM-5. It is therefore evident that both 

ZSM-5 and Al-SBA-15 catalysed aromatization reactions, however, the absence of micropores in Al-

SBA-15 resulted in excessive aromatization and the formation of some high molecular weight PAHs 

and coke (discussed later).  

The coking and subsequent deactivation of the catalyst is one of the major factors that impact the 

economic feasibility of many biomass catalytic upgrading procedures, including catalytic fast pyrolysis 

[60]. The effect of coking can be managed in CFP using circulating fluidised bed reactor designs, 

whereby coke burning for the regeneration of the catalyst also provides the process with heat. 

However, the main problem with coking is the carbon loss from the liquid product resulting in an 

unfavourable high O/C ratio and lower liquid product yield. Therefore, the minimisation of coke yields 

while maintaining high levels of catalytic activity is essential for future catalyst design. 

Coke is mainly formed on the active acid sites and is produced by several mechanisms such as 

condensation and hydrogen transfer [61]. Moreover, so-called coke-precursors, often oxygenated 

hydrocarbons such as phenolics, and the products of the polymerisation of mono and polycyclic  

aromatic hydrocarbons, are notorious for favouring the production of coke [62,63]. In the catalytic 

fast pyrolysis experiments, it can be expected that char yields remain relatively constant. Therefore, 

any significant increase in the char/coke yields can be attributed to catalytically formed coke on the 
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surface of the catalyst. The results show that there was a significant increase in the char/coke yields 

in the catalytic experiments compared to the non-catalytic experiment (char yield 19.8 C %, Table 3). 

In the catalytic experiments, ZSM-5 produced char/coke yields in the range of ca. 32 to 36 C %. The 

char/coke yields increased slightly with increasing C/B but overall remained relatively stable. Al-SBA-

15 produced considerably higher yields of coke in the range of ca. 40 C % and 48 C %. The mesoporous 

nature of the Al-SBA-15 proved to be favourable for coke formation, compared to ZSM-5, by providing 

more space for coke precursors to form and polymerise. On the other hand, the microporous pore 

geometries of ZSM-5 restricted the formation of undesirable coke by preventing the repolymerisation 

of oxygenates and other compounds. e-FCC exhibited the lowest char/coke yield among all three 

catalysts (27-30 C %), which was attributed to its low overall activity. The char/coke yields produced 

by e-FCC remained relatively stable with increased C/B ratios and displayed lower standard deviation 

between experiments.  

The high standard deviation of the char/coke yields was notable and indicated the low accuracy of the 

experimental method used to determine the solid product yields. However, despite the significant 

variance between the char/coke yield results, there were no other products observed by GC-MS. 

Therefore, it is reasonable to assume that any increase in mass was due to catalytically formed coke. 

4 Conclusions 

In this work, a high acidity mesoporous Al-SBA-15 catalyst was synthesised utilizing an enhanced 

aluminium incorporation strategy to obtain a material with high aluminium content in tetrahedral 

environment. The synthesized Al-SBA-15 catalyst was shown to possess comparable acidity to that of 

a commercial crystalline ZSM-5 zeolite with a SiO2/Al2O3 ratio of 30. The two catalysts, along with a 

typical industrial fluid catalytic cracking catalyst (e-FCC) with lower acidity, were compared for the 

catalytic fast pyrolysis of beech wood in a micropyrolyser. All three catalysts were employed at three 

different catalyst to biomass (C/B) ratios, to investigate the selectivity of the catalysts across varying 

concentrations of acid sites in the reactor. 

Regardless of catalyst structure, all three solid acid catalysts displayed similar reaction pathways for 

the initial conversion of the primary biomass decomposition products, such as the cracking of larger 

intermediates, levoglucosan and hemicellulose components to produce furans and other oxygenates, 

as well as the cracking of lignin oligomers to produce alkoxy-phenols. As the concentration of acid 

sites in the reactor increased, catalyst structure became a determining factor for the conversion of 

the cracked intermediates into desirable products.  In the case of the ZSM-5 catalyst intermediate 

oxygenates were converted to deoxygenated products such as desirable monoaromatic hydrocarbons 

and PAHs. In the case of the Al-SBA-15 catalyst, minimal yields of desirable products were observed, 
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while high yields of solid byproduct were obtained. Since both catalysts had very similar surface area 

and acidity, the difference in their selectivity was attributed to their porous structure. While the 

mesopores and high acidity of the Al-SBA-15 catalyst were effective for the initial conversion of the 

primary biomass decomposition products, the ZSM-5 catalyst’s shape-selective micropores proved to 

be more effective for the conversion of intermediate oxygenates into desirable products and the 

suppression of solid byproduct formation. 

Previous comparisons of Al-SBA-15 and ZSM-5 catalysts for the conversion of biomass pyrolysis 

vapours utilised low acidity Al-SBA-15 catalysts, which were not as selective as ZSM-5 catalysts for the 

formation of desirable aromatic hydrocarbons. This work showed that increasing the acidity of the Al-

SBA-15 to levels comparable to ZSM-5 catalysts did not lead to comparable selectivity to desirable 

compounds and further highlighted the importance of catalyst shape-selectivity for the conversion of 

pyrolysis vapours into desirable products and the suppression of undesirable solid product formation. 
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