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ABSTRACT 

The renewable and environment friendly source of energy is now mandatory for the sustainable 

development of a society. The energy demand is increasing worldwide and the natural fossil 

fuel resource is depleting. Therefore alternative fuel source is required to bridge the gap 

between the demand and supply. An unconventional source of energy molecule, ethanol is 

gaining importance as liquid transportation fuel. It is considered as clean fuel runs in zero 

carbon cycle. It is produced from sugar via fermentation. The most abundant and cheap source 

of sugars is lignocellulosic biomass. Ethanol has traditionally been produced from sugar cane 

and sugar beet juice or from various starch-containing raw materials like corn or wheat. But 

there is potential conflict between land use for food (and feed) production and energy feedstock 

production. The utilization of lignocellulosic biomass for ethanol production overcomes this 

conflict and is less expensive than the conventional agricultural feedstock. Lignocellulosic 

rawmaterials are grown in all parts of the world.  

Among the various lignocellulosic raw materials perennial grasses (C4 plant) are promising 

because of high yields, low costs, and good suitability for low-quality land with almost no 

requirement of water supply for its growth, availability throughout the year and no net green 

house gas production. Kans grass (Saccharum spontaneum) possessing all these properties 

wasused as the lignocellulosic raw material for the present research work. Two main technical 

problems have been identified from the literature for lignocellulosic biomass to ethanol 

conversion process: (1) efficient release of soluble sugars from the polymeric structure of 

lignocellulosic biomass with minimum or no toxics generations and (2) utilization of maximum 

sugar potential for ethanol production. In the present study both of these problems have been 

tried to address successfully. Few preliminary experiments were conducted to obtain important 

parameters (mentioned in Section A of the Results and Discussion) followed by a novel 

fractionating hydrolysis process for fermentable sugar production (Section B) and finally a 

sequential-co-culture system was developed to utilize both xylose and glucose sugars in a 

single reactor (Section C). 

Kans grass, a novel raw material was examined for compositional analysis for identification of 

its sugar potential and found as (% dry weight basis): cellulose 43.78±0.4; hemicellulose 

24.22±0.5; acid insoluble lignin 23.45±0.3; acid soluble lignin 2.85±0.4 and ash 4.62±0.2. The 

total carbohydrate content (i.e cellulose and hemicellulose content) of Kans grass was found as 
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68 % on dry weight basis. This justified the selection of Kans grass as raw material for ethanol 

production. 

Toinvestigate the effect of acid concentration, biomass loading and reaction time for 

releasingreducing sugars from Kans grass a 2
3
 rotatable central composite design was adopted 

for designing the experiments and response surface methodology was used to optimize the 

process.The optimum acid concentration, biomass loading and reaction time were found to be 

61.10%(w/w), 10.80% (w/v) and 45 min respectively. The batch processing of all the 

experiments werecarried out at normal boiling temperature of water under standard 

atmospheric pressure. Underthese conditions significantly high total reducing sugar yield (83.5 

% w/w)was obtained ontotal carbohydrate content basis. 

To utilize hemicellulose fraction of Kans grass single step dilute acid treatment was applied and 

its fermentation to ethanol was carried out by Pichia stipitis. 0.204 g/g total reducing sugar was 

obtained under experimental conditions in which 0.172 g/g was the pentose sugars. After 

conditioning fermentation was conducted and found that 74% of xylose wasconverted to 

ethanol with a yield of 0.429 g/g and productivity of 0.231 g/L h.The appropriate mathematical 

models for cell and ethanol production rate have been identified to explain theoretically the 

bioconversion of Kans grass hemicellulose acid hydrolysateto ethanol and validated 

statistically. 

During hydrolysis of lignocellulosic biomass various degradation compounds are generated like 

furfural, hydroxymethyl furfural and phenolic compounds. These compounds are known to be 

inhibitory and affect the growth of microorganisms. The experiments were designed to identify 

the tolerable concentration of these compounds. It was found that only 9 % and 7 % reduction 

in specific growth rate of P. stipitis was occurred with 0.4 g/L furfural and 0.5 g/L vanillin 

concentration respectively. Similarly 8 % and 7 % reduction in specific growth rate of Z. 

mobilis was observed with 1 g/L HmF and 1.0 g/L vanillin concentration respectively. These 

concentrations of inhibitors were considered as tolerable to the respective microorganisms.     

Further experiment was designed to obtain critical level of ethanol concentration for P. 

stipitisandZ. mobilisgrowth. Appropriate model was used to obtain maximum concentration of 

ethanol over which the growth of microorganisms ceased. It was found that 37 g/L and 104 g/L 

ethanol concentration was the maximum over which no growth of P. stipitis and Z. mobilis was 

observed respectively.   
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A novel single vessel multi-step fractionating hydrolysis process was developed in the 

laboratory.The main objective of the investigation was oriented towards the maximum soluble 

sugar extraction with minimum toxic compounds generation from KGB. The sequential 

addition of increased sulfuric acid concentration from 1 to 35 % v/v (total nine steps) along 

with direct steam insertion at 100°C (i.e. at atmospheric pressure) to the reaction system for 30 

min each step was successfully used to extract 95.3% of the total reducing sugars (TRS) 

available in the KGB in the form of carbohydrate polymer. After analyzing the hydrolysate of 

the entire process steps two main sugar streams were generated as xylose rich fraction (XRF) 

and glucose rich fraction (GRF). The fermentation media prepared using these sugar streams 

without any detoxification process contained significantly low concentration of toxics due to 

moderate temperature and short exposure time. Fermentation of XRF and GRF media were 

conducted by P. stipitis and Z. mobilis respectively. The specific growth rate (µ), yield (Yp/s) 

and specific productivity (qp) of ethanol was found as 0.121 h
-1

, 0.427 g/g and 0.731 g/g/h in 

XRF media and 0.173 h
-1

, 0.443 g/g and 1.179 g/g/h respectively in synthetic media. Similarly 

µ, Yp/s and qpwas found as 0.243 h
-1

, 0.476 g/g and 3.587 g/g/h in GRF and 0.338 h
-1

, 0.494 g/g 

and 4.805g/g/h in synthetic media respectively.  

Sequential-co-culture technique was investigated in this experiment for the production of 

ethanol using XRF and GRF as generated from the aforementioned investigation. The 

consortium of P. stipitis and Z. mobilis was used to develop a suitable sequential-co-culture 

system. The P. stipitis cells and respective fermentation media (XRF)were fed to the 

fermentation vessel, after the set fermentation time Z. mobilis cells and respective media (GRF) 

were fed to the same vessel. Different strategies have been followed and experiments were 

conductedinitially at flask level. The selected strategy was then applied at bioreactor level using 

both synthetic fermentationmedia and Kans grass hydrolysate media to compare the kinetic 

parameters. The sequentialaddition of cultures with their respective media and imposed process 

conditions, showed better utilizationof total sugars added (>95%). Microaerobic condition for 

P. stipitis and strictly anaerobic conditionforZ.mobilis fermentation were found significant. The 

average ethanol yield (Yp/s) and overall volumetricproductivity (rpo) were found as 0.453 g/g 

and 1.580 g/L/h respectively for Kans grass hydrolysate mediaand 0.474 g/g and 2.901 g/L/h 

respectively for synthetic fermentation media. 

The significance of the present study revealed that the novel process of fractionating hydrolysis 

of KGB generated toxics in very low quantity and no detoxification process was involved 

before fermentation. Further the developed sequential-co-culture system of P. stipitis and Z. 
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mobiliswas found suitable and successfully used for bioconversion of xylose and glucose in a 

single bioreactor system.   
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CHAPTER 1  INTRODUCTION 

1.1 Background 

The steadily increased crude oil consumption and depleting oil reserves creates increased 

concern for the security of the oil supply worldwide. The growing world population, more 

industrialization, monopolistic nature of producer and geopolitical conflicts in the Middle East 

with finite supply of petroleum are the main reasons for unstable trading prices [Kurian and 

Kishore, 2008; Saxena et al., 2009; Singh et al., 2012]. Today the transportation sector is 

sharing   about 60% of the total petroleum based oil consumption worldwide. Further it 

contributes 70% carbon monoxide and 19% carbon dioxide to the environment globally 

[Goldemberg, 2008; Balat, 2010]. The negative impact of use of fossil fuels on the 

environment, particularly greenhouse gas emissions (GHGs), has put pressure on society to 

search for renewable fuel alternatives. Almost all countries are working on the development 

and expansion of alternative energy sources (non conventional) which produces no GHGs 

(solar energy, wind power, tidal power) or runs on zero carbon cycle (ethanol, biodiesel, 

hydrogen, natural gas) [Singh et al 2012b]. Particularly due to technological developments and 

cost reductions of the renewable sources of energy especially solar, hydro, wind and biomass 

energy are gaining momentum most recently [Kataria et al., 2009]. Johansson et al. (1992) 

reported that by the year 2025, renewable energy sources could be a major contributor to direct 

fuel use (nearly 30%) and global electricity supplies (60%). Most of the oil fields are 

geographically located in politically sensitive areas of the world. Oil importing countries are 

also affected by frequently fluctuating prices of the commodity at the international level. The 

major benefits of biofuels include sustainability, greenhouse gas reduction, biodegradability, 

carbon sequestration, higher combustion efficiency, international competitiveness, supply 

reliability. The developing country like India, use of biofuels may increase number of jobs in 

rural areas, agricultural development, reduce the dependency on imported petroleum.  

The most common renewable fuel today is ethanol and is by far from the other renewable fuels 

used for transportation. It is an important renewable liquid fuel for motor vehicle [Lewis, 1996; 

Farrell et al., 2006]. The use of ethanol and ethanol/gasoline blend as fuel is very well 

recognized as an alternative to petroleum based motor fuel. The mixture of ethanol (10 %) and 

gasoline (90 %) is called gasohol or E10 [Balat 2010]. Ethanol is an oxygenated fuel contains 

35 % oxygen. It is also an octane enhancing additive and removes free water from fuel pipe 
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lines to prevent plugging [Lang et al., 2001b]. Use of ethanol in fuel reduces particulate and 

NOx emission on combustion.   

In India, Ethanol is procured mainly from molasses, a by-product of sugar production. The 

ethanol demand in India is driven mainly by the industrial segment. Currently, 5% blending of 

ethanol is effective but it is not mandatory and the oil marketing companies decide about the 

blending considering the logistic costs and the price of ethanol. Also, the blending is effective 

only in nine states and six union territories. The current production of ethanol in India is 

pegged at 2.2 billion liters of which fuel grade ethanol stands at approx 200 million liters only. 

Government is mulling over introducing the 10% blending of ethanol into petrol guideline by 

October 2008. At 5% blending, the ethanol requirement stands at 560 million liters and a 

further 10% blending will require a fuel ethanol production of approx 1100 million liters. So 

the demand for fuel grade ethanol is very high.  

Ethanol is produced from grains such as wheat, barley or corn, or from sugar cane as well as 

sugar beet. However it is feared that there will be a limited supply of such starch and sugar raw 

materials in the future. Besides this the imminent conflict in the use of agricultural land for the 

purpose of food and energy production is unavoidable. Hence, future large-scale supply of 

ethanol will most certainly be based on its production from lignocellulosic biomass as source 

raw material [Sims et al., 2010]. Global annual production of biomass is 1 x 10
11 

tons 

sequestering 2 x 10
21

J (annual petroleum production amounts 2 x 10
20

 J, whereas technically 

recoverable endowment of conventional crude oil is 2 x 10
22

 J). Thus energy stored in Earth’s 

plants in one decade is equivalent to the energy stored as conventional crude oil [Smeets et al., 

2007; Raines and Binder, 2011]. Lignocellulosic materials are geographically more evenly 

distributed than the fossil fuels, thus the sources of energy will, to a larger extent, are domestic 

and provide security of supply. Various lignocellulosic biomaterials have attracted the most 

interest of research for production of ethanol [Sun and Cheng, 2002; Rass-Hansen et al., 2007; 

Zhang et al., 2010; Flamos et al. 2011]. These include corn stover, wheat straw, sugar bagasse, 

rice straw, rice hull, corn cob, oat hull, corn fiber, woodchip, and cotton stalk [Eklund and 

Zacchi, 1995; Esteghlalian et al., 1997; Moniruzzaman et al., 1997; Chang et al., 2001; Saha, 

2003; Saha et al., 2005; Ballesteros et al., 2006; Jeffries, 2006; Sun and Chen, 2007; Balat, 

2008; Kumar et al., 2009a]. The lignocellulosic raw material is less expensive than 

conventional agricultural feedstock and can be produced with lower input of fertilizers, 

pesticides, and energy. Among the lignocellulosic biomaterials perennial crops (e.g., grasses) 
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are found promising because of high yields, low costs, ability to grow in marginal lands with 

almost no requirement of water supply, wide availability throughout the year.  

The production of ethanol from lignocellulosic biomass (composed of carbohydrate polymers 

like cellulose and hemicellulose, and relatively much lesser quantity of lignin) involves three 

major steps: (1) hydrolysis, (2) fermentation, and (3) distillation [Demirbas 2004]. Cellulose 

and hemicellulose fractions of lignocellulose biomass typically comprise two third of the cell 

mass dry weight. These fractions are polysaccharides and source of sugars which is converted 

to ethanol. The hydrolysis process step is required to liberate the sugar moieties from their 

polymeric matrix. Cellulose is a mono-polymer of glucose (C6) and hemicellulose is 

heteropolymer of pentose and hexose sugars with xylose (C5) as dominating sugar. Three 

major hydrolysis processes are identified for release of sugars and suitable for ethanol 

production: dilute acid, concentrated acid, and enzymatic hydrolysis [Broder et al., 1995]. 

Hemicellulose can be easily hydrolyzed by dilute acids under moderate conditions whereas; 

more extreme conditions are required for cellulose hydrolysis. The concentrated acid hydrolysis 

is single step whereas all other methods involve mainly two steps, first step is called 

pretreatment and second step is the main cellulose hydrolysis process. The efficient release of 

sugars is considered as the major technical barrier for ethanol conversion process. The 

pretreatment process is considered as the most expensive step in lignocellulosic to ethanol 

production process [Zhang et al., 2009].  

A number of pretreatment processes have been reported and are under intensive research. A 

suitable pretreatment process involves (1) disrupting hydrogen bonds in crystalline cellulose, 

(2) breaking down cross-linked matrix of hemicelluloses and lignin, and finally, (3) raising the 

porosity and surface area of cellulose for subsequent enzymatic hydrolysis [Li et al., 2010]. The 

pretreatment processes are broadly categorized as (1) physical, (2) physico-chemical and 

chemical, and (3) biological pretreatment. The physical pretreatment including grinding, 

milling, microwave and irradiation [Kumar et al., 2009b; Sun and Cheng, 2002; Leustean, 

2009], physic-chemical and chemical pretreatment including alkali, acid, organosolv, 

ozonolysis, ionic liquid, steam explosion, liquid hot water, ammonia fiber explosion, wet 

oxidation and CO2 explosion [Bacovsky et al., 2010; Taherzadeh and Karimi, 2008; Kim and 

Hong, 2001; Alizadeh et al., 2005; Tomas-Pejo et al., 2008; Garcia-Cubero et al., 2009; Wang 

and Cheng, 2009; Yang et al., 2008; Silverstein, 2008] and biological pretreatment [Lee et al., 

2007]. 
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The existing pretreatment/hydrolysis technologies suffer from low sugar yields, and/or severe 

reaction conditions, and/or narrow substrate applicability and high capital investment etc. The 

physical pretreatment processes are highly energy demanding and most of them are unable to 

remove lignin [Eggeman and Elander, 2005; Zhang et al., 2007]. Further the pretreatment 

process is followed by enzymatic hydrolysis which is quite slow and cost of enzymes are still 

high [Kaylen et al., 2000].   

After pretreatment/hydrolysis, the liquid hydrolysate contained varying amounts of soluble 

sugars, both pentose and hexose, and a broad range of substances either derived from raw 

material or resulting as reaction products from sugar and lignin degradation like furfural, 

hydroxymetyl furfural and phenolics compounds. Many of these substances may have an 

inhibitory effect on the microorganisms in subsequent fermentation steps [Nigam 2002]. Thus 

an additional process step is required known as conditioning or detoxification before actual 

fermentation is carried out and adds cost to the overall process of ethanol production.  

Another main technical constraint is the fermentation of pentose and hexose sugars present in 

the hydrolysate. It is a prerequisite for the economical production of ethanol that all the sugars 

must be fermented to ethanol [Penttila et al., 2010; Sims et al., 2010]. No native microorganism 

is known till date for efficient conversion of both C5 and C6 sugars. The widely accepted 

ethanol-producing GRAS organisms Saccharomyces cerevisiae and Zymomonas mobilis are not 

able to ferment C5 sugars like xylose. Using these organisms to ferment the mixture of sugars, 

C5 sugars remained unutilized, thus reducing the overall conversion efficiency. Thus a good 

xylose fermenting microorganism like Pichia stipitis is used. For mixed sugar fermentation a 

co-culture system is recommended [Chen, 2011]. It is further a challenge to choose suitable 

microorganisms for stable co-culture system development.     

There are two types of processes that can be used to convert cellulose and hemicellulose to 

ethanol (1) separate hydrolysis and fermentation (SHF) and (2) simultaneous saccharification 

and fermentation (SSF). The SSF may extended to simultaneous saccharification and 

cofermentation (SSCF) when hemicellulose portion is also hydrolyzed simultaneously with 

cellulose and fermentation of glucose and xylose as done either by co-culture or by engineered 

microbe. SSF is found better system than SHF as it overcomes the problem of cellulase enzyme 

inhibition by released sugars but facing challenge for difference in optimal conditions for 

hydrolysis and fermentation [Krishna et al., 2001]. For production of ethanol fermentation is 

carried out mainly in three modes batch, fed-batch and continuous. The choice of fermentation 
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technique is mainly dependent on the kinetic properties of microorganism and type or 

composition of lignocellulose hydrolysate.  

A perennial grass Saccharum spontaneum (Kans grass) used in the present study is native to 

South Asia and occurs throughout India along the sides of the river was selected as the 

lignocellulosic raw material for the present work. Kans grass is a self-seeding, resistant to many 

diseases and pests, tolerant to poor soils, flooding, and drought; improves soil quality and 

prevents erosion due to its type of root system. It uses less water per gram of biomass produced 

than other plants [Singh et al. 2012; Chandel et al. 2009]. It is a C4 plant fixes more carbon 

dioxide than its C3 counterpart. These characteristics make Kans grass biomass (KGB) a novel 

and potential lignocellulosic candidate for production of fuel ethanol via fermentation.   

1.2 Outline 

The thesis consists of six chapters. The first two chapters describe the motivation and 

background of this research. Descriptions of ethanol as a fuel as well as its environmental 

impact are given in Chapter 2. The pretreatment and hydrolysis of lignocellulosic biomass, 

inhibitors and inhibition mechanisms of byproducts released during hydrolysis is reviewed. In 

addition, conditioning processes and fermentation strategies for ethanol production also 

reviewed in this chapter. Chapter 3 describes materials and methods used in the study including 

raw material, hydrolysis, microorganisms and fermentation. Chapter 4 consists of results and 

discussion, the work is presented in three sections A, B and C. Important preliminary findings 

are given in section A, a novel hydrolysis process is discussed in section B and a suitable 

fermentation system is presented in section C. Finally, conclusions and suggestions for future 

studies are presented in Chapter 5 followed by appendixes and list of publications. 
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CHAPTER 2  LITERATURE REVIEW 

2.1 Ethanol 

Ethanol or ethyl alcohol, a 2-carbon alcohol has been used by humans since prehistory as the 

intoxicating ingredient in alcoholic beverages. Ethanol was first prepared synthetically in 1826 

by Henry Hennel in Britain and S. G. Serullas in France. Michael Faraday prepared ethanol by 

acid-catalyzed hydration of ethylene in 1828, a process similar to that used for industrial 

ethanol synthesis today. With the advent of distillation, which appears to have been discovered 

first in ancient Arabia, people were able to obtain beverages with higher ethanol content.  

Ethanol, CH3CH2OH, is a versatile solvent. Its empirical formula is C2H6O. It is a volatile, 

colourless liquid with a slight odour. It burns with a smokeless blue flame. Due to the presence 

of hydroxyl group and a non-polar end, ethanol is miscible in water, many other organic 

solvents and also dissolve non-polar substances. It is a monohydric primary alcohol and its 

boiling point is 78.5°C. It is one of the most exotic oxygen containing organic chemicals 

because of its unique combination of properties as a solvent, a germicide, a beverage, 

antifreeze, a fuel, a depressant, and especially because of its versatility as a chemical 

intermediate for other organic chemicals.    

Today, ethanol is the most dominant biofuel and its global production showed an upward trend 

over the last 25 years with a sharp increase from 2000. Worldwide production capacity in 2005 

and 2006 were about 45 and 49 billion liters per year, respectively and total output in 2015 is 

forecast to reach over 115 billion liters [Licht, 2006].The ethanol produced is mostly used as 

fuels (92%); industrial solvents and chemicals (4%), and beverages (4%) [Logsdon, 2006].  

Ethanol used in the form of gasohol (a mixture of ethanol and gasoline) is considered as an 

alternative fuel for vehicles and its use as fuel is increasing day by day over the globe. The 

major advantage of ethanol is its renewability. The petroleum or fossil fuels took thousands of 

years to generate beneath the earth’s surface, whereas ethanol produced from plant biomass that 

grows only in few months to year. Also we can grow plants according to our need but 

generation of fossil fuels depends on the natural decaying of the living matters under huge 

pressure and very long time. The main reasons for high demand of ethanol as fuel includes: the 

decrease of dependence on foreign crude oil and thus significantly reducing the economy’s 

vulnerability to oil price shocks (very important factor for the country like India), increase the 

job opportunities in rural areas, decrease in the carbon dioxide buildup in the atmosphere, 
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reducing air pollution etc. [Demirbas, 2005]. Ethanol contains 35% oxygen and considered as 

an oxygenated fuel. On combustion it produces carbon dioxide and if derived from a renewable 

source like biomass no net carbon dioxide buildup takes place in the atmosphere. The 

additional advantage of ethanol used as fuel is its octane enhancing property and free water 

removal property which can otherwise plug fuel lines in cold climates [Lang et al., 2001b]. 

The cost and lesser availability of petroleum and natural gas has generated research interest in 

bioconversion processes that makes use of renewable biomass resources for the production of 

fuels and chemical feed stocks. Fermentations under controlled oxygen environment have 

formed the basis for such microbial chemical and fuel production.  By catabolizing organic 

matter, a variety of reduced organic compounds such as ethanol, methane, acetic acid, lactic 

acid and others have been produced in lieu of complete aerobic combustion of such organic 

matters to CO2 and H2O[Zeikus et al., 1983]. 

2.2 Substrates for ethanol production 

Ethanol produced from a petrochemical ethylene by acid catalyzed hydration, also called as 

synthetic ethanol and mainly used as an industrial feedstock or solvent. Approximately 7-9% 

ethanol is produced via this chemical route, consequently 91-93% ethanol is produced via 

biochemical route (fermentation) using any plant biomass and thus referred to as bioethanol. 

Currently the main resources for ethanol production are sugar and starch based materials such 

as sugarcane and grains [Turhan et al., 2010]. Considering the growing demand for human food 

and priority for starving human society could make these raw materials potentially less 

competitive and perhaps expensive feedstock in the near future comparative to lignocellulosic 

materials [Taherzadeh and Karimi, 2007]. The generalized sources of sugars for bioethanol 

production are given in figure 2.1 [Zaldivar et al., 2001]. 

 

file:///I:\Thesis%20Lalit\References\Zeikus%20et%20al.%201983.pdf
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Table 2.1 Comparison of properties of ethanol, ETBE, isooctane and gasoline [Whyman and 

Hinman, 1990] 

Property Ethanol ETBE Isooctane Unleaded  

regular gasoline 

Formula C2H5OH (CH3)3COC2H5 C8H18 C4-C12 

Molecular weight 46.07 102.18 114 -- 

Specific Gravity; 15°C 0.79 0.75 0.69 0.72-0.78 

Air/Fuel stoichiometry (mol) 14.32 42.9 59.68 57.28 

Lower heating value (kJ/kg) 26860 362800 44380 41800-44000 

Energy (kJ/L of standard 

stoichiometric mixture) 

3.53 3.61 3.55 -- 

Octane number 

        RON 

        MON 

        (RON+MON)/2 

 

106 

89 

98 

 

118 

102 

110 

 

100 

100 

100 

 

91-93 

82-84 

88 

Latent heat of vaporization 

(kJ/kg; 15°C) 

840 -- 328 ~335 

Reid vapor pressure, kPa 

          Pure component 

          Blending 

 

16 

83-186 

 

30 

21-34 

 

-- 

-- 

 

-- 

55-103 

Water solubility, %fuel 

           Fuel in water 

           Water in fuel 

 

100 

100 

 

2.0 

0.6 

 

negligible 

negligible 

 

negligible 

negligible  
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Figure 2.1 Sources of sugars for bioethanol production: (1) Crops and (2) Lignocellulose 

biomass; (a) to (e) represents the polymers presents in the biomasses and their monomers are 

mentioned in the brackets respectively; dark coloured arrows represents the sugar moieties in 

the biomasses that can be fermented to the ethanol. 

*
L-rhamnose, L-fructose, uronic acid; 

**
coniferyl, sinapyl, vanillyl. 

(e) Lignin (lignols
**

) 

(a) Sucrose (glucose, fructose) 

1. Crop 

(b) Starch (glucose) 

(c) Cellulose (glucose) 

(d) Hemicellulose (glucose, galactose, mannose, xylose,  

arabinose, others
*
) 

2. Lignocellulose 



10 

 

The most important feedstock utilized in tropical and sub-tropical countries for producing 

ethanol is sugar cane. It is used either in the form of cane juice or cane molasses. Beet molasses 

is the first choice in European countries and recognized as the most utilized sucrose containing 

feedstock. Besides these energy crops, sweet sorghum is also a potential raw material for fuel 

ethanol production. Starch based feedstock like corn and wheat are the most popular in North 

America and Europe for ethanol production. In tropical countries, other starchy crops as tubers 

(e.g. cassava) are used for commercial production of fuel ethanol. 

The conversion of sucrose into ethanol is easier compared to starchy materials and 

lignocellulosic biomass because previous hydrolysis of the feedstock is not required since this 

disaccharide can be broken down by the yeast cells; in addition, the conditioning of the cane 

juice or molasses favors the hydrolysis of sucrose [Cardona and Sanchez, 2007]. 

While sugar cane and corn are dominant sources for ethanol production at present, ethanol 

production from lignocellulosic material has not been proven and is still under development. 

Even though ethanol has not been largely produced from lignocellulosic material due to its high 

cost, it is predicted that the use of this feedstock will increase dramatically in the near future 

and became the main resource for ethanol production, occupying as much as two thirds of total 

ethanol production in 2050 [Rosillo-Calle and Walter, 2006]. 

2.3 Lignocellulosic biomass 

Currently, a large amount of studies regarding the utilizationof lignocellulosic biomass as a 

feedstock for producingfuel ethanol is being carried out worldwide. Forcountries where the 

cultivation of energy crops is difficult,lignocellulosic materials are an attractive option for 

theproduction of biofuels [Cardona and Sanchez, 2007]. 

2.3.1 Availability and importance 

The annual production of cellulose on earth is estimated to be about 1.5 trillion tons making it 

an inexhaustible resource for biofuel. The total agro-residue production in India is estimated to 

be 600 million tons in the year of 2001 out of which 70% is not utilized effectively. 

Theoretically, these agro-residues are equivalent to 150 billion liters of fuel ethanol assuming 

stoichiometric conversion. However, unfortunately, research in India on lignocelluloses based 

ethanol production is in its early phase and for commercial production the suitable technology 

is still awaiting [Kurian and Kishore, 2008]. 

file:///I:\Thesis%20Lalit\References\2010%20TERI.pdf
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2.3.2 Structure and composition 

Lignocellulosic feedstocks are composed of cellulose, hemicellulose, and lignin. The chemical 

association of these polymers is shown in figure 2.2. Cellulose is a homopolymer of glucose, 

while hemicellulose is heteropolymer composed of the hexose sugars e.g. glucose, mannose, 

and galactose, and the pentose sugars e.g. xylose and arabinose [Singh et al., 2011a]. The 

relative proportion of the individual sugars depends on the raw material e.g. the hemicellulose 

fraction of hardwoods and agricultural raw materials is rich in pentose sugars, while softwood 

hemicellulose only contains minor fractions of the pentose sugar D-xylose [Hayn et al., 1993]. 

The cellulose, hemicellulose, and lignin contents in common agricultural residues and wastes 

are given in table 2.2 [Sun and Cheng, 2002]. 
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Figure 2.2 Chemical association in lignocellulosic material: (1) the cellulose backbone with 

length of its basic unit, cellobiose; (2) elementary fibril containing cellulose chains; (3) 

crystalline cellulose; (4) cross section of microfibril, showing strands of cellulose molecules 

embedded in a matrix of hemicellulose and lignin. [source: Fengel and Wegener, 1989]. 
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Table 2.2 The contents of cellulose, hemicellulose, and lignin in common lignocellulosic 

materials. [source: Sun and Cheng, 2002; Jorgensen et al., 2007; Singh et al., 2011a] 

Lignocellulosic materials Cellulose (%) Hemicellulose (%) Lignin (%) 

Hardwoods stems 40-55 24-40 18-25 

Softwood stems 45-50 25-35 25-35 

Nut shells 25-30 25-30 30-40 

Corn cobs 45 35 15 

Grasses 25-40 35-50 10-30 

Paper 85-99 0 0-15 

Wheat straw 30 50 20 

Sorted refuse 60 20 20 

Leaves 15-20 80-85 0 

Cotton seed hairs 85-95 5-20 0 

Newspaper 40-55 25-40 18-30 

Waste papers from chemical 

pulps 

60-70 10-20 5-10 

Solid cattle manure 1.6-4.7 1.4-3.3 2.7-5.7 

Coastal Bermuda grass 25 35.7 6.4 

Switch grass 45 31.4 12.0 

Water-hyacinth 18.4  49.2 3.55 
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2.3.2.1 Cellulose 

Cellulose is a linear chain polysaccharide with multiple units of glucose. The chemical formula 

of cellulose is (C6H10O5)n, contains only carbon, hydrogen and oxygen. The number of 

repeating sugar units is referred as degree of polymerization (DP) and may be calculated as the 

ratio of molecular weight of cellulose to the molecular weight of glucose unit. The softwood 

cellulose and paper manufacturing fibers have average DP values of 3500 and 600-1500 

respectively [Sjostrom, 1993]. Cellulose is the main structural constituent of primary cell wall 

of green plants. The structure of cellulose in the form of recurring units of cellobiose 

(composed of two consecutive anhydride units of glucose) is shown in the figure 2.3. The 

straight chain of cellulose is formed by β-1,4-glycosidic bonds which provides cellulose a 

fibrous, rigid and water insoluble properties. The orientation of glucose residues in this 

conformation results hydrogen bonding between hydroxyl group and oxygen. This bonding 

provides high tensile strength to the molecule and further hydrogen bonding between cellulose 

molecules, build microfibrils (a bundle of 40-70 parallel chains). These microfibrils are 

arranged in such a manner that provides highly ordered crystalline regions in cellulose 

molecule. A free aldehyde group is present at the C-1 position (reducing end) and a free 

hydroxyl group is present at the C-4 position (non-reducing end)[website 1]. Besides the 

crystalline regions some disordered portions called amorphous regions are also present in the 

cellulose molecule which is more susceptible to hydrolysis than the crystalline regions. The 

microfibrils are linked by lignin and hemicellulose moieties [Voet and Voet, 1995]. 

2.3.2.2 Hemicellulose 

Hemicellulose fraction of lignocellulosic material is heterogeneous in nature. It is a complex 

polymer of pentoses (β-D-xylose, α-L-arabinose) and hexoses (β-D-mannose, β-D-glucose, α-

D-galactose). Other sugar moieties like α-L-rhamnose and α-L-fucose may also be present in 

this polymer matrix. Plant biomass contain about 15-35% of hemicellulose fraction in which 

the most important and abundant part is xylan. The secondary cell wall of hardwood and 

herbaceous plants may contain 20-30% xylan fraction [Girio, 2010; Wyman, 1999].Partial 

chemical structure of hardwood hemicellulose (O-acetyl-4-O-methylglucuronoxylan) is shown 

in figure 2.4.Unlike cellulose, hemicellulose is a branched polymer of relatively shorter chain 

length with random, amorphous structure. The hydrolysis of hemicelluloses by mineral acids to 

their soluble sugars (i.e. monomers like xylose, mannose, glucose, galactose etc.) is relatively 

easier as compared to the cellulose [Morohoshi, 1991; Sjostrom, 1993].  
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Figure 2.3 Structure of cellulose as recurring units of cellobiose. [source: Voet and Voet, 

1995]. 

 

 

 

Figure 2.4 Partial chemical structure of hemicellulose of hardwood (O-acetyl-4-O-

methylglucuronoxylan). [source: Fengel and Wegener, 1984]. 



16 

 

2.3.2.3 Lignin 

The other main constituent of cell wall of plant biomass is lignin. It is interspersed between 

cellulose and hemicellulose, cements fibers together which provides structural strength and 

defense against physical, chemical and microbial attacks to the plants. Lignin is a three-

dimensional, stable, high molecular weight compound consisting thousands of phenyl-propane 

units. The complex and random nature of lignin is due to the unsystematic polymerization of 

phenyl-propane units (p-coumaryl, coniferyl and sinapyl alcohols). The quantity of these 

phenyl-propane units known as lignin precursors, shown in figure 2.5, depends on its origin e.g. 

coniferyl alcohol is the primary component in softwood lignin whereas; coniferyl alcohol and 

sinapyl alcohol are found in balanced quantity in hardwood. In grasses, p-coumaryl alcohol is 

the exclusive constituent [Ralph et al., 2004]. Thus lignin may be classified in three main 

categories, softwood, hardwood and grass lignin based on chemical structure of the precursor 

[Takayoshi, 2006]. 

Lignin is hydrophobic in nature but hydroxyl and methoxyl groups present in precursor of 

lignin interact with cellulose microfibrils which can hold significant quantity of water. Lignin is 

highly resistant to chemical and enzymatic degradation provides stiffness to the plants. 

However, even overcoming to this natural defense of lignin by its degradation, the generated 

aromatic compounds are known to highly toxic to fermentation organisms involved in the 

bioconversion of cellulose or hemicellulose to ethanol. A typical structure of lignin is shown in 

figure 2.6 [Website 2]. The main source of lignin is the black liquor of pulp and paper industry. 

Majority of lignin is used as fuel and burned in the recovery boilers. It may also used as a 

source of specialty chemicals to be used in detergent, cosmetic or biosorbent based industries 

[Gardfeldt, 2008]. 
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Figure 2.5  Phenyl-propane units as precursors of lignin (a) p-coumaryl, (b) coniferyl and (c) 

sinapyl alcohols. 

Figure 2.6  A typical lignin structure showing different linkages between precursors. [source: 

Website 2] 

(a)                         (b)                         (c)  
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2.3.3 Categories 

The lignocellulosic materials may be categorized in four major groups based on the source 

from nonfood crops as shown in figure 2.7[Chang et al., 2001; Chen and Liu, 2007; 

Esteghlalian et al., 1997; Saha et al., 2005; Sun and Cheng, 2005; van Walsum and Shi, 2004; 

Rubio et al., 1998].The first group contains forest biomass like wood (hard wood, soft wood) 

and residues (saw dust, bark thinning). Soft wood contains more lignin and less hemicellulose 

(ca. 25% each) in comparison to hard wood (ca. 21% lignin and 30% hemicellulose). The 

second group contains agricultural residues, and these residues may be sub-grouped to food 

crops (corn stover, corn cob, fibers, sugar bagasse, wheat straw, rice straw, rice and oat hull 

etc.) and non-food crops (cotton stalk, cotton gin etc.). The third group is designated as 

herbaceous grass (switch grass, bermuda grass, alfalfa fiber, kans grass, reed canary grass etc.). 

Some waste materials also find a place here in the categories of lignocellulosic biomass which 

have studied by the researchers for ethanol production[Lissens et al., 2004; Li et al., 2007; Hu 

et al., 2008]. These waste materials may be from residential sources (waste paper, waste food) 

or non-residential/industrial sources (waste paper/board, paper mill sludge etc.).    

Among the various lignocellulosic biomaterials perennial crops (e.g. grasses) are promising 

feedstock because of high yields, low costs, and good suitability for low-quality land with 

almost no requirement of water supply for its growth and its availability throughout the year 

[Kataria et al., 2009]. Kans grass (Saccharum spontaneum) having all these properties, was 

selected as the lignocellulosic raw material for the present work. Kans grass is a perennial 

grass, native to South Asia and occurs throughout India along the sides of the river. It grows up 

to three meters in height, with spreading rhizomatous roots. In the Terai-Duar savanna and 

grasslands, a lowland eco region at the base of the Himalaya range in Nepal, India, and Bhutan, 

Kans grass quickly colonises exposed silt plains created each year by the retreating monsoon 

floods, forming almost pure stands on the lowest portions of the floodplain. It is self-seeding, 

resistant to many diseases and pests, and can produce high yields with low applications of 

fertilizer and other chemicals. It is also tolerant to poor soils, flooding, and drought; improves 

soil quality and prevents erosion due to its type of root system. It uses less water per gram of 

biomass produced than other plants [Singh et al., 2011b; Chandel et al., 2009]. These 

characteristics makes Kans grass biomass (KGB) a novel substrate with great potential for the 

production valuable products.  
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Figure 2.7 Categorization of lignocellulosic biomass. 
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2.4 Fermentable sugar production from lignocellulosic biomass 

The process of bioconversion of ethanol from lignocellulosic biomass includes the liberation of 

fermentable sugars from biomass followed by fermentation and distillation to recover ethanol 

from the broth. The carbohydrate polymers are tightly bound to lignin mainly by hydrogen 

bonds and also by some covalent bonds. The pretreatment/hydrolysis processes are used for 

delignification to liberate cellulose and hemicellulose from their complexes with lignin and 

depolymerization of the carbohydrate polymers to produce free sugars. For utilizing 

fermentable sugar potential of lignocellulosic biomass the first requisite is to produce these 

sugars in soluble form from their insoluble polymeric structure for easy bioconversion to 

valuable products using biocatalysts like enzymes, microorganisms or a combination thereof. 

To achieve this objective two types of processes are available (1) single step hydrolysis process 

and (2) pretreatment and hydrolysis in two or more steps i.e. multi-step process. The important 

criteria for a process to be recognized as a good hydrolysis process are as follows: (1) 

maximize fermentable sugar yields, (2) minimize or avoid degradation of produced soluble 

sugars, (3) minimize or avoid the generation of microbial growth inhibiting compounds, and (4) 

be cost effective [Brodeur et al., 2011; Sun and Cheng, 2002]. 

2.4.1 Single step hydrolysis process 

In single step hydrolysis of lignocellulosic biomass comprised only concentrated acid 

hydrolysis process wherein concentrated mineral acid (in most of the cases it is sulfuric acid) is 

added to unhydrolyzed, ground biomass and reacted at a relatively reduced temperature of 

100°C or less. A mixture of monomeric sugars found in the hydrolysate, primarily glucose and 

xylose. The concentrated acid process has a very high sugar yield (>90%), can hydrolyze 

variety of feedstock, is relatively complete and rapid (10-12 h duration), and gives little 

degradation of soluble sugars [Hamelinck et al., 2005]. Clausen and Gaddy (1993) described in 

their patent (US5,188,673)a single step concentrated sulfuric acid hydrolysis of corn stover. 70 

% acid concentration was able to hydrolyze corn stover 100 % (although not in monomeric 

form) at 50°C in 5-10 min. After few modifications finally, 70 % sulfuric acid at 50°C followed 

by dilution to 30-50% at 100°C was found suitable for hydrolysis at 50°C with in 10 min. The 

critical factors needed to make the process economically viable are to minimize the amount of 

acid and optimized sugar recovery from acid-sugar stream for acid recycling. Efforts have been 

made in this direction and membrane separation with 80% acid recovery and continuous ion 

exchange method with over 97% acid recovery; only 2% loss of sugar is achieved. Further acid 

is re-concentrated via multiple effect evaporators. Without acid recovery, large quantity of base 
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preferentially lime or Ca(OH)2 must be used to decrease acidity the sugar solution thus 

generating large quantity of hydrated gypsum is formed and precipitates. It is easily filtered 

from the sugar solution, although its inertness would also allow it to pass harmlessly through 

fermentation and distillation. The gypsum may have some value as an agricultural soil 

conditioner, but can also mean a waste problem when generated in bulk quantity. The low 

temperature and pressure employed allow the use of relatively low cost materials such as 

fiberglass tanks and piping. Although sugar degradation is very low in the case of concentrated 

acid hydrolysis but detoxification process step is generally required to remove or reduce the 

concentration of the inhibitory compounds prior to fermentation as discussed later. Since it is a 

single stage hydrolysis process giving a mixture of pentose and hexose sugars, mainly xylose 

and glucose which needs to separated before going to ethanol fermentation because no native 

strain is quite capable to ferment both type of sugars simultaneously to ethanol. The Arkenol 

Inc. and Masada Resource Group are involved in the concentrated acid hydrolysis of cellulosic 

to ethanol conversion process [Taherzadeh and Karimi, 2007a]. 

2.4.2 Multi step hydrolysis process 

In all other types of hydrolysis processes of lignocellulosic biomass consists two or more steps, 

primarily known as pretreatment of biomass followed by main cellulose hydrolysis process. 

The purpose of pretreatment processes is to remove lignin and hemicellulose, reduce cellulose 

crystallinity and increase the porosity of the biomass. The pretreatment process is generally 

followed by enzymatic hydrolysis of cellulose, catalyzed by cellulase enzyme. The 

pretreatment of lignocellulosic biomass is among the most costly steps and has a major 

influence on the costs of both prior operation like size reduction of the biomass and subsequent 

operations like enzymatic hydrolysis and fermentation. A number of pretreatment processes are 

under intensive research and are broadly categorized as (1) physical, (2) physico-chemical and 

chemical, and (3) biological. The effects of various pretreatment processes on lignocellulosic 

biomass are given in table 2.3. 

2.4.2.1 Physical pretreatment 

Physical pretreatment of lignocellulosic biomass excludes the use of any chemical agent. It 

includes pyrolysis, liquid hot water treatment, mechanical comminution [McMillan, 1994; 

Wyman, 1996]. Pretreatment with gamma-ray, electron-beam and microwave irradiation are 

also under investigation. Feedstocks can be comminuted by an arrangement of chipping, 

grinding and milling to reduce cellulose crystallinity. The size of the materials reduced to 10–

30 mm after chipping and 0.2–2mm after milling or grinding. Vibratory ball milling is also an 
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effective method to reduce cellulose crystallinity of spruce and aspen chips. The power 

requirement of mechanical comminution of lignocellulosic materials depends on the final 

particle size. Mechanical disruption of lignocellulosic material also depolymerizes lignin 

[Inoeu et al., 2008]. Pyrolysis of lignocellulosic materials, at temperatures greater than 300°C 

rapidly break down cellulose and produce gaseous products and char [Kilzer and Broido, 1965; 

Demirbas, 2008; Shafizadeh and Bradbury, 1979].The break down may be much slower and 

less volatile products are formed at lower temperatures. Zinc chloride or sodium carbonate is 

used to break down pure cellulose at lowertemperature. Irradiation s are also investigated and 

found to be an effective means of break down the complex structure of lignocellulosic biomass. 

Yang et al., (2008) used gamma irradiation at 500 kGy and glucose yield of 13.40% was 

obtained from wheat straw. Microwave irradiation of 700 W caused significant weight loss in 

lignocellulosic biomass due to break down of its constituents [Zhu et al., 2005]. 

2.4.2.2Physico-chemical and chemical pretreatment 

The physico-chemical pretreatment process includes mainly steam explosion (autohydrolysis), 

ammonia fiber explosion (AFEX), CO2 explosion, SO2 explosion [Alizadeh et al., 2005; 

Ballesteros et al., 2006; Eklund et al., 1995]. The steam explosion is one of the most 

extensively used pretreatment methods [McMillan, 1994]. Steam at 0.69-4.83MPa used for few 

second to a few min then material is exposed to the atmospheric pressure. Chip size, moisture 

content steam pressure and residence time are the key factors to affect steam explosion [Duff 

and Murray, 1996]. Major drawback of steam explosion includes the destruction of xylan and 

incomplete lignin transformation, and generation of degradation compounds that are inhibitory 

to microbial growth, enzymatic hydrolysis, and fermentation needs to be washed by water thus 

reducing the overall yield of saccharification. Similar to steam explosion ammonia fiber 

explosion is used for pretreatment of biomass. In an AFEX process, 1-2 kg ammonia per kg dry 

biomass is used at 90°C for 30 minutes of residence time, and then the pressure is suddenly 

reduced. This process is effective only for the biomasses of low lignin content [Reshamwala et 

al., 1995; Holtzapple et al., 1991]. Further ammonia must be recovered and recycled after 

pretreatment to protect the environment. CO2 explosion is also used for pretreatment of 

biomass in similar way to the above mentioned two processes but the sugar yield is low as 

compared to steam or ammonia explosion pretreatment after enzymatic hydrolysis. CO2 

explosion was found cost effective in comparison to steam explosion and AFEX processes 

[Zheng et al., 1998].  
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The chemical pretreatment process includes mainly ozonolysis, dilute acid hydrolysis, alkaline 

hydrolysis, organosolv[Karimi et al., 2006; Sidiras and Koukios, 2004; Cara et al., 2008; 

Chaudhary et al., 2012]. The ozonolysis pretreatment process effectively removes lignin and 

does not produce toxic compounds. Although reaction is carried out at room temperature and 

pressure [Vidal and Molinier, 1988] but large quantity of ozone requirement makes this process 

very expensive [Sun and Cheng, 2002].The dilute acid hydrolysis is one of the most extensively 

studied method of pretreatment [Millati et al., 2005; Sanchez et al., 2004; Sues et al., 2005; 

Taherzadeh et al., 1997a; Parmar and Rupasinghe, 2012].The dilute acid process for hydrolysis 

of lignocellulosic biomass consist essentially two stages, whereas, first stage is conducted 

under mild process conditions (e.g. 0.7% sulfuric acid, 190°C) to produce 5-carbon sugars from 

hemicellulosic fraction while in second stage remaining solid i.e. more resistant cellulose is 

hydrolyzed under harsher conditions (215°C, 0.4% acid) to produce 6- carbon sugars. The 

sugar yield of this process is low as compared to the other processes because of the severe 

conditions used the produced sugars gets converted to further degradation products like xylose 

converted to furfural and glucose converted to hydroxymethyl furfural which are also inhibitory 

to the microorganisms used in the subsequent fermentation process[Larsson et al., 2000]. 

Therefore, an additional process step known as detoxification of hydrolysate is used to remove 

or reduce the concentration of these inhibitory compounds prior to fermentation leading to 

enhance the overall cost of the process. Alkaline pretreatment uses bases like sodium hydroxide 

or calcium hydroxide. This process is mainly used for delignification but it also solubilizes 

hemicellulose to some extent and thus reducing the overall fermentable sugar yield. 

Furthermore, this process is effective only for the low lignin content biomasses like straws, 

herbaceous biomass but not for high lignin content biomasses like softwood [Bjerre et al., 

1996]. Iyer et al. (1996) used ammonia recycled percolation process at 170°C for 1 h for 

treatment of corn stover and switchgrass. The concentration of ammonia was ranged from 2.5 

to 20 %. The delignification of both the substrate was found 60-85 %. The organosolv 

pretreatment process typically use an organic or aqueous solvent mixture like methanol, 

ethanol, acetone, ethylene glycol etc in combination with dilute mineral acids like sulfuric acid, 

hydrochloric acid as catalyst [Chum et al., 1988; Sun and Cheng, 2002]. Some organic acids 

can also be used as catalysts in like oxalic acid, salicylic acid etc. it is used for fractionation of 

biomass to hemicellulose, cellulose and lignin leaving a highly digestible substrate. The 

recovery and recycling of solvents from the process vessel is essentially required as the 

solvents may be inhibitory to the microorganisms and enzymes which make this process too 

expensive [Sun and Cheng, 2002]. 
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2.4.2.3 Biological pretreatment 

In the biological pretreatment processes, mainly fungi are used to degrade lignin known as 

biodelignification. Fan et al. (1987) and Akin et al. (1995) reported that white-rot fungi like 

Phanerochaetechrysosporium are the most effective basidiomycetes for biological pretreatment 

of lignocellulosic biomasses. Although biological pretreatment has advantages of low energy 

use at mild reaction conditions, however, the very low hydrolysis rate (few days to weeks) 

impedes its implementation. Other well studied microorganisms are Aspergillusterreus, 

Trichoderma spp.,Pleurotus spp., Lentinusedodes, Streptomyces griseus, Ricinuscommunis and 

genetically engineered Escherichia coli and Klebsiellaoxytoca[Emtiazi et al., 2001; Mukherjee 

and Nandi, 2004; Brienzo et al., 2007; Mukhopadhyay, 2011; Peterson and Ingram, 2008]. 

2.4.2.4 Enzymatic hydrolysis 

The abovementioned pretreatment processes are intended to disturb the crystalline structure of 

cellulose, remove lignin and in some cases hemicellulose too. All these phenomenon leads to 

increase the porosity of the lignocellulosic biomass. Thus hydrolytic enzymes are allowed to 

act into the fibers for efficient hydrolysis of the loosen polymer chains of cellulose and 

hemicellulose [Galbe and Zacchi, 2007]. Three main groups of cellulases are required to 

hydrolyze cellulose viz. endoglucanase (act on low crystalline region to release free chain 

ends), exoglucanase (to produce cellobiose units from the free chain ends), and β-glucosidase 

(to produce glucose from cellobiose units) [Parmar and Rupasinghe, 2013]. For hydrolysis of 

hemicellulose a number of enzymes are required viz. xylanase, β-xylosidase, 

galactomannanase, glucomannanase and others [Roman et al., 2006; Georgieva et al., 2008]. 

The pretreatment processes in which lignin is not removed ligninolytic enzymes are used for 

lignin degradation [Parmar and Rupasinghe, 2012; Kuila et al., 2011]. Lignin peroxidase, 

manganese peroxidase and laccase are the main lignin hydrolyzing enzymes [Mtui and Masalu, 

2008]. 
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Table 2.3 Pretreatment processes and their effect on lignocellulosic biomass 

Pretreatment 

category  

Process Mechanism and possible changes in 

biomass 

Physical 

pretreatment 
Mechanical comminution 

     Ball milling 

     Hammer milling 

     Colloid milling 

Irradiation 

     Gamma-ray irradiation 

     Microwave irradiation 

     Electron beam irradiation 

Others 

Pyrolysis 

Liquid hot water 

      Extrusion 

Decrease particle size 

Increase accessible surface area 

Decrease cellulose crystallinity and its DP 

Partial hydrolysis of hemicellulose 

Partial depolymerization of lignin 

Physico-chemical 

and chemical 

pretreatment  

Explosion  

Steam explosion 

Ammonia fiber explosion 

CO2 explosion 

SO2 explosion 

Alkali  

      Sodium hydroxide 

      Ammonia 

       Lime 

      Ammonium sulfite 

Dilute acid  

      Sulfuric acid 

      Hydrochloric acid 

      Phosphoric acid 

Organosolv 

      Ethanol 

      Benzene 

      Ethylene glycol 

     Butanol 

Oxidant  

Ozone 

     Hydrogen peroxide 

     Wet oxidation 

Decrease cellulose crystallinity and its DP 

Partial or complete hydrolysis of 

hemicellulose 

Delignification 

 

Biological 

pretreatment 

Fungi 

Actinomycetes 

Reduction in DP of cellulose and 

hemicellulose 

Delignification 
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2.4.3 Major constraints of existing technologies 

The greatest technical and economic barrier in the lignocellulosic biomass to ethanol 

production process is believed to be the effective release of protected polysaccharides from the 

complex lignocellulosic biomaterials to fermentable sugars [Eggeman and Elander, 2005; 

Zhang et al., 2007]. Currently a broad range of pretreatment technologies are available for 

improved conversion of sugar moieties of lignocellulosic biomass to ethanol. The existing 

pretreatment/hydrolysis technologies suffer from low sugar yields, and/or severe reaction 

conditions, and/or narrow substrate applicability and high capital investment etc. The physical 

pretreatment processes are highly energy demanding and most of them are unable to remove 

lignin. These methods are not recommended to use at industrial scale. The limitations of the 

existing pretreatment technologies which are extensively studied at laboratory level are 

mentioned in Table 2.4 [Brodeur et al., 2011].  

After through literature survey it was found that mainly three pretreatment/hydrolysis 

technologies for generation of soluble sugars from lignocellulosic biomass are useful and 

applied for large scale industrial production of ethanol: (1) concentrated sulfuric acid 

hydrolysis, (2) two stage dilute sulfuric acid hydrolysis, and (3) dilute sulfuric acid 

pretreatment followed by enzymatic hydrolysis. The concentrated sulfuric acid hydrolysis is 

one of the oldest process discovered by Braconnot in 1819 and are reported to give higher yield 

of glucose (90 % of theoretical maximum), consequently higher ethanol yield compared to the 

other technologies like dilute acid process. The concentrated acid hydrolysis process based 

Arkenol’s technology is used by: Izumi Biorefinery of BlueFire Renewables Inc. and Masada 

Resource Group. The high concentration of acid (30-70 %) makes the process extremely 

corrosive and requires expensive alloys or non-metallic material for construction of the reaction 

vessel. During neutralization production of large amount of gypsum is also problematic. 

Further acid recovery is energy demanding and add costs to the overall process. Besides these 

limitations one of the major drawbacks is the generation of mixed sugar by this process. Since 

no native microorganism is able to ferment both type of sugars efficiently therefore, many time 

xylose and thus hemicellulose fraction is not utilized for the production of ethanol. 

The two stage dilute acid hydrolysis process is used by BC International Corporation US and 

SEKAB in Sweden. Karimi et al. (2006) reported the conditions of two stages dilute acid 

hydrolysis process as: stage I (201°C, 10 min, 0.5% acid) and stage II (234°C, 3 min, 0.5% 

acid). During stage I  80.8 % xylose (theoretical maximum) and 7.3% glucose (theoretical 
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maximum), whereas in stage II 39.3% glucose (theoretical maximum)was obtained. The major 

drawbacks of this process include the generation of toxic compounds and low sugar yield.  

The third main technology dilute acid treatment followed by enzymatic hydrolysis is used by 

Abengoa Bioenergy US and Iogen Corporation Canada. Saha et al. (2005) reported that stage I 

of dilute acid pretreatment (1% acid, 1 h, 121°C) followed by stage II of enzymatic hydrolysis 

(cocktail of cellulase, β-glucosidase, xylanase, 45°, 72 h), 60% saccharification on total 

carbohydrate content basis was achieved. The major drawbacks of this process include the use 

of costly enzyme, longer reaction time and an additional process step of detoxification 

(overliming).    

After comparing all the pretreatment and hydrolysis processes concentrated sulfuric acid 

hydrolysis of lignocellulosic biomass showed dominance and has the advantages over other 

methods like (1) no enzymes are required; (2) broad range of biomass types can be used; (3) 

pretreatment at moderate temperature allows the use of plastic construction materials (this is in 

contrast with dilute acid pre-treatment carried out at temperatures near 180ºC and high 

pressure); (4) the low temperature used limits the production of inhibitory compounds such as 

furfural. 
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Table 2.4 The drawbacks of various pretreatment technologies. 

S. no.  Method  Limitations  

1  Steam explosion  Destruction of a portion of xylan; toxics 

generation; incomplete disruption of lignin-

carbohydrate matrix  

2  AFEX  Not effective for high lignin content like 

newspaper, aspen chips; ammonia must be 

recovered and recycled after the treatment; 

composition barely changed from original  

3  Ozonolysis  Large amount of ozone required; very expensive  

4  Acid hydrolysis  High cost; formation of toxics; corrosion of 

equipment  

5  Alkaline hydrolysis  Long residence time; irrecoverable salt formed and 

incorporated in biomass; dilute NaOH treatment is 

not effective against the high lignin biomasses  

6  Organosolv  Solvents need to be drained from the reactor, 

evaporated, condensed and recycled; high cost  

7  Pyrolysis  High temperature; ash production  

8  Biological  Very low rate of hydrolysis  

9 Mechanical comminution Power consumption usually higher than inherent 

biomass energy 
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2.5 Inhibitors in hydrolysate 

The lignocellulosic hydrolysate contains monomer sugars and a broad range of inhibitory 

compounds [Almeida et al., 2007]. The type and concentration of inhibitory compounds is 

dependent on the composition of lignocellulosic biomass and the pretreatment/hydrolysis 

condition mainly high temperature and acid concentration. These inhibitory compounds are 

known to be toxic for the microorganisms, affect their growth and thus reduce ethanol yield and 

productivity. The level of toxicity of these compounds also depends on the cell physiological 

state, availability of dissolved oxygen concentration and pH of the fermentation medium 

[Taherzadeh et al., 2000]. These compounds mainly reduce the efficient sugar utilization by 

stressing the cells thereby reducing the product formation [Mussatto and Roberto, 2004]. The 

inhibitory compounds as generated during pretreatment/hydrolysis of lignocellulosic biomass 

may be presented in three main groups as: (1) sugar degradation compounds; (2) lignin 

degradation compounds and (3) other lignocellulosic structural compounds [Pienkos and 

Zhang, 2009; Parajo et al., 1998; Olsson and Hahn-Hagerdal, 1996]. 

2.5.1 Sugar degradation compounds 

The two types of sugars pentose and hexose produce different type of inhibitory compounds. 

Pentose sugar produce furfural upon degradation and hexose sugar degrade to give 

hydroxymethyl furfural. During fractionation of lignocellulosic biomass hemicellulose polymer 

produce pentoses like xylose and arabinose which gets converted to furfural if the reaction 

duration is more than 1 h due to dehydration of these sugar moieties [Cruz et al., 2002]. 

Furfural as toxic compound affects the specific growth rate of microorganisms by reducing cell 

biomass yield per unit of ATP (Adenosine-5’-triphosphate, energy carrier within cell) 

[Palmqvist and Hahn-Hagerdal, 2000]. The inhibition of microorganisms by furfural is 

dependent on the concentration of this compound in the media. Roberto et al. (1991) reported 

that above 2 g/L furfural concentration inhibited Pichia stipitis cell completely whereas, 

Delgenes et al. (1996) observed that 1.0 g/L and 2.0 g/L furfural concentration reduced the 

growth of P. stipitis by 47 % and 99 % respectively. Another study [Nigam, 2001] reported that 

ethanol yield was reduced by 90.4 % in the presence of 1.5 g/L furfural by interfering in 

respiration and growth of P. stipitis. Hydroxymethyl furfural (HmF) is produced from the 

hexose sugars like glucose under acidic conditions due to dehydration. Its effect on the growth 

of microorganisms is found similar to that of furfural. Like furfural it reduces the growth rate 

and cell yield by interfering in the activity of dehydrogenases and thus glycolysis [Banerjee et 

al., 1981].It was found by Liu et al. (2004) that HmF is less toxic than furfural on molar basis 
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in case of P. stipitis NRRL Y-7124 and S. cerevisiae NRRL Y-12632. A prolonged lag phase 

was observed at an intermediate concentration of HmF. Z. mobilis was found relatively 

resistant to furfural and HmF than these yeast cells.  

2.5.2Lignin degradation compounds 

Lignin is a very complex polymer of phenolics, aromatic and polyaromatic compounds and 

produces many of these compounds in soluble form during hydrolysis of lignocellulosic 

biomass. According to the Mussatto and Roberto (2004) low molecular weight phenolic 

compounds exhibit more toxicity towards fermentation. Heipieper et al. (1994) and Palmqvist 

and Hahn-Hagerdal (2000) have reported the effect of phenolics on the biological membrane. 

Phenolics cause partition into membranes due to which integrity lost and thus the ability of the 

cell membrane to work as selective barrier affected. The consequences of this phenomenon are 

the reduced sugar transport and growth yield of the cells. The degradation of guaiacylpropane 

unit of lignin produced vanillic acid and vanillin. These compounds were observed in the 

hydrolysate of red oak, poplar and pine [Tran and Chambers, 1985; Clark and Mackei, 1987]. 

Syringyl propane units produce syringaldehyde and syringic acid upon hydrolysis and found in 

hardwood hydrolysate [Tran and Chambers, 1985; Jonsson et al., 1998]. 

2.5.3 Other compounds derived from lignocellulosic structure 

Some compounds like resins, taninic and terpene acid, acetic acid and other weak acids are also 

found in the hydrolysate of lignocellulosic biomass [Mussatto and Roberto, 2004]. These 

compounds may also exhibit toxicity towards microorganisms during fermentation. These are 

basically raw material extractives but produce less inhibition to microbial growth than lignin 

derived compounds [McMillan, 1994].Van Zyl et al. (1991) have reported that toxicity of acetic 

acid depends on the fermentation conditions like pH and dissolved oxygen. Some authors have 

suggested that low concentration (<100 mmol/L) of acetic acid (weak acid) may increase 

ethanol yield whereas, yield decreased at higher concentrations [Larsson et al., 1998].The 

mechanism of growth inhibition due to weak acids is proposed to be due to transport of these 

acids in to cytosol and then dissociation caused due to neutral intracellular pH therefore, 

decreasing cytosolic pH [Axe and Bailey, 1995; Pampulha and Loureiro-Dias, 1989]. 

It is clear from the literature that the inhibitory effect of these toxics varied according to the 

concentration level and the type of microorganism. Thus it is important to analyze the effect of 

these compounds on the selected microorganism before conducting the actual fermentation 

process.  
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Figure 2.8(a) Generalized view of inhibitors generation from lignocellulosic biomass.
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Figure 2.8(b) structures of various inhibitors (i) dehydration reaction of glucose; (ii) 

degradation reaction of pentose and hexose to generate inhibitors; (iii) structures of various 

phenolics compounds generated from lignin degradation. [sourec: Marton et al., 2006]. 

2.6 Conditioning of lignocellulosic hydrolysate 

The term conditioning in respect to liquid lignocellulosic hydrolysate refers the methods to 

treat the hydrolysate to reduce the effect of toxics and prepare the media suitable for 

fermentation [Pienkos and Zhang, 2009]. Many authors mention this method as detoxification 

[Taherzadeh et al., 2000; Mussatto and Roberto, 2004]. The efficiency of conditioning or 

detoxification depends mainly on the type of hydrolysate and the microorganism. The toxicity 

level in each hydrolysate is different due to varied hydrolysis conditions and the raw material. 

Also microorganisms have different degree of tolerance [Larsson et al., 1999] therefore, the 
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choice of conditioning method should consider the degree of toxicity and the characteristics of 

microorganism. The conditioning process may be categorized in three main groups: (1) 

biological, (2) chemical, and (3) physical. In biological and chemical conditioning methods the 

toxic compounds are converted to less toxic compounds and in physical method these 

compounds are removed from the hydrolysate.  

2.6.1 Biological conditioning 

The use of enzymes or microorganisms for bioconversion of the toxics present in the 

hydrolysate to less inhibitory compounds comes under the category of biological conditioning 

of hydrolysate. Laccase and peroxidase enzymes originated from Triametesversicolor used by 

Jonsson et al. (1998) to detoxify wood hydrolysate. They obtained an enhanced sugar 

consumption and ethanol productivity. The probable mechanism for this was oxidative 

polymerization of low molecular phenolics. Schneider (1996) used a mutant species of S. 

cerevisiae and observed that acetic acid concentration was reduced from 6.8 g/L to 0.4 g/L in 

the hydrolysate medium. Another biological approach to enhance the fermentability of 

hydrolysate is known as adaptation of microorganism to the hydrolysate [Parajo et al., 1998; 

Silva and Roberto, 2001]. In this method the cells of one fermentation media is used as 

inoculum for the next fermentation. Thus after successive fermentations the microorganism 

may become adaptive to the inhibitory compounds.  

2.6.2 Chemical conditioning 

The chemical conditioning method is used when acid was utilized to hydrolyze lignocellulosic 

biomass. Since pH of the acid hydrolysate reached to very low value and it must be raised to 

the appropriate level of fermentation for efficient conversion sugars to ethanol by the 

microorganisms. The mechanism of chemical conditioning is based on the precipitation of the 

toxic compounds and change in the degree of toxicity of the some inhibitors by ionization at 

particular pH value [Van Zyl et al., 1998; Martinez et al., 2000]. A very old process known as 

overliming, is very popular and used by many authors for conditioning acid hydrolysate 

[Roberto et al., 1991a; Van Zyl et al., 1998; Martinez et al., 2001; Mohagheghi et al., 2006]. In 

this process the pH of the hydrolysate is raised to a value of 9-10 with Ca(OH)2 resulting 

formation of insoluble gypsum. The pH should be raised to appropriate fermentation pH by 

acid and gypsum as precipitate must be removed by centrifugation (a costly processing step) 

before conducting actual fermentation. Furthermore this process leads significant sugar loss and 

consequently lowers ethanol yield [Pienkos and Zhang, 2009]. Other bases like NaOH, KOH, 

and NH4OHwere also used in conditioning process. It was reported by Mohagheghi et al. 
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(2006) that a significant loss in sugars (35 % xylose, 15 % glucose, 20 % arabinose) was 

occurred at pH 11. The use of activated charcoal (powdered and granulated) is also very well 

studied. It is a low cost material with high absorbance capacity [Mussatto and Roberto, 2001]. 

It is reported by Lee et al. (1999) that the adsorption by using ion exchange resins is very 

effective method of conditioning but its cost is very high as compared to the other methods. 

2.6.3 Physical conditioning 

In physical conditioning approach the toxic compounds are physically removed from the 

hydrolysate. One of the well studied physical conditioning methods is vacuum evaporation 

[Parajo et al., 1997; Larsson et al., 1999; Rodrigues et al., 2001]. In this method the 

concentration of volatile toxic compounds like acetic acid, furfural and vanillin reduced to a 

significant level. The major drawback of this method is the increase in concentration of non-

volatile inhibitors and consequently reduced degree of fermentation. Some other physical 

methods like electrodialysis[Sreenath and Jaffries, 2000], liquid-liquid extraction [Cantarella et 

al., 2004] and supercritical fluid extraction Persson et al., 2002) were also studied but these 

methods are not found suitable for large scale processing of hydrolysate. 

2.7 Fermentation of hydrolysate for ethanol production 

The industrial production of ethanol from lignocellulosic hydrolysate requires such 

microorganisms which have capacity of producing ethanol with high yield and productivity, 

and able to ferment broad range of substrates. The lignocellulosic biomass is a source of both 

pentose and hexose sugars and it is now established that all the sugars liberated from the 

biomass and present in the hydrolysate should be converted to ethanol for making the process 

economically viable [Sims et al., 2010]. Fermentation conditions also play crucial role due to 

specificity of microorganisms. Since the ethanol production is directly linked with the growth 

of microorganism and thus the factors affecting growth should be considered during the 

development of a suitable bioprocess for ethanol production.  

2.7.1 Microorganisms 

The best suited microorganism for ethanol production from lignocellulosic hydrolysate can be 

identified on the basis of performance parameters like growth rate, yield, productivity, ethanol 

tolerance, inhibitor tolerance, genetic stability etc. Dien et al. (2003) and Balat (2010) have 

mentioned the important characteristics required for microorganisms to be suitable for 

industrial production of ethanol. These includes: ethanol yield > 90 % of theoretical; ethanol 

tolerance > 40 g/L; productivity > 1 g/L/h; require inexpensive medium; resistant to inhibitors; 

able to grow at higher temperature and acidic pH to prevent contamination. A wide variety of 



35 

 

microorganisms are investigated for ethanol production but these may be categorized in two 

main groups as: (1) yeast and (2) bacteria. Some selected microorganisms and important 

features are given in table 2.5.  

2.7.1.1 Ethanol producing yeast 

Saccharomyces cerevisiae is the most commonly used yeast known as Baker’s yeast. Ohgren et 

al. (2005) reported that it can also ferment lignocellulose hydrolysate efficiently. The major 

drawback associated with this strain that it cannot utilize xylose for its growth and ethanol 

production because it lacks the enzyme to convert xylose to xylulose [Keshwani and Cheng, 

2009]. Thus the pentose sugars present in the hydrolysate remain unutilized and therefore, it is 

not possible to use full sugar potential of the hydrolysate. To utilize the xylose sugar of 

hydrolysate and significant ethanol production some natural xylose fermenting yeasts like 

Candida shehatae, Candida parapsilosis and Pichia stipitisare reported. The xylose is 

metabolize in these strains because of the presence of xylose reductase (XR) to convert xylose 

to xylitol and xylitol dehydrogenase (XDH) to convert xylitol to xylulose. Among these xylose 

fermenting yeasts P. stipitis is the most efficient, highly productive and shown promise for 

industrial applications [Nigam, 2001; Chandrakant and Bisaria, 1998]. It can ferment xylose 

rapidly with almost no xylitol production with no absolute vitamin requirement and can utilize 

wider range of sugars [Preez et al., 1986]. 

2.7.1.2 Ethanol producing bacteria 

Among the bacteria Zymomonas mobilis is well recognized for its ability to produce ethanol at 

very high rate. Z. mobilis and S. cerevisiae have been reported for glucose fermentation and are 

the most commonly used GRAS (generally recognized as safe) microbes for ethanol 

production. Among these two microorganisms Zymomonas mobilis gives higher ethanol yield 

(5-10%) and is 2.5 times faster in terms of ethanol productivity than Saccharomyces 

cerevisiae[Sprenger, 1996]. Also Zymomonas mobilis is a Gram-negative bacterium follows 

homoethanolfermentation pathway (shown in Figure 2.9) and tolerates up to 120 g/L. Despite 

the robustness of Z. mobilis for ethanol production at industrial level, it is not well suited for 

fermenting sugars obtained from lignocellulosic biomass to ethanol production as it is unable to 

ferment xylose, which contributes up to 30-40% of the total available fermentable sugar in the 

hydrolysate. Other bacteria such as Escherichia coli and Klebsiellaoxytoca also attracted 

interest by showing rapid fermentation, which can be minutes compared to hours for yeast 

[Hayes, 2009]. The major disadvantage associated with E. coli is its narrow pH growth range 

(6.0-8.0). It is less hardy culture than yeast and lack of data on the use of residual cell mass as 
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feed supplement are the main obstacle in its use [Dien et al., 2003; Lin and Tanaka, 2006; 

Balat, 2010]. Some thermophilic anaerobic bacteria have also been reported for ethanol 

production with the advantage to withstand extreme temperatures but very low ethanol 

tolerance (<2 % v/v) prevents their use at industrial scale [Georgieva et al., 2007].The 

metabolic pathway for xylose utilization in bacteria and yeast is shown in figure 2.10. The 

xylulose is produced from xylose and it enters into the central metabolic pathway. 

Mainly two approaches have been identified from literature for bioconversion of both type of 

sugars (pentose and hexose) to ethanol. First approach relied on the use of recombinant 

microorganism developed with the aim to ferment both xylose and glucose to ethanol. These 

include genetically modified strains of S. cerevisiae, Z. mobilis, E. coli and K. oxytoca[Brooks 

and Ingram, 1995; Chu and Lee, 2007; Doran et al. 1994; Ingram et al. 1997; Okuda et al. 

2008; Zhang and Lynd, 2010]. Though the high yield could be achieved from these genetically 

modified organisms (GMO’s), their developmental cost, narrow and neutral pH range, long 

term stability and the utilization of residual cell mass as animal feed like other GRAS 

organisms are the main disadvantages which restrict the use of GMO’s at industrial level. The 

other approach lies in the use of two microorganisms simultaneously in a single fermentation 

system, defined as “co-culture”. The ideal co-culture system involves such combination of 

microorganisms that do not affect each other’s metabolic activities like their growth and, 

competitiveness towards substrate or nutrients should be minimal to maximize the production 

efficiency. 
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Table 2.5 Some selected microorganisms and their features for ethanol production [Limayem 

and Ricke, 2012]. 

Microorganism  Comments  

Saccharomyces cerevisiae  High ethanol yield (90-97% theoretical), high 

ethanol tolerance (ca. 10% w/v), unable to utilize 

xylose (C5 sugar).  

Zymomonas mobilis  5-10% more ethanol per glucose, tolerates ca.12 

% w/v ethanol, unable to utilize xylose (C5 

sugar). 

Pichia stipitis  Naturally ferment xylose to ethanol efficiently, 

conversion efficiency 80-85 %, lower ethanol 

tolerance 4 % w/v, reassimilate formed ethanol.  

Candida shehatae  Ferment xylose, Low ethanol tolerance, low 

ethanol yield, require micro-aerophilic 

conditions. 

Kluveromycesmarxianus Able to grow at high temperature, used in 

SSF/CBP, low ethanol tolerance, low ethanol 

yield from xylose, lower ethanol yield.  

Esherichia coli Able to ferment pentose and hexose sugars, low 

ethanol tolerance, narrow pH and temperature 

range, low tolerance to inhibitors. 

Recombinant strains 

E. coli FBR3, KO11  

S. cerevisiae CPB.CP4 

Z. mobilis CP4 

K. oxytoca M5A1 (pLOI555)  

 

Less hardy cultures, low productivity, plasmids 

carrying required genes are often rejected by 

host, use of residual GMO’s as an ingredient in 

animal feed is still not established. 
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Figure 2.9 The Enter-Doudoroff pathway in Z. mobilis. [source: Zhang, 2003] 
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Figure 2.10 The metabolic pathway to utilize xylose in (i) bacteria and (ii) fungi. [source: 

Karhumaa et al., 2007] 
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2.7.2 Fermentation of hydrolysate 

In many pretreatment/hydrolysis processes of lignocellulosic biomass where lignin is removed 

first and then hemicellulose and cellulose fractions were hydrolyze to release soluble sugars 

like ozonolysis, alkaline pretreatment, organosolv, biological methods or concentrated acid 

treatment, a mixed sugar stream is generated in which both pentose and hexose sugars were 

present. To utilize all sugar potential of lignocellulose hydrolysate for ethanol production no 

native microorganism is available till date and if GMO’s are ruled out to use at industrial level 

the only way remained is the use of a co-culture system to ferment the mixed sugars. In other 

cases where hemicellulose and cellulose are hydrolyzed separately, mono-culture systems may 

be used to ferment xylose and glucose in separate reactor system. It was mentioned in a 

workshop by US Department of Energy (DOE), 2005 that prospects of co-culture fermentation 

is very credible and high-payoff for lignocellulosic to ethanol production. A large number of 

data is available on mono-culture systems whereas limited information is available on the 

development of co-culture systems [Singh et al., 2014]. In either case the fermentation can be 

performed in three modes: (1) batch, (2) fed-batch, and (3) continuous. The kinetic properties 

of microorganisms and type of hydrolysate are the key factors for choosing a suitable mode of 

fermentation along with the process economics [Olsson and Hahn-Hagerdal, 1996; Chandel et 

al., 2007].  

Batch fermentation is a closed system in which the microorganism encounters a high sugar 

concentration at the beginning and high ethanol concentration at the final stage. Batch systems 

are found labour intensive with low productivity [Shama, 1988]. Batch systems are found very 

simple. Except acid or base for pH control and air for aerobic fermentation is added to the 

system after inoculation [Balat, 2010].  

In fed-batch operations microorganisms encounters a low substrate concentration and 

increasing amount of ethanol as time of fermentation progresses. Woods and Mills (1985) 

reported that a yield of 0.41 g/g was achieved in fed-batch mode in comparison to the bath 

mode with only 0.29 g/g yield when xylose was fermented by P. tannophilus RL171. The 

ability to retain maximum viable cell concentration with prolongs life time and high ethanol 

concentrations are the main advantages of fed-batch system over batch cultivation.  

In continuous mode of fermentation, substrate and other nutrients are fed continuously to the 

fermentation system and a product stream containing residual sugar, biomass and ethanol is 

continuously withdrawn from the system. The microorganism encounters a low substrate and 

high ethanol concentration during the fermentation. Continuous cultivation often gives higher 
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productivity than batch system but substrate utilization is not complete and consequently the 

yield is lower. Lawford (1988) reported a threefold increase in productivity of ethanol in 

continuous operation than that in batch mode. For achieving high ethanol productivity along 

with high yield, increased cell density culture or in situ ethanol removal is recommended 

[Ghosh and Ramachandran, 2007]. The high cell density may be achieved in two ways: by cell 

recycling or use of immobilized cell [Singh et al., 2009; Yu et al., 2007]. Using high cell 

density means more carbon is diverted for production of cell mass than ethanol initially. Use of 

immobilized cell adds extra cost to ethanol production due to immobilization procedure 

[Olsson and Hahn-Hagerdal, 1996]. 

In co-culture systems the choice of mode of fermentation depends on the type of microbial 

system used in co-culture. Chen (2011) reported that most of the existing co-culture systems 

were operated in batch mode and some in continuous mode. The major drawback of batch 

mode is that the glucose can suppress xylose fermentation at initial stage as xylose utilization is 

completely inhibited at 2.3 g/L glucose concentration and microorganisms have greater affinity 

towards glucose than that for xylose [Grootjen et al., 1991]. This limitation may be overcome 

by using high fermentative potential microorganism like S. cerevisiae which can convert 

glucose rapidly and lower down its concentration to 2.3 g/L and allowed to ferment xylose. 

Again the high ethanol concentration at the end of glucose fermentation may lead to inhibition 

of xylose fermenting microorganism.  

2.8 Strategies for ethanol production from pretreated lignocellulosic biomass 

For bioconversion of pretreated biomass (primarily composed of hemicellulose and cellulose 

fractions) to ethanol the main strategies are (1) separate hydrolysis and fermentation (SHF) and 

(2) simultaneous saccharification and fermentation (SSF). The SHF consisted of mainly two 

steps: (a) hydrolysis of pretreated biomass using cocktail of enzymes to produce sugar syrup 

and (b) fermentation of the produced sugars to ethanol using microorganisms. Lau and Dale, 

(2009) used SHF and achieved only 40 g/L ethanol concentration from AFEX treated corn 

stover. Shen et al. (2011) reported 15.3 g/g ethanol production from sweet sorghum bagasse 

using SHF. The advantage associated with this strategy is that hydrolysis and fermentation can 

be carried out at their optimal conditions. The inhibition of hydrolyzing enzymes (cellulase and 

β-glucosidase) by the presence of cellobios and glucose above the inhibitory levels and low 

biomass to enzyme ratio are the main disadvantages of SHF [Balat, 2010].    
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When the enzyme hydrolysis and fermentation processes are carried out in single reactor vessel 

at a time then it is called simultaneous saccharification and fermentation (SSF). The glucose 

produced from cellulose hydrolysis is immediately consumed by the microorganisms and 

favorable fermentation conditions lead to ethanol production [Kumar et al., 2009b]. Zhang et 

al. (2010) achieved 64.6 g/L ethanol concentration from steam explosion treated corn stover 

with 30 FPU/g dry mass enzyme loading. The important aspect of SSF is the enhanced enzyme 

hydrolysis due to utilization of sugars by the microorganisms thus prevents the enzyme 

inhibition by sugar concentration [Ramachandran and Hashim, 1990]. The bottleneck of SSF is 

the different optimal conditions (like pH, temperature, substrate concentration) for enzymatic 

hydrolysis and fermentation [Menon and Rao., 2012]. SSF and SHF was compared by Shen et 

al. (2012) for ethanol production from sweet sorghum bagasse. 

To utilize hemicellulose potential of lignocellulosic biomass the SSF is modified to 

simultaneous saccharification and co-fermentation (SSCF) [Hamelinck et al., 2005]. The 

cellulose and hemicellulose fractions are hydrolyzed by cellulase and xylanase respectively and 

giving a mixture of xylose and glucose. Zhang and Lynd (2010) reported ethanol yield of 0.39 

g/g using engineered microorganisms from waste paper sludge from SSCF process. In most of 

the SSCF processes genetically modified strains have been used to ferment xylose and glucose 

in a single reactor system. Whereas, another option, co-culture technique can also be used in 

SSCF.      

The most advance technique in which enzyme production is coupled with cellulose hydrolysis 

and ethanol fermentation is called as consolidated bioprocessing (CBP) or direct microbial 

conversion (DMC) [Balat, 2010]. A modified microorganism is the prime requirement for this 

technology which possesses the characteristics of producing cellulase and ethanol at high yield 

and productivity [Hamelinck et al., 2005]. The challenge is still open to develop a suitable 

engineered microbial strain to be used in CBP. Very low ethanol yields are reported due to 

susceptibility of modified strains towards the ethanol [Zaldivar et al., 2001]. 

2.9 Ethanol recovery 

Ethanol is recovered from the fermentation broth by distillation followed by dehydration. The 

ethanol is concentrated in a rectifying column of distillation unit. From this column ethanol is 

recovered just below the azeotrope (95 %) and called as hydrated ethanol [Hamelinck et al., 

2005]. The solids are removed by centrifugation followed by drying in a rotary drier. The 

hydrated ethanol can be used in high ethanol content fuel like E95, however if ethanol is used 
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to mix with gasoline, the water content should not be more than 1 %. The use of molecular 

sieve (synthetic zeolite adsorbents) is a common method to produce anhydrous ethanol 

[Taherzadeh and Karimi, 2007].  

2.10 Composite discussion on challenges in production of ethanol from lignocellulosic 

biomass 

 Effectively releasing the locked polysaccharides from recalcitrant lignocellulose to 

fermentable sugars is among the greatest technical and economic barriers.  

 The leading lignocellulose pretreatment/hydrolysis technologies suffer from low sugar 

yield, and/or severe reaction conditions, and/or costlier enzymes use, narrow substrate 

applicability, and high capital investment etc. 

 Enzyme hydrolysis process is very slow and time consuming as compared to the acid 

hydrolysis. Further, efficient enzyme recovery and reuse is not addressed well. 

 Hemicellulosic fraction of lignocellulosic biomass comprises about one quarter of the total 

carbohydrate content and must be used for economical production of ethanol like 

commodity product, whereas it is lost in many cases like steam explosion, alkaline 

pretreatment etc. 

 In most of the pretreatment/hydrolysis processes due to severe reaction conditions, the 

soluble sugars liberated further converted to their respective dehydration products like 

furfural (from xylose) and hydroxymethyl furfural (from glucose), thus reducing the overall 

availability of these sugars for bioconversion to valuable products.  

 Since these sugar dehydration products and phenolic compounds generated during the 

hydrolysis process steps are known to be inhibitory to the microorganisms in further 

fermentation thus essentially required to remove or reduce in acceptable concentration.  

Detoxification, an additional process step is used to remove or reduce the concentration of 

these inhibitory compounds. Also 8-10% sugar loss is reported during overliming.  

 In some cases like concentrated acid treatment, mixture of soluble sugars (C5 and C6) 

obtained and no native microorganism is available for efficient bioconversion of these 

sugars to ethanol. 

 The widely accepted ethanol-producing GRAS organisms Saccharomyces cerevisiae and 

Zymomonas mobilis are not able to ferment C5 sugars like xylose. Using these organisms 

alone to ferment the mixture of sugars, C5 sugars remained unutilized, thus reducing the 

overall conversion efficiency.   
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 Though P. stipitis utilize both type of sugars but alone cannot be used because of its low 

ethanol tolerance and productivity. A co-culture system of suitable microorganisms may be 

useful to utilize both types of sugars. 

2.11 The overall process 

Extensive literature survey suggested that the ethanol production from lignocellulosic biomass 

consisted of mainly three steps namely: (1) hydrolysis, (2) fermentation and (3) recovery. 

Furthermore these steps may be divided in various subunits depending on the type of processes 

used. A generalized view in accordance with the existing technologies is given in the figure 

2.11. 

 

 

 

Figure 2.11 A generalized view of ethanol production from lignocellulosic biomass via 

existing technologies. 
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2.12 Objectives 

After going through the literature thoroughly and considering the bottlenecks of the problem 

the following objectives for the present investigation has been fixed. Looking at the advantages 

of using perennial grass as raw material Kans grass (Saccharum spontaneum) was thought to be 

proper for the study.  

(1) To characterization the Kans grass biomass (Saccharum spontaneum). 

(2) To optimizethe process parameters for total reducing sugars. 

(3) To study the effect of toxics including ethanol on growth and performance of 

microorganisms. 

(4) To develop a suitable method that produces maximum TRS (both C5 and C6 sugars) 

with least amount of toxics generation. It was given due importance to get the C5 and 

C6 sugars separately. 

(5) To develop a suitable co-fermentation technique to convert the TRS to ethanol in a 

single stage using two organisms (Z. mobilis and P. stipitis). 
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CHAPTER 3  MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Raw material 

The sample of Kans grass biomass (Saccharum spontaneum) (KGB)was collected from the side 

of the Gang Nahar in Jwalapur (about 20 km from Roorkee), Haridwar (Uttarakhand), India. 

The photograph of the KGB is shown in figure 3.1(a). The sample was chopped in small pieces, 

washed and air dried. After six days of air drying sample was screened to select the fraction of 

particles with the size between 2.36 to 5.60 mm and homogenized in a single lot. The 

homogenized KGB was then oven dried at 70°C for overnight and was analyzed by using 

standard methods for determination of its main composition. Photograph of ready to analyze 

KGB is shown in figure 3.1(b). 

3.1.2 Microorganisms and culture media 

PichiastipitisNCIM 3498 used in the present study was procured from the National Collection 

of Industrial Microorganisms (NCIM), National Chemical Laboratory, Pune, India. The culture 

was grown at 30 ± 0.2°C and stored at 4°C on agar slants of malt-glucose-yeast extract-peptone 

(MGYP) medium contained (g/L): malt extract 3; glucose 10; yeast extract 3; peptone 5 and 

agar 20, pH 6.0 ± 0.2. The medium used for inoculum preparation contained the same 

composition as used for storing except glucose which was replaced by xylose with same 

concentration. The media was sterilized by autoclaving at 121°C for 15 min. 

Zymomonas mobilis MTCC 91 was procured from Microbial Type Culture Collection and Gene 

Bank (MTCC), Institute of Microbial Technology (IMT) Chandigarh, India. The growth media 

of Z. mobilisconsisted (g/L): glucose 20; yeast extract 5; MgCl2 0.1; (NH4)2SO4 0.1; KH2PO4 

0.1. pH was adjusted to 5.0 ± 0.2. The media was sterilized by autoclaving at 121°C for 15 min 

wherein glucose was sterilized separately and mixed with other media components in laminar 

flow chamber under sterilized conditions.  

All chemicals used in the study were of analytical grade and procured from HIMEDIA 

Laboratories, Mumbai and S D Fine-Chem Limited, (SDFCL) Mumbai. The chemicals were 

used as received. 
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Figure 3.1(a) Photograph of KGBas collected from the side of the Gang Nahar in Jwalapur 

(about 20 km from Roorkee), Haridwar (Uttarakhand), India in the month of September 2009. 

 

Figure 3.1(b) Photograph of ready to analyze KGB sample. 
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3.1.3 Fermentation media 

(a) P. stipitis fermentation 

The synthetic fermentation media of P. stipitis was composed of (g/L): yeast extract 1.0; 

(NH4)2HPO4 2.0; (NH4)2SO4 1.0; MgSO4·7H2O 0.25; and trace element solution of 1 ml/L. The 

trace element solution contained (g/L): CuSO4·H2O 2.5; FeCl3·6H2O 2.7; MnSO4·H2O 1.7; 

Na2Mo2O4·2H2O 2.42; ZnSO4·7H2O 2.87; CaCl2·6H2O 2.4 and medium pH was adjusted to 6.0 

± 0.2 with concentrated H2SO4 (98%) of 0.5 ml/L. The media was sterilized by autoclaving at 

121°C for 15 min. The sugar solution contained glucose 6.0 g/L and xylose 60.0 g/L was 

sterilized separately and mixed with other media components under aseptic conditions. The 

hydrolysate fermentation media was prepared by replacing sugar solution from KGB 

hydrolysate. Other constituents were same as present in synthetic media. The synthetic medium 

was used to compare the fermentation parameters. 

(b) Z. mobilis fermentation  

The synthetic fermentation media of Z. mobilis was composed of (g/L): glucose 100; 

(NH4)2SO4 1.0; KH2PO4 0.02; MgSO4 0.5; Yeast extract 6.5 and media pH was adjusted to 5.5 

± 0.2. The media was sterilized by autoclaving at 121°C for 15 min wherein glucose was 

sterilized separately and mixed with other media components in laminar flow chamber under 

sterilized conditions. The hydrolysate fermentation media was prepared by replacing sugar 

solution from KGB hydrolysate. Other constituents were same as present in synthetic media. 

The synthetic medium was used to compare the fermentation parameters. 

3.1.4 Compositional analysis of KGB 

Cellulose estimation: (a) acetic/nitric reagent: prepared by mixing 150 ml of 80% acetic acid 

15 ml concentrated nitric acid; (b) anthrone reagent: prepared freshly by dissolving 0.2 g 

anthrone in 100 ml concentrated H2SO4 and chilled in ice cold water for 2 h prior to use and (c) 

cellulose; (d) H2SO4 (67 % v/v). 

Hemicellulose estimation: (a) Neutral detergent solution (NDS): 18.61 g disodium 

ethylenediaminetetraacetate and 6.81 g sodium borate decahydrate were dissolved in 200 ml 

distilled water in 1 L beaker. 200 ml solution of 30 g sodium lauryl sulfate and 10 ml 2-ethoxy 

ethanol was added to it. 4.5 g disodium hydrogen phosphate was dissolved in 100 ml distilled 

water and added to above said solution. Finally volume was made up to 1 L with distilled water 

and pH was adjusted to 7.0; (b) decahydronaphthalene; (c) sodium sulphite; (d) acetone; (e) 

acid detergent solution (ADS): 20 g cetyltrimethyl ammonium bromide (CTAB) was mixed 

with 1 L, 1N H2SO4.   
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Lignin estimation: (a) H2SO4: 72 % w/w (ca. 12M H2SO4); (b) Deionized water.  

3.1.5 Total reducing sugar (TRS) estimation 

(a) sodium potassium tartrate solution: 200 g Rochelle salt was dissolved in 500 ml distilled 

water; (b) dinitrosalicylic acid reagent (DNS reagent): 1 g dinitrosalicylic acid, 0.2g crystalline 

phenol and 0.05 g sodium sulphite were dissolved by stirring in 100 ml 1% NaOH; (c) Stock 

solution: 0.1 g glucose was dissolved in 100 ml distilled water. 

3.1.6 Xylose estimation 

(a) thiourea (ca. 4 g) was mixed in 100 ml of glacial acetic acid; (b) 2 g p-bromoaniline was 

dissolved in 100 ml of acetic acid saturated with thiourea solution; (c) Stock solution: 0.1 g D-

xylose was dissolved in 100 ml distilled water. 

3.1.7 Ethanol estimation 

(a) K2Cr2O7 reagent: 34 g of K2Cr2O7 was dissolved in 500 ml distilled water and 325 ml 

concentrated sulfuric acid; (b) 2 M NaOH solution; (c) stock solution of ethanol: 1 g/L stock 

solution of ethanol (AR) was prepared carefully. Deionized water was used for serial dilution to 

obtain various concentrations of ethanol. 

3.1.8 Furfural estimation 

(a) Furfural stock (0.10 mg/ml); (b) aniline (90%); (c) conc. HCl; (d) ethanol (50%). 

3.1.9 Hydroxymethyl furfural 

(a) Carrez I (15 g potassium ferrocyanide, K4FeCN6.3H2O, was dissolved in d.w. and diluted to 

100 ml); (b) Carrez II (30 g zinc acetate, Zn(CH3COO)2.2H2O, was dissolved in d.w. and 

diluted to 100 ml); (c) sodium bisulfite: freshly prepared (0.2 g solid NaHSO3 was dissolved in 

100 ml d.w.). 

3.1.10 Total phenolics estimation 

(a) Gallic acid (0.5 g/L): stock solution was prepared by dissolving 0.05 g gallic acid in 10 ml 

ethanol and diluted to 100 ml with d.w.; (b) Folin-Ciocalteau reagent; (c) sodium carbonate 

solution (200 g anhydrous Na2CO3 was dissolved in 800 ml d.w. and boiled and after cooling 

few crystals of Na2CO3 was added, the solution was kept at room temperature for 24 h then 

filtered and d.w. was added to bring the volume to 1000 ml).  
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3.1.11 Media for viable cell estimation 

(a) glucose-yeast extract-peptone (GYP) media contained (g/L): glucose 10; yeast extract 5; 

peptone 5; agar 15; (b) xylose-yeast extract-peptone (XYP) media contained (g/L): xylose 10; 

yeast extract 5; peptone 5; agar 15. 

3.2 Analytical methods 

3.2.1 Cellulose estimation 

A simple and rapid colorimetric method was used for quantitative estimation of cellulose in the 

KGB samples [Updegraff, 1969]. In this method lignin and hemicellulose fractions were 

extracted with acetic/nitric acid reagent and remaining cellulose was dissolved in 67% (v/v) 

H2SO4 and determined by anthrone reagent. The method was based on the principle that 

cellulose undergoes acetolysis with acetic/nitric reagent forming acetylated cellodextrins which 

get dissolved and hydrolyzed to form glucose molecules on treatment with 67% H2SO4. The 

glucose molecules are dehydrated to form hydroxymethyl furfural which forms green colored 

product with anthrone and the color intensity is measured at 620 nm.  

Preparation of standard curve 

To prepare stock standard, 50 mg pure cellulose was dried for 6 h at 105°C and cooled in 

desiccators and dissolved in 10 ml 67% H2SO4. Then the solution was diluted to 500 ml with 

distilled water to obtain 100 µg cellulose/ml concentration. This stock solution was further 

diluted to obtain 50, 100, 150, 200, 250 µg/ml concentration and final volume was adjusted to 5 

ml. Standard curve was prepared between cellulose concentration (µg/ml) and OD at 620 nm 

and given in figure 3.2. 
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Figure 3.2 Calibration curve for cellulose estimation. 
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3.2.2 Hemicellulose estimation 

The hemicellulose content of KGB was determined quantitatively by subtracting NDF to ADF 

[Goering and Van Soest, 1970]. Refluxing the lignocellulosic material with neutral detergent 

solution removes the water soluble materials other than the fibrous component. The left out 

material was weighed after filtration and expressed as Neutral Detergent Fiber (NDF). An 

acidified quaternary detergent solution was used to dissolve cell soluble and hemicellulose, 

leaving the residue of cellulose, lignin and minerals (ash). Acid detergent fiber (ADF) was 

determined gravimetrically as the residue remaining after extraction. A flow diagram of the 

process is given in Appendix A2.  

Calculations: Following formulae were used:   

% NDF or % ADF =  

where, w1 = weight of crucible (g);  w2 = initial sample weight (g); w3 = weight of crucible 

and dried fiber (g) after treatment 

 DM = total dried matter in sample (estimated separately and given as  

  % DM =  

  % Hemicellulose = (NDF – ADF)  

3.2.3 Lignin estimation 

The quantitative estimation of total lignin in a given lignocellulosic biomass was done 

according to Laboratory Analytical Procedures [Templeton and Ehrman, 1995 and Ehrman, 

1996]. The Klason lignin determination was based on the principle that the residue remaining 

after extensive acid hydrolysis of the biomass sample, corrected for its ash content is referred to 

as acid insoluble lignin (AIL). A small portion of lignin was solubilized during the hydrolysis 

process and referred as acid soluble lignin (ASL). Addition of these two (AIL and ASL) gives 

the total lignin content of the given biomass sample. A process flow diagram is given in 

Appendix A3.  

Calculations 

Following formulae were used: 

% AIL =  

where, w1 = initial sample weight (dried at 105°C) in g; w2 = weight of crucible, AIL and acid 

insoluble ash in g 
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 w3 = weight of crucible and acid insoluble ash in g  

% ASL =  

where, A = absorbance at 205 nm 

  b = cell path length (1 cm) 

  a = absorptivity (110 L/g cm) 

 df = dilution factor 

  V = volume of filtrate in L  

  % Total lignin = (AIL + ASL)  

3.2.4 Ash estimation 

The ash content is an approximate measure of the mineral content and other inorganic matter 

present in biomass. The quantitative estimation of ash content in the KGB was done according 

to the method described in Laboratory Analytical Procedure [Ehrman, 1994]. The residue 

remaining after the dry oxidation of (oxidation at 550 to 600°C) of biomass gives the ash 

content present in that biomass. The process flow diagram is given in Appendix A4.   

Calculations 

Following formula was used: 

 % Ash =  

where, W1 = weight of (crucible + ash) – weight of crucible in g 

  W2 = weight of (crucible + sample) – weight of crucible in g 

3.2.5 Total reducing sugar estimation 

Total reducing sugar (TRS) was estimated by using dinitrosalicylic acid (DNS) reagent [Miller, 

1959]. It is rapid, sensitive and adoptable during handling of a large number of samples at a 

time. Stock solution of glucose was used for preparation of calibration curve. 

Procedure 

1 ml properly diluted sugar solution was taken and 2 ml freshly prepared DNS reagent was 

added. The content was kept in a boiling water bath for 5 min. When the content was still at 

warm condition, 1ml 40% Rochelle salt solution was added. Cooled and 17 ml distilled water 

was added.  
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The intensity of the color developed was recorded at 575 nm against blank. The blank was 

prepared by replacing sugar solution with equal amount of distilled water. A series of standards 

using glucose stock solution was run to prepare the calibration curve (glucose, mg/ml vs. OD). 

The calibration curve of glucose for TRS estimation is given in figure 3.3. For estimation of 

reducing sugar concentration in the sample, 1 ml properly diluted sample was used in place of 

glucose stock solution and rest procedure was same as mentioned above. The calibration curve 

was used to calculate final concentration of reducing sugar in the sample. 

3.2.6 Xylose estimation 

The method was based on the formation of furfural from xylose (pentose sugar) in acetic acid 

containing thiourea at 70°C and the reaction of furfural with p-bromoaniline acetate to form a 

pink colored compound [Roe and Rice, 1947]. Stock solution of xylose was used for 

preparation of calibration curve. 

Procedure 

In a routine assay, 1 ml of p-bromoaniline reagent was added to 0.2 ml sample and standard 

solutions for both the tests and the corresponding blank. Blank was used to correct the furfural 

already present in the sample. The tests and blanks were prepared in an identical manner, 

except that all tests were placed in 70°C water bath for 10 min while all blanks were kept at 

room temperature only. All the tubes were then incubated in dark at room temperature for 70 

min. the absorbance of all tests and corresponding blanks were read at 520 nm using 

spectrophotometer. A calibration curve was prepared using different concentrations of xylose 

(prepared from stock solution) vs. OD and given in figure 3.4. 

3.2.7 Ethanol estimation 

(A) Colorimetric method: This method is based on the principle that under acidic conditions 

ethanol is oxidized to acetaldehyde by potassium dichromate and acetaldehyde is self oxidized 

to acetic acid: 

 

The intensity of green color thus produced can be measured by spectrophotometer and 

compared to known ethanol concentration using calibration curve to estimate the ethanol 

concentration in the original sample. The stock solution of ethanol was used to prepare 

calibration curve of ethanol.  
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Figure 3.3 Calibration curve of glucose for reducing sugar estimation. 

 

 

Figure 3.4 Calibration curve of xylose for pentose sugar estimation. 
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Procedure 

1 ml sample of different concentrations of the stock solution were taken in test tubes and 3 ml 

K2Cr2O7 reagent was added to each. Then kept at 60°C in a water bath for 30 min. ca. 2 ml 2M 

NaOH was added to remove excess dichromate. Absorbance was recorded at 600 nm against 

blank (where ethanol sample was replaced with deionized water and processed simultaneously 

with the samples). A calibration curve was prepared between OD vs. ethanol concentration 

figure 3.5. For estimation of ethanol concentration in the broth sample the following steps were 

followed: 

 

(B) GC method: Ethanol was estimated by Gas Chromatography (DANI) equipped with a 

flame ionization detector and Solgel wax column. Nitrogen gas was used as mobile phase at a 

flow rate of 30 ml/min. The injector, detector and oven temperatures were maintained at 200°C, 

200°C and 150°C respectively. Prior to GC analysis, the collected samples were diluted 

appropriately with deionized water and filtered using 0.2 µm membrane filter and kept at 4°C 

to prevent microbial growth. 

3.2.8 Biomass estimation 

(a) P. stipitis: Microbial biomass growth of P. stipitis was measured turbidometrically at 600 

nm by diluting samples in the ratio 1:5 with 1 N HCl (to dissolve calcium salts), using a cuvette 

with 1 cm light path in Double Beam UV-VIS spectrophotometer (Cary 100, Varian) and 

culture dry weight was measured by centrifugation and drying cells at 105±2°C for 4 h, cooled 

in desiccators at room temperature and reweighed until no weight change between consecutive 

measurements was observed. A calibration curve of OD vs. cell concentration was prepared 

figure 3.6. 
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Figure 3.5 Calibration curve for ethanol estimation. 

 

Figure 3.6 Calibration curve for biomass estimation of P. stipitis.  
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(b) Z. mobilis:  

The broth samples collected at different time intervals were centrifuged at 5000 rpm for 10 min 

and pellets were re-suspended in minimum amount of distilled water. After appropriate dilution 

absorbance was recorded at 600 nm and cell concentration was obtained by using calibration 

curve of Z. mobilis. The calibration curve for Z. mobilis was prepared in the similar manner as 

mentioned for P. stipitis and given in figure 3.7. 

(c) Viable cell concentration 

The samples withdrawn from the bioreactor were immediately centrifuged at 5000 rpm at 8°C 

for 10 min. The supernatant and pellets were separated aseptically. The pellets were re-

suspended appropriately diluted appropriately (ca. 10
5
 times) with sterilized distilled water and 

used for viable cell count. The diluted cell suspension was plated out onto appropriate agar 

plate and incubated for 48 h. Plates containing maximum up to 200 colonies were used to 

calculate the viable cell concentration (cfu/ml). Two types of agar plates were used (GYP and 

XYP media). The plates were incubated at 30°C for 48 h. The colonies of both type of 

microorganisms, yeast and bacterium were appeared on the first type of plate (GYP) whereas, 

only yeast colonies were present on the second type of plate (XYP) as xylose was assimilated 

by P. stipitis cells and not by the Z. mobilis. The concentration of cells was calculated through 

the enumeration of cells from GYP and XYP plates. The difference between numbers of 

colonies on GYP to XYP was referred as the Z. mobilis cell concentration (cfu/ml), whereas 

numbers of cells on XYP was referred as P. stipitis cell concentration (cfu/ml). Furthermore the 

P. stipitis colonies were larger and opaque, whereas Z. mobilis colonies were smaller with a 

clear edge. For a particular co-culture sample the number of colonies of P. stipitis on GYP and 

XYP were more or less (maximum 5% difference was allowed).        

3.2.9 Furfural estimation 

Furfural derived from xylose degradation during the hydrolysis of lignocellulosic biomass need 

to be estimated due to its toxicity in further fermentation process. The estimation of furfural in 

the lignocellulosic hydrolysate was based on the method given by Al-Showiman (1998). A 

calibration curve was prepared with different concentrations of furfural (ranging from 0.01 to 

0.10 mg/ml). For this a stock of furfural (0.10 mg/ml) was prepared and serially diluted in 50% 

ethanol. 1 ml of stock solution of various concentrations of furfural was taken in test tubes and 

1 ml aniline (90%) and 0.25 ml conc. HCl were added and volume was made up to 5 ml. All 

the tubes along with blank were kept in dark for 15 min at room temperature. The absorbance 

was recorded at 510 nm (obtained by scanning the standard sample). The blank was prepared 



59 

 

by replacing furfural to ethanol (50%). All the samples were prepared in triplicate and average 

OD values were taken for plotting calibration graph. The calibration curve was a plot of 

absorbance vs concentration of standard furfural samples and shown in figure 3.8. The 

calibration graph gave a linear relationship (R
2
=0.990) over the range of 10 ppm to 100 ppm. 

3.2.10 Hydroxymethyl furfural estimation 

Hydroxymethyl furfural (HmF) generated during acid hydrolysis of lignocellulosic biomass as 

a result of glucose (C6) degradation. The HmF concentration was measured in the hydrolysate 

by using the method proposed by White (1979) and Beer-Lambert law was used for 

calculations. The estimation of HmF was based on the measurement of UV absorbance of HmF 

at 284 nm. In order to avoid the interference of other components at this wave length, the 

difference between the absorbance of a clear aqueous solution and the same solution after 

addition of bisulfate was determined. The HmF content was calculated after subtraction of the 

background absorbance at 336 nm. Appropriately diluted 5 ml hydrolysate solution was taken 

in a test tube and 0.5 ml Carrez I (15 g potassium ferrocyanide, K4FeCN6.3H2O, was dissolved 

in d.w. and diluted to 100 ml) solution was added to it. After mixing the content freshly 

prepared 0.5 ml Carrez II (30 g zinc acetate, Zn(CH3COO)2.2H2O, was dissolved in d.w. and 

diluted to 100 ml) solution was added and mixed well using vortex mixer. The solution was 

then filtered and first 2 ml was discarded and 1 ml sample filtrate was taken in a separate test 

tube. 5 ml d.w. was then added to the sample filtrate tube and 5 ml freshly prepared sodium 

bisulfite (0.2 g solid NaHSO3 was dissolved in 100 ml d.w.) solution was added to the 

reference tube. The content of all the tubes were well mixed and dilution (if required) were 

made with d.w. and sodium bisulfite respectively for sample and reference. Absorbance of 

sample and reference was measured at 284 nm and 336 nm respectively. All the sample and 

reference were prepared in duplicate and average value of OD was taken for calculation. 

Concentration of HmF was calculated by using Beer-Lambert law as follows:   

 

Where, A = (absorbance of sample at 284 nm, A284 – absorbance of reference at 336 nm, A336)     

   = molar absorptivity of HmF at 284 nm = 16830 L/ mol . cm  

  l = path length = 1 cm 

  D = dilution factor 
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i.e.  
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Figure 3.7 Calibration curve for biomass estimation of Z. mobilis.  

 

Figure 3.8 Calibration curve of furfural. 
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3.2.11 Total phenolics estimation 

A variety of phenolics or aromatic compounds generated from lignin fraction of lignocellulosic 

biomass during its hydrolysis. These compounds are known to be inhibitory to the 

microorganisms. Estimation of these phenolic compounds and reporting the values in a single 

number is essentially required to monitor the concentration of these toxics in hydrolysate. The 

widely used method, Folin-Ciocalteau (FC) colorimetry[Waterhouse, 2002] was used and gallic 

acid was taken as model compound. Folin-Ciocalteaucolorimetry is based on the chemical 

reduction of the reagent, a mixture of tungsten and molybdenum oxides. The products of metal 

oxide reduction have a blue color that exhibit a broad light absorbance with a maximum at 765 

nm wave length. The intensity of light absorbance is proportional to the concentration of 

phenols.  

A calibration curve was prepared using different concentrations of gallic acid. The stock 

solution (0.5 g/L) of gallic acid was prepared by dissolving 0.05 g gallic acid in 10 ml ethanol 

and diluted to 100 ml with d.w. Different dilutions ranging from 50 to 500 mg/ml were made 

using d.w. From these dilutions, 20 µL standard solution was taken in glass cuvette. 1.58 ml 

d.w. and 100 µL FC reagent was added. The content was thoroughly mixed by pipetting and 

kept for 5 min. 300 µL sodium carbonate solution (200 g anhydrous Na2CO3 was dissolved in 

800 ml d.w. and boiled and after cooling few crystals of Na2CO3 was added, the solution was 

kept at room temperature for 24 h then filtered and d.w. was added to bring the volume to 1000 

ml) mixed and incubated at room temperature for 24 h. The absorbance was recorded at 765 nm 

against the blank which was prepared by replacing gallic acid solution with d.w. in the same 

amount. All the samples were prepared in triplicate and average value of absorbance was used 

to prepare calibration curve. The calibration graph (figure 3.9) between gallic acid 

concentration (mg/L) and OD values was found linear with R
2
 = 0.994. The calibration curve 

was used to determine the total phenolics in the hydrolysate sample in terms of gallic acid 

equivalents (GAE) with unit mg/L.    
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Figure 3.9 Calibration curve for total phenolics estimation as gallic acid equivalant (GAE). 
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3.2.12 Scanning Electron Microscopy 

The structural changes in the KGB during treatment were qualitatively studied using Scanning 

electron microscopy (SEM). The native and treated samples of KGB were washed twice with 

deionized water and dried. The dry samples were mounted on aluminum stubs. A thin layer of 

gold was sputtered on to the mounted samples to reduce electron altering effects. Finally, the 

gold coated samples were observed with a scanning electron microscope (LEO Electron 

Microscopy Ltd, Cambridge, England; model: LEO 435 VF) equipped with Robinson detector 

and at the accelerating voltage of 15kV. 

3.3 Processes 

3.3.1 Characterization of KGB 

The aforementioned (section 3.1.1) KGB sample was analyzed for its major components viz. 

cellulose, hemicellulose, lignin (soluble and insoluble) and ash content. The complete process 

flow sheets for cellulose, hemicellulose (NDF and ADF estimation), lignin (ASL and AIL) and 

ash content are given in Appendix A1, A2, A3 and A4 respectively. 

3.3.2 Optimization of TRS production from KGB by single step hydrolysis 

The effect of variables, acid concentration (A), biomass loading (B) and reaction time (C) were 

studied for total reducing sugar production from KGB. The acid used in the present 

investigation was H2SO4. 

Scheme 

Acid hydrolysis experiments of KGB were carried out in Erlenmeyer flasks as per the 

experimental plan. The experimental range and levels of independent variables i.e. acid 

concentration (A), biomass loading (B) and reaction time (C) are laid down in table 3.1. 

Operating temperature was kept constant for all experiments at 100°C i.e. normal boiling 

temperature of water at standard atmospheric condition. All the experiments were carried out in 

triplicate and mean of three readings were taken as result for a particular experiment.  
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Table 3.1 Experimental range and levels of independent variables 

Independent variables Symbol Range and levels 

-α -1 0 +1 + α 

Acid Concentration, % (w/w) A 33.18 40 50 60 66.82 

Biomass loading, % (w/v) B 1.59 5 10 15 18.41 

Reaction time (min) C 9.55 30 60 90 110.45 

 

Experimental design and RSM 

In the experimental plan, response surface methodology (RSM) was utilized to optimize the 

hydrolysis process and a 2
3
 rotatable central composite design (CCD) was adopted in order to 

fit a second order model and the design consisted of 20 set of experiments. It included eight 

experiments for factorial portion (2
k
=8, where k is the number of independent variables, 3 in 

this case), six experiments for axial points (2k=6) and six replications of the center point used 

to check the reliability of the data for lack of fit test (Montgomery, 2001). The value of α was 

calculated as 1.682 where α= 2
k/4

, (k=3, the number of variables).The details of experimental 

design with coded and actual levels of each factor are summarized in table 3.2.  

The second order empirical model was selected that relates the response to the independent 

factors for predicting the optima point. The complete second order polynomial model equation 

(3.1) to be fitted to the yield values was expressed as: 

 Y=β0 + β1A + β2B + β3C + β11A
2
 + β22B

2
 + β33C

2
 + β12AB + β13AC + β23BC  (3.1) 

where, Y represents response variable i.e. total reducing sugar in % (g TRS/g total 

carbohydrate content, TCC). β0is offset value,  β1, β2 and β3 are coefficients of linear terms, β11, 

β22 and β33 are coefficients of quadratic terms and β12, β13 and β23 are coefficients of interactive 

terms.  

Statistical analysis  

The statistical software package Design–Expert
®

8.0, Stat–Ease Inc., Minneapolis, MN, USA 

was used for experimental design and subsequent regression and graphical analysis of the 

experimental data. All experiments were done in triplicate, and the average TRS produced was 

taken as the response. 
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Table 3.2 Central composite design consisting of 20 experiments (coded and actual units). 

Run 

no. 

Variables 

Coded Actual 

A B C A B C 

1 -1 -1 -1 40 5 30 

2 1 -1 -1 60 5 30 

3 -1 1 -1 40 15 30 

4 1 1 -1 60 15 30 

5 -1 -1 1 40 5 90 

6 1 -1 1 60 5 90 

7 -1 1 1 40 15 90 

8 1 1 1 60 15 90 

9 -1.682 0 0 33.18 10 60 

10 1.682 0 0 66.82 10 60 

11 0 -1.682 0 50 1.59 60 

12 0 1.682 0 50 18.41 60 

13 0 0 -1.682 50 10 9.55 

14 0 0 1.682 50 10 110.45 

15 0 0 0 50 10 60 

16 0 0 0 50 10 60 

17 0 0 0 50 10 60 

18 0 0 0 50 10 60 

19 0 0 0 50 10 60 

20 0 0 0 50 10 60 
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3.3.3 Dilute acid hydrolysis (single step) and pentose fermentation 

Dilute acid hydrolysis of KGB 

The oven dried sample of KGB was refluxed with 2% sulfuric acid (1:10 biomass to acid ratio) 

for a period of 6 h at 100°C, in conical flasks with occasional stirring. Hydrolysate (liquid 

portion) was filtered to separate the unhydrolysed solid residue. Solid residue was then rinsed 

with warm water to recover the rest of soluble sugar and added to the filtrate.  

Conditioning of KGB acid hydrolysate medium 

The two steps process was used to remove or reduce the concentration of toxic compounds, 

generated during the acid hydrolysis of KGB. In first step the concentration of volatile 

components were reduced by heating the acid hydrolysate (1L) at 100°C for 15 min and made 

up the loss with hot distilled water. In the second step pH of the acid hydrolysate was raised to 

2.0 with 1N NaOH and then overlimed with solid Ca(OH)2 up to pH 10.0 in combination with 

0.1% sodium sulfite. Liquor was then filtered to remove insolubles and re-acidified to pH 6.0 ± 

0.2 with 1 N sulfuric acid. The filtrate was concentrated under vacuum at 60°C to achieve 60 to 

65 g/L of xylose concentration. The total reducing sugar and pentose sugar composition in the 

acid hydrolysate were determined. The main fermentable sugar found was xylose, derived from 

hemicellulosic fraction of the KGB; therefore, the acid hydrolysate should be referred as 

hemicellulose acid hydrolysate hence forth in this experiment.  The resulting solution was 

stored at -10°C for further use as substrate. The fermentation media was prepared as mentioned 

in section 3.1.3 (a). The synthetic medium was used to compare the fermentation parameters. 

Recovery of ethanol 

After separation of cells by centrifugation (REMI cooling centrifuge C-24 BL, REMI 

Instruments, India) at 8°C, the fermented broth was diluted with demineralized water and 

distilled in a distillation assembly at 79 ± 1°C. Temperature was controlled accurately to 

prevent mixing of higher boiling distillate like water in the broth. 

Software  

The estimation of the parameters of the mathematical model and the statistical analysis were 

carried out using the software “Polymath” version 6.10 (CACHE Corporation, USA). 

Model development 

To develop basic understanding for the bioconversion of xylose to ethanol, kinetic models were 

proposed with the assumptions that the yeast cells were active and the agitation speed of 150 
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rev min
-1

 was in excess to maintain uniform conditions inside the fermentation flasks to provide 

adequate mass transfer. The energy system as controller of cells and product formation as 

proposed is given in figure 3.10. 

Fermentation 

Batch fermentation was conducted in a 500 ml Erlenmeyer flask with a working volume of 125 

ml. The fermentation medium was inoculated with 5% v/v inoculum (18 h culture, 

1x10
7
cells/ml). The fermentation temperature was kept constant at 30 ± 0.2°C in an incubator 

shaker (Lab Therm LT-X Kuhner, Switzerland). The broth was kept under agitation at 150 

rev/min. Samples were taken at regular time intervals during fermentations to determine the 

concentrations of cell mass, ethanol and residual sugars in the broth. All experiments were 

carried out in duplicate.  

Calculation of Kinetic Parameters 

The non-linear regression technique was used to estimate model parameters. The parameters 

were estimated using the experimental data of biomass concentration (x), reducing sugar 

concentration (s) and ethanol concentration (p). The rate of growth of cells rx (dx/dt) and rate of 

ethanol formation rp (dp/dt) were calculated using these data. The coefficients of the models 

were estimated using software package “Polymath” version 6.10. 

 

 

 

 

Figure 3.10 The energy system as controller of cells and product formation. 
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3.3.4 Effect of toxics on microbial growth 

(a) Effect of furfural on specific growth rate of Pichia stipitis 

The effect of furfural on the growth of P. stipitis NCIM 3498 was evaluated by adding different 

concentrations of furfural to the sterilized growth media given in section 3.1.2 (glucose was 

replaced with 20 g/L xylose) by using membrane syringe filter of pore size 0.2 µm in a laminar 

flow inoculation chamber. Various concentrations of furfural added were 0.1, 0.2, 0.3, 0.4 and 

0.5 g/L whereas; no furfural was added in the control flask.  

Fermentation conditions  

Batch fermentation was conducted in 250 ml Erlenmeyer flask with a working volume of 50 

ml. The fermentation medium was inoculated with 5% v/v inoculum (18 h culture, 

1x10
7
cells/ml). The fermentation temperature was kept constant at 30 ± 0.2°C in an incubator 

shaker (Lab Therm LT-X Kuhner, Switzerland). The broth was kept under agitation at 150 

rev/min. Samples were withdrawn at regular time intervals (from 4 h to 16 h) during 

fermentations to observe the exponential phase data and determination of the concentrations of 

cell mass in the broth. All the flasks (total six set of experimental flasks: 5 with furfural + 1 

control) were incubated in duplicate. The broth samples were collected at regular intervals. 

Calculations 

Specific growth rate, µ (h
-1

) of P. stipitis in the above mentioned experimental setups were 

determined by using their corresponding curve of ln (x/x0) vs. t.  

Where, t is fermentation time in h; x0 is the cell concentration (g/L) at the onset of exponential 

phase and x is the cell concentration (g/L) at time t (h). 

The % relative specific growth rate, µrel (%) was calculated by taking specific growth rate µ (h
-

1
) of P. stipitis from control flask as 100%.  

The % reduction in specific growth rate µred (%) was calculated by subtracting µrel (%) from 

100.  

(b) Effect of vanillin on specific growth rate of P. stipitis 

Vanillin was selected as the model phenolic compound to investigate its effect on the growth of 

P. stipitis. The growth media of PichiastipitisNCIM 3498 was same as mentioned in the 

previous section except the inhibitor. In place of furfural different concentrations of vanillin 

(0.2, 0.5, 1.0, 1.5 and 2.0 g/L) was added to the growth media aseptically using membrane 

syringe filter of pore size 0.2 µm. No vanillin was added in the control flask. All the flasks 

(total six set of experimental flasks: 5 with vanillin + 1 control) were incubated in duplicate.  
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Fermentation conditions and calculations for µ (h
-1

), µrel (%), µred (%) were same as mentioned 

in the previous section 3.3.4 (a). 

(c) Effect of hydroxymethyl furfural on specific growth rate of Z. mobilis 

Hydroxymethyl furfural (HmF) is primarily derived from glucose (hexose sugar) degradation 

during the acid hydrolysis of lignocellulosic biomass. It is also known to be inhibitory for 

microbial growth. Varying amount of HmF were added to the growth media of Z. mobilis and 

its effect were estimated on specific growth of Z. mobilis. Different concentration of HmF was 

added to the sterilized growth media (given in section 3.1.2)by using membrane syringe filter 

of pore size 0.2 µm in a laminar flow inoculation chamber. Various concentrations (0.2, 0.5, 

1.0, 1.5 and 2.0 g/L) of HmF were added in growth media to estimate the effect of HmF to Z. 

mobilbis.  

Fermentation conditions 

Batch fermentation was conducted in 250 ml Erlenmeyer flask with a working volume of 50 

ml. The fermentation medium was inoculated with 5% v/v inoculum (10 h culture, 

1x10
8
cells/ml). The fermentation temperature was kept constant at 30 ± 0.2°C in an incubator 

(Lab Therm LT-X Kuhner, Switzerland) under static condition. The mouth of flask was sealed 

using parafilm. Samples were withdrawn at regular time intervals (from 2 h to 8 h) during 

fermentations to observe the exponential phase data and determination of the concentrations of 

cell mass in the broth. All the flasks (total six set of experimental flasks: 5 with HmF + 1 

control) were incubated in duplicate.  

Calculations 

Calculations for specific growth rate of Z. mobilis µ (h
-1

), µrel (%), µred (%) were done in similar 

manner as used for P. stipitis and mentioned in the section 3.3.4 (a). 

(d) Effect of vanillin on specific growth rate of Z. mobilis 

Vanillin (4-hydroxy-3- methoxybenzaldehyde) was used as the model phenolic compound to 

investigate its inhibitory effect on the growth of Z. mobilis.  The growth media of Z. mobilis 

was same as mentioned in the previous section except the inhibitor. In place of HmF different 

concentrations of vanillin (0.2, 0.5, 1.0, 1.5 and 2.0 g/L) was added to the growth media 

aseptically using membrane syringe filter of pore size 0.2 µm. No vanillin was added in the 

control flask. All the flasks (total six set of experimental flasks: 5 with vanillin + 1 control) 

were incubated in duplicate. Fermentation conditions and calculations for µ (h
-1

), µrel (%), µred 

(%) were same as mentioned in the previous section 3.3.4 (c). 
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3.3.5 Effects of ethanol concentration on growth of microbes 

(a) Effect of ethanol concentration on specific growth rate of P. stipitis 

For quantification of ethanol tolerance of P. stipitis the present experiment was designed. Batch 

fermentation was conducted in 250 ml Erlenmeyer flask with a working volume of 50 ml. 

Different concentration of ethanol ranging from 15-40 g/L (15, 20, 25, 30, 35 and 40 g/L) were 

exogenously added to the growth media of P. stipitis (section 3.2.2.4(a). All the flasks were 

inoculated with same inoculum concentration (5% v/v inoculum; 18 h culture; 1x10
7
cells/ml) 

and incubated at the same conditions (30 ± 0.2°C; 150 rev/min). The samples were withdrawn 

at regular interval during the growth phase of the microorganism to calculate specific growth 

rate. For calculation of the concentration of ethanol over which the growth of P. stipitis was 

inhibited, model proposed by Luong (1985) was used. All the flasks were incubated in 

duplicate and average value taken for the calculations.  

(b) Effect of ethanol concentration on specific growth rate of Z. mobilis  

For quantification of ethanol tolerance of Z. mobilis the present experiment was designed. 

Batch fermentation was conducted in 250 ml Erlenmeyer flask with a working volume of 50 

ml. Different concentration of ethanol ranging from 60-110 g/L (60, 70, 80, 90, 100 and 110 

g/L) were exogenously added to the growth media of Z. mobilis (section 3.1.2). The 

fermentation medium was inoculated with 5% v/v inoculum (10 h culture, 1x10
8
cells/ml). The 

fermentation temperature was kept constant at 30 ± 0.2°C in the incubator under static 

condition. The mouth of flask was sealed using parafilm. Samples were withdrawn at regular 

time intervals (from 2 h to 8 h) during fermentations to observe the exponential phase data for 

calculating specific growth rates. All the flasks were inoculated with same inoculum 

concentration and incubated at the same conditions. For calculation of the concentration of 

ethanol over which the growth of Z. mobilis was inhibited, model proposed by Luong (1985) 

was used. All the flasks were incubated in duplicate and average value taken for the 

calculations. 

3.3.6 Novel process for fractionating hydrolysis of KGB (Multi-step) 

Description of experimental setup  

The heart of the experimental setup was an especially design glass (Borosil) column of 300 mm 

height with 60 mm internal diameter. The column was closed at the bottom and at the top a 

narrow mouth was provided with 20 mm diameter. A 10 mm diameter glass rod was centrally 

inserted from the bottom of the column. The total height of the rod was 300 mm (200 mm 
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inside the column and 100 mm outside the column). Small holes of 2 mm diameter were 

provided all around the rod inside the column i.e. 200 mm. The distance between two 

successive holes was 20 mm. The rod was closed at the top and opened at the bottom. Two 

openings have been provided to the column, one at the side of top section for collection of 

exhaust steam and other at the side of the bottom section to collect the liquid fractions from the 

column. The top side opening was attached to a condenser with rubber tubing and a 

stopper/valve. The bottom side opening was attached with high quality rubber tubing and a 

stopper/valve. The bottom end of the glass rod was also attached with the high quality rubber 

tubing with a stopper/valve and the other end of the tubing was connected with steam 

generator. A 50 ml syringe was attached to mouth of the column. To hold the column and 

condenser cast iron stands were used. A schematic diagram is shown in figure 3.11. 

Operation 

Different concentrations of sulfuric acid were prepared (1, 2, 5, 10, 15, 20, 25, 30 and 35%). 

All the parts were assembled according to the experimental setup. 10 g of oven dried KGB was 

charged in to the column. The bottom side stopper was closed and the other two were opened. 

After 45 min, steam insertion was stopped by closing the valve and the desired concentration of 

acid was introduced slowly from the mouth of the column with the help of syringe. Then the 

syringe was removed and mouth was closed. Again the steam insertion valve was opened. After 

30 min of reaction the steam insertion was stopped and bottom side valve was opened to collect 

the liquid fraction. Then this valve was closed and next level of acid was introduced and steam 

was inserted similarly. The reaction time was kept constant for each level of acid concentration 

to 30 min. Total nine liquid fractions were collected and analyzed for the TRS, xylose, HmF, 

furfural and total phenolics. The care was taken to connect the various parts and the timings of 

opening and closing of the valves otherwise excess or low pressure may cause the damage to 

the system. 
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Figure 3.11 Schematic diagram of experimental setup for fractionating hydrolysis of KGB. 
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Conditioning of KGB acid hydrolysate production medium 

After analysis of the desired compounds the fractions were mixed in such a way that two main 

streams of sugars were generated, first xylose rich fraction (XRF) and second glucose rich 

fraction (GRF). The pH of both the fractions were raised to 2.0 with 1N NaOH then 6.0 ± 0.2 

by using Ca(OH)2. The fractions were filtered to remove any precipitate. The filtrate were 

concentrated under vacuum at 60°C to achieve ~60 g/L of xylose concentration in first fraction 

and ~100 g/L glucose concentration in the second fraction. The resulting solution was stored at 

-10°C for further use as substrate.  

The above mentioned sugar solutions were supplemented with the nutrients for further 

fermentation by the respective microorganism. The XRF to be fermented by P. stipitis was 

supplemented with media constituents as given in section 3.1.3 (a) and GRF to be fermented by 

Z. mobilis was supplemented with the media constituents as given in section 3.1.3 (b). The 

synthetic media were also prepared with the same composition as present in the respective 

hydrolysate medium without providing any toxic compounds. The synthetic medium was used 

to compare the fermentation parameters. 

Fermentation of XRF by P. stipitis 

Batch fermentations were conducted in a 250 ml Erlenmeyer flask with a working volume of 

100 ml. The XRF was fermented with 5% v/v inoculum (18 h culture, 1x10
7 

cells/ml). The 

fermentation temperature was kept constant at 30 ± 0.2°C in an incubation shaker (Lab Therm 

LT-X Kuhner, Switzerland). The broth was kept under agitation at 150 rev/ min. All 

experiments were carried out in duplicate along with the control (inoculated with same 

inoculum density and kept under same conditions). Samples were taken at regular time 

intervals during fermentation to determine the concentrations of biomass, ethanol and residual 

sugars in the broth. 

Fermentation of GRF by Z. mobilis 

Batch fermentations were conducted in a 500 ml Erlenmeyer flask with a working volume of 

150 ml. The GRF was fermented with 5% v/v inoculum (8 h, 1x10
8 

cells/ml). The fermentation 

temperature was kept constant at 30 ± 0.2°C in the same incubator under static condition. The 

mouth of the flasks was sealed with paraffin wax. Samples were taken at regular time intervals 

during fermentation to determine the concentrations of biomass, ethanol and residual sugars in 

the broth. All experiments were carried out in duplicate along with the control (inoculated with 

same inoculum density and kept under same conditions). 
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3.3.7 Development of sequential-co-culture system 

The development of a suitable co-culture system (P. stipitis and Z. mobilis) for utilization of 

both types of sugars, xylose and glucose to produce ethanol in a single reactor system was done 

in two stages: (i) flask level (total working volume, 300 ml) using culture bottle and (ii) 

bioreactor level (total working volume, 4 L) using New Brunswick Bio Flow 110 bioreactor 

system. A schematic diagram for the development of sequential-co-culture system is presented 

in figure 3.12. 

(a) Sequential-co-culture system in flask using synthetic fermentation media  

Two strategies have been investigated at flask level. In first strategy, xylose was initially 

fermented by P. stipitis, followed by second and third stages where 100 g/L and 200 g/L 

glucose media was introduced respectively. The Z. mobilis cells (as inoculum) were introduced 

only in the beginning of second stage to the system. During first stage culture bottles were 

incubated in orbital incubator shaker (150 rpm). At the onset of second stage the shaking was 

stopped and vent of air filter was closed to provide better fermentation environment to the Z. 

mobilis cells for bioconversion of glucose to ethanol. The fermentation conditions as adopted in 

Strategy I are given in table 3.3. 

In the second strategy, same process steps were adopted as in the first strategy with the 

difference that Nitrogen gas was sparged for 30 min into the fermentation medium in the 

beginning of second and third stages to create strictly anaerobic environment suitable for Z. 

mobilis fermentation and then culture bottles were kept under static condition. All experiments 

were performed in triplicate and the data were presented as the mean ± SD. 

(b) Sequential-co-culture system in bioreactor using synthetic fermentation media 

Sequential-co-culture system of P. stipitis and Z. mobilis was also developed in a bioreactor 

(working volume 4 L, New Brunswick Bio Flow 110 bioreactor, capacity 7 L) with 

fermentation media containing xylose and glucose sugars. The two stage process was used and 

the fermentation conditions are summarized in table 3.4. In this case a two stage process was 

adopted: in stage I, the fermentation media (except xylose) was sterilized in bioreactor in an 

autoclave at 121°C for 20 min. Xylose solution was sterilized separately and added to the 

bioreactor before addition of inoculum. This first step fermentation (150 rpm, 0.05 vvm) 

process was carried out for 24 h, in the second stage (after exhaustion of xylose), separately 

prepared and sterilized Z. mobilis fermentation medium (as given in section 3.6.4 with 200 g/L 

glucose) was added to the bioreactor aseptically. The agitator was stopped and N2 gas was 

spargedthrough for 2 h as soon as the medium and inoculum (Z. mobilis; 5% v/v, 1x10
8 

cells/ml 
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based on the media added) were introduced to the bioreactor. The samples (5 ml) were drawn at 

regular interval (8 h and 4 h for stage I and stage II respectively) for analysis of cell 

concentration (cfu/ml), residual TRS (g/L) and ethanol concentration (g/L). Before taking 

samples during step II agitator was set on at 250 rpm for 5 min to homogenize the contents in 

the broth. The experiments were performed in duplicate and the data were presented as the 

mean ± SD. 

(c) Sequential-co-culture system in bioreactor using KGB hydrolysate media 

The two stage process strategy was adopted in a bioreactor (working volume 4 L, New 

Brunswick Bio Flow 110 bioreactor, capacity 7 L) with fermentation media containing KGB 

hydrolysate and the fermentation conditions were same as used in the case of synthetic media 

fermentation with the difference that xylose and glucose were replaced with XRF (60 g/L) in 

stage-I and GRF (200 g/L) in stage-II respectively in the fermentation media. The fermentation 

duration for stage I was 56 h (0-56 h) and that for stage II was 24 h (56-80 h). The sampling 

was done in similar manner as described for synthetic sugar fermentation in bioreactor. The 

experiments were performed in duplicate and the data were presented as the mean ± SD. 

 

Figure 3.12 The schematic diagram of the development of sequential-co-culture system (I) 

flask level and (II) bioreactor level. 
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Table 3.3 The fermentation conditions adopted in strategy I for studies in shake flask. 

Fermentation conditions I Stage II Stage III Stage 

Total volume of media (ml) 100 200 300 

Temperature (°C) 30 30 30 

Agitation/aeration 150 rpm Static Static 

Type of cells present P. stipitis  P. stipitis and  

Z. mobilis 

P. stipitis and Z. 

mobilis 

Strength of inoculum added 

(cfu/ml)          (a) P. stipitis 

                       (b) Z. mobilis 

 

1.0 x 10
7
 (5%v/v) 

0 

 

0 

*1.0 x 10
8
 (5%v/v) 

 

0 

0  

Strength of sugar added (g/L) 60 (xylose) 100 (glucose) 200 (glucose) 

Fermentation duration  0 – 28 h  28 – 42 h  42 – 56 h  

   *based on media added.      

 

Table 3.4 The fermentation conditions adopted for two step studies in bioreactor. 

Fermentation conditions I Stage  II Stage 

Total volume of media (ml) 2000 4000 

Temperature (°C) 30 30 

Agitation/aeration 150 rpm/0.05vvm Static and N2sparging 

Type of cells present P. stipitis  P. stipitis and Z. mobilis 

Strength of inoculum added (cfu/ml)           

(a) P. stipitis 

(b) Z. mobilis 

 

 

1.0 x 10
7
 (5%v/v) 

0 

 

 

0 

*1.0 x 10
8
 (5%v/v) 

Strength of sugar added (g/L) 60 (xylose) 200 (glucose) 

Fermentation duration  0 – 24 h  24 – 44 h  

   *based on media added.      
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Calculation 

Product Yield (Yp/s): The amount of product formed per unit of substrate consumed by the 

organism is an important way to report fermentation performance. The yields of fermentation 

are expressed on either molar or weight basis. The primary stoichiometric equations for the 

bioethanol production are as follows: 

Pentosan to pentose: 

      (1) 

Hexosan to hexose: 

      (2) 

Pentose to bioethanol: 

     (3) 

Hexose to bioethanol: 

     (4) 

A reduction in yield below theoretical always occurs since the microorganism requires a 

portion of the substrate for cell growth and maintenance. 
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CHAPTER 4  RESULTS AND DISCUSSION 

(SECTION A) 

4.1 Compositional analysis of KGB 

Kans grass (Saccharum spontaneum) explored for the present investigation is a C4 plant which 

have the potential to achieve higher rates of photosynthesis and greater water use efficiency 

than their C3 counterpart under the same environmental conditions [Osborne and Freckleton, 

2009]. The average composition of Kans grass and other extensively studied grasses used for 

ethanol production have been given in table 4.1. KGB contained 68% total carbohydrate 

content (TCC) on dry weight basis, where cellulose and hemicellulose content were obtained as 

43.78% and 24.22% by weight respectively. The total carbohydrate content in the KGB and 

thus total reducing sugars available for bioconversion to ethanol was comparatively higher than 

those reported in various other grasses. This showed Kans grass is a potential candidate for 

bioethanol production.  

Table 4.1 The composition of various grasses investigated for ethanol production. 

Name of Grass  Average composition (% dry weight basis) 

Cellulose Hemicellulose Lignin Ash Reference 

Kans grass  

(Saccharum 

spontaneum) 

43.78±0.4 24.22±0.5 23.45±0.3 

 

4.62±0.2 Present work 

Coastal Bermuda grass  

(Cynodondactylon) 

30.4 29.3 23.2 4.8 [Lee et al. 

2009; Sun and 

Cheng 2005] 

Reed Canary grass  

(Phalarisarundinacea) 

26.5 21.8 14.8 8.0 [Boateng et 

al., 2006] 

Switch grass  

(Panicumvirgatum) 

31.0 24.4 17.56 5.76 [Lee et al., 

2009] 

Eastern Gama grass 

(Trypsacumdactyloides) 

37.0 22.1 20.4 4.3 [Ge et al., 

2012] 
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4.2 Optimization of TRS production from KGB 

[Singh, L. K., Chaudhary, G., Majumder, C.B., Ghosh, S. Explore the perennial Kans grass 

(Saccharum spontaneum) biomass for releasing reducing sugars and its optimization. Der 

ChemicaSinica. 2 (3): 154-163 (2011b)] 

KGB is a low cost, renewable and prevalent source of reducing sugars which can further easily 

be utilized by the microorganisms to produce valuable chemicals. Concentrated sulfuric acid 

hydrolysis was preferred over other methods. It is advantageous as (1) it requires no enzyme, 

(2) it is applicable to broad range of biomass, and (3) operated at moderate temperature which 

limits the generation of toxic compounds. Objective of this experiment was to investigate the 

effect of H2SO4 concentration, biomass loading and reaction time for releasing reducing sugars 

from KGB.  

4.2.1 Statistical modeling 

A 2
3
 rotatable CCD was adopted in designing the experiments and RSM was used to optimize 

the hydrolysis process parameters. The RSM was also used by other authors [Karunanithy and 

Muthukumarappan, 2011a, 2011b; Cheng et al., 2010]. According to the experimental plan, 

range and levels of independent variables, acid concentration (A), biomass loading (B) and 

reaction time (C) studied for the hydrolysis of KGB are shown in table 3.1. The coded values of 

all independent variables and the experimental values of the response variable Y (% g/g) along 

with predicted values are presented in table 4.2 where Y was defined by: [(g of total reducing 

sugar obtained/ g of total carbohydrate present initially) x 100]. The coefficients were 

calculated by using Design Expert v.8.0.  

The quadratic model in terms of coded variables was found as 

Y=+73.98+15.38A+1.22B-6.19C-7.29A
2
-7.64B

2
-7.55C

2
+1.25AB-1.25AC+0.25BC         (4.1) 

To fit the response function and experimental data, regression analysis was performed and 

second order model for the response (Y) was evaluated by ANOVA which is presented in table 

4.3. The regression for the response was statistically significant at 95% of confidence level. 

The Model F-value of 264.24 and low % CV value of 2.67 implies the model is highly 

significant. A poor F-value, 0.53 of the lack of fit test (table 4.3) confirming the reliability of 

the experimental data.  The "Pred R-Squared" of 0.9838 is in reasonable agreement with the 

"Adj R-Squared" of 0.9920. "Adeq Precision" measures the signal to noise ratio.  A ratio 

greater than 4 is desirable.  The very high signal to noise ratio of 46.745 indicates that the 

chance of the values could be due to noise is very less.  The goodness of fit of the model was 
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checked by the determination coefficient (R
2
). In this case, the value of the determination 

coefficient (R
2
=0.9958) indicates that only 0.42% of the total variations are not explained by 

the model.  

Table 4.2 Central composite design consisting of 20 experiments with the experimental and 

predicted response. 

Run 

no. 

Coded values of the variables Response (Y) total reducing sugar 

% (w/w of TCC) 

A B C Experimental value Predicted value 

1 -1 -1 -1 42.00 41.32 

2 1 -1 -1 72.00 72.09 

3 -1 1 -1 40.00 40.77 

4 1 1 -1 78.00 76.54 

5 -1 -1 1 30.00 30.95 

6 1 -1 1 58.00 56.72 

7 -1 1 1 32.00 31.40 

8 1 1 1 62.00 62.17 

9 -1.682 0 0 28.00 27.49 

10 1.682 0 0 78.00 79.23 

11 0 -1.682 0 50.00 50.30 

12 0 1.682 0 54.00 54.42 

13 0 0 -1.682 62.50 63.02 

14 0 0 1.682 42.00 42.21 

15 0 0 0 76.00 73.98 

16 0 0 0 72.00 73.98 

17 0 0 0 76.00 73.98 

18 0 0 0 74.00 73.98 

19 0 0 0 72.00 73.98 

20 0 0 0 74.00 73.98 
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Table 4.3 Analysis of variance (ANOVA) for total reducing sugar yield 

Source Sum of 

square 

Degree of 

freedom 

Mean 

square 

F-value P-value 

Prob> F 

Model 

A-Acid conc. 

B-Biomass loading 

C-Time 

AB 

AC 

BC 

A
2
 

B
2
   

C
2
  

5827.93 

3231.91 

20.49 

522.55 

12.50 

12.50 

0.50 

765.67 

841.75 

822.39 

9 

1 

1 

1 

1 

1 

1 

1 

1 

1 

647.55 

3231.91 

20.49 

522.55 

12.50 

12.50 

0.50 

765.67 

841.75 

822.39 

264.24 

1318.83 

8.36 

213.23 

5.10 

5.10 

0.20 

312.44 

343.49 

335.59 

< 0.0001 

< 0.0001 

0.0161 

< 0.0001 

0.0475 

0.0475 

0.6611 

< 0.0001 

< 0.0001 

< 0.0001 

Residual 

Lack of Fit 

Pure Error 

24.51 

8.51 

16.00 

10 

5 

5 

2.45 

1.70 

3.20 

 

0.53 

 

0.7476 

Cor Total 5852.44 19    
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The interactive behavior of the variables involved on the total reducing sugar release from 

KGB is given in figure 4.1(a), (b) and (c). The highly parabolic nature of the contours in figure 

4.1(a) (interaction between acid concentration and biomass loading) and figure 4.1(b) 

(interaction between acid concentration and reaction time) states that total reducing sugar 

production is highly dependent on the interactive behavior on the respective parameters.  

The interaction between H2SO4 concentration and biomass loading on reducing sugar release 

from KGB while reaction time was selected as 60 min is shown in figure 4.1(a). From the 

figure and experimental data it can be interpreted that maximum and minimum reducing sugar 

yield of 78% and 28% can be obtained by conducting hydrolysis experiment for 10% biomass 

loading and 70.23% and 19.77% acid concentration respectively. The effect of acid 

concentration and reaction time on reducing sugar release is shown in figure 4.1(b), when 

biomass loading was selected at 10% as the center point. From the figure and experimental data 

it is evident that as the acid concentration increases, the response also increases significantly 

but when the time increases, response decreases because some amount of sugar degraded into 

furfural and hydroxymethyl furfural. Interaction between biomass loading and reaction time is 

shown in figure 4.1(c), while acid concentration was kept constant at 45%. More circular nature 

of contours shown in the figure 4.1 (c) signifies that the production of reducing sugars is least 

dependent on interactive behavior of these two parameters.  

On the basis of model, the optimum values of the parameters were calculated by setting the first 

order derivatives of the equation (2) (dY/dA,dY/dB and dY/dC) as zero.  The optimum values 

of the variables A, B and C in coded and actual form thus obtained are given in table 4.4. 
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Figure 4.1(a) Effect of acid concentration and biomass loading on the release of total reducing 

sugar from KGB, reaction time 60 min. 

 

Figure 4.1(b) Effect of acid concentration and reaction time on the release of total reducing 

sugar from KGB, biomass loading 10%.  
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Figure 4.1(c) Effect of biomass loading and reaction time on the release of total reducing sugar 

from KGB, acid concentration 45%.   
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Table 4.4Solution for optimum condition. 

Parameters Coded value Actual Value 

Acid concentration % (g/g) +1.11 61.10 

Biomass loading % (g/ml) +0.16 10.80 

Reaction time (min) -0.50 45.00 

 

4.2.2 Validation of model and significance of study 

Three sets of experiments were conducted at the optimum conditions and the mean value of the 

reducing sugar produced was found to be 83.5% on total carbohydrate content basis. The same 

was theoretically evaluated from equation 2 for optimum value of A, B, C and was found to be 

84.14%. The closeness of the theoretical value to that of experimental value validates the 

model.  

In the present investigation we have used a single step hydrolysis process to convert the 

cellulosic and hemicellulosic fractions of KGB to reducing sugars. In many studies it was 

observed that two or more steps have been used to fractionate the various lignocellulosic 

materials to obtain the monomeric form of the polysaccharides. Saha et al., (2005) used dilute 

acid treatment (0.75% v/v, 121°C, 1 h) and cocktail of four commercial enzyme preparations 

for saccharifying wheat straw and obtained 74% saccharification yield. Coastal Bermuda grass 

was pretreated using autohydrolysis process (150°C, 60 min) followed by enzymatic hydrolysis 

and 70% of the theoretical sugar yield was obtained by Lee et al., (2009). Xu et al. (2010) used 

sodium hydroxide pretreatment (1% NaOH, 50°C, 12h) followed by enzymatic saccharification 

of switch grass and obtained 70.8% sugars on total available carbohydrate basis. In our study 

83.5% yield of total reducing sugar was obtained which was significantly higher than the 

reported investigations. Also the proposed generalized model was successful in explaining the 

experimental facts and can be utilized for further large scale studies.      
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4.3 Hemicellulose hydrolysis and pentose fermentation 

[Singh, L. K., Majumder, C. B., Ghosh, S. Bioconversion of Hemicellulosic Fraction of 

Perennial Kans Grass (Saccharum spontaneum) Biomass to Ethanol by Pichia stipitis: A 

Kinetic Study. International Journal of Green Energy.9(5): 409-420 (2012a)] 

4.3.1 Kans grass hemicellulose acid hydrolysate preparation 

The average composition of Kans grass biomass (KGB) and other extensively studied grasses 

used for ethanol production have been given in table 4.1 [Lee et al. 2009; Sun and Cheng 2005; 

Boateng et al 2006]. KGB contained 68% total carbohydrate content with 24.22 % 

hemicellulosic fraction was comparable with other grasses for ethanol production. Dilute 

sulfuric acid hydrolysis (2% v/v) of KGB under reflux was found very effective in solubilizing 

the hemicellulosic fraction. After 6 h of reflux at 100°C, total reducing sugar yield was 20.4 g 

per 100 g of dry biomass of which pentose sugar constituted 17.2 g, remaining was other 

reducing sugars. All these sugars were derived primarily from hemicellulosic fraction of KGB. 

A very low hexose sugar yield indicates that the cellulosic fraction of KGB remained 

practically unhydrolyzed. Dilute acid at moderate temperature effectively recovers most of the 

hemicellulose as soluble sugars. The complex nature of the structure of cellulose in the plant 

material requires much severe conditions for their degradation in contrast to the hemicellulose 

portion. The total reducing sugar and pentose sugar concentration in the acid hydrolysate were 

found to be 68.0 g/L and 61.5 g/L respectively. Besides sugars, the acid hydrolysate contained 

different and varying amounts of toxic components, such as acetic acid, furfural and soluble 

lignin derivatives, showed inhibitory effects on the growth of microorganisms during 

fermentation [Kadar et al., 2007].  

4.3.2 Detoxification of the hemicellulose acid hydrolysate 

The two steps process for detoxification of Kans grass hemicellulose acid hydrolysate by 

boiling and overliming were found very effective and resulted in better fermentability of the 

hydrolysate [Amartey and Jeffries, 1996]. During boiling the volatile compounds such as 

furfural and phenols were stripped followed by overliming with Ca(OH)2 removed and/or 

reduced the concentration of other acid compounds e.g. acetic and tannic acid. Furthermore, the 

pH increase up to 10.0 due to overliming resulted in precipitation of heavy metals. The furfural 

is transformed into furfuryl acid, which condenses with other components of hydrolysate 

[Strickland and Beck, 1985]. Overliming resulted in the loss of glucose (8 %) and xylose (5 %). 

In order to reduce the sugar losses, the shift to higher pH during the overliming process must be 

kept short to minimize pentose decomposition [McMillan, 1994]. Very limited growth was 



88 

 

observed when the organism was tried to grow in the hemicellulose acid hydrolysate medium 

prior to the step of detoxification with lime. Similar observation was reported by Amartey and 

Jeffries (1996).  

4.3.3 Fermentation of pretreated Kans grass hemicellulose acid hydrolysate medium 

It was observed that the xylose utilization in pretreated hemicellulose acid hydrolysate medium 

and synthetic medium was 74% and 94% respectively whereas glucose was utilized completely 

in both the cases. This may be due to the left over toxic compounds in the hydrolysate. 

Utilization of different sugars has been reported by other authors also [Jeffries and Sreenath, 

1988; Ferrari et al., 1992]. Time course for cell growth, utilization of sugars and ethanol 

production have been shown in figure 4.2 and figure 4.3 for simulated synthetic and Kans grass 

hemicelluloses acid hydrolysate medium respectively. 

The time for completion of fermentation was more (96 h) for hemicellulose acid hydrolysate 

medium than that for synthetic medium (36 h) due to longer lag phase of the microorganism in 

the hemicellulose acid hydrolysate medium. The P.stipitiscells showed more time for 

adaptation in the hydrolysate medium than that in the synthetic medium. The ethanol yield 

(Yp/s), productivity (qp), biomass yield (Yx/s) and maximum specific growth rate (µmax) were 

found to be 0.429 g/g, 0.231 gp/L/h, 0.065 g/g and 0.064 h
-1

 respectively. These fermentation 

parameters for the detoxified hemicellulose acid hydrolysate were lower than those obtained 

with synthetic medium. The reason might be some left over toxic components in the 

conditioned hemicellulose acid hydrolysate which were further concentrated during the later 

stage of evaporation under vacuum, used to enhance the concentration of sugars to the desired 

level and negatively affects the growth of cells and ethanol producing ability of P. stipitis. The 

similar observations were also reported by Nigam (2002). 
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Figure 4.2Concentration profiles of total reducing sugar, pentose sugar, biomass and ethanol 

during fermentation of synthetic media by P. stipitis. 

 

Figure 4.3 Concentration profiles of total reducing sugar, pentose sugar, biomass and ethanol 

during fermentation of Kans grass hemicellulose acid hydrolysate medium by P. stipitis. 
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4.3.4 Modeling of ethanol formation 

The appropriate kinetic models were proposed for the interpretation of experimental results 

obtained by organized complex systems like microbial cells. The dynamics of the sugar 

degradation is assumed to be the result of an autocatalytic process that depends on the 

concentrations of substrate and the number of active cells. The proposed model takes account 

of the fact that the sugar substrate promotes an energy flow from the sugar to active cells for 

increasing its concentration. Ethanol concentration acts as a controller of the quantity of active 

cells, shown in figure 3.10.The systems can be described for rate of biomass growth (rx) by the 

equation 4.2, in which sugar (s) degradation, ethanol production (p) and cell activation (x) are 

linked: 

x d i
dx

r C s x C x p
dt        (4.2)  

where Cd and Ci represents coefficients of cell formation based on sugar degradation and 

inhibition of cells due to ethanol formation respectively.  

A reasonably good correlation can be obtained if it is assumed that the rate of ethanol formation 

is related both to the rate of growth (dx/dt) and to the quantity (x) of microorganisms present. 

The equation for ethanol formation rate (rp) can thus be written as follows (equation 4.3): 

( )p g ng
dp dx

r C C x
dt dt         (4.3) 

Where, Cg and Cng represents growth associated constant and non-growth associated constant 

of the model respectively. 

4.3.5 Calculation of kinetic parameters 

The non-linear regression technique was used to estimate model parameters. The parameters 

were estimated using the experimental data of biomass concentration (x), reducing sugar 

concentration (s) and ethanol concentration (p).The rate of growth of cells rx (dx/dt) and rate of 

ethanol formation rp (dp/dt) were calculated using these data. The coefficients of the models 

were estimated using software package “Polymath” version 6.10 and found as Cd  

(L/g/h):0.0012994, Ci (L/g/h): - 0.0006741, Cg: 1.141467, and Cng(h
-1

): 0.1626586 with 95% 

confidence. 
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4.3.6 Interpretation and validation of regression models 

The statistical indicators and the various plots can be used to assess the quality of the regression 

models. The plots between calculated and measured values of the dependent variables rx and rp 

are showing the same trend (figure 4.4 and figure 4.5 for rx and rp respectively), thus indicating 

the experimental data are accurately modeled. When the plots show different trends, this 

usually indicates an inappropriate model. If the difference between the measured and calculated 

points is large, but no clear trend exists, this may also indicate very noisy data (excessive 

experimental error) and cannot be accurately modeled.  

The residual plot shows the difference between the calculated and measured values (∆rx=rx 

experimental – rx calculated and ∆rp =rp experimental – rp calculated) of the dependent variable 

(rx and rp) as function of the measured values (rx experimental and rp experimental). It is 

immediately clear from the figure 4.6 that the residuals are randomly distributed around the line 

of zero error indicating that the regression model represents the data correctly. Thus this can be 

interpreted that the proposed model is appropriate for the present study. If the residuals show a 

clear trend, this indicates that an inappropriate model is being used. The coefficient of 

determination (R
2
) and coefficient of determination adjusted (R

2
adj) are frequently used to judge 

whether the model represents the data correctly, implying that if they are close to unity then the 

regression model is correct. The R
2
 and R

2
adj values for the model for rate of cell formation 

were 0.949 and 0.942 respectively and the same for rate of product formation were 0.985 and 

0.983 respectively. Since the values are close to one, the proposed model is able to explain the 

experimental facts. 

Just like coefficient of determination, the two statistical parameters, variance and root mean 

square deviation (RMSD) are recommended to be used for model testing. A model with smaller 

variance and RMSD represent the data more accurately than a model with larger values of these 

parameters. For RMSD calculation respective deviations were taken between experimental and 

calculated values at each data point (sampling time). The variance and RMSD were found to be 

0.0002399 and 0.0045531 respectively for the rate of cell formation, and these were 0.0016283 

and 0.0118624 respectively for rate of product formation. The R
2
, R

2
adj, variance and RMSD 

values were calculated by the same software mentioned earlier by Shacham et al. (1996). 
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Figure 4.4 Nonlinear plot of calculated and experimental values of biomass formation rate 

(rx=dx/dt) verses data point (sampling time) using hemicellulose acid hydrolysate medium.  

 

 

Figure 4.5 Nonlinear plot of calculated and experimental values of ethanol formation rate 

(rp=dp/dt) verses data point (sampling time) using hemicellulose acid hydrolysate medium.  
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Figure 4.6 Nonlinear residual plot of difference between experimental and calculated values of 

biomass formation rate (∆rx) and ethanol production rate (∆rp) verses experimental values of rx 

and rp respectively using hemicellulose acid hydrolysate medium.  
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4.4 Effects of toxics on growth of microbes 

4.4.1 Effect of furfural on specific growth rate of Pichia stipitis 

Xylose and other pentose sugars are liberated during the hydrolysis of hemicellulose fraction of 

lignocellulosic biomass. Further degradation of these sugars released furfural. Furfural is 

known to be inhibitory compound and affect the growth of microorganisms. Palmqvist et al. 

(1999) reported that the growth of microorganism is more susceptible to furfural concentration 

than for ethanol production. P. stipitis, a well known xylose bioconverter to ethanol is likely to 

encounter this compound during fermentation of lignocellulose hydrolysate to ethanol, thus the 

experiment was designed to examine the effect of furfural concentration on the growth of P. 

stipitis. Different concentration of furfural was introduced in the growth media of P. stipitis 

ranging from 0.1 to 0.5 g/L along with the control (no furfural). The specific growth rate was 

calculated during the exponential growth phase of the P. stipitis as the slope of the linear 

relationship from the curve ln(x/x0) vs. time, shown in figure 4.7. 

The effect of furfural on specific growth rate of P. stipitis is given in table 4.5. The % reduction 

in specific growth rate of P. stipitis was calculated. It was observed that the effect of furfural on 

the specific growth rate of P. stipitis was more prevalent on 0.4 g/L or more concentration than 

that with the lower values of furfural concentration. The relative specific growth rate (µrel) was 

also calculated by considering specific growth rate in control as 100% and shown in figure 4.8. 

From the analysis of results ca. 9 % reduction in specific growth rate was observed with 0.4 g/L 

furfural concentration whereas ca. 23 % reduction was found with 0.5 g/L furfural 

concentration. Thus 0.4 g/L furfural concentration may be considered as tolerable to P. stipitis 

growth.  

Delgenes et al. (1996) have reported that the growth of P. stipitis was reduced by 25% at 

furfural level 0.5 g/L whereas, 47% and 99% reduction was found with 1.0 g/L and 2.0 g/L 

furfural concentration respectively. Nigam (2001) reported that a furfural concentration of 1.5 

g/L interfered in respiration and resulted ca. 90% reduction in ethanol yield, whereas furfural 

concentration of 0.25 g/L was not sufficient to reduce ethanol formation. Studies done by 

Boyer et al. (1992); Navarro (1994) also revealed that furfural reduce the specific growth rate 

of microorganisms and biomass yield per ATP [Palmqvist et al., 1999].      
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Figure 4.7 Curve for specific growth rate (µ) calculation of P. stipitis with different 

concentration of furfural in the growth media.  
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Table 4.5 Effect of furfural concentration on specific growth rate of P. stipitis. 

S. 

no. 

Furfural concentration 

(g/L) 

Specific growth rate 

µ (h
-1

) 

Reduction in specific growth rate 

(%) 

1 0.0 0.172 0.00 

2 0.1 0.172 0.00 

3 0.2 0.169 1.74 

4 0.3 0.163 5.23 

5 0.4 0.157 8.72 

6 0.5 0.133 22.67 

 

 

Figure 4.8 Effect of furfural concentration on the specific growth rate of P. stipitis. 
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4.4.2 Effect of phenolics on specific growth rate of Pichia stipitis 

A large number of phenolic or aromatic compounds have been detected in lignocellulose 

hydrolysate. These are believed to be degradation products of lignin during acid hydrolysis. 

Palmqvist and Hahn-Hagerdal (2000) reported that the biomass growth and sugar assimilation 

are reduced due to the presence of these phenolic compounds because the biological 

membranes lost their integrity, thereby affecting ability to serve as selective barriers. Among 

the phenolic compounds, vanillin (4-hydroxy-3-methoxy benzaldehyde) is one of the important 

and strong inhibitor for the growth of microorganisms. The degradation of guaiacylpropane 

units of lignin produced vanillin and has been reported in hydrolysate of willow [Jonsson et al., 

1998] and poplar [Ando et al., 1986]. Thus vanillin was selected as the model phenolic 

compound to investigate its effect on the growth of P. stipitis. Different concentration of 

vanillin was introduced in the growth media of P. stipitis ranging from 0.2 to 2.0 g/L along 

with the control (no vanillin). The specific growth rate (µ) was calculated during the 

exponential growth phase of the P. stipitis from the slope of the linear relationship of the curve 

ln(x/x0) vs. time, shown in figure 4.9. 

The effect of vanillin on specific growth rate of P. stipitis is given in table 4.6. The % reduction 

in specific growth rate of P. stipitis was calculated. It was found that the effect of vanillin on 

the specific growth rate of P. stipitis was nominal at 0.5 g/L whereas, at 1.0 g/L or more 

concentration of vanillin the specific growth rate of P. stipitis decreased rapidly. The relative 

specific growth rate (µrel) was also calculated by taking specific growth rate in control as 100% 

and is shown in figure 4.10. From the analysis of results it was found that ca. 7 % reduction in 

specific growth rate was observed with 0.5 g/L vanillin concentration whereas, ca. 15 % 

reduction was found with 1.0 g/L initial vanillin concentration. Thus 0.5 g/L vanillin 

concentration was noted as tolerable phenolics concentration for P. stipitis growth.  

Larsson (2000) reported the effect of lignocellulose derived aromatic compounds on growth 

and ethanol production by S. cerevisiae. It was revealed that a position of substituent is very 

important for the inhibitory effect of hydroxymethoxybenzaldehydes and the oxidized form 

being more toxic than the reduced form of a diphenol/quinine. Less heavily substituted 

phenolics are the most toxic materials in the hydrolysate [Clark and Mackie, 1984;Nishikawa et 

al., 1988]. Delgenes et al., (1996) have reported that among the phenolic compounds, vanillin 

and syringaldehyde are the important inhibitors.  
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Figure 4.9Curve for specific growth rate (µ) calculation of P. stipitis with different 

concentration of vanillin as model phenolic compound in the growth media.  
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Table 4.6 Effect of vanillin concentration on specific growth rate of P. stipitis. 

S. no. Furfural concentration 

(g/L) 

Specific growth rate 

µ (h
-1

) 

Reduction in specific growth rate 

(%) 

1 0.0 0.172 0.00 

2 0.2 0.168 2.33 

3 0.5 0.160 6.98 

4 1.0 0.146 15.12 

5 1.5 0.123 28.49 

6 2.0 0.107 37.79 

 

 

 

Figure 4.10 Effect of vanillin (used as model phenolic compound)concentration on the specific 

growth rate of P. stipitis. 
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4.4.3 Effect of hydroxymethyl furfural on specific growth rate of Zymomonas mobilis 

Hydroxymethyl furfural (HmF) is a sugar degradation product generated during acid hydrolysis 

of lignocellulosic biomass. Larsson et al. (1998) noticed that presence of HmF caused longer 

lag phase and it affects growth of microorganism in similar way as that by furfural [Taherzadeh 

et al., 1999]. The concentration of HmF is normally low in hemicellulose hydrolysate because 

it is primarily derived from glucose (hexose) degradation [Ulbricht et al., 1984]. It is mainly 

present in cellulose hydrolysate thus a glucose bioconverter microorganism may likely to 

encounter HmF during fermentation. Therefore the present experiment was designed to 

evaluate the effect of HmF concentration on the growth of Z. mobilis. Different concentration 

of HmF was introduced in the growth media of Z. mobilis ranging from 0.2 to 2.0 g/L along 

with the control (no HmF). The specific growth rate was calculated during the exponential 

growth phase of the Z. mobilis as the slope of the linear relationship from the curve ln(x/x0) vs. 

time, shown in figure 4.11. 

The effect of HmF on specific growth rate of Z. mobilis is given in table 4.7. The % reduction 

in specific growth rate of Z. mobilis was calculated. It was observed that the effect of HmF on 

the specific growth rate of Z. mobilis was more intense above 1.0 g/L HmF concentration than 

that with the lower values. The relative specific growth rate (µrel) was calculated by considering 

specific growth rate in control (without HmF) as 100% and shown in figure 4.12. From the 

analysis of results ca. 8 % reduction in specific growth rate was observed with 1.0 g/L HmF 

concentration whereas, ca. 15 % reduction was found with 1.5 g/L HmF concentration. Thus 

1.0 g/L HmF concentration may be considered as tolerable to Z. mobilis growth.  

The growth rate and cell yield is reduced due to presence of HmF in the media because HmF 

inhibit glycolysis especially the activity of dehydrogenases [Banerjee et al., 1981]. Azhar et al. 

(1981) observed that HmF concentration of 1.0 g/L was sufficient to inhibit cell growth and 

ethanol production by S. cerevisiae. Wikandari et al. (2010) reported that the presence of 1.0 

g/L HmF declined ethanol productivity by 71.42% by an isolated strain however, up to 0.5 g/L 

HmF, glucose was completely consumed and very little effect was observed on ethanol 

productivity and yield. Fein et al. (1984) studied the effect of potential wood hydrolysate 

compounds on growth and morphology of Z. mobilis and found that minimum inhibitory 

concentration for HmF was 1.47 % w/v with 0.49-0.98 % w/v causative concentration for 

morphological disturbance of Z. mobilis.  
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Figure 4.11Curve for specific growth rate (µ) calculation of Z.mobilis with different 

concentration of hydroxymethyl furfural (HmF) in the growth media.  
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Table 4.7 Effect of HmF concentration on specific growth rate of Z. mobilis. 

S. no. Furfural concentration 

(g/L) 

Specific growth rate 

µ (h
-1

) 

Reduction in specific growth rate 

(%) 

1 0.0 0.335 0.00 

2 0.2 0.335 0.00 

3 0.5 0.328 2.09 

4 1.0 0.307 8.36 

5 1.5 0.285 14.93 

6 2.0 0.239 28.66 

 

 

 

 

Figure 4.12 Effect of hydroxymethyl furfural (HmF) concentration on the specific growth rate 

of Z. mobilis. 
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4.4.4 Effect of phenolics on specific growth rate of Zymomonas mobilis 

The lignin degradation compounds are found to be more toxic to microorganisms than furfural 

and HmF [Parajo et al., 1998]. Vanillin (4-hydroxy-3-methoxy benzaldehyde) was selected as 

the model phenolic compound to investigate its effect on the growth of Z. mobilis. Different 

concentration of vanillin was introduced in the growth media of Z. mobilis ranging from 0.2 to 

2.0 g/L along with the control (no vanillin). The specific growth rate (µ) was calculated during 

the exponential growth phase of the Z. mobilis as the slope of the linear relationship from the 

curve ln(x/x0) vs. time, shown in figure 4.13. 

The effect of vanillin on specific growth rate of Z. mobilis is given in table 4.8. The % 

reduction in specific growth rate of Z. mobilis was calculated. It was found that the effect of 

vanillin on the specific growth rate of Z. mobilis was nominal at 0.5 g/L whereas, at 1.0 g/L or 

more concentration of vanillin the specific growth rate of Z. mobilis decreased rapidly. The 

relative specific growth rate (µrel) was also calculated by taking specific growth rate in control 

as 100% and is shown in figure 4.14. From the analysis of results it was found that ca. 7 % 

reduction in specific growth rate of Z. mobilis was observed with 0.5 g/L vanillin concentration 

whereas, ca. 18 % reduction (about 2.5 times more than that with 0.5 g/L concentration) was 

found with 1.0 g/L initial vanillin concentration. Thus 0.5 g/L vanillin concentration was 

marked as tolerable phenolics concentration for Z. mobilis growth.  

The filamentous growth of Z. mobilis has been reported by Krug and Daugulis (1983) because 

plugging of column reactor was observed with an immobilized cell system of Z. mobilis. Fein 

et al. (1984) reported the minimum inhibitory concentration of phenol (a component of wood 

hydrolysate) was 0.29 % w/v and causative concentration for morphological disturbance of Z. 

mobilis was 0.049 to 0.088 % w/v.  Delgenes et al. (1996) observed that 0.5 g/L concentration 

of hydroxybenzaldehyde reduced cell growth of Z. mobilis by 16 % and ethanol production by 

21% as compared with control. It was also reported that Z. mobilis showed higher potential 

except hydroxybenzaldehyde, for both biomass growth and ethanol production than S. 

cerevisiae in the presence of tested model compounds. The tolerance of Z. mobilis towards 

lignocellulosic biomass degradation products was higher than that of S. cerevisiae.  
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Figure 4.13Curve for specific growth rate (µ) calculation of Z. mobilis with different 

concentration of vanillin as model phenolic compound in the growth media.  
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Table 4.8 Effect of vanillin concentration on specific growth rate of Z. mobilis. 

S. no. Vanillin concentration 

(g/L) 

Specific growth rate 

µ (h
-1

) 

Reduction in specific growth rate 

(%) 

1 0.0 0.0.335 0.00 

2 0.2 0.328 2.09 

3 0.5 0.311 7.16 

4 1.0 0.274 18.21 

5 1.5 0.214 36.12 

6 2.0 0.117 65.07 

 

 

Figure 4.14Effect of vanillin concentration on the specific growth rate of Z. mobilis.Vanillin 

used as model phenolic compound.  
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4.5 Effects of ethanol concentration on growth of microbes 

4.5.1 Effect of ethanol concentration on specific growth rate of Pichia stipitis 

Various studies revealed that P. stipitis is one of the best candidate among the yeast species for 

production of ethanol from hemicellulose fraction of lignocellulose biomass [Dellweg et al., 

1984; Slininger et al., 1985; Agbogbo and Wenger, 2007; Lee et al, 2000]. The data on 

quantification of ethanol tolerance of this microorganism is limited. It is of prime importance to 

quantify the ethanol tolerance level for getting high ethanol concentration in the fermentation 

broth to facilitate further distillation process [du Preez et al., 1987]. Thus the experiment was 

designed to obtain critical level of ethanol concentration for P. stipitis growth and the model 

proposed by Luong (1985) was used (equation 4.4). 

µi/µo = 1-(P/Pm)
α
          (4.4) 

by rearranging  ln (1- µi/µo) = αln P - αln Pm      (4.5) 

The linear relationship as developed from model (equation 4.5) was used to calculate maximum 

ethanol concentration above which no P. stipitis cell growth was observed is given by the 

Equation 4.5 and the graphical determination of the ethanol limit (Pm) is given in figure 4.15. 

Slope of the linear relationship represented the value of α and intercept - αln Pm. Pm was 

calculated and found to be 37 g/L ethanol concentration. The result was in accordance to the 

studies done by du Preez et al., (1987) and Slininger et al., (1982). They found that P. stipitis 

can produce ethanol up to 33-57 g/L, however critical concentration of ethanol for P. stipitis 

was found to be 30 g/L above which no cell growth was observed at 30°C. Lee et al. (2000) 

have found that at 130 g/L initial xylose concentration 31.8 g/L maximum ethanol was 

produced at 30°C by P. stipitis Y-7124.  

Many researchers have reported that the ethanol produced by the microbial cells via 

fermentation is significantly more toxic than externally added ethanol to the medium [Mota et 

al., 1984; Jones and Greenfield, 1985; Novak et al., 1981; Singh et al., 2011c]. This may be due 

to very low permeability of ethanol from outside environment to inside the cell. It is very 

difficult to quantify the effect of produced ethanol during xylose fermentation because oxygen 

is required for growth whereas, limited oxygen enhances ethanol production. Thus 

distinguishing the features of oxygen limitation and growth inhibition by ethanol requires very 

effective dissolved oxygen controlling system.       
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Figure 4.15 Estimation of maximum ethanol tolerance (Pm) for P. stipitis. 
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4.5.2 Effect of ethanol concentration on specific growth rate of Zymomonas mobilis 

Zymomonas mobilis is a potential bacterium for ethanol production as described by many 

researchers [Gunasekaran et al., 1990; Panesar et al., 2006]. The main features of Z. mobilis 

include a high specific rate of sugar uptake, high ethanol productivity, low cell mass 

production, no requirement of controlled oxygen etc. The sugar conversion rate of Z. mobilis to 

produce ethanol and carbon dioxide as principal products is several folds to that of S. cerevisiae 

[Lawford et al., 1988; Rogers et al., 2007].  To quantify the exogenous ethanol tolerance level 

for getting high ethanol concentration in the fermentation broth, the experiment was designed 

to obtain critical level of ethanol concentration for Z. mobilis growth. The model proposed by 

Luong (1985) was used as described in previous section (equation 4.4 and 4.5).  

The graphical determination of the ethanol limit (Pm) is given in figure 4.16. Slope of the linear 

relationship represented the value of α and intercept - αln Pm. Pm was calculated and found to 

be 104 g/L ethanol concentration above which growth of Z. mobilis ceased. Sprenger (1996) 

reported that Z. mobilis follows homoethanol fermentation pathway and tolerates up to 120 g/L 

ethanol and its specific ethanol productivity is about 2.5 times higher than that of S. cerevisiae. 

Osman and Ingram (1985) have proposed the mechanism of ethanol inhibition and concluded 

that the increased leakage of cofactors and coenzymes through plasma membrane caused 

inhibition of fermentation. Various studies have different opinion about the effect of in vivo 

and in vitro presence of ethanol on measurable inhibition. The in vivo low concentration of 

ethanol (2 % w/v) created measurable inhibition, whereas concentration above 15 % w/v is 

required to inhibit enzymes in vitro [Millar et al., 1982; Moulin et al., 1980]. As Z. mobilis is 

easily permeable to ethanol thus intracellular concentration of ethanol do not reach to high 

levels responsible to inhibit key enzymes although other factors of intracellular environment 

may be responsible for increased sensitivity of these enzymes [Osman and Ingram, 1985].        
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Figure 4.16 Estimation of maximum ethanol tolerance (Pm) for Z. mobilis. 
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SECTION B 

[Patent: “A novel fractionating hydrolysis process for production of fermentable sugars from 

lignocellulosic biomass of Kans grass (Saccharum spontaneum)” under process of filing]. 

4.6 Novel process for fractionating hydrolysis of lignocellulosic biomass 

4.6.1 Single vessel multi-step acid hydrolysis of KGB 

Effective release of protected polysaccharides from the complex lignocellulosic biomaterials to 

fermentable sugars is considered as prime challenge for lignocellulosic biomass to ethanol 

production process [Zhang et al., 2007]. The leading lignocellulose pretreatment/hydrolysis 

technologies suffer from low sugar yield, and/or severe reaction conditions, and/or costlier 

enzymes use, narrow substrate applicability, and high capital investment etc. [Eggeman and 

Elander, 2005].  Main objective of the present investigation was oriented towards the maximum 

soluble sugar extraction with minimum toxic compounds generation from KGB. A novel single 

vessel multi-step fractionating hydrolysis process was developed in the laboratory with the 

working hypothesis that concentrated acid treatment is the only method among the existing 

technologies to extract maximum amount of sugars (>90 % of total theoretical) from the 

lignocellulosic biomass and high temperature (above atmospheric pressure) during the course 

of hydrolysis is the main cause of toxics generation [Taherzadeh and Karimi, 2007b]. The 

schematic representation of the process is shown in figure 4.17.  

The experimental set up as shown in figure 3.11and was used to hydrolyze the oven dried 

KGB.  The sequential addition of increased sulfuric acid concentration from 1 to 35 % v/v 

(total nine steps) along with direct steam insertion at 100°C (i.e. at atmospheric pressure) to the 

reaction system for 30 min each step was successfully used to extract 95.3% of the total 

reducing sugars (TRS) available in the KGB in the form of carbohydrate polymer (0.9 x 

cellulosic content + 0.88 x hemicellulosic content). After each reaction time the liquid fraction 

was withdrawn from the reaction system, thus not allowing the hydrolysate content for long 

exposure towards acid or temperature. Total nine liquid hydrolysate fractions were collected in 

accordance to the different acid concentrations applied. The composition of various liquid 

fractions and the residual biomass is given in table 4.9.  
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Figure 4.17 The schematic representation of the fractionating hydrolysis process    
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Table 4.9 The composition of various fractions corresponds to the process steps of 

fractionating hydrolysis of KGB. 

Process 

steps (i)  

Acid 

applied 

(% v/v)   

(xi)  

Components in the liquid fraction (% g/g dry initial KGB) 

(yi)  

TRS  Pentose  Furfural  

(x10
-2

)  

HmF 

(x10
-2

)  

Total 

phenolics 

(x10
-2

)  

Residual 

biomass 

(bi)  

1  1  0.42  0.30  n.d. n.d. 1.25  99.40  

2  2  8.38  7.85  2.01  n.d. 2.40  89.78  

3  5  11.51  10.45  8.43  2.1  3.21  76.06  

4  10  3.26  2.50  4.40  2.7  4.63  72.64  

5  15  4.18  n.d. n.d. 4.3  5.13  68.22  

6  20  8.28  n.d. n.d. 8.1  5.71  58.59  

7  25  13.45  n.d. n.d. 12.2  5.98  43.20  

8  30  7.16  n.d. n.d. 13.2  6.24  35.12  

9  35  1.23  n.d. n.d. 6.2  8.60  34.21  
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4.6.2 TRS and pentose production 

The aforementioned single vessel multi-step hydrolysis process used to fractionate KGB, 

generated liquid hydrolysate in the same number as different acid concentrations used (total 

nine steps). The concentration of TRS and pentose sugar in different liquid fractions are shown 

in figure 4.18. It was observed that pentose sugar was appeared in the first four fractions i.e. 

fraction number 1 to 4, and its amount was found very close to that of TRS. As pentose sugars 

(mainly xylose) are constituents of hemicellulosic fraction only, thus it was manifested that 

during these steps of hydrolysis hemicellulose fraction was mainly solubilized and a very little 

sugar was liberated from cellulosic fraction. Furthermore, cellulose degradation was started in 

subsequent steps of hydrolysis. In fraction number 5 to 9 no detectable pentose sugar was 

present.  Thus it could be stated that the TRS consisted only glucose in these fractions (a 

monomer unit of cellulose polymer). The maximum solubilization of cellulose was occurred in 

the 7
th

 process step (25% acid concentration and 210 min of total elapsed time from the start of 

the process at 100°C).  

After total elapsed time of 240 min, only 35% of the initial biomass was present and mainly 

consisted of lignin and other non-carbohydrate entities. The recovery of TRS from all the 

process steps was 95.3%, whereas up to 8
th

 step it was 93.3% on the basis of TCC present in 

dry KGB sample. In 9
th

 fraction, TRS was only 1.23 g/L. Thus it was concluded that most of 

the carbohydrate fraction of KGB was dissociated up to 8
th

 process step.   
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Figure 4.18Total reducing sugar and pentose sugar released (mg/g dry KGB) in various 

hydrolysate fractions collected at every 30 min of reaction time with varying acid 

concentration. Each data point represents the mean value (n=2, SD<0.3, TRS and SD<0.2, 

pentose). 
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4.6.3 Toxics generation 

The toxic compounds generation during the hydrolysis in various fractions is shown in figure 

4.19. It was observed that furfural was generated only up to 4
th

 fraction. It is dehydration 

product of xylose and this sugar was not detected in later fractions (i.e. in fraction number 5 to 

9) as shown in Figure 4.19. Thus it was again confirmed that the whole hemicellulose fraction 

of the KGB was hydrolyzed during first four process steps. The hydroxymethylfurfural (HmF), 

a dehydration product of glucose was mainly found when cellulosic fraction was started to 

hydrolyze. The phenolic compound generation was observed in all fractions. This reveled that 

lignin was degraded slowly in all process steps under the set experimental conditions.  

The temperature of the hydrolysis process using the proposed reaction system was kept 

constant at normal boiling point of water (100°C) by using direct steam insertion at 

atmospheric pressure thus not much lignin was degraded. The immediate withdrawal, cooling 

and neutralization of liquid hydrolysate from the reaction vessel after each preferred reaction 

process step of 30 minutes prevents further dehydration of the soluble sugars liberated from 

biomass, therefore inhibitory compounds are not generated in significant amount. Many 

researchers have agreed on one point that low temperature and pressure minimize the 

degradation of sugars [Demirbas, 2005; Mussatto and Roberto, 2004; Palmqvist and Hahn-

Hagerdal, 2000].   
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Figure 4.19 The toxic compounds generation in various process steps, collected as liquid 

fractions at every 30 min of reaction time with varying acid concentration. Each data point 

represents the mean value (n=2, SD<0.3, Furfural and HmF; SD<0.2, total phenolics).  
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4.6.4 Generation of two main sugar streams 

After analyzing the sugars and inhibitory compounds generated during hydrolysis of KGB in 

all 9 fractions collected separately it was observed that the pentose sugar (xylose) was extracted 

only up to forth fraction and was main component in the TRS. Thus fraction 1, 2, 3 and 4 were 

pooled together to generate first sugar stream as xylose rich fraction (XRF). Further it was 

observed that in the ninth fraction collected after applying the highest acid concentration 

(35%), TRS concentration was 1.23 g/L which was very low, whereas phenolic concentration 

was at its highest value 86.5 mg/L  than that were present in previous fractions. Also 62 mg/L 

HmF and no furfural was found in this particular fraction. The recovery of TRS from all the 

process steps was 95.3% whereas up to 8
th

 step it was 93.3% on the basis of TCC present in dry 

KGB sample. Thus it was concluded that most of the carbohydrate fraction of KGB was 

dissociated up to 8
th

 process step and after that increase in acid concentration was not beneficial 

as far as our objective was concerned. Therefore, 9
th

 liquid hydrolysate fraction was excluded 

from further processing steps. The rest fractions (5
th

 to 8
th

) were the mixed together to form 

second sugar stream as glucose rich fraction (GRF). After setting the desired level of pH and 

sugar concentration using conditioning method as described in section 3.3.6 the sugar and 

inhibitory compound concentrations in XRF and GRF are given in table 4.10. After 

conditioning and ready to use for fermentation, the XRF contained 0.362 g/L furfural, 0.271 

g/L total phenolics and very low concentration of HmF (0.118 g/L). The tolerable concentration 

of furfural and phenolics for P. stipitis were found as 0.4 g/L and 0.5 g/L respectively (section 

4.4.1 and 4.4.2). Similarly GRF contained 0.972 g/L HmF and 0.613 g/L total phenolics which 

were found near to the acceptable concentration of HmF and phenolics for Z. mobilis cells (1.0 

g/L HmF and 0.5 g/L phenolics) as mentioned in section 4.4.3 and 4.4.4.  

In most of the hydrolysis processes due to severe reaction conditions, the soluble sugars 

liberated further converted to their respective dehydration products like furfural (from xylose) 

and hydroxymethyl furfural (from glucose), thus reducing the overall availability of these 

sugars for bioconversion to valuable products. Further these sugar dehydration products and 

phenolic compounds generated during the hydrolysis process steps are known to be inhibitory 

to the microorganisms in further fermentation thus essentially required to remove or reduce in 

such a concentration that are tolerable to the used microorganisms [Pienkos and Zhang, 2009]. 

Detoxification, an additional process step is used to remove or reduce the concentration of 

these inhibitory compounds. Overliming is often used [Mohagheghi et al., 2006] to detoxify the 

hydrolysate by adding Ca(OH)2  to raise the pH 9-10, hydrated gypsum, CaSO4.2H2O is formed 

and precipitates. The disposal of produced gypsum in bulk is problematic. Also 8-10% sugar 
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loss is reported during overliming [Martinez et al., 2001]. The significance of the present 

investigation revealed that the novel process of fractionating hydrolysis of KGB generated 

toxics in very low quantity and found to be acceptable for the microorganisms like P. stipitis 

and Z. mobilis for fermentation without performing any detoxification process step. Thus the 

above said problems are addressed successfully.  

The photographs (figure 4.20) of dried residual sample of unhydrolysed KGB and acid treated 

KGB (8 samples) showed the effect of increasing order of acid concentration applied on KGB 

for hydrolysis. The colour of KGB particles were getting darker as the reaction process 

proceeded.  The images are representing total eight stages of the hydrolysis process. The 

qualitative analysis of residues obtained from each process step using SEM is shown in figure 

4.21. It is shown in SEM image of untreated KGB sample that the texture was compact and 

covered with a thin film probably of wax found in herbaceous biomaterials [Hu and Wen, 

2008]. During sequential hydrolysis the layer disappeared and breaks down of the biomass 

started the phenomenon is clearly viewed from the images.  
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(b)        (c) 
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(e)       (f) 

  

(g)        (h)  

Figure 4.20 The photographs of original (a) and acid treated KGB sample (b), (c), (d), (e), (f), 

(g), (h), (i) showing the effect of increasing order of acid concentration applied on KGB for 

hydrolysis. The images are representing total eight stages of the hydrolysis process. 
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(a)               (b) 

 

  

(c)               (d) 
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(g)                 (h) 

 

 

 (i)  

Figure 4.21 SEM images of original (a) and acid treated KGB sample (b), (c), (d), (e), (f), (g), 

(h), (i) showing the effect of increasing order of acid concentration applied in sequential 

manner on KGB for hydrolysis. The images are representing total eight stages of the hydrolysis 

process.  
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Table 4.10The sugar and toxic compound concentrations in XRF and GRF. 

Constituents before conditioning after conditioning* 

Sugar (g/L) XRF GRF XRF GRF 

       TRS 5.893±0.025 8.268±0.03 58.900±0.26 98.811±0.30 

       Xylose 5.275±0.018 n.d. 52.608±0.20 n.d. 

Toxics (g/L)     

         Furfural 0.037±0.002 n.d. 0.362±0.015 n.d. 

HmF 0.012±0.001 0.095±0.004 0.118±0.021 0.972±0.042 

         Total phenolics 0.029±0.003 0.057±0.002 0.271±0.034 0.613±0.056 

*conditioning refers to process in which pH of both the fractions (XRF and GRF) were raised 

to 2.0 with 1N NaOH then 6.0 ± 0.2 by using Ca(OH)2 and filtered to remove any precipitate. 

The filtrate were concentrated under vacuum at 60°C to desired level of sugar concentration 

and supplemented with nutrients to prepare hydrolysate ready for fermentation (section 3.3.6). 
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4.6.5 Ethanol production from XRF 

The conditioned XRF was fermented by P. stipitis with 58.9 g/L TRS where xylose 

concentration was 53.6 g/L and rest was glucose. The XRF and corresponding synthetic media 

contained 60 g/L TRS with 54 g/L xylose concentration were inoculated with 5% v/v inoculum 

(18 h culture, 1x10
7
cells/ml) of P. stipitis. The concentration profile of TRS, biomass and 

ethanol concentration during fermentation is shown in figure 4.22(a) and (b). The comparison 

of kinetic parameters of XRF and synthetic media fermentation is given in table 4.11. Total 

sugar utilization was observed as 94.7% with 80 h of fermentation time whereas 93.4% sugar 

was utilized within 36 h. About three times longer lag phase of P. stipitis was observed in case 

of XRF as compared to the synthetic media. The doubling time of P. stipitis in XRF was 

calculated as 5.73 h which was also higher as found in synthetic media (4 h). This could be 

reduced by propagating cells in the same hydrolysate media using several adaptation steps. The 

specific sugar uptake rate (qs) in XRF and synthetic media were 1.704 g/g/h and 2.662 g/g/h 

respectively. The specific growth rate (µ) was found as 0.121 h
-1

 in XRF and 0.173 h
-1

 in 

synthetic media. The ethanol yield (Yp/s) and specific productivity (qp) were 0.443 g/g and 

1.179 g/g/h for synthetic and 0.427 g/g and 0.731 g/g/h for XRF media respectively. The other 

fermentation parameters are mentioned in table 4.11. The values of fermentation parameters for 

XRF as compared to that of synthetic media were found little lower. This may be due to the 

presence of inhibitory compounds in the hydrolysate. 
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Table 4.11 Comparison of fermentation parameters of ethanol production from xylose rich 

fraction (XRF) of KGB acid hydrolysate and synthetic media.    

Parameter XRF  Synthetic 

Initial total reducing sugar, S0 (g/L) 58.90 60.0 

Specific growth rate, µ (h
-1

) 0.121 0.173 

Biomass yield coefficient, Yx/s (g/g) 0.071 0.065 

Maximum cell concentration, xmax (g/L) 4.13 3.85 

Ethanol yield coefficient, Yp/s (g/g) 0.427 0.443 

Specific ethanol productivity, qp (g/g/h) 0.731 1.179 

Maximum ethanol concentration, pmax (g/L) 23.8 24.8 

Specific sugar uptake rate, qs (g/g/h) 1.704 2.662 

Doubling time, td (h) 5.73 4.00 

% theoretical yield 84 87 
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Figure 4.22(a) Concentration profile of total reducing sugar, pentose sugar, biomass and 

ethanol concentration during fermentation of hydrolysate (XRF) media by P. stipitis.  

 

 

Figure 4.22(b) Concentration profile of total reducing sugar pentose sugar, biomass and 

ethanol concentration during fermentation of synthetic media by P. stipitis. 
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4.6.6 Ethanol Production from GRF 

Initially the sugar stream GRF contained 8.268 g/L TRS. After conditioning and vacuum 

concentration the TRS concentration was raised to 98.8 g/L. The conditioned GRF was then 

fermented by Z. mobilis cells with 5% v/v inoculum (1 x 10
8 

cells/ml). The corresponding 

synthetic media was also inoculated with same inoculums size and glucose was used as the 

only sugar with initial concentration of 100 g/L. The concentration profile of TRS, biomass and 

ethanol concentration during fermentation is shown in figure 4.23(a) and (b). The comparison 

of kinetic parameters of GRF and synthetic media fermentation is given in table 4.12. It was 

observed that 97.6 % sugar was utilized within 24 h of fermentation time in GRF whereas 99% 

sugar was utilized in the synthetic media within 16 h. The specific sugar uptake rate (qs) in 

GRF and synthetic media were 7.594 g/g/h and 9.657 g/g/h respectively. The specific growth 

rate (µ) was found as 0.243 h
-1

 in GRF and 0.338 h
-1

 in synthetic media. The ethanol yield and 

(Yp/s) and specific productivity (qp) were 0.494 g/g and 4.805g/g/h for synthetic and 0.476 g/g 

and 3.587 g/g/h for GRF media respectively. The other fermentation parameters are mentioned 

in table 4.12. The lower values of fermentation parameters for GRF as compared to that for 

synthetic media were may be due to the presence of inhibitory compounds in the hydrolysate.  

It is worth pointing out here that no detoxification step was used to remove or reduce the toxic 

compounds generated during the acid hydrolysis still comparable fermentability were obtained 

from GRF and XRF in comparison to the previously reported results where some detoxification 

steps were involved [Mohagheghi et al., 2006; Millati et al., 2002]. Thus the method applied to 

hydrolyze the KGB was found effective with a little production of toxic compounds which 

were not in significant amount to affect the fermentation and thus ethanol yield.  
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Table 4.12 Comparison of fermentation parameters for ethanol production from glucose rich 

fraction (GRF) of KGB acid hydrolysate and synthetic media.   

Parameter GRF              Synthetic 

Initial total reducing sugar, S0 (g/L) 98.8 100.0 

Specific growth rate, µ (h
-1

) 0.243 0.338 

Biomass yield coefficient, Yx/s (g/g) 0.032 0.035 

Maximum cell concentration, xmax (g/L) 3.25 3.58 

Ethanol yield coefficient, Yp/s (g/g) 0.476 0.494 

Specific ethanol productivity, qp (g/g/h) 3.587 4.805 

Maximum ethanol concentration, pmax (g/L) 45.9 48.9 

Specific sugar uptake rate, qs (g/g/h) 7.594 9.657 

Doubling time, td (h) 2.85 2.05 

% theoretical yield 93 96.8 
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Figure 4.23(a) Concentration profile of total reducing sugar, biomass and ethanol 

concentration during fermentation of hydrolysate (GRF) media by Z. mobilis. 

 

Figure 4.23(b) Concentration profile of total reducing sugar, biomass and ethanol 

concentration during fermentation of synthetic media by Z. mobilis.  

 

0

0.5

1

1.5

2

2.5

3

3.5

0

20

40

60

80

100

120

0 2 4 6 8 10 12 14 16 18 20 22 24

B
io

m
a
ss

 c
o
n

ce
n

tr
a
ti

o
n

 (
g
/L

)

T
o
ta

l 
re

d
u

ci
n

g
 s

u
g
a
r 

a
n

d

E
th

a
n

o
l 

co
n

ce
n

tr
a
ti

o
n

 (
g
/L

)

Time (h)

TRS Ethanol Biomass

0

0.5

1

1.5

2

2.5

3

3.5

4

0

20

40

60

80

100

120

0 2 4 6 8 10 12 14 16

B
io

m
a
ss

 c
o
n

ce
n

tr
a
ti

o
n

 (
g
/L

)

T
o
ta

l 
re

d
u

ci
n

g
 s

u
g
a
r 

a
n

d

E
th

a
n

o
l 

co
n

ce
n

tr
a
ti

o
n

 (
g
/L

)

Time (h)

TRS Ethanol Biomass



130 

 

SECTION C 

[Singh, L. K., Majumder, C. B., Ghosh, S. Development of sequential-co-culture system 

(Pichia stipitis and Zymomonas mobilis) for bioethanol production from Kans grass 

biomass.Biochemical Engineering Journal, 82(0): 150-157 (2014)]. 

4.7 Development of sequential-co-culture system 

The sequential-co-culture system of P. stipitis and Z. mobilis was developed at two levels based 

on the total working volume of fermentation media, first in flask (300 ml) then in bioreactor 

(4000 ml) using synthetic fermentation media. Finally the selected strategy was implemented 

for KGB hydrolysate (as described in section 4.6 in the form of XRF and GRF) fermentation at 

bioreactor level. Very limited data is available for lignocellulosic biomass to ethanol 

production using sequential-co-culture system particularly at bioreactor level [Chen, 2011]. 

Therefore, in the present investigation efforts were made to develop a novel sequential-co-

culture system of high ethanol yield and volumetric productivity by utilizing sugars from KGB 

hydrolysate.  

4.7.1 Sequential-co-culture system in flask using synthetic fermentation media 

The important process conditions favorable for better ethanol productivity were examined at 

flask level. The sequential addition of strains and accordingly the media was based on the fact 

that the glucose is assimilated by P. stipitis preferentially over xylose as carbon source for 

growth and ethanol production. Furthermore, this yeast has low ethanol tolerance (<5% w/v) in 

comparison to the Z. mobilis (>10% w/v). Also high concentration of glucose can suppress 

xylose fermentation by P. stipitis due to catabolite repression, especially at the initial stage, 

because xylose bioconversion is completely inhibited at glucose concentration of 2.3 g/L or 

higher [Grootjen, 1991], thus resulting poor ethanol yield and/or delay of fermentation 

[Govindaswamy and Vane, 2007]. Therefore, P. stipitis fermentation using xylose as carbon 

source was conducted first followed by Z. mobilis fermentation using glucose as carbon source. 

The inhibition of xylose fermentation due to rapid formation of ethanol from glucose 

fermentation by Z. mobilis was also taken care by sequential fermentation of sugars and 

efficient utilization of both types of sugars for bioconversion was achieved. The difference 

between the two strategies was related to the oxygen availability in the media. N2sparging at 

the onset of stage II and III of strategy II under static condition removed the dissolved oxygen 

completely from the media and provided strictly anaerobic conditions for glucose fermentation 

by Z. mobilis.  The results of these two strategies of sequential-co-culture system are given in 
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table 4.13. The parameters such as ethanol yield (Yp/s), volumetric ethanol productivity (rp), 

substrate utilization rate (rs) or other measures are frequently used to evaluate performance of a 

fermentation system. The theoretical ethanol yield for glucose or xylose fermentation is 0.51 

gp/gs [Krishnan et al., 1999].    

The kinetic parameters were calculated for each stage as well as for the whole system for both 

the strategies. The sugar utilization profiles for both the strategies are shown in figure 4.24. The 

overall % sugar utilization and sugar utilization rate were found almost same in both the 

strategies whereas, sugar utilization rate during stage II and III was 1.7 to 2.5 times more than 

that in stage I in both the strategies. The reason was that the xylose assimilation by P. stipitis 

was slow as compared to the glucose fermentation by Z. mobilis. The actual co-culture system 

exists only during second and third stages in both the strategies. The cell concentration profile 

in strategy I and II is presented in figure 4.25 (a) and (b). Stage I represents the mono culture 

batch fermentation system of P. stipitis, whereas stage II and III were the true co-culture 

system of P. stipitis and Z. mobilis. After 32 h of the fermentation time the viable cell 

concentration of Z. mobilis(69 x 10
5
cfu/ml) approached to that of P. stipitis (65 x 10

5
cfu/ml) in 

strategy I. After 40 h from the start of the fermentation the viable cell concentration of P. 

stipitis starts to decline at both conditions but more evident under anaerobic conditions (Table 

4.13).  After 40 h P. stipitis viable cell concentrations in the strategy I and II were found as 93 

x 10
5
cfu/ml and 86 x 10

5
cfu/ml respectively whereas at the end of the fermentation (after 56 h) 

it was 24 x 10
5
cfu/ml and 2.1 x 10

5
cfu/ml respectively i.e. ca.10 times less in strategy II in 

comparison to that in strategy I. The viable cell concentration of Z. mobilis at the end of the 

fermentation was found as 82 x 10
6
cfu/ml and 67 x 10

6
cfu/ml in strategy I and II respectively. 

Thus it was concluded that the growth of Z. mobilis was dominating over P. stipitis at both 

conditions during co-culture fermentation but more evident under anaerobic conditions. Also 

about 18% less growth of Z. mobilis was observed at the end of fermentation in strategy II as 

compared to that in strategy I. This could be explained as under strictly anaerobic conditions, 

Zymomonas metabolizes glucose using the Entner-Doudoroff (ED) pathway in place of 

Embden-Meyerhof (EM) pathway. The ED pathway generates only half as much ATP per mol 

of glucose as the EM pathway consequently, produces less biomass and more carbon is moved 

for ethanol formation [Lin and Tanaka, 2006].  

The ethanol production profiles in various stages of the two strategies are shown in figure 4.26. 

The pattern of ethanol production during stage I of both the strategies was same as the 

fermentation conditions were same, whereas a significant improvement in ethanol production 
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was observed during stage II and III of strategy II as compared to strategy I. The ethanol yield 

(Yp/s) and volumetric ethanol productivity (rp),  was about 1.3 times more in stage II and III of 

strategy II as compared to that in strategy I. The average yield (Yav) and overall volumetric 

ethanol productivity (rpo) were found as 0.469 gp/gs, 1.016 g/L/h from strategy II and 0.391 

gp/gs, 0.760 g/L/h from strategy I respectively. Thus strategy II was found more efficient than 

strategy I for bioconversion of synthetic sugars (xylose and glucose) to ethanol in a single 

fermentation vessel using co-culture system of P. stipitis and Z. mobilis.  
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Table 4.13 Comparison of fermentation performance for ethanol production from two different strategies adopted at flask level during using sequential-

co-culture system of P. stipitis and Z. mobilis. 

Parameters  Strategy I Strategy II 

Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3 

Sugar consumption (%)  89.9±3.2 88.2±4.1  96.2±3.9  91.2±3.1 87.2±2.7 93.5±4.1 

Sugar utilization rate, rs (g/L/h)  1.926±0.068 3.548±0.162  4.956±0.201 1.955±0.066  3.436±0.106  5.006±0.218  

Ethanol yield, Yp/s (gp/gs)  0.458±0.014  0.354±0.008  0.360±0.011  0.442±0.008  0.472±0.010  0.493±0.015  

Maximum ethanol production, p (g/L) 24.2±0.97 17.6±0.35 25.0±0.75 24.7±1.00 22.7±0.91 34.6±1.04 

Maximum cell conc. (cfu/ml) x10
6
 

(a) P. stipitis 

(b) Z. mobilis 

 

12.1±0.9 

--  

 

9.3±0.6 

60±4 

 

5.8±0.4 

85±5 

 

18.1±1.5 

--  

 

8.6±0.5 

43±2 

 

5.1±0.3 

67±5 

Volumetric ethanol productivity,  

rp ( g/L/h)  

0.882±0.035  1.257±0.025 1.786±0.053  0.864±0.034  1.621±0.064  2.471±0.074  

Overall Sugar consumption (%)  97.7±4.8 96.0±2.9 

Overall sugar utilization rate, 

rso( g/L/h)  

2.094±0.063 2.056±0.042 

Average Ethanol yield, Yav (gp/gs)  0.391±0.015 0.469±0.018 

Overall maximum ethanol production, po 

(g/L) 

46.2±2.3 56.9±1.7 

Overall Volumetric ethanol productivity, rpo 

(g/L/h)  

0.760±0.030 1.016±0.041 

-- Not available; values are presented as mean value±SD, n=3.  
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Figure 4.24 Sugar consumption profiles during three stages sequential-co-culture system of P. 

stipitis and Z. mobilis in culture bottles, wherein stage 1 (S1) consisting only P. stipitis cells 

and stages 2 (S2) and 3 (S3) both type of cells were present. In strategy I N2 was not sparged at 

any stage; in strategy II, N2 was sparged at the onset of stage 2 and 3 and cultured under static 

condition during stages 2 and 3.  
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(a)  

 

(b) 

Figure 4.25 Cell growth profiles during three stage sequential-co-culture system of P. stipitis 

and Z. mobilis in culture bottles, wherein stage 1 (S1) consisting only P. stipitis cells and stages 

2 (S2) and 3 (S3) both type of cells were present (a) Strategy I: no N2 was sparged at any stage 

and (b) Strategy II: N2 was sparged at the onset of stage 2 and 3. Cultures were kept under 

static condition during stages 2 and 3.  
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.  

 

 

Figure 4.26 Ethanol production profiles during three stage sequential-co-culture system of P. 

stipitis and Z. mobilis in culture bottles, wherein stage 1 (S1) consisting only P. stipitis cells 

and stages 2 (S2) and 3 (S3) both type of cells were present. In strategy I N2 was not sparged at 

any stage; in strategy II, N2 was sparged at the onset of stage 2 and 3 and cultured under static 

condition during stages 2 and 3. 
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4.7.2 Sequential-co-culture system in bioreactor using synthetic fermentation media 

The selected strategy II at flask level (300 ml working volume) for sequential-co-culture 

system development for bioconversion of synthetic fermentation media containing xylose and 

glucose to ethanol was further applied at higher level to validate this by using a bioreactor to 

provide better controlled environment. The working volume was enhanced to 4000 ml (>10 x). 

The only change made was that in place of three stages, only two stages were used to evaluate 

the system performance. First stage represented mono-culture of P. stipitis for xylose 

fermentation and second stage was the actual co-culture system of P. stipitis and Z. mobilis. 

The fermentation profiles of a two stage sequential-co-culture system in the bioreactor are 

shown in figure 4.27. Thesame pattern of viable cell concentration, ethanol production and 

residual sugar concentration was obtained as it was shown at flask level. The controlled 

fermentation conditions like pH and dissolved oxygen availability (microaerobic condition at 

stage I and strictly anaerobic condition at stage II by sparging N2), resulted better fermentation. 

The results of these two strategies of sequential-co-culture system are given in table 4.14. The 

average ethanol yield (Yp/s) and overall volumetric ethanol productivity (rpo) were found as 

0.474 gp/gs and 1.416 g/L/h respectively. The average ethanol yield (Yav) was almost same but 

overall volumetric ethanol productivity (rpo) was about 1.4 times of that in flask level system 

(strategy II).  

Some selected results are given in comparative table 4.15. Very few studies have been 

reported at bioreactor level using co-culture system for ethanol production from mixture of 

xylose and glucose. Taniguchi et al. (1997) used two bioreactors (total working volume 2 L) 

with microfiltration modules, the yield and productivity of ethanol were 0.44 gp/gs and 0.59 

g/L/h in fermentor A (inoculated with P. stipitis), and 0.45 gp/gs and 0.60 g/L/h in fermentor B 

(inoculated with S. cerevisiae no.7) respectively. Recently Fu et al. (2009) demonstrated a 

modified fermentor in which the best result was obtained by using immobilized Z. mobilis cells 

(1/2 batch) and free cells of P. stipitis (50% inoculum size), total sugar concentration 75 g/L 

(45 g/L glucose and 30 g/L xylose) showed ethanol yield 0.46 gp/gs and volumetric ethanol 

productivity 0.6-0.8 g/L/h. Very high inoculum size was the major drawback of the study, 

considering ethanol production at large volumes. Fu and Parisi (2008) reported that the co-

fermentation of mixed sugar by successive inoculation of Z. mobilis and P. tannophilus 

improved the xylose to ethanol conversion yield (0.17 gp/gs) with overall ethanol yield 0.33 

gp/gs. These results were obtained when the fermentation medium was autoclaved after the Z. 

mobilis fermentation (to inactivate Z. mobilis cells) and then inoculated with P. tannophilus for 
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xylose fermentation. The loss of ethanol during autoclaving was not discussed in the article 

which may be in significant amount. 
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Figure 4.27 Fermentation profiles during two stage sequential-co-culture system of P. stipitis 

and Z. mobilis for  ethanol production in bioreactor using synthetic media, wherein stage 1 (S1) 

consisting only P. stipitis cells and stage 2 (S2) both type of cells were present, N2 was sparged 

at the onset of stage 2 and cultured under static condition. 
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Table 4.14 Comparison of fermentation performance for ethanol production using synthetic media and KGB hydrolysate media in bioreactor using 

sequential-co-culture system (Strategy II, two stages) of P. stipitis and Z. mobilis. 

Parameters  Synthetic Hydrolysate 

Stage 1 Stage 2 Stage 1  Stage 2 

Sugar consumption (%)  92.4±3.5 97.7±2.9  94.0±3.7  96.5±2.8  

Sugar utilization rate, rs (g/L/h)  2.303±0.087  5.067±0.152  0.987±0.039  4.123±0.121  

Ethanol yield, Yp/s (gp/gs)  0.450±0.018  0.498±0.015  0.438±0.022  0.468±0.012  

Maximum ethanol production, p (g/L) 24.9±1.5 50.5±2.4 24.2±0.9 46.3±1.2 

Maximum cell conc. (cfu/ml) x10
6
 

(a) P. stipitis  

(b) Z. mobilis 

 

13.0±1.1 

--  

 

9.5±0.7 

66±3  

 

14.6±0.9 

--  

 

9.1±0.5 

62±2 

Volumetric ethanol productivity, rp (g/L/h)  1.037±0.062  2.525±0.126  0.432±0.016  1.929±0.050 

Overall Sugar consumption (%)  98.2±3.4  97.2±1.9  

Overall sugar utilization rate rso(g/L/h)  2.901±0.087  1.580±0.033  

Average Ethanol yield, Yp/s (gp/gs)  0.474±0.018  0.453±0.013  

Overall maximum ethanol production, po (g/L) 62.3±1.3 57.8±1.7 

Overall Volumetric ethanol productivity, rpo (g/L/h)  1.416±0.042  0.723±0.015  

-- Not available; values are presented as mean value±SD, n=2. 
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Table 4.15 Comparison of various co-culture systems using synthetic sugar media for ethanol production.  

Co-culture system Substrate Fermentation conditions *Fermentation 

parameters 

Reference 

Z. mobilis + P. stipitis Three step sugar addition; 

in first step 60 g/L xylose, 

in second 100 g/L glucose 

and in third 200 g/L 

glucose 

Total working volume 300 ml; 5% v/v 

inoculum (1.0x10
7
 cells/ml) of P. stipitis 

was added first for xylose fermentation and 

then  5% v/v inoculum (1.0x10
8
 cells/ml) 

of Z. mobilis was added; N2 was sparged 

after first stage; Flask study. 

Yp/s (average): 0.469 

rp (overall): 1.016 

po: 56.9 

Present 

study 

Z. mobilis + P. stipitis Two step sugar addition; in 

first step 60 g/L xylose, in 

second 200 g/L glucose  

Total working volume 4L; 5% v/v 

inoculum (1.0x10
7
 cells/ml) of P. stipitis 

was added first for xylose fermentation and 

then  5% v/v inoculum (1.0x10
8
 cells/ml) 

of Z. mobilis was added; N2 was sparged 

after first stage; Bioreactor study. 

Yp/s (average): 0.474 

rp (overall): 1.416 

po: 62.3 

Present 

study 

Z. mobilis + P. stipitis Glucose/xylose mixture (30 

g/L glucose + 20g/L 

xylose) 

Immobilized Z. mobilis + free P. 

stipitis30°C, 150 rpm, 80 cm
3
/min air flow 

rate, 800 ml working volume; Bioreactor 

Yp/s: 0.49-0.50; 

rp: 1.277 

[Fu et al., 

2009] 
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study. 

Z. mobilis + P. tannophilus Glucose/xylose mixture (60 

g/L glucose + 40 g/L 

xylose) 

Successive inoculation, firstly Z. mobilis 

and after glucose exhaustion P. 

tannophilus was inoculated; 30°C, 900 ml 

working volume, no aeration at glucose 

fermentation stage and aeration <1 

mmol/L/h at xylose fermentation stage; 

Bioreactor study. 

Yp/s: 0.33; 

rp: 2.32 

[Fu, and 

Peiris, 

2008] 

P. stipitis + K. marxianus Sugar mixture (30 g/L 

glucose + 30 g/L xylose + 

12 g/L mannose + 8 

g/Lgalactose)  

pH 4.5, 100 ml working volume, 100 rpm; 

Flask study. 

Yp/s: 0.36 

rp:1.08 

po: 31.87 

[Rouhollah 

et al., 2007] 

Z. mobilis + 

Saccharomyces sp. 

Sucrose medium (200 g/L 

g/L reducing sugars) 

10 ml Z. mobilis +10 ml Saccharomyces 

sp. Mixed inoculums; 0.5 L working 

volume; Bioreactor study. 

Yp/s: 0.50 

rp: 1.5 

[Abate et 

al., 1996] 

* Yp/s: Ethanol yield (gp/gs); rp: Ethanol productivity (g/L/h); po: Maximum ethanol production (g/L).   
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4.7.3 Sequential-co-culture system in bioreactor using KGB hydrolysate media 

The aforementioned findings were extended for ethanol production from the KGB hydrolysate 

fermentation media (XRF and GRF media). In sequential-co-culture fermentation process, the 

XRF medium was first fermented by P. stipitis to eliminate catabolite repression of xylose by 

glucose and avoid the ethanol inhibition. After XRF fermentation, GRF media was allowed to 

ferment by Z. mobilis under strictly anaerobic conditions. The fermentation profiles during the 

two stage sequential-co-culture system are shown in figure 4.28 Total fermentation time was 80 

h (0-56 h stage I and 56-80 h stage II) in this case, whereas, with synthetic sugars it was 44 h 

(0-24 h stage I and 24-44 h stage II). The longer total fermentation time of KGB hydrolysate 

was mainly contributed by P. stipitis fermentation (stage I) due to its longer adaptation period. 

This may be reduced by using adaptive cells [Agrawal et al., 2011; Martin et al., 2007; Qian et 

al., 2006]. The sugar consumed during stage I and stage II were 94 and 96.5% respectively 

whereas, overall sugar consumption of the sequential-co-culture system was 97.2%. The higher 

overall sugar consumption indicated that around 3-4% xylose was utilized during stage II. The 

average ethanol yield (Yp/s) and overall volumetric ethanol productivity (rpo) were found as 

0.453 gp/gs and 0.7225 g/L/h respectively. The maximum ethanol concentration achieved was 

57.8 g/L which was about 7-8% less in comparison to that obtained from synthetic fermentation 

media. Also about 12% less biomass of P. stipitis at the end of stage I and about 6% less Z. 

mobilis cells were found during stage II, while utilizing KGB acid hydrolysate media. The 

possible reason could be the presence of some toxic chemicals in the hydrolysate media 

[Palmqvist and Hahn-Hagerdal, 2000].  

A definite disturbance or irregular pattern was observed in the values of substrate utilization 

rate (rs) while using synthetic media during 28 to 32 h. During this period, concentration of Z. 

mobilis cells (cfu/ml) were approached and crossed over to that of P. stipitis cells. This 

disturbance was not prominent in case of KGB hydrolysate fermentation. The pattern of ethanol 

production rate (rp) was same in both the cases with the difference that it was flatter during 

stage I fermentation of KGB hydrolysate to that in synthetic media fermentation. Not much 

difference was observed during stage II fermentation. This may be due to longer fermentation 

period of P. stipitis while using KGB hydrolysate.  

The generation of two sugar streams as XRF and GRF from KGB hydrolysis enables (a) 

fermentation of the xylose first and thus eliminating the problem that glucose is the preferred 

carbon source for P. stipitis, (b) to maintain the micro-aerobic condition during xylose 

fermentation (stage-I) and strictly anaerobic condition for Zymomonas fermentation in stage-II 



144 

 

and (c) the use of a high-ethanol tolerant Zymomonas strain for the glucose fermentation in 

stage-II as a single reactor system was used. Recently Chandel et al. (2011) have shown that the 

co-culture of P. stipitis and S. cerevisiae-VS3 produced 15 g/L ethanol with 0.48 gp/gs ethanol 

yield and 0.208 g/L/h volumetric ethanol productivity from acid hydrolysate. The initial sugar 

concentration taken was low (32.84 g/L) in comparison to other studies done in the area of 

lignocellulosic biomass to ethanol like Patle and Lal (2007). The number of research paper 

describing the ethanol production from lignocellulosic biomass using co-culture technique in 

bioreactor is very few, although the important studies at flask level are given in the comparison 

table 4.16. 
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Figure 4.28 Fermentation profiles during two stage sequential-co-culture system of P. stipitis 

and Z. mobilis for ethanol production in bioreactor using KGB hydrolysate media, wherein 

stage 1 (S1) consisting only P. stipitis cells and stage 2 (S2) both type of cells were present, N2 

was sparged at the onset of stage 2 and cultured under static condition.  
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Table 4.16 Comparison of various co-culture systems for lignocellulosic hydrolysate media fermentation.  

Co-culture system Substrate Fermentation conditions *Fermentation 

parameters 

Reference 

Z. mobilis + P. stipitis Two step sugar addition; in 

first step 60 g/L XRFM, in 

second 200 g/L GRFM   

Bioreactor study; total working volume 4L; 5% v/v 

inoculum (1.0x10
7
 cells/ml) of P. stipitis was added first 

for xylose fermentation and then  5% v/v inoculum 

(1.0x10
8
 cells/ml) of Z. mobilis was added; N2 was 

sparged at the onset of second stage. 

Yp/s (average): 0.453 

rp (overall): 0.723 

po: 57.8  

 

Present study 

 

  

P. stipitis + S. cerevisiae Rice straw hydrolysate 

(30 g/L glucose and xylose 

mixture) 

Flask study; 75 ml detoxified hydrolysate; pH 5.5, 30°C, 

150 rpm for first 18 h then static till end of fermentation. 

Yp/s: 0.40 

rp : 0.33 

po: 12  

[Yadav et al., 

2011] 

S. cerevisiae + 

recombinant E. coli 

Treated softwood 

hydrolysate 

Flask study; 150 ml hydrolysate; 50 ml inoculum of co-

cultures; 30°C; pH 7.0 

Yp/s: 0.45 

rp : 0.71;  

po: 17.1 

[Qian et al., 

2006] 

E. coli KO11 + S. 

cerevisiae TJ1 

Waste house wood 

hydrolysate (27 g/L glucose 

+17 g/L xylose +1% corn 

steep liquor) 

Working volume 200 ml; inoculum: 0.2 g dry cell 

weight/L E. coli and 0.02 g cell dry weight/L S. 

cerevisiae; 35°C; pH 6.0; shaking 80 rpm 

Yp/s: 0.43 

rp : 0.4 

po: 30.3 

[Okuda et al., 

2008] 

S. cerevisiae + C. 

tropicalis 

200 g/L corn cob; alkali 

pretreated (2% NaOH) 

Flask study; Simultaneous saccharification and 

fermentation (C. thermophile enzymes and yeast co-

culture); 37°C; 150 rpm  

Yp/s: 0.19 

rp : 0.22 

po: 21 

[Latif, and 

Rajoka,  2001] 

* Yp/s: Ethanol yield (gp/gs); rp: Ethanol productivity (g/L/h); po: Maximum ethanol production (g/L).  
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CHAPTER 5  CONCLUDING REMARKS AND FUTURE 

PERSPECTIVES 

5.1 Concluding remarks 

The main outcome of the study is a concept of ethanol production from lignocellulosic 

biomass. The study is focused on the extraction of fermentable sugars from a very cheap and 

abundantly available C4 plant, Kans grass and efficient utilization of these sugars for 

fermentation to ethanol. The concept provides an opportunity for the development of a 

proficient technology for ethanol production from lignocellulosic biomass.  

The lacunae in the prior art includes the effective releaseoflocked polysaccharides from 

recalcitrant lignocellulose to fermentable sugars, to cop up with inhibitory compounds present 

in the hydrolysate and a fermentation system of microorganism for the efficient utilization of 

C5 and C6 sugars. One embodiment of the present study is directed to develop a robust, simple 

and efficient process for hydrolysis of lignocellulosic biomass to produce fermentable sugars. 

The novel single vessel multi-step process was successfully used for hydrolysis of Kans grass 

biomass to produce fermentable sugars. By the use of novel technique called fractional 

hydrolysis, it is possible to get C5 and C6 sugar rich fractions separately with negligible 

amount of toxics generation. The mixed sugar fermentation problem was addressed 

successfully. The key factor was the temperature and reaction time for a particular process step, 

which was not enough to generate toxic compounds in considerable amount. The significance 

of the study was that no detoxification process was used prior to fermentation. Thus it was 

possible to cut down the number of steps i.e pretreatment and hydrolysis could be achieved in a 

single stage. 

The other embodiment is directed to utilize both types of sugars (C5 and C6) present in the 

lignocellulosic hydrolysate. The control of oxygen levels in the fermentation media duringthe 

development of sequential-co-culture system of P. stipitisandZ. mobiliswas the key factor to 

achieve higher yield andproduction rate of ethanol with maximum utilization of sugars(xylose 

and glucose in hydrolysate). The lower ethanol tolerance of xylose fermenting yeastand 

catabolite repression of xylose metabolism by higher glucose concentration was successfully 

addressed. The single vesseloperation using this type of co-culture system definitely reducesthe 

process costs.  
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5.2Future perspectives 

 The current work is only a part of efforts to find the bestalternativesfor overcoming 

society’s fuel problems. The continuity of present work isnecessary for development of 

suitable and cost effective ethanol production process as well as the utilization 

oflignocellulosic materials. Therefore, a number of suggestions may be useful 

forcontinuing the work. 

 The proposed hydrolysis process for fractionating  lignocellulosic biomass to the 

soluble sugars with low level of toxics generation creates further opportunity for the 

process integration of different chemical and biological processes for complete 

utilization of lignocellulosic biomasses and should lead to the development of big 

“BIOREFINERIES” that allow the production of large amounts of fuel ethanol and 

other valuable co-products, improving the overall economical effectiveness of the 

conversion of a given material.  

 Scaling up of fractional hydrolysis process to produce low cost pentose and hexose 

sugars in huge quantity may open new avenues for utilization of renewable 

lignocellulosic biomasses. These sugars may be used for many other purposes e.g high 

valued sweeteners, enzymes etc.    

 Further studies of metabolic processes of the microbial consortium of Z. mobilis and P. 

stipitis could be useful for understanding the mechanism of cell interaction to develop a 

robust co-culture system for ethanol production. 

 Scaling up of co-fermentation process is highly recommended to study for achieving 

higher productivity.   

 The strategies to be adopted to operate the reactor with higher initial sugar 

concentrations and thereby, high ethanol concentration without inhibition could be 

produced.  

 High cell density culture with continuous removal of ethanol must be studied to achieve 

high ethanol productivity.  



149 

 

REFERENCES 

(1) Abate, C., Callieri, D., Rodriguez, E., Garro, O. Ethanol production by a mixed culture 

of flocculent strains of Zymomonas mobilis and Saccharomyces sp. Appl. Microbiol. 

Biotechnol. 45: 580-583 (1996). 

(2) Agrawal, M., Mao, Z., Chen, R.R. Adaptation yields a highly efficient xylose-

fermenting Zymomonas mobilis strain, Biotechnol. Bioeng. 108(4): 777-785 (2011).  

(3) Akin, D. E., Rigsby, L. L., Sethuraman, A., Morrison, W. H-III., Gamble, G.R., 

Eriksson, K. E. L. Alterations in structure, chemistry, and biodegradability of grass 

lignocellulose treated with the white rot fungi Ceriporiopsis subvermispora and Cyathus 

stercoreus. Appl. Environ. Microbiol. 61: 1591–1598 (1995). 

(4) Alizadeh, H., Teymouri, F., Gilbert, T. I., Dale, B. E. Pretreatment of switchgrass by 

ammonia fiber explosion (AFEX). Appl. Biochem. Biotechnol. 121: 1133–41 (2005). 

(5) Almeida, J. R. M, Modig, T., Petersson, A., Hahn-Hagerdal, B., Liden, G., Gorwa- 

Grauslund, M. F. Increased tolerance and conversion of inhibitors in lignocellulosic 

hydrolysates by Saccharomyces cerevisiae. Journal of Chemical Technology and 

Biotechnology. 82: 340–349 (2007).  

(6) Al-Showiman, S.S. Furfural from some decorative plants in Saudi Arabia. J.Sci. Ind. 

Res. 57: 907-910 (1998). 

(7) Amartey, S. and Jeffries, T. An improvement in Pichia stipitis fermentation of acid 

hydrolyzed hemicellulose achieved by over liming (calcium hydroxide treatment) and 

strain adaptation. World J. Microbiol. Biotechnol. 12: 281-283 (1996). 

(8) Azhar, A. F., Bery, M. K., Colcord, A. R., Roberts, R. S., Corbitt, G. V. Factors 

affecting alcohol fermentation of wood acid hydrolysate. Biotechnol. Bioeng. Symp. 

293–300(1981). 

(9) Bacovsky, D., Dallos, M., Woergetter, M. (Bioenergy 2020þ, Graz, A) Status of 2nd 

generation biofuels demonstration facilities in June 2010. In: IEA Bioenergy Task 39: 

commercializing 1
st
 and 2

nd
 generation liquid biofuels from biomass. Report T39-P1b. 

Jul. (2010). 

(10) Balat, M. Production of bioethanol from lignocellulosic materials via the biochemical 

pathway: A review. Energy Conversion and Management. 52(2): 858-875 (2010). 

http://dx.doi.org/10.1016/j.enconman.  

(11) Balat, M., Balat, H., Oz, C. Progress in bioethanol processing. Progress in Energy and 

Combustion Science. 34(5): 551-573 (2008).  



150 

 

(12)  Ballesteros, I., Negro, M. J., Oliva, J. M., Cabanas, A., Manzanares, P., Ballesteros, M. 

Ethanol production from steam-explosion pretreated wheat straw. Applied Biochemistry 

and Biotechnology, 130(1-3), 496-508 (2006).  

(13) Banerjee, N., Bhatnagar, R., Viswanathan, L. Inhibition of glycolysis by furfural in 

Saccharomyces cerevisiae. Eur. J. Appl. Microbiol. Biotechnol. 11(4): 224-228 (1981).  

(14) Bjerre, A. B., Olesen, A. B., Fernqvist, T. Pretreatment of wheat straw using combined 

wet oxidation and alkaline hydrolysis resulting in convertible cellulose and 

hemicellulose. Biotechnol. Bioeng. 49: 568–577 (1996). 

(15) Boateng, A. A., Jung, H.G., Adler, P. R. Pyrolysis of energy crops including alfalfa 

stems, reed canary grass, and eastern gamagrass. Fuel. 85: 2450-2457 (2006). 

(16) Brienzo, M., Arantes, V., Milagres, A. M. F. Enzymology of the thermophilic 

ascomycetous fungus Thermoascus aurantiacus. Fungal Biology Reviews. 22: (3-4) 

120-130 (2008).  

(17) Broder, J. D., Barrier, J. W., Lee, K. P., Bulls, M. M. Biofuels system economics. 

World Resour. ReV.7 (4): 560–569 (1995).   

(18) Brodeur, G., Yau, E., Badal, K., Collier, J., Ramachandran, K. B., Ramakrishnan, S.  

Chemical and physicochemical pretreatment of lignocellulosic biomass: a review. 

Enzyme. Research. 1-17 (2011). 

(19) Brooks, T.A., Ingram, L. O. Conversion of mixed waste office paper to ethanol by 

genetically engineered Klebsiella oxytoca strain P2. Biotechnol. Prog. 11: 619-625 

(1995).  

(20) Cantarella, M., Cantarella, L., Gallifuoco, A., Spera, A., Alfani, F. Comparison of 

different detoxification methods for steam-exploded poplar wood as a substrate for the 

bioproduction of ethanol in SHF and SSF. Process Biochemistry, 39 (11): 1533-1542 

(2004).  

(21) Cara, C., Ruiz, E., Oliva, J. M., Saez, F. Castro, E. Conversion of olive tree biomass 

into fermentable sugars by dilute acid pretreatment and enzymatic saccharification. 

Bioresource Technology. 99: 1869-1876 (2008).  

(22) Cardona, C. A., Sanchez, O. J. Fuel ethanol production: Process design trends and 

integration opportunities. Bioresource Technology. 98(12): 2415-2457 (2007). 

(23) Chandel, A. K., Kapoor, R. K., Singh, A. K., Kuhad, R. C. Detoxification of sugarcane 

bagasse hydrolysate improves ethanol production by Candida shehatae NCIM 3501. 

Bioresource Technology. 98: 1947-1950 (2007). 



151 

 

(24) Chandel, A. K., Narasu, M. L, Chandrasekhar, G., Manikeyam, A., Rao, L.V. Use of 

Saccharum spontaneum (wild sugarcane) as biomaterial for cell immobilization and 

modulated ethanol production by thermotolerant Saccharomyces cerevisiae VS3. 

Bioresour. Technol. 100: 2404-2410 (2009). 

(25) Chandel, A. K., Singh, O.V., Narasu, M. L., Rao, L.V. Bioconversion of Saccharum 

spontaneum (wild sugar cane) hemicellulosic hydrolysate into ethanol by mono and co-

cultures of Pichia stipitis NCIM 3498 and thermotolerant Saccharomyces cerevisiae-

VS3. New Biotechnol. 128:  593-599 (2011). 

(26) Chandrakant, P., Bisaria, V. S. Simultaneous bioconversion of cellulose and 

hemicellulose to ethanol. Crit. Rev. Biotechnol. 18: 295-331(1998).  

(27) Chang, V. S., Kaar, W. E., Burr, B., Holtzapple, M. T. Simultaneous saccharification 

and fermentation of lime-treated biomass. Biotechnology Letters. 23(16): 1327-1333 

(2001).  

(28) Chaudhary, G., Singh, L. K., Ghosh, S. Alkaline pretreatment methods followed by acid 

hydrolysis of Saccharum spontaneum for bioethanol production. Bioresource 

Technology, 124(0), 111-118 (2012).  

(29) Chen, H. Z., Liu, L. Y. Unpolluted fractionation of wheat straw by steam explosion and 

ethanol extraction. Bioresource Technology. 98(3): 666-676 (2007). 

(30) Chen, Y. Development and application of co-culture for ethanol production by co-

fermentation of glucose and xylose: a systematic review. J. Ind. Microbiol. Biotechnol. 

38: 581-597 (2011). 

(31) Cheng, K. C., Demirci, A., Catchmark, J. M. Enhanced pullulan production in a biofilm 

reactor by using response surface methodology. J. Ind. Microbiol. Biotechnol. 37:587–

594 (2010). 

(32) Chu, B. C. H., Lee, H. Genetic improvement of Saccharomyces cerevisiae for xylose 

fermentation. Biotechnol. Adv. 25: 425-441(2007). 

(33) Chum, H. L., Johnson, D. K., Black, S., Baker, J., Grohman, K., Sarkanen, K. V., 

Wallace, K. Schroeder, H. A. Organosolv pretreatment for enzymatic hydrolysis of 

poplars: 1. Enzyme hydrolysis of cellulosic residues. Biotechnol. Bioeng. 31: 643–649 

(1988). 

(34) Clark, T. A., Mackie, K. L. Steam explosion of the softwood Pinus radiata with sulphur 

dioxide addition. 1. Process optimization. J. Wood Chem. Technol. 7: 373–403 (1987). 

(35) Clausen, E. C., Gaddy, J. L. Concentrated sulfuric acid process for converting 

lignocellulosic materials to sugars. Patent: US 5188673. (1993).  



152 

 

(36) Cruz, J. M, Domınguez, H., Parajo, J.C. Preparation of fermentation media from 

agricultural wastes and their bioconversion into xylitol. Taylor and Francis. Food 

Biotechnol.14: 79-97 (2002).  

(37) Delgenes, J., Moletta, R., Navarro, J. Effect of lignocellulose degradation products on 

ethanol fermentations of glucose and xylose by Saccharomyces cerevisiae, Zymomonas 

mobilis, Pichia stipitis, and Candida shehatae. Enzyme Microb. Technol. 19: 220-225 

(1996). 

(38) Demirbas, A. Bioethanol from cellulosic materials: A renewable motor fuel from 

biomass. Energy Sources. 27(4): 327-337 (2005).  

(39) Demirbas, A. Effects of temperature and particle size on bio-char yield from pyrolysis 

of agricultural residues. Journal of Analytical and Applied Pyrolysis. 72(2): 243-248 

(2004).  

(40) Demirbas, A. Products from lignocellulosic materials via degradation processes. Energy 

Source A. 30: 27–37 (2008). 

(41) Dien, B. S., Cotta, M. A., Jeffries, T. W. Bacteria engineered for fuel ethanol 

production: current status. Applied Microbiology and Biotechnology, 63(3), 258-266 

(2003). 

(42) Doran, J. B., Aldrich, H. C., Ingram, L. O. Saccharification and fermentation of sugar-

cane bagasse by Klebsiella oxytoca P2 containing chromosomally integrated genes 

encoding the Zymomonas mobilis ethanol pathway. Biotechnol. Bioeng. 44: 240-247 

(1994). 

(43) Duff, S. J. B., Murray, W. D. Bioconversion of forest products industry waste 

cellulosics to fuel ethanol: a review. Bioresource Technology. 55: 1–33 (1996). 

(44) Eggeman T, Elander, R.T. Process and economic analysis of pretreatment technologies. 

Bioresour Technol. 96:2019–2025 (2005).   

(45) Ehrman, T. Determination of acid soluble lignin in biomass. Laboratory Analytical 

Procedure (LAP 004). (1996). 

(46) Ehrman, T. Standard Method for Ash in Biomass. Laboratory Analytical Procedure 

(LAP 005). (1994). 

(47) Eklund, R. Zacchi, G. Simultaneous saccharification and fermentation of steam-

pretreated willow. Enzyme Microb. Technol. 17: 255–259 (1995).  

(48) Emtiazi, G. N. Naghavi, A. Bordbar Biodegradation of lignocellulosic waste by 

Aspergillous terreus. Biodegradation. 12: 259–263 (2001).  



153 

 

(49) Esteghlalian, A., Hashimoto, A. G., Fenske, J. J., Penner, M. H. Modeling and 

optimization of the dilute-sulfuric-acid pretreatment of corn stover, poplar and 

switchgrass. Bioresource Technology. 59(2-3): 129-136 (1997).  

(50) Fan, L.T., Gharpuray, M. M., Lee, Y. H. Cellulose Hydrolysis Biotechnology. 

Monographs, Springer, Berlin. 57 (1987). 

(51) Farrell, A. E., Plevin, R. J., Turner, B. T., Jones, A. D., O’Hare, M. Kammen, D. M. 

Ethanol can contribute to energy and environmental goals. Science. 311 (5760): 506 –

508 (2006). 

(52) Fein, J. E., Tallim, S. R., Lawford, F. R. Evaluation of D-xylose fermenting yeasts for 

utilization of a wood derived hemicelluloses hydrolysate. Can. J. Microbiol. 30: 682–

690 (1984). 

(53) Fengel, D., Wegener, G. Wood: chemistry, ultrastructure, reactions. Walter de Gruyter: 

Berlin, (1989).  

(54) Ferrari, M. D., Neirotti, E., Albornoz, C., Saucedo, E. Ethanol production from 

Eucalyptus Wood hemicellulose hydrolysate by Pichia stipitis. Biotechnol. Bioeng. 40: 

753-759 (1992). 

(55) Flamos, A., Georgallis, P. G., Doukas, H., Psarras J. Using biomass to achieve 

European Union energy targets-a review of biomass status, potential, and supporting 

polices. International Journal of Green Energy.8: 411–28 (2011). 

(56) Fu, N., Peiris, P. Co-fermentation of a mixture of glucose and xylose to ethanol by 

Zymomonas mobilis and Pachysolen tannophilus. World J. Microbiol. Biotechnol. 24: 

1091-1097 (2008). 

(57) Fu, N., Peiris, P., Markham, J., Bavor, J. A novel co-culture process with Zymomonas 

mobilis and Pichia stipitis for efficient ethanol production on glucose/xylose mixtures. 

Enzyme Microb. Technol. 45: 210-217 (2009). 

(58) Galbe, M., Zacchi, G. Pretreatment of lignocellulosic materials for efficient bioethanol 

production. In Biofuels. Springer Berlin Heidelberg. 41-65 (2007). 

(59) Garcia-Cubero, M. T., Gonzalez-Benito, G., Indacoechea, I., Coca, M., Bolado, S. 

Effect of ozonolysis pretreatment on enzymatic digestibility of wheat and rye straw. 

Bioresour. Technol. 100: 1608-13 (2009).  

(60) Gardfeldt, K. Lignin as a raw material for chemicals. Nordisk Innovations Centre. 

(2008). http://www.nordicinnovation.net/prosjekt.cfm?Id=1-4415-202.   



154 

 

(61) Ge, X., Green, V.S., Zhang, N., Sivakumar, G., Xu, J. Eastern gamagrass as an 

alternative cellulosic feedstock for bioethanol production. Process Biochem. 47: 335-

339 (2012).  

(62) Georgieva, T., Mikkelsen, M., Ahring, B. Ethanol production from wet-exploded wheat 

straw hydrolysate by thermophilic anaerobic bacterium Thermoanaerobacter BG1L1 in 

a continuous immobilized reactor. Applied Biochemistry and Biotechnology. 145(1-3): 

99-110 (2008). 

(63) Ghosh, K., Ramachandran K. B.  Analysis of the effect of in situ product removal on the 

stability and performance of a continuous bioreactor with cell separator for ethanol 

production. Chem. Biochem. Eng. Q. 21 (3): 285-296 (2007). 

(64) Girio, F. M., Fonseca, C., Carvalheiro, F., Duarte, L. C., Marques, S., Bogel-Lukasik, R. 

Hemicelluloses for fuel ethanol: A review. Bioresour. Technol. 101(13): 4775-4800 

(2010). 

(65) Goering, H. K., Van Soest, P. J. Forage fiber analysis (apparatus, reagents, procedures, 

and some applications). USDA Agricultural Research Service. Agriculture Handbook 

No. 379 (1970). 

(66) Goldemberg, J. Environmental and ecological dimensions of biofuels. In: Proceedings 

of the conference on the ecological dimensions of biofuels, Washington, DC, March 10, 

(2008).  

(67) Govindaswamy, S., Vane, L. M. Kinetics of growth and ethanol production on different 

carbon substrates using genetically engineered xylose-fermenting yeast. Bioresour. 

Technol. 98: 677-685 (2007). 

(68) Grootjen, D. R. J., Jansen, M. L., van der Lans, R. G. J. M., Luyben, K. Ch. A. M. 

Reactors in series for the complete conversion of glucose/xylose mixtures by Pichia 

stipitis and Saccharomyces cerevisiae. Enzyme Microb. Technol. 13: 828-833 (1991).   

(69) Gunasekaran, P., Karunakaran, T., Cami, B., Mukundan, A. G., Preziosi, L., Baratti, J. 

Cloning and sequencing of the sacA gene: characterization of a sucrase from 

Zymomonas mobilis. Journal of Bacteriology.172(12): 6727-6735 (1990). 

(70) Hamelinck, C. N., Hooijdonk, G. V., Faaij, A. P. C. Ethanol from lignocellulosic 

biomass: techno-economic performance in short-, middle- and long-term. Bioresour. 

Technol. 28: 384-410 (2005). 

(71) Hayes, D. J. An examination of biorefining processes, catalysts and challenges. 

Catalysis Today. 145(1-2): 138-151 (2009).  



155 

 

(72) Hayn, M., Steiner, W., Klinger, R., Steinmuller, H., Sinner, M., Esterbauer, H. Basic 

research and pilot plant studies on the enzymatic conversion of lignocellulosics. In 

Bioconversion of Forest and Agricultural Plant Residues. Edited by J. N. Saddler. 

Wallingford, UK: CAB International. 33-72 (1993). 

(73) Heipieper, H. J., Weber, F. J., Sikkema, J., Kewelo, H., de Bont, J.A.M. Mechanism of 

resistance of whole cells to toxic organic solvents. TIBTECH. 12: 409–415 (1994). 

(74) Holtzapple, M., Jun, J.-H., Ashok, G., Patibandla, S., Dale, B. The ammonia freeze 

explosion (AFEX) process. Applied Biochemistry and Biotechnology. 28-29(1): 59-

74(1991). 

(75) Hu, G., Heitmann, J. A., Rojas, O. J. Feedstock pretreatment strategies for producing 

ethanol from wood, bark, and forest residues. BioResources. 3(1): 270-294 (2008). 

(76) Hu, Z., Wen, Z. Enhancing enzymatic digestibility of switchgrass by microwave-

assisted alkali pretreatment. Biochemical Engineering Journal, 38(3), 369-378 (2008). 

(77) Ingram, L.O., Gomez, P.F., Lai, X., Moniruzzaman, M., Wood, B.E., Yomano, L.P., 

York, S.W. Metabolic engineering of bacteria for ethanol production. Biotechnol. 

Bioeng. 58: 204-214 (1997). 

(78) Inoue, H., Yano, S., Endo, T., Sakaki, T., Sawayama S. Combining hot-compressed 

water and ball milling pretreatments to improve the efficiency of the enzymatic 

hydrolysis of eucalyptus. Biotechnol. Biofuels. 1:2 (2008). doi:10.1186/1754-6834-1-2. 

(79) Iyer, P. V., Wu, Z. W., Kim, S. B., Lee, Y. Y. Ammonia recycled percolation process 

for pretreatment of herbaceous biomass. Appl. Biochem. Biotechnol. 57/58: 121–132 

(1996). 

(80) Jeffries, T. W. Engineering yeasts for xylose metabolism. Curr. Opin. Biotechnol. 17: 

320–326 (2006). 

(81) Jeffries, T. W., Sreenath, H. K. Fermentation of hemicellulose sugars and sugar mixture 

by Candida shehatae. Biotechnol. Bioeng. 31: 502-506 (1988).  

(82) Johansson, T. B., Kelly, H., Reddy, A. K. N., Williams, R. H. Renewable Fuels and 

Electricity for a Growing World Economy: Defining and Achieving the Potential 

Energy Studies Review. 4 (3): 201-212 (1992).  

(83) Jonsson, L. J., Palmqvist, E., Nilvebrant, N. O., Hahn-Hagerdal, B. Detoxification of 

wood hydrolysates with laccase and peroxidase from the white-rot fungus Trametes 

versicolor. Applied Microbiology and Biotechnology. 49(6): 691-697 (1998).  



156 

 

(84) Jorgensen, H., Kristensen, J. B., Felby, C. Enzymatic conversion of lignocellulose into 

fermentable sugars: Challenges and opportunities. Biofuels, Bioprod. Bioref. 1: 119-134 

(2007). 

(85) Kadar, Z., Maltha, S., Szengyel, Z., Reczey, K., Laat, W. Ethanol fermentation of 

various pretreated and hydrolyzed substrates at low initial pH. Applied Biochemistry 

and Biotechnology, 137-140(1-12): 847-858 (2007). 

(86) Karhumaa, K., Sanchez, R. G., Hahn-Hagerdal, B., Gorwa-Grauslund, M. F. 

Comparison of the xylose reductase-xylitol dehydrogenase and the xylose isomerase 

pathways for xylose fermentation by recombinant Saccharomyces cerevisiae. Microbial 

Cell Factories. 6 (1): 5 (2007). 

(87) Karimi, K., Emtiazi, G., Taherzadeh, M. J. Ethanol production from dilute-acid 

pretreated rice straw by simultaneous saccharification and fermentation with Mucor 

indicus, Rhizopus oryzae, and Saccharomyces cerevisiae. Enzyme Microbiol. Technol. 

40:138–44 (2006).  

(88) Karunanithy, C., Muthukumarappan, K. Optimization of alkali, Big Bluestem particle 

size and extruder parameters for maximum enzymatic sugar recovery using response 

surface methodology. BioResources. 61: 762-790 (2011b).  

(89) Karunanithy, C., Muthukumarappan, K. Optimization of switchgrass and extruder 

parameters for enzymatic hydrolysis using response surface methodology. Industrial 

Crops and Products. 33: 188–199 (2011a). 

(90) Kataria, R., Chaudhary, G., Ghosh, S. Potential of bioenergy production from grasses 

and its impact on environment. Res. J. Biotech. 4(2): 5-14 (2009).  

(91) Kaylen, M., Van Dyne, D., Choi, Y. S., Blase, M. Economic feasibility of producing 

ethanol from lignocellulosic feedstocks. Bioresour. Technol. 72: 19-32 (2000). 

(92) Keshwani, D. R., Cheng, J. J. Switchgrass for bioethanol and other value-added 

applications: a review. Bioresour. Technol. 100: 1515–23 (2009).  

(93) Kilzer, F. J., Broido, A. Speculations on the nature of cellulose pyrolysis. 

Pyrodynamics. 2: 151–163 (1965). 

(94) Kim, K. H, Hong, J. Supercritical CO2 pretreatment of lignocellulose enhanced 

enzymatic cellulose hydrolysis. Bioresour. Technol. 77(2):139144 (2001). 

(95) Krishna, S. H., Reddy, T. J., Chowdary, G. V. Simultaneous saccharification and 

fermentation of lignocellulosic wastes to ethanol using a thermotolerant yeast. 

Bioresour. Technol. 77:193–196 (2001). 



157 

 

(96) Krishnan, M. S., Ho, N. W. Y., Tsao, G. T. Fermentation kinetics of ethanol production 

from glucose and xylose by recombinant Saccharomyces 1400 (pLNH33). Appl. Biochem. 

Biotechnol. 78: 373-388 (1999). 

(97) Krug, T. A., Daugulis, A. J. Ethanol production using Zymomonas mobilis immobilized 

on an ion exchange resin. Biotechnology Letters. 5(3): 159-164 (1983). 

(98) Kuila, A., Mukhopadhyay, M., Tuli, D. K., Banerjee, R. Production of ethanol from 

lignocellulosics: An enzymatic venture. EXCLI Journal.10:85-96 (2011). 

(99) Kumar, A., Singh, L. K. Ghosh, S. Bioconversion of lignocellulosic fraction of water-

hyacinth (Eichhornia crassipes) hemicellulose acid hydrolysate to ethanol by Pichia 

stipitis. Bioresource Technology. 100: 3293-3297 (2009a). 

(100) Kumar, S., Singh, S. P., Mishra, I. M., Adhikari, D. K. Recent advances in production 

of bioethanol from lignocellulosic biomass. Chem. Eng. Technol. 32(4): 517–526 

(2009b).  

(101) Kurian, J. K., Kishore, V. V. N. Lignocellulosic Ethanol: Prospects and Technology 

Challenges for India. Indian Renewable Energy Development Agency. 5 (2-4): 21-32 

(2008). 

(102) Lang, X., Hill, G.A. Macdonald, D. G. Recycle bioreactor for bioethanol production 

from wheat starch I, Cold enzyme hydrolysis. Energy Sources. 23: 417-425 (2001a). 

(103) Lang, X., Macdonald, D. G., Hill, G. A. Recycle bioreactor for bioethanol production 

from wheat starch II, Fermentation and economics. Energy Sources. 23: 427-436 

(2001b). 

(104) Larsson, S., Palmqvist, E., Hahn-Hägerdal, B., Tengborg, C., Stenberg, K., Zacchi, G., 

Nilvebrant, N.O. The generation of fermentation inhibitors during dilute acid hydrolysis 

of softwood. Enz. Microb. Technol. 24: 151-159(1998). 

(105) Larsson, S., Quintana-Sainz, A., Reimann, A., Nilvebrant, N. O., and Jonsson, L. J. 

Influence of lignocellulose-derived aromatic compounds on oxygen-limited growth and 

ethanolic fermentation by Saccharomyces cerevisiae. Appl. Biochem. Biotechnol. 84-6: 

617- 632 (2000). 

(106) Larsson, S., Reimann, A., Nilvebrant, N. O., Jonsson, L. J. Comparison of different 

methods for the detoxification of lignocellulose hydrolyzates of spruce. Applied 

Biochemistry and Biotechnology - Part A. Enzyme Engineering and Biotechnology. 77-

79: 91-103 (1999).  

(107) Latif, F., Rajoka, M. I. Production of ethanol and xylitol from corn cobs by yeasts. 

Bioresour. Technol. 77: 57-63 (2001). 



158 

 

(108) Lau, M. W., Dale, B. E. Cellulosic ethanol production from AFEX-treated corn stover 

using Saccharomyces cerevisiae 424A(LNH-ST). PNAS. 106: 1368-1373 (2009).  

(109) Lawford, H. G. A new approach to improving the performance of Zymomonas in 

continuous ethanol fermentations. Appl. Biochem. Biotechnol. 17: 203-19 (1988).  

(110) Lee, J. M., Shi, J., Venditti, R. A., Jameel, H. Autohydrolysis pretreatment of Costal 

Bermuda grass for increased enzyme hydrolysis. Bioresource Technology. 100: 6434-

6441 (2009). 

(111) Lee, J. W, Gwak, K. S, Park, J. Y., Park, M. J., Choi, D. H., Kwon, M., et al. Biological 

pretreatment of softwood Pinus densiflora by three white rot fungi. J. Microbiol. 45: 

485-91 (2007).  

(112) Lee, W. G., Lee, J. S., Shin, C. S., Park, S. C., Chang, H. N., Chang, Y. K. Ethanol 

production using concentrated Oak Wood hydrolysates and methods to detoxify. 

Applied Biochemistry and Biotechnology - Part A Enzyme Engineering and 

Biotechnology. 77-79: 547-559 (1999).  

(113) Lee, W.C., Huang, C.T. Modeling of ethanol fermentation using Zymomonas mobilis 

ATCC 10988 grown on the media containing glucose and fructose. Biochem. Eng. J. 4: 

217-227 (2000). 

(114) Leustean, I. Bioethanol from lignocellulosic materials. J. Agroalimentary Proc. 

Technol.15(1): 94-101 (2009). 

(115) Lewis, S. M., Fermentation alcohol. Godfrey, T., West, S. (eds.). Industrial 

Enzymology. 2
nd

 Ed. New York, Stockton Press. 12-48 (1996). 

(116) Li, A., Antizar-Ladislao, B., Khraisheh, M. Bioconversion of municipal solid waste to 

glucose for bio-ethanol production. Bioprocess and Biosystems Engineering. 30(3): 

189-196 (2007). 

(117) Li. C., Knierim, B., Manisseri, C., Arora, R., Scheller, H. V., Auer, M., Vogel, K. P., 

Simmons, B. A., Singh, S. Comparison of dilute acid and ionic liquid pretreatment of 

switchgrass: Biomass recalcitrance, delignification and enzymatic saccharification. 

Bioresource Technology. 101(13): 4900-4906 (2010). 

(118) Licht, F.O. World Ethanol Market: The Outlook to 2015. Tunbridge Wells, Agra 

Europe Special Report, UK (2006). 

(119) Limayem, A. and Ricke, S. C. Lignocellulosic biomass for bioethanol production: 

current perspectives, potential issues and future prospects. Progress in Energy and 

Combustion Science. 38 (4): 449-467 (2012). 

http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19945861
http://www.ncbi.nlm.nih.gov/pubmed?term=Knierim%20B%5BAuthor%5D&cauthor=true&cauthor_uid=19945861
http://www.ncbi.nlm.nih.gov/pubmed?term=Manisseri%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19945861
http://www.ncbi.nlm.nih.gov/pubmed?term=Arora%20R%5BAuthor%5D&cauthor=true&cauthor_uid=19945861
http://www.ncbi.nlm.nih.gov/pubmed?term=Scheller%20HV%5BAuthor%5D&cauthor=true&cauthor_uid=19945861
http://www.ncbi.nlm.nih.gov/pubmed?term=Auer%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19945861
http://www.ncbi.nlm.nih.gov/pubmed?term=Vogel%20KP%5BAuthor%5D&cauthor=true&cauthor_uid=19945861
http://www.ncbi.nlm.nih.gov/pubmed?term=Simmons%20BA%5BAuthor%5D&cauthor=true&cauthor_uid=19945861
http://www.ncbi.nlm.nih.gov/pubmed?term=Singh%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19945861


159 

 

(120) Lin,Y., Tanaka, S. Ethanol fermentation from biomass resources: current state and 

prospects. Appl. Microbiol. Biotechnol. 69: 627-642 (2006). 

(121) Lissens, G., Klinke, H., Verstraete, W., Ahring, B., Thomsen, A. B. Wet oxidation 

treatment of organic household waste enriched with wheat straw for simultaneous 

saccharification and fermentation into ethanol. Environmental Technology. 25(6): 647-

655 (2004).  

(122) Liu, Z. L., Slininger, P.J., Gorsich, S.W. Enhanced biotransformation of furfural and 

hydroxymethylfurfural by newly developed ethanologenic yeast strains. Appl. Biochem. 

Biotechnol. 121-124: 451-460 (2005).  

(123) Logsdon, J. E. Ethanol. Kirk, R. E., Othmer, D. F. et al. (Eds.), Encyclopedia of 

Chemical Technology. John Wiley & Sons, Inc., New York (2006).  

(124) Luong, J. H. T. Kinetics of ethanol inhibition in alcohol fermentation. Biotechnol. 

Bioeng. 27: 280–285 (1985). 

(125) Martin, C., Marcet, M., Almazan, O., Jonsson, L. J. Adaptation of a recombinant 

xylose-utilizing Saccharomyces cerevisiae strain to a sugarcane bagasse hydrolysate 

with high content of fermentation inhibitors. Bioresour. Technol. 98: 1767-1777 (2007). 

(126) Martinez, A., Rodriguez, M. E., Wells, M. L., York, S. W., Preston, J. F., Ingram, L. O. 

Detoxification of dilute acid hydrolysates of lignocellulose with lime. Biotechnology 

Progress. 17(2): 287-293 (2001).  

(127) Martinez, A., Rodriguez, M. E., York, S. W., Preston, J. F., Ingram, L. O. Effects of 

Ca(OH)2 treatments ('overliming') on the composition and toxicity of bagasse 

hemicellulose hydrolysates. Biotechnology and Bioengineering. 69(5): 526-536 (2000).  

(128) Marton, J. M., Felipe, M. G. A., Almeida e Silva, J. B., Pessoa Junior, A. Evaluation of 

the activated charcoals  and adsorption conditions used in the  treatment of sugarcane 

bagasse hydrolysate for xylitol production. Brazilian Journal of Chemical Engineering. 

23 (01): 9-21 (2006).   

(129) McMillan, J. D. Pretreatment of lignocellulosic biomass. ACS Symp. Ser. 566: 292-324 

(1994). 

(130) Menon, V. Rao, M. Trends in bioconversion of lignocellulose: Biofuels, platform 

chemicals & biorefinery concept. Progress in Energy and Combustion Science. 38: 522-

550 (2012). 

(131) Millar, D. G., Griffiths-Smith, K., Algar, E., Scopes, R. K. Activity and stability of 

glycolytic enzymes in the presence of ethanol. Biotechnology Letters.4(9): 601-606 

(1982). 



160 

 

(132) Millati, R., Edebo, L., Taherzadeh, M. J. Performance of Rhizopus, Rhizomucor, and 

Mucor in ethanol production from glucose, xylose, and wood hydrolyzates. Enzyme 

Microb. Technol. 36(2-3): 294-300 (2005).   

(133) Millati, R., Niklasson, C., Taherzadeh, M. J. Effect of pH, time and temperature of 

overliming on detoxification of dilute-acid hydrolyzates for fermentation 

bySaccharomyces cerevisiae. Process Biochem. 38(4): 515-522 (2002). 

(134) Miller, G.L. Use of dinitrosalicylic acid reagent for determination of reducing sugar. 

Anal. Chem. 31: 426-428 (1959). 

(135) Mohagheghi, A., Ruth, M., Schell, D. J. Conditioning hemicellulose hydrolysates for 

fermentation: Effects of overliming pH on sugar and ethanol yields. Process 

Biochemistry. 41(8): 1806-1811 (2006).  

(136) Moniruzzaman, M., Dale, B. E., Hespell, R. B., Bothast, R. J. Enzymatic hydrolysis of 

high-moisture corn fiber pretreated by AFEX and recovery and recycling of the enzyme 

complex. Appl. Biochem. Biotechnol. 67: 113-126 (1997).  

(137) Montgomery, D. C. Design and analysis of experiments. John Wiley and Sons, New 

York (2001). 

(138) Morohoshi, N. Chemical characterization of wood and its components, In: Wood and 

Cellulosic Chemistry, Hon, D. N. S, Shiraishi, N. (eds.), Marcel Dekker, Inc., New 

York, USA, 331-392 (1991).  

(139) Mota, M., Strehaiano, P., Goma, G. Studies on conjugate effects of substrate (glucose) 

and product (ethanol) on cell growth kinetics during fermentation of different yeast 

strains. J. Inst. Brew. 90: 359-362 (1984). 

(140) Moulin, G., Boze,H., Galzy, P. Inhibition of alcoholic fermentation by substrate and 

ethanol. Biotechnol. Bioeng. 22: 2375-2381(1980). 

(141) Mtui, G., Masalu, R. Extracellular enzymes from brown rot fungus Laetiporus 

sulphureus isolated from mangrove forests of coastal Tanzania. Sci. Res. Essay. Acad. 

J.3:154-61 (2008). 

(142) Mukherjee, R., Nandi, B. Improvement of in vitro digestibility through biological 

treatment of water hyacinth biomass by two Pleurotus species. International 

Biodeterioration and Biodegradation. 53(1): 7-12 (2004).    

(143) Mukhopadhyay, M., Kuila, A., Tuli, D. K., Banerjee, R. Enzymatic depolymerization of 

Ricinus communis, a potential lignocellulosic for improved saccharification. Biomass 

and Bioenergy. 35: 3584-3591 (2011). 



161 

 

(144) Mussatto, S. I., Roberto, I. C. Hydrolysate detoxification with activated charcoal for 

xylitol production by Candida guilliermondii. Biotechnology Letters. 23(20): 1681-

1684 (2001).  

(145) Mussatto, S., Roberto, I. C. Alternatives for detoxification of diluted-acid 

lignocellulosic hydrolyzates for use in fermentative processes: a review. Bioresour. 

Technol.  93(1):1-10 (2004).  

(146) Navarro, A. R. Effects of furfural on ethanol fermentation by Saccharomyces 

cerevisiae: Mathematical models. Current Microbiology. 29(2): 87-90 (1994).  

(147) Nigam, J. N. Bioconversion of water-hyacinth (Eichhornia crassipes) hemicellulose 

acid hydrolysate to motor fuel ethanol by xylose fermenting yeast. Journal of 

Biotechnology. 97: 107–116 (2002). 

(148) Nigam, J. N. Ethanol production from wheat straw hemicellulose hydrolysate by Pichia 

stipitis. Journal of Biotechnology. 87: 17-27 (2001). 

(149) Nishikawa, N. K., Sutcliffe, R., Saddler, J. N. The influence of lignin degradation 

products on xylose fermentation by Klebsiella pneumoniae. Applied Microbiology and 

Biotechnology, 27(5-6): 549-552 (1988).  

(150) Novak, M., Strehaiano, P., Moreno, M., Goma, G. Alcoholic fermentation: on the 

inhibitory effect of ethanol. Biotechnol. Bioeng. 23: 201-211 (1981). 

(151) Ohgren, K., Galbe, M., Zacchi, G. Optimization of steam pretreatment of SO2-

impregnated corn stover for fuel ethanol production. Applied Biochemistry and 

Biotechnology - Part A Enzyme Engineering and Biotechnology. 124(1-3): 1055-1067 

(2005).  

(152) Okuda, N., Ninomiya, K., Katakura, Y., Shioya, S. Strategies for reducing supplemental 

medium cost in bioethanol production from waste house wood hydrolysate by 

ethanologenic Escherichia coli: inoculum size increase and coculture with 

Saccharomyces cerevisiae. J. Biosci. Bioeng. 105: 90-96 (2008). 

(153) Olsson, L., Hahn-Hagerdal, B. Fermentation of lignocellulosic hydrolysates for ethanol 

production. Enzyme Microb. Technol. 18: 312-331 (1996).   

(154) Osborne, C. P., Freckleton, R. P. Ecological selection for C4 photosynthesis in the 

grasses. Proc. R. Soc. B. 276: 1753-1760 (2009). 

(155) Osman, Y. A., Ingram, L. O. Mechanism of ethanol inhibition of fermentation in 

Zymomonas mobilis CP4. Journal of Bacteriology.164(1): 173-180 (1985). 



162 

 

(156) Palmqvist, E., Almeida, J. S., Hahn-Hagerdal, B. Influence of furfural on anaerobic 

glycolytic kinetics of Saccharomyces cerevisiae in batch culture. Biotechnology and 

Bioengineering. 62(4): 447-454 (1999). 

(157) Palmqvist, E., Hahn-Hagerdal, B. Fermentation of lignocellulosic hydrolyzates, 

inhibition and detoxification. Bioresour. Technol. 74: 17-24 (2000). 

(158) Panesar, P. S., Marwaha, S. S., Kennedy, J. F. Zymomonas mobilis: an alternative 

ethanol producer. Journal of Chemical Technology and Biotechnology. 81(4): 623-635 

(2006). 

(159) Parajo, J. C., Domínguez, H., Domínguez, J. Biotechnological production of xylitol. 

Part 3: Operation in culture media made from lignocellulose hydrolysates. Bioresource 

Technology. 66(1): 25-40 (1998).  

(160) Parajo, J. C., Dominguez, H., Domínguez, J. M. Improved xylitol production with 

Debaryomyces hansenii Y-7426 from raw or detoxified wood hydrolysates. Enzyme 

and Microbial Technology. 21(1): 18-24 (1997).  

(161) Parmar, I., Rupasinghe, H. P. V. Bio-conversion of apple pomace into ethanol and 

acetic acid: Enzymatic hydrolysis and fermentation. Bioresource Technology. 130: 613-

620 (2013).  

(162) Parmar, I., Rupasinghe, H. P. V. Optimization of dilute acid-based pretreatment and 

application of laccase on apple pomace. Bioresource Technology. 124: 433-439 (2012). 

(163) Patle, S., Lal, B. Ethanol production from hydrolysed agricultural wastes using mixed 

culture of Zymomonas mobilis and Candida tropicalis. Biotechnol. Lett. 29: 1839-1843 

(2007). 

(164) Penttila, M., Siika-Aho, Uusitalo, J., Viikari, L. Process for producing ethanol. Patent: 

US 7754456 B2. (2010). 

(165) Persson, P., Larsson, S., Jonsson, L. J., Nilvebrant, N. O., Sivik, B., Munteanu, F., 

Thornby, L. Gorton, L. Supercritical fluid extraction of a lignocellulosic hydrolyzate of 

spruce for detoxification and to facilitate analysis of inhibitors. Biotechnol. Bioeng. 79: 

694-700 (2002). 

(166) Peterson, J. D., Ingram, L. O. Anaerobic respiration in engineered Escherichia coli with 

an internal electron acceptor to produce fuel ethanol. Annals of the New York Academy 

of Sciences. 1125(1): 363-372 (2008).  

(167) Pienkos, P.T., Zhang, M. Role of pretreatment and conditioning processes on toxicity of 

lignocellulosic biomass hydrolysates. Cellulose. 16:743-762 (2009).   



163 

 

(168) Preez, J. C., Bosch, M., Prior, B. A. The fermentation of hexose and pentose sugars by 

Candida shehatae and Pichia stipitis. Applied Microbiology and Biotechnology. 23(3-

4): 228-233 (1986).      

(169) Qian, M., Tian, S., Li, X., Zhang, J., Pan, Y., Yang, X. Ethanol production from dilute-

acid softwood hydrolysate by co-culture. Appl. Biochem. Biotechnol. 134: 273-283 

(2006). 

(170) Raines, T. R., Binder, J. B. Biomass hydrolysis. Patent: US 2011/0065159A1. (2011). 

(171) Ralph, J., Lundquist, K., Brunow, G., Lu, F., Kim, H., Schatz, P. F., Marita, J. M., 

Hatfield, R. D., Ralph, S. A., Christensen, J. H., Boerjan, W. Lignins: Natural polymers 

fromoxidative coupling of 4-hydroxyphenyl- propanoids. Phytochem. Rev. 3(1-2): 29-

60 (2004). 

(172) Ramachandran, K. B., Hashim, M. A. Simulation studies on simultaneous 

saccharification and fermentation of cellulose to ethanol. The Chemical Engineering 

Journal. 45: B27-B34 (1990). 

(173) Rass-Hansen, J., Falsig, Jorgensen, B., Christensen, C.H. Perspective Bioethanol: fuel 

or feedstock? J. Chem. Technol. Biotechnol. 82: 329-333 (2007). 

(174) Reshamwala, S., Shawky, B. T., Dale, B. E. Ethanol production from enzymatic 

hydrolysates of AFEX-treated coastal bermudagrass and switchgrass. Applied 

Biochemistry and Biotechnology. 51-52 (1): 43-55 (1995). 

(175) Roberto, I. C., Lacis, L. S., Barbosa, M. F. S., de Manchilla, I. M. Utilization of sugar 

cane bagasse hemicellulosic hydrolyzate by Pichia stipitis for the production of ethanol. 

Proc. Biochem. 26: 15–21 (1991). 

(176) Rodrigues, R. C. L. B., Felipe, M. G. A., Almeida e Silva, J. B., Vitolo, M., Gomez, P. 

V. The influence of pH, temperature and hydrolyzate concentration on the removal of 

volatile and nonvolatile compounds from sugarcane bagasse hemicellulosic hydrolyzate 

treated with activated charcoal before or after vacuum evaporation. Brazilian Journal of 

Chemical Engineering. 18(3): 299-311 (2001).  

(177) Roe, J. H., Rice, E.W. A photometric method for the determination of free pentoses in 

animal tissues. J. Biol. Chem. 507-512 (1947). 

(178) Rogers, P. L., Jeon, Y. J., Lee, K. J., Lawford, H. G. Zymomonas mobilis for fuel 

ethanol and higher value products. In Biofuels. Springer Berlin Heidelberg. 263-288 

(2007). 



164 

 

(179) Roman, H. J., Burgess, J. E., Pletschke, B. I. Enzyme treatment to decrease solids and 

improve digestion of primary sewage sludge. African Journal of Biotechnology. 5(10): 

963-967 (2006). 

(180) Rosillo-Calle, F., Walter, A. Global market for bioethanol: historical trends and future 

prospects. Energy for Sustainable Development. 10(1): 20-32 (2006). 

(181) Rouhollah, H., Iraj, N., Giti, E., Sorah, A. Mixed sugar fermentation by Pichia stipitis, 

Saccharomyces cerevisiae, and an isolated xylose-fermenting Kluyveromyces marxianus 

and their cocultures. Afr. J. Biotechnol. 6(9): 1110-1114 (2007). 

(182) Rubio, M., Tortosa, J. F., Quesada, J., Gomez, D. Fractionation of lignocellulosics. 

Solubilization of corn stalk hemicelluloses by autohydrolysis in aqueous medium. 

Biomass and Bioenergy. 15(6): 483-491 (1998). 

(183) Saha, B. C. Hemicellulose bioconversion. J. Ind. Microbiol. Biotechnol. 30: 279-291 

(2003).  

(184) Saha, B. C., Iten, L. B., Cotta, M. A., Wu, Y. V. Dilute acid pretreatment, enzymatic 

saccharification, and fermentation of rice hulls to ethanol. Biotechnology Progress. 

21(3): 816-822 (2005).   

(185) Sanchez, G., Pilcher, L., Roslander, C., Modig, T., Galbe, M., Liden, G. Dilute-acid 

hydrolysis for fermentation of the Bolivian straw material Paja Brava. Bioresource 

Technol. 93(3): 249-256 (2004). 

(186) Saxena, R. C., Adhikari, D. K., Goyal, H. B. Biomass-based energy fuel through 

biochemical routes: A review. Renewable and Sustainable Energy Reviews. 13: 167-

178 (2009). 

(187) Schneider, H. Selective removal of acetic acid from hardwood-spent sulfite liquor using 

a mutant yeast. Enzyme and Microbial Technology. 19(2): 94-98 (1996). 

(188) Shacham, M., Brauner, N., Cutlip, M. B. Replacing the Graph Paper by Interactive 

Software in A. O. A. C. Official Methods of Analysis, 13th and 15th ed., Association of 

Official Analytical Chemists, Washington, DC. (1980). 

(189) Shafizadeh, F., Bradbury, A. G. W. Thermal degradation of cellulose in air and nitrogen 

at low temperatures. J. Appl. Poly. Sci. (23): 1431–1442 (1979). 

(190) Shama, G. Developments in bioreactors for fuel ethanol production. Process. Biochem. 

23: 138-145 (1988).  

(191) Shen, F., Hu, J., Zhong, Y., Liu, M. L.Y.,  Saddler, J. N., Liu, R. Ethanol production 

from steam-pretreated sweet sorghum bagasse with high substrate consistency 

enzymatic hydrolysis. Biomass and Bioenergy. 41: 157-164 (2012). 



165 

 

(192) Shen, F., Saddler, J. N., Liu,R., Lin, L. Deng, S., Zhang, Y., Yang, G., Xiao, H., Li, Y. 

Evaluation of steam pretreatment on sweet sorghum bagasse for enzymatic hydrolysis 

and bioethanol production. Carbohydrate Polymers. 86:  1542– 1548 (2011). 

(193) Sidiras, D., Koukios, E. Simulation of acid-catalysed organosolv fractionation of wheat 

straw. Bioresource technology.94(1): 91-98 (2004). 

(194) Silva, C. J. S. M., Roberto, I. C. Improvement of xylitol production by Candida 

guilliermondii FTI 20037 previously adapted to rice straw hemicellulosic hydrolysate. 

Letters in Applied Microbiology. 32(4): 248-252 (2001). 

(195) Silverstein, R. A., Chen, Y., Sharma-Shivappa, R. R., Boyette, M. D., Osborne, J. A 

comparison of chemical pretreatment methods for improving saccharification of cotton 

stalks. Bioresour. Technol. 98: 3000–3011 (2008).  

(196) Sims, R. E. H., Mabee, W., Saddler, J. N., Taylor, M. An overview of second generation 

biofuel technologies. Bioresource Technology. 101:  1570–1580 (2010). 

(197) Singh, A., Kuila, A., Adak, S., Bishai, M., Banerjee, R. Utilization of vegetable wastes 

for bioenergy generation. Agric. Res. 1(3):213–222 (2012b). 

(198) Singh, L. K., Chaudhary, G., Majumder, C. B., Ghosh, S. Utilization of hemicellulosic 

fraction of lignocellulosic biomaterial for bioethanol production. Advances in Applied 

Science Research. 2 (5): 508-521 (2011a). 

(199) Singh, L. K., Chaudhary, G., Majumder, C.B., Ghosh, S. Explore the perennial Kans 

grass (Saccharum spontaneum) biomass for releasing reducing sugars and its 

optimization. Der Chemica Sinica. 2 (3): 154-163 (2011b). 

(200) Singh, L. K., Majumder, C. B., Ghosh, S. Bioconversion of Hemicellulosic Fraction of 

Perennial Kans Grass (Saccharum spontaneum) Biomass to Ethanol by Pichia stipitis: 

A Kinetic Study. International Journal of Green Energy. 9(5): 409-420 (2012a). 

(201) Singh, L. K., Majumder, C. B., Ghosh, S. Development of sequential-co-culture system 

(Pichia stipitis and Zymomonas mobilis) for bioethanol production from Kans grass 

biomass. Biochemical Engineering Journal, 82(0): 150-157 (2014). 

(202) Singh, N. L., Prasad, R., Mishra, P. K., Srivastava, P. Kinetics studies of product 

inhibition in alcoholic fermentation. J. Sci. Ind. Res. 70: 373-378 (2011c). 

(203) Singh, N. L., Srivastava, P., Mishra, P. K. Studies on ethanol production using 

immobilized cells of Kluyveromyces thermotolerans in a packed bed reactor. J. Sci. Ind. 

Res. 68: 617-623 (2009). 

(204) Sjostrom, E. Wood Chemistry Fundamentals and Applications. San Diego, CA: 

Academic Press, Inc. 293 (1993). 



166 

 

(205) Slininger, P. J., Bothast, R. J., Okos, M. R., Ladisch, M. R. Comparative evaluation of 

ethanol production by xylose-fermenting yeasts presented high xylose concentrations. 

Biotechnol. Lett. 7: 431–436 (1985). 

(206) Smeets, K., Ruytinx, J., Van Belleghem, F., Semane, B., Lin, D., Vangronsveld, J., 

Cuypers, A. Critical evaluation and statistical validation of a hydroponic culture system 

for Arabidopsis thaliana. Plant Physiology and Biochemistry. 46(2): 212-218 (2008). 

(207) Sprenger, G.A. Carbohydrate metabolism in Zymomonas mobilis: a catabolic highway 

with some scenic routes. FEMS Microbial Lett. 145: 301-307 (1996). 

(208) Sreenath, H. K., Jeffries, T. W. Production of ethanol from wood hydrolyzate by yeasts. 

Bioresource Technology. 72(3): 253-260 (2000). 

(209) Strickland, R. J., Beck, M. J. Effective pretreatment alternatives for the production of 

ethanol from hemicelluloses hardwood hydrolysate. 9
th

 Symp. Energy from Biomass 

and Wood wastes. Lake Buena Vista, F.L., January 28–February 1. (1985).  

(210) Sues, A., Millati, R., Edebo, L., Taherzadeh, M. J. Ethanol production from hexoses, 

pentoses, and dilute-acid hydrolyzate by Mucor indicus. FEMS Yeast Res. 5: 669- 676 

(2005). 

(211) Sun, F. B., Chen, H. Z. Evaluation of enzymatic hydrolysis of wheat straw pretreated by 

atmospheric glycerol autocatalysis. Journal of Chemical Technology and 

Biotechnology. 82(11): 1039-1044 (2007). 

(212) Sun, Y., Cheng, J. Hydrolysis of lignocellulosic materials for ethanol production: a 

review. Bioresource Technology. 83: 1-11 (2002). 

(213) Sun, Y., Cheng, J. J. Dilute acid pretreatment of rye straw and Bermuda grass for 

ethanol production. Bioresour. Technol. 96: 1599-1606 (2005).    

(214) Taherzadeh, M. J., Eklund, R., Gustafsson, L., Niklasson, C., Liden, G. Characterization 

and fermentation of dilute-acid hydrolyzates from wood.  Ind. Eng.  Chem. Res. 36(11): 

4659-4665 (1997a). 

(215) Taherzadeh, M. J., Gustafsson, L., Niklasson, C., Liden, G. Physiological effects of 5-

hydroxymethylfurfural on Saccharomyces cerevisiae. Applied Microbiology and 

Biotechnology. 53(6): 701-708 (2000). 

(216) Taherzadeh, M. J., Karimi, K. Enzyme-based hydrolysis processes for ethanol from 

lignocellulosic materials: a review. BioResources.  2(4): 707-738 (2007b). 

(217) Taherzadeh, M. J., Karimi, K. Pretreatment of lignocellulosic wastes to improve ethanol 

and biogas production. A review. Int. J. Mol. Sci.  9(9): 1621-1651 (2008). 



167 

 

(218) Taherzadeh, M. J., Karimi, K. Process for ethanol from lignocellulosic materials I: 

Acid-based hydrolysis processes. BioResources. 2(3): 472-499 (2007a).  

(219) Taherzadeh, M. J., Niklasson, C., Liden, G. Conversion of dilute-acid hydrolyzates of 

spruce and birch to ethanol by fed-batch fermentation. Bioresource Technology. 69(1): 

59-66 (1999).  

(220) Takayoshi, H. Look back over the studies of lignin biochemistry. J. Wood. Sci. 52: 2–8 

(2006).  

(221) Taniguchi, M., Itaya, T., Tohma, T., Fujii, M. Ethanol production from a mixture of 

glucose and xylose by novel co-culture system with two fermentors and two 

microfiltration modules. J. Ferment. Bioeng. 84: 59-64 (1997). 

(222) Templeton, D., Ehrman, T. Determination of acid insoluble lignin in biomass. 

Laboratory Analytical Procedure (LAP 003. (1995) 

(223) Tomas-Pejo, E., Olive, J. M., Ballesteros, M. Realistic approach for full-scale 

bioethanol production from lignocellulose: a review. J. Sci. Ind. Res. 67: 874–84 

(2008).  

(224) Tran, A. V., Chambers, R. P. Red oak wood derived inhibitors in ethanol fermentation 

of xylose by Pichia stipitis CBS 5776. Biotechnol. Letts. 7: 841–846 (1985). 

(225) Turhan, I., Bialka, K. L., Demirci, A., Karhan, M. Ethanol production from carob 

extract by using Saccharomyces cerevisiae. Bioresource Technology. 101: 5290–5296 

(2010).  

(226) Ulbricht, R. J., Northup, S. J., Thomas, J. A. A review of 5-hydroxymethylfurfural 

(HMF) in parenteral solutions. Fundamental and Applied Toxicology. 4(5): 843-853 

(1984). 

(227) Updegraff, D. M. Semimicro determination of cellulose in biological materials. Anal. 

Biochem. 32: 420-424 (1969). 

(228) Van Walsum, G. P., Shi, H. Carbonic acid enhancement of hydrolysis in aqueous 

pretreatment of corn stover. Bioresource Technology. 93(3): 217-226 (2004).  

(229) Van Zyl, C., Prior, B. A., Du Preez, J. C. Acetic acid inhibition of D-xylose 

fermentation by Pichia stipitis. Enzyme and Microbial Technology. 13(1): 82-86(1991).  

(230) Van Zyl, C., Prior, B.A., du Preez, J.C. Production of ethanol from sugar cane bagasse 

hemicellulose hydrolysate by Pichia stipitis Appl. Biochem. Biotechnol. 17: 357-369 

(1998).  

(231) Vidal, P. F., Molinier, J. Ozonolysis of lignin – improvement of in vitro digestibility of 

poplar sawdust. Biomass. 16: 1-17 (1988). 



168 

 

(232) Voet, D., Voet, J. G. Biochemistry, 2nd edition. s.l. : John Wiley & Sons, Inc., (1995). 

(233) Wang, Z., Cheng, J. J. Lime pretreatment of coastal Bermuda grass for bioethanol 

production. In: ASABE meeting. Reno, Nevada. June 21–24. (2009).  

(234) Waterhouse, A. L. Determination of total phenolics by Folin-Ciocalteau colorimetry. 

Curr. Protoc. Food Anal. Chem. 11.1.1-11.1.8 (2002).  

(235) Website 1. http://www.fibersource.com/ftutor/cellulose.htm 

(236) Website 2. http://hcs.osu.edu/hcs300/gif/LIGNIN.GIF 

(237) White, J. W. Sugar and sugar products: Spectrophotometric method for 

hydroxymethylfurfural in honey. J. Assoc. Off. Anal. Chem. 62 (3): 509-514 (1979). 

(238) Wikandari, R., Millati, R., Syamsiyah, S., Muriana, R., Ayuningsih, Y. Effect of 

furfural, hydroxymethyl furfural and acetic acid on indigeneous microbial isolate for 

bioethanol production. Agricultural Journal. 5(2): 105-109 (2010). 

(239) Woods, M. A., Millis, N. F. Effect of slow feeding of xylose on ethanol yield by 

Pachysolen tannophilus. Biotechnology Letters. 7(9): 679-682 (1985). 

(240) Wyman, C. E. Biomass ethanol: Technical progress, opportunities, and commercial 

challenges. Annual Review of Energy and the Environment. 24: 189-226 (1999). 

(241) Wyman, C. E. Ethanol production from lignocellulosic biomass: overview. Wyman, C. 

E. (Ed.), Handbook on Bioethanol, Production and Utilization. Taylor & Francis, 

Washington, DC. Chapter 1. (1996).   

(242) Wyman, C. E., Hinman, N. D. Ethanol: fundamentals of production from renewable 

feedstocks and use as a transportation fuel. Appl. Biochem. Biotech. 24/25: 735-775 

(1990). 

(243) Xu, J., Cheng, J. J., Sharma-Shivappa, R. R., Burns, J. C. Lime pretreatment of 

switchgrass at mild temperatures for ethanol production. Bioresource Technology. 

101(8): 2900-2903 (2010). 

(244) Yadav, K. S., Naseeruddin, S., Prashanthi, G. S., Sateesh, L., Rao, L. V. Bioethanol 

fermentation of concentrated rice straw hydrolysate using co-culture of Saccharomyces 

cerevisiae and Pichia stipitis. Bioresour. Technol. 102: 6473-6478 (2011). 

(245) Yang, C., Shen, Z., Yu, G., Wang, J. Effect and after effect of Y-radiation pretreatment 

on enzymatic hydrolysis of heat straw. Bioresour. Technol. 99(14): 6240-6245 (2008). 

(246) Yu, J., Ye, Q., Kilonzo, P. M., Margaritis, A. Bioethanol production from starchy 

biomass by direct fermentation using Saccharomyces diastaticus in batch free and 

immobilized cell systems. Int. J. Green Energy. 4: 1-14 (2007). 

http://hcs.osu.edu/hcs300/gif/LIGNIN.GIF


169 

 

(247) Zaldivar, J., Nielsen, J., Olsson, L. Fuel ethanol production from lignocellulose: a 

challenge for metabolic engineering and process integration. Appl. Microbiol. 

Biotechnol. 56: 17–34 (2001).  

(248) Zeikus, J. G., Dawson, M. A., Thompson, T. E., Ingvorsen, K., Hatchikian, E. C. 

Microbial ecology of volcanic sulphidogenesis: isolation and characterization of 

Thermodesulfobacterium commune gen. nov. and sp. nov. J. Gen. Microbiol. 129: 1159-

1169 (1983). 

(249) Zhang, J., Chu, D. Q., Huang, J., Yu, Z. C., Dai, G. C., Bao, J. Simultaneous 

saccharification and ethanol fermentation at high corn stover solids loading in a helical 

stirring bioreactor. Biotechnol. Bioeng. 105: 718-728 (2010). 

(250) Zhang, J., Lynd, L. R. Ethanol production from paper sludge by simultaneous 

saccharification and co-fermentation using recombinant xylose-fermenting 

microorganisms. Biotechnol. Bioeng. 107 (2): 235-244 (2010). 

(251) Zhang, M. Recombinant Zymomonas mobilis with improved xylose utilization. Patent: 

US 6,566,107. (2003). 

(252) Zhang, Y. H. P., Ding, S. Y., Mielenz, J. R., Cui J. B., Elander, R. T., Laser, M., 

Himmel, M. E., McMillan, J. R. Fractionating recalcitrant lignocellulose at modest 

reaction conditions. Biotechnol. Bioeng. 97 (2): 214-223 (2007).  

(253) Zhang, Y., Pan, Z., Zhang, R. Overview of biomass pretreatment for cellulosic ethanol 

production. Int. J. Agric. Biol. Eng. 2: 51–68 (2009). 

(254) Zheng, Y. Z., Lin, H. M., Tsao, G. T. Pretreatment for cellulose hydrolysis by carbon 

dioxide explosion. Biotechnol. Prog. 14: 890-896 (1998).  

(255) Zhu, S., Yu, Z., Wu, Y., Zhang, X., Li, H., Gao, M. Enhancing enzymatic hydrolysis of 

rice straw by microwave pretreatment. Chem. Eng. Communications. 192(12): 1559-

1566 (2005). 



170 

 

APPENDIX – A1 

Process flow sheet for cellulose estimation 

  0.5 g KGB sample (oven dried at 105±3°C) 

(i) 5 ml acetic/nitric reagent was added slowly, mixed well on vortex 

mixer 

(ii) Kept in boiling water bath for 30 min 

(iii) Cooled and centrifuged at 10,000 rpm for 5 min  

solid supernatant 

(discarded) (i) 10 ml dw was added and vortex mixed 

(ii) centrifuged at 10,000 rpm for 5 min 

solid supernatant 

(discarded) (i) 10 ml 67% H2SO4 was added slowly with 

mixing 

(ii) kept for 1 h solution 

(i)  diluted  ml to 100 ml with dw 

(ii)  took 1 ml in culture tube and 4 ml dw was added  

(iii) cooled in ice bath 

(iv) 10 ml cold anthrone reagent was added and mixed 

(v)  kept in boiling water bath for 16 min 

(vi)  cooled in ice bath, kept at room temperature for 5-10 min  

Reed the absorbance at 620 nm against a regent blank 
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APPENDIX – A2 

 

 

  1.0 g KGB sample (oven dried at 55±1°C) in refluxing flask 

(i)   10 ml cold NDS was added 

(ii)   2 ml decahydronaphthalene and 0.5 g sodium sulfite were added 

filtered 

refluxed 

(i)  boiled for 60 min 

dried 

washed 

Cooled in desiccator and weighed 

(through sintered glass crucible, hot water used) 

(with acetone) 

(at 100°C, 8 h) 

Process flow sheet for neutral detergent fiber (NDF) estimation 

1.0 g KGB sample (oven dried at 55±1°C) in refluxing flask 

(i)   100 ml ADS was added at room 

temperature 

filtered 

refluxed 

(i)  boiled for 60 min 

dried 

rinsed 

Cooled in desiccator and weighed 

(through sintered glass crucible, boiling water used) 

(twice with 40 ml acetone) 

(at 100°C, 3 h) 

Process flow sheet for Acid detergent fiber (ADF) estimation 
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APPENDIX – A3 

 

 

  1 g KGB sample (oven dried at 105±3°C) 

(i)   15 ml, 72% H2SO4 (chilled) was added 

(ii)  stirred well 

hydrolysis (2 h at room temperature with occasional stirring) 

solid Filtrate  

(used for ASL determination) 

drying 

Cooled in desiccator and weighed 

dilution (diluted to 3% acid  ca. 560 ml dI water was added) 

refluxing (for 4 h with gentle boiling) 

filtration (vacuum filtered to pre ignited crucible) 

(used for AIL determination) 

(at 105°C until constant weight) 

ignite 

(cooled and weighed) 

(at 575°C for 3 h in Muffle furnace) 

absorbance recorded at 205 nm 

against 4% H
2
SO

4
 as blank 

dilution 

Process flow sheet for lignin estimation 
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APPENDIX – A4 

 

 

1.0 g KGB sample     (oven dried at 105±3°C and placed in pre weighed crucible) 

cooled 

ignition 

weighed 

(in desiccator at room temperature) 

(until constant weight) 

(at 575°C for 3 h in Muffle furnace) 

Process flow sheet for ash estimation 



174 

 

PUBLICATIONS 

(a) Patent 

“A novel fractionating hydrolysis process for production of fermentable sugar from 

lignocellulosic biomass of Kans grass (Saccharum spontaneum)” permission has been granted 

by the IPR Cell, IITR, Roorkee and is under process of filing.  

(b) In Peer Reviewed International Journals 

1. Singh, L. K., Chaudhary, G., Majumder, C.B., Ghosh, S. Explore the perennial Kans 

grass (Saccharum spontaneum) biomass for releasing reducing sugars and its 

optimization. Der Chemica Sinica. 2 (3): 154-163 (2011). 

2. Singh, L. K., Chaudhary, G., Majumder, C. B., Ghosh, S. Utilization of hemicellulosic 

fraction of lignocellulosic biomaterial for bioethanol production. Advances in Applied 

Science Research. 2 (5): 508-521 (2011). 

3. Singh, L. K., Majumder, C. B., Ghosh, S. Bioconversion of Hemicellulosic Fraction of 

Perennial Kans Grass (Saccharum spontaneum) Biomass to Ethanol by Pichia stipitis: A 

Kinetic Study. International Journal of Green Energy. 9(5): 409-420 (2012). 

4. Singh, L. K., Majumder, C. B., Ghosh, S. Development of sequential-co-culture system 

(Pichia stipitis and Zymomonas mobilis) for bioethanol production from Kans grass 

biomass. Biochemical Engineering Journal. 82(0): 150-157 

(2014).http://dx.doi.org/10.1016/j.bej.2013.10.023  

5.   “A novel fractionating hydrolysis process for production of fermentable sugar from 

lignocellulosic biomass of Kans grass (Saccharum spontaneum) for bioethanol 

production.” Under preparation.  

6. Chaudhary, G., Singh, L. K., Ghosh, S. Alkaline pretreatment methods followed by acid 

hydrolysis of Saccharum spontaneum for bioethanol production. Bioresource 

Technology, 124(0), 111-118 (2012).  

 

 

  

http://dx.doi.org/10.1016/j.bej.2013.10.023


175 

 

(c) In Conferences 

1. L. K. Singh, G. Chaudhary, C.B. Majumder, S. Ghosh. “Conversion of Hemicellulosic 

Fraction of Lignocellulosic Material into Industrial Alcohol” International Conference 

on “Green Technologies for Greener Environment” Organized by Department of 

Chemistry CCS University, Meerut-250005. Jan. 27-30, 2010, pp 45. 

2. Lalit Kumar Singh, Gaurav Chaudhary, Rashmi Kataria and Sanjoy Ghosh. “Production 

of reducing sugars from lignocellulosic biomass for fuel ethanol production” National 

Conference on “Water, Energy and Biodiversity” Organized by The Institution of 

Engineers (India) Tripura State Centre and National Institute of Hydrology Roorkee. 

August 20-22, 2011, pp 209-221.  

3. L. K. Singh, G. Chaudhary, C.B. Majumder, S. Ghosh.” Process integration in for 

ethanol production from lignocellulosic biomaterials” World Congress for Man and 

Nature”, Global Climate Change & Biodiversity Conservation, held at Gurukul 

Kangari University, Haridwar, Nov. 11-13, 2011, pp 282.  

4. Lalit K. Singh, C. B. Majumder and Sanjoy Ghosh. “ Bioethanol production from Kans 

grass using separate hydrolysis and fermentation.” 4
th

 International Congress of 

Environmental Research, held at SVNIT, Surat, Dec. 15-17, 2011.  

 


