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The objective of the present study is to understand the conversion 

characteristics of C6 and C5 sugars during acid-catalyzed treatment. Based on 

this knowledge, this study also aimed to produce levulinic acid from 

lignocellulosic biomass (Quercus mongolica) via a two-step acid-catalyzed 

treatment, to utilize a by-product of this reaction for production of levulinic 

acid, and to evaluate the productivity of this process in comparison with 

conventional fermentable sugar production methods. 

The conversion of C6 and C5 sugars (i.e., glucose, galactose, mannose, 

xylose, and arabinose) by acid-catalyzed treatment using sulfuric acid (SA) 

was markedly affected by the reaction conditions (reaction temperature: 100-

230°C, acid concentration: 0-2%), but differences among C6 or C5 sugars 

proved insignificant. In the absence of an acid catalyst, C6 sugar 

decomposition initiated at 160°C and was preferentially converted into 5-

HMF, furfural, and humin, but not levulinic acid and formic acid, were 
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generated. However, in the presence of an acid catalyst, C6 sugar was 

efficiently converted into levulinic acid via a 5-HMF intermediate at a lower 

reaction temperature (120-130°C), and the highest yield of levulinic acid 

(29.3 g/100 g C6 sugar at 200°C, 2% SA) was obtained by single-step acid-

catalyzed treatment. However, the levulinic acid yield was slightly reduced 

due to the generation of humin at temperatures over 210°C.  

By contrast, C5 sugar was decomposed at 160°C and was almost 

immediately converted into furfural (28.1 g/100 g C5 sugar (230°C)) in the 

absence of SA. However, under acidic conditions, C5 sugars were efficiently 

converted into furfural at lower reaction temperatures (120°C); the furfural 

yield was highest at 180°C in 1% SA, 37.6 g/100 g C5 sugar. Moreover, C5 

sugar generated a large amount of an unidentified precipitate (37.3 g/100 g C5 

sugar at 230°C, 2% SA) due to the strong condensation reaction caused by 

furfural, which might lead to the increased condensation of other products.  

 Based on these results, Two-step acid-catalyzed treatment of Quercus 

mongolica under various reaction conditions was conducted for levulinic acid 

production. During the 1st step of acid-catalyzed treatment, most of the 

hemicellulosic C5 sugars (15.6 g/100 g biomass) were released into the liquid 

hydrolysate at 150°C in 1% SA; a solid fraction containing 53.5% of the C6 

sugars remained. Subsequently, during the 2nd step of acid-catalyzed treatment 

of the solid fraction under the selected conditions (reaction temperature: 160-

230°C; acid concentration: 1% or 2%), a higher levulinic acid yield (16.5 

g/100 g biomass) was obtained at 200°C in 2% SA than in the single-step 

treatment. 

Resultant liquid hydrolysate obtained from 1st step acid-catalyzed 

treatment of Quercus mongolica at 150°C in 1% SA was additionally treated 

by a zeolite as a catalyst. The zeolite was alkaline treated with different NaOH 

concentration for using C5 sugars as levulinic acid source, and then it could 

possess sizeable pores and relatively higher portions of strong acid sites. 
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Considering effects of other treatment factors, reaction temperature (150-

210°C) and time (30-300 min), 3.5 g/100 g biomass of levulinic acid was 

produced through zeolite-catalyzed treatment at 190°C, 180 min, and zeolite 

treated by 0.25 M NaOH.  

In total, 20.0 g of levulinic acid could be produced from 100 g of 

Quercus mongolica via a multi-step treatment process in terms of biorefinery 

concept in this study. However, 31.5 g/100 g biomass of fermentable sugar 

(glucose) was produced from same solid fraction using a conventional process 

including enzymatic hydrolysis. Therefore, the proposed two-step acid-

catalyzed treatment process is attractive due to the price competiveness of 

levulinic acid and the increased by-product utilization rate. 

In conclusion, the conversion characteristics of lignocellulosic biomass to 

levulinic acid under acid-catalyzed conditions were investigated. Based on 

this, levulinic acid was produced from lignocellulosic biomass via the two-

step acid-catalyzed treatment process. Then, levulinic acid production via by-

product application was performed in a biorefinery concept. Therefore, the 

levulinic acid yield was maximized using the total process, which used a 

novel lignocellulosic biomass biorefinery process to effectively produce 

levulinic acid. 
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Introduction 
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1. Background 
 

1.1. Renewable resources  
 

The world energy market has shown a high level of dependence on the 

fossil-based energy to supply the increasing energy demand. According to the 

literature, the portion of fossil resource consumption by fuel, such as oil, coal, 

and natural gas, has been steadily maintained at over 80% of world energy 

consumption in the past few decades (Figure 1-1) (BP, 2015), and this trend is 

expected to last several years. However, fossil resources are not sustainable 

and renewable, and their availabilities are irrevocably decreasing. One 

example is the CO2 emissions from the consumption of fossil resources which 

have been predominant factor increasing in the CO2 concentration of 

atmosphere causing the greenhouse effect and changes of global climate 

(Krause et al., 2013). Therefore, the problematic issues have stimulated the 

development of alternatives to fossil fuels, and various resources of renewable 

energy have been introduced (Twidell & Weir, 2015).  

Among these resources, biomass could be a differentiated candidate due 

to its fixed carbon content and the possibility of using chemicals as a substrate 

for fossil-based chemical as well as liquid transportation fuels (Clark & 

Deswarte, 2015). Accordingly, some governments have instituted policies to 

promote transition from the petrochemical industry to biomass-based 

industries. For example, the U.S. Department of Energy (DOE) has targeted 

20% of (petroleum-based) liquid transport fuels to be biofuels and 25% of 

commercial organic compounds to be biomass-derived materials by 2025 

(BRDI, 2007). In addition, the European Union (EU) has established a goal to 

replace 10% of transport fuels with biofuels by 2020 and to achieve at least a 

27% share of renewable energy consumption (EC, 2014).  
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Figure 1-1. World consumption of primary energy by fuel (unit: million tons 

oil equivalent) (BP, 2015).  
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1.2. Lignocellulosic biomass 
 

In a broad sense, biomass is defined as a biological material derived from 

plants or animals, including agricultural crops, forest products (woods), algae, 

animal wastes, and other organic residues (Gruber et al., 2006). The annual 

productions of biomass in 2010 were 8,946 and 4,613 million tons from arable 

crops and forest harvesting, respectively (G.J. van den Born, 2014), and 

approximately 68%-80% of them have been currently utilized for food and 

other applications. The most arable crops are produced for food (43%) and 

feed (15%), while 60% of woody biomass is harvested annually for energy 

and chemical industry represented by the bioethanol production (IEA, 2012). 

In terms of biomass application, starch and sugar derived from corn or 

sugarcane are used as the first generation of biomass, but the limited supply of 

them could lead inevitably to competition with the food production and 

relative high cost (Cherubini, 2010). On the other hand, lignocellulosic 

biomass proposed as a second generation is also renewable and abundant. 

Above all, the use of lignocellulosic biomass does not spark a price 

competition between human food and bioenergy markets, which can be 

advantageous to developing the cost competitive production of targeted 

biomass-derived products (de Jong & Jungmeier, 2015).  

Lignocellulosic biomass generally has three major components (cellulose, 

hemicellulose, and lignin (Table 1-1)) as an intricate and complicated three-

dimensional structure (Figure 1-2). However, lignocellulosic biomass has a 

certain properties of robustness or recalcitrance which resulted from the 

cellulose crystallinity, hydrophobicity of lignin, and cellulose encapsulation 

by the lignin-hemicellulose matrix (Isikgor & Becer, 2015), and in this respect, 

numerous recent studies related with utilization of lignocellulosic biomass 

have been focused on overcoming these barriers.  
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Table 1-1. Type and chemical composition of lignocellulosic biomass (Isikgor 

& Becer, 2015)  

Lignocellulosic biomass Cellulose (%) Hemicellulose (%) Lignin (%) 

Hardwood Poplar 50.8–53.3 26.2–28.7 15.5–16.3 

 Oak 40.4 35.9 24.1 

 Eucalyptus 54.1 18.4 21.5 

Softwood Pine 42.0–50.0 24.0–27.0 20.0 

 Douglas fir 44.0 11.0 27.0 

 Spruce 45.5 22.9 27.9 

Agricultural waste Wheat straw 35.0–39.0 23.0–30.0 12.0–16.0 

 Barley hull 34.0 36.0 13.8–19.0 

 Barley straw 36.0–43.0 24.0–33.0 6.3–9.8 

 Rice straw 29.2–34.7 23.0–25.9 17.0–19.0 

 Rice husks 28.7–35.6 12.0–29.3 15.4–20.0 

 Oat straw 31.0–35.0 20.0–26.0 10.0–15.0 

 Rye straw 36.2–47.0 19.0–24.5 9.9–24.0 

 Corn cobs 33.7–41.2 31.9–36.0 6.1–15.9 

 Corn stalks 35.0–39.6 16.8–35.0 7.0–18.4 

Grasses Grasses 25.0–40.0 25.0–50.0 10.0–30.0 

 Switchgrass 35.0–40.0 25.0–30.0 15.0–20.0 
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Figure 1-2. The structure and components of lignocellulosic biomass (Isikgor 

& Becer, 2015).  
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1.3. Pretreatment of lignocellulosic biomass 
 

The sugar production from carbohydrates of lignocellulosic biomass 

through the enzymatic hydrolysis or other catalytic conversions has been 

commonly suggested as one of the effective strategies to utilize the 

lignocellulosic biomass as consumable commodity (Himmel et al., 2007). 

However, most of the one-step treatments are limited by several key 

properties (cellulose crystallinity, lignin barrier, porosity, particle size, and 

others) of lignocellulosic biomass described as above, which can lead to 

deleterious effect on the conversion reaction (Alvira et al., 2010). Therefore, 

the pretreatment process has been required as an essential step in the 

lignocellulosic biomass application for overcoming its recalcitrance by 

enhancing accessibility of enzyme or other catalysts to the carbohydrates. 

The so-called effective pretreatment process of lignocellulosic biomass 

has set goals to (1) disruptive hydrogen bonds in crystalline and amorphous 

regions of cellulose, (2) break down cross-linked matrix (lignin-carbohydrate 

complex), (3) increase the surface area and pore volume distribution of 

cellulose for the improvement of subsequent procedure efficiency, and (4) 

minimize energy requirements and injudicious use of chemicals (Li et al., 

2010a). For these aims, the pretreatment of lignocellulosic biomass has been 

carried out in a variety of different methods classified into physical (grinding, 

milling, extrusion, microwave, and freezing), chemical (acid, alkali, 

organosolv, and ionic liquid), physic-chemical (steam explosion, ammonia 

fiber explosion (AFEX), liquid hot water (LHW), CO2 explosion, and wet 

oxidation), and biological (wood rot fungi) methods (Rabemanolontsoa & 

Saka, 2016; Ravindran & Jaiswal, 2016). In addition, combination of these 

methods have been proposed to remedy the disadvantages of individual 

pretreatments over the past few decades (Mood et al., 2013).  
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1.4. The concept of biorefinery  
 

The market demands for economic production of eco-friendly products 

from lignocellulosic biomass and remedy the disadvantage in technical issues 

have fostered activities of research and development worldwide, and finally, a 

novel concept, biorefinery, was introduced. According to the literature, a 

biorefinery is defined as a facility (or a network of facilities) which converts 

lignocellulosic biomass including waste into a variety of fuels, chemicals, and 

power (heat) (Clark & Deswarte, 2015; Menon & Rao, 2012). Its main goals 

are to improve the economic value of the lignocellulosic biomass with 

minimizing the process waste. 

Although there are several types of biorefinery process using 

lignocellulosic biomass with different raw materials, target products, and 

treatment methods, it could be generally divided into three steps (Figure 1-3) 

(Girisuta, 2007). At first, a certain component (cellulose, hemicellulose, lignin, 

or extractive) of lignocellulosic biomass are partially separated through a 

primary fractionation (or depolymerization) process, such as solvent 

extraction, supercritical CO2 extractions, filtration, and catalytic 

depolymerization. Secondly, the intermediate fractions obtained from first-

step are converted into valuable fuels and chemicals using a secondary 

treatment process like conventional thermo-chemical pretreatment, pyrolysis, 

gasification, and liquefaction. Sugars (monosaccharide and oligosaccharide), 

alcohols including bioethanol, organic acids, and phenolic compounds are 

representative of the possible products in this step. And last, according to the 

need, further specific conversions of the resultant intermediate substance 

could be performed to produce high value-added end-products. In addition, all 

residues generated during the whole process are recycled for the production of 

power and heat, which ultimately minimize the loss of lignocellulosic biomass.  
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Figure 1-3. Simplified scheme of the biorefinery process (Girisuta, 2007).  
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1.5. Levulinic acid as a biorefinery product  
 

A DOE report delineating biorefinery products which could be derived 

from carbohydrates of lignocellulosic biomass was released in 2004 (Werpy et 

al., 2004). This report provided a kind of guideline in terms of technical and 

economic issues (processes, economics, industrial viability, market size, and 

compound capacities) for rational approach to production of value-added 

building block chemicals (Table 1-2 (left)). Its methodology has had a great 

ripple effect in research and industry sectors of biorefinery up to this day 

(Sadhukhan et al., 2014). 

In addition, in 2010, the academic and industrial progress of value-added 

chemicals has been reported by Bozell and Peterson (Bozell & Petersen, 

2010). In this report, new candidates were proposed as building block 

chemicals based on technological advancements since 2004, and the original 

list of DOE was updated (Table 1-2 (right)). The several value-added 

chemicals, such as levulinic acid, 2,5-furan dicarboxylic acid (FDCA), 

succinic acid, hydroxypropionic acid (HPA), sorbitol, and xylitol, were listed 

in both reports and their importance and influence were certified.  

Among them, levulinic acid is especially a primary biorefinery platform 

chemical due to its high yield, despite a simple process. Levulinic acid (=4-

oxopentanoic acid) is classified as a keto acid containing carbonyl and 

carboxyl groups with the chemical formula C5H8O3. It has various potential 

uses in the fields of cosmetic, food, and medical industries as well as fuel 

industry, as fuel additives, solvent, pharmaceuticals, plasticizers, antifreeze, 

and food flavoring agent (Chang et al., 2007). The available family 

compounds derived from levulinic acid (ethyl or methyl levulinate (fuel 

additives and food flavouring), diphenolic acid (epoxy resins and lubricants), 

γ-valerolactone (biofuels and fuel additive), δ-aminolevulinic acid (herbicides 
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and insecticides), and succinic acid (polymers and solvents), etc.) is also 

manifold, and they are forming an greater part of the world chemical market 

(Figure 1-4) (Mukherjee et al., 2015; Werpy et al., 2004). Average price 

worldwide of levulinic acid ranged from 5 to 8 $/kg at the market size of 

2,600 tons in 2013, and is expected to increase continuously, reaching 3,800 

tons in 2020 (Grand-view-research, 2014). Nevertheless, the levulinic acid 

production has been slowly developed in respect of commercial applications 

due to technical and economic barriers reported as high production costs and 

raw materials, low production yields, corrosions of equipment, and difficulties 

of recovery. Thus, in this respect, recent researches on levulinic acid from 

lignocellulosic biomass have been projected to lower costs to as low as 

approximately 0.2 $/kg, overcoming above drawbacks.  
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Table 1-2. DOE top chemicals obtained from carbohydrates in 2004 and new 

top chemicals that can be produced from biorefinery carbohydrates 

proposed in 2010 (Bozell & Petersen, 2010; Werpy et al., 2004) 

Compounds  
(Werpy et al., 2004) 

Compounds  
(Bozell & Petersen, 2010) 

Succinic, fumaric and malic acids Ethanol 

2,5-Furan dicarboxylic acid Furfural 

3-Hydroxypropionic acid Hydroxymethylfurfural 

Aspartic acid 2,5-Furan dicarboxylic acid 

Glucaric acid Glycerol and derivatives 

Glutamic acid Biohydrocarbons 

Itaconic acid Isoprene 

Levulinic acid Lactic acid 

3-Hydroxybutyrolactone Succinic acid 

Sorbitol Hydroxypropionic acid/aldehyde 

Xylitol/arabinitol Levulinic acid 

- Sorbitol 

- Xylitol 
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Figure 1-4. Possible transformations of levulinic acid (Werpy et al., 2004).  
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2. Objectives 
 

As mentioned above, to make the biorefinery process economically 

feasible, total utilization of lignocellulosic biomass is important. However, 

large amounts of the liquid fractions obtained after pretreatment have not been 

used in the production of high value-added chemicals because (1) the yield of 

chemical from liquid hydrolysates using biorefinery concepts has generally 

been lower than the yield obtained directly from biomass using traditional 

processes and (2) the yield of chemicals varies depending on the pretreatment 

conditions. Nevertheless, sustainable developments of biochemical 

technology have enabled an efficient conversion of sugars derived from 

lignocellulosic biomass to levulinic acid, enhancing its potential as a building 

block chemical in view of the biorefinery.  

In this study, as a basis for understanding the conversion characteristics of 

levulinic acid from C6 or C5 sugars, standard materials will be pretreated 

under various conditions. And then, to adapt the method to the biorefinery 

concept, two-step acid-catalyzed treatment of lignocellulosic biomass 

(Quercus mongolica) will be conducted using dilute sulfuric acid. In the 1st 

step, Quercus mongolica will be treated with dilute sulfuric acid under low-

severity conditions to obtain C5 sugar-rich liquid hydrolysates containing a 

low level of sugar degradation products. In the 2nd step, dilute sulfuric acid 

treatment of the solid fraction obtained at the 1st step will be performed under 

relatively more severe conditions for levulinic acid production. In terms of 

biorefinery, the liquid hydrolysate, by-product obtained in the 1st step, will be 

treated with an inorganic catalyst (zeolite) under varying conditions (reaction 

temperature, time, and catalyst type) for further production of levulinic acid 

from C5 sugars. Finally, the efficiency of levulinic acid production from 

Quercus mongolica will be investigated through comparison with the 
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conventional process. 

In addition to the above, the effects of various treatment factors on 

levulinic acid yield will be evaluated to understand its conversion 

characteristics and permit optimization of the process. In this respect, a 

variety of structural and analytical methods (HPLC, GC/MS, FT-IR, BET 

analysis, and pyrolysis GC/MS) will be applied and the obtained information 

will be analyzed using the statistical analysis system software (SAS).   

 

The objectives of this study are: 

 

(1) To understand conversion characteristics of C6 and C5 sugars during 

acid-catalyzed treatment depending on treatment parameters; 

(2) To produce levulinic acid by two-step acid-catalyzed treatment of 

Quercus mongolica and characterize its yield depending on 

treatment conditions;  

(3) To establish a total biorefinery process for levulinic acid production 

through the application of liquid hydrolysate using zeolite-catalyzed 

treatment.   
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3. Literature review 
 

3.1. Pretreatment process of lignocellulosic biomass 
 

3.1.1. Physical pretreatment 

 

The main aims of physical pretreatment are size reduction of 

lignocellulosic biomass and increasing the surface area, which leads to 

decrease the degree of polymerization (DP) and crystallization (Harun et al., 

2011). At first, milling (ball milling, hammer milling, disk milling, and others) 

is one of the most widely used methods in biomass-based processes. Although 

the milling is normally energy intensive (da Silva et al., 2010), it can easily 

control a particle size of lignocellulosic biomass (Sun & Cheng, 2002). 

Secondly, microwave pretreatment is an alternative method which can heat 

lignocellulosic biomass using irradiation (Ma et al., 2009). This method has 

several merits such as high uniformity, short reaction time, and lower energy 

requirement than the conventional heating (Cheng et al., 2011). And thirdly, 

extrusion pretreatment leads to physical and chemical changes of 

lignocellulosic biomass through mixing, heating and shearing procedures 

(Yoo et al., 2011). Moderate reactor temperature, short residence time, no 

furfural and HMF formation, no washing and conditioning, adaptability to 

process modification, easy scale-up, and possibility of continuous operation 

are considered as the strong points of this method (Karunanithy & 

Muthukumarappan, 2011). 

Meanwhile, freeze pretreatment recently developed is a promising 

physical treatment approach which utilizes the fundamental principle of water 

(Chang et al., 2011). This method can enable the enhancement of enzyme 

accessibility without generating pollutants (Jeong et al., 2015).  
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3.1.2. Chemical pretreatment 

 

Acid pretreatment is the most commonly employed chemical method for 

lignocellulosic biomass (Mood et al., 2013). When the acid pretreatment of 

lignocellulosic biomass is conducted, hemicelluloses can be easily hydrolyzed 

to monomeric sugars and remainders, particularly cellulose region, have a 

large surface area (Taherzadeh & Karimi, 2008). Hydrochloric acid (HCl), 

sulfuric acid (H2SO4), oxalic acid, and other various acids are used as acid 

catalyst in this process (Gírio et al., 2010; Kim et al., 2011; Lee et al., 2013). 

However, toxicity, corrosiveness of equipment, acid recovery, production of 

fermentation inhibitors (furfural, 5-hydroxymethylfurfural (HMF), formic 

acid, and levulinic acid) are reported as major drawbacks of this method 

(Alvira et al., 2010; Pedersen & Meyer, 2010). 

Similarly, alkaline pretreatment is a widely used method for the 

improvement of cellulose accessibility for enzymatic hydrolysis (Li et al., 

2010b). Although the solubilization of hemicelluloses and cellulose in this 

method is less than in acid pretreatment (Carvalheiro et al., 2008), it can 

disrupt the ester bond between lignin and hemicelluloses and lead to 

delignification (McIntosh & Vancov, 2010; Sun & Cheng, 2002). 

Comparatively, alkaline pretreatment can be operated at lower temperatures 

(Balat et al., 2008) and does not require complex reactors (Digman et al., 

2007). However, the major drawbacks are long residence time and the need 

for neutralization of the pretreated slurry (Wan et al., 2011; Wang et al., 2010). 

Organosolv pretreatment uses organic solvents (methanol, ethanol, 

acetone, or others) with or without an additional catalyst (HCl, H2SO4, or 

others) (Mesa et al., 2011). This is a unique process in the sense that the 

pretreatment is capable of breaking the internal lignin and hemicelluloses 

bonds and is therefore efficient for high lignin lignocellulosic biomass (Zhao 

et al., 2009b). Moreover, relatively pure and high-quality lignin can be 
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obtained as a by-product through this process (Mesa et al., 2011). Obviously, 

lignin removal leads to an increased surface area making cellulose more 

acceceble to enzyme (Koo et al., 2011a; Koo et al., 2012). The main 

drawbacks of this method are solvent recovery, low-boiling point of organic 

solvents, high risk of high-pressure operation, and flammability and volatility 

of solvents (Sun & Chen, 2008).  

Ozonolysis includes using ozone gas as an oxidant in order to break down 

lignin and hemicelluloses and increase cellulose biodegradability (Balat, 

2011).This method can break down lignin and release soluble compounds of 

less molecular weight (acetic and formic acid) with the lack of degradation 

by-products (García-Cubero et al., 2009; Williams, 2006). On the other hand, 

the main disadvantage is the cost of ozone because a large amount of ozone is 

used to treat lignocellulosic biomass (Sun & Cheng, 2002). 

SPORL (sulfite pretreatment to overcome recalcitrance of lignocellulose) 

is a novel pretreatment process for robust and efficient conversion of biomass 

through enzymatic saccharification (Leu et al., 2013; Zhang et al., 2013; Zhu 

et al., 2011). The terms sulfite and bisulfite are used interchangeably in the 

SPORL because the active reagents in the pretreatment liquor can be sulfite 

(SO3
-2), bisulfite (HSO3

-1), or a combination of two of the three reagents 

sulfite (SO3
-2), bisulfite (SO3

-2), and sulfur dioxide (SO2, or H2SO3) (Shuai et 

al., 2010; Zhu et al., 2009). The SPORL process is based on the following 

fundamental understandings of sulfite pulping and considerations. 

Ionic liquid (IL) pretreatment can dissolve carbohydrates and lignin 

simultaneously. Ionic liquids (melting point <100 °C (Tan et al., 2011)), are 

organic salts composed of cations and anions, typically, large organic cations 

and small inorganic anions (Alvira et al., 2010). Cellulose could be dissolved 

by ionic liquids containing chloride, formate, acetate, or alkylphosphonate 

inions by formation of strong hydrogen bonds (Zavrel et al., 2009; Zhao et al., 

2009a).  
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3.1.3. Physicochemical pretreatment 

 

Steam explosion pretreatment is an extensively investigated 

physicochemical method which involves the break-down of structural 

components by steam-heating, shearing, and auto-hydrolysis of glycosidic 

bonds (García-Aparicio et al., 2006). This method causes hemicellulose 

hydrolysis, lignin transformation due to high temperature, and increases 

crystallinity of cellulose by promoting crystallization of the amorphous 

portions (Tomas-Pejo et al., 2008). Similar to above, ammonia fiber explosion 

(AFEX) pretreatment is conducted by using liquid ammonia and based on the 

steam explosion concept (Bals et al., 2010). Rapid expansion of the ammonia 

gas causes cleavage of lignin-carbohydrate complex and consequent physical 

disruption of biomass fibers (Kumar et al., 2009).  

Super-critical CO2 explosion is the same as AFEX and steam explosion 

pretreatments as CO2 molecules have a similar size property to those of water 

and ammonia making them capable of penetrating into small pores of 

lignocellulosic material (Zheng et al., 1995). In contrast with steam explosion, 

supercritical CO2 explosion needs lower temperature and is also less costly in 

comparison with AFEX (Schacht et al., 2008). 

Liquid hot water (LHW) pretreatment is a hydrothermal method which 

maintains high temperatures (160-220°C) keeping water in liquid state 

(Mosier et al., 2005). This method is reported to be capable of solubilizing 

hemicelluloses in the lignocellulosic biomass with low or no inhibitors (Laser 

et al., 2002; Rogalinski et al., 2008). 

Wet oxidation (WO) is a pretreatment that use oxygen or air as catalyst 

and water (Mishra et al., 1995). WO is an efficient pretreatment technique for 

fractionation of lignocellulosic materials by solubilization and hydrolysis of 

hemicelluloses and delignification with organic acid formed during the 

pretreatment process and oxidative reactions (Banerjee et al., 2009).  
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3.1.4. Biological pretreatment  

 

Biological or microbial pretreatment has no chemical requirements and it 

is basically an environmental friendly pretreatment converting lignocellulosic 

biomass by microorganisms into more accessible compounds for hydrolysis 

and subsequent bioethanol production (Singh et al., 2008). In contrast to most 

of the pretreatment methods, this method only takes advantage of white-, 

brown-, or soft-rot fungi to delignify and enhance the enzymatic hydrolysis of 

lignocellulosic biomass (Shi et al., 2009). The highest efficiency among the 

biological pretreatment methods has been achieved by lignin-degrading white-

rot fungi. Among the known species of white-rot fungi used to date, the 

highest efficiency belongs to Phanerochaete chrysosporium due to its high 

growth rate and lignin biodegradation capabilities (Chen et al., 1995).  

In biological pretreatment, particle size, moisture content, pretreatment 

time and temperature could affect lignin degradation and enzymatic 

hydrolysis yield (Wan & Li, 2010). In addition, various microbial agents 

could also significantly affect the pretreatment efficiency of certain biomass. 

For example, Aspergillus niger, Aspergillus awamori, and Pleurotus sajor-

caju led to the highest ethanol production form wheat, rice straw, and bagasse, 

respectively (Patel et al., 2007). 

Despite low energy consumption, modest environmental conditions and 

no chemical requirement, biological pretreatment still faces some drawbacks 

negatively affecting its widespread application as a commercial pretreatment 

method. These include long process time, large space requirement and the 

need for continuous monitoring of microorganism growth (Wyman et al., 

2005).  
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3.2. Multi-step pretreatment process 
 

As mentioned earlier various pretreatment methods have some drawbacks 

limiting their applications. Combined pretreatment methods have been 

recently considered as a promising approach to overcome this challenge, by 

increasing efficiency of sugar production, decreasing formation of inhibitors 

and shortening process time. These would collectively result in higher 

bioethanol yield and more economical process. 

Several types of multi-step pretreatment were previously reported, such 

as combination of alkaline and dilute acid pretreatments (Lu et al., 2009), 

combination of dilute acid and steam explosion pretreatments (Sun & Cheng, 

2002), combination of biological and dilute acid pretreatments (Ma et al., 

2010), combination of dilute acid and microwave pretreatments (Chen et al., 

2011), combination of alkaline and ionic liquid pretreatments (Wyman et al., 

2005), combination of supercritical CO2 and steam explosion pretreatments 

(Alinia et al., 2010), combination of biological and steam explosion 

pretreatments (Taniguchi et al., 2010), and combination of microwave and 

alkali pretreatment (Gabhane et al., 2011).  
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3.3. Conversion of sugar in lignocellulosic biomass  
 

3.3.1. Conversion of C5 sugar under acidic condition 

 

Several reaction mechanisms of pentose (C5 sugar) conversion under the 

acidic condition have been reported in different studies based on different 

techniques and disparate conditions, but most of them have been concluded as 

mainly furfural formations (Chen et al., 2015; Lamminpää et al., 2015). 

Firstly, the reaction was considered to start from the acyclic form of the 

C5 sugars, either via a 1,2-enediol intermediate and subsequent dehydration 

(Feather et al., 1972) or directly via a 2,3-(α,β-)unsaturated aldehyde (Hurd & 

Isenhour, 1932). An attempt is made to group the mechanisms proposed in 

Figure 1-5. At lower acidities, enolization and subsequent isomerization is 

favored, although the formation of furfurals is retarded and there are more 

options for side reactions. Under these conditions ketoses may be detected, 

and enol intermediates such as 1,2-enediol (2) and 2,3-(α,β-)unsaturated 

aldehyde (4) generally tautomerize respectively to ketose (3) and 3-deoxy 

glycosulose (5) faster than they are dehydrated. Further enolization of ketose 

(3) has been reported to be irreversible, seemingly leading to side reactions. 

Also β-elimination cannot be excluded under these conditions, offering a 

direct path to 2,3-(α,β-)unsaturated aldehyde (4), hence reducing the 

possibilities for side reactions (Figure 1-5). 

More recently, other authors believed the reaction to take place starting 

from the pyranose form of the C5 sugars, by the action of H+ on the O-2 of 

the pyranose ring, leading to the 2,5-anhydroxylose furanose intermediate (6) 

which is subsequently dehydrated to furfural (7) (Nimlos et al., 2006; Qian et 

al., 2005).   
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Figure 1-5. A possible conversion path of C5 sugars under acid-catalyzed 

condition ((1): pentose (xylose or arabinose), (2): 1,2-enediol, 

(3): ketose, (4): 2,3-(α,β-)unsaturated aldehyde, (5): 3-deoxy 

glycosulose, (6): 2,5-anhydroxylose furanose, (7): furfural) 

(Danon et al., 2014).  
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3.3.2. Conversion of C6 sugar under acidic condition 

 

The biorefinery process involves the use of dilute sulfuric acid as a 

catalyst, but it differs from other dilute-acid lignocellulosic-fractionating 

technologies in that free monomeric sugars are not the product. Instead, the 

C6 and C5 monosaccharides undergo multiple acid-catalyzed reactions to give 

the platform chemicals, levulinic acid and furfural, as final products. 

5-HMF is an intermediate in the production of levulinic acid from C6 

sugars in the biorefinery process. The series of consecutive reactions involved 

in its production are illustrated in Figure 1-6. These reactions have been 

established by numerous studies aimed at identification of intermediate 

products and analyses of pathways for their further transformations 

(Kochetkov et al., 1967). The enediol (2), obtained upon enolization of 

glucose, mannose, or fructose (1) is the key compound in the formation of 5-

HMF. Further dehydration of the enediol (2) yields the product; which is 

further dehydrated to give 3,4-dideoxyglucosulosene-3 (3). It is readily 

converted to the dienediol (4), which eventually results in the formation of 5-

HMF (6) via the intermediate cyclic compound (5). Humic-type compounds 

can also be produced as side products in this reaction (Timokhin et al., 1999). 

If the CH2OH group of the C6 sugars is instead a hydrogen, a similar 

procedure takes place; but furfural can be the product. 

Hydration of 5-HMF (addition of a water molecule to the C2-C3 olefinic 

bond of the furan ring) leads to an unstable tricarbonyl intermediate (Klass, 

1981) which decomposes to levulinic acid and formic acid (Sjöström, 1993). 

A possible reaction process is shown in the bottom of Figure 1-6. The steps in 

the brackets in the mechanism below have not been proven and include 

several assumptions; these intermediates were proposed by Horvat et al. 

(Horvat et al., 1986; Horvat et al., 1985) based on the analysis of 13C NMR 

spectra of the reaction mixture formed in the hydration of 5-HMF.  
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Figure 1-6. A possible conversion path of C6 sugars under acid-catalyzed 

condition ((1): hexose (glucose, galactose, or mannose), (2): 

enediol, (3): 3,4-dideoxyglucosulosene, (4): dienediol, (5): 

intermediate cyclic compound, (6): 5-hydroxymethylfurfural (5-

HMF), (7): tricarbonyl intermediate, (8): levulinic acid) (Hayes et 

al., 2006b).  

CHOH

OH

HO H

H OH

CH2OH

OHH

CH2OH

O

HO H

H OH

CH2OH

OHH

CHO

OH

H

H OH

CH2OH

OHH

OHO CHOH

HOH2C

CHO

OH

H

H

CH2OH

OH

CHO

O

H

H

CH2OH

OHH

OHOH2C CHO OHOH2C CHO

OH

OH2C CHO

OH

O CHO

OH

OH

CHO

OH

O OCHOO OCH(OH)2OH3C COOH

O

-H2O

-H2O

-HCOOH
(formic acid)

(1)

(4)

(2)

(3)

(5)

(6)

(7)(8)

Fructose

CHO

OH

HO H

H OH

CH2OH

OHH

H

CHO

OH

HO H

HO H

CH2OH

OHH

H

CHO

H

HO H

H OH

CH2OH

OHH

HO

25 
 



3.4. Production of levulinic acid   
 

The first study on the preparation of levulinic acid was reported in the 

1840s by the Dutch professor G. J. Mulder (Mulder, 1840), who prepared 

levulinic acid by heating sucrose with mineral acids at high temperature. The 

controlled degradation of C6 sugar by acids is still the most widely used 

approach to prepare levulinic acid from lignocellulosic biomass. The 

theoretical yield of levulinic acid from C6 sugars is 100 mol %, or 64.5 wt % 

due to the co-production of formic acid (Leonard, 1956). Commonly, levulinic 

acid yields of about two thirds (or even less) than the theoretical value are 

attained. These lower yields are due to the formation of undesired black 

insoluble-materials called humins. Another possible by-product of biomass 

hydrolysis is furfural, formed by the decomposition reactions of C5 sugars. 

Table 1-3 gives an overview of levulinic acid synthesis using various types of 

feedstock and acid catalysts. 

Other starting materials and reagents have also been applied. Examples 

are the hydrolysis of acetyl succinate ester (Farnleitner, 1991), the acid 

hydrolysis of furfuryl alcohol (Otsuka, 1973) and the oxidation of ketones 

(Fuentes & Larson, 1982). Levulinic acid can also be prepared by a Pd-

catalyzed carbonylation of ketones (Cavinato & Toniolo, 1990) and by the 

alkylation of nitroalkanes (Ballini & Petrini, 1986). However, all these 

methods result in relatively high amounts of various by products and require 

expensive feedstocks.  

Conventional processes for the levulinic acid production have been 

developed. One of them is Biofine process which targets levulinic acid (major 

product), formic acid (by-product), and tars (minor condensation products) 

through a two-stage treatment (Figure 1-7) (Hayes et al., 2006b).  
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Table 1-3. Overview of acid-catalyzed production methods for levulinic acid 

(Girisuta, 2007) 

Sample C0 
(wt %)1 

Catalyst 
type 

Acid conc. 
(wt %) 

Temp. 
(°C) 

Time 
(h) 

YLA  
(wt %)2 

Glucose 27 Amberlite 
IR-120 19 R.T.3 124 5.8 

Glucose 5-20 H2SO4 0.1-4 160-240 f(T)4 35.4 

Glucose 12 HY-zeolite 3 150 24 6.0 

Glucose 10 HCl 6 160 0.25 41.4 

Glucose 12 Clay-
catalyst4 3 150 24 12.0 

Cellulose 10 H2SO4 3 250 2 25.2 

Cellulose 10 HCl 1-5 150-250 2-7 <28.8 

Fructose 4.5-18 HCl 2-7.5 100 24 52.0 

Fructose 50 LZY-zeolite 50 140 15 43.2 

Sucrose 20 Resin-
Dowex 6.25 100 24 17.0 

Sucrose 6 HCl 9.7 125 16 43.0 

Sucrose 6 H2SO4 9 125 16 30.0 

Cotton stems n.a.5 H2SO4 5 180-190 2 6.13 

Wood 
sawdust 20 HCl 1.5 190 0.5 9.0 

Oakwood n.a. H2SO4 3 180 3 17.5 

Bagasse 9 H2SO4 1.3 25−195 2 17.5 

Sawdust n.a. HCl 8 n.a. n.a. 6.9 

Corn stalks 14 HCl 1 160 3 7.5 

Corn starch 29 HCl 6.5 162 1 26.0 
1 C0 is the initial concentration of feedstock and defined as the ratio between the mass of feedstock and the 

total mass  
2 YLA is defined as the ratio between the mass of levulinic acid and the mass of feedstock  
3 R.T. = Refluxed Temperature  
4 Time is a function of temperature 
5 n.a. = data is not available  
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Figure 1-7. Conventional Biofine process for productions of levulinic acid 

(major product), formic acid (by-product), and tars (minor 

condensation products) (Hayes et al., 2006a).  
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Chapter 2 
Conversion characteristics of C6 and C5 

sugars during acid-catalyzed treatment 
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1. Introduction 
 

Levulinic acid is commonly produced from C6 sugar derived from 

biomass; indeed, most studies have used various forms of glucose (e.g., 

monomer, cellulose, and biomass) as its source (Mukherjee et al., 2015). The 

kinetics and mechanism of levulinic acid formation from glucose under 

various conditions have therefore been continuously developed and improved 

by numerous studies (Chang et al., 2006; Kabyemela et al., 1997; Qi & 

Xiuyang, 2008).  

According to early literature, glucose can be converted into 5-

hydroxymethylfurfural (5-HMF) in an acidic or alkaline aqueous solution, or 

medium, through a dehydration reaction. 5-HMF is then sequentially 

dehydrated and decarboxylated to levulinic acid, producing formic acid as a 

by-product (Hayes et al., 2006a; Pierson et al., 2013). However, the amount of 

product recovered varies slightly depending on treatment conditions, 

including reactor type, agitation, reaction temperature, reaction time, catalyst 

concentration, and solid-liquid ratio. Thus, treatment profiling of standard 

materials must consider treatment conditions prior to experimental application 

(Girisuta et al., 2006a; Girisuta et al., 2006b).  

In addition, the conversion mechanisms of galactose (the C-4 epimer of 

glucose) and mannose (the C-2 epimer of glucose), which are commonly 

present in lignocellulosic biomass, are rarely studied, although they comprise 

a relatively small proportion of lignocellulosic biomass and may exhibit 

properties similar to those of glucose. Several studies have used algal biomass 

as a galactose source in levulinic acid production, but the behavior of other 

standard materials during treatment is rarely investigated (Jeong & Park, 

2010; Jeong & Park, 2011). 

Thus, the main aims of this study were to investigate the conversion 
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characteristics of C6 and C5 sugars during acid-catalyzed treatment prior to 

the treatment of lignocellulosic biomass and to understand the behaviors of 

the treatment products yielded by C6 or C5 sugar. Acid-catalyzed treatments 

were conducted using the standard C6 sugars glucose, galactose, and 

mannose; the C5 sugars xylose and arabinose were used to examine the 

interaction between the secondary products of C6 and C5 sugars during the 

conversion reaction in the following researches (chapter 3 and 4).  
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2. Materials and methods 
 

2.1. Materials 
 

The standard C6 and C5 sugars glucose, galactose, mannose, xylose, and 

arabinose, which are detected among the carbohydrates present in 

lignocellulosic biomass, were used. Standard materials (purity: >99%) were 

purchased from Sigma-Aldrich Co. (Yongin, Gyeonggi-do, South Korea) and 

were stored at room temperature until dilute-acid treatment.  

 

2.2. Acid-catalyzed treatment process 

 

Standard monomeric sugars (9 g of C6 sugar or 4 g of C5 sugar) were 

loaded into a 300 mL treatment batch-type reactor (Bolted Closure Vessels, 

Hanwoul Engineering, Inc., Gunpo, South Korea) made of stainless steel 

(SUS 316). Sulfuric acid (concentration: 0, 1, or 2% (w/w)) was poured into 

the reactor until the final solid:liquid ratio (w/v) was 9:120 (C6 sugar) or 

4:120 (C5 sugar) based on the chemical composition of biomass and the 

biomass:liquid ratio (1:6 (w/v)) utilized in the following experiment. The 

reactor was heated to the target temperature (100, 110, 120, 130, 140, 150, 

160, 170, 180, 190, 200, 210, 220, or 230°C) in 30 min (Figure 2-1) and 

maintained for another 10 min. At the end of pretreatment, the liquid fraction 

was separated from the pretreated solid fraction by filtration using filter paper 

(No. 2, Advantec, Kyoto, Japan) and was partially filtered through a 0.45 μm 

membrane filter (Advantec Co., Tokyo, Japan) for sugar analysis. The solid 

fraction was washed with distilled water and stored at or below 4°C until 

analysis or additional treatment.   
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Figure 2-1. Temperature rise curves of samples in the treatment reactor during 

preheating.  
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2.2.1. Combined severity factor 

 

To quantify treatment severity, a combined severity factor (CSF) was 

used to integrate the effects of reaction temperature, time, and acid 

concentration into a single variable, as proposed by previous literature (Lloyd 

& Wyman, 2005; Pedersen & Meyer, 2010). In this study, the reaction 

temperature and pH (i.e., acid concentration) were the factors that affected 

treatment severity. The CSF was calculated by the following equation (Eq. 2-

1; values are presented in Table 2-1).  

 

Combined severity factor (CSF)  =  log �𝑡𝑡 × 𝑒𝑒𝑒𝑒𝑒𝑒 �𝑇𝑇𝐻𝐻−𝑇𝑇𝑅𝑅
14.75

�� − pH          (Eq. 2-1) 

  

t: reaction time 

TH: reaction temperature (°C) 

TR: reference temperature, equal to 100°C 

pH: acidity of the aqueous solution  
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Table 2-1. Combined severity factors (CSF) of acid-catalyzed treatment 

conditions based on reaction temperature, time, and acid 

concentration (pH) 

Reaction 
temp. 
(°C) 

Acid concentration (%)1 (pH) 

0% (5.05) 1% (0.99) 2% (0.73) 

100 (-4.05)  0.01  0.27  

110 (-3.76)  0.30  0.56  

120 (-3.46)  0.60  0.86  

130 (-3.17)  0.89  1.15  

140 (-2.87)  1.19  1.45  

150 (-2.58)  1.48  1.74  

160 (-2.28)  1.78  2.04  

170 (-1.99)  2.07  2.33  

180 (-1.69)  2.37  2.63  

190 (-1.40)  2.66  2.92  

200 (-1.11)  2.95  3.21  

210 (-0.81)  3.25  3.51  

220 (-0.52)  3.54  3.80  

230 (-0.22)  3.84  4.10  
1 Sulfuric acid concentration during acid-catalyzed treatment   
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2.3. Analysis of solid fractions 
 

2.3.1. Water-insoluble solid recovery rate 

 

The water-insoluble solid (WIS) recovery rate was calculated by 

measuring the moisture content and wet weight of the solid fraction (Eq. 2-2).  

 

WIS recovery rate (%) =  𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑊𝑊𝑊𝑊𝑊𝑊 𝑎𝑎𝑜𝑜𝑡𝑡𝑤𝑤𝑎𝑎 𝑡𝑡𝑎𝑎𝑤𝑤𝑎𝑎𝑡𝑡𝑡𝑡𝑤𝑤𝑡𝑡𝑡𝑡 (𝑤𝑤)
𝑤𝑤𝑡𝑡𝑤𝑤𝑡𝑡𝑤𝑤𝑎𝑎𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡  𝑜𝑜𝑜𝑜 𝑏𝑏𝑤𝑤𝑜𝑜𝑡𝑡𝑎𝑎𝑏𝑏𝑏𝑏 (𝑤𝑤)

 × 100           (Eq. 2-2) 

 

2.4. Analysis of liquid hydrolysates 
 

2.4.1. Sugar analysis   

 

The concentrations of sugars (glucose, xylose, arabinose, galactose, and 

mannose) in the liquid fractions after pretreatment were determined by a bio-

liquid chromatograph (ICS-2500, Thermo Dionex, Palo Alto, CA, USA) 

outfitted with a CarboPac PA-1 column (250 × 4 mm, Dionex, Palo Alto, 

CA, USA) and a pulsed amperometry detector (HP 1100, Hewlett Packard, 

USA) (Table 2-2). The analysis was performed at 40˚C with potassium 

hydroxide (1-36 min: 2 mM; 35-36 min: 2→100 mM; 36-56 min: 100 mM; 

56-57 min: 100→2 mM; 58-63 min: 2 mM) as the eluent at a flow rate of 1 

mL/min and an injection volume of 10 µL. Standard solutions of glucose, 

galactose, mannose, xylose, and arabinose were prepared from reagents 

obtained from Sigma-Aldrich Co. (Yongin, Gyeonggi-do, South Korea) to 

generate calibration curves. Peaks were identified by comparing the peak 

retention times and assessing the concentrations corresponding to the different 

peaks. All analyses were performed in triplicate.  
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2.4.2. Sugar degradation product analysis  

 

The sugar degradation products furfural, 5-HMF, levulinic acid, and 

formic acid were generated in liquid fractions and identified by a high 

performance liquid chromatograph (Ultimate-3000, Thermo Dionex, Palo 

Alto, CA, USA) with a Aminex 87H column (eluent: 0.01 N sulfuric acid, 

oven temp.: 40˚C, flow rate: 0.5 mL/min, injection volume: 10 µL) (Table 2-

2). Calibration curves were generated using standard solutions of furfural, 5-

HMF, levulinic acid, acetic acid, and formic acid (Sigma-Aldrich Co., 

Yongin, Gyeonggi-do, South Korea). Peaks were identified by comparing the 

peak retention times and assessing the concentrations corresponding to the 

different peaks. All analyses were performed in triplicate. 

 

2.5. Statistical analysis  
 

All values are expressed as the mean ± standard deviation. Statistical 

analysis was carried out using the Statistical Analysis System programming 

package (version 9.1, SAS Institute, Cary, NC, USA). Significant differences 

between the mean values were used (p < 0.05) and tested by the Least 

Significant Difference (LSD) test.  

37 
 



Table 2-2. Products detected after acid-catalyzed treatment of standard C6 and 

C5 sugars using liquid chromatographs 

Retention 
Time1 
(min) 

Acid-catalyzed treatment products 

Glucose Galactose Mannose Xylose Arabinose 

10.32 Glucose 
(25.42)2 - - - - 

10.98 - - Mannose 
(32.78) - - 

11.03 - Galactose 
(21.38) - - - 

11.08 - - - Xylose 
(30.33) - 

12.08 - - - - Arabinose 
(16.47) 

16.22 Formic acid Formic acid Formic acid Formic acid Formic acid 

19.24 Levulinic acid Levulinic acid Levulinic acid - - 

39.86 5-HMF 5-HMF 5-HMF - - 

61.66 Furfural Furfural Furfural Furfural Furfural 
1 Retention time identified by HPLC with an Aminex 87H column  
2 Retention time identified by bio-liquid chromatograph with a CarboPac PA-1 column for only sugar   
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3. Results and discussion  

 

3.1. C6 sugar conversion during acid-catalyzed treatment  
 

3.1.1. C6 sugars 

 

During the dilute-acid treatment of C6 sugars (i.e., glucose, galactose, or 

mannose) at 100-230°C for 10 min using sulfuric acid (SA) (0, 1, and 2% 

(w/w)), C6 sugar was converted into a variety of soluble products (5-HMF, 

formic acid, and levulinic acid) (Figure 2-2); insoluble products (i.e., 

precipitate) also remained. In addition, furfural was detected, but its content 

accounted for only a small portion of the liquid hydrolysate. 

Residual C6 sugar content decreased with increasing reaction temperature 

or acid concentration, and ranged from 0.0 g to 99.9 g/100 g initial C6 sugar 

input (Figure 2-3). Without SA, there was no significant difference among C6 

sugar contents because glucose, galactose, and mannose are aldose 

stereoisomers and generally utilize the same decomposition pathways (Hayes 

et al., 2006a). Their contents were maintained at high level (>98 g/100 g C6 

sugar) until 160°C, and then decreased with increasing reaction temperature 

(minimum: 37.3, 36.3, and 37.8 g/100 g C6 sugar at 230°C, respectively). 

Although these degrees of decomposition were lower than those under acid-

catalyzed conditions, previous reports revealed the possibility of glucose 

isomerization and dehydration in high-temperature liquid water (Kabyemela 

et al., 1999; Kabyemela et al., 1997; Qi & Xiuyang, 2008). 

The presence of acid catalyst accelerated C6 sugar decomposition, 

through an enolization reaction of C6 sugar and the successive dehydration of 

enediol, which has been well-established (Hayes et al., 2006a). For example, 

when 1% SA was used as the acid catalyst, C6 sugar content drastically 
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decreased from160°C to 210°C and was not detected at temperatures above 

220°C. This trend was observed for a lower range of reaction temperatures 

than has been reported in a previous study of glucose decomposition under 

mild acidic conditions (0.5% (w/w) SA) and a short residence time (<1 min), 

but the overall trend is similar (Smith et al., 1982).  

In addition, the C6 sugar content in 2% SA exhibited a more rapid decline 

than in 1% SA at a given reaction temperature, suggesting that higher acid 

concentrations accelerate the degradation of glucose, as reported previously 

(Girisuta et al., 2006a; Girisuta et al., 2007). At this concentration, glucose 

existed in liquid hydrolysate as a monomer until 200°C.  
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Figure 2-2. Representative liquid chromatogram of liquid hydrolysate 

obtained from acid-catalyzed treatment of C6 sugar ((A): bio-

LC with a CarboPac PA-1 column (galactose (RT=21.38), 

glucose (RT=25.42), and mannose (RT=32.78)), (B): HPLC 

with an Aminex 87H column (formic acid (RT=16.22), 

levulinic acid (RT=19.24), 5-HMF (RT=39.86), and furfural 

(RT=61.66)).  
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Figure 2-3. C6 sugar content (g/100 g input) in the liquid hydrolysate after 

dilute-acid treatment of glucose, galactose, or mannose (Glu: 

glucose, Gal: galactose, Man: mannose; 0%: without sulfuric 

acid, 1%: 1% (w/w) sulfuric acid, 2%: 2% (w/w) sulfuric acid).  
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3.1.2. C6 sugar degradation products 

 

5-HMF, which is typically generated through a series of glucose 

dehydration reactions, was detected as an intermediate in all experimental 

groups. Figure 2-4 shows the effects of various treatment parameters on 5-

HMF content, with yields ranging from 0.0-14.2 g/100 g C6 sugar.  

In the absence of SA, 5-HMF content sharply increased from 0.0 g 

(150°C) to approximately 14.0 g/100 g C6 sugar (230°C) as the reaction 

temperature increased. This result is similar to findings reported in the 

literature, which describe an increase in 5-HMF content with reaction 

temperature at a reaction time of under 30 min during the non-catalyzed 

conversion of glucose, and an 5-HMF yield ranging from 15% to 20% in 10 

min at 220°C (Qi & Xiuyang, 2008). Furthermore, the temperature range of 

increasing 5-HMF content was remarkably consistent with that of decreasing 

C6 sugar content as described above, suggesting that 5-HMF is a main 

product of C6 sugar autohydrolysis. 

However, in 1% SA, 5-HMF content increased slightly at first and then 

decreased to zero. The maximum C6 sugar contents were 2.8 (glucose), 2.8 

(galactose), and 4.2 g (mannose)/100 g at 180°C. When the acid concentration 

was elevated to 2%, 5-HMF content exhibited a similar trend but presented a 

lower maximum value at 170°C. These results indicated that the 

decomposition reaction of 5-HMF was more active in the presence of an acid 

catalyst within the parameter ranges used in this study. Similarly, the 

conversion mechanism (i.e., dehydration) of HMF to 2-5-dioxohex-3-enal 

(DHE) - an unstable tricarbonyl intermediate - in acid- or alcohol-catalyzed 

conditions has been proposed in several previous studies and has now gained 

wide acceptance (Grisel et al., 2014). In addition, this finding indirectly 

suggests that 5-HMF is an intermediate formed by the conversion of 

secondary products during acid-catalyzed treatment (Patil & Lund, 2011).  
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Figure 2-4. 5-HMF content (g/100 g input) of the liquid hydrolysate after 

dilute-acid treatment of C6 sugars (glucose, galactose, or 

mannose). Glu: glucose, Gal: galactose, Man: mannose; 0%: 

without sulfuric acid, 1%: 1% (w/w) sulfuric acid, 2%: 2% (w/w) 

sulfuric acid.  
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Meanwhile, levulinic acid was produced through the acid-catalyzed 

treatment of C6 sugar and could be considered an end product among all 

products detected. The levulinic acid content was considerably affected by 

acid concentration and reaction temperature. At first, the addition of SA into 

the sugar solution led to the formation of levulinic acid, although levulinic 

acid was not detected at all temperatures in the absence of SA (Figure 2-5). 

This result suggests that the presence of a strongly acidic catalyst is essential 

to the conversion of 5-HMF into levulinic acid under these conditions, 

considering the short reaction time (10 min).  

Secondly, levulinic acid was detected at a relatively high reaction 

temperature (>140°C), and its content increased with increasing temperature. 

For example, in 1% SA, levulinic acid content sharply increased until 200°C 

(mannose) or 210°C (glucose and galactose), and then decreased slightly. In 

the case of 2% SA, the levulinic acid content reached its highest value at a 

similar temperature (200°C), but the maximum input values (maximum: 29.3 

(glucose), 29.2 (galactose), and 29.7 g (mannose)/100 g C6 sugar) were 

higher than those required in 1% SA. All of these values were slightly lower 

than those reported in the literature for levulinic acid yield (34-38%, based on 

the dry weight of the initial input) from glucose in a sulfuric acid-catalyzed 

treatment (Chang et al., 2006; Girisuta et al., 2006a). However, these 

differences are reasonable when the low combined severity factors (CSF) of 

the treatments used in this study and the short reaction time, which was one-

twelfth that used in previous studies, are taken into account. 

In conclusion, these results support the hypothesis that levulinic acid is 

generated from C6 sugars under relatively harsh hydrolysis conditions. 

Furthermore, we confirmed that there was a limit to the improvement of yield 

(approximately 30%) due to the additional conversion (i.e., loss) of levulinic 

acid to humin (a dark-colored precipitate); although the mechanism was not 

identified, levulinic acid and 5-HMF have been proposed as a source of humin 
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(Girisuta et al., 2006b; Morone et al., 2015). In addition, the temperature 

ranges of decreasing 5-HMF content were matched by the increasing levulinic 

acid content in 1% and 2% SA, suggesting that 5-HMF behaves as a precursor 

of levulinic acid, as suggested by the literature (Mukherjee et al., 2015).   
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Figure 2-5. Levulinic acid content (g/100 g input) of the liquid hydrolysate 

after dilute-acid treatment of C6 sugars (glucose, galactose, or 

mannose). Glu: glucose, Gal: galactose, Man: mannose; 0%: 

without sulfuric acid, 1%: 1% (w/w) sulfuric acid, 2%: 2% (w/w) 

sulfuric acid.  
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Formic acid is typically generated as a by-product during the production 

of levulinic acid from C6 sugar. With respect to stoichiometry, formic acid is 

commonly produced at a constant ratio of 1:1 (levulinic acid:formic acid) 

during acid-catalyzed treatment (Girisuta et al., 2007; Patil & Lund, 2011). 

Figure 2-6 shows experimental data describing the formic acid content in 

liquid hydrolysate after acid-catalyst treatment of C6 sugars. 

Formic acid was not detected in the absence of SA. Furthermore, its 

content increased with increasing reaction temperature in 1% or 2% SA, 

similar to the results shown for levulinic acid above. For example, in 1% SA, 

formic acid content peaked at 210°C (12.0 g (glucose) and 13.3 g 

(galactose)/100 g C6 sugar), with the exception of mannose (13.1 g /100 g C6 

sugar (200°C)). However, the maximum formic acid contents in 2% SA were 

observed at 210°C (12.7 g (glucose), 13.8 g (galactose), and 13.5 g 

(mannose)/100 g C6 sugar). These results support the idea that formic acid is 

released through the same pathway of levulinic acid formation from C6 sugar 

(Pierson et al., 2013).  

In a high reaction temperature range (>200°C), formic acid content were 

dramatically decreased as the reaction temperature increased in both 

concentrations of SA. This result may be due to the conversion of formic acid 

into gaseous state components (H2 and CO2, among others), which was 

confirmed by a previous study under severe hydrothermal conditions (Yu & 

Savage, 1998). In addition, this study could not exclude the possibility that 

formic acid was decomposed and condensed to insoluble products such as 

humin, which has been discussed in an earlier kinetic study of 5-HMF 

conversion (Girisuta et al., 2006b).  
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Figure 2-6. Formic acid content (g/100 g input) in the liquid hydrolysate after 

dilute-acid treatment of C6 sugars (glucose, galactose, or 

mannose). Glu: glucose, Gal: galactose, Man: mannose; 0%: 

without sulfuric acid, 1%: 1% (w/w) sulfuric acid, 2%: 2% (w/w) 

sulfuric acid.  
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Furfural formation from C6 sugar hydrolysis in acidic or harsh conditions 

could occur via two possible reaction mechanisms: (1) through 5-HMF, or (2) 

independent of 5-HMF (Aida et al., 2007; Luijkx et al., 1993). In this study, 

furfural was observed as a minor product in all experimental groups at 

temperatures exceeding 130°C at concentrations less than 2 g/100 g C6 sugar 

(Figure 2-7).  

As the reaction temperature increased, furfural content rose dramatically 

to approximately 1.5 g/100 g C6 sugar in the temperature range 160-230°C 

under autohydrolysis conditions, exhibiting a similar trend to that of 5-HMF. 

However, furfural content deceased at temperatures over 220°C in 1% SA, 

although it increased between 160-210°C (maximum: 0.8 g (glucose), 1.0 g 

(galactose), and 1.2 g (mannose)/100 g C6 sugar). In 2% SA, the content 

deceased at lower temperatures (200°C) compared to 1% SA; its maximum 

value was also lower. These results may be due to the conversion of furfural 

to other products such as humin under harsher hydrolysis conditions (Danon 

et al., 2014).  

Based on these results, we suspect that furfural might have been produced 

through the reaction pathway (via 5-HMF) proposed in previous studies, 

although its mechanisms have not been quantitatively identified (Aida et al., 

2007; Hu et al., 2011). First, there were parallel trends in 5-HMF and furfural 

content under all conditions, and a shift in the reaction temperature observed 

at the maximum furfural content might reflect the conversion of 5-HMF to 

furfural. This could also be because the ratio of furfural to 5-HMF content in 

the absence of SA was slightly higher than that in 1% and 2% SA at high 

reaction temperatures, suggesting that more 5-HMF was converted to furfural 

in the absence of SA through a failure to decompose 5-HMF to levulinic acid, 

considering that 5-HMF is a precursor to both end products (i.e., furfural and 

levulinic acid).  
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Figure 2-7. Furfural content (g/100 g input) in the liquid hydrolysate after the 

dilute-acid treatment of C6 sugars (glucose, galactose, or 

mannose). Glu: glucose, Gal: galactose, Man: mannose; 0%: 

without sulfuric acid, 1%: 1% (w/w) sulfuric acid, 2%: 2% (w/w) 

sulfuric acid.  
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After treatment, dark-colored precipitates generally referred to as humins 

remained in the treatment reactor; this content was also affected by the 

experimental variables. Precipitate content increased above 200°C 

(maximum: approximately 7.0 g/100 g C6 sugar) only in the absence of SA, 

and there was no difference among the three C6 sugars (Figure 2-8). It is well 

established that 5-HMF can undergo condensation to humin, as well as 

decarboxylation to levulinic acid. This result might therefore indirectly prove 

that this reaction occurred because a high 5-HMF content remained after 

reacting in the given temperature range without SA. 

In contrast, in 1% and 2% SA, the amount of precipitate sharply increased 

for reaction temperatures between 170-230°C and 160-230°C, respectively. 

This result was in agreement with previous studies, which proposed that acid 

catalysis could boost humin formation by the addition of aldol and 

condensation of 5-HMF (Patil & Lund, 2011). However, levulinic acid, 

formic acid, and furfural, which were present in lower concentrations at 

higher reaction temperatures, were also reported as potential sources of humin 

and therefore complicate the quantification of conversion rates or mass 

balances for each pathway (Girisuta et al., 2006b).  

Interestingly, although the levulinic acid and precipitate contents varied, 

their patterns were similar, especially at temperatures exceeding 200°C, at 

which point their synthesis rates declined. This result may support established 

theories on the parallel formation of levulinic acid and humin from the same 

source (5-HMF) in acid-catalyzed conversion (Horvat et al., 1986; Horvat et 

al., 1985).  
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Figure 2-8. Precipitate contents (g/100 g input) in the liquid hydrolysate after 

the dilute-acid treatment of C6 sugars (glucose, galactose, or 

mannose). Glu: glucose, Gal: galactose, Man: mannose; 0%: 

without sulfuric acid, 1%: 1% (w/w) sulfuric acid, 2%: 2% (w/w) 

sulfuric acid.  

0

3

6

9

12

15

18

21

24

27

30

100 110 120 130 140 150 160 170 180 190 200 210 220 230

C
on

te
nt

 (g
/1

00
 g

 C
6 

su
ga

r)

Reaction temperature (°C)

Glu-0% Glu-1% Glu-2%
Gal-0% Gal-1% Gal-2%
Man-0% Man-1% Man-2%

53 
 



3.1.3. Mass balance 

 

With respect to mass balance, Tables 3, 4, and 5 show the amount of C6 

sugar (%, based on initial C6 sugar) consumed for conversion into products 

through acid-catalyzed treatment in various conditions based on a 1:1 molar 

ratio (C6 sugar:product) according to the reaction path proposed by previous 

studies (Girisuta et al., 2007; Qi & Xiuyang, 2008). 

In the absence of SA, C6 sugar was consumed for conversion into 5-HMF 

as the reaction temperature increased (Table 2-3). For example, up to 19.6% 

of C6 sugar was decomposed to 5-HMF at 230°C. However, more C6 sugar 

remained or was converted into unidentified products (maximum: 40.6% at 

230°C), including precipitates (humic matter) and unidentified soluble 

products. 

Most C6 sugar was broadly involved in two reaction paths in the presence 

of SA: one pathway producing levulinic acid and formic acid, and other 

producing unidentified products. In 1% SA, as much as 41.7% of C6 sugar 

(210°C) was converted into levulinic acid and formic acid along a 

conventional reaction pathway, while more than half of C6 sugar was 

consumed for the formation of unidentified products such as precipitates at 

temperatures in excess of 200°C (Table 2-4). Although the portion of C6 

sugar converted to levulinic acid increased slightly in the presence of 2% SA 

(maximum: 45.2% at 210°C) (Table 2-5), the higher severity of treatment 

represented by increasing reaction temperatures resulted in the decomposition 

of all compounds to unidentified products.  
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Table 2-3. C6 sugar (%, based on initial C6 sugar) consumed for conversion 

into products through acid-catalyzed treatment without sulfuric 

acid according to reaction temperature  

Reaction 
temp. 
(°C) 

Remaining 
C6 sugar 

(%)1 

C6 sugar (%) converted into products 

5-HMF Levulinic acid  
and formic acid Furfural Unidentified 

product2 

100 99.9±0.9 0.0±0.0 0.0±0.0 0.0±0.0 0.1±0.0 

110 99.8±1.0 0.0±0.0 0.0±0.0 0.0±0.0 0.2±0.1 

120 99.6±1.1 0.0±0.0 0.0±0.0 0.0±0.0 0.4±0.1 

130 99.5±1.0 0.0±0.0 0.0±0.0 0.0±0.0 0.5±0.2 

140 99.1±2.1 0.0±0.0 0.0±0.0 0.0±0.0 0.9±0.2 

150 99.2±1.4 0.0±0.0 0.0±0.0 0.0±0.0 0.8±0.3 

160 98.0±0.5 0.2±0.0 0.0±0.0 0.0±0.0 1.7±0.5 

170 96.2±0.9 0.8±0.1 0.0±0.0 0.2±0.0 2.8±1.0 

180 91.5±1.3 1.8±0.2 0.0±0.0 0.3±0.0 6.4±1.0 

190 84.9±0.8 3.8±0.4 0.0±0.0 0.4±0.1 11.0±0.9 

200 76.0±1.7 6.9±0.7 0.0±0.0 0.7±0.1 16.3±1.5 

210 65.6±2.6 11.5±1.0 0.0±0.0 1.0±0.1 21.9±1.9 

220 52.8±3.0 15.8±0.5 0.0±0.0 1.7±0.3 29.7±2.3 

230 37.1±2.1 19.6±0.1 0.0±0.0 2.7±0.1 40.6±1.7 

Values are the mean ± standard deviation of glucose, galactose, and mannose 
1 %, based on initial C6 sugar content 
2 The amount of C6 sugar (%) converted into unidentified products (precipitate and others) is calculated 

based on the difference  
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Table 2-4. C6 sugar (%, based on initial C6 sugar) consumed for conversion 

into products through acid-catalyzed treatment with 1% (w/w) 

sulfuric acid according to reaction temperature  

Reaction 
temp. 
(°C) 

Remaining 
C6 sugar 

(%)1 

C6 sugar (%) converted into products 

5-HMF Levulinic acid  
and formic acid Furfural Unidentified 

product2 

100 97.5±0.5 0.0±0.0 0.0±0.0 0.0±0.0 2.5±0.3 

110 97.5±0.8 0.0±0.0 0.0±0.0 0.0±0.0 2.5±0.5 

120 97.2±0.9 0.0±0.0 0.0±0.0 0.0±0.0 2.8±0.7 

130 95.6±1.1 0.2±0.1 0.0±0.0 0.0±0.0 4.2±0.9 

140 93.4±1.0 0.6±0.3 0.1±0.0 0.0±0.0 5.9±0.9 

150 91.7±0.9 1.3±0.5 0.4±0.1 0.0±0.0 6.6±0.8 

160 86.5±1.2 2.5±1.0 1.6±0.3 0.2±0.0 9.3±1.4 

170 75.6±2.3 3.9±0.9 5.2±0.9 0.4±0.2 15.0±2.4 

180 56.7±2.8 4.7±0.3 13.7±1.7 0.8±0.3 24.1±2.1 

190 29.6±3.1 3.4±0.4 26.2±2.3 1.3±0.4 39.5±3.5 

200 7.6±1.2 1.2±0.3 37.9±1.8 1.7±0.3 51.5±2.3 

210 0.6±0.2 0.0±0.0 41.7±2.0 1.6±0.1 56.0±1.9 

220 0.0±0.0 0.0±0.0 40.2±1.5 1.2±0.2 58.7±1.3 

230 0.0±0.0 0.0±0.0 37.6±1.1 0.7±0.1 61.6±1.2 

Values are the mean ± standard deviation of glucose, galactose, and mannose 
1 %, based on initial C6 sugar content 
2 The amount of C6 sugar (%) converted into unidentified products (precipitate and others) is calculated 

based on the difference  
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Table 2-5. C6 sugar (%, based on initial C6 sugar) consumed for conversion 

into products through acid-catalyzed treatment with 2% (w/w) 

sulfuric acid according to reaction temperature  

Reaction 
temp. 
(°C) 

Remaining 
C6 sugar 

(%)1 

C6 sugar (%) converted into products 

5-HMF Levulinic acid  
and formic acid Furfural Unidentified 

product2 

100 97.1±0.4 0.0±0.0 0.0±0.0 0.0±0.0 2.9±0.3 

110 97.1±0.5 0.0±0.0 0.0±0.0 0.0±0.0 2.9±0.4 

120 96.0±0.7 0.1±0.0 0.0±0.0 0.0±0.0 3.9±0.6 

130 94.3±0.7 0.4±0.1 0.1±0.0 0.0±0.0 5.2±0.7 

140 92.5±1.1 1.0±0.3 0.3±0.1 0.0±0.0 6.2±1.2 

150 88.3±1.9 1.8±0.5 1.4±0.4 0.0±0.0 8.4±1.5 

160 77.7±2.5 3.2±0.8 5.6±0.9 0.1±0.0 13.4±2.7 

170 59.2±3.7 3.7±0.4 14.6±1.1 0.5±0.1 22.0±3.5 

180 34.8±2.3 3.0±0.2 26.5±1.5 0.9±0.2 34.9±3.4 

190 10.0±1.2 1.0±0.3 39.3±2.3 1.3±0.3 48.3±2.9 

200 2.1±0.3 0.0±0.0 44.9±2.1 1.2±0.5 51.8±1.9 

210 0.0±0.0 0.0±0.0 45.2±0.9 0.9±0.2 53.9±0.9 

220 0.0±0.0 0.0±0.0 43.8±1.0 0.6±0.2 55.6±1.1 

230 0.0±0.0 0.0±0.0 41.6±1.9 0.3±0.1 58.1±1.6 

Values are the mean ± standard deviation of glucose, galactose, and mannose 
1 %, based on initial C6 sugar content 
2 The amount of C6 sugar (%) converted into unidentified products (precipitate and others) is calculated 

based on the difference  
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3.2. C5 sugar conversion during acid-catalyzed treatment  
 

3.2.1. C5 sugars  

 

 After the dilute-acid treatment of C5 sugars (xylose or arabinose) at 100-

230°C for 10 min using SA (0, 1, and 2% (w/w)), furfural was mainly 

produced from the decomposition of C5 sugar (Figure 2-9). Moreover, formic 

acid thought to have been generated from furfural was detected, and a 

precipitate was detected. Residual C5 sugars content decreased when the 

reaction temperature or acid concentration increased, and ranged from 0.0 g to 

98.4 g/100 g C5 sugar (initial input) (Figure 2-10). Although the ratio of 

xylose to solution was slightly higher than that of arabinose due to the 

chemical composition of lignocellulosic biomass, there was no significant 

difference between xylose and arabinose contents overall.  

In the absence of SA, C5 sugar content was maintained at over 90 g/100 g 

C5 sugar until the reaction temperature reached 170°C, at which point C5 

content significantly decreased with increasing reaction temperature 

(minimum: 17.6 g (xylose) and 19.3 g (arabinose)). These trends were similar 

to those presented in a previous study, which showed that xylose conversion 

(mole fraction of xylose conversion: <10%) was rarely observed at 180°C 

(reaction time: <25 min) without an acid catalyst (Qi & Xiuyang, 2007). On 

the other hand, C5 sugar content dropped below 90 g/100 g C5 sugar at 140°C 

and 150°C in 1% and 2% SA, respectively, suggesting that the higher acid 

concentration led to increased decomposition of C5 sugar. The starting 

reaction temperatures of C5 sugar decomposition were in line with a previous 

study, which described the behavior of xylose (Himmel, 2009). Finally, C5 

sugars were not observed in the liquid hydrolysate when the reaction 

temperature exceeded 210°C.  
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Figure 2-9. Representative liquid chromatogram of the liquid hydrolysate 

obtained from acid-catalyzed treatment of C5 sugar. (A): bio-LC 

with a CarboPac PA-1 column (arabinose (RT=16.47) and xylose 

(RT=30.33)), (B): HPLC with an Aminex 87H column (formic 

acid (RT=16.22) and furfural (RT=61.66)).  
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Figure 2-10. C5 sugar content (g/100 g input) in the liquid hydrolysate after 

the dilute-acid treatment of xylose or arabinose (Xyl: xylose, 

Ara: arabinose; 0%: without sulfuric acid, 1%: 1% (w/w) 

sulfuric acid, 2%: 2% (w/w) sulfuric acid).  
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3.2.2. C5 sugar degradation products 

 

Furfural is a primary material well-known as dehydration product of C5 

sugar. Figure 2-11 shows the furfural content (g/100 g input) of liquid 

hydrolysate after dilute-acid treatment of xylose and arabinose. Furfural 

content increased with increasing reaction temperature in the absence of an 

acid catalyst. In particular, they it rose markedly between 200-220°C and 

peaked at 230°C (28.8 g (xylose) and 27.4 g (arabinose)/100 g C5 sugar). 

These tendencies corresponded closely with those reported in an earlier study 

of the non-catalyzed decomposition of xylose (Qi & Xiuyang, 2007). In 1% 

SA, the furfural content increased drastically at low temperatures ranging 

from 160°C to 180°C and was the highest at 190°C (38.0 g (xylose) and 37.2 

g (arabinose)/100 g C5 sugar). This indicated that the loading of an acid 

catalyst must have a positive effect on furfural production, however small. 

Because most acid catalysts accelerate the dehydration of C5 sugar, several 

different pathways utilizing various approaches have been proposed (Chen et 

al., 2015; Danon et al., 2014). Similar trends in furfural content were observed 

when the acid concentration was increased to 2%, but lower maximum values 

(34.5 g (xylose) and 33.6 g (arabinose)/100 g C5 sugar) were exhibited at a 

lower reaction temperature (180°C). This result may be due to the heavily 

processed dehydration reaction of C5 sugar under more acidic conditions. At 

temperatures exceeding 200°C, furfural content decreased under both acid-

catalyzed conditions (1% and 2% SA). Thus, furfural degradation was 

achieved at these points, leading to furfural polymerization or the generation 

of humin (Molina et al., 2012). Finally, furfural content was minimized at 

230°C (approximately 4.5 g and 11.0 g/100 g C5 sugar in 1% and 2% SA, 

respectively).  
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Figure 2-11. Furfural content (g/100 g input) in the liquid hydrolysate after 

the dilute-acid treatment of C5 sugars (xylose or arabinose). 

Xyl: xylose, Ara: arabinose; 0%: without sulfuric acid, 1%: 1% 

(w/w) sulfuric acid, 2%: 2% (w/w) sulfuric acid.  
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A relatively low content of formic acid, a secondary product of furfural 

degradation, was detected in the liquid hydrolysate (Figure 2-12). In the 

absence of SA, formic acid was barely generated at reaction temperatures 

below 220°C, although there was sufficient furfural for secondary conversion 

at high reaction temperatures. This result suggests that it is difficult to break 

the aldehyde group of furfural by hydrolytic fission without acid catalyst 

loading or the formation of acidic materials in the liquid hydrolysate. 

In 1% and 2% SA, the formic acid content increased as the reaction 

temperature increased from 140°C and 150°C, respectively. These 

temperature points were higher than the starting temperatures of furfural 

formation (Figure 2-11), which indirectly suggests that furfural could act as an 

intermediate compound in formic acid formation (Qi & Xiuyang, 2007). 

Meanwhile, at high reaction temperatures (>220°C), formic acid content 

decreased along with reaction temperature through the maximum points (4.7 g 

(xylose) and 4.4 g (arabinose)/100 g C5 sugar at 220°C) in 2% SA, while it 

continuously increased in 1% SA (maximum (230°C): 4.5 g (xylose) and 4.3 

g (arabinose)/100 g C5 sugar). This result may be due to the condensation of 

formic acid to precipitates under severe hydrolysis conditions, as postulated 

by previous studies (Danon et al., 2014; Root, 1956; Williams & Dunlop, 

1948). This decline in 2% SA is reasonable when considering formic acid a 

potential source of condensation product.  
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Figure 2-12. Formic acid content (g/100 g input) in the liquid hydrolysate 

after dilute-acid treatment of C5 sugars (xylose or arabinose). 

Xyl: xylose, Ara: arabinose; 0%: without sulfuric acid, 1%: 1% 

(w/w) sulfuric acid, 2%: 2% (w/w) sulfuric acid.  
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Precipitate was generated after dilute-acid treatment of C5 sugars; the 

precipitate content exhibited a similar trend to humin production from C6 

sugars (Figure 2-13). The precipitate was likely formed mainly from furfural 

and formic acid, but was not clearly identified and described as humin, resin, 

or resinous tar depending on the methods used (Danon et al., 2014). In the 

absence of SA, the precipitate content was maintained at low levels (<2.0 

g/100 g C5 sugar) in the reaction temperature range of 100 to 220°C.  

In contrast, the precipitate content increased at temperature above 170°C 

in 1% SA and peaked at 230°C (31.3 g (xylose) and 30.2 g (arabinose)/100 g 

C5 sugar). In 2% SA, the precipitate content increased at a lower reaction 

temperature (150°C or 160°C) and exceeded the amount produced in 1% SA 

at all reaction temperatures (maximum: 31.3 g (xylose) and 30.2 g 

(arabinose)/100 g C5 sugar at 230°C). These results indicate that a higher acid 

concentration could lead to increased furfural (or formic acid) condensation, 

thereby increasing the amount of precipitate.  

In addition, in both acid concentrations, the amount of precipitate 

increased markedly at temperatures of 200-210°C, similar to the reaction 

temperature range at which a drastic decline in furfural content was observed 

(Figure 2-11). This result supports the idea that furfural is one of the main 

sources of precipitate (Molina et al., 2012; Zeitsch, 2000).  
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Figure 2-13. Precipitate content (g/100 g input) in the liquid hydrolysate after 

dilute-acid treatment of C5 sugars (xylose or arabinose). Xyl: 

xylose, Ara: arabinose; 0%: without sulfuric acid, 1%: 1% (w/w) 

sulfuric acid, 2%: 2% (w/w) sulfuric acid.  
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3.2.3. Mass balance 

 

In conclusion, C5 sugar contents (%, based on initial C5 sugar) consumed 

for conversion into products through acid-catalyzed treatment depending on 

reaction temperature are summarized in Table 2-6 (without SA), 2-7 (1% SA), 

and 2-8 (2% SA), reflecting a constant mole ratio of C5 sugar to product (1:1). 

In the absence of SA, the amount of C5 sugar converted into furfural 

increased along with increasing reaction temperature (Table 2-6); up to 43.9% 

of C5 sugar was consumed for decomposition to furfural at 230°C. 

Simultaneously, C5 sugar loss occurred via the formation of unidentified 

products (e.g., precipitates and gas-state compounds) and was highest at 

230°C (32.1% of C5 sugar converted to unidentified product). 

In 1% SA, the amount of C5 sugar converted into furfural was maximized 

at 190°C, with more than half (58.7%) of C5 sugar utilized (Table 2-7). This 

result was higher than that reported in a similar study, which showed that 

51.2% of xylose was converted into furfural under optimal conditions 

(reaction time: 20 min, reaction temperature: 180°C, pH: 1.12 (HCl), solid-

liquid ratio: 1:100) (Yemiş & Mazza, 2011). However, under high 

temperatures (>230°C), the portion of C5 sugar converted to formic acid 

increased up to 14.3% at 230°C, and the amount of unidentified product 

generated increased two-fold compared to production in the absence of SA. 

Similar trends were observed in 2% SA (Table 2-8), and most C5 sugars 

(>80%) were transformed into unidentified product at 230°C as a result.  
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Table 2-6. C5 sugar (%, based on initial C5 sugar) consumed for conversion 

into products through acid-catalyzed treatment without sulfuric 

acid according to reaction temperature  

Reaction 
temp. 
(°C) 

Remaining 
C5 sugar 

(%)1 

C5 sugar (%) converted into products 

Furfural Formic acid Unidentified 
product2 

100 97.8±0.9 0.0±0.0 0.0±0.0 2.2±0.2 

110 97.3±1.6 0.0±0.0 0.0±0.0 2.7±0.1 

120 98.1±0.5 0.0±0.0 0.0±0.0 1.9±0.1 

130 97.7±0.8 0.0±0.0 0.0±0.0 2.3±0.2 

140 97.0±0.1 0.0±0.0 0.0±0.0 3.0±0.2 

150 96.6±0.7 0.4±0.2 0.0±0.0 2.9±0.2 

160 95.5±0.9 1.0±0.3 0.0±0.0 3.5±0.2 

170 92.8±1.4 2.0±0.3 0.0±0.0 5.2±0.3 

180 89.6±1.6 4.5±0.1 0.0±0.0 5.9±0.2 

190 82.6±1.3 8.6±0.2 0.0±0.0 8.9±1.0 

200 73.7±2.6 15.3±1.1 0.0±0.0 11.0±0.2 

210 57.1±3.7 30.1±1.4 0.0±0.0 12.8±0.9 

220 41.1±4.7 39.1±0.9 1.2±0.2 18.6±0.1 

230 18.3±1.0 43.9±1.0 5.6±0.2 32.1±1.5 

Values are the mean ± standard deviation of xylose and arabinose 
1 %, based on initial C5 sugar content 
2 The amount of C5 sugar (%) converted into unidentified products (precipitate and others) is calculated 

based on the difference  
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Table 2-7. C5 sugar (%, based on initial C5 sugar) consumed for conversion 

into products through acid-catalyzed treatment with 1% (w/w) 

sulfuric acid according to reaction temperature  

Reaction 
temp. 
(°C) 

Remaining 
C5 sugar 

(%)1 

C5 sugar (%) converted into products 

Furfural Formic acid Unidentified 
product2 

100 98.0±0.5 0.0±0.0 0.0±0.0 2.0±0.2 

110 97.9±0.6 0.2±0.0 0.0±0.0 1.9±0.1 

120 97.6±0.0 0.4±0.1 0.0±0.0 2.0±0.2 

130 97.0±1.0 1.1±0.1 0.0±0.0 1.9±0.2 

140 95.7±1.8 2.8±0.2 0.0±0.0 1.5±0.2 

150 89.4±1.9 6.4±0.7 0.0±0.0 4.3±0.2 

160 77.1±2.1 15.1±0.9 0.8±0.3 7.0±0.2 

170 53.6±2.3 31.4±0.8 2.7±0.2 12.3±0.3 

180 27.9±4.0 49.6±1.3 5.6±0.1 17.0±0.9 

190 8.1±2.5 58.7±0.5 7.3±0.1 25.8±1.4 

200 1.4±0.4 56.5±0.7 9.2±0.2 33.0±1.1 

210 0.5±0.7 38.0±1.4 10.4±0.2 51.2±1.4 

220 0.0±0.0 26.4±1.1 12.1±0.1 61.5±0.7 

230 0.0±0.0 18.0±1.9 14.3±0.2 67.6±0.8 

Values are the mean ± standard deviation of xylose and arabinose 
1 %, based on initial C5 sugar content 
2 The amount of C5 sugar (%) converted into unidentified products (precipitate and others) is calculated 

based on the difference  
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Table 2-8. C5 sugar (%, based on initial C5 sugar) consumed for conversion 

into products through acid-catalyzed treatment with 2% (w/w) 

sulfuric acid according to reaction temperature  

Reaction 
temp. 
(°C) 

Remaining 
C5 sugar 

(%)1 

C5 sugar (%) converted into products 

Furfural Formic acid Unidentified 
product2 

100 92.5±1.6 0.1±0.1 0.0±0.0 7.4±0.2 

110 92.0±0.9 0.3±0.1 0.0±0.0 7.6±0.1 

120 92.1±1.0 0.5±0.2 0.0±0.0 7.4±0.1 

130 90.7±1.2 1.8±0.5 0.0±0.0 7.5±0.2 

140 86.1±1.2 5.4±0.6 0.0±0.0 8.4±0.2 

150 75.3±1.2 14.3±0.6 0.8±0.1 9.5±0.2 

160 59.4±1.6 25.7±0.8 2.3±0.2 12.6±0.4 

170 31.1±2.2 43.3±1.5 4.8±0.1 20.8±0.9 

180 9.3±3.2 53.2±0.6 7.3±0.2 30.2±0.9 

190 1.9±0.2 52.4±1.0 8.9±0.2 36.8±1.1 

200 0.7±1.6 44.2±1.5 11.5±0.1 43.7±0.4 

210 0.0±0.0 24.7±2.0 14.3±0.1 61.0±2.8 

220 0.0±0.0 14.4±0.2 14.8±0.2 70.8±1.3 

230 0.0±0.0 7.1±1.4 11.8±0.2 81.1±0.7 

Values are the mean ± standard deviation of xylose and arabinose 
1 %, based on initial C5 sugar content 
2 The amount of C5 sugar (%) converted into unidentified products (precipitate and others) is calculated 

based on the difference  
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4. Conclusions  

 

 In this study, acid-catalyzed treatments of C6 and C5 sugars were carried 

out to investigate the conversion characteristics of these sugars. The product 

contents of the reactions were considerably affected by treatment parameters 

(i.e., reaction temperature and acid concentration), but significant differences 

were relatively rare among C6 sugars or C5 sugars.  

In the absence of acid catalyst (SA), C6 sugar critically decomposed at 

over 160°C, and then was preferentially converted into 5-HMF at 

temperatures exceeding 130°C. 5-HMF content increased with increasing 

reaction temperature (maximum: 13.5 g/100 g C6 sugar), and furfural was 

generated from 5-HMF at temperatures exceeding 140°C (<1.6 g/100 g C6 

sugar). Finally, humin was produced at temperatures exceeding 210°C and 

increased along with reaction temperature. However, levulinic acid and 

formic acid were not produced under these conditions. 

In 1% SA, the C6 sugar content decreased to under 90.0 g/100 g C6 sugar 

at 160°C and reached zero at 220°C. 5-HMF production increased more 

sharply at 130°C, but decreased over 180°C. Levulinic acid and formic acid 

were formed at temperatures exceeding 150°C, and their contents peaked at 

200°C or 210°C (approximately 27.0 and 12.7 g/100 g C6 sugar, 

respectively). In parallel, low levels of furfural were generated (<1.2 g/100 g 

C6 sugar) from 160°C upward. However, all products decreased at 

temperatures upward of 210°C, while humin content drastically increased 

with increasing reaction temperature (maximum: 22.2 g/100 g C6 sugar 

(230°C)). In 2% SA, the product content trends were similar to those observed 

in 1% SA, albeit accompanied by shifts to lower reaction temperatures than 

were required in 1% SA by approximately 10°C. Interestingly, the maximum 

values of levulinic acid and formic acid were higher (29.3 and 13.3 g/100 g 
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C6 sugar, respectively), and humin production also increased in 2% SA (23.0 

g/100 g C6 sugar (230°C)).  

C5 sugar decomposed at temperatures exceeding 160°C in the absence of 

SA, and furfural content increased nearly instantaneously with increasing 

reaction temperature (maximum: 28.1 g/100 g C5 sugar (230°C)). In addition, 

formic acid and an unidentified precipitate suspected to derive from furfural 

were observed in small amounts at high reaction temperatures (>220°C). In 

contrast, in 1% and 2% SA, C5 sugars were dramatically converted to furfural 

at lower reaction temperatures (130°C and 140°C, respectively). Under these 

conditions, the furfural content exhibited a steeper decline after its peaks at 

37.6 g (190°C) and 34.1 g (190°C) per 100 g C5 sugar, respectively. Formic 

acid and precipitate contents similarly increased in parallel, although 

precipitate contents were higher (<37.3 g/100 g C5 sugar) than those of 

formic acid (<4.5 g/100 g C5 sugar). 

As a result, the products formed from C6 and C5 sugars, their amounts, 

and their limits depending on treatment parameters were identified by acid-

catalyzed treatment. Furthermore, it appeared that a previously proposed 

reaction pathway for C6 or C5 sugar conversion was applicable under these 

treatment conditions. These results indicate that the maximum conversion rate 

of levulinic acid was approximately 30% from initial C6 sugar via one-step 

acid-catalyzed treatment and that this reaction might be inhibited by humin 

formation at high reaction temperatures and acid concentrations.  
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two-step acid-catalyzed treatment  

of Quercus mongolica  
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1. Introduction 
  

Motivated by the increasing severity of worldwide problems, such as 

fossil resource exhaustion and environmental pollution, numerous studies of 

biofuels and chemicals derived from biomass have been performed. 

Bioethanol is one of the most common sources of bioenergy, and fermentable 

sugars are also potent materials for the production of comprehensive targets in 

wide areas of industry (Cheng et al., 2015; Dai & McDonald, 2014). In 

addition, following the introduction of biorefinery processes, the building 

block chemicals obtainable from carbohydrates and lignin by extraction from 

biomass have attracted attention due to their high economic value (Bozell et 

al., 2007; Werpy et al., 2004).   

Among the top 12 compounds selected as the most significant value-

added chemicals obtainable from biomass by the U.S. Department of Energy 

(DOE), levulinic acid, which is derived mainly from C6 sugars, represents a 

particularly versatile chemical due to its possible application as a raw 

material/additive in the cosmetic, food, and medical industries as well as in 

the fuel industry (Werpy et al., 2004). Levulinic acid also provides a starting 

material for the synthesis of various chemicals, including ethyl and methyl 

levulinate (used as fuel additives and in food flavoring), diphenolic acid (used 

in epoxy resins and lubricants), γ-valerolactone (used in biofuels and fuel 

additives), δ-aminolevulinic acid (used in herbicides and insecticides), and 

succinic acid (used in polymers and solvents) (Mukherjee et al., 2015). The 

average worldwide price of levulinic acid ranged from 5 to 8 $/kg at its 

market size of 2,600 tons in 2013 and is expected to increase continuously, 

reaching 3,800 tons in 2020 (Grand-view-research, 2014). Nevertheless, 

levulinic acid production has only been slowly developed with respect to 

commercial applications due to the technical and economic barriers associated 
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with its production, which involves high production costs and raw materials, 

low production yields, corrosion of equipment, and difficulty in recovery 

(Leonard, 1956; Mukherjee et al., 2015).  

Although the conversion of C6 sugars (or C6 sugar sources) to levulinic 

acid by acid-catalyzed dehydration has been well established in previous 

research (Morone et al., 2015; Ramli & Amin, 2015), multi-step treatment 

processes are required in terms of the biorefinery concept to separate a value-

added by-product from raw materials using relatively pure C6 sugars for 

levulinic acid conversion, especially when heterogeneous materials, such as 

lignocellulosic biomass, are used. Therefore, in this study, a two-step process 

for conversion of lignocellulosic biomass was designed and performed using 

sulfuric acid as a cost-effective catalyst for levulinic acid conversion. 

The major aim of this study was to investigate a two-step acid-catalyzed 

conversion of lignocellulosic biomass (Quercus mongolica) into a high yield 

of levulinic acid. For these objectives, hemicellulosic C5 sugars were released 

by liquid hydrolysis, and a C6 sugar-rich solid fraction was prepared through 

1st step acid-catalyzed treatment of Quercus mongolica at various reaction 

temperatures and acid concentrations. The levulinic acid yield from this 

process was maximized by 2nd step acid-catalyzed treatment of solid fractions 

under selected conditions based on the conditions of 1st step acid-catalyzed 

treatment, which indicated a high level of levulinic acid content. When the 

entire process had been completed, the levulinic acid yield was determined by 

high-performance liquid chromatography, and the physicochemical 

characteristics and other properties of the solid/liquid materials generated 

during the process were analyzed using general methods.  
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2. Materials and methods 
 

2.1. Materials 
 

 Small-diameter thinning logs of Mongolian oak (Quercus mongolica) 

were generously provided by the Kwanak Arboretum (Seoul National 

University Forest, Anyang, South Korea). The logs were chipped using a 

wood crusher (PRCS-3300ED, Poongrim EMG, Hwaseong, South Korea) and 

then ground using a Cutting Mill Pulverisette 15 (FRITSCH GmbH, Idar-

Oberstein, Germany) to a size sufficient to pass through a 0.5-mm screen. The 

ground wood chips were air-dried (moisture content: <10%) and stored at 4°C 

until treatment.  

 

2.2. Chemical composition analysis 
 

The chemical composition (sugars, lignin, extractive, and ash) of the 

biomass was analyzed using the procedures described by Laboratory 

Analytical Procedure (LAP) of the National Renewable Energy Laboratory 

(NREL) and the Association of Official Agricultural Chemists (AOAC) 

(Crocker, 2008; International, 2005; Sluiter, 2008; Sluiter et al., 2005).  

 

2.2.1. Determination of extractives  

 

The extractives of Quercus mongolica were determined by NREL and 

AOAC methods (International, 2005; Sluiter et al., 2005). 2 g of biomass were 

placed in a 25 × 28 × 100 mm thimble filter (grade 84, Advantec, Kyoto, 

Japan) and extracted using 150 mL of alcohol-benzene (1:2 (v/v)) solution 
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(Samchun Chemicals Co., Ltd., Pyeongtaek, Korea) for 6 h at 80°C in a 

Soxhlet extractor, using a 250-mL round-bottom flask. After extraction, the 

extractives in the flask were concentrated in a rotary evaporator (N-1110, 

Tokyo Rikakikai Co., Ltd., Tokyo, Japan) and oven dried (HB-501M, 

HanBaek Scientific Technology, Bucheon, South Korea) at 105°C for one 

day. The weight of the flask was measured, and the extractive content was 

calculated as follows:  

 

Extractive content (%) =  𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑐𝑐𝑜𝑜𝑡𝑡𝑐𝑐𝑤𝑤𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡𝑤𝑤𝑐𝑐 𝑤𝑤𝑒𝑒𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑡𝑡𝑤𝑤𝑒𝑒𝑤𝑤 (𝑤𝑤)
𝑤𝑤𝑡𝑡𝑤𝑤𝑡𝑡𝑤𝑤𝑎𝑎𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡  𝑜𝑜𝑜𝑜 𝑏𝑏𝑤𝑤𝑜𝑜𝑡𝑡𝑎𝑎𝑏𝑏𝑏𝑏 (𝑤𝑤)

 × 100       (Eq. 3-1) 

 

2.2.2. Determination of lignin and structural sugars  

 

Lignin and structural sugars were analyzed according to the NREL 

method (Crocker, 2008). First, 0.3 g of biomass and 3 mL of 72% (w/w) 

sulfuric acid were mixed in an Erlenmeyer flask at 30°C for 60 min. The 

hydrolysate was then diluted with distilled water to an acid concentration of 

4% and autoclaved for 1 h at 121°C. After hydrolysis, the hydrolysates were 

filtered through a glass filter (1G4, Iwaki, Tokyo, Japan). After oven drying at 

105°C, the solid residue in the glass filter was weighed, and the absorbance of 

the hydrolysates was measured at 205 nm using a UV-visible 

spectrophotometer (UV-1601PC, Shimadzu, Kyoto, Japan) for acid-soluble 

lignin analysis. Acid-insoluble and acid-soluble lignin contents were 

calculated according to the following equations (Eq. 3-2 and 3-3): 

 

Acid − insoluble lignin (%) =  𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑏𝑏𝑜𝑜𝑖𝑖𝑤𝑤𝑐𝑐 𝑎𝑎𝑤𝑤𝑏𝑏𝑤𝑤𝑐𝑐𝑟𝑟𝑤𝑤 (𝑤𝑤)
𝑤𝑤𝑡𝑡𝑤𝑤𝑡𝑡𝑤𝑤𝑎𝑎𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡  𝑜𝑜𝑜𝑜 𝑏𝑏𝑤𝑤𝑜𝑜𝑡𝑡𝑎𝑎𝑏𝑏𝑏𝑏 (𝑤𝑤)

 × 100         (Eq. 3-2) 

Acid − soluble lignin (%) =  𝑈𝑈𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × Volumefiltrate (𝐿𝐿) × 𝐷𝐷𝑤𝑤𝑖𝑖𝑟𝑟𝑡𝑡𝑤𝑤𝑜𝑜𝑡𝑡
ε × 𝑊𝑊𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖 𝑎𝑎𝑖𝑖𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎 (𝑤𝑤) × 𝑃𝑃 (𝑐𝑐𝑡𝑡)

 × 100 (Eq. 3-3) 
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where ε: absorptivity, equal to 110 L/g∙cm and P: pathlength of UV-Vis cell, 

equal to 1 cm. 

Structural sugars (glucose, galactose, mannose, xylose, and arabinose) in 

the liquid fraction were determined as described in section 2.4.1 of Chapter 2. 

 

2.2.3. Determination of ash   

 

Ash in the solid sample was analyzed according to the NREL method 

(Sluiter, 2008). One gram of sample was loaded into a crucible and placed in a 

muffle furnace at 550-575°C for a minimum of 4 h. After combustion, the 

weight of the residue in the crucible was measured, and the ash content was 

calculated using the following equation (Eq. 3-4). 

 

Ash content (%) =  𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑎𝑎𝑏𝑏ℎ 𝑤𝑤𝑡𝑡 𝑐𝑐𝑎𝑎𝑟𝑟𝑐𝑐𝑤𝑤𝑏𝑏𝑖𝑖𝑤𝑤 (𝑤𝑤)
𝑤𝑤𝑡𝑡𝑤𝑤𝑡𝑡𝑤𝑤𝑎𝑎𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡  𝑜𝑜𝑜𝑜 𝑏𝑏𝑤𝑤𝑜𝑜𝑡𝑡𝑎𝑎𝑏𝑏𝑏𝑏 (𝑤𝑤)

 × 100                    (Eq. 3-4) 

 

2.2.4. Elemental analysis  

 

The solid fraction was analyzed in an elemental analyzer (Flash EA 1112, 

Thermo Electron Corporation, USA) to determine the weight percentages of 

carbon, hydrogen, nitrogen, and sulfur. The oxygen content was calculated by 

difference. 

The chemical composition of the solid fraction is presented in Table 3-1.  
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Table 3-1. Chemical composition of Quercus mongolica 

Components Content (dry solids (%)) 

Glucan 41.6±0.2 

Xylan 17.2±0.2 

Arabinan 1.0±0.1 

Galactan 2.1±0.1 

Mannan 0.9±0.1 

Acid-insoluble lignin 22.6±0.2 

Acid-soluble lignin 1.4±0.1 

Extractive 1.8±0.1 

Ash 0.2±0.0 

Elemental analysis  

C 46.9±0.2 

H 6.3±0.1 

O1 46.8±0.0 

Values are the mean ± standard deviation  
1 Oxygen values are calculated from difference  
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2.3. 1st step acid-catalyzed treatment  

 

1st step acid-catalyzed treatment was performed as described in section 

2.2 of chapter 2. 20 g of biomass and 120 mL of aqueous solution (0, 1, or 2% 

(w/w) sulfuric acid) (solid:liquid ratio=1:6 (w/v)) were loaded into a 300-mL 

treatment batch-type reactor (Bolted Closure Vessels, Hanwoul Engineering 

Inc., Gunpo, South Korea). The reactor was heated until the sample reached 

the target temperature (100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 

210, 220, or 230°C) in 30 min; the target temperature was then maintained for 

10 min (reaction time). After the treatment, the liquid hydrolysate was 

separated from the treated solid fraction by filtration using filter paper (No. 2, 

Advantec, Kyoto, Japan) and partially filtered through a 0.45-μm membrane 

filter (Advantec Co., Tokyo, Japan) for analysis of sugars and sugar 

degradation products. The solid fraction was washed with distilled water, 

oven-dried (HB-502L, HanBaek Scientific Technology, Bucheon, South 

Korea) at 65°C for one day, and stored at below 4°C for analysis or for 2nd 

step acid-catalyzed treatment.  

 

2.3.1. Combined severity factor    

 

The combined severity factor (CSF) was calculated according to the 

equation described in section 2.2.1 of Chapter 2.  
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2.4. 2nd step acid-catalyzed treatment  

 

2nd step acid-catalyzed treatment was conducted using the same reactor 

and the solid fraction obtained from 1st step acid-catalyzed treatment of 

Quercus mongolica under optimal conditions based on the results of the 1st 

stage. 10 g of the solid fraction and 60 mL of sulfuric acid (1 or 2% (w/w)) 

(solid:liquid ratio=1:6 (w/v)) were mixed in the reactor (Figure 3-1). The 

reactor was heated until the sample reached the target temperature (160, 170, 

180, 190, 200, 210, 220°C) (within 30 min), and the temperature was then 

maintained for 10 min (reaction time). After the treatment, the liquid 

hydrolysate was separated from the treated solid fraction by filtration using 

filter paper and partially filtered through a 0.45-μm membrane filter for 

analysis, including levulinic acid content. The solid fraction was washed with 

distilled water and stored at or below 4°C for analysis.  
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Figure 3-1. Schematic experimental flowchart of the process of levulinic acid 

production by two-step acid-catalyzed treatment of Quercus 

mongolica.  
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2.5. Analysis of solid fractions 

 

2.5.1. Water-insoluble solid recovery rate 

 

The solid fraction (water-insoluble solid (WIS)) recovery rate was 

calculated as described in section 2.3.1 of Chapter 2. 

 

2.5.2. Chemical composition and elemental analysis 

 

The chemical compositions (structural sugar and lignin) and elements of 

solid fractions were analyzed as described in section 2.2 of Chapter 3. 

  

2.5.3. FT-IR analysis 

 

Fourier transform infrared spectrometric (FT-IR) analysis was conducted 

using FT-IR spectrometers (Nicolet 6700, Thermo Scientific, Waltham, MA, 

USA and Vertex80v, Bruker, Billerica, MA, USA) equipped with attenuated 

total reflectance (ATR, ATR Acc. (window ZnSe/diamond)) to determine the 

chemical structures and bond types of the solid fractions (No. of scans: 32; 

resolution: 8; wavenumber range: 4000-650 cm-1).  

  

2.5.4. Pyrolysis-GC/MS analysis 

 

To begin, 1 mg of heat-treated lignin was introduced into a quartz tube 

together with a 1 μL internal standard (1.3 mg of fluoranthene/mL in 

methanol), followed by drying in a vacuum desiccator for 24 h to remove any 

water or solvent in the prepared samples. The samples were pyrolyzed at 

various temperatures (400-600°C at 50°C intervals and 700°C) with a 
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10°C/min heating rate in an inert atmosphere (He (purity: >99.9%)) using a 

CDS Pyroprobe 2000 (CDS Analytical Inc., Oxford, PA, USA); the pyrolysis 

time was fixed at 20 s. The released volatile products were analyzed online 

using a gas chromatograph (Agilent Technologies 7890A) equipped with a 

mass spectrometer detector (Agilent Technologies 5975A). A DB-5 capillary 

column (60 m × 0.25 mm ID × 0.25 μm film thickness) was employed for 

volatile product separation with a split ratio of 1:200. The pyrolyzer interface, 

a gas chromatograph injector, and the detector temperatures were set to 300, 

320, and 300°C, respectively. The oven temperature sequence was as follows 

(initial oven temperature: 50°C (1 min), 50°C → 130°C (3°C/min), 

130°C → 180°C (1.5°C/min), 180°C → 280°C (6°C/min), 280°C 

(5 min), 280°C → 320°C (4°C/min)). The mass spectrum of each 

compound was identified according to NIST MS Search 2.0 (NIST/EPA/NIH 

Mass Spectral Library; NIST 02) using an appropriate reference (Faix et al., 

1990; Kim et al., 2014).  

 

2.5.5. BET surface area and pore volume analysis 

 

The surface area of the solid fraction was determined by nitrogen 

adsorption desorption using an ASAP 2010 (Micromeritics, USA) apparatus 

at -196°C after freeze-drying and pretreating the sample at 120°C under 

vacuum for 2 h . Pore volume distribution was analyzed from desorption 

isotherms by the BJH (Barrett-Joyner-Halenda) method using the Halsey 

equation for multilayer thickness. Total pore volume was taken at p/po=0.975 

of a single point.  
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2.6. Analysis of the liquid hydrolysate 
 

2.6.1. Sugar (monosaccharide) analysis  

 

Determination of sugars (glucose, galactose, mannose, xylose, and 

arabinose) in the liquid hydrolysate was carried out as described in section 

2.4.1 of Chapter 2.  

 

2.6.2. Sugar (oligosaccharide) analysis   

 

The oligosaccharides in the liquid hydrolysate were determined by the 

NREL method (Sluiter et al., 2006). Twenty milliliters of liquid hydrolysate 

was poured into an Erlenmeyer flask, and the pH of the resulting solution was 

measured using a pH meter (Orion Star A211, Thermo Scientific, Beverly, 

MA, USA). A measured amount of 72% (w/w) sulfuric acid calculated based 

on the measured pH value was then added to bring the acid concentration of 

the liquid hydrolysate to 4% (w/w). The liquid hydrolysates were autoclaved 

for 1 h at 121°C according to the process described in previous studies. The 

liquid hydrolysates were autoclaved for 1 h at 121°C according to the process 

described in section 2.4.1 of Chapter 2 and section 2.2.2 of Chapter 3. 

 

2.6.3. Analysis of levulinic acid and other sugar degradation products  

 

Determination of levulinic acid and other sugar degradation products (5-

HMF, furfural, formic acid, and acetic acid) in the liquid hydrolysate was 

performed as described in section 2.4.2 of Chapter 2.   
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2.6.4. GC/MS analysis  

 

The liquid hydrolysates were purged under nitrogen for elimination of 

moisture and then trimethylsilylated with 100 μL pyridine and 100 μL of N,O-

bis (trimethylsilyl) trifluoroacetamide (BSTFA) at 105°C for 2 h. The samples 

were diluted with 3 mL of dichloromethane (DCM), and 1 mL of diluted 

sample was mixed with 100 μL of fluoranthene (3.9 mg/3 mL acetone) as an 

internal standard. Gas chromatograph-mass spectrometric (GC/MS) analysis 

of these samples was performed on an ISQ LT GC (Thermo Scientific, 

Beverly, MA, USA) equipped with a quadrupole single photomultiplier 

detector (MS-PMT). The stationary phase of GC/MS was a DB-5 capillary 

column (30 m×0.25 mm ID×0.25 μm film thickness); the oven temperature 

was controlled as follows (initial oven temperature: 50°C (2 min), 50°C → 

180°C (5°C/min), 180°C (8 min), 180°C → 200°C (10°C/min), 200°C → 

310°C (30°C/min), 310°C (3 min)). The injector and detector temperatures 

were set to 220°C and 300°C, respectively. The carrier gas was He of 99.99% 

purity. A mass selective detector (Agilent Technologies 5975A) was used to 

obtain the mass-to-charge (m/z) ratios for each compound at 70 eV. 

 

2.7. Statistical analysis  
 

All values are expressed as the mean ± standard deviation. Statistical 

analysis was conducted using SAS as described in section 2.5 of Chapter 2.  
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3. Results and discussion  

 

3.1. Conversion characteristics of Quercus mongolica by 

1st step acid-catalyzed treatment  

 

3.1.1. Physicochemical characteristics of sold fractions 

 

 After 1st step acid-catalyzed treatment, the treatment products were 

separated into a solid fraction (water-insoluble solid (WIS) residue) and a 

liquid hydrolysate; the properties of these products were significantly affected 

by reaction temperature and time. The WIS recovery rate of the solid fraction 

as a function of temperature and acid concentration is shown in Figure 3-2. 

Without sulfuric acid (SA) as an acid catalyst, the WIS recovery rate was 

maintained at over 90 g/100 g biomass at temperatures up to 160°C; it then 

decreased with increasing reaction temperature to a minimum of 48.3% at 

230°C. This result indicates that Quercus mongolica may have been poorly 

degraded by autohydrolysis under mild conditions involving low 

temperatures, consistent with the trends observed in a previous study 

involving a Eucalyptus biomass with similar properties (Heitz et al., 1987).  

On the other hand, in 1% and 2% SA, WIS recovery rates continuously 

decreased with increasing reaction temperature over the range of 100 to 

210°C and 100-220°C, respectively (minimum: 32.9% at 1% SA and 32.8% at 

2% SA); in 2% SA, the WIS content of the product was 0-8% lower than in 

1% SA. These results might have been caused by the successive degradation 

of hemicellulose and cellulose proposed in earlier studies (Kim et al., 2012; 

Koo et al., 2011b). Interestingly, WIS recovery rates increased at high 

temperatures (>220°C (1% SA) and >210°C (2% SA)), probably due to 

predominant condensation reaction of lignin or sugar degradation products.  
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Figure 3-2. Water-insoluble solid (WIS) recovery rate (%, based on dry 

weight of biomass) of the solid fraction after 1st step acid-

catalyzed treatment of Quercus mongolica as a function of 

reaction temperature and acid concentration.  
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 The macro/micro-structure of the biomass was damaged during 1st step 

acid-catalyzed treatment, and its chemical composition was altered 

considerably under the various treatment conditions due to the release of 

degraded products into the liquid hydrolysates.  

Table 3-2 summarizes the structural sugar and lignin contents (1) by 

percentage, based on the dry weight of the solid fraction and (2) as g/100 g 

initial biomass of the solid fraction after 1st step acid-catalyzed treatment of 

Quercus mongolica without SA as a function of the reaction temperature. Of 

the C6 sugars, glucan, the content of which ranged from 31.3% to 45.5%, was 

predominant. Glucan content increased with reaction temperature to 200°C 

(45.5%) and decreased at temperatures greater than 210°C. Considering the 

WIS recovery rate cited above, the actual glucan content of the biomass 

remained roughly constant at 34.8 g/100 g, suggesting that most of the 

components of cellulose did not undergo autohydrolysis at reaction 

temperatures lower than 200°C under the reaction conditions employed. A 

similar result was reported in a previous study, in which 85% of the glucan 

reportedly remained in the solid fraction after autohydrolysis of sugarcane at 

190°C for 10 min (Batalha et al., 2015).  

The xylan content of the solid fraction began to decrease at reaction 

temperatures of approximately 170°C, after remaining above 15%. This 

tendency was almost exactly matched by the steep drop in the WIS recovery 

rate at 170°C, suggesting that the primary cause of the decline in WIS 

recovery rate during acid-catalyzed treatment might be hemicellulose 

degradation (xylose is the main component of hemicellulosic sugars in 

common hardwoods) (Severian, 2008). Although other sugars (galactan, 

mannan, and arabinan) that are also present in hemicellulose represented 

relatively small proportions of the carbohydrates in the solid fraction, like 

xylan, their content was maintained until the reaction temperature reached 
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160-180°C, suggesting that these minor sugars had a slight potential to act as 

sources to enhance the yields of the final products (levulinic acid or furfural). 

Lignin content remained roughly constant over the temperature range of 

100 to 160°C. Above 170°C, it increased in parallel with reaction temperature 

to a maximum of 49.3% at 230°C. This is likely because carbohydrates, 

particularly hemicellulose, in the solid fractions were relatively more 

degraded at higher reaction temperatures. Considering that the actual lignin 

content increased to a value greater than that of the initial lignin content, 

condensation of lignin or secondary products from carbohydrates may also 

have contributed to the excessively high content of lignin (Kim et al., 2015; 

Patil & Lund, 2011).  

When 1% SA was used, the glucose content of the solid fraction 

increased slightly at lower reaction temperatures (<150°C, maximum 53.0% 

at 150°C). In parallel, the content of other hemicellulosic sugars consistently 

decreased between 100°C to 230°C, reflecting more degradation of 

hemicellulose (Table 3-3). At reaction temperatures greater than 160°C and an 

acid concentration of 2%, the glucan content of the solid fraction decreased 

markedly, and it was completely absent from the solid fraction at 220°C; over 

the same temperature range, lignin content, which represents non-

carbohydrate material, increased to greater than 90% for the reasons cited 

above. Similar results were obtained with 1% SA at relatively lower reaction 

temperatures (10°C lower than with 2% SA) (Table 3-4). This result could be 

explained as the combined result of pH, reaction temperature, and reaction 

time as factors that increase the severity of the treatment (Chum et al., 1990; 

Lee & Jeffries, 2011); similarly severe conditions could occur at lower 

reaction temperatures in the presence of higher acid concentrations.   
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Table 3-2. Structural sugar and lignin contents of the solid fractions obtained 

after 1st step acid-catalyzed treatment of Quercus mongolica in the 

absence of sulfuric acid as a function of reaction temperature  

Reaction 
temp. 
(°C) 

Structural sugar (%)1 
Lignin1 

(%) 
Total2 
(%) 

Glucan Galactan Mannan Xylan Arabinan 

100 37.2±0.1 
(36.5)3  

1.4±0.1 
(1.4)  

1.0±0.0 
(1.0)   

16.3±0.1 
(16.0)   

1.1±0.0 
(1.1)   

22.0±0.3 
(21.6)  79.1 

110 37.4±0.7 
(36.5)  

1.4±0.0 
(1.4)  

0.9±0.0 
(0.9)  

15.5±0.4 
(15.1)  

1.0±0.0 
(1.0)  

22.7±0.5 
(22.2)  79.0 

120 37.1±0.7 
(35.5)  

1.4±0.1 
(1.4)  

0.9±0.1 
(0.9)  

15.5±0.2 
(14.8)  

1.0±0.1 
(0.9)  

23.4±0.5 
(22.4)  79.1 

130 37.9±0.4 
(36.1)  

1.3±0.1 
(1.2)  

0.9±0.2 
(0.8)  

15.7±0.3 
(15.0)  

0.9±0.1 
(0.8)  

23.0±0.2 
(21.8)  79.6 

140 37.8±0.1 
(35.5)  

1.3±0.0 
(1.2)  

1.1±0.1 
(1.0)  

16.7±0.1 
(15.7)  

0.9±0.4 
(0.8)  

23.2±0.2 
(21.8)  80.9 

150 38.1±0.1 
(35.6)  

1.2±0.0 
(1.1)  

0.9±0.1 
(0.9)  

16.9±0.1 
(15.8)  

0.7±0.0 
(0.7)  

23.2±0.2 
(21.7)  81.0 

160 39.8±0.3 
(36.8)  

0.9±0.0 
(0.8)  

1.0±0.0 
(0.9)  

17.1±0.2 
(15.8)  

0.5±0.0 
(0.5)  

22.2±0.2 
(20.5)  81.4 

170 42.4±0.5 
(36.3)  

0.6±0.1 
(0.5)  

0.9±0.1 
(0.8)  

14.8±0.3 
(12.7)  

0.3±0.1 
(0.3)  

24.4±0.1 
(20.9)  83.4 

180 46.6±0.2 
(36.5)  

0.4±0.1 
(0.3)  

0.9±0.0 
(0.7)  

10.8±0.1 
(8.5)  

0.2±0.0 
(0.1)  

26.1±0.1 
(20.5)  85.0 

190 48.2±0.1 
(35.0)  

0.2±0.0 
(0.2)  

0.7±0.0 
(0.5)  

6.8±0.1 
(4.9)  

0.1±0.0 
(0.1)  

28.2±0.1 
(20.5)  84.2 

200 48.5±0.1 
(33.5)  

0.1±0.0 
(0.1)  

0.4±0.0 
(0.2)  

3.8±0.1 
(2.6)  

0.0±0.1 
(0.0)  

30.8±0.1 
(21.3)  83.6 

210 45.5±0.2 
(26.9)  

0.0±0.0 
(0.0)  

0.1±0.0 
(0.1)  

1.2±0.0 
(0.7)  

0.0±0.0 
(0.0)  

39.2±0.2 
(23.2)  86.0 

220 38.4±0.1 
(20.9)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

44.4±0.2 
(24.2)  82.8 

230 31.3±0.3 
(15.1)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

49.3±0.3 
(23.8)  80.7 

Values are the mean ± standard deviation 
1 %, based on the dry weight of the solid fraction 
2 Sum of structural sugars and lignin contents 
3 g/100 g initial biomass  
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Table 3-3. Structural sugar and lignin contents of the solid fractions obtained 

after 1st step acid-catalyzed treatment of Quercus mongolica with 

1% (w/w) sulfuric acid as a function of reaction temperature  

Reaction 
temp. 
(°C) 

Structural sugar (%)1 
Lignin1 

(%) 
Total2 
(%) 

Glucan Galactan Mannan Xylan Arabinan 

100 44.9±0.2 
(38.2)3  

0.6±0.1 
(0.5)  

1.1±0.0 
(0.9)   

15.5±0.1 
(13.2)   

0.3±0.0 
(0.3)   

24.0±0.2 
(20.5)   86.4 

110 44.2±0.5 
(36.8)  

0.5±0.0 
(0.4)  

1.0±0.1 
(0.8)  

14.5±0.1 
(12.1)  

0.3±0.0 
(0.2)  

24.8±0.4 
(20.7)  85.4 

120 47.8±0.3 
(36.6)  

0.2±0.0 
(0.2)  

0.9±0.1 
(0.7)  

12.7±0.1 
(9.7)  

0.2±0.0 
(0.1)  

27.3±0.3 
(20.9)  89.1 

130 48.4±0.1 
(35.8)  

0.2±0.0 
(0.1)  

0.8±0.1 
(0.6)  

8.6±0.3 
(6.3)  

0.2±0.0 
(0.1)  

28.6±0.2 
(21.2)  86.7 

140 50.2±0.1 
(35.6)  

0.1±0.0 
(0.1)  

0.6±0.1 
(0.4)  

4.9±0.2 
(3.5)  

0.1±0.0 
(0.1)  

30.0±0.2 
(21.3)  85.9 

150 53.0±0.2 
(34.7)  

0.1±0.0 
(0.0)  

0.4±0.1 
(0.3)  

1.8±0.2 
(1.2)  

0.1±0.0 
(0.0)  

31.3±0.4 
(20.5)  86.6 

160 52.0±0.1 
(32.1)  

0.0±0.0 
(0.0)  

0.2±0.0 
(0.1)  

0.9±0.1 
(0.6)  

0.0±0.0 
(0.0)  

35.6±0.2 
(21.9)  88.7 

170 51.1±0.3 
(30.2)  

0.0±0.0 
(0.0)  

0.1±0.0 
(0.1)  

0.7±0.2 
(0.4)  

0.0±0.0 
(0.0)  

34.9±0.4 
(20.7)  86.9 

180 46.4±0.3 
(25.2)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.2±0.1 
(0.1)  

0.0±0.0 
(0.0)  

40.7±0.3 
(22.2)  87.4 

190 33.8±0.3 
(15.3)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.1±0.0 
(0.0)  

0.0±0.0 
(0.0)  

56.2±0.6 
(25.5)  90.0 

200 6.3±0.2 
(2.4)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

88.1±0.5 
(33.9)  94.5 

210 1.1±0.2 
(0.4)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

94.1±0.5 
(33.4)  95.2 

220 0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

97.9±0.3 
(32.1)  97.9 

230 0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

98.9±0.4 
(35.1)  98.9 

Values are the mean ± standard deviation 
1 %, based on the dry weight of the solid fraction 
2 Sum of structural sugars and lignin contents 
3 g/100 g initial biomass   
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Table 3-4. Structural sugar and lignin contents of the solid fractions obtained 

after 1st step acid-catalyzed treatment of Quercus mongolica with 

2% (w/w) sulfuric acid as a function of reaction temperature  

Reaction 
temp. 
(°C) 

Structural sugar (%)1 
Lignin1 

(%) 
Total2 
(%) 

Glucan Galactan Mannan Xylan Arabinan 

100 45.7±0.2 
(38.3)3  

0.2±0.0 
(0.2)  

0.9±0.1 
(0.7)   

14.3±0.1 
(12.0)   

0.2±0.0 
(0.1)   

26.5±0.2 
(22.2)   87.7 

110 46.0±0.2 
(38.1)  

0.3±0.1 
(0.2)  

1.0±0.0 
(0.8)  

13.5±0.2 
(11.2)  

0.2±0.0 
(0.2)  

27.3±0.2 
(22.7)  88.3 

120 46.4±0.2 
(36.0)  

0.4±0.0 
(0.3)  

1.1±0.1 
(0.9)  

10.9±0.2 
(8.5)  

0.3±0.0 
(0.2)  

27.3±0.2 
(21.2)  86.3 

130 48.4±0.1 
(34.0)  

0.1±0.0 
(0.1)  

0.7±0.1 
(0.5)  

5.9±0.3 
(4.2)  

0.1±0.0 
(0.1)  

34.6±0.4 
(24.3)  89.8 

140 50.0±0.2 
(33.2)  

0.0±0.0 
(0.0)  

0.4±0.0 
(0.3)  

2.5±0.1 
(1.6)  

0.1±0.0 
(0.0)  

36.4±0.2 
(24.1)  89.4 

150 55.1±0.2 
(34.1)  

0.0±0.0 
(0.0)  

0.3±0.0 
(0.2)  

1.2±0.1 
(0.7)  

0.0±0.0 
(0.0)  

32.8±0.4 
(20.3)  89.4 

160 54.4±0.2 
(32.3)  

0.0±0.0 
(0.0)  

0.1±0.1 
(0.1)  

0.8±0.0 
(0.5)  

0.0±0.0 
(0.0)  

35.8±0.5 
(21.3)  91.0 

170 50.8±0.2 
(28.4)  

0.0±0.0 
(0.0)  

0.1±0.0 
(0.1)  

0.5±0.0 
(0.3)  

0.0±0.0 
(0.0)  

40.2±0.2 
(22.4)  91.6 

180 37.3±0.3 
(17.5)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.3±0.0 
(0.1)  

0.0±0.0 
(0.0)  

56.9±0.4 
(26.7)  94.5 

190 9.6±0.1 
(3.8)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

87.2±0.4 
(34.3)  96.7 

200 0.9±0.0 
(0.3)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

94.1±0.4 
(33.8)  95.0 

210 0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

97.9±0.5 
(32.2)  97.9 

220 0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

98.9±0.2 
(35.5)  98.9 

230 0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

0.0±0.0 
(0.0)  

99.1±0.2 
(38.7)  99.1 

Values are the mean ± standard deviation 
1 %, based on the dry weight of the solid fraction 
2 Sum of structural sugars and lignin contents 
3 g/100 g initial biomass   
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The total C6 and C5 sugars in the solid fraction are shown in Figure 3-3. 

In the absence of SA, a high C6 sugar content (>37 g/100 g biomass) was 

maintained until relatively high reaction temperatures (180°C); thus, the solid 

fraction may have high potential as a source of C6 sugars. However, C5 

sugars also remained under the conditions employed, suggesting that (1) 

further reactions for levulinic acid production could be disturbed by a 

conversion reaction of C5 sugars or their secondary products; and (2) these 

solid fractions might not differ significantly from the initial biomass in 

chemical composition.  

When SA was present in the reaction, most of the C6 sugar content 

remained after treatment at 150°C (35.0 g (1% SA) and 34.3 g (2% SA)/100 g 

biomass); C6 sugar content then declined drastically with reaction 

temperatures over 160°C, and 90% of the C5 sugars were removed from the 

solid fractions at 150°C (1.2 g (1% SA) and 0.8 g (2% SA)/100 g biomass). 

Although the effects of treatment on the removal of C5 sugars were slightly 

more marked in 2% SA, there was no significant difference in the C5 sugar 

values obtained at 1% and 2% SA at any given condition (p<0.05). Based on 

these results, a reaction temperature of 150°C, a reaction time of 10 min, and 

the inclusion of 1% SA were considered the most effective conditions for 1st 

step acid-catalyzed treatment for the preparation of C6 sugar-rich materials 

and separation of C5 sugars.  
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Figure 3-3. Total C6 and C5 sugar contents (g/100 g biomass) of the solid 

fraction after 1st step acid-catalyzed treatment of Quercus 

mongolica as a function of reaction temperature and acid 

concentration (0%: without sulfuric acid, 1%: 1% (w/w) sulfuric 

acid, 2%: 2% (w/w) sulfuric acid).  
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The chemical bonding types of the compounds present in the solid 

fraction and their changes were investigated by FT-IR at wavelengths 

corresponding to the range 4,000-800 cm-1 (Figure 3-4, 3-5, and 3-6). The 

absorbance bands corresponding to the functional groups in biomass have 

been summarized in several previous reports (Sills & Gossett, 2012; Xu et al., 

2013). 

Without SA, the peak at 1,750 cm-1 attributed to the free esters and acids 

C=O stretch of hemicellulose showed decreasing intensity with reaction 

temperature (Figure 3-4, right). In addition, the peak intensities of the C-O 

valence vibration of cellulose at 990 cm-1, the C-O-C asymmetrical stretching 

of cellulose and hemicellulose at 1160 cm-1, and the O-H bending of cellulose 

and hemicellulose at 1200 cm-1 also decreased at 200°C, suggesting that 

hemicellulose and/or cellulose were partially degraded under harsh treatment 

conditions, consistent with the observed sugar content of the solid fractions 

(Kubo & Kadla, 2005). The absorbance intensities of these ranges also 

decreased continuously with reaction temperature in 1% and 2% SA (Figure 

3-5 and 3-6).  

The strong peak at 3,350 cm-1 attributed to the O-H stretching of the 

hydrogen bond decreased in intensity as the reaction temperature and acid 

concentration increased (Figure 3-4, 3-5, and 3-6 (left)). This might have been 

caused by the degradation of bonds between lignin and carbohydrate and/or 

by the degradation of hydrogen bonds between cellulosic chains (Adel et al., 

2010). Furthermore, as the severity of treatment increased, the intensity of a 

small peak at 1730 cm−1 attributed to a ketone/aldehyde C=O stretch of 

hemicellulosic contaminants decreased slightly, whereas the peak at 1682 

cm−1 attributed to C=O stretching of lignin increased, especially after reaction 

at 200°C in 2% SA.  

In the elemental analysis, an increase in carbon content was observed at 

higher treatment severities (Table 3-5). The highest observed carbon content 
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was 63.5% after reaction at a temperature of 200°C and an acid 

concentration of 2%, whereas hydrogen content was not significantly 

changed, remaining in the range of approximately 5-6%. This trend might 

have resulted from the relative loss of oxygenated structures due to changes 

in the functional groups and condensation of chemical components or in the 

production of by-products during successive dehydration reactions (Hakkou 

et al., 2005; Wikberg & Maunu, 2004).  

Most of the results described above support the idea that hemicellulose 

was removed from the solid fractions and that the relative content of lignin 

and unidentified materials increased at high reaction temperatures and acid 

concentrations.  
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Figure 3-4. FT-IR spectra of the solid fractions after 1st step acid-catalyzed 

treatment of Quercus mongolica without sulfuric acid depending 

on reaction temperature (left: 3,800-800 cm-1, right: 1,800-900 

cm-1).  
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Figure 3-5. FT-IR spectra of the solid fractions after 1st step acid-catalyzed 

treatment of Quercus mongolica with 1% (w/w) sulfuric acid 

depending on reaction temperature (left: 3,800-800 cm-1, right: 

1,800-900 cm-1).  
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Figure 3-6. FT-IR spectra of the solid fractions after 1st step acid-catalyzed 

treatment of Quercus mongolica with 2% (w/w) sulfuric acid 

depending on reaction temperature (left: 3,800-800 cm-1, right: 

1,800-900 cm-1).  
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Table 3-5. Elemental analysis of the solid fraction after 1st step acid-catalyzed 

treatment of Quercus mongolica under various conditions  

Reaction 
temp. 
(°C) 

C (%)1 H (%) O2 (%) 

0%3 1% 2% 0% 1% 2% 0% 1% 2% 

100 46.2±0.2  47.5±0.1  46.9±0.1  6.2±0.1  6.3±0.0  6.3±0.0  47.6±0.0  46.2±0.1  46.8±0.1  

120 46.8±0.1  47.6±0.1  47.1±0.1  6.1±0.1  6.4±0.0  6.2±0.1  47.0±0.0  46.0±0.1  46.7±0.1  

140 46.2±0.2  47.7±0.0  48.2±0.1  6.1±0.1  5.8±0.1  6.2±0.1  47.7±0.0  46.6±0.1  45.6±0.1  

160 46.3±0.1  48.0±0.1  50.1±0.2  6.3±0.1  6.0±0.1  6.3±0.2  47.4±0.1  46.0±0.1  43.7±0.2  

180 47.2±0.1  52.0±0.1  55.2±0.1  6.2±0.1  6.1±0.1  5.9±0.1  46.7±0.1  41.9±0.1  38.9±0.1  

200 48.6±0.1  62.5±0.1  63.5±0.0  6.2±0.0  5.3±0.1  5.2±0.0  45.3±0.1  32.2±0.0  31.3±0.1  

Values are the mean ± standard deviation 
1 Based on the dry weight of the solid fraction  

2 Oxygen values are calculated from difference 
3 Sulfuric acid concentration during the 1st step acid-catalyzed treatment  
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Untreated and treated biomass were subjected to BET analysis for surface 

area and pore volume properties as a basis for understanding the effect of 

acid-catalyzed treatment on Quercus mongolica biomass at the structural 

level. Table 3-6 presents the observed changes in the physical properties of 

the solid fraction as a function of reaction temperature and acid concentration. 

The surface area and pore volume of the untreated biomass were 0.56 m2/g 

and 0.007 cm3/g, respectively, similar to data reported in the literature for 

untreated yellow poplar at a surface area of 0.56 m2/g (Koo et al., 2012). 

Increased surface area and pore volume values were observed when the 

biomass was subjected to higher reaction temperature and acid concentration. 

The maximum surface area and pore volume values, 4.42 m2/g and 0.039 

cm3/g, respectively, were obtained from biomass that had undergone the 

harshest treatment condition (reaction temperature 200°C, acid concentration 

2%). This might have primarily resulted from severe destruction of the 

biomass structure and removal of hemicellulose, as supported by the FI-IR 

results. Likewise, although it was difficult to identify directly in this study, 

migration and re-deposition of lignin as spherical droplets on the surface of 

the biomass during the cooling process after severe treatment might be one 

reason for the observed trends in surface area and pore volume, which were 

also reported in several other studies (Koo et al., 2012; Zakaria et al., 2015). 

Based on these results, the occurrence of physical changes related to the 

disruption of biomass during the 1st acid-catalyzed treatment could be 

confirmed.  
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Table 3-6. BET surface area and pore volume of the solid fraction after 1st 

step acid-catalyzed treatment of Quercus mongolica under various 

conditions  

Reaction 
temp. 
(°C) 

BET surface area (m2/g) Pore volume (cm3/g) 

0%1 1% 2% 0% 1% 2% 

Untreated 0.56±0.00   0.007±0.000   

100 0.57±0.01 1.07±0.12 1.45±0.13 0.009±0.000 0.013±0.000 0.013±0.000 

120 0.58±0.04 1.27±0.10 2.22±0.10 0.011±0.000 0.019±0.000 0.025±0.001 

140 0.65±0.01 1.94±0.11 2.62±0.14 0.017±0.001 0.021±0.001 0.028±0.002 

160 0.71±0.04 2.13±0.14 3.24±0.09 0.021±0.001 0.026±0.001 0.032±0.001 

180 0.84±0.02 3.23±0.03 4.02±0.12 0.027±0.001 0.027±0.002 0.037±0.000 

200 0.97±0.08 4.23±0.10 4.42±0.09 0.036±0.02 0.036±0.001 0.039±0.001 

Values are the mean ± standard deviation 
1 Sulfuric acid concentration during the 1st step acid-catalyzed treatment  
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Considering the above results obtained with standard materials in the 

light of previous studies, a certain amount of unidentified precipitates (humin, 

resin, or resinous tar) from C6 and C5 sugar sources might be present within 

the solid fractions obtained after 1st step acid-catalyzed treatment. Therefore, 

pyrolysis-GC/MS analysis was conducted to indirectly determine the amount 

of these materials remaining in the solid fraction. The identification of the 

pyrolysis products as thirty-seven types of chemicals is presented in Table 3-7 

and Figure 3-7. Most of the products were generated from lignin, as reported 

in previous studies (Eom et al., 2013; Kim et al., 2014); however, several 

products suspected to be carbohydrate-based were selected and divided into 

two groups, a furan group (FG) and a non-furan group (NFG).  

The content of FG (furfural, 2-furfuryl alcohol, 2(5H)-furanone, 5-

methyl-2-furfural, and 5-hydroxymethylfurfural) decreased as the severity of 

treatment increased (Figure 3-8). In the absence of SA, FG content was 

maintained at greater than 0.8 g/100 g biomass until 190°C; it then decreased 

slightly. In 1% and 2% SA, FG was not detected after the steep decline at 

200°C. On the other hand, the content of NFG compounds (1,2-

cyclopentanedione, 3-methyl-2-cyclopentenone, methyl cyclopentenolone, 

and levoglucosenone) increased with reaction temperature in the absence of 

SA before decreasing. In 1% and 2% SA, like FG, NFG showed decreasing 

content, and there was no significant difference in the NFG content of the 

solid fractions obtained after reaction at the two acid concentrations (p<0.05). 

These results suggest that the observed trends in FG and NFG content might 

be based on carbohydrates in the solid fraction as sources. However, pyrolysis 

products from adsorbed humin or resin were not precisely determined because 

excessive condensation reactions or charring of carbohydrates and lignin 

might have led to inactivation of these materials, despite the extreme 

conditions.  
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Figure 3-7. Representative pyrolysis-GC chromatogram of pyrolysis products 

obtained from solid fractions after 1st step acid-catalyzed 

treatment of Quercus mongolica.  
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Table 3-7. Pyrolysis products present in the solid fractions obtained after 1st 

step acid-catalyzed treatment of Quercus mongolica under various 

conditions  

Peak 
No. 

Retention 
time 
(min) 

Pyrolysis products  Peak 
No. 

Retention 
time 
(min) 

Pyrolysis products 

1 7.62 3(2H)-Furanone  19 31.11 4-Methyl-1,2-benzenediol 

2 8.93 Furfural  20 32.08 4-Vinylguaiacol 

3 9.79 2-Furfuryl alcohol  21 33.72 Syringol 

4 10.40 1-(Acetyloxy)-2-propanone  22 33.86 Eugenol 

5 12.43 2(5H)-Furanone  23 33.99 3,4-Dimethoxyphenol 

6 13.25 1,2-Cyclopentanedione  24 35.83 Vanillin 

7 15.02 5-Methyl-2-furfural  25 37.71 4-Methylsyringol 

8 15.17 3-Methyl-2-cyclopentenone  26 37.94 Isoeugenol (trans) 

9 18.35 Methyl cyclopentenolone  27 39.36 Apocynin 

10 19.70 2-Methyl-phenol  28 43.75 4-Propenylsyringol (cis) 

11 21.37 2-Methoxy-phenol   29 46.03 Syringaldehyde 

12 22.59 Levoglucosenone  30 47.54 4-Propenylsyringol (trans) 

13 26.45 4-Methylguaiacol  31 47.58 Cyclohexanone 

14 26.86 1,2-Benzenediol  32 48.58 Acetosyringone 

15 28.55 5-Hydroxymethylfurfural  33 48.79 Coniferyl aldehyde 

16 29.63 3-Methyl-1,2-benzenediol  34 49.80 Syringyl acetone 

17 29.63 3-Methoxy-1,2-benzenediol  35 56.97 Sinapaldehyde (trans) 

18 30.38 4-Ethylguaiacol     
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Figure 3-8. Carbohydrate-based product content (g/100 g biomass) of the 

furan and non-furan groups after pyrolysis of the solid fraction as 

a function of reaction temperature and acid concentration (FG: 

furan group; NFG: non-furan group; 0%: without sulfuric acid; 

1%: 1% (w/w) sulfuric acid; 2%: 2% (w/w) sulfuric acid).  
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3.1.2. Chemical compositions of liquid hydrolysates 

 

 In this study, a liquid hydrolysate was separated from the treated biomass 

as much as possible for effective conversion to levulinic acid without 

inhibition by secondary products of C5 sugars. In the biorefinery concept, the 

liquid hydrolysate, which is a potential C5 sugar source, is considered a value-

added by-product; therefore, analysis of the liquid hydrolysate focused on 

investigation of the liquid hydrolysate, including determination of its content 

of C5 sugars.  

Table 3-8 summarizes the reducing sugar content (both monomer and 

oligomer forms) of the liquid hydrolysate after 1st step acid-catalyzed 

treatment of Quercus mongolica without sulfuric acid as a function of reaction 

temperature. All content values were less than 20 g/100 g biomass. Glucose 

monomer was detected in trace amounts at most of the tested reaction 

temperatures; glucose oligomer content increased slightly to 2.1 g/100 g 

biomass as the reaction temperature was increased to 180°C and then 

decreased. These results suggest that the cellulose was barely degraded by 

autohydrolysis and that the glucose released from the biomass was 

decomposed to the oligomer level due to conditions that were insufficiently 

severe to break the β-1,4-glucosidic bonds of cellobiose. At higher reaction 

temperatures (>220°C), glucose was completely removed, perhaps because it 

underwent further conversion as described in numerous previous studies (Kim 

et al., 2012; Koo et al., 2011b). A similar trend was observed in xylose 

content; however, the xylose monomer content was greater than 3.0 g/100 g 

biomass at 200°C and 210°C, and xylose oligomer content was much higher 

at reaction temperatures ranging from 160°C to 210°C (maximum: 8.8 g/100 

g biomass at 190°C). These results are remarkably consistent with the 

decreasing WIS recovery rate and xylan content in the solid fraction; 

therefore, the observed higher contents of xylose monomer and oligomer 
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show that the degradation of hemicellulose was the most predominant reaction 

during 1st step acid-catalyzed treatment. Other hemicellulosic sugars 

(galactose, mannose, and arabinose) were present at low levels (<2 g/100 g 

biomass) over the entire reaction temperature range tested.  

In 1% SA, the glucose monomer content of the liquid hydrolysate 

continuously increased with increasing reaction temperature to 15.4 g/100 g 

biomass at 190°C; it then decreased dramatically (Table 3-9). However, 

glucose oligomer was removed at 150°C, indicating that treatment with 1% 

SA was sufficiently severe to break the oligomer form even at relatively low 

reaction temperatures. In the case of xylose, the highest monomer content 

(14.2 g/100 g biomass) was observed at a lower reaction temperature than for 

glucose (150°C), and xylose oligomer content increased slightly to 2.0 g/100 

g biomass at 130°C. Xylose monomer content began to decrease at lower 

reaction temperatures (160°C) because decomposition of xylose to secondary 

products requires relatively low activation energy (Lavarack et al., 2002). On 

the other hand, the monomer contents of galactose, mannose, and arabinose 

were close to the maximum theoretical values considering their initial content 

in Quercus mongolica; the measured values were 1.7, 1.0, and 1.4 g/100 g 

biomass, respectively. Like glucose and xylose oligomers, the oligomer forms 

of these sugars were removed at reaction temperatures of 150°C or below, 

suggesting that all linkages in oligosaccharides from Quercus mongolica were 

cleaved under these harsh conditions. 

When the acid concentration was increased to 2%, no oligomer forms of 

any sugars were detected at reaction temperatures greater than 130°C (Table 

3-10). Furthermore, changes in the monomer content of the samples appeared 

to be shifted to reaction temperatures approximately 10°C lower. For 

example, glucose and xylose monomer contents were highest at 180°C (14.7 

g/100 g biomass) and 140°C (14.3 g/100 g biomass), respectively, and the 

other three sugars had similar content values before removal at 200°C. These 
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results might have been caused by the increased treatment severity due to the 

increasing acid concentration, as proposed in a previous study (Kim et al., 

2012).  

In conclusion, the greatest total C5 sugar content was obtained at a 

reaction temperature of 150°C at 1% SA and at a reaction temperature of 

140°C at 2% SA; there was no significant difference in the C5 sugar content 

obtained under these conditions (p<0.05). However, taking into account the 

amount of C6 sugars remaining in the solid fraction, a reaction temperature of 

150°C in the presence of 1% SA was considered a more effective condition 

for preparation of a levulinic acid source and for obtaining a value-added 

liquid hydrolysate with high C5 sugar content.  
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Table 3-8. Reducing sugars (monomer and oligomer) content of the liquid 

hydrolysate after 1st step acid-catalyzed treatment of Quercus 

mongolica without sulfuric acid as a function of reaction 

temperature  

Reaction 
temp. 
(°C) 

Monomeric and oligomeric sugars (g/100 g biomass) 

Glucose Galactose Mannose Total  
C6 sugar Xylose Arabinose Total 

C5 sugar 

100 0.2±0.01 
0.3±0.02  

0.0±0.0 
0.1±0.0 

0.0±0.0 
0.0±0.0 0.2 0.0±0.0 

0.0±0.0 
0.0±0.00 

0.1±0.0 0.1 

110 0.2±0.0 
0.3±0.0 

0.0±0.0 
0.1±0.0 

0.0±0.0 
0.0±0.0 0.2 0.0±0.0 

0.0±0.0 
0.0±0.00 

0.1±0.0 0.1 

120 0.2±0.0 
0.3±0.0 

0.0±0.0 
0.1±0.0 

0.0±0.0 
0.0±0.0 0.2 0.0±0.0 

0.0±0.0 
0.0±0.0 
0.1±0.0 0.1 

130 0.2±0.0 
0.6±0.0 

0.0±0.0 
0.2±0.0 

0.0±0.0 
0.1±0.0 0.2 0.0±0.0 

0.0±0.0 
0.0±0.0 
0.2±0.0 0.1 

140 0.2±0.0 
1.0±0.1 

0.0±0.0 
0.3±0.0 

0.0±0.0 
0.1±0.0 0.2 0.0±0.0 

0.1±0.0 
0.1±0.0 
0.3±0.0 0.1 

150 0.2±0.0 
1.0±0.0 

0.0±0.0 
0.5±0.1 

0.0±0.0 
0.1±0.0 0.2 0.1±0.0 

0.3±0.0 
0.1±0.0 
0.4±0.1 0.2 

160 0.2±0.0 
1.4±0.1 

0.0±0.0 
0.7±0.1 

0.0±0.0 
0.1±0.0 0.2 0.1±0.0 

1.1±0.1 
0.2±0.0 
0.5±0.0 0.3 

170 0.3±0.0 
2.0±0.1 

0.1±0.0 
1.1±0.0 

0.0±0.0 
0.2±0.0 0.3 0.1±0.1 

3.9±0.1 
0.5±0.1 
0.6±0.0 0.6 

180 0.3±0.0 
2.1±0.1 

0.2±0.1 
1.2±0.1 

0.0±0.0 
0.4±0.0 0.5 0.5±0.1 

7.8±0.2 
0.8±0.1 
0.4±0.0 1.3 

190 0.4±0.0 
2.0±0.1 

0.4±0.0 
1.1±0.1 

0.0±0.0 
0.5±0.0 0.8 1.4±0.3 

8.8±0.3 
1.0±0.1 
0.1±0.0 2.5 

200 0.8±0.0 
1.7±0.1 

0.6±0.1 
0.8±0.0 

0.1±0.0 
0.7±0.0 1.5 3.6±0.2 

6.6±0.2 
0.8±0.1 
0.0±0.0 4.5 

210 1.2±0.2 
0.5±0.1 

1.3±0.1 
0.3±0.0 

0.3±0.0 
0.3±0.0 2.8 4.1±0.1 

1.1±0.2 
0.4±0.1 
0.0±0.0 4.5 

220 0.0±0.0 
0.0±0.0 

0.8±0.0 
0.0±0.0 

0.1±0.0 
0.0±0.0 0.9 0.1±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.1 

230 0.0±0.0 
0.0±0.0 

0.1±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 0.1 0.0±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.0 

Values are the mean ± standard deviation 
1 Reducing sugar (monomer form) content 
2 Reducing sugar (oligomer form) content  
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Table 3-9. Reducing sugar (monomer and oligomer) content of the liquid 

hydrolysate after 1st step acid-catalyzed treatment of Quercus 

mongolica in the presence of 1% (w/w) sulfuric acid as a function 

of reaction temperature  

Reaction 
temp. 
(°C) 

Monomeric and oligomeric sugars (g/100 g biomass) 

Glucose Galactose Mannose Total  
C6 sugar Xylose Arabinose Total 

C5 sugar 

100 1.0±0.01 
2.0±0.02  

0.3±0.0 
0.7±0.1 

0.1±0.0 
0.1±0.0 1.4 1.5±0.2 

0.6.±0.1 
1.2±0.0 
0.2±0.0 2.7 

110 1.2±0.0 
1.6±0.0 

0.7±0.0 
0.7±0.0 

0.1±0.0 
0.1±0.0 2.1 2.5±0.2 

0.9±0.1 
1.2±0.0 
0.2±0.0 3.7 

120 2.2±0.1 
0.4±0.1 

1.3±0.0 
0.2±0.0 

0.3±0.0 
0.2±0.0 3.8 5.3±0.1 

1.1±0.1 
1.2±0.0 
0.0±0.0 6.5 

130 2.4±0.1 
0.7±0.1 

1.4±0.0 
0.3±0.0 

0.4±0.0 
0.2±0.0 4.2 8.7±0.2 

2.0±0.1 
1.2±0.0 
0.0±0.0 10.0 

140 2.8±0.2 
0.4±0.0 

1.5±0.0 
0.1±0.0 

0.5±0.1 
0.2±0.0 4.8 12.1±0.2 

0.7±0.1 
1.3±0.1 
0.0±0.0 13.3 

150 3.8±0.2 
0.0±0.0 

1.7±0.0 
0.0±0.0 

0.9±0.1 
0.0±0.0 6.3 14.2±0.2 

0.0±0.0 
1.4±0.0 
0.0±0.0 15.6 

160 5.4±0.2 
0.0±0.0 

1.6±0.0 
0.0±0.0 

0.9±0.0 
0.0±0.0 7.9 12.9±0.2 

0.0±0.0 
1.4±0.0 
0.0±0.0 14.3 

170 7.2±0.2 
0.0±0.0 

1.6±0.0 
0.0±0.0 

1.0±0.0 
0.0±0.0 9.7 12.1±0.3 

0.0±0.0 
1.3±0.1 
0.0±0.0 13.4 

180 10.8±0.2 
0.0±0.0 

1.3±0.0 
0.0±0.0 

0.8±0.1 
0.0±0.0 12.8 6.8±0.2 

0.0±0.0 
0.9±0.1 
0.0±0.0 7.7 

190 15.4±0.2 
0.0±0.0 

0.8±0.1 
0.0±0.0 

0.5±0.0 
0.0±0.0 16.7 2.1±0.1 

0.0±0.0 
0.4±0.0 
0.0±0.0 2.5 

200 11.0±0.2 
0.0±0.0 

0.2±0.0 
0.0±0.0 

0.2±0.1 
0.0±0.0 11.4 0.1±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.2 

210 0.8±0.1 
0.0±0.0 

0.0±0.0 
0.0±0.0 

0.1±0.0 
0.0±0.0 0.9 0.0±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.0 

220 0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 0.0 0.0±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.0 

230 0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 0.0 0.0±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.0 

Values are the mean ± standard deviation 
1 Reducing sugar (monomer form) content 
2 Reducing sugar (oligomer form) content  
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Table 3-10. Reducing sugar (monomer and oligomer) content of the of liquid 

hydrolysate after 1st step acid-catalyzed treatment of Quercus 

mongolica in the presence of 2% (w/w) sulfuric acid as a function 

of reaction temperature  

Reaction 
temp. 
(°C) 

Monomeric and oligomeric sugars (g/100 g biomass) 

Glucose Galactose Mannose Total  
C6 sugar Xylose Arabinose Total 

C5 sugar 

100 1.1±0.01 
2.3±0.22  

0.7±0.1 
0.9±0.1 

0.1±0.0 
0.2±0.0 1.9 2.5±0.1 

1.5±0.0 
1.2±0.0 
0.3±0.0 3.7 

110 1.3±0.1 
1.7±0.0 

0.8±0.1 
0.9±0.1 

0.1±0.0 
0.2±0.0 2.1 3.5±0.1 

3.5±0.1 
1.2±0.0 
0.3±0.0 4.7 

120 2.2±0.1 
0.5±0.0 

1.5±0.1 
0.1±0.0 

0.3±0.1 
0.1±0.0 4.0 7.0±0.2 

1.3±0.1 
1.3±0.1 
0.0±0.0 8.3 

130 3.2±0.2 
0.0±0.0 

1.6±0.1 
0.0±0.0 

0.5±0.1 
0.0±0.0 5.3 12.9±0.2 

0.0±0.0 
1.2±0.0 
0.0±0.0 14.2 

140 4.1±0.3 
0.0±0.0 

1.7±0.1 
0.0±0.0 

0.8±0.2 
0.0±0.0 6.6 14.3±0.4 

0.0±0.0 
1.3±0.0 
0.0±0.0 15.5 

150 5.3±0.2 
0.0±0.0 

1.7±0.0 
0.0±0.0 

1.0±0.0 
0.0±0.0 8.0 12.7±0.3 

0.0±0.0 
1.3±0.1 
0.0±0.0 14.1 

160 7.3±0.2 
0.0±0.0 

1.6±0.0 
0.0±0.0 

1.0±0.0 
0.0±0.0 9.9 11.5±0.2 

0.0±0.0 
1.3±0.1 
0.0±0.0 12.8 

170 10.1±0.2 
0.0±0.0 

1.4±0.1 
0.0±0.0 

0.8±0.1 
0.0±0.0 12.3 7.1±0.2 

0.0±0.0 
0.9±0.0 
0.0±0.0 8.1 

180 14.7±0.3 
0.0±0.0 

0.8±0.1 
0.0±0.0 

0.5±0.1 
0.0±0.0 16.0 1.8±0.1 

0.0±0.0 
0.4±0.0 
0.0±0.0 2.2 

190 12.3±0.3 
0.0±0.0 

0.2±0.0 
0.0±0.0 

0.3±0.1 
0.0±0.0 12.9 0.1±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.2 

200 1.8±0.2 
0.0±0.0 

0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 1.8 0.0±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.0 

210 0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 0.0 0.0±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.0 

220 0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 0.0 0.0±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.0 

230 0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 

0.0±0.0 
0.0±0.0 0.0 0.0±0.0 

0.0±0.0 
0.0±0.0 
0.0±0.0 0.0 

Values are the mean ± standard deviation 
1 Reducing sugar (monomer form) content 
2 Reducing sugar (oligomer form) content  
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 Table 3-11 shows the organic acid and sugar degradation product 

contents of the liquid hydrolysate after 1st step acid-catalyzed treatment of 

Quercus mongolica without sulfuric acid as a function of reaction 

temperature. Most secondary products were produced at very low levels by 

autohydrolysis under mild conditions. However, acetic acid, although present 

at low levels, showed slightly increasing content (maximum: 3.2 g/100 g 

biomass (230°C)) with reaction temperature because the acetyl groups in the 

biomass were easily hydrolyzed into acetic acid during the treatment (Kim et 

al., 2001). At over 200°C, 5-HMF and furfural content began to rise, but 

levulinic acid and formic acid were maintained at trace amounts, indicating 

that little conversion of 5-HMF to levulinic acid or formic acid occurred 

during autohydrolysis, consistent with the previous report (Branco et al., 

2015).  

In 1% SA, possible final products from carbohydrate sources were more 

produced at over certain reaction temperature. For instance, levulinic acid and 

formic acid content rapidly increased in range of 190-220°C and the highest 

values were 13.1 and 6.7 g/100 g biomass, respectively, at 220°C, whereas 

only a small amount 5-HMF was generated (Table 3-12). This result indicated 

that 5-HMF, reaction intermediate in conversion of C6 sugar to levulinic acid, 

almost underwent dehydration and decarboxylation paths in this condition. On 

the other hand, furfural content rose steadily and then fell off, with a peak at 

190°C (6.7 g/100 g biomass), and acetic acid content remained roughly 

constant at 3.0 g/100 g biomass in range of 120-220°C because amount of its 

sources, acetyl groups, was limited and acetic acid was relatively stable 

product in acidic condition (Jin et al., 2005).   

When 2% SA was used as a catalyst, the trends of products also seemed 

to be shifted to lower reaction temperatures. A lower 5-HMF content was 

found than when 1% SA was used; in parallel, the maximum levulinic acid 

and formic acid contents were 14.0 g (210°C) and 7.1 g (200°C)/100 g 
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biomass, respectively (Table 3-13). Although levulinic acid and formic acid 

are formed from 5-HMF in parallel reactions, the peak of formic acid content 

was observed at a lower reaction temperature than the peak of levulinic acid 

content because formic acid can be formed from furfural as well as from 5-

HMF, as described in chapter 2 and previous study (Qi & Xiuyang, 2007). In 

a similar vein, the highest content of furfural (5.8 g/100 g biomass) was 

slightly lower than that obtained in reactions with 1% SA. On the other hand, 

acetic acid content was maintained at approximately 5.0 g/100 g biomass over 

the range of 150 to 210°C; it then decreased.  

Overall, 14.0 g of levulinic acid /100 g biomass could be produced by the 

one-step treatment described in this section; this might be considered 

comparable to the yields obtaining using traditional processes of levulinic acid 

production. However, through one-step treatment of Quercus mongolica 

under the harsh conditions used (reaction temperature: 210°C, acid 

concentration: 2%), the yield of final product might be limited; only levulinic 

acid might be obtained, and its production efficiency and the economic 

feasibility of the process could be poor due to the failure to differentiate this 

product from others. Consequently, in this step, minimization of sugar loss 

and formation of secondary products into liquid hydrolysate were required; 

therefore, reaction conditions of 150°C and 1% SA might have been the most 

effective for preparation of the levulinic acid source and for obtaining a C5 

sugar-rich liquid hydrolysate.  
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Table 3-11. Sugar degradation product contents of liquid hydrolysate after 1st 

step acid-catalyzed treatment of Quercus mongolica without 

sulfuric acid as a function of reaction temperature  

Reaction 
temp. 
(°C) 

Sugar degradation product (g/100 g biomass) 

5-HMF Levulinic acid Formic acid Furfural Acetic acid 

100 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

110 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

120 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

130 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

140 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

150 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.1±0.0 

160 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.1±0.0 

170 0.0±0.0 0.0±0.0 0.1±0.0 0.0±0.0 0.2±0.0 

180 0.0±0.0 0.0±0.0 0.1±0.0 0.1±0.0 0.4±0.0 

190 0.1±0.0 0.0±0.0 0.3±0.1 0.3±0.1 1.0±0.0 

200 0.2±0.0 0.0±0.0 0.4±0.0 1.0±0.1 2.0±0.0 

210 1.2±0.1 0.3±0.0 0.3±0.0 2.3±0.1 2.3±0.1 

220 1.7±0.1 0.4±0.1 0.3±0.0 3.2±0.3 3.1±0.3 

230 2.4±0.1 0.3±0.1 0.4±0.1 3.7±0.1 3.2±0.1 

Values are the mean ± standard deviation  
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Table 3-12. Sugar degradation product contents of the liquid hydrolysate after 

1st step acid-catalyzed treatment of Quercus mongolica with 1% 

(w/w) sulfuric acid as a function of reaction temperature  

Reaction 
temp. 
(°C) 

Sugar degradation product (g/100 g biomass) 

5-HMF Levulinic acid Formic acid Furfural Acetic acid 

100 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 1.9±0.2 

110 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 1.9±0.2 

120 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 2.9±0.1 

130 0.0±0.0 0.0±0.0 0.0±0.0 0.1±0.0 3.3±0.1 

140 0.0±0.0 0.0±0.0 0.0±0.0 0.1±0.0 3.4±0.2 

150 0.1±0.0 0.0±0.0 0.0±0.0 0.5±0.1 3.0±0.2 

160 0.2±0.1 0.1±0.0 0.0±0.0 1.9±0.2 2.8±0.2 

170 0.3±0.0 0.2±0.0 0.0±0.0 3.0±0.2 2.9±0.3 

180 0.6±0.1 0.7±0.1 0.0±0.0 5.3±0.3 2.9±0.3 

190 1.2±0.1 2.3±0.2 1.1±0.1 6.7±0.1 2.9±0.3 

200 1.4±0.2 7.8±0.2 3.2±0.1 5.5±0.4 2.9±0.1 

210 0.6±0.1 12.1±0.1 6.1±0.2 3.5±0.3 2.9±0.1 

220 0.1±0.0 13.1±0.1 6.7±0.2 2.3±0.3 2.9±0.3 

230 0.0±0.0 12.2±0.1 4.1±0.3 1.4±0.2 2.1±0.2 

Values are the mean ± standard deviation  
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Table 3-13. Sugar degradation product contents of the liquid hydrolysate after 

1st step acid-catalyzed treatment of Quercus mongolica with 2% 

(w/w) sulfuric acid as a function of reaction temperature  

Reaction 
temp. 
(°C) 

Sugar degradation product (g/100 g biomass) 

5-HMF Levulinic acid Formic acid Furfural Acetic acid 

100 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 2.0±0.2 

110 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 2.0±0.2 

120 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 2.9±0.4 

130 0.1±0.0 0.0±0.0 0.0±0.0 0.2±0.1 3.9±0.2 

140 0.1±0.0 0.1±0.0 0.0±0.0 0.7±0.1 4.6±0.1 

150 0.1±0.0 0.2±0.0 0.0±0.0 1.7±0.1 4.7±0.1 

160 0.2±0.0 0.3±0.2 0.0±0.0 3.1±0.1 5.0±0.1 

170 0.4±0.0 0.8±0.1 0.9±0.1 4.7±0.1 5.0±0.2 

180 0.8±0.1 3.0±0.4 2.3±0.1 5.8±0.2 5.1±0.1 

190 0.9±0.1 8.9±0.2 5.4±0.1 4.4±0.2 5.3±0.2 

200 0.2±0.0 13.1±0.1 7.1±0.2 2.5±0.1 5.3±0.2 

210 0.0±0.0 14.0±0.1 6.8±0.2 1.2±0.1 4.5±0.2 

220 0.0±0.0 13.0±0.1 5.4±0.3 0.7±0.1 4.1±0.1 

230 0.0±0.0 12.0±0.1 3.3±0.1 0.5±0.0 3.0±0.2 

Values are the mean ± standard deviation  
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3.2. Levulinic acid production via 2nd step acid-catalyzed 

treatment  

 

3.2.1. Levulinic acid yield 

 

 After 2nd step acid-catalyzed treatment of the solid fraction obtained from 

1st step acid-catalyzed treatment of Quercus mongolica for 10 min at a 

reaction temperature of 150°C in the presence of 1% SA, levulinic acid was 

present in the liquid hydrolysate. Its content (g/100 g solid fraction) is shown 

in Figure 3-9. The reaction temperatures and acid concentrations used in 2nd 

step acid-catalyzed treatment were selected considering the results obtained 

after 1st step acid-catalyzed treatment, which indicated a high level of 

levulinic acid content. 

In 1% SA, the levulinic acid content of the liquid hydrolysate increased 

sharply from 180°C to 230°C. The highest content (20.6 g/100 g solid 

fraction) was observed at 230°C; the yield might be expected to reach no 

more than 22 g/100 g solid fraction considering the observed decline in the 

rate of increase over the temperature range tested. On the other hand, when 

the concentration of SA was 2%, the levulinic acid content of the hydrolysate 

increased dramatically with reaction temperature between 180 and 200°C and 

then decreased. These trends closely paralleled those for the yield of levulinic 

acid obtained by acid-catalyzed treatment of C6 sugars (standard materials) 

using 2% SA as described in previous studies. Therefore, the dramatic rise of 

levulinic acid content in the experimental hydrolysate resulted from rapid 

hydrolysis of carbohydrate (C6 sugar: 96.6%) in the solid fractions, whereas 

its steady decline at temperatures over 200°C resulted from increased 

conversion of levulinic acid into humin and exhaustion of levulinic acid 

sources (C6 sugars in the solid fraction and in the liquid hydrolysate).  
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Figure 3-9. Contents of levulinic acid and other products from C6 sugars 

(g/100 g solid fraction) in the liquid hydrolysate after 2nd step 

acid-catalyzed treatment of the solid fraction at 150°C in 1% 

(w/w) sulfuric acid as a function of reaction temperature and acid 

concentration (FA: formic acid; LA: levulinic acid; 1%: 1% 

(w/w) sulfuric acid; 2%: 2% (w/w) sulfuric acid).  
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The maximum content of levulinic acid obtained in the hydrolysate was 

25.2 g/100 g solid fraction (reaction temperature: 200°C, acid concentration: 

2%). The yields and conversion rates are shown in Table 3-14 and 3-15. 

These values are higher than those obtained after 1st step acid-catalyzed 

treatment of Quercus mongolica under the same conditions (7.8 g/100 g 

biomass) and higher than the maximum content obtained in the liquid 

hydrolysate after 1st step acid-catalyzed treatment (14.0 g/100 g biomass). 

These results suggest that physicochemical structural changes that occurred in 

the solid fraction during 1st step acid-catalyzed treatment, such as the removal 

of hemicellulose and increased pore size and surface area, led to effective 

conversion of C6 sugars into levulinic acid. Under the conditions producing 

the highest yield, the conversion rate of levulinic acid was 47.1% (based on 

C6 sugars in the solid fraction), 65.8% of the theoretical potential, and the 

yield was 16.5% (g/100 g biomass) based on the WIS recovery rate and 

chemical composition (Table 3-15). 

Several previous studies used a similar two-step (or two-stage) treatment 

process for levulinic acid production. However, the final yield of levulinic 

acid in those studies was lower (9.5% based on biomass) (Yang et al., 2013) 

or similar despite the use of more severe treatment conditions (1st stage (CSF: 

2.55): reaction temperature 160°C, reaction time 60 min, 1% SA; 2nd stage 

(CSF: 4.10): reaction temperature 190°C, reaction time 50 min, 5% SA) and a 

higher solid:liquid ratio (1:10) (Runge & Zhang, 2012) than in the present 

study (CSF of 1st and 2nd steps: 1.48 and 3.21, respectively). Therefore, 

although the energy consumption during the entire process was not precisely 

measured, 2nd step acid-catalyzed treatment of the solid fraction at a reaction 

temperature of 200°C, a reaction time of 10 min, and 2% SA might be 

effective for levulinic acid production, and these were considered the 

optimum conditions for this step.  
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Table 3-14. Yield and conversion rate of levulinic acid from C6 sugars after 

2nd step acid-catalyzed treatment of the solid fraction with 1% 

(w/w) sulfuric acid as a function of reaction temperature 

Reaction 
temp. 
(°C) 

Conversion rate (%) 
Yield (%) 

on C6 sugar1 on theoretical yield basis 

160 0.1±0.0 0.1±0.0 0.0±0.0 

170 0.8±0.0 1.1±0.1 0.3±0.0 

180 1.4±0.1 2.0±0.1 0.5±0.0 

190 14.0±0.2 19.6±0.1 4.9±0.2 

200 26.6±0.4 37.1±0.5 9.3±0.4 

210 33.7±0.2 47.0±0.1 11.8±0.3 

220 37.0±0.2 51.6±0.2 12.9±0.1 

230 38.6±0.3 53.8±0.2 13.5±0.3 

Values are the mean ± standard deviation 
1 Sum of C6 sugars in the solid fraction  
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Table 3-15. Yield and conversion rate of levulinic acid from C6 sugars after 

2nd step acid-catalyzed treatment of the solid fraction with 2% 

(w/w) sulfuric acid as a function of reaction temperature 

Reaction 
temp. 
(°C) 

Conversion rate (%) 
Yield (%) 

on C6 sugar1 on theoretical yield basis 

160 0.3±0.1 0.4±0.0 0.1±0.0 

170 3.9±0.1 5.4±0.1 1.4±0.0 

180 7.4±0.1 10.4±0.1 2.6±0.1 

190 25.4±0.2 35.5±0.1 8.9±0.1 

200 47.1±0.2 65.8±0.1 16.5±0.2 

210 43.4±0.3 60.6±0.2 15.2±0.2 

220 39.7±0.2 55.5±0.1 13.9±0.2 

230 37.5±0.3 52.3±0.2 13.1±0.2 

Values are the mean ± standard deviation 
1 Sum of C6 sugars in the solid fraction   
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3.2.2. Mass balance  

 

The mass balance for two-step acid-catalyzed treatment of Quercus 

mongolica, which produced the highest levulinic acid yield, is illustrated in 

Figure 3-10. When 100 g (dry weight) of Quercus mongolica was subjected to 

1st step acid-catalyzed treatment, several fractions of carbohydrates (6.3 g of 

C6 sugars and 15.6 g of C5 sugars) were released into the liquid hydrolysate, 

and 65.5 g of the solid fraction remained. 2nd step acid-catalyzed treatment of 

the solid fraction containing 35.0 g of C6 sugars and 1.2 g of C5 sugars was 

then conducted; finally, 16.5 g of levulinic acid was produced in the liquid 

hydrolysate separated from the previous process, leaving 24.3 g of solid 

residue.  

These results indicate that the levulinic acid yield from lignin-rich 

material, such as lignocellulosic biomass, can be increased by using the two-

step treatment rather than the single-step treatment under a given set of 

conditions. In addition, the by-products of this process may have great 

potential for recycling. For example, the C5 sugars recovered in the liquid 

hydrolysate at an over 80% yield (based on the C5 sugar content of Quercus 

mongolica), a recovery rate similar to or greater than the rates reported in the 

literature (Runge & Zhang, 2012), can be used as a source of high-value-

added chemicals based on C5 sugar derivatives, such as xylitol and furfural. 

Moreover, although the final solid residue and the lignin-rich residue will 

require further characterization in terms of physicochemical properties, it 

might be possible to utilize these fractions as a bio-oil or as a raw material for 

the production of bio-plastics. All of these possible factors could contribute to 

the improvement of process efficiency.  
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Figure 3-10. Mass balance for the levulinic acid production process by two-

step acid-catalyzed treatment of Quercus mongolica.  
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4. Conclusions  

 

 In this study, two-step acid-catalyzed treatment of Quercus mongolica 

under various treatment conditions (reaction temperature range: 100-230°C; 

acid concentration range: 0-2%) was conducted for the production of levulinic 

acid. During 1st step acid-catalyzed treatment, most of the hemicellulosic C5 

sugars (15.6 g g/100 g biomass) were released into the liquid hydrolysate at a 

reaction temperature of 150°C in 1% SA; the remaining solid fraction, which 

contained 53.5% of the C6 sugars, was resistant to further loss of C6 sugars. 

Subsequently, 2nd step acid-catalyzed treatment of the solid fractions 

performed under selected conditions (reaction temperature range: 160-230°C; 

acid concentration: 1% or 2%) indicated a high level of levulinic acid content 

during the 1st step. Finally, a 16.5 g/100 g biomass of levulinic acid was 

produced, corresponding to a higher conversion rate than during single-step 

treatment. This was due to the high accessibility of the solid fraction due to 

the physicochemical damage sustained during the 1st step and the low level of 

occurrence of accelerated condensation reactions due to the absence of C5 

sugars. These results are expected to provide a novel approach to levulinic 

acid production and to the design of processes for the combined pretreatment 

of lignocellulosic biomass.  
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Chapter 4 
Levulinic acid production via  

zeolite-catalyzed treatment  

using a liquid hydrolysate 
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1. Introduction 
 

Generally, heterogeneous by-products, such as lignin and hemicellulosic 

sugars, can be generated during the pretreatment or treatment of 

lignocellulosic biomass using an acid catalyst to utilize cellulosic sugars 

(Bozell & Petersen, 2010; Sanders et al., 2007). Thus, various studies have 

been performed for the complete separation and proper application or disposal 

of the by-products to resolve biorefinery issues (Mukherjee et al., 2015).  

Among them, hemicellulosic sugars that are released into the liquid 

fraction during lignocellulosic biomass pretreatment have been frequently 

targeted due to their simple separation process, the fact that they are the 

second highest carbohydrate, and the numerous application methods. For 

example, xylose is generated from a biorefinery process and can be 

traditionally used as a source of bioethanol (Dubey et al., 2012), xylitol 

(Zhang et al., 2012), furfural (Hua et al., 2013), and other value added 

derivatives.  

Recently, as more insightful procedures for the catalytic conversion of 

lignocellulosic biomass have been introduced, the production of levulinic acid 

from xylose or furfural has been proposed by several studies (Bui et al., 2013; 

Chamnankid et al., 2014). C5 sugars can undergo dehydration to lose three 

water molecules and become furfural. Then, furfural can be converted into 

furfuryl alcohol and, subsequently, into levulinic acid via a transfer-

hydrogenation reaction, which offers an attractive alternative to molecular H2 

for the reduction of targeted functional groups (Bui et al., 2013). Although 

various types of catalysts are active for the transfer-hydrogenation reaction, 

zeolite has been the most widely used due to its cost-effectiveness, ease of 

handling, and Lewis and Brønsted acid sites that catalyze these reactions 

(Kobayashi et al., 2011).  
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In previous studies (chapter 3), the value of levulinic acid as a chemical 

building block with a high potential was thoroughly discussed, and the 

levulinic acid yield was slightly improved via the two-step acid-catalyzed 

treatment. Therefore, in this research, the zeolite-catalyzed treatment of the 

liquid hydrolysate was conducted to produce levulinic acid in series, while 

considering the efficiency of the overall process for a concentrated target 

material.  

Our main objectives were to investigate the zeolite-catalyzed conversion 

of the liquid hydrolysate by-product into levulinic acid and evaluate the 

effects of the treatment factors on the levulinic acid yield and on the other 

product contents. First, zeolite was modified via alkaline-treatment by 

promoting the catalytic activity depending on the treatment severity; then, the 

zeolite-catalyzed treatment of the liquid hydrolysate was conducted under 

different conditions (reaction temperature and time). After treatment, the 

levulinic acid yield was determined and the zeolite-catalyzed treatment was 

optimized. Additionally, we suggested the mass balance for the entire process 

of levulinic acid production using Quercus mongolica.  
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2. Materials and methods 
 

2.1. Materials 
 

Liquid hydrolysate, which was produced in the 1st step acid-catalyzed 

treatment of Quercus mongolica (1st step: reaction temperature of 150°C, 

reaction time of 10 min, and 1% SA), was used as described in prior studies. 

The liquid hydrolysate was diluted to 200 mL during the washing of the 

treated biomass with distilled water, and its chemical compositions are shown 

in Table 4-1.  

 

2.2. Catalyst preparation   

 

Commercial zeolite (CBV 3024E, Zeolyst International, Conshohocken, 

PA, USA) was purchased and used for this study. The properties of the zeolite 

were as follows: SiO2/Al2O3 mole ratio of 30, Na2O weight of 0.05%, and 

surface area of 400 m2/g. The zeolite was alkaline-treated by a previously 

proposed method (Chamnankid et al., 2014). In total, 20 g of zeolite was 

mixed with 200 mL of NaOH (0.01, 0.05, 0.25, or 0.50 M) and heated to 60°C 

for 1 h with stirring. Then, the sediment was washed with distilled water and 

centrifuged at 13,000 g for 15 min. The distilled-water washing and 

centrifuging processes were repeated until a pH value of 8 was obtained in the 

supernatant. Afterwards, the sediments were dried at 100°C for 24 h and 

calcined at 550°C for 6 h. The final products were named as an alkaline-

treated zeolite (ATZ).  
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Table 4-1. Chemical compositions of the liquid hydrolysate produced via the 

1st step of the acid-catalyzed treatment of Quercus mongolica1  

Components g/100 g biomass g/20 mL liquid 
hydrolysate g/L 

Glucose 3.8±0.2 0.4±0.0 19.0±1.2 

Galactose 1.7±0.0 0.2±0.0 8.3±0.1 

Mannose 0.9±0.1 0.1±0.0 4.2±0.4 

Xylose 14.2±0.2 1.4±0.0 71.0±1.1 

Arabinose 1.4±0.0 0.1±0.0 6.9±0.1 

Oligomeric sugars 0.0±0.0 0.0±0.0 0.0±0.0 

5-HMF 0.1±0.0 0.0±0.0 0.4±0.1 

Levulinic acid 0.0±0.0 0.0±0.0 0.1±0.0 

Formic acid 0.0±0.0 0.0±0.0 0.0±0.0 

Furfural 0.5±0.1 0.1±0.0 2.7±0.7 

Acetic acid 3.0±0.2 0.3±0.0 14.8±0.8 

Values are the mean ± standard deviation 
1 Treatment condition: reaction temperature of 150°C, reaction time of 10 min, and 1% (w/w) sulfuric acid  
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2.3. Zeolite-catalyzed treatment   

 

The zeolite-catalyzed treatment was conducted according to the method 

provided in section 2.3 of chapter 3 (Figure 4-1). 20 mL of liquid hydrolysate 

and 40 mL of distilled water were mixed in a 300 mL treatment batch-type 

reactor (Bolted Closure Vessels, Hanwoul Engineering Inc., Gunpo, South 

Korea). The alkaline-treated zeolite (g, 50% based on the C5 sugar weight in 

the liquid hydrolysate) was then loaded into the reactor. After preheating until 

the solution reached the target temperature within 30 min, the zeolite-

catalyzed treatment was performed at reaction temperatures of 150, 170, 190, 

or 210°C and at reaction times of 30, 60 180, or 300 min. When the treatment 

was complete, the liquid hydrolysate was separated from the treated solid 

fraction via filtration using filter paper (No. 2, Advantec, Kyoto, Japan), and it 

was partially filtered through a 0.45 μm membrane filter (Advantec Co., 

Tokyo, Japan) for analysis of the sugar and sugar degradation products. The 

solid fraction was washed with distilled water and oven-dried (HB-502L, 

HanBaek Scientific Technology, Bucheon, South Korea) at 65°C for one day.  
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Figure 4-1. Schematic experimental flowchart of the levulinic acid production 

process via the zeolite-catalyzed treatment of liquid hydrolysate 

that was previously obtained.  
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2.4. Catalyst characterization 

 

2.4.1. Acidic properties of the zeolites 

 

The acidic properties of the zeolites were characterized via a well-known 

method, Temperature Programmed Desorption measurements of NH3 (NH3-

TPD). In total, 50 mg of zeolite was loaded into a quartz reactor of a TPD 

apparatus (BELCAT-B, BEL Japan, Inc., Osaka, Japan), and each zeolite was 

treated at 200°C for 3 h with helium (flow rate: 50 mL/min) to remove the 

physisorbed organic molecules. Ammonia was then injected into the reactor 

(flow rate: 50 mL/min) at 50°C for 30 min to saturate the acid sites of the 

catalysts. Physisorbed ammonia was removed at 150°C for 1 h under a flow 

of helium (50 mL/min). After cooling the sample, the furnace was heated 

from 50°C to 650°C (heating rate: 5°C/min) under a flow of helium (30 

mL/min). Finally, the desorbed ammonia was determined using a thermal 

conductivity detector (TCD). 

 

2.4.2. FT-IR analysis 

 

The FT-IR analysis of the solid materials was conducted according to the 

method previously described in section 2.5.3 of Chapter 3. 

  

2.4.3. BET surface area and pore volume analysis 

 

The BET surface area and pore volume of the solid materials were 

determined according to the method previously described in section 2.5.5 of 

Chapter 3.  
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2.5. Analysis of the liquid hydrolysate 
 

2.5.1. Sugar analysis  

 

The determination of the monomeric sugars (glucose, galactose, 

mannose, xylose, and arabinose) and their oligomer forms in the liquid 

hydrolysate has been described in section 2.4.1 of Chapter 2 and section 2.6.2 

of Chapter 3.  

 

2.5.2. Analysis of levulinic acid and other sugar degradation products  

 

The determination of levulinic acid and the other sugar degradation 

products (5-HMF, furfural, formic acid, and acetic acid) in the liquid 

hydrolysate has been described in section 2.4.2 of Chapter 2. 

 

2.6. Statistical analysis  
 

All values are expressed as the mean ± standard deviation, and the 

statistical analysis was conducted using SAS, as described in section 2.5 of 

Chapter 2.  

135 
 



3. Results and discussion  

 

3.1. Physicochemical properties of catalysts 

 

3.1.1. Acidic properties of zeolites 

 

The acidic properties of the zeolites were determined using the NH3-TPD 

measurements, and the TPD curves as a function of temperature are depicted 

in Figure 4-2. The temperature range was divided into three sections (weak 

(<250°C), medium (250-410°C), and strong (>410°C) acid site strengths) 

according to the literature data on zeolite characterization (Boréave et al., 

1997). In the initial zeolite (AZ), high and low desorption peaks were 

observed at temperature ranges of 150-200°C (weak acid site) and 300-350°C 

(medium acid site), respectively. These results are in agreement with a 

previous report, which confirmed that zeolite Y possessed medium and weak 

acid sites (Chamnankid et al., 2014). However, as the zeolite was treated with 

NaOH and as its concentration was elevated, the peak intensity at 150-200°C 

slightly decreased, and the peak at 300-350°C disappeared. Additionally, the 

average amount of adsorbed hydrogen decreased from 0.207 (AZ) to 0.114 

mmol/g upon increasing concentration of treated NaOH (Table 4-2).  

However, a new desorption peak at a temperature range of 550-650°C 

was formed in both the TPD curves of AZ25 and AZ50, which corresponded 

to the strong acid sites (Figure 4-2). Although each acidity that depended on 

the degree of acidic strength could not be identified in this study, it was 

considered to be an appropriate modification. This is because this zeolite 

property was similar to those of an earlier study that showed the formation of 

new strong acid sites in zeolite Y via the alkaline treatment to convert xylose 

to levulinic acid (Chamnankid et al., 2014).  
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Figure 4-2. NH3-TPD profiles of the zeolites ((A): weak acid site strength, 

(B): medium acid site strength, and (C): strong acid site strength) 

(AZ: initial zeolite, AZ01: zeolite treated with 0.01 M NaOH, 

AZ05: zeolite treated with 0.05 M NaOH, AZ25: zeolite treated 

with 0.25 M NaOH, AZ50: zeolite treated with 0.50 M NaOH).  
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Table 4-2. Acid properties of zeolites according to NH3-TPD results of 

reduced Pd1-FeX/OMC (X= 0, 0.25, 0.7, 1.5, and 4) catalysts 

Catalyst1 Amount of desorbed hydrogen (mmol-H2/g-cat.)2 

AZ 0.207±0.00 

AZ01 0.168±0.00 

AZ05 0.153±0.00 

AZ25 0.149±0.00 

AZ50 0.114±0.00 

Values are the mean ± standard deviation 
1 AZ: initial zeolite, AZ01: zeolite treated with 0.01 M NaOH, AZ05: zeolite treated with 0.05 M NaOH, 

AZ25: zeolite treated with 0.25 M NaOH, AZ50: zeolite treated with 0.50 M NaOH 
2 Calculated from the peak area of the NH3-TPD profile   
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3.1.2. Physical properties of zeolites 

 

During the alkaline treatment of the zeolites, several of their 

physicochemical properties changed, and the chemical bonds were determined 

using FT-IR at wavelengths in the range of 4,000 to 800 cm-1 (Figure 4-3). All 

of the samples exhibited the same spectral pattern at 1050 cm-1, which was the 

most intense vibrational band and is the asymmetric Si-O and Al-O stretching 

mode in the tetrahedral coordination (Chamnankid et al., 2011) (Figure 4-3 

(left)). Additionally, relatively weaker and broad bands at 3700-3300 cm-1 that 

represented -OH groups were observed (Figure 4-3 (right)). The vibrations of 

Si-OH were assigned to free Si-OH in the defects (3500 cm-1), and the 

strongly acidic hydroxyls were Si-OH-Al (3610 cm-1) (Chamnankid et al., 

2014; Sadowska et al., 2013). The peak intensity at 3450 cm-1, representing 

Si-OH, significantly decreased as the concentration of the treated NaOH was 

elevated, and this peak was the weakest for AZ50. This result indirectly 

indicated that the Brønsted acidity of the zeolites, which provided a medium 

acid strength, were removed during the alkaline treatment, which was 

proposed by previous studies (Chamnankid et al., 2014; Katada et al., 2008).  

Correspondingly, the alkaline treatment also led to the reduction of 

micropores and the formation of large pores in the zeolites, which are 

generally microporous materials that possess a large surface area. The 

deformation of microporous structures during the treatment resulted in a 

significant decrease in the micropore surface area, as determined by BET 

analysis (Table 4-3). The surface area and pore volumes of the treated zeolites 

ranged from 214.59 to 309.16 m2/g and from 0.2145 to 0.2816 cm3/g, 

respectively, and they continuously dropped as the concentration of treated 

NaOH increased. AZ50 possessed the lowest surface area of 214.59 m2/g and 

a pore volume of 0.2145 cm3/g due to the significant change in its porous 

structure. However, the average pore diameter of zeolite increased as a 
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function of the treated NaOH concentration, and AZ50 had pores of a larger 

diameter (5.0 nm) compared with other catalysts. According to the literature, 

this pore size may have been more accessible for the sizable sugar substance 

and levulinic acid to diffuse in and out around the pores (Moreau et al., 1996). 

Therefore, the property changes due to the alkaline treatment may result in a 

corresponding change in the conversion efficiency of levulinic acid.  
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Figure 4-3. FT-IR spectra of the alkaline-treated zeolites (top: 4,000-800 cm-1, 

bottom: 4,000-3,100 cm-1, AZ: initial zeolite, AZ01: zeolite 

treated with 0.01 M NaOH, AZ05: zeolite treated with 0.05 M 

NaOH, AZ25: zeolite treated with 0.25 M NaOH, AZ50: zeolite 

treated with 0.50 M NaOH).  
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Table 4-3. BET surface area and pore volume of alkaline-treated zeolites  

Catalyst1 BET surface area (m2/g) Pore volume (cm3/g) Pore diameter (nm) 

AZ 309.16±0.22 0.2816±0.0002 2.9±0.0 

AZ01 288.98±0.00 0.2673±0.0001 3.2±0.0 

AZ05 264.11±0.01 0.2311±0.0007 3.2±0.0 

AZ25 262.09±0.09 0.2205±0.0011 4.3±0.0 

AZ50 214.59±0.01 0.2145±0.0009 5.0±0.0 

Values are the mean ± standard deviation 
1 AZ: initial zeolite, AZ01: zeolite treated with 0.01 M NaOH, AZ05: zeolite treated with 0.05 M NaOH, 

AZ25: zeolite treated with 0.25 M NaOH, AZ50: zeolite treated with 0.50 M NaOH   
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3.2. Conversion characteristics of liquid hydrolysate via 

zeolite-catalyzed treatment  

 

3.2.1. Levulinic acid yield as a function of treatment factor 

 

The effect of catalyst type on the levulinic acid content was investigated 

at a constant reaction temperature of 190°C and at a reaction time of 180 min. 

The C5 sugar content, which accounted for a high portion of the liquid 

hydrolysate, ranged from 7.8 to 61.5 g/L, and it decreased with increasing 

NaOH concentration. Similarly, the C6 sugars originally exhibited the second 

highest content from 0.0 to 24.3 g/L (Figure 4-4). The C6 and C5 sugar 

contents exhibited a similar trend and sharply decreased with increasing 

NaOH concentration, suggesting that the above property changes of the 

zeolites via alkaline treatment may result in accelerated decomposition of the 

monomeric sugars. However, furfural, a common final product from a C5 

sugar, was detected at a relatively constant level. However, its content slightly 

decreased as the NaOH concentration was increased. These results may be 

due to the sufficient intensity of the treatment, which induced further 

condensation of furfural. Another final product, levulinic acid, was also 

generated in the range of 2.9 to 17.7 g/L, and its actual content ranged from 

0.6 to 3.6 g/100 g of biomass, as described in Table 4-4. Particularly, levulinic 

acid significantly increased between AZ01 and AZ05, and the highest value 

was observed for AZ50 (3.6 g/100 g biomass), but it was not significantly 

different from AZ25 (p<0.05). Although the amounts of C6 or C5 sugars that 

converted into levulinic acid were difficult to quantitate, decent amounts of 

levulinic acid may be generated from a C5 sugar under the given treatment 

conditions, considering the limitation of the theoretical levulinic acid yield 

from a C6 sugar and the literature data (Chamnankid et al., 2014).  
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Figure 4-4. Contents of levulinic acid, sugars, and sugar degradation products 

(g/L) in the liquid hydrolysates as a function of catalyst type (AZ: 

initial zeolite, AZ01: zeolite treated with 0.01 M NaOH, AZ05: 

zeolite treated with 0.05 M NaOH, AZ25: zeolite treated with 

0.25 M NaOH, AZ50: zeolite treated with 0.50 M NaOH).  
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Table 4-4. Contents of levulinic acid, the sugars, and the sugar degradation 

products from the sugars (g/100 g biomass) in the liquid 

hydrolysates as a function of catalyst type 

Content1 
Catalyst type 

AZ2 AZ01 AZ05 AZ25 AZ50 

Glucose 3.1±0.2  2.1±0.1  0.7±0.1  0.1±0.0  0.0±0.0  

Xylose 11.2±0.3 10.5±0.2  8.5±0.3  5.4±0.2  1.5±0.1  

Galactose 1.2±0.1 1.1±0.0  0.2±0.0  0.1±0.0  0.0±0.0  

Arabinose 1.1±0.1 1.0±0.1  0.7±0.0  0.3±0.0  0.1±0.0  

Mannose 0.6±0.1 0.4±0.0  0.1±0.0  0.0±0.0  0.0±0.0  

Levulinic acid 0.6±0.1 0.9±0.1  2.2±0.2  3.5±0.2  3.6±0.2  

5-HMF 0.0±0.0 0.0±0.0  0.0±0.0  0.0±0.0  0.0±0.0  

Formic acid 0.2±0.0 0.2±0.0  0.6±0.1  0.9±0.1  0.8±0.1  

Furfural 5.2±0.2 4.9±0.2 4.7±0.3  4.5±0.2  4.3±0.2  

Acetic acid 0.2±0.1 0.2±0.0 0.2±0.0  0.2±0.0  0.1±0.0  

Values are the mean ± standard deviation 
1 g/100 g initial biomass 
2 AZ: initial zeolite, AZ01: zeolite treated with 0.01 M NaOH, AZ05: zeolite treated with 0.05 M NaOH, 

AZ25: zeolite treated with 0.25 M NaOH, AZ50: zeolite treated with 0.50 M NaOH  
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Figure 4-5 shows the effect of reaction temperature on the levulinic acid 

content at a constant reaction time of 180 min and for the AZ50 catalyst. 

Generally, the proper high reaction temperature resulted in a large amount of 

final products in the liquid hydrolysates because it increased the severity of 

the treatment and accelerated the decomposition of the sugar structure (Goh et 

al., 2011; Lee & Jeffries, 2011). The C6 and C5 sugar contents in the liquid 

hydrolysates decreased to approximately zero upon increasing the reaction 

temperature and removal at 210°C. This trend was similar to previous results 

observed for sulfuric acid treatment, indicating that zeolite may contribute to 

hydrolysis as a type of acid catalyst during the treatment, as proposed by a 

previous study (Chamnankid et al., 2014). For furfural, its content was the 

highest (5.5 g/100 g biomass) at 170°C, and it then decreased above this 

temperature.  

The levulinic acid content of 1.3 g/100 g biomass at 150°C gradually 

increased until the reaction temperature reached 190°C, and the maximum 

yield was obtained as 3.5 g/100 g biomass (190°C). The reaction temperature 

indicated that the highest levulinic acid yield was higher than that in the 

literature, which produced the highest levulinic acid yield from xylose at 

170°C (reaction time: 3 h, catalyst: zeolite treated with 0.25 M NaOH). This 

difference may have resulted from a deficiency in performance of the 

prepared catalyst in terms of the acid site type or portion in the zeolite. At 

210°C, the levulinic acid content decreased to 3.0 g/100 g biomass due to an 

excessive hydrolysis reaction, which prompted a condensation reaction and 

generated humin (Patil & Lund, 2011). Therefore, the reaction temperature of 

190°C was more effective for levulinic acid production in the given range.  
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Figure 4-5. Contents of levulinic acid, the sugars, and the sugar degradation 

products (g/100 g biomass) after zeolite-catalyzed treatment of 

the liquid hydrolysates as a function of reaction temperature 

(catalyst: AZ25 (zeolite treated with 0.25 M NaOH)).  
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Based on above results, levulinic acid and other contents were 

investigated as a function of reaction time at a constant reaction temperature 

of 190°C for the AZ50 catalyst. For the sugars, their content changed in a 

relatively a narrow reaction time range. For example, the C5 sugar content 

decreased from 8.1 g/100 g biomass at 30 min to 3.0 g/100 g biomass at 300 

min, and more than half of the C6 sugars’ content decreased within 30 min in 

comparison with the initial content in the liquid hydrolysate (Figure 4-6). 

These results indicated that the reaction time may have a lower impact on the 

sugar decomposition than other factors, such as the reaction time and acid 

concentration. Similarly, furfural also indicated a steady decrease in contents 

ranging from 5.5 g to 3.0 g/100 g biomass.  

The levulinic acid content was maximized at 300 min (3.5 g/100 g 

biomass), but this was not significantly different from that at 180 min (3.5 

g/100 g biomass) (p<0.05). Therefore, considering the results of the other two 

factors, the optimal conditions include a reaction temperature of 190°C and a 

reaction time of 180 min using the AZ25 catalyst for the production of 

levulinic acid within the scope of this study. Under these condition, the 

conversion rates of levulinic acid were 22.6% (based on the C5 sugar in the 

liquid hydrolysate) and 29.2% (based on the theoretical yield from the C5 

sugar), or 55.8% (based on the C6 sugar in the liquid hydrolysate) and 86.5% 

(based on the theoretical yield from the C6 sugar). These results were slightly 

lower than that a previous study on the conversion of xylose to levulinic acid 

using alkaline-treated zeolite Y, which proposed a conversion rate of 30% 

based on the initial xylose weight (Chamnankid et al., 2014). The lower value 

may result from using lignocellulosic biomass as a raw material and from 

conversion inhibition by the resulting various compounds in the liquid 

hydrolysate.    
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Figure 4-6. Contents of levulinic acid, the sugars, and the sugar degradation 

products (g/100 g biomass) after zeolite-catalyzed treatment of 

the liquid hydrolysates as a function of reaction time (catalyst: 

AZ25 (zeolite treated with 0.25 M NaOH)).   
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3.2.2. Mass balance   

 

 The mass balance for the zeolite-catalyzed treatment of Quercus 

mongolica is described in Figure 4-7, which had the highest levulinic acid 

yield. After the acid-catalyzed treatment of Quercus mongolica (100 g (dry 

weight)) in the 1st step, when the liquid hydrolysate was treated at the above 

optimal conditions, 3.5 g of levulinic acid was produced. Although zeolite 

was not recovered in this study, 2.5 g of solid residue remained as the final 

solid residue, considering the amount of input catalyst.  

Overall, 20.0 g of levulinic acid could be produced from 100 g of 

Quercus mongolica. These results provide possible new approaches for 

levulinic acid production from lignocellulosic biomass and for the application 

of the biorefinery process as a multi-step treatment process in lignocellulosic 

biomass utilization.  
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Figure 4-7. Mass balance for the levulinic acid production process via the 

zeolite-catalyzed treatment of the liquid hydrolysate obtained 

from the previous process.  
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4. Conclusions  

 

 In this study, the zeolite-catalyzed treatment of the liquid hydrolysate, 

which was obtained in the 1st step acid-catalyzed treatment (reaction 

temperature: 150°C, 1% (w/w) sulfuric acid) of Quercus mongolica, was 

conducted for levulinic acid production for by-product utilization. The 

alkaline-treated zeolite was prepared as a function of the NaOH concentration 

by using C5 sugars as a source of levulinic acid in addition to C6 sugars. 

Then, zeolite had a large porosity and more strong acid sites instead of 

Brønsted acid sites, which indicated a medium acid strength. Considering the 

effects of other treatment factors, the reaction temperature (150-210°C) and 

time (30-300 min), the highest yield of levulinic acid was 3.5 g/100 g biomass 

from the liquid hydrolysate at a reaction temperature of 190°C and reaction 

time of 180 min, as well as for the zeolite treated with 0.25 M NaOH (AZ25). 

In conclusion, 20.0 g of levulinic acid was produced from 100 g of Quercus 

mongolica in a multi-step treatment process for biorefinery applications.   
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Chapter 5 
Feasibility study of levulinic acid and 

fermentable sugar production for 

application in a biorefinery process 
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1. Introduction 
 

Increased concerns over excessive consumption of fossil fuels, 

environmental pollution, and physical/psychological well-being have 

accelerated the development of alternative renewable biomass fuels such as 

bioethanol, biodiesel, and biohydrogen (Limayem & Ricke, 2012). Among 

these fuels, the conventional production process of bioethanol from 

lignocellulosic biomass is well known to the research and some industry 

sectors (Sarkar et al., 2012). Commercial bioethanol from lignocellulosic 

biomass is typically produced via pretreatment with a catalyst (with acid or 

without (autohydrolysis)), enzymatic saccharification, and consecutive 

fermentation (Mood et al., 2013).  

However, because value added chemical products from lignocellulosic 

carbohydrates and lignin from the biorefinery process are gradually receiving 

more international recognition, various end-products can compete over the 

same source for more effective utilization of lignocellulosic biomass (Bozell 

& Petersen, 2010). For example, although different secondary treatments may 

be required, C6 sugars in solid fractions after the 1st step acid-catalyzed 

treatment described above can be the sources of bioethanol and levulinic acid. 

Furthermore, C5 sugars in liquid hydrolysates after the 1st step acid-catalyzed 

treatment can be the sources of bioethanol and other building block chemicals 

such as furfural and levulinic acid. Therefore, a feasibility study on 

conflicting target materials is needed to design a biorefinery process and to 

perform a detailed economic analysis. 

In this study, acid-catalyzed pretreatment of Quercus mongolica was 

conducted using the same conditions as in the abovementioned 1st step acid-

catalyzed treatment. Then, enzymatic hydrolysis of the resultant solid 

fractions was performed to produce fermentable sugars. Finally, productivity 
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of fermentable sugars was quantified and evaluated by calculating their yields 

and conversion rates based on the initial input. The efficiency of the total 

process was investigated by comparing the levulinic acid production.  
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2. Materials and methods 
 

2.1. Materials   
 

Small diameter thinning logs of Mongolian oak (Quercus mongolica) 

were passed through a 0.5 mm sieve (moisture content: <10%) and were 

prepared using methods that were described in section 2.1. of Chapter 3. 

 

2.2. Acid-catalyzed pretreatment   

 

Acid-catalyzed pretreatment of Quercus mongolica was conducted using 

a method that was based on section 2.3 of chapter 3. The following 

pretreatment conditions were proposed as the effective first step for levulinic 

acid production: 150°C reaction temperature, 10 min reaction time, and 1% 

(w/w) sulfuric acid concentration. After the treatment, liquid hydrolysate was 

separated from the treated solid fraction via filtration using a filter paper (No. 

2, Advantec, Kyoto, Japan) and was partially filtered through a 0.45 μm 

membrane filter (Advantec Co., Tokyo, Japan) for the analysis of sugar and 

sugar degradation products. The solid fraction was washed with distilled 

water, stored in a plastic bag at temperature below 4°C and was used for 

enzymatic hydrolysis studies (Figure 5-1).  
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Figure 5-1. Schematic experimental flowchart of the fermentable sugar 

(glucose) production process via acid-catalyzed pretreatment of 

Quercus mongolica.  
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2.3. Enzymatic hydrolysis  

 

Enzymatic hydrolysis was conducted in a 250-mL Erlenmeyer flask using 

50 mL of a 0.05 M sodium acetate buffer (pH 5) and 2% (w/w) dry matter at 

50°C on a shaking incubator (HB-201SL, Hanbaek, Bucheon, South Korea), 

which operated at 150 rpm for 72 h. NS22086 (Cellulase) at 15 FPU/g 

substrate and NS22118 (β-glucosidase) at 1.75 CBU/g substrate were loaded 

into the flask. After incubation, the liquid fraction was sampled and filtered 

using a 0.45 μm membrane filter (Advantec Co., Tokyo, Japan) and later used 

for glucose analysis. 

 

2.4. Analysis of solid fractions 

 

2.4.1. Water-insoluble solid recovery rate 

 

The solid fraction (water-insoluble solid (WIS)) recovery rate was 

calculated using a method that was described in section 2.3.1 of Chapter 2. 

 

2.4.2. Chemical composition analysis 

 

The chemical composition (structural sugar and lignin) of solid fractions 

was analyzed using a method that was previously described in section 2.2 of 

Chapter 3.  
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2.5. Analysis of liquid hydrolysate 
 

2.5.1. Sugar analysis  

 

The procedure for determining sugars (glucose, galactose, mannose, 

xylose, and arabinose) in liquid hydrolysate was described in section 2.4.1 of 

Chapter 2.  

 

2.5.2. Sugar degradation product analysis   

 

The procedure for determining sugar degradation products (5-HMF, 

furfural, formic acid, levulinic acid, and acetic acid) in liquid hydrolysate was 

described in section 2.4.2 of Chapter 2.  

 

2.6. Statistical analysis  
 

All values were expressed as the mean ± standard deviation. Statistical 

analysis was performed using SAS that was described in section 2.5 of 

Chapter 2.  
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3. Results and discussion  

 

3.1. Effects of pretreatment factors on fermentable sugar 

production  
 

After the enzymatic hydrolysis of solid fraction at constant conditions, 

the reaction temperature of Quercus mongolica pretreatment remarkably 

affected the yield of fermentable sugar (glucose) (Figure 5-2). The glucose 

yield continuously increased with a trend that resembled a logarithmic curve 

and reached a stable level at approximately 70 h. This suggests either the 

denaturation of enzymes or the fact that the remaining substrate was less 

accessible for enzymes, thus, requiring increasingly more time to degrade the 

substrate (Hansen et al., 2011). The final yield at 72 h ranged from 20.5 to 

31.5 g/100 g of biomass.  

When the reaction temperature of 130°C was elevated to 150°C, the 

glucose yield sharply increased from 20.5 to 31.5 g/100 g of biomass and 

showed the highest value at 150°C. This maximum value was slightly lower 

than that in a previous study. This indicated that 32.8% (g/100 g of initial 

biomass) of glucose was produced via dilute sulfuric acid (SA) pretreatment 

and successive enzymatic hydrolysis of Quercus mongolica at the same 

conditions (reaction temperature: 150°C, reaction time: 10 min, catalyst: 1% 

(w/w) SA). However, there was no significant difference between the two 

values (Jeong et al., 2015). These results indicated that the micro-structure of 

biomass was destroyed more under a relative harsh treatment, which led to the 

increase in enzyme accessibility. 

However, at the reaction temperature of 170°C, the final yield of glucose 

slightly decreased to 27.7 g/100 g of biomass. This decline was due to a lower 

glucan content of solid fraction that was treated at 170°C (30.2 g/100 g of 
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initial biomass) compared with that at 150°C (34.7 g/100 g of initial biomass) 

as well as the excessive damage to biomass structure from harsh reaction 

conditions (Kim et al., 2012; Koo et al., 2012).  

The concentration of SA, which was loaded during pretreatment, also 

affected the yield of glucose. This result is presented in Figure 5-3. In the case 

of pretreatment without an acid, glucose showed the lowest final yield (16.4 

g/100 g of biomass) at 72 h. This result was lower than that in the literature, 

which demonstrated a high conversion rate of glucose via autohydrolysis of 

Eucalyptus globulus (Romaní et al., 2012). This occurred because the severity 

of autohydrolysis was within the range 4.1-4.7 for the literature, but was 0.9-

2.1 in this study.  

In both acid-treated samples, the glucose yield was significantly higher 

compared with the above result. The highest yield was observed at 2% SA, 

32.3 g/100 g of biomass. However, there was no significant yield difference at 

1% SA (p<0.05). Considering that the solid fraction contained 34 g/100 g of 

biomass of glucan, most glucose was released into liquid hydrolysate. 

Therefore, pretreatment at 150°C using 2% SA was the most effective 

condition for producing fermentable sugar in this study.  
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Figure 5-2. Dependence of fermentable sugar content that was released after 

the enzymatic hydrolysis of solid fraction on the temperature of 

Quercus mongolica pretreatment (pretreatment time: 10 min, acid 

concentration: 1% (w/w) sulfuric acid).  
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Figure 5-3. Dependence of fermentable sugar content that was released after 

the enzymatic hydrolysis of solid fraction on the acid 

concentration of Quercus mongolica pretreatment (pretreatment 

temperature: 150°C, pretreatment time: 10 min).  
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3.2. Fermentable sugar yield  
 

3.2.1. Conversion rate of fermentable sugar  

 

Table 5-1 shows the comparison of the maximum yield and conversion 

rates of fermentable sugar after the enzymatic hydrolysis of solid fraction 

from acid-treated Quercus mongolica (treatment conditions: 150°C reaction 

temperature, 10 min reaction time, and 1% (w/w) SA) with those of levulinic 

acid, as described in chapter 3. 

The results of conversion rate based on glucan or C6 sugar in the solid 

fraction showed that glucose yielded a significantly higher value (90.9%) than 

levulinic acid (47.1%). This suggests that the enzyme reaction was specialized 

on a specific reaction, which resulted in higher concentration of the target 

product (Castellano et al., 2010; Chandra & Saddler, 2012). However, the gap 

between the two conversion rates based on theoretical yield using the 2nd 

treatment declined due to the stoichiometric (one-to-one) conversion of 

glucose to levulinic acid which has a relatively low molecular weight. In 

addition, the efficiency of enzymatic hydrolysis was obtained at a slightly low 

level when compared with previous studies because Quercus mongolica, 

which was used in this study, contained bark that had more compounds that 

acted as inhibitors to microorganisms (Jeong, 2014). 

Similar trends were observed in conversion rates based on glucan (or C6 

sugars) in biomass and the theoretical yield via the total treatment. The 

conversion rate was slightly lower (glucose: 75.7%, levulinic acid: 37.0%), 

which reflected the initial content of glucan (41.6%) or C6 sugars (43.4%). 

In conclusion, although the secondary treatment processes for producing 

two end-products was different, the final yield of glucose (31.5 g/100 g of 

biomass) was higher than that of levulinic acid (16.5 g/100 g of biomass). 

164 
 



However, considering that glucose and levulinic acid market prices were 0.27 

$/kg and 5-8 $/kg (Grand-view-research, 2014; WB, 2015), respectively, 

levulinic acid may be a competitive product, and it can be produced in larger 

quantities by utilizing a by-product (liquid hydrolysate).  
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Table 5-1. Yield and conversion rates of fermentable sugar after the 

enzymatic hydrolysis of solid fraction obtained from the acid-

catalyzed treatment of Quercus mongolica1  

Components Fermentable sugar 
(glucose) Levulinic acid 

% based on glucan (or C6 sugars) in solid fraction  90.9±0.6 47.1±0.4 

% based on theoretical yield via the 2nd treatment2 81.2±0.5 73.1±0.5 

% based on glucan (or C6 sugars) in biomass 75.7±0.4 37.0±0.2 

% based on theoretical yield via the total treatment 68.2±0.4 57.4±0.4 

g/100 g biomass 31.5±0.2 16.5±0.1 

Values are the mean ± standard deviation 
1 Treatment conditions: 150°C reaction temperature, 10 min reaction time, and 1% (w/w) sulfuric acid 
2 Fermentable sugar: enzymatic hydrolysis, levulinic acid: 2nd step acid-catalyzed treatment   

166 
 



3.2.2. Mass balance   

 

 Figure 5-4 illustrates the mass balance of fermentable sugar production 

from Quercus mongolica using pretreatment at the abovementioned effective 

conditions and the enzymatic hydrolysis. When the acid-catalyzed 

pretreatment (1st step acid-catalyzed treatment) of Quercus mongolica (100 g 

(dry weight)) was conducted, several fractions of carbohydrates (6.3 g of C6 

sugar and 15.6 g of C5 sugar) were released into the liquid hydrolysate, as 

described in previous studies, while 34.7 g of glucan remained in 65.5 g of the 

solid fraction. Then, the enzymatic hydrolysis of solid fraction was performed 

using the established method. Finally, 31.5 g of glucose as fermentable sugar 

and 23.1 g of solid residue were obtained via the total process.  
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Figure 5-4. Mass balance of fermentable sugar (glucose) production via the 

acid-catalyzed pretreatment of Quercus mongolica.  

Biomass
(Quercus mongolica)
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C6 sugar
C5 sugar
Lignin

C6 sugar
C5 sugar
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1.75 CBU β-glucosidase/g substrate 

Reaction temp.: 150°C
Reaction time: 10 min
1% (w/w) sulfuric acid
Solid-liquid ratio=1:6 (w/v) 

C6 sugar
C5 sugar
Lignin

Glucan
34.7 g

44.6 g
18.2 g
24.0 g

35.0 g
1.2 g

20.5 g

6.3 g
15.6 g

100 g

65.5 g 

31.5 g 

100 g

Residue
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23.1 g 

Reaction temp.: 190°C
Reaction time: 180 min
Catalyst: zeolite treated 

by 0.25 M NaOH

Reaction temp.: 190°C
Reaction time: 180 min
Catalyst: zeolite treated 

by 0.25 M NaOH
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4. Conclusions  

 

 In this study, fermentable sugar production from Mongolian was 

investigated via the 1st step acid-catalyzed treatment, which was named acid-

catalyzed pretreatment in this section, using the above-selected conditions 

(reaction temperature: 150-170°C, reaction time: 10 min, SA concentration: 0-

2% (w/w)) and the enzymatic hydrolysis process. In addition, the effects of 

the pretreatment factors on the final glucose yield were evaluated.  

A pretreatment temperature of approximately 150°C and an acid 

concentration of 1% SA are the conditions that were previously obtained for 

C6 sugar-rich solid fractions. These were confirmed to be significant 

conditions for improving the final glucose yield. Using these conditions, 

90.9% of glucan in the solid fraction was converted into glucose using 

enzymatic hydrolysis. Then, 31.5 g/100 g of biomass of glucose was 

produced, which indicated that 68.2% of the initial glucan in Quercus 

mongolica could be used as fermentable sugar. Although this conversion 

efficiency was slightly higher than that of levulinic acid, as described in 

previous studies, the proposed levulinic acid production may be a relatively 

competitive utilization method of Quercus mongolica. This is attributed to its 

high market price, which is more than ten times higher than that of glucose, 

and its wide applicability to many different bark-containing biomasses.  
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Chapter 6 
Concluding remarks 
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Levulinic acid, which can be obtained from lignocellulosic biomass 

through a simple conversion pathway, has been identified by reputable 

worldwide organizations as a value-added end-product or building block 

chemical. Levulinic acid can be widely used in the cosmetic, food, and 

medical industries, as well as in the fuel industry, due to its great potential as a 

starting material for the synthesis of various chemicals. Nevertheless, 

levulinic acid production for commercial applications using C6 sugars has 

been only slowly developed due to several existing technical and economic 

barriers, including high production cost and low production yield. For this 

reason, the conversion of C6 sugars or biomass to levulinic acid by acid-

catalyzed dehydration has been the subject of much research aimed at 

improvement of its efficiency, and multi-step treatment processes for the 

production of levulinic acid have recently been proposed as an alternative in 

terms of biorefinery concept to the total utilization of biomass. In this study, a 

two-step process for levulinic acid production from lignocellulosic biomass 

was designed and tested. 

As a basis for understanding the characteristics of conversion of sugars to 

levulinic acid during acid-catalyzed treatment, acid-catalyzed treatment of C6 

and C5 sugar standard materials (glucose, galactose, mannose, xylose, and 

arabinose) was conducted under various conditions (reaction temperature and 

sulfuric acid (SA) concentration). Based on the results, a two-step acid-

catalyzed treatment of lignocellulosic biomass (Quercus mongolica) was 

performed to produce a high yield of levulinic acid, and the effects of various 

reaction conditions were investigated. A by-product of the previous process, 

liquid hydrolysate, was treated with zeolite catalysis to improve the total 

levulinic acid yield using C5 sugars as well as C6 sugars as a levulinic acid 

source. For comparison of the productivity of this process with that of the 

traditional process of fermentable sugar production, acid-catalyzed 

pretreatment and enzymatic hydrolysis of Quercus mongolica were conducted 
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under the same conditions as used for 1st step acid-catalyzed treatment. 

During the conversion of C6 or C5 sugars in an acid-catalyzed treatment, 

the sugar decomposition products were considerably affected by the treatment 

parameters (e.g., the reaction temperature range (100-230°C) and acid 

concentration range (0-2%)). However, significant differences were relatively 

rare among C6 and C5 sugars. In the absence of an acid catalyst, C6 sugar 

decomposed at temperatures exceeding 160°C and was preferentially 

converted into 5-HMF and then furfural and humin, but levulinic acid and 

formic acid were not produced. In contrast, in the presence of an acid-catalyst 

condition, C6 sugar was converted at a lower reaction temperature and was 

ultimately removed. Levulinic acid was formed via 5-HMF as an intermediate 

and yielded the highest content at 200°C or 210°C (approximately 27.0 g/100 

g C6 sugar). Humin - the actual end product - was generated at approximately 

23 g/100 g C6 sugar. In the presence of 2% SA, the product content tended to 

shift to a lower reaction temperature - approximately 10°C - than was required 

in 1% SA. Interestingly, the maximum content of levulinic acid increased 

(29.3 g/100 g C6 sugar). C5 sugar was decomposed at 160°C without SA and 

was almost immediately converted into furfural (28.1 g/100 g C5 sugar 

(230°C)). In 1% and 2% SA, C5 sugars were efficiently converted into 

furfural at lower reaction temperatures (130-140°C), and the highest furfural 

yield was obtained at 180-190°C, 37.6 and 34.1 g/100 g C5 sugar. 

Additionally, formic acid and an unidentified precipitate suspected to derive 

from furfural were observed at temperatures below 37.3 and 4.5 g/100 g C5 

sugar. As a result, we propose that the reaction pathway of C6 or C5 sugar 

conversion to final products is applicable under these treatment conditions. 

Importantly, these results indicate that the maximum conversion rate of 

levulinic acid was approximately 30% of the base value of the initial C6 sugar 

content using a one-step acid-catalyzed treatment and might be inhibited by 

humin formation at high reaction temperatures and acid concentrations. 
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 Based on these results, two-step acid-catalyzed treatment of Quercus 

mongolica was conducted for the levulinic acid production. During 1st step 

acid-catalyzed treatment, most of the hemicellulosic C5 sugars (15.6 g g/100 

g biomass) were released into the liquid hydrolysate at a reaction temperature 

of 150°C in 1% SA, and the remaining solid fraction contained 53.5% of the 

C6 sugars, with no further loss of C6 sugars. Subsequently, 2nd step acid-

catalyzed treatment of the solid fraction was performed under the selected 

conditions (reaction temperature range: 160-230°C; acid concentration range: 

1% and 2%); the results of this treatment indicated that a high level of 

levulinic acid content was present during the 1st step. Finally, a 16.5 g/100 g 

biomass of levulinic acid was obtained, corresponding to a higher conversion 

rate than in the single-step treatment due to the high accessibility of the 

physicochemically damaged solid fraction and an interruption of accelerated 

condensation reactions due to the absence of C5 sugars.  

For the additional production of levulinic acid for by-product utilization, 

the resultant liquid hydrolysate obtained from the 1st step acid-catalyzed 

treatment of Quercus mongolica at a reaction temperature of 150°C with 1% 

SA was zeolite-catalyzed treated. The alkaline-treated zeolite was prepared as 

a function of NaOH concentration to use C5 and C6 sugars as sources of 

levulinic acid. Then, the zeolite had a sizeable porosity and more strong acid 

sites instead of Brønsted acid sites that were of medium acid strength. The 

other treatment factors, including the reaction temperature (150-210°C) and 

time (30-300 min), resulted in the highest yield of levulinic acid, which was 

3.5 g/100 g biomass, from the liquid hydrolysate at a reaction temperature of 

190°C, a reaction time of 180 min, and for the zeolite treated with 0.25 M 

NaOH (AZ25). In conclusion, 20.0 g of levulinic acid could be produced from 

100 g of Quercus mongolica in a multi-step treatment process for biorefinery 

applications. 

To compare the total process with a conventional process of fermentable 
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sugar production, enzymatic hydrolysis of the solid fraction was performed. 

The solid fraction was obtained from the 1st step acid-catalyzed treatment 

(reaction temperature: 150-170°C, reaction time: 10 min, SA concentration: 0-

2% (w/w)). A pretreatment temperature of approximately 150°C and an acid 

concentration of 1% SA are the conditions that were previously obtained for 

C6 sugar-rich solid fractions. These conditions were confirmed to be 

significant for improving the final glucose yield. Using these conditions, 

90.9% of glucan in the solid fraction was converted into glucose via 

enzymatic hydrolysis. Then, 31.5 g/100 g of biomass of glucose was 

produced, which indicated that 68.2% of the initial glucan in Quercus 

mongolica could be used as fermentable sugar. Although this conversion 

efficiency was slightly higher than that of levulinic acid, as proposed in this 

study, levulinic acid production may be a relatively competitive utilization 

method of Quercus mongolica. This is attributed to its high market price, 

which is more than ten times higher than that of glucose, and its wide 

applicability to many different bark-containing biomasses. 

In this study, the conversion characteristics of lignocellulosic biomass, 

Quercus mongolica, to levulinic acid via the two-step acid-catalyzed 

treatment were investigated. Conversion of levulinic acid from C6 sugar has 

been simplified as the pathway via 5-HMF, which need a relatively high 

severity. However, in parallel, the reaction, which results in the loss of 

levulinic acid due to condensation, that generates humin materials led to 

technical barriers in improving its conversion efficiency. Therefore, in this 

study, the final yield of levulinic acid was maximized using the total sugar 

sources. Although more research is required to understand the phenomena of 

humin formation from levulinic acid, the problem can be overcome via the 

biorefinery process modification.  
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초  록 

 

신갈나무 유래 당으로부터 2단계 산촉매 처리에 의한 

레불린산으로의 전환 특성 

 

정한섭 

환경재료과학전공 

산림과학부 

서울대학교 대학원 

 

 본 연구에서는 산 촉매 처리 중 6탄당 및 5탄당의 전환 특성을 

이해함으로써 목질계 바이오매스 (신갈나무)의 2단계 산 촉매 

처리를 통해 레불린산 (levulinic acid)을 생산하고, 부산물을 

이용해 바이오리파이너리 개념에서 레불린산을 추가 생산하여 총 

공정의 생산성을 기존의 발효당 생산공정과 비교 평가하고자 

하였다. 

 황산을 이용한 산 촉매 처리 중 6탄당 및 5탄당 (글루코오스, 

갈락토오스, 만노오스, 자일로오스, 아라비노오스)의 전환에서는, 

처리 인자 (반응온도: 100-230˚C, 산 농도: 0-2%)에 의해 

산물들의 함량이 크게 영향 받았으나, 상대적으로 6탄당 및 5탄당 

간의 차이는 거의 없었다. 산 촉매가 없을 경우, 6탄당이 160˚C 

이상에서 분해되어 5-HMF로 변환되고, 이어서 푸르푸랄 

(furfural), humin으로 변환되었으나, 레불린산 및 포름산은 

생성되지 않았다. 그러나 산 촉매 하에서는, 6탄당이 더 낮은 
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반응온도에서 중간체인 5-HMF를 거쳐 급격히 레불린산으로 

전환되었고, 가장 높은 레불린산 값은 29.3 g/100 g 6탄당 (200˚C, 

2% 황산)으로 본 범위에서 단일공정으로 얻을 수 있는 

최대값이었다. 그러나 레불린산은 210˚C 이상에서 휴민 형성과 

함께 점차 제거되었다.  

 5탄당의 경우, 황산 부재 시 160˚C부터 분해되어 거의 

대부분이 푸르푸랄로 전환되었다. 그러나 산성 조건 하에서는 낮은 

반응온도 (120˚C)에서부터 5탄당이 급격히 푸르푸랄로 전환되었고, 

푸르푸랄은 180˚C, 1% 황산에서 37.6 g/100 g 5탄당의 최대 

수율을 나타냈다. 또한, 5탄당은 최종적으로 많은 양의 침전물을 

발생시켰는데, 이는 푸르푸랄의 강한 축합 반응에 의해 생성된 

산물로 다른 산물의 축합반응도 야기시키는 것으로 사료된다. 

  이와 같은 결과를 바탕으로, 레불린산 생산을 위해 상기 처리 

조건에 따른 신갈나무의 2단계 산 촉매 처리가 수행되었다. 1차 산 

촉매 처리 (반응온도 150˚C, 산 농도 1%)를 통해 대부분의 

헤미셀룰로오스 5탄당 (15.6 g/100 g 바이오매스)이 액상 

가수분해물로 유리되었고, 53.5%의 6탄당을 포함한 고형분이 

생성되었다. 이어서 상기 조건 중 선별된 조건 (반응온도: 160-

230˚C, 산 농도: 1%, 2%)에서 고형분의 2차 산 촉매 처리를 

진행하였고, 반응온도 200˚C, 산 농도 2% 조건에서 단일공정의 

수율 (14.0 g/100 g 바이오매스)보다 높은 고수율의 레불린산 

(16.5 g/100 g 바이오매스)을 획득하였다. 

 앞서 신갈나무를 150˚C, 1% 황산에서 1차 산 촉매 처리하여 

획득한 액상 가수분해물은 고체 촉매인 제올라이트로 추가 

처리하였다. 제올라이트는 레불린산원으로 5탄당을 사용하기 위해 
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수산화나트륨 농도에 따라 알칼리 처리하였고, 그 결과 공극이 

커지고 강한 산점의 비중이 상대적으로 높아졌다. 다른 처리 인자들 

(반응온도: 150-210˚C, 반응시간: 30-300분)의 영향을 고려하면, 

190˚C, 180분에서 0.25몰 수산화나트륨으로 처리된 제올라이트로 

고형 촉매 처리를 하였을 때 3.5 g/100 g 바이오매스의 레불린산이 

생성되었다. 

 결과적으로, 바이오리파이너리 개념의 다단계 처리 공정을 통해 

100 g의 신갈나무로부터 20.0 g의 레불린산이 생성될 수 있었다. 

상기와 같은 고형분을 사용하여 효소 가수분해가 포함된 기존의 

발효당 생산 공정으로 31.5 g/100 g 바이오매스의 발효당 

(글루코오스)을 생산하였으나, 레불린산의 높은 시장가격을 고려할 

때 레불린산이 경쟁력 있는 산물로 사료되고, 상기 부산물 (액상 

가수분해물)의 이용을 통한다면 더 경쟁력이 있을 것으로 생각된다. 

 본 연구에서는 목질계 바이오매스의 산 촉매 처리 중 

레불린산으로의 전환 특성을 구명하여 2단계 산 촉매 처리를 통해 

바이오매스로부터 레불린산을 생산하였고, 바이오리파이너리 

개념에서 부산물 이용을 통해 레불린산을 추가 생산하였다. 따라서, 

이를 바탕으로 레불린산 수율을 최대화할 수 있었으며, 효과적인 

레불린산 생산을 위한 새로운 접근 방식의 목질계 바이오매스 

바이오리파이너리 공정을 확인하였다. 

 

키워드 :  레불린산, 2단계 산촉매 처리, 바이오리파이너리,  

목질계 바이오매스, 신갈나무 
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