
 

ABSTRACT 

 

LIU, LU. Catalytic Conversion of Biomass Sugars to Value-added Platform Chemicals. (Under 
the direction of Dr. Sunkyu Park and Dr. Hou-min Chang). 
 

Lignocellulosic biomass is the most abundant resource in nature and it is renewable. It 

is considered as a replacement for petroleum based fuels and chemicals.  Bio-refinery 

processes including hot water extraction (also known as autohydrolysis), followed by 

mechanical refining and enzymatic hydrolysis are often applied to the lignocellulosic biomass 

to break down the structure into soluble fragments such as glucose (from cellulose), xylose 

(from hemicellulose) and degradation products such as furfural and 5-hydroxymethylfurfural 

(HMF), while most of the lignin is remained as solid. 

 

The goal of this work is to present a detailed study of the conversion of the sugars 

produced from lignocellulosic biomass into value-added chemicals through catalytic methods. 

5-hydroxymethylfurfural furfural (HMF) and furfural are two important chemical 

intermediates that can be used to produce other value-added chemicals such as succinic acid 

and 2,5-furandicarboxylic acid (FDCA). HMF and furfural are generated via the dehydration 

reaction of glucose and xylose, respectively. The solution after biomass autohydrolysis 

pretreatment is in rich of xylose and xylo-oligomers, which could be separated from solid 

biomass and used for furfural production. The solid part, which contains mainly cellulose, is 

converted to glucose by enzymatic hydrolysis, and the solution is then used for HMF 

production. Other feedstock such as microalgae is also evaluated for the production of HMF 

as the structure of algae is in rich of cellulose and starch. 



 

Furfural is one of the most important chemical intermediates that can be produced from 

the dehydration of pentose through catalytic conversion method. The production of furfural is 

already industrialized and the technique is relatively mature. However, the production process 

is always accompanied with heavy pollution and huge energy requirement (steam demand). A 

modified reactor referred as vapor-releasing reactor was introduced to this work which allows 

generating furfural without huge energy input and in the same time, prevent the degradation of 

furfural to maximize the furfural yield. Xylose-rich solution generated from lignocellulosic 

biomass after autohydrolysis pretreatment is a potential source for furfural production.  The 

hydrolysate that is rich in xylo-oligomers, organic acids and soluble lignin was used for furfural 

production without purification to remove any non-sugar components. By reacting with the 

hydrolysate in the vapor-releasing reactor, this process was able to produce furfural at a high 

yield without requiring extra usage of acid catalyst. 

 

5- hydroxymethylfurfural (HMF) is produced by the dehydration of hexose such as 

glucose, fructose. The hydrolysate of lignocellulosic biomass after enzymatic hydrolysis is a 

promising feedstock for the HMF production. HMF is unstable and could easily degrade in 

water, making the conversion from glucose to HMF a relatively difficult process. In order to 

achieve high HMF yield, both organic solvents and catalysts were tested in this study. A 

combination of Brønsted acid (HCl or solid acid catalyst) and Lewis acid (AlCl3) is used as 

catalyst and various condition had been tested in order to find the optimize condition for high 

yield of HMF production in this work. The optimized condition is then applied to hydrolysate 

which is in rich of glucose and the performance of hydrolysate was evaluated. 



 

The production of 2,5-Furandicarboxylic acid (FDCA) from biomass-based HMF is 

studied. Considering that HMF is unstable after being produced, further conversion of HMF to 

high-value and stable chemicals is necessary. HMF generated from the hydrolysate contains 

various kinds of impurities. The effect of those impurities on FDCA yield has been investigated 

in this part of study.  

 

The degree of polymerization (DP) is one of the most important physical properties of 

lignocellulosic biomass, and it is directly related to the mechanical, chemical, biological 

features of trees. It is difficult to obtain the accurate cellulose DP value of natural wood using 

currently existing methods due to the degradation of cellulose during the isolation process from 

wood material. The purpose of this present work is to provide a novel method for accurate 

measurement of cellulose DP from lignocellulose for better characterization of cellulose 

structures. 
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Chapter 1 Introduction 

 

1. Lignocellulosic Biomass: Physical and Chemical Characteristics 

Lignocellulosic biomass, as the primary composition of plant cell walls, is abundant, 

easily available with low cost and sustainable. Because of these appealing advantages, 

lignocellulosic biomass becomes a promising feedstock for fuel industry and bio-refinery 

industry as a replacement of petroleum. However, because its biological function is to protect 

inner structure of plant cells, lignocellulosic biomass has high resistance against microbial or 

chemical destruction. This resistance is known as biomass recalcitrance. In order to convert 

lignocellulosic biomass into fuel products and/or upgrade to fine chemicals, decomposition of 

lignocellulosic biomass is necessary. 

 

The recalcitrance of lignocellulosic biomass arises from the complex chemical 

structures. There are three major constituents in lignocellulosic biomass, including cellulose, 

hemicellulose and lignin (Himmel et al., 2007). The contents of these three major constituents 

vary among different plants. For woody materials (softwood, hardwood), cellulose usually has 

the largest contents while grasses tend to have more hemicellulose. Many pretreatment 

methods have been developed and reported aiming to efficiently break down the complex 

structural cross-links within lignocellulosic biomass such that the conversion into fuels or fine 

chemicals could be conducted.  
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1.1 Cellulose 

Cellulose is main component from lignocellulosic biomass that the content of cellulose 

can be 40-50% in wood and over 90% in structure like cotton fiber (Ververis, Georghiou, 

Christodoulakis, Santas, & Santas, 2004). Cellulose is mainly located in the primary and 

secondary wall in plant cell that give both support and protection to the plant cell. Cellulose is 

a linear polymer that consists of cellobiose repeating unit, a disaccharide sub-unit that is 

formed by two D-glucose linked by β-(1,4)-glycosidic bonds (Figure 1) (Sjöström, 1993b). 

The degree of polymerization (DP) is used to evaluate the chain length of cellulose and related 

to the mechanical strength of the plant. Long cellulose chains are linked together by cross-

chain hydrogen bonds (H-bond). This H-bond linkage causes multiple long crystalline 

cellulose chains to form microfibrils, which then bundle together to form cellulose fibers. 

Cellulose in plant cell walls exist in two forms: crystalline regions with highly ordered 

cellulose fibers and amorphous regions with less ordered fibers (Lynd, Weimer, van Zyl, & 

Pretorius, 2002). The high DP value of cellulose chain and high crystallinity of cellulose 

structure are the main reason to increase the recalcitrance of the cellulose that makes it difficult 

to be digested by enzyme in the bio-refinery process to breakdown the cellulose structure into 

small molecular (X. Zhao, Zhang, & Liu, 2012).   
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Figure 1.1 Structure of cellulose 

 

 

1.2 Hemicellulose 

Hemicellulose, compared to cellulose, has amorphous structures and it is a 

heteropolymer that may consists of different types of monomers, including xylan, 

galactomannan, glucuronoxylan, arabinoxylan, glucomannan and xyloglucan (Sjöström, 

1993b). The primary component of hemicellulose varies from different plant that xylan is 

mainly existed in hardwood and non-woody biomass, while in softwood is glucomannan. 

Hemicellulose in plant cell is mainly existed in the secondary wall and linked to structure of 

both lignin and cellulose. The DP of hemicellulose is only around 200 which is much lower 

compared to that of cellulose (Fengel & Wegener, 1983). The decomposition of hemicellulose 

is relative easy compared to cellulose and lignin, that they are sensitive to thermal or chemical 

treatment in the bio-refinery process (Agbor, Cicek, Sparling, Berlin, & Levin, 2011). 

Hemicellulose is only about 20-30% in most of the plant but still an important source for the 

provident of several kinds of sugars.   
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Figure 1.2 Structure of hemicellulose, representative by xylan structure 

 

1.3 Lignin 

Lignin is a three-dimensionally cross-linked heteropolymer, which mainly consists of 

three types of phenyl alcohol monomers: p-coumaryl alcohol, coniferyl alcohol and sinapyl 

alcohol. Those alcohol compounds existing in lignin polymer are recognized as p-

hydroxyphenyl (H), guaiacyl (G) and syringyl (S) (Sjöström, 1993c). The primary contents of 

lignin are different in plants that both S and G units exist in hardwood and only G unit in 

softwood (Santos, Capanema, Balakshin, Chang, & Jameel, 2012), while all three units can be 

detected in herbaceous plants (Buranov & Mazza, 2008). Lignin is mainly located in the middle 

lamella and secondary wall in the cell structure, the biological function of lignin in plant cell 

walls is to provide both structural support and a physical barrier to resist attack of 

microorganisms and chemicals (Sjöström, 1993a). Therefore, lignin is considered as a 

significant impact for enzymatic hydrolysis of biomass as it can physically block the contact 

of enzyme with cellulose and also adsorb enzyme so no further reaction with cellulose could 

happen (J. Rahikainen et al., 2011; J. L. Rahikainen et al., 2013).  
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Figure 1.3 Structure of lignin building units 

2. Pretreatment

The objective of pretreatment on lignocellulosic biomass is to alter the structure of 

lignocellulose therefore, enzyme has more accessibility to the cellulose structure which is 

covered tightly by lignin and hemicellulose. Lignocellulosic biomass is first cut into small 

chips of 2~3 cm2 to reduce the size of the materials. Pretreatment methods that are common 

used can be separated into a few categories: 1) physic-chemical pretreatment including steam 

explosion (Kaar, Gutierrez, & Kinoshita, 1998), ammonia fiber expansion (AFEX) (Kim, Lee, 

& Kim, 2016; Lau, Lau, Gunawan, & Dale, 2010); 2) chemical pretreatment including dilute 

acid hydrolysis (Lenihan et al., 2010; B. Yang & Wyman, 2009), alkaline pretreatment with 

NaOH or ammonium (Bali, Meng, Deneff, Sun, & Ragauskas, 2015; Kim et al., 2016), 

oxidative pretreatment with ozone, hydrogen peroxide (Ayeni et al., 2013; León et al., 1998), 

organosolv pretreatment with organic solvent such as methanol, ethanol etc. (Z. Zhang, 

Harrison, Rackemann, Doherty, & O'Hara, 2016; X. Zhao, Cheng, & Liu, 2009); 3) thermal 

pretreatment including hot-water extraction, also known as autohydrolysis pretreatment 
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 (Garrote, Domínguez, & Parajó, 1999; Pu, Treasure, Gonzalez, Venditti, & Jameel, 2011; B. 

Yang & Wyman, 2009). All of these pretreatment methods are able to loosen the cellulosic 

biomass structure so enzyme can have a better access to the cellulose.  

Autohydrolysis is a hydrothermal process that only water is used to as the medium and 

chemical to disrupt lignocellulose structure. The interesting of using autohydrolysis 

pretreatment method includes: 1) no cost for chemical and no need for chemical recovery; 2) 

less contaminant that the process is more environmental friendly compared to acid hydrolysis; 

3) less equipment corrosion as mild condition (low acid concentration) is used in this process;

4) low capital cost of the whole process. The feedstock after autohydrolysis pretreatment, 

release part of the lignin and more than 80% of hemicellulose into the water. The solution of 

hardwood biomass after autohydrolysis pretreatment is in rich of xylo-oligomers and xylose, 

which are the degradation products of hemicellulose from the wood material (Mosier, 2013). 

Lignin that linked to the hemicellulose structure is able to be removed during autohydrolysis 

pretreatment (C. Liu & Wyman, 2003, 2004). Degradation products of carbohydrates such like 

5-hydroxymethlyfurfural (HMF), furfural and organic acids from the brunches of 

hemicellulose are all detected from the solution after autohydrolysis pretreatment (Weingarten, 

Cho, Conner, & Huber, 2010). Cellulose is remaining stable during the autohydrolysis 

pretreatment due to the high recalcitrance of the structure. One argument about autohydrolysis 

is that the process is not strong enough to loosen the biomass structure which will decrease 

enzyme digestibility in the following step. Considering about this, autohydrolysis often works 
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together with other treatment methods to enlarge the sugar recovery yield in the bio-refinery 

process. 

3. Post-treatment and enzymatic hydrolysis

The aim of post-treatment of feedstock is to further break down the biomass structure 

and enhance the enzymatic hydrolysis efficiency, the process is often combined with mild 

pretreatment method such like autohydrolysis. Mechanical refining is one of the treatment that 

has been applied to lignocellulosic feedstock, the method is reported to be able to shorten the 

fiber length, increase the fiber swelling and also break down the intra-fiber bonds (Jones, 

Venditti, Park, Jameel, & Koo, 2013). The feedstock that had been treated with mechanical 

refining, the performance has a significant improving in enzymatic hydrolysis process that an 

increase of 20-30% sugar recovery yield can be expected (Chen et al., 2012; Wyman, 2011).   

Enzymatic hydrolysis is applied to lignocelluosic biomass after pretreatment, in this 

case, autohydrolysis, and mechanical refining. During this process, cellulose and the rest of 

hemicellulose are breakdown into small molecular such as glucose, xylose and so on by a 

combination of several enzymes. The existence of lignin and degradation products from 

autohydrolysis may have negative effect on enzyme activity. The solution obtained after 

enzymatic hydrolysis, also known as hydrolysate, is a mixture in which glucose is the dominant 

component. Bio-ethanol production from the hydrolysate is one of the topic had been studied 

many years, nowadays, more interest are focus on producing high-value chemicals from this 

hydrolysate. 
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4. Top sugar building blocks from bio-based materials

Petroleum resources are unsustainable. The rapidly declining availability of petroleum 

resource not only raises concerns regarding future energy sources, but also presents a challenge 

to the petrochemical based industries. Therefore, seeking the replacement of petroleum based 

fuels and chemicals has drawn a lot of attention recent years, and among them, bio-based 

chemicals and fuels seems to have huge potential. In 2004, the department of energy (DOE) 

reported a list containing the top 12 sugar building block that can be produced from biomass 

and can further converted to downstream value-added chemicals (Petersen, 2004). In 2010, 

this list was modified and 4 more platform chemicals were added because of their potential 

market growth and industrial value (Figure 4) (Bozell & Petersen, 2010). These platform 

chemicals can either be produced via chemical procedures using biomass as starting material, 

or generated using metabolic engineering methods. The past decade witnessed an emerging 

interest of developing economical, efficient and scalable bio-refinery methodologies towards 

converting biomass into platform chemicals and many bio-refinery processes have been 

commercialized. Here in this work, we focus on the chemical conversion of C5, C6 sugar in 

bio-based starting materials into three types of building block chemicals: furfural, HMF and 

FDCA.  
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Figure 1.4 Top sugar building blocks: 2010 update 

4.1 Glucose 

Glucose is a C6 monosaccharide and also the building block of cellulose. It is widely 

used in many industries, including food industry and biofuel productions. The production of 

glucose was introduced in this work as a result of cellulose structure degradation after several 

steps of bio-refinery treatment. The application of glucose includes 1)directly using as a sugar 

source; 2) produce ethanol and other fuel additives through fermentation method; 3)produce 

high-value chemicals such as levulinic acid, HMF, succinic acid through catalytically or 

biological method.  
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4.2 Xylose 

Xylose is a C5 monosaccharaide that is present in hemicellulose structure, most of the 

xylan is released from biomass feedstock during autohydrolysis pretreatment. Being not 

digestible by human, xylose is often used in food industry to produce low-calorie sweeteners. 

Similar to glucose, several kinds of bio-based chemicals and fuel additives can be produce by 

xylose including xylitol, ethanol and furfural etc.  

4.3 Furfural: a product from xylose 

4.3.1 Structure and synthetic applications 

Furfural is among the top biomass-based platform chemicals selected in DOE 2010 

report (Bozell & Petersen, 2010). It is usually produced via acid catalyzed dehydration of 

biomass-based xylose. Its structure contains a furan ring and a formyl group motif, the 

production and application of furfural is summarized in Figure 5. The most important process 

of furfural towards upgrading to biofuel is the hydrogenation process, where furfuryl alcohol 

is produced (Choi, Song, Shin, & Lee, 2015; Lange, van der Heide, van Buijtenen, & Price, 

2012; Wettstein, Alonso, Gurbuz, & Dumesic, 2012; J. H. Zhang, Li, Tang, Lin, & Long, 

2015). This process is usually carried out using copper-based catalysts (Lange et al., 2012). 

Hydrogenation of furfural and the formation of furfuryl alcohol may lead to many important 

downstream products, including levulinic acid (LA), ethyl levulinate (EL), 2-methulfuran 

(MF) and 2-methyltetrahydrofuran (2-MTHF) (Choi et al., 2015; Lange et al., 2012; Wettstein 

et al., 2012; J. H. Zhang et al., 2015). These downstream products have great potential of  
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becoming fuel additive. On the other hand, the existence of formyl group in furfural structure 

provides a possibility for furfural to couple with other ketone or itself via condensation. Then 

the condensation products can undergo hydrogenation and ring opening to form long chain 

(C8-C13) hydrocarbons (Lange et al., 2012). 

Figure 1.5 Roadmap of furfural: the application of furfural as a platform chemical 

4.3.2 Production 

Currently, approximately 70% of global furfural production is concentrated in China, 

where most manufacturers are still using the traditional methods based on homogeneous acid 

catalysts such as H2SO4 and HNO3 in aqueous solutions (Karinen, Vilonen, & Niemela, 2011). 
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These methods are not efficient due to the furfural resinification and they are environmentally 

hazardous because of the solid and liquid waste generated during the production of furfural. 

Recently, many types of modification on the furfural production methods have been proposed. 

These modifications are largely focused on two aspects of furfural production: solvent system 

and catalyst. 

Many different types of acid have been studied as catalysts in the production of furfural. 

Mineral acid was used in the very first known furfural production process and it is still being 

optimized for furfural production. By using HCl as the catalyst, Chheda et al. were able to 

achieve approximately 65% furfural yield under 170ºC reaction temperature (Chheda, Roman-

Leshkov, & Dumesic, 2007) while Huber et al. estimated that based on their chemical kinetics 

analysis the furfural yield could reach up to 85% in a biphasic reaction system (Weingarten et 

al., 2010). Approximately 65% furfural yield was observed under 230ºC using H2SO4 as the 

catalyst (Montane, Salvado, Torras, & Farriol, 2002) while ~60% yield was achieved using 

H3PO4 at 200ºC (Sievers et al., 2008). In order to improve the efficiency of mineral acid 

catalyst, inorganic salts were added to the reaction medium to enhance the furfural formation 

and selectivity (Marcotullio & de Jong, 2011). For example, CrCl3, which is a Lewis acid, has 

been used with HCl, a Brønsted acid, to accelerate furfural production resulting in an overall 

furfural yield of 39% (Y. Yang, Hu, & Abu-Omar, 2012). 
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Another important type of acid catalyst that has been widely adopted in furfural 

production is solid acid, most studied of which is zeolite. H-ZSM zeolite, for example, was 

tested in its protonated form for catalyzing furfural production. It was observed that under 

200ºC, in a pure aqueous environment, a yield of 46% could be achieved (O'Neill, Ahmad, 

Vanoye, & Aiouache, 2009). It was also reported that H+-mordenite could catalyze the 

conversion of pentose into furfural at high temperature (260ºC) and 55 atm with a molar 

furfural yield of 98% and a furfural selectivity of 98% (Lessard, Morin, Wehrung, Magnin, & 

Chornet, 2010). For zeolite solid acid catalysts, the ratio between the number of Lewis acid 

sites and Brønsted acid sites significantly affects the conversion of sugar and the yield of 

furfural. In addition to zeolite, whose pore size is approximately 5 ~ 13Å, mesoporous 

materials such as MCM-41 and SBA-15 which have larger pore sizes around 2 ~ 50 nm have 

also been studied as catalyst for furfural production. It has been shown that MCM-41 in its 

HSO3- functionalized form can catalyze furfural production in a water/toluene biphasic system 

to obtain a furfural yield of ~76% at 140ºC (Dias, Pillinger, & Valente, 2005a). Recent reports 

have suggested that SBA-15-HSO3 can also be used to obtain a furfural yield of ~70% at 160 

ºC (Shi et al., 2011). Ion exchange resin, which is another type of solid acid, has also been 

studied as a catalyst in reactions aiming to convert xylose to furfural. For example, a furfural 

yield of 70% was observed while using Amberlyst 70 as a catalyst in water/toluene system 

(Agirrezabal-Telleria, Larreategui, Requies, Guemez, & Arias, 2011). 
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In addition to designing novel acid catalysts, recent studies have also devoted great 

effort on exploring the solvent system for furfural production. Currently four types of solvent 

system are being employed the most in this field: water, organic solvents, water-organic bi-

phase system and ionic liquid (IL). Gürbüz et al. (Gurbuz et al., 2013), starting from xylose, 

recently used H-mordenite as the solid acid catalyst and obtained 100% sugar conversion with 

81% furfural yield in gamma-Valerolactone (GVL) solvent. With water as the sole solvent, 

Valente et al., using H-MCM-22 zeolite and ITQ-2 solid acid, achieved 71% furfural yield 

with 96% sugar conversion at 170°C (Antunes et al., 2012). Aqueous-organic bi-phase solvent 

systems were introduced into furfural production because it is believed that the organic phase 

can take the generated furfural away from the reaction center (catalyst surface) so that the side 

reaction in which furfural interacts with xylose to form humins could be suppressed. Many 

organic solvents have been tested in tandem with water in furfural production. Some 

combinations have included mixtures of the following solid acids with water: MIBK (Dias, 

Pillinger, & Valente, 2005b; Weingarten et al., 2010), toluene (Agirrezabal-Telleria et al., 

2011; Antunes et al., 2012; Shi et al., 2011), and 1-butanol (J. H. Zhang, Zhuang, Lin, Liu, & 

Zhang, 2012). Ionic liquid is another format of solvent system that has also been introduced 

into furfural production. It has been shown that in an IL system, the generated furfural is more 

stable which leads to a higher yield (Matsagar, Munshi, Kelkar, & Dhepe, 2015; Serrano-Ruiz 

et al., 2012; Sievers et al., 2009). 
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Through these modified methods, higher sugar conversion and furfural yield were 

achieved. However, there are a number of drawbacks associated with these methods such as 

the high price of IL and bi-phase solvent systems, solid acid deactivation due to humins 

deposition, and active site loss. This is why these methods have yet been widely employed in 

the furfural industry.  

Lignocellulosic biomass is the primary feedstock used for furfural production in 

industry today. Depending on the type of biomass, the pentosan content ranges between 6% 

and 32% of the total amount. Corncob has been wildly used in China for furfural production 

because of its rich hemicellulose content and relatively cheap cost. However, the serious 

environmental pollutants created by the use of mineral acid along with the gradual increase in 

the price of biomass have made the process less attractive than before. Even though feedstock 

like corncob is rich in pentosan, there is still a large portion of lignocellulosic biomass left as 

residue after furfural production. Huge amounts of biomass waste are produced in all 

traditional furfural production process because they cannot fully consume the cellulose and 

lignin content in feedstock. To solve this problem, one may refine the biomass feedstock and 

only use the liquid after pretreatment for furfural production. A biomass refinery process 

including autohydrolysis pretreatment, machine refining, and enzymatic hydrolysis allows for 

the efficient separation of hemicellulose, cellulose, and lignin content from the raw biomass. 

The liquid obtained after autohydrolysis is the so-called “hydrolysate” in which dissolved 

hemicellulose is the dominant component. The solid obtained after pretreatment contains 
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 mainly cellulose and lignin, which are both great sources for the production of high-valued 

chemicals such as HMF, levulinic acid from cellulose and aromatic compounds from lignin 

(Cai, Zhang, Kumar, & Wyman, 2014). 

4.4 5-hydroxymethylfurfural (HMF): a product from glucose 

4.4.1 Structure and synthetic applications 

The structure of HMF contains a furan ring, a primary hydroxyl group and a formyl 

group. The rich chemistry attributes of HMF provide possibilities of many potential 

transformations targeting these structural motifs. Shown in Figure 6 are potential downstream 

products that can be synthesized using HMF as starting material. 

Figure 1.6. A road map of potential synthetic applications of HMF and its downstream 

products. 
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As the structure of HMF shown in Figure 6, both the formyl group and the hydroxyl 

group in HMF can be selectively oxidized to obtain DFF and FDCA. The conversion of HMF 

to FDCA has been extensively studied due the importance of FDCA as a potential building 

block of producing value-added polymer products. For example, Gupta et al. recently reported 

a base-free oxidation process of HMF using hydrotalcite-supported gold nanoparticles as 

catalyst in aqueous environment at 368 K under atmospheric oxygen pressure (Gupta, 

Nishimura, Takagaki, & Ebitani, 2011). This conversion process led to a >99% HMF 

conversion ratio and a >99% FDCA yield. Detailed review of the FDCA production from 

biomass-based sugars and sugar derivatives is presented in later sections. 

In addition to oxidation transformation, both the furan ring and the formyl group in 

HMF structure can be reduced. One of the most important reductive processes of HMF is the 

ring opening reduction process of the furan ring. This reduction reaction can be catalyzed by 

acid and it produces levulinic acid (LA). LA is also among the most important building block 

chemicals that can be derived from biomass. One may view HMF as an intermediate product 

including their acid-catalyzed kinetics, have been extensively studied. For example, recently 

Choudhary et al. reported an HCl/CrCl3 catalyzed conversion of HMF to LA, where a ~80% 

LA yield was obtained (Choudhary et al., 2013). 
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Many other types of synthetic transformation of HMF have been investigated, 

including reductive amination of the formyl group, aldol condensation between HMF and other 

ketones in producing liquid alkanes, and the etherification of the hydroxyl motif in HMF 

structure. All these conversion processes mentioned above make HMF a versatile building 

block chemical. Therefore, it is of great importance to establish an efficient methodology of 

producing HMF from biomass-based feedstock. 

4.4.2 Production 

HMF is dehydration product of hexoses, such as fructose and glucose. Fructose and 

inulin are commonly used as the feedstock of HMF production.  Due to the high yield of HMF, 

many literatures and research focus on the catalyzed conversion from fructose to HMF. 

However, among different hexoses, glucose is much more abundant in lignocellulosic biomass 

and it has the potential of undergoing isomerization and transform into fructose. As a result, 

recently the acid-catalyzed conversion from biomass-derived glucose to HMF has also become 

a popular topic in biorefinery research community.  

Similar to the production of furfural, the optimization of HMF production procedures 

also emphasizes on two major aspects: solvent system and catalyst design. Four different 

solvent systems used in HMF production have been studied and reported by literatures, 

including aqueous mono-phasic systems, organic mono-phasic systems, aqueous/organic bi-

phasic system and IL systems. For the catalyst choice, usually the hexose-to-HMF conversion 

is catalyzed by either homogeneous or inhomogeneous acid catalysts. Because during the 
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 hexose dehydration, small molecule organic acid, including LA and formic acid, may be 

produced by side-reactions. Hence, the HMF production from hexose may also be self-

catalyzed. Here in this section, we review some examples of typical experimental design of 

hexose-to-HMF conversion. 

One of the important early studies of fructose conversion into HMF using water as 

solvent dates back to the late 1970s, where Kuster and Tebbens used fructose as the starting 

material for HMF production and developed analytical procedures of quantifying the product 

HMF (Kuster & Tebbens, 1977). As a modification to the pure water solvent, the authors added 

poly-ethyleneglycol-600 (PG-600) as a diluent into the aqueous reaction environment. It was 

found that the addition of PG-600 increased the conversion of fructose while decreased that of 

the HMF into LA. This resulted in a higher yield of HMF compared to pure water solvent. 

With ~70% PG-600 concentration in water, the authors achieved ~70% yield of HMF and 

~90% conversion of fructose by using HCl as acid catalyst under 95˚C reaction temperature 

after a 30 min reaction period in aqueous mono-phasic solvent system. Approximately one 

decade later, Musau and Munavu reported a fructose-to-HMF conversion process carried out 

in an organic mono-phasic solvent system, where they used DMSO as solvent (Musau & 

Munavu, 1987). Interestingly, the authors were able to achieve up to 92% of HMF yield 

without applying catalysts after 2 hours reaction at 150˚C reaction temperature.  Another 

application of DMSO solvent was reported by Shimizu et al., where the authors were able to 

achieve 100% HMF yield with high fructose concentration (50% w.t. in DMSO using  
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Amberlyst-15 as the catalyst at 120˚C reaction temperature within a 2h reaction time (Shimizu, 

Uozumi, & Satsuma, 2009). Compared to other applications of DMSO solvent in HMF 

production, Shimizu et al. applied water removal process during the reaction and significantly 

increased the yield of HMF while suppressing the HMF-to-LA side reactions.  

In general, the conversion from fructose to HMF has a better yield in organic solvents 

compared to water solvent. However, hexoses, such as fructose and glucose, have poor 

solubility in organic solvent except those organic solvents that have high boiling point, such 

as DMSO. This causes difficulties in separating produced HMF from the organic solvents. 

Therefore, it is necessary to introduce bi-phasic solvent system for HMF production. One of 

the most commonly used solvent pair is water/MIBK. Rivalier et al. reported in 1995 an 

application of a 1:5 (v/v) water-MIBK mixture as the bi-phasic solvent system for HMF 

production (Rivalier, Duhamet, Moreau, & Durand, 1995). H-mordenite with a Si/Al ratio of 

11 was used as the solid acid catalyst for the conversion reaction. The reaction was carried out 

at 165 ˚C for 60 minutes, and a 76% fructose conversion with 91% HMF selectivity was 

achieved. Interestingly, the Si/Al ratio has effect on the overall fructose conversion and HMF 

selectivity. It was found by the authors that the optimal Si/Al ratio towards HMF production 

is 11. Besides MIBK, DCM was also used as the organic solvent in bi-phasic HMF production 

system. Brasholz et al. employed a water/DCM bi-phasic solvent system and achieved ~81% 

HMF yield using HCl as the acid catalyst at 100 ˚C reaction temperature (Brasholz, von Kanel, 

Hornung, Saubern, & Tsanaktsidis, 2011). Another application of bi-phasic solvent system in 
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HMF production involves mixed solvent for both aqueous phase and organic phase. Chheda et 

al. employed 1:1 (w/w) water-DMSO as the aqueous phase solvent while using 7:3 (w/w) 

MIBK-(2-butanol) as the organic phase solvent in their study of HMF production. The authors 

were able to achieve ~85% HMF yield with nearly full fructose conversion after 4-8 minutes 

reaction time at 170 ˚C reaction temperature (Chheda et al., 2007). 

The application of IL in HMF production is widely adopted in many literatures. For 

example, Yong et al. achieved ~90% HMF yield in a [BMIM]Cl ionic liquid solvent using 

various Cr complex compounds as catalysts (Yong, Zhang, & Ying, 2008). Interestingly, Zhao 

et al. reported in 2007 an application of [EMIM]Cl ionic liquid for HMF production. It was 

found that without applying catalysts, a nearly full conversion of fructose and a ~72% 

selectivity of HMF was achieved after 3 hours of reaction at 120 ̊ C temperature. This indicates 

that IL itself can interact with fructose and assists the conversion from fructose to HMF (H. B. 

Zhao, Holladay, Brown, & Zhang, 2007).  

Glucose is another potential feedstock for producing HMF. The dehydration of glucose 

usually leads to non-selective products and makes the HMF yield lower than using fructose as 

feedstock. However, considering the abundance and sustainability of glucose, recent years 

have witness an emerging interesting in developing glucose-to-HMF production method that 

has high HMF yield. The solvent systems and acid catalysts employed in the conversion of 

glucose are similar to those in fructose conversion. For example, Nakajima et al. used H3PO4  
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pretreated Nb2O5 solid Lewis acid as catalyst and achieved a ~48% HMF yield in aqueous 

mono-phasic system after 180 minutes reaction at 130 ˚C temperature (Nakajima et al., 2011). 

Yan et al., on the other hand, carried out CSZA catalyzed glucose conversion in organic mono- 

phasic solvent system (DMSO as solvent) and also achieved ~48% HMF yield at 403 K 

reaction temperature (Yan, Yang, Tong, Xiang, & Hu, 2009). Aqueous/organic bi-phasic 

solvent system has also been applied to the glucose conversion. For example, Fan et al. 

employed the water/MIBK bi-phase solvent pair and Ag3PW12O40 solid acid in converting 

both fructose and glucose into HMF. It was found that within 4 hours of reaction time at 130 

˚C reaction temperature, a ~58% HMF yield was obtained from glucose dehydration reaction 

(Fan et al., 2011). 

Similar to fructose conversion, in glucose conversion, in general one can achieve a 

better HMF yield by performing the hexose conversion in IL. For example, Li et al. were able 

to achieve a ~91% HMF yield by using [C4mim] Cl ionic liquid and CrCl3 as catalysts within 

1min reaction time at 100 ˚C temperature with help from microwave irradiation (Li, Zhang, & 

Zhao, 2009). The authors also examined the HMF production with cellulose as feedstock and 

obtained a ~60% HMF yield under same IL environment.  
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4.5 2,5-Furandicarboxylic acid(FDCA) 

4.5.1 Structure and synthetic applications 

2,5-Furandicarboxylic acid is one of the important upgrading products of HMF, as seen 

in Figure 6, FDCA has two carboxylic acid motifs and a furan ring. The structural similarity 

between FDCA and terephthalic acid, the monomer building block for producing polyethylene 

terephthalate (PET) and polybutylene terephthalate (PBT) plastic, makes it a promising 

biomass-based platform chemical. FDCA was selected as one of the top biomass-based 

building block chemicals in both the 2004 and the 2010 DOE reports (Bozell & Petersen, 2010; 

Petersen, 2004). The most important synthetic application of FDCA is the production of 

polyethylene furanoate (PEF) polymer. FDCA can undergo esterification with ethane-1, 2-diol 

and form PEF. PEF has been shown to have similar properties as PET polymer, which is 

petroleum-based plastic. The development of PEF-based plastic containers/bottles is being 

carried out in collaboration among companies including Coca-Cola, Danone, ALPHA and 

Avantium. Because of the two carboxylic acid motifs, FDCA could also be used as monomer 

building block for polyamides and polyeurethanes (Choi et al., 2015; J. H. Zhang et al., 2015; 

Z. H. Zhang & Deng, 2015).  

4.5.2 Production 

The oxidation conversion of HMF into FDCA has attracted much attention during 

recent years. While biomass-based hexoses could be used as feedstock for FDCA production, 

the oxidation of hexoses imposes risks of oxidizing the sugar itself and leading to undesired 

side products. Therefore, recently the development of FDCA production methods has being 
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focused on the conversion from biomass-produced HMF to FDCA. In order to convert HMF 

to FDCA, both the formyl group and the hydroxyl group in HMF structure need to be oxidized 

and form carboxylic acid groups. 

The most commonly used and extensively studied catalyst for HMF-to-FDCA 

conversion is the noble metal nanoparticles (NP) supported by various carriers. Noble metals 

that could be used as catalysts in this conversion include Au, Pt, Pd and Co (J. H. Zhang et al., 

2015; Z. H. Zhang & Deng, 2015). These conversion processes usually requires a basic 

reaction environment, therefore usually strong bases (NaOH, NaHCO3, Na2CO3) are 

employed in the FDCA production. As an example, Casanova et al. recently reported a 

catalyzed aerobic oxidation of HMF towards producing FDCA (Casanova, Iborra, & Corma, 

2009). Au NP on various different supports, including CeO2, TiO2 and Fe2O3, were used as 

the support for gold NP. The oxidation was carried out in water at 10 bar pressure and 65 ˚C 

temperature with 4 equivalents of NaOH added into water. After 8 hours of reaction time, 

>99% FDCA yield was achieved with TiO2 and CeO2 supported Au NP. Gupta et al. reported,

in 2011, a base-free Au NP catalyzed FDCA production (Gupta et al., 2011), where the authors 

achieved >99% HMF conversion and >99% FDCA yield in water under O2 flow at 368K 

within 7 hours of reaction time. The catalyst used in this study is also Au NP, but supported 

on hydrotalcite (HT). This oxidation conversion of HMF does not require homogeneous base 

added into reaction  environment. If the reaction is carried out under atmospheric O2 pressure, 

the FDCA yield is 
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 ~81%. Besides supported monometallic NP, bimetallic alloy NP supported on different 

carriers have also been extensively studied in literatures to perform base-free production of 

FDCA. For example, Wan et al. recently reported a catalyzed HMF-to-FDCA conversion using 

Au-Pd bimetallic alloy NP supported on carbon nanotubes (CNT) as catalysts (Wan et al., 

2014). The authors were able to achieve >90% FDCA yield without using homogeneous base 

under 0.5 MPa O2 pressure at 373K reaction temperature in 12 hours of reaction time. Very 

recently, Hayashi et al. reported a FDCA production process using MnO2 as catalyst with 

NaHCO3 as the homogeneous base in water under 1 MPa O2 pressure at 100 ˚C reaction 

temperature. An FDCA yield of ~91% was achieved. This study represents another type of 

catalysts for FDCA production, which is the non-noble metal NP solid catalysts (Hayashi, 

Komanoya, Kamata, & Hara, 2017).  

In addition to the development of catalysts, researcher also perused the direction of 

modifying the reaction solvent system. Zhang et al. recently demonstrated a tri-phasic solvent 

system designed for a one-pot 3-step sugar-to-FDCA reaction (B. Liu & Zhang, 2016). In phase 

1, sugar (glucose or fructose is dehydrated with proper catalysts to produce HMF. Phase 2 

extracts generated HMF and transport the HMF into phase 3, where HMF is oxidized with Au-

Pd alloy NP supported on HT as the catalyst. By applying this design of reaction process, the 

authors were able to achieve ~78% FDCA yield using fructose feedstock. 
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5. Objective of this study

The objective of this study is to 1) evaluate the overall performance of producing high-

value chemicals from the hydrolyzate of lignocellulsoic biomass; 2) develop a method to obtain 

high yield furfural from xylose-rich solution from autohydrolysis pretreatment; 3) develop a 

method to achieve high yield 5-hydroxymethylfurfural from the hydrolyzate; 4) Characterize 

degree of polymerization of cellulose in lignocelluosic biomass.    



27 

REFERENCES 

Agbor, V. B., Cicek, N., Sparling, R., Berlin, A., & Levin, D. B. (2011). Biomass pretreatment: 

Fundamentals toward application. Biotechnology Advances, 29(6), 675-685. 

doi:https://doi.org/10.1016/j.biotechadv.2011.05.005 

Agirrezabal-Telleria, I., Larreategui, A., Requies, J., Guemez, M. B., & Arias, P. L. (2011). 

Furfural production from xylose using sulfonic ion-exchange resins (Amberlyst) and 

simultaneous stripping with nitrogen. Bioresour Technol, 102(16), 7478-7485. 

doi:10.1016/j.biortech.2011.05.015 

Antunes, M. M., Lima, S., Fernandes, A., Pillinger, M., Ribeiro, M. F., & Valente, A. A. 

(2012). Aqueous-phase dehydration of xylose to furfural in the presence of MCM-22 and ITQ-

2 solid acid catalysts. Applied Catalysis a-General, 417, 243-252. 

doi:10.1016/j.apcata.2011.12.046 

Ayeni, A. O., Hymore, F. K., Mudliar, S. N., Deshmukh, S. C., Satpute, D. B., Omoleye, J. A., 

& Pandey, R. A. (2013). Hydrogen peroxide and lime based oxidative pretreatment of wood 

waste to enhance enzymatic hydrolysis for a biorefinery: Process parameters optimization 

using response surface methodology. Fuel, 106, 187-194. 

doi:https://doi.org/10.1016/j.fuel.2012.12.078 

Bali, G., Meng, X., Deneff, J. I., Sun, Q., & Ragauskas, A. J. (2015). The Effect of Alkaline 

Pretreatment Methods on Cellulose Structure and Accessibility. ChemSusChem, 8(2), 275-

279. doi:10.1002/cssc.201402752

https://doi.org/10.1016/j.biotechadv.2011.05.005
https://doi.org/10.1016/j.fuel.2012.12.078


28 

Bozell, J. J., & Petersen, G. R. (2010). Technology development for the production of biobased 

products from biorefinery carbohydrates—the US Department of Energy’s “top 10” revisited. 

Green Chemistry, 12(4), 539-554.  

Brasholz, M., von Kanel, K., Hornung, C. H., Saubern, S., & Tsanaktsidis, J. (2011). Highly 

efficient dehydration of carbohydrates to 5-(chloromethyl)furfural (CMF), 5-

(hydroxymethyl)furfural (HMF) and levulinic acid by biphasic continuous flow processing. 

Green Chemistry, 13(5), 1114-1117. doi:10.1039/c1gc15107j 

Buranov, A. U., & Mazza, G. (2008). Lignin in straw of herbaceous crops. Industrial Crops 

and Products, 28(3), 237-259. doi:https://doi.org/10.1016/j.indcrop.2008.03.008 

Cai, C. M., Zhang, T. Y., Kumar, R., & Wyman, C. E. (2014). Integrated furfural production 

as a renewable fuel and chemical platform from lignocellulosic biomass. Journal of Chemical 

Technology and Biotechnology, 89(1), 2-10. doi:10.1002/jctb.4168 

Casanova, O., Iborra, S., & Corma, A. (2009). Biomass into Chemicals: Aerobic Oxidation of 

5-Hydroxymethyl-2-furfural into 2,5-Furandicarboxylic Acid with Gold Nanoparticle

Catalysts. ChemSusChem, 2(12), 1138-1144. doi:10.1002/cssc.200900137

Chen, X., Tao, L., Shekiro, J., Mohaghaghi, A., Decker, S., Wang, W., . . . Tucker, M. (2012). 

Improved ethanol yield and reduced Minimum Ethanol Selling Price (MESP) by modifying 

low severity dilute acid pretreatment with deacetylation and mechanical refining: 1) 

Experimental. Biotechnology for biofuels, 5(1), 60. doi:10.1186/1754-6834-5-60 

Chheda, J. N., Roman-Leshkov, Y., & Dumesic, J. A. (2007). Production of 5-

hydroxymethylfurfural and furfural by dehydration of biomass-derived mono- and poly-

saccharides. Green Chemistry, 9(4), 342-350. doi:10.1039/b611568c 

https://doi.org/10.1016/j.indcrop.2008.03.008


29 

Choi, S., Song, C. W., Shin, J. H., & Lee, S. Y. (2015). Biorefineries for the production of top 

building block chemicals and their derivatives. Metabolic Engineering, 28, 223-239. 

doi:10.1016/j.ymben.2014.12.007 

Choudhary, V., Mushrif, S. H., Ho, C., Anderko, A., Nikolakis, V., Marinkovic, N. S., . . . 

Vlachos, D. G. (2013). Insights into the Interplay of Lewis and Bronsted Acid Catalysts in 

Glucose and Fructose Conversion to 5-(Hydroxymethyl)furfural and Levulinic Acid in 

Aqueous Media. Journal of the American Chemical Society, 135(10), 3997-4006. 

doi:10.1021/ja3122763 

Dias, A. S., Pillinger, M., & Valente, A. A. (2005a). Dehydration of xylose into furfural over 

micro-mesoporous sulfonic acid catalysts. Journal of Catalysis, 229(2), 414-423. 

doi:10.1016/j.jcat.2004.11.016 

Dias, A. S., Pillinger, M., & Valente, A. A. (2005b). Liquid phase dehydration Of D-xylose in 

the presence of Keggin-type heteropolyacids. Applied Catalysis a-General, 285(1-2), 126-131. 

doi:10.1016/j.apcata.2005.02.016 

Fan, C. Y., Guan, H. Y., Zhang, H., Wang, J. H., Wang, S. T., & Wang, X. H. (2011). 

Conversion of fructose and glucose into 5-hydroxymethylfurfural catalyzed by a solid 

heteropolyacid salt. Biomass & Bioenergy, 35(7), 2659-2665. 

doi:10.1016/j.biombioe.2011.03.004 

Fengel, D., & Wegener, G. (1983). Wood: chemistry, ultrastructure, reactions: De Gruyter. 

Garrote, G., Domínguez, H., & Parajó, J. C. (1999). Hydrothermal processing of 

lignocellulosic materials. Holz als Roh- und Werkstoff, 57(3), 191-202. 

doi:10.1007/s001070050039 



30 

Gupta, N. K., Nishimura, S., Takagaki, A., & Ebitani, K. (2011). Hydrotalcite-supported gold-

nanoparticle-catalyzed highly efficient base-free aqueous oxidation of 5-

hydroxymethylfurfural into 2,5-furandicarboxylic acid under atmospheric oxygen pressure. 

Green Chemistry, 13(4), 824. doi:10.1039/c0gc00911c 

Gurbuz, E. I., Gallo, J. M. R., Alonso, D. M., Wettstein, S. G., Lim, W. Y., & Dumesic, J. A. 

(2013). Conversion of Hemicellulose into Furfural Using Solid Acid Catalysts in gamma-

Valerolactone. Angewandte Chemie-International Edition, 52(4), 1270-1274. 

doi:10.1002/anie.201207334 

Hayashi, E., Komanoya, T., Kamata, K., & Hara, M. (2017). Heterogeneously-Catalyzed 

Aerobic Oxidation of 5-Hydroxymethylfurfural to 2,5-Furandicarboxylic Acid with MnO2. 

ChemSusChem, 10(4), 654-658. doi:10.1002/cssc.201601443 

Himmel, M. E., Ding, S.-Y., Johnson, D. K., Adney, W. S., Nimlos, M. R., Brady, J. W., & 

Foust, T. D. (2007). Biomass Recalcitrance: Engineering Plants and Enzymes for Biofuels 

Production. science, 315(5813), 804-807. doi:10.1126/science.1137016 

Jones, B. W., Venditti, R., Park, S., Jameel, H., & Koo, B. (2013). Enhancement in enzymatic 

hydrolysis by mechanical refining for pretreated hardwood lignocellulosics. Bioresource 

Technology, 147, 353-360. doi:https://doi.org/10.1016/j.biortech.2013.08.030 

Kaar, W. E., Gutierrez, C. V., & Kinoshita, C. M. (1998). Steam explosion of sugarcane 

bagasse as a pretreatment for conversion to ethanol. Biomass and Bioenergy, 14(3), 277-287. 

doi:https://doi.org/10.1016/S0961-9534(97)10038-1 

Karinen, R., Vilonen, K., & Niemela, M. (2011). Biorefining: Heterogeneously Catalyzed 

Reactions of Carbohydrates for the Production of Furfural and Hydroxymethylfurfural. 

ChemSusChem, 4(8), 1002-1016. doi:10.1002/cssc.201000375 

https://doi.org/10.1016/j.biortech.2013.08.030
https://doi.org/10.1016/S0961-9534(97)10038-1


31 

Kim, J. S., Lee, Y. Y., & Kim, T. H. (2016). A review on alkaline pretreatment technology for 

bioconversion of lignocellulosic biomass. Bioresource Technology, 199, 42-48. 

doi:https://doi.org/10.1016/j.biortech.2015.08.085 

Kuster, B. F. M., & Tebbens, L. M. (1977). Dehydration of D-Fructose (Formation of 5-

Hydroxymethyl-2-Furaldehyde and Levulinic Acid) .1. Analytical Procedures for Studying 

Dehydration of D-Fructose. Carbohydrate research, 54(2), 159-164.  

Lange, J. P., van der Heide, E., van Buijtenen, J., & Price, R. (2012). FurfuraluA Promising 

Platform for Lignocellulosic Biofuels. ChemSusChem, 5(1), 150-166. 

doi:10.1002/cssc.201100648 

Lau, M. J., Lau, M. W., Gunawan, C., & Dale, B. E. (2010). Ammonia Fiber Expansion 

(AFEX) Pretreatment, Enzymatic Hydrolysis, and Fermentation on Empty Palm Fruit Bunch 

Fiber (EPFBF) for Cellulosic Ethanol Production. Applied Biochemistry and Biotechnology, 

162(7), 1847-1857. doi:10.1007/s12010-010-8962-8 

Lenihan, P., Orozco, A., O’Neill, E., Ahmad, M. N. M., Rooney, D. W., & Walker, G. M. 

(2010). Dilute acid hydrolysis of lignocellulosic biomass. Chemical Engineering Journal, 

156(2), 395-403. doi:https://doi.org/10.1016/j.cej.2009.10.061 

León, O. S., Menéndez, S., Merino, N., Castillo, R., Sam, S., Pérez, L., . . . Bocci, V. (1998). 

Ozone oxidative preconditioning: a protection against cellular damage by free radicals. 

Mediators of Inflammation, 7(4), 289-294.  

Lessard, J., Morin, J. F., Wehrung, J. F., Magnin, D., & Chornet, E. (2010). High Yield 

Conversion of Residual Pentoses into Furfural via Zeolite Catalysis and Catalytic 

Hydrogenation of Furfural to 2-Methylfuran. Topics in Catalysis, 53(15-18), 1231-1234. 

doi:10.1007/s11244-010-9568-7 

https://doi.org/10.1016/j.biortech.2015.08.085
https://doi.org/10.1016/j.cej.2009.10.061


32 

Li, C. Z., Zhang, Z. H., & Zhao, Z. B. K. (2009). Direct conversion of glucose and cellulose to 

5-hydroxymethylfurfural in ionic liquid under microwave irradiation. Tetrahedron Letters,

50(38), 5403-5405. doi:10.1016/j.tetlet.2009.07.053

Liu, B., & Zhang, Z. H. (2016). One-Pot Conversion of Carbohydrates into Furan Derivatives 

via Furfural and 5-Hydroxylmethylfurfural as Intermediates. ChemSusChem, 9(16), 2015-

2036. doi:10.1002/cssc.201600507 

Liu, C., & Wyman, C. E. (2003). The Effect of Flow Rate of Compressed Hot Water on Xylan, 

Lignin, and Total Mass Removal from Corn Stover. Industrial & Engineering Chemistry 

Research, 42(21), 5409-5416. doi:10.1021/ie030458k 

Liu, C., & Wyman, C. E. (2004). The Effect of Flow Rate of Very Dilute Sulfuric Acid on 

Xylan, Lignin, and Total Mass Removal from Corn Stover. Industrial & Engineering 

Chemistry Research, 43(11), 2781-2788. doi:10.1021/ie030754x 

Lynd, L. R., Weimer, P. J., van Zyl, W. H., & Pretorius, I. S. (2002). Microbial Cellulose 

Utilization: Fundamentals and Biotechnology. Microbiology and Molecular Biology Reviews, 

66(3), 506-577. doi:10.1128/MMBR.66.3.506-577.2002 

Marcotullio, G., & de Jong, W. (2011). Furfural formation from D-xylose: the use of different 

halides in dilute aqueous acidic solutions allows for exceptionally high yields. Carbohydrate 

research, 346(11), 1291-1293. doi:10.1016/j.carres.2011.04.036 

Matsagar, B. M., Munshi, M. K., Kelkar, A. A., & Dhepe, P. L. (2015). Conversion of 

concentrated sugar solutions into 5-hydroxymethyl furfural and furfural using Bronsted acidic 

ionic liquids. Catalysis Science & Technology, 5(12), 5086-5090. doi:10.1039/c5cy00858a 



33 

Montane, D., Salvado, J., Torras, C., & Farriol, X. (2002). High-temperature dilute-acid 

hydrolysis of olive stones for furfural production. Biomass & Bioenergy, 22(4), 295-304. 

doi:Pii S0961-9534(02)00007-7 

Mosier, N. S. (2013). Fundamentals of Aqueous Pretreatment of Biomass Aqueous 

Pretreatment of Plant Biomass for Biological and Chemical Conversion to Fuels and 

Chemicals (pp. 129-143): John Wiley & Sons, Ltd. 

Musau, R. M., & Munavu, R. M. (1987). The Preparation of 5-Hydroxymethyl-2-Furaldehyde 

(Hmf) from D-Fructose in the Presence of Dmso. Biomass, 13(1), 67-74. doi:Doi 

10.1016/0144-4565(87)90072-2 

Nakajima, K., Baba, Y., Noma, R., Kitano, M., Kondo, J. N., Hayashi, S., & Hara, M. (2011). 

Nb2O5 center dot nH(2)O as a Heterogeneous Catalyst with Water-Tolerant Lewis Acid Sites. 

Journal of the American Chemical Society, 133(12), 4224-4227. doi:10.1021/ja110482r 

O'Neill, R., Ahmad, M. N., Vanoye, L., & Aiouache, F. (2009). Kinetics of Aqueous Phase 

Dehydration of Xylose into Furfural Catalyzed by ZSM-5 Zeolite. Industrial & Engineering 

Chemistry Research, 48(9), 4300-4306. doi:10.1021/ie801599k 

Petersen, T. W. G. (2004). Top Value Added Chemicals from Biomass: Volume I—Results of 

Screening for Potential Candidates from Sugars and Synthesis Gas. Pacific Northwest National 

Laboratory (PNNL) and the National Renewable Energy Laboratory (NREL).  

Pu, Y., Treasure, T., Gonzalez, R. W., Venditti, R., & Jameel, H. (2011). 

AUTOHYDROLYSIS PRETREATMENT OF MIXED HARDWOODS TO EXTRACT 

VALUE PRIOR TO COMBUSTION (Vol. 6). 



34 

Rahikainen, J., Mikander, S., Marjamaa, K., Tamminen, T., Lappas, A., Viikari, L., & Kruus, 

K. (2011). Inhibition of enzymatic hydrolysis by residual lignins from softwood—study of

enzyme binding and inactivation on lignin-rich surface. Biotechnology and Bioengineering,

108(12), 2823-2834. doi:10.1002/bit.23242

Rahikainen, J. L., Martin-Sampedro, R., Heikkinen, H., Rovio, S., Marjamaa, K., Tamminen, 

T., . . . Kruus, K. (2013). Inhibitory effect of lignin during cellulose bioconversion: The effect 

of lignin chemistry on non-productive enzyme adsorption. Bioresource Technology, 133, 270-

278. doi:https://doi.org/10.1016/j.biortech.2013.01.075

Rivalier, P., Duhamet, J., Moreau, C., & Durand, R. (1995). Development of a Continuous 

Catalytic Heterogeneous Column Reactor with Simultaneous Extraction of an Intermediate 

Product by an Organic-Solvent Circulating in Countercurrent Manner with the Aqueous-Phase. 

Catalysis Today, 24(1-2), 165-171. doi:Doi 10.1016/0920-5861(95)00026-C 

Santos, R. B., Capanema, E. A., Balakshin, M. Y., Chang, H.-m., & Jameel, H. (2012). Lignin 

Structural Variation in Hardwood Species. Journal of Agricultural and Food Chemistry, 

60(19), 4923-4930. doi:10.1021/jf301276a 

Serrano-Ruiz, J. C., Campelo, J. M., Francavilla, M., Romero, A. A., Luque, R., Menendez-

Vazquez, C., . . . Garcia-Suarez, E. J. (2012). Efficient microwave-assisted production of 

furfural from C-5 sugars in aqueous media catalysed by Bronsted acidic ionic liquids. Catalysis 

Science & Technology, 2(9), 1828-1832. doi:10.1039/c2cy20217d 

Shi, X. J., Wu, Y. L., Yi, H. F., Rui, G., Li, P. P., Yang, M. D., & Wang, G. H. (2011). Selective 

Preparation of Furfural from Xylose over Sulfonic Acid Functionalized Mesoporous Sba-15 

Materials. Energies, 4(4), 669-684. doi:10.3390/en4040669 

https://doi.org/10.1016/j.biortech.2013.01.075


35 

Shimizu, K., Uozumi, R., & Satsuma, A. (2009). Enhanced production of 

hydroxymethylfurfural from fructose with solid acid catalysts by simple water removal 

methods. Catalysis Communications, 10(14), 1849-1853. doi:10.1016/j.catcom.2009.06.012 

Sievers, C., Marzialetti, T., Hoskins, T. J., Valenzuela, M. B., Agrawal, P. K., & Jones, C. W. 

(2008). FUEL 177-NMR spectroscopic characterization of solid residues from acid hydrolysis 

of loblolly pine wood. Abstracts of Papers of the American Chemical Society, 235.  

Sievers, C., Musin, I., Marzialetti, T., Olarte, M. B. V., Agrawal, P. K., & Jones, C. W. (2009). 

Acid-Catalyzed Conversion of Sugars and Furfurals in an Ionic-Liquid Phase. ChemSusChem, 

2(7), 665-671. doi:10.1002/cssc.200900092 

Sjöström, E. (1993a). Chapter 1 - THE STRUCTURE OF WOOD Wood Chemistry (Second 

Edition) (pp. 1-20). San Diego: Academic Press. 

Sjöström, E. (1993b). Chapter 3 - WOOD POLYSACCHARIDES Wood Chemistry (Second 

Edition) (pp. 51-70). San Diego: Academic Press. 

Sjöström, E. (1993c). Chapter 4 - LIGNIN Wood Chemistry (Second Edition) (pp. 71-89). San 

Diego: Academic Press. 

Ververis, C., Georghiou, K., Christodoulakis, N., Santas, P., & Santas, R. (2004). Fiber 

dimensions, lignin and cellulose content of various plant materials and their suitability for 

paper production. Industrial Crops and Products, 19(3), 245-254. 

doi:https://doi.org/10.1016/j.indcrop.2003.10.006 

Wan, X. Y., Zhou, C. M., Chen, J. S., Deng, W. P., Zhang, Q. H., Yang, Y. H., & Wang, Y. 

(2014). Base-Free Aerobic Oxidation of 5-Hydroxymethyl-furfural to 2,5-Furandicarboxylic 

https://doi.org/10.1016/j.indcrop.2003.10.006


36 

Acid in Water Catalyzed by Functionalized Carbon Nanotube-Supported Au-Pd Alloy 

Nanoparticles. ACS Catalysis, 4(7), 2175-2185. doi:10.1021/cs5003096 

Weingarten, R., Cho, J., Conner, J. W. C., & Huber, G. W. (2010). Kinetics of furfural 

production by dehydration of xylose in a biphasic reactor with microwave heating. Green 

Chemistry, 12(8), 1423-1429. doi:10.1039/C003459B 

Wettstein, S. G., Alonso, D. M., Gurbuz, E. I., & Dumesic, J. A. (2012). A roadmap for 

conversion of lignocellulosic biomass to chemicals and fuels. Current Opinion in Chemical 

Engineering, 1(3), 218-224. doi:10.1016/j.coche.2012.04.002 

Wyman, C. E. (2011). Comparative data on effects of leading pretreatments and enzyme 

loadings and formulations on sugar yields from different switchgrass sources. Bioresour 

Technol, 102. doi:10.1016/j.biortech.2011.06.069 

Yan, H. P., Yang, Y., Tong, D. M., Xiang, X., & Hu, C. W. (2009). Catalytic conversion of 

glucose to 5-hydroxymethylfurfural over SO42-/ZrO2 and SO42-/ZrO2-Al2O3 solid acid 

catalysts. Catalysis Communications, 10(11), 1558-1563. doi:10.1016/j.catcom.2009.04.020 

Yang, B., & Wyman, C. E. (2009). Dilute Acid and Autohydrolysis Pretreatment. In J. R. 

Mielenz (Ed.), Biofuels: Methods and Protocols (pp. 103-114). Totowa, NJ: Humana Press. 

Yang, Y., Hu, C. W., & Abu-Omar, M. M. (2012). Synthesis of Furfural from Xylose, Xylan, 

and Biomass Using AlCl3 center dot 6H(2)O in Biphasic Media via Xylose Isomerization to 

Xylulose. ChemSusChem, 5(2), 405-410. doi:10.1002/cssc.201100688 



37 

Yong, G., Zhang, Y. G., & Ying, J. Y. (2008). Efficient Catalytic System for the Selective 

Production of 5-Hhydroxymethylfurfural from Glucose and Fructose. Angewandte Chemie-

International Edition, 47(48), 9345-9348. doi:10.1002/anie.200803207 

Zhang, J. H., Li, J. K., Tang, Y. J., Lin, L., & Long, M. N. (2015). Advances in catalytic 

production of bio-based polyester monomer 2,5-furandicarboxylic acid derived from 

lignocellulosic biomass. Carbohydrate Polymers, 130, 420-428. 

doi:10.1016/j.carbpol.2015.05.028 

Zhang, J. H., Zhuang, J. P., Lin, L., Liu, S. J., & Zhang, Z. (2012). Conversion of D-xylose 

into furfural with mesoporous molecular sieve MCM-41 as catalyst and butanol as the 

extraction phase. Biomass & Bioenergy, 39, 73-77. doi:10.1016/j.biombioe.2010.07.028 

Zhang, Z., Harrison, M. D., Rackemann, D. W., Doherty, W. O. S., & O'Hara, I. M. (2016). 

Organosolv pretreatment of plant biomass for enhanced enzymatic saccharification. Green 

Chemistry, 18(2), 360-381. doi:10.1039/C5GC02034D 

Zhang, Z. H., & Deng, K. J. (2015). Recent Advances in the Catalytic Synthesis of 2,5-

Furandicarboxylic Acid and Its Derivatives. ACS Catalysis, 5(11), 6529-6544. 

doi:10.1021/acscatal.5b01491 

Zhao, H. B., Holladay, J. E., Brown, H., & Zhang, Z. C. (2007). Metal chlorides in ionic liquid 

solvents convert sugars to 5-hydroxymethylfurfural. science, 316(5831), 1597-1600. 

doi:10.1126/science.1141199 

Zhao, X., Cheng, K., & Liu, D. (2009). Organosolv pretreatment of lignocellulosic biomass 

for enzymatic hydrolysis. Applied Microbiology and Biotechnology, 82(5), 815. 

doi:10.1007/s00253-009-1883-1 



38 

Zhao, X., Zhang, L., & Liu, D. (2012). Biomass recalcitrance. Part I: the chemical 

compositions and physical structures affecting the enzymatic hydrolysis of lignocellulose. 

Biofuels, Bioproducts and Biorefining, 6(4), 465-482. doi:10.1002/bbb.1331 



39 

Chapter 2 Furfural production from biomass pretreatment hydrolysate 

using vapor-releasing reactor system 

Abstract 

Biomass hydrolysate from autohydrolysis pretreatment was used for furfural 

production considering it is in rich of xylose, xylo-oligomers, and other decomposition 

products from hemicellulose structure. By using the vapor-releasing reactor system, furfural 

was protected from degradation by separating it from the reaction media. The maximum 

furfural yield of 73% was achieved at 200°C for biomass hydrolysate without the use of the 

catalyst. This is because the presence of organic acids such as acetic acid in hydrolysate 

functioned as a catalyst. According to the results in this study, biomass hydrolysate with a 

vapor-releasing system proves to be efficient for furfural production. The biorefinery process 

which allows the separation of xylose-rich autohydrolysate from other parts from biomass 

feedstock also improves the overall application of the biomass. 

Keywords: Furfural; Biomass Hydrolysate; Vapor-releasing; No catalyst; Aqueous phase 

reaction 
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1. Introduction

One of the greatest challenges mankind is facing to in the 21st century is the depletion 

of fossil fuels, not only because it is our conventional source of fuel, but also because it is the 

primary raw material used in fine chemical engineering (Dias, Pillinger, & Valente, 2005b; 

Lange, van der Heide, van Buijtenen, & Price, 2012). In recent years, this challenge has 

intrigued many researchers who have devoted themselves to the exploration and development 

of efficient production methodology of furanic aldehydes including furfural, which has the 

potential to be a sustainable substitute for petroleum-based building blocks used in the 

production of fine chemicals and plastics. Furfural is the dehydration product of xylose and it 

can be converted into different types of chemicals including furfuryl alcohol, 2-methylfuran 

(MF) and furfural based polymer (Gandini, 2010; Lange et al., 2012). Therefore, it is necessary 

to establish efficient biorefinery procedures that can reduce nonrenewable fuel consumption 

by producing bio-based chemicals and can provide sufficient financial incentive to stimulate 

the expansion of the biorefining industry. 

Approximately 70% of global furfural production is concentrated in China, where most 

manufacturers are still using the traditional methods based on homogeneous acid catalysts such 

as H2SO4 and HNO3 in aqueous solutions (Karinen, Vilonen, & Niemelä, 2011). These 

methods are not efficient due to the furfural resinification and are environmentally hazardous 

because of the solid and liquid waste generated during the production of furfural. Recently, 

many types of modification on the furfural production methods have been proposed. These 
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modifications are largely focused on two aspects of furfural production: solvent system and 

catalyst. 

Many different types of acid have been studied as catalysts in the production of furfural. 

Mineral acid was used in the very first furfural production process and it is still being optimized 

for furfural production (Agirrezabal-Telleria, Gandarias, & Arias, 2014). By using HCl as the 

catalyst, Chheda et al.  were able to achieve approximately 65% furfural yield under 170ºC 

reaction temperature (Chheda, Roman-Leshkov, & Dumesic, 2007), while Weingarten et al. 

estimated that based on their chemical kinetics analysis the furfural yield could reach up to 85% 

in a biphasic reaction system (Weingarten, Tompsett, Conner, & Huber, 2011). Approximately 

65% furfural yield was observed under 230ºC using H2SO4 as the catalyst (Montané, Salvadó, 

Torras, & Farriol, 2002), while ~60% yield was achieved using H3PO4 at 200ºC (Marzialetti 

et al., 2008). In order to improve the efficiency of mineral acid catalyst, inorganic salts were 

added to the reaction medium to enhance the furfural formation and selectivity (Marcotullio & 

De Jong, 2010). For example, CrCl3, which is a Lewis acid, has been used with HCl, a Brønsted 

acid, to accelerate furfural production resulting in an overall furfural yield of 39% (Yang, Hu, 

& Abu-Omar, 2012). 
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Another important type of acid catalyst that has been widely adopted in furfural 

production is solid acid. H-ZSM zeolite, for example, was tested in its protonated form for 

catalyzing furfural production. It was observed that under 200ºC, in a pure aqueous 

environment, a yield of 46% could be achieved (O’Neill, Ahmad, Vanoye, & Aiouache, 2009). 

It was also reported that H+-mordenite can catalyze the conversion of pentose into furfural at 

high temperature (260ºC) and 55 atm with a molar furfural yield of 98% and a furfural 

selectivity of 98% (Lessard, Morin, Wehrung, Magnin, & Chornet, 2010). For zeolite solid 

acid catalysts, the ratio between the number of Lewis acid sites and Brønsted acid sites 

significantly affects the conversion of sugar and the yield of furfural (Weingarten et al., 2011). 

In addition to zeolite, whose pore size is approximately 5~13 Å, mesoporous materials such as 

MCM-41 and SBA-15 which have larger pore sizes around 2~50 nm have also been studied as 

catalyst for furfural production. It has been shown that MCM-41 in its HSO3
- functionalized 

form can catalyze furfural production in a water/toluene biphasic system to obtain a furfural 

yield of ~76% at 140ºC (Dias, Pillinger, & Valente, 2005a). Recent reports have suggested that 

SBA-15-HSO3 can also be used to obtain a furfural yield of ~70% at 160ºC (Shi et al., 2011). 

Ion exchange resin, which is another type of solid acid, has also been studied as a catalyst in 

reactions aiming to convert xylose to furfural. For example, a furfural yield of 70% was 

observed while using Amberlyst 70 as a catalyst in water/toluene system (Agirrezabal-Telleria, 

Larreategui, Requies, Güemez, & Arias, 2011).  
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In addition to designing novel acid catalysts, recent studies have also emphasized on 

exploring the solvent system for furfural production. Currently four types of solvent system 

are being employed the most in this field: water, organic solvents, water-organic bi-phase 

system and ionic liquid (IL). Gürbüz et al., starting from xylose, recently used H+-mordenite 

as the solid acid catalyst and obtained 100% sugar conversion with 81% furfural yield in 

gamma-Valerolactone (GVL) solvent (Gürbüz et al., 2013). With water as the sole solvent, 

Antunes et al., using H-MCM-22 zeolite and ITQ-2 solid acid, achieved 71% furfural yield 

with 96% sugar conversion at 170°C (Antunes et al., 2012). Aqueous-organic bi-phase solvent 

systems were introduced into furfural production because it is believed that the organic phase 

can take the generated furfural away from the reaction center (catalyst surface), so that the side 

reaction in which furfural interacts with xylose to form humins could be suppressed. Many 

organic solvents have been tested in tandem with water in furfural production. Some 

combinations have included mixtures of the following solid acids with water: MIBK (Dias et 

al., 2005a; Weingarten et al., 2011), toluene (Agirrezabal-Telleria et al., 2011; Antunes et al., 

2012; Shi et al., 2011), and 1-butanol (Zhang, Zhuang, Lin, Liu, & Zhang, 2012). Ionic liquid 

is another solvent system that has also been introduced into furfural production. It has been 

shown that in an IL system, the generated furfural is more stable which leads to a higher yield 

(Matsagar, Munshi, Kelkar, & Dhepe, 2015; Serrano-Ruiz et al., 2012; Sievers et al., 2009). 
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Through these modified methods, higher sugar conversion and furfural yield were 

achieved. However, there are a number of drawbacks associated with these methods such as 

the high price of IL and bi-phase solvent systems, solid acid deactivation due to humins 

deposition, and active site loss. This is why these methods have not been widely put into 

practice in the furfural industry yet. While working towards the goal of designing efficient, 

environmental friendly, and financially incentivizing biorefining procedures, we designed a 

biorefinery scheme where the aqueous solution produced by biomass autohydrolysis is used as 

the input feedstock. By employing a simple aqueous solvent environment without an acid 

catalyst, relatively high sugar conversion as well as furfural selectivity was achieved. 

Compared to traditional furfural production procedures, an additional step in which furfural 

and steam released from the reactor are added to improve the selectivity of furfural and 

suppress the side reaction between xylose and generated furfural by using the vapor-releasing 

Parr reactor system. 

 

Lignocellulosic biomass is the primary feedstock used for furfural production in 

industry today. Depending on the type of biomass, the pentosan content ranges between 6% 

and 32% of the total amount (Zeitsch, 2000). Corncob has been wildly used in China for 

furfural production because of its rich hemicellulose content and relatively cheap cost. 

However, the serious environmental pollutants created by the use of mineral acid along with 

the gradual increase in the price of biomass have made the process less attractive than before. 

Even though feedstock like corncob is rich in pentosan, there is still a large portion of 
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lignocellulosic biomass left as residue after furfural production. Huge amounts of biomass 

waste are produced in all traditional furfural production process because they cannot fully 

consume the cellulose and lignin content in feedstock. To solve this problem, one may refine 

the biomass feedstock and only use the liquid after pretreatment for furfural production. A 

biomass refinery process including autohydrolysis pretreatment, machine refining, and 

enzymatic hydrolysis allows for the efficient separation of hemicellulose, cellulose, and lignin 

content from the raw biomass(Han et al., 2015; Huang et al., 2016; Jones, Venditti, Park, 

Jameel, & Koo, 2013). The liquid obtained after autohydrolysis is the so-called “hydrolysate” 

in which dissolved hemicellulose is the dominant component. The solid obtained after 

pretreatment contains mainly cellulose and lignin, which are both great sources for the 

production of high-valued chemicals such as 5-HMF, levulinic acid from cellulose and 

aromatic compounds from lignin (Cai, Zhang, Kumar, & Wyman, 2014). 

 

 

2. Materials and Methods 

2.1 Autohydrolysis of biomass feedstock 

The biomass feedstock used in this study was the mixed southern hardwood chips 

provided by a mill from Georgia Pacific (Big island, VA). Autohydrolysis of biomass was 

performed at the solid-to-liquid ratio of 1:4 in an M/K digester for 20 minutes at 180°C. After 

the treatment, the reactor was cooled down and the pretreated biomass was separated into solid 

and liquid parts. The liquid, also known as the biomass hydrolysate, was the material used for  
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furfural production in this study. Hydrolysate was filtered and centrifuged to remove all 

insoluble materials, prior to the analysis. No further treatment was applied to the hydrolysate. 

 

2.2 Batch process procedure 

30 mL of two starting liquids, biomass hydrolysate and 2% xylose solution, were used 

for batch process in a 50 mL Parr reactor with the solid catalyst HZSM-5. The liquid was gently 

stirred and heated to the desired temperature which is kept throughout the course of reaction. 

Then, the reactor was quickly quenched in cold water to terminate the reaction. The resulting 

mixture was divided into solid and liquid parts and analyzed separately. For the reaction in 

biphasic system, water/toluene at ratio 1:1 (v/v) replaced water as the solvent, while all other 

conditions remained the same. During the reaction, temperature and time were changed to 

determine the optimum reaction conditions. 

 

2.3 Vapor-releasing method procedure  

The vapor releasing procedure was carried out by connecting a Parr reactor with a 

condenser to collect the furfural vapor product.  In this procedure, furfural was extracted from 

the reactor due to the difference in pressure between the inside of the reactor and the 

atmosphere. No extra carrier gas or steam was introduced to extract the furfural vapor. 

Specifically, 500 mL of starting liquids was introduced into a 1L Parr reactor without loading 

any extra catalyst. The Parr reactor was equipped with a magnetic stir-head to ensure a uniform  
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mixing of the reagents. The reactor was connected to a distillation receiver via a stainless steel 

tube for the transportation of furfural-water vapor. A condenser was mounted above the 

distillation receiver to ensure the furfural vapor was fully condensed as liquid during the 

collection time. The condensed vapor was then collected in a flask and the total volume was 

recorded. The reactor was heated to the desired temperature before the valve on Parr reactor 

was opened to release the furfural-water vapor. A total 450 mL of condensed vapor was 

collected throughout the reaction. The flow rate of the vapor was calculated as total volume 

divided by collection time. Once the collection was finished, the reaction was stopped 

immediately and the products were collected from both the flask (vapor products) and Parr 

reactor (by-products). For the low temperature trial, the process was repeated again by refilling 

the reactor with 450 mL DI water to maximum xylose conversion yield. 

 

2.4 Chromatography Analysis 

The monomeric sugars in hydrolysate were quantified by HPLC (Agilent, 1200 Series) 

with a sugar column (Shodex, SP0810) and a refractive index detector. The eluent was Milli-

Q water at a flow rate of 0.5 mL/min. Samples were neutralized with calcium carbonate and 

filtered prior to analysis. Acid components were analyzed by HPLC (Dionex, U-3000 system) 

with an organic acid column (Biorad, Aminex HPX-87H). A 5 mM Sulfuric acid solution was 

used as a mobile phase at the flow rate of 0.6 mL/min. A refractive index detector was used 

for the quantitative analysis of furfural, acetic acid, formic acid and other by-products. Samples 

were filtered through a 0.2 um filter prior to analysis. 
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2.5 Definition of yield and selectivity 

In this work, the yield of xylose conversion and furfural production was defined as  

Xylose conversion, % = (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝑋𝑋𝑋𝑋𝑀𝑀𝑀𝑀𝑋𝑋𝑀𝑀 𝑅𝑅𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅)
(𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝐼𝐼𝐼𝐼𝐼𝐼𝑅𝑅𝐼𝐼𝑅𝑅𝑀𝑀 𝑋𝑋𝑋𝑋𝑀𝑀𝑀𝑀𝑋𝑋𝑀𝑀) × 100% 

Furfural production yield, % = (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝐹𝐹𝐹𝐹𝐹𝐹𝑜𝑜𝐹𝐹𝐹𝐹𝑅𝑅𝑀𝑀 𝐷𝐷𝑀𝑀𝑅𝑅𝑀𝑀𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅)
(𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝐼𝐼𝐼𝐼𝐼𝐼𝑅𝑅𝐼𝐼𝑅𝑅𝑀𝑀 𝑋𝑋𝑋𝑋𝑀𝑀𝑀𝑀𝑋𝑋𝑀𝑀) × 100% 

For all the work presented here, furfural selectivity used to examine the reaction efficiency is 

defined as 

Furfural selectivity, % = (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝐹𝐹𝐹𝐹𝐹𝐹𝑜𝑜𝐹𝐹𝐹𝐹𝑅𝑅𝑀𝑀 𝐷𝐷𝑀𝑀𝑅𝑅𝑀𝑀𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅)
(𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝑋𝑋𝑋𝑋𝑀𝑀𝑀𝑀𝑋𝑋𝑀𝑀 𝑅𝑅𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅) × 100% 

 

 

 

3. Results and Discussion 

3.1. Composition of biomass hydrolysate  

Concentrations of major components in the hydrolysate were determined by HPLC as 

shown in Table 1 (“AH”). Only a small amount of xylose and acetic acid was present in the 

hydrolysate. Since weight loss of autohydrolysis was about 25%, most of the dissolved 

carbohydrates must be in oligomeric form. To hydrolyze these oligomeric carbohydrates 

completely, the hydrolysate was autoclaved with 4% H2SO4 at 121°C for 1 hour. The results 

are also shown in Table 1 (“AC”). Also included in Table 1 are the composition of the starting 

raw material and the weight percentage of the major components of the hydrolysate after acid 

hydrolysis. Comparison of major components of hydrolysate before and after acid hydrolysis 
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 reveals several interesting observations. Firstly, 80% of the xylan dissolved in the hydrolysate 

are xylo-oligomers, which is consistent with the earlier reports (Huang et al., 2016). The final 

19.5 g/L of xylose is equivalent to be 6.8% of xylan on the weight of the raw material. Secondly, 

furfural content increased from 1.4 to 2.4 g/L after acid hydrolysis. Since furfural is a 

dehydration product of xylose, the 2.4 g/L in hydrolysate is equivalent to 1.3% of xylan in the 

original raw material. Adding 1.3% to the 6.8% of xylan gives 8.1% of the weight of raw 

material that is dissolved during autohydrolysis pretreatment. Thus, a minimum of 44% of 

xylan in the raw material (8.1/18.3) is dissolved during autohydrolysis. Finally, acetic acid 

content increase from 3.1 to 6.9 g/L. The latter amount is equivalent to 2.8% of the original 

raw material, which is higher than the average acetyl content of hardwood (2.5%). Thus, some 

acetic acid may have originated from the degradation of carbohydrates. Regardless of its origin, 

acetic acid is an important component of hydrolysate, as it catalyze the conversion of xylose 

to furfural discussed later.  

 
 

3.2 Furfural production in batch process from model solution 

Since the hydrolysate has a combined xylose-xylo-oligomer concentration of 19.5 g/L, 

2% pure xylose solution was used as the model solution to identify optimal reaction conditions. 

The first set of reaction was carried out in a Parr reactor with water as the sole solvent. Other 

conditions such as time, temperature and catalyst were varied. At 170°C, 70% of total xylose 

was consumed within 3 hours in the absence of acid catalyst, while the equal conversion yield 

could be reached in 30 minutes at 200°C (Figure 1a &1b). The dehydration of xylose is faster  
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under higher temperature (Weingarten et al., 2011), while applying acid catalysts can also 

boost the conversion of xylose. Full conversion of xylose can be achieved in less than 2 hours 

when HZSM-5 was used as a solid acid catalyst. In the case without catalysts, furfural yield 

increased as the reaction time increased. High selectivity of furfural was achieved in short 

reaction time. As the reaction time prolonged, side-reactions became substantial in this reaction 

system. A finial furfural yield of 38% (molar yield) for 170°C and 44% for 200°C indicated 

that both xylose and/or furfural were consumed by side-reactions. Catalyst apparently 

catalyzes the decomposition of furfural in aqueous system. In the reaction under 170°C, no 

change was observed in furfural yield within 2 hours while xylose kept being consumed at the 

same time. This result indicates that the existence of catalyst made the furfural unstable in 

water that degradation and generation of furfural are at the same rate. Note that furfural yield 

was still increased even in the case where all xylose disappeared from the reaction system, 

indicating that the conversion of xylose intermediate to furfural exists but the reaction rate is 

slow.  Side reactions, including the degradation of furfural to small molecules and furfural 

resinification with itself, occurred during this process. When there is still xylose left in the 

solution, furfural can also undergo condensation reaction with xylose to form insoluble 

polymer such as “humins” (Zeitsch, 2000). Since there is no protection for furfural in aqueous 

system, degradation of furfural will become even more significant with the increasing 

residence time. Higher temperature with short reaction time is preferred for furfural production 

but the yield is still not satisfactory because of the limitation of the system.  
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In the biphasic system, organic solvent was introduced into the reaction due to the 

reasons mentioned above. The reaction was conducted at 170°C using a biphasic system in 

which water to toluene ratio was set as 1:1 (v/v). In the reaction where no acid catalyst was 

used, xylose conversion rate increased significantly and all xylose was consumed in 2 hours. 

We attribute this phenomenon to the continuous extraction of generated furfural and other 

colored organic compounds into the organic phase and prevent furfural from degradation in 

the aqueous phase. Without catalyst, the furfural yield reached a platform at around 40% even 

organic phase was introduced to prevent the degradation. Furfural yield was increased to 63% 

and became stable in very short reaction time in the case where HZSM-5 was used as catalyst 

(Figure 1c). Unlike acid catalyzed reaction at 170°C in the aqueous system (Figure 1a), furfural 

formed was quickly transferred to organic phase in the bi-phasic system, and there was no 

further contact with catalyst, resulting in a high yield of furfural (Figure 1c). Thus, it can be 

concluded from Figure 1 that furfural yield of more than 50% can not be achieved in a aqueous 

system regardless of whether a catalyst is used or not. In a biphasic system, over 60% furfural 

yield can be achieved with the presence of an acidic catalyst.   

 
 
3.3 Furfural production in vapor-releasing system from model solution 

The reaction in bi-phasic system indicates that protecting furfural from degradation is 

necessary for achieving high yield. However, introducing another solvent phase makes the 

reaction system complicated with additional processes and increases the total cost due to the 

recycle of organic solvent. Knowing that furfural can be steam distillable, vapor-releasing 
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system for furfural production is proposed in this study. The design of vapor-releasing system 

was to modify a Parr reactor from close system to semi-open system by attaching an outlet at 

the top of the reactor, which allowed only vapor, not liquid or solid, to flow through. Furfural 

was released continuously from the reactor after being produced. Therefore, the vapor 

releasing system prevented the degradation of furfural in the aqueous phase.  

 

The conversion of xylose was faster in vapor-releasing system compared to closed 

system for the experiments without a catalyst. Temperature has significant effect on xylose 

conversion rate that all xylose was consumed after 1 hour at 200°C, while longer reaction time 

was required at 170°C as shown in Figure 2. Side reaction became severe at high temperature, 

and finally furfural yield of 63% was reached at 200°C while this number increased to over 

70% at 170°C. Another factor that may have effect on furfural yield is the vapor releasing rate, 

that if the release of furfural from reactor was too slow, degradation of furfural could happen 

as indicated by the decrease in furfural yield from the last data point in Figure 2b.  

 

In the design of the vapor releasing system, furfural was collected as dilute furfural 

solution from the condensed vapor. By-products mainly exist as soluble polymer or solids that 

are completely separated from furfural products. The results in both conditions showed that 

the vapor-releasing method was able to improve the furfural yield significantly by protecting 

it from degradation. It is noted that no catalyst was applied in this process.  

 

 



 53 
 

3.4 Furfural production from biomass hydrolysate 

Biomass hydrolysate subjected to suspension removal was used for furfural production. 

The experiment was first conducted in a closed biphasic system with water-toluene as the co-

solvent. According to the results shown in Figure 3a, all xylose was consumed within 2 hours 

at 170°C even no catalyst was applied in the reaction. Oligomers of xylan were not detected 

after the experiment in the solution. The hydrolysis of xylo-oligomers was efficient enough 

that no extra pretreatment of hydrolysate was necessary prior to the dehydration reaction. The 

overall conversion rate of xylose was faster for hydrolysate, and the reason could be the organic 

acids from hydrolysate functioning as catalysts. Highest furfural yield of approximately 54% 

was achieved within 1-hour of reaction time in this case, while longer reaction times led to 

obvious degradation of furfural. The degradation of furfural in the bi-phasic system with longer 

reaction time could be explained by the influence from the impurities brought by hydrolysate 

itself. For example, soluble lignin can react with the generated furfural and unwanted by-

products could be formed. By applying the vapor-releasing approach to hydrolysate, a final 

furfural yield of 75% was achieved at 200°C (Figure 3b). Highest furfural yield was achieved 

within 3 hours collection time. The decrease in reaction time was due to the existence of 

organic acids from hydrolysate catalyzed the dehydration process of xylose (Figure 2b & 3b).  

 

The results from hydrolysate in both biphasic system and vapor releasing system justify 

the potential of biomass hydrolysate from autohydrolysis process to be a source for furfural 

production. High yield of furfural was achieved from this hydrolysate without any purification 
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 process needed for the hydrolysate, and the results indicate that some of the by-products in 

the hydrolysate could promote the furfural production. The pH value of this hydrolysate 

solution was approximately 3.5 due to the existence of organic acids, which presumably 

function as catalysts during the xylose dehydration process and accelerate the hydrolysis of 

oligomers as well. Therefore, no extra catalyst is required for the furfural production from 

hydrolysate. Furfural is also a degradation product of pentose in autohydrolysis process, the 

pre-existing furfural was added up to the final furfural yield, which make the hydrolysate an 

even more attractive source for the reaction than pure xylose solution. Soluble lignin may have 

negative effects on furfural yield. However, by using the vapor-releasing system, furfural can 

be separated from the aqueous phase very efficiently and the contact between furfural and 

lignin can be limited.  

 

3.5 Effect of organic acids and soluble lignin in hydrolysate for furfural production 

Based on the results in the earlier section, the experiments were further extended to 

study the influence of organic acids on furfural yield. Acetic acid was added to model solution 

(2% xylose) to obtain the same concentration of acids in hydrolysate. The reaction conditions 

were the same as that for 2% xylose solution in the vapor releasing system (200°C, 4 hours). 

As shown in Figure 4, furfural yield (80%) was significantly increased by approximately 20% 

for the solution that contains organic acids. 
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The effect of soluble lignin in the hydrolysate on furfural yield was also investigated. 

Soluble lignin was isolated from biomass hydrolysate by adsorptive resin and then added to 

model solution. Again the reaction conditions were kept the same. As shown in Figure 4, the  

impact of lignin in hydrolysate was negligible as similar furfural yields were achieved for the 

experiments with and without the soluble lignin. The reason could be the release of furfural as 

the benefit of using vapor-releasing system, as there will be limited contact between furfural 

and soluble lignin. These experiments demonstrated that biomass hydrolysate after 

autohydrolysis pretreatment can be a promising source for furfural production without the 

removal of any non-sugar components. 

 

Further study about organic acids in hydrolysate was made. The reaction in vapor-

releasing system allows acetic acid to be evaporated together with furfural, which decreases 

the purity of final product. The amount of acetic acid accumulated in the vapor products were 

determined by HPLC and the results are listed in Figure 5a & 5b for both the model solution 

and biomass hydrolysate. The acetic acid was rich in the hydrolysate sample, with a 

concentration of 3.1 g/L in the feedstock, more acetic acids was generated during the reaction 

and a final number of 8 g/L was achieved in the furfural products. Considering that only 20% 

of the xylan existed as monomer in this hydrolysate, this was a result of the breakdown of 

hemicellulose structure which will release the acetic group into the solution. When the model 

solution (2% xylose) was used, acetic acid can only be obtained from the degradation of xylose 

and/or generated furfural. As only minor amount of acetic acid had been detected from the 
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products, using of vapor-releasing system can efficiently prevent the degradation of furfural 

was proved (Figure 5a & 5c).  It was also proved that acetic acid could be fully steamed out 

from the reactor under current reaction condition based on the result for 2% xylose with acetic 

acid as the starting materials (Figure 5c, column 2). Therefore, we proved that hydrolysate is 

 a good source for furfural production as it can provide enough organic acids to work as catalyst 

during the dehydration of xylose. In the same time, the using of vapor-releasing system 

prevented the degradation of furfural but it helps the accumulation of acetic acids in the furfural 

product. For this reason, acetic acid has to be removed from the furfural product by additional 

step of purification when the hydrolysate is used as the sugar source.  

 

3.6 Upgrading of furfural products  

The condensed vapor generated from vapor-releasing systems were dilute aqueous 

solutions of furfural that need to be separated from water. Furfural has a solubility of 83 g/L 

in water, a boiling point of 162°C and a density of 1.16 g/mL. Fortunately, it also forms an 

azeotrope with water, which boils at 97.5°C with a constant furfural percentage of 35%. Thus, 

the diluted aqueous solution of furfural can be purified by azeotropic distillation, a conceptual 

process scheme of the furfural production and purification process along with material balance 

data obtained in the present study are shown in Figure 6. After azeotropic distillation, phase 

separation of the distillate results in furfural with high purity (the lower layer), which has the 

purity of over 99% as analyzed by HPLC. The water layer (the upper layer) was still rich in 

furfural, which was recycled back to the condensed vapor storage tank for further distillation. 
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Several circulations were applied until all furfural was collected in oil phase. Acetic acid (~ 

90% from the condensed vapor) was accumulated in the distillation residue that can be recycled 

to the auto-hydrolysis reactor as the water source. The distillation process was continued until 

no more furfural was found from the dilute furfural solution. The recycle of acetic acid should 

 improve the efficiency of both autohydrolysis and xylose conversion to furfural. Since acetic 

acid is continuously generated, the concentration of the acetic acid in the distillation residue 

will continue to increase to the extent that acetic acid can be separated as a valuable by-product 

of the furfural production process.  

 

3.7 Evaluation of the biomass biorefinery process for furfural production  

The overall biorefinery process includes autohydrolysis, mechanical refining and 

enzymatic hydrolysis to allow the maximum separation of hemicellulose, cellulose and lignin 

from raw biomass. The biorefinery process enables the separation of biomass into three streams 

according to its main components: the autohydrolysis hydrolysate (the xylose/xylan rich 

stream), the enzymatic hydrolysate (the glucose rich stream) and the enzymatic hydrolysis 

residue (lignin rich stream). Each of these streams can be used to produce valuable products 

(Batalha et al., 2015; Ertas, Han, Jameel, & Chang, 2014; Han et al., 2015; Narron, Kim, Chang, 

Jameel, & Park, 2016). In this paper, we demonstrate that without being optimized, furfural 

can be produced in high yield (>70%) from the autohydrolysis hydrolysate without the addition 

of any catalyst. Thus, if the furfural production process based on autohydrolysis hydrolysate 

as shown in Figure 6 is to replace the current industrial production process, the environmental 
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problem associated with the use of mineral acids is eliminated. This process also allows the 

other two streams to be valorized, resulting in a maximal utilization of all components in 

feedstock and hence enhancing the economic efficacy of the process.   

  

 

Conclusions  

In this study, biomass hydrolysate after autohydrolysis pretreatment was used as a 

feedstock for furfural production due to the fact that it is rich in xylose and its oligomers. A 

vapor-releasing system was employed in the production of furfural as it can efficiently prevent 

the degradation of furfural and separate furfural vapor from the reactor. The maximum furfural 

yield of 73% was achieved at 200°C for hydrolysate in 3 hours, while the corresponding 

maximum appears with a longer time for a pure xylose solution. No additional catalysts were 

used for the hydrolysate as the presence of organic acids such as acetic acid in hydrolysate 

worked as a catalyst. No purification of biomass hydrolysate was necessary. The generated 

furfural product from vapor-releasing system can be upgraded by distillation with a final purity 

of over 99% and in the same time, allowing the recycle of acetic acid.  
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Tables and Figures: 
 

 
Table 1. Component analysis of biomass hydrolysate. 

 
% in raw biomass 

Sugar in hydrolysate 
AH, g/L AC, g/L % in raw biomass 

Glucose 41.6* 0.2 1.5 0.5* 
Xylose 18.3** 4.6 19.5 6.8** 

Formic Acid / 0.5 0.6 / 
Acetic Acid / 3.1 6.9 2.8 

Furfural / 1.4 2.4 1.0 
HMF / 0.1 0.1 / 

Klason lignin 24.3 / / / 
Acid soluble lignin 3.9 10.8*** 10.8 4.3*** 
AH: hydrolysate as received, filtered before use (solid free); AC: autoclaved hydrolysate, filtered 
before use (solid free). * as glucan, ** as xylan, *** based on the difference of lignin content in 
biomass before and after autohydrolysis pretreatment 
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Figure 1. Furfural production results in a closed batch system using 2% xylose 
solution. (a) reaction at 170°C, single phase, (b) reaction at 200°C, single phase, 
and (c) reaction at 170°C, bi-phase. 
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Figure 2. Furfural production results in vapor-releasing system using 2% xylose 
solution. (a) 170°C; (b) 200°C.  No catalyst was applied. 

 
 
 
 

 
 
Figure 3. Furfural production with hydrolysate. (a) closed batch system (170°C, 
biphasic); (b) vapor-releasing system (200°C).   
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Figure 4. Effect of organic acids and soluble lignin on furfural production (200°C, 4 

hours). 
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Figure 5. Concentration of acetic acids in furfural products when (a) model solution 

(2% xylose), (b) biomass hydrolysate, and (c) solutions with organic acids were used 

for furfural production. 
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Figure 6. Furfural production and purification process with mass balance based on 

1000 mL 2% xylose-rich hydrolysate. *: based on the total xylose amount after fully 

hydrolysis of xylo-oligomers. **: water phase recycle back to the distillation column. 

***: The amount of furfural and acetic acids collected at the end of the distillation 

process. 
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Chapter 3 Catalytic conversion of biomass hydrolysate into 5-

hydroxymethylfurfural and its conversion to 2, 5-furandicarboxylic acid 

 
 

Abstract 

 

Biomass hydrolysate, rich in glucose, was used to produce 5-hydroxymethylfurfural 

(HMF), which is an important platform chemical. By separating the solid biomass from 

solution after autohydrolysis, most of the inhibitors were removed from hydrolysate. Bi-phasic 

system, which prevents the HMF degradation, was optimized with HCl and AlCl3 catalysts. 

The yield of HMF conversion using biomass hydrolyzate under the optimized reaction 

conditions is comparable to the yield using pure glucose as a feedstock. This lab-generated 

HMF was purified via activated charcoal and oxidized to high value-added chemical, 2,5-

furandicarboxylic acid (FDCA). The final FDCA yield of 65% was achieved. The results 

suggest that, with the separation of non-sugar components such as dissolved lignin and sugar 

degradation products, biomass hydrolysate is a promising source for HMF and FDCA 

production.  

 

Keywords: Biomass hydrolysate; 5-hydroxymethylfurfural; 2,5-furandicarboxylic acid; 

Catalytic conversion; Purification  
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1. Introduction  

The demand for fossil fuel used as the main source for energy and chemicals 

productions increased dramatically over the past decades. The rapid consumption of this non-

renewable resource challenges scientific community to search for an alternative feedstock that 

is both sustainable and environmental friendly. Recent years witnessed significant efforts 

dedicated to developing a process for bio-based fuels and chemicals production (van Putten et 

al., 2013). Lignocellulosic biomass, as the nonedible resource in nature, shows its advantage 

in producing renewable fuels and chemicals.  

 

Recently, using bio-based sugars from cellulose and hemicellulose for chemicals 

production through catalytic or microbiologic conversion has attracted many researcher’s 

interest (Biddy, 2016). 5-hydroxymethylfurfural (HMF) can play an important role as a 

platform chemical in converting to other bio-based chemicals, as its unique structure makes it 

a good precursor for the synthesis into 2,5-furandicarboxylic acid (FDCA), levulinic acid, 2,5-

dimethyfuran etc. In 2004, U.S. Department of Energy (DOE) evaluated the “Top 10” list of 

bio-based chemicals (Petersen, 2004) and this list was enlarged by adding some furan 

compounds including 5-hydroxymethylfurfural (HMF), furfural, and 2,5-furandicarboxylic 

acid (FDCA), all of these high-value compounds can be achieved by chemical conversion of 

lignocellulosic biomass (Bozell & Petersen, 2010). Therefore, a process development to 

achieve high yield of HMF from lignocellulosic biomass becomes a popular topic in 

biotechnology research. 
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HMF can be produced through the dehydration of hexose, in which glucose and 

fructose are the two hexoses that were studied most. Fructose, as a starting material of HMF 

production, usually renders a higher yield of HMF compared to glucose. This discrepancy 

arises from the structural differences between two hexoses (De, Dutta, & Saha, 2011; Fan et 

al., 2011). However, glucose, as the most abundant hexose source from lignocellulose, is 

relatively easier to obtain from nature and cheaper than fructose. Thus, it is necessary, yet 

challenging, to produce high yield of HMF from glucose. 

 

High yield of HMF production from glucose and fructose have been reported using 

different catalysts and solvent systems. Brønsted acid is required to provide the acidic solution 

environment for hexose dehydration. However, by using only Brønsted acid one cannot 

achieve high HMF yield due to the slow conversion of glucose and fast degradation of HMF 

(Watanabe et al., 2005). A widely adopted pathway for converting glucose to HMF is for the 

glucose to firstly undergo isomerization and form fructose by using Lewis acid such as metal 

chlorides, so that it can be converted to HMF in much faster rate (Pidko, Degirmenci, van 

Santen, & Hensen, 2010; Tang, Guo, Zhu, & Hu, 2015). The reaction in aqueous-only system 

usually leads to low HMF yield due to the degradation of the product, and therefore organic 

solvent and ionic liquids are introduced into HMF production. Ionic liquids such as [BMIm]Cl 

can give high HMF yield of 91% when using CrCl3 as catalyst (Lima et al., 2009). However, 

the high cost of ionic liquid solvent systems limits the application of this method in industrial 

production. Therefore, a system where both Brønsted and Lewis acids are used with an organic 
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solvent protecting HMF seems to be a promising route to achieve high yield of HMF from 

glucose. 

 

Recent years, HMF production directly from cellulose had been reported with 

reasonable HMF yield. Cellulose, as the feedstock, was firstly depolymerized under a high 

temperature with acid catalysts. Depending on the different experiment design, the reaction 

from cellulose can be a single-step or two-step experiment with different solvent systems. A 

final HMF yield of 55.4% from cellulose was achieved by conducting the experiment in 1-

ethyl-3-methylimidazolium chloride ([EMIM]Cl) with CuCl2 and CrCl2 as catalyst (Su et al., 

2009). A 44% HMF yield was achieved with 5 mM H2SO4 as catalyst and a polar aprotic 

solvent tetrahydrofuran (THF), together with the generation of large amount of levulinic acid 

(53% in yield) (Weingarten et al., 2014). It could be concluded from these reports that breaking 

down cellulose into small molecular glucose is a prerequisite for HMF production. Therefore, 

the potential of using liquefied lignocellulosic biomass after enzymatic hydrolysis treatment, 

also known as hydrolysate, should be investigated. High yield of HMF (>80%) was reported 

by using hydrolysate in ionic liquid 1-ethyl-3-methylimidazolium hydrogen sulfate 

([EMIM]HSO4) system, where the glucose in hydrolysate was first isomerized to fructose by 

enzyme to ensure the effective conversion of sugar (Alipour, 2016).   

 

Aiming to establish a low-cost production protocol that renders high yield of HMF, this 

work focuses on producing HMF using biomass hydrolysate generated from biorefinery 
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process. The biomass hydrolysate after autohydrolysis and enzymatic hydrolysis is rich in 

glucose, which can be a potential sugar source for HMF production. Two scenarios will be  

discussed in this work based on whether a separation of hexose and pentose was carried out in 

pretreatment or not. Degradation products during biorefinery process may function as 

inhibitors during HMF production and their influence will be evaluated in this study. The HMF 

production was operated in a water-THF bi-phasic system in order to prevent the degradation 

of products. Hydrochloric acid (HCl) and aluminum chloride (AlCl3) were used as catalysts 

considering the fact they are inexpensive and water soluble, while high yield of HMF was 

achieved (Yang, Hu, & Abu-Omar, 2012). The organic layer of tetrahydrofuran (THF) only 

served as HMF extractor and can be recycled after the reaction.   

 

 

2. Material and methods 

2.1 Hydrolysate preparation  

 Biomass hydrolysate that is rich in glucose is chosen for 5-hydroxymethylfurfural 

(HMF) production (Pu, Treasure, Gonzalez, Venditti, & Jameel, 2011). Mixed southern 

hardwood chips were used for autohydrolysis (i.e. hydrothermal) pretreatment followed by 

mechanical refining to make the structure accessible for enzymatic hydrolysis (Chen, 

Christmas-Best, Titzmann, & Weichold, 2012; Han et al., 2015; Himmel et al., 2007). The 

conditions for autohydrolysis pretreatment were set at 180°C for 20 minutes in a MK digester 

with solid-to-liquid ratio of 1:4. Two cases were discussed in this work and the main difference 

is whether the liquid and solid parts were separated after pretreatment. In Case 2, only the solid 
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part from pretreatment was used for enzymatic hydrolysis, while in Case 1, all pretreated 

substrates were utilized (Figure 1). Enzymatic hydrolysis was applied to biomass 

sample in both cases after the mechanical refining. Commercial cellulase complex containing 

C-tec2 and H-tec2 (Novozymes, Franklinton, NC) was added to the sample at a ratio of 9:1 

with a final enzyme loading of 20 FPU/ OD g of biomass. Buffer solution (50 mM sodium 

acetate solution, pH = 4.8) was then added to the mixture to meet the target hydrolysis 

consistency of 15% (w/v). Enzymatic hydrolysis of pretreated biomass was performed in an 

environmental incubator shaker (New Brunswick Scientific, Edison, NJ, USA) at 50°C for 96 

hours. The mixture after enzymatic hydrolysis was then centrifuged and the liquid part was 

collected as hydrolysate for further experiment. 

 

2.2 Hydrolysate purification 

Hydrolysate contains various kinds of non-sugar components such as soluble lignin, 

furanic compounds, organic acids, etc. Purification method using activated charcoal (Darco, 

100 mesh, CAS #7440-44-0) was applied to all hydrolysate to remove the non-sugar 

components and to decolor the solution. Solid content of hydrolysate sample was determined 

by the weight difference before and after the oven drying at 105°C overnight. The amount of 

activated charcoal added into the hydrolysate solution varies from 25% to 100% on a weight 

base of the hydrolysate solid content. The hydrolysate sample without purification was used as 

a control sample. The mixture was stirred gently at a room temperature for 30 minutes before 

filtration to separate liquid and solid. Hydrolysate samples before and after purification with 



 76 
 

activated charcoal were analyzed by HPLC to determine the amount of non-sugar components 

in the hydrolysate. 

 

2.3 Glucose conversion to HMF 

 The reaction of glucose conversion to HMF was performed in a 50 mL Parr reactor 

(Parr Instrument Company, Moline, IL, USA) equipped with a magnetic stirrer head. Glass 

liner was used to prevent the cross contaminant between the reagent and the reactor. In a typical 

reaction, 6 mL of 6% glucose solution or equal amount of purified hydrolysate was charged in 

the reactor together with catalysts, HCl and AlCl3. Sodium chloride at 30 wt% of the water 

solution was added to separate water from tetrahydrofuran (THF). 18 mL of THF was used 

with a final aqueous sodium chloride solution to THF ratio of 1:3 (v/v). Different values of 

reaction temperature and reaction time were surveyed. The reactor was quenched with ice 

water immediately after the desired reaction time. The product in organic phase was filtered 

through 0.2 µm syringe filter and diluted 100 times with eluent before the HPLC analysis. 

 

2.4 FDCA production from biomass derived HMF 

 The organic solvent was removed via evaporation from the organic layer of reaction 

mixture. A dark liquid with high viscosity was obtained. Then the HMF solution was prepared 

by re-dissolving the dark liquid in deionized (DI) water and removing insoluble parts via 

filtration. The production of 2,5-furandicarboxylic acid (FDCA) was performed in a 50 mL 

Parr reactor. 1 mmol HMF in DI water was charged in the reactor followed by the hydrotalcite-

supported gold (Au/HT) catalyst. The ratio between HMF and Au was set as 40/1 (mol/mol) 
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(Gupta, Nishimura, Takagaki, & Ebitani, 2011). After the reactor was sealed, 20 bar of pure 

oxygen was charged into the reactor. The reaction was conducted at 95°C for 6 hours before 

collecting the products for analysis. 

 

2.5 Product Analysis 

 The quantities of HMF and other furanic compounds were determined using high 

performance liquid chromatography (HPLC) (Agilent, 1200 Series) equipped with an Agilent 

ZORBAX Eclipse Plus C18 column. HMF content was analyzed by an UV/Vis detector at 285 

nm. Column temperature was set at 30°C and flow rate of mobile phase was 0.7 mL/min. The 

mobile phase is an acetonitrile/water mixture at a ratio of 7:93. FDCA yield was determined 

using the same HPLC system as for HMF. Each sample was diluted 15~30 times before the 

analysis. To determine the total sugar quantity in the hydrolysate, samples were treated with 

4 % sulfuric acid at 121°C for 1 hour to fully hydrolyze the oligomers in the hydrolysate. The 

monomeric sugar in hydrolysate was analyzed by HPLC (Agilent, 1200 Series) equipped with 

a sugar column (Shodex, SP0810). The eluent was Milli-Q water at a flow rate of 0.5 mL/min 

and at a temperature of 80°C.  

 

2.6 Conversion yield calculation 

 In this work, the yield of glucose conversion, HMF yield, and FDCA yield were defined 

as:  

Glucose conversion, % = (Mole of Glucose Reacted) / (Mole of Initial Glucose) × 100% 

HMF production yield, % = (Mole of HMF Detected) / (Mole of Initial Glucose) × 100% 
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FDCA production yield, % = (Mole of FDCA Detected) / (Mole of Initial HMF) × 100% 

 

 

 

3. Results and Discussion 

3.1 Effect of glucose concentration on HMF yield 

 The conditions for hydrolyzate production such as water-to-solid ratio in pretreatment 

and enzymatic hydrolysis can significantly influence the glucose concentration in the final 

hydrolysate. Here we study the correlation between glucose concentration and HMF yield 

using pure glucose sugar to determine the optimal sugar concentration that can maximize the 

HMF yield. The results of HMF production with different glucose concentrations between 4% 

and 12% are shown in Figure 2. In general, the HMF yield decreases as sugar concentration 

increases, while the effect of sugar concentration on HMF yield is not significant at low glucose 

concentration (4~6%). A significant decrease on HMF yield occurs when glucose 

concentration increases beyond 6%. The decrease in HMF yield suggests that the undesired 

side reactions may occur more substantially with increasing glucose amount in water, and the 

side reactions may be involved in the self-condensation of HMF or the reaction between 

glucose and HMF (Heltzel, Patil, & Lund, 2016; Patil & Lund, 2011). In either situation, the 

side reaction will consume HMF and lead to a lower yield of HMF. Therefore, for the following 

studies in this work, the HMF productions were conducted using a 6% glucose or hydrolysate 

as a starting material to investigate other factors that may affect HMF yield. 
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3.2 Solvent effect on HMF yield 

 In bi-phasic systems, the efficiency of organic solvent to extract HMF from aqueous 

phase into organic phase may affect the overall HMF yield. Solvent effect has previously 

been well studied and it was shown that THF (C4) performed best among all the other tested  

organic solvent including alcohols, ketones and ethers (Román-Leshkov & Dumesic, 2009). 

The water to organic solvent ratio was fixed at 1: 3 for all experiments of this present work. 

Final HMF amount in water and organic phase determined using HPLC indicates that more 

than 95% of total HMF was detected in organic phase from all the samples, which proves that 

THF performs well in protecting the HMF from degradation in water. 

 

3.3 Optimization of HMF production conditions 

 The catalyst used in this work is a combination of hydrochloric acid and aluminum 

chloride. Change of hydrochloric acid concentration in water and the percentage of aluminum 

chloride load will both affect the final yield of HMF. In addition to the catalyst, a change of 

the temperature, the reaction time and even the stirring speed may lead to substantial difference 

in HMF yield. In order to achieve optimal HMF yield with the current catalyst/solvent system, 

concentration of hydrochloric acid, percentage of aluminum chloride, temperature and reaction 

time were investigated. The HMF yields under different reaction conditions are shown in 

Figure 3. In Figure 3a, the amount of aluminum chloride was varied in the range of 0 to 15% 

based on the weight of glucose. Without aluminum chloride, a Lewis acid, the conversion from 

glucose to HMF was slow and a low yield of only 20% HMF was achieved in 40 minutes. The 

reaction was accelerated significantly by adding a small amount of the Lewis acid (5%) and a 
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final HMF yield of near 50% was achieved within the same reaction time. However, increasing 

the aluminum chloride loading from 5% to 10% and 15% resulted in a steady decrease in the 

HMF yield, presumably due to the HMF degradation and/or glucose conversion to other side 

products at higher Lewis acid charge. Therefore, the amount of aluminum chloride was fixed 

at 5 wt% based on sugar content for the experiments hereafter.  In the absence of hydrochloric 

acid, the reaction medium showed weak acidity with added aluminum chloride, which is 

hydrolyzed slowly into hydrochloric acid.  Thus it required longer reaction time to reach the 

same HMF yield as shown in Figure 3b. The effect of hydrochloric acid concentration was not 

significant in the reaction system, and only a slight increase in HMF yield was found when 

more than 0.01 M of HCl was used in Figure 3c. Reaction time also has little effect on HMF 

yield. The yield was quite stable as the reaction time increases from 20 minutes to 60 minutes, 

which suggests under current conditions the glucose conversion completes in very short time 

and the transition between water and organic phase is very efficient in Figure 3d. Reaction 

temperature, on the other hand, can substantially affect the HMF yield in this reaction system 

as shown in Figure 3e. It is a delicate balance between the reaction time required to convert 

glucose to HMF and the degradation of products. It was shown that in current reaction system, 

130°C appears to give the best HMF yield. By fixing the reaction temperature and other 

conditions (0.01 M HCl, 5% AlCl3), reaction time was adjusted and a final HMF yield of 60% 

was obtained after 40 minutes, as shown in Figure 3f. Extending the reaction time to 50 minutes 

resulted in a lower yield, indicating HMF is not stable in the system even at 130°C. 

Nevertheless, these conditions were considered as the optimum conditions and applied to the 

conversion of real hydrolysate in the following study. 
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3.4 Hydrolysate purification  

 The hydrolysate contains inhibitors that significantly affect the production of HMF as 

discussed in the next section below. A purification process is needed to ensure a high yield of 

HMF. Activated charcoal was used to remove the inhibitors from hydrolysate generated during 

the biorefinery processes. As shown in Table 1, activated charcoal can efficiently remove 

furanic compounds such as furfural, HMF (usually generated from the degradation of sugar 

during auto-hydrolysis pretreatment). No HMF or furfural was detected by HPLC after 

activated charcoal treatment at a dosage of 25 wt% based on the solid content in the hydrolysate. 

The sugar concentration was unaffected up to 75 wt% of activated charcoal dosage, but at 100 

wt%, a decrease in sugar concentration became obvious (Table 1). Other inhibitors such as the 

soluble lignin (Dussan, Girisuta, Lopes, Leahy, & Hayes, 2016) should also be removed by the 

activated charcoal treatment even though it was not as easy to track as the furanic compounds. 

The color of solution faded rapidly even with the addition of 25 wt% of activated charcoal and 

the hydrolysate became colorless when increasing the charcoal amount to 50 wt%. Therefore, 

to ensure total soluble lignin removal, 50 wt% of activated charcoal based on solid content in 

hydrolysate was used in this work as soluble lignin normally causes color in the hydrolysate.  

 

3.5 Hydrolysate for HMF production 

 HMF was produced from the hydrolysate under the optimal conditions developed with 

pure glucose. Each hydrolysate sample was diluted with different dilution factor to make sure 

the glucose concentration was approximately the same (~6 wt% glucose). Hydrolysate 
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generated as described in both cases was applied for HMF production and the results were 

compared with each other. Xylose was approximately 30 wt% of the glucose in the hydrolysate 

from Case 1 as all the mono-sugars generated during the pretreatment was kept in solution, 

while only 10 wt% of xylose was left for Case 2. Xylose was going through a similar reaction 

pathway under the reaction condition. Furfural was the final product, which is another valuable 

intermediate chemical besides HMF.  For the hydrolysate in Case 1, which contains all the 

inhibitors from the biorefinery process, extremely low HMF and furfural yield was obtained 

(Table 2, Entry 2) as compared with the HMF yield produced from pure glucose solution (Table 

2, Entry 1). After purification with 50 wt% of activated charcoal, significant increase in yields 

of HMF and furfural was found (Table 2, Entry 3), indicating that the removal of inhibitors 

such as furanic compound and lignin fragments was necessary for high yields of both 

compounds. Even after purification, the HMF yield was still 14% lower than that of pure 

glucose solution (51.7% vs 60.3%, Table 2). In Case 2, most inhibitors produced in 

autohydrolysis were removed during the solid-liquid separation step prior to the enzymatic 

hydrolysis. No purification of hydrolysate was necessary as the yields of HMF were the same 

as that of pure glucose solution regardless of whether the hydrolysate was purified or not (Table 

2, Entries 4 and 5). The differences in the behavior of the hydrolysates between the two cases 

suggest that the removal of by-products generated during autohydrolysis of biomass is a crucial 

factor affecting HMF and furfural yield. In Case 1, a purification step of hydrolysate is 

necessary, which would require capital cost for solid-liquid separation and operation cost for 

activated charcoal. In the Case 2 scenario, no purification step is necessary, but a solid-liquid 

separation is necessary after autohydrolysis, which could be rather capital intensive. The Case 
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2 scenario also give a higher yield of both HMF and furfural. The choice between the two 

scenarios would depend on the final economic analysis.   

 

3.6 2,5-furandicarboxylic acid production from HMF  

 One application of HMF is its conversion to 2,5-furandicarboxylic acid (FDCA) 

through oxidation reaction. Compared to HMF, FDCA has an even higher industrial value as 

it can be used for the production of polymers, which can replace petroleum based polyethylene 

terephthalate (PET). The lab-generated HMF is accompanied with several by-products due to 

the side reactions during glucose dehydration (Gallo, Alonso, Mellmer, & Dumesic, 2013), 

which caused the color of the organic phase deep brown. The organic phase was evaporated to 

remove THF and re-dissolved in water. By-products that are not water-soluble were removed 

during this process. The regenerated HMF solution displayed color from light yellow to deeper 

color depending on the level of impurities. An aqueous solution of commercial HMF showed 

very light yellow color. The production of FDCA was performed following the method 

reported by Gupta et al. (Gupta et al., 2011).  

 

When aqueous solution of a commercial HMF sample was oxidized, high conversion 

of HMF (100%) and high yield and high selectivity of FDCA (88.3%) were achieved without 

a trace amount of 5-formyl furancarboxylic acid (FFCA) detected (Table 3, Source 1). HMF 

solution generated from pure glucose (Table 2, Entry 1) gave 10% lower yield of FDCA with 

a small amount of unreacted HMF, resulting in a relatively high selectivity as shown in Table 

3 (Source 2). Since only 60% of glucose was converted to HMF (Table 2), these results 
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indicated that the water-soluble impurities in the HMF solution slowed down the formation of 

HMF but had relatively small effect of the selectivity of the conversion. The situation was very 

different when the HMF generated from the AC purified hydrolysate from Case 1 scenario was 

used to produce FDCA (Table 3, Source 3), as the reaction resulted in low yield and low 

selectivity of FDCA and a high amount of unreacted HMF. These results were unexpected as 

the hydrolysate was purified by activated charcoal prior to HMF conversion and the HMF 

formed was purified by evaporation of THF and dissolved in water to remove any water 

insoluble impurities (Zhang et al., 2014).  

 

The production of FDCA from HMF generated from AC purified hydrolysate from 

Case 2 scenario was quite different from that from Case 1 scenario. Relatively higher yield of 

FDCA (65.3%) and relatively higher selectivity (70.9%) were found with a small amount of 

unreacted HMF (0.08 mmol) and an intermediate product, FFCA, (0.012 mmol) as shown in 

Table 3 (Source 4). However, the yield and the selectivity of FDCA from the HMF generated 

from hydrolysate of Case 2 (Table 3, Source 4) were still lower than HMF generated from a 

pure glucose solution (Table 3, Source 2). HMF yields from both sources were the same (Table 

2, Entries 1 and 5), but the latter contained a small amount of furfural produced from the xylose 

in the hydrolysate. For the same reason, HMF generated from the hydrolysate from Case 1 

scenario contained even higher amount of furfural (Table 3, Sources 3). Thus, the effects of 

furfural on the yield, selectivity and rate of the conversion of HMF to FDCA were investigated 

by adding furfural to the pure HMF solutions (Table 3, Sources 5 and 6) in the amount equal 

to the amounts found in HMF sources 3 and 4, respectively.  After the reaction, neither HMF 
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nor furfural was detected in the reaction medium, but a small amount of FFCA was detected 

in both cases (Table 3, Sources 5 and 6) whereas the yields and selectivity of FDCA were 

lower than those of pure HMF solution (Table 3, Source 1).  However, the yield and the 

selectivity were much higher than those obtained from the corresponding hydrolysates (Table 

3, Sources 3 vs 5 and 4 vs 6).  These results indicated that furfural has a small effect of the 

conversion of HMF to FDCA, but the impurities formed during the conversion of hydrolysate 

to HMF have a significant effect on the subsequent conversion of HMF to FDCA. For these 

reasons, Case 2 scenario is a better option the Case 1 scenario for the production of FDCA.  

 

Conclusions 

We established a protocol for producing 5-hydroxymehylfurfural (HMF) where 

glucose-rich biomass hydrolysate was used as a feedstock. The HMF yield of 52% was 

achieved after activated charcoal purification. The yield further increased to 60%, which is 

comparable to yield using pure glucose under the optimized reaction conditions, when a solid-

liquid separation was applied after biomass autohydrolysis. The produced HMF was used for 

2,5-furandicarboxylic acid (FDCA) production and the final FDCA yield of 65% was achieved. 

Overall, the hydrolysate from woody biomass was found to be a promising feedstock for HMF 

and FDCA production with necessary purification treatments. 
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Tables and Figures: 

 

Table 1.  Purification of hydrolysate with activated charcoal. 

AC loading 0% 25% 50% 75% 100% 

Glucose, mg/mL 62.8 62.9 63.7 63.4 61.5 

Xylose, mg/mL 22.7 22.7 22.7 22.7 21.8 

Furfural, mg/mL 2.4 ND ND ND ND 

HMF, mg/mL 1.3 ND ND ND ND 

Activated charcoal loading was based on the weight of solid content in the hydrolysate. ND: not detectable  

 

 

 

 

 

Table 2. HMF production with hydrolysate from woody biomass. 

Entry Glucose, 
mg/mL 

Xylose, 
mg/mL 

Furfural, 
mg/mL 

HMF, 
mg/mL HMF yield, % Furfural yield, % 

1 60.0 0 0 0 60.3 ± 0.6 - 

2 60.0 18.3 2.4 1.3 6.8 ± 0.5 26.8 ± 2.4 

3 60.0 19.1 ND ND 51.7 ± 0.1 72.6 ± 0.1 

4 60.0 6.5 ND ND 60.1 ± 0.6 76.9 ± 0.6 

5 60.0 6.2 ND ND 59.9 ± 1.2 77.9 ± 1.2 

Reaction condition: 130°C, 40 minutes, 0.01 M HCl and 5 wt% AlCl3, ND: not detectable. Each hydrolysate sample 

was dilute with DI water to meet a final glucose concentration of 6%. 1: 6% glucose solution; 2: Hydrolysate 

generated from Case 1; 3: Hydrolysate in Entry 2 treated with activated charcoal; 4: Hydrolysate generated from 

Case 2; 5: Hydrolysate in Entry 4 treated with activated charcoal.  
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Table 3. FDCA production from bio-based HMF 

Source HMF 
mmol 

Furfural 
mmol 

FDCA 
mmol 

FFCA 
mmol 

Yield of 
FDCA, % 

HMF left 
mmol 

Selectivity 
% 

1 1.03 - 0.91 ND 88.3 ND 88.3 

2 0.68 ND 0.53 ND 77.9 0.05 84.1 

3 0.74 0.34 0.19 0.04 25.7 0.31 37.4 

4 1.01 0.15 0.66 0.012 65.3 0.08 70.9 

5 0.75 0.34 0.55 0.02 73.3 ND 73.3 

6 1.08 0.16 0.85 0.03 78.7 ND 78.7 

Reaction conditions: 1 mmol HMF in 10 mL H2O (ratio), Au/HT catalyst, HMF/Au= 40/1 (mol/mol), 20 Bar O2, 

95°C, 6h; 1: Commercial HMF (98% purity); 2: HMF produced from 6% glucose (Entry 1 in Table 2); 3: HMF 

from AC purified hydrolysate generated from Case 1; 4: HMF from AC purified hydrolysate generated from Case 

2; 5: Commercial HMF and furfural with the concentrations similar to Source 3; 6: Commercial HMF and furfural 

with the concentrations similar to Source 4. 
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Figure 1.  Two cases of biomass refinery in this study.   
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Figure 2. Effect of glucose concentration on HMF yield.  Reaction condition: 140°C, 

40 minutes, AlCl3 loading = 15 wt%, 0.1M HCl 
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Figure 3. Optimum conditions for HMF production, a: 0.1 M HCl, temperature = 

140°C, time = 40 min,; b: AlCl3 loading = 5 wt% (based on sugar), No HCl, 

temperature = 140°C; c: AlCl3 loading = 5 wt%, temperature = 140°C, time = 40 min; 

d: AlCl3 loading = 5 w.t%, 0.01 M HCl, temperature = 140°C; e: 0.01 M HCl, AlCl3 

loading = 5 wt%, time = 30 minutes; f: 0.01 M HCl, AlCl3 loading = 5 wt%, 

temperature = 130°C.  
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Chapter 4 Sugar solution from microalgae for 5-hydroxymethylfurfural 

production 

 

Abstract 

 

The lipid extracted microalgae Chlorella vulgaris is regarded as a potential feedstock 

for 5-hydroxymethylfurfural (HMF) production. The influence of protein, ash and other 

components from microalgae on the HMF production was evaluated in this study. It was found 

that protein is the component that decreases HMF yield most substantially. The purification of 

microalgae solution, especially the removal of protein, is necessary in order to achieve high 

HMF yield. Protein precipitation was carried out by changing the solubility in different 

solvents and the rest of soluble proteins/peptides/amino acids were further absorbed by a resin. 

After the 2-steps purification, 75% of the proteins/peptides/amino acids could be removed from 

the microalgae solution. HMF generated from this purified microalgae solution resulted in a 

yield of 24.5%. Further removal of proteins/peptides/amino acids is needed to achieve higher 

HMF yield.  

 

Keywords: Microalgae, glucose, 5-hydroxymethylfurfural, lipid extracted algae  
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1. Introduction 

Microalgae has attracted much attention during the past two decades because of its 

ability to convert carbon dioxide into carbohydrate and lipids through photoautotrophic 

reaction (Singh & Dhar, 2011). Although microalgae has been widely adopted as a source for 

lipids production for many years, there are not many discussions in literatures regarding the 

materials left after lipids extraction. Proteins and polysaccharides are the main components of 

the lipids extracted algae, which also have great economic potential as high-value chemicals 

and materials. Proteins are good replacement for food supplements and can be used as animal 

feed. Polysaccharides can be hydrolyzed to monomeric sugars for chemical production (Ansari 

et al., 2015). The possibility of taking advantage of these components from microalgae should 

be raised up with the purpose of producing high-value products from the algae waste.  

 

Many techniques for breaking down the microalgae cells and releasing the nutrition 

have been reported in literatures, including manual grinding, ultra-sonication, hot-water 

extraction and enzymatic hydrolysis (Lee, Yoo, Jun, Ahn, & Oh, 2010; Liang, Zhang, & Cong, 

2012; Zhang, Yan, Tyagi, Drogui, & Surampalli, 2014; Zheng et al., 2011). In one of the 

recently reported methods for lipid extraction from Chlorella vulgaris (J. Y. Park et al., 2014), 

1% sulfuric acid was used to hydrolyze the algae and then the lipids are extracted out with 

hexane. A final lipid yield of 337.4 mg/g algae was achieved. Most of the lipids were removed 

from the aqueous solution after the extraction, leaving all the other components from algae in 

the aqueous solution. The acid hydrolysis condition was not strong enough to completely break 

down the polysaccharides, so both monomers such as glucose and galactose and their  
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oligomers existed in the solution. Besides sugar, large quantity of protein and its hydrolysis 

product amino acids were also detected from the solution. Ash was another component in 

microalgae solution, which included several kinds of metal ions. Therefore, before using the 

microalgae solution for HMF production, separation of sugar from other components is 

necessary.  

 

HMF is a platform chemical that is usually considered as an intermediate for the 

production of other high-value chemicals such as 2,5-furandicarboxylic acid, levulinic acid, 

2,5-dimethyfuran (van Putten et al., 2013). The production of HMF is through the dehydration 

of hexose in which glucose is a promising source due to its abundance in nature. Solvent 

systems, including monophasic, bi-phasic and ionic liquid (IL) solvent systems, have been 

extensively studied (Lima et al., 2009; Román-Leshkov & Dumesic, 2009). Applications of 

many different acid catalysts in HMF production have also been discussed in literatures (Gallo, 

Alonso, Mellmer, & Dumesic, 2013; Wang, Nolte, & Shanks, 2014). In our recent work where 

hydrolysate from woody biomass was used as the source for HMF production, a reaction 

system with aluminum chloride and hydrochloric acid as the catalyst, water-THF as the co-

solvent was applied and a final HMF yield of 60% was obtained. 

 

In the present study, we focus on the conversion of sugar to value-added compound 

HMF by using the solution of Chlorella vulgaris after lipid extraction as the feedstock (J. Y. 

Park et al., 2014). Separation of polysaccharides from other components in the lipids extracted 

algae is the first and the most challenging step. The influences of other components in 
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microalgae are evaluated to determine whether they are inhibitors for HMF production. 

Methods of purification are proposed based on the type of inhibitors in the solution.  

 

 

2. Experimental methods 

2.1 Materials 

Microalgae solution (Chlorella vulgaris) with a cell concentration of 20 g/L was 

hydrolyzed with 3% H2SO4 at 120°C for 1 hour. Organic solvent hexane was then introduced 

to the solution to extract lipid and the water layer, which is waste after lipid extraction, was 

used in this study. The microalgae sample in water layer was neutralized with CaCO3 to 

remove the acid and filtered to separate solid and solution part. The dilute microalgae solution 

was then evaporated to remove most of the water to obtain the concentrated microalgae 

solution (J. Y. Park et al., 2014). Since the microalgae cell was still left in the solution, the 

solution was filtered again with a 30M crucible to remove the residue of cell. The solid-free 

microalgae filtrate was then used as the starting feedstock for HMF production and will be 

referred to as “microalgae filtrate” throughout this paper. 

 

2.2 Protein removal 

Proteins, peptides and amino acids were precipitated and removed from the filtrate by 

the addition of methanol (Macedo, 2005). Methanol was gradually added to the filtrate until 

the final methanol to the filtrate ratio of 90:10 (v/v) was reached. The mixture was kept at room 

temperature for 4 hours and then centrifuged to separate the solid and liquid parts. The solid 
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part was dried and weighted to determine the amount of solid removed by precipitation. The 

solution was evaporated under vacuum to remove the methanol and concentrated to the starting 

volume. 

 

2.3 Purification with adsorptive resin 

After methanol precipitation, Amberilite XAD16N (20-60 mesh) resin was introduced 

to the experiment for further purification of the microalgae solution. The resin preparation was 

carried out following the instruction provided by the manufacturer. The resin was first washed 

with DI water at a ratio of 1: 10 (Román-Leshkov & Dumesic, 2009) to remove salts that used 

for resin storage. The resin was mixed with DI water and gently stirred at room temperature 

for 1 hour. After that, the resin was filtered under vacuum to remove the water and then acetone 

was added to the resin for further purification.  The ratio between resin and acetone was still 

set as 1:10 (w/v) with the purpose to remove residual monomers. The mixture of resin and 

acetone was continuing stirred at room temperature for another 1 hour and then filtered to 

remove the solvent. Finally, the resin was washed again with DI water to rinse off the acetone, 

and the clean resin (wet) was collected and storage at 4°C for future application. To determine 

the moisture content of the wet resin, the prepared resin was dried in oven at 105°C overnight 

and weighted by balance to obtain the weight during the drying process.  

 

In a typical purification process, 2 OD gram of prepared resin (in wet form) was added 

to 10 mL of the targeted solution. The mixture was stirred gently for 1 hour at room temperature 

or until the color of the solution changing from dark brown to light yellow. Sample was then 
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filtered through a 30M crucible under vacuum condition. Collected the filtrate for further 

experiment.  

 

2.4 HMF production with microalgae solution 

The production of HMF was performed in a bi-phasic system in order to prevent the 

degradation of products. The reaction was operated in a 50 mL Parr reactor equipped with a 

stirrer head. Catalysts used in the reaction were 0.01 M of HCl solution and 5% AlCl3 based 

on the weight of sugar. Organic solvent tetrahydrofuran (THF) was introduced with a water-

to-THF ratio of 1:3 (v/v) (Román-Leshkov & Dumesic, 2009). Sodium chloride (30 wt% of 

water) was added to the solution in order to trigger phase separation between water and organic 

solvent. The reaction temperature was set at 130°C and kept for 40 minutes before removing 

the reactor from heater and quenched with ice water. After the reaction, most of the generated 

HMF was collected from the organic layer and this part of HMF was analyzed by HPLC to 

determine the yield. 

 

In the process of determining the inhibitors for HMF products, the potential inhibitors 

such as amino acids, ash were added to the 6% glucose solution accordingly. The amount of 

each inhibitors was calculated based on the component analysis of microalgae solution for 

better simulation of the microalgae solution. The reaction conditions remained the same as that 

for pure glucose solution and the HMF yields were compared with each other.  
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2.5 Total N analysis 

The total amount of proteins, peptides and amino acids in algae filtrate was determined 

by measuring the nitrogen content in the sample. Kjeldahl method was used for quantitative 

analysis of the nitrogen content (Sáez-Plaza, Michałowski, Navas, Asuero, & Wybraniec, 2013; 

Vinklárková et al., 2015). Conversion factor of 6.25 was used as reference for the total 

protein/peptides/amino acids content determination (Kirk, 1950; C. Park et al., 2016).   

 

2.6 HPLC analysis 

Reducing sugars in microalgae solution was analyzed by HPLC (Agilent, 1200 Series) 

carried with a sugar column (Shodex, SP0810). The eluent was Milli-Q water at a flow rate of 

0.5 mL/min, operating temperature was set at 80°C. HMF yield was quantified by HPLC 

(Agilent, 1200 Series) equipped with an Agilent ZORBAX Eclipse Plus C18 column. HMF 

was detected by a UV/Vis detector at wavelength 280 nm. Column temperature was set at 30°C 

with a flow rate of 0.7/min. The mobile phase used in the HPLC is an acetonitrile/water mixture 

at a ratio of 7:93.  

 

3. Results and Discussion 

3.1 Component analysis of microalgae Chlorella vulgaris 

The component analysis results of Chlorella vulgaris is shown in Table 1. Protein is 

the most abundant components in microalgae, and takes about 50% of the total weight of 

microalgae. Carbohydrate is about 25 wt% in the microalgae with glucan and galactan as the  
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two main components. Lipid (17.3%) and ash (5%) makes up the rest of composition of the 

microalgae. The microalgae was hydrolyzed with 3% H2SO4 at 120°C for 1 hour and then 

extracted with hexane to harvest lipid. The aqueous phase was neutralized, filtered and 

concentrated for delivery to our laboratory. The concentrated solution as received contain some 

suspended solid, which was removed by filtration. The composition of the filtrate was 

determined and the results are shown in Table 1 (the second column). During the acid 

hydrolysis treatment for lipid extraction, a part of the protein is hydrolyzed to peptides and 

amino acids. The protein and its degradation products are still the major component in the 

filtrate, accounting for 44% of the solid. The contents of glucose and galactose are relatively 

low, accounting for only 17.3% and 2.9% of the weight, respectively. The conditions of acid 

hydrolysis of microalgae prior to lipid extraction was apparently not strong enough to fully 

hydrolyze polysaccharides to sugars as oligomers were detected in the filtrate. The filtrate was 

autoclaved after addition sulfuric acid to hydrolysis the oligomeric carbohydrate to monomeric 

sugars. The results are given in Table 1 (the third column). The contents of glucose and 

galactose increased to 35.8% and 5.6% respectively. 

 

3.2 Production of HMF from the filtrate 

 HMF was produced via hexose dehydration process under acidic conditions strong 

enough to hydrolyze oligomeric carbohydrate to monomeric sugars. Thus, the filtrate was used 

without autoclave. Surprisingly, HMF yield of only 11.2% based on total hexoses was obtained. 

Similarly low yield was also obtained using the autoclaved filtrate, indicating that hydrolysis 

of oligomeric carbohydrates is not the cause of the low yield. Under the same conditions, a  
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pure glucose solution (6%) and a pure galactose solution (6%) gave HMF yield of 60% and 

35%, respectively, whereas a mixed solution (6%) of glucose and galactose in a ratio 6:1 (w/w) 

gave a yield of 45%. These results clearly indicated that some components in the filtrate inhibit 

the formation of HMF.      

 

3.3 Inhibitors from microalgae  

The study of inhibitors in microalgae is important for understanding how to improve 

HMF yield when using microalgae as the source. All components from microalgae have the 

potential to become inhibitors for the HMF production process. A solution of 6% glucose was 

used as a model and each component was added individually to investigate its effect on HMF 

yield. 

 

3.3.1 Influence of sugar on HMF yield. 

HMF was produced via hexose dehydration process. Both glucose and galactose were 

presented in the microalgae solution. 60% of HMF yield was obtained when using glucose as 

the sugar source for HMF production, and the yield decreased to 35% when only galactose was 

used under the same reaction conditions (Figure 1, columns 1 and 2). Mixed pure sugars of 

glucose and galactose at a ratio of  6:1 (w/w), which simulates the composition of sugar in the 

filtrate, results in a final HMF yield of 45% under the same reaction conditions for pure glucose 

solution (Figure 1, column 3). The yield of the mixed sugars was lower than expected, 

suggesting that degradation products of may inhibit the generation of HMF and leads to a low 
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HMF yield. While the mechanism is unclear at this moment, the effect is relatively small as 

compared with the very low HMF yield from the filtrate. 

 

3.3.2 Influence of lipids on HMF yield 

Lipids was investigated separately to understand if it has negative effect on HMF 

production from microalgae. Through lipids extraction with organic solvent, approximately 90% 

of total lipids can be removed from aqueous solution, leaving only 44.2 mg lipids/g cell in the 

aqueous solution (J. Y. Park et al., 2014). To evaluate the effect of lipids on HMF yield, oleic 

acid equivalent to 10 wt% of the glucose was added to glucose solution prior to the reaction 

for HMF production under the same conditions. As shown in Figure 1 (column 4), the yields 

of HMF was decreased from 60% to 48% as compared with that of pure glucose solution. Thus, 

lipid may inhibit HMF formation to some extent, but the effect is relatively small. 

 

3.3.3 Influence of ash on HMF yield 

 Ash from microalgae was investigated using the same methodology as that for lipids. 

Ash was prepared following the standard procedures where the microalgae sample was burned 

at 575°C for 4 hours (A. Sluiter, 2004). The residue obtained from after calcination was mixed 

with 6 wt% glucose solution, and reacted to obtain HMF using the same reaction condition. A 

decrease in HMF yield was found for this sample where a final HMF yield of 46% was 

achieved (Figure 1, column 5). Even though ash is only 5% in the microalgae cell, it is highly 

water-soluble and all the mineral content in the ash will release in solution after acid hydrolysis 
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treatment. An atomic emission spectroscopy analysis was applied to the microalgae ash to 

determine the elements in it. Based on the results, Fe, Mo, Mn, Ni are some of the most 

 abundant elements from the microalgae. Ca was also detected in large quantity in the algae 

sample, however, since CaCO3 was used to neutralize the acidity of the microalgae solution, 

the concentration may be not high in the microalgae sample. These mineral contents have 

similar influence on HMF production as the aluminum salt who worked as a catalyst. This 

increased total metal ion concentration may lead to a degradation of HMF, hence a lower yield 

of HMF. 

 

3.3.4 Influence of protein on HMF yield 

Protein is abundant in the microalgae filtrate that the effect of proteins/peptides/amino 

acids on HMF yield should be considered. Glycine is used as the model compound to represent 

the amino acids in the microalgae filtrate, even though the actual composition of 

proteins/peptides/amino acids in lipid extracted algae solution is much more complicated. We 

simulated the reaction mixture by using solution containing glucose and glycine at a ratio of 1: 

2 (w/w) and reacted for HMF production under the same conditions as those of the pure glucose 

case. After the reaction, a final HMF yield of 4% was observed, which indicates that the 

existence of proteins, peptides and amino acids is the most significant inhibitor for HMF 

production (Figure 1).  During the reaction, large quantity of brown residue was formed in the 

solution, presumably resulting from the reaction of glucose and glycine. The reaction between 

amino acids and reducing sugars over 100°C is well-known as a Maillard reaction, which forms 



 106 
 

compounds of complex structures that are still not well characterized (Nie et al., 2013). Thus, 

the dehydration of glucose into HMF was significantly affected by the Maillard reaction.  

 

3.4 Kinetic study of HMF production from microalgae solution 

Because carbohydrates and proteins/peptides/amino acids both exist in the microalgae 

filtrate, Maillard reaction and dehydration of hexose could react at the same time. Temperature 

is a critical factor for the Maillard reaction since low temperature can significantly prevent the 

reaction from occurring (Martins, Jongen, & van Boekel, 2000). In the same time, the glucose 

dehydration to HMF is also affected by temperature (Weingarten, Cho, Xing, Conner, & Huber, 

2012). A model solution of glucose and glycine mixture at a ratio of 2: 1 (w/w) was used to 

study the competing reactions in microalgae solution at various temperatures ranging from 

100°C to 130°C (Figure 2a). The reaction was terminated after 40 minutes of heating and the 

HMF concentration in the solution was measured. HMF yield was extremely low at 

temperature of 100°C, and increased gradually as reaction temperature became higher. 

However, the existence of glycine in the solution limited the final HMF yield at 17.5%. Brown 

residue started to form at temperature of 120°C and massive amount of residue was generated 

at 130°C, indicating reaction between glucose and glycine became dominated at this 

temperature.   

 

The correlation between reaction time and HMF yield was also studied at a temperature 

of 100°C by using the model solution of glucose and glycine as described above (Figure 2b). 

An increase in HMF yield was observed with longer reaction time, while the formation of 
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brown residue also increased when reaction time is longer. The reaction was terminated after 

5 hours’ heating. It was observed that a large quantity of brown residue was generated, while 

no significant increase in HMF yield was achieved. The conversion of glucose to HMF was 

still significantly prevented even at low temperature. 

 

The reaction between HMF and glycine was performed to understand whether amino 

acids would react with HMF in the solution, which could further decrease the yield of HMF 

production. Based on the Maillard reaction scheme proposed by Hodge, several kinds of 

condensation may occur with different reaction conditions (Hodge, 1953; Martins et al., 2000). 

Mixture of HMF and glycine at ratio 1: 2 (w/w) was reacted at 130°C for 40 minutes. The 

reaction was in aqueous system to ensure the sufficient contact between HMF and amino acids. 

The solution after reaction turned into a darker color but no brown residue was formed. The 

concentration of HMF remained unchanged before and after the reaction, which was 

determined by HPLC. This result indicated that the reaction in microalgae solution was mainly 

between sugar and amino acids, therefore, the formation of HMF was inhibited.  

 

The kinetic study proved that Maillard reaction was the leading reaction when both 

glucose and glycine existed in the solution and the dehydration of glucose to HMF was 

significantly restrained. Therefore, protein, peptides and amino acids need to be removed from 

the microalgae filtrate before it can be considered as a promising source for HMF production. 

A study of the correlation between glycine concentration and the HMF yield showed that 40% 

of HMF yield was achieved when glycine is approximately 10 wt% of the glucose quantity, 
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while the yield of HMF decrease dramatically as the glycine increased to 50 wt% of glucose 

or even higher (Figure 3). 

 

After surveying all the possible inhibitors in microalgae separately, it was discovered 

that the existence of large amount of protein and amino acids in microalgae is the dominant 

factor leading to low yield of HMF from microalgae. It was also found that the reaction 

between sugar and protein/peptides/amino acids is a competing reaction to the sugar 

dehydration. Thus, purification of microalgae filtrate to remove the protein, peptides and amino 

acids is necessary before applying the solution for HMF production. 

 

3.5 Purification of microalgae filtrate 

The protein, peptides and amino acids were removed from microalgae filtrate via a 2-

step treatment. Methanol was introduced to reduce the solubility of protein/peptides/amino 

acids as well as to force the precipitation of these components (Macedo, 2005; Orella & Kirwan, 

1989). Model solution of glucose and glycine at a ratio of 1:2 (w/w) was used to simulate the 

microalgae solution. Methanol was added to the filtrate to obtain methanol ratios ranging from 

60:40 (v/v) to 10:90 (v/v) (Table 2). The reaction was conducted at room temperature and 

white precipitate was collected, dried and weighed from each vial. A comparison experiment 

was carried out with pure glucose solution using the same condition and no precipitate was 

formed even with the same amount of methanol added. These observations indicated that the 

quantity of glycine precipitation primarily depends on the percentage of methanol in the 
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solution. 81 wt% of glycine was precipitated at solution to methanol ratio of 10:90 while no 

precipitate was formed when decreasing the methanol percentage to 40%.  

 

Here we assume the precipitation behavior of microalgae solution is similar to the 

model solution, considering the structural similarities among amino acids. Therefore, 

microalgae filtrate (solid content: 2.7% (w/v)) to methanol ratio was set as 10:90 to maximize 

the precipitation of proteins/peptides/amino acids. Brown color suspension was formed from 

the microalgae solution after adding methanol. The sample was centrifuged and precipitate was 

collected and dried to determine the yield of precipitation. The solution color changed from 

dark brown to bright yellow and the concentration of colored compounds was evaluated by 

absorbance on UV/Vis spectrum (Wetlaufer, 1963). Sample was diluted 1000 times before 

measuring the UV/Vis absorbance spectrum. The maximum absorbance occurred at 269 nm 

for non-treated sample, while the peak shifted to lower wavelength after the protein/amino 

acids precipitation induced by methanol. Amino acids that contain aromatic structures could 

be the reason that the solution displays color. By-products from acid hydrolysis such as furfural 

and HMF can also display color but based on the HPLC result, the concentration of these 

compounds are negligible. By determining the nitrogen content in solution, the amount of 

protein/peptides/amino acids was estimated. 0.5 g of protein/peptides/amino acids was 

precipitated from 100 mL of microalgae solution based on calculation, which agreed well with 

the measured weight of precipitate of 0.53 g. The complication of protein in microalgae 

solution made the efficiency of precipitation not as good as that for model solution of glucose-

glycine, as only 42% of the total protein/peptides/amino acids was removed from the filtrate. 
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Therefore, a second step of purification was required to further remove protein/peptides/amino 

acids from the microalgae filtrate. Methanol was completely removed from the solution by 

rotary-evaporation and the residue was re-dissolved with DI water prior to the next step of 

purification. 

 

Absorptive resin was used for further purification of the microalgae solution. This 

polymeric absorbent is usually employed to remove neutral to hydrophobic substance from 

water solution with the best working range of small molecular weighting between 100 and 

350,000 Da.  Protein/peptides/amino acids and other colored compounds from the microalgae 

filtrate were absorbed by the resin (Ferraro, Jorge, Cruz, Castro, & Pintado, 2014). The color 

of the solution after resin treatment became light yellow with a maximum absorbance at 262 

nm on UV/Vis spectrum. The measurement of the nitrogen content in the solution suggested 

that an additional 0.4 g of protein/amino acids was reduced from microalgae sample. Thus, 57% 

of the protein/amino acids were removed in this step of purification. The shift of maximum 

wavelength in UV spectrum suggests that protein with more hydrophobic structure may have 

been removed after the 2-step of purification (Table 3, row 2). The proteins/peptides/amino 

acids left in solution are more water-soluble and cannot be absorbed by the resin. Therefore, 

after 2-steps of purification, 75% of proteins/peptides/amino acids had been removed from 

original microalgae filtrate at the expense of sugar loss. The loss of sugar yield is 

approximately 40% when a resin to solution ratio was set as 2:10 (w/v) (Table 3, row 3). 
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3.6 HMF production from microalgae filtrate 

The microalgae filtrate after the 2-step purification treatment was concentrated to 

approximately 3% of sugar solution before being used for the HMF production under condition 

optimized based on the reactions of pure glucose solution. The yield of HMF ended up with 

24.6% when using microalgae filtrate after purification as the feedstock, while the model sugar 

solution of glucose-galactose mixture resulted in a 45% HMF yield as shown in Figure 1. 

Experiment was also conducted with microalgae filtrate without any purification. The  

existence of large quantity of proteins/peptides/amino acids lead to a low HMF yield of 11.2%. 

The results from microalgae solution followed the same trend that simulated by glucose-

glycine solution, which further proves that protein/peptides/amino acids was the dominant 

inhibitor for HMF production when using microalgae filtrate as feedstock. 

 

 

Conclusions 

This work discussed the feasibility of using lipids extracted microalgae as the feedstock 

for HMF production. Lipids extracted microalgae was chosen as potential feedstock for HMF 

production because the polysaccharides from microalgae Chlorella vulgaris are mainly 

consists of glucan and galactan. The solution of microalgae after lipids extraction is a complex 

system that contains large amount of protein/amino acids and ash, which have negative effect 

on sugar dehydration process. The existence of proteins/peptides/amino acids initiates the 

Maillard reaction, which consumes the sugar from the solution. A 2-step purification treatment 

was applied to the microalgae solution and 75% of total protein was removed from original 
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sample. The production of HMF with purified microalgae solution resulted in a final HMF 

yield of 24.6%. Higher yield of HMF could be achieved if more than 90% of the 

proteins/peptides/amino acids are removed from the solution. For this reason, the value of 

using lipid extracted microalgae solution as feedstock for HMF production should be carefully 

evaluated.   
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Table and figures: 

 

Table 1. Component analysis of Chlorella vulgaris and the filtrate 

*: Data provided by KIER; **: the filtrate was autoclaved with 3% H2SO4 at 120°C for 1 hour; ***: 

Glucan exists as glucose, galactan exists as galactose, the quantities of both are shown in the 

parenthesis. 

 

 

Table 2. Precipitation of glycine from glucose-glycine model solution.  

Solution: mixture of glucose and glycine, glucose = 30 mg/mL and glycine = 60 mg/mL 

 

 

 

 

 

 Cell of Chlorella 
vulgaris* Filtrate Autoclaved filtrate** 

Protein/peptide/amino acid 47.4 44.0 40.0 

Carbohydrate 
Glucan 

25.1 
15.8 (17.6***) 32.2 (35.8***) 

Galactan 2.6 (2.9***)  5.0 (5.6***) 
Lipid 17.3 / / 
ash 5.0 9.4 9.4 

Others 4.6 28.2 13.4 
Total 99.4 100.0 100.0 

Solution: methanol 10:90 20:80 30:70 40:60 50:50 60:40 

Weight of glycine, mg 60 120 180 240 300 360 

 Weight of precipitate, mg 48.6 94.8 115.2 146.4 15 0 

Yield of precipitation, % 81 79 64 61 5 / 
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Table 3.  Property of microalgae solution and HMF yield. 

Sampl
e 

Solid 
content,

% 

Solid 
g/100 
mL 

Protein
, % 

Protein
, g 

Sugar, 
g 

Others 
(including 

ash), g 

HMF 
yield, 

% 

UV/Vis 
absorbance  

(X 1000) 

1 2.7 2.7 44.0 1.2 1.0 0.5 11.2 0.0844 
(269nm) 

2 2.1 2.1 33.2 0.7 1.0 0.4 / 0.0605 
(263nm) 

3 1.1 1.1 27.1 0.3 0.6 0.2 24.6 0.0087 
(262nm) 

Sample 1: Lipids extraction microalgae solution; sample 2: lipids extraction microalgae solution after 

precipitation by methanol; sample 3: solution from sample 2 treated with absorptive resin 
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Figure 1. Potential inhibitors for HMF production from glucose 

 

 

 

 

Figure 2. Kinetic study on glucose-glycine solution: (a) Effect of temperature on 

HMF yield at 40 mins and (b) Effect of reaction time on HMF yield at 100°C. 
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Figure 3. Effect of glucose-glycine ratio on HMF yield. 
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Chapter 5 Determination of cellulose degree of polymerization in 

lignocellulosic biomass 

 

Abstract 

The degree of polymerization (DP) is one of the most important properties of cellulose. 

Cellulose DP is related to the mechanical strength of the plant and also affects the bio-refinery 

efficiency. All current measurement methods require isolating cellulose from natural biomass, 

which may damage the cellulose structure. Here in this work, we present a modified method 

of determining cellulose DP in lignocellulosic biomass by improving the delignification 

method and applying the borohydride reduction on the lignocellulose materials. We show that 

these pretreatments can significantly prevent cellulose from undergoing degradation and lead 

to more accurate results of cellulose DP measurements in lignocellulosic biomass.  

 

Keywords: lignocellulosic biomass, cellulose, degree of polymerization, degradation 
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1. Introduction 

Lignocellulosic biomass is one of the most promising sustainable natural materials to 

replace petroleum-based fuels and chemicals. Cellulose, hemicellulose and lignin are the three 

main components of lignocellulosic biomass and cellulose has the largest abundance among 

them (Himmel et al., 2007; Ragauskas et al., 2006). The application of cellulose includes paper 

making and nano-materials production. Recently years witnessed emerging interest in breaking 

down the cellulose structure and converting it into high-value fuels additives and chemicals. 

Cellulose is a linear polymer consisting of D-glucose units that are linked through 1-4 

glycosidic bonds. The level of polymerization of glucopyranose units is described by the 

concept “Degree of Polymerization (DP)”, which is one of the physical properties of cellulose 

that relate to the strength of structure. Cellulose is insoluble in most of the common solvents. 

One of the reasons is the fact that hydroxyl groups on glucose forms hydrogen bonds between 

two cellulose chains, leading to high tensile strength. Another reason of the insolubility is the 

chain length of the structure. Cellulose with DP less than 12 is considered as slightly soluble 

in water while higher level of polymerization makes the structure totally insoluble. DP values 

may vary significantly among different wood spices and even for the same material, depending 

on the treatment methods, the observed DP can be different. The interests of accurately 

determining cellulose DP in pulp and paper industry dates back to the1970s as cellulose DP is 

one of the properties related to the paper strength (Gurnagul, 1992). Recent years, more focus 

has been put on understanding the role of cellulose DP during the bio-refinery process. It has 

been well documented that DP affects the binding process between cellulase and cellulosic 

chains, the rate of enzyme-assisted hydrolysis, and therefore the conversion ratio from 
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lignocellulosic biomaterials into sugar and then into ethanol (Kumar, Mago, Balan, & Wyman, 

2009). 

 

Several DP measurement methods are currently being used, including viscosity assay 

based on the viscosity of cellulose derivatives, colorimetric assay based on various chemical 

reactions the reducing ends on cellulosic chain may undergo (Kongruang, Han, Breton, & 

Penner, 2004) and size exclusive chromatography assay (or GPC assay) based on the cellulose 

derivatives (Evans, Wearne, & Wallis, 1989). However, these methods can only work with 

pure cellulose while in plant, the cellulose chain is covered by lignin and hemicellulose. 

Without any pretreatment, it is difficult to directly access cellulose. On the other hand, these 

pretreatments can affect the structure and make the cellulose different from its original form, 

which is the major problem for measuring cellulose DP in lignocellulosic biomass.  

 

The most important aspect of this work towards developing new DP measurement 

methodology is to isolate cellulose from the complex but well-defined lignocellulosic structure 

with minor damage to the cellulose structure. Lignin is one of the largest impacts for DP 

measurement in lignocellulose and proper delignification process is critical. Almost all the 

common delignification methods will harm the cellulose structure (Masura, 1993; Helmy, 

1991). Hubbell and Ragauskas also reported that using sodium chlorite-acetic acid (SC/AA) 

delignification method would have reduction effect on the cellulose DP value of substrate 
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lignocellulosic biomass (Hubbell & Ragauskas, 2010). In addition, Kumar et al., in one of their 

study of delignification process, reported that delignification process could also significantly 

alter the number of total reducing ends acquired from well-established method such as 

modified BCA method (Kumar, Hu, Hubbell, Ragauskas, & Wyman, 2013). As a result, a 

protocol that can prevent the degradation of cellulose during delignification needs to be 

established.  

 

In this study, an integrated DP measurement method with lignocellulosic biomaterials 

as starting material is presented. In this method, carbanilation reaction and GPC-based 

molecular weight (MW) distribution measurement is used as the major parts of DP 

determination for cellulose. In addition, the delignification process, alkaline extraction process 

and NaBH4-based reduction are all adopted to allow lignocellulosic biomaterials to be directly 

used. This method is powerful and straightforward and can be applied to both softwood and 

hardwood samples, which make this method a general methodology in cellulose DP 

determination for lignocellulosic biomaterials. 
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2. Experimental methods 

2.1 Materials 

Hardwood sample red maple (RM) and softwood sample loblolly pine (LP) were 

picked from local farm. One-year-growth Populus trichocarpa (wild type, W2) was provided 

by NCSU Forest Biotechnology group. All woody materials were cut into 2~3cm chips and 

then ground by a Wiley Laboratory Mill (Model No. 4, Thomas Scientific, Philadelphia, PA), 

samples with particle size between 40~60 mesh were selected to be studied in this work. All 

chemicals used in the experiment were purchased from Sigma-Aldrich except further notice. 

 

2.2 Delignification for lignocellulosic samples 

Acid chlorite treatment was applied to all the lignocellulosic samples studied in this 

work (Leavitt & Danzer, 1993). 2 g of each sample was placed in an Erlenmeyer flask, 

hydrochloric acid solution was used to adjust the pH value of the solution to 2. Sample was 

placed in an oil bath with occasional swirling and the temperature was set at 75 °C. Sodium 

chlorite (80% purity) 0.75 g and glacial acetic acid (99% purity) 0.5 mL were added to the 

flask every 30 minutes until the end of the treatment. The samples were subjected to 1~6 cycles 

of the acid-chlorite treatment as showed above. To terminate the reaction, samples were filtered 

through 30 M crucible and washed thoroughly with DI water until the filtrate became neutral, 

samples were dried overnight in a hood.  
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2.3 Alkaline extraction for lignocellulosic samples 

1.5 g of delignificated sample was placed in 100 mL 17.5 % sodium hydroxide solution 

and gently stirred for 30 minutes at room temperature. 100 mL of DI water was added to the 

mixture and the stirring was continued for another 30 minutes (Fang, Sun, Salisbury, Fowler, 

& Tomkinson, 1999). The reaction was stopped immediately after 1 hour. The sample was then 

neutralized with 2M acetic acid solution and washed with large quantity of DI water until the 

filtrate became neutral. Samples were dried at room temperature overnight. 

 

2.4 Sodium borohydride reduction for lignocellulosic sample 

Sodium borohydride reduction process was conducted between the delignification and 

the hemicellulose extraction of lignocellulosic samples. The delignificated samples were 

immersed into 3% (w/v) sodium borohydride solution and left in dark for several hours. Excess 

amount of sodium borohydride was consumed by slowly adding hydrochloride acid solution 

until no bubble was formed. The treated sample was then washed with DI water for fully 

removal of the chemicals and then dried in air at room temperature overnight. 

 

2.5 Klason lignin analysis 

Lignin content in lignocellulosic samples was measured by Klason lignin method 

(Sluiter et al.). 0.1 g of oven dried sample was treated with 1.5 mL 72% H2SO4 and hydrolyzed 
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for 2 hours with occasional stirrings. DI water was carefully added to the slurry to dilute the 

solution to 3% H2SO4 and transferred the mixture to autoclave-safe glass bottle and sealed. 

The sample was then autoclaved at 121 °C for 1.5 hours and after cooling down, filtered the 

mixture through 30 M crucible. The solid left after autoclave was washed and dried in oven 

then weighted for acid insoluble lignin content (AIL), the liquid was measured with UV-Vis 

spectrum at 205 nm for acid soluble lignin content (ASL). The total lignin content (TL) of 

sample was the summation of the two parts. 

 

2.6 Tricarbanilation of lignocellulosic sample 

25 mg of oven dried sample was placed in a small glass vial (sealed with a cap has 

silicone septa for syringe injection). 10 mL of anhydrous pyridine was used as solvent and 1 

mL of phenyl isocyanate was added slowly to the vial using a syringe. The glass vial was 

placed in oil bath at 80 °C with gentle stirring for 48 hours. After cooling, 1 mL of methanol 

was added to quench any remaining phenyl isocyanate. The sample was then centrifuged to 

remove any insoluble particles and only the clear solution was transferred into a 70:30 (v/v) 

methanol/water mixture and white precipitation was formed. The precipitate was collected by 

centrifugation and washed 3 times with methanol. The sample was freeze-dried overnight to 

get dry white powder. Sample was dissolved with tetrahydrofuran (THF) with a concentration 

1 mg/mL prior the analysis, the solution was filtered through a 0.2 um filter then analyzed by 

GPC. 
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2.7 Gel permeation chromatography (GPC) analysis of tricarbanilated cellulose 

The tricarbanilated cellulose (CTCs) samples were analyzed by a gel permeation 

chromatography (GPC) system equipped with two Waters Styragel column (HR1 & HR5E, 

molecular range 0~4M). Tetrahydrofuran was used as the mobile phase with a flow rate of 0.7 

mL/min, oven temperature was set at 35 °C. UV/vis detector (Shimadzu SPD-20A) with dual 

wavelengths, 235 nm and 254 nm, was used for the analysis. A calibration curve was created 

based on 12 polystyrene (PSS ReadyCal-Kit Poly) from molecular weight range of 266 to 2.52 

x 106 g/mol. Data collection and processing were done by Shimadzu LCsolution software. 

 

 

3. Results and Discussion 

3.1 Optimization of wavelength for UV detector  

The goal of the present work is to accurately measure cellulose DP in lignocellulosic 

samples. Therefore, the influence of lignin and hemicellulose on the signal from UV-vis 

spectrum in GPC needs to be considered. To recognize and separate cellulose signal from 

others, pure cellulose and lignin sample had been reacted with phenyl isocyanate and the 

derivative was measured by UV-Vis spectrum to determine the maximum absorbance. The 

derivative of cellulose and lignin were measured in a wavelength range from 200 nm to 300 

nm, maximum absorbance for carbanilated cellulose and lignin are around 237 nm and 256 nm 

based on the analysis (Figure 1). Considering the fact that maximum absorbance wavelength 
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of cellulose and lignin are different and lignin content is quite low after several steps of 

pretreatments, the influence of lignin on UV result should not be significant at the working 

wavelength of 237 nm. 

 

3.2 Optimization of delignification degree for lignocellulosic biomaterials 

Directly applying carbanilation reaction to raw lignocellulose samples may lead to a 

failure in detecting cellulose signal on GPC graph due to the poor efficiency of derivatization 

as the cellulose was covered by lignin. For this reason, delignification to remove certain 

amount of lignin was the first step of the pretreatment for all the samples.  

 

A critical issue is that the structure of cellulose would be damaged during 

delignification process that the breaking down of cellulose chain would lead to an 

underestimation of the cellulose DP.  Acid chlorite method is a relative mild method but it will 

still damage cellulose structure if over delignification occurs (Hubbell, 2010). As a proof of 

acid chlorite damaging cellulose structure, cotton linter sample was physically mixed with 20 

wt% of alkali lignin and treated with acid chlorite method from 30 minutes up to 90 minutes, 

while a sample of cotton linter directly treated with acid chloride for 1 hour without any lignin 

adding as comparison. The results (Figure 2) indicate that significant degradation occurred to 

cellulose structure if there is no protection from lignin. The overall weight loss was 

approximately 30%. Once the cellulose sample was mixed with lignin, the degradation was 
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prevented that only 6% lost in weight of cellulose after 30 minutes of acid chlorite treatment. 

After 90 minutes of treatment, all lignin was consumed and the degradation of cellulose 

increased to 12%. Therefore, over delignification of samples should be avoided during the 

pretreatment and leaving a certain percentage of lignin in samples can reduce the risk of 

cellulose degradation from lignocellulose. 

 

The delignification treatment was applied to a series of populus trichocarpa samples 

(W2) with different degree of lignin removal. The samples after carbanilation reaction showed 

strong signal on GPC within retention time from 17 to 21 minute (Figure 3). With an increasing 

acid chlorite (AC) dosage and reaction time, the lignin content in sample was reduced from 

20% to 5%. A significant peak shift was observed on GPC from retention time of 16.5 minute 

for no acid chlorite treatment sample to 18.0 minute for acid chlorite treated for 150 minutes 

sample. For samples with high lignin content, GPC information for very high molecular weight 

part was lost due to the measurement limitation of column. The shape of peak changed with 

increasing delignification time and the peak became more symmetric as more lignin had been 

removed from the materials. Consider that lignin has absorbance in the wavelength range based 

on the result from UV-Vis spectrum, the changing in peak shape is the result of large amount 

of lignin being removed from the sample. Another reason that one must consider 

delignification is that no tricarbanilated cellulose was generated from raw material and samples 

with high lignin content for some wood species. A white precipitate started to form in 

methanol/water mixture for red maple after 30 minutes of delignification and alkali 
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extraction. For loblolly pine, no precipitate was generated during 120 minutes of 

delignification. These results showed how high lignin content sample impact the cellulose 

signal on GPC. A component analysis for these samples indicated the existence of lignin in 

lignocellulosic materials should be no more than 10% to ensure the generation of 

tricarbanilated cellulose and be able to be detected by GPC (Table 1).  

 

3.3 Reduction-protection with sodium borohydride for cellulose DP determination 

Cellulose structure was under risk of oxidation by the chemical used in the 

delignification process then suffered from link-cleavage in the following alkaline extraction. 

The hydroxyl groups on cellulose chain is oxidized to ketones and it has also been well 

documented that in strong basic environment, β-elimination reaction could cause degradation 

of cellulose chains. After the acid chlorite delignification process, the lignocellulose samples 

were subjected to an alkaline extraction for further lignin removal and hemicellulose removal 

and the structure of cellulose could be damaged due to lack of protection. In order to solve this 

issue, NaBH4 was used as a reducing reagent in the pretreatment of lignocellulosic biomaterials. 

Therefore, NaBH4 solution was applied on delignificated woody biomass before alkaline 

extraction process to recover the oxidized cellulose structure. The detailed mechanism and 

stereochemistry of the reaction between NaBH4 and ketone depends on reaction condition such 

as solvent and pH value. One of the possible reaction mechanisms is shown in Figure 5. The 
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samples before and after NaBH4 treatment were investigated by FT-IR spectrum, peak at 1740 

cm -1 (C=O stretch) was almost disappeared from sample that had been treated with NaBH4 

(Figure 4), which is an evidence that oxidation of cellulose was occurred on delignificated 

sample and NaBH4 was able to reduce the oxidized structure. 

 

To demonstrate the advantages of this method, a comparison was made between 

samples with and without NaBH4 treatment (Figure 6). The samples tested here are red maple 

(RM) and loblolly pine (LP) to represent a typical hardwood and softwood species. For red 

maple samples, the peaks showed at retention time ~ 20 minute corresponded to the 

experiments in which NaBH4 treatment was not applied. A clear peak shift to high molecular 

weight area was observed with the sample treated with NaBH4, which is similar to the results 

from loblolly pine samples. After a series of treatments, the influence of lignin, hemicellulose 

on cellulose DP measurement were eliminated or significantly reduced. Therefore, the 

conclusion that NaBH4 treatment is essential to conduct an accurate measurement of the chain 

length of cellulose molecules can be made. 

 

3.4 Alkaline extraction (AE) for cellulose DP determination 

It can be seen in the GPC curves for the hemicellulose extraction samples, the second 

peak at 21 minutes decreased a lot in area when compared with delignification only samples 

(Figure 3 & 7). The alkaline extraction process was able to solubilize up to 80 % of total  
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hemicellulose from original lignocellulose materials, therefore, the loss of the low molecular 

weight fragment in alkaline extraction treated sample could be assigned to the reducing of 

hemicellulose content. Hemicellulose has a similar chain structure compared to the cellulose 

but the average number of free hydroxyl group on each hemicellulose unit is 2 instead of 3 

three for cellulose. The structural similarity made it possible for isocyanate group to react with 

hemicellulose under the same mechanism with cellulose. Hemicellulose has a relative short 

chain length with DP value of 200 or less, which is much lower than that of cellulose. In woody 

biomass, the percentage of hemicellulose could be as high as 30% of the total mass, which will 

definitely influence the graph shape of GPC, leading to inaccurate result of cellulose DP. This 

is the main concert that why the hemicellulose needs to be removed before cellulose DP 

measurement. Also, lignin was removed during alkaline extraction process (Table 1 & 2), for 

this reason, one should think about reducing the acid chlorite treatment time to ensure no over 

delignification for the lignocellulosic samples.  

 

 

Conclusions 

A method for accurately measuring cellulose DP in lignocellulosic biomaterials was 

developed. The acid chlorite treatment was used to remove large amount of the lignin in 

lignocellulosic samples while the process was terminated when there was about 10 % of lignin 

left. The samples were then reduced by sodium borohydride solution to protect the cellulose 
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chain from cleavage during alkaline extraction. Samples were then treated with sodium 

hydroxide solution to remove hemicellulose and lignin was further removed during this process. 

The 3-step pretreatment can best help to prevent the degradation of cellulose chain while 

minimizes the side influence cause by lignin and hemicellulose in lignocellulosic biomass. 
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Tables and Figures: 

 

Table 1. Lignin content for populus trichocarpa (W2) samples  

 

 

 

 

 

 

 

 

 

 
AIL, % ASL, % TL, % 

W2_Raw 19.0 3.4 22.4 

W2_D30 11.5 7.6 19.1 

W2_D60 9.3 7.5 16.8 

W2_D90 7.5 7.7 15.2 

W2_D120 6.0 8.0 14.0 

W2_D150 4.1 7.9 12.0 

W2_Raw_HR 19.6 3.4 23.0 

W2_D30_HR 4.1 2.6 6.7 

W2_D60_HR 1.1 2.1 3.2 

W2_D90_HR 0.8 1.8 2.6 

W2_D120_HR 0.3 1.5 1.8 

W2_D150_HR 0.0 1.4 1.4 
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Table 2. Lignin content for red maple and loblolly pine samples 

 

 

 

 

 

 

 

 

 

 

 AIL,% ASL,% TL,% 

RM_raw 23.5 3.5 27.0 

RM_D30 12.2 7.6 19.8 

RM_D30_HR 5.2 3.4 8.6 

RM_D60 9.1 8.0 17.1 

RM_D60_HR 0.0 2.6 2.6 

LP_raw 31.2 0.7 31.9 

LP_D120 9.5 7.0 16.5 

LP_D120_HR 5.6 3.1 8.9 

LP_D150 7.0 6.6 13.6 

LP_D150_HR 1.4 2.8 4.2 
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Figure 1. UV/Vis spectrum for carbanilated cellulose and lignin 

 

 

Figure 2. GPC graph for cotton linter samples with delignification on different degree 
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Figure 3. GPC graph for W2 samples with different lignin content after carbanilation 

 

 

Figure 4. FT-IR spectrum for W2_D90 sample before and after sodium borohydride 

treatment 
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Figure 5. Reaction between NaBH4 and ketone group 

 

 

Figure 6. GPC graph for LP and RM samples before and after sodium borohydride 

treatment 
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Figure 7. GPC graph for W2 samples treated with alkaline extraction 
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Chapter 6 Conclusions 

 

Hydrolysate from lignocellulosic biomass was investigated as a potential source for 

production of value-added biomass-based chemicals. Several sugar streams generated from 

biomass bio-refinery processes were tested and evaluated in this work. 

 

The solution of biomass after autohydrolysis pretreatment contains mainly xylo-

oligomers and degradation products of hemicellulose. The solution is removed from the bio-

refinery process and used directly for furfural production. A vapor-releasing system was 

employed in the production of furfural from xylose-rich hydrolyzate. The maximum furfural 

yield of 73% was achieved at 200°C for hydrolysate after 3 hours’ vapor collection. No 

additional catalysts were used for biomass hydrolyzate as the presence of organic acids such 

as acetic acid in hydrolyzate behaved as a catalyst. The vapor-releasing system prevented the 

furfural degradation in water, which also made the purification easier to perform. In summary, 

biomass hydrolysate with a vapor-releasing system is efficient to produce furfural. 

 

Solution after enzymatic hydrolysis of biomass was used for HMF production and two 

scenarios were discussed and compared with each other. The difference between two cases is 

an additional step of solid/liquid separation applied after biomass autohydrolysis  
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pretreatment (labeled as Case 2). The scenario with no operations taken is labeled as Case 1. 

The solution separated in bio-refinery process in Case 2 was used for furfural production as 

discussed above. The HMF production was carried out at 130 °C for 40 minutes in a water/THF 

bi-phasic system. A low-cost catalyst system of 0.01 M HCl and 5 wt% AlCl3 was used in this 

reaction. 51.7 % of HMF yield was obtained by using the hydrolysate generated in Case 1 

while a 60.3% of HMF yield was obtained using the hydrolysate from Case 2. Both results 

were based on the activated charcoal purified hydrolysate. Purification to remove inhibitors 

from hydrolysate was necessary in Case 1. The inhibitors in hydrolysate from Case 2 had no 

significant effect on HMF yield. FDCA was produced with the HMF generated from both cases. 

Inhibitors generated during HMF production process decreased the FDCA yield significantly 

where 65.3% of FDCA yield was obtained by using HMF generated from hydrolysate in Case 

2. An FDCA yield of only 25.7% was achieved from hydrolysate in Case 1.  

 

Lipids extracted microalgae was chosen as a source for HMF production with the 

consideration of taking advantage of the polysaccharides in the waste stream after microalgae 

lipid extraction. The polysaccharides from microalgae Chlorella vulgaris are mainly consist of 

glucan and galactan. Hence, it was chosen for HMF conversion. The solution of microalgae 

after lipid extraction is a complex system that contains large amount of protein/amino acids 

and ash, which have negative effect on sugar dehydration process. The existence of 

protein/amino acids initiates the Maillard reaction which will consume the sugar 
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from the solution. A 2-step purification treatment was applied to the microalgae solution after 

which 75 % of total protein was removed from original sample. The production of HMF with 

purified microalgae solution results in a final HMF yield of 24.6%. Higher yield of HMF could 

be achieved if more than 90 % of the protein/amino acids removed from the solution. 

 

Degree of polymerization (DP) is one of the important properties of cellulose and 

related to the fiber strength. It affects the degradation of cellulose in bio-refinery process. A 

method for accurately characterizing cellulose DP in lignocellulosic biomaterials was 

developed. The acid chlorite treatment was used to remove large amount of the lignin in 

lignocellulosic samples while the process was terminated when approximately 10 % of lignin 

was left. The samples were then reduced by sodium borohydride solution to protect the 

cellulose chain from cleavage during alkaline extraction. Samples were then treated with 

sodium hydroxide solution to remove hemicellulose, and lignin was further removed during 

this process. The 3-step pretreatment can assist the prevention of cellulose chain degradation 

and minimize the side influence caused by lignin and hemicellulose in lignocellulosic biomass, 

resulting in a better characterization for cellulose structure in its natural status.   
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Chapter 7 Future work 

 

Low yield of FDCA was obtained when the experiment was conducted with HMF 

generated in lab. This could be the result of the existence of impurities generated during the 

HMF production process where part of the glucose reacts with HMF and left soluble organic 

compounds in the solution. Also, substantial decrease in FDCA yield was observed when 

hydrolysate contains massive amount of degradation products such as soluble lignin, furfural, 

etc. A better understanding of how these components affect the HMF oxidation process may 

provide insights regarding how to make the hydrolysate a better source for FDCA production. 

 

Purification of the HMF is necessary in order to achieve high yield FDCA from the 

hydrolysate produced HMF. Water extraction can remove part of the water-insoluble 

impurities from the HMF solution but high energy is demanded and the result is not satisfactory 

even after 2-step purification processes. Development of other purification approaches for 

HMF is needed for higher FDCA yield. 

 

Microalgae after lipid extraction is treated as a source for HMF production. The 

existence of protein and amino acids was proved to have the most significantly negative 
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 impact on the yield of HMF. Finding the solution for completely removal of protein/amino 

acids from the microalgae seems to be the only way to increase the HMF production yield, and 

the methods need to be further studied.  
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