
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

A DISSERTATION FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 

 

 

Depolymerization features of lignin under supercritical 

ethanol state in the presence of metal catalysts 

 

초임계 에탄올 상태에서 금속촉매를 이용한 리그닌의 

탈중합 특성 연구 

 

 

 

Advisor Professor: In-Gyu Choi 

 

By Jae-Young Kim 

 

 

PROGRAM IN ENVIRONMENTAL MATERIALS SCIENCE 

DEPARTMENT OF FOREST SCIENCES 

GRADUATE SCHOOL 

SEOUL NATIONAL UNIVERSITY 

 

FEBRUARY, 2017





 

Depolymerization features of lignin under supercritical 

ethanol state in the presence of metal catalysts 

 

초임계 에탄올 상태에서 금속촉매를 이용한 리그닌의 

탈중합 특성 연구 

 

지도교수   최  인  규 

 

이 논문을 농학박사 학위논문으로 제출함 

2016년 11월 

 

서울대학교 대학원 

산림과학부 환경재료과학전공 

김 재 영 

 

김재영의 농학박사 학위논문을 인준함 

2017년 1 월 

 

위 원 장      이   학   래     (인) 

부위원장      최   인   규     (인) 

위    원      최   준   원     (인) 

위    원      최   돈   하     (인) 

위    원      이   재   원     (인)



 



i 

 

Abstract 

Depolymerization features of lignin under supercritical 

ethanol state in the presence of metal catalysts 

 

Jae-Young Kim 

Program in Environmental Materials Science 

Department of Forest Sciences 

The Graduate School 

Seoul National University 

 

Catalytic depolymerization of lignin to monomeric phenols as an 

alternative to the petrochemical industry is the most promising approach to 

realize sustainable utilization of lignin. However, reaction pathways and 

chemistry behind this technology are very complex due to structural 

recalcitrance of lignin. This research focuses on an external effect on 

physicochemical properties of lignin depolymerized products to provide an 

insight into the lignin decomposition behavior. 

First, the effects of various parameters, such as temperature, reaction time, 

solvent amount, and initial hydrogen gas pressure on the distribution of lignin 

depolymerized products formed during solvolytical depolymerization of 

organosolv lignin (OL) was investigated. During this process, concurrent 

reactions involving depolymerization and recondensation as well as secondary 

decomposition were significantly accelerated with increasing temperature, 

leading to increase in both lignin derived phenols in the phenol-rich oil 
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fraction (lignin-oil)  and undesirable products (char and gas).  

Second, soda lignin (SL) was directly depolymerized over Pt/C, Pd/C, 

Ru/C, and Ni/C under supercritical alcohols (methanol, ethanol, 2-propanol, 

and t-butanol) to investigate the effect of catalyst and solvent types on the 

physicochemical properties of lignin-oil. 1H-/2D-HSQC-NMR and GPC 

analysis revealed that the Mw of lignin-oil remarkably lower than that of SL, 

which is clear evidence of β-O-4 and β-β bond cleavages. The top four main 

monomeric phenols in lignin-oil were 4-ethylphenol, guaiacol, 4-ethylguaiacol, 

and syringol, for which the sum was mostly produced in E-Pt (4.2 wt%). It 

was observed that excessive catalyst dosage caused side reactions, resulting in 

decreasing monomeric phenols yield. 

Third, SL was sequentially fractionated by organic solvents (ethyl acetate: 

F1, methanol: F2, acetone: F3, dioxane/water: F4, and insoluble fraction: F5) 

for homogeneous preparations of lignin. The Mw of SL, F1, F2, F3, and F4 

were 2800, 1120, 2860, 5850, 7200 Da. 2D-HSQC-NMR analysis revealed 

that lignin fraction with lower Mw had highly condensed structure (poor β-O-4 

linkage). Each fraction was efficiently depolymerized into lignin-oil under the 

combination of supercritical ethanol (350 °C) and 5 wt% Ru/C to compare 

depolymerization feature of lignin with different molecular distribution. The 

yield of lignin-oil, mixture of monomeric phenols as well as high molecular 

phenolics, ranged from 62.5 to 81.4 wt% and was inversely proportional with 

the Mw values of lignin fraction. The selectivity of monomeric phenols 

produced from lignin depolymerization process was clearly affected by the Mw 

value of lignin. Especially, relative highly condensed fraction yielded higher 

amount of non-alkylated phenols, methylated-, and ethylated phenols more 

than other lignin fractions. 

Lastly, phenol was selectively produced from SL via a RuNi/SBA-15-

catalyzed supercritical treatment. The bimetallic catalysts used in this work 

were prepared by a wetness impregnation method with different molar ratios 
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of Ru and Ni (RuxNi1-x, x = 0.2, 0.4, 0.6, 0.8, and 1.0). This study revealed that 

the chemical properties of lignin-oil were clearly affected by the 

physicochemical properties of bimetallic catalysts. By increasing the amount 

of desorbed H2 and the acidity of the catalyst, the yields of lignin-oil, total 

phenols, and phenol increased while that of char decreased. The yields of 

lignin-oil, total monomeric phenols, and phenol were largest with the 

Ru0.6Ni0.4 catalyst (77.5 wt%, 12.7 wt%, and 4.7 wt%, respectively).  

 

 

Keywords: Lignin, supercritical ethanol, depolymerization, metal catalyst, 

monomeric phenols, GC/MS 
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1. Background 

 

1.1. Lignin structure & application  

 

Lignin is the second most abundant natural polymer after cellulose, and it 

accounts for 10–30 wt% of lignocellulosic biomass. Lignin is a natural 

polymeric material composed of three different C6C3 types (phenyl-propane) 

of monolignols (p-coumaryl, coniferyl and sinapyl alcohol) with various 

interunit linkages such as β-O-4 (40-60%), β-5 (4-10%) and biphenyl (3.5-

25%) (Brunow & Lundquist, 2010). Native lignin in biomass has a complex, 

three dimensional amorphous structures with a high degree of condensation, 

which allows the lignin to resist external physical, chemical, and/or biological 

forces (Nimz, 2003). This resistance is one reason why utilization of lignin in 

high value-added products is so difficult. For this reason, less than 2% of 

lignin byproduct produced from the paper industry, called technical lignin, is 

used for value-added products (Kubo & Kadla, 2005a). Various technical 

lignins produced by the paper industry or other biorefinery (Figure 1-2) has 

traditionally been utilized as a stabilizer for plastics and rubber, phenolic 

resins, dispersants, automotive brakes and wood panel products (Lora & 

Glasser, 2002). Research on the production of aromatic chemicals, carbon 

fibers and thermoplastic or fusible materials from various lignins has also 

been actively carried out (Gosselink et al., 2012; Kadla et al., 2002; Kubo & 

Kadla, 2005b).
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Figure 1-1. Several kinds of lignin extracted by different methods (Gregorova, 2013).
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All the lignin uses mentioned so far require proper conversion process 

conditions, but it is also important to select suitable raw lignin materials 

because their structural features significantly influence the yield and 

characteristics of the target products. During the production of aromatic 

chemicals, lignin containing a greater number of ether linkages is desirable 

because these linkages degrade more easily with lower energy consumption 

(Kim et al., 2011b). Kubo and Kadla reported that organosolv lignin thermally 

blended with polyethylene oxide (PEO) had better plastic behavior than kraft 

lignin because organosolv lignin contained more phenolic hydroxyl groups 

and a more highly oxidized structure (Kubo & Kadla, 2004). Saraf and Glasser 

found that the tensile strength of lignin-based polyurethane films could be 

attributed to differences in phenolic hydroxyl content and the molecular 

weight of lignins (Saraf & Glasser, 2003). Therefore, an in-depth study of the 

structural features and thermal decomposition properties of lignin must be 

conducted before its wide spread utilization. Figure 1-3 shows various 

application fields of lignin for the production of value-added products.   
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Figure 1-2. A possible application way of residual lignin into value-added 

products (Ayyachamy et al., 2013). 
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1.2. Residual lignin from pulping & sugar based 

biorefinery 

 

Lignocellulosic biomass is derived from living organisms including 

woody biomass, agricultural biomass, and herbaceous biomass, consisting of 

cellulose, hemicellulose, and lignin. Cellulose generally account to ca. 40 – 

60%, hemicelluloses ca. 20 – 40% and lignin ca. 15 – 25%. It also contains 

other minor components, such as inorganic constituents and extractives. 

Lignocellulosic biomass is an alternative carbon-based resource that can be 

converted to various products such as feed, energy, fuel and chemicals. In 

particular, renewable energy from lignocellulosic biomass has received 

growing interest due to the concerns over depletion of fossil fuel and increases 

in energy demand and costs (Demirbaş, 2001). For example, several kinds of 

bioenergy such as organic waste, wood pellet, and biogas have been used for 

district heating (Esen & Yuksel, 2013). Moreover, lignocellulosic biomass 

contains a negligible amount of nitrogen and sulfur, which results in lower 

emission of environmentally harmful substances such as NOx and SOx 

(Zhang et al., 2006). In lignocellulosic biomass, cellulose fiber is traditionally 

used for the production of pulp and paper. Due to the high weight portion of 

lignin in lignocellulosic biomass, a substantial amount of lignin is generated as 

a byproduct in the pulp and paper industry. In addition, a great deal of research 

has been conducted on the biochemical conversion process called the sugar 

platform recently, used for the production of monomeric sugars as a raw 

material of bioethanol and a sugar-based chemical from polysaccharides 

(Figure 1-1) (Kim & Dale, 2004).  
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Figure 1-3. Selective utilization of carbohydrate moiety in sugar based 

biorefinery.
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As mentioned earlier, lignin is also produced as byproduct in carbohydrate 

based biorefinery process, and it has been used as a heat source for plant work 

(Ragauskas et al., 2006). However, to make the production of bioethanol or 

monomeric sugars from lignocellulosic biomass economically viable, the 

lignin must be appropriately used as a value-added source. In sugar based 

biorefinery, a pretreatment process is required to effectively remove lignin 

from the biomass because lignin polymers exist in the cell wall of all types of 

lignocellulosic biomass. Organosolv pretreatment, typically using solvents 

such as methanol, ethanol, acetone and ethylene glycol, is an efficient 

pretreatment method because organic solvents are easily recovered and can be 

recycled (Galbe & Zacchi, 2007). Ionic liquid pretreatment is another 

promising method due to its eco-friendly characteristics and non-flammable 

and recyclable capacities, which can also enhance accessibility of cellulolytic 

enzymes to the biomass by reducing both the crystallinity and lignin content 

(Lee et al., 2008; van Rantwijk & Sheldon, 2007). The Arkenol process is a 

typical hydrolysis technology that applies highly concentrated sulfuric acid, 

developed by Arkenol in the United States (Cuzens & Miller, 1997). In these 

process, the diverse chemical/structural properties of lignin such as the 

molecular weight (Mw), polydispersity index (PDI), the frequency of β-O-4 

linkages, the thermal stability, the content of functional groups (methoxyl: 

OMe and phenolic hydroxyl: Phe-OH) and the degree of condensation vary 

considerably with the extraction condition (Pan et al., 2006). On the basis of 

these properties, lignin would be potentially used in various fields (Table 1-1). 
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Table 1-1. Worldwide lignin production status and its potential product 

(Limayem & Ricke, 2012; Smolarski, 2012) 

Lignin 
Annual production 

(MT) 
Purity Potential products 

Low-purity lignin 50,000,000 Low Fuel 

Lignosulphonates 1,000,000 
Medium-

low 
Cement admixture 

Kraft lignin 60,000 

High 

Phenol resin, 

Carbon fiber, 

Vanillin, Phenol 

Organosolv lignin 1,000 

High-grade lignin - 

Lignin from bioethanol 

process (US) 
340 Low  

  



10 

 

1.3. Solvolytic lignin depolymerization process  

 

There are several thermochemical conversion process of lignin including 

pyrolysis, hydrogenolysis, hydrolysis, and gasification for producing chemical 

and fuels (Figure 1-4). Recently, a few studies have been carried out on 

solvolytical depolymerization of various lignin macromolecular structures in 

supercritical solvents in order to obtain monomeric phenols (Barta et al., 2010; 

Yuan et al., 2010). Solvolys is a type of solvent molecule substitution (SN1) or 

elimination reaction to target compound, which performed in various 

sub/supercritical solvent condition (water, alcohol, ammonia and glycol). 

Supercritical solvents are attracting attention as a useful medium in the 

conversion process of lignin to biofuels or value-added chemicals because of 

their unique physiochemical properties: fluids approaching critical points have 

solvent powers comparable to those of liquids, and they are much more 

compressible than dilute gases (Antal Jr et al., 2000). So, supercritical fluids 

are attracting attention in various fields of science and technology. Many 

previous studies have reported that degradation of lignin with supercritical 

fluids was economically advantageous for producing lignin-derived phenolic 

compounds, and that reaction temperature and time were very important 

factors determining the yield of monomeric phenols. Phenol, guaiacol, 

syringol and their derivatives, the primary phenolic products released from 

lignins, have the potential to be used as chemical intermediates for polymers, 

resins, pesticides, and other materials (Das & Halgeri, 2000).   
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Figure 1-4. Major thermochemical lignin conversion processes and their 

potential products (Pandey & Kim, 2011). 
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In general, various reactions including lignin depolymerization, 

carbonization, recondensation, and further decomposition simultaneously 

occur during solvolytic decomposition of lignin process (Figure 1-5). As a 

result, three main products (lignin-oil, char, and gas) can be obtained from 

lignin depolymerization process. Among them, lignin-oil is a high value-added 

chemical resource, because it contains several kinds of chemical compounds 

such as monomeric phenols, higher molecular phenolics, poly aromatic 

hydrocarbon, and heavy aliphatic hydrocarbon (Fang et al., 2008). Previous 

studies revealed that several kinds of alkylated phenols such as 4-ethylphenol, 

4-methylguaiacol, 4-ethylguaiacol, and 4-methylsyringol were detected in 

lignin-oil with GC/MS analysis, and these can potentially use for building 

block in chemical industries (Kim et al., 2015a; Kim et al., 2014c). Meanwhile, 

minimal char formation is preferred for effective lignin depolymerization, 

because the catalyst undergoes deactivation due to char deposits on its 

surfaces (Saidi et al., 2014).  
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Figure 1-5. Reaction paths of lignin decomposition promoted in homogeneous 

and heterogeneous environments in supercritical water (Fang et al., 

2008). 
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1.4. Catalysts in lignin depolymerization process 

 

Recent developments in the field of lignin depolymerization have led to a 

renewed interest in improving yield as well as the selectivity of the target 

compound in lignin-oil. Monomeric phenols released from lignin have wide 

compositional distribution due to its structural complexity. Most research to 

improve the selectivity of the target compound have only been carried out in 

lignin model compound level (monomer or dimer) over various catalysts 

including noble metals, nickel, zeolites, and CoMo/NiMo catalysts (He et al., 

2012; Jongerius et al., 2012; Zhao & Lercher, 2012). In particular, noble metal 

catalysts such as Pt, Pd, and Ru have been generally applied in lignin 

depolymerization processes because of their special effect on 

hydrodeoxygenation and hydrogenation. Xu et al. efficiently depolymerized 

organosolv lignin from switchgrass over 20 wt% of Pt/C catalyst in 

supercritical ethanol condition (Xu et al., 2012a). Zakzeski et al. used Pt/Al2O3, 

Pd/C, and Ru/C in lignin depolymerization process, and obtained max. 17.6 wt% 

of monomeric phenols from Kraft lignin (Zakzeski et al., 2012). Song et al. 

reported that almost β-O-4 linkage was degraded over Ni/C in alcohol solvent, 

leading to formation of monomeric phenols, especially 4-propyl/4-

propenylphenols (Song et al., 2013). In addition, several studies have 

investigated the production of a target compound such as aromatic 

hydrocarbon and 4-ethylphenolics from lignin over such metal catalysts as 

mentioned above (Fan et al., 2013; Jongerius et al., 2013; Ye et al., 2012).  
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1.5. Lignin fractionation  

 

As mentioned above, the limited application of industrial lignin is largely 

due to its complex three-dimensional aromatic structure and heterogeneity 

based on feedstock type and extraction process. Thus, several methods had 

been studied such as substitution (methylation, esterification, and benzylation) 

and fractionation (gel permeation chromatography, ultrafiltration, and 

selective precipitation) for improving lignin properties (Figure 1-6). 

Fractionation is the way to homogenize lignin molecular distribution, leading 

to formation of lignin fraction having relatively lower polydispersity index 

than that of raw lignin. In general, typical fractionation methods have high 

cost in large scales. Recently, fractionation with organic solvents has been 

great attention as attractive way in fractionation lignin into homogeneous 

preparations in a successive manner. Solvent fractionation provides an 

attractive approach to refine lignin for a variety of potential applications. For 

instance, several technical lignins including commercial Alcell lignin, birch 

organosolv lignin, steam-exploded pine, and eucalyptus lignins were 

sequentially fractionated with organic solvents, and the obtained fractions with 

high homogeneity were further modified (van de Pas et al., 2011). In addition, 

several studies reported that lignin fraction having low or high molecular 

weight have different application potential in copolymer, antioxidant, phenolic 

resin adhesive, and carbon fiber (Argyropoulos, 2014; Pan et al., 2006; 

Yoshida et al., 1990; Zakzeski et al., 2010). However, far too little attention 

has been paid to investigating the effect of molecular weight distribution on 

lignin depolymerization process.  
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Figure 1-6. Simple procedure of (a) ultrafiltration (Toledano et al., 2010a) and 

(b) solvent fractionation of lignin (García et al., 2009). 
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2. Objectives 

 

Over the past few years, research into the production of chemicals, platform 

compounds, and liquid fuels from lignin has grown rapidly because of the 

importance of lignin in biorefineries. Although several previous studies have 

reported the applications of lignins, either directly or indirectly, as renewable 

materials, lignin has not yet been effectively utilized in high value-added 

products. Among the various application, depolymerization of lignin to lignin-

oil consisting of monomeric phenols and higher molecular phenolics as an 

alternative to the petrochemical industry is the most promising approach to 

realize sustainable utilization of lignin.  

In this study, the effect of various process parameters on lignin 

depolymerization including reaction temperature, time, solvent type/amount, 

catalyst type, and initial hydrogen gas pressure was firstly investigated. In 

addition, structural impact of lignin on depolymerization process was explored. 

To understand thermal degradation behavior of lignin under supercritical 

alcohol states in the presence of catalyst, three main lignin depolymerized 

products (lignin-oil, char, and gas) were analyzed by advanced techniques. 

Based on GC/MS analysis, qualitative and quantitative investigations of the 

monomeric phenols derived from lignin, applied with the response factor (RF) 

value, were carried out to evaluate the true amount of monomeric phenols 

present in lignin-oil. 1H-, and 2D-HSQC-NMR analyses were performed to 

investigate structural characterization of lignin-oil. From this result, it could 

be observed that various interunit linkages in lignin such as β-O-4 and β-β 

were degraded during catalytic depolymerization process. GPC analysis was 

also performed to evaluate depolymerization degree of lignin as well as further 

utilization of lignin-oil. 

Finally, new concept bifunctional catalyst having hydrogen transfer capacity 
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and acidic property was applied in this process for further efficient 

depolymerization of lignin and selective production of specific phenols. 

Prepared catalyst was characterized by using various analytical equipments 

such as BET, XRD, TPR/TPD, and XPS. Based on these results, the 

correlation between catalyst characteristics and physicochemical properties of 

lignin was investigated. 

 

 

Therefore, the objectives of this study were: 

(1) To investigate various process parameters on the distribution as well 

as physicochemical properties of lignin depolymerized products  

(2) To apply several kinds of alcohols and noble/transition metal catalysts 

in this process for efficient depolymerization of lignin and suppress 

side reaction  

(3) To investigate structural impact of lignin on the distribution of 

monomeric phenols produced after catalytic depolymerization 

process for selective production of specific phenols 

(4) To prepare and apply bifunctional catalyst in lignin depolymerization 

process for increasing the yield of specific phenols 
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3. Literature review 

 

3.1. Structural characterization of lignin macromolecules 

 

3.1.1. Wet chemistry & spectroscopic analyses 

 

Lignin has several kinds of inter-unit linkages such as β-O-4 (40-60%), β-5 

(4-10%) and biphenyl (3.5-25%). To determine the frequency of main aryl 

ether linkages including α-O-4 and β-O-4, nitrobenzene oxidation (NBO) 

method has been typically used. Since essential NBO products originate by 

oxidative degradation of ether linkages, specifically that of the 4-O-alkylated 

(α-O-4 or β-O-4 linkage) lignin substructure, the relative frequency of such 

ether linkages in the lignins can be predicted from the total yield of NBO 

(Leopold & Malmström, 1951). As NBO products, guaiacol, vanillin, vanillic 

acid, syringol, syringaldehyde, and syringic acid are mainly produced. 

According to previous study, the yield of their total amounts of polar wood 

milled wood lignin (ML) is approximately 2,300 μmol/g of lignin with the S/G 

ratio of 2.5 (Kim et al., 2014a). Another chemical method for degradation of 

β-O-4 linkage is derivatization followed by reductive cleavage (DFRC). As 

essential DFRC products of hardwood lignin (Figure 1-7), acetylated coniferyl 

(G–CH=CHCH2OAc) and sinapyl alcohol (S–CH=CHCH2OAc) are produced 

and their amounts are quantitatively determined by the GC analysis method, as 

reported in previous research (Lu & Ralph, 1997). This experiment has shown 

that the lignin derivatives from AcBr treatment possess the β-bromo ether 

skeleton required for the reductive elimination. AcBr treatment of lignin 

followed by Zn reductive cleavage provided a pathway to selectively cleave α- 

and β-O-4 linkage in lignin. Previous studies has reported that the yield of 
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DFRC products were 1,300 μmol/g of lignin for poplar wood ML and 230 

μmol/g of lignin for poplar wood OL, and 650 μmol/g of lignin for wheat 

straw ML (Del Río et al., 2012; Kim et al., 2013b).  

Lignin has several oxygen containing reactive functional groups such as 

carbonyl groups, methoxyl group, phenolic hydroxyl group, and carboxyl 

group, and their amounts are varied depending on lignin type (biomass source 

and extraction process). In the case of softwood lignin, methoxyl, phenolic 

hydroxyl, aliphatic hydroxyl, and carbonyl group accounts 90-95, 20-30, 115-

120, and 20 per C900 unit, respectively. For determination of phenolic hydroxyl 

groups, 1H-NMR of acetylated lignin, potentiometric or conductometric 

titration method, ionization differential spectroscopy, and methanol 

determination after periodate oxidation has been typically used. However, 

Mansson suggested relatively simple method using GC calibration of 

aminolysis products of acetylated lignin (Månsson, 1983). Briefly described, 

the acetylated lignin was dissolved in dioxane and treated with pyrrolidine 

containing an internal standard (1-methylnaphthalene) to initiate aminolysis. 

The reaction was completed within 1 h, and the amount of 1-acetylpyrrolidine 

formed was measured by GC analysis. In recent years, 31P-NMR 

spectroscopy was performed to quantify the content of total hydroxyl 

groups in lignin (Pu et al., 2011). Lignin was phosphitylated by 2-

chloro-4,4,5,5,-tetramethyl-1,3,2-dioxaphospholane (TMDP) and 

cyclohexanol was used as an internal standard. This mixture was 

analyzed by a NMR instrument. Other representative functional groups of 

lignin (methoxyl group) can be quantified according to the method described 

by Baker (Baker, 1996). This method are based on the formation of methyl 

iodide from methoxyl group in lignin according to the SN2cA mechanism 

using strong acid (HI) acting as a Lewis base. In general, hardwood lignin has 

over 100 per C900 unit of methoxyl group.  
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Figure 1-7. Selective ether cleavage by the DFRC method; monomers derive 

from lignins (Lu & Ralph, 1997) 
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It is well known that several spectroscopic analyses have been applied for 

elucidation of lignin structure. Up to recently, FT-IR, 1H-NMR, and 13C-NMR 

2D-HSQC-NMR are mainly used, and they supported to the results from wet 

chemistry such as functional group content, the frequency of β-O-4 linkage, 

and so on. From FT-IR analysis, a few structural information such O–H 

stretching (3412-3460 cm-1), C–H stretching in methyl/methylene groups 

(3000-2842 cm-1), aromatic skeletal vibrations (1505-1515 cm-1), and aromatic 

C–H in plane deformation (1200-1100 cm-1) can be obtained in different 

spectra. Also from 1H- and 13C-NMR different structural information can be 

obtained from assigned peak area (Figure 1-8). Signals at 152.1 and 138.0 

ppm were originated from the β-O-4 structure in S-type carbon (Kim et al., 

2011a). In addition, signals assigned to the propane side chain of carbon in the 

β-O-4 structure (86-60 ppm) signal at 104.5-106.8 ppm were assigned to S-

type carbon (C2/C6). Signal at 106.8-107.0 ppm was originated from S-type 

carbon (C2/C6 with αC=C), and at C2/C in β-β structure was appeared at 

103.6 ppm. Recently, insight into the structural difference between lignin was 

investigated by 2D-HSQC-NMR analysis (Figure 1-8). The typical method to 

calculate the relative abundance of lignin sub-structures is described as 

follows: The method uses a cluster of signals that are representative of all C9 

units as standard. The choice of the G2, S2,6/2 + G2, and 0.5S2,6 + G2 + 

0.5H2,6 signals as standard are for softwood, hardwood lignin, and grass 

lignin, respectively. The results were shown as how much linkage per aromatic 

ring (Sette et al., 2011; Wen et al., 2012).    
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Figure 1-8. 13C-NMR spectra of ML from poplar wood (top) and 2D-HSQC 

NMR spectra of non-acetylated bamboo ML specimens (bottom) 

(Kim et al., 2014a; Wen et al., 2013) 
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3.1.2. Thermal degradation characteristics  

 

Thermal gravimetric analysis of lignin has been widely used to investigate 

thermal degradation properties of lignin. Thermal gravimetric analysis (TGA) 

is a method of thermal analysis in which changes in physical and chemical 

properties of materials are measured as a function of increasing temperature 

(with constant heating rate), or as a function of time (with constant 

temperature and/or constant mass loss). TGA can provide information about 

physical phenomena, such as second-order phase transitions, including 

vaporization, sublimation, absorption, adsorption, and desorption. Likewise, 

TGA can provide information about chemical phenomena including 

chemisorptions, desolvation (especially dehydration), decomposition, and 

solid-gas reactions (e.g., oxidation or reduction) (Coats & Redfern, 1963).  

In general, the lignin structure is very complex because it is mainly 

composed of aromatic rings with Cα-Cβ-Cγ side chains and has several kinds of 

functional groups. These structural characteristics result in an extremely wide 

temperature range of decomposition. From TGA results, we could obtain 

several structural information including the frequency of β-O-4 linkage and 

condensation degree (Chu et al., 2013).  

Previous study investigated thermal degradation properties of several kinds 

of lignins from various pretreatment. These results are shown in Figure 1-9. 

ML has two representative maximum decomposition peaks (Vm1 and Vm2) with 

corresponding temperatures (Tm1 and Tm2), whereas the other lignins have only 

one Vm and Tm. Because ML and IL have a relatively large amount of β-O-4 

linkages compared with OL and KL, thus the former peaks may be attributed 

to the cleavage of the β-O-4 linkage. These results indicated that the thermal 

stability of ML and OL was relatively lower than that of OL and KL (Kim et 

al., 2013b).   
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Figure 1-9. TGA and DTGA curve of lignins (Heating rate: 10 °C/min) (Kim 

et al., 2013b). 
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3.1.3. Pyrolysis- Gas Chromatography/Mass spectrophotometry 

  

Pyrolysis-GC/MS is powerful analytical tools that can be applied to 

investigate the lignin structure based on the pyrolysis products, specifically 

with regard to the proportion of H-, G-, and S-type monomeric phenols. 

During pyrolysis, lignin is thermally degraded to low molecular weight 

phenols by exposure to heating in an inert atmosphere, and these pyrolysis 

products provide information on the structure of the lignin. The method also 

has several analytical advantages, including simple preparation with a small 

sample quantity and rapid analysis times (Kim et al., 2014b). To date, 

numerous studies based on lignin pyrolysis have been performed. Iatridis and 

Gavalas and Nunn et al. researched the composition of low molecular products 

(C1-C4 hydrocarbons) from lignin pyrolysis and their kinetics using a captive 

sample reactor (Iatridis & Gavalas, 1979; Nunn et al., 1985). Chan and 

Krieger reported the yield of lignin pyrolysis products (volatile, char and non-

condensable gas) as a function of pyrolysis temperature using a microwave 

reactor (Chan & Krieger, 1981). Patwardhan et al. investigated recombination 

mechanisms between the primary lignin pyrolysis products using a micro-

pyrolyzer coupled with a GC-MS/FID (Patwardhan et al., 2011). Additionally, 

numerous studies using pyrolysis-GC/MS have been conducted to estimate the 

lignin potential as a valuable phenol source, as well as to investigate structural 

features of various lignins (del Río et al., 2005; Kim et al., 2014b; Qiang et al., 

2009). Figure 1-10 displays GC chromatogram of pyrolysis products from 

four kinds of lignins.   
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Figure 1-10. GC chromatogram of the pyrolysis products from various lignins 

(Kim et al., 2013b). 
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3.2. Solvolytic lignin depolymerization process 

 

3.2.1. Model compounds study 

 

To investigate degradation mechanism of various inter-unit linkages in 

lignin macromolecular, model compounds (lignin monomer, dimer, trimer, and 

even oligomer), artificially synthesized, have been selected in catalytic 

depolymerization process.  

Nichols et al. investigated catalytic cleavage mechanism of 2-aryloxy-1-

arylethanols over ruthenium catalyst with phosphine ligands (Nichols et al., 

2010). The cleavage products was 62-98% isolated yield. They suggested that 

this reaction is applicable to breaking the key ethereal bond found in lignin-

related polymers and the bond transformation proceeds by a tandem 

dehydrogenation/reductive ether cleavage. Initial mechanistic investigations 

indicate that the ether cleavage is most likely an organometallic C-O 

activation.  

Barta et al. developed a single-step approach using a nonprecious metal 

catalyst for the hydrogenolysis-depolymerization of lignin and subsequent 

hydrogenation of aromatics (Barta et al., 2010). In this study, 

dihydrobenzofuran (DHBF) was selected as ether linkage containing model 

compound and converted into 2-ethylcyclohexanol over copper doped 

molybdenum catalyst under supercritical methanol condition. They observed 

that hydrogen transfer from methanol to an organosolv lignin results in the 

complete hydrogenolysis of phenyl ether bonds, coupled with the 

hydrogenation of aromatic rings. The product is a complex mixture composed 

principally of monomeric substituted cyclohexyl derivatives with greatly 

reduced oxygen content and negligible aromatics. In addition, no char 

formation was observed.  
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Hanson et al. reported that catalytic degradation mechanism of condensed 

carbon-carbon (C-C) and ether linkages (C-O) over vanadium catalyst 

(Hanson et al., 2012). They suggested that dimeric lignin model compound 

underwent oxidation reaction at Cα site, and the ether bonding were easily 

progressed due to this reason.  

Kelley et al. utilizes diphosphines with tert-butyl or dimethylamino 

substitution para to the ether on the central ring and these two ligands lead to 

nickel complexes with similar reactivity but complementary crystallinity that 

allows for solid-state characterization of the resultant species (Kelley et al., 

2012). From this experiment, they reported the mechanism of nickel-mediated 

aryl ether hydrogenolysis.  

Sergeev & Hartwig (2011) envisioned a reaction that involves insertion of a 

discrete transition metal complex into the aromatic C-O bond and reaction of 

the resulting intermediate with hydrogen to yield arene and alcohol (Sergeev 

& Hartwig, 2011). In this report, they also studied the hydrogenolysis of 

various aromatic and benzylic C-O bonds that constitute roughly 75% of all 

the inter-linkages in lignin, one of the most stable biopolymers in nature 

(Figure 1-11 and 1-12). 
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Figure 1-11. (A) Relative reactivity of aryl and benzyl ethers toward 

hydrogenolysis of C-O bonds catalyzed by Ni(COD)2. Selective 

hydrogenolysis of (B) diphenyl ether in the presence of 4-tert-

butylbenzyl methyl ether; (C) 2-methoxynaphthalene in the 

presence of 4-tert-butylbenzyl methyl ether; and (D) diphenyl ether 

in the presence of 4-tert-butylanisole (Sergeev & Hartwig, 2011). 
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Figure 1-12. Hydrogenolysis of (A) bis(m-phenoxyphenyl)benzene. (B) A model of the 4-O-5 linkage in lignin. (C) A 

model of the a–O-4 linkage in lignin. (D) A model of the b–O-4 linkage in lignin (Sergeev & Hartwig, 2011).
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3.2.2. Lignin macromolecules study 

 

In addition to lignin model compound, real lignin macromolecular has been 

also used in lignin depolymerization research field. Recently, several studies 

have been carried out on lignin depolymerization to obtain monomeric 

phenols presented in oil fraction (lignin-oil) after the lignin depolymerization 

process (Shen et al., 2015; Yoshikawa et al., 2013). These monomeric phenols 

(especially alkylated phenol/guaiacol) are widely used as chemical 

intermediates in various ways, such as polymers, antioxidants, resins, 

medicines, and pesticides, which are currently synthesized from petrochemical 

resources.  

According to Kim et al., a maximum of 9.7% of monomeric phenols could 

be obtained from organosolv lignin in a supercritical ethanol state with no 

catalyst (Kim et al., 2013a). They suggested that long reaction time promoted 

side reaction such as carbonization, recondensation, and further decomposition, 

leading to decreasing monomeric phenols yield. 

Gosselink et al. also produced 10-12% of monomeric phenols from 

organosolv lignin in a supercritical carbon dioxide/acetone/water condition. In 

particular, monomeric phenols in different compositions with a maximum 

yield of 2.0% for syringic acid and 3.6% for syringol, respectively. The results 

of this study showed that under the applied conditions competition occurred 

between lignin depolymerization and recondensation of fragments (Gosselink 

et al., 2012).  

Long et al. reported that 13.2% of monomeric phenols were released from 

pine lignin under the combination of tetrahydrofuran and base catalyst (MgO) 

(Long et al., 2014). They found THF is an efficient reaction medium for lignin 

depolymerization. In addition, detailed analysis such as elemental analysis, 

FT-IR, TG–DSC, Pyrolysis-GC/MS on the raw material and residual solid 
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demonstrated that the residue is mainly caused by the repolymerization of 

unsaturated products on the catalyst surface and pore.  

Metal catalysts such as noble metals and nickel have been generally applied 

in lignin depolymerization processes because of their performance on 

hydrodeoxygenation and hydrogenation. Xu et al. efficiently depolymerized 

Organosolv lignin from switchgrass over 20 wt% of Pt/C catalyst in 

supercritical ethanol condition (Xu et al., 2012a). They reported that the 

combination of formic acid and Pt/C promoted production of higher fractions 

of lower molecular weight compounds in the liquid products and reaction time 

was an important variable in affecting changes in product distributions and 

bulk liquid product properties. In addition, their elemental analysis shows that 

the resultant liquid products have a 50 % reduction in O/C and 10 % increase 

in H/C molar ratios compared to the switchgrass lignin after 20 h. 

Zakzeski et al. used Pt/Al2O3, Pd/C, and Ru/C in lignin depolymerization 

process, and obtained max. 17.6 wt% of monomeric phenols such as guaiacol 

and substituted guaiacols and from Kraft lignin (Zakzeski et al., 2012). In this 

study, they found that ethanol/water mixtures readily solubilize lignin under 

moderate temperatures and pressures with little residual solids. They also 

revealed that the molecular weight of the dissolved lignins was reduced by gel 

permeation chromatography. In addition, reduction of the lignin dissolved in 

ethanol/water using a supported transition metal catalyst at 200 °C and 30 bar 

hydrogen yields up to 6 % of cyclic hydrocarbons and aromatics. 

Song et al. reported that β-O-4 linkage was selectively degraded over Ni/C 

in alcohol solvent, leading to formation of monomeric phenols, especially 4-

propyl/4-propenylphenols (Song et al., 2013). The results of this study show 

that lignin could be selectively cleaved into propylguaiacol and propylsyringol 

with total selectivity over 90 % at a lignin conversion of about 50 %. They 

also suggested also alcohols, such as methanol, ethanol and ethylene glycol, 

were suitable solvents for lignin conversion. In this study, MALDI-TOF and 
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NMR analysis of lignin depolymerized were carried out. From these results 

they suggested that two-step depolymerization process of lignin as shown in 

Figure 1-13. Briefly, lignin is first fragmented into smaller lignin species 

consisting of several benzene rings with a molecular weight of m/z ca. 1100 to 

ca. 1600 via alcoholysis reaction. The second step involves the hydrogenolysis 

of the fragments into phenols.  
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Figure 1-13. Catalytic conversion of birch wood into monomeric phenolic 

products via a fragmentation–hydrogenolysis process (Song et al., 

2013). 
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3.3. Bimetallic catalyst in lignin depolymerization process 

 

Catalysis is considered as a key technology for lignin valorization, because 

the catalytic depolymerization of lignin enables selective production of useful 

chemicals from lignin. In addition to noble metal catalyst, base metal catalysts 

such as Ni, Cu, Co, and Fe are also used as catalysts in the catalytic 

depolymerization of lignin, because of their advantage as catalyst: (1) high 

selectivity to aromatics, and (2) low cost. Due to this reason, several studies 

have investigated that combination of different metals for enhancing catalytic 

activities as well as in-depth analysis of lignin depolymerized products formed 

from bimetallic catalyzed lignin depolymerization process. Table 1-2 shows 

the summary of bimetallic catalysts and reaction conditions used in previous 

studies.  

Huang et al. reported a recyclable Ru–WOx bifunctional catalyst that 

showed high catalytic activities for the hydrogenolysis of several kinds of 

phenols and phenyl ethers, involving dimeric lignin model compounds and the 

primitive phenols separated from pyrolysis lignin, to produce arenes in water 

(Huang et al., 2015b).  

Parsell et al. developed a bimetallic Pd/C and Zn catalytic system that 

enable selective hydrodeoxygenation (HDO) of monomeric lignin model 

compound as well as successfully cleave the β-O-4 linkages in dimeric lignin 

model compound and lignin polymers with high conversion yields between 

80-90% (Parsell et al., 2013).  

Zhang et al. developed a highly efficient, stable NiAu catalyst that shows 

unprecedented low temperature activity in lignin hydrogenolysis, leading to 

the formation of 14 wt% aromatic monomers from organosolv lignin at 170 °C 

in pure water (Zhang et al., 2014a; Zhang et al., 2014b).  

Narani et al. used a variety of NiW and NiMo catalysts on acidic, basic and 
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neutral supports in supercritical methanol treatment of lignin and reported that 

NiW catalysts on neutral or basic supports were highly suitable for production 

of methanol soluble organics from lignin in high yields at 320 °C and 35 bar 

H2 pressure (Narani et al., 2015).  

Kim et al. produced bimetallic Pd-Fe catalyst supported on ordered 

mesoporous carbon (Pd–Fe/OMC) having high catalytic activities in cleavage 

of C-O bond in benzyl phenyl ether to aromatics. They reported that the 

introduction of Fe into Pd/OMC catalyst led to the modification of electronic 

properties of Pd by electron transfer, which resulted in the enhanced yield for 

aromatics (Kim et al., 2015c).   
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Table 1-2. Summary of catalyst type and reaction condition of previous studies  

a Supporting material 
b Propylguaiacol 
c Propylsyringol 
d Alkylated phenols 

  

Ref Cat. SMa Reaction condition Lignin 
Main 

product 

Parsell 

et al. 
Pd-Zn Carbon H

2
/MeOH/150 °C 

Model 

compound 
PGb 

Zhang 

et al. 

Ni-

Ru,Rh,Pd 
- H

2
/Water/130 °C 

Model 

compound/ 

Organosolv 

lignin 

PG/ PSc 

Zhang 

et al. 
Ni-Au - H

2
/Water/170 °C 

Organosolv 

lignin 
PG/PS 

Narani 

et al. 
Ni-W Carbon H

2
/MeOH/320 °C Kraft lignin APd 

Kim  

et al. 
Pd-Fe Carbon H

2
/Hexadecane/250 °C 

Model 

compound 

Aromatics / 

Phenol 
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3.4. Lignin fractionation 

   

3.4.1. Solvent fractionation 

 

Previous studies revealed that lignin with broad molecular distribution were 

successfully fractionated into sub-lignin fraction having narrow molecular 

distribution.  

Li & McDonald fractionated several kinds of lignin (Indulin AT Kraft 

softwood, SL, and corn stover lignin from bioethanol plant) using methanol 

solvent (Li & McDonald, 2014). The methanol soluble (MS) and methanol 

insoluble (MI) fractions were introduced into several structural analyses such 

as thermal decomposition characteristics (TGA and DSC), pyrolysis-GC/MS, 

FT-IR, and DFRC. These results showed that the MS lignin fractions were 

shown to contain fewer condensed structures, lower aromatic/aliphatic OH 

ratio, higher β-O-4 linkages, lower Mw and Tg, and lower thermal degradation 

properties than the original lignin and MI lignin fractions.  

Wang & Chen extracted lignin from steam-exploded corn stalk and ethanol-

water solvent was used instead of toxic and multi-organic solvents such as 

ether, methane chloride, dioxane and pyridine in fractionation process. GPC, 

HPLC, UV, FT-IR, 1H-NMR, and thermal analysis were conducted (Wang & 

Chen, 2013).  

Li et al. successively fractionated OL from bamboo by organic solvents 

with increasing dissolving capacity for lignin. The starting lignin and its sub-

fractions were compared in terms of yield, molecular weight distribution, and 

functional groups. Additionally, their antioxidant activity and thermostability 

were also investigated owning to the importance for value-added application 

(Li et al., 2012). Figure 1-14 shows GPC result of lignin fraction depending on 

their molecular weight.   
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Figure 1-14. GPC chromatogram of bamboo organosolv lignin and 

fractionated lignins (Li et al., 2012).  
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3.4.2. Ultra- and nano-filtration 

  

Membrane technology allows the separation of lignin fraction with a 

specific molecular weight and being able to be used in the synthesis of several 

high value-added products (chemical reactants, resins and biocomposites, 

antioxidant agents, etc.).  

Toledano et al. used the black liquor from alkaline treatment of miscanthus 

as raw material and it was introduced to ultrafiltration to obtain several lignin 

fractions with specific molecular weight distribution. In addition, the 

difference between physicochemical characteristics and structure of each 

resulting lignin fraction were studied (Toledano et al., 2010a). This research 

group also considered two different processes to fractionate lignin: selective 

precipitation and ultrafiltration. In this experiment, obtained lignin fractions 

by both procedures were characterized to establish the relationship between 

lignin properties and the fractionation method applied (Toledano et al., 2010b). 

Other lignin source (OL from same biomass) was similarly tested using 

ultrafiltration technology (Alriols et al., 2010).  

In 2012, this group tried to novel approach in lignin depolymerization 

process. It involves ultrafiltration as a fractionation process to separate 

different molecular weight lignin fractions followed by a hydrogen-free, mild, 

hydrogenolytic, heterogeneously catalyzed methodology assisted by 

microwave irradiation to obtain simple phenolic, monomeric products by 

depolymerization using a nickel-based catalyst (Figure 1-15) (Toledano et al., 

2013).  
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Figure 1-15. Representation of the cascade-type lignin valorization approach 

using ultrafiltration (Toledano et al., 2013). 
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1. Introduction 

 

Recently, a few studies have been carried out on solvolytical 

depolymerization of various lignin macromolecular structures in supercritical 

solvents in order to obtain monomeric phenols (Holmelid et al., 2012; Yuan et 

al., 2010). Solvolysis is a type of solvent molecule substitution (SN1) or 

elimination reaction to target compound, which performed in various 

sub/supercritical solvent condition (water, alcohol, ammonia and glycol). 

Supercritical solvents are attracting attention as a useful medium in the 

conversion process of lignin to biofuels or value-added chemicals because of 

their unique physiochemical properties: fluids approaching critical points have 

solvent powers comparable to those of liquids, and they are much more 

compressible than dilute gases (Antal Jr et al., 2000). Many previous studies 

have reported that degradation of lignin with supercritical fluids was 

economically advantageous for producing lignin-derived phenolic compounds, 

and that reaction temperature and time were very important factors 

determining the yield of monomeric phenols. However, investigation of the 

effect of other factors such as solvent-to-lignin ratio and amount of hydrogen 

gas on lignin depolymerization is challenging. There is also a lack of ancillary 

studies of other chemical properties of lignin-degraded products (lignin-oil 

and char), such as their elemental compositions and average molecular 

weights (Mw). 

Therefore, the goal of this study was to investigate the effects of various 

parameters, such as temperature, reaction time, solvent amount, and initial 

hydrogen gas pressure, on the distribution of lignin-degraded products during 

solvolytical depolymerization of organosolv lignin (OL). Ethanol was used as 

a solvent because of its hydrogen donor capability, with a relatively low 

critical point (243 °C, 6.39 MPa) (Yuan et al., 2007; Zweifel et al., 2008). 
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Based on GC/MS analysis, qualitative and quantitative investigations of the 

monomeric phenols, applied with the response factor (RF) value, were carried 

out to evaluate the true amount of monomeric phenols present in the lignin-oil 

phase. The other chemical properties, such as the average molecular weight 

(Mw) and elemental compositions of the lignin-oils, were also analyzed. 
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2. Materials and methods 

 

2.1. Materials 

 

Organosolv lignin (OL) was produced from poplar wood (Populus 

alba× grandulosa) according to Hewson’s method (Hewson et al., 1941). The 

detailed OL extraction process was as follows: Oven-dried poplar wood chips 

(200 g) were treated with 2 kg of distilled water/ethanol mixture (1:1 w/w) in 

160 °C for 4 h. In this process, 5 wt% (10 g) of NaOH based on the weight of 

biomass was used as an inorganic catalyst. After the reaction, black liquor was 

acidified with 2 M HCl until the pH was lower than 2. Precipitated solid (OL) 

was washed with sufficient distilled water, followed by centrifugation and 

freeze-drying. The yield of OL was 3.9 wt% (dry basis), and the chemical, 

structural, and thermal properties of OL are described in depth in Table 2-1 

and Table 2-2. 
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Table 2-1. Elemental compositions, functional groups, and calculated C900 formulae of organosolv lignin (OL) and milled 

wood lignin (ML) 

 

Lignin 
Lignin content 

(%) 

Elemental composition (%) Functional groups (%) 

C900 formula DBEa 
Mw/C9 

(g/mol) 
C H N O OMe Phe-OH 

OL 93.2±0.1 65.4 5.9 0.3 23.4 14.7±0.4 3.6±0.3 C900H774O146(OH)36(OCH3)81 5.55 170.5 

MLb 88.6±0.1 58.6 5.8 0.1 35.5 14.4±0.1 6.3±0.2 C900H812O272(OH)76(OCH3)94 4.09 201.9 

a DBE = Double bonds equivalent  
b Referred from previous study (Kim et al., 2011a) 
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Table 2-2. The average molecular weights, polydispersity indexes (Mw/Mn) and quantitative analyses of DFRC products of 

organosolv lignin (OL) and milled wood lignin (ML) 

 

Lignin 

GPC (Daltons) DFRC (μmol/g sample)a 

Mw Mn Mw/Mn 

G- 

CH=CHCH2OAc 

(Acetylated CA) 

S- 

CH=CHCH2OAc 

(Acetylated SA) 

total S/Gb 

OL 4169 1757 2.37 55.58±5.54 171.83±12.32 227.42±17.86 3.09 

MLC 10,002 4,060 2.46 560.60±18.64 745.70±22.23 1306.30±40.87 1.33 

a Data are means of triplicate analyses ± S.D. 
b Average molar ratios of sinapyl alcohol/coniferyl alcohol formed by the cleavage of β-O-4 linkages. 
c Referred from previous study (Kim et al., 2011a) 
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2.2. Solvolysis of lignin with ethanol 

 

All reactions were performed in a Parr instrumental reactor made using a 

9-cm-long stainless steel (SUS316) reactor with a 5.5 cm outer diameter and a 

0.2 cm wall thickness. A schematic diagram of the reactor is shown in Figure 

2-1 (a), and details of the reactor’s capacities are as follows: a heater that can 

heat up to 400 °C, a stainless steel reactor that has a volume of 200 ml, a 

stirrer, and a flowing-water cooler. Before each reaction, 0.5 ± 0.01 g of OL 

and ACS grade ethanol (200 proof, ≥99.5%, Sigma-Aldrich) were loaded 

into the reactor. After the reactor was sealed, it was purged by sufficient 

nitrogen gas (99.9% N2) to remove any reactive air, such as oxygen and 

hydrogen. To investigate the effects of the various factors on lignin 

depolymerization, the reaction temperature was set to 200 ºC (subcritical state, 

3.1 MPa), 275 ºC (supercritical state 8.5 MPa), or 350 ºC (supercritical state, 

12 MPa), while the reaction time and solvent amount were varied from 20 to 

60 min and from 25 to 75 ml of lignin, respectively. The detailed experimental 

design is presented in Table 2-3. Furthermore, 2 or 3 MPa of hydrogen was 

injected into the reactor before the start of the reaction to investigate the effect 

of the initial hydrogen pressure on lignin depolymerization. In this reaction, 

temperature, reaction time, and solvent amount were fixed at 350 °C, 40 min, 

and 50 ml of lignin, respectively, because this condition has been confirmed to 

be effective for production of monomeric phenols from lignin. Next, the 

reactor was inserted into a heater, and a 200 rpm mechanical stirrer was started. 

Internal reactor pressure was varied according to reaction condition, and 

maximum pressure was recorded (Table 2-3). During solvolytical 

depolymerization of OL, the average heating rate was 10 ºC/min. After the 

reaction, the reactor was cooled with a flowing-water liner in the reactor until 

the reactor temperature was less than 100 ºC, and the average cooling rate was 
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-20 ºC/min. Recoverable products (lignin-oil and char) were obtained using 

the method shown in Figure 2-1 (b). The yields of the three main products 

(lignin-oil, gas, and char) were determined as follows: 

 

(1) Lignin-oil yield (wt%) = 

   [weight of oil fraction (g)/ weight of raw materials (g)]  100 

(2) Char yield (wt%) =  

[weight of char (g)/ weight of raw materials (g)]100 

(3) Gas yield (wt%) = 100  (oil yield + char yield) 
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Table 2-3. Experimental design for the lignin solvolysis reaction 

 

Experiment 

No. 

Various parameters 

Maximum 

pressure in 

reactor (MPa) 
Temperature 

(°C) 

Reaction 

time (min) 

Solvent 

amount  

(ml) 

Initial 

hydrogen gas 

pressure 

(MPa) 

1 200 

200 

200 

200 

200 

20 50 0 3 

2 40 50 0 3 

3 60 50 0 3 

4 40 25 0 3 

5 40 75 0 3 

      

6 275 20 50 0 8.5 

7 275 40 50 0 8.5 

8 275 60 50 0 8.5 

9 275 40 25 0 5 

10 275 40 75 0 10 

      

11 350 20 50 0 12 

12 350 40 50 0 12 

13 350 60 50 0 12 

14 350 40 25 0 5.5 

15 350 40 75 0 18.5 

      

16 350 40 50 2 15 

17 350 40 50 3 16 
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Figure 2-1. (a) The schematic diagram of the reactor and (b) flow chart of the 

experiment.  
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2.3. Characterization of lignin depolymerized products 

 

2.3.1. Gas Chromatography/Mass Spectroscopy (GC/MS) analysis 

 

GC/MS analysis of lignin-oil was performed on an Agilent HP7890A GC 

equipped with an Agilent HP5975A mass selective detector (MSD). The total 

oil samples were diluted with 5 ml acetone, and 1 ml of each diluted sample 

was used for GC/MS analysis. Fluoranthene (volume; 20.0 mg/10 ml in 

acetone) was used as an internal standard (IS). A dilute sample of 1.00 μl was 

injected into the DB-5 capillary column (60 m × 0.25 mm ID × 0.25 μm film 

thicknesses). The initial oven temperature of the GC was 50 °C for 5 min, and 

the temperature was then programmed to increase at a rate of 3 °C/min up to 

140 °C for 10 min, followed by an increase of 2 °C/min up to 280 °C for 10 

min. The injector and detector temperatures were 220 °C and 300 °C, 

respectively, and the carrier gas was He of 99.99% purity. Mass spectral 

similarity searches were carried out using NIST MS Search 2.0 

(NIST/EPA/NIH Mass Spectral Library; NIST 02) with the proper reference 

(Faix et al., 1990).
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2.3.2. Gel Permeation Chromatography (GPC) analysis 

 

The molecular weight distribution of the lignin-oils was measured using a 

GPC max instrument (ViscotekRImax, Viscotek, UK) equipped with a PLgel 5 

μm MIXED-C column (300 × 7.5 mm, VARIAN Inc.) and a PLgel 5 μm guard 

column (50 × 7.5 mm, VARIAN Inc.), and effluents were detected by UV-Vis 

detection (VE3210, Viscotek). Approximately 20 μg of lignin-oils were 

dissolved in 2 ml of tetrahydrofuran (THF) and subsequently filtered through 

a 0.45 mm polytetrafluoroethylene (PTFE) filter to remove particulate matter. 

Furthermore, standard compounds (polystyrenes) with masses ranging 

between 580 Da and 3,250,000 Da were used to create a calibration curve. 

 

2.3.3. Elemental analysis 

The carbon, hydrogen, and oxygen weight percentages of the oils and 

chars were determined using an elemental analyzer CHNS-932 (LECO Corp). 

In this analysis, carbon, hydrogen and nitrogen were simultaneously 

determined as gaseous products (carbon dioxide, water vapor and nitrogen); 

the oxygen content was obtained as a difference.  
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3. Results and Discussions 

 

3.1. Effects of reaction conditions on yields of essential 

products 

 

3.1.1. Effect of temperature 

 

Solvolytical depolymerization of OL was performed at temperatures of 

200, 275 and 350 °C (reaction time: 40 min and solvent amount: 50 ml of 

lignin). The yields of lignin-degraded products [lignin-oil (liquid), char (solid) 

and gas] are shown in Figure 2-2 (a). A previous study reported several kinds 

of chemical compounds in the oil, such as monomeric phenols, higher 

molecular phenolics, poly aromatic hydrocarbon and heavy aliphatic 

hydrocarbon, so the yield of oil was a very important result to determine the 

degree of lignin depolymerization (Fang et al., 2008). Our experiment 

revealed that the composition of lignin-degraded products was clearly affected 

by temperature. As shown in Figure 2-2 (a), the yield of lignin-oil gradually 

decreased with increasing reaction temperature, whereas the char yield 

increased up to 275 °C and then slightly decreased at 350 °C. Gas was not 

produced at either 200 °C or 275 °C reaction temperatures, but it was 

produced at 32.1% at 350 °C. These results indicate that the degradation of 

lignin was increased when the temperature increased, and the secondary 

reactions, representing further decomposition of lignin-degraded products to 

gas and char formation, were also promoted at high temperatures (Meier et al., 

1992).  
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3.1.2. Effect of reaction time 

 

Table 2-4 show the yields of lignin-degraded products for various 

reaction times (0–60 min) at 200, 275 and 350 °C, respectively. The yield of 

lignin-oil decreased slightly with increasing reaction time (0–60 min) at 

200 °C, while the yield of char increased. For reactions at 275 °C, the yield of 

lignin-oil also decreased, whereas char increased with an increased reaction 

time, and gas was not produced at either 200 or 275 °C. These results are 

consistent with previous studies, and the amount of char was due to 

carbonization as well as recondensation between lignin-degraded products 

(Okuda et al., 2004; Saisu et al., 2003). Meanwhile, the yield of gas gradually 

increased with increased reaction time at 350 °C due to further decomposition 

of lignin-oils, and the yields of lignin-oil and char showed similar trends as 

mentioned above for 200 and 275 °C. Moreover, the rate of decrease or 

increase in yield was amplified at high temperatures, which can be attributed 

to the presence of various concurrent reactions that are also enhanced at higher 

temperatures, such as depolymerization, recondensation, carbonization and 

further decomposition, occurring within sub/supercritical ethanol (Fang et al., 

2008; Liu & Zhang, 2008; Yuan et al., 2010).   
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3.1.3. Effect of solvent amount 

 

The yields of lignin-degraded products as a function of solvent amount 

are shown in Table 2-4. As described in the figure, the yield of char decreased 

with solvent amount increases at all three temperature conditions. Lignin-oil 

yield slightly increased at lower temperature (200 °C and 275 °C); conversely, 

the yield of lignin-oil slightly decreased with increasing solvent amount at 

350 °C. The yield of gas gradually increased with increasing solvent amount. 

This indicates that higher solvent amounts enhance depolymerization of lignin 

to small molecular fragment and decrease char formation at relatively low 

temperatures. However, lignin-degraded products in lignin-oil were further 

decomposed to gas at 350 °C, resulting in increasing gas yield and decreasing 

oil yield with increasing solvent amount.   
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3.1.4. Effect of initial hydrogen gas pressure 

 

The yields of lignin-degraded products as a function of initial hydrogen 

gas pressure are shown in Table 2-4. Hydrogen is known as an inhibitor of the 

recondensation reaction because it can prevent free radical reaction production 

from cleavage of inter-unit linkage in lignin during the depolymerization 

reaction (Chu et al., 2013). In this experiment, the reactor was initially 

pressured with hydrogen gas before the solvolysis reaction (temperature: 

350 °C reaction time: 40 min and solvent amount: 50 ml), and the initial 

pressure was adjusted to 2 or 3 MPa. As can be seen in Table 2-4, the yield of 

lignin-oil increased and the yield of char decreased with increasing initial 

hydrogen gas pressure, indicating that higher hydrogen gas levels prevent char 

formation produced from the recondensation of lignin-degraded products 

(Holmelid et al., 2012). Meanwhile, the yield of gas slightly decreased with 

increasing initial hydrogen gas pressure. One potential interpretation of this 

result is that higher hydrogen gas pressure also suppressed further 

decomposition of oil to gas, resulting in a higher yield of oil and a lower yield 

of gas.  
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Table 2-4. The yield of lignin depolymerized products 

 

  

Variables Yield (wt%) 

Temperature 

(°C) 

Reaction 

time 

(min) 

Solvent 

amount 

(ml) 

Initial hydrogen 

gas pressure 

(MPa) 

Lignin-oil Char Gas 

200 20 50 0 94.9 5.1 - 

200 40 50 0 91.7 8.3 - 

200 60 50 0 90.8 9.2 - 

200 40 25 0 92.5 7.5 - 

200 40 75 0 93.9 6.2 - 

   
    

275 20 50 0 72.7 27.4 - 

275 40 50 0 66.2 33.8 - 

275 60 50 0 65.9 34.1 - 

275 40 25 0 63.5 36.5 - 

275 40 75 0 72.2 27.8 - 

   
    

350 20 50 0 63.4 31.5 5.2 

350 40 50 0 35.9 32.0 32.1 

350 60 50 0 31.3 34.6 34.1 

350 40 25 0 37.0 39.0 24.1 

350 40 75 0 34.6 17.7 47.7 

   
    

350 40 50 2 52.7 21.5 25.8 

350 40 50 3 54.3 21.5 24.3 
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3.2. Chemical properties of lignin-oils and chars 

 

3.2.1. Average molecular weights of lignin-oils 

 

The average molecular weights (Mw and Mn) and polydispersity indexes 

(Mw/Mn) of lignin-oils produced from different reaction conditions were 

determined by GPC analysis, and the results are given in Table 2-4. It is very 

important to determine Mw values because previous studies reported that 

lignin-degraded oils having low Mw had great potential to produce monomeric 

phenols through further depolymerization with a metal catalyst (Yoshikawa et 

al., 2013; Zakzeski et al., 2012). As shown in Table 2-4, the Mw and the 

Mw/Mn of lignin-oils both showed a clear decrease with increasing 

temperature, which indicates that the depolymerization reaction was favored 

in the high temperature region. However, as confirmed in the yields of the 

lignin-degraded products, the yields of undesirable products such as char and 

gas were increased when the temperature increased. This was because 

depolymerization, recondensation and further decomposition occurred 

simultaneously, thus leading to formation of both monomeric phenols and 

unfavorable products (gas and char). The Mw of lignin-oils produced at 200 °C 

was 2,339–2,635 Da, approximately 60% of that of OL. Considering the 

higher yield of lignin-oils at 200 °C (90.8–94.9%), these could be used as raw 

materials for further production of monomeric phenols. In the case of 200 and 

275 °C, specific trends of Mw and PDI as a function of reaction time and 

solvent amount were not observed. This meant that temperature was the most 

significant factor affecting the chemical properties of lignin-oils. On the other 

hand, the polydispersity index (Mw/Mn) of lignin-oils also decreased with 

elevated temperatures. This result indicates that lignin-degraded products in 

lignin-oils produced at elevated temperature have a relatively uniform 
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molecular size distribution. In terms of the effect of reaction time, the Mw 

increased slightly, whereas the Mw/Mn decreased with increasing reaction time 

in all of the experiments performed at 200 °C and 275 °C. For reactions at 

350 °C, the Mw and the Mw/Mn were not significantly affected by the reaction 

time and had values of 746–758 Da and 1.19–1.21, respectively. Meanwhile, 

the effect of solvent amount on the Mw and Mw/Mn of lignin-oils was also 

negligible under the temperature conditions of 200 and 275 °C. In the case of 

350 °C, however, relatively higher Mw (1,008 Da) and Mw/Mn (1.42) of lignin-

oils were observed when applying 75 ml compared with those at 25 and 50 ml. 

Considering this result with the trend of monomeric phenol increases with a 

higher solvent amount (75 ml) at 350 °C, as discussed below, this higher Mw 

value provides further evidence of concurrent depolymerization and 

recondensation.   
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Table 2-5. The average molecular weights (Mw and Mn) and polydispersity 

indexes (Mw/Mn) of lignin-oils 

 

 

  

Variables Molecular weight (Dalton) 

Temperature 

(°C) 

Reaction 

time 

(min) 

Solvent 

amount 

(ml) 

Initial 

hydrogen 

gas pressure 

(MPa) 

Mn Mw 

Polydispersity  

index 

(Mw/Mn) 

Organosolv lignin 1,757 4,169 2.37   

200 20 50 0 1,243 2,435 1.96 

200 40 50 0 1,316 2,464 1.87 

200 60 50 0 1,491 2,635 1.77 

200 40 25 0 1,215 2,339 1.93 

200 40 75 0 1,237 2,450 1.98 

   
 

   
275 20 50 0 931 1,820 1.95 

275 40 50 0 881 1,704 1.93 

275 60 50 0 837 1,528 1.83 

275 40 25 0 825 1,462 1.77 

275 40 75 0 884 1,637 1.85 

   
 

   
350 20 50 0 625 746 1.19 

350 40 50 0 628 757 1.21 

350 60 50 0 624 758 1.21 

350 40 25 0 581 717 1.23 

350 40 75 0 710 1,008 1.42 

   
 

   
350 40 50 2 669 820 1.23 

350 40 50 3 661 788 1.19 
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3.2.2. Elemental compositions of lignin-oils 

 

The elemental compositions (carbon, hydrogen, nitrogen, and oxygen) of 

lignin-oils were determined (Table 2-5), and a Van Krevelen diagram is 

provided to describe the atomic ratio between hydrogen, oxygen, and carbon 

corresponding to each reaction condition (Figure 2-4). It is very hard to 

explain overall correlation for elemental composition of lignin-oil as changing 

reaction condition because various reactions such as depolymerization, 

recondensation, further decomposition, hydrodeoxygenation and 

hydrogenation were simultaneously occurred during solvolytic treatment. 

Figure 2-4 showed the atomic ratios of lignin-oil were mostly affected by 

temperature. The atomic H/C ratios of lignin-oils increased, whereas the 

atomic O/C ratios decreased with increasing temperature. As mentioned above, 

ethanol acted as a hydrogen donor in the supercritical condition, providing 

further evidence of enhancement of hydrodeoxygenation in the oil phase at 

higher temperature. A similar result was obtained in a previous study by 

Kleinert et al., which reported that higher atomic H/C and lower O/C oils 

consisting of alkylated phenols and aliphatic hydrocarbons were obtained 

from lignin using a supercritical ethanol/isopropanol mixture with a powerful 

hydrogen donor (formic acid) (Kleinert et al., 2009). Meanwhile, the effect of 

reaction time showed a linear relationship between H/C and O/C with 

increasing reaction time. This indicates that the carbon moiety in lignin-oil 

gradually decreased due to carbon–carbon recondensation of lignin-degraded 

products in oil phase, leading to highly condensed char formation at longer 

reaction times (Okuda et al., 2004; Saisu et al., 2003). On the other hand, the 

effects of solvent amount and initial hydrogen gas pressure on the elemental 

compositions of lignin-oils were not notable.   
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Table 2-6. The elemental composition of lignin-oils 

a By difference 

Variables 
Elemental composition 

(wt%) 

Temperature 

(℃) 

Reaction 

time  

(min) 

Solvent 

amount 

(ml) 

Initial hydrogen 

gas  

pressure (MPa) 

C H N Oa 

Organosolv lignin 65.4  5.9  0.3  28.4  

200 20 50 0 60.8  6.1  0.1  32.9  

200 40 50 0 60.5  6.4  0.1  33.0  

200 60 50 0 60.7  6.9  0.1  32.3  

200 40 25 0 62.8  6.5  0.1  30.5  

200 40 75 0 61.5  7.2  0.1  31.2  

   
 

    

275 20 50 0 65.5  6.3  0.1  28.1  

275 40 50 0 64.4  6.9  0.1  28.6  

275 60 50 0 63.4  7.1  0.1  29.4  

275 40 25 0 63.4  7.2  0.1  29.3  

275 40 75 0 63.5  7.0  0.1  29.4  

   
 

    

350 20 50 0 66.4  6.9  0.1  26.5  

350 40 50 0 65.1  7.5  0.1  27.3  

350 60 50 0 63.1  8.1  0.1  28.7  

350 40 25 0 64.1  8.0  0.1  27.8  

350 40 75 0 66.3  7.5  0.3  26.0  

   
 

    

350 40 50 2 66.4  7.2  0.1  26.3  

350 40 50 3 65.5  7.4  0.2  27.0  
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Figure 2-2. Van Krevelen diagrams of lignin-oil produced under different reaction conditions (temperature–reaction time–

solvent amount–initial hydrogen gas pressure).  
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3.2.3. Characterization of monomeric phenols 

 

GC/MS analysis of lignin-oil was performed to identify the major low 

molecular phenols (H-, G- and S-type; Figure 2-5) derived from the 

solvolytical depolymerization of the lignin. Detailed data for major products 

are presented in Table 2-6, and the corresponding peak for each compound is 

shown in Figure 2-6. As presented in Table 2-6, only two monomeric phenols 

(syringaldehyde and trans-4-propenylsyringol) were detected at 200 °C, with 

amounts ranging from 1.7 to 4.1 of syringaldehyde and 0.7 to 0.9 (mg/g of 

lignin) of trans-4-propenylsyringol. When the reaction temperature was raised 

from 200 to 275 °C, several kinds of monomeric phenols were released from 

the OL, including phenol, guaiacol, alkylated guaiacol, syringol, 

syringaldehyde, acetosyringone and alkylated syringol. Previous studies have 

reported that the β-O-4 linkage is more easily degraded under relatively mild 

conditions due to its low bond dissociation enthalpies compared to those of 

several carbon–carbon bonds. Therefore, this difference of released phenols 

might be due to the enhanced cleavage of the β-O-4 linkage under this 

condition (Kim et al., 2011b; Tan et al., 2009). At 350 °C, the main G-type 

compounds, such as guaiacol, 4-methylguaiacol, 4-ethylguaiacol and 4-

vinylguaiacol, were readily released, and the sum of these compounds at 

350 °C (19.7–24.1 mg/g) was significantly higher (1.5–3.0-fold) than the sum 

at 275 °C (7.6–13.3 mg/g). However, the sum of S-type compounds at 350 °C 

was 25.8–44.9 mg/g, which was slightly higher than the sum of S-type 

compounds at 275 °C (22.5–35.8 mg/g).  

Meanwhile, the amount of monomeric phenols with an oxygenated 

functional group, such as syringaldehyde, acetosyringone and syringyl acetone, 

showed a gradual decrease, whereas alkylated phenols, such as syringol, 4-

metylsyringol, 4-ethylsyringol and 4-propylsyringol increased as temperature 
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increased from 275 to 350 °C (Table 2-6). This provides evidence of primary 

hydrodeoxygenation followed by hydrogenation of the oxygenated phenols at 

high temperature because ethanol acts as a hydrogen donor in a supercritical 

condition (Xu et al., 2012b). 

The amount of monomeric phenols obtained from different initial 

hydrogen gas pressure levels is also presented in Table 2-6. When 3 MPa of 

hydrogen gas was employed, monomeric phenols amounted to 96.7 mg/g of 

lignin. As mentioned above, this was due to the suppression of recondensation 

between monomeric phenols and lignin-degraded products under higher initial 

hydrogen gas pressure (Kleinert & Barth, 2008). In addition, drastic changes 

of alkylated guaiacol and alkylated syringol were particularly notable. This 

occurred because hydrogen gas prevented the degradation of such side chains 

in monomeric phenols (vinyl and allyl group) by means of hydrogenation, 

resulting in both higher selectivity and a higher yield of alkylated monomeric 

phenols (Jegers & Klein, 1985). As shown above, lignin-oil contained several 

kinds of chemical compounds also other than monomeric phenols, thus 

purification processes such as liquid-liquid extraction (LLE), vacuum 

distillation, chromatography, and crystallization operations are needed to 

obtain commercial grade monomeric phenol (Vigneault et al., 2007). 

Interestingly, compound numbers 20 to 23 (Figure 2-6) were identified as 

hexadecanoic acid ethyl ester (20), linoleic acid ethyl ester (21), octadecanoic 

acid ethyl ester (22) and heptadecanoic acid ethyl ester (23). Considering their 

structural features, formation of such compounds could not be expected during 

lignin solvolysis. However, Li et al. demonstrated that the occurrence of such 

aliphatic fatty acid ester could be evidence of condensation reaction between 

the compounds having C-O or C=O bonds derived from the lignin 

fragmentation (Li et al., 2009). On the basis of the discussion so far, a 

plausible reaction occurring during the sub/supercritical treatment of OL is 

suggested in Figure 2-7.  



68 

 

 

Figure 2-3. Three types of lignin derived monomeric phenols (R1 = H, Alkyl 

or Oxygenated functional group, R2 and R3 = OCH3 or OH.
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Table 2-7. The amount of monomeric phenols in lignin-oil  

a RT: retention time (min) 
b Quantified by assuming a response factor of 1  

tr = trace amount (less than 0.1 mg/g of lignin) 

No. Monomeric phenol RTa 
Amount of monomeric phenols derived from organosolv lignin (mg/g) 

Experiment No. 

   

200 °C 275 °C 350 °C 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

1 Phenol 24.9 - - - - - 0.4 0.2 0.3 0.4 0.2 0.7 0.4 0.5 0.4 0.6 0.7 1.6 

2 Guaiacol 29.2 - - - - - 1.4 2.3 2.5 3.3 1.1 4.5 4.8 5.1 4.8 3.2 4.3 4.6 

3 3-Methylguaiacol 33.7 - - - - - - - - - - 0.9 0.7 1.0 1.1 1.1 0.6 0.9 

4 4-Methylguaiacol 34.5 - - - - - 1.7 2.2 3.4 4.3 1.0 6.1 5.2 5.7 5.5 7.2 5.2 7.1 

5 4-Ethylguaiacol 39.0 - - - - - 1.6 2.2 2.9 4.1 0.7 5.9 7.3 6.3 5.2 5.6 6.0 8.0 
6 4-Vinylguaiacol 41.1 - - - - - 1.1 0.5 0.3 tr 1.1 0.1 tr tr tr tr tr tr 

7 Syringol 43.9 - - - - - 5.1 6.5 5.8 6.8 3.2 7.0 8.4 7.5 5.4 6.5 7.0 10.3 

8 4-Propylguaiacol 44.7 - - - - - 2.4 3.4 2.2 2.7 1.5 4.2 4.9 4.8 3.1 4.7 5.4 7.8 

9 4-Methylsyringol 51.4 - - - - - 7.2 8.9 11.5 13.4 5.2 13.3 14.5 11.9 11.2 17.2 14.1 21.7 

10 Isoeugenol 51.9 - - - - - 2.7 2.4 2.0 1.3 2.0 1.3 1.3 1.2 tr 1.0 tr 1.7 

11 4-Ethylsyringolb 56.2 - - - - - 2.6 3.4 3.4 3.7 1.5 3.7 4.3 3.9 2.7 4.7 4.7 6.6 

12 4-Vinylsyringolb 59.6 - - - - - 0.8 0.3 tr tr 0.5 0.2 0.2 0.2 0.1 0.2 tr tr 

13 cis-4-Propenylsyringol 61.9 - - - - - 1.9 1.7 1.7 1.0 1.9 1.1 1.6 0.8 tr 2.9 tr tr 
14 4-Propylsyringol 62.7 - - - - - 3.1 4.0 4.6 7.4 1.5 9.5 9.6 8.8 6.0 10.3 15.4 22.0 

15 Syringaldehyde 66.3 4.1 1.7 2.1 3.1 3.0 4.1 2.2 1.0 0.4 5.4 0.4 0.3 0.3 tr 0.3 0.6 0.9 

16 trans-4-Propenylsyringol 68.4 0.7 0.8 0.9 0.8 0.7 0.9 0.7 0.4 0.3 0.3 0.4 0.4 0.3 tr 0.8 0.6 0.9 

17 Acetosyringone 70.5 - - - - - 1.1 1.0 0.7 0.6 0.8 0.2 0.4 0.2 tr 0.7 0.3 0.9 

18 Syringyl acetoneb 72.5 - - - -  1.9 1.6 1.2 1.1 1.4 0.2 0.5 0.3 0.1 0.7 0.5 0.7 

19 3,4,5-Trimethoxyphenylacetic acidb 75.9 - - - - - 1.4 1.3 1.3 1.0 0.8 0.4 0.5 0.4 0.3 0.6 0.6 1.0 

 
Sum of H-type (mg/g of lignin) 

 
- - - - - 0.4 0.2 0.3 0.4 0.2 0.7 0.4 0.5 0.4 0.6 0.7 1.6 

 
Sum of G-type (mg/g of lignin) 

 
- - - - - 11.0 13.1 13.3 15.7 7.6 23.0 24.1 24.0 19.7 22.7 21.6 30.1 

 
Sum of S-type (mg/g of lignin) 

 
4.8 2.5 3.0 3.9 3.7 30.2 31.7 31.7 35.8 22.5 36.2 40.7 34.7 25.8 44.9 43.8 65.0 

 
Total monomeric phenol (mg/g of lignin) 

 
4.8 2.5 3.0 3.9 3.7 41.6 44.9 45.3 51.8 30.2 59.8 65.2 59.2 45.8 68.2 66.1 96.7 
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Figure 2-4. GC chromatogram of lignin-oil as a function of reaction 

temperature.
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Figure 2-5. A plausible decomposition pathway of organosolv lignin within sub- and supercritical ethanol state. 
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3. 3. Chemophysical properties of chars 

 

Table 2-7 presents the elemental compositions of the chars, and the 

atomic ratios of chars produced from various reaction conditions are given in 

Figure 2-8. As confirmed in Figure 2-8, the atomic oxygen, hydrogen, and 

carbon ratios of the char were also significantly affected by temperature. The 

chars produced at higher temperatures had lower atomic H/C and O/C ratios, 

indicating a loss of hydrogen and oxygen and a gradual enrichment of carbon 

(Mahinpey et al., 2009). Thus, the chars produced at higher temperatures had 

more aromatic structures compared with those at low temperatures (Sharma et 

al., 2004). Interestingly, the chars produced at 200 °C had similar H/C ratios 

but somewhat higher O/C ratios compared with those of OL, indicating that 

the condensation degrees of these chars were lower than those of OL. This 

result considered with the higher yield of oil (90.8–94.9%) and the GPC data 

(2,339–2,635 Da) suggests that the depolymerization of OL to a relatively low 

molecular lignin fragment (2,339–2,635 Da) was the predominant reaction, 

while other reactions related with the char formation, such as carbonization 

and condensation/recondensation, might only rarely occur under this 

temperature condition. In terms of the effect of reaction time, the atomic H/C 

and O/C ratios of the chars gradually decreased with increasing reaction time 

at 200 and 275 °C, showing a suitable atomic balance corresponding to the 

increment tendency of the atomic H/C and O/C ratios of the oils. However, 

this tendency to decrease was not observed at 350 °C due to a great loss of 

carbon, oxygen, and hydrogen moieties to the gas phase consisting of H2, CO, 

and CO2 (Forchheim et al., 2012). Similar to our previous results for lignin-

oils, the effect of the solvent amount was also not significant. When initial 

hydrogen pressure was applied, a slightly higher atomic O/C ratio was 

observed in char, but the difference was negligible.
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Table 2-8. The elemental composition of chars  

a By difference

Variables 
Elemental composition 

(wt%) 

Temperature 

(℃) 

Reaction 

time  

(min) 

Solvent 

amount 

(ml) 

Initial hydrogen 

gas  

pressure (MPa) 

C H N Oa 

Organosolv lignin 65.4  5.9  0.3  28.4  

200 20 50 0 62.4  5.9  0.3  31.4  

200 40 50 0 62.6  5.5  0.3  31.6  

200 60 50 0 64.1  5.4  0.3  30.3  

200 40 25 0 61.9  5.5  0.3  32.3  

200 40 75 0 62.7  5.6  0.3  31.4  

   
 

    

275 20 50 0 69.8  4.9  0.3  25.0  

275 40 50 0 70.3  4.8  0.3  24.6  

275 60 50 0 70.3  4.7  0.3  24.7  

275 40 25 0 71.5  4.7  0.3  23.6  

275 40 75 0 69.0  5.2  0.3  25.6  

   
 

    

350 20 50 0 77.3  4.5  0.4  17.9  

350 40 50 0 78.7  4.7  0.3  16.3  

350 60 50 0 79.1  4.8  0.4  15.7  

350 40 25 0 78.2  4.5  0.3  17.0  

350 40 75 0 75.7  4.8  0.4  19.2  

   
 

    

350 40 50 2 76.3  4.6  0.3  18.8  

350 40 50 3 76.2  4.3  0.4  19.1  
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Figure 2-6. Van Krevelen diagrams of chars produced under different reaction conditions (temperature–reaction time–

solvent amount–initial hydrogen gas pressure).
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4. Conclusions 

 

Three degradation products (lignin-oil, char, and gas) were obtained from 

the solvolysis of organosolv lignin with sub- and supercritical ethanol under 

various reaction conditions, and their resulting yields were significantly 

affected by the reaction conditions. The yield of oil containing the target 

products (monomeric phenols) amounted to between 31.3 and 94.9% based on 

lignin weight. In the oil phase, 19 phenols, mainly guaiacol and syringol and 

their alkylated forms, were identified, and their quantitative sums ranged from 

2.5 to 96.7 mg/g of lignin, depending on the reaction conditions. In particular, 

the amount of alkylated phenols increased considerably both with increasing 

higher temperature and with increasing initial hydrogen gas because of the 

acceleration of hydrodeoxygenation and hydrogenation of the 

vinyl/allyl/oxygenated phenols. The highest amounts of monomeric phenols 

(9.7 wt%) were obtained at 3 MPa of initial hydrogen gas (350 °C, 40 min, 

and 50 ml) due to the role of hydrogen gas: suppression of recondensation 

between monomeric phenols and the lignin-degraded fragment. In addition, 

GPC and elemental analyses suggested that temperature was the most 

significant factor affecting the chemical properties of the oils and chars. 
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1. Introduction 

 

Recently, several studies have been carried out on lignin depolymerization 

to obtain monomeric phenols, presented in oil fraction (lignin-oil), after lignin 

depolymerization process (Joffres et al., 2014; Yoshikawa et al., 2013; 

Zakzeski et al., 2012). These monomeric phenols, especially alkylated 

phenol/guaiacol, widely used as chemical intermediates in various ways such 

as polymers, antioxidants, resins, medicines and pesticides, which are 

currently synthesized from petrochemical resource (Das & Halgeri, 2000). 

According to our earlier study, maximum 9.7% of monomeric phenols could 

be obtained from organosolv lignin in a supercritical ethanol state without any 

catalyst using (Kim et al., 2013a). Gosselink et al. also produced 10-12% of 

monomeric phenols from organosolv lignin in a supercritical carbon 

dioxide/acetone/water condition (Gosselink et al., 2012). Long et al. reported 

that 13.2% of monomeric phenols were released from Pine lignin under the 

combination of tetrahydrofuran and base catalyst (MgO) (Long et al., 2014). 

In addition, Jongerius et al. revealed that 11% (organosolv lignin), 9% (kraft 

lignin) and 5% (bagasse lignin) monomeric phenols were produced via liquid 

phase reforming reaction over a Pt/γ-Al2O3 (Jongerius et al., 2013).  

Recent developments in the field of lignin depolymerization have led to a 

renewed interest in improvement of yield as well as selectivity of the target 

compound in lignin-oil. Monomeric phenols released from lignin had wide 

compositional distribution due to structural complexity of lignin. Most 

researches for improving selectivity to target compound have only been 

carried out in model compound level (lignin monomer or dimer) over various 

catalyst including noble metals, zeolites and CoMo/NiMo catalyst (He et al., 

2012; Jongerius et al., 2012; Wu et al., 2012; Zhao et al., 2012; Zhao & 

Lercher, 2012). Several studies have investigate for production of target 
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compound such as aromatic hydrocarbon, 4-ethylphenolics and 2-

(Hydroxybenzyl)-4-methylphenol from lignin, but there is still insufficient 

data on this topic (Fan et al., 2013; Jongerius et al., 2013; Takami et al., 2012; 

Ye et al., 2012). In addition, there has been little discussion about chemical 

property of lignin-oil. 

It is well known that supercritical alcohols are useful media in lignin 

depolymerization process because of their unique physiochemical properties: 

(1) high heat transfer, (2) high dispersion capacity, (3) high lignin solubility 

and (4) hydrogen donor capacity (Brands et al., 2002; Wang & Rinaldi, 2012). 

In addition, it has been previously reported that noble catalysts specialized in 

hydrodeoxygenation were efficient catalyst for improving target compounds 

selectivity (Yan et al., 2008; Ye et al., 2012) In this study, we applied four 

kinds of noble metal catalysts supported on activated carbon (Pt/C, Pd/C, 

Ru/C and Ni/C) and four kinds of alcohols (methanol, ethanol, 2-propanol and 

t-butanol) for production of high value-added lignin-oil having a great 

potential to use as chemical resources. Reaction temperature and time was 

fixed at 350 °C and 40 min as previously revealed. The yield as well as 

chemical properties of lignin-oil such as the average molecular weight (Mw) 

and elemental compositions were analyzed. Based on GC/MS analysis, 

qualitative and quantitative analysis of the monomeric phenols as well as 

selectivity of target compound was carried out. 
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2. Materials and methods 

 

2.1. Materials 

 

2.1.1. Lignin preparation 

 

Soda lignin (Protobind 1000) purchased from Granit Research and 

Development SA was used as raw material in this study. This lignin was 

generated from herbaceous crops involving wheat straw and sarkanda grass 

under a soda process. Chemical and structural feature of Soda lignin such as 

functional group content (phenolic hydroxyl; Phe-OH and methoxyl; OMe), 

elemental composition, the average molecular weight (Mw) and the β-O-4 

linkage frequency were investigated using several analysis methods (Kim et 

al., 2011a). These results are presented in Table 3-1, which showed that Soda 

lignin had relatively smaller molecular structure (low Mw) due to cleavage of 

the β-O-4 linkage during its extraction process than native lignin from 

herbaceous crop (Del Río et al., 2012). To investigate thermal decomposition 

products from Soda lignin, pyrolysis-GC/MS analysis was additionally 

conducted, and its GC-FID chromatogram result was given in Figure 3-1.  
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Table 3-1. Chemical and structural characteristics of Soda lignin 

 Soda lignin 

Lignin (wt%) 94.9 

Carbohydrate (wt%) 2.1 

Ash (wt%) 1.7 

Mw (Da) 3,698 

Polydispersity 2.68 

Phenolic hydroxyl (wt%) 3.0 

Methoxyl (wt%) 16.7 

C (wt%) 61.3 

H (wt%) 7.3 

N (wt%) 0.7 

S (wt%) 1.1 

O (wt%)a 29.6 

DFRC degradation products 

(The frequency of low β-O-4 linkage, μmol/g of lignin) 
176.3 

a Determined by difference  
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Figure 3-1 GC-FID chromatogram of thermal decomposition products of Soda 

lignin (Pyrolysis condition: 350 °C, 20 s).
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2.1.2. Catalyst preparation 

 

All noble metal catalysts supported on activated carbon used in this study 

were purchased from Sigma-Aldrich except for Ni/C, and used without any 

further treatment. 5wt% Ni/C was prepared according to the method of Song 

et al. (Song et al., 2013).. 

 

2.2. Depolymerization of lignin to lignin-oil in supercritical alcohol 

state 

 

All lignin depolymerization processes were performed in 3-port Parr 

instrumental reactor made using a 60-mm-long stainless steel (SUS316) 

reactor with a 35 mm diameter and a 30 mm wall thickness. Details of the 

reactor’s capacities are as follows: a heater that can heat up to 400 ºC, 

maximum limited pressure of 20 MPa, a stainless steel reactor that has a 

volume of 40 ml and a stirrer. Before each reaction, 0.5 ± 0.01 g of Soda 

lignin and 20 ml of alcohols such as methanol (MeOH, anhydrous, ≥99.8%, 

Sigma-Aldrich), ethanol (EtOH, ACS grade, ≥99.5%, Sigma-Aldrich), 2-

propanol (2-PrOH, anhydrous, ≥99.5%, Sigma-Aldrich), and t-butanol (ACS 

reagent, ≥99.0%, Sigma-Aldrich) were loaded into the reactor with 0.025 g 

of 5 wt% noble metal basis catalyst supported on activated carbon (Pt/C, Pd/C, 

Ru/C and Ni/C). After the reactor was sealed, sufficient nitrogen gas (99.9%) 

was flowed into reactor to remove any reactive gas. Then, 3 MPa of hydrogen 

(99.9%) was injected into the reactor before the start of the reaction. After the 

reactor was inserted into a heater, 300 rpm mechanical stirrer was started. 

Lignin depolymerization was conducted in 350 °C for 40 min. The average 

heating rate up to 350 °C and the average cooling rate under 100 °C were 

13.2 °C/min and -32.2 °C/min, respectively. After reaction, recoverable 
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products (lignin-oil and char) were obtained using the separation method of 

Kim et al. (Kim et al., 2013a). The yields of the three main products – lignin-

oil, char and gas – were calculated as follows: 

 

(1) Lignin-oil yield (wt%) 

= [weight of oil fraction (g)/ weight of lignin (g)]  100 

(2) Char yield (wt%)  

= [(weight of solid fraction (g)  weight of catalyst (g))/ weight of lignin (g)] 

 100 

(3) Gas yield (wt%)  

= 100  (lignin-oil yield + char yield) 

 

All experiments were repeated three times and the data were the mean 

values of three trials. Detailed experimental design is presented in Table 3-2 

with recorded maximum pressure in reactor. The combination of alcohol and 

catalyst was abbreviated to following form: M-N (MeOH with no-catalyst 

using), E-Pt (EtOH with Pt/C), P-Ni (2-PrOH with Ni/C) and B-Pd (t-butanol 

with Pd/C). 
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Table 3-2. Experimental design 

Experiment 

Temperature: 350 °C, Reaction time: 40 min 
Catalyst surface 

area (m2/g) 
Alcohol type 

(supercritical point) 

Catalyst 

(5wt%) 

Max. pressure 

(MPa) 

M-N 

MeOH (239.6 °C, 8.09 

MPa) 

None 20  

M-Pt Pt/C 19 1,155 

M-Pd Pd/C 19 1,094 

M-Ru Ru/C 19 886 

M-Ni Ni/C 19 827 

   
  

E-N 

EtOH (240.9°C, 6.14 

MPa) 

None 15.5  

E-Pt Pt/C 15 1,155 

E-Pd Pd/C 15 1,094 

E-Ru Ru/C 15 886 

E-Ni Ni/C 15 827 

   
  

P-N 

2-PrOH (264 °C, 4.83 

MPa) 

None 13  

P-Pt Pt/C 13 1,155 

P-Pd Pd/C 13 1,094 

P-Ru Ru/C 13 886 

P-Ni Ni/C 13 827 

     

B-N 

t-BuOH (233.2 ◦C, 3.97 

MPa) 

None 15  

B-Pt Pt/C 15 1,155 

B-Pd Pd/C 15 1,094 

B-Ru Ru/C 15 886 

B-Ni Ni/C 15 827 

  



86 

 

2.3. Characterization of lignin depolymerized products 

 

2.3.1. Nuclear Magnetic Resonance (NMR)  

 

All NMR spectral data were recorded with a Bruker AVANCE 600 

spectrometer (Bruker, Germany). A 150 mg lignin sample (100 mg of lignin-

oil) dissolved in 0.5 ml DMSO-d6 was analyzed at an operating temperature of 

60 °C with 128 scans for 1H-NMR analysis. 2D-HSQC-NMR results were 

obtained according to previous report (Ben & Ragauskas, 2013). 

 

2.3.2. Gel Permeation Chromatography (GPC) analysis  

 

Approximately 2 mg of lignin-oil was dissolved in 2 ml of 

tetrahydrofuran, followed by filtration using a 0.45 mm 

polytetrafluoroethylene (PTFE) filter. These was analyzed by a GPC max 

instrument (Viscotek RImax, Viscotek, UK) equipped with three column 

system, PLgel 3-μm MIXED-D columns (300 × 7.5 mm, VARIAN, Inc.), a 

PLgel 3-um MIXED-E column (300 × 7.5 mm, VARIAN, Inc.) and a PLgel 5-

μm guard column (50 × 7.5 mm, VARIAN, Inc.). The effluents were detected 

by UV-Vis detection (VE3210, Viscotek). Ten types of polystyrenes (Mw: 580 

to 3,250,000 Da) and styrene (Mw: 104.15) were used to create a calibration 

curve to calculate the molecular weight (Mw) of the effluent. 

 

2.3.3. Elemental analysis  

 

The carbon, hydrogen, nitrogen, sulfur and oxygen weight percentages of 

lignin-oil were determined using an elemental analyzer CHNS-932 (LECO 

Corp). The oxygen content was obtained as a difference. 
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2.3.4. Gas Chromatography/Mass Spectroscopy (GC/MS) analysis

  

GC/MS analysis of lignin-oil was performed on an Agilent HP7890B GC 

equipped with an Agilent HP5975A mass selective detector (MSD). Sample 

preparation as follow: Lignin-oil was diluted with 5 ml acetone (ACS grade, 

≥99.5%, Sigma-Aldrich), and then 1 ml of diluted sample was used for 

GC/MS analysis with 20 μl fluoranthene (50.5 mg/5 ml in acetone) used as an 

internal standard (IS). A dilute sample of 1.0 μl was injected into the DB-5 

capillary column (30 m × 0.25 mm ID × 0.25 μm film thicknesses) with a split 

ratio of 1:15. The initial oven temperature was 50 °C for 5 min, and the 

temperature was then increased with a rate of 3 °C/min up to 300 °C for 10 

min. The injector and detector temperatures were 220 °C and 300 °C, 

respectively, and the carrier gas was He of 99.99% purity. The mass spectra of 

each compound were identified using NIST MS Search 2.0 (NIST/EPA/NIH 

Mass Spectral Library; NIST 02) with proper reference (Faix et al., 1990). 

For quantitative analysis, 16 types of authentic compounds (phenol, p-

cresol, guaiacol, 4-ethylphenol, 4-methylguaiacol, cathechol, 3-

methoxycathecol, 4-ethylguaiacol, 4-vinylguaiacol, 4-propylguaiacol, syringol, 

4-propylsyringol, 4-metyhlsyringol, isoeugenol, syringaldehyde, 

acetosyringone) purchased from Sigma-Aldrich were injected into the GC-FID, 

and the response factor (RF) between each authentic compound and the IS was 

investigated. Some compounds were not commercially available, so their RF 

was assumed 1.0 or determined based on structural similarity to authentic 

compounds.  
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3. Results and Discussions 

 

3.1. Yield of lignin depolymerized products 

 

As lignin depolymerized products, lignin-oil, char and gas were produced, 

and the yield of them is presented in Figure 3-2. Lignin-oil is a high value-

added chemical resources because it contains several kinds of chemical 

compounds such as monomeric phenols, higher molecular phenolics, poly 

aromatic hydrocarbon and heavy aliphatic hydrocarbon (Fang et al., 2008). On 

the other hand, char and gas, mainly composed of H2, CH4, CO, and CO2, are 

byproducts resulting from side reactions such as carbonization, recondensation, 

and further decomposition of lignin-oil. Minimal char formation is preferred 

for effective lignin depolymerization, because the catalyst undergoes 

deactivation due to char deposits on its surfaces (Saidi et al., 2014). 

Our experiment revealed that the distribution of lignin depolymerized 

products was affected by the combination of alcohols and catalysts. Figure 3-2 

shows that both lignin-oil and gas yield increased whereas char yield 

decreased when the catalyst was applied in all of the experiments. This 

indicates that the noble metals and nickel catalysts suppressed recondensation 

(char formation), and enhanced depolymerization and further decomposition 

of lignin-oil (gas formation). In addition, under Pt/C and Pd/C conditions, a 

relatively large amount of lignin-oil with a small amount of char was produced 

compared with Ru/C and Ni/C in all of the alcohol cases. This result might be 

due to relative higher surface area of these two catalysts (Pt/C: 1155 m2/g and 

Pd/C: 1094 m2/g) than those of others (Ru/C: 886 m2/g and Ni/C: 827 m2/g), 

because catalyst with a higher surface area provided more 

adsorption/desorption sites for hydrogen atoms (Wang & Yang, 2008; 
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Wildschut et al., 2009). The role of hydrogen in lignin depolymerization 

process was to stabilize lignin degraded products (Kim et al., 2014c).  

In this study, the maximum lignin-oil yield (77.6 wt%) was achieved at E-

Pd and P-Pd. This result can be better if the reaction condition will be further 

optimized. Considering char yield, E-Pt proved to be an excellent combination 

for producing a large amount lignin-oil (77.4 wt%) with the smallest amount 

of char (3.7 wt%). The reason of this result could be explained by hydrogen 

donor capacity of alcohols. According to previous study, ethanol had the 

highest hydrogen donor efficiency among three kinds of alcohols used in this 

study (Xia et al., 2013b).  
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Figure 3-2. Yield of lignin depolymerized products. 
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3.2. NMR analysis of lignin-oil 

 

To investigate structural characterization of lignin-oil, 1H-, and 2D-

HSQC-NMR analyses were performed for Soda lignin, E-N, and E-Pt lignin-

oil. These result are presented in Figure 3-3 (1H-NMR) and Figure 3-4 (2D-

HSQC-NMR) with the assignments (Ben & Ragauskas, 2013; Kim et al., 

2014a). As shown in Figure 3-3, the β-O-4 structure of Soda lignin, one of the 

main inter-unit linkage in lignin (C-O-C), was not observed in E-N and E-Pt. 

In addition, the peak of β-β bond (C-C) in Soda lignin also significantly 

decreased in E-N and almost disappeared in E-Pt. This result showed that 

Soda lignin was efficiently depolymerized into small molecular fragment via 

the cleavage of β-O-4 as well as β-β bond in supercritical alcohol condition. 

2D-HSQC-NMR results showed that almost NMR signals of E-N and E-Pt 

were similar to those of Soda lignin except for a few regions (Figure 3-4). The 

intensity of methoxyl groups adjacent to phenolic hydroxyl or ether linkage (6) 

decreased after lignin depolymerization, which were another evidence of β-O-

4 cleavage and/or loss of methoxyl groups. Notably, aliphatic structure was 

clearly appeared in E-N and E-Pt (11 and 12). The origination of them were 

not apparent, but considering GC/MS results as discussed below, these signals 

were derived from aliphatic fatty acid ester (palmitic acid and palmitic acid, 

ethyl ester) in lignin-oil. 
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Figure 3-3. 1H-NMR spectra of Soda lignin, E-N, and E-Pt lignin-oil. 
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Figure 3-4. Aromatic (top), methoxyl group (middle), and side-chain region 

(bottom) of the 2D-HSQC-NMR spectra of Soda lignin, E-N 

(lignin-oil), and E-Pt (lignin-oil).



94 

 

3.3. Chemical properties of lignin-oil 

 

The average molecular weight (Mw) and elemental composition of lignin-

oil were determined, and these results can be seen in Table 3-3. Many previous 

studies reported that lignin-oil could be further converted to aromatic chemical 

(toluene, xylene and ethylbenzene) or high selective monomeric phenols 

(phenol and cresol) via catalytic treatment, thus in-depth study on the 

chemical properties of lignin-oil is very important (Fan et al., 2013; Jongerius 

et al., 2013; Yoshikawa et al., 2013).  

Table 3-3 exhibited Mw of lignin-oil ranged from 553 to 829 Da for 

MeOH, 597 to 958 Da for EtOH, 599 to 992 for 2-PrOH, and 535 to 827 Da 

for t-BuOH, respectively, approximately 15-27% of that of Soda lignin (3,698 

Da). This result was a clear evidence of enhanced lignin depolymerization in 

the combination of supercritical alcohols and catalysts condition. Moreover, 

polydispersity index (PDI) of Soda lignin (2.68) also decreased to 1.29 to 1.67 

levels after lignin depolymerization, which meant lignin-oil consisted of a 

relatively uniform lignin fragment size than Soda lignin. Interestingly, lignin-

oil produced with applying catalyst had higher Mw value as comparing with 

M-N, E-N, P-N and B-N. Considering this result with increase trend of 

monomeric phenol yield with applying catalyst as discussed below, this higher 

Mw value provides an evidence of concurrent depolymerization and 

recondensation. This finding was in agreement with Kim et al. study which 

suggested that excessive lignin depolymerization possibly accompanied with 

recondensation between lignin fragment in lignin-oil (Kim et al., 2013a). 

The elemental compositions of the lignin-oil was determined (Table 3-3), 

and a Van Krevelen diagram exhibiting H/C and O/C atomic ratio is also 

provided corresponding to each reaction condition (Figure 3-5). Comparing to 

Soda lignin, entire lignin-oil had higher carbon and lower oxygen content. 
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This trend was more noticeable with applying noble metal catalyst because 

hydrodeoxygenation was significantly enhanced within catalytic condition 

(Gutierrez et al., 2009). The findings of the current study are consistent with 

that of Kleinert et al. who found that low oxygen containing lignin-oils 

consisting of mainly alkylated phenols and aliphatic hydrocarbons were 

obtained from lignin depolymerization under a supercritical 

ethanol/isopropanol condition (Kleinert et al., 2009).  

From Van Krevelen diagram, it could be possible to predict that the 

various reactions occurred during lignin depolymerization as well as 

molecular structure of lignin-oil. As shown in Figure 3-5, M-Pt, M-Pd, M-Ru 

and M-Ni lignin-oils had lower both H/C and O/C ratio than M-N, which 

implied that those lignin-oil had relatively higher aromatic structure than M-N. 

Among lignin-oils from EtOH condition, E-Pt had the highest aromaticity 

(H/C: 1.15 and O/C: 0.19). Meanwhile, lignin-oils from 2-PrOH condition 

showed different pattern. Lignin-oils produced with applying noble metal 

catalyst in 2-PrOH condition had higher H/C coupled with lower O/C ratio 

than P-N. In particular, P-Ni lignin-oil had 12.5 % increase H/C and 24.0 % 

decrease O/C value as comparing with P-N lignin-oil. The reason for this is 

not clear but it may be explained that not only hydrodeoxygenation but also 

hydrogenation was considerably promoted with applying noble metal catalyst 

in 2-PrOH condition, resulting in production of high H/C ratio lignin-oil 

(Wildschut et al., 2009). The results of chemical properties of lignin-oil 

suggested that the combination of alcohols and catalysts play an important 

role for determination of Mw/PDI as well as molecular structure of lignin-oil.  
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Table 3-3. Elemental composition and GPC results of lignin-oil  

Experiment 

Elemental composition 

(%) 

Calorific 

value 

(MJ/kg)b 

The average 

molecular weight 

(Mw) 

Polydispersity 

index 

(PDI) C H N S Oa 

AL 61.3 7.3 0.7 1.1 29.6 26.2 3,698 2.68 

         

M-N 61.5 6.8 0.7 1.6 29.5 25.9 553 1.29 

M-Pt 71.6 7.1 0.9 1.5 19.0 30.6 829 1.56 

M-Pd 69.9 7.2 0.8 1.4 20.7 30.0 698 1.47 

M-Ru 67.7 6.8 0.7 1.3 23.4 28.6 590 1.31 

M-Ni 66.3 6.0 0.7 0.9 25.2 27.2 565 1.31 

         

E-N 70.8 7.3 0.8 1.2 20.0 30.4 597 1.30 

E-Pt 72.5 7.0 0.9 1.1 18.5 30.9 901 1.51 

E-Pd 71.6 7.2 0.9 1.1 19.2 30.7 958 1.62 

E-Ru 72.9 7.5 0.8 1.1 17.7 31.5 828 1.53 

E-Ni 71.1 7.4 0.8 1.2 19.5 30.7 651 1.38 

         

P-N 69.0 6.5 0.7 0.7 23.2 28.7 599 1.32 

P-Pt 69.0 7.1 0.9 0.9 22.0 29.4 875 1.65 

P-Pd 70.8 7.3 0.9 1.1 20.0 30.4 992 1.67 

P-Ru 69.1 6.8 0.9 0.9 22.5 29.1 768 1.50 

P-Ni 72.4 7.6 0.8 0.9 18.3 31.4 611 1.35 

         

B-N 69.4 7.4 0.6 0.9 21.7 26.3 565 1.31 

B-Pt 71.6 7.4 0.8 0.7 19.5 26.9 639 1.33 

B-Pd 72.5 7.8 0.8 0.7 18.0 27.4 827 1.57 

B-Ru 70.7 7.5 0.7 0.6 20.6 26.7 600 1.36 

B-Ni 70.1 7.7 0.6 0.7 20.9 26.7 590 1.32 

a Calculated by difference 
b Calorific value (MJ/kg)= - 1.3675 + 0. 3137ⅹC + 0.7009ⅹH + 0.0318ⅹO (Lloyd 

& Davenport, 1980) 
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Figure 3-5. Van Krevelen diagram of lignin-oil.
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3.4. GC/MS analysis of lignin-oil 

 

GC/MS analysis of the lignin-oil was performed to identify the major 

monomeric phenols derived from Soda lignin. Table 3-4 presents detailed data 

for GC detectable compounds with compound numbering. 38 out of 42 GC 

detectable compounds (excluding 1, 39, and 40) had a monomeric phenols 

structure. Each compound was classified into one of three categories (OP, C6P, 

or AP) on the basis of its structure to better understand the catalytic effects on 

monomeric phenols distribution (Figure 3-6). As shown in Table 3-4, 

monomeric phenols distribution was affected by alcohol type (e.g., vanillic 

acid, methyl ester, homovanillyl alcohol, vanillic acid, ethyl ester, or ethyl 

homovanillate). Considering the structures of these compounds, monomeric 

phenols derived from lignin were likely to react with the alcohol. The 

detection of such aliphatic fatty acid ester in lignin-oil (40 and 41) was 

reported previously, and it was due to the recondensation reaction between 

low molecular compounds having reactive sites (C-O or C=O bonds) in lignin-

oil. Meanwhile, the yield of monomeric phenols was influenced by the 

catalyst. These factors are discussed in-depth in following section.  
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Table 3-4. GC/MS detectable monomeric phenols in lignin-oil  

Peak No. Compounds RT Typea 

1 4-hydroxy-4-methyl-2-pentanone 8.7 - 

2 Phenol 15.2 C6P 

3 o-cresol 19.0 AP 

4 p-cresol 20.1 AP 

5 Guaiacol 20.7 C6P 

6 2,6-dimethylphenol 21.7 AP 

7 2-ethylphenol 23.2 AP 

8 2,4-dimethylphenol 23.7 AP 

9 4-ethylphenol 24.7 AP 

10 3-methylguaiacol 25.1 AP 

11 4-methylguaiacol 25.8 AP 

12 Cathecol 26.0 C6P 

13 Benzofuran 27.1 AP 

14 2-ethyl-5-methylphenol 28.0 AP 

15 3-methoxycathecol 28.8 C6P 

16 4-ethylguaiacol 29.8 AP 

17 4-methylcathecol 30.3 AP 

18 4-vinylguaiacol 31.3 AP 

19 4-ethyl-1,2-dimethoxybenzene 31.8 AP 

20 Syringol 33.0 C6P 

21 4-propylguaiacol 33.7 AP 

22 4-ethylcathecol 34.4 AP 

23 2,3,5-trimethyl-1,4-benzenediol 36.7 AP 

24 4-methylsyringol 37.0 AP 

25 trans-isoeugenol 37.3 AP 

26 Acetoguaiacone 38.7 OP 

27 Vanillic acid, methyl ester 39.9 OP 

28 4-ethylsyringol 40.1 AP 

29 Guaiacyl acetone 40.3 OP 

30 Homovanillyl alcohol 40.4 OP 

31 Homovallic acid, metyl ester 42.2 OP 

32 4-hydroxybenzenepropanoic acid, methyl ester 42.5 OP 

33 Vanillic acid, ethyl ester 42.6 OP 

34 4-propylsyringol 43.4 AP 

35 Ethyl homovanillate 44.6 OP 

36 Dihydroconiferyl alcohol 44.9 OP 

37 Syringaldehyde 45.2 OP 

38 Acetosyringone 47.9 OP 

39 4-hydroxy-3-methoxybenzenpropanoic acid, ethyl ester 48.5 OP 

40 Palmitic acid, methyl ester 54.7 - 

41 Palmitic acid 55.8 - 

42 Palmitic acid, ethyl ester 56.8 - 
a C6P: C6 type phenols, AP: Alkyl or alkenyl phenols, and OP: Oxygenated phenols   
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Figure 3-6. Three types of monomeric phenols in lignin-oil. 
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3.4.1. Yield of monomeric phenols in lignin-oil 

 

The yield of main monomeric phenols (mg/g of lignin) was calculated, 

and the results are shown in Figure 3-7. As shown in Figure 3-7, the yield of 

monomeric phenols was influenced by the catalyst. In particular, the yield of 

AP type compounds such as 4-ethylphenol, 4-ethylguaiacol, 4-propylguaiacol, 

and 4-propylsyringol showed increasing trend when catalyst was used 

(regardless of alcohol type). This was because active hydrogen from catalysts 

impeded recondensation reactions between lignin fragments and produced 

monomeric moiety (Kleinert & Barth, 2008; Meier et al., 1992).  

When MeOH was used as solvent, Pt/C and Pd/C showed better 

performance than others at increasing monomeric phenols yields. In particular, 

C6P and AP type compounds such as guaiacol, 4-ethylphenol, 4-ethylguaiacol, 

syringol, 4-propylguaiacol, and 4-propylsyringol showed increase trend. 

Similar to MeOH, Pt/C, Pd/C, and Ru/C were good for improving the yields of 

C6P and AP type monomeric phenols in the case of EtOH. The yield of 

acetosyringone (a representative OP type compound) increased 13.8-27.6 % 

with applied catalyst compared to that of E-N. However, this compound 

decreased with applied catalysts in MeOH and 2-PrOH cases. Among three 

kinds of alcohols, 2-PrOH had the lowest catalytic effect on the increase of 

monomeric phenol yields. Under catalytic conditions of 2-PrOH, almost AP 

type monomeric phenols (4-ethylphenol, 4-ethylguaiacol, 4-propylguaiacol, 

trans-isoeugenol, 4-ethylsyringol, and 4-propylsyringol) showed lower 

increase ratios than those of MeOH and EtOH. Moreover, yields of C6P type 

and some AP compounds (methylated) such as guaiacol, cathechol, 4-

methylguaiacol, and 4-methylsyringol showed similar values or even 

decreased compared with that of P-N. The reason why 2-PrOH had the lowest 

catalytic effect could be explained according to the assumption made by Wang 
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and Rinaldi (Wang & Rinaldi, 2012). They reported that (under the 2-PrOH 

condition) the decomposition of lignin model compound (diphenyl ether) was 

promoted due to a synergy between hydrogen transfer (from alcohols) and 

pressurized H2 gas in the reactor despite the absence of catalyst, whereas this 

reaction hardly occurred in the MeOH condition. This suggests that 2-PrOH 

had sufficient hydrogen transfer capacity without the catalyst because the 

secondary alcohol (2-PrOH) is generally more active than the primary alcohol 

(MeOH and EtOH) as the hydrogen donor due to the higher electron-releasing 

inductive effect of two alkyl group as against one (Johnstone et al., 1985). 
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Figure 3-7. Yield of main monomeric phenols in lignin-oil. 
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3.4.2. Catalyst selectivity to top four phenols 

 

Aforementioned, monomeric phenols released from Soda lignin had wide 

compositional distribution due to its structural complexity. In addition, various 

reactions involving further decomposition, recondensation, hydrogenation, 

and hydrodeoxygenation occurred simultaneously during lignin 

depolymerization, leading to large variation of products in lignin-oil (Hill 

Bembenic & Burgess Clifford, 2012; Jin et al., 2011). Therefore, it is 

important to improve the selectivity of target products up to a reasonable level. 

In this report, we choose the top four main monomeric phenols (4-ethylphenol, 

guaiacol, 4-ethylguaiacol and syringol) as target compounds. These are 

currently used as chemical intermediates for the production of resins, 

polymers, and medicines as mentioned above. The selectivity of the top four 

monomeric phenols and total monomeric phenol yields in lignin-oil were 

determined, and are shown in Table 3-5. As confirmed in Table 3-5, total 

monomeric phenol yields increased with applied catalyst, but the increase 

ratio was lower for 2-PrOH due to its high hydrogen transfer capacity as 

mentioned above (Johnstone et al., 1985). Interestingly, both the selectivity 

and the yield of 4-ethylphenol/4-ethylguaiacol showed increasing trend 

whereas those of guaiacol/syringol decreased with increasing carbon number 

in alcohol solvent. A maximum of 111.5 mg/g of lignin of monomeric phenols 

was produced in the E-Ru condition. Although the top four monomeric phenol 

yields increased with applied catalyst in all alcohol conditions, their selectivity 

showed an overall decreasing trend, which meant that the increased ratio of 

other monomeric phenol yields was higher than those of the top four phenols. 

However, both selectivity and yield were improved for M-Pt, E-Pt, P-Pt, and 

P-Pd. In particular, E-Pt showed the largest yield (41.8 mg/g of lignin) as well 

as the highest selectivity (38.3 %) among various combinations.  
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Table 3-5. Yield and selectivity of top four monomeric phenols in lignin-oil  

Experiment 
Total 

(mg/g of lignin) 

Selectivity (%)a 

4-EPb Guaiacol 4-EGc Syringol Sum 

M-N 90.1 6.9 (6.2) 9.0 (8.1) 9.7 (8.7) 13.0 (11.7) 38.6 (34.8) 

M-Pt 107.3 7.8 (8.3) 7.7 (8.2) 11.1 (11.9) 12.3 (13.2) 38.8 (41.6) 

M-Pd 107.0 8.0 (8.6) 7.7 (8.2) 10.8 (11.6) 11.1 (11.9) 37.6 (40.3) 

M-Ru 97.8 7.9 (7.7) 6.8 (6.7) 11.3 (11.0) 11.4 (11.1) 37.3 (36.5) 

M-Ni 93.9 7.7 (7.3) 8.2 (7.7) 10.3 (9.7) 11.3 (10.7) 37.6 (35.3) 

E-N 92.3 8.4 (7.8) 7.6 (7.1) 10.5 (9.7) 11.1 (10.2) 37.7 (34.8) 

E-Pt 109.0 9.2 (10.0) 6.3 (6.9) 11.8 (12.8) 11.1 (12.1) 38.3 (41.8) 

E-Pd 109.5 9.4 (10.2) 6.0 (6.6) 11.8 (12.9) 10.0 (10.9) 37.1 (40.7) 

E-Ru 111.5 9.3 (10.3) 6.4 (7.1) 11.6 (12.9) 10.0 (11.1) 37.2 (41.4) 

E-Ni 108.5 9.0 (9.8) 6.6 (7.1) 11.1 (12.1) 10.0 (10.9) 36.8 (39.9) 

P-N 105.9 9.1 (9.7) 6.6 (7.0) 11.3 (11.9) 9.9 (10.5) 36.9 (39.1) 

P-Pt 111.0 10.0 (11.1) 6.2 (6.9) 12.5 (13.9) 8.9 (9.9) 37.7 (41.8) 

P-Pd 108.9 10.4 (11.3) 5.7 (6.3) 12.9 (14.0) 8.4 (9.2) 37.4 (40.8) 

P-Ru 108.0 9.9 (10.7) 5.9 (6.4) 12.2 (13.2) 8.5 (9.2) 36.5 (39.5) 

P-Ni 106.4 9.6 (10.2) 6.3 (6.7) 12.1 (12.8) 9.2 (9.8) 37.1 (39.5) 

       

B-N 87.0 7.9 (6.9) 8.2 (7.2) 10.4 (9.1) 11.0 (9.5) 7.9 (6.9) 

B-Pt 111.9 9.2 (10.3) 6.4 (7.1) 11.7 (13.1) 8.4 (9.4) 9.2 (10.3) 

B-Pd 105.2 9.6 (10.1) 5.7 (6.0) 12.0 (12.6) 8.3 (8.8) 9.6 (10.1) 

B-Ru 100.6 9.1 (9.1) 6.8 (6.9) 11.4 (11.5) 8.9 (8.9) 9.1 (9.1) 

B-Ni 86.4 8.5 (7.3) 6.7 (5.8) 10.8 (9.3) 9.9 (8.6) 8.5 (7.3) 

a Real amount of each compound (mg/g of lignin) is presented in parenthesis 

 Selectivity = 
𝑇𝑎𝑟𝑔𝑒𝑡 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑖𝑐 𝑝ℎ𝑒𝑛𝑜𝑙 (𝑤𝑡%)

𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑖𝑐 𝑝ℎ𝑒𝑛𝑜𝑙𝑠 (𝑤𝑡%)
× 100 

b 4-Ethylphenol 
c 4-Ethylguaiacol 
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3.5. Effect of catalyst dosage on lignin-oil properties 

 

As discussed previously, the E-Pt case produced a large amount of lignin-

oil (77.4 wt%) with the smallest amount of char (3.7 wt%), and showed the 

largest yield as well as the highest selectivity of the top four monomeric 

phenols. Therefore, the combination of EtOH and Pt/C catalyst was used to 

investigate the influence of catalyst dosage on lignin-oil yield and its chemical 

properties. Figure 3-8 shows the yield of lignin depolymerized products and 

total monomeric phenols as a function of catalyst dosage. As shown in Figure 

3-8, total monomeric phenol yields showed a decreasing trend with increasing 

catalyst dosage despite the increase in lignin-oil yield. With respect to the Mw 

of lignin-oil, E-Pt-10% and E-Pt-20% had 752 and 595 Da (Table 3-6), which 

are 16.5% and 34.0% lower than that of E-Pt, respectively. These results 

indicate that lignin depolymerization was promoted with increasing catalyst 

dosage, but excessive catalyst dosage caused side reactions to hinder the 

production of monomeric phenols. This was previously revealed by Long et al., 

who also reported that excessive catalyst dosage gave rise to a decline of 

monomeric phenol yields (Long et al., 2014). In spite of the overall decline 

in monomeric phenol yields, an unexpected and remarkable increase of C3C6 

AP compounds such as 4-propylphenol, 4-propylguaiacol, and 4-

propylsyringol was observed under the E-Pt-20% condition (Table 3-7). 

Previous studies dealing with β-O-4 type lignin model compound 

(guaiacylglycerol-β-guaiacyl ether), β-O-4 type artificial lignin polymer, and 

milled wood lignin from birch wood as raw material in lignin 

depolymerization process also produced these moieties as main products, and 

proposed that these were released from lignin via hydrodeoxygenation and/or 

hydrogenation of C3C6 lignin monomer without any side chain cleavage 

reaction (Parsell et al., 2013; Song et al., 2013). 
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Figure 3-8. Yield of lignin depolymerized products and monomeric phenols in 

lignin-oil as a function of catalyst dosage.
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Table 3-6. Elemental composition and GPC results of lignin-oil produced from 

E-Pt-10% and E-Pt-20% condition 

Experiment 

Elemental composition 

(%) 

The average molecular 

weight 

(Mw) 

Polydispersity 

index 

(PDI) C H N S Oa 

E-Pt-5% 72.5 7.0 0.9 1.1 18.5 901 1.51 

E-Pt-10% 71.1 8.2 0.9 0.5 19.8 752 1.32 

E-Pt-20% 72.8 7.8 0.8 0.4 18.6 595 1.29 

a Calculated by difference 
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Table 3-7. Yield of phenols produced in supercritical EtOH condition (unit: mg/g of lignin) 
Peak No. Compounds RT E-N SDa E-Pt SD E-Pd SD E-Ru SD E-Ni SD E-Pt-10 SD E-Pt-20 SD 

1 Phenol 15.2 2.70 0.4 2.02 0.1 2.20 0.2 2.40 0.2 2.63 0.1 1.91 0.3 1.69 0.3 

2 o-cresol 19.0 0.58 0.1 0.44 0.0 0.45 0.1 0.61 0.0 0.58 0.0 0.00 0.0 0.00 0.0 

3 p-cresol 20.1 1.70 0.2 1.60 0.1 1.78 0.2 1.97 0.1 2.00 0.1 1.23 0.1 1.32 0.2 

4 Guaiacol 20.7 7.05 0.7 6.86 0.4 6.56 0.4 7.09 0.4 7.12 0.4 5.47 0.3 5.29 0.5 

5 2,6-dimethylphenol 21.7 0.07 0.0 0.05 0.0 0.05 0.0 0.08 0.0 0.07 0.0 0.00 0.0 0.00 0.0 

6 2-ethylphenol 23.2 0.39 0.1 0.47 0.1 0.28 0.1 0.70 0.1 0.37 0.0 0.43 0.1 0.63 0.0 

7 2,4-dimethylphenol 23.7 0.44 0.1 0.29 0.0 0.29 0.0 0.36 0.1 0.45 0.1 0.00 0.0 0.00 0.0 

8 4-ethylphenol 24.7 7.79 0.2 10.03 0.2 10.24 0.4 10.32 0.3 9.80 0.1 9.60 0.1 9.43 0.3 

9 3-methylguaiacol 25.1 0.53 0.1 0.46 0.0 0.43 0.0 0.54 0.0 0.52 0.0 0.26 0.1 0.25 0.1 

10 4-methylguaiacol 25.8 6.47 0.1 6.47 0.3 6.93 0.3 7.57 0.6 7.35 0.3 4.74 0.1 4.60 0.2 

11 Cathecol 26.0 4.92 0.2 3.45 0.4 4.55 0.4 3.70 0.4 5.24 0.2 0.00 0.0 0.00 0.0 

12 Benzofuran 27.1 0.37 0.1 0.31 0.0 0.33 0.1 0.39 0.0 0.31 0.0 0.00 0.0 0.00 0.0 

13 2-ethyl-5-methylphenol 28.0 0.61 0.1 0.60 0.1 0.60 0.1 0.75 0.1 0.65 0.0 0.00 0.0 0.00 0.0 

14 3-methoxycathecol 28.8 3.94 0.2 3.95 0.2 4.43 0.3 3.90 0.2 4.63 0.2 0.91 0.2 1.51 0.7 

15 4-propylphenol 29.0 - - - - - - - - - - 0.50 0.0 0.62 0.0 

16 4-ethylguaiacol 29.8 9.72 0.1 12.81 0.3 12.91 0.3 12.90 0.9 12.08 0.3 12.06 0.7 11.93 0.5 

17 4-methylcathecol 30.3 3.02 0.4 2.32 0.3 2.53 0.5 2.48 0.3 3.11 0.2 0.00 0.0 0.00 0.0 

18 4-vinylguaiacol 31.3 0.83 0.2 1.09 0.1 0.70 0.3 1.08 0.5 0.69 0.2 1.12 0.0 1.42 0.3 

20 4-ethyl-1,2-dimethoxybenzene 31.8 0.32 0.0 0.30 0.1 0.32 0.0 0.38 0.0 0.36 0.0 0.42 0.1 0.43 0.0 

21 Syringol 33.0 10.24 0.5 12.07 0.7 10.94 0.1 11.13 1.0 10.88 0.6 8.46 1.4 8.35 0.7 

22 4-propylguaiacol 33.7 2.61 0.1 6.12 0.1 5.34 0.2 5.27 0.3 4.86 0.1 8.63 0.8 9.82 0.8 

23 4-ethylcathecol 34.4 3.20 0.4 3.47 0.5 3.18 0.8 3.26 0.5 3.34 0.2 0.00 0.0 0.00 0.0 

24 4-methylsyringol 37.0 5.84 0.3 6.62 0.2 6.68 0.4 7.12 0.5 6.77 0.3 3.78 0.5 3.95 0.4 

25 trans-isoeugenol 37.3 3.25 0.1 5.73 0.3 6.04 0.3 6.47 0.6 4.56 0.1 3.73 0.2 2.99 0.4 

26 Acetoguaiacone 38.7 0.44 0.0 0.42 0.0 0.52 0.0 0.50 0.0 0.48 0.0 0.00 0.0 0.00 0.0 

27 4-ethylsyringol 40.1 4.18 0.2 5.79 0.1 5.65 0.2 5.61 0.5 5.31 0.1 4.98 0.7 4.85 0.2 

28 Guaiacyl acetone 40.3 0.43 0.0 0.42 0.0 0.50 0.0 0.40 0.0 0.56 0.0 0.38 0.0 0.29 0.1 

29 Homovanillyl alcohol 40.4 0.40 0.1 0.40 0.0 0.47 0.1 0.55 0.0 0.54 0.0 0.00 0.0 0.00 0.0 

30 Vanillic acid, ethyl ester 42.6 0.33 0.0 0.29 0.0 0.32 0.0 0.34 0.0 0.29 0.0 0.00 0.0 0.00 0.0 

31 4-propylsyringol 43.4 2.12 0.1 5.08 0.0 4.36 0.2 4.09 0.4 4.03 0.0 6.86 1.0 7.46 0.3 

32 Ethyl homovanillate 44.6 0.57 0.0 0.50 0.1 0.63 0.1 0.68 0.1 0.65 0.0 0.00 0.0 0.00 0.0 

33 Acetosyringone 47.9 6.23 0.6 7.21 0.4 7.95 0.2 7.43 1.1 7.09 0.4 3.57 0.8 3.28 0.8 

34 4-hydroxy-3-methoxybenzenpropanoic acid, ethyl ester 48.5 1.01 0.0 1.36 0.1 1.36 0.0 1.38 0.0 1.19 0.0 1.62 0.1 1.56 0.0 

35 Palmitic acid, ethyl ester 56.8 0.69 0.1 0.70 0.1 0.58 0.0 0.77 0.1 0.59 0.0 0.96 0.1 0.92 0.0 

 
Sum of C6 phenol compounds 

 
28.9 2.0 28.4 1.8 28.7 1.4 28.2 2.1 30.5 1.5 16.7 2.1 16.8 2.3 

 
Sum of alkyl or alkenyl phenol compounds 

 
54.0 2.7 70.1 2.8 69.1 4.6 72.0 5.8 67.2 2.1 57.9 4.8 59.1 3.5 

 
Sum of oxygenated phenol compounds 

 
9.4 0.8 10.6 0.7 11.7 0.5 11.3 1.4 10.8 0.5 5.6 0.9 5.1 0.9 

 
Sum of phenol compounds 

 
92.3 5.5 109.0 5.3 109.5 6.5 111.5 9.3 108.5 4.1 80.2 7.8 81.0 6.7 

a Standard deviation



111 

 

4. Conclusions 

 

In this study, the effect of alcohol solvent as well as catalyst type on 

physicochemical properties of lignin-oil was comparatively investigated. 

Lignin-oil with the potential to replace phenolic chemicals or fuel from the 

petroleum industry was produced from Soda lignin under a supercritical 

alcohol state over various noble metals and nickel catalysts. During 

supercritical treatment with alcohols of Soda lignin, lignin was successfully 

degraded into low Mw lignin-oil via β-O-4 and β-β bond cleavages. As a result, 

lignin-oils had maximum 85 % decreased Mw value than that of Soda lignin. 

However, evidence of concurrent recondensation between lignin 

depolymerized products was also observed from GPC analysis. Overall, Pt/C 

and Pd/C catalyst showed great effect on the production of lignin-oils as well 

as monomeric phenols regardless of alcohol solvent because of their high 

surface area. The present study considered EtOH and Pt/C as a great 

combination due to the production of a large amount of lignin-oil (77.4 wt%) 

with high yield and selectivity of the top four monomeric phenols (41.8 mg/g 

of lignin and 38.3%, respectively). This study also revealed that catalyst 

amount were important factor to producing both lignin-oil and monomeric 

phenols yield. It was observed that excessive catalyst dosage caused side 

reactions, resulting in decreasing monomeric phenols yield. 
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1. Introduction 

 

The development of catalytic conversion process that can selective 

degradation of C-O and C-C bonds for the production of high yields of a 

manageably narrow product has been mainly studied. Deuss et al., have 

reported the acid-catalyzed depolymerization process that can effective 

degrade the β-O-4 linkage in lignin by suppressing undesired side reaction 

(Deuss et al., 2015). Solvent free approach was developed by Kumar et al. for 

the depolymerization of kraft lignin to aromatic monomers using bimetallic 

sulfided NiMo and CoMo catalysts (Kumar et al., 2015). Efficient 

hydrogenolysis of lignin under subcritical water was reported by Onwudili and 

Williams using Pd/C, resulting in high conversion of lignin into oil phase 

mainly composed of monomeric phenols (Onwudili & Williams, 2014). 

Supercritical alcohol has been also considered as a promising way for efficient 

lignin depolymerization (Barta et al., 2010; Kim et al., 2013a; Kim et al., 

2015a; Kim et al., 2015b; Narani et al., 2015). Recently, Huang developed 

one-step valorization of lignin to high yield monomeric phenols (23 wt%) 

without char formation under the combination of supercritical ethanol and 

CuMgAlOx catalyst (Huang et al., 2014b).  

In addition to process approaches as studied in chapter 2 and 3, recent 

developments in this field have highlighted the need to investigate structural 

impact of lignin. Ye et al. reported that lignin species played important role in 

yield of monomeric phenols (Ye et al., 2012). Also in our prior study, three 

kinds of technical lignins were depolymerized into alkylated phenols under 

supercritical t-butanol condition, which revealed that the yield as well as type 

of monomeric phenols was clearly affected by lignin source (Kim et al., 

2015a). More recently, Bouxin et al., performed catalytic conversion of four 

lignins with different contents of β-O-4 linkages at 300 °C with 
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methanol/water and Pt/Al2O3 catalyst. (Bouxin et al., 2015). They described 

that the proportion of β-O-4 linkages is the critical factor for both the yield 

and the type of the monomeric phenols. Although some attempts to investigate 

structural impact of lignin on depolymerization process have been explored, 

there have been little reports of the effect of lignin molecular weight (Mw) on 

this process. The Mw of lignin is one of crucial factors on determining quality 

of valorized products (e.g. antioxidant, plastic, and carbon fiber) (Dong et al., 

2011; Pan et al., 2006; Sudo & Shimizu, 1992; Yoshida et al., 1990). There 

exists only one prior work by Toledano et al. who investigated the effect of 

lignin Mw on the distribution of catalytically depolymerized products 

(Toledano et al., 2013). They used ultrafiltration to separate lignin fractions 

with different Mw and each fraction was depolymerized by a hydrogen-free, 

mild, hydrogenolytic, heterogeneously catalyzed methodology assisted by 

microwave. 

The object of this study was to understand the yield and distribution of 

monomeric phenols in relation to the Mw of lignin. In current study, lignin was 

sequentially fractionated by four kinds of organic solvents to obtain five lignin 

fractions with different molecular weight distribution. Separated fractions 

were structurally characterized by several analyses, and these were efficiently 

depolymerized into low molecular lignin-oil under the combination of 

supercritical ethanol (350 °C) and Ru/C catalyst. Lignin-oil from each fraction 

subjected to several analyses to characterize its physicochemical properties. 

Based on these results, the impact of the lignin Mw on its suitability for 

conversion to fine chemicals was evaluated. 
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2. Materials and methods 

 

2.1. Sequential solvent fractionation 

 

Soda lignin (SL) produced from the mixture of wheat straw and sarkanda 

grass via the soda pulping process was purchased from Granit Research and 

Development SA. This lignin was sequentially fractionated by ethyl acetate, 

methanol, acetone, and dioxane/water (95 vol%), modified from the method of 

previous literature (Li et al., 2012). The 10 g of lignin was dissolved in 100 ml 

of first solvent (ethyl acetate), and then this mixture was agitated at room 

temperature for 2 h. The undissolved solid fraction was filtered using sintered 

glass filter (2G4) under vacuum condition. The filtrate was subsequently 

evaporated under reduced pressure to remove most of solvent, followed by 

dissolved in dioxane and then suspended in water and then freezing-dried to 

recover lignin fraction (F1, ethyl acetate soluble). The undissolved lignin 

fractions further extracted with methanol, acetone, dioxane/water (95 vol%) 

and recovered lignins were noted as F2, F3, F4, and F5 (final insoluble 

fraction), respectively. 

 

2.2. Lignin characterization 

 

The yield of each lignin fraction was determined gravimetrically. The 

weight percentages of carbon, hydrogen and oxygen of the lignin fractions 

were determined using the elemental analyzer CHNS-932 from LECO Corp. 

The content of methoxyl (OMe) moieties was measured using a gas 

chromatographic method (Baker, 1996). To quantify the content of hydroxyl 

groups (OH) in lignin fraction, 31P-NMR spectroscopy was performed (Pu et 
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al., 2011). For the NMR spectroscopy, 25 mg of each lignin fraction was 

phosphitylated by 70 μl of 2-chloro-4,4,5,5,-tetramethyl-1,3,2-

dioxaphospholane (TMDP). Cyclohexanol was used as an internal standard. 

This mixture was analyzed by a Bruker AVANCE 600 MHz with an inverse-

gated decoupling pulse sequence with a 45 pulse angle and 5.0 s relaxation 

delay. The resulted 31P-NMR spectra were integrated by using the Bruker 

TopSpin 3.5 software. 

2D-HSQC-NMR were acquired with a Bruker AVANCE 600 spectrometer 

(Bruker, Germany) using 20 mg of lignin fraction dissolved in 0.75 ml 

DMSO-D6 employing a standard Bruker pulse sequence “hsqcetgpsisp2.2” 

with a 90° pulse, 0.08 s acquisition time, 2.0 s pulse delay, 1JC−H of 150 Hz, 

48 scans, and an acquisition of 1024 data points (for 1H) and 512 increments 

(for 13C). The 1H and 13C pulse widths are p1 = 11.43 μs and p2 = 10.00 μs, 

respectively. HSQC data processing and plots were carried out using the 

MestReNova v10.0 software’s default processing template and automatic 

phase and baseline correction. 

 

2.3. Lignin depolymerization in supercritical ethanol state 

 

Each fractionated lignin was introduced into catalytic depolymerization 

process under supercritical ethanol state according to the procedure of our 

earlier study (Kim et al., 2015b). 5 wt% ruthenium catalyst supported on 

activated carbon (Ru/C) catalyst purchased from Sigma-Aldrich was used 

without further treatment because the cost of Ru/C is much lower than that of 

Pt/C. Briefly, 0.50 g of lignin sample and 20 ml of EtOH (ACS grade, ≥99.5%, 

Sigma–Aldrich) were loaded into the reactor with 0.025 g of Ru/C catalyst. 

Before reaction, sufficient nitrogen gas (99.9%) was flowed and then 3 MPa 

of hydrogen gas (99.9%) was pressurized. The reactor was heated up to 
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350 °C with an average heating rate of 13.2 °C/min and maintained at this 

temperature for 40 min. The maximum pressure in the reactor was 

approximately 17 MPa. After reaction, reactor was rapidly quenched by ice-

water with an average cooling rate of -32.2 °C/min. Three lignin 

depolymerized products (lignin-oil, char, and gas) were recovered and the 

yield of them was calculated according to the method previously reported 

(Kim et al., 2015b). 

 

2.4. Chemical properties of lignin-oil 

 

2.4.1 Gas Chromatography/Mass Spectroscopy (GC/MS) analysis  

 

Monomeric phenols in lignin-oil was qualified and quantified by GC/MS 

analysis using an Agilent HP7890B GC equipped with an Agilent HP5975A 

mass selective detector (MSD). 1.0 μl of a diluted lignin-oil (in 5 ml acetone) 

with internal standard (fluoranthene, 50.5 mg/5 ml in acetone) was injected 

into the DB-5 capillary column (30 m × 0.25 mm ID × 0.25 μm film 

thicknesses) with a split ratio of 1:15. The initial oven temperature was 50 °C 

for 5 min, and then increased to 300 °C with a rate of 3 °C/min. The final 

temperature was held for 10 min. The injector and detector temperatures were 

220 °C and 300 °C, respectively, and He (99.9 % purity) was used as the 

carrier gas. The mass spectra of each compound were identified using NIST 

MS Search 2.0 (NIST/EPA/NIH Mass Spectral Library; NIST 02). 16 standard 

compounds were injected into the GC-FID to investigate a response factor (RF) 

between each standard compound and the internal standard (Kim et al., 2015b). 

 

2.4.2 Gel Permeation Chromatography (GPC) 
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Each fractionated lignin was acetylated with acetic anhydride/pyridine 

(1:1 v/v) at 105 °C for 2 h before GPC analysis. Approximately 2 mg of 

acetylated lignin and lignin-oil dissolved in tetrahydrofuran (1 mg/ml) was 

introduced into a GPC max instrument (Viscotek RImax, Viscotek, UK) 

equipped with PLgel 3 μm MIXED-D columns (300 × 7.5 mm, VARIAN, 

Inc.), a PLgel 3 μm MIXED-E column (300 × 7.5 mm, VARIAN, Inc.) and a 

PLgel 5 μm guard column (50 × 7.5 mm, VARIAN, Inc.) and the effluent (0.7 

ml/min) was detected by UV-Vis detection (VE3210, Viscotek). 12 types of 

polystyrene standards with different molecular weights ranging from 266 

(styrene) to 66,000 Da were used to calculate the weight average molecular 

weight (Mw) and the number average molecular weight (Mn) of analytes in the 

effluent. Depolymerization degree (%) of lignin-oil was calculated by 

following equation:   

 

Depolymerization degree (%) = (1 −
𝑇ℎ𝑒 𝑀𝑤 𝑜𝑓 𝑙𝑖𝑔𝑛𝑖𝑛−𝑜𝑖𝑙

𝑇ℎ𝑒 𝑀𝑤 𝑜𝑓 𝑙𝑖𝑔𝑛𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
× 100) 

 

 

2.4.3 Elemental analysis 

 

Lignin-oil was injected into the elemental analyzer CHNS-932 (LECO 

Corp) to measure the weight percentages of carbon, hydrogen, and nitrogen. 

The oxygen content was calculated by substracting the sum of carbon, 

hydrogen, and nitrogen percent from 100. 
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3. Results and Discussions 

 

3.1. Chemical and structural characteristics of lignin 

fractions 

 

SL was sequentially fractionated with four kinds of organic solvent with 

different dissolving capacity. The yields of five fractions were 22.0, 52.5, 4.6, 

14.9, and 6.1 wt%, respectively (Table 4-1). Molecular weight distribution of 

fractionated lignin was investigated by GPC, and resulted curves are described 

in Figure 4-1. SL had multimodal molecular distribution with overall 2,800 Da 

of Mw value and 2.8 of PDI. After fractionation, each fraction had relative 

narrower molecular distribution than SL. The Mw value and PDI of lignin 

fraction increased from 1,120 (F1) to 7,200 Da (F4) and 1.8 (F1) to 2.3 (F4), 

respectively, as sequential extraction progressed, which was in agreement with 

previous work by Li et al. (Li et al., 2012). Meanwhile, F5 were not totally 

dissolved in THF due to the presence of carbohydrate (30 wt%) and ash (7.5 

wt%).  

Elemental composition and functional group content (OMe and OH) of 

lignin fraction were quantitatively determined and these results are shown in 

Table 4-1. As confirmed in Table 4-1, carbon content of F5 was relatively 

lower than that of others (59.0 to 64.4 wt%) because F5 contained high 

carbohydrate (30 wt%) and ash (7.5 wt%). With respect to functional group in 

lignin fraction, the content of phenolic OH including H, G, and S decreased 

with increasing the Mw value of lignin fraction. However, the content of OMe 

of lignin fraction did not show notable trend as a function of the Mw value. It is 

well known that a higher phenolic OH content in lignin was resulted from 

more serious degradation of aryl-ether bond cleavage during soda pulping 
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process. Thus, lignin fraction with lower Mw had high condensed structure 

(carbon-carbon bond rich). Meanwhile, the content of aliphatic OH was the 

highest at F2, followed by F3, F4, and F1. The reason of this trend was unclear, 

but it might be related with polarity index of solvents used in extraction step 

(ethyl acetate: 4.4, methanol: 5.1, acetone: 5.1, and dioxane: 4.8) (Gupta et al., 

1997).   
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Table 4-1. Chemical and structural characteristics of lignin fractions 

a Calculated by difference 
b Determined by 31P-NMR analysis 

Lignin Yield (wt%) 
Elemental composition (wt%) 

OMe (mmol/g) 
OH (mmol/g)b 

C H N Oa Aliphatic p-Hydroxyl (H) Guaiacyl (G) Syringyl (S) 

SL - 62.7 5.8 0.4 31.1 3.77 1.13 0.28 0.75 0.74 

F1 22.0±1.3 64.4 6.5 - 29.1 3.19 0.61 0.52 1.23 1.15 

F2 52.5±1.6 63.0 5.8 0.5 30.7 3.55 1.27 0.40 0.98 0.88 

F3 4.6±0.6 64.6 6.2 0.3 29.0 2.35 0.96 0.20 0.47 0.51 

F4 14.9±1.8 59.0 5.6 1.0 34.4 2.58 0.81 0.12 0.32 0.39 

F5 6.1±0.5 52.0 6.5 0.5 41.1 1.52 - - - - 
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Figure 4-1. GPC curves of lignin fractions (The peak maxima were 

normalized to same value except for SL).
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3.2. 2D-HSQC-NMR analysis of lignin fractions 

  

Further insight into the structural difference between lignin fractions was 

investigated by 2D-HSQC-NMR analysis. Figure 4-2 and 4-3 show the HSQC 

spectra of lignin fractions with the substructures corresponding to the assigned 

13C-1H correlations (Constant et al., 2016; Strassberger et al., 2015). Recorded 

spectra in this study displayed representative interunit linkage such as the β-

aryl ether (A: β-O-4), phenylcoumaran (B: β-5) and resinol (C: β-β) structure 

in lignin fractions. In addition, not only H, G, and S unit but also ferulates and 

p-coumarates structure were detected because SL was extracted from 

herbaceous crops (wheat straw and sarkanda grass). As shown in Figure 2, the 

correlation of the β-O-4 structure (A) in the spectra of F1 is much less intense 

than other samples, which indicate F1 had the most condensed structure. 

Interestingly, the relatively high xylan content in F5 was confirmed at δC/δH 

3.1/74.1, 3.3/75.9 and 3.5/77.2 ppm (black spot). This result is consistent with 

the result of above section. 

The amount of the interunit linkages in lignin fractions was quantified by 

integration of HSQC spectra with aromatic unit as internal standard and this 

result is given in Table 4-2 (Wen et al., 2013). The relative abundance of β-O-

4, β-5, and β-β of SL (per 100 aromatic units) was 6.1, 0.8, and 1.5, which 

were reasonable levels as comparing with previous studies (Constant et al., 

2016; Strassberger et al., 2015). As shown in Table 4-2, the amount of the β-

O-4 linkage increased from 0 to 18.9 with increasing the Mw of lignin fraction 

except for F5. This result was correlated with those of phenolic OH content as 

discussed above. 
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Figure 4-2. Side chain (δC/δH 50–90/2.5–5.9) regions in the 2D-HSQC-NMR spectra of lignin fractions. 
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Figure 4-3. Aromatic/unsaturated (δC/δH 100–140/5.5–8.0) regions in the 2D-HSQC-NMR spectra of lignin fractions.
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Table 4-2. Relative amounts of main interunit linkages in lignin fractions (a 

number per 100 aromatic units)  

Lignin β-O-4 β-β β-5 

SLa 6 1.4 0.5 

SLb 3.4 0.7 - 

SL 6.1 1.5 0.8 

F1 - 1.5 - 

F2 7.9 0.8 1.6 

F3 16.5 3.7 0.4 

F4 18.9 1.5 0.3 

F5 5.8 - - 
a Data from previous study (Strassberger et al., 2015) 
b Data from previous study (Constant et al., 2016)  
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3.3. Yield of lignin depolymerized products 

 

Each lignin fraction was depolymerized into low molecular lignin-oil 

under the combination of supercritical ethanol (350 °C) and 5 wt% Ru/C 

catalyst for 40 min. Before this reaction, 3 MPa hydrogen gas was pressurized 

into reactor to stabilize or quench radicals and unstable intermediates formed 

during lignin depolymerization process (Kim et al., 2014c). The yield of 

lignin-oil, mixture of monomeric phenols as well as di-, tri- or tetrameric 

phenolics, ranged from 62.5 to 81.4 wt% (Figure 4). Char and gas, mainly 

composed of H2, CH4, CO, and CO2, are produced as byproducts resulted from 

various side reactions including carbonization, recondensation, and further 

decomposition of low molecular fragment in lignin-oil (Kim et al., 2015a; 

Kim et al., 2015b).  

Our experiment revealed that the distribution of lignin depolymerized 

products was affected by the Mw of lignin fraction. Overall, the yield of lignin-

oil was inversely proportional with the Mw values of lignin fraction. In 

particular, F1 had relatively more condensed structure than other fractions as 

aforementioned, but the maximum lignin-oil yield (81.4 wt %) was achieved 

in F1 with the smallest amount of char (1.6 wt%).  

Meanwhile, according to previous study, char formation during lignin 

depolymerization has a negative effect on catalyst activity, because char 

deposits on catalyst surfaces give rise to its deactivation (Saidi et al., 2014). 

These results suggested that lignin fraction having low Mw was advantageous 

for catalytic liquefaction process.  
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Figure 4-4. Yield of lignin depolymerized products as a function of lignin 

molecular weight.   
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3.4. Chemical properties of lignin-oil 

 

3.4.1 Yield of monomeric phenols in lignin-oils  

 

GC/MS analysis of the lignin-oil was performed to identify and quantify 

the major monomeric phenols derived from each lignin fraction, and detailed 

information of the GC/MS results is given in Table 4-3. To better understand 

the effect of the Mw of lignin fraction on the distribution of monomeric 

phenols, GC/MS detectable monomeric phenols were classified into five 

categories (C6P: phenols without side chain, C1C6: methylated phenols, 

C2C6: ethylated phenols, C3C6: propylated phenols and OP: phenols with 

oxygenated functional groups) based on their structures (Figure 4-5).  

The yields of total and classified monomeric phenols in lignin–oil are 

presented in Figure 4-6. As shown in Figure 4-6 (f), the yield of total 

monomeric phenols (mg/g of lignin) decreased from 100.3 (F1) to 69.6 (F4) 

with increasing the Mw value of lignin fraction, which showed similar patterns 

with lignin-oil yield. These values were relatively higher than results from 

Toledano et al. who reported that 2.00 to 6.58 (mg/g of lignin) of monomeric 

phenols could be obtained from different molecular weight lignin fractions via 

nickel catalyzed hydrogen-free microwave irradiation at 150 °C (Toledano et 

al., 2013). Meanwhile, F5 showed the lowest yield of total monomeric phenols 

as well as lignin-oil because it contained some contaminant as mentioned 

above. Several compounds derived from carbohydrate were observed in F5 

lignin-oil, well in line with high carbohydrate content in F5 (Figure 4-7).  

Figure 4-6 (a) and (b) display the yield of C6P and C1C6P compounds as 

a function of the Mw value of lignin fraction. Guaiacol, methylated guaiacol, 

3-methoxycathecol, syringol, and methylated syringol, mainly used as a 

precursor to chemical feedstocks and various flavorants were produced as 
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main C6P and C1C6P compounds (Murwanashyaka et al., 2001). As shown in 

Figure 4-6 (a) and (b), the yield of each compound exhibited similar trends as 

a function of the Mw value of lignin fraction. Sum of C6P and C1C6P showed 

the highest yields at F2 (19.8 and 16.8 mg/g of lignin, respectively) followed 

by F3. On the other hand, the yield of C2C6P showed different tendency 

(Figure 6 (c)). These C2C6P compounds such as 4-ethylphenol, 4-

ethylguaiacol, and 4-ethylsyringol had a potential as chemical intermediates 

for the production of resins, polymers, medicines, and so on (Das & Halgeri, 

2000). Many prior studies reported that these kinds of phenols were mainly 

obtained from thermochemical conversion process of technical lignin (e.g. 

hydrogenolysis, solvolysis, and pyrolysis) (Constant et al., 2016; Jiang et al., 

2014; Kim et al., 2015a; Xu et al., 2012a; Ye et al., 2012). As confirmed in 

Figure 4-6 (c), sum of C2C6P was the highest at F1 (44.2 mg/g of lignin) and 

decreased with increment of the Mw of lignin fraction. It was previously 

reported that non-alkylated phenols, methylated-, and ethylated phenols can 

come from the condensed fraction of the lignin (Bouxin et al., 2015). The 

results of the current study are partially consistent with previous results. 

Relative highly condensed fraction (F1 and F2) yielded these compounds (C6P, 

C1C6P, and C2C6P) more than other lignin fractions. 

The yield of C3C6P compound is illustrated in Figure 4-6 (d). It has been 

previously revealed that C3C6P compounds from lignin such as 4-

propylguaiacol, 4-propylsyringol, and trans-isoeugenol obtained was directly 

accordance with the amount of β-O-4 linkages in the starting lignin material 

(Bouxin et al., 2015; Song et al., 2013). As mentioned above (2D-HSQC-

NMR), the relative amount of β-O-4 linkages was the highest at F4 (18.9) 

followed by F3 (16.5) and F2 (7.9). However, sum of C3C6P did not show 

fully matched trend as a function of the amount of β-O-4 linkages. This 

suggested that the yield of C3C6P compound from lignin depolymerization 
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process was affected not only the amount of β-O-4 linkages but also the Mw of 

lignin.  

Meanwhile, as observed in Figure 4-6 (e), acetosyringone was the major 

product among OP compounds, and others including acetoguaiacone, 

homovanillyl alcohol, and ethyl homovanillate showed a low yield (< 2 mg/g 

of lignin). Acetosyringone was specialized for the production of medicine 

such as non-steroidal anti-inflammatory drug, anti-asthmatic drug, and non-

narcotic analgesic. The yield of this compound was the highest at F1 (14.6 

mg/g of lignin) and gradually decreased with increasing the Mw of lignin 

fraction. Sum of OP had a similar pattern of acetosyringone. This trend 

suggested that lignin fraction with lower Mw value was much more composed 

of OP type monomeric phenols than higher Mw lignin fraction.  

Our previous studies revealed that whole lignin (SL) had a large variation 

of products in lignin-oil due to its structural complexity, but the result of 

current study suggested that the selectivity of monomeric phenols produced 

during lignin depolymerization process could be partly controlled depending 

on the Mw value of lignin (Kim et al., 2015a; Kim et al., 2015b). 
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Table 4-3. GC/MS detectable monomeric phenols in lignin-oils 

Peak No. Compounds Type 

1 p-cresol C1C6 

2 Guaiacol C6 

3 4-ethylphenol C2C6 

4 3-methylguaiacol C1C6 

5 4-methylguaiacol C1C6 

6 2-ethyl-5-methylphenol C2C6 

7 3-methoxycathecol C6 

8 4-ethylguaiacol C2C6 

9 4-vinylguaiacol C2C6 

10 4-ethyl-1,2-dimethoxybenzene C2C6 

11 Syringol C6 

12 4-propylguaiacol C3C6 

13 4-methylsyringol C1C6 

14 trans-isoeugenol C3C6 

15 Acetoguaiacone OP 

16 4-ethylsyringol C2C6 

17 Guaiacyl acetone OP 

18 Homovanillyl alcohol OP 

19 Vanillic acid, ethyl ester OP 

20 4-propylsyringol C3C6 

21 Ethyl homovanillate OP 

22 Acetosyringone OP 

23 Diydroferulic acid, ethyl ester OP 
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Figure 4-5. Classification monomeric phenols on the basis of their structures.
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Figure 4-6. Yield of monomeric phenols ((a) C6P, (b) C1C6P, (c) C2C6P, (d) 

C3C6P, (e) OP and (f) Total monomer) in lignin-oils as a function 

of lignin molecular weight.  
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Figure 4-7. GC-FID chromatogram of lignin-oil derived from different lignin 

fraction .  
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3.4.2 The average molecular weight of lignin-oils  

 

To investigate molecular weight distribution of lignin-oil from each lignin 

fraction, the Mw value of lignin-oil was also determined by GPC, and this 

result is provided in Figure 4-8 and Table 4-4. As exhibited in Figure 4-8, 

GPC curve of lignin-oil had bimodal peaks. The Mw of peak eluting at 28 ml 

was 150 to 160 Da whereas the Mw of peak eluting before 28 ml ranged from 

690 to 1,120 Da depending on lignin-fraction (Table 4-4). This result showed 

that lignin-oil consisted of both monomeric phenols and oligomeric phenolics 

and is also obvious evidence of efficient lignin depolymerization for the 

reaction condition used in this study. The average Mw value of lignin-oil 

ranged from 550 to 890 Da, which was in accordance with the trend of the Mw 

of lignin fraction. These values are similar to the results of Cheng et al. who 

described lignin degraded product with the Mw values range between 670 to 

940 from alkaline lignin obtained at 200 - 450 °C using water/ethanol with 

various catalysts (Cheng et al., 2012). Depolymerization degree (%) of lignin-

oil was the highest at F4 (88 %) and the lowest at F1 (51 %). The highest 

value at F4 was presumably corresponded to the abundant part of lignin 

potentially degraded. Meanwhile, PDI of lignin-oil shows similar or slightly 

increased values comparing with that of lignin fraction except for SL case. 

This result impled that lignin with wide molecular distribution (SL) could be 

more easily degraded into narrow molecular range lignin-oil than other 

fractionated lignins with narrow molecular distribution. It was also explained 

that side reactions involving condensation, recondensation, and further 

decomposition occurred simultaneously with main lignin degradation reaction, 

leading to variation of products in lignin-oil (Deuss et al., 2015; Huang et al., 

2014b; Jin et al., 2011; Kim et al., 2013a). 
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Table 4-4. GPC results of lignin-oils produced from each lignin fraction 

Lignin-oil 
The Mw (Da)/PDI 

The average Mw (Da)/PDI  Depolymerization degree (%) 
Before 28 ml Near 28 ml 

SL 870/1.3 150/1.1 820/2.3 71 

F1 690/1.2 160/1.1 550/1.9 51 

F2 880/1.3 150/1.1 840/2.2 71 

F3 1,120/1.3 150/1.1 860/2.1 85 

F4 1,040/1.3 150/1.1 890/2.3 88 

F5 890/1.2 150/1.1 800/2.2 - 
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Figure 4-8. GPC curves of lignin-oils produced from each lignin fraction (The 

peak maxima were normalized to same value except for SL lignin-

oil).  
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3.4.3 Elemental composition of lignin-oils  

 

A Van Krevelen diagram showing the H/C and O/C ratios of lignin 

fractions and their derived lignin-oils is displayed in Figure 4-9. Overall, 

elemental composition of lignin fractions and lignin-oils did not show 

significant difference depending on the Mw of lignin fraction. Lignin fractions 

had 1.1 to 1.2 of H/C ratios and 0.34 to 0.44 of O/C ratios except for F5. F5 

had relatively higher both H/C and O/C ratios than those of others. After 

depolymerization of each lignin fraction, the O/C ratios of lignin-oils 

considerably decreased to 0.21 - 0.26 while their H/C ratios increased to 1.2 - 

1.3. The H/C ratios of lignin-oils obtained in this experiment are similar to the 

findings of Huang et al. who reported that THF-soluble fraction produced 

from supercritical ethanolysis of SL at 300 °C within CuMgAlOx catalyst has 

approximately 1.2 of H/C ratios with 0.1 – 0.2 of O/C ratios. The difference in 

O/C ratios might be resulted from different reaction condition (e.g. 

temperature, reaction time, and catalyst) (Huang et al., 2014b). The change on 

H/C and O/C ratios after depolymerization process was an indicative of 

enhancing Ru/C catalyzed hydrodeoxygenation as well as hydrogenation 

under high reaction temperature and H2 pressure (Kleinert et al., 2009; Macala 

et al., 2009). 
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Figure 4-9. Van Krevelen diagram of lignin fractions and lignin-oils.
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4. Conclusions 

  

The lignin structure, especially the Mw, had a crucial impact on the yield 

and distribution of monomeric phenols produced after catalytic 

depolymerization process. Lignin fraction with relatively lower Mw value had 

more highly condensed structure coupled with little β-O-4 frequency. These 

condensed fractions yielded C6P, C1C6P, and C2C6P more than other lignin 

fractions. In contrast, C3C6Ps were mainly produced in high Mw lignin 

fraction (F3 and F4). It can be envisioned from these results that pre-solvent 

fractionation of lignin is a help to selective production of specific phenols 

after lignin depolymerization process. This study also investigates chemical 

properties of lignin-oils from different lignin fractions, providing basic 

information for design of its further application strategies.  
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1. Introduction 

 

Catalysis has been regarded as a key technology for lignin valorization 

because it enables selective conversion of lignin into useful chemicals. Noble 

metal catalysts, including Pt, Pd, and Ru, are known to be efficient catalysts 

for the lignin depolymerization process because of their hydrodeoxygenation 

and hydrogenation performances (Kim et al., 2015b; Kloekhorst & Heeres, 

2015; Onwudili & Williams, 2014; Yang et al., 2016; Ye et al., 2012). Nickel-

based catalysts have shown great chemoselectivity for aromatic monomers 

and high activity for selective C-O bond cleavage (Klein et al., 2015; Sergeev 

& Hartwig, 2011; Song et al., 2013; Sturgeon et al., 2014). Recently, 

bimetallic catalysts have been considered as promising catalysts because they 

showed unique properties as well as improved catalytic activity. The 

development of new bimetallic catalyst concepts that enable selective 

degradation of C-O or C-C bonds in lignin model compounds has been the 

main focus of study. Bimetallic FeMo phosphide catalysts were applied to 

selectively degraded C-O bonds in a lignin model compound (Rensel et al., 

2013). Kim et al. developed a bimetallic Pd-Fe catalyst supported on ordered 

mesoporous carbon for the selective production of aromatics form an α-O-4 

type lignin model compound without saturation (Kim et al., 2015c). Huang et 

al. reported Ru–WOx bifunctional catalysts with high catalytic activities for 

the hydrogenolysis of α-O-4, β-O-4, and 4-O-5 type lignin model compounds 

(Huang et al., 2015b).  

In addition to model compound studies, bimetallic catalysts have also 

been applied to depolymerize lignin macromolecules, but there is still 

insufficient data on this topic. Zhang et al. developed a NiAu bimetallic 

catalyst for the conversion of organosolv lignin into 4-(3-

hydroxypropyl)phenols (14 wt%) via hydrogenolysis under mild reaction 
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conditions in pure water (Zhang et al., 2014a). They also evaluated the 

catalytic activity of bimetallic NiM (M = Ru, Rh, and Rd) catalysts for the 

hydrogenolysis of both a lignin model compound and organosolv lignin. This 

group revealed that a combination of Ni and Ru produced the highest activity 

for the conversion of organosolv lignin into monomeric phenols (Zhang et al., 

2014b). Parsell et al. reported on a bimetallic Zn/Pd/C catalyst for the highly 

selective production of methoxyphenols from native lignin (Parsell et al., 

2015).  

It has been previously reported that hydrogenating sites and Lewis acidic 

sites have a synergic effect on the degradation of lignin model compounds 

(Huang et al., 2015b). In addition, combining noble metals with acid catalysts 

can produce promising systems for the conversion of lignin into biofuels via 

hydrodeoxygenation (Kobayashi et al., 2012). With this in mind, a bimetallic 

Ru-Ni catalyst supported on mesoporous silica (SBA-15) was prepared by a 

wetness impregnation method in this work. The prepared catalysts were 

applied for the catalytic conversion of soda lignin into a phenol-rich oil 

fraction (lignin-oil) under supercritical ethanol conditions. We produced 

phenol, which is generally used as a precursor for plastics, as the main 

monomeric phenol from lignin. Moreover, the effect of the bimetallic 

combination on the physicochemical properties of the RuNi/SBA-15 catalyst 

and the chemical properties of lignin-oils was investigated. 
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2. Materials and methods 

 

2.1. Lignin 

 

Soda lignin (Protobind 1000, SL), produced from a pulping process with a 

mixture of wheat straw and sarkanda grass, was purchased and used without 

further treatment (Granit Research & Development SA).   

 

2.2. Catalyst preparation 

 

Mesoporous silica SBA-15 was synthesized by a method found in the 

literature; this used a Pluronic 123 triblock polymer (Mw = 5800, Sigma-

Aldrich) as the template and acidic conditions (Zhao et al., 1998). Ruthenium 

chloride (RuCl3·xH2O, Sigma-Aldrich) and nickel chloride (NiCl2, Sigma-

Aldrich) were employed as the Ru and Ni sources for co-impregnation to 

prepare bimetallic catalysts with different molar ratios (RuxNi1-x, x = 0.2, 0.4, 

0.6, 0.8, and 1.0). These precursors were dissolved in acetone with 0.1 M HCl 

and then introduced into SBA-15 by an incipient wetness impregnation 

method (Ru: 20 wt%). The supported catalyst was dried at 50 °C overnight 

and calcined at 500 °C for 3 h under inert conditions.  
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2.3. Catalyst characterization 

 

Nitrogen adsorption–desorption measurements were used to investigate 

the textural properties of the catalysts (ASAP-2010, Micromeritics instrument). 

The surface areas of the reduced catalysts were measured by the BET method, 

and the pore volume and average pore diameter were calculated by the BJH 

method.  

The crystalline states of the reduced catalysts were investigated by XRD 

measurements (D8 ADVANCE with DAVINCI, Bruker) with Cu-Kα radiation 

operated at 40 kV and 40 mA. Based on these results, the average particle 

sizes of Ru and Ni in the reduced catalysts were calculated by the Debye–

Scherrer equation.  

In order to confirm the overall dispersion of metal species on the 

supporting material, scanning electron microscopy (SEM) analysis was 

performed with energy dispersive X-ray spectroscopy (EDS) mapping. 

Temperature-programmed reduction (TPR) analyses of the catalysts were 

performed by a BELCAT II instrument (BEL Japan). Before analysis, 20 mg 

of the catalyst was pretreated at 200 °C for 1 h with He (50 ml/min) to remove 

water or volatile matter. Afterward, the catalyst was reduced with 5% H2/Ar 

(30 ml/min) at temperatures ranging from 50 to 700 °C with a heating rate of 

10 °C/min. H2-temperature-programmed desorption (H2-TPD) analyses of the 

reduced catalysts were conducted with a BELCAT II instrument (BEL Japan). 

For this analysis, each catalyst (20 mg) was reduced with 5% H2/Ar (50 

ml/min) at different temperatures (Ru1.0: 200 °C, Ni1.0: 500 °C, and others: 

450 °C) for 4 h. The H2 desorption properties of the reduced catalysts were 

determined under an Ar (30 ml/min) flow at temperatures ranging from 50 to 

700 °C with a heating rate of 10 °C/min. NH3-temperature-programmed 

desorption (NH3-TPD) analyses of the reduced catalysts were performed by a 
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BELCAT II instrument (BEL Japan). Each catalyst was prepared at 200 °C for 

3 h under a stream of He (50 ml/min) to remove water or any physisorbed 

organic molecules and then treated with 5% NH3 (50 ml/min) at 50 °C for 30 

min to saturate the acid sites of the catalyst. Physisorbed ammonia was 

removed at 150 °C for 1 h under a flow of He (50 ml/min). After cooling the 

samples, the catalysts were treated at temperatures ranging from 50 to 650 °C 

with a heating rate of 10 °C/min under a flow of He (30 ml/min). All of the 

desorbed or adsorbed gas products were detected using a thermal conductivity 

detector (TCD). 

X-ray photoelectron spectroscopy (XPS) analyses (AXIS-HIS, KRATOS) 

were carried out to determine the binding energies of metallic Ru and Ni in the 

reduced catalysts. All of the XPS spectra were calibrated using the C 1s peak 

(284.5 eV) as a reference.  

 

2.4. Lignin depolymerization in supercritical ethanol state 

 

Each fractionated lignin was introduced into the catalytic 

depolymerization process under the supercritical ethanol state, as outlined in 

the procedure of our earlier study (Kim et al., 2015b). Briefly, 0.5 g of lignin, 

20 ml of ethanol (EtOH, ACS grade, ≥99.5%, Sigma-Aldrich), and 0.025 g of 

catalyst were loaded into a Parr reactor made of stainless steel (SUS316) with 

3 MPa of hydrogen gas (99.9%). The reactor was heated up to 350 °C and 

maintained at this temperature for 40 min. After reaction, the reactor was 

rapidly quenched. The yields of the depolymerized lignin products (lignin-oil, 

char, and gas) were calculated according to the method used in the previous 

study (Kim et al., 2015b). 
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2.5. Chemical properties of lignin-oil 

 

2.5.1. Gas Chromatography/Mass Spectroscopy (GC/MS) analysis 

 

The yield of monomeric phenols in lignin-oil was quantified by an Agilent 

HP7890B GC instrument equipped with an Agilent HP5975A mass selective 

detector (MSD). A DB-5 capillary column (30 m × 0.25 mm ID × 0.25 μm 

film thickness) was used to separate each compound with a split ratio of 1:15. 

He (99.9% purity) was used as the carrier gas. The GC oven was programmed 

according to our earlier study [6]. The mass spectra of each compound were 

identified using NIST MS Search 2.0 (NIST/EPA/NIH Mass Spectral Library; 

NIST 02). For quantification, we used 16 types of standard monomeric 

phenols that were purchased from Sigma-Aldrich for GC-FID calibration 

(Kim et al., 2015b).  

 

2.5.2. Gel Permeation Chromatography (GPC) 

 

Lignin and lignin-oil were introduced into a GPC max instrument 

(Viscotek RImax, Viscotek, UK) equipped with a PLgel 3 μm MIXED-D 

column (300 × 7.5 mm, VARIAN, Inc.), a PLgel 3 μm MIXED-E column (300 

× 7.5 mm, VARIAN, Inc.), and a PLgel 5 μm guard column (50 × 7.5 mm, 

VARIAN, Inc.). The effluent (0.7 ml/min) was detected by UV-Vis detection 

(VE3210, Viscotek). 12 types of polystyrenes with different molecular weights 

(ranging from 104 (styrene) to 66,000 Da) were used to calibrate the weight-

average molecular weight (Mw) and the number-average molecular weight 

(Mn).  
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3. Results and Discussions 

 

3.1. Characterization of catalysts 

 

The textural properties of the reduced catalysts and mesoporous support 

(SBA-15) were investigated by N2 adsorption/desorption isotherm 

experiments, as displayed in Figure 5-1. The bimetallic catalysts prepared in 

this study show type-IV isotherms with type-H1 hysteresis loops, indicating 

the existence of a narrow distribution of uniform mesopores. Table 5-1 shows 

detailed textural properties of the bimetallic catalysts. The average pore 

diameters of the catalysts are similar to or slightly larger than those of SBA-15, 

suggesting that all of the catalysts maintained the inherent pore characteristics 

of SBA-15.  

Figure 5-2 describes the XRD patterns of the reduced catalysts and SBA-

15. All of the reduced catalysts showed a characteristic diffraction peak at 2θ 

= 20-25°, which was attributed to the amorphous silica in SBA-15 (Xia et al., 

2013a). Metallic Ru, RuO2, and NiO were detected in all of the reduced 

bimetallic catalysts (Lee et al., 2012; Park et al., 2005). These peaks become 

more intense and narrower as the relative amount of each metal increases, 

indicating the gradual growth in crystallinity of each metal. Interestingly, none 

of the catalysts prepared in this study show metallic Ni peaks, which means 

that metallic Ni is easily oxidized to NiO upon exposure to air. The particle 

sizes of Ru and Ni supported on SBA-15 were calculated from the XRD data, 

as listed in Table 1. The average particle sizes of Ru in the bimetallic catalysts 

ranged from 2.6 to 4.1 nm, which was smaller than those of Ni (15.4 to 26.4 

nm).  
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Figure 5-1. Nitrogen adsorption–desorption isotherms of reduced bimetallic 

catalysts and supporting material (SBA-15).  
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Table 5-1. Textural properties of reduced bimetallic catalysts and supporting 

material (SBA-15) 

a Calculated by BET (Brunauer–Emmett–Teller) equation. 
b BJH (Barrett–Joyner–Hallender) desorption average pore diameter. 
c Average pore diameter. 
d Calculated by Debye–Scherrer equation.  

Catalyst 
Surface area 

(m2/g)a 

Pore volume 

(cm3/g)b 

Pore diameter 

(nm)c 

Average particle 

size (nm)d 

Ru Ni 

SBA-15 604.07 0.84 5.50 - - 

Ni1.0 354.75 0.55 6.25 - 15.4 

Ru0.2Ni0.8 410.11 0.61 5.83 3.6 15.9 

Ru0.4Ni0.6 487.72 0.68 5.58 3.4 17.2 

Ru0.6Ni0.4 537.25 0.76 5.54 3.1 20.6 

Ru0.8Ni0.2 578.22 0.80 5.49 2.6 26.4 

Ru1.0 552.78 0.79 5.67 4.1 - 
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Figure 5-2. XRD patterns of reduced bimetallic catalysts and supporting 

material (SBA-15) (□: Peak from NiO, ◆: Peak from Ru, and ◇: 

Peak from RuO2).  
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TPR analysis was performed to investigate the reduction properties of the 

catalysts, and the resultant profiles are displayed in Figure 5-3 (a). The peaks 

at 163 °C observed in Ru1.0 are attributed to the reduction of RuCl3, while the 

peak at 445 °C observed in Ni1.0 is caused by the reduction of NiCl2 

(Kamińska & Śrębowata, 2015; Pu et al., 2014). The bimetallic catalysts 

prepared in this study show well-separated peaks, suggesting that the 

interaction between the Ru and Ni precursors is insignificant and non-

homogenous. When the Ru loading increased from 0.2 to 0.8, the reduction 

temperature of Ni decreased due to the availability of dissociated hydrogen 

that formed on the pre-reduced Ru (Simagina et al., 2003). Meanwhile, the 

reduction temperature of Ru in the bimetallic catalysts was near 250 °C, which 

is attributed to the reduction of RuO2 (Pu et al., 2014).  

Figure 5-3 (b) displays the H2-TPD profiles of the reduced catalysts. The 

amount of desorbed hydrogen was calculated on the basis of the H2-TPD 

profiles in the range of 50-500 °C, and these results are shown in Table 5-2. 

The amount of hydrogen desorbed from the reduced catalysts decreases in the 

order of Ru0.6Ni0.4>Ru0.8Ni0.2>others, which means that the Ru0.6Ni0.4 catalyst 

contains the largest amount of hydrogen binding sites.  

The total acidity values of the reduced catalysts were determined by the 

NH3-TPD profiles between 150 and 500 °C (Figure 5-3 (c) and Table 5-2). As 

shown in Figure 5-3 (c), when Ru and Ni are incorporated onto the support 

(SBA-15), a new peak appeared near 230 °C for the Ru0.4Ni0.6, Ru0.6Ni0.4, and 

Ru0.8Ni0.2 catalysts. Additionally, the total acidity values of these reduced 

catalysts are higher than that of SBA-15 (Table 2). A previous study reported 

that metal ions (Ru3+ and Ni2+) remaining in the acidic catalyst could act as 

Lewis acid sites (Jiménez-Morales et al., 2012). Therefore, the peak near 

230 °C may be caused by the presence of these Lewis acid sites. The highest 

total acidity for the reduced catalysts used in this study was obtained with 

Ru0.6Ni0.4 (325.64 μmol-NH3/g-cat.) followed by Ru0.8Ni0.2, and Ru0.4Ni0.6.   
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Figure 5-3. (a) TPR, (b) H2-TPD, and (c) NH3-TPD profiles of calcined 

(a)/reduced (b, c) bimetallic catalysts.   
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Table 5-2. H2-TPD and NH3-TPD results of reduced bimetallic catalysts 

Catalyst 
Amount of desorbed hydrogen  

(μmol-H2/g-cat.)a 

Acidity  

(μmol-NH3/g-cat.)b 

SBA-15 - 99.77 

Ni1.0 46.81 78.91 

Ru0.2Ni0.8 41.15 150.45 

Ru0.4Ni0.6 64.40 202.53 

Ru0.6Ni0.4 73.28 325.64 

Ru0.8Ni0.2 71.41 305.93 

Ru1.0 36.78 162.33 
a Calculated from peak area of H2-TPD profiles  
b Calculated from peak area of NH3-TPD profiles 
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Figure 5-4 displays the SEM images and EDS mapping images of the 

reduced catalysts. As shown in Figure 5-4, ropelike SBA-15 particles could be 

obtained, which was consistent with a previous study (Zhao et al., 2000). 

Metallic Ni and Ru were not observed in SBA-15 (Figure 5-4 (a)). 

Alternatively, the homogeneous distribution of Ni (pink dots) and Ru (yellow-

green dots) elements was clearly detected in the EDS mapping images (Figure 

5-4 (b) and (d)). When compared with the EDS image of Ni1.0 and Ru1.0, it can 

be confirmed that Ru was well dispersed while Ni was distributed intensively 

on the surface of SBA-15. However, each metal was well dispersed in the case 

of Ru0.6Ni0.4 (Figure 5-4 (c)).  

Several analyses reveal that Ru0.6Ni0.4 has relatively good catalytic 

performance compared to the other catalysts; thus, this material underwent 

XPS analysis in an attempt to elucidate the interaction between reduced metal 

species in the bimetallic catalyst. The XPS spectra of Ru 3p and Ni 2p of the 

reduced catalysts are shown in Figure 5-5. XPS analyses of the Ru0.6Ni1.0 and 

Ru1.0 catalysts (Figure 5-5 (a)) showed a doublet at binding energies of 462.5 

and 484.3 (eV), which are characteristic of Ru (0) (Eliche-Quesada et al., 

2006). The other higher–energy peak (463.9 eV) may be attributed to RuO2 

(Lasch et al., 1999). On the basis of these XPS results, it is proven that the Ru 

in Ru0.6Ni0.4 is largely present as a zero-valent state, whereas the Ru in Ru1.0 is 

mostly composed of RuO2. Meanwhile, the spectra for Ni1.0 and Ru0.6Ni0.4 in 

the Ni 2p region are quite similar, indicating that the oxidation of Ni easily 

occurs in air, regardless of the presence of Ru (Figure 5-5 (b)).   
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Figure 5-4. SEM and EDS mapping images of bimetal catalysts (a) SBA-15, 

(b) Ni1.0, (c) Ru0.6Ni0.4, and (d) Ru1.0.  
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Figure 5-5. (a) Ru 3p XPS and (b) Ni 2p spectra for reduced bimetallic 

catalyst.   
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3.2. Bimetal catalyzed lignin depolymerization process 

 

3.2.1 Yield of lignin depolymerized products 

 

SL was depolymerized into lignin-oil (consisting of monomeric phenols 

as well as higher molecular phenolics) over reduced bimetallic catalysts under 

the supercritical ethanol state (350 °C) for 40 min. Char and gas were also 

produced as byproducts due to the occurrence of various side reactions such as 

carbonization, further decomposition, and recondensation between low 

molecular fragments in lignin-oil (Kim et al., 2015a). Figure 5-6 shows the 

yields of lignin-oil, char, and gas produced from lignin depolymerization over 

bimetallic catalysts with different molar ratios (RuxNi1-x, x = 0.2, 0.4, 0.6, 0.8, 

and 1.0). In the absence of a catalyst, the yield of lignin-oil was 45.2 wt%, 

which was relatively low compared to the lignin-oil produced from the other 

catalytic conditions. The yield of char decreased when the catalyst was applied. 

This revealed that the bimetallic catalysts prepared in this study suppressed 

recondensation and promoted the depolymerization reaction. When the Ru 

loading was increased up to 0.6, the yields of lignin-oil increased considerably; 

however, these yields decreased when the Ru loading was increased above this 

point. In our experiment, the maximum lignin-oil yield (77.5 wt%) was 

produced with the Ru0.6Ni0.4 catalyst; this condition also produced the smallest 

amount of char (3.2 wt%). A previous study reported that the char produced 

from lignin has a significantly tight internal structure and strong chemical 

bonding, which makes it difficult to degrade (Long et al., 2015). In addition, 

char caused catalyst deactivation during the lignin depolymerization process 

when it became deposited on active sites of the catalyst (Saidi et al., 2014). 

Therefore, minimal char formation is preferred in this process. 
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Figure 5-6. Yield of lignin depolymerized products.   
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3.2.2 Yield of monomeric phenols in lignin-oils  

 

GC/MS analysis of the lignin-oil was performed to identify the 

monomeric phenols that were derived from SL. Detailed data concerning the 

GC-detectable compounds are presented in Table 5-3. 17 kinds of monomeric 

phenols were detected and their yields (wt%) were calculated by the 

calibration of a standard compound.  

It has been previously reported that several kinds of monomeric phenols 

and other compounds can be obtained upon catalytic depolymerization of SL. 

Güvenatam et al. used Lewis acid catalysts for the depolymerization of SL at 

400 °C for 4 h. The total monomeric phenols yield was the highest at the no-

catalyst condition (9.4 wt%) and decreased when a catalyst was applied 

(Güvenatam et al., 2016). Joffres et al. reported that SL was successfully 

converted into a mixture of various monomers, including monomeric phenols, 

aromatics, naphthenes, alkanes, and paraffins, over NiMoS/Al2O3 at 350 °C. 

The maximum yield of monomers reached 25 wt% when the reaction time was 

extended to 28 h (Joffres et al., 2014). In our earlier study, 4-ethylphenol, 

guaiacol, 4-ethylguaiacol, and syringol were mainly produced from SL when a 

combination of supercritical ethanol (350 °C for 40 min) and a 5% w/w Ru/C 

catalyst was used. The yield of each compound ranged from 0.6 to 1.4 wt% 

(Kim et al., 2015b). In addition, Bouxin et al. reported that 5.7 wt% of total 

monomeric phenols was produced from SL at 300 °C and 2 MPa H2 over 1% 

w/w Pt/Al2O3. 4-ethylguaiacol and syringol were produced as the main 

monomeric phenols (Bouxin et al., 2015).   



163 

 

In the current study, we produced phenol from SL with high selectivity 

over bimetallic catalysts. In addition to phenol, guaiacol, 4-ethylphenol, 4-

methylguaiacol, 4-ethylguaiacol, and syringol were produced as the main 

monomeric phenols in lignin-oil. Their yields are shown in Table 5-3. By 

comparing the results from control and with SBA-15 condition (Table 5-3), it 

is expected that the acidic sites in SBA-15 have a catalytic effect on the 

formation of phenol. When the Ru loading was increased up to 0.6, the yields 

of both phenol and the total monomeric phenols increased before decreasing at 

higher Ru loadings. The maximum yields of phenol (4.7 wt%) and total 

monomeric phenols (12.7 wt%) were obtained when the Ru0.6Ni0.4 catalyst was 

applied. This is consistent with the highest acidity and highest hydrogen 

desorption capacity of the Ru0.6Ni0.4 catalyst. The yield of the other main 

phenols, including guaiacol, 4-ethylphenol, 4-methylguaiacol, 4-ethylguaiacol, 

and syringol, showed similar values (0.4 – 1.3 wt%) regardless of the catalyst 

type.   

Meanwhile, a previous study revealed that ethanol itself reacted over a 

Cu-Mg-Al mixed oxide catalyst, leading to the formation of higher alcohols, 

esters, aldehydes, ethers, and so on (Huang et al., 2015a). However, we 

confirmed that ethanol was not converted into other compounds at our 

reaction conditions, as displayed in Figure 5-7.
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Table 5-3. List of monomeric phenols in lignin-oils determined by GC/MS 

Peak No. Monomeric phenols 
Yield (wt%)a 

RTb Cont. SBA-15 Ni1.0 Ru0.2Ni0.8 Ru0.4Ni0.6 Ru0.6Ni0.4 Ru0.8Ni0.2 Ru1.0 

1 Phenol 15.2 0.21 2.95 0.85 2.57 4.20 4.71 4.51 2.55 

2 Guaiacol 20.7 0.58 0.59 0.37 0.64 0.53 0.68 0.68 0.48 

3 4-ethylphenol 24.7 0.57 0.60 0.89 0.68 0.94 0.82 0.95 0.56 

4 4-methylguaiacol 25.8 0.72 0.75 0.59 0.72 0.79 0.76 0.86 0.57 

5 4-ethylguaiacol 29.8 1.00 0.95 0.63 1.01 1.21 1.29 1.30 0.96 

6 4-vinylguaiacol 31.3 0.03 0.03 0.38 0.03 0.05 0.07 0.06 0.05 

7 4-ethyl-1,2-dimethoxybenzene 31.8 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 

8 Unknown 32.1 0.00 0.02 0.00 0.02 0.05 0.05 0.04 0.02 

9 Syringol 33.0 0.75 0.74 0.46 0.81 0.80 0.91 0.83 0.69 

10 4-propylguaiacol 33.7 0.34 0.31 0.17 0.39 0.42 0.50 0.39 0.34 

11 4-methylsyringol 37.0 0.38 0.41 0.27 0.41 0.49 0.52 0.46 0.40 

12 trans-isoeugenol 37.3 0.36 0.36 0.28 0.35 0.48 0.51 0.41 0.41 

13 4-ethylsyringol 40.1 0.43 0.46 0.30 0.48 0.56 0.62 0.57 0.43 

14 4-propylsyringol 43.4 0.22 0.23 0.15 0.28 0.34 0.39 0.37 0.28 

15 Ethyl homovanillate 46.7 0.07 0.07 0.06 0.08 0.10 0.11 0.10 0.08 

16 Acetosyringone 47.9 0.41 0.47 0.33 0.50 0.52 0.58 0.58 0.46 

17 Diydroferulic acid, ethyl ester 48.5 0.06 0.07 0.06 0.09 0.11 0.11 0.10 0.09 

 
Total 

 
6.15 9.04 5.83 9.08 11.61 12.67 12.24 8.40 

a Caclulated on the basis of the weigh of lignin  
b Retention time 
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Figure 5-7. GC-FID chromatograms of liquid products from blank 

experiments.   
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3.2.3 The molecular weight distribution of lignin-oils 

 

GPC analysis was performed to investigate the molecular weight 

distribution of lignin-oils. The Mw and polydispersity index (PDI, Mw/Mn) of 

lignin-oil were determined by the calibration of 12 types of polystyrenes (104 

- 66,000 Da). These results are provided in Table 5-5. The GPC curves of 

lignin-oils are also given in Figure 5-8. As exhibited in Figure 5-8, the GPC 

curve of lignin-oil had bimodal peaks (peak near 28 ml: 150 – 160 Da and 

peak before 28 ml: 700 – 1100 Da), which indicates that lignin-oil was 

composed of monomeric phenols as well as higher molecular phenolics.. The 

average Mw values of lignin-oil ranged from 510 to 940 Da, which were 18 to 

33% of the average Mw value of SL (2,800 Da). This result demonstrated that 

SL was efficiently depolymerized into smaller molecular lignin fragments 

during the supercritical treatment. The PDIs of lignin-oils, ranging from 1.8 to 

2.2, were also lower than that of SL (2.8), indicating that lignin-oil had 

relatively higher homogeneity than the original lignin.  

We also calculated the relative ratio between the monomeric phenols and 

higher molecular phenolics (H/M) on the basis of peak integration (Table 4). 

The highest H/M of lignin-oil was obtained with Ru0.6Ni0.4 followed by 

Ru0.8Ni0.2 and Ru0.4Ni0.6. This indicates that these lignin-oils consisted of 

relatively large amounts of higher molecular phenolics. Considering that the 

highest yield of monomeric phenols was obtained with the Ru0.8Ni0.2 catalyst, 

this GPC trend implied that both depolymerization and recondensation 

occurred simultaneously during acid-catalyzed lignin depolymerization 

(Toledano et al., 2014). In fact, Bengoechea et al. have reported that the acidic 

support material can catalyze the recondensation reaction (Bengoechea et al., 

2015).  



167 

 

20 22 24 26 28 30

 SL

 Cont

 SBA-15

 Ni1.0

 Ru0.2Ni0.8

 Ru0.4Ni0.6

 Ru0.6Ni0.4

 Ru0.8Ni0.2

 Ru1.0

Ret. Vol. (mL)

 

Figure 5-8. GPC curves of lignin-oils produced over different catalysts (The 

peak maxima were normalized to same value).  
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Table 5-4. GPC results of lignin-oils 

a Peak integration ratio between higher molecular phenolics (H) to monomeric phenols 

(M)  

Sample Mw PDI (Mw/Mn) H/M (area/area)a 

SL 2,800 2.8 - 

No Cat. 510 1.8 2.1 

SBA-15 590 1.8 2.2 

Ni1.0 671 2.0 2.7 

Ru0.2Ni0.8 760 2.2 3.0 

Ru0.4Ni0.6 770 2.2 3.5 

Ru0.6Ni0.4 940 2.2 3.6 

Ru0.8Ni0.2 840 2.1 3.5 

Ru1.0 860 2.2 3.1 
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3.3. Correlation between catalyst characteristics and 

lignin-oil properties 

 

Based on our previous results, the relationship between the amounts of 

desorbed H2 as well as the acidity of the bimetallic catalysts and the chemical 

properties of lignin-oils was established. These results are shown in Figure 5-9. 

In this study, the amount of desorbed H2 and the acidity of the bimetallic 

catalyst showed a proportional relationship, as confirmed in the x-y projection 

of Figure 5-9 (a). The yields of lignin-oil, total phenols, and phenol increased 

while that of char decreased as the amount of desorbed H2 and the acidity of 

the bimetallic catalyst increased (Figures 5-9 (a), (b), (c), and (d)). These 

results are well in line with the role played by active hydrogen during the 

lignin depolymerization process. Reduced Ru and Ni in the bimetallic catalyst 

can desorb H2 or react with ethanol to form active hydrogen. Subsequently, 

active hydrogen attacks the C-O or C-C bonds in lignin and suppresses 

recondensation reactions between lignin fragments, resulting in the increased 

yields of both lignin-oil and monomeric phenols (Huang et al., 2014a; Wang et 

al., 2016). The acidity of the catalysts is another factor affecting the chemical 

properties of lignin-oils. The acidity of the bimetallic catalyst can help 

increase the yields of lignin-oil, total phenols, and phenol. In particular, the 

selectivity of phenol was most noticeable. In our earlier study, phenol was not 

produced from SL via a Ru/C-catalyzed supercritical ethanol treatment 

(350 °C for 40 min) (Kim et al., 2015b). This implied that the formation of 

phenol is most likely caused by other monomeric phenols via the acid-

catalyzed reaction; this is the case because the acidity of the support affected 

the reaction pathways and product distributions (Bui et al., 2011).  
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Figure 5-9. Correlation between catalyst characteristics and lignin-oil 

properties.   
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4. Conclusions 

  

The physicochemical properties of bimetallic catalysts prepared in this 

work, especially the amount of desorbed H2 and the acidity, had a crucial 

impact on the chemical properties of lignin-oils produced after catalytic 

depolymerization process. The amount of desorbed H2 and acidity of 

bimetallic catalyst has a positive effect on increasing the yield of lignin-oil, 

total phenols, and phenol. In this study, the yield of phenol, mainly used as 

precursors for plastics, was the largest produced at Ru0.6Ni0.4 catalytic 

condition (4.7 wt%) due to its excellent catalytic activity. In particular, the 

acidic properties of bimetallic catalysts enhanced formation of phenol via acid 

catalyzed reaction of other monomeric phenols. It can be envisioned from 

these results that catalyst design is a help to selective production of specific 

phenols during lignin depolymerization process.   
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Lignins are the second most abundant polymer materials in nature after 

cellulose. In spite of its quantitative richness, lignin valorization is still 

challenging in the lignocellulosic biorefining due to its structural recalcitrance. 

In this connection, lignin depolymerization has been performed by 

thermochemical approaches for its utilization as fuel or chemical source. More 

recently, new concept involving metal catalysts that enable to suppress side 

reaction and enhance depolymerization has emerged for lignin degradation as 

attractive alternatives.  

In this study, to better understand thermal degradation feature of technical 

lignins under the combination of supercritical alcohols and various metal 

catalysts, lignin depolymerized products, especially lignin-oils, were in-depth 

analyzed by advanced techniques. The effects of various process parameters 

on chemical properties of lignin-oils were basically investigated. Furthermore, 

structural impact of lignin on depolymerization process was also explored. 

Based on results above, for more selective degradation of lignin, bimetallic 

catalyst having acidic as well as hydrogen adsorption-desorption property 

were prepared by using ruthenium, nickel, and mesoporous silica.  

The degradation of lignin was increased when the temperature increased, 

and the secondary reactions including further decomposition of lignin-

degraded products to gas and char formation were also promoted at high 

temperatures and longer reaction time. Among various reaction parameters, 

temperature was the most significant factor affecting the chemical properties 

of lignin-oils and chars. Meanwhile, hydrogen gas could be used as an 

inhibitor of the recondensation because it prevented free radical reaction 

production from thermal degradation of lignin. In this work, we also aimed to 

examine the optimal condition for the production of monomeric phenols under 

various reaction conditions.  

Based on these results, the effect of metal catalysts (Pt/C, Pd/C, Ru/C, 

and Ni/C) as well as alcohol solvents (methanol, ethanol, 2-propanol, and t-



175 

 

butanol) on the chemical properties of lignin-oils was investigated. Catalysts 

used in this work showed both advantages (increased lignin-oil/monomeric 

phenols yield and decreased char formation) and disadvantage (increased Mw 

of lignin-oil) on lignin depolymerization process. Among various combination 

of alcohols and catalysts, ethanol and Pt/C proved to be an excellent 

combination for producing large amounts of lignin-oil with the smallest 

amount of char, which was well in line with the highest hydrogen donor 

efficiency of ethanol and the highest surface area of Pt/C. During supercritical 

treatment with alcohols over metal catalysts, lignin was successfully degraded 

into low Mw lignin-oil via β-O-4 and β−β bond cleavages as confirmed by 

NMR analysis. In addition, both hydrodeoxygenation and hydrogenation were 

considerably promoted with applied catalysts. Meanwhile, excessive catalyst 

dosage was found to have a negative effect on the increment of total 

monomeric phenol yields, but such monomeric phenols, especially alkylated 

phenols, showed increase trend with increasing catalyst amount.  

Furthermore, we applied sequential solvent fractionation that could 

separate lignin with particular molecular distribution as a pretreatment step for 

the production of high yields of manageably narrow monomeric phenols. Five 

lignin fractions with different molecular distribution were homogeneous 

prepared in a successive manner. Relative abundance of β-O-4 linkage 

increased with increasing the Mw of lignin fraction, which meant that lignin 

fraction with lower Mw had highly condensed structure. Overall, the yield of 

lignin-oil was inversely proportional with the Mw of lignin fraction, indicating 

lignin fraction with low Mw was advantageous for liquefaction process. It can 

be expected from GC/MS results that pre-solvent fractionation of lignin is a 

help to selective production of specific phenols after lignin depolymerization 

process. For example, relatively condensed fractions yielded C6P (guaiacol, 3-

methoxycathecol, and syringol), C1C6P (methylated guaiacol and methylated 

syringol), and C2C6P (4-ethylphenol, 4-ethylguaiacol, and 4-ethylsyringol) 
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more than other lignin fractions, while C3C6P (4-propylguaiacol, 4-

propylsyringol, and trans-isoeugenol) were mainly produced in high Mw lignin 

fraction.  

Preparation of bimetallic catalysts composed of different molar ratio of 

ruthenium and nickel supported on SBA-15 for selective production of phenol 

from soda lignin is one of most interesting trial in this study. Bimetallic 

catalysts prepared in this work had bifunctional active site. Metal sites on 

bimetallic catalysts participated in hydrogen adsorption/desorption system, 

which was associated with the role of active hydrogen during lignin 

depolymerization process. Acidic sites attributed from SBA-15 enhanced 

phenol selectivity via acid catalyzed reaction of other monomeric phenols. The 

relationship between these two active sites in bimetallic catalysts and the 

chemical properties of lignin-oils was established. This result demonstrated 

that the amount of desorbed H2 and acidity of bimetallic catalyst has a positive 

effect on increasing the yield of lignin-oil, total phenols, and phenol.  

This study investigated catalytic depolymerization feature of lignin under 

supercritical ethanol state. Based on these results, we induced production of 

lignin-oil with the potential to replace phenolic chemicals or fuel from the 

petroleum industry via solvolysis of lignin under various reaction conditions. 

Besides, structural impact of lignin, especially the Mw, on the yield and 

distribution of monomeric phenols produced after catalytic depolymerization 

process was also investigated. Although more research is required to in-depth 

understand lignin degradation mechanism in molecular level, our results 

proposed that catalytic depolymerization of technical lignin have the 

possibilities for their thermochemical applications in lignin based biorefinery.   
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초  록 

 

초임계 에탄올 상태에서 금속촉매를 이용한 리그닌의 

탈중합 특성 연구 

 

김재영 

환경재료과학전공 

산림과학부 

서울대학교 대학원 

   

리그닌의 촉매 탈중합 공정을 통한 페놀화합물 생산기술은 기존 

석유기반 화학소재 산업을 획기적으로 대체 할 수 있는 잠재능력이 

있다. 그러나 아직까지 이와 관련된 반응 경로 및 화학반응에 관한 

연구는 리그닌의 구조적인 복잡성 때문에 활발히 진행되지 못하고 

있는 실정이다. 본 연구에서는 리그닌 고부가가치화의 일환으로 

초임계 에탄올 상태에서 금속촉매를 이용하여 리그닌을 분해하여 

액상의 리그닌오일 및 페놀화합물을 생산하였으며 이를 다양한 

화학적 분석기법을 통해 분석하여 리그닌의 탈중합 특성을 

이해하고자 하였다. 

첫 번째 장에서는 리그닌 탈중합 공정에 영향을 미치는 다양한 

인자 (온도: 200-350 ℃, 시간: 20-40분, 용매: 25-75 ml, 

수소압력: 2-3 MPa)의 변화를 통해 생성되는 리그닌 분해산물 

(리그닌오일, 가스, 촤)의 화학적 특성 변화를 조사하였다. 리그닌은 

현사시 목부로부터 추출한 Organosolv 리그닌을 사용하였다. 



200 

반응온도가 증가함에 따라 리그닌의 탈중합 반응과 축합반응이 

경쟁적으로 발생하여 촤 수율과 가스 수율은 점차적으로 

증가하였으며 리그닌오일 수율은 감소하였다. 또한 일정한 

온도에서는 반응시간이 길어질수록 촤 수율과 가스 수율은 

증가하였으며 반대로 리그닌오일 수율은 감소하였다. 리그닌오일 

내에는 반응조건에 따라 0.3-9.7 wt% 수준의 페놀화합물이 

존재하였으며, 다양한 영향인자 중 온도에 가장 큰 영향을 받는 

것을 확인하였다. 

두 번째 장에서는 리그닌 탈중합 공정에 미치는 촉매 및 용매의 

영향을 평가하기 위해 4가지 금속촉매 (Pt/C, Pd/C, Ru/C, Ni/C) 및 

4가지 알코올 용매 (메탄올, 에탄올, 2-프로판올, t-부탄올)를 적용 

하였다. 리그닌은 밀짚으로부터 소다펄핑을 통해 추출한 Soda 

리그닌을 사용하였다. NMR과 GPC 분석을 통해 리그닌 분해 

과정중 β-O-4 및 β-β 결합이 분해되어 분자량이 감소하는 

것을 확인 하였다. 본 실험에서는 4-ethylphenol, guaiacol, 4-

ethylguaiacol, syringol이 주된 페놀화합물로 생성 되었으며 이들은 

에탄올과 Pt/C 촉매 조건에서 가장 높은 수율 (4.2 wt%)을 보였다. 

한편 촉매 투입량을 증가시켰을 때에는 부반응이 촉진되어 페놀 

화합물 수율이 감소하는 것으로 조사되었다.  

세 번째 장에서는 리그닌의 분자량에 따른 탈중합 특성을 

구명하기 위해 Soda 리그닌 (2,800 Da)을 순차적 용매분획법을 

이용하여 총 5개 분획으로 분리하였다 (ethyl acetate: F1, 

methanol: F2, acetone: F3, dioxane/water: F4, insoluble: F5). 각 

리그닌분획의 분자량은 F1: 1,120 Da, F2: 2,860 Da, F3: 5,850 

Da, F4: 7,200 Da, F5: -로 나타났다. 2D-NMR 분석을 통해 
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분자량이 낮은 리그닌분획이 β-O-4 결합 빈도수가 낮고 

상대적으로 높은 축합도를 가지는 것을 확인하였다. 각 

리그닌분획은 초임계 에탄올 조건에서 Ru/C 촉매를 이용하여 

탈중합 하였으며 생산된 리그닌오일 수율은 62.5 – 81.4 wt% 

수준으로, 분자량 크기와 반비례하는 경향을 나타냈다. GC/MS 분석 

결과 리그닌오일 내 존재하는 페놀화합물 종류 및 수율도 리그닌 

분자량에 큰 영향을 받는 것으로 조사되었다. 특히 상대적으로 

분자량이 낮았던 리그닌분획은 C6, C1C6, C2C6 형태의 

페놀화합물을 생산하는데 다른 리그닌분획보다 상대적으로 유리한 

것을 알 수 있었다. 

마지막 장에서는 Soda 리그닌으로부터 페놀을 선택적으로 

생산하기 위하여 루테늄과 니켈이 서로 다른 비율로 혼합된 

이종금속촉매를 침지법으로 제조하였다 (RuxNi1-x, x=0.2, 0.4, 0.6, 

0.8, 1.0). 본 실험을 통해 촉매의 물리화학적 특성에 따라 생산되는 

리그닌오일의 화학적 특성이 변화하는 것을 확인하였다. 특히 

촉매의 수소흡탈착 성능 및 산도가 증가함에 따라 생산되는 

리그닌오일, 총 페놀화합물 및 페놀 수율이 증가하였으며 촤 수율은 

감소하는 것을 알 수 있었다. 루테늄과 니켈은 6:4 비율로 혼합한 

Ru0.6Ni0.4 촉매에서 가장 높은 리그닌오일 (77.5 wt%), 총 

페놀화합물 (12.7 wt%)과 페놀 수율 (4.7 wt%)을 얻을 수 있었다. 

키워드 :  리그닌, 초임계 에탄올, 탈중합, 금속촉매, 페놀 단량체, 

가스 크로마토그래프 질량분석계 

학  번 : 2012-30313
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