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Preface 

 Bioethanol is an environment-friendly energy instead of fossil fuels and produces 

from starch or cellulose. Bioethanol process from starch is easier than that from 

cellulose because drinking alcohol is made from starch several thousand years in the 

world and the process is completed. However, a lot of amount of consumption of starch 

for bioethanol causes a lack of foods. Therefore, cellulosic bioethanol is expected 

because cellulose is the most abundant on the earth and not foods.  

 This thesis is composed of four chapters. The first chapter is a general introduction 

of cellulosic bioethanol. The author studied the synthesis of cellulosic bioethanol from 

cellulosic materials such as microcrystalline cellulose in the second chapter and Kraft 

pulp in the third chapter by a combination of cellulases and yeast.  

 In the second chapter, the author examined the pretreatment method of 

microcrystalline cellulose and the author found that the saccharification proceeded 

effectively by using 9% NaOH treatment at -10°C for a short time. The saccharification 

was examined by using commercially available 11 cellulases. It was found that 9 

cellulases without A"amano"3 and Sumizyme AC cellulases were effectively 

saccharified the alkali-treated cellulose. The fermentation process was performed by a 

recombinant yeast pYBGA1 or K7 for drinking alcohol brewing. The author found that 

pYBGA1 is more effective fermentation yeast than that of K7 and a combination of 

Meicelase, Sucrase C, or Acremonium cellulase and pYBGA1 yeast was the best 

combination to produce ethanol. The author found that simultaneous saccharification 

and fermentation of alkali-treated microcrystalline cellulose gave 70% of ethanol.  

 In the third chapter, the author examined the bioethanol conversion of Kraft pulp 

using a combination of cellulase and the recombinant pYBGA1 yeast refer to the results 

in Chapter 2. Saccharification of the Kraft pulp was examined with several cellulases, 
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indicating that Cellic CTec 2 cellulase effectively worked to give glucose in 76.3% yield 

after 72 h. Furthermore, when the Kraft pulp was treated with 9% NaOH solution for 

short time at -10°C, the crystallinity was found to decrease by the result of x-ray 

measurement. However, for long saccharification time of the Kraft pulp before and after 

alkali treatments, no difference showed on the yield of glucose. Stepwise 

saccharification and fermentation of the Kraft pulp before and after alkali treatments 

were carried out with Cellic CTec2 (10 wt% to the Kraft pulp) for 72 h saccharification 

and then addition of pYBGA1 yeast to give ethanol in 91.3% and 93.3% yields under 

the optimum conditions of cellulase and yeast, respectively, based on saccharified 

glucose. Simultaneous saccharification and fermentation process was not effective for 

the production of ethanol from both Kraft pulps probably because of low efficiency of 

the saccharification.  

 In the last chapter, the concluding remarks and future progress are described. 

Through the research of the synthesis of cellulosic bioethanol, the author revealed that 

cellulosic bioethanol was obtained effectively by a combination of cellulases and a 

recombinant yeast pYBGA1 and the results were accepted by an international academic 

journal. In future, the author will investigate the production of cellulosic bioethanol 

from plant materials based of the doctoral results with the perspective of cost and mass 

production.  
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1.1 Introduction of bioethanol 

 Bioethanol from biomasses as renewable resources is expected to an 

environment-friendly fuel for the next generation instead of fossil fuels (Wyman, 1996). 

Bioethanol is divided into two classifications, that is, starch-based and cellulosic 

bioethanol. Among them, starch is easily saccharified by amylases to glucose and then 

fermented to ethanol by yeasts. However, starch is an important food and the ethanol 

production from starch causes a lack of foods. Therefore, cellulose without competition 

of foods is preferred as a renewable low material for bioethanol production. However, 

cellulose has a rigid crystalline structure, so it is difficult to enzymatically saccharify to 

glucose.  

 In the early investigations, many papers and methods on the preparation of 

bioethanol from cellulosic materials reported (Laluce, 2012; Chiaramonti, 2012). 

Hydrolyzed tissue paper, cotton, and sawdust obtained by the two-step sulfuric acid 

hydrolysis were efficiently fermented by pYBGA1 yeast, a recombinant yeast 

expressing -glucosidase, to give ethanol in high yields (Uryu, 2006). By our 

laboratory, it was found that ethanol was obtained in good yields by direct 

saccharification and fermentation of cello-oligosaccharides with pYBGA1 yeast (Liang, 

2013). This direct method to ethanol from cello-oligosaccharides was a simple 

procedure and decreased the time, cost, and energy consumptions.  

 Furthermore, we synthesized ethanol from agricultural residues, beet pulp, beet 

leaf, corn stover, and weed, by dilute alkali pretreatment, and then successive 

saccharification and fermentation with pYBGA1 yeast (Zhao et al, 2014). Bioethanol 

is a carbon neutral energy. After burning, the produced carbon dioxide CO2 is absorbed 

by plants according to the photosynthesis. Therefore, bioethanol from plants is 

expected as a carbon neutral and renewable energy. The combustion of fossil fuel only 
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increases CO2. 

 

 

 

 

 

 

 

 

 

 

1.2 Cellulosic biomass residues 

 Bioethanol production from natural lignocellulosic biomasses has been extensively 

studied and reviewed in the past several years (Brown 2013). Cellulosic materials are 

one of the most abundant on the earth and renewable resources, and therefore represent 

sustainable and alternative energy instead of petrochemical refineries so far for the 

production of industrially important fuels and chemicals (Lynd, 1991) and ethanol 

produced from biomasses has been recognized as a potential alternative energy for 

non-renewable fossil fuels (Zheng, 2009). In general plants contain about 30% 

cellulose, 30% hemicelluloses, and 30% lignin [Fig 1.1] (Ding, 2017).  

 

 

 

 

 

Bioethanol Burning CO2 
Photosynthesis of 

Plants 

Figure 1.1.  

Bioethanol, a carbon neutral and renewable energy. 
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 However, cellulose, hemicellulose, and lignin contents are different from kinds of 

plants, region and development stages of plants. In addition, biomass also contains 

water, ash, mineral, and others. The content of cellulose hemicellulose, and lignin in 

biomass materials is about 70%-90%. Table 1.1 shows cellulose, hemicellulose, and 

lignin components of several cellulosic biomasses. It was found that the components 

are different from the kinds of plants. Therefore, it is necessary to select plants for the 

material of bioethanol. Plants including much cellulose are advantageous for the 

material of bioethanol.  

  

 

 

Figure 1.2  

Component of wood. Wood has cellulose, hemicellulose, and lignin. 
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Table 1.1 Composition of various agricultural and other lignocellulosic residues.    

         (From Ding et al., Bioresource Technology 228, 279-289 (2017)) 

 

Material Cellulose Hemicellulose Lignin Ash Extractives 

Algae (green) 20–40 20–50 – – – 

Cotton, flax, etc. 80–95 5–20 – – – 

Grasses 25–40 25–50 10–30 – – 

Hardwoods 45 ± 2 30 ± 5 20 ± 4 0.6 ± 0.2 5 ± 3 

Hardwood barks 22–40 20–38 30–55 0.8 ± 0.2 6 ± 2 

Softwoods 42 ± 2 27 ± 2 28 ± 3 0.5 ± 0.1 3 ± 2 

Softwood barks 18–38 15–33 30–60 0.8 ± 0.2 – 

Cornstalk 39–47 26–31 3–5 12–16 – 

Wheat straw 37–41 27–32 13–15 11–14 – 

Newspaper 40–55 25–40 18–30 – – 

Chemical pulp 60–80 20–30 2–10 – – 

Sorghum stalks 27 25 11 – – 

Corn stover 38–40 28 7–21 3.6–7.0 – 

Coir 36–43 0.15–0.25 41–45 2.7–10.2 – 

Bagasse 32–48 19–24 23–32 1.5–5 – 

Rice straw 28–36 23–28 12–14 14–20 – 

Wheat straw 33–38 26–32 17–19 6–8 – 

 

 

1.3 Cellulose 

 Cellulose is the most abundant on earth and widely used as a natural polymer in 

the world. As the major constituent of plant, bajillion cellulose are created each year by 

photosynthesis. In the form of wood, paper, cotton, rayon, film, coatings, and others 

including fuel, cellulose has been consumed about 450,000,000 tons per year (Spurlin, 

1954). 
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  Cellulose is a polysaccharide consisting of glucose with 1, 4- bond, and is made 

from carbon, hydrogen, oxygen. Glucose is produced by the photosynthesis of plants. 

Cellulose exists in the cell wall of plants, and hemicellulose and lignin are also 

contained. The proportion of cellulose in plants is about 30% and the most abundant 

plants has the relative content rate of 40-70%. 

 Cellulose has several advantages such as low cost, low density, renewability, 

biodegradability, and nontoxicity, and also has attracted much attention of many 

researchers as composite materials (Takase, 1989; Nwabunma, 2008). In particular, the 

viewpoint of environmental biodegradability and renewability is an important for 

usage as a basic material. 

 

 

 From Figure 1.3, cellulose has plenty of hydroxyl groups, which can produce 

strong hydrogen bonding network to form rigid crystalline structure (Singh, 2011). 

 

1.4. Hemicellulose  

 Hemicellulose is heterogeneous polysaccharides that are produced by biosynthetic 

routes different from that of cellulose. The most hemicellulose has the functionality as 

Figure 1.3 Structure of cellulose.  

          Cellulose is made from glucose with 1, 4- glycosidic bond and rigid   

          structure by many hydrogen bonds.  
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supporting material in cell wall as the same as the functionality of cellulose. 

 Hemicellulose has a degree of polymerization of about 200. Hemicelluloses have 

xylan, glucuronoxylan, arabinoxylan, glucomannan, and xyloglucan. Which 

polysaccharides contain are formed by many kinds of monosaccharides. For example, 

hemicellulose contains mannose, galactose, rhamnose, arabinose, and xylose. In 

contrast, cellulose is produced from only glucose. Although hemicellulose has several 

kinds of monosaccharides, hemicellulose is usually drew the structure of xylan as 

shown in to Figure 1.4, because of xylose is a main component of hemicellulose. 

Hemicellulose contains mainly D-pentoses, and sometimes contains a small amount of 

L-sugar, L-arabinose. As mentioned, xylose is the largest amount of sugar in 

hemicellulose, however, in softwoods mannose is the most abundant sugar of 

hemicellulose. On the other hand, acidic sugars of glucuronic and galacturonic acids 

are also presented in hemicellulose. The components in hemicellulose are completely 

different from cellulose. Therefore, hemicellulases and yeasts for the fermentation of 

pentoses are used for the production of bioethanol from hemicellulose.  

Figure 1.4. Structure of hemicellulose (xylan). 
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1.5 Lignin  

 Lignin has a complex structure consisted of phenylpropanols and found in cell 

wall of plants. Lignin plays an important roles in plant biology. In nature, lignin is 

produced by plants, and s processed for various industrial purposes. 

 It is composed of three different phenylpropanolsdepending on wood species as 

shown in Figure 1.5. Hardwood lignin is composed of three phenylpropanols, coniferyl 

alcohol, coumaryl alcohol, and sinapyl alcohol and softwood lignin is consisted of two 

phenylpropanols, coniferyl alcohol and coumaryl alcohol. 

 

 

Fugure 1.5  
Component of lignin.  
Lignin is made from pehylpropanols, hardwood lignin is consisted of three 
phenylpropanols, coniferyl alcohol, coumaryl alcohol, and sinapyl alcohol, 
and softwood lignin two phenylpropanols, coniferyl alcohol and coumaryl 

alcohol. 
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1.6 Kraft pulp  

 Kraft pulp is one of possible materials for softwood to economically produce 

bioethanol (Shufang, 2014). Kraft process is a process for conversion of wood into 

wood pulp, which consists of almost pure cellulose fibers, the main component to 

paper. The kraft process is that wood chips were treated with a mixture of hot water, 

sodium hydroxide, and sodium sulfide to destroy the bonds between lignin, 

hemicellulose, and cellulose. The Kraft process needs several steps in, both mechanical 

and chemical processes, and is a good method for producing paper. Thermo- and 

photo-oxidative degradation of several wood pulps are carried out. Thermomechanical 

pulp (TMP), bleached sulfite pulp (NBSP), bleached kraft pulp (NBKP), unbleached 

Kraft pulp (NUKP) and filter paper, and were examined mainly by chemo 

luminescence (CL). Kraft process, which uses sodium hydroxide (NaOH) and sodium 

sulfide (Na2S), is the most important pulping process in the pulp and paper industry. 

The properties of several pulps are shown in Table 1.2 (Konoma, 2009).  

 

Table 1.2  
Properties of several pulps  
(From Konoma, Cai, & Osawa. (2009). Chemiluminescence from the thermal and photo- oxidation 

of several wood pulps. Polymer Degradation and Stability, 69, 105-111). 

 Sample name   Full name               Lignin content (%)       Color 

 TMP         Thermo-mechanical pulpa   25~30                 Light brown 

 NBSPe        Bleached sulfite pulpb     . =.0 (Hemi cellulose 10%)  White 

 NBKP        Bleach Kraft pulpc           . =.0 (Hemi cellulose 20%)  Light 

yellow 

 NUKP        Unbleached Kraft pulp      4~5                    Brown 

 Filter Paper    Toyo Filter Paper         -                      Pure white 

a Milled under a high pressure steam and contains almost all wood components. 

b Digested mainly with Ca(HSO3)2 and bleached. 

c Digested mainly with NaOH and Na2S and bleached. 

d Digested mainly with NaOH and Na2S but not bleached. 

e N: abbreviation of needle tree. 
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 In the Kraft processes, when half of woods is dissolved by NaOH and Na2S, black 

liquor forms (Figure 1.6). The weak black liquor is separated from the pulp by washing, 

and is sent to the kraft recovery system, where the inorganic pulping chemicals are 

recovered for reuse, while the dissolved organics are used as a fuel to make steam and 

power (The kraft chemical recovery).  

 

 

 

 

 

 

 Figure 1.7 shows the production of pulp in the world and the amount of import of 

Japan. The production of hardwood pulp is twice of that of softwood pulp. The 

proportion of imported pulp was about 70% in the consumption of paper in Japan. 

Recently, pulpwood consumption decreased for paper, paperboard, and pulpwood 

purposes.  

 

Wood 

NaOH 

Na2S 
Fiber + Black liquor 

Figure 1.6 Kraft pulping process. 
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1.7 Pretreatment process of cellulosic material for bioethanol production 

1.7.1 Pretreatment 

 Pretreatment of woods is the first step for the production of bioethanol, cleaning of 

the surface to remove painting, oil, and so on. The most important thing is that 

decreasing of the degree of crystallinity of cellulose by alkali treatment to reduce the 

crystallinity of cellulose. 

 During pretreatment, the matrix of cellulose, lignin, and hemicellulose are 

loosened to reduce the crystallinity of cellulose and the pretreatment increase the 

proportion of amorphous cellulose that is the desirable form for cellulase attack. After 

Figure1.7 Pulpwood Receipts. 

         (From Japan Paper Association) 
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pretreatment, cellulose should be recovered above 90% compared with that of 

theoretical recovery and if not the pretreatment, the yield of saccharification with 

cellulase is below 20% (Lycd, 1996). For pretreatment of lignocelluloses, several 

physical, physic-chemical, and biological processes have been reported (Aden, 2002; 

Sun, 2002; Wyman, 2005a; Wman, 2005b). The pretreatment process from a review is 

summarized in Table 1.3 (Jtendra, 2015). 

 

1.7.2 Physical pretreatment 

 Lignocellulosic biomass is needed to break into small particles by chipping, 

grinding, shearing, or milling, to reduce particle size, to increase surface area, and to 

easy attack of celluloses of cellulose. Other physical treatments, pyrolysis, irradiation 

with gamma ray, microwave, infrared, and sonication were reported (Brown, 2003; 

Mosier, 2005). 

 

1.7.3 Physico-chemical pretreatment 

 Physico-chemical pretreatment is more effective than physical pretreatment. 

Several chemicals are used. These are ozone, acids, alkali, peroxide, and organic 

solvents. Several physico-chemical pretreatments of biomass are also reported, such as 

ammonia fiber explosion (AFEX) (Sun, 2002), autohydrolysis (steam explosion) 

(Mosier, 2005), SO2 steam explosion (Grous, 1986), acid treatment, and alkali 

treatment (38-43). 

 

1.7.4 Biological pretreatment  

 For example, the brown-, white-, and soft-rot fungi such as Phanerochaete 

chrysosporium, Trametes versicolor, Ceriporiopsis subvermispora, and Pleurous 



- 14 - 

 

ostreatus are used for biological pretreatment of lignocellulosic biomass. Other 

enzymes, lignin peroxidases, manganese-dependent peroxidases, polyphenol oxidases, 

laccases, and quinosine-reducing enzymes also degrade lignin by oxidation of the 

produced radicals. Biological treatment is low energy and environmental conditions, 

however, the hydrolysis yield is low and needs long treatment times (Brown, 2003). 

 

1.7.5 Enzymatic saccharification of pretreated biomass 

 Saccharification of cellulose is the first process to bioethanol and cellulose is 

converted into glucose by the saccharification process. Enzymatic hydrolysis is 

preferred to cost-effective ethanol production from lignocellulosic materials because of 

mild process and high yields. The maintenance costs are low compared with that using 

acid or alkaline hydrolysis (Kuhad, 1997). The enzymatic pretreatment is compatible 

with other pretreatment methods, however, poisonous materials to enzymes need to be 

removed or detoxified before enzymatic hydrolysis. Several factors such as substrate 

concentration, enzyme loading, temperature, and saccharification tome influenced the 

saccharification process (Tucker, 2003). 

 

1.7.6 Cellulase enzyme complex 

 Cellulases were discovered by Reese in 1976 (Reese, 1976). A set of ten cellulase 

complexes were performed with complete cellulose hydrolysis. Cellulases and 

modified cellulose-degrading enzymes are divided into three major groups, 

endo-glucanases (EG), exo-glucanases (CBH), and β-glucosidase (BGL) (Figure 1.7) 

which belong to the EC 3.2.1. X class. 
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1.8 Endo-glucanases  

 Endo--(1, 4)-glucanases (EC 3.2.1.4) are randomly hydrolyzed β-(1,4)-glucosidic 

linkages of cellulose to give glucose and celloologosaccharides (Wood, 1979). Random 

cleavage causes rapid decrease in chain length and the molecular weight decreases. 

The hydrolysis rate of cellodextrin increases with decrease the degree of 

polymerization to give cellobiose and cellotriose as the major final products. 

 

1.9 Exo-glucanases  

 Exo--(1, 4)-glucanase (EC 3.2.1.91) cleaves cellobiose units from the 

non-reducing ends of cellulose Exo-glucanases are distinguished from -glucosidase 

by their functionality against substrates of longer chain length. 

 

1.10 -glucosidases  

 -Glucosidases (EC 3.2.1.21) hydrolyze cellobiose and short chain of -1, 

4-oligoglucosides up to cellohexaose to afford glucose. -Glucosidases shows the 

highest activity on cellobiose. Unlike exo-glucosidases, the hydrolysis rate of 

cellobiose decreases remarkably with increase the degree of polymerization of 

cellooligosaccharides. 

 

1.11 Hemicellulase  

 For the degradation of xylan, endo-1, 4-b-xylanase, β-xylosidase, α-glucuronidase, 

α-L-arabinofuranosidase, and acetylxylan esterase worked on different polysaccharides, 

and -mannanase and β-mannosidase cleave glucomannan backbone [9]. 
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Figure1.8 Hydrolyzed sites of celluloses on cellulases. 
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 Table 1.3 Pretreatment process of lignocellulosic biomass for fuel ethanol production  
         (From Saini, Saini, & Tewari, (2015). Lignoceelulosic agriculture wastes as biomass feedstocks for second-generation bioethanol production:  

          concepts and recent developments. Biotech., 5, 337−353.) 

 

Methods Procedure/agents Remarks Examples of pretreated materials References 

I. Physical methods   

Mechanical 

size reduction 

Chipping, 

grinding, milling 

Milling: vibratory ball mill Wiley mill 

(final size: 0.2–2 mm), knife or hammer 

mill (final size: 3–6 mm) 

Hardwood, straw, corn stover, 

timothy, alfalfa, cane and sweet 

sorghum bagasse 

Sun and Cheng 

   (2002) 

Pyrolysis T > 300 °C, then 

cooling and 

condensing 

Formation of volatile products and char 

Residues; produce 80–85 % reducing 

sugars (>50 % glucose); can be carried 

out under vacuum 

Wood, Waste cotton, corn stover    

  Khiyami et al.    

    (2005) 

II. Physico–chemical methods   

Steam 

explosion 

Saturated steam at 

160–

290 °C, p = 0.69–

4.85 MPa for 

several sec or min, 

then 

decompression 

until atm. Pressure 

It can handle high solid loads; size 

reduction with lower energy input 

compared to comminution, 80–100 % 

hemicellulose hydrolysis, destruction of 

a portion of xylan fraction, 45–65 % 

xylose recovery; Inhibitors formation; 

addition of H2SO4, SO2, or 

CO2 improves efficiency of further 

enzymatic hydrolysis; cellulose 

depolymerization 

Poplar, aspen, eucalyptus softwood 

(Douglas fir) bagasse, corn stalk, 

wheat straw, rice straw, barley 

straw, sweet sorghum 

bagasse, Brassica carinataresidue, 

olive stones, Timothy grass, alfalfa, 

reed canary grass 

 

Ballesteros et al. 

(2001.2002.2004), 

Hamelinck et al. 

(2005), Lynd et al. 

(2005), Sun and 

Cheng (2002) 
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Methods Procedure/agents Remarks Examples of pretreated materials References 

Liquid hot 

water (LHW) 

Pressurized hot 

water, p > 5 MPa, 

T = 170–230 °C, 

1–46 min; solids 

load <20 % 

Lignin is not solubilized, but 

redistributed; 80–100 % hemicellulose 

hydrolysis, 88–98 %xylose recovery; 

low or no formation of inhibitors; 

cellulose conversion >90 %; partial 

solubilization of lignin (20–50 %) 

Bagasse, corn stover, olive pulp, 

Alfalfa fiber 

Ballesteros et al. 

(2002), 

Koegel et al. 

(1999), Lynd et al. 

(2002) 

Ammonia fiber 

explosion 

(AFEX) 

1–2 kg 

ammonia/kg dry 

biomass, 90 °C, 

30 min, p = 1.12–

1.36 MPa 

Ammonia recovery is required 0–60 % 

hemicellulose hydrolysis; no inhibitor 

formation; further cellulose conversion 

can be >90 %, for high-lignin biomass 

(<50 %); 10–20 % lignin solubilization 

Aspen wood chips bagasse, wheat 

straw, barley straw, rice hulls, corn 

stover switchgrass, coastal 

bermudagrass, alfalfa newsprint 

Lynd et al. (2002) 

Sun and Cheng 

(2002) 

CO2 explosion 4 kg CO2/kg 

fiber, p = 5.62 MP

a 

No inhibitors formation Further cellulose 

conversion can be >75 % 

MSW Bagasse Alfalfa recycled 

paper 

Sun and Cheng 

(2002) 

Ozonolysis Ozone, room 

temperature and 

pressure 

No inhibitors formation further cellulose 

conversion can be >57 % lignin 

degradation 

Poplar, sawdust, pine, bagasse, 

wheat straw, cotton straw, green 

hay, peanut 

Sun and Cheng 

(2002) 

Dilute-acid 

hydrolysis 

0.75–5 % H2SO4, 

HCl, or 

HNO3, p = 1 MPa; 

continuous process 

for low solids 

loads (5–10 

wt%substrate/mixt

pH neutralization is required that 

generates gypsum as a residue; 80–

100 % hemicellulose hydrolysis, 75–

90 % xylose recovery; high temperature 

favors further cellulose hydrolysis lignin 

is not solubilized, but it is redistributed 

Poplar wood bagasse, corn stover, 

wheat straw, rye straw, rice hulls, 

switchgrass, Bermudagrass 

Hamelinck et al. 

(2005), Lynd et al. 

(2002), 

Sun and Cheng 

(2002), Wooley et 

al. (1999). 
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Methods Procedure/agents Remarks Examples of pretreated materials References 

ure); T = 160–

200 °C; batch 

process for high 

solids loads (10–

40 % 

substrate/mixture);

 T = 120–160 °C 

Concentrated-a

cid hydrolysis 

10–30 % H2SO4, 

170–190 °C, 1:1,6 

solid–liquid ratio 

21–60 % peracetic 

acid, silo-type 

system 

Acid recovery is required; residence 

time greater compared to dilute-acid 

hydrolysis; peracetic acid provokes 

lignin oxidation 

Poplar sawdust, bagasse Cuzens and Miller 

(1997) 

Alkaline 

hydrolysis 

Dilute NaOH, 

24 h, 60 °C; 

Ca(OH)2, 4 h, 

120 °C; it can be 

complemented by 

adding H2O2 (0.5–

2.15 vol.%) at 

lower temperature 

(35 °C) 

Reactor costs are lower compared to acid 

pretreatment >50 % hemicellulose 

hydrolysis, 60–75 % xylose; recovery 

low inhibitors formation; cellulose 

swelling; further cellulose conversion 

can be >65 %; 24–55 % lignin removal 

for hardwood, lower for softwood 

Hardwood, bagasse, corn stover, 

straws with low lignin content (10–

18 %), cane leaves 

Hamelinck et al. 

(2005), Lynd et al. 

(2002), 

Sun and Cheng 

(2002), Wooley et 

al. (1999) 

 

Organosolv 

process 

Organic solvents 

(methanol, 

ethanol, acetone, 

ethylene glycol, 

triethylene glycol) 

Solvent recovery required; almost total 

hydrolysis of hemicellulose; high yield 

of xylose almost total lignin 

solubilization and breakdown of internal 

lignin and hemicellulose bonds 

Poplar wood mixed softwood 

(spruce, pine, Douglas fir) 

Lynd et al. (2002), 

Pan et al. (2005),  

Sun and Cheng 

(2002) 
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Methods Procedure/agents Remarks Examples of pretreated materials References 

or their mixture 

with 1 % of 

H2SO4 or HCl; 

185–98 °C, 30–

60 min, pH = 2.0–

3.4 

III. Biological methods   

Fungal 

pretreatment 

 

 

 

 

 

 

 

 

Bioorganosolv 

pretreatment  

 

 

 

 

 

Brown-, white- 

and soft-rot fungi; 

Cellulase and 

hemicellulase 

production by 

solid-state 

fermentation of 

biomass   

 

 

Ceriporiopsis 
subvermispora for 

2–8 weeks 

followed by 

ethanolysis at 140–

200 °C for 2 h  

 

Fungi produces cellulases, 

hemicellulases, and lignin-degrading 

enzymes: ligninases, lignin. peroxidases, 

polyphenoloxidases, laccase and 

quinone-reducing enzymes; very slow 

process 

 

 

 

 

Fungi decompose the lignin network 

ethanol action allows hemicellulose 

hydrolysis biological pretreatment can 

save 15 % of the electricity needed for 

ethanolysis ethanol can be reused; 

environmentally friendly process 

Corn stover, wheat straw 

 

 

 

 

 

 

 

 

 

Beech wood 

 

 

 

 

 

 

Sun and Cheng 

(2002) 

 

 

 

 

 

 

 

 

Itoh et al. (2003) 
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1.12 Saccharification and Fermentation  

1.12.1 Saccharification  

 Saccharification of cellulose is the first step to ethanol production. Cellulose has a 

rigid crystalline structure, so pretreatment before saccharification is important. As 

mentioned above, pretreatment process is two purposes; the first one is to remove 

lignin that is poisonous to cellulases and the second one is to reduce the crystallinity of 

cellulose. After pretreatment of cellulosic materials, saccharification is performed with 

cellulase under optimum temperature, pH, and time. Compared to acid hydrolysis, 

enzymatic saccharification proceeds under less energy and mild environment-friendly 

conditions. 

 Several studies have been reported on the conversion of cellulosic biomass to 

glucose by enzymatic hydrolysis. Belkacemi and Hamoudi (Belkacemi, 2003) studied 

enzymatic saccharification of corn stalk hemicellulose at 30°C and pH 5.0 to give 

glucose in 90% yield after 10h. Chen et al. (Chen, 2008) studied enzymatic 

saccharification of maize straw using cellulase from T. reesei ZU-2 and A. niger ZU-7. 

Addition of 5g/L Tween 80 improved saccharification yield by 7.5%. PEG addition 

increased the enzymatic saccharification of soft lignocellulose from 42% to 78% for 16 

h where optimum saccharification temperature was 50°C (Xu, 1998). Alkaline 

peroxide pretreated wheat straw gave saccharified glucose in 96.8% yield by 

enzymatic hydrolysis. Wet wheat straw pretreated by atmospheric autocatalytic 

organosolve gave glucose in more than 75% yield (Saha, 2006). 

 

1.12.2 Fermentation  

 Fermentation is a metabolic process that consumes glucose in the absence of 

oxygen to convert ethanol. In general, fermentation occurs in yeast, bacteria, and 
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anaerobic conditioned muscle cells. The product of ethanol fermentation using yeasts 

affords ethanol and carbon dioxide according to the below chemical reaction. 

 One glucose molecule is converted into two ethanol and two carbon dioxide 

molecules: 

C6H12O6 (180)  2 C2H5OH (92) + 2 CO2 (88) 

The molecular weight shows in parentheses, that is, 92 g of ethanol is obtained from 

180 g of glucose. . 

 Fermentation of saccharified cellulosic materials is carried out with several 

microorganisms to convert ethanol. But the industrial utilization of cellulosic materials 

is hindered by the lack of suitable microorganisms that ferment both pentose and 

hexose sugars (Talebnia, 2010). An ideal microorganism should be low substrate 

specificity, affords high ethanol yield, should be stability under high ethanol 

concentration conditions and high temperatures, and should have tolerant to inhibitors 

of hydrolysates. Therefore, genetically modified or engineered microorganisms are 

used to achieve complete fermentation of glucose or xylose. The concentration of 

glucose and ethanol is determined by HPLC and GC as shown in Figure 1.9. 

 

1.12.3 Successive (stepwise) saccharification and fermentation  

 Successive (stepwise) saccharification and fermentation is the ordinary process 

that is carried out successively in each optimum conditions such as temperature, and 

pH. Saccharification is the critical step for bioethanol production where cellulose is 

converted to glucose and cellooligosaccharides as mentioned above. Compared to acid 

hydrolysis, enzymatic saccharification proceeds under less energy and mild 

environment-friendly conditions (Ferreira, 2009). The optimum conditions for 

cellulase have been reported as temperature of 40-50°C and pH 4-5 according to 
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cellulases (Neves, 2007). For xylanase, the optimum conditions have also been 

reported to be temperature at 50°C and pH at 4-5 (Park, 2002). Therefore, enzymatic 

hydrolysis is advantageous because of low toxicity, utility cost, and corrosion of 

apparatus compared to acid or alkaline hydrolysis (Taherzadeh, 2007). Cellulases and 

hemicellulases cleave the bonds of cellulose and hemicellulose, respectively, to give 

glucose and xylose. As mentioned above, cellulase involves endo- and exoglucanases 

and β-glucosidases. Endoglucanase attacks the low crystallinity regions of cellulose 

fiber and exoglucanase removes cellubiose units from the free chain ends and then 

finally the cellobiose units are hydrolyzed to glucose by β-glucosidase (Jorgensen, 

2003). Several microbial strains such as Clostridium, Cellulomonas, Thermonospora, 

Bacillus, Bacteriodes, Ruminococcus, Erwinia, Acetovibrio, Microbispora, and 

Streptomyces are produced cellulase. Many fungi such as Trichoderma, Penicillium, 

Fusarium, Phanerochate, Humicola, Schizophillum sp. also produce cellulases 

(Rabinovich, 2002).  

 After saccharification, temperature and pH were adjusted for the optimum 

conditions of yeast using the same reaction apparatus and then fermentation was 

started by adding yeast, yeast extract, and peptone. The concentration of ethanol 

produced was determined by HPLC. 
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Figure 1.9  
Photograph of GC and HPLC used for measuring concentration of glucose and 

ethanol. 

GC 

HPLC 
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1.12.4 Simultaneous saccharification and fermentation  

 Simultaneous saccharification and fermentation (SSF) method is an efficiency and 

convenient procedure for obtaining ethanol. Thus, enzymatic saccharification is 

performed together with fermentation. In the SSF process, glucose released by 

cellulase is directly converted to ethanol by the fermenting yeasts (Xiao, 2004; Lynd, 

2004).  

One of the major disadvantages in the SSF process is that the optimum temperature 

and pH are needed for the saccharification and fermentation stages. Saccharification 

with cellulases is carried out around 50°C, and microorganisms for ethanol 

fermentation have an optimum temperature between 28°C and 37°C (Krishna, 2001). 

Accordingly, high-temperature fermentation is preferred to the simultaneous 

saccharification and fermentation, and thermo-stabilized yeast strains have been 

desired for high efficiency ethanol fermentation (Abdel-Banat, 2010).  

 However, the SSF method is usually performed at the temperature of fermentation 

because cellulase and yeast are added in the cellulose mixtures at the same time. In 

addition, the SSF method can involve less equipment and would reduce the cost of 

equipment. The optimum temperature of cellulases is higher than that of yeasts that are 

unstable at high temperatures. Therefore, the ability of cellulases at low temperatures is 

insufficiency in the SSF. Ethanol production at high temperatures (optimum 

temperatures of cellulase) has received much attention because of many advantages 

such as a reduction in the costs with cooling, continuous evaporation of ethanol under 

reduced pressure, and a risk reduction of contamination (Babat, 1998). Abdel-Banat 

reported that a 5°C increase in the fermentation temperature can reduce the cost 

reducing cooling energy (Abdel-Banat, 2010) The generation of ethanol vapor during 

fermentation are harmful to yeasts and could also simplify remove at elevated 
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temperature (Iwashita, 1999). 

1.13 Yeast (Recombinant yeast and K7) 

1.13.1 Recombinant yeast pYBGA1 

 A recombinant laboratory yeast pYBGA1 was developed by Iwashita and Fujiie of 

National Research Institute of Brewing and applied for the fermentation of ethanol 

from agricultural cellulosic residues after saccharification. Recombinant yeast 

pYBGA1 was produced by encoding both β-glucosidase (bglA) gene of Aspergillus 

kawachii IFO4308 and uracil-encoding gene Ura3 in S. cerevisiae YPH 499 (MATa 

ura3 lys2 ade2 trp1 his3 leu2) (Iwashita, 1999). IFO4308 encodes both extracellular 

and cell wall-bound β-glucosidases (Nite, http://www.bio.nite.go.jp/ngac/scl-e.html, 

Hirokazu, 2013). Therefore, pYBGA1 yeast can directly ferment ethanol from 

cellooligosaccharides with 1, 4-β- glucopyranosidic linkage.  

 Recombinant yeast pYBGA1 is incubated in an agarose medium as a carbon 

source at 30°C for a week. The compositions of the agarose medium is as follows, 

cellobiose 2w/v%, YNB w/o AA 0.67 w/v%, and Ura supplement 0.77 w/v%. 

After pre-incubation recombinant yeast pYBGA1 was stored at 4°C and repeated 

pre-incubation in every 3 months. The amount of Yeast cells were counted by using a 

cell counter. As mentioned above, pYBGA1 yeast has the ability to ferment 

cello-oligosaccharides directly to ethanol. 

 

1.13.2 Kyokai No.7 (K7) yeast  

 Kyokai No. 7 (K7) yeast (NBRC 101557) is one of alcohol brewing yeasts that 

was isolated in 1946 from a sake brewery in Nagano Prefecture, Japan [78]. K7 has 

been researched in genetic and biochemical fields as a model alcohol brewing yeast 

Therefore, the author used this yeast, K7, as a model yeast for the comparison with 

http://www.nbrc.nite.go.jp/NBRC2/NBRCCatalogueDetailServlet?ID=NBRC&CAT=00101557
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recombinant yeast pYBGA1 on the ability of fermentation. 
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2.1 Abstract  

 In the second Chapter, to investigate effective saccharification of cellulose with 

crystalline structure, microcrystalline cellulose was treated by the three methods for the 

pretreatment, respectively, fine grinding, subcritical-blasting, and alkali treating. 

Although microcrystalline cellulose was resisted by enzymatic saccharification, 

alkali-treated microcrystalline cellulose was effectively saccharified for 12 h by Cellic 

CTec to obtain glucose in 91.2% yields. Twelve cellulases were used for the 

saccharification of alkali-treated microcrystalline cellulose. We found that both glucose 

and cello-oligosaccharides were obtained by several cellulases without Cellic CTec, 

Cellic CTec2, A"amano"3, and Sumizyme AC among the twelve cellulases. All of the 

cellulases without Sucrase C, GODO-TCL, A"amano"3, and Sumizyme AC gave more 

than 80% saccharification yields. Stepwise or simultaneous saccharification and 

fermentation were carried out in the combination of cellulases and yeasts, suggesting 

that the combination of Meicelase (1wt% to cellulose) or Acremonium (1wt%) 

cellulase with pYBGA1 yeast gave ethanol in high yields by stepwise saccharification 

and fermentation (SSCF), and the combination of Meicelase (10wt%) and pYBGA1 

was the most effective for simultaneous saccharification and fermentation (SSF).  

 By fine grinding of microcrystalline cellulose, the particle size of microcrystalline 

cellulose decreased 7.7 m from 20.3 m and the saccharification with 10 wt% of 

Cellic CTec cellulase gave glucose in 56.4% yield. Original microcrystalline cellulose 

(particle size 20.3 m) gave glucose in 43.6% yield. After subcritical-blasting 

treatment, the particle size decrease to 7.8 m and glucose was obtained in 65.2% yield. 

Diluted alkali treatment of microcrystalline cellulose was found to be effective for the 

enzymatic saccharification in comparison with that of both fine-grinding and   

subcritical-blasting treated microcrystalline celluloses.  
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2.2 Introduction 

 Cellulosic bioethanol from plants is an expected energy for the next generation 

instead of petroleum, because of environment-friendly and renewable energy sources 

as the most abundant in earth as well as no competing with foods. Cellulose has a high 

molecular weight and is a crystalline linear polymer with repeated units of cellobiose. 

In plants, cellulose is contained in the cell membrane as a complex of lignin, cellulose 

and hemicellulose matrix. Lignin inhibits cellulase saccharification and ethanol 

fermentation. Therefore, pretreatment before saccharification processes are needed to 

decrease the crystallinity and remove lignin.  

 Ethanol production from lignocellulosic materials involves different steps, such as 

pretreatment, saccharification, followed by fermentation process and finally ethanol 

purification. Among the first three steps, the pretreatment and saccharification are 

important processes for obtaining ethanol in high yields. The pretreatment methods of 

cellulosic materials were mentioned in Chapter I. Several investigations on the 

saccharification and fermentation of cellulosic materials to produce ethanol have been 

reported. Ingram described the conversion of waste office paper to ethanol by a 

recombinant strain Klebsiella oxytoca. The paper was pretreated with 1% sulfuric acid 

at 140°C, cellobiose and cellotriose were fermented by eliminating -glucosidase 

(Ingram, 1987). Brooks and Ingram also reported the fermentation of glucose by a 

recombinant Escherichia coli that expressed alcohol dehydrogenase and pyruvate 

decarboxylase from Zymomonas mobilis (Brooks, 1995). The E. coli produced 45 g/L 

of ethanol from 100 g/L of glucose. Kobata reported that a recombinant sake yeast, 

Saccharomyces cerevisiae GRI-117-UK, was prepared from Aspergillus oryzae by 

cloning -glucosidase- and endoglucanase-encoding genes. The recombinant yeast 

produced ethanol from cellobiose and cellulose materials (Kotaka, 2008a). A 
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glucoamylase-displaying yeast, S. cerevisiae, was also constructed by Kobata and 

ethanol was obtained from liquefied starch (Kotaka, 2008b). Saccharification of 

pretreated cellulosic materials using cellulase from microorganisms was also reported. 

Among them, switchgrass (Panicum virgatum), was pretreated by soaking in 

ammonium hydroxide (30%) at 15°C to 30°C in pilot scale bioreactors. Simultaneous 

saccharification and fermentation with Saccharomyces cerevisiae gave 73% yield of 

bioethanol in the 50 L reactor (Isei, 2009). An alkali pretreated rice straw was 

saccharified by a microorganism Tricoderma ZM4-F3 to give glucose, revealing that 

the microorganism is found to be an effective and useful fungus for cellulase 

production (Jeya, 2008). The conversion of hemicellulose and cellulose in corn stover 

pretreated with dilute NaOH was more than 80% with treated a microorganism 

Penicillium funiculosum after 24 h of saccharification (Elshafei, 1991; Zhao 2009, 

2010). Extracellular enzymes produced by Phanerochaete chrysosporium was found to 

degrade lignin in corn fiber, and subsequent simultaneous saccharification and 

fermentation of the microorganism-treated corn fiber with Saccharomyces cerevisiae 

gave bioethanol in good yields (Shrestha, 2008). Beet pulp was saccharified with a 

microorganisms Aspergillus niger to produce glucose in good yields (Kobayashi, 

1993).  

The agricultural residues, beet pulp, beet leaf, corn stover, and weed were pretreated 

with 2% NaOH aqueous solution for 1 h at 121°C to remove lignin. The pretreated beet 

pulp, for example, was then saccharified for 24 h by Cellic CTec as the cellulase at 

50°C to give glucose at relatively good rates (Zhao et al, 2014). Uryu reported 

a two-step acid hydrolysis of tissue paper, cotton, and sawdust, indicating that the 

crystalline region on celluloses was hydrolyzed to obtain a mixture of glucose and 

cello-oligosaccharides. These cellulosic materials were hydrolyzed by concentrated 
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sulfuric acid (80 wt%) in the first step, and then the hydrolysis was continued with hot 

sulfuric acid that was diluted with water. The hydrolyzates from tissue paper, cotton, 

and sawdust were fermented with recombinant pYBGA1 yeast to give ethanol in good 

yields (Iwashita, 1998; Uryu, 2006).  

 As mentioned above, the pretreatment of cellulosic materials are important process 

to convert ethanol in good yields. The methods in low cost, low energy and short time 

are preferred for obtaining saccharified glucose and cellooligosaccharides. In this 

Chapter II, the author describes the results of the three pretreatment methods, fine- 

grinding, subcritical-blasting, and dilute-alkali pretreatments were reported. We used 

microcrystalline cellulose as a model compound of plant cellulose and investigate the 

relationship between the pretreatment methods and saccharification yields. 

 

2. 3 Experimental  

2.3.1 Materials 

 Microcrystalline cellulose was purchased from Aldrich-Merck Chemicals, Japan. 

Recombinant pYBGA1 yeast was accepted from Iwashita and Fujiie of the National 

Research Institute of Brewing. Commercially available cellulose powder, yeast extract, 

and peptone were obtained from Seikagaku biobusiness Co. Ltd., Merck Chemicals, 

Japan, and Kyokuto Pharmaceutical Industrial co. Ltd., Japan, respectively. 

Preincubation and increase of pYBGA1 yeast were carried out on agarose medium at 

pH 5.0 with cellobiose as a carbon source for 5days at 28.3oC. Before use, the number 

of pYBGA1 yeast was counted by a cell counter. Yeast extract and peptone were 

purchased from Merck Chemicals, Japan, and Kyokuto Pharmaceutical Industrial Co. 

Ltd., Japan, respectively. Japanese traditional alcohol (Sake) yeast Kyokai No. 7 (K7) 

for brewing was obtained from Seihin Kiko, Japan. Cellulases used in this Chapter 



- 39 - 

 

were obtained from each company.  

2.3.2 Measurement 

 Glucose, xylose, and cello-oligosaccharides were identified by aqueous phase 

HPLC (column; Tosoh TSK-gel amide-80, 7.6mm x 250mm eluted with acetonitrile 

aqueous solution at a flow rate of 0.5mL/min) with a Tosoh RI detector. The ethanol 

concentration was recorded by gas chromatography (model; Shimadzu GC-8A; 

column: SE-30, 3.2mm x 3.0 m, Shimadzu) fitted with a flame ionization detector and 

operated at column and injector temperatures of 60°C and 130°C, respectively. 

Nitrogen carrier gas was used at the flow rate of 25 mL/min. The particle size of 

microcrystalline cellulose was measured by a Shimadzu ASLD-7000 grain size 

distribution apparatus. 

 

2.3.3 Saccharification of microcrystalline cellulose 

 Typical procedure for the saccharification of microcrystalline cellulose powder 

(particle size 20.3 m) by using Cellic CTec2 as a cellulase is as follows. In a 300 mL 

Erlenmeyer flask, microcrystalline cellulose (5.0 g) and deionized water (100 mL) was 

added at pH 4.5 adjusted by 5 wt% aqueous HCl. Cellic CTec2 (10 wt% to 

microcrystalline cellulose) was added. The solution was stirred for 144 h at 37.5°C in 

an oven. The saccharified glucose was sampled by using a syringe with a long needle 

every 12 h. Other microcrystalline celluloses treated by fine-grinding, 

subcritical-blasting, and alkali-treating were also saccharified by the same manner. The 

concentration of saccharified glucose was measured by HPLC. 

 

2.3.4 Subcritical-blasting treatment of microcrystalline cellulose 

 Typical procedure for the subcritical-blasting treatment of microcrystalline cellulose 
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is as follows. Microcrystalline cellulose (particle size 20.3 m, 5.0 g) and water (100 

mL) was put in as autoclave. Temperature was elevated at 265°C and the pressure was 

5 MPa. The temperature and pressure were kept for 30 min and the pressure released in 

a vigorous manner to give glucose 3.2 g. The remained cellulose was 0.1 g. The 

decomposed bye-products of glucose, 5-HMF and glycerin, were also obtained in 1.2 g 

and 0.5 g.   

 

2.4 Results and Discussion 

2.4.1 Pretreatment of microcrystalline cellulose 

 First of all, commercially available microcrystalline cellulose with the particle size 

of 20.3 m was grinded mechanically to give fine-grinded microcrystalline cellulose 

with the particle size of 7.8 m. The particle size decreased 1/3. Accordingly, specific 

surface increased and cellulase must be easier attacked the fine-grinded 

microcrystalline  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1  

Microcrystalline cellulose with the particle size of 7.8 m.  

After mechanically grinding, the particle size decreased 1/3. 
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cellulose than the original microcrystalline cellulose. Figure 2.1 shows the photograph  

of the fine-grinded microcrystalline cellulose with particle size of 7.8 m. 

 Next, commercially available microcrystalline cellulose (particle size of 20.3 m) 

was treated by subcritical-blasting method to give glucose and 5-HMF 

(5-hydroxymethyl furfural), a bye-product decomposed of glucose.  

 Figure 2.2 demonstrates the apparatus for the subcritical-blasting treatment used  

 

 

this work. Microcrystalline cellulose (5 g) and water (100 mL) was put in an autoclave 
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and then temperature increased to 250-280°C. After 30 min, the pressure increased 5 

MPa and then released in a vigorous manner. The soluble components in water 

obtained were determined by HPLC and cellulose remained after drying were 

measured quantity by a weight. The cellulose remained was also performed by X-ray 

and solid-state NMR measurements.  

 Table 2.1 shows the results of subcritical-blasting treatment of microcrystalline 

cellulose. Five grams of microcrystalline cellulose was used. The subcritical-blasting 

treatment was carried out at temperatures of 250-280°C and the pressure was around 5 

MPa. When the temperature at 250°C, glucose was obtained 2.7 g and cellulose 

remained was 1.5 g, respectively. A bye-product, 5-HMF was produced, which was 

poisonous to cellulases. Glycerin, a decomposed bye-product of glucose, was not 

produced at 250°C. With increasing the reaction temperature, the quantity of remained 
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cellulose decreased and the concentration of the bye-products, 5-HMF and glycerin, 

increased. At 265°C, glucose was obtained in the highest yield of 3.2 g, however, 

5-HMF and glycerin were also obtained. 5-HMF must be removed by activated carbon 

before saccharification, because 5-HMF has toxicity to cellulase. At 280°C, the yield 

of glucose decreased to 1.8 g and the bye-products 5-HMF and glycerin increased. 

Therefore, it was found that the suitable temperature of the subcritical-blasting 

treatment was at 265°C.  

 The third pretreatment method of microcrystalline cellulose is a diluted alkali 

treatment at -10°C for a short time. Figures 2.3 and 2.4 show the pretreatment method.  
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Microcrystalline cellulose was added to 9% aq NaOH solution and then temperature 

decreased to -10°C. Microcrystalline cellulose was dissolved soon. After 10 min, the 

alkali solution was dialyzed against deionized water for 24 h to give alkali-pretreated 

microcrystalline cellulose in quantitative yield. As shown in Figure 2.3, the obtained 

cellulose was kept in deionized water until use because inter and intramolecular 

hydrogen bonds are easy to form in cellulose molecules. This procedure was simple 

and low cost and low energy for the pretreatment of cellulose. As mentioned below, it 

was found that the particle size decreased to 10.8 m after pretreatment. 

Microcrystalline 
Cellulose

Alkali treatment 

Washing

2.0 g Cellulose 
9 wt% NaOH solution   
-10℃/10 min

Alkali-treated 
cellulose

Before	 

After alkali treatment for 
10 min at -10 C, 
Microcrystalline cellulose 
was dissolved in the 
alkali water solution.	 

After washing with water 
and dialyzed, 
white precipitate of alkali-
trated cellulose was 
obtained.	 

Figure 2.4  
Diluted alkali-treatment of microcrystalline cellulose for 10 min at -10 C. 
(Kamide, et al. (1992). Dissolution of natural cellulose into aqueous alkali solution role of 
super-molecular structure of cellulose. Polym. J., 24, 71-75.)	 
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2.4.2 Particle size of microcrystalline cellulose 

 The particle size of microcrystalline celluloses after pretreatments was measured 

by an ASLD-7000 grain size distribution apparatus (Shimadzu) and the results are 

shown in Figure 2.5. The commercially available microcrystalline cellulose had 20.3 

m of the 

  

particle size as shown in Figure 2.5A. After pretreatment, the particle size decreased to 

7.8 m, 7.7 m, and 10.8 m, respectively, for mechanically fine graining (B), 

subcritical-blasting (C), and diluted alkali-treating (D). The pretreatment was found to 

decrease the particle size with increase the specific surface area, indicating that 

cellulase is easy to attack. 

Figure 2.5  
Particle size of microcrystalline cellulose (A) commercially available 

(20.3 mm), (B) mechanically fine grinded (7.8 mm), (C) subcritical-blasted 
(7.7 mm), and (D) diluted alkali-treated (10.8 mm) microcrystalline 

celluloses.  The particle size was measured by a Shimadzu ASLD-7000 
grain size distribution apparatus.	 

Average particle size

7.8µm

0.1 1 5 10 50 

5	 

(D) Diluted alkali-treating

(B) Mechanically fine graining

(A) Microcrystalline cellulose

(C) Subcritical-blasting	 

20.3 mm  

10.8 mm  

7.7 mm  

7.8 mm  
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2.4.3 Structural analysis by XRD and solid-state NMR measurements 

 Figure 2.6 shows XRD profile of (A) commercially available microcrystalline  

 

cellulose, (B) subcritical-blasted, and (C) diluted alkali-treated microcrystalline 

celluloses. The crystalline structure between original and subcritical-blasted cellulose 

was the same resulted by the XRD profile. The crystallinity of subcritical-blasted 

cellulose was almost the same as that of original cellulose, 0.77, according to the 

method by Wuorinen and Visapaa (Ant-Wuorinen and Visapaa, 1962). However, after 

diluted alkali-treating, the crystalline structure was found to be changed and 

crystallinity decreased to 0.54, indicating that the diluted alkali-treatment of 

microcrystalline cellulose for short time at low temperature was effective pretreatment 

Microcrystalline cellulose
Crystallinity=0.79 

0 20 40 60 
2q ( °)  

A

C

B n Subcritical-blasted cellulose	 
Crystallinity=0.77 

Alkali-treated cellulose
Crystallinity=0.54 

Figure 2.6 
XRD profile of microcrystalline cellulose. (A) Commercially available,  

(B) subcritical-blasted, and (C) alkali-treated microcrystalline celluloses with  
crystallinity of 0.79, 0.77, and 0.54, respectively, according to the method by 

Wuorinen and Visapaa.	 



- 47 - 

 

method. Change of the crystalline structure and decrease of the crystallinity should 

work effectively for the cellulase saccharification. Figure 2.7 is solid-state NMR 

spectra 

 

 (A) commercially available microcrystalline cellulose, (B) subcritical-blasted, and (C) 

diluted alkali-treated microcrystalline celluloses, respectively. The spectra of 

commercially available microcrystalline and subcritical-blasted cellulose were similar 

and the alkali-treated microcrystalline cellulose was different, suggesting that the 

crystalline structure of commercially available microcrystalline cellulose was changed 

after alkali-treating. These results were agreed with the results of XRD measurement. 

 

2.4.4 Enzymatic saccharification 

120 100 80 60 40 

PPM 

C1 

C4 
C6 

C2、3、5 
A Microcrystalline cellulose 

B subcritical-blasted  

C Diluted alkali-treated 

Figure 2.7 
Solid-state NMR spectra of microcrystalline cellulose.  

(A) Commercially available, (B) subcritical-blasted, and (C) alkali-treated  
microcrystalline celluloses with crystallinity of 0.79, 0.77, and 0.54,  

respectively.	 
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 Four microcrystalline celluloses were saccharified with Cellic CTec cellulase that 

is a high performance cellulases and glucose yield was compared each other. Table 2.2  

 

 

shows the results of Cellic CTec cellulase saccharification of the four microcrystalline 

celluloses. Saccharification was performed with 10 wt% of Cellic CTec for 144 h at 

37.5°C and pH 5.0. Commercially available microcrystalline cellulose with 20.3 m of 

particle size and 0.79 of crystallinity was saccharified with Cellic CTec to give glucose 

in 43.6% yields. It was found that the particle size and crystallinity decreased with 

increase glucose yields. On the other hand, alkali-treated microcrystalline cellulose 

with 10.3 m of particle size and 0.53 of crystallinity gave glucose in 91.2% yield, 

indicating that the saccharification was affected by particle size, crystallinity, and 
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crystal structure of microcrystalline cellulose. Although the particle size of 

alkali-treated microcrystalline cellulose was larger than that of mechanically grained 

and subcritical-blasted microcrystalline cellulose, glucose yield was higher than that of 

both microcrystalline celluloses. Therefore, the crystalline structure of cellulose is an 

important factor for the saccharification to glucose. 

 

2.4.5 Ethanol fermentation 

 Saccharification of alkali-treated microcrystalline cellulose was investigated by 

commercially available eleven cellulases as shown in Figure 2.8 and Table 2.3. In 

Table 2.3, the activity, optimum pH, and temperature of the cellulases are listed. These 

are 
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Figure 2.8  
Saccharification of alkali-treated microcrystalline cellulose with several cellulases. 
From these results, glucose and cello-oligosaccharides were found to be effectively  
obtained by enzymatic saccharification of the alkali-treated microcrystalline cellulose  
with commercially available cellulases. 	 
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mixtures of endo- and exo-type cellulases. In Figure 2.8, the functionality was found to 

be different from the kind of cellulase. Cellic CTec and Cellic CTec2 cellulases were 

effectively saccharified the alkali-treated cellulose to give glucose in high yields. 

Seven cellulases among 11 gave glucose, cellobiose, and cellotriose, in particular, 

GODO-TLC and Sucrase C were found to be afforded cellobiose and cellotriose in the 

relatively large proportions, respectively. On the other hand, A"amano"3 and 

Sumizyme AC cellulases were contained hemicellulose in the relatively large 

proportions, so glucose was obtained in low yields, respectively. 

 

 

 

   

No Enzyme Co. 
Declared 
Activity 

Physical from 
Optimal 
Temp.     
(ºC) 

Optimal 
pH 

①	 Cellic CTec Novozymes 1000 EGU/g Liquid 1.15 g/ml 45 5.0  

②	 Meicelase Meiji Seika 400 FPU/g Powder 45 4.5 

③	 "Onozuka"  RS Yakult 20,000 U/g Powder 45 4.5 

④	 Sucrase C 
Mitsubishi　
Kagaku 

3,000 U/g Powder 60 5.0  

⑤	 A [Amano]3 AMANO   
Enzymes 

30,000 U/g Powder 55 4.5 

⑥	 T [Amano]4 280 U/g Powder 45 4.5 

⑦	 Sumizyme C Shin Nihon 
Chem. 

1,500 U/g Powder 50 4.5 

⑧	 Sumizyme AC 2,000 U/g Powder 60 4.0  

⑨	 GODO-TCL Oenon 100 FPU/g Liquid 1.1 g/ml 55 4.5 

Meiji Seika ⑩	 New Meicelase - Powder 45 4.5 

Meiji Seika ⑪	 Acremonium - Powder 45 4.5 

Table 2.3 
Commercially available cellulases used in this work.	 

a) All cellulases were kindly gifted from each company. 	 
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 Figure 2.9 shows the time cause of the saccharification of the alkali-treated 

microcrystalline cellulose. For the saccharification of Cellic CTec cellulase, the yield 

of glucose increased rapidly for the short time in comparison with that of other 

cellulases and then glucose yield increased gradually. Acremonium cellulase was found 

to have high activity to the alkali-treated microcrystalline cellulose to give glucose in 

high yield after 120 h and cellobiose was also obtained in the short time 

saccharification. For, GODO-TLC and Sucrase C gave cellobiose and cellotriose in the 

first saccharification time and then the proportion of glucose increased.  

 

2.4.6 Successive and simultaneous saccharification and fermentation 
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Figure 2.9  
Time cause of saccharification of alkali-treated microcrystalline cellulose with several  
cellulases.  
Exception for glucose, cellobiose and celloogigosaccharides were found to be obtained.	 
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 Successive and simultaneous saccharification and fermentation of the 

alkali-treated cellulose were investigated as shown in Figure 2.10, in which (A) and 

(B) are the results 

 

of successive and simultaneous saccharification and fermentation using Acremonium, 

Meicelase, and Sucrase C for (A) and Acremonium for (B) as cellulases, and pYBGA1 

or K7 yeast, respectively. In Figure 2.10A, after saccharification, pH and temperature 

were adjusted for the optimum values of each cellulase and the fermentation was 

performed. Ethanol was obtained in 6.8 g/L, 6.4 g/L, and 6.7 g/L for pYBGA1 

fermentation from 20 g/L of the alkali-treated cellulose. For K7 fermentation, the yield 

of ethanol was lower than that of pYBGA1. As mentioned in Chapter I, pYBGA1 

cellulase can ferment both glucose and cellooligosaccharides to give ethanol in high 
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Figure 2.10 
Successive (A) and simultaneous (B) saccharification and fermentation of alkali-treated  
microcrystalline cellulose. 
Fermentation was carried out with yeast K7 and pYBGA1 of 108 cells.  
Alkali-treated cellulose 2 g in 100 mL of medium. Recombinant yeast pYBGA1 was  
more effective than K7. 
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yield. In Figure 2, the simultaneous saccharification and fermentation was carried out 

with Acremonium as a cellulase and pYBGA1 or K7 as a yeast. The reaction condition 

was performed the optimum condition of the yeast because cellulase is unstable at 

higher temperatures. The ethanol yields were lower than those of the results of the 

successive saccharification and fermentation. pYBGA1 Yeast was more effective than 

K7 yeast. 

 Table 2.4 show the results of successive saccharification and fermentation of the 

 

alkali-treated microcrystalline cellulose with cellulases and pYBGA1 yeast for 24 h 

saccharification and fermentation, respectively. . The alkali-treated cellulose 20 g was 

used. A combination of Cellic CTec and pYBGA1 gave ethanol in high yield. Also 

Meicelase, Sucrase C, and Acremonium cellulases were found to have higher activity. 

Enzyme 

Saccharification 　	 Fermentation 
Yield c) 

Enzyme Temp. 
pH 

Time Sugar b) Time Ethanol 

(%) a) (ºC)	 (h) (g/L) 　 (h) (g/L) (%) 

Cellic CTec2 10 45 4.5 24 20.0 24 7.1 65 

Meicelase-2 10 45 4.5 24 19.8 48 6.9 62	 

Sucrase C 10 60 5.0  12 15.0  72 6.7 60	 

Acremonium 1 45 4.5 24 19.1 24 6.8 60	 

Sumizyme C 10 50 4.5  12 10.2 72 6.4 57	 

Meicelase-1 1 45 4.5 12 11.1 72 6.1 54	 

Cellic CTec 10 45 4.5 12 15.1 72 6.0 53	 

GODO-TCL 10 55 4.5  12 6.7  　 72 5.4 48	 

a) Enzyme (%) = (enzyme (g) / cellulose (g)) ✕ 100%. 
b) From glucose and cello-oligosaccharides. 

c) Ethanol yield = (ethanol obtained (g/L)) / (cellulose ( 20 g/L) ✕ theoretical yield of ethanol to cellulose  
    (0.511 g/g)) ✕ 100%. 

Table 2.4 
Successive saccharification and fermentation of alkali-treated microcrystalline  
cellulose with pYBGA1 yeast. 	 
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Especially, it was found Acremonium cellulase had high activity, because small amount 

of the cellulase (1 wt% to cellulose) gave effective saccharification ability and then 

fermentation with pYBGA1 gave ethanol in relatively higher yield. 

   Table 2.5 shows the simultaneous saccharification and fermentation of the 

alkali-treated microcrystalline cellulose. Alkali-treated cellulose 20 g/L and pYBGA1 

or K7 yeast were used. For the simultaneous saccharification and fermentation, ethanol 

yield was lower than that for successive saccharification and fermentation. For 

pYBGA1 yeast, Meicelase was the most suitable cellulase to give ethanol in 7.7 g/L. 

For K7 yeast, Cellic CTec2 cellulase was found to be effective for this method to give 

ethanol in 5.5 g/L. 

 

2.5 Conclusion 

Enzyme 
Enzyme Yeast  Temp. 

pH 
Time 

Ethanol 

pYBGA1 K7 

(h) (g/L) (g/L) (%) (cells/ml) (ºC)	 

Meicelase 1 108 30 4.5 96 7.7 4.3 

Sucrase C 10 108 30 5.0  96 6.1 3.8 

Cellic CTec2 10 108 30 4.5 96 5.9 5.5 

Acremonium 1 108 30 4.5  108 4.4 3.7 

Table 2.5 
Simultaneous saccharification and fermentation of alkali-treated microcrystalline  
cellulose with pYBGA1 as a yeast.	 

1) Alkali-treated microcrystalline cellulose (20 g) was used.	 
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In Chapter II, saccharification and fermentation of microcrystalline cellulose as a 

model compound of cellulosic plants was investigated. First of all, the pretreatment 

procedures, mechanically fine-graining, subcritical-blasting, and diluted 

alkali-treatment at low temperature, were examined, suggesting that the pretreatments 

were found to be effective for the saccharification and fermentation. In particular, the 

diluted alkali-treatment at low temperature was the most effective for obtaining ethanol 

because of decreasing crystallinity of microcrystalline cellulose. 

 Optimum conditions for saccharification was discussed by using the alkali-treated 

microcrystalline cellulose and 11 commercially available cellulases, suggesting that 

glucose, cellobiose and cellooligosaccharides were obtained with several cellulase 

enzymes such as Sucrase C, GODO-TCL, and Sumizyme C. Cellic CTec cellulase 

gave only glucose in the highest yields.  

 Successive saccharification and fermentation of alkali-treated cellulose (20 g/L) 

gave ethanol (7.1 g/L) by a combination of Cellic Ctec2 cellulase and a recombinant 

yeast pYGBA1 in 65% conversion for short time. Simultaneous saccharification and 

fermentation of cellulose (20 g/L) by Meicelase cellulase and pYGBA1 gave ethanol 

(7.7 g/L) in 70% conversion after 90 h. 
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3.1 Abstract 

   Bioethanol was obtained from a softwood bleached Kraft pulp (NBKP), which is 

an intermediate of an industrial paper process, by stepwise or simultaneous 

saccharification and fermentation. Saccharification of the Kraft pulp was examined 

with several cellulases, indicating that Cellic CTec 2 cellulase effectively worked to 

give glucose in 76.3% yield after 72 h. Furthermore, when the Kraft pulp was treated 

with 9% NaOH solution for short time at -10 °C, the crystallinity was found to 

decrease by the result of x-ray measurement. After alkali treatment, the weight of the 

Kraft pulp decreased about 5% probably due to dissolving hemicellulose and lignin. 

Saccharification of the alkali-treated Kraft pulp proceeded for short time to give 

glucose in good yields. However, for long saccharification time of the Kraft pulp 

before and after alkali treatments, no difference showed on the yield of glucose. 

Stepwise saccharification and fermentation of the Kraft pulp before and after alkali 

treatments were carried out with Cellic CTec 2 (10 wt% to the Kraft pulp) for 72 h 

saccharification and then addition of pYBGA1 yeast to give ethanol in 91.3% and 

93.3% yields under the optimum conditions of cellulase and yeast, respectively, based 

on saccharified glucose. Simultaneous saccharification and fermentation process was 

not effective for the production of ethanol from both Kraft pulps probably because of 

low efficiency of the saccharification. These results indicated that a combination of 

Cellic CTec 2 and pYBGA1 yeast was the most effective for the stepwise 

saccharification and fermentation. Other combinations of cellulases and yeasts were 

also performed for the production of ethanol, suggesting that Sucrase C, Meicelase, 

and Sumizyme C used here were also effective cellulases for the saccharification of 

alkali-treated cellulose. A recombinant yeast, pYBGA1, was more effective for the 

fermentation than that of K7, a yeast for brewing. 
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3.2 Introduction  

   Bioethanol synthesized from renewable resources such as biomass is expected to 

be a next-generation environment-friendly fuel that can be used to replace fossil fuels 

(Wyman, 1996). Bioethanol can be classified into two types, starch-based and 

cellulosic. Among them, starch can be enzymatically converted to glucose, which is 

then fermented to produce ethanol. However, ethanol production from starch would 

directly compete against available food resources. Therefore, inedible cellulose would 

be preferred as a renewable, low-cost material for bioethanol production despite its 

rigid crystalline structure that cannot be easily decomposed into glucose. 

 Many papers and methods on the preparation of bioethanol from cellulosic 

materials have been reported till date (Laluce, 2012; Chiaramonti, 2012). Tissue paper, 

cotton, and sawdust subjected first to a two-step sulfuric acid hydrolysis to produce 

cello-oligosaccharides before fermentation by pYBGA1, a recombinant yeast 

expressing -glucosidase, could be used to produce ethanol at high yields (Uryu, 2006). 

Ethanol could be also produced at good yields by direct saccharification and 

fermentation of cello-oligosaccharides by pYBGA1 (Liang, 2013). This direct method 

of producing ethanol from cello-oligosaccharides was a simple procedure that 

decreased time, costs, and energy consumption. In addition, ethanol could be produced 

from readily available agricultural residues, such as beet pulp and leaf, corn stover, and 

weed, via dilute alkali pretreatment, saccharification, and fermentation with pYBGA1 

at good yields (Zhao, 2014). 

 Softwood bleached kraft pulp (NBKP) is an intermediate product from the 

industrial paper process and is produced when wood chips are treated with a mixture of 

sodium hydroxide and sodium sulfide, which can also be used to remove lignin. NBKP 

has higher cellulose content when compared with hardwood bleached kraft pulp 
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(LBKP) (V. Gehmayr and H. Sixta, 2012) Nakano reported the relationship between 

freeness and initial glucose yield by enzymatic saccharification of beaten NBKP and 

LBKP (H. Nonaka and R. Sakai, 2012). The glucose yield of NBKP was higher than 

that of LBKP when both kraft pulps had the same freeness. The saccharification should 

be dependent on the cellulose content in the kraft pulp. Several reports have described 

the synthesis of bioethanol from kraft pulp because the kraft process is an established 

industrial process for paper production. The effects of enzyme dosage on the 

conversion of NBKP to ethanol were also reported. A previous report detailing 

simultaneous saccharification and fermentation (SSF) of kraft pulp by using cellulases 

Novozyme Celluclast 1.5L and Novozyme 188 at a combined weight percent of 33%, 

and Saccharomyces cerevisiae or Candida molischiano expressing -glucosidase, 

respectively, to produce ethanol at a yield of 67% (N. A. Bauer and W. R. Gibbons, 

2012). Another report on SSF of kraft pulp from Eucalyptus globulus used Novozyme 

188 and S. cerevisiae to produce 0.26 kg of ethanol from 1 kg of starting material 

(Monrroy, 2012). Simultaneous saccharification and co-fermentation (SSCF) of a kraft 

paper mill sludge using Spezyme CP cellulase and recombinant E. coli and S. 

cerevisiae, respectively, afforded higher ethanol yields of 75-81% than a SSF process 

using the same components (Spezyme CP cellulose, and recombinant E. coli and S. 

cerevisiae, respectively)（Kang, 2010）. 

 As mentioned above, cellulosic bioethanol from plants is an expected energy for 

the next generation instead of petroleum, because of environment-friendly and 

renewable energy sources as the most abundant in earth. There are many researches 

and developments using non-food biomass, renewable resources to produce ethanol 

from cellulosic biomass. As shown in Figure 3.1, however, native cellulosic biomasses 

have crystalline structure in cellulose molecule and complex structure with lignin, 
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cellulose and hemicelluloses. Lignin inhibits enzymatic saccharification and ethanol 

fermentation. Therefore, pretreatment is needed to remove lignin.  

    In this Chapter, we report a method for bioethanol production from untreated and 

alkali- treated NBKP via successive saccharification and fermentation (SUSF) using a 

combination of celluloses, and pYBGA1 or K7 yeast. We found that the SUSF was the 

most effective approach for producing bioethanol from NBKP. 

 

3.3 Experimental Section 

3.3.1 Materials 

   Softwood bleached Kraft pulp (NBKP) was obtained from OmiKenshi Co. Ltd., 

Osaka, Japan. pYBGA1 yeast was kindly gifted by the National Research Institute of 

Brewing (Higashi Hiroshima, Japan) (Iwashita, 1998) and was incubated on agarose 

Figure 3.1 Problems for bioethanol production from cellulosic materials. 

(From Liang, Yoshida, Polymer preprint, Japan, 63th Polymer conference (Nagasaki)) 
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medium according to our previous paper (Liang, 2013). The pYBGA1 yeast cells 

wrere counted using a cell counter. Cellulases used in this work were obtained from the 

perspective companies. Table shows celluloses used in this work. Yeast extract and 

peptone were purchased from Merck Chemicals, Japan, and Kyokuto Pharmaceutical 

Industrial Co. Ltd., Japan, respectively. 

   Japanese traditional alcohol (Sake) yeast Kyokai No. 7 (K7) for brewing was 

purchased from Seihin Kiko, Japan. Cellic CTec 2 (1000 EGU/g), Meicelase (400 

FPU/g),Sucrase C (1500 U/g), and Sumizyme C (2000 U/g) cellulases were kindly 

gifted by Novozymes Japan Ltd., Meiji Seika Pharma Co. Ltd., Mitsubishi-Kagaku 

Foods Corp., Shin Nihon Chemical Co. Ltd., respectively. Commercially available 

yeast extract and peptone were used. 

   Cellulases used in this work were obtained from the respective companies. Table 

3.1 shows Cellulases used in this work. Yeast extract and peptone were purchased from 

Merck chemicals, Japan, and Kyokuto Pharmaceutical Industrial Co. Ltd., Japan, 

respectively. 
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3.3.2 Measurement 

   Thermogravimetric analysis (TGA) was carried out by a DTG-60 (SHIMADZU). 

Temperature was raised to 110°C from room temperature at the rate of 10°C/min and 

then held at 110°C. After 10 min, temperature increased to 550°C at 10°C/min and held 

at 550°C for 20 min. Water and ash contents of Kraft pulp were measured at 110°C and 

550°C, respectively. 

   Saccharified Sugars were determined by an aqueous HPLC system with a Tosoh 

TSK-gel amide-80 column (5 m, 4.6 mm x 250 mm) eluted with a 1:1 acetonitrile 

and water solution at a flow rate of 0.5 mL/min using glucose as a standard in the 

No Enzyme Co. 
Declared 
Activity 

Physical from 
Optimal 
Temp.     
(ºC) 

Optimal 
pH 

①	 Cellic CTec Novozymes 1000 EGU/g Liquid 1.15 g/ml 45 5.0  

②	 Meicelase Meiji Seika 400 FPU/g Powder 45 4.5 

③	 "Onozuka"  RS Yakult 20,000 U/g Powder 45 4.5 

④	 Sucrase C 
Mitsubishi　
Kagaku 

3,000 U/g Powder 60 5.0  

⑤	 A [Amano]3 AMANO   
Enzymes 

30,000 U/g Powder 55 4.5 

⑥	 T [Amano]4 280 U/g Powder 45 4.5 

⑦	 Sumizyme C Shin Nihon 
Chem. 

1,500 U/g Powder 50 4.5 

⑧	 Sumizyme AC 2,000 U/g Powder 60 4.0  

⑨	 GODO-TCL Oenon 100 FPU/g Liquid 1.1 g/ml 55 4.5 

Meiji Seika ⑩	 New Meicelase - Powder 45 4.5 

Meiji Seika ⑪	 Acremonium - Powder 45 4.5 

Table 3.1 
Commercially available cellulases used in this work.	 

a) All cellulases were kindly gifted from each company. 	 
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calibration curve. Ethanol concentration was detected under a nitrogen atmosphere by 

a Shimadzu GC-8A gas chromatograph with a Shimadzu capillary column (SE-30, 3.2 

mmx30 m) and a hydrogen flame ionization detector. The column and injection 

temperatures were at 60 o C and 130oC, respectively. Infrared spectra were taken on a 

Perkin Elmer Spectrum one FT-IR spectrum by a KBr pellet method. To determine, the 

crystalline degree of cellulose in the kraft pulp obtained, X- ray diffraction (XRD) was 

used. 

 

3.3.3 Component analysis of Kraft pulp 

 Water and ash contents of NBKP were measured using a thermogravimetric 

analysis (TGA) system. 8.22 mg of NBKP was placed into the TGA system chamber 

under air atmosphere and then the temperature was raised to 110°C at the rate of 

10°C/min. After 10 min, the temperature increased to 550°C at the rate of 10°C/min 

and held for 20 min. 

 The content of cellulose, hemicelluloses, and lignin was determined using the 

method developed by the National Renewable Energy Laboratory (NREL). 300 mg of 

NBKP was added to 3 mL of 72% v/v sulfuric acid aqueous solution in a sealed glass 

tube, which was then placed into a water bath at 30°C. After 1 h of stirring, the sulfuric 

acid-NBKP mixture was diluted to 4% v/v by water and autoclaved for 1 h at 121°C. 

To obtain lignin, the mixture was cooled to room temperature, filtered, dried, and 

weighed. The filtrate was measured for cellulose and hemicellulose content via HPLC 

analysis. The experiment was repeated five times, and means values are reported in 

Table 3.3. 

 

3.3.4 Alkali-treated of Kraft pulp  
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   The Kraft pulp (2.00 g) was shredded with a scissors into small pieces and then 9 

wt% aqueous NaOH solution (300 mL) was added. After stirring for 10 min at -10°C , 

water (600 mL) was added to the mixture to appear precipitates, which were washed 

with water several times and then dialyzed against water overnight. The resulting kraft 

pulp was in the oven at 50oC under vacuum to give alkali-treated Kraft pulp in 1.89 g 

after drying.  

 

3.3.5 Saccharification 

 A typical procedure for the saccharification by using Cellic CTec 2 is as follows. 

In a 300 mL Erlenmeyer flask containing the Kraft pulp (2.0 g) and deionized water 

(100 mL) was added to NBKP (2.0 g). The pH of the solution was adjusted at 4.5 by 5 

wt% aqueous HCl, and then Cellic CTec2 (10 wt% to Kraft pulp) was added. The 

solution was stirred at 45°C in an oven. The saccharified glucose was sampled by 

using a syringe with a long needle every 12 h. Alkali-treated Kraft pulp was also 

saccharified by the same manner. The results were listed in Table 3.2. 

 

3.3.6 Successive saccharification and fermentation (SUSF) of Kraft pulp (NBKP)  

   SUSF of NBKP requires an additional fermentation step following the 

saccharification process. After 72h of saccharification , the temperature of the solution 

decreased to 30oC for the fermentation of yeast extract (10g/L), peptone (20g/L), and 

pYBGA1 (1 x108 cells/mL). The fermentation continued for another 96h with gentle 

stirring at 30°C and pH 5.0 in an oven. Ethanol was obtained at a high yield based on 

the amount of saccharifed glucose after fermentation for 24h. The SUSF of 

alkali-treated NBKP also proceed in same manner at that of NBKP.  
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3.3.7 Simultaneous saccharification and fermentation (SSF)  

 SSF of NBKP involves the saccharification step described in Section 2.4 to be 

performed at 30°C, instead of 45°C, in conjunction with the fermentation step by 

simply mixing in Cellic CTec2 (10 wt% to NBKP), pYBGA1 (1x108 cells/mL), yeast 

extract (10 g/L), and peptone (20 g/L). SSF proceeded at 30°C in an oven with gentle 

stirring using a rotary shaker for a total of 96 h, and samples were obtained using a 

syringe every 6 h or 12 h to measure the concentrations of glucose and ethanol (Tables 

5 and 6, respectively).   

 

3.3.8 Simultaneous saccharification and fermentation of Kraft pulp and alkali-pretreated  
     Kraft pulp 

   A typical procedure for the successive saccharification and fermentation of kraft 

pulp and alkali-pretreated kraft pulp is as follows. In a 300mL Erlenmeyer flask, 

100mL of deionized water was added to 2.0g of the kraft pulp and alkali-pretreated 

kraft pulp. The pH of the solution was adjusted to 5.0 by dilute aqueous HCI, and then 

Cellic CTec2 (10wt% of kraft pulp ) and pYBGA1 yeast with the quantity of 1 x 108 

cells/mL, yeast extract (10g/L), and peptone (20g/L) was added. The flask was sealed 

with a sponge stopper and the mixture was incubated in an oven for 96 h at 30°C using 

gentle stirring by a rotary shaker. The samples were with drawed at regular time 

intervals and denatured immediately for sugar and ethanol analysis. 

 

3.4 Results and Discussion  

3.4.1 Component analysis of NBKP 

 The contents of NBKP were determined via TGA for water and ash, and the NREL 

method for cellulose, hemicellulose, and lignin (Sluiter, 2011). Table 3.1 shows the 
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results of the component analysis of NBKP and is also listed some reported data. The 

cellulose content in NBKP was 88.3%, which is slightly higher than that of the 

reported data (Sliuter, 2012; Kawaguchi, 2012; Bauer and Gibbons, 2014) and may be 

because NBKP inherently has a relatively higher content of cellulose.  

 

 

Table 3.1 Component analysis of Kraft pulp by NREL method
a
 

No Alkali 

treatment 
Cellulose 

 

wt% 

Hemicellulose 

 

wt% 

Lignin 

 

wt% 

Ash 

 

wt% 

Water 

 

wt% 

1 - 88.3 1.7 2.0 5.1 1.6 

2
b        ○      

 90.5 1.3 1.0       5.0      0.6 

3
c               

- 

84.3 3.9 7        -
d                 

-
d
 4

c               

- 

76.7 7.7 3.2      -
d                 

-
d
 5

c               

- 

83.4 8.9 3.8      -
d                 

-
d
       a) Analysis was performed according to the NERL protocol (Sliuter, 2012).  

      b) Alkali treatment of NBKP was carried out with 9% NaOH solution for 10 min at -10°C       

        according to c) the literature (Kamide, 1990; Kamide, 1992). 

      d) From literatures, (Kawaguchi, 2012; Bauer and Gibbons, 2014), and (Hult, 2000), 

respectively. 

      e) No information. 

 

 

Figure 3.2 indicates the TGA profile of (A) NBKP and (B) alkali-treated NBKP, in 

which water and ash contents were measured at 110°C and 550°C to be 5.1 wt% and 

1.6 wt% (No. 1 in Table 3.1), respectively.  
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3.4.2 Alkali treatment of NBKP 

 NBKP was treated with 9% NaOH solution to decrease the degree of crystallinity; 

it is known that the crystalline structures of cellulose and NBKP, which mostly 

comprises cellulose, is resistant to enzymatic saccharification(Kamide, 1990; Kamide, 

1992). Alkali-treated NBKP had a slightly decreased weight, 1.89 g, compared to the 

original weight of 2.00 g, increased cellulose content, and decreased hemicellulose and 

lignin contents as shown in Table 1. These results suggest that hemicellulose and lignin 

were removed via the alkali treatment. Water and ash contents were 5.0 wt% and 0.6 

wt% (No. 2 in Table 1), respectively. 

 The degree of crystallinity was measured using X-ray as shown in Figure 3.3. 

W
e

ig
h

t 
lo

s
s

 (
%

) 

0 100 200 300 400 500 600 

100 

50 

0 

A	 B	 

110°	 C	 

550°	 C	 

Temperature　（oC)	 Figure	3.2.		
Thermogravimetric	analysis	of	dried	(A)	NBKP	and	(B)	alkali-treated	
NBKP	on	the	first	hea ng	run	(10°C	/min)	under	N2.	The	hea ng	was	
kept	for	10	min	at	110°C	and	550°C,	respec vely.	Water	and	ash	
contents	of	(A)	NBKP	and	(B)	alkali-treated	NBKP	were	5.1%	and	1.6%,	
and	5.0%	and	0.6%,	respec vely.	The	alkali-pretreatment	of	NBKP	was	
performed	with	9%	NaOH	solu on	for	10	min	at	-10°C.		 
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Before alkali treatment (Figure 3.3A), NBKP had the same cellulose I structure as  

 

microcrystalline cellulose, and the degree of crystallinity was calculated to be 0.62 

according to the method of Wuorinen and Vianpaa  (Wuorinen and Vianpaa, 1962),. 

After alkali treatment (Figure 2B), it was found that the crystalline structure was 

changed into cellulose II (Kamide, 1992), indicating that enzymatic saccharification 

should proceed more easily in comparison with untreated NBKP. The degree of 

crystallinity of alkali-treated NBKP could not be measured by Wuorinen and Vianpaa's 

method (Wuorinen and Vianpaa, 1962), because this method is for only cellulose I. In 

addition, FT-IR of NBKP and alkali-treated NBKP was measured and the spectra were 

compared to that of microcrystalline cellulose as shown in Figure 3.4. The intensity of 

1100 cm-1 signal due to OH association on hydrogen bonds decreased (Kamide, 1992), 

B( Alkali NBKP)

A( NBKP)

0 20.00 40.00 60.00 
2θ(°) 

Figure	3.3.	X-ray	profiles	of	NBKP	before	(A)	and	a er	(B)	alkali	treatment.The	degree	
of	crystallinity	of	(A)	NBKP	was	calculated		 
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indicating that the intra- and intermolecular hydrogen bonds of cellulose molecule in 

NBKP was destroyed by the alkali treatment. 
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Figure 3.4  
FT-IR spectra of (A) microcrystalline cellulose, (B) NBKP, (C) alkali-treated 

NBKP by a KBr pellet method. The signal at 1100 cm
-1

 should be OH 
association signal due to intra- and intermolecular hydrogen bonds in 
cellulose molecule. 
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3.4.3 Saccharification of NBKP 

 Saccharification of untreated and alkali-treated NBKP was performed using 

several cellulases at 5 to 15 wt% of the starting amount of NBKP. The results are 

summarized in Table 2. 

 

 Table 3.2 Saccharification of NBKP and alkali-treated NBKPa 

 NBKP Alkali-treated NBKPb 

 No. Cellulase pH Temp Time Sugar Yield Time Sugar Yield 

 wt%  °C h g/L % h g/L % 

 1 Cellic CTec2 5 4.5 45 24 2.4 13.6      24    6.30 36.8 

 2     72 4.0 22.6      72    5.91 34.6 

 3  10 4.5 45 24 9.8 55.4 12 10.9 63.7 

 4     72 13.5 76.3 81 12.8 74.9 

 5  15 4.5 45 24 9.7 54.8 24 12.0 66.8 

 6     72 12.5 70.8 81 13.9 81.3 

 7 Meicelase 5 4.5 45 24 8.5 48.0      24    7.05 41.2 

 8     72 10.2 57.6      72    8.29 48.5 

 9  10 4.5 45 24 10.0 56.5 24 10.8 63.2 

 10     72 12.3 69.5      81   10.6 62.0 

 11  15 4.5 45 24 9.7 54.8      24  11.6   67.8 

 12     72 11.2 63.6 81 15.7 91.8 

 13 Sucrase C 5 5.0 60 24 2.2 12.4      24    4.12 24.1 

 14     72 3.5 19.8 72 6.4 37.4 

 15  10 5.0 60 24 4.6 26.0 24 6.8 39.8 

 16     72 4.2 23.7 81 10.4 60.2 

 17  15 5.0 60 24 8.8 49.7 24 9.6 56.1 

 18     72 10.0 56.5 81 15.0 87.8 

 19 Sumizyme C 5 4.5 60 24 1.9 10.7      24    4.41 25.8  20     72 2.3 13.0 72 2.3 13.3 

 21  10 4.5 50 24 5.1 28.8 24 6.6 38.6 

 22     72 5.0 28.2 81 10.0 58.5 

 23  15 4.5 50 24 5.3 29.9 24 9.0 52.6 

 24     72 8.2 46.3 81 12.9 75.4 

 25 T Amano 4 10 4.5 45 72 2.7 15.3    

 26 Sumizyme AC 10 4.5 45 96 2.6 14.7    

 27 H Amano 90 10 4.5 45 96 2.1 11.8    

 28 CellicHtec2 10 4.5 45 96 1.1 6.2    

 a) Saccharification of NBKP (2.0 g) was performed by cellulase in water (100 ml) under the  

       optimum pH and temperature. 

 b) Alkali-treated NBKP was obtained by dissolving in 9% aqueous NaOH solution for 10 min  

       at -10°C. 

 As shown in No. 3, for 24 h saccharification of untreated NBKP at 10 wt% 
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(compared to NBKP) of Cellic CTec2, glucose was produced at a yield of 55.4% based 

on the starting amount of cellulose. In contrast, the saccharification of alkali-treated 

NBKP occurred at a faster rate than that of untreated NBKP and produced glucose at a 

yield of 63.7% after only 12 h. However, the saccharification was incomplete for the 

short time. After long-time saccharification, as shown in No. 4, the glucose conversion 

of alkali-treated and untreated NBKP increased with similar yields of 76.3% and 

74.9%, respectively, probably because Cellic CTec2 cellulase may have a high ability 

to saccharify crystalline cellulose. For untreated NBKP with 15 wt% Cellic CTec2, 

glucose was obtained at a yield of 70.8% (No. 6). Although the yield of glucose 

decreased slightly in comparison with that in No. 4, the reason is under investigated. 

Regardless, at short time scales, saccharification of alkali-treated NBKP was faster than 

that of untreated NBKP, which was hypothesized to be due to changes in the crystalline 

structure of cellulose as a result of alkali treatment (Figure 3). For long saccharification 

times, no differences between untreated and alkali-treated NBKP were observed on the 

quantity of cellulase and the yield of glucose. Other cellulases were tested for the 

saccharification process. Meicelase had high ability to saccharify untreated NBKP, 

while Sucrase C and Sumizyme C cellulases could easily saccharify alkali-treated 

NBKP in comparison to untreated NBKP. It was also found that the functionality of 

cellulases for saccharification was different depending on the type of cellulose. For 

example, Hemicellulases, TAmano4, Sumizyme AC, HAmano90, and Cellic HTech2 

had lower conversions of NBKP to glucose. 
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3.4.4 Successive saccharification and fermentation (SUSF) 

 Scheme 1 shows the enzymatic saccharification and fermentation of NBKP to 

ethanol. Bioethanol was obtained using two methods: SUSF and SSF by using several 

cellulases and pYBGA1 or K7 yeast.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 The SUSF method has two successive steps: first, saccharification performed 

using cellulases at the optimum pH and temperature of the enzyme, and then 

fermentation proceeds with the addition of yeast at the optimum pH and temperature of 

the organism. The SSF method combined the saccharification and fermentation steps to 

proceed simultaneously at the optimum pH and temperature of yeast. The SUSF 

method required more time than the SSF method but resulted in improved conversion 

yields of NBKP to ethanol. 

 Figure 3.5 indicates the result of the successive saccharification and fermentation  

Scheme 1 

Enzymatic saccharification and fermentation of NBKP to ethanol. 

(2) Successive saccharification and fermentation 

NBKP 

Glucose 
Cello-oligosaccharides 
Xylose 

(1) Enzymatic saccharification at 45-60°C  
     and pH 4.5-5.0 

Ethanol 
(2) Fermentation at 30°C and pH 4.5-5.0 

(1) Simultaneous saccharification and fermentation 

NBKP Ethanol 
Fermentation at 30°C and pH 4.5-5.0 

Enzymatic saccharification at 30°C  
and pH 4.5-5.0 
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(SUSF) of NBKP. The SUSF of untreated NBKP was performed using Cellic CTec2 as 

a cellulase and pYBGA1. As shown in Figure 3.4A, after saccharification of 20 g/L of 

NBKP with 10wt% cellulase for 72 h at 55°C and at a pH of 5.0, the resulting 

precipitate of NBKP disappeared and the concentration of glucose increased gradually 

to 13.5 g/L. The temperature of the solution was decreased to 30°C and the pH was 

adjusted to 4.5 to obtain the optimum fermentation conditions of pYBGA1, which was 

then added to the solution at 1x108 cells/mL. After 24 h of fermentation, 6.3 g/L of 

ethanol was produced at a yield of 91.3% from saccharified glucose. Fermentation then 

continued for another 72 h, but the ethanol concentration decreased to 2.6 g/L. This 

may be because pYBGA1 can consume ethanol as a carbon source [4]. Figure 3.4B 

also shows the SUSF of alkali- treated NBKP. After 24 h saccharification with Cellic 

 
Figure 3.5.  

Time course of successive saccharification and fermentation of（A) NBKP and 

(B) alkali-treated NBKP with Cellic CTec2 (10 wt% to NBKP) as cellulase and 

1x10
8
 cells/mL of pYBGA1 yeast. The saccharification was for (A) 72 h and (B) 

24 h, respectively, at 45°C and pH 4.5, and then fermentation was started by 

addition of pYBGA1 yeast, yeast extract, and peptone at 30°C and pH 5.0. 
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CTec2 cellulase, pYBGA1 yeast was added. Saccharification time was reduced to 24 h 

from 72 h for rapid saccharification. For the initial 24 h of fermentation at 30°C and 

pH 5.0, glucose concentration increased and then decreased, probably because the 

saccharification of the remained NBKP continued by Cellic CTec2 cellulase. Addition 

of pYBGA1 yeast at 24 h saccharification gave in a lower amount of ethanol, which 

decreased to 5.6 g/L from 6.3 g/L (Figure 4A). A reason for the lower conversion value 

could be the incomplete saccharification of NBKP due to a shorter saccharification 

time and under unsuitable saccharification conditions for Cellic CTec2 cellulase.  

 Table 3.3 shows the results of the SUSF method of NBKP. It should be noted that 

Cellic CTec2 cellulase was relatively effective for the saccharification of NBKP when 

compared to other combinations of cellulases and yeasts. As shown in No. 1, Cellic 

CTec2 was saccharified NBKP for 72 h to give 13.5 g/L of glucose. Meicelase, Sucrase 

C, and Sumizyme C also gave 5.0-13.0 g/L of glucose under their optimum conditions 

(Nos. 4-8). For fermentation, pYBGA1 yeast was more effective than K7 yeast, a yeast 

for brewing of Japanese traditional alcohol (Sake). Based on the weight of saccharified 

glucose, ethanol was obtained in 85.7% -91.3% for pYBGA1 yeast (Nos. 1-3) and 

81.6% for K7 yeast. The reason why pYBGA1 yeast is fermented effectively should be 

directly conversion of cello-oligosaccharides to ethanol. As the results, ethanol yields 

increased. 
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 Table3.3. Successive saccharification and fermentation of NBKP with cellulases and yeastsa 

 No Saccharification Fermentation 

  pYBGA1 K7 

 Cellulase pH Temp Timeb Sugar Timec Ethanol Yieldd Yielde Sugar Time Ethanol Yieldd Yielde 

  wt%  °C h g/L h g/L % % g/L h g/L % % 

 1 Cellic CTec2  10 4.5 45 72    13.5 24 6.3 69.6 91.3 12.0 24 5.0 55.2  81.6 

 2 Cellic CTec2  10 4.5 45    24    12.1f 36 5.6 61.9 90.6      

 3 Cellic CTec2  15 4.5 45    72    11.2 24 4.9 54.1 85.7      

 4 Meicelase 10 4.5 45 72 13.0 48 5.5 60.8 83.4 12.3 48 4.3 47.5 68.5 

 5 Meicelase 15 4.5 45    72    11.2 24 4.4 48.6 76.9      

 6 Sucrase C 10 5.0 60 72 9.2 72 4.1 45.3 87.2 4.2 48 1.7 18.8 79.2 

 7 Sucrase C 15 5.0 60    72    10.0 96 4.1 45.3 80.4      

  8 Sumizyme C 10 4.5 50 72 5.0 48 2.1 23.2 82.2 5.6 48 1.8 19.9 62.9  

 a) Saccharification and fermentation were performed at optimum temperature and pH of cellulase and yeast, respectively. 

 b) Time that yeast was added.  

 c) Time that the highest ethanol concentration was obtained after yeast was added. 

 d) Yield that based on the weight of NBKP used. 

 e) Yield that based on the weight of saccharified glucose.  

 f) After 48 h fermentation, the highest sugar concentration was obtained.
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 Table 3.4. Successive saccharification and fermentation of alkali-treated NBKP with cellulase and yeasta 

 No Saccharification Fermentation 

  pYBGA1 K7 

 Cellulase pH Temp Timeb Sugar Timec Ethanol Yieldd Yielde Sugar Time Ethanol Yieldd Yielde 

 wt%  °C h g/L h g/L % % g/L h g/L % % 

 1 Cellic CTec2  10 4.5 45 72    12.8 24 6.1 69.7 93.3   12.4 24 2.5 28.6 39.4 

 2            72 1.6 18.3 25.3 

 3         15 4.5 45 72    13.9 72 4.9 48.9 93.8      

  

 4 Meicelase 10 4.5 45 72    10.6 96 4.8 55.4 89.3   13.5 24 5.1 58.4 73.9 

 5            72 1.8 20.6 26.1 

 6           15 4.5 45 72    15.7 48 6.9 78.9 86.1      

  

 7 Sucrase C 10 5.0 60 72    10.4 96 4.4 50.3 83.0   15.2 24 1.2 13.7 15.4 

 8            72 0.4 4.6 5.1 

 9           15 5.0 60 72    15.0 96 7.4 84.7 96.7      

  

 10 Sumizyme C 10 4.5 50 72    10.0 120 5.0 57.2 98.0   10.8 24 2.1 24.0 38.0 

  11            72 0.7 8.0 12.7 

 12  15 4.5 50 72    12.9 96 6.5 74.3 98.6      

 a) NBKP was treated with 9% aqueous NaOH solution for 10 min at -9°C. 

 b) Time that yeast was added.  

 c) Time that the highest ethanol concentration was obtained after yeast was added. 

 d) Yield that based on the weight of NBKP used. 

 e) Yield that based on the weight of saccharified glucose.  

 f) After 48 h fermentation, the highest sugar concentration was obtained. 
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 The SUSF of alkali-treated NBKP was also performed and the results are 

demonstrated in Table 3.4. All cellulases used resulted in a high amount of produced 

glucose after 72 h of saccharification. For alkali-treated NBKP, Cellic CTec2 (10wt%) 

also gave glucose in relatively high yields compared to other cellulases as shown in 

Nos. 1 and 3. However, when 15 wt% of cellulase was used, Meicelase and Sucrase C 

were found to work effectively and gave glucose in 15.7 g/L (No. 6) and 15.0 g/L (No. 

9), respectively. Furthermore, ethanol was obtained at high yields by pYBGA1 (Table 

4.4). The crystallinity of cellulose in NBKP decreased because of alkali treatment, and 

cellulases produced glucose faster than untreated NBKP at short-time scales (Figure 

3.1). 

 

3.4.5 Simultaneous saccharification and fermentation (SSF) 

 Tables 3.5 and 3.6 were the results of the SSF method of NBKP and alkali-treated 

NBKP, respectively, In Table 3.5, ethanol from alkali-untreated NBKP was obtained in 

almost the same yields by the combinations of cellulases and pYBGA1 yeast. 

 

Table 3.5 Simultaneous saccharification and fermentation of NBKP with cellulase and   
          yeasta 

 No Ethanol conversion  

 pYBGA1 K7 

  Cellulase pH Temp Time EtOH Yieldb Time EtOH Yieldb 

 wt% °C h g/L % h g/L % 

 1 Cellic CTec2 10 4.5 30 72 4.0 44.2 96 3.0 33.1 

 2 Meicelase 10 4.5 30 96 3.6 39.8 96 2.9 32.0 

 3 Sucrase C 10 5.0 30 96 3.8 42.0 96 3.2 35.3 

 4 Sumizyme C 10 4.5 30 72 4.0 44.2 72 2.1 23.2 

 a) NBKP (20 g, cellulose content 88.3%) was used. 

 b) Yield based on the weight of NBKP. 
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In Table 3.6, when alkali-treated NBKP was used, it was found that the combinations 

of Sucrase C and Sumizyme C cellulases with pYBGA1 yeast (Nos. 3 and 4), 

respectively, produced ethanol in higher yields than the combination of Cellic CTec2 

and Meicelase cellulases with pYBGA1 yeast (Nos. 1 and 2). The fermentation with 

pYBGA1 yeast was more effective than K7 yeast for the SSF method and ethanol was 

obtained in relatively higher yields from alkali-treated NBKP (Table 3.6) in 

comparison with untreated NBKP (Table 3.5).  

 

 Table3. 6 Simultaneous saccharification and fermentation of alkali-treated NBKP with 
  cellulase and yeasta 

 No Ethanol conversion  

 pYBGA1 K7 

  Cellulase pH Temp Time EtOH Yieldb Time EtOH Yieldb 

 wt%  °C h g/L %c h g/L %c 

 1 Cellic CTec2 10 4.5 30 48 5.6 64.4 96 5.2 59.8 

 2 Meicelase 10 4.5 30 48 4.9 56.3 72 2.7 31.0 

 3 Sucrase C 10 5.0 30 96 6.8 78.2 96 4.4 50.6 

 4 Sumizyme C 10 4.5 30 72 6.1 70.1 96 4.5 51.7 

 a) Alkali-treated NBKP (20 g, cellulose content 90.5%) was used. 

 b) Yield based on the weight of the alkali-treated NBKP. 

 

 

However, the yield of ethanol was lower than that of SUSF and the reason is because 

both saccharification and fermentation in the SSF method were conducted under the 

optimal conditions of yeasts (typical conditions for the fermentation step). Thus, the 

fermentation conditions may not have been optimal for cellulases to function 

efficiently during the saccharification process. 
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3. 5 Conclusion 

 Successive saccharification and fermentation (SUS) of NBKP produced bioethanol 

at good yields. After 72 h saccharification of 20 g/L of NBKP with Cellic CTec2 (10 

wt% compared to NBKP) as a commercially available cellulase at pH 4.5 and 45°C 

and then a recombinant yeast, pYBGA1 (1x108 cells/mL), was added at pH 5.0 and 

30°C. It was found that bioethanol could be produced at a yield of 91.3%, based on 

saccharified glucose, via SUSF. Alkali-treated NBKP could result in bioethanol 

produced at a yield of 93.3%, also via SUSF. Simultaneous saccharification and 

fermentation (SSF) of NBKP afforded lower yields of bioethanol than those obtained 

via the SUSF method; this may be because the SUSF method allowed each step to 

proceed under its optimum conditions. This paper described a convenient method to 

produce bioethanol from NBKP by combining commercially available cellulases and 

recombinant yeasts (e.g., Cellic CTec2 and pYBGA1). Further investigations of 

bioethanol production from cellulosic materials are in progress. 
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Conclusions and future progress 

 In this thesis, bioethanol production from cellulosic material was investigated. 

Cellulosic bioethanol is expected to be an environmental-friendly and a renewable 

energy for the next generation and cellulose is not compatible to foods. However, the 

pretreatment procedure becomes important for the production of cellulosic bioethanol 

because cellulose has a rigid crystalline structure and the materials, woods, have lignin 

that is a toxic for saccharified enzyme, cellulase. The author examined the pretreatment 

method of cellulase in the first step using microcrystalline cellulose as a model 

cellulose and then bioethanol synthesis was performed from Kraft pulp that is an 

industrial production of paper company, so the author considered that Kraft pulp is a 

suitable starting material of cellulosic bioethanol. The first chapter is the introduction 

of this thesis. The second chapter is described the results of the pretreatment methods 

using microcrystalline cellulose. The third chapter is the results of the bioethanol 

synthesis from Kraft pulp. The fourth chapter is the general conclusion. 

 In the second chapter, the author investigated three pretreatment methods using 

microcrystalline cellulose, that is, mechanically fine grinding, subcritical-blasting, and 

diluted-alkali treating. The mechanically fine grinding was the method that 

microcrystalline cellulose was grinded mechanically to give more fine microcrystalline 

cellulose with small particle size and wide surface area. After fine grinding, the particle 

size of microcrystalline cellulose was found to decrease to 7.7 m from 20.3 m. The 

subcritical-blasting was the method that microcrystalline cellulose was treated with 

high temperatures and high pressures to decompose cellulose and then to give glucose. 

After subcritical-blasting treatment, the particle size decrease to 7.8 m and glucose 

was obtained in 65.2% yield. The diluted-alkali treatment of microcrystalline cellulose 

at low temperature is the method to loosen the crystal structure of cellulose and then to 
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work effectively the enzymatic saccharification increases. After diluted-alkali treating, 

the structure of microcrystalline cellulose was found to be changed by the results of 

XRD and solid-state NMR measurements. Among the three pretreatment methods, the 

diluted alkali-treatment at low temperature was the most effective for obtaining ethanol 

because of decreasing crystallinity of microcrystalline cellulose. Optimum conditions 

for saccharification was discussed by using the alkali-treated microcrystalline cellulose 

and eleven commercially available cellulases, suggesting that glucose, cellobiose and 

cellooligosaccharides were obtained with several cellulase enzymes such as Sucrase C, 

GODO-TCL, and Sumizyme C. Cellic CTec cellulase gave only glucose in the highest 

yields. 

 In the third chapter, the author investigated the ethanol production from Kraft pulp. 

Saccharification of the Kraft pulp was examined with several cellulases, indicating that 

Cellic CTec 2 cellulase effectively worked to give glucose in 76.3% yield after 72 h. 

After diluted-alkali treatment, the crystallinity was found to decrease by the result of 

x-ray measurement and the saccharification proceeded for short time to give glucose in 

good yields. However, for long saccharification time of the Kraft pulp before and after 

alkali treatments, no difference showed on the yield of glucose. Stepwise 

saccharification and fermentation of the Kraft pulp before and after alkali treatments 

were carried out with Cellic CTec 2 (10 wt% to the Kraft pulp) for 72 h 

saccharification and then addition of pYBGA1 yeast to give ethanol in 91.3% and 

93.3% yields under the optimum conditions of cellulase and yeast, respectively, based 

on saccharified glucose. The author found that a recombinant yeast, pYBGA1, was 

more effective for the fermentation than that of K7, a yeast for brewing.   

 During the author's doctoral work, the author found that ethanol was produced 

from diluted-alkali treated cellulose and agricultural residues in good conversions in 
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the combination of cellulases and pYBGA1 yeast. The author condideres that 

bioethanol is an important energy for the next generation instead of fossil fuels, 

however, several problems are still remained. The author want to continueously and 

newly trackle the difficult gloval environmental problems. 
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