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Abstract 

 

Conversion of lignin-derived phenolic compounds to 

aromatic hydrocarbons over zeolite during catalytic pyrolysis 

 
 

Jaegwan Moon  
Program in Environmental Material Science 

Graduate School 
Seoul National University 

 

 

The goal of this study was to investigate the chemistry of the catalytic 

conversion of model compounds over various zeolite catalysts and to compare the 

effect of different type of zeolite catalysts to convert diverse model compounds. 

Eleven phenolic compounds were selected as representative lignin model 

compounds and classified with their side chain e.g. N (having no side chain), S 

(having saturated side chain) and O (having oxygenated functional group in side 

chain). These model compounds were pyrolyzed for 20 sec at 600 °C over three 

kinds of zeolite catalysts having different pore size (ZSM-5: 5.6 Å, BETA: 6.4 Å, Y: 

7.4 Å). As pyrolysis products of model compounds benzene, toluene, xylenes and 

naphthalenes were produced as main aromatic hydrocarbons and other oxygenates 

compounds such as dimethylphenols as well as trimethylphenols were also 

generated. The acidity of catalyst had different values ranged from 1.141 to 1.837 

mmol/g of catalyst, where surface area of Y was the largest among the three types 

of zeolite catalysts (574.61 m2/g). In comparison with S (syringyl) unit, production 

of aromatic hydrocarbons from G (guaiacyl) unit was relative low because G unit 

has lower H/Ceff ratio than S type. That of aromatic hydrocarbons were the lowest 
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at O type compounds which has the lowest H/Ceff ratio (vanillin: syringaldehyde: 

acetosyringone:). Among the three types of zeolite catalysts, Y was found to be the 

most effective catalyst for producing monocyclic aromatics like benzene, toluene 

and p-xylene except for O type compounds. BETA was the most effective catalyst 

for the formation of naphthalenes. In the case of ZSM-5, lignin model compounds 

could not be effectively converted to aromatic hydrocarbons over ZSM-5 compared 

with other zeolite catalysts due to its small pore dimensions. Especially, the yield 

of pyrolysis products from phenol was very low over ZSM-5 since phenol was 

adsorbed at acid site. The yield of catalytic pyrolysis products increased with 

increasing surface area of zeolite catalyst. These results revealed that product 

selectivity was clearly affected by pore size of zeolite catalysts. 

 

Key words: catalytic pyrolysis, zeolite, H/Ceff ratio, lignin-derived phenolic 

compounds, aromatic hydrocarbon. 
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1. Introduction 

 

1.1. Zeolite catalyst 

 

Zeolites are aluminosilicate materials with complex and three-dimensional 

porous structure. The SiO2 and AlO4 tetrahedron is primary building unit of zeolites 

and they are connected together via oxygen atom forming a network of 

interconnected cavities and channels of molecular dimensions (figure 1). 

Since zeolite properties were highly porosity, ability to exchange cation, 

structural stability and acid properties, zeolite was used for adsorbents, molecular 

sieve, ion exchanger. In addition to these properties, zeolite has been most widely 

used to catalyst in refining and petroleum industries due to its cheapness and ease 

of handling (Jacobs et al., 2001; Meyers, 2004) 

Recently, zeolite has been highly attention as catalysts in many of the chemical 

conversion of biomass because increasing demand for renewable energy. 

Increasing demand for sustainable chemicals and eco-friendly fuels has made 

efforts to replace fossil fuels with environmentally benign chemicals and fuels from 

biomass (Stewart, 2008). Zeolite catalyst plays important roles in many of 

chemical conversion process of biomass. For example zeolite Y was used for 

catalyst to synthesized levulinic acid. Chamnankid et al effectively produced 

levulinic acid from xylose using alkaline-treated zeolite catalyst (levulinic acid 

yield of 30%) (Chamnankid et al., 2014). 

Zeolite catalyst is appropriate for cracking reaction because of its contain Lewis 

and Brønsted acid site. Additionally, decarboxylation, decarbonylation, 
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hydrocracking, hydrodeoxygenation, hydrogenation and polymerization have been 

reported take place during catalytic conversion of biomass (Adjaye & Bakhshi, 

1995; Wildschut et al., 2009). The density and strength distribution of acid sites 

could be controlled in order to achieve the desired reaction selectivity. In addition, 

reaction selectivity depends on the size and structure of the pores and channels of 

zeolite catalyst. 

 

Figure 1 Illustration of basic zeolite structure 
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1.2. Catalytic pyrolysis of lignin 

 

A lot of micro and mesoporous solid acid catalysts have been studied for 

catalytic pyrolysis of lignocellulosic biomass. Among various catalyst, zeolite 

catalyst is the most widely used for catalytic pyrolysis as solid acid catalyst 

because of zeolite have been shown to be effective catalyst to remove oxygen 

present in the bio-oil and produce valuable chemicals such as BTX (benzene, 

toluene and xylene) from biomass, resulting in decreased C/O and increased H/C 

ratio (Carlson et al., 2008). Additionally, catalytic pyrolysis is significant 

advantages to biomass conversion including (1) all the desired chemistry occurs in 

one single reactor, (2) no water is required for this conversion, (3) in-expensive 

silica-alumina catalyst are used (Carlson et al., 2011). 

 Lignocellulosic biomass mainly consists of cellulose, hemicellulose and lignin. 

In catalytic pyrolysis, lignocellulosic biomass components into volatile compound 

correlates with thermal depolymerization and decomposition (Carlson et al., 2010). 

Catalytic pyrolysis of lignocellulosic biomass components has been investigated by 

Wang et al (Wang et al., 2014). They used a micro-furnace pyrolyzer to research 

catalytic pyrolysis of cellulose, hemicellulose and lignin. The 30% yield of 

aromatics was obtained from cellulose but lignin produced 7% yield aromatics. 

Lignin is more thermally stable than cellulose and hemicellulose so generate large 

amount of thermal char during catalytic pyrolysis (Patwardhan et al., 2011; Wang 

et al., 2009).  

Catalytic pyrolysis of whole lignin is helpful for application purpose. Unlike the 

cellulose and hemicellulose, lignin consists of many aromatic compounds 

polymerized various linkages that complicate the mechanism of the catalytic 
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conversion. Therefore, few studies were investigated on catalytic pyrolysis of 

lignin. In addition to structure complexity, lignin undergoes structure modification 

during lignin isolation during Kraft, alkali and organosolv processing. 

The use of simple structure and resemble lignin model compounds is important 

for understanding catalytic pyrolysis of lignin. It is therefore necessary to model 

compound study during catalytic pyrolysis of lignin.  
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1.3. Objectives  

 

For several years, catalytic pyrolysis has been developed for biomass based 

chemical production. In particular, catalytic pyrolysis of lignocellulosic biomass 

was widely investigated to obtain petrochemistry product like aromatic 

hydrocarbons. So far, many researches have been studied according to catalytic 

fast pyrolysis of lignocellulosic biomass especially, carbohydrates. Lignin has 

received much less attention than carbohydrates due to processing problem. And 

wide compositional distribution of pyrolysis products complicates the mechanism 

of the catalytic reaction. Thus lignin model compound study with zeolite catalyst 

during catalytic pyrolysis is important. For this reason, this experiment focuses on 

model compound study on catalytic pyrolysis with zeolite catalysts.  

The goal of this model compound study was (1) to investigate the chemistry of 

the catalytic conversion of model compounds over various zeolite catalysts, (2) 

comparing the effect of different type of zeolite catalyst to convert diverse model 

compounds and (3) comparison of real lignin vs model compounds verify the 

possible correlations between the conversion of model compounds and the 

conversion of whole lignin. All experiments was performed in Pyrolysis-GC/MS 

composed of coil type pyrolyzer, flame ionized detector and mass spectrometer. 

compound study during catalytic pyrolysis of lignin.  
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2. Literature review 

 

2.1. Catalytic pyrolysis 

 

2.1.1. Catalytic pyrolysis of lignin 

 

Among three major lignocellulosic biomass components, lignin is the most 

difficult to be decomposed which caused highest solid residues production (Ben & 

Ragauskas, 2011; Li et al., 2012; Mullen & Boateng, 2010). 

According to Zhao et al (2010), microporous zeolites produced more aromatics 

from pyrolytic lignin separated from rice husk. In this study, the activity of 

catalysts determined as the following order ZSM-5, H-ZSM-5, MCM-42 and 

BETA. After reactions, the selectivity of aromatics and poly aromatic hydrocarbons 

was increased 85% in the presence of ZSM-5. Especially, phenols were 

deoxygenated and converted to aromatics over ZSM-5. This huge change in 

selectivity represented unambiguously the contribution of catalyst in the reaction 

(Zhao et al., 2010). 

Jackson et al (2009) used the different 5 type catalyst for pyrolytic conversion of 

lignin at 600°C. In this study, H-ZSM-5 had maximum rate of deoxygenation and 

produced less oxygenated aromatics but high amount of naphthalene. Therefore, 

HZSM-5 was found to be the most effective catalyst (Jackson et al., 2009). 

Li et al (2012) pyrolyzed the kraft lignin. In the non-catalytic pyrolysis, kraft 

lignin mainly produced phenolic and guaiacol compounds. However, catalytic 

pyrolysis in the presence of HZSM-5 reduced the yields of phenols and oxygenated 
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compounds and increased the aromatics yields (Li et al., 2012). 

Shen et al (2015) investigated the production of aromatics from catalytic 

pyrolysis of black-liquor lignin. They used five zeolites (H-ZSM-5-25, H-ZSM-5-

50, H-ZSM-5-210, H-BETA and H-USY) in order to confirm optimal catalyst for 

producing aromatics. Among five zeolite catalysts, H-ZSM-5-23 was the most 

effective catalyst for promoting the formation of aromatic monomers. One the 

other hand, H-USY acts as the applicable catalyst for the selective production of 

aromatic hydrocarbons (Shen et al., 2015). 

 

2.1.2. Pyrolysis mechanism  
 

Catalytic fast pyrolysis of lignocellulosic biomass has been studied by many 

researchers because it requires mild operating conditions (atmospheric pressure and 

350-650°Ctemperature). In addition, a number of investigators investigated the 

mechanisms of catalytic fast pyrolysis for improving the synthesis of aromatics. 

Amen-Chen et al (2001) carried out exhaustive review on the thermochemical 

reactions for the production of monomeric phenols. They notified the 

thermochemical reaction mechanism leading to the formation of phenols arises 

from the dehydration of the alkyl chain of the phenylpropane unit, which composes 

lignin (Amen-Chen et al., 2001). 

Corma et al (2007) proposed reaction mechanism base on experiment on 

catalytic cracking of model compounds over zeolites. The combination of 

dehydration, hydrogen producing and hydrogen-transfer reactions results in 

production of aromatics and then hydrogen consumed. The hydrogenation reactions 

are known to occur on surfaces and the mechanism leads to the formation of CO, 

CO2 and coke (Corma et al., 2007). 
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Carlson et al (2011) reported that dehydration and re-arrangement reactions in 

the presence of a catalyst induce the formation of furans, smaller aldehydes and 

water from the anhydrosugars. The reaction intermediates diffuse into the zeolite 

pore and undergo decarbonylation, decarboxylation, dehydration and 

oligomerization to form both monocyclic aromatics and olefins. The polycyclic 

aromatics are formed in reactions between aromatics and other oxygenated 

compounds. The formation of aromatics involved formation of coke (Carlson et al., 

2011) 
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2.2. Effect of various factors on catalytic pyrolysis 

 

2.2.1. Effect of pore structure 

 

Aho et al (2008) were used different structure of zeolite catalyst by bed materials 

in the reactor. BETA, Y, ZSM-5 and Mordenite were tested as catalysts in the 

catalytic fast pyrolysis. The use of different structure zeolite catalysts as a bed 

material in the reactor changes the chemical composition in the bio-oil. The 

formation of acids and alcohols over ZSM-5 was lower while the formation of 

ketones was higher than over the other tested zeolite. In addition, small amounts of 

polyaromatic hydrocarbons were formed over Mordenite and polyaromatic 

hydrocarbons were highest using ZSM-5 (Aho et al., 2008).  

Mochizuki et al (2013) studied catalytic pyrolysis of Jatropha husk and cedar 

wood using several different zeolite such as H-USY, H-Mordenite, H-BETA and 

HZSM-5. The H-USY was most effective in deoxygenation so the polyaromatic 

hydrocarbons (naphthalene and phenanthrene) produced during catalytic fast 

pyrolysis. But the use of H-USY also resulted in an increase in the formation of 

coke after the catalytic fast pyrolysis. Compared to H-USY, H-BETA produced 

polyaromatic hydrocarbons and coke in very small amount during catalytic fast 

pyrolysis (Mochizuki et al., 2013).  

 

2.2.2. Effect of acidity 

 

Zeolite has different acid strengths because of they have varying silica to 

alumina ratio. The amount of acid sites depends on Si/Al ratio, where a low Si/Al 
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ratio results in many acid sites. Different Si/Al ratios of zeolite have been shown to 

affect the cracking reactions during catalytic pyrolysis. Consequently, the acidity 

plays a crucial role.  

Aho et al (2007) pyrolyzed pinus sylvestris with various BETA zeolites at 

450 °C. The BETA zeolites used in the experiment were H-BETA-25, H-BETA-150 

and H-BETA-300. The number after the name corresponds to the SiO2/AlO3-ratio 

in the zeolite structure so each BETA zeolite has different acid strength. Increasing 

the SiO2/AlO3-ratio in the BETA zeolite decreases the total amount of acid site of 

catalyst. They indicated that lower acidity of zeolite forms less bio-oil, more water. 

Also, chemical composition of the bio-oil was affected by catalyst. Increasing 

acidity of BETA zeolite decreased formation of aldehydes and increased 

polyaromatic hydrocarbons (Aho et al., 2007).  

Mihalcik et al (2011) tested HZSM-5 with different Si/Al ratio of 23, 50 and 280 

in fast pyrolysis of lignocellulosic (woody biomass, energy crop, agricultural 

residues). They identified the most efficient zeolite catalyst was HZSM-5-23 

(Mihalcik et al., 2011). 

In case of lignin, Kim et al (2015) pyrolyzed milled wood lignin with HZSM-5 

zeolites composed of different Si/Al ratio (30, 50, 80, 100 and 280). The yield of 

aromatic hydrocarbon increased from 0.76 wt% (ZSM-5-280) to 2.62 wt% (ZSM-

5-30) with increasing catalyst acidity. Therefore, they conclude that catalyst acidity 

was main factor in production of aromatic hydrocarbon (Kim et al., 2015). 

 

2.2.3. Effect of feed to catalyst ratio 

 

In addition to pore structure and acidity of zeolite, the products yield and 

chemical composition of bio-oil were also affected by feed to catalyst ratio. 
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Carlson et al (2009) represented the product selectivity for catalytic fast 

pyrolysis of glucose with ZSM-5 as function of the feed-to-catalyst weight ratio. 

They found that increasing the feed-to-catalyst weight ratio increase the selectivity 

for toluene, xylene and ethyl-benzene while slightly decreasing the selectivity for 

benzene, methyl-benzene and naphthalene decreases. Also, the aromatic yield 

increases and the coke yield decreases as the feed-to-catalyst weight ratio increased 

(Carlson et al., 2009).    

Ma et al (2012) studied catalytic fast pyrolysis of physically mixed with 

lignin/catalyst from 4:1 to 1:4. They showed 4:1 weight ratio caused an increase of 

coke yield up to 57 wt% due to the rapid deactivation of catalyst by coking. With 

increase of catalyst ratio, the amount of coke decreased to below 30 wt% at the 1:4 

weight ratio. At 4:1 weight ratio, the product yields were similar to that non-

catalytic fast pyrolysis. With increasing catalyst weight, the product yields changed. 

With 1:4 weight ratio, aromatic hydrocarbons were the main products of lignin 

pyrolysis. The toluene and xylene were the main components of aromatics. At high 

content of catalyst, more volatiles were converted into liquid products, therefore 

preventing them reacting coke, resulting in decrease of coke and increase of liquid 

(Ma et al., 2012). 
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3. Materials and methods 

 

3.1. Materials 

 

3.1.1. Lignin-derived phenolic compounds 

 

In this study, lignin-derived model compounds were selected after pyrolysis of 

milled wood lignin (MWL), represented one of the most native lignin. A total of 42 

pyrolysis products were identified (Table 1). Relatively large amount of pyrolysis 

products or feature structure were selected for lignin-derived model compounds 

(phenol, guaiacol, syringol, catechol, 4-methylguaiacol, 4-ethylguaiacol, 4-

propylguaiacol, 4-methylsyringol, vanillin, syringaldehyde and acetosyringone).  

Molecular dimensions of lignin-derived phenolic compounds were calculated by 

Yu et al (2012) and showed Table 2 (Yu et al., 2012). Whether or not molecules 

could enter the zeolite pores, the x dimension (the largest dimension) was 

customarily ignored. On the other hand, y and z dimensions were compared with 

pore size of zeolite catalyst because the molecules could effectively enter the pore 

of zeolite catalyst via smallest dimensions (Deka & Vetrivel, 1998). Therefore, 

molecules could enter the pore of zeolite catalysts when y and z dimensions are 

smaller than zeolite pores. 

As can be seen in Figure 2, the selected lignin-derived model compounds were 

grouped by their phenyl group for example H (hydroxylphenyl), G (guaiacyl) and S 

(syringyl) type. Additionally, these groups were separated by their side chain e.g. N 

(having no side chain), S (having saturated side chain) and O (having oxygenated 

functional group in side chain). 
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Table 1 Distribution of lignin pyrolysis products at 600°C  

No. Compounds Type RTa Concentration(mg/g lignin) 
1 Phenol H/N 16.0 23.78 
2 o-Cresol H/S 19.7 1.72 
3 p-Cresol H/S 20.8 1.25 
4 Guaiacol G/N 21.4 6.17 
5 2-Ethylphenol H/S 23.8 0.45 
6 3,5-Dimethylphenol H/S 24.4 0.27 
7 3-Methylguaiacol G/S 25.7 0.57 
8 4-Methylguaiacol G/S 26.4 1.13 
9 Catechol G/N 26.7 3.84 
10 3-Methoxycatechol S/S 29.6 5.09 
11 4-Ethylguaiacol G/S 30.4 1.26 
12 4-Methylcatechol G/S 31.1 3.33 
13 1,2,3-Trimethoxybenzene S/N 31.9 0.65 
14 4-Vinylguaiacol G/S 32.1 2.97 
15 Syringol S/N 33.8 20.87 
16 Eugenol G/S 33.9 0.78 
17 3,4-Dimethoxyphenol G/O 34.1 0.73 
18 Vanillin G/O 35.9 1.30 
19 Isoeugenol(cis) G/S 36.1 2.33 
20 4-methylsyringol S/S 37.7 3.78 
21 Isoeugenol(Trans) G/S 38.0 8.71 
22 4-Hydroxy-benzoic acid H/O 38.4 1.08 
23 Acetoguaiacone G/O 39.5 0.65 
24 4-Ethylsyringol S/S 40.8 1.30 
25 4-Vinylsyringol S/S 42.5 6.98 
26 (cis)-4-propenylsyringol S/S 43.8 1.58 
27 (trans)-4-propenylsyringol S/S 45.6 1.55 
28 Syringylaldehyde S/O 46.1 5.48 
29 4-Allylsyringol S/S 47.6 4.89 
30 Acetosyringone S/O 48.6 3.43 
31 Coniferyl aldehyde G/O 48.9 2.53 
32 Syringyl acetone S/O 49.8 1.33 
33 Propisosyringone S/O 51.8 0.88 
34 Hexadecanoic acid Ab 56.4 0.58 
35 Sinapaldehyde S/O 57.0 0.78 
36 Octadecanoic acid A 62.5 0.65 

Total     124.68   
a Retention time. 
b Acids. 
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Figure 2 Lignin-derived phenolic compounds
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Table 2 Dimensions of lignin pyrolysis products by Yanqing et al 

No. Compounds Type x (Å) y (Å) z (Å)  

1 Phenol H/N 8.098 6.728 3.400 

2 Guaiacol G/N 9.476 8.101 4.197 

3 Syringol S/S 10.738 7.856 4.218 

4 Catechol G/N 7.364 7.325 3.400 

5 4-Methylguaiacol G/S 9.272 7.912 4.196 

6 4-Ethylguaiacol G/S 10.696 8.053 4.197 

7 4-Propylguaiacol G/S - - - 

8 4-Methylsyringol S/S - - - 

9 Vanillin G/O 10.193 7.331 4.187 

10 Syringaldehyde S/O 10.401 9.765 4.197 

11 Acetosyringone S/O 11.014 10.247 4.199 
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3.1.2. Zeolite catalyst 

 

Zeolite ZSM-5 (CBV 2314), zeolite BETA (CP814C) and zeolite Y (CBV500) 

were used for catalyst in this experiment. Each zeolite catalysts were purchased 

from Zeolyst International. Prior to pyrolysis, the zeolite catalysts calcined in air 

for 5 hours at 550 ºC in order to convert H-form. 
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3.2. Analysis 

 

3.2.1. Hydrogen to carbon effective (H/Ceff) ratio of lignin-

derived phenolic compounds 

 

The H/Ceff ratio was calculated using following equation, where H, C and O in 

equation are the moles of hydrogen, carbon and oxygen, respectively (Chen et al., 

1986). 

 

H/Ceff = (H-2O)/C 

 

3.2.2. X-ray diffractometry 

 

Powder X-Ray diffractometry performed to confirm zeolite structure using D8 

Advance (Bruker., Germany). The main peak position and intensity identified 

previously reported spectra (Treacy & Higgins, 2007). The scans were conducted at 

5-55º 2θ range.  

 

3.2.3. Brunauer-Emmett-Teller 

 

The surface area of zeolite catalysts was measured by means of low-temperature 

nitrogen adsorption (ASAP 2010 analyzer, Micrometrics).  

 

3.2.4. NH3-Temperature-programmed desorption 
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 Acid properties of each catalyst were determined by NH3-TPD measurements. 

30 mg of catalyst injected into a quartz reactor of the TPD apparatus (BEL Japan, 

BELCAT B). To remove the physically adsorbed organic molecules, catalyst 

prepared at 200 ºC for 1 h with a stream of helium (50 mL/min). In order to 

saturate the acid site of the catalyst, ammonia injected into the reactor at 50 ºC for 

30 min. Ammonia eliminated at 150 ºC (heating rate 10 ºC/min 50 to 600 ºC) for 1 

h presence on flow of helium (50 mL/min). The absorbed ammonia detected by a 

thermal conductivity detector (TCD). 
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3.3. Catalytic pyrolysis 

 

To investigate the effect of different zeolite catalyst on lignin-derived model 

components, catalytic pyrolysis was carried out by pyrolysis-GC/MS (CDS 5150). 

The 0.15 mg of feedstock and catalyst introduced into quartz tube with the 

feedstock to catalyst weight ratio of 1:4 

In this study, the quartz tube filled with quartz wool, catalyst, quartz wool, 

feedstock, quartz wool, catalyst and quartz wool according to the layer method 

(Figure 3) (Zhang et al., 2014). The pyrolysis-GC/MS experiments were conducted 

with coil type CDS Pyroprobe 5150 (CDS Analytical Inc., Oxford, PA, USA). 

Temperature and residence time of pyrolysis in the CDS Pyroprobe 5150 was 600 

ºC and 20 s respectively. After pyrolysis, the pyrolysis vapors were carried by 

helium to a gas chromatography mass spectrometry (Agilent Technologies 

7890A/Agilent Technologies 5975A) that was equipped with flame ionization 

detector and DB-5 capillary column (30 m x 0.25 mm ID x 0.25 µm film tickness) 

with injector split ratio of 1:100. The gas chromatograph injector and detector 

temperature were programmed at 250 °C and 300 °C. The oven temperature 

program begin at 50 °C and then temperature elevated to 280 °C (heating rate of 

3 °C /min) and maintained for 10 min. The separated vapors transfer into the 

ionization source of a quadrupole mass spectroscopy (MS). To qualitative analysis, 

most of peaks in mass spectra have been identified rely on both the mass spectra 

library search (NIST MS Search 2.0) and previous results (Faix et al., 1990). 

Fluoranthene purchased from Sigma-Aldrich was used as internal standard (Dobele 

et al., 2003). Response factor (RF) value was used to quantitative analysis. In a 
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previous study, RF value was determined by Kim et al (2015) and other compounds 

were estimated between structural resemblance (Kim et al., 2015). 
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Figure 3 Cross-section of the preparing sample 
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4. Results and discussion 

 

4.1. Hydrogen to carbon effective ratio 

  

The biomass-derived feedstock generates large amounts of solid carbonaceous 

residue (char, coke) during catalytic pyrolysis over zeolite catalyst. The main 

problem is that zeolite catalyst is deactivated rapidly by char or coke which 

adsorbed at the zeolite acid site. 

To explain whether feedstock could be easily converted into target products (e.g. 

aromatics and olefins) with zeolite catalyst, H/Ceff ratio was introduced by Chen et 

al. (Chen et al., 1986) 

The feedstock with low H/Ceff ratios less than 1 is hard to upgrade to produce 

valuable-products such as aromatic hydrocarbons over zeolite catalyst because of 

deactivation of zeolite catalyst. More CO and CO2 also were made from feedstock 

with low H/Ceff ratio. Therefore, that is an important parameter in catalytic 

pyrolysis (Zhang et al., 2011). 

H/Ceff ratio of lignin-derived phenolic compounds used in this study is 

represented in Table 3. The H/Ceff ratio of lignin-derived phenolic compounds is 

between 0.2 and 1.0 whereas the petroleum-derived feedstock is between 1.0 and 

2.0. This meant lignin-derived phenolic compounds consist of oxygen abundant 

and hydrogen deficient molecules comparing to petroleum-derived products. The 

purpose of catalytic pyrolysis was to increasing the H/Ceff ratio of the feed by add 

hydrogen and remove oxygen to feedstock. 

Among lignin-derived phenolic compounds, O type compounds have the lowest 

H/Ceff ratio (vanillin: 0.3, syringaldehyde: 0.2 and acetosyringone: 0.4). Feedstocks 
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of low H/Ceff ratio produce lower pyrolysis products because they make more coke 

which trigger aging and deactivation of zeolite catalyst (Zhang et al., 2011).
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Table 3 H/Ceff ratio of lignin-derived phenolic compounds 

Feedstock H/Ceff ratio Type 

Phenol 0.7 H/N 

Guaiacl 0.6 G/N 

Syringol 0.5 S/N 

Catechol 0.3 G/N 

4-Methylguaiacol 0.8 G/S 

4-Ethylguaiacol 0.9 G/S 

4-Propylguaiacol 1.0 G/S 

4-Methlysyringol 0.7 S/S 

Vanillin 0.3 G/O 

Syringaldehyde 0.2 G/O 

Acetosyringone 0.4 G/O 
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4.2. Properties of catalyst 

 

The crystal structure of zeolite has significant effect on the catalytic conversion 

of reactant to specific product during the catalytic pyrolysis process (Jae et al., 

2011; Min & Hong, 2011). In order to identify crystal structure of zeolite catalyst 

used in this study, XRD patterns of three zeolite catalyst were represented in Fig. 4. 

Patterns of Figure 4 were compared to patterns in literature to confirm the crystal 

structure of zeolite catalyst used in this study (Treacy & Higgins, 2007). Major 

peak coincide with diffraction patterns of the zeolite structure in the previous study. 

Thus, structure of zeolite catalysts used in this study correct structure. According to 

Shen et al, ZSM-5 has an MFI orthorhombic structure with three-dimensional pore 

system that composes of straight two 10-membered rings and zigzag channels. 

BETA composes of tetragonal structure with straight 12-member ring channels and 

10-memberbed ring channels. Crystal structure of Y is FAU cubic structure and it 

consists of 12-memberbed ring (Shen et al., 2015). The each zeolite catalyst 

structure was very different. 

BET and NH3-TPD results are shown in Table 4. The surface area was analyzed 

using ASAP 2010 analyzer. ZSM-5 has the lowest surface area among the three 

zeolite catalyst (297.95 m2/g), while Y has the largest surface area (574.61 m2/g). 

The zeolite catalyst with high surface area could promote the reaction of reactants 

owing to allow the reactant access to a large number of acid sites.  

In this study, NH3-TPD analysis was used to investigate the number of acid site 

at three zeolite catalysts. The number of acid site was an important parameter that 

affected the activity of zeolite catalyst. As can be seen table 4, the number of acid 

site for the three zeolite catalyst increased in following this trend: ZSM-5 (1.141 
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mmol/g) < BETA (1.307 mmol/g) < Y (1.837 mmol/g). It was found that the 

number of acid site was increased with increasing surface area. This fact indicates 

that a Brønsted acid site located inside the zeolite structure. This result is in 

agreement with the result of Ojha et al (2015) (Ojha & Vinu, 2015). Ojha et al 

mentioned the number of acid site was affected by surface area as well as Si/Al 

ratio, other elements on the surface of the zeolite catalyst.  

The zeolite catalysts used in this experiment differ by pore size, surface area and 

acid site. 
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Figure 4 XRD patterns of zeolite catalyst 
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Table 4 The properties of zeolite catalysts 

Properties ZSM-5 BETA Y 

IZA code MFI BEA FAU 

Si/Al ratio a 23 25 5.2 

Channel system a 10-10 12-12 12-12 

Pore size a (Å) 
5.5 x 5.3 

5.5 x 5.1 

7.0 x 6.5 

5.7 x 2.6 

7.4 x 7.4 

 

BJH average pore diameter (Å) 41.85 39.89 55.94 

Pore shape a Elliptical Elliptical Circular 

Surface area 297.98 561.18 574.61 

External surface area (m2/g) 109.68 148.06 76.12 

Acid site (mmol/g) 1.141 1.307 1.837 

a From manufacturer
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4.3. Effect of the zeolite type on catalytic pyrolysis 

products 

 

4.3.1. Classification of catalytic pyrolysis products 

 

Catalytic pyrolysis of lignin-derived phenolic compounds was conducted with a 

coil-type pyroprobe. After pyrolysis, the released volatile products were transferred 

to a GC/MS instrument. So as to easily understand the catalytic effect on pyrolysis 

products distribution, identified pyrolysis products were classified into several 

categories depends on their amount and structure characteristic. Firstly, catalytic 

pyrolysis products of lignin-derived phenolic compounds were separated aromatic 

hydrocarbons and phenolic compounds and then aromatic hydrocarbons classified 

to five categories (benzene, toluene, xylenes, naphthalenes and other aromatic 

hydrocarbons). Oxygenates contained several kinds of phenolic compounds like 

phenol, dimethylphenols and trimethylphenols (Figure 5). 
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Figure 5 The main products of catalytic pyrolysis with zeolite catalysts 
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4.3.2. Catalytic pyrolysis of N type compounds 

 

Table 5 show yields of the pyrolytic products from the catalytic pyrolysis of N 

type compounds. Among the three zeolite catalysts, Y represented most effective 

catalyst the production of aromatic hydrocarbons especially benzene and toluene 

from the phenol and guaiacol due to its largest surface area and pore size and acid 

site. On the other hand, ZSM-5 has the lowest yield of aromatic hydrocarbons 

between three zeolite catalysts. Thus, with increasing surface area, the pyrolysis 

product yield increased because high surface area can allow the released volatiles 

access to an acid site of zeolite catalyst to promote catalytic conversion such as 

cracking, dehydration, decarboxylation, dealkylation, oligomerization and 

isomerization (Ma et al., 2012).  

Compare to other lignin-derived phenolic compounds, syringol produced small 

amount of aromatic hydrocarbons in presence of zeolite catalyst. This meant that 

syringol was not easily further deoxygenated into aromatic hydrocarbons due to 

low reactivity on three zeolite catalyst (Figure 6). Interestingly, syringol was not 

converted effectively in presence of ZSM-5 (aromatics: 6.1 µg/mg, oxygenates: 4.8 

µg/mg). It might be syringol has the lowest reactivity among all model compounds 

with ZSM-5.  

In case of phenol, it is observed that 17.4 µg/mg of aromatic hydrocarbons in the 

presence of ZSM-5. According to the advanced study, phenol has a low reactivity 

on ZSM-5. In addition, strong adsorption of phenol on the surface of ZSM-5 

caused repolymerization to form the coke. Therefore, catalytic conversion of 

phenol in the presence of ZSM-5 was very low (Gayubo et al., 2004a; Graça et al., 

2009). The surface area of zeolite catalyst increases, the yield of aromatic 



32 

hydrocarbons was increased. The high surface area of Y on catalytic pyrolysis 

helps increasing aromatic hydrocarbons (87.0 µg/mg). 

In addtion, it was founded that difference between guaiacol and catechol. 

Although guaiacol and catechol were same type compounds (G/S), the amount of 

aromatic hydrocarbons from guaiacol were higher than catechol. This result 

attributed the disparity of functional group (hydroxyl and methoxyl functionalities) 

on aromatic ring. Oxygen functional group attached to the molecules play a 

significant role in catalytic conversion over zeolite catalyst. Base on previous study, 

the proposed reaction mechanism for hydroxyl and methoxyl was different. 

Thilakaratne et al (2016) pyrolyzed anisole and phenol with ZSM-5. The anisole 

mechanism indicated methenium ions convert phenol and alkylated aromatic 

hydrocarbons within zeolite pores. While phenol convert aromatic hydrocarbons 

via ring opening reaction promoted by hydroxyl radicals (Thilakaratne et al., 2016). 
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Table 5 Comparison of catalytic pyrolysis products from N type compounds at 

600°C with different zeolite catalysts. 

 

Catalyst 

ZSM-5 BETA Y 

Phenol 
 

Aromatics (µg/mg) 17.4 52.2 87.0 

Oxygenates 
(µg/mg) 

30.2 59.6 43.0 

Total (µg/mg) 47.6 111.8 130.0 

Guaiacol  

Aromatics (µg/mg) 51.8 57.7 71.3 

Oxygenates 
(µg/mg) 

25.9 76.2 89.5 

Total (µg/mg) 77.7 133.9 160.8 

Syringol  

Aromatics (µg/mg) 6.1 20.6 30.8 

Oxygenates 
(µg/mg) 

4.8 43.3 38.9 

Total (µg/mg) 10.9 63.9 69.7 

Catechol  

Aromatics (µg/mg) 28.8 44.2 33.0 

Oxygenates 
(µg/mg) 

27.8 84.6 55.4 

Total (µg/mg) 56.6 128.8 88.4 
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Figure 6 Aromatic selectivities of catalytic pyrolysis products from S type 

compounds at 600 °C with different zeolite catalysts 
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4.3.3. Catalytic pyrolysis of S type compounds 

  

The effect of zeolite type on the pyrolysis products of S type lignin-derived 

phenolic compounds was studied with ZSM-5, BETA, Y and the Table 6 and Figure 

7 represented result. In comparison with N type lignin-derived phenolic 

compounds, S type lignin-derived phenolic compounds produce more oxygenates. 

This result account for S type compounds pyrolyzed to N type compounds such as 

phenol and guaiacol through dealkylation followed by side chain cleavage by 

BETA and Y. Whereas ZSM-5 show the low yield of oxygenates. For that reason, 

phenol and phenols produce coke which does deactivate zeolite catalyst as 

mentioned earlier in Section 4.3.3. 

The quantity of aromatic hydrocarbons from the guaiacol was 52.1 µg/mg 

(ZSM-5), 57.7 µg/mg (BETA) and 71.3 µg/mg (Y) respectively (Figure. 6). 

Alkylguaiacol showed the significant difference, increasing aromatic hydrocarbons, 

especially xylenes and naphthalenes by BETA and Y as compared to guaiacol. The 

increased yield of xylenes and naphthalenes could be assumed that increasing 

abundance of alkyl radicals from the alkyl group by side chain cracking over 

zeolite catalysts (Figure 7). The existence of alkyl chain on the molecules enable 

for ring closure so that the yield of naphthalenes was raised. Although yield of 

xylenes 6.7-11.2% elevated compare with N type compounds, the selectivity of 

xylenes was the lowest among BTX. That result might be methylation of benzene 

more favor than methylation of toluene (Alkylation Energy). 

As shown in Figure 7, the amount of aromatic hydrocarbon from S type 

compounds over BETA and Y was promoted with the elevated surface area. 4-

methylsyringol produced the lowest aromatic hydrocarbons among the S type 
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compounds. Neumann et al (2014) suggested that coke formation was increased by 

addition of methoxyl functionality (Neumann et al., 2014). Thus, it can be 

considered that methoxyl group on aromatic ring caused deactivation of zeolite 

catalyst and also responsible for the increased coke yield. 

To produce monocyclic aromatic hydrocarbon (benzene, toluene and xylenes), Y 

performed as the best zeolite catalysts and BETA act as the most effective catalyst 

to make naphthalenes. The molecular dimension of naphthalene was 0.62nm and 

fits in the BETA (Ma et al., 2014). Thus, medium pore size of zeolite catalyst like 

BETA tends to form naphthalene. Shen et al (2015) also found that catalytic 

pyrolysis with BETA produce more naphthalenes especially 1-methylnaphthalene 

and 1,7-dimethylnaphthalene (Shen et al., 2015). This result could be attributed to 

the early deactivation of BETA prior to generation of coke within the BETA pore 

system. According to Mihalcik et al (2011), coke composed of polymerized heavy 

hydrocarbons and is the carbonaceous material originated from the decomposition 

or condensation of hydrocarbons (Mihalcik et al., 2011). It might be consider that 

the generation of coke within the pores of BETA cause to prevention further 

aromatization of naphthalenes.
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Table 6 Comparison of catalytic pyrolysis products from S type compounds at 

600°C with different zeolite catalysts. 

 

Catalyst 

ZSM-5 BETA Y 

4-Methylguaiacol  

Aromatics (µg/mg) 40.2 95.9 87.0 

Oxygenate 
(µg/mg)s 

1.2 125.2 143.3 

Total (µg/mg) 41.4 221.1 230.3 

4-Ethylguaiacol  

Aromatics (µg/mg) 31.7 85.0 143.9 

Oxygenates 
(µg/mg) 

4.2 118.2 156.7 

Total 35.9 203.2 300.6 

4-Propylguaiacol 
 

Aromatics (µg/mg) 32.7 129.4 135.8 

Oxygenates 
(µg/mg) 

5.4 111.3 71.8 

Total 38.1 240.7 207.6 

4-Methylyringol  

Aromatics (µg/mg) 46.9 54.8 70.1 

Oxygenates 
(µg/mg) 

4.5 80.2 37.1 

Total (µg/mg) 51.4 135.0 107.2 
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Figure 7 Aromatic selectivities of catalytic pyrolysis products from S type 

compounds at 600 °C with different zeolite catalysts 
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4.3.4. Catalytic pyrolysis of O type compounds 

   

As described above, zeolite catalyst with high surface area may cause the 

increased in aromatic hydrocarbon yield. Despite high surface area of BETA and Y, 

the production of aromatic hydrocarbons was lower than ZSM-5 (Figure 8). Large 

pore size and high surface area of zeolite catalyst can allow the reactants diffuse 

more easily into zeolite pores. But high surface area and large pore size may cause 

the increased in coke yield. Consequently, ZSM-5 was suitable catalyst for produce 

aromatic hydrocarbon from O type compounds. 

In presence of ZSM-5, the amount of oxygenates produced from vanillin was 

remarkably low compared with other zeolite catalysts (Table 7). The finding of the 

current experiment is similar to the previous study. Gayubo et al (2004) described 

acetaldehyde has a low reactivity on ZSM-5 and produces mainly 

trimerthyltrioxane and a low porporton of C6 olefinns (Gayubo et al., 2004b). 

When pyrolyzed O type compounds with ZSM-5, xylenes was most abundant 

product and is highest for acetosyringone at 22.3 µg/mg. Especially, there was a 

large amount of para-xylene in the xylenes (para-xylene: 8.3 µg/mg, ortho-xylene: 

3.8 µg/mg). para-xylene has a molecular dimension of 0.51nm which is similar to 

benzene. However, molecular dimension of ortho-xylene was 0.55nm. It is slightly 

larger than the ZSM-5 pores (0.52-0.55nm) (Weisz et al., 1979). Therefore, para-

xylene could be more easily generated and transported with the structure of ZSM-5. 

The selectivity of toluene, xylenes and naphthalenes from acetosyringone was 

higher than syringalehyde. In comparison with syringaldehyde, acetosyringone has 

high H/C eff ratio due to aceto group on molecules. It was therefore expected that 

methyl radicals could be generate during catalytic pyrolysis and thus would 

methylate benzene, toluene and xylenes.  
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Shin et al (2001) studied on the vanillin pyrolysis mechanism. He represented 

that the weakest bond in vanillin is the C-O bond on methoxyl functionality so 

resulting in the formation of a methyl radical (Shin et al., 2001). S unit has two 

methoxyl groups on aromatic ring. It was assumed that S unit produces more 

methyl radical than G unit so could produce more aromatic hydrocarbons. The 

production of aromatic hydrocarbons from ZSM-5 both vanillin and syringalehyde 

was 52.9 µg/mg and 56.0 µg/mg respectively. In compare with vanillin, BTX from 

syringaldehyde were increased 65.0 %, 15.6 % and 41.2 % respectively. This was 

because of methoxyl functionality could effect on methylation of monocyclic 

aromatic hydrocarbons with ZSM-5. While, the yield of aromatics decreased over 

BETA and Y (28.1 µg/mg and 17.1 µg/mg). This result could be explained by 

aldehyde functionality being coke which adsorbed at pores of BETA and Y. 
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Table 7 Comparison of catalytic pyrolysis products from O type compounds at 

600°C with different zeolite catalysts. 

 

Catalyst 

ZSM-5 BETA Y 

Vanillin  

Aromatics (µg/mg) 52.9 33.1 43.3 

Oxygenates 
(µg/mg) 

14.8 144.4 72.6 

Total 67.7 177.5 115.9 

Syringaldehyde  

Aromatics (µg/mg) 56.0 28.1 17.1 

Oxygenates 
(µg/mg) 

26.8 20.3 30.2 

Total 82.8 48.4 47.3 

Acetosyringone  

Aromatics (µg/mg) 57.5 65.2 86.2 

Oxygenates 
(µg/mg) 

25.0 49.1 34.1 

Total (µg/mg) 82.5 114.3 86.3 
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Figure 8 Aromatic selectivities of catalytic pyrolysis products from O type 

compounds at 600 °C with different zeolite catalysts 
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5. Conclusion  

 

The catalytic pyrolysis of lignin-derived phenolic compounds was performed 

over various zeolite catalysts at 600°C to study the catalytic conversion during 

catalytic pyrolysis. To select lignin-derived model compounds, milled wood lignin 

was pyrolyzed 600ºC and selected eleven components. Lignin-derived phenolic 

compounds was abundant oxygen and deficient hydrogen so H/Ceff ratio was lower 

than 1.0. XRD patterns revealed that significant difference in crystal structure 

among three type zeolite catalysts. The surface area of ZSM-5 has the lowest 

among three type zeolite catalysts (297.98 m2/g). BETA is bigger than ZSM-5 but 

smaller than Y. Y has the largest surface area (574.61 m2/g). NH3-TPD analysis 

showed each three zeolite catalyst has different acid site. The distribution of 

products affected zeolite type. ZSM-5, BETA and Y all produced aromatic 

hydrocarbons but quantity of aromatic hydrocarbons was the highest with Y except 

for O type. ZSM-5 was able to effectively convert aldehyde functionality to 

aromatic hydrocarbons but could not effectively convert phenol to aromatic 

hydrocarbons. Among three group model compounds, S group has highest H/Ceff 

ratio and high aromatic hydrocarbons were observed in presence of BETA and Y. 

Especially, naphthalenes selectivity achieved the maximum yield from 4-

propylguaiacol using BETA (66.1 µg/mg). 

  



44 

6. Reference  

 

Adjaye, J.D., Bakhshi, N. 1995. Catalytic conversion of a biomass-derived oil to 

fuels and chemicals I: Model compound studies and reaction pathways. 

Biomass and Bioenergy, 8(3), 131-149. 

Aho, A., Kumar, N., Eränen, K., Salmi, T., Hupa, M., Murzin, D.Y. 2007. Catalytic 

pyrolysis of biomass in a fluidized bed reactor: influence of the acidity of 

H-beta zeolite. Process Safety and Environmental Protection, 85(5), 473-

480. 

Aho, A., Kumar, N., Eränen, K., Salmi, T., Hupa, M., Murzin, D.Y. 2008. Catalytic 

pyrolysis of woody biomass in a fluidized bed reactor: influence of the 

zeolite structure. Fuel, 87(12), 2493-2501. 

Amen-Chen, C., Pakdel, H., Roy, C. 2001. Production of monomeric phenols by 

thermochemical conversion of biomass: a review. Bioresource Technology, 

79(3), 277-299. 

Ben, H., Ragauskas, A.J. 2011. Pyrolysis of Kraft lignin with additives. Energy & 

Fuels, 25(10), 4662-4668. 

Carlson, T.R., Cheng, Y.-T., Jae, J., Huber, G.W. 2011. Production of green 

aromatics and olefins by catalytic fast pyrolysis of wood sawdust. Energy 

& Environmental Science, 4(1), 145-161. 

Carlson, T.R., Jae, J., Lin, Y.-C., Tompsett, G.A., Huber, G.W. 2010. Catalytic fast 

pyrolysis of glucose with HZSM-5: the combined homogeneous and 



45 

heterogeneous reactions. Journal of Catalysis, 270(1), 110-124. 

Carlson, T.R., Tompsett, G.A., Conner, W.C., Huber, G.W. 2009. Aromatic 

production from catalytic fast pyrolysis of biomass-derived feedstocks. 

Topics in Catalysis, 52(3), 241-252. 

Carlson, T.R., Vispute, T.P., Huber, G.W. 2008. Green gasoline by catalytic fast 

pyrolysis of solid biomass derived compounds. ChemSusChem, 1(5), 397-

400. 

Chamnankid, B., Ratanatawanate, C., Faungnawakij, K. 2014. Conversion of 

xylose to levulinic acid over modified acid functions of alkaline-treated 

zeolite Y in hot-compressed water. Chemical Engineering Journal, 258, 

341-347. 

Chen, N., Degnan, T., Koenig, L. 1986. Liquid fuel from carbohydrates. Chemtech, 

16(8), 506-511. 

Corma, A., Huber, G.W., Sauvanaud, L., O'connor, P. 2007. Processing biomass-

derived oxygenates in the oil refinery: catalytic cracking (FCC) reaction 

pathways and role of catalyst. Journal of Catalysis, 247(2), 307-327. 

Deka, R.C., Vetrivel, R. 1998. Adsorption sites and diffusion mechanism of 

alkylbenzenes in large pore zeolite catalysts as predicted by molecular 

modeling techniques. Journal of Catalysis, 174(1), 88-97. 

Dobele, G., Dizhbite, T., Rossinskaja, G., Telysheva, G., Meier, D., Radtke, S., 

Faix, O. 2003. Pre-treatment of biomass with phosphoric acid prior to fast 

pyrolysis: a promising method for obtaining 1, 6-anhydrosaccharides in 



46 

high yields. Journal of Analytical and Applied Pyrolysis, 68, 197-211. 

Faix, O., Meier, D., Fortmann, I. 1990. Thermal degradation products of wood. 

Holz als Roh-und Werkstoff, 48(7-8), 281-285. 

Gayubo, A.G., Aguayo, A.T., Atutxa, A., Aguado, R., Bilbao, J. 2004a. 

Transformation of oxygenate components of biomass pyrolysis oil on a 

HZSM-5 zeolite. I. Alcohols and phenols. Industrial & Engineering 

Chemistry Research, 43(11), 2610-2618. 

Gayubo, A.G., Aguayo, A.T., Atutxa, A., Aguado, R., Olazar, M., Bilbao, J. 2004b. 

Transformation of oxygenate components of biomass pyrolysis oil on a 

HZSM-5 zeolite. II. Aldehydes, ketones, and acids. Industrial & 

engineering chemistry research, 43(11), 2619-2626. 

Graça, I., Comparot, J.-D., Laforge, S., Magnoux, P., Lopes, J.M., Ribeiro, M.F., 

Ramôa Ribeiro, F. 2009. Influence of phenol addition on the H-ZSM-5 

zeolite catalytic properties during methylcyclohexane transformation. 

Energy & Fuels, 23(9), 4224-4230. 

Jackson, M.A., Compton, D.L., Boateng, A.A. 2009. Screening heterogeneous 

catalysts for the pyrolysis of lignin. Journal of Analytical and Applied 

Pyrolysis, 85(1), 226-230. 

Jacobs, P., Flanigen, E., Jansen, J., van Bekkum, H. 2001. Introduction to zeolite 

science and practice. Elsevier. 

Jae, J., Tompsett, G.A., Foster, A.J., Hammond, K.D., Auerbach, S.M., Lobo, R.F., 

Huber, G.W. 2011. Investigation into the shape selectivity of zeolite 



47 

catalysts for biomass conversion. Journal of Catalysis, 279(2), 257-268. 

Kim, J.-Y., Lee, J.H., Park, J., Kim, J.K., An, D., Song, I.K., Choi, J.W. 2015. 

Catalytic pyrolysis of lignin over HZSM-5 catalysts: Effect of various 

parameters on the production of aromatic hydrocarbon. Journal of 

Analytical and Applied Pyrolysis, 114, 273-280. 

Li, X., Su, L., Wang, Y., Yu, Y., Wang, C., Li, X., Wang, Z. 2012. Catalytic fast 

pyrolysis of Kraft lignin with HZSM-5 zeolite for producing aromatic 

hydrocarbons. Frontiers of Environmental Science & Engineering, 6(3), 

295-303. 

Ma, Z., Custodis, V., van Bokhoven, J.A. 2014. Selective deoxygenation of lignin 

during catalytic fast pyrolysis. Catalysis Science & Technology, 4(3), 766-

772. 

Ma, Z., Troussard, E., van Bokhoven, J.A. 2012. Controlling the selectivity to 

chemicals from lignin via catalytic fast pyrolysis. Applied Catalysis A: 

General, 423, 130-136. 

Meyers, R.A. 2004. Handbook of petroleum refining processes. McGraw-Hill 

Professional. 

Mihalcik, D.J., Mullen, C.A., Boateng, A.A. 2011. Screening acidic zeolites for 

catalytic fast pyrolysis of biomass and its components. Journal of 

Analytical and Applied Pyrolysis, 92(1), 224-232. 

Min, H.-K., Hong, S.B. 2011. Mechanistic investigations of ethylbenzene 

disproportionation over medium-pore zeolites with different framework 



48 

topologies. The Journal of Physical Chemistry C, 115(32), 16124-16133. 

Mochizuki, T., Chen, S.-Y., Toba, M., Yoshimura, Y. 2013. Pyrolyzer–GC/MS 

system-based analysis of the effects of zeolite catalysts on the fast 

pyrolysis of Jatropha husk. Applied Catalysis A: General, 456, 174-181. 

Mullen, C.A., Boateng, A.A. 2010. Catalytic pyrolysis-GC/MS of lignin from 

several sources. Fuel Processing Technology, 91(11), 1446-1458. 

Neumann, G.T., Pimentel, B.R., Rensel, D.J., Hicks, J.C. 2014. Correlating lignin 

structure to aromatic products in the catalytic fast pyrolysis of lignin model 

compounds containing β–O–4 linkages. Catalysis Science & Technology, 

4(11), 3953-3963. 

Ojha, D.K., Vinu, R. 2015. Resource recovery via catalytic fast pyrolysis of 

polystyrene using zeolites. Journal of Analytical and Applied Pyrolysis, 

113, 349-359. 

Patwardhan, P.R., Brown, R.C., Shanks, B.H. 2011. Understanding the fast 

pyrolysis of lignin. ChemSusChem, 4(11), 1629-1636. 

Shen, D., Zhao, J., Xiao, R., Gu, S. 2015. Production of aromatic monomers from 

catalytic pyrolysis of black-liquor lignin. Journal of Analytical and Applied 

Pyrolysis, 111, 47-54. 

Shin, E.-J., Nimlos, M.R., Evans, R.J. 2001. A study of the mechanisms of vanillin 

pyrolysis by mass spectrometry and multivariate analysis. Fuel, 80(12), 

1689-1696. 

Stewart, D. 2008. Lignin as a base material for materials applications: Chemistry, 



49 

application and economics. Industrial crops and products, 27(2), 202-207. 

Thilakaratne, R., Tessonnier, J.-P., Brown, R.C. 2016. Conversion of methoxy and 

hydroxyl functionalities of phenolic monomers over zeolites. Green 

Chemistry. 

Treacy, M.M., Higgins, J.B. 2007. Collection of simulated XRD powder patterns 

for zeolites fifth (5th) revised edition. Elsevier. 

Wang, K., Kim, K.H., Brown, R.C. 2014. Catalytic pyrolysis of individual 

components of lignocellulosic biomass. Green Chemistry, 16(2), 727-735. 

Wang, S., Wang, K., Liu, Q., Gu, Y., Luo, Z., Cen, K., Fransson, T. 2009. 

Comparison of the pyrolysis behavior of lignins from different tree species. 

Biotechnology Advances, 27(5), 562-567. 

Weisz, P.B., Haag, W.O., Rodewald, P.G. 1979. Catalytic production of high-grade 

fuel (gasoline) from biomass compounds by shape-selective catalysis. 

Science, 206(4414), 57-58. 

Wildschut, J., Mahfud, F.H., Venderbosch, R.H., Heeres, H.J. 2009. 

Hydrotreatment of fast pyrolysis oil using heterogeneous noble-metal 

catalysts. Industrial & Engineering Chemistry Research, 48(23), 10324-

10334. 

Yu, Y., Li, X., Su, L., Zhang, Y., Wang, Y., Zhang, H. 2012. The role of shape 

selectivity in catalytic fast pyrolysis of lignin with zeolite catalysts. 

Applied Catalysis A: General, 447, 115-123. 

Zhang, H., Cheng, Y.-T., Vispute, T.P., Xiao, R., Huber, G.W. 2011. Catalytic 



50 

conversion of biomass-derived feedstocks into olefins and aromatics with 

ZSM-5: the hydrogen to carbon effective ratio. Energy & Environmental 

Science, 4(6), 2297-2307. 

Zhang, M., Resende, F.L., Moutsoglou, A. 2014. Catalytic fast pyrolysis of aspen 

lignin via Py-GC/MS. Fuel, 116, 358-369. 

Zhao, Y., Deng, L., Liao, B., Fu, Y., Guo, Q.-X. 2010. Aromatics production via 

catalytic pyrolysis of pyrolytic lignins from bio-oil. Energy & Fuels, 

24(10), 5735-5740. 

 



51 

 

 
초  록 

 

본 연구에 는 라이트 촉매가 열분해 공 에  리그닌 래 

페놀 합 에 미 는 향  구명하 다. 리그닌 래 페놀 합  

사시나 에  추출한 milled wood lignin (MWL)  열분해하여 

생  열분해 산  에  상  이 높  11개  

페놀 합  택하 다. 택  페놀 합  페닐그룹  특 에 라 

H (hydroxyphenyl), G (guaiacyl), S (syringyl) unit  구분 후 

향  1번 탄소  능  특 에 라 N (no side chain), S (side 

chain), O (oxygenated functional group)그룹  분 하 다. H/Ceff 

ratio 분  결과 리그닌 래 페놀 합  0.2-1.0  H/Ceff ratio를 

나타냈 며 이러한 결과 부  리그닌 래 페놀 합  상  

산소함량이 높고 소함량이 낮  것  인하 다. 촉매는 3가지 

종  라이트 (ZSM-5, BETA, Y)를 사용하 다. XRD 분  

통해 각 라이트 촉매  구조가 상이함  인하 며 BET  

NH3-TPD 분  통해 공크 가 가장 큰 Y (11.8 Å)에  높  

면 (574.61m2/g)과 산 (1.837 mmol/g)  가지는 것  

찰하 다. 촉매 열분해는 분 열분해  (막 , Pyroprobe 

5150)를 이용하여 도 조건 600℃에  20초 간 열분해하 다. 이후 

생산  열분해 산 들  GC/MS-FID 를 이용하여   량 

분 하 다.  
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촉매 열분해 결과 리그닌 래 페놀 합  라이트 촉매  

 통해 aromatic hydrocarbon이나 다른 페놀 합  변 었다. 

생 는 열분해 산 들  약 35종  인 었 며 인 

aromatic hydrocarbon  benzene, toluene, xylenes, 

naphthalenes  인 었다. Aromatic hydrocarbon   공  

크 가 커짐에 라 증가하는 경향  나타냈 며 공크 가 큰 Y 

촉매에  가장 높   나타냈다. 이는 라이트  공 크 가 

증가할  들이 공 내부  효과  입 어 촉매  원 한 

 하   단 다. 

Benzene, toluene, xylenes과 같  monocyclic aromatic 

hydrocarbon   Y에  가장 높게 나타났 며 BETA는 

naphthalnes  택  증가시키는 촉매  검증 었다. ZSM-5는 O 

그룹 부  aromatic hydrocarbons 생산에 효과 인 촉매  

나타났다 (vanillin:52.9 µg/mg, syringaldehyde:56.0 µg/mg, 

acetosyringone:57.5 µg/mg). 라이트 촉매  공크  외에도 

능  특  열분해산  에도 향  미 는 것  나타났다. 

촉매 열분해 과 에  생산 는 aromatic hydrocarbon   S 

unit이 G unit에 하여 낮았 며, 이러한 결과는 합  크  차이에 

해 공 내 입가능 이 다르  인 것  사료 다. 또한, 

리그닌 래 페놀 합  H/Ceff ratio가 증가할  생산 는 

aromatic hydrocarbon  양이 증가하는 경향  나타냈 며 S 그룹에  

가장 높  aromatic hydrocarbon   (70.1-143.9 µg/mg)  

나타냈다. 
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